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ARTICLE INFO ABSTRACT

Keywords: Cell-based liver therapies based on retrieving and steadying failed metabolic function(s) for acute and chronic
Gelatin diseases could be a valuable substitute for liver transplants, even though they are limited by the low engraftment
Hyaluronic acid capability and reduced functional quality of primary human hepatocytes (PHH). In this paper we propose the use
Is'i};‘};"jﬁjesls of gelatin-hyaluronic acid (Gel-HA) scaffolds seeded with PHH for the treatment of liver failure. We first opti-

mized the composition using Gel-HA hydrogels, looking for the mechanical properties closer to the human liver
and determining HepG2 cells functionality. Gel-HA scaffolds with interconnected porosity (pore size 102 pm)
were prepared and used for PHH culture and evaluation of key hepatic functions. PHH cultured in Gel-HA
scaffolds exhibited increased albumin and urea secretion and metabolic capacity (CYP and UGT activity
levels) compared to standard monolayer cultures. The transplant of the scaffold containing PHH led to an
improvement in liver function (transaminase levels, necrosis) and ameliorated damage in a mouse model of
acetaminophen (APAP)-induced liver failure. The study provided a mechanistic understanding of APAP-induced
liver injury and the impact of transplantation by analyzing cytokine production and oxidative stress induction to
find suitable biomarkers of cell therapy effectiveness.

Liver cell therapy
Acute liver failure

1. Introduction metabolically deficient states for acute liver failure (ALF) or end-stage

liver disease patients, or even for preserving liver function in patients

Liver disease causes around 2 million deaths annually [1] and rep-
resents a serious health and economic problem. The unique curative
treatment for end-stage liver disease is a transplant, but the suitable
donor organ availability does not satisfy the clinical need [2]. In Europe,
>7000 liver transplants are carried out every year, and around 50 % of
the patients have to wait 3 months or more for a suitable organ [3].
Although different surgical techniques have emerged to overwhelm
donor scarcity, other alternative treatments such as cell transplantation
have appeared for correcting genetic disorders that result in

not eligible for liver transplants for different reasons (i.e. cardiovascular
issues, advanced age, or other underlying diseases) [4-6]. Cell trans-
plantation would reduce the need for invasive surgery and the mor-
bidities associated with lifelong immunosuppression, acting as an
alternative treatment or as a bridge to organ transplants.

Primary human hepatocytes (PHH) are the gold-standard for both
cell-based experiments and clinical application [7-9]. Although they
retain key hepatic-specific functions in vitro [10], the use of PHH is
hampered by the growing lack of suitable donor organs for hepatocyte
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isolation as well as by the deficient quality, progressive loss of func-
tionality (especially phase I and phase II enzyme activities) [11-13] and
a pronounced sensitivity to freezing and thawing processes [5,14]. As
cells in vivo have a three-dimensional (3D) morphology and organiza-
tion, there is now intense pressure for in vitro models that can maintain
their morphology and a stable phenotype in culture. PHH 3D models
have been shown to extend viability and increase long-term function-
ality [15]. 3D cultures comprise different systems, from spheroids to 3D
scaffolds and also more innovative systems using microfluidics. How-
ever, although several 3D approaches have been described for in vitro
applications such as drug screening or disease modeling for clinical
utilization, the improvement of functionality, biodegradability and
biocompatibility, as well as adequate evaluation of the in vivo effects
should still be thoroughly explored.

The ability of donor cells to access the liver and survive long enough
to exert a beneficial therapeutic effect could be a significant obstacle to
successful transplantation. Although cells integrate in the liver paren-
chyma after accessing through the sinusoids [2,16], they need appro-
priate signals as well as an advantage over host cells to significantly
repopulate the liver [17]. In this regard, extrahepatic liver cell therapy,
which provides functional assistance to the injured liver and allows
vascularization, has recently been proposed as a delivery and retention
method. Dhawan et al. described a first-in-human study analyzing the
outcome of the peritoneal administration of microencapsulated PHH in
pediatric patients with ALF. They used cryopreserved PHH encapsulated
in alginate microbeads and obtained promising results, since four of the
eight patients treated avoided a liver transplant [18]. ALF in children
presents high mortality and morbidity rates, and although the study by
Dhawan et al. is only a case series and it will be necessary to obtain data
from more patients, the biochemical and clinical improvements seen
after transplantation confirm the previous promising results in animals
[19]. However, the safety of the procedure remains uncertain since even
though alginate is biocompatible it is non-biodegradable in mammals
[20] and the long-term effects have not been studied [21]. Also, as
alginate is a biologically inert material, it offers limited support to
biological functions such as cell attachment and growth. The liver
extracellular matrix (ECM) plays a relevant role in cell behavior,
enabling cell-cell and cell-ECM interactions, as well as promoting
migration, proliferation, and differentiation [22]. Modifications in the
composition of liver ECM are related to the development of diseases such
as fibrosis or cancer [23,24]. Liver ECM contains a considerable number
of components, including proteins such as collagen type I, II and IV,
glycoproteins such as laminin and fibronectin and glycosaminoglycans
such as hyaluronic acid (HA). In this sense, the use of decellularized liver
scaffolds [25,26], natural and synthetic hydrogels [18,19,27,28] and
cell sheets [29] have been proposed in liver cell therapy to improve or
maintain liver functions and to act as a delivery method.

In this study we demonstrated the use of gelatin-hyaluronic acid
(Gel-HA) hydrogels and scaffolds for liver cell transplantation. HA is the
main component of the perisinusoidal space and has been proposed as a
biocompatible material either alone or in combination with other ma-
terials such as collagen or laminin for liver regenerative medicine pur-
poses [30,31]. On the other hand, gelatin is a natural component of the
ECM derived from denatured collagen type I and is a biodegradable and
inexpensive material that has also been proposed for hepatocyte culture
[32]. Although gelatin is a highly promising material, it lacks mechan-
ical properties. Improved mechanical properties were obtained by
mixing with HA, with excellent results in other tissue engineering ap-
plications [33,34], which opens the way for the 3D culture of PHH. In
addition, we show that Gel-HA scaffolds seeded with PHH have thera-
peutic effects on the established mouse model of acetaminophen-
induced ALF. Histopathological examinations and serum biochemical
analyses provided a mechanistic understanding of the therapeutic ef-
fects of this liver cell therapy.
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2. Material and methods
2.1. Material

The reagents for the cell culture, including the complements, were
obtained from GIBCO (ThermoFisher, Madrid, Spain) and other chem-
icals were purchased from Sigma Aldrich (Madrid, Spain). Cell Banker
medium was purchased from Amsbio (AMS Biotechnology, Abingdon,
UK).

