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Abstract

Background and Aims Bioartificial livers (BALs) have attracted much attention as potential supportive therapies for liver
diseases. A serum-free microcarrier culture strategy for the in vitro high-density expansion of human-induced hepatocyte-
like cells (hiHeps) suitable for BALs was studied in this article.

Methods hiHeps were transdifferentiated from human fibroblasts by the lentiviral overexpression of FOXA3, HNFIA, and
HNF4A. Cells were cultured on microcarriers, their proliferation was evaluated by cell count and CCK-8 assays, and their
function was evaluated by detecting liver function parameters in the supernatant, including urea secretion, albumin synthe-
sis, and lactate dehydrogenase levels. The expressions of hepatocyte function-associated genes of hiHeps were measured
by qRT-PCR in 2D and 3D conditions. The expression of related proteins during fibronectin promotes cell adhesion, and
proliferation on microcarrier was detected by western blotting.

Results During microcarrier culture, the optimal culture conditions during the adherence period were the use of half-volume
high-density inoculation, Cytodex 3 at a concentration of 3 mg/mL, a cell seeding density of 2.0x 10° cells/mL, and a stirring
speed of 45 rpm. The final cell density in self-developed, chemically defined serum-free medium (SFM) reached 2.53 x 10°
cells/mL, and the maximum increase in expansion was 12.61-fold. In addition, we found that fibronectin (FN) can promote
hiHep attachment and proliferation on Cytodex 3 microcarriers and that this pro-proliferative effect was mediated by the
integrin-p1/FAK/ERK/CyclinD1 signaling pathway. Finally, the growth and function of hiHeps on Cytodex 3 in SFM were
close to those of hiHeps on Cytodex 3 in hepatocyte maintenance medium (HMM), and cells maintained their morphology
and function after harvest on microcarriers.

Conclusions Serum-free microcarrier culture has important implications for the expansion of a sufficient number of hiHeps
prior to the clinical application of BALs.
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Introduction to a severe shortage of available donor organs, bioartificial
livers (BALSs) have attracted much attention and serve as

The liver, the largest and most substantial organ in the body,  potential supportive therapies for the treatment of patients

has a very complex structure and carries out important
physiological functions [1]. Currently, various liver diseases
caused by liver injury are increasingly threatening human
health and survival [2—4]. Over recent decades, orthotopic
liver transplantation (OLT) has been the most effective way
to treat various end-stage liver diseases [5]. However, due
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awaiting tissue regeneration [6, 7].

BALs system is composed of hepatocytes, bioreactors,
and extracorporeal circulation devices that play an essen-
tial role in detoxification. The core of the BAL system is
functional hepatocytes cultured in vitro at a high density
with high activity [8]. At present, primary human hepato-
cytes, cryopreserved porcine hepatocytes, and an immortal-
ized human hepatocyte line are the most frequently used
hepatocytes in the BAL system. However, the poor pro-
liferative capacity of human primary hepatocytes in vitro,
risk of infectious zoonotic diseases from porcine hepato-
cytes, and limited liver function of the immortalized human
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hepatocyte line limit their widespread application in BALs
[9, 10]. Some recent studies have established human-induced
hepatocyte-like cells through transdifferentiation technology,
which is expected to solve the problems with hepatocyte
sources in BALs [11].

Human-induced hepatocyte-like cells (hiHeps) are trans-
differentiated from human skin fibroblasts by the lentiviral
expression of FOXA3, HNF1A, and HNF4A with SV40
large T. The resultant hiHeps share numerous functions,
such as biliary drug clearance, cytochrome P450 enzymatic
activity, and the synthesis of urea and albumin, with mature
hepatocytes [12]. In addition, hiHeps display a typical epi-
thelial phenotype and are capable of expansion in vitro,
thereby serving as an important cell source for BAL treat-
ment [12]. Typically, at least 10'° functional hepatocytes
are required for BAL-based ALF clinical treatment, and the
expansion of these cells must be performed in serum-free
medium (SFM) in vitro prior to their clinical application
[13, 14]. In a previous two-dimensional (2D) plate culture
process, we achieved hiHep proliferation and the stable
expression of specific genes during the long-term passage
of hiHeps in a self-developed, chemically defined SFM [15].
Although it is theoretically possible to generate 10'° func-
tional hiHeps in vitro in SFM, this method not only does
not utilize space effectively but also has a high cost, and it
would be difficult to obtain enough hiHeps for BALs in a
short time. Therefore, it has become necessary to consider
alternative systems that allow a larger specific surface area
and exhibit higher productivity, and microcarriers have been
used to culture and expand adherent cells.

