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Summary

Liver diseases are one of the most frequent causes of death worldwide. Their mortality
rate reaches 2 million deatlygarly, and thus they are regarded asglobal public health
problem. Liver diseases without appropriate treatment may lead to organ fdihgier.such
conditiors, the only effective medical solution is orthotopic liver transplantation.
Unfortunately, the chronic shortag of organ donors constitutes a great limitation to this
therapy As a resultapproximatelyl0% of patients die each year while waitingddransplant
Therefore, scientists have paid much attention to dewg@phermethods for the treatment of
liver failure. The proposedxperimentatherapiesnclude thetransplantation of hepatocytes,
the useof artificial or bioartificial liver support systems, and utilization of technigudsch
base on tissue engineering togls., decellularized liver, 3D loiprinted liver, organoid=tc.).
Nonetheless, bioartificial liver support systems seem to be the most promising. Such hybrid
devices constitute a bridging therapy for patients and supporfdilare until transplantation
or regeneration. The main advage of bioartificial systers is the presence dbiological
component, which performs metabolic, biosynthetic and regulatory-ridaed functions
whereas artificial devices are designed to fulfill only detoatfon tasks.

The best source of cells tee used as a biological compon@human hepatocytes,
which are regarded abe gold standard for such applications. However, their utilization is
limited becausehey quickly dedifferentiateex vivq resulting in the loss of their ability to
perform liver-specific functions. Thus, alternative sources of cells, which could constitute a
model of human hepatocytes, have been searched. One of the proposedstioeleBA cell
line derived from human hepatocellular carcinoma. These cancer cells esinibar
phenotypeand some physiological functions (e.glbumin secretion) to liver parenchymal
cells. Moreover, C3A cells are characterizeddpidproliferation (unlimited availability), high
genetic stability, strong contact inhibition, and low cultuegquirements. Additionally, no
ethical concerns & been raisedegardingts clinical utilization.Currently the C3A cell line
is widely used in research concernthgevaluation of xenobiotic toxicity dhe development
of new drugs. Importantly, C3i& the only tumoiderived cell linghatis utilized as a biological
component in ELAD, the most advanced device among bioatrtificial liver support systems,
which enteredhe third phase of clinical trials. However, these cells are characterized by some
metabolic deficiencies. The most essentaadtoris theinability to eliminate toxic ammonia. It
resuls from the nonfunctional urea cycle caused by the taclow expression of arginase 1
(ARGY) and ornithine transcarbamylageT(C) geneswhich encodehe enzymesnvolvedin
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this metabolic process. In facdnunfunctional urea cycle could be a reasonth@failure of
clinical trials utilizingthe ELAD system as effective ammonia detoxificatios vital for the
successful treatment of liver diseases.

Therefore, the aim of my doctoral study was to estaldisiew genetically modified
hepatocellular carcinoma cell line witthrestored urea cycle, which could constitute a better
source of celldor usein bioartificial liver devices. Genetic modification wasrformed with
the use of seltonstructed lentiviral vectors. Introduced changes (transfer plasmid bearing both
additional genes under the control afstrong promoterantibiotic selection) allowed the
establishment o& population consigtg of nearly 100% ARGZX and OTG-expressing cells
namedhe C3A_AO_P2A cell line. The success of genetic modification was confiatigath
the DNA (integration of transgenes into the cell genome) and proteirs lesely PCR,
RT-gPCR, and Western blot techniqgueSompared with the unmodified C3A cells
C3A_AO_P2Acell line exhibited gnificant overexpression ofARGland HOTC genes as
well as corresponding proteins. Moreover, no negative effedh®fconducted genetic
modification on cell morphology and viability wasbserved. Therefore the overall
performance of C3A_AO_P2A cells imonolayerstatic and dynami@8D conditions was
analyzed and compared withat of parental C3A cells andhe previous generation of
genetically modified cell§C3A_AO_llI), which constitie a mixedpopulation of unmodified
cells, cells expressing single transgene or, in minority, cells transduced with both missing
genes.

Research conducted in static culture confirmed that the newly established
C3A_AO_P2A cell line synthetized similar anount of albumin, the main liver protein
product, to theiparentalC3A cells.However,an increase in the secretion of this protein to the
same extent as in the case of C3A_AO Il cells has not been confirmed. Additionally, the toxic
impact of ammonia ogell viability and metabolic activity was investigated because often in
bioartificial liver devices, which have contact with patient serum, nonphysiological
concentrations of thisubstance occuiThus, the resistance to different concentrations of
ammoniawas verified.The dotained results showed that both genetically modified cell lines
were characterizeoly greaer cell viability and metabolic activityhantheir parental C3A cells,
indicating that they are less proneammoniainduced oxidative/nitrosave stressThe most
essential result concertige functionality ofthe urea cycle. Previously, urea formation was
measured only in cell lysates. However, knowing that urea is efficiently transported outside the
cell, its content in postulture medium wsalso checkedlhe @nducted experiments revealed

that the highest urea contentpastculture medium was observed tbenewC3A _AO_P2A
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cells. In turn, inthe case of cell lysates, thgreaest amount ofurea was produced by
C3A_AO_llI cells, indicatiig that this metabolite accumulatmside the cell and that the
process of active urea transport might berugited. Nonethelessthe conducted research
showed thathe C3A_AO_P2A cell line produces urea more effectively ttinother analyzed
cell lines.Moreover,the obtained results proved that genetic modification of C3A cells with
self-prepared lentiviral vectors was successful and &tar the restoration aheurea cycle.

A comparison of cellperformanceunder flow conditions was conducted ugira
self-constructed system for dynamic cell culture, which consists inter ahsself-prepared
hollow fiber bioreactor (culture modulélhe performed experiments showed that all analyzed
cell lines were characterized by higher albumin secréti@anthe corresponding static controls.
The dbtained results indicated thdynamic culture constitutesmore efficient type of culture
and ensures betteonditions for cell growth. Moreover, the newly established C3A_AO_P2A
cells were characterized by thesbeell performancanderflow conditions among all analyzed
cell lines, especially iterms ofalbumin secretion, indicating that they could be considered a
valuable source of celfsr use in bioartificial liver devices.

In summary genetic modificatiof C3A cells performed with the use of sptepared
lentiviral vectors, ensuretthe stable integration of additional copiestbé hARGland IOTC
genes into thirgenome and allowed the establishmerarmméw cell line named C3A_AO_P2A.
Comparedwith ther parental C3A cellsthe newly developed cell line exhibits improved cell
performance(e.g, albumin synthesisunder both static and dynamiculture conditions
Moreover, they are characterized by increased resistamigher concentrations of ammonia
Nevertheless, the most essential achievement concerns the increased ability of C3A_AO_P2A
cells to produce urea. It is worth emphasizing the importaribeobnducted research because
in my opinion,the aforementioned features allow for considering thilization of the newly
established C3A_AO_P2A cell line as a biological component in improved bioartificial liver
devices. Their potential application in such devices might improve the effectiveness of
supportingliver failure and as a resujtbe benécial for patients increasing their chance of

survival.
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Streszczenie

Choroby swhthaobedhsN edn N z najczfistszych przyc
l ch Smi®zaelbijn2nfibiyn z gaoozniew zwi Nzku z powyUszy
sN Izabagl ny problem zdr owi a,bezp b Hd j ailmowiedgego. Chor
leczeniamogN prowadzi [ tegmorganuVé-wycdzpaesd, gy B8li skut eczn N
j est pr z e s.zNiestetyn an awi ziNgRzZicgemiemstosowania tego rodzaju
leczenigj e st ¢ hr o n iodpawiegnichil ia evad o v r W roczaie unierd oakco geo
10% pacgemdkw Naoywmmsphant acji wNtroby. Maj Nc
rozpocznl. prace n a d ekspeoysientalkychmetod i lezz@nia Aub wy ¢ h
wspomagani a funkcjonowani a ni ewy adl neyro- Uma
przesz z e p hepat oejb biesztuczs gystamc wspomagaia wNt y orde
wykorzystanie technilo part ych na nar zidz(nm decelularyztivamai er i i
w Nt r, 8Dbhkdodruk, organoidy itp.). Niemniej jednaliiosztuczne systemy wspomagania
wNa by wydbayjhfaj diaff dzi ejehgbi gdowBceaer zNdzenia s
pomost owN dl| ap oplldecgpsgomaganiu pracy niewydolnego orgaouczasu
jego przeszczepienia lubegeneracjiPr zewagN bi osztucznych syste
obecnoSi komponentu bi ol ogicznego, kt -rego
bi osyntetycznych i regulacyjnych funkcji w N
zdolnejedynied 0 ws pomagania proces-w detoksykacyjny

Najleps2 T r o dkjo m- r e kzastabawania jako biologiczny komponent
w biosztucznych systemach wspomagastiaa n olwdzkil hepatocytyP o mi mo t eg o, 0
uznawane za zgoty standard, ich wykorzystani
Hepatocyty, kom-r ki pweydsnoi cNec e z rs-plenciycf o weaznnee if u
wwarunkactexvivos zybko ul egaj N odr-Unicowaniu, co sk
tych funkcji. W zwiNzku z powyUszym, rozpo
kom-r ekmo gkjty-brye st alnwdvda Ki cnho dled pat ocyt - w. Jedn
model i jest | i wyprawadzonm- rl kiadwe&k i @A raka WwWNtr oboc
Badania pekaowjoNwoldewe kom-rki welkai Nj Mippdkd:
funkcje fizjologiczne (np. wydzielanieluminy) parenchymalnyctk o m- wB&kr o b.owy c h
Ponadto Ilhnib@3rAkicharakteryzuj N driifleogzwahbhk Nz op
dost npnbBEN NstabilnoSci N genetyczinMNaggysil nN
wymaganiami hodowlanymiCo istotne,ni e znggjoB8adnych zastrzeUe
w  z wi Ikawykorzystanienklinicznym. Obecnie] i ni a k o m- r dowseeahni€3 A | e

14



stosowana w badaniach dotyczNcych oceny toks
nowych | eikngleijnCa W C8A, jaki jedyra linia nowotworowaz ost a g a
wykorzystana jakdiologiczny komponentv systemieELAD, najbardziej zaawansowanym
urzNdzeniu wSr-d bi os zniawdNz ywydyd oryastje dowtwerpa
badlalE ni ¢z ny dii .C3AKchanaktey kiuj N sifn jednak pewnymi
dysfunkcjami, z czego naj bar deimmmagjitoks\gznegb na | e
amoniaku. Wynika to z niefunkcjonalnego cyklu mocznikowego spowodowanejest
brakiemlubn i s k N ealesip rwe sajr(BRIGH idrangkarbarylazy ornitynowej(OTC),

k o dayghBnzymyz aangaUowane.Bwot &l pooovess ystko pod
przypuszczal, i 0 dysfunkcja cyklu mocznikow
ni epowodzenia badaEakl iemi cszyrsytcehmuz EWAWIDO r zpysti
detoksykacja amoniaku jest kluczgn elementenv terapachc hor - b wNt r oby .

W zwi Nzku z powyUszym, celem mojej pracy
genetyczni e zmodyfi kowanej i nii egoo m- r ko
z przywr-conym cyklem mocznlegszefwry md g ktk om- rmeok
zastosowania wW biosztucznych systemach wspo
przeprowadzono z wykorzystani em samodzi e
lentiwirusowychWpr owadzone zmiany ( pl azdodattowdgenpnsf er .
pod kontrol N ,sidealeglc jpa oanottybiaot ykowa) pozwo
kom-rkowej , nazwanej C3A_AO_P2A, skgadaj Nc
zmodyfikowanych genetyaie. Skut eczno Si przeprowadzone] 11
potwierdzono zabNAn¢i naegoacjoami er ans,gagn- w d
i biagkowym, st os-gPCRicWesteancbio® a H & n P& Ravry d&Rdz Md N
nadekspr esARGLI DgGorwaz odpowi adaj Ncych im bia:
C3A_AO_P2A w iochrniesnmmodyfikbwangni genetycznie odpowiedrakni.

Ponadto nie zaobserwowance g at ywnego wpgywu przeprowadzon

na morfologin | Dywmhhodkt kroynstryeknn funkcj o
k o m- r jkGBAv AO_P2A przeprowadzono w warunkabtlodowli p § a s $tatyczhych

i dynamicznych3D, zaS uzyskane rezultaty por . -wnywar
wyj Sci owej I i nii kom-r kowei CEA:- riek pgpmneeé
zmodyfikowanych i C3 A_AO_11 1, kt-ra stanowi mi es z
niezmodyfi kowanych, kom-rek wykazuj Ncych eks
stransdukowanych obydwoma brakuj Ncymi genami
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Badania przeprowadzone w hodow st at ycznej potwierdzigy,
kom-rkowa C3A_AO_P2A syntetyzuje albuminn, g
na poziomie podobnym do swoich niemodyfi kow
potwierdzono jednak wzrostu wydzielanice go bi agka w takim samym s
kom-rek | inidi C3AzA®Ddano .t Dloslyme kmwowpgdgyw amo
kom-rek i ich aktywnoSi metabolicznN, poniew
wNt r obowyacjhNcychir baont &kwyase jiigorutjaN, ni ef i zj ol ogi
substancji. W zwi Nzku z powyUszym, sprawdzo
amoni aku. Uzyskane wyni ki wykazagy, Ue obie
charakteryzowadpt rso $iciwy UiszBEktOywnoSci N met al
zkonmkami wyj Scil o weé ji C3A, co wskazuje, Ue sN
oksydacyjny/nitrozacyjny indukowany amoniakiexha j wa Uni ej szy wyni k nin
doktorskiej dotyczy oceny funkcjonanS c i cyklu nDmtychazds,k d voeSd o .
wyprodulowanegomo c zni ka mierzono tyl kMajwNd i zadmak
uwadze, Ue mocznik jest aktywnile Stir anesgpo rntead ve
byga r - wniw U onipewodoedareg . Pr zeprowadzone doSwi ¢
Ue najwinkszN zawartoSci N mocznika w poUywec:
i nii C3A_AO_P2A. Z kol ei, w pr zypractziika | i z at
zostaga wykryta,owwdkizruijie, C3e_ A tlalblol it ten k
kom-rek. MoUe to byl spowodowane zak@-conym
Niemniej jednak, przeprowadzoreadani a wykazagy, Ue |inia ki

produkug mocznik bardzieje f e k t y wn iset argieU | g sz @aterk, azyskanek o we .

wy ni ki pot wierdzaj N, Ue przeprowadzona mod
samodzielnie przygotowanymi wektor ami l ent
i pozwoli ga na przywr - -cenkoeega. m funkcjonal neg

Ocena funkcjonalnoSci nowej linii kom-rko

przeprowadzona przy uUyciu samodzielnie skon

na kt-ry skgada sin mindzy innymiment@mano dzi el r
kapil ar nymi ( modug hodowl any) . Przeprowadzo
anal i zowane linie kom-r kwivd k szloammrNak s e k y 2 0 v Bl

w por - wodpowiedaNkontrolNstatyczN Uzyskane wyniHodowlpot wi e
dynamiczna3D stanowi bardziej wydajny typodowli i zapewnia lepsze warunki do wzrostu
kom: rSeekwi erdzononowwnio@U,ac &dwan a i ni a kom- r

charakteryzowaga sin najl epszN funkcjonal no
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wszystkich aal i zowanych i nii kom-rkowych, zwgas
wskazuj e, Ue moUna jN uznal =za <cenne alter
w urzNdzeniach typu biosztuczna wNtroba.
Podsumowuj Nc, modyfi kacja genedzong przya ko m
uUyciu samodzielnie przygotowanych wektor - -w
dodat kowyc hhAR@LphOTCdgencw genomu i pozwoliga n
kom- rkoweC3&A_ AODz W2A. Nowo opr acoawarka elriyrziug ek
| epsz N f un Knp.jsyntezalalhumi®y) v Nobydwu analizowanych warunkach
hodowlanych hodowl i pgaski ej st amédium,z2vn egori- w8 ®n iw
z wyj SciowdmirkiiNIChA.iwyGRak udkiRidink sz o milNo & d
na wysokie st iNigmenejjednalo mpwa&dkiuej szym osi Ngnin
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1. Literature review
1.1 Liver anatomy and physiology

The liver is @& essential organ witla remarkable ability to regeree. The liver is
responsible for performingiore tharb00 vital functionssuch asletoxification of xenobiotics,
neutralization of toxins, and regulation tie immune response. It alsparticipatesin
maintaining homeostasis, regufagiblood pHand thesynthesis and release of hormones. The
liver is called the metabolic center because it is involved in the storage of energy and nutrients
(glycogen, vitamins, iron)the metabolism of lipids, amino acids and carbohydrathe
synthesis of protein@ndtheformation of bile andurea Kmi e , 2001 ; Mul ai ka
2012) The majority ofthesefunctions are performed by parenchymal célleepatocytes.

These cellconstitue 60% of all liver cells and 80% tifetotal liver mass. The remaining 40%
arenonparenchymatells, which include the following cell types: hepatic stellate cells (HSCs),
liver sinusoidal endothelial cells (LSECs), cholangiocytes (biliary epithelials)cel
macrophages (Kupffer cells), immune cells (natural killer cells, lymphocytes, monocytes,
neutrophils) or progenitors. The presencenohparenchymactells is vital because they
cooperate with hepatocytes and regulate each other directly (heteraitgraciions) or
indirectly (throughcytokine/growth factorsecretion). For example, they are engaged in
selective transport between blood and parenchymal cells (LSECs) or endocytosis/phagocytosis
(Kupffer cells)(Dammet al, 2013; Godoet al, 2013)

The liver is located in the superior right quadrant of the abdomen. It consists of two
main lobes (right and left), whicheadivided into eight segments. The basic anatomical unit is
ahexagonallyshaped structure call¢lelobule. It is characterized by the presenca oéntral
vein in the middle of the unit and portal triads located at the corners. Each portal triacsesmpri
the bile duct, hepatic artery, and portal veiioreover the structure othe lobule includes
sinusoids, which are fenestrated capillaries enabling contact between hepatocytes and the blood.
Interestingly, the whole liver isomposef goproximatelyone million lobulegAbdelMisih
and Bloomston, 2010; Mahadevan, 2028) schematic view ofthe liver architecture is

presented belowF{gurel).
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Figure 1. Liver structure 1 schematic view of the liver lobule Created with BioRender.com.

The acinuswhich represents the smallest functional unit of the liver, constitutes the area
of parenchymal cells distributed along the radial afishe lobule and supplied by afferg
blood vessels frortheportal triad Blood from the hepatic artery, which is rich in oxygen, flows
toward the central vein, the space vitik poorest oxygenation. Thus, different concentrations
of oxygen withinthe acinus are observed. This phenomensntermed liver zonation.
Depending ortheoxygen supplytheacinus is divided into three zonemmely, theeriportal,
mid-lobular, and pericentradones where different metabolic functions occur. For example,
hepatocytes in the periportal zone (thstlexygenatedong are responsible for energetically
demanding processes such as gluconeogenesis, urea syatitgsistein secretion. In turn,
parenchymal cells in the pericentral zone (the poorest oxygenrate® paricipate n
xenobioticdetoxificaton, glycolysis or bile acid formatiofCunningham and Por&hliom,
2021; Manco and ltzkatz, 2021) A schematic view of liver zonation is presented below
(Figure2).
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Figure 2. Liver zonation. The scheme presents three different zones in thedsiauswith
various oxygen concentrations Depending on the oxygen tension, different hsggecific
functions are performed. Created with BioRender.com.

The dimination of ammonia, which is formed during the metabolism of amino acids
and other nitrogenous compounds, is one of the most important-§igecific functions.
Becausemmoniaathigherconcentrations is toxic, it should be successively removed from the
body. Persistently high concentrations of this compound in the blood (hyperammonemia),
especially during liver diseases, can lead to hepatic encephalopathy (impairment of the central
nerwus system) and ultimately death. Ammonia detoxification occurs through two different
pathways. At first, the hepatocytes in the periportal zone convert ammonia into urea (through
multiple enzymatic reactions), whichttsen eliminatedn theurine. This pocess is known as
the urea cycle. In turn, uncaptured ammonia compoundsnatabolizedto glutamine by
hepatocytes in the pericentral zone. The urea cycle consists of two mitochondrial and three
cytosolic enzymatic reactions. The conversion of ammonilacarbonatento carbamoyl
phosphate ishefirst step of this cycle and is catalyzed by carbamoyl phosphate synthetase 1
(CPS1). Then, carbamoyl phosphate and ornithine are transformed into citrulline in the presence
of ornithine transcarbamylase (OTQubsequently, citrulline is transported to the cytoplasm
and with aspartate is converted into arginosuccinate by arginosuccinate synthetase (ASS).
Further, arginosuccinate is transformed into arginine and fumarate in the presence of
argininosuccinate lyse (ASL). The last step of the urea cycle is catalyzed by argifassall)

and during thisprocess arginine is converted into urea and ornitMeght et al, 2011,
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Braissant, McLin and Cudalbu, 2013)he schemtic pictureof the urea cycle is presented

below Figure3).
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Figure 3. The scheme of theurea cycle. Created with BioRender.com. Abbreviations:
ARG1 i1 arginase 1; ASL- argininosuccinate lyaseASS - arginosuccinate synthetase
CPS1- carbamoyl phosphate synthetas@®I C - ornithine transcarbamylase.

Fumarate

1.2 Liver diseasesnd their causes

The main causes and risk factors for liver diseases are viral infections, obesity, excessive
consumption of drugs (e,qacetaminophen) or alcohol (arcombination of both), poisoning
with toxic substances (e,gphallotoxins), and mebmlic orautoimmunedisordergBlachieret
al., 2013; Melaram, 2021Among the most common liver diseases are cirrhosis, liver cancer
(especially human hepatocellular carcinoma, HCC), aleabsbciated liver dease (AALD),
nonalcoholicfatty liver disease (NAFLD)nonalcoholicsteatohepatitis (NASH), autoimmune
or viral hepatitis (A, B, C, D, E), and drigduced liver injury (DILI). According to the
literature, liver cirrhosis and hepatocellular carcinomachegacterized by the highest global
mortality, which makes these diseases the 11th and 16th most common causes of death,
respectively(Asraniet al, 2019) Notably, the newest report revealed that Islenic disease
andcirrhosis jumped into 9thlacein this rankingn the USA(Xu et al, 2022).

The aforementionediseases lead tovir impairment, whicltan occuras acute liver
disease or chronic liver disease. Currently, viral hepatitis is the major factor responsible for the
morbidity of acute liver disease. In the case of chronic liver disease, the main causes are
excessive consuption of alcohol and viral hepatit{gsraniet al, 2019) Worryingly, in 2016,
the prevalence of chronic liver diseases in Eukeag approximatel$4 million (Pimpinet al,

2018) In turn, the latest report shows thidéie number ofcases of chronic liver disease
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worldwide was estimated at 1.5 billionMoon, Singal and Tapper, 2020 is worth
emphasizing that chronic liver dis®s represent a major global public health problem causing
approximately2 million deathsaannually(Marcellin and Kutala, 2018)

Without proper treatment, further pathological changes in the liver may occuyr (e.g.
reorganization of the cellulatructure) which canultimatelylead tothe development of acute
liver failure (ALF) or chronic liver failure (CLF). These processes are accompanied by different
pathological liver stagesuch as fatty liver, liver fibrosis, liver cirrhosis or canceg.(e
hepatocellular carcinomg}errell, 2000) The pathology ofthe liver is presented below
(Figure4).

Normal liver \

ﬁ?

Liver with hepatocelullar Fibrotic liver
carcinoma (HCC)

Figure 4. Liver pathology. The dfferent stages of livepatholog: fatty liver, fibrotic liver,
liver with hepatocellular carcinoma (HCC), and liver cirrhosis. Created with BioRender.com.
When liver failure(LF) occurs, this organ is not able to perfataffunctions properly.
Depending on the cause, this process can develop slowly or rapsijting in CLF and\LF,
respectively. ALF occursrarely and without the previous presence of any liver disease. It
usually results from acetaminophen overdosing, viral hepatitis, poisoning (toxin from
mushroom} or certain metaboliadisorders(e.g, Wi | sonés di sease). ALF
quickly, with a mortality rategreater tharb0%. In some cases, treatment with matians is
possible however patientsoften need urgent liver transplantati@ernal and Wendon, 2013)
CLF, the most common type of liver failure, progresses over months or years. CLF is often the
result of cirrhosis, which may be caused by hepatitis infection, heavy alcohol intake or obesity.
Due to the presence tfese damagindactors, scar tissue is formed, which replaces healthy
liver tissue. This processksiown adibrosis and it has developed very slowly for many years.
Finally, when the whole liver is scared, it shrinks draddens, whichis called cirrhosis.
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Unfortunately, this process is irreversible. CLF is regarded as astagel liver disease, which

is the final stage of liver failure. In this case, the only effective treatment is liver transplantation
(Heidelbaugh and Bruderly, 2006ometimes, patients suffering from CLF may experience
sudden worsening of ler function This rapid progression of liver failure ¢slledacuteon-
chronic liver failure (ACLF) and it usuallyresultsfrom complications of cirrhosis due to
unexpected infections or alcoholic hepatitis. ACLF is characterized by single or mulgafe or
failure and intense systemic inflammatidts.mortality rate reaches over 15%nd againonly

liver transplantation could be beneficial fmatientrecovery(Kumar, Mehta and Jalan, 2020)

1.3 Methods for the treament of impaired liver
1.3.1 Liver transplantation

The first successful orthotropic liver transplantation was conducted in ,186d
currently it is the only longterm cure for patients suffering from liver failuf8tarzlet al,
1968) Despite the fact that many obstacles concertimggwhole procedure have been
overcome over the years, there are still some challgahgéscientisthave toaddressLiver
transplantation is an expensive therapgt requireslife-long immunosuppressive therapy.
Unfortunately, patients often struggle witte side effects of taking immunosuppressive drugs
for a long time.Moreover organ rejection anthe risk of postoperative complicatiorese
possible.Scientistshawe alsobeenconfronted with issues concerning the development of
appropriate donerecipient matching systems and organ preservation techniques,emsiate
theirgood qualitY Davi es and Bafaetals, 2P055; MPatale b We ki
2015) Interestingly, instead of organ preservation ugimgstatic cold storage methothe
utilization of dynamic strategies.e., liver pefusion machineshas recently gained much
attention. The advantage$these methodsver standardéechniqueare as followsthe ability
to assess organ viabilitgmelioration of organ ischemic injury during procurempralonged
storage time, andninimization of the risk of injury during storage. Currently, two liver
perfusion machines (OrganOx metra System; OCS liver system) have been approved for
clinical use bytheFood and Drug Administration (FDANasrallaet al, 2018; Schlegett al,
2023)

However, the main limitation of liver transplantatiornhisinsufficient number of organ
donors compared to the increasing number of patientiseamaiting list. According to th&$S
Organ Pocurement and Transplantation Network in 202@re than 1500 patients were

waiting for liver transplantation, while the number of conducted transplants was @88 8
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Notwithstanding, almost Q00 patients fromthe waiting list died, which constitutes
approximatelyl0% of candidates frorihe waiting list (Kwong et al, 2022) Corsidering the
problems associateslith liver donor shortageseveral promising therapiagnedat bridging

the time until organ transplantation or regeneration have been developed in recent years.

