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Abstract

Maturation of human-induced pluripotent stem cells (hiPSCs)-derived
hepatocytes-like cells (HLCs) toward a complete hepatocyte phenotype remains a
challenge as primitiveness patterns are still commonly observed. In this work, we
propose a modified differentiation protocol for those cells which includes a pre-
maturation in Petri dishes and a maturation in microfluidic biochip. For the first time, a
large range of biomolecular families has been extracted from the same sample to
combine transcriptomic, proteomic, and metabolomic analysis. After integration, these
datasets revealed specific molecular patterns and highlighted the hepatic regeneration
profile in biochips. Overall, biochips exhibited processes of cell proliferation and
inflammation (via TGFB1) coupled with anti-fibrotic signaling (via angiotensin 1-7,
ATR-2, and MASR). Moreover, cultures in this condition displayed physiological lipid-
carbohydrate homeostasis (notably via PPAR, cholesterol metabolism, and bile
synthesis) coupled with cell respiration through advanced oxidative phosphorylation
(through the over-expression of proteins from the third and fourth complex). The
results presented provide an original overview of the complex mechanisms involved in

liver regeneration using an advanced in-vitro organ-on-chip technology.

Keywords: iPSCs, hepatocytes, liver, organ-on-chip, differentiation, nanoCAGE,

transcriptomics, metabolomics, proteomics



Introduction

Despite significant efforts toward an enhanced maturation hiPSCs-derived
(HLCs), primitiveness patterns are still largely observed (Hay et al., 2008; Touboul et
al., 2010, Si Tayeb et al., 2010; Kido et al, 2015, Lereau Bernier et al., 2019).
Consequently, hiPSCs-derived HLCs are still far from being in a state which would
allow them to be used for in-vitro studies in the industry. As a complement to
conventional culture models, strategies based on tissue engineering using 3D
reconstruction and organoids (Takebe et al., 2017) or microscale bioreactors (Giobbe
et al., 2015) have been identified as a potential source of improvement for the
differentiation of hiPSCs into hepatic cells.

Among those, organ-on-chips, aimed at reproducing the complex human
physiology using micro and nanotechnologies (Sosa Hernandez et al., 2018), have
allowed proposing a new generation of microfluidic liver models (Kang et al., 2015,
Rennert et al,, 2015, Jellali et al., 2016). In that regard, the enhancement of the
maturation of hiPSCs-derived hepatic cells in a microfluidic biochip has been
demonstrated (Danoy et al., 2019). Previous datasets have shown that 7 days of
maturation in the biochips were insufficient to obtain a quantifiable and inducible
CYPA450 activity (Danoy et al., 2019). Nevertheless, the culture in microfluidic biochips
exhibited, when compared to Petri dishes, a higher activity of typical liver transcription
factors such as ESRRA, HNF1A, HNF4A, TCF4, and CEBPA, as well as a different
modulation of pathways related to the extracellular matrix, tissue reorganization, HIF
and glycolysis which shows promise for the technology.

In this work, we present an extended maturation of hiPSCs-derived HLCs in

microfluidic biochip for 14 days under perfusion and stimulation with OSM. Additionally,



as we observed that the 5cm-long microfluidic biochip that was used in our previous
experiment would lead to a largely hypoxic culture condition (Danoy et al., Submitted),
we decided to shorten the microfluidic biochip to 1cm. This design has shown its
suitability for primary liver human hepatic cultures (Jellali et al., 2016) and allows the
reduction of the required number of inoculated cells, which make it more suitable for
larger-scale experiments. However, despite a limited amount of biological material in
these culture conditions (Around 1.01e5 cells per biochip), a large range of different
biomolecular family (transcriptome, metabolome, and proteome) have been
successfully extracted in a single sample.

