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Souhrn

Incidence a mortalita nador gastrointestinalniho traktu jsou na rovni, kterd predstavuje
zavazny problém. Tyto nadory maji nespecifické klinické ptiznaky, a proto ¢asto dochazi
k pozdni diagndze. V poslednich letech byl zaznamenan vyrazny pokrok v oblasti
vyhledavani a sledovani molekularnich ukazateli naddorovych zmén v diagnostice, prognoze
a lécbe téchto onemocnéni. Klinickd onkologie se vSak stidle potyka s nedostatkem
takovychto biomarkert. Cilem této prace bylo najit nové biomarkery pro nadory
gastrointestinalniho traktu, které by korelovaly zejména s prognostickymi ukazateli
a prediktory 1é¢ebné odpovédi ¢i chemorezistence.

Dizertacni prace je zalozena na 5 studiich vénujicich se duktalnimu adenokarcinomu
pankreatu, kolorektalnimu karcinomu a hepatocelularnimu karcinomu s pouzitim
imunohistochemickych a molekuldrnich metod. VSechny studie byly provedeny
na archivnich parafinovych blocich. K hlavnim vysledkiim patii imunohistochemicky
prokdzana proteinovd exprese transportéri MRP2, SLC22A3 a SURI/ABCCS a jeji
vyznamna souvislost s prognézou adenokarcinomu pankreatu. Bylo zjisténo, ze pacienti
bez exprese proteinu SLC22A3 v apikdlni membrané maji signifikantné krat$i pieziti
bez nemoci i celkové preziti. U pacientd s pozitivni membranovou expresi MRP2
1 SLC22A3 jsme nalezli delsi pieziti bez nemoci a u kombinace pozitivni exprese MRP2
anegativni exprese SLC22A3 pak kratsi celkové preziti. Pacienti se stiedni ¢1 vysokou
expresi SURI/ABCCS v cytoplazmé méli 3,5krat vySsi riziko progrese onemocnéni
ve srovnani s pacienty se slabou expresi. Dalsi studie ukézala, Ze pfitomnost T a B lymfocyt
ve vnitinim invazivnim okraji hepatoceluldrniho karcinomu po resekci souvisi s piiznivou
progndzou pacientl. U stejného onemocnéni vyskyt mutaci v CTNNBI, polymorfismu TERT
a hustota CD8+ lymfocyti vyznamné souvisi s del§i dobou do opakovaného vyskytu
onemocnéni. V posledni predkladané praci ukazujeme vyznam sekvenovani exomu
pro charakterizaci molekularniho profilu metastazujiciho kolorektalniho karcinomu.
V parovych vzorcich primarniho onemocnéni a synchronnich jaternich metastaz byla
potvrzena vysoké Cetnost somatickych variant v genech APC, TP53 a KRAS a podobnost
mutacénich profili ve vzorcich z obou typii nddorovych lozisek.

V ramci této doktorské prace bylo navrzeno néckolik novych pfistuptt vyuziti
archivnich vzorka nadorovych tkani gastrointestinalnich karcinomu a identifikovana fada
novych biomarkerti pro stanoveni prognézy pacientd. K potvrzeni nasich zavért a zavedeni
téchto biomarkerd do klinické praxe jsou nezbytné dal§i nezavislé studie na vétSich

souborech pacientd.



Summary

The incidence and mortality of gastrointestinal cancers are at a level that represents a serious
problem. These tumours have non-specific clinical symptoms, which often results in late
diagnosis. In recent years, there have been significant advances in the identification and
monitoring of molecular markers of tumour changes in the diagnosis, prognosis and
treatment of these diseases. However, clinical oncology still faces a shortage of such
biomarkers. The aim of this study was to find new biomarkers that correlate especially with
prognostic indicators and predictors of treatment response or chemoresistance
in gastrointestinal tract cancers.

This thesis is based on 5 studies addressing ductal adenocarcinoma of the pancreas,
colorectal cancer and hepatocellular carcinoma using IHC and molecular methods. All
studies were performed using archival formalin-fixed paraffin-embedded samples. The main
results include immunohistochemical evidence of protein expression of MRP2, SLC22A3
and SURI1/ABCCS transporters and its significant association with the prognosis
of pancreatic adenocarcinoma. Patients without SLC22A3 protein expression in the apical
membrane were found to have significantly shorter disease-free and overall survival. We
found longer disease-free survival in patients with positive membrane expression of both
MRP2 and SLC22A3, and shorter overall survival in the combination of positive MRP2 and
negative SLC22A3 expression. Patients with moderate or high expression of SUR1/4BCCS8
in the cytoplasm had a 3.5-fold higher risk of disease progression compared to patients with
low expression. Another study showed that the presence of T and B lymphocytes in the inner
invasive margin of hepatocellular carcinoma after resection was associated with a favourable
prognosis for the patients. In the same disease, the presence of mutations in CTNNBI, TERT
polymorphism and CD8+ lymphocyte density were significantly associated with longer time
to recurrence. In the last submitted study, we show the importance of exome sequencing
for characterizing the molecular profile of metastatic colorectal cancer. We confirmed the
high frequency of somatic variants in 4PC, TP53 and KRAS genes in paired samples
of primary lesions and synchronous liver metastases and the similarity of mutational profiles
in samples from both tumour types.

In the framework of this PhD thesis, several new approaches for the use of archival
samples of gastrointestinal cancer tissues have been proposed and a number of new
biomarkers have been identified to determine the prognosis of patients. Further independent
studies in larger patient cohorts are needed to confirm our findings and to introduce these

biomarkers into clinical practice.
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Seznam pouzitych zkratek

ABC
ABCD4
AEC
ALK
ATP
BCRP
BER
BRAF
CA19-9
cDNA
CDX2
CFTR

CIMP
CIN
CNV
COSMIC
CRC
CTLA4

DAB
DCs
ddNTP
DFS
DNA
EGFR

FFPE

FLAGS
GIST

GIT

HCC

Hep Par 1
HER2
HRP
HUGO
IHC

Ki-67
MAPK

miRNA

ATP vazici (transportér) (z angl. ATP binding cassette)

ATP binding cassette subfamily D member 4

aminoethylocarbazol

anaplastic lymphoma kinase protein

adenosintrifosfat (z angl. adenosine triphosphate)

breast cancer resistance protein

systém vystépovani bazi (z angl. base excision repair)
Serine/threonine-protein kinase B-raf

tumorovy antigen 19-9 (z angl. carbohydrate antigen 19-9)
komplementdrni DNA (z angl. complementary deoxyribonucleic acid)

caudal type homeobox 2
modulator transmembranového regulatoru vodivosti (z angl. cystic fibrosis
transmembrane conductance regulator)

metylace CpG ostrlivkl (z angl. CpG island methylator phenotype)
chromozomalni nestabilita (z angl. chromosomal instability)
variabilita poctu kopii (z angl. copy-number variation)

Catalogue Of Somatic Mutations In Cancer

kolorektalni karcinom (z angl. colorectal cancer)

Cytotoxicky protein asociovany s T-lymfocyty 4 (z angl. Cytotoxic T-
lymphocyte associated protein 4)

diaminobenzidin

dendritické buriky (z angl. dendritic cells)

dideoxynukleotid trifosfat (z angl. dideoxynucleotide triphosphate)
preziti bez nemoci (z angl. disease free survival)
deoxyribonukleova kyselina (z angl. deoxyribonucleic acid)
receptor epidermalniho ristového faktoru (z angl. epidermal growth
factor receptor)

formalinem fixované a parafinovou technikou zpracované (z angl.
formalin-fixed paraffin-embedded)

FrequentLy mutAted GeneS

gastrointestinalni stromalni tumor (z angl. gastrointestinal stromal
tumor)

gastrointestindlni trakt

hepatocelularni karcinom (z angl. hepatocellular carcinoma)
hepatocyte paraffin 1

humanni epidermalni receptor 2

kfenova peroxidaza (z angl. horseradish peroxidase)

Human Genome Organisation

imunohistochemie (z angl. Immunohistochemistry)

proliferacni marker protein Ki-67

mitogenem aktivovana proteinova kindaza (z angl. mitogen-activated
protein kinase)

mikroRNA (z angl. microRNA)



MLH1 MutL protein homolog 1

MMR systém opravy nespravného parovani bazi DNA (z angl. DNA
mismatch repair)

mRNA mediatorova RNA (z angl. messenger RNA)

MRP1 multidrug resistance-associated protein 1

MRP2 multidrug resistance-associated protein 2

MSH2 MutS protein homolog 2

MSH6 MutS protein homolog 6

MSI nestabilita mikrosatelitl (z angl. microsatellite instability)

MSI-H vysoka nestabilita mikrosatelitd (z angl. high microsatellite
instability)

MSI-L nizka nestabilita mikrosatelitd (z angl. low microsatellite instability)

NCI National Cancer Institute

NCI-MATCH National Cancer Institute - Molecular Analysis for Therapy Choice

NER systém vystépovani nukleotidl (z angl. nucleotide excision repair)

NGS sekvenovani nové generace (z angl. next generation sequencing)

NHGRI National Human Genome Research Institute

(O doba do umrti (z angl. overall survival)

PARP poly adenosine diphosphate ribose polymerase

PCR polymerazova fetézova reakce (z angl. polymerase chain reaction)

PD-1 membrdanovy protein programované bunécné smrti (z angl.
programed cell death 1)

PDAC duktalni adenokarcinom pankreatu (z angl. pancreatic ductal
adenocarcinoma)

PD-L1 ligand membranového proteinu programované bunécéné smrti (z
angl. programmed cell death ligand 1)

PMS2 PMS1 protein homolog 2

gPCR kvantitativni PCR (z angl. quantitative polymerase chain reaction)

RFS preziti bez relapsu (z angl. relapse-free survival)

RNA ribonukleova kyselina (z angl. ribonucleic acid)

ROS1 receptor tyrosine kinase 1

RTK-RAS receptor tyrosine kinase -Ras
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SLC solute carrier

SLC22A3 solute carrier family 22 member 3

SUR1 sulfonylurea receptor 1

TAP1 antigen peptide transporter 1

TCGA The Cancer Genome Atlas

TCGA COAD-READ The Cancer Genome Atlas Rectum Adenocarcinoma Collection

TCGA MC3 TCGA Multi-Center Mutation Calling in Multiple Cancers

TERT telomerazova reverzni transkriptaza (z angl. telomerase reverse
transcriptase)

TGFB transformujici rdstovy faktor-p (z angl. transforming growth factor-B)

TILs tumor infiltrujici lymfocyty (z angl. tumor-infiltrating lymphocytes)

T™MB nadorova mutacni zatéz (z angl. tumor mutation burden)



TNM primarni tumor, regionalni lymfatické uzliny, vzdalené metastazy
(z angl. primary tumor,regional lymph nodes, distant metastasis)

TRAIL tumor necrosis factor-related apoptosis-inducing ligand

TTR doba do recidivy (z angl. time to recurrence)

VEGF vaskularni endotelovy ristovy faktor (z angl. vascular endothelial
growth factor)

WES celoexomové sekvenovani (z angl. whole exome sequencing)
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Seznam genii

ABCB1 ATP binding cassette subfamily B member 1

ABCC1 ATP binding cassette subfamily C member 1

ABCC2 ATP binding cassette subfamily C member 2

ABCG2 ATP binding cassette subfamily G member 2 (Junior blood group)
APC APC regulator of WNT signaling pathway

ATM ATM serine/threonine kinase

BRAF B-Raf proto-oncogene, serine/threonine kinase

BRAF B-Raf proto-oncogene, serine/threonine kinase

BRCA1 BRCA1 DNA repair associated

BRCA2 BRCA2 DNA repair associated

CDKN2A cyclin dependent kinase inhibitor 2A
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RB1 RB transcriptional corepressor 1

SLC22A3 solute carrier family 22 member 3

SMAD4 SMAD family member 4
TERT telomerase reverse transcriptase
TP53 tumor protein p53

TRIP11 thyroid hormone receptor interactor 11



1 Teoreticky uvod

1.1 Nadory gastrointestinalniho traktu

1.1.1 Zakladni charakteristika nadori, kancerogeneze

Nédor je tkan tvofena transformovanymi buiikami, které jsou schopné nadmérného,

nekoordinovaného a autonomniho rastu. Vznik a rozvoj nadorového onemocnéni je

dlouhodoby, komplexni a mnohostupniovy proces tvoieny genetickymi i epigenetickymi

zménami.

K maligni transformaci dochazi prostiednictvim mutaci v genech fidicich buné¢ny

cyklus. Tyto geny miizeme rozdélit do dvou skupin: Protoonkogeny, které se mutaci zméni

na onkogeny a jsou zodpoveédné za nadmérnou proliferaci bunc¢k a nadorové supresorové

geny, které¢ jsou mutacemi inaktivovany a ztraci svou antiproliferacni funkci. Proces vzniku

a rustu nadoru lze rozdélit do 3 fazi:

Iniciace — indukce mutaci, béhem které¢ dochdzi k jednoduchym zdménam bazi
a malym delecim v deoxyribonukleové kyseliné (DNA), zejména
v protoonkogenech.

Promoce — faze transformace, béhem které se méni fenotyp bunky a vznika
nadorovy klon, dochazi zejména ke zméndm genové exprese v dusledku
epigenetickych zmén.

Progrese — akumulace dalSich mutaci, zejména velké zmeény genomu v disledku

chromozomalnich aberaci.

V roce 2000 Weinberg a Hanahan definovali Sest a v roce 2011 doplnili o dalsi ¢tyfi

ziskané znaky definujici nador!, schematicky znazornéno na obrazku 1:

1.

Nezavislost na rustovych faktorech: Nadorova bunka ziska schopnost
autonomniho a neregulovatelného rlstu prostfednictvim mutaci protoonkogent
pro rustové faktory, membranové receptory pro rustové faktory, cytoplasmatické
proteiny signalni transdukce, jaderné transkripéni faktory a proteiny regulujici
bunécny cyklus.

PoSkozena regulace bunééného cyklu: V nadorové buinice dochazi k vytrazeni

exprese tumor supresorovych genit 7P53, RB genu, genl drahy transformujiciho

14



rustového faktoru-B (TGFp) a signédlni drahy WNT (Wingless/Int-1)/B-catenin

s naslednou ztratou schopnosti reagovat na signaly inhibujici rast.

Nezavislost na rlstovych faktorech Poskozena regulace bunécného cyklu
(produkce ristovych hormon) (ztrata proteinu Rb)

Deregulace bunééné energetiky

Unik pred imunitnim systémem

(anaerobni glykolyza) (produkce imunosupresivnich cytokind)

Poskozeni apoptézy
(zvydeni exprese antiapoptotickych faktord)

Neomezeny replikaéni potencial
(telomerazova aktivita)

(poruchy v reparaénich procesech DNA)

Genomova nestabilita Nadorovy zanét

(reaktivni kyslikové radikaly)

(zvy3eni exprese proangiogennich faktor(i VEGF a FGF) (inhibice E-kadherinu)

Indukce angiogeneze Invazivita a metastazovani

Obrazek 1: Ziskané znaky definujici nddor, upravené dle Weinberga a Hanahana (Hanahan
D, Weinberg RA, 2011)

3.

Poskozeni apoptozy: Nadorova bunka je schopna vyhnout se jak vnéjsi draze
prostiednictvim mutaci v genech pro receptory smrti, tak vnitini draze zejména
mutacemi ovlivitujicimi funkci nddorového supresoru 7P53.

Neomezeny replika¢ni potencial: Nadorova bunka ziska tuto schopnost
prostiednictvim zvysSené exprese telomerazy.

Indukce angiogeneze: Nadorové bunky ziskavaji tuto schopnost v prubéhu
vyvoje nadoru v diisledku hypoxie prostfednictvim prepnuti (angiogenni switch)
z klidového stavu angiogeneze.

Invazivni rist a metastazovani: Nadorové bunky se zménami exprese a funkce
proteini zajistujicich vazby mezi buitkami 1 buitkami a extracelularni matrix
podstupuji metastatickou kaskadu.

Deregulace bunécné energetiky: Nadorové bunky maji schopnost
preprogramovat energeticky metabolismus, vyuzivaji mechanism aerobni
glykolyzy, ktera je rychld, pokryva naroky na stavebni material bunky
a spoluvytvaii proonkogenni prostredi.

Unik pied imunitnim systémem: Schopnost uniknout imunitnimu dozoru
nadorové buiiky mohou ziskat napiiklad ztratou exprese nadorovych antigenti

nebo mohou exprimovat inhibi¢ni molekuly indukujici apoptozu T lymfocytu.
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9. Genomova nestabilita — porucha opravy DNA: K hlavnim mechanismiim,
které mohou byt inaktivovany, patii systém opravy nespravného parovani bazi
DNA (MMR), systém vystépovani nukleotidii (NER) ¢i bazi (BER) a systém
opravy zlomi fetézcti (homologni rekombinace a nehomologni spojovani
konct).

10. Zanét podporujici nadorovy rust: Chronicky zanét zptisobuje poskozeni tkané
s naslednou regeneraci, coz zvysuje proliferaci bun¢k a zvysuje riziko kumulace
mutaci. Zanétlivé bunky uvolnuji reaktivni formy kysliku a aktivné ovliviiuji

nadorové mikroprostiedi, coz také vede k bunécné proliferaci.

1.1.2 Morfologicka stavba solidnich nadori

Histologicka stavba nadoru neodpovida zddné dospé€lé ani embryonalni tkani. Usporadani
nadorové tkané je atypické. Nadory jsou tvofeny vlastni nddorové transformovanou
a proliferujici slozkou — nadorovym parenchymem a stromatem, které je tvoreno
podptrnou mezenchymalni tkdni s cévami.

Nadorové buiiky maji charakteristické morfologické znaky, jako jsou velké jadro
s nepravidelnym tvarem a velikosti, prominujici jadérko a bazofilie cytoplasmy. Buiiky mayji
riznou velikost a tvar. Jsou pfitomné atypické mitdézy. Tyto zmény reflektuji nadorovy
metabolismus bun&k?.

Stroma nadoru neboli nddorové mikroprostiedi je komplexni médium tvorené
nemalignimi buitkami, extracelularni matrix a zanétlivymi mediatory. V nemaligni tkani
jsou parenchym a extracelularni matrix oddéleny bazalni membranou, v nddorové tkani je
bazalni membrana obvykle nekompletni a rozliSeni hranice mezi nddorovym parenchymem
a stromatem je Casto Spatné definovatelné. Nekompletni bazalni membrana umoziuje tzkou
interakci nadorového mikroprostiedi s nddorovymi bunikami. Tyto dynamické interakce
umoziuji rust tumoru, metastazovani a chemorezistenci. Buniky stromatu jsou krevni
a lymfatické endotelie, buiiky imunitniho systému, snddorem asociované fibroblasty,
mezenchymalni zirode¢né buiiky a pericyty’. Imunitni buiiky rozdélujeme na buiky
prispivajici k potlaceni nadoru (cytotoxické T lymfocyty, NK buiiky, dendritické buiky
(DCs), M1 makrofagy a N1 neutrofily), buiiky umoziujici progresi nadoru (regulacni
T lymfocyty, M2 makrofadgy a myeloidni supresorové buiiky) a B lymfocyty s kontroverzni
tilohou*. MnoZstvi stromatu je pro jednotlivé nadory obvykle typické, hepatocelularni

karcinom (HCC) je tvofen nadorovym parenchymem s velmi malym mnozstvim stromatu,
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na rozdil od duktélniho adenokarcinomu pankreatu (PDAC), kde je typické velmi bohaté

stroma.

1.1.3 Imunologie nadoru

Schopnost imunitniho systému rozpoznat a eliminovat nadorové buiky casto selhava
z davodu pftilisné podobnosti buitkam normalnim. Interakce nddoru a imunitniho systému je
oznacovana teorii 3E: ,,elimination“, kdy jsou nadorové bunky rozpoznany a zlikvidovany,
»equilibrium®, kdy imunitni systém dokdze nddorovy rust kontrolovat, ale ne zcela
eliminovat a ,,escape®, imunitni dozor selhdva a dochézi k rozvoji nddorového onemocnéni.
Odolnost nadort vii¢i imunitnimu systému je zptisobena zejména variabilitou nadorovych
bunck a inhibici T lymfocyti a dalSich imunitnich bun¢k. V protinadorové imunité se
uplatiiuji jak vrozené¢ (NK bunky, neutrofily, makrofagy a komplement), tak adaptivni
mechanismy (antigen specifické T a B lymfocyty)>°.

lymph node

i S\
@ ’\7/1

7\
) T

Obrdzek 2: Imunitni cyklus: 1) Uvolnéni nddorovych
antigenli, 2) Prezentace antigenu DCs, 3) Aktivace
T lymfocytu, 4) Presun aktivovanych efektorovych
T lymfocytu, 5) Infiltrace nddoru, 6) Rozpozndni a navdzdni
T lymfocyti na nddorové buriky, 7) Usmrceni nddorovych
bunék (Chen DS, 2013)
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Rozpoznani a likvidaci nddorovych bun¢k imunitnim systémem oznacujeme jako
imunitni cyklus. Nadorové antigeny jsou pohlceny DCs a v lymfatickych uzlinach jsou tyto
antigeny prezentovany prostiednictvim DCs T lymfocytim. Aktivace T lymfocyti je
regulovana prostfednictvim kontrolnich bodi membranového proteinu programované
bunécéné smrti (PD-1) a cytotoxického proteinu asociovaného s T-lymfocyty 4 (CTLA4).
Aktivované T lymfocyty jsou transportovany krevnim obéhem zpét do nadoru, nadorové
buniky jsou rozpoznany a likvidovany. Uvolnénim nadorovych antigeni imunitni cyklus

pokracuje®’. Schématické znazornéni imunitniho cyklu je na obrazku 2.

1.1.4 Klasifikace nadoru

Pro spravnou 1écbu, sledovani pacienti a studium vzniku nddorovych onemocnéni je
nezbytna presna klasifikace nadori. Ke klasifikaci nadort mizeme pfiistupovat riznymi
zpusoby. Standardné, historicky je klasifikace nadorti zaloZena na primarni anatomické
lokalizaci a histologickém fenotypu. V soucasnosti vSak nemiize samotna histopatologie
zodpovedét vSechny otazky ohledné prognozy a odpovédi na 1é¢bu, a proto byva diagndza
v urcitych ptipadech doplnénd molekularnim a imunitnim profilem nadoru. Riizné ptistupy

ke klasifikaci jsou uvedeny v tabulce 1.

1.1.5 Molekularni klasifikace nadorua

V soucasné dobé probihd vyvoj vysoce vykonnych molekularnich metod pro klasifikaci
nadort a dochdzi ke stratifikaci pacientli podle prognostickych a prediktivnich biomarkert,
coz umoznuje zpiesnit prognodzu a optimalizovat 1écbu pacientl. KRAS, BRAF a NRAS jsou
dalezité¢ prognostické indikatory u kolorektalniho karcinomu (CRC) a vyuzivaji se
k predikci odpovédi na cilenou terapii proti receptoru epidermalniho rastového faktoru
(EGFR)®,

Tak jako informace o lidském genomu, které byly zkoumany v Projektu lidského
genomu (The Human Genome Project — HUGO — HUman Genome Organisation), tak
pro nadorové tkan€ je k dispozici vefejné dostupna molekularni charakterizace (genomicka,
epigenomickd, transkriptomicka a proteomicka data) 33 nejrozsifenéjSich nadort v The
Cancer Genome Atlas. Pii ukonceni studie v roce 2018 NCI (National Cancer Institute)
a NHGRI (National Human Genome Research Institute) publikovali tato molekularni data

v Pan Cancer Atlas’.
18



Tabulka 1: Kategorizace nddort

benigni - nezhoubné

Biologické chovani
maligni - zhoubné

mezenchymové

epitelové
Buriky, ze kterych nador vznikl

neuroektodermové

smisené

pediatrické

Vék v dobé diagndzy dospélé

menopauzalni

primarni
Poradi vyskytu

sekundarni

geny s vysokou penetraci

Genetické faktory familiarni

sporadické

radiace

Vliv prostredi komplikace po predchozi |é¢bé

karcinogeny

) ) typ
Histopatologie
grade
DNA profil
Molekularni patologie RNA profil

proteinovy profil

somatické mutace
Cile molekularni l1é¢by

signdlni drahy (pathways)

se zanétlivou infiltraci

Lymfocytarni infiltrace s infiltraci na periferii nddoru

bez zanétlivé infiltrace
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1.1.6 Mezinarodni systém Kklasifikace nadori — WHO Klasifikace nadori

Svétova zdravotnickd organizace (WHO) pravideln¢ vydava klasifikace nadort
pro jednotlivé organové soustavy. Paté vydani WHO klasifikace Nadoru traviciho traktu
z roku 2019 je ¢lenéno na oddily dle anatomické lokalizace (jicen, zaludek, tenké a tlusté
sttevo atd.), rozdéleno do kategorii (epitelové, mezenchymové, hemolymfoidni atd.)
ado tiid (benigni léze a prekancerdzy, maligni léze). Klasifikace je mezinarodnim
standardem jak pro péc¢i o pacienty, tak pro vyzkum nadorovych onemocnéni, obsahuje
informace ke stanoveni histopatologické diagnézy (typ nddoru) i v oblasti molekularni
patologie.

Nejpocetnéjsi skupinou nador gastrointestinalniho traktu jsou nddory epitelové.
Nejcastéjsimi malignimi nadory jicnu jsou dlazdicobunécny karcinom a adenokarcinom.
V zaludku je prevazujicim typem adenokarcinom. NejcastéjSim nadorem stiFeva je
kolorektalni karcinom. V oblasti tenkého stfeva jsou nadory malo Casté, v analni oblasti
pfevazuji adenokarcinomy z riiznych oblasti/tkani a s lidskym papilomavirem asociovany
dlazdicobunéény karcinom. V apendixu se vyskytuji jak adenokarcinomy, tak
neuroendokrinni nadory. V jatrech se vyskytuji nejCastéji metastdzy, primarni nadory
muzeme rozdélit na hepatocelularni a cholangiocelularni. Pfevazujicim nadorem
exokrinniho pankreatu je PDAC, v endokrinnim pankreatu jsou to neuroendokrinni
nadory!®. Tato dizertaéni prace je zaloZena na studiich PDAC, CRC a HCC tyto nadory jsou
detailn¢ popsany dale v textu.

Neuroendokrinni nadory jsou vzicné, pomalu rostouci nadory z difuzniho
systému neuroendokrinnich bunék. VétSina (55 %) vznikd v gastrointestindlnim traktu.
Diagnostikovany jsou na zékladé¢ obsahu chromograninu A, synaptofyzinu a neuron
specifické enolazy!!.

NejcastéjSim sarkomem v gastrointestinalnim traktu je gastrointestindlni stromalni
tumor (GIST)!*!4, ktery se nejast&ji lokalizuje v zaludku a tenkém stievé!'*. Ostatni
primérni sarkomy jsou vzacné. Casté jsou benigni 1éze jako lipomy, leiomyomy a vaskularni
lézel®.

Hematologické nadory se v gastrointestinalnim traktu vyskytuji s rtiznou frekvenci
jako primarni onemocnéni nebo jako soucast systémového onemocnéni. 30 — 40 % vSech
extranodalnich lymfomii se vyskytuje v gastrointestindlnim traktu'®. Nejéastgji je postizeny

zaludek (50 — 60 %), tenké stfevo (30 %) a tlusté stievo (10 %)! 718,
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Organ s nejcastéji diagnostikovanymi metastdzami v gastrointestinalnim traktu jsou

jatra, dalsi organy, kde se mohou vyskytovat metastazy

1920 jsou uvedené v tabulce 2'°.

Tabulka 2: Metastdzy v gastrointestindlnim traktu; zdroj WHO klasifikace nddort

Jicen do3% mlécéna Zlaza, plice, koZni melanom

Zaludek do3% mlécnad Zlaza, plice, jicen, koZzni melanom

Tenké stievo 70 % koZni melanom, plice, mléc¢na Zlaza, vajecnik, varlata
Kolorektum 5-10 % Zaludek, mlééna Zlaza, kréek délozni, plice

Jatra 70-97 % kolorektum, mlécna Zlaza, zaludek, slinivka, melanom
Slinivka 4% ledviny, koZzni melanom, kolorektum, mlé¢na Zlaza, sarkomy

1.1.7 Diagnostika nadori
Nadorové onemocnéni Ize diagnostikovat prostfednictvim zobrazovacich metod,
biochemickych onkomarkerii a onkopatologicky tkanovou diagnostikou nadora.
V patologii se bézné pro diagnostiku nadorti vyuzivaji metody cytologie, histologie,

imunohistochemie, in situ hybridizace a molekularni patologie.

Tabulka 3: Obecny princip stanoveni grade; zdroj WHO klasifikace nddort

dobfre diferencovany maligni nador

stfedné diferencovany maligni nador

nizce diferencovany (nediferencovany, anaplasticky) nador

Typing, grading a staging nadoriu je zdkladem stanoveni diagnézy nadorového
onemocnéni: Typ nadoru urcuje patolog na zaklad¢ histopatologického a molekularné
biologického vysetieni. Jednotlivé typy nadori jsou popsané ve WHO Classification of
Tumours?!. Pro kazdy konkrétni typ nadoru je vypracovan ,gradingovy“ systém, podle

kterého patolog urci stupeit malignity neboli ,,grade®. Tento systém je obvykle tfistupiiovy
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aje zalozen na charakteru rastu nadoru, stupni diferenciace bunék, mitotickém/proliferacnim
indexu a dalSich znacich. Obecny princip stanoveni grade je uvedeny v tabulce 3.
Nejcastéji pouzivanym systémem k urceni rozsahu nadorového onemocnéni, ¢ili
»stage®, je systém zaloZeny na popisu rozsahu primarniho nadoru (T), oblasti spadovych
miznich uzlin (N) a vzdaleného metastatického postizeni (M) tzv. TNM systém, vyuzivajici
klasifikaéni pfirucku TNM Classification of Malignant Tumours vydavany Union for

International Cancer Control*?

. Tento systém je vyvinut pro predikci klinického chovani
malignit, stanoveni optimalni terapie a usnadnéni vymeény presnych informaci mezi Iékari.
Klinick¢ TNM stadium (cTNM) je stanoveno na zdkladé klinickych vySetfeni (fyzikalni,
laboratorni, zobrazovaci), patologické TNM stadium (pTNM) je stanoveno po chirurgickém
zékroku a histologickém vySetieni tkdn¢ nadoru. Klasifikace patologem po neoadjuvantni
1é€bé se oznacuje ypTNM. Obecny princip TNM klasifikace a ,,stagingu® je uvedeny

v tabulkach 4 a 5.

Tabulka 4: Obecny princip TNM klasifikace; zdroj WHO klasifikace nddort

tumor velikost tumoru a lokalIni rast
node rozsah metastaz v miznich uzlinach
metastasis vyskyt vzdalenych metastaz

Tabulka 5: Principy stanoveni stage; zdroj WHO klasifikace nddord

is carcinoma in situ

1-4 |velikost, lokdlni invaze, vztah k okolnim strukturam

X nelze hodnotit

0 bez metastaz

1-3 |pocet, topografie

X nelze hodnotit

0 bez metastaz

1 pfitomnost metastaz

V soucasné dobé je u CRC do TNM systému zaclenéno hodnoceni imunitni

odpovédi piimo v nddoru jako TNM — I (TNM — Immune) = imunoskére. V nékterych
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pfipadech mé imunoskore vétsi prognosticky vyznam nez TNM klasifikace. Toto hodnoceni
je zaloZeno na poctu, typu a lokalizaci imunitnich buné¢k v nddoru. Oblasti zajmu jsou
centrum a invazivni okraj nddoru, vySetfovanymi buiikami jsou CD3+ a CD8+ T lymfocyty.
Ocekava se, ze hodnoceni imunoskore bude zaclenéno do klasifikace 1 u dalSich typa
nadort?*2,

Ptedpoklada se, ze v budoucnosti budou do TNM systému zaclenény i vysledky
genomického a proteomického profilovani nadori®. V Ceské republice zastupci
Vieobecné zdravotni pojistovny CR, Ceské onkologické spole¢nosti a Spolecnosti ¢eskych
patologli vydali spole¢né stanovisko k prediktivnimu testovani solidnich nddord. Pro nadory
gastrointestinalniho traktu je doporuceno testovani mutaci KRAS, NRAS a BRAF
u kolorektalniho  karcinomu,  vySetfeni  poruchy  systtmu MMR  proteini
imunohistochemicky u rtiznych typti solidnich nédortt na zakladé¢ indikace onkologa

a testovani mutaci BRCAI a BRCA2 pomoci sekvenovani nové generace (NGS) u PDAC

v referen¢nich laboratofich (https://www.linkos.cz/files/pro_odborniky/o-

cos/zapisy/2020/2020-03-10-Spolecne-stanovisko prediktivni-testovani-solidnich-
nadoru_05032020.pdf).

1.1.8 Epidemiologie nadoru

Néadory gastrointestinalniho traktu (GIT) tvoii asi ¢tvrtinu vSech nové diagnostikovanych
nadorovych onemocnéni (5026 243 piipadi vroce 2020) a vice nez tfetinu Umrti
na nadorova onemocnéni (3 544 225 umrti v roce 2020)% a predstavuji celosvétovy problém
v souvislosti s lidskym zdravim. Celosvétova incidence a mortalita gastrointestinalnich
nadorl je zndzornéna na obrazku 3 a 4. Zmény ve vyskytu nadorti GIT souvisi se zménami
v expozici rizikovym faktorim, které jsou pro tyto nadory spolecné. Jsou to zejména
konzumace alkoholu, koufeni tabaku, obezita a néktera infekéni onemocnéni. Z divodu
pozdni diagn6zy ma vétSina nadort GIT Spatnou prognézu, kromeé CRC v disledku pokroku
v diagnostice a 16¢b&”’.

Vyskyt GIT nédor lze ovlivnit priméarni a sekundarni prevenci omezenim spotieby
alkoholu a tabdku, upravou Zzivotniho stylu, imunizaci proti hepatitidé B a skriningem

CRC?.
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INCIDENCE

Obrdzek 3: Odhadovany pocet celosvétové incidence u nddort gastrointestindiniho traktu
(GIT) v roce 2020, obé pohlavi, vsechny vékové kategorie; zdroj GLOBOCAN 2020

MORTALITA

Obrdzek 4: Odhadovany pocet celosvétové mortality u nddori gastrointestindiniho traktu
(GIT) v roce 2020, obé pohlavi, vsechny vékové kategorie; zdroj GLOBOCAN 2020
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1.1.9 Lécba nadorovych onemocnéni

Dle ocekavaného vysledku mizeme protinddorovou lécbu rozdélit na kurativni,
potencialné kurativni s nejistym vysledkem a paliativni u pacientli s nevylécitelnym
nadorovym onemocnénim. Zakladni moznosti protinadorové 1éCby jsou chirurgicka 1é¢ba,
radioterapie a systémova lécba.

Tyto metody jsou velmi ¢asto kombinovany, napt. chirurgicky vykon a systémova
1é€ba chemoterapeutiky, piipadné radioterapie. Podle nacasovani kombinace 1écby je
podavéana adjuvantni onkologicka lécba (chemoterapie, radioterapie, cilend nebo
hormonalni 1é€ba) navazujici na radikalni chirurgickou 1é¢bu nebo radioterapii. Adjuvantni
1écba dopliiuje nebo zvysuje ucinnost 1éCby s cilem snizeni rizika recidivy a eradikace
mikrometastaz. Neoadjuvantni onkologicka 1é¢ba piedchdzi chirurgickému vykonu
piipadné radioterapii’® a jejim cilem je zmenseni nadoru a Gasna eradikace mikrometastaz
pouzitim chemoterapie, radioterapie ¢i cilené 1écby.

Paliativni 1é¢ba pokrocilych nadorovych onemocnéni se pouziva ke zvysSeni kvality
zivota a pokud mozno i k jeho prodlouzeni u pacientd s nevylé€itelnym néadorovym
onemocnénim. Pisobi zmensSeni, zastaveni rastu a Sifeni nddoru. K paliativni 16cbé mizeme
vyuzit paliativni chirurgicky vykon, radioterapii nebo systémovou paliativni 1é¢bu podle
typu nddoru napi. 1écba inhibitory tyrozinkindz, monoklondlnimi protilatkami
a imunoterapie?’.

Konven¢ni protinadorova chemoterapie je zdkladni 1écebnou metodou vyuzivajici
cytostatik, jejichz mechanismus uc¢inku inhibuje syntézu nukleovych Kkyselin (antifolika,
purinové a pyrimidinova analoga, inhibitory ribonukleotidreduktazy), poskozuje strukturu
a funkci nukleovych kyselin (alkyla¢ni latky, interkala¢ni latky, inhibitory topoizomeraz,
latky s radiomimetickym tuc¢inkem), alteruje mikrotubularni mechanismus (inhibice
polymerizace a depolymerizace) a naruSuje syntézu proteini. Mozny je i kombinovany
icinek. Chemoterapie plisobi nespecificky a vétsinou postihuje i nemaligni buiiky?®.