1.3.2Experimental srategiesfor supporting liver failure

As mentioned above, orthotropic liver transplantatiocusently the only effective
medical solution for the treatment of esiige liver diseases. Nevertheless, the great limitation,
which is insufficient organ availabilityhas encouragedcientiststo search for new
experimentatherapiesasimedat supportindiver failure. Among them he most promising are
liver support systems (LSS) and cell therapgpatocyteransplantation). Apart from these
well-known techniques, strategies connected with ¢issmgineering technologies (3D
bioprinting, organ decellularization) are still being develof#iduecker, Raschzok and Sauer,
2014; Pluteet al, 2021) A literaturereview concerningxperimental strategies for suppogtin

liverfailureis presented in the sections below.

1.3.2.1Cell therapy i hepatocytetransplantation

Human hepatocyt&ransplantation was conducted for the first time in 1992 in Japan
(Mito, Kusano and Kawaura, 1992)he whole procedure is simpléess expensivand less
invasive than orthotropic liver transplantation. Human hepatocytes are usually isolated from
livers rejected for transplantation or from resected liver fragments. Importengiynsure a
therapeutic effectthey should not be transplanted later than 24 hours after isolatidrthe
number of transplanted cells should replae&5% of the total liver mass.Transplantation
occurs by infusiomnto the liverviathe portal vein. Cells can also be injected ittte spleen or
peritoneal cavity, fromwhich they migrate to the liver. The main advantagehepatocyte
transplantation is that even partial cell replacement is beneficidhémestoration of liver
functionality. Moreover if needed, multipletransplatations from one donor can occur.
Additionally, isolated cells can be cryopreserved until theg issnecessary. The great
limitations of this methodare related tothe lack of appropriate donors, rapial vitro
dedifferentiation of human parenchymal seland risk of rejection of transplanted cells.
Moreover, cryopreservation can affect cell viabjlignd the optimaimmunosuppressive
therapy has noyet been establishe(Dhawanet al, 2010; Fox, 2014; Forbes, Gupta and
Dhawan, 2015; Ibaret al, 2016) According to the literature, clinical trials have shown that

hepatocytdransplantation is beneficiédr the treatment of vari@imetabolic liver disorders
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especially urea cycle defects. Unfortunately, clinical investigatbpatients suffering from
acute liver failure or chronic liver disease have not yielded satisfactory r@ankanteet al,
2018; Miki, 2019)

1.3.2.2Bioengineered liveri utilization of tissue engineering techniques

Recently, to fulfill the unmet need for goodality liver donors, the concept of creating
bioengineered organs has gained much interest. The two most promising approaches to design
liver grafts are based on 3D bioprinting and organ decellularizatiorideceation
techniques. The statd-theart of the development of bioengineered liver usitg

aforementioned methods is described below.

Organ decellularization and recellularization

Whole organ decellularization ainte obtainan acellular scaffolavith retained native
vascular networks and extracellular matrix (ECM) composition. The preservation of native
ECM integrity (protein content, 3D structure, biochemical and biophysical properties) is
essential for further cell attachment, survival and feddtion. In turn, retained vascular
networks supply seeded cells with oxygen and nutriéHtbebrandt et al, 2019) The
decellularization process is usually carried out whth tise of three different types of agents,
which are classifiedschemical (e.g.acids/bases; detergents; hypotonic/hypertonic solutions),
biological (e.g. enzymes; chelating agents); physical (e.g.temperature’ freezing and
thawing).To improve the success afecellularization procedure, scientists frequently combine
the aforementioned agents. The perfusion of biological and chemical agents is typically
performed viathe portal vein (antegrade perfusion) or hepatic artery (retrograde perfusion)
(Gilbert, Sellaro and Badylak, 2006)

To evalate theeffectiveness othe decellularization process, analysis of residual
cellular materiamustbe performedBecauséhis procedure does not allow for eliminating all
cell material, the criteria for minimal residual cell content were established, Thavoid
adverse host responses and problemsiwitiitro cytocompatibility, such decellularized ECM
shouldhave novisible nuclear componentsontainless tharb0 ngof DNA/mg of tissue and
DNA fragments should not be longer than 2@8e pairl§p). Moreover the preservation dhe
appropriate ECM composition and architecture (structural and vascular) also indicates
successful decellularizatiolheseaforementioned parameters are usually evaluated using
microscopic techniques. Before implantationi( vitro usage), such decellularized EGMist

besterilizedto remove endotoxinsndviral and bacterial DNA. The most common procedures
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are basedn incubation with chemical substances (eagids and solvents), exposure to
ethylene oxide, and gamma @ectron beam irradiatiofCrapo, Gilbert and Badylak, 2011)
Some successful protocdisr whole liver decellularizatiohave been reported in the literature
For exanple, SoteGutierrez et al. successfully decellularized whole rat liver by retrograde
perfusion usinga combination of physical (freeziAtpawing step), biological (enzymes), and
chemical (detergents) ageri@otoGutierrezet al, 2011) In turn, Baptista et al. achievéue
decellularization of wholévers obtained from several animals (mouse, rat, ferret, rabbit, and
pig). In general, they perfused organs through the portal vein using only chemical agents, but
in some casethey adjusted the protocol to the sizéhaliver of theanalyzed specig8aptista

et al, 2011) Interestingly, Mazza et al. reported successful decellularization of whole human
liver. The procedure was conducted by retrograde perfusion with the combinatiariroke

types of aforementioned ants. Decellularization ofhe whole human liver was achieved
within six weekgMazzaet al,, 2015) Each protocol ensured the preservation of intact vascular
and structural liver architecture aathck of visible nuclear content.

The recellularizatiomprocess aimgo repopulatedecellularized ECM scaffosdwith
liver-specific cell types or stem celig obtainfunctional liver grafs. This procedure usually
occurs viathe portal vein or hepatic artefVanget al, 2017) Several studies have reported
successful repopulation with parenchymal liver cedlg ( primary hepatocytehepatocyte
like cells) and endothelial cells, which are necessary for recapitulating the vascular network
(Park et al, 2016; Zhouet al, 2016; Kojimaet al, 2018) Fa example, Robertson et al.
achieved successful liver recellularization, which specific functions, @rgg detoxification
andalbumin secretionjveremaintainedn vitro for 28 daygRobertsoret al, 2018) In turn,

Yang et al. reportethe implantation of epopulated livegrafts which survived for 40 days.
Although promising resultisave been obtainerkconstitution of the functionality dfebiliary

system remains the greatest challenge in liver bioenginggfanget al, 2018)

3D bioprinting

The 3D bioprinting technique is regarded as a very promising tool for organ fabrication.
It utilizes 3D inkjet printers, which precisely, in a |lay®rlayer manner, manufacture
functional liver scaffolds compodeof bioinks, which in turn are made of live cells,
biomaterials, and biochemicals (j.growth factors). Using bioinks and compuétded models
of liver structure, there is a high possibilay creatingorgansthat are identical tahosethat
occur naurally. Moreover, 3D bioprinting enabldble control of various mechanical and

biological parameters (e,gsize, porosity, strength{Kryou et al, 2019) However, the
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fabrication of liver vascalr networksis still very challengingLewis and Shia, 2016) 3D
bioprinting utilizes one of the following technologies: laassisted bioprinting, inkjdiased
bioprinting, extrusiorbased bioprinting, stereolithography or microvabased bioprinting.

All of the aforementioned methods haaelvantages ahdrawbacks, but extrusidmsed
techniques havieeen widely used, especially for fabricating scaffolds with living cells. During
this processmultiple biomaterials with different cell types can be useldich enablesthe
creation ofheterogeneouscaffolds with the simultaneougpreservation of high cell viability
(Liu et al, 2018)

Thechoice of bioink is aessential aspect of 3D bioprinting. As mentioned apibve
composed of living cells and surrounding hydrogel biomateldally, the bioink should
containa source of parenchymal liver celispnparenchymdiver cells and endbelial cells
necessary for building the vascular netwdr&.date several attempts with the following cell
types or their combinati@have been reportegharenchymal cellsprimary human, raand
mouse hepatocytes, hepatoelke cells or human hepateltular cell lines (i.e.C3A, HepG2,
HepaRG, Huh7)nonparenchymatells: hepatic stellate cells, fibroblasts or Kupffer cells; and
component of vascular treduman umbilical vein endothelial cells (HUVECS). The main role
of hydrogel biomaterialsis to ensurean appropriate environment for cells. It is vital for
hydrogels to have good mechanical properties, especially stiffness, which is responsible for
maintaining the whole structure. Moreoviére chosen hydrogel should be biocompativléh
cells to ensure their proper functionality. Among the most commonly used hydrogels are
alginate, collagen, gelatin, and decellularized ECM. Very rasghthetic polymerge.g,
polyethylene glycolareutilized. According to the literaturebetter results were olme@dwhen
acombination of different hydrogels was ugéth et al, 2020; Gupta and Bit, 2022)

To datemanyscientists have reported studies concerning 3D bioprinting of liver tissue
using different types of cells, hydrogels, and printing techniques. For example, Nguyen et al.
created a mini liver tissue utilizing human hepatocytes, hepatic stellate cellsUAEEICs
using the extrusiorbased bioprinting method. Moreover, they used as a componehé of
bioink NovoGel 2.0 hydrogel manufactured by Organdvell viability up to 4 weeks was
achievedMoreover during this timehigher albumin synthesis and cytochre P450 activity
wereobserveccompared tadhe monolayer contro{Nguyenet al, 2016; Noronat al, 2016)

In turn, theMazzocchigroup developed bioink composed of human hepatocytes, hepatic
stellate cells, and hydrogel made of methacrylated collagen type | and thiolated hyaluronic
acid. After printing usingheextrusionbased methgdheobtained liver tissue remained viable

for more than twaveeks. Additionally, during this timeells performed their specific functions
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T albumin and urea secretion addig detoxification(Mazzocchiet al, 2018) Interestingly,
Lee et al. proposed a hydrogel made of porcine decellularized ECM with the addigon of
synthetic polymer (i.e.polycapolactone), which supportethe maintenance otthe 3D
structure. Ascellular components, thdepG2 cell line and mesenchymal stem cells derived
from human bonenarrow were utilized. For the creationtbéliver tissue modeknextrusion
based printing hnique was used. The obtained liver tissue was characterizedrbgsed
expression of liverelated genes and higher albumin and urea synthesis comp#reddotrol
liver tissuecreated with collagen bioinft.eeet al, 2017)

Currently 3D bioprinted liver tissue models are efig applied in drug screening
studies, liver diseasenodeling andmicrofluidics liveron-chip platforms. Microfluidic
platforms are very useful tools because they entd@denimicking of dynamic and native
cellular environment. Thus, livema-chip platfams can provide information about tissue
responses afteexposureto variousconditionsand hence could be widely used dinug
development. However, some challenges (@agcularizatiorissues and theomposition of
the biomaterial)mustbe overcome befe obtaining a brioprinted functional liv@eydariet
al., 2022)

1.3.2.3Liver Support Systems (LSS)

Anothersubstitutive treatment for patients suffering from liver failigrine useof liver
support systems. These hybrid devices are regarded as bridging therapy for patients waiting for
liver transplantation (bridgto-transplant) or untilregeneration (bridgeo-recovery). They
were divided into two groups: artificial liver support systems (AL&]) bioartificial liver
support systems (BLSS). Both systems utilize filtration, dialysis, perfusion, and adsorption
techniques to remove toxins from thethaati en:
ALSS replace is detoxification, while BLSS aable to supporadditionally metabolic and
synthetic processes due to the presence of biolaghoahoneninside the bioreactdt.aleman
eta, 2006; Gar c?2a Mar tTPheceazactarinaton & these gxteatorpareal 2 0 1
devices, their clinical applicatiprand the challengesassociatedwith their utilization are

described in the section below.

1.3.2.3.1Atrtificial Liv er Support Systems (ALSS)

The mechanisnof action of ALSS is based on the capaatyalbuminto bind toxins.
The detoxificatiomprocess occurs through albumin dialysis or plasma separation and filtration.

These methods enallee removal ofoxinsboundto albumin and substances soluble in water
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(urea, ammonia, creatinine, cytokines). According to the literature, ALSS are used as bridging
therapies for patients suffering from acute liver failure (ALF) or aoatehronic liver failure
(ACLF). Moreover, tlese devices are also utilized after liver transplantation as a tredtment
liver failure occurred due to the lack or poor functionality of ligeafts Many clinical studies
indicate that ALSS are beneficial because they have an impdoe onprovemen of hepatic
encephalopathy, jaundice, and hemodynamic instability #vel reduction of portal
hypertension and intracranial pressure. Nonetheless, improvemepatientsurvival after
therapy with ALSS devicelsave not beendocumentedNevens and Laleman, 20123mong
ALSS, we can highlight the following devicegie Molecular Adsorbent Recirculating System
(MARS) (Stangeet al, 1993) the Fractionated Plasma Sep@wa and Adsorption system
(FPSA; Prometheus syster(ffalkenhageret al, 1999) the SinglePass Albumin Dialysis
system (SPADJ]Seigeet al, 1999) the Selective Plasma Filtration Therapy (SEPERpzga

et al, 2006) andthe ADVanced Organ Support (ADVOSAI-Chalabiet al, 2013) The
principle of action and clinical trials concernitige abovementionedystemare descrbed
below.

Molecular Adsorbent Recirculating System (MARS)

MARS, which is the most extensively studied device among artificial liver support
systems was developed by Stange et al. in 19S8&ngeet al, 1993) It consists of three
compartment$ a blood circuit, an albumin circuit, and a dialysate cirdtitst, t he pati er
blood passes through the hollow fiber module nathedMARS Flux dalyzer. The module
contains polysulfone capillary membranes (vathore size of 50 kDa), which are coated with
albumin.Thereforethe membranes can transiently absorb toxinsfitep at i ent 6 s bl oo
elimination of toxinsboundto fibers occurs thragh diffusion. Then, they are successively
collected by dialysate fluid enriched in higbncentration®f human albumin. After that, the
solution rich in toxins passes throutyte dialysate circuit, where the clearance of substances
soluble in wateoccurs Finally, the albuminboundtoxins are removedhile passing through
the adsorber columns with aniggxchange resin and activated charcoal. In this way,
regeneration of albumin occurs, whishthenable tobind thenext portion of toxins fromthe
patienb s  b(Stangedt al, 1999; Mitzneret al, 2001; Mitzner, 2011)The scheme dahe
MARS principle of action is presented in tiigure below Figureb).
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Figure 5. Scheme of theViolecular Adsorbent Recirculating System (MARS)Created with
BioRender.com.

MARS is the most widely studied device among artificial liver support sysientate,
many case studiesand reports about controlled/uncontrolled, prospective/retrospective,
randomized aaor multicenter clinical trials have been published. In this literature rethew
descriptionof studies concerninthe safety and efficacy of MARS device wilke restricted to
reports from controlled, randomized, multicenter, and prospective clinial tnthe case of
patients suffering from acute liver failure (ALFdnly one clinical trialthat met the
abovementionedonditions was found. The study included 102 participants from 16 different
transplantation centers in France. The patients witlr Alere divided into two groups:
49 patientsunderwentonly standard medical therapfdefined asa standard procedure
applicablefor a given disease entjtywhile 53 patients were treatextiditionally with the
MARS device(usually 1 session with MARSwhich the median duration was 7.5otrs.
Moreover the patients were stratifiedccording to whetherALF was induced by
acetaminophen. The results tbie clinical trial showed no significant regression of hepatic
encephalopathy after bridging therapy with R8. Moreoverthe primary endpoint of the
study, i.e, the é&month overall survival rate was not significantly improved compared to
standard medical therap84.9% versus 75.5%)Unfortunately, no definitive conclusions
concerningthe safety and efficacyf the MARS system could be drawn becausdh&very
short time between randomization and liver transplantation. For example, 14 deabierttse

group treated with MARS underwent orthotropic transplantation without any session or after
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only ashortsesfon. Therefore, the authors concluded ttietconducted clinical trial did not
provide information orwhether MARS treatment wdruly beneficial for patient¢Salibaet

al., 2013) Another clinical triainvolved 149 participants suffering froacuteon-chronic liver
failure (ACLF). Eighty twopatientsreceivedstandard medical therapy, whereas the remaining
67 patientsaadditionallyunderwentreatment witithe MARS device.Despite the fact thahe
3-year suvival rate increased after treatment witle MARS device(compared to the control
group) thepatientrandomization was inadequatbus, appropriate conclusions could not be
drawn. Moreoverno comparison between biochemical parameters made Instead,the
authors paid more attentionassessinthe costeffectiveness of MARS theragjiflessekt al,

2010) To datethe largest controlled, randomized, prospective, and multicenter clinical trial on
patients suffang from ACLFhas beemperformed byheBa §far es group At he
total of 156 participants from different centers in Eurggedivided into two groupsEighty

five patients underwent standard medical therapy, wHilpatients were treateatditionally

with the MARS device(a maximum of10 sessions for-8 hoursbut notfewer than three
sessions) Unfortunately, the outcome dhe conducted clinical trial was ndtatisfactory
Although the safety and effectivenest albumin dialysis wre confirmed, compaed to
standard medical treatmer, primary endpoint of the studie., a significantly improved

28-daytransplantfreesurvivalrate,was not achieve@l B a { et al,£26813)

Fractionated Plasma Separation and Adsorption system (FPSA; Prometheus system)

The Prometheus system, first introduced the Falkenhagengroup is basedon
combining adsorption and fragnated plasma separation techniqubss the detoxification
process occurs in differemtays (Falkenhageret al, 1999) First, thep at i ent 6 s bl

throughan AlbuFlow filter, which consists of polysulfone capillary membrarfecausdheir

RE

ood

cutoff point is 250 kDa, hollow fiber mendomes are permeabletteep at i ent éasd al bun

thusto toxinsboundto this protein. Therefore, there is no need tacosdlyexogenous albumijn

as is done in the MARS system. Then, the permeate fraction (contdiepga t i ent 6 s al

boundtoxins) pa&ses through two adsorbérd”rometh01 4 column with neutral resin) and
Prometh02 g column with aniorexchange resin). Aftetoxin elimination, the reactivated
albumin returns to the AlbuFlow filter. Finally, to remove wageluble substanceshe
patent 6 s bl ood p a dlsdialyzar(handoruagdFroghi, BOR1ghe scheme of
the Prometheus mechanism of action is presented ifighee below Figure6).
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Figure 6. Scheme of the Fractionated Plasm Separation and Adsorption system
(Prometheus).Created with BioRender.com.
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Among artificial liver support system¢he Prometheus device is the second most
studied system. For examplan uncontrolled clinical trial conducted by Rifai et al. was
perfomed on 11 patients suffering from ACLF. The two subsequent treatment sessions lasted
more than 4 hours. The safety tbk Prometheus system and improvensantbiochemical
parameters (e.gbilirubin and bile acid levels) were confirmed (Rifai et al, 2003) In turn,
another uncontrolled clinical study performed on 52 patients suffering fromwd-usually
underwent three sessiomgth the Prometheus device for86hours,showeda significant
decrease in ammonia accumulation. Moreoweprovementsn the levels of bilirubin, urea,
and creatininevereobservedThe outcome of presented study was as foll@8gatientsafter
treatmat with Prometheus deviasmderwentiver transplantationand the survival rate in this
group was 66%. In turn, the remaining 19 pati¢aitso after treatment with Prometheus deyice
did not receive a graftesulting ina survival rateof 32% (Grodzicki et al, 2009) To date,
Kribben et al. performed the largest multicenter, prospective, randomized, and controlled
clinical trial. The aim of tls study was t@valuate the effect afeatment witithe Prometheus
deviceon patient stvival rate.A total of 145 participants suffering from ACLere divided
into two groupsSixty eightpatientsunderwent standard medical therapile the remaining
77 patients were additionally treated wilie Prometheus systerRatientsusually undemwent
8-11 sessions, whidastedaminimumof 4 hours. Among all analyzdmsiochemical parameters,

only a significant difference inthe bilirubin level was observed the value of bilirubin
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decreased afteéhe sessions witlthe Prometheus devicélnfortunaely, compaedto standard
medical therapyno beneficial effect othesurvival rate was confirmeas theprimary endpoint
of the studyi.e., asignificantly improved 2&laytransplanifree survivarate,was not achieved
(Kribbenet al, 2012)

Single-Pass Albumin Dialysis system (SPAD)

The SPAD system, which is commonly regarded as the simplest vergiteaMARS
device, was developed by Seige et al. in 1888igeet al, 1999) Th e p aldobdeint 6 s
detoxified using the same hollow fiber dialyzerimshe MARS system The dialysate fluid,
containing human albuminjrigls toxic substances and is then discarded. Due to the lack of
albumin regeneration process, absorption columns are not needed. The advantagea of such
solution are the simplicity of the device and fhaet thata lower concentration of human
albumin in the dialysate fluid is needed. On the other hand, treatmernhe@@FPAD system is
more expensive because without recirculation of the dialysate fluid, high amounts of human
albumin are utilizedKortgenet al, 2009) The scheme ahe SPAD device and its principle

of actionarepresented in thiégure below Figure?).

SPAD system

waste

dialysis
solution

albumin
dialysis
solution

Figure 7. Scheme of the Singlass Albumin Dialysis system (SPAD)Created with
BioRender.com.

Several studie assessing the safety of bridging therapy with SPAD system have been
conducted. For example, Ringe et al. perforna@duncontrolled retrospective study on
9 children suffering from ALF. The majority of the patientswere bridged to liver
transplantationMoreover, the regression of hepatic encephalopatsyobserveth 6 patients

(Ringeet al, 2011) Another uncontrolled retrospective study, howgperformed oralarger
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group of participants, aimed at evaluating the safeth@SPAD systenin patients sufferig

from severe liver dysfunctio(Piechota and Piechota, 201&)nfortunately, no conclusions
abouitits clinical usefulness could be drawn. Recently, the results of two randomized clinical
trials that compared MARS and SPAD systems during treatmenbf patients with liver
failure were published. Both trials confirmed that MARS and SPAD were beneficial for
reducingbilirubin levels However, both groups achieved different resulteimsof bile acid,

urea, and creatinine levels. TI&pontolz group showed that only MARS affectate
aforementioned parameters, while tkéallon group revealed no significant differences
betweerthe twosystems. Unfortunately, no information abthg survival rate was\ailable

(Sponholzet al, 2016; Walloret al, 2022)

Selective Plasma Filtraton Therapy (SEPET)

The SEPET device was presented dygroup led by Rozga. lis based on the
technological solutions applied in both Prometheus and SPAD sydstasis.thep at i ent 6 s
blood enters the singlese hollow fiber bioreactor withcutoff pont of 100 kDa. The plasma
fraction containingalbuminbound toxins passesthrough the porous membranes and is
discarded. To replace the lost fluid, fresh frozen plasma, human albumin solution, electrolyte
solution or their combination is added to the detédxi e d p a t(Romga dnd Malkdwiskg o d
2010) The scheme ahe SEPET system and its principle of actemepresented in thégure
below Figure8).

