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ABSTRAKT (&esky)

Habilita¢ni prace doc. MUDr. Reginy Demlové, Ph.D. na téma ,Koncepty |ékarské
farmakologie v éfe personalizované mediciny a jejich implikace prfi vyuce
farmakologie ve 21. stoleti” je zpracovana formou komentovaného souboru
publikovanych védeckych praci autorky z let 2015-2017 a habilitacni prace v oboru
Klinicka farmakologie obhdjené dne 18. 10. 2015 pred VR LF UK v Bratislavé, kterd

komentovala klinicko-vyzkumné prace pred rokem 2015 (prace je prilohou I).

Na pocatku kazdé kapitoly je vzdy uveden strucny prehled Uvodu do problematiky
a poté vlastni prispévek autorky k dané problematice, at jiz z hlediska klinické
zkudenosti nebo preklinického vyzkumu. Uvod habilitaéni prace nastoluje zékladni
pohled na komplexnost oboru zakladni a aplikované klinické farmakologie a
principy personalizované farmakoterapie v dnesni dobé. Hlavni ¢ast prace prinasi
informace o  principech individualizované mediciny a  uplathovani
individualizovaného pristupu k pacientovi, definuje farmakologické cile a vybrané
biomarkery protinddorové farmakoterapie, vénuje se jejich genezi od objevu pres
validaci az ke klinickym aplikacim. Ddle komentuje pristup personalizované
farmakoterapie ve vztahu k hostiteli, zejména imunologickym aspektim a roli
zanétlivych procest, které mohou doprovézet metabolicky syndrom. Zavér prace
se vénuje mozné implementaci preklinického i klinického farmakologického

vyzkumu autorky do pregradudlni i postgradualni vyuky lékarské farmakologie.



ABSTRACT (English)

The habilitation (associate professorship) thesis of Regina Demlova on the topic
"Pharmacological aspects of personalized medicine and their implications in
pharmacology teaching" is comprised of a compendium of author’s selected
scientific papers published in the years 2015 - 2017 amended with interpretive
comments and the habilitation thesis in the field of Clinical Pharmacology defended
on October 18th 2015 at Faculty of Medicine of the Comenius university in
Bratislava, which commented on clinical research and scientific papers published
before 2015 (attached as an appendix I).

There is always a brief overview of the introduction to the issue at the beginning
of each chapter and then the author's own contribution to the issue, whether in
terms of clinical experience or preclinical research. The overall perspective of the
complexity of the basic and applied clinical pharmacology and principles of
personalized pharmacotherapy in everyday practice are outlined in the
introductory part of the thesis. Major part of the thesis provides information on
the principles of individualized medicine and use of the individualized approach to
the patient, defines the pharmacological targets and selected biomarkers of
anticancer pharmacotherapy, and pays attention to their genesis from discovery
to validation and clinical applications. Host-approach of personalized
pharmacotherapy, particularly immunological aspects and the role of inflammatory
processes that may accompany metabolic syndrome, are discussed in the
subsequent text. Last part of the thesis deals with the possible implementation of
the preclinical and clinical pharmacological research of the author in the

pregraduate and postgraduate teaching of medical pharmacology.



2. PREDMLUVA

Predkladanou habilitacni praci v oboru ,LékaFska farmakologie"” jsem
vypracovala jako komentovany soubor 13 praci se zavéry a vystupy, které jsem
pojala jako implementaci vlastnich vyzkumnych preklinickych poznatkd a
klinickych zkusenosti do pregradualni vyuky oboru Lékarska farmakologie. Jedna
se o prace, které byly publikovany v obdobi od ukonceni mého predchoziho
habilitacniho Fizeni a komentovany soubor je tvoren 9 full-texty, 3 Meeting
Abstracts a 1 akademicky iniciovanou klinickou studii, pficemz 10 z predkladanych

praci bylo publikovano v impaktovanych ¢asopisech.

Predkladana habilitacni prace navazuje a rozsifuje jiz obhajenou habilitaéni praci
zroku 2015 na LF UK v Bratislavé. Ta se soustfedila cilené na komplexni
rozpracovani konceptu personalizované farmakoterapie v onkologii pohledem
klinického farmakologa, a to ve trech zakladnich oblastech zahrnujicich
personalizovany vyzkum Iéciv a jeho zejména farmakogenetické aspekty, s tim
souvisejici  problematiku optimalniho designu klinickych  hodnoceni a
farmakoekonomiku vcetné dopadu na Uhradové mechanismy IéCiv. Prace byla
predloZzena k obhajobé a obhajena v fijnu 2015 na LF UK v Bratislavé v ramci
akreditovaného oboru ,Klinicka farmakologie”, tedy oboru, ktery nebyl a neni
v soucasné chvili akreditovan pro habilitacni a profesorska Fizeni na zadné

z lékarskych fakult v Ceské republice.

Spis, predkladany k habilitacnimu fizeni na LF MU v Brné, se jiz vénuje specifickym
a rozsifujicim vyzkumnym tématdm z oblasti preklinické farmakologie v onkologii
a psychofarmakologii a dale pak personalizaci protinadorové farmakoterapie ve
vztahu k hostitelskému organizmu. Tento spis je potfeba vnimat jako celek,
syntézu habilitacni prace z roku 2015 (pfiloha I) a komentovaného souboru
navazujicich praci s cilovou snahou zasadit vlastni vyzkumné aktivity v oblasti
farmakologie do kontextu vyuky predmétu Lékarské farmakologie na LF MU a
predstavit tak inovativni komplexni pohled klinického farmakologa se zkusSenosti
s preklinickym vyzkumem i s dlouhodobou klinickou zkusenosti na vyuku
farmakologie v dobé personalizované farmakoterapie, na kterou je nutno

pripravovat studenty jiz béhem studia mediciny.



Predmeét Lékarska farmakologie je v soucasné dobé na LF MU vyucovan v ramci
pregradudlniho studia vSeobecného i zubniho Iékafstvi v 6. a 7. semestru studia.
V souladu se stavajici akreditaci je vénovan zejména pochopeni zakladnich
principt farmakokinetiky a farmakodynamiky v rdmci obecné farmakologie a dale
pak mechanismdm G¢&inkd jednotlivych 1ékovych skupin v rédmci studia specialni

farmakologie.

Byt jsou tyto znalosti zdsadni a nepodkroditelné zejména v preklinické ¢asti studia,
tak si b&hem svého plsobeni ve vedeni Farmakologického Ustavu od roku 2011
stale vyznamnéji uvédomuji, ze nam chybi systemati¢téjSi vyuka vénovana
aplikované klinické farmakologii a problémové orientované vyuce farmakologie na
prikladech personalizované farmakoterapie vybranych onemocnéni.
S farmakoterapii redlnych pacientd se na$i studenti potkavaji samozfejmé
v klinické c&asti studia mediciny, kdy se jim v tomto sméru dlouhodobé vénuji
kolegové, klinicti Iékafi, v jednotlivych oborech mediciny. Tato ¢ast patfi a vzdy
bude patfit do curricula klinickych obord, nicméné i tak zQstdva stale prostor pro
modernéjsi pojeti vyuky oboru klinické farmakologie. S mirnou nadsazkou lze v
obecné roviné fici, Ze nam ve vyuce chybi ,simulace farmakoterapie”. Tento
model vyuky, uplatfovany v poslednich letech zejména v anglosaskych a
skandinavskych zemich a v zemich Beneluxu, jednoznacné prispiva k vyssi arovni
znalosti farmakologie a jejich aplikaci do realné klinické farmakoterapie jiz v dobé

studia mediciny.

Zavérecny vystup v predkladané habilitacni praci ve smyslu implikaci téchto
poznatk{ pfi vyuce Lékarské farmakologie zohledfiuje préce publikované v obou
spisech tak, aby byly obsaZeny prvky jak preklinickych, tak klinickych vystupl ve

vyuce pregradualni, ale i postgradualni Lékarské farmakologie.
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3. ZAKLADNI FARMAKOLOGIE JAKO TEORETICKA NAUKA A KLINICKA
FARMAKOLOGIE JAKO INTEGRATIVNI DISCIPLINA S PRESAHEM DO
VSECH KLINICKYCH OBORU

Historie farmakologie jako védniho oboru

Pocatky farmakologie jako exaktni samostatné védy, zabyvajici se
pochopenim G¢inkd latek na lidsky organismus, byly poloZeny pfiblizné v poloviné
19. stoleti. Za zakladatele experimentalni farmakologie je povazovan profesor
Rudolf Buchheim (1820 - 1879), ktery se stal zakladatelem a prvnim profesorem
Ustavu farmakologie na univerzité v Dorpatu v Estonsku. Jeho 74k, profesor
Oswald Schmiedeberg (1838 - 1921), je pak povazovan za zakladatele moderni
farmakologie. V roce 1872 se stal profesorem farmakologie na univerzité ve
Strassburgu, kde ve svych vyzkumech mimo jiné prokazal, ze ,muskarinove
Ucinky” jsou srovnatelné s elektrickou stimulaci n. vagus a svij objev publikoval v
Outline of Pharmacology v roce 1878. Mimo Evropu byla prvni katedra
farmakologie zalozena ve Spojenych statech na Michiganské univerzité v roce 1890
pod vedenim Johna Jacoba Abeleho, rovnéz zaka prof. Schmiedeberga. Od téch

dob se farmakologie stala Zzivym, otevienym oborem, ktery zaznamenal obrovsky



rozmach, a to zejména ve 20. stoleti s ohledem na rozvoj dalSich v&dnich obord,

zejména organické chemie a biologie (1).

Jednim z prikladd té doby, ktery dokumentuje spolupraci na Urovni chemie,
biochemie a farmakologie, je objev aspirinu, |éku, ktery je stale jednim ze
zakladnich |éc¢iv pouzivanych v Siroké terapeutické praxi. Izolaci salicinu byla
pripravena kyselina salicylova a z ni roku 1853 salicylan sodny. Ten vsSak nebyl
dobfe snaen, plsobil zejména gastrointestinalni obtize a z tohoto ddvodu jej
nebylo moZno pacientdm dlouhodobé&ji podavat. V roce 1897 némecky chemik Felix
Hoffmann pripravil esterifikovany derivat kyseliny salicylové, nasledné jej podal
nékolika pacientdim s bolestmi kloubl a zaznamenal vyborné terapeutické G&inky,
soucasné bez zavaznéjsich nezddoucich G¢inkd (2). Kyselina acetylsalicylova byla

roku 1899 patentovana pod obchodnim jménem Aspirin.

DalSim  zajimavym  objevem, zalozenym na poznatcich  zdkladniho
farmakologického vyzkumu, byl objev B-sympatolytik. Teoretickym vychodiskem
k objevu beta-blokatord byl ¢ldnek ,A study of the adrenotropic receptors”
AmeriCana Raymonda P. Ahlquista, ktery byl publikovan v roce 1948 v cCasopise
American Journal of Physiology. Ahlquist v ném popsal existenci dvou druht
adrenergnich receptor( - a a B. Prace byla fadu let ignorovéna, nez byla existence
dvou druh( adrenergnich receptorl potvrzena experimentalnimi studiemi C. E.
Powela a I. H. Slatera ve vyzkumnych laboratorich farmaceutické firmy Eli Lilly pfri
pokusech s bronchodilatancii, konkrétné s isoproterenolem. Definitivni potvrzeni
vSak prinesl az vyvoj prvniho beta-blokatoru v poloviné 60. let minulého stoleti.
Prvni beta-blokator propranolol (Inderal) vyvinul v roce 1964 genialni britsky
klinicky farmakolog James W. Black, ktery se snazil anulovat Skodlivé ucinky
adrenalinu a noradrenalinu na srdce (3). Spolu s chemikem J. S. Stephansonem
testovali v laboratorich dnes jiz neexistujici farmaceutické firmy ICI fadu latek,
nez se jim podarilo vyvinout propranolol. Brzy poté bylo dolozeno, ze tato latka
vyznamneé snizuje mortalitu a morbiditu nemocnych s anginou pectoris. Nemocni
|éceni propranololem méli po trech letech ctyrikrat nizsi mortalitu na infarkt
myokardu nez nemocni bez |écby (3). Pozdéji byly také prokazany prospésné
ucinky v lécbé arytmii a hypertrofické kardiomyopatie. Tyto Uspéchy stimulovaly
dal$i farmakologicky vyzkum pB-adrenergnich receptorl, vedly k objevu PB2-
receptorl v brondich a posléze k objevu selektivnich B2-mimetik, kterd se stala

dilezitymi bronchodilatancii.



Podstatné je také zminit se o tom, Ze ani tehdejéi Ceskoslovensko nezaostavalo
ve vyzkumu novych I|éCiv, priCemz nejvyznamnéjsi a nejvyspélejsi instituci v
oblasti objevl a testovani novych farmak byl u nas v letech 1951-1990 Vyzkumny
Ustav pro farmacii a biochemii (VUFB) v Praze, kde byla vyvinuta celd fada 1éciv,
nékterych dodnes vyuzivanych v klinické praxi (pfikladem Kinedryl, Mesocain,
Prothiaden, Valetol nebo jednim z tehdy nejvyznamnéjsich pak Trimepranol).
V sedmdesatych letech byl také zahajen vyzkumny program protinadorovych IécCiv
v brnénské firmé& LACHEMA. V lékopisné kvalité byla zvladnuta purifikace
platinového komplexu s naslednou vyrobou lyofilizovanych injekci PLATIDIAM
obsahujicich cisplatinu. Vroce 1981 byla UspéSné dokoncena syntéza
methotrexatu, obdobné tomu bylo i v pfipadé antidota leukovorinu, které pak
umoznilo zavedeni vysokodavkové chemoterapie methotrexatem. Vyzkumny tym
v kratké dobé zvladl i syntézu dacarbazinu a tamoxifenu, jejichz Iékové formy

uspésné zaved| do vyroby a registroval pro pouziti v klinické praxi (4).

D& se asi obecné Fici, ze ke konci 20. stoleti, v ndvaznosti na obrovsky pokrok
v oblasti genetiky a rozvoji molekularné-diagnostickych metod, se vyzkum a vyvoj
novych léCiv presouva smérem k biotechnologicky vyvijenym lécivlim, které
maji mnohem komplexnéjsi strukturu, vyssi molekulovou hmotnost, odliSnou
farmakokinetiku i farmakodynamické cile. Soucasny trend vyvoje novych IéCiv je
charakterizovan zejména posunem od ,jednodussich, chemicky definovanych
molekul” az k dnesni cilené 1é¢bé& a 1é¢ivym pripravkim pro moderni terapie, jako
jsou somatobunécna a genova terapie nebo produkty tkanového inzenyrstvi. Tento
trend ve vyvoji novych cilenych |éCiv sebou dnes ovSem prinasi dalSi vyzvy,
zejména vymezeni jejich mnohem personalizovanéjsich indikaci vcéetné specifik
davkovani a daldich farmakologickych principd. V tomto ohledu jiz farmakologie
neni pouze teoretickou exaktni védou jako na svém zacatku, ale aplikovanou

IékaFskou disciplinou, kterd vede k Uspé&3né farmakoterapii nasich pacientd.



Klinicka farmakologie a farmakoterapie v realné klinické praxi

Farmakoterapie a preskripce 1é¢ivych ptipravk{ je zésadni dovednosti, s niz se ve
své klinické praxi potkavaji v podstaté vsichni klinicti Iékafi. Farmakoterapie a Iéky
jsou zdaleka nejcastéjsi formou |éCebné intervence, ale také nejcastéjsi pricinou
iatrogenniho podkozeni pacientd. Obecné& Ize Fici, ze Ié&ivych pfipravkl
preskribovanych lékari v kazdodenni redlné klinické praxi pribyva a orientovat se
v portfoliu Ié¢iv pro dané onemocnéni, znat principy mechanismd Géinkd, jejich
nezadouci ucinky a potencial klinickych interakci je stale naroc¢néjsi. Nesmirné se
navysil pocet registrovanych léciv, dnes jich mame uz pres jedenact tisic, a ani
farmakolog nemU(ze zvladnout znat vdechny detailn&. Navic se rychle méni nazvy
lékd, na trh se uvadi velky pocet ,generickych” Ié¢iv a roli hraje i ekonomicky tlak
platch péce. V tomto smyslu se v piipadé farmakologie jiZz nejedna o védu v uz&im
slova smyslu, ale o translaci farmakologickych poznatkl do redlné klinické praxe.
Je potreba oprasit termin ,uUcelné farmakoterapie”, coz vnimam jako jedno
z nejdllezitéjsich témat soucasné mediciny ve vztahu k farmakoterapii. Ucelnd
farmakoterapie nikoliv tedy jako restriktivni a regulacni prvek, nybrz jako snaha o
dosazeni optimalniho farmakoterapeutického zasahu pFizplsobeného konkrétnimu
pacientovi nejen na zakladé diagnézy, ale i z hlediska jeho dalSich chorob,

soubézné medikace, véku nebo farmakogenetickych variabilit.

Zde vidim také opétovné se objevivsi prostor pro renesanci oboru klinické
farmakologie, aplikované to Iékarské discipliny, ktera musi dbat na to, aby se
v dobé personalizované mediciny a stale cilenéjSiho zasahu farmak nevytratily z
farmakoterapie prvky komplexnosti a kontextu realného pacienta v kazdodenni
lékarské praxi. Kazdy klinicky lékar se s farmakoterapii potkava, a musime pocitat
s tim, Ze do budoucnosti budou kladeny stale v&tsi ndroky na znalosti 1ékafl a
vétsi dlraz jejich potfebu se dale vzdélavat i v postgradudinim studiu. Tomu
vSemu musi predchazet vyuka na pregradualnim stupni vzdélavani na Iékarskych
fakultach. Tento aspekt si také dovolim sumarizovat ve 4. kapitole této habilitacni
prace s implikaci vlastnich preklinickych i klinickych farmakologickych poznatkd,
které jsou detailné&ji diskutovany v kapitolach 3.1. a 3.2, do zejména pregradualni,

ale i postgradualni vyuky Lékarské farmakologie.



3.1 PREHLEDOVA CAST K PERSONALIZOVANYM CiLIM VE FARMAKOTERAPII
NADORUO

V této casti si dovolim navdzat na ¢ast A 2.2. (Personalizovand medicina jako
Ltargeted therapy”) v habilitacnim spisu z roku 2015, ktery se vénoval vyhradné
klinicko-farmakologickému pohledu na personalizaci farmakoterapie (samotny
spis je prilohou ¢. I této habilitacni prace). Zminila jsem zde, ze je mozno definovat
nékolik atributl ve vztahu k cilovym strukturdm a charakteristickym znakdm
vlastniho nadoru, které se spolupodili na vysledném terapeutickém efektu. Jako
zadsadni vSak stdle vnimdam nutnost holistického pohledu na farmakoterapii, neb
stale plati zakladni farmakologicky postulat, ze ,personalizované” musime vnimat
samoziejmé strukturu, na kterou Iék pusobi - ,target”, sou¢asné véak nesmime
opomenout klicovy faktor hostitele — tedy jedince, kterému je lécivo podavano se
véemi jeho moznymi specifiky vcéetné farmakogenetickych a imunologickych
aspektl. V predlozeném textu se budu dale vénovat farmakologickému pohledu
na mozné terapeutické cile, at jiz na Grovni receptoru nebo signalni drédhy/drah,
s komentarem vybranych publikaci, které vznikly na zakladé vlastnich

preklinickych experimentld nebo klinického vyzkumu.

V souladu s Siroce citovanou praci Weinberga a Hanahana (5,6) Ize identifikovat
deset zdkladnich charakteristik nadorové buriky (,hallmarks of cancer”), na néz
Ize v dnesni dobé farmakologicky cilit, jsou tedy farmakologicky ovlivnitelné. Jsou
jimi autokrinni produkce rdstovych faktor(, necitlivost k regulaci rdstu, unik
imunitnimu dohledu organismu, neomezeny replikacni potencial, zanétliva reakce,
prolongovana angiogeneze, invazivita do tkani, metastazovani, potlacena
apoptéza a deregulace bunécného metabolismu. Na tomto misté si dovolim
zopakovat, e personalizace farmakoterapie se nemiZe omezit pouze na cileni
»hallmarks of cancer”, kromé identifikace terapeutického cile na Urovni receptoru
nebo signalni drahy sehravaji ve farmakoterapii nadorovych onemocnéni soucasné
roli i proménné ve vztahu k nadorovému mikroprostfedi a zejména k nositeli
onemocnéni, tedy pacientovi. Nelé¢ime nador, nybrz pacienta s nddorem, je tedy
nutno vnimat i komplexnost systémovych faktor( ze strany pacienta, jimiz jsou
jeho vék, pohlavi, komorbidity a komedikace, lékové interakce, nutri¢ni stav,
mikrobiom a zivotni styl, ,farmakogenom”, tj. individualni biotransformacni
kapacita a konec¢né imunitni vybava pacienta. Koncept personalizované mediciny

je tedy potreba vidét souvztazné ,all in one” - definovani konceptu



personalizované mediciny bud’ jako ,cilené terapie” nebo ,cileného davkovani” je
bohuzel obvyklou, ale nemedicinskou simplifikaci problému (obr. 1, viz také
habilitacni spis 2015, 12-32).

Obr. 1: Koncept personalizované terapie v kontextu konkrétniho pacienta
(systémové faktory pacienta a zakladni znaky maligni bunky, upraveno a

adaptovano dle Hanahan and Weinberg, 2011)

Zdkladni znaky maligni buriky: autokrinni
produkce riistovych faktoru, necitlivost k
regulaci rustu, Unik imunitnimu dohledu
organismu, neomezeny replikacni potencidl,
zdnétliva reakce, prolongovand angiogeneze,
invazivita do tkdni, metastazovdni, potlacend
apoptoza a deregulace bunécného metabolismu

Systémové aspekty hostitele: vék, pohlavi,
genom, komorbidity, komedikace, Zivotni styl,
nutricni stav, mikrobiom, infekce, imunitni
vybava

3.1.1 PERSONALIZOVANE CILE V ONKOLOGII Z POHLEDU  KLINICKE
FARMAKOLOGIE A PREKLINICKEM EXPERIMENTU

V ramci pokracujicich vyzkumnych aktivit, a to jak klinickych v ramci svého
plsobeni v Masarykové onkologickém Ustavu, tak nové&ji i preklinickych v rdmci
vyzkumné skupiny Farmakologického Ustavu LF MU, se snazime postihnout
nékteré vybrané aspekty personalizované farmakoterapie, zejména smérem
k moznostem farmakologického ovlivnéni receptord/signalnich drah pro
epidermalni rlstovy faktor (EGFR, Her-2 neu), vyzkumné aktivity v oblasti
imunobiologie nadorl a problematiku miRNA jako mozného prediktivniho

biomarkeru personalizované farmakoterapie (obr. 2).
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Obr. 2: moznosti farmakologického ovlivnéni vybranych znak( maligni bufky

(upraveno a adaptovano dle Hanahan and Weinberg, 2011)

Autokrinni produkce
rdstovych faktor(

Unik imunitnimu
dohledu organismu

II o A

|
(9]

| )4 |

ay
|| -
| |

Zanétliva reakce
mikroprostredi

3.1.1.1 VLASTNI PRISPEVEK K PROBLEMATICE KLINICKE CASTI

Turjap M, Jurica J, Demlova R. Potential clinical benefit of
therapeutic drug monitoring of imatinib in oncology (published in
Klin Onkol. 2015; 28(2):105-111)

Duchnowska R, Sperinde J, Czartoryska-Arlukowicz B, Mysliwiec
P, Winslow J, Radecka B, Petropoulos C, Demlova R. et al.
Predictive value of quantitative HER2 and HER3 levels combined
with downstream signaling markers in HER2-positive advanced
breast cancer patients treated with lapatinib (Meeting Abstract
SABSC San Antonio, US. Published in Cancer Research.
2017;77(Suppl.4): 2-05-21. IF 9,122)

Farmakologickd I|é¢iva s potencidlem ovliviiovat HER-2 receptor, at jiz
extracelularné antagonizaci vazebného receptorového mista nebo intracelularni
inhibici jeho tyrozinkinazové domény, jsou dnes stézejni v |é¢bé Her-2 pozitivniho
karcinomu prsu. Jednou z latek, kterd prokazala v realné klinické praxi zasadni
klinicky benefit ve smyslu prodlouzeni preziti, je trastuzumab (7). Trastuzumab
antagonizuje receptor pro lidsky epidermalni faktor 2, ktery je soucasti rodiny ctyr

epidermalnich receptor( ErbB. Po navazani ligandu na HER2 dochézi k dimerizaci
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a nasledné aktivaci kindz a spusténi rozdilnych signdlnich cest, které maji za
nasledek proliferaci, motilitu i indukci angiogeneze v nadorové tkani. Aktivace
HER2 vede cestou Ras-MAPK k bunécné proliferaci a inhibici apoptozy cestou PI3K-
AKT-mTOR (savci rapamycinovy receptor)(8). Dalsi |atkou, ktera ovliviiuje signalni
drahu spojenou s epidermalnim receptorem, je lapatinib. Lapatinib je potentni a
selektivni reverzibilni dudini inhibitor receptori ErbB-1 (EGFR, receptor pro
epidermalni rQstovy faktor) a ErbB-2 (HER2). Jednd se o perordlné ucinné 1é&ivo s
malou molekulovou hmotnosti, které zasahuje na uUrovni intracelularné umisténé
tyrozinkindzové domény obou receptorl, a to kompetitivni vazbou na vazebné
misto pro makroergni fosfat ATP. Zabranuje tak autofosforylaci tyrozinovych
zbytkU intracelularni ¢asti receptoru a nasledné aktivaci signalnich drah, jez hraji
zasadni roli v bun&¢ném rlstu (9). Trastuzumab, spole¢né s imatinibem niZze, si
dovolim zaradit mezi klinicky nejluspésnéjsi cilena lé¢iva. Mame moznost je
v klinické praxi pouzivat jiz vice nez 15 let, postupem casu se stala zlatym
standardem v 1é¢bé indikovanych pacientd. Sou&asné si dovolim pfifadit mezi tyto
latky i selektivni moduldtor estrogenového receptoru tamoxifen, byt mezi
cilenymi IéCivy nebyva zminovan. Z farmakologického hlediska se ovSsem rovnéz
jedna o cilené lécivo s primarné antiestrogenni aktivitou, modulujici cilové misto

receptoru, exprimovaného pouze u hormonalné pozitivnich nadort prsu.

Dalsi klinicky zasadné Uspésnou latkou je imatinib. Imatinib je peroralni selektivni
inhibitor tyrosinkindazy BCR-ABL, PDGFR-a i PDGFR-b a KIT. Jeho mechanismus
ucinku spociva v kompetitivni inhibici aktivity vySe zminénych tyrosinkinaz vazbou
na misto urcené pro adenosintrifosfat. S patologickou aktivitou kindzy ABL
(spojenou s tvorbou fuzniho genu BCR/ABL) je spojena chronicka myeloidni
leukemie (CML) a Ph+ akutni lymfoblasticka leukemie (Ph+ ALL), v jejichz
indikacich je Uspésné klinicky vyuzivan (10). Imatinib je biotransformovan cestou
cytochromu P450, pricemz je znamo mnozstvi vyznamnych lékovych interakci.
Onkologicti pacienti navic Casto uzivaji souc¢asné mnozstvi dalSich IéCiv, zvysujicich
pravdépodobnost takové interakce a svou roli mdZe sehrdvat i adherence k 1é¢bé
pri dlouhodobém podavani. Rezimy vychazejici z fixniho davkovani imatinibu
nerespektuji interindividualni rozdily ve farmakokinetice léciva a je mozné, ze
nékteri nemocni tak nedosahuji dostate¢nych plazmatickych koncentraci. Na
zadkladé evidence z klinickych studii lze usuzovat, ze existuje vztah mezi

plazmatickymi koncentracemi imatinibu a klinickou odpovédi (11). Imatinib se
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proto jevi byt vhodnym kandiddtem pro terapeutické monitorovani jeho
plazmatickych koncentraci. Prehledovy clanek, ktery jsme publikovali v Klinické
onkologii v roce 2015 (12), predklada prehled o farmakokinetice, klinicky
relevantnich |lékovych interakcich, sumarizuje aktudlni stav problematiky
stanoveni plazmatickych koncentraci pro ucely optimalizace terapie a dale popisuje
moznosti, limity a navrhy pro terapeutické monitorovani imatinibu, které chceme
zavést v ramci ¢innosti klinicko-farmakologické jednotky Farmakologického Ustavu
LF MU.

Dalsi klinicko-vyzkumné studie v oblasti personalizované farmakoterapie se vénuji
problematice  klinicky  zavaznych  korelaci mezi expresi prislusnych
receptorl/aktivace signdlnich drah a celkového preZiti pri 1é¢bé lapatinibem.
PFedchozi publikované studie studovaly Glohu gend regulovanych estrogennim
receptorem (ER) a receptory EGFR (13). Ve spolupraci s klinickymi farmakology a
onkology v ramci CEEOG (Central Eastern Europe Oncology Group) jsme
publikovali vysledky studie zkoumajici expresi receptorl ve vztahu k G&innosti
lapatinibu (14). Hladiny exprese HER2 a HER3 byly kvantitativné méreny za pouziti
fluorescencnich metod, pro kvantifikaci hladin exprese HER2 proteinu byl pouzit
test HERmark® (Monogram Biosciences, South San Francisco), exprese HER3
proteinu byla kvantifikovdna pouzZitim technologie VeraTag® (Monogram
Biosciences). Exprese ,downstream~ signaliza&nich proteint (ER, PTEN, Cyklin E,
HIF-2alfa, p-p70S6K, p-AMPK a p-MAPK) byla stanovovana imunohistochemicky.
VSechny hodnocené biomarkery byly korelovany s celkovym prezitim (OS)
pacientd lé¢enych lapatinibem a kapecitabinem po progresi na trastuzumabu
(n=191). Analyzy celkového preziti byly nasledné korelovany s expresi HER2 a
HER3 za dodrZeni stratifikaénich parametrl (klinické stadium, pFitomnosti
mozkovych metastdz). Parametr celkového preziti byl signifikantné kratsSi u
pacientd pod mezni hodnotou pozitivity testem HERmark® (HR=1,8, p=0,029), a
u pacientl s vy$$imi medidnovymi hladinami HER2 (HR=1,7, p=0,009). Zvyseny
HER3 vykazoval trend ke korelaci s delSim celkovym prezitim (HR=0,66/log;
p=0,16), vyznamnéji u hormonalné negativnich pacientek. Lze vyvozovat, ze u
t&chto pacientek mize sehrdvat inhibice HER2 a aktivace HER3 vyznamné&jsi roli.
Na zakladé vysledk( Ize usuzovat, Ze pacienti s mirné& zvysenou hladinou HER2
mohou mit lepsSi vysledky a klinicky lépe profituji z podavani lapatinibu po progresi

trastuzumabu nez ti, ktefi maji vysokou expresi HER2. Tento nazor podporuje také
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nedavné publikované vysledky o mensim pFinosu lapatinibu u pacientd s vysokou
expresi HER2 (15). Zd& se, ze hladiny HER3 prognézu pacientld vyznamné
neovliviuji. Vysledky byly publikovany formou konferenc¢niho abstraktu v prosinci
2016 v ramci San Antonio Breast Cancer Symposium a publikovany v Cancer
Research 2017.

3.1.1.2 VLASTNI PRISPEVEK K PROBLEMATICE V PREKLINICKEM
EXPERIMENTU

Duchnowska R, Wysocki PJ, Korski K, Czartoryska-Artukowicz B, Niwiriska
A, Orlikowska M, Radecka B, Studziriski M, Demlova R at al. (CEEOG).
Immunohistochemical prediction of lapatinib efficacy in advanced HER2-

positive breast cancer patients (published in Oncotarget. 2016;
7(1):550-564. IF 5,168)

Jak jiz bylo zminéno vyse, lapatinib inhibuje tyrozinkindzové domény receptorl
ErbB-1 (EGFR, receptor pro epidermalni rdstovy faktor) a ErbB-2 (HER2) na
intracelularni drovni (9). V ramci spoluprace s vyzkumnou skupinou CEEOG
(Central Eastern Europe Oncology Group) na preklinickém vyzkumu moznych
mechanismU vzniku rezistence pfi podavani lapatinibu, véetn& moznych interakci
signalizaénich drah, jsme zkoumali expresi vybranych proteini zapojenych do
signalizacnich cest rodiny ErbB. Byla analyzovana imunohistochemicka exprese
fosforylovaného proteinu aktivovaného adenosinmonofosfatem (p-AMPK),
proteinkinazy aktivované mitogenem (p-MAPK), fosfo (p) -p70S6K, cyklin E,
fosfatazy a tensinového homologu na 270 nadorovych vzorcich. Nasledné byla
ziskand data korelovana s klinickymi G4daji  vyvoje onemocnéni (16).
Exprese p-p70S6K byla nezavisle spojena s delsim (HR 0,45, 95% CI:0,25-0,81,
p=0,009) a cyklinem E s kratSim prezitim bez znamek onemocnéni (HR 1,83, 95%
CI:1,06-3,14, p=0,029). Exprese p-MAPK (HR 1,61, 95% CI:1,13-2,29, p=0,009)
a cyklin E (HR 2,99, 95% CI:1,29-6,94, p=0,011) koreluje s kratsim a exprese
receptoru estrogenu HR 0,65, 95% CI:0,43-0,98, p=0,041) s delSim celkovym
prezitim. Exprese p-AMPK negativné ovlivnila odpovéd na lécbu (HR 3,31; 95%
CI:1,48-7,44; p=0,004) a kontrolu onemocnéni (HR 3,07; 95% CI: 1,25-7,58;
p=0,015). Z vysledkd Ize usuzovat na skuteénost, Ze G¢innost lapatinibu souvisi
rovnéz s aktivitou dalSich signdlnich drah - AMPK/mTOR a Ras/Raf /MAPK.
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PokraCovani v dalSich vyzkumnych aktivitdch zamérenych timto smérem by mohl
prispét k posouzeni klinické uzitecnosti kombinace lapatinibu s inhibitory MAPK,

spoluprace v ramci CEEOG skupiny s nasi Ucasti i nadale pokracuje.

3.1.2 IMUNOLOGICKE ASPEKTY NADORU VE VZTAHU K PROTINADOROVE
FARMAKOTERAPII

Primdarnim dkolem imunitniho systému je ochrana pred cizorodymi
mikroorganizmy a latkami z prostredi. Nadorové bunky vznikaji z télu vlastnich
bunék, obecné jsou tak pouze slabé imunogenni a je zfejmé, ze imunitni dozor
organizmu neni schopen nadorovému bujeni vzdy zabranit. Je dokonce znamo, ze
v prvnich fazich vzniku nadoru nebo pfi jeho metastazovani mize vlastni produkce
rUstovych faktorl nadorovym bufikdm napomdhat v jejich rdstu. Stimulace
imunitniho systému muize byt vyraznéj&i v pfipadé nadorl spojenych s infekci
onkogennimi viry, pfipadné tehdy, pokud nador zac¢ne na svém povrchu
produkovat zménéné nebo nezvyklé molekuly, které imunitni bunky rozpoznavaji
jako cizi. Obecné pak hovorime o imunogennich nadorech, mezi néz patri napriklad
maligni melanom, vznikajici na kGZi nebo sliznicich ze zhoubné& pfemé&nénych
melanocytd bunék, které jsou v k(zi nebo ve sliznici v jistém smyslu ,cizorodé”.
Nadorové antigeny jsou Casto burikou prezentovany v komplexu s MHC I, coz
umoznuje rozeznani nadorové bunky cytotoxickym T-lymfocytem. Procesem
fagocytézy je odumreld nadorova bunka odstranéna, nadorové antigeny jsou
vystaveny MHC II a mUze dojit ke stimulaci pomocnych T-lymfocytd a protilatkové
odpovédi. V ramci diskuse o existenci imunitniho boje proti nadorovym bunkam je
treba zminit teorii protinddorového dohledu, ktera rozliSuje tfi odliSné uUrovné v
procesu boje imunitniho systému proti nadorovym bunkam -eliminaci
transformované burnky, ustanoveni rovnovahy mezi transformovanou bunkou a
organismem a unik transformované burky pred kontrolou imunitniho systému. Ve
vétdiné pripadl je nddorova burika v ¢asnych stadiich transformace rozpoznana a
imunitnim systémem zni¢ena. Cely proces zde mize skoné&it nebo prejit do dalsich
fazi. Ve fazi ustanoveni rovnovahy je hostitelsky imunitni systém a prezivajici
nadorové bunky ve stadiu dynamické rovnovahy. Tato faze rovnovahy je z onéch
tf popsanych procesl nejdeli a klinicky se nejvice shoduje s pre-neoplastickym
stadiem, které rovnéZ zUstava nejéastéji nediagnostikované. Posledni faze je faze

uniku transformované bunky pred kontrolou imunitnim systémem, vznika
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imunoprotektivni nadorové mikroprostiedi, dochazi tak k rlstu nadoru a jeho
klinické manifestaci. Je nutno poznamenat, Ze svou roli sehrava i stav imunity
nositele nadoru - pacienta, kdy celkova imunosuprese pacienta prispiva ke vzniku
imunosupresivniho mikroprostredi protektivniho pro nadorové buriky. Poznani, ze
nadory mohou aktivovat regulac¢ni mechanismy, které potlacuji imunitni odpovéd,
vedla k novym nadé&jnym imunoterapeutickym pfistupdim. Principem této strategie
mUze byt blokada inhibi¢nich signalt pro lymfocyty. Monoklonalni protilatka proti
CTLA-4 a protilatky proti receptoru/ligandu programované bunécné smrti (PD-
(L)1) jsou jiz schvaleny pro |é¢bu melanomu, v klinickych studiich je celd rada
dalSich protilatek s obdobnym farmakologickym mechanismem ucinku (17). Do
této kategorie nakonec mdlZeme zaradit i rituximab, jehoZ farmakologickym
mechanismem Ucinku je indukce ADCC a CDC vedouci k léCebné odpovédi. DalSimi
ze zpUsobd, jak stimulovat protinddorovou imunitu, je naptiklad tzv. ,adoptivni
bunécna imunoterapie” pomoci autolognich dendritickych bunék vystavenych
nadorovému antigenu a nasledné pouziti téchto dendritickych bunék jako
nadorové pulsni vakciny (18). I tento pristup je v soucasnosti predmétem
klinickych studii véetné vlastni klinické studie LF MU faze I/II (viz 3.1.2), data
z interim-analyzy potvrzuji bezpecnost protindadorové vakciny, data o ucinnosti
jejich terapeuticky prinos budou publikovdana az po zavérecné analyze klinické

studie.

3.1.2.1 VLASTNI PRISPEVEK K PROBLEMATICE V KLINICKE CASTI

Demlova R., Valik D., Obermannova R., Zdrazilova-Dubska L.
The safety of therapeutic monoclonal antibodies: implications for
cancer therapy including immuno-checkpoint inhibitors.
(published in Physiol Res. 2016; 65(Suppl.4):455-462. IF 1,461)

Bilek O, Bohovicova L, Demlova R, Poprach A, Lakomy R,
Zdrazilova-Dubska L. Non-Small Cell Lung Cancer-from
Immunobiology to Immunotherapy.

(published in Klin Onkol. 2016; 29(Suppl.4):78-87)

Léc¢ba zalozend na monoklondlnich protildtkach proti kontrolnim boddm imunitni

reakce je dnes povazovana za prulomovou metodu v onkologii. Vysledky s anti-
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CTLA-4 (cytotoxicky T-lymfocytarni antigen-4) protildtkou ipilimumabem u
pokrocilého maligniho melanom znamenaly doslova revoluci v protinddorové
imunoterapii a byly impulzem pro vyvoj novych protilatek zamérenych na dalsi
kontrolni molekuly (tzv. ,checkpoints”) (19,20). Z nich je nutné zminit protilatky
proti receptoru programované bunéc¢né smrti (PD-1) - nivolumab, pembrolizumab,
pidilizumab a proti jeho ligandu (PD-L1) - BMS-936559 a MPDL3280A
(atezolizumab) (21-25). Vyhodou téchto IéCiv je kromé jejich Ucinnosti také jejich
potencidlni ,,imunoterapeutickd” univerzalnost, coz je zasadni pro Siroké vyuziti u
Fady malignit. Vyvoj a pouZiti imunoterapie dosahly zatim nejvétsich pokrokd u
pokrocilého melanomu a nemalobunééného karcinomu plic (26), v soucasnosti pak
probihd Fada dalSich klinickych studii naptiklad u nddord hlavy a krku, nadorl

ledvin, uretelidlnich karcinomd a Fady dal$ich malignit.

Princip U¢inku ,checkpoint” inhibitorl (anti-CTLA-4, anti-PD-1 a anti-PD-L1
protilatek) spociva v blokadé& inhibi¢nich receptorl na bufikdch imunitniho systému
nebo ndadoru, a tim prolomeni tolerance imunitniho systému vUa& nadoru.
Ipilimumab plsobi spie na ,centralni Grovni” v organech lymfatického systému.
Zde, po prezentaci antigent dendritickymi burikami, blokddou inhibi¢niho CTLA-4
receptoru, udrzuje aktivaci T lymfocytd, ty pak putuji do nddorové tkang, kde pini
svoji funkci. Protilatky branici inhibi¢ni interakci mezi PD-1 a PD-L1/L2 naopak
sekundarné potencuji efektorovou slozku imunity ,periferné” primo v nadorové
tkani. Prolomeni tolerance vi¢i nddoru véak mize byt doprovazeno i nezddoucim
prolomenim tolerance vUé&i ,normalnim tkdnim”, coz vede k vedlej$im u&inkim,
které se svym charakterem blizi autoimunitnim onemocnénim - tzv. imunitné
podminéné vedlejsi Gcinky (immune related adverse events, ir-AEs). Prehled
nejcastéjsich ir-AEs, k nimz patfi kozni toxicita (exantém, pruritus), GIT toxicita
(prdjem, kolitida), endokrinni toxicita (hypopituitarizmus, hypofyzitida,
hypotyredza, insuficience nadledvin), jaterni toxicita (elevace transaminaz,
hepatitida), u anti-PD-1 protilatek pneumonitida, v€etné managementu toxicit,
jsme publikovali v pfehledovém clanku ve Physiological Research (27). Incidence
ir-AEs je vyssi u ipilimumabu (v zavislosti na davce), ve srovnani s anti-PD- 1/ PD-
L1 protildtkami. Jesté vyssi je u kombinace ipilimumabu a nivolumabu. Vzhledem
k vysoké cetnosti ir-AEs s rizikem rozvoje Zivot ohrozujicich komplikaci je nezbytna
dostateénd edukace pacienta i odbornych lékard. Byla vypracovana ftada

doporuceni, jak pfi podezieni na ir-AEs postupovat. Casné zahdjeni
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imunosupresivni l1éCby kortikosteroidy je zdsadnim krokem ke zvladnuti prihody,
snizeni morbidity a pfipadné i mortality. Pokud nejsou kortikoidy dostatecné
uc¢inné, pridavaji se dalsi imunosupresiva jako infliximab nebo mykofenolat
mofetil. Uspéch ipilimumabu u pokro¢ilého melanomu ukazal nové moznosti
v |écbé nadorovych onemocnéni. Imunitné podminéné vedlejsi Ucinky a jejich
vazné komplikace zpocatku vedly k velkym obavam a k rezervovanému postoji u
Fady onkologl. S postupnym ziskavanim zkudenosti vdak Ize toxicitu Fesit a pfi
dodrzovani doporuéenych postupl je dnes lé¢ba té&mito [é¢iva bezpeéna,

respektive provazena nezadoucimi ucinky, které jsou terapeuticky zvladnutelné.

3.1.2.2 VLASTNI PRISPEVEK K PROBLEMATICE V PREKLINICKEM
EXPERIMENTU

Klinické hodnoceni faze I/II ,Kombinovana protinddorova terapie
s ex vivo manipulovanymi dendritickymi burikami produkujicimi
IL-12 u détskych, adolescentnich a mladych dospélych pacientd
s progredujicimi, relabujicim nebo primarné metastatickymi
malignitami vysokého rizika"
EudraCT Number:2014-003388-39, zadavatel: LF MU,
Farmakologicky ustav, odpovédny resitel LF MU doc. Demlova,

Klinika détské onkologie FN Brno, resitel prof. Stérba

Zdrazilova-Dubska L, Fedorova L, Pilatova K, Mudry P,
Hlavackova E, Matoulkova E, Flajsarova L, Demlova R, Valik D,
Sterba J. TKI pazopanib impaires immunostimulatory properties
of monocytes: Implication for monocyte-derived DC-based anti-
cancer vaccine preparation (Meeting Abstract, ESMO Immuno-
oncology 2016. Published in Ann Oncol. 2016,;27(Suppl.8):18P.

IF 11,855)

Vramci vyzkumné cinnosti ACIU (Advanced Cell Immunotherapy Unit)
Farmakologického Ustavu LF MU se se vénujeme vyzkumu a vyvoji vakciny z
dendritickych bunék (DC vakcina). Takto vyvijené |é¢ivo somatobunécné terapie
patri mezi tzv. |éCivé pripravky pro moderni terapie (ATMP - Advanced Therapy

Medicinal Product), kategorie |éCiv s vyznamnou regulaci na uarovni Evropské

18



lékové agentury (EMA - European Medicines Agency), a to véetné& pozadavk{ na
provadéni klinickych studii a vyrobu hodnoceného lécivého pripravku. Vyroba DC
vakcin se ridi spravnou vyrobni praxi dle GMP (The Rules Governing Medicinal
Products in the European Union, Volume 4, Good Manufacturing Practice) a dozor
nad vyrobni &innosti provadi SUKL (Statni Ustav pro kontrolu lé¢iv). Lékarska
fakulta Masarykovy univerzity v Brné je drzitelem opravnéni k vyrobé
protinadorovych vakcin z autolognich dendritickych bunék, coz je v akademickych
podminkach nejen v CR vyjimeé¢ny podin. V tomto bodé si dovolim podékovat
vedeni Lékarské fakulty MU v Brné za vyznamnou podporu nasi prace na poli

somatobunécnych terapii.

PFi vyvoji a vyrob& DC vakciny se monocyty periferni krve pacientd vybranych pro
imunoterapii ziskavaji v pribé&hu leukaferézy. Z monocytd se pak pfipravi velké
mnoZstvi nezralych dendritickych bunék v pfitomnosti cytokinl GM-CSF a IL-4. Po
péti dnech dojde k diferenciaci monocytd v nezralé dendritické bufiky. Dal$i postup
zavisi na typu nadorového antigenu, ktery je pro imunoterapii zvazovan. Kritickou
podminkou k zarazeni do nasi klinické studie (viz dale) je odbér vitalni nadorové
tkané pacienta (pri planované operaci Ci reoperaci), ktera je zpracovavana spolu
s autologné leukafereticky ziskanymi leukocyty v Cistych prostorach ACIU. Po
pohlceni lyzatu nadorovych bunék jsou nasledné dendritické bunky aktivovany a
zralé dendritické buriky jsou poté jako protinddorova vakcina podany zpét
pacientovi. VysSe uvedené imunoterapeutické postupy jisté predpokladaji adekvatni
pre-existujici imunitu a/nebo adekvatni funkci imunitniho systému, kdy
manipulace imunitniho systému spo¢ivad pouze v prezentaci nddorovych antigend
v kontextu nespecifické stimulace imunitniho systému. Lécivy pripravek je dale
specificky tim, Ze obsahuje Zivé bufiky, nem(ze na svém konci projit procesem
sterilizace a musi byt vyrdbén v tzv. &istych prostorach (CP v kategorii nejvyssi
Cistoty A/B). Vystupni kontrola kvality DC vakciny je zamérena na imunobiologické
vlastnosti IéCivého pripravku (diferenciace do DC, maturace, schopnost produkovat
aktivacni cytokiny, schopnost stimulovat imunitni systém v MLR) a na ovéreni

neinfekcnosti (sterilita, nepritomnost Mycoplasma spp.).

