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Abstract: Human proliferative adipocytes propagated via ceiling culture technique from subcutaneous fat tissue (desig-
nated as ccdPA) were herein evaluated for their potential as a recipient for retroviral vector-mediated gene transduction of
a therapeutic protein delivery. Exposure to the ZsGreen-expressing vector supernatant using a cell preparation generated
by a 7-day ceiling culture induced a 40-50% transduction efficiency, with less than two integrated copies of viral genome
per cell on average. The Icat gene-transduced human ccdPA secreted functional LCAT protein, correlating with the inte-
grated copy number of vector genome. The gene-transduced cells could be expanded up to nearly 102 cells from 1 g of fat
tissue within one month after fat tissue preparation. The cells also maintained the potential to differentiate into adipocytes
in vitro. The presence of human LCAT protein in serum was immunologically identified upon transplantation of Icat-
expressing ccdPA into the adipose tissue of immune-deficient mice. These results indicated that human ccdPA has a novel
therapeutic potential for LCAT-deficient patients. The clinical application in combination with cell transplantation shed a
light on a development of a life-long protein replacement therapy for LCAT-deficient patients.
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INTRODUCTION

The intriguing biology of pluripotent stem or progenitor
cells has suggested the sustained production of therapeutic
proteins to be a treatment for patients with serum protein
deficiencies [1, 2]. The ability of cells to self-renew at a high
proliferation rate has led to the expectations that these cells
are ideal targets for retroviral vector-mediated transgene
delivery. Studies examining this concept have described the
treatment of various diseases in animal models [3-10].

Lecithin:cholesterol acyltransferase (LCAT) is a plasma
protein responsible for the conversion of plasma unesterified
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cholesterol into cholesteryl ester, and plays a central role in
the formation and maturation of high-density lipoproteins
(HDL), which are involved in reverse cholesterol transport.
Genetic LCAT deficiencies have been identified, and more
than forty different mutations have been identified to date
(refer to HGMD: http://www.hgmd.cf.ac.uk/ac/index.php).
Plasma LCAT is either absent or exhibits no catalytic activ-
ity in patients with a familial LCAT deficiency. Cholesteryl
ester levels are markedly reduced in lipoproteins, abnormal
cholesterol deposition is observed in the tissues of these
patients, and patients often develop corneal opacity, anemia,
proteinuria, and renal failure [11]. The efficacy of LCAT
replacement therapy was shown by infusion of normal
plasma [12, 13], but the effects were transient. In addition,
replacement therapy with recombinant LCAT protein has not
been established mainly because this is a rare condition, and
due to the associated expenses for production of the recom-
binant protein. Therefore, life-long treatment with autolo-
gous cell-based therapy may contribute to the continuous
replacement of enzymes.
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Recently, much attention has been paid to adipose tissue
as a source of proliferative cells for cell-based gene therapy
[14] and for regenerative therapy [15, 16]. Two types of
preparations have been reported to be sources of adipose-
tissue derived proliferative cells. One is stromal-vascular
fractions (SVFs), which can be obtained as sediment by the
centrifugation of collagenase-digested fat tissue [17, 18]. The
obtained cells are pluripotent and can differentiate to yield
various cell types, including cardiomyocytes, chondrocytes,
and osteoblasts, in addition to adipocytes [19]. The other cell
preparation is obtained from the floating mature fat cell
fraction of the centrifugation, followed by a ceiling culture
[20]. The cultured cells maintain the ability to differentiate
into mature adipocytes at a high frequency [10, 20, 21], and
are presumably more committed to the adipocytes lineage.

In the present study, a target cell population was prepared
from adipose tissue using the ceiling culture technique to
develop a cell-based gene therapy of LCAT-deficient pa-
tients, and we designated the target cells as ceiling-culture
derived proliferative adipocytes (ccdPA). The current study
established this production procedure, and optimized the
gene transduction conditions of human ccdPAs as therapeu-
tic gene recipient cells. In addition, we assessed the capabil-
ity and the safety of the Icat gene-transduced ccdPA as a
LCAT-secreting device for protein replacement therapy.
Therefore, we developed stable protein-producing human
ccdPAs with self-renewing and high expansion capacities.

