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The limited replicative potential of primary hepatocytes (Hep) is a major hurdle for obtaining sufficient
quantity and quality hepatocytes during cell therapy in patients with liver failure. Intrahepatic cholang-
jocyte organoids (ICOs) derived from intrahepatic bile ducts differentiate into both hepatocytes and
cholangiocytes in vitro. Here, we studied in vivo effects of transplanting ICOs and Hep in chronic liver
injury mice models. Well characterized primary mouse ICOs and Hep were mixed in decellularized liver
(DCL) matrix hydrogels and injected into the subcapsular left lateral liver lobe of CCly-induced liver
injury models whereas mice given DCL alone were in the sham group. Two weeks post-transplantation,
transplanted liver lobes were collected and studied by histology and RNA sequencing. Transplanted
animals did not exhibit any tumors, mortality or morbidity. Mice livers transplanted with ICOs had
increased cellular proliferation and vascularization as compared to Hep transplanted mice or sham.
Collagen deposition in the liver was significantly reduced and serum albumin levels were significantly
increased in transplanted groups compared to the sham group. Expression of genes associated with
hepatocyte differentiation was highest in Hep transplanted livers among the three groups, but they were
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1. Introduction

Liver transplantation is a well-established strategy for end-stage
liver disease and liver failure, but it is largely restricted by
the acute shortage of suitable donor organs. The imbalance
between the qualified recipients for transplants and the avail-
able donors has always been outnumbered at a ratio of approxi-
mately 1:100."> Alternative strategies for liver transplantation
and effective bridging therapies for patients with end-stage liver
diseases are consistently being experimented. In the past few
decades, hepatocyte transplantation has been widely explored
in patients with acute liver failure, to rebuild the regenerative
capacity of the liver, thereby surpassing the need for whole
organ replacement.’

Limitations of hepatocyte transplantation include insuffi-
cient in vivo engraftment, immunological reactions towards the
transplanted hepatocytes, and less availability due to the lim-
ited proliferative capacity of the mature hepatocytes ex vivo.
Previous studies have reported that at least 5% of successful
engraftment of the transplanted hepatocytes with respect to the
whole liver mass is required to aid liver regeneration and
restore normal liver functions.” However, the most effective
route of hepatocyte transplantation, i.e., via the portal vein has
been reported to achieve only 0.5% of successful graft efficiency.’
Moreover, portal vein injection has been reported to cause portal
vein thrombosis and portal hypertension along with an instant
blood-mediated inflammatory reaction (IBMIR).>” Also, as soon as
hepatocytes are isolated, their functions and viability decline with
time, and hence the availability of fully mature hepatocytes for
transplantation is limited.®®

Mesenchymal stem cells and other stem cell therapies have
been used as an alternative for primary hepatocyte cultures, yet
these cells cannot replace the primary hepatocytes for in vivo
transplantations which remains the gold standard therapy for
hepatic reconstitution.'”* The use of embryonic stem cells or
induced pluripotent stem (iPS) cell-derived human hepatocytes
represents a lucrative therapeutic alternative but the lack of
complete differentiation of these cells into mature adult liver
cells ex vivo is one of the major limitations of these cells."?
These hurdles have led to the search for other sources of
resident hepatic cells that have optimal hepatocyte functions,
can be expanded in vitro and could be transplanted in vivo."
Organoids present a venture of new possibilities as an auto-
logous cell source for tissue engineering or cell therapy and can
be easily obtained from liver tissue or biopsy and expanded in
culture for years, remaining genetically stable."*" Organoid
generation strategies have evolved over the years with advance-
ments such as scaffold-based and microfluidic chip-based
development for prolonged cultures and to facilitate vascu-
lature inside the developing organoids.'®'” Cholangiocyte orga-
noids derived from both intrahepatic and extrahepatic cholan-
giocytes (ECOs) are being widely used as a transplant strategy to
repair damaged bile ducts.® Intrahepatic cholangiocyte orga-
noids (ICOs) have been reported to differentiate into both
hepatocytes and cholangiocytes in vitro,"> which is benefi-
cial in repopulating the damaged bile ducts as well as the
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hepatocytes, on the other hand, ECOs lack the bipotent nature
and could differentiate only into cholangiocyte phenotype
with appropriate growth factors.>® Extracellular matrix (ECM)
derived hydrogels have been widely used since the 2000s for the
culture of organoids as well as for transplantation purposes
owing to their bio-compatibility and low immunogenicity.>'>*
However, there are challenges in using ECM-based hydrogels
for transplantation purposes such as incomplete decellulariza-
tion, and fragmented, cleaved, or partially denatured macro-
molecules as a result of enzymatic digestion and solubilization.
The remaining cellular components in the ECM can cause
unfavorable host immune responses. Thus, an effective decel-
lularization process is essential to improve the quality and
clinical translation of decellularized liver (DCL) extracellular
matrix hydrogels.

In view of the promising benefits of ICOs for transplantation
and the dearth of data available for post-transplantation effects
of these organoids in the liver, in the present study, we
investigated the effects of in vivo transplantation of ICOs and
compared them with the transplantation of primary hepato-
cytes (Hep) in CCly-induced chronic liver injury mice models.
For effective engraftment of organoids and cells in the liver, we
used DCL as a delivery vehicle for transplanting the cells
directly beneath the liver capsule.