2.2. Gel-HA hydrogels synthesis

Pristine materials, gelatin (from porcine skin, gel strength 300, type
A) and hyaluronic acid (sodium salt from Streptococcus equi) were
modified by grafting tyramine molecules able to enzymatically react to
form in situ crosslinking hydrogels, as previously described [35].

Hydrogel mixtures of Gel-HA were obtained by mixing different
proportions of 2 % wt/vol Gel-HA tyramine solutions (100-0, 80-20,
50-50, 20-80 and 0-100 vol/vol) in F12 medium at 37 °C. Gel solution
was prepared at 37 °C for 30 min. HA solution was prepared at 4 °C for
24 h and heated to 37 °C for hydrogel preparation. Every hydrogel was
formed by mixing 80 vol% of the Gel-HA mixtures in different pro-
portions, 10 vol% of 12.5 U/mL HRP (1.25 U/mL in the final volume)
and 20 mM H30; (2 mM in the final volume). The crosslinking time of
the different hydrogels was measured by a rheometer.

2.3. Gel-HA scaffold preparation

Tyramine derivatives of Gel and HA were dissolved in Calcium Free
Krebs Ringer Buffer (CFKRB) at 2 % wt/vol. The Gel-HA 20-80 hydrogel
mixture was prepared as described above in handmade cylindrical sili-
con molds of 10 mm diameter with a solution volume of 250 pL. After 30
min of crosslinking at 37 °C, the samples were soaked in dPBS for 24 h
until equilibrium. They were then cleaned 3 times with milliQ water,
frozen with liquid nitrogen for 2 min and lyophilized to obtain the
scaffolds. The upper layer of the samples was peeled off with a scalpel to
expose the pores. The scaffolds were stored in a dry environment until
use.

2.4. Hydrogels and scaffold characterization: rheology, swelling and
morphology

A Discovery HR-2 hybrid rheometer (TA Instruments) was used to
perform the rheological experiments at 37 °C. The solvent trap geometry
avoided water loss during the measurements. Parallel plates of 20 mm
diameter with an intervening gap of 1100 pm were used for the
hydrogels. Gelation kinetics was recorded in situ by the addition of HyO2
to the mixture of polymer and HRP, previously placed in the lower plate
of the device. The experiments had three steps: a time sweep for 45 min
(strain and frequency fixed at 1 % and 1 Hz, respectively) to determine
gelation time, an amplitude sweep from 0.01 % to 20 % (frequency at 1
Hz) to fix the linear viscoelastic region and a frequency sweep to char-
acterize crosslinked hydrogels from 0.1 Hz to 10 Hz (strain at 1 %).
Rheology of Gel-HA scaffold equilibrated in culture media was per-
formed with parallel plates of 12 mm diameter. The gap between plates
was adjusted manually for each replicate, fixing an axial force of
approximately 0.1 N. The protocol consisted of the same amplitude and
frequency sweeps as for the hydrogels.

The equilibrium water content of the hydrogels was characterized by
cylindrical samples prepared in molds of 10 mm diameter with precur-
sor solutions of 250 pL. Once crosslinked, the hydrogels were immersed
in dPBS 1x at 37 °C for 24 h until equilibrium. After rinsing the
hydrogels three times with milliQ water they were weighed to obtain the
swollen mass (my,) and lyophilized to obtain the dry mass (mg). Equi-
librium water content (w) was calculated in reference to the dry mass by
Eq. (1):
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W= m,, —my (1)
mq

The volumetric swelling ratio (Qy) was calculated with the data of w
as in [35].

The swelling capacity of the scaffold was also determined by swelling
different replicates of dry scaffolds in the same conditions as the
hydrogels.

Scaffold morphology was characterized by observing cross-sections
with a field emission scanning electron microscope (FESEM) (Ultra 55,
Zeiss) at an acceleration voltage of 2 kV. Sample sections were obtained
with a blade and were sputter coated with platinum previously to the
observation. Images were treated with ImageJ software (FLJI) to obtain
the mean pore size and area of the scaffold.

2.5. Culture of HepG2 cells in Gel-HA hydrogels

HepG2 cell line was cultured in Ham’s F-12/Leibovitz L-15 medium
(1:1 v/v) (supplemented with 7 % newborn calf serum (NCS), penicillin
(50 U /mL) and streptomycin (50 pg /mL). HepG2 cells were detached
using 0.25 % trypsin/0.02 % EDTA at 37 °C.

Solutions of different ratios (100-0, 80-20, 50-50, 20-80 and 0-100
vol/vol) of Gel+HRP and HA + HRP were prepared as previously
described. Cells (200,000 cells/hydrogel) were added to each Gel-HA
mixture. Finally, 90 pL of the Gel-HA cell suspension were crosslinked
with 10 pL of Hy02 (20 mM) on each culture plate well, resulting
hydrogels of 100 pL. Viability was determined by incubating the cultures
with Hoechst 33342 (1.5 pg/mL) and PI (1.5 pg/mL) for 30 min. The
culture medium was then removed and the samples observed under a
fluorescence microscope using the appropriate filters (INCELL6000
Analyzer). Non-viable cells were recognized by their positive red fluo-
rescence (PI) in the nuclei. The acquired images were analyzed by the
INCELL Workstation module. Background correction was applied to all
the images before being quantified. Cell count was determined from the
Hoechst 33342 staining. An edge detection algorithm was used to define
the nucleus as the main object. To separate individual cells, segmenta-
tion was applied.

HepG2 cells in monolayers (2D) were always used in parallel to
determine if the 3D culture influence the performance of the cells. For
this purpose, HepG2 cells were seeded in 24-wells plates at a density of
1.6 x 10° cells/cm?.