Diky tomu, ze se v ramci ACIU Farmakologického ustavu LF MU podarilo provést
nutné preklinické experimenty a dokonceni procesu validace, bylo moZno
pristoupit k zahajeni akademicky iniciované klinické studie. Protokol klinického

hodnoceni byl schvalen Statnim Ustavem pro kontrolu Iéciv, studie je

19



spolufinancovdna ze zdroji velké vyzkumné infrastruktury CZECRIN
(LM2015090), hodnocenym I|éCivym pripravkem (IMP) je pak vlastni autologni
vakcina jako léCivy pripravek moderni somatobunécné terapie. Studie s nazvem
~Kombinovand protinddorova terapie s ex vivo manipulovanymi dendritickymi
bufikami produkujicimi interleukin-12 u détskych, adolescentnich a mladych
dospélych pacientd s progredujicimi, relabujicimi nebo primarné metastatickymi
malignitami vysokého rizika” (EudraCT 2014-003388-39, KDO_DC1311) probiha
ve spolupraci s Fakultni nemocnici Brno, konkrétné na pracovisti Kliniky détské
onkologie pod vedenim prof. J. Stérby a hlavniho fesitele prim. P. Mudrého, kde
jsou i pacienti v ramci klinického hodnoceni Iéeni. Primarnim cilem studie je
prokazani bezpecnosti, sekundarnim cilem pak ziskani pilotnich dat o predbézné

ucinnosti.

Soudasti sledovani pacientd v klinickém hodnoceni KDO_DC1311 je i podrobny
imunomonitoring cirkulujicich elementd periferni krve. Imunomonitoring, ktery byl
navrzen doc. L. Zdrazilovou-Dubskou (viz také jeji habilitacni prace
Imunobiologické aspekty nadorovych onemocnéni, Brno 2016), z naseho
vyzkumného tymu, zahrnuje kvantitativni stanoveni MDSC (myeloid-derived stem
cells); T-reg; subpopulaci monocytt; maturaéni a aktivaéni subsety T-lymfocytd a
subsety T-lymfocytl dle exprese ICOS, PD-1, Tim-3; NK-buriky a NKT-like buriky
véetné aktivaénich znakd; yd T-lymfocyty véetné& subsetl a exprese NKG2D.
V ramci interim-analyz (prvni probéhla po Iécbé 5. a druha po Ié¢bé 10. pacienta
|é¢enych dle protokolu klinické studie) vyvstava postupné rada dalSich
vyzkumnych otazek ve vztahu DC vakciny, stavu pacienta ve smyslu jeho
preexistujici imunity, soubézné onkologické terapie vcetné analyzy konkrétnich
|&Civ, které mohou s imunoterapii interferovat. Jednim z téchto IéCiv je u déti , off-

III

label” podavany pazopanib. Jedna se o malou molekulu, tyrozinkinazovy inhibitor
receptort EGF, PDGF a c-kit, coz umoZfiuje jeho protinddorovou aktivitu zdsahem
signalni trasy pro neoangiogenezi. V klinickych studiich u dospélych pacient(
prokazal ucinnost u metastazujiciho svétlobunééného karcinomu ledviny a je
registrovan k 1é&b& 1. linie u nepfedléenych pacientd a ve 2. linii po selhani
cytokind. Jak jsem zminila vy$e, je podavan cilené v rezimu ,off-label” i u détskych
onkologickych pacientld. K posouzeni vlivu pazopanibu na biologické funkce
monocytd jsme analyzovali periferni krev détskych pacientd lé¢enych

pazopanibem a soucasné zarazenych do klinické studie s DC vakcinou. Byla
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kvantifikovana exprese povrchovych a intracelularnich molekul, pficemz dvé z
osmi vakcin na bazi DC nesplnily imunobiologicka , quality-control” kritéria, jako je
exprese kostimulac¢ni molekuly a produkce IL-12 a nevykazovaly zadnou stimulacni
schopnost vG¢i autolognim T-lymfocytdm. Monocyty vystavené pazopanibu mély
zvySenou expresi CD64 a inhibi¢cni molekulové ILT3, vykazovaly zhorsené
imunobiologické vlastnosti relevantni pro DC stimulacni funkce. Tyto vysledky
jsme zverejnili formou konferenc¢niho abstraktu v ramci ESMO Immuno-Oncology

Symposia v Lausanne s publikaci v Annals of Oncology 2016 (28).

3.1.3 PERSONALIZOVANA MEDICINA V KONTEXTU HODNOCENI ODPOVEDI DLE
,BIOMARKERUO" - UVOD K VYZNAMU miRNA

Studium farmakogenetiky a designovani farmakogenetickych studii prinasi
problémy pfi zkoumani takovych jevd, jako jsou normalni & abnormalni reakce
osoby na dany podnét. DlleZitym pFistupem, jak mozno Fesit obdobné problémy,
je stanovovani cilovych parametr( biochemické a/nebo genetické povahy, které
mohou byt méreny v kratkych casovych intervalech. Pri navrhu vhodného
biomarkeru je potfeba, aby byl dostate¢né selektivni vi¢i sledovanému jevu,
meéritelny v dobrfe dostupném biologickém materidlu a méla by u néj existovat
minimalni pravdépodobnost spontanni zmény. Pouzivany biomarker by tak mohl
byt vyuzit jako minimalné invazivni a nenakladny diagnosticky test k urceni
fenotypu jedince a urceni, zda je dany fenotypovy znak determinovan geneticky
nebo vyvolan plsobenim exogennich anebo endogennich vlivd. V onkologii jsme
schopni vyuzit biomarkert k uplatnéni moznosti individualizované mediciny ve
vSech oblastech zdravotni péce: v prevenci (identifikace osob a populaci se
zvySenym rizikem vzniku nadorovych onemocnéni), v diagnostice (diagnostika a
staging nadord, diagnostika toxicity [é¢by) i v 1é¢bé (individualizace protinddorové
lécby na zakladé rozsahu a fenotypu nadorového onemocnéni a progndzy
pacienta). Vtomto kontextu vhodnych diagnostickych, prediktivnich a
prognostickych biomarkerQ je v poslednim desetileti Zivé diskutovéna role miRNA.
MikroRNA (miRNA) tvori velkou skupinu kratkych nekddujicich RNA post-
transkripcéné regulujicich genovou expresi. Schopnost miRNA inhibovat translaci
onkogenl a nadorovych supresort dava predpoklad jejich zapojeni do procesi
kancerogeneze, souvisejici se samotnym vznikem nadorové burnky. Intenzivni

vyzkum v oblasti biogeneze a biologickych funkcich miRNA pfinasi také poznatky,
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ze miRNA sehrava svou ulohu nejen v oblasti nadorové biologie, ale také v oblasti
diagnostické a prediktivni onkologie. Analyza expresnich profili miRNA je proto
stale Castéji vyuzivana pro ucely molekularni diagnostiky nadorovych onemocnéni,
analogicky, jako je tomu u studii zaloZenych na DNA cipech a profilovani kodujicich
transkriptl. V kontextu publikovanych studii Ize také usuzovat na schopnost
vybranych miRNA slouzit jako tkanové prognostické a prediktivni markery a
potencidlni terapeutické cile, zejména u kolorektalniho karcinomu, renalniho

karcinomu a glioblastomu.

3.1.3.1 VLASTNI PRISPEVEK K PROBLEMATICE miRNA V PREKLINICKEM
EXPERIMENTU

Merhautova J, Vychytilova-Faltejskova P, Demlova R, Slaby O.
Systemic administration of miRNA mimics by liposomal delivery
system in animal model of colorectal carcinoma (published in
Physiol Res. 2016, 65(Suppl.4):481-488. IF 1,461)

Merhautova J, Demlova R, Slaby O. MicroRNA-Based Therapy in
Animal Models of Selected Gastrointestinal Cancers (published in
Front Pharmacol. 2016,7(329):1-21. IF 4,4)

V ramci preklinické vyzkumné skupiny Farmakologického Ustavu LF MU a ve
spolupraci s vyzkumnou skupinou Molekularni onkologie II - solidni nadory CEITEC
vedenou doc. RNDr. O. Slabym, Ph.D., jsme se vé&novali translaci in vitro test(
studujicich vybrané miRNA v in vivo podminkach experimentu na zvireti. MiR-215
je rozpoznanym nadorovym supresorem u kolorektalniho karcinomu (CRC). Jeji
biologické G¢inky a molekularni cile byly studovany v Siroké &kale in vitro testd na
buné&énych liniich odvozenych od CRC a v rdmci t&chto experimentt byly skupinou
doc. Slabého potvrzeny jeji tumorové supresorové ucinky (29). Vzhledem
k hypotetickému terapeutickému potencidlu bylo prikro¢eno k pokracovani
vyzkumu in vivo. Cilem nasich experimentd s pomoci animalnich modell solidnich
nadorl bylo zejména ovéfeni hypotézy, zda ma podavani inhibitord/prekurzort
terapeuticky potencidl vcetné jejich farmakologickych charakteristik. Pracovni
hypotéza pracovala s Uvahou navyseni hladin miR-215 v nadorovych bunkach a

hodnoceni tohoto vlivu na zménu jejich fenotypu predevSim ve smyslu snizeni
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proliferace in vivo. V testu tumorigenicity se prokazalo, ze stabilné transfekovana
linie HCT-116** s navySenou expresi miR-215 proliferuje vyrazné pomaleji, coz se
odrazilo na rozdilu objemu tumortd ve srovnani s kontrolni linii. Diky pozitivhim
vysledklim této studie jsme pfristoupili k usporddani navazujicicho experimentu
s modelaci eventudlniho terapeutického podani u ¢lovéka. Pro systémové podani
miRNA mimics byl zvolen intravendzni ptistup a Iékova forma liposom{, kterd byla
jiz nékolikrat pro dopraveni miRNA mimics do tumoru pouzita (30,31). Z hlediska
organové distribuce jsme zaznamenali signifikantné zvysSenou expresi v plicich
zvirat. Vysledky této studie tak podporuji hypotézu plicni akumulace liposomd
vytvotenych z emulze neutrélnich lipidd. Ackoli se &ast davky do tumoru dostala,
nebyla dostatecnda k tomu, aby se projevil vyznamny tumorové supresorovy
Uginek. Vzhledem k tomu nedoslo ani ke zmé&nam v rlstu tumorl, coZ je velmi
pravdépodobné zplisobeno zvolenou Iékovou formou, kdy liposomy v dostate¢ném
mnozstvi neprostupuji do nadorové tkané, ale akumuluji se jinde v organismu.
VSechny inovativni nosice IéCiv se musi vyporadat s interakcemi s plazmatickymi
proteiny, s vychytavanim RES a dalSimi procesy, které vedou k jejich eliminaci.
S pfihlédnutim k nadim vysledkim lIze tedy usuzovat, Zze NLE liposomy se kumuluji
v plicni tkani a byly by tak vhodnym nosic¢em I|éciv pro plicni onemocnéni. Vysledky
byly publikovany v roce 2016 ve Physiological Research (32). Vyuziti NLE liposomd
pro dopravu miRNA mimics do nador( stfeva tak bude nutné bud podstatnym
zplsobem optimalizovat (davka, zplsob podani, typ animalniho modelu), nebo
opustit jako slepou ulicku a pokusit se vybrat vhodnéjsi nosic¢, kdy je v planu in
vitro a in vivo testovani nanocastice oxidu Zzeleznato-zelezitého (SPIONs) potazené
chitosanem. O této problematice jsme rovnéz publikovali prehledovy c¢lanek,
zameéreny na mapovani dostupnych informaci o farmakokinetice a toxicité terapie
zalozené na miRNA, vcéetné informaci o pouzitém zvifecim modelu,
farmakologickych aspektech (chemie oligonukleotidl, systém dodavani,

davkovani, cesta podani) a toxikologickém hodnoceni (33).
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3.1.3.2 VLASTNI PRISPEVEK K PROBLEMATICE Z POHLEDU KLINICKE
FARMAKOLOGIE

Merhautova J, Hezova R, PoprachA, Kovarikova A, Radova A,
Svoboda M, Vyzula R, Demlova R, Slaby O. miR-155 and miR-
484 Are Associated with Time to Progression in Metastatic Renal
Cell Carcinoma Treated with Sunitinib (published in Biomed Res

Int. 2015; ID941980. IF 2,476)

Merhautova J, Hezova R, Poprach A, Svoboda M, Demlova R,
Slaby O. MiRNA associated with time to progression in metastatic
renal cell carcinoma patients treated with sunitinib (Meeting
Abstract, European Cancer Congress 2015. Published in Eur J
Cancer. Sep 2015;51(Suppl.3): S505. IF 6,029)

Klinicky orientovana studie si stanovila jako primarni cil korelaci miRNA-
biomarkerd predikujicich odpovéd na 1é¢bu sunitinibem u rendlniho karcinomu.
Studie byla navrzena jako retrospektivni biomarkerova klinicka studie a jeji
protokol vcetné Informovaného souhlasu schvalila Eticka komise Masarykova
onkologického Ustavu (MOU). Jednalo se o pacienty Masarykova onkologického
Ustavu, kde v ramci plsobeni vyzkumné skupiny Farmakologického Gstavu LF MU
na Oddéleni klinickych hodnoceni analyzujeme klinickd data pacientd. Sunitinib
patfi mezi tzv. ,small drugs”, latky s malou molekulovou hmotnosti, jehoz
farmakologickym mechanismem UG¢&inku je inhibice tyrozinkindz receptor( pro
ristovy faktor z destitek (PDGFR-a a PDGFR-b), receptorl pro vaskuldrni
endotelialni rdstovy faktor (VEGFR-1, VEGFR-2 a VEGFR-3) a receptoru faktoru
kmenovych bunék (cKit). Primarni indikaci je metastazujici karcinom ledviny,
pricemz klinickym problémem je vyvoj rezistence na IéCivo s naslednym selhanim
|éCby a progresi onemocnéni. Vyvoj rezistence je jisté multifaktorialni, roli mohou
sehravat jak farmakokinetické (hladina léciva v krvi, aktivni metabolit SU012662),
tak farmakodynamické faktory souvisejici s cilovym mistem v nadorové bunce.
Jednim z uvaZovanych faktord muze byt také role miRNA, kterou jsme v nasi studii
hodnotili ve vztahu k léfebné odpovédi na sunitinib. Retrospektivhé jsme
analyzovali nddorovou tkar pacientl Ié¢enych sunitinibem a provedli korelaci ve
vztahu k vybranym miRNA (miR-155, miR-374-5p, miR324-3p, miR-484, miR-
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302c a miR-888) ve vzorcich nadorovych tkani. Kaplanova-Meierova analyza
prokazala, ze dvé z vybraného souboru miRNA signifikantné koreluji s casem do
progrese onemocnéni, a to miR-155 (median TTP 5,8 vs. 12,8 mésicl, p < 0,01)
a miR-484 (5,8 vs. 8,9 mésicl, p < 0,05). U ostatnich miRNA nebylo dosaZeno
statisticky vyznamného rozdilu. Stratifikace pacientl na zdkladé analyzy miRNA
by umoznila personalizovanéjsi pristup pfi |écbé metastatického karcinomu
ledvinovych bunék. Vysledky byly publikovany v roce 2015 v Biomedical Research

a v ramci konferenc¢niho abstraktu v European Journal of Cancer (34,35).

3.2 PREHLEDOVA CAST - UVOD K METABOLICKEMU SYNDROMU A
ENDOKRINOLOGICKEMU STATUTU

Metabolicky syndrom je dnes Siroce diskutovan jako jeden z velkych medicinskych
i ekonomickych problému soucasné doby svazany s Zivotnim stylem ve vyspélych
zemich. Je povaZovan za jeden z nejvyznamnéjsich rizikovych faktorl vzniku
kardiovaskularnich onemocnéni a diabetu mellitu 2. typu, stale cCastéji je také
zminovana jeho mozna role ve vztahu k nddorovym onemocnénim. Kombinace
dyslipidemie, obezity, arteridlni hypertenze, inzulinové rezistence a dalSich slozek

jednoznacné zvysuje riziko naslednych zdravotnich komplikaci.

Predpoklada se, ze etiopatogeneticky mechanismus rady slozek metabolického
syndromu je spoleCny a souvisi s tukovou tkani. Je znamo, ze tukova tkan neni
sloZzena pouze z diferencovanych adipocytd, na jeji stavbé se podili mnoho dal$ich
druht bunék, jako jsou endotelie, fibroblasty, myocyty, nediferencované adipocyty
(preadipocyty) a imunokompetentni buriky, zejména monocyty a lymfocyty (36).
Je aktivnim sekre¢nim organem produkujicim Ffadu latek s autokrinnim,
parakrinnim nebo endokrinnim Gc¢inkem. Za patofyziologicky podklad
metabolického syndromu je obecné& povaZovana inzulinova rezistence, dlleZitou
roli sehrava také dysfunkce tukové tkané a dysregulace imunitniho systému
vedouci k akumulaci makrofagl stimulujicich chronicky zanét tukové tkané.
Adipocyty, makrofagy a dalSi soucasti tukové tkané produkuji ve zvySené mire
prozanétlivé pulsobky (napf. TNF-alfa, IL-6) a nékteré hormony tukové tkang,
nazyvané souhrnné adipokiny (37,38). Mezi nejzndméjsi popsané adipokiny patri
leptin, adiponektin nebo visfatin. V perifernich tkanich pak dochazi ke zménam na
subcelularni Urovni, porucham signaliza¢ni kaskady inzulinového receptoru, coz

mUze ptispivat k rozvoji inzulinové rezistence.
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3.2.1 METABOLIKCY SYNDROM, ZANET A NADOROVA ONEMOCNENI Z POHLEDU
KLINICKE FARMAKOLOGIE

V souvislosti s inzulinovou rezistenci, obezitou nebo aterosklerézou se nyni mluvi
o chronickém zanétlivém stavu nebo metabolicky indukovaném zanétu (39).
Chronicky zanét je, jak bylo diskutovano jiz v ramci habilitacni prace 2015 (priloha
¢ 1), jednim zfaktorl, které se mohou spolupodilet na vzniku a rozvoji
nadorovych onemocnéni. Pisobeni TNF-alfa je spojeno s chronickym zénétem a
podporuje nadorovou angiogenezi a metastazovani (40). K metabolizaci a
proliferaci maligni buriky pFispiva také dostupnost lipidG a dal$ich makromolekul a
inzulinova signalizace. Inzulin, IGF-1, IGF-2 jsou ligandy povrchovych receptord
(INSR, IGF1R, IGF2R), jejich aktivace vede k posileni signdlni transdukce, bunécné
proliferaci a inhibici apoptdzy (41). Kromé dysfunkce tukové tkané a dysregulace
imunitniho systému ve vztahu k zdnétu hraje u nadorovych onemocnéni roli
celkovy endokrinologicky statut pacienta (42). VSechny tyto aspekty je nutno vidét
opét souvztazné, s cimz se poji i systémovy pohled na mozné ovlivnéni
metabolického syndromu a jeho komponent véetné mozné prevence a ovlivnéni

prab&hu nadorovych onemocnéni.

3.2.2 METABOLICKE ZMENY A ROLE ADIPOKINU V PREKLINICKEM EXPERIMENTU
NA ZVIRETI

Kromé& v3ech vyse uvedenych moZnych aspektl uvedenych v kapitole 3.2.1 je v
souCasné dobé diskutovana i mozna souvislost metabolického syndromu s
nékterymi psychiatrickymi poruchami, zejména u schizofrenie a deprese.
Intenzivné se studuje hypotéza, Zze samotna patofyziologie schizofrenie je spojena
s rozvojem metabolického syndromu, preklinicky vyzkum naznacuje spole¢ny
zdklad subchronického zanétu a dysbalanci sekrece adipokini. Tyto
patofyziologické predispozice pro rozvoj slozek metabolického syndromu mohou
byt dale zhorSovany soubéznym podavanim farmakoterapie schizofrenickym
pacientdm. I samotnd psychofarmaka, jako naptiklad modernéj&i antipsychotika
2. a 3. generace, prinasi vedle vyssi Ucinnosti a lepsi snasenlivosti i vyznamné

nezadouci metabolické ucinky.
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Antipsychotika 2. generace miZzeme rozdé&lit do 3 skupin podle mechanismu jejich
ucinku: 1) selektivni antagonisté dopaminovych (D2/D3) receptorl: amisulprid, 2)
SDA-serotoninovi, dopaminovi a alfa-1 antagonisté: risperidon, ziprasidon,
sertindol, 3) MARTA - multireceptorovi antagonisté: klozapin, olanzapin, quetiapin,
zotepin. Selektivni antagonisté dopaminovych D2/D3 receptord neovliviiuji jiné
neurotransmiterové systémy. Nezadouci Ucinky jsou v této skupiné antipsychotik
vazany vyhradné na dopaminovy systém, neni pritomna nadmérna sedace,
somnolence, zvySovani hmotnosti nebo anticholinergni priznaky. SDA (Serotonin
and Dopamine Antagonists) antipsychotika blokuji vyznamné vice serotoninové S2
receptory nez dopaminova D2 zakonéeni a v zavislosti na l1é¢ivu rGzné intenzivné i
adrenalinova alfa-1 zakonceni. Ze skupiny SDA je prvou volbou risperidon, druhou
volbou ziprasidon, zejména vzhledem k urcitému riziku prodlouzeni QT intervalu,
byt neni jednozna¢na klinickd relevance. Ziprasidon by proto nemél byt podavan
kardiakdm, je naopak vhodny pro obézni nemocné, protoZe nezvy3uje hmotnost,
odobné jako antipsychotikum treti generace, aripiprazol. MARTA (Multi-Acting
Recepor Targeted Agents) antipsychotika ovliviuji jak dopaminovy, tak
serotoninovy, adrenalinovy, histaminovy a muskarinovy systém. Jejich vazba na
D2 zakonceni je extrastriatalné selektivni s vyjimkou zotepinu, s nizkou (klozapin,
quetiapin) aZ stfedné& vysokou (olanzapin, zotepin) obsazenosti D2 receptord.
Blokdda serotoninovych S2 receptorl je vysokd a podstatné vy$si nez D2
zakoné&eni se vdemi ptiznivymi ddsledky, popsanymi u SDA antipsychotik. MARTA
antipsychotika jsou smisenymi antagonisty/agonisty muskarinovych receptorl s
disledkem zvy$eného uvolfiovani acetylcholinu, ktery pFiznivé ovliviiuje
pamétovou slozku kognitivni dysfunkce. Nevyhodou téchto IéCiv je zvySovani
hmotnosti pacienta, urcitd sedace a nutnost monitorovat glukozovy a lipidovy
metabolizmus s moznym (byt nizkym) rizikem provokace ¢i zhorseni diabetu typu
2. Mezi antipsychotika 3. generace patfi latky, které nejsou plnymi
dopaminergnimi agonisty, nybrz dualisty, popf. parcialnimi antagonisty. Zatim
jedinym v klinické praxi zavedenym reprezentantem této ,treti” generace
antipsychotik je aripiprazol, ktery vykazuje charakteristiky atypickych
antipsychotik a ma mimoradné dobrou snasenlivost. Klinickd praxe zatim u
aripiprazolu t&%i z jeho minimalniho plsobeni Utlumu a zanedbatelného rizika

obezity a diabetu II. typu coby nezadouciho ucinku antipsychotické 1é¢by (43).
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3.2.2.1 VLASTNI PRISPEVEK K PROBLEMATICE V PREKLINICKEM
EXPERIMENTU

Horska K, Ruda-Kucerova J, Babinska Z, Karpisek M, Demlova R,
Opatrilova R, Suchy P, Kotolova H. Olanzapine-depot
administration induces time-dependent changes in adipose tissue
endocrine function in rats (published in
Psychoneuroendocrinology. 2016; 73:177-185. IF 4,788)

Horska K, Ruda-Kucerova J, Drazanova E, Karpisek M, Demlova
R, Kasparek T, Kotolova H. Aripiprazole-induced adverse
metabolic alteration in polyl:C neurodevelopmental model of
schzophrenia in rats (published in Neuropharmacology.
2017; 123:148-158. IF 5,012)

V ramci vyzkumné skupiny Farmakologického Ustavu LF MU, jsme se zaméfili na
metabolické nezadouci Uucinky vybranych atypickych antipsychotik, které
vyznamneé prispivaji ke zvySeni rizika kardiovaskularni morbidity a mortality u
pacientd trpicich schizofrenii. Pfestoze se touto otdzkou zabyva i fada jinych
experimentalnich vyzkumnych skupin, mechanismy vzniku téchto nezadoucich
U¢inkG stale nejsou plné pochopeny. V posledni dobé je vénovana pozornost pravé
také Uloze metabolismu tukové tkané a neurohormonalni regulaci a stejnou

otazkou jsme se zabyvali i v nasi praci.

Ucelem preklinické studie bylo zhodnotit casové zavislé Ucinky podavani
olanzapinu v klinicky relevantnim davkovani pri regulaci energetické homeostazy,
metabolismu glukdzy a lipidl, hormonU pochéazejicich z gastrointestinalniho traktu
a tukového tkané, které se podilely na regulaci energetické bilance v experimentu
na krysich samicich Sprague-Dawley. Lécba olanzapinem nevedla ke zménam
sérovych hladin ghrelini, FGF-21 a prozanétlivych markerd IL-1a, IL-6 a TNF-a v
jakémkoli ¢asovém bodé studie. Vysledky rovnéz naznacuji, ze doslo k casné
zméné endokrinni funkce tukové tkané jako faktoru, ktery se podili na
mechanismech, jeZz mohou byt zdkladem metabolickych neZadoucich G¢&inkl
antipsychotik (44).
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Dalsi experimentalni prace cilla na podavani atypického antipsychotika
aripiprazolu, ktery jak jiz bylo zminéno dfive, predstavuje antipsychotikum s
nizkym rizikem vyvoje metabolického syndromu. Cilem této studie bylo vyhodnotit
metabolicky fenotyp modelu neurodevelopmentu polyI:C a posoudit metabolické
uc¢inky chronického podavani aripiprazolu s ohledem na komplexni
neuroendokrinni homeostazy. Aripiprazol neovlivnil télesnou hmotnost, ale
zpUsobil neurohumoralni zmé&ny. Sérové hladiny leptinu a GLP-1 byly vyrazné
snizeny, zatimco hladina ghrelinu byla zvySena. Dale aripiprazol snizil sérové
hladiny prozénétlivych cytokinl. Nase Udaje naznacuji dysregulaci adipokinG a
gastrointestinalnich hormond pfitomnych pii chronickém poddavani aripiprazolu,

které je povazovana za metabolicky neutralni v polyl:C modelu schizofrenie (45).
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4. IMPLIKACE PREKLINICKYCH A KLINICKYCH AKTIVIT PRI VYUCE
LEKARSKE FARMAKOLOGIE

4.1 PREGRADUALNI VYUKA LEKARSKE FARMAKOLOGIE

ZavéreCnou kapitolu predlozené habilitacni prace, a to v navaznosti na jiz
obhajenou praci z roku 2015 (Priloha €. I), pojimdm jako snahu zasadit vlastni
vyzkumné prace v oblasti farmakologie do kontextu vyuky predmétu Lékarské
farmakologie na LF MU a dovolim si tak predstavit komplexni pohled klinického
farmakologa se zkuSenosti s preklinickymi vyzkumy i dlouhodobou klinickou
zkusSenosti na vyuku farmakologie v dobé personalizované farmakoterapie, na
kterou je nutno pripravovat nase studenty jiz béhem preklinické a klinické casti

studia mediciny.

Predmét Lékarska farmakologie je vyucovan na LF MU v ramci pregradualniho
studia vSeobecného i zubniho Iékarstvi v 6. a 7. semestru studia. V souladu se
stavajici akreditaci je vé&novdn zejména pochopeni zakladnich principd
farmakokinetiky a farmakodynamiky v ramci obecné farmakologie a dale pak
mechanismim G¢&inkd jednotlivych lékovych skupin v rémci studia specialni

farmakologie.

Z didaktického hlediska farmakologie tvofi jednotu dvou celkl: obecné a specidlni
farmakologie. Obecnad farmakologie na zakladé experimentalnich poznatkl z
oblasti farmakodynamiky a farmakokinetiky I|éCiv definuje obecné platné
zakonitosti biofyzikalni a biochemické povahy, projevujici se vzajemnou interakci
organizmu a farmaka. Stava se tim zaroven metodologickym navodem pro
farmakologii specidlni, jez se vénuje konkrétnimu roztfidéni farmak z hlediska
farmakodynamiky, studuje vlastnosti léCiv v jejich zvlastni specifické podobég,
stanovuje jejich farmakokinetiku. B&hem svého plsobeni ve vedeni
Farmakologického Ustavu od roku 2011 si stale vyznamné&ji uvédomuji, ze byt jsou
vSechny vyse uvedené znalosti zcela zasadni a nepodkroditelné, zejména
v preklinické ¢asti studia, chybi ndm systematictéjsi vyuka vénovana aplikované
klinické farmakologii a problémové orientované vyuce farmakologie na prikladech

personalizované farmakoterapie vybranych onemocnéni.

Klinicka farmakologie je interdisciplinarni obor, ktery integruje experimentalni

farmakologii s klinickymi a paraklinickymi obory s cilem studovat a objektivnimi
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metodami hodnotit UCinek Iéku u zdravého i nemocného Clovéka. Zahrnuje rovnéz
doporuceni a zdlvodnéni terapeutického uZiti uréitych skupin lé&iv u uréitych
onemocnéni a do jeji naplné patfi i terapeutické monitorovani léciv. V ramci
klinické farmakologie se vyclenuji jesté dalSi podobory, napr. farmakogenetika
jako obor, ktery se zabyva vlivem jednotlivych farmakogenetickych polymorfismu
na individudlni odpovéd na podané lécdivo u konkrétniho jedince, pripadné

farmakogenomika, obor, ktery studuje tyto vlivy na Urovni celého genomu.

Soucasny stav vyuky klinické farmakologie

Klinickd farmakologie je v souc¢asném akreditovaném programu vSeobecného
|ékarstvi zavedena jako volitelny predmét ,Vybrané kapitoly z klinické
farmakologie” pro studenty 5. rocniku, ktefi Uspésné absolvovali predmét
farmakologie ve 4. rocniku. Sylabus je tvoren 9 prednaskami, predmeét je zakoncen
testem. Témata prednddek se tykaji farmakologickych principl nejéastéji se
vyskytujicich nozologickych jednotek jako jsou hypertenze, farmakoterapie
ischemické choroby srdec¢ni a akutniho koronarniho syndromu, srdecniho
selhavani, trombembolickych prihod, diabetu mellitu, CHOPN a asthmatu,
farmakoterapii nadorovych onemocnéni, antibiotika a klinicky relevantni Iékové
interakce. Stavajici pojeti vyuky klinické farmakologie vSak neodpovida piné
potfebam vyplyvajicim z predpokladanych a vyty&enych vystupl z uleni, které
jsme pro tento predmét optimalizovali v rdmci projektu OPTIMED a kde doslo
k vyznamnému posunu vzhledem k potfebam posunu uUrovné znalosti nasSich
studentd smérem k propojeni a kombinaci znalosti zakladni a aplikované
farmakologie. Tato optimalizace vyuky je v souladu s vyjadfenim pracovni skupiny
pro klinickou farmakologii v Evropé pri Svétové zdravotnické organizaci (46) a
jejim primarnim cilem je zlepseni péce o pacienta at uz pfimo nebo nepfimo -
vyvijenim lepsich, uc¢innéjSich a bezpecnéjsich lé¢iv a podporou raciondlniho

uzivani léciv (47).
Navrhovana uprava vyuky klinické farmakologie

Smyslem pregradualni vyuky klinické farmakologie musi byt efektivni predani
znalosti, dovednosti a postojd, které budou studenti potfebovat jako lékafFi v
nadchazejicich letech své praxe. Obecnym konceptem vyuky klinické farmakologie

a racionalni farmakoterapie v klinické mediciné je ptiprava studentl k jejich
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klinické praxi po ukonceni studia. Budouci Iékafi musi byt obeznameni
s rozhodovacim procesem - jaky lék bude zvolen pro konkrétniho pacienta,
faktory, které rozhodnuti Iékare ovliviiuji a zhodnoceni jejich vyznamnosti.
DUlezitou soué&asti curricula klinické farmakologie musi byt vyuka problematiky
klinického vyvoje novych |ékd, jez vyzaduje pokrocilé porozuméni preklinickému
vyzkumu, stejné jako studium etickych, pravnich a regulaénich poZadavkd na
specializované klinické vyzkumy v oblasti Iéc¢iv. Nedilnou soucasti dobre
navrzeného programu vyuky klinické farmakologie je predani znalosti spravného
a racionalniho predepisovani, nejen ambulantnim, ale i hospitalizovanym
pacientim. Vychova kvalifikovanych klinickych 1ékaifd je zcela stéZejni a
rozhodujici pro raciondini farmakoterapii a podavéani Géinnych a bezpeénych Iékd

v jejich budouci klinické praxi.

Soucasti procesu vyuky klinické farmakologie musi byt i zaméreni na problematiku
lékovych interakci, ovlivnéni funkce parenchymovych organl, v nichz
biotransformace probihaji, vlivli na intervenéni terapeutické a diagnostické metody
pouzivané v soucasné mediciné (typicky vztah sérové glukdézy a vySetreni PET,
obecné vztahy klinické farmakologie a klinické biochemie/hematologie/imunologie,

apod.).

Navrhovany integrovany program seminail a prednadek sleduje doporuceni
IUPHAR, Mezinarodni unie zakladni a klinické farmakologie (48) a harmonizaci
mezinarodniho curricula vyuky klinické farmakologie na lékarskych fakultach v
Evropé (DELPHI study). V souladu se zavedenymi vzdélavacimi cili je koncept
vyuky klinické farmakologie orientovany na pacienty, farmakoterapii a dané
onemocnéni. Klicovymi prvky, které je potreba zavést povinné do vyuky jsou

zejména:

Zakladni modul:

1) Obecna prakticka klinickd farmakologie (zamérend na individualizaci
farmakoterapie), personalizovana medicina, cilend Iécba, inter/intra
individudIni variabilita

2) Aplikovana klinicka farmakologie - priklady kazuistik specifickych pro
farmakoterapii nejéast&jsich onemocnéni a zdravotnich stavi v rutinni

|ékarské praxi
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3)

4)

5)

Interaktivni ,problem-oriented” vyuka zamérenda na specifickou c¢ast -
prakticka farmakokinetika, TDM, toxokinetika, specifické populace pacientl
(dialyzovani, imunosuprimovani atd.)

Lécivé pripravky pro moderni technologie, biologicka |éCba, genova,
vektorova lécba, VILP, orphan drugs

Raciondlni principy predepisovani (obecné zasady vyb&ru Iékd,
recepturni/zadankovy predpis, preskribce pro hospitalizovaného pacienta),
generickd substituce, Uloha pojistovny, revizniho lékare/SUKL pii pouziti
lé¢iv v rezimu ,off-label”, 1ékové chyby, Iékové interakce, polypragmazie

(vCetné simulace realnych situaci)

Rozsifeny modul:

6)

7)

8)

9)

Vyzkum a vyvoj lé&iv (preklinické a klinické hodnoceni, translace vystupl
z prekliniky do klinického hodnoceni, PASS, PAESS) - farmakologie vyuzita v ramci
klinickych hodnoceni

Regulace IéCiv (ve vyvoji, béhem registracniho procesu, po uvedeni na trh,
stazeni pripravku,...), srovnani s potravinovym doplinkem - rizika jejich
pouziti

Farmakovigilance (ve vyvoji, béhem registracniho procesu, po uvedeni na
trh), rozpoznani a hladeni NU, kritéria CTCAE a etické aspekty pouzivani
l&Civ (,off-label” use, léky na mimoradny dovoz, repurposing drugs,
compassionate use...), monitoring novych IéCiv v klinické praxi se
zameérenim na farmakovigilanci a HTA, etické problémy neschvalenych
lé¢ebnych postupt

Problematika zdravotnickych prostiedkd

10)Evidence - based medicine - kritické zhodnoceni literatury, interpretace

vysledkd klinickych studii a case reportl, Iékafské Uvahy a situace, které

se nejcastéji vyskytuji v rutinni Iékarské praxi

Ve vyuce budou uplatnény rizné formy uéeni: didaktické a interaktivni prednasky,

jednodenni vyukové seminafe zaloZené na feseni problémd, diskuze v malych

skupinach, uceni formou roli (Iékaf/pacient), samostudium a spolecné reseni

seminarnich praci, kvizy a vyuka prostrednictvim IT - TDM, vyhledavani informaci.

Cilem vyuky je rovnéz podpofit kritické mysleni zalozené na znalostech tak, aby

absolvent dokazal samostatné vyhodnocovat nové prichazejici informace vzdy ku
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prospéchu pacientl. Podstatné je rovnéZ kontinualni zafazovani nejnové&jsich
poznatkd a trendd do vyuky tak, aby absolvent pfedmétu vzdy odchazel se
soudobymi informacemi. K tomu bude vyuzZito modernich technologii a jejich
moznosti, véetné& vyuZiti simulacnich ndstrojd umoZiiujici redlné modelovani situaci
a jejich analyzu. Aktivni studenti dostanou pfrilezitost podilet se na realizaci
pokrotilych vyzkumnych projektt klinickych hodnoceni a budou mit moZnost

spoluautorstvi v souvisejicich publikacich.
4.2 POSTGRADUALNI VYUKA LEKARSKE FARMAKOLOGIE

Studium klinické farmakologie z{stava procesem celozivotniho uéeni, jelikoZ je
integralni, esencialni a celozivotni kompetenci kazdého klinického lIékare.
Soucasné je celozivotni vyzvou pro klinické farmakology a dalsi Iékarské pedagogy
vyucujici tento obor. V ramci Farmakologického Ustavu LF MU je tento koncept
podporovan spolupraci lékatl, klinickych farmakologl a klinickych farmaceutd,
v souCasné dobé je také diskutovano zalozeni konzultacniho centra pro
farmakologickou interpretaci hladin 1éki (TDM) a Iékovych interakci ve spolupraci
s klinickymi laboratoremi a Iékarnami fakultnich nemocnic. DalSimi oblastmi, které
patfi do naplné oboru klinické farmakologie a ve kterych se diky vlastnim

zkuSenostem podilime i na postgradualnim vzdélavani, jsou také:

Translacni a klinicky vyzkum: v ramci Farmakologického ustavu LF MU jsme v roce

2011 zalozili Centrum pro akademické klinické studie, podilime se na provadéni
vlastnich  klinickych  hodnoceni s vyznamnym inovativhim  potencidlem
(KDO_DC1311), véetné samotného designu pocatecnich fazi klinickych hodnoceni
l&Civ (faze I, I/II). To vSe se dafi realizovat i diky vyzkumné infrastrukture
CZECRIN (Czech Clinical Research Infrastructure Network), jejiz jsem hlavni
reSitelkou. Farmakologicky ustav LF MU je rovnéz narodnim koordinatorem
s napojenim na ECRIN-ERIC, coz prispélo k Uspésné participaci na projektech

klinického vyzkumu financovanych z H2020.

Farmakoekonomika: k zajisténi bezpecné a ucinné farmakoterapie (jeden z

cild  klinické farmakologie) je nezbytn& nutné hodnoceni zdravotnickych
technologiich (HTA), vcéetné léciv. Na Farmakologickém ustavu LF MU funguje

pracovni skupina podilejici se na farmakoekonomice a HTA, 2 postgradualni
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studenti obhajili praci v této oblasti, Ustavem jsou poradany kazdorocni konference

k témto tématam.

Postgradualni vyuku v oblastech uvedenych vySe realizujeme i diky Uspésné
edukacni platformé PharmAround, kterd byla v letech 2011 - 2014 realizovana z
Operacniho programu Vzdélavani pro konkurenceschopnost (OP VK). Vysledkem
této faze je uceleny systém odbornych kurzl pro studenty, Iékafe, pedagogy a
vyzkumné pracovniky, kterym dosud chybéla moznost komplexniho vzdélavani
v oblasti vyvoje IéCiv. Od roku 2014 pokracCuje PharmAround ve své Uspésné
¢innosti za podpory nadacniho fondu a naddle se zaméruje prioritné na oblast
vzdélavani a vzajemné spoluprace se zamérenim na cely Zivotni cyklus Iéciva a
jeho dopadu na pacienty. Vzdélavaci aktivity projektu PharmAround pokryvaji
vSechny vyvojové faze |éCiva a jejich absolventi ziskaji pro svou praxi uzitecny

soubor znalosti.
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5. ZAVER

Farmakologie je védeckym i klinickym oborem, ve kterém se mozna vice nez jinde
potvrzuje, ze uplatnéni principl individualizované mediciny v kontextu pokrokd
dosazenych v biologii, diagnostice a farmakoterapii onemocnéni, zvysuje Sance na
dlouhodobé preziti a lep&i kvalitu Zivota nasich pacientl. Personalizovany pfistup
hraje a bude v tomto sméru hrat stale vyznamnéjsi roli. Farmakologie je velmi
zivym oborem s fadou vyzkumnych otdzek i klinickych aplikaci. V takto
dynamickém prostfedi - kde jsme pribé&zné svédky zavadéni novych
farmakologickych poznatkl a inovativnich 1é&iv — musi i vyuka na lékaiské fakulté
toto reflektovat. Pres vSechna nova technologicka FeSeni databazovych ¢i jinych
informaénich systémU dnesni doby i naddle zlstdvd stdle Iékai tim, kdo
farmakoterapii indikuje a ridi. Schopnost reagovat spravné na nové poznatky a
efektivné je uplatiovat v péci o pacienty je dana ve velké mire i znalostmi, jez
|ékar ziskava pri svém vzdélavani. Na druhou stranu je potreba akceptovat, ze
dnesSni doba s obrovskym mnoZstvi informaci nas posouva vice od znalosti
(memorovani — jez ovSem ma své nepodkroditelné znalostni zaklady) do polohy
schopnosti najit a spravné vyhodnotit/pochopit. V oblasti farmakologie je tedy
zasadnim cilem naudit lékare spravné identifikovat, vyhodnocovat a pouzivat

informace ve vztahu k l1éCbé pacienta.
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PREHLED

Mozny klinicky pfinos terapeutického

monitorovani hladin imatinibu v onkologii

Potential Clinical Benefit of Therapeutic Drug Monitoring

of Imatinib in Oncology

Turjap M.'3, Jufica J.>3, Demlova R.24

'Oddéleni klinické farmacie, FN Ostrava
2Farmakologicky Ustav, LF MU, Brno

*Skupina experimentélni a aplikované neuropsychofarmakologie, CEITEC - Stfedoevropsky technologicky institut, MU, Brno

“Oddeélenf klinickych hodnocenf, Masaryk(v onkologicky Ustav, Brno

Souhrn

Imatinib mesylat je kompetitivnim inhibitorem tyrozinkinazy BCR/ABL a soucasné také inhibi-
torem nékolika receptorovych tyrozinkindz. Za dobu od svého uvedeni na trh se ukazal jako
velmi cenny v terapii Philadelphia chromozom (BCR/ABL) - pozitivni (Ph+) chronické mye-
loidni leukemie a Kit (CD117) pozitivnich gastrointestinalnich stromélnich tumor(. Lécivo je
biotransformovano cestou cytochromu P450 a je popsano mnozstvi vyznamnych [ékovych
interakci. Onkologicti pacienti ¢asto uzivaji sou¢asné mnozstvi dalSich lé¢iv zvysujicich prav-
dépodobnost takové interakce a svou roli mGze sehravat i adherence k 1é¢bé pfi dlouhodo-
bém podavani. Rezimy vychézejici z fixniho davkovéani imatinibu nerespektuji interindividudlini
rozdily ve farmakokinetice lé¢iva a je mozné, ze néktefi nemocni tak nedosahuji dostate¢nych
plazmatickych koncentraci. Na zékladé evidence z klinickych studii Ize usuzovat, Ze existuje
vztah mezi plazmatickymi koncentracemi imatinibu a klinickou odpovédi. Imatinib se proto
jevi byt vhodnym kandidatem pro terapeutické monitorovani jeho plazmatickych koncentraci.
Tento ¢lanek predklada prehled o farmakokinetice, Iékovych interakcich imatinibu, sumarizuje
aktudlni stav problematiky stanoveni plazmatickych koncentraci pro Ucely optimalizace terapie
a déle popisuje moznosti, limity a navrhy pro terapeutické monitorovani imatinibu.

Klicova slova
imatinib — farmakokinetika — lékové interakce - terapeutické monitorovani léciv — chronicka
myeloidni leukemie - gastrointestinalni stromalni tumory

Summary

Imatinib mesylate is a competitive inhibitor of BCR/ABL tyrosine kinase and inhibits also se-
veral receptor tyrosin kinases. Since its launch to the market, imatinib has proven to be very
valuable in the treatment of Philadelphia chromosome (BCR/ABL) - positive (Ph+) chronic mye-
loid leukemia and Kit (CD117) positive gastrointestinal stromal tumors. The drug is metaboli-
zed by cytochrome P450, and there are many clinically important pharmacokinetic drug-drug
interactions described in the literature. Frequent polypharmacy in oncological patients in-
creases probability of such interactions, and also adherence may play its role during long-term
treatment. Fixed dosing therapeutic regimens fail to respect known interindividual variability
in pharmacokinetics of the drug and thus, some patients may not achieve sufficient plasma
concentrations. Based on current evidence, there seems to be a relationship between plasma
concentration and clinical response to imatinib. Therefore, imatinib appears to be suitable can-
didate for therapeutic drug monitoring. Here, we present an overview of pharmacokinetics,
drug-drug interactions and current knowledge and suggestions on therapeutic drug monitor-
ing of imatinib, its potential benefits and limitations.

Key words
imatinib — pharmacokinetics — drug interactions - therapeutic drug monitoring - chronic my-
eloid leukemia - gastrointestinal stromal tumors
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MOZNY KLINICKY PRINOS TERAPEUTICKEHO MONITOROVANI HLADIN IMATINIBU V ONKOLOGI!

Uvod

Imatinib mesylat (Glivec®) je z hlediska
svého mechanizmu Ucinku selektiv-
nim kompetitivnim inhibitorem tyro-
zinkindzy BCR/ABL (breakpoint cluster
region/Abelson), tedy konstitutivné ak-
tivované tyrozinkindzy vzniklé jako pro-
dukt transkripce Philadelphia chro-
mozomu (reciproka translokace mezi
dlouhymi raménky 9. a 22. chromo-
zomu). Imatinib interaguje s proteinem
BCR/ABL na nukleotidovém vazebném
misté tak, Ze zabranuje vazbé adeno-
sintrifosfatu (ATP) a tim stabilizuje tento
protein v jeho inaktivni konformaci.
Vyslednym efektem je zabranéni tcinku
genu BCR/ABL na proteinové urovni, ve-
douci nasledné k apoptdze a zastavé
proliferace bunéc¢ného klonu. Imatinib
soucasné inhibuje i nékteré receptorové
tyrozinkinazy - PDGFR-a a PDGFR-(3 (Pla-
telet-derived growth factor receptor, -a,
-B; glykoproteinovy rlstovy faktor), c-KIT
(transmembrdnovy tyrozinkindzovy re-
ceptor), CSF-1R (receptor pro kolonie sti-
mulujici faktor 1) [1]. V CR je Glivec® do-
stupny jiz od roku 2001, pficemz zdsadné
pfispél k inovaci tehdy dostupnych [é-
¢ebnych postupll a zlepSeni prognézy
[é¢enych pacientd. Imatinib je dle gui-
delines NCCN (National Comprehensive
Center Network) pro chronickou mye-
loidni leukemii (chronic myeloid leuke-
mia — CML) [2] indikovan k 1. linii 1é¢by
chronické faze Philadelphia chromozom
(BCR-ABL) - pozitivni chronické mye-
loidni leukemie (Ph+ CML) s doporuce-
nou kontrolou cytogenetické odpovédi
a monitorace hladiny transkriptu v pra-
videlnych intervalech. V ptipadé subop-
timalni odpovédi Ize volit zvyseni davky
imatinibu, v pfipadé selhani 1é¢by imati-
nibem je pak indikovdna zména lécby al-
ternativnim tyrozinkindzovym inhibito-
rem (nilotinib nebo dasatinib). Dle NCCN
doporuceni je imatinib déle indikovan
u pacientd s akcelerovanou nebo blas-
tickou fazi CML se soucasnym zvazenim
moznosti provedeni transplantace kostni
drené [2].

