THE UNIVERSITY of EDINBURGH

Edinburgh Research Explorer

Phenotype instability of hepatocyte-like cells produced by direct
reprogramming of mesenchymal stromal cells

Citation for published version:

Orge, ID, Gadd, V, Barouh, JL, Rossi, EA, Carvalho, RH, Smith, |, Allahdadi, KJ, Paredes, BD, Silva, DN,
Damasceno, PKF, Sampaio, GL, Forbes, S, Soares, MBP & de Freitas Souza, BS 2020, 'Phenotype
instability of hepatocyte-like cells produced by direct reprogramming of mesenchymal stromal cells', Stem
Cell Research and Therapy. https://doi.org/10.1186/s13287-020-01665-z

Digital Object Identifier (DOI):
10.1186/s13287-020-01665-z

Link:
Link to publication record in Edinburgh Research Explorer

Document Version_:
Peer reviewed version

Published In:
Stem Cell Research and Therapy

Publisher Rights Statement:
This is the author's final peer-reviewed manuscript ac accepted for publication.

General rights

Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.

Take down policy

The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

OPEN () ACCESS

Download date: 17. Aug. 2021


https://doi.org/10.1186/s13287-020-01665-z
https://doi.org/10.1186/s13287-020-01665-z
https://www.research.ed.ac.uk/en/publications/fe2e7178-1db2-40de-90de-711e624fd83e

Phenotype instability of hepatocyte-like cells produced by direct
reprogramming of mesenchymal stromal cells

Tasmim Diniz Orge'-?, Victoria L Gadd?, Judah Ledo Barouh!?, Erik Aranha Rossi>#, Rejane
Hughes Carvalho®, Tan Smith’, Kyan James Allahdadi®**, Bruno Diaz Paredes®*, Daniela

Nascimento Silva', Patricia Kauanna F Damasceno!, Gabriela Louise Sampaio'?, Stuart J

Forbes?, Milena Botelho Pereira Soares'® and Bruno Solano de Freitas Souza!-2*¢*

! Gongalo Moniz Institute, FIOCRUZ, Salvador, BA, Brazil

2 Center for Biotechnology and Cell Therapy, Sdo Rafael Hospital, Salvador, BA, Brazil
3 MRC Centre for Regenerative Medicine, Edinburgh, UK

4 D'Or Institute for Research and Education (IDOR), Rio de Janeiro, RJ, Brazil

> Institute of Health Sciences, UFBA, Salvador, BA, Brazil

® National Institute of Science and Technology for Regenerative Medicine, Rio de Janeiro, RJ, Brazil.

*Correspondence should be addressed to Dr. Bruno S. F. Souza, MD, PhD, Instituto Gongalo

Moniz, Fundagao Oswaldo Cruz, Rua Waldemar Falcao, 121, Candeal, Salvador, Bahia, Brazil.
CEP: 40296-710. Phone: +557131762260; Fax: +557131762272. E-mail address:
bruno.solano@fiocruz.br




ABSTRACT

Background: Hepatocyte-like cells ((HEPS) generated by transcription factor-mediated direct

reprogramming of somatic cells have been studied as potential cell sources for the development

of novel therapies targeting liver diseases. _
Siability aficr Tongenm i ifio EXpARSIoN and safety profile of reprogrammed cells in different

experimental models, however, still require further investigation.

stromal cells and characterized their phenotype stability by in vitro and in vivo analyses.

Results: The iHEPs expressed mixed hepatocyte and liver progenitor cell markers, were highly
proliferative and presented metabolic activities in functional assays. A progressive loss of
hepatic phenotype, however, was observed after several passages, leading to an increase in
alpha-SMA™ fibroblast-like cells, which could be distinguished and sorted from iHEPs by
differential mitochondrial content. The resulting purified iHEPs proliferated, maintained liver
progenitor cell markers and, upon stimulation with lineage maturation media, increased
expression of either biliary or hepatocyte markers. In vivo functionality was assessed in
independent pre-clinical mouse models. Minimal engraftment was observed following
transplantation in mice with acute acetaminophen-induced liver injury. In contrast, upon
transplantation in a transgenic mouse model presenting host hepatocyte senescence, widespread
engraftment and uncontrolled proliferation of iHEPs was observed, forming islands of
epithelial-like cells, adipocyte-like cells or cells presenting both morphologies.

Conclusion: The results have significant implications for cell reprogramming, suggesting that
iHEPs generated by Foxa2/Hnf4a expression have an unstable phenotype and depend on
transgene expression for maintenance of hepatocyte-like characteristics, showing a tendency to
return to the mesenchymal phenotype of origin and a compromised safety profile.

Keywords: Hepatocyte-like cells. Direct reprogramming. Mesenchymal stromal cells.



BACKGROUND

In vitro generation of functional induced hepatocyte-like cells (iHEPs) could overcome
some of the hurdles of primary hepatocyte transplantation, including low organ availability and
limited proliferative potential provided by current culture protocols. In the past decade, somatic
cells, such as fibroblasts or mesenchymal stromal cells (MSCs), have been directly converted
into specialized cell types, including hepatocytes!-2. Some of the theoretical advantages of direct
reprogramming strategies include the use of less time-consuming protocols, avoidance of the
pluripotency stage and generation of cells with increased maturation profile for personalized
medicine applications®. In fact, iHEPs generated by direct reprogramming and were shown to
be amenable for in vitro expansion and able to repopulate the liver when transplanted into

mice!24,

Although different reports indicate the potential safety and efficacy of directly
reprogrammed iHEPs to treat certain pre-clinical models of liver diseases, further studies are
needed to clarify the mechanisms involved in cell reprogramming and to determine safety and
phenotype stability after continuous in vitro expansion, before these cells can be applied in a
clinical setting. Transcription factor-mediated direct reprogramming usually combines forced
expression of adult hepatocytes genes, such as HNFE1 homeobox A (HNFIA) or hepatocyte
nuclear factor 4 alpha (H/NF4A)°’, with genes present in early developmental stages, such as
forkhead box A2 (FOXA2)° Persistent expression of genes involved in early liver development
could compromise definitive cell fate, by continuously redirecting the cells towards a progenitor
phenotype. Moreover, some protocols of direct reprogramming have generated iHEPs
dependent on transgene expression in order to maintain cell identity, reversing to the cell

phenotype of origin when exogenous hepatic transcription factor is switched off’. Phenotype



stability of reprogrammed cells is a crucial issue for clinical applications, considering that

billions of in vitro expanded cells would be needed to treat a single patient®.

Here, we aimed at investigating the safety and phenotype stability of iHEPs after long-
term in vitro expansion in culture. The iHEPs were generated by reprogramming mouse bone
marrow-derived mesenchymal stromal cells with lentiviral vectors carrying Foxa2 and Hnf4a.
The vectors utilized herein allow for a straightforward monitoring of transgene expression
through a reporter gene (GFP) and a selectable marker (puromycin resistance) throughout the
cell passages. Finally, the safety, efficacy and fate of iHEPs were evaluated in independent in

vivo liver repopulation experiments.