2.6. Hepatocyte isolation and culture

Liver tissue samples were obtained in accordance with the principles
of the Declaration of Helsinki and after the approval of the hospital’s
Ethics Committee (2019/00111/PI). Informed consent was obtained
from all subjects involved in the study. PHH were isolated from cadav-
eric livers using a two-step collagenase perfusion procedure. Cellular
viability was assessed by the dye exclusion test with 0.4 % trypan blue.
PHH were cryopreserved in ice-cold Cell Banker medium as previously
described [36] at a density of 107 viable cells/mL. The cells were thawed
(after being stored in liquid nitrogen for at least 2 weeks) in the standard
medium and were centrifuged at 100 g for 3 min. Hepatocytes were
seeded and cultured as previously described in detail [37,38]. The PHH
culture medium consisted of Ham’s F-12/Williams medium (1:1) sup-
plemented with NCS (2 %), BSA (1 g/L), L-glutamine (2.5 mM), glucose
(17 mM), transferrin (25 pg/mL), ascorbic acid (0.62 mM), ethanol-
amine (66.8 pM) linoleic acid (7.7 pM), N-omega-nitro-L-arginine
methyl ester (0.64 mM), insulin (10-8 M), penicillin (50 U/mL) and
streptomycin (50 pg/mL) as previously described [39].

Following ethanol sterilization, the scaffolds were washed in sterile
deionized water and maintained in F12 medium for 24 h. The culture
medium was removed and two million viable cryopreserved/thawed
human hepatocytes were added to the scaffold. The culture medium was
added after 1 h and viability and hepatic functionality were evaluated
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after 24 h of culture.

The PHH monolayers were always used in parallel to determine
whether the 3D culture influenced the cell performance, for which the
PHH were seeded in 24-well plates at a density of 1.3 x 10° viable cells/

sz.

2.7. Assessment of hepatic functionality and drug-metabolism

The formation of urea from NHJ (ureogenic capacity) was deter-
mined in 2D or 3D cultures as previously described in detail [37]. Eight
different cytochrome P450 (CYP) activities (CYP1A2, CYP2A6, CYP2B6,
CYP2C9, CYP2C19, CYP2D6, CYP2E1l and CYP3A4) were simulta-
neously assayed by incubation with a cocktail of selective substrates for
individual P450 isoenzymes, as previously described [40,41]. UDP-
glucuronosyltransferase (UGT) activities were assayed by incubating
cultured cryopreserved/thawed hepatocytes with the corresponding
selective substrates: 15 pM p-estradiol or 250 pM naloxone for deter-
mining UGT1A1 or UGT2B7, respectively [42]. The corresponding me-
tabolites formed after incubation were evaluated by high-performance
liquid chromatography/mass spectrometry (HPLC/MS), as previously
described in detail [40-42].

The human albumin sandwich enzyme-linked-immunosorbent assay
(ELISA) quantification kit (Bethyl Laboratories, USA) was used for
measuring albumin production and secretion in the culture media, as
described by the manufacturer.

2.8. Immunofluorescence

After 24 h in culture, samples were fixed with 4 % formaldehyde for
20 min and washed 3 times with DPBS. The scaffolds were sectioned to
obtain better quality images. After fixing, the samples were immersed in
30 % sucrose-DPBS (wt/vol) overnight and then covered with OCT.
Cryosections (40 pm) were obtained using the Leica CM 1860 UV
cryostat, and then permeabilized using 0.1 % Triton x100 in PBS for 20
min at room temperature, washed with PBS and blocked with DPBS
containing 3 % BSA for 1 h at room temperature. The sections were then
incubated overnight at 4 °C with an albumin primary antibody (Cell
Signaling Technology, USA) diluted (1:100) in 1 % BSA-DPBS. The
samples were washed three times and incubated for 1 h with a secondary
antibody (anti-goat Alexa 488) (Invitrogen) (1:200) in 1 % BSA-DPBS,
the sections were washed again three times and finally incubated with
Hoechst 33342 (2 pg/mL) to detect nuclei. The sections were mounted in
Gelmount solution imaged under a confocal microscope (Leica, DMIS8).
Specificity controls, performed by omitting the primary antibody,
resulted in the abolition of immunostaining.

2.9. Acute liver failure (ALF) induction

Mice had free access to water and food and were housed in a
temperature-controlled room with a 12-h dark/light cycle at the animal
facilities of Instituto de Investigacion Sanitaria La Fe. All the experimental
procedures were approved by the Institutional Animal Ethics Committee
(Comité Etico de Bienestar Animal, Reference 2017/VSC/PEA/00069), and
followed the Spanish national and institutional regulations and EU
Directive 2010/63/EU for animal experiments. All the animal experi-
ments followed the ARRIVE guidelines. ALF was induced in male NOD/
SCID mice (4-6 weeks) with a single dose of paracetamol (300 mg /kg)
16 h prior to cell transplantation and was initially evaluated by deter-
mining transaminases levels in sera and histological staining.

2.10. Intraperitoneal transplant of Gel-HA scaffolds containing
hepatocytes in mice with ALF

The scaffolds were transplanted into the peritoneum of ALF animals
16 h after APAP injection. The animals were divided into four experi-
mental groups: Groups 1 (control: non-treated animals), 2 (sham group:
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animals with ALF and transplanted with cell-free scaffolds), 3 (trans-
planted with 2 x 10° PHH intrasplenically) and 4 (transplanted with
Gel-HA scaffolds containing 2 x 10° PHH). For studying the therapeutic
potential of the PHH-ladden scaffolds we used 2 x 10° (instead of
200,000 cells/hydrogel) because in the literature there is a wide di-
versity of cells used in LCT (ranging from 0.5 x 10° to 50 x 10° cells),
but there is a minimum for detecting a significant recovery [43]. A
sevorane/O, combination was used as anesthesia. All the mice were
carefully monitored until recovery. At 1, 3 and 7 days after trans-
plantation, the animals were sacrificed and blood and liver were
collected for additional assessment. The blood samples were used to
obtain serum after centrifuging and stored at —20 °C to determine
human albumin levels by ELISA, transaminase levels and cytokine pro-
duction. The liver samples were maintained in 4 % paraformaldehyde
for pathological and immunofluorescence analyses or cryopreserved
(—80 °C) for oxidative stress analyses.