Vramcilécby solidnich nadord jsou dalsi
indikaci imatinibu pacienti s Kit (CD117)
pozitivnimi inoperabilnimi nebo metasta-
zujicimi gastrointestinalnimi stromalnimi
nadory (GIST) nebo pacienti po resekci
GIST s vysokym rizikem recidivy [3].

Obvyklé dévkovani imatinibu u he-
matoonkologickych malignit je
400-800mg denné. Davka 400mg se
pouziva standardné jako davka inicidlni,
davky 600-800 mg denné jsou poda-
vany u pokrocilejsich fazi CML nebo
u pacientl s akcelerovanou fazi one-
mocnéni nebo v blastické krizi. U dospé-
lych pacientl s inoperabilnim a/nebo
metastatickym malignim GIST je do-
porucend davka 400 mg denné, s moz-
nym zvysenim davky na 600 mg nebo
800 mg u pacientl s primarni nebo
sekundarné vzniklou rezistenci na ima-
tinib. VSeobecné se pfi terapeutickém
selhani inicidlni davky nebo pfi subop-
timalni 1é¢ebné odpovédi doporucuje
davku eskalovat na 800 mg/den v pfi-
padé, Ze pacient denni davku 400 mg
dobte snasel.

V soucasné dobé je diskutovdna moz-
nost pferuseni lé¢by imatinibem u ne-
mocnych s CML v molekularni remisi.
Vysledky dosavadnich studii naznacuiji,
ze preruseni lé¢by by mohlo byt per-
spektivné mozné u vybranych pacientt
se stabilni kompletni molekularni od-
povédi trvajici alespon dva roky, za sou-
¢asného peclivého monitorovani mo-
lekularni odpovédi a ¢asného feseni
pfipadného relapsu [2]. Pro standardi-
zaci kritérii bezpecného preruseni poda-
vani imatinibu jsou nicméné potiebné
vysledky dalsich, prospektivnich stu-
dii s vétsim poctem pacientl a delSim
sledovanim. Proto aktualni guidelines
NCCN [2] i European LeukemiaNet [4]
doporucuji dlouhodobé pokracovani
Ié¢by imatinibem u vsech pacientd, ktefi
na lé¢bu odpovidaji; pfipadné ukon-
Ceni [é¢by imatinibem u téchto pacientt
mUze byt zvaZzovano pouze v ramci né-
kterého z protokoll klinickych studii.
Doporucena davka imatinibu v adju-
vantni 1é¢bé vysoce rizikovych pacient(
po resekci GIST je 400 mg.

Obecné je imatinib dobfe snasen a vy-
skyt zavaznych nezadoucich Gcinka
grade 3 nebo 4, s vyjimkou hematotoxi-
city, je nizky. Klinicky nejdalezitéjsi jsou
nezadouci U¢inky hematologické, zejm.
neutropenie a trombocytopenie, a proto
je nutné zejm. v prvnich tydnech [é¢by
peclivé monitorovani krevniho obrazu.
Kromé hematologickych komplikaci
patfi mezi mozné nezadouci Ucinky vy-

skyt gastrointestinalnich komplikaci (ne-
volnost, dyspepsie, prijem), poruchy
vnitfniho prostredi (otoky vicek, obli-
Ceje, dolnich koncetin, méné ¢asto pleu-
ralni vypotek nebo ascites), pfipadné
bolesti svald, kloub(, kosti nebo Unava.
Tyto nezddouci ucinky jsou vétsinou
mirné a odeznivaji béhem nékolika dnt
¢i tydnl po vysazeni l1écby. Potencialné
nebezpecnd muze byt hepatotoxicita,
vzacné vedouci k selhani jater; doporu-
Cuje se sledovat jaterni testy a omezit
podavani paracetamolu. Ddvodem jsou
obavy z aditivniho hepatotoxického
efektu obou latek a uvaZuje se o mozné
inhibici O-glukuronidace paracetamolu
imatinibem [5].

Farmakokinetické vlastnosti
Imatinib mesylat se po peroral-
nim podani dobfe absorbuje, bio-
logickd dostupnost je az 98 % a neni
ovlivnéna potravou. Maximalnich plaz-
matickych koncentraci dosahuje ima-
tinib po 2-4 hodinach po podani, ex-
tenzivné se vdaze na proteiny plazmy
(az 95 %, z vétsiny na al kysely glyko-
protein). Distribu¢ni objem imatinibu je
252 L [6]. Hlavni biotransformacni cesta
vede pfes N-demetylaci k piperazino-
vému metabolitu (CGP74577), ktery je
biologicky aktivni. Tuto reakci kataly-
zuje forma 3A4 cytochromu P450. Far-
makokinetika imatinibu je linearni v roz-
mezi davek 25-1 000 mg p.o. 1x denné.
Eliminacni parametry jsou vékem nebo
hmotnosti ovlivnény jen mirné - s na-
rdstem hmotnosti se zvysuje clearance
(8,5 L/h u pacientd pod 50kg, 11,3 L/h
u pacientl nad 100kg), s vékem roste
distribu¢ni objem. Vétsi vliv na farma-
kokinetické parametry maji spise al-
bumin, bunky bilé krevni fady a biliru-
bin [7,8]. Eliminacni polocas imatinibu je
18 hodin, v pfipadé jeho aktivniho me-
tabolitu pak dokonce 40 hodin. BEhem
sedmi dni se tak vylouci okolo 80 % po-
dané davky, vétsina ve formé metabo-
litd,, a to zejm. bilidrni cestou (pomér ex-
krece stolice : moc¢ je 5 : 1); jen asi 25 %
se vylou¢i v nezménéné formé. Mirna
az stfedné zavazna hepatdlni insufi-
cience zpravidla nevyzaduje korekci
davkovani [8].

Imatinib je stfedné silnym inhibitorem
metabolické aktivity CYP2C9 (neoceka-
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vaji se klinicky zavazné interakce) a po-
mérné silnym inhibitorem metabolické ak-
tivity CYP2D6 (dle inhibi¢ni konstanty K;
klinicky se zatim takto neprojevuje)
a CYP3A4, pricemz je dokumentovéna
fada lékovych interakci, predevsim se
substraty CYP3A4 [9]. Imatinib je také
substratem P-glykoproteinu (Pgp, pro-
dukt genu ABCBT) a je transportovan pre-
nasecem pro organické kationty (hOCT1).
Interakce s inhibitory metabolické akti-
vity CYP3A, jez soucasné inhibuiji aktivitu
Pgp, je tedy zvlasté nebezpecna a miize
vyustit ve vyrazné zvyseni plazmatické
koncentrace a toxicity imatinibu [7,8,10].

Lékové interakce imatinibu
Lékové interakce mohou byt v zésadé
dvojiho typu - jednak mohou jina lé-
¢iva ovlivhovat ucinek imatinibu a na
druhé strané muze imatinib ovlivhovat
Ucinky jinych léciv, pfedevsim svym in-
hibi¢nim G¢inkem na metabolickou akti-
vitu CYP3A4 a CYP2D6. Pro jednoduchost
asohledem nazaméfeni ¢lanku se zde vé-
nujeme pouze vlivu jinych latek na plaz-
matické koncentrace/Ucinek imatinibu.
Mezi |ékovymi interakcemi vyrazné
prevazuji farmakokinetické nad far-
makodynamickymi. V naprosté vét-
Siné se jednd o ovlivnéni metabo-
lické aktivity CYP3A4, v mensi mife pak
CYP2D6 a CYP2C9. Soucasnym poda-
nim inhibitoru nebo induktoru metabo-
lické aktivity téchto forem CYP dochazi
ke zméndm v plazmatickych koncent-
racich a AUC (area under curve - plo-
cha pod kfivkou plazmatickych kon-
centraci v ¢ase) imatinibu. Tyto zmény
mohou byt i velmi vyrazné a klinicky re-
levantni (zmény v AUC fadové o desitky
procent) [11]. Druhy typ farmakokine-
tické interakce spociva v inhibici aktivity
P-glykoproteinového transportéru a tim
ve zvyseni biologické dostupnosti a AUC
imatinibu. Léciva zapficinujici tyto inter-
akce jsou uvedena v tab. 1 [8-10,12].
Dlsledkem soucasného podani in-
duktort metabolické aktivity CYP3A4 je
zrychleni presystémové eliminace i bio-
transformace imatinibu a snizeni AUC,
C,.., @ snizeni Ucinku imatinibu. Pikla-
dem je snizeni AUC_,, 0 54 % po sou-
bézném pétidennim podani imati-
nibu (400 mg, 1x denné) a rifampicinu
v denni dédvce 600mg [13].

ucinek imatinibu [8-10,12].

Tab. 1. Léciva, kterd mohou vyznamné ovlivnit plazmatickou koncentraci nebo

Induktor

CYP3A4 karbamazepin,
dexametazon,
dabrafenib, mitotan,
nevirapin, bosentan,
barbituraty, fenytoin,

rifabutin, rifampicin

karbamazepin,
dexametazon,
doxorubicin,
fenobarbital, fenytoin,
primidon, rifampicin,
trezalka te¢kovana,
tenofovir, vinblastin

Pgp

Inhibitor

chloramfenikol, nékteré makrolidy,
(klaritromycin, telitromycin), azolova
antimykotika (itrakonazol, ketokonazol,
posakonazol, vorikonazol), inhibitory
virovych protedz (atazanavir, boceprevir,
lopinavir, nelfinavir, telaprevir,
saquinavir, ritonavir, indinavir,
darunavir, fosamprenavir)

abirateron, amiodaron, atorvastatin,
karvedilol, klaritromycin, crizotinib,
cyklosporin, darunavir, dipyridamol,
grepfruitova $tava, itrakonazol, ketokonazol,
lapatinib, lopinavir meflochin, nelfinavir,
nilotinib, progesteron, ritonavir, saquinavir,
simeprevir, sunitinib, takrolimus,tamoxifen,

hOCT1 neni znamo

telaprevir, vemurafenib, verapamil

amiodaron, levofloxacin, ganciklovir,
chlorochin, indinavir, saquinavir, lamivudin,
ranitidin, midazolam, metformin,
progesteron

hOCT1 - human organic cation transporter 1, transportér pro organické kationty 1

Pfi kombinaci s inhibitory metabolické
aktivity CYP3A4 naopak dochazi k opac-
nym projeviim - zvyseni AUC, nezadou-
cich acinkl a toxicity imatinibu, jako
v pfipadé zvyseni AUC o 41 % po jed-
norazovém podani imatinibu (200 mg)
s ketokonazolem (400 mg) [11].

Méné casto se objevuji informace
o vlivu sou¢asného podani inhibitoru
aktivity transportérd pro organické ka-
tionty (hOCT1) na plazmatické koncen-
trace/ucinek imatinibu. Tento transpor-
tér je zodpovédny za uptake imatinibu
do cilovych bunék. Inhibice aktivity
hOCT1 se paradoxné projevi zvysenou
plazmatickou koncentraci imatinibu
a soucasné jeho snizenou intracelularni
expozici [10].

Interakce na Urovni CYP2D6 nebo
CYP2C9 maji teoreticky podobné du-
sledky, projevuji se vsak pravdépo-
dobné s daleko mensi intenzitou (bio-
transformacni cesta prostfednictvim
CYP3A4 je dominantni), a nejsou tedy
klinicky relevantni.

Imatinib je také inhibitorem akti-
vity transportéru BCRP (breast can-
cer resistance protein); tato interakce

sice potencialné muze zvratit rezistenci
k 1é¢iviim transportovanym timto pre-
nasecem, na druhou stranu vsak klinicky
mUzZe az nebezpecné zvysit expozici
témto [é¢iviim — napf. pazopanibu nebo
topotekanu [8,14].

Ponékud problematickd je pfipadna
kombinace imatinibu s warfarinem
u nemocnych vyzadujicich antikoagu-
la¢ni |é¢bu. Biotransformace warfarinu
vede pres CYP2C9 (uc¢inné&jsi S enantio-
mer) a také pres CYP3A4 (méné ucinny
R enantiomer). O interakcich imatinibu
a warfarinu neni dostatek spolehlivych
dat; nékteré studie naznacuji, ze war-
farin neovliviuje plazmatické koncent-
race a uc¢inek imatinibu [15]. Opacéna in-
terakce je dokumentovana - imatinib
by mohl zvysit Gc¢inek warfarinu prav-
dépodobné inhibi¢nim u¢inkem na me-
tabolickou aktivitu CYP3A4 [16], jehoz
je imatinib silnym inhibitorem, méné
vyznamna je (slabsi) inhibice metabo-
lické aktivity CYP2C9. S ohledem na te-
rapeutické rezimy zahrnujici obvykle
vice soucasné podavanych Iéciv je ob-
tizné identifikovat plivodce a rozsah
téchto interakci. Klinicky dopad zGstava
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nejasny a vysledek predvidat proza-
tim nedokazeme. Dal$im komplikujicim
faktorem muze byt zvysené riziko krva-
ceni spojené se samotnym imatinibem.
Pokud jsou léciva uzivdna soucasnég, je
nutna opatrnost, ¢astéjsi monitorovani
INR a zvyseny klinicky dohled. Vhodnou
alternativou warfarinu mize byt pouziti
nizkomolekularniho heparinu.

Interakce farmakodynamického nebo
nezndmého typu jsou vzacnéjsi — pfi-
kladem je ocekdavatelna interakce s vak-
cinaci nebo imunosupresivy, zvyseni
rizika agranulocytézy pfi soucasné ko-
medikaci s klozapinem, zvyseni rizika
agranulocytézy a pancytopenie pfi sou-
¢asném uzivani metamizolu, snizeni
ucinku imatinibu po kombinaci s imuno-
stimula¢nimi latkami (napt. i echinacea,
beta-glukany), popf. snizeni ucinku ty-
reotropnich latek.

Moznosti a piinosy
terapeutického monitorovani
l1éciv
Terapeutické monitorovani Iéciv (thera-
peutic drug monitoring - TDM) se za-
byva stanovovanim a naslednou farma-
kokinetickou interpretaci koncentraci
[é¢iv v biologickych vzorcich, vzdy v kon-
textu klinickych udaja a pfislusnych dat.
V CR se TDM jiz dlouhou fadu let vyuzivéa
k optimalizaci farmakoterapie lécivy,
jako jsou aminoglykosidové antibiotika,
vankomycin, digoxin, teofylin, amio-
daron, celd fada antiepileptik a novéji
také nékterych imunosupresiv, antipsy-
chotik, azolovych antimykotik a dalsich
latek.

Nejvétsi benefit pfindsi TDM u léciv,
kterd maji nasledujici charakteristiky [17]:
a) absence snadno méritelného, bez-

pecného a validniho ukazatele efektu

[écby;

b) toxicita ¢i neuc¢innost lé¢iva mize
pfimo ohrozit stav pacienta;

c) absence ¢i slabd korelace davka - kli-
nicka odpovéd:;

d) uzké terapeutické rozmezi;

e) korelace mezi plazmatickou kon-
centraci a klinickym efektem a/nebo
toxicitou;

f) velka interindividualni a optimalné
nizkad intraindividudlni variabilita
v koncentracich lé¢iva po podani
stejné davky;

g) dostupnd validovand, dostatecné cit-
livd a ekonomicky pfijatelna analyticka
metoda pro stanoveni koncentraci.

Pfitomnost aktivniho metabolitu, vy-
znamny interakéni potencidl, nelinearni
farmakokinetika |é¢iva jiz v rozmezi
bézné pouzivanych ddvek ¢i casty vy-
skyt non-adherence jsou dalsi faktory,
které Ize pomoci TDM zachytit ¢i s nimi
pracovat.

TDM muze byt obecné uzite¢né napf.
pro:

- potvrzeni efektivnich koncentraci
(jako referen¢ni hodnota pro dalsi pra-
béh Iécby);

optimalizaci ddvky na podkladé do-
sazeni terapeutického referenc¢niho
rozmezi (napf. pokud je efekt stava-
jici 1é¢by ¢astecny/neuspokojivy a za-
roven naméfime plazmatické koncen-
trace pod dolni hranici referen¢niho
rozmezi);

potvrzeni suspektni toxicity (jsou pfi-
tomny znamky toxicity daného léciva
a zaroven naméfime vyrazné vysoké
plazmatické koncentrace);

podezfeni na nonadherenci ¢i selha-
vani lé¢by z rlznych ddvodl (plaz-
matické koncentrace pod limitem
detekce ¢i vyrazné neodpovidajici da-
nému déavkovani, neobvykly pomér
plazmatickych koncentraci matefské
latky a metabolitu, velmi vysoké/nizké
plazmatické koncentrace pfi bézném
davkovani a dobré adherenci);
korekce davkovani pfi zménach renal-
nich funkci (typicky napf. u aminogly-
kosidovych antibiotik, vankomycinu,
digoxinu);

posouzeni vlivu komedikace (aktuadlné
nasazena/vysazena/zménéna davka
medikace, kterd mulze snizit/zvysit
plazmatickou koncentraci sledova-
ného léciva a potazmo jeho efekt, vliv
zanechdani koufeni u nékterych Iéciv
atd.);

posouzeni vlivu stav(, kdy Ize predpo-
klddat vyznamné zmény v distribuci é-
¢iva (gravidita, ascites, edémy, kritické
stavy, néktera onemocnéni, vékové
a hmotnostni extrémy atd.).

Mérend léciva zpravidla spliuji pouze
nékteré z vyse uvedenych charakteris-
tik ,optimalniho” lé¢iva, a proto i poten-

ciél pro klinické vyuziti a informacni hod-
nota vysetfeni konkrétnich 1é¢iv mize
byt rlznoroda. Aby pfinaselo vysetieni
Zadajicimu |ékafi validni informaci a bylo
nakladové efektivni, je velmi icelné mit
zpracovanu metodiku TDM v daném
zdravotnickém zafizeni, kterd definuje
jednotlivé kroky a predpoklady vyset-
feni pro kazdé mérené lécivo (jak, kdy
a kolik vzork(i odebirat, jak je uchovavat
atransportovat, kdy je/neni tcelné zddat
stanoveni koncentraci vzhledem k fazi
[é¢by, na jaké otazky mUze vysetfeni dat
odpovéd, sledované parametry a jejich
doporucovana rozmezi, nalezitosti za-
danky, potfebnd biochemicka vysetteni,
IhGty dodani vysledk( atd.). Zaroven je
dulezitd dobrd spoluprace zadajiciho
lékafe s laboratofi, resp. interpretuji-
cim klinickym farmaceutem/farmakolo-
gem, nebot bez sprdvné interpretace vy-
sledku a nasledného doporuceni nebo
ndvrhu opatfeni ztraci vysetfeni mnoho
ze svého potencidlu, ¢i mlGze byt do-
konce kontraproduktivni.

Terapeutické monitorovani

imatinibu v indikacich CML a GIST
Imatinib méa predpoklady k tomu, aby
se u néj TDM stalo validnim nastrojem
k optimalizaci a individualizaci 1é¢by.
Dostupna evidence naznacuje, Ze jed-
nou z pficin primarni rezistence k lécbé
inhibitory tyrozinkinaz (TKi) mohou byt
nedostatecné plazmatické koncentrace
|é¢iva. Podobné pricinou suboptimalni
odpovédi na lécbu imatinibem mohou
byt mezi jinymi také problémy s com-
pliance ¢i interindividudlni variabilita ve
farmakokinetice léciva [2]. K interindivi-
duadlni variabilité mohou déle vyznamné
pfispivat Iékové interakce diskutované
vyse. Guidelines NCCN pro Iécbu CML
doporucuji v rdmci monitorovani odpo-
védi na lécbu TKi pravidelné posuzovat
compliance a ptipadny vliv 1ékovych in-
terakci, pokud neni odpovéd na lé¢bu
optimalni [2]. Stanoveni udolni plazma-
tické koncentrace (Cyougy) 1-3 mésice po
zahdjeni [é¢by muze slouzit jako indivi-
dudlini referen¢ni hladina pro dalsi pra-
béh lécby a pfipadné ¢asné upozornit
na vyrazné odlisné plazmatické koncen-
trace, nez Ize ocekavat pii daném davko-
vani. V dalS$im pribéhu [é¢by mize (pfi
porovnani s aktudlné naméfrenou hod-
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notou) pomoci posoudit vliv Iékové in-
terakce ¢i adherence k 1é¢bé. TDM muize
pomoci vyloucit nedostatecné plazma-
tické koncentrace jako moznou pf¥icinu
suboptimalni odpovédi ¢i primarni re-
zistence nebo naopak vysoké plazma-
tické koncentrace jako moznou pf¥icinu
vyskytu zndmek toxicity [18-21]. Tento
model, tzv. rescue TDM (TDM v pfipadé
potfeby, pfi vyskytu potizi s 1é¢bou), je
dostupny napf. ve Svycarsku [22].

CML

V poslednich pfiblizné sedmi letech byly
v renomovanych onkologickych ¢asopi-
sech publikovény klinické studie, které
se zabyvaly primarné vztahem mezi
plazmatickymi koncentracemi imatinibu
a klinickou odpovédi. Definice cytoge-
netickych a molekularnich odpovédi
v nize uvedenych studiich odpovida de-
finicim dle European Leukemia Net [4].

Picard et al popisuji studii s 68 pa-
cienty s CML Ié¢enymi imatinibem v dévce
400 nebo 600 mg/den po dobu min.
12 mésicl [23]. Pacienti uzivajici 400 mg,
resp. 600 mg/den dosahovali idolnich (tj.
pfed podanim dalsi davky) plazmatickych
koncentraci (c,,,,,) 1 058 + 557 ng/mL,
resp. 1 444 + 710 ng/mL (primér + SD),
pficemz hodnoty vykazovaly vysokou
interindividudlni variabilitu (min.-max.,
181-2 947 ng/mL). C . byly retrospek-
tivné korelovany s odpovédi. Statisticky
vyznamneé vyssic byly pozorovany
ve skupiné pacientli s kompletni cytoge-
netickou odpovédi (complete cytogene-
tic response — CCyR, 1 123 + 617 ng/mL
vs. 694 + 556 ng/mL, primér + SD;
p = 0,03) a tzv. velkou molekuldrni odpo-
védi (major molecular response - MMR,
1452 £ 649 ng/mL vs. 869 = 427 ng/mL,
prameér + SD; p < 0,001) oproti skupiné
bez CCyR, resp. MMR, nezdvisle na uzivané
denni davce léciva. ROC analyzou byla
vypoctena prahova Cyougn | 002 Ng/mL,
kterd odliSovala respondéry/nonrespon-
déry dle dosazeni MMR se senzitivitou
77 % a specificitou 71 % [23].

Larson et al potvrdili tyto vysledky
v rozsahlejsi retrospektivni studii zahr-
nujici 351 pacient s CML [24]. Pacienti
uzivali 400 mg imatinibu denné. V této
studii byly c,, stanovovany ve fazi
steady state a korelovany s odpovédi
béhem pétiletého sledovani. Primér

a median viech hodnot ¢ . v souboru
dosahoval 979 + 530 ng/mL a 879 ng/mL
(min.-max., 153-3 910 ng/mL). Z di-
vodu vysoké interindividualni variabi-
lity byli pacienti rozdéleni na kvartily
Q1-Q4 dle dosahovanych ¢ a tyto
nasledné korelovany s odpovédi. Kumu-
lativni relativni ¢etnosti CCyR i MMR se
statisticky vyznamné lisily mezi jednotli-
vymi kvartily (p = 0,01; resp. p = 0,02 cel-
kové). Crrough byly statisticky vyznamné
vyssi u pacient(, ktefi dosahli CCyR ve
srovnani s témi, ktefi CCyR nedosahli
(1009 £ 544 ng/mL, vs.812 £ 409 ng/mL,
pramér £ SD; p = 0,01). Byl také pozo-
rovan trend ke krat$imu prezivani bez
sledované udalosti (event-free survi-
val - EFS) u pacientl s nizsimic, . Oce-
kavané relativni cetnosti EFS po péti le-
tech 1é¢by byly 78 %, 83 % a 89 % pro Q1,
Q2-Q3a Q4 (p=0,16) [24].

Takahashi et al provedli soubor-
nou analyzu dat Sesti japonskych studii
s pacienty s CML (n = 254) [25]. Primér
a median ¢ celého souboru cinily
1011 = 565 a 900 ng/mL (min.-max.,
111-3 620 ng/mL). Autofi pozorovali sta-
tisticky vyznamné vyssic, . u pacientd,
ktefi dosahli MMR (1 107 + 594 ng/mL
vs. 873 = 529 ng/mL; p = 0,002) a CCyR
(1058 + 585 ng/mL vs. 835 + 524 ng/mL;
p = 0,033) oproti tém, ktefi MMR a CCyR
nedosahli. Pravdépodobnost dosazeni
MMR byla statisticky vyznamné vyssi
u pacientd s c . > 1002 ng/mL oproti
Cyougn < 1002 ng/mL (p =0,012) [25].

Koren-Michowitz et al ve své stu-
dii analyzovali plazmatické koncent-
race u 191 pacientl s CML lécenych
imatinibem a tyto porovnavali s dosa-
Zenim CCyR [26]. Median a pramérc,
v celém souboru dosahoval 994 ng/mL,
resp. 1 070 £+ 686 ng/mL. Pacienti, ktefi
dosahovali CCyR, méli statisticky hra-
ni¢né vyssi Cirough (1 078 + 545 ng/mL)
nez pacienti bez CyR (827 + 323 ng/mL;
p = 0,045). Pfi souborném hodno-
ceni po rozdéleni pouze do dvou sku-
pin pacienti s CCyR/¢astecnou CyR do-
sahovali statisticky vyznamné vyssich
Crough nez pacienti s minimalni/zad-
nou CyR (1 066 = 534 ng/mL vs.
814 + 314 ng/mL; p = 0,002) [26]. Marin
et al ve studii s 84 pacienty s CML za-
znamenali statisticky vyznamné vy3si
procentudlni ¢etnost MMR u pacientt

S Cyougn = 1 000 Ng/mL oproti nizsim c
(p=0,02) [27].

Vztah mezi plazmatickymi koncent-
racemi a klinickou odpovédi u pacient(
s CML byl pozorovan také v observac-
nich studiich v redlnych klinickych pod-
minkach s velkym poctem zafazenych
pacientl (n=1216[28]an=2478[29)).

V roce 2014 byla publikovana prak-
tickd guidelines autorské skupiny Yu et
al (Cancer Institute-Antoni van Leeu-
wenhoek, Amsterdam) pro terapeutické
monitorovani inhibitor( tyrozinkinaz
(TKi) [30], ktera na zakladé dosavadni
evidence z observacnich studii navrhuji
u pacientd s CML Ié¢enych imatinibem
Cirougn 2 1000 ng/mL jako cilovy farmako-
kineticky parametr.

Publikovény byly vysledky zatim je-
diné dokoncené prospektivni rando-
mizované intervencni studie Imatinib
COncentration Monitoring Evaluation
(I-COME) [22]. Cilem studie bylo zjistit,
zda rutinni TDM s individualizaci davko-
vani (k dosazeni cilové plazmatické kon-
centrace ¢, =1 000 ng/mL) maze
zlepsit klinickou odpovéd u pacientl
s CML oproti kontrolni skupiné bez
rutinniho TDM béhem jednoletého sle-
dovani. Autofi uvadéji, ze bohuzel ne-
bylo mozné formalné prokazat benefit
rutinniho TDM, protoze béhem dvoule-
tého naboru nebylo dosaZzeno pldnova-
ného poctu zafazenych pacientl (pred-
poklad 300, celkem zafazeno pouze 56),
a déle z dlvodu prekvapivé nizké ad-
herence [ékafl (50 %) k doporucenym
Upravam davkovani v intervenc¢ni sku-
piné. Autofi diskutuji urcita pozitivni zjis-
téni u pacientd, u kterych byly Upravy
dévkovani respektovany, nicméné tato
nebyla statisticky hodnotitelnd. Oceka-
vaji se vysledky dalsi prospektivni in-
terven¢ni randomizované studie OPTIM
IMATINIB [31], kterd si klade jako hlavni
cil posoudit Ucinnost a realizovatel-
nost individualizace davkovani imati-
nibu zaloZzené na méfeni udolnich plaz-
matickych koncentraci imatinibu ve
vztahu k dosazeni MMR po 12 mésicich
[éCby.

Guidelines NCCN pro lécbu CML [2] ak-
tudlné rutinni TDM imatinibu (tedy rutinni
individualizaci davkovani k dosazeni cilo-
vych plazmatickych koncentraci) nedo-
porucuji. Ddvodem je doposud chybéjici
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evidence z prospektivné vedenych inter-
vencnich studii, které by prokazovaly be-
nefit rutinniho TDM ve vztahu ke klinické
odpovédi. Uvadi vsak uzite¢nost TDM
napt. pfi posuzovani adherence k l1é¢bé.

GIST
Demetri et al zkoumali u 73 pacientl
s pokrocilym GIST vztah mezi plazmatic-
kymi koncentracemi imatinibu a odpo-
védi [32]. Pacienti byli randomizovani do
skupin uzivajicich 400 nebo 600 mg ima-
tinibu denné. C v ustaleném stavu
(proobé skupiny) vykazovaly vyznamnou
interindividudlni variabilitu (min.-max.,
414-4 182 ng/mL). Mezi skupinami pa-
cientl s rozdilnou odpovédi na Iécbu
(kompletni nebo parcidlni odpovédi
nebo stabilizaci onemocnéni) nebyl po-
zorovan statisticky vyznamny rozdil me-
diand ¢, . (p =0,25). Kdyz byli pacienti
rozdéleni do kvartild dle dosahova-
nych ¢, Pacienti v dolnim kvartilu
Q1 (<1100 ng/mL) dosahovali statisticky
vyznamné kratsiho ¢asu do progrese
onemocnéni (time to progression - TTP,
medidn 11,3 mésice) nez pacienti ve vys-
sich kvartilech: median TTP 30,6 mé-
sice v Q2-Q3 (1 100-2 040 ng/mL),
resp. 33,1 mésice v Q4 (> 2 040 ng/mL)
(p=0,0105 celkové, p=0,0029 pro Q1 vs.
Q2-Q4). Statisticky signifikantni rozdil
mezi jednotlivymi kvartily nebyl pozoro-
van ve vztahu k medianu celkového pre-
Ziti (overall survival - OS) (p = 0,16) [32].
Praktickd guidelines autorské sku-
piny Yu et al (Cancer Institute-Antoni
van Leeuwenhoek, Amsterdam) navr-
huji u pacientl s GIST Ié¢enych imatini-
bem cilovou ¢, =1 100 ng/mL [30].
Zatim jedind prospektivni intervenéni stu-
die SARC019 [33], kterd méla za cil zjistit,
zda eskalace davky imatinibu k dosaZenf
Cyougn = 1100 ng/mL zlepsiklinickou odpo-
véd u nemocnych s metastazujicim GIST,
byla ukonc¢ena predcasné kvali pomalému
nadboru pacientd, pficemz data nebylo
mozno analyzovat. Evidence z prospektiv-
nich studii tedy aktualné chybi a v soucas-
nosti rovnéz nelze na zakladé principd evi-
dence-based medicine (EBM) rutinni TDM
imatinibu v 1é¢bé GIST doporucit.

Diskuze a zavér
V klinickych studiich i v realné klinické
praxi lze pozorovat vyznamnou inter-

individudIni variabilitu ve vztahu k te-
rapeutickym Uc¢inkdm i Uc¢inkdm neza-
doucim. V klinické praxi vidime pacienty,
ktefi pfi doporu¢eném dévkovani neod-
povidaji na lé¢bu dle predpoklad, ktefi
maji fadu nezddoucich ucinkl ¢i naopak
u kterych zadné nezadouci Uc¢inky neza-
znamenavame. Z vyzkumného hlediska
jsou tyto variability v onkologii, zejm.
ve vztahu k G¢inku, zkoumény prede-
vsim z hlediska rozdilnosti cilové struk-
tury ¢i signdini drahy na drovni tumoru
s vyuzitim dnes jiz celkem bezproblé-
mové dostupnych molekuldrné-gene-
tickych nebo proteomickych metod;
publikované prace s touto tematikou
Ize pocitat dnes jiz v tisicich. Mnohem
méné praci se viak zabyva variabilitou
na urovni samotného ,nositele” tumoru,
tedy pacienta. K zakladnim postulatlim
farmakologie patfi fakt, ze 1éCivo ovlivni
onemocnéni konkrétniho pacienta
a jeho nador, ale i konkrétni pacient
(resp. organizmus) ovlivni chovéni lé¢iva
po jeho podani. Fakt, ktery byva opo-
mijen, resp. nebyva zdlraziovan, je, ze
Lpersonalizované” musime vnimat nejen
strukturu, na kterou lécivo plsobi - tedy
Jtarget” aleihostitele - tedy jedince, kte-
rému je lécivo podavano - tedy ,host-re-
lated factors” Tento typ personalizace
ma vychdzet ze znalosti genetického po-
zadi (farmakogenetiky), soubéznych ko-
morbidit, lékovych interakci, u peroralni
|écby i adherence pacienta a podobné.
Nesmime zapomenout, Ze ,personalizo-
vana terapie” se vzdy tyka pacienta — ne-
|é¢ime nador, ale konkrétniho jedince
s nadorem.

Obdobné jetomuiutzv.targeted ther-
apy, kdy tato molekuldrné cilena lé¢ba
napt. inhibitory tyrozinkindz vychazi ve
svém standardnim davkovani z principu
zahdjeni lécby fixnimi davkami, které ne-
respektuji vyznamné a jiz publikované
interindividudIni rozdily ve farmakokine-
tice téchto léciv. Podavani fixnich davek
mUze rezultovat v suboptimalni plazma-
tické koncentrace nedostacujici k inhi-
bici cilové struktury, jak je patrné z vy-
sledk klinickych studii uvedenych vyse.
Konkrétné u imatinibu je diskuze stran
optimalni davky a délky podavani stale
Ziva. Je otazkou, jakym zplsobem upra-
vit davkovéni v klinické praxi. Navrze-
nych pfistupl je nékolik a jednim z nich

je koncept terapeutického monitoro-
vani léciv a Uprava davky béhem lécby
na zakladé namérenych udolnich plaz-
matickych koncentraci (c . koncen-
trace pred podanim dalsi davky) ve fazi
steady-state.

Dal$im moznym a i v praxi vyuzZiva-
nym postupem ,targeted therapy” je
tzv. koncept TAD (toxicity-adjusted dos-
ing) a Uprava davky na zakladé klinicky
pozorovanych nezadoucich ucinkd, kdy
jejich absence je povazovana za projev
nedostate¢ného davkovani a naopak vy-
znamné nezddouci Ucinky (grade 3-4)
za projev ,predavkovani”. Tretim zmino-
vanym postupem je tzv. ramp-dosing
(varianta TAD), kdy v klinické praxi po-
stupné zvysujeme dévku az k projeviim
toxicity. Nezadouci Uc¢inky jsou v dru-
hém a tfetim ptipadé vyuzivany jako na-
hradni cilovy parametr. Prvni varianta,
tedy TDM s klinicky ovéfenym vztahem
mezi plazmatickou koncentraci a ucin-
kem léciva (kdy je zndma ,cut-off” plaz-
maticka koncentrace nebo jesté [épe te-
rapeutické rozmezi, stanovené idealné
na zakladé randomizovanych prospek-
tivné vedenych intervencnich klinic-
kych studii) s naslednym standardnim
zavedenim do klinické praxe se jevi jako
optimalni.

Lze uvést priklady zemi, ve kterych
ma terapeutické monitorovani plazma-
tickych koncentraci protinadorovych
[é¢iv dlouhou tradici a kde je i TDM per-
oralnich TKi (ve formé rescue TDM) za-
vedeno do praxe fady klinickych praco-
vist. K témto zemim patfi zejm. Francie,
Nizozemi nebo Svycarsko. V kvétnu
2014 byla v European Journal of Cancer
publikovana kolektivem autord pravé
z téchto zemi prace s ndzvem ,Thera-
peutic drug monitoring in cancer — Are
we missing a trick?”, kterd fesi pfispévek
TDM k moznému vylepseni terapeutic-
kych postupt u fady cilenych protina-
dorovych léciv, nikoliv viak specificky
pouze u imatinibu [34].

Jak jiz bylo uvedeno vyse, v pfipadé
imatinibu jsou zndmy vysledky ob-
servacnich studii, které popisuji kore-
laci plazmatickych koncentraci a odpo-
védi na Ié¢bu u pacientd s CML a GIST.
Publikovano bylo systematické review
na toto téma [21] a v pripadé CML také
vysledky observaénich studii v redl-
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nych klinickych podminkach [28,29].
Cilené prospektivni intervencni rando-
mizované studie [22,33] zatim nerozsifily
nase poznatky; dalsi cilend prospektivni
studie s pacienty s CML [31] stéle bézi.
V ptipadé, ze se podafii potvrdit pozo-
rovani a poznatky z observacnich studii
v robustnich prospektivnich intervenc-
nich klinickych studiich, mlze se rutinni
TDM (s upravou davkovani k cilovym
plazmatickym koncentracim) zaradit
mezi cenné nastroje slouzici k optimali-
zaci a individualizaci l1é¢by imatinibem.
Ve svétle soucasné evidence a pfi za-
chovani principt EBM nelze rutinni TDM
imatinibu aktudlné doporucit. Nicméné
poznatky ze zahranic¢i napovidaji, ze
tzv. rescue TDM, tedy vyuZiti stanoveni
plazmatickych koncentraci imatinibu
individualné ve specifickych pfipadech
(posouzeni adherence k [é¢bé, vlivu [é-
kové interakce, v pfipadé suboptimalni
klinické odpovédi, selhani lé¢by ¢i vy-
skytu neobvyklych/zavaznych nezidou-
cich G¢inkl) mdze byt uzitecné jiz nyni,
coz je v souladu s guidelines NCCN v pfi-
padé obou diagndz, tedy CML i GIST.
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ABSTRACT

Molecular mechanisms of lapatinib resistance in breast cancer are not well
understood. The aim of this study was to correlate expression of selected proteins
involved in ErbB family signaling pathways with clinical efficacy of lapatinib. Study
group included 270 HER2-positive advanced breast cancer patients treated with
lapatinib and capecitabine. Immunohistochemical expression of phosphorylated
adenosine monophosphate-activated protein (p-AMPK), mitogen-activated protein
kinase (p-MAPK), phospho (p)-p70S6K, cyclin E, phosphatase and tensin homolog
were analyzed in primary breast cancer samples. The best discriminative value for
progression-free survival (PFS) was established for each biomarker and subjected
to multivariate analysis. At least one biomarker was determined in 199 patients.
Expression of p-p70S6K was independently associated with longer (HR 0.45; 95% CI:
0.25-0.81; p = 0.009), and cyclin E with shorter PFS (HR 1.83; 95% CI: 1.06-3.14;
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p = 0.029). Expression of p-MAPK (HR 1.61; 95% CI 1.13-2.29; p = 0.009) and
cyclin E (HR 2.99; 95% CI: 1.29-6.94; p = 0.011) was correlated with shorter, and
expression of estrogen receptor (HR 0.65; 95% CI 0.43-0.98; p = 0.041) with longer
overall survival. Expression of p-AMPK negatively impacted response to treatment
(HR 3.31; 95% CI 1.48-7.44; p = 0.004) and disease control (HR 3.07; 95% CI
1.25-7.58; p = 0.015). In conclusion: the efficacy of lapatinib seems to be associated
with the activity of downstream signaling pathways - AMPK/mTOR and Ras/Raf/
MAPK. Further research is warranted to assess the clinical utility of these data and
to determine a potential role of combining lapatinib with MAPK pathway inhibitors.

INTRODUCTION

The introduction of trastuzumab, a monoclonal
antibody directed against the epidermal growth factor
2 receptor (HER2) has led to major improvement in the
treatment of patients with HER2-positive breast cancer
[1-5]. The therapeutic mechanisms of trastuzumab
involve both the inhibition of HER2-dependent signaling
pathways and the engagement of immune responses via
antibody-dependent cellular cytotoxicity [6]. Despite
impressive clinical efficacy of trastuzumab, many
patients are refractory to this agent or develop secondary
resistance. The postulated mechanism of trastuzumab
resistance include the expression of the truncated-active
form of the HER2 receptor (p9SHER?2), the cross-talk
between HER?2 and insulin-like growth factor-1 receptor,
the deficiency of phosphatase and tensin homologue
deleted on chromosome 10 (PTEN) and activating
mutations in the p110-alpha subunit of phosphoinositide-
3-kinase (PI3K), and activity of Racl — a Ras-like small
GTPase affecting trastuzumab-mediated endocytosis of
the HER2 receptor [7-19]. A small-molecule HER2 kinase
inhibitor — lapatinib entered the clinical practice later than
trastuzumab and has been mostly used as a second-line
therapy [20]. Due to its different mode of action, the
molecular resistance mechanisms of lapatinib can not
be simply extrapolated from those of trastuzumab [21,
22]. The resistance to this compound may be caused by
mechanisms occurring at various levels within a cancer
cell: the outer/inner leaflet of the plasma membrane,
cytoplasm or nucleus [14, 23-30]. Normally, activation of
growth factor-associated signaling cascades is initiated at
the plasma membrane in response to receptor activation
(homo-, or heterodimerization) [31]. Subsequently, the
signal is transmitted downstream towards the nucleus via
a signaling network, which comprises multiple kinases.
Signal transduction pathways in cancer cells may become
activated regardless of the receptor status. Spontaneously
activated signal transduction elements may be responsible
for resistance to receptor-targeted therapies, since crucial
pathways remain active despite receptor blockade.
Hence, the activity of signal transduction molecules may
potentially correlate with the resistance to lapatinib.

This study investigated the immunohistochemical
(IHC) expression of selected molecules involved in

the important signaling pathways associated with the
family of epidermal growth factor (ErbB) receptors:
phosphorylated adenosine monophosphate-activated
protein alpha 1 (p-AMPK-Ser486), the mitogen-activated
protein kinase (p-MAPK-T185 + Y187 + T202 + Y204),
phospho (p)-p70S6K, the hypoxia-inducible factor 2
alpha (HIF2 alpha), PTEN, and cyclin E. Their status was
retrospectively correlated with the clinical efficacy of
lapatinib. Our aim was to shed new light on the molecular
mechanisms involved in the resistance of breast cancer to
lapatinib.

RESULTS

Patient characteristics

Tumor samples from 270 patients were subjected
to analysis, of which in 199 at least one biomarker was
determined (Figure 1, Table 1). Eighty-four percent of the
tumors were invasive ductal cancers (no special type),
67% were estrogen receptor (ER)-negative and 77%
progesterone receptor (PR)-negative. Eleven percent of
patients presented with metastatic disease at initial breast
cancer diagnosis. Radical surgery was performed in 91%
of patients; 98% received chemotherapy in (neo)adjuvant
and/or a metastatic setting, 36% received endocrine
therapy and all were administered trastuzumab in an
adjuvant or a metastatic setting, usually in combination
with chemotherapy. In 69% of patients, the first
manifestation of progression was distant metastasis, with
viscera being the most common dominant metastatic site.
Forty-three percent of patients developed brain metastases
during the course of their disease.

Clinical outcomes

The median duration of lapatinib and capecitabine
therapy was 6 months (range 0-52). In 82% of patients,
treatment was terminated due to disease progression.
Other reasons were toxicity (7%), patient refusal (2%),
death (3%), others (5%) and unknown (1%).

The best response to a combination of lapatinib and
capecitabine were CR (5%), PR (31%), stable disease
(42%) and progression (16%); in the remaining 6% of
patients response was unknown or not evaluated.
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The duration of follow-up from breast cancer
diagnosis varied from 6.7 to 242 months. The median
PFS from the start of lapatinib therapy was 6.2 months
(range 0-54). PFS was significantly longer in patients with
response to treatment (median 10.4 months; hazard ratio
[HR] 0.44, 95% confidence interval [CI] 0.35-0.56, p <
0.01) or disease control (median 8.1 months; HR 0.27;
95%CI 0.20-0.35; p < 0.01), compared to those with
refractory disease (median 2.3 months).

The status of p-AMPK alphal, p-MAPK, p-p70S6K,
HIF-2 alpha, cyclin E and PTEN was determined in 176,
184, 190, 188, 180 and 176 cases, respectively (CONSORT
Diagram, Figure 1). The immunostained sections of
all studied proteins are shown on Figure 2. In all cases
staining was heterogeneous. For cyclin E the staining was
nuclear, for HIF-2 cytoplasmic and for p-AMPK alphal,
p-MAPK, p-p70S6K, and PTEN nuclear and cytoplasmic.
Two of the examined biomarkers: p-p70S6K and cyclin
E proved predictive for PFS, with the best discriminating
H-scores of 10 and 200, respectively. The expression of
p-p70S6K (HR 0.47; 95%CI 0.26-0.86; p = 0.014) was
associated with longer, and the expression of cyclin E (HR
1.71; 95%CI 1.00-2.93; p = 0.05) with shorter PFS. The
predictive value of these two biomarkers was confirmed in
the multivariate analysis (HR 0.45; 95% CI1 0.25-0.81; p =
0.009 and 1.83; 95%CI 1.06-3.14; p = 0.029, respectively;
Figure 3A-3B and Table 2).

Negative prognostic factors for OS included the
expression of p-MAPK (HR 1.68; 95%CI 1.18-2.40;

p = 0.007) and cyclin E (HR 2.86; 95%CI 1.23-6.66;
p = 0.015; Figure 4A—4B and Table 2), in addition to
regional vs. local type of first progression (HR 3.39;
95%CI 1.38-8.28; p = 0.008), whereas ERa expression
positively impacted OS (HR 0.60; 95%CI 0.39-0.92; p =
0.033; Figure 4C and Table 2). The significance of these
biomarkers was confirmed in the multivariate analysis
(Table 2).

The expression of p-AMPK alphal negatively
impacted response to treatment (HR 3.31; 95%CI 1.48—
7.44; p = 0.004) and disease control (HR 3.07; 95%CI
1.25-7.58; p = 0.015) in the multivariate analysis.

A subset analysis considering ER status showed
that p-MAPK expression in the ER-positive cohort was
associated with significantly shorter PFS (HR 3.14; 95%CI
1.59-6.20; p = 0.001) and OS (HR 2.53; 95%CI 1.05-
6.11; p = 0.038), whereas no such correlation was seen in
the ER-negative cohort (Table 3). Another biomarker with
adverse impact in the ER-positive cohort was HIF-2 alpha
(HR for OS 3.38; 95%CI 1.13-10.08; p = 0.029). In turn,
the expression p-p70S6K in the ER-positive cohort was
associated with longer PFS (HR 0.22; 95%CI 0.06-0.75;
p =0.016; Table 3). The expression of cyclin E was more
common in the ER-negative cohort (p = 0.003) and in
this subset associated with shorter PFS (HR 1.78; 95%CI
1.02-3.09; p = 0.041) and OS (HR 2.38; 95%CI 1.09—
5.18; p = 0.029). No such impact of cyclin E was found
in the ER-positive subgroup. The significance of these
biomarkers was confirmed in the multivariate analysis.