MATERIALS AND METHODS

Isolation and culture of primary cells

MSCs were isolated from bone marrow of male C57B1/6 mice, as previously described’.
The cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (ThermoFisher Scientific,
Waltham, MA, USA), with medium changes every 3-4 days, and maintained in an incubator at
37 °C and humidified atmosphere with 5% CO;. After reaching 80-90% confluency, the cells
were detached using 0.25% trypsin-EDTA (Sigma-Aldrich, St. Louis, MO, USA), and passaged

in a 1:3 ratio.

Fetal hepatoblasts were isolated from mouse fetal liver (E13.5) as described
previously'?. The isolated hepatoblasts were washed and maintained in culture on Matrigel-
coated plates with William’s medium E (ThermoFisher Scientific). Primary hepatocytes were

obtained from adult mice by liver enzymatic digestion by a previously described protocol!!.



Vector production

A 2"-generation lentiviral system was used, and non-replicative lentiviral particles were
produced by transient transfection of HEK293FT cells with psPAX2 (Addgene #12260),
pMD2.G (Addgene #12259) and expression vector, at a 2:1:3 ratio, as previously described’.
Three expression vectors were constructed: pFOXA2IP, pFHIG, and pPCWFOXA?2. Foxa2 was
amplified from pGCDNsam_Foxa2 (Addgene #33004) with the primers mmFoxa2 BamHI F
and mmFoxa2 BsrGI R and subcloned between BamHI and BsrGI sites in pEGIP (Addgene
#26777). For dox-inducible expression studies, Foxa2 was amplified with mmFoxa2 Nhel F
and mmFoxa2 BamHI R primers, and subcloned into the pCW-cas9 (Addgene # 50661) Tet-
on expression vector in the Nhel/BamHI flanked region. Hnf4a was amplified from
pGCDNsam HNF4a  (Addgene #33002) with primers mmHnf4a Xbal F and
mmHnf4a BamHI R and subcloned into pFUWOSKM (Addgene #20328) vector in the
Xbal/BamHI flanked region, while IRES-GFP sequence was subcloned in frame, within
BamHI/Ascl restriction sites, after amplification from MSCVPIG (Addgene #18751) using
IRES-GFP_BamHI F and IRES-GFP_Ascl R primers. Primers sequences are listed in Table

S1.

Generation and expansion of iHEPs

To generate iHEPs, MSCs were transduced with lentiviral vectors expressing Foxa?2 in
frame with puromycin resistance gene (pFOXA2IP) and Hnf4a in frame with GFP (pFHIG).
Transduced cells were cultured in DMEM supplemented with 10% FBS and selected by the
addition of 2 pg/mL puromycin to the culture medium 48 h post lentiviral transduction. After
72 h, the medium was replaced with iHEP culture medium: DMEM/F-12, 10% FBS, 1%
penicillin/streptomycin, 0.1 pM dexamethasone (Sigma-Aldrich), 10 mM nicotinamide

Sigma-Aldrich), 1% ITS (ThermoFisher Scientific), 10 ng/mL FGF-4, 20 ng/mL HGF, 20
g



ng/mL EGF (Peprotech, Rocky Hill, NJ, USA) and 1 uM SB431542 (Stem Cell Technologies,
Vancouver, Canada), on Matrigel-coated dishes (Corning, Corning, NY, USA). To generate
iHEPs with inducible Foxa?2 expression vector (p)CWFOXA?2), 5 pg/mL doxycycline (Sigma-
Aldrich) was added to iHEP medium. The iHEPs were maintained in culture until 90% of
confluence was reached and were detached using 2x trypsin solution (ThermoFisher Scientific).

After washing, the cells were resuspended in iHEP medium and re-seeded using a 1:4 split ratio.

Liver injury experimental models and iHEP transplantation

All animals received humane care according to the criteria outlined in the “Guide for
the Care and Use of Laboratory Animals” prepared by the National Academy of Sciences and
published by the NIH. Four-to-six weeks-old C57B1/6 male mice were maintained at the animal
facility of the Center for Biotechnology and Cell Therapy, Sao Rafael Hospital, under
controlled conditions of temperature (22 + 2°C) and humidity (55 £+ 10%). The study received
prior approval by the local Committee of Ethics for the Use of Animals at Sdo Rafael Hospital,
under the protocol number 01/16. Animal experiments performed at the Centre for Regenerative
Medicine, Edinburgh were conducted under procedural guidelines, severity protocols and with
ethical permission from the University of Edinburgh Animal Welfare and Ethical Review Body
and the UK Home Office. Male and female Ah®*Mdm2"" mice were on a C57B1/6J background
and all animals were housed in specific pathogen-free environment with access to food and

water ad libitum.

To model acute-on-chronic disease, male C57Bl/6 mice weighing approximately 20 g
were exposed to 10% ethanol diluted in drinking water, for three weeks, with access to food ad
libitum. At the end of the third week, the animals were fasted for 12 h, with free access to water.
Subsequently, 300 pL of a 450 mg/mL acetaminophen (APAP) solution in heated 0.9% saline

(40°C) were administered via i.p. injection. After 4 h, 2 x 10%iHEPs cells were resuspended in



10 uL of Matrigel (Corning) solution (1:25 dilution) and injected intra-hepatically, a protocol
that, in a pilot study conducted by our group, resulted in higher engraftment rates when
compared to transplantation of iHEPs resuspended in PBS through intrasplenic or intrahepatic

routes in the APAP model.

Ah*Mdm2"1 mice were used to model chronic liver disease and impaired host
hepatocyte cell regeneration'?. Before transplantation, iHEPs underwent external IMPACT™
II testing (IDEXX BioAnalytics, Ludwigsburg, Germany) to confirm the absence of infectious
agents and Mpycoplasma contamination. Mice were administered a single dose of -
Naphthoflavone (BNF) at 20 mg/kg via intraperitoneal injection to activate cre recombinase 1
week prior to transplantation. 2 x 10°iHEPs were resuspended in 100 uL PBS and transplanted

by intrasplenic injection, while control mice received PBS alone.

Immunohistochemistry

Tissue was fixed in 10% buffered formalin for 8 h and embedded in paraffin for
sectioning. Sections were dewaxed in xylene and rehydrated in decreasing concentrations of
ethanol. Tissue underwent heat-induced antigen retrieval for 10 min in Tris-EDTA (pH=9). For
single chromogenic immunodetection, sections were blocked for endogenous peroxidase and
avidin/biotin binding sites (Vector Laboratories, Burlingame, CA, USA). Primary antibodies
were incubated overnight at 4°C at the following concentrations; GFP (Abcam, 1:400), HNF4a
(Abcam, 1:250), alpha smooth muscle actin (a(SMA; Sigma-Aldrich, 1:1000), Foxa2 (Abcam,
Cambridge, UK, ab108422, 1:500), Albumin (Abcam, 1:100), Epithelial cell adhesion molecule
(EpCAM; Abcam, 1:100) and signal was visualized using avidin-biotin complex methods. For
immunofluorescent detection, sections were blocked for an hour in protein block (Vector
Laboratories), primary antibodies were incubated overnight and visualized utilizing Alexa

Fluor secondary antibodies (Invitrogen, 1:200) and DAPI (1:1000).



