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the functional protein translated from an exogenously transduced gene, as well as physiological
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Introduction

Much attention has been paid to adipose tissue as a source of
transplanted cells for cell-based gene therapy [1] and regenerative
therapy [2,3]. The adipose tissue-derived preadipocytes, which
can be harvested from aspirated fat tissue, proliferate rapidly
and differentiate into mature adipocytes both in vitro and in vivo.
Preadipocytes have been focused on as one of cell systems used
to deliver therapeutic genes, since fully differentiated adipocytes
are currently utilized in clinical transplantation for the correction
of tissue defects in plastic and reconstructive surgery [4-6]. There-
fore, we postulated that adipocyte-based protein replacement
therapy via subcutaneous transplantation of gene-transduced
ceiling culture-derived proliferative preadipocytes (ccdPAs) could
be utilized for patients with gene deficiencies such as lecithin:
cholesterol acyltransferase (LCAT) deficiency, hemophilia, lysosom-
al diseases, and diabetes [7-10]. The identified cells have previously
been shown to differentiate into mature adipocytes in plate culture
upon stimulation, and their differentiation was not affected by the ex-
ogenous gene transduction [8,11]. In the clinical application of this
strategy for gene-deficient patients, it is assumed that the trans-
planted cells will reside stably in the subcutaneous adipose space, dif-
ferentiate into adipocytes, and finally reconstruct the adipose tissue.

For successful treatment in such cell transplantation-based
therapies, it is important to select suitable scaffolds for the trans-
planted preadipocytes, adapting the transplantation site to opti-
mize their survival, differentiation and protein expression. In this
context, fibrin glue (FG) is capable of supporting the secretion
of the exogenously transduced-gene product in vivo [12]. In
order to investigate the cell fate and protein secreting function,
and also to develop alternative therapeutic applications, the estab-
lishment of an in vitro long-term evaluation system is required.
Various synthetic and naturally-derived materials have so far
been investigated as biocompatible scaffolds for adipose tissue
3D models [13-18].

In this study, we employed an in vitro long-term 3D culture
system using FG as a therapeutic cell transplantation scaffold,
and examined the cell survival, differentiation, and the expression
of the transduced gene, of the ccdPAs cultured under these
conditions.

Materials and methods

Preparation Icat gene transduced ceiling culture-derived
proliferative adipocytes (ccdPA/lIcat)

Subcutaneous adipose tissues were obtained from healthy donors
after informed consent was obtained with approval from the ethics
committee of Chiba University School of Medicine, and all studies
were performed according to the guidelines of the Declaration of
Helsinki. The preparation of ccdPAs, subsequent Icat gene trans-
duction, and quantification of the copy number of transduced lcat
genes were performed as described previously [8]. The cells uti-
lized in this study had an average Icat gene copy number of
1.01 4 0.03 copies/cell. LCAT secretion into the culture superna-
tant was examined by immunoprecipitation/western blot analysis
and measuring the esterifying activity, as described previously
[8].
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Culture in the fibrin scaffold

Benesis (Benesis, Osaka, Japan) or Bolheal (The Chemo-Sero-
Therapeutic Research Institute, Kumamoto, Japan) was used as a
clinically available material for the fibrin gel. Fibrinogen and
thrombin solutions were diluted with Ringer’s Solution (Fuso
Pharmaceutical Industries, Osaka, Japan) containing 0.5% human
serum albumin (Mitsubishi Tanabe Pharma., Tokyo, Japan). The
ccdPA/lcat cells were suspended at 1 and 3x 107 cells/ml in the di-
luted fibrinogen and thrombin solution. Because of the substantial
gel shrinkage observed on Day 84 in the cultures with 3 x 107 cells/
ml, the experiments were performed at a concentration of
1x 107 cells/ml for long-term evaluation of the cultured cells. The
final concentration of fibrinogen was 4, 8, or 40 mg/ml and the
thrombin solution was used at 1 U/ml. To form fibrin clots, 50 pl
of the cell-fibrinogen suspension was added to each cell culture
insert (Falcon 3104; Becton Dickinson, Franklin Lakes, NJ), then
shortly thereafter, 50l of the cell-thrombin suspension was
added into the insert, mixed by pipetting, and incubated at room
temperature for 2 h. The inserts with fibrin clots were placed in
12-well culture plates, and 1 ml and 2 ml of MesenPRO medium
(Invitrogen, Carlsbad, CA), which had been shown to have the
potential to significantly increase the proliferation and stability
of ccdPAs and mesenchymal stem cells in comparison to conven-
tional medium [8,19-21], were added to the inserts and wells,
respectively. The plates were incubated at 37 °C in a 5% CO; incu-
bator. At each time point, culture media were collected and stored
at — 30 °C until analysis. For collection of the culture supernatant,
the culture medium was changed to fresh medium 3 days prior
to the harvest.

Measurement of leptin and plasminogen activator inhibitor-1
(PAI-1)

The leptin and PAl-1secretion into the culture supernatant were
examined using ELISA kits obtained from MILLIPORE (Billerica,
MA) and R&D Systems, Inc. (Minneapolis, MN), respectively.

Cell viability analysis

The cell viability in the 3D gels was examined by the formation of
water-soluble formazan dye using the Cell Counting Kit-
8 (DOJINDO, Tokyo, Japan) according to manufacturer's instruc-
tions, with slight modifications. The FG/ccdPA/Icat 3D gel was pre-
pared at a final cell concentration of 1 x 107 cells/ml with 4, 8, or
40 mg/ml of fibrinogen, and cells were subsequently cultured as
described in the above section. To examine the cell viability,
100 ul or 200 pl of WST-8 solution was added to the inserts and
wells, respectively, and the cells were incubated at 37 °C in a 5%
€O, incubator for 30 min. The culture supernatants of the inserts
and wells were mixed, and the absorbance was measured at
450 nm. The value without cells (negative control) at 450 nm
was subtracted from each value.

Histological and immunohistochemical analyses

Photographs of the gels were taken at each time point, and the
areas of each gel were calculated using the WinROOF software
program (Mitani Corporation, Tokyo, Japan) and used to evaluate
the degree of gel shrinkage. All samples of ccdPA/Icat cultured in
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the fibrin scaffold were washed with PBS (Sigma-Aldrich, St. Louis,
MO) and embedded in OCT compound (Sakura Finetek Japan,
Tokyo, Japan). These samples were stored at —80 °C until they
were analyzed. Sections (5 um thick) were fixed in 10% formalde-
hyde and stained with hematoxylin and eosin (HE). Adipogenic
differentiation was identified by Oil Red O (Sigma-Aldrich) stain-
ing for 15 min at 37 °C, and the specimens were counterstained
with hematoxylin. The cell numbers were counted, and the area
positive for the Oil Red O signal was measured in four indepen-
dent areas using the WinROOF software program (Mitani Corpora-
tion). We defined the lipid droplet accumulation rate (lipid area/
cell number) as the lipid accumulating index.

