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Abstrakt

Nadory hlavy a krku (HNSCC) jsou heterogenni skupinou karcinom1, které jsou
indukovany uzivanim tabaku a alkoholu ¢i perzistentni infekci lidskym papilomavirem
(HPV). Incidence virové indukovanych HNSCC celosvétoveé nariista. Virova etiologie
pozitivné ovliviiuje prezivani pacientl a ma vyrazny vliv na uc¢innost protinddorové
1éCby, coz miize byt vysvétleno pfitomnosti specifické imunitni odpovédi cilené proti
virovym antigeniim HPV. Hlavnim cilem této prace je detailni charakterizace nadorového
mikroprostiedi karcinoml virové a nevirové etiologie s dirazem na in situ detekci
a kvantifikaci imunitnich bunék. Pro =ziskani vysledki pro tuto praci byly
zavedeny a optimalizovany pokrocilé metody studia nddorového mikroprostredi, jako je
multispektralni imunohistochemie & hmotnostni cytometrie. Cetnost imunitnich bungk,
hladina exprese vybranych genii a vybranych proteini v HNSCC byla hodnocena
ve vztahu k etiologii nddoru a prognodze, ve snaze vytipovat potencialni terapeutické cile.
Nase vysledky ukazuji, Ze mikroprostiedi nadord HPV-pozitivnich vykazuje oproti
imunosupresivnimu  mikroprostfedi karcinomti HPV-negativnich vys$$i hladinu
prozanétlivych a  protinddorovych  imunitnich bunék a  faktori. Vyssi
zastoupeni PD-1"CD8" (programmed cell death protein 1, cluster of differentiation 8)
T lymfocyth a bunék produkujicich GLUT1 (glucose transporter 1) a Hif-1a (hypoxia-
inducible factor 1a) je spojeno s lepSim prezivanim pacienti s HNSCC, naopak vyssi

hladina mRNA arginazy 1 predikuje horsi prezivani téchto pacientd.

Kli¢ova slova
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Abstract

Head and neck cancers (HNSCC) are a heterogeneous group of tumors that are
induced by tobacco and alcohol use or persistent human papillomavirus (HPV) infection.
The incidence of virally induced HNSCC is increasing worldwide. The viral etiology
positively influences patient survival and effectiveness of antitumor treatment, which
may be explained by the presence of a specific immune response directed against HPV
viral antigens. The main objective of this study is to characterize in detail the
microenvironment of cancers of viral and non-viral etiology with a focus on in situ
detection and quantification of immune cells. For this purpose, advanced methods for
studying the tumor microenvironment were introduced and optimized, such as
multispectral immunohistochemistry or mass cytometry. The frequency of immune cells,
expression levels of selected genes and selected proteins in HNSCC were evaluated
in relation to tumor etiology and prognosis with the aim to identify potential therapeutic
targets. Our results indicate that the microenvironment of HPV-positive tumors shows
higher levels of pro-inflammatory and anti-tumor immune cells and factors, compared
to the immunosuppressive microenvironment of HPV-negative tumors. Higher levels of
PD-1"CD8" (programmed cell death protein 1, cluster of differentiation 8)
T lymphocytes, GLUT1 (glucose transporter 1) and Hif-1a (hypoxia-inducible factor 1a)
producing cells are associated with better survival, whereas higher level of arginase 1

mRNA predicts poorer survival of HNSCC patients.

Key words
Oropharynx, oral cavity, tumors, human papillomaviruses, immunity, tumor

microenvironment
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1. Uvod

V roce 2022 bylo celosvétoveé diagnostikovano 19 964 811 piipadti rakoviny
vSech typi, pficemz na nasledky rakoviny zemielo 9 736 779 osob (Bray et al. 2024).
Tato obrovska ¢isla zdiivodiiuji obrovskeé usili 1ékarské a védecké obce najit odpovedi na
otazky: Jak rakovinovym onemocnénim piedchazet, jak rakovinu vcas odhalit
a diagnostikovat, jak ji 1éCit a jak zabranit jeji rekurenci a metastazovani. Pro zodpovézeni
téchto otdzek je nezbytné porozumét biologii nadort, jejich slozeni a vztahlim mezi
jednotlivymi slozkami nadort a funkci imunitnich bunék v prostfedi nadoru. Nadorové
mikroprostiedi (TME, tumor microenvironment) je slozity systém, ktery vznika
interakcemi bun¢k nadorového parenchymu, stroma a nebunéénych slozek, jako jsou
cytokiny, rustové faktory ¢i hormony. Ke studiu TME je vyuzivana tada pristupd,
pficemz v poslednich desiti letech doSlo k intenzivnimu rozvoji pokrocilych metod jako
je multispektralni imunohistochemie ¢i hmotnostni cytometrie, které¢ umoziiuji
komplexni analyzy mikroprostiedi nadoru.

Tato prace se zabyva studiem TME spinoceluldrnich karcinomi hlavy a krku
(HNSCC, head and neck squamous cell carcinoma), jejichz incidence pies 600 000
ptfipadi rocné je fadi na 8. misto v incidenci nddorovych onemocnéni (Bray et al. 2024).
HNSCC jsou heterogenni skupinou karcinomt lokalizovanou v riiznych anatomickych
oblastech hlavy a krku, pficemz nartstajici prevalence zejména karcinomi orofaryngu je
spojena s infekci lidskym papilomavirem (HPV, human papillomavirus) (Windon et al.
2018). Mezi HNSCC indukovanymi c¢innosti virovych onkoproteini a karcinomy
indukovanymi fyzikalnimi ¢i chemickymi agens jsou zna¢né biologické rozdily, s ¢imz
souvisi 1 rozdilnd odpovéd’ pacientii na protinddorovou 1écbu a celkové lepsi prognoza
pacienti s HPV-asociovanymi karcinomy (Gillison et al. 2000). Nehled€ na etiologii
nadoru, mezi standardni postupy 1écby HNSCC patii chirurgické odstranéni karcinomu
nasledované chemoterapii cisplatinou ¢i karboplatinou a/nebo radioterapii. Lécba byva
téchto karcinomit k radioterapii (Spanos et al. 2009). Dusledkem chemoterapie
a radioterapie neni pouze cytotoxické poskozeni bunééné DNA, ale také zvySeni imunitni
odpovédi, kterou u HPV-pozitivnich (HPV") karcinomd soucasné indukuji i virové
onkoproteiny. Usuzuje se, ze skladba nadorii a profil imunitnich bun€k infiltrujicich
nador mize byt u karcinomu virové a nevirové etiologie rozdilny, coz mize alespoil

castecné vysvétlit odliSnou progndzu obou skupin pacientd.
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Od roku 2016 je schvalena imunoterapie protilaitkami proti receptoru
programované bunééné smrti PD-1 (programmed cell death protein 1) pro 1é¢bu pacientti
s metastatickymi ¢i neresektovatelnymi rekurentnimi HNSCC (protilatky pembrolizumab
a nivolumab), bohuzel az 80 % pacienti s metastazujicimi HNSCC na tuto terapii
neodpovidd (Bauml, Aggarwal, and Cohen 2019). Detailni charakterizace nadorového
mikroprostiedi je pfedpokladem pro identifikaci novych imunoterapeutickych cilt, které
by umoznily individualizovat a zefektivnit protinddorovou 1é€bu a snizit nutnost
kombinovanych terapii, v jejichz dusledku trpi pacienti fadou vedlejSich ucinkd.

Na nasledujicich stranach literarniho tivodu jsou popsany nadory hlavy a krku
z hlediska epidemiologie a uvedeny rozdily mezi nadory indukovanymi jak virove, tak
nevirovymi faktory. Ddle je podrobné&ji popsan lidsky papilomavirus a s nim spojené
mechanismy kancerogeneze. Nejrozsahlejsi ¢asti je popis naddorového mikroprostiedi
HNSCC a stru¢né predstaveni metody multispektralni imunohistochemie a hmotnostni

cytometrie, jenz byly, jako hlavni, pouzity pro ziskani vysledku této dizertacni prace.
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2. Prehled literatury

2.1.  Nadory hlavy a krku

Obecna charakteristika, klasifikace a epidemiologie

Karcinomy hlavy a krku jsou velmi heterogenni skupinou nadord, jsou
detekovany v raznych anatomickych oblastech orofaryngu, dutiny ustni, hypofaryngu,
nazofaryngu a laryngu a zaroven jsou indukovany riznymi mechanismy. Tabulka 1 uvadi
klasifikaci zhoubnych novotvart v oblasti hlavy a krku dle Mezinarodni klasifikace
onemocnéni ICD-11 (International classification of diseases, 11. vydani; dostupné online:

https://icd.who.int/en).

Tabulka 1. Anatomické lokality zhoubnych novotvarti (ZN) v oblasti hlavy a krku a jejich

klasifikace dle Mezindrodni klasifikace onemocnéni (ICD-11).

ICD-11 . ICD-11 .
Kéd lokalizace Kéd lokalizace

2B60 ZN rtu 2B6B ZN nazofaryngu

2B61 ZN kotene jazyka 2B6C ZN pyriformniho sinu

2B62 ZN jinych a neurCenych ¢asti jazyka | 2B6D ZN hypofaryngu

2B63 | ZN dasné ogeg | 2N\ Jinych anepfesné uréenjch
lokalizaci rtu, ustni dutiny a faryngu

IB64 ZN tstni spodiny IB6Y Jiné specifikované ZN rtu, dutiny ustni
nebo hltanu

IB65 7N patra IB6Z ZN r:[u, crlutlny ustni nebo hltanu, blize
neuréené

2B66 ZN jinych a neurenych casti ust 2C20 ZN dutiny nosni

2B67 ZN pftiusni Zlazy 2C21 ZN sttedniho ucha

2Beg | 2N podcelistnich nebo 2022 | ZN vediejsich dutin

podjazykovych Zlaz
2B69 ZN tonzily 2C23 ZN laryngu
2B6A ZN orofaryngu 2D10 ZN §titné zlazy

Pocet novych ptipadi HNSCC kazdoroc¢né nariistd. Celosvétove bylo v roce 2020
detekovano vice nez 600 000 novych piipadii onemocnéni (Bray et al. 2024). V Ceské
republice bylo v roce 2021 detekovano 1 050 karcinomu v oblasti dutiny Ustni (2B60-
2B68, obrazek 1A) a 815 karcinomu jinych c¢asti hltanu (2B69, 2B6A, 2B6C-2B6E,
obrazek 1B) (Dusek et al. 2005).
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Obrizek 1. Incidence a mortalita v Ceské republice mezi lety 1977-2021 A) pro zhoubné
novotvary (ZN) dutiny ustni (diagndézy 2B60-2B68), B) pro ZN jinych ¢asti hltanu (diagnozy
2B69, 2B6A, 2B6C-2B6E). Pievzato a upraveno dle Systému pro vizualizaci onkologickych dat;
dostupné online: http://www.svod.cz (Dusek et al. 2005).

Mezi rizikové faktory indukce onemocnéni patii zejména koufeni, konzumace
alkoholu a perzistentni infekce vysoce rizikovymi (HR, high risk) typy HPV (Gillison et
al. 2008). HNSCC indukované virovée a indukované chemickymi agens jsou odlisné nejen
mechanismem kancerogeneze, ale i klinickymi a epidemiologickymi charakteristikami,
¢i odpovédi na protinadorovou 1écbu. Tyto rozdilnosti jsou podrobngji vysvétleny

v nasledujicich dvou podkapitoléach.

Nadory nevirové etiologie
Hlavnim rizikovym faktorem HNSCC nevirové etiologie je kouieni a konzumace

alkoholu, pficemz tyto faktory jsou zodpovédné az za 75 % celosvétove
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diagnostikovanych HNSCC (Hashibe et al. 2007). Tabakovy kouf obsahuje
72 prokazanych karcinogennich slozek, mezi néz patii nitrosaminy, polycyklické
aromatické uhlovodiky, acetaldehyd ¢i formaldehyd (Khariwala, Hatsukami, and Hecht
2012). Tyto slouceniny, podobn¢ jako acetaldehyd vznikajici metabolismem alkoholu,
funguji jako mutageny (IARC 2012). Chemickeé slouceniny tabdkového koute zptisobuji
vznik DNA aduktii, G—T transverze a mutace DNA, které jsou nejcastéji detekované
v karcinomech laryngu (South et al. 2019; Stransky et al. 2011). Velmi Castou mutaci
indukovanou tabakovym koutem (ptiblizné 30 % HNSCC) je mutace v genu 7P53 (tumor
protein 53), jehoz produkt ptsobi jako nddorovy supresor. Alteraci funkce p53 (protein
53) dochézi k hromadéni zmén ve struktute DNA a ke genomové nestabilité. Mutace
v genu TP53 jsou v nddorech indukovanych tabakovym koufem dvakrat cetnéjsi oproti
nadorim virové etiologie (Gaykalova et al. 2014). Dale jsou popsany mutace v genech
pro regulaéni proteiny bunécného cyklu a nadorové supresory, jako jsou NOTCHI
(neurogenic locus notch homolog protein 1), CDKN2A (cyclin dependent kinase Inhibitor
2A), pRB (retinoblastoma protein) HRAS (HRas protooncogene), PTEN (phosphatase and
tensin homolog) ¢i PIK3CA (phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic
subunit alpha) (Gaykalova et al. 2014; C.Y. Fan 2001; Stransky et al. 2011). Dlouhodobé
vystaveni karcinogeniim obsazeném v tabaku a alkoholu, ztrata opravnych mechanismut
DNA a inaktivace nadorovych supresori vedou k hromadéni genetickych zmén
a karcinogenezi (C.Y. Fan 2001). Vzhledem k zvySenému kontaktu epitelu, zejména
dutiny tUstni, s moznymi karcinogeny, vykazuje tato oblast zvySené riziko tvorby
malignich 1ézi a rekurence onemocnéni. V dusledku dlouhodobého plisobeni karcinogenu
dochazi k (mistné i ¢asove€) ndhodnému vzniku mutaci u vétSiho mnozstvi epitelialnich
bunék, které se posléze diky klondlni expanzi nezavisle podileji na vzniku rakoviny
v oblasti (tzv. efekt nddorového pole) (Mohan and Jagannathan 2014).

Oproti nekuiaktim je u kutakt vyssi riziko karcinomu laryngu (6,8%), orofaryngu
(2x) 1 karcinomu dutiny ustni (1,4x%). Riziko rozvoje HNSCC se zvySuje s mirou koufeni
(Hashibe et al. 2007). Pokud pacient po diagnoze ¢i 1écbé HNSCC piestane koufit, jeho
délka celkového 5 letého preziti je del$i a Cetnost rekurenci nizsi oproti pacientiim, kteti
v kouteni pokracuji (van Imhoff et al. 2016).

Konzumace alkoholu je dal§im nezavislym rizikovym faktorem pro rozvoj
HNSCC (Hashibe et al. 2007). Pro rozvoj nadorii dutiny ustni, hypofaryngu a laryngu je
rozhodujici intenzita uzivani alkoholu, kdeZzto pro rozvoj nadord v oblasti orofaryngu je

podstatna vyssi intenzita spolecné€ s délkou uzivani alkoholu (Di Credico et al. 2020).

14



Koufeni a konzumace alkoholu jsou nezéavislé rizikové faktory rozvoje HNSCC
(Hashibe et al. 2007), avSak soucasné kouieni a uzivani alkoholu signifikantné zvysuje
riziko rozvoje nddorového onemocnéni. Studie Dal Masa a kol. ukazuje kombinovany
efekt uzivani alkoholu a koufeni, osoby uzivajici 89 g ethanolu a zaroven koufici
10 cigaret denné maji 35x zvySenou pravdépodobnost rozvoje HNSCC oproti

abstinentim a zaroven nekufakim (Dal Maso et al. 2016).

Nadory virové etiologie

Prevalence HNSCC virové etiologie v Case celosvétove nartista, z hlediska
anatomické lokalizace je virus HPV nejcastéji detekovan v nadorech orofaryngu (Stein et
al. 2015; Windon et al. 2018). Procento karcinomti orofaryngu indukovanych HR typy
HPYV je odlisné v riznych oblastech svéta (téméi 60 % karcinomit v USA, 30 % v Evropé
a 4 % v Brazilii), pfi€emZ podobné procento HPV-pozitivnich karcinomt je detekovano
v oblasti dutiny ustni (11 % v USA, 6 % v Evrop¢) a laryngu (3 % v USA a 5 % v Evrop¢€)
(Castellsague et al. 2016; Anantharaman et al. 2017). V Ceské republice byl ve studii
provadéné v letech 2001-2007 HPV detekovan u 68 % karcinomli orofaryngu
a 17 % karcinomt dutiny ustni (Koslabova et al. 2013). Celosvétovy narist HPV"
HNSCC zplsobuje zejména zmeéna sexudlniho chovani populace, zvySeny pocet
sexualnich partnerti a zvySend Cetnost pohlavniho styku jsou rizikovymi faktory nakazy
HPV (Gillison et al. 2008).

Nejcastéji zastoupenym typem papilomaviru je HPV16, v mensi mife jsou
detekovany typy HPV18, HPV33, HPV35, HPV45 a dalsi HR typy HPV (Castellsague et
al. 2016), pticemz ptiblizné 95 % nédort je pozitivnich pouze na 1 typ (Anantharaman et
al. 2017). Pacienti s HPV' nadory jsou pfevazné muzi a onemocnéni byva Cast&jsi
u pacientll mladSiho v&ku oproti pacientiim s nadory HPV-negativnimi (HPV") (Gillison
et al. 2008). Také je pozorovana lepsi prognoza HPV™ pacientii a méné asta rekurence
onemocnéni, a to bez ohledu na l1écebnou modalitu (Koslabova et al. 2013; Ang et al.
2010). Pacienti s HPV" nadory lépe odpovidaji na chemoterapii, radioterapii,
chemoradioterapii a imunoterapii oproti pacientim s nadory HPV™ (J. Wang et al. 2019;
Vu et al. 2010). Pro 1é€bu HNSCC je v soucasné dobé dostupna terapie zaloZena
na blokade¢ receptoru PD-1 monoklondlnimi protildtkami (pembrolizumab, nivolumab) ¢i
blokadé¢ EGFR (epidermal growth factor receptor) monoklondlni protildtkou cetuximab

(Y. Sun et al. 2021).
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2.2.  Lidsky papilomavirus

Obecna charakteristika a klasifikace

Papilomaviry se fadi mezi malé, neobalené, tumorogenni viry s genomem
ve formé cirkularni dvoutetézcové DNA. Papilomaviry jsou tkanové specifické, napadaji
buiiky kl@ize nebo sliznic. Rodina Papillomaviridae zahrnuje 53 rodl (podle databaze
International ~ Comittee on  Taxonomy of  Viruses; dostupné  online:
https://talk.ictvonline.org/taxonomy/), pficemz nejvyznamnéj$imi jsou rody a-, B-, y-, -
a v-papillomavirus, kam patii lidské papilomaviry (de Villiers 2013).

Virion HPV tvoii ikosahedralni kapsida o priméru piiblizn€ 55 nm (obrazek 2).
Uvnitt kapsidy se nachazi virovd DNA, kterd ma velikost ptiblizné¢ 8 000 part bazi a je
asociovana s bunéénymi histony. Genom HPV se d¢€li na oblasti ¢asnych gent (E, early),
pozdnich gent (L, late) a regulaéni oblasti (URR, upstream regulatory region). Casné
geny (E1, E2, E4, E5, E6 a E7) se exprimuji ihned po infekei keratinocytli a umoziuji
replikaci viru. Pozdni geny (L7 a L2) se exprimuji v pozd&jSich fazich cyklu, proteiny L1
a L2 jsou strukturnimi podjednotkami kapsidovych pentamer (Zheng and Baker 2006).
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Obrazek 2. Kapsida HPV16. A) Kapsidy HPV16 vizualizované metodou kryo-elektronové
mikroskopie. B) Rekonstrukce kapsidy s mapou znazortujici vzdalenost od stfedu kapsidy (A).
Prevzato a upraveno dle Guana a kol. (2017).

Zivotni cyklus

Zivotni cyklus viru je uzce spojeny s diferenciaci bazélnich epitelialnich bungk.
K infekci HPV dochédzi v mist¢ mikroporanéni kize nebo sliznice, které umoziuje
kontakt virionu s receptory, kterymi jsou heparan sulfat proteoglykany (HSPG, heparan

suphate proteoglycans) na povrchu bazalni membrany (Shafti-Keramat et al. 2003).
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Vazbou kapsidovych proteinti L1 na HSPG dochéazi ke zméné konformace kapsidovych
proteini a odStépeni N-koncové oblasti L2 furiny, které jsou piitomné na povrchu
hostitelské bunky (Day, Lowy, and Schiller 2008). Tim dochazi ke zmén¢ konformace
L2 a odkryti vazebnych mist pro sekundarni receptor ¢i receptory, které vSak v soucasné
dobé nejsou potvrzeny. Jako jeden z moznych sekunddrnich receptord byl navrhnut
annexin A2 heterotetramer, na ktery se vaze N-koncovy tsek L2 (Woodham et al. 2012),
avSak nov¢jsi studie ukazuje lohu annexin A2 heterotetrameru v post-internalizaénim
bunéném transportu virionu (Taylor et al. 2018). Po transportu virionti do jadra
nediferencovanych, mitoticky aktivnich keratinocyti dochézi k expresi genti £/ a E2.
Monomery proteinu E1 se v komplexu s proteinem E2 vazi do mista poc¢atku replikace
DNA (ori) a dochazi k tvorbé hexamerq, které rozvoliiuji DNA dvousSroubovici (Bergvall,
Melendy, and Archambault 2013). Protein E2 se také vaze do oblasti promotoru p97 genli
E6 a E7 a ptsobi zde jako transkripéni faktor (Romanczuk, Thierry, and Howley 1990).
Zvysujici se hladina proteini ES, E6 a E7 umoziuje efektivni replikaci viru. Protein ES
ovliviiyje fadu bunécnych procest, které pomahaji navodit vhodné prostiedi pro virovou
replikaci (Moody and Laimins 2010). Protein E6 vaze p53 a skrze ubigqitin ligdzu E6-AP
(E6 adaptor protein) jej navadi k degradaci proteasomem (Huibregtse, Scheffner, and
Howley 1993). Protein E7 vyvazuje pRb z komplexu s transkripénim faktorem E2F (E2
factor), ¢imz dochézi k navozeni S-faze bunééného cyklu. Soucinnost téchto tii proteinli
umoznuje replikaci viru 1 v pozd¢;jsi fazi diferenciace keratinocytt. V dalsi fazi dochazi
v terminalné diferencovanych keratinocytech k expresi pozdnich gend, jejichz produkty
umoznuji vznik novych virioni (Moody and Laimins 2010). V pozdni fazi infekce se
exprimuje Casny protein E4, ktery se vaze na vlédkna cytoskeletu, ¢imz dochazi k ruptuie
keratinocytu a uvolnéni infekénich virion do okoli (Doorbar et al. 1991) (obrazek 3).
Produktivni Zivotni cyklus viru je charakteristicky pro infikované buniky, v nichZ se
virovy genom nachazi v extrachromozomalni forme.

Podle recentnich studii vSak u 88 % cervikalnich karcinomu (Kamal et al. 2021)
au 77 % nadord orofaryngu (Symer et al. 2022) dochazi k integraci virového genomu
do genomu hostitelské buiiky. Disledkem je pteruseni ¢asti genetické informace viru,
nemoznost tvorby novych virioni a v neposledni tadé zvySené riziko bunécné

transformace (Romanczuk and Howley 1992; Symer et al. 2022).
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Obrazek 3. Schéma produktivniho Zivotniho cyklu HPV 16. V dusledku virové infekce
bazalniho keratinocytu dochazi k postupné expresi ¢asnych genl z promotort p97 a p670

a pozdnich gend, sestaveni novych viriond a jejich uvolnéni do prostiedi. Pfevzato a upraveno
podle Zhenga a Bakera (2006).

Onemocnéni asociovana s HPV

Infekce HPV je vlidské populaci béznd a v prevazném poctu pripadi
bezpiiznakova. Papilomaviry vSak mohou vyvoldvat rizné zavazna onemocnéni, HR
typy HPV jsou asociovany s nadorovymi onemocnénimi. Nizce rizikové (LR) typy HPV,
mezi které patii HPV6, 11, 40, 42, 43, 44, 54 ¢i 61, zplsobuji benigni onemocnéni, jako
jsou kozni a genitalni bradavice, ¢i 1éze v oblasti dutiny ustni. V soucasné dobé¢ je
popsano 14 HR HPV typt, ato HPV 16, 18, 31, 33, 35,39, 45,51, 52, 56, 58, 59, 66 a 68,
které mohou zplisobovat maligni onemocnéni, jako jsou karcinomy hrdla déloZniho,
penisu, vaginy, vulvy, anu a karcinomy v oblasti hlavy a krku (Arbyn et al. 2021; Kreimer
et al. 2005). Prevalence jednotlivych typt HPV je geograficky odlisna, avSak
dominantnim typem v oblasti hlavy a krku i hrdla délozniho je HPV16 (Castellsague et
al. 2016; Li et al. 2011; Kreimer et al. 2005).

NejcastéjSim karcinomem anogenitalni oblasti je karcinom hrdla dé&loZniho.
Azu 100 % cervikalnich karcinomi je pfitomna infekce HPV, pfi¢emz necastejSimi typy
jsou HPV16 a HPV18 (Li et al. 2011). Tyto dva typy HPV jsou nej¢astéji detekovany
i u ostatnich karcinomi anogenitalni oblasti (de Martel et al. 2017). V Ceské republice
jsou typy HPV16/18 ptitomny u 76 % cervikalnich karcinomti, 25 % vulvalnich a 82 %

analnich karcinomti (Tachezy et al. 2011).
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Dale je HPV kofaktorem onemocnéni Epidermodysplasia verruciformis (EV).
Toto dédicné onemocnéni je charakteristické mutacemi v genech EVERI, EVER2 a CIB1
(calcium- and integrin-binding protein 1), které usnadiuji infekci HPV z rodu 3 (zejména
HPV3, 5, 8 a 10) (de Jong, Créquer, et al. 2018). Onemocnéni se projevuje cetnymi
koznimi l1ézemi a vysokou pravdépodobnosti rozvoje nemelanomového karcinomu kize

(de Jong, Imahorn, et al. 2018).

Mechanismy kancerogeneze

Virem indukovand kancerogeneze je ndhodny proces, ktery mize byt navozen
nekolika mechanismy. HPV koéduji onkogeny E£6 a E7, jejichZ produkty, onkoproteiny E6
a E7, maji transformacni potencial in vitro 1 in vivo. Protein E6 skrze vazbu s ubiqitin
ligazou E6-AP vaze p53, coz vede kjeho proteasomalni degradaci (Huibregtse,
Scheftner, and Howley 1993). Degradace p53 ma za nésledek sniZeni Gi€innosti oprav
DNA a umoziuje replikaci poSkozenych bunék, u nichZz by za normdlni situace byla
indukovana apoptdza (Ozaki and Nakagawara 2011). Protein E6 dale aktivuje transkripci
telomerazové reverzni transkriptazy, a to indukci c-Myc (myelocytomatosis), ktery
uvolnuje represivni faktory z promotoru transkriptdzy. Aktivovana telomeraza je jednim
z faktort, které se podili na imortalizaci bunék (McMurray and McCance 2003). Protein
E7 se podili na degradaci pRb, p107 a p130, jez patii do rodiny proteini inaktivujicich
transkripcni faktor E2F (Gonzalez et al. 2001). Protein E7 vyvazuje pRb z komplexu
s transkripénim faktorem E2F, volny E2F se podili nanavozeni a udrZeni S-faze
bunécného cyklu (Chellappan et al. 1992).

Hladinu virovych onkoproteini E6 a E7 za normalnich okolnosti reguluje protein
E2, a to naurovni iniciace transkripce onkogenti (Romanczuk, Thierry, and Howley
1990). V casné fazi infekce, kdy je hladina proteinu E2 nizk4, se E2 vazZe
do vysokoafinitnich vazebnych mist (E2BS, E2 binding sites) promotoru a funguje jako
transkripcni aktivator E6 a E7 genl. Tim dochazi k nartstu hladiny virovych
onkoproteint a zdroven nartistu hladiny E2. V pozdé&jsi fazi, kdy je mnozstvi E2 vysoké,
dochdzi k vazbé¢ do nizkoafinitnich E2BS, coz ma za nésledek represi transkripce £6 a E7
a zajisténi regulované hladiny virovych onkoproteinii (Romanczuk, Thierry, and Howley
1990). Funkce proteinu E2 je tedy stézejni pro zajisténi produktivniho zivotniho cyklu
anaruSeni tohoto kontrolniho mechanismu muze vést ke kancerogenezi, nebot

kontinualni exprese virovych onkogenli je nezbytnd pro navozeni a udrZeni
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transformovaného fenotypu (J.T. Chang et al. 2010; Romanczuk and Howley 1992).
Jednim z mechanisml vedoucim ke ztraté proteinu E2 je virova integrace, pii niz miize
dojit k naruSeni otevieného cteciho ramce £2 (ORF, open reading frame) (Choo, Pan, and
Han 1987; Pinatti et al. 2021). K pferuseni virového genomu integraci ale dochazi
rovnomérné v ramci celé virové DNA (Symer et al. 2022). Mista integrace do hostitelské
DNA jsou taktéz nahodnd, jsou vSak popsdna s vétsi Cetnosti ve fragilnich mistech
chromozomu a mistech rozvolnéného chromatinu (Akagi et al. 2014; Symer et al. 2022).
V karcinomech orofaryngu jsou pozorovany casté integrace v blizkosti genti 7P63, SOX2
(sex determining region Y-box 2), FGFR (fibroblast growth factor receptor), Myc a KLF5
(intestinal-enriched Krueppel-like factor 5), jejichz produkty se podili na udrzeni
fenotypu kmenovych bunék, a v blizkosti genu pro PD-L1 (programmed death ligand 1),
ktery se uplatiiuje v protinadorové imunité. Integrace v blizkosti zminénych gent vede
k jejich masivni amplifikaci, ristové vyhod¢ bunék a podpote kancerogeneze (Symer et
al. 2022).

V &asti cervikalnich karcinomil a karcinomt hlavy a krku se vSak virovy genom
nachdzi v extrachromozomalni formé, tudiz s intaktnim virovou DNA (Pokryvkova et al.
2019; D. Hong et al. 2017). Ukazuje se, Ze karcinomy s extrachromozomalni formou viru
maji podobny vzor transkripce (vEetné transkripce £6/E7) jako karcinomy s integrovanou
formou genomu, v nékterych epizomech dochazi k pteruseni a pieskupeni genomu,
pfevazné v oblasti ORF EI/E2 (Rossi et al. 2023). Jiz v prvopocatcich studia funkce
proteint E2 byl popsan vliv mutaci v ORF E2 na zvySeny transformacni potencial in vitro
(Romanczuk and Howley 1992). Dal$im popsanym mechanismem kancerogeneze je
metylace E2BS, kter4 zabraiiuje vazbé E2 do E2BS, ¢imz nedochazi k represi transkripce
E6 a E7 (Chaiwongkot et al. 2013). Na stabilni hladinu onkoproteint ma také vliv zvySena
naloz viru v buiikéch s extrachromozomalni formou genomu (D. Hong et al. 2017; Mir et

al. 2023; Anayannis et al. 2018).

20



2.3.  Nadorové mikroprostfedi HNSCC

Vzhledem k rozdilnym charakteristikim HNSCC virové a nevirové etiologie
pfedpokladédme 1 riizné bunécné slozeni nddortl, zejména rozdilné zastoupeni imunitnich
bunék a tim padem rozdilnou protinadorovou imunitni odpoved’.

Z histologického hlediska u HPV" pacientd detekujeme nekeratinizujici typ
karcinomu s ¢etnymi nekrotickymi oblastmi (obrazek 4A) nebo hybridni variantu
s CasteCnou keratinizaci (fokdlni oblasti keratinocytické maturace, obrazek 4B).
Na histologickém snimku HNSCC nevirové etiologie (obrazek 4C) lze detekovat oblasti

s vysokou produkci keratinu, tzv. keratinové perly (,keratin pearls), keratinizace

v oblastech nddorového parenchymu je typicka pravé pro HPV- HNSCC (El-Mofty,
Zhang, and Davila 2008).

Obrazek 4. Histologické snimky HPV* a HPV- HNSCC A) Nekeratinizujici HPV* karcinom
s nekrotickymi oblastmi (ozna¢eno Sipkou), B) ¢aste¢né keratinizujici (oznaceno Sipkou) HPV*
karcinom, C) keratinizujici HPV~ karcinom. Oblasti keratinizace jsou oznaceny bilou Sipkou.
Prevzato a upraveno dle El-Mofty, Zhanga a Davily (2008).

Z hlediska zastoupeni imunitnich bun¢k v nddorovém parenchymu a stroma se
nadory rozdé€luji na nékolik skupin, a to na zanétlivé, imunitné vyloucené a imunitné
pusté (obrazek 5). Karcinomy s vysokou hladinou parenchymalnich a stromalnich
lymfocyti se oznacuji jako zanétlivé. Jako imunitn€ vyloucené se znaci karcinomy s vyssi
hladinou stromélnich lymfocytl a zaroven nizkou parenchymalni hladinou lymfocyt
a jako imunitné pusté se znaci karcinomy se zanedbatelnou parenchymalni i stromalni
hladinou lymfocyti (D.S. Chen and Mellman 2017). Dle této metodiky mohou byt
HNSCC rozdéleny podle hladiny CD3" (cluster of differentiation 3) T lymfocyti (Brooks
et al. 2019) ¢i CD8" T lymfocytd (Echarti et al. 2019). Podobné dle studie Zenga a kol.
mohou byt karcinomy orofaryngu roziazeny dle hladiny mRNA CD3, IRF4 (interferon
regulatory factor 4) a ZAP70 (zeta-chain-associated protein kinase 70) na imunitné

bohaté, imunitné pusté a smiSeného typu (P.Y.F. Zeng et al. 2022).
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Obrazek 5. Skupiny karcinomu hlavy a krku dle imunitni infiltrace. A) Typ zanétlivého
karcinomu s vyraznou parenchymalni (Cervené) a stromalni infiltraci CD4" (zelen¢) a CDS8"
(oranzov€) T lymfocytd. B) Typ imunitn¢ vylouCeného karcinomu s vysokou hladinou
stromalnich CD4" (zelené) a CD8" (rtizové) T lymfocyti, v oblasti nadorového parenchymu
(Cervené) je hladina lymfocytd nizka. C) Typ imunitné pustého karcinomu s minimalnim
zastoupenim lymfocytii ve stroma i parenchymu (Cervené). Jadra bun¢k oznac¢ena modie (DAPI,
4',6-diamidino-2fenylindol). Autor fotografii: Mgr. Barbora Pokryvkova.

Obecna charakteristika TME

Nédorové mikroprostiedi je slozity systém, ktery vznikd interakcemi bunck
nadorového parenchymu a stroma. Stroma tvoii imunitni buiiky a bunky, které jsou
dalezité pro vyzivu nddoru nebo maji podptirnou funkci, jako jsou fibroblasty asociované
s nadory (CAF, cancer associated fibroblasts), endotelidlni buiiky a extracelularni matrix
(obrazek 6). Tyto buiiky nebyvaji nijak geneticky alterované, do oblasti nadoru jsou
atrahovany produkci cytokinii a chemokini transformovanymi buiikami a buitkkami TME.
Neziidka zde plni svou fyziologickou funkci, ¢imz vSak ptispivaji k progresi nadoru.
Oproti tomu, builky nadorového parenchymu nekontrolovatelné proliferuji, coz je
umoznéno neschopnosti imunitniho systému rozeznat tyto buiky jako poSkozené

a nebezpecné a spustit adekvatni imunitni reakci (Hanahan and Weinberg 2011).
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Obrizek 6. Bunééna struktura nadorového mikroprostiedi. V nadorovém mikroprostiedi
se nachazi fada typli imunitnich bunék, buitky nddorového parenchymu, fibroblasty, endotelové
bunky, extracelularni matrix a fada cytokint a chemokind. Pfevzato a upraveno dle Pinta a kol.

