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A B S T R A C T

Background: Familial lecithin: cholesterol acyltransferase (LCAT) deficiency (FLD) is a severe inherited diseasewithout
effective treatment. Patients with FLD develop severe low HDL, corneal opacity, hemolytic anemia, and renal injury.
Objective: We developed genetically modified adipocytes (GMAC) secreting LCAT (LCAT-GMAC) for ex vivo gene
therapy.GMACswereprepared from thepatient’s adipocytes to express LCATby retroviral gene transduction to secrete
functional enzymes. This studyaimed to evaluate the safetyand efficacyof LCAT-GMAC implantation inanFLDpatient.
Methods: Proliferative preadipocytes were obtained from a patient using a ceiling culture and retrovirally trans-
duced with LCAT. After obtaining enough cells by expansion culture of the transduced cells, the resulting LCAT-
GMACs were implanted into a patient with FLD. To evaluate the safety and efficacy, we analyzed the outcome of
the autologous implantation for 24 weeks of observation and subsequent 240 weeks of the follow-up periods.
Results: This first-in-human autologous implantation of LCAT-GMACs was shown to be safe by evaluating adverse
events. The LCAT-GMAC implantation increased serum LCAT activity by approximately 50% of the baseline and sus-
tained over three years. Consistent with increased LCAT activity, intermediate-density lipoprotein (IDL) and free
cholesterol levels of the small and very smallHDL fractions decreased.We found the hemoglobin/haptoglobin complex
in thehemolyzedpre-implantation seraof thepatient.After oneweekof the implantation, thehemoglobin/haptoglobin
complex almost disappeared. Immediately after the implantation, the patient's proteinuria decreased temporarily to
mild levelsandgradually increasedto thebaseline.At48weeksafter implantation, thepatient'sproteinuriadeteriorated
with the development of mild hypertension. By the treatment with antihypertensives, the patient's blood pressure
normalized. With the normalization of blood pressure, the proteinuria rapidly decreased to mild proteinuria levels.
Conclusions: LCAT-GMAC implantation in a patient with FLD is shown to be safe and appears to be effective, in
part, for treating anemia and proteinuria in FLD.
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Table 1. Key resources.

Reagent or resource Source Identifier

Antibodies

Anti-CD105-FITC Ancell Cat#326-040

Anti-CD13-FITC Becton Dickinson Cat#IM0778

Anti-CD146-FITC Becton Dickinson Cat#550315

Anti-CD31-FITC Becton Dickinson Cat#555445

Anti-CD34-FITC Beckman Coulter Cat#IM1870

Anti-CD45-PE Beckman Coulter Cat#IM1833

Anti-CD90-PE Becton Dickinson Cat#555596

Anti-HLA-ABC-FITC Becton Dickinson Cat#555553

Isotype Control IgG1-FITC Beckman Coulter Cat#A07795

Isotype Control IgG1-PE Beckman Coulter Cat#A07796

Isotype Control IgG2a-PE BD Pharmingen Cat#555574

Isotype Control IgG2b-PE BD Pharmingen Cat#555743

Isotype Control IgM-FITC Beckman Coulter Cat#IM1269

Rabbit Anti-LCAT polyclonal
antibodies

Novus biologicals Cat#NB400-107

Mouse monoclonal anti-human
haptoglobin

Abcam Cat#ab13429

Mouse TrueBlot ULTRA: Anti-
Mouse Ig HRP

ROCKLAND Cat#18-8817

Protein G-HRP conjugate Millipore Cat#18-161

Rabbit monoclonal anti-human
Anti-LCAT [clone#EPR1384Y]

Abcam Cat#ab51060

Rabbit monoclonal anti-human
hemoglobin beta/ba1

Abcam Cat#ab214049

Rabbit TrueBlot: Anti-Rabbit IgG
HRP

ROCKLAND Cat#18-8816

TrueBlot Anti-Rabbit Ig IP Beads ROCKLAND Cat#00-8800-25

Bacterial and virus strains

Retroviral vector CGT_hLCATRV Takara Bio This study

Biological samples

Apolipoprotein A1 Athens Research &
Technology

Cat#16-16-120101

Beriplast P Combi-Set Tissue
adhesion

CSL Behring N/A

Human plasma HDL Merck Calbiochem 437641

Human serum Kohjin bio Cat#12181201

Chemicals, peptides, and recombinant proteins

Novo-Protamine Sulfate 100mg for
I.V. Inj.