The microcarrier culture technique is a common high-
density cell culture procedure with advantages including a
large specific surface area, the use of microcarrier stirred-
suspension culture, and easy scale-up [16]. Over the past
few decades, a variety of commercial and experimental
microcarriers have emerged and been used. For example,
the Arifin group achieved a maximum Vero cell concen-
tration of approximately 7.95 x 10° cells/mL with the use
of Cytodex 1 [17]. Fernandes et al. reported the culture
of mouse embryonic stem cells (ESCs) with either Cyto-
dex 3 or CultiSpher-S microcarriers; after 8d, the maximal
cell densities achieved were (1.9 +0.1) x 10° cells/mL and
(2.6 +0.7) x 10° cells/mL, respectively, in serum-containing
medium [18]. Cytodex 3, which is gelatin coated, is one of
the most commonly used commercial microcarriers for the
in vitro culture of hepatocytes and promotes their adhesion
[19]. In addition, there have also been studies on the culture
of hepatocytes on Cytopore 2 and CultiSpher-S [20, 21]. At
present, there have been many studies on the large-scale cul-
ture of cells on microcarriers; however, previous hepatocyte
microcarrier spinner cultures were mostly grown in serum-
containing media, but there are many limitations to the clini-
cal application of fetal bovine serum (FBS), and the culture
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of human hepatocytes, especially transdifferentiated cells,
on microcarriers remains poorly reported [22].

In this study, to utilize microcarrier culture to achieve the
high-density, large-scale expansion of preclinical transdif-
ferentiated hiHeps in a self-developed, chemically defined
SFM, we explored the types of microcarriers suitable for
hiHeps and the basic culture conditions of microcarrier
concentration, inoculation pattern, cell seeding density, and
stirring speed in a spinner flask system. Furthermore, we
investigated the effect of adding exogenous fibronectin (FN),
an adhesion protein, on the attachment and proliferation of
hiHeps on microcarriers and explored the signaling pathway
involved. These studies provide a feasible methodology and
design for hepatocyte serum-free microcarrier culture, which
is important to expand a sufficient number of hiHeps for
BAL treatment over a short time.

Materials and Methods
hiHeps Culture and Expansion in Static Conditions

hiHeps were obtained from the Shanghai Institutes for Bio-
logical Sciences of the Chinese Academy of Sciences. Upon
thawing, cells were expanded in collagen coated plates, and
passages 3—5 (P3—P5) of hiHeps were used for experiments.
Adbherent cells were cultured in a self-developed, chemically
defined SFM, which consisted of DMEM/F12 (Gibco, USA)
basal culture medium supplemented with 10 ng/mL TGF-a
(PeproTech, USA), 40 ng/mL EGF (PeproTech), 10 pM DEX
(Sigma-Aldrich, USA), 1.0 mg/L insulin (Sigma-Aldrich),
0.1 mg/L vitamin A acetate and 1.0 mg/L vitamin E acetate
(Solarbio), which had previously been demonstrated to suc-
cessfully support hiHep proliferation and function [15, 23].
Incubation at 37 °C in a humidified atmosphere contains
5% CO,.

hiHep Culture in a Stirred Spinner Flask

hiHep expansion was performed in 125-mL stirred spinner
flask systems (Corning, NY, USA) with a magnetic, horizon-
tal stirrer bar, and a vertical paddle (diam. D =44 mm) was
siliconized with silane. The working volume is 100 mL, and
the spinner flasks were placed inside an incubator at 5% CO,
in air and 37 °C. Semi-continuous intermittent stirring for
the first 8 h (25 min off, 5 min on, 30 rpm) was controlled
by Cellroll Cellspin control unit INTEGRA Biosciences
AG, Switzerland). Three commercially available microcar-
riers: Cytodex 3 (GE Healthcare, Japan), Cytopore 2 (GE
Healthcare, Japan), and CultiSpher-S (Sigma-Aldrich) were
preconditioned in 50 mL. SFM overnight before adding to the
spinner flasks, and a 50% medium exchange was performed
every 3 days in the first 6 days, then exchange every 2 days.
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Attachment and Growth of hiHeps

To draw attachment and growth curves, 3 X 1 mL of evenly
mixed microcarrier suspensions was collected and treated
with a low-permeability crystal violet solution overnight.
The cells were counted on a hemocytometer under an
inverted microscope. The expansion and growth of hiHeps
were calculated using the following equations:

Pmax Pmax

AEFmax =
0 P12n

EFmax =
_ In(e,(1)/c,(0)
H= At

where EF,,, is the maximum increase in expansion, AEF
is the actual maximum increase in expansion, p; is the cell
seeding density, and p,,,, and p,,, are the maximum cell
density and the cell density at 12 h, respectively. yu is the
specific growth rate (day™!), C.(t) and C,(0) are the cell
numbers at the end and start of the exponential, respectively,
and ¢ is time (d).

max

Cell Viability

Cell viability was qualitative characterized with a live/dead
assay. The collected cell-laden microcarriers were incubated
with 5 pg/mL fluorogenic ester Calcein-AM (CAM) and
2 pg/mL propidium iodide (PI) (Sigma). Then, the microcar-
riers were viewed with an inverted fluorescence microscope
(Nikon Eclipse Ti-S, Japan). Cell viability was quantitative
characterized with a cell counting kit-8 (CCK-8, DOJINDO,
Japan) according to the manufacturer’ s instructions.

Albumin and Urea Analyses

During cell culture, the culture supernatant was collected
every 2 days. The urea concentration in the supernatant
was measured using a BUN kit (Nanjing Jiancheng Bio-
engineering Institute, China), and albumin secreted by
hiHeps was measured with a human albumin enzyme-
linked immunosorbent assay (ELISA) kit (Bethyl, USA)
according to the manufacturer’s instructions.

Measurement of LDH Release
The lactate dehydrogenase (LDH) levels in the supernatant

were determined with a LDH assay kit-WST (Dojindo,
Japan) according to the manufacturer’s instructions.

