Univerzita Karlova

2. lékarska fakulta

Doktorsky studijni program: Fyziologie a patofyziologie ¢lovéka

MUDr. Eva Fiirstova

Modely ex vivo vedouci k personalizaci diagnostického a terapeutického
piistupu u pacientt s cystickou fibrézou

Ex vivo models leading to personalised diagnostic and therapeutic approach
in patients with cystic fibrosis

Disertacni prace

Skolitel: prof. MUDr. Pavel Dievinek, Ph.D.

Praha 2024



Prohlaseni:

Prohlasuji, ze jsem zavéreCnou praci zpracovala samostatné a ze jsem fadné uvedla a
citovala vSechny pouzité prameny a literaturu. Soucasné prohlasuji, Ze prace nebyla

vyuzita k ziskani jiného nebo stejného titulu

Souhlasim s trvalym uloZenim elektronické verze mé prace v databazi systému
meziuniverzitniho projektu Theses.cz za ucelem soustavné kontroly podobnosti

kvalifikac¢nich praci.

V Praze, 20.06.2024

Eva Fiirstova



Podékovani:

Na tomto misté bych v prvni fad¢ rada podékovala svému skoliteli, prof. MUDr. Pavlu
Dievinkovi, Ph.D. a MUDr. Tereze DouSové, Ph.D. za cenné metodické rady a
konzultace. Za pomoc v laboratorni praci dékuji kolegynim Mgr. St&pance Novotné, Mgr.
Malgorzaté Libik, RNDr. Lucii Botek-Dohalské, Simoné Tomsu a kolegovi Ing. Jakubovi

Berankovi. Klafe BeneSové dékuji za podporu a motivaci béhem celého PhD studia.



ABSTRAKT

Cysticka fibroza (CF) je dédi¢né onemocnéni zptisobené bialelickou mutaci CFTR (cystic
fibrosis transmembrane conductance regulator) genu, kterda méa za nasledek defektni
CFTR protein fungujici jako chloridovy iontovy kanal. Klinické projevy jsou zpisobené
abnormdlnim pfesunem iontd chloru a vody pies epitelidlni membrany. Mezi dominantni
pfiznaky patii progresivni plicni onemocnéni a pankreatické insuficience. Lécba CF byla
donedavna pouze symptomaticka: dechova rehabilitace, substituce travicich enzymu a
vitaminil a v€asna a intenzivni lécba respiracnich infekei. Od roku 2012 ziskavaji na
vyznamu léky cilici pfimo na defektni protein CFTR na bunécné arovni, tzv. CFTR
modulatory. CFTR modulatory jsou indikovany na zakladé specifického genotypu
pacienta, ale nejsou dostupné pro pacienty se vzacnymi mutacemi z divodu nemoznosti
provést klinické hodnoceni na malém poctu pacientdi, byt ncktefi by mohli z lécby
modulatory profitovat. Jednou z metod, jak tuto vyzvu piekonat, je vyuziti ex vivo
modelt, které umoznuji preklinické testovani 1é¢ebné odpovédi in vitro. Tato disertacni
prace se zamétuje na vyuziti bunééného modelu stievnich organoidii ziskanych od CF
pacientli k predikci individudlni odpovédi na CFTR moduldtory pomoci metody
forskolinem indukovaného bobtnani organoidli u vybranych skupin pacientd; dale se
zaméiuje na rozdily morfologie stfevnich organoidii u CF pacientl a zdravych kontrol a
vyuziti téchto rozdilti v diagnostice CF. NaSe prace ukazuje, Ze stfevni organoidy jsou
uzite¢nym in vitro modelem pro vyzkum CF. Zdlraznuje nutnost vyvoje prediktivnich
nastrojii k hodnoceni individualni 1é¢ebné odpovédi na CFTR modulatory s cilem

personalizace 1éCby, zejména u pacientil se vzacnym genotypem.

KLICOVA SLOVA
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ABSTRACT

Cystic fibrosis (CF) is a hereditary disease caused by a biallelic mutation of the CFTR
(cystic fibrosis transmembrane conductance regulator) gene, resulting in a defective
CFTR protein functioning as a chloride ion channel. Clinical manifestations are caused
by abnormal transport of chloride ions and water across epithelial membranes. The
predominant symptoms include progressive lung disease and pancreatic insufficiency.
The treatment of CF is mainly symptomatic: respiratory physiotherapy, substitution of
digestive enzymes and vitamins, and early and intensive treatment of respiratory
infections. Since 2012, new drugs known as CFTR modulators have gained importance.
CFTR modulators target the defective CFTR protein at the cellular level; the treatment is
indicated based on the patient’s specific CFTR genotype; however, it’s not available for
all patients, especially ones with rare CFTR mutations due to the inability to conduct
clinical trials with a small number of patients, even though some might benefit from
modulator treatment. One method to overcome this challenge is using ex vivo models,
which allow preclinical testing of treatment responses in vitro. This dissertation focuses
on the use of patient-derived intestinal organoids to predict individual treatment responses
to CFTR modulators using the forskolin-induced swelling assay in selected patients;
moreover, it focuses on differences in the morphology of intestinal organoids in CF
patients and healthy controls and using these differences in CF diagnostics. Our work
shows that intestinal organoids are a useful in vitro model for CF research. It highlights
the need for developing predictive tools to evaluate individual treatment responses to

CFTR modulators to personalise treatment, especially for patients with rare genotypes.
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SEZNAM ZKRATEK

ABC
ALI
ASL
ATP
AUC
BMI
cAMP
CF

CF-SPID
CFRD
CFTR
CFQ-R
CI
ELX
ETI
FDA
FEV1
FIS
FRT
HBE
HNE
ICM

IR

IRT
MPLA
MPS
NBD
NPD
RD
ROMA
TMD
VUS
WT-CFTR

ATP-binding cassette

air-liquid interface (rozhrani médium — vzduch)

airway surface liquid (tekutina na povrchu dychacich cest)
adenosin trifosfat

area under the curve (plocha pod kiivkou)

body mass index

cyklicky adenosin monofosfat

cysticka fibroza

cysticka fibroza - screening positive, inconclusive diagnosis (CF - pozitivni
screening, neuzaviena diagnoza)

cystic fibrosis related diabetes (diabetes vazany na cystickou fibrozu)
cystic fibrosis transmembrane conductance regulator (gen nebo protein)
cystic fibrosis questionnaire-revised (dotaznik kvality zivoty CF pacienta)
circularity index (index kulatosti)

elexakaftor

elexakaftor/tezakaftor/ivakaftor

Food and drug administration

forced expiratory volume in 1 second (usilovny exspiracni objem za 1 s)
forskolin induced swelling assay (forskolinem indukované bobtnani)
Fischer Rat Thyroid

human bronchial epithelial cells (lidské bronchidlni epitelidlni buiiky)
human nasal epithelial cells (lidské nasalni epitelidlni burky)

intestinal current measrements (méfeni epitelialnich potencialll na stfevni
sliznici)

intensity ratio (pomé¢r intenzity)

imunoreaktivni trypsinogen

multiplex ligation-dependent probe amplification assay

massive paralel sequencing

nucleotid binding domain (nukleotid vazajici doména)

nasal potential diference (méteni rozdili nosnich potencidli)

regulatory domain (regulacni doména)

Rectal organoid morphology analysis (analyza morfologie organoidit)
transmembrane domain (transmembranova doména)

variant of unknown significance (varianta nejasného vyznamu)

wild type CFTR (bézna sekvence CFTR)
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1  LITERARNI PREHLED

1.1. Cysticka fibroza

vvvvvv

exokrinnich Z1az a sekretorického epitelu, které v Ceské republice postihuje 710 pacientt
(data z Ceského registru CF k 1. Gervnu 2024). Celosvétové postihuje p¥iblizné 100,000
lidi, zejména kavkazskou populaci (Bobadilla et al., 2002). CF je zplisobend mutaci
v CFTR genu (cystic fibrosis transmembrane conductance regulator) kddujicim epitelovy
iontovy kanal, ktery umozinuje transport aniontil chloru a bikarbonatu (Riordan, 2008;
Shamsuddin & Quinton, 2014). CFTR protein také reguluje aktivitu dal$ich iontovych
kanal a transportérii pfitomnych na membrané (napi. ovliviiuje aktivitu sodikového
transportéru ENaC). Absence nebo dysfunkce CFTR sekundarné vede k abnormalnimu
paraceluldrnimu transportu vody v dasledku naruSené¢ho iontového koncentracniho
gradientu. Dusledkem je zejména ptitomnost viskdzniho hlenu v dychacich cestach,
zhusténé zluce ve zlucovych cestach a zahusténého sekretu v pankreatickych vyvodech,
vedouci k multiorgdanovym patologiim. Zivot limitujici je zejména progresivni plicni
onemocnéni, které vznikd na podkladé obstrukce dychacich cest hlenem, doprovazené
opakovanymi az chronickymi respira¢nimi infekcemi a chronickym zanétem (de Boeck
& Amaral, 2016). Postizené jsou ovSem i dalsi organové systémy s epitelovou vystelkou
jako je stfevo, vyvodné zlucové cesty v jatrech a vyvody slinivky bfiSni. Obstrukce
zahuSténym sekretem vyvodi ZluCovych cest mize vést ke stagnaci Zluci s rizikem
rozvoje cholestatického jaterniho postizeni az cirhdzy jater s typickym komplikacemi
jako je portalni hypertenze; obstrukce vyvodl slinivky bfiSni vede k ztraté¢ exokrinni
funkce slinivky a autodigesci zlazy, coZ mé za nasledek nedostupnost travicich enzymu
v lumen stfeva, zhorSené vstiebavani zivin a vysoké riziko malnutrice. Mize dochazet az
k uplné destrukci zlazy a tim i ke ztrat¢ endokrinni funkce s rozvojem diabetes mellitus
(CFRD, cystic fibrosis related diabetes) (Cutting, 2015). Dale jsou postizeny potni Zlazy,
ve kterych nedochazi ke vstiebani chloridovych iontli a diisledkem je vysok4 hladina
chloridii v potu (vyznamné pro diagnostiku). U muzii je navic postizen i reprodukéni trakt

obstruk¢ni azoospermii.



1.2. Diagnostika CF

Diagnéza CF jako autosomalné recesivniho onemocnéni je zavisla na pritomnosti dvou

CFTR mutaci, klasifikovanych jako patogenni (,,disease-causing mutations*), které jsou

definované v databazi CFTR2 (Farrell er al. 2017;CFTR2 database), a dale na

abnormalni hodnoté chloridii v potu (nad 60 mmol/l). Bézn€ uzivany diagnosticky

algoritmus viz obr. 1.

Podezfeni na CF:
- Klinické symptomy
- Pozitivni novorozenecky
screening

!

Potni test

|
> 60 mmol/L

'

Genetika CFTR

30-60 mmol/L

'

Genetika CFTR

<29 mmol/L

2 CFTR mutace

Nejasné CFTR mutace

\ 4

Funkéni studie CFTR
(NPD / ICM)
|

Z4dné CFTR mutace

CFTR dysfunkce

\ 2 / l

CF

Funkéni testy nejsou k dispozici, /
nejasné vysledky vySetreni

Normalni funkce

Nejasna diagndza

b

CF nepravdépodobna

Obr. 1. Diagnosticky algoritmus CF, adaptovano dle Farrell et al., 2017. NPD — nasal

potential difference (méreni rozdilii nosnich potenciali), ICM — instestinal current

measurements (mereni trans epitelialnich potencialit na strevni sliznici).

V Ceské republice se od roku 2009 na véasné diagnostice vyznamné podili

novorozenecky screening. V suché kapce krve se vySetfuje hladina imunoreaktivniho
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trypsinogenu (IRT), ktery svou zvySenou koncentraci miize ukazat na jedince s vy$§im
rizikem onemocnéni CF. Pfi abnormdalnim IRT se nasledné ze stejného vzorku suché
kapky krve provadi genetické vySetfeni pomoci panelu 50 nejcastéjsich mutaci v dané
populaci. Screening-pozitivni jedinci jsou nasledné odeslani na potni test, tj. vySetfeni
chloridii v potu. Hodnoty nad 60 mmol/l jsou piesvédcivé pro diagnézu CF. Dale se
pacient odesila na genetické vySetteni CFTR genu ze Zilni krve, ke konfirmaci genotypu,
zjisténého ve screeningu, nebo k podrobnéjSimu vysetfeni pomoci sekvenace celého
genu. Genetické vySetfeni se provadi i v pfipadé stfedné zvysSenych hodnot chloridl
v potu (30-60 mmol/l). Nicméné stale existuji situace, ve kterych neni diagnéza
jednoznacnd, napi. novorozenci u kterych vychéazi pozitivni novorozenecky screening,
ale maji pouze stiedn¢ zvysené chloridy v potu (30—60 mmol/l) a jen jednu nebo zadnou
patogenni CFTR variantu, anebo maji normalni hodnotu chloridi v potu a dvé CFTR
varianty, z nichzZ minimaln¢ jedna mé nejasnou pfi¢innou souvislost dle databaze CFTR2.
V Ceské republice se vregistru pacientd sCF sleduje takovychto 54 pacientii
s pozitivnim novorozeneckym screeningem a neuzavienou diagnézou, tzv. CF-SPID
(cystic fibrosis — screening positive, inconclusive diagnosis). Z dat z registru tedy
vyplyva, ze u 7 % jedincii v CR neméame zcela vylougenou / potvrzenou diagnézu CE. U
téchto pacientd by bylo vhodné provést dalsi funkéni diagnostické testy, jako je méteni
rozdild elektrickych potenciald na nosni sliznici (nasal potential difference, NPD) nebo
meéfeni transepitelidlnich potencidlll na vzorcich stfevni sliznice (intestinal current
measurements, ICM). Tato vySetfeni vSak nejsou k dispozici v bézné klinické praxi.
Existuji 1 pacienti screening-negativni s klinickymi ptiznaky CF, u kterych nemtizeme
dostupnymi diagnostickymi metodami spolehlivé vylou¢it CF. VSichni pacienti
s nejasnou diagnozou se dlouhodobé sleduji a ¢ekd se na jasnéjsi manifestaci nebo
vylouceni CF. Pro tyto jedince chybi dalsi diagnostické nastroje a moznosti, které by

pomohly jednoznaéné rozhodnout o diagnéze.

1.3. CFTR protein

CFTR patii do ABC (ATP-binding cassette) rodiny transportnich proteini. Je to
polypeptid skladajici se ze dvou pseudosymetrickych polovin spojenych pies regulaéni
doménu (regulatory domain, RD). Kazda polovina CFTR obsahuje transmembranovou
doménu (TMD), kterd formuje vlastni kanal pro priichod iontd, a nukleotid-vazajici

cytoplasmatickou doménu (nucleotide-binding domain, NBD), kterd vaze ATP, viz obr.
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2. Molekulérni struktura CFTR je popsana ve dvou konformacich: (1) uzaviena, kdy se
RD nachézi mezi dvéma NBD a kandl je uzavien pro prichod iontd, v této chvili neni
navazané ATP a protein neni fosforylovan; (2) oteviend, kdy NBD vaze ATP, protein je

fosforylovéan a dochazi k otevieni CFTR kanalu (Zhang & Chen, 2016).

Obr. 2. Schematické zobrazeni CFTR proteinu, adaptovano dle Hanssens et al., 2021. Na
obrazku dvé transmembranové domény TMDI1 a TMD2, dvé cytosolové nukleotid-vazajici
domény NBDI1 a NBD2, a jedna regulacni doména R, propojujici dvé poloviny CFTR

proteinu. (P) znaci misto fosforylace regulacni domény.

1.4. Funkéni tiidy CFTR mutaci

Klinicky obraz je u CF pacientl velmi variabilni co do zdvaznosti prub¢hu, komplikaci
onemocnéni a délky pfeziti. Fenotyp onemocnéni je asociovan zejména s CFTR
genotypem. Je popsano vice nez 2000 CFTR mutaci (Cystic Fibrosis Mutation Database,
online), ze kterych cca 720 bylo charakterizovano v databazi CFTR2 jako mutace, které
zplisobuji onemocnéni (disease causing) (CFTR2 database, online). Na zakladé¢
intracelularniho zpracovani a funkce CFTR kanélu byly mutace rdmcové rozdéleny do 7
funk¢nich tfid (de Boeck & Amaral, 2016): Trida I obsahuje nonsense mutace a mutace
tvofici pfedcasny stop kodon, které maji Casto za nésledek degradaci mRNA nebo
predcasné ukonceni translace mRNA s tvorbou trunkovaného proteinu, ktery je urcen
k degradaci (Wilschanski, 2012). Trida II obsahuje mutace zpiisobujici defektni
transport chybné slozeného CFTR proteinu, dochdzi k zadrZzeni proteinu
v endoplazmatickém retikulu a nésledné k jeho degradaci. Mimo jiné sem fadime
nejcastej$i mutaci F508del. Trida III je charakterizovana defektem v otevirani CFTR
kanalu (tzv. gating mutace) s vyznamné snizenou pravdépodobnosti otevirani kanalu

v membrané. TFida IV zpiisobuje snizené proudéni iontl pies CFTR kanal. TFida V vede
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k redukei poctu normalniho CFTR proteinu, ¢asto z ditvodu alternativniho mista pro
sestiih mRNA (tzv. splicing mutace) a tim generuje jak normalni, tak defektni CFTR
kanal. TFida VI destabilizuje CFTR kandl v plazmatické membrané a dochazi rychleji
k endocytoze, anebo zpomaleni recyklace kandlu zpét na povrch buitky. TFida VII jsou
mutace obsahujici vyznamné delece ¢asti CFTR genu a netvofi se zddnd mRNA a tudiz
zadny protein, viz tabulka 1. Dle analyzy evropského registru (zahrnuto 25 394 pacientti
napfi¢ 23 evropskymi zemémi) ma alespoil na jedné alele 87,2 % pacientil mutaci tiidy
IT; 12,6 % mutaci tridy I; 3,9 % pacienti mutaci tiidy III; 3,3 % mutaci tiidy IV; 3,0 %
mutaci tfidy V. Celkové 8,6 % mutaci zistdva neznadmych (de Boeck et al., 2014).
Frekvence mutaci funkéni tfidy VI a VII nebyla popsana. Dle vySe uvedené funkéni
klasifikace a klinického prubé¢hu onemocnéni mizeme rozdélit CFTR mutace do dvou
skupin dle zdvaznosti pribc¢hu onemocnéni: (1) genotyp s vysokym rizikem zavazného
prabéhu, pokud jsou ptfitomné na obou alelach mutace z tiid I, II, III, nebo VII, tzv.
mutace s minimalni funkci; (2) genotyp s nizkym rizikem zévazného prabehu, pokud je
alesponl na jedné alele pfitomna mutace ttidy IV, V, nebo VI, tzv. mutace s residudlni
funkci (Rueda-Nieto et al., 2022). Residuélni funkce CFTR znamend, Ze mutovany gen
zpusobuje klinicky vyznamny funkéni deficit iontového kanalu, ale stale urcita funkce
pretrvava. Residudlni funkce se mezi jednotlivymi mutacemi lisi a ve funk¢nich studiich
se udava jako % normalni funkce CFTR proteinu (% WT-CFTR, wild-type CFTR). Tato
funkeni klasifikace ziskava na klinickém vyznamu s ohledem na vyvoj nové 1écby, ktera
pfimo cili na defektni CFTR protein s nutnosti riznych lécebnych strategii k pfekonani
funkéniho nebo strukturalniho deficitu. Frekvence jednotlivych funkénich tiid se lisi

v ruznych populacich (Mall et al., 2020).

