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1IZVLECEK

Kljucne besede: koZne novotvorbe — slikovna diagnostika; jetra — slikovna diagnostika; elektrokemoterapija
— metode; bleomicin — terapevtska raba; elektroporacija — metode; tehnike genskega prenosa; plazmidi —
genetika; interlevkin-12 — genetika; ultrasonografija — metode; kontrastna sredstva; racunalniska

tomografija; izid zdravljenja; Zivalski modeli; misi; psi; prasici

Namen doktorske disertacije je bil ovrednotenje rezultatov slikovno-diagnosti¢nih metod po elektroporaciji
(EP) in elektrokemoterapiji (EKT) jeter zdravih prasicev za preucitev varnostnega vidika EKT globoko lezecih
jetrnih tumorjev ter rezultatov ultrazvocnega pregleda s kontrastnim sredstvom (UZ-KS) po EKT in genskem
elektroprenosu (GEP) misjih in pasjih tumorjev kot prediktivnih dejavnikov zdravljenja.
Slikovno-diagnosticne spremembe po EP in EKT z bleomicinom (BLM) v jetrnem parenhimu in velikih krvnih
Zilah jeter zdravega prasi¢a s potencialno nevarno vstavitvijo linearnih in heksagonalnih elektrod v velike
jetrne Zile smo preudili z ultrazvoc¢no preiskavo takoj po EP/EKT ter z raunalnisko tomografijo od 60 do 90
minut in en teden po EP/EKT. Rezultati slikovno-diagnosti¢énih metod jeter prasi¢ev po EK so pokazali
zmanjsano perfuzijo tretiranega podrocja. Spremembe niso bile posledica uporabe BLM, saj so bile enake pri
poskusni in kontrolni skupini, kjer smo aplicirali samo elektricne pulze. Namerna vstavitev elektrod in
aplikacija elektri¢nih pulzov neposredno v svetlino velikih Zil ni povzrocila tromboz, krvavitev ali drugih
hemodinamskih moten;.

Kot model preiskovanja uporabnosti UZ-KS kot prediktivhega dejavnika zdravljenja s terapevtskimi
metodami, ki temeljijo na EP, smo uporabili misi z induciranimi melanomi. V prvi raziskavi smo na misjem
modelu, ki smo ga zdravili z obsevanjem in GEP plazmidne DNA, ki utiSa adhezijsko molekulo celic melanoma,
opatzili znacilno zmanjsanje perfuzije tumorjev v terapevtskih skupinah v primerjavi s kontrolnimi skupinami,
rezultati UZ-KS pa so korelirali z zmanjSano gostoto Zil. Povprec¢ne vrednosti parametra, ki opisuje volumen
pretoka, so bile znacilno nizZje pri tumorijih, ki so se odzvali na terapijo s popolnim odgovorom, in vrednosti
PE so pokazale trend korelacije s protitumorsko ucinkovitostjo. V drugi raziskavi na misjih melanomih,
zdravljenih z EKT z BLM v kombinaciji z GEP plazmida za interlevkin-12 (plL-12), je UZ-KS pokazal zmanjsano
perfuzijo v skupinah z daljsim ¢asom podvojitve volumna tumorja in prediktivno vrednost UZ-KS smo potrdili
s statisticno znacilnimi Pearsonovimi koeficienti. S krajsSim ¢asom podvojitve volumna tumorja je bila
povezana tudi vecja heterogenost perfuzije tumorja.

V klini¢ni del raziskave smo vkljucili pse s koznimi in podkoZnimi tumoriji, ki so bili zdravljeni s standardnim
postopkom kombinacije EKT in GEP plL-12. Rezultate UZ-KS smo primerjali z izidom zdravljenja. Tudi v klini¢ni
raziskavi pri psih smo ugotovili Stevilne razlike v parametrih UZ-KS med tumoriji s popolnim odgovorom in
tumoriji z nepopolnim odgovorom: perfuzija in heterogenost perfuzije sta bili manjsi pri tumorjih s popolnim

odgovorom.
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ABSTRACT

Key words: skin neoplasms — diagnostic imaging; liver —diagnostic imaging; electrochemotherapy —methods;
bleomycin — therapeutic use; electroporation — methods; gene transfer techniques; plasmids — genetics;
interleukin-12 — genetics; ultrasonography — methods; contrast media; tomography, x-ray computed,

treatment outcome; models, animal; mice; dogs; swine

The aim of this dissertation was to evaluate the results of diagnostic imaging after electroporation (EP) and
electrochemotherapy (ECT) of porcine liver to investigate the safety aspect of ECT of deep-seated liver
tumors and the results of dynamic contrast-enhanced ultrasound (DCE-US) after ECT and gene
electrotransfer (GET) of murine and canine tumors as potential predictive factors in treatment.

Radiological findings after EP and ECT with bleomycin (BLM) on the hepatic parenchyma and major blood
vessels of the liver of a healthy pig with potentially dangerous insertion of the electrodes into the major
hepatic vessels were examined by ultrasound immediately after ECT and by computed tomography from 60
to 90 minutes and one week after ECT with linear and hexagonal electrodes. The results of diagnostic imaging
of the porcine liver after ECT showed decreased blood flow in the treated area. The changes were not due
to the use of BLM, as they were the same in the experimental and control groups, where only electrical pulses
were administered. Intentional insertion of electrodes and application of electrical pulses directly into the
lumen of large vessels did not result in thrombosis, haemorrhage, or other hemodynamically significant
injury.

Mice with induced melanoma were used as a model to investigate the utility of DCE-US as a prognostic factor
for treatment with EP-based therapies. In the first study in a mouse model treated with irradiation and GET
of plasmid DNA that silences the melanoma cell adhesion molecule, we observed a decrease in tumor
perfusion in the treatment groups compared with the control groups, and the results of DCE-US correlated
with decreased vessel density detected histologically. Furthermore, mean values of parameters describing
flow volume were significantly lower in tumors with complete response, and they showed a trend toward
correlation with antitumor efficacy. In the second study, mouse melanomas were treated with ECT in
combination with GET of plasmid DNA encoding interleukin-12 (plL-12). DCE-US showed reduced perfusion
in groups with longer tumor volume doubling time, and the predicted DCE-US value was confirmed by
statistically significant Pearson coefficients. In addition, greater tumor perfusion heterogeneity was
associated with shorter tumor doubling time.

The clinical study included dogs with cutaneous and subcutaneous neoplasms treated with a standard
procedure combining ECT and GET plL-12. We also found a number of differences in DCE-US parameters
between tumors with complete response and tumors with incomplete response in the clinical study:

Perfusion and perfusion heterogeneity were lower in tumors with complete response.
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1 UvOoD

1.1 Pregled literature

1.1.1 Elektroporacija, elektrokemoterapija in genski elektroprenos

Reverzibilna elektroporacija (EP) je metoda, kjer se zaCasno poveca prepustnost celi¢ne
membrane z izpostavitvijo celic kratkim visokonapetostnim elektriénim pulzom, s ¢imer se
molekulam omogodi vstop v celico. Uporablja se pri dveh nacinih zdravljenja onkoloskih
bolnikov: elektrokemoterapiji (EKT) in genskem elektroprenosu (GEP). V primeru EKT se
omogoci vstop kemoterapevtikom, v primeru GEP pa plazmidni DNA in drugim nukleinskim

kislinam (1,2).

Najpogosteje uporabljana kemoterapevtika za EKT sta cisplatin in bleomicin (BLM) (3, 4, 5, 6).
Cisplatin, derivat platine, se uporablja predvsem apliciran intratumorsko, saj je lahko pri
intravenski uporabi nefrotoksi¢en za pse, pri mackah pa je kontraindiciran zaradi nastanka
fulminantnega plju¢nega edema (3, 7, 8, 9). Citotoksi¢ni antibiotik BLM, ki ga proizvaja bakterija
Streptomyces verticullus (10), pa se uporablja intravensko in intratumorsko (3, 7, 11, 12). Na
mestu, kjer apliciramo pulze, je zaradi prehodno povecane propustnosti celicnih membran
dosezena visoka znotrajcelicna koncentracija kemoterapevtika in zato mocnejse protitumorsko
delovanje (2, 13, 14, 15). EKT je lokalno zdravljenje, ki ima ucinek tako na tumorske celice kot
na ozilje, kar ima za posledico protitumorski ucinek pri razlicnih koznih, podkoznih in globoko
lezecih tumorjih (3, 14). Zdravljenje z EKT je postalo uveljavljen standard zdravljenja razlicnih
¢loveskih tumorjev, kot so melanom, plos¢atoceli¢ni karcinom, karcinom bazalnih celic, kozne
in podkozne metastaze (4, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25), tumorji trebusne slinavke (26,
27, 28, 29), hepatocelularni karcinom in metastaze kolorektalnega karcinoma v jetrih (30, 31,
32, 33, 34, 35), relaps raka dojk (36, 37) idr. Kot samostojno zdravljenje EKT ne povzroca
sistemske imunosti, medtem ko lahko EKT v kombinaciji z adjuvantnim GEP povzroci ucinek na

oddaljene nezdravljene metastaze (angl. abscopal effect) (5, 16, 17, 18, 38, 39, 40, 41, 42).
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V primeru GEP s pomocjo EP vnesemo v celice genetski material za terapevtski gen in tako
poveCamo proizvodnjo Zelenega proteina (43, 44, 45). Genetski material vnasamo najpogosteje
Zelimo dolgotrajno izrazanje vnesSenega gena in proizvodnjo proteina, ki se izlo¢a v krvni obtok
in ima sistemske ucinke (2, 46, 47, 48, 49). Z GEP v kozo dosezemo tako lokalno intradermalno
proizvodnjo proteina kot tudi sistemsko izlocanje v krvni obtok (50, 51). Prednost koze kot
tarénega organa za GEP je prisotnost velikega Stevila imunskih celic, ki so nujne za ucinkovit
imunski odgovor organizma (51). Omejitev tovrstnega GEP je kratka Zivljenjska doba celic kozZe,
kar onemogoca dolgotrajnejSe izrazanje vneSenih genov (52, 53). GEP v tumor omogoca
proizvodnjo proteinov in tako zagotavlja zadostno lokalno koncentracijo terapevtika brez
zaznavnih sistemskih ucinkov. To je $e zlasti pomembno pri enem najpogosteje uporabljanih
terapevtskih genov, genu, ki kodira citokin interlevkin-12 (I1L-12) (2, 43, 54, 55), saj je uporaba
rekombinantnega IL-12 povezana z resnimi, potencialno Zivljenjsko ogrozujocimi nezelenimi
sistemskimi ucinki (56, 57). Proinflamatorni citokin [IL-12, ki ga proizvajajo antigen
predstavitvene celice, ima mocan protitumorski ucinek zaradi vpliva na imunski odziv ter
angiogenezo (58, 59, 60). Ucinkovitost in varnost GEP plazmidne DNA, ki kodira IL-12
(GEP plL-12), so potrdile predklini¢ne raziskave na misjih modelih (46, 61) ter translacijske
raziskave pri psih (62, 63). Varno rabo in ucinkovanje na metastaze melanoma pa so pokazali

tudi pri ¢loveku (64).

V veterinarski medicini sta se EKT in GEP plL-12 izkazali za ucinkoviti pri zdravljenju koZnih,
podkoznih in maksilofacialnih tumorjev pri psih (3, 7, 43, 62, 63, 65, 66, 67, 68, 69, 70, 71, 72,
73,74,75,76,77), ploscatocelicnega karcinoma (78) in sarkoma pri macki (79), koznih tumorjev
pri dihurjih (80), sarkoidnih tumorjev pri konjih (81, 82), razli¢nih tumorjih pri skobcevkah (83,
84) idr.

Kljub klini¢ni u¢inkovitosti kombiniranega zdravljenja EKT in GEP plL-12 pa Se vedno primanjkuje

podatkov o parametrih, ki bi lahko napovedali izid zdravljenja.
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1.1.1.1 Prediktivni dejavniki zdravljenja z EKT in GEP

Razli¢cne vrste tumorjev se odzivajo na EKT razli¢no: na misjem modelu so boljsi protitumorski
ucinek EKT opazili pri fibrosarkomu SA-1 kot pri karcinomu EAT in pri slednjem boljsi ucinek kot
pri melanomu B16F1 (13, 85, 86). Razli¢en odziv razli¢nih vrst tumorjev so pripisali intrinzi¢ni
obcutljivosti tumorskih celic na kemoterapevtike in tumorskemu mikrookolju, predvsem
oziljenosti tumorja, ki je imela pomemben vpliv na odgovor tumorjev na EKT. V karcinomih EAT,
ki imajo vecjo gostoto krvnih Zil majhnega premera kot melanomi B16F1, ki imajo Zile vecjega
premera in vecjo povrsino Zil, so ugotovili visjo koncentracijo BLM in boljsi protitumorski ucinek

EKT (85).

Rezultati metaanalize zdravljenja tumorjev z EKT so pokazali znacilno zmanj$anje ucinkovitosti
EKT z narascajocim premerom tumorja (87). Najvecji padec deleza popolnih odgovorov so
ugotovili pri premeru tumorja 2 cm. Pri tumorjih, manjsih od 3 cm, se je v primerjavi z vecjimi

tumorji verjetnost popolnega odgovora znacilno povecala za 31 % (87).

Ugotovljeno je tudi, da histoloske lastnosti tumorjev, kot so gostota celic, velikost celic ter
vsebnost proteoglikana in kolagena, vplivajo na ucinkovitost transfekcije elektricno

posredovanega vnosa genov v solidne tumorje pri misih (88).

1.1.1.2 Zilni uéinki EP, EKT in GEP

Ucinke EP ter EKT na perfuzijo zdravih in tumorskih tkiv so opisali z razli¢nimi indirektnimi ter
direktnimi metodami (14, 89, 90, 91, 92, 93, 94, 95, 96, 97, 98, 99, 100), ki so invazivne in zato
za klini¢no uporabo manj zazelene. Ugotovili so, da se po aplikaciji elektri¢nih pulzov perfuzija
tkiv mocno zmanjsa zaradi vazokonstrikcije arteriol in nastalega intersticijskega edema; EP
povzroci zacasno zaporo Zilja oz. t. i. “vascular lock” (Slika 1). Trajanje in jakost dinamicne
zapore Zilja sta odvisna od Stevila, amplitude in trajanja elektri¢nih pulzov (14, 90, 91, 92).
Pretok se po EP pocasi obnovi in se po 24 urah pribliza stanju pred EP (14, 89, 92, 93, 94). Zilni
ucinki so bolj izraziti pri EKT kot EP, saj EKT deluje Se dodatno citotoksi¢no na endotelijske celice
tumorskih Zil in povzroci prekinitev integritete njihove stene oz. t. i. “vascular disrupting

effect” (89, 97, 98) (Slika 1).
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Slika 1. Vpliv elektroporacije in elektrokemoterapije na Zile in pretok krvi. Povzeto po Jarm in sod., 2010 (92).

Figure 1. Vascular effects of electroporation and electrochemotherapy. Adapted from Jarm et al., 2010 (92).

1.1.1.3 UCinki EP in EKT na jetrni parenhim in velike jetrne Zile

Vpliva EP in EKT na zdrav jetrni parenhim in velike krvne Zile jeter, ko so elektrode vstavljene v
njihovo svetlino, Se niso opisali. Po zdravljenju z ireverzibilno elektroporacijo se
slikovno-diagnosticne metode uporablja za dolocCitev obmocja jetrnega tkiva, ki je bilo
ireverzibilno elektroporirano (101, 102, 103, 104, 105, 106, 107, 108, 109, 110, 111, 112).
Obstaja zgolj eno porocilo o slikovno-diagnosti¢nih ugotovitvah po EKT tumorjev jeter dveh
bolnikov, kjer so UZ spremembe (hiperehogene sledi elektrod in hipoehogenost parenhima) v
jetrnih tumorjih opisali kot indikatorje ustrezne pokritosti tumorja z elektricnim poljem za

ucinkovito EKT (113).
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1.1.2 Ozilje tumorja

Ozilje tumorja je pomembna tarca za zdravljenje in nadziranje raka. Zile so tudi glavna pot za
metastatsko Sirjenje (114). Tumorske Zilne mreze so heterogene in pretok skoznje je
intermitenten (114, 115, 116). Te znacilnosti prispevajo k prostorski in ¢asovni heterogenosti v
krvnem pretoku tumorja in zato se oZilje tumorja in perfuzija tumorjev intenzivno raziskujejo

kot mozni prognosti¢ni dejavniki vedenja tumorja in prediktivni dejavniki izida zdravljenja (116).

OZiljenost tumorija, ki se med histoloskimi skupinami tumorjev razlikuje (85, 117, 118), nam da
razlicne informacije. Uporablja se npr. kot merilo za razlikovanje med benignimi in malignimi
tumorji (119, 120, 121). Iz vecje oZiljenosti tumorja lahko sklepamo o vedji moznosti
metastaziranja (121, 122). Nenazadnje je lahko povecana oZiljenost pri razlicnih tumorjih tudi

pokazatelj krajSega preZivetja (121).

Za rast tumorja je potrebna tvorba novih krvnih Zil oz. neovaskularizacija: z vaskulogenezo
nastajajo Zile de novo, z angiogenezo pa nastajajo nove iz Ze obstojecih (122). Angiogeneza je
za rast tumorja nujna in je pomemben prediktivni dejavnik odziva na kemoterapijo pri bolnikih
z rakom (121, 122). Poznana so Stevilna antiangiogena zdravila, ki zavirajo nastajanje novih
krvnih Zil (116, 122), antiangiogeni ucinki pa so znacilni tudi za EKT in GEP (89, 97, 98, 123, 124).
Potreba po oceni ucinkovitosti zdravljenja je povzrocila velje zanimanje za oceno ozZilja

tumorja (121).

1.1.3 Ocena perfuzije in ultrazvo¢ni pregled s kontrastnim sredstvom

Perfuzija je celotna porazdelitev krvi v maso ali organ in zlati standard za njeno oceno sta
racunalniSka tomografija s kontrastnim sredstvom (CT-KS) in magnetnoresonan¢no slikanje s
kontrastnim sredstvom (MRI-KS). Z novejsimi ultrazvocnimi kontrastnimi mediji, ki so bolj
trpezni, in impulznimi zaporedji, ki so bolj obcutljiva na nizje koncentracije kontrastnega medija,
se tudi kontrastni harmonski ultrazvok (UZ-KS) razvija kot nacin perfuzijskega slikanja (121, 125,

126).
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1.1.3.1 Kontrastni harmonski ultrazvok

Harmonski ultrazvok je tehnika, ki temelji na principu oddajanja valov pri frekvenci f (prva
harmonika) in sprejemanju pri frekvenci 2 f (druga harmonika) ali % f (subharmonika). Kakovost
slike je izboljSana z uporabo tkivnih harmonikov, saj se tako zmanjsajo artefakti. Ta tehnologija
je postala na voljo z razvojem Sirokopasovnih pretvornikov. Pri vseh ultrazvocnih slikah se
oddani signal pri pacientu popaci in ustvari zvocne frekvence, ki so veckratniki prvotne osnovne
frekvence. Pri harmonskem ultrazvoku se to popacenje uporablja v diagnosti¢ne namene (121,

127).

Kontrastno harmonsko slikanje izkoris¢a lastnosti sodobnih kontrastnih sredstev iz
mikromehurckov, obi¢ajno napolnjenih s plinom, ki proizvajajo veliko koli¢ino harmonskega
signala. Pri dolocenih valovnih dolZinah, znacilnih za kontrastno sredstvo, pride do resonance z
ultrazvocénim signalom. Ko se zvocni tlak povecuje, sta Sirjenje in kréenje mikromehurcka
neenaka, kar povzrocCi izkrivljanje povratnega signala. Ta popacena valovna oblika ima
harmonske komponente. Ker kontrastni medij proizvaja ve¢ harmonskega signala kot okolisko
tkivo, je harmonsko slikanje zelo obcutljivo na prisotnost kontrastnega sredstva. Zaradi
povecane obcutljivosti harmonskega slikanja je s pomocjo ultrazvoénih kontrastnih sredstev

mogoce spremljati perfuzijo tkiva na kapilarni ravni (128, 129).

Za izvajanje UZ-KS je potrebna ustrezna programska oprema za kontrastno preiskavo z nizkim
mehanskim indeksom, ki pokaZze mikromehurcke, ne da bi jih unicila. Za razliko od tkiva imajo
mikromehurcki, kadar se ultrazvok uporablja z nizkim mehanskim indeksom, nelinearni odziv in
proizvajajo ultrazvoéne frekvence druge harmonike, katerih zaznavanje zahteva

nekonvencionalne ultrazvo¢ne modalitete, kot je slikanje s pulzno inverzijo (121, 130, 131).

1.1.3.2 Kontrastna sredstva

Najpogosteje dostopni ultrazvocni kontrastni mediji so Sonovue (Bracco, Milano, ltalija),
Definity (Lantheus Medical Imaging, North Billerica, Massachusetts, ZDA) in Sonozoid (Daiichi
Sankyo, Tokio, Japonska). Vsak ima posebne smernice za pripravo in uporabo, ki jih je dolocil
proizvajalec in jih je potrebno natancno upostevati (131, 132). Radiologi se morajo zavedati
krhke narave kontrastnih medijev in si prizadevati za ohranjanje celovitosti mehurckov v vseh

fazah shranjevanja, priprave in aplikacije (127, 131, 137).
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Sodobna ultrazvocna kontrastna sredstva so s plinom napolnjeni mikromehurcki: razmeroma
netopni plin z visoko molekulsko maso je ujet v fosfolipidni lupini. Mikromehurcki so premera
povprec¢no 2,5um, od 1 do 7 um (132, 133, 134), manjsi od premera rdecih krvnih celic
priblizno 6 um, zato prosto prehajajo skozi plju¢no in sistemsko cirkulacijo. V krvi ostajajo
nedotaknjeni nekaj minut po intravenski injekciji, kapilarno polnjenje pa vodi do difuznega
povecanja nazaj razprsenega ultrazvocnega signala (135). Ko mikromehurcki izginejo iz krvi, jih
je mogoce Cez priblizno 30 minut zaznati v jetrnem parenhimu in vranici (pozna faza, specifi¢na
za jetra in vranico). Vecina kontrastnega sredstva se izlo¢i skozi pljuca v 20 minutah po aplikaciji
kot inertni plin, ki je Zveplov hidroksid v primeru kontrasta Sonovue, lipoproteinska lupina pa

se izloCi z Zzol¢em (135, 136).

Prednosti kontrastnih snovi, ki se uporabljajo v UZ-KS, pred tistimi, ki se uporabljajo pri CT-KS,
so Stevilne: omogocajo slikanje v realnem casu, ni ionizirajoCega sevanja, niso nefro- in
hepatotoksi¢ne in imajo zelo redke in zelo blage stranske ucinke (135, 136). Ultrazvocna
kontrastna sredstva so v nasprotju z jodiranimi in gadolinijevimi sredstvi strogo Zilna, brez

kakrsne koli intersticijske komponente in kaZzejo na vecje in manjse Zile (137).

Kontraindikacije za uporabo mikromehurckov pri ljudeh vkljuujejo plju¢no hipertenzijo in
okvarjeno sréno-plju¢no funkcijo (136). Pri velikem Stevilu psov, pri katerih so bili opravljeni
pregledi UZ-KS, se je pri manj kot 1 % pojavil takojSen ali zapozneli nezeleni ucinek (bruhanje,
sinkopa) (135). Obicajno kontrastni ultrazvocni pregledi trajajo do 2 minuti. Za prikaz vec lezij
ali organov so pogosto potrebne veckratne aplikacije kontrastnega sredstva, ki pa niso

povezane s povecanim tveganjem za nezelene ucinke (126, 135, 137).

Za razliko od vecine oblik slikovnih kontrastnih medijev so ultrazvocna kontrastna sredstva Ze
po naravi krhka. Mikromehurcki se zlahka unicijo z visokoenergijskim zvokom, vklju¢no s
tipicnimi energijami ultrazvocne sive lestvice (B-mode) in vsemi Dopplerjevimi signali.
Kontrastno sredstvo je mogoce uniditi tudi z neustreznim ravnanjem, na primer s prevec hitrim
vbrizgavanjem skozi igle majhnega profila, neustreznim upostevanjem smernic proizvajalca za

pripravo kontrastnega sredstva ali previsoko vpadno energijo med kontrastnim slikanjem.
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1.1.3.3 Parametri perfuzijske krivulje

Vgrajena programska oprema ultrazvo¢nega sistema in/ali racunalniski programi pokazejo
perfuzijsko krivuljo ali krivuljo, ki predstavlja intenzivnost signala skozi Cas, ter naslednje
parametre: osnovna intenzivnost, vrh intenzivnosti, in povrsina pod krivuljo (AUC, angl. area
under curve). Maksimalna amplituda harmonskega signala oz. vrh locljivosti (PE, angl. peak
enhancement) se izraCuna kot razlika med vrhom intenzivnosti in osnovno intenzivnostjo. PE in
AUC sta parametra, ki odrazata koli¢ino krvi v preiskovanem obmocju. Parametri, ki odrazajo
pretok krvi, pa so: Cas, ko intenzivnost kontrasta doseZze vrh (TTP, angl. time to peak),
naras$cajoci naklon, ¢as prihoda, ¢as od maksimalne vrednosti signala do zmanjsanja amplitude
signala na polovico, angl. descend time to one half), in padajoci naklon (DS, angl. descending
slope) (Slika 2). Parametri UZ-KS merijo perfuzijo tkiva na ravni kapilar. Na perfuzijske
parametre vplivajo sréni, Zilni, mikrocirkulacijski in drugi dejavniki. UZ-KS skorje ledvic pri 10
anesteziranih zdravih mackah je pokazal, da globina preiskovanja ter velikost preiskovanega

podrocja (ROI, angl. region of interest) znacilno korelirata s PE (138).

intenziteta signala
18 .

trendna krivulja

+ krivulja neobdelanih podatkov

Slika 2. Perfuzijska krivulja. AS = narascajoci naklon; AT = ¢as prihoda; AUC = povrsina pod krivuljo; Bl =
osnovna intenzivnost; DS = padajoci naklon; DT/2 = ¢as od maksimalne amplitude do njenega zmanjsanja
na polovico; PE = maksimalna amplituda harmonskega signala; Pl = vrh intenzivnosti; TTP = ¢as do vrha.

Povzeto po Brloznik in sod., 2021 (str. 133).

Figure 2. Perfusion curve. Bl = basic intensity; Pl = peak intensity, AUC = area under curve, PE = peak
enhancement;; TTP = time to peak, AS = ascending slope), AT = arrival time, DT/2 = half-decay time; DS =

descending slope. Adapted from Brloznik et al, 2021 (page 133).
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1.1.3.4 Uporaba UZ-KS v onkologiji

UZ-KS se uporablja podobno kot CT-KS in MRI-KS za neinvazivno karakterizacijo lezij (brez
biopsije), ugotovljenih med obicajnimi ultrazvoc¢nimi preiskavami. V veterinarski medicini se
UZ-KS uporablja za razlikovanje spontanih benignih in malignih tumorjev jeter (137, 139, 140,
141, 142, 143), vranice (144, 145, 146, 147, 148), ledvic (149), nadledvic¢nih zlez (150, 151),
bezgavk (152, 153) idr. Prav tako se je UZ-KS izkazal uporaben za dolocanje sentinelnih

bezgavk (154, 155, 156).