LCAT production was investigated by immunohistochemistry
using an anti-human LCAT antibody. Endogenous peroxidase was
inactivated by incubating the samples in 0.3% H,0, in methanol
for 10-20 min. Nonspecific binding was blocked by treatment
with 5% skim milk and 2% bovine serum albumin in PBS for
30 min. Specimens were then incubated with an anti-LCAT rabbit
monoclonal antibody (Epitomics, Burlingame, CA) at a dilution of
1:250 in a humidified chamber at 4 °C overnight. The primary an-
tibody reactions of LCAT were enhanced using the Envision+Kkit
(DAKO, Glostrup, Denmark). The immunoreaction was visualized
with 0.05% DAB (Sigma-Aldrich) solution for 30s to 2 min at
room temperature. After washing in distilled water, the specimens
were counterstained with hematoxylin, dehydrated and mounted.

RNA extraction and quantitative real-time RT-PCR

RNA was extracted from ccdPAs on the fibrin scaffold by using
the TRIZOL reagent (Invitrogen, Carlsbad, CA) according to the
manufacturer's protocol. Quantitative real-time RT-PCR was per-
formed to investigate the expression level of PPARY2, aP2, leptin,
Icat, and 18S rRNA as an internal control. Five hundred nanograms
of total RNA was used for the synthesis of ¢cDNA, by using a
ReverTraAce qPCR RT Kit (Toyobo, Osaka, Japan). Quantitative
real-time PCR was carried out on a 7500 Real-Time PCR System
(Applied Biosystems, Foster City, CA), using TaqgMan Gene Ex-
pression Assays (Applied Biosystems). In all, 1-2 ul of ¢cDNA solu-
tion corresponding to 50-100 ng of total RNA was subjected to
40 PCR cycles of 15 s at 95 °C, then 60 s at 60 °C in a 20 l mixture
containing 10 ul TagMan Gene Expression Master Mix (Applied
Biosystems), 1l of TagMan Gene Expression Assays (target
gene) and 1l of TagMan Gene Expression Assays (18S rRNA).
The abundance of the mRNA expression of the target genes was
normalized to that of 18S rRNA, and the ACT was produced by
subtracting the mean CT of controls from the CT of each target
gene.

Statistical analyses

The data are presented as the means + S.D. Statistical comparisons
were made by Student's t-test or by ANOVA followed by the
post hoc Tukey test using the SPSS software program. The gel
shrinkage, cell viability, lipid accumulating index, and mRNA
levels for the Icat, PPARY2, aP2, and leptin genes were analyzed
to determine whether there was a linear correlation between
these variables. For this analysis, we calculated a linear correlation
coefficient (Pearson r value) and the corresponding P-value
(two tailed) based on these assumptions. P values<0.05 were
considered to be significant.
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Results

ccdPAs secrete the functional protein translated from an
exogenously-transduced gene, as well as physiological
adipocyte proteins, in the 3D fibrin gel culture system

The suitability of fibrin gel as a scaffold in the 3D culture system
for the secretion of protein produced in stable exogenous gene-
expressing preadipocytes was studied using ccdPA/lcat, the ceiling
culture-derived proliferative adipocytes transduced with the
human Icat gene [8]. The FG/ccdPA/Icat 3D gel was prepared at
a final cell concentration of 1x107cells/ml, and cultured in
MesenPRO medium (see Materials and methods). The secreted
LCAT protein, the exogenously transduced-gene product, was
detected by immunoprecipitation/western blot analysis in the
culture supernatant (Fig. 1A). The supernatant of the ccdPA/lcat
in 3D gel showed significantly increased cholesterol esterifying
activity in comparison to that of ccdPA cultures (without lcat
gene transduction) in the gel (Fig. 1B). The amount of leptin and
PAI-1, an active molecule important for the regulation of lipid
and glucose metabolism, and a regulator in plasminogen activator/
plasmin system [22-24], respectively, were increased in the course
of 3D culture (Fig. 1C). Thus, the functional transduced gene product
was secreted, in addition to the physiologically produced adipocyte-
derived proteins, in the media of the FG/ccdPA/lcat 3D gels.

The ccdPAs survive for at least 84 days in 3D gels in a fibrinogen
concentration-dependent manner

We analyzed the viability of preadipocytes cultured in the FG/3D
gel for longer periods, up to 12 weeks. Obvious gel shrinkage
was observed time-dependently in the wells cultured with the 4
or 8 mg/ml concentrations of fibrinogen at a cell concentration of
1x 107 cells/ml (Fig. 2A). The WST-8 assay showed that the cell vi-
abilities in the gels cultured with 4 or 8 mg/ml fibrinogen were
significantly lower than that of the cells treated with 40 mg/ml,
throughout the culture period (Fig. 2B). The cell viabilities were
significantly and positively correlated with the extents of gel
shrinkage among the analyzed points with the three different con-
centrations of fibrinogen (p<0.05, r=10.934) (Fig. 2C). Thus, the
long-term viability of ccdPAs (for up to 84 days) was regulated
by the fibrinogen concentrations in the 3D gel culture system.

The ccdPAs accumulate lipid droplets spontaneously and in a
fibrinogen concentration-dependent manner in 3D gels

We next analyzed the lipid accumulation in ccdPAs to determine
their ability to differentiate into mature adipocytes in the 3D gel
culture system. Oil red O staining of embedded cells in sections
suggested that the cells spontaneously started to accumulate
lipid droplets around Day 28, and then the droplets became
larger and more prevalent during the reamining period (Fig. 3A,
at 4 mg/ml fibrinogen). The lipid accumulation analysis clearly
showed that the cells cultured with 4 or 8 mg/ml of fibrinogen
started to accurmnulate intracellular lipids after 56 days, and the
cells cultured in the 40 mg/mi concentration started the accumu-
lation after 84 days in culture (Fig. 3B). The ratios of lipid accumu-
lation/cell number on Days 56 and 84 were significantly higher in
the cells cultured with 4 mg/ml of fibrinogen than those cultured
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Fig. 1 - 3D fibrin gel culture of Icat-expressing ccdPAs. 3D fibrin gels were prepared without cells (None), or with ccdPA with or without
Icat gene transduction, and were subsequently cultured for up to 84 days. The LCAT secretion was examined by immunoprecipitation/
western blot analysis (A) and by measuring the cholesterol-esterifying activity (B) in the culture supernatant from Day 4 to Day 7.

*p<0.05. (C) Leptin and PAI-1 were quantified by an ELISA in the three day culture supernatant of the FG/ccdPAs/Icat culture collected
from Day 0 to Day 3 (0-3), from Day 25 to Day 28 (25-28), and from Day 53 to Day 56 (53-56). “p<0.05. Leptin in the supernatant from

Day 0 to Day 3 was below detection limit.

in 8 or 40 mg/ml of fibrinogen, and were also higher in those cul-
tured with 8 mg/ml of fibrinogen than in those cultured with
40 mg/ml of fibrinogen (Fig. 3C), suggesting that the lower concen-
trations of fibrinogen induce lipid accumulation in ccdPAs earlier
and to a greater extent in the gel. The observation that the cell
numbers in a single field apparently increased during the culture
period in Fig. 3A, together with the identified gel shrinking
(see Fig. 2), prompted us to analyze the cell density in the gel as
a regulator of lipid accumulation at different fibrinogen concentra-
tions. The quantitation of cell numbers in sections showed that cell
densities were gradually increased during the culture from 7 days
to 84 days, and reached numbers on Day 84 that were about 3
to 4-fold those on Day 7 days at all of the above concentrations of
fibrinogen (Fig. 3D). This suggests that the lipid accumulation

starts at a cell density of 200/field in the gel. Therefore, ccdPAs
spontaneously accumulate lipid droplets, and the accumulation
can be regulated by the fibrinogen concentration, possibly through
the effects of the cell density in the 3D gel.