Navzdory definované klasifikaci mutaci do funk¢nich tfid je znamo, Ze jednotlivé mutace
mohou ovlivnit funkci CFTR na n¢kolika Grovnich, coz brani k jednozna¢nému zatazeni
do funkeni tidy. Napiiklad u F508del, nejcastéjsi mutaci tiidy II, je narusené slozeni
proteinu a jeho transport k plasmatické membran¢, ale také vykazuje defekt otevirani
chloridového kanalu charakteristicky pro mutace ttidy 111, stejné jako snizenou stabilitu
na plasmatické membrané patognomickou pro mutace tfidy VI (Veit et al., 2016).
Podobny piekryv funkénich defektit CFTR zasahujici do vice funkénich tfid byl popsan i
u celé fady dalSich mutaci, napt. R117H, R334W, A455E, R347P a N1303K (Veit et al.,
2016). Tato zjisténi mohou castecné vysvétlit in vitro rozdily v 1écebné odpovédi na

specifické léky cilici na defektni CFTR protein v buiice a / nebo na membrang, tzv. CFTR
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modulatory, mezi riznymi mutacemi ve stejné tiidé (Veit et al., 2016). Nicméné pro

nekteré vzacné CFTR mutace zGstava molekularni a funkéni deficit neznamy (Sosnay et

al., 2013). Soucasny vyzkum se snaZzi tyto mutace funkcéné i klinicky charakterizovat, a

z tohoto diivodu byl zaveden koncept tzv. theratypingu (volné ptelozeno jako typizace

terapie), kde jsou neklasifikované CFTR mutace zafazeny do ,theratypu® na zakladé¢

jejich dopadu na mnozstvi a in vitro métenou funkci CFTR kandlu a reakci na CFTR

modulatory (nezavisle na funkéni tfidé mutace) (Clancy et al., 2019). S rozsitenim in vitro

testovani pacient-specifickych bunéénych modeld mtze koncept ,theratypt® piinést

moznost personalizované 1écby, zejména u pacientli se vzacnymi CFTR mutacemi

(Clancy et al., 2019;Dekkers et al., 2016;Cholon & Gentzsch, 2018).

Pritomnost

Funk¢ni Defekt Funkce " , Strategie 1¢cby
tida CFTR CFTR CFTR na Ptiklady mutaci
membrané
G542X, obnova
zadny ., W1282X, syntézy, ,,read-

! protein nefunkeéni ne R553X through*
molekuly

chybné F508del, lz‘i:llztl‘;g a

zpracovani a ., N1303K, P ry,

II . , . | nefunk¢ni ne +

intracelularni 1507del ey s
transport amplifikatory,
+ stabilizatory
feegfﬁgi’; G551D, G178R,

I (otevirani) nefunkéni ano G5518S potenciatory Genova
kanalu lécba
snizene R334W, R117H,

IV vedent ionti snizena ano R347P potenciatory
snizené 3272-26A>G, | oprava sestfihu

A/ mnozstvi snizena snizena A455E, mRNA,

proteinu D565G amplifikatory
snizena

VI stabilita snizena snizend | 1811+1.6kbA>G | stabilizatory

proteinu
zadna . . dele2,3,
VII mRNA nefunkéni ne 1717-1GA nelze

Tabulka 1. Funkéni tiidy CFTR mutaci a terapeutické strategie. Adaptovano dle De
Boeck & Amaral, 2016 a Pranke et al., 2019.
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1.5. Lécba CF a CFTR modulatory

Lécba CF se zaklad4 zejména na zvladani symptoml onemocnéni postizenych organt,
tzv. symptomatické 1écb¢é. Ke zpomaleni progresivniho plicniho postizeni je nutna
intenzivni dechova rehabilitace, inhalace mukoaktivnich latek (hypertonického solného
roztoku), inhalace mukolytik (inhalaéni DNasa), inhalac¢ni antibiotika, dle potieby
Cast¢j$i uzivani systémovych antibiotik a protizdnétlivé 1éky. Ke zvladani
gastrointestinalnich symptomu je nutné zejména substituovat tradvici enzymy, vitaminy

rozpustné v tucich a navysit kaloricky piijem.

CFTR modulatory jsou malé molekuly, které cili na defektni CFTR protein na bunééné
urovni a jejich cilem je obnoveni funkce defektniho proteinu. Mezi tyto molekuly
zahrnujeme: I) potenciatory, které obnovuji funkénost chloridového kanalu, ktery je jiz
pfitomen na bunééné membrang, I1) korektory, které opravuji maturaci a transport CFTR
proteinu z cytoplasmy k plasmatické membrang, III) stabilizatory, které prodluzuji dobu
setrvani CFTR kandlu v plasmatické membrané, IV) amplifikatory, které zvysuji expresi
CFTR proteinu a tim amplifikuji mnozstvi defektniho proteinu dostupného ke korekei /
potenciaci jinymi modulatory (Molinski ef al., 2017), a V) ,,read-through* molekuly,
tzn. molekuly, které umoznuji ,,piecist mRNA s pred¢asnym stop kodonem (Clancy et
al., 2019): specifické malé molekuly (antisense oligonukleotidy) pozméni translaci
v misté¢ pred¢asného stop kodonu a umozni inserci ptibuzné aminokyseliny a tim tvorbu

proteinu v plné délce (Bedwell et al., 1997).

Dosud pouze dvé skupiny moduléatorti uspély v klinickém testovani a byly schvaleny
k pouziti u pacienti: I) potenciatory a II) korektory, navic pro vétSinu pacientl je

k obnové funkce CFTR nutné tyto dvé kategorie modulatori zkombinovat.

V roce 2012 byl schvélen potencidtor ivakaftor (VX-770; Vertex Pharmaceuticals) pro
1écbu pacientd s CFTR mutaci funkéni tfidy III a mutaci G551D (tzv. keltskd mutace),
ktery ma cca 3-5 % populace CF pacientii. V klinické studii byl zaznamenano
signifikantni zlepSeni zdravotniho stavu, monitorované méfenim plicnich funkci a
parametru FEV1 (forced expiratory volume in 1 second), naristem hmotnosti dle BMI
(body mass index) a poklesem koncentrace chloridii v potu (Ramsey et al., 2011).
Ivakaftor ma pravdépodobné vliv na stabilitu CFTR a umoziuje proteinu byt dostate¢né
flexibilni, aby mohlo probihat otevirani a zavirani kanalu, tzv. gating cykly, tim potencuje

funkci CFTR proteinu (Cholon et al., 2014). Disledkem je zvySeni pravdépodobnosti
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(Cetnosti) otevirani CFTR kanélu a facilitace prichodu iontii (Chen ef al., 2019), nicméné
pfesny mechanismus G¢inku na molekularni irovni neni zcela objasnén (Jih et al., 2017).
Korektory pozitivn¢ ovlivituji defektni intracelularni transport na bunéénou membranu
chybné sloZzeného CFTR proteinu. V soucasnosti se korektory déli na korektory typu I,
které ovliviuji strukturdlni defekt CFTR tak, Ze se se vazou v hluboké kapse TMD1
domény, jejich afinita je mediovand zejména tvarovou komplementaritou, ktera
maximalizuje van der Waalsovy interakce a tim méni a stabilizuje alosterickou
konfiguraci CFTR, umoziiuje spravné slozeni CFTR a jeho transport na membranu
(Fiedorczuk & Chen, 2022). Korektory typu II se pravdépodobné vazou na NBD2
doménu (Capurro et al., 2021), vice o jejich mechanismu neni zndmo a nemame ani
k dispozici takovou molekulu v klinické praxi. Korektory typu III méni alosterickou
konformaci CFTR NBD1 domény (Veit et al., 2020), pro elexakaftor bylo nasledné
identifikovano vazebné misto na TMDI1 i NBD1 (Ferreira, Buarque & Lopes-Pacheco,
2024). Dulezité je, ze se li§i vazebné misto pro korektory I. a III. typu, efekt na korekci

transportu je aditivni (obr. 3).

Cl-

\VX-809|8
\V/X-661 E
VX-445 "

45—
VX445 s,

A

Obr. 3. Schematické zobrazeni vazebnych mist korektorii CFTR proteinu, adaptovano dle

Hanssens et al., 2021. VX-809 (lumakaftor) a VX-661 (tezakaftor) patii mezi korektory

typu I, VX-445 (elexakaftor) patii mezi korektory typu I11.

Prvni CFTR korektor, ktery uspél v klinickém testovani, byl lumakaftor (VX-809, Vertex
Pharmaceuticals), korektor I. typu, a v kombinaci s ivakaftorem byl schvélen pro 1écbu
pacientl s nejcastéjSim genotypem F508del/F508del v roce 2015 (indikovan pro cca 40
% populace CF pacientlt) (Wainwright ef al., 2015). Lék byl schvalen zejména na zakladé
snizeni poctu plicnich exacerbaci, primémé zlepSeni FEV1 nebylo ve srovndni se

klinickou studii ivakaftoru tak vyznamné (Wainwright et al., 2015;Rowe et al., 2017).
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Dalsi korektor tezakaftor (VX-661, Vertex Pharmaceuticals), korektor I. typu, byl
schvalen v kombinaci s ivakaftorem v roce 2018, indikac¢ni kritéria zistala stejna jako pro
kombinaci lumakaftor/ivakaftor, tj. pacienti s nejCastéjSim genotypem F508del/F508del
(Rowe et al., 2017). Nicmén¢ indikacni list pro tezakaftor/ivakaftor se rozsifil na skupinu
heterozygoti F508del s mutacemi s rezidudlni funkci CFTR proteinu (méné nez 5 %
celkové populace CF pacientil). Nejnovejsi schvaleny CFTR modulétor je elexakaftor
(ELX, VX-445, Vertex Pharmaceuticals), korektor III. typu, s odliSnym mechanismem
ucinku ve srovnani s korektory prvni generace (lumakaftorem a tezakaftorem). Tato
ucinnd latka se stala soucasti trojkombinace elexakaftor/tezakaftor/ivakaftor (ETI)
schvalené Evropskou lékovou agenturou v roce 2020 pro pacienty, kteti maji alespon
jednu mutaci F508del (Middleton et al., 2019). Terapeuticky lze pomoci CFTR
modulatort ovlivnit funkéni t¥idy 11— VI (viz tabulka 1). Pro klinické testovani je dlezity
pocet pacientl s konkrétni mutaci CFTR genu, a proto se dosud vyvoj CFTR modulétort
soustfedil zejména na pacienty s nejcastéjsi mutaci F508del: cca 50 % evropskych
pacientil jsou homozygoti varianty F508del a dalSich 35-40 % jsou sloZeni heterozygoti
(Orenti et al., 2022), nejnovejsi kombinace CFTR modulatort je tedy indikovana pro cca

85-90 % pacientd.

Prestoze modulatorové 1éky predstavuji prevratny uspéch v 1é€bé CF, je zde cela tada
nezodpovézenych otdzek. Lécba CFTR modulatory neni dostupnd vSem. Z principu
charakteristiky funkénich tfid nebudou CFTR modulatory efektivni u pacienti s I. nebo
VIIL. funkéni tfidou, u téchto pacientl neni v buiice pfitomny protein, ktery by mohl byt
korigovan/potencovan. Déle existuji pacienti se vzdcnymi mutacemi, ktefi s ohledem na
nizkou frekvenci vyskytu mutace v populaci nejsou zatazeni do standardniho klinického
testovani, ale potencidln¢ by mohli z CFTR modulujici 1é¢by profitovat (Sosnay et al.,
2013;McCague et al., 2019). Dalsi dilezity aspekt je nedostatek znalosti o klinické
variabilité pribéhu onemocnéni. Piestoze CFTR genotyp je urcujici pro indikaci CFTR
modulatort, z ptedchozich studii vime, Ze vice nez 50 % klinické variability se zakladnim
genotypem nesouvisi (Cutting, 2015), coz ukazuji i individudlni rozdily v odpovédi na
1é¢bu, které byly pozorovany v klinickych studii (Wainwright et al., 2015;Middleton et
al., 2019;Heijerman et al., 2019;Taylor-Cousar et al, 2017), a také pii in vitro
vySetfenich (Ramalho et al., 2021).
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1.6. Faktory modifikujici pribéh onemocnéni

Rozsah orgédnového poSkozeni miize byt velmi rozdilny mezi jednotlivymi pacienty. Lisi
se také mezi pacienty se stejnym CFTR genotypem. K heterogenité klinického pribehu,
tj. fenotypu, pfispiva n€kolik faktort: enviromentalni a genetické. Enviromentalni faktory
muzou mit vliv naptiklad az na 50 % variabilitu plicnich funkci u pacientu s CF (Collaco
et al, 2010). Nicméné¢ nutno podotknout, Ze 1 pacienti se stejnym genotypem,
vyrustajicimi ve stejném prostiedi (sourozenci), mizou mit velmi variabilni klinicky
priubéh (Vanscoy et al., 2007), ktery neni vysvétlitelny ani CFTR genotypem a je pouze
Castecné vysvétlitelny enviromentalnimi faktory. Na variabilité¢ klinického prib&hu se
mohou podilet dalsi genetické varianty mimo CF7R, tyto varianty nazyvame geny
modifikujici onemocnéni (Paranjapye et al., 2020; Cutting, 2010). Byly identifikovany
geny, které prispivaji k obstrukci dychacich cest (TGFBI, MBL2, EHF, APIP,
Chr20q13.2, SLC9A43, SLC6A414), infekci Pseudomonas aeruginosa (MBL2, DCTN4,
SLC6A14), CFTR genotyp primarn¢ urcuje dysfunkci exokrinni funkce pankreatu, ale
pfitomnost dalSich variant mé vliv na rozvoj CFRD (TCF7L2, CDKALI, CDKN2A/B,
IGF2BP2, SLC26A49), stievni obstrukce (MSRA, SLC6A414, SLC26A49, SLCY9A43) a stav
vyzivy (Chrip36.1, Chr5qi4) (Cutting, 2015). Celogenomovéa asociacni studie
identifikovala 5 lokusti modifikujici zdvaznost plicniho postizeni (MUC4/MUC20),
SLC9A43, HLA 11. tiidy, AGTR2/SLC6A414, EHF/APIP) (Corvol et al., 2015). Podobné
jako klinicky pribéh onemocnéni, tak i odpovéd’ na CFTR modulatory neni mezi pacienty
uniformni, a to ani mezi pacienty se stejnym CFTR genotypem. Rozsah zachrany funkce
CFTR kanalu in vitro, ale také zlepSeni klinickych parametri, neni zcela jasné€ asociovano
s individudlni funkéni tfidou mutace (Flume et al., 2012). Proto se také zkoumaji geny
modifikujici odpovéd’ na CFTR modulatory. Francouzska studie asociovala odpovéd’ na
ivakaftor s genem SLC26A49 (Corvol et al., 2018), jina studie ukdzala, ze polymorfismus
SLC6A14 genu je asociovan se stavem vyZzivy pii 1écbé kombinaci lumakaftor/ivakaftor
(Mésinele et al., 2022). Nejsou zatim prokdzané zadné asociace mezi odpovédi na
nejnovéjsi kombinaci ETT (Mésinéle et al., 2022). CF byla vzdy povazovéna za prototyp
monogenniho onemocnéni, ale sohledem na soufasné poznani je mozné ji nyni
charakterizovat spiSe jako multifaktoridlni onemocnéni ve smyslu interakce
enviromentalnich a genetickych faktorti, jak polymorfisml napiic¢ sekvenci CFTR genu,
tak s fadou dalSich genli modifikujicich onemocnéni. S témito poznatky miizeme Castecné
vysvétlit Siroké spektrum klinickych projevii CF. Modifikujici geny mtizou hrat dilezitou

roli pfi uréovéani komplexniho fenotypu CF, ale nutno zminit, ze pouze nékolik variant
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nezévisle koreluje s vybranymi klinickymi parametry (Marson, 2018). I pfesto by
objasnéni téchto faktorti mohlo pfispivat k vysvétleni rozdilli ve fenotypu onemocnéni a
v 1é¢ebné odpovedi na CFTR modulatory a tim zdokonalit predikcei terapeutické odpovédi

na CFTR modulétory.

1.7. Bunééné modely CF

Piestoze nova lécba CF, cilici pfimo na CFTR protein na bunééné urovni, miZe
signifikantné zlepsit zdravotni stav, kvalitu Zivota a celkové preziti pacienti s CF, neni
k dispozici pro vSechny pacienty. Pro nékteré pacienty je 1écba nedostupna kviili
vzacnosti jejich CFTR varianty, kviili cemuZz jednoduse neméme informace o potencialni
efektivité [écby. Jednou z navrhovanych metod feseni je pouziti bunéénych modelt, které
umoziuji preklinické terapeutické testovani CFTR modulétorti in vitro. Vyuzivané jsou
napft. heterologni modely FRT (Fisher Rat Thyroid) bun¢k, tento model akceptovala FDA
(Food and Drug Administration, USA) krozsifeni indika¢nich mutaci pro CFTR
modulatory v USA (Van Goor et al., 2009). Nevyhodou tohoto modelu je, Ze nemusi
odpovidat podminkdm v lidském organismu (Amato et al., 2019;Laselva et al., 2020).
Naproti tomu laboratorni vySetieni pacient-specifickych tkanovych modeli a korelace in
vitro dat s klinickym pribéhem onemocnéni nebo klinickou odpovédi na CFTR
modulatory mize 1épe objasnit mechanismy podilejici se na fenotypu onemocnéni i
variabilité terapeutické odpovédi. Pouziti takovych tkdnovych modeld k analyze funkce
CFTR proteinu s riznymi CFTR moduldtory mtze poskytnout preklinické zhodnoceni
potencidlniho benefitu pro pacienta s CF. Hledani specifické a nejvhodnéjsi 1€cby pro
konkrétniho pacienta, tj. personalizace 1éCby, je trendem moderni mediciny (Clancy et
al., 2019). Bunééné modely derivované z tkani pacienta maji v tomto ohledu nejvétsi
relevanci, jelikoz reflektuji komplexni genetické pozadi kazdého studovaného pacienta a
tvoii jedine¢nou cestu k testovani individudlni 1é¢ebné odpoveédi na CFTR modulétory a

k personalizaci 1écby.

1.7.1. Tkanov¢ kultury z bronchialnich epitelidlnich bunék

Primarni lidské bronchidlni epitelidlni (HBE, human bronchial epithelial) kultury
péstované jako ALI (air-liquid interface, péstované na rozhrani médium — vzduch
simulujici in vivo prostfedi respiracniho epitelu) jsou dualezitou ¢asti vyzkumu CF.

M¢étfenim v Ussingové komtlrce mizeme analyzovat elektrofyziologické vlastnosti
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epitelu pomoci méfeni trans-epitelidlniho napéti na membrané polarizovanych HBE
bunék. Promyvéanim sérii roztokt se stimuluje CFTR kanal a dochazi k efluxu iontt, ktery
muizeme méfit jako zménu elektrickych potencialii na membrané (Sun ef al., 2014). Tato
technika umoziuje i detekci funkce CFTR proteinu v zavislosti na ptitomnosti CFTR
modulatort nebo jinych substanci (Van Goor et al., 2009). HBE kultury byly vyuzity k
analyze in vitro 1écebné odpovédi na lumakaftor (Strug et al., 2016). V citované publikaci
autofi ukazali, ze odpovéd bunc¢k na lumakaftor se 1i8i i v zavislosti na pfitomnosti
modifikujicich gent (pf. SLC26A49). HBE kultury navic umoziuji analyzu funkce cilii,
zanétlivé odpovédi a fyziologie ASL (airway surface liquid, tekutiny na povrchu
dychacich cest) (Schogler et al., 2017). Vyznamnou nevyhodou tohoto modelu je nutnost
ziskani vzorku bronchidlni sliznice ke kultivaci. HBE buniky mzeme ziskat periopera¢né
pfi resekcich plicniho parenchymu nebo transplantacich plic, nebo pomoci bronchidlni
biopsie pii bronchoskopii. Zminéné metody jsou invazivni a je nutné je provadect
v celkové anestezii nebo sedaci. Zejména z téchto diivodl nejsou vhodné k rutinnimu
vySetfovani. Dalsi nevyhodou je naro¢nost kultivace HBE kultur i elektrofyziologické
analyzy pomoci Ussingovy komory (Fulcher & Randell, 2013), které vyzaduje také

vysoce specializované technické zazemi.

1.7.2. Tkanové kultury z nosnich epitelidlnich bunék
Lidské nosni epitelidlni (HNE, human nasal epithelial) bunky se staly vyhodnou
alternativou bronchidlnich kultur. Oproti HBE bunikdm Ize HNE buiky ziskat pomoci
snadno dostupného stéru nosni sliznice. Podobnost morfologie a fyziologie HNE a HBE
kultur umoziuje testovani CFTR modulatort i tkanove specifické fyziologické studie.
K elektrofyziologické analyze ALI kultur se vyuziva Ussingova komirka jako u HBE
kultur (Keegan & Brewington, 2021).

