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ABSTRACT

The efficacy of the local application of recombinant human fibroblast growth factor-2
(FGF-2) in periodontal regeneration has been investigated. In this study, a randomized,
double-blind, placebo-ct lled clinical trial was conducted in 253 adult patients with
periodontitis. Modified Widman periodontal surgery was performed, during which 200
uL of the i igational fc lation containing 0% (vehicle alone), 0.2%, 0.3%, or 0.4%
FGF-2 was administered to 2- or 3-walled vertical bone defects. Each dose of FGF-2
showed significant superiority over vehicle alone (p < 0.01) for the percentage of bone
fill at 36 wks after administration, and the percentage peaked in the 0.3% FGF-2 group.
No significant differences among groups were observed in clinical attachment regained,
scoring approximately 2 mm. No clinical safety problems, including an abnormal increase
in alveolar bone or ankylosis, were identified. These results strongly suggest that topical
application of FGF-2 can be efficacious in the regeneration of human periodontal tissue
that has been destroyed by periodontitis.
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FGF-2 Stimulates

Periodontal Regeneration:
Results of a Multi-center
Randomized Clinical Trial

INTRODUCTION

Periodontitis progressively destroys periodontal tissues
and ultimately can lead to the loss of the affected teeth
(Socransky and Haffajee, 2002; Ezzo and Cutler, 2003), and
the ideal goal of periodontal treatment is complete regeneration
of the tissues lost to periodontitis. Unfortunately, while con-
ventional treatments, which mechanically remove the bacterial
biofilm, show some success in suppressing the progression of
periodontitis, they rarely actively induce periodontal regenera-
tion. Thus, several surgical techniques, including bone grafting,
guided tissue regeneration (GTR) treatment, and topical applica-
tion of platelet-rich plasma or enamel matrix derivatives, have
been developed in an attempt to accomplish this goal. Recently,
the efficacy of recombinant human growth factors in periodontal
regeneration is winning attention from researchers. Their bio-
logical properties have been extensively evaluated, and their
consistent quality would be expected to reduce variations in
regenerative responses.

Fibroblast growth factor (FGF)-2 exhibits potent angiogenic
activity and mitogenic ability on mesenchymal cells within the
periodontal ligament and has been reported to be effective in
regenerating periodontal tissue in animal models (Takayama ef al.,
2001; Murakami et al., 2003; Kao et al., 2009). Importantly,
exploratory Phase 2A study showed that FGF-2 significantly
improved the percentage of bone fill compared with vehicle
alone, with about 2 mm CAL regained (Kitamura et al., 2008).

The purpose of this study, the largest study in the field of
periodontal regenerative therapy, was to clarify the efficacy and
safety of FGF-2 and to determine the optimal dose for clinical
use.

MATERIALS & METHODS
Study Design

A multi-center, randomized, double-blind, placebo-controlled,
dose-finding study was conducted at 24 dental hospitals in
Japan from September 2005 to March 2008.

This trial was conducted in accordance with the Good
Clinical Practice Guidelines, and the protocol was reviewed and
approved by the institutional review boards of each hospital.
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Kaken Pharmaceutical Co., Ltd. (Tokyo, Japan) designed the
study, and the academic authors participated in the development
of the study design and protocol. Kaken also performed data
gathering and analysis.

Eligibility of Patients

This study included male or female adult participants (age > 20
yrs) with periodontitis, diagnosed as having 2- or 3-walled verti-
cal periodontal tissue defects, 3 mm or deeper, apical to the
remaining alveolar bone crest. In addition, patients’ tooth mobil-
ity had to be Degree 2 or less, and the width of the attached
gingivae had to be sufficient for GTR. :

Patients were excluded if they had a malignant tumor or his-
tory thereof, severe diabetes (with a 6.5% or higher serum level
of hemoglobin Alc), or hypersensitivity to protein drugs.
Pregnant or nursing women were excluded. Patients with a con-
sciousness disorder or severe disorders of the kidneys, liver,
blood, or circulatory system were also excluded. All participants
gave their written informed consent.

Randomization

Randomization was independently performed by the Registration
Center (Adjust Co., Ltd., Sapporo, Japan). At each hospital,
participants were randomly assigned to a block size of four, to
receive 1 of 4 treatments: vehicle alone, 0.2% FGF-2, 0.3%
FGF-2, or 0.4% FGF-2. Group assignment was not revealed
until breaking of the blind.

Disallowed Medication and Procedures

The use of a calcium antagonist or adrenal cortical steroid
(equivalent to 20 mg/day of Predonin) was disallowed within 4
wks after study drug administration. A surgical operation in the
vicinity of the tooth selected for this study was disallowed
within 36 wks after study drug administration.