The effects of cell density and the fibrinogen concentration on
the expression of the exogenously introduced gene in ccdPAs

An exogenously transduced gene has previously been shown to
be stably expressed for 3 months in plate culture without any
modification of the proliferative activity of ccdPAs [8]. We herein
examined the transduced gene expression in cells cultured in
3D-fibrin gel (3D/FG). The lcat expression levels were not signifi-
cantly different between the cells that were seeded at a density

120 200 200 ¢
100 = = e
= 150 = 150 .
g g 3
© 60 & 100 g 100} °*
g 3 3 o
40
2 s0 £ sob
20 < <
o : 0 . o et —
0 20 40 60 80 100 0 20 40 60 80 100 0 25 50 75 100 125
Culture day Culture day Area (%)

Fig. 2 - The status of 3D gel shrinkage and the survival of ccdPAs/Icat in the gel. The 3D fibrin gels were prepared with ccdPAs/Icat
using 4 (closed circle), 8 (closed square), or 40 mg/ml (closed triangle) of fibrinogen, and were subsequently cultured for up to

84 days. (A) The status of gel shrinkage was expressed by the area (%) using the area of the original gel as 100%. (B) The viability of
the cells in the gels was also examined, and expressed using the absorbance values with original gels as 100%. The data are presented
as the means + SD (n=4). Asterisks (*) depict that the differences were significant among the three concentrations of fibrinogen
(p<0.05). (C) The correlation of the cell viability with the degree of gel shrinkage was evaluated in ccdPAs cultured with the three

different concentrations of fibrinogen in the 3D gel (p<0.05).
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Fig. 3 - The effects of the fibrinogen concentration on the lipid accumulation of ccdPAs cultured on fibrin scaffolds.

(A) Representative data from the histological analyses of cross-sections with 4 mg/ml fibrinogen are shown. Lipid accumulation
was observed by Oil Red O staining (left panel). The sections were examined by staining with hematoxylin and eosin (HE) (right
panel). (B-D) The cross-sections of the 3D fibrin gels with 4 (closed circle), 8 (closed square), and 40 mg/ml (closed triangle)
fibrinogen were examined. (B) Lipid droplets were quantified by evaluating the red colored area using Oil Red O stained specimens.
(C) The lipid accumulation rates were evaluated based on the lipid accumulating index. (D) The cell number in the fibrin gels
was evaluated by counting the number of nuclei. The data are presented as the means + SD (n=4). Asterisks (*) depict that the
differences were significant among the three concentrations of fibrinogen (p <0.05).

of 1x107cells/ml or 3x107cells/ml after 56 days in culture
(Fig. 4A). We observed that the Icat gene expression levels in the
cells after 56 days of culture were dose-dependently decreased
by the fibrinogen concentration (Fig. 4B). When the fibrinogen
concentration was 40 mg/ml, there was a 55% decrease in Icat ex-
pression in comparison to that at 4 mg/ml. Immunostaining
showed that the translated lcat gene product could be clearly ob-
served in ccdPA cultures on Day 56 (Fig. 4C). Furthermore, the
immunodetected signal was intensely detected in the lipid accu-
mulation area, rather than the area without lipid accumulation.
Therefore, the expression levels of the transduced exogenous
gene with its product in ccdPAs were maintained at 56 days in
3D/FG, and affected by the fibrinogen concentration.

The effects of the fibrinogen concentration on the adipogenic
differentiation of ccdPAs in 3D gel

The above results suggested that the fibrinogen concentration
caused decreased exogenous gene expression in ccdPAs, possibly
by inhibiting the differentiation of adipocytes in the 3D/FG. There-
fore, we analyzed the effect of the fibrinogen concentration
in the gel on the expression levels of genes important for adipocyte
differentiation in the cultured ccdPAs. The increased fibrinogen con-
centration resulted in a decrease in the mRNA level of PPARY2, a
differentiation-related transcription factor (Fig. 5A). The expression
of aP2, another adipogenesis-related gene, was also significantly
decreased by the 40 mg/ml fibrinogen concentration (Fig. 5B). In
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contrast, the expression of leptin, an adipocyte-secreting hormone,
increased due to the increased fibrinogen concentration (Fig. 5C).
These results indicated that the fibrinogen concentration modifies
the adipogenic differentiation of ccdPAs and their exogenous gene
expression levels, in the 3D gels.

The relationship between adipogenic differentiation and
exogenous gene expression of ccdPAs in 3D gel

Finally, we analyzed the relationship between the exogenous gene
expression and the adipogenic differentiation in 3D/FG with dif-
ferent concentrations of fibrinogen. The Icat gene expression
levels significantly and positively correlated with the amount of
lipid accumulation in the ccdPAs (p<0.05, r=0.967) (Fig. 6A).
The Icat gene expression level was also significantly correlated
with the PPARYy2 mRNA expression in the ccdPAs (p<0.05,
r=0.852) (Fig. 6B). Therefore, the levels of exogenously trans-
duced gene expression in the cultures with different fibrinogen
concentrations were dependent on the extent of adipogenic dif-
ferentiation in the 3D gels.

Discussion

For long-lasting enzyme replacement therapy, the ‘transplanted
cells need to stably and functionally survive at the transplanted
site. To achieve this general requirement, the candidate cell types
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of 3D/FG on day 56 (*p<0.05).

are adipocytes and their progenitor cells (preadipocytes). In fact,
aspirated adipocytes are widely available and currently used for
cell transplantation in plastic surgery. ccdPAs are homogeneous
cells identified from heterogenous preadipocytes with high adipo-
genic potential in long-term plate culture [11]. The homogeneity
of the ccdPAs seems to be suitable for stable gene transduction
in comparison to using the conventional ASCs (adipose tissue-
derived stem cells) as a gene transfer vehicle. The exogenously
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Fig. 6 — The correlations between the Icat expression level and
lipid accumulation/cell number and PPARY2 expression. The
correlation of the expression of Icat with lipid accumulation/
cell number (A) or PPARY2 expression (B) was evaluated in
ccdPAs cultured with different concentrations of fibrinogen
in the 3D gel. *p<0.05.

transduced gene expression did not affect the adipogenic differenti-
ation in a plate culture system [8]. Based on these previous findings,
we evaluated the transduced gene expression characteristics of the
ccdPAs using an in vitro 3D culture system in order to determine
whether the homogenous preadipocytes could be applied for long-
term protein supplementation of the exogenously transduced gene
products. The ccdPAs differentiated into adipocytes which were
characterized by lipid droplet accumulation and the expression
of adipogenesis-specific genes in fibrin gel 3D culture, without the
need for any artificial stimulation. The expression levels of the exog-
enously transduced gene were associated with the lipid accumula-
tion properties of the preadipocytes in the gel. Importantly, the
adipogenic potential was modified by the fibrinogen concentrations
in the 3D gel, possibly as a result of the regulation of gel shrinking,
and therefore the cell density, throughout the long-term culture.
Thus, we propose that the 3D culture system is a candidate system
suitable for evaluating gene-transduced preadipocytes prior to
their subsequent physiological application.