The multi-omics approach is essential to understand the key molecular events
involved in the stem cell plasticity (Abazova and Krijgsveld, 2017), but until now, the
few studies of hepatic differentiation from hiPSCs have mainly focused either on
metabolome/transcriptome (Tauran et al., 2019) or more recently on proteomics alone
(Hurrel et al., 2019). Here, the multiple datasets have been integrated to identify more
accurately the main molecular changes that led eventually to a more mature
hepatocyte profile. Finally, a scheme that revealed the biomolecular patterns
(promotors, mRNA, proteins, and metabolites) has been proposed. These act as a
trigger to specific biological pathways which were found either activated (glycolysis,
cell proliferation, inflammation, SMAD, etc.) or inhibited (fibrosis, OXPHO respiration,
etc.) under the unique 3D micro-environment offered by the microfluidic biochip culture

as compared to the classical 2D Petri dishes.



Results

Cell morphology and tissue characterization

The cultures performed in both Petri dishes (Fig. 1A) and biochips (Fig. 1B) led
to the formation of a tissue comprising cells exhibiting a typical hepatocyte morphology
with a large nucleus. In biochips, binucleated cells were notably spotted in the middle
of the chambers while cells with elongated morphologies were observed close to the
walls. The albumin production, both biochips and Petri dishes reached a similar level
around 3500 ng/mL/108 cells after 14 days of maturation (Fig. 1C). mRNA levels in
Petri dishes and biochips revealed lower levels of ALB in biochips but similar levels of
AFP, CYP3A4, and HNF4A in both conditions. When compared to samples issued
from Liver Total RNA, both Petri dishes and biochips still exhibited lower levels of
maturation notably in terms of CYP3A4 (Fig. 1D).

Immunostainings displayed a higher expression of AFP in Petri dishes when
compared to biochips. Most of the cells were found to be positive for CK19 in Petri
dishes while only cells on the top of the microstructure were positive in biochips (Fig.
1E). More intense staining for Aloumin was observed in biochips when compared to
Petri dishes. Expression of BSEP (bile salt export pump, involved in the bile transport
and normally located at the canaliculi membranes) and of MRP3, located on the

membrane of hepatocytes was also confirmed in the biochip cultures (Fig. 1F).



Functional assays

General capabilities of the tissue in terms of bile acid metabolism were found to
be largely enhanced by the culture in microfluidic biochips or by an extended perfusion
duration of 14 days (Fig. 2A). Consumption of Cholic Acid (CA) was detected in both
Petri dishes and biochips but was found to be significantly more important after 14
days of perfusion in the microfluidic biochips. Resulting productions of Glycocholic Acid
(GCA) and Taurocholic Acid (TCA) were only significantly detected in biochips.
Interestingly, consumption of Chenodeoxycholic Acid (CDCA) was detected in Petri
dishes while a decreasing production from 7 days of perfusion to 14 days was detected
in biochips. A production of Glycochenodeoxycholic Acid (GCDCA) was detected on
day 14 in both culture modes but was found to be much higher in biochips. Finally,
significant consumption of Taurochenodeoxycholic Acid (TCDCA) was observed in
biochips after 7 and 14 days of perfusion.

CYP3A4 assay has shown higher activity in biochips when compared to Petri
dishes but inducibility with rifampicin was found to be only effective in Petri dishes (Fig.
2B). Metabolisms of phenacetin via CYP1A2, of diclofenac via CYP2C9 and of
coumarin via CYP2A6 was confirmed in both Petri dishes and biochips (Fig. 2C).
However, the activities of CYP1A2 and CYP2C9 were higher in biochips than in Petri
dishes. The extraction of the urea levels from the metabolomic analysis indicated a
similar production in both Petri dishes and biochips (Fig. 2D). PAS staining has
confirmed the glycogen storage capabilities of the tissue in both Petri dishes and
biochips (Fig. 2E).

The profile of cytokines and pro-angiogenic factors produced was evaluated by

performing the measurement in biochips, in Petri dishes, and the culture medium (Fig.



2F, detailed results in Supp. Fig. 1). Those results seemed to indicate the consumption
of proteins related to the formation of blood vessels and to angiogenesis (ANG,
ANGPT2, PECAM-1, and TIE-2) as lower concentrations were found in biochips when
compared to what was observed in the culture medium. In parallel, several proteins
and cytokines related to angiogenesis (EGF, bFGF, MMP-9, endostatin, and UPAR)
and inflammation (ENA-78, GRO, GM-CSF, MCP-3 IL-8, IL-1 beta, and IL-4) were

found in higher concentrations in Petri dishes.