1.7.3. Tkanové kultury ze stfevnich bun¢k — intestindlni organoidy

Primérni intestindlni organoidy jsou 3D kultury vytvofené ze zdrode¢nych bunék
pfitomnych v Lieberkiihnovych kryptach ve stfevnim epitelu. Béhem kultivace za
specifickych podminek se zdrodecné bunky v extracelularni matrix (Matrigel, Corning,
USA) samy organizuji do sférickych struktur s centralnim lumen, tzv. organoidl (obr. 4).
Organoidy jsou tvofené jednou vrstvou piesné¢ polarizovanych epitelovych bunék, kde

apikdlni membrana sméfuje do centra (lumen) organoidu (Sato & Clevers, 2013). U
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zdravého jedince je na povrchu apikalni membrany vysoce exprimovany funkéni CFTR
protein, u pacienta s CF kopiruje CFTR protein funkéni defekt dle genotypu pacienta.
Stfevni organoidy se ziskéavaji jednoduchou a nebolestivou rektalni biopsii. Stfevni buniky
maji vyznamné lepsi biologické vlastnosti nez buniky respiraéniho epitelu, a jejich
kultivace je snadnéjsi. Z tohoto diivodu se jedna o Siroce vyuzivany ex vivo bunécny
model k analyze funkce CFTR proteinu a individuélni terapeutické odpovédi na CFTR

modulatory.

Obr. 4. Intestinalni organoidy. A) Lieberkiihnovy krypty 1 den po izolaci z rektalnich
biopsii. B) Organoidy tyden po uspésné izolaci u zdravého jedince (WI-CFTR), jsou
patrna jasné utvorena lumen obklopena vrstvou bunék, nebot’ CFTR protein je funkcni.
C) Organoidy pacienta s CF a genotypem F508del/F508del, organoidy nemaji viditelna
lumen, nebot CFTR protein je dysfunkcni. Jednd se o buiky vypéstované v nasi

laboratori.

Intestinalni organoidy je mozné kultivovat téméf nekonecné dlouho pii pouziti
specifickych rastovych faktort (Sato & Clevers, 2013;-Sato et al., 2011). Tkanova kultura
organoidl je geneticky stabilni béhem dlouhodobé kultivace (Sato & Clevers, 2013),
udrzuje si epigenetické otisky definované lokaln¢ specifickymi faktory in vivo
(Middendorp et al., 2014). Organoidy muzou byt ulozeny do biobanky zamrazenim
v tekutém dusiku a je mozné je znovu analyzovat v dlouhodobych studiich nebo

s potencialné novymi CFTR modulatory ve vyvoji (Van De Wetering et al., 2015).
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1.7.4. 3D kultury respirac¢niho epitelu
Za urcitych podminek se HBE / HNE kultury daji pievést na 3D struktury (organoidy /
sféroidy, nomenklatura neni zcela ustalend), k tomu se recentné zacaly vyuzivat obdobné
metody jako kultivace intestinalnich organoidd, kdy se za specifickych podminek HNE /
HBE buiky kultivuji v extraceluldrni matrix (nejvyuzivanéjsi je Matrigel, Corning,
USA), ¢imz dosahneme organizace bun€k do sférického ttvaru, buniky jsou polarizované
apikalni membranou do centrdlniho lumen a maji charakteristiky respira¢niho epitelu
(tvorba fasinek, hlenu) (Keegan & Brewington, 2021;-Brewington et al., 2018). Oproti
ALI kulturam jsou 3D modely pfipravené k analyze za 1-2 tydny po prvotni expanzi
(zhruba 2x rychleji nez ALI kultury), ale u 3D kultur pozorovéna vétsi variabilita v kvalité
vzorku. Jedné se o pomérné novou vyzkumnou metodu, neni zatim k dispozici dostatek
dat srovnavajici 3D modely respira¢niho epitelu s jiz existujicimi tkanovymi modely, a
chybi i korelace s klinickymi daty. Limitaci je i nedostatek sdilenych a standardizovanych
protokolll k optimalizaci metody mezi laboratofemi a celkova obtiznost kultivace

respiracnich organoida (Brewington et al., 2018).

1.7.5. Funkéni vySetieni intestindlnich organoidt

Organoidovy model se vyuzivd ke zhodnoceni funkce CFTR kandlu pomoci metody
forskolinem indukované bobtnani (forskolin induced swelling assay, FIS). Forskolin je
diterpen, ktery in vitro stimuluje adenylat cyklasu a tim zvySuje hladinu cAMP v buiice.
Vlastni cAMP jako druhy posel aktivuje proteinkinazu, ktera fosforyluje ATP na NBD,
tim aktivuje CFTR kanal (Dekkers et al., 2013) a zptsobi rychlou sekreci ionti do lumen
organoidu, které osmoticky nasleduje voda. Tento proces je u intestinalnich organoidi
striktné vazany na CFTR kandl. Pokud inkubujeme organoidy s CFTR modulatory,
muzeme pozorovat zachranu funkce iontového kanalu. Piestupem iontl a vody do lumen
organoidu za stimulace forskolinem a CFTR modulatory se zvétSuje objem vlastniho
organoidu a je pozorovano bobtnani (,,swelling®), kter¢é muizeme kvantifikovat.
Organoidy nabarvené kalceinovou zeleni se analyzuji fluorescenénim konfokalnim
mikroskopem s videozdznamem v realném case. Nasledné se ze zmény objemu organoidu

vypocita aktivita CFTR kanalu (obr. 5).

Otazkou zlstava, zda pomoci in vitro vySetieni lze predikovat klinickou odpovéd’ na
CFTR modulatory. V roce 2016 Dekkers et al. publikovali praci popisujici asociaci mezi

vysledky FIS vysetieni a klinickou odpovédi na terapii (hodnoceno pomoci zmén plicnich
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funkci FEV1) (Dekkers ef al., 2016). Autofti ukazali, Ze FIS odpovédi jsou variabilni mezi
pacienty se stejnym CFTR genotypem a vysledky naznacuji, ze odpovéd’ na CFTR
modulatory jsou ovlivnéné jak zakladnim CFTR genotypem, tak individualnim
genetickym pozadim kazdého pacienta. Nutno dodat, ze FIS odpovédi a korelace
s klinickymi daty byly pozorovany pouze na malém vzorku pacientt, kteti se od sebe lisili
CFTR genotypem. Dalsi publikace stejné skupiny (Berkers ef al., 2019) se soustiedila na
soubor pacientd s plicnimi funkcemi FEV1 40-90 % a ukazala, Ze organoidovy model
spravn¢ predikoval klinicky vyznamné zlepSeni FEV1 a pokles hladiny chloridii v potu,

ale znovu u velmi heterogenni skupiny pacienti.

A)
Forskolin +
CFTR modulatory
C —
B)

Obr. 5. Forskolinem indukované bobtnani. A) schematické zobrazeni: organoid
s dysfunkcnim CFTR proteinem nema viditelné lumen. Po inkubaci s CFTR modulatory a
forskolinem nasleduje influx chloridovych aniontii a vody do organoidu a vytvoreni
lumen. B) Priklad organoidit od pacienta s CF, nabarvené kalceinovou zelent, v nativnim

stavu (vlevo) a po inkubaci s CFTR modulatory a forskolinem (vpravo).
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1.8. Zaver

Z dostupné literatury je patrné, Ze bunéné modely CF, odvozené od pacienta, jsou Siroce
vyuzivany k hodnoceni funkce CFTR kanalu a k hodnoceni zachrany jeho funkce pomoci
CFTR modulétori. S ohledem na pozorovanou variabilitu na bunéénych modelech (in
vitro) a klinickou odpovéd’ na CFTR modulatory (in vivo) je dilezité prozkoumat rozsah
a Cetnost této variability a ev. objasnit jeji divody. Intestinalni organoidy pacientt s CF a
FIS vySetteni 1ze vyuzit ke zhodnoceni 1é¢ebné odpovédi u pacienti, ktefi na podavanou
1écbu neodpovidaji standardné, ke zvoleni nejvhodnéjsiho CFTR modulétoru (ve chvili
kdy mame k dispozici vice 1ékl1) nebo mlize pomoci identifikovat respondenty na CFTR
modulatory mezi pacienty se vzdcnymi mutacemi, ktefi nemaji moznost se zucastnit

klinickych studii.
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2 HYPOTEZA A CILE PRACE

2.1. Hypotéza

FIS vySetfeni intestindlnich organoidl lze vyuZit k predikci in vivo terapeutického efektu
CFTR modulétort, a dokonce muze vést ke stratifikaci miry 1écebné odpovedi. Genetické
pozadi mimo vlastni CFTR genotyp miZze ovliviiovat 1é¢ebnou odpovéd’ na CFTR
modulatory. Morfologie stfevnich organoidl se na prvni pohled li$i mezi zdravymi jedinci

a pacienty s CF, tohoto fenoménu lze vyuzit v diagnostice onemocnéni.

2.2 Cile prace

(1) Stratifikace in vitro 1écebné odpovédi na jednotlivé CFTR modulatory u

vybranych skupin pacienti pomoci intestinalnich organoidua a FIS vysetieni.

(2) Korelace in vitro méfené odpovédi na CFTR modulétory s in vivo klinickymi

parametry u pacientll na 1écbé.

(3) Zhodnoceni vyuziti intestindlnich organoidii jako prediktivniho modelu
terapeutické odpovédi na CFTR modulétory a jejich vyuziti v personalizované

medicing.

(4) Analyza genetického pozadi pomoci sekvenace CFTR genu a zhodnoceni vlivu
potencialnich novych variant na in vitro nebo in vivo terapeutickou odpovéd’ na

CFTR modulatory.

(5) Analyza morfologie stievnich organoidu a jejich potencialni vyuziti v diagnostice

CF.
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3 METODIKA

3.1. Vybér pacientti

Do studii byli zatfazeni pacienti s cystickou fibrézou s riznym CFTR genotypem, ktefi
byli ve sledovani v Centrech cystické fibrézy na Pediatrické klinice 2. LF UK a FN Motol,
Pneumologické klinice 2. LF UK a FN Motol a v University Hospital Leuven v Belgii.
Studie hodnoceni morfologie organoidli byla provedena v belgické kohorté pacientt a
byli zatfazeny i zdravé kontroly. VSechny projekty byly schvéleny etickou komisi

ptislusné organizace (FN Motol, University Hospital Leuven).

3.2. Odbér a kultivace intestinalnich organoidt

Odbeéry vzorki rektalni sliznice byly provedeny pomoci sukéniho odbérového zatizeni
Rbi2 Suction Rectal Biopsy System (Aussystem, Australie), od kazdého pacienty byly
ziskany 2-3 vzorky rektélni sliznice o velikosti cca 2 x 3 mm. Po omyti byly biopsie
inkubovany s 0,5 M EDTA, mechanicky rozmélnény a centrifugaci izolovany stfevni
krypty. Krypty byly nasazeny do extracelularni matrix (Matrigel, Corning, USA) ve 24-
jamkovych destickach a prelity kultivaénim médiem. Kmenové buiiky pfitomné na dné
stievnich krypt se za pfitomnosti specifickych ristovych faktort a inhibitort kultiva¢niho
média samy formuji do 3D struktur s centrdlnim lumen — intestindlnich organoidi.
Médium bylo vyménovano 3x tydné a organoidy byly pasdzovany kazdych 7-10 dni. Dle
mnozstvi materidlu byly po 1. az 3. pasazi organoidy zamrazeny v tekutém dusiku a
ulozeny do biobanky. Narostlé organoidy byly pfipravené k provedeni dalSich
experimentl za 4 az 6 tydnu kultivace (Dekkers et al., 2013; Vonk et al., 2020).

3.3. Forskolinem indukované bobtnani (forskolin induced swelling assay,
FIS)

Narostlé organoidy byly mechanicky rozdéleny, nasazeny do 96-jamkové desticky a

nasledné 20-24 hodin inkubovany v riznych podminkéch: Na pracovisti KU Leuven byly

organoidy inkubovany: (1) za pfitomnosti pouze kultivaéniho média (kontrolni jamky),

(2) v médiu obsahujici CFTR korektor tezakaftor (3 uM, Selleckchem, USA), (3) v médiu

obsahujici CFTR korektor lumakaftor (3 uM, Selleckchem, USA). Na naSem pracovisti
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byly organoidy inkubovany: (1) za ptfitomnosti pouze kultivaéniho média (kontrolni
jamky), (2) v médiu obsahujici CFTR korektor tezakaftor (3 M, Selleckchem, USA), (3)
v médiu obsahujici CFTR korektory elexakaftor (2 pM, Selleckchem, USA) a tezakaftor
(3 uM). Pro kazdou podminku byly pouzity dvé jamky, kazda obsahujici cca 20-60
organoidil. Po inkubaci byly organoidy nabarveny kalceinovou zeleni (Invitrogen, USA).
Ke stimulaci vlastniho CFTR byl k organoidiim pfidan roztok se vzestupnou koncentraci
forskolinu (0,008 — 5,0 uM, Selleckchem, USA) a ivakaftor (3 uM, Selleckchem, USA),
bezprostiedné poté byly organoidy analyzovany po dobu 60 minut. Monitorovali jsme
velikost organoidii na zac¢atku experimentu (t0) a dale zménu velikosti kazdych 10 minut
po dobu 1 hodiny pomoci obrazové dokumentace konfokdlnim fluorescencnim
mikroskopem s videozdznamem. U jednoho pacienta byly provedeny tfi nezdvislé
experimenty v ruznych dnech. Ziskané obrazky byly analyzovany zobrazovacim
softwarem Cellprofiler nebo ZEN Microscopy Software: byla vypocitana celkova plocha
(obsah) organoidt kazdého obrazku a normalizovéana na oblast t0 (pfi¢emz oblast t0 je
povazovana za bazalni hodnotu, tj. 100 %), normalizovana oblast byla vynesena proti
Casu a vypocteno AUC (area under the curve, plocha pod kiivkou) pro kazdou z jamek.
U vSech experimentl byl vypocitan prameér AUC dvou jamek pro kazdou z koncentraci
forskolinu a pouzitych CFTR modulétori, a kone¢na vypoctend AUC je prumér ze tfech

nezavislych experimentii (Dekkers et al., 2013; Vonk et al., 2020).

3.4. Sbér klinickych dat a korelace in vitro a in vivo dat

Klinicka data byla ziskana z 1¢kai'ské dokumentace pacientl s CF, ktefi byli 1é¢eni CFTR
modulatorem ETI po dobu alesponi 12 mésicii. Pacienti po nasazeni ETI byli sledovani
v pravidelnych intervalech: v ¢ase zahajeni 1é€by a déle po 1, 3, 6, 9 a 12 mé&sicich 1écby.
Byly ziskdny nasledujici klinické parametry: plicni funkce vyjadieny jako FEV 1, nutri¢ni
stav vyjadfeny jako BMI. Déle byla sledovana koncentrace chloridi v potu pied
zahajenim 1éCby a 6 meésici na 1écbé, celkovy pocet dnli na perordlnich nebo
intravendznich antibiotikach 12 mésict pted 1é¢bou a béhem prvnich 12 mésict terapie.
Déti podstoupily psychologické vySetfeni a hodnoceni kvality zivota (dotaznik CFQ-R,
Cystic Fibrosis Questionnaire-Revised). Ziskana klinicka data byla korelovana

s vysledky FIS (parametrem AUC pfi koncentraci 0,128 uM forskolinu).
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3.5. Geneticka analyza

Ve spolupréaci s Ustavem biologie a 1ékaiské genetiky 2. LF UK a FN Motol byla u
Ceskych pacientii provedena sekvenace celého CFTR genu ke konfirmaci zakladniho
genotypu a hledani dalSich intragennich variant. Templatova DNA byla izolovéna ze Zilni
krve pomoci systému MagCore (RBC Bioscience; USA). Byla provedena kompletni
analyza genu CFTR, véetné analyzy variaci po¢tu kopii uvnitt CF7R a péti intronovych
sekvenci pouzitych pro cilené obohaceni lokusu CFTR v testu Devyser CFTR NGS
(Devyser.com; Svédsko). MPS (massive paralel sequencing) bylo provedeno na
platformé¢ MiSeq (Illumina.com, USA). Detekované varianty byly ovéfeny cilenym
Sangerovym sekvenovanim DNA. Pomoci MPLA (Multiplex ligation-dependent probe
amplification assay) jsme analyzovali intra-CFTR pfeuspofadani, kterd by nebyla
detekovatelna sekvenacnim pfistupem, véetné variace poctu kopii, provedené systémem
SALSA MLPA P091 CFTR (MRC Holandsko, Nizozemi) s naslednou analyzou dat na
softwaru Coffalyser.Net. Bioinformatickd analyza detekovanych CFTR variant byla
provedena pomoci platformy SOPHIiA DDM (SOPHIA GENETICS; Svycarsko). Dalsi
bioinformatické analyzy byly provedeny pomoci platforem VarAFT, FRANKLIN
(Genoox.com; Izrael) a Varsome (https://varsome.com/) za ucelem vyuziti riiznych
algoritmi a stanoveni kone¢ného skore patogenity detekovanych variant. V ptipadé

potieby byl variantni patogenni potencial ovéfen v databazich CFTR2 a CFTR France.

3.6. Hodnoceni morfologie stievnich organoid

K hodnoceni morfologie se vyuzivaji sttevni organoidy péstované dle postupu uvedené¢ho
v bodé 3.2., nasledné byly organoidy nasazeny do 96-jamkovych desticek obdobné, jako
béhem pfipravy FIS. Organoidy byly hodnoceny nativné, pouze za piitomnosti
kultiva¢niho média a obarvené kalceinovou zeleni. Bylo provedeno hodnoceni a srovnani
morfologie stfevnich organoidii CF pacientl a zdravych kontrol pomoci obrazové analyzy
(software NIS-Elements AR Analysis), ze které byly vypocitany dva indexy: (1) IR
(intensity ratio, pomér intenzity), ktery kvantifikuje intenzitu fluorescen¢niho barveni na
zaklad¢é pfitomnosti nebo nepfitomnosti centrdlniho lumen; (2) CI (circularity index,

index kulatosti), ktery kvantifikuje ovalnost organoidi. K rozliSeni mezi pacienty s CF a
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zdravymi kontrolami byla pouzita diskriminacni analyza pomoci IR a CI. Podrobny

protokol v publikaci 4.5.

3.7. Statisticka analyza

Statistickou analyzu u kazdé z publikaci provadél zkuSeny statistik, podrobné&ji viz

jednotlivé publikace 4.1., 4.2.,4.3. a 4.4.
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4  KOMENTOVANE PUBLIKACE

4.1. Ramalho AS, Fiirstova E, Vonk AM, et al. Correction of CFTR function
in intestinal organoids to guide treatment of cystic fibrosis. Eur Respir

J. 2021;57(1):1902426.

Pro tuto publikaci jsme vySetfovali belgickou kohortu CF pacientli s riznymi CFTR
genotypy. Pomoci FIS vySetfeni stfevnich organoiddi jsme analyzovali odpovéd
organoidli na CFTR modulatory (lumakaftor/ivakaftor, tezakaftor/ivakaftor, ivakaftor), a
dale jsme zkoumali residudlni funkci CFTR kandlu, tj. odpoveéd’ organoidl inkubovanych
pouze s forskolinem, kterd vyjadiuje zbytkovou aktivitu CFTR kanalu. In vitro vysledky
FIS (tj. AUC) jsme korelovali s klinickych daty ziskanymi z literatury (jednalo se o data
z klinickych studii u pacientli s odpovidajicim CFTR genotypem). Cilem bylo zhodnotit

stievni organoidy jako model personalizované mediciny u pacientu s CF.

Popsali jsme in vitro odpovédi na nékolik CFTR modulétort u relativné rozsahlé skupiny
97 pacientl s 28 riznymi CFTR genotypy. FIS odpovéd’ na lumacaftor/ivakaftor byla
variabilni mezi pacienty se stejnym genotypem F508del/F508del. Pozorovali jsme celou
Skalu odpovéedi od minimélni az po vysokou. Zaroven in vitro odpovéd’ byla srovnatelna

v ramci triplikati experimentu u jednoho pacienta.

Zachrana funkce CFTR pomoci CFTR modulatort korelovala s klinickym zlepSenim
popsanym v klinickych studiich u pacienti s odpovidajicim genotypem: se zlepSenim
plicnich funkci (vzestup FEV1) a s poklesem chloridll v potl. Rezidudlni funkce CFTR

kanalu korelovala s hodnotami potniho testu.