Cilena 1é¢ba, na rozdil od konvencni chemoterapie, ktera nerozliSuje nadorové
a zdravé bunky, ovlivituje specifické pochody v procesu karcinogeneze a metastazovani.
Cilené I€ky se vybiraji na zakladé prediktivnich biomarkert a ucinkuji ptimo proti
nadorovym buiikdm (inhibice proliferace, indukce apoptoézy) nebo proti faktorim
mikroprostiedi (inhibice neovaskularizace, invazivity a metastazovani ¢i regulace
protinadorové imunity). Jedna se o monoklonalni protilitky proti specifickym

extracelularnim strukturdm (naptiklad protilatky proti receptoriim riistovych faktort ¢i proti
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ristovym faktorim) a o nizkomolekularni Kkinazové inhibittory (napiiklad
nizkomolekuldrni inhibitory EGFR a humanniho epidermdlniho receptoru 2
(HER2/ERBB?2), které¢ blokuji intracelularni kindzové domény a tim i celou signalni
drahu®,

Tumoragnosticka 1écba je cilend 1écba zalozend na vyuziti molekuldrniho profilu
nadoru k identifikaci 1é¢ebnych cilii. Timto oborem se zabyva precizni onkologie za pouziti
molekularniho testovani, zejména NGS a cilem je zlepsit vysledky 1écby pro vétsi pocet
pacientli. Je doporuCeno Uucastnit se klinickych studii a sdilet soubory molekularnich
aklinickych dat pacientli snadorovymi onemocnénimi®'. V ramci precizni onkologie
celosvétove probihaji klinické studie, napi. NCI-MATCH Trial (National Cancer Institute -
Molecular Analysis for Therapy Choice)*?, ktera ma za cil 1é¢bu zaloZenou na specifickych
genetickych zménach ucinnou bez ohledu na typ nadorového onemocnéni.

Hormonalni  terapie  prostfednictvim  hormont  (pohlavni  hormony,
glukokortikoidy) se u gastrointestinalnich naddori bézné nevyuziva.

Imunoterapie vyuziva imunitnich mechanismu k terapii a prevenci nadorovych
onemocnéni s cilem podpofit vlastni imunitu. Lécbu lze rozd€lit na pasivni a aktivni
imunoterapii, a dale na specifickou (proti konkrétnimu antigenu) ¢i nespecifickou
imunoterapii. Pro blokovani rastovych faktori a indukci apoptézy se pouzivaji
monoklonalni protilatky, ty lze téZ konjugovat s cytostatikem nebo radioizotopem
a specificky je dopravit do nadorové buiiky. V soucasné dobé€ je nejvyznamnéjsi moznosti
imunoterapie terapie inhibitory kontrolnich bodi vyuZzivajici monoklondlnich protilatek
pro inhibici receptoru CTLA-4 a PD-1 a jeho ligandu (PD-L1). Dal§imi moZnostmi jsou
vyuziti cytokini s cytostatickym efektem (interferon o) a pro aktivaci T-lymfocyth
(interleukin 2); in vitro modifikace a kultivace pacientskych T-lymfocytii a navraceni zpét
do organismu a protinaddorové vakciny®3.

Podpiirna lécba je vyuzivana k omezeni nezadoucich ucinkt 1écby.
Utinnost onkologické 16¢by se hodnoti na zakladé trvani efektu 16¢by a odpovédi

nadoru pomoci jasné definovanych pojmii® uvedenych v tabulce 6 a 7.

1.1.10 Transportéry zprostiedkovana lékova rezistence

V soucasnosti Casto dochazi v pribéhu protinddorové 1écby k selhani chemoterapie

z davodu rezistence k protinadorovym Iékim. Léky, které jsou béhem primérni 1écby velmi
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i¢inné, postupné ztraci t¢innost v disledku 1ékové rezistence’*3>. Béhem progrese 16¢by se

riziko 1ékové rezistence zvysuje’®.

Tabulka 6: Nejcastéjsi pojmy pro hodnoceni doby preZiti pacientt; zdroj Linkos.cz

oS
celkové preziti doba do umrti (bez ohledu na pficinu)
(overall survival)
doba, po kterou pacient je pacient Ziv a
nemad znamky choroby (je bez relapsu)
DFS

preiiti bez nemoci po predchozi Uspésné lécbé
(disease-free survival)
primarniho nadoru (operace, u

nékterych nador( radioterapie)

doba, po kterou je pacient Ziva nema

PFS
znamky progrese nadoru, uziva se u
(progression-free preiiti bez progrese
pacient( s neoperovanym a/nebo
survival)
metastatickym onemocnéni
hodnoti se podobné jako PFS, avsak
TTP

doba do progrese bez zapocitani pacient(, ktefi zemrou
(time to progression)
z jinych pficin bez progrese nadoru

TTF doba do (pfedcasného) ukonceni léCby

(time to treatment | doba do selhani lécby | z jakéhokoli divodu (toxicita, progrese

failure) nemoci, umrti)
EFS preiiti bez prihody doba, po kterou je pacient Ziv a
(event-free survival) (udalosti) nenastala jina definovana prihoda
TTR doba od resekce nadoru do
doba do recidivy
(time to recurrence) recidivy/progrese onemocnéni

Lékova rezistence je schopnost nadorovych bun¢k odolévat u¢inkiim protinadorové
chemoterapie. Pfirozend (primarni) rezistence je v nadoru ptitomna jiz pied 1é¢bou, kdezto
ziskana (sekundarni) rezistence vznika v prubéhu 1écby. Zktizena rezistence se vyskytuje
u strukturdlné¢ podobnych chemoterapeutik, naopak mnohocetnd Iékova rezistence je

zki{Zena rezistence mezi chemoterapeutiky s rozdilnou strukturou a mechanismem uéinku?’.
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Lékova rezistence obvykle vznikd komplexnim ptlsobenim a zménami ve vice

mechanismech souc¢asné&’®,

Tabulka 7: Nejc¢astejsi pojmy pro hodnoceni odpovédi nadoru; zdroj Linkos.cz

CR uplna (kompletni) | Uplné vymizeni vSech detekovatelnych
(complete response) odpovéd (remise) loZisek
Castecné presné definované zmenseni
PR Castecna (parcidlni)
souctu velikosti vSech loZisek nadoru,
(partial response) odpovéd
ne vsak Uplné vymizeni
PD progrese (zhorseni) presné definované zvétseni souctu
(progressive disease) nemoci velikosti vSech loZisek nadoru
NC/SD minimalni zmény velikosti nedosahujici
(no change / stable stabilizace nemoci | parametru PR nebo PD, onemocnéni se
disease) tedy ani nezhorsuje ani nezlepsuje.

Uginek 16¢iva je zavisly na jeho koncentraci v cilovém misté a zavisi na schopnosti
1é¢iva prestupovat pres biologické membrany, které jsou pfirozenou bariérou. Prestup 1éCiva
je podminén jeho chemickou podstatou a moznostmi pfestupu jsou pasivni difiize, transport
zprostfedkovany prenaseci, vezikularni transport a filtrace. Transport zprostfedkovany
prenaseci je bud’ pasivni (usnadnéna difize) nebo aktivni, zavisly na energii. Transportéry
jsou influxni a efluxni’.

Klicovou roli ve zvySeném vylu€ovani léku z buniky hraji adenosintrifosfat (ATP)
vazici (ABC) transportéry, a to zejména P-glykoprotein kodovany ABCBI genem, MRP1
(multidrug resistance-associated protein 1) kodovany ABCCI genem a BCRP (breast cancer
resistance protein) kodovany 4ABCG2 genem’®*. Zvysena exprese téchto tfi proteinti vede
ke zvySenému vylucovani 1€kt z nadorovych bun€k a tim 1 ke snizeni jejich intracelularni

4143 Prehled nejdilezit&jSich substratl transportovanych

koncentrace a Uc¢innosti
prostiednictvim ABC transportérii** je uvedeny v tabulce 8. V souvislosti s ABC
transportéry ma vliv i mnozstvi ATP v intracelularnim i1 extracelularnim prostedi nadoru.
Nadorové bunky produkuji velké mnozstvi ATP (Warburgtv efekt) prosttednictvim aerobni
glykolyzy*® a tim je ovlivnéna exprese ABC transportéri a podpora rezistence vici

protinadorovym 1ékiim***’. ABC transportéry jsou viudypiitomné v membranach bungk
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zivych organismil. V eukaryotnich buiikach aktivn€, za spotteby ATP, exportuji rtizné
substraty ven z bun€k. ABC transportéry pro xenobiotika (P-glykoprotein, MRP2 (multidrug
resistance-associated protein 2) a BCRP) jsou lokalizovany zejména v apikalni membrané
polarizovanych bungk*®. Dle struktury a funkce jsou ABC transportéry rozdélené do 7

podrodin A az G, které obsahuji celkem 48 protein-kodujicich genti®’.

Tabulka 8: Substraty pro ABC transportéry (Choi CH, 2005)

Antracykliny, kolchicin, podofylotoxin, metotrexat,
P-glykoprotein ABCB1
mitomycin C, taxany, vinca-alkaloidy

Antracykliny, kolchicin, etoposid, tézké kovy, vinca-alkaloidy,

MRP1 ABCC1
paklitaxel
Cisplatina, irinotekan, doxorubicin, etoposid, metotrexat, SN-
MRP2 ABCC2
38, vinca-alkaloidy
Antracykliny, bisantren, kampothecin, epirubicin, flavopiridol,
BCRP ABCG2

mitoxantron, S-38, topotekan

Ve sniZzeném vstiebavani léki bunikami se uplatiuji SLC (solute carrier)
transportéry. Ke snizeni vsttebavani dochazi snizenim vazby na transportér nebo snizenim
poctu transportéri. SLC transportéry tvoii skupinu vice nez 400 transmembranovych
transportérti rozdélenych do 52 rodin dle funkce a struktury zajistujici fyziologické procesy
od pfijmu Zivin po absorpci 1ékt a dalSich cizorodych latek. Jsou popsany transportéry pouze
pro endogenni substraty, transport pievazné xenobiotik, €i transportéry pro endogenni
1 cizorod¢ latky. Obvykle se jedna o multispecifické transportéry. Priméarné transportuji malé
molekuly do bunky, ale mnoho SLC transportérii ma importni i exportni funkci v zavislosti
na gradientu substratu. SLC transportéry zprostiedkovavaji vstup 1éc¢iva do buiky a jsou
lokalizovéany jak v bazolateralni, tak v apikdlni membrané. Transportuji prostfednictvim
usnadnéné difiize (uniport) a sekundarnim aktivnim transportem (antiport, symport)*-3%-31,

Obecna farmakokinetika 1é¢iv ve vztahu k membranovym transportérim™ je

znizornéna na obrazku 5.
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Lumen streva, zluc¢ova kapilara a lumen proximalniho tubulu ledviny

b. proximalniho
enterocyt hepatocyt tubulu
ATP

Extracelularni matrix a krevni recisté

Obrdzek 5: Transport [|éCiv prostrednictvim SLC a ABC transportérl; zdroj
https://basicmedicalkey.com/drug-transporters/

1.2 Kolorektalni karcinom

Epidemiologie: Vyvoj incidence a mortality v Ceské republice ukazuje graf na obrazku 6.
Ve srovnani incidence CRC s ostatnimi zemémi svéta je Ceské republika na patém misté.
Incidence CRC je nejvyssi u vékovych kategorii 65 az 80 let>. Incidence je vy$§i u muzi,
jedna se u druhé nejcastéjsi nddorové onemocnéni, u muzi po nadorech prostaty a u zen

po nadorech prsu*
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Obrdzek 6: Viyvoj incidence a mortality CRC v Ceské republice; zdroj SVOD.cz
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Etiologie: Neni znama pfesnd pfi¢ina onemocnéni, ale je zndmo mnoho rizikovych
faktort ptispivajicich ke vzniku onemocnéni. Se vznikem nadoru je spojovano zejména

slozeni potravy a zivotni styl>*.

Strava s vysokym obsahem tuku mize piispivat
k nerovnovaze stfevniho mikrobiomu a podporovat tak rozvoj CRC™>. Rizikovym faktorem
je také ptitomnost polypu stfevni sliznice. Odhadem 6 az 10 % CRC oznacovanych jako
dédi¢né syndromy je zplsobeno specifickymi mutacemi, obvykle u nemocnych mladych
dospélych osob. Tyto nadory byvaji agresivnéjsi a s horsi prognozou®®. Ke zvyseni rizika
rozvoje CRC dochazi u Crohnovy choroby a ulcerézni kolitidy>’.

Symptomatologie: Z pocatku byva onemocnéni bez piiznakl. Pozdé&ji byvaji
neurcCité ptiznaky, neurcité bolesti, unava, anemie z okultniho krvéaceni u pravostrannych
nadort; stfidani zacpy a priym, ileus u levostrannych nadori. U nadort v oblasti rekta
dochazi ke krvaceni, nuceni na stolici a tenesmam?>*.

Diagnostika: Klicovym nastrojem k vcasné diagnostice CRC je skrining. Lze pouzit
test okultniho krvaceni ve stolici nebo kolonoskopii. Kolonoskopie slouzi k detekci
a pfipadnému odstranéni preneoplastickych polypl. V soucasné dobé se testuji nové
skriningové metody napiiklad kolonografie s pomoci pocitacové tomografie ¢i magnetické
rezonance, endoskopie kapsli a molekuldrni testy stolice a krve®®. Pfed chirurgickym
vykonem je nutno doplnit vysetfeni bficha pocitacovou tomografii. Pro vylouceni metastaz
se provadi sonografické vySetfeni bticha a rentgenové vysSetieni hrudniku.

Patologie: CRC je maligni epitelialni nador vznikajici v tlustém stieveé s glandularni
nebo mucindzni diferenciaci. VétSina CRC vznikd z prekurzorovych 1¢ézi (adenomy,
polypy)*®. Dle lokalizace vyskytu délime CRC na pravostranné (caecum, colon ascendes
acolon transversum), levostranné (colon descendens, sigma, rectosigma) a rektalni,
zékladni charakteristika®® je uvedena v tabulce 9. Vétsina CRC je levostrannd a rektalni®!.
Lokalizace naddoru caste¢né koreluje 1 s molekuldrnim profilem nadoru.

Makroskopicky vzhled je variabilni, miZe se jednat o exofytické intralumindlni
masy, ulcerované endofytické nddory nebo nadory infiltrujici cirkumferencidlné sténu stfeva
s naslednou stendzou. CRC metastazuje lymfogenni cestou do spadovych miznich uzlin,
hematogenni metastazy vznikaji v jatrech, nasledné v plicich a mozku'°.

Histopatologicky se v 90 % jedna o adenokarcinomy, vétSina z nich je popsana jako
blize nespecifikovany adenokarcinom, ale je popsano nékolik histopatologickych subtypti se
specifickou klinickou a molekuldrni charakteristikou (napif. mucindzni, serrated,
mikropapilarni atd.). V ramci stanoveni histopatologické diagndzy se popisuje histologicky

subtyp, grade, hloubka invaze, lymfangioinvaze, angioinvaze, perineuralni Sifeni, resekcni
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okraje, velikost nadoru, lokalizace, ptipadné pocet vySetienych a pozitivnich (s metastazou)
miznich uzlin, pfitomnost odpovédi na lécbu, budding, imunitni odpovéd a kvalita

odebraného vzorku'®. Mikroskopicky vzhled CRC je na obrazku 7.

Tabulka 9: Charakteristika levostrannych a pravostrannych CRC (Baran B, 2018)

Mucindzni adenokarcinom,

Tubularni, vilézni adenokarcinom
sesilni serrated adenokarcinom

Vysoké frekvence nestability mikrosatelitd,
Chromozomalni nestabilita
deficit MMR

Vysoce imunogenni, vysoka infiltrace
Malo imunogenni

T-lymfocyty
Metastazuje do peritonedlni oblasti Metastazuje do jater a plic
Vyskyt ve vyssim véku Vyskyt v nizsim véku
Pfevaziné u Zen Pfevazné u muzu

Lepsi progndza u pokrocilych stadii
Lepsi progndza u ranych stadii (1 a )
(a1v)

Dobra odpovéd na adjuvantni
Dobra odpovéd na imunoterapii
chemoterapii

Molekularni profil: Kolorektalni karcinom je heterogenni onemocnéni a kazdy
jednotlivy nador ma specifické spektrum genetickych a epigenetickych zmén souvisejicich
s chovanim nadoru a terapeutickou odpovédi. Sekvenovanim byl opakované identifikovan
velky pocet genovych mutaci, zmén chromozomii a signalnich drah tykajicich se progrese
CRC®. K modifikaci funkce genti dochazi v disledku mutaci, translokaci, deleci,
amplifikaci ¢i inzerci, tzv. copy number variation/gene amplificatioon nebo epigenetickymi
zménami.

Tiemi zakladni molekularni typy jsou CRC s chromozomalni nestabilitou (CIN),
CRC snestabilitou mikrosatelitt (MSI) a CRC smetylaci CpG ostruvki (CIMP).
Chromozomalni nestabilita je charakterizovana zménami v poctu a struktufe chromozomu
s kumulaci mutaci v APC, TP53, KRAS a BRAF genech a zménami WNT signalni drédhy
a drahy mitogenem aktivované proteinové kinazy (MAPK). CIN se vyskytuje v 75 az 85 %
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piipadi CRC. Generalizovand mikrosatelitova nestabilita je disledkem mutace MMR
gent (MLHI, MSH2, MSH6 nebo PMS2) nebo hypermetylace a uml€eni promotoru MLH],
cetnost MSI je 15 %. Zarodecné mutace MMR gentl vede ke vzniku Lynchova syndromu.
Nadory muzeme rozdélit na stabilni (MSS), s nizkou frekvenci nestability mikrosatelitti
(MSI-L) a s vysokou frekvenci nestability mikrosateliti (MSI-H). Metylace CpG ostravki
vede k epigenetické inaktivaci nadorovych supresorovych genti, vyskytuje se v 17 %

piipadi CRC. CIMP se vyskytuje u ,,serrated* nadord'%>%,

3 \‘_—; Ai hikik ol Woss ‘] n”fﬂi v ) : ]
Obrazek 7: Kolorektdlni karcinom, barveni hematoxylin a eozin, zvétseni 10x, méritko
200 um; vlastni zpracovani

Velké mnozstvi onkogenti a tumor supresorovych genti je zménéno prostiednictvim
CIN, MSI a CIMP v kazdém CRC. Pouze nékteré z nich jsou vSak fidici geny (oncodrivers)
v nadorové progresi. V karcinogenezi CRC jsou deregulovany jako hlavni signalni drahy
APC/WNT, PI3K, TGF-B, MAPK a p53 signdlni drdhy®*.

Pro stanoveni strategie 1écby u pokrocilych stadii se vysetfuje stav MSI/MMR,
aktivaéni mutace KRAS, NRAS, BRAF a piipadné HER2%.

Terapie: Nadory tlustého stfeva ve stadiu 0 (carcinoma in situ) a ve stadiu I jsou
indikovany k chirurgické 1écbé; onemocnéni ve stadiu II je indikovéano k chirurgické 1é¢bé

a v pokrocilych piipadech bez deficience MMR k adjuvantni chemoterapii. Nadory tlustého

33



stiteva ve stadiu III jsou indikovany k chirurgické 1é¢be a nédsledné chemoterapii. Nadory
rekta jsou indikovany k operacni 1é¢bé (napf. transandlni endoskopickd mikrochirurgie,
resekce rekta) a radioterapii prostfednictvim multidisciplinarniho tymu na pracovisti, kde je
rutinné komplexni 1é€ba nadora rekta provadéna, nasledné mize byt poddna chemoterapie.
V nékterych ptipadech je vhodné indikovat neoadjuvantni chemoterapii®’.

Prognodza: Prognodza zavisi na rozsahu nadorového onemocnéni — stanoveni stadia
(stage). U stadia I je pctileté preziti asi 90 %, u stadia II asi 66 % a pifi generalizaci

onemocnéni jen 10 %%,

1.3 Hepatocelularni karcinom

Epidemiologie: Vyvoj incidence a mortality v Ceské republice ukazuje graf na obrazku 8.
Ve srovnani incidence HCC s ostatnimi zemémi svéta je Ceska republika na 106 misté.

Incidence HCC je nejvyssi u vékovych kategorii 65 az 80 let>.
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Obrdzek 8: Vyvoj incidence a mortality HCC v Ceské republice; zdroj SVOD.cz

Etiologie: Na vzniku nadoru se podili chronické jaterni onemocnéni v dusledku
hepatitidy B® a C7%, alkoholické nebo metabolické steatitidy®®’’, vrozenych onemocnéni
jater a v diisledku ptisobeni aflatoxinu B17!. V 80 % piipadt vznika v cirhotickych jatrech.
Tak jako u CRC strava s vysokym obsahem tuku muze ptispivat k nerovnovaze stfevniho
mikrobiomu s naslednym onemocnénim jater (zanét, fibroza, cirh6za) a ptispivat k rozvoji

HCC™.
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Symptomatologie: Pfiznaky onemocnéni jsou nespecifické, u casnych stadii dochazi
k ndhodnym néleziim nadort. U pokrocilého onemocnéni dochdzi k tnavé, bolestem bficha,
ztraté hmotnosti, ikteru a zndmkam portalni hypertenze.

Diagnostika: Pacienti scirthozou a hepatitidou B jsou sledovani, nejcastéji
pouzivanymi kontrolnimi testy jsou stanoveni hladiny sérového a-fetoproteinu a sonografie
jater . Diagnozu HCC lze stanovit na zdkladé zobrazovacich metod (pocitacova tomografie,
magnetickd rezonance), pouze v ptipad¢ nejasného nalezu je nutnosti odebrat jaterni biopsii
k histologickému vysetfeni. Soucasti diagnostiky je i vySetfeni funkéniho stavu jaters.

Patologie: HCC je primarni epitelidlni maligni nador s hepatocelularni diferenciaci
ktery se mize lokalizovat kdekoliv v jatrech.

Makroskopicky se jedna o zeleny, zluty az svétle hnédy nador Ccasto
s (pseudo)kapsulou. V jatrech se HCC vyskytuje ve Ctyfech formach: jako jeden solidni
nador, jeden dominantni naddor s mnohocetnymi malymi satelitnimi nadory v blizkém
okoli, mnohocetné drobné noduly podobné cirhotickym noduliim a mnohoc¢etné nezavislé
primarni nadory. Nador se Sifi lymfatickymi cévami i vénami. Nejcastéji se HCC §ifi
intrahepatalné prostiednictvim vény portae. U pokrocilych stadii se nddor §ifi extrahepatalné
do plic, miznich uzlin, kosti a nadledvin'®.

Histopatologicky se HCC diagnostikuje na zakladé morfologické hepatoceluldrni
diferenciace, ptipadné s doplnénim specifického imunohistochemického (IHC) vySetieni.
Jsou popsany ctyfi morfologické vzory (trabekularni, solidni, pseudoglandularni
a makrotrabekularni), avSak u 50 % resekovanych HCC je ptfitomen smiSeny morfologicky
vzor'>. Mikroskopicky vzhled HCC je na obrazku 9.

Molekularni profil: V buitkach HCC se miize vyskytovat 5 az 121 mutaci v jednom
nadoru’®. Mutace promotoru telomerdzové reverzni transkriptazy (TERT) je nejcastéjsi
a velmi brzkou mutaci’>7°. Na zakladé rozsahlych studii genové exprese u riiznych populaci
pacientl 1ze HCC rozdélit do dvou hlavnich molekularnich podtiid, které koreluji
s histopatologii 1 klinickymi rysy nddoru. AgresivnéjSi skupina vétSich a méné
diferencovanych nadort s vysSim rizikem vyskytu recidivy a hor$i progndzou je
charakterizovana inaktivaci nadorového supresoru 7P53 a aktivaci proonkogennich
signalnich drah. Méné€ agresivni skupina mensich a diferencovanéjSich nadort s lepsi
progndzou je charakterizovana mutaci CTNNBI a nadmérnou expresi slozek jaterni signalni

drahy WNT 7677,
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Obrazek 9: Hepatoceluldrni karcinom, barveni hematoxylin a eozin, zvétseni 10x, méritko
200 um; vlastni zpracovani

Terapie: Lécba HCC se indikuje na zakladé rozsahu a lokalizace nadoru, funkéniho
stavu jaterniho parenchymu a celkového stavu pacienta. Potencidlné kurativni je pouze
chirurgicka 1écba (resekce a transplantace jater), kterd se indikuje u ¢asného a stfedniho
rozsahu onemocnéni. Dal§i moznosti 1éCby jsou transarteridlni chemoembolizace
a radiofrekvenc¢ni ablace nddorovych lozisek. U pokrocilych stavti je indikovana systémova
cilend lécba zejména anti PD-L1 ¢i 1écba proti vaskularnimu endotelovému ristovému
faktoru (VEGF) a 1é¢ba inhibitory proteinovych kinaz%.

Prognodza: Progndza zavisi zejména na velikosti nddoru a jeho diferenciaci. Lepsi
prognéza je u resekabilnich nadorti, bohuzel vétSina nadort je diagnostikovana jako
neresekabilni, coz zavisi 1 na stavu jaterniho parenchymu. U pacientll po resekci se udava

pétileté preziti asi 20 %4,
1.4 Duktalni adenokarcinom pankreatu

Epidemiologie: Vyvoj incidence a mortality v Ceské republice ukazuje graf na obrazku 10.

Ve srovnani incidence PDAC s ostatnimi zemémi svéta je Ceska republika na druhém misté.

tS 3

Incidence PDAC je nejvyssi u veékovych kategorii 65 az 80 let’”. Onemocnéni se Castéji

vyskytuje u muzi®*,
36



C25 = 7H slinivky bFisni -4 Inhcidence
Miuoj v Caze —4— Mortalita

15

Podet pPipadd na 100 000 azoh

10 |
5
I Zdroj dat: 0ZIS CR
'D r7T 1717117 1117 17 17 17 17 17 117 17 17T 17T 17 17T 17 17T 1T 17T 17 1T T 17 17T 17T T 1T 17T 1T T T 1T T T1TTT71
A G0y 0y A * O A Dol e o o A B By
L I
Sl ré;,h. o p h':.glh. el h':.gjh. h':.gjh. s ﬁ@h h§.§§r§r§§$’§ g&@é‘é‘é@?&é@é‘@@#
Analyzovana data: Niinc)=75830, Nimor)=68653 htt e frwww.svod.cz

Obrdzek 10: Vyvoj incidence a mortality PDAC v Ceské republice; zdroj SVOD.cz

72,78,79

Etiologie: Pfi¢inami vzniku jsou koufeni tabaku , nezdravy (zapadni) styl

zivota®®3* a nadmérny piijem alkoholu®. Cigaretovy koui ma piimy karcinogenni v1iv3®%’,
v patogenezi ma vliv i chronicka pankreatitida®. I kdyz pankreas neni v piimém kontaktu se
sttevnim obsahem, miize dieta s vysokym obsahem tuku a nasledné zmény mikrobiomu
ovlivnit vznik PDAC’. Az 10 % PDAC tvoii familidrni formy s mutacemi v BRCA2,
CDKN24 a ATM genech®.

PDAC vznika z neinvazivnich prekancero6znich 1€zi (pankreaticka intraepitelova
neoplazie, intraduktalni papilarni mucinézni neoplazie a mucin6zni cysticka neoplazie), tyto
1éze jsou Casté a jejich vyskyt se zvySuje s vékem, ale vétSina téchto 1ézi neprogreduje
do PDACY"2,

Symptomatologie: V pocatecnich stadiich jsou ptiznaky nespecifické, pfipominajici
funkéni dyspeptické syndromy. Klinické ptiznaky jako bolesti, nechutenstvi a hubnuti je
spojeno s pokrocilymi, vétS§inou metastatickymi stadii. U nddord lokalizovanych v hlavé
pankreatu byva ¢astym piiznakem obstrukéni ikterus>*

Diagnostika: Klinické ptiznaky PDAC jsou nespecifické a pfitomné az v pokrocilém
stddiu onemocnéni, proto byva detekovan pozd€. Bézné pouzivany sérovy biomarker je
tumorovy antigen 19-9 (CA 19-9), ze zobrazovacich metod je vhodnd pocitacova

tomografie. Pro potvrzeni diagndzy lze vyuzit endoskopickou biopsii®®. Skrining

onemocnéni neni proveditelny z diivodu nizké incidence PDAC, ale doporucuje se sledovat
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vysoce rizikové pacienty (rodinnd anamnéza PDAC, cystické 1éze pankreatu, mutace
ve specifickych genech)’>.

Patologie: PDAC je invazivni epitelidlni nador s glandularni (duktalni) diferenciaci,
obvykle s produkci mucinu. Dvé tfetiny nadorti vznikaji v hlavé pankreatu, zbytek v téle
nebo ocase. VétSinou se jedna solitarni 1ézi, miize vSak byt i multifokalni.

Makroskopicky se jednd o tvrdy, neostie ohrani¢eny, zlutobily nador, obcas
s mikrocystickymi ¢ makrocystickymi oblastmi. Casto je pfitomna infiltrace okolnich tkani
nadorem. U pokrocilych stadii dochéazi ke karcindéze peritonea, lymfogennim metastazam

do miznich uzlin a hematogennim metastazdm do jater, méné casto do plic, kosti
10,15

a nadledvin
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Obrdzek 11: DuktdIni adenokarcinom pankreatu, barveni hematoxylin a eozin, zvétseni 20x,

méritko 200 um; vlastni zpracovdni

Histopatologicky se obvykle jedna o dobie az stfedné diferencovany nador s tvorbou
glandularnich a tubuliim podobnych struktur s vyraznou desmoplastickou reakci. Obvyklé
cesty §ifeni jsou perineuralni invaze, vendzni invaze a kancerizace dukti'>. Mikroskopicky

vzhled PDAC je na obrazku 11.

24 .

Molekularni profil: Nejcastéjsimi genetickymi alteracemi v buitkach PDAC jsou

onkogenni mutace KRAS a inaktivace nadorovych supresort 7P53, SMAD4 a CDKN2A.

Ztrata exprese SMAD4 je specificka pro PDAC a miize byt vyuzita v IHC diagnostice!>*%4,
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Terapie: Radikalni resekce tumoru v centru specializovaném na operativu nadorti
pankreatu je jedinou potencidlni kurativni metodou, avSak resekabilnich onemocnéni v dobé
diagndzy je pouze 10 az 20 %. Po operaci nasleduje chemoterapie. U hrani¢né resekabilnich
pacientll je mozné podat neoadjuvantni chemoterapii. U pokrocilého stadia je doporucena
paliativni chemoterapie. U metastatick¢ého onemocnéni lze pfi detekci MSI-H zvazit 1écbu
inhibitory PD-1, pii detekci mutaci gentit BRCA1/2 pouzit chemoterapii na bazi platiny®.

Prognoza: PDAC je fatalni ve vétSing ptipada. Lepsi progndza je u resekabilnich
nadord, kterych je vSak v dobé diagnézy méné nez 20 %. Pétileté preziti i u kompletné

resekovanych nadori nepfesahuje 5 %. Vétsina pacienti umira do jednoho roku’.

1.5 Molekularni metody v onkologii

Pro diagnostiku, prognoézu i cilenou 1é¢bu lze vyuzit molekularni metody. Z tkan¢ fixované
zamrazenim, etanolem nebo pufrovanym formalinem lze izolovat nukleové kyseliny
anasledné prokazat germindlni nebo somatické mutace. Zmény na Urovni genomu
prokazujeme z DNA a aktivitu bun¢k odrézi ribonukleova kyselina (RNA) a protein.
K izolaci nukleovych kyselin 1ze vyuzit fenol-chloroformovou extrakci, komercni kity nebo
automatické izolatory. Pted izolaci nukleovych kyselin je nutné tkan histologicky vysetfit,
po izolaci nukleovych kyselin je provadéna kontrola integrity nukleovych kyselin
polymerédzovou fetézovou reakci (PCR) amplifikace kontrolnich gent a kontrola kvantity
ziskané DNA nebo komplementarni DNA (cDNA) (spektrofotometricky, fluorometricky).
V klinické onkologii 1ze molekularnich metod vyuzit pro diagnostiku hereditarnich
onkologickych syndromi (napt. Lynchiv syndrom); vyhledavani nosi¢i mutaci
s predispozici k nadorovému onemocnéni; pro stanoveni prognodzy; pro personalizovany
vybér 1éku (napf. inhibitory EGFR, BRAF (Serine/threonine-protein kinase B-raf), ALK
(anaplastic lymphoma kinase protein), ROS1 (receptor tyrosine kinase 1) a PARP (poly
adenosine diphosphate ribose polymerase)), tekutou biopsii pro neinvazivni monitorovani

onemocnéni a pro diagnostiku nadori neznamého ptivodu®.

1.5.1 Izolace DNA z formalinem fixované a parafinovou technikou zpracované

tkané

S rozvojem NGS se archivni formalinem fixované a parafinovou technikou zpracované

(FFPE) tkané stavaji nejvétSim dostupnym zdrojem biologického materidlu s velkym
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potencidlem jako zdroj molekularnich informaci. Ackoliv je fixace formalinem a nasledné
zpracovani parafinovou technikou zlatym standardem pro patologii, v molekularni biologii
je zdrojem chemické modifikace a degradace nukleovych kyselin”®%%,

Formalin interaguje s proteiny a nukleovymi kyselinami v tkani, v disledku toho
vznikaji pficné vazby (crosslinks) histon-DNA, DNA-protein, DNA-DNA, formaldehyd-
DNA adukty; dochazi k deaminaci cytosinu a 5-methyl cytosinu s naslednym vznikem
,.sekvenénich® artefaktd®. Cetnost vyskytu mutaci, zejména zamén C>T, je diky tomu
v FFPE tkanich vy$§i nez v odpovidajicich zmraZzenych vzorcich®. Nepiiznivy efekt
formalinu béhem fixace je zptsobeny vysokou teplotou, nizkym pH, nizkou koncentraci soli

a piitomnosti kyseliny mravenéi ve formalinu'®

. Tento efekt lze pfiznivé ovlivnit
pouzivanim pufrovaného formalinu a skladovanim v chladu a tm¢.

Béhem extrakce DNA dochazi k fragmentaci DNA v dusledku silnych kovalentnich
vazeb vzniklych béhem fixace. Vhodnym piistupem je proto rozbiti kiizovych vazeb jesté
pied extrakci DNA®, vyuziva se metod bézné& pouzivanych pro odhaleni antigennich epitopti
v imunohistochemii, napiiklad kombinace vysoké teploty a vysokého pH!®! nebo metody

vyuzivajici mikrovin®’.

1.5.2 Polymerazova retézova reakce

V pribéhu PCR dochézi ke zmnozeni/replikaci primery definované ¢asti DNA nebo cDNA
in vitro. B¢hem kvantitativni PCR (qPCR) je pribéh reakce a mnozstvi nové vzniklé DNA
monitorovano v realném cCase prostiednictvim flouorescencnich ¢i interkalacnich sond.
PCR je v rutinni diagnostice vyuzivana k prukazu faznich gent, urceni klonality
onemocnéni (nadorové klony B a T lymfocytl), prikazu zndmych mutaci, namnozeni tisekt
DNA (cDNA) pro nésledné analyzy (sekvenovani), prikazu hladiny exprese mediatorové
RNA (mRNA) a mikroRNA (miRNA) a detekci minimalni diseminované/rezidualni
nemoci'’. Jedn4 se o vysoce citlivou metodu pro detekci nizkého poétu nadorovych bungk,
coz vyuzivaji mnoh¢ klinické studie k sledovani zmén gent (mutace, delece, translokace
a amplifikace), pfitomnosti onkogennich virti a exprese gent specifickych pro tkan, nador ¢i

metastazy'®.
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1.5.3 Sekvenace nukleovych kyselin

Prostiednictvim sekvenace je uréovano poradi jednotlivych nukleotidovych bazi v molekule

nukleové kyseliny.
Sangerova metoda sekvenovani

Sangerovo sekvenovani je zaloZzeno na procesu replikace DNA jako u PCR, ale v reak¢ni
smési jsou fluorochromem znacené dideoxynukleotidy, které pterusi proces replikace.
Vznikla smés rizné dlouhych molekul DNA ukoncenych ozna¢enym dideoxynukleotidem
je elektroforeticky rozdélena podle velikosti. Kombinaci velikosti usekii DNA a detekce
znacenych dideoxynukleotidi (ddNTP) Ize odecist pozice jednotlivych nukleotidi. Lze
sekvenovat pouze kratké useky DNA, cca 1 000 part bazi. Analyticka citlivost je pouze 15
az 25 %, lze tedy spolehlivé zachytit zmény DNA, pokud je pfitomna u 15 — 25 % kopii
DNA!°, Sangerovo sekvenovéani se vyuziva k detekci jednotlivych mutaci (napi. BRAF,
BRCAI a 2, c-KIT, EGFR a KRAS) a ovéfeni specifity PCR reakce!'’.

Sekvenovani nové generace

NGS je metoda masivné paralelniho sekvenovani DNA. NGS je zalozeno na stejném
principu jako Sangerovo sekvenovani, dochazi k navazani fluorescen¢né znacenych ddNTP
a tim zastaveni replikace, nasleduje pfecteni signdlu a odstépeni ddNTP, nésleduje
pokracovani replikace. Na rozdil od Sangerova sekvenovani se DNA klonuje
v bezbunéénych systémech, pro piipravu sekvenacnich knihoven neni tfeba bakterii;
sekvenovani probihd masivné a paralelné a k detekci jednotlivych sekvenci dochdzi piimo,
bez potieby elektroforézy.