(2020).

Imunitni buriky TME

Makrofdgy asociované s nadory

Nejpocetnéjsi skupinu imunitnich bun€k piedstavuji makrofagy asociované
snadory (TAM, tumor associated macrophages). Makrofagy jsou bunky zajiStujici
homeostazu prostiedi, maji schopnost fagocytozy apoptotickych bunék a zaroven jsou to
buiiky prezentujici antigeny (Gordon 2007). TAM je velmi heterogenni skupinou bun¢k,
a i ptes velmi rozsahly vyzkum jsou nékteré jejich charakteristiky stale pfedmétem
védeckych diskuzi.

TAM majoritné diferencuji  z cirkulujicich monocytarnich  prekurzort
vznikajicich v kostni dfeni, pouze mald ¢ast TAM vznikd diferenciaci tkanove
rezidentnich makrofagli (Mantovani et al. 2022). Prekurzory TAM jsou cileny do TME
pomoci chemoatraktantl, které produkuji buiiky stroma ¢i samotné nadorové buiiky,
a v zavislosti na cytokinovém prostiedi dochazi k jejich diferenciaci a polarizaci. Je vSak
nutné podotknout, ze podobné jako u aktivovanych makrofagi v normalnich tkénich,
polarizace TAM v nadorech neni striktni a jejich fenotyp je velmi plasticky. Prechody
mezi jednotlivymi fenotypy makrofdgi jsou vysledkem dynamiky okolniho

mikroprostiedi, pfedev§im zmén v produkci cytokinl. Pfesto se pro zjednoduSeni
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makrofagy rozde€luji na fenotypy M1 a M2, pficemz vétSina TAM ma fenotyp podobny
M2 (Aras and Zaidi 2017; Sica and Mantovani 2012). S vysokou heterogenitou
a plasticitou TAM souvisi 1 jejich obtizna detekce a kvantifikace v biologickych vzorcich.
Nejcastéji se makrofagy detekuji pomoci pan-makrofagového znaku CD68 spolecné se
znaky rozliSujici mezi typy M1 (zejména HLA-DR (human leukocyte antigen-DR
isotype), NOS2 (NO synthase 2)) a M2 (CD163, CD204, CD206) (Jayasingam et al.
2019).

Makrofagy typu M1 maji v TME prozanétlivou a protinddorovou funkci.
K polarizaci na fenotyp M1 dochazi v pfitomnosti IFN-y (interferon-y), TNF-a (tumor
necrosis factor-a)) ¢i ligandii TLR (toll-like receptor). Naproti tomu, makrofagy M2 se
v ptitomnosti TGF-f (tumor growth factor ), IL-4 (interleukin), IL-10, IL-13, jez
produkuji nadorové a stromalni bunky, ¢i samotné makrofagy (Mantovani et al. 2004).
Jak uz zvySe uvedeného vyplyva, role makrofagi v TME je dudalni (obrazek 7).
V casnych stadiich pfevazuje prozanétlivd a cytotoxicka role makrofagii (odpovida
fenotypu M1), kterd je spojend s produkci prozanétlivych cytokini (IL-1, IL-6, IL-12,
TNF-a) a silnou produkci reaktivnich kyslikovych radikali (ROS, reactive oxygen
species) ¢i NO. S naristajici progresi nadorii prevazuje fenotyp M2 a s tim spojena
imunosupresivni a tumor podporujici role makrofagt (Sica and Mantovani 2012; J. Liu
etal. 2021). TAM podporuji proliferaci a invazivitu nddori na mnoha trovnich: podporou
angiogeneze produkci VEGF (vascular endothelial growth factor) ¢i remodelaci tkané,
na které se podileji matrixové metaloproteinazy (MMP, matrix metalloproteinases), jako
jsou napt. MMP-2, MMP-9 ¢i MMP-13 (Rosenthal and Matrisian 2006; Du et al. 2006).
Cytokiny produkované TAM (napt. TGF-, IL-10) reguluji imunitni odpovéd’ a nastoluji
TAM jsou IDOI (indoleamine 2,3-dioxygenase 1), COX-2/PTGS2 (cyclooxygenase-
2/prostaglandin-endoperoxide synthase 2) nebo ARG1 (arginase 1) (Struckmeier et al.
2023; Che et al. 2017; C.I. Chang, Liao, and Kuo 1998).

V oblasti hlavy a krku jsou vysledky detekce TAM nekonzistentni, dle vysledki
nckterych studii se makrofagy M2 nachazi ve zvySené mife ve stroma nadordt HPV™
oproti stroma nadort HPV* (Ou et al. 2019; Pokryvkova et al. 2021), naopak vice
parenchymalnich M2 a PD-L1" M2 popisuje Tosi a kol. u karcinomtt HPV" ve srovnani

v

s karcinomy HPV™ (Tosi et al. 2022), ale zaroven ukazuje siln€jsi infiltraci TAM
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ve stroma ve srovnani s nddorovym parenchymem bez ohledu na etiologii nadoru (Tosi

et al. 2022; Pokryvkova et al. 2021).
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Obrazek 7. Prehled vlivu TAM na rozvoej nadoru. TAM zplsobuji genetickou nestabilitu
ptsobenim NO a ROS na DNA bunék. Produkei ristovych faktori jako je EGF (epidermal growth
factor) podporuji proliferaci nadoru a produkei IL-6, HGF (hepatocyte growth factor) a GPNMB
(glycoprotein non-metastatic melanoma protein B) podporuji expanzi nadorovych kmenovych
bunek. TAM dale pfispivaji k metastatickému $iteni (IL-1 a TGF-f), k remodelaci extracelularni
matrix (ECM) a k patologické fibroze (TGF-f a MMP) a vyznamné podporuji angiogenezi
(produkce VEGF a proangiogennich chemokintl). TAM také podporuji vznik imunosupresivniho
prosttedi sekreci IL-10, TGF-p, prostaglandini, ARG1 a IDO-1, coz vede k expanzi regulacnich
T lymfocytli (Treg), navozeni tolerogenniho stavu dendritickych bunék a metabolickému
hladovéni T lymfocytl. Vysoka exprese molekul imunitniho kontrolniho bodu (PD-L1, PD-L2,
B7-H4) vede k vyCerpani T lymfocytl. Pfevzato a upraveno podle Mantovani a kol. (2022).

Neutrofily asociované s nadory

Podobné jako TAM, i neutrofily asociované s naddory (TAN, tumor associated
neutrophils) pfedstavuji bunécnou populaci, kterd ma v TME duélni funkci. Tyto bunky
vznikaji z myeloidniho prekurzoru. Plsobenim cytokini a chemokint, ¢i v dusledku
genetické nestability TME, migruji cirkulujici neutrofily do oblasti nddort, kde méni sviij
fenotyp na TAN. Dalsi spolecnou vlastnosti TAM a TAN je jejich obrovska plasticita
a schopnost polarizace v zavislosti zejména na hladin€ IFN-y a TGF-f (Fridlender et al.
2009; Andzinski et al. 2016). Protinddorova funkce TAN se poji s produkci ROS

a neutrofilové elastazy (NE, neutrophil elastase), které plisobi cytotoxicky na nadorové
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buiiky, zejména v Casnych stadiich onemocnéni (Jaganjac et al. 2012; Fridlender et al.
2009). Na druhou stranu, v prostiedi s vysokou hladinou TGF-B, se NE spole¢né
s MMP-9 podili na degradaci okolni tkan¢ a extracelularni matrix, angiogenezi
a nadorové progresi (Dumitru et al. 2012).

Orofaryngealni karcinomy pacient s HPV™ karcinomy obsahuji vétsi mnozstvi
neutrofilt oproti HPV" karcinomtim (X. Liu et al. 2022; Tosi et al. 2022), avSak studie
Qureshiho a kol. (2022), analyzujici karcinomy dutiny Ustni a orofaryngu, neukazuje
rozdily v po¢tu neutrofilli mezi karcinomy HPV" a HPV™. Na Grovni genové exprese
nadory HPV" vykazuji snizenou expresi genti souvisejicich s chemotaxi neutrofilti (Tosi
et al. 2022). Vliv TAN na prognézu pacientli zavisi na typu nadoru. Zvysena cetnost
intratumoralnich TAN se poji shor§Sim piezivanim pacientli s hepatocelularnim
karcinomem, hepatdlnim cholangiokarcinomem, nemalobunéénym karcinomem plic,
renalnim karcinomem i s karcinomem hlavy a krku v oblastech orofaryngu, hypofaryngu,
laryngu i dutiny Gstni (Shen et al. 2014; Lonardi et al. 2021). Na druhou stranu, zvySena
hladina TAN se poji s lepSim pfezivanim pacientll s nediferencovanym pleomorfnim
sarkomem C¢i pacienti s kolorektalnim karcinomem, pravdépodobné vzhledem k silné

expresi IFN-y v téchto nadorech (Ponzetta et al. 2019).

Myeloidni supresorové buriky

Myeloidni supresorové buiikky (MDSC, myeloid-derived suppressor cells) jsou
bunky vznikajici z myeloidniho prekurzoru, pro néz je typicka silna produkce ROS, NO,
ARGI1 a inhibi¢nich cytokinti (W. Ren et al. 2020; Corzo et al. 2010). Pisobenim
chemokinti TME infiltruji nador, kde tlumi protinadorovou imunitni odpoveéd’ (Kumar et
al. 2016). Oproti MDSC v periferii v TME narusté jejich supresivni aktivita, a to zejména
zvySenou expresi supresivnich genl, napt. ARGI a NOS2 (Corzo et al. 2010).
V poslednich letech bylo prokazano, ze se cast MDSC (monocytické MDSC) po infiltraci
do TME diferencuje v TAM (Kwak et al. 2020). Dalsi ¢ast MDSC (polymorfonukledrni
MDSC) ma v TME totoZné vlastnosti jako TAN a v sou¢asnosti nezndme znaky, kterymi
by bylo mozné je odlisit (Bronte et al. 2016). Zaroven je predmétem diskuze, jak a zda
od sebe polymorfonuklearni MDSC a TAN rozlisit (Quail et al. 2022; Antuamwine et al.
2023).

V mikroprostiedi nadort MDSC inhibuji funkci CD8" lymfocytt T a pfitahuji

Treg do TME, coz vede k potlaceni protinddorové imunitni odpovéedi (Jiang et al. 2023;
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Schlecker et al. 2012). Vysoka infiltrace MDSC je spojend s hor$im celkovym pfezivanim
pacientti s HNSCC (Jiang et al. 2023).

Dendritické buriky

Dendritické bunky (DC, dendritic cells) jsou heterogenni populaci bunék
prezentujicich antigen. Vznikaji z myeloidniho prekurzoru v kostni dieni. Po stimulaci
jejich receptort pomoci molekul asociovanych s patogeny (PAMPs, pathogen-associated
molecular patterns), jako jsou virové nukleové kyseliny, proteiny bunécné stény
a lipopolysacharidy, nebo poskozenim tkdné¢ (DAMPs, danger-associated molecular
patterns) dochazi k maturaci DC, které migruji do lymfatickych uzlin. Zde posléze iniciuji
CD4" a CD8" T-buné&nou odpovéd’ skrze vystaveni pohlceného antigenu na svych
glykoproteinech MHCI a II (major histocompatibility complex I, II) a prezentaci
kostimulaénich molekul T lymfocytim (Savina and Amigorena 2007).

Lidské DC se déli na n€kolik skupin, které se li§i svymi funkcemi, a to klasické
DC (podskupiny ¢cDC1, ¢cDC2), MoDC (DC odvozené z monocytil), plasmacytoidni DC
(pDC) ¢i epitelidlni Langerhansovy buiiky (LC, Langerhans cells). Aktivované cDCl1
a cDC2 jsou buniky s vyraznou schopnosti prezentace antigenu, zatimco aktivované pDC
jsou silnymi producenty IFN-I, u¢inného protinadorového cytokinu (Collin and Bigley
2018).

DC migruji 1 do oblasti TME, kde procesuji tumor specifické antigeny a pomoci
kiizové prezentace skrze MHCI indukuji protinadorovou CD8" T-bunéénou imunitu (Tel
et al. 2013). Na druhou stranu, mnohé studie ukazuji alterovanou funkci DC v TME
ajejich sniZzenou schopnost indukce imunitni odpovédi. V ptipadé HNSCC
indukovanych HPV alteraci funkce DC zptisobuje ¢innost onkoproteinti E6 a E7. Virové
onkoproteiny inhibuji transkripci MIP-3a (macrophage inflammatory protein 3a), ktery
funguje jako chemoatraktant prekurzori LC (Guess and McCance 2005) a v naddorovém
Vyssi pocet LC ve stroma se poji slepSim celkovym prezivanim pacienti a je
charakterizovan jako silny nezavisly prognosticky faktor pacientli s HNSCC (Kindt et al.
2016).

Rozdilné cytokinové prostiedi pacientt HPV* a HPV™ ovliviiuje funkci pDC,
jakozto silnych producentt IFN-I (Kalb et al. 2012). Ukazuje se, ze pDC HPV" pacientii

maji srovnatelnou schopnost produkce IFN-I jako pDC izolované z nenddorové tonsilarni
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tkan¢, kdezto pDC HPV™ pacientl vykazuji snizenou produkci IFN-I, coz je disledkem
vys$si produkce imunosupresivnich cytokini (IL-10, TNF-a) u téchto pacienti (Koucky
et al. 2021). Protinddorovou funkci pDC dale negativné ovlivituje hypoxie, nebot
za hypoxickych podminek dochazi ke snizeni hladiny pDC, a to inhibici transkripcniho
faktoru E2-2, ktery se podili na diferenciaci pDC z prekurzorii (Weigert et al. 2012).
Hypoxické prostredi dale vede ke snizeni produkce IFN-I pDC a zaroven pDC podporuji
aktivaci Treg (Weigert et al. 2012; Pang et al. 2021). Role pDC v karcinogenezi je tedy

dudlni a jak bylo zminén vyse, je téz ovlivnéna pfitomnosti virovych onkoproteint.

Tumor infiltrujici lymfocyty

Mezi tumor infiltrujici lymfocyty (TIL) se Fadi skupina CD4" T lymfocyt, CD8"
T lymfocytt, yd T lymfocytt, B lymfocyti a NK (natural killer) buné€k, které se nachazeji
v oblasti TME.

CD4" T lymfocyty rozd&lujeme na pomocné (Th, helper T cell), Treg a minoritni
populace, jako jsou folikularni pomocné lymfocyty, Th17, Th22 a CD4" cytotoxické
T lymfocyty. Aktivované Th lymfocyty v zavislosti na cytokinovém prostiedi diferencuji
na lymfocyty Thl ¢i Th2. Lymfocyty Thl diferencuji za pfitomnosti IFN-y a IL-12,
produkuji IFN-y, TNF-a a IL-2 a napomahaji aktivaci makrofagi a CD8" T lymfocyt,
coz predstavuje ucinnou obranu proti intraceluldrnim patogeniim. Naproti tomu
lymfocyty Th2 diferencuji za pfitomnosti IL-2 a IL-4, produkuji cytokiny IL-2, IL-4
¢1 IL-10 a podporuji humoralni imunitu aktivaci B lymfocytd, aktivuji eozinofily ¢i NK
buriky (L. Sun et al. 2023). ZvySena hladina CD4" T lymfocytl se v mnoha studiich
popisuje u HNSCC HPV" ve srovnani s pacienty s HPV- HNSCC (Oguejiofor et al. 2017;
Nordfors et al. 2013; Wood et al. 2016; Tosi et al. 2022). Zarovenn T lymfocyty nadora
HPV" vykazuji vétsi diverzitu v TCR (T cell receptor) oproti nadorim HPV™ (J. Wang et
al. 2019).

Populace Treg se podili na regulaci imunitni odpovédi, brani autoimunitnim
reakcim, a to utlumenim proliferace efektorovych T lymfocyti. Tento typ lymfocyti
charakterizuje zejména exprese znakit CD25 a intracelularniho FOXP3 (forkhead box P3)
(Fontenot, Gavin, and Rudensky 2003). Regulacni funkci Treg umoziiuje exprese
supresivnich cytokinii IL-10 a TGF-B a molekul CTLA4 (cytotoxic T-lymphocyte
associated protein 4) a Tim-3 (T-cell immunoglobulin and mucin-domain containing-3),

kterymi snizuji aktivaci T lymfocyt (L. Sun et al. 2023). Dal$i vyznamnou molekulou
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Treg je ICOS (inducible T cell costimulator), ktery podporuje transkripci FOXP3, a tim
1 supresivni aktivitu Treg (Q. Chen et al. 2018). Ukazuje se, ze hladina Treg je v HNSCC
HPV" a HPV™ srovnatelna (Poropatich et al. 2017; Tosi et al. 2022). V karcinomech
orofaryngu je vzdalenost Treg vi¢i CD8" T lymfocytim v nadorovém parenchymu
a stroma niz$i v nadorech HPV™ oproti HPV™ (Tosi et al. 2022).

Mezi CD8" T lymfocyty se fadi efektorové lymfocyty, vy&erpané (,,exhausted*)
lymfocyty, pamétové lymfocyty, ¢i tkdnové rezidentni pamétové lymfocyty. Vazbou
antigenu navazaném na MHCI antigen prezentujici bunky a dalSimi kostimula¢nimi
mechanismy dochazi k aktivaci CD8" T lymfocyti. Jejich efektorové funkce jsou
cytotoxické, produkuji IFN-y, TNF-a a sekretuji granzymy a perforiny, coz vede
k apoptoze cilové buiiky, a déld z nich uc¢innou protinddorovou zbraii (L. Sun et al. 2023).
Vys$i parenchymalni i stromdlni infiltrace CD8" T lymfocytd je mnohymi studiemi
pozorovana u pacienttt HPV" oproti pacientim HPV ™ (Qureshi et al. 2022; Oguejiofor et
al. 2017; Partlova et al. 2015; J. Wang et al. 2019; Pokryvkova et al. 2022). V nadorech
HPV" se vyskytuje vice CD8" T lymfocytt lokalizovanych v blizkosti makrofagh M1
aM2, dile CD8" T lymfocyty lokalizované ve stroma Cetn&ji interaguji s nadorovymi
bunikami oproti nadorim HPV™ (Qureshi et al. 2022; Xu et al. 2020; Tosi et al. 2022).
Podobné v naddorovém parenchymu i stroma HPV" HNSCC se ve zvySené mife (oproti
HPV~ HNSCC) nachazeji CD8" T lymfocyty v blizkosti B lymfocytd, vyssi hladina takto
lokalizovanych lymfocytd koreluje s vy$si hladinou HPV16 E6/E7-specifickych CD8"
T lymfocyta u téchto pacientii (Hladikova et al. 2019). Xu a kol. v kohort¢ HPV™ HNSCC
popisuje nékolik vzor®, jakymi lze charakterizovat infiltraci nadort CD8" lymfocyty,
zatimco u vétSiny nador parenchym vykazuje silnou infiltraci CD8" T lymfocyty,
v oblasti stroma pozoruje velmi variabilni hladinu infiltrace (Xu et al. 2020).

Minoritni skupinou TIL jsou yd T lymfocyty, které rozpoznédvaji antigen
mechanismem nezavislym na MHCI, diky ¢emuZ rozezndvaji Sir§i Skalu antigenti
(cizorodych 1 télu vlastnich). Vzhledem k témto vlastnostem se v soucasné dobé& hojné
studuje jejich protinadorovy potencial (Hu et al. 2023). Vysoka hladina yo T lymfocyta
se v HNSCC poji se silngjsi infiltraci CD4", CD8" T lymfocyty a B lymfocyty. Zaroven
se vys$si hladina yo T lymfocyta poji s lepSim prezivanim pacientd s HNSCC (Lu et al.
2020).

Podobné cytotoxické efektorové funkce jako CD8" T lymfocyty maji NK buiiky.
NK buiiky jsou efektorové lymfocyty vrozeného imunitniho systému, jejich imunitni

odpoveéd’ je nespecifickd. Jsou to producenti IFN-y a TNF-a, a produkce téchto faktori
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aktivuje makrofagy, DC i T lymfocyty (Paul and Lal 2017). Na urovni genové exprese
HPV" nadory vykazuji zvySenou exprese genl asociovanych s NK buikami, oproti
nadorim HPV™ (Tosi et al. 2022).

B lymfocyty zahrnuji antigen prezentujici B lymfocyty, plazmatické bunky
a regulacni B buniky (Breg) (Wei et al. 2021). B lymfocyty jsou zodpovédné za humoralni
imunitni odpovéd’, plazmatické buiiky jsou producenty specifickych protilatek. Aktivaci
a premén¢ B lymfocytu na plazmatickou bunku napoméhaji pomocné folikularni
T lymfocyty (L. Sun et al. 2023). B lymfocyty mohou také v mensi mife prezentovat
antigeny CD4" T lymfocytim (Rodriguez-Pinto 2005). Populace Breg se podili
na imunitni regulaci, a to produkci IL-10 (Wei et al. 2021). V HNSCC se vyssi infiltrace
B lymfocytii v oblasti parenchymu a stroma nachéazi u nadortt HPV" ve srovnani s nidory
HPV™ (Qureshi et al. 2022; Hladikova et al. 2019). Na trovni genové exprese se u HPV*
nadori silnéji exprimuji geny podilejici se na aktivaci B lymfocytt oproti nadoriim HPV™~
(Wood et al. 2016; J. Wang et al. 2019; Hladikova et al. 2019). Naproti tomu se ukazuje,
Ze hladina Breg je v nddorech HPV" a HPV™ podobna (S. Zhang, Wang, Ma, et al. 2021).

Na povrchu TIL se vyskytuji receptory pro kontrolni inhibitory, jako je PD-1,
CTLA4, Tim-3, LAG3 (lymphocyte-activation gene 3), OX40, GITR (glucocorticoid-
induced TNFR-related protein) nebo BTLA (B- and T-lymphocyte atenuator) (He and Xu
2020). Nadorova tkan HNSCC obsahuje vyssi hladinu lymfocyti s PD-1, CTLA4, GITR
nebo OX40 znaky ve srovnani s lymfocyty s t€émito znaky v periferni krvi tychZ pacientli
(Puntigam et al. 2020; Poropatich et al. 2017). Imunoterapie zaloZend na blokadé
PD-1/PD-L1 je slibnou terapii pro 1é¢bu HNSCC, pii¢emz pacienti HPV™ 1épe odpovidaji
na tuto 1é¢bu oproti pacientim HPV™ (J. Wang et al. 2019). Obecné se na zaklad¢ analyzy
transkriptomu HNSCC rizné etiologie ukazuje, Ze v nadorech HPV' je v disledku
pfitomnosti viru podporovano zanétlivé prostfedi manifestované zvySenou infiltraci
T lymfocytd, a zvySenou diverzitou TCR, coz zlepSuje imunitni rozeznavani a zvySuje
citlivost vii¢i imunoterapii anti-PD-1/PD-L1 (J. Wang et al. 2019). Ve srovnani
s nadory HPV~, naddory HPV" obsahuji vy$§i hladinu PD-1"CD8" T lymfocytl a vyssi
hladinu vSech PD-1" T lymfocyti v blizkém kontaktu s PD-L1" naddorovymi bufikami
a PD-L1" makrofagy. Naproti tomu, v nddorech HPV™ se vyskytuji ve zvySené miie
CDS8'PD-1" lymfocyty se snizenou schopnosti produkce IFN-y (Kansy et al. 2017; Xu et
al. 2020; Tosi et al. 2022). Vyssi infiltrace CTLA4" T lymfocytl se nachazi v HPV®

karcinomech orofaryngu oproti karcinomim HPV™ (Tosi et al. 2022).
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Neimunitni buriky TME

Fibroblasty asociované s nddory

NejcetnéjSimi bunkami nddorového stroma jsou CAF, které podporuji progresi
fady nadort, véetné HNSCC. Jedna se o heterogenni populaci, kterd vznikd z riznych
prekurzord, napi. aktivovanych fibroblastli, endotelidlnich, epitelidlnich, ¢i nadorovych
bun¢k (Kanzaki and Pietras 2020). CAF jsou velmi heterogenni i v rdmci jednoho typu
nadoru. Analyza transkriptomu metodou sekvenace RNA z jednotlivych bunék (,,single-
cell RNA-seq*) odhalila 8 rtznych skupin CAF v TME HNSCC vykazujici odlisné
biologické funkce (Q. Zhang, Wang, Xia, et al. 2021). CAF neexprimuji specifické znaky,
spole¢nymi znaky pro CAF jsou napft. vimentin, a-SMA (a-smooth muscle actin), FSP-1
(fibroblast specific protein 1), ¢i FAP (fibroblast activation protein) a zaroven absence
epitelidlnich, endotelidlnich a leukocytickych znakl (Kanzaki and Pietras 2020; Xie et al.
2021). CAF produkuji fadu rustovych faktord, cytokind, chemokinti a proteini ECM,
které podporuji rist naddoru. Silnou sekreci faktoru TGF-B navozuji imunosupresivni
prostiedi a podili se na polarizaci TAM a migraci MDSC ¢i neutrofiltt do TME (Biffi and
Tuveson 2021).

Ukazuje se, ze HPV" HNSCC jsou mén¢ infiltrované CAF oproti HPV- HNSCC
a nizka hladina CAF v TME se poji s lep§im prezivanim HPV™ pacientt (X. Liu et al.
2022; B. Wang et al. 2022). V extrabunéénych vezikulech HPV® HNSCC se nachazi
zvySend hladina miR-9-5p, ktera blokuje signalizaci TGF-B vedouci k pfeméné

fibroblasti na CAF (B. Wang et al. 2022).

Endotelidalni buriky

Endotelialni bunky hraji v TME velmi vyznamnou roli, nebot’ se podileji
na angiogenezi, ktera je predpokladem pro dalsi riist nadoru. Jak jiz bylo popséno vyse,
fada bun€k TME produkuje proangiogenni faktory, z nich nejvyznamnéjsi roli hraje
VEGF-A, ktery se vaze na receptory endotelidlnich bun¢k a podporuje jejich proliferaci
(Ghalehbandi et al. 2023). V souvislosti s rychlym riistem nadoru, nadorové bunky
exprimuji také lymfangiogenni faktory (napf. VEGF-C), které se vazi na receptory
lymfatickych endotelidlnich bun¢k, ¢imz podporuji vznik novych lymfatickych cév
v nadoru (Sedivy et al. 2003). V HNSCC je lymfangiogeneze velmi Castym jevem, coz
souvisi 1 s Castym vznikem metastaz pravé v lymfatickych uzlinach u pacienti s HNSCC

(Z. Zhang, Helman, and Li 2010).
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Nddorové kmenové buriky

Nadorové kmenové buiiky jsou skupinou bunék, ktera ma schopnost sebe obnovy.
Zatim neni zcela jasné, které znaky definuji tuto bunécnou populaci. Mezi kandidatni
znaky patii CD44, CD133 a aldehyd dehydrogendza (Singh et al. 2021). Tyto bunky jsou
pravdépodobné zodpovédné za iniciaci ¢i progresi nadort a tvorbu metastazi (Han et al.

2014).

Hypoxie a jeji vliv na TME

TME mnoha karcinomi vcéetné HNSCC je siln¢ hypoxické, coz pozitivné
ovlivituje progresi nadoru. Hypoxie vznikd v dusledku rychlého riistu nadoru, ktery tak
neni dostatecné zasobovan kyslikem. Hlavnim reguldtorem odpovédi na hypoxii je
transkripéni faktor Hif-la (hypoxia-inducible factor 1-a)), ktery se za hypoxickych
podminek exprimuje ve zvySené mife a stabilizuje se, a ktery ovliviiuje fadu procesii
v TME (Wicks and Semenza 2022). Hladina exprese Hif-la je v HNSCC studovana
na urovni mRNA 1 proteinu, avSak vysledky jsou nekonzistentni. Vyssi hladina proteinu
Hif-1a se nachézi v karcinomech dutiny ustni oproti karcinomim orofaryngu (Swartz et
al. 2021). Karcinomy orofaryngu HPV" vykazuji niz§i expresi Hif-lo a dalSich gent
asociovanych s hypoxii (napt. GLUTI, glucose transporter 1) ve srovnani s karcinomy
HPV™ (Hanns et al. 2015). Nékteré studie u karcinomil dutiny Gstni a orofaryngu popisuji
vy$$i hladinu Hif-1o na Grovni proteinu u karcinomit HPV* ve srovnani s karcinomy
HPV™ (Rodolico et al. 2011; Smahelova et al. 2024), zatimco jina studie nepozoruje
rozdily v hladiné proteinu Hif-loo mezi skupinami karcinom@ orofaryngu s rliznou
etiologii (A. Hong et al. 2013). Fan a kol. zjistili, Ze ¢innost onkoproteintit E6 a E7 HPV
ovliviiuyje hladina Hif-1ao a GLUT]1 proteint (R. Fan et al. 2016).

V HNSCC Hif-1a reguluje expresi miR-21 ¢i miR-5100, coZ podporuje vznik
CAF, které produkci fady faktorii podporuji proliferaci a invazivitu nadoru a tvorbu
metastaz v lymfatickych uzlinach (Ye et al. 2023; Xie et al. 2021; Duan et al. 2024).
Za hypoxickych podminek CAF téZ produkuji zvySenou hladinu serglycinu, ktery
zvySuje expresi znaku CD44, coz je znak nddorovych kmenovych bunék (Xie et al. 2021).

Hypoxie také ovliviiuje mnoZzstvi a funkci imunitnich bun¢k v TME. Vys§i mira
hypoxie v HNSCC je spojend s nizsi infiltraci CD8" T lymfocyty a hor$i odpovédi vici
imunoterapii anti-PD-1/PD-L1 (Zandberg et al. 2021). Pacienti s niZ§i hladinou hypoxie

a zéroven vysokou hladinou imunitnich bun€k vykazuji lep$i odpovéd na terapii
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(chemoterapii a imunoterapii) a 1épe prezivaji, nez pacienti s vysokou hladinou hypoxie
a zérovein nizkou hladinou imunitnich bunék (H. Wang and Zheng 2022).

V navaznosti na vysokou hladinu hypoxie dochazi k novotvorbé cév, kterou
zprostiedkovavaji proangiogenni (Hif-1a zéavislé) faktory, jako je VEGF. V HNSCC se
nachazi zvysSena hladina tohoto faktoru oproti kontrolni tkani (Eisma, Spiro, and Kreutzer
1997). Vyssi hladinu VEGF popisuji nekteré studie v HPV™ karcinomech dutiny ustni
a orofaryngu oproti karcinomtim HPV " (Baruah et al. 2015; Smahelova et al. 2024), avSak
jiné studie nepozoruji rozdily v hladin¢ VEGF v zavislosti na ptitomnosti HPV (Fei et al.

2009; Troy et al. 2013).

Metody studia nadorového mikroprostredi

Nédorové mikroprostiedi 1ze studovat mnoha metodami, pficemz zejména
v poslednich letech byly vyvinuty pokrocilé metody detekce a kvantifikace rGznych
bunécnych typi a jejich povrchovych ¢i intraceluldrnich molekul. Jednou z metod, ktera
umoznuje detekovat buitkky v TME in situ, je multispektralni imunohistochemie (mIHC,
multispectral immunohistochemistry). Pomoci této metody lze zaroven detekovat
v histologickych vzorcich fixované tkan€ vice bunéénych typi, pfiCemz architektura
tkané zhstava neporusena, ¢imz lze urcit presnou lokalizaci detekovanych bunék ¢i jejich
shlukii. Nejvice uzivanou technikou je metoda zalozena na amplifikaci tyramidového
signalu (TSA, tyramide signal amplification), kterou zndzorfluje obrazek 8. Pfi této
metod¢ se fluorofor kovalentné vaze do tésné blizkosti epitopu, pficemz komplex
primarni a sekundéarni protilatky je odmyt v pufru za vysoké teploty. Néasledovat mize
znaceni dalSiho epitopu a barveni fluroforem o jiné vinové délce (Mansfield 2014; Toth
and Mezey 2007). V soucasné dob¢ je timto chemismem moZno oznacit az 9 rtiznych

epitopl na jedné tkani.
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Obrazek 8. Princip znaceni antigenii metodou TSA. Epitop (zelené) je oznacen primarni
protilatkou (zelené), poté sekundarni protilatkou (modfe) snavazanymi polymery HRP
(horseradish peroxidase), a nakonec fluoroforem (zlut€) obsahujicim tyramidovy substrat (¢ern¢)
pro HRP. Peroxidazou aktivovand forma tyramidu (oranzové) poté kovalentné reaguje
s tyrosinovymi residuy na nebo v tésném okoli detekovaného epitopu (Sed¢€). Komplex primarni
a sekundarni protilatky je nésledné odmyt, ale kovalentné navazany fluorofor zlistiva navazan
v misté epitopu.

Se wvzristajicim poctem pouzitych fluoroforti narista také pravdépodobnost
prekryvu spekter jednotlivych fluorofort. Jejich softwarové rozliseni vyzaduje vytvoreni
tzv. spektralnich knihoven, ¢imz ziskdme informaci o emisnich spektrech kazdého
z pouzitych fluoroford. Procesem tzv. linedrniho rozliSeni (,linear unmixing®) se
z nezpracovan¢ho obrazu vyfoceného fluorescencnim mikroskopem ziska upraveny

obraz, ve kterém jsme schopni izolovat jednotlivé fluorofory, a tudiz detekovat jednotlivé

epitopy a zarovei odstinit autofluorescenci (obrazek 9).

Obrazek 9. Linearni rozliSeni fluorofori v programu InForm 2.4.6. (Akoya
Biosciences). A) Nezpracovany obraz ziskany po vyfoceni spektralnim fluorescenénim
mikroskopem. B) Upraveny obraz po pouziti spektralnich knihoven, jednotlivé fluorofory (Opal
520, Opal 540, Opal 620, Opal 650, Opal 690, DAPI (modie) jsou zietelné rozliSené. Autor
fotografii: Mgr. Barbora Pokryvkova.
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Moderni programy pro digitalni patologii jsou schopny nejen detekovat jednotlivé
fluorofory, ale také tkan segmentovat na urcité oblasti (napf. naddorovy parenchym,
stroma), segmentovat jednotlivé bunky a odlisit jejich jadra, cytoplazmu a membranu,
a nakonec urcit fenotyp bunék.

Mimo systémy TSA existuje dalSi pfistup, ktery vyuzivd koktejl
oligonukleotidovych ,,znacek* (barcodes) s navazanymi protilatkami, které se specificky
vazi na dané antigeny (metoda Ultivue). Nasledn¢ dochazi k in situ amplifikaci barcodes
a komplementarni vazb¢ fluorescenc¢nich sond, ¢imz je umoznéna detekce az 16 antigent
(Wharton et al. 2021). Na podobném principu funguje novd metoda firmy Akoya
Biosciences (metoda CODEX), kterd umoziuje najednou detekovat az 101 protilatek
(Jhaveri et al. 2023).

