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Abstract

Ornithine transcarbamylase deficiency (OTCD) is a metabolic and genetic dis-

ease caused by dysfunction of the hepatocytic urea cycle. To develop new drugs

or therapies for OTCD, it is ideal to use models that are more closely related to

human metabolism and pathology. Primary human hepatocytes (HHs) isolated

from two patients (a 6-month-old boy and a 5-year-old girl) and a healthy

donor were transplanted into host mice (hemi-, hetero-OTCD mice, and con-

trol mice, respectively). HHs were isolated from these mice and used for serial

transplantation into the next host mouse or for in vitro experiments. Histologi-

cal, biochemical, and enzyme activity analyses were performed. Cultured HHs

were treated with ammonium chloride or therapeutic drugs. Replacement

rates exceeded 80% after serial transplantation in both OTCD mice. These

highly humanized OTCD mice showed characteristics similar to OTCD

patients that included increased blood ammonia levels and urine orotic acid

levels enhanced by allopurinol. Hemi-OTCD mice showed defects in OTC

expression and significantly low enzymatic activities, while hetero-OTCD mice

showed residual OTC expression and activities. A reduction in ammonium

metabolism was observed in cultured HHs from OTCD mice, and treatment

with the therapeutic drug reduced the ammonia levels in the culture medium.

In conclusion, we established in vivo OTC mouse models with hemi- and het-

ero-patient HHs. HHs isolated from the mice were useful as an in vitro model

of OTCD. These OTC models could be a source of valuable patient-derived
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hepatocytes that would enable large scale and reproducible experiments using

the same donor.

KEYWORD S

chimeric mice with humanized liver, disease model, metabolic and genetic disease, ornithine

transcarbamylase deficiency, primary human hepatocytes

1 | INTRODUCTION

Urine cycle disorders (UCDs) are representative heredi-
tary and metabolic diseases in newborns. UCDs feature
hyperammonemia caused by a genetic defect in the
metabolic pathway producing urea from ammonia,
which is carried out primarily in the liver.1,2 Ornithine
transcarbamylase deficiency (OTCD) is one of the most
common genetic causes of UCDs.1-3 Unlike other types
of UCDs, the gene coding for OTC is located on the X
chromosome. Affected males typically present with
severe hyperammonemia soon after birth. Affected
females show a spectrum of severities ranging from
profound hyperammonemia in newborns to an asymp-
tomatic carrier state in adults due to mosaic inactiva-
tion of the X chromosome. Patients with mild OTCD or
asymptomatic carriers may reveal mild cognitive
impairments and executive function deficits on neuro-
psychological testing and may be at a risk of life-
threatening hyperammonemia at any age due to several
stressors.4,5 Patients require lifelong treatment includ-
ing protein restriction and nitrogen scavengers to con-
trol blood ammonia levels and may require liver
transplantation.

In the last decade, several chimeric mice with human-
ized livers have been developed. We recently established
a new chimeric mouse (PXB-Mouse) with high and stable
replacement rates (>70%) of human hepatocytes (HHs)
using urokinase-type plasminogen activator-cDNA/
severe combined immunodeficient (cDNA-uPA/SCID)
mouse as a host.6,7 A number of studies have demon-
strated the utility of this chimeric model and the isolated
HHs (PXB-cells) for the prediction of human drug metab-
olism and pharmacokinetics8-12 and as a susceptible
model of infection by hepatitis viruses.13,14 To mimic nor-
mal human liver functions, normal HHs are generally
transplanted to produce chimeric mice with humanized
livers. However, only two reports have used HHs from
OTCD patients,15,16 and the OTCD pathological condi-
tion in humanized mice harboring HHs from OTCD
patients has not been demonstrated. We hypothesized
that highly repopulated chimeric mice are essential to
represent the disease phenotype. However, not all
cryopreserved hepatocytes obtained from patients can be

used to produce highly repopulated chimeric mice due to
the varying conditions of the cryopreserved HHs. To
solve this problem, we isolated hepatocytes from primary
transplanted and poorly repopulated chimeric mice, puri-
fied the HHs and serially transplanted into subsequent
host mice. This protocol was successful in generating
humanized chimeric mice with a high replacement ratio
of HHs.

