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Table 1. Genotypic risk facrors for inhibitor development of the patient.
The immune response factors related to the sk of mhibitor development
were analysed. Low risk was suggested by IL10 and TNFx analysis and high
risk was suggested by CTLA-4 analysis.

TNFa
Hap 1 or 3 and -308G/G genotype
(High risk: Hap 2 or 3 and -308G/G genotype)
CTLA-4
-318 C/C
(Low risk: -318 T allele)
IL10
None with allele 134 (138/140)
(High risk: Allele 134 positive)

mRNA obtained from blood is available to observe the
state of splicing, and this analysis 1s widely used to screen
for genetic abnormalinies. If the mutation exists deep
mnside the intron, 1t will give some influence on the tran-
script. Therefore, examination of the mRNA 1s very
effective to detect unknown genetic mutations or rear-
rangements. Furthermore, the analysis of ectopic mRNA
is also effective to examine the influence that detected
gene abnormalities exert on the splice. In fact, the muta-
tion that we found was confirmed to cause the splice
abnormality by analysing ectopic mRNA. Although pre-
dictive software analysis [17] suggested that this
patient’s mutation may cause splicing abnormalities,
there was no further evidence to prove this.

We analysed ectopic mRNA by using the method
that had been reported by El-Maarn et al. [10]. This
method utilizes the nested PCR technique and is
suitable for detection of small amounts of mRNA. At
first, the F8 is divided into four regions, exon 1-8,
8-14, 14-21 and 19-26, and is amplified. Then, each
of the first amplification products are further divided
into two regions and amplified again. In the present
study, because the position of the mutation was identi-
fied within intron 10, exon 8-14 was amplified first,
then exon 8-11 was amplified. However, consistent
amplicons were not obtained from every reaction of
the second amplification. We have re-evaluated the
preparation of mRNA and the amplification of cDNA
to elucidate why the same amplicon was not provided
every time. However, we could not resolve the issue.
This may reflect the low abundance of such a variant.
Therefore, we evaluated the patient’s mRINA by the
result of 10 independently performed reactions.
Although the method mentioned above is an excellent
method for analysing ectopic F§ mRNA, in the case
of some splice variants it 1s suggested that careful
evaluation and selection of analyses are necessary.

Originally, the patient was identified as having very
mild congenital haemophilia A. The patient had no his-
tory of haemorrhage that required treatment undl the
detection of low FVIII actwvity level at the age of 60,
although he had showed some difficulty of haemostasis,
for example 1n tooth extractions etc. during childhood.
The fact that there 1s agreement between both the FVIII
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levels at a preoperative exarmumnation and the F§ mRINA
levels described 1n the present study supported the classi-
fication of the patient as having mild congenital haemo-
philia. However, at the present tume, the patent has
fallen into a very severe state due to development of anti-
FVII antibody. The inhibitor development process of
the patient was typical, and took less than 20 exposure
days from the first FVIII concentrate injection {18].
Generally, inhibitor development in congenital haemo-
philia is more frequently observed in the severe patients
null mutations [8]. It is comparatively rare that a patient
with mild haemophilia A should develop the inhibitor.
Inhibitor development in mild haemophilia A is typically
observed in patients with molecular abnormalities
because endogenous abnormal mutant FVIIL, a cross-
reacting material (CRM), is recognized as “self” and
exogenously infused normal FVIII molecule is recognized
as “non-self”. The developed antibody is often seen to
cross-react with not only “non-self” but also “self”.

This patient was diagnosed with congenital mild
haemophilia A and has CRM as previously stated.
However, analysis of the mRNA might suggest that
this patient’s CRM would be normal FVIII, produced
by the normal mRNA which avoided abnormal splic-
ing. Therefore, this is an interesting case because the
mhibitor in this patient raises the possibility that the
nature and developing mechanism are different from
the inhibitor usually developed in congenital mild
haemophilia A. The inhibitor showed a type I inhibi-
tion kinetic pattern [19], predominantly IgG4 subclass
[20], and multi-clonal epitopes (A2 domain and the
light chain of FVIII). These characteristics were most
typical of an alloantibody developed in congenital
haemophilia. Moreover, we investigated the genetic
risk factors in consideration of the possibility that the
patient’s antibody developed as an autoantibody. The
results of the haplotype analysis of the immune
response factors suggested that the patient was not at
an especially high risk of inhibitor development
[21-24]. However, on the other hand, the fact that the
patient is aged and had a solid tumour (stomach can-
cer) may have created a higher risk of an autoantibody
development. Therefore, we cannot deny the possibil-
ity that the patient’s haemophilia 1s acquired.