FFPE primary breast cancer tissue from advanced HER2-positive breast
cancer patients administered lapatinib and capecitabine (n = 270)

\

A total of 10 TMASs were constructed

\

Number of cases subjected to analysis
p-AMPK alphal | p-MAPK p-p70S6K | HIF-2 alpha | Cyclin E PTEN
(n =244) (n =249) (n= 257) (n =251) (n=248) | (n=233)
Number of cases finally determined™
(n=176) (n=184) (n =190) (n=188) (n=180) | (n=176)

*at least one biomarker was determined in 199 patients
abbreviation: FFPE: formalin-fixed paraffin embedded; TMA: tissue microarray

Figure 1: CONSORT Diagram. Origin of patients analyzed for p-AMPK alphal, p-MAPK, p-p70S6K, cyclin E, HIF2 alpha and PTEN.
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Figure 2: Immunohistochemical intensity scoring of p-AMPK alphal, p-MAPK, p-p70S6K, HIF-2 alpha, cyclin E and
PTEN (magnification, x20). A. weak; B. moderate; C. strong.
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DISCUSSION

Despite spectacular progress in the treatment
of HER2-positive breast cancer, overcoming primary
and acquired resistance to anti-HER2 agents remains
a critical challenge [32, 33]. In contrast to trastuzumab,
the anti-tumor activity of lapatinib is based solely on the
intracellular inhibition of cell-signaling by competing
with ATP for the ATP-binding domain in the cytoplasmic

p-p 70S6K >=10

tail of the tyrosine kinase receptor — mostly HER2 and
EGFR [34, 35]. Accordingly, the postulated mechanisms
underlying lapatinib resistance differs from those reported
for trastuzumab. Previous studies have shown up-regulated
ER-associated signaling genes, including FOXO3a and
caveolin-1, or Akt pathway transcripts (AKT1, MAPKO,
HSPCA, IRAK1, CCND1) in lapatinib resistant cells [36].
Other factors contributing to lapatinib resistance include
dominant activating mutations in PIK3CA, E545K and

p-p 70S6K <10
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Figure 3: Kaplan-Meier progression free survival curves. A. p-p70S6K > 10 staining H-score (HR 0.47; p = 0.014); B. cyclin

E > 200 staining H-score (HR 1.71; p = 0.05).
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Table 1: Patient characteristics

Variable n=199
Mean age at diagnosis (range) 50 (23-81)
Menopausal status
Premenopausal 78 (43)
Postmenopausal 102 (57)
Histology
Ductal 168 (84)
Lobular 15 (8)
Other 53)
Not determined 8(4)
Ductal and lobular 2(1)
Grade
1 3(2)
2 74 (46)
3 82 (52)
Estrogen receptor
Negative 134 (67)
Positive 65 (33)
Progesterone receptor
Negative 153 (77)
Positive 46 (23)
Clinical stage at diagnosis
I 16 (8)
ITA 22 (12)
1B 30 (16)
A 44 (23)
1B 42 (22)
1ic 16 (8)
v 21 (11)
Breast cancer surgery
No 17 (9)
Mastectomy 157 (79)
Breast conserving surgery 24 (12)
Radiotherapy
No 44 (23)
Adjuvant 70 (36)
Definitive 18 (9)
Palliative 24 (12)
Combination thereof 40 (20)
Chemotherapy
No 3(2)
Neoadjuvant 86 (43)
Adjuvant 32 (16)
For advanced disease 36 (18)
Combination thereof 128 (64)

(Continued)
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Variable n=199
Trastuzumab therapy
No 0(0)
Adjuvant 48 (24)
For advanced disease 136 (68)
Combination thereof 15 (8)
Endocrine therapy
No 128 (64)
Neo(adjuvant) 36 (18)
For metastatic disease 17 (9)
Combination thereof 18 (9)
Type of first progression
Local 20 (10)
Regional
. 19 (10)
Distant 138 (69)
Combined local, 22 (1)
regional and/or distant
Dominant site of metastatic disease
Soft tissue 34 (18)
Bone 26 (14)
Visceral 125 (68)
Brain metastases
No 113 (57)
Yes 86 (43)

HI1047R or overexpression of AXL, a membrane-bound
tyrosine kinase receptor with resulting crosstalk between
HER, AXL and ER receptor pathways [37]. There are
two major signaling pathways controlled by receptors
belonging to the ErbB-receptors family — Ras/Raf/MAPK,
regulating cell division and proliferation, and PI3K/
Akt/mTOR, regulating cell growth and survival [38].
Hence, particular impairments in these pathways result
in improper activation of signaling cascades and may
influence the clinical efficacy of lapatinib [39, 40].

Our study suggests that another key element
involved in regulation of mTOR1 complex — phosporylated
AMPK alpha 1 protein kinase — may negatively impact
response to lapatinib. AMPK acts as a crucial regulator
of cell growth, proliferation and autophagy [41-42].
Intensive cellular energy-consuming processes, such
as glucose deprivation, hypoxia, oxidative stress,
hyperosmotic stress, or tissue ischemia, result in increased
concentration of AMP, which leads to AMPK activation.
Subsequently, activated AMPK, via phosphorylation of
raptor or TSC2, inhibits activity of mTORCI, leading
to general blockade of cellular anabolic processes and
simultaneously activating catabolic processes [43].
The direct phosphorylation of raptor by AMPK leads
to mTORCI1 disruption and cell cycle arrest induced by
energy stress [44—47]. Alteration of mTOR signaling
networks, which is a common phenomenon in human

cancers, may result from impairment of upstream
regulatory mechanisms [48].

We showed that p-70S6K phosphorylation,
reflecting the PI3K/AKT/mTOR pathway activity,
was associated with improved PFS in lapatinib-treated
patients, particularly in those with ER-positive tumors.
Phosphorylation of p-70S6K depends solely on the
activation of mTORCI, whereas p-70S6K exerts a
negative feedback loop that inhibits PI3K/Akt via IRS-1
[47]. 1t is possible, that the favorable impact of p70S6K
is associated with its inhibitory activity against various
(not only ErbB-family members) membrane receptor
complexes. However, a genuine predictive value of
p-70S6K  for lapatinib would necessitate testing this
biomarker also in lapatinib-untreated patients, to exclude
its possible favorable prognostic impact shown previously
in early ERa-positive breast cancer [49]. In our study a
member of Ras/Raf/MAPK pathway — p-MAPK, appeared
to be a negative prognostic factor, mainly in patients with
ER-positive tumors. This may indicate that in advanced
HER2-positive breast cancer patients treated with
lapatinib, phosphorylation of p-70S6K reflects significant
activity of the Ras/Raf/MAPK pathway, particularly when
accompanied by p-AMPK up-regulation. However, since
p-MAPK is a distant downstream element of the Ras/Raf/
MAPK signaling pathway, its activity may result from
crosstalk with various distinct signaling pathways. This
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Table 2: Hazard ratios for progression free (PFS) and overall survival (OS): univariate and

multivariate analyses

Univariate analysis

Variable

PFS HR (95%CI); p

0S HR (95%CI); p

p-p70S6K

Cyclin E

p-MAPK

HIF-2 alpha

PTEN

p-AMPK

Type of first progression*
ER negative vs positive

0.47 (0.26-0.86); 0.014
1.71 (1.00-2.93); 0.05
0.89 (0.60-1.29); 0.51
1.23 (0.60-2.51); 0.57
1.04 (0.66-1.62); 0.88
0.94 (0.23-3.79); 0.92
1.30 (0.91-1.86); 0.15
0.95 (0.76-1.19); 0.65

0.82 (0.43-1.56); 0.545
2.86 (1.23-6.66); 0.015
1.68 (1.18-2.40); 0.007
0.77 (0.39-1.52); 0.45
1.08 (0.69-1.70); 0.728
0.96 (0.31-3.03); 0.95
3.39 (1.38-8.28); 0.008
0.60 (0.39-0.92); 0.033

Multivariate analysis

Variable PFS HR (95%CTI); p OS HR (95% CI); p
p-p70S6K 0.45 (0.25-0.81); 0.009 NC

Cyclin E 1.83 (1.06-3.14); 0.029 2.99 (1.29-6.94); 0.011
p-MAPK NC 1.61 (1.13-2.29); 0.009
Type of first progression* NC 1.87 (1.02-3.44); 0.044
ER negative vs positive NC 0.65 (0.4-0.98); 0.041

PFS: progression free survival; OS: overall survival; ER: estrogen receptor;
‘regional vs. local; NC: not calculated (P > 0.1 in univariate analysis and not included in the stepwise and Cox regression

multivariate analysis

observation may also suggest a potential role of combining
lapatinib with MAPK pathway inhibitors. Previous studies
have shown that, unlike trastuzumab, lapatinib affects cell
cycle kinetics through Ras/MAPK, and had less effect on
cell survival [14].

Our results suggest that the potential anti-tumor
role of AMPK activators, such as metformin, may be
limited in lapatinib-treated patients and requires further
research [50]. A phase I trial evaluating a combination of
lapatinib with metformin or sirolimus (mTOR inhibitor)
in advanced cancer patients is currently ongoing
(www.clinicaltrials.gov; NCTO01087983). Similarly to
previous studies [14, 22], we have not found a correlation
between the PTEN status and clinical efficacy of lapatinib.
Indeed, the activation of the PI3K/Akt/mTOR pathway
resulting from mutations of PIK3CA or loss/mutations of
PTEN has been attributed to the development of resistance
to trastuzumab [7—12, 14] but not to lapatinib [14, 22].

As expected, in this series a high expression of cell
cycle-regulating protein — cyclin E was more common in
the ER-negative tumors, and in this subset was associated
with apparently shorter PFS and OS. This biomarker was
earlier shown to confer a poor clinical outcome in breast
cancer [51]. Recent study demonstrated that cyclin E
levels decrease upon HER2 down-regulation and HER2
inhibition, suggesting that HER2 regulates cyclin E
function [52]. Finally, in a small group of HER2-positive
breast cancer patients treated with trastuzumab-based
therapy, cyclin E amplification or overexpression was

associated with significantly impaired clinical outcomes
[52]. Taken together, these data indicate that cyclin E
may represent another potential therapeutic target in
overcoming lapatinib resistance.

In our study expression of HIF-2 alpha was
associated with poor OS in the subset of ER-positive
tumors. HIF-2 alpha is a key regulatory factor in tumor
growth and its adverse prognostic impact has been
previously reported [53, 54].

Not surprisingly, our study showed impaired survival
in patients with ER-negative tumors. A negative prognostic
impact of ER-negativity in HER2-positive breast cancer
patients, was earlier reported by other authors [55, 56].
Indeed, the clinical behavior (including tumor kinetics and
sites of recurrence) of ER-positive/HER2 positive subtype
(HER2-positive luminal B breast cancer) differs from that
of ER-negative HER2 enriched subtype [55-58].

A recent study suggested that the clinical benefit
of first-line trastuzumab in advanced breast cancer may
be predictive for the efficacy of second- and later lines of
anti-HER?2 therapies [59]. As our series included patients
exposed to trastuzumab in both adjuvant and metastatic
setting, we were unable to include this variable in the
analysis.

In conclusion, our study suggests that the clinical
efficacy of lapatinib may be associated with the activity
of downstream signaling pathways — AMPK/mTOR and
Ras/Raf/MAPK. These data may indicate a potential role
of combining lapatinib with MAPK pathway inhibitors
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Figure 4: Kaplan-Meier overall survival curves. A. p-MAPK > 50 staining H-score (HR 1.68; p = 0.0007); B. cyclin £ > 250
staining H-score (HR 2.86; p = 0.0015); C. estrogen receptor: positive vs. negative (HR 0.60; p = 0.033).

and justify further research on combinations of lapatinib
with mTOR inhibitors, such as everolimus. We are aware
of several limitations of this study. First, our investigations
included only downstream signaling pathways, and not
the underlying molecular alterations. Second, although
our series was homogeneous, i.e. all patients were treated
with lapatinib and capecitabine, a nonrandomized study
design did not allow to test the predictive value of particular
markers. Notably, a proportion of samples was excluded
from analysis due to analytical problems, and there was no
lapatinib-untreated control group. Finally, this analysis used
material obtained from the primary tumor, whereas several
studies showed phenotypic instability of metastatic sites,
particularly in relation to hormone receptors [60, 61]. The
question of whether biomarkers analyzed in this study are
also a subject of such conversions, and whether this impacts
response to lapatinib, remains to be answered. Hence, these
results should be considered preliminary and only hypothesis
generating. Further investigations are warranted to verify the
clinical utility of our findings.

MATERIALS AND METHODS

Patients

This study was approved by the Institutional Review
Board of the coordinating center (the Military Institute of

Medicine in Warsaw, Poland). An initial study population
included HER2-positive advanced breast cancer patients
treated in 31 oncology centers in Poland, Hungary, Czech
Republic, Lithuania and Romania between 2004 and
2013. The patients should have received a combination
of lapatinib at an initial dose of 1250 mg per day
continuously and capecitabine at a dose of 2000 mg/m?
of body-surface area on days 1 through to 14 of a 21-
day cycle for at least 6 weeks. Patients must have earlier
received trastuzumab and 1-3 lines of chemotherapy for
advanced disease. Other eligibility criteria included age
above 18 years, no previous or concomitant malignant
disease except for basal cell carcinoma of the skin,
tumor lesions evaluable for therapeutic response to
lapatinib and the availability of formalin-fixed, paraffin
embedded (FFPE) tumor tissue specimens for analysis.
The following information was extracted from the medical
records: the date of breast cancer diagnosis, previous
local and systemic therapy, the date and type of the first
progression (local, regional, distant), the dominant site of
metastatic disease (soft tissue, bone, viscera), the date of
brain metastasis diagnosis, the dates on which lapatinib
and capecitabine were administered, the date of the first
progression while on lapatinib and capecitabine therapy,
and the date of death or the last follow-up visit. For tumors
involving more than one category, the dominant site of
distant disease was classified by the category associated
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Table 3: Hazard ratios for progression free (PFS) and overall survival (OS): a subset univariate
and multivariate analyses considering ER status

Univariate analysis

Variable N PFS HR (95%CI); p OS HR (95%CI); p
ER-positive
p-p70S6K 61 0.22 (0.06-0.75); 0.016 0.45 (0.18-1.09); 0.077
Cyclin E 54 1.71 (0.53-5.55); 0.37 1.21 (0.29-5.12); 0.795
p-MAPK 57 3.14 (1.59-6.20); 0.001 2.53 (1.05-6.11); 0.038
HIF-2 alpha 58 1.86 (0.58-6.02); 0.299 3.38 (1.13-10.08); 0.029
PTEN 60 0.88 (0.41-1.88); 0.733 1.67 (0.70-4.01); 0.251
p-AMPK 54 0.54 (0.17-1.78); 0.313 0.41 (0.12-1.35); 0.142
ER-negative
p-p70S6K 129 0.66 (0.31-1.44); 0.299 0.65 (0.31-1.34); 0.24
Cyclin E 126 1.78 (1.02-3.09); 0.041 2.38 (1.09-5.18); 0.029
p-MAPK 127 0.89 (0.59-1.41); 0.611 0.87 (0.54-1.38); 0.548
HIF-2 alpha 130 0.87 (0.35-2.15); 0.768 0.73 (0.30-1.80); 0.494
PTEN 116 1.14 (0.65-1.99); 0.64 0.79 (0.46-1.34); 0.375
p-AMPK 122 1.80 (0.44-7.32); 0.41 1.17 (0.37-3.71); 0.786
Multivariate analysis
Variable N N PFS HR (95%CI); p HR (95%CI); p
ER-positive
p-p70S6K 61 0.10 (0.02-0.38); 0.001 0.23 (0.06-0.81); 0.023
p-MAPK 57 4.48 (1.97-10.18); 0.001 3.91 (1.71-8.90); 0.001
HIF-2 alpha 58 1.51 (0.73-3.13); 0.263 4.74 (1.49-15.07); 0.008
ER-negative
Cyclin E 126 1.78 (1.02-3.09); 0.041 2.38 (1.09-5.18); 0.029

PFS: progression free survival; OS: overall survival; ER: estrogen receptor; N: number of cases

with the worst prognosis, irrespective of the extent of
involvement, in the following order of increasing gravity:
soft tissue, bones, and viscera. Due to the retrospective
nature of this study, tumor staging was performed using
the American Joint Committee on Cancer/the Union for
International Cancer Control classification from 1997.
Follow-up information was extracted from medical
records and tumor registries. All data were coded to secure
full protection of personal information. Alive patients
had to provide written informed consent for the use of
their archival tumor samples for analysis, according to
regulations in particular countries.

Pathology

The starting material from each patient was an
archival formalin-fixed, paraffin embedded (FFPE)
specimen(s) from the primary breast cancer obtained at
surgery or by tissue biopsy. A pre-cut section of each
tumor, stained with hematoxylin and eosin, was reviewed
by two board-certified pathologists (WB and KK) to
confirm breast cancer diagnosis and determine whether a

sufficient invasive breast cancer component was present
(1 cm? invasive tissue; > 30% tumor cells). In each case,
assuming potential intratumoral heterogeneity, 2 tissue
cores (1.5 mm in diameter) were punched out from the
FFPE tissue blocks containing primary breast cancer
(“donor”) and transferred into a “recipient” paraffin block
using Manual Tissue MicroArrayer (MTA I, Beecher
Instrument Inc.) A total of 10 tissue microarrays (TMAs)
were constructed.

Immunohistochemistry (IHC) staining

IHC analysis was performed in tumor tissue in
accordance with standard protocols, on 5 pm histological
slides derived from the TMA blocks. The tumor-associated
stromal cells were not analyzed. The staining was performed
according to manufactures’ protocols with the use of the
following antibodies: p-AMPK alphal (ab39400 rabbit
polyclonal, Abcam, Cambridge, UK; dilution 1:300),
p-MAPK (ab50011 mouse monoclonal, Abcam, Cambridge,
UK; dilution 1:100), p-p70S6K (ab32359 rabbit monoclonal,
Abcam, Cambridge, UK; dilution 1:25), HIF2alpha
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(ab20654 rabbit monoclonal, Abcam, Cambridge, UK;
dilution 1:250), cyclin E (HE12 mouse monoclonal, Thermo
Sci, Waltham, MA, USA; dilution 1:50) and PTEN (6H2.1
mouse monoclonal, DAKO Denmark; dilution 1:100).
Positive controls were used according to manufacturer's
recommendations and negative controls included standard
staining procedures with the omitting of the primary
antibody step. TMA sections were deparaffinized in xylene
and rehydrated through graded alcohols. Antigen retrieval
procedure was performed using Target Retrieval Solution,
with pH depending on monoclonal antibody in electric
pressure cooker, followed by 20 min cooling before further
immunostaining. Endogenous reactivity was blocked with
normal goat serum. Following the preliminary stages,
incubation with the primary antibody was carried out for
30 minutes. The binding of the monoclonal antibody was
detected with biotin-labeled goat anti-mouse or anti-rabbit
immunoglobulin G (IgG) and horseradish peroxidase-labeled
avidin — biotin complex. IHC stains were scored manually
according to staining intensity (0 — negative, 1 — weak,
2 — moderate, 3 — strong) and the percentage of positive
tumor cells. Each tissue core was assessed separately and
the core with the highest staining intensity was considered
representative for the particular case. To accurately describe
the extent of immunohistochemical staining of a tumor
and to potentially increase the predictive information,
expression of particular biomarkers was assessed using
the staining H-score. The H-score was calculated for each
biomarker by the formula: 3 x percentage of strong cellular
(cytoplasmic or nuclear wherever appropriate) staining plus
2 x percentage of moderate cellular staining plus percentage
of weak cellular staining, giving a range of 0 to 300. The
cutoff values for each biomarker were optimized using Cox
regression model to maximize the hazard ratio (HR) between
patients with expression levels above vs. below the cutoff.

Statistical analysis

All statistical analyses were performed using STATA
software version 11. Statistical significance was defined
as p < 0.05. Categorical variables were compared using
Pearson’s chi-squared test (3*) and Spearman’s R rang.

The primary endpoint was progression free survival
(PES), defined as the time from the date of the lapatinib
start to the date of the disease progression or death,
whichever occurred first. The secondary endpoints were an
objective response, defined as a complete response (CR) or
a partial response (PR) and disease control, defined as CR,
PR and stable disease combined, determined according to
Response Evaluation Criteria in Solid Tumors (RECIST)
v 1.0 criteria. Survival curves were plotted using the
Kaplan-Meier method, starting from the first day of
lapatinib therapy to the date of death or the last follow-up.
Univariate analyses were performed with a log-rank test,
Wilcoxon test and Cox proportional hazard and logistic
regression. Multivariate analysis used a stepwise forward
selection of univariate model with p <0.10.
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Summary

Monoclonal antibody-based treatment of cancer has been
established as one of the most successful therapeutic strategies
for both hematologic malignancies and solid tumors. In addition
to targeting cancer antigens antibodies can also modulate
immunological pathways that are critical to immune surveillance.
Antibody therapy directed against several negative immunologic
regulators (checkpoints) is demonstrating significant success in
the past few years. Immune checkpoint inhibitors, ipilimumab,
pembrolizumab and nivolumab, have shown significant clinical
benefit in several malignancies and are already approved for
advanced melanoma and squamous NSCLC. Based on their
mechanism of action, these agents can exert toxicities that are
unlike conventional cytotoxic chemotherapy, whose nature is
close to autoimmune diseases - immune related adverse events
(irAEs). In this review we focus on the spectrum of irAEs
associated with immune checkpoint antibodies, discussing the
pharmacological treatment strategy and possible clinical impact.
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Monoclonal antibodies in cancer

Monoclonal antibodies (mAbs) are a rapidly

growing class of human therapeutics representing

of drugs under development
2009). By 2014,

34 therapeutic mAbs are predicted to be on the market for

approximately 25 %
(Datamonitor: Pipeline insights
treating cancer, autoimmune diseases, and infectious
diseases (Datamonitor: Pipeline insights 2009). Since
their discovery in 1975, mAbs have been described as
"magic bullets" with the potential to seek out and bind
targets with high affinity and specificity (Kohler ez al.
1975). Cancer diseases are one of the major groups where
monoclonal antibodies are used in clinical practice. There
have been twelve antibodies that have received approval
from the FDA for the treatment of a variety of solid
tumors and hematological malignancies in 2014 (Scott et
al. 2012). In addition, there are a large number of
additional therapeutic antibodies that are currently being
tested in early- and late-stage clinical trials. The most
common type of mAbs used to treat cancer are “naked
mAbs”. Most naked mAbs attach to antigens on cancer
cells, but some work by binding to antigens on other,
non-cancerous cells, or even free-floating proteins. We
can simplify three major mechanism of actions of naked
mAbs.
response against cancer cells by attaching to them and

One principle is boosts aperson’s immune

acting as a marker for the body’s immune system to
destroy them. An example is alemtuzumab, which binds
to the CD52 antigen on lymphocytes and is used to treat
some patients with chronic lymphocytic leukemia (CLL).
Another naked mAbs work mainly by attaching to and
blocking antigens on cancer cells that help cancer cells
grow or spread. For example, trastuzumab is an antibody
against the HER2 protein. Currently the most researched
mADbs are naked mAbs which boost the immune response
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by targeting immune system checkpoints like = Compared with chemotherapy drugs, monoclonal
anti-CTLA-4 monoclonal antibody ipilimumab or  antibodies tend to have fewer serious side effects,

nivolumab and pembrolizumab targeting programmed
cell death 1 receptor (PD-1). Adverse effects of this
immune checkpoint inhibitors will be discussed in this
review in more detail.

In cancer therapy apart from the naked Mabs we
can use also conjugated monoclonal antibodies, mAbs
joined to a chemotherapy drug or to a radioactive particle.
Conjugated mAbs are also sometimes referred to as
tagged, labeled, or loaded antibodies. Ibritumomab
tiuxetan is an example of a radiolabeled mAb. Antibody-
drug conjugates (ADCs) like brentuximab vedotin targets
the CD30 antigen, trastuzumab emtansine (also called
TDM-1) is an antibody that targets the HER2 protein
attached to a chemo drug called DM1. It’s used to treat
some breast cancer patients whose cancer cells have too
much HER2. Bispecific monoclonal antibodies are made
up of parts of 2 different mAbs, meaning they can attach
to 2 different proteins at the same time. An example is
blinatumomab, which is used to treat some types of acute
lymphocytic leukemia (ALL). One part of blinatumomab
attaches to the CD19 protein, which is found on some
leukemia and lymphoma cells. Another part attaches to
CD3, a protein found on immune cells called T cells. By
binding to both of these proteins, this drug brings the
cancer cells and immune cells together, which is thought
to cause the immune system to attack the cancer cells.

however, as with all agents, administration of mAbs
should be associated with adverse events (AEs) as a result
of enhancing/inhibiting the activity of the target molecule
on the target tissue, or due to interactions of the mAb
with target molecules on tissues other than the intended
ones (Catapano et al. 2013).

Classification of adverse effects of biological
agents

should be
subclassified according to their action (Naisbitt et al.
2000) (Table 1): so-called type A reactions correspond to
the pharmacological activity of the drug, and are thus
predictable (Hoigne et al. 1993). About 16 % of side
effects are type B reactions (Naisbitt ez al. 2000), which
are not related to the pharmacological activity of the drug

Traditionally, adverse reactions

and are nonpredictable. The majority of type B reactions
are immune-mediated side-effects like hypersensitivity
reactions. Types C, D, and E are not mechanisms but
characteristics of their manifestations; they are not
referred to frequently in the literature. The letter C refers
to continuous, chronic. Type D refers to delayed in
appearance, making them difficult to diagnose. Type E
refers to end of use, F means failure of therapy (Edwards
et al. 2000).

Table 1. Classification of adverse drug reactions (Naisbitt et a/. 2000).

Type A (augmented) reactions

Predicted from the known pharmacology of the drug. These reactions are

dose-dependent: examples are bleeding with anticoagulants

Type B (bizarre) reactions

Reactions are not predicted from the known pharmacology of the drug.

They appear (but actually are not) relatively dose-independent, as very

small doses might already elicit symptoms. They include immune-mediated

side-effects like maculopapular exanthema, but also other hypersensitivity

reactions, like aspirin-induced asthma

Type C (chronic) reactions

Which are related to the chemical structure and its metabolism, e.g.

paracetamol hepatotoxicity

Type D (delayed) reactions

Which appear after many years of treatment, e.g. bladder carcinoma after

treatment with cyclophosphamide

Type E (end of treatment) reactions

Occur after drug withdrawal, e.g. seizures after stopping phenytoin

Biological agents differ from most drugs as they
are not small chemical compounds (xenobiotics) but are
proteins produced in a way to make them as similar to
human proteins as possible. They are not metabolized like

drugs but are processed like other proteins, with the

differences in  pharmacokinetic ~as  well as
pharmacodynamic properties. Thus, adverse reactions to

biological agents might differ from those elicited by



2016

mAbs and Their iAE  S457

classical drugs. More appropriate classification of mAbs
adverse effects is a subclassification published by Pichler
et al. (2006) based on mechanism of action and structure,
as illustrated in Figure 1. To distinguish it from the
classification of side-effects to chemicals/drugs (Table 1),
the Greek alphabet is used for the five types (type a, B, v,
0 and ¢€). Type a (high cytokine and cytokine release
syndrome) are side-effects connected to the systematic
application of cytokines in relatively high doses or to
high concentrations of cytokines released into the
circulation (Vasquez et al. 1995). Type P reactions can be
termed as hypersensitivity. Thereby basically three forms
of allergies can be differentiated: IgE-, IgG- and T cell-
mediated reactions. Type y immune (cytokine) imbalance

syndromes have immunological features, but cannot be

explained by high cytosine levels or typical
hypersensitivity reactions. As illustrated in Figure 1,
these reactions can be further subdivided in, impaired
functions, and unmasking or causing an immune
imbalance leading to autoimmune, auto-inflammatory or
allergic reactions. Type & (cross-reactivity) might be that
antibodies generated to an antigen expressed on tumour
cells might also cross-react with normal cells, which
express this structure as well, albeit to a lower degree
(Perez-Soler et al. 2005). Type & (non-immunological
side-effects) may elicit symptoms not directly related to
the immune system, sometimes revealing unknown

functions of the biological agents given or targeted.

Fig. 1. Type of adverse effects of biological agents. (Pichler 2006).

Immuno-checkpoints inhibitors and immune
related adverse events (irAEs)

Cancer therapy based on monoclonal antibodies
against checkpoints of immune reaction is today
considered a breakthrough method in oncology. Results
with the anti-CTLA-4 (cytotoxic T

antigen-4) antibody ipilimumab in the treatment of

lymphocytic

advanced malignant melanoma have represented
arevolution in anti-tumour therapy and been a catalyst
for developing new antibodies focusing on other control
molecules (checkpoints) (Lakomy et al. 2015) What is
especially worth mentioning in this context are the
antibodies against programmed cell death receptor (PD-1)
— nivolumab and pembrolizumab and against its ligand
(PD-L1), BMS-936559, MPDL3280A or lambrolizumab
(Weber et al. 2015, Hamid et al 2013)). The
development and use of immune therapy have achieved

their greatest progress so far in advanced melanoma, but

Type a Type B Type ¥ Type & Type s
High cytokine Hypersensitivity Immune or cytokine Cross- Non
& cytokine imbalance syndromes reactivity immunological
release side effects
syndrome
(anti-CD3) / \ / \
v ¥ v 4
Immediate Delayed Impaired Immune or
{IgE) (lgG+C, function cytokine
T-cells) {Immuno imbalance
deficiency) syndromes
/ \
AuteY | Allgrgic/
immunity | atopic
disorders

soon we will be similarly treating non-small-cell
pulmonary carcinoma and other tumour types.

These antibodies prevent an inhibition of
interaction between PD-1 and PD-L1/L2, on the other
hand cause secondary potentiation of the effector
component of immunity on the “peripheral” level directly
in the tumour tissue. Break of tolerance towards the
tumour may, however, be accompanied by unwanted
break of tolerance towards “normal tissues”, which leads
to adverse reactions whose nature is close to autoimmune
diseases — immune related adverse events (irAEs). IrAEs
include dermatologic, GI, hepatic, endocrine, and other
less common inflammatory events. Because irAEs likely
arise from general immunologic enhancement, temporary
immunosuppression with corticosteroids, tumor necrosis
factor o antagonists or other agents is often necessary and
should follow established algorithms (Postow et al.
2015). Due to the high frequency of irAEs with the risk

of life-threatening complications, sufficient education of
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patients, their family members and medical specialists is
necessary. Warnings and recommendations have been
prepared about how to proceed suspected irAEs. Early
commencement of immunosuppressive therapy with
corticosteroids is the key step towards management of the
incident, reduction of morbidity and potentially also
mortality. If corticoids are not sufficiently effective, other
immunosuppressants are added, such as infliximab or
mycophenolate mofetil (Lakomy et al. 2015).

Side effects of ipilimumab

Ani-CTLA-4 monoclonal antibody ipilimumab
was the first immune checkpoint receptor used in daily
clinical practice. The frequency of adverse effects of
ipilimumab is relatively high; in a pre-authorization study
of the dose of 3 mg/kg it ranged between 80 — 90 %.
Luckily the toxicity was mild to moderate in the vast
majority of the cases (grade 1 and 2 toxicity). Serious
(grade 3) and life-threatening (grade 4) toxicity pursuant
to NCI- CTCAE v3.0 (National Cancer Institute Common
Terminology Criteria for Adverse Events version 3.0)
was reported for about 20 — 25 % of the study population
(Hodi et al. 2010). Adverse effects may already occur in
the course of or after the infusion (nausea, vomiting,
febrility, pain and vertigo, rash and pruritus), but these
reactions are singular and mostly non-serious. The
general recommendation is to suspend the infusion until
symptoms retreat, with potential administration of
antihistaminics or antipyretics, and subsequently to restart
at aslower (about half) speed with patient monitoring
(Fecher et al. 2013). Premedication with antihistaminics
or antipyretics before the following administrations is
recommended for consideration in those cases. In the case
reaction of levels3 and

of serious adverse

4 (bronchospasm,  hypotension,  anaphylaxis) the
procedure is identical to other hypersensitivity reactions,
with the

recommended. The irAEs are a bigger concern, though,

permanent discontinuation of therapy
as they are most common and grow with the dose. In the
case of the dose of 3 mg/kg they appear in up to 60 % of
patients, while severe irAE toxicity of levels 3 and 4 has
been reported for 10 — 15 % of the study subjects (Hodi et
al. 2010, Wolchok et al. 2010). The most frequent irAEs
include dermal toxicity (rash, pruritus), enterocolitis and
diarrhea, endocrinopathy (hypophysitis, thyroiditis) and
liver test elevation. The immune system may, however,
attack any part of the anatomy (heart, lungs, kidneys,
nervous system, eyes, hematopoietic system etc.). Biopsy

then most often reveals tissue infiltration with
T lymphocytes or with neutrophils (Fecher et al. 2013).
Over time, we can first expect dermal toxicity (after three
weeks), followed by colitis and diarrhea (after five
weeks), hepatic toxicity (after 6 — 7 weeks) and finally
(after 7 —8 weeks

commencement) (Weber et al. 2012). We should also

endocrinopathy from therapy
remember that IrAEs may, however, also appear a couple
of weeks or months after therapy completion. The text
below will deal with the most frequent irAEs and how to

address them.
Immune-conditioned dermal toxicity

Dermal toxicity is one of the most common
irAEs (40 — 45 %) usually first occurring after week 3 of
therapy and culminating in week 6 (Lakomy et al. 2015,
Hodi et al. 2010, Weber et al. 2012). This is mostly
level 1 toxicity (affecting <10 % of the body surface) or
toxicity level 2 (with an effect on between 10 and 30 %
of the body surface). Severe toxicity (levels 3 and 4) is
luckily rare, only ranging between 1 —2 % in the pre-
Usual
maculopapular exanthema (20 %) and/or pruritus (25 %).

authorization  study. manifestations include
Another manifestation may be vitiligo, which is rather
cosmetic issue, but the patient must be educated about
protection against UV radiation. Blisters are already
a manifestation of asevere reaction. Stevens-Johnson
syndrome and toxic epidermal necrolysis occur in <1 %
patients and are a reason for permanent discontinuation of

therapy.

Immune-conditioned colitis and diarrhea

Diarrhea induced by ipilimumab is another of
the most common autoimmune-conditioned adverse
reactions. This effect appears after week 5 of therapy. In
the case of an ipilimumab dose of 3 mg/kg, this AE
occurs in about 30 % patients, and incidence rises with
the dose — 44 % at 10 mg/kg i.v. (Hodi et al. 2010, Weber
et al. 2012). Severe diarrhea or colitis levels 3 or 4 occur
in the case of a 3 mg/kg dose in about 5 — 8 % of patients,
colitis most often affecting the descending colon
(Wolchok et al. 2010). A big threat is potential intestinal
perforation, with potential fatal consequences.

Prophylactic administration of oral corticoids
(budesonide) did not change the incidence of diarrhea
(Weber et al. 2009). The so far published results suggest
that immunosuppressive corticoid therapy administered in
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the course of the immunotherapy does not substantially
affect the therapeutic effect of ipilimumab (Weber et al.
2009, Harmankaya et al. 2011).

Immune-conditioned hepatic toxicity

Hepatic toxicity caused by ipilimumab, even
though rarer in comparison to the previously mentioned
immune-conditioned adverse effects, may also represent
a life-threatening reaction. The onset of this irAE usually
occurs after week 6 of ipilimumab therapy, becoming
very rare after week 14 (Weber et al. 2012). If all
recommendations for diagnosis and treatment are
observed, the prognosis for patients with this type of irAE
is excellent; the liver test results usually normalize very
quickly after commencement of the appropriate
therapy — in about two weeks (Della Scarpati ef al. 2014).
A patient with hepatic toxicity may be asymptomatic
(laboratory results usually show elevated ALT and/or
AST and/or bilirubin), but frequent complaints include
febrility, fatigue, nausea, jaundice, changed stool color or
urine colour, and sometimes pruritus. Patient examination
must include taking a careful medical history to exclude
other causes — fungi, alcohol, contact with chemicals or
the effect of concurrent medication (such as paracetamol
and others). Clinical examination may reveal, in addition
to icterus, also hepatomegaly, the patient may be
exhausted, or the find may be completely negative.
An infectious cause must always be excluded in level 2
and higher of hepatic toxicity, and antibodies against
nuclear antigen and mitochondrial antigen must be
sampled (ANA, SMA). Exclusion of progression of the
malignant disease by imaging methods is also necessary.
In the case of level 3 and 4 toxicity, liver biopsy is to be
considered (finds typical of hepatic toxicity include
infiltration of the liver parenchyma with T lymphocytes,
sometimes with necrosis of hepatocytes) (Lakomy et al.

2015).
Immune-conditioned endocrinopathy

Like the
endocrinopathy is also less frequent than dermal or

immune-conditioned hepatopathy

gastrointestinal toxicity, but again represents a potentially

life-threatening condition. The deceptiveness of
endocrinopathy lies in its late onset (7 — 8 weeks after
ipilimumab therapy commencement, with the highest
incidence between weeks 12 and 24), and in the fact that,

unlike hepatic toxicity, the probability of occurrence does

not decrease in time from completion of therapy; instead,
the appearance of the curve is rather like a plateau
(Weber et al. 2012).

Possible endocrinopathies include hypopitui-
tarism (with or without hypophysitis), hypofunction of
the adrenals, hypo- or hyperfunction of the thyroid gland
and hypofunction of the gonads. In the case of
a suspected adverse effect of this kind, the medical
history of the patient is again important (incidence of
endocrinopathies in the patient's personal and family
history), the patient may complain of non-specific
symptoms such as fatigue, weakness, febrilia, abdominal
pain, vomiting, diarrhea, headaches or sensory disorders.
Clinical warning symptoms include signs of dehydration,
hypotension or other signs of commencing systemic
inflammatory response syndrome. Laboratory
examinations, apart from basic internal environment
parameters (often hyperkalemia, hyponatremia and
hypoglycemia) and blood count, include endocrinopathy
screening: sampling of free T3 and T4, TSH, antibodies
against thyroidal peroxidase — anti TPO, morning serum
cortisol, levels of corticotropin (ACTH), and in males
testosterone levels, and in females FSH and LH levels.
For differential diagnosis, an ACTH stimulation test may
be considered. Indicated imaging methods include MRI
of the brain, with a focus on hypophysis and also on the
exclusion of brain metastases. It must be mentioned at
this point, that there does not exist any general consensus
about the therapy and monitoring, and the literature
shows conflicting data on the therapy of this adverse
effect and the possibility of returning to ipilimumab
therapy (Weber et al. 2012, Della Scarpati et al. 2014,
O'Day et al. 2010).

cooperation with an endocrinologist are a priority. If

Repeated consultations and

corticoids need to be administered (toxicity levels 3
and 4), then corticoids with mineralocorticoid activity are
preferred with slow discontinuation (Lakomy et al. 2015).

Less frequent immune-conditioned adverse
effects

Other possible, although rare (less than 1 % of
effects of
ipilimumab include: meningitis, uveitis, pneumonitis,

cases), immune-conditioned adverse
pancreatitis, pericarditis, myocarditis, nephritis, various
angiopathies, hemolytic anemias, thrombocytopenia etc.
Straightforward therapeutic procedures are not known,
where such adverse effects occur therapy is managed like

it is for other autoimmune diseases with corticoids as the
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therapy of choice. Generally, level 3 and 4 toxicity is
areason for discontinuing ipilimumab therapy. Details
are in the ipilimumab SmPC (EMA 2012).

Immune-conditioned adverse effects of anti-
PD-1/PD-L1 antibodies and their combi-
nation with ipilimumab

Toxicity of these antibodies is generally lower
than of ipilimumab Topalian et al. 2012, Wolchok et al.
2015).
exceptional

Severe dermal toxicity levels 3 and 4 are
(2 %). Also,
uncommon (1 —2 %), as is hepatic toxicity (below 3 %)

level 3 or 4 diarrhea is

and severe endocrinopathy (<1 %). Unlike ipilimumab,

pneumonitis occurs more often after

anti-PD-1 (<5 %).
pneumonitis is again based on corticoids in high doses

antibodies Therapy of severe
(methylprednisolone 2 mg/kg i.v. 1—2times daily) or
infliximab. Other toxicities are sporadic, but cannot be
neglected either. The principles of therapy of irAEs
caused by anti-PD-1/PD-L1 antibodies are the same as
with ipilimumab. A considerably higher incidence of
irAEs has been described in reports from studies of
combinations of anti-PD- 1 and anti CTLA-4 antibodies
(nivolumab + ipilimumab). Here the occurrence of severe
irAEs of levels 3 and 4 ranged around 50 %, with
significant representations of gastrointestinal toxicity
(15 %) and hepatic toxicity (19 %). A number of these
severe toxicities, however, only met the laboratory
criteria NCI-CTCAE (such as the elevation of amylase
and lipase without clinical signs of pancreatitis). The
combination resulted in no new toxicity (Wolchok et al.
2015).

Conclusions

The development of immune checkpoint
inhibitors targeting cytotoxic T-lymphocyte antigen 4
(CTLA-4) and programmed cell death-1 (PD-1) has
significantly improved the treatment of a variety of
cancers. Although these agents can lead to remarkable
responses, their use can also be associated with unique

adverse effects. The spectrum of AEs associated with

References

immune checkpoint antibodies are termed immune-
related AEs (irAE's). The underlying pathophysiology
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Souhrn

Vychodiska: Zakladem lécby casnych nebo lokalné pokrocilych stadii nemalobunééného karci-
nomu plic (non-small cell lung cancer — NSCLC) je chirurgicka resekce, event. radioterapie. V pfipadé
inoperabilniho ¢i metastatického postizeni je lé¢ba paliativni systémova. Celosvétové predstavuje
NSCLC nejcastéjsi pficinu Umrti v souvislosti s nadorovym onemocnénim a diouhodobé vyvstava
potieba novych terapeutickych pfistup(. Dlkazy o uloze protinddorové aktivity imunitniho sys-
tému vyvolaly v poslednich letech novy zidjem o imunoterapii, a to i v |écbé NSCLC. Pfedmétem
vyvoje a klinického hodnoceni jsou riizné strategie vakcinace s cilem posileni imunitni odpovédi
a antigen-nespecificka imunomodulace. V této oblasti se dostavaji do klinické praxe tzv. checkpoint
inhibitory blokuijici inhibi¢ni imunologické synapse jak cytotoxického T lymfocytamiho antigenu 4
(CTLA-4) ¢i proteinu programované bunééné smrti a jeho ligandu (PD-1, PD-L1). Mimo vyvoj inova-
tivnich Iéciv je vyznamnym cilem v oblasti imunoterapie solidnich malignit identifikace a klinicka
aplikace efektivnich biomarker cdpovédi na protindadorovou imunoterapii a hodnoceni pfinosu
kombinace imunoterapie s klasickymi lé¢ebnymi metodami jako chemoterapie, radioterapie a s ci-
lenou lécbou. Cill: Cilem tohoto sdéleni je 1. popsat zakladni imunobiologii NSCLC v kontextu ino-
vativnich imunomodulacnich terapeutik, 2. popsat strategii a shrnout terapeutické vysledky proti-
nadorovych vakcin u NSCLC z klinickych hodnoceni faze Ill, 3. shrnout vysledky terapie checkpoint
inhibitory u NSCLC a 4. nastinit aktualni vyzvy v oblasti imunoterapie NSCLC.

Klicova slova
nemalobunéény karcinom plic — imunoterapie — protinadorové vakciny — biomarkery lé¢ebné
odpovédi

Summary

Background: The treatment of early or locally advanced stages of non-small cell lung cancer (NSCLC)
is based on surgical resection or radiotherapy. Metastatic disease is always incurable, treatment is
palliative, systemic based on chemotherapy or target therapy. NSCLC is the most common cause of
cancer-related death worldwide, and new therapeutic approaches are needed. Based on the emerg-
ing data on the role of immune system in shaping of tumor outbreak and outcome, immunotherapy
is currently in the center of interest of cancer research and therapy of solid cancers including NSCLC
Various anti-cancer vaccination approaches and antigen-independent immunomodulatory drugs
are being developed and trialed. The most advanced in terms of approaching clinical practice are the
so-called checkpoint inhibitors blocking cytotoxic T-lymphocyte antigen-4 (CTLA-4) or programmed
cell death of the protein and its ligand (PD-1, PD-L1). Beside innovative drug development, the field
of cancer immunotherapy focuses on the identification and clinical application of effective biomar-
kers of clinical efficacy and on the evaluation of combinations of immunotherapeutic drugs or with
classical anti-cancer approaches, such as chemotherapy, radiotherapy or with targeted therapy.
Aim: In this review, we summarize basic principles of immnobiology of NSCLC in the context of inno-
vative immunotherapeutics, strategy and phase lll results of anti-cancer vaccines in NSCLC, results of
NSCLC treatment with checkpoint inhibitors, and current challenges inimmunotherapy of lung cancers.
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non-small cell lung cancer — immunotherapy — cancer vaccines — drug response biomarkers
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Uvod

Incidence karcinomu plic v CR je 38/
/100 000 Zen a 87/100 000 muzd. Celo-
svétové predstavuje nejcastéjsi pricinu
umrti v souvislosti s nadorovym one-
mocnénim. Zakladem lé¢by nemalo-
bunééného karcinomu (non-small cell
lung cancer — NSCLC) stadia | a ll je re-
sekéni vykon, event. radioterapie, neni-li
operace indikovana. Stadium IlIA je rov-
néz povazovano za operabilni, ale s vy-
razné horsi prognézou nepresahujici
15% 5leté preziti, zvlasté pfi N2 posti-
Zeni. Adjuvantni chemoterapie je indi-
kovana u stadia Il a lll, pfinos u stadia IB
zlstava sporny, u stadia IA neni zadny.
Adjuvantni radioterapie ma pfinos jen
u stadia lll s uzlinovym postizenim N2.
Lécba metastatického bronchogenniho
karcinomu je paliativni systémova. Ana-
lytické moznosti poslednich let pfinesly
zasadni informace o biologii a patofy-
ziologii NSCLC, které svédci o tom, ze
molekuldrni podstata této diagndzy je
heterogenni a na zakladé pfitomnosti
kauzélnich onkogennich mutaci/abe-
raci se rozpada do nékolika molekularné
definovanych podjednotek [1]. Jednot-

livé kauzalni aberace se pak stavaji cilem
protinadorové terapie (tab. 1) [2-34].
V zavislosti na pfitomnosti aktivacnich
mutaci EGFR ¢&i translokace EML4-ALK je
volena cilena 1é&ba kindzovym inhibito-
rem nebo chemoterapi.