In vitro studies of patient hepatocytes have been ham-
pered by the limited availability of HHs and the lack of
an efficient cell propagation system. In our passaging sys-
tem using chimeric mice, normal HHs can proliferate
500 to 1000 times in a mouse liver. A previous study
described that the isolated HHs (PXB-cells) from the
PXB-Mouse can maintain highly differentiated pheno-
types for at least 21 days.17 Here, we applied this propa-
gation system and in vitro culture system to patient HHs
to investigate the efficacy of drugs prescribed for OTCD
patients.

In this study, we established a new chimeric mouse
model displaying the pathological condition of OTCD by
transplanting HHs from patients with OTCD into mice.
The isolated patient HHs propagated in chimeric mice
could be useful for screening of potential therapeutic
compounds for liver disease.

2 | MATERIAL AND METHODS

2.1 | Preparation of HHs from patients

Liver tissues from two OTCD patients were used. The
patients included a 5-year-old girl with a heterozygous
OTC mutation at exon 8 (NM_000531.5: c.770G > A, p.
Gly257Asp) and a 6-month-old boy with a hemizygous
OTC mutation (deletion of exon 1 region). The hepato-
cytes were isolated from the resected liver tissue through
the collagenase perfusion and cryopreserved in liquid
nitrogen until use, as described previously18 with the
exception that collagenase of experimental grade
(1 mg/mL in Hanks solution, Collagenase Type I for cell
dispersion, 035-17604, FUJIFILM Wako Pure Chemical
Corporation, Osaka, Japan) was used. Hepatic parenchy-
mal cells were isolated by low-speed centrifugation (50g).
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Cell numbers and viability were assessed using the Try-
pan blue exclusion test. The cells were cryopreserved in a
programmed freezer and preserved in liquid nitrogen
until required. Control hepatocytes from a 2-year-old His-
panic female were purchased from BD Biosciences
(BD195; Woburn, MA).

2.2 | Generation of chimeric mice with
humanized livers, isolation of HHs, and
serial transplantation

Cryopreserved HHs isolated from the two OTCD patients
were thawed and 0.5 or 1.0 × 106 cells were transplanted
into the spleens of 2 to 4-week-old, female, homozygous
cDNA-uPA/SCID mice as previously described.6 Briefly,
a small incision (approximately 5 mm) was made on the
skin and muscle layer on the left side of a mouse anesthe-
tized using 2.5% isoflurane. The edge of the pancreas was
held using tweezers, and the spleen was gently pulled out
from the incision. The tip of the spleen was inserted into
a looped suture. The needle filled with the HHs suspen-
sion was inserted into the tip of the spleen and injected
for 1 second (approximately 0.5 or 1 × 106 cells/20 μL/
mouse). Hemostasis of the spleen was performed by tying
the tip of the spleen with the looped suture, after which
both the pancreas and spleen were returned to the
abdominal cavity. Finally, the skin and the rectus abdo-
men were sutured together using a surgical needle and a
suture. These chimeric mice were designated as OTCD
mice and were further classified as hetero-OTCD mice or
hemi-OTCD mice depending on the sex of the patient,
female or male, respectively.

To perform serial transplantation, HHs were isolated
from OTCD mice and purified as previously described
with some modifications.17 Briefly, HHs were isolated by
a two-step collagenase perfusion method using type IV
collagenase (Sigma-Aldrich Japan, Tokyo, Japan). To
eliminate contaminating mouse cells, the isolated HHs
were incubated for 30 minutes with Dynabead-
conjugated with the 66Z antibody specific for mouse
cells. HHs with >99% purities were obtained using this
procedure. The ratio of beads lacking HHs and beads
conjugated with HHs was determined using microscopy.
The HHs were purified using the Dynal MPC-1 magnetic
particle concentrator (Dynal Biotech, Oslo, Norway).19

The purified HHs were immediately used as the donor
cells for serial transplantation and for in vitro study.
Serial transplantations were performed in up to the third
generation of hetero-OTCD mice and fourth generation
of hemi-OTCD mice using the method mentioned above.
Chimeric mice with second generation BD195 HHs were
used as the control.