The novel factor VIII mutation identified here
provides potential nsight into the genetic contribution
to haemophilia A pathogenesis and nhibitor develop-
ment. Although the FVIII antibody developed in this
patient is interesting, further analysis and knowledge
are necessary to judge whether the inhibitor 1s an
alloantibody or an autoantibody.
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Recent advances in tissue engineering technologies have highlighted the ability to create functional liver
systems using isolated hepatocytes in vivo. Considering the serious shortage of donor livers that can be used
for hepatocyte isolation, it has remained 1mperative to establish a hepatocyte propagation protocol to provide
highly efficient cell recovery allowing for subsequent tissue engineering procedures. Donor primary hepato-
cytes were isolated from human «-1 antitrypsin (hA1AT) transgenic mice and were transplanted into the
recipient liver of urokinase-type plasminogen activator-severe combined immunodeficiency (uPA/SCID)
mice. Transplanted donor hepatocytes actively proliferated within the recipient liver of the uPA/SCID mice.
At week 8 or later, full repopulation of the uPA/SCID livers with the transplanted hA1AT hepatocytes were
confirmed by blood examination and histological assessment. Proliferated hA1AT hepatocytes were recov-
ered from the recipient uPA/SCID mice, and we generated hepatocyte sheets using these recovered hepato-
cytes for subsequent transplantation into the subcutaneous space of mice. Stable persistency of the
subcutaneously engineered liver tissues was confirmed for up to 90 days, which was the length of our present
study. These new data demonstrate the feasibility in propagating murine hepatocytes prior to the develop-
ment of hepatic cells and bioengineered liver systems. The ability to regenerate and expand hepatocytes has
potential clinical value whereby procurement of small amounts of tissue could be expanded to sufficient

quantities prior to their use in hepatocyte transplantation or other hepatocyte-based therapies.

Key words: Liver tissue engineering; Cell proliferation; Cell sheet; Tissue engineering;

Hepatocyte transplantation; Regenerative medicine

INTRODUCTION

Liver tissue engineering using primary hepatocytes
presents the opportunity to create a de novo liver sys-
tem, which can lead to a new therapeutic modality
towards the treatment of various liver diseases (4,10,
15,18,28) and may have the potential to obviate the need
for organ liver transplantation. In fact, hepatocyte trans-
plantation into the liver of a recipient patient has proven
to be effective in some experimental and clinical settings
(3,10,14,20,21,24,26).

We have recently developed a novel approach for
engineering a functional ectopic liver system within the
subcutaneous space in mice (17). The engineered liver
systems have been shown to persist for at least 200 days,
and the persistency of the de novo engineered tissue has

been largely predicated on two key factors. First, the
creation of a vascularized platform using a growth fac-
tor-releasing device at the target subcutaneous site prior
to the transplantation of the donor hepatocytes (30). The
prevascularization process plays a pivotal role in the sur-
vival of the transplanted hepatocytes by providing an
adequate blood supply to these transplanted cells, due to
their high metabolic activities that require an active
nutrient supply and waste exchanges (13,16). The sec-
ond factor is the creation of uniform hepatocyte sheets
using the isolated individual donor hepatocytes in cul-
ture (17). The in vitro created hepatocyte sheets maintain
their intercellular communications (e.g., desmosomes and
bile canaliculi) and exhibit other essential cellular
microstructures fo document their continued hepatocyte
phenotype and functionality. Recent studies by our
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group has shown that combining these two factors in
which the in viiro-generated hepatocyte sheets were
transplanted within a prevascularized subcutaneous site
potentiated the formation of a fully functional, long-last-
ing two-dimensional liver systems (17). Moreover, a
more spatially complex, three-dimensional liver systems
could be successfully achieved by stratifying additional
hepatocyte sheets in the subcutaneous space (17). The
confirmed functionality of the engineered liver system
includes liver-specific protein productions, chemical
uptake and subsequent metabolizing enzyme expressions,
and regenerative growth (17).

Although this approach has shown considerable
promise in recent years, there are several hurdles that
need to be overcome for continual advancement to occur
using hepatocyte-based technologies. Most notably, the
potential lack of donor hepatocytes could become an
issue depending on the abundance of the liver mass
obtained for this procedure, since isolated hepatocytes
lose their ability to actively proliferate following transfer
to culture conditions (9,14). For this reason, an efficient
method to propagate donor hepatocytes needs to be
established. However, we and others have shown that
primary donor hepatocytes can be successfully prolifer-
ated in vivo following transplantation in the livers of
several mouse models, including the urokinase-type
plasminogen activator-severe combined immunodefi-
ciency (uPA/SCID) transgenic mice (1,6,7,19,22,23).

Towards this end, we have designed the present study
to determine whether primary donor mouse hepatocytes
transplanted into the livers of uPA/SCID recipient mice
can be efficiently propagated in vivo for subsequent
downstream utilization as a valuable source for the cre-
ation of hepatocyte cell sheets. The efficacy in the gen-
eration of hepatocyte cell sheets in the prevascularized
subcutaneous space of mice and their persistent biologi-
cal function(s) will be investigated.

MATERIALS AND METHODS

Animals

Transgenic mice expressing human. o-1 antitrypsin
(hA1AT) under the hepatocyte-specific promoter (hA1AT-
FVB/N, H-2%; kindly provided by Dr. Bumgardner, Ohio
State University, Columbus, OH) (2) at 13 weeks of age
were used as donors for hepatocyte isolation. Wild-type
female FVB/N mice (11-12 weeks of age), which were
syngenic to the hA1AT-FVB/N, were used as the recipi-
ent animals. hA1AT transgenic (hA1AT-TG) and FVB/
N mice were maintained in the Animal Center at Tokyo
Women’s Medical University. uPA/SCID mice used in
the hepatocyte propagation experiments were generated
at Hiroshima Prefectural Institute of Industrial Science
and Technology (HPIIST) and PhoenixBio, Co. Ltd. as
described previously (22,23,31). Presence of the uPA
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transgene in each SCID mouse was genotypically con-
firmed by PCR as described previously (23). Experi-
mental protocols were developed in accordance with the
guidelines of the local animal committees at HPIIST,
PhoenixBio, Co., Ltd., and Tokyo Women’s Medical
University. Mice were placed in cages within a tempera-
ture-controlled room with a 12-h light/12-h dark cycle
as well as ad libitum access to food and water.

