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Abstract
Cultivation of primary human hepatocytes (PHHs) often faces obstacles including failure of

long-term in vitro culture, weak proliferation ability, rapid loss of liver-specific function and

morphology, and tendency of fibrosis. Previous research focused on immortalization meth-

ods, such as telomerase and viral, to culture immortalized primary human hepatocytes,

which may lose some of the normal properties. However, non-immortalized PHHs often

fail to maintain long-term viability and functionality. These highlight the urgent need for

developing new culture strategy for PHHs. In the present study, we isolated PHHs from

fresh human liver tissues representing different liver diseases and age groups. We used

conditional reprogramming, without permanent immortalization, for long-term in vitro pri-

mary human hepatocytes cultivation and characterization. For functional characterization,

we assessed CYP3A4, 1A1 and 2C9 activities and measured the mRNA expression of

albumin, s100a4, krt8, krt18, cyp1a1, cyp3a4, cyp2b6, cyp2c8, cyp2c9, and cyp2d6.

Additionally, we compared the DNA fingerprint of the cells against their original liver tissues

using short tandem repeat (STR) analysis. We found that PHHs-derived from young patients

can survive for more than three months, while the lifespan of primary human hepatocytes

derived from adult patients ranges from two to three months, which is longer than most

commercial primary hepatocytes. Importantly, the cells at early passages retain strong

CYP3A4, 1A1 and 2C9 activities and the DNA fingerprints are identical with their original tissues. Through conditional program-

ming, we achieved, for the first time, a high level of success rate in the long-term in vitro cultivation of primary human hepatocytes-

derived patients representing diverse liver disease. Moreover, the conditional programming cell culture technology reported in this

paper requires neither co-culture with additive cells, nor complex and expensive components, such as collagen sandwich or

spheroid culture. We thus believe that the patient-derived PHHs cultivation using conditional programming may provide a viable

and valuable cell model to study liver disease-related mechanisms.

Keywords: Primary human hepatocytes, long-term culture, conditional reprogramming

Experimental Biology and Medicine 2019; 244: 857–864. DOI: 10.1177/1535370219855398

Introduction

The liver is a vital organ, which is critically involved in
metabolism, protein synthesis, detoxification, bile acid

production, and many other important biological process-
es. Liver diseases, caused by a variety of genetic, unhealthy
lifestyle, drug toxicity or environmental factors, represent a

Impact statement
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hepatocytes rapidly lose their proliferative

ability and liver-specific functions over a
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pharmaceutical toxicity screening and liver

disease research requires the development

of long-term primary hepatocyte culture

methods. This manuscript addresses this

challenge by introducing for the first time

successful long-term in vitro cultivation of

primary human hepatocytes from a range

of liver transplantation patients using con-

ditional reprogramming technique. The

beauty of this technique is that it is not a

permanent immortalization and does not

require co-culture with additive cells. The

primary human hepatocytes retain prolif-
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study diverse liver diseases.
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major threat to human health. It is estimated that five mil-
lion adults are diagnosed with liver disease in the United
States.1–3 Cirrhosis, liver cancer, and liver failure are serious
conditions that cause death. Given the importance of main-
taining appropriate liver function in human health, it is
imperative to understand molecular mechanism underly-
ing respective liver malfunctions for developing effective
treatment. The extensive research on liver biology demands
the use of an in vitro cell model of functional primary
human hepatocytes (PHHs). In vitro cultured PHHs pro-
vide a valuable resource for studies in cell metabolism,
inflammation, preclinical drug screening, toxicology
screenings, and development of bioartificial liver devices.4

More importantly, establishing in vitro hepatocyte culture
derived from a diversity liver patients allows assessment of
drug effects at a cellular level on patients with different
genetic backgrounds or disease conditions, supporting the
development of personalized medicine.5,6 However, in vitro
cultivation of PHHs often faces obstacles including failure
of long-term in vitro culture, rapid loss of liver-specific
function and morphology, tendency of fibrosis, and weak
proliferation ability.7,8 Besides, the extensive use of cancer-
ous liver cell lines, e.g. HepG2, limits the exploration of
disease-specific molecular pathways in diverse liver
patients. In order to overcome these issues, several diverse
medium formulations have been used to culture PHH, such
as modified DMED,9,10 modified MCM,8,11 Williams’ E
medium,9 and hepatocyte medium.12 Co-cultivation of
hepatocytes with non-parenchymal cells, such as endothe-
lial cells and fibroblasts, is another commonly used tech-
nique to keep viability, hepatocyte morphology, and
functions.13,14 3D technique has been reported to be bene-
ficial for maintaining some PHH functions.15,16 However,
the existing culture techniques face the loss of viability
during early passages and/or contamination of irrelevant
cell sources introduced by co-culture, resulting in the lim-
ited use of PHHs for long-term culture purpose and down-
stream biomedical analyses.

