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Abstract

Mickols, E. 2025. Advanced In Vitro Systems for Studies of Drug Disposition in the Human
Liver. Digital Comprehensive Summaries of Uppsala Dissertations from the Faculty of
Pharmacy 369. 82 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-513-2374-9.

In drug development, in vitro models are used to assess specific aspects of in vivo Absorption,
Distribution, Metabolism, Excretion and Toxicity (ADMET) properties of the drugs. Relevant
in vitro assays play a crucial role in bringing safe and efficacious compounds to the market, and
contribute to the Replacement, Refinement and Reduction (3Rs) of animal experiments.

Much effort is now being directed to the development of different physiologically relevant
advanced in vitro models. One of such models is three-dimensional spheroids of primary human
hepatocytes (3D PHH). These 3D PHH closely resemble the in vivo liver at the transcriptome,
proteome and metabolome levels. However, 3D PHH are cultured under different conditions
and the reproducibility of these culture varies greatly across laboratories. This thesis contributes
to harmonization of 3D PHH culture approaches.

First, the effect of the cell culture medium on 3D PHH was evaluated. We compared
various commercially available media with undisclosed or known content, and also assessed
the influence of commonly used medium components such as glucose, insulin, zinc and foetal
bovine serum. The choice of cell culture medium had a pronounced effect on the hepatic
phenotypes. Importantly, we demonstrate that 3D PHH could be successfully cultured in the
animal-serum free physiologically relevant medium with fasting levels of insulin and glucose.

Further, we appraised the effect of ultra-low attachment culture plates on the performance of
3D PHH, and demonstrated that Corning and Biofloat plates facilitate the formation of spheroids
with most physiologically relevant phenotypes.

Throughout all projects included in this doctoral thesis, mass-spectrometry based global
proteomics served as indispensable tool for phenotypic description of 3D PHH. However, the
choice of workflow for this analysis has a significant impact on biological interpretation. Here,
twelve different proteomics workflows for phenotypic description of 3D PHH were compared,
and these results will aid researcher in our field in making an informed decision on the approach
to the phenotypical screening of liver spheroid cultures.

In conclusion, this thesis provides an improved understanding and optimization of 3D primary
human hepatocyte spheroid cultures, and deep integration of this in vitro model into drug
development pipelines.
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Popular science summary (English)

Drug discovery and development is the process through which potential new
drug candidates are identified and evaluated. An exceptional demand for
safety and efficacy of the identified drugs makes this process rather long and
very pricy.

There is a multitude of tools that could be used at the different stages of
drug development. Some of them allow an investigation of the interaction be-
tween body organs and the drug in development. These tools are called in vitro
(laboratory grown) cell cultures. These cultures could represent different or-
gans, for example intestine, lung, skin and liver. The last plays a significant
role in the drug development process.

The liver is a central hub for numerous physiological processes, namely
metabolism of foodstuffs, synthesis of blood proteins, drug metabolism. etc.
Drug metabolism is a process that aims to eliminate foreign substances from
the body. In the liver, this task is assigned mostly to hepatocytes (main cell
type in the liver). These cells take up the drug using designated transport pro-
teins, break it down with the help of various enzymes, and excrete the modi-
fied compounds to be eliminated from the body. This process is also known
as drug metabolism and disposition. It is fairly complex, and should be rou-
tinely assessed for each and every drug.

Obviously, these initial screening (also called preclinical) studies should
not be performed in human volunteers or laboratory animals. Thus, in vitro
cell cultures that mimic the liver come in handy. The emerging gold standard
hepatic in vitro model is primary human hepatocytes spheroids (3D PHH).
Essentially, it is a self-assembled microtissue (a tight ball of cells sized around
one quarter of a millimetre) that consist of human hepatocytes isolated from
human donor material — typically surgical waste from liver resection surger-
ies. These spheroids are formed by pipetting cell suspension in cell culture
medium in specialised plates.

The aim of this doctoral thesis was to perform standardisation and func-
tional benchmarking of 3D PHH spheroid cultures as a reliable in vitro model
for drug development.

In Paper I, we characterised the variability observed in liver spheroid cul-
ture conditions. Specifically, we pointed out that these cultures could be kept
in different cell culture media and that the composition of the media has a
significant influence of the performance of liver cells. One of the main
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findings in this paper is that 3D PHH could be cultured in physiologically
normal medium. Traditionally, cell cultures are kept in a medium with very
high insulin (thousand times higher than in the human blood) and excessive
glucose (diabetic levels). That is done to promote efficient growth of cells in
a laboratory environment. In Paper I, we found that these conditions are not
necessary for 3D PHH cultures, and that spheroids perform equally as good in
the medium with glucose and insulin close to fasting blood levels.

In Paper II, we cultured liver spheroids in this physiological medium and
performed drug-drug interaction studies. These studies are often included in
the drug development pipelines, as patients typically take multiple drugs at the
same time, and these drugs could affect each other and cause unwanted side
effects. Food and beverages could also cause this effect. In Paper II we demon-
strated that liver spheroids in the physiological medium could be successfully
used for these studies in both short- and long-term settings.

In Paper 111, we proceeded with optimisation of liver spheroid cultures and
evaluated the performance of the aforementioned specialised ultra-low attach-
ment plates that are used for formation and maintenance of spheroids.

In Papers I-11I we used global proteomics analysis to evaluate the pheno-
types of liver spheroids. This type of analysis allows to measure several thou-
sand proteins at the same time and by this, draw a biological hypothesis on the
performance of the studied cells. In Paper IV, we appraised twelve different
proteomics analysis workflows and how the choice of proteomics workflow
could affect the biological conclusion that is made in the analysis.

Lastly, in Paper V we further developed 3D PHH cultures. As we demon-
strated in Paper I, the composition of cell culture medium has a pronounced
impact on the spheroids. Importantly, cell culture medium is often supple-
mented with foetal bovine serum (a product derived from the blood of unborn
calves). This additive is an exceptionally rich mixture of proteins and nutri-
ents, and for the last seventy years has been used to culture cells in the labor-
atory settings. However, the composition of foetal bovine serum varies largely
between batches, which affect the reliability of the experiments performed in
the presence of this additive. In addition, serum production itself raises ethical
concerns. In Paper V we demonstrate that for liver spheroid cultures foetal
bovine serum could successfully be substituted with a cocktail of proteins,
hormones and nutrients that are either derived from the human body or chem-
ically synthesised.

In summary, this doctoral thesis contributes to the standardisation of 3D
PHH cultures. Here we evaluate the approaches that are typically used to
maintain and analyse liver spheroid cultures, and expand the realm of cell cul-
ture conditions that could successfully be used to culture 3D PHH for a variety
of experiments. For instance, physiologically relevant medium could be used
in metabolic dysfunction-associated steatohepatitis studies, allowing to assess
the broad spectrum of physiological variability in the human liver, nutritional
intake and metabolic makeup.
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Popularvetenskaplig sammanfattning
(Swedish)

Likemedelsutveckling &r den process genom vilken potentiellt nya likeme-
del identifieras. Det stélls hoga krav pa ldkemedels effekt och sékerhet vilket
gor lidkemedelsutveckling till en komplicerad och kostsam process.

Manga olika metodiker anvinds under lakemedelsutvecklingens olika sta-
dier fran provrorsexperiment till studier i ménniska. Nagra av dem anvinds
for att ge en tidig bild av likemedlets 6de i vara kroppar, alltsa vad kroppen
gor med ldkemedlet. En av dessa metoder dr cellodlingar som anvénds for att
forutsdga hur likemedel tas upp, utdvar sin effekt, bryts ned och utsondras i
respektive organ. Cellodlingar baserade pa leverceller dr bland de viktigaste
under i lakemedelsutvecklingsprocessen.

Levern ér central for manga fysiologiska processer, som till exempel till-
verkning av blodproteiner och nedbrytning av livsmedel. Aven likemedel
bryts ner i levern. Detta sker i leverceller som kallas hepatocyter. Likemedel
transporteras in i cellerna med hjilp transportproteiner. Darefter bryts like-
medlet ner med hjilp av olika enzymer och sedan utsondras restprodukterna
fran cellen och fran kroppen. Det hir ar en komplicerad process som rutin-
massigt maste utredas for varje potentiellt ladkemedel.

Dessa initiala undersokningar i likemedelsutveckling bor sjélvfallet inte
utforas pa ménniskor eller laboratoriedjur. Istéllet anvinder man cellkulturer
som liknar ménsklig lever. Den cellkultur som just nu dr mest lovande é&r he-
patocytsfaroider av celler isolerade fran ménsklig levervdvnad — oftast vdvnad
som blivit ver vid kirurgiska ingrepp. De hér sfaroiderna dr smé kompakta
bollar av leverceller med en storlek av ca fjirdedels mm som bildas genom att
man tillsétter en viss méingd celler i speciella cellodlingsplattor dér cellerna
sedan kan fésta till varandra.

Syftet med den hér doktorsavhandlingen var att undersdka hur man pa ett
standardiserat sitt kan ta fram och anvinda de hér sfdroiderna for att fa sa
tillforlitliga resultat som mojligt under lakemedelsutvecklings-processen.

I Artikel I undersokte vi hur sfaroiderna paverkas av olika odlingsforhél-
landen. Framforallt undersokte vi hur olika cellodlingsmedium (niringslos-
ning som sfiroiderna odlas i) paverkade sfiroidernas funktion. Ett huvudfynd
i artikeln &r att sfaroiderna kunde odlas i ett medium som liknar miljon som
levercellerna exponeras for i ménniska. Traditionellt odlas cellkulturer i ett
medium med mycket hdga koncentrationer av insulin (tusentals gdnger hogre
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dn vad som finns i blodet) och hdga sockerhalter (liknande nivéer som vid
diabetes). Detta gors for att cellerna ska véxa bra i en laboratoriemiljo. I vér
studie sdg vi att detta inte 4r nddvandigt for sfaroidkulturerna utan att de fun-
gerar lika bra i mediet som har samma socker- och insulinhalter som i vart
blod har vid fasta.

I Artikel II odlade vi sfiroiderna i det fysiologiska mediet vi tog fram i
Artikel I och undersokte interaktioner mellan olika ldkemedel. S&dana studier
ar ofta inkluderade i ladkemedelsutvecklingsprocessen. Detta eftersom det &r
vanligt att patienter tar flera ldkemedel samtidigt, och da likemedlen kan pa-
verka varandra (interaktioner) och orsaka biverkningar. Aven viss mat och
dryck kan orsaka interaktioner. I Artikel II visade vi att sfaroider odlade i det
fysiologiska mediet framgangsrikt kunde anvéndas for den hér typen av inter-
aktionsstudier.

I Artikel III fortsatte vi optimera sfaroidkulturerna och det vi da under-
sokte var hur specialplattorna som man odlar cellerna i for att de ska forma
sfaroider paverkade kulturerna.

I Artikel I-III anvénde vi oss av en analysmetod dér man kan méta flera
tusen proteiner samtidigt for att undersoka hur cellerna mar och fungerar. 1
Artikel IV undersokte vi tolv olika protokoll for att gora sddana analyser och
hur valet av protokoll kan paverka resultaten vi far och ddrmed vilka slutsatser
vi drar.

Till sist, 1 Artikel V fortsatte vi att vidareutveckla sfaroidkulturerna. Som
vi visade i1 Artikel I paverkar cellodlingsmediumet hur sféroiderna fungerar.
En vanlig tillsats i cellodlingsmedium &r serum som man fér fran blodet fran
kalvfoster. Den hér tillsatsen innehéller mycket proteiner och niringsdmnen
och har under de senaste sjuttio aren anvénts for att odla celler i en laborato-
riemiljo. Sammanséttningen av kalvserum varierar dock mycket vilket péver-
kar tillforlitligheten av experimenten. Dessutom finns det etiska problem med
sjilva produktionen av serum. I Artikel V visar vi att vid odling av sfaroider
kan kalvserum ersittas med en mer standardiserad cocktail av proteiner, hor-
moner och nédringsdmnen som antingen &r renade fran ménsklig vdvnad eller
syntetiskt framstéllda.

Sammanfattningsvis bidrar den hér avhandling till information om hur vi
pa ett standardiserat och reproducerbart sétt kan anvédnda hepatocytsfaroider
under likemedelsutvecklingsprocessen. Vi utvérderar hér olika analysproto-
koll och odlingsmetoder for att pa s sétt skapa forutsattningar for olika typer
av experiment. Till exempel kan det fysiologiskt relevanta mediet vi utveck-
lade gora det lattare att undersoka fysiologiska och funktionella skillnader hos
levern vid olika leversjukdomar
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Hayuno-nonyssipabiii pedepar-pe3rome
noktopckoi MoHorpaduu (Russian)

Pa3paboTka jekapcTB — 3TO CIOXHBIA MPOLECC, MOCPEACTBOM KOTOPOTO
UACHTUQHULIUPYIOTCS TOTEHIMAJIbHO HOBBIE JIEKAPCTBEHHBIE BEIECTBA.
UckmountensHoe TpeOoBanue K Oe3omacHocTH U 3(PeKTUBHOCTH
WACHTU(OUIUPOBAHHBIX  MOJIEKYJl TpeBpaliaeT Ipouecc pa3paboTKH
JICKapCTBEHHBIX CPEICTB B AJIUTEJIBHBINA U JOPOTOCTOSIIUH.

B nHacrosmiee Bpemsi y4eHBIM JOCTYIIHO MHOXKECTBO MOJENEH, KOTOpHIE
MO’KHO HCHOJB30BaTh Ha Pa3HBIX 3Tamax pa3padboTku yiekapcTB. HekoTopsle
U3 HUX TO3BOJAIOT HCCIEN0BaTh pPEAKIMI0 OPraHoB Ha BO3JEHCTBHE
paspabaTsiBaeMbIX mpemnapaToB. OMHOM U3 TAKUX MOJIENICH SIBISIOTCS in Vitro
KJIETOYHBIE KYJIbTYpBl, KOTOPBIE MOTYT MPEACTaBIATh pa3iIHYHBIE OpPTaHbI,
HanpuMep, KUIICYHHUK, JIETKUE, KOXKY U [ICUCHb.