Immunocytochemistry

Cells were fixed with 4% paraformaldehyde (Electron Microscopy Sciences, Hatfield,
PA, USA) for 15 min, washed twice with PBS for 5 min and permeabilized with 0.1% Triton
X-100 (Sigma-Aldrich) for 10 min for nuclear antigen labeling. After washing with PBS for 5
min, blocking was performed using background blocker (Dako, Glostrup, Denmark) for 10 min,
followed by incubation at 4° C overnight with the following primary antibodies, diluted in 1%
BSA/PBS (Sigma-Aldrich): anti-albumin (1:500, Dako), anti-Foxa2 (1:100, Santa Cruz
Biotechnology), anti-CK 18 (1:100, Santa Cruz Biotechnology) and anti-e-cadherin (1:100, BD
Biosciences, San Jose, CA, USA). On the next day, the following secondary antibodies were
used, in 1:500 dilution: anti-mouse IgG Alexa Fluor 488, anti-rabbit IgG Alexa Fluor 568, anti-
goat IgG Alexa Fluor 488 (all from ThermoFisher Scientific), followed by 1 h incubation at
RT. Nuclei staining was performed with DAPI (Vector Laboratories). Images were captured
using an Al+ confocal microscope (Nikon, Tokyo, Japan) or a FluoView 1000 confocal

microscope (Olympus, Tokyo, Japan).

Flow-cytometry

For immunophenotyping, MSCs were incubated for 30 min with the following
antibodies (diluted 1:100): CD90APC, CD44PE, Sca-1FITC, CD34APC and CD45APC-Cy7
(BD Biosciences), CD29PE and CD11bPE-Cy5.5 (e-Bioscience, San Diego, CA, USA). At
least 50,000 events were collected and analyzed with a Fortessa flow cytometer (BD
Biosciences). For Fluorescence-activated cell sorting (FACS), 1 x 107 iHEPs were stained with

500 nM MitoTracker Red FM (ThermoFisher Scientific) following the manufacturer’s



instructions, and iHEP MT high and iHEP MT low were sorted using the BD FACS Aria II

(BD Biosciences).

RT-gPCR

Total RNA was extracted using TRIZOL® (ThermoFisher Scientific) or RNeasy
Mini RNA Extraction kit (Qiagen, Hilden, Germany) following the manufacturers’
instructions. RNA integrity was assayed by 1% agarose electrophoresis, and purity was
measured photometrically using the NanoDrop™ 1000 (ThermoFisher Scientific). RNA
samples (1 pg) were converted to cDNA using High-Capacity cDNA reverse transcription
kit (ThermoFisher Scientific) or QuantiTect Reverse Transcription (Qiagen). Primer
sequences are detailed in Table S1. PCR amplification was performed in an ABI7500 Real-
Time PCR System (ThermoFisher Scientific) under standard thermal cycling conditions.
The threshold cycle method of comparative PCR was used to analyze the results. In some
experiments, the following commercial primers of Qiagen QuantiTect were used: Albumin
(Alb; Qiagen, QT00115570), Alpha-fetoprotein (Afp; Qiagen, QT00174020), Epcam (Qiagen,
QT02304456), Sca-1 (Lyb6a; Qiagen, QT00293167), Cytokeratin 19 (Krt/9; Qiagen,
QTO00156667), Hnf4a (Qiagen, QT00144739), peptidylprolyl isomerase A (Ppia; Qiagen,
QT00247709), and in RT-qPCR was performed in a LightCycler 480 II equipment (Roche).
Gene expression was normalized using the endogenous PPIA gene and the samples were
amplified in triplicate. The threshold cycle method of comparative PCR was used to analyze

the results.

Transmission electron microscopy

The iHEPs and MSCs were grown in 24-well plates adhered in matrigel-coated plastic

coverslips (Corning) suitable for ultra-thin cuts until reaching 90% confluency. After this the
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cells were fixed for 1 h at RT with 1% osmium tetroxide/0.8% potassium ferrocyanide solution
(Sigma-Aldrich). Subsequently, the material was dehydrated in increasing concentrations of
acetone (30, 50, 70, 90, and 100%) and included in polybed resin (Polysciences, Washington,
PA, USA). Ultra-thin sections were obtained from a UC732 ultramicrotome (Leica
Microsystems, Wetzlar, Hesse, Germany) and collected on 300-mesh copper grids, contrasted
with uranyl acetate and lead citrate and observed on a transmission electron microscope (JEOL

JEM -1230) at 15 kV.

Functional analyses

For PAS staining, the cells were fixed in a 1:1 acetone / methanol solution at -20 °C for
20 min and washed twice with distilled water. Then, the cells were incubated in 1% periodic
acid solution for 10 min at RT. After two washes with distilled water, Schiff reagent was added
and incubated for 30 min at RT. Finally, distilled water heated at 40°C was used to wash the

reagent.

For the indocyanine green (ICG) uptake assay, an ICG solution (Sigma-Aldrich) was
added to the cultured cells at a final concentration of 1 mg/mL. The cells were incubated at 37
°C for 1 h, washed three times with PBS, and then cellular uptake of ICG was examined. Next,
to induce the cellular release of ICG, cells were incubated in culture medium without ICG
solution at 37 °C for 4 h. For low-density lipoprotein (LDL) uptake assay, the cells were
incubated with 10 pg/mL acetylated LDL labeled with 1,1’-dioctadecyl-3,3,3’,3’-
tetramethylindo-carbocyanine perchlorate, Dil (Dil-Ac-LDL) (ThermoFisher Scientific) for 4
h at 37 °C, followed by DAPI staining. For visualization of lipid inclusions, the cells were fixed
in 4% PFA for 15 min at RT, washed in distilled water and incubated in 70% ethanol for 3 min.
Finally, cells were stained with Oil red O solution (Sigma-Aldrich) for 5 min and washed with

70% ethanol.
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For assessing the expression levels of Cyp450 enzymes, the cells were incubated with

dexamethasone (100 uM), rifampicin (30 uM), omeprazole (50 pM) or phenobarbital (1 mM)

for 48 h at 37 °C. Then, the expression of the genes encoding the _
44 (Cyp3a44) and cytochrome P450, family 1, subfamily a, polypeptide 1 (Cyplal) enzymes

was evaluated by RT-qPCR (Table S1). For evaluation of CYP3A4 enzyme activity, the P450-
Glo CYP3A4 assay system kit (Promega, Madison, WI, USA) was used according to the
manufacturer’s protocol. After incubation at RT protected from light for 30 min, luminescence
was measured on the GLOMAX 20/20 Luminometer reader (Promega). The luminescence data

were normalized by the respective total protein concentration per well.