Hepatocyte Isolation and Purification

Hepatocytes were isolated from hA1AT-TG mice or
hA1AT hepatocyte-repopulated uPA/SCID mice using a
modified two-step collagenase perfusion method as pre-
viously described (5,11,12,16,17,30). Briefly, the livers
were primarily perfused with Hank’s balanced salt solu-
tion (HBSS) (Sigma, St. Louis, MO) containing 0.09%
EGTA followed by a second perfusion using HBSS con-
taining 0.03% collagenase (Sigma) and 5 mM CaCl..
Isolated cells were filtered through a nylon mesh mem-
brane and hepatocytes were then purified by slow speed
centrifugation at 50 X g for 5 min followed by Percoll
(GE Healthcare, Buckinghamshire, UK) isodensity puri-
fication. The viabilities of the isolated mouse hepato-
cytes were determined by trypan blue exclusion test. In
studies of hA1AT hepatocyte transplantation to the uPA/
SCID mice, experiments were conducted only when the
hA1AT hepatocyte viabilities exceeded 95%.

Transplantation of hAIAT Hepatocytes for Propagation
in the uPA/SCID Livers

Isolated hA1AT hepatocytes were resuspended with
serum-free Dulbecco’s modified Eagle medium (DMEM)
(Sigma) to a final ratio of 1.5 x 107 hepatocytes/ml.
A total of 5 x 10° viable hepatocytes were transplanted
into the liver of uPA/SCID mice using an infusion tech-
nique into the inferior splenic pole as described pre-
viously (22,23,31).

Creation of Two-Dimensional Hepatic Tissue Sheets

The creation of hepatocyte sheets was performed as
described previously (17). Briefly, hA1AT hepatocytes
were isolated from hA1AT mouse livers and hAlAT
hepatocyte-repopulated uPA/SCID livers were plated on
the temperature-responsive polymer [poly(N-isopropyla-
crylamide)]-coated (PIPAAm) dishes (UpCell, 35 mm,
CellSeed, Tokyo, Japan) at a density of 8 x 10° cells/
dish. Cell culture was performed at 37°C. Three days
later, when the plated hepatocytes reached confluency,
the cultured hepatocytes were detached from the culture
dish and harvested as a uniformly connected tissue sheet
by lowering the culture temperature to 20°C for 15 min.
The harvested hepatocyte tissue sheets were attached to
a support membrane (CellShifter, CellSeed) for subse-
quent transplantation.
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Hepatocyte Sheet-Based Liver Tissue
Engineering Procedure

Prior to the liver tissue engineering procedure, the
basic fibroblast growth factor (bFGF)-releasing device
was inserted into the subcutaneous space on the back of
FVB/N mice as described previously (17,30). Ten days
after the device insertion, a highly vascularized subcuia-
neous platform was developed. Right before the hepato-
cyte sheet transplantation, an L-shaped skin incision was
made to open the vascularized platform followed by
removal of the device. The harvested hepatocyte sheet
was transplanted onto the vascularized platform with the
support membrane. Approximately 5 min later, the sup-
port membrane was removed while leaving the hepato-
cyte sheet in vivo and procedure was finalized by
closing the skin wound.

Enzyme-Linked Immunosorbent Assay (ELISA)

Propagation status of the hA1AT hepatocytes in the
uPA/SCID livers and functional volume of the liver tis-
sues engineered in the FVB/N mice were assessed by
measuring the recipient serum hA1AT concentrations by
ELISA. The ELISA used an antibody against hA1AT
(DiaSorin, Stillwater, MN) coupled with a secondary
goat IgG antibody conjugated with horseradish peroxi-
dase (Resewarch Diagnostics Inc., Flander, NJ) as pre-
viously described (10).

Histological Analyses

In some recipient uPA/SCID mice, livers were har-
vested at 8 weeks after hATAT hepatocyte transplanta-
tion. Portions of subcutaneous tissues of FVB/N mice
containing engineered liver tissues were harvested 90
days after hepatocyte sheet transplantation. Liver speci-
mens and subcutaneous tissues were fixed in 10% buf-
fered formalin and embedded in paraffin. The specimens
were sliced into 5-{im-thick sections, which were pro-
cessed for hematoxylin & eosin (H&E) staining or
immunohistochemical staining. Immunohistochemical
staining was performed using the avidin-bictin complex
method with the rabbit polyclonal hA1AT-specific anti-
body (1:200, YLEM, Roma, Italy). For the cellular gly-
cogen detection, Periodic Acid Schiff (PAS) histochemical
staining was performed as described previously (16). To
confirm the staining specificity of the cellular glycogen,
serial sections were pretreated with salivary amylase for
60 min followed by the same PAS staining procedures.