Investigational Drug

This trial used recombinant human FGF-2 (Code No. KCB-1;
Kaken Pharmaceutical Co., Ltd., Tokyo, Japan) produced by
genetic recombination that transformed Escherichia coli with
the human gene FGF-2. A gel-like investigational formulation
was adopted for this study to improve drug administration to the
region of alveolar bone defects. Before administration, the
operators mixed freeze-dried FGF-2 with 3% hydroxypropyl
cellulose, a colorless, viscous solution. The prepared investiga-
tional formulation (Code No. KCB-1D), containing 0% (vehicle
alone), 0.2%, 0.3%, or 0.4% FGF-2, was administered within 24
hrs after preparation.

Study Intervention

All flap operations were performed in accordance with
the modified Widman procedure, during which 200 pL of the
investigational formulation were administered to the bone defect
region. No specific root conditioning was performed. At 1, 2,
and 4 wks after administration, the same clinical inspections
were performed as before administration, and serum anti-FGF-2

J Dent Res 90(1) 2011

antibodies were measured at 2 and 4 wks after administration.
At 12, 24, and 36 wks following administration, standardized
radiographs were taken, and periodontal tissues were inspected.
In addition, ten patients from each group were randomly
selected, and their serum FGF-2 levels were measured at 1, 2, 4,
and 24 hrs after administration.

After breaking of the blind, at 72 wks after administration, a
follow-up survey on bone fill, clinical attachment level (CAL),
and adverse effects was conducted of all participant groups.

QOvutcome Measuremenis

The primary outcome was the percentage of bone fill shown by
radiographs at 36 wks after administration. The geometrically
standardized radiography used photograph indicators (Cone
Indicator-II; Hanshin Technical Laboratory, Nishinomiya, Japan).
Five doctors specializing in dental radiology at the Department of
Oral Diagnosis at Tohoku University Graduate School of Dentistry
(Sendai, Japan) independently measured the percentage of bone
fill using methods described previously (Kitamura et al., 2008).
The median of the 5 measurements taken from the same image
was then selected for efficacy analysis.

The secondary outcome was the CAL regained at 36 wks
after administration. CAL, defined as the distance between the
control point (the cement-enamel junction or margin of the
restorative material) and the bottom of the gingival sulcus, was
measured by investigators at each hospital. Prior to the initiation
of baseline measurements, intra- and inter-examiner calibrations
were performed on patients at each facility to ensure reproduc-
ibility and consistency by each investigator. All examiners used
PCP-UNC-15 periodontal probes (Hu-Friedy, Chicago, IL,
USA). Additionally, probing depth, bleeding on probing, gingi-
val index, tooth mobility, gingival recession, plaque index, and
width of keratinized gingivae were monitored during the study.

Sample Size Calculation

On the basis of the results from the exploratory study (Kitamura
et al., 2008), it was calculated that 49 participants were required
for each group, assuming percentage bone fill of 24% in ‘vehi-
cle alone administered” participants and 58% in participants at
either 0.2%, 0.3%, or 0.4% FGF-2 administration, a statistical
power of 90%, and a two-sided type I error rate of 2.5% (for
comparison of each FGF-2 group with the ‘vchicle alone’
group). Assuming that about ten participants in each group
would be excluded due to discovery of bone defects non-con-
forming to inclusion criteria during flap operation, or due to
withdrawal of consent, enroliment of 60 participants in each
group was planned.

Statistical Analysis

SAS version 8.2 software (SAS Institute Inc., Cary, NC, USA)
was used. For statistical comparison of the 3 dose groups in
terms of efficacy endpoints with the ‘vehicle alone’ group, the
Dunnett option was used, based on the Mixed procedure in the
SAS system, in which adjusted p-values were computed for
multiple comparisons, and analysis of the percentage of bone fill
during follow-up was performed by repeated-measures analysis
of variance with the Mixed procedure. Analysis was based on

Downloaded from jdr.sagepub.com at International Assaciation for Dantal Hm on April 17, 2011 For personal use only. No other uses without permission.

iations for Dental R h

©2011 &



J Dent Res 90(1) 2011

the intention-to-treat (ITT) princi-
ple, with all participants included in
their assigned groups.

RESULTS

Enroliment and Baseline
Characteristics of the
Participants

Patient flow through the study is
shown in Fig. 1. Of 307 patients
screened from August 2005 to
April 2006, 267 patients were ran-
domly assigned to one of the four
groups. The characteristics at ran-
domization are shown in Table 1.
Fisher’s exact probability test
found no important imbalance
regarding them.

Because 14 participants with-
drew from the study before flap
operation, 253 participants received
the investigational drug. The safety
and efficacy analyses were carried
out on 253 and 249 participants,
respectively.

Primary Outcome

All FGF-2 groups were signifi-
cantly better than the ‘vehicle
alone’ group (p < 0.01) for the
primary outcome, the percentage
of bone fill at 36 wks, in the ITT
population (Table 2). Radiographs
of a FGF-2-administered partici-
pant are shown in Fig. 2. Although
all the groups showed improve-
ment with time, significant differ-
ences were observed even at 12
wks in both the 0.3% and 0.4%
FGF-2 groups (Table 2). Analysis
of dose-response patterns by a
maximum  contrast  method
(Wakana ef al., 2007) showed that
the percentage of bone fill at 36
wks reached a plateau in the 0.3%
FGF-2 group.