Tako v predklini¢nih (157, 158, 159, 160) kot tudi v klini¢nih raziskavah pri ljudeh in psih (117,
161, 162, 163) so pokazali, da rezultati UZ-KS korelirajo s histoloskimi rezultati oziljenosti
tumorja. Poleg tega se je v predklinicnih raziskavah UZ-KS izkazal za dragocenega pri
ocenjevanju odziva tumorja na antiangiogeno zdravljenje (158, 159, 164). Tudi v klini¢nih
raziskavah pri ljudeh se je izkazal kot koristno orodje za oceno uclinkovitosti antiangiogenih

zdravil (165, 166, 167, 168, 169, 170, 171, 172,173, 174, 175).

1.1.3.4.1 Uporaba UZ-KS in EP/EKT/GEP

Raziskav, ki navajajo rezultate UZ-KS po EP/EKT/GEP, je le pescica. Pokazali so, da se perfuzija
misjih sarkomov zmanjs$a 3 in 35 min po EKT, po 48 urah pa se obnovi na izhodis¢no stanje (98).
UZ-KS so uporabili za dolocanje podrocij tumorske nekroze spontanih pasjih tumorjev pred
GEP plL-12 in dokazovanje antiangiogenega ucinka GEP plL-12 8 in 35 dni po zdravljenju (176,
177). Prav tako so z UZ-KS ovrednotili ucinek EKT pri cloveskih tumorjih jeter (113) in
pankreasa (27). Vendar v nobeni od raziskav ucinka EP, EKT in GEP do sedaj Se niso opisali v

meri, ki bi omogocala klini¢no uporabo, predvsem z vidika spremljanja ucinkovitosti terapije.
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1.1.4 Ocenjevanje odziva na zdravljenje tumorjev z EKT in GEP

Ocena odziva tumorja na zdravljenje temelji predvsem na podlagi ponavljajo¢e se ocene
velikosti tumorja glede na merila za oceno odziva pri solidnih tumorjih (RECIST, angl. response
evaluation criteria in solid tumours) (178, 179, 180) in smernice za kriterije odziva za
preskusanje imunoterapevtikov (iIRECIST, angl. response evaluation criteria in solid tumors in
immunotherapy trials) (181). Tumorje uvrstimo mesec dni po zdravljenju v eno od naslednjih

skupin:

popolni odgovor (izginotje tumorja, angl. complete response),

delni odgovor (vsaj 30-odstotno zmanjsanje tumorja, angl. partial response),

stabilna bolezen (manj kot 30-odstotno zmanjsanje ali manj kot 20-odstotno povecanje

tumorija, angl. stable disease),

- napredovana bolezen (vsaj 20-odstotno povecanje tumorja, angl. progressive disease).

Kriteriji RECIST odrazajo le spremembe v velikosti tumorja, ki pa pogosto zaostajajo in zato ne
morejo napovedati odziva na terapijo v zgodnji ¢asovni tocki (182). Pacient je lahko napacno
razvrsCen med tiste »brez odgovora na terapijo«, ker ostaja velikost tumorja nespremenjena,
ali pa se lahko v zgodnjem casu tumor celo poveca zaradi krvavitve, nekroze in edema, kljub
temu da je deleZ tumorja manjsi (183). Da bi se izognili tej tezavi, so predlagali nove metode za
oceno odziva tumorja dva ali ve¢ mesecev po antiangiogeni terapiji na osnovi tumorske
perfuzije v obliki prilagojenih kriterijev RECIST (mRECIST, angl. modified RECIST) (184). Pojav
novih terapij, usmerjenih v tumorsko angiogenezo in vaskularnost tumorija, je poudaril potrebo
po natancnih in ponovljivih kvantitativnih tehnikah za oceno zgodnjih sprememb v oZiljenosti

tumorjev (183).
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1.1.5 Vloga zivalskih modelov v translacijskih raziskavah

Pri raziskovanju rakavih obolenj, preizkusanju novih terapij in izida zdravljenja pri ¢loveku so
Zivalski modeli neprecenljivi in nepogresljivi (185, 186). V predklini¢nih raziskavah se za
raziskovanje molekulskih procesov in patoloskih znacilnosti tumorjev zaradi majhne velikosti
najveC uporabljajo misji modeli, s katerimi so odkrili Stevilne mehanizme nastanka in razvoja
raka (187, 188, 189). Ker so misji tumorji inducirani, ne odsevajo strukturne in genetske
kompleksnosti spontanih tumorjev. Odlicen model za translacijo rezultatov raziskav v humano
onkologijo so psi. Pri njih se namre¢ pojavljajo spontani tumorji, ki se razvijajo pocasi ob
intaktnem imunskem sistemu (185). Ker Zivijo v danasnji druzbi psi, hisni ljubljenci, v tesnem
stiku z lastniki, si z njimi delijo isto okolje in so del druZine, so podvrzeni podobnim dejavnikom
za razvoj raka kot ljudje, in tudi zato so verjetno tumorji podobni tistim pri ljudeh (190, 191).
Prednosti uporabe psa v klini¢nih Studijah zdravljenje raka je tudi bistveno daljSa Zivljenjska
doba v primerjavi z misjimi modeli in posledi¢no mozZnost proucevanja stranskih uc¢inkov (192)
ter hkrati bistveno krajsa Zivljenjska doba psov in relativno hitrej$i naravni potek bolezni v
primerjavi z ljudmi, kar dopusca hitrejSe ocenjevanje rezultatov o izidu zdravljenja (193). Prav
tako omogoca velikost psa v primerjavi z velikostjo misi odvzem ustrezno velikih vzorcev za
analizo tkiva, krvi, ipd. (185, 192). V veterinarski onkologiji je tudi manj uveljavljenih standardov
zdravljenja kot v humani medicini, zato je moZno preskusati nove nacine zdravljenja in
prognosticiranja. Zaradi tega postaja veterinarska onkologija vedno bolj pomemben vmesni
¢len v translaciji rezultatov predkliniénih raziskav v humano onkologijo. Z izvajanjem klini¢nih
raziskav ucinkovitosti novih nacinov zdravljenja raka na psih lahko tako pridobimo podatke, ki
so pomembni za izvajanje humanih kliniénih raziskav in do njih ne pridemo na

eksperimentalnem modelu laboratorijskih Zivali, saj so lahko znacilnosti spontanih in

induciranih tumorjev povsem drugacne.
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1.2 Namen dela in hipoteze

Namen doktorskega dela je bil ovrednotenje rezultatov perfuzije tumorjev na osnovi rezultatov
preiskav UZ-KS in CT-KS po postopku EP in EKT jetrnega tkiva zdravih prasicev ter preiskav UZ-KS
po zdravljenju z EKT in GEP plL-12 misjih in pasjih tumorjev. Pri misjih in pasjih tumorjih smo se

posvetili predvsem vidiku prediktivne vrednosti diagnosti¢ne metode pri zdravljenju induciranih

v

varnostni vidik uporabe EP in EKT pri zdravljenju tumorjev, ki mejino na velike krvne Zile.

Hipoteze

(1) »UZ pregled s kontrastnim sredstvom je neinvazivna metoda, s katero lahko vrednotimo

vpliv EP, EKT in GEP na perfuzijo tretiranih tumorjev misi in psov.«
povzroCata z UZ-KS in s CT-KS vidnih sprememb velikih krvnih Zil jeter«.
(3) »Z UZ pregledom s kontrastom lahko dokaZzemo, da imajo tumorji heterogen pretok.«

(4) »Rezultati UZ pregleda s kontrastnim sredstvom korelirajo z lokalnim odgovorom na

zdravljenje z EKT/GEP.«
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lzvlecek

Izhodis¢a. Radioloske spremembe po EP/EKT velikih jetrnih Zil ter zdravega jetrnega parenhima

e niso bile opisane.

Materiali in metode. V prospektivno raziskavo z izdanim dovoljenjem na Zivalskem modelu smo
vkljucili devet prasicev pitancev. Pri vsaki Zivali smo v jetrih ultrazvocno vodeno elektroporirali
Stiri podrocja; v treh podrocjih smo elektrode vstavili v svetline velikih jetrnih Zil. Preizkusili smo
dve vrsti elektrod; linearne in heksagonalne. Ultrazvocno smo tretirana mesta pregledali takoj
in do dvajset minut po postopku, CT-KS pa smo izvedli pred posegom, od 60 do 90 minut po

njem ter 1 teden pozneje.

Rezultati. RadioloSke preiskave tretiranih podrocij so pokazale neposkodovane Zilne stene ter
normalno prehodne Zile — brez krvavitev ali strdkov. Tretirana podrocja so se ultrazvocno
dinami¢no spreminjala od hiperehogenih mikromehurckov vzdol? elektrod do hipoehogenosti
tretiranega parenhima, difuzije hiperehogenih mikromehurckov ter izginjanja hipoehogenosti.
UZ-KS takoj po postopku in CT-KS od 60 do 90 minut po postopku sta pokazala, da tretirana
mesta privzemajo manj kontrasta. Celotna povrsina mest, ki slabse privzemajo kontrast, je bila

v primeru heksagonalnih elektrod manjsa kot v primeru linearnih elektrod.

jeter navkljub tveganemu postopku vstavitve elektrod v svetline velikih jetrnih Zil, kar pomeni,

da je EKT za zdravljenje jetrnih tumorjev varna.
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Background. Radiologic findings after electrochemotherapy of large hepatic blood vessels and healthy hepatic
parenchyma have not yet been described.

Materials and methods. We performed a prospective animal model study with regulatory approval, including nine
grower pigs. In each animal, four ultrasound-guided electroporated regions were created; in three regions, electrodes
were inserted into the lumen of large hepatic vessels. Two types of electrodes were tested; variable linear- and fixed
hexagonal-geometry electrodes. Ultrasonographic examinations were performed immediately and up to 20 minutes
after the procedure. Dynamic computed tomography was performed before and at 60 to 90 minutes and one week
after the procedure.

Results. Radiologic examinations of the treated areas showed intact vessel walls and patency; no hemorrhage
or thrombi were noted. Ultrasonographic findings were dynamic and evolved from hyperechogenic microbubbles
along electrode tracks to hypoechogenicity of treated parenchyma, diffusion of hyperechogenic microbubbles,
and hypoechogenicity fading. Contfrast-enhanced ultrasound showed decreased perfusion of the treated area.
Dynamic computed fomography at 60 to 90 minutes after the procedure showed hypoenhancing areacs. The total
hypoenhancing area was smaller after freatment with fixed hexagonal electrodes than after freatment with variable
linear geometry electrodes.

Conclusions. Radiologic findings of porcine liver after electrochemotherapy with bleomycin did not show clinically
significant damage fo the liver, even if a hazardous treatment strategy, such as large vessel intraluminal electrode
insertion, was employed, and thus further support safety and clinical use of electrochemotherapy for treatment of
hepatic neoplasia.

Key words: electrochemotherapy; pig; liver; hepatic vessels; ultrasound; computed tomography
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Introduction

Surgical resection is the gold standard for the treat-
ment of hepatic neoplasia. However, the major-
ity of hepatic tumors are unresectable at the time
of diagnosis. In these patients, alongside systemic
chemotherapy, different local ablative techniques,
such as radiofrequency and microwave ablation,
are used."®* However, these two techniques are not
optimal for tumors located near major bile ducts
and larger hepatic vessels due to the heat sink effect
or potential damage to vital structures.>* Hence,
novel techniques, such as irreversible electropora-
tion (IRE) ablation and electrochemotherapy (ECT),
are advantageous for patients with unresectable
hepatic neoplasia adjacent to major bile ducts and
vessels.!*® ECT is a method for the delivery of
chemotherapeutic drugs by reversible electropora-
tion, which enables the entry of otherwise poorly or
nonpermeant exogenous molecules into cells by the
application of short high-intensity electric pulses
that induce reversible cell membrane permeabiliza-
tion.*8 ECT is nowadays widely used in European
centers for the treatment of cutaneous tumors.*!

Clinical studies have shown that ECT is safe and
effective also for the treatment of liver metastases
and hepatocellular carcinoma (HCC)>#¢711-13, and
also other deep-seated tumors like pancreatic car-
cinoma.'*1¢ Potentially hazardous electrode inser-
tion into the lumen of major hepatic vessels has
been reported in a study with percutaneous ECT
of portal vein tumor thrombosis in patients with
HCC." From ECT?3#671112 and IRE2 studies, it is
assumed that ECT of large hepatic vessels is safe,
but this assumption has not yet been demonstrated
with early radiologic examinations, which could
reveal possible intra-abdominal hemorrhage or
thrombus formation that could prove fatal for the
patient.

Radiologic findings after IRE of hepatic tissue
have been thoroughly described and used to de-
termine the area that was irreversibly electropo-
rated?2, while there has only been one report of
radiologic findings after ECT of liver, where ul-
trasonographic (US) changes in hepatic tumors
were described as indicators of adequate electric
field tumor coverage for effective ECT.?” The effect
of ECT on healthy hepatic parenchyma and large
hepatic vessels has not been previously studied by
diagnostic imaging methods. The aim of this study
was to characterize radiologic findings after ECT of
large hepatic vessels and hepatic parenchyma in a
porcine model, and hence to confirm the safety of
the procedure.

Radiol Oncol 2019; 53(4): 415-426.

Materials and methods
Animals and ethics approval

In this prospective animal model study with reg-
ulatory approval issued by the National Ethics
Committee at The Administration of the Republic
of Slovenia for Food Safety, Veterinary, and Plant
Protection (Approval number: U34401-1/2017/4,
Approval date: 17.03.2017), nine female grower
pigs, purchased from an authorized swine breeder
(Globocnik, Sencur, Slovenia) 3-17 days before ex-
periment, were included.?® Experimental animals
were reared according to the European Council di-
rective for minimum standards for the protection
of pigs (2008/120/EC). All procedures complied
with relevant national and European legislation
(2010/63/EU).

Animals were 12 weeks old, weighed 31 +2.5 kg,
and their liver volume estimated from CT images
was 865 + 85 cm?®.

Electrochemotherapy

During open surgery, four US-guided electropo-
rated regions were created.

Insertion of electrodes. Electrodes were inserted
into the lumen of the caudal vena cava and sur-
rounding hepatic parenchyma (region 1), into the
left median hepatic vein and surrounding paren-
chyma (region 2), into the left portal vein and pa-
renchyma (region 3), and in the hepatic parenchy-
ma of the left liver lobe (region 4).

Bleomycin and control group. Two pigs served as
a control group and received electric pulses (EP)
only. In the remaining seven pigs, ECT was per-
formed; bleomycin (Bleomycinum, Heinrich Mack
Nachf. GmbH & CO. KG, Illertissen, Germany,
15.000 IE/m?) was administered intravenously at 8
minutes before the first application of EP.

Types of electrodes. Two types of electrodes
routinely used in clinical treatment were tested.
Variable linear geometry electrodes consisted of
two long needle electrodes (with a diameter of 1.2
mm and a 3 cm long active part), which were 2
cm apart (VG-1230T12, IGEA S.p.A., Carpi, Italy).
These electrode were employed in five cases of ECT
and the two cases of EP. Fixed hexagonal geometry
electrodes consists of seven needle electrodes with
a diameter of 0.7 mm that are hexagonally placed
0.73 cm apart in a round plastic holder (N-30-HG,
IGEA). These electrodes were used in two cases of
ECT.

Electric pulses. EP was delivered with an elec-
tric pulse generator (Cliniporator, IGEA), and the
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number of pulses for linear and hexagonal geom-
etry electrodes were 8 and 96, respectively (8 be-
tween each individual electrode pair). Each pulse
was 100 microseconds long, and the voltage was
set to 2000 V in the case of linear electrodes and 730
V in the case of hexagonal electrodes. The frequen-
cies for the linear and hexagonal electrode geom-
etries were 1 and 5000 Hz, respectively.

Numerical modeling of electric field
distribution

The treated area electric field was calculated by the
finite element method using the software package
Comsol Multiphysics (COMSOL AB, Stockholm,
Sweden) with MATLAB (Mathworks, Natick, MA,
USA).2%0 The electrical parameters and bleomycin
dosage were consistent with the European standard
operating procedures for the ECT protocol and ECT
for colorectal liver metastases clinical trials.>*!%

Study end-point

The animals were euthanized at two or seven days
after ECT/EP using 3 ml/10 kg i.v. T61 euthanasia
solution (Intervet, Boxmeer, Netherlands); the liver
was explanted for histologic analyses, which were
reported in a separate paper.?

Ultrasonography (US) and computed
tomography (CT)

Ultrasonographic examinations (US) were per-
formed immediately and up to 20 minutes after the
procedure. Different US machines were used, as
available: Resona 7 and/or M9 (Mindray, Shenzhen,
China) and/or Logiq S7 Pro (GE, Milwaukee, WI,
USA). US examinations included B-mode to pro-
vide information about echogenicity and echo-
texture changes, Doppler (color and pulse-wave)
to examine vessel patency and contrast enhanced
ultrasound (CEUS) to evaluate the perfusion of he-
patic parenchyma. The region of CEUS investiga-
tion was chosen according to the available US ma-
chine. In the case of the Mindray machine, a linear
probe was used and the near-field area was pre-
ferred, whereas with the GE machine, the far-field
was chosen since contrast works only with a con-
vex probe. CEUS was performed before and after
EP/ECT. Low mechanical index (<0.1) was applied,
and a transpulmonary contrast agent Sonovue
(Bracco, Milan, Italy), based on sulfur hexafluoride
microbubbles, was administered into the cephalic
vein (2.4 ml), and then flushed with saline (2 ml).

From the time of contrast application, a 90-second
cine-clip was made for further image analysis.

CT of the liver was performed before and at 60
to 90 minutes after EP/ECT with a Somatom Scope
CT scanner (Siemens, Erlangen, Germany) in seven
pigs. In two pigs treated with ECT with variable
linear geometry electrodes, CT was also performed
at 1 week after ECT. The following CT parameters
were used: referenced 170 mA, 110 kVp, 3.0 mm
slice reconstruction thickness, 2.0 mm reconstruc-
tion increment, and beam pitch of 1.4. The dy-
namic study with the contrast medium iopromide
(Ultravist; Bayer, Leverkusen, Germany, 0.5 ml/
kg), which was administered intravenously with
a Missouri dual chamber injector pump (Ulrich
medical, Ulm, Germany) at a velocity of 3 ml/s,
consisted of 5 phases: pre-contrast, arterial with
bolus tracking in abdominal aorta, and 3 subse-
quent phases in 30-second intervals (at 30, 60 and
90 seconds after arterial phase).

Image analysis

All radiologic findings were interpreted in con-
sensus by three radiologists (M.B., N.B., R.D.) with
more than 10-years of experience in liver imaging.

CEUS perfusion curve, presenting the signal in-
tensity, was analyzed with the US machine built-in
software.

CT images were evaluated with a free and open
source software program Horos (https://horospro-
ject.org) and Impax 6 (Agfa HealthCare, Mortsel,
Belgium). CT findings before and after EP/ECT
were compared. Hepatic attenuation, contrast en-
hancement, vessel patency, diameter and possible
extravasation were evaluated. In pre-contrast stud-
ies, hepatic attenuation has been evaluated subjec-
tively for homogeneity of hepatic parenchyma and
circular ROIs were used to measure the attenuation
in Hounsfield units (HU). Vessel patency, diameter
and possible extravasation were evaluated subjec-
tively in contrast studies. Dynamic CT showed hy-
poenhancing areas, which were if compared to un-
treated areas most clearly seen at 30 or 60 seconds
after arterial phase. In each animal, the phase with
the most evident hypoenhancing regions was used
for further evaluation. Attenuation of untreated
hepatic parenchyma was measured with circular
ROIs that did not include vessels. Since it was dif-
ficult to differentiate individual treatment regions,
all hypoenhancing areas were measured; in each of
the transverse CT images, all the hypoenhancing re-
gions were carefully delineated (with manual ROls)
to measure the area (in mm?) and attenuation (in
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HU) of the region. The total area, mean area and at-
tenuation of the total area were calculated for each
animal. The latter was calculated by a mathemati-
cal formula sum (area x attenuation / total area). To
exclude individual differences in contrast enhance-
ment, attenuation of untreated hepatic parenchyma
was also considered; the difference between the at-
tenuation of untreated parenchyma and the attenua-
tion of the total area was divided by the attenuation
of untreated parenchyma and multiplied by 100.

Histology

Histologic examinations were performed by an
experienced pathologist (G.G.) with more than
10-years of experience in surgical pathology. To
provide a comparison of radiologic and histologic
data, immediate core biopsies of ECT-treated and
untreated areas were performed in two pigs treat-
ed with ECT using linear geometry electrodes. In
the treated parenchyma, two biopsies located be-
tween and oriented parallel to the electrodes were
collected: one adjacent to the electrode and one 1
cm away from the electrode to the middle of the
treated area. Histologic samples were fixed over-

night in 10% buffered formalin, embedded in par-
affin, cut into 3- to 4-um-thick sections and stained
with hematoxylin and eosin (H&E).

Statistical analysis

Statistical package computer program SPSS (SPSS
Inc., Chicago, Illinois, USA) was used. For analysis
of hepatic parenchyma contrast enhancement, the
Shapiro-Wilk test was utilized to test the normality.
Since the variables were not normally distributed,
the Mann-Whitney U test and the Kruskal Wallis H
test were used. Statistical significance was defined
as P <0.05. For other data in this study, descriptive
statistics were applied.

Results

Radiologic findings and numerical
modeling of electric field distribution
US findings

EP were delivered only after US confirmation of
electrode position (Figure 1A). Immediately after

FIGURE 1. B-mode ultrasonography. (A) Position of the variable linear geometry electrode in the left middle hepatic vein (arrow).
(B) Hyperechogenic microbubbles (arrows) observed immediately after electrochemotherapy (ECT) along the track of the linear
electrode. (C) Hyperechogenic microbubbles observed immediately after ECT along the fracks of hexagonal geometry electrodes
(arrows). (D) In the next minutes, the hepatic parenchyma of the treated area becomes hypoechogenic (yellow arrow), and
hyperechogenic microbubbles (red arrow) start to diffuse.

Radiol Oncol 2019; 53(4): 415-426.
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FIGURE 2. Doppler and confrast-enhanced ultrasonography. (A) Color Doppler in the left middle hepatic vein (blue) immediately
after electrochemotherapy (ECT). Hyperechogenic microbubbles (arrow) can be noted. (B) Contrast enhanced ultrasound (CEUS)
immediately after ECT and at 13 seconds after contrast administration; the position of the electrode is circled. (C) CEUS at 4 minutes
after ECT and at 24 seconds after contrast; the larger vessel can be recognized (arrows). (D) CEUS at 5 minutes after ECT and at

14 seconds after contrast; a perfusion curve is shown.

the delivery of EP and removal of the electrodes,
hyperechogenic microbubbles were observed
along the electrode tracks (Figure 1B and C). In the
next minutes, the treated parenchyma became hy-
poechogenic, and the hyperechogenic microbub-
bles started to diffuse (Figure 1D); the area of hy-
poechogenicity was larger than the area between
the electrodes. In the next 5 to 10 minutes, the
hyperechogenic microbubbles diffused through
the treated area. There was no obvious difference
between EP and ECT with variable linear geom-
etry electrodes, while in the two cases of ECT
with fixed hexagonal geometry electrodes, the hy-
poechogenicity was less evident compared to that
with variable linear electrodes. After 10 minutes,
the hypoechogenicity started to fade, and in the
case of the treatment with hexagonal electrodes,
it was no longer visible. The hypoechogenicity of
the parenchyma was in contiguity to the treated
vessel; however, the vessel wall appeared intact.
There was no hemorrhage observed. Furthermore,
the patency of the vessel was normal; there were
no thrombi, stenotic lesions or extravasation not-
ed, and the Doppler examination showed laminar

flow (Figure 2A). CEUS showed that the perfusion
of the treated area was significantly decreased
(Figure 2B, C and D). The area of the hypoper-
fused parenchyma was larger than the area be-
tween the electrodes (Figure 2B), i.e. extending
outside the borders of the area encompassed by
the electrodes. In the case of the treatment with
fixed hexagonal geometry electrodes, the decrease
in perfusion was less pronounced compared
to the treatment with variable linear geometry
electrodes, which was consistent with computer
simulation of the larger volume exposed to high
strength electric fields in the variable linear geom-
etry electrodes.

CT features

Dynamic contrast enhanced CT at 60 to 90 minutes
after EP/ECT showed subtle hypoattenuating elec-
trode tracks in the pre-contrast and arterial phases
(Figure 3A and B), while in the 3 subsequent phas-
es, hypoenhancing areas of treated hepatic paren-
chyma were noted (Figure 3C, D and E). These
areas were most clearly observed at 30 or 60 sec-
onds after the arterial phase, and the phase with
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most evident hypoenhancing areas was used for
further evaluation. As can be seen in Table 1, dif-
ferent number of hypoenhancing areas were meas-
ured in each animal. In the case of the treatment

with linear geometry electrodes, the hypoenhanc-
ing regions were larger than those in the case of
the treatment with hexagonal geometry electrodes
(Figures 4A, B, 5A and 5B). An example of the mul-
tiplanar reconstruction (MPR) of one of the areas

TABLE 1. Area and attenuation of hypoenhancing regions for each animal

FIGURE 3. Dynamic CT study, area treated
with hexagonal electrodes is circled;
note that hypoenhancing areas are most
clearly seen 30 seconds after arterial
phase. (A) Pre-contrast. (B) Arterial phase.
(C) At 30 seconds after arterial phase. (D)
At 60 seconds after arterial phase. (E) At 90
seconds after arterial phase.

treated with variable linear geometry electrodes
is presented in Figure 4C. All treated vessels were
patent with no evidence of thrombosis (Figure 6A).
Hypoenhancing areas were in contiguity with the
treated vessels. There was no narrowing of the
treated vessels, vessel wall and patency were not
affected. No contrast extravasation was identified
from large vessels in which the electrodes were in-
serted.

A B
Number of Total area Median area Attenuation of Attenuation Difference in Corrected
measured (in mm?) (in mm?), total area (in of untreated attenuation difference in
hypo- IQR HU) Y ((area parenchyma (B-A) attenuation
enhancing x attenuation) (in HU), £ SE 15 (B-A)/B*100
regions / total area) measurements
in each animal
48 8454 94.5, 46-168 72 1182 46 39
ECT 66 3178 31.5, 19-53 86 114+£2 28 25
Linear
clecirodes 91 5146 39, 25-75 82 123+ 1 41 33
Ep 61 4538 51, 30-104 75 108 £1 33 30
55 3563 32, 18-92 122 165+3 43 26
25 750* 21, 11.5-32* 98 124 +2 26 21
Hexagonal ECT
electrodes 46 2328* 39.5, 25-72* 80 101 1 21* 21*
1 week after ECT 11 99** 8, 5-11** 74 99 +1 24** 25%*
with linear - - - -
electrodes 13 300 19,12-27.5 76 101 £1 25 25

ECT = electrochemotherapy; EP = electroporation; HU = Hounsfield units; IQR = inferquartile range; STD = standard deviation; *P < 0.01 compared to groups with variable linear

geometry electrodes; **P < 0.01 compared to groups immediately after EP/EC
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FIGURE 4. (A) Electrochemotherapy (ECT) of the liver with linear electrodes. Left figure is a CT image, where a distance between
the hypoenhancing tracks of 2 cm can be noted. Right figure is numerical model of electric field distribution in linear electrodes.
Middle figure shows electric field distribution superimposed on the CT image. (B) ECT of the liver with hexagonal electrodes. Left
figure is a CT image and right figure is numerical model of electric field distribution in hexagonal electrodes. Middle image shows
electric field distribution superimposed on the CT image. (C) Multiplanar reconstruction (MPR) of Figure 4A. The hypoenhancing
area is circled. Note the larger vessel in the middle of the hypoenhancing area in coronal reconstruction.