Statistical Analysis

All of the values calculated in the present study were
provided as mean + SD. Statistical differences in the val-
ues were determined by a Student’s 7-test. A probability
value of p < 0.05 was considered statistically significant.
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Figure 1. Proliferation and propagation status of the trans-
planted hA1AT hepatocytes in uPA/SCID mouse livers. (A)
Proliferation status of the human o-1 antitrypsin (hATAT)
hepatocytes. At day 0, hA1AT hepatocytes were transplanted
into the liver of urokinase-type plasminogen actiovator-severe
combined immunodeficient (uPA/SCID) mice (n=35) and
recipient serum hAIAT levels were measured by ELISA to
determine the level of proliferation and persistence of the
transplanted cells. (B, C) hA1AT immunohistochemical stain-
ing of the naive uPA/SCID liver (B) and uPA/SCID liver har-
vested at 8 weeks after the transplantation of hAIAT
hepatocytes (C). Scale bars: 100 pm (B, C).
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RESULTS

Proliferation of hAIAT Allogemic Hepatocytes
m uPA/SCID Livers

Hepatocytes isolated from 13-week-old hA1AT-TG
mouse were transplanted into uPA/SCID mice (n = 35).
Serum hA1AT was detected, which ranged between
8,000 and 14,000 ng/ml, in all of the five recipient uPA/
SCID mice at day 2 after transplantation. Following
measurements after day 2 showed continuous increases
in the serum hA1AT levels through to week 8 (Fig. 1A).
In four out of the five recipient mice, the serum hA1AT
levels reached the same levels as detected in normal
hA1AT-TG mice. The elevated serum hA1AT levels
persisted throughout the observation period until the end
of the study at week 18.

At random, we selected some of the recipient uPA/
SCID mice to assess the state of hATAT hepatocytes
repopulation in the liver samples obtained from the uPA/
SCID mice at week 8 after transplantation. hAIAT
staining of native liver samples of nontransplanted uPA/
SCID mouse (for control) did not show any positively
stained cells, confirming the staining specificity for
hAITAT (Fig. 1B). In contrast, week 8 liver samples of
the recipient uPA/SCID mice showed that hA1AT hepa-
tocytes had invaded the liver throughout the organ (Fig.
1C), indicating that the uPA/SCID livers had been fully
repopulated with the transplanted hAIAT hepatocytes
during the 8-week period after transplantation.

Isolation of Repopulated hAIAT Hepatocytes From
wPA/SCID Livers and Creation of Hepatocyte Sheet

Our confirmation that there was full repopulation of
uPA/SCID livers with hA1AT hepatocytes after week 8
allowed us to continue to determine whether these donor
repopulated hepatocytes could be a viable option for iso-
lation and recovery to develop them in the hepatocyte
sheet protocol. To achieve this goal, we isolated and
recovered the repopulated hATAT hepatocytes form one
uPA/SCID recipient at week 12. After the Percoll iso-
density centrifugation step, 14.5 x 105 viable hepato-
cytes were obtained. These recovered hA1AT hepatocytes
(recovered hepatocytes) were then plated on the
PIPAAm culture dishes at a density of 0.75 x 10° per
35-mm dish as previously described (17) (Fig. 2). We
also isolated hA1AT hepatocytes (fresh hepatocytes)
from hATAT mouse and plated the hepatocytes on the
PIPAAm culture dishes at the same cell density. Plating
efficiency (percent of attached hepatocytes per plated
hepatocytes) assessed 24 h after the cell plating were
73.8 £ 8.8% and 75.5+5.3% in the recovered hepato-
cytes and fresh hepatocyies, respectively (four different
wells in each group, no statistically significant differ-
ences between groups). At day 3 of the culturing proto-
col, the recovered hepatocytes were found to reach
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Figure 2. Morphological validation of the recovered hA1AT
hepatocytes from the uPA/SCID livers that had been repopu-
lated with the hATAT hepatocytes. (A) Morphology of the iso-
lated hepatocytes from uPA/SCID recipient. Photo was taken
following the trypan blue exclusion test. (B) Recovered
hA1AT-hepatocytes cultured on the poly(N-isopropylacrylam-
ide) (PIPAAm) dish for 3 days documenting the confluent
nature of the cells. (C) Observation of the cultured hA1AT-
hepatocytes from the PIPAAm dish as a uniform tissue sheet.
Scale bars: 100 pum (A, B), 1 cm (C).
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confluence. Lowering the culture temperature from
37°C to 20°C for 15 min resulted in the spontaneous
detachment of the cultured hepatocytes from the culture
plates as a uniform cell sheet.

Liver Tissue Fngineering Using Hepatocyte Sheet
Made of Recovered Hepatocytes

The recovered hepatocyte sheet was then used for
liver tissue engineering with the FVB/N mice using a
similar procedure as previously described (17). Hepato-
cyte sheet was transplanted to the subcutaneous site that
had been prevascularized following the insertion of a
bFGF-releasing device. Functional activity of the engi-
neered liver tissues was assessed by measuring serum
hAIAT levels in the recipient FVB/N mice. As shown
in Figure 3A, recipient mice showed stable and persis-
tent serum hAIAT levels (ranged between 2,000 and
5,000 ng/ml), suggesting that the engineered liver tis-
sues could be viable and stably maintained throughout
the 90-day experimental period.