Na principu znaceni pomoci koktejlu protilatek je postavena i zobrazovaci
hmotnostni cytometrie ,time of flight“ (Imaging CyTOF®). V tomto piipadé jsou
protilatky oznaCeny vzacnymi kovy. Pomoci laseru se lum kousky tkané odpatuji
a prenasi se do hmotnostniho detektoru méficiho ,,Cas letu™ (time of flight), ktery je
specificky pro kazdy vzacny kov. Kazda buitka mé navic informaci o svych soufadnicich,
coz umoziuje digitalni rekonstrukci tkdn¢ (Cereceda, Jorquera, and Villarroel-Espindola
2022). Metodou Imaging CyTOF® lze v sou¢asné dobé detekovat az 40 znak®i na FFPE
(formalin-fixed paraffin embedded, fixované formalinem =zalité parafinem) tkani
(Iysselsteijn et al. 2019).

Pro studium nadorti se hojné vyuzivaji metody pratokové cytometrie, a to pro
jejich rychlost a mnohdy 1 niz§i cenu. Pro pratokovou cytometrii je nezbytna
homogenizace nadort a vytvofeni bunééné suspenze, ¢imz se ztraci informace o lokalité
studovanych buné€k. Na druhou stranu, pfistroje FACS (fluorescent activated cell sorter,
tfidi¢ bunék aktivovany fluorescenci) umoziiuji selektovat zivé bunééné populace, které
mohou byt déale pouZity naptiklad pro kultivace ¢i funkéni testy.

Jednou z pokro¢ilych metod cytometrie je hmotnostni cytometrie CyTOF®, ktera
je schopna zaroven detekovat az 60 antigent, ¢imZ umoZiuje kvantifikovat Sirokou skalu
imunitnich i neimunitnich bun¢k v TME a detailné je charakterizovat. Oproti klasické
fluorescenéni cytometrii, CyTOF® vyuziva protilatek s konjugovanymi izotopy kovi,
¢imzZ odpadé problém s piekryvem emisnich spekter, nebot’ kazdy z kovovych izotopl
ma své jasn¢ definované parametry hmotnostni spektrometrie (Iyer, Hamers, and Pillai

2022). Stru¢ny princip metody je uveden na obrazku 10.
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Obrazek 10. Princip hmotnosti cytometrie CyTOF®. Bun&¢na suspenze se znadi protilatkami
pro barcoding (1), coZ umoziuje analyzu vice vzorkil najednou. Vzorky oznacené kody se poté
slou¢i a znaci protilatkami s konjugovanymi kovovymi izotypy (2). Bunécna suspenze poté
prochézi nebulizérem, pticemz vznikaji drobné kapky obsahujici praveé 1 buiiku (3). Plisobenim
proudu argonové plasmy dochazi k zahiati na teploty pfiblizné¢ 7000 K odpafeni a ionizaci
jednotlivych bun€k na oblak iontd (4), které se poté filtruji skrze fadu kvadrupold (5). Ionty
o atomové hmotnosti <80 Da se odstrani, zatimco ionty o vys$si atomové hmotnosti se analyzuji
hmotnostnim spektrometrem TOF (6). Kazdy izotop kovu se separuje podle jeho poméru atomové
hmotnosti vii¢i naboji, mnozstvi iontl pak odpovidad mnozstvi protilatky v dané bunce. Pievzato
a upraveno podle Sterna a kol. (2018).

V poslednich letech doSlo k vyraznému pokroku fluorescenéni cytometrie
z hlediska mnoZstvi pouzitych protilatek. V roce 2020 byla publikovana studie, ve které
panelem 40 protilatek vySettili lidskou periferni krev (Park, Lannigan, and Jaimes 2020),
vroce 2023 mysi lymfoidni tkan (Kare et al. 2023) a nakonec vroce 2024 byl
optimalizovan panel 50 protilatek pro detekci imunitnich bunék v lidské krvi a tkani
pratokovou cytometrii (Konecny et al. 2024).

V soucasné dobé¢ je tedy mozné pro studium TME vyuzit pokrocilych metod, které
v jednom vzorku detekuji a kvantifikuji rizné bunétné populace a jejich dulezité
molekuly. Imunohistochemické metody dovoluji detekovat bunky in situ ve fixované
tkdni, naproti tomu metody cytometrické dovoluji pracovat s nefixovanou tkani
umoziujici izolaci ur€ité bunécné viabilni populace. Kombinaci obou pfistupli jsme
schopni velmi detailné popsat TME, coZ umoziuje nalezeni novych terapeutickych cild

¢i rannych ukazatelt nddorového onemocnéni.
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3. Cile prace

Hlavnim cilem této prace byla charakterizace nadorového mikroprostredi

karcinomti hlavy a krku virové i nevirové etiologie. Diiraz byl kladen na studium

fenotypu, funkce a po¢tu imunitnich bun¢k TME. Za timto ucelem byly charakterizovany

vzorky tkané nadort hlavy a krku a periferni krve pacientii metodami mIHC, CyTOF®,

prutokové cytometrie a dalsimi molekularné biologickymi metodami.

Detailni charakteristika fenotypu a ¢etnosti imunitnich bunék v nadoru pacientt

byla hodnocena ve vztahu ke klasifikaci nddoru a prognoze ve snaze vytipovat potencidlni

terapeutické a prognosticke cile.

Dil¢i cile prace:

1.

Zavedeni a optimalizace metody mIHC pro soucasné znaceni az 7 protilatkami
na FFPE vzorcich tkan€. Navrhnuti panelt protilatek schopnych detekovat
vybrané populace imunitnich bunék.

Vysetieni retrospektivnich vzorkt pacientti metodou mIHC, jez byli sledovani
po dobu az 20 let. Optimalizace algoritmu pro detekci a kvantifikaci
imunitnich bunék v jednotlivych oblastech nadorového mikroprostiedi.
Identifikace potencidlnich prognostickych znakl ovliviiujicich piezivani
pacientd.

Vysetfeni prospektivnich vzorkli metodou mIHC — optimalizace paneld,
vySeteni prospektivnich vzorkl,, optimalizace algoritmi a vyhodnoceni
prospektivni studie.

VySetieni prospektivnich vzork@i nadori metodou CyTOF®, kdy
jednobunécna suspenze ziskanid z Cerstvé nadorové tkan¢ je znacena
31 protilatkami.  Identifikace  potencidlnich  prognostickych  znakl
ovlivityjicich pfezivani pacientt.

Urceni supresivni aktivity Treg izolovanych z ¢erstvé nadorové tkané in vitro

kultivaci s responderovymi T lymfocyty.
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4. Prehled vyuzitého materialu a metod

Pro tuto praci byly vyuzity klinické materidly poskytnuté Klinikou
otorinolaryngologie a chirurgie hlavy a krku 1. LF UK a FN Motol a Ustavem patologie
a molekularni mediciny 2. LF UK a FN Motol. V rdmci projektu byly vyuzity vzorky
Cerstvé, nefixované nadorové tkadné pacientl s primarnim karcinomem v oblasti
orofaryngu a dutiny ustni (ICD-10: C01-C06, C09, C10) a periferni krev téchto pacienti.
Tyto vzorky byly ziskavany béhem let 2017-2020. Dale byly pouzity FFPE vzorky
nadort téchto pacientil a pacientt z retrospektivni studie provadéné béhem let 2001-2012.

Jako kontrolni material byly vyuzity vzorky periferni krve darcti a FFPE vzorky tonsil.

Prehled pouZitych metod

e Fluorescen¢ni imunohistochemie a multispektralni fluorescencni mikroskopie

e analyza nddorového mikroprostiedi za pouziti programi Mantra a InForm (Akoya
Biosciences) — optimalizace algoritmu pro segmentaci tkan€, segmentaci
a fenotypizaci bunck

e izolace PBMC (peripheral blood mononuclear cells, mononuklearni bunky
periferni krve) a pfiprava jednobunécné suspenze z nadorové tkané

e hmotnostni cytometrie (CyTOF®), priitokové cytometrie, FACS

e prace s tkanovymi kulturami

e molekularné biologické metody — PCR (polymerase chain reaction), kvantitativni

PCR, reverzni transkripce.

Popis metod, které nejsou soucasti ptilozenych publikaci

Izolace Treg a responderovych T lymfocytii z nadorové suspenze

Z bunécné suspenze, jejiz priprava z nadorové tkané HNSCC byla popséna
v publikaci Polakova a kol. 2019, bylo odebrano 1,4-4 x 10° bunék a 200 000 kontrolnich
bunék. Povrchové Fc receptory bunék byly blokovany 20 x fedénym blokovacim
roztokem TruStain Human FcX (BioLegend) v FCS pufru (PBS, 1 % FBS, 0,1 % NaN3)
v kone¢ném objemu 100 pl po dobu 5 minut pii 4 °C, poté byly bunky promyty v 1 ml
FCS puftru centrifugaci (Centrifuga Hettich Universal 320R, Andreas Hettich) pii 300 g
a 4 °C po dobu 5 minut. Nasledn¢ byly buiniky znaceny 5 x fedénym koktejlem
povrchovych protilatek v FCS pufru (koktejl CD4-fluorescein isothiokyanat +
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CD25-alofykocyanin, eBioscience Human Regulatory T Cell Staining kit, Thermo Fisher
Scientific) v kone¢ném objemu 100 pl po dobu 30 minut pii 4 °C a poté promyty v 1 ml
FCS pufru centrifugaci pii 300 g a 4 °C po dobu 5 minut. Pro kontrolni buiiky bylo misto
primarni protilatky pouzito 100 pl PBS. Po centrifugaci byly bunky resuspendovany
v 1 ml PBS a oznaceny fluorescen¢ni barvou Hoechst 33258 (Thermo Fisher Scientific)
v koncentraci 1pug/ml pro ureni zivotnosti bunck. Cilové buniky byly selektovany
pristrojem BD FACS Aria Fusion (BD Biosciences) do 2 ml supresivniho média o teploté
37 °C (TexMACS medium (Miltenyi Biotec) obohacené o 5% lidské AB sérum (Biosera),
0,5 % penicilin a 0,5 % streptomycin (ThermoFisher Scientific)) dle téchto kritérii: Treg
byly definovany jako CD4'CD25"" bufiky, pii¢emz selektovano bylo 5 % bunék
snejvyssSi expresi znaku CD25 (Schneider and Buckner 2011), a responderové

T lymfocyty byly definovany jako CD4"CD25 .

Supresivni analyza

K pozadovanému mnozstvi Treg pro kokultivaci (4 x 10° bunék), kontrolnich
Treg (3 x 10° bungk) a kontrolnich responderovych T lymfocytii (3 x 10° bungk) bylo
pfidano 5 objemi piedehtatého supresivniho média (37 °C), bunky byly stoCeny
centrifugaci pfi 300 g pifi pokojové teplot¢ po dobu 10 minut. Dale byly bunky
resuspendovany v supresivnim médiu. Responderové T lymfocyty pro kokultivaci
(10° bun&k) byly barveny v 5uM roztoku CellTrace™ Far Red (Thermo Fisher
Scientific), a to po dobu 20 min pfi pokojové teploté. Po znaceni bylo k responderovym
T lymfocytim pfidano 5 objemu supresivniho média po dobu 5 minut, nésledovano
centrifugaci pfi 300 g po dobu 5 minut pfi pokojové teploté. Po promyti byly buiky
resuspendovany v 1 ml supresivniho média, bylo odebrano 6 x 10° bunék pro
kokultiva¢ni analyzu, poté bylo k buitkdm ptidano 5 objemi supresivniho média po dobu
5 minut, nasledovéano centrifugaci pti 300 g po dobu 10 minut pii pokojové teploté. Bunky
byly resuspendovany v 1 200 ul supresivniho média. Responderové T lymfocyty a Treg
spolecné se stimulacnim ¢inidlem Treg Suppression Inspector (Miltenyi Biotec) byly
pipetovany v duplikatu ¢i triplikatu na 96jamkovou desticku v pomérech 1:0, 1:1, 2:1,
4:1, 8:1, 0:1. Déle byly na desticku pipetovany kontroly bez stimula¢niho ¢inidla
v poméru 1:0 a 0:1 bez roztoku Treg Suppression Inspector. Objem média v jednotlivych
jamkéch byl doplnény supresivnim médiem do konec¢ného objemu 210 pl. Desticka byla

inkubovana pii 37 °C a 5 % CO2 po dobu 24 hodin.
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Po uplynuti inkubacni doby byly buiiky spocitany a poté barveny 500 x fedénou
fluorescen¢ni barvou Fixable Viability Dye eFluor 455UV (Thermo Fisher Scientific)
v PBS po dobu 30 minut pii 4 °C pro urceni zZivotnosti a promyty v 1 ml FCS pufru
centrifugaci (Centrifuga Heraeus™ Megafuge™ 16R, Thermo Scientific) pii 300 ga 4 °C
po dobu 5 minut. Nasledné byly buniky znaceny povrchové a intracelularné¢ pomoci
eBioscience Human Regulatory T Cell Staining kitu (koktejl CD4-fluorescein
isothiokyanat + CD25-alofykocyanin pro povrchové znaceni a FoxP3-fykoerythrin pro
intracelularni znaceni) dle protokolu vyrobce. Buiiky byly poté analyzovany pritokovym
cytometrem BD LSRFortessa (BD Biosciences) a byly detekovany populace
CD4"CD25"FOXP3" Treg a CD4"'CD25™ responderovych T lymfocyti.
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5. Vysledky

Publikace vztahujici se k tématu dizertac¢ni prace

Implementation of Mass Cytometry for Immunoprofiling of Patients with Solid
Tumors
Ingrid Polakova, Ondrej Pelak, Daniel Thiirner, Barbora Pokryvkova, Ruth Tachezy,

Toméa$ Kalina, Michal Smahel*

Journal of Immunology Research, 2019, 2019, 6705949;
https://doi.org/10.1155/2019/6705949

IF (2019): 3,327

Tato prace se zabyva optimalizaci panelu 31 protilatek pro znaceni vzorkid krve a HNSCC
metodou CyTOF®. V této praci (pfiloha 9.1.) jsem se podilela na zpracovani vzorki
periferni krve a vzorkii nadorové tkan& metodou CyTOF®. Podilela jsem se na izolaci
PBMC, pfipraveni jednobunééné nddorové suspenze, znaceni bunék protildtkami
a Castecné se podilela na vyhodnoceni cytometrickych dat.

Ptispévek autora: 10 %

ARG1 mRNA Level Is a Promising Prognostic Marker in Head and Neck Squamous
Cell Carcinomas
Barbora Pokryvkova*, Jana Smahelova, Natilie Dalewska, Marek Grega, Ondiej

Vencalek, Michal Smahel, Jaroslav Nunvaf, Jan Klozar, Ruth Tachezy*
Diagnostics, 2021, 1(4), 628; https://doi.org/10.3390/diagnostics 11040628
IF (2021): 3,992

V této praci (pfiloha 9.2.) jsme metodou multispektradlni imunohistochemie detekovali
a kvantifikovali TAM typu M1 a M2 v mikroprosttedi HNSCC virové a nevirové
etiologie, metodou RT-qPCR urcili hladinu mRNA znakl asociovanych s makrofagy
a vysledna data jsme analyzovali vzhledem k prognéze pacientii. Pro tyto ucely jsem
optimalizovala panel protildtek pro metodu multispektralni imunohistochemie,
pro detekci  jednotlivych typli makrofagi. Protuto publikaci jsem navrhla
a optimalizovala slozeni panelu protilatek a podilela se na kontrole provedeni vSech krokti
metody, analyze a vizualizaci dat. Déle jsem se hlavni mérou podilela na tvorbé
manuskriptu.

Prispévek autora: 55 %
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https://doi.org/10.3390/diagnostics11040628

PD1+CD8+ Cells Are an Independent Prognostic Marker in Patients with Head and
Neck Cancer
Barbora Pokryvkové, Marek Grega, Jan Klozar, Ondiej Vencalek, Jaroslav Nunvar, Ruth

Tachezy*

Biomedicines, 2022, 10(11),2794; https://doi.org/10.3390/biomedicines10112794

IF (2022): 4,7

V této praci (piiloha 9.3.) byly vySetteny FFPE vzorky retrospektivni kohorty HNSCC
metodou multispektralni imunohistochemie. Byla ur¢ena hladina tumor infiltrujicich
bunék v karcinomech virové a nevirové etiologie a vyslednd data byla analyzovana
vzhledem k pfezivani pacientl. Pro tuto praci jsem zavedla metodu multispektralni
imunohistochemie v nasi laboratofi, navrhla slozeni ¢ty paneli protilditek pro
imunohistochemické znaceni, optimalizovala proces znaeni, vytvofila algoritmy pro
vyhodnoceni dat v programu InForm, vySetfila FFPE vzorky pacientli a analyzovala
vysledna data. Déle jsem se hlavni mérou podilela na tvorbé manuskriptu.

Ptispévek autora: 80 %

Aspartate-f-hydroxylase and Hypoxia Marker Expression in Head and Neck
Carcinomas: Implications for HPV-Associated Tumors
Jana Smahelova, Barbora Pokryvkova, Eliska Stovickova, Marek Grega, Ondiej

Vencalek, Michal Smahel, Vladimir Koucky, Simona Maléfova, Jan Klozar, Ruth
Tachezy*

Infectious Agents and Cancer, 2024; https://doi.org/10.1186/513027-024-00588-1

IF (2022): 3,7

V této praci (ptiloha 9.4.) byla metodou RT-qPCR vySetiena RNA pacienti s HNSCC
virové a nevirové etiologie pro urceni hladiny mRNA ASPH a genu asociovanych
s hypoxii. Déle byly vySetteny FFPE vzorky tychZ pacienti metodou multispektralni
imunohistochemie pro wurceni hladiny bunc¢k produkujicich ASPH a proteint
asociovanych s hypoxii. V této praci jsem navrhla a optimalizovala slozeni panelu
protilatek pro metodu multispektralni imunohistochemie, podilela se na kontrole
provedeni v§ech krokl metody a analyze dat. Déle jsem se podilela na tvorbé manuskriptu
a jeho Upravach.

Prispévek autora: 35 %
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Publikace nevztahujici se k tématu dizertacni prace

Detailed Characteristics of Tonsillar Tumors with Extrachromosomal or Integrated
Form of Human Papillomavirus
Barbora Pokryvkova, Martina Salakova*, Jana Smahelova, Zuzana Vojtéchova, Vendula

Novosadova, Ruth Tachezy
Viruses, 2020, 12(1), 42; https://doi.org/10.3390/v12010042
IF (2020): 5,048

Skp2 and Slug are coexpressed in aggressive prostate cancer and inhibited by
neddylation blockade
Alena Mickova, Gvantsa Kharaishvili*, Daniela Kurfurstova, Mariam Gachechiladze,

Milan Kral, Ondrej Vacek, Barbora Pokryvkova, Martin Mistrik, Karel Soucek, Jan
Bouchal*

International ~ Journal  of  Molecular  Sciences, 2021,  22(6), 2844,
https://doi.org/10.3390/ijms22062844

IF (2021): 6,208

Nepublikované vysledky vztahujici se k dizertacni praci
Supresivni analyza

Pro urceni supresivni aktivity Treg lokalizovanych v naddorové tkani byla zvolena
in vitro kultivace s responderovymi T lymfocyty izolovanymi z téhoz nadoru, kdy je
sledovéna proliferace responderovych T lymfocytl. Za timto ucelem byl zaveden
protokol pro selektovani Treg a responderovych T lymfocytl ze vzork Cerstvé nadorové
tkané HNSCC. Bunky nadorove suspenze byly znaeny povrchovymi protilatkami CD25
a CD4. Poté byly pomoci FACS selektovany populace Treg (CD4°'CD25™)
aresponderovych T lymfocytd (CD4°CD257). Tyto dvé populace byly nasledné
kokultivovany. Pro uspésné provedeni kokultiva¢nich pokust bylo nutné ziskat alespon
4 x 10° Treg a 6 x 10° responderovych T lymfocytii pro provedeni pokusu v duplikatu.
Z toho divodu byly pro izolaci Treg a responderovych T lymfocytl uvazovany Cerstvé
nadory, u kterych se podaiilo izolovat aspofi 2 x 107 bun&k. Ukézalo se v§ak, Ze mnozstvi
cilovych bun€k nelze nijak piedpovédét s ohledem na celkovy pocet bunék v nadoru.

V prvnim optimalizaénim pokusu bylo z nadoru izolovano 3,3 x 107 bungk,
z &ehoz 2 x 107 bungk bylo pouzito pro pokus. Z tohoto nadoru se podafilo izolovat

priblizné 1,7 x 10° responderovych T lymfocytii a 5,68 x 10° Treg. Pokracovali jsme tedy
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v pilotnim pokusu a provedli kokultivaéni analyzu, ktera trvala 24 hodin. Vzhledem
k délce analyzy nebyla hodnocena supresivni aktivita Treg, nybrz bylo ukdzano, ze buiiky
piezivaji. Dale byly tyto buiiky znaceny CD4, CD25 a FOXP3 protilatkou. Ukazalo se,
7e nekteré z CD4"CD25" bunék nemaji FOXP3 fenotyp, coz mohlo byt zpisobenou
ztratou tohoto fenotypu v in vitro podminkach.

V dal§im piipadé bylo ze vzorku nadoru izolovano pres 7 x 107 bungk, avsak pii
pocitani bunék bylo zjisténo, ze piiblizn¢ 1/3 téchto bunck je jiz mrtva. Pro pokus bylo
pouzito 3 x 107 milion@ bunék, z nichZ se podafilo izolovat pouze 6 x 10* Zivych Treg,
coz nebylo dostate¢né mnozstvi pro pokracovani pokusu, mnozstvi responderovych
T lymfocytl by vSak bylo dostatecné.

Déle byl testovan nador, ze kterého bylo celkem izolovano pouze 1,4 x 107 buné&k.
Z tohoto nadoru bylo ziskano pouze 1,52 x 10° Treg a piekvapivé pouze 1,91 x 10°
responderovych T lymfocyti.

Béhem trvani prospektivni studie, jsme nebyli schopni z bunéénych suspenzi
ziskat dostate¢né mnozstvi bunék pro provedeni supresivni analyzy, tudiz jsme nebyli
schopni ziskat zZadné relevantni vysledky. Pro ptipadné dalsi studie je vSak pfipraven
protokol pro izolaci Treg a responderovych T lymfocytl z naddorové tkané€ a protokol pro

jejich kokultivaci.
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6. Diskuze

V této dizertacni praci jsem studovala nddorové mikroprostiedi s diirazem
na charakterizaci imunitnich buné¢k v HNSCC virové a nevirové etiologie. Pro tyto ucely
jsem v Laboratofi nddorové virologie a imunoterapie zavedla a optimalizovala metodu
multispektralni IHC pro detekci bunck in situ ve FFPE vzorcich tkané, ¢astené se
podilela na zavedeni metody CyTOF® pro detekci bun&k v nadorové suspenzi a PBMC
a také na zavedeni supresivni analyzy regulacnich T lymfocytl. Optimalizace uvedenych
metod byla podstatnou naplni mého studia, proto se budu v prvni ¢asti kapitoly zabyvat
diskuzi metodologie a v druhé casti diskuzi vysledkii.

Metody studia TME prosly v poslednich desetiletich znacnym vyvojem, a to
v navaznosti na zdokonalovani mikroskopickych pfistroji, na vyvoj zcela novych
technickych pfistupl, a v neposledni fadé v ndvaznosti na vyvoj programi, které jsou
schopny ziskana data analyzovat. Metoda mIHC zalozend na TSA je v soucasné dobé
Siroce vyuzivana pro charakterizaci TME rtiznych typi solidnich nadort (Pokryvkova et
al. 2022; Pokryvkova et al. 2021; Mezheyeuski et al. 2018; S.W. Hong et al. 2022; Lee
et al. 2021; Parra et al. 2017; Smahelova et al. 2024). Vyhodou této metody je moZnost
sledovat velké mmnoZzstvi rGznych znakl, nebot lze vyuzit jakékoliv specifické
nekonjugované primarni protilatky proti antigenu naseho zdjmu. Signal se amplifikuje
vazbou sekundarni protilatky a kovalentni vazbou fluoroforu, coz vede k ziskani
siln¢jSiho signalu oproti klasickému znaceni chromogenem, a umoziuje tak detekovat
1 velmi raritni antigeny (Parra et al. 2017; Toth and Mezey 2007). Naro¢nost této metody
spo¢iva ve strategii optimalizace panelu. Nejdiive je nutné protilatky optimalizovat
v monoplexu, zejména urcit vhodné pH pufru pro odmaskovani epitopii a urcit délku
odhalovani epitopti v daném pufru. Poté se sestavuje poradi protilatek v panelu tak, aby
byly respektovany potiebné casy pro odmaskovani epitopt, a ndsledné se k jednotlivym
protilatkam ptifazuji vhodné fluorofory. Tato €ast je zcela esencialni pro ziskani validnich
vysledkl. Obecné se v metodach zaloZenych na fluorescenénim znaceni doporucuje pro
cetné exprimované znaky vyuZzit méné svitivé fluorofory, a naopak pro vzacngji
exprimované znaky vyuzit vysoce svitivé fluorofory (Lazarus et al. 2019).
Pro minimalizaci vlivu spektralnich ptekryvii dale neni vhodné pro koexprimujici znaky
pouzit fluorofory o blizké vinové délce. Vzhledem k omezenému mnozstvi dostupnych
fluoroforti neni vzdy mozné plné témto doporucenim vyhovét. V nasi studii jsem

detekovala imunitni buiiky, pro jejichz fenotypizaci bylo nutné detekovat koexpresi vice
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znaki (Table 2, Pokryvkova et al. 2022). V Panelu 1 jsem pro detekci Treg pouzila
CD3-0pal620/CD4-Opal540/FOXP3-Opal520, avSak vzhledem k odlisné bunécné
expresi danych znakt (jaderny signdl FOXP3 a membranovy signal CD4) nemtize dojit
k fenotypizacni chybé zptsobené piekryvem blizkych spekter, nebot’ ptipadny piekryv
by byl odhalen pfitomnosti pfesahujiciho fluoroforu v neocekavané bunécné lokalité
a programem InForm by tato buiikka nebyla vyhodnocena jako pozitivni. Podobné
v Panelu 4 jsem jadernou protilatku FOXP3 pftiradila k Opal570, abych minimalizovala
vliv pfesahti signalu Opal540 ¢i Opal620.

Z principu metody mIHC vyplyva nutnost prace s FFPE fezy, nebot’ tato tkan je
dostatecné odolna vi€i opakujicim se kroklim zahfivani v kyselém ¢i zasaditém pH.
Jistym uskalim muze byt i pfiprava a skladovani téchto fezi (Gaffney et al. 2018). Pilotni
optimalizacni pokusy jsem provedla na HNSCC vzorcich od recentnich pacientil (tedy
délka skladovani FFPE blokt byla v fadech nékolika mésicti). Pii pilotnim pieneseni
optimalizovaného panelu na vzorky z retrospektivni studie se ukdzalo, Ze rozdily
v intenzit¢ signall jsou markantni a bylo nutné nékteré primarni protilatky zcela vyménit
a znovu titrovat koncentrace vSech primérnich protilatek ¢i fluoroforii. Tyto diskrepance
mohou byt zplisobeny jednak samotnym stafim tkané a jeji ptirozené, v ¢ase postupujici
oxidaci (retrospektivni vzorky jsou staré 10-20 let) (Combs et al. 2016) a jednak
moznymi rozdily v pfipravé FFPE blokii (napt. odliSny protokol, chemikalie ¢i lidsky
faktor) (Gaffney et al. 2018).

Jednou zc¢asti mé prace byla spoluprace na vySetfeni vzorkd Cerstve
resektovanych nadorti pacient s HNSCC a jejich periferni krve metodou CyTOF®.
Pro tyto tcely dr. Ingrid Poldkova optimalizovala protokol pro znaceni buné&k
izolovanych znadort a PBMC pomoci 31 riznych protilatek detekujicich vybrané
buné&ené znaky (Polakova et al. 2019). Proces optimalizace metody CyTOF® pro vzorky
solidnich nadord nebyl v literatufe dostate¢né popsan, vzhledem k nutnosti disociace
Déle jsme metodou CyTOF® vysetiili nddory a periferni krev pacientl v rdmci
prospektivni studie, pfi¢emz i v této ¢asti jsem se podilela na izolaci bun€k z nadort,
izolact PBMC, na procesu znaceni bunck protilatkovym koktejlem a castecné
na vyhodnoceni cytometrickych dat. Vysledky této ¢asti prospektivni studie vSak zatim
nejsou finalné zpracovany a publikovany, proto nejsou soucasti této dizertacni prace.

Dalsi ¢asti mé prace bylo ur€eni supresivni aktivity Treg izolovanych z Cerstvé

nadorove tkané in vitro kultivaci s responderovymi T lymfocyty. Pro tyto Gcely jsme
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zavedli protokol pro selektovani Treg a responderovych T lymfocyti z nadorové
suspenze pomoci FACS, kterou jsme vyuzili i pro zna¢eni metodou CyTOF®. Nicméng,
z n¢kterych nadorovych bunécénych suspenzi nebylo mozné ziskat dostate¢né mnozstvi
Treg pro kokultivaéni pokusy s responderovymi T lymfocyty a v nékterych ptipadech ani
dostatek responderovych T lymfocytl. Vysvétlenim je pravdépodobné variabilita
v mnozstvi Treg a T lymfocytl v jednotlivych vzorcich a také mnozstvi resektovaného
materidlu, které bylo mozné ziskat. Dale vzhledem k potieb¢ zivych Treg pro kokultivaci
nebylo mozné pro rozliSeni Treg vyuzit intracelularni znaky a tyto bunky jsme
charakterizovali na zaklad& ur¢eni povrchovych znakii CD4"CD25", kdy zejména pro
znak CD25 je nutné rozliSeni na zdkladé¢ miry exprese znaku (5 % bunck s nejvyssi
expresi CD25) (Schneider and Buckner 2011). Mnozstvi selektovanych Treg miiZe proto

byt ovlivnéno ,,gating* strategii pouZzitou pro tfidéni bunek.

Béhem poslednich let se zna¢na pozornost vénuje zastoupeni TIL v TME rtiznych
nadorl v souvislosti s progndzou pacientll. StéZejni v tomto ohledu jsou prace zroku
2014 a 2018, ve kterych skupina Jérome Galona pro karcinom tlustého stieva predstavuje
tzv. Imunoskoére (Galon et al. 2014; Pages et al. 2018). Podstatou je vyhodnoceni ¢etnosti
infiltrace CD3" a CD8" T lymfocytti v invazivnim okraji nadoru pomoci IHC v FFPE
fezech. Pacienti s vysokym Imunoskore vykazuji niz8i miru rekurenci béhem 5 let
sledovani po operaci oproti pacientlim s nizkym Imunoskore. Vyhodnoceni Imunoskore
také vykazuje vysSi presnost predikce celkového pieziti oproti zavedenym klinickym
parametrim, jako je TNM (tumor, node, metastasis; stadium nadoru, zasazeni uzlin,
metastaze) klasifikace (Pages et al. 2018). Recentné¢ bylo Imunoskére navrzeno
1 pro hodnoceni rektalnich karcinomii (El Sissy et al. 2024). A¢ by se mohlo zdat, ze
hodnoceni Imunoskore bude snadno pienositelné pro predikci pieZivani pacientl
s karcinomy v dalSich lokalizacich, vysledky dalSich studii toto zcela nepotvrzuji.
Naptiklad u triple negativniho karcinomu prsu se Imunoskére neukazuje jako
signifikantni pro predikci pieZivani téchto pacientd (X. Ren et al. 2023),
u nemalobuné¢éného karcinomu plic se pro hodnoceni pfezivani navrhuje kvantifikace
pouze stromalnich CD8" T lymfocytt (Donnem et al. 2015). U plicniho adenokarcinomu
(stadium III) se ukazuje, ze hodnoceni tzv. skére GT, zalozené¢ho na analyze nejblizsi
sousedni buiiky spole¢né s hodnocenim shlukovani bunék, maé siln€j$i prediktivni
vlastnosti nez Imunoskodre (Z. Zeng et al. 2024). Paralelné se prognostickéd vyhoda vysoké

infiltrace TIL ukazuje u mnoha dalSich nadorovych onemocnéni, napi. melanomd,
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nemalobunééného karcinomu plic ¢i u HNSCC (Wong et al. 2019; Donnem et al. 2015;
Borsetto et al. 2021; Ruangritchankul et al. 2019). Pro nalezeni prediktivniho znaku
prezivani pacientii s HNSCC je problematicka velké heterogenita téchto karcinomu, ktera
souvisi s rozdilnou anatomickou lokalizaci a etiologii.

V naSich studiich jsme detekovali vy$§i procento HPV™ karcinomi v oblasti
orofaryngu ve srovnani s nddory dutiny ustni, a rozdilnou hladinu TIL a dalSich
imunitnich bunék v nadorech rtizné etiologie (Pokryvkova et al. 2021; Pokryvkova et al.
2022; Smahelova et al. 2024). Ukazali jsme, ze HPV" HNSCC jsou masivnégji infiltrované
TIL (CD3", CD4", CD8" T lymfocyty), oproti nadorim HPV™~ (Pokryvkova et al. 2022),
coz potvrzuji i vysledky dalSich skupin (Qureshi et al. 2022; Tosi et al. 2022; Badoual et
al. 2013). Pozitivni vliv na progndzu pacienta je nejcast&ji spojovan s hladinou CD8"
T lymfocytt, a to vzhledem k jejich cytotoxicité vii¢i nadorovym buitkdm (Oguejiofor et
al. 2015; Nordfors et al. 2013; Mukherjee et al. 2020). U pacientt s nadory hlavy a krku
je metaanalyzou potvrzena prognostickd vyhoda vysoké infiltrace CD8" T lymfocyty.
Prognosticky efekt na prezivani pacientd je pozorovan zejména u pacientd s HPV™
karcinomy, avSak popisuji jej i n€které studie u HPV™ pacientl (Borsetto et al. 2021).

V nasi studii jsme u HPV" karcinomii detekovali vyssi infiltraci PD-1"CD8"
T lymfocyti oproti karcinomim HPV™ a vys$s$i hladina téchto bunc¢k byla spojena
se zlepSenym piezivanim pacientl s HNSCC bez ohledu na etiologii nadoru (Pokryvkova
et al. 2022). Stejné vysledky jsou ukdzany i dalSimi studiemi (Tosi et al. 2022; Badoual
et al. 2013). Molekula PD-1, exprimovana aktivovanymi lymfocyty, patfi do skupiny
imunitnich kontrolnich receptorti, které po vazb¢ ligandu inhibuji aktivitu T lymfocytt
(Freeman et al. 2000). Ukazuje se vSak, ze PD-1"CD8" T lymfocyty v TME jsou
specifické viici nadorovym antigenlim a hraji klicovou roli v regresi nadoru (Gros et al.
2014), coz mize vysvétlit prognostickou vyhodu vysoké infiltrace témito buiikami.
Kansy a kol. ve své studii uvadi, ze v HPV" karcinomech se pievazné vyskytuji CD8"*
T lymfocyty s nizkou expresi PD-1, kdezto v HPV™ karcinomech se vyskytuji ve zna¢né
mife CD8" lymfocyty se silnou expresi PD-1. Zda se, Ze pravé silna exprese PD-1 je
spojena s vyCerpanym T-bunéénym fenotypem a je spojena s hor§im pfezivanim
pacienti, kdezto nizka exprese PD-1 u CD8" T lymfocyti se poji s pfiznivou prognézou
HNSCC pacientt, kterd mtze byt disledkem protinadorové aktivity aktivovanych CD8"
lymfocyti (Kansy et al. 2017). Také skupina Badoual popisuje, Ze &ast PD-1"
T lymfocytd v HNSCC nevykazuje vycerpany fenotyp, nebot’ u téchto bun¢k nedochézi
k soucasné expresi Tim-3 (Badoual et al. 2013). Z naSich vysledki a vysledkl ostatnich
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skupin tedy vyplyva, Zze PD-1"CD8" T lymfocyty jsou stéZejni nadorové specifickou
populaci zodpoveédnou za kontrolu nddorového ristu a nadéjnym prediktorem ptezivani
pacientt (Tosi et al. 2022; Pokryvkova et al. 2022; Kansy et al. 2017; Badoual et al. 2013).
Rozdily v hlading exprese PD-1 na CD8" T lymfocytech a rozdilna funkce téchto bunék
v zavislosti na statusu HPV mohou pfispét k vysvétleni vyrazn&jsi odpovédi HPV'
pacientd vii¢i imunoterapii zalozené na blokad¢ PD-1/PD-L1 oproti pacientim HPV™ (J.
Wang et al. 2019).