[leuenp siBIs€TCA  LEHTPAIBHBIM  Y3JIOM JUIi  MHOTOYHCIICHHBIX
(U3NOIOTUYECKUX  TMPOLECCOB, HANpuUMep: TNepepaboTKU  MUILEBBIX
MPOAYKTOB, CHHTE3a OEJIKOB KPOBU M METa0OJM3Ma JIEKapCTB, KOTOPHIA B
CBOIO OdYepeab HalpaBlieH Ha BBIBEJCHHE 4YY>KEPOJAHOTO BEIIecTBAa U3
opraHu3ma. JTH 3aJ]a41, B OCHOBHOM, BO3JIO’KEHBI Ha T€NaTOUTH (OCHOBHOM
TUII KJIETOK B IIEYEHU), KOTOPBIE IOIJIOLIAIOT JIEKAPCTBO C IIOMOLIBIO
OTIpPEIENICHHBIX TPAHCIIOPTHBIX OEJIKOB, PACILEIUIIOT €ro ¢ IOMOLIBIO
pa3nu4HbIX (EPMEHTOB M BBIIENAIOT WM3MEHEHHbIE COCAMHEHHS U3
OpraHu3Ma. DTOT CIOKHBIH MU MHOTOKOMIIOHEHTHBIM Mpoliecc Ha3blBaeTcs
TUCTIO3UIIMEN JIEKapCTBEHHBIX CpeACTB. JleTampHOe M3yueHHE 3TOro
mpolecca  ABISETCS OCHOBOM TOHUMaHHS Ipoduns 0e30macHOCTH
paspabaTeIBaeMOro Tpermaparta, U ¢GapMareBTHICCKHE KOMITAHHH OOSI3aHBI
JeTaNbHO OLIEHUBATH 3TOT IPOLIECC.

OueBuAHO, YTO TaKKE IEPBOHAYATBHBIE CKPHHUHIOBBIE HCCIICIOBAHHS HE
MOTYT OBITh MPOBEACHBI HA AOOPOBOJBIAX WM JTa0OPAaTOPHBIX KHUBOTHBIX.
Takum o0pazom, in Vitro KynbTypbl TEYEHU SBISIOTCS HE3aMEHUMBIM
WHCTPYMEHTOM B pa3paboTKe JeKapCTBEHHBIX cpeacTB. HoBBIN 3010TON
CTaHAAPT KIETOYHBIX in Vitro MoJeled Ie4eHu — 3T0 chepounsl
YeJIOBEYEeCKUX remaTtouuToB. [lo cymiecTBy, 3TO caMOOpraHW30BaHHAas
MHUKpPOTKaHb (pa3MepoM OKOJIO YETBEPTU MUJUIUMETPA), KOTOPAsi COCTOUT M3
TeNaToOUTOB, BBIACICHHBIX M3 JOHOPCKOTO MaTepHaja YeloBeKa, Kak
MIPaBUJIO, XUPYPTUYECKUX OTXOJOB OT OTEpaIfii MO PE3eKIUH MEeYCHU. DTH
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chepounsl QopMHPYIOTCI B pe3yibTare IHIETUPOBAHUS KIETOYHOU
CYCIIEH3WH B KyJTYpPaIbHON Ccpelie B CIIeNNaTH3HPOBAHHBIN IJIACTHK.

Lenpro DOKTOPCKOH JuiccepTaniii OBLIO MPOBEISHHE CTaHAApTHU3AIUN U
(YHKIMOHAIBHOTO CPaBHUTENBHOTO aHalu3a C(QEpOHIOB TEHNaTOLMTOB M
OLIEHKa 3TOH KIJIETOYHOM KYyJbTYpHI, KaK HAJEeXHOM in vifro MOAENH IJis
pa3paboTKH JIEKApCTBEHHBIX CPEICTB.

B Craree I MBI OXapakTepn3oBaiM W3MEHYHBOCTH, HAONIONAEMYI0 B
YCIIOBUSIX KYJIBTHBHPOBaHUS COEPOUIOB TEHaTOIUTOB. B 9acTHOCTH, MBI
yKazaji, 4TO 3TH KYJIBTYPhl MOXKHO COJEPKaTh B Pa3IMYHBIX Cpelax, H
COCTaB Cpelpl OKa3bplBa€T 3HAUMTEIbHOE BIMAHHE Ha IIOKa3aTeNln
MEeYEeHOYHBIX QyHKIMK K1eToK. OJHUM U3 OCHOBHBIX BBIBOJIOB B 3TOH padoTe
SIBIIAETCS TO, 4YTO CQepouIsl TeNaTOITOB MOXHO KYJIbTHBHPOBATh B
(m3noNorNYecKn HOpMaIIbHOU cpeae. TpalIuIIMOHHO KJIETOYHbIE KYIbTYpHI
COJZIEpKaTCS B Cpelle C OY€Hb BHICOKUM COJEpKaHHEeM WHCYJIHMHA (B THICSYH
pa3 BBIIIE, 9YeM B KPOBH YEIIOBEKA) M M30BITOYHOM TIIIOK0301 (InabeTndeckue
YPOBHH). DTO, KaK MpaBUIIO, COcOOCTBYeT 3(p(peKTUBHOMY POCTY KIIETOK B
nabopaTopHbIX ycioBusax. OmHaKo, B Ipolecce MccieJoBaHUs HaMK ObLIO
OTIpesieIeHo, YTO chepon bl TeNaTOIMTOB 3aMedaTebHO (QYHKIIMOHHUPYIOT B
cpene ¢ TIIFOKO30M M HHCYITUHOM, OJM3KUMHU K YPOBHSIM KPOBH HATOIIAK.

B Cratee II MBI KyJTbTHBHPOBATM CHEPOUIBI TIEUEHH B OTOU
(u3noIoTNYECKO Cpelle W TIPOBETM HWCCIEIOBAaHHUS B3aMMOICHCTBUS
JIEKapCTBEHHBIX CPEACTB, PE3yJbTaThl KOTOPBIX BCETJa BKIIOYAIOTCS B
pa3paboTKy JeKapCTB, MOCKOIBKY MAllMEHTH OOBIYHO NPUHUMAIOT HECKOJIBKO
MpernapaToB OAHOBpeMeHHO. lIlpemaparbl MOryT BIMATH IpPYr Ha Apyra |
BEI3BIBATH HEXKEJIAaTEIbHEIC SBICHNS (€1a ¥ HAITUTKH 00JIaJaf0T aHAJIOTHIHBIM
neiicteueM). B cBoeit Crathe II MBI IpOJAEMOHCTPUPOBAIH, UTO CPEPOUIBI
Me4YeHn B (DU3HOJIOTUYECKOW Cpeie MOTYT YCIENIHO HCIIOJIb30BaThCS IS
3THX HCCIENOBAaHUI Kak B KpPaTKOCPOYHOH, Tak M B JOJTOCPOYHOM
MEPCIIEKTUBE.

B Crarse 11 MBI IPOAOIKHIN ONTUMH3ALIUIO KYJIBTYp c(heporIOB EUSHH
Y OLEHWIN BIHSHUE BBIIICYMOMSHYTOTO CIENHATH3UPOBAHHOTO TUIACTHKA,
KOTOPBIA UCTIONB3YIOTCA s (POPMUPOBAHUS | MOIEPKaHHUS C(HEPOUI0B.

B Crarpax I-IIl MBI ucnonp3oBaiv TINOOANBHBIM aHAIW3 TpPOTEOMa
(COBOKYNHOCTH BCeX OCJNKOB KJIETKH) ISl OLIEHKA (EHOTHIIOB CHEpoHnIoB
neYeHn. DTOT THI aHAJIM3a MO3BOJIIET M3MEPSTh HECKOIBKO THICSY OENKOB
OTHOBPEMEHHO, U TEM CaMbIM BBIABUTaTh OHOJIOTHYECKYIO THIIOTE3y O
MIPOM3BOANTEIFHOCTH H3ydaeMbIX Kkierok. B Cratse IV MBI oneHMIN
IBEHAINATh Pa3UYHBIX MOIXOAOB K aHAIM3Y MPOTeOMa M TO, KaK BBIOOD
pabodero mporiecca MPOTEOMHUKH MOXKET TOBIHUSATh Ha OHMOJIOTUYECKHI
BBIBOJI, C/ICIaHHBIN B XOJI€ aHAJIN3A.

Haxonen, B CtaTtbe V MBI IPOJOIKUIN Pa3pabOTKy KyIbTyp cheponaoB
neyeHd. Kak ™Mbl mponemoHcTpupoBanu B pabore I, coctaB cpensl uis
KyJIbTHBHPOBAHHUS KIIETOK OKa3bIBae€T BHIPAKCHHOE BIHSHUE Ha CHEPOUIIBI.
Baxno otrmeruTh, UTO cCpeda IS KyJIBTUBHPOBAaHUSA KJIETOK YacToO
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JIOTIOJTHSIETCSl CHIBOPOTKOM TUIOAA KPYITHOTO POTAaTOro CKoTa (MPOAYKTOM,
TTOJTYICHHBIM W3 KPOBH HEPOXKICHHBIX TEJAT). JTa Jo0aBKa IMPEICTaBIIACT
CO00#i UCKITIOYUTETHHO OOTaTyl0 CMECh OCITKOB U MUTATENLHBIX BEIIECTB U B
TEUYEHHE MOCIEAHUX CEMHIECITH JET UCIONb3YeTCsl Ui KyIbTUBUPOBAHUS
KJIETOK B JIa0OpaTOpHBIX ycinoBusX. OIHAKO, COCTaB CHIBOPOTKH ILIOJA
KpYyIIHOTO POraToro CKOTa B 3HAYHUTEIBHOM CTEINEHU pa3iudacTcs MExay
MapTUSMH, YTO BIHMAET HA HAAEKHOCTH DKCIEPUMEHTOB, MPOBOAMMEIX B
MIPUCYTCTBHH 3TOH A00aBku. Kpome TOTO, cCamO MPOW3BOJCTBO CHIBOPOTKH
BBI3BIBAET dTHYECKHE BOMPOCchl. B CtaThe V MBI IEMOHCTpHpYEM, UYTO IS
KyJbTYp c(EepoHI0B MEUEHH CHIBOPOTKY IUIOAA KPYMHOTO POraToro CKoTa
MO>KHO YCTIELTHO 3aMEHHUTh KOKTeiieM n3 OeJIKOB, TOPMOHOB U MUTATENbHBIX
BEIIIECTB, KOTOpbIE JIMOO TMOJNYYEHBI W3 HYEIOBEUYECKOTO OpraHu3Ma, JM0o
CHUHTE3MPOBAHB XUMUIECKIM ITyTEM.

IlonBoast uTOT, 3Ta JOKTOPCKASK AUCCEPTAIUS BHOCUT 3HAYMMBIN BKIIA]] B
CTaHIAPTU3ALNI0 KyIbTyp c(hepongoB medeHH. 31ecCh MBI OICHHBAaeM
MOJXOMbI, KOTOpble OOBIYHO HCIIONB3YIOTCS Ui MOJACPKaHMS U aHau3a
cheponsioB TEYECHU, W pacIIUpseM o0JacTh YCIOBHH KyJIbTHBHPOBAHUS
KJIETOK, KOTOPBIC MOI'YT OBITH yCOeUIHO MCIIOJb30BaHbl IJId Pa3IMYHBIX
sKcriepuMeHToB. Hampumep, Qpu3HOIOTHYECKH peleBaHTHAs Cpella MOXKET
OBITh WCIOJB30BAHA B HCCIEJOBAHUAX CTEAaTOTENATHTa, CBSI3aHHOTO C
MeTabonnyeckoi TUCHYHKIHUEH, YTO TIO3BOJSET OLEHUTh MIUPOKUN CIEKTP
(PU3NOIOTNIECKO N3MEHUYNBOCTH B Me4YeHH yesioBeka. CTOUT OTMETUTh, UTO
MOJXOJ K pa3paboTKe U YIIyUYIIEHHIO KIETOYHOH Cpeabl, MPeICTaBICHHBIN B
3TOU JOKTOPCKOM AUCCEPTAIUH, C JETKOCThIO MOXKET OBITh UCTIOIB30BAH IS
JIPYTHX KJIETOYHBIX N Vitro KynbTyp. B 4acTHOCTH, MBI IPOBENY MHIOTHEIE
WCCIIEIOBAHNS WCIONB30BaHM pa3paboTaHHON HamH (PHU3HOIOTHUECKOM
CpeIsl HAa OpraHoWJaX TOHKOTO KHINEYHHKAa 4YeJIOBeKa U TONYYHIIN
MHOToO0€eIatoIue pe3yiabTaTel. KpomMe TOro, 3KCIIEpUMEHTHI MO 3aMeHe
CBIBOPOTKH TIJIOJIa KPYITHOTO POTaToro ckoTa (onucanueie B Ctatee V) ObLIH
YCHICIIHO MMOBTOPEHBI HAMHU Ha APYTHUX KICTOYHBIX JIMHUAX, UCIIOJIb3YCMbIX B
pa3paboTKe JIeKapCTB, HAIPUMEpP Ha KIETOYHOW JIMHUHU aJCHOKAPIIHOHOMEI
genoBeka Caco-2. TakuM o0pa3om, pe3yiabTaThl, MOKa3aHHBIE B JaHHOU
JMICCepPTAllM BHOCST BKJIQJ HE TOJBKO B XapakTepU3aluio U pa3paboTKy
cheponoB MEYeHH, HO W TapMOHHM3ALHUIO U YCOBEPLICHCTBOBAHHE BCEX
KJIETOUHBIX i1 Vitro MOJeNel, HCIONb3yeMBbIX B IIpolLecce pa3padoTKh
JICKaApCTBCHHBIX CPEACTB.