Vysetfovali jsme nékolik vzacnych CFTR variant (E92K, Q237E, R334W a L159S), u
kterych jsme prokazali efektivitu CFTR modulatort in vitro.

Dva pacienti se vzacnymi variantami ziskali 1écbu na zaklad€ naSich in vitro vysledkd.
Pacient s genotypem Q359K T360K/Q359K T360K byl nasazen na CFTR modulator
lumkaftor/ivakaftor, po 14 dnech od nasazeni 1éku doslo ke zlepSeni plicnich funkci

(zlepseni FEV1 z 49 % na 65 %) a chloridy v potu se signifikantné snizily z 86 mmol/l
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na 33 mmol/l. Druhy pacient s genotypem E60K/I507del byl nasazen na CFTR
modulator tezakaftor/ivakaftor, 6 tydnt od zahéjeni 1écby doslo k vzestupu FEV1 z 32 %

na 47 % a k poklesu chloridl v potu ze 73 mmol/l na 36 mmol/l.

V této studii jsme potvrdili, Ze hodnoceni funkce CFTR pomoci stievnich organoidl je
proveditelné, pienosné a opakovatelné. Velikost zadchrany funkce CFTR u organoidd
s referenénim genotypem odpovidala vysledklim renomované laboratofe v Nizozemi
(Dekkers et al., 2014). Pozorovana variabilita in vitro odpovédi u pacientl se stejnym
genotypem na lumakaftor/ivakaftor se zda obdobna jako variabilita terapeutické odpovédi
v klinické studii (Wainwright et al., 2015). Zda lepsi in vitro odpoveéd’ znamena lepsi in
vivo 1écebnou odpoved musi byt predmétem dalSiho zkouméni. U nékolika vzacnych
mutaci jsme nové prokazali in vitro efektivitu CFTR modulatort a vyuzili tuto metodu u
dvou pacientt v klinické praxi. Celkové naSe vysledky ukazaly, Ze studium funkce CFTR
proteinu a jeji zachrany na stfevnich organoidech otevira cestu k personalizované terapii,
coz je relevantni zejména pro pacienty se vzacnymi mutacemi, kteti nejsou bézn¢ zatazeni

do klinickych studii.
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Rescue of CFTR function with modulators measured in colon organoids can be used to guide
precision medicine in patients with cystic fibrosis. Organoids are an effective model to bring
treatment to patients with CF carrying rare CFTR mutations. https:/bitly/2VHHH6s

Cite this article as: Ramalho AS, Fiirstovd E, Vonk AM, et al. Correction of CFTR function in intestinal
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ABSTRACT

Rationale: Given the vast number of cystic fibrosis transmembrane conductance regulator (CFTR)
mutations, biomarkers predicting benefit from CFTR modulator therapies are needed for subjects with
cystic fibrosis (CF).

Objectives: To study CFTR function in organoids of subjects with common and rare CFTR mutations and
evaluate correlations between CFTR function and clinical data.

Methods: Intestinal organoids were grown from rectal biopsies in a cohort of 97 subjects with CFE
Residual CFTR function was measured by quantifying organoid swelling induced by forskolin and
response to modulators by quantifying organoid swelling induced by CFTR correctors, potentiator and
their combination. Organoid data were correlated with clinical data from the literature.

Results: Across 28 genotypes, residual CFTR function correlated (r’=0.87) with sweat chloride values.
When studying the same genotypes, CFTR function rescue by CFTR modulators in organoids correlated
tightly with mean improvement in lung function (r*=0.90) and sweat chloride (r*=0.95) reported in
clinical trials. We identified candidate genotypes for modulator therapy, such as E92K, Q237E, R334W
and L159S. Based on organoid results, two subjects started modulator treatment: one homozygous for
complex allele Q359K_T360K, and the second with mutation E60K. Both subjects had major clinical
benefit.

Conclusions: Measurements of residual CFTR function and rescue of function by CFTR modulators in
intestinal organoids correlate closely with clinical data. Our results for reference genotypes concur with
previous results. CFTR function measured in organoids can be used to guide precision medicine in
patients with CF, positioning organoids as a potential in vitro model to bring treatment to patients
carrying rare CFTR mutations.
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Introduction

Cystic fibrosis (CF) is caused by mutations in the CF transmembrane conductance regulator (CFTR) gene
coding for the CFTR protein which functions as an anion channel. More than 2000 CFTR mutations have
been reported [1]. Only mutation F508del, occurring on 70% of CF alleles, is frequent. In the European
CF patient registry [2], only five mutations have a frequency >1%. Many mutations are ultra-rare,
occurring in just a few patients. In the CFTR2 project 412 mutations have been characterised so far [3].

Four CFTR modulators targeting the CFTR protein defect have been approved to treat patients: the
correctors lumacaftor, tezacaftor and elexacaftor improve intracellular CFTR trafficking; the potentiator
ivacaftor increases CFTR function. Corrector-rescued F508del-CFTR has impaired gating and requires a
potentiator to optimise ion transport. The combination of one corrector plus potentiator results in modest
clinical benefit for patients homozygous for F508del [4], while the combination of tezacaftor, elexacaftor
and ivacaftor improved outcome in patients with one [5] or two F508del mutations [6]. Treatment with
the potentiator ivacaftor brings major benefit for subjects with a class III mutation [7, 8], and modest
benefit to subjects with a selected list of residual function mutations [9]. For a review of this rapidly
expanding area we refer to Cuyx and De Boeck [10].

At present, most patients with rare CFTR mutations have no CFTR-directed treatment. Their small number is
a hurdle for conclusive clinical trials. For these patients, the development of organoids as a biomarker of CFTR
function and its rescue by CFTR modulators is a major breakthrough [11, 12]. Although the culture conditions
and techniques to grow organoids are complex, access to subject’s rectal tissue via suction biopsies is easy. The
procedure is painless and does not require local anaesthesia. Organoids can be expanded over long time
periods and biobanked [13]. In the context of CF, CFTR residual function and its rescue by CFTR modulators
can be quantified by the forskolin-induced swelling (FIS) assay [11, 14]. Mean improvements seen in the
different clinical trials correlate with CFTR rescue assessed via the FIS assay in organoids of subjects with the
trialled mutations [14]. In addition, organoid responses in subjects with ultra-rare mutations have predicted
clinical benefit [14]. Results so far support that organoids can be used to guide personalised medicine [15].

We established a biobank of intestinal organoids of subjects with CF at the CF research lab of the
University of Leuven (Belgium). Our aims were to assess the portability and robustness of the CF organoid
model by confirming FIS assay results obtained in subjects with common mutations by others and to
expand knowledge on organoid use in patients with rare CFTR mutations.

Materials and methods

Subjects, rectal biopsies and mutations

This study was approved by the ethics review board of the University Hospitals Leuven. All patients/
parents gave written informed consent and/or assent. Rectal mucosa tissue was obtained by suction biopsy
during a routine clinic visit. The biopsies were stored in ice-cold phosphate buffer and kept on ice until
crypt isolation. In this cohort, no major adverse events were reported.

We recruited 97 subjects (supplementary figure S1) with CF [16], with well characterised mutations
(F508del, S1251N, R117H and G542X) and with rare CFTR mutations, including mutations not yet
characterised in the CFTR2 project [3]. Clinical data retrieved from medical files are summarised in
table 1 and supplementary tables SI and S2.

Isolation of crypts, culturing of organoids and FIS assay
For detailed methods refer to Vonk et al. [17] and the supplementary materials. Crypts were isolated from
the rectal biopsies and subsequently mixed with 50% matrigel and plated on 24-well plates; medium was
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TABLE 1 Baseline characteristics of subjects from whom the rectal organoids are included in the study with lumacaftor and ivacaftor

Subjects Sex Age years Age at Sweat [CL] PS/PI FEV; % CFTR1 info CFTR2 info (reported)
diagnosis mmol.L~’ predicted
years
Reference genotypes
F508del/F508del 35 M22, F13 9 (1-46] 0.2% (0-7.5) 102" (86.5-119) Pl 76" (28-137) Yes CF-causing [n=33983)
F508del/S1251TN 4 M2 F2 22(12-37) 0.7(0.1-0.8) 94 (83-98) PI3, PS1 75(52-107) Yes CF-causing (n=92)
F508del/R117H 2 M (19, 27) (11.5,19.7) 43, 61 PS M7-11 Yes Variable consequences
(n=1309)
G542X/G542X 1 F 41 1.6 117 Pl 94 Yes CF-causing (n=121)
F508del heterozygous
F508del/MF 11 M3, F8  12(5-43) 0.3%(0-10.1) 1015 (90-121) PI 827 (30-102) Yes All CF-causing,
[F508del/N1303K n=4, F508del/N1303K [n=1240),
F508del/G542X n=3, F508del/G542X (n=2112),
F508del/4010del4 n=1, F508del/4010del4 (n=5),
F508del/1898+1G>C n=1, F508del/1898+1G>C (n=292),
F508del/1259%insA n=1, F508del/125%insA [n=7) and
F508del/1717-1G>A n=1] F508del/1717-1G>A (n=800)
F508del/R117C 1 M g Sih 46.5 PS ND Yes CF-causing [n=91)
F508del/L1595 2 F (18, 20) (4.7, 6.6) 76, 54 PS 113 Yes L159S not reported
F508del/Q237E 1 M 48 391 80 PS b4 Yes Q237E not reported
F508del/R334W 1 M 59 19.4 ND Pl 37 Yes CF-causing (n=231)
F508del/A455E 1 5 10 0.2 88 PI 95 Yes CF-causing [n=355)
F508del/D1152H 1 M 57 44.6 44 PS 38 Yes Variable consequences
[n=358)
F508del/TG12T5 1 14 29 40 RS 87 Yes Variable consequences
(n=95)
F508del/3849+10kbC>T 1 F 31 8.2 ND PS 38 Yes CF-causing [n=651)

Continued
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TABLE 1 Continued

Subjects Sex Age years Age at Sweat [CL] PS/PI FEV; % CFTR1 info CFTR2 info [reported)
diagnosis mmol.L~’ predicted
years
Non-F508del
Q359K_T360K/ 1 F 40 ND 90 ND ND Yes Not reported
Q359K_T360K
A455E/del Ex1 and 1 M 52 27 98 BS 65 Yes del ex1 and promoter not
promoter reported, A445E CF-causing
n=499)
E831X/E831X 1 F 2 0.3 54 PS ND Yes CF-causing (n=2)
W1282X/G85E 1 M 34 0.4 14 PI 56 Yes CF-causing [n=10)
W1282X/11234V 2 M1, F1 (26, 31) ND 79, 115 ND ND Yes CF-causing [n=9]
W1282X/TG12T5 2 M1, F1 (10, 13) ND 30, 52 ND ND Yes Combination not reported,
W1282X CF-causing
(n=1556), TG12T5 variable
N1303K/Q359K_T360K 1 F 18 ND 17 ND ND Yes Combination not reported,
N1303K CF-causing
(n=2147), Q359K_T360K not
reported
N1303K/K464E 1 F 13 03 110 PI m K&b64E not reported Combination not reported,
N1303K CF-causing
(n=2147), K&64E not reported
N1303K/3121-1G>A 1 M 13 ND 100 Pl ND Yes CF-causing [n=1)
N1303K/4010dels 1 F 23 ND ND ND ND Yes CF-causing [n=1)
405+1G>A/405+1G>A 1 M 27 ND 105 ND ND Yes CF-causing [n=2)
c.1648_1652dupATCAT/ 1 M 1 0.2 102 PS 94 c.1648_1652dupATCAT not Both not reported
M1137R reported
1717-1G>A/ 1 F 16 0.9 106 P 77 g.3464_3471dupTCATTGCT  g.3464_3471dupTCATTGCT
9.3464_3471dupTCATTGCT and V1198M not reported and V1198M not reported,
and V1198M 1717-1G>A CF-causing
(n=1202)
1811+1.6kbA>G/E92K 1 F b 0.4 77 Pl 96 Yes Combination not found, both
CF-causing, E92K (n=42),
1811+1.6kbA>G (n=22)
4218insT/3272-26A>G 1 M 40 0.1 84 Pl 81 Yes CF-causing [n=1]

Data are presented as n or median (range), unless otherwise stated. PS: pancreatic sufficient; Pl: pancreatic insufficient; FEV;: forced expiratory volume in 1's; CFTR: cystic fibrosis
transmembrane conductance regulator; M: male; F: female; CF: cystic fibrosis; ND: not determined. Lt n=33; 1. n=32; *: n=24; 5, n=10; f. n=8.
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added after the solidification of matrigel, as described previously [11]. The growth medium was changed
every other day. The organoids were split by mechanical disruption after every 7 days in culture.
Organoids were produced successfully from 87% of the biopsies.

CFTR activity in the organoids was quantified using the FIS assay as described previously [11, 17]. In
short, organoids (between 4th and 20th passage) were seeded in 96-well plates (Greiner, Kremsmiunster,
Austria) in 4-pL matrigel drops containing 15-60 organoids covered with 50 pL of growth medium. The
following day, calcein green (Invitrogen, Waltham, MA, USA) was added for staining. Subsequently, to
stimulate CFTR, eight dilutions of forskolin from 0.008 to 5uM were added and the organoids were
immediately analysed by confocal live-cell microscopy (LSM800, 5x objective; Zeiss, Oberkochen,
Germany). Every 10 min (from 0 to 60 min (f—ts)), the total organoid area (xy plane) was automatically
quantified using Zen blue analysis software (Zeiss), and normalised to the area at f,. To test rescue of
CFTR function by correctors, organoids were pre-incubated overnight with 3 yM lumacaftor (VX-809;
Selleckchem, Munich, Germany). Ivacaftor at a concentration of 3 uM (VX-770; Selleckchem) was added
as a potentiator in combination with forskolin. Within each organoid experiment, every test condition was
assessed in duplicate. Per organoid donor, three independent experiments were performed on different
days. Values reported correspond to the average area under the curve (AUC) calculated from plots
representing the mean percentage of organoids swelling from #, to g, (60 min) and standard error of the
mean of the three independent experiments (supplementary data and figure S2).

Residual CFTR function was determined from the organoid swelling after addition of forskolin alone.
Rescue of CFTR function by CFTR modulator(s) was determined by the increase in AUC after stimulation
with forskolin plus modulator(s) subtracting the increase after addition of forskolin alone.

Statistics

SPSS 23.0 (IBM, Armonk, NY, USA) or GraphPad (San Diego, CA, USA) were used for figures and
statistical analysis. For correlations, Pearson correlation coefficients were calculated. A general linear model
including subject, day of testing and their interaction was used for the variance component analysis of the
response to modulators.

Results

The effect of lumacaftor and ivacaftor in organoids from subjects with mutations with known
responses to CFTR modulators

FIS assays were performed in organoids from subjects with the following reference genotypes: F508del/
S125IN (n=4; S1251N, the most common class III mutation in Belgium); F508del/R117H (n=2; R117H, a
class IV mutation); F508del/F508del (n=35; a class II mutation); G542X/G542X (n=1; a class I mutation).
In F508del/S1251N and F508del/R117H organoids, maximal FIS was obtained after activation of CFTR by
ivacaftor (figure la), without additive effect from lumacaftor. F508del/R117H organoids showed a high
residual CFTR function, as evidenced by the marked FIS without exposure to modulators. In F508del/
F508del organoids, a modest FIS was seen after exposure to the combination of ivacaftor-lumacaftor.
G542X/G542X organoids showed no response to CFTR modulators and no residual function. Figure 1b
shows representative images of the swelling after 1 h compared to baseline.

Correlating clinical trial results to organoid results

To isolate the drug effect from the residual CFTR function we subtracted the AUC with forskolin alone
from the AUC with forskolin plus modulators. The mean improvements in forced expiratory volume in 1 s
(FEV,) and sweat chloride from published clinical trials [4, 8, 9, 18-22] correlated closely with the mean
FIS modulator responses seen in organoids from subjects with the same mutations as those in these trials
(figure 2b and c). The best correlations were found at a forskolin concentration of 0.8 uM: 1°=0.90
between the responses in organoids and the mean changes in FEV, (figure 2b), and r*=0.95 between the
responses in organoids and the mean changes in sweat chloride (figure 2c). Correlations at forskolin
concentrations of 0.32 pM were in the same range (supplementary figure S3).

Between- and within-subject differences in modulator responses for reference genotypes

FIS responses to the combination lumacaftor-ivacaftor in organoids from 35 F508del/F508del subjects
ranged from very low, close to the absent response in the G542X homozygous subject, to as high as those
seen with ivacaftor in F508del/SI251N organoids (figure 3a). Subtraction of the forskolin effect had the
most profound influence on the results from the R117H organoids (figure 3b).

The within-subject repeatability of the FIS response to modulators is shown in figure 3c: a high responder
repeatedly is a high responder; a low responder repeatedly is a low responder, even within the group of
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FIGURE 1 Forskolin-induced swelling (FIS] assay in the organoids from patients with reference genotypes. a) Organoids were incubated overnight
with lumacaftor (VX-809 3 uM]. Stimulation with forskolin (increasing concentrations from 0.008 to 5 M) was done after 24 h, either alone or in
combination with ivacaftor (VX-770 3 uM) over 1 h. Each condition was tested in duplicate on three different days. Values plotted are the average
and sem of the area under the curve (AUC); b] representative images of the organoids at baseline [fp) and after stimulation for 1 h [(ts) with
forskolin without dimethyl sulfoxide (DMS0) and with modulators. Scale bar=200 pm.
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F508del homozygous subjects (p<0.001). Variability in the response is mainly between subjects (68%),
rather than between tests (24%) or within test (8%).

Residual CFTR function measured in organoids in vitro correlates with sweat chloride measured

in vivo

In 74 subjects with 28 different genotypes we found an excellent semi-logarithmic correlation (r*=0.87)
between the mean sweat chloride per genotype and the mean residual CFTR function for each genotype
assessed in organoids (figure 4a). For five subjects, sweat test results were not available.

Figure 4b(i) displays residual CFTR function (FIS responses at 0.8 uM forskolin) in organoids from the 79
subjects with the 33 different genotypes studied (table 1). Figure 4b(ii) represents the sweat chloride per
genotype (with median and ranges reported in table 1). Organoids with the highest residual function were
from subjects with the lowest sweat chloride, the majority having values below the diagnostic threshold of
60 mmol-L™" (figure 4b). Correlation was also observed with pancreatic status and age at diagnosis
(supplementary table S1). No correlation was found between the mean FEV, % predicted and the mean
residual CFTR function (figure 4c and supplementary table S1).

Organoid swelling induced by CFTR modulators in subjects with rare CFTR mutations and
F508del/minimal function mutations

FIS responses to CFTR modulators in organoids from 26 subjects with 23 different rare mutations and
from 11 subjects heterozygous for F508del and a known minimal function mutation are shown in figure 5.
The responses in the four reference genotypes are displayed for comparison. The organoid swelling results
induced by ivacaftor, lumacaftor and ivacaftor-lumacaftor combination (after subtracting the contribution
of forskolin) are ranked from highest to lowest responders.
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a) Absolute change Absolute change Organoid swelling
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FEV, % predicted sweat chloride  plus modulators minus SEM References
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1) VX-770 S1251N n=4 8.7 -54 3085 220 [8]
2) VX-770 R117H n=2 5.0 -24 1646 369 [9]
3) VX-809+ VX-770 F508del/F508del n=35 3.3 =21 1607 126 (4%, 221
4) VX-809+ VX-770 F508del/MF n=10 0.6 -1 833 82 [19]
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FIGURE 2 Correlation between responses to modulators in vitro in the forskolin [Fsk]-induced swelling assay and in vivo from published clinical
trials. a) Responses to lumacaftor (VX-809) and/or ivacaftor [VX-770] in organoids with the F508del/F508del, F508del/S1251N, F508del/R117H and
F508del/minimal function (MF) were compared to the clinical responses (forced expiratory volume in 1 s [FEV4) and sweat chloride) obtained in
published clinical trials with patients having the same genotypes; b] correlation between the absolute change in FEV, in clinical trials and the
organoid responses in our cohort at 0.8 pM forskolin with the same modulaters; c] correlation between the absolute change in sweat chloride in

clinical trials and the organoid responses in our cohort at 0.8 pM forskolin with the same modulators. AUC: area under the curve.