SEPET system
5
<l 'i.’“«'
o
2
' replacement E
'_
L
o waste
Ll
N

A |
e

Figure 8. Scheme of the Selective Plasma Filtration Therapy (SEPETLreated with
BioRender.com.
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Preclinical trials performed on pigs with induced ALF confirmbd safety ofthe
SEPET systerfRozgaet al, 2006) Hence, a phase | controlled clinical triaolving patients
who experience thdeterioration of liver cirrhosis was conducted. After treatment tieh
SEPET system, general improvements #retlisappearance of hepatic encephalopatbge
observed. Dests the fact that continuation of clinical trials (phase Il and Ill randomized
controlled multicenter studies) was approvedi®Food and Drug Administration (FDA), they
did not begin because afack of funding(Rozga and Malkowski, 2010)

ADVOS (ADVanced Organ Support)

Recently,anew artificial support system has been introdutteid.called ADVOS and
its prototypeis the HepaWash device. The system consists of three compartnsehtsod
circuit, adialysate circuit anén ADVOS multicircuit, in which albumin regeneration occurs.
The noveltyof this device is the method of removing toxbwundto albumin. Briefly, instead
of using columns with different adsorbers, physical and biochemical changes are provided to
modify the binding abilitiesf alboumin Dialysate with albumiboundtoxins fromthep at i ent 0 s
blood is divided into two parts. Then, to each pactd or base isdaled (to changthe pH),
and an appropriate temperature gpplied, whichenables albumin recovery. Wastes are
removed using hollow fiber filterand cleaned albumin entergdialysate circui{Al-Chalabi
et al, 2013) The scheme dhe ADVOS system is presented in thigure below Figure9).
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Figure 9. Scheme of the ADVanced Organ Support (ADVOS). Created with
BioRender.com.
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To dateseveral clinical trials have been reported. The ADVOS dénaseébeen recently
used in the treatment of patients suffering from ALF or AQHEberet d., 2017; Kapt al,
2021) Moreover, ithas alsobeentestedfor the treatment omultiorganfailure (liver, kidney,
andlung) (Fuhrmanret al, 2020) Despitepromising results, only uncontrolled clinical trials
with smallpatient groupsiave been conducted. Therefdegger and randomized studiesist
be undertaken to determine the efficacy of therapy with the ADVOS d@Miterya, Berger
and Popov, 2022)

1.3.23.2Bioatrtificial Liver Support Systems (BLSS)

Bioatrtificial liver support systems, also called bioartificial liv§BAL) devices, are

designed to support not ontietoxification liver functions but also synthetic and metabolic
processes. This resultéwm the presence of the biological component inside the bioreactor.
In ideal situation, the most preferatdource of celldor usdor in BAL devicesis human
hepatocytes. However, according to the literature, for effective thet@ffycells should be
utilized, which constitutesapproximately1 0% ofthetotal number of cells itheliver (Morsiani
et al, 2002) Consideringheinsufficient number of donors from whom thgpaopriate amount
of liver parenchymal cells could be obtained dhd rapid deterioration of specific liver
functions, the usof human hepatocytes in BAL devices is strongly limi¢slicolaset al,
2017) The problera concerningthe availability andin vitro preservation othe functionality
of human hepatocytes, and hence alternative sources ofaralise in BAL deviceswill be
widely discussed in the next sectiofi® date in BLSS approved for clinical trial$reshly
isolated or frozen porcine hepatocytes #metumordeiived cell line C3A have beautilized
(Van De Kerkhoveet al, 2004; Pluteet al, 2021) Recently, the wesof hepatocytdike cells
obtainedfrom stemcells inthe BAL system has been reportéshi et al, 2016; Wanggt al,
2023)

The main role of the bioreactor is to provide effective bidirectional mass transfer and an
adequate environmefdr biologicalcomponentsso the design of this element is essential. The
most commonly used, especially in devices tested in clinical trials, are bioreactors made of
bundlesof hollow fibersemipermeablenembranes. Their main advantagesadegge grovih
surface area, the giectionof cells from shear stress atite possibility of immunological
isolationdueto the presence @membrane. In general, cells are seeded on the extracapillary
surface, whildhepat i ent 6 s bl ood/ pl| aawvrilzer lpmergHuie Bozgah hr ou g
and Demetriou, 2001; Legallags al, 2018; Morelliet al, 202; Jakubowskat al, 2024) In

contrast theNyberggroup proposetheinoculation of cells entrapped in collagen gel into the
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intracapillary space. However, this seeding methables the placement tofo few cells per
bioreactor(Nyberget al, 1993) Interestingly, to resemble the liver structure @selachgroup
designeda bioreactor in which three different bundles of hollblers are arranged in a 3D
woven network. Througthefirst bundle the culture medium/plasma enters the cells seeded on
the outer surface ahe fibers, while throughthe second bundleit exits. The third bundle
supplies the cellsvith oxygen. The advaages of sucta design are more efficient mass
exchange and constant, decentralized cell oxygen@&eriachet al, 1994)

The main concerns of using hollow fiber t@actors are connected to unewail
distributionin capillary spaces and the restriction of effective diffusion caused by the membrane
barrier between the biological component #imelp at i ent 6 s bl ood/ pl as ma.
issues, other types of bi@etorsthatutilize flat platemembranes, direct perfusiegstemsor
microencapsulatichased systems have been develg@éién, Hassanein and Bhatia, 2001)
Each type hags strengths and weaknesses. For example, flat membranes ensure uniform cell
distribution but create problems concerning low surface asfieexposureéo shear stress and
difficulties in <aling-up such system®e Bartoloet al, 2000) In the case of perfussgstems
despite resembling 3Btructuresthey are characterized by nonuniform perfusion, problems
with clogging and cell damage due to the subjection to high shear (¥Wiaesgi, Miyoshi and
Ohshima, 1998)In turn, microencapsulatdzthsed systems, even though they prowde
uniform microenvironment and are easy to seglehave faced the following obstacles: cell
instability due to damage theused microcapsulelimited mass transfer due to encapsulation
andcell exposureo shar stresgHarmet al, 2009)

It is also worthpayingattention to the material, of which teemipermeablenembrane
is made, and its pordgi Obviously, the used material should be biocompatMtEeover it
should be hydrophilic and electrically chargethjch promotesell adhesionAccording to the
literature, themost suitableare polysulfonébased membranes. Importantly, to enhacelke
adhesion, capillary membranes can be coated with collagen or fibroneatvever such
solutionsare not useth BAL systemswhich werdested clinicallf Legal | ai s, Davi d
2001; Wunget al, 2014) Duringthe construction of bioreactorswvo types of rembranes are
considered: ultrafiltration or microporousembranesThe first one has 70 kDa e maximal
cutoff pointand thus serves asimmunological barrier to preveahimmune response while
using porcine hepatocytes as the biological compqi@&@nte i €talel®97) The secontlype
has larger poresyith amean sizef approximateld . 2 Om. Thi s al Imores f or

proteins (cytokinegsetc.) and hence induséhe immune system. However, it has been shown
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that microporous membranesable more efficient mass exchange and are more benédicial
usein BAL devices(Watanabeet al, 1997)

The first clinical trial with the use ofa BAL device was reported in 89 by the
Matsumuragroup (Matsumuraet al, 1987) Since then, many new systems have been
developed and clinically tested. Among thewe can highlight the following devicethe
Extracorporeal Liver Assist Device (ELApBussmaret al, 1992) the HepatAssist Liver
Support System (HepatAssigipemetriouet al, 1995) the Academic Medical Center
Bioartificial Liver (AMC-BAL) (Flendrig et al, 1999) the Modular Extracorporeal Liver
Support (MELS)(Sauer and Gerlach, 2002he Bioartificial Liver Suppet System (BLSS)
(Patzeret al, 1999) the TECA-Hybrid Artificial Liver Support System (TECAIALSS) (Xue
et al, 2001) the Radial Flow Bioreactor (RFBfMorsiani et al, 2001) ard the Hybrid
Bioartificial Liver (HBAL) (Ding et al, 2003) The principle of action and clinical trials

concerning chosen system®discussed below.

Extracorporeal Liver Assist Device (H.AD)

The ELAD system, introduced lilge Sussman group, has been the only detdatate
that utilizes the C3A cell line @ subclone of HepG2 cells derived from hepatocellular
carcinoma) as the biological component. Originally, the heart of the sysimisted ofa
hollow fiber module made a&femipermeableellulose acetate membranes vatfO kDa cutoff
point. The C3A cell$200 g)were seeded on the extracapillary space of capillaries. Importantly,
thepati ent s bl ood was nloodcebsdy awas eircutated througho p |l a
hollow fiber bioreactor witlaflow rate of 156200 mL/min(Kelly et al, 1992; Sussmaet al,
1992, 1994; Gislasoet al, 1994) Howeverpecause¢he first clinical trials were unsatasttory,
several changes have been incorporatedtire systen(Ellis et al, 1996) First, the number of
hollow fiber modules was increased to four cartridges (for children only, twal) for each
bioreactoyup to 100 g of C3A cells were loaded (400 g in toagcond, the cutoffoint was
increased to 120 kDand the membrane material was chartggublysulfone. Finallytheflow
rate was increased to 500 mL/mend the plasmapheresis device was added. After these
modifications, the ELAD device works as follovtkep a t i eoondisdseparatdd into plasma
and blood cellular components, and tteep at i ent 6 s pl asma f |l ows i nt
where the four hollow fiber cartridges containing biologicamponentsare located. In the
ELAD chambey the temperaturés maintainedat 3 7 . Ah€ useof glucose and oxygeis
constantly monitored and successively addeth&plasma circuit to assess the metabolic

activity of cells. After purificationthe plasma passes througleell filter to prevent tumocell
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transferto the patientFinally, it is mixed with blood cells and returned to the bloodstream
(Millis et al, 2002; Stevenst al, 2014; Duaret al, 2018) The scheme ahe ELAD system
and its principle of actioarepresented in thégure below (Figure 10.
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Figure 10. Scheme of the Extracorporeal Assist Liver DevicdELAD). Created with
BioRender.com.

The ELAD system, regarded as the most advarBAd device, has undergone
extensive studies and enterpfiaselll clinical trials. As mentioned above, due tioe
unsatishctoryoutcome of initial clinical studieshe ELAD device was modified. After these
changes, its safety was evaluated duanglot clinical trial conducted om small group of
5 patients suffering from ALFThe durationof treatmentwas different for each patient and
lastedbetweenl2-107 hours. Allpatients weresuccessfullybridged to liver transplantation
The primary endpoint of this studie., the 30-day survival rate after organ transplantation,
was satisdctoryand equale@0% (Millis et al, 2002) Thus, the efficacy ahe ELAD device
was then evaluated during the II/lll phaseafandomized, multicenter, prospective, and
controlled clinical trial (VT#208;NCT01471028 The studies were performed alarge group
of patients 107 patientseceivedstandard medical therapy, wh@é patients weradditionally
subjected to treatment withhe ELAD device which lasted continuously for 120 hoursl
patients suffered from severe alcoholic hepatitis. Unfortunatefyendpointsf this study, i.e.
28-day and 9iday transplantfree survival rats, were not satisfctory No significant
differences betweethe groupswere observedFor examplethe 28-day survival rate fothe
control groupwas 80.4% whereas for patients treatedditionally with the ELAD device it
was only 76%.Accordingto the authors, the reason fibris was the choice o& group of

patients, which wato heterogeneoud hompsoret al, 2018) Therefore, these conclusions
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were investigated duringhaselll of arandomized, multicenter, prospective, and controlled
clinical trial conducted on younger (below 50 years) and healthier participants. The study was
performed on 151 patients wittkevere alcoholic hepatitis. Unfortunatelgespitethe less
heterogeneous groughe results after treatment witine ELAD device were still unsatiactory

(there waso significant improvement itnesurvival rate) Thereforethe study was terminated

in 2018 (VTL-308;NCT02612428)The future othe ELAD system remains unclear.

HepatAssist Liver Support System (HepatAssist)

The HepatAssist device was developed by the Demetriou didemetriouet al,
1995) The heart of the system is the hollow fiber bioreactrich wasoriginally made of
cellulose acetate membrane witlh o r € s i z eandehen réplac2d wdlapolysulfone
membrane with 0.15 Om port®7%LAceogresave oiciod ogi ¢ a
hepatocytes are utilized. Before seeding at the outer sp#oeaaipillary membrane, theells
are attached to microcarriers made of collageated dextran. The mechanism of actiothef
HepatAssist device is as followsiep a t i e n t sGsgpardtdd mi glasina and blood cells,
andthen the plasma passes through the activated celot@ed charcoal column (to reduce
its toxicity). Before entering the bioreactahe plasma is heated and oxygenated and
subsequently passes through theldwolfiber module. The flow rate of plasma circulation
through the bioreactas 400 mL/min. After purificationpatientplasma is reconstituted with
blood cells and returned to the bloodstre@emetriouet al, 1995; Watanabet al, 1997)
The scheme athe HepatAssist system and its principle of actare presented in thégure

below Figurell).
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Figure 11. Scheme of theHepatAssistLiver Support System (HepatAssist).Created with
BioRender.com.
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The HepatAssist devicesimilar to theaforementioned ELAD, enteredl phaseof
clinical trials. Howeverits safety was first confirmed during phdselinical studies.Seven
patients sufring from ALF underwenup to three sessions teatment with HepatAssist
device, which laste@-7 hours. The obtained results showed no medical complications after
therapyanincrease in ammonia elimination and headecrease itheprogression of hgatic
encephalopathy. Moreover, all patients were successfully bridged tdransplantatiorand
all of them survived the surgery. Unfortunately, the kgrgn survival rate was not investigated
(Rozgaet al, 1994) Anotherphase | uncontrolled multicenter clinical trial was performed on
a larger group.Thirty nine patients suffering from ALF (26), ACLF (10) or primary graft
nonfunction(PNF; 3) underwent bridging therapy withe HepatAssist deviceThe number of
sessions rangddom one to five and each session lagiéaburs.The outcome of this trial was
asfollows: 6 patients recovered from the diseashile 32 patients were successfully bridged
to liver transplantatiorilhe endpint of this study, i.ethe30-dayoverallsurvival rate, equaled
90% (Mullon and Pitkin, 1999) With these promising resultsg phase Il/lll controlled,
randomized, multicenter, prospective clinical trial was initiated. The studies included
171 patients suffering frofalminant/subfulminant hepatic failure and PNHtghty sixpatients
underwent standard medical treatmenthile the remaining 85 patientsere treated
additionallywith the HepatAssist devicelhe number of sessions with the HepatAssist device
reachedl4, and each session lasted 6 ho@mdging therapy witlthe HepatAssist confirmed
the safetyof this device However,comparedto standard treatmenthis studyfailed to
demonstratasignificant improvenent in theprimary endpoint, i.ethe30-dayoverdl survival
rate(62% versus 71%{Demetriouet al, 2004)

Academic Medical Centeri Bioartificial Liver (AMC -BAL)

The AMGC-BAL device, developed byhe Chamuleau group, has a quite different
bioreactordesign(Flendriget al, 1999) The bioreactor is made of polysulfone housing and
inside itconsists o hydrophilicpolyester nonwoven matrix, which is spirally wound around
the massive core. Holl ow f ithelengitudin@lpicedtion@re opy !l e
incorporated between the layers of the matrigupply oxygen and remove €@ total of 101
cells (originally freshlyisolated porcine hepatocytes) are sedddtie polyester matrix. The
novelty of this bioreactor is direct contact between biologaahponentandpatientplasma,
which enables optimal mass transfer. The AMBBL device works as folloazthep at i ent 0 s
blood is separated usimglasmapheresis system. Subsequetiigp at i ent iéheatgu| as ma

to 37A Cthenpassethrough the bioreactor at a flow rate of 150 mL/min eowtacs directly
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with liver cells Before reaching the plasmapésis device, purified plasma enttdrsleukocyte
filter and 0.47 Om fil ter nohattachedivercatiseor theire r i s
| arger fragments into the patientds bl ood.
returnsto the bloodstrean{Flendrig et al, 1997; Sosekt al, 2002) The scheme othe

AMC-BAL device is presentedithefigure below Figurel?2).
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Figure 12. The scheme othe Academic Medical Centeri Bioartificial Liver (AMC -BAL).
Created with BioRender.com.

The safety othe AMC-BAL system was evaluatad phase | clinical trialsnvolving
7 patients sufferingrbm ALF. Treatment with théAMC-BAL device lasted 85 hoursand as
a result 6 patients were successfully bridged to the liver transplant. In turn, one patient (after
serial therapy with two different BAL devices) recovered from the disease and didatbt n
surgery. Although four of six patients died within two weeks after orthotropic transplantation,
clinical trials confirmed that bridging therapy with AMBAL was safe and benefici@Van De
Kerkhoveet al, 2002) However,t aki ng i nto account t hat t he
perfused with biological componerdad thughatxenotransplantatierelated risk may occur,
scientistshave focused othe utilization ofthe HepaRG cell line (derived from hepatocellular
carcinana) in AMGBAL instead of porcine hepatocytespreliminary study witharat model
of ALF demonstragd the safety and efficacy tife analyzed device. The survival time after
therapy with AMGBAL increasedcomparedo that aftertreatment with the deviceithouta
biological component. Moreovanincrease in the elimination of ammoiiad thus regression
of hepatic encephalopathy was observed. The obtained results showed that HepaRG cells could
be used as a biological component in further clinical twétls the AMC-BAL device(Nibourg
et al, 2012)
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Modular Extracorporeal Liver Support (MELS )

The MELS system, developed llye Sauer team, consists of three compartments:
CellModule, DetoxModule, and DialysisModule. DetoxModule is responsible ther
elimination of toxinsboundto albumin, while DialysisModule, if needed, can additionally
perform hemofiltration. The CellModule part constitutes a special bioreactor in which
human/porcine hepatocytes are inoculated. The concept of bioreactor design is béssed on
research ofthe Gerlach group. Agpreviously mentioned, the bioreactor consists of three
different interwoven bundles of hollow fiterTwo bundles, which are usedrfplasma
perfusi on, are made of hydrophilic polyethe
bundle (made of hydrophobic multilaminate) supplies the wéilsoxygen and removes GO
In the MELS systenup to 600 g of biological component is seedetti@ extracapillary surface
of holl ow fiber membranes. The principle of
through the dialyzer, where albumin dialysis occurs (see descriptitre &PAD system).

Then, the plasma is separated frbrapatint 6 s bl ood and ent ethes t he
purified plasma is mixed with blood cells and returned to the bloods{@artachet al,, 1994,
Sauer and Gerlach, 2002}he scheme ahe MELS system and its mechanism of actiare

presented in thitggure below Figurel3).
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Figure 13. Scheme of the Modular Extracorporeal Liver Support (MELS). Created with
BioRender.com.
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A phase horrandomized clinicalrial was conducted on 8 patients suffigrfrom ALF.
Treatment with th&/ELS system lasted for-86 hoursandporcine hepatocytes were usssl
a biological component. All patients were bridged to liver transplantation without any
complications and no infection with porcine endogenous retra/ifRERV) was observed
(Sauer, Kardassist al, 2003) Inthecase of utilizing hman hepatocytes theMELS system,
only two preliminary studies were published. Patievite suffered from ALF, ACLF or PNF
were treated witlthe MELS device for 7144 hoursBoth studies confirmethe safetyof the
tested syster(Saueret al, 2002; Sauer, Zeilingeet al, 2003)

The newest studies with BAL devices

New BAL devicesare still being developed. Among them, the Spheroid Reservoir
Bioartificial Liver (SRBAL) system deserves attention because of promising results obtained
during studies on animahodels The noveltyof this systemis the utilization of pocine
hepatocytes spheroids or spheroids made of two types of cells: porcine hepatocytes and human
umbilical vein endothelial cells (HUVECsYloreovert liver spheroids are cultured in separate
reservoir, unlike in the systems discussed above. The mechahestion is as followsthe
patientds blood enters the pol ys-boufdioxine hol |
pass through the membrane into the dialysate fluid. Tiiasgons arethen directed to the
reservoir, in which toxic substances aretaiolized by liver spheroids. After that, the dialysate
fluid containing purified albumin and waste productsy metabolic reactions passes through
the second hollow fiber bioreactovheretheeliminationof wastes occurand then the cleaned
albumin B recirculated to the bloodstredRelgendrefiet al, 2022) The scheme adheSRBAL
system and & principle of actiorarepresented in thgure below Figurel4).
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Figure 14. Schemeof the Spheroid Reservoir Bioartificial Liver (SRBAL). Created with
BioRender.com.

To date three preclinical trials on animal models (pigs or monkeys) with indutéd A
(surgical or drug) have been conducted. All independent studies have proven the beneficial
effect on animal survival after treatment with SRBé&dmparedo standard therapioreover
the safety of SRBAL was also confirmed (no zoondiseasdransmisgn). The studies also
concluded that longer treatment (up to 24 hours), initiation of thenamyediatelyafter ALF
induction, andhe useof large amounts of porcine spheroids positively affect the survival rate
(Gloriosoet al, 2015; Liet al, 2018; Cheret al, 2019)

The newest report published by Wang etalkcrited the development efnew BAL
devicecalled hiHepBAL, which utilizes human induced hepatociitee cells (iHep). The heart
of the system is a multilayer flgtlate bioreactor containing polycarbonate scaffolds. The
hiHep-BAL device consists of blood and cell circuits. The mechanism of actiafadl@vs:
the patientds blood passes throddghenpabnea di al )
flows through the plasma component separator and finally enters the bioreactor. In the end,
purified plasma is mixed with blood cells and returned to the bloodstf8hnet al, 2016;
Wanget al, 2023) The scheme dahe hiHep-BAL system and its mechanism of actiare

presented in thiégure below Figurelb).
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Figure 15. Schemeof the hiHep-BAL support system.Created with BioRender.com.

First, a newly developed BAL systemvas testedn ananimal model After extended
liver resectionpigswere treated witthehiHep-BAL device for 3 hours. The treatment efficacy
was very satigfctory andall the pigs survivedafterthe session withithe hiHep-BAL system.
Therefore, the Wamn group proceeded to carry out clinical trials.isTtlinical study wasa
prospective, nonrandomized trial, and its aim was to evaluate the safety and feasithigty of
proposed new BAL deviceSeven patients, who underwentextended liver resection,
participated in this study. Treatment witte hiHep-BAL system lasted 6 hour$he dtained
results showed that no serious adverse events oc§Weethet al., 2023) Although promsing
outcome, randomized and controlled clinical gsthould be performed in the future to draw

the correct conclusions.

Future of LSS devices

Over the last thirty yearsnore than 30 external BAL devices have been developed.
Despite theutilization d various cell sources, different bioreactdesignsor culture
configurations only half of them have reached clinical trialiere are still several challenges
thatBAL devices have taddresgo increase their efficagguch adile redudion, insuffident
oxygen delivery, limited mass transfer, and aspects concerning vascularization and the time
takes forcellsto remain viable and functionalo date only two BAL devices have entered the
third phase of clinical trialsDespitethe beneficial effeds on patientsurvival showm in
nonrandomized trials, no significant improvemesamparedo standard treatment have been
achieved Chamuleau, 2009; Zhao, Pan and Li, 2012; Legadibe, 2018; Starokozhko and
Groothuis, 2018)
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It is difficult to compare dta fromclinical trials conducted withthe abovementioned
LSSdue to thevarious design of the experimsmind differentanalyzedprimary or secondary
endpoints of the stuel (e.g, overall survival ratetransplanifree survival rate, oneyear
survival rate after liver transplantatjoiNotwithstandingon the lags of two clinical trialsthat
compared similar parametersgan be concluded theESare beneficiais a bridang therapy
howevertheir use does not affepatientsurvival afterliver transplantatiofDemetriouet al,
2004; Salibaet al, 2013) Nevertheless, scieasts and cliniciansarestill returning to the idea
of developing moresuccessfukystemfor bridging therapylt is worth mentioning that this
research area is vechallengingyet very réevantbecauseét addresses growing social needs
Therefore, new dficial devices (eg., DIALIVE) as well as bioartificial devices (g,
hiHep-BAL, SRBAL) are still beingdeveloed (Felgendrefet al, 2022; Agarwakt al, 2023;
Wanget al, 2023)

1.4Human hepatocytes the most suitable source of cell®r use in liver support therapies

The best choice of celfor use in liver failure therapies as well asinnvitro studies
connected wh searching for new drugs and testing their hepatotoxicity are isolated human liver
parenchymal celld_ee and Lee, 2014Yhe isolation procedure issuallybased on the Seglen
two-stepcollagenase perfusion technig(feglen, 1976)it is regarded athe gold standard,
but in our laboratorywe developed a simpler and less streg$twicellg method whichbasel
on mechaical defragmentation and enzymatic digestion of liver tigZiadrzewskaet al,

2017) Commonly, human hepatocytes are obtained fthenliver, which was rejected for
transplantation, or fromesected liver tissuénterestingly, Bhogal et al. showed that there is a
possibility of obtairing primary ruman hepatocytes even from diseased |({Bogalet al,
2011) However the useof isolated human hepatocytes wasy strong limitationsFirst, due

to the limited availability of human liver tissue, the amount of gpaality material foresearch

is insufficient.Secondhuman hepatocgsin vivoare differentiated cellsvhich arespecialized

to perform many vital functions. Therefore, when cultureditro, these cells araot able to
proliferate. Moreover, they dedifferentiate very quickiyhich resultsin a declinein their
functionality (Roweet al,, 2013) Thus,awide variety of methods fahepreservation of human
hepatocyteculture for a longer timbavebeen developed. The most promising approaches are
connected with enhancing cell adhesiandgp pr opri at e growth substrat
interactions ¢ocultures with nonparenchymaler cells or other cell types), resemblimgvivo
conditions (3D cultures), and media supplementation. Moreover, it is also eams$idering

the physiologichconditionsof the liver and ensuringappropriate oxygen tension. It is a
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essential parameter due to liver zonatod thus variabilityn oxygen concentration. In effect,

in each liver zonge different processesoccur, for which hepatocytes are respdieai
Furthermore, foprolonging then vitro culture of human hepatocytes, fluid flow systermage

also been studied. Although all thesemethods positively affect tha vitro culture of human
hepatocytes, no gold standard lyasbeen establisheBachmanret al, 2015etal,RuoC
2020; Plutaet al, 2021) The approachesisedto preserve the functionality of human

hepatocytes are presented graphically irfithee below Figurel6).
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Figure 16. Approaches to presering the functionality of human hepatocytesin vitro.
Created with BioRender.com.