2.3 | Blood examination

The concentration of human albumin (h-Alb) in blood
samples obtained from chimeric mice was measured
3 and 6 weeks after transplantation and once every
2 weeks thereafter by immunonephelometry in a model
BM6050 autoanalyzer (JEOL, Tokyo, Japan) using LX
Reagent Seiken Alb II (Eisen Chemical, Tokyo, Japan).
Plasma ammonia was determined using DRI-CHEM
7000 (Fujifilm, Tokyo, Japan).

2.4 | Allopurinol challenge test and
measurement of urinary orotic acid

Allopurinol (Wako, Tokyo, Japan) dissolved in 0.5%
methyl cellulose (Wako) was orally administrated at a
concentration of 5 mg/kg body weight. To collect urine
samples, mice were kept in metabolic cages for 24 hours
after administration of the vehicle or allopurinol. Urinary
orotic acid was measured using an established colorimet-
ric method.20 The absorbance was determined at 490 nm
using a SpectraMax i3 Multimode microplate platform
(Molecular Devices, Sunnyvale, CA). Urinary orotic acid
concentration was corrected according to urinary creati-
nine levels determined with a model 7170 autoanalyzer
(Hitachi Ltd., Tokyo, Japan).

2.5 | OTC enzyme activity

OTC enzyme activity was determined by a colorimetric
method based on the production of L-citrulline as
described previously.20,21 Citrulline production was deter-
mined by measuring the absorbance at 490 nm using a
SpectraMax i3 Multimode microplate platform
(Molecular Devices). The enzyme activity was expressed
as citrulline μmol/mg protein/h.

2.6 | Histological analysis

Liver tissues obtained from mice were immediately fixed
in 10% neutral buffered formaldehyde, dehydrated using
graded alcohol, and embedded in paraffin for light
microscopy examination. Paraffin sections with a thick-
ness of 5 μm were prepared from the liver tissues for
hematoxylin and eosin staining. Liver tissues were also
embedded in O.C.T compound (Sakura Finetek, Tokyo,
Japan) and snap frozen. Frozen sections (5 μm) were pre-
pared and fixed in 10% neutral buffered formaldehyde for
10 minutes at room temperature and washed with PBS.
Immunofluorescence (IF) was performed using a 1:100
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dilution of anti-human cytokeratin 8/18 (hCK8/18)
mouse monoclonal antibody (Cappel Laboratory,
Cochranville, PA, USA), specific for HHs and a 1:250
dilution of anti-OTC rabbit polyclonal antibody
(GeneTex, Irvine, CA) cross-reactive to mouse and
human epitopes. After washing in PBS containing Tween
20, the sections were incubated with Alexa 488 labeled
donkey anti-mouse and Alexa 594 labeled goat anti-rabbit
IgG secondary antibodies (Life Technologies Japan,
Tokyo, Japan), for 1 hour at room temperature. The
replacement index (RI) of HHs and human OTC positive
rate were calculated using double immunostaining sec-
tions from two liver lobes. The RI of HHs was the ratio of
the hCK8/18 positive HHs to the entire area. The human
OTC positive rate was the ratio of the OTC and hCK8/18
double-positive area to the hCK8/18 positive area.

2.7 | Selection of animals and time
points for each experiment

The time points of each analysis are summarized in
Figure S1. Mice with the highest blood h-Alb levels were
used for perfusion experiments. In the final generations,
the third generation of Hetero- and fourth generation of
Hemi-OTCD mice, three mice showing the averages of h-
Alb values in each group were chosen for perfusion. For
histological analysis, three mice showing the average h-
Alb values in each group were chosen for each genera-
tion. In the case of the third generation of Hemi-OTCD
mice, all surviving animals except for the mice perfused
for serial transplantation were used for histological obser-
vation. In the third generation of Hetero-OTCD mice,
two different points were set: one at the same time point
as that in the first generation and the other at the time
point of perfusion. Orotic acid was measured before
euthanasia of the animals used for histological analysis
in third and fourth generations of Hetero- and Hemi-
OTCD mice, respectively. Plasma ammonia levels of all
animals in the group were measured before the final
sampling.