Oproti CD8" T lymfocytim, jejichz nespornou prognostickou ulohu diskutuji
vyse, vliv CD4" T lymfocyti na progndzu pacienti s HNSCC neni jednoznacny
(Simonson and Allison 2011), nebot’ CD4" T lymfocyty zahrnuji spektrum bunéénych
populaci s odlisnymi funkcemi. V na$i studii jsme detekovali vy$si hladinu CD4"
T lymfocytt v HPV" karcinomech oproti karcinomiim HPV~, avSak nepozorovali jsme
vliv této populace na prognodzu pacienti (Pokryvkova et al. 2022). Nase vysledky se
shoduji s vysledky dalSich skupin studujicich karcinomy dutiny ustni a orofaryngu
(Oguejiofor et al. 2017; Nordfors et al. 2013; Quan et al. 2020; Badoual et al. 2013).
Vnasi studii jsme také pozorovali zvySenou hladinu PD-1"CD4" T lymfocyth
v nadorovém parenchymu a stroma HPV" karcinomil ve srovnani s karcinomy HPV ",
podobné jako ve studii Badoual a kol. (2013), avSak na rozdil od zminéné publikace jsme
nepozorovali vliv této populace na piezivani pacienti (Pokryvkova et al. 2022).

V nasi studii jsme dale nepozorovali rozdily v infiltraci CD4"FOXP3" Treg mezi
karcinomy HPV™ a HPV ", avSak ukézali jsme rozdilné zastoupeni Treg liSici se expresi
kostimula¢ni molekuly ICOS (Pokryvkova et al. 2022). Molekula ICOS podporuje
transkripci FOXP3, ¢imZ podporuje supresivni aktivitu Treg (Q. Chen et al. 2018).
U karcinomt HPV™ jsme detekovali vy$§i parenchymalni hladinu Treg neexprimujici
ICOS (ICOS™ Treg), zatimco u karcinomt HPV™ jsme pozorovali vys$si stromalni hladinu
ICOS" Treg (Pokryvkova et al. 2022). Ukazuje se, ze ICOS™ Treg vykazuji nizsi
supresivni aktivitu oproti ICOS* Treg (Kornete, Sgouroudis, and Piccirillo 2012). Vy3$si
hladina ICOS™ Treg tedy miize napomahat k tvorb& imunosupresivniho prosttedi HPV~
karcinomil. Hladina populaci Treg ¢i ICOS'/ICOS™ Treg vSak neméla v nasi studii vliv
na progndzu, coZ je popsano i v dalSich studiich (Pokryvkova et al. 2022; Tosi et al. 2022;
Quan et al. 2020). Na rozdil od vysledkii nasi studie, v jiné studii je zvySena infiltrace
Treg pozorovana u HPV" karcinomi, avSak opét neni pozorovan vliv jejich infiltrace

na progndzu pacientt (Badoual et al. 2013).
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Krom¢ hladiny TIL nase skupina detekovala TAM, coz je dalSi prognosticky
vyznamnda skupina bunék v TME nadort hlavy a krku. Studium makrofagti v TME je
komplikované vzhledem k vysoké plasticité¢ téchto bun¢k (Sica and Mantovani 2012).
Spektrum moznych detekovatelnych subpopulaci TAM je Siroké, s c¢imz souvisi
nekonzistence védeckych studii v pouzitych znacich pro fenotypizaci, a proto i obtizné
srovnavani téchto védeckych vystupti (Jayasingam et al. 2019). V nasi studii jsme
detekovali TAM dle pfitomnosti pan-makrofagového znaku CD68 a dale znakem CD80
pro typ M1 a znakem CD163 a ARGI pro typy M2 (Pokryvkova et al. 2021). Ve studii
Henga a kol. detekuji M2 také pomoci CD163 a dile CD206 v karcinomech laryngu
a také popisuji populaci HLA-DR™"CD206" makrofagli, kterda ze své podstaty stoji
na pomezi mezi typy M1 a M2, nebot’ vykazuje znaky obou populaci (Heng et al. 2023).
V jiné studii jsou jako charakterizujici znaky TAM pouzity CD68 ¢i CD163 a jako znak
M2 je pouzit CD206 (Qureshi et al. 2022). Pouziti CD163 jako pan-makrofagového znaku
je prekvapujici, nebot’ vnasi i mnoha dalSich studiich je tento znak povazovéan
za vyhradni znak M2 (Pokryvkova et al. 2021; Jayasingam et al. 2019; Tosi et al. 2022;
Bisheshar et al. 2022; Heng et al. 2023).

Vysledky nasi studie ukdzaly vys$s$i expresi M2-asociovanych znakt (ARG,
CD163 a PTGS?2) na trovni mRNA a vyssi stromélni infiltraci M2 produkujicich ARG1
imunohistochemicky v HPV- HNSCC, oproti karcinomim HPV'. Pomoci mIHC jsme
nedetekovali rozdil v zastoupeni M1 mezi skupinami pacientli, avSak v karcinomech
HPV™ jsme pozorovali zvysené mnozstvi mRNA NOS2, tento znak M1 vSak nebyl
zahrnut do naSeho imunohistochemického panelu (Pokryvkova et al. 2021). Podobné
zvySenou miru M2 ve stroma vykazuji pacienti s HPV™ HNSCC, ktefi jsou léceni
chemo/bioradioterapii (Ou et al. 2019). Ve studii Tosi a kol. vSak ukazuji vy$si
intratumoralni i stromalni infiltraci M1 i M2 u HPV" karcinoml orofaryngu oproti
karcinomiim HPV™ (Tosi et al. 2022). ZvySena Cetnost TAM M2 se také poji s horsi
prognozou pacientll u karcinomi laryngu, dutiny Gstni, ¢i karcinom{l mimo oblast hlavy
a krku, napt. u karcinomt prsu, ovarii, Zaludku ¢i nemalobunééného karcinomu plic
(Miyasato et al. 2017; Yin et al. 2017; Yuan et al. 2017; Soo et al. 2018; Heng et al. 2023;
Hadler-Olsen and Wirsing 2019; Bisheshar et al. 2022). V nasi studii jsme dale ukazali,
ze vyS$$i hladina mRNA ARGI1, M2-asociovaného znaku, se poji s horSim ptezivanim
HNSCC pacientl, zéroven nizka hladina mRNA ARGI, kterou jsme ptrednostné
pozorovali u HPV™" karcinomt niz§iho patologického stadia, souvisi s lep§im prezivanim

téchto pacientil (Pokryvkova et al. 2021). Podobny efekt na pfeZivani je pozorovan
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1u pacientii s karcinomem kolorekta (Ma et al. 2019). Mimo makrofagy M2, silnymi
producenty ARG1 v TME jsou také TAN ¢i MDSC (Heuvers et al. 2013; W. Ren et al.
2020; Garcia-Navas, Gajate, and Mollinedo 2021). V nasi studii jsme detekovali vyssi
parenchymalni i stromalni hladinu CD68 ARG1" bungk, u kterych pfedpokladame,
ze mohou byt TAN ¢i MDSC, tedy buiky podilejici se na imunosupresivnim TME
(Pokryvkova et al. 2021). Popisuje se, ze ARGI snizuje aktivaci cytotoxickych CD8"
bunék v TME, coz vede ke snizeni protinadorové imunity a podpoie progrese nadoru
(Hurt et al. 2017). Inhibici arginazy naopak dochazi k silné indukci proliferace
T lymfocyt (Vonwirth et al. 2020).

Vysledky naSi skupiny poukazuji na zvySenou hladinu prozanétlivych M1
v mikroprostiedi HPV" karcinomi, a naopak vy$s$i hladinu imunosupresivnich ARG
produkujicich bun¢k véetné M2 v mikroprosttedi HPV™ karcinomt. Pro plné pochopeni
funkce TAM v mikroprostfedi nadorG je nezbytnd podrobna a viceznakova
charakteristika TAM, ktera by pokryla variabilitu v populacich makrofaga.

Dilezitou molekulou, ktera je také spojena s ¢innosti TAM, je proangiogenni
faktor VEGF. Detekovali jsme vy$§i hladinu VEGF v parenchymu karcinomi HPV~
ve srovnani s karcinomy HPV™ (Smahelova et al. 2024), coz ukazuji i vysledky dalsi
studie (Baruah et al. 2015). Vyssi hladina tohoto faktoru je spojena s vyrazné&jsi
agresivitou nadorl, a zaroven je rizikovéjsi pro prezivani pacientd s HNSCC (Sauter et
al. 1999; Kyzas, Cunha, and loannidis 2005). Hladinu VEGF ovliviiuje hypoxie nadoru,
coz je fenomén spojeny s nepiiznivou progndzou pacientii (Mohamed et al. 2004; Morand
et al. 2020). V nasi studii jsme sledovali hladinu dalSich proteind spojenych s hypoxii
a detekovali jsme vy$$i hladinu proteind Hif-1o, GLUT1 a MMP13 u karcinomt HPV™
ve srovnani s karcinomy HPV™ (Smahelova et al. 2024). V modelech nezahrnujicich
status HPV se vys$8i hladina proteinti Hif-la a GLUT]1 pojila s lep$im piezivanim HNSCC
pacienttl, coz v8ak vzhledem k jejich vyssi ¢etnosti v HPV™ karcinomech miize odrazet
pfitomnost viru, nikoliv miru hypoxie. Vys$§i hladina proteinit Hif-la a GLUTI se
v karcinomech dutiny ustni poji s vyssi invazivitou oproti karcinomiim s niz8i hladinou
téchto proteint, na druhou stranu status HPV v této studii neni vySetfovan, takze vysledky
této studie mohou byt ovlivnény nizkou prevalenci viru v karcinomech dutiny ustni
(Morand et al. 2020). Vyssi hladina proteinit Hif-1aa GLUT1 v nadorech virové etiologie
muze odrazet aktivni virovou infekci, nebot’ je prokdzdn pozitivni vliv virovych

onkoproteint E6 a E7 na hladinu téchto proteint (R. Fan et al. 2016).
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Vyhodnoceni studii zabyvajicich se charakteristikou nadorového mikroprostiedi
HNSCC ma cetné limitace. Mimo biologickou variabilitu HNSCC (rozdilna lokalizace
a etiologie nadorti) je pro urceni prediktivniho znaku pfezivani pacientii prekazkou
odlisna metodologie studia TME, coz velmi zté¢Zuje zobecnéni vysledki téchto studii ¢i
zahrnuti do klinické praxe (Hadler-Olsen and Wirsing 2019). V tadé studii se nerozliSuje
presnd anatomickd lokalizace nadorti. Nadory orofaryngu jsou specifické, nebot’ jsou
z velké ¢asti infikovany virem HPV, kdeZzto u nddorti dutiny Ustni je virova pozitivita
niz$i (Partlova et al. 2015; Pokryvkova et al. 2021; Pokryvkova et al. 2022). Proto by
oddélené¢ studium téchto nadort mohlo pfinést signifikantnéjsi vysledky. S timto
fenoménem souvisi také casté vynechani informace o statusu HPV pifi hodnoceni
prediktivnich znakl pfezivani. Mnohdy jsou provedeny pouze univariantni analyzy
pfezivani, avSak vzhledem k tomu, ze status HPV je silnym prediktorem ptezivani, je
zcela nezbytné provést multivariantni analyzy pfezivani, ve kterych je informace
o virovém statusu zahrnuta. Z hlediska metodologie studia TME také narazime na jista
uskali. Ukazuje se, Ze zastoupeni imunitnich bun€k se 1i§i v nadorovém parenchymu
a okolnim stroma, av§ak v mnoha imunohistochemickych studiich se naddor hodnoti jako
celek. V posledni dobé vsak stale vice skupin, v¢etn¢ nasi pracovni skupiny, provadi
detailni imunohistochemickou prostorovou charakteristiku TME. Publikace se dale
1i81 metodologii kvantifikace pozitivnich bun€k. V ramci IHC se setkdvame bud
s pfesnym numerickym hodnocenim (napf. pocty bunék vztaZzenych na plochu tkan¢), ¢i
s hodnocenim miry exprese (nizkd/stfedni/vysoka ¢i vyuziti medianu). Nelze fict, ze by
se tyto dva ptistupy vylucovaly, avSak je velmi tézké mezi sebou studie porovnat, zejména
v druhém piipadé mohou byt vystupy ovlivnény nastavenim hrani¢nich hodnot
jednotlivych kategorii. Z tohoto ohledu se zda byt pfistup numerické kvantifikace
(s vyuzitim pocitacovych algoritmll) 1épe reprodukovatelny. Do budoucna je vhodné
pracovat na standardizaci metodiky hodnoceni TIL/imunitnich znakii pro predikci
prezivani pacienti s HNSCC podobné, jako je tomu v piipadé karcinomii kolorekta
(Pages et al. 2018). Jako velmi slibnd se jevi aktivita Mezindrodni imuno-onkologické
pracovni skupiny zabyvajici se biomarkery (International Immuno-Oncology Biomarkers
Working Group), kterd jiz vydala nékolik doporuceni pro hodnoceni TIL v lidskych
nadorech, véetné¢ HNSCC (Hendry et al. 2017).
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7. Souhrn

V této dizertacni praci jsem ukdzala, ze nddorové mikroprosttedi HNSCC virové
anevirové etiologie vykazuje zna¢né rozdily z hlediska infiltrace imunitnich bun¢k, které
svymi cytokiny ¢i vzajemnymi interakcemi ovliviiuji nadorovy rast (tabulka 2).
Karcinomy HPV " jsou silngji infiltrovany TIL oproti karcinomiim HPV", coz patrné vede
k nastoleni silngj$i protinddorové imunitni odpovédi a tim i k lepSimu prezivani pacientli
s HNSCC. Infekce HPV indukuje tvorbu pamétovych antivirovych CD8" T lymfocytt
cilenych proti antigenim HPV. Naopak, v karcinomech HPV™ se nachazi vice
imunosupresivnich makrofagti typu M2, vyssi hladina mRNA genli asociovanych
s fenotypem M2 ¢i dalS$imi supresivnimi bunikami TME, vyssi hladina VEGF, coz
podporujici nddorovou progresi. Status HPV se zda byt sté¢Zejnim faktorem preZivani
pacientii s HNSCC. Déle jsou hladiny PD-1"CD8" T lymfocytii a mRNA ARG navrzeny
jako nezavisly faktor predikujici prezivani pacienti s HNSCC. Hladina bunék
produkujicich HIF-1a a GLUT] je také spojena s pfezivanim pacienti s HNSCC, avsak
pouze v modelech nezahrnujicich status HPV (Pokryvkova et al. 2021; Pokryvkova et al.
2022; Smahelova et al. 2024).
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Tabulka 2. Shrnuti rozdiltt mikroprostiedi HNSCC virové (HPV™) a nevirové (HPV™) etiologie:
A) rozdilné zastoupeni imunitnich bunék a bunék produkujicich vybrané znaky, B) rozdilna

hladina mRNA genti exprimovanych v TME.

A) Bunécné populace, jejichZ hladina je v dané skupiné nadori signifikantné vyssi

HPV* HPV-
Nadorovy parenchym Stroma Nadorovy Stroma
parenchym
CD3* T lymfocyty ! CD3" T lymfocyty ! ARG1" buiky 2 ARG1" butiky 2
CD4" T lymfocyty ! CD4" T lymfocyty ! VEGFA* buiiky > CD68"ARG1" M2 ?
CD8" T lymfocyty ! CD8" T lymfocyty !
PD-1"CD4" T lymfocyty!  PD-1"CD4"' T lymfocyty ! CTLA4'CD4"' T lymfocyty !
PD-1"CD8* T lymfocyty! ~ PD-1"CD8" T lymfocyty ! ICOS* Treg !
ICOS™ Treg !
GLUTI1" butiky * GLUTI1" butiky 3
MMP13* buiiky 3 MMP13* buriky 3
HIF-1a" busiky 3
ASPH" butiky 3
B) mRNA, jejichZ hladina je v dané skupiné nadori signifikantné vyssi
HPV* HPV-
NOS23 CD163 2
ARG 2

PTGS2 (COX-2) 2
EPASI (HIF-2a)2

! Pokryvkova et al. 2022 2 Pokryvkov4 et al. 2021 3 Smahelova et al. 2024
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Monitoring immune responses to solid cancers may be a better prognostic tool than conventional staging criteria, and it can also
serve as an important criterion for the selection of individualized therapy. Multiparametric phenotyping by mass cytometry
extended possibilities for immunoprofiling. However, careful optimization of each step of such method is necessary for
obtaining reliable results. Also, with respect to procedure length and costs, sample preparation, staining, and storage should be
optimized. Here, we designed a panel of 31 antibodies which allows for identification of several subpopulations of lymphoid and
myeloid cells in a solid tumor and peripheral blood simultaneously. For sample preparation, disaggregation of tumor tissue with
two different collagenases combined with DNase 1 was compared, and removal of dead or tumor cells by magnetic separation
was evaluated. Two possible procedures of barcoding for single-tube staining of several samples were examined. While the
palladium-based barcoding affected the stability of several antigens, the staining with two differently labeled CD45 antibodies
was suitable for cells isolated from a patient’s blood and tumor. The storage of samples in the intercalation solution for up to
two weeks did not influence results of the analysis, which allowed the measurement of samples collected within this interval on
the same day. This procedure optimized on samples from patients with head and neck squamous cell carcinoma enabled
identification of various immune cells including rare subpopulations.

1. Introduction

Cancer generation and progression are critically affected by
the host immune system. Therefore, the systemic and local
detection and characterization of immune cells can be
important for the evaluation of disease prognosis and predic-
tion of the effect of available therapeutic options, including
therapy harnessing the immune system.

Cancer immunotherapy was revitalized in recent years,
and its clinical use is progressively increasing, especially after
the US Food and Drug Administration (FDA) approval of
the monoclonal antibodies ipilimumab, in 2011, and nivolu-
mab and pembrolizumab, in 2014, targeting the immune
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checkpoints cytotoxic T' lymphocyte-associated antigen 4
(CTLA-4; CD152) and programmed cell death protein 1
(PD-1; CD279), respectively. Besides these antibodies, other
promising immunotherapeutic approaches against malig-
nant diseases—adoptive transfer of modified T cells, cancer
vaccines, and chimeric monoclonal antibodies called bispeci-
fic T cell engager (BiTE)—are now available [1, 2].

The development of cancer immunotherapy is associated
with the detection of immune reactions, cells, and markers
that enables the monitoring of the effect of therapy but is also
important for prognosis and prediction of treatment success
because only a minority of patients is responsive to immuno-
therapy. Moreover, immunomonitoring can also be beneficial



for conventional cancer chemotherapy and radiotherapy as
immune reactions can contribute to the effect of these treat-
ment modalities [3].

Tumors are usually infiltrated by various types of immune
cells that interact with tumor cells and influence tumor devel-
opment. The assumption that the detection of these immune
cells has a prognostic value led to the concept of “immuno-
score” where immune cells are quantified in tumors by
immunohistochemistry and their prognostic potential is eval-
uated. For early-stage colorectal cancer, the immunoscore
seems to be a superior prognostic factor in comparison to
tumor-node-metastasis (TNM) classification [4].

The immunoscore is mostly based on the detection of
subpopulations of T lymphocytes, particularly cytotoxic
CD8" T cells [5], which are commonly supposed to be the
major effector antitumor cells. However, at least in some
tumors, other immune cells might play a crucial role in direct
elimination of tumor cells [6, 7], and various immune cells
are involved in complex regulation of immune reactions in
the tumor microenvironment. Multiparametric phenotyping
of immune cells from both tumors and peripheral blood can
identify new markers for prognosis and monitoring the
patient’s immune status. Mass cytometry, capable of detect-
ing over 40 parameters, is particularly suitable for such deep
immunoprofiling [8].

In this study, we optimized sample preparation and
staining for simultaneous analysis of immune cells in tumors
and blood of patients with head and neck squamous cell
carcinoma (HNSCC) by mass cytometry.

2. Materials and Methods

2.1. Sample Collection. Human blood samples of healthy vol-
unteers were provided by the Institute of Hematology and
Blood Transfusion in Prague and stored at room temperature
(RT) after the collection and during the transport. Tumor tis-
sue samples from tonsillar carcinoma were obtained from the
Department of Otorhinolaryngology and Head and Neck
Surgery of Motol University Hospital in Prague after the
approval by the Institutional Review Board of the hospital
and the obtainment of signature of the informed consent by
patients. The tumor tissues were stored in RPMI medium
(Sigma-Aldrich, St. Louis, MO) at 4°C during the transporta-
tion. Both types of samples were processed immediately upon
the delivery.

2.2. Human Blood Cell Isolation. The Ficoll-Paque PLUS cell
preparation protocol (GE Healthcare, Uppsala, Sweden) was
used to obtain peripheral blood mononuclear cells (PBMCs)
from noncoagulable (EDTA-treated) blood samples.

2.3. Tumor Cell Isolation. The tumor tissue was rinsed with
phosphate-buffered saline (PBS), cut to pieces, and treated
with 1mg/ml collagenase D (Col D; Roche Diagnostics,
Mannheim, Germany) or 1mg/ml collagenase NB8 (Col
NB8; SERVA, Heidelberg, Germany) and 100 pg/ml DNase I
(Roche Diagnostics) in RPMI medium. The gentleMACS
Octo Dissociator with Heaters (Miltenyi Biotec, Bergisch
Gladbach, Germany) and its h_tumor_01_01 and 37C_m_
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TDK_2 predefined programs were used to dissociate the
tumor tissue at 37°C. Then, the samples were filtered through
a 70 ym strainer to get a single-cell suspension. Erythrocytes
were removed by an ACK lysing buffer (0.15M NH,CI,
10 mM KHCO,, and 0.5M EDTA (pH?7.2-7.4)).

2.4. Magnetic Separation of Cells. Cells labeled with antibod-
ies conjugated to magnetic beads were separated by the auto-
MACS Pro Separator (Miltenyi Biotec). For disposal of dead
cells from PBMCs or tumor cell suspensions, the Dead Cell
Removal Kit (Miltenyi Biotec) was used. To concentrate
tumor-infiltrating immune cells, epithelial tumor cells were
removed after labeling with CD326 (EpCAM) Microbeads
(Miltenyi Biotec). Before labeling, the Fc receptor of non-
epithelial cells was blocked with FcR Blocking Reagent
(Miltenyi Biotec). Positive and negative fractions obtained
after separation of cells were fluorescently stained with
monoclonal antibodies FITC anti-CD326 (clone HEA-125)
and PE anti-CD45 (clone 5B1; both Miltenyi Biotec). The
stained cells were measured on an LSRFortessa flow cyt-
ometer (BD Biosciences, San Diego, CA) and analyzed using
the FlowJo v10.4.1 Software (BD Biosciences).

2.5. Mass Cytometry. To distinguish live and dead cells, blood
and tumor samples were first stained with Cell-ID Cispla-
tin-""%Pt (Fluidigm, South San Francisco, CA). Then, sam-
ples were barcoded with the Cell-ID 20-Plex Pd Barcoding
Kit (Fluidigm). For this barcoding, samples underwent fixa-
tion (Fix I Buffer) and gentle permeabilization (Barcode
Perm Buffer) to be labeled with the combination of three
palladium isotopes. The labeling pattern for debarcoding is
indicated in the user guide of the kit. Alternatively, samples
were barcoded with two differently labeled anti-CD45
antibodies, CD45-156Gd and CD45-89Y (both clone HI30,
Fluidigm), according to the Maxpar Cell Surface Staining
protocol (Fluidigm). Cells were resuspended in 100 ul of total
staining volume of Maxpar Cell Staining Buffer with 1 ul of
antibody and incubated at RT for 30 minutes. Cell barcoding
was followed by the staining of surface and nuclear antigens
observing the procedure recommended by the Maxpar
Nuclear Antigen Staining kit (Fluidigm). In brief, cells were
washed by Maxpar Cell Staining Buffer after barcoding and
incubated at RT for 30 minutes with the surface antibody
cocktail in 100y of total staining volume. The surface stain-
ing was followed by a washing step and incubation in 1 ml of
Nuclear Antigen Staining Buffer for another 30 minutes.
Then, two washing steps with Nuclear Antigen Staining
Perm were performed, and the cells were stained with the
intracellular antibody cocktail for 40 minutes. After another
two washings with Maxpar Cell Staining Buffer, 1ml of
Cell-1D Intercalator-Ir solution was added to the cells. Anti-
bodies (Table 1) obtained mostly from Fluidigm were pre-
conjugated with metal isotopes. Some antibodies were
purchased from other companies and required conjugation
with isotope tags applying the Maxpar Antibody Labeling
Kit (Fluidigm). Stained and fixed cells were stored at 4°C
until ready to run on a CyTOF2 mass cytometer (Fluidigm).
The data were exported as flow cytometry file (.fcs) format.
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TaBLE 1: Panel of antibodies for mass cytometry.

# Antigen Isotope Clone Staining Company
1 CDlc (BDCA-1)* 166Er AD5-8E7 Surface Miltenyi Biotec
2 CD3 1545m UCHT1 Surface Fluidigm
3 CD4 145Nd RPA-T4 Surface Fluidigm
4 CD8a 146Nd RPA-T8 Surface Fluidigm
5 CD11b (Mac-1) 209Bi ICRF44 Surface Fluidigm
6 CD11c¢* 152Sm Bul5 Surface BioLegend
7 CD14 151Eu M5E2 Surface Fluidigm
8 CD15* 173Yb MEM-158 Surface Exbio

9 CD16 148Nd 3G8 Surface Fluidigm
10 CD19 142Nd HIB19 Surface Fluidigm
11 CD25 169Tm 2A3 Surface Fluidigm
12 CD39 160Gd Al Surface Fluidigm
13 CD45 89Y or 156Gd HI30 Surface Fluidigm
14 CD45RA 155Gd HI100 Surface Fluidigm
15 CD45RO 164Dy UCHL1 Surface Fluidigm
16 CD56 (NCAM) 176Yb N901 Surface Fluidigm
17 CD62L (L-selectin) 153Fu DREG-56 Surface Fluidigm
18 CD68 171Yb Y1/82A Intracellular Fluidigm
19 CDe69 144Nd FN50 Surface Fluidigm
20 CD127 (IL-7Rx) 149Sm A019D5 Surface Fluidigm
21 CD141 (BDCA-3)* 165Ho AD5-14H12 Surface Miltenyi Biotec
22 CD152 (CTLA-4) 161Dy 14D3 Intracellular Fluidigm
23 CD197 (CCR7) 159Tbh GO043H7 Surface Fluidigm
24 CD275 (ICOS-L)* 163Dy 2D3/B7-H2 Surface BD Biosciences
25 CD278 (ICOS) 143Nd DX29 Surface Fluidigm
26 CD279 (PD-1) 175Lu EHI12.2H7 Surface Fluidigm
27 CD303 (BDCA-2) 147Sm 201A Surface Fluidigm
28 CD366 (Tim-3) 150Nd F38-2E2 Surface BioLegend
29 Foxp3 162Dy 259D/C7 Intracellular Fluidigm
30 HLA-DR 170Er 1243 Surface Fluidigm
31 Ki-67 172Yb B56 Intracellular Fluidigm

*In-house conjugation with isotope tags applying the Maxpar Antibody Labeling Kit (Fluidigm).

3. Results

3.1.  Designing a Panel of 31 Antibodies for
Immunomonitoring of Cancer Patients. We designed a panel
of antibodies for multiparametric phenotyping of blood and
tumor samples of patients with malignant diseases. Using
the Maxpar Panel Designer (Fluidigm), we created a panel
of 31 antibodies suitable for mass cytometry (Table 1). In this
panel, we focused on various subpopulations of T lympho-
cytes (naive, activated, and memory cells and effector and
regulatory cells) and myeloid cells (monocytes, macrophages,
and dendritic cells). Additionally, B cells and NK cells can
also be identified.

3.2. Collagenase D Was Suitable for Enzymatic Dissociation of
the Tumor Tissue. To optimize the staining of cells for mass
cytometry, we first optimized sample preparation. As we plan
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to apply the established procedure for the analysis of tumors
from patients with HNSCC, we used samples from tonsillar
carcinomas in the optimization part of the study. For
isolation of single cells from these tumors, we combined
mechanical and enzymatic disaggregation techniques. Colla-
genase and DNase I are enzymes commonly used for the dis-
sociation of tumor tissues, and their applicability for mass
cytometry has recently been demonstrated [9]. Based on
our prior experiences with the usage of Col NB8 (SERVA)
for preparation of tumor-infiltrating cells from mouse
tumors [10] and Col D (Roche) for HNSCC [11], we com-
pared these two types of collagenases. Tumor samples were
divided into two parts of the same weight and processed in
the gentleMACS Octo Dissociator using predefined pro-
grams with the enzymatic treatment at 37°C for 40min.
Regardless of the collagenase used, the total numbers of cells
and their viability were repeatedly comparable. Isolated cells
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Figure 1: Sample preparation. (a) Tumor tissue was halved and treated with either Col D or Col NB8 together with DNase I using a
gentleMACS Octo Dissociator and its predefined programs. After lysis of erythrocytes, the single-cell suspensions were stained with the
designed panel of antibodies. The same gates were applied to cell populations originated from the tissues treated with Col D or Col NB8.
(b) Samples of cells prepared from tumors were labeled with fluorescent anti-CD45 and anti-EpCAM antibodies before and after magnetic
removal of epithelial cells. (c) Cells isolated from the tumor sample were stained with cisplatin for viability detection. The experiments

were repeated with similar results,

were stained with the designed panel of antibodies and eval-
uated by mass cytometry. We found that the treatment with
Col D better preserved the detected antigens as documented
in Figure 1(a) by gating of CD3", CD4", and CD8" cells. As
the determination of these crucial cell populations was nearly
impossible after the treatment of the tumor tissue with Col
NB8, we decided to use Col D for further analysis.

3.3. Removal of Dead Cells and Epithelial Tumor Cells from
the Dissociated Tumor Tissue Was Not Usually Necessary.
In comparison with flow cytometry, measurement of samples
by a mass cytometer is more time-consuming (because of a
low acquisition rate) and more expensive (because of argon
consumption). Therefore, a high proportion of appropriate
cells in measured samples are desirable. Single-cell suspen-
sions prepared by dissociation of tumors contain various
numbers of tumor-infiltrating immune cells and epithelial
tumor cells that can further differ in viability. To concentrate
live tumor-infiltrating immune cells, we considered the
removal of dead cells and/or epithelial tumor cells by mag-
netic separation on autoMACS after labeling of annexin V
or EpCAM, respectively. The labeled cells were efficiently
removed, but about a half of all cells were lost during this
procedure. With respect to a low portion of EpCAM™ cells
(usually less than 15%; Figure 1(b)) and dead cells (mostly
about 20-35%) in single-cell suspensions prepared from
tumors and high loss of cells in magnetic separations, we
omitted the concentration of immune cells in the following
experiments. However, to distinguish live and dead cells in
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the sample, the cells were labeled with cisplatin, containing
the '**Pt isotope, before surface and intracellular staining

(Figure 1(c)).

3.4. Pd-Based Barcoding Affected Stability of Several Antigens.
To decrease high costs of cell labeling and sample measure-
ment, we tested a single-tube staining of cells obtained from
multiple samples and analyzed tumor and blood cells from
several patients together. To distinguish cells isolated from
blood and tumors and from different patients, a commercial
barcoding kit based on palladium (Pd) isotopes was first
tested. This kit is able to barcode, subsequently stain, and
measure up to 20 samples as a one multiplexed sample. Sam-
ples were labeled with a combination of three Pd isotopes
after fixation and gentle permeabilization steps. The bar-
coded samples were then combined in a single tube and
stained with the designed panel of antibodies. After analysis
of staining intensity, we observed a considerable population
shift for some markers when comparing the barcoded sam-
ples with samples without barcoding (Figure 2). CD62L,
CD16, CD56, CD11c¢, and CD25 were the markers with the
most prominent reduction of positivity after barcoding,
which disabled proper identification of cell populations
(Figure 2(a)). On the contrary, the boundary between some
populations (CD15", CD3", CD4", and CD8"; Figure 2(b))
became more evident. As our main intent is to preserve the
integrity of all cellular markers, the Pd-based barcoding
technique is not applicable to our panel of antibodies.
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F1GURE 2: Stability of several antigens was affected by Pd-based barcoding. Ficoll-isolated PBMCs from a healthy donor were stained for live
and dead cells and halved. One part of the cells was barcoded with the Cell-ID 20-Plex Pd Barcoding Kit, and the rest of the cells were used asa
control without barcoding. Subsequently, the cells were stained with the designed panel of antibodies. The labeled cells were stored in the
intercalator solution until measurement on CyTOF. After measurement, the barcoded cells were debarcoded according to the labeling
pattern of the barcoding kit. (a) Markers with reduced intensity and (b) cell populations become more evident after Pd barcoding. The
same gates (adjusted for the cells without barcoding) were applied to measured cells.

3.5. CD45-Based Barcoding Did Not Affect Detection of Cell
Markers. Antibody against CD45 molecules labeled with dif-
ferent isotopes is another possibility of sample barcoding
[12]. To distinguish between cells from blood and tumors,
we tested two metal-labeled antibodies (CD45-156Gd and
CD45-89Y). For comparison of their staining efficacy and
their effect on the detection of other cell markers, we halved
the cells from a tumor sample and barcoded them with the
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CD45 antibodies. Subsequently, the barcoded cells were com-
bined and stained together with the remaining antibodies
from the CyTOF panel. Figure 3 demonstrates that antibod-
ies against CD45 identified practically identical cell popula-
tions, and parallel samples labeled with these antibodies did
not differ in cell subpopulations detected by other antibodies.
In view of these results, we decided to apply CD45-based
barcoding to our samples.
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for barcoding. After barcoding with CD45-89Y and CD45-156Gd antibodies, the samples were combined and stained with the rest of the
antibodies. (a) Debarcoding and (b) dot plots with a selection of representative antigens. The same gates were applied to measured cells.
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FIGURE 4: Sample storage in PBS with 1% BSA. Tumor cells and PBMCs were isolated from a patient with HNSCC and stained for viability.
After CD45-based barcoding, samples were halved. One part of the cells was stained with the panel of antibodies immediately, and the other
part was stored in PBS with 1% BSA at 4°C overnight and labeled the next day. Dot plots display some representative markers of the blood
sample. Gates were adjusted for cell samples stained immediately after isolation.

3.6. Sample Storage Conditions. The sample preparation,
barcoding, staining, and measurement are time-consuming
procedures that can be further complicated by the fact
that sample collection, processing, and analysis are car-
ried out at different sites. This long procedure might
be interrupted in a few points. One possibility is to stop
the procedure after sample preparation. Simultaneously
with testing the Pd-based barcoding, we attempted to store
the prepared samples in Maxpar Fix I Buffer that is a
component of the barcoding kit and is used for treatment
of cells prior to the barcoding itself. After storing the sam-
ples in Fix I Buffer at 4°C overnight, changes obtained
after Pd-based barcoding were intensified, and staining of
several other antigens was affected (data not shown).
Therefore, the Fix I Buffer turned out to be unsuitable
for sample storage.