# reference for

FEV, value; 1. reference for sweat chloride value.

There was no correlation between residual function and response to CFTR modulators (p=0.96). The
organoid response was higher than the average response to the combination lumacaftor-ivacaftor in
F508del/F508del organoids for subjects with the E92K mutation and with the very rare mutations Q237E
and Q359K_T360K. Responses similar to those in F508del homozygous organoids were seen for L1598
(not explored in CFTR2) and for R334W.

For most genotypes, the swelling induced in organoids was higher with the combination ivacaftor—
lumacaftor than with either drug alone. Only for mutations Q237E, DI1152H, 3849+10 kb(C>T) and
R117C the response to ivacaftor equalled the response to the combination. E92K shows the particularity
that CFTR function is mainly rescued by lumacaftor, with only a slight further increase on addition of
ivacaftor (figure 5).

Very high residual CFTR function, but low additional responses to modulators were observed for mutation
T5, classified as “of varying clinical consequence” in the CFTR2 database.

Residual CFTR function was absent in all organoids with genotypes F508del/minimal function, and at best
low responses to lumacaftor plus ivacaftor were found.

Almost no response to modulators was observed in I11234V/W1282X organoids. For two mutations
(g.3464_3471dupTCATTGCT_V1198M and K464E), not reported in CFTRI nor in CFTR2, there was no
swelling observed with the CFTR modulators tested.

Informing precision medicine: two examples

A 38-year-old pancreatic-insufficient man with CF, homozygous for complex allele Q359K_T360K,
received a donation for 1-month Orkambi™ (combination ivacaftor-lumacaftor) treatment based on the
organoid response (supplementary figure S4). 2 weeks after starting treatment his FEV, rose from 49% to
65%, sweat conductivity decreased from 86 to 33 mmol-L™' and he gained 1.8 kg.
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FIGURE 4 Correlation between residual cystic fibrosis transmembrane conductance regulator (CFTR] function and sweat chloride. a] Correlation
between residual CFTR function measured in organoids after stimulation with 0.8 pM forskolin alone and sweat chloride from subjects with the
same genotype [mean values per genotype). Sweat chloride was missing for five subjects with five different genotypes; bl i) residual CFTR
function [mean and standard error of the area under the curve [AUC) at 0.8 pM forskolin without modulators) in organcids from 33 different
genotypes (79 subjects) [table 1]. Genotypes are ordered from high to low residual CFTR function; ii] the sweat chloride for the same genotypes
lindividual value or meanzsp). Ranges of sweat chloride per genotype are reported in table 1. The horizontal line represents the diagnostic cut-off
for cystic fibrosis (60 mmol-L~"). Error bars represent sem of the three experiments (n=1) or the sem of the different subjects [n>1). n=1 unless
stated otherwise; c| correlation between residual CFTR function measured in organoids after stimulation with 0.8 pM forskolin alone and forced
expiratory volume in 1's (FEVy) % predicted from subjects with the same genotype [mean values per genotype). FEV; % predicted was missing for
25 subjects with 10 different genotypes.
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1 Response to forskolin alone [stacked]

B Response to lumacaftor and forskolin minus response to
forskolin alone

B Response to ivacaftor and forskolin minus response to
forskolin alone

B Response to lumacaftor plus ivacaftor and forskolin minus
response to forskolin alone

Reference genotypes

FIGURE 5 Response to modulator(s) at 0.8 uM forskolin corrected for the residual function (response to forskolin alone], with the residual function
stacked on top of the response to modulator(s). The four reference genotypes are ordered by the (mean] response to lumacaftor plus ivacaftor.
The horizontal line corresponds to the mean response to lumacaftor plus ivacaftor in the organoids of the 35 F508del/F508del subjects. Error
bars represent the sem of the three experiments [n=1) or the sem of the different subjects [n>1). Characteristics of the subjects are described in
table 1. n=1 unless stated otherwise.

A high response to modulators was found in organoids from a subject with the E60K/I507del genotype
(supplementary figure S4 and table S2), convincing the health authorities to approve treatment with
Symkevi™ (combination tezacaftor-ivacaftor). 6 weeks after starting Symkevi™, sweat chloride improved
from 73 to 36 mmol-L™", FEV, increased from 32% to 47%, and CFQ-R,.,, (a CF-specific quality-of-life
score to a maximum of 100 and a minimal clinically important difference of 4) rose from 24 to 78.

Discussion

We confirm and expand on previous findings by other labs in organoids from subjects with CF [11, 12,
14, 23], showing that assessment of CFTR function in intestinal organoids is feasible, portable and
repeatable, as these new results were obtained in a cohort of unique subjects, in a different lab by different
researchers.

The magnitude of organoid responses seen in the reference genotypes is in line with those reported by
Dexkers et al. [14]. In addition, we found a correlation between the mean clinical benefit from modulators
in clinical trials and the mean rescue of CFTR function measured in organoids from subjects with the
same mutations. However, the correlation with clinical trial data reported here is stronger than reported
previously. By only taking into account the modulator response rather than the modulator plus forskolin
response, we “correct” for the high residual function seen in some organoids, mainly R117H. The closer
correlation with clinical trial data in this paper (r’=0.90 for changes in FEV,) compared to DExkErs et al.
(r*=0.76) [14] might also be related to larger numbers in the present study.

The within-subject repeatability of the FIS assay was acceptable, and much smaller than the
between-subject variability. Organoid responses vary between subjects even within the same genotype.
This mimics findings in the lumacaftor plus ivacaftor clinical trial in patients homozygous for F508del: the
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waterfall plot of improvement in FEV, shows large benefits in some subjects and hardly any in others [4].
Whether subjects whose response to modulators in organoids is higher than others with the same
genotype can also be expected to have a better clinical response is still to be investigated.

In subjects with 28 different genotypes, we showed an excellent (r*=0.87) nonlinear correlation between
sweat chloride and residual CFTR function assessed in organoids. Others also found correlations between
in vivo and in vitro biomarkers of CFTR function, including sweat chloride concentration, CFTR mediated
chloride transport by intestinal current measurements (ICM) in rectal biopsies and/or FIS on rectal
organoids [12, 24, 25].

The logarithmic correlation is in line with McCacue et al. [26], who showed a semilogarithmic correlation
between sweat chloride of subjects with 226 different genotypes and the CFTR function in Fisher rat
thyroid cells (FRT). Although the number of mutations assessed by McCacut et al. is much higher, the
correlation (r’=0.67) is not as tight as in our dataset (r*=0.87). Indeed, organoids allow assessment of
CFTR function in native tissue with the entire genetic background of the subject, compared to
heterologous cell lines expressing only a mutant CFTR common to the subject, as is done in FRT cells.
Furthermore, in FRT cells, the mutations are in the cDNA context without introns, jeopardising the
analysis of mutations that affect splicing and nonsense mRNA-mediated decay [27]. This favours
organoids versus heterologous cell line models for the assessment of mutations and modulators on CFTR
function. The results obtained for 11234V, E831X and R334W in organoids contradict observations in the
FRT cells [28]. Organoid results are more in line with what is known about these mutations
(supplementary data). Discrepancies between findings in organoids and FRT cells have been reported
before. No benefit of ivacaftor was seen in patients with a G970R mutation [8], behaving as an
ivacaftor-responsive gating mutation in FRT cells [27]. Subsequently, no effect of ivacaftor was seen in
organoids with the G970R mutation, and the mutation was shown to induce alternative splicing with very
limited protein production [29]. This illustrates the superiority of using the patients’ own tissue rather
than heterologous expression of mutations in nonhuman cell lines.

The increase in CFTR function by modulators was also captured by means of ICM in native rectal tissue
(30, 31], with changes in CFTR-mediated chloride transport correlated to changes in sweat chloride, but
not in lung function. Residual CFTR function, measured by means of the FIS assay and of ICM [25],
correlates with sweat chloride concentration. A correlation between FEV, and residual CFTR function on
ICM was previously found [25]. The absence of correlation in our cohort could be explained by the larger
age heterogeneity of our cohort or by fundamental differences in the physiology of the assay.

In organoids, both the correctors and the potentiators are added in vitro. ICM is performed on fresh
biopsies resulting in faster results, the correctors have to be administered to the patients before executing
the assay. The FIS assay does not allow comparison to wild-type CFTR function, as pre-swelling of
non-CF organoids results in little additional effect of CFTR activators or modulators. Organoid cultures
can be stored in biobanks, allowing later retesting when new drugs become available and easy exchanges
between labs for remote testing or for research purposes.

We observed high levels of CFTR functional rescue in organoids of several subjects with rare mutations
like E92K, Q237E and L159S (the latter is not yet described in the CFTR2 database [3]. E92K is rescued
by lumacaftor, concurring with results in heterologous cell systems [32, 33]. FIS in E92K organoids was
slightly higher with ivacaftor-lumacaftor than lumacaftor alone, suggesting impaired channel gating of
rescued E92K. This common mutation in the Chuvash Russian population [34, 35] would be a good
candidate for combination modulator treatment.

We showed direct proof of clinical benefit in two subjects with high CFTR rescue in organoids, one
homozygous for Q359K_T360K and the second with genotype E60K/I507del, the rescue being derived
from the E60K allele. For the remaining genotypes, responses to modulators were in line with what was
already known about the mutations from heterologous cell systems and in silico predictions
(supplementary data).

Our study’s strengths come from reporting on CFTR function in cultures derived from tissues of
individual subjects in a large cohort with different genotypes. We showed excellent correlations between
organoid responses to modulators and improvement in clinical trials. In addition, we identified several rare
mutations that may be amenable to treatment with the already approved modulators.

One weakness of our study is that we could correlate in vitro response to clinical improvement in only two
subjects. The high cost of modulators and lack of approval for rare mutations are still hurdles to the
performance of therapeutic trials. However, for other rare mutations, we provide convincing results of
rescue in organoids backed up by knowledge of how these mutations disturb the normal CFTR structure
or function.

https://doi.org/10.1183/13993003.02426-2019 11
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Overall, our results confirm that the study of CFTR function and its rescue in rectal organoids opens a
path to personalised therapies. This is especially relevant for patients with rare mutations unlikely to enter
clinical trials, given the high number of rare mutations and the low number of subjects per mutation.
Using organoids as biomarker to select responders to modulators opens a new horizon for these patients.
We identify several new mutations that respond well to modulator therapies: some are ultra-rare (L1598,
Q237E), whereas others occur in hundreds of European patients (R334W and E92K).
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V tomto ¢lanku jsme jako prvni publikovali in vitro srovnani nejnovéjsiho CFTR
modulatoru, kombinujiciho elexakaftor/tezacaftor/ivakaftor (ETI) slékem ptedchozi
generace tezakaftor/ivakaftor pomoci stfevnich organoidl za vyuziti FIS experimentu u
17 pacientll se totoznym CFTR genotypem F508del/F508del. U vSech pacientii byla
zaroven provedena sekvenace CFTR genu s cilem identifikovat potencialni nové varianty,

které by mohly vysvétlovat variabilitu v in vitro odpovédi.

Prokazali jsme signifikantn¢ leps$i in vitro vysledky ETI ve srovnani s CFTR
modulatorem tezakaftor/ivakaftor. Pozorovali jsme znacnou variabilitu vin vitro

odpovédi mezi jednotlivymi pacienty, obdobné jako v piedchozi publikaci.

Jediny pacient (58-CF) vykazoval srovnatelnou odpovéd na oba CFTR modulatory a u
tohoto pacienta byla nad rdmec F508del nalezeno nékolik novych CFTR variant, z nichZ
jedna byla hodnocena jako VUS (variant of unknown significance, varianta nejasného

vyznamu).

Nase vysledky zdtraznily individualni variabilitu in vitro odpovédi na CFTR modulatory.
Pritomnost dalSich variant CFTR genu a individudlni genetické rozdily mohou ovlivnit
reakci na 1é€bu, coz zdlraziuje potiebu personalizovaného piistupu k 1é¢ebné strategii u

pacientt s CF.
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Superior efficacy of elexacaftor/tezacaftor/ivacaftor (ELX/TEZ/IVA) over tezacaftor/ivacaftor (TEZ/IVA) in
people with cystic fibrosis (CF) and Phe508del/Phe508del genotype was shown in clinical trials. We uti-
lized intestinal organoid approach to compare in vitro responses to these 2 CFTR modulator drug com-
binations and to check potential inter-individual variability in therapeutic response to the triple com-
bination. Organoids from 17 subjects with Phe508del/Phe508del were screened with forskolin induced
swelling assay. Significantly larger swelling, when exposed to ELX/TEZ/IVA as compared to TEZ/IVA, was
observed in 16 of them. However, 1 sample showed no additional effect of ELX. The finding of unique
CFTR variants in this sample indicates that genetic traits other than CF-causing CFTR mutation are worth
exploring as they may have an impact on the definitive modulator drug response.

© 2021 European Cystic Fibrosis Society. Published by Elsevier B.V. All rights reserved.

1. Introduction

New pharmacotherapies targeting the underlying cause of
cystic fibrosis (CF) have a significant impact on clinical outcome
as well as on the quality of life and life expectancy of people with
CF [1]. These drugs termed CFTR modulators can restore the CFTR
ion-channel function, albeit their efficacy is determined by the
presence of certain CFTR mutations. Three genotype-specific CFTR
modulator drugs combining 2 to 3 small molecules were approved
for treatment of people carrying Phe508del/Phe508del (AF/AF):
lumacaftor/ivacaftor (LUM/IVA, Orkambi®, Vertex Pharmaceuticals,
2015), tezacaftor/ivacaftor (TEZ/IVA, Symkevi®, Vertex Pharma-
ceuticals, 2018) and elexacaftor/tezacaftor/ivacaftor (ELX/TEZ/IVA,
Kaftrio®, Vertex Pharmaceuticals, 2020). Their overall efficacy has
been proven in multiple clinical trials [2-4], but inter-individual
differences in response to the treatment have been also shown.

Abbreviations: ELX, elexacaftor; TEZ, tezacaftor; LUM, lumacaftor; IVA, ivacaftor;
CF, cystic fibrosis; FIS, forskolin induced swelling; VUS, variant of unknown signifi-
cance; ppFEV1, percent predicted force expiratory volume in 1 second; CFTR, cystic
fibrosis conductance regulator; AF/AF, Phe508del/Phe508del.
* Corresponding author at: Department of Medical Microbiology, 2nd Faculty of
Medicine, Motol University Hospital, V Uvalu 84, 15000 Prague 5, Czech Republic.
E-mail address: pavel.drevinek@lfmotol.cuni.cz (P. Drevinek).

https: //doi.org/10.1016/j.jcf.2021.07.006

Similarly, inter-individual variability was observed during in vitro
experiments on intestinal organoids with TEZ/IVA and LUM/IVA
[5]. Patient-derived intestinal organoids, a tool to predict the
treatment response to different CFTR modulators using forskolin
induced swelling (FIS) assay [6-8], indicated that there was a
moderate to high correlation between in vitro CFTR function
and clinical biomarkers such as ppFEV1 (percent predicted force
expiratory volume in 1 second) and sweat chloride concentration
[7,9]. Interestingly, de Winter et al. suggested that even small
differences in CFTR function may affect disease progression [5].

We aimed to test the biological response to the latest approved
CFTR modulator combination ELX/TEZ/IVA in intestinal organoids
as it has not been established yet. Based on clinical trial data [4],
we hypothesized that ELX/TEZ/IVA was superior in the extent of
this in vitro response to other approved CFTR modulators eligible
for AF/AF individuals.

2. Methods

We collected rectal biopsies from 17 CF subjects with AF/AF
genotype upon obtaining their informed consent, approved by the
Motol University Hospital Ethics committee (for subject charac-
teristics see Supplemental Table 1). Biopsy samples were cultured
according to the previously described protocols [10-11]. Grown

1569-1993/© 2021 European Cystic Fibrosis Society. Published by Elsevier B.V. All rights reserved.
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intestinal organoids were mechanically split and plated in 96-well
plate, treated approx. for 20 hours with a) 3 uM TEZ (Selleckchem,
USA), b) 3 uM TEZ and 2 pM ELX (Selleckchem, USA) or c) without
any modulator added. The concentration of ELX was established
based on previous experiments on human bronchial epithelial cells
[12]. Organoids were stained with 3uM calcein green (Invitrogen,
USA) for 30 min prior to the FIS assay that was performed im-
mediately after adding the solutions with 3uM IVA (Selleckchem,

Journal of Cystic Fibrosis 21 (2022) 243-245

USA) and/or forskolin of various concentrations (Selleckchem, USA)
[13]. Each experimental condition was run in triplicates. Swelling
of organoids was visualized with a confocal microscope (Leica TCS
SP8, Leica Microsystems, Germany). Acquired images were anal-
ysed using CellProfiler software [14]. We calculated the AUC (ab-
solute area under the curve) from mean percentage of organoids
swelling (baseline 100%, t = 60 min). We employed a linear
model with the full interaction of the forskolin level and drug as
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Fig. 1. FIS assays in intestinal organoids from subjects carrying Phe508del/Phe508del CFTR genotype. Average AUC during 1 hour experiment and standard deviation
using 3 different conditions: forskolin only (solid line), TEZ/IVA (dashed line), ELX/TEZ/IVA (dotted line). n = replicates of the experiment per subject. The error bars

represent +/- 1 standard deviation.
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Quantitative responses to ELX/TEZ/IVA
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Fig. 2. Responses to ELX/TEZ/IVA at 0.8 uM forskolin.

predictors and used the Tukey method to correct for multiple com-
parisons. The analysis was performed using the R language [15],
see Supplementary statistical analysis material for the full code.

3. Results and discussion

Significantly larger swelling was observed in organoids exposed
to ELX/TEZ/IVA compared to TEZ/IVA in all forskolin concentra-
tions (all p < 0.001) (Fig. 1). However, we noted differences in
the response between individual organoids, which suggest that
the extent of organoids swelling may reflect the inter-individual
variability seen in clinical trials [4]. The most striking and some-
what unexpected finding in our study was essentially no addi-
tional response to ELX on top of TEZ/IVA (Fig. 1, subject 58-CF)
as both TEZ/IVA and ELX/TEZ/IVA combinations resulted in similar
organoid swelling. The summarized differences between subjects’
responses to ELX/TEZ/IVA at a single forskolin concentration are
shown in Fig. 2.

The CFTR gene analysis (Supplemental Table 2) showed that
subject 58-CF harboured 4 CFTR variants, not present in any of
14 remaining subjects whose DNA analysis results were available.
Moreover, the variant ¢.2658-37T>C has not yet been described
elsewhere; we classified it as a variant of unknown significance
(VUS) by using several independent bioinformatics tools and in ac-
cordance with the guidelines of American College of Medical Ge-
netics (Supplemental Table 2). The presence of the variants in the
only organoid sample that failed to prove the beneficial effect of
ELX may mean that they affect the target site for ELX, leading to
the unresponsiveness to this molecule. Although we cannot rule
out the impact of other genetic factors such as disease modify-
ing genes [16] on the final effect of ELX, our results underlines the
need to explore the relationship between the genetic background
and individual drug responses. Such knowledge is crucial for fur-
ther development of the precision medicine concept in CF [17,18].
It is of note that until now, none of the studied subjects has been
on the CFTR modulator therapy; thus no clinical data can be pro-
vided to compare in vitro and in vivo treatment response.

In conclusion, this is to the best of our knowledge the first re-
port comparing the TEZ/IVA and ELX/TEZ[IVA effects on intestinal
organoids. We observed in vitro superiority of ELX/TEZ/IVA over
TEZ/IVA in all but 1 subjects carrying Phe508del/Phe508del. The
unique CFTR variants may play a role in the lack of in vitro re-
sponse to the ELX.
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Tato studie méla za cil zjistit, zda FIS vySetfeni provadéné na stfevnich organoidech
predikuje klinické vysledky u pacientli s CF homozygotnich pro mutaci F508del, kteti
jsou léceni ETI. A to konkrétné zda lepsi in vitro vysledek FIS predikuje i lepsi klinickou

odpovéd’ na 1écbu.

FIS vysetfeni bylo provedeno u 70 pacientli s totoznym genotypem F508del/F508del jako
roz$iteni nasi pfedchozi publikace, kde jsme testovali 17 pacientl (4.2.). Potvrdili jsme
vyznamnou pievahu ETI nad CFTR modulatorem tezakaftor/ivakaftor in vitro. Opét byla

pozorovana znac¢na variabilita AUC mezi jednotlivymi pacienty.