17






Introduction

Drug development is a risky endeavour. An exceptional demand for drug
safety and efficacy makes this process timely and costly. Hence, predicting
how the leading compound will behave in humans as early as possible is es-
sential. Currently, the industry is making a major leap in substituting tradi-
tional in vivo animal-based with in vitro assays, which can act as reliable sur-
rogates for specific aspects of in vivo Absorption, Distribution, Metabolism,
Excretion and Toxicity (ADMET) properties of the drugs."? Relevant in vitro
assays play a crucial role in bringing safe and efficacious compounds to the
market. Additionally, effective in vitro assays contribute to the Replacement,
Refinement and Reduction (3Rs) of animal experiments.>*

Many drugs are substrates for hepatic transporters and drug metabolizing
enzymes (DMEs), which can alter compound ADMET properties.’ These ef-
fects are have to be investigated during development of a new drug. Moreover,
the liver is highly susceptible to drug toxicity, and drug-induced liver injury
(DILI) account for the majority of acute liver failure cases in clinic.® DILI is
one of the main reasons for the termination of clinical trials or compound
withdrawal from the market.”® Various in vitro hepatic models are used to
estimate drug ADMET properties.”'* One of the most sophisticated and phys-
iologically relevant in vitro liver models is 3D spheroids of primary human
hepatocytes (herein and after referred to as 3D PHH). This in vitro model is
currently getting increasingly integrated into drug development pipelines.®'*!*

However, the use of 3D PHH is not straightforward. First, primary human
hepatocytes do not proliferate in vitro under normal conditions, and, thus, re-
searchers rely on the limited availability of cryopreserved hepatocytes.'® Fur-
ther, cryopreserved hepatocyte donor batches vary broadly in quality and
ADMET-related properties such as drug transporter' and enzyme' expression
and function.'”'® For in vitro ADMET assays, a comprehensive description of
the hepatic cellular phenotype and culture conditions is paramount for the cor-
rect interpretation of experimental results. Moreover, the potential harmoni-
sation of these parameters shall aid the comparability of the research results
obtained in different laboratories. This thesis aims to improve the current un-
derstanding of 3D PHH in vitro model for studying drug disposition in the
human liver. In addition to 3D PHH characterisation; improved and physio-
logically relevant cell culture conditions are developed, fully characterized,
and tested in drug disposition experiments.
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The human liver

Liver functions

The liver is the largest internal organ in the human body, employing around
2% to 5% of the total body weight and nearly a quarter of the total cardiac
output via the hepatic artery and the portal vein. '**° The liver is a central hub
for numerous physiological processes: macronutrient metabolism, immune
system support, lipid and cholesterol homeostasis, breakdown of xenobiotic
compounds, and many more (Figure 1). !

Figure 1. Summary of liver functions. The liver performs multiple physiological pro-
cesses: macronutrient metabolism, immune system support, lipid and cholesterol ho-
meostasis, breakdown of xenobiotic compounds, and many more.

The importance of the human liver could not be understated — proper func-
tioning of this organ is essential to life, and liver failure typically necessitates
complex transplantation procedure. The architecture of this organ (described
below) ensures the polarisation and functional specialisation of the cells, that
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permanently ensure homeostasis of the whole body. Typically, liver functions
are categorised into several overarching categories.

First, the liver is a pivot of metabolism.?' This encompasses carbohydrates
metabolism, which includes storing glucose in the form of glycogen or releas-
ing glucose to the blood by breaking down glycogen or de novo glucose syn-
thesis (gluconeogenesis); protein metabolism, involving synthesis and degra-
dation of plasma proteins and coagulation factors and supply of amino acids
to the blood; lipid metabolism, namely cholesterol synthesis, lipogenesis, pro-
duction of lipoproteins and production of bile. Bile ensures the absorption of
dietary fat and lipophilic vitamins. Further, the liver is responsible for the de-
toxification of endo- and xenobiotics that could potentially harm the body.
These compounds include endogenous molecules like bile salts and bilirubin,
and exogenous molecules like drugs and toxins.

Tightly connected to the metabolic function, bile production of the liver
ensures the uptake of desired foodstuffs like dietary lipids and fat-soluble vit-
amins, and excretion of the many solutes that are not excreted by the kidney.
The latter include cholesterol, bile pigments, trace minerals, plant sterols, lip-
ophilic drugs and metabolites, and other compounds that do not pass the glo-
merular filtration, often because these compounds are bound to the serum al-
bumin. Of note, metabolism and bile production are performed in hepatocytes.

Additionally, liver serves as a storage of vitamins A, D, E, K, B12 and
metals such as iron, zinc, and cobalt. It is also responsible for the purification
of blood from bacterial pathogens, a process performed by phagocytic Kupffer
cells.

Partially due to the multidimensional functionality, the liver is prone to
many maladies, for instance alcoholic and non-alcoholic fatty liver diseases
largely caused by excessive alcohol intake or unbalanced diet.”? Another ex-
ample is hereditary liver disorders like Wilson's disease — loss of copper-
transporting ATPase 2 that typically excretes excessive copper in the bile —
that results in accumulation of copper in the body and multiorgan failure.®

Functional anatomy of the liver

To perform these many roles, the liver is strategically placed in the circulatory
system to receive blood from the gastro-intestinal tract (with exception for
oesophagus and colon), pancreas and spleen.?!

Cells in the liver are organised in thousands of small functional units called
lobules (Figure 2). Lobules comprise hepatocyte cords organised in a hexag-
onal shape around the central vein. At the ventricles of each hexagon, a portal
triad of the hepatic artery, portal vein, and bile duct is placed.
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Figure 2. Microstructure of the liver. The liver is divided into structural hexagonal
units called lobules, where hepatocytes form a sinusoidal network to facilitate the
handling endo- and xenobiotics.

This architecture facilitates the formation of blood-enriched hepatic cell net-
works: nutrient-rich blood from the portal vein (that collects products of digested
food) mixes with the oxygen-rich blood from the hepatic artery and flows
through the lobule sinusoids to the central vein. This peculiar organization estab-
lishes a graded microenvironment of oxygen, nutrients and metabolic by-prod-
ucts in the hepatocyte cords, resulting in the phenotypic and functional partition-
ing of the hepatocytes known as “liver zonation” (Figure 2).**
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The liver is comprised of several distinct cell types, including hepatocytes,
cholangiocytes, stellate cells, Kupffer cells, and liver sinusoidal endothelial
cells (Figure 3).2?® Each cell type possesses a unique set of functions that
cooperatively contributes to the performance of the whole organ. For instance,
cholangiocytes line the lumen of the bile ducts, while stellate cells store vita-
min A in lipid droplets.?'*® Kupffer cells are resident liver macrophages that
are the first cells in the liver that come in contact with the microbial debris
derived from the gastrointestinal tract.”’ Lastly, liver sinusoidal endothelial
cells are highly specialized endothelial cells that form a highly penetrable fe-
nestrated barrier that facilitates the permeation of compounds to hepatocytes.

Figure 3.The liver contains highly specialised and polarised cells to perform the re-
quired organ functions.

Hepatocytes, that are in focus of this doctoral thesis, constitute the primary
epithelial cells population in the liver and comprise around 80% of the organ
volume. ?° Notably, hepatocytes are responsible for the metabolism and de-
toxification of many endogenous and exogenous compounds. In the lobule,
hepatocytes form an epithelium that functions as a barrier between sinusoidal
space that contains blood and canalicular lumen filled with bile (Figures 2 and
3). This architecture co-occurs with the formation of highly polarised hepatic
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epithelium, where the apical membrane (facing canalicular volume) and basal
membrane (sinusoid-facing) differ distinctly in their function and expression
of transport proteins. ** Basolateral membranes are typically enriched in mi-
crovilli that project into the space of Disse to facilitate contact with the solutes
in blood; while apical membranes form a narrow belt sealed by tight junctions
that form a barrier to the excreted bile in the canalicular space (Figure 3). Of
note, this polarity is quintessential for the maintenance of appropriate endo-
and xenobiotic handling and transportation.

The described architecture relies on the scaffold of extracellular matrix pro-
teins (ECM) like collagens (I, 111, IV, V, and VI), fibronectin and laminin. 2
Of note, ECM not only provides essential structural support, but also controls
cell behaviour by providing adhesion and immunomodulatory signals, as well
as by acting as a reservoir of growth factors and cytokines.** !

Drug disposition in the liver

It is well recognised that the liver is the main metabolism site for many drugs.
Once a compound is delivered to the liver, it is typically distributed into
hepatocytes to be transformed and eliminated.

This process starts (and also later on ends) with a drug passing through the
cellular membrane either by passive diffusion according to the chemical gra-
dient or via carrier-mediated transport.*> While passive diffusion depends
mostly on the molecular properties of the drug, carrier-mediated transport re-
lies on membrane transporter proteins, divided into two major superfamilies
— the solute carrier (SLCs) superfamily and the ATP binding cassette (ABCs)
superfamily.’*** These proteins are called active transporters since they typi-
cally require energy in form of ATP hydrolysis or ion gradients.*

Although these transporter superfamilies contain numerous proteins ex-
pressed in human hepatocytes, only a subset of these (Figure 4) is relevant for
drug transporting and, in particular, for drug-drug interaction studies (DDIs ),
non-response reactions and drug toxicity.>* Of note, localisation of these trans-
porters in the hepatocytes is highly specialised, e.g. OATPs and OCT1 are
present only on the basolateral membrane facilitating the uptake from blood,
while MDR1 and BSEP only on the apical membrane, excreting to bile.

Once a drug is inside hepatocytes, metabolising enzymes join in labour to
convert the xenobiotic into a more hydrophilic derivative to facilitate the elim-
ination of the compound out of the body (Figure 4 and Table 1).* This process
is traditionally divided into two major phases: phase I reactions that represent
oxidation or reduction largely catalysed by cytochromes P450 (CYPs), but
also monoamine oxidases (MAQOs) and flavin-containing monooxygenase
(FMO); and phase II reactions of conjugation to a highly hydrophilic com-
pound such as glucuronate (by UDP-glucuronosyltransferases, UGTs), sulfate

24



(by sulfotransferases, SULTSs), or glutathione (glutathione S-transferases,
GSTs).”!

Figure 4. Localisation of important drug disposition transporters and drug metabolis-
ing enzyme families. >>*%8 Basolateral membrane transporters: MRP3,4,6, multidrug
resistance-associated protein (4BCC3,4,6); OSTo/B, organic solute transporter al-
pha/beta (SLC51A4/B); NTCP, sodium-taurocholate co-transporting polypeptide
(SLC1041); OATP1BI1,3, organic anion transporting polypeptide (SLCOIBI,3);
OATP2BI, organic anion transporting polypeptide 2B1 (SLCO2B1); ENT1,2, equili-
brative nucleoside transporter 1 (SLC2941,2); OCT1, organic cation transporter
(SLC2241). Apical membrane transporters: BCRP, breast cancer resistance protein
(ABCG2); BSEP, bile salt export pump (4BCBI1); MDR3, multidrug resistance pro-
tein 3 (ABCB4); MDR1/P-gp, P-glycoprotein (4BCB1); MRP2, multidrug resistance-
associated protein (ABCC2); ENT1; MATE1, multidrug and toxin extrusion protein
(SLC4741). Phase I drug metabolising enzymes: cytochromes P450 (CYPs); mono-
amine oxidases (MAOs); flavin-containing monooxygenase (FMO). Phase II drug
metabolising enzymes: uridine 5'-diphospho-glucuronosyltransferases (UDP-glucu-
ronosyltransferases, UGTs); glutathione S-transferases (GSTs); sulfotransferases
(SULTS).

Of note, despite the naming, phase I and II metabolism does not necessarily
occur one after the other. The drug could undergo biotransformation by the
listed enzymes subsequently, partially, simultaneously or not at all. This re-
dundancy in the detoxification system ensures efficient and rapid removal of
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a variety of xenobiotics. Typically, a mixture of the native xenobiotic and
phase I and II metabolites is excreted by the aforementioned transporters to
the bile or systemic circulation for further excretion. The excretion of metab-
olised compounds is sometimes referred to as Phase I1I.

Table 1. Important drug metabolising enzymes presented in human hepatocytes.

CYPs¥S"  MAOQOs™ FMOs* UGTs™ GSTs* SULTs>7
Phase [ | Phase Il

CYP1A2 MAO-A FMO3 UGTI1A1 GSTA1 SULT1A1

CYP2A6 MAO-B FMO4 UGTI1A3 GSTA2 SULTI1A3

CYP2B6 FMO5 UGT1A6  GSTA4 SULTIBI1

CYP2C8 UGT1A8  GSTMI SULTI1C2

CYP2C9 UGTI1A10 GSTM3 SULTI1E1

CYP2CI19 UGT2B4 GSTM4 SULT2A1

CYP2D6 UGT2B7 GSTP1

CYP2J2 GSTT1

CYP3A4 GSTT2

CYP3AS

Importantly, even though the main aim of liver drug metabolism is the meta-
bolic deactivation of xenobiotics, some of the drugs become reactive only af-
ter the biotransformation by liver enzymes. For instance, commonly pre-
scribed antipyretic paracetamol (also known as acetaminophen) is metabo-
lised by CYP2E1 to reactive paracetamol metabolite, acetyl-p-benzoquinone
imine (NAPQI), which facilitates the formation of free radicals and hepatocyte
damage.’® This reaction is a classic example of metabolic transformation lead-
ing to drug-induced liver injury (DILI). %

Furthermore, many xenobiotics are ligands for nuclear transcription fac-
tors, also termed as xenobiotic receptors, namely aryl hydrocarbon receptor
(AhR), constitutive androstane receptor (CAR), pregnane X receptor (PXR),
peroxisome proliferator-activated receptor o (PPARa), nuclear factor
erythroid 2-related factor 2 (Nrf2), farnesoid X receptor (FXR), and liver X
receptor (LXR). “**! Upon xenobiotic binding these nuclear receptors collab-
oratively alter the transcription of a broad range of DMEs, as well as uptake
and efflux transporters.

To sum up, hepatic drug disposition is an intricate interplay between trans-
porters, enzymes, nuclear receptors and other parameters that could affect the
performance of these factors, namely cellular health state, genetic factors, ex-
posure to nutrients and cofactors, etc. To correctly estimate drug disposition
during the drug development process, these factors ought to be assessed. For
this purpose, physiologically relevant in vitro hepatic models are essential.
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In vitro primary human hepatocyte models

A plethora of in vitro human hepatic models could be used to study drug dis-
position in the liver.®* In brief, these models vary in cellular sources, e.g.
human hepatoma cell lines, induced pluripotent stem cell (iPSC) or primary
human hepatocytes (PHH), and architectural complexity: monolayers, organ-
oids, liver-on-a-chip platforms. This ultimately results in significant variabil-
ity in molecular phenotype and functional applications between in vitro he-
patic models. Each cell model has benefits and limitations, which should be
considered when designing relevant in vitro assays.

The gold standard cell source for human hepatic in vitro models is primary
human hepatocytes (PHH). Primary human hepatocyte transcriptomes and
proteomes are closely resembling the ones of the patient liver.*”’*"! Moreover,
PHH retain donor-specific phenotypes, thus in vitro studies performed in a
sufficient variety of PHH donor batches could emulate the pharmacological
profile of the human population. Additionally, PHH are metabolically active,
and are used to determine the drug candidates’ metabolic clearance.'® Lastly,
PHH show the highest sensitivity in hepatic toxicity studies and are success-
fully used to predict DILL.*!* The main drawback associated with the use of
PHH is their limited availability due to the inability to spontaneously divide
in vitro under regular conditions.”>”> PHH could be cultured in multiple con-
figurations (Figure 5).