Secondary Outcome

Clinical Trial in Periodontitis of Using FGF-2 37
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v v v

Assigned to vehicle Asslgned to 0.2% Assigned (0 0.3% Assigned to 0.4%
alone (n = 67) FGF-2 (n=70) FGF-2 (n = 65) FGF-2 (n=65)
Aborted (n = 4) Aborted (n = 2) Aborted (n =7) Aborted (n = 1)
P Ap=1) > B(n=1) > Afn=1) —>) Bn=1)
Bin=3) Ch=1) B(n=3)
Cin=2)
A: Not eligible bone C: Recalled before D=1
defect (1-walled) administration
8: ;:;;'Z?o‘:g:mg by D: Due to hig
b v eosinophil-rich ;
Administered Administered 0.2% Administered 0.3% Administered 0.4%
vehicle alone (n = 63) FGF-2 (n = 68) FGF-2 (n = 58) FGF-2 (n = 64)
P Aborted (n=1) | Aborted (n = 1)
Adverseevent Adverse event
A 4 y
Observed at 12 weeks Observed at 12 weeks Observed at 12 weeks Observed at 12 weeks
{n=62) (n=68) (n=58) (n=163)
FP1  Aborted (n = 1)
Recalled
A 4
Observed at 24 weeks Observed at 24 weeks Observed at 24 weeks Observed at 24 weeks
(n=62) (n =68) (n=58) (n=62)
P Aborted (n = 1)
Recalled
Observed at 36 weeks Observed at 36 weeks Observed at 36 woeeks Observed at 36 weeks
(n=62) {n=67) (n = 58) (n = 62)
> Excluded (n = 1) —> Excluded (n = 1)
No adequate No adequate
radiograph radiograph
y A 4 A A 4
For Efficacy Analysls For Efficacy Analysis For Efficacy Analysis For Efficacy Analysis
(n=61) (n=67) (n=57) (n=62)
v
Follow-up survey Follow-up survey Follow-up survey Follow-up survey
% of bone {ill (n = 56) % of bone fill (n = 61) % of bone fill (n = 54) % of bone fill {n = 52)
finical h level linical h fevel inical attach level finical h level
(n=57) (n = 63) (n= 58) (n=86)

Figure 1. Patient flow diagram.,

keratinized gingivae, no significant differences were observed
among the 4 groups.

The CAL regained after FGF-2 administration is shown in Table
2. No significant difference was observed among these 4 groups
in the CAL regained, with all scoring around 2 mm.

Periodontal Inspections

Regarding probing depth, bleeding on probing, gingival index,
tooth mobility, gingival recession, plaque index, and width of
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Safety

Adverse effects are listed in the Appendix Table. In addition,
10 participants from each of the groups were randomly
selected, and blood samples were drawn. For 24 hrs after
administration, the serum FGF-2 level was very low and
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Table 1. Patient Characteristics

Kitamura et al.

J Dent Res 90(1) 2011

ltem Classification Vehicle Alone 0.2% FGF-2 0.3% FGF-2 0.4% FGF-2
Numbers of patients 61 68 57 63
Sex (% of patients) Male 42.6 47.1 36.8 50.8
Female 57 .4 52.9 63.2 492
Age yrs) Mean (SD) 52.2(11.5) 53.2(11.8) 52.8(11.5) 52.5(10.7)
Smoking habit (% of patients) Yes 13.1 26.5 211 28.6
No 86.9 73.5 78.9 71.4
Bone defect on x-rays (mm) Mean (SD) 5.0(1.8) 4.8(1.6) 4.8 (1.7) 4.7 (1.6)
Probing depth (mm| Mean (SD) 5.8(1.6) 57(1.5) 56(1.4) 57(1.4)
Width of keratinized gingiva (mm) ~ Mean (SD) 5.1(2.3) 4.5(2.2) 4.6 (2.1) 4.7 (1.9)
Bleeding on probing (% of patients)- 26.2 33.8 24.6 349
+ 73.8 66.2 75.4 65.1
Gingival index (% of patients) 0 26.2 39.7 333 27.0
1 34.4 235 28.1 41.3
2 377 36.8 38.6 31.7
3 1.6 0.0 0.0 0.0
Mobility (% of patients) 0 59.0 735 61.4 54.0
1 37.7 206 26.3 397
2 3.3 59 12.3 6.3
Plaque index (% of patients) 0 68.9 70.6 64.9 69.8
1 29.5 27.9 33.3 28.6
2 1.6 1:5 1.8 1.6
Each oral inspection was performed only at the test site around a participant tooth.
Table 2. Efficacy Endpoints
Vehicle Alone 0.2% FGF-2 0.3% FGF-2 0.4% FGF-2
No. of No. of No. of No. of
patients Mean SD  patients Mean  SD  pvalue patients Mean SD  pvalue patients Mean  SD  pvalue
% bone fill
12wks 59 465 13.93 67 6.44 1708 0925 57 1589 2396 0.009 63 13.34 24.18 0.049
24wks 59 12,06 1965 66 1825 2343 0391 57 3173 2430 <0.001 61 - 3474 33.04 <0.001
36wks 61 1511 21.90 67 33.24 33.15 0.003 57 50.58 31.46 <0.001 61 46.56 36.09 <0.001
72 wks* 56 1586 22.14 61 39.11 3732 <0.001 54 5215 3812 <0.001 52 4885 34.14 <0.001
CAL regained
12wks 61 1.59 1.52 67 181 151 0.758 57 1.85 1.26 0.670 63 1.79 1.72 + 0.795
24 wks 6] 1.74 1.67 67 1:99: 2160 0751 57 222 1.69 0294 62 219 1.88 0.320
36wks 61 1,79 7350 67 2.02 A FAL 0085 157 232 1.68 0224 62 223 1.89 0.349
72 wks* 57 2902 172 63 248 179 0572 55 235 178 0850 56 246 191 0.636
*Data were obtained after breaking of the blind.
almost the same as before administration. Increased serum DISCUSSION