Z této kohorty bylo jiz 38 pacientii na 1é€bé ETI po dobu alesponl 12 mésicti. Klinické
data byla monitorovana béhem kazdé navstévy v CF centru. Pied zahdjenim terapie a dale
1, 3, 6,9 a 12 mésict na 1écbé byly monitorovany plicni funkce (FEV1) a stav vyzivy
(BMI). Pied zahajenim terapie a 6 méesicti na 1éb¢ byly vySetfovany chloridy v potu a u

détské populace jsme navic hodnotili i vyplnéné dotazniky kvality Zivota.

Bylo pozorovano signifikantni zlepSeni klinickych parametrti na 1é¢bé u vSech pacientd,
ale nebyla nalezena zadnd vyznamna korelace mezi FIS (hodnotami AUC) a zménou

FEV1, BMI nebo chlorida v potu.

Prestoze vySetfeni organoidii pomérné spolehlivé rozliSuje mezi jednotlivymi CFTR
modulatory (ETI vs. tezakaftor/ivakaftor), dle naSich vysledkd FIS neni spolehlivym
prediktorem rozsahu klinické odpovédi u pacientli s CF a genotypem F508del/F508del.

Tato studie zdlraznuje limitace FIS na stfevnich organoidech jako prediktivniho néstroje

u homogenni skupiny pacientti s CF, ktefi maji nasazenou stejnou 1é€bu. Lepsi FIS

vysledek (tj. vy$s$i hodnoty AUC) nepiedpovida lepsi klinickou odpovéd'.
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To the Editor:

People with cystic fibrosis (CF) carrying at least one copy of the F508del allele can benefit from a small
molecule therapy referred to as cystic fibrosis transmembrane conductance regulator (CFTR) modulators
(CFTRm). The triple CFTRm combination elexacaftor/tezacaftor/ivacaftor (ELX/TEZ/IVA) has been
shown to markedly improve clinical outcomes such as the percentage of predicted forced expiratory
volume in 1s (ppFEV;) and body mass index (BMI) [1]; however, granular data from the same clinical
trial also showed that the treatment response to CFTRm varied among people with CF, even among those
carrying the same CFTR genotype. To date, only short-circuit current measurements on human nasal
epithelial cells have been validated as a predictive biomarker of CFTRm treatment response [2]. The
forskolin-induced swelling assay (FIS) performed on patient-derived intestinal organoids (IOs) has been
tested as another candidate tool for predicting the CFTRm response [3-5]. To date, no studies have
compared the extent of FIS (i.e. numeric values of the area under the curve (AUC)) and the magnitude of
clinical response to ELX/TEZ/IVA in real life. Thus, we investigated this correlation to assess whether the
FIS can predict clinical outcomes in F508del homozygous people with CF treated with ELX/TEZ/IVA.

Rectal biopsy, 10s cultivation and FIS were performed according to previously described protocols [3, 6, 7].
Three replicates of the FIS experiment per subject and condition were performed to assure assay
reproducibility. Images were analysed using CellProfiler software. We used the AUC at 0.128 uM forskolin
to compare the overall effect of TEZ/IVA and ELX/TEZ/IVA on swelling of organoids obtained from 70
people with CF. The AUC was calculated from the mean percentage of the organoid area after a 1-h
experiment. The following clinical data were retrieved at specific time points (months 1, 6 and 12 on
therapy with ELX/TEZ/IVA) from medical records of 38 people with CF: ppFEV,, BMI and sweat chloride
concentration (SCC). Children underwent quality of life assessment (CFQ-R; Cystic Fibrosis
Questionnaire-Revised). We correlated AUC with clinical parameters using the R language and a linear
mixed-effect model with a random intercept for the ppFEV1 and BMI. The SCC correlation was analysed
by the standard linear model (two longitudinal measurements). In each model, baseline values of the
outcome were used as a covariate. p-value was set at 0.05.

Significantly larger swelling was observed in organoids exposed to ELX/TEZ/IVA than in those exposed
to TEZ/IVA at all forskolin concentrations (all p<0.001). We observed substantial interindividual
variability for both CFTRm (similar to other publications [7, 8]): the AUC ranged from 28 to 1542 for
TEZ/IVA (median 692) and from 1017 to 3757 for ELX/TEZ/IVA (median 2607), a finding which, in
theory, may reflect the variability in clinical outcomes. If so, the magnitude of AUC change might serve as
a predictor of the extent of the real-life response. However, the increase in AUC values did not correlate
with the extent of clinical response (figure 1). General improvement in selected clinical parameters/
biomarkers was observed for all 38 subjects who had been on ELX/TEZ/IVA for 12 months. SCC
decreased from 99.5 to 37.5 mmol-L™" at month 6 (p<0.0001; values dropped below 30 mmol-L™" in 10
subjects); mean BMI increased from 20.0 to 21.8kg:m™ at month 12 (p<0.001; range —4.3 to
+5.2 kg'm~?); mean ppFEV; increased from 87% to 98% at month 12 (p<0.001; range —2% to +41%).
Quality of life significantly improved in respiratory, digestive symptoms and eating disturbances CFQ-R
domains at month 6 (p=0.001 to 0.038).

L)

Check for

Shareable abstract (@ERSpublications)
The FIS assay generally indicates responsiveness to CFTR modulators, but it cannot discriminate
between high and low responders within the F508del homozygous subjects. Higher FIS response in

Updates intestinal organoids did not predict better clinical outcomes. https://bit.ly/3VgaHSj
Cite this article as: Furstova E, Drevinek P, Novotna S, et al. Precision medicine in cystic fibrosis:
predictive role of forskolin-induced swelling assay. Eur Respir J 2024; 63: 2400156 [DOI: 10.1183/
13993003.00156-2024].
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FIGURE 1 Changes in a) percentage of predicted forced expiratory volume in 1 s (ppFEV;), b) body mass index
(BMI) and c) sweat chloride concentration (SCC) plotted against area under the curve (AUC) at specific time
points. In all panels, the solid line represents a fitted linear trend, the grey area is a 95% confidence interval
for the trend, each dot represents one person with cystic fibrosis (CF); y-axes show differences in clinical
parameters at specific time points (month 6 for SCC; months 1, 6 and 12 for ppFEV; and BMI) compared to
initiation of treatment; x-axes show AUC at 0.128 uM forskolin of all 38 people with CF treated with elexacaftor/
tezacaftor/ivacaftor; dashed lines represent no change. The trends are displayed as flat lines across the AUC or
decreasing with higher AUC values (not statistically significant). Of note, the increase in AUC by 1000 units did
not correspond to changes in ppFEV1, BMI or SCC. Estimated effect was —0.038 (95% Cl —0.083, 0.007) for
ppFEV1, 0.075 (95% Cl —0.533, 0.683) for BMI and —2.396 (95% C| —10.207, 5.415) for SCC.

Of note, the overall relationship between AUC and clinical data has been studied before but to a much lesser
extent. DE WINTER-DE GroorT et al. [9] reported the correlation between CFTR residual response measured by
FIS in IOs (in vitro response to forskolin only, without adding any CFTRm) and selected markers:
immunoreactive trypsinogen, pancreatic sufficiency, SCC and intestinal current measurements (ICM) in 34
newborns with various CFTR genotypes. Another study of 173 subjects comprising a broad spectrum of
CFTR genotypes found a correlation between FIS-measured residual CFTR response (AUC in the presence
of forskolin only) and ppFEV; but not with SCC [10]. A more recent investigation by e WINTER-DE GROOT
et al. [11] found positive correlations between FIS, ppFEV; and BMI in 34 people with CF homozygous for
F508del, but using a modified FIS design (3-h exposure to high 5 uM forskolin concentration). When using
CFTRm in addition to forskolin, studies did not find any association between FIS and short-term clinical or
ICM response to lumacaftor/ivacaftor (LUM/IVA) or IVA in a group of F508del homozygotes [12], or with
various CFTR residual function variants [13]. Only Berkers et al. [14] have shown a correlation between
FIS response to IVA and LUM/IVA and ppFEV; and SCC in 24 people with CF (various CFTR genotypes).

Our study differed from the previously published studies in several aspects: 1) the use of ELX/TEZ/IVA;
2) the larger size of a “genotype-uniform” cohort (involving 70 people with CF for in vitro analysis and

https://doi.org/10.1183/13993003.00156-2024
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38 of them for investigating the correlation with the clinical outcome); 3) the duration of CFTRm treatment
follow-up (12 months); and 4) the goal was to correlate the magnitude of AUC and the extent of
clinical improvement.

The missing correlation between the AUC and clinical parameters in response to ELX/TEZ/IVA was rather
surprising since AUC is unambiguously a robust parameter to distinguish between organoids exposed to
ELX/TEZ/IVA versus TEZ/IVA. Thus, we initially hypothesised that the rule “greater AUC value, the
more pronounced clinical response” can be applied for comparison among ELX/TEZ/IVA-treated
organoids, which widely differ by their AUC. Nevertheless, we observed improvement in selected clinical
parameters (ppFEV;, BMI, SCC, CFQ-R) in people with CF treated with ELX/TEZ/IVA irrespective of
their in vitro AUC values.

One explanation for the lack of correlation is a possible ceiling effect of ELX/TEZ/IVA in vitro, where
overall extremely high AUC values reflect the utmost susceptibility of IOs to the presence of ELX/TEZ/
IVA. Simply, such a very high level of reaction seems not to allow for discrimination between different
levels of response to CFTRm. Furthermore, the AUC might reflect the clinical response only at a very
rough level and only large differences in AUC for different CFTRm treatment options and genotypes
would indeed predict substantial differences in clinical response (e.g. ELX/TEZ/IVA versus TEZ/IVA).
However, AUC failed to reflect smaller differences in clinical response within a homogeneous group
receiving the same CFTRm treatment.

We acknowledge several limitations. First, a moderate sample size (n=38) was included in the
observational part of the study, yet it is more than any other study published so far on a uniform cohort of
subjects with the same genotype [14]. Second, the potential variability in the assay results due to factors
such as cell culture conditions and sample handling. To reduce this limitation, we performed three
independent replicates of the experiment for each subject. Third, the complexity of CF phenotype is
influenced by various factors beyond CFTR itself (interaction of environmental factors, disease modifiers
such as chronic infections, inflammation, nutritional status, CF-modifying genes [15]). These aspects,
along with treatment adherence and pharmacokinetics, may impact the correlation between in vitro results
and clinical outcomes.

This is the first study comparing the magnitude of the FIS response to ELX/TEZ/IVA in IOs and the
extent of real-life ELX/TEZ/IVA treatment outcomes. Our results indicate that FIS (i.e. AUC) is not a
suitable tool for predicting the extent of the clinical response in a homogeneous group of F508del/F508del
CF patients undergoing the same treatment. A higher AUC does not predict a better clinical response.
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Tato studie m¢la za cil vyvinout a optimalizovat novy diagnosticky nastroj pro CF pomoci
obrazové analyzy morfologie stievnich organoidii (ROMA, Rectal organoid morphology
analysis), kterd rozliSuje mezi jedinci s CF a bez CF na zéklad¢ morfologickych rozdilt

sttevnich organoidda.

Bylo vySetteno 167 pacientii s CF a 22 zdravych jedinct (non-CF). Stfevni biopsie a
kultivace stfevnich organoidi byly provedeny dle standardizovanych protokold. Obrazky
organoidil byly analyzovany zobrazovacim softwarem. Na zéklad¢ obrazové analyzy byly
vypocteny dva morfologické indexy: IR (intensity ratio, pomér intenzity) kvantifikujici
ptitomnost centralniho lumen a CI (circularity index, index kulatosti) méfici ovalnost

organoidi. Podrobny protokol jsme nasledné publikovali viz 4.5.

K rozliSené CF a non-CF subjektl byla provedena diskrimina¢ni analyza Mann-Whitney
a Fisherv exaktni test, perfektni diskriminace (AUC=1) byla dosazena pomoci linearni

diskriminac¢ni analyzy. Hodnoty IR a CI spolehlivé odliSily CF a non-CF organoidy.

V publikaci jsme ukdazali, ze ROMA ptedstavuje slibny, proveditelny a vysoce
diskrimina¢ni diagnosticky nastroj k odliSeni CF a non-CF organoidi. Mlize nabidnout
alternativu k soucasnym funkénim testim CFTR kandlu a tim zvysit diagnostickou
pfesnost, zejména v sloZzitych pfipadech, kde jsou tradi¢ni metody nejednoznacné. Dalsi

validace bude nutnd u pacientli s nejasnou diagndzou.
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ABSTRACT

Diagnasing cystic fibrosis (CF) when sweat

chloride is not in the CF range and less than

2 disease-causing CFTR mutations are found
requires physiological CFTR assays, which are not
always feasible or available. We developed a new
physiological CFTR assay based on the morphological
differences between rectal organoids from subjects
with and without CF. In organoids from 167 subjects
with and 22 without CF, two parameters derived
from a semi-automated image analysis protocol
(rectal organoid morphology analysis, ROMA) fully
discriminated CF subjects with two disease-causing
mutations from non-CF subjects (p<0.001). ROMA,
feasible at all ages, can be centralised to improve
standardisation.

INTRODUCTION

The diagnosis of cystic fibrosis (CF), an autosomal
recessive disease caused by CF transmembrane
conductance regulator (CFIR) gene mutations,
relies on abnormal (=60 mmol/L) sweat chloride
concentration (SCC) and/or two disease-causing
CFTR mutations, as defined by the CFTR2 data-
base.! 2 In some subjects either with CF compat-
ible symptoms or after neonatal screening, the
diagnosis cannot be confirmed nor excluded. For
patients with only intermediately elevated (30-60
mmol/L) SCC and CFTR mutation(s) of varying or
unknown clinical consequence, second-line diag-
nostic tests (nasal potential difference (NPD) and
intestinal current measurements (ICM)) are advo-
cated to further explore CFTR function and assist
the diagnosis. These tests are not readily available
nor feasible at all ages.'

Rectal organoids are 3D structures grown from
intestinal stem cells in a mucosal sample obtained
through rectal biopsy. CFTR protein expression
is maintained in and determines the morphology
of these organoids, inducing swelling of non-CF
organoids through salt and water accumulation
in the lumen surrounded by a cellular layer, while
CF organoids have no lumen as described by the
Beekman group.®

We quantified morphological differences to
explore the ability of rectal organoid morphology
analysis (ROMA) to differentiate organoids from
subjects with a clear-cut diagnosis of CF from those
of subjects without CF, giving proof of concept for
ROMA as a diagnostic test for CF.

1,12

METHODS

Organoids from a convenience cohort of 212
subjects were collected and imaged by one
researcher blinded to subject characteristics.
Twenty-three subjects were excluded due to low-
quality images. Organoids of 167 subjects with
CF and two disease-causing CFTR mutations®
and 22 non-CF subjects were analysed (online
supplemental file 1 and 2.1).

Rectal biopsies and organoid cultures were
performed as previously described (online supple-
mental file 2.2)." No adverse events were reported.
In total, 32 wells per subject were plated under basal
conditions (no CFTR modulators nor forskolin
added) and images of each well were acquired after
overnight growth and calcein staining.

Two indices were calculated using imaging
software (NIS-Elements AR Analysis 5.02.00) to
quantify organoid morphology: the intensity ratio
(IR) measures the presence or absence of a central
lumen, and the circularity index (CI) quantifies the
roundness of the organoids (figure 1 and online
supplemental file 2.3).

Discriminant analysis was applied to differentiate
between CF and non-CF subjects using IR and CL
Mann-Whitney and Fisher exact tests were used for
between-group comparisons.

RESULTS

The IR and CI differed (p<0.001) between CF
and non-CF (table 1). Perfect discrimination
(AUC=1) was obtained with a linear discriminant
analysis (figure 2). Analysis of only eight wells
chosen randomly out of the 32 showed almost
identical results (AUC=1) (online supplemental
file 2.4).

No correlation between ROMA indexes and age
was found, nor differences in IR and CI between
subjects with CF in the lowest versus three highest
SCC quartiles (<87 and =87 mmol/L, respec-
tively). The IR (p=0.007), but not CI (p=0.419),
was different between PI (pancreatic insufficient)
and PS (pancreatic sufficient) subjects with CF. For
additional statistical analyses, see online supple-
mental files 2.4 and 3.

DISCUSSION

Both IR and CI, calculated with ROMA, discrim-
inated subjects with clinical CF and two disease-
causing CFTR mutations from non-CF subjects.
This makes ROMA appealing as an additional
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Figure 1

Images of rectal organoids from subjects without (upper panels) and with CF (lower panels). lllustration of the methods to calculate

the two indexes, IR (intensity ratio; central panel) and Cl (circularity index; right panel), used to quantify morphological differences between rectal
organoids of subjects with and without CF. IR measures the presence or absence of a central lumen, calculated in three steps: (1) calculate the
global fluorescence intensity of the organoids: erode 1 pixel (2.5 um) to remove the surrounding "halo” around each structure and measure the mean
fluorescence intensity of the remaining whole organoid; (2) calculate the lumen fluorescence intensity of the organoids: erode 10 pixels from each
structure to remove the cellular border from the organoids and measure the mean fluorescence intensity of the remaining structure; (3) IR is equal
to (intensity central part of organoid)/(intensity whole organoid) and is higher in CF than in non-CF organoids. Cl quantifies the roundness of the
organoids, defined as (4xrixarea)/perimeter, which is lower in CF than in non-CF organoids. CF, cystic fibrosis; IR, intensity ratio; Cl, circularity index.

physiological CFTR assay to assist in the diagnosis of CF, with
a discriminative ability comparable with that reported for SCC
and other physiological CFTR assays such as NPD or ICM.* ®

Similarly to SCC,* mean IR is different between PS and PI
subjects with CF, although not fully discriminative. Residual
CFTR function, translating in pancreatic sufficiency, leads to
the presence of a small lumen in the organoids and thus lower
IR, without altering the organoids’ irregular shape quantified
by CL

The current study is monocentric and needs replication,
but samples have already been successfully received from

Table 1 Baseline characteristics of the subjects and indexes
calculated using rectal organoid morphology analysis (ROMA)
CF Non-CF p value
n 167 22*
IR 1.11 (0.93-1.34) 0.76 (0.61-0.88) <0.001
a 0.59 (0.49-0.70) 0.79 (0.73-0.84) <0.001
Age (years) 18 (0-60) 44 (0-77) =0.001
Gender 85 male (51%) 11 male (50%) =0.999
82 female (49%) 11 female (50%)
SCC (mmol/L) 97.61 (36-160)
(n=164)
SCC low (<87 41 low (25%)
mmol/L) or high

123 high (75
(=87 mmoliL) igh (75%)

28 PS (17%)
137 PI (83%)

Pancreatic status
(n=165)

n or mean and range.

*7 carriers, 3 non-carriers, 2 autosomal dominant polycystic kidney disease, 6
ulcerative colitis, 1 polyp screening, 3 healthy controls included in a study about
inflammatory bowel disease.

CF, cystic fibrosis; IR, intensity ratio; C, circularity index; SCC, sweat chloride
concentration; Pl, pancreatic insufficient; PS, pancreatic sufficient

other Belgian and international centres. Before ROMA can
be proposed as diagnostic test for CF, more data are needed,
especially from patients with a clinical CF diagnosis but
without two disease-causing CFTR mutations, and from
prospective analysis in subjects with unresolved CF diag-
nosis, including infants with CF screening positive, inconclu-
sive diagnosis (CFSPID). The absence of a gold standard will
need to be taken into account, as with other CFTR physio-
logical assays.

Rectal suction biopsy for ROMA can easily be performed in
general hospitals with low complication rates,” even in infants
(with CFSPID). Quality requirements for biopsies are lower for
ROMA? than for ICM,” as only the presence of viable crypts
is needed to grow an organoid culture, rather than an intact
epithelium required for electrophysiology. Biopsies can thus
be shipped to a central laboratory for analysis,® which ensures
standardisation together with the semi-automated nature of the
analysis.