Conditional reprogramming has been used to establish
patient-derived cell cultures from diverse human

biospecimens, such as breast, skin, prostate and colon,
with an indefinite proliferative state without the use of
exogenous viral or genetic manipulation.17 This technique
uses the combination of irradiated mouse fibroblast J2 cells
(feeder cells) and the Rho-associated kinase (ROCK) inhib-
itor (Y-27632) to propagate human epithelial cells. Y-27632
is able to increase the viability of human bone marrow-
derived mesenchymal stem cells18 and human keratinocyte
stem cells19 and induce indefinite cell proliferation.20,21

Alterations of actin/myosin activity are the main conse-
quence of ROCK inhibition, and this cytoskeletal network
has a primary role in regulating cell proliferation. In addi-
tion, it has been reported that the use of ROCK Inhibitor
may regulate p16/Rb pathway, which may also contribute
to the cell immortalization.17,20 Feeder cells can be replaced
by medium conditioned by irradiated J2 cells (conditional
medium; CM) for cell culture.17 To our knowledge, the
potential application of conditional programming cell tech-
nology for long-term cultivation of PHH has not
been reported.

In the present study, we evaluated the use of conditional
programming in in vitro culture of PHH derived from fresh
liver tissues representing diverse liver patients. We report,
for the first time, that this cell culture technology can be
used in long-term in vitro PHH culture and maintaining
important liver functions.

Materials and methods

In vitro culture of patient-derived primary hepatocytes

The study has been approved by the Georgetown University
Institutional Review Board (IRB). Informed consent was
obtained from the majority of the research subjects that
enrolled in a protocol (# 2005–206). For the PHH3 and 4
that participated in a protocol (# STUDY00000006), the
requirement for informed consent was waived by the IRB.
Fresh liver tissues were obtained from explant specimens
upon liver transplantation or liver resection of diverse
liver patients (Table 1). We isolated primary human hepato-
cytes (PHHs) from the respective liver tissues using

Table 1. Samples used to derive PHHs using conditional reprogramming.

Patient

identification

Age

(years) Gender Diagnosis Tissue size Cell culture status

1 (PHH 1) 52 F Cirrhosis 2� 2�1 cm Stopped growing at P5

2 56 M Hepatitis C virus-induced

liver failure

2p, each 1� 1�1 cm Got contaminated at P1

3 (PHH 2) 66 F Cirrhosis 0.5� 0.5� 1 cm Stopped growing at P3

4 60 M Hepatocellular carcinoma 2� 2�2 cm Got contaminated at P1

5 68 F Cirrhosis 2.5� 2.5� 1 cm Got contaminated at P1

6 55 F Hepatocellular carcinoma 0.5� 0.5� 0.5 cm Got contaminated at P1

7 61 F Acute liver failure 2� 2�2 cm Got contaminated at P1

8 (PHH 3) 3 F Maple syrup urine disease 2� 2�2 cm Continued to grow to P10 until the

experiment was terminated

9 (PHH 4) 9 M Citrullinemia type 1 disease 2� 2�2 cm Continued to grow to P10 until the

experiment was terminated

10 (PHH 5) 72 M Cirrhosis 1.5� 1.5� 1 cm Stopped growing at P3

11 (PHH 6) 53 M Hepatitis C virus induced

liver failure

2� 2�2 cm Stopped growing at P4

PHH: primary human hepatocyte.
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collagenase/hyaluronidase digestion (STEMCELL
Technologies, Vancouver, Canada). Cells were cultured in
conditional reprogrammed F-Y medium (Table 2) in non-
coated T75 flask (CellStar 658175). Cells were cultured in a
37�C incubator with 5% CO2. Medium was changed every
other day or every three days. The cell concentration and
viability were checked by incubation with trypan blue and
then counted by a cell counter (Invitrogen, Waltham, USA).
HepG2 was obtained from the Tissue Culture Shared
Resource at GeorgetownUniversity. J2 and human fibroblast
cells were obtained from the Center for Cell Reprogramming
at Georgetown University.