The ccdPAs secreted the functional protein produced by the ex-
ogenously transduced gene, as well as endogenous gene products,
in 3D culture (see Fig. 1). Using the exogenously transduced
product-secreting preadipocytes, we investigated the cell proper-
ties using 1x 107 cells/ml with three different concentrations of
fibrinogen for 84 days in culture. The histological observations
clearly showed that the fibrinogen concentration regulated the
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Fig. 5 - The effects of the fibrinogen concentration on adipocyte differentiation. The gene expression of adipose-specific PPARy2
(A), aP2 (B), and leptin (C), on Day 56 were compared among the cultures grown with different fibrinogen concentrations by
quantitative RT-PCR. The data are presented as the means =+ SD (n=3). *p<0.05.
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gel shrinkage, as well as the survival of the cultured cells in the gel
(see Fig. 2). The resulting changes in cell density in the shrunken
gel regulated the lipid accumulation levels of the ccdPAs (see
Fig. 3). Although the conditions are not applicable for the culture
of other kinds of cells with adipogenic potential, the importance
of the fibrinogen concentrations was clearly indicated as a regula-
tor of the transduced gene expression in 3D culture (see Fig. 4). The
gene expression levels of the ccdPAs were highly dependent on
the fibrinogen concentration for at least 84 days, possibly because
of the effects of fibrinogen on the regulation of cell adiposity
and lipid accumulation (see Figs. 5 and 6). Although the precise
mechanisms underlying the relationship between exogenous
gene expression and adipogenic differentiation need to be eluci-
dated in future, the induction of adipogenic differentiation of
ccdPAs could complement the loss of transplanted cells after trans-
plantation for stable protein replacement therapy. Therefore,
the exogenously transduced gene expression was altered with
the fibrinogen in the gel system, and therefore, the determination
of the optimal fibrinogen concentration is important for the appro-
priate modification of the adipogenic status of the ccdPAs in 3D
gel culture to ensure the therapeutic effect.

Numerous studies have been conducted to search for a suitable
scaffold for cell-based therapies to characterize and enhance the
differentiation efficiency of progenitor or multi-potential cells.
These materials must fulfill several requirements, including me-
chanical support and the ability to guide tissue reconstruction,
as well as biocompatibility, biodegradability, and easy handling
[25,26]. In order to ensure that successful outcomes can be
obtained from subcutaneous adipocyte transplantation, the pre-
vention of apoptosis of transplanted cells and facilitation of remo-
deling in the transplanted region by transplanted cells through
communications with surrounding tissues/cells are important.
We have shown that transplanted murine ccdPAs with fibrin gel
could be clearly identified in the transplanted sites of recipient
mice 14 days after transplantation and the fibrin gel decreased
the apoptosis of the transplanted ccdPAs [12]. Several matrix
metalloproteinases (MMP) and angiogenic growth factors were
previously shown to be involved in the remodeling of adipose
tissue [27]. Previous reports by our group and other investigators
have shown the importance of various cytokines and MMPs for
the successful transplantation of adipocytes [28-31] as well as
the development of adipose tissue [32-36]. These combinations
with our fibrin gel condition could facilitate the development
of adipocyte-based gene therapies.

In this study, higher concentrations of fibrinogen were effective
for decreasing the gel shrinkage throughout the culture period,
probably ensuring cell viability in the gel. On the other hand, a
higher concentration of fibrinogen seemed unsuitable for preadipo-
cytes to maturate into adipocytes soon after transplantation, leading
them to reside stably at the transplantation site. Considering the
application of fibrinogen/3D gel for clinical transplantation, the
concentration of fibrinogen may be a determinant required to en-
sure the survival of the preadipocytes and to maintain the stable
long-term therapeutic effects. Further analyses of the behavior of
preadipocytes in fibrin gel are expected to enable us to optimize
the clinical transplantation conditions in the future.

In summary, we have herein demonstrated that ccdPAs differ-
entiate into adipocytes without artificial stimulation, and that
their exogenously transduced gene expression level was modified
by the fibrinogen concentration in the 3D gel. The concentration
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effects may have been caused by the adipogenic status, in associa-
tion with the cell density of the cultured cells in the gel. The 3D
culture system therefore serves as useful evaluation system
for long-lasting protein replacement therapy using the cells with
adipogenic potential for the development of an effective gene
expression system using transplanted cells.
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Adipocytes as a vehicle for ex vivo gene therapy:
Novel replacement therapy for diabetes and other
metabolic diseases

Masayuki Kuroda'*, Hideaki Bujo®, Masayuki Aso®, Yasushi Saito

ABSTRACT

Because of its availability and recent advances in cell biology, adipose tissue is now considered an ideal target site for the preparation
of recipient cells and for the transplantation of gene-transduced cells for supplementation of therapeutic proteins. Inherited or
acquired serum protein deficiencies are the ideal targets for gene therapy. However, to develop an effective ex vivo gene therapy-
based protein replacement treatment, the requirements for the recipient cells are different from those for standard gene therapy that
is intended to correct the function of the recipient cells themselves. To meet the requirements for such a therapeutic strategy,
recent in vitro and animal model studies have developed new methods for the preparation, culture, expansion and manipulation of
adipose cells using advanced gene transduction methods and transplantation scaffolds. In this short review, we introduce the
progress made in novel adipose tissue-based therapeutic strategies for the treatment of protein deficiencies by our group and other
investigators, and describe their future applications for diabetes and other metabolic diseases. (J Diabetes Invest, doi: 10.1111/

J-2040-1124.2011.00133.%, 2011)

KEY WORDS: Adipocyte, Gene therapy, Metabolic disease

INTRODUCTION
Since the first gene therapy trial against advanced melanoma

using gene-transduced lymphocytes was published in 1990',

numerous therapeutic clinical trials have been carried out,
and inherited monogenic disorders represent approximately 8%
of the diseases targeted by gene therapy applications (http://
www.wiley.com/legacy/wileychi/genmed/clinical/). Recent studies
on the biology of pluripotent stem or progenitor cells have sug-
gested the sustained production of therapeutic proteins to be a
potential treatment strategy for patients with a variety of genetic
disorders>. The ability of cells to self-renew at a high prolifera-
tion rate has led to the expectations that these cells might be
ideal targets for retroviral vector-mediated transgene delivery for
permanent correction of the defect, not only for immuno-
deficiencies, but also for a variety of inherited or acquired meta-
bolic diseases, including diabetes mellitus.