1.5Alternative sources of cells resemblinghe functionality of human hepatocytes

The challenges connected with the vitro culture of human hepato®s initiated
studies toward developing alternative sources of ¢etlsise in liver support therapieghe
best characterized and widely ussdlsare porcine hepatocytésDonat o, Cast el |
Lec h - n, ant Bun@n)tumederived cell lines such as Hep@@lls (Nyberget al, 1994)
its subclone C3A cellelly et al, 1992)andHepaRGcells (van Wenunet al, 2016) Other
promising alernatives are hepatocyfike cells obtained from stem cells (for instanoeluced
pluripotent stem cellg)Songet al, 2009) adult cellfHuanget al, 2011)or hepatic progenitor
cells(Malhi et al, 2002) A literaturereview concerninghe advantages and disadvantages of

the mentioned sources of cells is provided in the section below. Nevertheless, it is worth
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emphasizingthat thus far, none of them has been able to fully replace human hepatocytes
(Palakkaret al, 2013)

Human tumor-derived cell lines

The great advantaged human tumoderived cell lines are their high capacity to
proliferatein vitro and unlimited availability. However, major doubts concerning their usage
are connected with their tumorigeniciffjo date in BAL devicesthat have enteredlinical
trials, two different cell lines have been utilized3A cells in the ELAD system and HepaRG
cellsin the AMGBAL system The C3A cell line isa subclone of HepG2 cells derived from
hepatocellular carcinoma (HCC). C3A cedlee similarto human hepatocytésin terms of
phenotypeand theability to metabolize nitrogen and synthetize albumin and ditbarotein.
However, they are characterized by some metabolic deficiencies. Duentmthactionaurea
cycle (lackor low expression of genenading two cruciaenzymes arginase 1 and ornithine
transcarbamylase;3A cellsare unable to eliminate ammonia propelreover thesecells
exhibitdecreased activity of several isoforms of cytochrome P4bigh resultsn theirlower
detoxifying capacyt (Mavri-Damelin et al, 2008) Therefore, several attempts have been
undertaken to improve the functional capabilities of C3A cells, for exarplecreasing the
enzymatic activity of CYP3A4{Hanet al, 2018)or restoringthe urea cycl¢Plutaet al, 2020;
Jakubowskaet al, 2024) Scientistshave alsdocused orthe HepaRG cell line (derived from
HCC associated with chronic hepatitis C) dugsgreaer detoxificationcapability.Moreover,
these cells are more mature than C3A cells because of lower alpha fetoprotein expression.
Interestingly, HepaRG dslalsohave theability to differentiate into both biliarike cells and
hepatocytdike cellsand thus are recognized as human progenitor bipogdist Nonetheless,

asin the C3A cell line, the urea cycldoesnot function properlyMoedaset al, 2017)

Immortalized human hepatocyte cell lines

The mmortalization of human hepatocytes has gained much attention because hepatic
cell lines obtained during this process are ablproliferatein vitro and perform liverrelated
functions.The most commonly used immortalization strategiedude forced expression of
human telomerase reverse transcriptase (hTERT) and overexpression of viral oncgdnes
asSimian virus 40 large Bntigen (SV40 Ag) or human papillomavirus (HPV) genes. Such
gene transfer is conducted with the use of viral (viral transductionnandiral (plasmid
transfection, human artificialhromosomevectors) methods. Interestingly, fthre controlled

expansbn of human hepatocytes, conditional immortalization has been performed using the
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following strategies: temperatubmsed regulation, recombindsased regulation, and
transcriptional regulationTo date several hepatic cell lines (derived from adult etaf
hepatocytes) have been establisteech afa2N4, HepLL, IHHA5, THLE or OUMS29.
They are predominantly utilized pharmacotoxicological studies; howeveublished results
show that immortalized hepatic cell lines possess rather limiteddpeeific functionality
(Ramboeteet al, 2015)

Porcine hepatocytes

Interestingly, the majority of bioartificial liver supportssemstestedin clinical trials
(HepatAssist system, AMBAL, etc.) utilized freshly isolated or cryopreserved porcine
hepatocytes. The reason this is the similarity ofpig physiology to humans arttie easier
accessibilityof animal liver tissue. Howeer, this source of cells has drawbacks. At first,
porcine hepatocytesimilar to humarhepatocyteslose their specific functiorduringin vitro
culture(Lee, Kim and Choi, 2015Moreover despitethe biological barrier (membrane) used
in BAL devices, the transmission of zoonotic disease is podihleg et al, 2010) Last as
reported inthe literaturedue to the incompatibility cfomehuman and porcinproteins,the
effectivenes®of porcine hepatocytes in nlcal applicationss limited (te Veldeet al, 1997;
Schremet al, 2006)

Hepatocytelike cells from induced pluripotent stem cells (iPSCs)

The development of hepatgte-like cells from iPSCs consists of two stadéisst, adult
somatic cells (for example fibroblastske convertethto iPSCsandthenhepatocytdike cells
are generatefilom theobtained pluripotent cells. The main advantages of iPSCs are thay abili
to proliferatein vitro, unlimited accessibility, and lack of ethical concerns. Moreover, these
cells can be patient specifighich preventsaanimmunological response. However, fhatential
risk of tumor formation mayimit their clinical applicationAccording to the literature, the
method for obtaining hepatocyli&e cells from iPSCs is easy amdn bedivided into four
steps: induction of the IPSCs into the endodemnduction ofthe endoderm into hepatic
specification expansion of hepatoblasts)cahepatocytes maturation. Each stage reqties
addition of specific growth factors (for example dexamethasod&éepatogte growth factor
(HGF))(Songet al, 2009) The performance of livespecific funtions by hepatocytéke cells
is confirmedi they synthetize albumin, produce urea, and detodahobiotics however noat
the same level am the case of human hepatocytes. This may result from the fact that

hepatocytdike cellsexpress alpha fetopiein and thusarenot fully mature(Yu et al, 2012)

50



However, changesn culture conditions (from statito dynamic) improve liverelated
functionality andcell maturity (Ren et al, 2015) Moreover, to achieve more functional
hepatocytdike cells, gene manipulation or supplementatioth various substancdsgmsbeen
performed(Saitoet al, 2021) Hepatocytdike cells from iPSCs are mainly used for disease
modeling or drug screenin@laszkiewicz and Duncan, 2022o date,cell-based therapies
havebeen testedn animal models. For examplthe Takele group transplanted liver buds
created from human iPSCs into immunodeficiente This resulted in the generation of
functional and vascularized liveryhich stimulated the maturation of buds into tissue
resembling adult liver. Moreover, the abilitygerformliver-related functions was confirmed
(Takebeet al, 2013) Later, the same group succedsfilansplantagd human iPSCslerived
liver organoids into infantile pigle@suchidaet al, 2020) Although promising resultsave
showna potential strategy fdhe treatmentf liver diseases, several studies/ereportedthe
tumorigenicity, genetic instability, and immunogenicity of iP$ZIsaoet al, 2011; Hansebt

al., 2016) Therefore, before clinical application, the safety of iPSCs should be thoroughly
investigated. Hengecurrently, no clinical studies concernittee utilization of iPSCderived

hepatocytdike cells for the treatment of liver diseases have been cond(lgtetial, 2022)

Hepatocytelike cells from embryonic stem cells (ESCs)

The other group of cells from which hepatoelke cells @n be generated are
embryonic stem cells. They are a valuable source of cells due to their pluripatehtiyus
their capacity to differenti@ into any type of cell. Moreover, ESCs are characterized by the
ability to proliferatein vitro and unlimited availabilit{Oh et al, 2009) Interestingly, Hay et
al. showed that hepatocylige cells from ESCs were able synthetize albuminMoreover
the activity of different P450 cytochronsmformswas observefHayet al, 2008) The method
for the generation of hepatocylike cells from ESCs is similar to that described 08Cs.
However, due to the lack of protocols for obtaining these differentiated cells on a large scale,
they are used for testirtge cytotoxicity of druggZhouet al, 2012) The main drawbacks of
theutilization of hepatocytdike cells from ESCs ardhe possible formation aferatomas from

nondifferentiateaells, incompatibilityand ethical concern®ayneet al, 2011)

Hepatocytelike cells from adult stem cells

Adult stem cells have advantages over ESCs because of the lack of tumorigenic potential
and controversyegardingtheir usageMoreover they are characterized by multipotency and

selfrenewal capacities. According to the literature, hepatddsgecells can b generated from
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mesenchymal stem cells (MSCs) due to their ability to transdifferentiate into hepatocytes.
MSCs are generally obtained from different adult tissureduding bone morrow or adipose
tissue. Manystudies haveshown that hepatocyHée cells generated from MSCsxhibit
specific features characterist€adult and fetal hepatocyté€Stocket al, 2008) Interestingly,
several clinical trials concernirtpe transplantation of differentiated hepatociike cells to
patients suffering from different liver diseas$es/e been performetiowever the resultavere

not satisactory The major obstacles are connected with the fact that initial engraftment was
inefficient, and thusthe level of subsequent proliferation of transplanted cells wag3aito

et al, 2021)

Induced hepatocytelike cells (iHep)

Induced hepatocyikke cells, callediHep, are directly generated from adult somatic
cells such as fibroblasts. Contrary to the pcot for the generation of hepatocyiiee cells
from iPSCsthereprogramming process omits the step in which the cells are in the pluripotency
stage. Therefore,the whole procedure is simpleand the obtained iHep cells have less
tumorigenic potentiaMoreover, iHep cells can be specific to patieatsl thustherapiesising
hepatocytdike cells might not require taking immunosuppressive df&gkiya and Suzuki,
2011) The Huang team was the firstsaccessfully reprogrammuman fibroblasts into human
hepatocytdike cells. iHep cells wer generated using lentiviral vectors carrying genes
encodinghe following transcription factoréiNF4A HNF1A andFOXA3 Overexpression of
these genes resulted the generation diepatocytdike cells with a phenotypsimilar to that
of human hepatocgs and the ability to perform livaspecific functions such asbiliary
excretion, albumin productioand xenobiotics detoxificationMoreover, transplantation of
iHep cells into mice with liver injury resulted jrolonged survival (Huanget al, 2014)
Although methodology concerning ceprogramming has been developed, several reports
have shown doss of liverspecific phenotype after cell passaging, suggesting phenotypic
instability (Rezvaniet al, 2016; Songt al, 2016; Orgeet al, 2020)

Human fetal hepatocytes

Human fetal hepatocytes are derived from fetal livers and are characterized by the ability
to undergo multiple cell division® vitro. Therefore, to enable their availability, seecells
have been immortalizg@eurholtet al, 2009) However, it is worthmentioning that théetal
liver consists of immature liver cells, which have high levels of alpha fetoproteithand

CYP3A7 soform. Moreover, human fetal hepatocytes hanmmich lower capacity to produce
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urea and remove ammoniahich limits their application in BAL device@oycket al, 2007)
Other concerns areelated toethical issues, possible tumorigenicitgnd poor availability
(Diekmann, Bader and Schmitmeier, 2006)

Hepatic progenitor cells (HPCs)

Hepatic progenitor cells (HPCs) are located in the normal liver. These cellahave
bipotential nature due to their ability to differentiate into hepatocytebaangiocytes during
liver injury (adult HPCs) or liver organogenesis (fetal HPCs; hepatoblasts). Therefore, they are
regarded as a promising alternative to human hepatodytesiteratureshows that adult HPCs
have enhanced activity of phase | andrizymes and metabolize ammonia into urEavever
the tumorigenic potential and poor availability of HPCs limit their (isbuu et al, 2011;
Tanimizu and Mitaka2014)
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2. Aim and researchtheses
Aim:

The aim of thegpresented researetas the development of the model system for dynamic cell
culture based on hollow fiber bioreactors populated with various hepatocellular carcinoma cells.
The pimary goal was testablisreanew genetically modified hepatocellular carcinoma cell line
with arestored urea cycl&@he £condary goal was to evaluate the functionality of the obtained

cell line understaticand dynamic conditions.

Main thesis:

1. The new approacto genetic modification othe hepatocellular carcinoma cdihe (C3A)
will permanently restorés urea cycle and wilprovide apotentialsource of cellfor use in

bioartificial liver devices.

Supportive theses:

1. The newy established genetically mdigid hepatocellular carcinoma cell line will have a

better overall performance staticculture

2. The constructed system for dynamic cell culture will provide a better environmehé for
growth of hepatic cells, manifested time overproduction of albmin, the main protein liver

product.
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3. Materials

3.1 Bacterial strains

The tablebelow (Table 1)ists the bacterial strains used during the experiments.

Table 1. List of bacterial strains used in this study

Bacterial strain

Application

Origin/Co mpany

E.coli STBL2

transformation; preservation of

amplifiedplasmid DNAsequence

Institute of Biochemistry and
Biophysics, Polish Academy ¢
Sciences

3.2Bacterial media

In the course of # experimentdliquid or solid LuriaBertani(LB) broth was ued for

bacterial cultureTo prepare liquid LB, 1 g of casein tryptone (Diglgd, Warsaw, Poland),

0.5 g of yeast extract (Diaded, Warsaw, Poland) and 1 g of NaCl were weighedthen the

pH was adjusted to 7.5 with NaOH afiitled up to 100 b with distilled water. The medium

wa s steri

medium ampicillin (TZF, Warsaw, Polandat a

20 mi

fi

i zed f or

nut easadded to th@ dultuds C .

nal

concentLrFart i

preparing thesolid medium, agar (Becton Dickinson, Waw, Poland) was added to the liquid

LB. The medium was poured into platebowed to setandthenthe plateswerd r i e d

for approximately on@our.

3.3Plasmid DNA

The tablebelow(Table 2)lists the plasmid DNA used during the experiments.

Table 2. List of plasmid DNA used in this study

Plasmid DNA Characteristic Origin/Company
Plasmid containing the gene
encoding viral envelope :
PLTR-G protein (Vesicular Stomatitig CZE‘;?L'gtEdNQ] q
Virus glycoproteini VSV-G) .
Seconedgeneration provided by
PCD/NL-BH* seeeee h : . JakobReiser,
elpefpackagingplasmid PhD (FDA

pPNL-DSRED2/CMMWP R E & U |

Transfer plasmid containing
gene coding for fluorescent
protein DsRed?2

Bethesda, USA)

pReceiver_Lv105/
ARG1 _P2A OTC_P2A DsRed/CM
(in short pIl_ARG1_OTC_BRed)

Transfer plasmid containing
gene encodinghuman
arginase 1HARGJ, human
ornithinetranscarbamylase
(hOTCO), and thdluorescent
proteinDsRed.

Genecopoeia,
Rockville,
Maryland, USA
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3.4Cell lines

The tablebelow(Table 3)lists the cell lines uskeduring the experiments.

Table 3. List of cell linesused in this study.

Cell line Characteristic Origin/Company
C3A The cell line derived from human
(CRL-10741) hepatocellular carcinom@&CC) American Type
HEK293T Human embryonic kidney cell line Culture Collection,
(CRL-3216) Manassas,
HOS Human osteosarcoma cell line Virginia, USA
(CRL-1543)

A cell line derived from HC(PIlutaet al,

2020)after triple transduction with

lentiviral vectors carrying human geneg

codingfor urea cycle proteinsarginase 1

(ARG) and ornithindranscarbamylase
(OTQ

A cell line derived fronHCC (Samluk,

C3A_ARG1_OTC_IIl

Laboratory of
(in short C3A_AO_lII)

Tissue
Engineering,
NaleczInstitute of
Biocybernetics ang

Biomedical
Zakrzewska and Pluta, 201&fter Engineering, Polis}
C3A_DsRed2 transduction with lentiviral vector carryin Academy of
gene coding for red fluorescent protein Sciences
DsRed?2
A cell line derivedrom HCC (Jakubowska
et al, 2024)after transduction with The new
lentiviral vector carrying human genes
C3A_AO_P2A

. : . established cell ling

codingfor urea cycle proteinsarginase 1 obtained during
(ARG) and ornithingranscarbamylase )

(OTC) andbacterial gene for resistance { this study

puromycin

3.5Medium composition for cell culture

The reagents used for cell culture are listethetablebelow (Table 4)

Table 4. List of medium componentsisedfor cell culture.

Component Characteristic Origin/Company
Dul beccobds Modi with2 mM Sigma Aldrich
DMEM L-glutamine and high lucose content g ’
Poznan, Poland
(45 g/L)
FBS Heatinactivated fetal bovine serum Genos, Lodz, Polan
MEM NEAA Nonessential amino acids solution Genos, Lodz, Polant
Balanced salt solution in phosphate buffer| Lab Empire,
PBS : . . .
without magnesium and calcium ions Rzeszow, Poland
Trypsin 0.25% enzyme solutn with EDTA

Genos, Lodz, Polant

3.6 Antibodies used for flow cytometry and for protein detection using ELISA and
Western blot methods

The antibodies used during the experiments are listdekitablebelow(Table 5).
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Table 5. List of antibodiesused n this study.

: Catalog I o -
Antibody number Marker Dilution | Application Origin/Company
Goat ant+h_uman ASO-129A i 1:500 ELISA Bethyl, Warsaw,
abumin Poland
Goat antihuman 1:5000 | Westerrblot Bethyl, Warsaw,
doumin | A80129P 1 HRP e 00| ELISA Poland
Goat am-h_uman AS0-129E | EITC 1:150 FACS Bethyl, Warsaw,
albumin IF Poland
Mouse antl | o 365547| - 1:50 | Westerrblot | Santa cruz, Dallas
human &ginase 1 Texas, USA
Rabbit anti Thermo Fisher
human OTC PA5-28197 - 1:500 Western blot| Scientific, Waltham,
Massachustts, USA
Rabbitanti Thermo Fisher
PA1-988 - 1:5000 | Westerrblot | Scientific, Waltham,
humanGAPDH
Massachusetts, US
Goat antthuman _ Bethyl, Warsaw,
ALAT A80-122F | FITC 1:750 FACS Poland
Mouse ant ) Becton Dickinson,
humanCD54 555511 PE 1:1000 FACS Warsaw, Poland
Goat antirabbit | 1970541 | HRP | 1:10 000 | Westerrblot | SYMPIOS, Straszyn
IgG Poland
Goat antimouse Thermo Fisher
1aG 31439 HRP 1:2000 | Westerrblot | Scientific, Waltham,
9 Massachusetts, US
goatlgG isotype 1:100 FACS Abcam, Cambridge
control ab37374 FITC 1:150 IF Great Britain
__rabbitlgG ab37407 | PE 1:100 Facs | Abcam, Cambridge
isotype control Great Britain

3.7Kits used inthe experimental procedures

The following tablgTable6) lists thekits used in the course tfe experiments

Table 6. List of kits usedin this study.

Name

Application

Origin/Company

Kit for the determination of
glucoseconcentration

Measurement of glucose
concentration in culture

medium

BioMaxima, Lublin, Poland

Pierce BCA Protein Assay

Kit

Determination of protei

concentration

Thermo Fisher Scientific,
Waltham, Massachusetts
USA

QuantiChrom Urea Assay

Kit

Measurement of urea
concentration inpostculture
medium or cell lysates

BioAssay Systems,
Hayward, California, USA

Plasmid Mini
Plasmid Midi AX

Plasmid DNAisolation

A&A Biotechnology,
Gdansk, Poland
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Genomic Mini

Genomic DNA isolation

A&A Biotechnology,
Gdansk, Poland

Total RNA Mini Plus

RNA isolation

A&A Biotechnology,
Gdansk, Poland

CytoPainter FActin
Staining Kit

Apical vacuolewisualization

Abcam, Gmbridge, Great
Britain

Lipofectamine 3000
Transfection Kit

Cell transfection using
lipofection method

Thermo Fisher Scientific,
Waltham, Massachusetts

USA
Arginase Activity Assay i Measu_re_ment of enzymatic Sigma Aldrich, Poznan,
activity of arginase Poland

TURBO DNA-free Kit

DNA removal

Thermo Fisher Scientific,
Waltham, Massachusetts
USA

QuantiTect Reverse
Transcription Kit

Reverse transcription

QIAGEN, Hilden, Germany

3.8Primers used for PCR and RTFgPCR

The tabls below(Table7; Table § list the primers used itécourse otheexperiments

Table 7. List of primers used for PCR.

Primer Nucleotide sequencef primer templ\élgtiunr% AC rij%?;(e)gfjgg%% Origin/Company
(Ars\?e%&:) 56 CACCAGGCTGATT( 60 55
(g/gr—si) 56 TGTAGTGGTTGTC( 59.9 55 Warosl.;lg\]/\c/),.%blanc
(?é)l\r/lv?//a_ri) 5 AAGTACGCCCCCTATTGACG3 § 595 55
Table 8. List of primers used for RT-qPCR.
Genes Nucleotide sequence of primers | Efficiency i eArrrl]n;aelir:ga t cgrrri%i;riy
ALB | g5 AGCAGCACGACAGAGTAATC 3| 0995 60
ARGL | b5 CTOGCATGGCCAGAGATGCT 3| 0965 60
oTC F: 5 ATCCTGGCTGATTACTCAC 3 1 60
R: 5' ACTAGCATCCGGCTCATAAC 3' Institute of
LA | FSACISCTOCTONTACAOMS | 0o0 | s Biotemsty
ran | £ SSSMCCCSICCASMICASS] om0 | s0 | miopivas.
HSPALA| o CaaceacoacaTarceTorTa | 099 0| Academy o
=T . ciences
KoL | FSATCCCTICCSCCEATS | oo | o9
GAPDH | |3 ISSCAOCSTEMSSTIENSAT om0 |
RPLisA| FICSTSCCTCIOMCCTACS | oo | 50
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3.9Nucleic acid and protein size standards

The tablebelow (Table 9) showsthe protein and nucleic acid size standards used én th

experiments.

Table 9. List of protein and nucleic acid size standardssedin this study.

Name Application Range Origin/Company
Perfect Plus 1 kb Electrophoretic . Eurx, Gdansk,
DNA Ladder separatiorof DNA 2501 10000 Ip Poland
. A&A
DNA Marker Electrophoretic . :
Lambda/Ava Il separatiorof DNA 1517 8126 Ip Biotechnology,
Gdansk, Poland
PageRuler or .
PageRulerPlus Electrophoretic 107 180 kDa .The.rmo Fisher
. . : : . Scientific, Waltham,
Prestained Protein | separatiorof protein 107 250 kDa h
Ladder Massachusetts, US4

3.10Enzymesused for PCR, RT-gPCR, and enzymatic digestion

The following enzymes were used during the experiments:

- Tag RUN INA Polymerase (200 U) with buffer (A&A Biotechnology, Gdansk, Poland),

- Restriction enzymeBamH1 (20U / LOwith Anza 10x buffer (Thermo Fisher Scientific,
Waltham, Massachusetts, USA)

-Light CyclerE480 FastStart SYBRastStaréagDNAI Mas't

Polymerase (Roche, Basel, Switzerland).
All used enzymes were stored-20 AC.
3.11Buffers and solutions

Reagents for protein detection using ELISA test:

Human #umin standarda standard for albumin protein withconcentration 22 mg/nmL

(Bethyl, Warsaw, Poland) was diluted to a concentration of 400ln@haquoted and stored at
20 Ac.

Coating Buffer the readyto-use powder (Sigma Aldrich, Poznan, Poland) was dissolved in
100 nL of deionized wateand$ or ed at 4 AC.

Postoat Solution (blocking solution)the readyto-use powder (Sigma Aldrich, Poznan,

Poland) was dissolved inl1of deionized wateand$ or ed at 4 AC.
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Conjugent Diluent0.5 nL of 10% Tweer20 was added to 100 Lmof Postcoat Solution.
Prepared reagentwasor ed at 4 AC.

Wash Solution6.06 g of Tris Base and 8.2 g of NaCl were weigtieeln 6 n. of 6 M HCI
was addedandfilled up to 1 L with deionized wateThe reagentwagsor ed at 4 AC.

TMB: substrate for horseradish peroxid#sRP); readyto-use poduct (Biomibo, Warsaw,
Poland)whichwass or ed at 4 AC.

Buffer for protein isolation:

RIPA buffer (Thermo Fisher Scientific, Waltham, Massachusetts, USA) was stored at
4 AC. Just before cell |l ysi s, t heatdratibbfer wa s
1:100 (Halt Protease Inhibitor Cocktail 100x; Thermo Fisher Scientific, Waltham,
Massachusetts, USA), phosphatase inhibiedra ratio of 1:100 (Halt Phosphate Inhibitor
Cocktail 100x; Thermo Fisher Scientific, Waltham, Massachusetts, BSRAEDTAat a ratio
of 1:100 (EDTA 100x; Thermo Fisher Scientific, Waltham, Massachusetts, USA).

Cell lysis buffer:

Triton X-100 was added to 1 M T#H4Cl buffer, pH 7.4, so that its final concentration
was 0.4%. The sol ut i oadlllysisatlse busfer was suppleanéntedwith C. B
the following protease inhibitorpepstatin A (Sigma Aldrich, Poznan, Poland) and leupeptin
(Sigma Aldrich, Poznan, Poland). The final concentratidtise compoundm thebuffer were
1 OM.

Reagents used fonucleic acid electrophoresis:

TAE electrophoresis buffer 50242 g of Tris Base was weighed, then 57L1ahglacial acetic
acid and 18.6 mof 0.5 M EDTA were adde@ndthe volume was adjustéd 1 L with distilled
water.The sock solutionwas storecat 4AC.

1-1.5% agarose gehn appropriate amount of agarose (Thermo Fisher Scientific, Waltham,

Massachusetts, USA) was dissolved in 5D af TAE buffer (1x) using a water batfio
visual i ze L lofeasdiution of9 , 5/mlOdhidium bromide(Thermo Fisher
Scientific, Waltham, Massachusetts, USA) was added to the solution. The gel was poured into

a trayand allowed to polymerize.
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6x Blue Gel Loading Dyé¢Blirt, Gdansk, Poland)samples were mixed with loading buffar

a ratioof 1:6 before loaing on the gel.

3.12Reagents used for protein electrophoresis and Western blahalysis

The reagents used for the preparation of polyacrylamide gels forF5AIEE are listed irthe
tables below(Table 10; Table 11)

Table 10. Reagents used for the prepation of 10% and 12% separating ges.

Volumei 10% Volumei 12%
Component [mL] (mL]
30% solution of acrylamide/bis 333 4
acrylamide 37.5:1 )
1.88 M TrisHCI pH 8.8 2.4 2.4
10% SDS 0.1 0.1
10% APS 0.1 0.1
TEMED 0.02 0.02
Distilled water 4.05 3.38

Table 11. Reagents used for the preparation dlfie 4% resolving gel.

Component Volume [mL]
30% solution of acrylamide/bigcrylamide 37.5:1 0.6
0.8 M Tris-HCI pH 6.8 0.96
10% SDS 0.04
10% APS 0.04
TEMED 0.006
Distilled water 2.35

Electrophores buffer 10x 30.28 g of Tris Base and 144.14 g of glycine were weigaed,

then 100 . of 10% SDS solution was addethe pH of the buffer was adjusted to 8.3 with

6 M HCI, andthe buffer waghen refilled with distilled water to 1 IThe fock was dilted

10 times just before use and stored at room temper@iie

Transfer buffer 10x30.28 g of Tris Base and 144.14 g of glycine were weighed, then the pH

of the buffer was adjusted to 8.3 with 6 M HCI, dimélly the buffer was filledup to 1 L with

distilled water.The $ock solutionw a s

stored

at 4 AC.

10 times and methanol was addedadinal concentration of 20%.

Just

TBST buffer 10x 24.23 g of Tris Base and 87.66 g of NaCl were weigardthen 10 nh of

Tween20 was added. The pH of the buffer was adjusted to 7.4 vwtHH&I, andthe buffer

wasthenrefilled with distilled water to 1 LThe sock was diluted 10 times just before use and

stored aRT.
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Stripping buffer 1.5 g of glycine and 0.1 g of SDS weveighed and 1 inof Tweenr20 was
added. The buffer pH was adjusted to 2.2 withl 6Cl and therfilled up to 100 mh. with
distilled water. Stored &RT.

Sample buffebx: 5 g of SDS was weighedndthen 25 nh of glycerol, 6.25 rh of 2 M Tris-
HCI pH 6.8 ad 1 nL of bromophenol blue (Sigma Aldrich, Poznan, Polamelle addedThe

obtained solution was refilled with distilled water to 5Q.nThe fock solutionwas stored at

-2 0 Befre use, e sock was diluted.33 timego obtainl.5x sample buffer

Blocking solution 5 g ofnonfatmilk (SM, Gostyn, Poland) was dissolved in 100 af TBST
1x bufferand$ or ed at 4 AC.

ECLT enhanced chemiluminescence substrate for HBRi?PRad, Hercules, California, USA):
the A and B components were mixed aratio of 1:1 just before use and applied to the
membrane.

3.13Reagents used for determination ofhe retention of the polysulfone membrane

The tablebelow (Table 12)lists the reagents used for determining the retentiothef

polysulfone capillary membranes

Table 12. List of reagents used for retention measurement

Name Size Origin/Company
Bovineserumalbumin Fluka, Charlotte, North
(BSA) 67 kDa(7.1nm) Carolina, USA
Red fluorescent polystyren EPRUI Biotech, Suzhou,
. 100 nm .
microspheres China
Red fuorescent polystyrent EPRUI Biotech, Suzhou,
. 200 nm .
microspheres China
Red fluorescent polystyren EPRUI Biotech, Suzhou,
. 500 nm .
microspheres China
Cytometer Setup and 23 &m Becton Dickinson, Warsaw
Tracking Beads Poland

3.140ther reagents used inle course othe experiments

The tablebelow(Table 13)lists the other reagents used in toeirse of thexperimens.

Table 13. List of other reagents used during the experiments.