The bipotent nature of iHEPs was assessed by evaluation of morphology and gene
expression after incubation with either iHEP media supplemented with the small molecules 0.5
mM valproic acid, 5 uM parnate and 1 uM TTNPB, or with the maturation media (MM):
DMEM F12, 10% SBF, 1% penicillin/streptomycin, 10 pM dexamethasone, 10 uM SB431542,
20 ng/ml oncostatin M, 0.5 mM valproic acid, 5 uM parnate and 1 uM TTNPB. Qiagen
QuantiTect commercial primers were used: A4/b (Qiagen, QT00115570), Afp (Qiagen,
QT00174020), Aquaporin 1 (4gpl) (Qiagen, QT00109242), Ppia (Qiagen, QT00247709).
Gene expression was normalized using the endogenous gene Ppia and samples were amplified

in triplicate.
Statistical analysis

Data were analyzed using Student’s ¢ test or one-way ANOVA followed by Tukey
or Newman-Keuls multiple comparison tests. Log-rank (Mantel-Cox) test was performed

for comparison of survival curves. (All data were analyzed using GraphPad Prism v.5.0
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software (GraphPad Inc., San Diego, CA, USA). Differences were considered statistically

significant for P values <0.05.

RESULTS

Sustained, high Foxa2 expression is necessary for direct conversion of MSCs to iHEPs

The MSCs' identity was confirmed by plastic adherence, fibroblastic morphology, and
potential to differentiate into adipocytes, chondrocytes and osteocytes (Fig. S1A). The cells
were positive for the MSCs' markers CD90, CD44, CD73, CD29 and Sca-1 and negative for
hematopoietic markers CD19, CD34 and CD117 (Fig. S1B). Next, we conducted the
reprogramming protocol (Fig. 1A) and transduced MSCs with lentiviral vectors for constitutive
expression of Foxa2 and Hnf4a. Treatment with puromycin for 72 h allowed for the selection
of the cells that were successfully transduced with Foxa?2 lentivirus, while GFP expression was

used as a reporter to detect the cells also transduced with Hnf4a lentivirus (Fig. 1B).

After 15 days in culture with iHEP medium, large colonies of GFP" epithelial-like cells
(1IHEPs) were observed and expanded in vitro (Fig. 1B). The cells presented a high proliferative
rate and were purified from the cells with fibroblastic morphology by successive passages (Fig.
1C and D). Similar results were obtained by reprogramming MSCs from three different isolates.
Once visually homogeneous cultures of epithelial-like cells were obtained, the cells were
characterized. Foxa2 expression was confirmed by immunostaining and positive expression of
the epithelial marker e-cadherin, and hepatocyte markers albumin and CK-18 were also
observed (Fig. 1E). RT-qPCR analysis revealed a higher expression of hepatic markers albumin
and AAT in iHEPs compared to fetal hepatoblasts (E13.5) and parental MSCs, but at lower
levels than primary hepatocytes. The iHEPs also expressed the early hepatic markers Afp and

Ck18 at lower levels than fetal hepatoblasts. While Hnf4a expression levels in iHEPs were
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similar to adult hepatocytes, an increased expression of the immature bipotent progenitor

marker Krt19 was found in iHEPs (Fig. 1F-K).

Since Foxa2 expression is high during liver bud formation but falls between E12.5 and
E15.5 before increasing again in the adult liver'?, we hypothesized that persistently high Foxa2
transgene expression could influence and possibly impair hepatocyte maturation in iHEPs. In
order to evaluate whether iHEPs could be generated by transient expression of Foxa2, MSCs
were transduced with a dox-inducible Foxa? expression vector, along with the Hnf4a
constitutive expression vector. The addition of doxycycline to the MSC’s culture medium after
puromycin selection successfully induced the expression of Foxa2 (Fig. 2A). Smaller and less
frequent epithelial-like colonies were obtained, compared to the previous protocol (Fig. 2B).
These cells (d-iIHEPs) were purified within 6 passages and were found to express CK18 and
albumin, as shown by immunofluorescence (Fig. 2C), and Foxa2 at similar levels to fetal
hepatoblasts, but at lower levels when compared to iHEPs, as shown by RT-qPCR (Fig. 2E).
Moreover, the cells presented a heterogeneous morphology and shifted back to a fibroblastic
morphology after continuous passaging, cryopreservation and thawing, or after doxycycline
removal (Fig. 2D and F). Since expandable d-iHEPs were not obtained, the next steps were

performed using the iHEPs generated with Foxa2 constitutive expression system.

iHEPs exhibit hepatocyte functions

After detection of hepatic markers, the functional activities of iHEPs were evaluated.
ICG clearance can be used for functional analysis of the hepatocyte, since primary hepatocytes
are able to capture ICG and excrete it in the bile'*. The iHEPs were able to uptake ICG after 1
h incubation and release it 4 h after. Glycogen and lipid storage capacities were detected in
iHEPs by PAS and Oil red staining, respectively (Fig. 3A). Cholesterol uptake was also

demonstrated by using a low-density acetylated lipoprotein (Ac-LDL) labeled with a
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fluorescent probe (Fig. 3B). Drug metabolism ability of iHEPs was evaluated by gene
expression analysis, showing upregulation of Cyp3all, Cyplal and Cyp3a44 in iHEPs after
incubation with dexamethasone, phenobarbital, rifampicin or omeprazole. We also detected

increased CYP3A4 activity after exposure of iHEPs to the drugs (Fig. 3C and D).

Epithelial-to-mesenchymal transition of iHEPs in vitro

In order to evaluate phenotype stability and determine the long-term fate of iHEPs in
vitro, the cells were maintained in culture for successive passages and cell morphology was
periodically evaluated. Although CK18, albumin and e-cadherin were detected both in early
and late-passage iHEPs, increased presence of spindle shaped cells positive for the
myofibroblast marker a-SMA were found surrounding epithelial-cell like colonies (Fig. 4A-C).
We hypothesized that these cells could be remnants of non-reprogrammed MSCs, expanded as
culture contaminants due to ineffective iHEP purification, or alternatively, that these cells could
be derived from iHEPs that reversed to a mesenchymal phenotype in a process of epithelial-
mesenchymal transition (EMT). Time lapse analysis demonstrated that iHEPs indeed lose their
epithelial morphology, detaching from neighboring cells in the colony and acquiring a
fibroblast-like morphology (Fig. 4D). Moreover, low or high passage iHEPs were incubated in
osteogenic differentiation media and substantial cell death was observed, while surviving cells
changed morphology and formed areas that were positively stained with Alizarin red,
confirming osteogenic potential (Fig. 4E and F). Moreover, alizarin red stained area was

significantly higher in high passage iHEPs, when compared to low passage iHEPs (Fig. 4F).

Mitochondrial content reflects different cell populations in late iHEP cultures

Ultrastructural analysis showed that iHEPs have an increased mitochondrial content

compared to MSCs (Fig. S2A). Therefore, we hypothesized that differential mitochondrial
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content could be utilized to sort iHEPs from contaminating MSCs by using the viable cell-
compatible fluorescent probe targeting mitochondria (Mitotracker). We found that iHEPs
present an intermediate level of Mitotracker staining compared to MSCs, which showed low-
level intensity, and to primary hepatocytes, which presented a high-level intensity (Fig. S2B) .
We also observed a population with low fluorescence level within iHEPs, which may

correspond to MSCs remnants or cells that underwent EMT.