2.11. Transaminases levels and histology

Alanine aminotransferase (ALT) and aspartate aminotransferase
(AST) activities in sera were measured as an indication of liver function
using a colorimetric kit (Sigma-Aldrich). AST and ALT activities were
expressed as nmol/min/mL (milliunit/mL). Liver samples were
embedded in paraffin and sectioned into 7 pm thick slices. The tissue
samples were dyed with hematoxylin and eosin (H&E) after
deparaffinization.

2.12. Determination of ophthalmic acid levels by mass spectrometry

Ophthalmic acid (OA) levels were determined in the liver tissue and
sera by ultra-performance liquid chromatography coupled to mass
spectrometry (UPLC-MS/MS) analysis, as previously described [44].

Briefly, frozen liver tissues (50-100 mg) were homogenized in six
volumes (m/v) of PBS including N-ethylmaleimide (NEM 50 mM) in a
Precellys 24 Dual system that contained a Cryolys cooler as previously
described [44]. A second tissue extraction was performed consecutively
using four volumes of PBS with 50 mM of NEM. Finally, both superna-
tants were joined and stored at —80 °C until analysis. For serum, 10 pL
were thawed on wet ice before sample preparation. OA levels were
analyzed using an UPLC-MS/MS. The data was processed on Waters
MassLynx 4.1 software for quantitative analysis, as previously described
[441.

2.13. Cytokine determination

Inflammation cytokines were analyzed in mouse serum samples
(stored at —80 °C) by Luminex using a custom-designed multiplex
cytokine magnetic bead panel (Merck-Millipore MHSTCMAG-70K),
following the manufacturer’s guidelines. Absolute cytokine concentra-
tions were determined by a 5-parameter logistic curve fits. The sensi-
tivity of each cytokine test was expressed in pg/mL.

2.14. Statistical analysis

The data represent triplicate measurements and are expressed as the
mean + SD. A Student’s t-test was used for statistically evaluating pairs
of groups and one-way ANOVA and post-Tukey’s multiple comparison
test to compare groups of three or more. The significance level was set at
p < 0.05 and calculated on GraphPad Prism vs. 6.1.
3. Results
3.1. Gel-HA hydrogels

Gelatin and hyaluronic acid were grafted with tyramine to be
enzymatically crosslinked with HRP and form hydrogels [35] (Fig. 1A).
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Tyramine grafting on the hydrogel precursor macromolecules was
confirmed by UV spectrophotometry by the absorbance peak at 275 nm
(Fig. S1). The tyramine degree of substitution [45] was similar in both
polymers (1.68 x 107 mol Tyr/mg for Gel and 1.64 x 10~ mol Tyr/mg
for HA). Efficient grafting was supported by the FTIR spectra (see
Fig. S2) in which the peak at 2950 cm ™! was more pronounced in the
tyramine conjugates than in the pristine samples (aromatic C—H
stretching [46,47]). Hydrogel mixtures were successfully synthesized in
F12 medium (Fig. 1B). The gelatin was whitish (due to the formation of
some physical crosslinks [48]), while the HA and mixtures were trans-
parent. The mixture transparency indicated homogenous mixing of the
two polymers [48].

The gelation times of the different hydrogels, determined from the
evolution of the shear storage moduli (G’) with the crosslinking time
(see Fig. 1B) [35], are listed in Table 1. Gel crosslinked faster (6 min)
than HA (20 min), with a significant statistical difference. The mixtures
presented intermediate gelation times that increased with HA content.
As the degree of tyramine grafting and the amount of HRP and H20,
were the same for both Gel and HA, the differences in crosslinking times
were probably due to the different viscosities of the polymeric solutions
(Fig. S3).

The rheological properties of crosslinked hydrogels as a function of
the frequency showed that the storage modulus G’ (Fig. 1D) was much
higher than the loss modulus G" (Fig. 1E), indicating hydrogel elasticity
[33]. No significant variation of the values of G* with the frequency was
found either in HA or the mixtures. A slight increase was seen in the Gel
above 2 Hz, which could be an indication of a relaxation process [49]. A
constant strain of 1 % within the linear viscoelastic region in which the
complex modulus does not change with the strain was chosen for the
measurements (Fig. S4).

Gel absorbed the lowest amount of water in equilibrium and HA the
highest (32 g and 56 g of water per g of dry polymer, respectively)
(Fig. 1F). The quantity of water in the mixtures increases with their HA
content, as was found when crosslinking with CF-KRB [35]. The network
expansion rose with HA content in the mixtures as did the volumetric
swelling ratio (Table 1). Crosslinking density (px) (mol of chains per unit
volume of polymer) was calculated as in [35], but considering that the
hydrogels were crosslinked in an aqueous medium (relaxed state [50])
(Eq. (2)):

)= ~in(1-¢,) — ¢, — 14,
. v )’

(2)

¢, and ¢,, being the volume fraction of polymer in the swollen and
relaxed states, respectively, y the Flory Huggins interaction parameter
(0.49 for Gel [51] and 0.473 for HA [52]) and v,, the molar volume of
water. Despite having different swelling capacities, all the samples had a
similar crosslinking density (Table 1), consistent with the similar degree
of Gel and HA tyramine grafting. HA’s greater ability to absorb water
than Gel is due to its higher hydrophilicity [35], expressed by the lower
value of the Flory-Huggins parameter [51,52].