Selection of Stirring Speed Range

Stirring can improve the suspension of microcarriers, accel-
erate fluid mixing, and provide a uniform culture environ-
ment. However, excessive stirring may cause cell damage
and poor cell growth.

Minimum Stirring Speed

The stirring speed at which the microcarriers usually leave
the bottom of the reactor, with a residence time not more
than 1-2 s, is called the minimum stirring speed, st [24].
The Zwietering formula is usually used to calculate N  as
follows [25]:

v SV (g8p/p)" " d0? (p,0,)""

P8 (p(1- ) +py0,)" "

where S is a constant related to the type of stirring paddle,
v is the kinetic viscosity, g is the acceleration due to grav-
ity, p is the density, d is the diameter, and ¢, is the volume
percentage of the microcarriers (Table 1).

Maximum Stirring Speed

During the suspension culture of microcarriers, cell damage
mainly comes from turbulent eddies. The Kolmogorov tur-
bulence theory is usually used to explain cell damage caused
by a fluid [26]. The eddy size () and fluid shear stress (z,)
were calculated as follows:

)3 1/4
”:<?> rs = plen)'

where ¢ is the energy dissipation rate, V is the culture vol-
ume, and N, is the power number (Table 2).

_ NpN>d?
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£

Detection of Glycogen and Lipids

Glycogen staining was performed with a Periodic Acid-
Schiff kit (Sigma), and lipid staining was performed with an
Oil Red O staining kit (Solarbio, G1262, China) according
to the manufacturers’ instructions.

Table 1 Minimum stirring

. 1 . Cytodex 3 concen- N (rpm)
speed at dlfferent microcarrier ration (mg/mL) ¥
concentrations

3 29.50
4 30.28
5 30.96
6 31.62
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Te? Tublrs s ) gm0
30 260.32  0.0065
45 225.57 0.0148
60 195.02  0.0239
75 168.64  0.0339

Uptake of Low-Density Lipoprotein (LDL)

hiHeps were incubated with 30 pg/mL Dil-ac-LDL (AngY-
uBio, China) for 5 h. Afterward, DAPI (1:100, Invitrogen,
USA) was added to the cultures, which were incubated for
1 h. Images were taken with a fluorescence microscope.

Scanning Electron Microscopy (SEM)

The morphologies of cells on microcarriers were viewed by
SEM (Hitachi S3400 N, Hitachi, Japan). Briefly, samples
were fixed with 2.5% glutaraldehyde for 1 h and then dehy-
drated in a series of ethanol solutions (50%, 75%, 90%, 95%,
and 100%). Afterward, the resultant samples were dried and
sputter coated with gold, followed by SEM observation at a
working voltage of 15 kV.

Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR)

Total RNA was extracted from hiHeps with TRIzol rea-

Western Blotting

hiHeps were lysed using RIPA buffer (Beyotime, China) con-
taining 10 mM phenylmethylsulfonyl fluoride (Beyotime).
Protein concentrations were determined using a BCA protein
assay kit (Beyotime). Protein electrophoresis was performed
with 10% SDS-PAGE gels, and proteins were transferred to
PVDF membranes (Millipore) at 100 V for 100 min using a
blotting apparatus. Membranes were blocked with 5% (w/v)
nonfat dry milk in TBST buffer (20 mM Tris-HCI, pH 7.4,
150 mM NaCl, 0.05% Tween-20) for 30 min at room tem-
perature and incubated with primary antibodies (Table 4)
overnight at 4 °C, followed by the application of secondary
antibodies conjugated with horseradish peroxidase (HRP)
(1:10,000, Abcam) at room temperature for 1 h and visuali-
zation by enhanced chemiluminescence (Millipore). f-Actin
served as the internal control, and the results of western blot-
ting were analyzed by calculating the gray value.

Statistical Analysis
The results are shown as the mean + standard deviation
(SD), with at least three separate experiments for each issue

addressed. Statistical significance was evaluated using one-
way ANOVA and Student’s ¢ test when data were determined

Table 4 Antibodies used in western blot analyses

gent (Invitrogen, USA), and 1 mg of RNA was reverse  Antibody/marker Dilution Source Code number
transcribed with SuperScript III reverse transcriptase (Inv- i
. . . . Integrin-p1 1:1000 CST #4706
itrogen) according to the manufacturer’s instructions. RT- Phosoho.FAK 11000 Absi bs131023
PCR was performed as follows: 95 °C for 10 min and 40 FA(EP o 1'1000 CS”Srm :#38285
cycles of PCR amplification. Each individual reaction was ’
. Phospho-AKT(Ser473) 1:1000 CST #4060
repeated three times, and the results were averaged. The AKT 11000 ST #4691
primer sequences are shown in Table 3, in which GAPDH '
. Phospho-ERK1/2 1:1000 CST #4377
was used as a house keeping gene.
ERK1/2 1:1000 CST #4695
CyclinD1 1:1000 CST #2978
Table 3 Primers sequences for Gene Forward (5'-3) Reverse(5'-3")
gRT-PCR
ALB GCACAATGAAGTGGGTAA TACTGAGCAAAGGCAATC
TF TGTCTACATAGCGGGCAAGT GTTCCAGCCAGCGGTTCT
CK18 CCTACAAGCCCAGATTGCCA CCAACCTCAGCAGACTGTGT
AAT TATGATGAAGCGTTTAGGC CAGTAATGGACAGTTTGGGT
TAT AAGCATCCTATGTCGCACCC ATCATCACCTCGGGGACTGT
TTR GCCTCTGGGAAAACCAGTGA GACAGCCGTGGTGGAATAGG
HNF1A CACCAAGCAGGTCTTCACCTC TCTCGATGACGCTGTGGTTG
HNF4A TGCGACTCTCCAAAACCCTC TCGAGGCACCGTAGTGTTTG
CYP2A6 CAGCACTTCCTGAATGAG AGGTGACTGGGAGGACTTGAGGC
GAPDH CCACCTTTGACGCTGGG CATACCAGGAAATGAGCTTGACA
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to be normally distributed. A value of P <0.05 indicated
statistical significance.