2.8 | Culture of HHs, ammonia loading,
and drug treatment

HHs isolated from chimeric mice were seeded in type I
collagen-coated 24-well plates at 2.13 × 105 cells/cm2 and
cultured as reported in our previous study.17 The medium
was changed every 3 to 4 days. Six days after seeding, the
medium was replaced by serum-free medium containing
GlutaMax, which is a more stable form of L-glutamine
that does not deaminate and release additional ammonia.

Twenty-four hours after pretreatment with the medium,
HHs were treated with 10 mM NH4Cl for 24 and
48 hours in the same medium. The cell culture superna-
tant was collected for determination of the levels of h-Alb
secretion and ammonia concentrations by the same
methods as used for blood examination. For drug treat-
ment, on the day following seeding, HHs were cultured
with 0.01, 0.1, and 1 mM sodium 4-phenylbutyrate (4-PB)
or sodium benzoate (SB) for 2 weeks.

3 | RESULTS

3.1 | Generation of OTCD mice

Transplanted HHs from patients were successfully
engrafted in hetero- and hemi-OTCD mice as shown by
the low h-Alb levels in the first generation (Table 1,
Figure S1). Except for the third generation hemi-OTCD
mice, all OTCD mice survived longer than 18 weeks of
age (15 weeks after transplantation). Rapid elevation of
blood h-Alb levels, hyperammonemia, and lower body
weight were seen in the third generation hemi-OTCD
mice compared with the other mice. Most of the mice
became moribund or died prior to 8 weeks of age
(5 weeks after transplantation). Therefore, fourth genera-
tion hemi-OTCD mice were produced by transplanting
half the number of HHs (0.5 × 106 cells) isolated from
third generation mice. The blood h-Alb concentration
was significantly improved on serial transplantation in
both hetero- and hemi-OTCD mice.

3.2 | Histological analysis of OTCD mice,
proliferation of HHs, and OTC expression
in host mouse liver

Histologically, as shown previously in humanized liver
mice transplanted with normal HHs, cryopreserved HHs
from OTCD patients or fresh HHs isolated from OTCD
mice proliferated and occupied host mice liver tissues
after transplantation (Figure 1A). Consistent with blood
h-Alb levels, hCK8/18 positive rate (RI) in OTCD mice
was significantly improved by serial transplantation,
especially in hemi-OTCD mice, and exceeded 80% in both
third generation OTCD mice (Figure 1B,C). Immuno-
staining of OTC revealed different expression patterns in
liver tissue of hetero- and hemi-OTCD mice, representing
its X-linked inheritance (Figure 1B). In liver tissues of
hetero-OTCD mice, OTC displayed a mosaic pattern in
the hCK8/18-positive area, suggesting X chromosome
mosaic inactivation, which was demonstrated in hetero
OTCD mice previously.22 In contrast, OTC was
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completely absent in the hCK8/18-positive area in hemi-
OTCD mouse liver tissue. The human OTC positive rate
confirmed that serial transplantation did not influence
the human OTC positive rate in subsequent generations
of both hetero- and hemi-OTCD mice, suggesting the
similar growth of OTC positive and negative hepatocytes
(Figure 1D). The expression of several hepatocyte func-
tional genes, including OTC, was evaluated and com-
pared between generations to assess the influence of
serial transplantation on the genes (Figure S2). Differ-
ences in gene expression were observed between each
group but were not observed between each generation in
all groups except for Cytochrome P450 3A4 (CYP3A4) in
Hetero-OTCD which is less than a twofold difference.

3.3 | Biochemical analyses of OTCD
mouse and OTC enzyme activities and
protein expression of isolated hepatocytes

Compared with control humanized liver mice, blood
ammonium levels were significantly increased in third
and fourth generation hetero- and hemi-OTCD mice,
especially in the third generation hemi-OTCD mice
(which showed a low survival rate) (Figure 2A). Allopuri-
nol challenge test revealed the significant elevation of
orotic aciduria in hetero-OTCD mice treated by allopuri-
nol, while severe orotic aciduria was observed in

hemi-OTCD mice even without allopurinol (Figure 2B).
Isolated HHs showed significant reduction in OTC
enzyme activity (Figure 2C) and protein expression
(Figure S3A,B) in patient hepatocytes from hetero- and
hemi-OTCD mice compared with control HHs.