MATERIALS AND METHODS

Construction of pCGThLCAT, A Retroviral Vector
Plasmid Encoding the Human Lcat Gene

The pDON-Al, Moloney Murine Leukemia virus
(MoMLV) vector plasmid (TaKaRa Bio Inc., Shiga, Japan)
was used as a recipient for the human Icat cDNA. The Icat
cDNA was derived from total RNA prepared from HepG2
cells. The resulting cDNA was amplified by PCR using the
following primer pair: 5’-ATCGGATCCAGGGCTGGAAA
TGGGGCCGCCC-3" (forward) and 5’-ATCGGATCC
GTCGACGGAAGGTCTTTATTCAGGAGGCGGGGG-3’
(reverse). The forward primer contained a BamHI restriction
site (underlined) and a Kozak sequence, and the reverse
primer contained a Sall restriction site (underlined). The
reverse primer also eliminated the polyA signal from the
original Icat cDNA. The amplified PCR products were di-
gested by BamHI and Sall and cloned into the corresponding
sites of the pDON-AI plasmid. Thereafter, the neomycin
resistant gene was removed by Sall and Xhol digestion and
subsequent self-ligation, yielding the pCGThLCAT plasmid.

Production of the Amphotropic Retroviral Vector

The GMP grade retroviral vector CGT_hLCATRV was
produced by TaKaRa Bio Inc. In brief, the pCGThLCAT
vector was transfected into the ecotropic packaging cell line
GP+E86 (ATCC#: CRL-9642), and the supernatant was
collected. The supernatant was used to infect the am-
photropic packaging cell line GP+envAM-12 (ATCC#:
CRL-9641) to produce a master cell bank (MCB) for vector
production. CGT_hLCATRV was prepared from culture
supernatant of the MCB. The vector solution was aliquoted
and stored at -80 °C until use. The vector titer was quantified
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by TaKaRa Bio Inc. using the One Step SYBR PrimeScript
RT-PCR Kit with primer pairs from Retrovirus Titer Set
(TaKaRa Bio Inc.). The ZsGreen-gene expressing retrovirus
vector was similarly propagated.

Cell Culture and Medium

Dulbecco’s modified Eagle’s medium [DMEM]/F12-
HAM (Sigma-Aldrich, St. Louis, MO) and MesenPRO me-
dium (Invitrogen, Carlsbad, CA) were used to maintain cul-
tured cell lines. Fetal bovine serum (FBS) was purchased
from SAFC Biosciences (Lenexa, KS). Cell passaging was
performed twice a week.

Isolation of ccdPAs from Human Fat Tissue

Subcutaneous adipose tissues were obtained from 16
healthy volunteers (C001-C016) with ages ranging from 19
to 42 years after informed consent was obtained with the
approval and guidelines of the ethical committee at Chiba
University School of Medicine, according to the Declaration
of Helsinki. Ceiling culture techniques [20] were employed
and optimized using C001-C012 fat tissues to isolate human
ccdPAs as follows. Fat tissue was weighed, and each 1.0 g
was digested with gentle agitation for 1 hr at 37 °C in 3 ml of
Hank’s balanced salt solution (HBSS) containing 2 mg/ml
collagenase (Collagenase NB 6 GMP Grade, SERVA, Hei-
delberg, Germany) and 40 ug/ml gentamicin (GENTACIN,
Schering-Plough Co., Kenilworth, NJ). Thereafter, the solu-
tion was diluted with 10 ml of DMEM/F12-HAM containing
20% FBS and 40 ug/ml gentamicin (DMEM/FBS), mixed,
and centrifuged at 400 x g for 1 min. The pellet was removed
as an SVF. The dilution steps were repeated 4 times to col-
lect the floating cell fraction. The floating fraction was fil-
tered with a 500-um mesh (Netwell Insert, Corning Inc.,
Corning, NY) and seeded into flasks, which were filled with
DMEM/FBS. After 7 days ceiling culture, cells that grew at
the ceiling surfaces were harvested and seeded into flasks for
the subsequent steps.

Gene Transduction

In preliminary experiments, the acceptability of the
MoMLYV vector for human ccdPA propagated in the course
of ceiling culture revealed that longer culture times resulted
in a higher resistance to retroviral vector transduction (data
not shown). Therefore, the cells obtained by 7 day-ceiling
culture were evaluated as a potential recipient for retroviral
vector-mediated gene transduction. Human ccdPAs were
seeded and incubated in DMEM/FBS at 37 °C for 24 hrs.
Protamine sulfate (PS, Novo-Protamine Sulfate, 100 mg for
I.V. Injection, Mochida Pharm. Co. Tokyo, Japan) was used
to optimize the transduction conditions (0.5-16 ug/ml). Gene
transduction was performed in the presence of 20% FBS and
8 ug/ml PS at 37 °C for 24 hrs. The viral vector concentra-
tion used for transduction was 2.0 x 10° RNA copies/ml,
unless otherwise specified. After transduction, the medium
was replaced with growth medium.