After careful delineation of the hypoenhanc-
ing areas in each of the transverse CT images
(Figure 6B), a statistically significant difference
between attenuation of untreated parenchyma and
attenuation of treated areas was observed in all
animals. For each animal, CT measurements and
calculations are presented in the Table 1. In the case
of the treatment with hexagonal geometry elec-
trodes, the total area of the hypoenhancing regions
was smaller than that in the case of the treatment

with linear electrodes (P < 0.001), which is in ac-
cordance with computer simulation. The results of
the computer simulations are shown in Figure 4A
and B, where the difference in the shape of the lo-
cal electric field strength produced by the different
electrodes is observed. Figure 4A shows that the
treated volume produced by the variable linear ge-
ometry electrodes measures 30 mm in width and
20 mm in height (corresponding to the distance be-
tween the electrodes and the applied voltage) and
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5.00 cm

FIGURE 5. Computed tomography. Hypo-
enhancing areas after electrochemotherapy
(ECT). (A) Variable linear geometry elec-
frodes. Hypoenhancing track to the cau-
dal vena cava (yellow arrow), hepatic vein
(green arrow), portal vein (red arrow) and
tfreated hepatic parenchyma of the left
liver lobe (blue arrow). (B) Fixed hexago-
nal geometry electrodes. Hypoenhancing
tracks toward the caudal vena cava (yellow
circle), hepatic vein (green circle), portal
vein (red circle) and when inserted only info
hepatic parenchyma (blue circle).

500 cm 5.00 cm

FIGURE 6. Computed tomography. (A)
Left middle hepatic vein, three succes-
sive slices, hypoenhancing fracks in con-
figuity with the treated vessel (circled)
and the vessel wall and patency were
not affected. (B) Delineation of nonen-
hancing regions (white) and computer
program determination of the area (in
mm?2) and attenuation (in Hounsfield units
or HU) of the region. The red circle in-
dicates untreated hepatic parenchyma,
excluding large vessels. (C) One week af-
ter electrochemotherapy (ECT) with linear
electrodes, narrow hypoenhancing tracks
were observed (red arrow).
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FIGURE 7. Histology of hepatic parenchyma immediately after electrochemotherapy (ECT). Fibrin thrombus in the lumen of a small
venule (arrow). (A) H&E, 10x. (B) H&E, 20x.

is larger than the treated volume produced by the
hexagonal electrodes, which is 20 mm by 20 mm
(Figure 4B).

Furthermore, the difference and the corrected
difference in attenuation were smaller after treat-
ment with fixed hexagonal geometry electrodes
than after treatment with variable linear electrodes
(P < 0.001). There was no significant difference in
the total area between the EP and ECT with lin-
ear electrodes (P = 0.908). In the CT findings at
one week after ECT (Figure 6C), a regression of
the ECT-induced changes was observed with only
small hypoenhancing areas with diameters of up
to 6 mm identified, which corresponds to the vol-
ume of irreversibly electroporated liver tissue de-
termined by computer simulations, as shown in
Figure 4A and B. The total area of the hypoenhanc-
ing regions was smaller than that observed imme-
diately after the EP/ECT (P < 0.001). The difference
and corrected difference in attenuation were both
smaller after one week compared to those at 60 to
90 minutes after EP/ECT (P < 0.001, P = 0.007).

Histologic findings

Histologic findings of treated hepatic parenchyma
immediately after ECT showed fibrin thrombi in
small venules (Figure 7), with no other histologic
changes of other vessels and bile ducts or the he-
patic parenchyma.

Discussion

Radiologic findings after EP/ECT of large hepatic
vessels and hepatic parenchyma were character-
ized in a porcine model, which was selected due to
anatomical and physiological similarities with the
human liver.!® The results showed decreased per-
fusion in the treated area. This finding was an an-
ticipated result since EP/ECT induces a local blood
flow modifying effect or ‘vascular lock” character-
ized by the vasoconstriction and increased wall per-
meabilization of small blood vessels. The effect on
perfusion is shorter in EP compared to that in ECT
and shorter in healthy compared to tumor tissue,
which is known as the “vascular disrupting effect’.
Chemotherapeutic drugs are cytotoxic to endothe-
lial cells, especially neoplastic endothelial cells, and
this effect prolongs decreased perfusion.’*! In our
case, there was no difference between EP and ECT,
and no vascular disrupting effect was observed in
healthy hepatic parenchyma?, which confirms that
bleomycin at the doses used has a negligible effect
on healthy tissue.%

All radiologic modalities showed healthy vessel
walls and patency, despite direct electrode inser-
tion into the lumen of major hepatic vessels. These
findings were consistent with previously published
histologic results: no thrombosis was identified at
two and seven days after EP/ECT in healthy liver.?
This result was an expected finding considering
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ECT?#811-13 and IREY22 clinical studies, where elec-
trodes were inserted in the vicinity of34811-1317-22 or
into major hepatic vessels.'® The absence of bleed-
ing, even if needles are inserted deep into the he-
patic parenchyma, is an important safety aspect of
ECT due to the transient local hypoperfusion and
possible electrocoagulation related to the high cur-
rent density at the surface of needle electrodes.?*

The US findings were dynamic. Hyperechogenic
bubbles, which initially form around the elec-
trodes, are a consequence of electrochemical reac-
tions on the electrodes and electrocoagulation of
the tissue.”? The liberated gases are chlorine at
the anode and hydrogen at the cathode.*** Gas
bubbles are formed in RFA* and IRE*# ablations.
Hypoechogenicity of the treated parenchyma in-
dicates a structural change, which presumably
occurs due to decreased perfusion caused by the
vasoconstriction and increased wall permeability
(edema) of small vessels.>* The histologic find-
ings of the treated hepatic parenchyma immediate-
ly after ECT showed fibrin thrombi in small ven-
ules, which is consistent with decreased perfusion
due to vessel spasms.

Decreased perfusion of the treated areas was
confirmed with CEUS and dynamic CT studies,
the latter proving the decreased contrast enhance-
ment of the treated areas at 30 to 90 seconds after
arterial phase. The area of decreased perfusion
was smaller after treatment with fixed hexagonal
electrodes than after treatment with variable linear
geometry electrodes. This effect is due to a larger
distance between electrodes in the case of variable
geometry electrodes where higher voltage must be
applied to achieve same therapeutic effect, and is
in accordance with computer simulation and his-
tology.” The difference between the two geometry
electrodes can be ascribed to a higher local elec-
tric field strength adjacent to the electrodes in the
case of linear electrodes*, as shown in Figure 4A
and B. Despite the difference in size of hypoper-
fused hypoenhancing areas due to the higher lo-
cal electric field, there is no difference in efficacy
of electroporation between the variable linear- and
fixed hexagonal-geometry electrodes.?# In routine
clinical practice hexagonal electrodes are used for
smaller and superficial liver tumors, while linear
electrodes are used for deep-seated and larger liver
tumors.*” The subtleness of the radiological chang-
es of liver after EP/ECT agrees with laboratory and
histologic findings that the procedure is safe, while
on the contrary, it could indicate that CT findings
might not be a good indicator of procedure efficacy
in healthy liver. The vascular structures of the por-
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tal spaces as well as branches of the hepatic and
portal veins in the liver parenchyma display differ-
ent changes depending on their size and position
in the ablated area: those situated in the central
parts of the ablated areas and close to the elec-
trodes show complete necrosis. Smaller structures
are more sensitive to electroporation than larger
structures with arterioles and bile canaliculi more
resistant than venules.’?

The CT studies at one week after ECT showed
only small hypoenhancing areas, which is in ac-
cordance with histologic studies showing the exist-
ence of scar tissue.'>?® Where electrodes punctured
the wall of the large vessels, the architecture of the
vessel wall was effaced with missing endothelium
and no thrombosis present.?

Our study has several limitations. Due to the
time limit of open surgery, there was limited time
for US examinations, and the CT studies were per-
formed in a range of 60 to 90 minutes after the EP/
ECT. Performing radiologic examinations at dif-
ferent times was a major limitation because radio-
logic findings were dynamic and evolved in time.
Another limitation of this study is the use of various
US machines, which precluded numerical and sta-
tistical analyses of the US findings. Different heart
rates and blood pressures of pigs influenced CEUS
assessment of perfusion; therefore, comparisons
among animals would be challenging. Another lim-
itation of the study was that CT studies were only
performed at 1 week after ECT with variable linear
geometry electrodes. Furthermore, in CT studies,
various treated areas could not always be differen-
tiated from other areas. This limitation was over-
come in the study with the percutaneous ECT of
portal vein tumor thrombosis™ and in a study with
IRE of porcine liver®? with a coaxial angiocatheter to
define electrode orientation and position relative to
the ablation zone. Only healthy liver was studied,
further investigation of other tissues, particularly
tumor tissue is required, because it is reasonable to
expect that radiologic findings after ECT of hepatic
neoplasia differ from radiologic findings after ECT
of healthy liver due to differences in vascular and
extracellular spaces. Furthermore, relatively small
number of animals has been investigated, which
prevented further statistical analyses and a better
correlation between different groups.

Conclusions

Radiologic findings after EP/ECT of porcine liver
did not show clinically significant damage to large
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liver vessels and parenchyma; intact vessel walls
and patency were observed, the hepatic parenchy-
mal changes indicated by US hypoechogenicity
and CT hypoenhancement were subtle. Histologic
changes immediately after, and 2 and 7 days after
treatment were in accordance with radiologic find-
ings, and these results confirm that ECT is safe for
the treatment of tumors that are adjacent to large
hepatic vessels. Notably, radiologic features after
EP/ECT are dynamic, and further studies are re-
quired to thoroughly investigate these features to
provide definite answers, which, if any, are useful
as indicators of adequate electric field distribution
and as possible predictive factors that could guide
decisions regarding the course of further treatment.
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2.2 UltrazvocCni pregled s kontrastnim sredstvom za oceno perfuzije tumorjev in izida
zdravljenja na modelu misjih melanomov
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lzvlecek

Zaradi pomanjkanja podatkov o prediktivnih dejavnikih zdravljenja na osnovi EP smo raziskali
mozno prediktivno viogo UZ-KS za oceno perfuzije tkiva pri miSih z melanomom B16F10,
zdravljenih z obsevanjem in GEP plazmidne DNA, ki utiSa adhezijsko molekulo celic
melanoma (MCAM, angl. melanoma cell adhesion molecule). Rezultate UZ-KS smo primerjali s
histolosko analizo tumorja (barvanje Zilja). Misi z induciranimi podkoZnimi tumorji smo zdravili
z GEP za utisSanje MCAM, obsevanjem ali kombiniranim zdravljenjem obsevanja in GEP za
utiSanje MCAM. UZ-KS preiskava, ki je bila uporabljena za oceno tumorske perfuzije, smo izvedli
pred in do 10 dni po zacetku eksperimenta, rezultate UZ-KS pa smo primerjali z rastjo tumorja
in Stevilom krvnih Zil, analiziranih v histoloskih odsekih tumorja. UZ-KS je pokazal znacilno
zmanjsanje perfuzije tumorja v kombiniranih terapevtskih skupinah v primerjavi s kontrolnimi
skupinami in je koreliral s histoloskimi analizami tumorjev, ki so pokazale zmanjSano gostoto
Zilja. V tej raziskavi je bil opaZen trend inverzne korelacije med perfuzijo tumorja in
ucinkovitostjo zdravljenja. Vecja kot je bila perfuzija tumorja, krajsi je bil pri¢akovani cas
podvojitve. Pokazali smo, da lahko UZ-KS uporabimo na osnovi ocene perfuzije, za ugotavljanje

Zilne gostote tumorjev in ucinkovitosti zdravljenja.
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Due to a lack of data on predictors of electroporation-based treatment outcomes, we investigated the
potential predictive role of contrast-enhanced harmonic ultrasound (CEUS) in mice B16F10 melanoma
treated by gene electrotransfer (GET) to silence melanoma cell adhesion molecule (MCAM) and radiother-
apy, which has not been evaluated yet. CEUS evaluation was verified by tumor histological analysis. Mice
bearing subcutaneous tumors were treated with GET to silence MCAM, irradiation or the combination of
GET to silence MCAM and irradiation (combined treatment). CEUS of the tumors used to evaluate tumor
perfusion was performed before and up to 10 days after the beginning of the experiment, and the CEUS
results were compared with tumor growth and the number of blood vessels analyzed in the histological
tumor sections. CEUS revealed a decrease in tumor perfusion in the combined therapy groups compared
with the control groups and correlated with tumor histological analyses, which showed a decreased vas-
cular density. In this study a trend of inverse correlation was observed between tumor perfusion and
treatment efficacy. The greater the perfusion of the tumor, the shorter the expected doubling time.
Furthermore, decreased perfusion showed a trend to correlate with higher antitumor efficacy. Thus,
CEUS could be used to predict tumoral vascular density and treatment effectiveness.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

1. Introduction

tumor response to treatment and as a possible means to guide
the drug dosages [3-5]. In human and canine clinical studies, CEUS

The tumor vasculature is an attractive target for cancer therapy.
A single vessel facilitates the survival of multiple tumor cells and
provides the main route for metastatic spread [1]. Therefore, tumor
vessel density and certain tumor perfusion aspects have been
intensively investigated as possible predictors of tumor behavior
and treatment outcome. A method to detect tissue perfusion at
the capillary level is contrast-enhanced harmonic ultrasound
(CEUS). In preclinical studies, it was shown to be an accurate pre-
dictor of tumor vascularization compared with histological results
[2-4], and it correlated with advanced diagnostic imaging methods
[5]. Furthermore, CEUS proved to be valuable in assessing the
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was able to determine microvessel density [6-9]. In humans, it has
been proven to be a useful tool to evaluate the efficacy of anti-
angiogenic treatments [10-13]. CEUS parameters measure tissue
perfusion at the capillary level: some of them describe blood vol-
ume and others blood flow rate. Perfusion parameters are influ-
enced by cardiac, vascular, microcirculatory and other factors [13].

Gene electrotransfer (GET) is a physical method of plasmid DNA
delivery into cells, enabling the entry of large molecules by appli-
cation of short high-voltage electric pulses that induce cell mem-
brane permeabilization [14-16]. Melanoma cell adhesion
molecule (MCAM) or CD146 is a multifunctional transmembrane
glycoprotein, which is overexpressed in melanoma and is involved
in melanoma development and progression, the latter including
invasiveness, metastatic potential, and angiogenesis. Therefore,
the silencing of MCAM, using plasmid DNA encoding shRNA

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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against MCAM, is a potential target for the gene therapy of mela-
noma [17-19].

Vascular targeted therapies aim at normalizing the tumor vas-
culature and therefore promote radiosensitizing effects because
they facilitate increased oxygenation of the remaining tumor tissue
[1,21-23]. GET of plasmid DNA exhibits a radiosensitizing effect in
murine tumors [19-23], and studies have shown that both thera-
peutic and control plasmid DNA devoid of therapeutic genes have
antitumor action [19,24-26].

Despite clinical effectiveness of electroporation-based therapies
there is still a lack of data on predictors of treatment outcome.
Thus, this study aimed to compare the results of CEUS with histo-
logical analysis of the tumor vascular density and evaluate them as
possible predictive factors for the therapeutic outcome in an exper-
imental model of radioresistant murine melanoma B16F10 treated
with irradiation and gene electrotransfer (GET) of plasmid DNA
encoding shRNA against MCAM.

2. Materials and methods
2.1. Animals

Female C57BIl/6JOlaHsd mice (Envigo RMS SrL, San Pietro al
Natisone, Italy), 7 weeks old, weighing 18-20 g, were housed under
specific pathogen-free conditions at a temperature of 20-24 °C and
with a relative humidity of 55 + 10%, a 12-hour light/dark cycle,
and food and water provided ad libitum. All the procedures were
performed according to the guidelines for animal experiments of
the EU directive (2010/63/EU). Regulatory approval was issued
by the Veterinary Administration of the Ministry of Agriculture
and the Environment of the Republic of Slovenia (No. U34401-
1/2015/38).

2.2. Tumors

The subcutaneous tumors were induced on the back of the mice
by the subcutaneous injection of 100 pl of B16F10 cell suspension
containing one million cells (American Type Culture Collection,
Manassas, VA, USA). The cells were cultured in advanced minimum
essential medium (AMEM) supplemented with 5% fetal bovine
serum (FBS), 10 mM/I L-glutamine GlutaMAX (all Gibco, Fisher Sci-
entificc Waltham, MA, USA), 100 U/ml of penicillin (Griinenthal,
Aachen, Germany) and 50 mg/ml of gentamicin (Krka, Novo mesto,
Slovenia) in a 5% CO, humidified incubator at 37 °C. At 80% conflu-
ence, trypsinization was performed with 0.25% trypsin/EDTA in
Hank’s buffer and the cells were then washed with AMEM with
FBS and collected by centrifugation. The cells were routinely
checked for the presence of Mycoplasma sp (MycoAlertTM PLUS
Mycoplasma Detection Kit; Pharma & Biotech, Lonza, Basel,
Switzerland).

2.3. Experimental protocol

The tumors were allowed to reach a volume of approximately
40 mm?>, which corresponds to a diameter of approximately
6 x 6 x 2 mm (day 0). The tumors were measured every second
day with a Vernier-caliper, and the tumor volume was calculated
from the measured perpendicular diameters (V =a x b x ¢ x m/6).

The mice were randomly divided into twelve groups, each con-
taining nine or ten mice. The procedures performed in the treat-
ment groups are presented in Table 1.

Irradiation was delivered by a Darpac 2000 X-ray unit (Gulmay
Medical Ltd, Surrey, UK) operating at 220 kV, 10 mA, with 1.8-mm
aluminum filtration. Possible acute skin reactions in the irradiated
field were monitored as described previously [21,27,28].
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Electric pulses were generated by an electric pulse generator
ELECTRO CELL B10 HVLV (Betatech, L’'Union, France) and delivered
through two parallel stainless steel electrodes 6-7 mm apart,
depending on the tumor volume. After the delivery of four pulses,
the electrodes were turned for 90° to deliver four additional pulses.
The selection of voltage, duration and frequency of EP was chosen
based on previous studies [14,15].

For EP and CEUS, the mice were anesthetized using inhalation
anesthesia with isoflurane (2% v/v), and the heating pad was used
to prevent hypothermia. For CEUS examinations, the tumors were
fixed in a plastic holder to improve tumor display and for more
stable probe holding.

CEUS examinations were performed in three to seven animals of
each group on days 0, 1, 2, 5, 6, 7 and/or 10. On days 0, 1 and 2,
CEUS examinations were performed before other procedures. The
schedule of the experiment is shown in Scheme 1. The mice used
for tumor histology were humanely sacrificed on day 6. Mice were
humanely sacrificed due to disease burden when tumor diameter
was larger than 12 mm. Most of the statistical analyses were per-
formed until day 7; however, from day 6, the sample of mice is
biased toward mice with a lower disease burden.

The contrast agent Sonovue (Bracco, Milan, Italy), ultrasono-
graphic machine M9 (Mindray, Shenzhen, China) and linear probe
(L3-13.5; Mindray, Shenzhen, China) with a frequency of 3 to
13.5 MHz and harmonic ultraband nonlinear contrast display at a
low mechanical index were used. The clinical guidelines for CEUS
to quantify tumor perfusion were followed [29-31]. After applying
50 pl of the topical anesthetic Alcaine ophthalmic solution (Alcon,
Basel, Switzerland) to the mice cornea, 0.1 ml of contrast agent was
administered to the retroorbital sinus [32]. From the time of con-
trast application, a 90-second-long recording was made. Each
tumor was carefully delineated, and 6 to 8 ellipsoid regions of
interest (ROIs) were drawn to cover the whole area of the tumor
(Supplementary Figure S1). For the whole tumor and ROIs, the per-
fusion curve or time-intensity curve, presenting the signal inten-
sity, was analyzed using an ultrasound (US) system with built-in
software.

Animal weight was monitored as a sign of the systemic toxicity
of the treatments. The animals were weighed on the treatment
starting date before plasmid injections and thereafter every second
day until the end of the experiment when the tumor grew up to
450 mm?> on average. To determine the antitumor effect of the
treatment, a tumor growth delay evaluation was performed. Based
on the tumor volume calculations (described in the paragraph
above), a tumor doubling time (DT) was determined as the time
in which the tumor doubled the volume from the initial day of
the experiment. Growth delay (GD) was determined as the differ-
ence in the DT of each tumor in the therapeutic and mean DT in
the control group [33]. The tumor growth delay assay was per-
formed in the same animals used for CEUS measurements.

Mice with tumor regression were examined for tumor presence
for 100 days after the treatment. If they were tumor free 100 days
after the treatment, they were considered complete responders
(CRs). They were challenged with a second subcutaneous injection
of the melanoma cells as previously described. Animals without
tumor growth in the subsequent 100 days were considered resis-
tant to secondary challenges.

2.4. Histological analysis

From each experimental group, three tumors were collected for
immunohistological (IHC) analysis on day 6 from the beginning of
the therapy. The tumors were fixed in IHC zinc fixative (BD Bio-
sciences, San Diego, CA, USA), embedded in paraffin blocks, and
cut into 2-pum-thick sections, which were stained to determine
blood vessels in the tumors. The sections were incubated with pri-
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Table 1
Procedures performed in the twelve groups of mice with melanoma B16F10 treated with irradiation and gene electrotransfer (GET) of plasmid DNA encoding shRNA against
MCAM.
Treatment group No. of included Treatment Treatment schedule
mice
1 CTRL 9 no therapies performed
2 pC 9 intratumoral injection of control plasmid DNA (pENTR/U6 pControl, 4 pg/pl) [17,19,22], 50 pg on days 0, 2 and 4
(12,5 ul)
3 pPMCAM 9 intratumoral injection of plasmid DNA encoding shRNA MCAM (pENTR/U6 CD146, 4 pg/ul) [18],50 pg  on days 0, 2 and 4
(12.5 ul)
4 EP 9 8 square electric pulses of 600 V/cm, a pulse duration of 5 ms, and a frequency of 1 Hz on days 0, 2 and 4
5 IR 9 irradiation in special lead holders with the apertures of 10 mm: a single dose of 15 Gy at a dose rate of on day 1
2.16 Gy/min
6 GET pC 9 as described above for GET and pC: EP were delivered 10 min after intratumoral plasmid DNA on days 0, 2 and 4

injection
7  GETpMCAM 10
injection
8 EP IR 9 as described above for EP and IR

9 PMCAM IR 9 as described above for pMCAM and IR

10 pCIR 9 as described above for pC and IR
11 GET pMCAM 10
IR

12 GETpCIR 9 as described above for GET pC and IR

as described above for GET and pMCAM: EP were delivered 10 min after intratumoral plasmid DNA

as described above for GET pMCAM and IR

on days 0, 2 and 4

EP on days 0, 2, 4
IR on day 1
PMCAM on days 0,
2,4

IRonday 1

pCon days 0, 2, 4
IR on day 1

GET on days 0, 2, 4
IR on day 1

GET pC on days 0, 2,
4

IR on day 1

LEGEND: CTRL = untreated control; GET = gene electrotransfer; EP = electric pulses; IR = single-dose irradiation; pC = intratumoral injection of control plasmid;

PMCAM = intratumoral injection of plasmid DNA encoding shRNA for MCAM.

SCHEDULE (days)

N —— /
[ 0 1 2 3 4 6 7 J[lﬂ J t 100
GET GET GET
secondary
CEUS  CEUS  CEUS CEUS CEUS  CEUS  CEUS challenge

Scheme 1. Schedule of the experiment. CEUS = contrast-enhanced ultrasound, GET = gene electrotransfer of plasmid DNA, IR = irradiation (15 Gy).

mary rabbit polyclonal antibodies against CD31 (ab28364; Abcam,
USA) at a dilution of 1:1000. Next, the sections were incubated
with Dbiotinylated goat anti-rabbit antibodies, streptavidin-
peroxidase conjugate, and peroxidase substrate (rabbit-specific
HRP/DAB detection IHC kit; ab64261; Abcam, USA), followed by
hematoxylin counterstaining, as described previously [19]. Five
randomly selected viable parts of each tumor were examined using
a BX-51 microscope under 40 x magnification (numerical aperture
0.85) and captured using a DP72 CCD camera (both Olympus, Ham-
burg, Germany). The images were analyzed by two independent
researchers and presented as the vascular density (the number of
vessels per analyzed area, i.e., the number of vessels divided by
the area of the acquired image).

2.5. Statistical analysis

The mean and standard deviation or error are considered mea-
sures of centrality and variability in numerical variables. One-way
analysis of variance followed by the Holm-Sidak corrected t-tests
were used to exploratory compare the mean differences in DT or
vascular density between the treatment groups (Systat Software,
Chicago, IL, USA). Generalized Bland-Altman plots were used to
inspect the possible correlation between the mean values and their
variability. Independent samples t-test was used to explore the
possible daily difference between mean peak enhancement (PE)
values in groups (CR vs. non-CR). The daily association between

the PE and (log) DT values were explored using linear regression
models and presented in scatterplots with linear regression lines.
The p-values for each day were adjusted using Hommel’s correc-
tion for the familywise error rate due to multiple comparisons.
Additionally, to model a possible association of PE measurements
over time with the status CR or non-CR, mixed-effect logistic
regression was applied (considering each mouse and each treat-
ment as random effects). Statistical package R was used [34]. Sta-
tistical significance was set to p < 0.05.

3. Results

To evaluate the capacity of CEUS to assess tumor perfusion/vas-
cularization and outcome following electroporation treatment, we
used mice bearing B16F10 melanoma tumors subjected to electro-
poration gene therapy and ionizing radiation as a that was previ-
ously observed to be a relevant model [18], where different
levels of response were determined after monotherapies and after
the combined treatment with radiation therapy. Ultrasound (US)
system built-in software showed the perfusion curve and the fol-
lowing parameters: Base Intensity (BI: the basic intensity of non-
contrast perfusion status), Peak Intensity (PI) and Area Under
Curve (AUC). Peak Enhancement (PE) was calculated as the differ-
ence between PI and BI. PE and AUC are blood volume parameters.
The parameters describing blood flow rate are Time To Peak (TTP:
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the time at which contrast intensity reaches a peak), Ascending
Slope (AS: the slope between the starting point of lesion perfusion
and the peak), Arrival Time (AT: the time at which the contrast
intensity appears, generally the current time value is 110% higher
than the baseline intensity), Descend Time to one-half (DT/2: the
time at which the intensity is half the value of the peak intensity),
and Descending Slope (DS: the slope between the and the peak and
ending point of lesion perfusion) (Fig. 1). No evident association
was observed between vascular density (measured by IHC) and
tumor growth (assessed by a caliper) and CEUS blood flow param-
eters (AT, AS, TTP, DT/2, DS) and AUC blood volume parameter;
thus, only PE as the CEUS result was analyzed and is reported
below.