3.4 | Cell culture of hepatocytes isolated
from OTCD mice

Isolated HHs from OTCD mice cultured on collagen-
coated plates displayed a similar morphology as control
hepatocytes. A bi- or monocular polygonal cell shape,
clear cell boundaries, and bile canaliculi-like structures
were evident more than 2 weeks after plating (Figure 3A).
HHs from control chimeric mice stably secreted albumin
into the culture medium for over 2 weeks, whereas albu-
min secretion was significantly lower in OTCD mouse
HHs (Figure 3B). To assess the urea cycle function of cul-
tured HHs, the ammonia load test was performed. Mea-
surements of ammonium and urea levels in culture media
revealed the complete lack of ammonia metabolism and
urea synthesis in HHs isolated from hemi-OTCD mice
(Figure 3C,D). On the other hand, accumulation of
ammonia in the culture media only 24 hours after ammo-
nia loading suggested a partial dysfunction of ammonia
metabolism in hetero-OTCD HHs. However, the synthesis
of urea in hetero-OTCD HHs was similar to normal HHs,

TABLE 1 Blood h-Alb levels, body weight and survival rates in OTCD-mouse

Type Gen

Week-olda

(weeks
after TP)

Number of
transplanted
cells (×106) Nb

h-Alb
(mg/ml) BW (g) RI (%)

hOTC
positive
rate (%)

Survival
rate (%)c

Hetero-
OTCD

1 23 (20) 1.0 5/5 3.7 ± 2.3 (4)d 15.7 ± 2.4
(4)d

68.3 ± 13.3
(3)

56.6 ± 10.7
(3)

100

2 23 (20) 4/5 8.8 ± 1.2 (4) 17.3 ± 1.7
(4)

n.a. n.a. 100

3 23 (20) 9/10 7.8 ± 1.1 (6) 14.3 ± 1.5
(6)

91.9 ± 7.7
(6)

59.0 ± 5.1
(6)

100

Hemi-
OTCD

1 18 (15) 1.0 5/6 0.6 ± 0.4 (4) 16.1 ± 3.2
(6)

6.5 ± 1.9
(3)

n.d. 100

2 18 (15) 3/3 7.3 ± 0.5 (3) 15.1 ± 1.1
(3)

n.a. n.a. 100

3 8 (5) 14/15 7.8 ± 1.5 (9) 8.0 ± 1.5
(10)

83.0 ± 3.3
(5)

n.d. 0

4 18 (15) 0.5 6/7 5.3 ± 1.5 (6) 15.5 ± 1.5
(6)

82.4 ± 4.6
(3)

n.d. 100

Abbreviations: BW, body weight; Gen, generation; h-Alb, human albumin; hOTC, human ornithine transcarbamylase; n.a., not available; n.d., not detectable;
OTCD, ornithine transcarbamylase deficiency; TP, transplantation; RI, replacement index.
aWeek-old and weeks after TP of the animals at the time of measurement of h-Alb and body weight.
bNumber of animals showing detectable h-Alb levels in total transplanted animals.
cSurvival rate at 18 (Hemi) or 23 (Hetero)-week-old.
dNumber of animals at the time of measurement of h-Alb, body weight, histological RI and hOTC positive rate.
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which was elevated over time after ammonia loading
(Figure 3C,D). Treatment with 4-PB and SB produced sig-
nificant reductions in the levels of ammonia in the culture
medium of OTCD HHs. The efficiency was higher in 4-PB
treated samples than in SB treated samples, and hetero-
OTCD HHs were more susceptible than hemi-OTCD HHs
(Figure 3E).