Transcriptome analysis

NanoCAGE (Plessy et al., 2010; Poulain et al. 2017) RNA-Seq profiles of cell
samples differentiated either in Petri dishes (n=3) or biochips experiments (n=4) have
been compared by iDEP8.1 processing (Ge et al., 2018). Differential Gene Expression
(DGE) analysis revealed 169 and 236 genes upregulated in Petri dishes and biochips
respectively (False Discovery Rate cutoff of 0,1; minimum Fold Change of 2, Supp.
File 1). Notably, Transcription Factors (TFs) genes related to CYP1A1, to various
transporters such as SLC12A7, SLC4A7, SLC 12A8, SLC 19A2, SLC 25A37 or SLC
2A3, to JUN, MYC, BMP6, ATF3, NFATC1, NFATC2, HCFC1, FOXO03, CTNNB1
(Bcatenin) or NR4A1 were found to be upregulated in biochips. Several transcripts
coding for TFs related to inflammation such as NFKB1A, NFKB1, NFKB2, NFKBIZ,
CCL2, CXCL2, TNFRSF10D, TNFAIP3, TGFBI, TGFB2, MAP3K8 were upregulated
in biochips. Meanwhile, mRNA levels of TFs such as LYVE1, PECAM1, or ANGPLT3
(related to the endothelium), LAMB1, COL16A1 (related to the extracellular matrix and

the GP6 signaling) were upregulated in Petri dishes.



By raising the False Discovery Rate cutoff to 0,2 in the DGE analysis, a more
restricted list of differentially expressed genes has been obtained for which the
heatmap is represented in Supp. Fig. 2A. Pathway Gene Set Enrichment Analysis on
this new list using the GO_biological_process geneset allowed to highlight pathways
related to liver development, cellular response to oxidative stress, response to lipid,
response to chronic inflammation and the regulation of the cell migration involved in
angiogenesis sprouting (Supp. Fig. 2B). Also, the highlighted GO_KEGG pathways
were NFKB, TNF, TGF-beta as well as the p53 signaling (Supp. Fig. 2C). Interestingly,
HIF and Hepatitis B signaling were also highlighted by the analysis. Finally, the
processes highlighted with the GO_molecular function category were mainly the
upregulation of the transcription factor activity as well as processes related to DNA

and RNA (Supp. Fig. 2D).

Motif Activity Response Analysis

NanoCAGE transcriptomic data were processed for Motif Activity Response
Analysis (MARA) (Balwierz, et al., 2014). The top 10 TFs with the highest motif activity
extracted from the analysis are listed in Table 1, and the corresponding target genes
and signaling pathways are detailed in Supp-file 1. Among those, most were found to
have higher activity in biochips (MECP2, TAF1, RELA, SIN3A, MYCN, NFKB1, ZFX,
FOSL1, and ZNF711) and only ZEB1 was found to have higher activity in Petri dishes.
Based on these TFs, a regulatory network, describing the direct relationship between
TFs and their target pathways and genes, could be established (Fig. 3). Notably, TFs
related to inflammation were highlighted (MECP2, RELA, MYCN, NFKB1, ZFX, and

FOSL1 viathe TNFA, TGFB, and NFKB pathways). Besides, TAF1 and ZNF711 were



also featured in the analysis and were linked to the HIF signaling and mitochondrial
processing. While they could not be found in the list of the top 10 TFs with the highest
activity, PML and PATZ1 were found to be underlying nodes which contributed to
bridging the network to important liver functions such as HNF1A and CTNNB1 (Beta
Catenin) while associations with the Wnt, HNF3B and NFAT signaling could also be
established. Finally, the analysis also revealed a link between MECP2 and several

endothelial markers such as ANGPLT4 and VEZF1.