Flow Cytometry

Cells were suspended in phosphate buffered saline con-
taining 2% FBS (PBS/FBS). Fluorescein isocyanate (FITC)
or phycoerythrin (PE)-conjugated antibodies were purchased
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from BD Farmingen (San Diego, CA) or Beckman Coulter
(Fullerton, CA), or Ancell Corporation (Bayport, MN). Ali-
quots of cell suspensions (4.5 x 10* cells) were mixed with
primary antibody in a total volume of 90 ul and were incu-
bated for 30 min at RT. The cell suspension was washed
twice with PBS/FBS, and the cells were fixed in 200 ul of
PBS/FBS containing 1% paraformaldehyde. Five thousand
events were acquired for each antibody on a FACS Calibur
apparatus using the CELLQuest acquisition software pro-
gram (Becton, Dickinson and Company, Flanklin Lakes, NJ).
ZsGreen expression was also examined in human ccdPAs.
Non-transduced cells were used as a negative control.

Quantification of Transduced Gene

Genomic DNA was extracted from cultured cells and
mouse adipose sections with the DNeasy Blood & Tissue kit
and the Gentra Puregene kit (QIAGEN, Hilden, Germany),
respectively. The integrated vector copy humber was quanti-
fied with the SYBR Premix Ex Taq (Perfect Real Time) kit
(TaKaRa Bio Inc.). A known amount of pCGThLCAT DNA
was used as a standard. The primer pairs were from the Ret-
rovirus Titer Set (TaKaRa Bio Inc.). The DNA content in a
human normal cell (6 pg/cell) [22] was used for calculating
the average integrated copy number. Existence of transduced
gene in transplanted adipose tissue was quantified with a
TagMan Gene Expression Master Mix (Applied Biosystems,
Foster City, CA) using Icat-cDNA specific primers and
probes designed by the Probe Finder Software program
(Roche Diagnostics, Mannheim, Germany). All the real-time
PCR reactions were performed using the ABI7500 Real-time
PCR system (Applied Biosystems).

Detection of LCAT Protein

Culture medium and mice sera were diluted to a volume
of 500 ul with ice-cold phosphate buffered saline containing
0.2% Nonidet P-40 (PBS-NP40) and were incubated with 2.5
ul of anti-LCAT rabbit monoclonal antibody (EPITOMICS,
Burlingame, CA) for 18 hrs at 4 °C with gentle rotation.
Twenty micro-liters of TrueBlot anti-Rabbit Ig IP Beads
(eBioscience, San Diego, CA) was added and incubated with
rotation for 2 hrs at 4 °C. Bound proteins were pelleted by
centrifugation, washed with PBS-NP40, and eluted by boil-
ing in 10 ul of 2X Laemmli’s sample buffer. Immunoprecipi-
tated samples were subjected to immunoblotting. Purified
human LCAT (Roar Biomedical, Inc., New York, NY) or
human plasma HDL (Calbiochem, Merck, Darmstadt, Ger-
many) was used as a standard. An anti-LCAT rabbit poly-
clonal antibody (Novus Biologicals, Littleton, CO) and
TrueBlot anti-Rabbit 1gG HRP (1:5000) (eBioscience) were
used as primary and secondary antibodies, respectively. The
signals were detected with the SuperSignal West Femto
Maximum Sensitivity Substrate (Thermo Fisher Scientific
Inc.) and the LAS1000 apparatus (FUJI film, Tokyo, Japan).

Measurement of LCAT Activity

The procedure described by Ishii et al. [23] was modified
to prepare the liposome substrate for the LCAT analyses.
Two hundred microliters of [*H]-cholesterol (American
Radiolabeled Chemicals, Inc., St. Louis, MO) were evapo-
rated to dryness by flushing N, gas, and 5 ml of the substrate
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mixture of Anasolv LCAT kit (SEKISUI MEDICAL Co.
Tokyo, Japan) was added. The solution was sonicated with a
Digital Sonifier Model 250 (BRANSON, Danbury, CT) at an
amplitude of 40% and 0.5 second pulse cycles for 1 min a
total of six times in an ice bath. The sonicated mixture was
centrifuged at 3,000 rpm and stored at 4 °C until use. The
reaction mixture contained 100 ul of labeled substrate, 4.5
mM B-mercaptoethanol, 36 ug of apolipoprotein Al (Athens
Research & Technology, Athens, GA), and 100 ul of culture
medium in a total volume of 220 ul. The reaction was per-
formed at 37 °C for 1 hr, and was terminated by the addition
of 1.6 ml of chloroform/methanol (2:1). One hundred micro-
liters of water was added, and the organic phase was ob-
tained by centrifugation. Fifty microliters of the organic
phase was spotted onto Whatman flexible thin layer chroma-
tography (TLC) plates (Whatman plc, Kent, UK). Sample-
spotted plates were developed with standards of cholesterol
and cholesterol oleate in a glass tank using a solvent mixture
of hexane/ethyl ether/acetic acid (146:50:4) by TLC. Devel-
oped TLC plates were air-dried and stained with iodine
(Wako Pure Chemicals, Osaka, Japan). Cholesteryl ester
spots were excised, and the radioactivity was determined by
liquid scintillation spectrometry.