Short tandem repeat analysis

Genomic DNAwas isolated from cells at different passages
and liver tissues using DNeasy Blood & Tissue kit
(QIAGEN, Hilden, North Rhine-Westphalia, Germany).
Short tandem repeat (STR) analysis was performed by
Genetica DNA Laboratories (Burlington, Vermont, USA).
We tested 15 STR markers: TH01, D21S11, D18S51, Penta
E, D5S818, D13S317, D7S820, D16S539, CSF1PO, Penta D,
vWA, D8S1179, TPOX, FGA, and Amelogenin. Data analy-
sis and allele size determination were carried out using
GeneMapper software.

Cytochromes P450 activity measurement

To characterize the cells, we performed cytochromes P450
(CYP450) 3A4, 1A1 and 2C9 assays following the protocol
of the assay kits (Promega, Fitchburg, Massachusetts, USA)
when we passaged the cells. Briefly, 20,000 cells were
seeded into 96-well plates. On the following day, we
replaced culture mediumwith 50 mL freshmedium contain-
ing corresponding luminogenic CYP substrate and incubat-
ed cells at 37�C for 1 h (for CYP3A4) or 3 h (for both
CYP1A1 and CYP2C9). After incubation, we transferred
25mL of culture medium from each well into a 96-well
opaque white luminometer plate, and added 25 mL of lucif-
erin detection reagent to initiate a luminescent reaction.

After the plate was incubated at room temperature for
20min, luminescence was read using a luminometer
(Wallac Victor 1420, Conquer Scientific, San Diego,
California, USA). After luminescence assay, 25 mL of
medium remained in the wells into which an equal
volume (25mL) of the CellTiter-GloR reagent was added to
determine cell viability. The contents were mixed for 2min
on an orbital shaker to induce cell lysis. The plate was then
incubated at room temperature for 10 min to stabilize lumi-
nescent signal; 40mL of cell lysate was transferred into a
96-well opaque white luminometer plate to record lumines-
cence. We used HepG2 and human fibroblast cells as a pos-
itive control and a negative control, respectively.

Real-time PCR. Total RNAwas extracted from cells using
Direct-zol RNA MinipPrep kit (Zymo Research, Irvine,
California, USA) and treated with DNase (Zymo
Research, Irvine, California, USA) according to the manu-
facturers’ instructions. First-strand cDNAwas synthesized
with an equal amount of RNA using High Capacity cDNA
Reverse Transcription kit (Applied Biosystems, Foster City,
California, USA). Real-time PCR was performed in a
QuantStudio 12K Flex system (Thermo Fisher, Waltham,
MA, USA) using Applied BiosystemsTM Power SYBRTM

Green PCR Master Mix (Applied Biosystems, Foster City,
California, USA). The relative quantities of mRNA were
analyzed using the 2�DDC

T method.22 The primers used in
the quantitative PCR were as follows: gapdh (NM_002046.7,
as a housekeeping gene): (F) 5�-ACATCGCTCAGAC
ACCATG-3�and (R) 5�-TGTAGTTGAGGTCAATGAAGGG-
3�; albumin (NM_000477.7): (F) 5�-CCTGATTACTCTGTC
GTGCTG-3� and (R) 5�-ATTCTGAGGCTCTTCCACAAG-3�;
s100a4 (NM_002961.3): (F) 5�-AGTCAGAACTAAAGGAG
CTGC-3� and (R) 5�-GACACAGTACTCTTGGAAGTC C-3�;
krt8 (NM_002273.3): (F) 5�-CAGGAGAAGGAGCAGAT
CAAG-3� and (R) 5�-GTTGTCCATGTTGCTTCGAG -3�;
krt18 (NM_000224.3): (F) 5�-CAGAGACTGGAGCCA
TTACTTC -3�and (R) 5�-GCCAGCTCTGTCTCATACTTG-3�;
cyp1a1 (NM_000499.4): (F) 5�-CCCAACCCTTCCCTGAATG
-3� and (R) 5�-TTCTCCTGACAGTGCTCAATC -3�; cyp3a4
(NM_017460.5): (F) 5�-ACCAGTGGAAAACTCAAGGAG
-3� and (R) 5�- TGATCACATCCATGCTGTAGG-3�; cyp2b6
(NM_000767.4): (F) 5�-GCGATTCTCTGTGACCACTATG -3�
and (R) 5�-GTAATGGACTGGAAGAGGAAGG -3�; cyp2c8
(NM_000770.3): (F) 5�-CTT GCGGAATTTTGGGATGG -3�
and (R) 5�-AGATCACATTGCAGGGAGC -3�; cyp2c9
(NM_000771.3): (F) 5�- GATATGCTCTCCTTCTCCTGC -3�
and (R) 5�- TCACACGTTCAATCTCTTCCTG -3�; cyp2d6
(NM_000106.5): (F) 5�- ACTGCCGTGATTCATGAGG -3�
and (R) 5�- ATCCTTCAGCACCGATGA C -3�

Results

Cell culture

We grew PHHs derived from 11 liver samples from liver
transplant patients with diverse diseases and ages using
conditional programming (Table 1). While five of them
got contaminated due to technical issues, six PHHs sur-
vived (Table 1). Figure 1 depicts the phase contrast

Table 2. F-Y media formulation.

Component � 500 mL

Complete DMEM 373 mL

F12 nutrient mixture 120 mL

Hydrocortisone/epidermal growth factor mixture 0.5 mL

Insulin (5 mg/mL in distilled water) 0.5 mL

Amphotericin B (250 mg/mL) 0.5 mL

Gentamicin (10 mg/mL) 0.5 mL

Cholera toxin (11.7 mM in distilled water) 4.3 mL
ROCK inhibitor Y-27632 (10 mM in distilled water) 0.5 mL

HEPES (1M) 5 mL

Note: Complete DMEM contains DMEM with 10% fetal bovine serum,

100 mg/mL glutamine, 100 mg/mL penicillin, and 100 mg/mL streptomycin.

Hydrocortisone/epidermal growth factor mixture: mix 1mL of 0.5 mg/mL

hydrocortisone in 100% ethanol with 19 mL DMEM containing 2.5 mg epidermal

growth factor.

Conditioned medium (CM): irradiated 3T3-J2 cells were grown in F-Y medium

for three days at a confluence of 90%. The cultured medium was concentrated

to remove the cell debris and filtered through 0.2 mm filter systems.

Conditional Reprogramming F-Y media: combined the fresh F-Y media with CM

in the presence of 10 mM Y-27632 with a ratio of 1:3.
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images of the six PHHs at different passages. Briefly, the
isolated cells attached to the surface of the cell culture flask
and started to grow within 24 h after incubation, reaching
confluency within 10 days (for PHH 1, 3, 4, 5 and 6) or 25
days (for PHH 2). At the beginning of seeding, there were
several types of cells attached in the flask. After several
days of cultivation, only the cells with hepatocyte appear-
ance remained and other types of cells floated into the
medium and were discarded. In addition, we found that
PHHs derived from younger patients have higher prolifer-
ative activity than those from adults (Figure 2). We selected
PHH 1, PHH 2, PHH 3, and PHH 4 for further observation
and characterization because of the lack of viability of PHH
5 and PHH 6. PHH 3 and 4, which are derived from a three-
years-old and a nine-years-old patient, respectively, could
be passaged for more than 10 passages (at least 80 days and
15 population doublings) until the experiment was termi-
nated (Figure 2). On the other hand, PHH 1, 2, 5, and 6,
which are derived from 53, 57, 73, and 54-years-old patient,
respectively, could only be cultured for 3–5 passages (50–70

days). We observed that the proliferative activity of PHH 1
and 2 was high during the first 30 days and was gradually
decreased (Figure 2). STR analysis indicated that all of the
four PHHs at different passages are identical with their
corresponding original tissues (Table 3).

PHH culture is not overwhelmed by
fibroblast overgrowth

Primary cell growth is often gradually overwhelmed by
fibroblast overgrowth, making it difficult to establish pri-
mary cell culture.23,24 Epithelial-fibroblast transition is one
type of epithelial-mesenchymal transition (EMT). Keratin
8 and keratin 18 are two kinds of cytokeratin, which are
markers used to identify epithelial cells to fibroblast in
kidney, liver, and lung.25 We measured the mRNA expres-
sion of keratin 8 and keratin 18 of all cells in different pas-
sages to assess presence of fibroblast overgrowth during
the cell culture. We found that the mRNA expression of
keratin 8 and keratin 18 of HepG2 (positive control) is sig-
nificantly higher than that in human fibroblast cells (nega-
tive control) (Figure 3(a)). PHH 1 at passages 2 and 4
expressed high amount of keratin 8 and keratin 18. PHH 2
at passage 2 expressed higher amounts of keratin 8 and ker-
atin 18 than human fibroblast cells (Figure 3(a)). PHH 3 and
4, in early passages (up to passages 6 and 2, respectively)
expressed significantly higher amount of keratin 8 and ker-
atin 18 (Figure 3(a)).