anti-FGF-2 antibodies were not observed in any participants
after administration.

Follow-up Survey

Two hundred forty-six participants underwent the follow-up
survey, since three individuals discontinued participation in the
study (Fig. 1). Of these participants, nonc had an abnormal
increase in alveolar bone exceeding the cement-enamel junction
or an equivalent control point or ankylosis. The follow-up sur-
vey found that both bone fill and CAL regained at 72 wks were
retained at the 36-wk level in all groups (Table 2).

The present study was designed as a Phase 2B study, with the
purpose of clarifying efficacy and safety and to determine the
optimal dose of FGF-2 for clinical use.

Regarding the percentage of bone fill at 36 wks, all FGF-2
groups were clearly superior to the ‘vehicle alone’ group.
When the missing data were imputed by the last-observation-
carried-forward method, the same results were produced (data
not shown). A relative difference of 35% was observed between
the 0.3% FGF-2 group and the ‘vehicle alone’ group in this
primary outcome, which is in agreement with the assumed dif-
ference in the sample-size calculation. These results strongly
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suggest that FGF-2 induced new alveolar bone formation at
36 wks.

The percentage of bone fill at 36 wks reached a plateau in the
0.3% FGF-2 group. In the 0.3% FGF-2 group, the percentage of
bone fill began to increase at 12 wks after administration and
continued to increase at the same rate up to 36 wks. However, a
non-significant change (only 1.6%) in the percentage of bone
fill was observed between 36 and 72 wks.

Several lines of evidence suggest that the following 2 mech-
anisms for the investigational drug enhanced periodontal tissue
regeneration. First, FGF-2 directly stimulated proliferation of
mesenchymal progenitor cells in the periodontal ligament while
maintaining multi-lineage potential. The periodontal ligament
has heterogeneous cell populations, and researchers have pre-
dicted the existence of some progenitor cells that can differenti-
ate into cementoblasts or osteoblasts (Lekic et al., 2001,
Murakami ef al., 2003; Shimono et al., 2003). Interestingly, a
recent study reported that some cells within the ligament express
STRO-1 and CD146 mesenchymal stem cell markers. Such
cells, according to the study, differentiate into cementoblast-like
cells, adipocytes, and collagen-forming cells. It is expected that
FGF-2 induces clonal expansion of such cell populations.
Second, FGF-2 stimulated angiogenesis and the production of
various types of extracellular matrix, such as hyaluronan and
osteopontin (Shimabukuro et al., 2005; Terashima et al., 2008),
which plays a crucial role in creating the local environment
desirable for periodontal tissue regeneration.

Approximately 2 mm of CAL had already been regained
in all the groups at 12 wks after administration, when bone
fill was only 15.89% improved, less than half of the improve-
ment at 36 wks, even in the 0.3% FGF-2 group. However,
no significant differences between groups were observed regard-
ing CAL regained at 36 wks after administration. This non-
significance was considered to be caused by the difference in
healing patterns between the FGF-2 groups and the ‘vehicle
alone’ group. Conventional periodontal surgery, which corre-
sponds to the ‘vehicle alone’ group, usually causes long junc-
tional epithelial attachments, while gingival epithelial cells
migrate along the gingival connective tissue down to the root
surface (Caton and Zander, 1976; Bowers ef al., 1982; Wikesjo
and Nilvéus, 1991). This pattern of healing in the ‘vehicle alone’
group (epithelial attachment) does not require neogenesis of
alveolar bone, cementum on the root surface, or fibrous attach-
ment, but maintains resistance to probing force for a period of
time. Becausc manual probing cannot precisely distinguish
fibrous attachment from epithelial attachment, the difference in
the pattern of healing cannot be reflected in CAL regained
between the groups.