To further investigate the characteristics of these different subpopulations, the cells were
sorted based on Mitotracker staining into populations with high and low intensities (iHEP
MTHigh and iHEP MTM%). We found significant morphological differences between these
populations, with iHEP MTHie" cells presenting epithelial-like morphology, and iHEP MTo%
presenting a fibroblast-like morphology (Fig.5A). GFP expression was also higher in the iHEP
MTHigh population, along with increased gene expression of Hnfa, Alb, Afp, Epcam and Krtl9

(Fig. 5B), and reduced expression of Scal and GFP (Fig. 5B and C).

In order to confirm the bipotent nature of iHEPs and to determine whether these cells
could be induced to mature in vitro, we incubated iHEP MTHig" cells with the addition of
valproic acid, parnate and TTNPB small molecules in the culture media or with a maturation
media (MM) also supplemented with the same small molecules. After maintaining the cells for
7 days culture on MM, culture heterogeneity increased when compared to control (Fig. 5D1),
with the presence of cells with different morphologies, predominantly composed of small cells
with flattened or cuboidal morphology (Fig. 5D2), but also including islets of cells that resemble
hepatocytes (Fig. 5D3), presenting high cytoplasm / nucleus ratio, epithelial cell junctions,
dense cytoplasm and binucleation (Fig. 5D). Gene expression analysis demonstrated that
incubation with the maturation media was associated with upregulation of either cholangiocyte

or hepatocyte markers (Fig. SE).
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iHEP fate is highly influenced by in vivo signaling

To evaluate the in vivo cell fate and liver repopulation ability of iHEPs, we induced an
acute-on-chronic liver injury mouse model caused by APAP intoxication following ethanol
pretreatment (Fig. 6A). Mice were euthanized either 2 or 14 days after cell infusion for cell
tracking. The iHEPs were found in 3 out of 5 mice, in the intravascular space, lining endothelial
cells, 2 days after infusion (Fig. 6B). After 14 days, however, most cells had crossed the
endothelial barrier and entered liver parenchyma, but with limited repopulation (Fig. 6C). Of
the engraftment cells, albumin expression was present, but appeared to be lower than resident
hepatocytes (Fig. 6C). Widespread centrilobular necrosis was seen two days after APAP
injection, however, after two weeks the liver had completely regenerated, and no morphological
difference was observed between iHEP-treated and PBS-treated mice (Fig. 6D). No signs of

tumors or ectopic tissue formation were observed.

Mouse donor hepatocytes are known to rapidly re-enter cell cycle, proliferate and are
the major contributors to hepatic regeneration during acute liver injury*. Therefore, we
performed additional in vivo experiments using the Ah“*Mdm2"" transgenic mouse model,
which following induction of hepatocyte senescence, apoptosis and necrosis through
conditional MDM2 deletion, favors liver repopulation by transplanted cells'?. Seven days post-
transplantation, >60% of mice that received iHEPs were found dead despite showing no prior
clinical signs, and by day 8, the experiment was terminated for humane reasons. None of the
control PBS-treated mice had become ill for the duration of the experiment but were also
euthanized for comparison (Fig. 7A and B). Such sudden death is suggestive of fulminant liver
failure associated with venous occlusion and resulting congestive hepatopathy, as observed at
necropsy of iHEP treated mice (Fig. 7C). In striking contrast to the acute liver injury model,

GFP" iHEPs were identified in all transplanted mice with 6 out of 8 mice demonstrating
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extensive engraftment. Large islands of cells were identified by H&E staining in the liver and
spleen (Fig. 7€) and immunostaining with GFP confirmed the iHEP origin (Fig. 7D). The iHEP
colonies were heterogeneous, displaying epithelial-like morphologies, adipocyte-like
morphologies or a combination of both (Fig. 7D). Further characterization was performed to
assess how in vivo signaling may have affected iHEP phenotype. The iHEP colonies retained
forced overexpression of HNF4a and Foxa2, were largely positive for K19 and contained a
number of aSMA positive cells (Fig. 7E). Interestingly, co-staining with EpCAM highlighted
a population of dual-positive cells, suggesting that a small proportion showing progenitor-like
characteristics (Fig. 7E). Similar to APAP-injured mice, iHEPs were found to express albumin

at lower levels than resident hepatocytes (Fig. 7E).

DISCUSSION

In the present study, we successfully generated expandable iHEPs by direct
reprogramming MSCs by forced expression of the transcription factors Foxa2 and Hnf4a.
Although the iHEPs produced expressed hepatocyte genes and displayed functional activity in
vitro, these cells were shown by long-term culture to present an unstable identity and a tendency
to return to a mesenchymal phenotype. Importantly, these cells failed to mature in vivo in a
transgenic mouse model designed for liver repopulation studies, showing extensive
proliferative activity and reversed into cells of mesenchymal origin, with detrimental effects to

the mice.

Lineage conversion by forced transcription factor expression has challenged the
concepts of cell plasticity since its pioneer description, in 1987'5. In the past years, different

combinations of transcription factors, soluble factors and small molecules were shown to be
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effective in generating functional iHEPs!'%%1625 Here, we employed the combination of Foxa?2
and Hnf4a, which reproducibly and effectively led to the generation of iHEP colonies.
Interestingly, the same factors were shown, by in silico analysis of six gene expression
databases from independent studies, to regulate the expression of a significant number of
common differentially expressed genes during hepatic direct reprogramming in all samples, in
both mouse and human cells, irrespectively of the combination of exogenous transcription

factors utilized?®.

Although the iHEPs generated herein displayed some degree of hepatocyte function, the
gene expression profile differed from primary hepatocytes, showing a mixed expression of
immature progenitors and mature hepatocyte markers. This is in accordance with previous
observations, which also report differences at the epigenetic level comparing iHEPs and
hepatocytes*!”!°, While extensive work has been done to understand the molecular mechanisms
involved in somatic cell reprogramming to pluripotency, including the erasure and remodeling
dynamics of epigenetic marks, little is known about direct reprogramming*27-?°, Future studies
are necessary to explore the changes of the global epigenome if directly reprogrammed cells
are to be used in clinical studies. Furthermore, expanded analyses, beyond a panel of phenotypic
makers, gene expression and standard functional tests may be required to adequately classify
reprogrammed cells and improve lineage conversion protocols. For instance, deeper analysis of
iHEPs reprogrammed from fibroblasts revealed an unexpected hindgut identity - or endodermal

progenitor - in these cells?’.

Here, we demonstrated that sustained expression of both Foxa2 and Hnf4a is necessary
to reprogram and maintain the iHEPs' phenotype, since high transgenic Hnf4a expression,
tracked by GFP reporter, was associated with increased hepatocyte gene expression and time-

controlled reduction of transgenic Foxa2 expression led to a reversion to a mesenchymal
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phenotype. These results suggest that MSCs were not fully reprogrammed and hepatocyte-like
characteristics acquired by these cells are dependent on sustained expression of the exogenous
transcription factors. Similar results were recently described for human iHEPs generated using

a HNF1A4-based protocol’.