Adipogenic Differentiation Assay

Human ccdPA (3.5 x 10 cells) were seeded into BioCoat
Collagen | 48-well Multiwell Plates (BD Biosciences) and
grown to confluency over 3 days. Differentiation was in-
duced with the PGM Bullet Kit (Lonza, Basel, Switzerland),
and the cells were incubated for 2 weeks. The cells were
fixed in 4% paraformaldehyde, washed twice with PBS,
incubated with 60% isopropanol for 1 min, and stained with
Oil Red O solution (Chemicon International, Inc. Temecula,
CA) for 20 min. The accumulation of triglycerides was ex-
amined to confirm adipogenic differentiation using the
Triglyceride E-test kit (Wako Pure Chemicals) according to
the manufacturer’s instructions. The protein content of the
lysate was also determined with the Quick Start Bradford
Dye Reagent (Bio-Rad Laboratories Inc.).

Clonality Analysis by Southern Blotting

Abnormal amplification of specific cell clones resulting
from the integration of the retroviral vector genomic se-
quence was examined by Southern blotting according to the
DIG (Digoxigenin) protocol (Roche Diagnostics). Genomic
DNA extracted with the Gentra Pure Gene kit (QIAGEN)
was digested with Hindlll (Roche Diagnostics). Digested
DNA (6 ug) was subjected to agarose gel electrophoresis,
followed by capillary transfer to a positively-charged nylon
membrane (Roche Diagnostics). Human lcat cDNA was
used as a template to synthesize probes by the PCR DIG
Probe Synthesis kit (Roche Diagnostics). Hybridization was
performed at 50 °C overnight. The membrane was washed
and reacted with Anti-digoxigenin-AP, Fab fragments
(Roche Diagnostics). The signals were detected using CDP-
Star with the LAS1000 apparatus (FUJI film). As positive
control, 293 (European Collection of Cell Cultures) cells
were transduced with a neomycin-resistant gene-containing
version of the Icat-expressing retroviral vector, and typical
single copy-integrated clones were selected.
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incubation media on the gene-transduced cell expansion
were examined in C013 cells. The doubling times of the cells
in the MesenPRO medium were significantly shorter than
those in DMEM/FBS (31.7 + 4.8 hours vs. 119.4 + 29.6
hours, p<0.05). The transduced cell number expanded to
more than 3 x 10 fold of the original number in a month
when grown in MesenPRO medium (Fig. 1b). Therefore,
DMEM/FBS was chosen for the ceiling culture and gene
transduction, and the MesenPRO medium for cell expansion
of ccdPA, respectively, in subsequent experiments.
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Characterization of Human ccdPAs

The cell surface antigen profile was analyzed by FACS
for human ccdPAs (Fig. 2a). The populations of CD31/
CD45" cells were significantly increased in the ccdPA prepa-
ration, in comparison to SVF-derived cells (99.1 + 0.3% vs.
95.6 + 0.1%, p<0.05), indicating that ceiling culture tech-
nique excludes CD31-positive and/or CD45-positive cell
populations in comparison with cells prepared from SVF.
The ccdPAs were positive for CD9, CD10, CD13, CD29,
CD44, CD59, CD90, CD105, CD146, and HLA-ABC, and

Fig. (2). Cell surface antigen profiles of isolated human ccdPAs by ceiling culture. (a) The cells were harvested at 7 days after ceiling
culture, and were immuno-stained with the corresponding antibodies (solid line) or an isotype control (dotted line), and were subjected to a
FACS analysis. Histograms for each antibody are presented. (b) CD36-positive cells was examined in the cells harvested from the ceiling
culture (CF7(7)), the cells expanded after Icat-gene transduction (CF7(8Icat)(21)), and the cells expanded without gene transduction
(CF7(21)). The ratio of CD36-positive cells in the prepared cells is presented as the positive cell rate (%). Data are presented as the mean +

SD (n=3). *p<0.05.
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negative for CD31, CD34, CD45, CD54, and CD106. They
were moderately positive for CD49d and CD65, and a sub-
stantial number of cells were positive for CD36, a marker for
adipocytes [25]. The populations of CD36-positive cells after
a 14-day in vitro culture of ccdPAs were significantly lower
than those at 7 days (p<0.05, Fig. 2b).