2. Methods

2.1 Animal experiment and ethics

All animals used in this study were housed and fed according to
guidelines of the Institutional Animal Ethics Committee (IAEC)
at the Centre for Comparative Medicine, Institute of Liver and
Biliary Sciences (ILBS), New Delhi duly approved by the Animal
Ethics Committee of ILBS via two protocols (IAEC/ILBS/22/11
and IAEC/ILBS/23/13). The study utilized Sprague Dawley rats
(male, 8 weeks) for the preparation of the decellularized liver
ECM, and C57BL/6 mice (male, 8 weeks) for cell isolation and
preparation of chemically induced [carbon tetrachloride (CCl,)]
liver injury animal models and transplantation.

2.2 Liver decellularization and preparation of the DCL

Decellularization was done as previously reported.> Briefly, pre-
paration of the DCL was performed by solubilizing the powdered
decell tissues and mixing with 0.1 N HCI and pepsin (Himedia
Labs) keeping a 5:1:2 (mg: mL:mg) proportion, under constant
stirring at 4 °C until no traces of powder were visible and a
homogenous solution was formed. After pepsin solubilization,
pH neutralization (to pH 7.4) was performed at 4 °C with 0.5 N
NaOH. The solution was then filtered using a sterile 100 pm sieve,
centrifuged at 3000g for 10 minutes, aliquoted, and stored at
—20 °C until further use. For gelation, the solution (final concen-
tration: 10 mg mL~") was incubated at 37 °C for one hour.

2.3 Culture and characterization of ICOs

ICOs were isolated and cultured from mice livers as described
earlier.”® A freshly isolated liver was immersed in fresh medium

J. Mater. Chem. B, 2025, 13, 918-928 | 919


https://doi.org/10.1039/d4tb01503g

Published on 27 November 2024. Downloaded on 9/11/2025 3:07:26 AM.

Journal of Materials Chemistry B

in a Petri dish and after mincing, it was transferred to a 50 mL
falcon tube with 1% DMEM. After vigorous pipetting, the
fragments were allowed to settle under gravity. After observing
a clear supernatant, the liver pieces were subjected to enzy-
matic digestion with collagenase I (Gibco). For this, the liver
tissue with the medium was kept in a shaking water bath at
37 °C and at 200 rpm for 1 hour. After discarding the super-
natant, the tissue was incubated with a fresh enzymatic
solution for 30 minutes at 37 °C with agitation. After every
30 minutes of digestion, the supernatant was transferred to a
new falcon tube and stored at 4 °C, and the fresh enzymatic
solution was added to the cells. The procedure was repeated for
30 minutes, three to four times, and observed under a microscope
for the presence of any cells. Supernatants obtained after each
digestion were centrifuged at 210g for 5 minutes at 4 °C. After
discarding the supernatant, the pellet was washed once with 8 mL
of cold 1% DMEM and centrifuged. After aspirating the super-
natant completely and making the pellet dry it was mixed with
matrigel and cultured in an array of growth factors according to
the earlier studies (Table S1, ESIT). ICOs were passaged after two
weeks and characterized by hematoxylin and eosin staining (H&E)
and immunostaining with a biliary marker, CK19 (Cytokeratin 19)
and GGT (Gamma-glutamyl transpeptidase). For characterization
of the organoids, they were recovered with cell recovery solution,
fixed with paraformaldehyde, embedded in paraffin, and cut as
thin sections of approximately 2-5 pm, later the sections were
deparaffinized and dehydrated in a series of alcohol solutions. The
sections were then stained with H&E. For immunostaining, the
organoids were fixed with 4% paraformaldehyde for 30 minutes at
4 °C, and then they were permeabilized with 0.1% Triton-X 100 for
15 minutes; later, the organoids were blocked with 2% BSA for
1 hour. The CK19 primary antibody (1:100) was then added to
them and incubated overnight at 4 °C. The next day, the organoids
were washed with PBS thrice and incubated with a secondary
antibody (1:500) for 1 hour and imaged under a confocal
microscope.

2.4 Transplantation of Hep and ICOs in animal models of
chronic liver injury

For transplantation, specific pathogen-free C57BL/6 mice, with
weights (~25 g to 30 g) were used. The surgical procedure was
carried out in a sterile environment and the animal was
anesthetized using a gaseous form of anesthesia, isoflurane.
The concentration of isoflurane used was 1.5% to 3% with a
sustained oxygen flow of 0.5 L min~". We have used ~3 x 10°
primary hepatocytes/50 pL of hydrogel and ICOs between
passages 2-3 (10° organoids per 50 uL of hydrogels) for trans-
plantation onto the exposed subcapsular region of the left
lateral lobe (~50 pL of the transplant material) using a 27G
syringe. To track the cells in vivo, they were labeled with GFP
(green fluorescent protein). The transplant groups were divided
and designated as follows, n = 6 per group, (i) Hep w/o the
ECM (primary hepatocytes transplanted without any carrier),
(ii) Hep-cECM (primary hepatocytes transplanted with the
commercial ECM), (iii) Hep-DCL (primary hepatocytes trans-
planted with DCL), (iv) ICOs w/o the ECM (ICOs transplanted
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without any carrier), (v) ICO-cECM (ICOs transplanted with the
commercial ECM), and (vi) ICO-DCL (ICOs transplanted with
DCL). Matrigel (Corning) was the commercial ECM used in this
study. The injected site was then sealed with the Tisseel-fibrin
sealant (Baxter). The abdominal wall was then sutured after
confirming hemostasis. After the completion of the surgical
procedure, inhalation anesthesia was withdrawn and the animal
was allowed to recover. The animals were given antibiotics for
3 days to prevent any infection post-surgery.