Proteomic analysis

The analysis allowed to extract 380 proteins that were differentially expressed
in Petri dishes and biochip with p_value below 0,05 among the total of 3186 identified
(Fig. 4A, Supp. File 2). Among those, AFP, several collagen proteins, and fibrinogens
were found to be over-expressed in Petri dishes while surprisingly, no significant
difference could be detected in the expression of CYP450. Amid the top 50 most
differentially expressed proteins (Heatmap in Fig. 4B), TIMP1, COL3A1, COL14A1,
COL15A1, LG, EMILIN-1 (related to the extracellular remolding), APOA2 and PLTP
(linked to lipid metabolism) were found to be over-expressed in Petri dishes. On the
other hand, MAP3K11, IKBIP, ASCCS3 (related to NFKB activation), ABLIM3, FSCN1,
(actin-related), AKR1D1 (bile metabolism), GBA (glycolipid metabolism), PLIN2
(perilipin 2, lipid droplet) were found to be over-expressed in biochips. Interestingly,
proteins related to the Krebs cycle (ACO1, IDH2, SDHA, SDHB, PCK2) were also
found to be under-expressed in biochips.

By inputting the list of 380 proteins in the Ingenuity Pathway Analysis (Supp.

File 3), the modulation of pathways related to the activation of LXR/RXR and FXR/RXR,
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to the acute phase response signaling, to the coagulation system and the inhibition of
the matrix metalloproteases could be extracted. The top upstream regulators revealed
were TGFf1, iL-6, and molecules acting on the androgen receptors (dexamethasone,
dihydrotestosterone, metribolone). Using the KEGG pathway analysis (Supp. File 2),
pathways related to cancer, cell cycle (CDKN1C, MCM2 up-regulated in Petri dishes
and CHEK2, ORC3, SKP2 up-regulated in biochips), lipid metabolism (PPAR signaling,
cholesterol metabolism, and bile synthesis), shear stress, cellular remolding and
reorganization (focal adhesion, ECM-receptor interactions, and tight junctions,)
oxidative phosphorylation, iron metabolism (up-regulation of FTL and FTH1 in

biochips).

Metabolomics analysis

Based on the OPLS-DA S-plots, 47 metabolites were found to be differentially
expressed between Petri dishes and biochips among the 87 identified ones (Fig. 4D-
F, with P < 0.05 and VIP > 1, Supp. File 4). Notably, higher levels of glycerol,
cholesterol, malic acid, fumaric acid, succinic acid, aspartic acid (Krebs cycle
intermediates), lactic acid and putrescine were found in Petri dishes while higher levels
of lipids (lauric acid, oleic acid, caprylic acid, and palmitoleic acid), glucose and amino
acids (serine, threonine, lysine, ornithine, phenylalanine, leucine and isoleucine) were
observed in biochips.

Those metabolites were mapped with MetaboAnalyst to identify the related
metabolic pathways. The analysis revealed that pathways related to the Aminoacyl-
tRNA biosynthesis, the alanine aspartate and glutamate metabolism, the fatty acid

biosynthesis, the phenylalanine metabolism, and the arginine proline metabolism were
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modulated (Supp. File 4). The enrichment analysis highlighted the beta-oxidation, the
urea cycle, the spermidine and spermine metabolism, the fatty acid biosynthesis, and

the glutathione Metabolism as the top 5 regulated pathways (Supp. File 4).

Discussion

In the present study, the maturation of hiPSCs-derived HLCs was led in a
microfluidic environment for 14 days. The protocol has allowed detecting a CYP3A4
activity as well as an improved activity of several cytochromes over Petri dishes and
over previously published protocols using biochips (Danoy et al., 2019; Danoy et al.,
2020). The multi-omics analysis performed in the biochips revealed a signature, typical

of a liver regenerative process, illustrated in Fig. 5.