As another option, we examined storing the
CD45-barcoded samples in PBS with 1% BSA at 4°C over-
night. We found that this way of storage did not have any
impact on the antigen stability and population gating
(Figure 4).

Collecting several samples labeled on different days to
measure them at a time can also reduce the measurement
costs and may be useful when a limited number of samples
are stained per day. Sample staining terminates with resus-
pending the cells in an intercalator solution, which is
intended to store the samples at 4°C until the measurement.
We compared samples stored in the intercalator solution
for one or two weeks with a sample measured immediately
(on the next day) after labeling. As we did not observe any
differences among these samples (Figure 5), we considered
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appropriate to store the labeled samples in the intercalator
solution for at least two weeks.

4. Discussion

Mass cytometry with its capability to detect a large number of
parameters is a convenient method for accurate immunopro-
filing of cancer patients. Exposing the phenotype of the
immune cells may contribute to disease prognosis and treat-
ment selection. Therefore, we designed a panel of antibodies
to detect a wide range of lymphoid and myeloid subpopula-
tions in blood and tumor samples and optimized the proce-
dure of sample preparation and labelling for simultaneous
analysis of peripheral blood cells and immune cells isolated
from a solid tumor of the same patient.

Whereas a standard Ficoll gradient centrifugation proto-
col exists for PBMC separation, the storage conditions of
blood samples until processing had to be considered. The
drawn blood should be stored at RT and processed within 8
hours to avoid granulocyte contamination during PBMC iso-
lation and to preserve T cells [13]. Moreover, it has been
proven that the prolonged sample storage at RT before test-
ing may cause a contact-dependent exchange of the CD3
antigen between T and B cells [14]. Fortunately, these phe-
nomena were not observed in our experiments due to the
immediate sample processing after delivery.

The tumor tissue, transported in RPMI medium on ice,
was likewise promptly processed. The tissue dissociation
(mechanically and/or enzymatically), leading to a single-cell
suspension, is an essential step in immunoprofiling of solid
tumors. As mass cytometry was developed recently, only
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F1GuRe 5: Storage of labeled samples in the intercalator solution. PBMCs were isolated from a blood sample of a patient with HNSCC, stained
for live and dead cells, and divided for further labeling. The stained cells were measured the next day or stored in the intercalator solution for
one or two weeks. The same gates (adjusted for the sample measured immediately) were applied to measured cells.

few articles deal with tumor dissociation methods. To pre-
serve the viability, integrity, and functionality of cells infil-
trating a tumor, it is necessary to choose a suitable enzyme
and determine the timing of tumor processing. Leelatian
and his group compared several collagenases and DNases
and their combinations [9] and proposed a protocol for
human tumor dissociation [15]. Based on our previous expe-
rience with mouse and human tumor tissues, we compared
the combination of DNase I with Col D or Col NBS.
Although the viability of the cells isolated from tumors was
similarly preserved in both combinations and the yield was
comparable, it was not possible to define the basic cell popu-
lations after treatment with Col NB8. Consequently, the
combination of DNase I and Col D was applied in further
experiments.

Besides its many advantages, mass cytometry has two
crucial limitations. The experiments carried out and the
measurements may be costly and time-consuming. There-
fore, it is essential to measure primarily the cells of our
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interest. To meet this requirement, we tried to remove dead
and epithelial cells from the tumor samples prior to labeling.
However, magnetic depletion of dead cells or EpCAM" cells
led to significant loss of desired population of viable immune
cells. Additionally, flow cytometric analyses of several samples
showed that the viability of isolated cells was high (usually
>60%) and the portion of epithelial cells in samples from ton-
sillar carcinomas was mostly negligible. Therefore, we decided
to remove only dead cells whenever their proportion was
higher than 50% of all cells and the number of isolated cells
was sufficient (at least 6 x 10°). Cisplatin staining prior to
surface labeling was chosen to gate live and dead cells.

The staining and measurement costs could be further
pushed down by a single-tube analysis of tumor and blood
cells from several patients. Mass-tag cellular barcoding
(MCB) techniques have been developed for experiment
multiplexing. These techniques are based on lanthanide iso-
topes loaded on the compound maleimido-mono-amide--
DOTA (mDOTA) [16], isothiocyanobenzyl-EDTA-loaded
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palladium isotopes [17], or osmium and ruthenium isotopes
[18]. In our experiments, we tested the commercially avail-
able Pd-based barcoding kit, which is able to barcode up to
20 samples, but this kit was not usable in combination with
our antibody panel as the staining procedure affected the
stability of several antigens of our interest. Our following
measurements revealed (data not shown) that at least 1.5 x
10° (ideally 2.5 x 10%) cells isolated from both blood and
tumor need to be stained to collect also the rare populations
of cells. Moreover, as it was concluded that more than 4 x 10°
cells cannot be stained in a single tube, our only option was a
combination of blood and tumor cells from only one patient
into a single tube. Since it was sufficient to apply two bar-
codes for this purpose, we tested a multiplexing method
directed against the cell surface-expressed CD45 [12, 19] that
does not require fixation and partial permeabilization unlike
the Pd-based barcoding. Staining of the blood and tumor
samples originated from one patient with two differently
labeled anti-CD45 antibodies was satisfying—none of the
antigens was affected by the barcoding.

As the time from sample collection to its processing,
staining, and measurement may vary, we searched for pause
points in this long procedure. Prolonged incubation in the
Fix I Buffer that is applied during the Pd-based barcoding
could be a suitable way of interruption. However, overnight
incubation of samples in this transient fixation buffer influ-
enced the stability of several antigens. This result suggests
that the effect of the Fix I Buffer is the reason why Pd barcod-
ing is not applicable to our antibody panel. Another option
was to store the isolated, viability-stained, and barcoded cells
in PBS with 1% BSA at 4°C overnight before staining with the
panel of antibodies. This delay in sample processing did not
affect staining results when compared to the samples labeled
immediately after barcoding. Accordingly, it was possible to
interrupt the sample staining, under time pressure, via stor-
ing the barcoded cells in PBS with BSA.

The very last step of sample staining is resuspension of the
labeled cells in the intercalation solution, which labels the
nucleated cells with iridium isotopes. This procedure requires
fixation and permeabilization of the cells. Using the Maxpar
Nuclear Antigen Staining kit (Fluidigm), the intercalator is
diluted in Fix & Perm Buffer that contains paraformaldehyde.
The manufacturer’s recommendation is to store the cells in
the intercalator solution at 4°C until measurement on a mass
cytometer, but no longer than 48 hours. However, Zunder
and his group showed that it was possible to keep the samples
in an in-house-prepared intercalation solution at 4°C for up to
one month [17]. Therefore, we prolonged the sample storage
in the intercalation solution to one and two weeks and com-
pared the outcome with the sample measured the next day
after labeling. As no differences were found among the com-
pared samples, we concluded that the storage of the labeled
cells in this solution is acceptable for at least two weeks.

5. Conclusions

A panel of 31 antibodies was designed for mass cytometry
immunoprofiling of blood and tumor samples from patients
with HNSCC. The method of tumor tissue dissociation was
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optimized by the combination of DNase I with the proper
collagenase, and suitable barcoding of cells isolated from
blood and tumor samples originated from one patient was
incorporated in cell labeling. Next, a possible pause point in
the long sample processing was found, and the storage of
labeled samples until measurement on a mass cytometer
was solved. Consequently, all surface and intracellular anti-
gens of our interest were preserved and procedure costs
were minimized.
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Abstract: Head and neck squamous cell carcinomas (HNSCC) can be induced by smoking or alcohol
consumption, but a growing part of cases relate to a persistent high-risk papillomavirus (HPV)
infection. Viral etiology has a beneficial impact on the prognosis, which may be explained by a
specific immune response. Tumor associated macrophages (TAMs) represent the main immune
population of the tumor microenvironment with a controversial influence on the prognosis. In this
study, the level, phenotype, and spatial distribution of TAMs were evaluated, and the expression
of TAM-associated markers was compared in HPV positive (HPV+) and HPV negative (HPV—)
tumors. Seventy-three formalin and embedded in paraffin (FFPE) tumor specimens were examined
using multispectral immunohistochemistry for the detection of TAM subpopulations in the tumor
parenchyma and stroma. Moreover, the mRNA expression of TAM markers was evaluated using
RT-qPCR. Results were compared with respect to tumor etiology, and the prognostic significance
was evaluated. In HPV — tumors, we observed more pro-tumorigenic M2 in the stroma and a non-
macrophage arginase 1 (ARG1)-expressing population in both compartments. Moreover, higher
mRNA expression of M2 markers—cluster of differentiation 163 (CD163), ARG1, and prostaglandin-
endoperoxide synthase 2 (PTGS2)—was detected in HPV — patients, and of M1 marker nitric oxide
synthase 2 (NOS2) in HPV+ group. The expression of ARGl mRNA was revealed as a negative
prognostic factor for overall survival of HNSCC patients.

Keywords: head and neck carcinoma; arginase 1; HPV; prognosis; macrophages

1. Introduction

Every year, more than 750,000 new patients are diagnosed worldwide with head and
neck squamous cell carcinomas (HNSCC) [1]. Most cases relate to smoking and alcohol
consumption, but a growing part of these tumors originates as a consequence of persistent
infection with high-risk human papillomavirus (HR HPV) [2]. HNSCC tumors occur in
a number of anatomical locations, but HPV positive (HPV+) tumors are mostly localized
in the oropharynx [3]. Patients with HNSCC of viral etiology are younger and have a
better prognosis, which may be explained by a specific immune response [2-5]. Currently,
researchers are focusing on searching and defining new biomarkers for early disease
detection and prognosis prediction as an addition to the classical tumor-node-metastasis
(TNM) staging and histological grading.
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The tumor microenvironment (TME) is a complex system of tumor cells and sur-
rounding stroma, which originates from normal tissue cells, fibroblasts, endothelial cells,
pericytes, immune cells, and extracellular matrix. As for the tumor cells, genetic alter-
ations resulting in uncontrolled proliferation and phenotype changes are characteristic,
the stromal cells remain genetically unchanged, but their activity is largely influenced
by cytokines produced by tumor cells themselves or by other cells of the TME [6]. Tu-
mor associated macrophages (TAMs) are the most abundant immune cells of the TME.
Functionally, macrophages can be polarized into two extreme groups: classical M1 with
pro-inflammatory and anti-tumorigenic functions and alternative M2, which act as anti-
inflammatory and pro-tumorigenic. Additionally, M2 macrophages can be subdivided into
M?2a, M2b, M2c, and M2d phenotypes, linked to different inducers but sharing similar
functional activities [7]. Between M1 and M2 polarizations, the phenotype plasticity was
described, reflecting the complex cytokine environment in tumors. Thus, the categorization
of TAMs into M1 and M2 is simplified [8,9]. During the early phase of tumorigenesis,
macrophage precursors migrate into the TME in response to chemoattractants produced by
tumor or stromal cells. The level of these chemoattractants, such as C-C motif chemokine
ligand 2 (CCL2), colony-stimulating factor 1 (CSF1), or vascular endothelial growth fac-
tor (VEGF), is enhanced by the hypoxic environment [10,11]. After entering the TME,
macrophage precursors polarize to the M1 phenotype upon the autocrine or paracrine
stimulus with interferon gamma (IFN-y) or other molecules, such as tumor necrosis fac-
tor alpha (TNF-ot) and toll-like receptor (TLR) ligands. The M1 macrophages produce
inflammatory cytokines, such as interleukin (IL)-1, IL-6, IL-12, TNF-«, and IFN-y. The
inflammatory environment generates reactive nitrogen and oxygen species leading to
genome instability [12]. Consequently, macrophages acquire the M2 phenotype, which
contributes to tumor progression [12,13]. For M2 polarization, mainly the presence of
transforming growth factor beta (TGF-$3) and IL-4, IL-10, and IL-13 seems crucial [7,13].
The role of M2 macrophages is mainly connected with VEGF, platelet derived growth factor
(PDGF), fibroblast growth factor (FGF), and TGF- production, as well as with matrix met-
alloproteinases (MMPs) secretion, all resulting in the increased migration and invasiveness
of tumor cells. Moreover, by the secretion of CCL17, CCL22, and CCL24 by M2 TAMs, some
other immune cells are attracted, such as Th2 lymphocytes, regulatory T cells, or basophiles,
leading to the tumor tolerance [8]. As M2 TAMs were found to be connected with a worse
prognosis in breast [14], gastric [15], rectal [16], and pancreatic carcinomas [17] as well as
in HNSCC [18], the research is now focused on M2 TAMs detection and characterization
in different tumor specimens. For TAMs detection, the pan-macrophage CD68 marker is
used, but for characterization of the phenotype, additional markers are needed, e.g., CD80,
CD11¢, inducible nitric oxide synthase 2 (NOS2), or human leukocyte antigen-DR isotype
(HLA-DR) for M1 and CD163, CD204, CD206, or arginase 1 (ARG1) for M2 [19-21]. The
M1/M2 TAMs stratification also reflects the difference in the metabolism of the amino acid
arginine, which has a huge impact on TAMs function in the TME. M1 TAMs predominantly
metabolize L-arginine by NOS2 resulting in NO increase in the tissue and inhibition of
proliferation, while M2 TAMs utilize arginine mainly via ARG1 to generate urea and
ornithine. The ARG1 pathway potentiates proliferation and tissue repair and supports
the tumor growth [22]. Because both metabolic pathways utilize the same substrate, the
activity of one pathway is cross-inhibited by the other one [21].

The indoleamine-2,3-dioxygenase 1 (IDO1) can serve as another marker of the M2 phe-
notype [23]. IDO1 is an immunoregulatory enzyme degrading tryptophan to kynurenine,
resulting in the local immunosuppressive environment and neovascularization. Contin-
ual expression of IDO1 is enabled by prostaglandin-endoperoxide synthase 2 (PTGS2;
also known as cyclooxygenase-2, COX-2) [24], which is crucial for M2 TAMs polarization
maintenance [25]. Increased IDO1 expression correlates with poor prognosis in patients
with colorectal [26], breast [25], endometrial [27], and ovarian carcinomas [28]. Higher
PTGS2 expression has been associated with worse prognosis in many cancers including
HNSCC [29,30].
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In this study, we analyzed the levels and distribution of M1 and M2 subpopulations
of TAMs in different compartments of head and neck tumors of different etiology using
multispectral fluorescent immunohistochemistry (fIHC). We also examined, in the corre-
sponding samples of tumors, the mRNA levels of the selected TAMs markers IDO1, NOS2,
PTGS2, CD163, and ARG1 by reverse transcription followed by quantitative polymerase
chain reaction (RT-qPCR). Regardless of the tumor etiology, the stroma was always more
infiltrated by macrophages of both phenotypes M1 and M2 than the tumor parenchyma.
In comparison to HPV+ tumors, the stroma of HPV negative (HPV —) HNSCC was more
infiltrated by the M2 TAMs. In these tumors, RNA expression of the M2 TAMs markers
was also higher. An increased level of ARGl mRNA and higher tumor stage were found as
negative prognostic factors of patients with HNSCC.

2, Materials and Methods
2.1. Sample Collection, Processing, and Characterization

We analyzed 73 samples of primary HNSCC located in the oral cavity and oropharynx
(ICD10: C01, C06, C09, C10). Samples were obtained within the study conducted in our
laboratory in cooperation with the Department of Otorhinolaryngology and Head and
Neck Surgery, First Faculty of Medicine, Charles University, and Motol University Hospital,
Prague. All patients signed an informed consent and completed a questionnaire related
to risk factors for HPV infection and HNSCC induction. The study was approved by the
Ethical Committee of the Motol University Hospital. All samples were processed and
checked by a pathologist immediately after surgery. Samples were classified using the
TNM nomenclature (8th edition), and the Charlson comorbidity index was calculated
(https:/ /www.mdcalc.com/ charlson-comorbidity-index-cci, accessed on 5 March 2021).
One part of the tumor was fixed in 10% neutral formalin and embedded in paraffin (FFPE),
and the other part was transported to the laboratory in RPMI medium (Sigma-Aldrich, St.
Luis, MO, USA) at 4 °C. Tumor single cell suspension was isolated instantly as described
previously [31] and was stored in RNAlater® Stabilization Solution (Life Technologies,
Carlsbad, CA, USA) at —80 °C until processing. DNA and total RNA were isolated using
the NucleoSpin RNA /DNA buffer set (Macherey-Nagel, Diiren, Germany) according to
the manufacturer’s instructions. The concentration of DNA and total RNA was measured
by a NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA),
and the quality of RNA was checked by the Experion™ Automated Electrophoresis System
(Bio-Rad, Hercules, CA, USA), both according to the manufacturer’s protocols. Until
analysis, DNA was stored at —20 °C and RNA at —80 °C. The presence and type of HPV in
samples was evaluated by PCR with broad spectrum GP5+/6+-5 bio primers followed by
reverse line blot analysis as specified before [32]. The active viral infection was determined
by HPV E6 mRNA detection as described previously [33,34]. For one sample, DNA was
not available, but the RNA analysis revealed the presence of HPV16 E6 mRNA.

2.2. Gene Expression Analysis

For relative quantification of the expression of selected TAMs markers (IDO1, PTGS2,
NOS2, ARG1, and CD163), we performed RT-qPCR. Firstly, total RNA was treated by
DNase and then reverse transcribed using M-MLV Reverse Transcriptase (both Promega,
Madison, WI, USA), according to the manufacturer’s instructions. The qPCR reactions were
performed in 10 uL volume of the reaction mixture in duplicates using Xceed qPCR SG 2x
Mix Lo-ROX (IAB, Prague, Czech Republic), 0.4 pM primers, and 2 pL of 4 x diluted cDNA
on a CFX96™ Real-Time System instrument (Bio-Rad, Hercules, CA, USA). The reaction
conditions were as follows: 3 min at 95 °C followed by 40 cycles of 10 s at 95 °C and 30 s
at 60 °C. All reactions were followed by a melting curve analysis. The -glucuronidase
(GUS) and actin beta (ACTB) genes were used as the reference genes for normalization. The
sequences of primers are listed in Table 1. The obtained amplification plots were analyzed
by Bio-Rad CFX Maestro (Bio-Rad, Hercules, CA, USA). The relative quantification was
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done by the GenEx™ v.6 software (MultiD Analyses AB, Gothenburg, Sweden) using the
AACt method.

Table 1. Sequences of primers with expected product lengths.

Gene Sequence 5'-3' Length [bp]
T AAGAAACTGGAACTGCCTCCT

o1 R CACGAAATGAGAACAAAACGTCC 121

i F GGCAGAAGTCAAGAAGAACGGA -
R GTGAGCATCCACCCAGATGA

o F GCAATGGGGTGGACTTACCT -
R TGCTTCACTTCAACACGTCC

NS T GCTGTGCTCCATAGTTICCAG .
R GGGACCAGCCAAATCCAGTC
7 GCATTCTTTGCCCAGCACTT

PIGS2 R GGCGCAGTTTACGCTGTCT =

cus F GAAAATATGTGGTTGGAGAGCTCATT
R CCGAGTGAAGATCCCCTTTTTA
F CCACGAAACTACCTTCAACTCCA

ACTB R GTGATCTCCTTCTGCATCCTGTC 132

F—forward; R—reverse; bp—base pairs.

2.3. Tissue Slides Preparation and fIHC Validation

From FFPE tumors, 2 um sections were prepared on StarFrost Advanced Adhesive
microscope slides (Knittel-Glass, Braunschweig, Germany). In the first and the last sections
from paraffin blocks, the pathologist confirmed the tumor presence. Sections were stored
at 4 °C and processed within three weeks from preparation. Slides were deparaffinized
at 60 °C for two hours, brightened in xylene three times for 10 min, hydrated by alcohols
of descending grades (all from Penta, Prague, Czech Republic), and fixed in 10% neutral
buffered formalin (Diapath, Martinengo, Italy) for 20 min. Antigen retrieval (AR) was
performed using microwave in AR9 Tris-EDTA buffer, pH 9.0 (Zytomed Systems, Berlin,
Germany) or ARG citrate buffer, pH 6.0 (Akoya Biosciences, Menlo Park, CA, USA) de-
pending on the antibody used. Prior to a primary antibody incubation, the tissue was
demarcated with an Elite Pap pen (Diagnostic BioSystems, Pleasanton, CA, USA) and
blocked using Antibody Diluent/Block (Akoya Biosciences, Menlo Park, CA, USA) for
10 min at room temperature (RT). Primary antibodies against CD68 (clone KP1; Santa
Cruz Biotechnology, Dallas, TX, USA), CD80 (62N3G8; Novus Biological, Centennial, CO,
USA), CD163 (10D6; Thermo Fisher Scientific, Waltham, MA, USA), arginase 1 (A-2; Santa
Cruz Biotechnology, Dallas, TX, USA), and Cytokeratin Pan Type I/I1 (AE1/AE3; Thermo
Fisher Scientific, Waltham, MA, USA) were diluted in Antibody Diluent/Block (Akoya
Biosciences, Menlo Park, CA, USA) and stained separately. Primary antibody incuba-
tion was followed by 10 min of staining with Opal Polymer HRP Ms+Rb, TSA-based
Opal'" fluorophores, and DAPI counterstain, all from the Opal 7-Color Manual IHC Kit
(Akoya Biosciences, Menlo Park, CA, USA). The stained tissue sections were mounted
with Fluoromount™ Aqueous Mounting Medium (Sigma-Aldrich, St. Luis, MO, USA).
Slides were imaged with a magnification of 20 x 10 using the Mantra Snap 2.0.0 software,
and pictures were analyzed in the InForm 2.4.6 software (both Akoya Biosciences, Menlo
Park, CA, USA). The reliability of the staining was confirmed by no primary and isotype
controls, where the primary antibody was substituted with Antibody Diluent/Block or an
appropriate isotype antibody, respectively.

2.4. Multiplex fIHC Staining

After monoplex staining validation, a panel for multiplexed staining was designed.
The order of the stained antibodies was determined according to the epitope stability after

85



Diagnostics 2021, 11, 628

50f 15

multiple stripping rounds. Fluorophores have been assigned to antibodies to minimize
spectral overlapping. Subsequent titration of antibodies and fluorophores was performed
to obtain reliable staining with a fluorophore signal between 5 and 20 and a signal /noise
ratio of >10. The order of antibody staining, reagent dilutions, and reaction conditions are
listed in Table 2. For all antibodies in the panel, a stripping quality control was performed.

Table 2. Design of the panel for multiplex fluorescent immunohistochemistry (fIHC) staining.

# AR  Antibody Dilution Incubation Secondary OPAL Dilution
1 6 CD68 1:200 1h/RT Ms 4 Rb 540 1:200

2 6 CD163 1:100 OVN/4°C o 620 1:100

3 g ARG1 1:200 1h/RT i 650 1:200

4 9 CD80 1:50 OVN/4°C Svmer 520 1:50
5 6  Cytokeratin 1:800 1h/RT B2 690 1:200
6 6 DAPI 1:15 5 min/RT - - -

AR—antigen retrieval buffer; RT—room temperature; OVN—overnight.

2.5. Multiplex fITHC Data Analysis

From each tumor sample, five regions of interest (ROI) were randomly selected
across the tumor parenchyma and stromal area, and snapped using the Mantra Snap 1.0.3
software (Akoya Biosciences, Menlo Park, CA, USA), with a magnification of 20 x 10.
Pictures were analyzed in batches using the InForm 2.4.6. software (Akoya Biosciences,
Menlo Park, CA, USA) with the prepared algorithm. This algorithm consists of linear
unmixing using the prepared spectral libraries and trainable steps of tissue segmentation,
cell segmentation, and cell phenotyping. For tissue segmentation training, we marked the
cytokeratin positive area as the tumor parenchyma, the cytokeratin-free area as the stroma,
and the empty (DAPI-free) area as the background. Each step was optimized in different
tumor pictures from the set of samples and then applied to the analyses of additional
samples in the batches. We introduced six different cell phenotypes: M1 macrophages (M1;
CD68+CDB80+), M2 macrophages (M2; CD68+CD163+), M2 macrophages producing ARG1
(M2-ARG; CD68+ARGH+), cells exclusive of macrophages producing ARG1 (ARG; ARG+),
CD80+ only cells (CD80; CD80+), and the remaining cells negative for any macrophage
marker (other). For the further analysis, the phenotypes “other” and “CD80” were not
included as they serve only for phenotyping algorithm setting. For the final analysis,
cells with the confidence of phenotyping higher than 75% were counted. According to
our observation, this level was suitable for reliable phenotyping. For all the samples, the
percentages of unsatisfactory cells ranged between 5% and 15%. The numbers of positive
cells in the compartments were then calculated per megapixel (Mpx).

2.6. Statistical Analysis

All patients were grouped according to the HPV E6 mRNA positivity into HPV+ and
HPV— groups. The levels of M1, M2, M2-ARG, and ARG phenotypes were expressed
as cells per Mpx and were evaluated separately for the tumor parenchyma and stroma
compartments in both sample groups. The differences in cell numbers/Mpx between
groups were evaluated using the Mann-Whitney U test, and the differences between
the tumor parenchyma and stroma parts in the corresponding patients were analyzed
using the sign test. For RT-qPCR data analyses, the unpaired T-test was used to see the
differences between groups, and the paired T test was performed for the comparison
between compartments. To analyze the possible correlation between mRNA expression
levels, the Pearson correlation coefficient was applied. The Cox proportional hazards
model was used for the overall specific survival (OS) analysis. The Akaike information
criterion (AIC) was used for model selection. The following demographic and clinical
pathological factors were included: gender, age, education (<12 years, >12 years), smoking
(nonsmoker, ex-smoker, smoker), alcohol use (nondrinker, ex-drinker, drinker), location
(oropharyngeal, oral), tumor extension (pT1-4), nodal status (pN0-3), tumor stage (S 1, 11,

86



Diagnostics 2021, 11, 628

6 0f 15

111, IV), metastasis (M 0, 1), extracapsular spreading (0, 1), Charlson comorbidity index,
and HPV status (HPV E6 mRNA negative, HPV16 E6 mRNA positive). In addition to
these factors, qPCR factors (nRNA expression of IDO1, NOS2, PTGS2, CD163, and ARG1)
and fTHC factors (M1, M2, M2-ARG, and ARG cells/Mpx in both the tumor parenchyma
and stroma) were tested. Tumor extension, nodal status, tumor stage, and histological
grading were numeric measures. As an addition to the Cox model, plots for Kaplan-Meier
estimator were created.

A p value of < 0.05 was considered as a significant difference. All statistical analyses
were performed using the GraphPad Prism 8.4.2 software (GraphPad Software, San Diego,
CA, USA) and R version 4.0.2 (https:/ /www.R-project.org/, accessed on 5 March 2021) [35].

3. Results
3.1. Patients Characterization

For this study, a total of 73 patient samples of primary HNSCC were collected and
characterized. The median follow-up period was 18.5 months. HPV DNA was found in
46/72 (64%) samples. Of 46 HPV DNA positive samples, 44 (96%) were HPV16 DNA
positive, one (2%) sample was positive for HPV16 and HPV53, and one (2%) sample was
positive for HPV35 DNA. We divided the samples according to the presence of viral E6
mRNA, a marker of active viral infection, into HPV+ (38/73, 52%) and HPV— (35/73, 48%).
In 10 cases of 35 HPV— tumors (29%), only HPV DNA and no E6 mRNA was detected
pointing to non-active viral infection. All 38 HPV+ tumors were located in the oropharynx,
unlike the HPV— tumors, with the majority of samples (23/35, 66%) obtained from the oral
cavity and the remaining samples (12/35, 34%) from the oropharynx. The age of patients
ranged from 41 to 83 years, with a median of 60 years for HPV+ patients and of 62.5 for
HPV — cases. Consistently with previous observations [33,36], the tumors were mostly
collected from men (57/73, 78%). Detailed patient and tumor characteristics are listed in
Table 3.

Table 3. Demographic and clinical characterization of the cohort.

ch - Total HPV+ HPV—
aracteristics No. (%) No. (%) No. (%)
No. of patients 73 (100%) 38 (52%) 35 (48%)

i ed] Mean age 61.86 61.66 62.14

BN Median age 61.50 60.00 62.50
Cend female 16 (22%) 3 (8%) 13 (37%)
encer male 57 (78%) 35 (92%) 22 (63%)
Localigati oropharynx 50 (68%) 38 (100%) 12 (34%)
RiaLzation oral cavity 23 (32%) 0 (0%) 23 (66%)
Educati >12 years 31 (50%) 19 (54%) 12 (44%)
Ucabion <12 years 31 (50%) 16 (46%) 15 (56%)
never 24 (33%) 19 (50%) 5 (14%)
Smoking past 23 (31%) 12 (32%) 11 (32%)
current 26 (36%) 7 (18%) 19 (54%)
never 20 (27%) 14 (37%) 6 (17%)
Alcohol consumption past 11 (15%) 2 (5%) 9 (26%)
current 42 (58%) 22 (58%) 20 (57%)
T 17 (23%) 7 (18%) 10 (29%)
. T2 48 (66%) 29 (76%) 19 (54%)
Tumor extension (pT) T3 4(5.5%) 1 (3%) 3 (8.5%)
T4 4 (5.5%) 1 (3%) 3 (8.5%)
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Table 3. Cont.

Ch — Total HPV+ HPV-—

RisEn No. (%) No. (%) No. (%)
No. of patients 73 (100%) 38 (52%) 35 (48%)
NO 30 (41%) 10 (29%) 20 (57%)

. N1 32 (44%) 26 (68%) 6 (17%)
Nogalstatus{pi) N2 5 (7%) 1.(1.5%) 4(12%)
N3 6 (8%) 1(1.5%) 5 (14%)

i 0 69 (95%) 38 (100%) 31(89%)
Metastasis presence (M) 1 4 (5%) 0 (0%) 4(11%)
I 40 (55%) 32 (84%) 8 (23%)

o II 12 (16%) 3 (8%) 9 (26%)

Tumor stage (5) )i 6 (8%) 2 (5%) 4 (11%)
v 15 (21%) 1(3%) 14 (40%)
N 0 57 (78%) 28 (74%) 29 (83%)
Extracapsular spreading 1 16 (22%) 10 (26%) 6 (17%)
0 2 (3%) 2 (5%) 0 (0%)

1 19 (26%) 13 (34%) 6 (17%)

2 16 (22%) 7 (18.5%) 9 (26%)

e 3 16 (22%) 7 (18.5%) 9 (26%)

Charlson comorbidity index 4 10 (13%) 6 (16%) 4(11%)
5 5 (7%) 1(3%) 4(11%)

6 2(3%) 0 (0%) 2(6%)

7 3 (4%) 2 (5%) 1(3%)

3.2. Expression of M2 TAM Markers Is Higher in HPV— Tumors

We examined the mRNA level of TAMs associated genes—ARGI, CD163, NOS2, IDO1,
and PTGS2—in HPV+ and HPV — tumors. For this purpose, we performed RT-qPCR
analysis with relative quantification by the AACt approach using GUS and ACTB as the
reference genes in 69 samples (38 HPV+ and 31 HPV —). Remaining four samples of the
cohort were excluded due to insufficient RNA quality. We detected significantly higher
levels of CD163 (p = 0.0035), ARG (p = 0.0009), and PTGS2 (p = 0.0402) mRNA in HPV—
tumors (Figure 1). These genes are considered as M2 associated markers. Next, NOS2
mRNA, the M1 marker, was detected in higher level in HPV+ tumors (p = 0.0103). On the
contrary, we did not observe any differences in the IDO1 mRNA level between HPV+ and
HPV— tumors.

These results show higher expression of the M2 markers ARG1, CD163 together with
PTGS2, which directly supports the M2 TAMs polarization and maintenance, in HPV—
patients. To analyze the relationships among TAMs markers, we performed correlation anal-
ysis of mRNA levels by computing the Pearson correlation coefficient. As demonstrated in
Figure 2, we observed a positive association between CD163 and ARG1 mRNA (r = 0.3179,
p =0.0078) and ARGI1 and PTGS2 mRNA (r = 0.251, p = 0.0375). We also detected weak in-
verse correlation between ARG1 and NOS2 mRNA (r = —0.2824 p = 0.0187) which suggests
an exclusive activity of ARG1 and NOS2 enzymes in M2 and M1 TAMs, respectively. Next,
we observed weak association between IDO1 and NOS2 mRNA (r = 0.253, p = 0.0359),
which points to a co-expression of these enzymes in inflammatory conditions [23].
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Figure 1. Comparison of gene expression in HPV+ and HPV — tumors. Relative mRNA expression of
M1 and M2 tumor associated macrophage (TAM)-associated markers were compared in tumors with
different etiology. Measured mRNA levels were normalized to GLIS and ACTB reference genes using
AACt approach. Significantly higher arginase 1 (ARG1), CD163, and prostaglandin-endoperoxide
synthase 2 (PTGS2) mRNA levels were detected in the HPV— cohort (*** p = 0.0009 for ARGI,
** p =0.0035 for CD163, and * p = 0.0402 for PTGS2 by unpaired t-test) and higher nitric oxide
synthase 2 (NOS2) mRNA level was detected in the HPV+ cohort (* p = 0.0103 by unpaired #-test).
Error bars—standard error of the mean.
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Figure 2. Correlation of relative gene expressions. Pearson correlation coefficient was measured
between (A) ARG1 and CD163, (B) ARG1 and PTGS2, (C) ARG1 and NOS2, and (D) NOS2 and [DO1
relative mRNA levels.

3.3. The Stroma of HNSCC Is More Infiltrated by TAMs Than the Tumor Parenchyma

We introduced a panel of six antibodies, which can detect and quantify M1 and M2
macrophages in the tumor parenchyma and surrounding stroma (Figure S1 Supplementary
Materials). A total of 73 tumor specimens were stained using multiplex ffHC and analyzed
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by an algorithm for cell and tissue segmentation and cell phenotyping. This analysis
revealed that the stroma was more infiltrated by TAMs of both phenotypes, M1 and M2,
than the tumor parenchyma in both HPV+ and HPV— patients (Table 4).

Table 4. TAMs and arginase (ARG) phenotype infiltration in tumor parenchyma and stroma expressed by median values of

cells/Mpx.
HPV+ HPV— All Patients
Phenotype Parenchyma Stroma P Parenchyma Stroma P Parenchyma Stroma P
M1 1.635 29.68 <0.0001 4.693 223 0.0001 2.361 26.9 <0.0001
M2 0.982 17.6 <0.0001 0.472 11.87 <0.0001 0.789 12.8 <0.0001
M2-ARG 0 0 0.0347 0.255 2442 <0.0001 0.203 1.007 <0.0001
ARG 1.462 6.314 <0.0001 15.1 51.12 <0.0001 4.023 18.13 <0.0001

3.4. The Numbers of Arginase 1 Positive Cells Are Higher in Both Tumor Parenchyma and Stroma
of HPV— Patients

We detected more arginase 1 producing M2 TAMs (M2-ARG) in the stroma of HPV—
patients (Figure 3A; p = 0.003) while the level of M2-ARG in the tumor parenchyma
was comparable in both groups (p = 0.0843). The levels of the second M2 population
(CD68+CD163+) were similar in both groups (p = 0.1869 for tumor parenchyma and
p =0.7626 for stroma). Similar levels of M1 macrophages were also found (p = 0.5309
and p = 0.6884, respectively). Next, we observed significantly higher infiltration by cells
expressing only ARGI1 both in the tumor parenchyma and stroma of HPV— patients
(Figure 3B, p = 0.0092 and p = 0.0002, respectively). According to phenotype assignment,
these cells are not considered TAMs, but other ARG1 expressing cells, such as neutrophils
or myeloid-derived suppressor cells (MDSCs). Representative staining of M2 and M2-ARG
cells is shown in Figure S2.
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Figure 3. Multispectral fTHC analysis. Numbers of analyzed cells/Mpx in tumor parenchyma and
stroma were compared between HPV+ and HPV — tumors using Mann-Whitney U test. (A) Num-
ber of M2 macrophages expressing ARG1 (M2-ARG)/Mpx was higher in stroma of HPV— pa-
tients (** p = 0.003), in contrast to tumor parenchyma where the difference was not significant;
(B) higher number of ARG1 cells/Mpx was observed in the HPV— patients both in tumor parenchyma
(** p=0.0092) and stroma (** p = 0.0002).