3.1. Correlation of the CEUS results with the vascular density in tumors

To determine if CEUS could be used as a method to evaluate an
antivascular response to treatment using GET of pMCAM and irra-
diation, the CEUS results were compared with the vascular density
in histological tumor sections (Table 2). The mean vascular density
for the combined therapeutic groups GET pMCAM IR, GET pMCAM
and GET pC IR was significantly lower, from 1.4- to 3.8-fold than
that in the pertinent control groups and untreated control group.
The mean PE values for the combined therapeutic groups GET
PMCAM IR, GET pMCAM and GET pC IR were significantly lower,
from 1.8- to 6.9-fold, than those of the pertinent control groups
(and untreated control group) (Table 2). The correlation of the his-
tological results (vascular density) and PE was found for all the
treatment groups (Supplementary Figure S2). Because the mea-
surements of vascular density were mostly taken from different
mice compared with the measurements of PE, none of the standard
correlation measures between these two methods could be
reported.

Comparing to pertinent and untreated control groups, in the
combined therapeutic groups GET pMCAM IR, GET pMCAM and
GET pC IR, a decrease in perfusion and a smaller number of blood
vessels were observed by CEUS and histological analyses, respec-
tively (Supplementary Figs. S1 and S2).

3.2. Heterogeneity of perfusion in tumors

Perfusion curves for different ROIs of the same tumor showed
that the tumors that were larger than 40 mm> were commonly
heterogeneously perfused (Supplementary Figure S3). Heteroge-
neous perfusion was more pronounced with the increased tumor

intensity (a.u.)

PE=PI-BI
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Table 2
Mean values and standard errors for CEUS peak enhancement (PE) and vessel density
in the twelve treatment groups on day 6 after the treatment.

Treatment group CEUS PE Vessel density
(number/mm?)
Mean SE Mean SE
CTRL 10.4 0.7 364.3 21.1
pC 9.6 1.9 3311 332
pMCAM 9.3 0.8 326.8 20.6
EP 8.4 2.2 280.9 18.4
IR 6.5 0.5 2115 12.1
GET pC 6.7 22 248.57 29.8
GET pMCAM 24 0.8 1271 11.7
pCIR 42" 0.2 172.17 129
PMCAM IR 5.1 2.2 175.8" 139
EP IR 5.7 1.1 203.0" 16.3
GET pC IR 2.3 1.1 127.4 13.2
GET pMCAM IR 1.5" 0.5 96.0° 7.7

LEGEND: CTRL = untreated control; GET = gene electrotransfer; IR = single-dose
irradiation, 15 Gy; pC = intratumoral injection of control plasmid; pMCAM = intra-
tumoral injection of plasmid DNA encoding shRNA for MCAM; PE = peak
enhancement; SE = standard error of arithmetic mean.

" p < 0.05 = statistically significant mean difference compared with untreated
control group.

volume in all the treatment groups. To inspect this heterogeneity,
Bland-Altman plots of the means and standard deviations for each
treatment group are presented in Fig. 2A for vascular density and
Fig. 2B for PE. The variabilities increased in the treatment groups
with a larger mean PE—i.e., the mice in groups with higher values
of PE were more heterogeneous than mice in groups with lower PE
values.

Heterogenous perfusion of the tumors in the same therapeutic
group on the same day is also observed in Supplementary Figure S4.
Heterogeneity of perfusion was also commonly observed for the
same tumor during the time of observation and an example of such
a tumor, where complete response was observed, can be seen in
Supplementary Figure S5.

3.3. Tumor growth delay after the silencing of MCAM and irradiation

The growth of B16F10 melanoma after silencing MCAM and
irradiation is shown in Table 3 and Supplementary Figure S6.
Monotherapies, EP or IR or the injection of either plasmid showed
no significant effect on tumor growth compared with control
untreated tumors. Furthermore, partially combined treatments of

time (s)

Fig. 1. CEUS perfusion curve with a schematic representation of the dynamic parameters. Raw data and fitting curves are displayed by the built-in software of the M9
ultrasound device (Mindray). Peak enhancement (PE) is the difference between peak (PI) and Base Intensity (BI). Arrival Time (AT) is the time after contrast injection until the
contrast agent appears. Time to peak (TTP) is the time at which the contrast intensity reaches a peak value. Descend Time to one-half (DT/2) is the time when the intensity is
one-half the value of the peak intensity. Ascending and dDescending Slope (AS and DS) refer to slope coefficients. Area Under the Curve (AUC) is the area under the perfusion

curve.
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Fig. 2. Bland-Altman Plots of the means and standard deviations of vascular density (A) and CEUS peak enhancement (PE) at day 6 for all treatment groups. The gray lines are

for visual inspection only.

Table 3
Antitumor response of B16F10 melanoma after different treatment modalities.

Group n DT (days) GD (days) CR resistant to SC
Mean SE Mean SE n % n %
CTRL 6 1.3* 0.2 / / 0 0 0 0
pC 6 2.6% 0.3 1.3 0.3 0 0 0 0
pMCAM 6 2.5% 0.5 1.2 0.5 0 0 0 0
EP 6 3.6" 1.6 2.3% 1.6 0 0 0 0
IR 6 1.4% 0.3 0.1% 0.3 0 0 0 0
GET pC 6 343" 0.8 33.0%% 0.8 1 20.0 0 0
GET pMCAM 7 37.1° 20.7 35.8" 20.7 1 143 1 100
pCIR 6 5.8%% 1.7 4.5%% 1.7 0 0 0 0
pMCAM IR 6 23.0" 14.7 21.6%" 14.7 1 16.7 1 100
EP IR 6 8.5%% 23 7.2%% 2.3 0 0 0 0
GET pC IR 5 74.2° 238 72.9* 23.8 2 40.0 2 100
GET pMCAM IR 7 80.4" 19.6 79.1% 19.6 3 429 3 100

LEGEND: CR = complete response, tumor-free animal at day 100; CTRL = untreated control; DT = tumor doubling time; EP = application of electrical pulses; GD = tumor
growth delay (=DTumor in experimental group—mean of DT); GET = gene electrotransfer; IR = single-dose irradiation, 15 Gy; n = number of all mice in group; pC = intratumoral
injection of control plasmid; pMCAM = intratumoral injection of plasmid DNA encoding shRNA for MCAM; SC = mice resistant to secondary challenge; SE = standard error of

arithmetic mean; / = not applicable.
" p < 0.05 = statistically significant mean difference compared to control.

# p < 0.05 = statistically significant mean difference compared to GET pMCAM IR, GET pC IR.

tumors (EP IR, GET pMCAM, GET pC, pMCAM IR, pC IR, GET
pMCAM, GET pC) significantly prolonged tumor growth delay com-
pared with the control tumors. Additionally, tumor cures were
obtained in the controls of GET pMCAM, GET pC and pMCAM IR,
ranging from 14% to 20% (Table 3). When a single dose of IR was
combined with GET pMCAM or GET pC, pronounced radiosensitiza-
tion was observed compared with the control, monotherapy, EP IR,
PMCAM IR, and pC IR groups, resulting in a significant reduction of
tumor growth (43%) and a tumor cure rate of 40%; additionally, the
tumors were resistant to secondary challenge (Table 3).

Irradiation alone or combined treatments resulted in hair loss,
but no skin desquamation was observed. Additionally, no systemic
toxicity was observed after the treatments.

3.4. CEUS PE capacity to predict antitumor response to treatment

To explore the capacity of CEUS to predict tumor outcome, we
compared CEUS PE values and growth parameters (CR, DT, GD,
resistance to secondary challenge). Among the mice with CEUS
results (n = 49), 8 were complete responders: three in the GET
PMCAM IR group, one in the GET pMCAM group, one in the GET
pC group, two in the GET pC IR group, and one in the pMCAM IR
group (Table 3).

The comparisons of mean PE values between the CR and non-
CR groups demonstrated that the mean PE values were signifi-
cantly lower in the CR group from day 5 (Supplementary
Table S1). The association between the daily CEUS PE parameter
and logarithmically transformed DT is explored graphically in
Fig. 3. Note that the mice with the most advanced tumors (with
the shortest DT values) were excluded from the analyses early
(as shown on days 6 and 7 by the lack of dots with small DT
values); the CR mice had DT ceiled to 100. The results of linear
regression analyses for each day of measurement associating PE
with logarithmically transformed DT are presented in Supple-
mentary Table S2. Negative regression coefficients suggest that
the larger is the PE of a mouse the lower is the expected (log)
DT. Similar findings were observed as above, when evaluating
the association with CR.

An additional attempt to model a possible association of PE
measurements over time with the status CR or non-CR by mixed-
effects logistic regression showed no statistically significant pre-
dictors. This finding can be partially attributed to the lack of
strength in detecting a difference in the early days and bias intro-
duced in the sample in the later days. However, the trends for our
data set stayed the same as in the simpler analyses above—i.e., the
larger is the PE, the less probable is the CR at a fixed day.
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Fig. 3. Association between CEUS peak enhancement (PE) and logarithmically transformed doubling time (DT). The lines serve as visual inspection.

4. Discussion

In the current study, among the CEUS parameters only PE was
an indicator of treatment response in the murine model and corre-
lated with mean vascular density in histological analyses of treated
tumors. The mean PE values were significantly lower in the tumors
that responded to therapy with CR. In addition, PE values showed a
trend toward correlation with antitumor efficacy (the greater the
PE value of a mouse, the lower the expected DT value and a lower
probability of CR). Thus, this study confirms that CEUS could be
used to evaluate perfusion and treatment response in mice treated
with vascular targeted therapies that have anti-angiogenic and
anti-vascular activities [1,35].

Tumor perfusion can be assessed by various methods investi-
gating tumor vasculature and tumor perfusion, either invasively
(e.g., histological analyses) or less invasively (e.g., contrast-
enhanced imaging). CEUS is a simple method of perfusion assess-
ment, and our data show that CEUS evaluation agrees with the his-
tological analyses of tumor blood vessels abundance, a finding that
is consistent with other studies, both preclinical [2-4] and clinical
[6-9]. The significantly lower PE values for CR tumors and the ten-
dency for CEUS results to correlate with treatment outcome in our
study are consistent with preclinical murine [3,4] and human clin-
ical studies [10-13] in which CEUS results are a useful predictor of
antiangiogenic treatment. However, in studies of canine tumors
treated with radiotherapy, CEUS was not found to be predictive
[36,37]. The canine studies included a small number of dogs with
different tumor types treated with radiotherapy, and the reason
why CEUS was not predictive may also be due to the different
mechanism of antitumor action between radiotherapy alone and
in combination with EP-based treatment. Radiation therapy is
more efficient in areas with increased perfusion because hypoxic
cells are resistant to treatment. Furthermore, only combined ther-
apy is an antiangiogenic treatment [18-20].

In human clinical studies [10-13], different CEUS parameters
(AUC, TTP, AS, and PE) showed trends toward a correlation with

survival. In our study, the CEUS parameter that correlated with his-
tology and tumor growth was PE, a parameter that describes the
blood volume of the investigated area. On the other hand, param-
eters that describe the blood flow rate did not show associations
with tumor growth and histological results. Possible reasons for
this lack of correlation could be the retroorbital injections of con-
trast without the use of an infusion pump and different planes of
anesthesia. The latter influences physiologic parameters such as
the systemic blood pressure, body temperature, heart rate, cardiac
contractility, and others, which all affect tissue perfusion, which
depends on cardiac, vascular, microcirculatory, and humoral fac-
tors. Retroorbital injections of contrast agents were shown to be
comparable with tail injections in mice [38]; however, in that
study, contrast agents were administered via a catheter; in our
study, the operator inserted the needle into the retro-orbital sinus
[32]. Furthermore, the rate of contrast injection was less unified
than that using an infusion pump.

The tumor vasculature differs from the normal vasculature; the
former is immature with a poorly developed discontinuous
endothelial-cell lining, and the basement membrane is irregular
and structurally abnormal. Tumor vascular networks are chaotic,
and the flow through many of the tumor vessels is only intermit-
tent [1,35,39]. These characteristics of tumor vessels contribute
to spatial and temporal heterogeneity in the tumor blood flow
[39], as observed in our study; the tumors were commonly hetero-
geneously perfused, and the perfusion of the same tumor was dif-
ferent on different days. Regions of the tumor that are poorly
perfused are radioresistant; therefore, combined treatments with
vascular targeted therapies aiming to normalize the tumor vascu-
lature are intensively investigated. In our study, the CEUS results
and histological vascular density showed that GET of plasmid
DNA encoding shRNA for MCAM and GET of control plasmid both
exhibit radiosensitizing effects. Electric pulses of a voltage higher
than 560 V induce a local blood flow modifying effect or ‘vascular
lock’, which is characterized by vasoconstriction and increased
wall permeabilization of small blood vessels, resulting in tissue
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edema [40-50]. The duration and strength of vascular lock depend
on EP (number, amplitude, and duration), type of tissue (healthy
versus tumor cells), and use of chemotherapeutics [43-46]. Blood
flow is slowly restored after EP; in 24 h, it approaches the flow
before EP [45-49]. CEUS has been used to describe decreased per-
fusion after electrochemotherapy (ECT) of human hepatic tumors
[51] and after the ECT of healthy porcine liver [52]. However, these
immediate effects after EP were not evident in this study because
CEUS was performed on each day before the therapies to evaluate
the vascular effects of 24-hour combined treatment.

The reasons for the first major limitation of this study—the
small number of animals and measurements—were the principle
of 3Rs (Reduce, Reuse and Recycle) and exclusion of measurements
due to the unpredictable contrast stability. The chemical and phys-
ical stabilities of the Sonovue microbubble dispersion last for 6 h,
and ultrasound contrast agents are easily destroyed in small-
gauge needles [53]. Both reasons for the first major limitation are
also reasons for the second major limitation of this study, which
was that not all of the measurements of vascular density measure-
ments were obtained from the same mice that were subjected to
the PE measurements; therefore, none of the standard correlation
measures could be reported. However, the mice were inbred syn-
genic animals, indicating more genetic uniformity and pathophys-
iological similarity among individuals [54]. In the treatment groups
using therapeutic plasmid—i.e., GET pMCAM and GET pMCAM IR—
vascular density and PE were determined in the same mice. The
scatterplot of these measurements and Pearson’s correlation are
reported in the Supplementary Information (Supplementary
Figure S7).

5. Conclusion

CEUS results for tumors correlated with histological analysis of
blood vessel density, demonstrating they could be a valuable
method of tissue perfusion assessment. Furthermore, CEUS results
for tumors that responded to therapy with CR were significantly
different from those without CR and CEUS results showed a trend
toward correlation with antitumor effectiveness. In a patient eval-
uation, simple methods such as CEUS, which provide readily avail-
able data during therapy and can be repeated frequently are
advantageous because they could provide beneficial prognostic
and predictive information, assisting the clinician in deciding
whether the repetition of therapy is necessary for the response
to therapy. Had the number of mice in this study been larger, the
observed tendency of CEUS results to correlate with antitumor effi-
cacy could have been more categorical. The potential value of CEUS
as a technique to determine prognosis and predict outcome of neo-
plastic disease warrants further studies in scientific research and
clinical practice to confirm whether it can predict the disease out-
come and assist in the planning of repeated therapy or different
treatment combinations in individual patients.
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2.3 Ovrednotenje tumorske perfuzije z dinami¢no ultrazvo¢no kontrastno preiskavo kot
prediktivnega dejavnika razvoja misjih melanomov, zdravljenih z elektrokemoterapijo in

genskim elektroprenosom plazmidne DNA z zapisom za misji interlevkin-12
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lzvlecek

EKT z BLM je ucinkovito protitumorsko zdravljenje, ki se Ze uporablja v klini¢ni onkologiji.
Vendar sama EKT $e vedno velja za lokalno protitumorsko terapijo, ker ne more povzrociti
sistemske imunosti. Zdravljenje EKT z adjuvantnim GEP plL-12 ima sistemski ucinek na
netretirane tumorje oziroma oddaljene metastaze. Ceprav je bila protitumorska u¢inkovitost
obeh terapij samostojno ali v kombinaciji dokazana tako na predklini¢nih kot klini¢nih poskusih,
Se vedno manjkajo podatki o prediktorjih ulinkovitosti zdravljenja. V nasi raziskavi smo
ovrednotili rezultate UZ-KS kot prediktivnega dejavnika za EKT z BLM in GEP plIL-12 pri miSjem
melanomu. Tumorje melanoma B16F10 pri samicah misi linije C57BI/6NCrl, smo zdravili z GEP
pIL-12 in EKT z BLM. Z UZ-KS smo jih pregledali takoj po terapiji, 6 urin 1, 3, 7 in 10 dni pozneje.
Za preverjanje korelacije med ¢asom podvojitve tumorja in meritvami UZ-KS smo uporabili
semilinearne regresijske modele in Bland-Altmanovo analizo. Zdravljene skupine, pri katerih je
UZ-KS pokazal zmanjsano perfuzijo tumorja, so imele daljSe ¢ase podvojitve volumna tumorija.
Potrdili smo, da je imelo povecanje parametra PE, ki odraza relativno koli¢ino krvi, prediktivno
vrednost za izid terapije: vedji PE je bil povezan s krajsim ¢asom podvojitve tumorja. Poleg tega
je bila z izidom povezana tudi heterogenost perfuzije: tumorji z bolj heterogeno perfuzijo so
imeli hitrejSo rast, torej znacilno krajSe Case podvojitve. Ta raziskava kaZze, da lahko UZ-KS

uporabimo kot metodo za napovedovanje ucinkovitosti zdravljenja na osnovi elektroporacije.
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Tumor perfusion

evaluation using dynamic
contrast-enhanced ultrasound
after electrochemotherapy

and IL-12 plasmid electrotransfer
In murine melanoma

Maja Brloznik?, Nina Boc?, Maja Cemazar’?, Gregor Sersa’*, Masa Bosnjal?,
Simona Kranjc Brezar>**! & Darja Pavlin'™

Electrochemotherapy with bleomycin (ECT BLM) is an effective antitumor treatment already used in
clinical oncology. However, ECT alone is still considered a local antitumor therapy because it cannot
induce systemic immunity. When combined with adjuvant gene electrotransfer of plasmid DNA
encoding IL-12 (GET plL-12), the combined therapy leads to a systemic effect on untreated tumors
and distant metastases. Although the antitumor efficacy of both therapies alone or in combination
has been demonstrated at both preclinical and clinical levels, data on the predictors of efficacy of

the treatments are still lacking. Herein, we evaluated the results of dynamic contrast-enhanced
ultrasound (DCE-US) as a predictive factor for ECT BLM and GET plIL-12 in murine melanoma.
Melanoma B16F10 tumors grown in female C57BI/6NCrl mice were treated with GET pIL-12 and ECT
BLM. Immediately after therapy, 6 h and 1, 3, 7 and 10 days later, tumors were examined by DCE-US.
Statistical analysis was performed to inspect the correlation between tumor doubling time (DT) and
DCE-US measurements using semilinear regression models and Bland-Altman plots. Therapeutic
groups in which DCE-US showed reduced tumor perfusion had longer tumor DTs. It was confirmed that
the DCE-US parameter peak enhancement (PE), reflecting relative blood volume, had predictive value
for the outcome of therapy: larger PE correlated with shorter DT. In addition, perfusion heterogeneity
was also associated with outcome: tumors that had more heterogeneous perfusion had faster growth,
i.e., shorter DTs. This study demonstrates that DCE-US can be used as a method to predict the efficacy

of electroporation-based treatment.

Electrochemotherapy with bleomycin (ECT BLM) has been shown to be an effective antitumor treatment in
numerous clinical trials'-®. It is a local treatment that combines the use of electroporation (EP) and chemo-
therapeutic agents and has a dual effect on tumor cells and the vasculature, resulting in an antitumor effect in
various solid tumors™~. Many studies have indicated the contribution of the immune system to the efficiency of
ECT, which induces immunogenic cell death by activating molecular signals called danger-associated molecu-
lar patterns (DAMPs) that strengthen the innate immune cells that drive the production of specific antitumor
immunity’~'?. However, ECT alone is unable to induce systemic immunity, whereas ECT in combination with
adjuvant gene electrotransfer (GET) results in an 'abscopal effect’ on untreated distant metastases”™®. Recent
preclinical and clinical studies have shown that the effect of ECT can be potentiated by GET using plasmid DNA
encoding IL-12 (GET pIL-12)"%!%1-17,
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Figure 1. Mean tumor volume in mouse melanoma B16F10 cells treated with electrochemotherapy with
bleomycin and gene electrotransfer of plasmid DNA encoding IL-12. Data are presented as the mean and
standard error of the mean (SE) (n=66). BLM =bleomycin, 7.5 ug/mouse; ECT =electrochemotherapy;

EP =electric pulses; GET = gene electrotransfer; pIL-12 =plasmid DNA encoding mouse interleukin-12. Note
that significant tumor growth delay was observed in the mice treated with ECT BLM and ECT BLM combined
with GET pIL-12. In GET pIL-12 and other groups (untreated control and pertinent controls) no antitumor
efficiacy was observed.

Based on the results of clinical trials'~*, ECT BLM has been listed in several national and international guide-
lines as an effective treatment option for various tumor types in human®*'® and veterinary oncology"®. Clinical
trials using GET pIL-12 have been performed in human*** and veterinary patients™*'%**-%, but standard
operating procedures for GET pIL-12 are still pending.

High-amplitude electrical pulses induce a local reduction in blood flow or 'vascular lock’ characterized by
vasoconstriction and increased wall permeability of small blood vessels'"**-%’, Furthermore, the vascular effects
of EP-based therapies are not only caused by the direct effect of electrical pulses on cells but are further enhanced
by the use of chemotherapeutic agents in ECT treatment. The effect on perfusion lasts longer in ECT than in EP
alone and longer in tumors than in healthy tissues, which is referred to as the vascular disrupting effect’'>**,

Despite the known clinical efficacy of combined treatments of ECT and GET, there is still a lack of data
on parameters that could predict outcome of these treatments. One of the possible methods to determine the
predictive factors of therapy is dynamic contrast-enhanced ultrasound (DCE-US), a noninvasive method used
to assess tissue perfusion at the capillary level, which correlates with histological results of vascular density in
preclinical®* and clinical studies®*. DCE-US has been used to predict the efficacy of various antiangiogenic
treatments in both human®-** and preclinical studies®.

Current ultrasound contrast agents are gas-filled microbubbles: a relatively insoluble gas core is stabilized
within a phospholipid shell that provides relative stability in plasma for several minutes**. Microbubbles are
1-3 pm in diameter, smaller than mouse red blood cells, which are approximately 6 um in diameter. Microbubbles
pass freely throughout the pulmonary and systemic circulation, and capillary filling leads to diffuse enhance-
ment of the perfused tissue. To perform DCE-US, contrast-specific software with a low mechanical index (MI)
is required to visualize microbubbles without destroying them. Unlike tissue, microbubbles have a nonlinear
response when used with a low MI**,

Investigating perfusion is an attractive method for predicting antitumor effects, especially in antiangiogenic
treatments, e.g., ECT combined with GET. In combined ECT and GET treatments, it is reasonable to assume
that repetition of the therapy is appropriate if the therapy does not result in the expected 'vascular lock’ and/or
the antiangiogenic effects are not evident in the days after treatment.

This study aimed to evaluate the results of DCE-US, including tumor perfusion heterogeneity, as predictive
factors of ECT BLM and GET pIL-12 on murine B16F10 melanoma growth.

Results

Tumor growth delay (GD) after ECT BLM and GET pIL-12. For the DCE-US studies, murine B16F10
melanoma tumors treated with ECT BLM and GET pIL-12 were used as a model, which has previously been
shown to be feasible for studying the antitumor effect of EP-based treatments.

Monotherapies, i.e., pIL-12, BLM and application of electrical pulses (EP ECT; EP GET), and combined
treatment with GET pIL-12 had no significant antitumor effect and resulted in tumor GD of up to only 1.9 days
compared to untreated tumors (Fig. 1, Supplementary Table S1). However, the growth of B16F10 melanoma
tumors was significantly delayed when ECT BLM was performed either alone or in combination with GET pIL-
12. Tumor GD after ECT BLM treatment was 14 days, and after ECT BLM GET, pIL-12 was 26.7 days.
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DCE-US results. To monitor the effect of treatment on tumor perfusion, DCE-US measurements were per-
formed at different time points after therapy.

There was no correlation between tumor growth and blood flow parameters (AT, AS, TTP, DT/2, DS) or AUC
blood volume parameters. Only a correlation between tumor growth and PE was confirmed; therefore, only PE
was further analyzed and is reported below.

Of note, mice in the untreated CTRL and pertinent CTRL groups were not measured on days seven and ten
because they were humanely sacrificed on day six due to disease burden.

DCE-US results in the treatment groups. Immediately after therapy, the PE values in the groups in which elec-
trical pulses for ECT were applied alone (EP ECT pulses; 2.0 £0.8) combined with an intratumoral injection of
BLM (ECT BLM, 2.4+0.8) or combined with an intratumoral injection of BLM and GET pIL-12 (ECT BLM
GET pIL-12;1.7 +0.5) were lower than those in the untreated CTRL group (CTRL; 6.5+0.7) (Fig. 2, Supplemen-
tary Table 52). This result was confirmed by DCE-MRI imaging of the tumors, which demonstrated decreased
perfusion in the tumors immediately and 6 h after ECT compared to untreated CTRL tumors (Supplementary
Fig. S1).

Furthermore, six hours, one day and three days atter therapy, the PE values were significantly lower in the
ECTBLM (1.6+0.4,2.0£0.3,2.2+0.5) and ECT BLM GET pIL-12 groups (2.2+0.7,2.0+0.6, 2.7 +0.7) than in
the untreated CTRL group (6.5+1.2,6.2+£1.0, 8.4+ 1.3).

The Bland-Altman plots presented in Fig. 3 show good agreement between PE and DT. The confidence
intervals were narrower on days 1, 7 and 10.

DCE-US results as predictive factors for response to treatment. ‘'The association between PE and logarithmically
transformed DT for all groups is shown in Fig. 4. Note that mice with the most advanced tumors (the short-
est DT values) were excluded from the analyses early (no dots for small DT values at days 7 and 10). Negative
regression coefficients (r) indicated that the larger the PE of a mouse was, the lower the expected DT. Statistically
significant Pearson coefficients showed a weaker correlation at the second and third time points of the DCE-US
measurements (6 h and 1 day after therapy) (- 0.5 and — 0.4, respectively) and a stronger correlation immedi-
ately after treatment and on days 3 and 7 (- 0.6) and the strongest correlation on day 10 (—0.8) (Supplementary
Table S3). The association between DCE-US PE and logarithmically transformed DT of mice in the two thera-
peutic groups showed the weakest correlation on day 1 (r=-0.3) and the strongest correlation on days 0 and 10
(r=-0.7 and r =- 0.8, respectively) (Fig. 5, Supplementary Table 54).

DCE-US results for heterogeneity of tumor perfusion. Perfusion curves for different ROIs of the same tumor
showed that tumors larger than 40 mm? were often heterogeneously perfused; note the different perfusion curves
for different ROIs in Supplementary Fig. S2. In larger tumors, the PE values were higher (Fig. 6), and heteroge-
neous perfusion was more pronounced with increasing tumor volume in all the treatment groups; the SD of PE
versus tumor volume showed that the larger the tumor volume, the greater the SD of PE (Fig. 7). In addition,
mice in the same treatment group exhibited heterogeneous PE values; the SD of PE was large (+25.9% on aver-
age and up to+52.6%). It should also be noted that the variability of perfusion for the same tumor on different
days was high (Fig. 2).