EX VIVO GENE THERAPY FOR IMMUNQODEFICIENCIES
The most impressive outcomes of ex vivo gene therapy trials
have been reported in subjects with immunodeficiencies as a
result of monogenic disorders, including adenosine deaminase
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deficiency (ADA-SCID)*’, cc chain deficiency (X-SCID)®® or
X-linked chronic granulomatous disease (X-CGD)'™"", where
the treatments were combined with the infusion of ex vivo
gene-corrected hematopoietic cells. Among these trials, the treat-
ment for X-SCID caused the oncogenesis of gene-transduced
cells through the clonal expansion of the cells with the activa-
tion of cellular oncogenes as a result of insertion of the MLV
LTR sequence into the promoter region of the LMO2 gene'?.
Clonal expansion was also reported in X-CGD gene therapy
trials'" and myelodysplasia with monosomy 7 was caused by
the insertional activation of ecotropic viral integration site 1
(EVIT)™,

To correct the immune disorder in these patients, it is neces-
sary for the infused gene-corrected cells to grow, differentiate
into multiple hematopoietic lineages and reconstruct the
immune system. In the case of X-SCID, the introduced gene
{cc) is essential for the maturation of T cells, hence, only the
gene-transduced cells grow and mature into functional lympho-
cytes, causing in vivo selection of the gene-corrected cells'®,
although the precise mechanisms underlying the development
of leukemnia in such patients are not completely understood™.

EX VIVO GENE THERAPY FOR FAMILIAL
HYPERCHOLESTEROLEMIA

The liver is one of the primary sites of metabolic activity, and is
thus the target organ of the pathogenesis for many metabolic
disorders. Hepatocytes are the major cell type in the liver and
have the ability to proliferate after injury, making them seem
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like an ideal target for ex vivo gene therapy purposes. Using
essentially the same technique, in which a partial hepatectomy
followed by MoMLV-mediated gene transduction and reinfusion
of the cells was carried out, a total of five familial hypercholes-
terolemia patients were treated'®'’. However, levels of serum
cholesterol reduction in these patients were moderate, and meta-
bolic responses after gene transfer varied substantially among
the five recipients. Thus, the strategy has not been carried out
again to date, as a result of the invasiveness of the procedure
and ineffective cell engraftment in addition to difficulties in cell
preparation steps'®, and the development of the treatment has
been shifted to more efficient in vivo transduction methodolo-
gies'®. The various gene therapy trials carried out for the treat-
ment of various metabolic deficiencies are summarized in
Table 1.

CURRENT PROGRESS IN OTHER DISEASES

Genetic and acquired disorders causing secreted serum enzyme
deficiencies have also been postulated to be ideal targets for gene
therapy applications. In these diseases, the deficient protein
functions systemically, and its defect causes severe complications
in target organs. Therapeutic genes expressed by a viral vector
are directly infused into the target tissues (in vivo gene therapy),
or therapeutic gene-transduced cells are transplanted (ex vivo
gene therapy) and, subsequently, functional proteins are pro-
duced systemically to improve the symptoms through protein
replacement therapy.

In the former strategy, the gene transduction efficiency might
vary depending on the tissue and cell types, and unexpected
ectopic gene transduction is not completely prevented. Acute
toxicity has been observed after the clinical use of an adenoviral
vector??, leading to limited further use. The efficacy of the cur-
rently available AAV vectors was shown to be hampered by the
pre-existing host immune system, resulting in  limitations of
their applications to a clinical trial for hemophilia B treatment®".

In the latter strategy, these side-effects can be minimized by
preparing the recipient cells in vitro, and gene transduction
efficiency is controllable and checked before transplantation,
although cell preparation steps are required. In addition, trans-
planted cells are required to reside and/or survive in the patient
rather than replicate, in order to continue providing a therapeu-
tic level of protein secretion. Hemophilia has been indicated to
be one of most obvious candidates for protein replacement ther-
apy. Although considerable efforts have been expended to apply
ex vivo gene therapy to treat these patients, no obvious clinical
benefits were observed® ', However, transplantation of geneti-
cally-modified fibroblasts into the forebrain was shown to be
effective in clinical gene therapy trials of Alzheimer's disease®.
Another approach using encapsulated-cell biodelivery technol-
ogy to provide nerve growth factor (NGF) release (the product
name is NsG0202) is currently being studied in a clinical trial.
In this strategy, cells are enclosed by an immunoprotective,
semi-permeable, hollow fiber membrane, enabling the influx of
nutrients and outflow of NGF, and preventing the direct contact

of the cells with the host tissue and immune system. Preliminary
results have shown good safety and tolerability with no serious
adverse events, and an increase in the expression of cortical
nicotinic receptors, and three patients have shown cognitive
improvement®. However, these strategies were designed for
local supplementation of NGF. There is thus an absolute neces-
sity for a novel approach to systemic delivery of therapeutic pro-
teins. Therefore, long-lasting protein replacement therapy using
gene-transduced cells is needed to provide a sufficient therapeu-
tic strategy for systemic metabolic diseases.

ADIPOSE TISSUE AS A TARGET TISSUE FOR EX VIVO
GENE THERAPY
To develop life-long protein replacement therapy through trans-
plantation of gene-transduced cells, adipose tissue has been
explored as a suitable target for several reasons. First, aspirated
fat is a common source of autologous tissue transplantation for
the correction of tissue defects in plastic and reconstructive sur-
gery? 2. Adipose tissue is well-vascularized, and now is recog-
nized as an important endocrine and secretory organ®>*, and
thus could enable the systemic delivery of the therapeutic protein
in cell-based gene therapy applications™~*’. Fat cells have been
shown to have a relatively long lifespan®. With regard to safety
concerns, lipoaspiration or resection of adipose tissue and fat
grafting are routinely carried out in the plastic and reconstructive
surgery field with minimal risk. Adipocyte-based therapeutic
strategy for enzyme replacement therapy is shown in Figure 1.
Recently, adipogenic potential has been shown to suppress
the tumorigenic activity of inkda knockout mesenchymal stem
cells®®. Furthermore, if the gene-transduced cells show an abnor-
mal phenotype, the transplanted cells residing in the transplan-
tation space could be easily excised. In fact, it has already been
shown that the transplanted cells can be excised on occurrence
of unexpected or abnormal effects™. These findings should
encourage researchers to develop an adipose tissue-based life-
long and risk-manageable treatment for patients with serum
protein deficiencies.