Possible issues with ROMA include the complexity and cost
of organoid culture. However, standardised protocols are avail-
able for organoid culture and technique portability has been
demonstrated.” Reducing the number of wells from 32 to 8
resulted in virtually identical results and would make ROMA
more cost-efficient. Using rectal instead of airway tissue is both
an advantage (CFTR specific, no influence of disease state)' and
a disadvantage (possible differences in CFTR function between
organs). The delay of 1-2 months between taking the biopsy and
availability of results is rarely an issue as these cases are often not
urgent. This waiting time is similar to that of extensive genetic
analysis.

Further work will have to assess ROMA as a diagnostic test
in patients with equivocal diagnosis. Beyond diagnosis, orga-
noids used for ROMA can be biobanked for later personalised
medicine research for the newly diagnosed patients with CE.'
ROMA could also contribute to measuring modulator efficiency,
as restoring CFTR function to high levels causes the appearance,
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Figure 2 Intensity ratio (IR) and circularity index (ClI) values of each subject according to disease status, pancreatic status and sweat chloride

concentration. The line represents the optimal discrimination line obtained by linear discriminant analysis. CF, cystic fibrosis; Pl, pancreatic insufficient;

PS, pancreatic sufficient; SCC, sweat chloride concentration.

before any stimulation, of a central lumen and swelling to a more
round shape,’ * measured by IR and CI, respectively.
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4.5. Cuyx S, Ramalho AS, Corthout N, et al. Rectal organoid morphology
analysis (ROMA): a diagnostic assay in cystic fibrosis. JoVE.
2022;(184):63818.

Na zéklad¢ ptedchozi prace 4.4. a optimalizace metody ROMA jsme publikovali
podrobny protokol v Journal of Visualized Experiments, ve kterém jsme podrobné popsali
jednotlivé kroky od kultivace stievnich organoidii, nasazeni kultivacnich desticek,
provedeni experimentu za vyuZiti konfokalniho fluorescenéniho mikroskopu, obrazovou
analyzu pomoci zobrazovaciho softwaru a nasledné vypocitani diskrimina¢nich indext
IR a CIL

Na zakladé publikovaného protokolu by metoda méla byt reprodukovatelna i v dalSich
laboratofich. V protokolu byla uvedena i nase ptedchozi analyza CF pacientii a zdravych
kontrol, ze které vyplyva ze ROMA spolehlivé rozliSuje mezi CF a non-CF organoidy
(viz 4.4.).
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Diagnosis of cystic fibrosis (CF) is not always straightforward, especially when sweat
chloride concentration is intermediate and/or less than two disease-causing CFTR
mutations can be identified. Physiological CFTR assays (nasal potential difference,
intestinal current measurement) have been included in the diagnostic algorithm but
are not always readily available or feasible (e.g., in infants). Rectal organoids are
3D structures that grow from stem cells isolated from crypts of a rectal biopsy when
cultured under specific conditions. Organoids from non-CF subjects have a round
shape and a fluid-filled lumen, as CFTR-mediated chloride transport drives water into
the lumen. Organoids with defective CFTR function do not swell, retaining an irregular
shape and having no visible lumen. Differences in morphology between CF and non-
CF organoids are quantified in the 'Rectal Organoid Morphology Analysis' (ROMA) as
a novel CFTR physiological assay. For the ROMA assay, organoids are plated in 96-
well plates, stained with calcein, and imaged in a confocal microscope. Morphological
differences are quantified using two indexes: The circularity index (Cl) quantifies the
roundness of organoids, and the intensity ratio (IR) is a measure of the presence
of a central lumen. Non-CF organoids have a high Cl and low IR compared to
CF organoids. ROMA indexes perfectly discriminated 167 subjects with CF from 22
subjects without CF, making ROMA an appealing physiological CFTR assay to aid in
CF diagnosis. Rectal biopsies can be routinely performed at all ages in most hospitals
and tissue can be sent to a central lab for organoid culture and ROMA. In the future,

ROMA might also be applied to test the efficacy of CFTR modulators in vitro. The aim
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of the present report is to fully explain the methods used for ROMA, to allow replication

in other labs.

Introduction

Cystic fibrosis (CF) is an autosomal recessive disease
caused by mutations in the CF transmembrane conductance
regulator (CFTR) gene. The CFTR protein is a chloride
and bicarbonate channel, ensuring hydration of several
epithelia1_ CF is a high-burden, life-shortening, multi-system
disease, manifesting primarily as a respiratory disease, but
also affecting the gastrointestinal tract, pancreas, liver, and

reproductive tract?.

Disease-causing CFTR mutations lead to a decrease in
the amount or function of CFTR, in turn causing mucus
dehydration. More than 2,000 variants in the CFTR gene have
been described®, of which only 466 have been thoroughly

characterized?.

A diagnosis of CF can be made when either sweat chloride
concentration (SCC) is above the threshold of 60 mmol/L
or when two disease-causing CFTR mutations (according
to the CFTR2 database) are identified*. In subjects with
only intermediately elevated (30-60 mmol/L) SCC, which
occurs in about 4%-5% of sweat testsB, and CFTR mutations
of varying or unknown clinical consequence, the diagnosis
cannot be confirmed nor ruled out, even when they have
CF compatible symptoms or a positive neonatal screening
test. For these cases, second-line physiological CFTR assays
(nasal potential difference (NPD) and intestinal current
measurements (ICM)) have been included in the diagnostic
algorithm. These tests are not readily available at most

centers nor feasible at all ages, especially in infants®.

Rectal organoids are 3D structures grown from Lgr5(+) adult
intestinal stem cells from intestinal crypts obtained through
rectal biopsy7. Organoids are being used increasingly in
biomedical research, such as testing modulator treatment
in CF®. A viable biopsy can be obtained by either suction
or forceps biopsy, a procedure that causes only minimal
discomfort and is safe even in infants, with low complication
rates?. The crypts isolated from the rectal biopsies are
enriched in stem cells, and under specific culturing conditions,
these self-organize into rectal organoids. The morphology
of these organoids is determined by the expression and
function of CFTR, located at the apical membrane of epithelial
cells. Functional CFTR allows chloride and water to enter
the organoid lumen, thereby inducing swelling of non-CF
organoids. CF organoids do not swell and have no visible

lumen'0. 11,

Rectal organoid morphology analysis (ROMA) allows the
discrimination between CF and non-CF organoids based on
these differences in organoid morphology. Non-CF organoids
are more round and have a visible lumen, while the opposite
is true for CF organoids. For this assay, patient-specific
organoids are plated in 32 wells of a 96-well plate. After 1
day of growing, the organoids are stained with calcein green
and imaged in a confocal microscope. The non-CF organoids
show a more circular shape and a less fluorescent central
part, as the lumen contains fluid and calcein stains only
cells. These differences in morphology are quantified using
two ROMA indexes: the circularity index (Cl) quantifies the

roundness of organoids, while the intensity ratio (IR) is a
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measure of the presence or absence of a central lumen. In
this report, we describe in detail the protocol to obtain these

discriminative indexes, to allow replication of the technique.

Protocol

For all procedures involving human tissue, approval by the
Ethics Committee Research UZ/KU Leuven (EC research)
was acquired. All research was performed with informed
consent and/or assent from parents, representatives, and/or

patients.

NOTE: All procedures involving rectal biopsies and organoids
should be performed in a laminar flow to protect the
researcher from any biological hazard and to minimize the
risk of contamination of the cultures. As for any lab procedure,
researchers should at all times wear lab coats, gloves, and

safety goggles to manipulate samples.

1. Rectal biopsy, isolation of adult stem cells from
crypts, and organoid culture

1. For this initial part of the protocol, including media
production and usage, organoid culture, splitting,
expansion, and freezing for biobanking, follow the two

previously published protocolss’ 12

2. In short, the following steps have to be taken:

1. Take three to four rectal biopsies with a forceps
or suction device and collect in a sterile container
(e.g., 1.5 mL microcentrifuge tube) with the Ad-DF+
++ medium as described in the protocol mentioned

above.

2. Transport biopsies to a central lab on ice or at 4 °C.
Transport to other centers is possible, and quality is
not significantly affected even when transport takes

up to 48 h. If transport is expected to take over 6 h,

use a 15 mL conical tube with 6 mL of Ad-DF+++

medium instead of a 1.5 mL microcentrifuge tube.

3. Wash the biopsies in cold PBS until the supernatant
is clear to remove the debris and non-epithelial

tissues such as fat tissue.

4. Incubate the biopsies with EDTA (final concentration
10 mM) to detach the crypts. Plate the crypts in a
basement membrane matrix. Add broad-spectrum
antibiotics (gentamicin 50 pg/mL and vancomycin 50
pg/mL) to the medium in the first week of culturing to

prevent bacterial contamination.

5. When the crypts have budded and are closed and
proliferated, perform mechanical splitting, usually

after 7 days.

6. Split the resulting organoids approximately every 7
days. This way, expand the culture, freeze backup
samples in a biobank, or use the organoids for

assays.

2. Organoid plating for ROMA (day 1)

1. Mechanically split the organoids for plating

1. Collect organoids from three well-grown wells from
a 24-well plate by washing twice with cold Ad-DF++

+ medium, collect them in a 1.5 mL microcentrifuge

tube, and assess them under the microscope12.

2. Ensure that organoids are viable and of high quality,
which can usually be achieved after 5-7 days of

growth after being split previously (Figure 1).

3. Mechanically split the organoids according to

the aforementioned protocols’n. Repeat until the

majority of the organoids, as assessed using the
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brightfield microscope, are small enough compared

to the initial observation.

4. Collect the smaller organoids, usually corresponding
to the collection of about the top 4/5 of the organoid-
medium solution in a new microcentrifuge tube, as
big organoids sink to the bottom of the tube due to
gravity and small organoids stay suspended in the

upper part of the medium column.

5. Centrifuge the sample of smaller organoids at 0.3 x

1000 g for 2 min and discard the medium.

6. Dilute the pellet of smaller organoids in 130 pL of

40%-50% basement membrane matrix (diluted with

Ad-DF+++ medium'?).
7. Resuspend well using a 200 pL micropipette.
2. Plate the organoids in a 96-well plate

1. Using a 20 pL pipette, plate organoids in 32 wells
of a pre-warmed 96-well plate. Ensure that each
well contains one 4 pL drop of the organoid-matrix

solution produced in the previous step.

2. The organoids in the solution tend to form a pellet
at the bottom of the tube due to gravity-dependent
downwards displacement. To prevent this and
ensure uniform plating, regularly resuspend the
organoid-matrix solution using a 200 uL micropipette

(e.g., every time after plating four to eight wells).

3. Plate each drop in the center of the well to prevent
the drop from running toward the edges of the well,

which would reduce image quality later.

4. Aim for around 30 organoids per well (minimum 15,

maximum 90) without overlapping organoids.

5. Keep in mind that these organoids will have to be

incubated overnight and will grow slightly during

this time, and might start overlapping if the plating
density is too high.

Check plating density using a brightfield microscope
with a 5x magnification objective after plating the first

one or two wells.

If the plating density is too high, dilute the organoid-
matrix solution stepwise with the addition of the
basement membrane matrix until the desired plating

density is reached (Figure 2).

After plating, gently tap the plate on a flat surface to
ensure that the majority of organoids are in the same

focal plane.

3. Incubate the plate

1.

Incubate the 96-well plate at 37 °C and 5% CO2

during 8-10 min to allow gelation of the basement

membrane matrix.

Add 50 pL of human colon organoid medium +/+12

in each well and incubate overnight for 16-24 h.

Add no forskolin nor CFTR modulators, so the

organoids grow under basal conditions.

3. Organoid imaging using confocal microscopy

(day 2)

1. Stain the organoids with calcein green

1.

Prepare a 1 mM stock solution of calcein green by
adding 50 pL of dimethylsulfoxide (DMSQO) to one

vial containing 50 ug of calcein green.

Prepare a working solution of calcein green by
adding 1.2 ulL of the stock solution to 200 uL of Ad-

DF+++ (concentration 6 pM).

Add 5 uL of this calcein mixture to each well of

the 96-well plate in which organoids were plated
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(final calcein concentration 0.6 uM). Do not touch
and dislocate the matrix drop inside the well when

performing this step.

Rotate and slightly tilt the plate with the lid on a
few times to ensure homogenous distribution of the

calcein green in the whole well.

Incubate the plate again for 15-30 min at 37 °C and

5% CO2 to ensure staining of all organoids in the

wells.

2. Transfer the plate to the confocal microscope

1.

Transfer the plate to the confocal microscope with an
automated stage and integrated incubator. Ensure

that the plate is well fixed in the plate holder.

Incubation at 37 °C and 5% COz2 is optional but not

necessary, given the short duration (about 10 min)

of the imaging process.

3. Focus on the organoids (Figure 3)

1.

Using the confocal microscope, determine the
optimal x/y position and focus (z position) of the
organoids in each well manually, and save these

positions in the imaging software.

The best focus implies the sharpest possible
delineation of the organoids and visualization of the
largest possible part of the organoid drop. If the
distribution of the stain is not adequate, repeat steps
3.1.4 and 3.1.5 (incubate, for example, for an extra

5-10 min).

Use live-cell imaging settings with emission at
488 nm and excitation at 515 nm (specific for
visualization of calcein fluorescence) and a 5x LD

magnification objective.

4. Acquire organoid pictures of the 32 wells with the

confocal microscope (Figure 3 and Figure 4).

1. Takeimages in a unidirectional way with a resolution
of 1024 pixels x 1024 pixels (pixel size 2.5 ymx 2.5
pm) and depth of 16 bits.

2. Choose the laser intensity and master gain for
optimal visualization of morphological differences
between CF

and non-CF organoids

(eg.,
discrimination between a non-stained water-filled
central lumen (if present) and a stained cellular
border).

NOTE: Organoids will not be delineated correctly
when the master gain and thus the fluorescence
signal are too low; setting the master gain too
high will result in images with organoids with
homogenous very high signal intensity, preventing

imaging of more subtle morphological differences

(Figure 2).

3. Save one picture per well for all 32 wells in the

microscope format and export them as TIFF files.

4. Image analysis (Figure 5)

Load the TIFF files in the image analysis software.

Perform the first quality check based on exclusion
criteria determined by the operator (Figure 2). many
differentiated or dead structures or debris, inadequate
plating density, too many (e.g., overlapping) or too
few organoids, and inadequate fluorescence distribution
(organoids not clearly delineated, background signal too
high).

NOTE: This step can also be performed before exporting

images as TIFF files in step 3.4.

Prepare images for analysis

Copyright © 2022 JoVE Journal of Visualized Experiments

Jove.com

64

June 2022 - 184 - e63818 - Page 5 of 21



jove

Recalibrate images, so 1 pixel corresponds to 2.5

pmx 2.5 ym.

Create and open one Network Data (.ND) file of
all 32 pictures for each organoid culture, enabling

simultaneous analysis of all 32 pictures per subject.

4. Delineate the organoids

1.

Delineate structures using a lower intensity
threshold of 4,500 and an upper threshold of
65,535 (Smooth and Clean functions off; Fill Holes
function on; Separate function at x3).

NOTE: This delineates fluorescent structures, with
Fill Holes including the lumen in the delineated

structure if present.

5. Count the organoids

1.

2.

Select all structures 240 um.

Click the Update ND Measurement button (every
time a measurement is needed); the counted
organoids will be numbered.

NOTE: This equals the total number of organoids in
the 32 wells, while small debris, such as dead cells,

is excluded.

6. Measure intensity and circularity for calculation of the

indexes

Select all structures 260 ym and count.

NOTE: This counts the organoids large enough to
show morphology typical to either CF or non-CF.
Organoids >40 pm and <60 pm are small and dense,

both in non-CF and in CF.

Remove all structures touching the borders of the
picture. Do this to remove organoids that are not
completely visible, as their morphology cannot be

accurately quantified.

3. Erode 1 pixel (= 2.5 ym) from the border of each
260 pm structure. This removes the halo of diffused

calcein fluorescence surrounding the organoids.

4. Measure the mean intensity of each structure. This
way, the mean fluorescence of the organoids is

measured.

5. Select all structures 260 pm again and remove all

structures touching the borders.

6. Erode 10 pixels (= 25 pm) from the border of each
260 pm structure.
NOTE: In non-CF organoids, this erodes the cellular
border and leaves only the lumen. In CF organoids,
this erodes the outer part of the organoid, which has
roughly the same fluorescence as the inner part that

remains.

7. Measure the mean intensity of each eroded
structure. This way, the mean fluorescence of the

central part of the organoids is measured.

8. Measure the circularity of each structure. This

corresponds to the mean circularity of the organoids.

Perform the second quality check: exclusion criteria
determined by the software. Exclude the set of pictures
when less than 50% of organoids (defined as structures
240 um) are 260 um, as enough organoids should be
large enough to show morphology typical to either CF or
non-CF. Also exclude when <500 or >3,000 organoids
(defined as structures 240 pm) are present in the 32

wells.

5. Measure the indices in the imaging software
( Figure 6)

1.

Measure the circularity index (CI).
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NOTE: This corresponds to the mean circularity
measured in step 4.6, which is the mean circularity of all

organoids in all 32 wells. Cl quantifies the roundness of

4+mr+area

the organoids, defined as perimeter, which is lower in CF

than in non-CF organoids

2. Measure the intensity ratio (IR)

1. Calculate the IR by dividing the mean of the intensity
measurement after eroding 25 ym from the border of
each 260 um structure by the mean of the intensity
measurement after eroding 2.5 pym from the border
of each 260 um structure.

NOTE: IR measures the presence or absence
of a «central Ilumen. IR is equal to
intensity central part of organoid
intensity whole organoid | and is higher in CF than
in non-CF organoids.
3. Simplify the analysis process

1. Prepare a standard worksheet using spreadsheet
software to automatically calculate these indices

upon copying the data (Figure 7).
To calculate the IR:

Take the intensity measurement after eroding
25 pm from the border of each 260 um
structure. Use the mean for the calculation

(denominator).

Take the intensity measurement after eroding
25 pm from the border of each 260 um structure.

Use the mean for the calculation (numerator).

To calculate the CI, take the circularity of all
organoids in all wells. The mean corresponds to the

Cl.

NOTE: When analysis of large batches of images is
required, the image analysis process as described
in section 4 can be semi-automated, starting from
the calibrated ND files and running a macro with all

steps combined.

Representative Results

Organoids from 212 subjects were collected during routine
clinical visits. No adverse events occurred during or after
the rectal biopsy procedure. Organoids were imaged by
one researcher blinded to subject characteristics such as
genotype and clinical information. Due to low-quality images,
23 subjects were excluded. Examples of successful and
failed organoid cultures and image acquisition can be seen

in Figure 2.

Organoids of 167 subjects with CF and two disease-causing
CFTR mutations (as defined by the CFTR2 database4) and
22 non-CF subjects were analyzed. The mean amount of
organoids per culture was 1,519 (about 40-50 organoids per
well). The mean amount of organoids per culture included for
analysis was 77% (the number of structures 260 um divided
by the number of structures 240 ym, corresponding to the
fraction of organoids large enough to reflect typical CF or non-

CF morphology).

The IR and CI discriminated (p < 0.001) between organoids
from subjects with and without CF (Table 1). With linear
discriminant analysis, perfect discrimination (AUC = 1) was
obtained between CF and non-CF, not only when using data
from all 32 wells (Figure 8), but also when eight wells were

chosen randomly for each culture (Figure 9).

Figure 10 depicts histograms showing the distribution of

values for circularity, the intensity of the central part of the
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organoid, and the intensity of the whole organoid for four

illustrative cultures (two CF, two non-CF).

Figure 1: Images of well-grown and viable organoids. (A) Organoids from a person without CF and (B) organoids from
a person with CF. Both cultures were grown for 7 days after the previous splitting. Images were made using a brightfield

microscope with a 5x objective. Please click here to view a larger version of this figure.
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Figure 2: lllustration of organoid imaging in the confocal microscope. (A) Good quality CF organoids; (B) good quality
non-CF organoids; (C) density of plating too low: not enough organoids for representative imaging; (D) density of plating too
high: overlapping of organoids prevents adequate calcein staining and assessment of morphology; (E) intensity too low due

to either a problem with calcein staining or the master gain setting being too low; (F) intensity too high due to the master gain
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setting being too high: small lumens may be masked by the overexposed fluorescence signal; (G) dead and burst organoids,
where separate cells can be seen and morphology cannot be assessed anymore; (H) differentiated organoids where stem
cell status is lost, showing up as thick structures often with high fluorescence signals in the middle of the organoid structures,
not reflecting typical CF or non-CF morphology; (I) background signal too high, either due to calcein staining having been
performed too long ago with diffusion into the background or due to the master gain setting being too high; (J) insufficient
mechanical splitting of organoids, leaving them too big for the assay, not staining well, and not adequately reflecting CF or

non-CF morphology. Please click here to view a larger version of this figure.