The G’ values at a fixed frequency of 1 Hz (Fig. 1G-H) show that the
Gel is very soft, G = 36 Pa. However, as the content of HA in the
mixtures increased, the modulus also rose significantly for samples
80-20 and 50-50, with values of 163 Pa and 245 Pa, respectively. A
value of 375 Pa was obtained for the 20-80 sample. HA hydrogel pre-
sented the highest value (755 Pa) with significant difference among the
remaining samples. The G’ values were lower than when crosslinking in
CF-KRB [33], probably due to the lower degree of oxidation of the
phenol groups of tyramine. Since HA is the hydrogel that absorbs most
water and all hydrogels have a similar crosslinking density, HA’s greater
stiffness than that of Gel could then be attributed to the higher rigidity of
the HA chains [53] and the lower water permeability coefficient [54], as
previously found when crosslinking in CF-KRB [35].
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Fig. 1. Mechanical properties and swelling of Gel-HA hydrogels. (A) Chemical modification of gelatin and hyaluronic acid to graft tryamine molecules in the
presence of EDC and NHS and subsequent hydrogel crosslinking mechanism by phenol oxidation with H,O catalyzed by the enzyme HRP. (B) Macroscopic image of
Gel-HA hydrogels after crosslinking in molds. (C) Evolution of the shear storage modulus during the crosslinking in the rheometer at 1 Hz and 1 % strain (n = 3). (D)
Storage (G’) and (E) loss (G") modulus at 1 % strain as a function of the frequency of the crosslinked Gel-HA hydrogels. (F) Equilibrium water content (w) of Gel-HA
hydrogels after 24 h in dPBS. (G) Storage (G’) and (H) loss (G") modulus at 1 Hz and 1 % strain of the crosslinked Gel-HA hydrogels. *At least p < 0.01 (compared to
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Gel); #p < 0.001 (compared to 80-20); &p < 0.01 (compared to 50-50); *p < 0.001 (compared to 20-80); (n = 3; ANOVA followed by Tukey’s multiple compar-

isons test).
<

Table 1
Main properties of Gel-HA hydrogels.

Gel-HA Gelation time (min) Swelling Ratio Crosslinking density (mol/m®)
100-0 6+1 48 +1 22+2
80-20 9+1 56 +£2 20+ 1
50-50 13 + 4~ 64 + 6 21 +£3
20-80 16 £+ 3%7 65 =+ 3* 23+3
0-100 20 £ 1%7¢ 70 + 3%7 22+2

“ At least p < 0.01 (compared to Gel).

# p < 0.001 (compared to 80-20).

& p <0.01 (compared to 50-50); (n = 3; ANOVA followed by Tukey’s multiple
comparisons test).

3.2. Optimization of the composition of Gel-HA hydrogels

To determine the optimal Gel-HA composition for hepatic cell cul-
ture, HepG2 cells were encapsulated in the different hydrogel compo-
sitions. Despite the long crosslinking times of the HA-rich compositions,
the high viscosity of the solutions prevented the cell suspension sinking
below the hydrogel, with a homogeneous distribution of cells within the
entire hydrogel volume (Fig. S6). The F12 medium allowed proper
crosslinking compatible with HepG2 cell culture. No significant differ-
ences were found in viability (Fig. 2A-B), although increased ureogenic
capability, a specific hepatic function, was detected in the HA-rich
hydrogels (Fig. 2C), indicating an advantage for hepatic cell culture.
Comparable results were observed in albumin synthesis and secretion
into the culture media of HepG2 cells encapsulated in hydrogels with
different Gel-HA compositions (Fig. 2D). These results are in agreement
with other researchers that have shown increased functionality of he-
patic cells cultured in HA [55,56]. These results, together with the
analyzed mechanical properties, led us to select the 20-80 Gel-HA
composition as the optimal for hepatic cell culture due to its storage
modulus G’ of 375 Pa being very close to the range of the human liver
(400 to 600 Pa [57,58]).

3.3. Gel-HA scaffolds increase the functionality of primary human
hepatocytes in vitro

Scaffolds were obtained by lyophilizing Gel-HA 20-80 hydrogels.
Fig. S5A shows the evolution of the shear storage modulus with fre-
quency and compared with the hydrogel of the same composition
(20-80). At 1 Hz G’ of the scaffold (752 Pa) is higher than that of the
hydrogel (375 Pa) though still close to the upper range of the modulus of
human liver [57,58]. The scaffold’s equilibrium water content was
significantly lower than that of the hydrogel (Fig. S5B), probably due to
the more efficient crosslinking in CF-KRB, which also explains the
enhanced mechanical properties.

The scaffold morphology (Fig. 3A) consisted of an interconnected
honeycomb-like porous structure typical of hydrogels made of natural
origin polymers [59], with mean pore sizes of 102 + 36 pm and mean
pore area of 5211 + 3910 pm? The high dispersion of the area results
are due to the non-homogeneous pore shapes (see Fig. 3A).

For clinical applications, PHH should maintain key hepatic functions
such as detoxification capacity or ureogenesis. PHH were cultured in
Gel-HA 20-80 scaffolds and cell viability and functionality were
assessed and compared to monolayer cultures after 24 h of culture, at
which time they would be transplanted into the host after proper sta-
bilization [12,60]. The viability of cryopreserved/thawed PHH used for
3D culture was higher than 80 %. 24 h after seeding PHH in Gel-HA
scaffolds the viability was maintained (78 %). Immunofluorescence of
scaffold sections revealed that PHH express key hepatic markers such as
albumin and that they maintained cell-cell interactions homogeneously
distributed throughout the scaffolds (Fig. 3B). It can be seen that the
non-homogeneous shape of the scaffold pores that gave rise to an area of
highly dispersed pores do not negatively influence cell distribution.

Ureogenesis, albumin secretion and phase I and II activities were
evaluated to determine whether cultivating PHH in Gel-HA scaffolds
maintained specific hepatic functions. The functional activities of
CYP1A2, CYP2A6, CYP2B6, CYP2C9, CYP2C19, CYP2D6, CYP2E1 and

Fig. 2. In vitro assessment of Gel-HA

¢ hydrogels with HepG2 cells. (A) Repre-
. 49 sentative images of live-dead assays of
E HepG2 cells in Gel-HA hydrogels after
Z %7 ki &aW 24 h of culture. Scale bar = 100 pm.
% hEe Nuclei were detected by Hoechst 33342
Q 2+ (blue) staining in all the images. Dead
\gi cells were identified by propidium io-
= dide staining (orange). (B) Quantifica-
5 tion of cell viability after 24 h of
culture. (C) Ureogenic capability of
S > O ) N e HepG2 encapsulated in Gel-HA. (D) Al-
C}'b*e‘ 2 %0:1' Qb P ® bumin synthesis in different culture
\\00 conditions. *At least p < 0.01
B D (compared to monolayer); #p < 0.001
— ~ 40— (compared to Gel); &p < 0.01
s * (compared to 80-20); p < 0.001
. é 30 (compared to 50-50); ¥p < 0.001
& 100 - % N (compared to 20-80); (n = 6; ANOVA
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Z % 20 _ sons test).
> o]
£
o 2 o E——
& PP PP 0\,,,&‘ S HF
) v &
N\ N