The safety analysis indicated that the frequency of adverse
effects was not associated with group allocation (Fisher’s exact
test). Clinical examination showed that no FGF-2 entered the
circulation, and that FGF-2 was not associated with antibody
production. These results suggest little possibility that FGF-2 will
cause systemic adverse effects after topical application. Although
oral inspection revealed changing color of gingiva, gingival
swelling, bleeding, and protracted gingival wound healing, the
severity was slight, and all of these disappeared by 36 days after
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Baseline 36 weeks

Figure 2. Rodiographic outcome of a FGF-2-administered individual.
A 0.3 % FGF-2-administered 39-year-old woman. The arrows indicate
the remaining alveolar bone crest or the bottom of the bone defect. The
depth of the intraosseous defect before administration was measured
at 3.0 mm on the xray. The radiographs clearly show that the bone
defect was filled with the newly generated alveolar bone at 36 wks
after administration. The percentage of bone fill at 36 wks was
69.14%, with 3 mm CAL regained.

administration. In addition, no serious adverse effects were
reported. Therefore, none of the present results suggests any
clinical safety issues related to FGF-2 administration to patients.

Since the selection criteria were almost the same as those for
general periodontal surgery, the cfficacy results of this study are
considered applicable to the general population of periodontitis
patients. However, the occurrence of rare adverse effects cannot
be completely addressed, because the scale of periodontitis
patients in Japan is much larger than that in this study.

It has been reported that GTR treatment showed about 34%
bone fill at 6 mos after surgery (Kilic ef al., 1997), and that
enamel matrix derivatives (Zetterstrom ef al., 1997) and plate-
let-derived growth factor-BB plus beta-tricalcium phosphate
(GEM-218) (Nevins et al., 2005) showed 31% and 57% bone
fill, respectively, at 3 yrs and 6 mos after surgery. In this clinical
trial, 0.3% FGF-2 achieved 50.6% bone fill at 9 mos. This sug-
gests comparability with the current treatments in alveolar bone
regeneration.

Thus far, histological observation has yet to be performed,
due to ethical reasons. To overcome this limitation, we con-
ducted a series of animal studies. These animal studies demon-
strated that topical application of FGF-2 into artificially
prepared intra-osseous defects in alveolar bones induced sig-
nificant periodontal tissue regeneration. Furthermore, histologi-
cal analyses revealed new cementum with Sharpey’s fibers, new
functionally oriented periodontal ligament fibers, and new
alveolar bone (Takayama et al., 2001; Murakami et al.,
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2003; Kao e al., 2009). These clinical and non-clinical studies
suggest that topical application of FGF-2 is effective for the
regeneration of human periodontal tissue that has been destroyed
by periodontitis.
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Transplantation of Human Adipose Tissue-Derived
Multilineage Progenitor Cells Reduces Serum
Cholesterol in Hyperlipidemic Watanabe Rabbits

Hanayuki Okura, Ph.D.,'2 Ayami Saga, M.S.,! Yuichi Fumimoto, M.D., Ph.D.,! Mayumi Soeda, V.M.D.,
Mariko Moriyama, Ph.D.,"® Hiroyuki Moriyama, Ph.D.2 Koji Nagai, M.D.,** Chun-Man Lee, M.D., Ph.D.;
Shizuya Yamashita, M.D., Ph.D.® Akihiro Ichinose, M.D., Ph.D.* Takao Hayakawa, Ph.D.2
and Akifumi Matsuyama, M.D., Ph.D!!

Familial hypercholesterolemia (FH) is an autosomal codominant disease characterized by high concentrations of
proatherogenic lipoproteins and premature atherosclerosis secondary to low-density lipoprotein (LDL) receptor
deficiency. We examined a novel cell therapy strategy for the treatment of FH in the Watanabe heritable
hyperlipidemic (WHHL) rabbit, an animal model for homozygous FH. We delivered human adipose tissue-
derived multilineage progenitor cells (hADMPCs) via portal vein and followed by immunosuppressive regimen
to avoid xenogenic rejection. Transplantation of hADMPCs resulted in significant reductions in total choles-
terol, and the reductions were observed within 4 weeks and maintained for 12 weeks. "®I-LDL turnover study
showed that the rate of LDL clearance was significantly higher in the WHHL rabbits with transplanted
hADMPCs than those without transplanted. After transplantation hADMPCs were localized in the portal triad,
subsequently integrated into the hepatic parenchyma. The integrated cells expressed human albumin, human
alpha-1-antitrypsin, human Factor IX, human LDL receptors, and human bile salt export pump, indicating that
the transplanted hADMPCs resided, survived, and showed hepatocytic differentiation in vivo and lowered
serum cholesterol in the WHHL rabbits. These results suggested that hADMPC transplantation could correct the
metabolic defects and be a novel therapy for inherited liver diseases.