S100A4 is a biomarker to characterize the mesenchymal
products caused by EMT that occur during the formation of
fibrosis in various organs.25 The RTPCR results revealed
that compared to HepG2, human fibroblast cells expressed
excessively high mRNA of s100A4. All the PHHs at any
passage did not express s100A4 (Figure 3(a)).

Albumin expression is a specific biomarker of liver func-
tion in hepatocyte cultivation. We found that PHH 1 and 2
did not express mRNA of albumin (Figure 3(a)). PHH 3 at

Figure 1. The representative phase contrast images of PHHs at different pas-

sages across a time course. Magnification, 10�; bar, 400 mm. (A color version of

this figure is available in the online journal)

Figure 2. The proliferative activity of the four PHHs was displayed in different

fashions. Cells were cultured in conditional reprogramming F-Y media. The cell

number and viability were recorded at each passage and a plot of population

doublings versus time (days) was constructed using Graphpad Prism 6.
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passages 2 and 3 expressed high level of albumin, but lost
the function from passage 6 (Figure 3(a)). PHH 4 at passage
2 slightly expressed mRNA of albumin, but failed to express
it at passage 8 (Figure 3(a)). These results indicate that
PHHs can maintain some hepatic functions at early pas-
sages without fibroblastic overgrowth.

PHH possesses cytochromes P450 enzymatic activities
and express mRNA of cytochromes P450 enzymes

Human cytochromes P450 enzymes superfamily predomi-
nantly exist in liver organ to metabolize drugs and other
xenobiotics. CYP3A4 is the member with the highest abun-
dance and it metabolizes the majority of drugs with known
metabolic pathways.26 CYP1A1, a member of the CYP1
family, is responsible for detoxification of drugs and meta-
bolic activation of polycyclic aromatic hydrocarbons and
aromatic amines.27 CYP2C9 typically metabolizes nonste-
roidal anti-inflammatory drugs and hypoglycemic.26 We
measured the enzymatic activities of CYP1A1, CYP3A4,
and CYP2C9 when we passaged the cells. We found that
PHH 3, in early passages (up to passage 7), exhibited strong
enzymatic activities of CYP1A1 and CYP3A4 (Figure 4(a)
and (b)). Only in passage 3, PHH 3 displayed stronger
CYP2C9 activity than HepG2 did (Figure 4(c)). Similar to
PHH 3, PHH 4, up to passage 7, showed strong activities of
CYP1A1 and CYP3A4 (Figure 4(a) and (b)). PHH 4 dis-
played stronger CYP2C9 activity, until passage 9, than
HepG2 did (Figure 4(c)). Both PHH 1 and 2 exhibited
strong CYP3A4 activity throughout their lifespan (Figure
4(a)). Due to lack of viable cells, we did not test CYP1A1
and 2C9 activities of PHH1 and 2. We further determined
mRNA expression of cyp1a1, cyp3a4, cyp2b6, cyp2c8, cyp2c9,
and cyp2d6. Compared to HepG2, PHH 3 expressed signif-
icantly higher mRNA level of cyp2c8 and cyp2c9 until pas-
sage 6 and higher mRNA level of cyp1a1, cyp3a4 until
passage 3 (Figure 3(b)). PHH 4, at passage 2, expressed
significantly higher mRNA level of cyp1a1, cyp3a4, cyp2c8,
and cyp2c9 (Figure 3(b)). However, the cyp2b6 and cyp2d6
mRNA expression between PHH, HepG2, and fibroblast
did not exhibit differences (Figure 3(b)). Both PHH 3 and
PHH 4 failed to express high mRNA level of CYP450 mem-
bers and displayed high CYP450 enzymatic activities at late
passages (Figure 3(b)). PHH 1 and 2 displayed a different
fashion compared to PHH 3 and 4 (Figure 3(b)). Compared
to HepG2, PHH 1 expressed significantly higher mRNA
level of cyp3a4, cyp2c8, and cyp2c9 and PHH 2 only
expressed significantly higher mRNA level of cyp2c9
(Figure 3(b)).