J. Rodriguez-Fernandez et al.

Hoechst 33342

Biomaterials Advances 153 (2023) 213576

Fig. 3. In vitro culture of PHH in Gel-HA
scaffolds. (A) FESEM representative images
of Gel-HA scaffolds. (B) Immunofluorescence
of human albumin in scaffold sections. Nuclei
were identified by staining with Hoechst
33342. (C) CYP activities levels in PHH
cultured in Gel-HA scaffolds (SC) and
compared to PHH cultured on monolayers
(2D). (D) Comparative functionality (UGT1A1
and UGT2B7 activity levels, synthesis and
secretion of albumin, ureogenic capacity) of
PHH cultured in 2D or SC after 1 day in cul-
ture. *At least p < 0.05 (Student’s t-test
compared to 2D cultures). Scale bar (100 pm)
applies to all the images.
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CYP3A4 were higher in PHH-scaffolds than 2D cultures (Fig. 3C). Higher
activity levels of the PHH cultured in scaffolds were detected for
CYP2A6, CYP2B6 and CYP2D6. When phase II drug metabolizing en-
zymes (UGT1A1, UGT2B7) activities were analyzed we only detected
enzymatic activities in hepatocytes cultured in scaffolds, which confirms
the advantage of using a 3D culture over instead of monolayers for

culturing PHH (Fig. 3D).

The PHH-scaffolds also showed a significantly higher ureogenic
capability than the monolayer cultures. Human albumin secreted into
the media showed a significant increase in PHH cultured within scaf-
folds than in those cultured in 2D (Fig. 3D).
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3.4. Transplantation of Gel-HA scaffolds seeded with PHH rescues mice
with acetaminophen-induced liver failure

An ALF animal model was used to assess the effects of PHH-laden
scaffolds in vivo. A single dose of acetaminophen (APAP) at 300 mg/
kg was lethal in 56 % of the treated mice 1 week after damage induction,
whereas all the transplanted animals (with cells administered intra-
splenically or scaffolds containing cells) survived, indicating a survival
benefit for the animals that had a liver cell transplant (Fig. 4A). The
histopathological analysis of liver tissue of the different animal groups
revealed significant differences among them: those in the APAP group
showed massive hepatic centrilobular necrosis, necroinflammation and
degeneration, while the livers of those in the APAP4+C and APAP+SC
groups had a reduction of the necrotic areas and no signs of necroin-
flammation (Fig. 4B).

Increased AST and ALT levels indicated hepatocyte damage after
APAP injection. The transplanted animals had a reduction in trans-
aminases levels. It should be noted that this reduction was significantly
higher in animals treated with scaffolds containing PHH (APAP+SC)
than in those that received PHH (APAP+C) only intrasplenically after 1
and 3 days (Fig. 4C).

Human albumin was detected in the sera of the transplanted mice,
indicating the transplantion success (Fig. 4D). The human albumin
levels were higher in animals transplanted with PHH-scaffolds
(APAP+SC) than in those that received cells only (APAP+C). These al-
bumin levels were maintained for up to 30 days after transplant (data
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not shown). As expected, non-measurable human albumin was found in
non-transplanted animals (control and sham group).

3.5. Transplantation of Gel-HA scaffolds with PHH results in a reduction
of liver oxidative stress and reduced inflammatory response induced by
acetaminophen

GSH depletion and oxidative stress induction have been defined as
key mechanisms involved in APAP-induced toxicity. Moreover,
increased glutathione analogue ophthalmic acid (OA) has been
described after APAP administration [61]. The differential metab-
olomics study revealed significantly higher OA levels in the livers of
APAP-treated mice than in the control animals, while significantly
reduced levels were identified in transplanted animals (Fig. 5A), with
the animals transplanted with PHH-scaffolds (APAP+SC) showing the
lowest OA levels. To look for a possible non-invasive biomarker of the
success of liver cell transplantation, the levels of OA were analyzed in
the sera of the different experimental groups. Increased OA levels were
found in the serum of animals with APAP-ALF, while they were reduced
in the animals that had ALF and a PHH transplant (Fig. 5B). Interest-
ingly, the reduction was significantly higher in the animals transplanted
with scaffolds (APAP+SC) than in those that were intrasplenically
transplanted with PHH (APAP+C), which agrees with the reduction of
key hepatic markers such as transaminases levels. These results indicate
that OA levels could be a potential indicator of the therapeutic effec-
tiveness of cell therapy.
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Fig. 4. In vivo effects of primary human hepatocytes after intrasplenic transplantation or intraperitoneal administration of Gel-HA scaffolds in SCID mice with acute
liver failure (ALF). (A) Survival of transplanted animals compared to sham mice. (B) Histological analysis of liver tissue in treated animals. (C) Transaminases levels
(ALT and AST) in mice after ALF or mice transplanted with cells (C) or scaffolds (SC) containing PHH 1 or 3 days after transplantation. *At least p < 0.05 (compared
to control animals); #p < 0.01 (compared to APAP treated animals); ¥p < 0.01 (compared to APAP treated animals transplanted with PHH intrasplenically
(APAP+C)) (ANOVA followed by Tukey’s multiple comparisons test). (D) Human albumin levels in the serum of transplanted animals. &At least p <0.001 (compared

to APAP-treated animals transplanted with PHH intrasplenically; Student’s t-test).
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Fig. 5. Transplantation of scaffolds containing PHH reduces ophthalmic acid
levels after ALF. (A) Ophthalmic acid (OA) levels in the liver of APAP mice
receiving PHH intrasplenically (APAP+C) or transplanted intraperitoneally
scaffolds with PHH (APAP+SC) 24 h after treatment. (B) OA levels in the serum
of the different experimental groups. *At least p < 0.05 (compared to control
animals); #p < 0.01 (compared to APAP treated animals); &p < 0.01 (compared
to APAP treated animals transplanted with PHH intrasplenically (APAP+C))
(ANOVA followed by Tukey’s multiple comparisons test).