PHH suspension (Figure 5a) is a well-established short-term model to de-
termine metabolic clearance of drug compounds.”*’® PHH suspensions are
best suited for shorter incubation times (4-6 hours) due to the inherent de-
crease in viability and metabolic activity over time. These constraints limit the
applicability of PHH suspensions in long-term clearance and toxicity studies.
The relay method was proposed to circumvent these limitations.”” This method
involves multiple transferring the supernatant from hepatocyte incubations to
freshly thawed hepatocytes at the end of 4-h incubation periods.

PHH monolayers seeded on rat tail collagen I (Figure 5b) is another widely
used hepatic system for mimicking the human liver in drug transport, metab-
olism and toxicity studies.'”’®” Monolayer cultures are straightforward to
handle, yet when seeded in 2D format, PHH rapidly undergo epithelial-mes-
enchymal transition (EMT) and rapidly dedifferentiate, loosing metabolic ca-
pacity within 48 hours.'>* PHH are terminally differentiated cells and are
highly dependent on the spatiotemporal regulation by microenvironmental
signals in liver lobules — cues that are often lost in a 2D setting. To circum-
vent this issue, a chemically-defined approach was established to extend the
culture time of viable and metabolically competent PHH monolayers for up to
one month.*®*? This method encompasses the incubation of PHH with a cock-
tail of chemicals and small-molecule inhibitors of EMT.

Alternatively, sandwich PHH culture (Figure 5c) could be used. PHH in
this format are suitable for intermediate-term drug metabolism and transport
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studies for up to several weeks.** In PHH sandwich culture, hepatocytes are
overlaid with the additional coating of extracellular matrix to mimic spatial
organization of the liver and prompt correct apical-basolateral polarity and
formation of the bile canaliculi. However, long-term sandwich cultures
demonstrated bile canaliculi damage and cholestasis development due to the
absence of the bile outflow from the formed canaliculi.®**

Figure 5. Examples of culture configurations of primary human hepatocytes. a. Short-
term hepatocyte suspension. b. Conventional 2D monolayer — hepatocytes are seeded
on the surface coated with an extracellular matrix, typically rat-tail collagen I. c. Sand-
wich configuration — hepatocytes are overlaid with an additional layer of extracellu-
lar matrix, typically Matrigel. d. Micropatterned co-culture — hepatocyte “islands”
are seeded between fibroblast layer. e. 3D spheroid culture — PHH aggregate when
seeded on ultralow attachment (ULA) surfaces. f. Microfluidic devices are designed
to mimic liver biophysical factors, including hemodynamic, shear stress and lobule
architecture.

Further, micropatterned coculture (MPCC) systems were developed to main-
tain PHH differentiation (Figure 5d). The most commonly used MPCC is the
commercially available HEPATOPAC® system, comprised of hepatocyte “is-
lands” surrounded with supportive stromal cells.***® This architecture pro-
motes differentiated hepatic cultures for at least 28 days.

Also, three-dimensional (3D) PHH spheroid (Figure S5e) cultures are
emerging as promising hepatic models that promote hepatocyte phenotype and
functionality for longer time in culture.'>'*'>¥° 3D PHH spheroids are used
for drug metabolism, long-term toxicity studies, and liver biology investiga-
tions. There are multiple ways to generate these spheroids. For instance, stir-
ring bioreactors, aggregation in hanging drops, or culture on ultralow attach-
ment (ULA) surfaces.*” The latter is certainly the most straightforward tech-
nique, requiring only ULA-plates and PHH suspension to form homogenous
spheroids. Fascinatingly, 3D PHH spheroids remain viable and fully
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functional in culture for at least five weeks.'> Omics analyses revealed that 3D
PHH retains transcriptomic and proteomic fingerprints similar to freshly iso-
lated hepatocytes.'>”' Moreover, 3D PHH spheroids are fully metabolically
functioning and provide highly reproducible results in long-term ADMET
studies."” Additionally, 3D PHH spheroids could be scaled to multi-well array
culture, composed of 80 or more smaller spheroids cultured in one well of a
plate, enabling accurate quantification of turnover of the compounds with low-
clearance values.”” Lastly, 3D PHH spheroids are compatible with the high
throughput screening (HTS) format, which is particularly useful in ADMET
screens of leading drug candidates.”® However, not all PHH donors form 3D
spheroids, and it has not yet been demonstrated that pooled PHH batches from
multiple donors (commonly sold by life science providers) could form sphe-
roids.

Lastly, hepatic microphysiological devices, also known as liver-on-a-chip
platforms (Figure 5f), are used to mimic in vivo physiological conditions in in
vitro setting.**** For instance, perfused systems facilitate the formation of ox-
ygen and nutrient gradient and the formation of a zonal pattern similar to the
one observed in the liver lobules.””® Moreover, microphysiological devices
are used to recapitulate multiple organ interplay in vitro. For example, on-chip
co-culture experiments of 3D PHH spheroids and intact primary human islets
demonstrated that insulin secretion and hepatic insulin response could be em-
ulated successfully in vitro.”” However, high costs, robustness issues in device
production, as well as complicated handling and necessity to purchase extra
equipment for chip platforms maintenance, are currently limiting wide inte-
gration of liver-on-a-chip platforms in drug disposition studies.’*

To sum up, there are a number of ways to culture PHH and individual in-
vestigators should select a culture configuration fitting their research aim and
resources. The focus of this doctoral thesis is on the characterisation and de-
velopment of 3D PHH spheroids. This culture approach was chosen on the
grounds of high physiological relevance, possibility of maintaining culture
long-term, high-throughput format compatibility, and 3Rs relevance.

3D PHH culture workflows

To guide the reader through the work presented in this doctoral thesis, it is
useful to briefly describe a typical workflow associated with culturing
3D PHH (Figure 6). To obtain spheroids, PHH from selected donors are
seeded in ULA plates (Table 4) the culture medium (Tables 2 and 3) comple-
mented with 10% foetal bovine serum (FBS). Left undisturbed, PHH self-as-
semble into 3D PHH. The process takes between 3 to 10 days depending on
the donor. Once and if — not all PHH donor batches will form spheroids —
3D PHH are formed, they could be used for further experiments and molecular
analysis, for instance: assessment of DMEs and transporters activities,”®* pre-
diction of drug-induced hepatotoxicity'* or identification of novel therapeutic
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targets.'® Of note, at this point, functional and phenotypical evaluation of 3D
PHH should be performed to ensure the correct interpretation of experimental
results obtained using this in vifro model.

Figure 6. Constituents of 3D PHH cultures. Highlighted components are discussed in
this thesis.

Phenotypic description using mass-spectrometry based
global proteomics

Truthful characterisation of cellular and molecular processes is one of the ul-
timate goals of life sciences. For that, a thorough understanding of phenotypes
is essential. With the technological advances in biomedical fields, it has be-
come increasingly clear that functional diversity of the cells, organs and or-
ganisms stems from the proteome level.'”! Whilst genome of a species typi-
cally remain stable, transcriptome is susceptible to dynamic change in re-
sponse to internal or external stimuli. This variance in protein-coding mRNAs
can reasonably explain protein expression changes at the global level.'®*'*
However, transcript levels by themselves are not sufficient to predict protein
abundances.'*>!% In addition to that, proteins are the main targets of most
drugs and ADMET-related proteins directly modulate drug fate in the
body.'!% Therefore, analytical methods to characterise cellular proteomes
are of great value for drug discovery and development.

Mass spectrometry (MS)-based proteomics analysis is a powerful analyti-
cal method for studying protein expression on a global scale. Recent techno-
logical advancements in the proteomics field enables uncomprehensive spatial
and temporal resolution of proteomes.'®'"! MS technology provides an un-
matched versatility in approaches to study proteins. In this doctoral thesis, the
most common quantitative untargeted label-free bottom-up proteomic experi-
ments using data-dependent acquisition (DDA) is used. This workflow is ex-
cellently described elsewhere.''? In a nutshell, proteins are extracted from the
cells and digested into peptides, that are analysed using LC-MS/MS (Figure
7). Subsequently, raw MS data is processed using software packages,'*''®
and the obtained protein expression values are used for downstream statistical
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analysis and biological interpretation of the obtained results. Of note, the in-
genuity of this approach is well summarized in the phrase “bottom-up”, that
refers to the subsequent inference of information about the proteins from pep-
tide analysis, which is analytically easier than the analysis of untouched pro-
teins.

Figure 7. A typical bottom-up proteomics workflow. First 3D PHH are lysed and
sonicated for protein extraction. Proteins are then reduced, alkylated and enzymati-
cally digested into peptides that are separated by liquid chromatography (LC), and
analysed with tandem mass spectrometry (MS/MS). The data is processed for peptide
and protein identification and quantification, and these results are later on used for
bioinformatics analysis.
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Aims of the thesis

The overall aim of this thesis was to perform standardisation and functional
benchmarking of 3D primary human hepatocyte spheroid cultures as a reliable
in vitro model for drug development.

The specific aims were:
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To characterize the variability observed in 3D PHH culture condi-
tions, and optimize 3D PHH cell culture medium to mimic physio-
logically relevant environment (Paper I).

To investigate whether the developed physiologically relevant
3D PHH cultures could be successfully applied for drug disposition
studies (Paper II).

To evaluate the performance of different ULA plates in regards to
spheroid formation and functional performance of 3D PHH long-
term cultures (Paper I1I).

To compare the performance of mass spectrometry-based global
proteomic workflows and their applicability for phenotypic de-
scription of 3D PHH in vitro cultures (Paper 1V).

To transition 3D PHH to animal products-free chemically defined
conditions, and benchmark the utility of these cultures for preclini-
cal drug development (Paper V).



Methods

Human liver tissues and hepatocyte isolation

The liver tissue for hepatocyte isolation was obtained from cancer patients
undergoing liver resection surgery at Uppsala University Hospital (Akad-
emiska sjukhuset). All donors signed an informed consent form in agreement
with the approval from the Uppsala Regional Ethical Review Board (Ethical
approval no. 2009/028 and amendment 2019/1108). The acquired liver tissue
surplus (essentially surgical waste) pieces were histologically normal.

Primary human hepatocytes (PHH) were used throughout all projects. Cells
were isolated in-house from the patient liver tissue, with the exception for Pa-
per IV, when PHH were purchased from Biol VT (Brussels, Belgium). Human
hepatocytes were isolated using a modified version of the previously described
perfusion and digestion procedure.''® In brief, smaller liver pieces were im-
mediately snap-frozen for biobanking; while the biggest liver tissue piece was
flushed with Hypothermosol FRS (Biolife Solutions) directly in the surgical
room and quickly transported on ice to the laboratory. Right after arriving at
the laboratory, the two largest blood vessels were cannulated, while the unen-
capsulated edge of the liver piece and the remaining blood vessels were sealed
using surgical glue. Afterwards, liver tissue was submerged in warm PBS and
first perfused with EGTA buffer to remove Ca®* ions and disrupt the tight
junctions between the cells. Next, the liver piece was perfused with a digestion
buffer containing collagenase, which breaks down the extracellular matrix and
releases hepatocytes from surrounding tissue. After around 15-20 minutes of
digestion, the liver piece was transferred into a sterile container. The Glisson
capsule was opened to release liver cells suspension, which was subsequently
cleaned up in funnel filters and Percoll (GE Healthcare, Chicago, Illinois) cen-
trifugations. Isolated PHH were cryopreserved in CryoStore CS10 solution
supplemented with 10% FBS using isopropanol-assisted controlled freezing
at -80° C and stored at -150° C until use.

3D PHH cultures

In brief, cryopreserved hepatocytes were gently thawed and transferred to iso-
tonic 27% Percoll in FBS supplemented (or plain in Paper V) culture medium
and centrifuged at 100 g for 10 minutes. After the centrifugation, supernatant
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with cell debris and dead cells was discarded, and hepatocytes were resus-
pended in a warm culture medium (Table 2) supplemented with 10% FBS (or
serum substitute in Paper V). The cells were seeded in 384-well plates or 96-
well ultra-low attachment (ULA) plates (Table 4), which were then centri-
fuged at 100g for five or ten minutes to bring the cells together. Plates were
thereafter incubated at 37°C, 5% CO2 and 100% humidity, and spheroids
formed through self-assembling. Then, the medium was gradually changed to
one of the chemically defined alternatives (Table 2) without any serum sup-
plementation. The first medium change was typically performed after the ini-
tial spheroid aggregation (within 3 to 5 days after the PHH seeding), and after
that the medium change was performed every 48 to 72 hours.

Culture medium

A variety of cell culture media was used to maintain primary human hepato-
cytes. The key characteristics of the PHH culture media are summarised in the
Table 2. In a nutshell, two commercial media with undisclosed content,
Hepatocyte Maintenance Medium (HMM)®' and Cellartis Power Primary HEP
Medium (PPM)°!, as well as three conventional media with well-defined con-
tents, Williams~ E medium (WE)’'?*!""!"% and Dulbecco's Modified Eagle
Medium/Nutrient Mixture F-12 (DMEM/F12 or DF)’' and DMEM, were used
in the projects. DMEM medium was used in original high glucose composi-
tion for the suspension and formation of spheroids only (Paper I and 1I).”"
Williams” E and DMEM/F12 media were used in three modifications: stand-
ard hyperglycemic composition —HG (11.1 and 17.5mM glucose, respectively
with addition of 10,00 ng/mL insulin), normoglycemic composition — NG
(5.5mM glucose and 0.58 ng/mL insulin) and normoglycemic version supple-
mented with zinc — NG+. The added concentrations of the other standard PHH
supplements, for instance, dexamethasone (0.1 pM), PEST (100 u/mL and 100
pg/mL for penicillin and streptomycin respectively), L-Glutamine (2 mM),
sodium selenite (5 ng/mL), transferrin (5.5 ug/mL) — remained stable, unless
otherwise specified by the medium vendor.”!