Mochida
Pharmaceutical

N/A

CelLytic M, Cell Lysis Reagent Sigma-Aldrich Cat#C2978

AdipoRed Lonza Cat#PT-7009

DAPI solution DOJINDO
LABORATORIES

Cat#340-07971

Luminata Forte Western HRP
Substrate

Merck Millipore WBLUF0500

OilRedO MUTO PURE
CHEMICALS

Cat#4049-1

[1,2–3H (N)]-cholesterol American
Radiolabeled
Chemicals

Cat#ART 0255-1 mCi

[1,2–3H (N)]-cholesterol Perkin Elmer Cat#NET139250UC

dimyristoyl phosphatidylcholine
(DMPC)

Tokyo Chemical
Industry

Cat#D3924

Critical commercial assays

Bovine albumin ELISA Bethyl Laboratories Cat#E11-113

Collagenase Assay Kit-IBL Immuno-Biological
Laboratories

Custom

Gentamicin ELISA BIOO Scientific Cat#1027-01A

Retro-X Integration Site Analysis
Kit

Clontech Cat#631467

DNeasy Blood & Tissue Kit QIAGEN Cat#69504

(continued on next page)
1. Introduction

Cholesterol esterification catalyzed by lecithin: cholesterol acyl-
transferase (LCAT) is the most critical step in cholesterol homeostasis [1,
2, 3]. LCAT catalyzes cholesteryl esters (CEs) formation using cholesterol
and phosphatidylcholine, producing most plasma CEs. The human LCAT
protein is primarily synthesized in the liver, secreted into the blood, and
circulates in association with high-density lipoprotein (HDL).
LCAT-mediated cholesterol esterification mainly occurs on nascent HDL.
In humans, approximately 90% of CEs in plasma are synthesized by LCAT
localized on the surface of HDL [4]. The esterified cholesterol migrates to
the core of the HDL particle, promoting its maturation. LCAT maintains
unesterified cholesterol homeostasis between peripheral cells and HDL
particles. Efflux of cholesterol occurs by the transportation of cholesterol
between the cellular membrane and the acceptor HDL facilitated by
ATP-binding cassette transporter 1. Together with HDL, LCAT plays a
critical role in reverse cholesterol transport. The failures of reverse
transportation mediated via LCAT, ATP-binding cassette transporter 1,
and HDL eventually promote the peripheral cholesterol accumulation
in renal disease, and hemolytic anemia in patients with LCAT deficiency
[5, 6].

Mutations in the LCAT gene impair the esterification of free choles-
terol (FC) to CEs. As a result, reverse cholesterol transportation from the
peripheral tissues to the liver is disrupted. The LCAT gene disorder is an
autosomal recessive trait, and its prevalence is less than one in a million.
Currently, more than 80mutations have been identified in the LCAT gene
[2]. Inherited mutations in the LCAT gene cause two clinically distinct
syndromes: familial LCAT deficiency (FLD) and fish-eye disease (FED).
Patients with FLD and patients with FED have markedly low
HDL-cholesterol (HDL-C) levels and develop corneal opacity. There are
no available effective remedies for FLD or FED. FLD is characterized by
almost deficient enzyme activity, severely low HDL-C levels, hemolytic
anemia, and renal injury. The prognosis of patients with FLD is unfa-
vorable, and the patients eventually develop renal failure.

Enzyme replacement therapy is one of the effective treatment options
for FLD [7, 8, 9]. Shamburek et al. conducted a first-in-human clinical
study using recombinant human LCAT [10]. A patient with FLD was
intravenously administered high doses of recombinant human LCAT over
sevenmonths. There were no infusion site reactions or infusion toxicities.
Other than favorable changes in renal parameters, no other clinically
meaningful shifts in the laboratory or physical examination parameters
were observed [10]. LCAT concentration in the patient peaked at the end
of the infusion period but then fell close to the baseline value over seven
days. The renal function of the patient generally stabilized or improved,
and the anemia improved. After infusion, the HDL-C level increased
rapidly, peaked near-normal levels in 8–12 h, resulting in rapid
sequential disappearance of preβ-HDL and small α-4 HDL and the
appearance of normal α-HDL. The patient's 24-hour urinary protein level
improved at the end of the treatment phase, and it is estimated that the
treatment delayed hemodialysis by eight months. Although recombinant
human LCAT therapy was shown to be safe, well-tolerated, and effective,
frequent infusion (weekly or biweekly) of a large quantity of the enzyme
(a dose of 9.0 mg/kg) is required to maintain its effectiveness [10].