Masivni rozvoj NGS v letech 2004 az 2006 a dramaticky nartst sekvenacnich dat
zménil biomedicinsky vyzkum!®*. Technologie NGS miizeme rozdélit na technologie
pro kratké ¢teni (druhé generace) a technologie s dlouhym ctenim (tfeti generace). Pracovni
postup technologie s kratkym ¢tenim (250 az 800 bp) zahrnuje piipravu knihoven,
sekvenovani a analyzu dat. NejrozSifenéjSimi technologiemi jsou Illumina a Ion Torrent.
Technologie s dlouhym c¢tenim (> 10 kb) piekonavd problémy kratkého cteni
sekvenovanim pfimo z nativni DNA a lze ji vyuzit 1 pro detekci repetic v celém genomu
a detekci strukturdlnich variant. Nej€astéjsimi technologiemi jsou Pacific Biosciences

a Oxford Nanopore Technology'%*.
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NGS ma mnoho vyhod (sekvenace vSech mutaci pro velky pocet gent, rychlost,
citlivost a relativné nizka cena), proto se uplatituje v diagnostice novych mutaci, detekci
znamych mutaci, detekci variant poctu Kopii, detekci hereditarnich syndromu
a pro uréeni prognézy a terapeutickych cili'®.

Ke studiu nddorovych bun¢k miizeme pouzit nékolik rtiznych pfistupi, piipadné
jejich kombinaci. Vyhodou sekvenovani celého genomu (WGS) je moznost identifikace
strukturdlnich variant, vcetn¢ deleci, amplifikaci, chromozomalnich translokaci
a uniparietalnich disomii. Omezenim WGS jsou vysoké ndklady a slozita analyza velkého
mnozstvi ziskanych dat. Prostfednictvim selektivniho sekvenovani exomu (WES) miizeme
identifikovat kodujici geny, miRNA a nekddujici RNA. Po hybridizaci se sondami dojde
k ,,zachyceni* cca 200 000 exond, které tvoii 1 az 2 % genomu. Vyhodami je pomérné
hluboké pokryti a nizs§i naklady, na druhou stranu nelze zjistit mutace v nekddujicich

oblastech a vétsinu strukturalnich variant! %

. Na druhou stranu je 85 % znamych genetickych
zmén obsazeno v exomu!%’, coZ ¢ini tuto variantu velmi efektivni. Nutnosti je znat hranice
jednotlivych kodujicich oblasti DNA. Transkriptomové sekvenovani slouzi k identifikaci
vSech transkribovanych genii v€etné kodujicich a nekodujicich RNA. Vyhodou je ziskani
informaci o hladinach genové exprese, detekce postranskripénich zmén (alternativni sestiih)
a detekce fuznich transkripti v disledku chromozomalnich zmén. Nelze detekovat
nekddujici oblasti a mutace se ztratou genu. DalSi moznosti je detekce epigenetickych
modifikaci (metylace DNA, metylace a acetylace histoni)'%.

Sekvenovanim ziskavame velké mnozstvi dat, které je tfeba bioinformaticky
zpracovat a ndsledné interpretovat. Pro analyzu ziskanych dat Ize pouzit velké mnozstvi
voln¢ dostupnych nastroji a databazi. Diky existenci 3 az 4 miliond dédicnych
polymorfismu je vétSina nalezenych sekvencnich variant ve vzorku nadoru pravé témito
polymorfismy a ziskané mutace s fidicim efektem (driver mutations) je tieba odlisit
srovnanim nadorového genomu se vzorkem krve nebo nemaligni tkan€ obsahujici zarode¢ny

genom'%,

1.6 Imunohistochemické metody v onkologii
IHC je metoda zaloZend na pfirozené schopnosti protilatek vazat se na specifické antigeny

in vitro. Nekovalentni vazba pouzité protilatky s antigenem v tkani je zprostiedkovana

hydrofobnimi vazbami, vodikovymi mustky, van der Walsovymi silami a interakci iontd.
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Vyhodou IHC vysetfeni je jeho vysoka specifita a senzitivita s informaci o presné

lokalizaci antigenu v tkani. Dalsi vyhodou pro vyzkum je moznost provadéni vySetfeni

na archivnich FFPE tkanich.

1.6.1

IHC vysetteni se sklada z n¢kolika po sob¢ jdoucich krokt

)]

2)

3)

4)

Postup THC detekce

o 108.

Odhaleni antigennich epitopi, které byly skryty béhem fixace a zahtati v parafinu.
Lze pouzit enzym nebo teplem zprostiedkované demaskovani. Tento krok je
specificky jak pro kazdou primarni protilatku, tak pro jednotlivé laboratote z diivodt
pouziti rliznych postupti fixace a zpracovani do parafinovych blokd. Bézné
pouzivané metody:

1. Tepelné indukované odhaleni epitopu s citratovym pufrem pH 6

2. Tepeln¢ indukované odhaleni epitopu s EDTA pufrem pH 9

3. Kratké (4 min) natraveni protedzou (napft. Proteindza K)
Blokoviani endogennich enzymii. Aby nedochézelo k faleSné pozitivni reakei, je
nutné v tkani zablokovat endogenni enzymy, které maji shodny substrat s nasledné
pouzitym detekénim systémem. V piipadé kienové peroxidazy, ktera je nejcastéji
pouzivanym enzymem, se nadbytkem substratu blokuje endogenni peroxidaza.
V ptipad¢ pouziti avidin biotinové metody se blokuje endogenni avidin-biotinova
aktivita.
Blokovani pozadi. Z diivodu zabranéni nespecifickych vazeb protilatky na antigen
ve vySetiované tkani se blokuji nespecifickd vazebna mista. Lze pouzit rtizné
blokovaci pufry, které soutézi s protilatkou o nespecifickd vazebnd mista:

1. Normalni sérum zvifete, ze kterého pochazi sekundarni protilatka

v koncentraci 1 az 5 %.
2. Hovézi sérovy albumin, zelatina, odtucnéné susené¢ mléko v koncentraci
1 az5 %.

3. Piedem pfipravené komercni pufry
Inkubace s primarni protilatkou. Protilatky jsou glykoproteiny definované
afinitou (sila vazby protilatky s jednou antigenni determinantou), aviditou (sila
vazby nékolika vazebnych determinant antigenu a protilatky), specifitou (selektivni
vazba k antigenu bez zkiiZzenych reakci) a sensitivitou (relativni mnoZzstvi antigenu,

které¢ je schopné detekovat). RozliSujeme polyklondlni protilatky pfipravované
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imunizaci zvifat a monoklondlni protilatky produkované tkaiilovymi kulturami. Jejich

srovnani je uvedeno v tabulce 10.

Tabulka 10: Srovnani vlastnosti polyklondlnich a monoklondlnich protilatek

Specifita ++ +++
Afinita +++ ++
Avidita +++ ++
Reprodukovatelnost ne ano
Mnozstvi pfipravené protilatky omezené neomezené
Pocatecni naklady nizké vysoké
Pocet epitopli rozeznanych protilatkou 2 avice 1
Zkrizena reakce ano ne
Reprodukovatelnost vysledku ++ +++
Citlivost +++ ++

5) Vizualizace imunoenzymatickou reakcei se skldd4d z n¢kolika stupniti reakce dle
pouzité metody. Nejcastéji pouzivanymi enzymy jsou kienova peroxidaza (HRP)
snasledn¢  pouzitym  chromogenem diaminobenzidinem (DAB) nebo
aminoethylocarbazolem (AEC) a alkalicka fosfataza pouzivana s chromogeny Fast
Red a Fast Blue.

1. PFima metoda: Antigen je detekovan enzymem znacCenou primarni
protilatkou s navazanym chromogenem.

2. Nejcasteji pouzivand nepifima dvoustupiiova metoda: Na antigen je
navazana neoznacena primarni protilatka, dal$im krokem je navazani
enzymem znaCené¢ sekundarni protilatky a nasledna detekce
chromogenem.

3. Avidin biotinova metoda pro amplifikaci signalu: Na antigen je
navdzdna neoznaCena primdrni protilatka, ndslednym krokem je
navazani biotinylované sekundarni protilatky a amplifikace enzymem

oznacenym biotinem a nasledna detekce chromogenem.
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4. Dvoustupiiova polymerova metoda pro amplifikaci signadlu: Na
antigen je navdzdna neoznacend primarni protilatka, nasledné je
navazan polymer sekundérni protilatky a enzymu, nasleduje detekce
chromogenem. Casto pouzivany univerzalni imuno-peroxidazovy
polymer je N-Histofine Simple Stain MAX PO (MULTI). Tento
zpusob detekce je bézny v detek¢nich kitech pro zpracovani v IHC
automatech.

Schéma bézn¢ pouzivanych imunoenzymatickych reakci je na obrazku 12.

sekundarni .
A antigen Jk\ protilétka signal
polymer
sekundarni
)k primarni kienova streptavidin - protilaky a
AN protilatka @ peroxidaza biotin enzymu

Created in BioRender.com bio

Obrazek 12: Schéma IHC reakce: A) pfimd metoda; B) neprima dvoustupriovd metoda; C)
avidin biotinovd metoda; D) dvoustupriovd polymerovd metoda; vlastni zpracovdni
(BioRender)

6) Dobarveni jader hematoxylinem

1.6.2 Vliv preanalytické faze na kvalitu IHC vySetieni

Preanalyticka faze ma vyznamny vliv na vyslednou kvalitu IHC vySetfeni:

Ischémie je redukovana rychlym vlozenim vzorkii do standardniho fixativa.
V disledku prodlevy ve fixaci tkané dochdzi k nevratnym zménam zplisobenym
autolyzou'® a tim k fale$né negativnim vysledktim.

Idealni fixace tkané s rovnovahou mezi dobrou morfologii a dobrou antigenicitou!%.

Standardnim fixativem je 10% neutralni pufrovany formalin. Pokud se pouzivaji jina
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fixativa, musi dojit k validaci IHC protokolt. Reakce formaldehydu s makromolekulami
v tkani jsou pocetné a komplexni. Dochdzi k interakci s proteiny, nukleovymi kyselinami

anenasycenymi lipidy, nereaguje se sacharidy'®®

. Nejvyznamnéjsi zménou je tvorba
pri¢nych vazeb mezi proteiny nebo proteiny a nukleovymi kyselinami s naslednou zménou
terciarni struktury proteindi, sekundarni struktura proteini je zachovana''’. V ptipadé
nedostatecné fixace tkdn€ miize procesem demaskovani antigent dojit k destrukci cilového
proteinu a faleSn¢ negativnim vysledkiim. V ptipad¢ prefixovani tkan¢ mize byt standardni

demaskovani antigenti nedostate¢né a disledkem je faleSn¢ negativni vysledek

1.6.3 Automatické inkuba¢ni metody

Vyhodou automatizace je standardizace metody a uspora prace. Nevyhodou je potieba
udrzby a moznost poruchy automatu. Automatizace ma také negativni vliv na znalosti
laborantii a miize byt frustrujici z divodu nedostate¢né kontroly nebo povédomi o procesech
probihajicich béhem automatického procesu.

Jsou dostupné oteviené a uzaviené automatické systémy. Oteviené systémy jsou
flexibilni, podobné jako manualni metody a jsou preferovany vyzkumnymi laboratofemi.
Lze v nich upravit jednotlivé protokoly, ¢asy a teploty inkubace a je mozné pouzit jakékoliv
reagencie. Uzaviené systémy jsou vysoce standardizované a jsou preferované v klinickych
diagnostickych provozech. Do protokold nelze zasahovat a lze pouzit pouze reagencie
dodavané vyrobcem piistroje!”. Piehled tfi nejéastéji pouzivanych IHC automatd je
uvedeny v tabulce 11, kde je uveden i pln¢ automatizovany BOND RXm (Leica

Biosystems), ur¢eny pro vyzkum, na kterém byly provedeny nékteré z analyz této prace.

1.6.4 Vyuziti IHC metod

IHC vysetieni se pouziva v diagnostice nadorového typu (tkanové specifické markery),
stanoveni prognozy onemocnéni (prognostické markery) a indikaci k cilené terapii
(prediktivni markery).

Pro diagnostické ucely se u HCC vyuzivaji markery hepatocelularni diferenciace
Hep Par 1 (hepatocyte paraffin 1) a Arginaza 1 a markery malignich hepatocyti Glypican 3,
Protein teplotniho Soku 70 a Gluthamin syntetaza'%!!!,
V diagnostice  CRC jsou vyuzivany cytokeratiny: cytokeratin 7 negativni

a cytokeratin 20+ exprese je typicky stav jak pro nenadorovou sliznici tlustého stieva, tak
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pro bunky CRC; CDX2 (caudal type homeobox 2) je exprimovan v enterocytech
a v nadorovych buitkich CRC (mimo téch, co vykazuji MSI)!!2,

Tabulka 11: Prehled IHC automati,; pfepracovdno a doplnéno dle Handbook of Practical
Immunohistochemistry (Lin F, 2022)

Vyrohce

Roche)

F

BIOSYSTEMS

Jeica

BIOSYSTEMS

Agilent

Dako

IHC barvici automat

Zahftivani skli¢ek

Benchmark ULTRA TM

BOND RXm

Bond-Ill TM

Autostainer Link 48

ano ano ano ne
Odparafinovani ano ano ano separatni modul
In situ hybridizace ano ano ano ano
Dvajité barveni ano ano ano ano
Dobarveni jader ano ano ano ano
Odvodnéni a
projasnéni ne ne ne ne
Montovani ne ne ne ne
Délka standardniho 48 skel/3 hodiny
protokolu 90 skel/8 hodin 30 skel/2,5 hodiny 30 skel/2,5 hodiny 24 skel/2 hodiny
Kapacita 30 30 30 48

Sestava 1 cyklus

30 nezdvislych
barvicich jednotek

3 listy po 10 sklech

3 listy po 10 sklech

4 listy po 12 sklech

Oznaceni "bar-code"

Roboticky pohyb

ano

rotacni karusel

ano

maticové pole

ano

maticové pole

ano

maticové pole

flexibilita protokolu a
vybér reagencii,
multiplexy, IF, TUNEL

Kapacita kontejnery 35 36 36 42

Oznaceni "bar-code" ano ano ano ano

Nastavitelny objem

davkovani ne ne ne ano

MoZnost pouZiti

reagencii jinych primarni protildtky,

dodavatell enzymy ano primarni protilatky ano

Tridéni odpadu ano ano ano ano

manudlni aplikace technologie krycich technologie krycich flexibilni protokoly
protilatek, nezavislé skel CovertilleTM; skel CovertilleTM umoZfiuji pracovat s
barvici jednotky bezkonkurencni novymi reagenciemi a

validovat jejich
pouiivani v
laboratorni rutiné




IHC ztrata exprese v proteinech MMR ma diagnosticky, prognosticky i terapeuticky
vyznam: miize indikovat potencionalni Lynchtiv syndrom (barveni proteint MLH1 (MutL
protein homolog 1), PMS2 (PMS1 protein homolog 2), MSH2 (MutS protein homolog 2)
aMSH6 (MutS protein homolog 6))!*!">. CRC s MMR defekty maji obecné lepsi
prognozu; neodpovidaji na [é€bu 5S-fluorouracilem, ale odpovidaji na 1écbu PD-1
inhibitory!!'6. Nadorové buiiky exprimujici PD-L1 mohou byt cilem pro lé¢bu PD-LI
inhibitory u dlazdicobunééného karcinomu jicnu, adenokarcinomu zaludku a CRC!''. HER2
abnormality u méné nez 5 % CRC a 18 % adenokarcinomi jicnu a Zaludku by mohly
identifikovat ptipady vhodné k cilené 1é6sbg!!7-!13,

Proliferacni marker protein Ki-67 (Ki67) se vyuziva jako prognosticky marker
2119

pro urCeni grade u neuroendokrinnich nadort' ”. Molekularni abnormality u PDAC jsou

dobfe charakterizovany, ale nebyly zatim usp&né vyuzity jako IHC markery''®.

1.6.5 Interpretace IHC

Pro spravnou interpretaci IHC je nutnosti pouzivat adekvatni pozitivni a negativni kontrolu.
Pozitivni kontrola je potiebnd k vylouceni fale$Sné¢ negativniho vysledku a negativni
kontrola k vylouceni fale$n€ pozitivniho vysledku. Jako pozitivni kontrola se pouzivaji
tkané€, u kterych je jistd pozitivni exprese antigenu. Vyhodou je, pokud ptedpokladame
pozitivni bunky pfimo ve vySetiované tkani (napt. endotel) a mizeme je vyuzit jako vnitini
pozitivni kontrolu. Pro negativni kontrolu se pouziva testovana tkan inkubovana
bez primarni protilatky (s fedicim roztokem primarni protilatky)!%%1%,
Hodnoceni vizualizace antigenu'%’:
1) Pfitomnost nebo nepfitomnost signalu
2) Mikroanatomicka distribuce signalu (extracelularni prostor, typ bunék)
3) Subcelulédrni lokalizace signalu:
a. Membranova, u epitelovych buné€k lze navic rozlisit apikalni a bazolateralni
lokalizaci signalu
b. Jaderna
c¢. Cytoplasmaticka
1. Granuldrni (organely)
1. Fibrilarni (cytoskelet)
iii. Homogenni

Ptiklady subcelularni lokalizace IHC signélu jsou znazornény na obrazku 13.
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Obradzek 13: Priklady apikdlni membrdnové pozitivity: protein ABCD4 u PDAC (A), jaderné
pozitivity: protein Ki67 u neuroendokrinniho nddoru pankreatu (B), cytoplasmatické
pozitivity: pancytokeratin u PDAC (C) a membrdnové pozitivity CD20 v blizkosti HCC (D);
zvétseni 40x, méritko 20 um; vlastni zpracovdni

Muze byt hodnocena také abnormélni nebo abnormélné lokalizovana pozitivita
v diisledku patologického procesu, napt. u mutace genu TP53'2012!1 v ngkterych piipadech

se uvadi procentudlni zastoupeni nadorové populace exprimujici stanovovany antigen, napf.

prolifera¢ni marker Ki67.

Ptesna kvantifikace intenzity reakce je obtiznd a neexistuje zadny univerzalni

skorovaci systém!?”, proto se pouzivaji rfizna semikvantitativni hodnoceni napf. slaba,

stiedni ¢i silnd intenzita signalu.
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2 Cile a hypotézy

Dizerta¢ni prace je zalozena na 5 studiich vénujicich se PDAC, CRC a HCC. Zakladnim
cilem bylo ziskat nové poznatky v oblasti biomarkerti pro nddory GIT pomoci korelaci
s prognostickymi ukazateli a prediktory 1é¢ebné odpoveédi nebo chemorezistence. Definovali

jsme tyto vyzkumné otazky:

1) Souvisi exprese a lokalizace proteini MRP2/ABCC2, SLLC22A3, TAP1/ABCB2,
CFTR /ABCC7,SUR1/ABCC8 a ABCD4 v nadorovych buitkdch PDAC s klinickymi daty

a prezivanim pacienti?
2) Mé exprese proteini MRP2/4BCC2, SLC22A3, TAP1/ABCB2, CFTR/ABCC?7,
SUR1/ABCCS8 a ABCD4 v nddorovych buiikdich PDAC prokazana imunohistochemicky

stejnou prognostickou vahu jako hladiny jejich transkriptii v piedchozich studiich?

3) Maji distribuce a pocet T a B lymfocytu prognosticky vyznam u pacienti s resekovanym

HCC?

4) Ma soucinnost genetickych (mutace TERTp a CTNNBI) a imunitnich (cytotoxické
CD8+ T lymfocyty) faktori prognostickou hodnotu pro pacienty s HCC?

5) Ma sekvence exomu (tj. kompletni koédujici sekvence genomu) u parovych vzorka
primarniho CRC nadoru a synchronnich jaternich metastaz vyznam pro stanovena prognézy

a predikci terapie?

6) Maji primarni nadory a synchronni jaterni metastazy CRC stejny mutacni profil?
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3 Prehled publikaci

Publikace ¢. 1: Cervenkova L, Vycital O, Bruha J, Rosendorf J, Palek R, Liska V, Daum
O, Mohelnikova-Duchonova B, Soucek P. Protein expression of ABCC2 and SLC22A3
associates with prognosis of pancreatic adenocarcinoma. Sci Rep. 2019 Dec
24:9(1):19782. doi:  10.1038/s41598-019-56059-w. PMID: 31874997; PMCID:
PMC6930301. 11 citaci, IF 4,997

Podil na clanku: Optimalizovala, provedla a vyhodnotila jsem imunohistochemickée
experimenty, pripravila jsem snimky do publikace. Podilela jsem se na hodnoceni vysledkui,
psani a finalni revizi publikace.

Dostupné z: https://www.nature.com/articles/s41598-019-56059-w

Publikace je soucasti dizertacni prace jako ptiloha 1.

Publikace ¢. 2. Cervenkova L, Palek R, Moulisova V, Liska V, Daum O, Mohelnikova-

Duchonova B, Soucek P. Protein expression and localization of ABC transporters in
pancreatic adenocarcinoma: Prognostic role of ABCCS8. Pancreatology. 2023 Oct
10:S1424-3903(23)01794-5. doi: 10.1016/j.pan.2023.10.008. Epub ahead of print. PMID:
37839922. 0 citaci, IF 3,6

Podil na clanku: Optimalizovala, provedla a vyhodnotila jsem imunohistochemické
experimenty, pripravila jsem snimky do publikace. Podilela jsem se na hodnocent vysledkii
a psani a finalni revizi publikace.

Dostupné Z:

https://www.sciencedirect.com/science/article/pii/S1424390323017945?via%3Dihub

Publikace je soucasti dizertacni prace jako ptiloha 2.
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https://www.sciencedirect.com/science/article/pii/S1424390323017945?via%3Dihub

Publikace & 3: Trailin A, Cervenkova L, Ambrozkiewicz F, Ali E, Kasi P, Palek R, Hosek
P, Tteska V, Daum O, Tonar Z, Liska V, Hemminki K. T- and B-Cells in the Inner

Invasive Margin of Hepatocellular Carcinoma after Resection Associate with
Favorable  Prognosis. Cancers (Basel). 2022 Jan  25;14(3):604. doi:
10.3390/cancers14030604. PMID: 35158872; PMCID: PMC8833821. 3 citace, IF 5,2
Podil na ¢lanku: Vyhledavala jsem parafinové bloky vhodné pro studii, optimalizovala jsem
IHC, koordinovala jsem IHC barveni jednotlivych markeri. Podilela jsem se na navrhu
stanoveni jednotlivych oblasti zajmu a stereologického vzorkovani. Podilela jsem se
na zpracovani metodiky do publikace, psani a findlni revizi publikace.

Dostupné z: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8833821/

Publikace je soucésti dizertacni prace jako ptiloha 3.

Publikace & 4: Ambrozkiewicz F, Trailin A, Cervenkova L, Vaclavikova R, Hanicinec V,

Allah MAO, Palek R, Tteska V, Daum O, Tonar Z, Liska V, Hemminki K. CTNNBI

mutations, 7ERT polymorphism and CD8+ cell densities in resected hepatocellular
carcinoma are associated with longer time to recurrence. BMC Cancer. 2022 Aug
13;22(1):884.  doi:  10.1186/s12885-022-09989-0. PMID: 35962322; PMCID:
PM(C9375422. 9 citaci, IF 3,8

Podil na ¢lanku: Vyhledavala jsem parafinové bloky vhodné pro studii, optimalizovala jsem
IHC, koordinovala jsem IHC barveni. Podilela jsem se na ndavrhu stanoveni jednotlivych
oblasti zajmu a stereologického vzorkovani. Podilela jsem se na optimalizaci izolace DNA
z parafinovych blokii. Podilela jsem se na zpracovani metodiky do publikace, psani a finalni
revizi publikace.

Dostupné z: https://bmccancer.biomedcentral.com/articles/10.1186/s12885-022-09989-0

Publikace je soucésti dizertacni prace jako ptiloha 4.
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Publikace ¢. 5: Hlavag V, Cervenkova L, Stsova S, Holy P, Liska V, Vyéital O, Sorejs O,

Fiala O, Daum O, Soucek P. Exome Sequencing of Paired Colorectal Carcinomas and
Synchronous Liver Metastases for Prognosis and Therapy Prediction. JCO Precis
Oncol. 2023 May;7:€2200557. doi: 10.1200/P0.22.00557. PMID: 37141551. 0 citaci, IF
4,6

Podil na clanku: Vyhledavala jsem parafinové bloky vhodné pro studii. Podilela jsem se
na optimalizaci izolace a izolaci DNA z parafinovych bloku. Podilela jsem se na zpracovani
metodiky do publikace, psani a finalni revizi publikace.

Dostupné z: https://ascopubs.org/doi/abs/10.1200/P0.22.00557

Publikace je soucésti dizertacni prace jako ptiloha 5.
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4 Metody, vysledky a diskuze

W

4.1 Publikace ¢. 1: Proteinova exprese MRP2 a SLC22A3 souvisi s prognézou

adenokarcinomu pankreatu

4.1.1 Metody

Pacienti: Studie byla provedena na souboru archivnich parafinovych bloki Siklova
patologického ustavu Fakultni nemocnice Plzen z let 2002 az 2016. Jednalo se o 65 biopsii
resekovanych nadorti s potvrzenou diagnézou PDAC a dostupnym klinickym sledovanim.
Studie byla schvélena pfislusnou etickou komisi.

IHC: Blocky byly nakrajeny na 5 mikrometrt tlusté fezy a barveny hematoxylin—

eosinem pro posouzeni morfologie a podrobeny imunohistochemické analyze exprese
proteint MRP2/4ABCC2 a SLC22A3 (solute carrier family 22 member 3) podle manuélniho
protokolu uvedeného v tabulce 12.
Jako pozitivni kontrolni tkané€ byly pouzity jatra pro MRP2/4BCC?2 a ledvina pro SLC22A3,
jako negativni kontrola byla pouzita nadorova tkan PDAC inkubovana bez primarni
protilatky. Vzorky s nejednoznacnym vysledkem barveni byly vylou¢eny. Hodnocena byla
prevladajici cytoplasmaticka lokalizace a pfitomnost ¢i nepfitomnost apikalniho
membranového barveni.

Analyza dat: Pro statistické analyzy byl pouzit software IBM® SPSS® Statistics
verze 16.0. Pro zjiSténi rozdilti mezi skupinami pacientt rozdélenych dle klinickych dat byla
pouzita analyza rozptylu ANOVA (ANalysis Of VAriance) a Pearsoniiv y-kvadrat test.
Pro odhad funkce pfeziti pacientii byla pouzita Kaplanova-Meierova metoda, Log-rank

a Breslow test s analyzou pom¢éri rizik Coxovou regresi.

4.1.2 Vysledky — hlavni zji§téni

Bazalni lokalizace proteinu MRP2/4BCC2 a SLC22A3 v cytoplasmé byla zjisténa u 49 %
pacientll a 45 % pacientl. Apikalni membrana se pozitivné barvila v 45 % u proteinu

MRP2/ABCC2 a v 29 % u SLC22A3. Piehled vysledkl je uvedeny v tabulce 13.
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Tabulka 12: Manudlni IHC protokoly pro detekci MRP2/ABCC2 a SLC22A3 proteint

NovocastraTM Epitope NovocastraTM Epitope 20 min
Odhaleni
Retrieval Solution pH 6 Retrieval Solution pH 9 96°C +
antigennich
(citrate-based buffer (Tris/EDTA-based buffer 20 min
epitopu
containing surfactant) containing surfactant) chladnuti
Oplach Destilovana voda
Blokovani
endogenni Dako REAL Peroxidase-Blocking Solution $2023 10 min
peroxidazy
Oplach Destilovana voda
Blokovani pozadi Bez blokovani 5% normalni kozi sérum 30 min

Anti SLC22A3 antibody
Inkubace s Anti-MRP2 antibody (M2 IlI-
(EPR6630), rabbit pfes noc,
primarni 6), mouse monoclonal,
monoclonal, abcam 4°C
protildtkou abcam ab3373, redéni 1:100
ab124826, redéni 1:100

Oplach Pufr

Inkubace s

polymerem
Universal Immuno-peroxidase Polymer, Anti-Mouse and —
sekundarni 30 min
Rabbit Histofine Simple Stain MAX PO (MULTI)

protilatky a
enzymu
Oplach Pufr
Chromogen DAB 5 min
Oplach Destilovana voda
Dobarveni jader MayerQv hematoxylin 5 min
Modrani Tekouci voda 5 min

Bylo zjisténo, Ze pacienti bez exprese proteinu SLC22A3 v apikalni membrané
maji signifikantné kratsi preziti bez nemoci (DFS) i dobu do amrti (OS) nez pacienti
s pozitivni expresi. Analyzou kombinace exprese obou proteinti v apikdlni membrané bylo

zjisténo, ze u pozitivni exprese MRP2/ABCC2 i SLC22A3 je del$i DFS a u kombinace
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pozitivni exprese MRP2/ABCC2 a negativni SLC22A3 je kratsi OS. U skupiny pacientil
lécenych gemcitabinem a 5-fluorouracilem bylo prokdzano, ze absence exprese SLC22A3
v apikdlnim lemu souvisi s horSim DFS i1 OS. Neprokéazali jsme souvislost lokalizace obou

proteini v cytoplazmé s klinickymi daty apiezivanim pacientii. Prehled barveni

vvvvvv

Tabulka 13: Prehled vysledkt IHC barveni

bazalni 32
cytoplasma

apikalni 33

MRP2/ABCC2

negativni 36
membrana

pozitivni 29

bazalni 30
cytoplasma

apikalni 36

SLC22A3

negativni 47
membrana

pozitivni 19

4.1.3 Diskuze

Na zékladg ptedchozi transkriptomické studie'**'%4

membranovych transportérii (vSechny
ABC a vybrané¢ SLC transportujici cytostatika), kterd zjistila prognostickou hodnotu
MRP2/4BCC2 a SLC22A3, jsme analyzovali souvislost jejich proteinové exprese v buitkach
PDAC s prognozou. Prokdzali jsme, Ze exprese proteinu SLC22A3 souvisi s prognoézou
pacientti s PDAC.

Tato studie se jako prvni zabyva proteinovou expresi SLC22A3 v nadorovych
buiikdch PDAC. Pacienti s proteinovou expresi SLC22A3 v apikalni membrané nadorovych
bun¢k maji vyznamné delsi OS 1 DFS. SLC22A3 je exprimovan v plasmatické membrané
bunék mnoha tkéni, kde transportuje vysoky pocet substratii, véetn¢ protinadorovych 1€¢iv,
¢imz se muze piimo podilet na G¢innosti protinddorové 1écby. Genova exprese SLC22A3 je
regulovana geneticky i epigeneticky'%.

Predchozi studie zabyvajici se CRC, karcinomem prostaty!?6-'28 HCC'?

130,131

a karcinomem jicnu ukazuji, ze geneticka, epigenetickd nebo fenotypova povaha
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SLC22A3 ma prediktivni ¢i prognosticky potencidl u nddorovych onemocnéni GIT. NaSe

studie na PDAC tyto tdaje a jejich vyznam potvrzuje.

4!,' iy
C22A3
pozitivni negativni negativni pozitivni

Kombinace MRP2/ABCC2 + SLC22A3
apikalni membrana & celkové prezivani
Negativni MRP2
+ negativni SLC22A3

Negativni MRP2
+ pozitivni SLC22A3

Pozitivni MRP2

o . . + negativni SLC22A3
I&Civo v nadorové .
Pozitivni MRP2

burice :
‘ " pgms L + pozitivni SLC22A3

084

SLC22A3 MRP2 057

04+

T T T T T
20 40 60 80 100

Celkové prezivani v mésicich

Obrdzek 14: Souhrnny graficky abstrakt: NejdulezZitéjsi vysledky, ukdzky vysledku IHC
barveni (apikdlni membrdna) a zdkladni funkéni souvislosti; viastni zpracovdni

SLC22A3 se jako transportér 1é¢iv mize podilet na uc¢innosti protinddorové 1é¢by:
Odpovéd’ pacienti s CRC na chemoterapii kombinaci 5-fluorouracilu, kyseliny folinové
a oxaliplatiny'®?, pacientd s karcinomem hlavy a krku na terapii cisplatinou'** naznacuje
prediktivni charakter exprese proteinu. SLC22A3 hraje roli v 1écbé jako transportér
pro pifjem metforminu!*+13¢,

Vysledky této i predchozich studii naznacuji moznost pouziti SLC22A3 po validaci
a funkéni studii jako prognosticky a prediktivni marker u PDAC a dalSich
gastrointestindlnich nadort. Pozitivni ptedpoklad pro zavedeni SLC22A3 jako
imunohistochemického markeru je rutinni pouziti IHC ve vsech patologickych laboratofich.

Na rozdil od dfive publikovanych studii s prokdzanou souvislosti mezi
MRP2/ABCC?2 a progndzou a lééebnou odpovédi u PDAC pacientia'*”!*® a in-vitro studii

na pankreatické bun&éné linii'** nebyla v této studii prokazana souvislost mezi samotnou

expresi proteinu MRP2/4BCC?2 a ptezivanim pacientd.
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Kombinace exprese proteinii MRP2/4BCC2 a SLC22A3 a jejich prognosticky
vyznam je zcela novou oblasti. Vzhledem k funkci téchto transportéri jsme predpokladali,
ze negativni exprese u MRP2/4BCC?2 (eflux) a pozitivni exprese SLC22A3 (influx) bude
souviset s delSim piezivanim pacienti a naopak. Prokézali jsme vSak, ze kombinace
pozitivni exprese MRP2/4ABCC2 a pozitivni exprese SLC22A3 souvisi s nejdelSim
bezptiznakovym i celkovym piezivanim pacientl, coz naznacuje vliv celkové dysregulace
exprese téchto proteinli na progndzu pacienti.

Omezenim studie je nizky pocet vzorkl, coz souvisi s nizkym poctem resekabilnich
nadorit v dobé¢ diagndzy a omezenou dostupnosti sledovani pacientii z divodi vysoké
umrtnosti. Na druhou stranu se jednd o homogenni skupinu pacientii [é¢enych a sledovanych
v jednom velkém regionalnim centru. Tyto vysledky je tfeba ovéfit nezavislymi studiemi

na dalSich pacientech s PDAC i dalsimi nddorovymi onemocnénimi.
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4.2 Publikace ¢. 2: Proteinova exprese a lokalizace ABC transportéru u duktalniho

karcinomu pankreatu: prognosticka role SUR1/ABCCS8

4.2.1 Metody

Pacienti: Studie byla provedena na archivnich parafinovych blocich z let 2002 az 2016,
ziskanych z Siklova patologického tistavu Fakultni nemocnice Plzeii. Bylo pouzito 65
biopsii resekovanych nadora s potvrzenou diagnézou PDAC, které mély dostupné klinické
sledovani. Studie byla schvalena ptislusnou etickou komisi.

THC: Rezy tlusté 5 pm byly nabarveny hematoxylinem-eozinem a posouzeny
ohledné¢ morfologie. Dalsi vybrané fezy byly barveny v plné automatizovaném IHC
barvicim automatu s pouzitim primérnich protilatek uvedenych v tabulce 14. Byly pouzity
pozitivni a negativni kontroly IHC barveni. Vzorky s nejednoznaénym nalezem byly

vylouceny.

Tabulka 14: Primdrni protildtky a pozitivni kontroly pouzité pro IHC detekci

Anti-ABCD4 antibody

HPA003396, Sigma-Aldrich | 1:500 Ledvina medula
produced in rabbit

Anti-CFTR antibody
HPA021939, Sigma-Aldrich | 1:250 Exokrinni pankreas
produced in rabbit

Anti-SUR1 antibody Langerhansovy
PA5-50836, Invitrogen 1:30
produced in rabbit ostravky pankreatu

Anti-TAP1 antibody
11114-1-AP, Proteintech 1:200 Karcinom plic
produced in rabbit

Lokalizace proteinu byla hodnocena jako negativni nebo pozitivni v cytoplasmé
a v plasmatické membran¢. Nasledné byla u vzorka s pozitivni cytoplasmatickou expresi
hodnocena intenzita IHC exprese jako slabd, stfedni ¢i silnd v porovndni s pozitivni

kontrolou.
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Analyza dat: Pro statistické analyzy byl pouzit software IBM® SPSS® Statistics
verze 16.0. Analyza rozptylu ANOVA (ANalysis Of VAriance) a Pearsontiv y-kvadrat test
byly pouzity pro hodnoceni rozdilii mezi skupinami pacientii stratifikovanymi podle
klinickych dat. Pro odhad funkce pieziti pacientii byla pouzita Kaplanova-Meierova metoda,

Log-rank a Breslow test s analyzou poméri rizik Coxovou regresi.

4.2.2 Vysledky — hlavni zji§téni

Byla detekovana slaba az stfedni intenzita cytoplasmatického barveni TAP1/ABCB2
(antigen peptide transporter 1) v nadorovych bunkach, membranové barveni nebylo
detekovano.

Exprese modulatoru transmembranového regulatoru vodivosti (CFTR/ABCC7)
nebyla v nadorovych bunkach detekovana, ackoli apikdlni membrana nemalignich
pankreatickych duktl se barvila se silnou intenzitou.