Augmented levels of pro-inflammatory cytokines have been
described after an APAP overdose [62]. The levels of CXCL1, IL-6, TNF-a
and IFN-y were analyzed in the serum of the transplanted animals.
Increased cytokine levels were noted in animals after APAP adminis-
tration, while there was a reduction of these levels after PHH trans-
plantation (Fig. 6). The levels of CXCL1 were significantly lower in
animals transplanted with PHH-scaffolds (APAP+SC) than in those
transplanted with PHH (APAP+C). This reduction in the PHH-scaffold
animals was also identified for IL-6 and TNF-a compared to the APAP
animals, although this reduction was not significantly different to that in
the PHH-mice. Finally, increased IFN-y levels were found in APAP-
treated animals but there were no significant changes in the trans-
planted animals.

4. Discussion

Liver transplant is currently the only effective treatment for end-
stage liver diseases, although it is limited by the scarcity of liver tis-
sue, which has led to a search for alternative therapeutic approaches
such as cell transplants. Engraftment inefficiency poses an important
challenge for the clinical outcome of liver cell therapy and limits its
more extensive use. The main objective of this study was to study the
advantages of transplanting banked human hepatocytes seeded in Gel-
HA scaffolds over intrasplenically transplanted PHH in APAP-
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overdosed mice, an animal model of ALF, to correct hepatic disease.
We found a significantly more efficient ALF correction when PHH are
transplanted in Gel-HA scaffolds, providing essential mechanistic
information.

Rheological measurements of bulk human liver show that the storage
modulus of the tissue ranges from 400 to 600 Pa [57,58], the range of
matrix rigidities in which hepatocytes should exhibit optimal liver-
specific functionalities. Previous studies in HA hydrogels containing
liver ECM found higher levels of hepatocyte gene expression and higher
levels of albumin secretion in hydrogels with shear moduli of 600 Pa and
1200 Pa, which declined significantly in stiffer substrates of 4600 Pa
[55]. In our case, the Gel-HA 20-80 mixture had a G’ value of 375 Pa,
which is close to 400 Pa and was chosen as the optimal for hepatic cell
culture and scaffold preparation. The advantage over pure HA, whose
modulus is also close to the range of the natural tissue, is that combined
compositions contain Gel molecules that are bioactive and provide cell
adhesion [63].

Porosity and pore size have a considerable effect on cell regeneration
and functionality. Previous reports have suggested a pore size of 50-200
pm for the culture of hepatocytes [64-66]. For freeze-dried scaffolds,
optimal pore size for hepatocyte culture was higher than 100 pm [67].
The same order of magnitude, 82 pm, was also optimal for rat hepato-
cytes cultured on collagen scaffolds [66]. Our results show that the
scaffold is composed of interconnected honeycomb shaped pores of 102
pm mean size, which seems suitable for hepatocyte culture. Since our
scaffold’s mechanical shear modulus is close to the upper range of the
native liver (752 Pa), the proper cell stimulation can be expected.

Our results agree with those that have previously showed that he-
patocytes cultured in 3D constructs have better functionality than cells
cultured on monolayer [11,15]. HepG2 cells were used to select the most
suitable composition. Encapsulation of hepatic cells in Gel-HA hydrogels
enhanced their functionality and optimal viability for all the composi-
tions, although HA-richer compositions with mechanical properties
within the range of human liver seemed to increase the ureogenic ca-
pacity. By modulating the composition of the hydrogels, the nature of
the interaction of cells with the hydrogel is also modified, which can also
influence cell functionality. HepG2 cells interaction with collagen, from
which Gel derives, is mediated by the azf; integrin [68], while in HA the
interaction occurs through the cell-surface glycoprotein receptor CD44
[69,70].

Hepatocytes are the major cell type in the adult liver and play crucial
functions, including plasma protein secretion, ureogenesis or detoxifi-
cation [71]. Most studies use the measurement of urea and albumin as
markers of functionally efficient transplanted cells, although there is no
standardization of the acceptable concentrations for function [30],
while complete, and exhaustive characterization of cellular products is
mandatory before their clinical application. In this paper, the results
indicate that although no significant differences in viability between 2D
and 3D cultures were found, a complete characterization of the cellular
systems revealed important additional improvements in culturing he-
patic cells in Gel-HA hydrogels or scaffolds. Urea formation is an
essential and specific hepatic function for the removal of the ammonia
generated from protein catabolism and it has also been found to be a
suitable indicator of mitochondria preservation [38]. On the other hand,
detoxification, one of the liver’s major functions, involves both waste
removal and xenobiotic biotransformation and is of special interest for
the clinical application of hepatocyte transplantation for patients
receiving broad medication. The improved ureogenic capacity, albumin
production and metabolic performance of the cells (Fig. 3) is thus very
likely to confer an advantage to scaffolds in vivo. Although a difference
was found in the mechanical properties of the hydrogel and the scaffold,
it did not have a negative impact on cell behavior, as both HepG2 and
PHH had better hepatic functionality than the monolayer cultures.

An acetaminophen overdose is a common cause of acute liver injury
and supplies a model compound for preclinical studies, since the mo-
lecular mechanisms involved in APAP-induced toxicity have been
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Fig. 6. Transplantation of PHH-scaffolds reduces proinflammatory cytokines after ALF. Serum concentrations of proinflammatory cytokines (CXCL1, IL-6, IFN-y and
TNF-a) were determined by Luminex in the different animal groups 24 h after transplantation. *At least p < 0.05 (compared to control animals); # p < 0.01
(compared to APAP treated animals); & p < 0.01 (compared to APAP treated animals transplanted with PHH intrasplenically (APAP+C)) (ANOVA followed by

Tukey’s multiple comparisons test).

described in detail [72]. N-acetylcysteine is an effective treatment
although if administered >10 h after ingestion and patients may develop
ALF. Although organ transplant is the only effective ALF treatment, liver
cell therapy could offer enough time to regenerate the patient’s liver by
recovering some essential liver functions. In our system, administering
APAP produced ALF, characterized by a reduced survival and higher
levels of ALT, AST and proinflammatory cytokines. While administering
PHH reduced transaminases levels, PHH-laden scaffolds gave better
results, probably the cells better conserving functionality, which was
retained in the host liver. These results agree with those found in rats
with ALF induced by galactosamine, in which transplanting hepatocytes
encapsulated in alginate microbeads reduced the severity of the damage
[19], although our system has the advantage of using biodegradable
materials present in the liver ECM. Gel enables cell adhesion and HA
provides stiffness and hydration. Le Guilcher et al. recently described
pullulan-dextran hydrogels seeded with the HepaRG cell line for treating
mice with APAP-induced ALF and found a that transplanted animals had
a survival advantage over non-transplanted [73]. However, treatment
with a cell line from a tumorigenic background would be difficult to
transfer to a clinical setting. Also, although pullulan and dextran are
biocompatible and biodegradable, liver ECM components such as
collagen or HA would also help to improve different hepatic functions.
On the other hand, ALF induction by APAP increased the levels of pro-
inflammatory cytokines, as has been described for other types of ALF
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such as that induced by CCl4 administration [74], so that monitoring
cytokine levels could also be an optimal approach for assessing cell
transplantation’s effectiveness, since they were significantly reduced
after transplanting PHH-laden scaffolds.