The SD of PE for ROIs in the same tumor was compared with DT (Fig. 8); the greater the perfusion hetero-
geneity (i.e., SD of PE), the shorter the DT. In the ECT BLM group, there was a significant correlation for meas-
urements immediately after therapy (p=0.0014), 6 h after therapy (p=0.049), and on day 1 (p=0.038) and day
10 (p=10.043). Negative regression coefficients (r) indicated that the larger the SD of PE of a tumor the shorter
the expected DT. For ECT BLM GET pIL-12, the correlation was significant only on days 0 and 7 (p=0.024 and
p=0.034, respectively), with Pearson coefficients of — 0.8 and — 0.7, respectively.

Discussion

Our study confirmed that DCE-US can be used to predict the outcome of EP-based treatments in a mouse mela-
noma model. Our study also shows that tumor perfusion heterogeneity correlates with treatment outcome. The
ultrasonographically determined mean PE values were significantly lower in the groups with shorter tumor DT,
and the larger the PE of a mouse, the slower the tumor growth. In our study, the correlation between PE and DT
increased with time, with the highest Pearson coefficient at day 10, when only mice of both therapeutic groups
were still alive. Inmediately after therapy, decreased mean PE values were obtained for the three groups treated
with EP for ECT. This local blood flow altering effect or “vascular lock’” characterized by vasoconstriction and
increased wall permeability of small blood vessels is induced by high-voltage electrical pulses'***-?*#>46, and they
were used only in three groups and not in the other groups. Blood flow is slowly restored after EP and approaches
the previous flow within 24 h'®¥°, The vascular effects of EP are exacerbated by the use of chemotherapeutic
agents that are cytotoxic to neoplastic endothelial cells, and this effect prolongs reduced blood flow?*”. The results
of DCE-US as predictors of EP-based treatments and tumor heterogeneity correlated with tumor growth have
not been previously reported. However, for the clinical use of DCE-US for tumor perfusion and antitumor effect
prediction, further studies are needed to determine appropriate cutoff values for DCE-US parameters and tumor
perfusion conditions that take into account tumor size, perfusion heterogeneity and others to effectively decide
on prognosis and the need for repeated therapy. The results of our study are consistent with preclinical studies in
which DCE-US results were predictive of treatment success with cisplatin and thalidomide®*' and with human
clinical studies in which DCE-US results were predictive of antiangiogenic chemotherapeutic treatment®-2,
whereas DCE-US had no predictive value for the radiation outcome in canine tumors***%, Our results are encour-
aging; previous methods for assessing vascularity in tumors after EP-based treatment are mostly invasive, e.g.,
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Figure 2. Peak enhancement on different days in mouse melanoma B16F10 cells treated with electrochemotherapy with bleomycin and gene
electrotransfer of plasmid DNA encoding plasmid IL-12. Based on dynamic contrast-enhanced ultrasound (DCE-US) measurements, peak
enhancement was calculated as the difference between peak intensity and base intensity. Note that mice in the control and pertinent control
groups were not measured on days 7 and 10 because they were humanely sacrificed on day 6 due to disease burden. BLM =bleomycin, 7.5 pg/
mouse; ECT =electrochemotherapy; EP = electric pulses; GET = gene electrotransfer; pIL-12=plasmid DNA encoding mouse interleukin-12;
PE=peak enhancement. Note that PE values are lower for ECT BLM group (G) and ECT BLM GET plIL-12 group (H) than for other groups.
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Figure 3. Bland-Altman plot of differences between tumor doubling time and peak enhancement vs. the
average of the two measurements at different time points (a — ). Dotted lines represent the 95% confidence
interval. Gray lines are for visual inspection only. BLM =bleomycin, 7.5 pg/mouse; DT = doubling time;

ECT =electrochemotherapy; EP =electric pulses; GET = gene electrotransfer; pIL-12 = plasmid DNA, encoding
mouse interleukin-12; PE = peak enhancement. Note that on days 7 and 10, only mice in the therapeutic groups
(ECT BLM and ECT BLM combined with GET pIL-12) were measured because mice in the control groups were
humanely sacrificed on day 6 due to the disease burden. Each group consisted of 3-8 animals.
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Figure 4. Correlation between peak enhancement and logarithmically transformed doubling time in B16F10
melanoma at different time points (a - f) after treatment with bleomycin electrochemotherapy and gene
electrotransfer of a plasmid encoding mouse interleukin-12. BLM =bleomycin, 7.5 pg/mouse; DT'=doubling time;
ECT=electrochemotherapy; EP =electric pulses; GET =gene electrotransfer; pIL-12=plasmid DNA encoding mouse
interleukin-12; PE=peak enhancement. On days 0,0.25, 1 and 3, DCE-US was performed in all the treatment groups:
control, electroporation (EP) of tumors or the skin using a different set of pulses, intratumoral injection of BLM,
intradermal injection of pIl-12, ECT BLM, GET pll-12, and ECT BLM combined with GET pIL-12. Note that on days
7 and 10, only mice in the therapeutic groups (ECT BLM and ECT BLM combined with GET pIL-12) were measured
because mice in the control groups were humanely sacrificed on day 6 due to the disease burden.
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Figure 5. Correlation between peak enhancement and logarithmically transformed doubling time in BI6F10
melanoma at different time points (a—f) after treatment with bleomycin electrochemotherapy and gene
electrotransfer of plasmid encoding mouse interleukin-12. BLM =bleomycin, 7.5 pg/mouse; DT =doubling time;
ECT =electrochemotherapy; EP=electric pulses; GET = gene electrotransfer; pIL-12 = plasmid DNA encoding
mouse interleukin-12; PE = peak enhancement. Note that only data for mice in the therapeutic groups (ECT
BLM and ECT BLM combined with GET pIL-12) are presented.
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treatment with bleomycin electrochemotherapy and gene electrotransfer of a plasmid DNA encoding mouse
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Figure 7. Correlation between tumor volume and the standard deviation of peak enhancement on day 3 after
treatment with bleomycin electrochemotherapy and gene electrotransfer of plasmid DNA encoding mouse
interleukin-12. PE = peak enhancement; SD =standard deviation. Data were obtained from 66 animals included
in the experiment. Note that the larger the tumor volume is, the larger the SD of PE.

immunohistochemistry, and have not been shown to be predictive of EP-based treatment success. In contrast,
DCE-US is noninvasive and repeatable and therefore could be used for longitudinal tumor monitoring and deci-
sion making when using EP-based therapy in a patient. If therapy does not result in the expected ‘vascular lock’
or decreased perfusion in the following days, as shown in our study, then therapy should be repeated if needed.

The concept of tumor heterogeneity has not yet been incorporated into current clinical oncology practice or
the evidence-based cancer treatment paradigm®®. Nevertheless, there is evidence that heterogeneous functional/
biological characteristics of tumors significantly influence treatment outcomes®. Perfusion heterogeneity is
common in solid aggressive tumors®>*!, and this was also observed for melanoma tumors in this study, with
perfusion heterogeneity becoming more pronounced with increasing tumor volume across all treatment groups.
The heterogeneity of tumors could be explained by impaired mechanisms regulating vascular growth. Tumor
vessels are abnormal—immature—with chaotic tumor vascular networks and only intermittent flow through
many vascular branches®>. Such an aberrant vasculature was observed by DCE-US in our study; in general, the
periphery of the tumors was more perfused, and rapid wash-in and wash-out were observed. Moreover, mice of
the same group exhibited heterogeneous PE values with high standard deviations (up to+41.5%). In addition,
we demonstrated a correlation between perfusion heterogeneity and tumor response; the SD of PE for different
ROIs of the tumor was correlated with DT; the more heterogeneously perfused the tumors were, the shorter the
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Figure 8. Correlation between the standard deviation of peak enhancement for different regions of interest

of a tumor and DT in B16F10 melanoma at different time points (a — f) after treatment with bleomycin
electrochemotherapy and gene electrotransfer of a plasmid encoding mouse interleukin 12. BLM =bleomycin,
7.5 pg/mouse; DT = doubling time; ECT =electrochemotherapy; EP =electric pulses; GET =gene electrotransfer;
pIL-12 =plasmid DNA encoding mouse interleukin-12; PE = peak enhancement; ROI =region of interest;

SD =standard deviation. The presented data were obtained from tumors treated with ECT BLM and ECT BLM

combined with GET pIL-12 (n=16).

Scientific Reports | (2021) 11:13446 |

https://doi.org/10.1038/s41598-021-92820-w

nature portfolio



M. Brloznik: Vrednotenje perfuzije ... po elektroporaciji s slikovno-diagnosti¢nimi metodami. 58
Ljubljana: UL, Veterinarska fakulteta, 2021. Doktorska disertacija.

DT. This was particularly true for the ECT BLM group, in which we observed a statistically significant correlation
between the two parameters throughout the observation period. In contrast, in the group that received GET in
addition to ECT, there were only two statistically significant time points (immediately after therapy and on day 7).
This could mean that we affected the tumor vasculature and perfusion heterogeneity when GET p-IL12 was added
to ECT BLM. Similar to our results, perfusion heterogeneity evaluated by DCE-MRI in cervical cancer treated
with radio- and chemotherapy® and by DCE-CT in hepatic neoplasia treated with antiangiogenic therapy has
been shown to correlate with local tumor control and survival®*. The first mentioned study showed an opposite
result to ours, reporting that decreased perfusion correlated with a worse treatment outcome for radiotherapy
in cervical cancer because the response to radiation therapy is lower in parts of the tumor that are hypoxic due
to decreased perfusion®. The results of the second study were similar to ours, in which a negative percentage
change in the heterogeneity parameter correlated with better treatment outcomes of hepatic neoplasia treated
with antiangiogenic therapy. Perfusion heterogeneity may lead to unfavorable drug delivery and an increasing
hypoxic environment that accelerates cancer progression®. Although a heterogeneous response is typical of
many cancer treatments, the treatment regimen remains largely uniform, which may be why treatment failure is
so common in different cancers where recommended guidelines for the most appropriate treatment have been
followed*. Predicting treatment outcome is challenging when performed as early as possible during treatment,
when targeted adjustments to therapy are generally more effective®. Our tumor heterogeneity results show that
not only tumor perfusion intensity but also perfusion heterogeneity can be used to assess treatment outcome in
ECT BLM treatment; if tumors are still heterogeneous after treatment, then repeated therapy should be consid-
ered. In the combined ECT BLM GET pIL-12 treatment, perfusion heterogeneity correlated with tumor growth
at two time points only; therefore, further studies are needed to evaluate whether GET p-IL12 affects tumor
vasculature in such a way that tumor perfusion heterogeneity is less predictive of tumor growth.

A major limitation of our study was that there were no complete responders. This could be due to the low BLM
dose; we used 7.5 pg of BLM per mouse, whereas in previous studies, higher dosages were used*. This lower BLM
dose was chosen to avoid too many CRs due to the high antitumor eftect of ECT BLM. Our goal was to achieve
a broad spectrum of different responders: CR, partial response, response with stable disease, and response with
varying progress. The pharmacokinetics of BLM depend on tumor vascularity, which affects the accumulation
and distribution of the drug in the tumor: the more vascularized the tumors are with small vessels, the better the
effect of ECT, and conversely, when the vessels are larger, the washout of the chemotherapeutic drug is greater
and the effect of ECT is lower™. In addition, no significant antitumor effect was observed when treated with
peritumoral GET p-IL12. This result is in contrast to studies reporting the antitumor efficacy of intratumoral
GET p-IL12°° and GET with control plasmid DNA®'". The most likely reasons for the lower antitumor efficacy of
GET p-IL12 in our study are the peritumoral application of pIL-12, a different dose of pIL-12 and/or a different
protocol of application of electrical pulses (56). In our study, the GD of the two therapeutic groups was 15 days
and 28 days, which is consistent with preclinical and clinical studies reporting the efficacy of ECT with BLM'-*
and potentiation of ECT with GET®**!>14,

This study demonstrates that DCE-US, a simple, noninvasive, safe, and inexpensive method of tissue perfu-
sion, can be used to predict tumor growth after EP-based therapy. The information obtained with DCE-US is
readily available and DCE-US can be easily repeated during therapy. Due to its potential value as a prognostic
and predictive factor of disease, further preclinical and clinical studies are needed to confirm these preclinical
study results in mice. If confirmed, the results of DCE-US can be used to predict the course of the disease and
thus can even be used as a decision-making tool for planning repeated therapy or different treatment combina-
tions in individual patients.

Methods
The study was carried out in compliance with the ARRIVE guidelines.

Tumorcells. Melanoma B16F10 cells were cultured in Advanced Minimal Essential Medium (AMEM) con-
taining 5% fetal bovine serum (FBS) (Gibco, Fisher Scientific, Waltham, MA, USA), 10 mM/L L-glutamine Glu-
taMAX (Gibco, Fisher Scientific, Waltham, MA, USA), 100 U/mL penicillin (Gruenenthal, Aachen, Germany)
and 50 mg/mL gentamicin (Krka, Novo Mesto, Slovenia) in an incubator humidified with 5% CO, at 37 °C.
At 80% confluence, trypsinization was performed with 0.25% trypsin/EDTA in Hank’s buffer. Cells were then
washed with AMEM containing 5% FBS and collected by centrifugation. Tumors were induced on the backs of
mice by a subcutaneous injection of 100 pl of a BI6F10 cell suspension containing one million cells prepared in
a 0.9% NaCl solution (B Braun, Melsungen AG, Melsungen, Germany).

Animals. Female C57Bl/6NCrl mice (Envigo RMS SrL, San Pietro al Natisone, Italy) that were 7 weeks old
and weighed 18-20 g were housed under specific pathogen-free conditions at a temperature of 20-24 °C, a rela-
tive humidity of 55+ 10%, a 12-h light-dark cycle and ad libitum food and water. All procedures were performed
according to the guidelines for animal experiments of the EU Directive (2010/63/EU). Official approval was
granted by the Veterinary Administration of the Ministry of Agriculture, Forestry and Food of the Republic of
Slovenia (No. U34401-1/2015/43).

BLM. BLM (Bleomycin medac, Medac, Wedel, Germany, BLM) was dissolved to 3 mg/mL in sterile water (B
Braun, Melsungen AG, Melsungen, Germany), aliquoted and frozen at -20 °C until use. A fresh BLM solution of
0.375 mg/mL in 0.9% NaCl was prepared (B Braun, Melsungen AG, Melsungen, Germany) before intratumoral
injection (7.5 pug of BLM in 20 pl).
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IL-12 plasmid. The pORF-mIL-12-ORT (pIL-12) plasmid, which encodes the mouse gene IL-12 and lacks
an antibiotic resistance gene, was used. Construction of the plasmid has been previously described*”. The plas-
mid was isolated from a bacterial culture using an EndoFree Plasmid Mega kit (Qiagen, Hilden, Germany) and
diluted to a concentration of 0.625 mg/mL in endotoxin-free water (Qiagen, Hilden, Germany). Purity and yield
were determined spectrophotometrically (Epoch Microplate Spectrophotometer, Take3™ microvolume plate,
BioTek, Bad Friedrichshall, Germany). Before experiments, the concentration and identity of the plasmid were
confirmed by restriction analysis on an electrophoresis gel.

Experimental design and DCE-US examinations. The experiment began when tumors reached
approximately 40 mm? (6 x 6 x2 mm in orthogonal diameters) (considered day 0). Mice were randomly divided
into eight groups with 8—12 mice each. There was no tumor manipulation in the control group (CTRL). There
were two groups in which only different electrical pulses were applied: in the EP ECT group, electrical pulses
were applied for ECT (8 square electrical pulses with a voltage-distance ratio of 1300 V/cm, a pulse duration of
100 ps and a frequency of 1 Hz), and in the EP GET group, electrical pulses were applied in GET to the skin (12
electrical pulses, 150 ms long with a voltage-distance ratio of 170 V/cm at 2.82 kHz). The selection of the voltage,
duration and frequency of the electrical pulses was based on ECT***"'"!%5 and GET guidelines'>"*-****%_The
electrical pulses for EP ECT were generated using the electrical pulse generator ELECTRO CELL B10 HVLV
(Betatech, LUnion, France) and delivered through two parallel stainless-steel electrodes 6 mm apart. After deliv-
ery of 4 pulses, the electrodes were rotated 90° and four more electrical pulses were applied to expose the entire
tumor to the electrical pulses. The electrical pulses for EP GET were generated using the Cliniporator electrical
pulse generator (IGEA S.p.A., Carpi, Italy); 12 electrical pulses were delivered to the skin through a noninvasive
multielectrode array (MEA) consisting of six spring-loaded pins arranged in a hexagonal mesh 3.5 mm apart™.
In the BLM group, BLM was administered intratumorally (7.5 pg/mouse, 20 pl). In the pIL-12 group, the plas-
mid IL-12 was injected intradermally into the peritumoral region (4 sites around the tumor, 4x20 pl, 0.625 mg/
mL, 50 pg). In the combined treatment of the intratumoral BLM injection and application of electrical pulses
(ECT BLM), electrical pulses were delivered 2 min after the injection of BLM. In the combined treatment of
IL-12 plasmid injection and application of electrical pulses (GET pIL-12), the delivery of electrical pulses was
performed immediately after the intradermal injection of IL-12 plasmid in the peritumoral area. In the com-
bined treatment of electrochemotherapy with gene electrotransfer (ECT BLM GET pIL-12) group, the IL-12
plasmid was first administered intradermally in the peritumoral region, and immediately thereafter, electrical
pulses were administered as described above for the GET group. Then, 5 min later, BLM was injected intratu-
morally, and 2 min later, electrical pulses, as for the ECT group, were delivered (Supplementary Fig. $3).

DCE-US examinations were performed in all animals immediately after therapy, 6 h and 1, 3, 7 and 10 days
after therapy (Supplementary Fig. $2). SonoVue contrast agent (Bracco, Milan, Italy), a M9 ultrasound machine
(Mindray, Shenzhen, China) and a linear probe (L3-13.5, Mindray, Shenzhen, China) with a frequency of 3 to
13.5 MHz and harmonic nonlinear ultraband contrast imaging at a low mechanical index were used. After apply-
ing 50 pl of the Alcaine topical ophthalmic anesthetic solution (Alcon, Basel, Switzerland) to the mouse cornea,
0.1 mL of contrast agent was administered into the retro-orbital sinus of the mouse. A 90-s recording was made
from the time of contrast agent application. Each tumor was carefully delineated. In addition, 6 to 8 ellipsoidal
regions of interest (ROls) were plotted to cover the entire area of the tumor. For the tumor and ROIs, the perfu-
sion curve or time-intensity curve was analyzed using software integrated in the US device, which displayed the
following parameters: BI (base intensity; the baseline intensity when no contrast agent was present), PI (peak
intensity), TTP (time to peak; the time at which the contrast intensity reached the peak value), AS (ascending
slope; the slope between the starting point of lesion perfusion and the peak value), AT (arrival time; time point
at which contrast intensity appeared, generally the time when intensity was 110% higher than the baseline), DT/2
(descend time to half; a time point at which the intensity was half the value of the peak intensity), DS (descend-
ing slope) and AUC (area under the curve). PE (peak enhancement) was calculated as the difference between PI
and BI (Supplementary Fig. S4). PE and AUC are blood volume parameters, while all others (TTP, AS, AT, DT/2
and DS) describe the blood flow rate. Tumor heterogeneity was assessed using the standard deviation (SD) of
parameters for different ROIs of the tumor.

For GET and DCE-US studies, mice were anesthetized under inhalation anesthesia with isoflurane (2% v/v),
and heating pads were used to prevent hypothermia.

The weight of the animals was monitored as a sign of systemic toxicity of the treatments. Mice were weighed
before the first treatment and then every other day until the end of the experiment.

Tumors were measured every other day using Vernier caliper and tumor volume was calculated from the
measured perpendicular diameters (V =axbx ¢ x n/6). Tumor doubling time (DT) was determined as the time
the tumor doubled in volume from the first day of the experiment. Growth delay (GD) was determined as the
difference between the tumor doubling time of the individual tumor in the tested group and the mean tumor
doubling time in the untreated CTRL group. Mice with tumor regression were examined for the presence of
tumors 100 days after treatment. If they were tumor-free 100 days after treatment, then they were considered
complete responders (CRs). The results of DCE-US were compared to tumor growth (CR, DT, GD).

In addition, nine mice underwent dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI):
two from the CTRL group (on day 1) and seven from the ECT group (immediately, 6, 12, and 36 h after ECT
and on day ten in two mice). For DCE-MRI examinations, mice were anesthetized with intraperitoneal applica-
tion of ketamine (75 mg/kg) and xylazine (3 mg/kg). Gadolinium contrast agent, 100 uL per mouse (gadobutrol
500 mg/kg, Gadovist, 1 mmol/mL (Bayer, Leverkusen, Germany)), was administered via a catheter inserted into
the retro-orbital sinus.
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Statistical analysis. One-way analysis of variance followed by the Holm-Sidak test was used to compare
differences in tumor growth and DCE-US results among treatment groups (Systat Software, Chicago, IL, USA).
Statistical significance was defined as p <0.05. Daily associations between the PE and (log) DT values or tumor
volume and tumor perfusion heterogeneity were examined using linear regression models and are presented in
scatterplots with linear regression lines and Pearson correlation analysis. In addition, Bland-Altman plots were
used to show differences between DT and PE and the average of these two measurements within each treatment
according to the time points of the PE measurements. All analyses and graphical presentations were performed
using GraphPad Prism 8.4 (GraphPad software, San Diego, CA).

Data availability
The datasets generalised during and/or analysed during the current study are available from the corresponding
author on reasonable request.
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2.4 Rezultati dinami¢ne ultrazvo¢ne kontrastne preiskave korelirajo z izidom zdravljenja
pasjih tumorjev, zdravljenih z elektrokemoterapijo in genskim elektroprenosom
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lzvlecek

EKT in/ali GEP plL-12 sta ucinkovit nacin zdravljenja pasjih koznih, podkoZnih in maksilofacialnih
tumorjev. Kljub klini¢ni u¢inkovitosti kombiniranega zdravljenja z EKT in GEP plL-12 pa Se vedno
manjkajo podatki o parametrih, ki bi lahko napovedali izid zdravljenja. Cilj te raziskave je bil
raziskati, ali se rezultati UZ-KS podkoznih tumorjev razlikujejo med tumoriji, ki so se odzvali s
popolnim odgovorom, in tumoriji, ki se niso odzvali popolnoma pri psih, zdravljenih z EKT in
GEP plL-12. Zdravili smo osem psov s skupno 12 tumoriji. Preiskave UZ-KS so bile opravljene pri
vseh Zivalih pred in takoj po terapiji ter ¢ez 8 urin 1., 3. in 7. dan. Nadaljnji klini¢ni pregledi so
bili opravljeni 7. in 14. dan, ter 1 in 6 mesecev ter 1 leto po zdravljenju. OpaZzene so bile Stevilne
pomembne razlike v parametrih UZ-KS med tumoriji s popolnim odgovorom in tumorji brez
popolnega odgovora; perfuzija in heterogenost perfuzije sta bili pri tumorjih s popolnim
odgovorom znacilno nizji kot pri tumorjih, ki se niso odzvali popolnoma. Potrebne so raziskave
z vecjim Stevilom psov, da bi ugotovili, ali je mogoce rezultate UK-KS uporabiti za
napovedovanje izidov zdravljenja in za ucinkovito odlo¢anje o potrebi po ponavljajocem se

zdravljenju ali razli¢nih kombinacijah zdravljenja pri posameznih psih.
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Electrochemotherapy (ECT) and/or gene electrotransfer of plasmid DNA encoding
interleukin-12 (GET plL-12) are effective treatments for canine cutaneous, subcutaneous,
and maxillofacial tumors. Despite the clinical efficacy of the combined treatments of ECT
and GET, data on parameters that might predict the outcome of the treatments are still
lacking. This study aimed to investigate whether dynamic contrast-enhanced ultrasound
(DCE-US) results of subcutaneous tumors differ between tumors with complete response
(CR) and tumors without complete response (non-CR) in dogs treated with ECT and
GET plL-12. Eight dogs with a total of 12 tumor nodules treated with ECT and GET
plL-12 were included. DCE-US examinations were performed in all animals before and
immediately after therapy as well as 8h and 1, 3, and 7 days later. Clinical follow-up
examinations were performed 7 and 14 days, 1 and 6 months, and 1 year after treatment.
Numerous significant differences in DCE-US parameters were noted between tumors
with CR and non-CR tumors; perfusion and perfusion heterogeneity were lower in
CR tumors than in non-CR tumors. Therefore, studies with larger numbers of patients
are needed to investigate whether DCE-US results can be used to predict treatment
outcomes and to make effective decisions about the need for repeated therapy or
different treatment combinations in individual patients.

Keywords: dog, contrast-enhanced ultrasonography, electrochemotherapy, immunotherapy, gene electrotransfer,
bleomycin, cisplatin, IL-12 plasmid
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INTRODUCTION

Dynamic contrast-enhanced ultrasound (DCE-US) is a simple,
readily available, non-invasive, safe, and inexpensive method for
assessing tissue perfusion at the capillary level and correlates
with histological results of vessel density in preclinical (1-
3) and clinical studies (4-7). Moreover, DCE-US has been
used to predict the efficacy of antiangiogenic treatments of
various tumors in preclinical (3) and human clinical trials
(8-17), whereas DCE-US had no predictive value in canine
tumors treated with radiotherapy (18). Furthermore, DCE-
US results correlated with the results of advanced diagnostic
imaging (19). The contrast agents used in DCE-US are gas-filled
microbubbles stabilized in a lipoprotein shell that have a diameter
of 1-3um, which is small enough to migrate freely through
the circulation and large enough to remain in the vascular
space (20-22). Capillary filling results in diffuse enhancement
of perfused tissue. Most of the contrast agent is excreted
through the lungs within 20 min after administration (23). The
advantages of contrast agents used in DCE-US over those used
in dynamic contrast-enhanced computed tomography (DCE-
CT) are numerous: the contrast agents allow real-time imaging,
there is no ionizing radiation, they are neither nephro- nor
hepatotoxic, and they have very few, very mild side effects (22-
24). In humans, contraindications to microbubble administration
include pulmonary hypertension and impaired cardiopulmonary
function (24). In a large number of dogs in which DCE-US
examinations were performed, <1% developed an immediate
effect, including vomiting and/or syncope, or delayed adverse
effects, including vomiting (23).

Electrochemotherapy (ECT) and/or gene electrotransfer of
plasmid DNA encoding interleukin-12 (GET pIL-12) are effective
treatments for cutaneous, subcutaneous and maxillofacial tumors
in dogs (25-41), superficial cell carcinoma in cats (42), cutaneous
tumors in ferrets (43) and sarcoid tumors in horses (44, 45).
Several preclinical (46-49) and clinical studies in veterinary
patients (26-28, 33, 36, 50) have shown that the effect of ECT is
potentiated by GET pIL-12, and ECT has become an established
standard of care for a variety of human cancers: cutaneous
and subcutaneous tumors, including melanoma, squamous cell
carcinoma, basal cell carcinoma, and other metastases (51-58);
hepatocellular carcinoma and colorectal liver metastases (59-
63); pancreatic neoplasia (64-66); and others. A portion of
the antitumor efficacy of electroporation (EP)-based therapies
arises from the effect of EP on the vasculature of the treated
tumor, inducing a local blood flow effect, namely, “vascular
lock,” i.e., small blood vessel vasoconstriction and increased
wall permeabilization (67-74). The vascular effects of EP are
enhanced by the use of chemotherapeutic agents in ECT
treatment, and the effect lasts longer in tumors than in healthy
tissue, namely, the “vascular disrupting effect” (67, 68, 72).