Retroviral Vector-Mediated Gene Transduction and
Transduced Gene-Derived Protein Secretion in Human
ccdPA

Human ccdPAs were evaluated as a recipient of
MoMLV-based gene transduction using various concentra-
tions of the vector and PS with single round of transduction
using a ZsGreen-expressing vector. Two types of cells were
analyzed, one cell type just after harvesting from the ceiling
culture (CF7(7)), while another type was further cultured in
the normal manner for an additional week (CF7(14)) in
DMEM/FBS. The integrated copy number could be in-
creased to approximately 1.7 and 2.5 copies/cell in CF7(7)
and CF7(14) cells, respectively, and a good linear correlation
was observed between the integrated copy number and the

. 0
Day1 Day2 Day1 Day2
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transduction efficiency (percentage of ZsGreen-positive
cells) (Fig. 3a). The transduction efficiency and the inte-
grated copy number were significantly different between the
cells of same batch at Days 1 and 2 of gene transduction
(Fig. 3b). These results showed that the cells with a higher
transduction efficiency of the transduced gene and a lower
integrated copy number were obtained by transduction for
cells which were seeded and incubated overnight following a
7-day ceiling culture (CF7(8)). The CF7(8) cells were exam-
ined as a potential recipient for the human Icat gene. The
transduction analyses using the ZsGreen vector showed that
a vector concentration of 2.0 x 10° RNA copies/ml resulted
in a good correlation between the integrated copy number
and ZsGreen-positive cells in two different cell batches
(Fig. 3a). The use of the maximum achievable concentration
(3.1 x 10° RNA copies/ml) of CGT_hLCATRV was compared
with that using a concentration of 2.0 x 10 RNA copies/ml.
Transduction of CF7(8) cells with 3.1 x 10° or 2.0 x 10°
RNA copies/ml of the vector resulted in no difference in the
integrated copy number (1.65 £ 0.12 vs. 1.56 + 0.23 cop-
ies/cell). The LCAT protein produced by the Icat gene-
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Fig. (3). In vitro evaluation of human ccdPAs as recipients of MoMLV-based retroviral vector-mediated gene transduction and a
vehicle for the secretion of functional LCAT protein. (a) Integrated copy number (copies/cell) and ZsGreen-positive cells (%) were plot-
ted for C010 CF7(7) (closed rhombus), C011 CF7(7) (closed circle), and C011 CF7(14) (closed triangle). Lines are drawn with Pearson r-
values of 0.991, 0.908, and 0.937 for C010 CF7(7) (solid line), C011 CF7(7) (broken line), and C011 CF7(14) (dotted line), respectively
(p<0.05). (b) Integrated copy numbers (copies/cell, open bars) and ZsGreen-positive cells (%, closed bars) after a single round of exposure of
2.0 x 10° RNA copies/ml of virus vector are shown. The cells (C010 and C011) were exposed to the transduction mixture one day (Day 1) or
two days (Day 2) after seeding. Data are presented as the mean + SD (n=3). *p<0.05. (c) Secreted LCAT protein was detected by immuno-
precipitation/immunoblotting in culture medium incubated for 3 days with 1 x 10° cells (C013). After a densitometric analysis of immuno-
detected signals for human LCAT protein (60-65kDa), the integrated copy number and LCAT level (arbitrary units) were plotted (Pearson r-
value of linear coefficient, 0.953, p<0.05). (d) Culture medium incubated with 1 x 10° cells (C013) for 3 days were subjected to assay of
LCAT activities. The activity was presented by esterified cholesterol production from the cholesterol in the medium of human ccdPAs (Pear-

son r value of linear coefficient, 0.954, p<0.05).
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transduced human ccdPAs was analyzed (Fig. 3c and 3d). Properties of the Lcat Gene-Transduced Human ccdPAs
Seven days after gene transduction, 1 x 10° cells were seeded during the Manipulation Process

in a 12-well plate, grown for three days, and the supernatant
was collected for subsequent assays. LCAT protein produc-
tion and the LCAT activity were determined by immunopre-
cipitation/immunoblot (IP-Western) and a cholesterol esteri-
fying assay in the medium, respectively. LCAT protein
and activity significantly correlated with the integrated
copy number (r=0.917 and 0.954, respectively, p<0.05).
Therefore, the activity of the LCAT protein produced by
the gene-transduced ccdPA was estimated by the integrated
copy number. The Icat gene-transduced ccdPAs produced
LCAT protein with a specific activity of 5.2 + 0.5 fmol
esterified-cholesterol/integrated copy/hr in the culture
medium within 3 days.