MSCs are a good cell source for application in cell therapy, as they are easy to obtain,
expandable in culture and continue to gain safety data from clinical trials*. We hypothesized
that MSCs could be reprogrammed to iHEPs with high efficiency, which was confirmed by our

data, in accordance with previous reports?>!

. Here, the iHEP colonies were all composed by
cells that were successfully transduced with both Foxa2 and Hnf4a, and no colonies appeared

in MSCs transduced with a single transcription factor or only stimulated with the iHEP medium.

As well as ensuring identity, purity is one of the minimal criteria for cell-based
products*2. In comparison to iPSCs, which can be clonally expanded indefinitely, iHEPs present
a high proliferative activity and are usually expanded from a bulk population®. Here, we report
a method for purification of reprogrammed cells based on mitochondrial staining, advantage of

the known higher amounts of mitochondria present in hepatocytes, when compared with

stromal cells™. Interestingly, in vitro dedifferentiation of primary hepatocytes — a process that

Safety and liver repopulation ability of iHEPs has been demonstrated in different
studies, using the Fah”" mouse model'>#163!, Relatively limited efficacy, however, was found
when compared to primary hepatocytes. The main advantage of using Fah”- model is the
induction of a selective pressure that favors liver repopulation by transplanted cells. However,
this model is used to mimic type I tyrosinemia, a very rare human disease, and does not

recapitulate the complex environment of many human liver diseases. Therefore, transplantation
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of iHEPs should be performed in animal models that represent a spectrum of human liver
disease to ensure our understanding of how these cells respond to various environmental cues.
To investigate liver repopulation ability and safety of iHEP transplantation we used here the
APAP-induced acute liver injury model, as well as the Ah“*Mdm2"" mouse model, which
recreates the widespread hepatocyte senescence commonly seen in human chronic liver
diseases'?. Surprisingly, and in contrast to the findings of APAP acute liver injury model,
uncontrolled and extensive iHEP proliferation was observed, exceeding severity limits within
a few days. Previously, the same model was used to prove the regenerative capacity of
transplanted hepatic progenitor cells to restore the liver parenchyma, with no adverse events'?.
These results highlight the significant influence of tissue microenvironment on engraftment,
proliferation and consequent phenotype of candidate cell therapies. The regenerative niche of
induced Ah“*Mdm2"" mice, that previously assisted in the differentiation and maturation of
primary hepatic progenitor cells into hepatocytes, caused iHEPs to hyper proliferate and
generate an undefined phenotype. Understanding the unique tissue microenvironments of
various disease etiologies may aid in identifying the mechanisms that dictate somatic cell
reprogramming and maturity, with the potential to generate functional cells for clinical cell
therapy and avoid phenotypic instability. Importantly, it is essential that both the therapeutic
capacity of candidate cell types and the condition of recipient liver is considered to ensure safe

and effective cell therapy.

CONCLUSION

In summary, the present study revealed that Foxa2/Hnf4a-mediated direct
reprogramming of MSCs led to the production of expandable iHEPs, which express markers of
both mature and immature hepatocytes and some degree of hepatic function. /n vitro expansion

of iHEPs, however, showed that these cells are not fully reprogrammed, depend on high
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expression of exogenous transcription factors, and present a plastic identity, with a tendency to
return to a mesenchymal phenotype. Moreover, in vivo application of such cells raised safety
concerns, due to uncontrolled cell proliferation, widespread liver engraftment and generation
of both hepatic and ectopic mesenchymal derivatives. These results suggest that further direct
reprogramming protocol optimizations are needed for proper generation of cells that resemble
hepatocytes, along with careful evaluation and deeper characterization of iHEPs, with special
attention to the safety evaluation in different animal models, before considering any

translational cell therapy applications.

ABBREVIATIONS:

iHEPs- Hepatocyte-like cells.
MSCs- Mesenchymal stromal cells.
GFP- Green fluorescent protein.
ITS- Insulin-transferrin-selenium.
APAP- Acetaminophen.

BNF- Naphthoflane.

ICG- Indocianine green.

LDL- Low-density protein.
TTNPB- Arotinoid acid.

AAT- Alpha 1 antitrypsin.

AFP- Alpha-fetoprotein.

CK18- Cytokeratin 18.

CK19- Cytokeratin 19.

E12.5- Mouse embryonic day 12.5.

PAS- Periodic acid-Schiff.
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aSMA- Alpha-smooth muscle actin.
EMT- Epithelial-mesenchymal transition.
MM- Maturation media.

iPSCs- Induced-pluripotent stem cells.

DECLARATIONS

Ethics approval: This study was approved by the local ethics committee for animal use at the
Hospital Sao Rafael (CEUA-HSR).

Availability of data and materials: The datasets used and/or analyzed during the current study
are available from the corresponding author on reasonable request.

Competing interests: The authors declare no potential competing interests.

Funding: This work was supported by grants from CNPq, FAPESB, CAPES, FINEP and
UKRMP

Consent for publication: Not applicable.

Authors’ contributions:

Forbes SJ, Soares MBP and Souza BSF: conception and design, provision of study material,
data analysis and interpretation, manuscript writing, financial support, final approval of the
manuscript;

Orge ID and Gadd VL: collection and/or assembly of data, data analysis and interpretation,
manuscript writing, final approval of the manuscript;

Barouh JL, ROSSI EA, Carvalho RH, Smith I, Allahdadi KJ, Paredes BD, Silva DN,
Damasceno PKF and Sampaio GL: collection and/or assembly of data, final approval of the

manuscript.



23

Financial Support:
Fundacao de Amparo a Pesquisa do Estado da Bahia (FAPESB),

Conselho Nacional de Desenvolvimento Cientifico e Tecnoldgico (CNPq)

ACKNOWLEDGMENTS

This work was supported by grants from INCT-Regenera, CNPq, CAPES, FINEP and UKRMP.
We thank Dr. Carine Azevedo and Dr. Claudio Figueira for technical assistance in confocal and

electron microscopy, respectively, and Dr. Luiz Antdnio Rodrigues de Freitas for advising.

REFERENCES

1. Huang P, He Z, Ji S, Sun H, Xiang D, Liu C, et al. Induction of functional hepatocyte-like

cells from mouse fibroblasts by defined factors. Nature 2011, 475: 386—389.

2. Sekiya S, Suzuki A. Direct conversion of mouse fibroblasts to hepatocyte-like cells by

defined factors. Nature 2011, 475: 390-393.

3. Dhawan A, Puppi J, Hughes RD, Mitry RR. Human hepatocyte transplantation: current

experience and future challenges. Nat Rev Gastroenterol Hepatol. 2010, 7:288-298.

4. Lim KT, Lee SC, Gao Y, Kim KP, Song G, An SY, et al. Small molecules facilitate single

factor-mediated hepatic reprogramming. Cell Reports 2016, 15: 814—829.