2.5 RNA sequencing and analysis

Transplanted liver lobes were harvested and proceeded for RNA
extraction. The RNA quality was assessed with a NanoDrop
spectrometer. Three independent samples for each treatment
were collected and their RNA expression profiles were analyzed
using the Illumina NextSeq Platform. For transcriptomics ana-
lysis, all processing of RNA samples (cDNA synthesis and
labelling hybridization) was performed by DNA Xperts Pvt
Ltd. The Illumina transcriptome data were mapped to the
reference mice genome GRCm39 (accession no. GCF_00000
1635.27). edgeR software was used for calculating transcript
abundance which is represented as CPM (counts per minute).
Heatmaps were constructed using the log-transformed and
normalized value of genes based on the Pearson uncentered
correlation distance and average linkage method. Significant
differentially expressed genes (DEGs) were identified and
enriched using the gene set enrichment analysis (GSEA)*”
website for pathways in Kyoto Encyclopedia of Genes and
Genomes (KEGG,”® and gene ontology-biological processes
(false discovery rate (FDR) < 0.05). Molecular Signatures Data-
base v7.5.1 was used to retrieve the cell markers and the list of
genes involved in signaling pathways.>® Hierarchical clustering
analysis was performed using Perseus software.>* P < 0.05 was
considered significant.

2.6 Statistical analysis

A power analysis software program (G*Power 3 software,
Germany) was used to calculate the number of animals used
for transplantation which came out to be n = 6. Data were
reported as mean =+ standard deviation (SD). Two groups have
been compared using Student’s t-test and P < 0.05 has been
considered significant.

3. Results

3.1 Characterization of the decellularized liver

Decellularization of the liver through portal vein cannulation
was performed according to established protocols and the
perfusion of detergents resulted in a shiny white appearance
of the liver indicating complete removal of the liver cells
(Fig. 1b). Characterization of the decellularized liver was per-
formed to assess the efficiency of decellularization in terms
of acellularity and the ECM protein content. H&E staining
and DAPI staining revealed a complete absence of cells in
the decellularized liver (Fig. 1c and d). We performed DNA
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Fig. 1 Characterization of decell liver tissue. (a) Schematic representation
of the decellularization process (b) appearance of the liver after the
decellularization process. (c) H&E staining showing the presence and
absence of cells before and after the decellularization process; scale bar
100 pm. (d) DAPI staining showing the presence and absence of cell
nucleus before and after the decellularization process; scale bar 50 pm.
(e) DNA contents of control and decellularized livers. Statistical analysis
performed with GraphPad Prism and Student’s t-test between the control
and decellularized livers (***P < 0.001). (f) MT staining showing the
presence of collagen matrix protein after the decellularization process.
(g) Alcian blue staining showing the presence of GAGs after the decel-
lularization process. (h) Orcein staining showing the presence of the elastin
matrix protein after the decellularization process; scale bar 100 um. All the
estimations were carried out in triplicate (n = 3).

quantification in control and decell tissues which revealed a
significant DNA decrease in decell liver tissue compared to
control livers (P < 0.001, Fig. 1e). The presence of intact ECM
matrix proteins in decell tissue was clearly seen by MT (Masson
Trichome) staining specific for collagen proteins, Alcian blue
for the glycosaminoglycans (GAGs), and orcein staining for
elastin proteins (Fig. 1f-h).

Biophysically, DCL hydrogels behaved as moderately low-
viscosity fluids. Both, 4 mg mL™' and 10 mg mL™ " DCL
hydrogels showed a relatively constant viscosity and flow beha-
vior of Newtonian fluid within the shear rate range of 10> to
10 s~ '. However, beyond the shear rate of 100 s™*, the DCL
hydrogels exhibited a shear thinning behavior with a signifi-
cant decrease in viscosity, which is a property desirable for
injectable hydrogels (Fig. 2a). The injectability of 10 mg mL "
DCL was possible as there was shear thinning behaviour
observed upon the application of strain. In the amplitude
sweep experiments, the storage modulus (G’) of DCL increased
from 134.68 Pa to 905.06 Pa upon increasing the DCL concen-
tration from 4 mg mL™" to 10 mg mL . The storage modulus
(G') was greater than the loss modulus (G”) at both concentra-
tions of DCL as shown in (Fig. 2b). To prevent sample disin-
tegration throughout the experiment, 1% strain was employed
for subsequent frequency sweep analysis. Results from angular
frequency sweep showed that the G’ values for both the DCL
groups (4 mg mL ' and 10 mg mL ') were dependent on

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Physical characterization of the DCL. (a) Flow curves of the DCL at
two different concentrations (b) Amplitude sweep of the DCL at two
different concentrations. (c) Frequency sweep of the DCL at two different
concentrations. (d) Tube inversion test demonstrating temperature-
dependent sol-gel transition of 10 mg mL~* DCL. (e) Comparative repre-
sentation of the water uptake activity of 4 mg mL™* and 10 mg mL™* DCL
expressed as a swelling percentage (***P < 0.001). () Comparative
representation of in vitro degradation of 4 mg mL™* and 10 mg mL™?
DCL expressed as the remaining mass percentage (**P < 0.005). All the
estimations were carried out in triplicate (n = 3); statistical analysis was
performed with GraphPad Prism and Student's t-test between the two
concentrations of DCL.

the frequency values, which is a characteristic of physically
crosslinked hydrogels (Fig. 2c). At low frequency values, the G”
is seen to be higher than the G’, indicative of weak gel
formation. With an increase in the angular frequency, both
G’ and G” increased, and a crossover point is observed for
both groups. As expected, increasing the DCL concentration
from 4 mg mL™" to 10 mg mL~" was associated with a broader
range of frequency values for which the G’ became higher than
the G” underscoring the improved stability of the formed
hydrogels. The irregularity in the modulus curve was observed
as hydrogels were a suspension mix of the DCL.