Despite the clinical efficacy of the combined treatments of
ECT and GET plL-12, there is still a lack of data on parameters
that might predict the outcome of the treatments. For EP-based
treatments, it could be assumed that the therapy should be
repeated if it does not reflect in the expected “vascular lock”
immediately after the treatment and/or anti-angiogenic effects in
the days after.

This pilot study aimed to investigate whether the DCE-
US results from subcutaneous tumors correlate with treatment
outcomes in dogs treated with ECT combined with GET pIL-12.

MATERIALS AND METHODS
Design and Setting

Eight dogs (seven females and one male) with a total of
12 superficial tumor nodules (11 mast cell tumors and 1
neurofibrosarcoma) treated with ECT and GET pIL-12 were
included (Table 1). Their mean age with standard deviation was
8.0 & 2.3 years. Six dogs had one tumor, and two dogs had
three tumors. Each nodule was measured in three perpendicular
directions (a, b, ¢), and tumor volume was calculated using the
formula: V.=a x b x ¢ x 7/6. Owners of the dogs signed an
informed consent form before inclusion.

ECT Combined With GET pIL-12

The procedures were performed under general anesthesia: the
dogs received 0.2 mg/kg midazolam (Midazolam Torrex, Torrex
Pharma GesmbH, Vienna, Austria) intravenously, and anesthesia
was induced by 3-6 mg/kg propofol (Diprivan, Zeneca,
Grangemouth, United Kingdom) administered intravenously
and maintained with isoflurane (Isoflurin, Vetpharma Animal
Health, Barcelona, Spain). All patients received fluid therapy
throughout the procedure by administering Hartmann’s solution
(B Braun Melsungen AG, Melsungen, Germany) at a rate
of 5 mL/kg/h.

An electrical pulse generator, CliniporatorTM (IGEA s.r.l,
Carpi, Italy), was used to deliver electrical pulses through either
plate, hexagonal, or needle electrodes. The selection of electrode
type, voltage, duration, and frequency of the electrical pulses
was based on ECT (23, 35, 48-52) and GET studies (25-28,
33) (Table 2).

For the ECT procedure, two dogs received bleomycin
(Blenoxane, Bristol-Myers, NY, USA) at a concentration of 3
mg/mL intravenously at a dose of 0.3 mg/kg, and six dogs
received cisplatin (cis-diammine dichloroplatin II, Cisplatin
Accord 1 mg/mL, Accord Health Care, Warsaw, Poland) at
a concentration of 1 mg/mL and at a dose of 1 mg/cm?
intratumorally (Table 2).

For the GET procedure, the pPCMVcalL-12 plasmid encoding
canine IL-12 was used, isolated using the Qiagen Endo-Free kit
(Qiagen, Hilden, Germany), and diluted to a concentration of
1 mg/mL in endotoxin-free water (Qiagen). Quality control and
quantification were performed (28). The plasmid was injected at
a dose of 2 mg per patient (27, 28, 33) peritumorally in two dogs
and intratumorally in six dogs (Table 2). When more than one
tumor was present in a patient, the dose of pIL-12 was divided
among the tumors proportional to the tumor volume (Table 2).

DCE-US

DCE-US examinations were performed in all animals before and
immediately after therapy as well as 8h and 1, 3, and 7 days
later (Figure 1). For the first two measurements, the dogs were
under general anesthesia (described above for ECT combined
with GET) but were awake for the DCE-US measurements at 8 h
and 1, 3, and 7 days after therapy. The contrast agent Sonovue
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TABLE 1 | Characteristics of the eight dogs treated with electrochemotherapy (ECT) combined with gene electrotransfer of plasmid DNA encoding canine interleukin-12
(GET plL-12).

Patient no. Age Sex Breed Weight (kg) Tumor No of tumors Tumor volume (cmd)
1 9y 11m Female Mixed breed 25.0 Mast cell tumor 1 0.38

2 9y7m Female German hunting terrier 1.3 Mast cell tumor 3 0.04; 0.004; 0.01

3 9y10m Female Beagle 17.3 Neurofibrosarcoma 1 23.00

4 10y8m Female Mixed breed 34.4 Mast cell tumor 3 1.10; 0.10; 0.004

5 6y5m Female Basset hound 29.0 Mast cell tumor 1 5.00

6 4y10m Female Golden retriever 34.2 Mast cell tumor 1 0.92

7 S5y11m Male Boston terrier 10.7 Mast cell tumor 1 0.37

8 B6y7m Female Bernese mountain dog 40.3 Mast cell tumor 1 0.27

TABLE 2 | Electrochemotherapy (ECT) combined with gene electrotransfer of plasmid DNA encoding canine interleukin-12 (GET plL-12) treatment regimens (dosages,
route of administration, type of electrodes and pulse parameters) and outcome per patient.

Patient no. ECT GET pIL12 Outcome
Drug Dose Administration Type of Pulse pIL-12 administration =~ Type of Pulse
(mg) electrodes parameters (2mg) electrodes  parameters
1 BLM 6.90 i.v. Plate ECT pulses p.t. MEA GET CR
pulses
2 CDDP T1:060 it Plate ECTpulses  pit. MEA GET Non-CR (PD)
pulses
T2:0.20 Non-CR (PD)
T3:0.20 CR
3 CDDP 12.00 it / it Hexagonal ECT pulses Non-CR (PR)
4 BLM 10.47 L.V, / it Hexagonal ECT pulses  Non-CR (PD)
CR
CR
5 CDDP 5.00 it / it Hexagonal ECT pulses  CR
6 CDDP 0.90 it / it Hexagonal ECT pulses  CR
7 CDDP 0.37 it / it Needle ECT pulses Non-CR (PR)
8 CDDP 0.27 it / it Plate ECT pulses  CR

BLM, bleomycin; CDDF, cisplatin; i.v., intravenously; i.t., intratumorally; p.t., peritumorally; T, tumor nodule; ECT pulses, 8 pulses of 100 us duration with an amplitude to electrode
distance ratio of 1,300 V/cm and a frequency of repetition of 5 kHz; GET pulses = 150 ms pulse of amplitude 170 V/cm;, / = electroporation was performed simultaneously for ECT and
GET; CR, tumor with complete response; MEA, multielectrode array; non-CR, tumor without complete response; PD, progressive disease; PR, partial response.

o) () (1)) (o) () () (o) ) o)

I

ECT
-
GET

DCE - US CLINICAL FOLLOW=-UP

FIGURE 1 | Schedule for electrochemotherapy combined with gene electrotransfer of plasmid DNA encoding interleukin IL-12 (ECT+GET), dynamic
contrast-enhanced ultrasound (DCE-US) examinations and clinical follow-up examinations, which included tumor volume measurement.

(Bracco, Milan, Italy) was administered into the cephalic vein Ultrasound examinations were performed with a Resona 7
at dose 0.5-1.5mL per dog, depending on the weight of the  ultrasound scanner and alinear probe L11-3u with a frequency of
animal (<10 kg: 0.06 mL/kg, 10-20 kg: 0.05 mL/kg, 20-30 kg: ~ 3-10 MHz (Mindray, Shenzhen, China). Low mechanical index
0.04 mL/kg, and >30 kg: 0.03 mL/kg). harmonic non-linear ultraband contrast imaging was used. From
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the time of contrast application, a 90-s recording was made.
The Dicom files of the examinations were imported into the
free software Vuebox™ (Bracco, Milan, Italy) to quantify tissue
perfusion with DCE-US. Each tumor was carefully delineated,
and two additional regions of interest (ROIs), each representing
half of the tumor and the reference region representing the
tissue below the tumor, were drawn. The arrival time of the
contrast agent was manually selected. For each of the perfusion
or time-intensity curves representing signal intensity over time,
the following was recorded: basic intensity (BI) when no contrast
agent was present, peak intensity (PI), and time to peak (TTP) in
ms, the time at which the contrast intensity reached its peak. PE
(peak enhancement) was calculated as the difference between PI
and BL.

The dogs were closely monitored for adverse effects of contrast
administration: vomiting, respiratory distress, syncope, nausea,
and other effects. The dogs were hospitalized for the first three
measurements. For the last three measurements, the dogs were
monitored as outpatients for immediate effects (<1h) and by the
owner for delayed effects.

Clinical Follow-Up Examinations

Clinical follow-up examinations that included measurement of
the three perpendicular tumor dimensions were performed at
7 and 14 days, 1 and 6 months and 1 year after treatment
(Figure 1). Tumors were classified as having a complete response
(CR) or not having a complete response (non-CR) with the
latter including partial response (at least 30% decrease in
tumor size), progressive disease (>20% increase in tumor
size), and stable disease (neither sufficient shrinkage to qualify
for partial response nor sufficient increase to qualify for
progressive disease) according to RECIST (75) and iRECIST
(76) criteria.

Statistical Analysis
Statistical software R, version 3.6.2, was used for the statistical
analysis (77). The parameters of interest are defined in Table 3.
The normality of the data was tested using the Shapiro
Wilk test. Data were not normally distributed; therefore, the
comparison between CR and non-CR tumors for each variable
was calculated using the Wilcoxon rank-sum test. Statistical
significance was set at 5%.

RESULTS

Response to Therapy
The size of the tumors varied from 0.004 to 23.0 cm> (median 0.32
cm?). The median baseline tumor volume did not differ between
CR and non-CR tumors. Furthermore, none of the DCE-US
parameters correlated with pretherapy tumor volume.

There were seven tumors with CR in six dogs: dogs 1, 2, 4, 5,
6, and 8. Clinical follow-up examination of the tumor of dog 1 is
presented in Figure 2. There were five tumors without CR in four
dogs (dogs 2, 3, 4, and 7; Table 2). Three of the non-CR tumors
were classified as progressive disease, and two showed a partial
response (Table 2).

No adverse effects of contrast administration were noted in
our study.

DCE-US Results

The PE values were significantly lower in tumors with CR than
in tumors with non-CR at all time points after therapy, except
on day 3 (Figure 3). The difference in PE between CR and non-
CR tumors was highest 8 h after therapy and gradually decreased
in the following days but remained statistically significant on
days 3 and 7. Note that the CR tumors showed no contrast
enhancement immediately and 8h after therapy; this finding
is in contrast to non-CR tumors, which were still filled with
microbubbles (Figure 4).

The PE ratio (Table 3) was significantly reduced in CR tumors
compared to non-CR tumors immediately, 8 h and 7 days after
therapy. The difference steadily increased over time, reaching a
45-fold decrease by day 7 (Figure 5).

The PE change (Table 3) was significantly reduced in CR
tumors at four time points: immediately, 8h, and 1 and 7
days after therapy. The highest difference between the two
tumor groups (20-fold decrease) was observed immediately
after therapy. With time, the difference decreased but remained
statistically significant (Figure 6).

The percentage change in TTP from baseline TTP (TTP
ch) was more than three times greater 7 days after therapy in
tumors with CR than in tumors without CR (Figure 7) because
TTP increased from baseline in CR tumors and decreased from
baseline in non-CR tumors.

The percentage difference in the change in PE between
the two parts of the tumor (PEpoy dify,), which describes
tumor heterogeneity in PE, was more than 10-13 times lower
immediately, 8h and 3 days after therapy in tumors with CR
compared to tumors with non-CR (Figure 8).

The parameters TTP, TTProy dif, PEro; dif, and TTP ratio
(Table 3) were not significantly different between CR and non-
CR tumors.

When results for both groups (CR vs. non-CR tumors)
regardless of the time were compared, PE, PE ratio, PE ch,
TTPror dif, and TTPror dif, were significantly lower, and TTP
ch was significantly higher in tumors with CR than in tumors
with non-CR (Tables 3, 4).

DISCUSSION

This study shows a significant difference in DCE-US results
between canine tumors that achieved a CR to ECT combined
with GET pIL-12 and non-CR tumors. After therapy, perfusion of
tumors was lower in the CR group, and perfusion heterogeneity
was greater in non-CR tumors.

To the best of our knowledge, this is the first study
to compare DCE-US results with treatment outcomes in
canine tumors treated with ECT combined with GET plIL-
12. Our results are consistent with human studies that have
shown DCE-US results to be a useful tool for predicting the
efficacy of other antiangiogenic treatments in metastatic renal
cell carcinoma, advanced hepatocellular carcinoma, colorectal
carcinoma, metastatic breast cancer, gastrointestinal stromal
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TABLE 3 | Definition of tumor volume and dynamic contrast-enhanced ultrasound parameters (DCE-US) and their calculation.

Parameter Symbol Calculation

Volume of tumor before the treatment (cm®) Vv a x b x ¢ x 7/6 (a,b,c = perpendicular tumor dimensions)
Peak enhancement PE = Peak Intensity (PI) — Basic Intensity (BI)
Time to peak TTP

Ratio between PE of the tumor and PE of the reference (PE;ef) PE ratio = ;Ei v

Ratio between TTP of the tumor and TTP of the reference TTP ratio = 2E

Percentage change in PE PE ch = % x 100 — 100

Percentage change in TTP TTP ch = % x 100 — 100

Percentage difference in PE between ROI1 and ROI2 PEroy dif = % x 100

Percentage difference in TTP between RO and ROI2 TTPro: dif = % x 100

Percentage difference in change of PE between ROI1 and ROI2 PEgoy difon = % x 100
Percentage difference in change of TTP between ROI1 and ROI2 TTPgoy difen — TP chaon —TTP chron . 40

(TTP chpoy —TTP chro)/2

P |

5 days

DNA encoding interleukin IL-12 (GET plL-12).

FIGURE 2 | Mast cell tumor in dog 1 where a complete response (CR) was achieved after electrochemotherapy (ECT) combined with gene electrotransfer of plasmid

360 days
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tumors, and metastatic melanoma (9-11, 14-16). Tumors
included in this study were compared between the two groups
regarding tumor perfusion and perfusion heterogeneity. Before
therapy, no differences in perfusion parameters and perfusion
heterogeneity were noted between CR and non-CR tumors.
Perfusion decreased after therapy in all CR tumors, which is
consistent with previously described vascular lock and vascular
disrupting action of EP-based therapies (63-74). The decrease
in tumor perfusion was greater in CR compared with non-CR
tumors, supporting the assumption that therapy is more likely

to be effective if it is reflected in immediate “vascular lock.”
Furthermore, the difference remained statistically significant
until day 7 with the exception of day 3. This finding is
consistent with the expectation that the outcome of therapy
is less likely to be favorable when therapy does not show
antiangiogenic effects that result in decreased perfusion in the
days after treatment. A similar trend was observed on day
3. However, due to owner non-compliance and thus missing
data from one dog with three tumors, the difference was not
statistically significant.
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FIGURE 3 | Comparison of peak enhancement (PE) at different time points between canine tumors with complete (CR) and non-complete (non-CR) responses to
combined electrochemotherapy treatment with gene electrotransfer of plasmid DNA encoding interleukin IL-12 (ECT GET plL-12). Note the p-values presented at the
top of the image. Note that PE is significantly lower for complete response tumors than for non-complete response tumors at all time points after therapy except at 3
days.
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FIGURE 4 | Contrast-enhanced ultrasound images (B mode image to the left and non-linear contrast mode to the right of each image) of two mast cell tumors in dog
4. Images were obtained 20 s after contrast administration at different time points after electrochemotherapy (ECT) combined with gene electrotransfer of plasmid
DNA encoding interleukin IL-12 (GET plL-12) as noted at the top of the figure. Note the difference between tumors with complete response (CR) and tumors with
progressive disease (PD) after therapy. Non-CR tumors (red circles) are filled with microbubbles, whereas CR tumors (blue circles) show no contrast enhancement
immediately and 8 h after therapy.

In a study of nine spontaneous canine tumors treated
with GET pIL-12 (25), a significant decrease in the DCE-US
parameters wash-in area under the curve describing relative
blood volume and wash-in rate describing blood flow velocity
was observed at days 8 and 35 compared to baseline, consistent
with the results of our study. Similar parameters reflecting
relative blood volume and blood flow velocity, namely PE and
TTP, respectively, were investigated by the same authors in a

study of five dogs treated with GET pIL-12 in combination
with metronomic cyclophosphamide (30). They observed a
significant decrease in PE and prolonged TTP 35 days after
treatment, which is consistent with our results, while in contrast
to our results, an increase in PE was observed 8 days after
treatment. The difference in the dynamics of PE can most likely
be attributed to the fact that the study by Cicchelero et al.
(30) investigated GET pIL-12 (without ECT), which does not
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FIGURE 5 | Comparison of ratios between tumor peak enhancement and reference peak enhancement (PE ratio) at different time points between canine tumors with
a complete and non-complete response to electrochemotherapy (ECT) with gene electrotransfer of plasmid DNA encoding interleukin IL-12 (GET plIL-12). Note the
p-values presented at the top of the image. PE ratio is significantly lower for complete response tumors compared with non-complete response tumors immediately
after therapy and at 8 h and 7 days.
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FIGURE 6 | Comparison of the percentage change in peak enhancement of tumor (PE ch) at different time points between canine tumors with a complete and
non-complete response to electrochemotherapy (ECT) with gene electrotransfer of plasmid DNA encoding interleukin IL-12 (GET plL-12). Note the p-values presented
at the top of the image. PE ch is significantly lower for complete response tumors compared with non-complete response tumors immediately after therapy and at 8h

and 7 days.

induce a “vascular disrupting effect)” ie., cytotoxic effect of  with GET pIL-12 results in a much less pronounced antitumor
chemotherapeutic drugs on vascular endothelial cells (67, 68,  effect (27), also observed in this study, as no clinically relevant
72) that can be observed after treatment with ECT. Treatment  outcome was observed (30). However, it is likely that the decrease
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FIGURE 7 | Comparison of the percentage change in time to peak of tumor (TTP ch) at different time points canine tumors with complete and non-complete response
to electrochemotherapy (ECT) with gene electrotransfer of plasmid DNA encoding interleukin IL-12 (GET plL-12). Note the p-values presented at the top of the image.
TTP ch is significantly lower for complete response tumors compared with non-complete response tumors 7 days after therapy.
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FIGURE 8 | Comparison of the percentage difference in change of peak enhancement of the two tumor parts (PEro; difen) at different time points between canine
tumors with a complete and non-complete response to electrochemotherapy (ECT) with gene electrotransfer of plasmid DNA encoding interleukin IL-12 (GET plL-12).
Note the p-values presented at the top of the image. PErg difen is significantly lower for complete response tumors compared with non-complete response tumors
immediately after therapy and at 8 h and 3 days after therapy.

in PE and prolongation of TTP 35 days after treatment is a  was performed only at three time points, i.e., before therapy
consequence of the antiangiogenic effect of gene therapy. An  and at days 8 and 35; our data cannot be directly compared
additional difference between our studies is also the fact that the ~ because they were collected at different time points and after
latter study (30) included five different tumor types and DCE-US  different treatments.
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TABLE 4 | Comparison of overall results of dynamic contrast-enhanced ultrasound parameters (DCE-US) between tumors with complete response (CR) and tumors
without complete response (non-CR) treated with electrochemotherapy (ECT) combined with gene electrotransfer (GET plL-12).

Parameter Tumor response Wilcoxon rank sum test
CR Non-CR

Median (1%t and 3" quartile) Median (1%t and 3" quartile) p-value
\Y Volume of tumor before the treatment (cm?®) 0.27 (0.06, 0.65) 0.37 (0.04, 1.10) 0.8072
PE Peak enhancement 32.50 (14.87, 150.90) 312.56 (155.21, 803.50) <0.0001
TTP Time to peak 9.41 (6.70, 17.07) 8.90 (6.36, 13.42) 0.1242
PE ratio Ratio between PE of the tumor and PE of the reference 0.64 (0.34, 1.10) 1.77 (0.84, 3.77) <0.0001
TTP ratio Ratio between TTP of the tumor and TTP of the reference 0.96 (0.57, 1.24) 0.79 (0.60, 1.29) 0.6926
PE ch Percentage change in PE —92.36 (—97.21, —79.13) 3.69 (—39.22, 131.43) <0.0001
TTP ch Percentage change in TTP 27.91 (—6.49, 94.75) 29.06 (—37.56, —26.51) <0.0001
PEro, dif Percentage difference in PE between ROI1 and ROI2 17.09 (5.81, 33.75) 30.20 (9.35, 38.07) 0.0892
TTPgo dif  Percentage difference in TTP between ROI1 and ROI2 5.71(0.92, 15.69) 12.34 (7.02, 20.08) 0.0673
PEro difen  Percentage difference in change of PE between ROI1 and ROI2 1.569 (0.29, 10.15) 47.01 (15.34, 100.99) <0.0001
TTPgroy dif, Percentage difference in change of TTP between ROI1 and ROI2 16.17 (11.06, 59.41) 50.00 (21.41, 130.35) 0.0577

A common feature of malignant tumors compared with
non-malignant tumors is rapid wash-in (78, 79), which may
be associated with shorter TTP. In our study, 7 days after
therapy, the percentage change in TTP was greater in CR tumors,
i.e, the time to peak increased significantly compared with
the measurement before therapy, which may indicate that the
tumors became “less malignant” with the treatment performed.
These results are similar to those of human studies examining
various chemotherapeutic antiangiogenic treatments, in which
TTP and wash-in rate decreased after therapy (10, 17, 80). In a
study of the efficacy of sorafenib treatment of metastatic renal
cancer in humans, the correlation between treatment outcome
and the percentage of perfused tissue decreased 3 weeks after
treatment (15). In contrast, in studies evaluating DCE-US after
radiotherapy for spontaneous tumors in dogs (18, 81), DCE-US
results were not predictive of disease outcome. This difference
can be explained by an important difference in the mechanism
of action of radiotherapy compared to ECT combined with
GET pIL-12. Radiotherapy is less efficient in regions of lower
perfusion due to the resistance of hypoxic cells to treatment,
whereas the presented EP-based treatment exerts antiangiogenic
and cytotoxic effects that do not depend on cell oxygenation.

Perfusion heterogeneity is a hallmark of malignant tumors
and provides valuable information for discriminating between
malignant and benign lesions (82). We demonstrated a
significant difference in perfusion heterogeneity between the
two different groups based on the clinical response: tumors
reaching CR were less heterogeneously perfused than non-CR
tumors. This is an important finding as it indicates a possible
predictive value of perfusion heterogeneity in therapies based
on antiangiogenic effects. Similar results were obtained by DCE-
CT in human hepatic neoplasia treated with antiangiogenic
therapy; reduced perfusion heterogeneity correlated with better
local tumor control and longer survival (83). In contrast,
in human cervical cancer treated with radiotherapy and
chemotherapy and evaluated with dynamic contrast-enhanced

magnetic resonance imaging (DCE-MRI), decreased perfusion
heterogeneity correlated with poorer outcomes due to a lower
response to radiotherapy in those parts of the tumor that are
hypoxic due to decreased perfusion (82). Therefore, perfusion
and perfusion heterogeneity evaluated with DCE-US appear to
be useful for predicting the results of antiangiogenic treatments
but cannot be used for all types of anticancer therapy.
Investigation of perfusion is an appealing method to predict
outcome in tumors treated with antiangiogenic therapies. Our
results show that DCE-US is safe for the patient; no adverse
effects of contrast administration were noted despite repeated
administration. Furthermore, it is a simple method to assess
tumor perfusion that can be easily repeated during and after
treatment and, based on our study, is associated with treatment
outcome in canine tumors treated with a combination of ECT
and GET pIL-12. The next clinically applicable step would be
to investigate the predictive ability of DCE-US to distinguish
between tumors that were successfully treated and those in which
the therapy is unlikely to lead to a complete response after EP-
based therapies. This information would allow a clinician to
perform such a therapeutic procedure on a patient to evaluate
if and when the therapy should be repeated, preferably in the
early stages of the treatment when targeted therapy adjustments
are generally more effective. This was not possible in our study
given that a much larger number of patients are needed for
logistic regression models. If a predictive value is to be confirmed,
appropriate cutoff values for DCE-US parameters should be
ascertained to make effective decisions about prognosis and the
need for repeated or additional therapy in individual patients.
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3 RAZPRAVA

Zdravljenje z EKT je uveljavljen standard zdravljenja razlicnih koznih, podkoznih in globoko
leZzeCih tumorjev pri ljudeh (4, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32,
33,34, 35, 36, 37). Zdravljenje z GEP plL-12 kot samostojna terapija ali pa v kombinaciji z EKT je
ucinkovit nacin zdravljenja razli¢nih tumorjev pri psih (61, 62, 63, 65, 66, 67, 68, 69, 70, 71, 72,
73,74,75,76,77).

S preiskavo UZ-KS tumorjev lahko vrednotimo spremembe v perfuziji tkiv (161, 162, 163, 164)
in tako lahko dolo¢imo mesta zmanjSane perfuzije zaradi tumorske nekroze, edema in
tromboze ter mesta povecane perfuzije zaradi reaktivne hiperemije in neovaskularizacije (158,
159, 194, 195, 196, 197, 198). Vrednotenje perfuzije in njene heterogenosti je pomembno za
napoved uspesnosti zdravljenja (199, 200).

Kljub ucinkovitosti in uveljavljenosti terapij na osnovi EP Se vedno primanjkuje podatkov o
varnostnih vidikih zdravljenja jeter, ko so elektrode vstavljene v svetline velikih jetrnih Zil ter o

parametrih, ki bi lahko napovedali izid zdravljenja, zato smo v doktorskem delu:

1. ovrednotili rezultate UZ-KS in CT-KS po EKT jeter zdravih prasicev z vstavitvijo
elektrod in aplikacijo elektri¢nih pulzov neposredno v svetlino velikih Zil in tako
proucili varnost EKT tudi v primeru potencialno nevarne vstavitve elektrod v

svetlino velikih jetrnih Zil in

2. analizirali rezultate UZ-KS po EKT in GEP induciranih misjih in spontanih pasjih
tumorjev: rezultate UZ-KS smo primerjali z rezultati imunohistoloskih analiz
(barvanje ozilja) ter z izidom zdravljenja. Tako smo proucili uporabnost

rezultatov UZ-KS kot prediktivnega dejavnika zdravljenja z EKT in GEP.

eves

Vpliva EP in EKT na zdrav jetrni parenhim in velike krvne Zile jeter (kavdalno veno kavo, levo
srednjo hepati¢no veno in levo portalno veno), ko so elektrode vstavljene v njihovo svetlino, s
izbrali zaradi anatomskih in fizioloskih podobnosti z jetri ¢loveka (201, 202), Zeleli pokazati, da
je namerna vstavitev elektrod in aplikacija elektri¢nih pulzov neposredno v svetlino velikih Zil

varna. Ugotovili smo, da ne povzrocita tromboz, krvavitev ali drugih hemodinamsko
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pomembnih poskodb in je skladna z rezultati histoloskih preiskav jeter prasicev 2 in 7 dni po
EP/EKT (203) ter z raziskavami EKT, kjer so elektrode vstavili v blizino (30, 31, 32, 35, 204, 205)
ali v svetlino velikih jetrnih zil (206). Odsotnost krvavitve, tudi ¢e so bile elektrode vstavljene
globoko v jetrni parenhim in v svetlino velikih Zil, je pomemben varnostni vidik EKT.
Najverjetnejsi razlog za to ugotovitev je prehodna lokalna hipoperfuzija in elektrokoagulacija,

povezana z visoko gostoto elektricnega toka na povrsini elektrod (207).