Results

Effect of Microcarrier Type and Concentration
on hiHep Attachment and Growth

In previous studies, hepatocytes were mainly cultured on
three commercial microcarriers: Cytodex 3, Cytopore 2, and
CultiSpher-S [19-21]. Therefore, we first determined which
microcarrier is suitable for transdifferentiated hiHep culture
and growth in SFM. The initial seeding regime (100 mL,
1x 107 cells/mL, intermitted stirring) was identical for all
three conditions. As determined by analysis of cell adher-
ence, the attachment efficiencies of hiHeps on Cytodex 3,
Cytopore 2, and CultiSpher-S at 12 h after inoculation were
72.81%, 35.00%, and 54.38%, respectively. These results
indicated that hiHeps cultured on Cytodex 3 have better cell
adhesion (Fig. 1a). All of the microcarriers were able to
support hiHep expansion, and the maximal concentrations
of cells cultured for 12 d with Cytodex 3, Cytopore 2, and
CultiSpher-S were 12.10x 10° cells/mL, 5.38 X 10° cells/mL,
and 8.46 x 10° cells/mL, respectively. These concentrations
corresponded to maximal increases in expansion (EF )
values of 12.10, 5.38, and 8.46, respectively, indicating that
hiHeps are cultured to higher cell concentrations on Cytodex
3 than on Cytopore 2 or CultiSpher-S (Fig. 1b, Table 5).
The attachment efficiency of cells on Cytodex 3 can typi-
cally reach more than 80%, and the use of half-volume
high-density inoculation is beneficial for increasing the cell
adherence rate [27]. In addition, increasing the microcar-
rier concentration may increase the area of cell attachment
and growth, which in turn increases the final cell concentra-
tion. Next, we explored the effect of inoculation method and
Cytodex 3 microcarrier concentration on cell attachment and
growth. When a half-volume high-density inoculation strat-
egy was used within the first 8 h, the attachment efficiency of
hiHeps cultured with different microcarrier concentrations
for 12 h reached approximately 85% (Fig. 1c). However, the
concentration of hiHeps decreased as the microcarrier con-
centration increased. (Fig. 1d, Table 6). Furthermore, hiHeps
cultured on Cytodex 3 exhibited an epithelial morphology,
and the cells were attached to each microcarrier for the first
2 days, but more empty spheres and unevenly attached cells
gradually appeared beginning from the fourth day (Fig. le).
It is possible that the hiHep adhesion ability on microcarri-
ers in serum-free culture is weak and that hiHeps on micro-
carriers are susceptible to external factors and detachment,
leading to death. Taken together, these results suggest that
the Cytodex 3 microcarrier at a concentration of 3 mg/mL
is more suitable for transdifferentiated hiHep attachment

and growth than the other microcarriers tested or Cytodex
3 at different concentrations and that the half-volume high-
density inoculation method is beneficial for improving the
attachment efficiency of hiHeps.

Effect of Cell Seeding Density on hiHep Growth
and Morphology

Because an increase in cell number per microcarrier may
promote cell—cell interactions and increase the final hiHep
concentration, we explored the effect of increasing cell
seeding density on hiHep attachment and cell growth. The
concentration of hiHeps at 12 d was highest when the cell
seeding density was 2.0 x 10° cells/mL, and the maximal
cell concentration was 17.81 x 10> cells/mL (Fig. 2a). The
EF, . values at 12 d were 13.83, 9.79, 8.91, and 5.46 when
cell seeding densities of 1.0 X 10° cells/mL, 1.5x 10° cells/
mL, 2.0 10° cells/mL, and 3.0x 10° cells/mL, respectively,
were used (Fig. 2b, Table 7). Similarly, the specific growth
rate of hiHeps was significantly higher with a cell seeding
density of 2.0x 10° cells/mL than with the other cell seeding
densities tested (Fig. 2¢). Furthermore, the concentrations
of LDH throughout the culture period were not significantly
different when different cell seeding densities were used
(Fig. 2d). SEM images still showed the presence of empty
spheres, but hiHeps attached to the microcarriers exhibited a
well-spread morphology with an elongated, polygonal shape
(Fig. 2e). Together, these results suggest that the optimal
cell seeding density in a 100-mL serum-free stirred spinner
flask system is 2.0 % 10° cells/mL, which means it is best to
inoculate each microcarrier with approximately 20 cells. In
addition, increasing the cell seeding density did not elimi-
nate the presence of empty spheres.