5. Watt AJ, Garrison WD, Duncan SA. HNF4: a central regulator of hepatocyte differentiation

and function. Hepatology 2003, 37:1249-1253.

6. Burtscher I, Lickert H. Foxa2 regulates polarity and epithelialization in the endoderm germ

layer of the mouse embryo. Development 2009, 136:1029-1038.



24

7. Hwang SI, Kwak TH, Kang JH, Kim J, Lee H, Kim K, et al. Metastable Reprogramming
State of Single Transcription Factor-Derived Induced Hepatocyte-Like Cells. Stem Cells

International 2019, 2019: 1-11.

8. Shi XL, Gao Y, Yan Y, Ma H, Sun L, Huang P, et al. Improved survival of porcine acute
liver failure by a bioartificial liver device implanted with induced human functional

hepatocytes. Cell Res. 2016, 26:206-216.

9. Gongalves GMV, Silva DN, Carvalho RH, Souza BSF, Silva KN, Vasconcelos JF, et al.
Generation and characterization of transgenic mouse mesenchymal stem cell lines

expressing hIGF-1 or hG-CS. Cytotechnology 2018, 70:577-591.

10. Tanaka M, Atsushi M. Identification and isolation of adult liver stem/progenitor

cells.In Liver Stem Cells, New York, NY, Springer 2012: 25-32.

11. Cabral F, Miller CM, Kudrna KM, Hass BE, Daubendiek JG, Kellar BM, et al. Purification
of Hepatocytes and Sinusoidal Endothelial Cells from Mouse Liver Perfusion. J Vis Exp.

2018, 132: 1-11.

12. Lu WY, Bird TG, Boulter L, Tsuchiya A, Cole AM, Hay T, et al. Hepatic progenitor cells

of biliary origin with liver repopulation capacity. Nat Cell Biol. 2015, 17:971-983.

13. Lau HH, Nq NHJ, Loo LSW, Jasmen JB, Teo AKK. The molecular functions of hepatocyte

nuclear factors — In and beyond the liver. Journal of Hepatology 2018, 68: 1033—1048.

14. Chijiiwa K, Watanabe M, Nakano K, Noshiro H, Tanaka M. Biliary indocyanine green
excretion as a predictor of hepatic adenosine triphosphate levels in patients with obstructive

jaundice. Am J Surg. 2000, 179:161-166.



25

15. Davis R L, Weintraub H, Lassar AB. Expression of a single transfected cDNA converts

fibroblasts to myoblasts. Cell 1987, 51: 987-1000.

16. Huang P, Zhang L, Gao Y, He Z, Yao D, Wu Z, et al. Direct reprogramming of human

fibroblasts to functional and expandable hepatocytes. Cell Stem Cell 2014, 14:370-84.

17.Du 'Y, Wang J, Jia J, Song N, Xiang C, Xu J et al. Human hepatocytes with drug metabolic
function induced from fibroblasts by lineage reprogramming. Cell Stem Cell 2014, 14: 394-

403.

18. Simeonov KP, Uppal H. Direct Reprogramming of Human Fibroblasts to Hepatocyte-Like

Cells by Synthetic Modified mRNAs. PLoS ONE 2014, 9: 1-11.

19. Pournasr B, Asghari-Vostikolace M H Baharvand H. Transcription factor-mediated
reprograming of fibroblasts to hepatocyte-like cells. European Journal of Cell Biology 2015,

94: 603-610

20. Zakikhan K, Pournasr B, Nassiri-Asl M, Baharvand H. Enhanced direct conversion of
fibroblasts into hepatocyte-like cells by Kdm2b. Biochemical and biophysical research

communications 2016, 474: 97-103.

21. Nakamori D, Akamine H, Takayama K, Sakurai F, Mizuguche H. Direct conversion of
human fibroblasts into hepatocyte-like cells by ATF5, PROX1, FOXA2, FOXA3, and

HNF4A transduction. Scientific reports 2017, 7: 16675.

22. Guo R, Tang W, Yuan Q, Hui L, Wang X, Xie X. Chemical cocktails enable hepatic
reprogramming of mouse fibroblasts with a single transcription factor. Stem cell

reports 2017, 9: 499-512.

23. Tang W, Guo R, Shen S, Zheng Y, Lu Y, Jiang M, et al. Chemical cocktails enable hepatic



26

reprogramming of human urine-derived cells with a single transcription factor. Acta

pharmacologica Sinica 2019, 40: 620.

24. Park S, Hwang S, Kim J, Hwang S, Kang S, Yang S et al. The therapeutic potential of
induced hepatocyte-like cells generated by direct reprogramming on hepatic fibrosis. Stem

cell research & therapy 2019, 10: 21.

25. Xie B, Sun D, Du Y, Jia J, Sun S, Xu J, et al. A two-step lineage reprogramming strategy
to generate functionally competent human hepatocytes from fibroblasts. Cell research 2019,

1-15.

26. Rastegar-Pouyani S, Khasaei N, Wee P, Mohammadnia A, Yaqubi M. Role of Hepatic-
Specific Transcription Factors and Polycomb Repressive Complex 2 during Induction of

Fibroblasts to Hepatic Fate. PloS one 2016, 11: e0167081.

27. Lister R, Pelizzola M, Kida YS, Hawkins RD, Nery JR, Hon G, et al. Hotspots of aberrant

epigenomic reprogramming in human induced pluripotent stem cells. Nature 2011, 471: 68.

28. Van Den Hurk M, Kenis G, Bardy C, Van den Hove DL, Gage FH, Steinbusch HW et al.
Transcriptional and epigenetic mechanisms of cellular reprogramming to induced

pluripotency. Epigenomics 2016, 8: 1131-1149.

29. Morris SA, Cahan P, Li H, Zhao AM, San Roman AK, Shivdasani RA et al. Dissecting
engineered cell types and enhancing cell fate conversion via CellNet. Cell 2014, 158: 889-

902.

30. Squillaro T, Gianfranco P, Umberto G. Clinical trials with mesenchymal stem cells: an

update. Cell transplantation 2016, 25: 829-848.

31. Katayama H, Yasuchika K, Miyauchi Y, Kojima H, Yamaoka R, Kawai T et al. Generation



27

of non-viral, transgene-free hepatocyte like cells with piggyBac transposon. Scientific

reports 2017, 7: 44498.

32. Vigano M, Budelli S, Lavazza C, Montemurro T, Montelatici E, Cesare S et al. Tips and
Tricks for Validation of Quality Control Analytical Methods in Good Manufacturing

Practice Mesenchymal Stromal Cell Production. Stem Cells Int. 2018, 2018: 1-16.

33. Kim J, Kim KP, Lim KT, Lee SC, Yoon J, Song G et al. Generation of integration-free

induced hepatocyte-like cells from mouse fibroblasts. Scientific reports 2015, 5: 15706.

34. Veltri KL, Espiritu M, Singh G. Distinct genomic copy number in mitochondria of different

mammalian organs. Journal of Cellular Physiology 1990, 143: 160-164.