3.5. ARG Expression Level, HPV Status, and Tumor Stage Are Factors Influencing OS

Cox proportional hazards models were used for the OS analysis. In the univari-
ate model, HPV positivity was observed as a strong predictor of survival (HR = 0.050,
p = 0.0045). The best model selected by the Akaike information criterion (AIC) contained
three predictors, HPV status, tumor stage, and ARG1 mRNA level. According to the re-
sults, OS of patients was negatively influenced by higher ARG1 mRNA level (HR = 1.4872,
p = 0.0034) and increasing tumor stage (HR = 1.9602, p = 0.0246). In this model, HPV status
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was not significantly associated with the OS5 (HR = 0.2227, p = 0.2116). We observed that
the majority of HPV+ patients have a lower tumor stage (p < 0.0001 by Fisher test) and
lower ARG1 mRNA level compared to HPV— patients (p = 0.0009, Figure 1). Additionally,
a higher ARG1 mRNA level and tumor stage (S = 4) in the HPV — cohort suggested a high
risk for these patients (Figure 4). As an addition to the Cox model, Kaplan-Meier estimator
plots for HPV status, tumor stage, and ARG1 mRNA level were created (Figure S3).
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Figure 4. Relationships between ARG1 mRNA expression, tumor pathological stage, and HPV
status as the predictors of overall survival. Each point reflects separate observation of a given
predictor value.

These results confirm the HPV status as the predictor of survival in a univariate
analysis. In the Cox model including additionally ARGl mRNA level and tumor stage,
the effect of HPV positivity to OS was not significant most likely due to the correlation of
higher tumor stage and HPV negativity.

4, Discussion

In this study, we detected ARG1 expression and higher pathological stage of the tumor
as a negative prognostic factor for overall survival in patients with head and neck tumors.
In HPV — tumors, higher expression of markers of the pro-tumorigenic M2 macrophages
ARG1, CD163, and PTGS2 was detected. These results were supported by the detection of
higher levels of M2 TAMs by multispectral fIHC. Using the fIHC method, higher numbers
of stromal M2 macrophages evidenced by the presence of ARG1 protein were detected
in the HPV— cohort. Furthermore, in both parenchyma and stroma of tumors from the
HPV— patients, we have also detected higher numbers of non-macrophage populations
(ARG phenotype), represented predominantly by MDSCs or neutrophils [37-40].

The detection and detailed phenotyping of cells in the TME is enabled by the intro-
duction of advanced multiplex immunohistochemical methods. Multispectral immuno-
histochemistry is a powerful tool, which allows for analyzes of immune cells in situ with
respect to the localization in different tumor compartments. The stratification into the
tumor parenchyma and surrounding stroma helps to understand the relationships among
cells in the TME and reveals the possible influence of the type and number of immune cells
in different compartments on patients” prognosis. Such approach is a basis for defining
the immunoscore. This indicator, which is already routinely used for the estimation of
recurrence risk in colon cancer patients, is independent of the TNM staging [41]. For
HNSCC, the tumor classification using the TNM methodology is predictive of clinical
outcomes. It has recently been modified for the oropharyngeal tumors by introducing an
indirect marker for HPV status, overexpression of the p16 protein, which identifies active
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HPV infection [3,42]. It has been shown—by us and others—that tumor etiology is an
important predictor of clinical outcome in HNSCC patients [32,33,43]. In this study, we
confirmed the HPV status as the strongest marker of better prognosis of these patients.
However, the better prognosis of patients with HNSCC of viral etiology is still a matter of
intensive research, and there is evidence that the response of the immune system varies
with the etiology of tumors [44,45]. Therefore, a more accurate prediction of the prognosis
and treatment response can be achieved by introducing the immunoscore into the stag-
ing system. Numerous reports analyzed types and numbers of immune cells in HNSCC
tumors, but there were important differences in the methodological approaches [44-47].

In our study, we focused on the detection and characterization of TAMs as the main
immune population of TME. The influence of TAMs on the prognosis or disease progression
has previously been described in HNSCC with controversial conclusions [45-49]. In those
studies, macrophages were only detected based on the CD68 marker, which does not allow
for their detailed phenotyping and evaluation of different roles in TME. Moreover, most
studies did not address the HPV status. In our study, additional markers were used for
a better stratification of macrophage phenotypes and were correlated with HPV status.
We showed that the stroma in HNSCC was more infiltrated by both M1 and M2 (M2 and
M2-ARG) macrophages than the tumor parenchyma, regardless of HPV status. In the
HPV— cohort, higher abundance of M2 macrophages producing ARG1 (M2-ARG) was
detected in the stroma compared to the HPV+ patients. In contrast, the M1 and M2-CD163+
populations were equally present in HPV+ and HPV — tumors in both compartments. A
similar study of Ou et al. only used the CD163 marker for the identification of M2 TAMs.
Based on the CD68+ M1 to CD68+CD163+ M2 ratio, they showed higher abundance of
CD68+CD163+ M2 TAMSs in the stroma of HPV— HNSCC [50].

The localization of TAMs in the TME is crucial. In breast carcinoma, higher infiltration
of CD163+ macrophages in the stroma correlated with worse OS [14], but higher CD163+
TAMs infiltration in tumor invasive front was correlated to an improved prognosis of
colorectal carcinoma patients [51]. In a recent study using the multispectral immunohisto-
chemistry approach, the stroma of colorectal carcinoma was predominantly infiltrated by
M2 TAMs, but no effect on patients’ survival was observed [52]. Similarly, using the fIHC
method, higher infiltration with M2 macrophages (CD68+CD163+CD206+) in the stroma
was found in gastric carcinoma, and, conversely, higher M1 populations were detected in
a tumor-nest area [53]. Higher CD163+ TAMs infiltration in the stroma compared to the
tumor parenchyma was also reported in esophageal carcinoma where it correlated with
worse OS5, but an impact of elevated CD163+ TAMs infiltration on tumor aggressiveness
was observed in both compartments [54]. In HNSCC, higher infiltration with CD163+
macrophages in the stroma was related to worse survival of patients [18,55], but when the
HPV status was included in the model, no prognostic effect of CD163+ cells on OS was
evidenced. For progression-free survival (PFS), the presence of CD163+ cells in HPV —
tumors was a negative prognostic factor [55]. The number of CD163+ TAMs increased
with tumor grade in oral squamous cell carcinoma. Furthermore, in low-grade carcinomas,
CD163+ TAMSs were mainly located in the stroma, and the number of CD163+ TAMs in the
tumor nest also increased with tumor grade [56].

Our fIHC data were further supplemented with mRNA analysis of TAM markers
using RT-qPCR. In the HPV — cohort, higher expression levels of the M2 TAMs genes ARG,
CD163, and PTGS2 were detected, while NOS2 mRNA, the M1 marker, was more expressed
in tumors of HPV+ patients. Taken together, these results suggest a higher prevalence
of M2 TAMs in the TME of non-virally induced HNSCC. In the study by Ohashi et al.,
predominant abundance of M2 TAMs was detected in the HNSCC by qPCR measurement
of CD68, CD163, and CSF1 receptor (CSF1R) mRNA, but the HPV status of tumors was not
examined. They also observed higher mRNA level of TAM markers in HNSCC compared
to the healthy pharyngeal tissue [57]. PTGS2 is a well-characterized enzyme whose upreg-
ulation in HNSCC has already been described [30,44,58]. Higher expression of the PTGS2
gene in HPV — tumors is in agreement with previously published data [44]. We further
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observed the association between the expression levels of CD163 and ARG1 or ARG1 and
PTGS2 markers of M2 TAMs. Moreover, we detected negative association between ARG1
and NOS2 mRNA, which points to an exclusivity of corresponding enzymes activities in
M2 and M1 macrophages, respectively. It was described previously, that activities of ARG
and NOS2 enzymes are cross-inhibited resulting in different arginase metabolism in M1
and M2 TAMSs [21]. Furthermore, we observed weak association between IDO1 and NOS2
mRNA. Our results are in agreement with the recent study of Wang et al., who observed
correlation of IDO1 and NOS2 mRNA in pancreatic carcinoma [59] and with the study of
Soliman et al., who observed positive correlation of IDO1 and NOS2 on the protein level on
breast cancer tissue sections [60]. It was described that IDO1 and NOS2 are co-expressed
as a result of infection or inflammation in human tissues. Moreover, NOS2-mediated
NO increase results in inhibition of IDO1 activity in human tissues [23], but Wang et al.
proposed the opposite mechanism where increasing NO potentiates the IDO1 activity [59].
The IDO1 activity in tumorigenesis is a complex system, which needs further clarification.

Besides the TAMs analysis, we also detected the non-macrophage cells producing
ARGI in the TME using fIHC. In addition to M2 TAMs, ARGI is an accepted marker
for MDSCs in gastric carcinoma [38], non-small cell lung carcinoma [39], and pancreatic
adenocarcinoma [40] or a marker of neutrophils [61]. Here, we detected non-macrophage
ARGI expressing populations in higher numbers in both tumor parenchyma and stroma of
HPV — tumors. ARGI expression was described as a factor promoting tumor growth [22].
The increased amount of the ARG protein in TAM or non-macrophage populations of
HPV— tumors was also reflected by an increase in ARG1 mRNA. In HPV — patients, higher
level of ARG1 mRNA was detected by RT-gPCR. Interestingly, a higher ARG1 mRNA level
was associated with worse OS of HNSCC patients in our study. To our knowledge, our
results are the first to show the impact of ARG1 mRNA expression on the prognosis of
HNSCC. Similar results were observed in patients with colorectal cancer, where a higher
ARG1 mRNA level was associated with worse OS and disease-free survival (DFS) [62],
or classic Hodgkin lymphoma, where an elevated level of ARG1 negatively influenced
PFS [37]. The overexpression of ARG1 in HNSCC tissue and peripheral blood compared to
healthy donors was described by Shrivastava et al. [63], but opposite results were shown
by Ohashi et al. [57]. Both studies did not address tumor etiology or prognosis, which may
explain the discrepancy of the results.

5. Conclusions

In this study, the levels and distribution of M1 and M2 TAMs were analyzed in the
TME of HNSCC, and expression of TAM-associated markers was evaluated with respect
to HPV status. Regardless of the tumor etiology, higher levels of both M1 and M2 TAMs
were detected in the stroma. In HPV— tumors, the stroma was more infiltrated by M2
TAMs expressing ARG1 compared to HPV+ tumors. Moreover, expression of the M2
TAM-associated markers CD163, ARG1, and PTGS2, was higher in HPV— tumors. In
HPV — patients, higher non-macrophage populations expressing ARG1 were detected in
both compartments. A higher level of ARGl mRNA was found to be a new negative
prognostic factor for OS of patients with HNSCC.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ diagnostics11040628 /51, Figure S1: Detection of M1 and M2 macrophages, Figure S2: Cell
phenotyping, Figure S3: Kaplan-Meier estimator plots, Table S1.
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Doplrikové soubory

Figure S1: Detection of M1 and M2 macrophages in the tumor parenchyma and stroma using
fIHC. Representative pictures of HPV+ (left) and HPV- (right) tumors stained with CD68
(orange), CDS8O (yellow), CD163 (green), ARG1 (magenta), and Cytokeratin Pan Type I/II (red)
antibodies and DAPI (blue). The parenchyma/stroma segmentation was performed according to
a cytokeratin positivity/negativity, respectively. Pictures were snapped using the Mantra Snap
1.0.3. software (Akoya Biosciences, Menlo Park, CA, USA) with a magnification of 20x10 and
analyzed with the InForm 2.4.6. software (Akoya Biosciences, Menlo Park, CA, USA) with
prepared algorithm; the fluorophores intensities are normalized for exposure times. The scalebars

represent 50 pm and were added in the Fiji (ImageJ) software.
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Figure S2: Cell phenotyping. Different cell populations were segmented and phenotyped using

InForm 2.4.6. software (Akoya Biosciences, Menlo Park, CA, USA) with prepared algorithm.
From original 20x10 pictures, representative cutouts were done in stroma (upper, cytokeratin
negative area) and parenchyma (lower, cytokeratin positive area) in InForm 2.4.6. Red circles
represent cell membrane. M1 (CD68+CD80+) — cyan dot, M2 (CD68+CD163+) — green dot, M2-
ARG (CD68+ARG1+) — red dot, ARG1 (ARG1+) — white dot, CD80+ (CD80+) — yellow dot,
other phenotypes — blue dot. The fluorophores intensities are normalized for exposure times. The

scalebars represent 50 um and were added in the Fiji (Imagel) software.
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Figure S3: Kaplan-Meier estimator plots of A) HPV+ and HPV- patients, B) of tumor stage (S),
where “low” represents S I + II, and “high” S III + IV, and C) of ARG1 mRNA level which was
divided into two equal halves — “low” and “high” with threshold value 6.26.
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Abstract: Head and neck squamous cell carcinomas (HNSCCs) belong to a group of diverse tumors,
which can be induced by infection with human papillomavirus (HPV) or tobacco and alcohol con-
sumption. The viral etiology of HNSCC relates to better clinical outcomes reflecting a different
immune system response. Here, we retrospectively analyzed 97 tissue samples from oral and oropha-
ryngeal carcinomas associated and non-associated with HPV infection using multispectral fluorescent
immunohistochemistry. To evaluate the immune cell infiltration in tumor and stroma compartments,
we designed four panels of four to five antibodies. We detected more T lymphocytes in the stroma,
compared to the tumor parenchyma. In HPV positive (HPV™) in comparison to HPV negative (HPV ™)
tumors, higher counts of CD3*CD4*, CD3*CD8", PD17CD4*, PD1*CD8" T cells, and ICOS™ Treg
cells were detected while more [COS* Treg cells and CTLA4"CD4" T cells were observed in HPV
than in HPV* tumors. The results of the univariate and multivariate analyses confirmed the pre-
dominant impact of HPV status on prognosis. More importantly, the number of CD8*PD-1* T cells
was identified as an independent factor, influencing the overall and/or disease-specific survival of
patients with oral cavity or oropharyngeal carcinomas.

Keywords: head and neck cancer; PD-1; survival; HPV

1. Introduction

Head and neck squamous cell carcinomas (HNSCCs) are the world’s sixth most
common cancer with locations in the oropharynx, hypopharynx, nasopharynx, larynx, oral
cavity, and nasal cavity [1]. Historically, most HNSCCs were associated with tobacco and
alcohol consumption; howevet, in recent decades, a growing number of oropharyngeal
(OP) and oral cavity (OC) tumors are caused by a persistent infection with high-risk human
papillomavirus (HPV) [1,2]. Patients with HPV-positive (HPV™) tumors are younger and,
compared to patients with non-virally induced tumors (HPV ™), have better prognosis,
reflecting their improved treatment response [3-5].

One of the factors that can explain the difference in clinical outcomes between patients
with different tumor etiology is their immune response. The phenotypes and numbers of
tumor-infiltrating lymphocytes (TIL) as one of the components of the tumor microenviron-
ment (TME) were described as a significant prognostic factor in many tumors, including
HNSCC [5-9]. Moreover, the level of CD3* and CD8" T lymphocytes in a tumor invasive
margin in colorectal carcinoma was recently introduced as an immunoscore, which serves
as a prognostic factor for colorectal carcinoma patients and is now approved as an addition
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to the conventional tumor-node-metastasis (TINM) staging [6]. Multispectral fluorescence
immunohistochemistry (fIHC) is a powerful tool for a detailed analysis of the TME. This
method allows us to assess the phenotype and quantity of cell types in different compart-
ments of the tumor, since, in comparison to flow cytometry, the architecture of the tissue
remains preserved. The fIHC is uniquely suited for the study of the interaction between
immune and cancer cells in situ.

CD4* and CD8* T lymphocytes are important TIL subpopulations in the TME. As
CD4* T lymphocytes include diverse functional subpopulations, their effect on prognosis is
difficult to decipher. Many studies do not analyze T lymphocyte spatial location in the TME
and HPV status of HNSCC tumors, which modify the observed correlations [10]. CD8* T
cells represent the main anti-tumor TIL population and are considered as a positive prog-
nostic factor in the majority of tumors [10-12]. High CD8* TILs infiltration was also shown
to be associated with better survival of patients with OP, hypopharyngeal, and laryngeal
SCC [9,13]. The anti-tumor function of T cells in TME may be suppressed by the FOXP3*
regulatory T cells (Treg) activity or by the PD-1 (programmed cell death 1)/PD-L1 (PD-1
ligand) interactions [14]. Moreover, the expression of the inducible co-stimulator (ICOS) re-
ceptor on T cells, including Treg, can regulate the checkpoint inhibitors efficacy [15]. In this
retrospective study with a 10-year follow-up, we analyzed the HNSCC TME with respect
to the presence of an active HPV infection and prognostic significance of the studied TILs.

2. Materials and Methods
2.1. Sample Collection, Processing, and Characterization

Samples of primary HNSCC (ICD-10: C01-C06, C09, C10) and non-malignant tonsillar
tissue were provided by the Department of Otorhinolaryngology and Head and Neck
Surgery, Motol University Hospital, Prague. They were collected, processed, and character-
ized in previous studies between 2001-2012 [4,16,17]. Briefly, they were screened for the
presence and type of HPV and active viral infection and were classified by a pathologist
using the TNM nomenclature as valid at the time of patients’ enrollment (7th edition) [18].
For this study, 97 formalin-fixed and paraffin-embedded (FFPE) samples were selected.
According to the presence of active viral infection, they were divided into HPV* or HPV ™.
All patients signed an informed consent form and completed a questionnaire about risk
factors for HPV infection and HNSCC induction when enrolled in the study approved by
the Ethical Committee of the Motol University Hospital in 2001.

2.2. Tissue Sections Preparation and Antibodies Validation

From each FFPE tumor tissue block, 2 pm sections were prepared on Superfrost® Plus
microscope slides (VWR, Leuven, Belgium) and confirmed by a pathologist for the presence
of tumor tissue. The slides were deparaffinized at 60 °C for two hours, washed in xylene
for 3 x 10 min, hydrated with descending grades of ethanol (100%, 96%, and 70%; Penta,
Prague, Czech Republic), and fixed for 20 min in neutral buffered formalin, pH 7.2-7.4
(Diapath, Martinengo, Italy). Heat-induced epitope retrieval (HIER) was carried out by
using microwave (96-98 °C) in buffer of pH 9.0 (AR9, Tris-EDTA; Zytomed Systems, Berlin,
Germany) or pH 6.0 (ARG, citrate buffer; Akoya Biosciences, Menlo Park, CA, USA). After
10 min of blocking using Antibody Diluent/Block (Akoya Biosciences), the slides were
incubated with the primary antibodies listed in Table 1 and subsequently stained with
the Opal™ 7-Color Manual THC Kit (Akoya Biosciences), according to the manufacturers’
instructions. Validation of the antibodies was carried out on samples of non-malignant
tonsillar and HNSCC tissue. To verify staining specificity, the corresponding isotype
controls, as well as no-primary controls, were performed using the appropriate isotype
antibody or Antibody Diluent/Block, respectively.
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Table 1. List of antibodies.
Name Clone Manufacturer
CD3e SP7 ThermoFisher Scientific (Waltham, MA, USA)
CD4 EP204 Zeta Corporation (Arcadia, CA, USA)
CD8-ox C8/144B Santa Cruz Biotechnology (Dallas, TX, USA)
FoxP3 206D BioLegend (San Diego, CA, USA)
PD-1 EPR4877(2) Abcam (Cambridge, United Kingdom)
CTLA4 F-8 Santa Cruz Biotechnology (Dallas, TX, USA)
ICOS SP98 Abcam (Cambridge, United Kingdom)
VEGF EP1176Y Biocare Medical (Pacheco, CA, USA)
Ki67 sc-23900 Santa Cruz Biotechnology (Dallas, TX, USA)
CCR4 polyclonal Novus Biological (Centennial, CO, USA)
Cytokeratin Pan Type I/11 AF1/AE3 ThermoFisher Scientific (Waltham, MA, USA)

2.3. Multispectral fIHC Panel Design and Optimization

We designed four different antibody panels. A staining order for primary antibodies
was set with respect to different HIER length requirements and stability of the epitopes
after multiple HIER treatments. For matching fluorophores with the primary antibodies,
possible colocalization of antibodies in the panel was considered. After each round of
staining, the complex of primary and secondary antibodies was removed by HIER using
the antigen retrieval (AR) buffer, optimal for the following antibody in the panel. To ensure
complete removal of the antibodies complex, stripping quality controls were performed.
The final settings for each panel with optimized dilutions of antibodies are specified in
Table S1.

2.4. Image Acquiring and Processing

All slides were snapped by using the MantraSnap 1.0.3 software included in the
Mantra Quantitative Pathology Workstation (Akoya Biosciences) for DAPI, FITC, Cy3,
Texas Red, and Cy5 data acquisition. From each tissue section, five different regions of
interest were randomly selected with a 20X objective. Images were analyzed using the
InForm 2.4.6. software (Akoya Biosciences). Four separated algorithms for trainable tissue
and cell segmentation and cell phenotyping were prepared. The tissue was segmented
into the tumor parenchyma, stroma, and background compartments and checked by the
pathologist. The algorithms were trained to specifically phenotype the cells according
to different expression of markers. The optimization workflow of algorithms is listed
in Supplement Figure S1. For determining the phenotype of the cells, a phenotyping
confidence cut off of 80% was set. The numbers of positive cells of different phenotypes
were counted separately per megapixel (Mpx) for the tumor parenchymal and stromal
compartments. We introduced several TIL phenotypes for each panel (Table 2).

Table 2. Inmune cell phenotypes in Panels 1-4.

Markers Markers
= Th: CD3*CD4* © CD3*
2 Te: CD3*CD8* ?gz Ki67*
& Treg: FOXP3*CD3*CD4* ~ VEGF*
CD4* CD4*

" PD-17CD4* - FOXP3*CD4*
= CTLA4*CD4* = 1COS*CD4*
g CD8* g ICOSTFOXP3*CD4*
P PD-1*CD8* ~ CCR4*

CTLA4*CD8* CD4"FOXP3"CCR4*

Abbreviations: Th—helper T, Te—cytotoxic T, Treg—regulatory T, PD-1—programmed cell death 1, CTL.A4—cytotoxic
T lymphocyte antigen 4, VEGF—vascular endothelial growth factor, ICOS—inducible T cell co-stimulator, CCR4—
C-C chemokine receptor 4.
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2.5. Statistical Analysis

The numbers of cells of distinct phenotypes were evaluated separately for the parenchyma
and the stroma and counted per Mpx for the five regions of interest. Differences between
parenchyma and stroma infiltration were evaluated using the sign test, and the Mann—
Whitney U test was used to detect differences between the HPV* and HPV™ groups.
Patients were grouped based on HPV E6 mRNA detection as HPV* or HPV ™.

The Cox proportional hazards model was applied for the overall survival (OS) and
disease-specific survival (DSS) analyses. The following factors were included: age, gender,
education (<12 years, >12 years), smoking history (nonsmoker, ex-smoker, smoker), alcohol
use (nondrinker, ex-drinker, drinker), tumor location (oropharyngeal, oral), pathological
tumor extension (pT1-4), pathological nodal status (pN0-3), tumor stage (S L, IL, IIL, IV),
metastasis (pM1), tumor grade (1-3), and relapse (yes, no). As the samples were collected
between 2001 and 2012, the tumors were classified according to the TNM 7 staging system,
hence, the p16 positive tumors do not have a separate category. Furthermore, the p16 status
(p16*, pl67), HPV status (HPV*, HPV ™), and cell numbers of distinct phenotypes per Mpx
separately in the parenchyma and the stroma or in total were evaluated. The zero values
in the cell numbers were substituted by the 0.1 value as the lowest non-zero value. The
models were analyzed using the Bayesian information criterion (BIC). For all the statistical
tests, a p value of <0.05 was considered as a significant difference. The statistical analyses
were performed using the GraphPad Prism 8.4.2. software (GraphPad Software, San Diego,
CA, USA) and R version 4.0.2 (https://www.R-project.org/ accessed on 02 November
2022) [19].

3. Results
3.1. Patients’ Characterization

From the previously characterized cohort [4,16], 97 patients were chosen according to
the HPV E6 expression status and tumor location. The selected group consisted of 78 men
(78/97, 80%) and 19 women (19/97, 20%) with a median age of 58 years. The median
of follow-up time was 45 months. The patients were divided based on HPV E6 mRNA
detection into the HPV™ (45/97, 46%) and HPV ™~ (52/97, 54%) groups. Of the 97 patients,
18 relapsed and 43 died. The patient demographics and clinical characteristics are listed in
Table 3.

3.2. HPV* Tumors Are More Infiltrated by T lymphocytes

We analyzed 97 FFPE samples with four antibody panels using multispectral fIHC
(Figure 1A-D). For panel 2, three samples were excluded due to poor quality of staining.
Regardless of the tumor status, the higher infiltration with CD3*CD4~ (Th), CD3*CD8*
(Tc), and Treg cells was detected in the stroma, compared to the parenchyma (p < 0.0001
for all cell populations, data not shown). For all measured populations, we observed a
highly or moderately positive correlation of TIL counts/Mpx between the parenchyma and
the stroma compartments (Table S2). Next, we analyzed the data with respect to tumor
etiology. Significantly higher infiltration by all T cells (sum of Th, Tc, and Treg cells), Th
cells, and Tc cells was detected both in the parenchyma and the stroma of HPV* tumors
(all T cells p < 0.0001 for parenchyma, p = 0.0014 for stroma; Th p < 0.0001 for parenchyma,
p = 0.0017 for stroma; Tc p = 0.0003 for parenchyma, p = 0.0093 for stroma). The Treg counts
did not statistically differ between the two tumor compartments neither in the HPV* nor
in HPV™ groups. However, we observed statistically non-significantly higher Treg counts
in HPV™ patients (Figure 1E,F).
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Table 3. Patient demographics and clinical characteristics.

Characteristics Total HPV* HPV-
No. (%) No. (%) No. (%)
No. of patients 97 (100%) 45 (46%) 52 (54%)
Age Mean age 57.23 57.98 56.58
(years) Median age 58 59 56
Gender female 19 (20%) 10 (22%) 9 (17%)
male 78 (80%) 35 (78%) 43 (83%)
Tumor location oropharynx 83 (86%) 45 (100%) 38 (73%)
oral cavity 14 (14%) 0(0%) 14 (27%)
Education ? >12 years 33 (34%) 18 (41%) 15 (29%)
<12 years 63 (66%) 26 (59%) 37 (71%)
Smoking never 19 (20%) 15 (33%) 4 (8%)
past 32 (33%) 19 (42%) 13 (25%)
current 46 (47%) 11 (25%) 35 (67%)
Alcohol never 20 (21%) 12 (27%) 8 (15%)
consumption past 13 (13%) 7 (16%) 6 (12%)
current 64 (66%) 26 (57%) 38 (73%)
No. of sex partners >7 41 (46%) 15 (35%) 26 (55%)
<6 49 (54%) 28 (65%) 21 (45%)
Tumor size Tl 17 (18%) 7 (16%) 10 (19%)
(pT) T2 61 (63%) 27 (60%) 34 (65%)
T3 13 (13%) 9 (20%) 4 (8%)
T4 6 (6%) 2 (4%) 4 (8%)
Nodal status NO 31 (32%) 9 (20%) 22 (42%)
(pN) N1 16 (16.5%) 5(11%) 11 (21%)
N2 47 (48.5%) 28 (62%) 19 (37%)
N3 3 (3%) 3 (7%) 0 (0%)
Metastasis 0 97 (100%) 45 (100%) 52 (100%)
(M) 1 0(0%) 0 (0%) 0 (0%)
Tumor stage 1 5(5%) 1(2%) 4 (8%)
(S) 11 24 (25%) 6 (13%) 18 (35%)
1 16 (16%) 7 (16%) 9 (17%)
v 52 (54%) 31 (69%) 21 (40%)
Tumor grade 1 14 (14%) 3 (7%) 11 (21%)
57 (59%) 25 (55%) 32 (62%)
3 26 (27%) 17 (38%) 9 (17%)
Relapse no 82 (85%) 41 (91%) 41 (79%)
yes 15 (15%) 4 (9%) 11 (21%)

? For one patient, data were not available.

3.3. PD-1*CD4* and PD-1*CD8* Levels Are Higher in HPV* Tumors

To determine the functional status of CD4* and CD8* TILs, we detected the expression
of PD-1 and CTLA4 proteins. As shown in Figure 2A,B, significantly higher quantities of
PD-1*CD4* and PD-1*CD8* T cells were observed both in the parenchyma and the stroma
of HPV* tumors than in HPV ™~ tumors (PD-17CD4* p = 0.0092 for parenchyma, p = 0.0125
for stroma; PD-1*CD8" p = 0.0039 for parenchyma, p = 0.0055 for stroma). Increased levels
of CTLA4*CD4"* T cells were detected in the stroma and parenchyma of HPV ™~ tumors, but
the difference was statistically significant only for the stroma (p = 0.0021). No difference
was observed in the CTLA4'CD8* T cell numbers between the two groups in either the
parenchyma or the stroma (Figure 2C,D).
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Figure 1. Representative multispectral fIHC staining of FFPE tissue samples with four antibody
panels, 20X magnification. (A) CD3 (yellow), CD4 (green), CD8 (pink), FOXP3 (magenta), CK (red),
and DAPI (blue) staining. (B) PD-1 (magenta), CD4 (yellow), CTLA4 (green), CD8 (pink), CK (red),
and DAPI (blue) staining. (C) CD4 (green), ICOS (magenta), FOXP3 (cyan), CCR4 (yellow), CK (red),
and DAPI (blue) staining. (D) CD3 (yellow), VEGF (magenta), Ki67 (green), CK (red), and DAPI (blue)
staining. T lymphocytes infiltration in the parenchyma and the stroma compartments according to tumor
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etiology. (E) The numbers of CD3*CD4*, CD37CD8", all CD3" T lymphocytes, and Treg cells
per Mpx were compared between the HPV* and HPV ™ groups in the parenchyma and (F) the
stroma compartments. Significantly higher infiltration of CD3*CD4*, CD3*CD8", and all CD3* T
lymphocytes was observed in the HPV* groups in both compartments. The observed difference for
Treg cells was not statistically significant. ** p < 0.01, *** p < 0.001, **** p < 0.0001, Mann-Whitney

U test.
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Figure 2. PD-1" or CTLA4" T lymphocyte infiltration in different compartments of the tumors of
different etiology. The numbers of CD4" and CD8" T lymphocytes expressing the PD-1 molecule
in (A) the parenchyma and (B) the stroma, and the numbers of CD4* and CD8" T lymphocytes
producing the CTLA4 molecule in (C) the parenchyma and (D) the stroma were compared between
groups. PD-1 expression was significantly higher in both compartments of HPV* tumors, while
the CTLA4 production was significantly higher only in the stroma of HPV~ tumors. * p < 0.05,
** p < 0.01, Mann-Whitney U test.

3.4. ICOS™ Treg Are More Abundant in HPV™ Tumors

As we did not observe differences in Treg numbers between the HPV* and HPV™
groups, we compared the levels of the Treg subpopulation, producing the costimulatory
molecule ICOS (ICOS*FOXP3*CD4*). The ICOS* Treg subpopulation was more abundant
in the HPV™ than in the HPV* tumors (p = 0.0034 for the stroma, p = 0.4334 for the
parenchyma) while the ICOS™ Treg (ICOS™ FOXP3*CD4*) numbers were higher in the
HPV™ tumors (p = 0.2158 for the stroma, p = 0.0044 for the parenchyma) (Figure 3).
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Figure 3. Comparison of the ICOS" and ICOS ™ Treg levels in the HPV* and HPV ™~ tumors. The num-
bers of Treg cells with or without ICOS production per Mpx were compared in (A) the parenchyma
and (B) the stroma of the tumors of different etiology. Higher ICOS* Treg levels were observed
in both the parenchyma and stroma of the HPV™~ tumors, with the difference being significant for
the stroma, Higher ICOS™ Treg numbers were detected again in both the parenchyma and stroma
of HPV* tumors, with the difference being significant for the parenchyma. * p < 0.05, ** p < 0.01,
Mann-Whitney U test.

3.5. The Infiltration Level of T Cell Subpopulations Is Prognostic for OS and DSS

To evaluate the influence of TIL infiltration on prognosis, we used Cox models. We
fitted 38 models for OS and DSS analyses. Models with and without HPV status and with
the evaluation of the parenchyma and stroma separately or combined were tested. The
models with the best BIC score are listed in Table 4, and the remaining models are shown
in Table S3. In the models with HPV involvement and parenchyma/stroma distinction
for OS (BIC = 308.96), the HPV RNA positivity appeared to be the strongest predictive
factor for OS, and the lower tumor stage and higher number of parenchymal PD-17CD8* T
cells related to better OS (Table 4). The best model for DSS (BIC = 169.16) includes a lower
CD4" /Treg ratio, which was associated with better survival, along with the positive HPV
RNA status and a higher number of stromal PD-1*CD8* T cells (Table 4).

In the models where the IHC markers were evaluated without tissue segmentation but
HPYV status was included, HPV RNA positivity, higher number of all PD-1*CD8* T cells,
and lower tumor stage or nodal status were connected with better OS and DSS, and low
number of all CTLA47CD8" T cells was linked to better OS (Table 4 and Supplement Table S3).

In models not including the HPV status, the main predictors of worse OS were positive
smoking history, a lower number of parenchymal PD-1*CD8* T cells, a higher number of
all CTLA4*CD8* T, and tumor size or tumor stage. Similarly, for DSS, a lower number of
stromal PD-1*CD8" T cells, together with the number of stromal CD8" T cells, and higher
age related to worse survival (Tables 4 and 53).

We have shown the level of stromal or parenchymal PD-1*CD8* T cells to be a positive
prognostic predictor in all models. Additionally, rising tumor stage or nodal status appeared
to be a negative predictor for both OS and DSS (Table S3). Our data suggest that the level
of PD-17CD8" TIL can serve as an independent prognostic marker for HNSCC patients
and may improve the current prognosis assessment.
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Table 4. Hazard ratio (HR) values for cell populations from the best models influencing overall
survival (OS) and disease-specific survival (DSS).