Discussion

Studies that involve human hepatocyte culture are limited
due to the lack of reliable techniques for PHH cultivation to
generate a large number of viable hepatocyte.
Commercially available human hepatocytes are costly
and can only survive for several days. Recently developed
methods to culture hepatocyte include coculture with
endothelial cells or 3T3-J2 fibroblasts, collagen double-gel
configuration, and hepatocyte spheroids.7 The cocultiva-
tion of human hepatocyte with endothelial cells or Swiss
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3T3-J2 mouse fibroblasts could long-term maintain the
liver-specific functions through heterotypic interactions
and production of extracellular materials.28,29 However,
the co-culture technique of PHHs always leads to contam-
ination with other cells. It has been reported that direct
physical contact between feeder cells and keratinocyte epi-
thelial is not required for the maintenance of indefinite pro-
liferative state of epithelial cells.30 Collagen sandwich
configuration and spheroid culture provide 3D-like envi-
ronment for hepatocyte and could promote the lifespan and
hepatic functions of human hepatocyte. However, they
cannot generate a large amount of cells.7,31

In the present study, we demonstrate, for the first time,
that conditional programming is applicable to long-term
expansion of PHH derived from liver patients with broad
pathological conditions, including cirrhosis, liver failure,
and metabolic diseases. The technology enables physical
separation between PHH and feeder cells, thus providing

pure PHH, as compared to traditionally used co-culture
methods. All PHHs survived more than one month using
conditional programming excluding the five PHHs which
got contaminated with fungi or bacteria during the first
several days after in vitro cultivation. The potential use of
the extended culture time of PHH may allow long-term
maintenance of the cells for characterization of their phys-
iological or pathophysiological features. Additionally, the
method enables researchers to perform experiments with
sufficient biological replicates using the same human hepa-
tocyte sample. We found that the PHHs derived from
young patients (PHH 3, 4, from 3- and 9-years-old patients,
respectively) survived longer and possessed higher prolif-
erative activity than the PHHs derived from adult patients
(PHH 1, 2, 5 and 6, from 66-, 68-, 72- and 53-years-old
patients, respectively) (Figure 2). Comparing albumin
mRNA expression between the two groups, we observed
that a decrease in albuminmRNA expression coincides with

Figure 3. mRNA expression of krt8, krt18, s100a4, albumin (a), cyp1a1, 3a4, 2b6, 2c8, 2c9, and 2d6 (b) in four PHHs at different passages, human fibroblast cells

(negative control), and HepG2 (positive control). The mRNA levels of corresponding genes relative to gapdh (a house keeping gene) were determined by the quan-

titative real-time PCR. The results were obtained from three replicate wells.
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an increase in age (Figure 3(a)). The differences in lifespan
and albumin mRNA expression between the two groups
likely suggest that the patient’s age may play an important
role in the long-term proliferation of PHH in vitro, which is
in agreement with previous studies.32,33 It should be also
noted that the nature of liver disease may have influence on
the capacity of the PHH being long-term cultured in vitro,
giving rise to the difference in the passaging time.
Strikingly, PHH 1, 2, 3, and 4 at early passages maintain
high CYP450 activities and mRNA expression (Figures 3(b)
and 4(a) to (c)). This implies that conditional programming
could generate large number of viable cells with hepatic
functions to predict drug toxicity, side effects, and metab-
olism. These observations may also suggest that cells
from different patients have somewhat different growth
condition requirements. Although the medium may not
be optimal for growth of all PHH, it appears that condition-
al programming is generally applicable. This is evident
from a high level of success rate we achieved in the long-
term in vitro cultivation of PHH from a range of liver dis-
ease patients. The technology is a simple, inexpensive yet
efficient cultivation technique that can be potentially

applied to establish in vitro pure hepatocyte cultivation to
offer a large amount of cell source.

We conclude that conditional programming is of consid-
erable advantage as compared to other culture systems.
Optimizations of culture medium are currently ongoing
to prolong the lifespan and enhance hepatic functions. We
believe the finding in this study will enable our team and
other researchers in this challenging field to enhance future
studies on long-term cultivation of PHHs.
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Figure 4. CYP 3A4 (a), 1A1 (b) and 2C9 (c) activities of four PHHs. The assays were carried out following the protocol of P450-Glo CYP3A4, 1A1 and 2C9 assay kits.

The enzymatic activities were normalized to cell viability. HepG2 and human fibroblast cell were positive control and negative control, respectively. The results were

obtained from three replicate readings.
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