Acute liver failure is defined as hepatocellular necrosis and inflam-
mation leading to liver failure. In the animal model studied, we showed
that an APAP overdose that produced necrosis in the liver tissue could be
reduced by cell therapy. APAP hepatotoxicity is known to be initiated by
the formation of the N-acetyl-p-benzoquinone imine reactive metabo-
lite, which reduces cellular glutathione (GSH) and produces protein
adducts that finally induce oxidative stress and mitochondrial injury
[75]. OA is a GSH analog in which the SH group of the cysteine is
replaced by 2-aminobutyrate. Significant differences in the levels of OA
were found after APAP administration, which agrees with previous ob-
servations in both animal models and humans after an overdose of
paracetamol [61,76]. Interestingly, there was a statistically significant
reduction in these levels in tissue and serum after a PHH transplant,
suggesting that OA could also be a valuable biomarker of liver cell
transplant the effectiveness of in ALF, since OA levels have also been
associated with the clinical outcome of ALF.

The advantages of the scaffold method over intrasplenic adminis-
tration have also been attributed to the different PHH delivery effec-
tiveness of the intrasplenic and scaffold transplant system, since a higher
percentage of cells (>70 %) are rapidly removed by phagocytes and
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macrophages in intrasplenic infusion, [29,77]. In classical cell trans-
plants the cells need to be transplanted into the spleen or liver paren-
chyma of animals or in the portal venous systems in humans, which is a
high-risk method. PHH-laden scaffolds offer a safe method for
enhancing the retention and function of PHH, as confirmed by
biochemical and histological analysis, indicating that Gel-HA scaffolds
could significantly improve the therapeutic effect of PHH on ALF by
enhancing delivery and retention and extending the long-lasting effects.
Delivered Gel-HA scaffolds also reduced the APAP-induced inflamma-
tory response and oxidative stress better than the traditional intrasplenic
administration of PHH. A proof of concept using bigger scaffolds should
be previously carried out before transferring the technology to humans.
Instead of using large scaffolds that could compromise cell oxygenation,
microsphere-embedded cells could be implanted in a similar way, as
reported by Dhawan [18]. Microsphere manufacture could be scaled up
by using microfluidic systems [78] or by emulsion crosslinking [79],
both have been previously applied in enzymatic hydrogels.

The shortage of available organs to isolate cells with enough quality
and the low PHH engraftment after transplanting into the host liver
limits the wider application of hepatocyte transplants. Our scaffold-
based strategy allows retention of the cells and improved hepatic func-
tions, although PHH availability would still be a limitation [9,80]. Other
cell sources such as pluripotent stem cells differentiated into hepatic
phenotypes could also be used as autologous therapies that would avoid
immune rejection or could also be used to form biobanks of instantly
available hepatocyte-like cells for the emergency treatment of different
types of liver disease [9,81]. In this case, the Gel-HA would also enhance
the functionality and performance of the differentiated cells, as has been
previously shown with other 3D culture systems [11]. Overall, our re-
sults open up the possibility of testing other cell types, such as differ-
entiated stem cells cultured in Gel-HA scaffolds, as alternative cell
sources.

It should also be remembered that infiltrating monocytes and other
liver cell types such as Kupffer cells plays a crucial role in liver ho-
meostasis and immunity and contribute to liver pathology [82]. In this
regard, as alternatively activated macrophages have been shown to
reduce liver injury and inflammation in APAP-treated mice [72], using
other cell types in scaffolds for liver disease should also be considered.
Since no cell type includes all the requirements for effective regenera-
tion, different authors have opted to explore the co-culture of different
cell types. For instance, endothelial cells have been shown to induce not
only vascularization but to stimulate liver organogenesis and regener-
ation [83,84]. Novel multi-cell type strategies would help to expand the
application of liver cell therapy.

5. Conclusions

This paper describes a feasible PHH transplant technology based on
the use of Gel-HA scaffolds to improve hepatic functions in an ALF
mouse model as compared to traditional delivery methods such as
intrasplenic injection. Biodegradable materials such as Gel and HA in
clinical practice would offer an advantage over other strategies such as
alginate microbeads [18,19]. Gel-HA scaffolds were prepared success-
fully to improve the functionality of human hepatocytes and also
increased the efficacy of liver cell therapy in vivo. Mechanistically, PHH-
scaffolds attenuate hepatocyte necrosis by reducing oxidative stress and
the production of cytokines in mouse liver failure, thus increasing the
survival rate. Both the pro-inflammatory cytokines and OA serum levels
could be used as non-invasive biomarkers of the effectiveness of liver
cell transplants in ALF treatment. The developed strategy would not only
be a powerful tool in tissue engineering and regenerative medicine but
could also be used for other applications such as disease modeling and
drug screening, since the culture in Gel-HA enhances the performance of
the hepatic cells.
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Abbreviations

3D three-dimensional

ALF acute liver failure

ALT alanine aminotransferase
APAP acetaminophen

AST aspartate aminotransferase
CYP cytochrome P450

ECM extracellular matrix

ELISA  enzyme-linked-immunosorbent assay
Gel gelatin

HA hyaluronic acid

HPLC/MS high-performance liquid chromatography/mass
spectrometry

NEM N-ethylmaleimide

OA ophthalmic acid

PHH primary human hepatocytes
PI propidium iodide

UGT UDP-glucuronosyltransferase
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