Models Including HPV Status, IHC Markers Evaluated with Respect to the Stromal or Parenchymal Location.

os DSS
BIC = 308.96 HR (p value) BIC =169.16 HR (p value)
HPV RNA* 0.26 (0.0003) HPV RNA* 0.15(0.0011)
Increasing tumor stage 1.55 (0.0179) CD3*CD4"* /Treg ratio 3.18 (0.0016)
Parenchymal PD1*CD8* T 0.53 (0.0003) Stromal PD1*CD8* T 0.44 (0.0007)
Models including HPV status, the IHC markers counted regardless of location.

os Dss
BIC = 307.31 HR (p value) BIC =171.50 HR (p value)
HPV RNA* 0.26 (0.0004) HPV RNA* 0.22 (0.0057)
Increasing tumor stage 1.57 (0.0160) CD3"T 2.79 (0.0094)
PD1'CD8* T 0.52 (0.0001) PD1'CD8" T 0.36 (0.0001)
Models without HPV status inclusion, the IHC markers evaluated with respect to the stromal or parenchymal location.

os DSS
BIC =313.13 HR (p value) BIC =174.57 HR (p value)
Smoking (No) 0.37 (0.0055) Increasing age 0.93 (0.0032)
Increasing tumor size 1.44 (0.0709) Stromal CD8* T 2.19 (0.0165)
Parenchymal PD1*CD8" T 0.52 (0.0003) Stromal PD1*CD8* T 0.30 (0.0000)

4, Discussion

The major aim of this retrospective study was to analyze the tumor microenvironment
in HNSCC of different etiology in order to explain the better prognosis of patients with
HPV-positive tumors and to evaluate non-viral markers in the populations of TILs as a
possible independent prognostic tool for HNSCC patients.

The prognostic significance of the TIL count was evaluated in several malignancies
and recently this parameter has been approved as an additional characteristic to the TNM
classification for colorectal carcinomas [5-9]. It has also been proposed that the spatial
distribution of TILs in the tumor parenchyma or stroma relates to their different biological
function in the process of tumorigenesis [20].

In our study, HPV-induced tumors were more infiltrated by CD3*CD4* and CD3*CD8*
T cells. Higher infiltration by T cells of HPV* tumors than HPV™ tumors may be explained
by the presence of viral antigens, which stimulate the immune response more strongly. De-
spite the differences in their designs, several studies have come to similar results. Badoual
et al. found higher CD4"* T cell counts in the stroma of HNSCC tumors [21]. Other studies
regardless of the method used detected a statistically significantly higher infiltration of
CD3*, CD4*, and CD8* T lymphocytes in both the parenchyma and the stroma of HPV*
tumors [22-28]. Although we observed higher Treg cell infiltration in HPV* tumors, the
difference from HPV ™ tumors was not statistically significant. The same was shown by
THC [25], gene expression [28], and flow cytometry analyses [27,29]. Significantly higher
Treg counts in the HPV™ cohort, in comparison to HPV™ tumors, were only reported by a
single study for tonsillar SCC [23]. To analyze Treg cells more thoroughly, their functional
status was evaluated according to the expression of the ICOS molecule. ICOS serves as a
co-stimulatory receptor of immunogenic T cells, but it is also involved in the activation of
Treg cells resulting in the immunosuppression [15]. ICOS* Treg cells were more prevalent in
the stroma and parenchyma of HPV™ tumors, but the difference was statistically significant
only for the stroma. Inversely, ICOS™ Treg counts were higher in both compartments of
HPV" tumors with a statistically significant difference for parenchyma location. To our
knowledge, this is the first study analyzing the spatial prevalence of ICOS on Treg cells
in HNSCC of different etiology, and the results suggest that these cells can have different
function in HPV* and HPV ™~ tumors.
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Furthermore, we have detected significantly higher counts of PD-1*CD4* and PD-1*CDS8*
T cells in both the parenchyma and the stroma of HPV* tumors, compared to HPV ™ tu-
mors. Higher levels of PD-1*CD4* and/or PD-1*CD8* T cells and PD-1 mRNA were also
observed in HPV* than in HPV— HNSCC by others [27,30,31]. It was also shown that PD-1
expression was more frequent on CD4* than CD8* T cells in HNSCC [21,32], which agrees
with our study. Oguejiofor et al. observed a higher level of PD-17"CD8™ cells in the stroma,
compared to the parenchyma but with no difference in the PD-1*CD8" counts between
HPV* and HPV~ OPSCC [22].

Thanks to the long-term follow-up, we were able to explore the impact of TILs in-
filtration on prognosis, which is the main benefit of this study. We fitted several models,
including clinicopathological characteristics, HPV RNA status, and tissue compartment.
We were also interested if any of the studied population of TILs would be an independent
prognostic marker for HNSCC regardless of the HPV association. The influence of TILs on
prognosis was also analyzed by others who, unfortunately, did not take account of HPV
status and/or spatial distribution was not considered, which makes the comparison of
results difficult. We found that a higher number of parenchymal or stromal PD-1*CD8*
T cells is associated with both better OS and DSS of OC and OPSCC patients in all of
the models. When HPV status was included, the multivariate analysis confirmed HPV
positivity as the strongest independent positive prognostic factor for OS and DSS [3,4].

In OC and OPSCC, a higher number of CD8* T cells was associated with better OS
or DFS [23,24,33-35]. However, other studies did not confirm this observation [30,36-38].
The interplay between subfamilies of TILs in different tumor compartments is as complex
as the outcome of these interactions. Therefore, it is important to analyze TILs more
deeply with respect to their functional status. The PD-1 molecule is expressed by activated
T lymphocytes, pointing to the persistent antigen stimulation, and subsequent T cell
exhaustion. However, in the TME context, the PD-1 expression may not be followed
by the expression of co-inhibitory molecules and, therefore, is not a marker of T cell
exhaustion [30,39]. In the HPV™ cohort, it has been suggested that PD1*CD8" TIL cells
act as a tumor-specific population, compared to the PD1~CD8" TILs and play a key anti-
tumor role [39]. It was also shown that high infiltration by PD-1*CD4* T cells in HPV*
tumors and by PD-17CD8" T cells in HPV* and HPV™ tumors related to better OS than
low infiltration by these cell populations [30,39]. The increased numbers of PD-1*CD8*
T cells in tumors suggest that patients contain tumor-specific T cells that can be activated
and—before silencing by inhibitory molecules, such as PD-1—exert an antitumor effect,
supplementing both radiotherapy and surgery and enhancing survival. Due to the limited
number of markers, which can be detected using multispectral fIHC, we are not able to
characterize the PD-11CD8* T cells in the more detailed manner, which is the limitation
of this study. To describe the status of PD-1*CD8* T cells in the TME, expression of other
activation and/or exhaustion markers can be examined on a fresh tumor tissue, using other
methods, such as flow cytometry. However, the results of our study and of others indicate
that this marker should be included in the prognostic immunoscore for HNSCC [30,39].
The multivariate analyses did not reveal the influence of the counts of CD4* T lymphocytes
on prognosis, which was also observed by others [24,30]. In our study, the levels of PD-1,
CTLA4, and ICOS-expressing CD4* T cells were analyzed in the context of prognosis, and
none of these subpopulations influenced OS or DSS.

The level of Treg cells itself did not affect OS or DSS but was positively correlated
with a better locoregional control in HNSCC [21]. Tt was proposed that ICOS™ Treg cells in
the TME have higher immunosuppressive capacity than the ICOS™ Treg population [15].
The higher ICOS* Treg counts found in the HPV ™~ tumors may relate to worse outcomes
of HPV™ patients. In our study, despite the findings of higher ICOS* Treg cell counts in
HPV™ tumors, no influence of this subpopulation on OS or DSS was detected. Similar
to Lukesova et al. who observed the phenomenon in the blood, in our models, we found
that a low CD8*/FOXP3* ratio related to improved OS and DSS [40]. In the study of
de Ruiter et al., the CD8" /FOXP3* ratio measured in HPV ™~ tumor tissue microarray cores
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did not corelate with improved survival [41]. However, in agreement with our study,
Nasman identified a high CD8* /FOXP3"* ratio, connected with better DFS in both HPV*
and HPV™ groups [23].

5. Conclusions

In this study, we evaluated the level of TILs in different compartments of the HNSCC
microenvironment using multispectral IHC. We compared the TILs levels with respect
to the presence of an active HPV infection and tumor compartment in a retrospective
cohort of patients under long-term follow-up. The impact of different TIL infiltration levels
on prognosis was studied. We revealed that higher levels of PD-1*CD8" T lymphocytes
improved the prognosis of the patients in all our models, which points out the importance
of this marker and entitles it to be included in the prognostic immunoscore for patients
with OC and OPSCC of different etiology.
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Doplrikové soubory

Figure S1. Optimization of algorithms for automatic picture analysis. (A) Unprocessed raw image snapped
by MantraSnap software with 20x magnification in DAPI, FITC, Cy3, Texas Red, Cy5 acquiring filters. (B)
Spectrally unmixed image obtained by InForm 2.4.6. software using prepared spectral libraries. The spectral
libraries were prepared in InForm 2.4.6. software according to the manufacturers” instructions. (C) Tissue
segmentation to tumor parenchyma (red), stroma (green). Training regions (white arrows) were selected
according to the pan cytokeratin (CK) antibody staining, the components for training were DAPI and the
Opal690 signal (CK antibody). The training accuracy was measured to 99,9%, the segmentation resolution was
set to ,medium” with the minimum segment size to 400 px. (D) Cell segmentation to nucleus, cytoplasm,
and membrane. The nuclei were recognized by the DAPI signal (relative DAPI intensity 0.21, the splitting
sensitivity 0.12, minimal nucleus size 35 px). The cytoplasm was recognized by cytoplasmatic CK antibody
staining and the membrane by CD4 antibody staining. The cytoplasm thickness was set to 2 px, and the
membrane search distance to 3 px. (E) The phenotyping of the cells. The cells for software training were
selected manually according to the expression of the markers (in this case: yellow — CD3+CD4+ cells, orange
— CD3+CD8+ cells, cyan — CD3+CD4+FOXP3+ cells, white — remaining ,other” cells). Several rounds of
training were performed, and re-training was done by correcting the cells’ phenotype to ensure the high
confidence of phenotyping.
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Table S1. Rcaction conditions for cach pancl of antibodics. The order of antibodics and buffer uscd
for epitope retrieval (AR) are indicated as well as the reaction conditions for the primary antibody and
OPAL fluorophore staining. For all slides, Opal Polymer HRP Ms+Rb as the secondary antibody and
DAPI as the final nuclei counterstain were used.

Panel 1 Panel 2
iR Antibody OPAL ¥R Antibody OPAL
& Marker Diln. Incubation Afnm] Diln, 5 Marker Diln. Incubation Afnmi] Diln.
1 9 CD3e 1:500 1 h/RT 620 1:100 1 9 PD-1 1:50 OVN/4°C 520 1:50
2 9 CD4 1:200 OVN/4°C 540 100 2 9 CDh4 1:200 OVN/4°C 620 1:100
3 9 CD8-u 1:500 1 b/RT 650 1100 3 9 CTL.A4 1:100 OVN/4°C 540 1:100
4 6 FoxP3 1:30 1 h/RT 520 1100 4 9 CDB-0 1:500 1h/RT 650 1:100
5 6 CK 1:800 1 hRT 690 1:200 5 6 CK 1:300 1 h/RT 690 1:200
Panel 3 Panel 4
4 IR Anitibody OPAL P Aniibody OPAL
- Marker Diln. Incubation Afnm] Diln, ) Marker Diln. Incubation Afnmif Diln.
1 9 CD3e 1:400 1 /RT 620 1:100 1 9 CD4 1:200 OVN/4°C 540 1:100
2 9 VEGF 1:50 OVN/4°C 520 1:100 2 ) ICOs 1:50 OVN/4°C 520 1:50
3 6 Ki67 1:100 1 WRT 540 1:100 3 6 FoxP3 1:50 1hRT 570 1:100
4 6 CK 1:800 1 b/RT 690 1:200 4 6 CCR4 1:200 1 h/RT 620 1:100
S 6 CK 1:800 1 h/RT 690 1:200

Abbreviations: # - serial No. of antibodies, AR — antigen retrieval buffer pH, Diln. — dilution, RT — room temperature, OVN — overnight

Table S2. Cell counts/Mpx in the parenchyma and stroma of HNSCC tumors.

i . - Parenchyma ” Stroma P ‘”; :?.;f’::‘""'
Sl LS Z;’;Zf- n(;r;,::'u Median Max. Z?;Zf- no:ng;ro Median Max. corr;l;mof b
value value
1 CD3+CD4+ (Thy 6 027 5.01 264.2 i 0.46 53.85 1912.8 0.71
CD3+CD8+ (T¢c) 3 0.17 29.42 714.56 1 0.28 5242 899.09 0.83
CD3+CD4+FOXP3H(Treg) 9 0.21 8.24 135.58 2 0.69 356 507.13 0.68
Th + Te + Treg sum 0 0.17 53.42 1094.88 0 2.77 205.95 2205.32 0.76
2 CD4+ 2 0.17 795 213.54 0 1.63 134.67 1563.11 0.70
PD-1+-CD4+ 7 0.22 4.62 607.33 9 0.53 37.76 1630.56 0.80
CTLA4+CD4+ 11 017 2.09 48.85 6 0.45 9.23 1148.64 0.73
CDS&1 14 0.18 4.94 3181 5 0.54 419 907.32 0.81
PD-1+CD8+ 23 0.2 235 709.31 21 0.25 6.41 1443 0.85
CTLA4+CD8+ 79 0.16 0 9.85 76 0.24 0 96.14 0.49
3 CD3+ 2 0.48 35.46 465.77 0 0.46 192.92 1628.73 0.64
Ki67+ 27 0.18 0.82 684.08 47 0.21 0.3 656.79 0.69
VEGF+ 14 0.19 59 446.56 29 0.29 1.25 904.2 0.44
4 CD4+ 6 0.2 4.47 599.06 0 0.33 11277 2055.96 0.71
FOXP3+CD4+ 7 0.19 5.98 25241 1 211 46.83 596.52 0.77
ICOS+CD4+ 10 0.17 2.99 125.25 8 0.25 10.64 668.6 0.76
ICOSHFOXP3+CD4+ 15 0.17 325 67.54 6 0.28 10.16 198.21 0.77
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Table S3.

Cox models with 3 variables including the HPV status

Disease specific survival (DSS)

Overall survival (OS)

parenchyma or stroma parenchyma + stroma parenchyma or stroma parenchyma + stroma

model No variable HR p.value  BIC score |[model No variable HR p.value  BIC score |model No variable HR p.value  BIC score |[model No variable HR p.value  BIC score

1 HPV.RNA 014637 0.0011 169.1593| 1  HPV.RNA 0226692 0.0057 171.4986| 1  ps 155479 0.0179 308.9604] 1  ps 1.566067  0.0160 307.3143
PD1+CD8+_strom 0.436487  0.0007 T.cells.P1 2785267  0.0094 HPVRNA 0257091  0.0003 HPV.RNA 0258442  0.0004
PD14CD8+ 0355329  0.0001 PD1+CD8+_par 0527126  0.0003 PD14CD8+ 0521326  0.0001

2 HPV.RNA 0187645 00033 172.3308] 2 ps 1906089  0.0119 1716344 2  ps 1591836  0.0138 3097149 2 pN 1.47982  0.0315 308.8584
PD1+CD8+_par  0.44781  0.0042 HPV.RNA 0231208  0.0055 HPVRNA 0247861  0.0002 HPV.RNA  0.24985  0.0005
PD1+CD8+ 0428362  0.0009 PD1+CD8+_strc 0553497  0.0003 PD14CD8+ 0522455  0.0002

3 ps 1952364  0.0108 1727825 3 pN 1915024  0.0131 1722152] 3 HPV.RNA 0226894 0.0003 309.759| 3  HPV.RNA 0.256379  0.0005 308.9285
HPV.RNA 0219709  0.0039 HPV.RNA 0227516  0.0062 PD1+CD8+_par 0.540609  0.0004 T.cells.P1 1931267  0.0336
PD1+CD8+_strom 0455129  0.0012 PD1+CD8+ 0406855  0.0005 PD1+CD8+ 0453597  0.0000

4 HPV.RNA 016932 00023 172.9731] 4  HPV.RNA 0204919 0.0042 172.3376| 4  pN 1459154  0.0370 3105702 4  HPV.RNA 0247207 0.0004 309.3699
PD1+CD4+_strom  0.5145  0.0016 CD3+CD8+ 2341674  0.0156 HPVRNA 0249698  0.0004 CD3+CD8+ 1729655  0.0457
PD1+CD8+ 0.33497  0.0001 PD1+CD8+_par 0533353  0.0004 PD1+CD8+ 0441358  0.0000

5 PN 2003411 00106 173.0843| 5  HPV.RNA 0222485 0.0059 172.8245 5  HPV.RNA 0206367 00002 310.7943| 5  HPV.RNA 0.37583 0.0130 310.206
HPV.RNA 021071  0.0042 PD1+CD8+ 0372241  0.0002 PD1+CD8+_strc 0.576805  0.0005 CTLA4+CD 1940912  0.0403
PD1+CD8+_strom 0422111  0.0007 CD8#/Treg 2.030475  0.0119 PD1+CD8+ 0497041  0.0002

6 HPV.RNA 019134 00041 173.1907| 6  HPV.RNA 0259764 00110 172.8528] 6  pN 1510852  0.0264 3112507 6  HPV.RNA 0266425 0.0007 310.2892
PD1+CD8+_strom 0365223  0.0004 PD1+CD8+ 0418038  0.0005 HPVRNA 0237779  0.0003 PD1+CD8+ 0518549  0.0001
CD8+/Treg 2364315 0.0082 CD3+CD4+ 1998409 0.0169 PD1+CD8+_strc 0551851  0.0005 CD3+CD4+ 1498723 0.0688

7 HPV.RNA 0171638 00021 173.3623| 7 |ECENNIINOOUNESIINONORE 1729636 7 pS 1564708  0.0176 311.4258| 7  HPV.RNA 0262622 0.0007 310.7906
PD1+CD4+ par 0459681  0.0044 Tcells.Pl  2.32495  0.0246 HPVRNA 0274252  0.0004 PD1+CD8+ 0.49316  0.0001
PD1+CD8+ 0303319  0.0000 PD1+CD4+_par 0523819  0.0008 CD8+/Treg 1473579 0.0853

8 HPV.RNA 0152778 0.0010 173.4734| 8  HPV.RNA 0268457 00124 1733163 8  pT 1475124 0.0528 311.5838| 8  pT 1406744  0.0816 310.8318
PD1+CD8+ 0433769  0.0009 HPVRNA 0328142  0.0026 HPV.RNA 0325969  0.0027
zero_PD1+CD8+_ 4.006045  0.0014 |CDA4+/Treg 1.804816  0.0158 PD1+CD8+_par 0.552122  0.0008 PD1+CD8+ 0.558369  0.0005

9 HPV.RNA 0197551 00051 173.6916| o  |FGENNNINOSCISMINO0l 173.5866) 9  HPV.RNA  0.255327 00005 311.6853| 9 smokingai 0.420376  0.0218 311.2268
CD8+/Treg 2314675 0.0079 CD3+CD8+ 2014524 0.0330 PD1+CD8+_par 0.494589  0.0002 CTLA4+CD 1993215  0.0342
PD1+CD4+_strom 0385832  0.0001 PD1+CD8+ 0.29003  0.0000 CD8+/Treg_par 1.555081  0.0704 PD1+CD8+ 0477636  0.0001

10 HPV.RNA 0212609 00051 173.9389| 10 |ECEHNIINIOOAMCCINO00E 1737206 10 P16 0232096 0.0002 312.0162| 10 |smokingar 0.33369  0.0026 311.2346
CD8+/Treg 2326272 0.0176 PD1+CD8+ 0.338512  0.0001 pS 1.704676  0.0065 pS 1402752 0.0657
PD1+CD8+_strom 0351675  0.0001 |CD4+/Treg 1782805  0.0275 zero_PD1+CD8 2.891375  0.0017 PD1+CD8+ 0503467  0.0001

1 ps 1906523  0.0118 1740316 11  AGE 0947509 00109 173.8402| 11  ps 1507461 0.0253 3121163 11  smokinga 0.356573  0.0367 311.301,
HPV.RNA 0.231118  0.0050 PD1+CD8+ 0337516  0.0000 HPVRNA 0265285  0.0003 CTLA4+CD 2380958  0.0043
PD1+CD8+ par = 0.44224  0.0026 CD3+CD4+ 1846098  0.0353 PD1+CD4+_str 0.575562  0.0006 PD1+CD8+ 0451538  0.0000

12 HPV.RNA 0170634 00023 174.1475| 12 AGE 0240274 00056 173.8587| 12 HPV.RNA  0.271125 0.0007 312.1468| 12  HPV.RNA 0277447 0.0010 311.3274)
CD4+/Treg_par | 2.875455  0.0026 PD1+CD8+ 0304106  0.0000 CD3+CD8+_stri 1.556955  0.0990 PD1+CD8+ 0543553  0.0003

zero_PD1+CD8+_ 4.409886  0.0028 CD8+/Treg 1.901543  0.0287 PD1+CD8+_par 0.475458  0.0003

13 AGE 0934959 00032 174.568| 13  pT 2041618 00090 174115 13 HPV.RNA  0.242806  0.0003 312.2197| 13  gender 1994167 0.1097 311.3584|
CD3+CD8+_stror  2.19209  0.0165 Tcells.Pl  2.60245  0.0201 PD1+CD8+ _str 0.506621  0.0002 HPV.RNA 0293462  0.0014
PD1+CD8+_strom 0296347  0.0000 PD1+CD8+ 0337618  0.0001 CD8+/Treg  1.654681  0.0422 PD1+4CD8+ 0.52543  0.0003

14 HPV.RNA 0190866 00022 174.8729| 14  CTLA4+CD 3.846003 0.0035 174.2701] 14  HPV.RNA  0.233548 00003 312.5562| 14 T.cells.P3 0555333  0.0165 311.5926
CD8+/Treg_par | 2.325653  0.0107 PD1+CD8+ 0282884  0.0001 PD1+CD4+_par 0.550753  0.0013 CTLA44CD 2618491  0.0019
zero_PD1+CD8+_ 6.912434  0.0002 CD4+/Treg 1.890937  0.0193 CD4+/Treg  1.694253  0.0297 PD1+CD8+ 0520055  0.0011

15 pN 185146 0.0166 1751051 15  pT 1746285 00301 174.6146| 15 P16 0286873 00015 312.5694| 15 Pl6 0301377  0.0025 311.6413
HPV.RNA 0233017  0.0062 HPV.RNA 0322751  0.0288 pS 1705464 0.0066 ps 1709204  0.0067
PD1+CD8+_par 0430483  0.0019 PD1+CD8+ 0505861  0.0088 PD1+CD8+_par 0.602231  0.0061 PD1+CD8+ 0593438  0.0035

16 ps 1757187  0.0265 175.1164| 16  AGE 0948481 00234 174.7118| 16 HPV.RNA  0.277124 00009 312.617| 16 smoking 0492267 0.1838 311.7461]
HPV.RNA 0.247115  0.0070 CTLA4+CD 2782998 0.0228 PD1+CD8+_par 0.523593  0.0004 HPV.RNA  0.39953  0.0229
PD1+CD4+_strom 0.506574  0.0017 PD1+CD8+ 0313094  0.0002 CD3+CD4+_stri 1.415547  0.1222 PD1+4CD8+ 0.55077  0.0004

17 PN 177329  0.0265 175.4193| 17  pT 1874157 00190 174.7689| 17 HPV.RNA  0.250911 0.0004 312.6184| 17  CTLA4+CD 237189  0.0057 311.9644)
HPV.RNA 0240117  0.0074 CTLA4+CD 3.20682  0.0061 CD3+CD8+_stri 1.645959  0.0583 PD1+CD8+ 0395201  0.0000
PD1+CD4+_strom 0.472145  0.0008 PD1+CD8+ 0364415  0.0007 PD1+CD8+ _str¢ 0.490144  0.0002 zero_Ki67 0.419001  0.0387

18 ps 1904033 0.0133 175.4813| 18  Smoking 0.154058 00709 174.8091| 18 HPV.RNA  0.310619 0.0019 312.669| 18  smokinga 0.323796  0.0020 311.9815,
HPV.RNA 023592 0.0048 ps 1658209  0.0430 CCR4+_stroma  0.65777  0.1190 T.cells.P1 1662151 0.0934
PD1+CD4+_par 0458473  0.0034 PD1+CD8+ 0391122 0.0002 PD1+CD8+_par 0.58388  0.0018 PD1+CD8+ 0451147  0.0000

19 HPV.RNA 0204253 00053 175.5151| 19  AGE 0949053 00171 174835| 19 pN 1478795  0.0302 3127352 19  HPV.RNA 0272541 0.0010 311.9933
PD1+CD8+_strom 0.44323  0.0008 ps 1590213 0.0684 HPV.RNA 025884 0.0004 PD1+CD8+ 0526114  0.0003
CD8+/Treg_strom 1.753282  0.0243 PD1+CD8+ 0.367864  0.0001 PD1+CD4+_par 0528472  0.0009 CD4+(P4) 1348115  0.2030

20 AGE 0950471 00132 175.6852| 20 T.cells.Pl 2373665 0.0356 174.9128] 20 P16 0338502 00107 312.835| 20 HPV.RNA 0.38297  0.0198 312.0352
PD1+CD8+_strom 0371245  0.0001 CTLA4+CD 3.371615  0.0058 pS 1586937  0.0174 PD1+CD8+ 0518206  0.0004
CDA4+/Treg_par _ 1.975519 _ 0.0309 PD1+CD8+ 0248466 0.0000 T.cells.P3  0.478399  0.0038 Zero Ki67 058 0.2158
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Cox models with 3 variables with the HPV status NOT included

Disease specific survival (DSS)

Overall survival (OS)

model No variable

parenchyma or stroma parenchyma + stroma parenchyma or stroma parenchyma + stroma
HR p.value  BIC model No variable HR p.value  BIC model No variable HR p.value  BIC model No variable HR p.value  BIC

1 174568] 1 |RCERNNMNOOMNSSIINO0e 172.9636| 1 |smokingactual 0.368174  0.0055 313.1308| 1 |smokingactual 0.420376  0.0218 311.2268
CD3+CD8+_strc 2.19209  0.0165 T.cells.Pl  2.32495  0.0246 pT 1444872 0.0709 CTLA4+CD8+  1.993215  0.0342
CD8+PD1+_strc 0.296947  0.0000 CD8+PD1+ 0.303319  0.0000 CD8+PD1+_par 0521253  0.0003 CD8+PD1+  0.477636  0.0001
e 17552 @ [ECENOSSCEIO0N0| 173.5566) 2  [smokingactual 0.338587  0.0026 313.1976| 2  smokingactual 033369  0.0026 311.2346
CD8+PD1+_strc 0.371245  0.0001 CD3+CD8+ 2.014524  0.0330 pS 135802 0.0930 pS 1402752 0.0657
|CD4+/Treg_par 1.975519  0.0309 CD8+PD1+ 0.29003  0.0000 CD8+PD1+_par 0.508048  0.0002 CD8+PD1+ 0503467  0.0001
smoking 0116404 00431 1757213 3 | ECEENNOOGMGCIINO08E 173.7206) 3  smokingactual 0.311118  0.0014 313.3038] 3  |smoking 0356573 0.0367 311.301
CD8+PD1+_strc 0.344012  0.0002 CD8+PD1+ 0.338512  0.0001 CD8+PD1+_par 0.509309  0.0002 CTLA4+CD8+  2.380958  0.0043
CD8+/Treg_par 2.159807  0.0218 |CDA4+/Treg 1.782805  0.0275 CD8+PD1+  0.451538  0.0000
smoking 0155938 0.0709 1759681 4 | HGENNNMNOOMGOOMINOION0S 173.8402| 4  smokingactual 0.338929  0.0027 313.4196| 4  T.cells.P3 0555333 0.0165 311.5926
CD8+PD1+ strc 0.41744  0.0004 CD8+PD1+ 0.337516  0.0000 ccra+_stroma 0638554 0.0926 CTLA4+CD8+  2.618491  0.0019
|CDA4+/Treg_par 1.974738  0.0267 CD3+CD4+ 1.846098  0.0353 CD8+PD1+_par 0555815  0.0008 CD8+PD1+  0.520055  0.0011
[SHoking actual 10:318231 111010208 176.0227| 5 | ECEEIINOUOMNO0EE 1738557 5  gender 2054821 0.0981 313.7539] 5  CTLA4+CD8+ 237189  0.0057 311.9644]
CD8+PD1+_strc 0.411248  0.0004 CD8+PD1+ 0.304106  0.0000 smokingactual 0.32004  0.0018 CD8+PD1+  0.395201  0.0000
|CDA4+/Treg_par 2.409741  0.0115 CD8+/Treg 1.901543  0.0287 CD8+PD1+_par 0.495467  0.0003 zero_Ki67  0.419001  0.0387
smoking 0122936  0.0498 176.2676| 6  pT 2041618 00090 174115| 6  pT 1539667 0.0337 313.7734| 6  smokingactual 0.323796  0.0020 311.9815
CD8+/Treg_par 2162611  0.0204 T.cells.Pl  2.60245  0.0201 T.cells.P3 048879 0.0056 T.cells.P1 1662151  0.0934
CD4+PD1+_strc 0.361369  0.0000 CD8+PD1+ 0.337618  0.0001 CD8+PD1+_par 0.643052  0.029 CD8+PD1+  0.451147  0.0000
IS 175.3568) 7 CTLA4+CD 3.846009 0.0035 174.2701) 7  |smokingactual 0.454471 0.0472 313.8761| 7  |smokingactual 0.419307  0.0215 312.1366
CD8+PD1+_par 0.334758  0.0004 CD8+PD1+ 0.282884  0.0001 T.cells.P3 0636018  0.1232 CD8+PD1+  0.492867  0.0001
|CDA4+/Treg_par 1.788962  0.0341 CD8+PD1+_par 0.622823  0.0205 zero_Ki67  0.511836  0.1130
smoking 0152351  0.0685 1765041 8 1747118 8 Tcells.P3 0413155 0.0002 314.0816| 8  pS 1538025  0.0263 312.2301
pS 1.69768  0.0402 CTLAG+CD 2.782998  0.0228 CD8+/Treg_par 149639  0.0681 CD8+PD1+  0.403959  0.0000
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Abstract

Background A proportion of head and neck carcinomas (HNSCCs) are induced by high-risk human papillomaviruses
(HPVs) and are associated with better patient outcomes compared to patients with HNSCCs related to tobacco and
alcohol abuse. In the microenvironment of solid tumors, including HNSCCs, oxygen levels are often reduced, and

a hypaoxic state is induced. This can lead to a poor treatment response and a worse patient prognosis. One of the
hypoxia-responsive genes is aspartate-B-hydroxylase (ASPH), whose activity promotes the growth, invasiveness, and
metastasis of many types of solid tumors.

Methods In our study, HNSCC samples were analyzed for the expression of ASPH and selected endogenous hypoxia
markers by real-time PCR and/or multiplex fluorescence immunchistochemistry.

Results Except for the EPAST gene, which had higher mRNA expression in the HPV-negative group of HNSCC
(p<005), we found no other differences in the expression of the tested genes that were related to HPV status. On
the contrary, a statistically significantly higher number of cells producing ASPH (p <0.0001), HIFTA (p<0.0001), GLUT1
(p<0.0001), and MMP13 (p<0.05) proteins were detected in the HPV-positive tumor group than in the HPV-negative
sample group. All the evaluated markers, except for MMPS/13, were more abundant in the tumaor parenchyma

than in the tumor stroma. The Cox proportional hazard models showed that increased numbers of cells with GLUT1
and HIF1A protein expression were positive prognostic markers for overall and disease-specific survival in patients
independent of HPY tumor status.

Conclusion The study examinaed HNSCC samples and found that elevated ASPH and hypoxia marker proteins,
typically associated with poor prognosis, may actually indicate active HPV infection, the strongest prognostic factor
in HNSCC patients. In cases where HPV status is uncertain, increased expression of HIF1A and GLUT1 can serve as
positive prognostic factors.
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Background

Head and neck squamous cell carcinomas (HNSCCs)
comprise a heterogeneous group of malignancies with
increasing prevalence in developed countries. In addition
to cigarette smoking and alcohol consumption, known
risk factors include persistent infection with high-risk
human papillomaviruses (HPVs), particularly the type of
HPV 16. HPV-associated HNSCCs, which are predomi-
nantly located in the oropharynx (palatine tonsils, soft
palate, and base of the tongue), represent a distinct group
of carcinomas with different biological and clinical char-
acteristics [1]. HPV-positive tumors are diagnosed in 5 to
10 years vounger patients and have higher involvement of
regional lvmph nodes. These tumors are associated with
greater radiosensitivity and infiltration of immune cells,
and patients with these tumors have a better prognosis
than HPV-negative patients do [2]. Therefore, the host
immune response, the role of tumor-infiltrating lvmpho-
cytes, and relevant factors in the tumor microenviron-
ment of HMSCCs are being investigated extensively to
improve patient stratification for individualized treat-
ment with the aim of reducing acute and late adverse
consequences of treatment [3-5].

In the microenvironment of growing solid tumors, the
oxygen concentration is often reduced, and a hypoxic
state is induced. The central regulator of the adaptive
cellular response to changes in oxygen levels is hypoxia-
inducible factor 1 (HIF1), which functions as a transcrip-
tion factor influencing the expression of many target
genes [6]. Products of hypoxia-responsive genes include
mainly proteins that influence cell metabolism (e.g., glu-
cose transporter 1 - GLUT], carbonic anhydrase 9 - CA9,
and pyruvate dehydrogenase kinase 1 - PDK1); angio-
genesis (e.g., vascular endothelial growth factor - VEGF);
and the composition and function of the tumor microen-
vironment (e.g., matrix metallopeptidases - MMPF, prolyl
4-hydroxylase subunit alpha 1 - PAHAL1) [7]. The upregu-
lation of these genes allows cells to survive under adverse
conditions. Tumor hypoxia has been recognized as one of
the biological indicators associated with treatment fail-
ure [8]. The clinical utility of hypoxia markers remains
still unclear. Overexpression of the central hypoxia fac-
tor HIF1IA in HNSCCs has been associated with worse
patient outcomes [9, 10] and the utility of a hypoxia-
responsive gene signature as a tool for patient stratifica-
tion has been demonstrated [11]. On the other hand, the
prognostic value of the 15-gene hypoxia signature was
not confirmed in a cohort of patients with oropharyngeal
tumaors treated with accelerated chemoradiotherapy [12].

Numerous studies have shown that direct and indirect
interactions of HPV 16 oncoproteins with the HIF1 fac-
tor may also affect the stability and activity of this pro-
tein [13-16]. Subsequent changes in cell signaling and
metabolism can promote increased cell proliferation and
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thus HPV production. In addition, other factors, such
as smoking and alcohol consumption, may influence the
expression of endogenous markers of hypoxia [17]. How-
ever, studies on the effects of hypoxia in HNSCC patients
in relation to HPV infection and favorable treatment out-
comes have been inconclusive [18].

During the malignant transformation of tumor
cells, increased expression of aspartate [-hydroxylase
{ASPH) has been observed [19]. ASPH belongs to the
a-ketoglutarate-dependent dioxygenase family and can
serve as an oxygen sensor in cells. It hydroxylates aspar-
tyl and asparaginyl residues mainly in epidermal growth
factor-like protein domains, including domains in Notch
receptors and ligands, and is thus able to influence
numerous cell signaling pathways. ASPH is abundantly
expressed in proliferating trophoblast cells, but its activ-
ity is low or absent in adult tissues. ASPH overexpression
has been shown in many types of carcinomas, including
HMSCC, and has been associated with increased tumor
cell migration, invasiveness and metastasis, and a signifi-
cantly negative patient prognosis [20].

This study aimed to compare the expression of ASPH
and selected hypoxia markers as potential therapeutic
targets at the mRMNA and protein levels and determine
the prognostic significance of these markers in patients in
relation to the viral etiology of HNSCCs.