35. Heslop JA, Rowe C, Walsh J, Sison-Young R, Jenkins R, Kamalian L, et al. Mechanistic
evaluation of primary human hepatocyte culture using global proteomic analysis reveals a

selective dedifferentiation profile. Arch Toxicol. 2017;91(1):439-52.

Figure legends

Figure 1: Generation and phenotypic characterization of iHEPs. Schematic diagram
depicting the procedure and time-course for the direct conversion of MSCs into iHEPs (A).
Phase-contrast and fluorescence microscopy images representing MSCs’ morphology before
hepatic reprogramming and, at reprogramming day 15, the appearance of colonies of epithelial-
like cells with GFP expression. (B). Phase-contrast image of a purified iHEP culture and
respective growth curve at P8 (C). Characterization of iHEPs by immunofluorescence showing
expression of E-cadherin and FoxA2 (green), albumin and CK 18 (red). Nuclei are visualized in
blue by DAPI staining. Wild-type MSCs were used as controls (D). RT-qPCR analysis of

MSCs, iHEPs, fetal hepatoblasts (E13.5) and adult primary hepatocytes for hepatic markers
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(E). Data are shown as mean=SEM of three independent samples for each group. *p<0.05; **

p<0.01; *** p<0.001. Scale bar: 100 pm.

Figure 2: Direct reprogramming of MSCs to d-iHEPs using dox-inducible Foxa2.
Schematic diagram depicting the procedure and time-course for the direct conversion of MSCs
into d-iHEPs (A). Colonies of epithelial-like d-iHEPs (red dashed circles) with GFP expression
are observed after 15 days of iHEP medium exposure (B). Purified d-iHEPs at passage 6
expressing the hepatic markers albumin (ALB) and CK18 (green) by immunofluorescence.
Nuclei are visualized in blue by DAPI staining (C). Increased presence of fibroblast-like cells
after continuous passaging in the absence of doxycycline (D). RT-qPCR showing decreased
levels of Foxa2 mRNA in d-iHEPs when compared to iHEPs (E). Validation of Tet-on Foxa2
system by analysis of Foxa2 expression in iHEPs and d-iHEPs in the presence or absence of

doxycycline, by RT-PCR (F). *** p< 0.001. Scale bars: 50 pm.

Figure 3: iHEPs display hepatocyte functions. Functional evaluation of iHEPs compared to
MSCs, by ICG uptake and release, PAS staining, Oil red O staining (A); LDL uptake evaluation
(Ac-LDL, seen in red fluorescence), nuclei stained with DAPI (blue) (B); Evaluation of Cyp3a4
activity in response to 100 uM dexamethasone (iHEP D), 30 uM rifampicin (iHEP R) or 1 mM
phenobarbital (iIHEP P) (C). RT-qPCR analysis of mRNA expression levels of Cyp450 enzymes
in response to 100 uM dexamethasone, 30 uM rifampicin, I mM phenobarbital or 50 uM

omeprazole (iIHEP O). Expression levels were compared with non-induced iHEPs and MSCs

(D).

Figure 4. Long-term expansion of iHEPs is associated with phenotype loss by EMT. Phase

contrast microscopy images obtained from iHEP cultures at p30, showing the presence of
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spindle-shaped cells (red dashed circle and arrowheads) surrounding epithelial cells (A).
Confocal microscopy image showing aSMA staining (red) in spindle-shaped cells (B).
Quantification of fibroblast-like cells basead on aSMA staining and high-content image
morphology analysis, comparing early and late passage iHEPs, using HepG2 hepatoma line as
control (C). Sequential time-lapse stills showing a fibroblast-like cell emerging from iHEP
colony (D). Images of late iHEPs stimulated with osteogenic differentiation medium evaluated
on DI and D7 (phase contrast microscopy) and stained for calcium-rich matrix with Azilarin
red, at D15 (E). Quantification of Alizarin red staining in early and late iHEPs, using HepG2

hepatoma cell line as control. Bars = 100 um. * p <0.05; ** p <0.01.

Figure 5. Mitochondrial content reflects different subpopulations in late iHEP cultures.
Phase contrast images obtained from iHEP cultures after mitochondrial content-based cell
sorting for isolation of iHEP MTHig" and iHEP MT*" supopulations. Bars: 100 um (A). RT-
qPCR analysis of albumin, AFP, HNF4a, Epcam, KRT19 and Sca-1 mRNA levels, comparing
the two populations. (B). Relation between intensity of GFP fluorescence (Hnf4a-reporter) and
MitoTracker staining. MTHig" and MT " iHEPs were labeled with MitoTracker Red FM and
analyzed by flow cytometry (C). Morphological alterations observed by phase contrast
microscopy in iHEP MT High subpopulation after being exposed to maturation media for seven
days. Bar: 100 um (D). RT-qPCR analysis for quantification of aquaporin-1, Afp and albumin

mRNAs after maturation protocols. * p <0.05; ** p <0.01; *** p <0.001 (E).

Figure 6. Evaluation of liver repopulation capacity of iHEPs in APAP acute liver injury
model. Experimental design (A). Confocal microscopy of liver sections obtained from iHEP-
transplanted mice 48 h (B) or 7 days (C) after cell transplantation. iHEPs are visualized by GFP

expression (green), while albumin or CD31+ vessels are seen in red. Nuclei were stained with
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DAPI (blue). Inset shows a detail for observation of Alb/GFP double staining. Scale bars = 100
um (B; C, right), 200 um (C; left), 50 um (C; middle). Representative images of H&E stained
liver sections showing extensive areas of centrolobular necrosis 48 h after APAP injection (D;
left), and complete restoration of normal architecture 7 days after APAP injection (D; right),

with no signs of ectopic proliferation.

Figure 7. Experimental schematic for iHEP transplantation into Ah«<Mdm?2s mouse model (A).
Kaplan-Meier survival plot (B). Gross morphology and comparative H&E staining of liver
and spleen of iHEP vs PBS transplanted mice (C) and . Confirmation of iHEP engraftment
showing expression of GFP (, small boxes represent magnified regions), Foxa2 and HNF4a
(D). Characterization of engrafted iHEPs utilizing dual immunofluorescent staining for GFP

and aSMA , EpCAM or albumin (E). * p <0.05. Scale bars: 200 pm.

Supplemental material

Figure S1. Characterization of mesenchymal stromal cells. MSCs’ morphology seen by
phase-contrast microscopy (A), and representative images of tri-lineage differentiation assays
(B) showing positive staining for Oil Red (adipogenic), Alizarin Red (osteogenic) and Alcian
Blue (chondrogenic). Flow cytometry analysis with a panel of MSCs and hematopoietic cell

markers (C).

Figure S2. Differences in mitochondrial content among iHEPs, MSCs and hepatocytes.
Transmission electron microscopy showing ultrastructure of MSCs and iHEPs (A). M =
mitochondria; N = Nucleus; L = Lipids. Scale bars = 2 um. Flow cytometry analysis of iHEPs,
primary hepatocytes (HEPs) and MSCs stained with Mitotracker (B). = MFI = Median

fluorescence intensity.