Fibronectin Promotes hiHep Attachment
and Proliferation on Microcarriers Through
the Integrin-B1-Mediated FAK/ERK/CyclinD1
Pathway

A large number of glycoproteins have been found to medi-
ate cell attachment, and fibronectin (FN) enhances hepat-
ocyte spreading and attachment more than collagen does
[28]. Therefore, we next explored the effect of FN addition
on hiHep attachment and proliferation on microcarriers in
SFM. Phase-contrast microscopy showed that the number of
cells attached to microcarriers in SFM with a uniform dis-
tribution after 6 d was significantly higher with the addition
of FN and that the epithelial morphology was not altered
with the addition of FN (Fig. 3a). Then, the cell growth
and viability of hiHeps in the presence of FN throughout
the culture period were determined. FN significantly pro-
moted hiHep growth and expansion in SFM (Fig. 3b, c),
and similar results were observed for cell viability (Fig. 3d).
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-o- Cytodex 3
-+ Cytopore 2 * x
-m CultiSpher-S

*

of hiHeps(%)

The attachment efficiency

Time(h)

-o- 3mg/mL-full volume

-4 3mg/mL-half volume
-& 4mg/mL-half volume
-+ 5mg/mL-half volume¥

The attachment efficiency
of hiHeps(%)
g

100 pm

Fig.1 Effect of microcarrier type and concentration on hiHeps
attachment and growth. a, b The attachment efficiency (%) within
12 h and the concentration (10° cells/mL) within 14D of hiHeps on
Cytodex 3, Cytopore 2, and CultiSpher-S microcarriers. ¢, d The
attachment efficiency of hiHeps (%) and the concentration of hiHeps

Furthermore, to determine the signaling pathways by which
FN promotes transdifferentiated hiHep attachment and
proliferation, the effect of FN on the protein expression
of integrin-p1, p-FAK, p-Akt, p-ERK, and CyclinD1 was
detected by western blotting. All samples were collected on
day 6 for protein expression. FN significantly increased the
protein levels of integrin-p1, p-FAK, p-ERK, and CyclinD1,
while the levels of p-Akt remained unchanged (Fig. 3e).
Together, these results suggest that FN significantly
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on different microcarrier concentrations. e Cell distribution observed
with a microscopy (Nikon Eclipse Ti-S) under bright field (scale bars,
50 pm and 100 pm). All data are presented as mean +SD; n=3 sam-
ples per experimental group. *P <0.05, between the different micro-
carrier type and different microcarrier concentration

promotes transdifferentiated hiHep attachment and prolif-
eration and that this pro-proliferative effect is mediated by
the integrin-f1/FAK/ERK/CyclinD1 pathway.

Effect of Stirring Speed on hiHep Growth, Viability
and Function

In a previous experiment, we adopted a stirring speed
of 60 rpm. Stirring can improve the suspension of
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Table 5 Effect of microcarrier type on hiHeps attachment and growth

Microcatrier type Cytodex 3 Cytopore 2 CultiSpher-S

Attachment efficiency (12 h) 72.81% 35.00% 54.38%
EF, .« 12.10 5.38 8.46
AEF_ 16.62 15.37 15.56

max

The attachment efficiency is the ratio of the amount of cells attached
after 12 h to the initially seeding cells. EF,, is the maximum expan-
sion folds; AEF,,, is the actual maximum expansion folds. Seeding
regime (100 mL, 100,000 cells/mL, intermitted stirring) was identical
for all three conditions

microcarriers, accelerate fluid mixing, and provide a uni-
form culture environment; however, excessive stirring can
cause cell damage and influence cell growth [29]. Studies
have shown that the shearing stress generated by stirring can
increase damage to cells under serum-free culture condi-
tions, so the choice of stirring speed is crucial during micro-
carrier culture in SFM [30]. According to the Zwietering
formula, the minimal stirring speed required for a suspen-
sion culture of 3 mg/mL Cytodex 3 in a 100-mL spinner
system is approximately 30 rpm (Table 1) [24, 25]. During
microcarrier suspension culture, the Kolmogorov turbulence
theory is usually used to explain cell damage caused by fluid
[26]; as the stirring speed increases, the fluid shear stress
(7, increases, but the eddy size (1) decreases (Table 2). The
microcarrier particle size is approximately 175 pm, and cells
are damaged when 1 is close to or smaller than the microcar-
rier particle size, so the maximum stirring speeding cannot
exceed 75 rpm. According to the above theoretical calcula-
tion, the selected range of stirring speed was 30-60 rpm. The
concentration of hiHeps in SFM at day 12 was highest when
the stirring speed was 45 rpm (Fig. 4a). The EFmax values
on day 12 were 8.63, 12.61, and 10.16 with stirring speeds of
30 rpm, 45 rpm, and 60 rpm, respectively (Fig. 4b). Phase-
contrast microscopy showed that the microcarriers gradu-
ally gathered into larger aggregates, and more empty spheres
appeared with a stirring speed of 30 rpm. The microcarri-
ers were more dispersed with a stirring speed of 60 rpm,
but an excessive stirring speed caused cells to detach from
microcarriers and attach unevenly. With a stirring speed
of 45 rpm, a small number of microcarriers aggregated,
hiHeps attachment to microcarriers was relatively uniform,