Introduction

AMILIAL HYPERCHOLESTEROLEMIA (FH) 15 characterized

by premature and accelerated development of athero-
sclerotic lesions caused by elevated levels of cholesterol-rich
lipoproteins in plasma. The disease is caused by mutations in
the low-density lipoprotein (LDL) receptor gene that result in
a significant decrease in receptor-mediated uptake of lipo-
proteins from the circulation.' Patients homozygous for
defects in LDL receptors have serum cholesterol levels 5-10
times those of normal and suffer as early as the first two
decades of life from complications such as coronary artery
disease.*® In homozygous FH patients, conventional drug
therapy cannot treat the condition, and therapeutic recourses
are limited to chronic plasmapheresis or orthotopic liver
transplantation.” Although liver transplants lower LDL levels,
the procedure is life threatening; in addition, donor livers are

in short supply. Cellular transplantation has been proposed to
provide functional LDL receptors for the treatment of hy-
percholesterolemia. Transplantation of allogenic and xeno-
genic hepatocytes has been shown to be effective in lowering
serum cholesterol in the Watanabe heritable hyperlipidemic
(WHHL) rabbit,*® which is an animal model for homozygous
FH. Further, a number of gene therapy approaches have
shown some promises in animal models and human,'®>** and
the therapies will cure a number of patients with FH in near
future. As an alternative to whole-organ transplantation
and/or gene therapy, we have investigated the ability of
human adipose tissue-derived multilineage progenitor cells
(hADMPCs) to differentiate into hepatocytes in vitro and to
replace critical liver functions' as well as previous re-
ports,'>'¢ because the in vitro differentiation of hADMPCs
into various kinds of cell types in now well reported
and hADMPCs can be easily and safely obtained in large
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quantities without serious ethics issues.””’® In this study, we
are investigating whether hADMPCs could differentiate into
hepatocytes in vivo and replace critical liver functions as
considerable therapeutic potential for cellular replacement.

Materials and Methods
Cells

hADMPCs were Pre))ared as described previously’ with
some modifications."*”® Adipose tissues from human sub-
jects were resected during plastic surgery in five subjects (four
males and one female, age, 20-60 years) as excess discards. Ten
to 50 g of subcutaneous adipose tissue was collected from each
subject. All subjects provided informed consent. The protocol
was approved by the Review Board for Human Research of
Kobe University Graduate School of Medicine, Osaka Uni-
versity Graduate School of Medicine, and Foundation for
Biomedical Research and Innovation. After five to six pas-
sages, the hADMPCs were used for transplantation. Human
cryopreserved hepatocytes were purchased from Invitrogen
(Lot number: HuP81) and cultured as indicated by the man-
ufacturer’s protocol. Human adipose tissue-derived fibroblas-
tic cells were obtained according to previous report.2®

Flow cytometric analysis

hADMPCs isolated from adipose tissue were characterized
by flow cytometry. Cells were detached from culture dishes by
0.25% trypsin/ethylenediaminetetraacetic acid (EDTA) and
suspended in Dulbecco’s phosphate-buffered saline (DPBS;
Nacalai Tesque) containing 0.1% fetal bovine serum. Aliquots
(5% 10° cells) were incubated for 30 min at 4°C with fluorescein
isothiocyanate-conjugated mouse monoclonal antibodies to
human CD31 (BD PharMingen), CD105 (Ancell Corporation),
CD133 (R&D Systems), phycoerythrin-conjugated mouse
monoclonal antibodies to human CD29, CD34, CD45, CD73
(BD PharMingen), CD44, or CD166 (Ancell). Isotype-identical
antibodies served as controls. Further, the cells were incubated
with mouse monoclonal antibodies against human stage-
specific embryonic antigen-4 (from Chemicon International,
Inc.), ABCG-2, or CD117 (BD PharMingen) with nonspecific
mouse antibody used as a negative control. After washing
with DPBS, cells were incubated with phycoerythrin-labeled
goat anti-mouse Ig antibody (BD PharMingen) for 30 min at
4°C. After three washes, cells were resuspended in DPBS and
analyzed by flow cytometry using a FACSCalibur flow cyt-
ometer and CellQuest Pro software (BD Biosciences).

Adipogenic, osteogenic, and chondrogenic
differentiation procedure

For adipogenic differentiation, cells were cultured in the
differentiation medium (Zen-Bio, Inc.). After 3 days, half of
the medium was changed with adipocyte medium (Zen-Bio)
every 2 days. Five days after differentiation, adipocytes were
characterized by microscopic observation of intracellular lipid
droplets by Oil Red O staining. Osteogenic differentiation
was induced by culturing the cells in Dulbecco’s modified
Eagle’s medium containing 10 nM dexamethasone, 50 mg/dL
ascorbic acid 2-phosphate, 10 mM B-glycerophosphate (Sigma),
and 10% fetal bovine serum. Differentiation was examined by
Alizarin red staining. For Alizarin red staining, the cells were
washed three times and fixed with dehydrated ethanol. After
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fixation, the cells were stained with 1% Alizarin red S in 0.1%
NH,OH (pH 6.5) for 5min and then washed with H;O. For
chondrogenic differentiation, hADMPCs were first trypsinized
and 2x10° cells were centrifuged at 400 g for 10min. The re-
sulting pellets were cultured in the chondrogenic medium
(alpha-minimum essential medium (alpha-MEM) supple-
mented with 10ng/mL transforming growth factor-8, 10nM
dexamethasone, 100 pM ascorbate, and 10puL/mL 100xITS
Solution) for 14 days. For Alcian Blue staining, nuclear counter-
staining with Weigert’s hematoxylin was followed by 0.5%
Alcian Blue 8GX for proteoglycan-rich cartilage matrix.