The effect of in vitro manipulation was evaluated on the
ccdPA characteristics regarding adipogenic differentiation
ability, expansion rate, cell surface marker expression, trans-
gene stability, and anchorage-independent cell growth. The
cells were stimulated to differentiate and Oil Red O staining
demonstrated the transduced cells had clearly differentiated
into adipocytes (Fig. 4c), and their appearance as well as
that without differentiation stimulation, was not obviously
different from cells without gene transduction (Fig. 4a-f).
The triglyceride contents showed no significant differences
between transduced and control cells in C014 samples (1.30
+ 0.43 vs. 1.25 = 0.27 mg/mg protein). The proliferating cell
number and the resultant doubling time were not signifi-
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Fig. (4). Characterization of Icat-transduced ccdPA in culture. The Icat-transduced (a, b, ¢) and non-transduced (d, e, f) cells of C013
were incubated for two weeks with (b, c, e, f) or without (a, d) differentiation stimulation. The appearance of cells was observed with (c, f)
or without (a, b, d, ) Oil Red O staining (magnification bar, 100 um). (g) C013 cells were transduced, and the resultant cells were passaged.
The cell numbers were counted during proliferation for 35 days. The cells were transduced by the conditions of 1.3 x 10° RNA copies/ml on
Day 2 (closed circle), 1.3 x 10° RNA copies/ml on Day 1 (closed triangle), 2.0 x 10° RNA copies/ml on Day 1 (closed rhombus), or 3.1 x 10°
RNA copies/ml on Day 1 (closed square). Doubling times were 32.2 + 5.8 (closed circle), 31.5 + 4.0 (closed triangle), 31.6 + 3.9 (closed
rhombus), and 31.3 + 4.4 hrs (closed square), respectively. The doubling time of the control (non-transduced) cells (open circle) was 31.5 +
4.7 hrs. Data are presented as the mean + SD (n=3). No significant differences were observed in comparison to the control cells. (h) The Icat-
transduced cells (closed bars) and non-transduced cells (open bars) were expanded in MesenPRO medium for two weeks after gene transduc-
tion. The values of Geo/mean for 19 different surface antigens were examined by a flow cytometry analysis. Data are presented as the mean
+ SD (n=3). (i) The integrated copy number of Icat-transduced ccdPAs was followed during in vitro culture. Symbols are same as shown in
Fig. 4G. Data are presented as the mean = SD (n=3). (j) A clonal analysis was performed by Southern blotting in C013 cells. C013 genomic
DNA samples were prepared from the cells 18 days after gene transduction. Lanes 1 and 2, Icat gene-transduced clones obtained by transduc-
tion of 293 cells; lanes 3, 4, and 5, Icat gene-transduced human ccdPAs with different integrated copy number (lane 3; 0.90 £ 0.20; lane 4,
1.65 £ 0.12; and lane 5, 1.79 £ 0.23 copies/cell); lane 6, non-transduced (control) cells. A smeared faint signal was observed in the Icat-
transduced ccdPAs (shown by arrow).
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cantly different between the transduced cells and control cells
(Fig. 4g). In addition, no significant differences were
observed in the cell surface marker expression levels between
transduced and control cells (Fig. 4h). The integrated copy
number in the transduced ccdPAs was monitored to assess
the fate of the transgene during the culture period for 35 days
(Fig. 4i). The integrated copy number did not significantly
change after gene transduction. A Southern blot analysis
using the human Icat gene as a probe revealed that only a
faint signal was present independent of the genomic Icat
locus, indicating that no amplification of a specific clone had
occurred during the expansion process (Fig. 4j). A soft agar
assay showed that no anchorage-independent colony forma-
tion was present in the gene-transduced human ccdPAs (data
not shown). These results demonstrated that the effect of
gene transduction was negligible (or denied) on the charac-
teristics of the obtained human ccdPAs regarding the differ-
entiation, cell surface marker expression, transgene stability,
and cell growth, in comparison to the non-transduced cells.