The tube inversion method was used to investigate the
thermo-responsive behaviours of the DCL, and both samples
demonstrated temperature-dependent sol-gel transitions. The
10 mg mL~' DCL group molecules were in solution at room
temperature but formed opaque hydrogels in the physiological
temperature range following 60 minutes of incubation at 37 °C
(Fig. 2d). Although the 4 mg mL~" DCL group demonstrated a
similar sol-gel behaviour, the gelation duration was unfavour-
ably greater (data not shown). The gelation of decellularized
tissue hydrogels is essentially a collagen-based self-assembly
process and the native biochemical profile of the source tissue
and the concentration of proteins remaining after the decel-
lularization process have a direct correlation with the polymer-
ization kinetics in the resulting hydrogel.*' Moreover, in the
context of minimally invasive injectable hydrogels an optimal
time period is required for the delivery of the pre-gel solution to
selected anatomic sites before gelation is complete; the gelation
kinetics of the 10 mg mL ™" hydrogel warrants its applicability
as an injectable hydrogel. In general, the liver ECM is primarily
composed of collagen and proteoglycans, both of which are
inherently good at absorbing water. The relative proportions of
these components in the decellularized matrix obtained vary
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considerably depending upon the decellularization protocol
implemented and thus can be correlated with the water absorp-
tion potential of hydrogels prepared thereafter. Water absorp-
tion analysis of the DCL showed a concentration-dependent
behaviour wherein the 10 mg mL ™" DCL group exhibited a com-
paratively higher water absorption profile (231.17 + 15.48%)
than the 4 mg mL™" group (118.07 & 16.41%) after 7 days of
incubation (Fig. 2e). The excellent swelling properties of
the DCL suggest that they can effectively mimic the hydrated
environment of the native liver ECM and can support cell
adhesion and protein sequestration of the encapsulated cells.*>
The in vitro degradation kinetics revealed that the DCL exhibited
a consistent decrease in their mass percent starting on day 1; by
the end of day 14, the remaining mass percent of 4 mg mL " and
10 mg mL ™" DCL were observed to be 54.61 + 3.47% and 70.27 +
3.51% respectively (Fig. 2f). It could be inferred that the DCL owing
to their increased water uptake and rapid diffusibility undergoes
bulk erosion due to easy access to water and collagenase through-
out the hydrogel lattice enabling hydrolytic or enzymatic cleavage
of bonds.

To assess the immunocompatibility of the fabricated DCL
hydrogels, we performed a flow-cytometry based analysis to
determine any possible increase in infiltrating immune cells,
post-transplantation of the rat derived DCL in control C57BL/
6 mice. Results showed the presence of 17.90 £ 02.12% vs.
12.3 £ 01.59% of CD4" T-cells; 22.80 + 09.97% vs. 23.40 =+
05.48% of CD8" T-cells; 89.70 + 13.85% vs. 95.90 & 04.44% of
neutrophils; 16.20 £ 10.11% vs. 26.30 &+ 08.87% of monocytes
in control vs. transplant groups Fig. S1 (ESIt) with which we
could infer that there was no heightened systemic immune
response with the rat ECM derived DCL transplantation
in mice.

3.2 Characterization of Hep and ICOs

Hepatocyte isolation from rats was performed by in situ perfu-
sion of the liver via the portal vein with collagenase digestion
mixture followed by in vitro digestion as depicted in Fig. S2a
(ESIY). The viability of the isolated primary mouse hepatocytes
was >95% as evidenced by trypan blue dye exclusion. About
90% of the cells were adherent within 24 h after plating
(Fig. S2b, ESIt). The hepatocytes stained positive for asialo-
glycoprotein receptor 1 (ASGR1) (Fig. S2c, ESIf), and albumin
(Fig. S2d, ESIY) day 1 post-isolation.

The intrahepatic cholangiocytes were isolated and cultured
according to established protocols as depicted in Fig. 3a.
During the first week of culture, small organoids emerged from
matrigel-embedded cells (Fig. 3b and c). The organoids
expanded within 10-15 days (Fig. 3d). The viability of the ICOs
at day14 was verified with calcein/PI staining, and the images
depict the viable cells (calcein stained) within the core of ICOs
along with very few PI-stained dead cells (marked with arrows)
(Fig. 3e), H&E staining of the cryosectioned organoids showed
viable cells inside the core of organoids (Fig. 3f). Characteristic
markers of cholangiocytes such as CK19 and GGT were stained
positive in the cultured ICOs at day 14 (Fig. 3g and h).
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Fig. 3 Isolation and characterization of ICOs (a) schematic representation
of the isolation method used to obtain ICOs. Bright-field images of ICOs
in vitro (b) at day 2; scale bar 500 pm (c) at day 7; scale bar 500 pm and
(d) passage 2; at day 14; scale bar 500 um. (e) Whole mount calcein/PI
staining of the ICOs at day 14; scale bar 10 pm (arrows indicate dead cells)
(f) H&E staining of the cryosectioned ICOs at day 14; scale bar 100 um.
(g) CK19 immunostaining of the cryosectioned ICOs at day 14; scale bar
100 pm. (h) Whole mount GGT immunostaining of the ICOs at day 14;
scale bar 50 pm.