U vSech vzorkil byla detekovana pozitivni cytoplasmaticka exprese SUR1/ABCCS
(sulfonylurea receptor 1) v nadorovych buiikach se slabou az silnou intenzitou barveni. U 9
vzorkli bylo detekovano pozitivni barveni apikdlni membrany nadorovych bunék.
Ve stromatu nékterych vzorki v blizkém okoli nddorovych tubult se vyskytovaly jednotlivé
siln¢ se barvici SUR1+ bunky.

Exprese proteinu ABCD4 (ATP binding cassette subfamily D member 4)
v nadorovych buiikach byla velmi variabilni. Ve vétSin€ ptipadt se barvila jak cytoplasma,
tak membrana. U nékterych vzorkl s pozitivnim barvenim membrany byla nalezena vyrazna
pozitivita pouze apikalni membrany nebo apikalni a bazalni membrany nadorovych bun¢k.

Porovnani exprese proteind a klinickych dat pacientii: U bun¢k nadoru stadia II1
nebo IV castéji chybéla exprese proteinu ABCD4 v membrané (33 %) ve srovnani s méné
pokrocilymi stadii I a I (2 %). VétSina nadort stadia Il nebo IV méla ojedin€lé nebo stfedné
pocetné SUR1/ABCC8 pozitivni bunky ve stromatu kolem nadorovych tubulii. Exprese
proteini TAP1/4ABCB2, CFTR/ABCC?7 nesouvisela s zddnymi klinickymi daty pacientt.
Ptehled IHC vysledkt je uvedeny v tabulce 15.

Analyzou funkci preZiti bylo zjisténo, Ze pacienti se stfedni nebo silnou intenzitou
cytoplazmatického barveni SUR1/ABCCS méli vyznamné krat$i PFS neZ pacienti se slabou
intenzitou. Exprese proteini TAP1/ABCB2, CFTR /ABCC7 a ABCD4 nesouvisela s prezitim

vvvvvv
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Tabulka 15: Prehled vysledkt IHC barveni ABC transportéri

negativni 15

slaba 23
cytoplasma

stfedni 18

silna 4
membrana negativni 60
cytoplasma negativni 61
membrana negativni 61

slaba 28
cytoplasma stfedni 25

silna 3

negativni 48
membrana

slaba apikalni 9

zadné 26

pozitivni buriky ve
ojedinélé 18
stromatu

stfedné pocetné 12

negativni 8
cytoplasma

slaba 51

negativni 4

pozitivni 56
membrana

pouze silna apikalni 24

pouze silna apikalni a bazalni 5

4.2.3 Diskuze

Ve studii jsme se pokusili ovéfit proteinovou expresi méné Casto studovanych ABC
transportérit TAP1/ABCB2, CFTR/ABCC7, SUR1/ABCC8 a ABCD4 v naddorovych buitkach

tﬁ122’140

PDAC na ziklad¢ diive popsanych hladin transkrip a jejich prognostického

vyznamu.
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TAP1/ABCB2 ' BCD4

Cytoplazmaticka exprese SUR1
& bezpriznakové prezivani

1.004
Cytoplazmaticka exprese SUR1 +~ strednilsilna
ma prognosticky vyznam

0.754 -
-~ slaba exprese

Exprese TAP1, CFTR a ABCD4 0.504
nema prognosticky vyznam

0.254

p = 0,009
0.004

0 50 100 150
Bezptiznakové prezivani v mésicich
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Obrdzek 15: Souhrnny graficky abstrakt: NejdileZitéjsi vysledky a ukdzky vysledku IHC
barveni; vlastni zpracovdni

Vysledky cytoplasmatického barveni SUR1/4BCCS8 poprvé naznacuji, Ze pacienti se
sttedn¢ nebo siln¢ se barvicimi nadorovymi buiikami PDAC maji 3,5krat vyssi riziko
progrese onemocnéni, nez pacienti se slabou intenzitou. Souvislost mezi SUR1/ABCCS
a progndzou pacientil je podpotena i vyskytem SUR1/4BCCS pozitivnich bun¢k ve stromatu
kolem nadorovych tubult u pokrocilych stadii. Hypotéza, ze SUR1/ABCCS mize souviset
s progresi onemocnéni je podpofena piredchozim nalezem ukazujicim, ze nadorové buiky
exprimujici SUR1/4BCC8 mohou indukovat transformaci fibroblasti v mikroprostiedi
nadoru a podporovat progresi nemalobun&énych plicnich karcinomi'#!.

SUR1/ABCCS se vyskytuje, spolu s dalsimi draslikovymi kanaly, v mnoha tkanich
apodili se na regulaci mnoha fyziologickych funkci'®. V této studii zjisténa lokalizace
proteinu  odpovidd  Gdajim  uvedenym v databdzi Human Protein  Atlas

(www.proteinatlas.org). Draslikové kanaly se uplatituji zejména v B-bunikdch endokrinniho

pankreatu'* a SUR1/4BCCS je spojen s diabetem'**, ale jeho exprese nebo zmény genu

nebyly spojeny s vysledkem terapie a prognéozou PDAC. Gen ABCCS je soucasti

5

prognostického skérovaciho modelu u serézniho karcinomu ovaria'®® a je spojovan
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s prognézou a chemosenzitivitou u gliomu'#® a karcinomu prsu'*’. Nase soucasna studie
obohacuje poznani o prognosticky vyznam SUR1/ABCCS u PDAC.

Tato studie, na zdkladé¢ souvislosti negativni exprese ABCD4 v membrané
nadorovych bunc¢k a pokroc¢ilym stddiem PDAC, naznaCuje mozny vztah se Spatnou

vvvvvv

souvislost ABCD4 transportéru s prognézou pacientli s CRC!*® a PDAC!* a rezistenci

na cisplatinu u nemalobunééného karcinomu plic in vitro'®

, presto nase vysledky
prognosticky vyznam ABCD4 u PDAC nepotvrzuji.

Exprese TAP1/4ABCB2 neméla zadnou prognostickou hodnotu pro pacienty s PDAC.
TAP1 transportér hraje roli v prezentaci antigeni a je diskutovana jeho role
v imunoterapii'®’, proto miiZze byt tento protein uzite¢ny pro predikci vysledk@ imunoterapie,
ktera vSak zatim u PDAC vyuziti nenalezla.

Absence proteinu CFTR/ABCC?7 byla prokazana jak v cytoplasmé, tak v membrané
u vSech vzorkli. Toto pozorovani je jedinecné a je tfeba dalSich studii k odhaleni
mechanismu umlcovani CFTR a jejiho vyznamu pro nadorové bujeni.

Omezenim této studie je maly soubor vzorkli zdGvodu nizké resekability
a neptiznivé prognoézy PDAC. Z divodu vysoké heterogenity barveni a absence systému
hodnoceni proteinové exprese ABC transportérii v nadorovych buiikach jsme zvolili
kombinaci kvalitativniho a kvantitativniho hodnoceni v jednotlivych kompartmentech
buniky. Vyhodou studie je stejnorodost skupiny pacientli, ktefi byli pfijati, oSetieni

a sledovani jednim centrem jednotnym stylem.
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4.3 Publikace €. 3: T a B lymfocyty ve vnitinim invazivnim okraji hepatocelulirniho

karcinomu po resekci souvisi s pfiznivou progno6zou

4.3.1 Metody

Pacienti: Studie byla provedena na souboru archivnich parafinovych blokii Siklova
patologického ustavu Fakultni nemocnice Plzenl z let 1997 az 2019. Byly vySetieny biopsie
ze 70 pacientl. Jednalo se o resekované nadory s potvrzenou diagné6zou HCC stadia [ az IV
a dostupnym klinickym sledovanim. Studie byla schvalena pfislusnou etickou komisi.
IHC: 2 az 4 bloky z kazdého nadoru obsahujici centrum nddoru, okraj nadoru
a jaterni tkan bez naddoru byly nakrajeny na 4 mikrometry silné fezy a barveny hematoxylin—
eozinem a Massonovym trichromem pro posouzeni morfologie. Dale byly podrobeny IHC
detekci CD3+ T lymfocytli, CD8+ T lymfocyti a CD20+ B lymfocyti s pouzitim
automatického systému BOND RXm; specifikace IHC detekce je na obrazku 16 a v tabulce
14. Jako pozitivni kontrola byla pouzita tkan tonzily, jako negativni kontrola byla pouzita

nadorova tkan HCC inkubovana bez priméarni protilatky.

Edit protocol properties
Name | *IHC Protocol F |
Abbreviated name ‘IHC F
Description: Bond Polymer Refine IHC protocol
Staining method Single First Second + | Preferred
BOND RXm Protocol type: IHC staining
Preferred detection system: - @
Sepiv Ogporsotps | |
1 *Peroxide Block Leica Microsystems. v 5:00 Selected vol.
5 *MARKER Leica Microsystems. N 15:00 Selected vol.
9 *Post Primary Leica Microsystems. v 8:00 Selected vol
13 *Polymer Leica Microsystems. v 8:00 Selected vol.
17 *Mixed DAB Refine Leica Microsystems v 0:00 Selected vol.
18 *Mixed DAB Refine Leica Microsystems v 10:00 Selected vol
22 *Hematoxylin Leica Microsystems « 5:00 Selected vol.
Show wash steps

Obrdzek 16: BOND RXm IHC protokol; print screen
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Tabulka 16: Specifikace IHC detekce T a B lymfocytu

30ml CD3 (LN10) BOND Epitope Retrieval Solution
Bond RTU Primary |LN10 Leica PA0122 2,20 minut

7ml CD8 Bond RTU Biosystems BOND Epitope Retrieval Solution
Primary 4B11| Newcastle PA0183 2, 20 minut

7ml CD20 (L26) Ltd BOND Epitope Retrieval Solution
Bond RTU Primary | L26 PA0200 1, 20 minut

Vysetrovana tkan byla rozdélena do oblasti zdjmu na centrum nadoru, vnitini
a vnéjsi invazivni okraj nadoru (500 mikrometrti od hranic nddoru dovniti a vn¢), jaterni
tkan v blizkosti nadoru (500 mikrometrd tlusty lem pfiléhajici k oblasti vné&jSiho
invazivniho okraje) a nemaligni jaterni tkan (oblast vice jak 1 000 mikrometrti od hranice
nadoru). Nasledné byly jednotlivé oblasti ndhodné systematicky vzorkovany pro analyzu
prostiednictvim stereologického software Ellipse (ViDiTo), kde byly pocitany CD3+, CD8+
a CD20+ jaderné profily. Zobrazeni vzorkovani je znazornéno na obrazku 17. Hustota
jednotlivych pozitivnich bun€k byla pro statistickou analyzu kategorizovana na zakladé
percentilovych hodnot na nizkou (pod 25. percentil) vs. stfedni (25.—70. percentil) vs.
vysokou (nad 70. percentil) nebo na nizkou vs. stfedné vysokou s hranici na 25. percentilu.

Analyza dat: Pro statistické analyzy byly pouzity Statistica 10 (StatSoft Inc),
GraphPad Prism 9.0 (GraphPad Software LLC) a prostiedi R (v.4.1.1). Srovnani dat, jejichz
distribuce se vyznamné odchylovala od normalniho rozdéleni, bylo provedeno Mann-
Whitneyovym U-testem nebo analyzou rozptylu Friedmanovym ANOVA testem,
nasledovanym parovym Wilcoxonovym testem s Bonferroniho korekci. Spermanova
korelace byla pouzita pro stanoveni souvislosti mezi dvojicemi spojitych veli¢in. Doba
do recidivy (TTR), DFS a OS pacientti byly vypocteny Kaplan-Meierovou metodou

a porovnany mezi skupinami log-rank testem s naslednou Coxovou regresni analyzou.
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Obradzek 17: Oblasti zajmu vysetifované tkané: TC = centrum nddoru, IM = vnitini invazivni
okraj, OM = vnéjsi invazivni okraj, PT = jaterni tkan v blizkosti nadoru a vzorkovdni pro
stereologii pomoci systematického rovhomérného ndhodného vybéru. Pro vzorkovani TC,
IM a OM byl pouzit 20x objektiv, zatimco pro oblast PT byl pouZit 10x objektiv. IHC CD20+
lymfocyt( u hepatoceluldrniho karcinomu; méritka 1000 um (A), 200 um (B-D); prevzato
z publikace

4.3.2 Vysledky — hlavni zjiSténi

Distribuce imunitnich bunék v jednotlivych oblastech zajmu: Hustota jadernych profilii
CD3+ 1 CD8+ T lymfocytl byla vyznamné vyssi nez hustota CD20+ B lymfocytl ve vSech

oblastech zajmu. Nejvyssi hustota vSech typa sledovanych bunék byla v nemaligni tkani
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s v

ptiléhajici k okraji nadoru a nejnizsi hustota byla v centru nadoru. Vnéjsi ¢ast invazivniho
okraje obsahovala vyznamné vyssi pocty vSech typt bunék nez vnitini ¢ast, proto byly tyto
oblasti zajmu hodnoceny samostatné. Statisticky zpracované vysledky jsou zndzornény
na obrazku 18. Poméry hustot T a B lymfocytii mezi vnitinim a vnéj$im invazivnim okrajem

nesouvisely s rozsahem opouzdieni nadoru.
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Obrdzek 18: Statistika zobrazujici prostorové rozloZeni jadernych profilG CD3+, CD8+
a CD20+ TILs na mm2 fezu v centru nddoru (TC), invazivnim okraj nddoru (M), jaterni tkani
v blizkosti nddoru (PT) a nemaligni jaterni tkdni (NT) (A) a ve vnitinim (inn M) a vnéjsim
invazivnim okraji (out M) nddoru (B). Cervené &dry: medidn. *: p < 0,05, **: p < 0,01, ***:
p < 0,001; prevzato z publikace

Prognosticky vyznam imunitnich bunék: Po upravé vicerozmérnym Coxovym
modelem byla nezavisla schopnost predikce prokazana u téchto parametri: TTR byl
spojen se stiedni a vysokou hustotou CD8+ bunék v centru nddoru. Vysoka hustota CD3+
a CD20+ bungk v centru nadoru, vysoka hustota CD3+, CD8+ a CD20+ bunék ve vnitinim
okraji naddoru a stfedni hustota CD20+ bunék v jaterni tkani v blizkosti nadoru byly
nezéavislymi prediktory nizkého rizika recidivy. Vysoké poméry hustot CD3+ a CD20+

bunék mezi vnitinim a vné&j$im okrajem souvisely s delsim TTR.

4.3.3 Diskuze

Tato prace analyzovala imunitni mikroprostiedi HCC z hlediska typu, hustoty, lokalizace

a ptipadné interakce CD3+, CD8+ a CD20+ bun¢k v raznych oblastech nadoru a nemaligni
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tkan¢. Poprvé byl okraj naddoru rozdélen na vnitini a vngj$i lem se statistickymi rozdily
hustoty jednotlivych bunék. S ohledem na mensi vyznam CD3+ T lymfocyt nebudou tyto
bunky dale diskutovany.

Vétsi infiltrace vnéjSiho invazivniho okraje ve srovnani s vnitinim, muze byt

wrwe

3L132 opouzdieni nadoru je spojovano se snizenou invazivitou nadoru

v souladu s literaturou
a delsim prezivanim pacientd!>>'>*. Poméry hustoty imunitnich bun&k mezi vnitinim
avngjSim invazivnim okrajem nesouvisely s opouzdienim nadoru, z cehoz vyplyva,
ze samotné pouzdro neni piekazkou pro infiltraci nadoru lymfocyty.

Jednotlivé prediktivni schopnosti CD8+ T lymfocytd a CD20+ B lymfocytd se
zvysily, pokud byly spojeny. Pacienti se sttedné vysokou hustotou CD8+ 1 CD20+ lymfocyt
ve vnitinim okraji nadoru méli nejdelsi TTR 1 DFS. Podobné nalezy uz byly publikovany
u HCC'® a jaternich metastaz CRC!3. CD8+ T lymfocyty jsou povaZzovany za hlavni
protinadorové imunitni buitky u HCC a dalsich nadorovych onemocnéni'*”-!3¢, B lymfocyty
se mohou uplatnit jako bunky prezentujici antigen, které spoustéji a moduluji imunitni
odpovéd T lymfocyti!>®. Pozitivni korelace hustot CD8+ a CD20+ lymfocytd ve vsech
oblastech zajmu naznacuje spolupréci téchto bun¢k a omezeni lokalniho nebo systémového
Sifeni nadoru'**-'0!,

Vétsi poméry CD8+ T lymfocyti a CD20+ B lymfocytlh mezi vnitinim a vnéjSim
invazivnim okrajem nadoru souvisely s delS$im TTR i DFS. Poméry hustot vnitiniho
k vn&jsimu okraji naddoru korelovaly s pfisluSnou hustotou bunék v centru nadoru, proto
nadory svys§im pomérem hustot vnitiniho k vnéjSimu okraji nadoru lze povazovat
za nadory ,,horkého* nddorového fenotypu a naopak. Proto by poméry hustoty buné¢k mezi
vnitinim a vnéjS§im okrajem mohly pomoci 1épe charakterizovat nadorové imunitni
mikroprostiedi i stratifikovat rizika uniku nadorovych bunék imunitni reakci.

Velka vétSina praci studujicich prognostickou hodnotu tumor infiltrujicich lymfocytt
(TILs) u HCC hodnotila pouze infiltraci centra nadoru'®?. Souhrnné vysledky odpovidaji
zjisténim této studie a ukazuji delsi DFS u pacientl s vyssi hustotou CD8+ bunck v centru
nadoru. Nesoulad s vysledky jinych studii'®*-1% mtiZze souviset s riznymi kohortami pacientti
(cirhdza, virova hepatitida), odliSnou anotaci oblasti zajmu a odliSnou metodou hodnoceni
poctu lymfocytl. Standardizace hodnoceni TILs podle doporuceni mezinarodniho
konsorcia'®? by zlepsila konzistenci a reprodukovatelnost téchto dat.

Hlavnim omezenim této studie je mala velikost vzorku. Nizka prevalence pacientd

s hepatitidou a cirhdzou neumoziuje reprodukovat vysledky na pacienty s virovou etiologii,
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pohled na pacienty se steatohepatitidou.
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4.4 Publikace ¢. 4: CTNNBI mutace, TERT polymorfismus a hustota CD8+ bunék

u resekovaného hepatocelularniho karcinomu souvisi s del$i dobou do relapsu

4.4.1 Metody

Pacienti: Studie byla provedena na archivnich parafinovych blocich Siklova patologického
ustavu Fakultni nemocnice Plzen z let 1997 az 2019. Jednalo se o biopsie resekovanych
nadortt 67 pacientlt s potvrzenou diagnézou HCC a dostupnym klinickym sledovanim.
Studie byla schvalena ptislusnou etickou komisi.

Izolace DNA, sekvenovani: 1zolace DNA z parafinovych blokii nadorové tkané
a prilehlé nemaligni tkdn¢ byla provedena pomoci RecoverAll™ Total Nucleic Acid
Isolation Kit pro FFPE podle protokolu vyrobce. Nasledné byla provedena amplifikace DNA
v useku pro promotor genu TERT (TERTp) a exon 3 genu CTNNBI prostiednictvim PCR
s piisluSnymi primery a nasledné sekvenovana v obou smérech Sangerovym sekvenovanim.
Chromatogramy byly hodnoceny vizualn¢.

Genotypizace polymorfismu rs2853669 TERTp byla provedena alelickou
diskriminaci pomoci TagMan® SNP Genotyping Assays (Applied Bioscience) na pfistroji
CFX96 Touch Deep Well Real-Time PCR Detection System (Bio-Rad).

IHC: 2 az 4 blocky z kazdého nddoru obsahujici centrum néadoru, okraj nadoru
ajaterni tkan bez nadoru byly nakrijeny na 4 mikrometry silné fezy podrobeny
imunohistochemické detekci CD8+ T lymfocytli v automatickém systému BOND RXm.
Byla pouzita primarni protilaitka 7ml CD8 Bond RTU Primary (PA0183), klon 4B11,
Leica Biosystems Newcastle Ltd. Jako pozitivni kontrola byla pouzita tkan tonzila, jako
negativni kontrola byla pouzita nadorova tkdn HCC inkubovana bez primarni protilatky.
Vzorky s nadorovou tkani byly rozdéleny na centrum nadoru, invazivni okraj nadoru
a nemaligni jaterni tkan. Invazivni okraj nddoru byl definovan jako 1000 um oblast se
sttedem na hranici nadoru. Nésledné byly jednotlivé oblasti nahodné systematicky
vzorkovany pro stereologickou analyzu prostfednictvim stereologického software Ellipse
(ViDiTo), kde byly pocitany CD8+ jaderné profily. Hustota jadernych profili byla
hodnocena jako nizka (pod 25. percentil) a stifedné vysoka (25. az 100. percentil).

Statisticka analyza byla provedena v prostfedi R (v.4.1.1). Spearmanova korelace
byla pouzita pro hodnoceni jednotlivych proménnych. Vliv proménnych na piezivani

pacientl byl hodnocen Coxovou regresi. Analyza pieziti byla provedena Kaplan-Meierovou
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metodou. Rozdily mezi skupinami pacientti byly hodnoceny log-rank testem. Hustoty CD8+

bun¢k byly porovnany Wilcoxonovym testem.

4.4.2 Vysledky — hlavni zji§téni

Mutace TERTp byla detekovéana u 44 (75,8 %) pacientii a mutace CTNNBI u 21 (35,6 %)
pacientli pouze v nadorové tkani. VSechny vzorky byly pozitivni na polymorfismus
rs2853669 TERTp. U vétSiny genetickych nalezli nebyla prokazana korelace s klinickymi
daty pacientt.

Nejvyssi hustota CD8+ bun¢k byla v invazivnim okraji nddoru, nasledovala
nemaligni jaterni tkan a nejméné CD8+ bunck bylo v centru nadoru.

Prognosticky vyznam: Jedinci s mutovanym CTNNBI méli delsi TTR. Mutace
TERTp prognosticky vyznam nemély, avsak sledovany polymorfismus rs2853669 v tomto
genu ano. Homozygotni GG jedinci méli delsi TTR a téz delsi DFS ve srovnani s nosici
polymorfismu v divoké (AA) nebo heterozygotni (AG) form¢. Vyssi hustota CD8+ bunck
v centru a invazivnim okraji nadoru souvisela s niz§im rizikem recidivy a del§im DFS.

Ptitomnost mutace CTNNBI v kombinaci s vysokou hustotou CD8+ buné€k v centru
a invazivnim okraji nddoru souvisela s nizS§im rizikem recidivy a delSim DFS. Stejné¢ tak
kombinace genotypu GG pro polymorfismus rs2853669 v TERTp s vysokou hustotou CD8+

bunék v centru a invazivnim okraji nadoru souvisela s delsSim TTR a DFS.

4.4.3 Diskuze

Jedna se o prvni prezentaci vysledkl soucinnosti genetickych a imunitnich faktort a jejich
prognostického vyznamu u HCC. Kazdy z jednotlivych faktort: GG polymorfismus
1s2853669 v TERTp, mutace v CTNNBI a vysoka hustota CD8+ bungk je spojen s del§im
TTR a DFS. Kombinace téchto genetickych a imunitnich faktorti zlepSila vzajemny
prognosticky vyznam s ohledem na prezivani pacientt.

V této studii jsme potvrdili vysokou frekvenci mutace TERTp, ktera je piic¢inou
reaktivace telomerazy u nadorovych onemocnéni’*. Vyskyt mutace TERTp v naSem souboru
(75,8 %) je vys$si nez u jiného evropského souboru nevirového HCC (56,6 %)'®8. Tato studie
ukazala statisticky vyznamnou asociaci genotypu GG rs2853669 s delsim TTR a DFS,

v souladu s prognostickymi daji pro dalsi typy nadorovych onemocnéni'®’.
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CTNNBI signalni kaskidy WNT/B-catenin je aktivovan ve 30 az 50 % HCC!™
ajedna se o jeden z nejcastéji mutovanych genfi ovliviiujici HCC'®’. Frekvence mutaci
CTNNBI (35,6 %) i jejich lokalizace zjisténa v této studii souhlasila s literaturou'’.
V literatufe dostupné udaje ukazuji asociace mutace CTNNBI s piiznivou progndzou,
zejména s del$im celkovym piezivanim!’?, ale v této studii pozorujeme niz&i riziko recidivy.
Zaroven jsme nepozorovali souvislost mutace CTNNBI s klinickymi daty a patologickou
charakteristikou nadoru, coz muze souviset s nevirovou etiologii HCC u souboru naSich
pacientt, na rozdil od asijskych studii pievazné s virovou etiologii.

162

TILs jsou zasadni slozkou imunitni odpovédi na nador'®?. Uloha imunitnich bunék

uHCC byla 8iroce prozkoumana'®*!73-13  builky mohou plsobit pronadorové
¢1 protinddorove. Tyto studie ukazuji, ze ptizniva progndza je spojena s vysokou hustotou
NK bunék, B-bun¢k, T-lymfocyth a DCs, zatimco vysoky pocet monocytl, neutrofilti
a T regulaénich lymfocytl souvisi se Spatnou prognoézou pacientll. Vysokda hustota CD8+

QlOH1T3IT617T 007 se v této studii potvrdilo.

lymfocytl je spojovéana s lepsi prognoézou pacient
V predchozich studiich byly pouzity bud’ pouze genetické, nebo imunitni
biomarkery, ale nebyly studovany ve spojitosti. Mutace a imunitni odpoveéd’ se vzajemné
ovliviiuji a frekvence mutaci mutze stimulovat imunitni odpovéd’ v mikroprostredi
nadoru!’®1”. Kombinace vlivu hustoty CD8+ lymfocytl a genetickych zmén (mutace
CTNNBI a genotypizace 152853669 TERTp) zptesnily prognostickou hodnotu vysledk.
Omezenim této studie je maly soubor pacienti, pro zptesnéni prognostickych

nastroju je tfeba provést studii na vét§im poctu vzorkd.
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4.5 Publikace ¢. 5: Sekvenovani exomu parovych vzorku kolorektalniho karcinomu

a synchronnich jaternich metastaz pro prognézu a predpovéd’ terapie

4.5.1 Metody

Pacienti: Studie byla provedena na souboru archivnich parafinovych bloki Siklova
patologického tstavu Fakultni nemocnice Plzen z let 2003 az 2017. Jednalo se o resekované
nadory s potvrzenou diagnézou CRC a dostupnym klinickym sledovanim. Pted resekci
primarniho tumoru byly u vSech pacientli mimo jednoho diagnostikovany synchronni jaterni
metastazy, u jednoho pacienta byly jaterni metastazy diagnostikovany pfi prvni pooperacni
kontrole. K izolaci DNA byly pouzity vzorky 50 pacientil, po kontrole kvality a kvantity
izolované DNA a pfipravenych knihoven bylo ze studie vylougeno 30 pacientii. Usp&§ngd
sekvenovany a vyhodnoceny byly pary vzorkd od 20 pacientl. Studie byla schvélena
ptislusnou etickou komisi.

Izolace DNA, kvantifikace a kontrola kvality: DNA byla izolovana pomoci sady
RecoverAllI™ Total Nucleic Acid Isolation Kit pro FFPE tkdn¢ (Thermo Fisher Scientific)
podle protokolu vyrobce. DNA byla kvantifikovana pomoci soupravy Agilent FFPE QC Kit
(Agilent) nebo testu Qubit dsDNA (Thermo Fisher Scientific) v pfipadé vysoké kvality
vstupni DNA na zakladé vysledku FFPE QC kitu. Cistota DNA (poméry A260/280
a A260/230) byla kontrolovana pomoci NanoDrop Spctrophotometer 2000 (Thermo Fisher
Scientific).

Priprava knihovny a sekvenovani celého exomu: Zizolované DNA byly
ptipraveny knihovny pomoci sady SureSelect XT Low Input for [llumina Kit se sadou sond
Human All Exon V7 (obé Agilent) podle protokolu vyrobce. Po hodnoceni kvality a kvantity
DNA knihoven byly knihovny slouceny ekvimolarnim zpiisobem a sekvenovany
na platformé NovaSeq 6000 (Illumina Inc.) s vyuzitim sekvena¢ni soupravy S2 a nastavenim
100 cykli parového Cteni. Zamyslené primérné pokryti cile bylo 150-200x s ocekavanou
pramérnou mirou duplicit 50—60 %.

Zpracovani hrubych dat a vlastni detekce variant: Hruba data pochazejici pifimo
ze sekvenatoru byla piedzpracovana a nasledné byla provedena identifikace somatickych
variant a kratkych inzerci a deleci (indelit). V souvislosti s velkym poctem artefakti u FFPE
tkani byly v analyzach pouZzity pouze varianty, které prosly vSemi filtry podle velmi ptisnych

kritérii.
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Anotace a interpretace variant: Nalezené varianty byly anotovany pomoci néstroje
Variant Effect Predictor v99.2 a provedena analyza mutacnich podpisi typu substituce
jedné baze (SBS) s vyuzitim referencnich podpist z databdze COSMIC (Catalogue Of

Y189 a detekovana instabilita mikrosatelitni DNA!®!. Dale byla

Somatic Mutations In Cancer
provedena analyza nadorové mutaéni zatéZe (TMB) se srovnanim s daty z projektu TCGA
MC3 (Multi-Center Mutation Calling in Multiple Cancers )'®? a analyza variability po¢tu
kopii (CNV).

Externi validace: Validace in silico pomoci The Cancer Genome Atlas (TCGA) dat
byla provedena na datové sadé TCGA COAD-READ (The Cancer Genome Atlas Rectum
Adenocarcinoma Collection), v€etné somatickych mutaci, fenotypu a idaji o preziti.

Analyza dat: Pro statistické analyzy byl pouzit program SPSS v16 (SPSS Inc.).
Analyzy spole¢ného vyskytu u vSech skupin byly provedeny pomoci Fisherova exaktniho
testu. Rozdily mezi stratifikovanymi pacienty byly porovnany pomoci Pearsonova y-kvadrat
testu nebo Mann-Whitneyova testu. Korelace kontinualnich dat byly hodnoceny pomoci

Spearmanova p-testu. Prezivani pacientii bylo zpracovano Kaplan-Meierovou metodou

a vyznamnost vypoctena Log-rank testem.

4.5.2 Vysledky — hlavni zjiSténi

Obecné deskriptory sekvenovani celého exomu a profilovani variant: Celkovy pocet
somatickych variant po filtraci na zéklad¢ vybranych kritérii byl v priméru 206,8 + 71,9
u vzorkll z primarnich nadort a 207,9 + 53,1 u metastdz. U Zadné¢ho vzorku nebyla
klasifikovana pfitomnost vysoké mutacni zatéze nebo s vysokou mikrosatelitovou
nestabilitou (MSI-H). Jak u primarnich naddorti, tak u metastaz byla nejcastéjsi tfidou variant
zaménova (missense) mutace a nejcastéjsim typem jednonukleotidové varianta, nadsledovana
deleci a inzerci. Nejcastéj$i zménou nukleotidu byla varianta C>T. Nej€astéji zménéné geny
byly APC, TP53 a TTN v obou typech vzorkd.

Po odfiltrovani zménénych gent bez patogenniho t¢inku'®® dle FLAGS (FrequentLy
mutAted GeneS) zlstaly nejcastéji zménénymi geny APC, TP53, TRIP11, MUC5AC,
MUC3A a FAM186A v primarnich naddorech a APC, TP53, MUC5AC , FAT4 a KRAS
v metastazach, znazornéno na obrazku 19.

Analyzou zavedenych signélnich drah u CRC% bylo nalezeno ve vzorcich z metastaz
vice variant v RTK-RAS (receptor tyrosine kinase —-RAS) a Hippo drahach a vice variant

ve WNT signalni draze u primarnich naddori. Rozdily vSak nebyly statisticky vyznamné.
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Primarni nadory (n=20) Metastazy (n=20)

APC

TP53

TRIP11
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Procenta pfipadu
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ramce ramce smysl zmény zmény nasobnym
delece inzerce cteciho Cteciho  zasahem

ramce ramce

Obrdzek 19: Onkoplot geni s nejvyssim poctem somatickych variant v primdrnich nddorech
a metastdzdch; prevzato z publikace

Geneticky profil pacienti rozdéleny podle objektivni odpovédi
na neoadjuvantni systémovou terapii: Pacienti 1é¢eni neoadjuvantni systémovou lécbou
byli rozd€leni na dobie a Spatn¢ odpovidajici na 1écbu a néasledné porovnani s nadorovou
mutaéni zatézi, jednotlivymi variantami genl a signdlnich drah, muta¢nimi podpisy
a variabilitou poctu kopii u primarnich nadorti i metastdz. Primarni nadory Spatné
odpovidajicich pacientli nesly vyznamné vice variant v draze TRAIL (tumor necrosis
factor-related apoptosis-inducing ligand), v metastatickych tkanich méli Spatné odpovidajici
pacienti vyznamné vice variant v genu MUC3A.

Analyza preziti: Analyzou pfeziti byla nalezena fada asociaci s piezitim bez relapsu
(RFS) nebo s OS pacientli, ale u vétSiny primarnich nadori se nepodafilo tyto vztahy
validovat ve vefejn¢ dostupné databazi TCGA. Pacienti s variantami MUCSAC
v metastazach méli kratsi RFS a OS, s variantami DNAH11 v metastazach méli vyrazné
krat$i OS a s variantami ATM v metastazach m¢li krat§i RFS. Jedinym validovanym
prognostickym biomarkerem byla frekvence zaménovych mutaci v genu KRAS, kterd byla
v primarnich nadorech vyznamné vyssi u pacientt s kratsSim RFS. Tento vztah byl ovéien

1 na valida¢nim externim setu TCGA (n=380).
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4.5.3 Diskuze

Cilem studie bylo poskytnout pfehled genetickych zmén kodujici €asti genomu v parovych
vzorcich primarnich nddortt CRC a synchronnich jaternich metastaz v souvislosti s odpovédi
na l1é¢bu a prezivanim pacientii. Primarni naddory a jaterni metastazy se v celkové nddorové
mutacni zatézi vyrazné nelisily.

Pacienti s variantami KRAS v primarnich nddorech méli kratsi prezivani bez relapsu
a celkové prezivani, tento negativni prognosticky vyznam prokazala i velka studie na 13 101
pacientech!®*. Rozpor mezi dfive publikovanou ¢etnosti mutaci KRAS 40 %'*° a &etnosti
v nasi studii 15 % pric¢itame agresivnéj$i povaze onemocnéni nadorti s KRAS mutaci, horsi
prognézou a nizsi pravdépodobnosti chirurgické resekce metastaz!SS,

Neékolik genli mutovanych v metastdzach bylo vyznamné spojeno s prezitim
pacientli, ale zdavodu nedostatku validacnich dat je posouzeni klinického vyznamu
nemozné.

Na zékladé velkého rozdilu v poctech variant u primarnich nadorti (30 %) a metastaz
(5 %) mlze TRIPI11 predstavovat novy kandidatni fidici (oncodriver) gen v metastazach
CRC.

Za omezeni studie mize byt povazovan maly pocet pacientli, avSak parové vzorky
primarnich nadori a metastaz je obtizné ziskat a ptredchozi studie uvadéji obdobné malé
pocty pacient!®”!°, Zahrnutim metachronnich metastaz do studie bychom ziskali populaci
velmi heterogennich pacienti a proto jsme studii omezili pouze na pacienty se synchronnimi
metastdzami.

Dal$im omezenim muze byt pouziti FFPE vzorkl, u kterych se zvySuje riziko
nadhodnoceni zejména tranzice C>T*° a v soucasnosti neexistuje standardizovana metoda

t1°!. Z toho diivodu byla aplikovana velice pfisna filtraéni kritéria

jak tento jev eliminova
behem piedzpracovani dat, ktera harmonizovala mutacni frekvence s vefejné dostupnymi
daty v TCGA.

Design WES neumoziiuje analyzu velkych strukturdlnich variant a nekddujici ¢asti
genomu, které¢ by bylo mozné detekovat pomoci celogenomového sekvenovani. Sekvenace
exomu s vysokym pokrytim ptesto ptfindsi hlubsi vhled do ¢asti genomu, které jsou
potencialné funkéni. Navic vazby mezi nekddujicimi oblastmi a nddorovym onemocnénim

jsou zatim relativné nejasné'*>.
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Studie v této dizertacni praci byly provedeny na archivnich parafinovych blocich. Tyto

vzorky jsou i ptes nékteré nevyhody vyznamnym zdrojem materialu pro vyzkum nadorovych

onemocnéni. VySetieny v§ak mohou byt pouze resekované nadory, coz je omezeni zvlaste

u onemocnéni, kde je vysoké procento nadorti neresekabilnich.

1))

2)

3)

4)

5)

Potvrdili jsme ptfedchozi vysledky naznacujici prognosticky vyznam SLC22A3
pro maligni nadory GIT.

Prokazali jsme prognostickou roli exprese proteinu SUR1/ABCCS u pacientl

s PDAC a potvrdili jsme pfedpoklady ziskané pomoci transkriptomiky.

Prokazali jsme prognosticky vyznam CD8+ a CD20+ lymfocyti ve vnitinim

a vné&j$im okraji HCC.

Prokazali jsme prognosticky vyznam kombinace mutace CTNNBI a hustoty CD8+
lymfocytt v resekovanych HCC.

Potvrdili jsme vysokou Cetnost somatickych variant v genech APC, TP53 a KRAS
a obecnou podobnost mutacnich profili mezi parovymi vzorky primarnich nadort
a synchronnich jaternich metastaz CRC. Objevili jsme nové kandidatni geny
srozdily mezi primadrnim nadorem a metastdzou a moznym prognostickym

dopadem.