Of note, as indicated on Figure 6, to facilitate the spheroid formation and
decrease cellular stress caused by thawing, 10 % FBS is typically added to the
suspension and attachment medium. In Paper V, FBS was substituted with a
serum substitute cocktail developed by Rafnsdéttir et al, containing recombi-
nant proteins, hormones, growth factors etc. (Table 3; Paper I, Supplementary
Table 5).!"° This defined animal-free mixture was used only as an alternative
to FBS, otherwise PHH were cultured according to the standard workflow,
namely — formation with FBS or animal-free supplement and plain culture
medium afterwards.
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Table 2. Cell culture media used in the projects, and their composition and concentra-
tion of the key components.
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HMM Lonza 1167-5450 Culture medium I 2(11.1) 10,000 NS NS
PPM TaKaRaBio  Y20020  Culture medium 1 0.97 (5.4) 6,000 NS NS
WEnc PanBioTech P04-2905084 Culture medium 1 2(11.1) 10,000 NS NS
WEnNG PanBioTech P04-29050s4 Culture medium LI,V 0.99(5.5) 0.58 NS NS
WEnNG+ PanBioTech P04-2905084 Culture medium I 0.99(5.5) 058 1 NS
DFuc PanBioTech P04-41505 Culture medium I 3.15(17.5) 10,000 NS NS
DFne PanBioTech  P04-41505 Culture medium I 0.99 (5.5) 0.58 NS NS
DFna+ PanBioTech P04-41505 Culture medium I 099(5.5) 058 1 NS
William's E  Gibco A1217601  Culture medium IIL IV 2(11.1) 10,000 NS NS
DMEM Invitrogen 21063 SA LT 4525 10,000 NS 10
WE PanBioTech P04-29050S4 SA ILV 099(5.5) 058 NS 10

NS = not supplemented; SA = suspension and attachment.
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Table 3. The serum substitute cocktail composition.'!

Compound Concentration in medium, mg/L
Inorganic salts NazSeO3/H2Se03 0.008
Fatty acids Linoleic acid 1
Lipoic acid 0.05
Vitamins L-Ascorbic acid 0.012
Calciferol 0.025
Choline chloride 3.5
Folic acid 0.33
myo-Inositol 4.5
Thiamine hyrdrochloride 0.08
a-tocopherol phosphate 0.003
4-Aminobenzoic acid 0.012
Vitamin B12 0.35
Hormones Triiodothyronine 0.0000002
17-B Estradiol 0.0000005
Hydrocortisone 0.00025
Proteins and Growth Transferrin 50
Factors bFGF 0.001
Collagen 0.1
EGF 0.01
Fetuin 0.04
iGF1 0.005
Laminin 0.02
pDGF 0.002
Vitronectin 0.1
Human serum albumin 1250
Other Glutathione 0.012
All-trans retinoic acid 0.025
Cholesterol 0.05
Hypoxantine sodium 1.75
O-Phosphoryl ethanolamine 5
Pyruvate 110
Ribose 0.125
Xantine 0.085
Uracil 0.075

Concentrations are provided as mg/L in suspension and attachment medium.
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ULA plates

Ultra-low Attachment (ULA) plates are indispensable 3D cell culture tools,
that promotes the self-assembly of scaffold-free spheroid microcultures.
Throughout all projects ULA plates were used to form 3D PHH and an over-
view of the suppliers and architecture of the used ULA plates is provided in
Table 4.

Table 4. Overview of the low attachment plates used in the papers.

Plate Vendor Cat. number Paper Number of wells
Costar Multiwell ULA Corning CLS7007 I-v 96
Corning Spheroid Microplate Corning CLS4516 L1II 384
BIOFLOAT 96 faCellitate F202003 1 96
BIOFLOAT 384 faCellitate F224384 111 384
CELLSTAR 96 Greiner BIO-ONE 650970 I 96
CELLSTAR 384 Greiner BIO-ONE 787979 I 384
CellCarrier ULA PerkinElmer 6055330 I 96
Phenoplate ULA PerkinElmer 6057800 1 384
Nunclon Sphera ThermoFisher 174925 I 96
PrimeSurface 3D S-Bio MS9384UZ 11 384
Viability

PHH viability was assessed via ATP measurement using the CellTiter-Glo 3D
assay (Promega, Madison, Wisconsin) according to the manufacturer’s in-
structions. Briefly, the PHH plates and CellTiter-Glo® 3D reagent were left
for 30 minutes at room temperature for equilibration. Subsequently, CellTiter-
Glo® 3D reagent was added to the well in a volume equal to the cell culture
medium, and the plate was incubated at the orbital shaker for 30 minutes more.
The luminescence was measured on a plate reader using 1 s integration time
for at minimum number of four technical replicates/wells.

Albumin secretion

Albumin secretion (expressed as pg/cell/day) was used to measure liver func-
tion of the PHH spheroids. Human albumin concentration was quantified us-
ing a human albumin ELISA kit (Thermo Fisher Scientific) according to the
manufacturer’s instructions. The in vivo production span of human albumin
was calculated to be 43 pg/day/cell during dormancy production and
230 pg/day/cell during maximal production; using 9 g/day as dormancy level
and 48 g/day as maximum production level,'*’ 139 million cells/g liver,'*' and
a liver weight of 1.5 kg."
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Immunohistochemistry

Immunohistochemistry was performed to assess the morphology of spheroids
and spatially expressed markers of hypoxia, apoptosis and lipid accumulation.
PHH spheroids were prepared using a standard immunohistochemistry proto-
col. Briefly, for hypoxia staining, spheroids were first incubated with 200 mM
pimonidazole for one hour before fixation. For the other stainings, PHH sphe-
roids were washed three times in PBS and fixed in 4% formaldehyde in PBS
overnight, then embedded in paraffin and sectioned at a thickness of three mi-
crometers. The staining was performed using DAKO staining kits and is de-
scribed in details elsewhere.”' Primary anti-caspase-3 (apoptosis), anti-adipo-
philin/Plin2 (lipid droplets formation) and anti-Ki-67 (proliferation) antibod-
ies were used along with pimonidazole (hypoxia) staining.'”*'? The slides
were then scanned using the automated scanning system Nanozoomer S60
(Hamamatsu; Sunayama-cho, Japan) and saved as high-resolution NDPI im-
ages. The images were converted to .tiff files using the open-source cross-
platform software NDPITools and analyzed using ImageJ imaging analysis
tool.'?*!?” Quotients of positively stained areas (coloured in brown) in pixels
were calculated in at least five spheroids using a colour threshold adjustment
method, and normalized with spheroid areas also measured in pixels. Colour
threshold was kept consistent between all samples.

Hepatic CYP metabolism

Compound exposure

The metabolite formation rate was measured to assess the metabolic capacity of
the PHH spheroids. Spheroids were incubated for 4 to 8h (depending on the
study) with a cocktail of prototypical CYP substrates (Table 5). The reactions
were stopped with an ice-cold acetonitrile solution containing internal standard
(warfarin); and cell culture medium with metabolites (with or without sphe-
roids) was immediately frozen and stored at -80°C until LC-MS/MS analysis.

Table 5. Prototypical CYP substrates and their concentrations used in the studies.

CYP Substrate Concentration pM Metabolite Paper
CYP3A4 midazolam Sorl0 1-hydroxymidazolam  Iand III, V
CYP2D6 dextromethorphan 5 dextrorphan I
bufuralol 5 1-hydroxybufuralol | Y
CYP2C9 diclofenac S5or10 4-hydroxydiclofenac Iand III, V
CYP2C19 omeprazole 10 5-hydroxyomeprazole I,
CYP2C8 amodiaquine 10 N-desethylamodiaquine I1I
CYP2B6 bupropion 10 hydroxybupropion v
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LC-MS/MS quantification

The samples were diluted with ice-cold acetonitrile/water and primary metab-
olites (Table 5) were measured using an Acquity UPLC (Waters Corp, Mil-
ford, Massachusetts) with a C18 column coupled to either SCIEX Q-TRAP
6500 (Framingham, Massachusetts) or Waters TQ-S Micro (Milford, MA).
Absolute quantification of substrates and metabolites using normalisation to
internal standard and a calibration curve using MultiQuant or TargetLynx soft-
ware packages for SCIEX and Waters instruments respectively. Specific de-
tails of chromatographic events and MS transitions can be found in the rele-
vant papers (Table 5).

Transporter kinetic studies

To showcase the possibility of performing transporter kinetics in 3D PHH
spheroids, uptake of the 4-(4-(dimethylamino)styryl)-N-methylpyridinium
(ASP+) fluorophore by Organic Cation Transporter 1 (OCT1) was evaluated.
PHH spheroids were used after full spheroid formation (typically one week of
culture). Prior to the fluorophore uptake assay, PHH culture medium was ex-
changed to warm Hank’s balanced salt solution (HBSS). The PHH plate was
centrifuged at 100 g for 30 s and incubated at 37° C in the HBSS for 10
minutes. Next, HBSS containing ASP+ was added, giving a final ASP+ con-
centration of 1-50 uM, the plate was centrifuged at 100 g for 30 s, and fluo-
rescence from ASP+ was measured in each spheroid at regular intervals for
up to 60 min. The wavelengths were set to Aex = 475 nm and Aem = 605 nm in
a Tecan Spark or a CLARIOstar microplate reader. The gain adjustment set-
ting was kept off independently of the machine to ensure the compatibility of
the data when several culture plates were used in the assay.

OCTT1 kinetics calculations were performed as previously described for SLC
transporters.'**!? The uptake of ASP+ in PHH spheroids was linear for up to
20 minutes in the concentration range of 0.5-50 uM. To assess the uptake ki-
netics of ASP+, the initial uptake rate derived by the linear regression equation
was plotted against the ASP+ concentration (1-50 pM). Ky, and Vimax values
were determined by non-linear regression according to the Michaelis-Menten
equation (1) using Prism version 9. (GraphPad, San Diego, CA), where V is
the uptake rate, Vmax is the maximal uptake rate (at saturating substrate con-
centration), [S] is the substrate concentration, K., is the substrate concentra-
tion at which the uptake rate is half of Vmax (Equation 1).

(1) v = Vmax S
K+ S

Transporter inhibition
Transporter inhibition studies were performed in the 3D PHH spheroids for
the OCT1 transporter. The inhibition assay was performed based on the
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previously published method."*’ Prior to inhibition experiments, the culture
medium was changed to HBSS containing none or one of the OCT1 inhibitors,
namely ketoconazole, verapamil, clomipramine, diltiazem, clotrimazole or
chlorpromazine to give a final concentration of 100 uM. The plate was centri-
fuged at 100 g for 30 s and incubated at 37°C for 10 minutes. Next, HBSS
with the corresponding inhibitor and ASP+ was added to a final ASP+ con-
centration of 1 uM and the plate was centrifuged at 100 g for 30 s. The fluo-
rescence was measured as described in the section above. Fluorescence read
out from the PHH spheroids incubated only with ASP+ was used to calculate
the inhibitory potential of the compound tested. The inhibition was calculated
as a percentage of the maximal ASP+ uptake rate.

Long-term xenobiotics exposure

The PHH spheroids were incubated with the compounds for one or two weeks,
and the culture medium was changed every 48 to 72 h to ensure the replenish-
ment of the nutrients and repeated exposure to xenobiotics. Compound stock
solutions were prepared in dimethyl sulfoxide (DMSO) and subsequently di-
luted in the serum-free cell-culture medium to a final DMSO concentration of
at maximum 0.1%. The paracetamol stock was dissolved in HBSS or in cell
medium. The compound exposure concentrations were determined using the
approach developed by Vorrink et al.'* In brief, therapeutic exposure concen-
trations (Cmax) Were obtained from literature, and PHH spheroids were ex-
posed to one, five or twenty times Cmax concentration of selected compounds.
The viability of the 3D PHH was evaluated using the described CellTiter-Glo
3D assay. For proteomics analysis spheroids were collected and snap-frozen
in liquid nitrogen for further use.

Global proteomics analysis

Sample preparation

Filter Aided Sample Preparation (FASP) — Paper I

Samples were lysed and sonicated and the final concentration of the lysates
contained 50 mM ditiotreitol (DTT) and 2% sodium dodecyl sulfate (SDS) in
100 mM Tris/HCL at pH 7.8. Cell lysates were digested using sequential pro-
teolytic digestion with trypsin and LysC according to the Multiple enzymes
for sample digestion Filter Aided Sample Preparation (MED-FASP) proto-
col.”®® Protein and peptide concentrations were quantified using the trypto-
phan fluorescence method.'?!
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Solid-phase-enhanced sample-preparation (SP3) — Paper 11

Samples were lysed in 25 mM HEPES buffer, pH 7.6, containing 4% SDS and
1 mM DTT, and proteins were denatured at 95°C for 5 minutes. The sample
preparation procedure was performed using a modified single-pot, solid-
phase-enhanced sample-preparation (SP3) technology.'** In brief, samples
were sonicated, and proteins were alkylated, bound to the beads and digested
overnight with trypsin and LysC digestion enzymes. The following day the
peptide digests were cleaned up on the beads and subsequently cleared from
the beads by using a magnetic force, transferred to the glass LC-MS and dried
in the Speedvac at 40°C. Protein and peptide concentrations were determined
by fluorometric quantification with the Protein Broad Range Assay on the
Qubit 4 Fluorometer (Thermo Fisher Scientific, Waltham, MA).

ProteaseMAX/urea (PMU) or RIPA lysis — Paper IV

In paper IV various sample preparation protocols were compared. For lysis in
PMU, spheroids were suspended in 1M urea and 0.1% ProteaseMAX
(Promega) in 50 mM Tris-HCI, pH 8.5 and 10% acetonitrile as well as prote-
ase and phosphatase inhibitors (Pierce). The samples were sonicated in a water
bath for 10 min with a VibraCell probe (Sonics & Materials) at 10% ampli-
tude. Lysates were spun down at 13,000 g at 4°C for 10 min.

For lysis in RIPA buffer, spheroids were centrifuged at 4°C in a RIPA
buffer at 13,000 g for 10 min before precipitation with acetone overnight at
—20°C. Acetone was evaporated at room temperature (RT) for 30 min and the
protein pellets were dissolved in a 8M urea buffer, sonicated and diluted in 50
mM Tris-HCI buffer. Afterwards, for both sample preparation methods, pro-
teins were reduced with DTT, alkylated with iodoacetamide and digested with
trypsin overnight. The digestion was stopped with formic acid, samples were
cleaned on a C18 HyperSep plate (Thermo Fisher) and dried under vacuum
using a Vacufuge concentrator (Eppendorf). Samples for tandem mass-tag
(TMT) labelling were reconstituted in 50 mM triethylammonium bicarbonate
(TEAB), supplemented with TMT-10plex (6 tags only) reagents and incu-
bated at room temperature for 2 h (Thermo Fisher). The labelling reaction was
stopped by adding hydroxylamine and six individual samples (TMT channels)
were combined to one analytical sample and dried in vacuum, followed by
clean up on a C18 HyperSep plate.

Thermal lysis — Paper IV

For thermal lysis, samples diluted with 100 mM TEAB, pH 8 were subjected
to four cycles of freezing in liquid nitrogen for 2 min and thawing at 70°C on
a heating block for 2 min. Proteins were then denatured at 90°C for 5 min and
cooled to RT before further processing. Then proteins were directly digested
by adding trypsin and incubating over night at 37°C. For TMT labelling, sam-
ples were then supplemented with TMT-10plex reagents and incubated at
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room temperature for 2 h. Labelling was stopped by adding 1.7 pL of 5%
hydroxylamine and incubation for 15 min at RT. TMT-labelled peptides were
combined directly into a sample vial and dried in vacuum.