Subcutaneous tissue samples taken 90 days after the
tissue engineering procedure were assessed for histolog-
ical examination. H&E staining and hA1AT immuno-
staining revealed that liver tissues were engineered in
the subcutancous space with the hepatocyte-specific
phenotypes (Fig. 3B, C). PAS staining revealed that the
engineered liver tissues were positive for the function of
glycogen synthesis and storage (Fig. 3D). Negative sig-
nals in the PAS staining on salivary amylase-pretreated
samples confirmed staining specificity for cellular gly-
cogen (Fig. 3E). It is important to note that there was
no evidence of tumor formation observed in any of the
engineered tissues.

DISCUSSION

The present study describes an in-mouse hepatocyie
propagation system by which uPA/SCID mouse livers
were found to fully reconstitute transplanted allogeneic
mouse primary hepatocytes. This full reconstitution
event was conducted by active and continuous hepato-
cyte proliferation as evidenced by the progressive
increase in the hAIAT serum levels of the recipient
uPA/SCID mice and massive occupation of hATAT
staining-positive hepatocytes in the recipient livers. The
present study also showed that these propagated donor
hepatocytes were able to be recovered, cultured, and
subsequently used in the creation of hepatocyte sheets.
The de novo generated hepatocytes sheets were able to
be transplanted into a prevascularized subcutaneous
space resulting in the successful engineering of an
ectopic functional liver tissue.

We have established several innovative experimental
approaches to create functional liver system in vivo
(5,11-13,16,17,30). One of the key technologies in our

series of developments is the creation of a uniform hepa-
tocyte sheet using the PIPAAm culture dishes (17,27).
The present study demonstrated that the hepatocytes
recovered from the propagated livers of uPA/SCID mice
were adhesive to the PIPAAm dish surfaces, and
appeared to be at a similar efficiency of newly isolated
primary hepatocytes that have not been previously iso-
lated and propagated. The attached hepatocytes in the
present study showed natural cell extension and became
confluent by day 3 of culture. These cells showed the
same morphological alterations associated with normal
primary hepatocytes. This morphological similarity sug-
gests that the microtubules and microfilaments were
likely intact in the recovered hepatocytes.

This study as well as previous studies by our group
have shown that hepatocyte sheets can be obtained by
natural detachment of the primary cultured hepatocytes
from the PIPAAm culture surfaces through a simple
change in the ambient temperature for a brief period of
time (17) without the need for any proteolytic enzyme
treatment (28,29). This simple cell harvesting approach
does not damage the cell-to-cell contact allowing for the
retention of the intricate cell-cell intercommunication
systems (i.e., bile canaliculi, desmosomes, gap junc-
tions) (17). Although the ultrastructural examination was
not performed in the present study, it is reasonable to
postulate that the hepatocyte sheet made of the recov-
ered hepatocytes possessed intercellular communica-
tions previously observed in our system using newly
isolated hepatocytes considering that these functional
intercellular communications are important in maintain-
ing the structure of monolayered hepatocyte sheet. The
integrity of the hepatocyte sheet using the recovered
donor hepatocytes is similar to that of de novo isolated
cells, and is readily transferable to a support membrane
for the transplantation process.

We have previously reported that the uPA/SCID mice
have the innate property to actively proliferate donor pri-
mary hepatocytes of xenogenic origin, including human
hepatocytes, following transplantation into the liver (22,
23,31). The functional preservation of the human hepa-
tocytes during their active proliferation phase in the
uPA/SCID livers had been previously established as
determined by the production of a hepatocyte-specific
coagulation factor IX (FIX) (23). As an extension of
the FIX findings, we have recently found that human
hepatocytes in the uPA/SCID livers can maintain their
cellular machinery to produce other hepatocyte-specific
coagulation factors and anticoagulation factors (unpub-
lished data). The availability of the propagated human
hepatocytes in the uPA/SCID system for in vitro analy-
ses was established in an earlier study by Yoshitsugu et
al. (31). Since the recovered human hepatocyies can be
cultured and express various drug-metabolizing enzymes,
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Figure 3. Functional maintenance of the engineered liver tissue within the subcutaneous space. (A) Functional volume of the liver
tissues engineered in the subcutaneous space was determined by measuring recipient serum hAIAT levels by ELISA. Hepatocyte
sheet composed of the hA1AT hepatocytes as shown in Figure 2 was generated and this harvested hepatocyte sheet was then
transplanted 1nto the subcutaneous space where an active vascular network had been induced using a basic fibroblast growth factor
(bFGF)-releasing device. Histological findings by (B) H&E staining, (C) immunohistochemucal staiming for hA1AT, and (D, E)
Periodic Acid Schiff (PAS) staining of the engimeered liver tissue from samples obtaned at day 90 after the hepatocytes sheet
transplantation. Functions for cellular glycogen synthesis and storage were confirmed by PAS staining in sections that were either
nontreated (D) or pretreated with salivary amylase (E). Scale bars: 100 pm (B-E).
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it was demonstrated that these recovered hepatocytes
could be a valuable cell source for the study of a variety
of liver functions (31). From these previous studies as
well as the findings in our current study, we suggest that
the propagated hepatocytes in the uPA/SCID livers
could be as effective as the original primary hepatocytes
with respect to their cellular functionalities. Although
the present study clearly demonstrated that the hepato-
cytes obtained by in-mouse propagation system are
useful for the creation of hepatocyte sheets, their avail-
ability for other hepatocyte-based approaches have not
been investigated. Future studies will need to be con-
ducted if the recovered hepatocytes can be transplanted
and/or engraftable to other sites, such as the liver paren-
chyma itself or other ectopic sites within the body other
than the subcutaneous space. _