4 | DISCUSSION

Several recent studies have demonstrated that HHs isolated
from patients with genetic metabolic diseases, including
OTCD and other UCDs, proliferate in humanized liver

mouse models.15,16,23,24 Furthermore, some have a disease
phenotype, such as carbamoyl phosphate synthetase-1
(CPS-1) deficiency24 and familial hypercholesterolemia,21

but not OTCD. In these studies, another representative
humanized liver mouse model, FRG mice, with a genetic
background of fumarylacetoacetate hydrolase (FAH) defi-
ciency and immunodeficiency (Rag2−/− IL2rg−/−) were
used. There are several differences between the two
models,7 the major difference being the mechanism of hep-
atotoxicity in the host mouse, which is an essential factor
for the proliferation of HHs. FAH deficiency in FRG mice
causes lethal defects and requires frequent administration
of nitisinone, an inhibitor of the tyrosine metabolic path-
way, to maintain animal viability. In contrast, uPA/SCID

FIGURE 1 Histological analysis of ornithine transcarbamylase deficiency (OTCD) mouse liver. A, Hematoxylin and eosin staining for

liver section of hetero-OTCD (third generation [GEN] at 20 weeks after transplantation [WAT]) and hemi-OTCD (fourth GEN at 15 WAT)

mice. Scale bars denote 100 μm. B, Double immunofluorescence for hCK8/18 (green) and ornithine transcarbamylase (OTC) (red) of hetero-

OTCD mouse liver tissue (a, first GEN; b, third GEN), hemi-OTCD mouse liver tissue (c, first GEN; d, fourth GEN), and control (e) humanized

mouse liver tissue. Arrowheads indicate human OTC (hCK8/18 and OTC double) positive area. Scale bars denote 400 μm. C, hCK8/18 positive

rate (%) per entire area in each generation of hetero- (n = 3-6) and hemi-OTCD mouse liver (n = 3-6). D, Human OTC positive rates calculated

by OTC and hCK8/18 double-positive area to hCK8/18 positive area in hetero- and hemi-OTCD mouse liver (n = 3-6). Graph bars represent

mean ± SD; * and ** indicate P < .05 and P < .01 by one-way ANOVA or Student's t-test; n.s., not significant; n.d., not detectable
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FIGURE 2 Biochemical parameters of ornithine transcarbamylase deficiency (OTCD) mouse, ornithine transcarbamylase (OTC)

enzyme activities, and protein expression of isolated HHs. A, Plasma ammonia levels in hetero-OTCD mice (second GEN at 24 WAT [n = 4],

and third GEN at 25-28 WAT [n = 6]), hemi-OTCD mice (second GEN at 18 WAT [n = 3], third GEN at 8 WAT [n = 6] and fourth GEN at

15 WAT [n = 7]), and control PXB-mice [n = 5]. B, Urine orotic acid in hetero-OTCD mice (third GEN at 25 WAT [n = 3]), hemi-OTCD

mice (fourth GEN at 15 WAT [n = 3]), and PXB-mice (n = 4) with or without allopurinol challenge test. C, OTC enzyme activity in isolated

hepatocytes from hetero-OTCD mice (n = 5), hemi-OTCD mice (n = 5), and control PXB-mice (n = 3). Graph bars represent mean ± SD; *

and ** indicate P < .05 and P < .01 by Kruskal-Wallis test or one-way ANOVA; n.s., not significant

FIGURE 3 Cell culture of

hepatocytes isolated from ornithine

transcarbamylase deficiency

(OTCD) mice. A, Phase-contrast

photographs of human hepatocytes

(HHs) isolated from OTCD and

control mice at 14 days after

plating. Scale bar denote 50 μm. B,

Human albumin levels in culture

media of HHs at 1 and 2 weeks

after plating. C, Ammonium

and, D, urea levels in cell culture

media after medium change with/

without NH3Cl loading and, E, the

effect of 4-PB or SB treatment.

Graph bars represent mean ± SD;

** indicate P < .01 by Kruskal-

Wallis test or one-way ANOVA;

n.s., not significant
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mice do not require maintenance, and HHs are not unnec-
essarily exposed to the drug. In addition, even adult FRG
mice are acceptable for HHs transplantation, whereas
uPA/SCID mice have a narrow window for cell transplan-
tation (2-4 weeks old). uPA/SCID mice can achieve a high
RI in a relatively short period (8-12 weeks) compared with
FRG mice (approximately 28 weeks). Theoretically, as long
as HHs transplanted into mice have normal proliferation
ability, humanization would be achieved regardless of the
host mouse strain. In this study, OTCD HHs proliferated in
our uPA base host mice, and humanized mice highly rep-
opulated with OTCD HHs presented pathological states.