3.3 Transplantation of Hep and ICOs in chronic liver injury
models

We next performed intrahepatic transplantation of Hep and
ICOs in chronic liver injury mice models. The developed
chronic liver injury models showed damaged tissue architec-
ture (F2-stage, classified according to a Metavir grading system)
with portal-to-portal fibrous septa (Fig. S3b, ESIt). For trans-
plantation, primary hepatocytes (3 x 10° cells/50 uL of hydro-
gel) and ICOs passage 2 (10° organoids/50 UL of hydrogel) were
mixed and injected beneath the liver capsule in the prepared
CCl, mice models. There was no mortality, tumor formation or
necrosis observed at the transplanted site two weeks post-
transplantation in any of the transplanted groups (Fig. S4,
ESIT). To assess the engraftment efficiency of the transplanted
cells, GFP-tagged cells in the recipient mice liver tissues were
detected at day 14 post-transplantation using a confocal micro-
scope (Fig. 4a-f). Quantification results revealed that in vivo
engraftment efficiency (GFP" area/field) was higher when both
Hep and ICOs were transplanted with DCL compared to those
transplanted with the ¢cECM (~2 + 1.8 in Hep-cECM vs.
~4 + 1.13 in Hep-DCL; P = 0.016); (~3 + 0.26 in ICO-cECM
vs. ~6 £ 0.54 in ICO-DCL; P = 0.006). Also, engraftment was the
lowest when the cells were transplanted without any carrier
(~0.8 £ 1.2 in ICOs w/o ECM vs. ~6 £ 0.54 in ICO-DCL;
P < 0.0001 and ~0.5 + 0.25 in Hep w/o ECM vs. ~4 4 1.13 in
Hep-DCL; P < 0.0001) (Fig. 4g). Since the highest engraftment
efficiency was observed only in the Hep-DCL and ICO-DCL
groups, these two groups were only considered for evaluation
further throughout the study. The liver lobes of Hep-DCL and
ICO-DCL revealed increased expression of nuclear (proliferating
cell nuclear antigen) PCNA (Fig. 4h-j), proliferation marker after
two weeks of transplantation in comparison to that of sham, with
maximum PCNA positive cells observed in the ICO-DCL group
(about 8-fold increase, P = 0.0004, Fig. 4k).

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Transplantation of Hep and ICOs in chronic liver injury models.
(a)—(f) Representative images of in vivo engrafted GFP labelled Hep and
ICOs in mouse liver lobe two weeks post-transplantation; scale bars
100 um. (g) Quantification of engraftment was determined using ImageJ
software, n = 5 fields per group. Statistical analysis was performed with
GraphPad Prism and t-test. P value represented as *P < 0.05, ***P <
0.001, and ****P < 0.0001. (h)—-(j) PCNA staining in the transplanted lobes
in comparison to the sham liver (arrows indicating proliferating cell
nucleus); scale bar 50 um. (k) Graph showing a number of PCNA positive
cells quantified in sham and transplanted liver lobes with ImageJ software,
n = 5. Statistical analysis was performed with GraphPad Prism and
Student's t-test. The P value represented as sham vs. the transplanted
lobes (***P < 0.001).

To determine the migration of the transplanted cells in the
host liver, we verified the presence of GFP" cells on the non-
transplanted liver lobes two weeks post transplantation with
confocal microscopy (Fig. S5, ESIT). We observed GFP positive
cells in both Hep-DCL and ICO-DCL groups indicating cell
migration of the transplanted cells within the liver, outside
the transplanted lobe.

3.4 Expression of hepatocyte and cholangiocyte-specific
markers in transplanted mice

To further assess the differentiation of engrafted cells in
transplanted mice, we analysed the transplanted liver lobe for
expression of hepatic and cholangiocyte markers. To determine
the cells differentiating towards hepatic phenotype, immuno-
fluorescence imaging specific for hepatocyte markers albumin
and ASGR1 was performed. The results clearly showed that
albumin expression was increased in Hep-DCL vs. sham (2-fold;
P =0.005; Fig. 5a and b) and also in ICO-DCL vs. sham (2-fold;
P =0.001; Fig. 5a and b). ASGR1 expression was almost similar
in sham vs. Hep-DCL; Fig. 5¢ and d) with significant increase in
ICO-DCL vs. sham (1-fold; P = 0.05; Fig. 5¢ and d). Further, the
cells differentiating towards cholangiocyte phenotype were
studied by the immunofluorescence staining specific for biliary
markers, GGT and CK19. GGT expression was significantly
increased in Hep-DCL vs. sham (1-fold; P = 0.056), as well as
ICO-DCL vs. sham (3-fold; P = 0.001) (Fig. 5e and f). CK19
expression was significantly higher in both the transplant
groups than in the sham group (Hep-DCL vs. sham; 3-fold;
P =0.001) (ICO-DCL vs. sham; 4-fold; and P = 0.001) (Fig. 5g and h).
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Fig. 5 Immunofluorescence staining for hepatic and biliary markers two-
weeks post-transplantation. (a) Albumin expression in sham and trans-
planted animals, scale bar- 50 um. (b) Graph showing area positive for
albumin quantified with ImageJ. (c) ASGR1 expression in sham and
transplanted animals, scale bars 50 um. (d) Graph showing area positive
for ASGR1 quantified with Imaged. (e) GGT expression in sham and
transplanted animals, scale bars 50 um. (f) Graph showing area positive
for GGT quantified with ImageJ software (g) CK19 expression in sham and
transplanted animals, scale bars 50 um. (h) Graph showing area positive for
CK19 quantified with ImageJ software. Statistical analysis was performed
with GraphPad Prism and Student's t-test. The P value represented as
sham vs. the transplanted lobes (*P < 0.05, **P < 0.01, ***P < 0.001, and
*xxp < 0.0001); (n = 5).