PreOmics kit — Paper V

Samples were rapidly defrosted and proteins were prepared using the iST sam-
ple preparation kit (PreOmics, Miinchen, Germany) according to the instruc-
tion manual with the exception of the reconstitution buffer that was exchanged
to 0.1% formic acid in LC-MS/MS grade water. Then samples were trans-
ferred to glass LC-MS vials and dried in a Speedvac at 40 °C. Final peptide
concentrations were determined by fluorometric quantification with the Pro-
tein Broad Range Assay on the Qubit 4 Fluorometer (Thermo Fisher Scien-
tific, Waltham, MA).

LC-MS/MS analysis

In all papers, peptides were reconstituted in a 0.1% formic acid solution in
LC-MS/MS grade water and separated on an EASY-spray C18-column (50
cm, 75 pm inner diameter), using an acetonitrile/water gradient (0.1% formic
acid) at 300 nL/min. Eluted peptides were analysed using the TopN method
(full MS followed by ddMS2 scans) on an Orbitrap Q Exactive HF mass spec-
trometer (Thermo Fisher Scientific), operating in a data-dependent mode. MS
tune parameters are described in details in the respective papers.”!*>!18

For all projects, raw data files are uploaded to the ProteomeXchange Con-
sortium via the proteomics identification database (PRIDE)."** In compliance
with Findable, Accessible, Interoperable, and Reusable (FAIR) data princi-
ples, for Papers II and V raw files were supplemented with Sample and Data
Relationship Format (SDRF) annotation file.'** '

Data analysis

In papers 1, 11, and V, raw MS datafiles were processed using MaxQuant soft-
ware.''*13713% Proteins were identified by searching MS data of peptides
against a reference human proteome database retrieved from the Uni-
ProtKB.'*’A detailed description of the parameters used for peptide identifi-
cation and integration by MaxQuant can be found in the mqpar.xml files up-
loaded to the PRIDE repository (separately for each project). Briefly, carbam-
idomethylation was set as fixed modification and oxidation and acetylation as
variable modifications; match between runs (MBR) and label-free quantifica-
tion (MaxLFQ) algorithms were used. The decoy sequences were created by
reversing the target sequences. Peptide-spectral matches, peptides and pro-
teins were validated at a 1% FDR estimated using the decoy hit distribution.
Quality control of the MaxQuant search was performed using an R-based QC
pipeline called Proteomics Quality Control (PTXQC)."" Subsequent data
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clean-up was performed using an in-house developed proteomics data pipeline
in R or Perseus software package.'*' Then protein abundances (fmol/pg total
protein) were calculated with the Total Protein Approach (TPA).'** Proteins
related to the drug disposition were extracted by subsetting against the
ADMET-related genes list.'*

In paper V, raw data files were analysed using Proteome Discoverer v2.5
(Thermo Fisher) with the MS Amanda 2.0 search engine against the human
protein database (SwissProt) retrieved from the UniProtKB. Briefly, a maxi-
mum of two missed cleavage sites were allowed for full tryptic digestion, car-
bamidomethylation of cysteine was specified as a fixed modification except
for freeze-thaw samples, while TMT6plex on lysine and N-termini
(+229.1629 Da) for TMT labelled samples, oxidation on methionine as well
as deamidation of asparagine and glutamine were set as dynamic modifica-
tions. Initial search results were filtered with 5% FDR using the Percolator
node in Proteome Discoverer.

In all cases, subsequent data analysis was performed using a plethora of
tools that are stated in every paper separately. For instance, gene ontology
(GO) analysis was performed using Panther or Gorilla GO tools.'**'*
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Results and discussion

The choice of medium affects 3D PHH morphology and
ADMET properties (Paper I and II)

As described in details in the introduction section, 3D PHH are emerging as a
gold-standard in vitro model for culturing primary human hepatocytes. The
establishment of these cultures is fairly straightforward. However, a plethora
of different culture conditions are used for 3D PHH. For instance, cell culture
media for 3D PHH ranges from well-defined traditional media like Wil-
liams'E (WE),'*'*¢ Dulbecco’s Modified Eagle Medium/Nutrient Mix-
ture F12 (DMEM/F12, further referred as DF),'* to numerous commercial al-
ternatives with undisclosed contents and high cost.”*!** These media vary in
the levels of nutrients and supplements (Table 2), and the exact effect of these
on 3D PHH cultures has not been investigated.

In paper I, the influence of the cell culture medium on the long-term
3D PHH spheroid cultures was studied. After establishing spheroid cultures
in a 384-well format; morphology, functional performance and proteomes of
3D PHH cultured in eight different media (Table 2; Paper I, Table 1) were
thoroughly evaluated. Of note, conventional cell culture media are often hy-
perglycemic, with a glucose concentration of 11 mM and above and an insulin
concentration of 10,000 ng/mL, whilst physiologically normal fasting state
levels range between 3.9 to 5.6 mM glucose and 0.19—1 ng/mL for insulin.'**-
151 Therefore, we modified the content of well-defined traditional media by
reducing the glucose and insulin to fasting levels, and named these media
normoglycemic (NG). Lastly, we hypothesized that by reducing insulin addi-
tion — typically comes in insulin-zinc solutions — we deprive PHH of essen-
tial zinc supplementation.'>*'>* Therefore, we complemented normoglycemic
media with additional zinc (NG+ media).

3D PHH cultured in different media vary noticeably in
performance

First, we observed that PHH from four biological donors formed satisfactory
3D PHH is all eight cell culture media. Then, immunohistochemistry was used

(Figure 8a) to allow a more detailed morphological assessment of 3D PHH. In
contrast to the light microscopy, spheroids that were cultured in DMEM/F12
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media showed asymmetric and fragile 3D structures compared to those in
other media. Interestingly, in subsequent proteomics analysis we observed that
in DF-cultured spheroids, proteins associated with the actin cytoskeleton were
downregulated (Figure 8e¢). Amongst these are Arp2/3 complex, a protein that
binds and initiates growth of new actin filaments, and Plastin-3, that facilitates
formation of F-actin bundles. Interestingly, analysis of the medium composi-
tion provided a possible explanation to these observations — the DF media
lack ascorbic acid. Ascorbic acid is involved in pathways important for a func-
tioning cytoskeleton and cell junctions, e.g., collagen synthesis, actin regula-
tion, and microtubule stabilization, thus the lack of this supplement could have
reflected poorly on the spheroid morphology.'>*!%

Further, we measured albumin secretion and ATP content, as a proxy for
cellular health state and viability.'>'* The average albumin secretion (for four
donors over three weeks in eight media) was within the normal range observed
in vivo (Figure 8b), and slightly higher in WE cultured 3D PHH. No system-
atic differences in albumin secretion were observed between the hyper- and
normoglycemic media. Further, we observed that two commercial media
(HMM and PPM) had spheroids with the highest ATP content, followed by
the WE media (Figure 8c). Interestingly, the glucose supplementation (Table
2) in the media was not determinant of the ATP content.

Next, we investigated the effect of the different media on the global protein
expression. Freshly thawed PHH from four donors were used as a reference
in this analysis, assuming that these cells exhibit phenotypes closest to the
native in vivo hepatocytes. Principal component analysis showed that the pro-
teomes distributed into two distinct clusters along the first principal compo-
nent. Interestingly, PHH spheroids cultured in PPM medium formed one sep-
arate cluster, whereas all other media and reference proteomes formed the
other cluster (Figure 8c). Global proteomics analysis also provided a beautiful
insight into the 3D PHH formation process. During the first week of culture
we observed consistent upregulation of proteins involved in ECM formation
and cell-cell, as well as cell-ECM interactions (Figure 8¢). Notably, this phe-
nomenon was observed elsewhere’® for 3D PHH cultures and repeated in all
following 3D PHH proteomics analyses in our hands, e.g. Paper Il and V.

As described in the introduction, PHH cultures are an important tool in
studies of drug metabolism and toxicity. Thus, an in-depth analysis of drug-
metabolizing and other ADME-related proteins in the 3D PHH is essential. Of
682 ADME-related proteins,'* 315 were found in the proteomes of the ana-
lysed PHH spheroids and sorted according to function using the PANTHER
classification system.'** As expected, the two most prevalent protein classes
were metabolite interconversion enzymes and transporters (26 and 16% of
identified ADME-related proteins respectively). Of note, most of the ADMET
proteins were stably expressed over time in spheroids from all media except
for PPM (Figure 8f; Paper I, Figure 5), whilst differences in glucose and insu-
lin levels between media had no impact on ADME-related proteins.
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Figure 8. The formation, protein expression, and function of 3D PHH from four do-
nors were followed for three weeks in 384 well format in eight culture media (com-
position of media provided in Table 2). a. Morphology of 3D PHH spheroids cultured
in eight different media. Haematoxylin and eosin staining (H & E). b. Average albu-
min secretion over three weeks of culture. Albumin production in vivo ranging from
dormant to maximal albumin levels (marked range) was calculated from literature
data. See methods section for details. ¢. Average ATP content over three weeks of
culture, provided in absolute relative fluorescence units. d. Principal component anal-
ysis of the global proteomes of 3D PHH spheroids cultured in different media at one,
two and three weeks of culture from four donors. The number in parentheses is the
percentage of variability explained by each component. Reference = uncultured and
freshly thawed cryopreserved PHH. e. Statistical enrichment analysis for cellular
components: a selection of up- and downregulated cellular components (in red and
blue colours respectively). Each arrow represents the change between two time points:
cryopreserved and cultured for 1 week; cultured between 1 and 2 weeks. Only cellular
components with a false discovery rate below 0.05 were considered significant. See
Figure S1 in Paper I for a comprehensive overview of all significant cellular compo-
nents. f. Expression of clinically relevant drug transporting and drug metabolizing
proteins. Expression values are normalized to the reference. g. Hydroxy midazolam
formation was measured using LC-MS/MS and compared to the individual reference.
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Next, clinically relevant transporters and DMEs were investigated. Briefly, var-
iable expression pattern was observed for the clinically relevant transporters
(Figure 8f), and 3D PHH cultured in PPM did not express detectable levels for
most of the clinically relevant SLC transporters. Notably, OCT1/SLC22Al1,
which transports important cationic drugs such as metformin into the hepato-
cytes,'”’ remained remarkably stably expressed over time in most media,
while MDR1/P-gp/ABCBI and BSEP/ABCBI 1, were downregulated in most
media. A similar transporter expression pattern was observed in 3D PHH by
other researchers.” In terms of metabolizing enzymes, CYP expression varied
and was often lower than in the reference uncultured PHH. Importantly,
CYP3A4, CYPD6 and CYP2C19 were stably expressed at levels comparable
to the reference in all media expect for commercial PPM. Interestingly, while
there seemed to be no effect of PPM on CYP3A4, it seems to induce CYP2D6,
which later on corresponded to increased hydroxy bufuralol formation in that
medium. Furthermore, UGTs were stably expressed over time at levels of the
reference in most cases, including PPM, and MGST1 and GSTA1 seemed to
be induced in 3D PHH cultures.

Lastly, the activity of CYP enzymes that play a major role in drug metab-
olism, namely CYP3A4, CYP2C9, CYP2D6, and CYP2C19, was investigated
using FDA-recommended marker reactions with probe substrates (Figure 8g;
Figure 6 in Paper I). Generally, a time-dependent reduction in CYPs activity
was observed in all media, and this phenomenon could not be explained by
protein expression values of these proteins or their cofactors. In terms of cell
culture media, 3D PHH cultured in DMEM/F12 media demonstrated overall
lower metabolic capacity, while spheroids cultured in HMM and Willliams™ E
media exhibited somewhat comparable results. The effect of PPM varied to
both directions. Generally, it is exceptionally hard to deduce the activity of a
single CYP from marker reactions. Even if a probe substrate is primarily me-
tabolized by a single enzyme, drug metabolism often involves several parallel
and/or downstream metabolic pathways. Further, substrate uptake and export
determine the accessibility of probes to both CYP and for the measurement by
researchers.?' Lastly, the levels of unbound drug concentrations might vary
significantly between in vitro microenvironments and cell culture media.'**
158 For instance, the apparent decrease in CYP3A4 and CYP2C9 metabolites
formation in PPM can be explained by serum protein binding — PPM was
discovered to be the only media to be supplemented with bovine albumin.'*

In conclusion, we observed consistently better performance from 3D PHH
cultured in HMM and WE media, whilst the use of DF and PPM medium typ-
ically decreased the performance of hepatic spheroids. Importantly, DF me-
dium composition is disclosed, thus we were able to provide possible expla-
nations to the observed effects. Conversely, nothing was known to us about
PPM composition — a significant hindrance to the reproducibility and inter-
pretability of the research results. More on that topic in Paper V.
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Physiologically relevant medium is a fine alternative to the
hyperglycemic counterparts

Results presented by other researchers and in Paper I clearly demonstrate that
Williams” E medium provides desired phenotype and functional performance
of 3D PHH cultures.'>!>739091.1€0 Byt do 3D PHH benefit from the adjustment
of glucose and insulin to physiological fasting levels? As it is apparent from
Paper I and the results highlighted in Figure 8, the switch to the normoglyce-
mic WExg did not have any significant effect on the albumin production, via-
bility, morphology, proteomes, or expression of the proteins relevant for drug
development or CYP function. Nevertheless, 3D PHH cultured in high glucose
and insulin levels, developed lipid droplets and increased glycogen deposits
over time. These features are not necessarily desired in 3D PHH, unless
achieving a disease specific phenotype was an aim of the study.'**'®' In addi-
tion, 3D PHH cultures in physiological levels of glucose and insulin provide
the possibility of studying cellular response to change in nutrients level.”’
However, the performance of 3D PHH cultured in physiological WExg as an
in vitro model for drug development requires further evaluation.