Imunobiologie NSCLC

Pocatky hypotézy pfedpokladajici schop-
nost imunitniho systému eliminovat &i
kontrolovat maligni buriky se datuji na
prelom 19. a 20. stoleti [35-38]. Existuje
fada nastrojd imunitniho systému, které
mohou atakovat maligni bunky; pfikla-
dem je generace efektorovych T lym-
focytd namifenych proti nadorovym
antigenam (obr. 1) &i cytolyticka akti-
vita NK bunék. Na druhou stranu exis-
tuje fada imunosupresivnich mecha-
nizmda, jimiz maze disponovat maligni
burika ¢i spiSe nadorové mikroprostredi
a které odvraci protinadorovou akti-
vitu imunitnich bunék. Koncept imu-
nitniho dohledu nad nadorovym buje-
nim je v dnesni dobé rozpracovan do
konceptu nadorové imunoeditace (can-
cer immunoediting) popisujiciho vza-
jemnou interakci nadorovych bunék

a imunitniho systému. Imunoeditace
spociva ve vyvoji protinadorovych me-
chanizmd imunitniho systému, ale také
prvkd uniku nadorovych bunék imunit-
nimu dohledu. BEhem imunoeditingu se
tedy selektuji klony nadorovych bunék
nim spektrem, proti némuz nebyla na-
mifena imunitni reakce. Vzajemna inter-
akce nadorovych bunék a imunitniho
systému maze byt rozdélena do tii fazi
(3Es), z anglického elimination, equilib-
rium, escape. Faze eliminace je charakte-
rizovana pfevahou imunitniho dohledu,
tedy protinadorovymi mechanizmy imu-
nitniho systému, které vedou k eliminaci
tumoru ¢i efektivni kontrole jeho rlstu.
V rovnovazné fazi nadorové imunoedi-
tace udrzuje imunitni systém maligni
tkan z klinického hlediska v klidovém
stadiu (dormancy). Nicméné v nadorové
tkani dochazi ke genetickym a epigene-
tickym zménam a diky konstantnimu se-
lekénimu tlaku imunitniho systému dale
progreduji klony bunék malo imuno-
gennich, rezistentnich k imunitni odpo-
védi a navozujicich imunosupresi, coz
pfedstavuje nadorovou imunoeditaci

Tab. 1. Nejéastéjsi dosud znamé aberace u NSCLC jako cile stavajici a potencionalni protinddorové terapie.

Cil = aberace Frekvence u NSCLC Cilena lécba Reference
linEeriirhi sz mez s T EEA 15-20 % u adenokarcinomtl,  EGFR tyrozinkindzové inhibitory prvni
IR G D0 2 S IGLEE malo éasté u SCC enerace/gefitinib**, erlotinib** 27l
v exonu 21 = L858R) 4 3 '
aktivaéni mutace receptort EGFR EGFR tyrozinkindzové inhibitory druhé (8-13]
vé. mutace T790M mutace T790M vznika sekun- generace/afatinib**, dacomitinib, neratinib
darné pfi lé¢bé; EGFRTKI e o ik feti
aktivaéni mutace EGFRT790M P SR Orozink oo bt il | | oy 1
generace/rociletinib, osimertinib*
inhibitory ALK tyrozinkinazy/
ALK-EML4 fdzni protein 5-7% /crizotinib*¥, ceritinib*, alectinib [19-23]
inhibice HSP90/ganetespid
> e crizotinib**
flize zahrnujici ROS1 2% brigatinib [19,24-26]
- crizotinib**
amplifikace cMET 4% adeno, 6 % SCC TK inhibitor/kabozantinib [27-29]
2 % adenomi, 2 % SCC; A e L
mutace BRAF V60OE 1% adenomdi dabrafenib, trametinib (MEK inhibitor) [30-32]
mutace KRAS 20-30 % NSCLC selumetinib (MEK inhibitor) [33]
flzni gen RET 1% adenomt kabozantinib, vandetanib [28,34]
*V soucasnosti je registrovano pro léébu NSCLC v rdmci EU.
**\/ soucasnosti je registrovano pro léébu NSCLC v ramci EU a sou¢asné hrazeno ze zdravotniho pojisténi v ramci CR.
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Obr. 1. Zakladni mechanizmus antigen-dependentni stimulace T lymfocytd.

Na pocatku bunééné (i protilatkové) imunitni odpovédi je internalizace antigenu dendritickou pfipadné jinou antigen-prezentujici buri-
kou (APC), nasledny rozklad antigenu na malé peptidy a prezentace na povrchu buriky v kontextu proteint hlavniho histokompatibilniho
komplexu (MHC) 1. a Il. tfidy. Dendritické buriky s antigennim peptidem cirkuluji do lymfatickych uzlin, po zrani umozni aktivaci naivnich
T lymfocytd na pomocné (Th1, Th2) CD4* kostimulaéni reakci mezi receptory B7.1 (CD80) a B7.2 (CD86) pfitomnymi na APC a recepto-
rem CD28 piitomnym na Th burkach. Prezentaci antigenu dendritickou bufikou potencuje signalizace z TLR receptort pro PAMP mole-
kuly, coz vede v dendritické burice k signalizaci stimulujici expresi MHC Il i kostimulaénich molekul CD80/CD86. Signalizace mezi dendri-
tickou bufikou a T lymfocytech je modulovéna fadou inhibiénich a aktivaénich signalh. Mezi aktivaéni signély dendritickych bunék pat¥i
mimo CD80/CD86 také OX40L &i CD70, jez vazbou na pfisluiné molekuly na T lymfocytech potencuiji jejich aktivaci, proliferaci a ziskani
efektorovych funkci. Cross-prezentace antigent dendritickou buiikou je potencovana tzv. licencovani (licensing) CD4* Th lymfocytl se
stejnou antigenni specificitou. V procesu licencovani se uplatfiuje napt. signalizace z CD40 po interakci s CD40L Th lymfocytd, ktera vede
k up-regulaci kostimulaénich molekul na dendritické buriky a toto potazmo k aktivaci efektorovyvh CD8* cytotoxickych T lymfocyta.
Sekrece cytokint jako IL-2 (Th1 lymfocyty), IL-12 (dendritické buriky), IFN-y (Th1 lymfocyty) usnadriuje aktivaci CD8* lymfocytd na cyto-
toxické T lymfocyty, které ziskavaji a) schopnost rozpoznat nadorové buriky, prostfednictvim komplexu peptid - MHC | a b) efektorové
funkce k indukci buné&éné smrti malignich bunék. Proteiny z usmrcenych malignich bunék jsou opét pohlceny APC burikami, coz navo-
zuje antigen-dependentni stimulaci T lymfocytd.

TAA - antigen asociovany s nadorem, TLR - toll-like receptor, DC — dendriticka burika
v pravém slova smyslu. Jako Unik/escape  vymi buiikami prevladnou, vznika imu-  klinicky manifestovat. Ke vzniku imu-

se oznacuje stav, kdy mechanizmy rezis- nosupresivni nadorové mikroprostiedi, nosupresivniho nadorového mikropro-
tence a navozeni imunosuprese nadoro-  dochazi k rdstu nadoru a ten se zacina  stfedi pfispiva celkova imunosuprese
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©® inhibice CTLA-4
& inhibice PD-1/PD-L1
aktivace CD27
) aktivace OX40
m) aktivace CD40

Obr. 2. Imunomodulaéni mechanizmy checkpoint inhibitort v sekundarnich lymfatickych organech a nadorovém mikroprostredi.
CTLA-4 (CD152) je exprimovana na T lymfocytech a slouZi k supresi imunitni reakce. CTLA-4 kompetuje s aktivaéni molekulou CD28
o vazbu s kostimulaénim komplexem dendritickych bunék CD80/CD86. Vazba CTLA-4 a CD80/CD86 vede k navozeni tolerogenni/imu-
nosupresivni signalizace v dendritickych burikach vedouci k produkci imunosupresivnich ptsobki napf. TGF- ¢&i IDO. Terapeutické pro-
tilatky interferujici s vazbou CTLA-4 a CD80/CD86 jsou ipilimumab a tremelimumab. Imunosupresivni systém PD-1/PD-L1 se uplatiiuje
v potlaéeni funkce efektorovych T lymfocytd v misté zanétu [52]. Povrchova molekula PD-1 (CD279) je exptrimovana T, B lymfocyty,
NK burikami, dendritickymi burikami, monocyty. Vazba PD-L1 (CD274) & PD-L2 (CD275) na PD-1 vede ke sniZeni produkce cytokint
a proliferace a navozeni apoptézy PD-1* bunék. PD-L1 je exprimovan fadou bunék vé. malignich bunék, fibroblast asociovanych s na-
dorem, T regulaénich lymfocytd, myeloidnich supresorovych bunék MDSC & M2 s nadorem asociovanych makrofagt. Terapeuticky se vy-
uZiva blokace PD-1/PD-L1 vazby, jak prostfednictvim anti-PD-1 mAb (nivolumab, pembrolizumab) tak anti-PD-L1 protilatek (avelumab,
atezolizumab, durvalumab). CD27 je stimulaéni molekula na povrchu T lymfocytd, jejiz interakce s CD70 APC piispiva k antigen-depen-
dentni klondlni expanzi a ziskani efektorovych funkci T lymfocytt. Pfedmétem klinického hodnoceni aktudlné éasnych fazi je agonista
CD27 varlilumab. Signalni molekula OX-40 je exprimovdna na efektorovych T lymfocytech. Interakce OX-40 a OX-40L exprimovaného zra-
lymi dendritickymi burikami vede k signalizaci diilezité pro pfeziti efektorovych T lymfocyti a tvorbu a reaktiveci pamétovych T lymfo-
cytd. Na stimulaci OX-40 cili agonisticka protilatka anti-OX-40 ¢&i fuzni protein imunoglobulinu a OX-40L; v souéasnosti v klinickych hod-
nocenich &asnych fazi. CD40 je exprimovan na APC a na fadé bunék mimo imunitni systém vé. malignich bunék. Aktivace CD40 stimuluje
antigen-prezentaéni schopnosti dendritickych buné&k napf. prostfednictvi upregulace ko-stimulaénich molekul CD80/CD86 poskytuji-
cich 2. signél pro aktivaci T lymfocytd. Mimo to anti-CD40 agonistické protilatky potencuji protinddorvou aktivitu makrofagi a navozuji
ADCC malignich bunék exprimujicich CD40 (popséno pfedeviim u hematoonkologickych malignit). Pfedmétem klinického hodnoceni
jsou agonistické anti-CD40 protilatky a rekombinantni CD-40L.

Treg - regulacni T lymfocyt, CAF - fibroblast asociovany s malignitou, MDSC — myeloidni supresorova burika, M2 — M2 polarizovany
makrofag
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jedince. Mezi konkrétni imunosupre-
sivni mechanizmy nadoru patii exprese
PD-L1 na membranach malignich bunék
¢i antigen-prezentujicich bunék (APC)
navozujici supresi efektorovych T lym-
focytd. K dalsim mechanizmidm roz-
voje imunologické tolerance patfi sni-
Zena exprese antigend, MHC (major
histocompability complex) I. tfidy a ko-
stimulaénich molekul na povrchu na-
dorovych bunék, sekrece cytokini jako
napi. TGF-B, ktera interferuje s vyzrava-
nim dendritickych bunék a zvy3uje podil
myeloidnich supresorovych bunék (my-
eloid-derived suppresor cells - MDSC)
a regulaénich T lymfocytG (Tregs) v na-
dorovém stromatu (obr. 2). Konecné
mize byt pfi¢inou imunologické rezis-
tence odolnost nadorovych bunék vici
navozeni apoptdzy CD8 lymfocyty.

Pro rozeznani maligni bunky a efek-
tivni protinddorou odpovéd imunit-
niho systému jsou zdsadni nadorové
neoantigeny, jeZ jsou produkty translace
mutovanych gend, intronovych sek-
venci, translace z alternativnich cte-
cich ramcd, pseudogend, antisense fe-
tézcd, translokovanych genu &i gend se
zaclenénym virovym genomem. Mnoz-
stvi nadorovych antigen/neoantigenq,
které nadorova burnka produkuje, sou-
visi s mnoZstvim somatickych mutaci
dané buriky a nadory s vysokym podi-
lem somatickych mutaci jsou vice imu-
nogenni v porovnani s nadory s malym
mnozstvim mutaci. Obecné nachazime
nejvice somatickych mutaci v nadorech,
které jsou spojené s fyzikalné, chemicky
¢i biologicky indukovanou kanceroge-
nezi — tj. v malignim melanomu, skva-
mobuné&éném karcinomu plic, broncho-
gennim adenokarcinomu, karcinomu
mocového méchyfe a malobunécném
karcinomu plic [39]; diky mutagenné
podminé&né karcinogenezi jsou tyto typy
malignit nejvice imunodependentni
a imunoresponzivni. Z pohledu jednotli-
vych piipadd NSCLC je vysoka proporce
nadorovych neoantigent spojena s del-
8im celkovym pfeZitim (overall survi-
val — OS) a naopak heterogenita nadoru
ve smyslu pfitomnosti vice subklon( se
specifickym neoantigennim repertoa-
rem je spojena s hordim OS [40]. Popsany
mechanizmus pravdépodobné souvisi
s klinickym pozorovanim lepsi [é¢ebné

odpovédi na terapii checkpoint inhibice
PD-1/PD-L1 u kufakd s NSCLC oproti ne-
kufakaim s NSCLC [41].

Imunoterapie NSCLC

Z hlediska pristupu je mozné obecné
rozdélit imunoterapeutické postupy
na pasivni a aktivni a dale na antigen-
-specifické &i nespecifické a vysledkem
jsou pak ¢&tyfi zakladni subkategorie
imunoterapie, do kterych spada: 1. ak-
tivni nespecificka imunoterapie humo-
ralnimi pasobky, kterd v pfipadé Iécby
NSCLC cytokiny IL-2 ¢i IFN-a nepfinesla
uspéch [42]; 2. pasivni imunoterapie
aplikaci monoklonalnich protilatek ci-
lenych proti tumorem-asociovanym an-
tigendim s cilem vyvolani protilatkami
indukované cytotoxicity (antibody-de-
pendent cellular cytotoxicity — ADCC).
Pfikladem tohoto typu protinadorové
terapie je herceptin (anti-Her2) &i cetu-
ximab (anti-EGFR). Nicméné pro lécbu
NSCLC neni aktualné zadny pfipra-
vek pasivni imunoterapie registrovan;
3. protinadorova vakcinace stimulujici
protinadorovou imunitni odpovéd CD8*
cytotoxickych lymfocyt a CD4* Th lym-
focytd proti nadorovym antigendm
a tvorbu antigen specifickych protilatek.
Nékteré z téchto pfistupl jsou ve vyvoji
a ty, které byly predmétem klinického
hodnoceni faze lll, jsou popsany v na-
sledujici podkapitole; 4. modulace imu-
nitniho systému bez antigenni specifi-
city, napf. stimulace efektorovych funkci
T lymfocytl imunomodulaénimi mono-
klonalnimi protiladtkami (tzv. checkpoint
inhibitory), které jsou v soucasné dobé
nejvétsim predmétem zajmu v oblasti
imunoterapie nadort plic.

Terapeutické

protinadorové vakciny

Jako zdroj antigend, proti némuz se vy-
vola protinadorova imunitni odpovéd,
mohou slouzit imortalizované nadorové
buriky, lyzity z nadorovych bunék, de-
finované nadorové peptidy, které jsou
spolu s adjuvans aplikovany onkolo-
gickym pacientdm. Jako adjuvans jsou
pouzivany mikrobialni latky, napf. in-
kompletni Freundovo adjuvans, CpG,
cytokiny, jako je GM-CSF, IL-2, IL-12,
IFN-a ¢&i fosfolipidy a slou€eniny hliniku.
Nadorové antigeny mohou byt apliko-

vany pfimo &i spolu s vektorem, ktery
muze zaroven poskytovat imunostimu-
laéni kontext. Pfikladem jsou virové vek-
tory €i dendritické bunky. Mechanizmus
ucinku protinadorovych vakcin predpo-
klada, ze aplikace nadorovych antigent
spolu s adjuvans spusti pfirozenou imu-
nitni odpovéd, tedy spravnou prezentaci
antigenu prostrednictvim APC efektoro-
vym T lymfocytdim, coZ zplsobi cytolyzu
nadorovych bunék v primarnim lozisku
i v metastazach. Vyvoj protinaddoro-
vych vakcin je technologicky naroény
a nakladny a nasledné je pak v klinic-
kych hodnocenich zpravidla limitovany
pocet pacientd, coz prakticky znemoz-
nuje identifikaci prediktivnich faktord
a subkohort jedinct, kteri by z [é¢by pro-
tinadorovymi vakcinami benefitovali.
Nicméné nékterd 1é¢iva typu protinado-
rovych vakcin se dostala do faze Il klinic-
kého zkouseni lécby NSCLC.

Tecemotide (L-BLP25)

L-BLP25 je lipozomalni vakcina proti an-
tigenu MUC1T exprimovanému u vét-
Siny nadord vé. NSCLC a jeho vysoka
exprese je spojena s horsi progné-
zou [43]. Vakcina byla zkou3ena ve stu-
dii START v |écbé pacientl s nereseka-
bilnim NSCLC v klinickém stadiu Ill po
lé¢bé chemoterapii a radioterapii. U cel-
kového souboru pacient nebylo dosa-
Zzeno primarniho cile prodlouzeni OS.
U subpopulace pacientd, ktefi absolvo-
vali lé¢bu v konkomitantni podobé a ni-
koli sekvenéné, viak doslo k signifikant-
nimu prodlouzeni medianu OS (30,8 vs.
20,6 mésice; HR 0,78; p = 0,016). Analyza
nezadoucich Gginkd nezaznamenala kli-
nicky vyznamné rozdily mezi |é¢ebnymi
rameny [44]. Na zakladé vysledkd klinic-
kého hodnoceni faze lll, které probihalo
v Japonsku (EMR 63325-021) a které ne-
prokazalo efektivitu L-BLP25, byly dalsi
zkousky a vyvoj preparatu zastaveny ve
prospéch checkpoint inhibitora.

TG4010 (MVA-MUC1-IL2)

Dalsi vakcinou zamérenou proti an-
tigenu MUC1 je TG4010. Jejim zakla-
dem je atenuovany virovy vektor ex-
primujici sekvenci MUC1 a IL-2 [45].
V randomizované studii faze llb/Ill zahr-
nujici 222 dfive nelécenych pacient( kli-
nického stadia IlIB/IV byl hodnocen efekt
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pridani vakciny k paliativni chemoterapii
1. linie v rezimu cisplatina/gemcitabin.
V rameni s TG4010 doslo k signifikant-
nimu prodlouZeni doby preziti bez pro-
grese (progression-free survival — PFS)
(5,9 vs. 5,1 mésice; HR 0,74; p = 0,019).
V medianu OS viak nebylo dosazeno vy-
znamného rozdilu. Lécba nebyla spojena
se zavaznymi nezadoucimi Gcinky [46].

Melanom asociovany antigen

(MAGE-A3)

MAGE-A3 patfi do rodiny tumorspeci-
fickych antigen( a je exprimovan vy-
luéné nadorovymi bunkami. Poziti-
vita je uvadéna v 35-55 % pfipadd
NSCLC [47]. Hodnoceny imunoterapeu-
ticky pfipravek vyuZivajici imunogeni-
city tohoto antigenu obsahoval rekom-
binantni protein MAGE-A3 a komplexni
adjuvans AS15. Rozsahla studie MARGIT
(NCT00480025) neprokdazala vyznamné
prodlouzeni PFS proti placebu v adju-
vantnim podani pacientdm klinického
stadia IB-lll (60,5 vs. 57,9 mésice; HR
0,970; p = 0,7572). Tolerance lé¢by byla
dobra, zavazné nezadouci u€inky stupné
3, 4 nebyly zaznamenany [48]. Vzhle-
dem k tomu, Ze adjuvantni podani této
vakciny nevedlo k prodlouzeni celko-
vého bezpriznakového preziti (disease-
-free survival — DFS) v porovnani se
standardnim chemoterapeutickym rezi-
mem v adjuvanci, neni tato vakcina dale
vyvijena.

Rekombinantni lidsky epidermdini
rustovy faktor (CimaVax-EGF)

Antigenné specificka vakcina je tvofena
rekombinantnim EGF fazovanym s nos-
nym proteinem a adjuvans. Mechaniz-
mem ucinku je tvorba anti-EGF proti-
latek a tim navozeni blokace signalni
drahy z receptort EGFR na malignich
burikdch. Ve studii faze Il bylo Ié¢eno
a sledovano 405 pacient s NSCLC sta-
dia IlIB/IV pro stanoveni benefit main-
tenence podani CimaVax-EGF po absol-
vovani 1. linie paliativni chemoterapie
proti nejlepsi podpdrné lécbé. Studie
prokazala signifikantni prodlouzeni me-
dianu OS oproti nejlepsi podptrné lécbé
(12,43 vs. 9,43 mésice; HR 0,77; p = 0,04).
NeZadouci Gcinky stupné 3 byly hladeny
u 3,6 % pacient( (nejcastéji bolest hlavy,
dusnost, eozinofilie), stupné 4 pozoro-

vany nebyly. Vysoké hladiny EGF pfed za-
hajenim lécby byly prediktorem lééebné
odpovédi [49].

Belagenpumatucel-L

Jedna se o celobunéénou alogenni vak-
cinu pripravovanou transfekci ctyf raz-
nych buné&énych linii odvozenych od
NSCLC antisense TGF-B2 transgenem
a ozafenim pied aplikaci. Mechanizmus
ucinku je navozeni imunitni odpovédi
proti nadorovym antigendm a potla-
¢eni imunosupresivni aktivity nadoro-
vého mikroprostredi. Vakcina byla tes-
tovana v ramci maintenance aplikace
pacientdm v klinickém stadiu lIB/IV,
u kterych nebyla zaznamenana progrese
onemocnéni po absolvovani 1. linie pa-
liativni chemoterapie na bazi platiny
(NCT00676507). V celkovém souboru
nebylo prokazano prodlouzeni me-
dianu OS (20,3 vs. 17,8 mésice; HR 0,94;
p = 0,594), ani prodlouzeni PFS. Bene-
fit v medidnu OS byl pouze u pacientd
s jinou histologii nez adenokarcinom
a u téch, ktefi absolvovali radioterapii
(28,4 vs. 16,0 mésice; HR 0,61; p =0,032).
Vakcina byla dobre tolerovana, zavazné
nezadouci Gcinky nebyly hiaseny [50].

Racotumomab

Racotumomab je protilatkova vakcina,
jejimz cilovym antigenem jsou N-glyco-
lilneuraminovou kyselinu (NeuGc) obsa-
hujici gangliosidy. Tyto gliolipidy nejsou
pritomny na cytoplazmatické membrané
normalnich lidskych bunék, byly v3ak za-
chyceny u nékterych typd nadord vi.
NSCLC. Racotumomab je mysi protilatka
proti NeuGc obsahujicim gangliosiddm,
ktera vyvolava tvorbu IgG a IgM protildtek
proti témto epitopdm. V ramci testovani
na mysich modelech byla zaznamenéna
schopnost vyvoldni vysoké protinddorové
odpovédi. Aktualné probiha randomizo-
vana studie faze lll k ovéfeni Ié¢ebného
efektu u pacientd ve stadiu pokrocilého
neresekabilniho nebo metastatického
NSCLC, u kterych byl zaznamenan mini-
malné efekt stabilizace onemocnéni po
absolvovani 1. linie paliativni Ié¢by [51].

Nespecificka imunoterapie

Hlavnim pfedmétem zijmu vyvoje pro-
tinddorové imunoterapie jsou antigen-
-independentni moduldtory imunitniho

systému, jejichz mechanizmus pasobeni
je zaloZen na eliminaci imunosupresiv-
nich mechanizm@ nadoru a/nebo ne-
specifické stimulaci imunitni odpovédi
(obr. 2) [52]. Nejvice prozkoumany a po-
psany je mechanizmus pisobeni a kli-
nické vysledky inhibice CTLA-4 a inter-
akce PD-1/PD-L1.

Anti-CTLA-4 protilatky

Ipilimumab

Ipilimumab je humanizovana IgG1 mo-
noklonalni protilatka. V soucasné dobé
je souéasti standardni Iécby napf. ma-
ligniho melanomu, kde jsou zazname-
nany pfipady dlouhodobych Ié¢ebnych
odpovédi. Efekt je zkousen i v ramci ji-
nych diagnéz vé. NSCLC. Vysledky studie
faze Il srovnavajici efekt pridani ipilimu-
mabu k chemoterapii v kombinaci kar-
boplatina/paclitaxel pacientdim se skva-
médznim NSCLC klinického stadia llI/IV
prokazaly prodlouZeni PFS ve skupiné
s ipilimumabem, a to v pfipadé sekvenc-
niho podani chemoterapie a imunotera-
pie. Prodlouzeni medianu OS nebylo sta-
tisticky signifikantni (12,2 vs. 8,3 mésice;
HR 0,87; p = 0,23) [53]. V soucasné dobé
probihaji studie faze Il hodnotici efekt
1. pfidani ipilimumabu k chemoterapii
u pacientd s pokrocilym skvamoéznim
NSCLC (NCT02279732) a 2. hodnotici
efekt pridani ipilimumabu do kombi-
nace s anti-PD-1 protilatkou nivoluma-
bem v 1. linii 1é6¢by NSCLC (CheckMate
227,NCT02477826).

Cetnost vedlejiich Géinka ipilimu-
mabu se v registracni studii pro lécbu
maligniho melanomu s davkou 3 mg/kg
pohybuje kolem 80-90 %. Ve vétsiné pri-
padd Slo o mirnou az stiedni toxicitu
(stupen 1, 2). Zavazna (stupen 3) a zZivot
ohroZujici toxicita (stuperi 4) byla zazna-
mendna u cca 20-25 % pacientd. K ve-
bé&hu infuze nebo po ni. Vice obavané
jsou vi3ak imunitné podminéné ved-
lejsi ucinky (immune related adverse
events — ir-AE), které jsou nejcastéj-
§i a rostou s déavkou. Pfi davce 3mg/kg
se objevuji az u 60 % pacient(, vazna
ir-AE toxicita stupné 3 a 4 byla zazname-
nana u 10-15 % pacientd. K nejcastéj-
Sim ir-AEs patfi kozni toxicita (vyrazka,
svédéni kdze), enterokolitida a prajmy,
endokrinopatie (hypofyzitida, tyreoidi-
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tida) a elevace jaternich testd. Imunitni
systém viak maze napadnout jakykoliv
organ v téle (srdce, plice, ledviny, nervo-
vy systém, oci, hematopoeticky systém
a dalsi). Je tfeba ddsledny management
toxicity lécby [54].

Tremelimumab

Tremelimumab je humanizovana mono-
klondlni protilatka proti CTLA-4. Ve studii
faze Il [55] nebyl prokazan efekt mainte-
nance aplikace proti nejlepsi podptlrné
péci pacientdim s metastatickym NSCLC,
u kterych nebyla zaznamenana progrese
onemocnéni po 1. linii paliativni chemo-
terapie (NCT02000947). Probiha studie
faze Ill ovérujici pfinos kombinace tre-
melimumabu s anti-PD-L1 protilatkou
darvalumab (MEDI4736) vs. standardni
chemoterapie (NCT02352948).

Anti-PD-1, anti-PD-L1 protilatky
Nivolumab

Nivolumab je plné humanizovana mo-
noklonalni 1gG4 anti-PD-1 protilatka
standardné pouzivana napf. v |é¢bé ma-
ligniho melanomu (NCT01721772) [56].
Studie faze lll srovnavaly benefit po-
déni nivolumabu pacientdim s metasta-
tickym NSCLC ve 2. linii paliativni lIécby
proti standardni chemoterapii doceta-
xelem. Studie CheckMate 017 tykajici
se skvamoézniho karcinomu plic pro-
kazala statisticky vyznamné prodlou-
zeni PFS a zejména medianu OS (9,2 vs.
6,0 mésice; HR 0,59; p = 0,0004). Tato stu-
die neprokazala korelaci mezi pfitom-
nosti PD-L1 na nddorovych bufikich
a lécebnou odpovédi (NCT01642004).
U adenokarcinomu byl rovnéz proka-
zan lé¢ebny benefit nivolumabu studii
faze Ill CheckMate 057 (NCT01673867),
ktera srovnavala monoterapii nivoluma-
bem v ddvce 3mg/m? kazdé dva tydny
s podanim docetaxelu 75 mg/m? jed-
nou za tfi tydny. Monoterapie nivoluma-
bem vedla k prodlouzeni medianu OS
(12,2 vs. 9,4 mésice; HR 0,73; p = 0,002),
rozdily v PFS nebyly v celém souboru
statisticky vyznamné (medidn PFS 2,3 vs.
4,2 mésice; HR 0,92; p = 0393). U této
studie viak byla zjevna signifikantni za-
vislost mezi procentudlné vyjadienym
zastoupenim PD-L1 na buné&tné mem-
brané nadorové buriky a mirou bunééné
odpovédi. Na zakladé udaji o moz-

ném zlep3eni lécebné odpovédi kombi-
naci anti-CTLA-4 a anti-PD-1 protilatek
probiha studie CheckMate 227 hodno-
tici efekt v 1. linii paliativni 1éZby NSCLC
(NCT02477826).

Toxicita anti-PD-1 a anti-PD-L1 protila-
tek je obecné mensi nez u ipilimumabu.
Vazna kozni toxicita stupné 3 a 4 se vy-
skytuje vyjimecné (2 %). Také prljem
stupné 3 a 4 je malo casty (1-2 %), po-
dobné jako hepatotoxicita (do 3 %)
a vazné endokrinopatie (< 1 %). Na roz-
dil od ipilimumabu se ale €ast&ji po anti-
-PD-1 protilatkach objevuje pneumo-
nitida (< 5 %). Podstatné vy33i ¢etnost
ir-AEs byla popsana ve studiich s kombi-
naci anti-PD-1 a anti-CTLA-4 protilatkou
(nivolumab + ipilimumab). Zde se vyskyt
vaznych ir-AEs stupné 3 a 4 pohyboval
kolem 50 %, s vyznamnym zastoupenim
gastrointestindlni toxicity (15 %) a hepa-
totoxicity (19 %) [54,57].

Pembrolizumab

Jedna se opét o anti-PD-1 protilatkuy, jejiz
dginnost u NSCLC byla hodnocena ve stu-
dii faze lll Keynote 010 (NCT01905657).
Do studie byli zafazovani pacienti po se-
Ihani predchozi 1. linie s platinou a sou-
casné s prokazanou expresi PD-L1 min.
v 1 % nadorovych bunék s randomi-
zaci do jednoho ze tfi Ié¢ebnych ramen,
pembrolizumab 2mg/kg, 10mg/kg
nebo standardni rameno s docetaxelem
75 mg/m? kazdé tfi tydny. OS bylo signifi-
kantné delsi v obou ramenech s pembro-
lizumabem (davka 2 mg/kg median OS
12,7 vs. 8,5 mésice; HR 0,71; p = 0,0008,
resp. 10mg/kg HR 0,61; p < 0,0001). Pri-
tomnost PD-L1 ligandu na nadorovych
butikdch méla vyznamny vliv na miru
Ié¢ebné odpovédi s dopadem i na pro-
dlouzeni OS [58]. U pacientd s pfitom-
nosti PD-L1 vy33i nez v 50 % nadorovych
bunék byl medidn OS 14,9 vs. 8,2 mé-
sice; HR 0,54; p = 0,0002 v davce 2mg/kg
a 17,3 vs. 8,2 mésice; HR 0,5; p < 0,0001 pfi
davkovani 10 mg/kg. FDA udélila pro tuto
indikaci v fijnu 2015 na zakladé publiko-
vanych vysledkd tzv. accelerated appro-
val, na evropské trovni EMA je pembroli-
zumab v procesu posuzovani.

Avelumab
Avelumab je anti-PD-L1 protilatka, ovliv-
fiuje tedy nadorovou buriku a nikoli

pfimo lymfocyt. Aktudlné probihaji stu-
die Javelin Lung 100 (NCT02576574)
a Javelin Lung 200 (NCT02395172)
faze Il hodnotici efekt u pacientl s me-
tastatickym NSCLC v 1. a 2. linii 1&by.
V 1. linii 1&écby je avelumab v dévce
10mg/kg jednou za dva tydny srov-
navan se standardni chemoterapii na
bazi platiny, primarnim cilem je hodno-
ceni PFS a sekundarné i celkového pie-
ziti. Klinicka studie Javelin Lung 200 ve
2. linii Ié¢by hodnoti podani avelu-
mabu oproti standardnimu podani do-
cetaxelu v davce 75mg/m? jednou za
tfi tydny, primarnim cilem je hodnoceni
OS a prvni vysledky jsou ogekavany ke
konci roku 2017. U obou studii je sou-
¢asné prospektivné hodnocena pfitom-
nost PD-L1 v nadoru.

Atezolizumab

Jedna se o anti-PD-L1 protilatku zkou-
Senou u fady onkologickych diagnoéz.
Recentné publikované vysledky stu-
die POPLAR faze |l prokazuji prodlou-
Zeni OS proti docetaxelu v 2. linii pa-
liativni lé¢by (OS 12,6 vs. 9,7 mésice;
HR 0,73; p = 0,004). Vysledky byly v ko-
relaci s mirou exprese PD-L1 nadoro-
vou burikou [59]. Obdobné vysledky pfi-
nesla i dal3i studie BIRCH faze Il, kde byla
pozorovana odpovéd na lécbu u 27 %
pacientd s vy3si expresi PD-L1 [60].
V soucasnosti probihaji studie faze lll
hodnotici pfinos atezolizumabu v 1. linii
paliativni lé¢by ve srovnani se stan-
dardni chemoterapii (NCT02409342,
NCT02409355), zde jsou prvni vysledky
ocekavany v roce 2019.

Vyzvy vimunoterapii NSCLC
Nadorova imunologie a imunoterapie
malignich onemocnéni jsou v soucasné
dobé v popredi zajmu onkologického
vyzkumu a podstatné misto zaujimaji
i v klinické praxi. Z hlediska klasifikace
a managementu lécby ¢asnéjsich stadii
malignich onemocnéni je vyznamnym
pocinem poslednich let koncept imu-
noskdére/immunoscore, ktery je nejvice
rozpracovan a aktualné validovan u ko-
lorektdlniho karcinomu [61], nicméné
je ptedmétem klinického vyzkumu také
u jednotlivych stadii NSCLC [62].
Vzhledem k tomu, Ze imunotera-
pie souéasnosti vstupuje predeviim do
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Tab. 2. Aktualné probihajici studie faze Ill/IV s checkpoint inhibitory u NSCLC.

Studie

nivolumab = ipilimumab vs. nivolumab/cisplatina/pemetrexed

nivolumab - safety trial
nivolumab vs. dispenzarizace

pembrolizumab vs. placebo po resekci

pembrolizumab vs. chemoterapie na bazi platiny, PD-L1 pozitivni
avelumab vs. standardni chemoterapie (Javelin Lung 100)
avelumab vs. docetaxel (Javelin Lung 200)

atezolizumab vs. gemcitabin/cisplatina nebo karboplatina

atezolizumab vs. cisplatin nebo karboplatina + pemetrexed

atezolizumab vs. docetaxel

atezolizumab vs. nejlepii podpiirna péée

durvalumab + tremelimumab vs. chemoterapie na bazi platiny

durvalumab vs. placebo

durvalumab + tremelimumab vs. standardni chemoterapie

Linie lé¢by Cislo studie
paliativni, 1. linie NCT02477826
paliativni, min. 2. linie NCT02066636
adjuvantni NCT02595944
adjuvantni NCT02504372
paliativni, 1. linie NCT02220894
paliativni, 1. linie NCT02576574
paliativni, 2. linie NCT02395172
paliativni, 1. linie NCT02409355
paliativni, 1. linie NCT02409342
paliativni, 2, linie NCT02008227
adjuvantni NCT02486718
paliativni, 1. linie NCT02453282
adjuvantni NCT02273375
paliativni, min. 3. linie NCT02352948

anti-CTLA-4 — ipilimumab, tremelimumab, anti-PD-1 - nivolumab, pembrolizumab, anti-PD-L1 - avelumab, atezolizumab,

durvalumab

lé€by pokrocilych nadorovych onemoc-
néni, jejichz charakteristikou je reper-
todr imunosupresivnich vlastnosti pro-
stfedi nadoru, je nadé&ji pro pacienty
s pokrocilymi onemocnénimi identifi-
kace opodstatnénych kombinaci imu-
noterapie (stavajici protilatky, nové
protilatky, vakciny) se standardnimi lé-
¢ebnymi modalitami (chemoterapie, ra-
dioterapie, cilena |é¢ba), kde se jisté
uplatnii,drug repositioning”. Kombinaci
lé¢ebnych metod by mohlo byt dosa-
zeno komplementarniho, ¢i dokonce sy-
nergického plsobeni [63]. Je viak nutno
zvaZovat miru toxicity Iécby, napf. v pfi-
padé maligniho melanomus sice pfinesla
kombinace dakarbazinu s ipilimuma-
bem (10mg/kg) prodlouzeni 0Sz 9,1 na
11,2 mésice, ale zdvainé nezadouci
acinky stupné 3, 4 byly zaznamenany
v 56 % [64]. Pri hledani konkomitantnich
a sekvenc¢nich protinadorovych postupt
je raciondlni kombinovat imunotera-
pii piedevsim s terapeutickymi postupy
dosahujicimi lé¢ebného efektu nejen na
zakladé cytotoxickych tcinkd, ale vyvo-
lavajicimi i tzv. imunogenni bunécnou
smrt, kdy dochazi ke stimulaci imunit-
niho systému proti antigendim uvolné-
nym z imunogenné likvidované maligni

burky. Imunogenni bunéénou smrt na-
vozuji néktera chemoterapeutika, ter-
mické ablace ¢i radioterapie. Klinicky
pozorovatelnou konsekvenci popsa-
ného zptsobu bunééné smrti je absko-
palni efekt radioterapie vedouci k re-
gresi nadorového onemocnéni i mimo
ozafované pole a kombinace radiote-
rapie s checkpoint inhibitory by mohla
vést k podpore tohoto efektu [65].V sou-
vislosti s kombinaci imunoterapie s cile-
nou lécbou je zmifiovana napt. podpora
vyzravani dendritickych bunék &i akti-
vace a diferenciace T lymfocytd, pfi¢emz
¢etné studie jiz probihaji [66]. V ramci
kombinaci se testuje i soucasné podani
checkpoint inhibitord (tab. 2), jejichz re-
levance pro klinickou praxi je vzhledem
k toxicité a nakladovosti bez znalosti
prediktivniho biomarkeru limitovana.
Prestoze jsou dosavadni data ziskana
z klinickych hodnoceni imunoterapie
checkpoint inhibitory povzbudiva ve
smyslu dosaZeni déle trvajicich odpo-
védi u metastatickych onemocnéni (pie-
devsim u maligniho melanomu), je pro-
porce lé€enych pacientd, u kterych je
dosazeno vyznamné dlouhotrvajici kli-
nické odpovédi, mala [67]. Podstatnou
vyzvou je tedy identifikace prediktiv-

nich biomarkerd jednotlivych modalit
protinadorové imunoterapie. V pripadé
inhibice interakce PD-1/PD-L1 se jako
prediktivni biomarker nabizi, v analo-
gii na prediktivni vlastnosti miry ex-
prese Her-2 burikami karcinomu prsu,
kvantifikace miry exprese PD-L1 v ma-
ligni tkéni. Ve studiich jako CheckMate
017 hodnotici efekt nivolumabu u skva-
moézniho NSCLC nebyla Gloha exprese
PD-L1 v maligni tkani jako prediktoru
|é¢by potvrzena; naopak v pfipadé bron-
chogenniho adenokarcinomu korelo-
vala mira exprese ligandu PD-L1 s mirou
Ié¢ebného efektu (napi. CheckMate 057).
Mimo roztfisténost projektd hodnoti-
cich expresi PD-L1 s ohledem na pou-
Zity deteké&ni systém (typ diagnostickych
protilatek, hodnota cut-off, hodnoceni
exprese na malignich bunkach vs. nado-
rovém stroma) je podstatnym uskalim
v ustanoveni miry PD-L1 pozitivity jako
prediktivniho biomarkeru inducibilni
exprese tohoto ligandu, jez nemusi byt
pouze reflexi imunosupresivnich vlast-
nosti nadorovych bunék, ale maZe byt
naopak navozena parakrinni stimulaci
T lymfocytarniho infiltratu [68].

Na pfikladu maligniho melanomu se
ukazuje, Zze prediktorem lé¢by check-
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point inhibitory mohou byt i cirkulujici
parametry hodnotitelné z periferni krve,
kde jsou vyznamnymi biomarkery -
mimo hladinu LDH (laktatdehydroge-
nazy) spojenou s aktivitou onemoc-
néni — také parametry reflektujici miru
imunosuprese resp. efektorovych funkci
imunitniho systému, jako je proporce
lymfocytl, absolutni polet eozinofild
a monocytQ, ale také zastoupeni Tregs
a MDSC [69,70]. Je racionalni pfedpo-
kladat, Ze mimo baselinové hladiny pa-
rametrd imunitniho systému poskytuje
uréitou informaci o uspésnosti l1é¢by
také dynamika vyvoje jednotlivych imu-
nitnich parametrd. Timto zpGsobem je
mozné sledovat napf. dynamiku efek-
torovych T lymfocyti ¢i jinych leukocy-
tarnich subpopulaci; pfi znalosti kon-
krétniho nadorového antigenu (napf.
v pfipadé peptidovych vakcin) je mozno
sledovat dynamiku T lymfocytarni frakce
se specificitou k danému antigenu.
Hledani vhodnych prediktort odpo-
védi na |écbu checkpoint inhibitory je
vyznamné nejen z vyzkumného hlediska
a z hlediska reality klinické praxe s ohle-
dem na optimalizaci efektivity pfi mini-
malizaci toxicity |écby, ale rovnéz muze
zasadné pfrispivat k finanéni udrzitel-
nosti téchto terapeutickych postup.
Dnes je jiz vice nez ziejmé, Ze pravdépo-
dobné Zadny zdravotnicky systém, tedy
nejen v CR, nebude schopen absorbo-
vat zvysujici se financni zatéz spojenou
s cilenou protinadorovou terapii v¢. na-
kladné moderni imunoterapie. Pokud je
b&hem vyzkumu v €asnych fazich ziejmé,
Ze se bude jednat o inovativniléCivo s vy-
znamnym budoucim finanénim dopa-
dem do rozpoctu, a rovnéz bude ziejmé,
ze profitovat z nakladné lé¢by bude jen
urcité procento pacientd, je nezbytné
nutné, aby klinické studie pozdé&;jsi faze lll
byly designovany jiz soub&zné s vyvojem
a ovérenim diagnostické metody pro sta-
noveni vhodného biomarkeru. Tim by
doslo k idealnimu stavu, kdy pfipadna
registrace |é¢iva bude soubézné dopro-
vazena i ,registraci” diagnostické me-
tody tak, jak je jiz del3i dobu v FDA gui-
delines [71,72]. Jednim z priklad( takto
FDA chvalenych léciv s diagnostickym
kitem maze byt olaparib a BRACAnaly-
sis CDx™ nebo crizotinib a VENTANA ALK
(D5F3) CDx Assay™ [73]. PfestoZe ne-

jsou na evropské drovni zatim tyto va-
lidované prediktivni testy pfi registraci
lé¢iv Evropskou Iékovou agenturou vy-
Zadovany, je diskuze na toto téma ev-
ropskymi reguldtory vedena a pravdé-
podobné se v blizké dobé stane realitou.
Tento zpisob regulace inovativnich a ci-
lenych protinddorovych terapeutik patfi
k tém smyslupIn&jsim a ma redlny po-
tencial povzbudit farmaceutické firmy,
aby intenzivné&ji implementovaly hle-
dani vhodnych biomarkert jiz béhem
klinického vyzkumu nového léciva, ni-
koliv az nasledné retrospektivné pri hle-
dani ,vhodnych podskupin” pacientd
v pfipadé, kdy se neprokaZe superiorni
efekt hodnoceného lécivého pripravku
v celé kohorté testovanych subjektd, pfi-
padné po registraci lé&iva, kdy je identi-
fikace a implementace prediktord 1é¢by
v rozporu s komerénimi zajmy drzitell
registraci.
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Summary

MiRNAs are important regulators of gene expression and changes
in their levels are linked with various pathological states,
including solid tumors. MiR-215 has been identified as a tumor
suppressor in colorectal cancer (CRC). Following our previous /in
vitro and in vivo experiments, the aim of this project was to
study the possibility of increasing the levels of miR-215 in tumor
cells by systemic administration of miRNA mimics in liposomal
delivery system /n vivo. By subcutaneous xenotransplantation of
human cancer cells to NSG mice, CRC model was established.
The treatment [miR-215 mimics in liposomes (20 and
40 pg/mouse), control oligonucleotide in liposomes, or saline]
was administered repeatedly by i.v. injection via tail-vein.
Animals were sacrificed, tumor were dissected and measured by
a caliper. Expression of miR-215 in tumors, lungs and liver was
quantified by RT-PCR. There was no significant differences in
tumor volume and miR-215 expression between all three
treatment groups. Therefore, the decrease in tumor volume was
not achieved. By comparing the levels of miR-215 in lungs, liver
and tumors after the treatment, we suggest that the liposomes
are accumulated in the lungs and do not concentrate sufficiently
in the tumor site to exert significant tumor-suppressive effect.
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Introduction

Colorectal carcinoma (CRC) represents the
second most frequent cancer disease in men and women
in the Czech Republic. For the last 10 years, the
incidence of CRC is stable ranging around 80 cases per
100,000 persons a year and the mortality is slowly
decreasing (Dusek ef al 2007, Ferlay et al. 2013).
Nevertheless, a large proportion of patients is diagnosed
with advanced or metastatic disease (stages III, IV).
Clinical outcomes of therapy in metastatic stage are quite
worse in comparison with early (I, II) stages and the
pharmacotherapy is mostly palliative.

Treatment of advanced and metastatic CRC
consists of chemotherapy regimens based on
S5-fluorouracil (5-FU) and leucovorin combined with
irinotecan, or oxaliplatin. 5-FU could be also replaced
with capecitabine (Finek et al. 2016). Cytostatics are
nowadays frequently combined with targeted therapy.
There are more target molecules: epidermal growth factor
receptor (EGFR), vascular endothelial growth factor
(VEGF), and tyrosine kinases associated with various
receptors including VEGFR, PDGFR, FGFR, KIT, RET
etc. The most frequently used targeted therapy agents are
monoclonal antibodies against EGFR (cetuximab,
panitumumab) and VEGF (bevacizumab). Anti-EGFR
therapy is designated for patients with confirmed wild-
type RAS oncogene (KRAS, NRAS), as mutations in RAS
are associated with poor anti-EGFR therapy outcomes
(Lin et al. 2011, Adelstein et al. 2011). Multikinase
inhibitor regorafenib, and fusion protein (“soluble VEGF
receptor”) aflibercept are designated for patients with
progression on standard therapy, or intolerance of it
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(Van Cutsem et al. 2016, Finek et al. 2016).

Even in this more targeted and moderately
personalized treatment settings, a group of patients does
not have clinical benefit from the therapy, or their tumor
gains secondary resistance. Besides finding new
predictive biomarkers to distinguish more precisely
patients with or without clinical benefit from the therapy
in advance, there is a constant need to bring new
therapeutics with new mechanisms of action into the
MiRNA-based

emerged in the drug research and development with

clinical practice. therapeutics, that
increasing knowledge about the roles of miRNAs in the
cell and in the cancer cell specifically, could represent
such new targeted substances and some of them are
heading towards the clinical practice. Besides growing
number of in vitro and in vivo studies that aim to discover
potential therapeutic properties of miRNA mimics,
inhibitors, or expression vectors, there are several
ongoing clinical trials in oncology, e.g. with miR-34a
mimics (Adams ef al. 2015) or miR-16 mimics (Kao et
al. 2015, Quinn et al. 2015).