Analysis of the metabolome in Petri dishes revealed an aerobic respiration
profile with important glycolysis as shown by the glucose/lactate ratios and by the over-
expression of metabolites and proteins related to the cycle of Krebs in Petri dishes.
Notably, proteins from the first and the second protein complex of the respiratory chain
were found to be over-expressed in Petri dishes while proteins from the third and the
fourth (COX15, ATP6A1) were over-expressed in biochips. The over-expression of
proteins from the first complex leads to a high production of ROS (Murphy et al., 2009)
which is also consistent with the high levels of pyroglutamate found in Petri dishes and
can be linked to the glutathione metabolism (Liu et al., 2014). Also, the over-expression
of proteins from the second complex is consistent with the activation of the cycle of
Krebs in Petri dishes (Martinez-Reyes et al., 2020) and with a potential response to

hypoxia (Pflegger et al., 2015). Finally, the over-expression of proteins from the third
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and the fourth complex has been related to a higher OXPHOS capability (Machida,
2018) which might be linked to a profile of higher maturation in biochips.

In both culture modes, the tissue was exposed to high concentrations of insulin
and glucose in what is considered a lipogenic stimulation (Schwarz et al., 2003). In
biochips, a production of glycerolipids and triglyceric acids, an intense metabolism of
steroids, and a synthesis of bile acids from cholesterol were observed. It has often
been reported that the metabolism of lipids and the increase of bile acids are strongly
related to a process of liver regeneration (Rudnick et al., 2012; Manco et al., 2018;
Keitel et al., 2008). After hepatectomy, the liver regeneration process is put in
correlation with a transient apparition of a signature attributed to a fatty liver (Schofield
et al., 1987; Della Fazia et al., 2018) and is consistent with the overexpression of
biomarkers such as PLIN2 (Tsai et al., 2017) and with the high levels bile acids (Puri
et al.,2018; Chashmniam et al., 2019) observed in the biochips.

A major factor of dissociation between the cultures in biochips and Petri dishes
was the presence of vascular-related markers and collagen-related proteins in the later
(Fig.5). Meanwhile, AGT (angiotensin), a precursor of angiotensin as well as the
production of angiotensin were detected in Petri dishes. The resulting consumption of
angiotensin or the low levels of angiotensinogen observed in biochips may be related
to either a vasoconstriction phenomenon (Consistent with the high levels of mannitol
observed, Krishnamurty et al., 1977; Shakat et al., 2012), to the transport of specific
solutes (K*, Na* and Ca®*, as SLC12A7, SLC4A7 and SLC12A8 were found to be
upregulated in biochips) or to the regulation of a potential fibrotic state (Pro-fibrotic via
angiotensin 2, ATR1 and TGFB1; anti-fibrotic via angiotensin 1-7, ATR2 and MASR,;
Shim et al., 2018). It was previously reported that the activation of MAS receptors

would contribute to the reduction of the levels of hydroxyproline and collagen A1 in rats
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and the increase of vasodilatation (Shim et al., 2018). Those observations would be
consistent with the lower levels of trans-4-hydroxy-L-proline and with a potential
response to the vasoconstriction phenomenon in biochips. As further confirmations of
the observed phenomena, thrombospondin-1was found to be upregulated in biochips.
This protein is known to be a regulator of blood pressure with a vasopressor activity
(Isenberg et al., 2009) and induced by the shear stress which may be resulting from
the perfused culture in biochips (Gomes et al., 2005). Besides, angiotensin 2 is known
to activate SMAD (Wang et al., 2006) which might be consistent with the modulation
of SMAD3 observed in biochips. As signaling attributed to fibrotic and angiogenetic
pathways were reported to be mostly interconnected in the liver regeneration process
(Poisson et al., 2017), the separation between the two phenomena is ambiguous in the
biochips. Finally, as angiotensin 2 is a pro-fibrotic factor (Shim et al., 2018), a potential
fibrotic state of the tissue in Petri dishes cannot be excluded.

TGFB1 was identified as an upstream regulator linking potential tissue
inflammation, cell proliferation, and a state of liver regeneration. Indeed, the
regenerative liver is characterized by sequential stimulations of the TGF[ signaling
(Apte et al., 2009, Michalopoulos, 2010) but is also involved in inflammation processes
with the production of TNFa and IL-6 (Manco et al., 2018) and the activation of NF-kB
(Yang et al., 2015, Leist et al., 1995). The latter is known for its crosstalk with the p53
signaling (Schneider et al., 2010) which may indicate a development towards a tumoral
state. This hypothesis might be further enforced as CDKN1C, an inhibitor of cell
proliferation (Marshall et al., 2005), was found to be over-expressed in Petri dishes. As
patterns typical of the progression of the cell cycle were observed in biochips (over-
expression of CDKN2B, CD82 mRNA, CHEK2, SKP2, CENPF, and ORC3), this led to