The study findings also emphasize the enormous ben-
efits of serial transplantation in achieving high
repopulation of mouse livers with patient HHs. We expe-
rientially know that have shown that cryopreserved and
commercially supplied HHs vary in their efficacy of
engraftment and replacement during the first transplan-
tation. The success of engraftment and replacement in
host mice can depend on the vial lots used. In the present
study, the poor engraftment and repopulation abilities of
low-quality HHs could be significantly improved by serial
transplantation. Considering the functional reserve
capacity of the liver, when the RI of mouse liver with
genetic or metabolic disease HHs was low, the remaining
host mouse hepatocytes might compensate for the defec-
tive hepatic functions. Therefore, it is assumed that a
high RI is required to reproduce the particular pathologi-
cal state of the genetic and metabolic disease. In this
study, only serially transplanted OTCD mice with highly
repopulated HHs displayed symptoms that included
hyperammonemia and orotic aciduria. Especially in third
generation hemi-OTCD mice, the rapid and extensive
repopulation of HHs derived from patients caused severe
hyperammonemia and high mortality, which reflected
the severity of OTCD in male patients. In immature ani-
mals, rapid repopulation at an early stage could cause
underdevelopment and poor growth conditions but not
mortality. Thus, rapid repopulation might also contribute
to high mortality together with hyperammonemia. Trans-
plantation of reduced numbers of cells resulted in the
coexistence of long-term survival and symptoms in fourth
generation hemi-OTCD mice, indicating that modifying
the number of transplanted cells might result in a sever-
ity of disease that is appropriate to the experimental
objective. In addition to hyperammonemia, OTCD mice
displayed another clinical feature, orotic acid excretion
that results from the transfer of carbamoyl phosphate
into the pyrimidine synthesis pathway and production of
orotate and orotidine. In general, while potent orotic
aciduria is observed in male patients, female patients
show several degrees of orotic acid excretion.1,25-27

A remarkable increase in orotic acid excretion after

administering allopurinol, which inhibits orotidine
decarboxylase, is considered a diagnostic feature in
patients suspected of OTCD or in carrier patients without
orotic aciduria.26-29 Therefore, the enhanced excretion of
orotic acid by allopurinol that was observed in OTCD
mice suggests an activated pyrimidine synthesis pathway
that is similar to that observed in OTCD patients.

Concerning serial transplantation, the repeated
expansion and isolation of patient HHs might promote
selective proliferation of the cell with healthier state,
which produces a milder disease phenotype than the pre-
vious generation mouse. However, histological measure-
ments showed that the human OTC positive rate did not
change between generations, indicating that OTCD in
HHs did not affect the engraftment and proliferation in
livers of the host mice. However, further analyses are
necessary to validate this, as no conclusive data, such as
those obtained after bromodeoxyuridine or immuno-
staining, have been generated in this study to assess the
proliferation ability in each cell type. Additionally, con-
sistent gene expression through the generations
(Figure S2) suggests that serial transplantation does not
affect the phenotype of transplanted HHs at least after
the third or fourth generations.

We also demonstrated the utility of isolated patient
HHs as an in vitro model of OTCD. While hemi-OTCD
HHs completely lacked ammonia metabolism and urea
synthesis, hetero-OTCD HHs showed decreased ammo-
nia metabolic activity only at 24 hours after ammonia
loading, with no difference in urea synthesis. Although
CPS-1 is the first step and is considered the rate-limiting
enzyme in the urea cycle, differences in the activities of
other enzymes have also been reported. Arginosuccinate
synthetase and arginosuccinate lyase, the downstream
enzymes that follow OTC in urea cycle, show much lower
activity than OTC.30,31 This may explain the similar urea
production ability of hetero-OTC with control HHs,
despite the significant difference in OTC enzyme activity
and ammonia metabolism. Consistent with this, the clini-
cally measured BUN levels of girl donors (6.1 mg/dL)
were within the reference range (5-18 mg/dL),32 while
the boys showed extreme reduction (2.4 mg/dL).