Name Origin/Company
38% solution of formaldehyde Sigma Aldrich, PoznarRoland
Trypan blue Sigma Aldrich, Poznan, Poland
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DAPI Sigma Aldrich, Poznan, Poland
DMSO ATCC, Manassas, Virginia, USA

MTT Sigma Aldrich, Poznan, Poland

SDS Sigma Aldrich, Poznan, Poland
Glycine POCH, Gliwice, Poland

APS Sigma Aldrich, Poznan, Pald
TEMED PanReacAplliChem ITW Reagentg

Darmstadt, Germany

30% solution of acrylamide/bigcrylamide
37.5:1

Sigma Aldrich, Poznan, Poland

b-mercaptoethanol

Sigma Aldrich, Poznan, Poland

dNTP Mix (10 mM each)

Thermo Fisher Scientific, Waltham
Massachustts, USA

TCA

Sigma Aldrich, Poznan, Poland

Acetone

WARCHEM, Warsaw, Poland

L-ornithine hydrochloride

Thermo Fisher Scientific, Waltham
Massachusetts, USA

Carbamoyl phosphate dilithium salt

Sigma Aldrich, Poznan, Poland

2,3-butanedione monoxime

SigmaAldrich, Poznan, Poland

Phosphoriacid (Hz3PQy) POCH, Gliwice, Poland
. Thermo Fisher Scientific, Waltham
OptiMEM Massachusetts, USA
Glycerol Sigma Aldrich, Poznan, Poland
Isopropanol POCH, Gliwice, Poland
Sulfuric acid(H2SQy) POCH, Gliwice, Poland
EDTA POCH, Gliwice, Poland

Hydrochloric acidHCI)

POCH, Gliwice, Poland

Ammonium chloridgNH4ClI)

POCH, Gliwice, Poland

Propidium lodide

Sigma Aldrich, Poznan, Poland

Tween20 Sigma Aldrich, Poznan, Poland
Triton X-100 Sigma Aldrich, Poznan, Poland

Tris Base Lab Empire, Rzeszow, Poland
Sodium chloride (NaCl) Sigma Aldrich, Poznan, Poland
BSA Sigma Aldrich, Poznan, Poland

RNAlater Stabilization Solution

Thermo Fisher Scientific, Waltham
Massachusetts, USA

Puromycin

Thermo Fisher Scientific, Walim,
Massachusetts, USA

Polyurethane resin FC 52/HPE 85; polyol;

component A

JASSKOR, Warsaw, Poland

Polyurethane resin FC 52/HPE-8BA-1SO;
isocyanine; component B

JASSKOR, Warsaw, Poland

Silicone grease ROTISILON C

Carl Roth, Karlsruhe, Germany

Sodiun hydroxide (NaOH)

POCH, Gliwice, Poland

Glacial acetic acid

POCH, Gliwice, Poland

70% solution of ethanol

Linegal Chemicals, Warsaw, Polan

959% solution of ethanol

POCH, Gliwice, Poland
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3.15Laboratory equipment

The tablebelow (Table 14)summarizeghe laboratory equipment used in the course of the

research.

Table 14. List of laboratory equipment.

Name Origin/Company
Flow cytometeBD FACSCanto Il Becton Dickinson, Warsaw, Polar
Spectrophotometer Wlth plate reader Synergy H BIOKOM, Jank, Poland
Bio-Tek
Incubator CQfor cell cultureNuAire NuAire, Plym%ug’k Massachusett
Biological safety cabinet classNluAire LABGARD NuAire, Plym%ugk Massachusett
Fluorescence invertadicroscope IX71 Olympus, Warsaw, Poland
Inverted phase eirast microscope CKX41 Olympus, Warsaw, Poland
Centrifuge MPW352R MPW, Warsaw, Poland
Centrifuge 5415 R Eppendorf, Warsaw, Poland
- . DLAB Scientific, Rowland St.,
Mini centrifuge D1008 California, USA
Autoclave Classic Prestige Medical Bionovo, LegnicaPoland
N Worthington Industries, Columbus
Liquid nitrogen dewatab Systems LS3000 Ohio, USA
. Thermo Fisher Scientific, Walthan
Spectrophotometer U¥is NanoDrop One Massachusetts, USA
. . Thermo Fisher Scieritt, Waltham,
Spectrophotometer UVis Spectronic Genesys 2 Massachusetts, USA
Scanning electron microscope TMO00 Hitachi nghT‘;agggr?logles, Tokyo

Quorum Technologies, Ashford,
GreatBritain
Kr¢ss Optroni

Sputter coateEmitechK550X

Goniometer DSA25

Germany
SpectrophotometddV-Vis U-3010 Hitachi nghT‘;agggr?logles, Tokyo
Water Bath SWB Stuart, StoneGreat Britain
. DLAB Scientific, Rowland St.,
Thermomixer HCM10€Pro California, USA

Chemiluminescent system for digital documentat . .
of gels Allignce 04 Ad?/anced UVITEC, Cambridge(Great Britain

Set for vertical electrophoresis and transfer Min
PROTEAN 3 Cell

Set for horizontal electrophoresis Miub Cell GT | Bio-Rad, Hercules, California, US

Bio-Rad, Hercules, California, US

Shaker IKA Vortex 2 IKA, Warsaw, Polad
Magnetic stirrer with heating IKA RTC basic IKA, Warsaw, Poland
Incubator Shaker Innova 44 Eppendorf, Warsaw, Poland
Peristaltic pumgRegloDigital ISM597A Ismatec, Glattburg, Switzerland
Peristaltic pump L/S eadgad Il 7720260 Masterflex, PlockPoland
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Multifunctional instrumenX-705

Elmetron, Zabrze, Poland

Laboratory cradle K945

JW Electronic, Warsaw, Poland

Laboratory scales WTB2000

Radwag, Warsaw, Poland

ThermocycleiCycler T100

Bio-Rad, Hercules, California, US

Li ght Cop8ybeenr E

Roche, Basel, Switzerland

Transilluminator 3UV

UVP, CambridgeGreat Britain

Automatic pipettes

Eppendorf, Warsaw, Poland

Automatic pipettor

Eppendorf, Warsaw, Poland

Multichannel pipettes

Medlab, Raszyn, Polska

Incubator KBC65G

WAMED, Warsaw, Pand

Heater

Termiko, Cieszyn, Poland

Vacuum dryer SP-200 BCM

Conbest, Krakow, Poland

Centrifuge (for pouring resin on modules)

Laboratory of SemPermeable
Membranes and Bioreactors,
Institute of Biocybernetics and
Biomedical Engineering, Polish
Academyof Sciences

3.160ther materials

The tablebelow(Table 15)summarizeshe other materials used during the research.

Table 15. List of other materials used in the course dhe experiments.

Name

Origin/Company

Polysulfone capillary membrangsore &z€0.2 O m

Vestergaard Frandsen,
Lozanna, Switzerland

PVDF membrane filters (pore siz202 O m)

Merck, Darmstadt, Germany

PVDF membrangpore size @ Om)

Thermo Fisher Scientific,
Waltham, Massachusetts, US

Millex-GV

PVDF membrane mini filter@ore size 220 m)

Merck, Darmstadt, Germany

Flasks for cell culture (surface 25 tand 75 crf)

Googlab Scientific,
Rokocin, Poland

50 L)

Serological pipettes (volume 5Lm10 ni, 25 ni, and

Googlab Scientific,
Rokocin, Poland

Injection syringes (volum& mL, 2 nL, and 5 nb.)

Becton Dickinson, Warsaw,
Poland

6, 12,24, and 96well plates

Nest Scientific Biotechnology
Wauxi, Jiangsu, China

96-well maxi binding plates (for ELISA test)

Nest Scientific Biotechnology
Wauxi, Jiangsu, China

Centrifuge tubeg¢volume 15 nh and 50 nh)

Googlab Scientific,
Rokocin, Poland

Microcentrifuge tubes (volume& mL and 2 nh)

Bionovo, Legnica, Poland

Cryovials (volume 2 1)

Biologix Plastics,
Changzhou, Jiangsu, Ching

Roundbottom tubes (for cytometric analysis)

Sarse d t , N¢e mbr e

Pipette tipg v ol une 210 8n®On)

Profilab, Warsaw, Poland
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Googlab Scientific,

Pipette filtdyr 2ID@ndOnh) o Rokocin, Poland

Glass bottles Bionovo, Legnica, Poland

Glass beakers Bionovo, Legnca, Poland
B¢egrker counting cl  Equimed, Warsaw, Poland
Mr. Frosty Freezing Container Bionovo, Legnica, Poland

Nest Scientific Biotechnology
Wauxi, Jiangsu, China
Linegal Chemicals, Warsaw,
Poland
Biologix Plastics,
Changzhou, Jiangsu, Ching
Ismatec, Glattburg,
Switzerland
B.BraunAeskulapChifa,
Nowy Tomysl, Poland

Cell culture dishes (size 60Gm)

Scalpels Cutfix

Cdl scrapers

Pump tubing (interior diameter86 mm)

Hemodialysis tubing A/V Set for Dialog

3.17Computer programs

The following ®@mputer programs were uskm the research
ImageJ(microscopy image analysis),

Facs Divaflow cytometry analysis),

CellSengmicroscoly image analysis),

Genb5(software for analysis of data obtained frammicroplate reader BioTek),
PrimerBLAST (tool for designing primers for PCR)
COMSOLMultiphysics5.5 (software for conductinghathematicasimulations)
Alliance Q4 Advancedsoftware forchemiluminescence imamy),

StatisticalO (software for statistical analysjs)

Origin (software for analysis andsualization of obtained data),

REST 2009 software for analysis of relative gene expression changes),

BioRender(tool for creating scientific images).
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4. Methods
4.1 Basic activities related to cell culture

4.1.1Preparation of the culture medium

Powdered DMEM High Glucose was dissolved in 500 of deionized water. Then
3.7 g of sodium bicarbonate was addaadthe mixture wadilled up to 1 L with deionized
water . The obtained medium was fil Theeckd wit
culture medium was supplemented with fetal bovine serum (10% by volume) and nonessential
aminoacids ol ution (1% by volume). The obtained n
and stored at 4 AC.

4.1.2Cell thawing

The cryovial with frozen cells véaremoved from the liquid nitrogen reservoir and
thawed inthewarm water. Therl mL of fresh medium was added to the partially thawed cells.
The cell suspension was transferretnediatelyto a sterile centrifuge tube and centrifuged
(5 min, 163 RCF, 1A C) . Next, t he s yagndthemldinadnpelletwass r em
resuspended in 1 mof fresh mediumThen,whole cell suspensionagseededn culture bottle

and transferred to an incubator (37 AC; at mo

4.1.3Cell passage

The medium was removed from the flask dind cells weravashed with PBS. After
that the buffer was removedndanappropriate volume of 0.25% trypsin solution was added
(2 mL for aT25 flask, 3 nL for aT75 flask). Then the mixture was ncubat etr at 37
5 minutes.Trypsinization was stopped by adding the same amount of culture medium. Then
the cell suspension was transferred to a centrifuge tube and centrifuged (5 min, 163 RCF,
15AC) . The obtai ned sangthe ranaainiagnpellevasatsoroughdymo v e d
resuspended in 1 Imof fresh medium. The cells were then seeddd naw culture bottleat

the appropriate densignd cultured n an i ncubator (37 AC). at mos

414Counting cells wusing the B¢rker chamber

The irst steps of thiprocedure wrethe same ahosein the case ofell passageThen,
after the pellet suspension, the final volume was checkethdfvolumewas not 1 rh, fresh

medium was addedr theexcess medium was removed. If necessary, the cekkssigm was
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diluted in IPBfS.t hTeh ecng |l 11 0s us p e NLofi0A@M trypaa Bluemi x e d
solution, whichpenetrates into the nuclei of dead cells amdrcalatesDNA. Half of the
obtained mixture was tr avuiabdcelswee thentcaunted fradne, r k e r
at least five large squares. The final number of cells was calculated using the following formula:

€ & NP
where:
ns 7 final number of cells
na 1 average number of cells obtained from counted squares
di dilution
4.1.5Freezing cells

The first steps of thiprocedure wrethe same ahosen the case ofell passagelhen,
after thepellet was resuspended, an appropriate volume of the cell suspension was transferred
to a cryovial,andfresh medium (if necessary) and DMSO (16Y&wolume) wereadded. The
freezing container with the cryovial was left &0 AC. The nextwasday, t

transferred to a dewar with liquid nitrogen.

4.1.6Bacterial cultures in a solid medium

E.coli bacteria wereplated as singleolonieson solid LB medium(with or without
antibioticy and incubated overnight at 2VC . Bacteri al on wéreustoeds o n S

at 4 pPpxinately2 waeksAfter that time the cultures were passaged.

4.1.7Bacterial cultures in a liquid medium

E.coli bacteria were inoculated from a single colony. Bacterial cultures in liquid LB
medium(with or without antbiotics) were carried out for 220 hours ina shaker incubator at
37 AC. For small scale cul ture5m.ofhBzandfarct er i a
medium scale culture in 3000 L of LB.

4.1.8Storage of bacterial cells

For longterm sbrage of bacterial cells, the cultures in liquid medium were mixed with

sterile glycerohta 1:1 ratio and stored &8 0 A C.
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4.2 Isolation of genomic DNAusing SDScell lysis

The first step of ell lysis was theaddtion of 2 mL of 5% SDSor 3 minutes atRT.
Then, an equivalent amount of cold 98%anolwas added to the sampledjich weregently
mi xed and centrif uged Afferltfat theisupernatdnd \8as rerRoged , 15
and heobtainedpellet was rinsed with 1 mL of cold 70% ethaantlagaincentrifuged (5 min,
163 RCF, 15 AC). The r e $oulOtminatgs atRTNakd tpea | | et
resuspended in 3 mL of watdihe concentration of the isolated DNA was determined wsing
NanoDrop spectrophotometer from Thermo Fisher Sifierby measung the absorbance of
the samples avavelengtls of 230, 260 and 280 nm.

4.3 Determination of glucose concentration in the culture medium

The ducose concentration in the culture medium was measigiada commercial kit
from BioMaxima according to the manufacturer's recommendations. Brieflg| @f the
analyzed sampssandstandard were added to 280of the colored reagerdind incubated for
10 minutes aRT. A colored reagent wassedas a blank, and DMEM wita known glucose
concentation (4.5 g/L) was used as a contfbhe @sorbance was read at 505 nm using a

Synergy HT spectrophotometer.

4.4 Determination of albumin secretion usingthe immunoenzymatic method- ELISA

The amount of albumin secreted by the cells was determinegl th& sandwich variant
of ELISA. First, the anthuman albumin antibody was diluted in Coating Bu#fearatio of
1:500. After that, the special maxi binding-@6e | | pl ate wasLafdilutedr ed wi
antibodyper well The plate washenincubatel for one hour at RT in the dark. At the end of
this time, the solution was removed from the wells. Thenplate was dried and washed twice
wi t h La2foA@sh&olution per well. To avoid nonspecific binding, the plate was incubated
wi t h La>fPostobt solution (blocking solution) per well for 30 minutes at RT in the dark.
Then the washing procedure was repeated. After, tinet medium samples and the human
albumin standard appropriately diluted in PBS were applied to the plaeancubation laste
one hour at RT in the dark. After this time, the procedarevishing the wells was repeated.
Then the antthuman albumin antibody conjugated with HRP was dilateatatio of 1:50 000
in Conjugent Di |l uenkLperwellaheidobated agairhuademptHeaame ( 10
conditions. The next step was to wash the wells and add a colored substr#RPIAIMB).
The plate wasncubatedat 37 A C voi 15 minuseb. dHe ireactjon was stopped by
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adding 0.2 M sulfuric acidThe absorbance atwavelength of 450 nm waseasued using a
Synergy HT spectrophotometefhe dbumin concentration in the tested samples was
determined on the basis of a standard curve made with the gseiafdilutions ofhuman

albumin.

4.5Preparation and labeling d cells for analysis using fluorescence microscopy

To prepare cells for fluorescence microscapglysis the medium was removed from
thewells, andthe cells weravashed with PBSThen, he cells werdixed by incubationwith
4% formaldehyde solution fdr5 minutes at RT in the dark. After this time, the formaldehyde
was removegdand the wells were washed three times with PBS. The fixed cells were
permeabilized byncubaton with 0.1% Triton %100 solution for 10 minutes at RT in the dark.
After Triton X-100 was removed, the wells were washed three times with PBS. To block
nonspecific bindingthe cells were incubated with 1% BSA solution for 30 minutes at RT in
the darkThen appropriately diluted primary antibodies were adwetie wells and incubated
for one hour at RT in the dark. The antibodies were then removed, and the wells were washed
three times with PB3f needed, theecondary antibodiegere added to the wellsd incubatd
for 30 minutes at RT in the darkfter the antibodiesvere removedthe wells were washed
three times with PBS. To statinecell nuclei,thecells were incubated with a DAPI solutiah
a final c 0 n ¢ e IbtStamihg wasperforined fod 5 nrmitesrat RT in the dark.
After theDAPI was removed, the wells wer@ashed three times with PBS and observed under
an Olympus I1X71fluorescesemicroscopeFor the analysjgppropriate UV filters were used:

UMN-B for green fluorescence, UMR for red fluorescence and UMBI for DAPI.

4.6 Preparation and labeling of cellsfor flow cytometry analysis

First, the cells wereetachedu si ng trypsin and counted in
0.2% trypan blue solution. The cells were then fixed with a 4% formaldehyde solution by
addi n d offddntaldeByde perll # cells. The snples were incubated for 10 minutes at
RT in the dark. After this time, the,theell s \
supernatant was removiednd the pellet was gently resuspendedl mL of PBS and
centrifugeda gai n (6 mi n, The @dxt stRpONRS perfnealdiligatian thé cell
me mbr anes. Briefly, the sluopClPom@dn %100 solutars r e mo
was added perl1P oells. The samples were incubated for 10 minutes at RT in the dark and
then centrifuged (6 min, 7 CF, 4 A C)the supdrnatant was rensoved, andLlah
PBS was added and again cent rthefpeligtevds génBy mi n,
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resuspendeth 1 0 (L of@BS with 2% FBS perl:1 ¥ eells and appropriately diluted primary
antibodieswere added and incubated for one hour at RT in the dark. The samples were then
centrifuged (6 min, 700 RCF, A4thedells)were dghit er t I
r esus pen defiPBIsupplemeriedith 2% FBS andappropriately diluted seadary

antibodies were adde@he amples were incubated for 30 minutes at RT in the dark. If the
primary antibody was conjugated to a fluorophore, this step was omitted. After 30 minutes, the
sampl es were centr i f ug e thesgpénatamt was rembe@ndfReCF, 4
cell s were r es ofPPSeandtmrdferiechto rbuhd botACS tubes. The

prepared samples were analyzed usiBjpa=ACSCanto Il flow cytometer.

4.7 Genetic modificationof the C3A cell lineusinglentiviral vectorsi establishment of the

new genetically modified cell line- C3A_AO_P2A

4.7.1Transformation of chemocompetent bacteria usinghe heat shock method

0. % ofGhepl ARG1 OTC DsRe¢p | as mi d was L afdEdok 8TBli2o0 50 ¢
chenically competent bacteai The mixture was incubated for 20 minutes on ice and then
transferred to a water bath (42 AC) for 30 s
for 2 minutesonice. ThedamLof | i quid LB (prewarmed to 37 /
thesampes were shaken f.dhentdeCchemdcompdtediactera tvere3 7 A C
seeded on LB plates with ampicillin. Bacteria without plasmid were also seeded as a control.

The plates were incubated overnight at 37 AC

4.7.21solation of plasmid DNA

After transformation, one colony frothe obtained bacteria was inoculated into B m
of liquid LB containing ampicillirat aconcentratiomf1 0 0 IO @he bacteria were cultured
in ashaker incubatql8 h,3 7  Ahe hext daytheoptical density ofheculture was measured
at a wavelength of 600 nm using Spectronic Genesys gectrophotometer from Thermo
Fisher Scientificlf the analyzed value was between @rgl1.2, plasmid DNA wassolaed
usinga Plasmid Mini kit from A&A Biotechnology in accordane@th themanuf act ur er
recommendations. If needed, medium scale bacterial culture was performed. BriéllypR0
small scale culture was inoculated into 5D afi liquid LB with ampicillin and transferred @
shaker incubatorl(8 h , 3 7, pldsi@d DNA iEdlaton was conducted usiagPlasmid
Midi AX kit from A&A Biotechnology according to thena n u f a cprotocok The s
concentration and purity of the isolated plasmid DNArexdetermined using NanoDrop
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spectrophotometer from Thermo Fisher Stifen The absorbance of the samples was
measured awavelengtls of 230, 260 and 280 nmPure DNA should have an8dA2so ratio
in the range of 1-4.8 and an Asd/A23oratio between 1-2.2. The isolated plasmid DNA was

further used fothe production & lentiviral vectors.

4.7.3Digestion with restriction enzymes

To confirmthesize and purity othe obtained plasmid DNA, digestion with restriction
enzymes was conducted. The chosen restriction enzyme was BamH1, oidacks the
analyzed plasmid DNAt two sites. The expected sigef the plasmid DNA fragments &re
8249 and 2578bp. For the digestion procedurethe following mktures were prepared
(Table ®).

Table 16. List of components for preparingthe mixture for digestion with restriction
enzymes.

Component Amount
Plasmid DNA 05 Og
Anza Buffer 10x 2 LO
BamH1 1 L@oVU)
Milli -Q water Up td 2

The enzymatic digestion was conducted af3@or 15 minutes. To confirrtheresults
of enzymatic digestion, the plasmid DNA wseparated on 2% agarose gel with the addition
of ethidi um bL). &lectroproresisaskarr@ddutnn TAE bufiér voltage
of 85 V. Before loading on the gahe samples were mixed witbx Blue Gel Loading Dye
(loadingbuffer). As a control, nondigestgilasmid DNA was loadedn the gel. The molecular
weighs of the analyzed plasmid DNA fragmentsene determined on the basis of a
Lambda/Ava IIDNA marker from A&A Biotechnology (rangd511 8126bp). The result of
DNA separation in the agarose gel wasudlized under UV lighat a wavelength of 254 nm

using a UVP transilluminator.

4.7.4Production of lentiviral vectors - transfection of HEK293T cells usinghe lipofection

method

Before transfection, HEK293T cells were seeded densityof 2.5: 2 6els per well
in al2-well plate in 1 nh of DMEM supplemented with 10% FBS and 1% nonessential amino
acids solution. Thenext day, cells werdriple transfected with t following plasmids:the
transfer plasmidol_ARG1_OTC_DsRedthe plasmid encodinghe viral envelope protein
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pPLTR-G, andthe helper/packaging plasmigCD/NL-B H* g o. As a control,
also transfected witthetransfer plasmiggNL-DSRED2/CMMAWP R E & Wi8ich encodethe
fluorescent protein DsRedZwo variants of the total amount of DNA per well@ or 5Qg)
werechecked. The proportion of @aid DNA ¢he transfer plasmid tohe helperfpackaging

plasmid tothe envelope plasmidyas also evaluated. The following proportions were used to
optimize thetransfection procedur@:2:1, 4:2:1and 5:2:1 Transfection was performeding
aLipofectamire 3000Transfection kit iraccordance witthema nuf act ur er 6 s pr ot
before transfection, two mixtures were preparBue frst mixture containe@n appropriate

amount of three types of plasmid DN& Qg or 5Qg) in the proportions mentioned ake

enriched to 65 QL with OptiMEM medium. The cond mixture contained &L of
Lipofectamine 3000 and wadsoenriched to 65 QL with OptiMEM medium. Subsequently,

thetwo mixtures were incubated for 15 minutes at RT. Thws® mixture with Lipofectame

3000 was transferred to the mixture with plasmid DNA, mixed and incubated for 15 minutes at
RT. Then,the DNA-LP3000 complexes were added gently (by droptett)e cell cultureand

mixed well. The transfected cells were incubataderstandard contlons for 16 hours. After

this time,themedium was replaced with freaiedium,and the cells were cultured for another

two days.The efficiency of transfection was anzdyl on the third daynder UV lightusingan

Olympus IX71 fluorescence microscop&or the analysisUMN-G for red fluorescence
(DsRed/DsRed2 protein) was used.

4.7.5Collection and storage of lentiviral vectors

Threedays afterthetransfection oHEK293T celk, media containindentiviral vectors
(LV_ARG1_OTC_DsRed or LV_DsRed?2) werelleded andilteredthrough0.220m PV DF

membranes to sterile probd@$e kentiviral vectors were stored 40 AC.

4.7.6Transduction of human HCC cells using lentiviral vectors

The day before transduction, C3A cells were seedadiansityof 1. P Gells per well
in al2-well plate in 1 nh of DMEM supplemented with 10% FBS and 1% nonessential amino
acids solution. The following daythemeda from thewells wee replaced with 50@L of fresh
meda. Then 500 L of medium containindentiviral vectos (LV_ARG1_OTC_DsRed or
LV_DsRed?2) vas addedto each well Transduction of C3A cells was conducted using all
versions ofentiviral vectorpreparationgbtained duringhetransfection procedui@ the case
of LV_DsRed2 only Xg; 5:2:1 variant) The cels were cultured foR0 hoursat 37A C an n
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incubator in an atmosphere of 5% £@fter that themedia were replaced with fresteds,

and thecells were cultureébr another five days.

4.7.7 Antibiotic selection

Seven days after transductiatie trangluced cellswere selected witlpuromycin
(concentratioa ranging r o m  T/mit).orheGim ©Of this process was to obtapopulation
of 100%genetically modified C3A cells. For selection, C3A cells transducedefiollowing
lentiviral particleswere chosen LV_DsRed?2 LV_ARG1_OTC_DsRed (5:2:1; &)y), and
LV_ARG1_OTC_DsRed (3:2:1; @y). The ®lection lasted nine days.

4.7.8Evaluation of transduction efficiency using fluorescence microscopy

The efficiency of transductionf C3A cellswas evaluatedn the basis of the expression
of geneencodingDsRed fluorescent protein. Fluorescence analysisp@esrmedunder UV
light usingan Olympus 1X71 microscope. For the analysldMN-G for red fluorescence
(DsRedprotein) was used.

4.7.9 Determination of the integration of transgenesinto the genome using polymerase
chain reaction (PCR)

4.7.9.1lsolation of genomic DNA

The C3A, C3A_AO_IIl, C3A_AO_P2A, and HOS cell lines were seeded at a density of
1 L ®célls per welin a6-well plate and cultured iDMEM supplemented with 10% FBS and
1% nonessential amino acids for two days. At the end of thisttimeglls were detached using
trypsin and counted in a B¢grker chamber with
volume corresporidgt o  Scell§ Was transferred to a microcentrifuge tube and centrifuged
(6 min, 700 R C,RhesupernAtah)was rédnfoveed, and 1 mlaof PBS was added
and centrifuged agai mhe (sélatiomiofngenonicODNA fro@He, 4 A
abovementioned el lines was performed using the Genomic Mini kit from A&A
Biotechnology. The isolation procedure was conduttextcordancevith the manufacturer's
instructions. The obtained DNA was suspended in sterile-RiNvater and stored a2 0 A C.
The concentridon and purity of the isolated DNA eve determined usinga NanoDrop
spectrophotometer from Thermo Fisher Scientific. The absorbance of the samples was
measured atvavelengtls of 230, 260 and 280 nm. The isolated DNA was further used as a
DNA template inlhe PCR experiments.
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4.7.9.2PCR conditions

To confirm the genetic modification of C3A cellgpolymerase chain reactionas
conductedusing genomic DNA template®rimers for PCR were designed usthg Primer
BLAST tool. The ARG1 and OTC primers (reverngemers) were complementary to the
fragments of nucleotide sequences of human geme®ding arginase 1 andrnithine
transcarbamylasé@’he CMV primer (forward primer) was complementary to the fragment of
the nucleotide sequence of the CMV promoter. Tharabteristis of the primers used irthe

PCR experimentaredescribed irsection3.8.