the identification of a pathway related to cancer in the proteomics and transcriptomics
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datasets. However, the typical signature for tumors was not observed in biochips as
neither aerobic respiration nor a Warburg effect was identified and as the typical
hepatocellular carcinoma protein biomarkers such as GPC3, GP73, Annexin 2,
Osteopontin (Lou et al., 2017) were not detected. On contrary, lower levels of AFP
were found in the transcriptomics and proteomics datasets while GPC3 was also found
to under-expressed, which may suggest that the state of liver regeneration is

predominant over the potential apparition of a tumoral development.

Conclusion

In the present manuscript, a protocol for the enhancement of the maturation of
hiPSCs-derived HLCs has been proposed and combined with an extensive multi-omics
analysis approach. These technical advances have allowed characterizing the tissue
which has shown an advanced hepatic differentiation, and which was capable to
perform the metabolism of several drugs. Production of urea and glycogen were
detected while the metabolism of lipids and conjugation of bile acids was also
confirmed. In biochips, analysis of the pathways indicated a possible development of
the tissue toward a tumoral state but as the typical hepatocellular carcinoma
biomarkers were not identified, the option could be excluded. At first sight, the multi-
omics analysis led to categorize the tissue in Petri dishes as being in a fibrotic state as
shown by the intense production of collagen. However, further investigations revealed
a process of liver regeneration in which anti-fibrotic mechanisms were identified. The
in-depth analysis performed in this work has allowed a better understanding of the
possible crosstalk between liver regeneration processes (including lipogenesis and

angiogenesis) and inflammation (along with transient fibrosis and with a steatotic
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response) during the maturation of hiPSCs-derived HLCs in a microfluidic environment.
Future works including other omics analyses such as epigenetics or Post Translational
Modifications but also other approaches like temporal or spatial studies are expected

to complete our comprehension of the dynamic processes in hepatocyte differentiation.
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Table 1: Top 10 TF motifs extracted in the comparison between biochips and Petri
dishes by ISMARA, sorted by z-value.
“TF motif” represents a set of transcription factors with similar target nucleotide
sequence patterns identified by CAGE. “PCC” is the gene with strongest Pearson
correlation coefficient for the identified TF motif. “Pattern” describes the nucleotide

sequence pattern of the motif for the PCC.

TF motif Z-value PCC Up Pattern Function
of motif
activity
MECP2 2,08 MECP2 | Biochip | CCCGGAG NFKB, NFAT, FOXO
and JNK pathways
TAF1 1,93 TAF1 Biochip | GCCGCCA HIF, Beta-catenin,
TCTT Mictochondrial
processes,
glucokinase regulation
ZEBH1 1,72 ZEB1 Petri | CTCACCTG EMT
RELA 1,49 RELA | Biochip | GGGAATTT | NFKB, MAPK, JNK and
CCC STAT3 pathways,
inflammation
SIN3A_CHD1 1,41 SIN3A | Biochip | GGAGGCG | E cadherin stabilisation,
GAGGTGG | Wnt, SMAD2 and NFAT
GAGAG pathways,
cell defense
MXI1_MYC_MY 1,24 MXI1 Biochip | CCACGTG SMAD2 and MYC
CN pathways,
glucose, fatty acid
reactomes
NFKB1 1,19 NFKB1 | Biochip | GGGGAAT NFKB response
CCCC
ZFX 1,18 ZFX Biochip | GGGGCCG | HDAC, VEGF, Wnt and
AGGCCTG IL2 pathways,
NFKB complex
FOSL1 1,17 FOSL1 | Biochip | GTGAGTC Response to
A inflammation (TNF,
MAPK), response to
nitrogen level
ZNF711_TFAP2 1,17 ZNF711 | Biochip | AGGCCTA HIF and SMAD2
A_TFAP2D G pathway

Interactions between
Notch and Wnt
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