We have been developing an ex vivo gene therapy using preadipocytes
to treat genetic disorders, including FLD [11, 12, 13, 14, 15] and diabetes
[16]. Proliferative preadipocytes are beneficial in ex vivo gene therapy. A
large quantity of fat can readily be obtained from subcutaneous fat by
liposuction, a standard procedure in plastic surgery. Adipocytes are
selectively isolated using floating centrifugation after collagenase treat-
ment of the harvested tissues. The cells were then subjected to ceiling
culture to obtain highly purified mature adipocytes [17]. Preadipocytes
obtained from the ceiling culture are highly proliferative, allowing for
high retroviral transduction efficiency of foreign genes and yielding
several billions of cells for implantation. Once implanted in the body,
the cells undergo final differentiation into adipocytes. The highly
2



Table 1 (continued )

Reagent or resource Source Identifier

SYBR Premix Ex Taq Kit Takara Bio Cat# RR041A

Experimental models: Cell lines

Hela ATCC Cat#CCL-2

HEK293 ATCC Cat#CRL-1573

GP þ E-86 ATCC Cat#CRL-9642

GP þ envAM-12 ATCC Cat#CRL-9641

Experimental models: Organisms/strains

Mouse: NOD.Cg-
PrkdcscidIl2rgtm1Wjl/SzJ

Charles River Cat#00JO11

Other

MesenPRO RSTM Medium Thermo Fisher Cat#12746012

PGM™ Bullet Kit Lonza Cat#PT-8002

HyClone SFM4HEK293 Media HyClone Cat#SH30521.02

Flexible TLC plates GE Healthcare
Whatman

Dc-Alu Foil Silic Gel 60
F25425

Novex WedgeWell 4–20%, Tris-
Glycine

Thermo Fisher Cat#XP04205BOX

Phenyl Sepharose 6 Fast Flow Cytiva Cat#17097310
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differentiated adipocytes have a long half-life [18] high secretory ability
of cytokines [19, 20], and resistance to transformation [21].

To treat FLD, we performed first-in-human autologous implantation
of LCAT-GMAC into a patient with FLD. This first-in-human study aimed
to assess the safety, feasibility, and efficacy of LCAT-GMAC implantation
as a treatment for FLD.

2. Methods

2.1. Materials

Materials and resources used are shown in Table 1.

2.2. Animals and animal study

Animal study was approved by the Committee on the Use and Care of
Animals at Chiba University. The animals were housed in individually
ventilated cages (maximum of 4 animals/cage) with 12 h dark, 12 h light
conditions. Temperature and relative humidity were maintained at
20–25 �C and 40–70%, respectively. The animals were fed food and
water ad libitum. All mice were maintained in accordance with the
guidelines of Association for Assessment and Accreditation of Laboratory
Animal Care International (AAALAC) on the care, welfare, and treatment
of laboratory animals. The animal experiments were carried out in
Charles River Laboratories, Japan.

2.3. In vivo tumorigenicity test

NSG mice (NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ) were obtained from
Charles River Co. and used for tumorigenicity tests. Six weeks old male
mice were used for in vivo tumorigenicity test.