and there were few empty spheres (Fig. 4c). Furthermore,
calcein-AM/PI fluorescent staining showed significantly
larger areas of living cells (green) and smaller areas of dead
cells (red) with a stirring speed of 45 rpm, suggesting that
the cells had increased activity (Fig. 4d). The same result
was found with the LDH release assay, and the LDH concen-
tration in the culture supernatant was lowest with a stirring
speed of 45 rpm for the first 10 days, but the concentration
of LDH after this point was not significantly different with
different stirring speeds (Fig. 4¢). The urea synthesis func-
tion of hiHeps was highest with a stirring speed of 45 rpm
throughout the culture period (Fig. 4f). These results indi-
cated that hiHeps have increased growth and are more viable
on Cytodex 3 in SFM with a stirring speed of 45 rpm than
with other stirring speeds.

Growth and Function of hiHeps on Microcarriers
in SFM and HMM

hiHeps cultured in hepatocyte maintenance medium (HMM)
containing fetal bovine serum (FBS) maintain their growth
and function for long periods of time in vitro, and hepatocyte
microcarrier culture is mostly carried out in serum-contain-
ing medium. The above results revealed the optimal hiHep
cultivation strategy in serum-free medium with microcar-
riers, which is beneficial for hiHep attachment and growth.
Therefore, we next evaluated the growth and function of
hiHeps on Cytodex 3 microcarriers in SFM and HMM.
After 12 days of culture, the highest cell density in SFM was
25.22 % 10° cells/mL, and the maximum increase in expan-
sion was 12.61-fold, while the highest cell density in HMM
reached 28.18 x 10° cells/mL, and the maximum increase
in expansion was 14.09-fold. When cultured in 2D serum-
free culture conditions, the maximal cell concentration was
achieved after 8 days culture, and the maximal expansion
fold is 3.73, which much lower than 3D microcarrier culture,
indicating the superiority of 3D culture in terms of the cell
proliferation. (Fig. 5a,b). Then, calcein-AM/PI fluorescent
staining showed that hiHeps in SFM and HMM both were
well attached and exhibited a wide distribution of living cells
(green), but there were fewer dead hiHeps (red) in SFM than
in HMM (Fig. 5c¢). Similar results were observed for LDH
secretion, and less LDH was released in SFM than in HMM,

Table 6 Effect of inoculation

Microcarrier concentration 3mg/mL—full 3 mg/mL—half 4 mg/mL—half 5 mg/mL—half
ways and Cytodex 3
concentration on hiHeps Attachment efficiency (12h) ~ 72.81% 87.75% 88.50% 84.00%
attachment and growth EF, . 12.10 13.83 10.47 10.07
Cells/MC 8-9cells ~11cells ~9cells ~Tcells

The cells/MC is the number of cells seeded on per microcarrier. The inoculation ways including full-vol-
ume inoculation (100 mL, 100,000 cells/mL, intermitted stirring) and half-volume inoculation (50 mL,
200,000 cells/mL, intermitted stirring)
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Table 7 Effect of cell seeding density on hiHeps growth

Cell seeding (cells/ 1.0x10° 1.5x10° 2.0x10° 3.0x10°

mL)

Max harvest cells 13.83 14.69 17.81 16.38
(107)

EF, .« 13.83 9.79 8.91 5.46

Cells/MC 9—11cells 15-17cells 20-22cells 32-35cells

The max harvest cells are the number of hiHeps on the microcarrier
at day 12
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indicating a lower level of cell damage (Fig. 5d). Further-
more, analysis of liver-specific hiHep functions showed that
as hiHep culture progressed, the levels of synthesized urea
and secreted albumin were not significantly different from
those at a later period of culture (Fig. Se, f). In addition,
the expression of hepatocyte function-associated genes was
measured using fluorescence qRT-PCR, and cells cultured in
2D-SFM were used as controls. Compared with their expres-
sion in hiHeps cultured in 2D-SFM, expression of the ALB,
TAT, TTR, HNF 1A, and HNF4A genes was not significantly
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different, expression of the CK18, AAT, and CYP2A6 genes
was increased, and expression of the TF gene was decreased
in hiHeps cultured on microcarriers in 3D-SFM. Compared
with those in hiHeps cultured in 3D-HMM, the gene expres-
sion levels of TAT and TTR were not significantly differ-
ent, the gene expression levels of TF, CK18, AAT, HNF4A,
and CYP2A6 were increased, and the gene expression levels
of ALB and HNFIA were decreased in hiHeps cultured in
3D-SFM. Overall, 3D microcarrier culture increased the
expression of only a small number of hepatocyte genes,
and most hepatocyte genes showed no significant change in
expression between 3D and 2D culture (Fig. 5g). Overall,
the growth and function of hiHeps grown on microcarriers
in SFM is close to those of hiHeps grown on microcarriers
in HMM with the optimal cultivation strategy.