Ugotovitve UZ prikaza v svetlostnem nacinu predstavitve (angl. B-mode) so bile dinamicne:
najprej so se pojavili hiperehogeni mikromehurcki vzdolZ elektrodnih sledi, potem je postalo
tretirano podrocje hipoehogeno, hiperehogeni mikromehurcki pa so se enakomerno
porazdelili. Hipoehogenost podrocja je pricela potem bledeti, mikromehurcki pa izginjati.
Hiperehogeni mikromehurcki, ki se sprva tvorijo okoli elektrod, so posledica elektrokemijskih
reakcij na elektrodah in elektrokoagulacije tkiva (92, 207). Plinski mehurcki nastajajo tudi v

ablacijah ireverzibilne elektroporacije (107, 208).

Hipoehogenost tretiranega parenhima jeter kaze na strukturno spremembo zaradi zmanjsane
perfuzije, ki jo povzroci prehodna vazokonstrikcija in prehodna povecana prepustnost stene
majhnih Zil (edem) (92). Vazokonstrikcija Zil ob aplikaciji elektri¢nih pulzov je opisana v Ze
objavljenih klini¢nih raziskavah in prispeva k ucinkovitosti zdravljenja z EKT, saj vodi do
ucinkovitega ujetja ali vsaj oviranega izpiranja kemoterapevtika, nabranega v tumorju zaradi
zmanjSanega pretoka krvi in zato so tumorske celice dalj ¢asa izpostavljene visoki koncentraciji

zdravila (14, 90, 91, 92, 93, 94, 95, 209, 210).

Rezultati histoloske analize poriranega jetrnega parenhima takoj po EKT so pokazali fibrinske
trombe v majhnih venulah, kar je skladno z zmanjsano perfuzijo zaradi zastojne kongestije

zaradi spazma venul.

Obe dinamicni preiskavi s kontrastom, UZ-KS in CT-KS, sta pokazali, da porirana podrocja
privzemajo manj kontrasta, kar dodatno potrjuje prej opisano zmanjsanje perfuzije tretiranega
tkiva kot sta pokazali preiskavi UZ prikaz v svtlostnem nacinu ter histoloska analiza parenhima
takoj po EKT. Uporabili smo dve vrsti elektrod: linearne s spremenljivo geometrijo in fiksne
heksagonalne. V rutinski klini¢ni praksi se heksagonalne elektrode uporabljajo za manjse in

povrsinske jetrne tumorje, linearne elektrode pa za globoko lezece in vecje tumorje jeter (211).
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Pri linearnih elektrodah so bila obmocja zmanjsane perfuzije znacilno vecja v primerjavi s
heksagonalnimi elektrodami. To je posledica vecje razdalje med elektrodami v primeru elektrod
z linearno spremenljivo geometrijo, kjer je potrebno uporabiti viSjo lokalno napetost
elektricnega polja, da doseZzemo enak terapevtski ucinek (212). Razlika v velikosti podrocij z
zmanjsano perfuzijo pri uporabi razlicnih elektrod je bila v skladu z racunalnisko simulacijo
lokalne napetosti elektri¢nega polja in prej objavljenimi histoloskimi analizami (203). Vendar pa
kljub omenjeni razliki v velikosti omenjenih obmocij ni razlik v u¢inkovitosti elektroporacije med
elektrodami razlicne geometrije (204, 207). Poleg tega opaZene slikovno-diagnosti¢ne
spremembe niso bile posledica uporabe BLM, saj so bile enake pri poskusni in kontrolni skupini,
kjer smo aplicirali samo elektri¢ne pulze, kar je skladno z Ze znanim dejstvom, da ima BLM na

zdravo tkivo zanemarljiv uc¢inek (14, 92, 93, 203).

Preiskave CT-KS en teden po EKT so pokazale le majhna obmocja zmanjSanja privzemanja
kontrasta, kar je v skladu z rezultati histoloske analize tkiv, kjer je bila ugotovljena proliferacija
granulacijskega tkiva (203, 205). Histoloske spremembe takoj po EP/EKT ter 2 in 7 dni pozneje
(203) so bile blage in zato v skladu z radioloskimi ugotovitvami v nasi raziskavi, ki niso pokazale
klinicno pomembnih poskodb velikih jetrnih Zil in parenhima: stene tretiranih Zil so bile
neposkodovane in prehodnost Zil primerna, spremembe jetrnega parenhima pa blage. Ti

rezultati potrjujejo, da je EKT za zdravljenje tumorjev, ki mejijo na velike jetrne Zile, varna.

Radioloske znacilnosti jeter po EP/EKT so dinamicne in potrebne so nadaljnje raziskave z vecjim
Stevilom Zivali v postopkih, da se te znacilnosti temeljito preucijo, s ¢imer bi zagotovili odgovore,
katere radioloske ugotovitve so koristni kazalci ustrezne porazdelitve elektricnega polja in
mozni prediktivni dejavniki, ki bi lahko bistveno vplivali na odlocitve glede poteka nadaljnjega

zdravljenja.

3.2 Vrednotenje tumorske perfuzije na modelu misjih melanomov B16F10 z UZ-KS

Kot poskusni model za optimizacijo metode UZ-KS za oceno perfuzije Zivalskih tkiv po EKT in
GEP smo v prviraziskavi uporabili misi z melanom B16F 10, zdravljenim s kombinacijo obsevanja
in GEP s plazmidno DNA. Ta kodira shRNA proti CD146 oz. MCAM. MCAM je transmembranski
glikoprotein, ki je prekomerno izrazen v melanomu in je pomemben v patogenezi bolezni, ki

vkljuCuje invazivnost, metastatski potencial in angiogenezo tumorja (123, 213). MCAM, z
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uporabo plazmidne DNA, ki kodira shRNA proti MCAM, je zato potencialna tarca za gensko
terapijo melanoma (213). Z analizo rezultatov UZ-KS tumorjev po razli¢nih zdravljenjih smo
opisali ucinke zdravljenja na perfuzijo tumorjev, rezultate UZ-KS pa smo primerjali z rastnimi
krivuljami tumorjev, delezem popolnih ozdravitev in rezultati histoloskih preiskav (barvanje

Zilja, pozitivnega na oznacevalec CD31, ki je mocneje izrazen pri nekaterih vrstah tumorjev).

V drugi raziskavi na misjem modelu melanoma B16F10 smo misi zdravili z EKT z BLM in GEP plL-
-12. Omenjeno zdravljenje ima ucinkovit protitumorski uc¢inek zaradi vpliva kemoterapevtika na
tumorske in endotelne celice ter zaradi vpliva GEP na imunski odziv ter angiogenezo (77).
Rezultate UZ-KS smo primerjali s podvojitvenim ¢asom volumna tumorja, saj smo Zeleli prouciti,
ali je UZ-KS uporaben za napovedovanje izida zdravljenja misjih melanomov B16F10 z EKT in

GEP plL-12.

Iz rezultatov UZ-KS lahko pridobimo vrednosti za razlicne parametre, ki jih je mogoce razdeliti
na parametre, ki opisujejo pretok krvi (AT, AS, TTP, DS, DT/2) in parametre, ki opisujejo koli¢ino
krvi (AUC, PE). Iz trenutno dostopne literature je razvidno, da so v humanih klini¢nih raziskavah
(168, 169, 170, 173) pokazali trend v smeri korelacije s prezivetjem razlicni parametri UZ-KS
(AUC, TTP, AS in PE). V nasih raziskavah na misjem modelu je bil z rastjo tumorja povezan le
parameter PE. Za razliko od humanih raziskav, parametri, ki opisujejo hitrost pretoka krvi, niso
pokazali znalilne povezave z rastjo tumorja in s histoloskimi rezultati. MoZni razlogi za
ugotovitev so lahko povsem tehni¢ne narave: Zivali v postopkih so bile v razlicnih ravneh
anestezije in retroorbitalne injekcije kontrasta smo izvedli brez uporabe infuzijske ¢rpalke, kar
lahko oboje vpliva na rezultate meritev pretoka krvi skozi tkiva. Globina anestezije vpliva na
fizioloSke parametre, kot so sistemski krvni tlak, telesna temperatura, sréni utrip, kréljivost srca
in drugi, ki vplivajo na perfuzijo tkiva, odvisno od src¢nih, Zilnih, mikrocirkulacijskih in humoralnih
dejavnikov. Retroorbitalne aplikacije kontrastnih snovi so se sicer pokazale primerljive z
aplikacijami v veno repa (214), vendar so v tej raziskavi kontrastna sredstva aplicirali skozi
kanile, v nasi raziskavi pa smo iglo vstavili v retro-orbitalni sinus (215). Kadar kontrast apliciramo
rocno in ne z infuzijsko c¢rpalko, ne moremo doseli popolnoma enakomerne hitrosti
vbrizgavanja med bolusom, ki traja nekaj sekund. Poleg tega se lahko hitrost vbrizgavanja
kontrasta zelo razlikuje tudi med posamicnimi aplikacijami pri eni Zivali oziroma med razlicnimi

Zivalmi.
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Korelacija rezultatov UZ-KS s histoloskimi analizami tumorskih krvnih Zil, ki smo jo potrdili v prvi
raziskavi na misjem modelu, je v skladu s predklini¢énimi (157, 158, 159) in klini¢nimi (148, 161,
162, 163, 216) raziskavami na drugih histoloskih vrstah tumorjev, ki so jih zdravili z drugimi
vrstami antiangiogene terapije. Povprecne vrednosti PE so bile znacilno vecje v skupinah s
krajsim ¢asom podvojitve volumna tumorja. NiZji kot je bil PE, kar pomeni manjso koli¢ino krvi
v tumorju, pocasnejsa je bila njegova rast. To je pomembna ugotovitev, saj potrjuje prediktivno
vrednost rezultatov UZ-KS po zdravljenju z EKT in/ali GEP. Rezultati obeh raziskav so skladni s
predklini¢nimi raziskavami, izvedenimi z drugimi vrstami protitumorskega zdravljenja. Rezultati
UZ-KS so bili na primer uporabni za napoved izida zdravljenja induciranih misjih hepatomov s
talidomidom (158) in cisplatinom (159). Tudi v humanih klini¢nih raziskavah, kjer so preucevali
antiangiogeno zdravljenje z razlicnimi kemoterapevtiki (169, 170, 171, 172, 173, 175), so
pokazali, da rezultati UZ-KS kolerirajo z rastjo tumorja. Nasprotno pa UZ-KS ni imel prediktivne
vrednosti za izid obsevanja pri pasjih tumorjih (217, 218). To je mogoce razloziti s pomembno
razliko v mehanizmu delovanja radioterapije v primerjavi z EKT v kombinaciji z GEP plL-12;
radioterapija je manj ucinkovita v regijah z nizjo perfuzijo zaradi vecje odpornosti hipoksi¢nih
celic na zdravljenje, medtem ko ima terapija na osnovi EP antiangiogene in citotoksi¢ne ucinke,
ki niso odvisni od celi¢ne oksigenacije. Zilno usmerjene terapije lahko u&inkovito normalizirajo
vaskularno strukturo tumorja in za doloceno obdobije, ki je znano kot okno za normalizacijo,
oslabijo rast Zil. V tem c¢asu postanejo dodatne terapije, kot sta kemoterapija in obsevanje,
ucinkovitejse (219), ker povecajo oksigenacijo preostalega tumorskega tkiva (220, 221, 222).
Sinergisti¢ni ulinki med radioterapijo in Zilno usmerjenimi terapijami, ki vkljucujejo
imunoterapijo (prepoznavanje in ciljanje tumorskih celic z imunskimi), kemoterapijo, Zilno
usmerjena zdravila, idr. se izkorid¢ajo pri kombiniranih zdravljenjih (122, 223). Zilno usmerjena
zdravila razvrs¢amo v dve skupini: tista, ki zavirajo angiogenezo (preprecujejo nastanek novih
7il iz e obstojecih) in tista, ki vplivajo na obstojete tumorsko Zilje. Ceprav obe skupini zdravil
ciljata tumorsko Zilje, se razlikujeta po mehanizmu delovanja: prva zavira nastanek novih Zil in
zmanjsa oksigenacijo, druga pa normalizira tumorsko Zilje, poveca perfuzijo in oksigenacijo in
ima zato sinergistiCen ucinek s kemoterapijo in radioterapijo (219). Na misjih tumorjih so

pokazali, da ima tudi GEP plazmidne DNA radiosenzibilizirajoci uc¢inek (48, 220, 221, 222).
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3.3 Tumorska perfuzija, ovrednotena z UZ-KS kot prediktivni dejavnik zdravljenja spontanih

pasjih tumorjev z EKT in GEP plL-12

V trenutno dostopni literaturi je zelo malo podatkov o tem, ali se UZ-KS lahko uporabi za
napovedovanje odziva spontanih pasjih tumorjev na zdravljenje z EKT in/ali GEP plL-12. V
raziskavah, objavljenih leta 2017, so preucili uporabo UZ-KS pri 9 psih, zdravljenih z
GEP plL-12 (176) in 5 psih, zdravljenih z GEP pIL-12 in metronomsko kemoterapijo (177). V obeh
omenjenih raziskavah niso dosegli popolnih ozdravitev, zato niso mogli prouciti, ali rezultati

lahko sluzijo kot mozen prediktivni dejavnik zdravljenja.

V klini¢ni del nase raziskave smo vkljucili 8 psov z 12 koznimi in podkoZnimi novotvorbami, od
katerih je bilo 11 mastocitomov in 1 nevrofibrosarkom. Rezultate UZ-KS smo primerjali s
klinicnim odgovorom glede na kriterije RECIST. Eden od nasih ciljev je bil z UZ-KS ovrednotiti
vpliv EKT z GEP plL-12 na perfuzijo tumorjev. Poleg tega smo Zeleli s pridobljenimi rezultati
UZ-KS ugotoviti, ali obstajajo razlike med tumoriji, ki so se na zdravljenje odzvali s popolnim

odgovorom, in tumorji, ki so se odzvali z nepopolnim odgovorom.

Podobno kot v predklini¢nih raziskavah na misjem modelu smo tudi pri psih ugotovili, da je PE
tumorjev s popolnim odgovorom znacilno niZji v primerjavi s PE tumorjev, ki so se odzvali z
nepopolnim odgovorom. Za razliko od raziskav pri misih, kjer smo povezavo z rastjo tumorja
potrdili le za PE, smo pri psih sedem dni po terapiji ugotovili, da je odstotek sprememb TTP ved;i
pri tumorjih s popolnim odgovorom kot pri tistih, ki se niso odzvali popolnoma. To pomeni, da
so tumorji s popolnim odgovorom znacilno pocasneje privzemali kontrast. Skupna znacilnost
malignih tumorjev v primerjavi z benignimi je hitro privzemanje kontrasta (216, 224) in z njim
povezan krajsi TTP. Nasi rezultati lahko kaZejo, da so tumorji po zdravljenju postali "manj
maligni", glede na to, da so zaceli pocCasneje privzemati kontrast. Ti rezultati so podobni
rezultatom raziskav pri ljudeh, ki so preucevale razlicna kemoterapevtska antiangiogena
zdravljenja, pri katerih sta se TTP in hitrost izpiranja kontrasta po terapiji zmanjsali (169, 170,
175). V raziskavi ucinkovitosti zdravljenja sorafeniba pri metastatskem raku ledvic pri ljudeh se
je povezava med izidom zdravljenja in deleZzom prekrvljenega dela tumorja zmanjsala tri tedne
po zdravljenju (165). V nasprotju pa v raziskavah, ki so ocenjevale UZ-KS po radioterapiji

spontanih tumorjev pri psih (218), rezultati UZ-KS niso napovedali izida bolezni. Tudi tu je
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mozen razlog za slednji rezultat razlika v mehanizmu delovanja radioterapije v primerjavi z EKT

v kombinaciji z GEP plL-12, kot smo razpravljali v prejsSnjem podpoglavju.

V raziskavi devetih psov s spontanimi tumorji, zdravljenih z GEP plL-12(176), so z UZ-KS opazili
znatno zmanjsanje obmocja povrsine pod krivuljo harmonskega signala v ¢asu merjenja (AUC),
kar odraZa relativno koli¢ino krvi preiskovanega obmocja v ¢asu merjenja. Prav tako je bila v
primerjavi z izhodiS¢nimi vrednostmi 8. in 35. dan znatno nizja hitrost izpiranja (angl. wash-out),
ki opisuje hitrost pretoka krvi, kar je skladno z rezultati nase raziskave. Podobne parametre, ki
odrazajo relativno koli¢ino krvi in hitrost pretoka krvi, in sicer PE oziroma TTP, so isti avtoriji
raziskali v raziskavi petih psov, zdravljenih z GEP plL-12 v kombinaciji z metronomskim
ciklofosfamidom (177). Opazili so znatno zmanj$anje PE in podaljsan TTP 35 dni po zdravljenju,
kar je v skladu z nasimi rezultati, medtem ko so v nasprotju z nasimi rezultati 8 dni po zdravljenju
opazili povecanje PE. Razliko v dinamiki PE lahko najverjetneje pripiSemo dejstvu, da so
Cicchelero in sod. (177) raziskali GEP plL-12 (brez EKT), ki ne povzroca prekinitve integritete
endotelijske stene (angl.,, vascular disrupting effect), to je citotoksi¢nega ucinka
kemoterapevtskih zdravil na endotelijske celice zil (89, 91, 92), ki ga lahko opazimo po
zdravljenju z EKT. Zdravljenje z GEP plL-12 ima za posledico bistveno manj izrazit protitumorski
ucinek (62), opazen tudi v slednji raziskavi, saj niso opazili nobenega klinicno pomembnega
izida (177). Vendar pa je verjetno, da je zmanjsanje PE in podaljSanje TTP 35 dni po zdravljenju
posledica antiangiogenega ucinka genske terapije. Dodatna razlika med nasimi raziskavami je
tudi dejstvo, da je slednja raziskava (177) vkljucevala pet razli¢nih vrst tumorjev, UZ-KS pa je bil
opravljen le v treh ¢asovnih tockah, torej pred terapijo ter v 8. in 35. dnevu, zato nasih podatkov
tako ni mogoce neposredno primerjati, ker so bili zbrani ob razlicnih ¢asovnih tockah in po

razlicnih terapijah.

Nasi rezultati so v skladu z raziskavami pri ljudeh, ki so pokazale, da so rezultati UZ-KS koristno
orodje za napovedovanje ucinkovitosti razlicnih antiangiogenih zdravljenj pri metastatskem
karcinomu ledvic, napredovalem hepato-celularnemu karcinomu, kolorektalnem karcinomu,
metastatskem raku dojk, gastro-intestinalnih stromalnih tumorjih ter metastatskem
melanomu (165, 166, 169, 170, 171, 172, 173, 174, 175). V nasi raziskavi se je perfuzija po
terapiji zmanjsala pri vseh tumorjih s popolnim odgovorom, kar je v skladu z znanimi Zilnimi

ucinki EP, EKT in GEP (14, 89, 92, 97, 98, 113). Zmanjsanje perfuzije tumorja takoj po terapiji je
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bilo vecje pri tumorjih s popolnim odgovorom, kar podpira domnevo, da je terapija bolj
ucinkovita, e se odraZa v takojsnji "Zilni zapori" (angl. vascular lock). Razlika je bila znacilna vse
do sedmega dne, z izjemo tretjega dne. To je pomembna ugotovitev, skladna s pri¢akovanjem,
da je manj verjetno, da bo izid terapije ugoden, Ce terapija ne pokaZze antiangiogenih ucinkov,
ki povzrocijo zmanjSano perfuzijo v dneh po zdravljenju. Podoben trend smo opazili tudi tretji
dan, vendar razlika ni bila znacilna. NajverjetnejsSi razlog za slednje je nesodelovanja lastnika in
s tem manjkajoci podatki enega psa s tremi tumorji. Pokazali smo, da lahko rezultate UZ-KS
uporabimo za napovedovanje izida zdravljenja pri pacientih, ki smo jih zdravili s kombiniranim

zdravljenjem EKT in GEP.

3.4 Heterogenost perfuzije tumorjev

Koncept heterogenosti tumorjev Se ni vkljucen v sedanjo kliniéno onkolosko prakso ali
paradigmo zdravljenja raka, obstajajo pa raziskave, da heterogene funkcionalne/bioloske
znacilnosti tumorjev pomembno vplivajo na izid zdravljenja (199). Heterogeno odzivanje je
znacilno za vec nacinov zdravljenja raka, vendar ostaja rezim zdravljenja ve¢inoma enoten, zato
je neuspeh zdravljenja tako pogost pri razli¢nih vrstah raka, kjer so bile upostevane priporocene

smernice za najprimernejse zdravljenje (199).

V nasi raziskavi smo heterogenost perfuzije skozi tumorje dolocCili s standardno deviacijo
izbranih ROI. Te smo primerjali z izidom zdravljenja z namenom, da bi ugotovili, ali lahko tudi
heterogenost perfuzije, in ne le njeno intenzivnost, uporabimo za napovedovanje izida. Tako v
raziskavi pri psih kot tudi pri misjih melanomih, zdravljenih z EKT in GEP plL-12, smo pokazali,
da sta heterogenost perfuzije in izid zdravljenja povezana. To je pomembna ugotovitev, saj kaze
na mozno prediktivno vrednost heterogenosti perfuzije pri terapijah, ki temeljijo na
antiangiogenih ucinkih. Podobne rezultate je pokazal CT-KS tumorjev jeter pri ¢loveku, ki so bili
zdravljeni z antiangiogeno terapijo; zmanjSana heterogenost perfuzije je bila povezana z boljso
lokalno kontrolo tumorja in daljSim prezZivetjiem (200). V nasprotju pa je bila pri raku
materni¢nega vratu, zdravljenem z radioterapijo in kemoterapijo ter ocenjenim z MRI-KS,
zmanjsana heterogenost perfuzije povezana s slabSim izidom zaradi manjSega odziva na
radioterapijo v delih tumorija, kjer je zmanjsana perfuzija povzrocila lokalno hipoksijo (199).

Tako bi lahko sklepali, da sta perfuzija in heterogenost perfuzije, ovrednoteni z UZ-KS, uporabni
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za napovedovanje rezultatov antiangiogenih zdravljenj, vendar ju ni mogoce uporabiti za vse

vrste onkoloskih zdravljen;.

Napovedovanje izida zdravljenja je zahtevno, Se posebej v luci, da ga med zdravljenjem
izvedemo ¢im prej, kadar so ciljno prilagojene terapije ucinkovitejse (199, 200). Nasi rezultati
heterogenosti perfuzije tumorjev kazejo, da je za oceno izida zdravljenja EKT mogoce uporabiti
ne samo intenzivnost perfuzije tumorja, temvec tudi heterogenost perfuzije; ¢e so tumorji po
zdravljenju Se vedno heterogeni, je morebiti potrebno razmisliti o ponovni terapiji. V raziskavi
na misjem modelu, zdravljenem z EKT z BLM in GEP plL-12, je heterogenost perfuzije korelirala
z rastjo tumorja samo v dveh ¢asovnih toc¢kah; zato so potrebne nadaljnje raziskave, da se oceni,
ali GEP p-IL12 vpliva na ozZilje tumorja tako, da je heterogenost perfuzije tumorja manj

prediktivna za rast tumorja.
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4 SKLEPI

V nasih predklinicnih raziskavah smo potrdili, da rezultati UZ-KS pokaZzejo znacilno
zmanjsano perfuzijo jeter prasic¢a po EP/EKT ter misjih induciranih tumorjev, zdravljenih z
metodo, ki temelji na EP. Enako smo ugotovili tudi v klini¢ni raziskavi pri pasjih tumorjih,

zdravljenih s kombinacijo EKT in GEP plL-12.

Nasi rezultati potrjujejo, da je EKT varna za zdravljenje tumorjev, ki mejijo na velike jetrne
niso pokazale klinicno pomembnih poskodb velikih jetrnih Zil in parenhima; stene Zil in

njihova prehodnost so bile nespremenjene.

Z raziskavami na misih in psih smo z UZ-KS dokazali heterogeni pretok skozi tumorje

potrdili, da je heterogenost perfuzije povezana z izidom zdravljenja.

Tako v predklini¢nih raziskavah na induciranih misjih tumorjih kot pri spontanih tumorjih
psov smo potrdili, da rezultati UZ-KS korelirajo z lokalnim odgovorom na zdravljenje s
terapijami, ki temeljijo na uporabi EP. Perfuzija tumorjev je po terapiji vecja pri tumorjih,

ki so se odzvali z nepopolnim odgovorom, kot pri tistih s popolnim odgovorom.

Prediktivno vrednost UZ-KS smo potrdili s statisticno znacilnimi Pearsonovimi koeficienti:

vecja kot je bila perfuzija tumorija, krajsi je bil pricakovani ¢as podvojitve tumorja.

Na klini¢nih pacientih smo ugotovili razlike v intenzivnosti in heterogenosti perfuzije med
tumorji s popolnim odgovorom in tumorji, ki se niso odzvali ali se niso odzvali popolnoma
vse preiskovane dni po zdravljenju, zato predlagamo, da bi v prihodnjih raziskavah izvajali

UZ-KS tumorjev psov pred in takoj po terapiji ter v nekajdnevnih razmikih.
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5 POVZETEK

Reverzibilna EP je metoda, ki z izpostavitvijo celic kratkim visokonapetostnim elektri¢nim
pulzom zacasno poveca prepustnost celicne membrane in omogoc¢a molekulam vstop v celico.
Reverzibilna EP se uporablja pri dveh nacinih zdravljenja bolnikov s tumorji: pri EKT, kjer se
omogoci vstop v celice kemoterapevtikom, in pri GEP, kjer se omogoci vnos genetskega
materiala za proizvodnjo Zelenega proteina. Kljub klini¢ni uc¢inkovitosti zdravljenj na osnovi EP
pa Se vedno primanjkuje podatkov o varnostnih vidikih EKT tumorjev jeter ter o parametrih, ki
bi lahko napovedaliizid zdravljenja, zato je bil namen doktorskega dela ovrednotenje rezultatov

slikovno-diagnosti¢nih metod po EP in EKT jeter zdravih prasi¢ev ter po EKT in GEP induciranih

misjih in spontanih pasjih tumorjev.

Radioloske spremembe jeter zdravih prasicev po EP in EKT z BLM in varnostni vidik potencialno
nevarne vstavitve elektrod v velike jetrne Zile smo preucili z UZ-KS takoj po EKT ter s CT-KS od
60 do 90 minut in en teden po EKT. Kot model preiskovanja uporabnosti UZ-KS kot
prediktivnega dejavnika zdravljenja s terapevtskimi metodami, ki temeljijo na EP, smo izbrali
misi z induciranimi melanomi B16F10. V prvi raziskavi na miSjem modelu smo tumorje zdravili
z obsevanjem in GEP plazmida, ki utiSa MCAM, v drugi raziskavi pa z EKT z BLM in GEP plL-12.
Pri psih s spontanimi tumorji, ki so bili zdravljeni z EKT v kombinaciji z GEP, smo primerijali
rezultate UZ-KS tumorjev, ki so se odzvali na zdravljenje s popolnim odgovorom, s tistimi, ki se

na zdravljenje niso odzvali ali se niso odzvali popolnoma.