A portion of the LCAT-GMACs (5 � 106 cells) containing 20 mg/mL
fibrinogen was mixed with an equal volume of cells (5 � 106 cells)
containing 1.25 U/mL thrombin using a Beriplast p-combi device and
injected subcutaneously into the back of an NSG mouse. Similarly, HeLa
cells (1� 105 cells/mouse) were injected as described above as a positive
control. Mice injected with a cell suspension solution containing fibrin-
ogen and thrombin without cells were negative controls. The mice were
palpated weekly for 24 weeks to observe for nodule formation at the
injection site. Tumor size was assessed by external measurement of the
length and width in two dimensions using a caliper after tumors reached
measurable sizes. The tumor volume was calculated using the following
formula: volume ¼ 1/2 � length (mm) � (width [mm])2. The volume of
engraftment was determined according to progressive nodule growth at
3

the injection site. Mice were sacrificed 24 weeks after the injection of
cells, except the three mice injected with HeLa cells were sacrificed 18
weeks (one mouse) and 20 weeks (two mice) after the injection due to
overgrowth of tumors. Mouse tissues were subjected to histological
analysis. Serum samples were analyzed for the secretion of LCAT from
the implanted LCAT-GMACs.

2.4. Clinical study details

The primary objective of the clinical study was to evaluate the safety
and adverse-event profiles of autologous implantation of LCAT-GMAC
derived from a patient with FLD. Due to the considerably low fre-
quency of the occurrence of the disease, only one patient participated in
this study. Therefore, statistical precision calculations were not possible.
The primary and secondary endpoints were evaluated 24 weeks after
implantation and the subsequent follow-up observation. Secondary ob-
jectives included the feasibility and efficacy of the GMAC-mediated
complementation of functional LCAT for the treatment of FLD.

This clinical study (registered in Japan Registry of Clinical Trials:
jRCTa030190230 https://rctportal.niph.go.jp/en/detail?trial_id¼jRCTa
030190230) was approved by the Ministry of Health, Labour and Wel-
fare of Japan, the Second Certified Special Committee for Regenerative
Medicine, Osaka University, and the Institutional Review Board of Chiba
University Graduates School of Medicine before patient recruitment.
Written informed consent was obtained from the patient, and all in-
dividuals involved in this study complied with the World Medical Asso-
ciation Declaration of Helsinki (2008). Blood samples from healthy
volunteers were obtained after approval by the institutional ethical re-
view and informed consent. In a complete lack of LCAT activity (null
mutation), the patient's immune system will incorrectly identify the
LCAT proteins produced by the retrovirus vector as a foreign body and
develop a humoral and cellular immune reaction against it. To avoid the
development of autoantibodies against LCAT, null mutants of FLD were
excluded in this study.

The outline and the schedule of activity of this clinical study are
shown in Figure 1 and Table 2, respectively. We evaluated the primary
and secondary endpoints 24 weeks after implantation and subsequent
follow-up for 216 weeks.

2.5. Preparation of preadipocytes from patients with FLD

All cell manipulations for the generation of LCAT-GMAC from the
patient were performed in a Good Manufacturing Practice (GMP)-grade
cell processing center. After informed consent was granted by the patient
with familial LCAT deficiency (FLD), liposuction was performed on the
patient to obtain subcutaneous adipose tissue, which was then weighed
and digested with collagenase at 37 �C with gentle agitation for 1 h: 1 g
wet-tissue/3 mL of Hank's balanced salt solution containing 2 mg/mL
collagenase and 40 μg/mL gentamicin. After collagenase treatment, lipid-
loaded adipocytes were floated by centrifugation. The floating adipocyte
fraction was filtered through a 500-μm mesh strainer and subjected to
ceiling culture in culture flasks filled with Dulbecco's modified Eagle's
medium (DMEM)/Ham's nutrient mixture F-12 (DMEM/F-12) supple-
mented with 20% radiated fetal bovine serum (FBS) [11, 17]. After seven
days of ceiling culture, cells that grew on the ceiling surfaces were har-
vested and seeded into culture flasks for retroviral gene transduction.

2.6. Generation of a retroviral vector

The pDON-AI, Moloney murine leukemia virus vector plasmid
(TaKaRa Bio Inc., Shiga, Japan) was used to produce a human LCAT-
transduction vector (designated pCGThLCAT) as described [11]. We
introduced pCGThLCAT into the ecotropic packaging cell line GP þ E86
(ATCC#: CRL-9642) to produce a retrovirus vector carrying human LCAT
cDNA. The resulting ecotropic virus vector was then used to infect the
amphotropic packaging cell line GP þ envAM-12 (ATCC#: CRL-9641).