For potential clinical application for this type of
hepatocyte-based therapeutic approach, the potential risk
of oncogenesis deriving from the transplanted hepato-
cytes needs to be addressed, particularly due to the
active level of proliferation that is being undergone fol-
lowing the transplantation procedure (8). In the present
study, the gross morphology of all six of the recipient
uPA/SCID livers at the time of sacrifice and/or hepato-
cyte isolation was normal. Histological investigation of
the liver specimens did not show any cancerous or pre-
cancerous lesions. In parallel to these findings, no can-
cer development was observed in our previous study in
which human hepatocytes were transplanted into the
same strain of mice following the active proliferative
phase of the donor hepatocytes (23). The best to our
knowledge and as recently reviewed by Marongiu et al.
(8), cancer cell development from the transplanted nor-
mal primary hepatocytes has not been reported in the
uPA/SCID system. Other types of small animal models
that are able to coordinate the process of proliferation
of transplanted hepatocytes toward the replacement of
recipient livers have been established, including the
fumaryl-acetoacetatehydroxylase-null Rag2™ mouse (1),
the retrorsine-treated (6—8), or monocrotaline-treated rat
models (25). In none of the models has there been any
evidence of cancer cell development being documented.
As far as we are aware from the previously documented
and the present findings, it could be summarized that
the risk of the cancer cell development from the normal
hepatocytes during in-animal hepatocyte proliferation
process appears minimal.

In all, we have shown that the use of the uPA/SCID
mice as a viable recipient model to actively proliferate
allogenic primary hepatocytes in their livers for subse-
quent use in the development of newly propagated hepa-
tocytes or as a cell sheet system. These results taken
together provide strong evidence that isolated hepato-
cytes can be efficiently propagated using an in-mouse

liver procedure, and can be a potential valuable method
to generate a new source of hepatocytes for hepatocyte-
based therapies.
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We previously reported that cell-based therapies using isolated hepatocytes including hepatocyte transplanta-
tion and liver tissue engmeering approaches provide therapeutic benefits to hemophilia. For clinical applica-
tion of these approaches, 1t 1s important to establish an active hepatocyte proliferation system that enables
providing a sufficient number of hepatocytes. We also reported that human hepatocytes, which were trans-
planted into the liver of urokinase-type plasminogen activator transgenic severe combined immunodeficiency
(uPA/SCID) mice, were able to proliferate while retaining their ability to produce coagulation factor IX.
The objective of this study was to explore the functionalities of other coagulation and anticoagulation factors
of the propagated human hepatocytes in uPA/SCID mice. Human hepatocytes were transplanted mto the
liver of uPA/SCID muce, and the propagation status of human hepatocytes in the mice was monitored by
the increase mn serum human albumun levels and immunohistochemical evaluation on the liver sections.
Using uPA/SCID livers with various stages of human hepatocyte propagation, we analyzed the gene expres-
sion levels of coagulation factors (prothrombin, factor VII, factor X, and factor VIII) and anticoagulation
factors (protemn C and protem S) by real-ume polymerase chain reaction (PCR) using human-specific prim-
ers. As a result, the total amount of raw messenger RNA expression levels increased 1n all genes analyzed
according to the progress of hepatocyte propagation and proliferation. Except for factor VIII, the gene
expression levels of the highly repopulated uPA/SCID mouse livers with human hepatocyte showed higher
levels than those of normal human livers, indicating that propagated human hepatocytes mn the uPA/SCID
system possess full functions to produce most of the coagulation-related factors. The current work demon-
strated that human hepatocytes can be propagated in experimental animals while maintaining normal gene
expression levels of coagulation-related factors. It could be speculated that the propagated cells serve as a
cell source for the treatment of various types of coagulation factor deficiencies.

Key words: Hepatocyte; Cell therapy; Hepatocyte transplantation; Coagulation factor;
Urokinase-type plasminogen activator transgenic severe combined immunodeficiency (uPA/SCID) mouse;
Anticoagulation factor

INTRODUCTION

Production of coagulation and anticoagulation factors
is one of the important functions of the liver, and most
of these coagulation-related factors are produced by
hepatocytes (4,6,30,31,33). There are various types of
congenital bleeding disorders that lack a production of
coagulation factor in the liver, showing a symptomatic
bleeding tendency. Hemophilia A or B is well known as
a representative bleeding disorder, which is caused by a

failure in the production of functional coagulation factor
VII (FVIII) or factor IX (FIX) from the liver. Although
the ultimate cure for hemophilia patients could be
obtained by liver transplantation (10,13,14), world-wide
donor organ shortage is the most critical obstacle. For
patients with hemophilia and other congenital coagula-
tion factor deficiencies, the elevation of the responsible
factor level to 1-2% of normal levels can provide a phe-
notypic change from severe to moderate form, resulting
in a marked improvement in the symptomology and the
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quality of life (5). Cell-based approaches using isolated
hepatocytes could be a feasible therapeutic option toward
these coagulation factor deficiencies (18,20,21,24).