Studie prokézaly, ze kombinace imunohistochemickych a molekuldrnich metod

a studium interakce imunitnich a genetickych faktorti mize zpfesnit stanoveni progndzy

na rozdil od pouziti jednotlivych biomarkert pro stanoveni prognozy. DalSim dilezitym

zjisténim bylo, ze vysledky transkriptomickych studii je potfeba ovéfit stanovenim exprese

proteini v nadorové tkani, coz vyrazné zvySuje jejich validitu pro dalsi vyzkum.

U hodnoceni infiltrace nadorti lymfocyty je klicové stanoveni jednotlivych oblasti zajmu.
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6 Podpora:

= AZV NV19-03-00097 Studium specifickych  podskupin u  pacientli
s adenokarcinomem pankreatu

= AZV NVI19-08-00113 Studie vyuzitelnosti sekvenovani nové generace
pro individualizovanou 1écbu pacientl se solidnimi nadory

= MSMT INTER-EXCELLENCE INTER-COST LTC19015 Identifikace
farmakogenomickych biomarkeri pomoci celoexomového sekvenovani u pacientt
s kolorektalnim karcinomem

= MSMT UNCE/MED/006 Centrum experimentélni a klinické jaterni chirurgie

= MSMT (EFRR) CZ.02.1.01/0.0/0.0/17_048/0007280 Aplikace modernich
technologii v medicin€ a pramyslu

= MSMT LO1503 Narodnim program udrzitelnosti I (NPU I)

= UK Cooperatio Surgical Disciplines ¢. 207043

* Projekt Ndarodni ustav pro vyzkum rakoviny (Program EXCELES, ID:
LX22NP0O5102) — Financovéano Evropskou unii — Next Generation EU

= Research Executive Agency 856620 ERA Chair Position for Excellent Research in
Oncology

= AZV NU21-03-00506 Vyznam mutacniho spektra nadorovych buné¢k ve vyvoji
kolorektalniho karcinomu

* Program rozvoje védnich oblasti UK Q39 Nahrada, podpora a regenerace zivotné
dualezitych tkani a organt

=  MSMT INTER-ACTION LTA USA 19032 Studium vztahu mezi strukturou a funkci
novych taxanovych derivatii v boji proti rezistenci nadorovych bunck

= GACR 21-14082S Uloha Notch signalni drahy v mechanismu ptisobeni novych

taxanovych derivata
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Protein expression of ABCC2 and
SLC22A3 associates with prognosis
of pancreatic adenocarcinoma

Lenka Cervenkoval?, Ondrej Vycital'-, Jan Bruha3, Jachym Rosendorf'?, Richard Palek'?,
Vaclav Liska'?, Ondrej Daum®*, Beatrice Mohelnikova-Duchonova® & Pavel Soucek(®'"

ATP-binding cassette (ABC) and solute carrier (SLC) transporters translocate diverse substances
across cellular membranes and their deregulation may cause drug resistance of cancers. This study
investigated significance of protein expression and cellular localization of the previously suggested
putative prognostic markers ABCC2 and SLC22A3 in pancreatic cancer patients. Protein localization
and brush border staining intensity of ABCC2 and SLC22A3 was assessed in tumor tissue blocks of 65
pancreatic cancer patients and associated with clinical data and survival of patients with regard to
therapy. Negative SLC22A3 brush border staining in pancreatic tumors significantly increased the risk
of both disease progression and patient’s death in univariate analyses. Multivariate analyses confirmed
the association of SLC22A3 expression with progression-free survival of patients. A subgroup analysis
of patients treated with regimens based on nucleoside analogs suggested that patients with negative
brush border staining or apical localization of SLC22A3 in tumor cells have worse overall survival.

The combination of positive ABCC2 and negative SLC22A3 brush border staining predicted worst
overall survival and patients with positive brush border staining of both proteins had best overall and
progression-free survival. The present study shows for the first time that the protein presence and to
some extent also localization of SLC22A3 significantly associate with prognosis of pancreatic cancer in
both unstratified and chemotherapy-treated patients. The combination of ABCC2 and SLC22A3 brush
border staining also needs further attention in this regard.

Pancreatic ductal adenocarcinoma (PDAC, OMIM: 260350) incidence ranks 12 among cancer diagnoses world-
wide, but its mortality is predicted to become the second leading cause of cancer death in the USA within the next
decade!?. PDAC clinically manifests by late diagnosis, poor prognosis and overall lack of long term response to
the systemic chemotherapy.

Overexpression of ATP-binding cassette (ABC) transporters and downregulation of solute carrier (SLC) trans-
porters is suspected to influence effective intracellular concentration of anticancer chemotherapeutics including
some targeted agents®*. There are numerous examples of such effects demonstrated in various in vifro model sys-
tems>®. The resulting chemoresistance of tumor cells leads to progression of the disease to more advanced stages.
Thus, discovery of prognostic factors indicating a high risk of such scenarios and development of tools decreasing
the chance of chemoresistance or re-sensitizing chemoresistant cells are urgently needed.

In previous studies, we have found dysregulation of transcript levels of several ABC and SLC transporters in
tumor tissues of PDAC patients compared to paired adjacent non-tumorous control tissues. Moreover, intratu-
moral levels of a number of transporters significantly associated with clinical characteristics of patients™®. Most
interestingly, combination of high transcript level of ABCC2 (OMIM: 601107) with low SLC22A3 (OMIM:
604842) level significantly predicted worse overall survival (OS) of patients®.

Main goal of the present study was to validate on the protein level the previously suggested putative prognostic
role of this combination in independent series of PDAC patients. Thus, we determined protein content of these
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Characteristics N=65
Age (median+8.D.) 66+8
Gender

Female 32
Male 33
UICC stage

Stage JA 4
Stage IB 14
Stage IIA 8
Stage IIB 32
Stage ITI 6
Unknown 1

Tumeor size (pT)

pT1 10
pT2 27
pT3 23
pT4 4
pTx 1
Lymph node metastasis (pN)

pNO 28
pN1-2 28
pNx 9
Distant metastasis (cM)

cMO 60
cMx 5
Grade

Gl 28
G2 29
G3 4
Gx 4

Resection margins (R)

RO 54
R1 11
Chemotherapy

None 27
Adjuvant 27
Unknown 11

Table 1. Clinical data of patients included in this study.

biomarkers in a larger cohort of PDAC patients and compared it with the patient " survival in order to substantiate
further mechanistic studies behind this association.

Materials and Methods

Patients. In total, 65 surgically treated patients with histologically confirmed diagnosis of PDAC and availa-
ble clinical follow up were included into the study. All patients were recruited and underwent surgery and onco-
logical treatment at the Department of Surgery and Oncology, Teaching Hospital and Medical School in Pilsen,
between years 2002 and 2016.

The following data on patients were retrieved from medical records: age, sex, date of diagnosis, date of sur-
gery, resection margins, tumor size (pT), lymph node metastasis (pN), distant metastasis (cM), clinical stage,
histological grade, adjuvant treatment regimen, and survival. Clinical characteristics of patients are described in
Table 1. None of the patients had received neoadjuvant chemotherapy. The progression-free survival (PFS) served
as a measure of the treatment outcome. The PFS was defined as the time elapsed between surgical resection and
disease recurrence or death. The OS was defined as the time elapsed between surgical resection and death of any
cause.

All procedures performed in this study were in accordance with the ethical standards of the Ethical
Commission of the Medical Faculty and Teaching Hospital in Pilsen, Czech Republic (approval reference no.
301/2019) and with the 1964 Helsinki declaration and its later amendments or comparable ethical standards.
Experimental protocol of this study was also approved by the Ethical Commission of the Medical Faculty and
Teaching Hospital in Pilsen, Czech Republic (approval reference no. 301/2019). Informed consent was obtained
from all individual participants included in the study.
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Immunohistochemical analysis. Tissue for light microscopy was fixed in 4% formaldehyde and embed-
ded in paraffin using routine procedures. Five micrometer-thick sections were cut from the tissue blocks and
stained with hematoxylin and eosin. For the immunohistochemical (IHC) study samples were first processed
by Heat Induced Epitope Retrieval (HIER) using Novocastra™ Epitope Retrieval Solutions pH 6 for ABCC2
and pH 9 for SLC22A3 (Leica Biosystems Inc., Buffalo Grove, IL, USA). Then, endogenous peroxidase activ-
ity was blocked using Dako REAL Peroxidase-Blocking Solution (Agilent Technologies, Inc., Santa Clara, CA,
USA), 5% normal goat serum was used for background blocking (slides for SLC22A3) and slides were incu-
bated with the following primary antibodies: ABCC2 (dilution 1:100, cat. no. ab3373, Abcam, Cambridge, UK)
and SLC22A3 (1:100, cat. no. ab124826, Abcam). The polymerized reporter enzyme staining system (Universal
Immuno-peroxidase Polymer) with Anti-Mouse and Rabbit N-Histofine® Simple Stain MAX PO (MULTI)
(Cosmo Bio USA, Carlsbad, CA, USA) were used for visualization. Slides were counterstained by Gill’'s hematox-
ylin. Appropriate positive and negative controls were employed. First, predominant localization was evaluated
as basal or apical. Then staining in brush border was evaluated as negative or positive. Ambiguous samples were
excluded from further statistical analysis (n=>5).

Data analysis. Al statistical analyses were performed using SPSS v16.0 Software (SPSS Inc., Chicago, IL).
Differences between groups of patients stratified by clinical data were assessed by the ANOVA and the Pearson
tests. Survival function was plotted by the Kaplan-Meier method and the Log Rank and Breslow tests were used
for evaluation of the compared groups of patients. Multivariate analysis adjusted to clinical factors which signifi-
cantly modified survival of patients, i.e. resection margins and lymph node metastasis was performed by the Cox
regression.

All P-values were calculated from two-sided tests. P-values lower than 0.05 were considered statistically
significant.

Results

ABCC2 and SLC22A3 proteins were stained by IHC in formalin-fixed paraffin-embedded sections of 65 PDAC
patients (clinical data in Table 1). The representative IHC slides are presented on Fig. 1. ABCC2 and SLC22A3
were predominantly localized in basal side of plasma membrane in 49% and 45% samples, respectively. Positive
IHC brush border staining was observed in 45% and 29% of patients for ABCC2 and SLC22A3, respectively. Both
followed characteristics were then combined.

No significant associations of ABCC2 and SLC22A3 ITHC brush border staining or localization with gender
and age of the patients, stage, tumor size, presence of local and distant metastasis, tumor grade and resection
margins have been observed. The median PFS and OS of all patients were 14 + 7 and 28 + 9 months, respectively.
Five patients were lost to follow up and were not further evaluated. Patients with R1 resection had significantly
worse PFS (P=0.038, Log Rank) and OS (P=0.001) than completely resected (R0) ones. Patients with regional
lymph nodes invaded by tumor cells (pN1-2) had significantly worse PES (P=0.039, Log Rank), but not OS than
patients without such invasion (pNO). Therefore, subsequent multivariate analyses were adjusted to lymph node
metastasis and resection margins.

We then performed univariate analysis of survival functions in groups of patients divided by localization or
IHC brush border staining. PDAC patients with negative IHC brush border staining of SLC22A3 had significantly
shorter PFS (P=0.041, Log Rank and P=0.024, Breslow; Fig. 2A) and OS (P=0.007, Log Rank and P=0.020,
Breslow; Fig. 2B) than patients with positive staining in tumor cells. ABCC2 brush border staining or localization
and SLC22A3 localization did not associate with survival of the patients.

Multivariate analysis adjusted to resection margins and lymph node metastasis confirmed that the negative
SLC22A3 THC brush border staining presents high risk factor for disease progression (PFS) (P=0.049, hazard
ratio = 2.3, 95% confidence interval = 1.0-5.1), but not for death (OS).

The analysis of combinations of IHC characteristics of both proteins has shown that patients with positive
ABCC2 and SLC22A3 brush border staining had the best PES, but the effect of other combinations was equal
(P=0.035, Log Rank and P=0.092, Breslow; Fig. 3A). The combination of positive ABCC2 and SLC22A3 brush
border staining was also predictive of best OS, but additionally, patients with combination of positive ABCC2 and
negative SLC22A3 intratumoral brush border staining had apparently the worst OS (P=0.048, Log Rank and
P=0.013, Breslow; Fig. 3B). The combination oflocalizations did not influence OS as well as PFS. Multivariate
analysis was not performed due to too small numbers of observations in compared subgroups of patients.

Stratified analyses of patients treated with regimens based on nucleoside analogs (gemcitabine and
5-fluorouracil, N=27) again demonstrated that patients with negative IHC brush border staining of SLC22A3
have significantly worse PES (P=0.010, Log Rank and P=0.013, Breslow; Fig. 4A) and OS (P=0.030, Log Rank
and P=0.040, Breslow; Fig. 4B). Moreover, patients with apical SLC22A3 localization had significantly worse
OS than those with basal localization (P =0.021, Log Rank and P =0.029, Breslow; Fig. 4C). Analyses of com-
binations and multivariate analyses were not performed due to too small numbers of observations in compared
subgroups of patients.

Discussion
Based on the previously observed associations of transcript levels of two less frequently studied membrane trans-
porters with survival of PDAC patients’-®, we analyzed prognostic significance of their protein staining intensity
and cellular localization by IHC in a larger study. Our data clearly show that presence of SLC22A3 protein asso-
ciates with prognosis of PDAC patients.

Role of protein expression of SLC22A3 in pancreatic cancer was not addressed to date. Present study demon-
strates that patients with detectable SLC22A3 brush border IHC staining in their tumor cells have significantly
longer OS and PFS than those without it. SLC22A3 is expressed across a broad spectrum of human tissues mostly
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Figure 1. Immunohistochemistry of the ABCC2 and SLC22A3 transporters. (A) Examples of ABCC2 negative
and positive brush border staining, apical and basal staining, and negative and positive controls. Negative
control: tumor tissue stained without primary antibody. Positive control: human kidney cortex. (B) Examples of
SLC22A3 negative and positive brush border IHC staining, apical and basal staining, and positive and negative
controls. Negative control: tumor tissue stained without primary antibody. Positive control: human liver.
Arrows allow easier visual control of results. Scale bar 50 um.

in cellular plasma membrane where it actively uptakes a high number of both endogenous substrates and xeno-
biotics including antineoplastic drugs. Gene expression of SLC22A3 is both genetically and epigenetically regu-
lated!®. The current view about role of SLC22A3 in cancer has two aspects.

First, SLC22A3 expression was previously connected with onset and progression of several cancers.
Specifically, genetic variability of SLC22A3 predisposes to colorectal and prostate cancer!'™!%. Association of
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Figure 2. Associations between SLC22A3 brush border staining and the survival of all patients. Kaplan-Meier
survival curves were plotted for the PFS or the OS of patients divided into negative and positive staining groups.
Dashed line represents the group with negative staining and solid line the group with positive staining. Plot (A)
shows results of PFS analysis and plot (B) of OS analysis.

genetic variant rs2504938 in SLC22A 3 with overall survival of pancreatic cancer patients was recently published!4.
Hepatocellular carcinomas express lower SLC22A3 protein levels than non-tumor tissues!® and larger size and
number of chemically-induced liver tumors were observed in SLC22A3 knock-out mice model compared to
wild type mice!®. In line with these observations, SLC22A3 was reported as metastasis suppressor in familial
esophageal squamous cell carcinoma where it directly inhibits ACTN4 (alpha actin 4, OMIM: 604638)'7. More
recently, a correlation between SLC22A 3 promoter hypermethylation and a higher risk for developing familial
esophageal squamous cell carcinoma in Chinese was described, together with a new function of SLC22A3 in heat
stress-induced oxidative DNA damage!®. On the other hand, SLC22A3 overexpression promoted cell proliferation
and stimulated migration and invasion of colorectal carcinoma cell line models, while repression of the expres-
sion reversed these effects!®. Taken together previous studies suggested that genetic, epigenetic or phenotypic
nature of SLC22A3 can serve as putative risk predictive or prognostic biomarker in cancer.

Second, SLC22A3 function as uptake transporter of number of chemicals including antineoplastic drugs was
implicated in cancer treatment efficacy and individualization. Higher pre-treatment intratumoral SLC22A3 pro-
tein expression was observed in colorectal cancer patients responding to adjuvant chemotherapy with FOLFOX
{(combination of 5-fluorouracil, folinic acid and oxaliplatin) regimen than in non-responders!® suggesting a
potential predictive character of this biomarker. In agreement with our findings, patients with head and neck
squamous cell carcinoma classified as having high SLC22A3 protein level had improved overall survival after
cisplatin therapy and correspondingly, the in vitro sensitivity of cell line models to this compound correlated with
SLC22A3 expression®. Besides frequently used platinum compounds, SLC22A3 also plays a role in the therapeu-
tic action of metformin®!. High SLC22A3 expression is being tested as a potential surrogate biomarker predicting
response of several cancers to metformin?>%.
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Figure 3. Survival analysis of combinations of SLC22A3 and ABCC2 brush border staining in all patients.
Kaplan-Meier survival curves were plotted for the PES or the OS of patients divided into ABCC2-negative/
SLC22A3-negative (dashed lines), ABCC2-negative/SLC22A3-positive (hatched lines), ABCC2-positive/
SLC22A3-negative (dotted lines), and ABCC2-positive/SLC22A3-positive (solid lines). Plot (A) shows results of
PFS analysis and plot (B) of OS analysis.

Collectively, the present study and previous reports suggest that SLC22A3 may serve as a putative prognostic
and predictive biomarker for follow up validation and functional studies aimed at personalized therapy of PDAC
and several other, mostly gastrointestinal, cancers. IHC is routine method established in all pathology depart-
ments of larger medical centers worldwide and thus quick application of verified biomarker(s) is envisaged.

Recent genetic study reported that several polymorphisms in the ABCC2 gene (rs3740067, rs3740073 and
rs717620) significantly associate with OS of PDAC patients in an early disease stage and may become prognostic
biomarkers?%. This observation complements previous studies suggesting that ABCC2 polymorphism rs2273697
associates with poor OS and response to chemoradiotherapy of PDAC patients® and upregulated ABCC2 protein
expression leads to an altered sensitivity to gemcitabine and irinotecan in vitro®. Another study recently pointed
out that silencing ABCC2 protein expression increases oxaliplatin accumulation and cytotoxicity in PANC-1
pancreatic cell line model in vitro¥. Although the relation between ABCC2 and PDAC therapy response and
prognosis was already well demonstrated in various experimental settings, the present study did not prove asso-
ciation of ABCC2 protein expression alone with survival of PDAC patients.

Prognostic potential of ABCC2 and SLC22A3 combination detected in the present study represents com-
pletely new area. Combinations of efflux and uptake transporters by definition of their major functions, i.e. export
of drugs outside cells or cellar compartments by ABCs and import of drugs inside by SLCs may have much
stronger effect than single biomarker-based predictions. Thus we hypothesized that negative ABCC2 and positive
SLC22A3 protein expression should associate with long survival and opposite combination with poor survival of
patients. In fact, combination of positive ABCC2 and positive SLC22A3 predicted longest survival (both PFS and
OS) suggesting that the extent of overall protein expression dysregulation is prognostic in this case. On the other
hand, combination of positive ABCC2 and negative SLC22A3 protein expression indeed predicted shortest over-
all survival of patients and complied with the function-based hypothesis. However, the breaking up the cohort to
very small subgroups poses a problem with statistical power especially in rarely studied diseases and thus, these
observations must be replicated.
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Figure 4. Associations of SLC22A3 brush border staining and localization with the survival of chemotherapy-
treated patients. Kaplan-Meier survival curves were plotted for the PFES or the OS of patients divided into
negative and positive or apical and basal localization groups. Dashed line represents the group with negative
staining, solid line the group with positive staining. Plot A shows results of PFS analysis and plot (B) of OS
analysis. In the plot (C), the solid line represents the group with basal localization and dashed line the group
with apical localization of SLC22A3 protein in plasma membrane compared with OS of patients.

We are aware of some limitations of our study. First, the modest sample size may be seen as rather low.
However, the incidence of PDAC, although quickly rising, is still quite low and mainly the percentage of its resect-
ability is very limited (10-15%). Thus, it is rather difficult to put together larger series of patients with available
clinical follow up. The rate of drop-out of patients from the follow up due to very dismal character of the disease is
also quite high. Second, numerous systems of evaluation of protein appearance in tumor cells were published and
especially in experimental and less studied proteins it is complicated to decide which of the reported approaches
should be used. Therefore, we have chosen both semi-quantitative and qualitative measures to robustly assess
relevance of proteins of interest. It is necessary to conduct next studies to validate present results.

On the other hand, this study has also certain advantages. All patients were recruited and followed in one
regional center and thus represent homogeneous group of patients treated and surveyed in uniform way.
Moreover, the present study was driven by previous observations on different patient group (also single center
cohort) at the transcript level and thus congruent results obtained now cannot be attributed to the chance as in
the case of hypothesis-generating screens.

Taken together, our results confirm the prognostic role of SLC22A3 protein in PDAC previously suggested by
targeted transcriptomic study. ABCC2 transporter seems to play rather marginal role in this regard, but the effect
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of combinations of both biomarkers observed in a small scale subgroup analysis should be further validated by
independent studies.

Compliance with Ethical Standards

Ethical approval. All procedures performed in studies involving human participants were in accordance
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comparable ethical standards. This article does not contain any studies with animals performed by any of the
authors.
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ABSTRACT

Background: ATP-binding cassette (ABC) transporters translocate various substances across cellular
membranes. Their deregulation may cause cancer drug resistance or perturbations in the supply of
building blocks for cancer cells and modify patients’ prognosis. This study investigated protein expres-
sion and cellular localization of the previously suggested putative prognostic biomarkers — ABCB2/TAP1,
ABCC7/CFTR, ABCC8/SUR1, and ABCD4 in patients with pancreatic ductal adenocarcinoma (PDAC).
Methods: Protein expression and localization were assessed by immunohistochemistry in formalin-fixed
paraffin-embedded primary tumor tissue blocks of 61 PDAC patients and associated with clinical data
and the survival of patients.

Results: No CFTR protein expression was observed in PDAC, while TAP1 and ABCC8 were expressed
predominantly in the cytoplasm of tumor cells. Most samples (81 %) had detectable both membranous
and cytoplasmic ABCD4 staining and 42 % had ABCD4 expressed in the apical orientation. Negative
membranous ABCD4 staining was significantly more frequent in advanced stage Il or IV tumors
(p = 0.022). Small or medium counts of individual ABCC8-positive cells in the stroma surrounding tumor
tubules were also more often found in stage IIl or [V (p = 0.044). Patients with moderate or strong ABCC8
cytoplasmic staining intensity in tumor cells had a 3.5-fold higher risk of disease progression than those
with weak staining (p = 0.002).

Conclusions: The study shows for the first time that the cytoplasmic ABCC8 protein expression has
prognostic value in PDAC.

© 2023 IAP and EPC. Published by Elsevier B.V. All rights reserved.

1. Introduction

death in the USA within the next decade [2].
We have previously demonstrated that the notoriously known

Pancreatic ductal adenocarcinoma (PDAC) remains one of the
most deadly cancers with a quickly rising incidence [1]. Predictions
warn that PDAC will become the second leading cause of cancer
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PDAC resistance to cytotoxic and targeted therapy may be at least
partly attributed to the overexpression of ATP-binding cassette
(ABC) transporters and downregulation of solute carrier (SLC)
transporters, resulting in an imbalance between drug uptake and
efflux decreasing their intracellular concentration [3,4]. Addition-
ally, intratumoral levels of individual transporters or their combi-
nations are significantly associated with the clinical characteristics
of patients [3,4]. Most interestingly, a combination of high ABCC2
and low SLC22A3 transcript levels significantly predicted worse
overall survival (OS) of patients [5]. We later confirmed this
observation on a protein level [6].
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Additionally, we recently reported associations of ABCB2/TAP1,
ABCC7/CFTR, ABCC8/SUR1, and ABCD4 intratumoral or non-
malignant tissue transcript levels with PDAC prognosis [7]. These
transporters belong to physiological ones and their direct partici-
pation in drug resistance is neglected. Transporter associated with
antigen processing 1 (TAP1), together with TAP2/ABCB3, forms the
antigen-presenting machinery [8]. Its transcript was recently
shown overexpressed in several cancers [9], and its high level was
significantly associated with the risk of progression and death [10].
Moreover, a high expression of TAP1 observed in immune cells may
be relevant for tumor-host response, immunotherapy, and resis-
tance to targeted drugs [11]. Cystic fibrosis transmembrane
conductance regulator (CFTR) protein functions as a membrane
channel controlling the exit of chloride anions from secretory cells
producing mucus, sweat, saliva, tears, and digestive enzymes [12].
Therefore it is highly relevant to the pancreas, and its pathogenic
mutations cause not just cystic fibrosis but also pancreatitis [13],
which is connected with an increased risk for pancreatic cancer as
well as cystic fibrosis alone [14]. Sulfonylurea receptor 1 protein,
encoded by the ABCC8 gene, in cooperation with other ATP-
sensitive potassium (KATP) channels, regulates a plethora of
physiological functions [15]. Most importantly, it seems connected
with diabetes [16], the notoriously debated issue in pancreatic
cancer [17]. ABCD4 is predominantly expressed in the lysosomal
membrane where it interacts with the lysosomal cobalamin
transport escort protein LMBD1 and both proteins transport
vitamin B12 (cobalamin) to the cytosol [18]. Its contribution to
cancer onset and progression is virtually unknown.

It is accepted that transcript level does not readily correlate with
protein expression or activity. Thus, proper validation of clinical
associations based on transcript levels is urgently needed. There-
fore, the main goal of the present study was to validate on the
protein level a previously demonstrated (on transcript level) [7]
significance of four physiological ABC transporters in an indepen-
dent set of PDAC patients. We report for the first time the protein
expression and localization of these less studied ABCs in a series of
PDAC tissue blocks and confirm that the protein expression of
ABCC8 is prognostic in PDAC.

2. Materials and methods
2.1. Patients

We retrospectively collected archival formalin-fixed paraffin-
embedded (FFPE) blocks of 61 patients with histologically
confirmed PDAC resected at the Department of Surgery and
Department of Oncology, Teaching Hospital and Medical School in
Pilsen, from 2002 to 2016.

The following data on patients were retrieved from medical
records: age, sex, date of diagnosis, date of surgery, resection
margins (R), tumor extent (pT), lymph node metastasis (pN),
distant metastasis (cM), stage and histological grade, adjuvant
treatment regimen, and patient survival (Table 1)

Samples from patients treated with neoadjuvant chemotherapy
were excluded. The progression-free survival (PFS) defined as the
time elapsed between surgical resection and disease recurrence or
death served as a measure of the treatment outcome. The OS was
defined as the time elapsed between surgical resection and death of
any cause. Three patients with perioperative mortality (death
within 30 days of surgery) were excluded from survival analyses.

All procedures performed in studies involving human partici-
pants were in accordance with the ethical standards of the Ethical
Commission of the Medical Faculty and Teaching Hospital in Pilsen,
Czech Republic (approval no. 301/2019) and with the 1964 Helsinki
Declaration and its later amendments or comparable ethical
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Table 1
Clinical characteristics of the patients.

Parameter Number of patients %
Age at diagnosis, median & range (years) 65 (47—81) 100
Gender

Male 31 51
Female 30 49
Tumor extent (pT)

pT1 9 15
pT2 25 42
pT3 21 35
pT4 5 8
pTX 1 —
Lymph node involvement (pN)

pNO 25 47
pN1 26 49
pN2 2 4
PNX 8 -
Distant metastasis (¢cM)

Absent 59 97
Present 2 3
Stage

1 15 25
Il 37 62
1 6 10
v 2 3
Not available 1 =
Histological grade (G)

G1 28 48
G2 24 42
G3 6 10
GX 3 —
Resection margins (R)

Negative (RO) 52 85
Positive (R1) 9 15
Adjuvant chemotherapy

Administered 34 62
Not administered 21 38
Data not available 6 —

standards. This article does not contain any studies with animals
performed by any of the authors. Due to the retrospective nature of
the study, a high fatality of the disease, anonymized clinical data,
and the fact that the research could not practicably be carried out
without the waiver, the Ethical Commission of the Medical Faculty
and Teaching Hospital in Pilsen, Czech Republic waived the
requirement to obtain an informed consent (reference no. 301/
2019).

2.2. Rationale for selection of candidate proteins

ABCs selected for the study had to fulfill at least one of the
following criteria: ifsignificant transcript dysregulation in PDAC
compared with non-neoplastic tissue of pancreas (ABCB2/TAP1 and
ABCD4 overexpressed, CFTR and ABCC8 downregulated) [3], ii/part
of transcript expression clusters associating with patient prognosis
(ABCD4) [7], or iii/relevance to pancreatic tissue or cancer in gen-
eral (TAP1, CFTR, and ABCC8) [8—18].

2.3. Immunohistochemical analysis

Five micrometer-thick sections were cut from the FFPE tissue
blocks and stained with hematoxylin and eosin. Tissue samples or
sections with low tumor cell content were excluded from the
analysis. For the immunohistochemical study, slides were incu-
bated with primary antibodies (Suppl. Table S1) using the autos-
tainer BenchMark ULTRA IHC/ISH staining module (Roche
Diagnostics International AG, Rotkreuz, Switzerland) with proced-
ure UltraView DAB.
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The microscope Olympus BX53 (Olympus Europa SE & Co,
Hamburg, Germany) was used for the final assessment of locali-
zation and staining intensity of proteins of interest in tumor cells by
immunohistochemistry.

Positive (Suppl. Table S1) and negative controls (pancreatic tis-
sue for CFTR and tumor tissue for ABCD4, ABCC8, and TAP1) stained
without primary antibodies were employed. We also used internal
positive controls for each evaluated tumor tissue block, namely
endothelial cells for ABCD4, non-neoplastic pancreatic tissue for
CFTR, and interstitial cells for ABCC8 and TAP1. All samples with
absent internal and external control staining were excluded from
the analysis.

The localization was first scored as 1/negative in the cytoplasm
and plasmatic membrane, 2/positive in the cytoplasm, or 3/positive
in the plasmatic membrane. For cytoplasmic expression, we further
stratified samples to those with weak — moderate — strong in-
tensity as evaluated semi-quantitatively by comparing the pre-
vailing intensity in tumor cells with positive control cells, including
the internal controls. The samples with positive staining in the
plasmatic membrane were divided into strong apical, strong basal,
and strong apical and basal staining groups. Negative staining was
called for samples without expression in all tumor cells assessed.
For all analyses, minimally 10 HPF (high power fields) at 40x lens
magnification was used.

24. Data analysis

Differences between groups of patients stratified by clinical data
were assessed by ANOVA or Pearson’s chi-squared tests. The sur-
vival functions were plotted by the Kaplan-Meier method and the
Log Rank test was used for the evaluation of differences between
the compared groups of patients {positive versus negative staining
and where applicable apical versus basal localization). Multivariate
Cox regression analysis, adjusted to lymph node involvement, was
performed for significant associations in univariate analyses. All p-
values come from two-sided tests and p-values <0.05 were
considered statistically significant. All statistical analyses were
performed using SPSS v16.0 Software (SPSS Inc., Chicago, IL).

3. Results

3.1. Staining intensity and localization of studied ABC transporters
in PDAC cells

3.1.1. TAP1

One sample was excluded due to inconsistent staining results.
We detected weak to strong TAP1 cytoplasmic staining in most
PDAC samples (n = 45, 75 %). No membrane staining was detected.
The representative immunohistochemistry slides are in Fig. 1 and
the overall results are in Suppl. Table S2.

3.1.2. CFIR

No CFIR staining was found in PDAC cells of any of the analyzed
samples (n = 61,100 %, Suppl. Table S2), while the apical membrane
of non-neoplastic pancreatic duct cells was positive in all samples
(Fig. 2).

3.1.3. ABCC8

Four samples had to be excluded from the analysis due to
inconsistent staining results. In the rest of the samples, all PDACs
had positive cytoplasmic ABCC8 staining. However, its intensity
varied from weak to strong (Fig. 3). ABCC8 weak apical membrane
staining was present in nine tumor samples. Stroma surrounding
tumor tubules contained strong ABCC8 staining in small (n = 18) or
medium (n = 12) counts of cells (Suppl. Table S2). ABCC8-positive
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cells in the stroma morphologically resembled histiocytes.

3.14. ABCD4

Two samples were excluded due to inconsistent staining results.
The ABCD4 protein expression pattern was more variable compared
to the above transporters (Fig. 4A—D). In most cases (n = 48, 81 %),
both membranous and cytoplasmic staining were observed in PDAC
cells. Eight (14 %) samples had ABCD4 localized exclusively in the
membrane and four in the cytoplasm (7 %). Of those with plasma
membrane positivity, ABCD4 was found on the apical side of 24
samples and five of these had it localized also on the basal side
(Suppl. Table S2).

3.2. Associations with clinical data

We further statistically evaluated associations of TAP1, ABCCS,
and ABCD4 protein localization and staining intensity with clinical
data of patients. For ABCC8 we also evaluated counts of individual
ABCC8-positive cells in the stroma surrounding tumor tubules.

Tumors of patients with advanced disease (stage III or IV) more
often lacked ABCD4 membranous staining (33 %) compared to early
or regionally advanced ones (2 % in stage I or Il combined) and even
the trend among stages was significant (p = 0.022, Table 2).

Additionally, the majority of tumor samples from patients with
stage III or IV had small or moderate counts of isolated ABCC8
positive cells in the stroma and the trend among stages was also
significant (p = 0.044, Table 3). No significant associations of ABCD4
or ABCC8 protein expression or localization with the gender or age
of the patients at the diagnosis, tumor extent (pT), lymph node (pN)
or distant metastasis (cM), tumor grade, and resection margins
have been observed. Other histopathological parameters (peri-
neural or endolymphatic propagation, or angioinvasion) also did
not associate with ABC transporters’ expression and localization
(p > 0.05, Tables 2 and 3). TAP1 transporter did not associate with
any clinical parameter, including the stage (p > 0.05, Table 4).

The median PFS and OS of all patients were 18 and 26 months,
respectively. First, we performed a univariate analysis of survival
functions in groups of patients divided by membranous staining
localization (apical versus basal) or cytoplasmic or membranous
immunohistochemistry staining (positive versus negative). No
significant association was found. We then followed the staining
intensity (weak versus moderate or strong). The analysis revealed,
that patients with moderate or strong cytoplasmic ABCC8 staining
intensity had significantly poorer PFS than patients with weak in-
tensity (p = 0.009, Fig. 5A). This association was even stronger in
the multivariate Cox regression adjusted for lymph node involve-
ment where the hazard ratio (HR) for ABCC8 moderate or strong
staining intensity was 3.5 with a 95 % confidence interval (CI)
1.58—7.69 (p = 0.002). The univariate association with OS was not
significant (p = 0.087, Fig. 5B). The expression or localization of the
rest of the transporters was not prognostic (p > 0.05, Fig. 5C—F).

We then stratified patients according to the administered
adjuvant chemotherapy to subgroups treated vs. untreated. The
treatment administration did not associate with the PFS or OS
(p = 0.364 and p = 0.752, respectively). Patients from the treated
group (n = 31, three patients excluded due to perioperational
mortality) with moderate or strong cytoplasmic ABCC8 staining
had significantly poorer PFS (p = 0.029), while this was not true for
patients in the untreated subgroup (n = 17, four patients excluded
due to inconsistent staining; p > 0.05).

4. Discussion

Based on the previously observed associations of the transcript
level of the less frequently studied ABCD4, TAP1, CFTR, and ABCC8



L. Cervenkova, R. Palek, V. Moulisova et al.

A ) ) c

Fig. 1. Images of immunohistochemical staining of TAP1
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Examples of (A) negative, (B) weak, (C) moderate, and (D) strong cytoplasmic positivity of tumor cells are highlighted by arrows. (E) Represents negative (tumor tissue) and (F)

positive (lung carcinoma) controls. Magnification 40x, scale bar 20 pm.

Fig. 2. Images of immunohistochemical staining of CFTR

Examples of (A) negative staining of tumor cells (black arrows), (B) the process of loss of protein expression: intercalated duct cells with apical membrane staining (black arrows)
and negative dysplastic cells (red arrows), (C) negative (pancreatic tissue), and (D) positive (pancreatic tissue) controls. Magnification 40x, scale bar 20 pm.

membrane transporters with the survival of PDAC patients [3,7], we
attempted to replicate the prognostic significance on protein level
by immunohistochemistry in a larger and independent patient
cohort from a single center.

The main results indicate for the first time that patients with
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PDAC cells having moderate or strong cytoplasmic ABCC8 staining
intensity have a 3.5 times higher risk of disease relapse than pa-
tients with weak intensity. The suggested connection between
ABCC8 and the prognosis of patients was corroborated by the fact
that patients with advanced stage III or IV diseases had small or
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A ) ) C

Fig. 3. Images of immunohistochemical staining of ABCC8
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Examples of (A) weak and (B) strong cytoplasmic staining of tumor cells (black arrows), (C) weak apical membranous staining of tumor cells (black arrows), (D) strong positive cells
(red arrows) around tumor tubules (black arrows), (E) negative (tumor tissue), and (F) positive (Langerhans islet of the pancreas) controls. Magnification 40x, scale bar 20 pm.