Materials and methods

Study population

Tissue samples from HMNSCCs were collected in a
previous study at the Department of Otorhinolaryn-
gology and Head and Weck Surgery, First Faculty of
Medicine, Charles University, and Motol University Hos-
pital, Prague, in 2017-2020 [21]. The study was approved
by the Ethics Committee of Motol University Hospital,
Prague, on 22 June 2016. All patients provided signed
informed consent and completed a questionnaire on
the risk factors for HPV infection and the induction of
HNSCC.

Sample processing and characterization

The samples were processed as described previously [21].
Briefly, after surgical resection, histological examination
and pTpN classification (UICC, 8th edition) [22], the
tumor was divided by a pathologist into two parts. One
part of the tissue sample was fixed in 10% neutral forma-
lin and paraffin-embedded (FFPE) and the other part of
the fresh tumor tissue was transported to the laboratory
in RPMI medium (Sigma-Aldrich, St. Louis, MO, USA) at
4 °C. The tumor cells together with the tumor-infiltrating
cells were immediately isolated from the tumor tissue
using the gentleM ACS system (Miltenyi Biotec, Auburn,
CA, USA). The cell suspension was stored in ENAlater”
stabilization solution (Life Technologies, Carlsbad, CA,
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USA) at -80 "C until further processing. DNA and total
RNA were isolated using NucleoSpin® RNA/DNA Buffer
Set (Macherey Magel, Germany) according to the manu-
facturer’s protocol. The concentration of the nucleic acids
was measured using a NanoDrop 2000 Spectrophotom-
eter [Thermo Fisher Scientific, Waltham, MA, USA) and
the quality and integrity of the RNA were verified by the
Experion™ automated electrophoresis system (Bio-Rad,
Hercules, CA, USA) according to the manufacturer’s
protocol.

The presence and genotype of HFV were evaluated by
PCR with broad spectrum GP5+/6+-5"-bio primers fol-
lowed by reverse-line blot analysis, and active viral infec-
tion was determined by type-specific HPV E6 mRNA
detection, both of which were performed as described
previously [23, 24].

Quantification of mRNA expression by quantitative PCR
{gPCR)

Total RNA was treated with DNase [ (Jena Bioscience,
Jena, Germany) and reverse transcribed in a 20-pl reac-
tion mixture using M-MLV Reverse Transcriptase (Pro-
mega, Madison, USA) and random hexamers (IDT,
Leuven, Belgium), both according to the manufacturer’s
instructions.

Gene-specific primers to determine the mRNA expres-
sion of ASPH and selected hypoxia markers (HIF1A -
HIF1, subunit alpha; SLC2A1 - solute carrier family 2,
member 1; PAHAL; VEGFA; EPAS] - endothelial PAS
domain protein 1) were designed and evaluated in our
laboratory or by the Gene Core-qPCR and ddPCR Core
Facility (BIOCEV, Vestec, Czech Republic) (Table 1).
Quantitative PCR was performed with SYBR Green
chemistry (Xceed qPCR SG 2% mix Lo-ROX reaction
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buffer; IAB, Czech Republic) on CFX9™ Touch cvcler
(Bio-Rad Laboratories, Hercules, CA, USA). Briefly, the
10-pl reaction consisted of 1x Xceed reaction buffer, 400
nM each of forward and reverse primers and 2 pl of 4x
diluted cDNA. The amplification consisted of the follow-
ing steps: initiation of denaturation (3 min at 95 "C), 40
cycles of amplification (10 s at 95 °C and 30 s at 60 "C)
with fluorescence reading in the SYBR Green channel
and melting curve analysis at the end of the run.

The amplification plots were analyzed using Bio-Rad
CFX Maestro software (Bio-Rad Laboratories, Hercules,
CA, USA). The relative quantification of mRNA expres-
sion was assessed by the AACE method using GenEx™ ve
software (TATAA Biocenter, Goteborg, Sweden).

Multispectral immunohistochemistry (mIHC)

From the FFPE samples, 2 pm-thick sections were pre-
pared on SuperFrost” Plus slides (VWR, Belgium). Prior
to antibody staining, the FFPE slides were processed as
described previously [21]. Heat-induced antigen retrieval
(AR) was performed using a microwave in either ARS
(Akoya Biosciences, Menlo Park, CA, USA)} or AR9
(Zytomed Systems, Berlin, Germany) buffer, depending
on the particular antibody, and the tissue was blocked
using Antibody Diluent/Block (Akoya Biosciences) at
room temperature (RT) for 10 min. First, we validated the
staining pattern of the primary antibodies (ASPH, poly-
clonal, Novus Biological [Centennial, CO, USA]; HIF1A,
clone HA111, Novus Biological; GLUT], clone EPR3915,
Abcam [Cambridge, United Kingdom]; VEGFA, clone
EP1176Y, Biocare Medical [Pacheco, CA, USA]; MMP9,
clone 5G3, Abcam [ Thermo Fisher Scientific [Waltham,
MA, USA]; MMP13, clone VIIIA2, Thermo Fisher Sci-
entific; CK - cytokeratin, clone AEL/AE3, Thermo Fisher

Table 1 Prirmer pairs used for quantification of mRNA expression by gPCR and expected amplicon lengths

Gene Name Sequence 5°-3° Product length (bp)
ASPH Aspartate B-hydroxylase F TEETGATTCOCAAGGAAGGC 1na
R CTGCCATACCTCGTGITC AL
HIF1A Hypaoxia inducible factor 1, subunit alpha F ACOCATTOCTCACCCATCAAA 134
R GTTCTTCTGGCTCATATCCCATC
SLCZAT Solute carrier family 2, member 1 F TEGCTACAACACTGRAGTCATC 128
R CTGAGAGGLACCAGAGOGTG
F4HAT Proiyl 4&-hydroxylase, subunit alpha 1 F AGTACATGACCCTGAGACTGRA p:Ed
R GGATTTTCATAGCCAGAGAGCC
VEGFA Vascular endothelial growth factor A F GCTGTCTTGGETECATTES &9
R GCAGCCTGRRACCACTTG
ERST Endothelial PAS domain protein 1 F TCAAAGGGCCACAGCGACAR 131
R COAGCTCATAGAMCACCTCOGT
GUSE Glucuronidase beta F GAAAATATGTCGTTGGAGAGCTCATT 101
(reference genel R COGAGTGAAGATCOCCTTTTTA
ACTE Actin beta F COACGAANCTACCTTCAACTCCA 132
(referanca gene) R GTGATCTCCTTCTGCATCCTGTC

F - forward primer, R - reverse primer
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Scientific). All primary antibodies were diluted in Anti-
body Diluent/Block except VEGFA, for which Van Gogh
Yellow Diluent (Medical Bio Care, Germany) was used.
This was followed by incubation with Opal Polymer HRP
Ms+Rb as a secondary antibody, then with Opal™ fluo-
rophores, and DAPI counterstain (all from Akoya Biosci-
ences) according to the manufacturer’s instructions. The
stained slides were mounted with Fluoromount™ Aque-
ous Mounting Medium (Sigma-Aldrich, St. Louis, MO,
USA). No primary and isotype controls were performed
to ensure staining specificity.

Two multiplex panels (A and B) were designed accord-
ing to the pattern and labelling intensity of the selected
antibodies (Table 2) (Additional file 1). Each antibody
was assigned to an Opal™ fluorophore with respect to
its intensity and possible spectral overlap. After staining
with each antibody, the complex of primary and second-
ary antibodies was removed using AR buffer. Stripping
controls were performed to ensure complete removal of
this complex.

Five to eight representative regions of interest were
randomly selected for each slide, focusing on high-qual-
ity tumor tissue, and imaged at 10x20 magnification
on an Olympus BX43 microscope (Olympus Life Sci-
ence, USA) using Mantra™ Snap 1.0.0 software (Akoya
Biosciences). Images were analyzed using InForm 2.6.0
software (Akoya Biosciences) with pre-built algorithms
unique to each panel. The algorithms consisted of linear
unmixing of fluorescence spectra and trainable steps of
tissue segmentation into the tumor parenchyma (CK-
positive), stroma (CK-negative), and background (DAPI-
free); step of cell segmentation (nuclei, cytoplasm, and
membrane parts); and cell phenotyping. Each step of the
algorithm was optimized on a set of different images and
subsequently applied to the remaining images. The pro-
cess of workflow optimization was described previously
[5] and was used in this study. Finally, for each sample,
three regions of the highest quality were selected from
the captured images and then analyzed. For mIHC data
analyses, the total number of positive cells was divided by

Table 2 Antibody panels for mIHC
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the analyzed area (mm®) to obtain comparable, standard-
ized values for the whole area or for the parenchymal and
stromal areas separately.

Statistical analyses

For statistical analyses, the samples were divided into
two groups, HPV-positive (HPV+) and HPV-negative
(HPV—), based on E6 mRNA HPV positivity, ie., active
HPV infection. The homogeneity of the two groups for
various patients’ characteristics was tested using the
chi-square test, Fisher exact test or the Mann-Whitney
U test. Subsequently, the Mann-Whitney U or Student’s
t-test was used to evaluate the differences in relative
mRNA expression and the number of positive cells per
mm? for each marker tested between tumor groups.
Differences between the number of positive cells in the
tumor parenchyma and stroma were compared using the
paired Wilcoxon test. Pearson and Spearman correlation
coeflicients were used to assess the correlation between
the expression of each marker at the mRNA and protein
levels, respectively. The Cox proportional hazard model
was used for overall survival (OS) and disease-specific
survival (DSS) multivariate analyses. In addition to
patient characteristics, tumor clinicopathological charac-
teristics and HPV status, the models included the marker
levels from mIHC, separately for the tumor parenchyma,
stroma, and total tumor area. The best models were
selected according to the Bayesian information criterion
(BIC) and Akaike information criterion (AIC). The haz-
ard ratios (HRs) presented below correspond to a differ-
ence of 1000 positive cells/mm? The level of significance
was considered to be p<0.05 for all the statistical tests.
Statistical analyses were performed using GraphPad
Prism 8.4.3 (GraphPad Software, Boston, MA, USA) and
R version 4.1.2 (R Foundation for Statistical Computing,
Vienna, Austria).

Panel # Primary antibody (dilution, Incubation) AR buffer (Incubation) Secondary antibody OPAL (dilution)

A 1 VEGEA (1:150, OWM/A4™C) ARG (30 min) Opal Polymer HRP Ms +Rb 540(1:200)
2 HIF1A {1:200, 1 h/RT) ARS (50 min) 52001:100)
3 ASPH (1:1200, CVWART) ARG (15 min) 6200(1:100)
4 Cytokeratin (1:1000, 1 /ET) ARG (15 mir) £20 (1:200)
5 DAPI(1:15, 5 min/RT)

B 1 MMP13 (1:200, OVN/A4C) ARG (30 min) Opal Polymer HRP Ms +Rb £50(1:150)
2 GLUTT (1:600, 1 h/RT) ARG (15 min) 52001150
2 MMPD (12200, OWMA0) ARG (25 min) 57001150
4 Cytokeratin (1:1000, 1 /RT) ARS (30 min) 590 (1:200)
5 D#PI (1:15, 5 min/RT)

AR - antigen retrieval buffer; HRP - horseradish peroxidase, OVM - overnight, RT - room temperature
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Results

Study population and characterization of tumor samples
The detailed clinical and pathelogical characteristics of
the study population are summarized in Table 3. A total
of 93 HNSCC patients were enrolled. The mean age of
the patients was 61.5 years (range 39-89 years), and the
majority of the patients were men (70/93; 75.3%). Most
of the tumors 73/93 (78.5%) were located in the orophar-
ynx, while 20793 (21.5%) were located in the oral cavity.
For expression analyses at the mRNA level, samples of 67
patients and at the protein level, samples of 93 patients
were available.

The overall prevalence of HPV DMA in the samples was
61/93 (65.6%). High-risk HPV 16 was detected in 95.1%
(58/61) of HPV DNA-positive tumors. Two samples were
positive for HPV 35 (2/61; 3.3%), and one was positive
for HPV 33 (1/61; 1.6%). None of the oral cavity tumors
were HPV DNA positive. Based on the presence of HPV
E6 mRNA, we stratified the samples into HPV-associated
(HPV+; 60/93 (64.5%)) and HPV-negative tumor groups
(HPV—; 33/93 (35.5%)). One sample positive for HPV
DNA and negative for HPV E6 mRNA was included in
HPV— group.

The mRNA expression of ASPH and hypoxia markers was
similar regardless of the tumor eticlogy

Sixty-seven samples were eligible for mRNA expres-
sion testing (46 HPV-positive and 21 HPV-negative). We
examined the mRNA expression levels of the selected
markers and ASPH by reverse transcription followed by
gPCR using the relative quantification method. Except
for the mRNA expression of EPASI (p<0.05) (Fig. 1},
the comparison of the expression of selected mark-
ers in HPV-negative and HPV-positive HNSCC groups
showed no differences. The statistically significantly
positive correlations were found between the expressions
of ASPH and P4HAI (r=0863, p<0.0001), ASPH and
EPASI (r=0.57, p=<0.0001), ASPH and VEGFA (r=0.55,
p<0.0001), and ASPH and SLC241 mRNAs (r=031,
p<0.01} (data not shown).

The numbers of cells expressing ASPH and hypoxia
markers were markedly different between HPV-positive
and HPV-negative tumors, as well as in different tumor
compartments

The expression of selected markers at the protein level
was determined by the mIHC method, which allows us
to reveal the complexity of the tumor microenvironment
in a spatial context. In contrast to the lack of differences
in the mRNA expression of most of the selected mark-
ers, we observed marked differences in the count of cells
producing the majority of the evaluated markers between
the HPV-positive and HPV-negative groups.
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When the results were stratified by tumor etiol-
ogy, cells producing ASPH (p<0.0001), and HIF1A
(p<0.0001) were more abundant in the parenchyma of
HPV-positive tumors compared to the parenchyma of
HPV-negative group. In the HPV-positive tumor group,
GLUT1- (p<0.0001) and MMP13-positive cells (p<0.05)
were more abundant in both tumor compartments com-
pared to the HPV-negative tumor group (Fig. 2A). On
the contrary, the HPV-negative samples showed a higher
number of VEGFA-positive cells in the tumor paren-
chyma than the HPV-positive group (p<0.05). The num-
ber of VEGFA-positive cells in the stroma was similar in
both groups of patients (Fig. 2B).

Furthermore, when stratifving the results by tumor
compartment, the number of parenchymal cells express-
ing ASPH (p<0.0001), HIF1A (p<0.0001 for HPV-posi-
tive; p<0.001 for HPV-negative), and GLUT1 (p<0.0001)
was significantly higher compared to the number of posi-
tive stromal cells in both HNSCC groups. In contrast, the
number of MMP%- (p<0.01} and MMP13-positive cells
(p=0.01 for HPV-positive; p <0.05 for HPV-negative) was
significantly higher in the stroma of both tumor groups
(Fig. 2).

In addition to the above analysis, we compared the pos-
itive cells counts in the total tumor area (parenchyma and
stroma) in both tumor groups. Significantly higher num-
bers of cells expressing ASPH (p<0.0001) and the hypoxia
markers — HIFLA (p<0.0001), GLUT1 (p<0.0001), and
MMP13 (p<0.05) — were detected in HPV-positive than
in HPV-negative tumors (Additional file 2A). There were
also marked differences in the positive cell counts when
comparing different tumor compartments without HPV
status stratification (Additional file 2B). The numbers of
cells expressing ASPH (p<0.0001), HIF1A (p<0.0001),
and GLUT1 {p<0.0001} were significantly higher in the
tumor parenchyma compared to the stroma, while cells
expressing MMP13 (p<0.001) and MMP9 (p<0.0001)
were more abundant in the stroma of HNSCCs {Addi-
tional file 2B). These findings are similar to the analysis
involving HP'V status (Fig. 2.

Several hypoxia markers were strongly correlated

We observed strong positive correlation in the paren-
chymal and stromal count of cells expressing MMP13
and MMP9 in both group of samples independent
their HPV status (HPV-positive tumors: parenchyma
r5=0602, p<0.001, stroma r5=0.710, p<0.001; HPV-
negative tumors: parenchyma rS=0.665, p<0.001, stroma
r5=0.659, p<0.001). Additionally, a significantly positive
correlations were observed in the abundance of paren-
chymal cells producing ASPH and GLUT1 (rS=0.428,
p<0.001), ASPH and HIF1A (rS=0.285, p<0.05), ASPH
and MMP13 (r5=0.499, p<0.001), and ASPH and MMP9
(r5=0.361, p<0.01) in the HPV-positive tumor group.
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Table 3 Clinical and pathaological characteristics of the study population. Samples were stratified into HPV-positive (HPVE), and
HPV-negative (HPV—) groups based on the presence of an active HPV infection. Tumor classification is based on the 8th TNM Staging

Systern [22], which includes tumar extent (T), extent of lymph node spread (M), and presence of metastasis (M)

Patients HPV+group HPV-group Total p-value®
No. (%) No. (%) No. (%)

Mo, of patients a0 {645) 33(355) 93 (1000

Ane (years)*® 06615

Mean 619 608 615

Median G605 620 &1.0

Range (years) 39-87 4683 30-87

Gender® 00253

Male 504{B33) 200606) F0({753)

Femnale 10016 13(39.4) 230247

Tumor location® 00001

Oropharynx &0{100.00 12(39.4) 73(785)

Oral cavity 000 20(606) 200215)

Smiking status® 0.0076

Maver 27450 5(153) 32(344)

Pasticurrent 335500 2B (B4.8) &1 (B56)

Alcohol consumption® 0.0361

Mever 23(383) 5(1532) 2B8(300)

Past/curment ETE )] 78 (B4.8) &5 (B0.3)

Metastasiz® 00420

Absent &0 {1000} 30(909) 90 (96.8)

Present Q0.0 308.1) 3(33)

pl6 status™ < 00001

Positiva 5B(967) 00m 5B (624)

Megative 2(33) 32(100.0) 35(376)

Tumaor size (pT)® 01252

Ti 16(267 111(333) 27290

T2 41(683) 16 (485) 57(613)

T3 2(33) 30.0) 5(54)

T4 1{1.0) 3E0) 4(43)

Nodal status (ph)® 0.0001

WO 16(267 191(574) 35(378)

M1 ETRAES] 50153 42 (452)

M2 G010 40121} 10(108)

M3 101.7) 5(153) 6 (64)

Extracapsular spread® 01412

Absent 390650 27 (B18) 66 (71.00

Present 21(350) £(183) 27290

Tumaor stage ipS]& < 00001

I 4B8(B0.1) 2247 56 (602)

Il B{133) 2247 16(172)

1l 2(33) 4(12.1) 6 (5.5)

1 2(33) 13(39.4) 15 (1&.1)

Adjuvant treatment® 001598

Radictherapy 24400 198 {576) 43 462

Chemoradiotherapy 26{433) 5153 31(333)

Mot spedfied 2(33) 0oom 213

Mo B{133) 2(273) 17 (183)

A Including one patient who received radiotherapy after a recurrence and one patient who died before radictherapy
P Including one patient with resection after chemaradiotherapy

“p-value for homogeneity of the two HNSCC groups for various patient characteristics was tested using the chi-square test®, Fisher exact test * or the Mann-Whitney

testh
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In the parenchyma of HPV-negative cohort of tumors,
the positive correlation was detected between ASPH
and HIF1A (r§=0470, p<0.01), GLUT1 and MMP13
(r5=0.456, p<0.01}, and GLUT1 and MMP9 (r5=0.481,
p=<001}) numbers of cells. A significantly nega-
tive correlation was observed between VEGFA- and
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GLUT1-positivity (rS=—0.307, p<0.05) in the paren-
chyma of HPV-positive tumors (Fig. 3).

Associations of hypoxia markers with patient outcomes

In both etiologically distinct groups of tumors, we com-
pared the number of parenchymal and stromal cells
positive for the analyzed markers between patients who
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Fig. 3 Cormelation of the number of calls producing ASPH and hypoxia markers in the parenchyma (A) and the stroma (B) of HN5CCs. The viral eticlogy
of the tumars is indicated by the color. Spearman comelation coefficient is determined for the whole cohort of HMSCCs (Corr), and separately according
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died and those who were alive at follow-up. The results  counts of positive parenchymal cells were significantly
showed that the number of parenchymal cells producing  higher in the patients who died (p<0.05 and p<0.0001,
HIF1A was higher in patients who were alive, but the dif-  respectively), but these differences were observed only in
ference was statistically significant only in the HPV-neg-  the HPV-positive group of subjects (Fig. 4).

ative group (p<0.05). In addition, MMP13 and MMP9
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Analyses of overall and disease-specific survival showed
the prognostic significance of GLUT1- and HIF 1 A-positive
cell counts

The mIHC results were used in multivariate Cox propor-
tional hazards models to determine the impact of ASPH
and hypoxia marker expression on patient prognosis.
The best models selected by the BIC for initial evalu-
ation included HPV status and age for both OS5 (HPV,
HR=0.125, p=0.001; age, HR=1.061, p=0.020) and DSS
(HPV, HR=0.141, p=0.002; age, HR=1.075, p=0.019).
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Each of the IHC markers was evaluated in these mod-
els in the whole tumor area and separately in the tumor
parenchyma and stroma. Mone of the selected THC
markers were significantly prognostic for OS or DSS.
The best model for improved OS included younger age,
positive HPV status, and higher numbers of cells produc-
ing HIF1A but without statistical significance (p=0.060)
(Additional file 3). We also tested Cox models in which
the HPV status, the strongest prognostic factor, was
omitted. According to these models, the numbers of
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GLUT1-paositive cells in the whole tumor area and also
separately in the tumor parenchyma and stroma were
prognostic factors for both OS5 (HR=0.802, p<0.0001;
HR=0.852, p<0.0001; HR=0.814, p=0.007, respectively)
and DSS (HR=0814, p=0.005; HR=0.862, p=0.009;
HR=0.842, p=0032, respectively). Furthermore,
the numbers of cells producing HIFIA in the whole
tumor area (HR=0.729, p=0.003), tumor parenchyma
(HR=0.829, p=0.008), and stroma (HR=0.616, p=0.027)
were prognostic factors for OS. The number HIFL A-pos-
itive cells in the whole tumor area (HR=0.773, p=0.021)
was also prognostic for DSS. These results also support
our observation of a close relationship between HPV
status and the numbers of cells producing GLUT1 and
HIFLA proteins in HWSCCs (Fig. 3).

Discussion

We investigated the expression of ASPH and selected
hypoxia markers in relation to the viral eticlogy of
HNSCC and patient survival. The abundance of cells pro-
ducing ASPH and the hypoxia markers GLUTI, HIF1A,
and MMP13 were statistically significantly higher in the
group of HNSCC samples associated with HPV infection,
while almost no differences were detected at the mRNA
level. We demonstrated a strong correlation between
high number of GLUT1-positive cells and HPV positivity
and consequently observed an association of the higher
numbers of GLUT1- and/or HIF1 A-producing cells with
improved OS or DSS in HNSCC patients in Cox hazard
models where the HPV status was omitted.

To our knowledge, this is the first study to evaluate
ASPH expression in clinical samples of HNSCC patients
in relation to the viral status of tumors. High expression
of the ASPH gene has been identified as a component of
the oxygen-sensing gene signature associated with poor
prognosis in patients with several types of carcinomas,
including HNSCC [25]. However, the viral etiology of
HMNSCC was not considered in that study, and tumors
of different anatomical locations of head and neck were
combined into one group. In our analyses, we found a
significantly increased abundance of cells producing
ASPH at the protein level in HPV-positive samples. High
ASPH production has been associated with more aggres-
sive tumor behavior and metastasis in many types of
solid tumors [20]. However, this marker was not recog-
nized as an independent risk factor for patient survival in
our study.

Factors that contribute to ASPH upregulation include
growth factors that also activate the phosphatidylino-
sitol-3-kinase/protein kinase B (PI3K/Akt) signaling
pathway [26]. Since activation of PI3K/Akt signaling is
essential for HPV-induced carcinogenesis [27], it could
be responsible for the increased ASPH synthesis in HPV-
positive HNSCCs found in our study. Increased ASPH
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expression may also be mediated by HIFLA activity, as
has been shown in neuronal cells [28].

In our group of clinical samples, where HPV-positive
tumors predominated, we found no differences in the
tested gene expression patterns that were associated with
HPV status, except for the EPASI gene. In contrast to
those at the mRMA level, the numbers of cells produc-
ing ASPH and hypoxia markers at the protein level were
significantly different between the non-HPV and HPV-
positive tumor groups. Expression of genes at the mRENA
level may differ from that at the protein synthesis level, as
has been repeatedly demonstrated [29, 30]. In addition,
the selective translation of mRNAs, which are essential
for cell survival, may play a role in hypoxia [31].

Finally, the influence of HPV infection on cellular reg-
ulation cannot be excluded. The significant relationship
between HR HPV 16 infection and HIFL A expression has
been demonstrated in various cancers, including cervical,
lung cancer and HNSCC [16, 32-34]. The central hypoxia
factor HIFLA can also be stabilized by direct interaction
with the HPV 16 E6 oncoprotein [13] and accumulated
under normoxic conditions [35]. In the study by Rod-
olico et al. [36], an oxygen-independent positive asso-
ciation was observed between HIFLA and HPV 16 E7
immunoreactivity in oral squamous cell carcinoma. The
significantly elevated numbers of cells producing HIF1A
protein observed in HPV-associated tumors in our study
may therefore be a consequence of HPV infection rather
than a manifestation of actual tumor hypoxia.

Patients with HPV-positive HNSCCs have a better
overall prognosis and the tumors are more radiosensitive
[2]. According to the Cox proportional hazard models, a
positive HPV status and younger patient age improved
both OS and DSS in our study, which is in agreement
with the conclusions of our study and other previous
studies [5, 37, 38]. In these models, we did not observe
a significant relationship between the number of cells
producing ASPH or the hypoxia markers and the prog-
nosis of HNSCC patients. On the contrary, in the models
where the HPV status was omitted, we found that higher
levels of cells producing HIF1A and GLUT]1, which may
reflect the HPV status of tumors, were associated with
improved OS and DSS in HNSCC patients. As mentioned
above, tumor hypoxia may be connected with treat-
ment failure and poor patient prognosis [8]. In a system-
atic review, Gong et al. showed a significant association
between HIF overexpression and increased mortality risk
in HNSCC patients [39]. However, in detailed subgroup
analyses, they observed a significantly increased mortal-
ity risk associated with HIF1A overexpression in studies
from Asia, but not in Furopean patients. In addition, the
prognostic value of increased HIF1 A expression varied in
different HNSCC disease subgroups. Consistent with our
study, two studies included in the previous meta-analysis
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demonstrated significantly better OS5 and also disease-
free survival in HNSCC patients with increased HIF1A
protein levels [40, 41].

Alterations in cellular metabolism and adaptation
to increased energy consumption by cancer cells have
been shown in a variety of tumors [7]. This is associated
with increased glucose transport and elevated activity
of glycolytic enzymes. Among the glucose transporters,
GLUTI, the product of the SLC241 gene, has received
the most attention from researchers, and its upregula-
tion has been recognized as a negative prognostic factor
in many tumor types. Two meta-analyses have reported
an adverse impact of GLUT1 overexpression in solid
tumors, including oral squamous cell carcinoma, on
patient outcomes [42, 43]. However, these studies did not
consider HPV tumor status, and oral cancers are rarely
associated with HPV infection. In our study, significantly
higher numbers of GLUTI1-positive cells were found
in the group of HPV-paositive HNSCCs. An active HPV
infection may again play a role, as HPV proteins stimulate
cellular signaling pathways that promote glucose uptake
and glycolysis [44]. In HPV-positive lung carcinomas, the
studies by Fan et al. [45] and Tang et al. [33] showed that
GLUTI expression could be affected by the activities of
HPV 16 E&/E7 oncoproteins.

In our study, multiplex IHC analysis allowed us to fur-
ther assess the spatial distribution of ASPH and other
hypoxia markers in the tumor microenvironment. While
ASPH-, HIFLA-, and GLUT1-positive cells were more
abundant in the tumor parenchyma, MMP9/13-express-
ing cells were more abundant in the tumor stroma. As
MMPs are also known to be products of stromal fibro-
blasts, lymphocytes, granulocytes, and activated macro-
phages, this may reflect the higher infiltration of these
cells in the stroma compared to the parenchyma of
HNSCCs, which has been described by our group in the
previous study [21] as well as by others [46, 47]. In addi-
tion, the E7 oncoprotein of high-risk HPV has been rec-
ognized as a factor directly contributing to the increased
expression of MMPs, including MMP9 [48]. Therefore,
HPV-infected keratinocytes may exhibit more aggres-
sive behavior than those not infected with the virus. Our
study showed significantly increased numbers of cells
producing MMP13 but not MMP® in patients with HPV-
positive tumors, and in these patients, the increased level
of MMP9/13-positive cells suggested a worse OS5 com-
pared to the patients with lower abundance of MMP9/13-
positive cells.

Among other hypoxia markers, the expression of
WVEGFA, the key proangiogenic factor in the tumor
microenvironment that promotes tumor neovascular-
ization, was evaluated. In addition to HIF1A, VEGFA
expression is also supported by the HPV E6 and E7
oncoproteins, suggesting a possible difference in VEGFA
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levels in tumors of different etiologies [49]. In our study,
similar levels of VEGFA mRNA were observed in both
groups. In contrast to our findings, higher VEGFA
mRMNA levels have been reported in HPV-positive sam-
ples compared to HPV-negative ones [50] and, incon-
sistently, the overexpression of VEGFA in pl6-negative
samples corresponding to HPV-negative tumors has been
reported [51]. In our study, higher numbers of VEGFA-
positive cells were detected in the parenchyma and the
whole tumor area of HPV-negative samples compared
to the HPV-positive samples. These data confirm the
results of our retrospective study in HNSCC patients
(unpublished data) and are consistent with the findings of
Baruah et al. [52], who observed higher VEGFA levels in
the parenchyma of plé-negative HNSCC patients. Sev-
eral studies have observed the same level of the VEGFA
protein in tumors regardless of HPV status [37, 50, 53].
These discrepancies may be due to the different method-
ologies used for VEGFA guantification — the very precise
method used in our study (positive cell count/mm?) and
the less precise method used in other studies (weak vs.
strong expression).

We did not observe any effect of the VEGFA-positive
cell amount on prognosis, which is in line with the find-
ings of some studies [37, 51] while worse OS or DSS has
been found in HNSCC patients with increased VEGF
protein level by others [54, 55]. However, in these stud-
ies, HPV status was not included in the survival analyses,
which may have affected the results of these studies.

This study has several limitations. As the number of
intact samples usable for reverse transcription and qPCR
analyses was relatively low, the evaluated differences
might not be statistically significant. Additionally, inves-
tigating the expression levels of viral oncoproteins, which
may influence the protein level of hypoxia markers and
their activity, would be interesting. The heterogeneity of
the treatment modalities may also influence the prognos-
tic impact of the variables analyzed in our study, but our
cohort was relatively homogeneous because all patients
were treated with surgery, and the majority with subse-
quent radiotherapy or chemoradiotherapy. Lastly, the
majority of patients in our study had tumor localized in
the oropharynx and more tumors were HPV-positive.

Conclusions

The examination of HNSCC samples suggested that
alevated ASPH and hypoxia marker protein levels, typi-
cally indicative of unfavorable prognosis, may reflect the
presence of active HPV infection, the strongest prognos-
tic factor in HNSCC patients, rather than tumor hypoxia
itself. Even in cases where HPV status is uncertain,
increased expression of HIF1A and GLUT1 may serve as
positive prognostic factors for HNSCC patients. It should
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be considered when individualizing therapy for patients
with HNSCC of different etiologies.
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Additional file 1. Figure 51. Representative multispectral IHC staining
of FFFE HNSCC tissue, 20x magnification. (&) Panel A- Staining of GLUTI
{magenta), MMP3 (green), MMP1 3 {orange), pan cytokeratin AET/AES (CK,
red), and DAPI (blue) antibodies. (B) Panel B: Staining of HIF1A magenta),
VEGFA [green), ASPH {yellow), CK {red), and DAPI (blus) antibodies.

Additional file 2. Figure 52 A5PH and other hypoxia markers detected
by the mIHC in the groups of HPY-positive (HPY4) and HPV-negative
{HPV-) tumors (A), and in the parenchyma and stroma (B) of HNSOCs. The
median value is indicated; the box borders show the upper and lower
quartiles, the whiskers show the varizbility, and outliers are indicated.

*p< 005, " p001,*** p< 0000, **** o< 00001.

Additional file 3. Table 51. Hazard ratio (HR) values for hypaoxia markers
influending overall survival (05) and disease-specihc survival {D55).
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Doplrikové soubory

Figure S1. Representative multispectral IHC staining of FFPE HNSCC tissue, 20x magnification. Panel A) Staining of GLUT1 (magenta),
MMP9 (green), MMP13 (orange), pan cytokeratin AE1/AE3 (CK, red), and DAPI (blue) antibodies. Panel B) Staining of HIF1A (magenta),
VEGFA (green), ASPH (yellow), CK (red), and DAPI (blue) antibodies.

130



2.5%10%7 F*kkk Fkkk F*kkk * = HPV+
1 1
1 1 1 1 1 1 D HPV_
o
2.0%x104+
N —_
£
£
@ 1.5%x10%4
© ° *
o - i
g
S 1.0x104- T
(7] T OO o
e o
5.0x103- -|- ... o©° °
0©
. . LLé_L_é

ASPH HIFIA  GLUT1 MMP13 VEGFA MMP9

B
3.0%x104+
I****I I****I I****I l***l Parenchyma

5 5x104 _ E& Stroma
NE I
£ 2.0%x1044 80
@
8 1.5x104-
2
E o ° FdkkKk
8 1.0%x104- o
) |

5.0%x1034

1 T

ASPH HIF1IA GLUT1 MMP13 VEGFA MMP9

Figure S2. ASPH and other hypoxia markers detected by the mIHC in the groups of HPV-
positive (HPV+) and HPV-negative (HPV—) tumours (A), and in the parenchyma and
stroma (B) of HNSCCs. The median value is indicated; the box borders show the upper
and lower quartiles, the whiskers show the variability, and outliers are indicated. *p

<0.05, ** p <0.01, *** p <0.001, **** p <0.0001
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Table S1. Hazard ratio (HR) values for hypoxia markers influencing overall survival

(OS) and disease-specific survival (DSS).

Model including HPV RNA status

oS

DSS

HR (p-value)
0.225 (0.008)
1.065 (0.027)

HPV RNA+

Increasing age

HIF1A**
whole tumor 0.818 (0.060)

HPV RNA+
Increasing age
MMP13%*

whole tumor

HR (p-value)
0.095 (0.001)
1.085 (0.011)

1.109 (0.074)

Models without HPV status inclusion

(ON}

DSS

HR (p-value)
Increasing age* 1.068 (0.016)

Increasing age™

HR (p-value)
1.087 (0.015)

GLUT1** GLUT1**
whole tumor 0.802 (< 0.0001) whole tumor 0.814 (0.005)
parenchyma 0.852 (<0.0001) parenchyma 0.862 (0.009)
stroma 0.814 (0.007) stroma 0.842 (0.032)
(ON} DSS

HR (p-value)

Increasing age* 1.060 (0.037)
HIF1A**

whole tumor 0.729 (0.003)

parenchyma 0.829 (0.008)

stroma 0.616 (0.027)

Increasing age*
HIF1A**

whole tumor

HR (p-value)
1.076 (0.026)

0.773 (0.021)

* HR for increasing age corresponds to the model calculated for the whole tumour area

** HR corresponds to a difference of 1000 positive cells/mm?
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