Rezultati slikovno-diagnosti¢nih metod jeter prasic¢ev po EP in EKT z BLM so pokazali znacilno
zmanjsano perfuzijo tretiranega podrocja. Spremembe niso bile posledica uporabe BLM, saj so
bile enake pri poskusni in kontrolni skupini, kjer smo aplicirali samo elektricne pulze. Namerna
vstavitev elektrod in aplikacija elektri¢nih pulzov neposredno v svetlino velikih Zil ni povzrocila
tromboz, krvavitev ali drugih hemodinamsko pomembnih poskodb. V prvi raziskavi na misjem
modelu smo opazili zmanjSanje perfuzije tumorjev v terapevtskih skupinah v primerjavi s
kontrolnimi skupinami in rezultati UZ-KS so korelirali z zmanjSano gostoto Zil. Povprecne
vrednosti parametra, ki opisuje volumen pretoka, ki smo ga izracunali kot razliko med vrhom
intenzitete signala ter osnovno vrednostjo intenzitete signala, tj. vrh locljivosti oz. maksimalno

ojacanje kontrasta (PE), so bile znacilno nizje pri tumorjih, ki so se odzvali na terapijo s popolnim
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odgovorom, in vrednosti PE so pokazale trend korelacije s protitumorsko ucinkovitostjo. V drugi
raziskavi na misjih melanomih, zdravljenih z EKT v kombinaciji z GEP plL-12, je UZ-KS pokazal
zmanjsano perfuzijo v skupinah z daljSim ¢asom podvojitve volumna tumorja in prediktivho
vrednost UZ-KS smo potrdili z znacilnimi Pearsonovimi koeficienti: vi$ja kot je bila vrednost PE,
krajsi je bil pricakovani ¢as podvojitve volumna tumorja. Nadalje, s krajsim ¢asom podvojitve
volumna je bila znacilno povezana tudi vecja heterogenost perfuzije tumorja. Tudi v klini¢ni
raziskavi pri psih smo ugotovili Stevilne razlike v parametrih UZ-KS med tumorji s popolnim
odgovorom in tumorji z nepopolnim odgovorom: perfuzija in heterogenost perfuzije sta bili

manjsi pri tumorjih s popolnim odgovorom.

Z raziskavo na prasi¢ih smo prvi natanéno opisali akutne slikovno-diagnosti¢ne spremembe
jeter po EKT z BLM in pri¢akujemo, da bomo z rezultati doprinesli, da bo EKT globoko lezecih
tumorjev bolj varna in ucinkovita. V dveh raziskavah na misjem modelu in v klini¢ni raziskavi na
psih smo prvi pokazali, da lahko rezultate UZ-KS uporabimo za napovedovanje izida zdravljenja
s terapijami, ki temeljijo na EP. Tudi o rezultatih UZ-KS, ki kaZejo, da je heterogenost tumorjev
povezana z rastjo tumorja, do sedaj drugi avtorji niso porocali. Tako smo potrdili vse zastavljene
hipoteze in pri¢akujemo, da bomo z rezultati doktorske disertacije pripomogli k optimizaciji
protokolov zdravljenja z EKT in GEP tako v veterinarski kot humani medicini. Rezultati UZ-KS so
neraziskan klini¢ni parameter zdravljenja z EKT in GEP in imajo znaten potencial v klinicnem
ocenjevanju ucinka zdravljenja, saj nam zaradi takojsnjih rezultatov in moZnosti veckratnega
ponavljanja postopka omogocajo personalizirani pristop k zdravljenju s terapijami, ki temeljijo

na EP.
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6 SUMMARY

Reversible EP is a method that allows molecules to enter the cell because exposure of the cells
to short high-voltage electrical pulses temporarily increases cell membrane permeability.
Reversible EP is used in two types of treatment of tumor patients: ECT, which allows
chemotherapeutic drugs to enter cells, and GET, which allows the entry of genetic material to
produce the desired protein. Despite the clinical efficacy of EP-based treatments, there is still
insufficient data on the safety aspects of ECT of liver tumors and on parameters that could
predict the outcome of treatment. Therefore, the aim of this dissertation was to evaluate the
results of diagnostic imaging methods after EP and ECT of healthy porcine liver, when the
electrodes are inserted and the electrical pulses are applied directly into the lumen of the major
hepatic vessels, and after ECT and GET of induced murine and spontaneous canine tumors, to

investigate the applicability of DCE-US as a predictive factor of ECT and GET treatment.

Radiological changes in the liver parenchyma of healthy pigs and in the large blood vessels after
ECT with BLM with potentially dangerous insertion of electrodes into the large hepatic vessels
were studied by DCE-US immediately after and DCE-CT 60 to 90 min and one week after
treatment. Mice with induced B16F10 melanoma were selected as a model to investigate the
utility of DCE-US as a predictor of EP-based treatment. In the former study on a mouse model,
tumors were treated with irradiation and GEP of the MCAM silencing plasmid; in the latter
study mice were treated with ECT with BLM and/or GEP plL-12. In dogs with spontaneous
tumors treated with ECT and GET, we compared the DCE-US results of tumors that responded
to treatment with a complete response to those that did not respond or did not respond

completely.

Porcine liver results of diagnostic imaging after ECT showed decreased blood flow in the treated
area. The changes were not due to the use of BLM, as they were the same in the experimental
groups and the control groups in which only electrical pulses were administered. Intentional
insertion of electrodes and application of electrical pulses directly into the lumen of large
vessels did not result in thrombosis, haemorrhage, or other hemodynamically significant injury.
In the first study in a mouse model, we observed a decrease in tumor perfusion in the treatment

groups compared with the control groups, and the results of DCE-US correlated with decreased
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vessel density. The mean value of the parameter describing flow volume, calculated as the
difference between peak signal intensity and baseline signal intensity, i.e., peak enhancement
(PE), was significantly lower in tumors that responded to therapy with complete response, and
the values of PE showed a trend toward correlation with antitumor efficacy. In the study on
mouse melanomas treated with ECT with BLM in combination with GET plL-12, DCE-US showed
lower perfusion in groups with longer tumor volume doubling time, and the predicted DCE-US
value was confirmed by statistically significant Pearson coefficients: the higher the PE value,
the shorter the expected tumor volume doubling time. In addition, greater tumor perfusion
heterogeneity was associated with shorter volume doubling time. In our clinical study, we also
found a number of differences in DCE-US parameters between tumors with complete response
and tumors with incomplete response: perfusion and perfusion heterogeneity were lower in

tumors with complete response.

The study in pigs is the first to accurately describe acute imaging changes in the liver after ECT
with BLM, and we expect the results will help make ECT of deep-seated tumors safer and more
effective. In two studies using a mouse model and in the canine clinical study, we were the first
to demonstrate that DCE-US results can be used to predict treatment outcome for EP-based
therapies. DCE-US results showing that tumor heterogeneity is associated with tumor growth

have not been previously reported by other authors, either.

DCE-US results are unexplored parameters of ECT and GET treatments. They allow us to take a
personalized approach to treatment with EP-based therapies because the results are
immediate and there is the possibility of repeating the DCE-US procedures. Therefore, we
believe that DCE-US has significant potential for clinical evaluation of treatment efficacy, and
we expect that the results of the dissertation will help to optimize the treatment approach with

ECT and GET in both animal and human medicine.
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9.2 Priloga 2. Dopolnilni podatki ¢lanka 2.2
Ultrazvocni pregled s kontrastnim sredstvom za oceno perfuzije tumorjev in izida zdravljenja

na modelu misjih melanomov

SUPPLEMENTARY INFORMATION
CONTRAST-ENHANCED ULTRASOUND FOR EVALUATION OF TUMOR PERFUSION AND
OUTCOME FOLLOWING TREATMENT IN A MURINE MELANOMA MODEL

Supplementary Figure Legends

Supplementary Figure S1: Histological staining for blood vessels and associated CEUS perfusion
evaluation in melanoma B16F10 after treatment with GET pMCAM and irradiation.

Supplementary Figure S2: Analysis of B16F10 tumor perfusion (CEUS PE) and vascular density after
silencing of MCAM and irradiation.

Supplementary Figure S3: Contrast-enhanced ultrasonography (CEUS) of melanoma B16F10. The mouse
was treated with electrical pulses only (EP group) and CEUS carried out on day 6.

Supplementary Figure S4: CEUS results after combined treatment of GET and irradiation in B16F10
melanoma. Based on CEUS measurements, peak enhancement (PE) was calculated as the difference
between peak intensity (Pl) and base intensity (BI).

Supplementary Figure S5: CEUS perfusion curves of a complete response tumor treated with gene
electrotransfer of control plasmid DNA and irradiation. A=day 0, B=day 1, C=day 2, D =day 5,
E=day 7, and F=day 10.

Supplementary Table Legends

Supplementary Figure S6: Growth of B16F10 melanomas after silencing of MCAM and irradiation. CTRL
= control, EP = application of electrical pulses; GET = gene electrotransfer; IR = single-dose irradiation,
15 Gy; pC = intratumoral injection of control plasmid; pMCAM = intratumoral injection of plasmid DNA
encoding shRNA for MCAM. Data represent mean and standard error of the mean (mean+SE) of tumors

that did not show a complete response (n=3-7).
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Supplementary Figure S7: Correlation of B16F10 tumor perfusion (CEUS PE) and vascular density, as
assessed by histological analysis, after silencing MCAM and irradiation. In the treatment groups with the
therapeutic plasmid; i.e. GET pMCAM and GET pMCAM IR, vascular density and PE were determined in
the same mice, Pearson correlation coefficient was 0.45 (95% confidence interval [-0.57, 0.92]). GET =
gene electrotransfer; IR = single-dose irradiation, 15 Gy; pMCAM = intratumoral injection of plasmid
DNA encoding shRNA for MCAM.

Supplementary Table S1. Comparison of mean peak enhancement between complete responders (CR)
and mice with tumor growth (non-CR). Mean (SD) for PE values and the number of mice for each group.
P-values correspond to t-tests for each day, with Hommel correction for family-wise error rate when
data are non-negatively associated (adjusted P).

Supplementary Table S2. Linear regression coefficients for each measurement day associating PE with

log transformed DT.
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Supplementary Figure S1: Histological staining for blood vessels and associated CEUS perfusion
evaluation in melanoma B16F10 after treatment with GET pMCAM and irradiation. Representative
histological images are shown on the left (A1-A4), 40x, brown staining shows CD31-positive tumor
vessels. Associated CEUS perfusion curves are shown on the right (B1-B4). Pink curve indicates
perfusion of whole tumor and other curves show perfusion of individual regions of interest. The
three combined therapeutic groups (1-3) and untreated control group (4) are presented: 1 = GET
PMCAM IR (gene electrotransfer of plasmid DNA encoding shRNA against MCAM and irradiation), 2 =
GET pMCAM (gene electrotransfer of plasmid DNA encoding shRNA against MCAM), 3 = GET pC IR
(gene electrotransfer of control plasmid DNA and irradiation), 4 = CTRL (untreated control). Note the
lower vessel density (brown stained blood vessels) in the histological images of A1-A3 compared to
image A4 and the correlating CEUS perfusion curves showing decreased perfusion (B1-B3) compared
to B4.).
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Supplementary Figure S2: Analysis of B16F10 tumor perfusion (CEUS PE) and vascular density after
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silencing of MCAM and irradiation. Note that there is a correlation between the average histological
vascular density and the average CEUS results for each treatment. CTRL = control, EP = application of

electrical pulses; GET = gene electrotransfer; IR = single-dose irradiation, 15 Gy; pC = intratumoral
injection of control plasmid; pMCAM = intratumoral injection of plasmid DNA encoding shRNA for

MCAM.
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Supplementary Figure S3: Contrast-enhanced ultrasonography (CEUS) of melanoma B16F10. The
mouse was treated with electrical pulses only (EP group) and CEUS carried out on day 6.
Representative images at different time points (A — G), with the non-linear contrast mode seen to the
right of each image. Note that tumors start filling with microbubbles 3 seconds after administration.
Perfusion curves for the whole tumor (pink curve) and different ROIs are shown in H.
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Supplementary Figure S4: CEUS results after combined treatment of GET and irradiation in B16F10
melanoma. Based on CEUS measurements, peak enhancement (PE) was calculated as the difference
between peak intensity (Pl) and base intensity (Bl). Data represent individual measurements for each
animal in the group at a given time point. All 12 groups are shown. CTRL = control, CR = complete
responder; EP = application of electrical pulses; GET = gene electrotransfer; IR = single-dose
irradiation, 15 Gy; pC = intratumoral injection of control plasmid; pMCAM = intratumoral injection of
plasmid DNA encoding shRNA for MCAM.
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Supplementary Figure S5: CEUS perfusion curves of a complete response tumor treated with gene
electrotransfer of control plasmid DNA and irradiation. A=day 0, B=day 1, C=day 2, D = day 5,

E =day 7, and F = day 10. Peak enhancement (PE) values of the whole tumor (represented by the pink
curve) on these days were 9.5 (A), 3.7 (B), 6.9 (C), 0.3 (D), 1.6 (E) and 5.4 (F). Pink curve indicates
perfusion of whole tumor and other curves show perfusion of individual regions of interest. Note the
heterogeneity of perfusion on days 0, 1, 2 and 10.



M. Brloznik: Vrednotenje perfuzije ... po elektroporaciji s slikovno-diagnosti¢nimi metodami. 127
Ljubljana: UL, Veterinarska fakulteta, 2021. Doktorska disertacija.

500

=9
s 2

Tumor volume (mm3)
—
(=]
1

3]
|

I I I I I 1

0 5 10 15 20 25 30
Time (days)
—— CTRL R =fe=  pMCAMHIR
— —— GETpC —o— EPHR
=¥ pMCAM —*—  GET pMCAM —e— GETpCHR
=] —— pC+R —e— GET pMCAM+IR

Supplementary Figure S6: Growth of B16F10 melanomas after silencing of MCAM and irradiation.
CTRL = control, EP = application of electrical pulses; GET = gene electrotransfer; IR = single-dose
irradiation, 15 Gy; pC = intratumoral injection of control plasmid; pMCAM = intratumoral injection of
plasmid DNA encoding shRNA for MCAM. Data represent mean and standard error of the mean
(mean+SE) of tumors that did not show a complete response (n=3-7).
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Supplementary Figure S7: Correlation of B16F10 tumor perfusion (CEUS PE) and vascular density, as
assessed by histological analysis, after silencing MCAM and irradiation. In the treatment groups with
the therapeutic plasmid; i.e. GET pMCAM and GET pMCAM IR, vascular density and PE were
determined in the same mice, Pearson correlation coefficient was 0.45 (95% confidence interval [-
0.57,0.92]). GET = gene electrotransfer; IR = single-dose irradiation, 15 Gy; pMCAM = intratumoral
injection of plasmid DNA encoding shRNA for MCAM.
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Supplementary Table S1. Comparison of mean peak enhancement between complete responders (CR)

and mice with tumor growth (non-CR). Mean (SD) for PE values and the number of mice for each

group. P-values correspond to t-tests for each day, with Hommel correction for family-wise error rate

when data are non-negatively associated (adjusted P).

day CR n non-CR n P adjusted P
0O 8.88(0.85) 2 521(3.86) 34 0.011 0.032
1 466(2.24) 4 6.10(3.99) 22 0.340 0.680
2  467(3.17) 4 542(4.75) 25 0.698 0.698
5 266(1.68) 4 7.42(3.36) 34 0.003 0.015
6 1.70(0.71) 3 527(2.57) 12 0.001 0.007
7 282(214) 8 6.21(2.99) 13 0.007 0.021

Supplementary Table S2. Linear regression coefficients for each measurement day associating PE with

log transformed DT.

day regression coefficient (PE) P adjusted P
0 0.043 0.410 0.740
1 -0.026 0.740 0.740
2 -0.085 0.168 0.503
5 -0.208 <0.001 0.002
6 -0.384 0.003 0.015
7 -0.217 0.012 0.048
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9. 3 Priloga 3. Dopolnilni podatki ¢lanka 2.3
Tumorska perfuzija, ovrednotena z dinami¢no ultrazvo¢no kontrastno preiskavo kot

prediktivni dejavnik misjih melanomov, zdravljenih z elektrokemoterapijo in genskim

v

SUPPLEMENTARY INFORMATION

TUMOR PERFUSION EVALUATION USING DYNAMIC CONTRAST-ENHANCED ULTRASOUND
AFTER ELECTROCHEMOTHERAPY AND IL-12 PLASMID ELECTROTRANSFER

IN MURINE MELANOMA

Supplementary Figure Legends

Supplementary Figure S1: Dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) in
B16F10 melanoma after electrochemotherapy with bleomycin (ECT BLM). A = untreated control,
B = immediately after ECT BLM, C = 6 hours after ECT BLM, D = 36 hours after ECT BLM. To the left, the
perfusion curve is presented and to the right, contrast-enhanced T1-weighted image is shown. Note
that signal intensity increases for only 70 arbitrary units (a.u.) in B and 110 a.u. in C, while it increases
by more than 500 a.u. in Aand D.

Supplementary Figure S2: Dynamic contrast-enhanced ultrasound (DCE-US) examination of melanoma
B16F10; untreated control on day 6: representative images at different times (A = at 3 sec, B = at 6 sec,
C=at 20 sec, D = at 40 sec, E = at 80 sec), where the nonlinear contrast mode is shown to the right of
each image. Perfusion curves for the whole tumor and different regions of interest (ROls) are presented
inF.

Supplementary Figure S3: Schedule for the combined treatment of electrochemotherapy with
bleomycin (ECT BLM) and gene electrotransfer of plasmid DNA encoding mouse interleukin-12 (ECT BLM
GET pIL-12).

Supplementary Figure S4: Schedule for dynamic contrast-enhanced ultrasound (DCE-US) examinations.
Supplementary Figure S5: Dynamic contrast-enhanced ultrasound (DCE-US) perfusion curve with a
schematic presentation of dynamic parameters. Raw data and fitting curves are presented by M9
(Mindray) ultrasound machine built-in machine software. Peak enhancement (PE) is the difference
between peak (Pl) and base intensity (Bl). The arrival time (AT) is the time after contrast injection until

the appearance of contrast. Time to peak (TTP) is the time when the contrast intensity reaches a peak
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value. Descend time to one-half (DT/2) is the time when the intensity is half the value of the peak
intensity. Ascending and descending slopes (AS and DS) refer to slope coefficients. Area under the curve

(AUC) is area under the perfusion curve.

Supplementary Table Legends

Supplementary Table S1: Tumor growth delay (GD) and doubling time (DT) after electrochemotherapy
with bleomycin (ECT BLM) and gene electrotransfer of plasmid DNA encoding mouse interleukin-12
(GET plL-12) in the melanoma B16F10 model.

Supplementary Table S2: Mean peak enhancement (PE) values and their standard error after
electrochemotherapy with bleomycin (ECT BLM) and gene electrotransfer of plasmid DNA encoding
mouse interleukin-12 (GET plL-12) in the melanoma B16F10 model. Note that on days 7 and 10, only
mice in the therapeutic groups (ECT BLM and ECT BLM combined with GET plL-12) were measured
because mice in the control groups were humanely sacrificed on day 6 due to the disease burden.
Supplementary Table S3: Pearson correlation coefficients for each day of the dynamic contrast-
enhanced ultrasound (DCE-US) measurement, associating peak enhancement (PE) with logarithmically
transformed tumor doubling time (DT). Note that data for mice in all groups are presented.
Supplementary Table S4: Pearson correlation coefficients for each day of the dynamic contrast-
enhanced ultrasound (DCE-US) measurement, associating peak enhancement (PE) with logarithmically
transformed tumor doubling time (DT). Note that only data for mice in the therapeutic groups (ECT BLM
and ECT BLM combined with GET plL-12) are presented.
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Supplementary Figure S1: Dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) in
B16F10 melanoma after electrochemotherapy with bleomycin (ECT BLM). A = untreated control,
B = immediately after ECT BLM, C = 6 hours after ECT BLM, D = 36 hours after ECT BLM. To the left, the
perfusion curve is presented and to the right, contrast-enhanced T1-weighted image is shown. Note
that signal intensity increases for only 70 arbitrary units (a.u.) in B and 110 a.u. in C, while it increases
by more than 500 a.u. in Aand D.
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Supplementary Figure S2: Dynamic contrast-enhanced ultrasound examination (DCE-US) of melanoma
B16F10; untreated control on day 6: representative images at different times (A = at 3 sec, B = at 6 sec,
C=at 20 sec, D = at 40 sec, E = at 80 sec), where the nonlinear contrast mode is shown to the right of
each image. Perfusion curves for the whole tumor and different regions of interest (ROls) are presented
inF.
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SCHEDULE (minutes)

| 0 1 2 3 4 5 6 7 I
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injection injection
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Supplementary Figure S3: Schedule for the combined treatment of electrochemotherapy with
bleomycin (ECT BLM) and gene electrotransfer of plasmid DNA encoding mouse interleukin-12 (ECT BLM
GET plL-12).
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Supplementary Figure S4: Schedule for dynamic contrast-enhanced ultrasound (DCE-US) examinations.

Supplementary Figure S5: Dynamic contrast-enhanced ultrasound (DCE-US) perfusion curve with a
schematic presentation of dynamic parameters. Raw data and fitting curves are presented by
M9 (Mindray) ultrasound machine built-in machine software. Peak enhancement (PE) is the difference
between peak (Pl) and base intensity (Bl). The arrival time (AT) is the time after contrast injection until
the appearance of contrast. Time to peak (TTP) is the time when the contrast intensity reaches a peak
value. Descend time to one-half (DT/2) is the time when the intensity is half the value of the peak
intensity. Ascending and descending slopes (AS and DS) refer to slope coefficients. Area under the curve
(AUC) is area under the perfusion curve.
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Supplementary Table S1: Tumor growth delay (GD) and doubling time (DT) after electrochemotherapy
with bleomycin (ECT BLM) and gene electrotransfer of plasmid DNA encoding mouse interleukin-12
(GET plL-12) in the melanoma B16F10 model.

DT (days) GD (days)
Group n meanSE meantSE
Control 8 1.5+0.2 /
EP (ECT pulses) 8 3.240.3 1.7+¢0.3
EP (GET pulses) 8 2.1+0.1 0.6+0.1
BLM 8 2.210.1 0.74¢0.1
plL-12 8 1.940.1 0.4+0.1
GET plL-12 8 3.410.3 1.9+0.3
ECT BLM 8 15.5+1.6* 14.0+1.6*
ECT BLM GET plL-12 10 28.2+3.6* 26.7+3.6*

BLM = bleomycin, 7.5 ug/mouse; ECT = electrochemotherapy; EP = electric pulses; GET = gene electrotransfer;
plL-12 = plasmid DNA encoding mouse interleukin-12; SE = standard error of arithmetic mean; * = p<0.05,
statistically significant difference compared to all other group; / = not applicable.

Supplementary Table S2: Mean peak enhancement (PE) values and their standard error after
electrochemotherapy with bleomycin (ECT BLM) and gene electrotransfer of plasmid DNA encoding
mouse interleukin-12 (GET plL-12) in the melanoma B16F10 model. Note that on days 7 and 10, only
mice in the therapeutic groups (ECT BLM and ECT BLM combined with GET plL-12) were measured
because mice in the control groups were humanely sacrificed on day 6 due to the disease burden.

PEO PE 0.25 PE 1 PE 3 PE7 PE 10
Group n (a.u.) (a.u.) (a.u.) (a.u.) (a.u.) (a.u.)
meanSE meanSE mean+SE mean+SE meanSE meanSE
Control 8 | 6.5¢0.70 | 6.5¢1.120 | 6.4+1.00 | 8.9+1.10 / /
EP (ECT pulses) 4 | 2140.6%0 | 2.8+0.54 37409 | 6.620.90+ / /
EP (GET pulses) 4 3.840.7 2.910.4 2.940.5 6.3+0.9 / /
BLM 3 3.810.6 4.7£1.0 3.840.6 3.6x1.0 / /
plL-12 4 5.8+1.3 2.4+1.0 4.1+0.6 6.0+1.2 / /
GET plL-12 8 3.840.8 3.7¢0.9 6.2+1.6 4.7+0.9* / /
ECT BLM 8 2.4+0.8* 1.6+0.4*1 2.2+0.3* 2.2+0.5* 3.0+0.8 5.9+1.30
ECT BLM GET pIL-12 | 8 1.7+£0.5* 1.8+0.4* 2.1+0.6* 2.5+0.6* 2.1+0.6 2.9+0.5*

BLM = bleomycin, 7.5 ug/mouse; ECT = electrochemotherapy; EP = electric pulses; GET = gene electrotransfer;
plL-12 = plasmid DNA encoding mouse interleukin-12; PE O = peak enhancement immediately after the therapy;
PE 0.25 = peak enhancement 6 hours after therapy, PE 1 = peak enhancement 24 hours after therapy, PE 3 =
peak enhancement 3 days after therapy, PE 7 = peak enhancement 7 days after therapy, PE 10 = peak
enhancement 10 days after therapy, SE = standard error of arithmetic mean; * = p<0.05, statistically significant

difference compared to group ©; / = not applicable, ¢E¢ = statistical significance between two groups of mice.
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Supplementary Table S3: Pearson correlation coefficients for each day of the dynamic contrast-
enhanced ultrasound (DCE-US) measurement, associating peak enhancement (PE) with logarithmically
transformed tumor doubling time (DT). Note that data for mice in all groups are presented.

day r 95% Cl R? P
0 -0.5871 -0.7482 t0 -0.3608 0.2492 <0.001
0.25 -0.4510 -0.65351t0-0.1882 0.2034 0.002
1 -0.4423 -0.6472 t0 -0.1777 0.1956 0.002
3 -0.5976 -0.7552 t0 -0.3747 0.3571 <0.001
7 -0.6067 -0.8475 t0 -0.1587 0.3681 0.013
10 -0.7691 -0.9157 to -0.4419 0.5916 <0.001

r = Pearson correlation coefficient, Cl = confidence interval, R? = coefficient of determination

Supplementary Table S4: Pearson correlation coefficients for each day of the dynamic contrast-
enhanced ultrasound (DCE-US) measurement associating peak enhancement (PE) with logarithmically
transformed tumor doubling time (DT). Note that only data for mice in the therapeutic groups (ECT BLM

and ECT BLM combined with GET plIL-12) are presented.

day r 95% Cl R? P
0 -0.7746 -0.7482 to0 -0.3608 0.5999 <0.001
0.25 -0.4729 -0.7847 t0 -0.0297 0.2237 0.005
1 -0.2580 -0.66683 t0 -0.2725 0.0666 0.335
3 -0.5478 -0.8206 to -0.0715 0.3001 0.028
7 -0.6067 -0.8475 t0 -0.1587 0.3681 0.013
10 -0.7691 -0.9157 t0 -0.4419 0.5916 <0.001

r = Pearson correlation coefficient, Cl = confidence interval, R? = coefficient of determination