In Paper II we assessed the applicability of 3D PHH cultured in WExg for
transporter kinetics and drug-drug interaction studies. We sourced inspiration
from the results obtained in Paper I (Figure 8f), and selected the stably ex-
pressed OCT1/SLC22A1 transporter for further evaluations in the following
study. OCT1 transports a variety of organic cations, including endogenous bi-
oactive amines such as choline, dopamine, and thiamine; cationic xenobiotics
such as the antidiabetic drug metformin, cytostatic drugs such as oxaliplatin
and imatinib, the antiviral agent lamivudine, and the opioid morphine.'®*'%’
Therefore, it is often recommended that drug candidates should be evaluated
as substrates or inhibitors of OCT1 along with other hepatic transporters.'®®

First, the kinetics of the OCT]1 transporter were studied in 3D PHH from
three donors using the fluorescent model substrate and cationic fluorophore 4-
(4-(dimethylamino)styryl)-N-methylpyridinium (ASP+), that has already
been used in studies of OCT1 uptake and inhibition in various cell types and
conventional 2D hepatocyte cultures.'**'*'"* ASP+ is a very elegant substrate
for transporter studies — it exhibits binding-associated fluorescence in the
membranes of living cells but not in cell culture media or common buffer sys-
tems.'”"'"> This facilitated the development of an assay for quantifying the
kinetics of the transporter, in which the fluorescence signal is proportional to
the amount of ASP+ taken up by living hepatocytes in 3D spheroids (Fig-
ure 9a). However, the organic cation ASP+ is a shared substrate between many
SLC transporters such as OCT2,3/SLC2242,3; OCTNI1,2 /SLC2244,5; and
MATE1/SLC47A1. None of these transporters were detected in 3D PHH used
in Paper II, while OCT1 continued to exhibit a stable expression across weeks
and donors (Figure 9b; Paper II, Supplementary data).
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Figure 9. Spheroids cultured in physiological (normoglycemic) Williams” E medium
could successfully be used as an in vitro model for drug development efforts. a. Sche-
matic representation of the ASP+ uptake mechanism and fluorescence microscopy
visualization. b. Expression of OCT1 transporters in 3D PHH from three donors after
one and two weeks of culture. Protein expression is in fmol/ug total protein and was
measured in 3 technical replicates. The expression levels between weeks and across
PHH donors were not significantly different when evaluated with differential expres-
sion analysis for global proteomics using DEqMS. ¢. Michaelis—Menten kinetics for
each of the three 3D PHH donors. The points represent the mean uptake rate, and the
error bars show the standard deviation of uptake rate per point, n = 8-12. d. ASP+
(1 uM) uptake alone and in the presence of verapamil (100 uM) and clomipramine
(100 uM) in 3D PHH cultured for one week. Numbers indicate ASP+ incubation time
in minutes. Scale bar = 200 um. e. Uptake of ASP+ (1 uM) was measured after 5 min
in the presence of 100 uM of the OCT1 inhibitors. The inhibitory effect of compounds
is shown as the percentage of vehicle control, n = 8-12. All observations were statis-
tically significant in multiple unpaired t-tests compared to vehicle control. f and
d. Profile plots of global proteomes, highlighted proteins are upregulated in 3D PHH
exposed to 1*Cpax rifampicin and 1 and 5*Cpax of elafibranor (on panels f and g re-
spectively). The Y-axis represents the z-score normalized protein expression across
the samples.
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So, time- and concentration-dependent uptake of ASP+ was studied to deter-
mine OCT]1 transport kinetics in physiologically relevant medium. Using the
initial linear uptake rate, we obtained Michaelis—Menten constants (Ky,) and
maximum velocity value (Vmax) for all three tested hepatocyte donors (Figure
9c¢), and these values were similar to those previously reported in the litera-
ture.'®'? The accuracy of these experiments was further corroborated by the
excellent agreement between kinetic experiments performed by three experi-
mentators between 2020 and 2023 (Supplementary Table 7, Paper II). Thus,
these results convincingly demonstrate that the kinetics of drug transport can
be studied robustly in 3D PHH with reasonable reproducibility.

To test whether the ASP+ uptake assay could be used in drug-drug interac-
tion studies (DDIs), inhibition of ASP+ uptake was examined using six well-
established OCT1 inhibitors of various physico-chemical properties. ASP+
uptake inhibition was observed in individual spheroids using live microscopy
(Figure 9d) as well as the 384-well plate reader (Figure 9¢). Once again, this
successfully demonstrated that 3D PHH cultured in WEng could successfully
be used for in vitro transporter studies. However, the observed inhibition in
3D PHH was about 25% lower than previously observed in monolayers of
HEK293 cells overexpressing OCT1.'” This could be explained by slower
penetration of inhibitors into the multi-layered spheroids compared to the
HEK293 monolayers, and/or clearance of the inhibitors via metabolism or ef-
flux. Nevertheless, the difference between the two rather different systems
was relatively small, and the reproducible results from our screening indicate
that the PHH spheroids are applicable in predictions of transporter DDIs.

Next, we investigated the sensitivity of 3D PHH in WEng to long-term drug
exposure of potential OCT1 modulators. While these compounds had no or
only a minor effect on OCT1 expression and function (in details described in
Paper 1II), these pharmaceuticals caused a clear change in the expression of
other proteins, either according to their target effect or know DDIs. For in-
stance, PXR agonist rifampicin, known CYP3A4/5 and MDRI1 inducer, in-
deed selectively induced these proteins in all three donors (Figure 9f). More-
over, elafibranor (PPAR0/S agonist) treatment led to a significant upregula-
tion of proteins from the fatty acid beta-oxidation pathway (1.8*10~ g-value;
Figure 9g), consistent with its mechanism of action and previously published
data.'”'"> These results suggest that 3D PHH in physiologically relevant me-
dium generate an expected response to the drug exposure and could be reliably
used in drug development studies.

Again, phenotypic description by mass-spectrometry based proteomics was
essential for the correct interpretation of research results. It has also provided
an additional understanding of inter-donor variability in reaction to compound
exposure. We observed that PHH from one of the donors expressed increased
levels of LPS-binding protein, C-reactive protein, and Serum amyloid Al,
suggesting an ongoing inflammatory response, possibly due to LPS contami-
nation in this donor. More on global proteomics for 3D PHH in Paper 1V.
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The choice of plates impacts 3D PHH viability and
metabolic activity (Paper III)

As was described in the introduction to this thesis and demonstrated in Papers
I'and II, 3D PHH formation is usually performed by aggregation in 96- or 384-
well ultra-low attachment (ULA) plates. Once again, this method is rapid,
scalable and does not require any additional equipment or consumables.
Whilst we thoroughly evaluated the use of cell culture medium for 3D PHH,
similar studies have not been conducted to compare ULA culture plates de-
spite the wide range of available products on the market. Notably, plates from
different providers vary in overall architecture, materials, well geometry and
coating, and for the sake of reproducibly, should not be used interchangeably
within one set of experiments.'>”!"""®! To provide practical guidance for ULA
plate selection for 3D PHH, we compared the performance of ten different 96-
and 384-well ULA microplates.

First, PHH were seeded in ULA-plates and observed the spheroid for-
mation efficiency in these plates. To this end, a successful 3D PHH formation
was defined as PHH assembling into a single spheroid in each well without
the formation of satellites or excessive cell debris (Figure 10a). Across 96-
well plates, the cell suspensions aggregated predominantly into one single
spheroid; while in 384-well plates, spheroid formation was more challenging
and varied largely between the plate brands with Greiner384 plates resulting
in formation of multiple spheroids per well (Figure 10b). Notably, this obser-
vation was consistent with our hands-on experience in years prior to this study.

Further, cell viability was assessed to ensure cellular health state and usa-
bility of 3D PHH for long-term experiments (Figure 10c). Overall, for all plate
providers and architectures we observed a previously described decrease in
ATP along the 3 weeks culture time.'*'>' However, 3D PHH cultured in
Corning 96- and 384-well plates demonstrated a remarkable stability in ATP
values for the whole duration of investigated period.

In the follow-up experiments some mRNA expression differences in key
drug metabolizing enzymes were observed between different cell culture
plates (details in Paper III). Thus, we proceeded with the evaluation of the
functional activity of the CYP1A2, CYP2C8, CYP2C9, and CYP3A4 meta-
bolic enzymes using canonical probe substrate reactions (Figure 10d-g).
Oddly predictable, striking differences between CYP activities were observed
between microplates. PE96 and PE384, as well as Nunc96 and Sbio384 ex-
hibited the lowest apparent metabolic activities for all substrates, with hy-
droxy diclofenac (CYP2C9) and hydroxy midazolam (CYP3A4) formation
being below the quantification limit. Generally, 3D PHH cultured in plates
supplied from Biofloat, Corning and Greiner performed reasonably well; and
Biofloat plates demonstrated the lowest variability between the different
measurements. Of note, similarly to the results in Paper I, measured metabo-
lite formation by CYP enzymes is a derivative of many parameters, including
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Figure 10. The selection of ULA plate supplier and microarchitecture directly affects
the performance of 3D PHH in vitro cultures. a. Morphology and formation of
3D PHH in ten different ULA-plates. Brightfield images has been taken at day 7, scale
bar = 200 pm. b. The efficiency of 3D PHH aggregation, namely a fraction of wells
in which PHH aggregated into one 3D spheroid. ¢. Cell viability of 3D PHH during
three weeks of culture, measured after 7, 14, and 21 days respectively, n = § per plate
and time point. Statistical significance drawn from one-way ANOVA. The dotted
lines indicate 80% cell viability that is often used to mark the range of physiologically
normal variation in 3D PHH viability. d, e, f, g. Metabolite formation rate of aceta-
minophen, N-desethylamodiaquine, hydroxy diclofenac, and hydroxy midazolam,
which serve measurements of the metabolic activities of CYP1A2, CYP2CS,
CYP2C9, and CYP3A4.respectively.

CYP and transporter function as well as unbound drug concentrations inside
and outside of the spheroids. Deducing the influence of every parameter will
require an extensive set of additional experiments. Yet, the collected results
altogether grant a clear possibility of informed selection of ULA-plates for
3D PHH in drug development.

To sum up, 3D PHH cultured in Corning and Biofloat supplied plates ex-
hibited the highest spheroid formation and functional performance. These
plate brands were used in all papers summarized in this thesis.
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The choice of proteomics workflow for phenotypic
description of 3D PHH (Paper 1V)

As clearly demonstrated in Papers I and II, deep phenotypic description of
3D PHH using mass-spectrometry based proteomics provides a unique under-
standing of the utilized in vitro cultures and modelled conditions. Proteomics
is a field of continuous and fast development, and over the years, a multitude
of diverse proteomic protocols have been applied to the liver. Although dif-
ferent proteomics protocols have been continuously benchmarked across sim-
ulated data sets,'®* artificial standards,'®* biological fluids,'® and human tis-
sues,'® studies evaluating the performance of global-proteomics protocols on
ex vivo microtissues are lacking. In a way, the microwell format leaves sphe-
roids being slightly too big for single cell proteomics applications, '*¢ and
slightly too small for standard bulk analysis at sufficient resolution. These ob-
stacles could be circumvented by using ultra-high sensitivity mass-spectrom-
etry or culturing heaps of 3D PHH. Both of these solutions are pricey and are
not routinely available to all researchers in the field. So, as one of the main
users of mass-spectrometry based proteomics for phenotypic description of
3D PHH,'*?*9187 e compared the performance of different protocols for
proteomic analysis of organotypic human liver spheroids, assessing the varia-
bles of cellular input (1 spheroid to whole 96-well plate), sample preparation
strategies (ProteaseMAX/Urea = PMU, RIPA buffer or freeze-thaw) and
quantification methods (tandem mass tags = TMT or label-free = LF). The
overview of these parameters is provided in Figure 11a.

As expected, we observed that with higher initial material, the number of
quantified proteins increases monotonously (Figure 11b). However, we no-
ticed a diminishing return in that increase. For instance, a 12-fold increase in
cellular input — from 8 to 96 spheroids — increased the number of quantified
proteins only by 15-18%. These results suggest that cellular input can majorly
impact the number of identified proteins when falling below a certain thresh-
old, primarily due to changes in the amount of injected protein. Of note, while
the loss of total protein could be compensated with increased injected mate-
rial, this solution will not rescue low abundant proteins, primarily due to losses
in the sample preparation procedure.

Further, the comparison of sample preparation strategies indicated that with
reasonably high cell amount, PMU lysis consistently yielded higher protein
amounts and effective release of proteins from all cellular compartments,
when compared to RIPA. This discrepancy can likely be ascribed to the pre-
cipitation-based methodology utilized by RIPA, which entails higher protein
and peptide losses.'® However, when it comes to one spheroid sample prepa-
ration, the freeze-thaw protocol with minimal handling yielded 43 to 69%
more proteins being quantified compared to the use of chemical lysis (Paper
1V, Figure 3). Lastly, more proteins were quantified using the LF approach
rather than TMT.
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Figure 11. Proteomic workflows for deep phenotypic profiling of 3D organotypic
liver models. a. Graphical overview summarizing the assessed workflows. The as-
sessed parameters included: initial material amount (1, 8, 24, 48 or 96 3D PHH 1500
PHH each); sample preparation technique using ProteaseMAX (PMU), Radio im-
munoprecipitation assay buffer (RIPA), or freeze-thaw (FT) method; and quantifica-
tion strategy based on either tandem mass tags (TMT) or label-free (LF) approach. b.
The association between protein input and the number of quantified proteins rapidly
saturates. ¢. The number of clinically relevant ADMET proteins detected with the
different proteomic workflows. d and e. Heatmap depicting mean protein abundances
(log2 transformed) of clinically relevant ADMET proteins after TMT-based or LF
quantification respectively. f. Pie charts demonstrating CYP isoform compositions as
quantified by the different proteomic workflows. Isoform compositions of representa-
tive liver samples are shown as reference. 7>9%1%
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For our specific applications, we were most interested whether proteomic
workflows impact the quantification of ADMET-related proteins. For that, we
compiled a list of 29 clinically important hepatic transporters and DMEs men-
tioned in the Pharmacogenomic Biomarkers in Drug Labelling guidelines by
FDA,"° and compared their expression in 3D PHH using different proteomic
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workflows (Figure 11d,e). We observed a stark difference in the performance
of different methods, however the observations followed the same trends as
on the global scale — when material is not limited, LF identifies most of the
ADMET-proteins (92%), and in limited initial material, PMU drastically out-
performs RIPA. Interestingly, we observed that with using only single sphe-
roids, the FT protocol allowed the quantification of more than half of the se-
lected ADMET proteins (16/29). However, none of these proteins belong to
ABC and SLC families — quantification of transporters was not possible from
single spheroids, regardless of the lysis method. On that note, for transporters
quantification gross amount of initial material is essential and LF (all 9 trans-
porters quantified) quantification notably outperforms TMT strategy (only 4
transporters quantified).