Circulating LCAT Supplementation by the Implantation
of Lcat Gene-Transduced ccdPA in Mice

The capacity of human ccdPAs to be recipient cells for
Icat gene product delivery was assessed in mice. A cell
suspension containing 1.5 x 10° cells was transplanted into
the fat tissue of immuno-deficient mice, and the levels of
LCAT protein secreted into the serum was determined by the
IP-Western method. Human LCAT was clearly detected in
the sera of all transplanted mice at Day 1 (Fig. 5a), and was
detectable after a month in mice (Fig. 5b). A densitometric
analysis revealed that the concentration of human LCAT was
approximately 0.26 £ 0.19 ug/ml at Day 1. The real-time
PCR quantification of the adipose tissue transplanted with
Icat-gene-transduced ccdPA showed that the Icat gene was
present at 42.9 + 27.1% (Day 1), 1.0 + 1.0% (1 month), and
1.2 £ 0.7% (3 months) compared to transplanted cells at Day
0. These results suggested that approximately 1% of the Icat
gene-transduced ccdPAs survived for 3 months after the
transplantation of cells into the fat tissue of mice.

DISCUSSION

The current study evaluated autologous ccdPAs, the
mature adipocye-derived cells, prepared from the subcutane-
ous fat of patients as a vehicle for therapeutic protein re-
placement therapy. Adipose tissue contains two major
sources of proliferative cell populations, the floating (mature
adipocytes) and pellet fractions (SVF), following the cen-
trifugation of collagenase-digested fat tissue. This cell-based
gene therapy was developed from the mature adipocyte cul-
tures, since SVF consists of a heterogeneous cell population,
including blood cells, fibroblasts, and endothelial cells [15,
16] and has some risks in yielding a cell population with an
abnormal phenotype in long-term culture in vitro [26, 27].
The ceiling culture of the SVF-removed floating fraction can
further enrich the cells derived (or dedifferentiated) from
mature adipocytes by the buoyant property of adipocytes
during the ceiling culture periods. Our ceiling culture ex-
cludes CD31- and CD45-positive cells, and our ccdPAs were
negative for CD34, the marker for which adipose-derived
stem cells are positive [28-30].
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Fig. (5). Circulating human LCAT in NOG mice transplanted
with Icat-transduced human ccdPAs. The cell suspension con-
taining 1.5 x 10° Icat-expressing human ccdPA cells (C014, Trans-
planted) and Ringer’s solution containing 0.5% HSA (Control)
were injected into the fat tissue of NOG mice. After one day (a, b)
or one month (b), the mice were sacrificed and serum samples were
collected at each time point. D1, next day of injection; M1, 1 month
after injection; H, 15 ug of HDL (control). At 1 month after trans-
plantation, LCAT was detected in the serum of two mice out of six.
At 3 months or later, LCAT was barely detectable in serum (data
not shown).

MesenPRO medium, which is optimized for mesenchy-
mal stem cells, provided some advantages in the preparation
of ccdPAs through the higher expansion capacity in com-
parison to DMEM/FBS (Fig. 1b). On the other hand, the
MesenPRO medium was less effective for the propagation of
human ccdPAs in ceiling culture than DMEM/FBS. There-
fore, MesenPRO medium appears to be unsuitable for the
proliferation of mature adipocytes in ceiling cultures. The
FACS analyses showed that the obtained ccdPAs had a simi-
lar profile of surface markers with that of the previously
reported adipose-derived cells [31, 32] (Fig. 2a). In addition,
the certain population of the ccdPAs retained a mature adi-
pocyte marker (CD36) at an early stage and eventually lost it
(Fig. 2b). ccdPA exhibits clearly higher adipogenic potential
in comparison to stromal vascular fraction derived cells,
commonly used as multi-potential adipose tissue-derived
stem cells, suggesting the advanced differentiation levels of
ccdPA committed to mature adipocytes (manuscript in
preparation). These adipogenic properties are sufficient for
the cells to survive in fat tissue and to keep producing thera-
peutic protein for a long period after transplantation.