Fig. 4. Images of immunohistochemical staining of ABCD4

Examples of (A) strong apical (black arrows), (B) strong apical and basal membranous positivity of tumor cells (black arrows), (C) negative (tumor tissue), and (D) positive (kidney

medulla) controls. Magnification 40x, scale bar 20 pm.

moderate counts of isolated ABCC8-positive cells in the stroma
surrounding tumor tubules while no such cells were found in the
vast majority of patients with less advanced stage I or II. This
observation leads us to a hypothesis that ABCC8 expression may be
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connected with disease progression. A recent report indicating that
ABCC8-expressing cancer cells can induce the transformation of
regular into cancer-associated fibroblasts (CAFs) in the tumor
microenvironment and promote the progression of non-small cell
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Table 2

Association of membranous ABCD4 staining with clinical characteristics.
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Parameter ABCDA4 - cytoplasmic staining® ABCD4 - membranous staining?®

negative positive p-value® negative positive p-value®
Age (mean) 642 (n=8) 65.1 (n =51) 0.768° 64.7 (n=4) 65.0 (n = 55) 0.949¢
Gender
Male B 25 0478 4 26 0.112
Female 3 26 0 29
Tumor extent (pT)
pT1 2 7 0.657 0 g 0.157
pT2 4 21 0 25
pT3 2 2 17
pT4 0 5 1
Lymph node involvement (pN)
pNO 4 21 0.781 2 23 0917
pN1 3 22 2 23
pN2 0 2 0 2
Distant metastasis (cM)
cMO 6 48 0.102 3 51 0.139
cM1 1 1 1 1
Stage
SI 4 11 0234 0 15 0.022
si 3 32 1 34
SHi/siv 1 7 2 6
Grade
G1 5 21 0453 2 24 0.769
G2 3 21 2 22
G3 0 6 0 6
Resection margins (R)
Negative (R0O) 7 43 0816 2 48 0.106
Positive (R1) 1 8 2 7

Footnotes:

# Numbers of patients with negative or positive ABCD4 staining in tumor cells.
b p-value by the Pearson's chi squared test.
¢ p-value by the Mann-Whitney test.

Table 3

Association of ABCC8 cytoplasmic staining or counts of isolated ABCC8 positive cells in the tumor stroma with clinical characteristics.

Parameter ABCCS - cytoplasmic staining® ABCCS - Positive cells in tumor stroma®

weak moderate/strong p-value® none small/moderate counts p-value®
Age (mean) 66.4 (n = 28) 64.1 (n = 28) 0.242¢ 66.4 (n =28) 64.1 (n =28) 0.242¢
Gender
Male 13 14 0.789 14 13 0432
Female 15 14 12 17
Tumor extent (pT)
pT1 2 0.560 4 3 0.197
pT2 10 13 14 9
pT3 11 9 7 13
pT4 2 3 1 4
Lymph node involvement (pN)
pNO 13 12 0.364 15 10 0.157
pN1 11 11 9 13
pN2 0 2 0 2
Distant metastasis (cM)
cMO 25 26 0.173 25 26 0978
cM1 0 2 1 1
Stage
SI 6 0337 11 4 0.044
s1 17 15 13 18
sHi/siv 6 2 6
Grade
G1 16 10 0.206 12 14 0.950
G2 11 12 11 12
G3 1 4 2 3
Resection margins (R)
Negative (R0O) 23 24 0.716 23 24 0313
Positive (R1) 5 4 3 6

Footnotes:

# Numbers of patients with weak or moderate/strong ABCC8 staining in tumor cells or none versus small/moderate counts of ABCC8 positive cells in tumor stroma.
b p-value by the Pearson's chi squared test.
¢ p-value by the Mann-Whitney test.
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Table 4
Association of cytoplasmic TAP1 staining with clinical characteristics.

Parameter TAP1 - cytoplasmic staining®

negative weak to strong p-value®
Age (mean) 65.8 (n = 15) 65.1 (n = 45) 0.773¢
Gender
Male 9 22 0456
Female 6 23
Tumor extent (pT)
pT1 3 6 0.861
pT2 5 19
pT3 6 15
pT4 1
Lymph node involvement (pN)
pNO 7 18 0.670
pN1 6 19
pN2 0 2
Distant metastasis (cM)
cMO 12 43 0351
cM1 1 1
Stage
SI 5 10 0.708
si 8 28
SHi/siv 2 6
Grade
G1 9 18 0.196
G2 3 21
G3 2 4
Resection margins (R)
Negative (RO) 12 39 0.531
Positive (R1) 3 6

Footnotes:

# Numbers of patients with positive (weak to strong) or negative cytoplasmic
TAP1 staining in tumor cells.

b p-value by the Pearson's chi squared test.

¢ p-value by the Mann-Whitney test.

lung carcinomas [19] further substantiates this hypothesis.
Assuming that tumor stroma contains many different types of cells,
e.g., blood and lymphatic, endothelial, immune, and mesenchymal
cells, including mesenchymal stem cells, CAFs, and pericytes
[20,21], we suggest that a more detailed follow-up study should be
focused on the identification of the origin of ABCC8-positive iso-
lated cells.

ABCCS is expressed in many human tissues and, together with
other KATP channels, regulates, e.g., vascular tone, memory,
learning, cardiac, and neuronal functions [15]. According to the
Human Protein Atlas (www.proteinatlas.org), it is predominantly
localized in the cytoplasm, which well corresponds with our re-
sults. Specifically, in pancreatic B-cells, KATP channels provide in-
direct sensing of blood glucose concentration and gate insulin
secretion [22]. Despite ABCC8 being connected with diabetes [16],
which is both a risk factor and consequence of pancreatic cancer
[17], its expression or gene alterations were not yet associated with
PDAC prognosis or therapy outcome. It is also intriguing that
insulinomas (rare neuroendocrine tumors of pancreatic islets),
which manifest with hypersecretion of insulin and the resulting
hypoglycemia, have ABCC8 protein overexpression compared to
normal pancreatic islets [23]. More importantly, insulin was shown
to promote the invasion and migration of transformed KRAS
mutant human pancreatic ductal cells in vitro through activation of
the key oncogenic PI3K/AKT and MAPK pathways [24]. Only one
study suggested a link between ABCC8 transcript expression and
the development and prognosis of pancreatic neuroendocrine tu-
mors [25]. Additionally, the ABCC8 gene is part of a 12-gene
expression signature recently suggested as a prognostic scoring
model in serous ovarian carcinoma [26], and other works con-
nected its transcript expression also with prognosis and
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chemosensitivity of glioma [27] and breast carcinoma [28]. Thus,
our report extends current knowledge to PDAC prognosis. We may
hypothesize that ABCC8 overexpression may be a critical sign of
progressing PDAC cells resulting in the worsened patient prognosis.
It would be extremely interesting to analyze metastatic loci of PDAC
in the liver or lungs. However, such samples are not readily avail-
able due to the dismal character of the disease. Further research
should be focused on the interplay between ABCC8 and insulin
secretion and its role in PDAC prognosis.

The present study also demonstrates that patients with
advanced stage III or IV significantly more often lack ABCD4 in
tumor cell membranes. This result would imply that patients
without ABCD4 expression also have a poor prognosis as generally
patients with advanced stages live shorter. However, survival ana-
lyses disproved this assumption because none of the evaluated
ABCD4 characteristics were significantly associated with PFS or OS.
No other clinical parameter was associated with ABCD4 expression
or localization. As regards expression intensity and pattern, it is
evident that ABCD4 is expressed in both the membrane and cyto-
plasm of tumor cells and that the expression in basal orientation is
quite a rare event. The expression in apical orientation is more
frequent but has no clinical meaning. ABCD4 is a less-studied
member of the D subfamily of ABC transporters providing intra-
cellular translocation of vitamin B12 from the lysosomal lumen to
the cytosol. Its defect causes X-linked adrenoleukodystrophy and
cobalamin deficiency [29,30], and its link to patient prognosis was
mentioned in colorectal [31] and pancreatic [7]| cancers. Recently,
ABDC4 was also reported to participate in the doublecortin-like
kinase1l (DCLK1) mediated cisplatin resistance in non-small cell
lung cancer in vitro [32]. Nevertheless, according to our results,
ABCD4 does not contribute to the progression of PDAC and has no
prognostic value.

Although we detected unambiguous cytoplasmic expression of
TAP1 protein in the majority of PDACs, it had no prognostic value
for the patients. TAP1 (and TAP2) are very interesting transporters
because they constitute the antigen (including cancer-associated)
presenting machinery and became broadly discussed in connec-
tion with immunotherapy [8]. Despite, we report negative obser-
vations for TAP1 in terms of prognosis, both proteins still may be
useful for the prediction of immunotherapy outcomes. It is worth
mentioning, however, that clinical trials using the most prominent
types of immunotherapies failed in PDAC [33]. Thus, we conclude
that TAP1's role in this regard, if any, seems to be cancer type-
specific.

Finally, yet importantly, we show that the CFTR expression is
virtually absent in both the cytoplasm and membrane of PDAC cells.
Mutations in the ABCC7 gene encoding CFIR are responsible for
cystic fibrosis, intestinal and pulmonary dysfunctions, and mainly
pancreatitis [13], which is a suspected precancerous condition of
PDAC. From this perspective, the lack of CFTR production in PDAC
observed by us confirms the overall tumor suppressor role of CFTR
in gastrointestinal malignancies demonstrated by epidemiological
surveys of cystic fibrosis patients [14] or ABCC7 gene mutations in
PDAC patients [34]. Nevertheless, our observation of null expres-
sion in all PDACs is unique in the literature and calls for further
studies on its utilization in personalized oncology. After the reve-
lation of the exact mechanism of CFTR silencing, the potential
utilization of this phenomenon may be further elaborated.

We acknowledge the following limitations of our study. First,
the modest sample size may decrease the study’s appeal. The low
resectability rate (<20 %) and a rather high drop-out of patients
from the study due to the very dismal character of the disease
preclude the collection of larger series of patients with available
clinical follow-up. Moreover, the sample dropout during re-
evaluation of tissue blocks (some had low content of tumor cells
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Fig. 5. Kaplan-Meier survival functions of PDAC patients stratified by the ABCC8 (A — PFS, B - 0S), TAP1 (C — PES, D - 0S), and ABCD4 (E — PFS, F - OS) cytoplasmic staining.

For ABCC8 weak versus moderate or strong staining categories were used.
For TAP1 no staining versus weak, moderate, or strong staining categories were used.
For ABCD4 no staining versus weak staining categories were used.

or were spent by previous diagnostic and research procedures) and
the lack of follow-up data for some patients, precluded obtaining a
larger sample size. Second, despite several systems of evaluation of
protein expression and topology in tumor cells being published,
their use in less-studied proteins remains challenging. For robust
assessment of the relevance of candidate ABCs for PDAC prognosis,
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we have chosen both qualitative and semi-quantitative measures
enabling us to report a unique dataset. Briefly, due to the hetero-
geneous cytoplasmic staining of TAP1, ABCC8, and ABCD4 proteins,
we evaluated staining intensity in each analyzed tissue slide by
comparing it with the positive control, which was present at each
evaluated slide and with the internal positive control. We evaluated
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all tumor cells in the sample of a minimum of 10 high power fields
(HPF) at 40x lens magnification. The cytoplasmic staining intensity
and presence of a signal in the apical membrane were assessed
according to the prevailing pattern. On the other hand, this study
has also clear advantages. All patients were recruited and followed
by a single center and represented a homogeneous group. More-
over, the present study was driven by previous observations at the
transcript level on patient groups collected by different centers,
substantially increasing its power compared to purely exploratory
studies, and eventual confirmation would strengthen the
hypothesis-generating screens.

We attempted to validate our results with publicly available
data. For ABCC8, we found medium protein expression for endo-
crine and exocrine glandular cells of the normal pancreas in the
Human Protein Atlas (www.proteinatlas.org). Out of 12 available
pancreatic cancer tissues, one has high staining, five medium, four
low, and two undetected statuses using the HPA042318 antibody.
Data gained using another antibody (CAB011451) show three high,
eight medium, and one undetected. No publicly available database
provides immunohistochemistry protein data connected with
prognostic coordinates of PDAC patients. For the TAP1, medium
protein expression for endocrine and exocrine glandular cells of the
normal pancreas and six pancreatic cancers with high and six with
medium expression (CAB0O09516) are available. ABCD4 is low in
endocrine and undetected in exocrine glandular cells of normal
pancreas. Four cancers have medium, two low, and four undetected
(HPA0OO03396) protein levels. CFIR protein is expressed at a high
level in the exocrine glandular and undetected in the endocrine
cells of the normal pancreas. Using the HPA021939 antibody, tu-
mors were classified as one with medium and one with low
expression, while nine were undetected. Two other antibodies have
shown eight undetected (HPA079652) and three with low and six
undetected (CABO01951) tissue samples.

Taken together, we demonstrate for the first time the prognostic
role of ABCC8 protein expression in PDAC and confirm previous
indications obtained with targeted transcriptomics. This report
should help in further clarification of the clinical roles of rarely
studied genes and proteins in cancer.
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Simple Summary: Hepatocellular carcinoma (HCC) is one of the most common cancers in the world,
which frequently recurs after curative resection. Several options to predict recurrence of HCC have
been proposed, however, their prognostic ability is limited. This study aimed to test the hypothesis
that distribution and numbers of T- and B-lymphocytes in different regions of the resected tumor
may have different prognostic significance. Different subregions of HCC demonstrated uneven
lymphocyte infiltration. CD20+ B-lymphocytes and CD8+ T-lymphocytes, or their combination in the
inner tumor invasive margin and inner/outer margin ratios, convey the best prediction for time to
recurrence and disease-free survival. The results offer a novel approach to the stratification of the risk

of early tumor recurrence after curative liver resection.

Abstract: In this retrospective study on 67 patients with hepatocellular carcinoma (HCC), after tumor
resection, we evaluated the significance of CD3+ and CD8+ T-lymphocytes and CD20+ B-lymphocytes
in tumor and non-tumor liver for time to recurrence (TTR), disease-free survival (DFS) and overall
survival. After immunohistochemical staining, the density of nucleated lymphocyte profiles (Qa)
was estimated stereologically in the tumor center (TC), inner margin (inn M), outer margin (out M),
peritumor and non-tumor liver. In TC, intermediate and high Qa of CD8+ cells predicted longer
TTR, whereas CD3+ and CD20+ were predictive only at high Qa. DFS was predicted by high Qa
of CD3+, CD8+ and CD20+ cells in TC. The inn M harbored smaller Q of CD3+, CD8+ and CD20+
lymphocytes than out M. In contrast to out M, high T-cells” QA and intermediate and high B-cell Qa
in inn M predicted longer TTR and DFS. High inn M /out M Q4 ratios of CD3+ and CD20+ cells were
associated with longer TTR and DFS, whereas high inn M/out M QA ratio of CD8+ was predictive
only for DFS. Patients with intermediate-high QA of combined CD8+ and CD20+ cells in inn M
showed longer TTR and DFS, compared to CD8+-high or CD20+-high alone. Our findings highlight
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overall heterogeneity of the tumor invasive margin, the importance of inn M, and the predictive role
of B-cells.

Keywords: hepatocellular carcinoma; tumor-infiltrating lymphocytes; T-cells; B-cells; tumor invasive

margin; stereology; heterogeneity; prognosis; time to recurrence; disease-free survival

1. Introduction

Liver cancer, which in 75-90% of cases is represented by hepatocellular carcinoma
(HCC), ranked as the sixth most common cancer in the world in 2020 and is the third
leading cause of cancer death worldwide [1]. It is estimated that more than 1 million people
will suffer from liver cancer each year by 2025 [2]. Liver resection and transplantation are
the main therapeutic modalities for the treatment of HCC [3].

Several options to predict recurrence of HCC have been proposed, including TNM
staging, microvascular invasion, tumor multiplicity, serum «-fetoprotein level, satellito-
sis [4,5] or neutrophil-lymphocyte ratio (reviewed in Najjar et al. [6]). However, their
prognostic ability is limited and non-standardized [7,8]. Patients diagnosed with the same
stage of disease often have markedly different outcomes, which can be related to varying
involvement of endogenous anti-tumor mechanisms [9]. Recently, considerable data from
large cohorts of various tumors have demonstrated that the assessment of number, type,
location and functional orientation of tumor-infiltrating lymphocytes (TIL), together termed
the tumor immune microenvironment (TIME), could improve the prediction of clinical
outcome [10].

For colorectal cancer, the Immunoscore, based on the quantification of CD3+ and
CD8+ T-cells in the tumor center (TC) and in the advancing tumor margin (margin), has
turned out to be a better predictor of patient survival than histopathological methods,
TNM staging, lymphovascular invasion, tumor differentiation or microsatellite instabil-
ity status [11]. Immunoscore was further confirmed to be beneficial for the prognosis of
disease-free survival (DFS) and overall survival (OS) in many different cancers. However,
the predictive role of infiltration by adaptive immune cells in patients with HHCC, who
underwent resection, remains less clear. A vast majority of studies evaluated only intra-
tumor lymphocytes (reviewed in Ding et al. [12]), whereas tumor margin attracted less
attention. At the same time, guidelines for the assessment of TILs in solid tumors recom-
mend separate reporting of cell densities in TC and the invasive margin, and designate
margin as a 1 mm region centered on the border separating the malignant cell nests from
the host tissue [13]. Shi et al. in their study reported an uneven distribution and prognostic
significance of margin-infiltrating lymphocytes on both sides of the tumor capsule [14].
This observation corresponded to the results of our pilot study, which showed the presence
of a discernible capsule around tumor nests in the majority of patients and unbalanced
distribution of immune cells through the margin [15]. Furthermore, contradictory data
have often been reported regarding the prognostic value of a particular cell type in a single
region of interest (ROI) or their combinations [12,16,17]. Although T-cells were recognized
as the most important players within the adaptive immunity arm, several groups have
reported inconsistent data on the prognostic impact of B-cells infiltrating the tumor and the
invasive margin of HCC [12,14].

We therefore hypothesized that the heterogeneity of immune cell densities through
the tumor invasive margin of HCC may confer different prognostic significance, and that
the assessment of B-cells, besides T-cells, may improve prognostication of unfavorable out-
comes after curative HCC resection. To test this hypothesis, we evaluated the significance
of CD3+ and CD8+ T-cell and CD20+ B-cell infiltration in different regions of the tumor
and non-tumor liver, with the emphasize on the tumor invasive margin, as individual or
associated prognostic factors for time to recurrence (T'TR), DFS and OS.
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2. Results
2.1. Demographics of HCC Patients

The demographics and clinical characteristics of the patients are shown in Table S1.
The median age of the patients was 69 years, and males accounted for 77.6%. Regarding the
etiology of HCC, the most frequent background disease was chronic non-viral hepatitis with
prevalence of non-alcoholic steatohepatitis (NASIT) (23.9%). Forty-six patients, thirteen
patients, five patients and three patients were at TNM stages I, II, IIl and IV, respectively.
Pathology characteristics of the resected tumors are presented in Table S2. Using the
Edmondson-Steiner system, most of the tumors (70.1%) were histologically graded as G2.
Predominant growth types were mixed (50.7%) and desmoplastic (46.3%). No evidence
of extracellular matrix deposition at the tumor interface was observed in 1.5% cases,
incomplete encapsulation of <50% and >50% interface was found in 13.4% and 38.8% cases,
and complete encapsulation of interface in 46.3% of cases.

2.2. Outcomes

At the time of the last follow-up, 29 (41.8%) patients had tumor recurrence, and
38 (56.7%) patients had died. Using the Kaplan-Meier methodology, the recurrence-free
proportion was 48.7%, and the estimated probability of DFS and OS were found to be 33.2%
and 49.4% at 5 years, respectively (Table S3).

2.3. Distribution of Immune Cells in Different Regions of Interest (ROIs)

Both CD3+ and CD8+ T-cells populations displayed significantly greater density of
nucleated cell profiles (Qa) than CD20+ B-cells (p < 0.001) in each ROI (shown in Figure 1A).
There was a gradient of Qs of CD20+ B-cells, CD3+ and CD8+ T-cells between ROIs
from the highest in peritumor (PT) liver through the margin to the lowest in TC (as it
is demonstrated for CD20+ cells on Figure 2A). The outer margin displayed remarkably
greater Q, of all cell types in the vast majority of patients compared to the inner margin
(shown in Figure 1B, p < 0.001). We thus decided to treat the inner and outer layers of
the margin as distinct ROIs. Qa of CD20+ (p < 0.01), CD3+ (p < 0.001) and CD8+ cells
(p < 0.001) were smaller in TC compared with the inner margin; however, they did not
differ significantly between the outer margin and PT liver (p > 0.05). In non-tumor (NT)
liver, Qa of CD20+ cells were greater compared with TC (p < 0.01), however Q4 of all cell
types were smaller than in the margin and PT liver (p < 0.05) (shown in Figure 1A).

Qa of CD3+, CD8+ and CD20+ cells were more than ten times smaller in the inner
margin compared with the outer margin in 9%, 13%, and 46% of patients, respectively
(shown in Figure S1).

2.4. Prognostic Values of Immune Cells

We analysed the associations between the Q4 of immune cells in each ROI and TTR,
DFS and OS. None of the clinical, pathology or immunohistochemistry (IHC) variables
correlated with OS. Among the clinical and pathology variables, younger age and higher
TNM tumor stage were associated with greater risk of recurrence, whereas no variable was
associated with DFS (Table S4).

Both intermediate and high Qa of CD8+ cells in TC and of CD20+ cells in the inner
margin (as it is depicted for CD20+ cells in Figure 3) were associated with low risk of
recurrence (Table 1). Only high Qa of CD3+ and CD20+ cells in TC, of CD3+ and CD8+ in
the inner margin, as well as intermediate Qa of CD20+ cells in PT liver, were associated with
low risk of recurrence. These findings were confirmed in the Kaplan-Meier analysis (shown
in Figure 52), which also showed a longer TTR in patients with high vs. intermediate Q
of CD3+ and CD20+ cells in TC (p = 0.047 and p = 0.023, respectively) and inner margin
(p = 0.005 and p = 0.017, respectively).
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Figure 1. Statistics depicting the spatial distribution of nucleated profiles of CD3+, CD8+ and CD20+
tumor infiltrating lymphocytes per mm? of the section (Q,) in the TC, M, PT liver and NT liver (A)
and in the inner and outer tumor invasive margin (B). Red lines: median. *: p < 0.05, *: p < 0.01,
*%*: p < 0.001. Abbreviations: TC: tumor center, M: tumor invasive margin, inn M: inner invasive
margin, out M: outer invasive margin, PT: peritumor liver, NT: non-tumor liver.
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Figure 2. Inmunoperoxidase staining for CD20+ lymphocytes in hepatocellular carcinoma. (A) Re-
gions of interest (ROIs) are denoted: TC (tumor center), inn M (inner margin), out M (outer margin),
PT (peritumor liver). The inn M and out M were defined as 500 um on each side of the border
separating the malignant cell nests and adjacent non-tumor tissue. The TC represented the remaining
tumor area. The PT region was defined as the 500 pm thick region immediately adjacent to the out M.
Eight equidistant fields of view (FOV) were taken from each ROI using systematic uniform random
sampling. To sample TC, inn M and out M objective 20 x was used, whereas objective 10 x was used
for PT region. This figure shows an example of low density of CD20+ nucleated cell profiles in the TC
and inn M. (B-D) CD20+ nucleated cell profiles were counted using sets of unbiased counting frames.
Examples of counting in single FOV in the TC with low density of CD20+ nucleated cell profiles (B),
in the inn M (C), and in the PT liver (D). Scale bars 1000 um (A), 200 pm (B-D).
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TC

Figure 3. Immunoperoxidase staining for CD20+ lymphocytes in hepatocellular carcinoma that
shows high density of CD20+ nucleated cell profiles (Q4) in the tumor center and inner margin.
Regions of interest (ROIs) are denoted: TC (tumor center), inn M (inner margin), out M (outer margin),
PT (peritumor liver). Scale bar 1000 pm.

Table 1. Densities of nucleated profiles of tumor infiltrating lymphocytes (Qa) per individual ROI

associated with time to recurrence and disease-free survival (univariable analysis).

0 TTR DFS
A
HR 95% CI 4 HR 95% CI 4
Tumor Center
CD3,n =67 int vs. low 0.61 0.26-1.40 0.243 0.62 031-1.23 0.170
p=0.030% 00141 high vs. low 0.20 0.06-0.66 0.008 0.28 0.12-0.66 0.003
CD8, n =67 int vs. low 0.34 0.14-0.81 0.014 0.53 0.27-1.07 0.075
p =0.010*,0.004 high vs. low 0.25 0.09-0.70 0.008 0.23 0.09-0.55 0.001
CD20, n = 67 int vs. low 0.63 0.27-1.48 0.289 0.67 0.32-1.37 0.270
p=0.031%0020" high vs. low 0.18 0.05-0.65 0.009 0.27 0.11-0.69 0.006
Inner invasive margin
CD3,n =65 int vs. low 0.77 0.33-1.79 0.545 0.77 0.39-1.55 0472
p=0.014*, 0005} high vs. low 0.14 0.04-0.54 0.004 0.24 0.09-0.59 0.002
CD8, n =66 int vs. low 0.52 0.23-1.19 0.120 0.77 040-1.51 0.455
p =0.029 *,0.006 high vs. low 0.23 0.08-0.69 0.009 0.22 0.09-0.57 0.002
CD20,n = 66 int vs. low 0.38 0.16-0.90 0.026 0.36 0.18-0.74 0.005
p = 0.002 *, <0.001 high vs. low 0.09 0.02-0.36 0.001 0.13 0.05-0.35  <0.001
Outer invasive margin
CD3,n =65 int vs. low 0.66 0.26-1.65 0.371 0.58 0.27-1.23 0.153
p=0354*%0280"1 high vs. low 0.47 0.17-1.32 0.151 0.56 0.26-1.24 0.153
CD8, n =66 int vs. low 0.55 0.22-1.37 0.197 048 0.23-0.98 0.044
p=0325*%0.061% high vs. low 0.50 0.18-1.36 0.174 041 0.18-0.92 0.030
CD20,n = 66 int vs. low 0.99 040-2.44 0.986 0.99 0.49-2.00 0.974
p=0.680* 04751 high vs. low 0.68 0.25-1.87 0.452 0.65 0.29-1.45 0.290
Peritumor liver
CD3,n =64 int vs. low 0.53 0.20-1.38 0.193 0.74 0.34-1.63 0.452
p=0418* 06761 high vs. low 0.78 0.30-2.04 0.608 0.95 042-2.14 0.902
CD8, n =65 int vs. low 0.82 0.33-2.04 0.663 1.09 0.52-2.26 0.828
p=0753*%0.952"F high vs. low 1.15 0.43-3.04 0.780 1.14 0.50-2.62 0.757
CD20, 1 = 65 int vs. low 0.24 0.09-0.64 0.004 043 0.20-0.92 0.030
p=0014%,0053 1 high vs. low 0.72 030-1.71 0.452 0.86 0.40-1.84 0.699

For all cells and regions of interest, the raw densities of nucleated profiles of CD3+, CD8+ and CD20+ tumor
infiltrating lymphocytes per area section (mm?) were converted into percentiles and then categorized into low
(0-25 percentile), intermediate (25-70 percentile) or high (70-100 percentile). Hazard ratios shows the relative risk
compared with 1 for the low density. Bold values indicate statistical significance at the p < 0.05 level. * Type 3
Wald test p value for all 3 levels of cell densities for TTR. ¥ Type 3 Wald test p value for all 3 levels of cell densities
for DFS. Abbreviations: HR: hazard ratio; CI: confidence interval; TTR: time to recurrence; DFS: disease-free
survival; int: intermediate.
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Both intermediate and high Qa of CD20+ cells in the inner margin and of CD8+ in
the outer margin, high Qa of CD3+, CD8+ and CD20+ cells in the TC, high Qa of CD3+
and CD8+ cells in the inner margin, and intermediate Qa of CD20+ cells in the PT liver
were associated with longer DFS (Table 1). Kaplan—-Meier analysis also demonstrated a
longer DFS in patients with high vs. intermediate Qa of CD3+, CD8+ and CD20+ cells in
TC (p = 0.040, p = 0.043 and p = 0.019, respectively) and inner margin (p = 0.004, p = 0.004
and p = 0.014, respectively) (shown in Figure 53).

Combined intermediate-high versus low Qa of CD8+ T-cells in the TC demonstrated
associations with TTR (hazard ratio ([HR) = 0.34, confidence interval (CI): 0.15-0.74, p = 0.007)
and DFS (HR =0.43, CI: 0.22-0.83, p = 0.012). Intermediate-high Qa of CD20+ B-cells in the
inner margin were also associated with TTR (IR = 0.26, CI: 0.11-0.61, p = 0.002) and DFS
(HR = 0.27, CI: 0.13-0.54, p < 0.001).

To decrease the possible effects of the long duration of the study, we excluded three
patents who were operated on before 2005. This gave us a cohort size of 64 patients and
reduced the duration of the study to 15 years, with a median follow-up of 73 (95%CI:
40-106) months. The associations between the Q4 of immune cells in each ROI and TTR
in terms of HRs and p-values (provided in Table S5) were very close to that obtained for
the whole cohort for Qa per individual region of interest (Table 1). As for clinical and
pathology variables, association of age with TTR remained significant in the cohort of
64 patients, whereas the effect of the TNM stage was borderline (Table S6).

Intermediate and high Qa of CD8+ cells in the entire margin were associated with
lower risk or recurrence and longer DFS (Table S7). No cell type in the NT liver showed
associations with TTR or DFS (Table 57).

We performed univariable Cox regression using ratios of Qa of immune cells between
different ROIs that were dichotomized at the median level (Table 2). Above-median Qp
ratio of CD20+ cells between inner and outer margins had the lowest HRs and p-values in
predicting TTR and DFS. Above-median inner/outer margin Qg ratio of CD3+ cells was
associated with both longer TTR and DFS, whereas above-median Qp ratio of CD8+ cells
predicted only longer DFS. Our findings were confirmed in Kaplan-Meier analysis (shown
in Figures 54 and 55).

Table 2. Ratios between densities of nucleated profiles of tumor infiltrating lymphocytes (Q4) in two
ROIs associated with time to recurrence and disease-free survival (univariable analysis).

TTR DFS
HR 95% CI p HR 95% CI p
CD3+ T cells
InnM/outM > 03611, n =65 0.36 0.16-0.85 0.019 045 0.24-0.86 0.016
TC/outM > 0.201, n = 65 041 0.18-0.92 0.031 0.56 0.31-1.02 0.057
TC/M > 0.330, n = 65 0.53 0.24-1.17 0.117 0.64 0.35-1.16 0.138
TC/PT>0219,n=64 043 0.19-1.00 0.050 0.61 0.33-1.13 0.116
CD8+ T cells
InnM/outM > 0.349, n = 66 0.53 0.24-1.17 0.119 0.45 0.24-0.85 0.013
TC/outM > 0.166, n = 66 0.59 0.27-1.29 0.187 0.63 0.34-1.15 0.131
TC/M > 0.218, n = 66 0.76 0.36-1.62 0.478 0.85 0.47-1.54 0.598
TC/PT >0.161,n =65 041 0.18-0.93 0.032 042 0.22-0.81 0.010
CD20+ B cells
InnM/outM > 0.113, n = 66 0.28 0.12-0.65 0.003 0.29 0.15-0.57 <0.001
TC/outM > 0.051, n = 66 0.23 0.09-0.54 0.001 0.40 0.21-0.75 0.004
TC/M > 0.078, n = 66 0.24 0.10-0.57 0.001 041 0.22-0.76 0.005
TC/PT >0.049, n = 65 0.27 0.12-0.65 0.003 0.49 0.27-0.90 0.022

For all cells and regions of interest the raw densities of nucleated profiles of CD3+, CD8+ and CD20+ tumor
infiltrating lymphocytes per area section (mm?) were dichotomized at the median value into lower-the-median
and above-the-median values. Hazard ratios shows the relative risk compared with 1 for the lower-the-median
group. Bold values indicate statistical significance at the p < 0.05 level. ¥ Median. Abbreviations: HR: hazard ratio;
CI: confidence interval; TTR: time to recurrence; DFS: disease-free survival; TC: tumor center; M: margin; inn M:
inner invasive margin; out M: outer invasive margin; PT: peritumor liver; NT: non-tumor liver.
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Multivariable Cox regression models for each immunohistochemical parameter ad-
justed for TNM staging and age were built to assess their independent ability to predict
TTR (Table 3). Among the Q4 of individual cells, both intermediate and high CD8+ in TC
were independently associated with TTR. Only high QA of CD3+ and CD20+ in TC and
high Q4 of all cell types in the inner margin, as well as intermediate Qa of CD20+ cells in
PT liver, were also independently predictive of low risk of recurrence. Ratios of CD3+ and
CD20+ Q4 between inner and outer margin and ratios of CD20+ Q4 between TC and outer
margin or PT liver all retained significant associations with TTR.

Table 3. Multivariable Cox-regression for time to recurrence adjusted for age and TNM stage.

TTR
HR 95% CI p
: Density of nucleated profiles of TIL (Qa) per ROI
CD3 TC int vs. low 0.78 0.32-1.96 0.601
p=0082* high vs. low 0.26 0.07-0.89 0.032
CD8 TC int vs. low 0.34 0.14-0.81 0.014
p=0010* high vs. low 0.25 0.09-0.70 0.008
cD20TC int vs. low 0.91 0.35-2.35 0.842
p=0017* high vs. low 0.18 0.05-0.64 0.008
CD3innMt int vs. low 1.02 0.41-2.53 0.961
p=0.014* high vs. low 0.16 0.04-0.62 0.008
CD8innM 1 int vs. low 0.60 0.25-1.39 0.230
p=0.065* high vs. low 0.26 0.09-0.81 0.020
CD20inn Mt int vs. low 0.50 0.20-1.27 0.147
p=0.004* high vs. low 0.10 0.03-0.39 0.001
CD20PT?t intvs. low 0.24 0.09-0.66 0.005
p=0.018 * high vs. low 0.70 0.29-1.67 0.420
Ratios between densities of nucleated profiles of TIL (Q,) in two ROIs
CD3 inn M/out M # arzzzfa‘r’ls'((f;‘gf)r 0.35 0.15-0.81 0.015
CD3 TClout M ¥ aﬁiﬁ?a;&((;l;(ie)r 0.45 0.21-1.03 0.058
CD3 TC/PT ¥ arzz;fa‘r’ls'((f;f;)r 0.48 0.21-1.13 0.093
CD8 TC/PT ¥ arzzzfa‘r’ls'((;li‘gf)r 0.48 0.20-1.12 0.091
CD20 inn M/out M ¥ ag‘;gfa‘r’f'((f?%e)r 0.26 0.11-0.62 0.002
CD20 TC/out M ¥ arzz;fa‘r’ls'((fg;e)r 0.21 0.09-0.51 0.001
CD20 TC/PT ¥ agigfa‘r’f'( Slgg)r 0.28 0.12-0.66 0.004

* For all cells and regions of interest, raw densities of nucleated profiles of CD3+, CD8+ and CD20+ tumor infiltrat-
ing lymphocytes per mm? (Q) were converted into percentiles and then categorized into low (0-25 percentile),
intermediate (25-70 percentile) and high (70-100 percentile).  for all cells and regions of interest raw densities of
nucleated profiles of CD3+, CD8+ and CD20+ tumor infiltrating lymphocytes per mm? were dichotomized at
the median level. TC: center of the tumor, M: tumor invasive margin, PT: peritumor liver, inn M: inner invasive
margin, out M: outer invasive margin. Bold values indicate statistical significance at the p < 0.05 level. * Type 3
Wald test p value for all 3 levels of cell densities. Abbreviations: HR: hazard ratio; CI: confidence interval; ROI:
region of interest; TTR: time to recurrence; TC: tumor center; inn M: inner invasive margin; out M: outer invasive
margin; PT: peritumor liver; NT: non-tumor liver; TIL: tumor infiltrating lymphocytes.
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Figure 4. Kaplan-Meier analysis for TTR (A) and DFS (B) according to combined low vs. int-high
densities of nucleated profiles of CD8+ and CD20+ lymphocytes in the inner margin. Abbreviations:
int: intermediate.

2.5. Association between Subtypes of Immune Cells and Clinical and Pathology Variables

For all cell types, the strongest correlations were observed between their Qu in TC
and inner margin (Table S8). For each cell type, the inner/outer margin Qy ratio correlated
with respective cell Q4 in the TC: p = 0.50 for CD3+, p = 0.63 for CD8+ and p = 0.47 for
CD20+ cells (p < 0.001).

Q4 of CD3+, CD8+ and CD20+ cells correlated between each other within each ROI
(Table S9).

Table S10 shows correlations of Qa of CD3+, CD8+ and CD20+ cells with clinical
and pathology variables. High Qa of CD3+, CD8+ and CD20+ cells in TC and high Qa
of CD3+ and CD8+ cells in the inner margin were observed in less differentiated tumors
since they correlated with greater Edmondson-5Steiner grading score and nuclear grades.
High amounts of stroma inside tumor nests correlated with high Q4 of CD3+, CD8+ and
CD20+ cells in TC and high Qa of CD3+ and CD8+ cells in the inner margin, indicating
stromal localization of TIL. Inner /outer margin Q4 ratios of T- and B-cells did not correlate
with any clinical or pathology variables, including the extent of tumor encapsulation (data
not shown).