Phase I and phase II drug metabolizing enzymes were overall more readily
detected than transporters with 75%-95% being quantified for cellular inputs
above 12,000 cells (8 spheroids). Impressively, using just one spheroid in FT
and PMU sample preparation procedures, we were able to quantify more than
half of CYP isoforms. Since CYP isoforms could have been detected by all
methods, we compared whether the composition of these isoforms measured
with a given method was representative of genuine CYP composition in
3D PHH and liver samples. Interestingly, while CYP3A4 seemed most abun-
dant when analysing single spheroids (Figure 11f), the use of higher cellular
inputs indicated that CYP3A4 and CYP2EI are present at approximately sim-
ilar amounts. These results align well with isoform compositions identified in
the other liver proteomics studies (Figure 11g).””"**"*! Thus, even if many
CYPs could be quantified with a given workflow in one spheroid, the results
should be treated with caution. Nonetheless, starting from just eight PHH
spheroids, the workflows provided reliable quantifications of CYP isoform
composition.

Generally, these findings underscore the importance of the critical assess-
ment of a tool selected for phenotypical description of in vitro cultures. Whilst
mass-spectrometry based global proteomics provide a unique window into the
biology of the selected model, the choice of the workflow, as we demonstrate
(here and in the Paper 1V), significantly affects the biological interpretation of
results, thus should be made with care. In Paper IV we presented standardized
and scalable workflows that allow researchers to draw reliable and biologi-
cally meaningful conclusions from the analysis of 3D PHH. These results
would aid researcher in our field in making an informed decision on the ap-
proach to the phenotypical screening and of precious (due to the limited avail-
ability of primary cells) PHH cultures. Interestingly, the method that essen-
tially provided the highest number of quantified proteins and robustness of
quantification (at the expense of mass-spec time), was the PMU LF approach
that is most similar to what was used and applied in Papers I, Il and V.
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Animal product-free 3D PHH (Paper V)

By looking back at the results presented in Papers I-1V, it becomes clear that
a significant effort has been put into characterization and optimization of 3D
PHH. The main intention behind all that work is to increase the understanding
and, ultimately, reproducibility and interpretability of the results obtained
when using that in vitro culture. Thus, in Paper V, we tackle the last obstacle
on the way to fully defined 3D PHH cultures — bovine serum. While other
studies indeed eventually achieve chemically defined serum-free 3D PHH cul-
tures, the initial formation of 3D PHH is highly dependent on foetal bovine
serum (FBS) supplementation,'»?091.9%-100.118.160

The use of FBS is a routine laboratory practice, it has been used for the
maintenance of cell cultures for nearly 70 years and remains the most common
cell culture medium supplement.'”® FBS is added to the culture medium to
facilitate cell attachment and growth, as well as to help the cells circumvent
the stress induced by the in vitro culture setting. However, the molecular com-
position of FBS and its effects on cultured cells are prone to batch-to-batch
variation and are poorly understood at the molecular level.'”*'** In addition,
the use of FBS simply does not adhere to the 3Rs (Refinement, Reduction and
Replacement of animal experiments), as FBS production is associated with
severe animal welfare issues.'"

In Paper V we utilized an animal serum-free mixture developed by
Rafnsdéttir et al.,'"” and followed Papers I-IV by culturing 3D PHH in Corn-
ing 96-well plates in physiologically relevant Williams” E culture medium,
and using label-free mass-spectrometry based global proteomics for pheno-
typic description of these cultures. Importantly, serum-free media for PHH
cultures are not novel and there are a number of life science suppliers offering
similar alternatives. However, every single one of these media has undisclosed
content. As opposed to proprietary solutions, the approach provided by
Rafnsdottir et al. is fully revealed and well-described, thus opening an oppor-
tunity for customization of serum-free medium (SFM) and adaptation of the
basal components to the cell culture of choice, in our case to Williams™ E
normoglycemic medium for 3D PHH (Figure 12a).

First, we observed that switching from FBS to SFM neither had an impact
on the spheroid formation process, nor on 3D PHH viability (Figure 12b).
Overall, there was a trend of slightly higher viability in FBS cultures (Figures
11b, e); however, this variation was within well-established limits (80-120%
of control values).'***!'” These results were interpreted as positive, since we
consistently observed when working with 3D PHH, that the absence of FBS
or serum substitute when seeding PHH in ULA-plates eventually results in
cells not forming spheroids at all (Figure 12¢, Donor 1).

Since successful spheroids formation was consistently achieved in all five
PHH donors, we randomly selected one of them (Donor 1) and proceeded with
evaluating the effect of 3D PHH formation in SFM on long-term cultures.
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Figure 12. 3D PHH formation and function in conventional FBS supplemented me-
dium or in serum-free medium (SFM). a. Schematic overview of the 3D PHH seeding
and culture maintenance procedures. PHH were thawed in William's E normoglyce-
mic medium (WEng) and seeded with 10 % FBS or serum substitute according to
Rafnsdottir et al.'"” b. Viability (ATP content) of 3D PHH formed in five different
donors in SFM or with FBS supplementation. ¢. 3D PHH formation in five donors.
Bright-field microscopy images were taken at seeding, after the third day in culture
and after one week in culture. Scale bar = 250um. d. 3D PHH spheroid formation in
SFM or FBS-supplemented medium and corresponding morphology for three weeks
in culture. Scale bar = 250 um. e. Mean viability (ATP content) for three weeks in
culture in SFM (green) or FBS-supplemented medium (brown), the shaded area rep-
resents standard deviation (n=18-24). f-h. Expression levels of quantified cytochrome
CYPs, UGTs and drug transporters listed in ICH M12 guidelines. Datapoints in all
graphs represent mean expression values of four biological replicates with standard
deviation. Stars signify differentially expressed proteins in differential expression
analysis (DeqMS). i-l. Side-by-side comparison of expression and activity of
CYP3A4, CYP2B6, CYP2D6 and CYP2C9 respectively <LOQ signifies metabolites
levels below the limit of quantification. Note experiments presented on panels a-c
were performed in five donors, while experiments d-l were performed in Donor 1 only.
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Consistently with previous observation, 3D PHH formed in SFM preserved
their morphology for three weeks (Figure 12d). Likewise, we measured via-
bility in these 3D PHH (Figure 12e). Interestingly, whilst ATP measurements
were rather comparable between FBS- and SFM-formed spheroids and
slightly higher in FBS during the first week of culture, a notable decrease
(2-fold) in ATP quantities was seen for spheroids formed in FBS by the second
week in culture (Figure 12¢). Meanwhile, ATP values remained stable in
3D PHH formed in SFM for the whole duration of culturing. Since FBS is a
biological product exhibiting high variability, we could not directly compare
its composition to SFM to explain the observed phenomenon. FBS typically
contains growth and attachment factors, hormones, nutrients including sugars
and lipids, and many other components. The effects of these are inseparable,
essentially preventing the interpretation of the obtained results.

To validate the applicability of serum-free 3D PHH for drug disposition
studies, we measured protein expression levels of the clinically relevant
ADMET proteins listed in the recently released IHC M12 guidelines on drug
interaction studies (Figure12f-h).'®® Overall, the expression of ADMET-re-
lated proteins across all conditions was stable and very similar between SFM
and FBS formed spheroids. We barely found any statistical difference in CYP
expression levels, variation in expression of CYP3AS5 (Figure 12f) and some
of the UGTs (Figure 12g).

Lastly, we compared the expression levels and the obtained activity of
CYPs (Figure 12i-1). Similarly to what has been demonstrated before, we ob-
served that in conventional FBS-based conditions, CYP expression and activ-
ity had a tendency of decreasing in 3D PHH along the culture time (Figure
12i-1).'*!>6 However, we noted that 3D PHH formed in SFM exhibited a sta-
ble expression of CYPs over three weeks of culturing. In addition, we noted
higher and more stable CYP activity in 3D PHH formed in SFM, in particular
for CYP3A4 (Figures 12i). As discussed in previous sections, apparent CYP
activity derives from a multitude of factors, that could have been affected by
a switch from FBS to SFM environment. For instance, as proposed by
Kanebratt et al., an observed decrease in CYP activity could be connected to
a decrease in ATP content.'> Alternatively, a switch from FBS to SFM could
have affected unbound drug concentration or transporter function.

In summary, our data demonstrates that 3D PHH could be formed in serum-
free 3R-compliant chemically defined medium, and successfully used for in
vitro drug disposition studies. In addition, the use of SFM facilitates the inter-
pretation of research results (more examples in Paper V). Yet, our long-term
studies were performed using only one PHH donor, hence the need to be
treated with caution until further verification. Lastly, there is an opportunity
for further improvements of SFM cell culture medium by substitution of hu-
man-derived proteins (e.g. plasma-derived human serum albumin or placenta-
derived laminins) to pure recombinant proteins. And I am looking forward to
the developments in this field.
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Conclusions

This thesis provides an improved understanding and optimization of 3D pri-
mary human hepatocyte spheroid cultures, and significantly contributes to the
harmonization of 3D PHH culture approaches across laboratories and deep
integration of this in vitro model into drug development pipelines. Finally, a
further effort was made to increase 3Rs compliance and standardisation by
reducing batch differences, providing a resource for development of serum-
free cell culture medium for advanced in vitro cultures.

From the work presented herein, it can be concluded that:

e The choice of culture media has a significant effect on the morphology
and performance of 3D PHH cultures, and physiologically relevant cell
culture medium with fasting levels of glucose and insulin could be suc-
cessfully used as an alternative to the hyperglycemic media counterparts.

e Normoglycemic William’s E medium can be used for culturing of
3D PHH for drug disposition studies.

e  Only certain brands of ultra-low attachment culture plates facilitate the
successful 3D PHH spheroid formation, and the choice of the culture plate
has a pronounced influence on the 3D PHH performance in drug disposi-
tion studies.

e Mass-spectrometry based global proteomics serves as an indispensable
tool for phenotypic description of 3D PHH, however the choice of work-
flow for this analysis has a significant impact on biological interpretation
of the results and should be made with caution on a project-to-project ba-
sis. Further, with the right protocols, meaningful proteomic fingerprints
can be derived from single PHH spheroids. This opens for the possibility
of combining scalable microculture with microanalytics.

¢ Human hepatocyte spheroids could be smoothly formed and cultured in

FBS-free conditions, which increases 3Rs compliance, interpretability
and applicability of these cultures.
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Future perspective

This doctoral thesis contributes to increasing knowledge of 3D PHH culture
per se. That essentially grants individual researchers more freedom to custom-
ise their 3D PHH cultures without compromising on the quality of the sphe-
roid. An ideal 3D PHH is not the one cultured in low glucose and insulin, or
serum-free medium, but a spheroid that best serves the needs of the experi-
ment, and, most importantly, permits interpretability of the generated research
data. In this thesis and accompanying papers, the following parameters that
contribute to the scientific reproducibility of 3D PHH cultures are discussed
and evaluated: selection of PHH donor, cell culture medium and its” compo-
sition, FBS supplementation, ULA culture plates and approaches to the phe-
notypical description of the cultures. Sufficient control over these parameters
permits in depth in vitro studies of DILI, metabolic liver diseases, liver zona-
tion and physiology, and many more.

As mentioned in the introduction, in last decades the drug development in-
dustry is currently making a major leap in substituting traditional in vivo ani-
mal-based assays with in vitro cell cultures. While this doctoral thesis is fo-
cused on 3D PHH, the developmental approach and evaluation strategy show-
cased in the included papers should be translatable to other in vitro cultures.

For instance, one of the key parameters to be optimised when developing
organ-on-a-chip devices is selecting a cell culture medium that meets nutri-
tional requirements and phenotypic cues of all studied cultures simultane-
ously.”® In addition, serum free medium is highly advised for these applica-
tions, since FBS constitutes a large source of variability in in vifro assays.
3D PHH culture conditions developed and characterised in this thesis serve as
an ideal starting point for the development of such universal serum free culture
conditions. Further, the presented approach of culturing cells in physiologi-
cally relevant, fully humanised and well described medium has a potential to
aid in the development of other primary human in vitro cultures. The results
in this thesis have therefore initiated the development of primary human jeju-
nal and Caco-2 cultures according to the strategies applied for 3D PHH and
succeeded in achieving physiologically relevant enteroid and serum-free
Caco-2 cultures. Excitingly, in our pilot studies both of these cultures outper-
form the conventional counterparts. Moreover, it has been demonstrated that
the possibility of varying nutritional and hormonal content of the cell culture
media, allows accurate modelling of chronic liver disease in vitro,'*'*""1" and
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culture conditions evaluated in this thesis widen the array of possible experi-
mental set-ups.

That said, adoption of serum-free and/or physiologically relevant medium
by both industry and academia shall require significant initial investment in
terms of re-designing standard operation procedures, performing in house
functional benchmarking of novel cultures and simply ordering and preparing
new mixtures and media. Crossing this threshold will most probably be justi-
fied in case of struggles with currently used protocol or a need in adjustment
of cell culture conditions for specific experiments, but doubtedly otherwise.
Nonetheless, in our manuscript we provide detailed summary of the media
composition, and using these resources, custom-made media could be pre-
pared whether in house, or ordered from the life science suppliers. On the
other hand, the results of the ULA-plates evaluation presented in Paper III
seems to be straightforward enough to apply within industry and academia.
The stark contrast between the performance of 3D PHH in different ULA
plates simply necessitates transition to plate brands that permit proper 3D
PHH function.

Furthermore, demonstrate we for the first time that transporter drug-drug
interaction studies could successfully be performed in 3D PHH, and hope that
this will inspire other drug development stakeholders to adopt physiologically
relevant 3D PHH for such studies. In the same study we once again confirm
that regulation of drug transport proteins occurs on multiple biological lev-
els,?® and further studies need to be performed to achieve a mechanistic un-
derstanding of this complex process. For instance, regulation of transporters
expression via nuclear factors, understanding of the relationship between
mRNA and protein abundance, half-life and turn-over rates of drug transport-
ers are of particular interest.'”*!%’

Additionally, in this thesis we demonstrate how global proteomics could be
routinely used for phenotypic description of 3D PHH cultures. Importantly, in
Paper IV we assessed easily available and affordable approaches to perform
mass-spectrometry based global proteomics analysis on spheroid cultures. We
highlighted the advantages and pitfalls of these approaches, so that researchers
within broader field will be able to integrate this molecular technique in their
experimental workflows. Since this type of analysis could be purchased from
specialised MS facilities, global proteomics analysis being increasingly used
for description of cellular phenotypes in drug development. Alas, we
acknowledge that subsequent data analysis of protein expression, even in the
cases when data is produced by a facility, remains challenging. To address
that, we have been working on the development of R-based data analysis soft-
ware package that allows streamline analysis of global proteomes with partic-
ular focus on ADMET-associated proteins. Once published, this workflow
will aid in making proteomics analysis a lot easier for non-experts.
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