SCAFFOLD DEVELOPMENT FOR CELL
TRANSPLANTATION

For the successful treatment of such cell transplantation-based
therapies, it is important to select suitable scaffolds for the trans-
planted preadipocytes, adapting the transplantation site to opti-
mize their survival, differentiation and protein expression. These
materials must fulfill several requirements, including mechanical
support and the ability to guide tissue reconstruction, as well as
biocompatibility, biodegradability and easy handling®*". In this
context, fibrin glue is capable of supporting the secretion of
the exogenously transduced gene product from preadipocytes
in vivo™. Considering the previous reports showing the impor-
tance of various cytokines for the regulation of cell function and
the surrounding matrix conditions™°, these combinations with
our fibrin gel condition could improve the outcomes of adipo-
cyte-based gene therapies.
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Table 1| Clinical gene therapy trials for metabolic diseases

Diseases and transgene  Gene delivery Vector Administration route Trial country ~ Phase Number  References
Alpha-1 antitrypsin deficiency
Alpha-1 antitrypsin In vivo Adeno-associated  Intramuscular USA Phasel 2 60-62
virus Phase I 1
Naked DNA Intranasal USA Phase | 1
Cystic fibrosis
Alpha-1 antitrypsin In vivo Naked DNA Intranasal USA Phase | 1 63-66
Cystic fibrosis In vivo Adeno-associated  Intrabronchial USA Phase | 2
transmembrane virus Phasell 2
conductance Intranasal USA Phase I/l 3
regulator Adenovirus Intrabronchial France Phase I/l 1
USA Phasel 3
Intradermal USA Phase | 1
Intranasal Switzerland ~ Phase | 1
USA Phase | 4
Phase I/l 1
Intranasal + intrabronchial ~ USA Phase | 1
Naked DNA Intrabronchial UK Phase | 1
Intranasal UK Phase Il 4
USA Phasel 5
Intranasal + intrabronchial UK Phase | 1
Familial hypercholesterolemia
Low-density Ex vivo Retrovirus Intrahepatic USA Phase | 1 16-18
lipoprotein receptor  (Hepatocytes)
Gaucher's disease
Glucocerebrosidase Ex vivo Retrovirus Bone marrow USA Phase | 1 67,68
(CD34 + PBC) transplantation USA Phase I/l 1
Intravenous USA Phase | 1
Huntington's disease
Ciliary neurotrophic Ex vivo (BHK) Naked DNA Intracerebral Switzerland ~ Phase | 1 69,70
factor (CNTF) France Phasel 1
Lipoprotein lipase deficiency
Lipoprotein lipase In vivo Adeno-associated  Intramuscular Netherlands ~ Phase /Il 1 19,71,72
(LPL) virus Canada Phase | 1
Mucopolysaccharidosis type | (Hurlers syndrome)
Alpha-Liduronidase Ex vivo (BMC) Retrovirus Bone marrow UK Phase I/l 1 73,74
transplantation
Ex vivo Intraperitoneal France Phase | 1
(Fibroblasts)
Mucopolysaccharidosis type If (Hunter disease)
|duronate-2-sulfatase  Ex vivo (PBC) Retrovirus Intravenous USA Phase | 1 75
Mucopolysaccharidosis type Vil
Beta-glucuronidase Ex vivo (CD34+PBC)  Lentivirus Intravenous USA Phase | 1 76-78
Ornithine transcarbamylase deficiency
Ornithine In vivo Adenovirus Intrahepatic USA Phase | 1 20,79
transcarbamylase
Pompe disease
Acid-alpha In vivo Adeno-associated  Intramuscular USA Phase I/l 1 80-82
glycosidase Virus
Familial lecithin-cholesterol acyltransferase deficiency
Lecithin-cholesterol Ex vivo Retrovirus Subcutaneous Japan Phase | 1 42,5559
acyltransferase (Adipocytes)

Summarized according to the Clinical Trials Database provided by the Journal of Gene Medicine (http:/www.wiley.com/legacy/wileychi/genmed/
clinical/). Protocol of clinical trial for lecithin-cholesterol acyltransferase deficiency by our group is now under review by Ministry of Health, Labour

and Welfare. BHK, baby hamster kidney cells; BVIC, bone marrow cells; PBC, peripheral blood cells.
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Adipose tissue

Ceiling culture

Transplantation

Gene expression

Retroviral vector

Therapeutic gene el

Gene
transduction

Expansion

Gene-transduced ccdPA

Figure 1 | Therapeutic strategy for adipocyte-based enzyme replacement therapy by ex vivo gene transfer. Adipose tissue is obtained by lipoaspira-
tion from the patient. ceiling culture-derived proliferative adipocytes (ccdPA) are propagated by ceiling culture. The therapeutic gene is transduced
by the retroviral vector. ccdPA stably secreting the therapeutic protein are expanded and harvested. Harvested cells are subcutaneously transplanted

with the appropriate scaffold.

PREADIPOCYTES WITH HIGH ADIPOGENIC
POTENTIAL

Recently, adipose tissue has been demonstrated to be a source
of proliferative cells for cell-based therapies, such as regenera-
tive medicine and gene transfer applications. Two types of
preparation have been reported to be sources of adipose
tissue-derived proliferative cells. One is stromal vascular frac-
tions (SVF), which can be obtained as a sediment by the
centrifugation of collagenase-digested fat tissue” and is the
most commonly used technique. The adherent cells obtained
from SVF are now recognized as adipose tissue-derived stem
cells (ASC), which are pluripotent and can differentiate to
yield various cell types, including cardiomyocytes, chondro-
cytes and osteoblasts, in addition to adipocytes, thus provid-
ing a relatively heterogeneous cell population appropriate for
regenerative therapy® %, However, these data show that SVF
are heterogeneous, and therefore imply that SVF might not

result in a stable therapeutic gene vehicle for gene therapy
purposes.

The other cell preparation is obtained from the floating
mature fat cell fraction obtained after the centrifugation, fol-
lowed by a ceiling culture®. Because the cells are propagated
using the buoyant properties of mature adipocytes in this prepa-
ration, the progeny cells are more homogeneous than ASC.
Proliferative adipocytes were propagated by the ceiling culture
technique from the mature adipocyte fraction, and the cells were
designated as ceiling culture-derived proliferative adipocytes
(ccdPA)®®. The ccdPA are nearly homogeneous and show only
a trace of mature adipocytes by analysis of surface antigen
profiles. On stimulation to induce differentiation, the ccdPA
showed increased lipid droplet accumulation accompanied with
higher adipogenic marker gene expression compared with the
ASC, even after in vitro passaging, suggesting the commitment
of ccdPA to the mature adipocyte lineage®.
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GENE-TRANSDUCED ADIPOCYTES AS VEHICLE CELLS
MoMLV-mediated gene transduction in human ccdPA resulted
in a high gene transduction efficiency™. In search of optimal
transplantation conditions, the 3-D long-term culture system
using fibrin gel, a tissue sealant utilized in the clinic, was estab-
lished. The gene-transduced ccdPA spontaneously accumulate
lipid droplets without any artificial stimulation in 3-D culture
using the fibrin glue (Aoyagi Y, Kuroda M, Asada S, Tanaka S,
Konno S, Tanio M, Aso M, Okamoto Y, Nakayama T, Saito Y,
Bujo H, unpublished observations, 2010). Interestingly, the
fibrinogen concentration was shown to affect the lipid accumu-
lation in the cells. The expression of the transduced gene was
correlated with cell differentiation (Aoyagi Y, Kuroda M, Asada
S, Tanaka S, Konno S, Tanio M, Aso M, Okamoto Y, Nakayama
T, Saito Y, Bujo H, unpublished observations, 2011).

In one study, the insulin gene-transduced cells were propa-
gated, and the efficacy of these cells was evaluated in a diabetic
mouse model**. The transplantation of the cells improved hyper-
glycemnia and blood HbA+, concentrations in a manner that was
dependent on the cell number, without causing hypoglycemia.
The plasma insulin concentration was dependent on the
implanted cell number, and the systemic effect of the circulating
insulin was confirmed by a marked improvement in bodyweight
reduction and liver glycogen content. Thus, the autotransplanta-
tion of gene-transduced ccdPA could serve as a novel clinical
application for a variety of systemic metabolic disorders.