https://rctportal.niph.go.jp/en/detail?trial_id&equals;jRCTa030190230
https://rctportal.niph.go.jp/en/detail?trial_id&equals;jRCTa030190230
https://rctportal.niph.go.jp/en/detail?trial_id&equals;jRCTa030190230


Figure 1. Diagrammatic representation of clinical study on LCAT-GMAC implantation into a patient with FLD.
After obtaining informed consent, the patient underwent liposuction for the preparation of adipocytes. Adipose tissue samples from the patient were digested using
collagenase and centrifuged. The lipid-loaded floating cells were then subjected to ceiling culture for one week. After the ceiling culture, highly proliferative pre-
adipocytes were obtained. The preadipocytes were transduced with a retrovirus vector carrying LCAT cDNA using the protamine method. After the retroviral
transduction, the cells were subjected to expansion culture with MesenPRO RS™ medium containing Growth Supplements in Cell Factory systems at 37 �C in 5% CO2

incubators for ten days. More than a billion cells were obtained at the end of the expansion culture, and the cells were washed several times and then injected into
the patient.
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The amphotropic virus vector produced from GP þ envAM-12 was
designated as CGT_hLCATRV. A master cell bank (MCB) was generated
by selecting a cell that produces a high-titer virus vector. The virus vector
solution from an MCB was aliquoted and stored at �80 �C until use.
TaKaRa Bio Inc. (Shiga, Japan) produced the GMP-grade retroviral vec-
tor. In this retrovirus vector system, 50UTR directs the expression of a
foreign gene.

2.7. Retroviral gene transduction for the generation of LCAT-GMACs

After seven days of ceiling culture, the cells were subcultured in
DMEM/F-12 containing 20% FBS at 37 �C for 24 h. Viral transduction
4

was performed using protamine sulfate in DMEM/F-12 containing 20%
FBS for 24 h at 37 �C. The viral vector concentration used was 2.0 � 109

RNA copies/mL. After the retroviral transduction, the medium was
replaced with MesenPRO RS™ containing growth supplements for
expansion culture.

2.8. Quantification of transduced gene

Genomic DNA was extracted from cultured cells using the DNeasy
Blood & Tissue kit. The integrated vector copy number was quantified
using the SYBR Premix Ex Taq kit (TaKaRa Bio Inc.). A known amount of
pCGThLCAT DNA was used as a standard. The DNA content in a normal



Table 2. Time schedule and clinical procedures.

Time schedule Procedures

By day �29 Screening and baseline assessments
� Written informed consent
� Screening of potential participants according to the inclusion and

exclusion criteria
� History taking, obtaining documents; Physical exam, blood and

urine collection

Day �21 Adipocyte harvesting and baseline assessments
� Physical exam, blood and urine collection

Days – 20 and�14 Follow-up assessment of adipocyte harvest sites
� Physical exam

Day �1 Follow-up assessment of adipocyte harvest sites and baseline
assessments
� Inpatient hospital care
� Physical exam, blood and urine collection

Day 0 Implantation of LCAT-GMACs:
� Inpatient hospital care
� Physical exam

Day �1 to day 7 Post-implantation observation:
� Inpatient hospital care
� Physical exam, blood and urine collection

Week 2 to week
24
(�3 days)

Post-implantation observation:
� Inpatient hospital care at 12 weeks
� Biweekly observation
� Physical examination; blood and urine collection

Week 24 to week
36
(�1 week)

Post-implantation follow-up assessments:
� Once every 4 weeks
� Inpatient hospital care at 24 weeks
� Physical examination; blood and urine collection

Week 48 to week
216
(� 1 week)

Follow-up assessments
� Once every 12 weeks
� Physical examination; blood and urine collection

Table 3. Quality assessment of LCAT-GMACs derived from the patient.