MiRNAs are endogenous small non-coding
RNAs. They mRNA

transcriptionally by binding to the 3’-untranslated region

attenuate translation  post-
of mRNA. The matching is guided by specific “seed”
sequence of 6-8 nucleotides of a miRNA and results in
the inhibition of

subsequent degradation of target mRNA (Krol et al.

translation, destabilization and
2012). One miRNA can regulate many genes which could
be functionally different, or linked in a specific
intracellular pathway. While miRNAs are supposed to
regulate more than 50 % of human genes, their network
interferes with most cellular processes like metabolic and
energetic maintenance, differentiation, cell cycle and
proliferation, survival, or death (Esquela-Kerscher et al.
2006). Therefore, dysregulation of miRNAs’ expression
is linked with various pathological states, including solid
tumors (Ruan et al. 2009). Quantity of in vitro and in vivo
evidences indicate, that change in pathological miRNAs
levels is capable of transforming the cancer cell
phenotype.

Significant changes in miRNA expression could
be found in tumors compared with relevant healthy tissue.
miRNA  profiling
validation, our group has previously identified miRNAs

By large-scale and following
significantly altered in CRC. Among others, miR-215
was identified as decreased, and in vifro functionally
characterized as tumor suppressor (Faltejskova et al
2012). It was also found down-regulated in patients with

CRC 2011). MiR-215
influences apoptosis, cell cycle, viability, and migration
of CRC cells in vitro (Faltejskova et al. 2012). It is
tightly associated with protein p53, since p53 is induced
by miR-215, and miR-215 is regulated by p53 in
a feedback loop. By induction of p21, miR-215 is able to

relapse (Karaayvaz et al

stop cell cycle, and it also inhibits expression of
thymidylate synthase, dihydrofolate reductase (Braun et
al. 2008) and BMII gene, that plays a role in cancer cells
self-renewal ability (Jones et al. 2015). Transcription of
miR-215 is activated by transcription factor CDX1
which
differentiation of enterocytes and is frequently down-

(caudal-type homeobox 1), regulates
regulated due to hypermethylation of promotor in CRC
(Jones et al. 2015). Down-regulation of this miRNA is
suggested to be one of the early steps in colorectal
neoplastic transformation, as tumors initiated both by
APC gene mutations, and chronic inflammation share this
specific molecular pathology (Necela et al 2011).
Moreover, our group has recently found, that
overexpression of miR-215 in colorectal cancer cell line
leads to significant decrease in tumor volume in
tumorigenicity assay in vivo (Vychytilova-Faltejskova
data not yet published).

Altogether,

therapeutic roles of miR-215 in CRC. Therefore, the aim

these findings suggest possible
of this work was to study the possibility of increasing the
intracellular level of miR-215 in tumor by systemic
administration of miRNA mimics in liposomal delivery
system in vivo.

Methods

Subcutaneous xenotransplantation

All animal procedures were performed in
accordance with the Czech legislation (Act No.
246/1992) and with approval of both local and national
Committees for Animal Welfare. NSG mice (18-27 g,
8-14 weeks
an individually ventilated cage system (Techniplast,

old) were housed and monitored in
Buguggiate, Italy) with ad libitum access to water and
feeding. The subcutaneous xenotransplantation of human
cancer cells was performed according to the protocol
described by Morton and Houghton (2007) with minor
changes. Briefly, mice were anesthetized with etomidate
(30 mg/kg) by i.p. injection. 2.5 x 10° human CRC cells
HCT-116"" suspended in 100 ul of phosphate-buffered
saline (PBS) were injected subcutaneously on dorsal site
of amouse. On Day 7 postinoculation, palpable tumor



2016

S483

miRNA Mimics in Animal Model of Colorectal Carcinoma

with approximate volume of 500 mm’ were present in
each animal (Fig. 1).

Mouse with subcutaneous tumor

Fig. 1.
postinoculation.

seventh day

Preparation of miRNA mimics encapsulated in liposomes

MaxSuppressor™ In Vivo RNA-LANCEr II
(Bioo Scientific, Austin, USA) was used as a liposomal
delivery system. MiRNA mimics (mirVana™ miRNA
hsa-miR-215,
Waltham, USA) and negative control oligonucleotide

mimic Thermo Fischer Scientific,
(mirVana™ miRNA mimic Negative Control #1, Thermo
Fischer Scientific, Waltham, USA) were encapsulated
into the liposomes according to the manufacturer’s
protocol. Briefly, RNA substances were diluted in water
for injections (B.Braun Medical, Hessen, Germany) to
10 mg/ml and stored in -80 °C. 11 ul of RNA solution
[10 pul (0.1 mg) + 10 % excess], 55 ul of PBS 10x and
434 ul RNase-free water were added into 1 bottle of
MaxSupressor™ which consists of 50 pl of neutral lipid
emulsion (NLE). The mixture was sonicated for 5 min in

room temperature.

Experimental treatment

Two doses [20 pg (1 nmol)/mouse, and 40 pg
(2 nmol)/mouse] of miRNA mimics encapsulated in
liposomes were tested in animal model of CRC, which
was established by subcutaneous xenotransplantation. For

the dose of 20 pg/mouse, 1 bottle of MaxSupressor™
mixture was dived into 5 doses of 100 ul volume, and
2.5 doses in the case of higher dosing, while the volume
of injection was increased to 200 pl. Intravenous injection
into the tail vein started on Day 7 postinoculation.

12 NSG mice were
randomly divided into 3 groups: a) active treatment

In the Experiment A,

(miRNA mimics in liposomes, 20 pg/mouse), b) negative
control (negative control oligonucleotide in liposomes),
and c) saline. Tail-vein injections were repeated after
48 h for total 4 times. 24 h after the last dose, mice were
sacrificed by anesthetic overdosing.

In the Experiment B, 12 NSG mice were
randomly divided into 3 groups: a) active treatment
(40 pg/mouse), b) negative control, and c) saline.
Following procedures were the same as in Experiment A.

In the Experiment C, 10 NSG mice were
randomly divided into 2 groups: a) active treatment
(20 pg/mouse), b) control (saline). Tail-vein injections
were repeated after 48 h for total 3 times. 24 h after the
last dose, mice were sacrificed.

At the end of all experiments, a necropsy was
performed, tumors were extirpated, and measured by
Vernier caliper. Lungs and liver were removed and
washed with sterile saline. All tissues were stored in
RNAl/ater (Sigma-Aldrich, Waltham, USA) for further
analysis.

Determination of miR-215 expression in animal tissues

Tissue specimens were homogenized (MM301,
Retsch GmbH & Co. KG, Germany) and total RNA was
isolated using mirVana miRNA Isolation Kit (Ambion,
Austin, USA) according to the manufacturer’s protocol.
Concentration and purity of the isolated RNA were
determined spectrophotometrically using Nanodrop
ND-1000 (Thermo Fisher Scientific, Waltham, USA).
Reverse transcription was performed using gene-specific
primer (hsa-miR-215-5p) according to the TaqMan
MicroRNA Assay protocol. TagMan Universal PCR
Master Mix (NoUmpErase UNG; Thermo Fisher
Scientific, Waltham, USA) was used for RT-PCR
quantification, which was performed on QuantStudio
12K Flex Real-time PCR System (Applied Biosystems,
Foster City, USA).

Data normalization and statistical analysis

Tumor volume was calculated using

a mathematical approximation V=0.5 x (L x W)%, where
L and W stand for length and width of a tumor,
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respectively. Tumor volumes were analyzed using
Kruskal-Wallis test in the case of three groups of
treatment, or Mann-Whitney test when comparing two
groups (both GraphPad Prism 5.03). Normalized (27(CH40y
miR-215 expression data were analyzed by Kruskal-
Wallis test or Mann-Whitney test, respectively (GraphPad
Prism 5.03). p-values <0.05 were considered statistically

significant.
Results

Effect of intravenous administration of miR-215 mimic on
tumor volume

Experiments A and B assessed the effect of
intravenous administration of miR-215 mimics on tumor
growth in mice model of CRC. The model was
established by subcutaneous xenotransplantation of
human CRC cells HCT-116"".
started on Day 7 postinoculation and were repeated

Tail-vein injections

4 times. In Experiment A, miRNA mimics were
administered in the dose of 20 pg/mouse and were
encapsulated in liposomes.

Interestingly, there were no statistically
significant changes in tumor volume measured after
4 administrations of 20 pg miR-215 mimics compared
with negative control (negative control oligonucleotide in
or saline (Kruskal-Wallis test, p>0.05,

Fig. 2A). Expression of miR-215 in tumor tissue was

liposomes),

quantified by RT-PCR. In accordance with the results
related to the tumor volume, miR-215 level was not
significantly higher in the group of mice treated with
miR-215 mimics compared with the negative control and
saline (Kruskal-Wallis test, p>0.05), however a slight
trend in increase could be seen here (Fig. 2B).

(A)
20000+ NS
LN
E 15000
© |
E
S 10000
4
i -1
g  5000-
S
=t
0- T T
MIM NC SAL

As the results of Experiment A were negative,
we stated two hypotheses of responsible issues. The first
was potentially inappropriate dose. To test this, we
increase the dose of miR-215 to 40 pg/mouse. The design
of Experiment B was the same. Again, there were no
significant changes in tumor volume measured after
4 administrations of miR-215 mimics compared with
negative control and saline (Kruskal-Wallis test, p>0.05,
Fig. 3A). We have also measured the level of miR-215 in
tumor tissue by qRT-PCR and the results were quite
similar as in Experiment A, i.e. non-significant trend in
increase of miR-215 in tumors of animal treated with
miRNA mimics (Kruskal-Wallis test, p>0.05, Fig. 3B).

The second hypothesis was related to
extratumoral accumulation of liposomes. In order to
verify this, we removed lungs and liver from 1 animal per
group from Experiment B and analyzed the levels of
miR-215. In these pilot settings, we obtain interesting
comparison suggesting potential accumulation in lungs,
although this result was quite preliminary because of
minimal number of samples (data not shown).

Potential extratumoral accumulation with liposomes
containing miRNA mimics cargo

Experiment C was intended to elucidate the
potential undesired accumulation of the liposomal
delivery system. Number of treatment groups was
reduced to the active treatment by liposomal miR-215
mimics (20 pg/mouse), and saline. Tumors, lungs and
liver were gathered from all animals (N=10). As was
expected, there were no statistically significant changes
in tumor volume measured after 3 administrations of
miR-215 mimics compared with saline (Mann-Whitney
test, p>0.05, Fig. 4A). An increase in the levels of

(B)

10000 NS

1000

100

10

Normalized expression {log)

L)
MIM NC SAL

Fig. 2. Tumor volume (A) and miR-215 expression (B) in Experiment A after four administrations of miR-215 mimics (20 pg/mouse,
MIM), negative control oligonucleotide (NC), or saline (SAL). Each group consisted of 4 mice. Kruskal-Wallis test, NS not significant

(p>0.05).



2016 miRNA Mimics in Animal Model of Colorectal Carcinoma S485
(A) (B)
20000 i § 100 i
L =
: T 5
£ 150004 2 1000
= g -
£ o
2 10000+ g 100
—_1
>
c B
g % 10
= :
=]
0- T T =z 1 T T
MIM NC SAL MIM NC SAL

Fig. 3. Tumor volume (A) and miR-215 expression (B) in experiment B after four administrations of miR-215 mimics (40 pg/mouse,
MIM), negative control oligonucleotide (NC), or saline (SAL). Each group consisted of 4 mice. Kruskal-Wallis test, /S not significant

(p>0.05).
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Fig. 4. Tumor volume (A) and miR-215 expression (B) in experiment C after three administrations of miR-215 mimics (20 pg/mouse,
MIM), or saline (SAL). Each group consisted of 5 mice. Mann-Whitney test, /S not significant (p>0.05).

miR-215 in tumors of mimics-treated mice was not
statistically significant probably due to higher variability
of measured levels (Mann-Whitney test, p>0.05, Fig. 4B).
We have observed low expression of miR-215 in
lungs and tumors of control animals treated with saline.
MiR-215 levels was significantly higher in lungs of
mimics-treated animals than in tumors of the same
animals, and also than in tumors and lungs of control
saline-treated mice (Kruskal-Wallis test, p=0.0277,
Fig. 5A). Although the result suffered with high
variability of miR-215 lungs expression levels, the
hypothesis of lung accumulation seems to be a possible
explanation. The expression of miR-215 in liver was high
both in active treatment and in control group, and the
groups did not significantly differ (Mann-Whitney test,
p>0.05, Fig. 5B). Thus,
accumulation.

we can assume no liver

Discussion
MiR-215 was proved as tumor suppressor in

CRC both descriptively in human tumor tissue, and
functionally in stable cell lines. As it is down-regulated in
tumor, increase of miR-215 levels is associated with
decreased proliferation, viability, and migration of cancer
cells in vitro, and decreased tumor volume in vivo (Braun
et al. 2008, Faltejskova ez al. 2012).

The aim of our study was to increase miR-215
intracellular levels by systemic administration of miRNA
mimics. These substances are oligonucleotides with
various chemical modifications in the structure made in
order to grant higher effect than native mature miRNAs
through higher affinity to the target mRNA. We have
chosen liposomal delivery system, since liposomes have
already been a part of standard pharmacotherapy (e.g.
liposomal doxorubicin, amphotericin B etc.). Liposomes
could be accumulated in tumor site by enhanced
permeability and retention effect caused by imperfect
neoangiogenesis and delayed lymphangiogenesis
(Matsumura and Maeda 1986). The most important
benefit of the liposomal reagent MaxSuppressor™ In
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Fig. 5. Comparison of miR-215 expression in lungs and tumor (A) and in the liver (B) in experiment C after three administrations of
miR-215 mimics (20 pg/mouse, MIM), or saline (SAL). Each group consisted of 5 mice, L stands for lungs, LIV liver, T tumors.
Kruskal-Wallis test (A), or Mann-Whitney test (B), NS not significant (p>0.05), * p=0.0277.

Vivo RNA-LANCETr 11 is the use of charge neutral lipids
(NLE). While cationic lipids have enhanced capacity for
binding negatively charged oligonucleotides, they exert
electrostatic interactions with various molecules on the
cell surface and could decrease proliferation, or alter gene
expression (Wu et al. 2001). Liposomes originating from
positively charged lipids could also form aggregates with
which
mononuclear phagocyte system and accumulation in liver

plasma proteins leads to elimination by
and spleen (Zhang et al. 2012). By choosing charge
neutral lipid emulsion, we assumed to avoid these issues
and retain positive aspects of liposomal delivery system.

MaxSuppressor™ In Vivo RNA-LANCETr 1II has
been previously used in animal models of cancer diseases
to delivery miRNA-based experimental therapeutics.
Most of this experiments used intratumoral delivery of
liposomes, but doses similar to ours were also used
intravenously in subcutaneous xenografts, orthotopic
models and metastasis models of lung, breast, and
prostate carcinoma, multiple myeloma, Ewing’s sarcoma
etc. (Trang et al. 2011, DeVito et al. 2011, Amodio et al.
2012, Imam et al. 2012, DiMartino et al. 2013, Hatano et
al. 2015).

Unfortunately, we were not able to significantly
increase intracellular levels of miR-215 in tumor by
of miR-215
encapsulated in NLE liposomes. Not surprisingly with

intravenous  administration mimics
this finding, the tumor volume also did not differ between
the treatment groups. In a search for a possible
explanation, we have stated two hypotheses.

The first was related to the appropriate dose.
Doses ranging from 20 to 30 pg/mouse were frequent in
the literature. Although we have assessed two doses, they

were not proportionally different because we were limited

with the tolerable volume of intravenous injection in mice
and from the other side with encapsulation capacity of
NLE

Moreover, a trend in increase of miR-215 in the group of

liposomes guaranteed by the manufacturer.
mice treated with 20 pg miR-215 mimics, which was not
statistically significant, was later repeated but not
augmented after administration of 40 pg mimics/mouse
assuming no dose-dependent observable changes. The
dose remains an important point that need further
research, however we have focused on the second
hypothesis — a possibility of extratumoral accumulation.

Almost all new delivery systems have to deal
with plasma protein interactions and possible recognition
by circulating or organ immune cells followed by
elimination. Trang et al. (2011) described the situation
10 min after intravenous injection of 20 ug of miR-214
mimics in NLE liposomes. They found highest level in
blood (approx. 4 mil. copies/10 ng RNA), while in
perfused lung, there were approx. 34,000 copies/10 ng
RNA, and in the liver approx. 4,000/10 ng RNA. They
also assessed distribution of NLE liposomes with
oligonucleotide cargo into orthotopic lung tumors by in
vivo Dbioimaging 48 h after administration and
successfully used miR-34 and let-7b mimics in NLE
formulation in orthotopic animal model of Ilung
carcinoma (Trang et al. 2011). Together with our
findings, it could be concluded, that lung accumulation
probably prevails over time in NLE liposomes, which
makes them suitable for distribution of drugs or
experimental substances into the lung tissue.

Our study is limited primarily with variability of
some of the measurements originating probably from
small number (4-5) of mice in the treatment groups,

which influences statistical significance of some of the
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results. Another limitation lies in the use of subcutaneous
model. As this setting is relatively easy to produce,
monitor and maintain, and it is generally the most
frequently wused approach, it has quite limited
translational potential. Our results cannot be applied for
an estimation of intestinal or colonic distribution of
liposomal dosage form. Orthotopic model of CRC,
created by implantation of human cancer cells into the
intestinal wall of caecum in mice under general

anesthesia would produce more complex picture.

Conclusions

The application of NLE liposomes in animal
model of CRC likely requires substantial optimization
mainly in terms of the model type, route of administration
and posology. It could not also be excluded that it

represents an impass. Nevertheless, miR-215 remains
an auspicious therapeutic target in CRC for its tumor
suppressor effects, even though there are still some
obstacles to deal with in order to bring this miRNA closer
to clinical practice.
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Gastrointestinal cancer accounts for the 20 most frequent cancer diseases worldwide
and there is a constant urge to bring new therapeutics with new mechanism of action into
the clinical practice. Quantity of in vitro and in vivo evidences indicate, that exogenous
change in pathologically imbalanced microRNAs (miRNAS) is capable of transforming
the cancer cell phenotype. This review analyzed preclinical miRNA-based therapy
attempts in animal models of gastric, pancreatic, gallbladder, and colorectal cancer. From
more than 400 original articles, 26 was found to assess the effect of miRNA mimics,
precursors, expression vectors, or inhibitors administered locally or systemically being
an approach with relatively high translational potential. We have focused on mapping
available information on animal model used (animal strain, cell line, xenograft method),
pharmacological aspects (oligonucleotide chemistry, delivery system, posology, route
of administration) and toxicology assessments. We also summarize findings in the field
pharmacokinetics and toxicity of miRNA-based therapy.

Keywords: microRNA, gastric cancer, pancreatic cancer, gallbladder cancer, colorectal cancer, animal model,
mice, preclinical testing

INTRODUCTION

Research in the field of non-coding nucleic acids has advanced extensively in the last 15 years.
It is now well known, that dysregulation of miRNAs, powerful regulators of gene expression, is
associated with many diseases. MiRNAs are investigated thoroughly in cancer biology and oncology
and the number of published articles is growing (Figure 1). Last 10 years brought us an immense
amount of information about the roles of miRNAs in cancer cell pathophysiology. All described
hallmarks of cancer (Hanahan and Weinberg, 2011) are in relation with some miRNA imbalance
(Ruan et al., 2009). Attempts to therapeutically interfere with miRNAs levels in pathologic cells are
moving forward to preclinical and clinical phases of new therapies development. Although there are
severe limitations and barriers facing miRNA-based therapy, more and more studies are performed
with auspicious results.

The purpose of this review is to analyze preclinical studies carried out on animal models of
selected gastrointestinal cancer (gastric, pancreatic, gallbladder, and colorectal). We have focused
primarily on pharmacological aspects of miRNA-based therapy with the emphasis on delivery
systems, and also on the type of animal model, and on toxicity assessments. Eventually, we
summarize important findings in the field pharmacokinetics and toxicity of miRNA-based therapy
to make the picture comprehensive.
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FIGURE 1 | Number of new publications found by the term “miRNA
AND cancer” in SCOPUS database.

The Biogenesis of Endogenous miRNAs
MiRNAs are endogenous small (~22 nt) single-stranded
non-coding RNAs. Their main role in the cell lies in
post-transcriptional  attenuation of mRNA translation.
The biosynthesis of miRNAs begins in the nucleus. Long
double-stranded transcripts (pri-miRNAs) are formed by
RNA-polymerases II and III. Pri-miRNAs are cleaved by the
ribonuclease Drosha and DGCRS protein to form pre-miRNAs,
double-stranded chains ~70 nt long. Pre-miRNAs are then
transported from the nucleus to the cytoplasm via Exportin-5
protein. In the cytoplasm, mature miRNAs are created through
the interaction with endonuclease Dicer and TRBP protein.
Double-stranded formation is rearranged, the guide strand
forms a complex with Argonaut and other proteins forming
miRISC complex, and plays an active role in the gene expression
attenuation. The other strand, called passenger strand, is
usually degraded in the cytoplasm, or persists and may exert
its own biological activity. For detailed information on miRNA
biogenesis see a recent review by Romero-Cordoba et al. (2014).

There are also number of proofs of mature miRNAS’ presence
and activities in the nucleus (Hwang et al., 2007; Park et al.,
2010; Jeffries et al., 2011; Li et al., 2013). It seems that these
miRNAs could transfer from cytoplasm to nucleus and nucleolus
via Exportin-1 and Importin-8 (Li et al., 2013; Wei et al., 2014)
and influence expression of other miRNAs, or of its own (Tang
etal., 2012; Zisoulis et al., 2012; Wei et al., 2014).

Mechanism of Action

MiRNAs bind mainly to the 3/-untranslated region of mRNA
(3/-UTR), although there are several evidences that miRNAs
could bind to the 5-UTR, or to the coding sequence itself
(Ott et al, 2011; Gu et al., 2014). In the case of imperfect
matching, the duplex mRNA:miRNA is not translated, or
it is translated incompletely and the polypeptide chain is
subsequently degraded. Binding of miRNA to mRNA target also
activates deadenylation of 3’-poly(A) end of mRNA through
deadenylases, which is a first step of mRNA destabilization and
later degradation by 3'- and 5'-exonucleases (Figure 2). Perfect
matching leads to direct cleavage of the target mRNA. Imperfect

matching is more common in animal cells, while perfect
matching is typical for plant cells (Axtell et al., 2011). The binding
specificity is ensured by the seed sequence of miRNA, which
contains 6-8 nt and which is very often conservative through the
species (Hogg and Harries, 2014). One miRNA can regulate many
different genes, and more than 50% of all genes are suggested to
be regulated by miRNAs. Thus, miRNA network affect most of
cellular processes from the basic metabolic maintenance, through
differentiation, cell division and proliferation, to the death (Calin
and Croce, 2006; Esquela-Kerscher and Slack, 2006; Garzon et al.,
2006; Zhang et al., 2013).

In cancer tissues, a lot of changes in miRNA levels could
be found. MiRNAs decreased in cancer cells are termed
tumor suppressors and reversely, oncogenic miRNAs are those
abundant in cancer tissue. There have already been signs
of miRNAs that function both as tumor suppressors, and
oncogenes depending on the cell type and state (context-
dependent miRNAs) (Esquela-Kerscher and Slack, 2006; Kasinski
and Slack, 2011).

To reverse the pathologic imbalance of miRNAs mature
miRNAs, miRNA-mimics, precursors, or expression vectors
are administered to increase the level of a specific tumor-
suppressor miRNA, and miRNA inhibitors are administered to
decrease the level of oncogenic miRNA (Figure 3). Promising
results of in vitro studies are nowadays being verified on
animal models and first preclinical, or even clinical trials are
under way.

SEARCH STRATEGY

Web of Science database was searched for in vivo studies
published in the last 5 years (2010-2015) that were focused
on colorectal, pancreatic, gallbladder and gastric cancer.
Searching formulas miRNA AND vivo AND colorectal/pancreatic/
gallbladder/gastric in article topic (title, abstract and keywords)
was used. The search was finished by the end of February 2016.
About 430 articles were found and further analyzed to select the
specific experimental design: at first, induction of a tumor by
transplantation of human or murine tumor cells, or tumor tissue,
then followed by the administration of miRNA mimic, precursor,
expression vector, or inhibitor. The bulk of the studies found by
the searching formula were excluded because of using different
methods, e.g., influencing the expression level of miRNA in
cancer cells before transplantation into the animal body, or
administration of other substances that affect miRNA levels
and processes like natural compounds, siRNAs etc. 26 studies
included in this review matched the aforementioned criteria.

Both the articles themselves and the supplemental materials
were scrutinized with accent on animal model used (animal
strain and gender, xenograft method, cancer cell line, or
source), pharmacological aspects (oligonucleotide chemistry,
delivery system, posology, route of administration), toxicology
assessments (methods and findings), and eventually the
experimental therapy effect. Some of the information could not
be obtained from articles or supplements, as they lacked e.g.,
animal gender specification.
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OVERVIEW OF THE SELECTED STUDIES

All selected studies assorted by the organ of cancer cells’
origin are summarized in Tables2-5. Visual summary of
therapeutic strategy, type of animal model and routes of
administration of miRNA-based therapy is demonstrated in
Figures 4-6. We have analyzed 26 studies, 20 of them used
the miRNA replacement therapy regimen, and others were
miRNA inhibitions. Two studies combined miRNA replacement
therapy with chemotherapy, two studies combined miRNA
inhibition with either chemotherapy, or immunotherapy.
Subcutaneous xenograft model was used in 23 cases, orthotopic
xenotransplantation was performed in two experiments,
and combination of both was done in one study. In 17
studies, miRNA-based therapeutics were administered locally,
i.e, injected intratumorally. Five studies involved systemic
administration by tail-vein, or intraperitoneal injection, while
four studies combined both routes of administration in a
separate substudies, or combined systemic administration of
e.g., chemotherapy, with local administration of miRNA-based
therapy.

MiRNAs studied in the selected articles were both known
tumor suppressors, or oncogenes, and also context-dependent
miRNAs whose effect varies according to the type of cancer
cell. All of them influence the main hallmarks of cancer
such as uncontrolled tumor cell proliferation, impaired process
of apoptosis, defects in the control of cell cycle, increased
migration and invasivity, or tumor angiogenesis (Table 1).
Some miRNAs were tested in combination with cytostatic
agents (doxorubicin, gemcitabine, or oxaliplatin) to achieve
sensitization of chemotherapy-resistant cells and tumors, e.g.,
by decreasing the expression of efflux proteins such as ABCB1
(P-glycoprotein). The main result of all in vivo studies was
inhibition of tumor xenograft growth, at least in a transient
manner. All results and references could be found in Tables 2-5.

Toxicity assessment was part of 11 studies. It was performed
at least as animal body weight control but usually was followed
by animal behavior observation, histopathology examination of
tissue dissections of various organs (brain, heart, liver, lungs,
spleen, kidney), or blood biochemistry with regard to liver
and kidney functions (blood urea nitrogen, liver enzymes,
bilirubin). There were two declared deaths of experimental
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FIGURE 3 | Strategies in miRNA-based therapy. The most frequently used animal model of cancer is immunodeficient mouse bearing a subcutaneous tumor
created from cells of human origin. In miRNA-based therapy, two concepts are adopted nowadays, which is the replacement therapy (left) and inhibition therapy
(right). Tumor suppressors MiRNAs are decreased in cancer cells and to increase their levels mature miRNAs, miRNA-mimics, precursors, or expression vectors are
administered. Oncogenic miRNAs are abundant in cancer tissue and to silence their effects, various types of miRNA inhibitors could be administered.

animals in the selected studies. These mice were administered
cholesterol-conjugated oligonucleotide, but both were from the
negative control group. The cause of death was not determined
(Ye et al,, 2013). One study declared slight but statistically
significant elevation of blood urea nitrogen in the group
of mice treated systemically with mature miRNA conjugated
with carbonate apatite nanoparticles (Hiraki et al., 2015).
Transient hepatotoxicity was found in mice systemically treated
with adenoviral vector Ad-L5-8miR148aT, but the symptoms
were milder than those produced by administration of Ad-
wt (Bofill-De Ros et al, 2015). No immune response to the
RNA-based treatment was reported in the selected studies,
as they used immune deficient strains. Depending on the
specific genotype, nude or severe immunodeficient (SCID) mice
lack normal cytokine production together with other immune
impairments.

The selected studies utilized various types of administered
miRNA-based substances and different delivery systems. These
issues and their fine tuning are the main points in the successful
development of a miRNA-based therapy. Ability to overcome
natural barriers that face transferring an oligonucleotide into
the cell has to be balanced with the extent of toxicity, as
systems with good cell penetration are usually more cytotoxic
in a non-specific manner. To bring a complex sight on

the development of miRNA-based therapy in gastrointestinal
cancer, we gathered relevant information about the type of
substances, delivery systems and routes of administration used
in the selected 26 studies and we discuss them in detail.
The issue of toxicity is described for each delivery system
and later on also for the concept of miRNA-based therapy
itself.

IMPORTANT ISSUES IN THE FIELD OF
miRNA-BASED THERAPY PRECLINICAL
TESTING

Routes of Administration and Delivery
Systems

MiRNA-based therapeutics in animal studies summarized in
this review were administered either systemically, or locally. In
systemic delivery, the intravenous (tail-vein) and intraperitoneal
injections were used (Figure6). Local administration was
performed as intratumoral injection into the subcutaneous
tumors. Delivery systems employed in the presented studies
include viral vectors, biocompatible cationic polymers and
copolymers, inorganic nanoparticles, atelocollagen, and
liposomes.
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TABLE 1 | Examples of studied miRNAs in association with some of the
hallmarks of cancer and other cancer cells attributes (1, inhibition
strategy; R, replacement strategy).

Cancer cell Studied miRNA Replacement or References
attribute inhibition
strategy
Uncontrolled cell miR-21 | Sicard et al., 2013
proliferation miR-27a R Bao et al., 2014
miR-33a R lbrahim et al., 2011
miR-145 R lbrahim et al., 2011
miR-218 R He et al., 2012
miR-429 R Sun. etal, 2014
Impaired let-7 | Geng et al., 2011
apoptosis miR-20a | Chang et al., 2013;
Wang et al., 2013
miR-21 Frampton et al., 2011;
Sicard et al., 2013
miR-27a R Bao et al., 2014
miR-145 R Ibrahim et al., 2011
miR-4689 R Hiraki et al., 2015
Dysfunction in cell miR-133a R Dong et al., 2013
cycle control miR-200a R Cong et al., 2013
miR-218 R He et al., 2012
miR-1266 R Chen et al., 2014
Cell migration and miR-27a R/ Frampton et al., 2011;
invasivity Bao et al., 2014
miR-200a R Cong et al., 2013
miR-429 R Sun. etal., 2014
miR-1207-5p R Chen et al., 2014
Neoangiogenesis miR-27a | Frampton et al., 2011
miR-27b R Ye etal., 2013
Resistance to miR-103 R Zhang et al., 2015
cytostatic agents miR-107 R Zhang et al., 2015

Viral Vectors

Viral vectors could be administered both locally, and systemically
and they include lentiviruses, adenoviruses, and adeno-associated
viruses (Chen et al., 2015). Viral delivery of antisense construct
expression vectors was used to inhibit miR-21 and miR-148a in
animal models of pancreatic cancer (Bao et al., 2014; Bofill-De
Ros et al.,, 2015), while expression vector for miR-1266/1207-
5p was examined in replacement therapy in gastric carcinoma
(Chen et al., 2014). Viruses are able to effectively deliver miRNA
therapeutics (precursors, mimics, genes, or inhibitors) into the
tumor cell, but their use could be associated with the risk of
insertional mutagenesis, gain of replication competency of viral
particles, or immune activation. Nucleic acid of adenoviruses
(dsDNA viruses) and adeno-associated viruses (ssDNA viruses)
usually do not integrate into the host cell genome, while lentiviral
(ssRNA viruses) integrates (Soriano et al., 2013; Chen et al., 2015).
Adeno-associated viruses are generally less immunogenic, but

adenovirus-based delivery system could produce at least transient
hepatotoxicity (Broderick and Zamore, 2011; Aslam et al., 2012)
as was also observed by Bofill-De Ros et al. in animal model of
pancreatic ductal adenocarcinoma (Bofill-De Ros et al., 2015).

Cationic Polymer Polyethylenimine

In the selected studies, the most frequently used synthetic
polymer was polyethylenimine (PEI). It was utilized to deliver
mimics or expression vectors of miR-34a, miR-206, and miR-
217 in animal model of pancreatic cancer, or miR-33a and
miR-145 in the model of colorectal carcinoma (Tables 4, 5).
PEI is cationic polymer able to produce nanoparticles. It has
linear or branched structure and different molecular weight
according to the reaction conditions during the synthesis. Due
to the positive charge, PEI has high capacity for negatively
charged oligonucleotides and nucleic acids which are moreover
condensed after complexation with PEI, and thus protected
from nucleases. The charge of PEI also facilitate cellular uptake
by electrostatic interaction with negatively charged surface
molecules (e.g., heparin sulfate proteoglycans), after which the
particles enter the cell by endocytosis. PEI is able to disrupt
the endosome and release the cargo into the cytoplasm, which
grants this method high transfection efficacy. The disruption
of endosome is achieved by protonization of PEI and buffering
of acidic environment of the vesicle. These processes are
followed by osmolarity changes and water intake which leads
to the swelling and burst of the endosome (Hébel and Aigner,
2013; Zhang et al, 2013). Better capacity and efficacy is
achieved by branched PEI but at the cost of higher non-
specific cytotoxicity. In the presented studies, mostly linear
PEI is used, like commercially available transfection reagents
ExGen500™ (Euromedex, Mundolsheim, France) and in vivo-
jetPEI™ (Polyplus Transfection, Illkirch, France) assigned for
in vivo experiments. Other issues associated with PEI delivery
are an aggregation of created nanoparticles, or opsonization in
the plasma recognized by phagocytes. PEI with high density
of positive charge could also trigger erythrocyte aggregation
and thrombosis (Kanasty et al., 2012). PEI particles could be
conjugated with various molecules [e.g., polyethylene glycol
(PEG), or antibodies] to resolve such difficulties (Malek et al.,
2009). PEI is not a biodegradable polymer, thus its toxicity is
intensively discussed. It depends strongly on molecular weight
and branching (Fischer et al., 1999) and also on the cargo, as it
may neutralize the charge of PEIL. There are studies describing
immune activation in vivo, (Beyerle et al., 2011) hepatotoxicity
and lethality in mice (Chollet et al., 2002) and increased apoptosis
in vitro (Merkel et al,, 2011), and also those that proved no
immune response, or hepatotoxicity in mice (Bonnet et al., 2008).

Inorganic Nanoparticles—Iron Oxide, and Carbonate
Apatite

Sun et al. used iron oxide nanoparticles to deliver miR-
16 and overcome doxorubicin resistance in animal model
of gastric adenocarcinoma (Sun Z. et al, 2014). Iron oxide
nanoparticles (IONPs) are biocompatible and biodegradable
particles with magnetic properties. They are composed of
magnetite [Fe3Oy4, iron (ILIII) oxide], or maghemite (Fe;Os3,
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ferric oxide) and are usually coated with various other molecules
(PEL PEG, chitosan etc.) to improve their properties (Kievit
and Zhang, 2011). IONPs could also serve as theranostics
(i.e., substances with both diagnostic and therapeutic purpose).
As well as other nanoparticles, IONPs protect nucleic acids
from being cleaved by nucleases (Kievit et al, 2009) but
could also be opsonized in the plasma and recognized by
phagocytes, mainly by the reticuloendothelial system (RES).
Non-coated IONPs are distributed in heart, liver, spleen, lungs,
kidney, brain, stomach, small intestine, and bone marrow,
while the highest concentration are reached in the liver and
spleen due to the elimination by RES and macrophages
(Wang et al,, 2010). IONPs enter the cell by endocytosis
and are degraded in the endosomes (Xie et al., 2009).
Particles between 10 and 60 nm are the most effective,
as they undergo limited kidney and liver/RES uptake, and
are absorbed by tumor cells (Kievit and Zhang, 2011).
Cytotoxicity of IONPs coated with PEI occurs in vitro in
higher concentration than is needed for sufficient transfection
(Lellouche et al., 2015). The administration in vivo could
increase blood iron and intracellularly increase oxidative stress
(Mahmoudi et al., 2011). Non-coated particles could produce
hepatotoxicity, and lung or kidney damage (Hanini et al,
2011).

Study of Hiraki et al. describes utilization of different
inorganic nanomaterial, carbonate apatite nanoparticles. They
used these particles as a delivery system for mature miR-
4689 in animal model of colorectal adenocarcinoma (Hiraki
et al., 2015). Carbonate apatite [Ca19(PO4)6_x(CO3)x(OH),]
is composed of calcium cations and phosphate and carbonate
anions in defined ratios. It was firstly described as a transfection
reagent and a delivery system for plasmid DNA by Chowdhury
et al. (2006). Nanoparticles of carbonate apatite are stable
in plasma (pH = 7.4), protect nucleic acids from nuclease
cleavage, but in acidic environment of endosomes, they are
quickly degraded. Their cargo is then released and could
probably escape from endosomes, as high effectivity of this
transfection method was proved for DNA (Wu et al., 2015)
and RNA (Hossain et al., 2010). In mice, these nanoparticles
are accumulated in tumor probably due to the EPR effect
(discussed below), but slight accumulation was found also in
the liver (Wu et al., 2015). As this method arose from calcium
phosphate co-precipitation, which is known to produce certain
level of cytotoxicity in vitro, adverse effects in animals were
inquired. In mice, Wu et al. declared no mortality, weight
loss, or histological damage in liver, kidney, and spleen after
administration of common dose, and also after 2.5 and 5-fold
higher doses. They also do not observed any urinary calculi in
a mouse model of repeated administration. The team advanced
to the evaluation of the delivery system on monkeys (macaques
Macaca fascicularis, formerly M. cynomolgus). Monkeys received
repeated i.v. infusions during a movement restraint. Equivocal
results were obtained, as some animals had reversible increase in
AST, ALT, LDH, and CPK enzymes, but from further analyses of
isoenzymes, authors suggested that these increments might arise
from the stress associated with body restriction rather from heart
or liver damage (Wu et al., 2015).

Atelocollagen

For direct intratumoral treatment, atelocollagen was used in the
study of Frampton et al. in pancreatic ductal adenocarcinoma to
deliver miR-21, miR-23a, and miR-27a (Frampton et al., 2011).
Atelocollagen is a biocompatible and biodegradable polymer. It
was developed and tested in vivo for gene (plasmid) delivery with
controlled release by Ochiya et al. (Ochiya et al., 1999; Hao et al,,
2016). Atelocollagen is prepared from collagen extracted from
bovine dermis. Natural collagen contains specific amino acid
sequences on both C- and N-terminus (“telopeptides”), which are
highly immunogenic. By digestion with pepsin, these telopeptides
are cleaved. The polymer is liquid at low temperatures, but
solidifies at temperatures above 30°C (Ochiya et al., 2001;
Komatsu et al., 2016). After intramuscular injection of plasmid
DNA in complex with glucose and atelocollagen in mice, the
transfection was efficient and last more than 60 days. No apparent
toxicity, or hematologic changes were observed in this study,
(Ochiya et al, 1999) as well as Frampton et al. described
neither changes in mice body weight, nor serious adverse effects
(Frampton et al., 2011).

Cationic Lipids and Liposomes

For intratumoral administration, several studies used lipid-
based transfection reagent Lipofectamine 2000 (Thermo Fisher
Scientific, Waltham, USA) designed originally for in vitro
experiments, e.g., Dong et al. in animal model of colorectal
adenocarcinoma to deliver miR-133a (Dong et al, 2013).
Pramanik et al. utilized DOTAP (N-[1-(2,3-dioleoyloxy)propyl]-
N,N,N-trimethylammonium methyl-sulfate) with co-lipids
formula to deliver plasmid expression vector of miR-34a,
and miR-143/145 cluster systemically in animal model of
pancreatic ductal adenocarcinoma (Pramanik et al., 2011).
Both delivery systems are composed of cationic lipids that
form liposomes, vesicles with lipophilic bilayer and aqueous
core able to encapsulate hydrophilic molecules (Mallick and
Choi, 2014). By electrostatic interaction, cationic lipids have
increased capacity for negatively charged nucleic acids (Xue
et al., 2015). They enter the cells by endocytosis and are able to
destabilize and breach endosomal membrane by interaction with
its phospholipids (Zelphati and Szoka, 1996). Cationic lipids
exert detergent effect on lipid membranes and interact also with
enzymes, thus could irritate cells, decrease proliferation, alter
gene expression, and even trigger cell lysis (Wu et al., 2001). They
share the same advantages and disadvantages that account for
positive charge as cationic polymers. They form aggregates with
plasma proteins leading to RES elimination and accumulation in
spleen and liver (Nchinda et al., 2002; Zhang et al., 2012). With
decrease of positive charge, RNA encapsulation and transfection
efficacy is decreasing. PEGylation increases blood circulation
time of liposomes, (Pathak et al., 2011; Suk et al., 2016) but
could lead to the formation of anti-PEG IgM antibodies (Ishida
et al.,, 2006). Liposomes are generally less immunogenic than
cationic polymers. But after processing of liposomes, some
RNA molecules might remain on the surface of a particle. In
the studies using siRNA, these residues lead to the significant
immune activation (Xue et al., 2015). Inflammatory response
in the liver followed by hepatotoxicity and with higher doses
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Toxicity,
undesired
effects

Not assessed

Inhibition of

Results
tumor
growth

Frequency of
administration
Twice weekly
for 2 weeks

Dosage
5 nmol

Route of
administration
Intratumoral inj

Delivery system and

chemical
modifications
AntagomiR-20a

Animal
strain
(gender)
Nude mice

Animal
model
SX

Therapeutic
strategy

IT

MiRNA(s)
of interest
miR-20a

TABLE 3 | In vivo study in animal models of gallbladder carcinoma.

with miR-20a
antagomir
(200 nM) for 3

Xenografted
days

cell line
transfected

GBC-SD
initially

even lethality was described (Tan and Huang, 2002; Zhang et al.,
2005).

Pharmacokinetics of Therapeutic

Oligonucleotides

Chemistry, Physico-Chemical Properties, and
Absorption

Pharmacokinetics of therapeutically administered
oligonucleotides is strongly driven by their physico-chemical
properties. Generally, these properties are not sequence-specific
in qualitative point of view, but can be quantitatively different
from sequence to sequence, and could differ also between
chemistries. Native oligonucleotides are small, negatively
charged molecules, which means that the transfer through
lipophilic membranes necessary for the absorption into systemic
blood circulation and also later into the intracellular space is
quite problematic.

The most common change in oligonucleotide chemistry is
the replacement of phosphodiester bond with phosphorothioate
bond in the backbone. This change goes usually hand in
hand with chemical modification of the 2’ functional group
on ribose in the nucleotide (2'-hydroxyl could be substituted
e.g., to 2’-O-methyl, 2’-O-methoxyethyl, or 2'-fluoro group),
and conjugation with cholesterol. These modifications either
increase the stability of oligonucleotides modifying their
susceptibility to RNAse cleavage (phosphorothioate bonds,
2'-O-modifications), or increase cellular uptake of the
molecule (cholesterol conjugation). Cholesterol-conjugated
2'-O-methyl/methoxyethyl-modified  oligonucleotides  are
sometimes termed “agomiRs” or “antagomiRs” depending on
their mechanism of action, and they were utilized in some
of the studies focused on gastrointestinal cancer presented in
this article (Chang et al., 2013; Wang et al., 2013; Zhang et al,,
2015; Zou et al., 2015). Modification on 2" position could also
change the affinity of oligonucleotides to plasma proteins which
has a high impact on pharmacokinetics, most importantly on
distribution and excretion (Crooke, 2007).

Another possibility to change oligonucleotide structure is
chemical modification of the ribose forming a 2’,4'-bicyclic
structure, which is termed locked nucleic acid (LNA) (Kumar
et al., 1998). The most common type of LNA is oligonucleotide
with one or more 2'-O-4'-methylene--D-ribosyl structure. This
bicyclic bridge locks ribose in one of its conformation increasing
binding affinity and decrease the susceptibility to nuclease
cleavage (Braasch and Corey, 2001).

Various chemical modifications in the oligonucleotide
structure are now available owing to the development of
commercially available miRNA mimics. According to the
information provided by manufacturers, miRNA mimics should
possess higher affinity to miRISC and thus to the mRNA of
interest. MiRNA-mimics should have no off-target biological
activities due to the passenger strand, and should exert higher
effect than native mature miRNAs. The chemistry modifications
differ between passenger and guide strand, and the molecules
could also be triple-stranded (e.g., Exiqon, Vedbaek, Denmark).
Detailed information about the specific chemistry of the
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miRNA mimic are usually not released. Some evidences were
published last year, that bring the commercially available miRNA
mimics into focus because of non-specific dampening effect
on overall gene expression, accumulation of non-endogenous
high molecular weight RNA species and unintentional passenger
strand loading into the RISC discovered after transient
transfection of human cell lines. Sgkilde et al. describe variations
even between batches of a commercially available miRNA mimic
obtained from one manufacturer (Sokilde et al., 2015). The
authors emphasize the issue of a proper dosage of miRNA mimic
and its optimization, and suggest to prefer viral and genetic
approaches, as the created transcripts follow the physiological
biosynthesis pathway and their mechanism of action could be
considered as the very same as endogenous miRNAs (Jin et al.,
2015).

Undesirable physico-chemical properties of oligonucleotides
could be attenuated by delivery systems mentioned before, which
subsequently influence pharmacokinetic processes of miRNA-
based therapeutics.

Distribution, Protein Binding, and Tissue
Accumulation

After being absorbed or injected into systemic circulation,
charged molecules of oligonucleotides bind to various plasma
proteins, above all on albumin and a;-macroglobulin (Cheng
et al, 2013). The binding and the distribution is non-
linear, saturable, changes slightly with length and sequence of
oligonucleotides and is different in rodents and in human.
Distribution to the tissues is very quick and prevails over
metabolic degradation (Levin, 1999). Naked oligonucleotides
accumulate in the liver, kidneys, spleen, bone marrow and
lymphatic nodes, while they do not cross the blood-brain barrier,
placental barrier and they are not present in testes.

In the treatment of cancer, accumulation of a drug in the
tumor tissue or in the metastasis site is a desirable state.
MiRNA-based therapeutics could achieve this due to enhanced
permeability and retention (EPR) effect of a tumor. Enhanced
permeability of new vessels and relative lack of lymphatic vessels
in the tumor site was firstly described by Matsumura and Maeda
(1986). Charge-neutral small particles complexed or loaded with
miRNA-based therapeutics have enhanced extravasation and
could accumulate in the tumor. Metastatic sites are generally less
accessible, as their EPR effect is not so significant (Maeda, 2015).

According to the technology of the delivery system used,
miRNA-based therapeutic could accumulate also extratumorally
in various tissues. All cells capable of phagocytosis accumulate
naked oligonucleotides, liposomes, or nanoparticles, e.g., RES
cells present in the liver (Kupfer cells) and in the circulation,
tissue monocytes and macrophages, and proximal tubular cells
(Chen et al, 2015). In this case, the delivery system alone
as a protection could be insufficient, because in plasma, these
particles get coated by proteins recognized by the RES. The
most common defense against RES is PEGylation, binding of
polyethylene glycol substituents on the surface of a nanoparticle
or liposome, which prevent binding of opsonization proteins
and became very common. Contrarily, the excess of PEG on
the surface of a delivery system particle could diminish cellular

uptake, therefore the process of PEGylation should be optimized
(Seto, 2010).