Effects of Microcarrier Culture on hiHep Morphology
and Function after Harvest in SFM

hiHeps cultured on Cytodex 3 were seeded in 24-well plates
after 3 days, and cell morphology and glycogen and lipid
staining were observed and photographed with an inverted
microscope. In terms of cell morphology, the cells harvested
on microcarriers exhibited an epithelial morphology similar
to that of cells cultured directly in plates (Fig. 6a). Glycogen
staining showed that hiHeps cultured on Cytodex 3 had the
ability to synthesize glycogen (Fig. 6b). Similar results were
observed by lipid staining, and the staining and quantitative
analysis of lipids showed that hiHeps also had the ability to
synthesize lipids to the same extent as those cultured in 2D
(Fig. 6¢). Furthermore, the ability of hiHeps to transport
Dil-labeled ac-LDL was observed by fluorescence micros-
copy, and harvested hiHeps were able to transport LDL (red)
(Fig. 6d). These results suggest that hiHeps maintain their
morphology and function after expansion on microcarriers
in an SFM spinner flask system.

Discussion

Achieving the rapid and large-scale preclinical expansion
of hepatocytes in serum-free conditions for bioartificial
livers is essential for the treatment of liver failure, and the
microcarrier culture system is currently an important and
effective approach. Previously, we demonstrated that trans-
differentiated hiHep proliferation and function can be suc-
cessfully supported during long-term passage in our self-
developed, chemically defined SFM in 2D Petri dishes [15].
In this study, we found that the Cytodex 3 microcarrier is
more suitable than the other microcarriers tested for hiHep
culture and that the optimal culture conditions are the use
of half-volume high-density inoculation during the adher-
ence period, a Cytodex 3 concentration of 3 mg/mL, a cell

seeding density of 2.0 x 10° cells/mL, and a stirring speed of
45 rpm; these conditions are beneficial to hiHep attachment
and growth. In addition, the addition of fibronectin (FN) can
promote hiHep attachment and proliferation on Cytodex 3 in
SFM through the integrin-p1/FAK/ERK/CyclinD1 pathway.
Finally, the cells harvested on microcarriers have a normal
hepatocyte morphology and exhibit normal hepatocyte syn-
thetic and uptake functions.

Due to the large specific surface area and the advantages
of suspension culture over adherent culture, microcarrier
technology for the large-scale culture of cells is currently
recognized as a promising means of cell expansion [16].
Previous studies have shown that transdifferentiated hiHeps
represent an important in vitro cell source for BAL treat-
ment, but it is difficult to achieve a high cell density and
large-scale cell expansion in self-developed SFM over a
short time period [13, 15]. Therefore, we studied the cul-
ture of hiHeps on microcarriers under serum-free conditions.
Over the past few decades, a variety of commercial micro-
carriers have been used to expand hepatocytes; these com-
mercial microcarriers include Cytodex 3, Cytopore 2, and
CultiSpher, among which Cytodex 3 is the most common
microcarrier for hepatocyte culture [19-21]. Three kinds of
microcarriers provide different surface area; Cytodex 3 is a
solid microcarrier coated with a layer of denatured collagen,
which is beneficial to the adhesion of epithelial cells and
increases the success of hepatocyte culture [31]. However,
Cytopore 2 and CultiSpher are macroporous microcarriers
with a larger surface area. Consistent with most reports, our
experimental results showed that Cytodex 3 is more suitable
than the other microcarriers examined for hiHep culture.
Furthermore, Cytodex 3 is the only microcarrier that has
been used in experimental animals and clinical research on
BAL, which forms a solid basis for the clinical application
of hiHep-BALs.

Previous research on cell attachment in microcarrier
suspension cultures showed that adopting intermittent stir-
ring and inoculation in 50% of the final culture volume led
to a notable increase in the attachment efficiency of rab-
bit mesenchymal stem cells in a Cytodex 3 microcarrier
culture system [27]. This finding is consistent with our
experimental results, which showed that the half-volume
high-density inoculation method significantly increased
the attachment efficiency of hiHeps on microcarriers by
up to approximately 85% with different microcarrier con-
centrations. The maximum density of hepatocytes cultured
using microcarriers is limited by the microcarrier concen-
tration, which can affect the growth of hepatocytes and
even cause cell death [32]. Therefore, it is important to
choose the appropriate microcarrier concentration, and the
concentration of Cytodex 3 microcarriers used is gener-
ally 0.5-5 mg/mL [33]. Our results showed that the maxi-
mum number of hiHeps can be harvested with a Cytodex
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«Fig. 3 Fibronectin promotes hiHeps attachment and proliferation on
microcarrier and this proliferation through the integrin-fl- medi-
ated FAK/ERK/CyclinD1 signaling pathways. a Photomicrograph
of hiHeps cultured in SFM without or with FN on Cytodex 3 at D6
(scale bars, 100 pm). b The concentration of hiHeps without or with
FN within D14. ¢ The expansion fold at D12. d Effect of FN on the
vitality of hiHeps in SFM over 12 days. e The expression level of
integrin-p1, p-FAK, p-Akt, p-ERK, and CyclinD1 was determined
by western blotting at D6 (actin served as an internal control for pro-
tein loading). The bar graph shows the protein/B-actin ratio and is
expressed as the fold change compared with the control, as evaluated
by Image J. All data are presented as mean+SD; n=3 samples per
experimental group. *P <0.05, compared with control (SFM)
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Fig.4 Effect of stirring speed on hiHeps growth, viability, and func-
tion. a The concentration of hiHeps (10° cells/mL) on Cytodex 3 at
stirring speed of 30 rpm, 45 rpm, and 60 rpm. b The expansion fold
at D12. ¢ hiHeps distribution on Cytodex 3 observed with a micros-
copy under bright field at D3, D8 and D12 (scale bars, 100 pm). d