Furthermore, we demonstrated the utility of patient
HHs for pharmacological examination by using 4- PB
and SB as representative ammonia-scavenging drugs. The
difference in susceptibility between hetero- and hemi-
OTCD HHs to these drugs may be a result of the extraor-
dinarily high basal level of ammonia in hemi-OTCD HHs
(Figure 3C). Phenylbutyrate and benzoyl-CoA, which are
products of 4- PB and SB metabolism, respectively, are
conjugated with glutamine and glycine, respectively, in
hepatocytes to excrete these ammonia-genic amino acids
in urine.33-35 Theoretically, the scavenging efficacy per
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molecule of 4-PB should be double that of benzoate
because glutamine has two nitrogen atoms compared to
one in glycine. Further, a previous study involving
healthy volunteers demonstrated the higher nitrogen
scavenging efficiency of 4-PB compared to SB.35 This
might explain the difference of the scavenging efficacy
between 4-PB and SB in vitro in this study. Of note, suit-
able animal models to assess the drug efficacy of 4-PB are
lacking because nonprimate animals conjugate glycine,
not glutamine, with phenylbutyrate.36,37 This is a good
example of the interspecies difference in drug metabo-
lism between humans and experimental animals that
must be considered in drug development. Therefore, the
OTCD mouse and HHs isolated from the mouse
established in this study may become suitable in vivo and
in vitro models, respectively having both genetic defect
and human type drug metabolism. These features differ
from the several existing OTCD mouse models, which
feature the native (mouse type) drug metabolism.

In addition to the demonstrated utility in drug screen-
ing studies, mice with humanized livers containing HHs
isolated from human patients may be useful for studies
with genetic approaches such as gene therapy or gene
editing. Ginn et al demonstrated that point mutations in
the OTC gene could be repaired at certain levels in prolif-
erating OTCD patient-derived HHs transplanted into
Fah-knockout mice using an AAV vector-based approach
involving CRISPR-Cas9-mediated cleavage and
homology-directed repair (HDR).15 As they discussed,
this successful repair could be overestimated in human-
ized liver chimeric mice with a robust proliferation of
HHs in the host mouse liver, since classical HDR occurs
only in proliferating cells. The current issues in clinical
applications of this model include the development of cell
cycle-independent approaches and a highly efficient
liver-targeted gene transfer technology.

One week after plating, the levels of h-Alb were lower
in the culture medium with hetero- and hemi-OTCD
HHs (approximately 48% and 38%, respectively) than in
the control, and ammonia loading reduced the h-Alb
levels in control and hetero-OTCD HHs (Figure S4).
These findings are partially consistent with a previous
report that demonstrated the reduced Alb levels in pri-
mary HHs cell culture by ammonia loading and a rela-
tionship between the plasma ammonia levels and liver
dysfunction in patients with OTCD showing acute liver
failure.38 However, blood h-Alb levels of OTCD mouse
were lower than control (approximately 61% and 75% of
control, respectively), although the histological RI were
similar in both hetero- and hemi-OTCD mice without
any relation to the ammonia levels. Therefore, other pos-
sibilities concerning hepatic dysfunction in OTCD hepa-
tocytes should be considered. For example, the defect of

urea cycle itself should cause the same intracellular alter-
ation of amino acid status as systemic changes, which
may affect protein production. Of course, it may be due
to individual differences of each donor cell. Further study
using many OTCD cells from the same patients may help
us to address the pathology of hepatic dysfunction in
OTCD hepatocytes.

In summary, we established a novel in vivo OTC
mouse model harboring patient HHs by exploiting the
benefits of serial transplantation, such as improvement of
RI and robust expansion of HHs. Furthermore, we dem-
onstrated the usefulness of isolated patient HHs as an
in vitro model of OTCD. This novel OTC mouse model
will be a promising source of valuable patient-derived
hepatocytes in vitro, which will enable large scale and
reproducible experiments using the same OTCD donor.
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