Oligonucleotides, liposomes and polymer-based nanocarriers
enter the cell by active mechanism, endocytosis. Escape from
endosomes is desired to reach the interaction of miRNA with
mRNA, however, this is another obstacle in miRNA-based
therapy. Some of the carriers could enhance endosomal escape
by steric or osmotic effects. pH sensitive molecules could change
structure in relatively acidic environment due to electrostatic
interactions, which is leading to the mechanical disruption of the
vesicle and release of miRNA into cytoplasm (Ju et al., 2014).
Other molecules are accepting HT (proton sponges) and by
alteration of ion homeostasis cause swelling and burst of the
endosome (Akinc et al., 2005; Chen et al., 2015).

Metabolism of miRNA-Based Therapeutics

Ubiquitous nucleases begin to degrade oligonucleotides shortly
after administration. According to the chemistry changes, free
oligonucleotides are metabolized by 3'- and 5'-exonucleases
or by endonucleases, and the rate of metabolism depends on
the chemical modifications. Endonuclease cleavage is slower
and takes place only when 3’ and 5 end of oligonucleotide
is protected by methoxyethyl-modified nucleotides. As was
mentioned before, modifications on 2’-hydroxyl on ribose or
structural changes in the backbone such as LNA structure
can decrease the affinity of nucleases to cleave miRNA-
based therapeutics. Also the complexes of oligonucleotides
with nanoparticles or liposomes have modified susceptibility to
nuclease cleavage.

The metabolites of nuclease cleavage are weakly bound to
the plasma proteins and therefore are rapidly excreted in urine.
Oligonucleotides do not undergo liver oxidation by cytochrome
P450, or conjugation processes (Levin, 1999; Crooke, 2007).

Excretion

Oligonucleotides not bound to proteins are excreted in the urine,
while binding to plasma proteins, or other delivery systems
like liposomes and nanoparticles of specific parameters (e.g.,
hydrodynamic diameter up to 5-6nm) results in protection
from being urinary excreted (Crooke, 2007; Cheng et al., 2013).
As oligonucleotides accumulate also in the liver, they could be
excreted by both these organs. About 10% of the administered
dose of naked oligonucleotides, and 80% of the metabolites are
urinary excreted. The remaining are excreted by faeces, or endure
bound to the tissue, or inside the cells. The elimination half-
life of oligonucleotides is 1-30 days depending on the type of
tissue. This attribute allows designing a therapeutic regimen
comfortable for potential patients with one dose administration
for a week, 2 weeks, or a month (Crooke, 2007).

Toxicity of miRNA-Based Therapy

The toxicity of oligonucleotide administration was largely studied
in the field of antisense therapy. In miRNA-based therapy
specifically, toxicity assessments are not a part every in vivo
study and we have very limited information from the first phases
of clinical research. For antisense oligonucleotides not targeted
to miRNAs, there are evidences from rodent and non-rodent
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MiRNA therapeutic strategy

= miRNA replacement therapy (N=18)
miRNA replacement therapy with chemotherapy (N=2)
= miRNA inhibition therapy (N=4)
miRNA inhibition strategy plus chemotherapy/immunotherapy (N=2)

FIGURE 4 | Pie chart of miRNA therapeutic strategy in the selected
studies.

Animal models in miRNA studies

= Subcutaneous xenograft (N=23)
= Orthotopic xenograft (N=2)
= Combination of both (N=1)

FIGURE 5 | Pie chart of animal models and xenograft methods in the
selected studies.

animal models, and also from human volunteers. Potential
adverse effects could be provoked by hybridization-dependent
or independent mechanisms, and could be linked with specific
sequence motifs or length of an oligonucleotide. It means that
some of the findings from antisense therapy in general are quite
relevant for extrapolation to miRNA-based therapy.
Immunostimulation was described for phosphorothioate
antisense oligonucleotides. It is a sequence-dependent,
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Routes of administration
of miRNA-based therapy

= Local administration (N=17)
= Systemic administration (N=5)
Both routes of administration combined (N=4)

FIGURE 6 | Pie chart of routes of administration of miRNA-based
therapy in the selected studies.

hybridization-independent process, which leads to the reversible
activation of various immune cells (e.g., NK cells, B lymphocytes,
mononuclear cells) and increased production of cytokines
such as IL-6, IL-12 and interferon y (Levin, 1999; Henry et al.,
2002). The main responsible sequence motif is CpG (p stands
for phosphodiester bond) or CG palindromic sequences
naturally occurring mostly in bacterial genome (Krieg et al.,
1995). While unmethylated, this motif is recognized by TLR
receptors on immune cells and activates them. The effect is
also exerted by oligonucleotides with both phosphorothioate,
and phosphodiester bonds in the structure. In rodents, which
are more sensitive than primates to this effect, splenomegaly,
lymphoid hyperplasia, and multiple organ mononuclear
infiltrates were described (Levin, 1999).

Another severe adverse effect relating with immunity is an
activation of complement cascade. It prevails over TLR-mediated
immune stimulation in primates and its mechanism is probably
hybridization/sequence-independent originating from physico-
chemical properties (polyanionic character) of oligonucleotides.
In the study of Henry et al, after reaching a threshold
plasma concentration after iv. infusion, macaques suffered
from emesis, ataxia, and facial edema. Hemodynamic changes
(fluctuation of blood pressure and tachycardia), changes in blood
count (neutropenia followed by neutrophilia), and increase of
cytokines mentioned above were described (Henry et al., 2002).
When maintaining plasma concentration below the threshold,
symptoms were mild or not present, which is in accordance with
the results of phase I clinical study with antisense oligonucleotide
against intercellular adhesion molecule-1 (ICAM-1) (Glover
et al., 1997).

Similar  hybridization/sequence-independent mechanism
leads also to the influencing of blood coagulation cascade
observed in rodents, primates and human (Glover et al., 1997;
Henry et al., 1997). Negative charge of oligonucleotides could
inhibit intrinsic tenase complex (consisting of factor IXa and
VIIIa, which activate factor X), and thus leads to the reversible
prolonging of blood clotting and to the increase of activated
partial thromboplastin time (aPTT) (Sheehan and Lan, 1998;
Levin, 1999).

After administration of relatively high doses of antisense
oligonucleotides (above 100 mg/kg in rodents), histological or
laboratory signs of hepatotoxicity and renal toxicity were present
in experimental animals. Mostly, immune-mediated cellular
infiltrations in liver, multi-focal liver necrosis, and proximal
tubules infiltrations were found in rodents. Posology studies
indicate that lower doses (below 3 mg/kg) do not cause liver and
kidney pathologies in monkey and human (Levin, 1999).

Different mechanism could potentially lead to hepatotoxicity,
which was proven in rodents (Grimm et al., 2006). By introducing
oligonucleotides into the cell, enzymes and other proteins that
physiologically deal with these molecules could be saturated,
and thus processing of other endogenous RNAs sharing these
pathways could be diminished (Bader et al., 2010). This effect
was described on mice treated with shRNA (short hairpin
RNA) expression vectors. Mice suffered from multifocal liver
necrosis followed by ascites, edema, increase of bilirubin and
liver enzymes, and decrease of plasma proteins and body weight.
Several mice died within 1 month. There were no signs of
blood count changes, or increases in cytokine productions.
ShRNAs compete of Dicer cleavage and exportin-5 stabilization
in cytoplasm with endogenous pre-miRNAs, therefore mature
liver miRNAs were found decreased and shRNAs precursors
increased in mice with symptoms of hepatotoxicity. As Grimm
et al. studied almost 50 distinct shRNAs, they assume that the
effect was not sequence related (Grimm et al., 2006). Introducing
of miRNA-precursors into the cell could produce the same effect,
but the data concerning safety of miRNA-based therapies are
limited. Again, proper posology studies are needed.

Another possible mechanism of toxicity is hybridization-
dependent. But the toxicity arisen from both binding to the
desired mRNAs, and off-target binding is hypothesized to be rare
(Bader et al., 2010; van Rooij et al., 2012). MiRNA-mimics and
precursors are suggested to be generally better tolerated than
antisense therapy (Bader et al., 2010). One miRNA could regulate
number of genes, frequently functionally linked in a specific
pathway. Targeting more genes in one or more pathologically
deregulated pathway could be beneficial. The potential for
targeting other genes in different pathways still remains, but
influencing of target or off-target genes with impact on cell
viability should be revealed during accurate in vitro testing.

MiRNA-BASED THERAPEUTICS IN
CLINICAL TRIALS

Certain chemical modifications of oligonucleotides structure
and also several delivery systems for miRNAs have already
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entered clinical phase of drug development. There are no reports
of clinical trials of miRNA-based therapies in gastrointestinal
malignancies on which we have focused in this review—
colorectal, pancreatic, gallbladder and gastric cancer. Two
experimental miRNA-based therapies are now listed on
ClinicalTrials.gov. MiR-34a mimics in an amphoteric liposomal
formulation administered i.v. are tested in the phase I in patients
with primary liver cancer and advanced or metastatic lung and
kidney cancer, melanoma, multiple myeloma and lymphoma
(NCT01829971, Adams et al., 2015).

MiR-16 mimic is evaluated in the treatment of malignant
pleural mesothelioma also in the phase I (NCT02369198).
The therapeutic system used is termed TargomiR and it is
based on specific nanoscale delivery system—nonliving bacterial
minicells (EnGenelC Delivery Vehicle, EnGenelC, New York,
USA), and targeted to cancer cells by an anti-EGFR antibody,
since EGFR is known to be overexpressed by certain types of
cancer. Kao et al. even published some of the preliminary results
achieved in the cohort of six patients with malignant pleural
mesothelioma describing significant radiologic and metabolic
responses indicated by PET-scan (Kao et al., 2015; Quinn et al,,
2015).

In non-cancer diseases, the first miRNA-based drug in clinical
settings was miravirsen (LNA miR-122 inhibitor) tested as a
hepatitis C treatment. The drug entered clinical trials phase II
(NCT02031133, NCT02508090, NCT02452814), but van den Ree
has recently referred that the development of miravirsen had
been ceased. A more potent miR-122 inhibitor conjugated with
N-acetylgalactosamine entered phase II (RG-101, 2016; van der
Ree et al., 2016).

Other delivery systems, used in the selected animal studies as
carriers for miRNA-based therapeutics, are evaluated in clinical
trials for non-miRNA treatment. Future results from these trials
may serve also for the development of miRNA-based therapies,
as we may obtain e.g., the information about the potential
toxicity, or pharmacokinetic aspects of a specific delivery system
regardless of its cargo.

Lentiviral vectors are mostly used to transfect cells
that are subsequently injected into the patient, e.g., in
the treatment of lymphoma (NCT02337985). Adenoviral
vectors are evaluated in various solid cancers and are usually
administered locally, intraperitoneally, or even intratumorally.
They are tested in urinary bladder cancer (NCT00003167),
ovarian (NCT00964756), breast (NCT01703754), prostate
(NCT01931046), or pancreatic carcinoma (NCT02705196).
Adeno-associated ~ viruses are tested in
diseases to deliver genes for the experimental treatment
of hemophilia B (coagulation factor IX; NCT01620801),
lipoprotein lipase deficiency (NCT00891306), Pompe disease
(a-glucosidase; NCTO00976352), or genetic retinopathies
(NCT01482195). In gastric cancer, AAV is used to transfect
patient’s dendritic cells, which are later mixed with his T
lymphocytes to produce specific cytotoxic T lymphocytes
injected i.v. back to the patient (NCT02496273). IONPs are
investigated in various applications in biomedicine, above
all in diagnostics and tissue imaging (e.g., NCT00147238,
NCT01895829).  Ferumoxyde,  superparamagnetic  iron

non-cancer

oxide, has already been used in clinical practice in the
United States for the treatment iron-deficiency anemia in
patients with chronic kidney disease. Finally, PEI particles
for delivering gene therapy are utilized in the clinical
trials phase I and II of pancreatic ductal adenocarcinoma
(NCTO01274455), hepatocellular carcinoma (NCT00825474)
and urinary bladder carcinoma (NCT00595088, NCT01274455,
NCT00393809).

FUTURE PERSPECTIVES

In addition to animal models and techniques described in
this review, there are also novel and promising approaches to
target miRNAs under development. Very intriguing strategy
present small-molecule inhibitors that target specific miRNAs
(SMIRs, e.g., diazobenzene inhibiting miR-21) that usually
interfere with miRNA biogenesis and maturation (Wen
et al, 2015). SMIRs constitutes a reasonable and evidence
based strategy with strong potential and chance for success.
The progress of screening techniques and computational
stimulation may address bright future in this field. CRISPR/Cas
9 technology is another emerging technique to be used
in miRNA targeting therapy. For instance, construction
of sequence specific CRISPR/Cas9 based miRNA inhibitor
was reported to downregulate miR-17-92 cluster and miR-
21, two canonical oncogenic miRNAs in cancer (Ho et al,
2015; Narayanan et al, 2016). Since single miRNA has the
potential of regulating thousand genes, long non-coding
RNA (IncRNA) that is capable of binding multiple miRNAs
could consequently impact the expression of thousands of
genes. In light of this potentially fundamental biological
role, all the IncRNAs that act as endogenous miRNA
sponges presents another promising strategy to target
miRNAs in cancer. Finally, it can also be envisioned that
blocking production, transportation and release of exosome
miRNAs may have beneficial effects in controlling cancer
development, and this may be achieved by targeting other
non-cancerous cells such as the inflammatory cells in the cancer
microenvironment.

CONCLUSIONS

MiRNA-based therapies as a new class of targeted therapy
are heading toward from bench to the bedside. It is now
generally accepted and many times proved that influencing
pathologically changed intracellular levels of miRNAs change
oncogenic phenotype of cancer cells in vitro and in vivo.
However, as there is no ideal animal model of a human
pathology, the translational potential of most studies is somehow
limited. In the studies selected for this review, change of
a specific miRNA was followed by significant diminishing
of tumor size or volume in vivo. The subcutaneous tumor
model used in the bulk of the studies clearly do not
respond with microenvironment of the normal tumor cells,
and also the necessary immunodeficiency of experimental
animals do not correspond with immune status of an average
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oncology patient, nevertheless, the results of animal studies are
promising.

Serious obstacles still lie in the way to the clinical practice.
The main issue is efficient delivery of miRNA-mimics,
precursors, expression vectors, or inhibitors. Other important
difficulty is an assessment of a proper dose sufficient for
anticipated intracellular effects, but lacking or possessing
acceptable adverse effects relating to immunostimulation,
blood coagulation, or toxicities that account for the specific
delivery systems. We also see the importance of non-
rodent models in the development of new drugs, as shown
on the immunostimulation triggered by oligonucleotides
which is significantly different in nature in rodents and
primates.

Several miRNAs and delivery system are now tested
in clinical trials. Most of them are in phase I or IL
Together with more information obtained from preclinical
experiments, the results could move us forward on the
way to a new approach in targeted therapy—drugs that

aim on epigenetic mechanisms of pathophysiological
processes.
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Background. Sunitinib is a tyrosine kinase inhibitor used in the treatment of metastatic renal cell carcinoma. The main difficulty
related to the treatment is the development of drug resistance followed by rapid progression of the disease. We analyzed tumor
tissue of sunitinib treated patients in order to find miRNAs associated with therapeutic response. Methods. A total of 79 patients with
metastatic renal cell carcinoma were included in our study. miRNA profiling in tumor tissue samples was performed by TagMan Low
Density Arrays and a group of selected miRNAs (miR-155, miR-374-5p, miR-324-3p, miR-484, miR-302c, and miR-888) was further
validated by qRT-PCR. Normalized data were subjected to ROC and Kaplan-Meier analysis. Results. We reported decreased tissue
levels of miR-155 and miR-484 as significantly associated with increased time to progression (miR-155: median TTP 5.8 versus 12.8
months, miR-484: median TTP 5.8 versus 8.9 months). Conclusion. miR-155 and miR-484 are potentially connected with sunitinib
resistance and failure of the therapy. miR-155 is a known oncogene with direct influence on neovascularization. Biological role of
miR-484 has to be clarified. Stratification of patients based on miRNA analysis would allow more personalized approach in therapy

of metastatic renal cell carcinoma.

1. Introduction

Targeted therapy with tyrosine kinase inhibitors (TKIs) is
used in the first line of metastatic renal cell carcinoma
(mRCC) treatment. TKIs inhibit multiple receptor tyrosine
kinases needed for the activation of intracellular signaling
pathways controlling cell proliferation, survival, or angiogen-
esis. Almost all treated patients will eventually develop sec-
ondary resistance to TKIs [1]. Other therapeutic alternatives,
such as TKIs pazopanib or sorafenib, mTOR inhibitor tem-
sirolimus, VEGFR antibody bevacizumab, cytokine therapy
with interferon-a, or clinical trials [2], could be provided, if
there would be a possibility to distinguish individuals with
and without benefit from sunitinib therapy.

Emerging evidence suggests that microRNAs (miRNAs)
could be suitable biomarkers with diagnostic, prognostic, and
predictive potential [3-6]. These small (18-25 nt) noncoding

RNAs are posttranscriptional regulators of gene expression.
miRNAs affect most cellular processes and the dysregulation
of their network has been linked to various malignant
diseases including RCC [7]. miRNAs as biomarkers could be
measured in tissues and body fluids and are relatively resistant
to decay. The aim of our study was to find tissue miRNAs
associated with the time to progression of mRCC in patients
treated with sunitinib. To have an effective tool for distinguish
patients according to the expected therapy outcome would
contribute to more personalized mRCC therapy.

2. Materials and Methods

2.1. Study Design, Patients, and Tissue Samples. The study
protocol was approved by the local ethical committee and
written informed consent was obtained from all patients.
Metastatic RCC patients included in the study were from
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TaBLE 1: Clinicopathological characteristics of patients.
Screening cohort Validation cohort
Responders Nonresponders Responders Nonresponders
N=38 N=8 N =44 N=19

Gender

Male 6 (75%) 8 (100%) 34 (77.3%) 11 (57.9%)

Female 2 (15%) 0 (0%) 10 (22.7%) 8 (42.1%)
Age

Median 64 64 66 66

Range 40-80 53-73 41-84 45-84
Histology

Papillary carcinoma 1(12.5%) 1(12.5%) 3 (6.8%) 3 (5.8%)

Clear cell carcinoma 7 (87.5%) 7 (87.5%) 41 (93.2%) 16 (84.2%)
Grade

1 0 (0%) 0 (0%) 6 (13.6%) 0 (0%)

2 2 (25%) 3 (37.5%) 11 (25%) 5 (26.4%)

3 5 (62.5%) 3 (37.5%) 13 (29.5%) 7 (36.8%)

4 1(12.5%) 2 (25%) 5 (11.4%) 7 (36.8%)

Unknown 0 (0%) 0 (0%) 9 (20.5%) 0 (0%)
Response to sunitinib according to RECIST criteria

Complete response 0 (0%) 0 (0%) 1(2.3%) 0 (0%)

Partial response 6 (75%) 0 (0%) 19 (43.2%) 0 (0%)

Stable disease 2 (25%) 0 (0%) 24 (54.5%) 0 (0%)

Progressive disease 0 (0%) 8 (100%) 0 (0%) 19 (100%)

South Moravian region of Czech Republic with uniform
exposure to the environmental factors. Hereditary cases of
RCC were excluded from the study. Two cohorts of patients
with mRCC treated with sunitinib in a standard regimen
were set up retrospectively. The screening group included
16 patients from Masaryk Memorial Cancer Institute, Brno,
Czech Republic (MMCI). Response to the treatment was
assessed according to RECIST criteria after 9 months and
patients were divided into two groups: (a) responders to the
treatment (complete, or partial response, and stable disease)
and (b) nonresponders with rapid progression. A group
of candidate miRNAs was chosen and the expression was
analyzed by qRT-PCR in the validation cohort of 63 mRCC
patients from MMCI. Clinicopathological characteristics of
both cohorts are summarized in Table 1.

2.2. Tissue Samples and RNA Isolation. Tumor tissue was
provided as formalin-fixed paraffin embedded (FFPE) sam-
ples. Total RNA enriched with small RNA was isolated using
mirVana miRNA Isolation Kit (Ambion, Austin, USA). Con-
centration and purity of the isolated RNA were determined
spectrophotometrically using Nanodrop ND-1000 (Thermo
Scientific, Rockford, USA).

2.3. Microarray Profiling. miRNAs profiling was conducted
using TagMan Low Density Array (TLDA) technology.
Megaplex miRNA RT primers set (pools A and B, version
3.0, Applied Biosystems, Foster City, USA) and TagMan
MicroRNA Reverse Transcription kit (Applied Biosystems)

were used for reverse transcription. Reactions were carried
out according to the manufacturer’s protocol. 667 miRNAs
were simultaneously quantified using ABI 7900 HT Instru-
ment (Applied Biosystems).

2.4. RT-PCR Quantification. Gene-specific primers were
used in reverse transcription according to the TagMan
MicroRNA Assay protocol (Applied Biosystems). QRT-PCR
was performed on ABI 7500 HT Instrument (Applied Biosys-
tems) using the Applied Biosystems 7500 Sequence Detection
System. TagMan (NoUmpErase UNG) Universal PCR Master
Mix and specific primer and probe mix (Applied Biosystems)
for each miRNA were used. PCR reactions were run in
duplicates, and average threshold cycles and SD values were
calculated.

2.5. Data Normalization and Statistical Analysis. Expression
data from TLDA profiling were normalized using miR-625%,
which was uniformly expressed in all samples from screening
cohort. Normalized miRNA expression data were evaluated
using Bioconductor Limma differential expression analysis. P
value lower than 0.01 was selected according to the potential
of identified miRNAs to accurately discriminate responders
and nonresponders in consequent HCL analysis. In valida-
tion phase of the study, average expression levels of miRNAs
in RT-PCR quantification were normalized using miR-1233
as a reference gene. miR-1233 was selected according to
our previous experience with normalization of renal cell
carcinoma FFPE samples. Normalized expression data were
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FIGURE 1: Hierarchical clustergram of miRNAs differentially expressed in sunitinib responding and nonresponding patients. Cluster analysis
groups samples and miRNAs according to the expression similarity. miRNAs are in rows and samples in columns. Upregulated miRNAs are
marked as red and downregulated miRNAs as green. Blue color indicates responders, yellow color indicates nonresponders. P < 0.01.

evaluated by ROC analysis (MedCalc 14.12.0) and Kaplan-
Meier analysis followed by log-rank test (GraphPad Prism
5.03). P values lower than 0.05 were considered statistically
significant.

3. Results

3.1. Microarray Profiling Revealed 19 Differentially Expressed
miRNAs between the Responders and Nonresponders Group.
High-throughput miRNA analysis of tumor tissue of 16
patients treated with sunitinib belonging to either responding
(N = 8) or nonresponding (N = 8) group was performed.
Limma analysis of normalized expression data identified
19 miRNAs differentially expressed (Figure 1). Six miRNAs
(miR-155, miR-374-5p, miR-324-3p, miR-484, miR-302c, and
miR-888) were chosen as candidates for the verification using
qRT-PCR (P value < 0.01, Cy < 35).

3.2. Association between miR-155 and miR-484 Expression and
Time to Progression in mRCC Treated with Sunitinib. The
results obtained from the screening cohort were verified on
the independent cohort (N = 63) by qRT-PCR. Normalized
data were analyzed by ROC analysis and patients were sepa-
rated into two groups according to the calculated criterion.
Kaplan-Meier analysis revealed that lower level of miR-155

is associated with increased time to progression in patients
on sunitinib treatment (Table 2 and Figure 2(a), median TTP
5.8 versus 12.8 months). Similar result was obtained for
miR-484 (Table 2 and Figure 2(b), median TTP 5.8 versus
8.9 months). Kaplan-Meier plots of other miRNAs did not
reach statistical significance, although some of them indicate
potentially interesting trends (data not shown).

4. Discussion

Our findings suggest a link between two miRNAs (miR-155
and miR-484) and disease progression in mRCC patients
treated with sunitinib. Tyrosine kinase inhibitors inhibit
tyrosine kinase domains of growth factor receptors, albeit
their main activity is promoted by the inhibition of VEGF
receptor cascade, which leads to the decrease in blood tumor
perfusion and to the inhibition of neovascularization. Tumors
of TKI treatment-refractory patients are able to escape from
the VEGFR blockade [1]. miR-155 is a potent oncomiR upreg-
ulated in diverse types of cancer including renal cancer [8, 9],
which is in accordance with our findings. The role of miR-155
in angiogenesis is well described. Positive feedback loop
between VEGF and miR-155 exists, and miR-155 decreases the
expression of VHL tumor suppressor, a protein with ubiquitin
ligase activity sequestrating, for example, hypoxia-induced
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TaBLE 2: Validation of miR-155 and miR-484 on the independent cohort (N = 63) and their correlation with TTP (months).

Number of patients (N = 63) Median TTP (months) Log-rank P HR 95% CI
miR-155
Low, <0.2381 42 128 0.0092 2.412 1.243-4.680
High, >0.2381 21 5.8
miR-484
Low, <1.4408 >2 8.9 0.0296 2.623 1.100-6.254
High, >1.4408 1 5.8
100 — miR-155 100 - miR-484
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FIGURE 2: Kaplan-Meier survival curves estimating TTP in sunitinib treated mRCC patients (N = 63) according to miR-155 ((a); P value <
0.01) and miR-484 ((b); P value < 0.05) tumor tissue expression levels. Patients with low expression of the relevant miRNA are illustrated by

dashed line.

factors (HIFs). Higher levels of HIFs promote expression
of genes involved in angiogenesis, proliferation, and other
aspects of the tumorigenesis, even in the condition of VEGFR
blockade [10, 11].

Our data imply that patients with higher tissue expres-
sion of miR-155 have decreased time to progression on
sunitinib treatment and thus limited benefit from the ther-
apy. However, we have detected a discrepancy between the
results obtained from the screening and independent cohort.
TLDA screening indicated that the nonresponders from the
screening group have lower expression of miR-155 than the
responders. Opposite result was achieved by qRT-PCR in the
independent cohort (data not shown). We suppose that a bias
might occur due to a small number of the specimens analyzed
by TLDA, which is also significant limitation of our study.

The expression of miR-484 in mRCC patients treated with
sunitinib has already been noticed. Prior et al. described high
tumor tissue levels of miR-484 as significantly associated with
decreased TTP and overall survival [12]. Our findings are in
agreement with this study.

Research in ovarian cancer proved that miR-484 is
excreted from tumor cells as a paracrine regulator of tumor
microenvironment [13] and it is also measurable in plasma
[14, 15]. Therefore, it was found decreased in the tumor tissue
[13] and increased in plasma [16]. However, adrenocortical
cancer is typical with high tissue expression of miR-484 [17].
The role of this miRNA is probably diverse and depends
on the tumor type and miRNA localization. Up to date,
there are no reports of possible targets of miR-484 in renal
cell carcinoma. Its paracrine function was described in
ovarian cancer, where miR-484 targets VEGF B in tumor
cellsand VEGFR2 in adjacent endothelial cells [13]. Increased
levels of miR-484 attenuate the intrinsic apoptotic pathway
rising from mitochondria in anoxia, which was unveiled in
experiments with myocardial infarction [18].

Independent validation of our results in responders and
nonresponders to the sunitinib treatment on larger cohorts
of patients and functional analysis of miR-155/miR-484
regulatory involvement in VEGFR signaling might help to
understand the underlying mechanism of sunitinib resistance
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and also prove the potential of these miRNAs to serve as a
suitable predictive biomarkers in mRCC patients treated with
sunitinib.
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Schizophrenia appears to be linked to higher incidence of metabolic syndrome even in the absence of
antipsychotic treatment. Atypical antipsychotics substantially differ in their propensity to induce
metabolic alterations. Aripiprazole is considered to represent an antipsychotic drug with low risk of
metabolic syndrome development. The aim of this study was to evaluate metabolic phenotype of neu-
rodevelopmental polyl:C rat model and assess metabolic effects of chronic aripiprazole treatment with
regard to complex neuroendocrine regulations of energy homeostasis. Polyinosinic:polycytidylic acid
(polyl:C) was administered subcutaneously at a dose of 8 mg/kg in 10 ml on gestational day 15 to female

ﬁfi}ill‘:g)l:id;é Wistar rats. For this study 20 polyl:C and 20 control adult male offspring were used, randomly divided

Aripiprazole into 2 groups per 10 animals for chronic aripiprazole treatment and vehicle. Aripiprazole (5 mg/kg,

Leptin dissolved tablets, ABILIFY™) was administered once daily via oral gavage for a month. Altered lipid profile

Lipid profile in polyl:C model was observed and a trend towards different dynamics of weight gain in polyl:C rats was

Polyl:C noted in the absence of significant antipsychotic treatment effect. Polyl:C model was not associated with

\S/;bizophrenia changes in other parameters i.e. adipokines, gastrointestinal hormones and cytokines levels. Aripiprazole
i1star rats

did not influence body weight but it induced alterations in neurohumoral regulations. Leptin and GLP-1
serum levels were significantly reduced, while ghrelin level was elevated. Furthermore aripiprazole
decreased serum levels of pro-inflammatory cytokines. Our data indicate dysregulation of adipokines and
gastrointestinal hormones present after chronic treatment with aripiprazole which is considered
metabolically neutral in the polyl:C model of schizophrenia.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Atypical antipsychotics, drugs with indisputable benefits in the
treatment of a wide spectrum of psychiatric disorders, substantially
differ in their propensity to induce metabolic alterations including
weight gain, dyslipidemia, impaired glucose tolerance or insulin
resistance, yet the underlying pathophysiological mechanisms are
complex and have not been fully elucidated (Henderson et al.,
2015). Aripiprazole (ARI) is considered a metabolically neutral
antipsychotic agent with low risk of metabolic syndrome
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Masaryk University, Kamenice 5, 625 00 Brno, Czech Republic.
E-mail address: jkucer@med.muni.cz (J. Ruda-Kucerova).
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0028-3908/© 2017 Elsevier Ltd. All rights reserved.

development (Kasteng et al., 2011; Nasrallah et al., 2016). Switching
to antipsychotics characterized by lower propensity to induce
metabolic dysregulation represents one of the recommended
strategies to reduce cardio-metabolic risk in patients experiencing
metabolic alterations during antipsychotic treatment (American
Diabetes Association et al., 2004). This approach is supported by
clinical data as switching from olanzapine to ARI led to weight
reduction and a decrease in cholesterol and triglyceride serum
levels (Newcomer et al., 2008; Stroup et al., 2011; Takeuchi et al.,
2010). However, ARI was also reported to induce significant
weight gain (Malla et al., 2016).

In addition, there is evidence that antipsychotic-naive first
episode schizophrenia patients are more prone to metabolic ab-
normalities (Enez Darcin et al., 2015). Therefore, it seems that
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schizophrenia per se is linked to higher incidence of metabolic
syndrome development (Kritharides et al., 2016; Kucerova et al.,
2015; Malan-Miiller et al., 2016) and as the common underlying
pathophysiology of schizophrenia and metabolic syndrome dis-
torted inflammatory pathways have been suggested (Leonard et al.,
2012). Pro-inflammatory cytokines have been implicated in etiol-
ogy of neuropsychiatric disorders, while the low-grade pro-in-
flammatory state is associated with obesity, diabetes mellitus and
cardiovascular morbidity (Aguilar-Valles et al., 2015; Reisinger
et al., 2015).

The neurodevelopmental theory of schizophrenia postulates the
association between the pre- and perinatal environmental factors
such as prenatal infection, subsequent maternal immune activation
and later risk of schizophrenia (Canetta and Brown, 2012;
Ratnayake and Hill, 2016). This provides a concept for chronic
neurodevelopmental animal models of neuropsychiatric disorders
such as in utero exposure to a viral mimetic agent poly-
inosinic:polycytidylic acid (polyl:C) (Meyer and Feldon, 2012;
Reisinger et al.,, 2015). Neurodevelopmental models of schizo-
phrenia have several advantages over other types of preclinical
models as the condition of the animals is chronic and reflects
several aspects of schizophrenia-related symptomatology and
pathophysiology (Micale et al., 2013). The polyl:C model is widely
recognized and considered suitable for basic and translational
schizophrenia research (Meyer and Feldon, 2012; Ratnayake and
Hill, 2016).

Similarly as in human it could be assumed that schizophrenic-
like phenotype in rodent models may involve intrinsic vulnera-
bility to metabolic disturbances and susceptibility to metabolic
alterations induced by antipsychotic medication further proving
the validity and translational potential of the models (Kucerova
et al., 2015). So far, preclinical research has extensively addressed
metabolic effects of atypical antipsychotics (AAP) (Boyda et al.,
2010) but despite the high clinical relevance, there is a lack of
studies assessing the relation between metabolic abnormalities and
schizophrenia-like phenotype in rodents per se. Moreover, to the
best of our knowledge, metabolic abnormalities induced by anti-
psychotic treatment have not been evaluated in rodent
schizophrenia-like models yet.

Furthermore, metabolic alterations after chronic ARI exposure
in healthy rodents have been investigated less intensely compared
to other antipsychotic agents (Boyda et al., 2010). Therefore, the
need to focus on evaluating metabolic dysregulation also in anti-
psychotics carrying lower metabolic risks has been expressed
(Ersland et al., 2015) and this approach may also contribute to
better understanding of the underlying mechanisms. In rodent
experiments, metabolic abnormalities induced by antipsychotics,
specifically weight gain, glucose metabolism dysregulation and
altered lipid profile have been described (Boyda et al., 2010).
Nevertheless, the frequently inconsistent findings do not allow
definite conclusions on the potential pathophysiological mecha-
nisms likely due to methodological heterogeneity. More recently,
the attention in this field has been drawn to complex energy ho-
meostasis regulation and the role of adipokines, gastrointestinal
hormones and other modulators, yet few preclinical studies have
assessed these putative alterations with regard to antipsychotic
treatment (Horska et al., 2016, 2017; Skrede et al., 2012; Zhang
et al,, 2013).

The aim of this study is to evaluate metabolic phenotype of
polyl:C rat model and assess metabolic effects of chronic ARI
treatment with regard to complex neuroendocrine regulations of
energy homeostasis. Thus, in this study we analyzed apart from
basic serum biochemical parameters a spectrum of gastrointestinal
hormones, adipokines and markers of inflammation. This includes
leptin, ghrelin, glucagon-like peptide 1 (GLP-1), glucagon, fibroblast

growth factor 21 (FGF-21) and pro-inflammatory cytokines —
interleukin 1 and 6 (IL-1, IL-6) and tumor necrosis factor o (TNF-a.).
These hormones are involved in energy homeostasis regulations
and associated with obesity and insulin resistance (Blither and
Mantzoros, 2015; Quarta et al., 2016). The role of cytokines in en-
ergy homeostasis is well-described (Fontana et al., 2007; Glund and
Krook, 2008) and it is highly relevant in a model based on a pre-
natal pro-inflammatory insult.

We hypothesized that the polyl:C model may possess intrinsic
metabolic derangements as a part of the schizophrenia-like
phenotype and ARI treatment may induce dysregulations in the
metabolic parameters to a higher extent in the polyl:C animals even
in the absence of significant changes in body weight. This study was
designed to assess potential metabolic disturbances present in the
polyl:C model per se, the effect of ARI on metabolic variables in
normal rats and the possible interaction between the polyl:C model
and ARI treatment.

2. Material and methods
2.1. Animals

Adult male and female Wistar rats were purchased from the
Masaryk University breeding facility (Brno, Czech Republic) and
time-mated. Polyinosinic:polycytidylic acid (polyl:C) was admin-
istered at a dose of 8 mg/kg in 10 ml subcutaneously on a gesta-
tional day (GD) 15 to 11 rats, while vehicle (saline) was injected to
10 control rats. The average surviving litter size was n = 10.5 in both
control and polyl:C treated mothers. The average proportion of
male and female offspring was 52% of males and 48% of females. No
cross-fostering was used, the mothers were regularly weighed and
no differences were observed between control and polyl:C treated
mothers. The offspring were weaned on a postnatal day (PND) 22
and group-housed.

For this study 20 polyl:C and 20 control male offspring weighing
250—-350 g were used. The polyl:C and control rats were randomly
divided into 2 groups per 10 animals for chronic (28 days) ARI
treatment or vehicle control. The treatment was initiated when the
animals were 11 weeks old. All animals were pair-housed in stan-
dard polycarbonate housing cages. Environmental conditions dur-
ing the whole study were constant: relative humidity 50—60%,
temperature 23 °C + 1 °C, normal 12-h light-dark cycle (6 a.m.—6
p.m. light). Standard rodent chow and water were available ad
libitum. All procedures were performed in accordance with EU
Directive no. 2010/63/EU and approved by the Animal Care Com-
mittee of the Faculty of Medicine, Masaryk University, Czech Re-
public and Czech Governmental Animal Care Committee, in
compliance with Czech Animal Protection Act No. 246/1992.

2.2. Drugs and treatments

Polyl:C was purchased from Sigma-Aldrich spol. s.r.o., Prague,
Czech Republic as a sodium salt and dissolved in saline to obtain a
concentration of 8 mg/kg in 10 ml. Subcutaneous administration of
8 mg/kg on gestational day 15 was chosen according to validated
protocol using a Wistar strain of rats (Missault et al., 2014). This
protocol was validated but the complex schizophrenia-like
phenotype was not assessed in this study due to concerns about
non-standard energy expenditure and stress related to behavioural
testing which may bias the metabolic data. However, this is a
limitation of the study.

Aripiprazole (ARI) was obtained as ready-made preparation for
human use in tablets (ABILIFY® non-coated tablets, 15 mg, Otsuka
Pharmaceutical Europe Ltd., GB). The solution was prepared by
dissolving the tablets to obtain ARI dose of 5 mg/kg in 1 ml. The
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solvent vehicle (VEH) was purified water. All solutions were freshly
prepared on the day of administration and both, ARI and water
were administered once daily via oral gavage. The ARI dose was
chosen based on our pilot experiments, when higher than 5 mg/kg
doses administered orally produced apparent sedation. Impor-
tantly, ARI has a distinct pharmacokinetics and consequently
pharmacodynamic actions in rats as it is extensively metabolized
and, compared to human, different metabolites with the dissimilar
pharmacological profile are formed in the rat (Wood et al., 2006).
However, a relevant in vivo D2 receptor occupancy was reported
already after 2.5 mg/kg given subcutaneously in rats (Wadenberg,
2007).

2.3. Body weight recording and analysis

Body weight (BW) was recorded daily in all animals and cu-
mulative weight gain was calculated by subtracting the BW recor-
ded the day before ARI treatment commencement from the
subsequent values obtained in the following 28 days.

2.4. Treatment groups and sample collection

The rats were sacrificed immediately after completing the
chronic treatment schedule (28 days) by decapitation under iso-
flurane inhalation anesthesia. The blood was collected and centri-
fuged to obtain serum. The serum samples were frozen in —70 °C
before being used to assay the basic biochemical parameters and
hormonal levels.

2.5. Biochemical assays

Basic biochemical parameters were determined spectrophoto-
metrically (Dimension Xpand Plus®, kits Siemens®). The markers
assayed were: total cholesterol, low-density lipoprotein cholesterol
(LDL), high-density lipoprotein cholesterol (HDL), triglycerides
(TAG), alanine aminotransferase (ALT) and aspartate aminotrans-
ferase (AST). Adipokines, hormones and cytokines: leptin, ghrelin,
glucagon like peptide-1 (GLP-1), glucagon, interleukins IL-1a and
IL-6, tumor necrosis factor-o, (TNF) and fibroblast growth factor-21
(FGF-21), were assessed using Bio-Plex® Multiplex System
(immunoassay kits Bio-Rad®) and by immunochemical method
(ELISA) using commercial sets (BioVendor®).

2.6. Statistical data analysis

Primary data were summarized using arithmetic mean and
standard deviation (+SD). The cumulative body weight gain data
were analyzed by repeated measures ANOVA with the factors of ARI
treatment and polyl:C model while the day was the repeated factor,
Tukey post-test was used when significant differences were
detected. Basal and final BW, total BW gain, biochemical and adi-
pokine parameters were evaluated by two-way ANOVA, factors:
polyl:C model and ARI treatment, the dataset was distributed
normally (Kolmogorov-Smirnov test of normality). The Pearson's
correlation was calculated for identification of interrelationships
among leptin, ghrelin, GLP-1 and glucagon. All analyses were
calculated using Statistica 12 (StatSoft, USA). A value p < 0.05 was
recognized as the boundary of statistical significance in all applied
tests.

3. Results
Body weight data are depicted in Fig. 1. There was found no

significant difference between the groups both before and after
chronic ARI treatment (two-way ANOVA, n.s.). However, in the total

body weight (BW) gain a weak trend towards lower gain in the
polyl:C model was identified (two-way ANOVA, the main effect of
the model, F(132) = 3.161, p = 0.085). To assess possibly different
dynamics of the weight gain, daily cumulative BW gain was
calculated. Repeated measures ANOVA revealed a significant
day*polyl:C model interaction (F27864) = 1.7988, p = 0.0078) sug-
gesting slower BW gain in the polyl:C prenatally challenged rats but
Tukey post-hoc test did not reveal any specific day of a significant
difference.

Fig. 2 shows the serum lipid profile. Two-way ANOVA identified
a significant effect of the polyl:C model in total cholesterol levels:
F135) = 4.953, p = 0.033, Tukey post-hoc test: p = 0.033. Total
cholesterol was elevated in polyl:C rats and similar data were
recorded in LDL levels: significant effect of the polyl:C model,
F(1,35) = 5.968, p = 0.020, Tukey post-hoc test, p = 0.017 and HDL
levels: significant effect of the polyl:C model, Fii35y = 4.368,
p = 0.044, Tukey post-hoc test, p = 0.043. There were no significant
differences in TAG levels. Furthermore, in order to evaluate possible
interrelationships among the lipid profile variables, atherogenic
index (Al) and atherogenic index of plasma (AIP), were calculated as
total cholesterol/HDL and log (TAG/HDL), respectively. Despite we
found a significant influence of the polyl:C model on cholesterol
parameters, two-way ANOVA analysis of Al revealed a significant
effect of ARI treatment: Fq32) = 17.670, p = 0.0002, Tukey post-hoc
test, p = 0.0004 but no influence of the polyl:C model. There was no
difference in the AIP measure. To provide a complete overview of
data, mean values of all lipid parameters +SD are shown in Table 1.

Markers of hepatic functions (ALT and AST) were not elevated
after chronic ARI treatment (data not shown).

Levels of adipokines, cytokines and hormones in all groups are
depicted in Fig. 3. Two-way ANOVA did not detect a significant
effect of the polyl:C model in any of the markers. Interestingly, the
interaction between the two factors, i.e. polyl:C model and ARI
treatment, was not found to be significant in any marker either.
However, there were numerous changes induced by the chronic ARI
treatment.

Specifically, leptin level was decreased after ARI treatment in
both polyl:C and control rats: two-way ANOVA: Fj29) = 5.761,
p = 0.023, Tukey post-hoc test, p = 0.022. Similarly, two-way
ANOVA showed a decrease of GLP-1 in both ARI groups:
F1,31) = 11.890, p = 0.002, Tukey post-hoc test, p = 0.002. However,
ghrelin showed an opposite trend and was elevated after ARI
treatment  disregarding the model, two-way ANOVA:
F(1,20) = 26.041, p = 0.00002, Tukey post-hoc test, p = 0.0002 and
glucagon was not found to be different in any group probably due to
high variability in the data. Importantly, significant correlations
were identified between GLP-1 and leptin/glucagon levels, see
Table 2.

All assayed markers of inflammation were suppressed by ARI
administration (two-way ANOVA: significant effect of treatment)
while polyl:C model per se did not lead to systemic inflammation
(two-way ANOVA: no effect of the model). The specific results of
statistical analysis follow. IL-1a.: two-way ANOVA, significant effect
of treatment F(130) = 16.570, p = 0.0003, Tukey post-hoc test:
p = 0.0004. IL-6: two-way ANOVA, significant effect of treatment
F(1,30) = 6.924, p = 0.013, Tukey post-hoc test: p = 0.012. TNF-a:
two-way ANOVA, significant effect of treatment F(y309) = 4.601,
p = 0.040, Tukey post-hoc test: p = 0.027.

Lastly, levels of FGF-21 did not differ among the experimental
groups.

4. Discussion

To the best of our knowledge, this is the first study focused on
comprehensive metabolic profile characterization of
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Fig. 1. Body weight analysis. The bar graphs indicate mean +/- SD levels of: basal body weight (BW), i.e. BW one day before commencing the aripiprazole treatment; BW at the end
of the study, i.e. after 28 days of the treatment; and total BW gain over the course of the study. Two-way ANOVA did not detect any significant difference among the groups besides a
trend to lower body weight gain in the polyl:C model (p = 0.085, the factor is indicated in brackets). Daily cumulative BW gain did not show any difference either (repeated

measures ANOVA, n.s.).

schizophrenia-like phenotype in rodents. Below we discuss the
observed metabolic alterations following chronic ARI treatment in
the polyl:C neurodevelopmental model in rats taking into account
the value of polyl:C model for the study of the metabolic distur-
bances related to the schizophrenia-like phenotype and effect of
ARIL

4.1. Body weight and lipid profile

In our study, a trend towards different dynamics of weight gain
in polyl:C rats was observed, showing non-significantly lower body
weight gains compared to healthy animals in the absence of the
antipsychotic treatment effect. Further polyl:C model was associ-
ated with alterations in lipid profile. ARI treatment did not induce
significant weight gain during the course of the experiment.

Only few animal studies have evaluated metabolic effects of ARI
with inconsistent findings. Specifically, a study by Han et al. (2008)
found no effect of chronic ARI (2.25 mg/kg/day) treatment on body
weight or fat deposits in female Sprague-Dawley rats (Han et al.,
2008). Interestingly, body weight gain was reported after one-
week treatment of ARI (at a similar oral dose as in our study) in
female Wistar but not in female Sprague-Dawley rats (Kalinichev

et al.,, 2005). This may indicate that Wistar rat strain is well
suited for modeling ARI-induced metabolic disturbances. In male
Sprague-Dawley rats 10-week ARI treatment at a similar dose as in
our experiment did not lead to significant changes in body weight
(De Santis et al., 2014).

Of note, for AAP-induced weight gain modeling female rats are
considered more susceptible than male rats, whereas other meta-
bolic derangements, e.g. increased adiposity have been reported in
male animals (Boyda et al., 2010). In this regard, lipogenic activation
in the liver after chronic olanzapine exposure and adverse lipid
spectrum were reported in male rats without concomitant weight
gain (Ferno et al., 2015). Since we focused primary on possible
metabolic derangements not secondary to weight gain, in our study
we also used male rats. Moreover, the polyl:C model is well vali-
dated in male offspring while in females the phenotype seems to be
less affected (Reisinger et al., 2015; Zhang et al., 2012).

Interestingly, after chronic ARI exposure unchanged triglyceride
but decreased cholesterol parameters were found in female rats, in
contrast to weight-independently elevated triglycerides in
olanzapine-treated rats (Skrede et al., 2012). In line with these
findings, our data show no alterations in triglyceride level. Contrary
to the aforementioned findings, in our experiment we noted no
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Fig. 2. Serum lipid profile. The bar graphs indicate mean + SD levels of total cholesterol (CHOL), HDL, LDL, triacylglycerides (TAG), atherogenic index (Al) and atherogenic index of
plasma (AIP). Two-way ANOVA identified a significant effect of the polyl:C model which increased total cholesterol, HDL and LDL while ARI treatment did not show any influence.
ARI was shown to have a significant increasing effect on Al while the model did not influence this parameter. All significant differences are marked by the dotted lines which pool
the groups depending on the factor for which two-way ANOVA revealed a significant effect (the factor is indicated in brackets). The lipid parameters are reported as mmol/l.