The table below (Table7) liststhecomponents antheiramouns used for PCR.

Table 17. List of compounds used for PCR.

Vol ume [ OL]

Compound Sample | Positive contrb | Negative contro
Tag RUN DNA Polymerase (1 OL) 05 0.5 0.5
Buffer 10x for DNA Polymerase with Mg 25 25 25
dNTPs mix (10 mM each) 1 1 1
Forward starter 1 1 1
Reverse starterd 1 1 1
DNA 20 1 -
Milli -Q sterile water - 19 20
The final vol ume of o0 bhd&hemagativeeanteol wassamixtar€ R

without a DNA template. The positive control wasnixture containing 10 ng dhe plasmid
pl_ARG1_OTC_DsRed

The table below (Table8) showsthe conditions forthe PCRexperiments

Table 18. Conditions of PCR.

Step Temperature [AC] Time Number of cycles
Initial denaturation 94 4 min -
Denaturation 94 40 s
Annealing 58 40 s 35
Extension 72 1min30s
Final extension 72 3 min -

4.7.9.3Horizontal electrophoresis

The electrophoretic separation of DNA (after PCR) was performed d?@dgarose
gel with the addition of et hi di luBectophoresisd e
was conducted in TAE buffer atvoltage of80 V. Before loading on the gdDNA samples

were mixedwith 6x Blue Gel Loading Dye (loading bufferfhe molecular weigbktof the
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analyzed plasmid DNA fragmentsvedetermined on the basis of a Perfect Plus DNA Ladder
from Eurx (range: 250 10 000 bp). The result of DNA separatiom ithe agarose gel was
visualized under UV lighata wavelength of 254 nm using a UVP transilluminator.

4.7.10Determination of gene expressiomat the mRNA level using RT-gPCR
4.7.10.1RNA isolation

The C3A, C3A_AO _lll, and C3A_AO_P2A cell lines wereeded at a density of
1 L %célls per wellin a 6well plate and grown in DMEM supplemented with 10% FBS and
1% nonessential amino acids. After 24 hours, the medium was repanegdreshmedium
containing 40 mM ammonium chloride was added and incubateahbther 24 hours. lie
control wells themedium was replaced with standanddium At the end of this timehecells
were gktacheds si ng trypsin and counted in a Bg¢grker
Then, from each culture variant, anpappriate volumecorresponthgt o  %dells vas
transferred to a microcentrifuge tube. Théme cell suspensions were centrifuged (6 min,
700 RCF, 4  AMe supernatant veas rerhokiea,tand 1 mL of PBS was added and
centrifuged again (6 min, 070 RCF, 4 AcC) . Af ter removi ng
resuspended ilater$8a8biOLi &t iRNMA Sol ution and
was performed the next day with Total RNA Mini Plus kit from A&A Biotechnology
according to the manaéturer's protocolThe obtained RNA was suspended in water for
molecular biology and stored@® 0 AC. The concentrati onereand
determined usinga NanoDrop spectrophotometer from Thermo Fisher Scientific. The
absorbance of theamples was measured at waveleagft230, 260 and 280 nmPure RNA
should have an &dA2so ratio in the range of 1:6.8 and an Aso/A23o ratio between 1-2.2.

The isolated RNA was further used as a RNA template in thgfROR experiments.

4.7.10.2RT-gPCR conditions

RT-gPCR experiments were performed in cooperation wihle Institute of
Biochemistry and Biophysics PAS. Briefly, RNA templates were purified from DNA for
30 minutes at 3A @Wsinga TURBO DNA-free Kit from Thermo Scientific. The®00 ng of
total RNA was used for reverse transcription. This procedure was conducted for 30 minutes at
42 A @singaQuantiTect Reverse Transcription Kitfter that, RFqPCR was performed using
aLi ghtCycl erE96 System from RaNA@btainddaftet h e

t

st

af

reverse transcription) and pri mers, LightCyc
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added. It is ready to use mix containing Taq Dp#lymerase, buffer for this enzyme, and
doublestranetd DNA specific dye (SYBR Green,lgnablng the reattime detection of PCR
producs. The gimers usedor RT-gPCRare described in sectiodl8. GAPDH and RPL13A
were used as reference genes. All steps concerningPiCR experiments were performed in
accordance with MIQE guidelingBustin et al, 2009) For data analysis, the Pfaffl model
(Pfaffl, Horgan and Dempfle2002)and relative expression software t¢REST 2009)were
used.

4.7.11Semiquantitative protein determination usingthe Western blot method
4.7.11.1Protein isolation

The C3A, C3A_AQO_lIII, C3A_AO_P2A, and HO®Itlines were seeded atlensity of
3 L%alls per 6 cm dish and grown in DMEM supplemented with 10% FBS and 1%
nonessential amino acids. After 24 hours, the medium was remamddfresh medium
supplemented with or withodD mM ammonium chloride waslded and incubated for another
24 hours. After this time, the dishes were placed on ice, the culture medium was removed, and
the cells weravashed twice with 2 mL of PBS. Theh 00 OL of RIPA bDbuffe
protease and phosphatase inhibitors and ED B4 addedo the dishes anch¢ubaedon ice
for 5 minutes. After this timehe cells were scraped and transferred to microcentrifuge tubes
and incubated imat her momi xer (25 min, 300 RPM, 4 AC).
were centrifuged 20 mi, 2000 RCF, 4 AC). The <collected s
nitrogen and then stored-8 0  IA tBecase of obtaining protein samples from isoldtechan
hepatocytes, frozen isolatéfom human liver(Zakrzewskeaet al, 2017)werethawed. Then
fresh medium was added athe cells wereentriu ged (5 min, 163 RCF, 15
the supernatant was remoyeind 500 OL of RI'PA buffer with
phosphatase inhibitors was added. Thikea sample was incubatedarthermomixer (25 min,
300 RPM, 4 AC) and2cendor RCedged AZ). miThe obt e
at-8 0 AC.

4.7.11.2M easurementof protein concentration

The total protein concentration in the obtained cell lysates was determined
colorimetrically with the bicinchoninic acid (BCA) method. The analysas performed using
the commercial Pierce BCA Protein Assay Kit from Thermo Fisher Scientific according to the

manufacturer's recommendatioi$ie absorbance at a wavelength of 562 nm wasasued
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using a Synergy HT spectrophotomef€he potein concemation inthe test samples was

calculated on the basis of a standard curve made with serial dilutions of BSA.

4.7.11.3Sample preparation

An equal volume of 10%richloroacetic acid{CA) solution was added to the volume
of lysate which corresponedtot he appropri ate Og,toefmixtarawas y z e d
incubated for 15 minutes on ice. Aftbat the samples were centrifuged (10 min, 16 100 RCF,

4 AC). The superanta®mi00 wdrd amdmovaseatided. The
microcentrifugetubes were flipped several times (gently). Theére samples were again
centrifugel (4 min, 161 00 RCF, 4 AC). Subsequendaddyhe t he

pellet was dried. After that, the pellet was suspended in the appropriate volsenepidouffer
(1.5X). Then the samples were incubatedithermomixer4Omi n, 1300 Ry, 55 A

the obtained samples were storee?a® fdy firther use

4.7.11.4Electrophoresis under denaturing conditions (SDSPAGE)

Immediately before loading onhte gel , the samples were d
5 minutes. Then the samples were vortexed and gpuappropriate amount dbtal protein
(25 t o foraieanéhged cell lineandl 0 f@ Gver cell isolate) was loaded on the gel.
To determine andampare the molecular weighaftheanal yzed proteins, 5
(PageRuler Prestained Protein Ladder or PageRuler Plus Prestained Protein Ladder) was
applied to the gel. Proteins were separated on a 10% or 12% polyacrylamide gel in
Electrophores Buffer in the presence of SDS (denaturing conditions). Electrophoresis was
initially conductedatavoltage of 80 V. After the samples left the resolving gel, the voltage was

increased to 120 V.

4.7.11.5Transfer

After electrophoresis, electrophoreti@t transfer othe separated proteins (frothe
gel tothe membrane) was performefrst, the PVDF membrane was activated by soaking in
methanol for 1 minute and then for 5 minutes in Transfer Buffer.  thertransfer sandwich

was set up. The transfef separated proteins was conducted for 2 hatasurrent of 210 mA.

4.7.11.6lmmunoblotting

To block nonspecific binding sites, the membrane was incubated for 30 minutes with

5% nonfatmilk. At the end of this time, primary antibodies were ad@gdr( appropriate ratip)
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and incubated overnight at 4 AC. The next
TBST buffer. The procedure was repeated three times., Tthensecondary antibodies
conjugated with HRP were added and incubated for one hdtear. tAis time, the membrane

was washed three times for 7 minutes in TBST buffer. The specific signadetestd by
exposing the membrane to EQlubstrate for HRHor 3 minutes. The chemiluminescent signal
was read using the UVITEC Alliance Q4 Advancddhe value of the obtained signal was
calculated with ImageJ software. The reference protein GAPDH was used to determine the

relative amount of the analyzed proteins.

4.7.11.7Stripping

If proteins with similar molecular weights were analyzed on onenlonane, the
stripping technique was used, j.eemoving primary and secondary antibodies bound to the
target protein bandriefly, the membrane was incubated for 8 minutes in stripping buffer. The
procedure was repeated. After that, the membrane wasdadistee times for 7 minutes in
TBST buffer. Thepnthe membrane was ready for further preparaasndescribed above
(section: 4.7.11.6)

4.8 Comparison ofthe performance of the C3A cell line and its genetically modified
counterparts the C3A_AO _Ill and C3A_AO_P2A cell lines

4.8.1Analysis of cell morphology using flow cytometry and microscop

Thedifferences in morphologyetween th€3A,C3A_AO_lll,and C3A_AO_P2A cell
lines were evaluded using an inverted phase contrast microscope Olympus CKX41.
Furthermorethegranularity and size dhecells were analyzedith aBD FACSCanto Il flow

cytometer (side and forward scatter, respectively).

4.8.2Determination of cell viability using the trypan blue exclusion method

The C3A, C3A_AQO _lll, C3A_AO_P2Aand HOS cell lines were seeded at a density of
5 L “c@lls per welin a 12well plate and grown in DMEM supplemented with 10% FBS and
1%nonessential amino acids. After three dagdl viability wasdetermired. Briefly, cells were
detached using trypssmo |l ut i on and centri f ug ette célielleni n,

was thoroughly suspended in 1 mL of fresh

d

7

me

suspension was mixed with 10 OL of 0.2% tryr

transferred t o,andbBthlivikaed dead belisr(stamed blue) were counted from
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at least five squares. Cell viability was calculated as the ratio of the number of viable cells to
the total number of cells and expressed as a percentageellitdture lastedor twelve days
and the abovéescribedrocedure wasepeated othe6, 9 and 12day of the culture

4.8.3Determination of the mitochondrial/metabolic activity of cells usingthe MTT assay

The C3A, C3A _AO _lll, C3A_AO_P2A, and HOS tkhes were seeded at a density of
5 L “c@lls per welin a 12well plate and grown in DMEM supplemented with 10% FBS and
1%nonessential amino acids. After three détysculture medium was removed frahrewells,
and MTT solution at a final concenrabn of 0. 25 mg/ mL was added a
2 hours. Subsequently, isopropanol was added to eachawethe plates werencubated for
15 minutes at 37 AC. After that time, undiss
by repeategipetting.The absorbance was measureaivaavelength of 570 nm usiraSynergy
HT spectrophotometerThe cell culture lastedor twelve days and the abodescribed

procedure wasepeated on the 6, 9, and 12 day of the culture.

4.8.4Determination of metabolic activity - glucose consumption

The C3A, C3A_AQO _llI, C3A_AO_P2A, and HOS cell lines were seeded at a density of
5 L “c@lls per welin a 12well plate and grown in DMEM supplemented with 10% FBS and
1% nonessential amino acidshe cell culture lstedfor twelve daysOndays3, 6, 9 and 12
of culture, theculture medium was collected and stored-20 AC f or further
Determination ofheglucose concentration themedium samples was performasiascribed

in section4.3.

4.8.5Determination of albumin secretion using ELISA

The C3A, C3A_AQO _lll, C3A_AO_P2A, and HOS cell lines were seeded at a density of
5 L “c@lls per welin a 12well plate and grown in DMEM supplemented with 10% FBS and
1% nonessential amino acidshe cell culturedstedfor twelve days Ondays3, 6, 9, and 12
of culture, the culture medium was collected and store2Dat C  f o r usd Deteriihation

of thealbumin concentration ithemedium samples was performed as describeddtiord.4.

4.8.6Evaluation of albumin production using microscope imaging

The C3A, C3A_AO _lIl, and C3A_AO_P2A cell lines were seeded at a density of
2 L *1célls per welin a 12well plate and grown in DMEM supplemented with 10% FBS and

1% nonessential amino acids. After three glahe cells were fixed and prepared for
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microscojic immunofluorescence analysis as describeskeiction4.5. For albumin detectign
thecells were labeled withnantibody against human albumin conjugated with FITC (1:150).
The same ratio of antibody wased for labeling witlanisotype control.

4.8.7Comparison of marker protein expressionusing flow cytometry

The C3A, C3A_AO _lIl, and C3A_AO_P2A cell lines were seeded at a density of
3 L% dlls per T25 flask and grown in DMEM supplemented with 1BBS and 1%
nonessential amino acids. After three ddkie cells were fixed and prepared for cytometric

analysis as described section4.6.

4.8.8Determination of cell membrane polarization

The C3A, C3A_AO _lll, and C3A_AO_P2A cell lines were seeded demsity of
5 L “c@lls per welin a 12well plate and grown in DMEM supplemented with 10% FBS and
1% nonessential amino acids. The seilerecultured for six days.To determine the degree of
cell membrane polarization, the medium was removed from tHis, vemd the cells were
washed with PBS. The cells were then incubated with 4% formaldehyde solution for 15 minutes
at RT in the dark. After this time, the formaldehyde was remauedl the wells were washed
three times with PBS. The fixed cells were tirmubated with 0.1% Triton 2400 solution for
10 minutes at RT in the dark. After Triton200 was removed, the wells were washed three
times with PBS. To visualize the apical vacuoles, which are madirdfar actin, the
CytoPainter FActin Staining Kt was used in accordance with the manufacturer's instructions.
Briefly, incubation with phalloidin was carried out for 15 minutes at RT in the dark. After this
time, the wells were washed three times with PBS. Then, to stain the nuclei, the cells were
incubated with a DAPI solutioata f i n al concentration of 10 Og
for 5 minutes at RT in the dark. Afténe DAPI was removed, the wells were washed three
times with PBS and observed under @lympus IX71 fluorescege microscope Fa the
analysisappropriate UV filters were used: UM@ for red fluorescence and UMBIfor DAPI.
The number of cell nuclei and apical vacuoles was counted using ImageJ software. The degree

of cell membrane polarization was defined as the ratio of apicables to cell nuclei.

4.8.9Determination of enzymatic activity of arginase JARG1)

The C3A, C3A_AQO_IIIl, C3A_AO_P2A, and HOS cell lines were seeded at a density of
1 L ®cells per wellin a 6-well plate and grown in DMEM supplemented with 10% FBS and

1% nonessential amino acids. After three days of cylthescell lysates were prepared. Briefly,
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cells were detached from the wells and counteel inB¢ r ker chamber with a
solution. Subsequently, an appropriate volurngesponihgt o  %celld Was transferred to

a microcentrifuge tube. Then, the cell suspe
After that time the supernatant was remoyedn d 100 OL of [®gelisiwas buf f e
added and incubated on ice for 10 minut8absequently, the samples were centrifuged

(10 min, 13, ahdhesupe@diantwas cdli€ied and store@@i C . thecase

of liver cell isolate, samples were prepared as described in sécfidi.1 To determinghe

enzymatic activityof arginase lanArginase Activity Assay Kit was used in accordance with
themanufacturer's instruction¥he dsorbance was measured at 430 nm using a Synergy HT

spectrophotometer.

4.8.10Determination of enzymatic activity of ornithine transcarbamylase(OTC)

Samples for determination of OTC activity were prepared as described in section
4.7.11.1.An appropriate volume of cell lysate$00 g for liver cell isolate,200 eg for cell
lines) was added to the mixture containing 10 mM -H@ pH 8.5, 5 mM onithine and
15 mM carbamoyl phosphatAs final volume of the reaction was 7@Q, the mixturewas
filled with Milli -Q waterThep epared mi xtures were incubated
stoptheenzymatic reaction, 256 of a 7.4 M phosphori@acidand 3 M sulfuric acid mixture
(3:1) was added. To determine citrulline productiong B®f 3% 2,3butanedione monoxime
was addedandthe samplesweiencubat ed at 95 AC in the dark
the absorbance was measured at 490 nmgua Synergy HT spectrophotometer. The

concentration ofheproduced citrulline wadeterminedrom the calibration curve.

4.8.11Determination of urea production

The C3A, C3A _AO lll, and C3A_AO_P2A cell lines were seeded at a density of
2 L %c6lls pe well in a 6well plate and grown in DMEM supplemented with 10% FBS and
1% nonessential amino acids. After 24 hours, the medium was repanedresh medium
containing 40 mM ammonium chloride was added and incubated for another 24 hours. After
this time the medium was replaced with DMEM supplemented with 1% FBS and 1%
nonessential amino acidendthe cells were culturefbr another 24 hours. Thethe medium
samples were collected and stored2@ A C . Subsequentl vy, the cell
Briefly, cells were detached from the wellsand countedinB ¢ r k er chamber with
blue solution. Then, from each culture variant, an appropriate vatomesponding o & L 1 0

cells was transferred to a microcentrifuge tube. Thiea cell suspensis were centrifuged
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(10 min, 1000 RCF,the4upékratant wadrerhogedn ¢ hlaG 0 t @ lmeo f
buf f er °qgells was added @Qnd incubated on ice for 10 minutes., Thesamples were
centrifuged (10 mjandthe dysernafadt Qvas Ralldeted add sidréd at

-20 A CTo determine urea productiothe concentratios of this substance both ihe post

culture mediumand inthecell lysates were measuwd usinga QuantiChrom Urea Assay Kit in
accordance witthemanufacturer'sscommendations. Brieflg2 0 0 OL mi x tslir e o f
and B @t aratioof 1 : 1) was a d deachsaniple anfl Diculated far 50 minutes at

RT. The @sorbance was measured at 430 nm using a Synergy HT spectrophotometer.

4.8.12Resistance to ammnia toxicity - determination of the effect of oxidative/nitrosative

stressinduced by ammonium chloride oncell viability and metabolic activity

4.8.12.1Determination of metabolic activity usingthe MTT test

The C3A, C3A_AO_lIIl, C3A_AO_P2A, and HOS cébiles were seeded at a density of
3 L “ce@lls per welin a 96well plate and grown in DMEM supplemented with 16®S and
1% nonessential amino acidehe rext daythecells were treated for 24 hours with ammonium
chlorideat three different concentratigi 20 mM, 40 mM and 60 mM.After this time the
media fromthewells were replaced with freshediaand incubated for another 24 hourken
the culture medium was removed frafme wells, and MTT solution at a final concentration of
0.25mg/mLwas adde and i ncubated at 37 AC for 2 hou
added to each welandthe plate was ncubat ed f or 15 minutes at
undissolved crystals of MTT salt were carefully suspended by repeated pip€kierg. he

absorbace was measured atvavelength of 570 nm usirmSynergy HTspectrophotometer

4.8.12.2Determination of cell viability using the trypan blue exclusion method

The C3A, C3A_AQO_IIIl, C3A_AO_P2A, and HOS cell lines were seeded at a density of
1 . 5°kellgper wellin a 12well plate and grown in DMEM supplemented with 10% FBS and
1% nonessential amino acids. After three ddie culture medium was replaced with fresh
mediumcontaining 20 mM or 40 mM ammonium chloride. Untreated ce#ise useds the
contol group. After 24 hourghe cells were detached using trypsin solution and centrifuged
(6 min, 700 R @E cell pellet Avas)thorouftiyesuspended in 1 mL of fresh
medium. After appropriate dilution, both live and dead cells were counteddtdeast five
squares usingB ¢ r ker chamber . Cel | viability was ca

viable cells to the total number of cells and expressed as a percentage.
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4.8.12.3Determination of cell viability using flow cytometry analysis

TheC3A, C3A_AO _IIl, C3A_AO_P2A, and HOS cell lines were seeded at a density of
1 . 5°kellsper welin a 12well plate and grown in DMEM supplemented with 10% FBS and
1% nonessential amino acids. After three ddiie culture medium was replaced with fresh
mediumcontaining 20 mM or 40 mM ammonium chloride. Untreated cells weeglas a
control. After 24 hoursthecells weredetachedising trypsin solution and centrifuged (6 min,
700 RCEF, 4the Aupgrnatant Wwas remoyeahdthe cell pellet was @suspended in
200 OL of PBS. N éPx),twhich peneirates througmthe memhbrades of dead
cells, was added to the sampl es. l'ts final C
cells was determined using3® FACSCanto Il flow cytometr.

4.8.12.4Determination of albumin secretionusing ELISA

The C3A, C3A_AQO _lII, C3A_AO_P2A, and HOS cell lines were seedadansity of
3 L% dlls per T25 flask and grown in DMEM supplemented with 10% FBS and 1%
nonessential amino acid$he rext dg, the cells were treated with 20 mM or 40 mM
ammonium chloride. Untreated cells weisedas a control. After 24 hours, the culture media
were replaced with freshedi. After three days, the medium samples were collected and stored
at-2 0 Be@rminatbn ofthealbumin concentration ithe medium samples was performed

asdescribed irsection4.4.

4.9 The construction of hollow fiber bioreactors
4.9.1Characterization of the polysulfone capillary membrane

4.9.1.1 Determination of polysulfone membrane structure using scanning electron

microscopy (SEM)

To prepare samples for electron microgcapalysis, the membrane was cut into smaller
pieces with a scalpel and then immersed in ethanol for 15 mifites,the capillaries were
submerged in liquid nibgen and cut into smaller pieces. Thtére samples were dried for
20 mi nut eFnally the ple€es ok @embrane were placed on the microscope stage by
sticking to graphene tape and coated with gold for 90 secondsaSmgter CoateEmitech
K550X. Then,SEM analysis ofthe membrane structureras conductedand the following

parameters were determined: the pore size, internal and external diametpspaity.
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4.9.1.2Measurement of wettability

The wettability of the polysulfone membrane waevaluated by measuring the contact
angle formed betweethe water drops and the analyzed surface uanB S A2 5 Kr ¢ s s
goniometer. For this purpose, drops of water were mounted on the surface with a micrpsyringe
and then the contact angle was measurbké.results were obtained from ten different areas of

the polysulfone membrane.

4.9.2Biocompatibility of the polysulfone membrane
4.9.2.1Determination of the cytotoxic effect of capillary membranes MTT test

The hocompatibility ofthe polysulfone memiane wasvaluated inC3A cells stably
expresig thefluorescent protein DsRed?2. Briefly, cells were seeded at a dengity Glpér
well in a 12-well plate and grown in medium containing 10 capillaries (each alghgth of
1 cm) or with medium aftedaily incubation with capillaries (conditioned medium). As a
control, cells were cultured in standard medium (DMEM supplemented with 10% FBS and 1%
nonessential amino acids). After three délys cytotoxic effect ofhemembrane was evaluated
usingthe MTT test.The cetailed procedures describedn section4.8.3 The absorbance was
measured awavelength of 570 nm usiregSynergy HTspectrophotometer

4.9.2.2Determination of the effect of capillary membranes on cell viability

The bocompatibility ofthe polysulfone membrane wavaluated inC3A cells stably
expresig thefluorescent protein DsRed2. Briefly, cells were seedediansity of2 L °Ipér
well in a 12-well plate and grown in medium containing 10 capillaries (each aligéhgth of
1 cm) or with medium after daily incubation with capillaries (conditioned medium). As a
control, cells were cultured in standard medium (DMEM supplemented with 10% FBS and 1%
nonessential amino acids). After three days, cell viability was analyzedtasitrgpan blue
exclusion method. The live and dead cells were coufnted at least five squares usiag
B¢e¢rker chamber . Cel | viability was calcul at e
total number of cells and expressed as a percenkdge=over, microscopic analysis was

performed to evaluate the impacttb&analyzed material on cethorphology.

4.9.3Preparation of hollow fiber bioreactors

First, 20 polysulfone capillaries (withlength of 12 cm) were tied with thread at both

ends. Then, thewere put intaa cylindershaped housing made of styrene and acrylonifrde.
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avoid getting the resin inside the capillaries, their ends wereediaking aheater.Then, the
special mold for pourinthemodules with resin was coated with silicone. Afteat the module
was put into the mold and trangked to the centrifugeThe rext step was to prepare the
polyurethane resinthe o components were mixed aratio of 3:1 (polyol: isocyanate) and
transferedto a vacuum dryer for 3 minutes. After thtte reservoirs in the mold were filled
with polyurethane resin with a syringe. Then, the module was centrifuged (2 h, 600 RPM
45 AC). After the end of centrifugation, the module was removed from the mold and placed in
adryer (24 h, 40C). The next dg the excess resin wagmovedwith a scalpelandthe caps
were pacedon. The permeability of the capillaries was checked under a microscope. The
tightness of the module was checked using air. The growth area was calculated using the
following formula:

0 AN
where:
A'i surface [mr
di external diameter of the capillary [mm]
L 7 length of the module (without part containing resin) [mm]

ni number of capillarie§in this research n=20)

The figure belowEigure17) shows the process of preparihgllow fiber bioreactors,

which were used for the construction of the system for dynamic cell culture.

86



Figure 17. Preparation of hollow fiber bioreactors.The pictures show the following steps of
construction othehollow fiber culture module: 1 20tied polysulfone capillaries after putting
into the housing; 2 preparing for centrifugation putting the module into the special mold; 3
T resin weighting; 4 pouring the resin into the special reservoir in the moidodule after
centrifugation; 6 readyto-use module.

4.9 4Ultrafiltration measurement

To measure ultrafiltrationf thepolysulfone membranéhe volume of watethatpassed
throughthe capillaries was weigtd The time of the experiment as wellths pressure of the
pump weresetas follows: 2 minutes and 100 hPa. As the ultrafiltration chaogeime, it
was again measured aftene week. Measurements were made for thafferent modules.