Proof-of-concept studies for hepatocyte-based approaches
have been accomplished in both laboratory animals and
humans. We recently reported that hepatocyte transplan-
tation provided an increase of 1-2% of coagulation
activities in a mouse model of hemophilia B, FIX-
knockout mice (31). We also reported that engineering
functional liver tissues beneath the kidney capsule were
able to provide therapeutic effects in the mouse model
of hemophilia A as well as hemophilia B (20,21). As
reported by Dhawan et al. (7), hepatocyte transplantation
was also successful in the clinic for the treatment of
congenital factor VII deficiency. In utero liver cell trans-
plantation was also investigated by Rosen et al. (25).
They described phenotypic improvements in the mouse
model of factor X deficiency. It is important to note that
these hepatocyte-based approaches could be employed
with a simple procedure and in a less invasive manner
compared with organ transplantation (18,22).

One of the major hurdles in establishing hepatocyte-
based approaches is the limited availability of biologi-
cally functional hepatocytes. At present, the number of
donor livers for hepatocyte isolation remains severely
limited. Tn most of cases, donor livers are of marginal
quality that makes it difficult to obtain functional hepa-
tocytes (23). An additional issue is that current technol-
ogy for hepatocyte primary culture appears to be unable
to support extensive cell proliferation (19). Under these
circumstances, we previously proposed urokinase-type
plasminogen activator transgenic severe combined immu-
nodeficiency (uPA/SCID) mice as a feasible in-mouse
hepatocyte propagation tool. uPA/SCID mice have a
feature to develop an active damage of their own hepatic
parenchymal cell and subsequent occurrence of continu-
ous release of regenerative stimulus. Because of this
nature, uPA/SCID mice provide a hepatic environment
that is more conducive to the engraftment of human
hepatocytes and a selective advantage for transplanted
cells to proliferate (29). An important property of uPA/
SCID mice was recently reported to allow human hepa-
tocytes transplanted into the liver of uPA/SCID mice to
actively propagate while retaining their ability to pro-
duce and secrete human FIX (30). From these data, it
was reasonably speculated that the propagated human
hepatocytes can serve as a cell source for future hepato-
cyte-based therapies toward hemophilia B. The func-
tional preservation of FIX production of the propagated
human hepatocytes encourages us to further assess func-
tionalities for the production of other coagulation or
anticoagulation factors.

We hypothesized that propagated human hepatocytes
in the uPA/SCID mouse livers retained a normal gene
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expression of other coagulation and anticoagulation fac-
tors including prothrombin, factor VII, factor VIII, fac-
tor X, protein C, and protemn. This report documents the
first comprehensive analyses of coagulation factor-
related gene expressions during in-mouse propagation
status of human hepatocytes.

MATERIALS AND METHODS
Anmimals

Recipient uPA/SCID mice were generated at Phoenix
Bio (Higashihiroshima, Hiroshima, Japan) as described
previously (29). Genotyping for the presence of uPA
transgene in SCID mice was confirmed by polymerase
chain reaction assay of isolated genomic DNA as
described previously (11,29). Experimental protocols
were developed in accordance with the guidelines of the
local animal committees located at both PhoenixBio and
Nara Medical University.

Transplantation of Human Hepatocytes
Jor Propagation in the uPA/SCID Livers

Human hepatocytes, isolated from a 1-year-old white
male and a 6-year-old Afro-American female were pur-
chased from In Vitro Technologies (Baltimore, MD).
The cryopreserved hepatocytes were thawed and sus-
pended m transplant medium (9,29). The cell viability
of the human hepatocytes was determined to be 64.4%
and 49.2% by trypan blue exclusion test, respectively.
One day prior to the transplantation and 1 week after the
transplantation, uPA/SCID mice, 20-30 days old, received
intraperitoneal injections of 0.1 mg of anti-asialo GM1
rabbit serum (Wako Pure Chemical Tndustries, Osaka,
Japan) to inhibit recipient natural killer cell activity
against the transplanted hepatocytes. Viable human
hepatocytes (0.75 x 108) were transplanted using an
infusion technique into the inferior splenic pole in which
the transplanted cells flow from the spleen into the liver
via the portal system (n = 18). After the transplantation,
uPA/SCID mice were treated with nafamostat mesilate
to inhibit complement factors activated by human hepa-
tocytes as described elsewhere (29).

Determination of Replacement Ratio

Blood samples were collected periodically from the
tail vein, and the levels of human albumin were deter-
mined with a Human Albumin ELISA Quantitation kit
(Bethyl Laboratories, Montgomery, TX) to estimate the
status of proliferation and propagation of the trans-
planted human hepatocytes as previously described (29).
For accurate determination of the ratio that transplanted
human hepatocytes occupied in the recipient mouse liv-
ers (the replacement ratio), the harvested liver section
were stained with antibodies against human-specific

—216—



COAGULATION FACTOR EXPRESSIONS IN uPA/SCID MOUSE

cytokeratins 8 and 18 (hCK8/18), as described else-
where (29). The replacement ratios of the mouse liver
that received human hepatocytes were calculated as the
ratio of area occupied by hCK8/18-positive hepatocytes
to the entire area examined immunohistochemical sec-
tions of six lobes.