CD31 staining was performed on the sham and transplanted
liver lobes to determine the presence of new blood vessel
formation post-transplantation. It was observed that ICO-DCL
liver lobes showed increased sinusoidal capillarization and
angiogenesis compared to sham (Fig. 6a-c). Quantification
showed increased (2-fold; ****P < 0.0001) capillarization
in the ICO-DCL group compared to that in the sham group
(Fig. 6d).

3.5 Transcriptomic analysis of the transplanted liver lobes

We next compared the gene expression markers specific to
hepatocytes, cholangiocytes, and hepatic progenitor cells in the
sham, Hep-DCL, and ICO-DCL transplanted livers using RNA
sequencing. Both biliary and hepatocyte-specific markers such
as Sox9 (SRY-Box transcription factor 9), Tspan8 (tetraspanin-8),
genes, including Alb (albumin), ApoA1 (apolipoprotein A1), and
Apoa2 (apolipoprotein A2), were upregulated in the hep trans-
planted livers (Fig. 7a and c). Expression of genes such as Fgfr2
(fibroblast growth factor receptor 2) and krt19 (cytokeratin 19),
which are present in hepatic progenitor cells or are known to
increase in the liver after injury, and were seen to be upregulated
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Fig. 6 Characterization of neo-vascularization two weeks post-
transplantation. CD31 expression in (a) Sham, (b) Hep-DCL and (c) ICO-
DCL groups, scale bar 50 um. (d) Graph showing the quantification of the
CD31 positive area quantified with ImageJ software n = 5 fields per group.
Statistical analysis was performed with GraphPad Prism and Student's
t-test. The P value represented as sham vs. the transplanted lobes
(****p < 0.0001).
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Fig. 7 Gene expression profiling of the transplanted liver lobes two weeks
post-transplantation by RNA sequencing. (a) Biliary epithelial markers
observed in sham, Hep-DCL and ICO-DCL livers. (b) Progenitor cell
markers observed in sham, Hep-DCL and ICO-DCL livers. (c) Hepatocyte
markers observed in sham, Hep-DCL and ICO-DCL livers. (d) Hepatocyte
differentiation genes observed in sham, Hep-DCL and ICO-DCL livers.
(e) Genes involved in cell proliferation observed in sham, Hep-DCL and
ICO-DCL livers. (f) Liver regeneration genes observed in sham, Hep-DCL
and ICO-DCL livers. (g) Comparison of major pathways between the sham
and DCL groups based on the expression of the respective member genes.
(h) Graph showing NOTCH, WNT and Hedgehog pathway in sham and
transplanted lobes. Statistical analysis was performed with GraphPad
Prism. One-way ANOVA performed between sham and transplanted lobes
(*P < 0.001 and **P < 0.05). All the estimations were carried out in
triplicate (n = 3).

in Hep-DCL as well as ICO-DCL livers (Fig. 7b). ICO-DCL livers
also showed upregulation of hepatocyte markers however lower

924 | J Mater. Chem. B, 2025, 13, 918-928

View Article Online

Paper

than the Hep-DCL livers (Fig. 7c). Hepatocyte differentiation
genes, including Hnf4a (hepatocyte nuclear factor 4 alpha),
Bmp4 (bone morphogenetic protein 4), Foxa3 (forkhead box a3)
were highly upregulated and robust in Hep-DCL livers but also
higher in ICO-DCL than in the sham group (Fig. 7d). Genes
associated with liver regeneration, such as a Gli1 (GLI family zinc
finger 1) were upregulated in ICO, however, downregulated in
Hep-DCL livers. Ezh1 (enhancer of zeste 1 polycomb repressive
complex 2), an epigenetic regulator of liver regeneration, and IL-6
(interleukin 6), a major driver of liver regeneration was highly
expressed in Hep transplanted livers (Fig. 7e). Among the genes
involved in hepatocyte proliferation and regeneration, critical
genes involved in cell proliferation, including E2f 1, 3 and 4
(eukaryotic transcription factor), and Ki67 were upregulated in
both Hep and ICO-DCL livers compared to sham (Fig. 7f). Among
the major signaling pathways involved in modulating hepatic
injury and repair, the expression of gene members of the Notch
signaling pathway was significantly higher in both Hep and ICO-
DCL liver lobes compared to that in the sham group (Fig. 7g and h).