hADMPC transplantation and
immunosuppression regimen *

WHHL rabbits (8 weeks old; purchased from Kitayama-
labes, Inc.) were anesthetized with pentobarbital (50 mg/kg).
An incision distal and parallel to the lower end of the ribcage
was made. The peritoneum was incised, and hADMPCs
(n=5) or human adipose tissue-derived fibroblastic cells
(n=23) (3x107 cells) suspended in 3 mL of Hanks’ balanced salt
solutions (HBSS) (20°C) or 3 mL of control saline (n = 6) were
infused in 5min into the portal vein via a 18-gauge Angio-
cath™ (BD). The immunosuppression regimen (Fig. 1A)
consisted of the following: (1) intramuscular injection of cy-
closporin A (6 mg/kg/day) daily from the day before sur-
gery to sacrifice; (2) intramuscular injection of rapamycin
(0.05mg/kg/day) daily from the day before surgery to sac-
rifice; (3) methylprednisolone at 3mg/kg/day (days 1-7),
followed by tapering to 2mg/kg/day (days 8-14), 1 mg/kg/
day (days 15-21) and 0.5mg/kg/day (day 22 to the time at
sacrifice); (4) intravenous injection of cyclophosphamide
(20mg/kg/day) at days 0, 2, 5, and 7; (5) ganciclovir (2.5mg/
kg/day intramuscular injection (i.m.)) was also administrated
to avoid viral infection in the immunocompromised host.

DNA extraction and quantification
of human-derived cells

Total DNA of WHHL rabbit liver, which was obtained at
the time just after hADMPC transplantation, and 2, 4, 8, and
12 weeks after transplantation, were isolated using a Nu-
cleoSpin Tissue kit (Macherey-Nagel) according to the man-
ufacturer’s instructions. hADMPCs and rabbit hepatocytes
were mixed at the ratios of 100:0 (100%), 10:90 (10%), 1:99
(1%), 0.1:99.9 (0.1%), 0.01:99.99 (0.01%), and 0.001:99.999
(0.001%), and DNA was isolated. Seven hundred nanograms
of each samples of extracted DNA was quantified by real-time
polymerase chain reaction (PCR) using the ABI Prism 7900
Sequence Detection System (Applied Biosystems), primers for
the 82 bp Alu amplicon (forward, 5-GTCAGGAGATCGA
GACCATCCC; reverse, 5-CCACTACGCCCGGCTAATTT),
and SYBR Green (TOYOBO) dye using a previously published
protocol 2" Reactions were performed in quadruplicate and
the Alu levels were calculated by the standard curve.

Assay for lipid profiling

Serum samples were obtained from nonfasting rabbits
before and after transplantation. Serum total cholesterol was
measured in each sample using assay kits from Wako Pure
Chemical Industries. Serum lipoproteins were analyzed by
an on-line dual enzymatic method for simultaneous quanti-
fication of cholesterol and triglycerides by high-performance
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A

FIG. 1. (A) Morphological characters of human adipose tissue-derived multilineage progenitor cells (hADMPCs). The cells
obtained from adipose tissue were seeded and incubated for 24h (i). After incubation, the adherent cells were treated with
ethylenediaminetetraacetic acid solution, and the resulting suspended cells were replated at a density of 10,000 cells/cm? on
human fibronectin-coated dishes (BD BioCoat) (ii, iii). Within two to three passages after the initial plating of the primary
culture, hRADMPCs appeared as a monolayer of large flat cells (25-30 um in diameter). As the cells approached confluence,
they assumed a more spindle-shaped, fibroblastic morphology (iv). i) Bar =499 um, ii) bar =201 pm, iii) bar =502 pm and
iv) bar =202 um. (B) Cell surface markers expressed on hADMPCs. The cells were negative for markers of the hematopoietic
lineage (CD45) and of hematopoietic stem cells, ABCG-2, CD34, and CD133. They were also negative for CD31, an endothelial
cell-associated marker, and the surface antigen c-Kit (CD117). However, they stained positively for a number of surface markers
characteristic of mesenchymal and/or neural stem cells, but not embryonic stem (ES) cells, including CD29, CD44 (hyaluronan
receptor), CD73, CD105 (endoglin), and CD166. hADMPCs also were positive for stage-specific embryonic antigen (SSEA)-4. (C)
Adipocytic, chondrocytic, and osteocytic differentiation potentials of hADMPCs. Adipocytic differentiation potential of
hADMPCs was confirmed by Oil Red O staining (the left panel) (bar =100 um). Chondrocytic differentiation potential of
hADMPCs was estimated by extracellular matrices with Alcian Blue staining (the middle panel). Osteogenic differentiation
potential of hRADMPCs was confirmed by Alizarin red S staining for mineralized nodules (the right panel).

liquid chromatography at Skylight Biotech, according to the
procedure as described.”