Qa of immune cells in the PT liver did not correlate with any of the tumor pathology
features, however high Qa of CD3+ cells correlated with higher grade of chronic hepatitis
and high Qa of CD8+ cells correlated with higher grades of NASH and chronic hepatitis
(Table S11). High Qs of CD3+ and CD20+ cells in the NT liver correlated with higher
grades and stages of NASH and chronic hepatitis.

3. Discussion

In our paper, we analysed the immune microenvironment of HCC after a curative
resection in terms of type, density, location and eventual interaction of adaptive immune
cells within distinct tumor regions. For the first time, we examined the tumor margin as
two separate entities: inner and outer margin, which demonstrated statistical differences in
immune cell infiltration with different prognostic significance. The inner margin harbored
smaller Q4 of CD3+ and CD8+ T-cells and CD20+ B-cells than the outer margin. However,
in contrast to the outer margin, high Q4 of T-cells and intermediate and high Qa of B-cells
in the inner margin strongly predicted longer TTR and DFS. High inner/outer margin Qa
ratios of T- and B-cells were also associated with longer TTR and DFS. By contrast, low cells’
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QA4 and ratios were associated with worse TTR and DFS. Patients with intermediate-high
Qa of combined CD8+ and CD20+ cells in the inner margin showed superior TTR and DFS,
compared to CD8+-high or CD20+-high alone. In TC, intermediate and high Q4 of CD8+
cells predicted longer TTR, whereas CD3+ and CD20+ were predictive only at high Qa.
DFS was predicted by high Qa of CD3+, CD8+ and CD20+ cells in TC. In view of the lower
importance of CD3+ T-cells, we will further discuss only CD8+ and CD20+ cells.

3.1. Heterogeneity of the Tumor Invasive Margin

We believe that greater infiltration of the outer 500 um of invasive margin compared
with the inner 500 um might be partially attributed to the encapsulation of the tumor nests
present in a vast majority of the patients in our cohort (Table S2). The observed frequency
of encapsulation is in agreement with the literature [18,19]. The histological pattern of the
tumor margin corresponded to its macroscopic description: 62.7% of patients presented
with a single distinctly nodular tumor, which is usually characterized by the presence of
a discernible capsule [18]. The encapsulation in primary and metastatic HCC has been
reported to be associated with decreased invasiveness and improved survival [19-21].
However, contrary to immune cells” parameters, encapsulation was not associated with
outcomes in our study (Table 54). Inner/outer margin ratios of Qa of immune cells were
also not associated with tumor encapsulation, therefore, the fibrotic capsule itself is not a
serious obstacle for cell penetration into the tumor. Instead, the characteristics of the tumor
and immune cells, as well as other players in the tumor microenvironment, might be more
important mechanisms regulating cell traffic, however, all those hypotheses are awaiting
testing in HCC [22,23].

3.2. CD8+ Cells in TC and CD20+ Cells in the Inner Margin Confer the Best Prediction of TTR
and DFS

High immune infiltration of TC and the inner margin correlated with tumor de-
differentiation (Table 510), which was shown previously in breast cancer [24] but not in
HCC [25]. This observation implies substantial antigenicity of HCC for the initiation of
immune response. Our data also propose a major importance of CD8+ in TC and CD20+
cells in the inner margin for generating memory response, as they conferred lower risk
of recurrence and longer DFS at both intermediate and high Q, in those ROIs, whereas
low cell Q4 conferred shorter TTR and DFS, accordingly. Patterns of TIME with high vs.
low infiltration of the interior of the tumor are referred to in the literature as “hot” or
“immune-inflamed” and “cold” or “immune-desert”, and are associated with a better and
worse prognosis, respectively [22,26].

3.3. CD8+ and CD20+ Cells in the Inner Margin Cooperate in Initinting Antitumor
Immune Response

The individual predictive abilities of CD8+ T-cells and CD20+ B-cells in the inner
margin increased when we combined them. Patients with intermediate-high Qa of both
markers in the inner margin (but not in the TC) had the best TTR and DFS, which were
significantly longer than in only CD20+high and only CD8+high groups, whereas patients
with low Q4 of both markers displayed the worst TTR and DFS. Similar findings were
reported earlier by Shi et al. [14], who demonstrated longer TTR and OS in patients with
both high CD8+ and CD20+ cell densities in the entire invasive margin of HCC. Mlecnik
et al. [27] concluded that the TB-score, which is based on the assessment of CD8+ T-cells
and CD20+ B-cells, along with Immunoscore in liver metastases of colorectal cancer were
the strongest predictors of DFS and OS. Tumor-infiltrating CD8+ T-cells are thought to
represent the effector memory phenotype, which is considered the main anti-tumor actor
in HCC and many other cancers [9,26]. Tumor-infiltrating B-cells can exert their prolonged
anti-tumor impact as antigen-presenting cells that trigger and modulate T-cell immune
response, through production of antibodies against tumor antigens, and by the direct killing
of cancer cells (reviewed in [28]). Along with the positive correlation between CD8+ and
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CD20+-cells in all ROIs, our results suggest that these cells cooperate in the mounting of a
long-lasting memory response, able to limit local or systemic tumor dissemination [10,29].

3.4. Greater T- and B-Cell Ratios between Inner and Outer Margin Associate with Longer TTR
and DFS

In addition to individual and combined cell Q4 in the TC and inner margin, above-
median inner/outer margin Qa ratios were strongly associated with longer DFS and TTR
for CD20+ cells, and longer DFS for CD8+ T cells. On the contrary, under-median ratios
conferred a worse prognosis. Inner/outer margin ratios correlated with respective cell
Qp in the TC, therefore, patients with above-median ratios apparently had “hot” tumors
and vice versa. We propose that the Q, ratios between the inner and outer margin, which
may be a measure of cell penetration through the tumor border, could help to better
characterize TIME phenotypes and risk stratification. “Poor” (<0.1) inner/outer margin
Qa ratio corresponds to the immune-excluded phenotype, which reflects the effective
mounting of the host T- and B-cell immune response, along with the ability of the tumour
to escape such a response [22]. To our knowledge, only one previous HCC study [14]
has explored the impact of penetration of CD20+ lymphocytes into the tumor, which was
accompanied by better survival. In our paper, we expanded this finding to T-cells and
quantified the extent of cell penetration into the tumor. Despite their very limited ability
to pass through the tumor border, CD20+ cells in the inner margin predicted TTR and
DEFS at the lowest HRs and p-values and conferred better survival, not only at high but at
intermediate and intermediate-high Q4 as well, which points at the importance of B-cells.
Of note, the immune-excluded and cold phenotypes are accompanied by resistance to
therapy with immune-check-point inhibitors [22,26]. For a mechanistic basis, it has been
shown that blockade of TGFf signalling or vascular-targeted therapy in preclinical models
permitted lymphocyte infiltration into the tumor [23,30].

3.5. Comparison to Relevant Literature

About 60 papers assessing the prognostic value of TIL in HCC had been published
as of 2018 (reviewed in [12]), however, a vast majority of these assessed cell infiltration
in TC. In general, the pooled results correspond to our findings, showing better DFS in
HCC patients with greater CD8+ cell densities in TC. Only a minority of previous studies
aimed at evaluating TIL in the entire margin of IHCC and demonstrated the positive impact
of CD3+ [17] and CD8+ cells on DFS [17,31], and CD20+ on TTR and OS [14]. Several
groups reported results discordant with ours. Guiscia et al. [32] did not observe significant
associations of intratumoral CD8+ T-cell with progression-free survival in HCC. Zheng
and co-authors [33] found an association of high density of CD3+ or CD8+ T-cells in the TC,
but not in the margin, and of CD8+ cells in PT liver with better OS after resection of HCC.
Ramzan et al. [34] correlated high densities of CD8+ T-cells in cirrhotic parenchyma, but
not in TC with recurrence and lower OS after resection. Sun et al. [17] stated that T-cells
in TC were more positively influential on DFS and OS than those in the margin region.
These discrepancies can be related to the study of cohorts of different sizes and ethnicity,
with a varying percentage of patients with cirrhosis or viral hepatitis, and several other
factors, which were highlighted in the systematic review by Yao et al. [35]. Another source
of the discordant results might be different or poor annotation of the margin, PT and NT
liver, and assessment of cell numbers per several representative high-power FOV, instead
of estimating their densities [17,32,33]. We believe that adherence to the recommendations
of international consortium on assessment of TIL [13] might improve the reproducibility of
the reported data.

3.6. Limitations

Our study has several limitations, the small sample size being the main one. Low
prevalence of hepatitis and cirrhosis may not allow the reproduction of data on other
cohorts, such as Asian patients. On the other hand, our study provides insight into TIME
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of the HCC in patients with steatohepatitis as a background disease. A relatively low rate
of deaths, along with the small sample size, did not allow us to demonstrate associations
of any variable with OS; however, meta-analysis by Ding et al. [12] also showed frequent
absence or even inverse associations of immune cells densities with OS, compared to DFS.
The death of a patient in the late postoperative period can often be caused by a number of
reasons not directly related to the primary HCC itself. In our study, we aimed at assessing
the role of adaptive immunity, however, it should also be noted that innate immune cells
can control cancer directly by interacting with tumor cells, and/or indirectly by favoring
the anti-tumor activities of CD8+ T-cells [9,23,26]. Currently, a more extensive inclusion of
other players in TIME is ongoing in our laboratory.

4, Patients and Methods

We conducted a single-center retrospective cohort study of 70 consecutive patients
with pathologically confirmed HCC stages I to IV, who underwent tumor resection at
the Pilsen University Hospital (Czech Republic) between 1997 and 2019. Two of them
were operated for recurrence of HCC. All pathology reports were reviewed. None of the
patients had distant metastasis or received any neoadjuvant therapies such as radiotherapy
and chemotherapy before operation. After exclusion of three patients with low quality of
histological samples, the remaining 67 patients were included into the study (Table 51).
This retrospective research was carried out in accordance with the ethical standards laid
down in the Declaration of Helsinki (2013 version); it was approved by the Ethical Board of
Faculty of Medicine and University hospital in Pilsen (118/2021, 11 March 2021). Clinical
tumor stage was determined according to the 8th edition of the American Joint Commission
on Cancer [7].

Patients were followed until December 2020, with a median observation time of 101
(confidence interval: 59-143) months (assessed by the inverse Kaplan—-Meier method).
A diagnosis of recurrence was based on typical imaging appearance in computed to-
mography and/or magnetic resonance imaging scan and an elevated a-fetoprotein level.
Post-operative treatment was in accordance with generally accepted guidelines.

4.1. Pathology and Immunohistology

For each patient, 2 to 4 blocks of formalin-fixed paraffin-embedded tissue containing
the center of the tumor, invasive margin and separate block with non-tumor liver, 2- to
3 cm distant from the tumor site (if available), were retrieved from the pathology archive.
Hematoxylin and eosin and Masson’s trichrome stained sections were used to evaluate
the histopathology features of tumor and non-tumor tissue. The Edmondson-Steiner and
WHO grading systems were used to assess tumor differentiation [36] (Table S2). In addition,
architectural, nuclear and nucleolar grades were scored [36]. Desmoplastic, pushing or
infiltrative growth type [21], cytologic type, micronodularity, presence of microsatellites,
microvascular invasion, and necrosis were also recorded [37]. Amount of stromal com-
ponent inside the tumor was assessed on a semiquantitative scale (0-3). The extent of
encapsulation was graded according to [20] as 0 (no evidence of extracellular matrix depo-
sition at tumor interface), 1 (incomplete encapsulation, at <50% of interface), 2 (incomplete
encapsulation >50% of interface, or 3 (complete encapsulation). One or two tissue sections
of 4-pm thickness were cut and mounted onto BOND Plus Microscope Slides (Cat# 00270,
Leica Biosystems Newcastle Ltd., Newcastle, UK). Immunohistochemical detection of CD3+
T cells, CD8+ T cells and CD20+ B cells was performed using fully automated BOND-III
IHC/ISH stainer. Ready-to-use monoclonal primary antibodies for CD3 (clone LN10), CD8
(clone 4B11) and CD20 (clone L.26) all from Leica Biosystems (Newcastle Ltd., UK) were
used. Binding of primary antibodies with cell membranes was visualized using horseradish
peroxidase (IHIRP)-linker antibody conjugate system (Bond™ Polymer Refine Detection).
Sections were counterstained with Mayer’s hematoxylin and embedded into Micromount
mounting medium (Leica Biosystems Newcastle Ltd., UK). Appropriate positive (tonsils)
and negative tissue control samples were used throughout. Non-tumor liver was exam-
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ined for the features of chronic hepatitis and non-alcoholic fatty liver disease (NAFLD),
including NASH. Grading and staging for NAFLD and chronic hepatitis were performed
according with Brunt [38] and Ishak [39] approaches, respectively.

4.2. Definitions of Regions of Interest

All sections were examined under Olympus CX41 microscope (Olympus, Tokyo,
Japan) by two pathologists (AT and LC). To evaluate the spatial heterogeneity of immune
components, the reference space within each section was microanatomically divided into
TC, inner and outer invasive margin, PT liver and NT liver (shown in Figures 2 and 3). The
inner margin and outer margin were defined as 500 um on each side of the border separating
the malignant cell nests and adjacent non-tumor liver tissue or fibrous capsule [13] towards
TC or NT liver, respectively. The TC represents the remaining tumor area. The PT region
was defined as the 500 pm thick region immediately adjacent to the outer M. For each
ROI(TC, inner margin, outer margin, PT liver and NT liver), eight FOV were selected by
systematic uniform random sampling using the objective 20x for all ROIs except PT liver
(Figure 2A). Since it was not possible to sample PT area correctly with the objective 20x, we
used the objective 10x, which provided an acceptable resolution. Pictures were captured
by the PromiCam 3-3CP digital camera (Promicra, Prague, Czech Republic), coupled with
the QuickPhoto Industrial 3.2 software (Promicra, Prague, Czech Republic).

4.3. Stereological Analysis

The stereological analysis was performed by AT, EA and PK, who were blinded to
the clinical outcome, using the computer assisted stereology software Ellipse (ViDiTo,
Kosice, Slovak Republic). CD3-, CD8- or CD20-immunopositive nucleated cell profiles
were counted using a probe consisting of a set of 2D unbiased counting frames (UCF)
(Figure 2B-D). Only cells transected during cutting in the mid portion, which were found
inside UCF and were not touching or being transected by exclusion lines, were counted. For
TC and NT liver sizes of UCF (from 8700 to 34,801 um?) and their number (6-9) per image
varied according to the lymphocytic density and, therefore, sampling fraction varied from
417,611 pm? to 1,670,443 um?. Six UCFs per image with a total area of 417,611 um? were
used for the inner and outer margin, and nine UCFs with a total area of 417,215 um? were
used for the PT region. Qa of CD3+, CD8+ or CD20+ cells was estimated as the number
of nucleated immunopositive cell profiles divided by the total area of unbiased counting
frames [40]. Inter-observer variations over 10% were re-estimated for a concord result.

4.4. Prognostic Factors and OQutcomes

The prognostic associations of two types of immune cell parameters were explored.
First, we evaluated Qa of individual immune cell types in each ROL To eliminate skew-
ness in the distribution, the raw cell Qa for the most of analyses were converted into
corresponding percentile values and categorized into low (below 25th percentile) vs. in-
termediate (25th—70th percentile) vs. high (above 70th percentile), as well as into low vs.
intermediate-high at the 25th percentile.

Second, we calculated ratios of cell Qs between TC and inner margin from one
side, and outer margin or PT liver from the other side that might have characterized the
efficiency of penetration of immune cells into the tumor. For this purpose, we used raw
cell Qa, and we performed dichotomization into the above-median and under-median
groups. Considering the significant associations of CD20+ and CD8+ cells’ Q4 in the inner
margin with TTR and DFS, we assessed their combined influence. To do so, patients were
classified into four groups, using the 25th percentile as the cut-off: both CD20+ and CD8+
intermediate-high, only CD20+ intermediate-high, only CD8+ intermediate-high, both
CD20+ and CD8+ low.

The endpoints of the study were TTR, DFS and OS. TTR was defined as the time from
the date of tumor resection to the date of diagnosis of recurrence/metastasis. If recurrence
was not diagnosed, patients were censored at either the date of death or the date of last
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follow-up. The appropriate proportion of patients without recurrence was denoted as
recurrence-free proportion. DFS was considered as the time from tumor resection to the
date of diagnosis of recurrence/metastasis or death due to any cause. OS was defined as
the time from tumor resection to death due to any cause. Patients without recurrence or
death were censored at the last follow-up.

4.5. Statistical Analysis

Continuous nonparametric data are expressed as median (min-max); their comparison
was made either by Mann—-Whitney U-test or by Friedman ANOVA, followed by Wilcoxon
matched pairs test with Bonferroni correction. Proportions are expressed as raw data
(percentages). The associations between pairs of ordinal or quantitative variables were
assessed using Spearman correlation. To determine the prognostic value of individual
predictors for TTR, DFS and OS, a univariable followed by backward stepwise multivariable
Cox regression analysis was performed. Only variables that were significant in univariable
analysis were included into the multivariable model [41]. Hazard ratios showing the
relative risk for the intermediate or high groups separately or combined intermediate-
high group or over-median group compared with 1 for the low or under-median group,
were calculated.

TTR, DFS and OS were calculated by the Kaplan-Meier method and compared be-
tween groups by the log-rank test. Statistica 10 (StatSoft Inc, Tulsa, OK, USA), GraphPad
Prism 9.0, (GraphPad Software LLC) and R environment (v.4.1.1) were used for statistical
analyses. Kaplan—Meier analysis was performed with survival package and plots were
generated with survminer package [42,43].

A 2-sided p value < 0.05 was considered statistically significant.

5. Conclusions

The overall results show distinct features of the inner and outer margin of primary
HCC in most of the patients after curative resection. The inner margin, despite its smaller
T- and B-cell Qa compared with outer margin, conveys the best prediction for TTR and
DFS. The prediction is further improved by combining CD20+ and CD8+ cells in the inner
margin or by assessing inner margin/outer margin ratios. Our findings highlight first the
importance of the inner margin, and secondly the predictive role of B-cells. The results
should be independently confirmed, but they offer a novel approach for the stratification
of patients after curative liver resection and for identifying those who are at risk for early
tumor recurrence.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/cancers14030604 /s1, Figure S1: Distribution of the patients according to the inner M /outer M
ratios of nucleated profiles of tu-mor infiltrating lymphocytes; Figure S2: Kaplan-Meier analysis for
time to recurrence according to low vs. intermediate vs. high densities of nucleated profiles of tumor
infiltrating lymphocytes in the tumor center (A-C) and inner margin (D-F); Figure S3: Kaplan-Meier
analysis for disease-free survival according to low vs. intermediate vs. high densities of nucleated
profiles of tumor infiltrating lymphocytes in the tumor center (A-C) and inner margin (D-F); Figure S54:
Kaplan-Meier analysis for time to recurrence according to above-median vs. under-median ratios
between densities of nucleated profiles of tumor infiltrating lymphocytes in different regions of
interest; Figure S5: Kaplan-Meier analysis for disease-free survival according to above-median vs.
under-median ratios between densities of nucleated profiles of tumor infiltrating lymphocytes in
different regions of interest; Table S1: Clinical backgrounds of enrolled hepatocellular carcinoma
patients; Table S2: Histopathological features of hepatocellular carcinoma; Table S3: The estimated
probability of outcomes in Kaplan-Meier analysis; Table S4: Univariable analysis of clinical and
pathology variables associated with time to recurrence (TTR) and disease-free survival (DFS); Table S5:
Densities of nucleated profiles of tumor infiltrating lymphocytes (Qa) per individual ROI associated
with time to recurrence and disease-free survival (univariable analysis) in 64 most recent patients;
Table S6: Univariable analysis of clinical and pathology variables associated with time to recurrence
(TTR) and disease-free survival (DFS) in 64 most recent patients; Table S7: Densities of nucleated
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profiles of tumor infiltrating lymphocytes (Q4) in the invasive margin and non-tumor liver associated
with time to recurrence and disease-free survival (univariable analysis); Table S8: Correlation between
densities of nucleated profiles of tumor infiltrating lymphocytes (Q4) in different ROIs (Spearman
p); Table S9: Significant correlations between densities of nucleated profiles of tumor infiltrating
lympho-cytes (Q4) in different ROIs (Spearman p, p < 0.05); Table 510: Significant associations
between densities of nucleated profiles of tumor infiltrating lymphocytes (Qy ) in different ROIs and
clinical and pathology variables; Table S11: Significant associations between densities of nucleated
profiles of tumor infiltrating lymphocytes (Q4) in the PT and NT liver and pathology features of
non-alcoholic fatty liver disease or chronic hepatitis (Spearman p, p < 0.05).
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Abstract

Background: Hepatocellular carcinoma (HCC) is a fatal disease characterized by early genetic alterations in telomer-
ase reverse transcriptase promoter (TERTp) and (3-catenin (CTNNB1) genes and immune cell activation in the tumor
microenvironment. As a novel approach, we wanted to assess patient survival influenced by combined presence of
mutations and densities of CD8+ cytotoxic T cells.

Methods: Tissue samples were obtained from 67 HCC patients who had undergone resection. We analysed CD8+ T
cells density, TERTp mutations, rs2853669 polymorphism, and CTNNB1 mutations. These variables were evaluated for
time to recurrence (TTR) and disease free survival (DFS).

Results: TERTp mutations were found in 75.8% and CTNNB1 mutations in 35.6% of the patients. TERTp mutations
were not associated with survival but polymorphism rs2853669 in TERTp was associated with improved TTR and DFS.
CTNNBT mutations were associated with improving TTR. High density of CD8+ T-lymphocytes in tumor center and
invasive margin correlated with longer TTR and DFS. Combined genetic and immune factors further improved survival
showing higher predictive values. E.g., combining CTNNB1 mutations and high density of CD8+ T-lymphocytes in
tumor center yielded HRs of 0.12 (0.03-0.52), p=0.005 for TTR and 0.25 (0.09-0.74), p=0.01 for DFS.

Conclusion: The results outline a novel integrative approach for prognostication through combining independent
predictive factors from genetic and immune cell profiles. However, larger studies are needed to explore multiple cell
types in the tumor microenvironment.

Keywords: [>-Catenin, TERT promoter, CD8+ cells, rs2853669, Hepatocellular carcinoma

Background

Primary livers cancer are the sixth most frequent diag-
nosed tumors globally and the third cause of cancer
related death worldwide. Hepatocellular carcinoma
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of hepatocytes is a complex molecular pro-cess compris-
ing numerous genetic and epigenetic alterations. These
changes increase genetic diversity and accelerate evolu-
tion of tumor cells. However, increasing diversity stimu-
lates immune system to action against cells presenting
neoepitopes [3]. CD8+ cytotoxic T cells play a pivotal
role in antitumor immune response. They are also one
of many tumor-infiltrating lymphocytes (TIL), which are
vital in predicting clinical outcome (overall survival (OS)
and disease free-survival (DFS)) in primary and meta-
static liver cancer. Evidence shows that high densities of
CD8+ cells in HCC are associated with better OS and
DES [4]. These at-tributes point to the role of intratumor
CD8+- cells as a potential prognostic biomarker [4, 5].

In cancer cells, reactivation of telomerase prevents tel-
omere shortening and may lead to unlimited cellular pro-
liferation, enabling subsequent transformation. Almost
90% of human cancers show reactivation of telomerase
[6]. Telomerase reverse transcriptase (TERT) is the cata-
lytic subunit of telomerase, which additionally contains
the telomerase RNA component (TERC) [7]. In HCC,
TERT promoter (TERTp) mutations are the most fre-
quent and earliest somatic alterations with a prevalence
of about 60% [8, 9]. Until to-date, two recurrent somatic
mutations in TERTp (— 124 and — 146 upstream of the
ATQ start site) have been associated with many types of
cancer, including HCC. They create de novo binding sites
for the ETS family of transcription factors and increase
TERT expression [10]. TERT single nucleotide polymor-
phism (SNP) rs2853669 disrupts an existing ETS2 bind-
ing site, which results in decreased telomerase activity
[11]. It was shown that SNP rs2853669 correlates with
patient survival with variable effects in various cancers
[12—-14]. On the other hand, the same SNP was associ-
ated with poor prognosis in HCC [15]. Hot-spot muta-
tions present in exon 3 of the 3-catenin (CTNNB1) gene
are critical for hepatocarcinogenesis and are among the
most frequent alterations (20-40% of cases) [16]. They
predominantly occur at the phosphorylation sites, induce
accumulation of nuclear p-catenin and lead to activation
of the Wnt signaling pathway [17]. Moreover, mutations
in exon 3 of CTNNB1tend to be associated with favour-
able prognosis in HCC [18, 19].

Research in the past decade has improved our under-
standing of hepatocarcinogenesis highlighting the mul-
titude of genetic changes in the tumor but also the
repertoire of interacting cells in the tumor microenvi-
ronments [20—22]. The aim of present study is to exam-
ine the interplay of most frequent driver mutations and
one well-known immune marker. As a novel hypothesis,
we posit that these two environments may act indepen-
dently in influencing survival but when combined they
may act additively supporting each other’s action. We
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chose to examine the interplay between genetic factors
(TERTp and CTNNBI1) in the tumor and immune factors
(cytotoxic CD8+ cells) in the tumor microenvironment
and their prognostic value in terms of time to recur-
rence (T'TR), DES and OS among resected HCC patients.
Although the present patient series of 67 patients is rel-
atively small it was homogenous as to the treatment by
resection in a single center and precise follow-up thus
providing a valuable addition to HCC patients.

Methods

Patient selection and characteristic

The study cohort consisted of 67 HCC patients (16
women and 51 men) of median age 69years (range
24-86) who underwent primary tumor resection in
Pilsen University hospital between 1997 and 2019.
Patients were not subjected to neo-adjuvant therapy
before operation, nor had distant metastasis. Clinical
characteristics of the enrolled patients are presented in
Table 1. The study was conducted in accordance with the
Declaration of Helsinki and was approved by the Ethical

Table 1 Clinical characteristics of recruited patients

Variable n (%)
Gender (n=67)
Male 51 (76.1%)
Female 16 (23.9%)
Disease background(n=67)
Cirrhosis 14 (20.9%)
Hepatitis C 3 (4.5%)
Alcohalic steatohepatitis 7 (10.4%)
Cryptogenic chronic hepatitis 7 (104%)
Mixed etiology of hepatitis 9 (13.4%)
NAFLD/NASH 2 (3.0%)/15 (22.4%)
Unknown 10 (14.9%)
Tumor Size (n=167)
<5cm 27 (40.3%)
>5cm 34 (50.7%)
Unknown 4 (6.0%)
Tumor Number (n=67)
Solitary 56 (83.6%)
Multiple 8 (11.9%)
Unknown 3 4.5%)

Tumor Stage (n=67)
| 45 (67.2%)

Il 14 (20.9%)

Il 5 (7.5%)

% 3 (4.5%)
Event (n=67)

Recurrence 29 (43.3%)

Death 38 (56.7%)
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Board of the Faculty of Medicine and University hospital
in Pilsen (118/2021, March 11 2021).

DNA extraction, sanger sequencing

DNA was extracted from FFPE (formaldehyde fixed
paraffin embedded) tumor tissue with RecoverAll™
Total Nucleic Acid Isolation Kit for FFPE according to
the manufacturer’s protocol. Isolated DNA was used
to obtain TERTp and CTNNBI1 exon 3 mutation pro-
files. Mutations were analyzed in tumor and non-tumor
adjacent tissue. PCR was carried out in 25-ul volume
containing 40ng DNA,0.1mM dNTPE 2.5mM Mg2+
and 0.11pM of each primer and 1 unit Taq polymerase
(Tag DNA polymerase, Top-Bio) and 5% glycerol for
TERTp. For CINNBI1, 20ng of DNA, 0.2mM dNTP,
2.5mMMg2+ and 0.2pM of each primer and 1 unit
Taq polymerase was used. TERTp and CTNNB1 ampli-
fication PCR was performed under following conditions:
95°C for 5min/3min, next 33cycles of 95°C for 30sec,
68°C/60°C for 1 min, 72°C for 45 sec respectively. Primer
pairs were described previously [23, 24]. Sanger sequenc-
ing was performed in both directions. Chromatograms
were analyzed by visual comparison and mutation was
called when the height of the over-lapping peak encom-
passed at least 33% of the primary peak.

Polymorphism rs2853669 genotyping

SNP rs2853669 at TERTp was genotyped with TagMan®
SNP Genotyping Assays (Applied Bioscience) and 20ng
of isolated DNA on CFX96 Touch Deep Well Real-Time
PCR Detection System (Bio-Rad). Genotyping conditions
were as followed: 95°C for 10min, next 50 cycles of 95°C
for 15sec and 60°C for 1 min.

Histology and immunohistochemistry

For each patient FFPE tissue blocks containing center
of the tumor (TC) and invasive margin (IM) and, when
available, separate block with non-tumor liver, 2- to
3-cm distant from the tumor site, were retrieved from
the pathology archive; the detailed procedure are
described elsewhere [25]. One or two tis-sue sections of
4-pm thickness were cut and mounted onto BOND Plus
microscope slides (K8020, Leica Bio-systems Newcastle
Ltd., United Kingdom). Immunoperoxidase detection
of CD8+ T cells was performed using fully automated
BOND-III THC/ISH stainer with anti-CD8 monoclonal
primary antibodies (clone 4B11) from Leica Biosystems
(Newcastle Ltd., United Kingdom) and horseradish per-
oxidase (HRP)-linker antibody conjugate system (Bond™
Polymer Refine Detection). Sections were counterstained
with Mayer’s hema-toxylin and embedded into Micro-
mount mounting medium (Leica). Appropriate positive
(tonsils) and negative tissue control samples were used.
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All sections were examined under Olympus CX41 micro-
scope (Olympus, Tokyo, Japan) by two pathologists (AT
and LC). Sections were microanatomically divided into
TC and IM and non-tumor liver. The IM was defined as
a 1000 um-region centered on the border separating the
malignant cell nests from the host tissue (Hendry et al.
2017), whereas TC represents the remaining tumor area
[26]. Eight fields of view were selected by systematic
uniform random sampling from the TC and IM using
the objective 20x. Pictures were captured by the Pro-
miCam 3-3CP digital camera (Promicra, Prague, Czech
Republic), coupled with the QuickPhoto Industrial 3.2
software (Promicra, Prague, Czech Republic). The stereo-
logical analysis was performed by AT, who was blinded
to the clinical outcome, using the computer assisted ste-
reology software Ellipse (ViDiTo, Kosice, Slovak Repub-
lic). CD8+ nucleated cell profiles were counted using a
probe consisting of a set of 2D unbiased counting frames
(UCF). The number of CD8+ profiles per mm? of area
(Q4 =numerical density) was calculated as the number of
positive lymphocytic profiles divided by the total, investi-
gated counting frame area. To eliminate skewness in the
distribution, the raw density of CD8+ nucleated cell pro-
files CD8+ (further denoted as density) was converted
into corresponding percentile values and categorized into
Low (below 25th percentile) vs Intermediate-High (25th—
100th percentile) (further denoted as high).

Statistical analysis

Statistical analysis was performed in the R environment
(v.4.1.1). Spearman correlation was used to evaluate rela-
tions between variables. Survival analysis was performed
with the Finalfit package [27]. Influence of individual and
combined variables on TTR, DFS, OS was assessed by
univariate and multivariable Cox regression. TTR was
defined as period from tumor resection to recurrence/
metastasis diagnosis. DFS was described as time from
tumor resection until recurrence/metastasis detection or
death due to any cause. OS was determined as the time
from tumor resection to death due to any cause. Kaplan-
Meier analysis was performed with the survival package
and plots were generated with the survminer package
[28, 29]. Differences between groups were assessed with
Log-rank test. CD8+ densities in TC and IM were com-
pared with the Wilcoxon test. Results were considered
statistically significant when p-value <0.05.

Results

TERT promoter and CTNNB1 mutations and polymorphism
rs2853669

We sequenced 67 HCC cases for TERTp and CTNNB1
mutation analysis. Good quality sequences were obtained
for 58 and 59 cases, respectively. We detected TERTp
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mutation in 44 (75.8%) patients. TERTp mutations were
located in two mutually exclusive hotspots —124bp
in 41 and — 146bp in three cases, all of them were het-
erozygous changes. CTNNB1 mutations were identified
in 21 patients (35.6%): 20 heterozygous and 1 homozy-
gous. Of them 16 patients had one missense mutation,
one had a missense mutation accompanied by a synony-
mous change, one had three missense mutations and two
has only a synonymous change (Supplementary Table 1).
Mutational changes in TERTp and CTNNB1 were not
observed in adjacent non-tumor tissue. Additionally, all
patients were successfully genotyped for polymorphism
rs2853669. Overall frequencies for AA, AG and GG gen-
otypes were 44.8, 32.8 and 22.4%, respectively. For most
of our genetic and clinical data, we did not find any cor-
relations. However, correlations were found between
—146bp TERTp mutation and concentration of alfa-
fetoprotein (p =0.004), and between CTNNB1 mutations
and diabetes mellitus (p=0.004) and extent of encapsu-
lation (p=0.03) (Supplementary Table 2). We did not
detect any correlations between mutations and the pol-
ymorphism. Clinical data were discussed in more detail
in our previous work (25); only TNM stage (HR=1.5.
p=0.032) and age (HR=0.96, p=10.007) had impact on
patients TTR.

CD8+ distribution

IM displayed significantly higher density of CD8+
cells than TC (p<0.0001). CD8+ cell densities in non-
tumor liver were higher compared with TC (p<0.0001),
and lower when compared with IM. (Fig. 1., Table 2).

Fig. 1 Immunoperoxidase staining for CD8+ lymphocytes in

HCC. Regions of interest are denaoted: TC (tumor center) and IM
(invasive margin). The IM was defined as a 1-mm region centered on
the border separating the malignant cell nests from the host tissue.

The TC represented the remaining tumor area. Scale bar 1000 um
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Table 2 Density of CD8+ cell (number of nucleated cell profiles/

mm?)

Tumor center (n=67) Invasive margin Non-tumor liver
(n = 66) (n = 43)

44 (2-1475) 174 31-1256) 109 (23-400)

Significant correlations between clinical data and CD8+
cells are presented in Supplement (Supplementary
Table 3).

Prognostic values of CTNNB1, TERTp mutation, rs2853669
and CD8+ cell densities

We performed univariate Cox regression and Kaplan-
Meier analysis to investigate the association between
genetic, immune factors and T'TR, DFS, OS. To confirm
differences between groups we performed Log-rank test
(Supplementary Table 4). None of the variables were
associated with OS. We did not detect any associations
between TERTp mutations and T'TR or DFS. Presence of
a CTNNBI1 mutation was associated with longer T'TR but
did not affect DFES (Table 3, Fig. 2). Presence of homozy-
gote GG in rs2853669 polymorphism was associated
with longer T'TR and longer DES, whereas heterozygotes
were not associated (Table 3, Supplementary Fig. 1). High
CD8+ cell densities in TC and IM were associated with
lower risk of recurrence and longer DFS. (Table 3, Sup-
plementary Fig. 2).

Combined genetic and immune variables and their
prognostic value

Next, we analyzed associations of combined genetic and
immune factors with TTR, DFS and OS. The variables
were grouped as follows: presence or absence CTNNB1
mutation, presence of AA, AG, or GG genotype for
rs2853669 with low or high density of CD8+ cells.
Altought TERTp mutations were not statistically signifi-
cant in our individual analysis, due to previous reports
[15, 30] we decided to combine them with polymor-
phism rs2853669 and evaluate their impact on patient’s
outcomes. Individual analyses of CTNNB1 mutation and
CD8+ cells density showed that the presence of muta-
tion and high cell densities (HD) could be considered a
favorable prognostic factor. Thus, we decided to analyze
their combined influence on T'TR and DEFS. Cases were
divided in 3 groups: presence of two good prognostic fac-
tors (CTNNBL(+)/CD8+ (HD)), presence of only one
(CTNNB1(+/—)/CD8(LD/HD)) and presence of adverse
prognostic factor (CTNNB1(—)/CD8(LLD)). Presence
of mutation in CT'NNB1 and high CD8+ cells densities
in TC and IM were associated with lower risk of recur-
rence (HR=0.12 p=0.005 and HR=0.17 p=0.012
respectively) and longer disease-free survival (HR =0.25,
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Table 3 Univariable analysis of genetic and immune variables associated with TTR and DFS
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Variable TTR DFS
Group N HR HR
TERTp mutation (124 bp) WT 17 1.00 1.00
MT 41 062 (0.27-140, p=0.248) 0.72 (0.37-140,p=0.335)
TERTp mutation (146 bp) WT 61 1.00 1.00
MT 3 1.88 (0.44-8.02, p=10.392) 2.00(061-6.55,p=0252)
CTNNB1 Mutation WT 38 1.00 1.00
MT 21 0.31 (0.11-0.83, p = 0.020) 0.57 (0.28-1.16,p=0.121)
152853669 A/A 30 1.00 1.00
A/G 22 0.73 (0.33-1.63, p=0443) 0.71 (036-1.40, p=0.330)
G/G 15 0.29 (0.09-0.88, p =0.028) 0.42 (0.20-0.90, p = 0.025)
CD8TC LD 16 1.00 1.00
HD 49 0.32(0.14-0.71, p =0.005) 0.41 (0.21-0.80, p = 0.009)
CD8 IM LD 16 1.00 1.00
HD 48 0.34(0.15-0.78, p =0.011) 0.37 (0.19-0.73, p = 0.004)
A B
1.001 4 1.001
| H
- :
a9 =i p=0.015 2075 il p=012
3 o 3 ]
© ©
3 2 Ll
° ° 1
2.0.501 L— &0.50- _|
© © -
> >
E Groups E L%i Groups
= CTNNB1 Wild Type 3 | CTNNB1 Wild Type
(/2] 0.25 +~ CTNNB1 Mutation @) 0.25! ‘ -+~ CTNNB1 Mutation
0.00+ 0.00+
0 48 96 144 192 0 48 96 144 192
Time to Recurrence (months) Disease-free survival (months)
@ Number at risk P Number at risk
£-3 5 0 0 0 £-38 5 0 0 0
5 =21 6 2 1 0 5 =21 6 2 1 0
0 48 96 144 192 0 48 96 144 192
Time to Recurrence (months) Disease-free survival (months)
Fig.2 Kaplan-Meier analysis for TTR (A) and DFS (B) according to presence or absence of CTNNB1 mutation

p=0.005 and HR=0.34 p=0.025 respectively) (Table 4
and Fig. 3).