The specific cluster for each group was identified using the
hierarchical clustering analysis. Further gene ontology analysis
of the Hep and ICO clusters showed that they were enriched for
the biological processes associated with cell cycle and cellular
proliferation (Fig. S6, ESIt). In addition, cluster-specific for ICO
transplanted livers specifically was enriched for the immune
system and biological adhesion-related processes, while bio-
synthetic and tissue homeostatic processes were highly
enriched in the cluster-specific for Hep transplanted livers
(Fig. Se6, ESIt). To validate the RNAseq results we performed
RT-PCR analysis, and the results showed that the biliary cell
marker namely SOX9 (SRY-box transcription factor 9), was
upregulated in the Hep-DCL (4-fold change; P = 0.01) and in
the ICO-DCL (3-fold change; P = 0.0004) vs. the sham group,
progenitor cell marker namely CK19 was upregulated in the
Hep-DCL (3.5-fold change; P = 0.0006), and non-significantly
upregulated in the ICO-DCL group (1-fold change; P=ns) vs. the
sham group. Hepatocyte differentiation markers such as
HNF4a were upregulated within the Hep-DCL (5-fold change;
P < 0.0001) and in the ICO-DCL (6-fold change; P < 0.0001) vs.
the sham group. Liver regeneration marker namely Ki67
showed in the Hep-DCL (4-fold change; P = 0.001), in the
ICO-DCL (5-fold change; P = 0.001) vs. the sham group, and
proliferation marker e2f6 (eukaryotic transcription factor 6)
showed in the Hep-DCL (2-fold change; P = 0.001), and in the
ICO-DCL (4-fold change; P < 0.0001) vs. the sham group
(Fig. S7a-e, ESIt).

3.6 Assessment of liver functions and fibrosis in the
transplanted liver

We next studied the effects of Hep and organoid transplanta-
tion on liver injury and functions. MT staining of the trans-
planted liver lobe indicated that collagen deposition was
significantly reduced in mice treated either with Hep (P <
0.001) or ICOs (P < 0.001) compared to sham animals (Fig. 8).
We also verified the collagen deposition in the non-trans-
planted liver lobes to determine if there had been a global
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Fig. 8 Assessment of reduction in fibrosis of the transplanted lobes two-
weeks post transplantation. (a)—(c) Representative images of MT staining of
sham and transplanted liver lobes, collagen deposition marked with
arrows; scale bars 200 pm. (d) Quantification of the collagen positive area
in each group with respect to sham with ImageJ software, n = 5 fields per
group. Statistical analysis was performed with Student’s t-test; the P value
represented as sham vs. transplanted groups (****P < 0.0001).

effect of cell transplantation contributing to a reduction in
fibrosis as well as an improvement in overall liver function
(Fig. S8, ESIT). We observed that two weeks post transplantation
there was negligible collagen positive area in the non-
transplanted liver lobes of the Hep-DCL and ICO-DCL animals
vs. the non-transplanted liver lobes of sham animals. We did
not however observe any significant difference in the serum
aspartate aminotransferase (AST) and alanine transaminase
(ALT) levels in all three groups (Fig. S9a and b, ESIT). In terms
of liver functions, levels of serum albumin were significantly
increased in animals treated with hepatocytes compared to
sham (P = 0.035, Fig. S9c, ESIt). Albumin levels were also
increased in ICO-DCL animals in comparison to sham albeit
less than the Hep-DCL (P = 0.02, Fig. S9c, ESIY).

4. Discussion

ECM-based polymer hydrogels have emanated as the most
appropriate scaffolds for supporting cell growth and differen-
tiation both in vitro and in vivo.>**>’” The biocompatibility of
DCL hydrogels with liver cells has been reported earlier in the
in vitro and in vivo studies but only little work has been done to
explore its efficacy to deliver cells directly into the liver. In the
current study, we developed and characterized a decellularized
rat liver ECM-based hydrogel and used it as a vehicle to
transplant mouse primary hepatocytes and ICOs directly into
the mouse liver to achieve enhanced cell engraftment. We used
DCL to transplant primary mice Hep and organoids as we can
get the liver ECM from a single rat in abundance when
compared to the amount of ECM obtained from mice livers.
Interspecies utilization of ECM derived scaffolds and hydrogels
has been demonstrated to support the growth, differentiation,
and functions of hepatic cells in previous studies.>***?” In our
study, a negligible increase in the circulating blood immune
cells in mice clearly demonstrated the immunocompatibility
of rat derived DCL. We used DCL at a concentration of
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10 mg mL " for cell transplantation because this concentration
was found to exhibit better mechanical properties and rapid
gelation. The shear thinning behaviour of the DCL with higher
storage modulus than loss modulus supported post-injection
stability of the hydrogel and remained localized at the point of
injection. An earlier study used 20 mg mL™" liver extracellular
matrix for in vivo hepatocyte transplantation. The study has
shown that hepatocyte transplantation using DCL is efficient in
immunodeficient mice via the subcutaneous route.>* The bio-
degradability and minimal systemic immune response clearly
revealed the safety of fabricated DCL when transplanted via the
sub-capsular region of the liver in healthy control mice models.
Previous studies have illustrated that freshly isolated or cryo-
preserved hepatocytes given through the splenic route or via the
portal vein repopulate the damaged liver parenchyma.’™
However, there might be a cell loss during the transfer of
hepatocytes from the spleen to the liver, causing reduced
engraftment of cells in the liver and transplantation of hepa-
tocytes via the portal vein can result in portal vein occlusion as
stated earlier.>”” We attempted to deliver DCL encapsulated
cells and organoids in the liver beneath the liver capsule to
ensure that a greater number of cells are engrafted in the liver
and at the same time the chances of portal vein occlusion are
mitigated. Our observations revealed that as compared to cells
without DCL or with the commercial ECM, cells encapsulated
within the DCL had better engraftment in the liver (Fig. 4g).
Also, the observation that proliferation of cells (PCNA staining),
hepatocyte-specific gene expression and albumin levels were
significantly higher in the Hep/ICO-DCL animals compared to
sham, clearly indicated that the transplanted cells significantly
contributed towards repopulating the damaged parenchyma.
As compared to Hep-DCL, ICO-DCL liver lobes exhibited a
significant increase in the number of proliferating cells. We
also observed an increased neo-vascularization in the ICO-DCL
as compared to the Hep-DCL liver lobes, suggesting a combined
role of ECM proteins and growth factors of both DCL and ICO
respectively in inducing greater cellular proliferation and
angiogenesis when compared to sham and Hep-DCL livers.