Ultrafiltration was calculated using the following formula:

where:

UFCT ultrafiltration [cn?/(m?L h P a)k mi n

V i volume of watethatpassed through the module [fim
A'i surface [M]

pi pressure [hPa]

t1 time [min]
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4.9.5Retention measurement
4.9.5.1Retention measurement usingpovine serumalbumin (BSA)

The retention forBSA was measured spectrophotometrically. Fastolution ofBSA
at aconcentration of 1 g/L was prepared. T/tae obtained solution was filtered. Subsequently,
the flow rate at the peristaltic pump was set at 8 mL/amd then th8SA solution was passed
through the analyzed module. After stabilization (10 minutes), the overpressure was adjusted
so thatthe permeate and retentate were collected for measurement at the sanieheate.
absorbance dSA in the feed and ibothcollectedfractions was measuredawavelength of
278 nmusing a Hitachi U-3010 spectrophotometer. The concentratioB®A wasdetermired

from thecalibration curve. The retention was calculated using the following formula:

Y p Z,— Pprmnb
where:
RT retention [%]
Cp i concentration of albumin ithe permeate [g/L]
Coi concentration of albumin ithefeed[g/L]

4.9.5.2Retention measurement using polystyrene microspheres different sizes

The etention for polystyrene microspheneas measured using flow cytometry. The
microspheres with particlesge f 100 n m, 200 nm, and 500 nm
and 3 Om (red and green fluorescence) wer e
module. After stabilization (5 minutgshe overpressure was adjusted so tipermeate and
retentate were collected at the same rate. ;Tihennumber of events e feed and ifoth

collectedfractions was measured usia@D FACSCanto Il flow cytometer.
4.10Construction of the systen for dynamic cell culture

4.10.1Simulations

Mathematical modeling of polysulfone fiber was conducted using COMSOL
Multiphysics 5.5. Changeas the concentration®f albumin and glucose in different areas of
themembrane were simulated. Moreover, tHecfof applying different flow rates (from 1 to
10 mL/min) onthe transport ofalbumin and glucose wasvestigated For the modelling of

incompressibldluid flow, the continuity equation anthe NavierStocksmomentumbalance
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equationwere used. As g/pe of fluid flow, the laminar flow was chose®ur model assumed
that the culture medium flowshroughthe intracapillary space of theapillary membrane,
whereas the cells grow on the extracapillamfaceof thecapillarymembrane. Moreover, the
cells produce albumin, whicls transportedhrough thesemipermeable capillarynembrane
(por e si tpotheflowdng Qiltufd medium, arsimultaneously consume glucose, which
is deliveredto themfrom the flowing culture mediunmDuring mathematical modlag, the
increase in the number of cells was not taken into accbawever, indirectly, itvas reflected

in constant increase of albumincentratiorand constant decrease of glucosacentration
To simplify the model, the circulation of culture madi in the system was omitteldowever

in our experimental system for dynamic culture the circulation of medium occArgdture
showingthe geometry of the hollow fiber and the directions of fluid, glucose, and albumin

transporis presented below (Rige 18).

g albumin f

. glucose
extracapillary space q’q:’
J membrane [
inlet o ® outlet
— I dir = 0.5 mm ... intracapillary space () —
l membrane [ d=0.6 mm

vy
¥

A
A4

L =58 mm

Figure 18. Schematic view of the modeled object a single hollow fiber. The picture
represents the geometry of the modeled capillary thighdimensions concerning tloater
diameter, internal diameter and length of the fiber. Moreover,itter@ shows the direction

of fluid flow and the directions of mass transport of albumin (which is produced by cells during
the culture) and glucogevhich is consumed by cells during the culture). Abbreviations: L
lengthof the fiber dT outerdiametey din i internal diameterCreated with the Biorender.com.

For the purpose of the mathematical simulatiot® initial parametergin the
intracapillary space of the membranegre set as follows: velocity, pressuesd albumin

concentration equdb zero, whereashe glucose concentratioim the culture mediunequals
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22.94 mol/m®. The below table (Table 19)resentsthe other parameters used during the
simulations.

Table 19.List of the parameters used during mathematical modeling.

Parameter Value
Codfficient of membrane 0.75
porosity
Permeability of membrane 1.69101 m?
Albumin diffusion coefficient 6.1 10t m?%s
Albumin production 3.28110° kg/(m®L s
Albumin molecular weight 67 kg/mol
Albumin molar production | 4.89 10! mol/(m°L s
Glucose dffusion coefficient 6 10° m?/s
Glucose consumption 1. 30P kg/(miL s
Glucose molecular weight 0.18kg/mol
Glucose concentrgtlon in th 4.13kg/n?
culture medium
Glu_cose molar conce_ntratlo 22 94mol/m?
in the culture medium
Glucose molar consumpin | 7 . 1&%mol/(m°L: s

4.10.2 Preparaion of the system for dynamiccell culture

The heart othe dynamic culture system is a hollow fiber bioreactor (culture module).
It was constructed of 20 semipermeable capillary membranes made of polysulfone from
Vestergaard Frandsen company. Its culture surface area is c&. Zhernapillary membranes
haveapor e size of 0.2 Om. To c o napéristaltic pumpahe sy s
tubbing,a gas trapa medium reservoir, needles, adaptensd conectors were used. Before
assembly, the hollow fiber bioreactor was pa
the peristaltic pump and medium reservoir were sterilizeaniautoclave. The rest of tubbing
and gas trap were purchased in sterilekpges. The needles, adapters and connectors were
sterilized inanautoclave or using 70% ethanol solution. The pichelew (Figurel9) shows

the assembled system for dynamic cell culture.
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Figure 19. The system for dynamic cell culture A hollow fiber bioreactor setthe heart of
the constructed system.

4.10.3Cell culture under dynamic conditions

The day before seeding, sterile PBS was passed through the system and circulated for
24hoursimni ncubator (37 AC; a t)niherpddayrtee battle with a i n
PBS was replaced with sterile culture medium (DMEM supplemented with 10% FBS and 1%
nonessential amino acids). The PBS in thdindgwas removed by passing 50 mL of culture
medium through the system. After that) appropriate numbyeof cells were seeded on the
extracapillary space @he polysulfone membrane withsyringe. Thenthe whole system was
transferred to the incubator. For cettachment to the membrane surface, the hollow fiber
bioreactor was rotated every 5 minutes Tanour. After that time, the peristaltic pump was
turned onand the culture was started. As a control for dynamic condjtibassame number
of cells was seeded @l 25 flask (static culture) tachievea similar cell number per growth
surface area. Ehcellculture lastedor twelve days. Omlays2, 5, 7, 9and 12of culture the
samples from dynamic and static conditions were collected and stor2dat fév Qurther
analysis

The optimization of two parameteessociatd with dynamic culture was oducted
usingthe C3A cell line. Two different flow rates (5 mL/min and 10 mL/min) and two different
seeding densities (Q:51 6r 5 1 €ells per bioreactor) were tested. The final experiments were
conducted usinthe C3A, C3A_AO _III, and C3A_AO_P2A celines. The fluid flow was set
at 10 mL/minandthecell density was set at:5% €ells per bioreactofhe figure belowFigure

20) shows the abovedescribed steps akll cultureunderdynamicconditions.
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Figure 20. Cell culture under dynamic conditions. The pictures show the following steps of
dynamic culture: 1i assembled system for dynamic culturej 2aily incubation with
circulating PBS (with the same flow rate as for cell culturé)c8lls seeding into the bioreactor
(extracapillary space ofapillary membranes); # dynamic cellculture carried out in the
incubator for twelve days;Bsample collection from the medium reservoir ¢@ys2, 5, 7, 9
and 12of culture); 61 sample collection from the bioreactor (days2, 5, 7, 9 and 12of
culture).

4.10.4Determination of cell viability, albumin production, and glucose consumption

On the last day of the dynamic culture, after collecting the samples, the medium from
the module was removed. Thehe capillaries inside the bioreactor werestwed with PBS.
Then,the trypsin solution was adde@dnd t he modul e was incubated
Subsequently, fresh medium was added to the mpduatethe cells were detached from the

capillary membranes usirgsyringe.The dtained cell suspaion was centrifuged (5 min,
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163 RCF, 15 AC). After r emahecelisinlmbhadPBStheper nat
live and dead cells were counted usthgtrypan blue exclusion method. The trypsinization
process was repeated (as many timegaasiblg. The vability of cells culturedunder static
conditions was also determined usthgtrypan blue exclusion method.

To check whether the cells were still attached to the capillary surfeeeapillaries
inside the module were fixed for 10 minsitesing 4% formaldehyde solution. Thehe
formaldehyde was removednd the fibers were washed with PB®en,the capillaries were
stained with DAPkolutionata f i nal concentr at i othepaybulfdh® Og/ m
membrane was observed unaerOlympus 1X71 fluorescence microscopeinga UMN-B
UV filter for DAPI. The collected media samples from dynamic and static cell culture were
used for determination of albumin production and glucose consumption. The measurements

were conducted as de#rxd in sectiond.3 and 4.4.

4.11 Statistical analysis

Statistical analysis was performed with Statistica 10 softwdiee datistical
significanceof the obtained results was checked using-wag or multivariate analysis of
variance (ANOVA/MANOVA) with D u n ¢ poséhac test. P-values less tha.05 were

considered as statistically significant.
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5. Results
5.1 Genetic modification of C3A cells with lentiviral vectors

The C3A cell line is characterized lynonfunctional urea cycleyhich resultsfrom
decreased expressiontbEhuman arginase 1 RG1J) and ornithine transcarbamylas&(rC)
genegMavri-Damelinet al, 2008) Therefore, efforts towarthe restoration of the urea cycle
using genetic modification tds (lentiviral vectors)have beenundertaken.The utilized
lentiviral vectors, based on the genoméoman immunodeficiency virds (HIV-1), belong
to the secondjeneration system and consist of three plasrmassfer (containinghe gene of
interest) helperpackagingand envelopdPluta and Kacprzak, 2009ur previous approach
to urea cycle correction was basedlwetransduction of C3A cells with two different lentiviral
vectors: one carryinthe hARG1gene and the other carryitige FOTC gene. Thereforghe
obtained C3A_AOQO_lII cell line constitutes a mixed population of genetically modified cells
expressing none, one or, in minority, both transgéRkgaet al, 2020) In thepresentstudy,
C3A cells were transduced withsingle lentiviral vectorcartying both transgenes in one
transcription unitMoreover antibiotic selection using puromycin wagrformedto obtaina
pure population of 100% genetically modified cellse(so-called C3A_AO_P2A cell line).
More details concerninitpeproduction of lenviral vectors, cell transductioand selection are

provided below.

5.1.1 Determination ofthe purity and quality of plasmid DNA (digestion with restriction

enzymes)

As mentioned above, for genetic modification of C3A ¢ellsingle lentiviral vector
with a polycistronic expression cassette was used. Vetammidcontaining genesncoding
thehuman MRG1and HOTC genes under theontrol of CMV promoter was purchasdebm
Genecopoeidsize: 10827 bp)Theopen reading frames (ORFsf interest were sfilby the
sequence encodirtge P2A peptide, a short viral oligopeptide that medéatieefi c | e avage o ¢
polypeptides during translation in eukaryotic cellfie sequencencodingthe fluorescent
protein DsRed was placed downstream and was also precedbe IBB2A sequenced he
puromycin resistance gene was chogga selectiorantibiotic A map ofthetransfer plasmid

is presented in the figure belowigure21).
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Figure 21. Map of vector plasmid encoding the hARG1, hOTC and DsRed genes
synthetized by Gercopoeia.The scheme of plasmid DNA was obtained from Genecopoeia.
The ORFrepresentshe polycistronic expression cassette.

Beforethe evaluation of the quality and purity of plasmid preparation, plasmid DNA
was introduced into chemocompetdntoli STBL2 bacteria usinghe heat shock method.
Transformed bacteria were culturedsolid LB meda supplementedith ampicillin. Fromthe
obtained bacterial colonies, four clones were selected, transferred to liquid LB medium
supplementedvith ampicillin and cuiured overnightThe solation of plasmid DNA from
cultivated bacteria was performed usaiglasmid Mini kit. The purity otheobtained plasmid
DNA was then checked usirgNanoDrop spectrophotometer. In turn, identity was evaluated
by digestion withthe BamH1 restriction enzyme. Details concerning enzymatic digeat®n
presented in sectiof.7.3. The resul of electrophoretic separation tfe digested plasmid
DNA arepresented belowH{gure22).
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Figure 22. Determination of the quality and identity of the amplified plasmid DNA using

enzymatic digestion.The esults of electrophoresis of digested plasmid DNAnicleic acid
size standard- DNA Marker Lambda/Ava II; 1517 8126 bp 2 1 digested
pl_ARG1 OTC DsRed clone 1;i3digested pl ARG1 OTC_DsH clone 2; 4 digested
pl_ARG1 OTC_DsRed clone 3jixdigested pl ARG1 _OTC_DsRed clone 4; Bondigested
control, pl_ARG1_OTC_DsReize: 10827 bp)
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Electrophoretic separation revealed thatthardigested plasmid DNAwo fragments
with sizes of aproximately8200 bp and 2500 bp were obtained. The results were consistent
with the expected sizes based on DNA sequence analysis. For further experiments
pl_ARG1_OTC_DsRed clone 1 was chos&he ®lected plasmid DNA was multiplied for
larger scalerad isolated usinthePlasmid Midi kit. Its purity was evaluated usiatlanoDrop
spectrophotometemhe dtained plasmid DNA was utilized as a template (transfer vector) for

theproduction of lentiviral particles.

5.1.2 Production of lentiviral vectors- transfection of HEK293T cells usinghe lipofection

method

The poduction of lentiviral vectors carrying additional copiesh@human MRG1and
hOTC genes was performed usitige HEK293T cell line which is characterized by high
transfectability.For the purpose of this research, HEK293ll< were transfected with three
types of plasmidgtransfer,helperpackaging, and envelope) three different proportions
(3:2:1, 4:2:1, and 5:2:1) usirgLipofectamine 3000 kit. The effect difie utilization of two
di fferent amounts of total DNA per wel |l (3
were also transfected witthe pNL-DSRED2/CMVAWP R E & U 3 pl asmithe (enc
fluorescent protein DsRedap a positive contrdbr the reactionThe cetailed procedurfor
the production of lentiviral vectors is describedin section 4.7.4 Microphotographs of

transfected cells are presented be{Bwgure23A, Figure 23B).
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Figure 23A. Evaluation of transfection of HEK293T cells HEK293T cells were transfected

with three types of plasmids (transfer, helper/packaging, and envelope) in three different
proportions (3:2:1, 4:2:1, and 5:2:1) usinljpafection methodThe total amount of DNA per
wel | w As a p8sitiv@ gantrol, HEK293T cells were transfected witlaagfier plasmid
carrying a genencodinghe fluorescent protein DsRed2. As a negative control, nontransfected
HEK?293T cells were utilizedThree days after transfectionjarophotographs of HEK293T

cells weretakenwith a bright-field (BF)illumination andUMN-G filter (for red fluorescence)
usinganOlympus IX-71 fluorescence microscope Scal e bar : 200 Om.
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Figure 23B. Evaluation of transfection of HEK293T cells.HEK293T cells were transfected

with three types of plasmids (transfer, helper/packaging, eamvetlope) in three different
proportions (3:2:1, 4:2:1, and 5:2:1) using a lipofection metfibd.total amount of DNA per

we |l | w.asa pbsiti@ gontrol, HEK293T cells were transfected with a transfer plasmid
carrying a generncoding the fluorescemrotein DsRed2. As a negative control, nontransfected
HEK293T cells were utilizedThree days after transfection, microphotographs of HEK293T
cellswere takerwith a bright-field (BF) illuminationand UMN-G filter (for red fluorescence)

usingan OlympudX-71 f l uorescence microscope. Scale b
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Microscopic analysis revealed successful transfection of HEK293T cells. Media
potentially containing the obtained lentiviral vectors(LV_ARG1_OTC _DsRed and
LV_DsRed3 were collected on the third day afteansfection and used in further experiments

(i.e. transduction of human hepatic cells)

5.1.3 Transduction ofa human hepatic cell line using selprepared lentiviral vectors and

evaluation oftheir efficiency using fluorescence microscopy

Beforethetransduction of target cells, thiger, expressed abenumber of transducing
units per milliliter (TU/mL), of lentiviral preparations should be determined using, for example,
the HOS cell line. Despite many attempts, cytometric analysis revealed thagritentage of
transducedHOS cells expressing red fluorescent protein marker (DsRed) was betbes
detection level Therefore, due to lowters or low expression of marker proteithe titer of
selfprepared lentiviral vectors (LV_ARG1_OTC_DsRe@snot determinedThen, the target
cellsC3Acelswer e transduced with 500 Odelfpepared ondi t
lentiviruses. Transductioof C3A cells was performed using each transfection variant of
LV_ARG1 _OTC_DsRed vectors. Nontransducesllsc were used as a negativecontrol,
whereasthe positive control constitutedC3A cells treated withthe selected variant ofthe
LV DsRed2 vector (5 Og of total pl asmid DNA;
are providedn sectiord.7.6 Microphotographs presenting the effect of lentiviral transduction
are show in the figures below (Figure24A, Figure 2B).
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positive
control
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Figure 24A. Evaluation of the efficiency oftransduction of human hepatic cellsC3A cells
were transduced usirtge followingtransfedon varians of LV_ARG1_OTC_DsRed vectors

- total amount of DNA 3  Og ; proport j4®d ana5:2:1pAs a positival s :
control, C3A cells were transduced with lentiviral vectors carrying a gene enctiaing
fluorescent protein DsRed2. As agative control, nontransduced C3A cells were used. Three
days after transductiomicrophotographs of C3A cells wetakenwith a bright-field (BF)
illumination and UMN-G filter (for red fluorescence) usiran Olympus IX71 fluorescence
microscopeScaleb a r : 100 Om.
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Figure 24B. Evaluation of the efficiency of transduction of human hepatic cell<3A cells

were transduced using the following transfection variants of LV_ARG1_OTC_DsRed vectors
-tot al amount of DNA: 5 Qg:2:1 gnad Dpla\s & positive o f  p |
control, C3A cells were transduced with lentiviral vectors carrying a gene enctiaing
fluorescent protein DsRed2. As a negative control, nontransduced C3A cells were used. Three
days after transductiomicrophotographs of &A cells weretakenwith a bright-field (BF)

illumination and UMN-G filter (for red fluorescence) usiran Olympus 1X71 fluorescence

mi croscope. Scale bar: 100 Om.
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Comparison of C3A cells transduced witie LV_ARG1 _OTC_DsRed vectors with
their nontransdoed counterparts revealed that the specific signal thefluorescent protein
DsRed was not detected. In contrast, microscopic analysis of cells transduced with LV_DsRed2
vectorsreveakd successful genetic modificatiorhe reason for ik could bethelow titer of
theobtained lentiviral vectorglowever, the fact thahegene encodinthefluorescent protein
DsRed islocatedfar from the CMV promoter, at the very end of thecBtronic expression
cassetteRigure 21), mayresult in lower expression ohis ORF and decreased efficiency of
protein synthesis. Therefore, to enrich the population of transduced cells, antibiotic selection

was conducted.

5.1.4 Antibiotic selection

As mentioned abovdsection: 5.1.1) the transfer plasmid contaires puromycn
resistance gen¢hus cells which were successfully genetically modifiedle resistant to this
antibiotic. In turn, unmodified cells die during exposure to puromycin. Thus, to obtain a
population of nearly 100% genetically modified cells, antibiotiect@n was performed. For
this procedureC3 A cel |l s transduced wiatamatioof5@@andf t ot
3 O0g of t ot athratip 6f&zslmierd ch@éhANontransdudranan hepatic cells
were selected as the negative contiidle cetailed protocolused forantibiotic selections
describedn sectiord4.7.7.The ddtained results are presented beléig@re25).
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Figure 25. Determination of the effect of antibiotic selection Selection with puromycin was

conducted usin@3Acelstra s duced with 5 Og ardtiod miZleahd pl asr

3 Og of t ot a hratip ¢f &ZIMNondran&IdcAd hamtan hepatic cells wesed as

the negative control After 48 hours of puromycin selection, ierophotographs ofthe

transduced CB cells weretakenwith a brightfield (BF) illumination and UMNG filter (for

red fluorescence) usingn Olympus 1X71 fluorescence microscopés a negative contrpl

nontransduced C3A cells were used. Scale bar
Microscopic analysis revealed ttadter 48 hours of puromycin selectjormntransduced

C3A cellsandC3A cells transduced with Og of t ot atlarapolof:ZInstarted D N A

to die In contrastinthecase ofC3A cells transduced with Og of t ot athratwl as mi ¢

of 5:2:1, cell division and fluorescent cells were observed. After 72 hours of puromycin

selectioncontrol cells and cells transduced with lowerount and proportion of plasmid DNA

were completely dead. | n t utctahplasn@DPA atcagdtid s t r a

of 5:2:1 grew very quicklyand the number of fluorescent cells increased. Nevertheless, this

finding supported our hypothesis that not every dékt was successfully transduced

(puromycin resistant) expressfluorescent marker. Antibioticelection lasted nine days.

Exemplary microphotographs after eight days of this procedure are presented below

(Figure26).
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Figure 26. Determination of the effect of antibiotic selection. Microphotographs of
transduced C3A c el | aursOfpurotygcin setectien:wtgkenwithaer 1 9 2
bright-field (BF) illumination and UMN-G filter (for red fluorescence) usingn Olympus
IX-71fluorescence microscope Scal e bar: 100 Om.

After nine days of puromycin selection, this antibiotic was removeuah fhe culture
medium and the newly obtained cell line C3A_AO_P2A was cultivated. Each passage was

cryopreserved for further experiments.
5.1.5Confirmation of DNA integration into the cell genomeby PCR

To confirm the integration othe hARG1and IOTC genes into the C3A genome,
polymerase chain reactioffPCR) was performed. The genomic DNA isolated from C3A,
C3A_AO_lll, C3A_AO_P2A, and HOS was used as a template for PCR. The plasmid
pl_ARG1_OTC_DsRedsize: 10827 bp) wagsedas a positive controbf the reaction. The
negative control (e.gcontrol ofthe purity of reagents) was a reaction maise withouta DNA
template. The nucleotide sequemoétheforward and reverse primeage presenteth section
3.8. The composition othe reaction mixures and PCRconditionsare described irsection
4.7.9. The esults of electrophoresis fahe amplified DNA fragmentsare shown below
(Figure27).
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Figure 27. Determination of the integration of the hARG1and hOTC genes into the C3A
genome. AResults ohorizontal electrophoresis ®CR products obtaineffom genomic DNA
templats usingthe CMV promoterand ARG1 primerdLanes:M i DNA size standar@erfect
Plus 1 kb DNA Ladder; 25010000 bp 17 C3A; 27 C3A_AO_llI; 37 C3A_AO_P2A,; 4i
HOS; 51 negative cotrol (PCR conducteavithout a DNA template); 6 positive controli
plasmid DNA pl_ARG1 OTC_ DsRed)B Resultsof horizontal electrophoresis d?CR
products obtaineétom genomic DNA templateusingthe CMV promoterand OTC primers.
Lanes:M i DNA size stadardPerfect Plus 1 kb DNA Ladder; 25010000 bp 11 C3A,; 2i
C3A_AO _lll; 31 C3A_AO_P2A; 4i HOS; 51 negative controlFCR conducteavithout a
DNA template); G positive control plasmidDNA (pl_ARG1_OTC_DsRed

The expected siz®f products, baseon DNA sequence analysisemas follows for
ARG1, 697 bp (fotheC3A_AO_P2A cell line) and 712 bp (ftre C3A_AO _llI cell line); for
OTC, 1527 bp (fothe C3A_AO_P2A cell line) and 672 bp (fthe C3A_AO_llI cell line). It
is worth emphasizing thalie lack of PCR products for C3A cells is connedtethe absence
of the CMV promoter sequence in front tife hAARG1and fOTC genes irthe nontransduced
cell genome. Moreover, he differences inthe sizes of the products for OTC between
C3A_AO_lll and C&R_AO_P2A weretheresult ofthe use ofdifferent LVs forthe genetic
modification of C3A cells (C3A_AO _llIi two different plasmids, each containing other
missing genes; C3A_AO_P2A one transfer plasmid consisting afsequence of both
transgenes longerproduct).To sum up the dotained results confirmed the integratiorthod

hARG1land IDTCgenesdnto the C3A genome ithenewly constructed cell line.
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5.1.6Determination of transgene expressiomat the mRNA level using RT-gPCR

The comparison of gene @ression between C3A cells and their genetically modified
counterparts (C3A_AO_Ill and C3A_AO_P2A) was conducted usinggRTR. The
experiments were carried out for cells treated with 40 mMi@Hand their untreated
counterpartsData normalization was germed againstthe RPL13Aand GAPDH reference
genes(housekeeping genes wde expression is stable in atypes of cells andin all
experimentalconditions) Sincefor the purpose of the study the treatment with ammonium
chloride was performed, trexpresen stability ofthereference genasnder theseonditions
was verified and confirmed (data not showe resuk of RT-qPCR analysi®btained for
hARG1land DTCgenes arpresentedn the figure belowkigure28).

RT-gPCR results for human ARG17 and OTC genes
60

Il ARG
I OTC

50

40

30

20

mRNA level/GAPDH and RPL13A

10

0

P2A vs AO P2A_40vs AO_40 AO_40vs AO P2A_40 vs P2A

Figure 28. Analysis of the expressim of the hARG1 and hOTC genes in genetically
modified hepatic cells.The resultsof RT-gPCR experiments conducted for C3A_AO_P2A
and C3A_AOQO_lII cells cultured with or without 40 mM NEI. To determine the changes in
MRNA levek, REST 2009 software and ti¥affl model were used. Data normalization was
performed usintheRPL13AandGAPDHgenes. Number of biological régates 4. The kevels

of significance were marked as followsvalue <0.05 (*); p-value <0.01 (**); p-value <0.001
(***). Abbreviations: P2AT C3A_AO_P2Acell lingg AOT C3A_AO Il cell line.

The expression ofhe hARG1 gene was 34:fold (p-value <0.001) greaer when
comparing C3A_AO_P2A and C3A_AO_lIII celland 42.5fold (p-value = 0.022)greaer
when comparing these cell lines aftecubation with 40 mM NECI. A similar effect was
observed forthe hOTC gene. The expression of this gene was 48&8® (p-value <0.001)
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greaer when comparing C3A_AO_P2A and C3A_AO_llI cells and 4614 (p-value = 0.025)
greater when comparing these lcéines after incubation with 40 mM NII. Interestingly,
ammonium chloride treatment increased the mRNA teokthe hARG1and IOTC genes in
the genetically modified cells. Fahe C3A_AO_P2A cell lingthe expression dhe hARG1

and OTC genes was 2:fold (p-value = 0.024) and 1-®ld (p-value = 0.015)greatr,

respectively. Similarly, for C3A_AQO_lII cellshe mRNA leved of thehARG1and lFOTCgenes
were 1.69fold (p-value = 0.036) and 1.eld (p-value <0.001)greaer, respectivelyAs

expectedihe levels of ARG1land IOTC transcriptan unmodified C3A cellsvere under the
detection limit.