Test Specification

Morphology Conform to proliferating adipocytes with
the fibroblast-like shape

Visual inspection Turbid cell suspension

Cell viability 97.1%

Cell number 1.9 � 109

Average copy number 0.7 copy/cell

LCAT activity 0.6 mU/105 cells

Cell surface expression for CD13, CD90,
CD105, and CD146

Positive

Cell surface expression for CD31, CD34,
and CD45

Negative

Purity: based on the expression of CD31
(�) and CD45 (�) cells

�90%

Karyotype Normal

In vitro virus test Negative

Sterility Negative

Mycoplasma Negative

Endotoxin <0.1 EU/mL

In vivo tumorigenicity Negative

Clonality determined by LAM-PCR Negative

Culture medium derived materials Negative

RCR Negative
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human cell (6 pg/cell) was used for calculating the average integrated
copy number. The copy number of transduced genes in an LCAT-GMAC
was quantified using a TaqMan Gene Expression Master Mix (Thermo
Fisher) and human LCAT-cDNA-specific primers. All real-time PCR ana-
lyses were performed using the ABI7500 Real-time PCR system (Thermo
Fisher).
5

2.9. Measurement of LCAT activity

LCAT activity was measured using [1,2–3H (N)]-cholesterol (Amer-
ican Radiolabeled Chemicals Inc., or PerkinElmer Inc., Boston). The re-
action mixture contained 22.7 mM Tris-HCl, pH 7.4, 4.5% sucrose, 2.3
mM EDTA, 22.7 mM β-mercaptoethanol, 250 μM cholesterol (specific
activity ¼ 2.7 GBq mmol�1), 0.9% bovine serum albumin (BSA), 5 mM
dimyristoyl phosphatidylcholine (DMPC), 50 μg/mL of apolipoprotein
A1 (ApoA1, Athens Research & Technology), and 100 μL of culture me-
dium or 10 μL of serum in a total volume of 220 μL. [3H]-cholesterol was
mixed with non-labeled cholesterol and DMPC in an organic solvent,
dried under N2 gas, and dissolved in 2.25 mL of a buffer containing 50
mM Tris-HCl, pH 7.4, 5 mM EDTA, 10% sucrose, and 275 μg of ApoA1.
The DMPC-cholesterol-ApoA1 liposome was prepared by sonication
using a digital sonifier model 250 (Branson, Danbury, CT) at an ampli-
tude of 15%. During the sonification procedure, the solution was kept at
37 �C. The sonication was continued until the solution became clear
(after about 5 min). The sonicated liposome was centrifuged at 3,000
rpm, and the supernatant (1.8 mL) was mixed with 0.2 mL of 20% BSA
and stored at 4 �C until use. After preincubation, the reaction was initi-
ated by adding an enzyme solution and incubated at 37 �C. The reaction
was terminated using 1.6 mL of chloroform/methanol (2:1). After adding
100 μL of water and vortexing vigorously, the organic phase was ob-
tained by centrifugation. 50 μL of the organic phase was spotted onto
Whatman flexible thin layer chromatography (TLC) plates. TLC plates
were developed in a glass chamber using a mixture of hexane, diethyl
ether, and acetic acid (146:50:4). After development, the TLC plates were
air-dried and stained with iodine. Fractions containing cholesteryl ester
on TLC plates were excised. A liquid scintillation counter determined the
radioactivities. All assays were performed within the range where the
reaction proceeded linearly with time, and the initial rate of reaction was
proportional to the amount of enzyme added. The quantity (in nmol) of
cholesteryl ester formed per hour was taken as the definition of 1 mU.
The purified recombinant LCAT (described below) was used as the
standard LCAT. Pooled serum from normal healthy volunteers was used
as a reference. The LCAT activity of the reference was 392� 34.1mU/mL
(mean � standard deviation [SD] of 64 independent determinations).
The lower reference of LCAT activity was taken to be 5% of the serum
diluted with heat-inactivated serum. The lower reference value was 20.9
� 1.9 (mean � SD of 64 independent determinations).

2.10. Purification of recombinant LCAT

Recombinant LCAT was purified using a culture medium of 293 cells
transduced with LCAT cDNA. The ultrafiltration concentrated (VivaFlow
200 flipflow filtration, MWCO¼ 50 kDa) enzyme solution (150mL) from
4 L culture medium (HyClone SFM4HEK293 Media) was used to purify
recombinant LCAT. The concentrated enzyme was dialyzed against
buffer A (5 mM Na-phosphate buffer, pH7.4 containing 300 mM NaCl)
and was applied on a Phenyl-Sepharose column (bed volume: 25 mL)
previously equilibrated with buffer A. The column was washed with
about 10-column volumes of buffer A, and the enzyme was eluted with
water. After the elution, the enzyme solution was added to nine tenth
volume of 10 x PBS and concentrated using a centrifugal ultrafiltration
device (Amicon Ultra, MWCO ¼ 30 kDa). The purified recombinant
LCAT was near homogeneous as judged by SDS-polyacrylamide gel
electrophoresis.