AN EX VIVO GENE THERAPY TRIAL USING
EXOGENOUS GENE-TRANSDUCED ADIPOCYTES
Lecithin-cholesterol acyltransferase (LCAT) deficiency has been
identified as a genetic metabolic disorder. Cholesteryl ester levels
are markedly reduced in lipoproteins, and abnormal cholesterol
deposition is observed in the tissues of these patients, who often
develop severe complications including corneal opacity, anemia,
proteinuria and renal failure®’. LCAT deficiency is caused by
mutations in the Icat gene, and more than 40 different muta-
tions have been identified to date®. Protein replacement treat-
ment was suggested to be effective; however, no approach for
the permanent correction of the symptoms has been reported.
However, in a previous study, the human Icat gene was trans-
duced into human ccdPA by a retroviral vector. The transduced
cells secreted functional LCAT protein in vitro, correlating with
the integrated copy number of vector genomes™. The secreted
LCAT protein clearly ameliorated the disturbed high-density
lipoprotein subpopulation profile caused by impaired LCAT
function in patients’ serum by the in vitro incubation assay,
strongly suggesting the feasibility of our strategy™. An applica-
tion of this in vitro assay system to evaluate the responsiveness
of patients is now under investigation. The LCAT delivery
achieved in the mouse model with the clinically available fibrin
scaffold was enough to suggest the efficacy of the ex vivo gene
therapy strategy to prevent a poor prognosis in those patients®’.
The potential safety issues related to the ccdPA have been
carefully addressed®. Gene transduction did not affect the cell

growth, adipogenic differentiation or surface antigen profiles
of the cells. The averaged integrated copy number was stable
during the in vitro expansion process, and clonal expansion was
not observed, indicating no predominant growth of gene-trans-
duced cells. The transplantation experiments showed no signs
for side-effects.

CONCLUSION

There are high hopes that a successful gene therapy approach
can be developed in the future to treat rare genetic defects.
Numerous studies have been carried out to develop such treat-
ment strategies, both on the basic level and in the clinic.
Although hematopoietic cells are proven target cells for ex vivo
gene therapies, especially for immune-related diseases in which
those cell functions are primarily affected by the gene defects,
they might not be suitable targets for the many metabolic dis-
eases that result in impairment of multiple organs. The physio-
logical functions and applicability of adipose tissue would enable
researchers to develop a novel therapeutic strategy to deliver
therapeutic proteins systemically.

Mature adipocytes have been explored as a source of target
cells for ex vivo gene therapy. Propagated ccdPA would provide
an excellent platform for a novel adipocyte-based protein
replacement therapy for patients with serum protein deficiencies
who require long-term therapeutic protein supplements. A good
manufacturing practice production procedure has been estab-
lished, and the gene-transduced cells can be expanded up to
nearly 10" cells from 1 g of fat tissue within 1 month after fat
tissue preparation”™. To further expand the adipocyte-based
therapeutic strategy for the supplementation of other proteins,
it will be necessary to evaluate the characteristics of ccdPA from
various Kinds of fat diseases, such as those from subjects with
metabolic syndrome, which might affect the secretion function
of adipose tissues, and to develop an allogeneic transplantation
method for patients with lethal conditions in childhood, as well
as to establish the necessary transplantation procedure. After the
careful consideration of the safety in combination of efficacy,
the novel transplantation therapy developed using adipocytes
might be applicable not only for genetic deficiencies, but also for
lifestyle-related diseases, including diabetes mellitus.
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Abstract

Familial lecithin:cholesterol acyltransferase deficiency (FLD)
is an autosomal recessive disorder characterized by comeal
opacity, hemolytic anemia, low high-density lipoprotein
cholesterol (HDL-C) and proteinuria. Two novel leci-
thin:cholesterol acyltransferase (LCAT) mutations[c.278
C>T (p.Pro69Leu); ¢.950 T>C (p.Met293Thr)] were
identified in a 27-year-old man and in a 30-year-old
woman, respectively. Both patients manifested corneal
opacity, hemolytic anemia, low low-density lipoprotein
cholesterol and HDL-C and proteinuria. Lipid deposits
with vacuolar lucent appearance in glomerular basement
membranes were observed in both cases. APOE geno-
type was also investigated: the first case results €4/&3,
the second €2/€2; however, they shared a similar pheno-
type characterized by the presence of intermediate-
density lipoproteins (IDL) remnant and the absence of
lipoprotein-X. In conclusion, our findings suggest that
APOE €2/€2 may not be the major determinant gene for
the appearance of IDL in FLD patients.

Keywords: APOE genotype; familial LCAT deficiency (FLD); IDL
remnant; lipoprotein-X

Background

Mutations in the lecithin:cholesterol acyltransferase (LCAT)
gene cause either familial lecithin:cholesterol acyltransferase
deficiency (FLD) (OMIM# 245900) or fish-eye disease
(FED, OMIM# 136120) [1]. FLD patients are characterized
by a significant reduction in serum high-density lipoprotein
cholesterol (HDL-C) level, corneal opacity, normochromic
anemia and proteinuria with progression to end-stage renal
disease [1, 2]. Plasma low-density lipoprotein cholesterol
(LDL-C) levels are widely variable among FLD patients

although plasma LCAT activity catalyzing HDL (LCATo
activity) and catalyzing apolipoprotein B containing lipopro-
teins (LCATP activity) is absent or nearly absent. The loss
of LCAT activity leads to increased levels of phosphatidyl-
choline and free cholesterol (FC) in the blood and to the
formation of an abnormal lipoprotein called lipoprotein-X
(Lp-X). As a result, accumulation of FC occurs in various
tissues, including the cornea, erythrocyte membrane and the
kidney [3]. Recent report suggests an etiological role for
Lp-X in the development of glomerulosclerosis [4].

Here, we describe two novel mutations of LCAT gene, a
C to T transition in Exon 2 converting proline 69 to leucine
(Pro69Leu) and a T to C transition in Exon 6 converting
methionine 293 to threonine (Met293Thr). Since Baass et al.
[5] hypothesized that the presence of the APOE €2 allele
contributed to the accumulation of intermediate-density lip-
oprotein (IDL) in the patients with LCAT deficiency, we
investigated their A POE genotypes and phenotypic manifes-
tations of the patients with FLD.

Case reports

Case presentation

Case 1. A 27-year-old Japanese man was referred to
Okayama University Hospital because he had extremely
low HDL-C and LDL-C concentrations. On physical exami-
nation, he showed bilateral corneal opacity, but no other
abnormal findings. Laboratory findings demonstrated a mild
degree of normochoromic-normocytotic anemia (11.3 g/dL).
Although his renal function was normal, (+1) proteinuria
was revealed via the dipstick method (0.21 g/day). The con-
sanguinity was found in his parents as shown in Figure 1A.