Previous reports described mature adipocyte-derived
cells that were utilized and evaluated after primary culture
for 2 weeks, and these cells were suggested to be a source of
regenerative medicine [31, 32]. We demonstrated that 7-day
primary cultures resulted in substantially better transduction
properties than 14-day primary cultures for gene therapy
applications. Simple exposure to the viral vector supernatant
resulted in a 40-50% improved transduction efficiency (Fig.
3a and 3b) using ccdPAs after 7-day primary culture, thus
suggesting that human ccdPAs serve as an excellent recipient
for retroviral vector-based therapeutic applications, in
contrast to cell populations in which efficient transduction
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requires drug selection [3, 33] or multiple rounds of trans-
duction [34, 35]. Therefore, a single exposure to 2.0 x 10°
RNA copies/ml of CGT_hLCATRV was selected to mini-
mize the transgene copy number in each cell. Furthermore,
the transduction efficiency was correlated with the integrated
copy number (Fig. 3a and 3b). The Icat-expressing retroviral
vector was constructed using pDON-AI, developed by Yu
et al. [36], as a backbone vector. The risk of replication-
competent retrovirus (RCR) occurrence was minimized by
eliminating all the unnecessary structural genes from the
MoMLV genome in this vector. In fact, no RCR was de-
tected in the vector preparations (data not shown). The inte-
gration sites seemed to be randomly distributed since no
clonal expansion was detected by a Southern blot analysis of
the transgene following expansion culturing (Fig. 4j), and no
increase in the integrated copy number was observed in the
preparations (Fig. 4i). No evidence of transformation was
observed in the soft agar assay, either at the time of implan-
tation (after three weeks from fat tissue removal) or after
long-term extended culture (data not shown). Furthermore, in
vivo tumor formation assay by nude mice model revealed no
abnormal cell growth after transplantation (unpublished
observation). The safety issue of our therapeutic strategy will
be carefully evaluated in future clinical studies.

The human Icat gene-transduced ccdPAs yielded the
glycosylated LCAT protein (data not shown) that had a mo-
lecular weight and in vitro enzymatic activity equivalent to
that observed in human serum. An animal study indicated
that the human LCAT protein secreted from the implanted
transduced human ccdPAs was detectable in blood samples
(Fig. 5). The serum of familial LCAT-deficient patients
contains less than 10% LCAT activity compared to that in
healthy subjects [11]. Patients with partially inactive LCAT
enzymes (8.3-15% activity of the normal enzyme) have no
renal complications [37-39]. Plasma infusion in patients,
which raises the plasma LCAT activity level from 9.4% to
17.4% compared to normal subjects, resulted in a significant
improvement of lipoprotein profiles [13]. These observations
suggest that addition of approximately 10% wild-type LCAT
enzyme into patients can prevent the development of the
symptoms. The circulating LCAT protein concentration is
approximately 6 ug/ml [11] in normal plasma. Transplanta-
tion of 1.5 x 10° of Icat-expressing human ccdPAs achieved
nearly 5% of the healthy control level on Day 1 in mice (Fig.
5), but LCAT delivery and cell survival were significantly
decreased. Our recent experiments using an autologous
mouse transplantation model showed a substantial improve-
ment in LCAT delivery and cell survival (unpublished data),
implying that 10° cells would yield a therapeutic effect in
patients based on the weight ratio between mice and human
(1:3000). The fact that the Icat gene-transduced human
ccdPAs could be expanded to nearly 10 cells within two
weeks after gene transduction from 1 g of fat tissue sug-
gested that human Icat gene-transduced ccdPAs may rescue
LCAT deficient patients. Considering the differences in the
lipoprotein metabolism between mice and humans, a future
strategy to investigate the efficacy of human LCAT replace-
ment therapy may be to establish an in vitro evaluation sys-
tem employing serum obtained from familial LCAT-
deficient patients.
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In summary, the present study has established a proce-
dure to prepare Icat gene-transduced human ccdPAs for
clinical application. These cells have the ability to differenti-
ate into mature adipocytes and secrete functional human
LCAT protein. Animal studies revealed that the implanted
cells supplied a therapeutic level of LCAT into the serum.
Because we confirmed the prolonged secretion of LCAT
from Icat-transduced human ccdPAs over three months (data
not shown), the significant reduction in LCAT delivery from
transplanted cells at one month or later was probably due to
the low cell survival rate at the site of transplantation. There-
fore, future studies must focus on the improvement of the
cell survival rate and prolong the production of the transgene
product in vivo.

A clinical trial of an ex vivo gene therapy has shown that
the implantation of autologous fibroblasts genetically modi-
fied to express human nerve growth factor into the forebrain
improved the rate of cognitive decline in subjects with Alz-
heimer disease [40], indicating that the local delivery of
therapeutic protein using autologous fibroblasts as a cell
vehicle is clinically relevant. The establishment of clinically
applicable procedures for the transplantation of gene-
transduced human ccdPAs would be useful to obtain further
applicable autologous cells for ex vivo gene therapy in pa-
tients with serum protein deficiencies who require long-term
therapeutic protein supplements. In this study, we have ana-
lyzed the LCAT secretion property of Icat gene-transduced
ccdPA from healthy volunteers. The propagated cells from
different origins showed the LCAT protein secretion enough
for our therapeutic strategy. To further expand our therapeu-
tic strategy for the supplementation of other proteins, it is
required to evaluate the characteristics of ccdPA from vari-
ous kinds of fat diseases such as metabolic syndrome which
may affect the secretion function of adipose tissues.
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