Differences in the expression of gerascodingalbumin ALB), hepatocyte nuclear
factor 4 alphgdHNF4A), hepatocyte nuclear factor 1 homeobodNF1A), heatshock protein
family A (Hsp70) member 1AHSPA1A, andnuclear factor kappa BNF-oB) between C3A
cells and their genetically modified counterpavere also evaluated@ata normalization was
performed againsthe GAPDH referencegene The obtained resultare shown below
(Figure29).

RT-gPCR results for other genes

8 B ALB
I HNF4A ]
7F [IHNF1A
X B HSPA1A |
s L . B NFKB |
*

*
*

mRNA level/GAPDH
-y

P2A vs C3A AO vs P2A AOvs C3A P2A_40vs P2A AO_40vs AO C3A_40vs C3A

Figure 29. Analysis ofthe expression ofthe ALB, HNF4A, HNF1A, HSPA1A,and NF-aB
genes in human HCC cellsThe esultsof RT-gPCR experiments conducted for C3A,
C3A_AO_P2A, and C3A_AQ_llI cells cultured with or without @ NH4Cl. To determine

the changes in mRNA lew&lREST 2009 software and the Pfaffl model were used. Data
normalization was performed usitite GAPDHgene. Number of biological repates 3. The
levels of significance were marked as folloysvalue <0.05 (*); p-value <0.01 (**);
p-value <0.001 (***). Abbreviations: P2A C3A_AO_P2Acell ling AOT C3A_AQO_lll cell

line.
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The expression dhe ALB gene was 2:-fold and 1.9fold greaerin C3A_AQ_lI cells
than iNnC3A_AO_P2A and C3A cdl| respectivelyln turn, the mRNA level othe analyzed
gene in C3A_AO_P2A cells was decreased-{old) in comparison witlihat in theC3A cell
line. Interestingly, the obtained results revealed that the presedfexd¥l NH4Cl inducedan
increase inthe mMRNA level of albumin in boththe genetically modified cells and their
unmodified counterparts. Thevelof ALB gene expression after ammonium chloride treatment
was 1.6-fold greaer for C3A_AO_P2A cells, 3:8Id (p-value <0.001) greaer for the
C3A_AO_lll cell line,and 1.5fold greaer for C3A cells.

Analysis oftheexpression othe HNF4A HNF1A HSPA1A andNF-a Bjenes showed
that C3A_AO Il cells were characterized by %08d (p-value = 0.032) and 4-fld
(p-value = 0.016pgreaer expression aheHNF4Agerethan theC3A_AO_P2A and C3A cell
lines, respectively. Moreovaheexpression ofheHNF1Agene in C3A_AO_llI cells was also
upregulated. Its value was Zd&d and 3.1fold greaer than that ofC3A_AO_P2A and C3A
cells, respectively. In turn, in thesmof C3A_AO_P2A cells, downregulationtbéexpression
of theHNF4A HSPA1AandNF-a RBjenes and upregulationthie HNF1Agene vereobserved
when compadto the C3A cell line. Interestingly, R-GPCR analysisevealed thepregulation
of theexpression of thelSPA1Agene(encoding deatshock protein)n all analyzed cell lines
after ammonium chloride treatment, wh confirmed that NHCI induced oxidative/nitrosative

stress.

5.1.7Semiquantitative determination of protein levek using Western blotanalysis

As the genetic modification of C3A_AO_P2A cells was confirragabth the INA and
MRNA levels, theexpressiorof arginase 1, ornithine transcarbamylas®d albumin proteins
wasevaluated. The protein extracts from C3A cells and their genetically modified counterparts
were prepared agescribedn section4.7.11.1 As a negativecontrol the HOS cell line was
used and as a positiveontrol, thehuman liver cell isolatevas usedThe results otheWestern

blot analysis performed for albumin protein are presented bé&mure30).

108



A\
AN N 0 &
O 0 b WP @b 07 s (b W e

A
Albumin (67 kDa)
8

B
[ 11BR
1 28R
N 3BR
I
56l A
o
<L
o)
- 4
>
<
£
) -
Es) =
(o]
ks
= 4
>
@
[}]
= 4
®
o
\8 ° [\ bpo o o xe
P ¥ O N 33
PO~ ert/ A\ !'LP&/ 0‘5/ &0
AP apt 0 of WO

P ant W

Figure 30. Determination of albumin levek in human HCC cell lysates Western blot
analysisshowing the immunoreactivitylevels of albumin and GAPDH in protein samples
isolated from C3A,C3A_AO_IIl, C3A_AO_P2A, and HOS cellsultured with or without
40 mMNHA4CI. Liver cell isolate wasisedas a positive control. The total amount of protein per
well for eachcell linew a s 2vBheréag for liver cell isolaté wasl 0 . ®Representatie
image of albumin expressiam human HCC cellsAbbreviationsAO - C3A_AO _lll cell ling
P2AT C3A_AO_P2Acell line.B Graphshowng the relative albumin levels normalizedthe
level of GAPDH. The plot presents the results for three independent gicéb repetitions.
Abbreviations: 1BR first biological repetition; 2BR second biological repetition; 3BR
third biological repetition.

Figure30A showsanexemplary image comparing albumin expression by C3A cells and
their genetically modified countearts.The dtained results indicated that the highest albumin
levels in standardultureconditions vereobserved for C3A_AO_P2A cells. Interestinglye

performed analysis confirméleinduction of alboumin expression afteeatment with 40 mM

ammonium chloride. In the presence tifis substancethe highest amount of albumin was
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observed for C3A_AQ_III cells. Figurd0B shows the relative ratio betweethe levels of
albumin and GAPDH protein®r three independent biological teatesobtained usinghe
ImageJ tool.The results obtained for the first biological repetiti;vealed that in standard
culture C3A_AO_P2Acells expressed a similar amount of alburamC3A cells, while for
C3A_AO_llI cells thelevel of this protein was decreased. In tafter incubation with 40 mM
NH4CI, C3A cellswere characterized bgpproximatelyl.6-fold greaer expression othe
analyzed proteinComparedwvith untreated C3A cells, genetically modified C3A_AO_lIl and
C3A_AO_P2A cells after exqsureto NH4Cl expresse@pproximately3.1-fold and 2.2fold
more albumin, respectively. As expected, albumin expressidine HOS cell line was not
deteced. Inthecase of liver cell isolate, the level thieanalyzed protein we& 75-fold greaer
than that inC3A cells.As themultiple conditions for biological réjgatescan differ from each
other, instead of averaging the results, each repetition was preseptadtelyon thesame
graph (Figure30B). Despite minor differences, all three biological repetgisimowed similar
tendengsin terms ofalbumin expression.

The results othe Western blot analysis performed #ARG1 protein are presented in
the figure below (Figur8&l).

S S Ce\\
SN 0 @b @b W07 W \%‘6

- I .

110



[ 11BR
T 12BR
N 3BR

I

[m] Sl

48

<

O

o

>

k5]

©

>

Q2

g

=1 .

©

°

0
o’b"‘ Y\Oq’ o\a‘a
Nt
we

Figure 31. Determination of ARG levelsin human HCC cell lysates Western blot analysis
showing theimmunoreactivitylevels of ARG1 and GAPDH in protein samples isolated from
C3A, C3A_AO_lll, C3A_AO_P2A, and HOS cellkiver cell isohate wasusedas a positive
contro,The total amount of protein per well for
isolate it was1 O A drepresentative image of ARG1 expressiorhuman HCC cells.
Abbreviations: AO - C3A_AO_lII cell line; P2AT C3A_AO_P2A cell line; P2A_S
C3A_AO_P2A cell line after additional antibiotic selectidh.Graph showing the relative
ARG1 levels normalized tohe level of GAPDH. The plot presents the results for three
independent biological repetitions. AbbreviaBoriBR 11 first biological repetition; 2BR
second biological repetition; 3BRthird biological repetition.

Figure 31A presentsan exemplary image showingRG1 expressionn human HCC
cells.Theresults revealed that the analyzed protein was not detectstracts fronthe C3A
and HOS cell lines. In turn, the expressioMBG1 in both genetically modified cell lines was
observed. Figur81B shows the relative ratio betweeARG1 and GAPDH proteins obtained
usingthe ImageJ toolThe results obtained fahe first biological repetitioindicated thathe
level of ARG1 protein inC3A_AO_P2A cells was similar to that in C3A_AO_III cells.
Moreover, the expression tifie analyzed proteinn C3A_AO_P2A cells (after additional
selection with puromycin) increageapproximately Zold compaed with that in
C3A_AO_P2A (without additional selection) and C3A_AOQO _IllI celisthe case ofliver cell
isolate the expression of ARG1 wapproximately7-fold greaer than that inC3A_AO_P2A
cells (after additional antibimt selection). Tie results of Western blot analysis obtainedtier

second and third biological repetit®arealsopresentedn Figure31B. Compaedto thefirst
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biological repetitionthe second repéton revealeda similar trend inARGL1 expression, hile
thethird repetitionshowed thepposite trend.

The results ofWestern blot analysis fothe OTC protein are presented below
(Figure32).

OTC (46 kDa)
OTC (39 kDa)

GAPDH (37 kDa)

C_J1BR
EI2BR
N 3BR

relative level of OTC vs GAPDH

Figure 32. Determination of OTC levelk in human HCC cell lysates Western blot analysis

showng theimmunoreactivitylevels of OTC and GAPDH in protein samples isolated from

C3A, C3A_AO_lll, C3A_AO_P2A, and HOS cellkiver cell isolate wasisedas apositive
contro,The total amount of protein per well for
isolate it was1 0 @ dRepresentative image of OTC expressianhuman HCC cells.
Abbreviations:AO - C3A_AO_II cell line; P2Ai C3A_AO_P2A celline. B Graph showing

the relative OTC levels normalized tioe level of GAPDH. The plot presents the results for

three independent biological repetitions. Abbreviations: 1Birst biological repetition; 2BR

T second biological repetition; 3BRthird biological repetition.

A representative image frorthe Western blot analysis (Figur82A) shows the

expression othe OTC proteinin human HCC cell linesThe resultsobtained forthe first
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biological repetition indicated that the new generation of geralyc modified cells
(C3A_AO_P2A)wascharacterized bthe highest level ofhe analyzed protein (Figurg2B).
Compaedto those inC3A_AO_Ill and C3A cells, the amount of OTotein(counted using
the ImageJ tool) was 1:fold and 1.4fold greaer, respetively. Interestingly, despite not
identifying the OTC transcript in th@3A cell line, the analyzed protein was detectadurn,
in contrasto ARG1, the OTC protein igresent in HOS cellfut not at the same level &ss
in human hepatic cells garoximately 8-fold lower). Moreover,the results obtained fothe
liver cell isolate revealedapproximately 4-fold greaer expression of OTCthan in
C3A_AO_P2A cellsThe results of Western blot analysis obtainedtii@second and third
biological repetitbns are also presentedn Figure 32B. Compaed to the first biological
repetition, both repeats revealed similar teaictheOTC level.

5.2 Comparison of the performance of C3A cells and their genetically modified

counterparts

5.2.1 Analysis of ell morphology using flow cytometry and microscopy

The dfferences in morphology betwedime C3A cell line andts genetically modified
counterparts wasvaluatedisingaBD FACSCanto Il cytometer arahinverted phase contrast
microscopeOlympusCKX41. The reallts of the performed analysis are shown in the figure

below Figure33).
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Figure 33. Determination of differences in cell morphology. A Bright field (BF)
microphotographs of C3A, C3A_AO I, and C3A_AO_P2A cells were taken asimyerted
phasecontat mi cr oscope Ol ympu BREHIXdytomeBicamdlysis b ar :
conducted using BD FACSCanto Il flow cytometer (side and forward scatters).
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The results obtained from cytometric analysis confirmed that cells of the newly

established celine C3A_AO_P2A have similar size and granularityitoseof C3A (Figure

33B). In contrasttheforward scatte(FSC andside scattefSSC)valuesfor C3A_AO Il cells

were greaer, whch indicated thatthe analyzed cells weréarger and more grainy. Thes
conclusions were also confirmed by microscopic observation (FRgAR Interestingly,the
greaer granularity of C3A_AO_lll cells coulctcorrespondto their increased albumin
production. Moreover microphotographs of C3A and C3A_AO_P2A cells showedr thei
tendency to aggregate and grow on each oth@ontrastthe C3A_AO _llI cell line forneda

monolayer (Figur&3A), suggesting stronger tendency toward adherence.

5.2.2Determination of cell viability using the trypan blue exclusion method

The differences in cell viability in longerm culture(lasted fortwelve day} between
human hepatic cell lines were evaluatBdiefly, C3A cells and their genetically modified
counterparts (C3A_AO_P2A and C3A_AOQO_lIll) were seeded on plates in staculéwce
medum. The HOS cell line (cellghatare not derived fronthe liver) wasusedas a control.
Every third daythe cells were detached and counted ushegtrypan blue exclusion method.
Cell viability was expressed as the ratio between the number of ligeaceltheir total number.
More detailsare presenteth sectiord.8.2 Theobtained results are shown in the figure below
(Figure34).
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Figure 34. Determination of the viability of human HCC and HOS cells in longterm

culture using the trypan blue exclusibn method C3A cells and their genetically modified
counterparts, C3A_AO _IIl and C3A_AO_P2A, were cultured orwel plates for twelve
days.The HOS cellline wasusedas a controlEvery third daythe cells were dtachedand
counted. Cell viability wagxpressed as the percentage of live cells. Number of biological
replicates 3. The resultsre presented as an average of analyzed biologepdicates(with
standard deviation values). Statistical analysis was conducted using MANOVRwith c a n 6 s
post ha test.All obtainedp-values (statistically significant in redje presented in the table
below.Levels of significancep-value <0.05 (*); p-value <0.01 (**); p-value <0.001 (***).

Duncan's post hoc D3 D6 DY D12
test C3A A0 P2A HOS C3A AO PIA HOS C3A A0 P2A HOS C3A A0 PIA HOS

D3 C3A 0.664007| 0.411267) 0.063599| 0.215950| 0.244413| 0.196670| 0.033615| 0.751186( 0.250595) 0.241384( 0.076422| 0.330360) 0.402718| 0.135927| 0.272169
D3 A0 0.664097 0.661432| 0.134321| 0.110678| 0.140266| 0.098704 0.076232| 0.884048| 0.132796| 0.130786| 0.157616| 0.552421| 0.643807| 0.260319| 0.470806
D3 P2A 0.411267| 0.661432 0.259057| 0.050955) 0.069093| 0.044632) 0.158243( 0.579390| 0.062935| 0.062613| 0.206104] 0.849373| 0.996836| 0.453276| 0.743454
D3 HOS 0.063509] 0.134321| 0.259057| 0.003539| 0.005433| 0.002977) 0.727656) 0.108108| 0.004675| 0.004697| 0.907658) 0.327108| 0.262973| 0.650085 0.390148
Dé C3A 0.215959| 0.110678| 0.050955) 0.003539 0.837300| 0.932182| 0.001539| 0.136248| 0.896323( 0.880049| 0.004516| 0.036376| 0.049537| 0.009976| 0.027226
D6 A0 0.244413| 0.140266 0.069093| 0.005433| 0.837309| 0.782443| 0.002414] 0.164308) 0.927460| 0.937105) 0.006824] 0.050621] 0.065276] 0.014669) 0.038743
Dé PlA 0.196670| 0.098704| 0.044632| 0.002977| 0.932182| 0.782443 0.001283| 0.122575| 0.839942( 0.832852| 0.003815| 0.031632| 0.043588| 0.008509| 0.023524
Dé HOS 0.033615| 0.076232| 0.158243| 0.727656| 0.001539| 0.002414| 0.001283 0.060074| 0.002060| 0.002071[ 0.663146| 0.205909| 0.160964| 0.450127| 0.251798
Do C3A 0.751186| 0.884048| 0.579300| 0.108108| 0.136248| 0.164308| 0.122575 0.060074| 0.161374| 0.156969| 0.127982| 0.477903| 0.568240| 0.216186| 0.402784
Do A0 0.250595| 0.132796| 0.062935) 0.004675| 0.896323| 0.927460| 0.839942| 0.002060| 0.161374 0.985083| 0.005032| 0.045446| 0.060896| 0.012882| 0.034357
DY PlA 0.241384| 0.130786| 0.062613| 0.004697| 0.889049| 0.937105| 0.832852( 0.002071| 0.156969( 0.985083 0.005940| 0.045397| 0.059929| 0.012888) 0.034435
Do HOS 0.076422| 0.157616| 0.206104) 0.907658| 0.004516| 0.006824| 0.003815| 0.663146| 0.127982| 0.005932| 0.005940 0.369157| 0.302001] 0.723179| 0.434238
D12 C3A 0.330360) 0.552421| 0.849373| 0.327108| 0.036376| 0.050621) 0.031632] 0.205909| 0.477993| 0.045446) 0.045397| 0.369157| 0.855744| 0.548814| 0.873633
D12 A0 0.402718| 0.643807| 0.906836| 0.262973| 0.049537| 0.065276| 0.043588| 0.160964| 0.568240( 0.060896| 0.059929( 0.302001| 0.855744 0.461252| 0.749640
D12 P2A 0.135927) 0.260319 0.453276| 0.659085| 0.009976) 0.014669) 0.008509) 0.459127| 0.216186| 0.012882) 0.012888| 0.723179| 0.548814| 0.461252 0.631227
D12 HOS 0.272169| 0.470806| 0.743454| 0.390148| 0.027226| 0.038743| 0.023524| 0.251798| 0.402784( 0.034357| 0.034435| 0.434238) 0.873633| 0.749640| 0.631227|

The dbtained results indicated that C3A cells and their gensticaidified counterparts
were characterized by similar cell viability in lotgrm culture. On the third day, the percentage
of live cellsamonghuman hepatic cell linesnged fronB80-85%. In turn, on the 6th and 9th
days of culture,theC3A, C3A_AO_P2A, ad C3A_AQO_llI cell lines were characterized by the
samepercentag®ef dead cells, whiclkqualedapproximately25%. The results obtained on the

last day of longerm culture indicated thahe viability of human hepatic cells slightly
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increased. The percege of live cells for C3A cells and their genetically modified counterparts
was similar and equaleabproximately90%. The highest cell viability was observed tie
HOS cell line. They were characterized dyinvariable percentage of live cells durirtget
course of longerm culture, which equaleapproximately93%. It might be concluded that the

genetic modification of C3A cells had no negative impact on their viability.

5.2.3Determination of the metabolic activity of cells usingthe MTT test

Analysis of mitochondrial activity in longerm culture was performed for both
genetically modified cells (C3A_AO_P2A and C3A _AO _Illl) and their unmodified
counterpartsThe HOS cell line wasised as a control'he cell lines were seeded on plates in
standard medim and cultured for twelve days. Every third day, their metabolic activity was
determined usintheMTT test.The cetailed proceduriss described isectian 4.8.3 The esults

of themitochondrial activity assay are presented in the figure befoyuie35).

Metabolic activity
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Figure 35. Determination of mitochondrial activity of HCC and HOS cells in longterm
culture using the MTT assay C3A cells and their genetically modified counterparts,
C3A_AO_lll and C3A_AO_P2A, were cultured on-t2ll plates for twelve dayg.he HOS

cell line was useds a controlEvery third day, the metabolic activitytbiecells was evaluated

The dbtained resultareexpressed as the ratio thie absorbancéo thenumber of living cells.
Number of biological rejcates 3. The resultsare pregnted as an average of analyzed
biologicalrefdicates(with standard deviation values). Statistical analysis was conducted using
MANOVA wi t h pddtuhactest.nSelected statistically significant differences were
marked inthegraph as followsp-value< 0.05 (*); p-value <0.01 (**); p-value <0.001 (***).

All obtainedp-values (statistically significant in red)e presented in the table below.

7

absorbance/number of cells [-]
*
*
*
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Duncan's pest hoc D3 D6 D9 D12
test C3A AO P2A HOS C3A A0 P2A HOS C3A AO P2A HOsS C3A AO P2A HOS

D3 C3A 0.000074] 0.002143| 0.358574| 0.013210| 0.000328) 0.000010| 0.501818| 0.577092| 0.007232| 0.511588 0.077868 0.452181| 0.015505| 0.230237 0.149626|
D3 AO 0.000074 0.220082| 0.000932]| 0.064007 0.562825) 0.037921| 0.000460| 0.000310| 0.100034] 0.000431) 0.010431| 0.000578| 0.057178| 0.002131| 0.004239
D3 P2A 0.002143| 0.220082 0.020325] 0.454900| 0.464371| 0.002502( 0.011191] 0.007979| 0.606150| 0.010616| 0.131138| 0.013607) 0.420697| 0.039485 0.067222
D3 HOS 0.358574| 0.000932| 0.020325 0.080346| 0.003881| 0.000020( 0.769019| 0.660184| 0.055585| 0.747964| 0.344101| 0.837387| 0.099846| 0.731857) 0.546537|
Dé C3A 0.013210{ 0.064007| 0.454200| 0.089346 0.167626| 0.000404] 0.054596| 0.040976) 0.778415| 0.052177| 0.380070| 0.064233| 0.925851| 0.153107| 0.232936
D6 A0 0.000328| 0.562825| 0.464371( 0.003881| 0.167626| 0.012901| 0.001985) 0.001369| 0.242904| 0.001877| 0.034928| 0.002466] 0.152578 0.008353| 0.015612
Dé P2A 0.000010{ 0.037921| 0.002502| 0.000020{ 0.000404] 0.012901 0.000012] 0.000011) 0.000752]| 0.000012) 0.000053| 0.000013| 0.000353| 0.000022| 0.000028
D6 HOS 0.501818| 0.000460| 0.011191| 0.769019| 0.054596) 0.001985 0.000012 0.863111| 0.032618) 0.966319| 0.237670| 0.914080 0.062469) 0.552065 0.398133
D9 C3A 0.577092| 0.000310| 0.007979| 0.660184| 0.040976) 0.001369 0.000011] 0.863111 0.023974] 0.887273| 0.189565 0.792019| 0.047545| 0.464650| 0.326925|
D9 AO 0.007232| 0.100034| 0.606150| 0.055585 0.778415) 0.242904| 0.000752| 0.032618| 0.023974 0.031037| 0.278855| 0.038011| 0.725367) 0.099661| 0.157933
D9 P2A 0.511588| 0.00043L| 0.010616| 0.747964| 0.052177) 0.001877| 0.000012| 0.966319| 0.887273| 0.031037 0.228842| 0.888230| 0.060093| 0.536935 0.385017|
D9 HOS 0.077868| 0.010431| 0.131138| 0.344101| 0.380070| 0.034928( 0.000053) 0.237670| 0.189565 0.278855) 0.228842 0.269112] 0.411414]| 0.500049 0.686305
D12 C3A 0.452181| 0.000578| 0.013607| 0.837387| 0.064233| 0.002466 0.000013| 0.914080) 0.792019| 0.038011| 0.888230| 0.260112 0.072772| 0.607323| 0.443031
D12 A0 0.015595| 0.057178| 0.420697| 0.009846| 0.925851| 0.152578 0.000353) 0.062469| 0.047545| 0.725367| 0.060093| 0.411414| 0.072772 0.168208| 0.250879
D12 P2A 0.230237| 0.002131| 0.039485| 0.731857( 0.153107) 0.008353 0.000022] 0.552965) 0.464650 0.099661) 0.536935| 0.500049| 0.607323| 0.168208 0.763872
D12 HOS 0.149626] 0.004239| 0.067222| 0.546537| 0.232936) 0.015612| 0.000028| 0.398133| 0.326925 0.157933| 0.385017| 0.686305) 0.443031] 0.250879| 0.763872

The esults of the performed analysis indicated that C3A_AO_lll cells were
characterized by the highesetabolic activity among all analyzed cell lines. On the third day
of culture, C3A_AO Il cells had 1-fld and 2.7#old (p-value <0.001)greaer mitochondrial
activity thanC3A_AO_P2A and C3A cells, respectivelyhe results obtained on the next day
of measurements were reversed. On the 6th day oftlenmg culture, the most metabdaity
active cells were genetically modified C3A_AO_P2A. The vahfethe analyzed parameter
were 1.4-fold (p-value = 0.013)and 1.7fold (p-value <0.001) greaer than thoseof the
C3A_AO_lll and C3A cell lines, respectively. iBhcould beattributed todifferences inthe
number of living cellsamongthree independent biological le@ates Averaged results for
C3A_AO_P2A cells are characterized by large standard desasind thereforgt is difficult
to draw the correct conclusions. In turn, on the 9th and 12thadaylture the mitochondrial
activity of the C3A and C3A_AO_P2A cell lines was similar. Again, the highest metabolic
activity was observed for C3A_AO_III del Compagedwith those ofC3A and C3A_AO_P2A
cells, their mitochondrial activity was 1{8ld (p-value = 0.024and 1.7fold (p-value = 0.031)
greaer (on the 9th day) and 1féld and 1.3fold greaer (on the 12th day), respectively.
Interestingly the obtained results indicated thihie HOS cell line wakharacterized byather

similar metabolic activity during the course of letgyrm culture.

5.2.4Determination of metabolic activity - glucose consumption

Metabolic activity n longterm culture was ab evaluated by measuring glucose
consumption in the conditioned culture medidrhe C3A, C3A_AO_P2A, C3A_AO I, and
HOS cell lines were cultured for twelve days. Every third,dag media samples were
collected andthe glucose concentration was detenel usinga commercial kit.The detailed
protocolis presented in sectioA.8.4 The ddtained results are shown in the figure below
(Figure36).
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Figure 36. Evaluation of glucose consumption by HCC and HOS cells ifong-term
culture. C3A cells and theirgenetically modified counterparts, C3A _AO_lll and
C3A_AO_P2A, were cultured on A&ell plates for twelve day§.-he HOS cell line was used
as a controlEvery third day, the medium samples were colle@ad the glucose content was
measured using commera@l kit. The dtained resultare expressed as the ratio of glucose
mass per number of living cells. Number of biologicaliogpes 3. The resultsre presented
as an average of analyzed biologicallicges (with standard deviation values). Statistical
anal ysis was conduct ed yesthogest.NbAldct@d/skatistically h D u
significant differences were marked ithe graph as follows:p-value < 0.05 (*);
p-value <0.01 (**); p-value <0.001 (***). All obtainedp-values (statistically sigficant in
red)are presented in the table below.

Glucose consumption reflects the metabolic activity and proliferation rate of cells. The
lowerthe glucosecontent inthemediumwas thegreaerthe cellproliferation rateThe esults
of the analysisrevealed thatC3A_AO_lll cells were characterized by the fastest glucose
consumption during lorterm culture amonghe testedhuman hepatic cell lineas clearly
shownon day6. On the 3rd dayC3A cellswere characterized by the lowest amount of glucose
in the medium. The obtaied valus were 1.4fold (p-value = 0.03 and 1.2fold

118























































































































































