3 concentration of 3 mg/mL in a 100-mL spinner system.
In addition, one of the key parameters affecting inocu-
lation is the cell seeding density, that is, the number of
hepatocytes inoculated per microcarrier, which directly
affected the growth of hepatocytes on microcarriers and
the final concentration of hepatocytes [31, 34]. A previ-
ous report showed that inoculation of 26.7 hepatocytes
per microcarrier showed the highest viability [35, 36].
Our study revealed that the optimal number of hepato-
cytes per microcarrier is approximately 20 cells, which is
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Fig.5 The growth and func- A
tion of hiHeps on microcar-

rier in SFM and HMM. a The
concentration of hiHeps (10
cells/mL) cultured on Cytodex
3 in 2D-SFM, 3D-SFM, and
3D-HMM. b The expansion
fold at D12. ¢ Cells live-dead
staining. d LDH activity. e Urea
synthesis. f Albumin secretion.
g qRT-PCR was performed to
quantitatively detect the relative
hepatocyte gene expression
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Fig.6 Effects of microcarrier A 2D
culture on hiHeps morphology ? -
and function after harvest in
SFM. a Photomicrograph of
hiHeps after harvest on Cytodex
3 in SFM, compared with cul-
tured in 2D SFM. b Glycogen
staining. ¢ Lipid staining and
quantification. d Dil-ac-LDL
transport, LDL intake as indi-
cated by red fluorescence, and
the blue staining is DAPI. Scale
bars: (a—d) 100 pm. All data
are presented as mean + SD;
n=3 samples per experimental
group. ns is no significant dif-
ference, compared with control
(2D-SFM)

Cytodex 3

beneficial to hiHep growth and increases the final hiHep
concentration.

During microcarrier-based stirred hiHep culture in SFM,
empty spheres gradually appeared beginning on the fourth day.
This finding may be due to weaker hiHep adhesion on Cytodex
3 microcarriers under serum-free culture conditions compared
to serum-containing conditions as the culture progresses, with
cells more easily detached from the microcarriers, leading to
empty spheres. The adhesion of cells to the culture surface is
usually increased by the addition of extracellular matrix to
the medium. One study showed that it is necessary to add FN
or FBS, which can promote cell adhesion to the culture sur-
face, to medium [37, 38]. The medium supplemented with
10% FBS contained nearly 2-3 pg FN/mL, and a large amount
of FN adsorbed onto the microcarrier surface within a few
minutes [39]. FN is usually added to SFM to allow most cells
to adhere to the culture surface, which is consistent with our
results showing a significant decrease in empty spheres and
increase in the final hiHep concentration in SFM after the
addition of 10 pg/mL FN. FN can affect cell attachment and
proliferation through a variety of signaling pathways. As an
example, Matsuo M et al. showed that FN induces the activa-
tion of extracellular signal-regulated kinase (ERK), p38 and
Akt as well as cell proliferation and at least in part via integrins
[40]. Illario M et al. demonstrated that integrin stimulated by
FN activates two signaling pathways: the Ras/Raf/ERK and

Oilred O
(absorbance at 450nm)
=} =}
o N

2D Cyto:iex 3

calcium Ca**/calcium calmodulin-dependent kinase IT (CaM-
KII) pathways, both of which are necessary to stimulate cell
proliferation [41]. In this study, we showed that FN does not
affect the phosphorylation of Akt and that the proliferation of
transdifferentiated hiHeps is mediated by the integrin-p1/FAK/
ERK/CyclinD1 pathway.

Because hepatocytes have no protective cell walls and are
particularly sensitive to shear forces, studies have found that
the shear force generated by agitation increases cell damage
under serum-free culture conditions [30]. Therefore, stirring
speed is an important factor in the serum-free microcarrier
culture of hepatocytes [42]. The appropriate agitation speed
is usually 50-70 rpm when using a conventional magnetic
stirring vessel, but we used a range of stirring speeds of
30-60 rpm according a relative theoretical calculation and
determined the optimal stirring speed to be 45 rpm [24-26].
Finally, the growth and function of hiHeps growth on micro-
carriers in SFM are close to those of hiHeps grown on micro-
carriers in HMM under the optimal cultivation conditions,
but the expression of most hepatocyte-related genes was not
significantly different between 2D culture and microcarrier
culture. In fact, microcarrier culture was essentially similar to
monolayer cell culture in plates and merely enables high-den-
sity cell culture and amplification [43]. However, the obtained
cells must also have normal liver function. hiHeps are a trans-
differentiated cell with weak liver function compared to that of
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primary hepatocytes, so it is important to improve the function
of hiHeps grown in serum-free culture in the future, including
their coculture with other cells or the use of three-dimensional
(3D) perfusion culture, which can through mimic the in vivo
microenvironment to promote the function of hiHeps [44, 45].
In summary, we have developed a chemically defined, serum-
free microcarrier culture strategy for culturing hiHeps in SFM
that achieved high-density hiHep expansion, which provides a
solid basis for the clinical application of hiHep-BALSs.
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