Case 2. A 30-year-old Japanese woman was referred be-
cause of very low HDL-C and LDL-C associated with (1+)

© The Author 2011. Published by Oxford University Press on behalf of ERA-EDTA. All rights reserved.
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Fig. 1. Presented cases with FLD. (A, B) Family trees of Cases 1 and 2. Squares are male, circles are female. Filled symbols indicate homozygous
carriers and left filled symbols indicate heterozygous carriers. The deceased subjects are indicated with the oblique lines. Members without genetic
analysis are presented in gray tone. The consanguinity of patients’ parents are indicated by doubled line. (C, D) Determination of the LCAT gene
sequences of proband and their families. Heterozygous mutation of mother and elder sister and homozygous mutation of proband are shown in Cases 1

(C) and 2 (D). (E, F) Renal biopsy findings of Cases 1 and 2. Electron micrograph shows lipid deposits with a vacuolar lucent appearance in the GBM
(bar = 2 um). (G-I) High-performance liquid chromatography patterns of Cases 1 (G), 2 (H) and normal healthy control (I).

proteinuria via dipstick (0.08 g/day). She also showed bilat-  Sequencing of LCAT gene, renal biopsy findings and
eral corneal opacity and mild hemolytic anemia (11.2 g/dL), LCAT activity
demonstrating target cells on her peripheral blood smear. Her  pyjrect sequencing of LCAT gene and comparison with

renal function was within normal range. She was a daughter  reference sequence (NM_000229) revealed that Case 1
of consanguineous parents (Figure 1B). had a C to T nucleotide substitution in Exon 2 resulting

58



FLD and APOE genotype

in Pro69Leu [c.278 C>T (p.Pro69Leu)] (Figure 1C) and
Case 2 had a T to C substitution in Exon 6 resulting in
Met293Thr mutations [¢.950 T>C (p.Met293Thr)] (Figure
1D). Both cases showed homozygous mutation and their
parents showed heterozygous mutation. We further exam-
ined the APOE genotype of the presented cases. Case 1
carried APOE €4/e3 genotype, whereas Case 2 carried APOE
€2/e2 genotype (Table 1). The mother of Case 1 carried
APOE €3/e3 genotype and genomic DNAs were not avail-
able from the deceased father. The parents of Case 2 carried
APOE €3/€2 genotype. Renal biopsy in both cases revealed
similar histological findings; diffuse vacuolization of the
glomerular basement membranes (GBM) by periodic acid-
methenamine silver stain and lipid deposits with a vacuolar
lucent appearance in the mesangial matrix and the GBM by
electron microscopy (Figure 1E and F). In both cases, half
normal LCAT activity was observed by using exogenous
substrate, suggesting the diagnosis of FED. However, clin-
ical manifestations with hemolytic anemia and renal
involvement coincided with the features of FLD.

Plasma lipids and lipoproteins

Both Cases 1 and 2 revealed similar lipid profile; LDL-C
and HDL-C were extremely low (Table 1). Furthermore,
FC/total cholesterol (TC) ratio was much higher than nor-
mal value, suggesting reduced activity of esterification of
plasma cholesterol due to LCAT deficiency. In both cases,
the lipoproteins in fraction 7-10, corresponding to IDL
particle size, were characterized by triglycerides (TG)-
and phospholipid (PL)-rich. Since Lp-X is FC- and PL-rich
lipoprotein particle, the peaks appeared in fraction 7-10
seem to be remnant lipoproteins containing IDL remmnant
(Figure 1G and H; arrows). In addition, Lp-X was not de-
tected by agarose gel electrophoresis in both cases. The
remnant-like particles cholesterol was measured with Me-
taboLead RemL-C well-reflects IDL remnant compared
with immunoseparation assay, the high values of RemL-C
in both cases also support the elevation of IDL remmant.

Table 1. Characteristics and lipoprotein profiles of presented cases®
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Discussion

Lynn et al. [6] recently reported that accumulation of Lp-X
in renal lesion can stimulate monocyte chemoattractant
protein-1 expression in mesangial cells via nuclear factor-
kB. Nishiwaki et al. [7] reported Lp-X is larger than normal
LDL-C in size, and the percentages for TG, cholesteryl
ester, FC and PL were 9.5, 6.2, 27.6 and 56.8% in Lp-X,
respectively. In our cases, we found TG- and PL-rich rem-
nant IDL particles, where TC and FC contents are very low.
Previous research has observed that APOE €2 allele carriers
reveal decreased LDL-C and increased TG and lipoprotein
remnants, whereas APOE &4 carriers have increased LDL-
C and TG in comparison to €3/¢3 subjects [8, 9]. It has been
suggested that lipoproteins of €2 carriers have a low affinity
for lipoprotein receptors, which induces decreased choles-
terol delivery to the hepatocytes and a following upregula-
tion of hepatic sterol synthesis and LDL receptors [10].
Therefore, a decreased conversion of very low-density lip-
oprotein into LDL and appearance of IDL is observed in €2
carriers. Baass er al. [5] hypothesized that the presence of
the APOE €2 allele contributed to the accumulation of IDL
instead of Lp-X in the patients with LCAT deficiency, but
IDL remnant is even higher in Case 1 carrying APOE €4/¢3
genotype compared with Case 2 with APOE €2/e2 geno-
type (Figure 1G and H). The discrepancy of these observa-
tions may attribute to the difference in mutations of LCAT
gene rather than APOE genotype and further characteriza-
tion of enzymatic activities of mutated gene products is
required in future investigations.

In conclusion, we describe two unrelated FLD patients
with corneal opacity, hemolytic anemia, abnormalities in
serum lipoprotein profile and lipid accumulation in GBM.
Instead of Lp-X, we detected IDL remnant in both cases
and similar pathological findings in renal biopsy. Genotyp-
ing APOE gene revealed APOE €4/¢3 in Case 1 and a rare
association of APOE €2/€2 in Case 2, thus APOE €2/e2
may not be the major modifier gene for the appearance of

Normal values Case 1 Case 2 Mother of Case 2
Sex Male Female Female
Age (years) 27 30 55
¢.278 C>T (p.Pro69Leu) Homozygous none none
¢.950 T>C (p.Met293Thr) none Heterozygous Heterozygous
Total cholesterol (mg/dL) 130-220 84 73 193
Triglycerides (mg/dL) 40-150 90 71 97
LDL-cholesterol (mg/dL) (direct homogenous assay) 70-139 28 24 126
HDL-cholesterol (mg/dL) 41-85 3 5 43
FC (mg/dL) 25-60 61 50 55
Cholesteryl ester (mg/dL) ) 90-200 23 23 138
FC/TC (%) <28 72.6 68.5 28.4
RemL-C (mg/dL) 0.0-7.5 34.4 23.2 5.4
Phospholipid (mg/dL) 150-250 157.8 178.3 ND
Apo A-I (mg/dL) 119-155 46 69 124
Apo A-II (mg/dL) 25.9-357 53 5.1 283
Apo B (mg/dL) 73-109 60 40 113
LCAT activity (nmol/mL/h/37°C) M 67.3-108.2 31.7 29.4 ND

F 53.3-95.5
APOE genotype ed/e3 €2/€2 €3/e2

“RemL-C, remnant-like particles cholesterol measured with MetaboLead RemL-C; ND, not determined.
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