Figure 3: Focusing on organoids and acquiring pictures. (A) Choose the Acquisition tab. Click on the Live button below
for real-time imaging. (B) Use live cell imaging settings with emission at 488 nm. (C) Image at a resolution of 1024 pixels x
1024 pixels and a depth of 16 bits per pixel. Choose the unidirectional imaging parameter. (D) Adjust the master gain for the
optimal intensity of fluorescence to optimize imaging of organoid characteristics such as shape and presence or absence of a
lumen. (E) Save single positions (X, y, and z) for each of the 32 wells per organoid culture. (F) Click on the Start Experiment
button to run the pre-defined protocol and acquire images according to the parameters chosen. (G) Images can be saved
upon completion, or an autosave can be set up with the Autosave button. Please click here to view a larger version of this

figure.
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Figure 4: Exporting images for analysis. (A) Choose the Processing tab, and click on the Batch button to export images
of multiple organoid cultures in one procedure. (B) Click on the Add button and select the saved images needed for analysis.
(C) Select image export as the method. (D) Export images as TIFF files, do not convert to 8 bits, and do not compress or
resize. Export original data without burn-in graphics. Select the 32 wells of the 96-well plate with the scene parameter. Do not
re-tile. (E) Click on the Apply button to extract using the chosen parameters. Please click here to view a larger version of this

figure.
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Figure 5: Analysis of organoid images in the imaging software. (A) Right-click the grey bar above the results section
(red asterisk) to set up parameters for object measurement. Add circularity and mean intensity. (B) Click on File > Import/
Export > Create ND file from file sequence to combine the TIFF files for one culture into one ND file. (C) Select the desired
file and confirm; 32 pictures will be combined (red asterisk). (D) Click Recalibration > Recalibrate Document. (E) Click

on Pixel Size in the pop-up window. (F) Input 2.5 ym as the size of 1 pixel. (G) The picture will now be recalibrated to
micrometers instead of pixels (red asterisk). (H) Click Binary > Define Threshold. () Size selection can be performed in

the pop-up window. The minimum size is 40 ym for organoid counting and 60 um for organoid morphology analysis. Always
turn off the Smooth and Clean function, turn on the Fill Holes function, and input Separate x3. Apply to all frames. (J) The
software will show delineation of the defined structures. Click on the Update ND Measurement button to analyze and get
the chosen parameters from step A as output. (K) Click the downward facing arrow next to the export button and select

data to the clipboard. (L) Click on the Export button to copy the data output to the clipboard. Data can now be pasted to a
spreadsheet. (M) Click on the Reset Data button to empty the results section before a new measurement is performed. (N)
When erosion has to be performed for intensity measurement for calculation of the intensity ratio, click Binary > Erode. The
Remove Objects Touching Borders function can be found in the same drop-down menu. (O) Select the matrix shown in the
figure for erosion, and choose the desired count (1 pixel or 2.5 um for removal of the halo surrounding organoids, 10 pixels
or 25 um for removal of the cellular border surrounding a lumen if present). Please see the Supplemental File for full-screen

panels of this figure. Please click here to view a larger version of this figure.
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Figure 6: Images of rectal organoids from people without (upper panels) and with CF (lower panels). lllustration of the
methods to calculate the two indexes, IR (intensity ratio; central panel) and Cl (circularity index; right-hand panel), used to
quantify morphological differences between rectal organoids of subjects with and without CF. IR measures the presence or
absence of a central lumen, calculated in three steps: (1) calculate the global fluorescence intensity of the organoids: erode

1 pixel (2.5 pm) to remove the surrounding 'halo’ around each structure, and measure the mean fluorescence intensity of
the remaining whole organoid; (ll) calculate the central fluorescence intensity of the organoids: erode 10 pixels (25 ym)

around each structure to remove the cellular border from the organoids and measure the mean fluorescence intensity of the

intensity central part of organoid
remaining structure; (|||) IRis equal to intensity whole organoid ,andis higher in CF than in non-CF organoids. Cl quantifies

4+mrsarea
the roundness of the organoids, defined as perimeter, which is lower in CF than in non-CF organoids. CF: cystic fibrosis; IR:

intensity ratio; Cl: circularity index. This figure has been reprinted with permission from Cuyx et al.’3. Please click here to

view a larger version of this figure.
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Figure 7: Example of a spreadsheet for calculation of Cl and IR. The output (circularity and mean intensity, as defined in

Figure 5) is copied into the spreadsheet for both erosion steps. The imaging software automatically adds the mean values

for each parameter. These means can be copied into a cell of choice in the spreadsheet and then used for the calculation of

Cl and IR. Please click here to view a larger version of this figure.
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Figure 8: Intensity ratio (IR) and circularity index (Cl) values of each subject according to disease status,

pancreatic status, and sweat chloride concentration. The line represents the optimal discrimination line obtained by

linear discriminant analysis. CF: cystic fibrosis; PS: pancreatic sufficient; Pl: pancreatic insufficient; SCC: sweat chloride

concentration. This figure has been reprinted with permission from Cuyx et al.13. Please click here to view a larger version of

this figure.
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Figure 9: Calculation of ROMA indexes. Calculation of ROMA indexes using eight wells at random per subject and using
the same statistical methodology was comparable to the results using 32 wells. Again, perfect discrimination was obtained.
Cl: circularity index; IR: intensity ratio. This figure has been reprinted with permission from Cuyx et al.'3. Please click here to

view a larger version of this figure.
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Figure 10: Histograms illustrating the distribution of values measured in each single organoid in a given culture.

The circularity parameter, the intensity parameter for the central part of the organoid, and the intensity parameter for the

whole organoid are depicted (columns). Results in two CF and two non-CF cultures are shown (rows). Please click here to

view a larger version of this figure.

Supplemental File: Full-resolution presentation of Figure

5. Please click here to download.

82 female (49%)

CF Non-CF p-value

n 167 22
IR 1.11(0.93-1.34) 0.76 (0.61-0.88) <0.001
cl 0.59 (0.49-0.70) 0.79 (0.73-0.84) <0.001
Age (years) 18 (0-60) 44 (0-77) <0.001
Gender 85 male (51%) 11 male (50%) >0.999

11 female (50%)

Copyright @ 2022 JoVE Journal of Visualized Experiments

jove.com

77

June 2022+ 184 - e63818 - Page 18 of 21



jove

SCC (mmol/l) (n = 164) 97.61 (36—-160)

SCC low (<87 mmol/ 41 low (25%)

L) or high (287 mmol/L) 123 high (75%)

Pancreatic status (n = 165) 28 PS (17%)

137 PI (83%)

Table 1: Baseline characteristics of the subjects and indexes calculated using rectal organoid morphology analysis

(ROMA). n or mean and range. CF: cystic fibrosis; IR: intensity ratio; Cl: circularity index; SCC: sweat chloride concentration;

Pl: pancreatic insufficient; PS: pancreatic sufficient. *seven carriers, three non-carriers, two autosomal dominant polycystic

kidney disease, six ulcerative colitis, one polyp screening, three healthy controls included in a study about inflammatory

bowel disease. This table has been reprinted with permission from Cuyx et a

Discussion

We provide a detailed protocol for rectal organoid morphology
analysis (ROMA). The two indexes calculated with ROMA, IR,
and ClI, distinguished organoids from subjects with CF from
those without CF with perfect accuracy. ROMA could thus
function as a novel physiological CFTR assay complementary

to SCC and other currently available tests13.14.15,

The protocol is dependent on the use of intestinal organoids,
which have a round shape and central lumen when CFTR
is functional, as described before10. 11, Organoids are used
increasingly in the assessment of novel CF treatments (e.g.,
in the FIS assays). The ROMA protocol can be integrated
with the FIS assay protocol, as for the FIS assay 32 wells
are incubated overnight without correctors. These wells can
be imaged after the addition of calcein green but before the
addition of forskolin and/or potentiators. This way, one 96-
well plate can be used for both diagnostic and personalized
therapeutic research for each specific patient. Apart from
diagnosis, ROMA might also provide information in the

characterization of variants of unknown significance.

113,

The biggest practical hurdle of this protocol would probably
be the startup of intestinal organoid cultures. However,
in most general hospitals, rectal suction biopsies can be
obtained according to a standardized protocol and with low
complication rates, even in infants®. Generating organoids
from biopsies requires only the presence of intestinal crypts,
while for ICM, full-thickness biopsies of higher quality are
necessary12'15. Biopsies can be transported to a central
lab for generating an organoid culture, and subsequent
ROMA using the standardized and semi-automated protocol
described herein® 12, As reduction from 32 wells to eight
wells for ROMA showed no difference in the classification of
cases as CF or non-CF, plating eight wells for analysis would

be sufficient, thus reducing the cost.

For further validation, ROMA will have to be performed on
subjects with equivocal diagnoses. Organoids can be stored
in a biocbank for later research into personalized medicine
for those diagnosed with CF1®. ROMA could play a role
in a personalized medicine approach as well. For example,

IR could detect the appearance of a central lumen after

Copyright © 2022 JoVE Journal of Visualized Experiments
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incubating organoids of subjects with residual CFTR function

but before stimulation with a potentiator and forskolin.
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6 ZAVER

Publikace v této disertacni praci se soustfedily na vyzkum vyuziti tkaiovych kultur
pacientii s cystickou fibrézou — stfevnich organoidii k in vitro hodnoceni efektivity
specifické terapie CFTR modulétory. Jednim z cilti byla predikce 1écebné odpovédi u
pacientl s CF na zdkladé testu in vitro, a to vcetné odpovedi pacientil se vzacnymi
mutacemi, u nichz takovéa analyza otevird cestu skutecné personalizované mediciny.

Druh4 ¢ast dizertace se tykala zhodnoceni a vyuziti sttevnich organoidt v diagnostice CF.

Vramci svého PhD studia autorka absolvovala ro¢ni stdz v etablované laboratofi
tkatiovych kultur KU Leuven v Belgii, kde si osvojila metody kultivace stfevnich
organoidi, analyzu in vitro odpovédi na CFTR modulédtory pomoci FIS a podilela se na
vyvoji diagnostické metody ROMA. Nasledn& se v CR vyznamnou mérou podilela na
zalozeni a definovani vyzkumnych smérti Laboratotfe tkanovych kultur pifi Pediatrické
klinice a Ustavu lékatské mikrobiologie 2.LF UK a FN Motol. Zahajila a provadéla
odbéry rektalnich biopsii u vSech pacientll zafazenych do nasSich studii, optimalizovala
kultivaci stfevnich organoidi v nasi laboratofi, provadéla FIS vySetieni. Autorka sama
psala odborné publikace, kde je uvedena jako prvni autor, provadéla ¢ast laboratorni prace
a FIS vysetfeni, hodnotila a interpretovala vSechny vysledky. U spoluautorskych
publikaci pfispéla laboratorni praci — kultivaci organoidii, pfipravou experimentl a
provadénim a analyzou FIS. Sekvenace CFTR genu a hodnoceni genetickych vysledki
bylo provedeno ve spolupréci s Ustavem biologie a lékaiské genetiky 2. LF UK a FN
Motol.

FIS prokazalo efektivitu pfi stratifikaci in vitro odpovédi na riizné kombinace CFTR
modulatort: ivakaftor, lumakaftor/ivakaftor, tezakaftor/ivakaftor a
elexakaftor/tezakaftor/ivakaftor (ETI) jak u skupiny pacientd s riznym CFTR genotypem
(Ramalho et al., 2021), tak i u skupiny pacientl s totoznym genotypem F508del/F508del
(Furstova et al, 2021, 2024). Obecné byla pozorovana znacna interindividudlni
variabilita, a to v€etné skupiny pacientii F508del/F508del, coz naznacuje, ze existuji dalsi
faktory mimo samotnou CFTR mutaci, které mohou ovlivnit terapeutickou odpovéd

(napft. dalsi genetické faktory).
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Studie provadéné na naSem pracovisti ukazaly vyznamné lepsi in vitro odpoveéd na ETI
ve srovnani s CFTR modulédtorem starsi generace tezakaftor/ivakaftor u skupiny pacientli
se stejnym genotypem F508del/F508del. Nicméné variabilita in vitro odpovédi
zdiraznuje komplexitu efektu CFTR modulatort a ukazuje potencialni roli unikatnich
variant CFTR, které by na tuto variabilitu mohly mit vliv. Z tohoto diivodu jsme provadéli
sekvenaci celého CFTR genu. Objevili jsme n€kolik novych a dosud nepopsanych CFTR
variant, nicmén¢ se nam nepodafilo prokazat jejich ptipadny vliv na in vitro nebo in vivo

odpovéd’ na CFTR modulatory (Furstova et al., 2021).

Korela¢ni studie in vitro vysledkt FIS s klinickymi parametry (FEV1, BMI, chloridy
v potu) pacientli na 1é¢bé CFTR modulatory (konkrétné ETT) neprokéazala souvislost mezi
rozsahem in vitro odpovédi (tj. velikost AUC ziskané pomoci FIS) a rozsahem klinické
odpovédi. Poukazali jsme na limit vySetieni stfevnich organoidii pomoci FIS u skupiny

pacientil s CF se stejnym genotypem a stejnou 1écbou (Furstova et al., 2024).

Na belgickém pracovisti se autorka podilela na optimalizaci diagnostické metody ROMA,
kterd by se mohla stat spolehlivym ndstrojem k odliSeni morfologie CF a non-CF
organoidi. Dale je nutna optimalizace i na organoidech ziskanych od pacientt s nejasnou

diagnézou. Publikovali jsme podrobny laboratorni protokol (Cuyx et al., 2021, 2022).

Prestoze vétsina CF pacientti miize byt [é¢ena CFTR modulatory, stale existuji jedinci se
vzacnym CFTR genotypem, pro které je personalizovany piistup ke hledani terapie jedina
Sance, jak specifickou 1é¢bu ziskat. Na zaklad¢ naSich in vitro experimentl ziskali
specifickou 1écbu CFTR modulétory 2 pacienti v Belgii (Ramalho et al., 2021) a na dané
1écbe doslo k vyznamnému zlepSeni klinickych parametrit (FEV1, chloridy v potu). Na
nasem domovském pracovisti jsme in vitro vysledky FIS piilozili k GspéSnym zadostem
o schvaleni CFTR modulatort u 3 pacientli se vzicnym CFTR genotypem.

Vyzkum stfevnich organoidii pfedstavuje vyznamny posun v personalizované¢ mediciné
s potenciadlnim vyuzitim i v diagnostice nejasnych piipadii. S ohledem na limity vySetfeni
je ale tfeba dale zkoumat a optimalizovat modely testovani CFTR modulatorti, napft.
elektrofyziologickym vySetfenim tkanovych kultur nosniho epitelu. Dalsi vyzkum by se
mél zaméfit i na zkoumani genetickych a environmentdlnich faktord, které mizou
pfispivat k variabilit¢ in vitro a in vivo odpovédi na lécbu, skoneCnym cilem

optimalizovat 1écebné strategie pro vSechny pacienty s CF.
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7  SHRNUTI

Vysetfovali jsme tkanové kultury sttevnich organoidi ziskanych od pacientt s cystickou
fibrozou. Stratifikovali jsme in vitro 1écebnou odpovéd’ na CFTR modulédtory pomoci
forskolinem indukovaného bobtnani organoida (FIS). Popsali jsme in vitro odpovédi na
nékolik CFTR modulatorti u rozséhlé skupiny 97 belgickych pacientt s 28 riznymi CFTR
genotypy. Zachrana funkce CFTR kandlu pomoci CFTR moduldtori korelovala
s klinickym zlepSenim popsanym v literatufe u pacientii s odpovidajicim genotypem.
Vysetiili jsme nékolik vzacnych CFTR variant (E92K, Q237E, R334W a L159S), u
kterych jsme prokazali efektivitu CFTR moduldtorii in vitro. Dva pacienti se vzacnymi
variantami ziskali 1écbu na zéklad¢€ nasSich in vitro vysledki a na 1é€b€ u nich doslo ke
zlepSeni klinickych parametrti.

Jako prvni jsme prokazali vyznamné lepsi in vitro efekt nejnovéjStho CFTR moduléatoru
elexakaftor/tezakaftor/ivakaftor (ETI) u homogenni skupiny pacientii s genotypem
F508del/F508del ve srovnani s 1ékem predchozi generace tezakaftor/ivakaftor.

Pomoci sekvenace CFTR genu jsme odhalili né€kolik novych variant, nicméné jsme
neprokazali jejich vliv na in vitro nebo in vivo 1é¢ebnou odpoveéd na CFTR modulatory.
Provedli jsme korelaci in vitro vysledkii FIS s klinickymi parametry (FEV1, BMI,
chloridy v potu) u 38 pacienti na lé€bé ETI. Pfestoze u vSech pacientii doslo
k vyznamnému zlepSeni klinickych parametri, neprokdzali jsme souvislost mezi
rozsahem in vitro odpovédi a rozsahem klinické odpovédi. Poukézali jsme na limit
vySetieni stfevnich organoidli pomoci FIS u skupiny pacienti se stejnym genotypem a
stejnou 1écbou.

Vyvinuli jsme diagnostickou metodu zalozenou na obrazové analyze stfevnich organoida
za vyuziti morfologickych rozdild CF a non-CF organoidi ROMA (rectal organoid
morphology analysis). VySettili jsme 167 CF pacientt a 22 zdravych kontrol. Na zaklade
rozdilu v intenzité fluorescence a pfitomnosti lumen organoidii, a tvaru organoidd jsme
vypocitali dva indexy: IR (intensity ratio, pomér intensity) a CI (circularity index, index
kulatosti). Pomoci linedrni diskrimina¢ni analyzy hodnoty IR a CI spolehlivé odlisily CF
a non-CF organoidy.

Nase vysledky ukézaly znacnou individudlni variabilitu in vitro odpovédi na CFTR
modulatory, coz zdlrazituje potiebu personalizovaného pristupu k IéCebné strategii a

potiebu in vitro studia funkce CFTR.
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8 SUMMARY

We investigated intestinal organoids derived from patients with cystic fibrosis. We
stratified in vitro treatment response to CFTR modulators using forskolin-induced
swelling assay (FIS) in organoids. We described in vitro responses to several CFTR
modulators in a large group of 97 Belgian patients with 28 different CFTR genotypes.
The rescue of CFTR channel function by CFTR modulators correlated with improvement
in clinical parameters reported in the literature for patients with corresponding genotypes.
We examined several rare CFTR variants (E92K, Q237E, R334W, L159S) and
demonstrated the efficacy of CFTR modulators in vitro. Two patients with rare variants
received treatment based on our in vitro analysis, resulting in significant clinical
improvement.

We demonstrated a significantly better in vitro effect of the newest CFTR modulator,
elexacaftor/tezacaftor/ivacaftor (ETI), in a homogeneous group of CF patients with the
F508del/F508del  genotype compared to the previous-generation drug
tezacaftor/ivacaftor.

Using CFTR gene sequencing, we identified several new variants; however, we did not
demonstrate their impact on in vitro or in vivo treatment response to CFTR modulators.
We correlated the in vitro FIS results with clinical parameters (FEV1, BMI, sweat chloride
concentration) in 38 patients undergoing treatment with ETI. Although all patients
showed significant improvement in clinical parameters, we did not prove any correlation
between the extent of the in vitro response and the extent of the clinical response. We
pointed out the limitations of examining intestinal organoids using FIS in a group of
patients with the same genotype and the same treatment.

We developed a diagnostic tool based on image analysis of intestinal organoids using
morphological differences between CF and non-CF organoids ROMA (rectal organoid
morphology analysis). We examined 167 CF patients and 22 healthy controls. Based on
differences in fluorescence intensity, lumen presence, and organoid shape, we calculated
two indices: IR (intensity ratio) and CI (circularity index). Using linear discriminant
analysis, IR and CI values reliably distinguished CF and non-CF organoids.

Our results highlighted individual variability of in vitro response to CFTR modulators,
emphasizing the need for a personalized approach to therapeutic strategy and the

necessity of in vitro studies of CFTR function.
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