Studies have shown that injured hepatocytes activate hepatic
stellate cells and increase collagen deposition.*®™*° In terms of
transplantation few studies have shown that transplantation of
mesenchymal stem cells and induced pluripotent stem cells
improves liver function post-injury by ameliorating fibrosis and
this is achieved by differentiation of the transplanted cells into
hepatocytes thereby replenishing the damaged parenchymal
population of the liver.*"** Similarly in our study, Hep and ICO
transplantation has resulted in global reduction in fibrosis of
the damaged liver (Fig. S8, ESIt), and an overall improvement
in liver function, certainly due to the migration and differentia-
tion of the transplanted cells (Fig. S5, ESIT).

ICOs have been successfully isolated from adult bile ducts
and also cultured from Lgr5+ liver stem cells under specific
in vitro conditions. They are bipotential cells and have the
ability of long-term propagation in vitro.*> The ability of human
cholangiocyte organoids to repair biliary epithelium has been
recently shown.*® In another study, the authors have reported
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that human embryonic stem cell-derived expandable hepatic
organoids can efficiently engraft into and repopulate the liver
parenchyma of FRG mice (mice used as a robust model to
characterize in vivo liver engraftment during transplantation
assays) and at three months following transplantation show
increased human albumin levels in the serum. It has been
earlier reported that cell differentiation and functions in orga-
noid grafts are maximally attained at about one month.*” Yang
et al.*® reported transplantation of bioprinted hepatocyte orga-
noids derived from HepaRG cells in animal models of liver
failure. They observed that post-organoid transplantation, there
was a decrease in liver injury enzymes and an improvement in
liver function after four weeks. In accordance with these
results, cell proliferation (Fig. 4h-k) and neovascularization
(Fig. 6) were clearly observed in organoid transplanted animals
on day 14 in our study as well, along with an increased
expression of albumin and CK19 in the transplanted liver lobes.
Transcriptomics analysis of the transplanted liver lobes also
revealed the upregulation of genes involved in cell proliferation
and regeneration (Ki67, e2f6) in ICO and Hep transplanted
animals w.r.t sham (Fig. 7). Therefore, we believe that our ICO
and Hep transplanted animals would have shown further
improvement in liver functions after three or four weeks if
the study had been evaluated at later time points.

A recent study described the establishment of a long-term
3D organoid culture system from mouse and human primary
hepatocytes.*® The adult hepatocyte-derived organoids exhib-
ited transcriptional profiles resembling those of proliferating
hepatocytes after partial hepatectomy (PHx). We also observed a
significant upregulation of many genes associated with hepa-
tocyte proliferation and regeneration in both hepatocyte and
ICO transplanted liver lobes in comparison to that seen in the
transplanted liver lobes of sham animals. Genes such as Ezh1,
which is an epigenetic regulator of liver regeneration and IL-6,
have been shown to be upregulated during PHx.*>*! In our
study, a higher expression of biliary markers was also observed
in the hep-DCL liver lobes as compared to sham liver lobes. It
has been earlier published using genetic tracing techniques
that hepatocytes do contribute towards the formation of primi-
tive ductules in response to chronic liver damage.>” Some of the
progenitor cell marker genes such as Prom1 (prominin 1), Cdhé
(cadherin 6), Mcam, and Slc2a2 (solute carrier family 2 member 2)
were increased in CCl, sham groups without any cell transplanta-
tion, possibly because of the progenitor cell response to injury in
these animals. It is possible that adult healthy mature hepatocytes
might have also undergone in vivo reprogramming into prolifera-
tive bipotent progenitor cells in response to chronic liver
injury.>*° In our study, we observed an increase in liver
function related proteins such as albumin which may have
occurred due to the improvement in overall liver function on
account of the cell/organoid transplantation followed by a
series of cellular events such as replacement of the damaged
parenchymal cells, along with maturation and differentiation
of the organoids into hepatocytes. Reduction in liver injury
enzymes such as AST and ALT levels in the serum is a
physiological event that takes a longer time period to reverse,
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hence, we did not observe an improvement in liver enzymes
during our study duration. A study by Yang et al.*® also showed
that only after four weeks of bioprinted organoid transplanta-
tion, the levels of liver injury enzymes such as AST, ALT and
bilirubin have significantly reduced w.r.t sham.

Tracking of the labelled transplanted cells would provide
clear insights into the contribution and differentiation of the
transplanted cells vis-a-vis native resident cells of the liver.

5. Conclusion

In this study, we report the successful delivery of mouse
primary Hep and ICOs encapsulated in DCL hydrogels directly
into an injured mouse liver. The transplanted ICOs show
enhanced engraftment, proliferation and angiogenesis in vivo
restoring some of the liver functions and reducing liver fibrosis
without any adverse effects. Using ICOs can serve as an effective
regenerative therapy of the liver in patients with chronic liver

injury.
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