Immunohistochemical staining of WHHL
rabbit liver sections

The WHHL livers were harvested and fixed immediately
with 10% formalin. They were placed into optimal cutting
temperature compound (Sakura Finetechnical Co.), frozen
immediately, and then sectioned at 7 pm thickness. The sec-
tions were then incubated with blocking solution (Blocking
one; Nacalai Tesque) for 1h. The samples were incubated
with rabbit anti-human-specific albumin antibody (MBL),
rabbit anti-human-specific alpha 1 anti-trypsin antibody, and
rabbit anti-LDL receptor antibody, followed by Alexa Fluor
488-labeled goat anti-rabbit IgG (Molecular Probes). To show
the colocalization of human CD90 and albumin, the samples
were incubated with the rabbit anti-human CD90 monoclo-
nal antibody (Epitomics, Inc.) and then with Alexa Fluor 488-

labeled goat anti-rabbit IgG (Molecular Probes), and washed
extensively. Then, the specimens were incubated with rabbit
anti-human-specific albumin antibody (MBL), followed by
Alexa Fluor 546-labeled goat anti-rabbit IgG (Molecular
Probes). The treated sample was examined with a BioZero
laser scanning microscope (Keyence).

PCR analysis of WHHL rabbit liver
for human liver-specific genes

Total RNAs of WHHL rabbit liver, hRADMPCs, and human
hepatocytes were isolated using an RNAeasy kit (Qiagen).
After treatment with DNase, the cDNA was synthesized using
Superscript III RNase H-minus Reverse Transcriptase (In-
vitrogen). Real-time PCR was performed using the ABI Prism
7900 Sequence Detection System (Applied Biosystems). About
20x Assays-on-Demand™ Gene Expression Assay Mix for
human alpha-1-antitrypsin (Hs01097800_m1), human albumin
(Hs00609411_m1), human factor 9, human GATA-binding
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protein 4 (GATA4) (Hs00171403_m1), human hepatocyte nu-
clear factor 3 beta (Hs00232764_m1), human LDL receptor
(Hs00181192_m1), and human glyceraldehyde-3-phosphate
dehydrogenase (FHs99999905_m1) were obtained from Applied
Biosystems. It was confirmed that human detectors and rabbit
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detectors do not cross-react with the other species. TagMan®
Universal PCR Master Mix, No AmpEmse® UNG (2x), was
also purchased from Applied Biosystems. Reactions were
performed in quadruplicate and the mRNA levels were nor-
malized relative to human glyceraldehyde-3-phosphate dehy-
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FIG.2. (A) Immunosuppression regimen. Cyclosporin A (6 mg/kg/day) and rapamycin (0.05 mg/kg/day) were adminis-
tered intramuscularly daily from the day before surgery to sacrifice. Methylprednisolone was administered at 3 mg/kg/day
(days 1-7), 2mg/kg/day (days 8-14), 1mg/kg/day (days 15-21), and 0.5mg/kg/day (day 22 to sacrifice). Cyclopho-
sphamide (20 mg/kg/day) was injected intravenously at days 0, 2, 5, and 7. Ganciclovir (2.5mg/kg/day) was also injected
intramuscularly to avoid viral infection in the immunocompromised host. (B) Surgical procedure. Watanabe heritable hy-
petlipidemic (WHHL) rabbits were anesthetized with pentobarbital. An incision was made distal and parallel to the lower end
of the ribcage. The peritoneum was incised and hADMPCs, and human adipose tissue-derived fibroblastic cells (hADFCs)
(3x107 cells/rabbit) or controls were infused into the portal vein using an 18-gauge Angiocath. (C) Localization of transplanted
hADMPCs in the WHHL liver. At the day of and 1,2, 4, 6, and 10 weeks after transplantation of Dil-labeled hADMPCs via the
portal vein, the WHHL rabbit liver was examined histologically. Dil-fluorescent labeled-hADMPCs resided and distributed in
the portal area at the day of transplantation. One to 2 weeks after transplantation, the Dil-stained hADMPCs-derived cells
were localized near the portal areas. Four weeks after transplantation some of the Dil-stained cells resembled innate hepa-
tocytes morphologically. Six and 10 weeks after transplantation, Dil-positive transplanted cells were dispersed in a cen-
trilobular direction, resembling the mature innate hepatocytes. Bars =100 um. (D) Quantification of repopulation of the
transplanted cells in the liver. The ratios of human-derived cell repopulation were examined by analyzing an Alu repetitive
DNA sequence at the day of and 2, 4, 8, and 12 weeks after transplantation. In upper panel the standard curve was indicated,
and in lower panel the ratio of repopulation of human cells was shown in time course after transplantation of hRADMPCs.
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