Similar to mutation in CTNNB1, the GG genotype in
SNP rs2853669 can also be considered a “good” prog-
nostic factor (Table 3). Therefore, we combined it with
CD8+ cell densities in TC and IM. We observed statis-
tically significant association between combination of
density CD8+ with the GG genotype with TTR in TC
and IM (HR=0.10, p=0.013 and HR=0.17, p=0.015,

respectively) and with DES in TC and IM (HR=0.19,
p=0.011 and HR =0.22, p =0.003, respectively). Addi-
tionally, combination of CD8+ cell densities and the
AG heterozygote in IM was associated with longer
DES survival (HR =0.36, p=0.037). These findings
were con-firmed in Kaplan-Meier analysis. (Fig. 3 and
Supplementary Fig. 3) Combination of TERTp muta-
tion (— 124bp position) and polymorphism rs2853669
(where GG genotype can be considered as “good”
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Table 4 Analysis for TTR and DFS for combined genetic and immune variables
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Variables TTR DFS
Group N HR HR
CTNNB1 Mutation + CD8+ (TC) CTNNB1(=)/CD8TC(LD) 9 1.00 1.00
CTNNB1(+)/CD8TCHD) 17 0.12 (0.03-0.52, p =0.005) 0.25 (0.09-0.74, p =0.012)
CTNNB1 Mutation + CD8+ (IM) CTNNB1(=)/CD8TIM(LD) 1 1.00 1.00
CTNNB1(+)/CD8TIMHD) 18 0.17 (0.05-0.59, p =0.005) 0.34(0.13-0.87, p =0.025)
1s2853669 4+ CD84 (TC) AA/CDBTCLD) 5 1.00 1.00
AA/CDSTCHD) 23 0.510.14-192,p=0319) 0.53(0.17-1.64,p=0.271)
GG/CDSTC(LD) 3 091 (0.15-546,p=0.913) 1.00 (0.22-4.52, p=0.995)
GG/CDSTCHD) 12 0.10(0.02-0.62, p =0.013) 0.19(0.05-0.69, p =0.011)
1528536694 CD84 (IM) AA/CDSTIM(LD) 8 1.00 1.00
AA/CDSTIM(HD) 19 0.75024-233,p=0614) 0.69 (0.28-1.70,p=0416)
GG/CDSTIM(LD) 2 1.07 (0.12-9.29, p =0.953) 069 (0.09-5.59, p=0.728)
GG/CDSTIMHD) 13 0.17 (0.04-0.71, p =0.015) 0.22(0.08-0.61, p =0.003)
TERTp mutation (—124 bp) + rs2853669 TERTp(—=)/AA 8 1.00 1.00
TERTp(4+)/AA 7 038 (0.12-1.16,p=0.089) 043 (0.16-1.15,p=0.092)
TERTp(=)/GG 5 0.08 (0.01-0.72, p =0.024) 0.23 (0.06-0.82, p =0.024)
TERTp(4+)/GG 10 0.15 (0.03-0.62, p =0.009) 0.20 (0.06-0.64, p =0.007)
A B
> >
£'1.001 £'1.00{
o o
So7s! — p =0.0077 So7s] p=0.031
go.sm go.so«
® ® |
20257 > 0257
2 Groups c | - Groups
05, 0.001 CTNNBA(-)/CDETC(LD) ‘,5) 0.001 CTNNBH(-)/CDBTC(LD)
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prognostic factor) revealed that there was statisti-
cally significant association between GG genotype and
lack of TERTp mutation and longer TTR (HR=0.08,

p=0.024) and longer DFS

survival

(HR = 0.23,

p=0.024). Similar pattern was observed for pres-
ence of TERTp mutation and GG genotype, showing
longer TTR and longer DFS (0.15, p=0.009 and 0.20,

p

=0.007, respectively).
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Multivariable analysis for individual and combined
variables

Multivariable Cox regression models for each individual
and combined parameters adjusted for TNM staging
and age were built to assess their independent ability
to predict TTR (Supplementary Table 5 and 6). Among
the individual parameters, CTNNB1 mutation and
rs2853669 were independently associated with TTR.
Immune markers (CD8+ T cell densities in TC and IM)
lost predictive capabilities after adjustment for TNM
stage and age. Among combined parameters, combina-
tions between rs2853669 and cell densities in TC and IM
were associated with T'TR. Moreover, combination of
TERTp mutation and rs2853669 retain their predictive
value after adjustment for TNM stage and age and was
associated with longer TTR.

Discussion

The novelty of the present study was that for the first
time results were presented on the interplay be-tween
genetic (CTNNB1 mutation and TERTp SNP rs2853669)
and immune (CD8+ cells density) factors, their prognos-
tic value and present usefulness of T'TR in HCC prognos-
tication. The GG genotype of SNPrs2853669, mutation
in CTNNB1 and high CD8+ cell density were individu-
ally associated with improved T'TR and DFS. Presence of
CTNNBI mutation and high CD8+ cell densities in both
region of interest (TC or IM) strongly predicted longer
TTR and DEFS. Similarly, high CD8+cell densities in TC
or IM and presence of GG genotype were also associated
with longer T'TR and DES. Combining positive genetic
and immune factors additively improved each other’s
influence.

TERTp mutations are a well-known cause of telom-
erase reactivation in many cancers [31]. We confirmed
high frequency of TERTp mutation in the present HCC,
not associated with viral hepatitis patients (75.8%). Our
mutation frequency is somewhat higher than has been
reported for another European dataset (56.6%) for no-
viral HCC [32]. In concordance with available data,
the nucleotide change in —124bp was the most com-
mon TERTp mutation (93.2%). TERTp mutation and
polymorphism rs2853669 did not show any correlation
with clinical and pathological data in our analysis. Nei-
ther did we observe any associations with T'TR, DES or
OS for the TERTp mutation; the relation with progno-
sis is rather controversial, some literatureshowing asso-
ciation of TERTp mutation with poor DSF and OS [33]
other does not [34, 35]. Our data showed a statistically
significant association of GG genotype of SNP rs2853669
with longer TTR (HR=0.29, p=0.02) and longer DFS
(HR=0.42, p=0.025). The associations were not sig-
nificant for the AG heterozygotes. Presence of G allele
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modulated effect of TERTp mutations because the SNP
destroys the pre-existing binding site for transcription
factors EST [36]. Our data on the association of this SNP
with favourable patient outcome are in agreement with
prognostic data for various cancers [37]. Nevertheless,
even deviant results have been reported for unknown
reasons in an Asian population [15]. Previous reports
which evaluate impact of TERTp mutation and rs2853669
and their combined effect on patient survival are not in
agreement showing no correlation with survival or cor-
relation with poor prognosis [15, 30]. Our data show
opposite pattern where combination of GG allele and
lack/presence of TERTp mutation is significantly cor-
related with longer TTR and longer DFS. We speculate
firstly, that our patient etiology differed from the previ-
ous reports on viral etiology. Secondly, our data show a
lesser role for a TERTp mutational status compared to
higher predictive values for the rs2885669 GG allele.

The CTNNBI1 gene is a key partner of the Wnt/p-
catenin signaling pathway, which is activated in 30-50%
of HCC cases [2]. This gene is one of the most frequently
mutated cancer driver genes in HCC [37]. CTNNB-
Imutations are missense mutations, most of which are
located at the exon 3 phosphorylation sites and they
increase the expression of B-catenin protein in the cyto-
plasm and nucleus [17, 38]. According to the literature,
nuclear expression is associated with improved progno-
sis, opposite to cytoplasmic and membranous expres-
sion, which are associates with poorer prognosis [39,
40]. CTNNBlmutations have been identified preferen-
tially in early stages and HCV-related HCC [41, 42]. Our
observed frequency of CTNNB1 mutations (35.6%) and
the affected nucleotide sequences (Supplement Table 1)
agreed with the literature (17). Available data show asso-
ciations of CTNNB1 mutation with favorable prognosis
(especially with longer OS) [19]. Our data showed no
association with OS or DFS, but we observe longer TTR
(HR =0.31, p=0.02). Moreover, we found no association
between CTNNBI1 mutations and clinical or pathologi-
cal data, which may be related to the non-viral etiology
of the present patients compared to the majority of data
originating from Asian populations with viral etiology.

TILs (T cells, B cells, natural killer (NK) cells) rep-
resent one of the elements of host immune response to
tumor [5]. They may manifest pro- or anti-tumor char-
acteristics dependent on lymphocyte subsets and their
phenotypic orientation [43]. The role of TILs has been
extensively explored in HCC [4, 5, 43, 44]. These results
show that patients with high numbers of NK cells,
B-cells, T-lymphocytes and dendritic cells had a favorable
prognosis while poor prognosis was associated with high
numbers of monocytes, neutrophils and Tregs [44]. Role
of high CD8+ cell densities has been explored in many



Ambrozkiewicz et al. BMC Cancer (2022) 22:884

cancers, including HCC, usually showing associations
with improved prognosis [4, 45-47]. In HCC, CD8+
cells were among the prognostic factors considered in
the meta-analysis by Xu et al., showing associations of
CD8+ densities in tumor and its margin with higher
OS and DFS [4]. As high density of CD8+4 cells predicts
a favorable OS and DFS they may be used as biomarker
of patient prognosis. On par with available data, our
CD8+ analysis also showed high predictive value for DES
(HR=0.41, p=0.009), but not OS [48]. In our research,
we also observed influence of high density of CD8+ cells
on longer TTR (HR=0.32, p=0.005).

Many analyses have been published showing asso-
ciation with DFS or OS, but we did not find any data
considering T'TR. We believe that among the survival
parameters analysed by us, TTR is highly relevant for
prognostication. T'TR is a tumor-specific outcome in
contrast to less specific endpoints DFS and OS.

Previous prognostic studies have either used genetic or
immune cell markers, but we are not aware of previous
studies combining the two. There is a scientific rationale
for the combination, because mutations are present in the
tumor and immune response is mounted by the tumor
microenvironment. These may be viewed as independent
predictors of outcome although they interact, and muta-
tion frequency may generally stimulate immune response
[49, 50]. We decided to explore combined effect of
CTNNB1 mutation and CD8+ cells in TC and IM as the
first scenario. The second scenario was to combine three
observed genotypes in rs2853669 with CD8+ cell densi-
ties. In both scenarios, certain combinations of CD8+
cell densities with genetic alteration refined prognostic
value of our results. Cases presenting -catenin mutation
and high CD8+ cell densities in TC/IM presented much
longer TTR (HR=0.12, p=0.005/HR=0.17, p=0.005
respectively) and longer DFS (HR=0.25, p=0.01/
HR=0.34, p=0.02) than cases presenting only one of
these “good” prognostic factors (Table 3 and Fig. 2).
Similar to the first scenario, the GG genotype in SNP
rs2853669 combined with high density of CD8+ cells
presented longer TTR and longer DES in both tumor
regions of interest (Table 3). We could demonstrate that
the combination of genetic and immune variable presents
a much better prognostic value than individual variables.
Multivariable Cox regression was performed for both
individual and combined factors. Some individual and
combined factors lost their significance after adjustment.
We believe that was provoked by size of our group thus,
our multivariate results are not reliable.

Our study presents few limitations, the foremost being
the low case number. The case numbers limit particu-
larly our analysis for combined factors. Thus, our present
data cover only a small segment of genetic and immune
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landscape of tumor microenvironment. Nevertheless, we
believe that a follow up study performed on greater num-
ber of cases and exploring different genetic alterations
and different types of immune cells may further refine
the prognostic tools. These data could be invaluable in
treatment decision making.

Conclusion

Our results show that factors both in the tumor and its
environment influence HCC survival. The best predic-
tive values for T'TR were obtained by combining data for
CTNNBI1 mutations and CD8+ cell densities. Although
we were able to analyze the most common somatic muta-
tions in HCC, we were able to use only one immune
cell marker, CD8+ cells, in this first analysis validating
the integrative approach. In the future, many more cell
types of the tumor microenvironment need to be tested
in combination with the genetic markers. Moreover, it
seems that combination of TERTp mutation (position
—124bp) and rs2853669 may be a separate predictive
factor for patients with non — viral etiology of HCC. The
results, although based on small numbers of resected
patients, are encouraging for study further integrative
approaches for HCC risk stratification.
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PURPOSE Analysis of somatic variant profiles in retrospectively collected pairs of primary tumors and syn-
chronous liver metastases from surgically treated patients with colorectal carcinomas. Mutational profiles were
compared between groups of patients stratified by response to chemotherapy and survival.

PATIENTS AND METHODS The study used whole-exome sequencing of tumor sample pairs from 20 patients
diagnosed and treated at a single center. The Cancer Genome Atlas COAD-READ data set (n = 380) was used for
validation in silico, where possible.

joRIISqR

RESULTS The most frequently altered oncodrivers were APC (55% in primaries and 60% in metastases), TP53
(50/45), TRIP11(30/5), FAT4(20/25), and KRAS (15/25). Harboring variants with a high or moderate predicted
functional effect in KRAS in primary tumors was significantly associated with poor relapse-free survival in both
our sample set and the validation data set. We found a number of additional prognostic associations, including
mutational load, alterations in individual genes, oncodriver pathways, and single base substitution (SBS)
signatures in primary tissues, which were not confirmed by validation. Altered ATM, DNAH11, and MUC5AC, or
a higher share of SBS24 signature in metastases seemed to represent poor prognostic factors, but because of a
lack of suitable validation data sets, these results must be treated with extreme caution. No gene or profile was
significantly associated with response to chemotherapy.

CONCLUSION Taken together, we report subtle differences in exome mutational profiles between paired primary
tumors and synchronous liver metastases and a distinct prognostic relevance of KRAS in primary tumors.
Although the general scarcity of primary tumor-synchronous metastasis sample pairs with high-quality clinical
data makes robust validation difficult, this study provides potentially valuable data for utilization in precision
oncology and could serve as a springboard for larger studies.

JCO Precis Oncol 7:e2200557. © 2023 hy American Society of Clinical Oncology

INTRODUCTION

Colorectal carcinoma (CRC) is the second leading
cause of death among malignant diagnoses (915,880
deaths in 2020) worldwide.! Although the 5-year
survival of patients with localized or regional dis-
ease is between 70% and 90%, patients diagnosed
with advanced stage IV have a b5-year survival rate
below 20%.7 Approximately 20%-25% of patients
with CRC present with synchronous liver metastases,
defined in this study as metastases diagnosed before,
during, or in the period 3-6 months after the primary
tumor surgery.>*

receptor (EGFR), such as bevacizumab, regorafenib,
cetuximab, or panitumumab.® Surgical resection of
metastatic loci improves survival, but most patients
experience relapse and have a poor prognosis.®

Genomics has brought the first useful biomarkers for
the choice of therapy for patients with CRC, that is,
assessment of variants in the RAS gene panel or BRAF
became mandatory for treatment with the anti-EGFR
therapy.” Thus, the assessment of intratumoral genetic
profiles is an integral part of personalized therapy in
CRC. Previous whole-genome sequencing (WGS) or
whole-exome sequencing (WES) studies focused
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Most of the patients undergo chemotherapy with
FOLFOX or FOLFIRI regimen, eventually combined with
targeted therapy on the basis of the patient's RAS/BRAF
mutational status, for example, monoclonal antibodies
and tyrosine kinase inhibitors blocking vascular endo-
thelial growth factor (VEGF) or epidermal growth factor

predominantly on the characterization of primary
tumors.®® Only a few studies characterized WGS/WES
somatic profiles of primary and hepatic metastatic loci
in patients with CRC,'®*? and even fewer used syn-
chronous metastases only.”>** More importantly, in-
formation about the genetic signature of the response
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CONTEXT

Key Objective

Metastatic colorectal cancer has a high relapse rate and poor prognosis despite a number of targeted therapies available.
Routine genomic testing is predominantly used in primary tumors. Differences in genomic profiles of primary and
metastatic tumors have not been sufficiently described. To address this, we performed whole-exome sequencing of
primary-synchronous hepatic metastasis pairs from a highly curated set of 20 Czech patients.

Knowledge Generated

We describe differences in mutation rates in multiple genes, as well as in single base substitution mutational signature spectra,
and confirm the prognostic relevance of KRAS in primary tumors, but its lack in synchronous hepatic metastases.

Relevance

We provide unique mutation data in hard-to-obtain samples in a specific homogeneous cohort. We underline the fact that
synchronous metastases often differ from primary tumors in mutational profiles, which may influence therapy effectiveness,
but also provide therapeutic opportunities. The need for larger high-quality studies of primary-metastasis colorectal
carcinoma pairs is apparent.

to therapy, which could be used for targeted treatment of
metastases and to limit further cancer spread, is still very
scarce.

This study aimed to analyze the whole-exome somatic
variant spectra in primary tumors and synchronous hepatic
metastases of a retrospectively collected cohort of patients
with surgically resected CRC, treated with antimetabolite-
based regimens. We compared genetic alterations in in-
dividual genes and pathways, copy-number variation
(CNV), and mutational signatures in patients stratified by
their response to therapy and survival, providing a lead for
follow-up studies focused on using these somatic profiles in
precision oncology.

PATIENTS AND METHODS

The complete data about patients, DNA isoclation and
quality control, library preparation, raw data preprocessing
and variant detection, variant annotation and interpretation,
external validation, and statistical evaluation are provided in
the Data Supplement.

All authors had access to the study data, and reviewed
and approved the final manuscript. Procedures per-
formed in this study followed the 1964 Helsinki Decla-
ration and its later amendments or other but highly
comparable ethical standards. The study protocol was
approved by the Ethical Commission of the Faculty of
Medicine and University Hospital in Pilsen (approval no.
19-08-00113 of June 7, 2018).

RESULTS
Clinical Characteristics of the Patients

The baseline clinical characteristics of all patients with WES
data are summarized in the Data Supplement. The median
relapse-free survival (RFS) and overall survival (OS) of the
patients were 13 and 42 months, respectively. In total, 17
patients (85%) deceased during the follow-up.

2 © 2023 by American Society of Clinical Oncology

General Descriptors of Whole-Exome Sequencing and
Variant Profiling

The average coverage of sequenced regions in primary
tumors and metastases was 199.4 = 125.9 (median 165)
and 186.6 = 104.8 (median 136), respectively. As the
median, 54% (min. 5%-max. 92%) of bases were covered
atleast 30x in primary tumors and 45% (6%-85%) of bases
were covered at least 30x in metastatic tissues. A median of
49% of bases was covered at least 30x in all samples.

To minimize the number of false-positive calls in formalin-fixed
paraffin-embedded (FFPE) samples, somatic variants were
then filtered on the basis of selected quality filtration criteria.
This filtering improved the comparability of the sample set with
The Cancer Genome Atlas (TCGA) variant counts (Data
Supplement). More importantly, the correlation of variant
counts with the initial quality of input DNA (assessed by
quantitative polymerase chain reaction) assessed by Pear-
son’s correlation test decreased from 0.83 to 0.50, suggesting
a value of the filtering step for the improvement of data quality.
The total number of somatic variants per sample after filtering
was 206.8 = 71.9 on average (median 183, ranging from 137
to 452) in primaries and 207.9 = 53.1 (210, 97-335) in
metastases. Counts of somatic variants for all patients and
both sample types, including tumor mutation burden (TMB)
and microsatellite instability (MSI), are shown in the Data
Supplement. No sample was classified as TMB-high (cutoff
10 variants/Mb) or MSI-unstable (threshold 20%). The most
common class of variants in both primary tumors and me-
tastases was missense variant (Fig 1A) and the most frequent
type was single-nucleotide variant (Fig 1B), followed by de-
letion and insertion. The most common nucleotide change
was the C to T transition (Fig 1C). The top altered genes in both
sample types were APC, TP53, and TTN with somatic variants
in more than 50% of patients (Fig 1D).

Frequently mutated genes (FLAGS)'® described genes that
are altered in solid tumors but are unlikely to have a
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FIG 1. Distribution of somatic variants in primary and synchronous hepatic metastasis samples of patients with CRC. (A) Variant counts per sample
with color corresponding to classification in (B). (B) Classification of variants according to their functional impact with counts on the x-axis in the log1Q
scale to help visualize also less frequent classes. (C) Types of nucleotide changes and (D) top 10 genes by the number of unique variants (x-axis),
percentages of patients harboring any variant in the indicated genes next to the bars, and color coding the same as for (B). CRC, colorectal carcinoma.

pathogenic effect. When we filtered out the top 20 scored
genes listed in FLAGS (Data Supplement), the most fre-
guently altered genes with >20% mutational rates remained
APC, TP53, TRIP11, MUC5AC, MUC3A, and FAMI86A in
primaries, and APC, TP53, MUC5AC, FAT4, and KRAS in
metastases, all of which are depicted in the Data Supple-
ment. Especially, the mutational rates in TR/IPI11 differed
markedly (30% in primaries v 5% in metastases—Fig 2),
although the result was not statistically significant because of

the low number of patients involved (P = .091).

Closer inspection of variant types in individual highly altered
genes indicated that most variants in APC have a predicted
functional effect (nonsense or frameshift), although they
are located outside of functional domains, while in the
TP53, missense variants dominate (Data Supplement).
Concerning KRAS (altered in 15% primaries v 25% me-
tastases), two patients had the G12V variant in metastatic
tissues, which was not seen in paired primary tumors. One
patient had the G12C and two G13D consensual variant
calls in both tissue types (Data Supplement).
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Furthermore, we performed pathway analysis by comparing
variant rates in 13 established colorectal cancer pathways.*6
We found more variants in RTK-RAS and Hippo pathways in
metastases compared with primaries (Data Supplement). By
contrast, primaries had more WNT pathway variants than
metastases (Data Supplement). However, none of these dif-
ferences were statistically significant. Three pathways (cell
cycle, MYC, and NRF2) were not altered in any sample and
thus were not evaluated further.

Analysis of co-occurrence (genes that tend to be altered
together) revealed a significant cosegregation of variants in
DNAH11with ZFC3H1and BAZB1with MUC17(P<.01),
while no significant mutual exclusivity (the opposite of co-
occurrence) was observed in primary tumors. However, in
metastases, variants in ADGR/L3significantly cosegregated
with those in NPIPB11 (P < .01). No mutual exclusivity
was again apparent (Data Supplement).

Next, relative contributions of reference single base substi-
tution (SBS) mutational signatures were determined for each
tumor sample (Data Supplement). A total of 72 SBSs were
found in either primary or metastatic tissues. The comparison
of the top 12 SBS mutational signatures for primaries
and paired metastases (SBS1/6/7b/10b/15/16/24/30/39/54/
86/87) is shown in Figure 3A. The share of SBS17a and
SBS28 was significantly higher (P = .031/F,4 = 1.000 and
P =.043/P,q = 1.000, respectively), while that of SBS55 was
lower (P = .028/P,q; = 1.000) in metastases compared with
primaries. SBS3, SBS11, SBS27, SBS56, and SBS85 were
found only in primary tumors and not metastases, and
SBS18, SBS27, SBS45, SBS84, SBS89, and SBS90 were
unique to metastases. However, no tissue-specific SBSs
were observed in more than three samples and the majority
were private (Fig 3B). High correlations (r? > 0.7; P < .001)
between SBS pairs 1-7b and 17a-86 in primaries and 7b-13,
7¢-60, 17a-16, and 17b-86 in metastases were observed.
Identical analysis with the TCGA validation data set generated
the same top SBSs for primary tumors (Data Supplement).

CNVs were also called and filtered on read depth and
B-allele frequency (Data Supplement). The frequency plot of
CNVs showing the difference between primary tumors and
liver metastases is depicted in Figure 4. Obviously, higher

4 © 2023 by American Society of Clinical Oncology

differences were in copy-number losses than gains. More
CNV losses in metastases than primary tumors were seen on
chromosomes 1, 10, and 16, and fewer on chromosomes 6,
7,11,12,14,17, 18, and 19. More gains in metastases than
in primaries were located on chromosomes 7, 10, 15, and
18, and fewer gains were on chromosomes 1, 8, and 12.

The counts of segments with CNVs were comparable among
primary tumors and synchronous metastases (P > .0b).
Primary tumors bore on average 57.4 = 45.9 (median, 33.5;
range, 15-150) CNVs, while metastases bore 49.0 = 38.5
(median, 33; range, 8-130) CNVs on average. The average
size of CNVs was almost equal (23 and 21 Mbp, respec-
tively). Primary tumors did not significantly differ from
metastases in the average size of CNVs (P > .05).

The Genetic Profile of Patients Divided by the Objective
Response to the Neoadjuvant Systemic Therapy

In total, 67% of patients treated with neoadjuvant systemic
therapy achieved partial remission (PR) (no patient
achieved complete response) and the rest were considered
poor responders (those achieving stable disease or pro-
gressive disease; Data Supplement). We compared the
TMB, individual gene and pathway variants (genes and
pathways listed in the Data Supplement), SBS mutational
signature exposures, and CNVs in primary tumors and
metastases of these two patient subgroups. Patients clas-
sified as good responders had a lower TMB than poor re-
sponders (134 v 154 and 158 v 161 variants per primary
tumor and metastasis sample, respectively), while this dif-
ference was not significant (P > .05). Primary tumors of two
poor responders had functionally impactful types of alter-
ations (nonsense and splice site, plus two missense in the
main P53 domain), which were not seen in the good re-
sponder subgroup, where just one frameshift deletion and
several missense variants were found (Data Supplement).

We then performed analyses with individual genes and
pathways according to functional predictions. For this
purpose, separate analyses were made with genes having
variants classified as a HIGH or MODERATE effect. Pri-
mary tumors of poor responders carried significantly
more variants in the TRAIL pathway than good responders
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FIG 3. Mutational signatures in primary tumors and hepatic metastases from patients with CRC. Mutational signatures in primary tumors (CRC-P) and
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FIG 4. Copy-number aberrations in (A) primary tumors and (B) synchronous liver metastases depicted as gains (red) and losses (blue).

(P = .022/P,q; = .219). In metastatic tissues, poor re- Between subgroups stratified by the response, there was no

sponders had significantly more variants in the MUC3A

notable difference in TMB as well (Data Supplement).

(P = .022/P,q4; = .506; Data Supplement).

The distribution of SBSs and the average count or size of

The comparison of TMB of primaries or metastases (n=20) CNVs per tumor sample did not significantly associate with
with the TCGA COAD and READ data sets (n =406 and 150, the chemotherapy response status of patients (P > .05;
respectively) showed comparable results (Data Supplement).  Data Supplement).
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FIG 5. Kaplan-Meier plots of associations of alterations in KRAS in primary tumors of colorectal cancer patients with their survival. (A) RFS and (B)
0S of patients in this study, and (C) PFI of the TCGA data set divided by KRAS variants with HIGH or MODERATE predicted effect in primary tumors.
It should also be taken into consideration that patients with primary tumors in the TCGA have much better prognosis because of the overwhelming
fraction of locally and regionally advanced disease character compared with our sample set. Therefore, the median PFI was not reached and its
mean is shown instead. PFI in days is displayed to maintain authenticity. OS, overall survival; PFI, progression-free interval; RFS, relapse-free
survival; TCGA, The Cancer Genome Atlas.

Genetic Profile of Patients Divided by Response to the
Palliative Systemic Therapy After Relapse

We also compared overall TMB, individual gene and pathway
variants, the distribution of SBSs, and CNVs in metastases of
patients experiencing relapse after liver metastasis resection
and subsequently receiving palliative systemic therapy, with
the available response. In total, 67% (n = 4) of treated patients
achieved PR and the rest were considered poor responders
(n = 2; Data Supplement). We observed that all liver me-
tastases of patients with good response to palliative systemic
therapy harbored functional variants in APC, while only
one poor responder had such a variant. Both poor re-
sponders and none of the good responders had variants
in HERCI. Several other genes had disproportion in variant
frequencies between both subgroups of patients (Data
Supplement). Patients poorly responding to palliative

JCO Precision Oncology

systemic therapy had a significantly higher share of SBS39
than good responders (P = .018/P,q; = .216). No difference
in CNVs was observed (P > .05). Because this analysis is
based on small numbers of observations, its results must be
treated with extreme caution.

Survival Analysis

Finally, we performed a survival analysis. We considered the
overall TMB, frequently altered individual genes, oncodriver
pathways, SBSs, CNVs, and known cancer-driving, action-
able, or druggable pathways.*®2* For analyses, we used only
variants whose predicted functional impact was HIGH or
MODERATE. A number of associations with RFS or OS were
found, but the TCGA validation of most associations in primary
tumors failed, and as such, the results are presented in the
Data Supplement. Associations of alterations in metastatic
tissues with RFS or OS could not be validated because of the
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FIG 6. Kaplan-Meier plots of survival associations of genes altered in hepatic metastases of colorectal cancer patients with their survival. (A) RFS
and (B) OS of patients in this study divided by the presence of MUC5AC variants with HIGH or MODERATE predicted effect in hepatic metastases,
(C) RFS for ATM, and (D) OS for DNAH11 in the same setting. OS, overall survival; RFS, relapse-free survival.

lack of suitable data sets and thus must be considered with
extreme caution before such validation can be performed.

Patients with primary tumors harboring KRAS variants had
significantly shorter RFS and OS (P = .002/F,q; = .023 and
P = .0006/FP,q; = .009, respectively; Figs 5A and 5B) than
patients without such variants, while no such association was
observed in metastases. The association with RFS was
validated in the TCGA COAD-READ data set (Fig 5C).
Conversely, patients with variants in MUC5AC in metastases
had significantly shorter RFS and OS (P = .004/P,q; = .037
and P = .00006/F,4 = .003, respectively; Figs 6A and €6B)
than those without, and no such association was found in
primary tumors. In addition, patients harboring variants
in DNAHII in metastases had significantly worse OS
(P = .0008/P,q = .038; Fig 6C). Finally, the presence of
variants in ATM was associated with shorter RFS in both
primary tumors (P= .018/P,q; = .138; Data Supplement) and

8 © 2023 by American Society of Clinical Oncology
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metastases (P = .0002/P,q; = .005; Fig 6D), while in primary
tumors, it was not confirmed by the TCGA analysis
(Data Supplement). All associations presented in Figure 6
passed the false discovery rate (FDR) correction.

Analyses of oncodriver pathways, top 12 most frequently
occurring SBSs (top 10 in primaries + top 10 in metas-
tases), CNVs, and clinically actionable gene panels
revealed a number of associations whose TCGA validation
failed for primary tumors or did not pass the FDR test for
metastases (Data Supplement).

Because of the low number of patients (n = 5), the
progression-free survival of patients after treatment with
palliative systemic therapy was not evaluated.
DISCUSSION

In this study, we aimed to provide a comprehensive
overview of genetic alterations within the coding part of the

on November 2, 2023 from 195.113.130.010
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genome of paired primary tumors and synchronous hepatic
metastases of patients with CRC stratified by the response
to oncological therapy and survival.

Generally, our results show that primary tumors and liver
metastases do not considerably differ in the overall TMB.
We observed certain discrepancies in counts and types of
variants in individual genes or oncodriver pathways be-
tween both tumor loci, but no statistically significant as-
sociations with response to neocadjuvant systemic therapy
before metastasis resection.

Despite the above, we noticed that primary tumors of two
poor responders had functionally impactful types of 7TP53
alterations (nonsense and splice site, plus two missense in
the main P53 domain). By contrast, just one frameshift
deletion and several missense variants were found in the
good responder subgroup. This observation suggests that
tumor cells with inactivating TP53 variants may be one of
the key features of relapsing tumors and suitable for tar-
geted therapy,?? for example, by adavosertib, an inhibitor of
WEE1L, the principal regulator of the G2/M checkpoint.?®

Patients harboring KRAS variants in primary tumors had
poor RFS and OS, while the association with progression-
free interval was confirmed in the TCGA COAD-READ data
set.?* A recent large study (N = 13,101) also demonstrated
the negative prognostic significance of KRAS mutant status
in the overall CRC patient population (multivariable hazard
ratio, 1.11; 95% CI, 1.01 to 1.22 for the CRC-specific
mortality?®). The count of KRAS variants in primary tu-
mors in this study (15%) was somewhat lower than the
previously published frequency of around 40%.2° We at-
tribute this discrepancy to the fact that patients with tumors
harboring KRAS variants have generally more aggressive
disease, a worse prognosis, and a lower probability of
getting their liver metastases surgically resected.?” In terms
of therapeutic intervention, we also noticed the accumu-
lation of KRAS variants in metastases compared with pri-
mary tumors (25%). Thus, targeted therapy with anti-EGFR
antibodies or tyrosine kinase inhibitors may be less ac-
cessible for these patients. One patient carried the po-
tentially targetable KRAS-G12C variant®® in both primary
tumor and metastasis, opening wider options for individ-
ualized therapy. It is also worth mentioning that other KRAS
variants seem to be targetable by adavosertib.?®

Several genes, for example, MUC5AC and DNAH11, were
significantly, after FDR, associated with survival of patients
only when altered in metastases, and the presence of
variants in ATMwas associated with poor RFS no matter the
tumor tissue type. However, because of the lack of suitable
data sets for validation in synchronous hepatic metastatic
loci, a conclusive assessment is not possible. Data from
previous studies are not available in the Sequence Read
Archive or comparable publicly accessible databases,
representing a serious hurdle.

JCO Precision Oncology

To enhance the clinical context of our findings, we
present a simplified overview of potentially targetable
somatic profiles of patients with poorly responding pri-
mary tumors and metastases or generally poor survival
(Data Supplement). This comparison shows that all pa-
tients responding poorly to neoadjuvant systemic therapy
(n = b) had potentially targetable variants in actionable
genes, including KRAS or TP53, in their primary tumors,
while this potential decreased in corresponding liver
metastases. This tendency is obvious also in poorly
surviving patients with RFS < median (13 months;
n = 11), where the target information is less trackable in
metastases than in primary tumors. We need more
studies to validate the present data and extend consid-
erations about the clinical context of genomic primary-
metastatic loci profiling.

According to our results, TR/IPI1 may represent a new
candidate driver gene in CRC metastasis because of the
remarkable difference in counts of its variants observed be-
tween primary tumors and corresponding metastases (30% v
5%). The analysis of protein-protein interaction networks by
the STRING tool® identified associations with the RAS family
of proteins (Data Supplement), highly relevant to CRC on-
cogenesis, prognosis, and therapy. Future functional studies
should help better understand these observations.

A modest sample size, especially in subgroup analyses,
may be seen as a major study limitation. Sample pairs of
primary tumors and metastatic tissues of suitable quality
are, for many reasons, hard to obtain. Therefore, previous
studies have reported comparable patient numbers. 1"t
We considered increasing the size by including meta-
chronous metastases, but both types of CRC liver metas-
tases have different prognoses®! and therapy scenarios.
Metachronous metastases have a better prognosis, but it is
also definitely a more heterogeneous setting, given the
different times to progression after adjuvant therapy. We,
therefore, limited the current study to a more homogeneous
group of synchronous metastases. However, our study was
designed to deliver substantially higher coverage compared
with available reports. Second, the use of FFPE samples
increases the risk of overestimation of mainly C>T tran-
sitions because of the formation of cross-linking byproducts
during long-term storage®® and currently, no standardized
method for elimination of this phenomenon exists.® In this
study, we applied very stringent filtering criteria during the
preprocessing of raw data, on the basis of high variant allele
frequency, the number of reads required, and very low
allelic frequencies in the gnomAD database. This pro-
cessing harmonized TMB output with the TCGA data sets
COAD and READ. Last, the WES design, together with the
FFPE type of samples, did not allow an analysis of large
structural variants and the noncoding part of the genome,
all of which could be detected by WGS. Nonetheless, the
high-coverage WES chosen by us brings deeper insight into
potentially functional parts of the genome. Moreover, a
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relative scarcity of clear links between noncoding areas and
cancer was reported recently.3* We also need to stress the
limitations connected with the TCGA validation, that is,
incompleteness of data on many clinical covariates in
TCGA, variability in sample types and quality, differences in
sequencing platforms and target coverage, and the overall
uncertainty regarding the clinical comparability of the co-
horts (eg, ethnic and prognostic heterogeneity).
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