Table 1
Serum lipid levels. The table indicates mean + SD levels of total cholesterol (CHOL), HDL, LDL, triacylglycerides (TAG), atherogenic index (AI) and atherogenic index of plasma
(AIP). The grey background color indicates the statistically significant factor (either polyl:C model or ARI treatment). For details see the Results.

model treatment CHOL HDL LDL TAG Al AIP

CTR VEH 1.64 + 0.29 1.69 + 0.27 0.16 + 0.05 1.21 + 0.27 + —0.06 + 0.12
ARI 1.67 + 0.33 1.66 + 0.27 0.13 + 0.04 1.08 + 0.04 —0.21 £ 0.16
ARI 1.18 + 0.20 —0.26 + 0.09

changes in cholesterol serum levels associated with ARI treatment.
Since another study found no alteration in body weight or lipid
parameters in male rats after chronic ARI treatment (Cai et al.,
2015), the inconsistency might be related to the gender specific
metabolic effects of AAP. However, in our experiment we observed
that ARI treatment led to significantly elevated atherogenic index in
both healthy and polyl:C prenatally exposed animals.

The risk of AAP-induced dyslipidemia observed in clinic varies

among specific agents (American Diabetes Association et al., 2004;
Newcomer et al., 2008; Stroup et al., 2011; Takeuchi et al., 2015) and
several mechanisms have been suggested including direct weight-
independent effects (Cai et al.,, 2015; Henderson et al., 2015; Yan
et al,, 2013). It has been demonstrated that AAP exert a direct ac-
tion on lipid and cholesterol metabolism in primary rat hepatocytes
cultures. While olanzapine exposure induced de novo lipogenesis
with a significant increase in triglycerides, cholesterol and
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Fig. 3. Adipokines, hormones and cytokines. The graphs indicate mean + SD serum levels of hormones, cytokines and adipokines. Two-way ANOVA identified a significant effect
of the ARI treatment only, the model did not show an influence. Ghrelin was increased by the ARI treatment in both groups of polyl:C rats and their control counterparts. An
opposite effect is visible in leptin, GLP-1, IL-1¢., IL-6 and TNF-o where the levels were decreased by the ARI treatment. All significant differences are marked by the dotted lines
which pool the groups depending on the factor for which two-way ANOVA revealed a significant effect (the factor is indicated in brackets). All parameters are reported as pg/ml.

phospholipids, ARI decreased synthesis of cholesterol and had no serum level were convincingly demonstrated in rodents (Cai et al.,
effect on triglycerides (Lauressergues et al., 2010). Preclinical in vivo 2015; Horska et al., 2016, 2017; Skrede et al., 2012).

experiments appear to be consistent with these findings, since Further, an altered lipid profile in polyl:C model was revealed,
comparable olanzapine and risperidone effects on the triglyceride since virtually all cholesterol parameters were significantly
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Table 2

Correlation analysis. The table indicates results of Pearson's correlation calculated for identification of interrelationships among leptin, ghrelin, GLP-1 and glucagon (r,

correlation coefficient; #p = 0.05, ##p = 0.01, significant results are marked bold).

model treatment GLP-1 vs. leptin GLP-1 vs. glucagon

control vehicle r=0.733 p =0.038 # r = 0.779 p = 0.023 #
aripiprazole r = 0.256 p = 0.624 n.s. r = 0.948 p = 0.004 H#Hi#t

Polyl:C vehicle r=—-0.427 p =0.251 n.s. r=0438 p =0.238 n.s.
aripiprazole r = 0.668 p =—0.200 n.s. r=-0.387 p =0391 n.s.

increased in the absence of the effect of ARI treatment. The path-
ophysiological basis of the observed lipid metabolism dysregula-
tion could be linked to maternal immune activation following
polyl:C exposure. The maternal pro-inflammatory state with
altered interleukin production might have led to phenotype
covering hyperlipidemia in the offspring, even though we observed
no concomitant increases in cytokine levels in our study.

Consequently, an altered lipid profile might represent a trait of
the phenotype of polyl:C neurodevelopmental schizophrenia-like
model. The shared genetic link between schizophrenia and car-
diovascular risk factors, specifically dyslipidemia, has been unrav-
eled (Andreassen et al., 2013) and the increasing evidence of the
genetic overlap between schizophrenia and lipid homeostasis has
been recently reviewed (Steen et al., 2016). The polymorphism in
lipid biosynthesis related genes has been also suggested as a factor
influencing inter-individual variability to AAP-induced metabolic
syndrome (Yang et al, 2016). The genetic association between
schizophrenia and cardiovascular risk factors is strong; however,
the pathophysiology involves environmental influences and inter-
acting inflammatory, hormonal, endothelial and other mechanisms
(Dieset et al., 2016).

4.2. Cytokines

Importantly, in our study the polyl:C prenatal exposure was not
related to the apparent pro-inflammatory state, since no alterations
were observed in IL-1, [I-6 and TNF-a serum levels. The association
between the immune system and schizophrenia is strong (Ole,
2017). A low-grade inflammatory state is consistently reported in
the acute phase of schizophrenia, some cytokines are considered as
trait markers (Miller et al., 2011). However, results of our study
indicate that this clinical finding is not reflected in the polyl:C
model.

The long-term antipsychotic treatment modulates the immune
system in schizophrenia and attenuates the pro-inflammatory
signaling (Leonard et al., 2012; Meyer et al., 2011; Miller et al.,
2011). This reported also a clinical trial after switching the pa-
tients from a variety of antipsychotics to ARI after the first month of
therapy (Sobi$ et al., 2015). In our study, the same effect of ARI
treatment was observed, all of the assayed pro-inflammatory cy-
tokines were significantly decreased. Nevertheless, it is in contrast
to findings of our previous studies with depot risperidone and
olanzapine in healthy rats; the treatment did not consistently affect
these parameters (Horska et al., 2016, 2017). However, another
study reported increased adiposity and low-grade inflammatory
state after chronic olanzapine, with increased TNF-a. expression in
adipose tissue while plasma levels of TNF-a and IL-1 were not
affected (Victoriano et al., 2010). Also in human adipocytes pro-
inflammatory and lipogenic gene expression was induced by AAP
including ARI (Sarvari et al., 2014). Taken together, it seems that
anti-inflammatory effects of long-term AAP administration are not
convincingly demonstrated in rodents with the exception of our
study with ARI. Noteworthy, cytokine data presented in all of the
above mentioned preclinical studies exhibit an extremely high

variability and an experiment with a substantially higher number
of subjects may provide conclusive results.

Moreover, the cytokine-mediated model of antipsychotic-
induced weight gain has been recently considered (Fonseka et al.,
2016). Yet, the immune—neuroendocrine interactions are more
intricate as the regulatory effects of cytokines on adipokines e.g.
leptin action have been described (Trujillo et al., 2004), while leptin
is involved in immune-system modulation (Procaccini et al., 2017)
and metabolic regulations discussed in the following section.

4.3. Adipokines and gastrointestinal hormones

This study, as far as we know, is the first one focused on meta-
bolic regulations and analysis of adipokine and hormone levels in
polyl:C or another neurodevelopmental model of schizophrenia.
The polyl:C induced phenotype was not characterized by signifi-
cantly altered adipokine and gastrointestinal hormone serum level
profile, while the effect of ARI treatment was revealed. ARI signif-
icantly reduced leptin and GLP-1 serum levels, while ghrelin level
was elevated. Moreover, based on the correlation analysis, both
polyl:C model and ARI treatment disrupted the interrelationship in
hormone/adipokine regulations.

4.3.1. Leptin

In clinical settings, increased leptin is consistently reported in
patients with schizophrenia and this finding was recently inter-
preted as not exclusively associated with antipsychotic treatment,
although it was concluded that atypical antipsychotics may possess
an additional risk (Stubbs et al., 2016). However, also ARI elevated
leptin serum level in medication-naive first-episode psychosis pa-
tients after the first three months of treatment (Pérez-Iglesias et al.,
2014). Data from preclinical studies on comprehensive evaluation
of antipsychotic-induced alterations in metabolically relevant
hormones are limited. The majority of the studies focused on
metabolic adverse effects induced by olanzapine as antipsychotic
carrying high metabolic risks and particularly leptin, more recently
ghrelin received attention (Skrede et al., 2012; Zhang et al., 2013). In
our previous experiment, depot olanzapine treatment increased
leptin level and even caused pronounced early leptin dysregulation
in the absence of increased adiposity. We proposed that possibly
due to methodological issues the long-term olanzapine effect on
leptin level in other rodent studies was reported inconsistently
either as elevated or unchanged (Horska et al., 2016). Chronic ARI
treatment (6 mg/kg/day orally for two weeks) did not affect leptin
level in female Sprague-Dawley rats (Skrede et al., 2012). Since we
used a similar oral dose the possible interfering factors could be the
strain and sex of the rats and length of treatment.

The effect of chronic ARI in clinical setting resulting in increased
leptin level concomitant to weight gain (Pérez-Iglesias et al., 2014)
is in stark contrast to our observation of reduced leptin in the
absence of body weight changes in rats. A possible explanation may
lie in the non-adequate translational validity of the animal model,
an intervening variable playing a role could be the disparate ARI
pharmacokinetic/pharmacodynamic profile in rats, compared to
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that in humans (Wood et al., 2006), and D2 occupancy-functional
relationship (Natesan et al., 2006). In this regard, one mechanism
potentially involved could be represented by adipose tissue-specific
regulation of leptin via dopamine D2 receptors (Cuevas et al., 2014).
It is, however, reasonable to presume that more complex regula-
tions are implicated. Moreover, leptin modulates dopaminergic
system in both humans and rodents (Panariello et al, 2012).
Nevertheless, based on our findings, the altered serum leptin level
indicates direct effects of ARI on neurohormonal regulation inde-
pendent of body weight changes. In this respect, our data may
support the hypothesis that antipsychotics contribute to the
development of leptin resistance, and this may establish a meta-
bolic status resulting in weight gain later in subsequent treatment
period (Panariello et al.,, 2012). In our study, adiposity which is
associated with elevated leptin level both in rodents (Velasque
et al.,, 2001) and humans (Considine et al., 1996) was not assessed
and this is relevant to note as one of the limitations of the study.
However, even a ten-week long 2.25 mg/kg/day ARI treatment was
not found to affect adiposity in male Sprague-Dawley rats (De
Santis et al., 2014). The intricate interplay of leptin with other
hormones/adipokines assessed in this study is of importance.

4.3.2. Ghrelin

Our results show elevated ghrelin serum level after ARI treat-
ment. Although in our previous studies of similar length of treat-
ment, olanzapine did not affect ghrelin level, risperidone led to an
increase in parallel to leptin (Horska et al., 2016, 2017). Normally,
leptin dose-dependently suppresses ghrelin secretion (Kamegai
et al., 2004) and leptin and ghrelin interaction was also described
in both animal and clinical studies in the context of antipsychotic
treatment (Hegedus et al., 2015; Sentissi et al., 2008). Thus ARI-
induced elevation of ghrelin in our study could be viewed as
associated with reduced leptin level; however, the correlation
analysis did not confirm this relationship, so it does not support this
hypothesis. Tri-phasic effect of AAP on ghrelin serum level has been
recently proposed in a clinical setting and also in preclinical ex-
periments with initial elevation, followed by secondary feed-back
reduction and final re-increase (Zhang et al., 2013). This phenom-
enon may have been detected in our earlier study with depot ris-
peridone (Horska et al., 2017). The role of ghrelin signaling system
in antipsychotic-induced weight gain has been recently highlighted
and considered as a potential target for pharmacological strategies
in metabolic adverse effects of antipsychotics (Zhang et al., 2013)
and our data support this notion. Furthermore, there is an existing
interplay between ghrelin and dopamine signaling (Muller et al.,
2015) and ghrelin antagonism was found to suppress morphine-
induced dopamine release in rat brain (Sustkova-Fiserova et al.,
2014) which may be implicated in the potential underlying
mechanisms.

4.3.3. Glucagon-like peptide-1 (GLP-1)

The interactions of GLP-1 with leptin and ghrelin have been
recently reviewed, though the understanding of the specific
mechanism is incomplete (Ronveaux et al., 2015). Ghrelin enhances
glucose-stimulated GLP-1 secretion (Gagnon et al., 2015) while
leptin modulates GLP-1 and as proposed the leptin resistant state
may lead to attenuation of GLP-1 mediated signaling (Lim and
Brubaker, 2006). On the other hand, a long-acting GLP-1 agonist
liraglutide, was shown to regulate leptin signaling (Kanoski et al.,
2015) and there is substantial evidence that GLP-1 and also FGF-
21 act as leptin-sensitizers increasing leptin responsiveness. This
constitutes a new strategy to overcome leptin resistant state
associated with obesity (Quarta et al., 2016).

In the present study, GLP-1 serum level was reduced following
ARI treatment, though in other studies this effect was not

consistently observed after chronic risperidone or olanzapine
treatment (Hegedus et al., 2015; Horska et al., 2016, 2017). In our
study the interaction between GLP-1 and leptin was also revealed
by a correlation analysis in untreated healthy animals which dis-
appeared after ARI treatment. Interestingly this relationship was
not at all present in the polyl:C model. Furthermore, GLP-1 level
was reported to be acutely reduced 1 h after drug administration
during clozapine and quetiapine chronic treatment in rats (Smith
et al., 2009).

Interestingly, in healthy human subjects short-term (9 days)
olanzapine administration led to dysregulation of postprandial
GLP-1, but not leptin or ghrelin, whereas no similar effect was seen
with ARI (Teff et al., 2013). Analogously as for obesity treatment,
GLP-1 analogs were proposed to represent a potentially beneficial
strategy in AAP-induced weight gain (Ebdrup et al., 2012). In animal
experiments, chronic administration of liraglutide, reversed
olanzapine-induced weight gain, accompanied with dyslipidemia
(Lykkegaard et al., 2008; Sharma et al., 2015). However, very recent
data from the first (randomized, placebo-controlled, double-blin-
ded) clinical trial in obese schizophrenia patients treated with an-
tipsychotics showed that 3 months treatment with exenatide
(another FDA-approved long-acting GLP-1 analog) had no effects
on metabolic parameters including body weight and serum lipid
profile (Ishey et al., 2017). However, the same treatment was seen
to result in weight loss in non-psychiatric obese populations, thus
the authors pointed also to the psychiatric condition per se or the
effects of antipsychotic treatment as possible factors playing a role
(Ishey et al., 2017). This hypothesis is in line with the results of our
correlation analysis showing loss of interrelationship between GLP-
1, glucagon and leptin in the polyl:C model.

4.3.4. Glucagon

Normally, GLP-1 and leptin, both inhibit glucagon release (Lee
et al., 2016). In this study despite reduced GLP-1 and leptin serum
level, no significant glucagon serum level increase was detected.
Correspondingly, we observed no alterations in glucagon serum
level after olanzapine (Horska et al., 2016) or risperidone treatment
(Horska et al., 2017). However, in this study the relationship was
seen between GLP-1 and glucagon in healthy animals irrespective
of ARI treatment, whereas this was not detected in any of polyl:C
treated subgroups. These results indicate altered hormonal/adipo-
kine regulation in the polyl:C model.

4.3.5. Fibroblast growth factor-21 (FGF-21)

FGF-21 levels are known to be elevated in obesity and metabolic
syndrome (Zhang et al., 2008) and also in first-episode schizo-
phrenia patients (Qing et al., 2015). Neither polyl:C model nor ARI
treatment in this study had no effect on FGF-21 serum level,
similarly no effects of olanzapine or risperidone were observed in
our previous studies (Horska et al., 2016, 2017). As far as we know,
no other preclinical studies focused on the putative role of FGF-21
in antipsychotic-induced metabolic effects. Preclinical data showed
that FGF-21 restored leptin responsiveness in diet-induced obesity
(Miiller et al., 2012). Similarly, the treatment with exogenous FGF21
analog in obese patients with type 2 diabetes significantly
improved dyslipidemia, led to less atherogenic profile, further
beneficial effects on body weight, fasting insulin and adiponectin
were noted (Gaich et al., 2013). Whether this effect would be
observed in psychiatric patients or even could be translated to
preclinical experiments using neurodevelopmental schizophrenia-
like models remains to be clarified.

5. Conclusions

The neurodevelopmental polyl:C model of schizophrenia-like
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phenotype in rats exhibited altered lipid profile which suggests its
translational value. In addition, the model was not shown to be
more susceptible to ARI-induced metabolic effects. However, this
does not exclude that it may possess higher sensitivity to metabolic
disturbances and susceptibility to metabolic alterations induced by
antipsychotic medication carrying higher metabolic risks. More-
over, despite ARI is considered metabolically neutral, it induced
dysregulation of adipokines and gastrointestinal hormones
reducing leptin and GLP-1 and increasing ghrelin levels in both
control and polyl:C rats. Importantly, metabolic derangements
were not developed consequently to body weight changes. Finally,
ARI treatment did not affect the polyl:C induced changes in any
parameter. The incomplete understanding of complex hormonal
regulations in adverse metabolic alterations induced by AAP re-
quires further investigation.
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Objective: Metabolic adverse effects of atypical antipsychotics (AAP) contribute significantly to increased
risk of cardiovascular morbidity and mortality in patients suffering from schizophrenia. Extensive preclin-
ical research has addressed this issue over the past years, though mechanisms underlying these adverse

Accepted 26 July 2016 effects of AAP are still not understood completely. Recently, attention is drawn towards the role of adipose
tissue metabolism and neurohormonal regulations.

i?;‘"g’l:id;; Methods: The aim of this study was to evaluate the time-dependent effects of olanzapine depot adminis-

Adigose tissue tration at clinically relevant dosing on the regulation of energy homeostasis, glucose and lipid metabolism,

Dyslipidemia gastrointestinal and adipose tissue-derived hormones involved in energy balance regulations in female

Leptin Sprague-Dawley rats. The study lasted 8 weeks and the markers were assayed at day 8, 15, 29, 43 and 57.

Olanzapine Results: The results indicate that in the absence of hyperphagia, olanzapine chronic exposure induced

weight gain from the beginning of the study. In the later time-point, increased adiposity was also
observed. In the initial phase of the study, lipid profile was altered by an early increase in triglyceride
level and highly elevated leptin level was observed. Clear bi-phasic time-dependent effect of olanzapine
on leptin serum concentration was demonstrated. Olanzapine treatment did not lead to changes in serum
levels of ghrelin, FGF-21 and pro-inflammatory markers IL-1a, IL-6 and TNF-« at any time-point of the
study.
Conclusion: This study provides data suggesting early alteration in adipose tissue endocrine function as
a factor involved in mechanisms underlying metabolic adverse effects of antipsychotics.

© 2016 Elsevier Ltd. All rights reserved.

Sprague-Dawley rats

syndrome (MetS) symptoms further increase the risks for devel-
opment of obesity, type-2 diabetes, cardiovascular morbidity, and
the overall mortality of patients with schizophrenia (De Hert et al.,

1. Introduction

The benefits of atypical antipsychotics (AAP) in the treatment

of schizophrenia and other disorders not limited to psychotic spec-
trum are indisputable in general. One of the great advantages of
AAP in the treatment of psychotic disorders is their low propensity
to induce extrapyramidal symptoms, though the neurological side
effects are ‘replaced’ by adverse metabolic effects (Nasrallah, 2008;
Newcomer, 2007). These metabolic alterations, including weight
gain, dyslipidemia, increased adiposity, glucose intolerance and
insulin resistance which correspond to the cluster of metabolic
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2012; Leucht et al., 2007). The overall rate of MetS was 32.5% in
patients with schizophrenia and related disorders according to a
recent meta-analysis (Mitchell et al., 2013).

The propensity to induce metabolic alterations substantially dif-
fers among the antipsychotic drugs. This can be partially explained
by their unique receptor binding profiles (Nasrallah, 2008). The
highest potential to induce weight gain, increased adiposity, dys-
lipidemia and to impair glucose tolerance has been reported
in the context of treatment with multi-acting receptor targeted
agents (MARTA) antipsychotics, especially olanzapine and cloza-
pine. Olanzapine seems to be the drug most associated with the
symptoms of metabolic syndrome (De Hert et al., 2012; Leucht
et al., 2013; Mitchell et al.,, 2013). The exact pharmacological
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molecular mechanisms underlying metabolic adverse effects of
AAP are poorly understood; however, there is increasing evidence
suggesting metabolic dysregulations as an antecedent factor of obe-
sity development (Correll et al., 2010; De Hert et al., 2012).

Extensive preclinical research has addressed this issue over the
past years. Nevertheless, findings from preclinical studies are fre-
quently inconsistent due to methodological issues such as use of
different animal strains and gender, drug dose, route of admin-
istration and duration of treatment (Boyda et al., 2010; van der
Zwaal et al., 2014). Above all, one of the important challenges has
been represented by possibly inadequate dosing of AAP in animal
studies not corresponding to the clinical condition, which arises
from incomparable pharmacokinetic profiles of AAP in rodents and
humans, because rodents have a much shorter half-life of AAP
(Kapur et al., 2003). Recently the availability of AAP in the form
of long-acting injections has enabled researchers to optimize the
dosing regimens of AAP in preclinical studies, ensuring stable drug
exposure. In humans there is evidence supporting the assumption
that adverse metabolic effects of AAP may be associated to serum
concentration, since olanzapine and clozapine induced metabolic
abnormalities appear to show concentration-dependent relation-
ship (Simon et al., 2009). This was clearly observed with regard
to weight gain in patients receiving different doses of long-acting
injectable olanzapine (Kane et al., 2010).

Despite the lack of definite evidence of gender-specific effects of
AAP on weight changes or other metabolic parameters in humans
(Correll et al., 2010; Mitchell et al., 2013), female rats were shown
to be more suitable for modeling AAP-induced weight gain than
males (Albaugh et al., 2006; Boyda et al., 2010; Davey et al., 2012;
vander Zwaal et al., 2014). Furthermore, the AAPs with the least lia-
bility to metabolic dysregulation in humans, such as aripiprazole or
ziprasidone (Leucht et al., 2013), were also associated with weight
gain in rodent experiments (Boyda et al., 2010; Skrede et al., 2012;
van der Zwaal et al., 2014).

Lately, with regard to metabolic alterations induced by AAP,
attention has been paid to dysregulation of adipose tissue
metabolism and its endocrine/paracrine function in human studies
and animal experiments (Potvin et al., 2015; Skrede et al., 2012;
Zhang et al., 2013). Particularly, the research has been focused
on the potential effects of AAP on adipokines, as well as pro-
teins released by adipose tissue and neurohormonal regulations.
The intricacy of interplay of modulators of food intake and energy
balance and gastrointestinal hormones in general is also being
investigated intensively (Perry and Wang, 2012) but these variables
were incompletely explored in context of AAP-induced metabolic
adverse effects in animal models. Furthermore, specific biochemi-
cal marker which enables the identification of patients at a high risk
of AAP-induced MetS has not yet been proposed, and the underlying
molecular mechanisms of AAP-induced metabolic effects remain to
be elucidated.

Therefore, the aim of this study was to evaluate the time-
dependent effects of olanzapine depot administration on the
regulation of energy homeostasis, specifically feeding behavior,
lipid profile, alterations of adipose tissue endocrine/paracrine
functions and hormonal regulations in order to elucidate their
interrelationships in the mechanisms of AAP-induced metabolic
alterations. Apart from basic biochemical analysis (lipid spectrum,
glucose serum level), serum levels of leptin, ghrelin, glucagon-
like peptide-1 (GLP-1) and glucagon, fibroblast growth factor-21
(FGF-21) were assessed to describe alterations in adipose tissue
endocrine functions and in neurohumoral regulation. Spectrum
of adipokines and hormones was selected for the analysis, in
order to explore their possible interrelationships and roles in
the mechanisms of AAP-induced metabolic alterations, since eg.
leptin and ghrelin are suggested to have opposite an/orexigenic
effects in appetite and energy homeostasis regulation (Klok et al.,

2007; Muller et al., 2015). These two factors have been studied
most extensively with inconsistent findings in both preclinical and
human studies (Potvin et al., 2015; Skrede et al., 2012; Zhang et al.,
2013). However, the regulations are more complex, thus GLP-1 and
adipokine FGF-21 were included as there is evidence confirming
physiological role of GLP-1 in the complex regulation of appetite
(Ronveaux et al., 2015), and FGF-21 is known regulator of glucose
and lipid homeostasis, which possesses functions of endocrine hor-
mones (Kharitonenkov, 2009). We also assessed pro-inflammatory
cytokines (interleukin 1a and 6, tumor necrosis factor-a), which
are known to be elevated in MetS (Kucerova et al., 2015).

2. Material and methods
2.1. Animals

Forty female 8 weeks old albino Sprague-Dawley rats weigh-
ing 200-225 g at the beginning of the study were purchased from
Charles River (Germany) and housed individually in standard hous-
ing cages. Environmental conditions during the whole study were
constant: relative humidity 50-60%, temperature 23 °C+ 1°C, nor-
mal 12-h light-dark cycle (6 a.m.-6 p.m. light). Standard rodent
chow and water were available ad libitum. All experiments were
conducted in accordance with all relevant laws and regulations of
animal care and welfare. The experimental protocol was approved
by the Animal Care Committee of the Masaryk University, Faculty
of Medicine, Czech Republic, and carried out under the European
Community guidelines for the use of experimental animals.

2.2. Drugs and treatments

Olanzapine (OLA) was administered in a depot formulation for
human use (ZypAdhera®) by an intramuscular injection at dose 100
mg/kg every 14 days in the evening hours (administration on day 1,
15,29and 43). The solvent vehicle was injected to the control group.
The food was removed from the cages and all rats were subjected
to overnight fasting in order to prevent weight gain differences
induced by sedation in the OLA-treated group as we observed in
our previous experiments (unpublished data) and was also already
recently validated (Skrede et al., 2014).

2.3. Food consumption and body weight recording

Body weight (BW) and food consumption were recorded daily
in all animals. Feeders in all cages were filled with 50 g of the rodent
chow, the consumption was recorded after 24 h and then filled to
50 g again. On the days of drug administration when the chow was
removed overnight the food consumption data were not recorded
(day 1, 15, 29 and 43).

2.4. Treatment groups and sample collection

Rats were randomly assigned to 2 treatment groups: vehicle
(VEH) treated (n=17) and olanzapine (OLA) treated (n=23). Two
subgroups of animals, vehicle (n=7) and olanzapine-treated rats
(n=8), were sacrificed by decapitation under short isoflurane anes-
thesia to collect blood (for serum), liver and visceral fat tissue
8 days after the first administration. The dissection was performed
after decapitation by wide laparotomy, the liver was excised and
weighted and abdominal fat tissue was collected and weighed.
Other two subgroups of rats, vehicle (n=10) and olanzapine-
treated (n=15), were kept until the day 57 (8 weeks of treatment)
and then sacrificed and dissected in the same manner. Furthermore,
1.5-2 ml of blood for serum was collected under short isoflurane
anesthesia every 2 weeks (day 1, 15, 29 and 43) by retro-orbital
puncture and the same amount of liquid was supplied by the
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intraperitoneal injection of saline. The serum samples were used
to assay the biochemical parameters - lipid profile (total choles-
terol, high-density cholesterol - HDL, low-density cholesterol -
LDL and triglycerides — TAG), glucose serum level, adipokine and
hormone levels - leptin, ghrelin, GLP-1 (glucagon-like peptide-1),
FGF-21 (fibroblast growth factor-21), interleukins IL-1c, IL-6, TNF-
a (tumor-necrosis factor-alpha).

2.5. Biochemical assays

Basic biochemical parameters were determined spectrophoto-
metrically - lipid profile, glucose serum level (Dimension Xpand
Plus®, kits Siemens®). Adipokines, hormones and cytokines were
assessed using Bio-Plex® Multiplex System (immunoassay kits Bio-
Rad®) and by immunochemical method (ELISA) using commercial
sets (BioVendor®).

2.6. Statistical data analysis

Primary data were summarized using arithmetic mean and stan-
dard error of the mean estimate (SEM). The cumulative weight
gain, cumulative food intake and feed efficiency data were analyzed
by repeated measures ANOVA with the factor of OLA treatment
and Dunnet post-hoc test. Organ weights (liver and adipose tissue)
were compared at two time-points (day 8 and day 57) by 2 way
ANOVA (factors: time-point and treatment) with Tukey post-hoc
test. Biochemical parameters, adipokine, hormone and cytokine
serum levels at day 8 were evaluated by t-test when the dataset
was distributed normally (Kolmogorov-Smirnov test of normality)
or Mann-Whitney U test when the normality test was significant
(this was the case of interleukins and TNF-a). For the longitudi-
nally monitored groups repeated measures ANOVA with the factor
of OLA treatment and Dunnet post-hoc test was used in normal
data and Kruskal-Wallis test in interleukins and TNF-«a results. The
analyses were calculated using Statistica 12 (StatSoft, USA). A value
p <0.05 was recognized as the boundary of statistical significance
in all applied tests.

3. Results
3.1. Food consumption and body weight recording

Fig. 1 summarizes the body weight (BW) and standard rodent
chow data. Repeated measures ANOVA revealed a highly signif-
icant increase in the mean daily cumulative weight gain of the
OLA-treated group starting on the day 6 (Fig. 1A) except the last
week of the study. Cumulative chow intake (assessed daily) is pre-
sented on days 8, 15, 29, 43 and 55 in both longitudinal groups and
has shown no difference (Fig. 1B). Despite equal food intake, OLA
treatment led to increase in body weight. Therefore feed efficiency
was calculated as BW in grams/cumulative chow intake in grams
at the same time-points (days 8, 15, 29, 43 and 55). Repeated mea-
sures ANOVA revealed a significant increase of the feed efficiency
in the OLA-treated rats already at the beginning of the study (day
8). This effect was smaller yet significant until day 43, and no dif-
ference was found at the end of the study after 8 weeks of chronic
treatment (Fig. 1C). Note that in the first time-point (8 days) data
were pooled from the animals sacrificed at day 8 and the groups
with the longitudinal assessment.

Liver and adipose tissue mass were recorded at the time of sac-
rifice only (day 8 and 57). As expected, Fig. 2 indicates that 2 way
ANOVA (factors: time-point and treatment) with Tukey post-test
has revealed significant differences only in the adipose tissue mass.
These changes were dependent on age in both treatment groups
(significant increase when the time-points were compared) and

more importantly on drug treatment at day 57 (an increase of adi-
posity in the OLA-treated group). The weight of liver did not change
after chronic olanzapine exposure, which indicates that olanzapine
chronic treatment did not lead to apparent metabolic or structural
liver tissue changes.

3.2. Blood lipid and glycemic profiles

Lipid profiles were evaluated independently in the groups sac-
rificed on day 8 and the longitudinal design. Fig. 3 depicts the total
cholesterol, HDL, LDL and TAG data on the day 8 analyzed by t-
test. There was a significant decrease in LDL and increase in TAG
of the OLA-treated group. Fig. 4 reports the same variables in the
longitudinal assessment. In longitudinal design, repeated measures
ANOVA did not reveal any significant changes in lipid spectrum. The
glycemic profiles did not differ significantly between the groups at
any time-point (data not shown).

3.3. Cytokine and hormonal levels

Analogously, the adipokine and hormone data were analyzed
separately for the day 8 and the longitudinal study. Leptin, ghrelin,
glucagon, GLP-1 and FGF-21 data were analyzed by parametric
t-test, while IL-1a, IL-6 and TNF-a were evaluated using Mann-
Whitney U test. As shown in Fig. 5, at this early time-point the
only alteration in the parameters evaluated was a highly significant
increase of leptin level in the OLA-treated group. Fig. 6 summarizes
the longitudinal data on the same variables analyzed by repeated
measures ANOVA (or Kruskal-Wallis test for IL-1a, IL-6 and TNF-a
data). Interestingly, the leptin dysregulation was found significant
again only in the last time-point of the study after 8 weeks of
chronic treatment (day 57). Furthermore, decreases of glucagon
and GLP-1 serum levels were found on day 29 in the OLA-treated
group. Despite some apparent trends the Kruskal-Wallis test for
IL-1a, IL-6 and TNF-a data did not detect significant differences
between the groups.

4. Discussion

This study reports comprehensive time-dependent data on basic
biochemical profile, neurohumoral regulation and endocrine func-
tion of adipose tissue during chronic olanzapine exposure under
conditions corresponding to clinical settings. The specific findings
will be discussed in sections.

4.1. AAP-induced changes in feeding behavior and body weight

As expected we recorded a significant increase in body weight
increment after olanzapine treatment during the whole study. In
contrast to findings from other studies, hyperphagia expressed as
increased food intake concomitant to weight gain was not observed
in this experiment. Hyperphagia has been considered as the key
behavioral factor mediating weight gain (Davoodi et al., 2009;
Weston-Green et al., 2011), however increases in adipose tissue
mass were noted in male rats even without concomitant hyper-
phagia and weight gain (Girault et al., 2014; Minet-Ringuet et al.,
2007; van der Zwaal et al., 2014). As described earlier (Skrede
et al., 2014; Weston-Green et al., 2011), we calculated feed effi-
ciency and noted markedly increased values in the olanzapine
treatment group, starting from the first time-point (day 8) but
not present at the end of the study (day 55). Our results demon-
strate significantly increased visceral adipose tissue deposits after
8 weeks of chronic olanzapine treatment. Increased fat deposition,
adipocyte size enlargement and alteration of adipocyte metabolism
after chronic treatment with olanzapine have been characterized,
indicating primary effects of AAP on adipose tissue (Minet-Ringuet
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Fig. 1A shows daily means & SEM of cumulative body weight gain in VEH and OLA-treated animals. Till the day 8 the data are pooled with the early sacrificed groups. Repeated
measures ANOVA, main effect of treatment p = 0.026, Dunnet post-test (*p < 0.05, **p <0.01, ***p <0.001). Fig. 1B depicts cumulative chow intake at days 1, 15, 29 and 43,
repeated measures ANOVA, n.s. Fig. 1C reports feed efficiency calculated as BW gain (g)/cumulative food intake (g). Repeated measures ANOVA, main effect of treatment
p=0.01, Dunnet post-test (*p <0.05, **p <0.01, ***p <0.001). The last assessment of feeding behavior was on day 55 while animals were sacrificed on day 57.
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Fig. 2. liver and adipose tissue mass.

ANOVA (factors: time-point and treatment) has detected no differences in the liver mass. Adipose tissue mass has shown the effect of both treatment (p=0.015) and time-
point (p <0.001). Tukey post-test has revealed a significant increase in both groups at day 57 as compared to day 8 (symbol: *p < 0.05, **p <0.01) and an OLA-induced increase
of fat mass on the day 57 (symbol: $p < 0.05). White bars: control rats, hatched bars: OLA treated rats.
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Fig. 3. blood lipid profile at day 8.
The graphs indicate the levels of total cholesterol (CHOL), HDL, LDL and TAG on the day 8 analyzed by t-test. T-test identified a significant decrease in LDL and increase of
TAG in the OLA-treated group (*p <0.05, **p <0.01).
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Fig. 4. blood lipid profile at days 15, 29, 43 and 57.
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Repeated measures ANOVA did not reveal any significant changes in total cholesterol (CHOL), HDL, LDL or TAG levels.
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Fig. 5. blood adipokine, hormonal and cytokine levels at day 8.
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Parametric t-test detected a highly significant increase of leptin level in the OLA-treated group. There were no other significant results. Data on the IL-1a, IL-6 and TNF-a
have shown high variability but did not reveal any elevated pro-inflammatory markers.

et al., 2007). Furthermore, early morphological change of the sub-
cutaneous adipose tissue has been described, characterized by an
increase in the proliferation of undifferentiated adipocytes inde-
pendent of weight gain but showing time- and dose-dependent
relationship (Tan et al., 2010). Evidence and our data both support
the conclusion that changes in body composition with increased
adiposity are largely independent of changes in body weight or
increased food intake. However, another confounding factor may
be different energy expenditure in control and olanzapine treated
rats. OLA is known to cause sedation in both open-field test (Zhang

et al., 2014) and home-cage locomotor profile (van der Zwaal et al.,
2010,2012). Noteworthy, it seems that chronic treatment alleviates
the effect on locomotor activity (Albaugh et al., 2011).

4.2. AAP-induced changes in lipid profile

In the initial phase on the day 8 this study found lipid pro-
file alterations characterized by an increase in triglycerides and
lowered LDL-cholesterol plasma level. At later time-points, these
changes did not persist.
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Fig. 6. adipokine, hormonal and cytokine levels at days 15, 29, 43 and 57.
Repeated measures ANOVA revealed significant changes increase of leptin levels induced by OLA treatment at day 57 only, Tukey post-test (*p <0.05). Other changes detected comprise decreases of glucagon and GLP-1 on the
day 29 in the OLA-treated group, Tukey post-test (*p < 0.05).
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Lipid profile has been characterized only in some of the earlier
rodent studies mostly no increases in triglyceride and cholesterol
plasma levels have been reported (Albaugh et al., 2006; Davoodi
et al., 2009). Yet there are recent data demonstrating that AAP
elevate plasma triglyceride levels after chronic administration in
animals (Zugno et al., 2012). In female rats, increased triglyceride
level has been reported as independent to weight gain after olan-
zapine chronic treatment (Skrede et al., 2012). Moreover, acute
administration of olanzapine resulted in altered lipid parameters
with increased serum free fatty acids, triglycerides, and reduced
cholesterol levels followed by accumulation of lipids in the liver at
the later time frame. Thus, direct dysregulation of lipid metabolism
has been described prior to weight gain development (Jassim et al.,
2012). Furthermore, evidence from in vitro experiments in three
different human cell lines cultures points to direct effects of several
AAP on the regulation of lipid metabolism. Inhibition of cholesterol
biosynthesis was shown at several different steps and in contrast
increased synthesis of triglycerides was observed. The elevation of
triglycerides was suggested to be the consequence of compensatory
mechanisms to inhibited cholesterol synthesis involving upregula-
tion of gene expression (Canfran-Duque et al., 2013; Skrede et al.,
2013).

The potential mechanisms of AAP induced hypertriglyceridemia
have been reviewed recently, highlighting direct effects of AAP
on triglyceride metabolism as well as indirect actions on central
nervous system pathways regulating energy homeostasis. Indirect
effects of AAP on triglyceride metabolism may be mediated by
obesity associated insulin resistance leading to lipogenesis stim-
ulated by hyperinsulinemia. Regarding direct mechanisms, it has
been consistently reported that AAP upregulate expression of sterol
regulatory element binding proteins (SREBPs) transcription fac-
tors and related target genes involved in de novo lipid synthesis.
Furthermore it was suggested that AAP may regulate activity or
plasma level of lipoprotein lipase, thus may impair triglyceride
catabolism (Yan et al., 2013). Other direct effect of AAP on adi-
pose tissue was recently proposed with regard to expression of
functional dopamine receptors in human adipocytes and potential
regulatory role of dopamine in adipose tissue functions, e.g. leptin
inhibition (Borcherding et al., 2011; Cuevas et al., 2014).

Therefore, our data on lipid profile in the initial phase of the
study correspond to the preclinical findings focused on the direct
AAP effects on lipid metabolism. These alterations might be asso-
ciated to dysregulation of adipokines’ secretion as discussed later.

4.3. AAP-induced changes in glycemic control markers

Chronic olanzapine treatment did not demonstrate any effect
on glucose level in this experiment, while decrease in GLP1 and
glucagon levels was found on day 29. GLP1 is a potent insulinotropic
intestinal hormone and its secretion is decreased in obesity (Anini
and Brubaker, 2003).

Dysregulation in glucose metabolism has been inconsistently
documented in rodent models (Albaugh et al., 2006; Boyda et al.,
2010; Girault et al., 2014). Direct and acute effects of AAP on
glucose homeostasis and olanzapine-induced insulin resistance in
the absence of weight changes have been convincingly demon-
strated (Boyda et al., 2010; Jassim et al., 2012; Kovacs et al., 2015).
Also chronic olanzapine treatment resulting in unaltered glucose
plasma level was reported, though it was accompanied by hyperin-
sulinemia and caused desensitization to its acute effects on glucose
metabolism (Girault et al., 2014). Therefore, it can be assumed that
AAP-induced glycemic dysregulation and insulin resistance may
involve mechanisms independent of either weight gain or adipos-
ity.

Our findings may support the hypothesis of GLP-1 dysreg-
ulation induced by chronic olanzapine exposure, yet on day 8

no alteration in GLP-1 serum level was observed. At this time-
point, high inter-individual variability in olanzapine-treated group
should be noticed. Data from later time-points showed significantly
decreased GLP-1 only on day 29. Similarly, decreased glucagon
serum level was found on day 29 with no other significant alter-
ations in the course of the study. Based on our data, olanzapine
effects on the interrelationships of glucose homeostasis markers
cannot be elucidated; however, the associations of GLP-1 with lep-
tin and ghrelin are discussed below.

4.4. AAP-induced changes in adipokine/hormone levels

In the initial phase of treatment (day 8), a pronounced increase
inleptin and differences in lipid spectrum were found without con-
comitant increase in abdominal adiposity. At later time-points, a
significant weight gain and increase in visceral adipose tissue mass
were demonstrated together with increased leptin level (day 57).
Interestingly, no alterations in leptin level were found at the inter-
mediate time-points. Leptin is an anorexigenic hormone, however
in obesity its levels are elevated; therefore, the concept of leptin
resistance has been established (Klok et al., 2007). Leptin trans-
port across hematoencephalic barrier is impaired by triglycerides,
which implies hypertriglyceridemia as an important cause of leptin
resistance (Banks et al.,2004). An alternative concept called “leptin-
insufficiency” postulates that hematoencephalic barrier limits the
availability of leptin in response to its high concentration (Kalra,
2008). Consistently, this study revealed concomitant hypertriglyc-
eridemia and hyperleptinemia as soon as on day 8.

Human data consistently demonstrate increased leptin levels in
patients treated with antipsychotics (Potvin et al., 2015; Sentissi
et al., 2008). However, a recent meta-analysis has revealed that
leptin levels increased in schizophrenia patients, may not be asso-
ciated solely with antipsychotic medication (Stubbs et al., 2016).
Moreover, it was suggested that peak in leptin concentration dur-
ing initial phase of clozapine treatment predicts lower weight gain
in later treatment period (Monteleone et al., 2002). The findings
with regard to the effect of AAP on leptin plasma levels in rodent
models appear to be controversial, showing no alteration (Davey
et al., 2012; Kovacs et al., 2015; Skrede et al., 2012; Zugno et al.,
2012), or significant increase after chronic treatment concomitant
to increased adiposity (Albaugh et al., 2006; Girault et al., 2014;
Hegedus et al., 2015). Possible explanation of this inconsistency lies
in different methodological approaches, especially dosing scheme
and duration of treatment.

Currently, the attention has been paid to ghrelin, the gastroin-
testinal orexigenic hormone with central and peripheral actions,
which include regulation of appetite, body weight and adiposity,
lipid metabolism and glucose homeostasis (Muller et al., 2015).
Similar to leptin, ghrelin is involved in regulation of broad cen-
tral nervous system functions and appears to be closely linked
to psychiatric disorders (Wittekind and Kluge, 2015). Moreover,
dimerization of ghrelin receptors with wide spectrum of other
receptors including dopaminergic and consequent modifications
in signaling have been observed, e.g. oligomerization with ghrelin
receptor is essential in anorexigenic actions mediated via D2 recep-
tors (Wellman and Abizaid, 2015). Ghrelin levels in clinical studies
seemed to be reduced during first several weeks of treatment with
AAP and increased in long-term treatment. Also the interaction
between leptin and ghrelin levels has been described as the increase
in leptin and decrease in ghrelin levels both in preclinical and
clinical settings (Hegedus et al., 2015; Sentissi et al., 2008). Later,
tri-phasic effect of AAP on ghrelin levels has been postulated with
initial acute elevation, peak in the first week of treatment, followed
by a secondary decrease and re-increase as a long-term effect and
a similar trend has been proposed regarding data from preclini-
cal studies (Zhang et al., 2013). Though, dysregulation of ghrelin
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secretion was not demonstrated throughout the chronic olanzapine
treatment in this experiment.

Leptin and ghrelin modulate the anorexigenic effects of GLP-1
nevertheless the exact mechanisms of these interactions are not
fully known (Ronveaux et al., 2015). Leptin was shown to stim-
ulate in a dose-dependent manner secretion of GLP-1, a potent
insulinotropic intestinal hormone. Consistent with the concept of
leptin resistance, GLP-1 is decreased in obesity (Anini and Brubaker,
2003). From this perspective, the significant increase in leptin lev-
els in this study leads to the assumption of reduced serum GLP-1
concentration. However, this was not confirmed concomitantly to
elevated leptin concentration neither in the initial phase, nor after
57 days of chronic exposure. Decrease in GLP-1 level was observed
in the intermediate time-point of the study; nonetheless, it might
indicate possible interaction and time-dependent changes in GLP-1
secretion during chronic olanzapine treatment.

Also our results do not indicate any changes in FGF-21 serum
level, despite elevated serum FGF-21 levels reported in obesity
which was independently associated to adverse lipid profile (i.e.
increased levels of TAG), visceral adipose tissue deposits and
metabolic syndrome in humans (Zhang et al., 2008). To the best of
our knowledge, alterations in FGF-21 secretion were not addressed
in preclinical or clinical studies focused on AAP-induced adverse
metabolic effects. This parameter could also show time-dependent
changes. However, there are insufficient data to explain its putative
interactions and role in the complex mechanisms of AAP-induced
metabolic dysregulation.

4.5. AAP-induced changes in pro-inflammatory cytokine levels

In our study, no significant alteration in IL-1a, IL-6 and TNF-«
secretion was observed at any time-point. In contrast to our results,
previous report indicates that increased adiposity and low-grade
inflammatory state follows chronic olanzapine treatment in rats,
with increased TNF-a expression in adipose tissue and slightly ele-
vated plasma levels of TNF-a and IL-1 (Victoriano et al., 2010).
Though the immunomodulatory effects of AAP may contribute to
the pro-inflammatory state, which is associated to schizophrenia
per se (Kucerova et al., 2015), the long-term AAP treatment may
enhance anti-inflammatory cytokine signaling (Meyer et al., 2011).
The current evidence in this matter remains inconclusive in clinical
studies, and there is a lack of data in preclinical research.

5. Conclusions

The key finding of this study was concomitant with hyper-
leptinemia and altered lipid profile characterized by hypertriglyc-
eridemia and lowered LDL levels in the initial phase of olanzapine
treatment. The early dysregulation of leptin occurred prior to sig-
nificant changes in adiposity. Since leptin decreases triglyceride
levels and hypertriglyceridemia inhibits leptin transport across
hematoencephalic barrier resulting in leptin resistance, this feed-
back loop represents a mechanism of olanzapine induced adverse
metabolic effect of interest. Leptin serum level was also increased
after 8 weeks of olanzapine treatment, thus our data showed clear
bi-phasic time-dependent effect of olanzapine on leptin serum
concentration. Hyperphagia was not observed in this study, but
increased feed efficiency was noted in the course of the study,
resulting in weight gain and increased visceral fat deposits after 8
weeks of olanzapine exposure. Therefore, it can be assumed that
altered adipose tissue endocrine function contributes to mech-
anisms underlying metabolic adverse effects of antipsychotics.
However, a better understanding of interrelationships in neuro-
humoral regulation and the mechanisms involved is essential for
identification of suitable biomarkers as predictors of metabolic

adverse effects of AAP, and ultimately for the development of new
antipsychotics with alower propensity to induce adverse metabolic
effects or adjuvant treatment strategies.
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