RNA Isolation and Quality Controls

Total RNA was extracted from the liver of the recipi-
ent mice with various stages of the replacement and nor-
mal human liver tissue samples by a RNeasy Mini Kit
(QIAGEN, Hilden, Germany) following the manufactur-
er’s instructions. Normal human liver tissue portions
were obtained from surgical specimens during liver sur-
gery for metastatic liver tumors after acquiring a written
informed consent for the experimental use of harvested
liver samples. DNase T was used to eliminate genomic
DNA contamination, and the concentration of the RNA
was determined by UV spectrometry. All of the RNA
samples used in this study had an absorbance ratio (260/
280 nm) between 1.9 and 2.1, and the integrity of RNA
samples was confirmed by electrophoresis on a 1% agar-
ose gel.

Reverse Transcription Coupled to Quantitative
Real-Time PCR (Real-Time RT-PCR)

Total RNA (1 pg) was reverse-transcribed using
oligo d(T)16 primers as described by the manufacturer
(Omniscript RT Kit; QIAGEN). First-strand cDNA sam-
ples were subjected to quantitative PCR amplification
using a StepOne Real-time PCR system (Applied Bio-
systems, Tokyo). For this experiment, we examined the
following gene groups: 1) seven housekeeping reference
genes, including glyceraldehyde-3-phosphate dehydro-
genase (Gapdh), B-actin (Actb), peptidylprolyl isomer-
ase A (Ppia), ribosomal protein L4 (Rpl4), transferrin
receptor (Tfrc), B-glucuronidase (Gusb), and hypoxan-
thine phosphoribosyltransferase (Hprtl1); 2) the genes of
five vitamin K-dependent coagulation factors, including
prothrombin (F2), factor VII (F7), factor X (F10), pro-
tein C (Prosc), and protein S (Prosl); and 3) factor VIII
(F8) gene. TagMan probes and primers for these genes
were chosen from a TagMan Gene Expression Assay
(Applied Biosystems), and the information regarding
these primer sets are listed in Table 1. All PCR analyses
were performed using the following cycling conditions:
10 min at 95°C, followed by 40 cycles of 15 s at 95°C,
and 1 min at 60°C. The specificity of the primers was
verified by 2% agarose gel electrophoresis of the ampli-
cons derived from naive human liver cDNAs. The PCR
primers used in this sudy were confirmed to be human
specific and to have no cross-reactions with mouse-
derived genes. For quantification of gene expression, the
c¢DNAs derived from total RNA extracted from normal
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human liver tissues were serially diluted and used to
generate calibrations.

Statistical Analysis

Correlation coefficients between the repopulation rate
and each gene expression were determined using Excel
(Microsoft).

RESULTS

Propagation of Human Hepatocytes in uPA/SCID
Mouse Liver

Human hepatocytes were transplanted to uPA/SCID
mice, which were sacrificed to excise the liver tissues at
various time periods after the transplantation with moni-
toring the levels of blood human albumin. Using the col-
lected liver samples, hCK8/18 immunostaing on the
liver sections was performed to accurately assess the
replacement ratios with human hepatocytes as described
in Materials and Methods. As a result, the repopulation
ratios ranged from 0% to 98%, and the number of mice
in each repopulation category was 2, 4, 4, 4, and 4
in 0-20%, 21-40%, 41-60%, 61-80%, and 81—
100%, respectively.

Selection of an Appropniate Reference Gene

The expressions of seven commonly used housekeep-
ing genes (HKG) specific to human cells were evaluated
in the recipient uPA/SCID mouse livers. Figure 1 shows
that the raw expression levels of all seven HKGs
increased in parallel to the replacement ratios. The cor-
relation coefficiency with the replacement ratios of each
genc was 0.68 for hGapdh; 0.86 for hActb; 0.72 for
hPpia; 0.82 for hRpl4; 0.68 for hTfrc; 0.75 for hGusb;
and 0.78 for hHprtl. When the replacement ratios
exceeded 80%, the expression levels of all HKGs but
Hprtl became higher than those of normal human liver
samples. hGapdh expression levels in the repopulated
uPA/SCID livers were also observed to be beyond the
levels of normal human livers at the repopulation ratio
as low as 40%. Eventually, hGapdh expression levels
reached approximately sixfold of normal human liver
levels when the repopulation ratios exceeded 80%. In
contrast, gene expression levels of hActb failed to reach
to comparable levels with normal human liver until the
repopulation ratios were close to 100%. Under the con-
dition of varied gene expression levels of HKGs, it is
important to select the most stably expressed HKG to
assess the expression of target human genes in the uPA/
SCID livers. For achieving this, Actb gene, which dem-
onstrated the best correlation coefficient with the
replacement ratios, was selected as a reference normaliz-
ing gene in the following gene expression analyses.
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