2.11. Quantitation of autoantibodies against LCAT

The occurrence of autoantibodies against LCAT was evaluated by
enzyme-linked immunosorbent assay (ELISA). Recombinant LCAT was
purified from 293 cells expressing LCAT as described and used to capture
antibodies against LCAT. Purified recombinant LCAT (67 ng of in 100 μL
PBS/well) was incubated overnight to prepare ELISA plates (96-well
plate) at 4 �C. The ELISA plates were blocked with 200 μL of



Figure 2. Karyotyping and LAM-PCR
analysis.
(A and B) show representative karyotype
images of LCAT-GMACs (A) and their
parental cells (B), respectively. Metaphase
cells (29 days of culture after fat harvest)
were subjected to the Giemsa-banding tech-
nique, and processed chromosomes were
captured and analyzed. LCAT-GMACs were
analyzed for clonality using LAM-PCR (C and
D). After retroviral transduction (day 7), cells
were cultured for seven (labeled d14), eleven
(labeled d18), 14 (labeled d21), 21 (labeled
d28), 36 (labeled d43), and 43 (labeled d50)
days and subjected to LAM-PCR. PC, positive
control (human genomic DNA containing 0.1
mg/mL retrovirus vector DNA); NC, negative
control with un-transduced parental cells
from the patient. The ar shows non-
specifically amplified bands with �100 bp
that appear in all samples. Uncropped orig-
inal images of C and D are shown as sup-
plementary materials (CS and DS).

Table 4. Adverse events in the patient.

Adverse
event

Date of
onset

Expression site Serious adverse
event

Treatment Outcome Date of the
outcome

Causality
relationship

Cause of adverse
events

Pain 2017/02/
02

Fat harvest site no Celecoxib þ Cefcapene pivoxil
hydrochloride hydrate

recovered 2017/02/04 yes Fat harvest

Pain 2017/02/
23

Implantation
site

no Celecoxib þ Cefcapene pivoxil
hydrochloride hydrate

recovered 2017/02/26 yes Implantation

Hyper
tension

2018/07/
10

Blood vessel no Telmisartan no Unknown

Hyper
tension

2018/10/
02

Blood vessel no Micamlo controlled no Unknown

M. Aso et al. Heliyon 8 (2022) e11271
SuperBlockT20 for 1 h after washing the wells twice with SuperBlockT20
at room temperature. After the blocking, the wells were washed three
times with Tris-buffered saline containing 0.05% Tween 20 (TBST). The
serum samples were applied for the ELISA after diluting 600 folds with
dilution buffer (10% SuperBlockT20 in TBST). Rabbit anti-LCAT anti-
bodies (Abcam, serially diluted to 15, 7.5, 3.75, 1.88, 0.938, 0.469,
0.234, 0.117 ng/mL) were used as standard. The samples were incubated
at room temperature for 1.5 h and then washed several times with TBST,
followed by incubation with horseradish peroxidase (HRP)-conjugated
Protein G at room temperature for 1 h. After several washes with TBST,
the HRP reaction was carried out using TMB ELISA substrate according to
the manufacture's instruction. Sera obtained from patients with acquired
LCAT deficiency [22] were used as positive controls after institutional
ethical review and informed consent. This ELISA detected positive signals
from the acquired LCAT deficiency patients' sera diluted by 8,000 folds.
6

In contrast, no signals were obtained by pooled serum of healthy persons
diluted 600 folds.

2.12. Immunoblot analysis of LCAT protein

Culture medium or serum samples were diluted to a final volume of
500 μL with ice-cold phosphate-buffered saline containing 0.2% Nonidet
P-40 (PBS-NP40) and incubated with 1 μL of rabbit anti-LCAT mono-
clonal antibodies (Abcam) for 18 h at 4 �C with gentle rotation. After the
first immunoreaction, 10 μL of TrueBlot anti-Rabbit Ig IP Beads were
added and incubated with rotation for 2 h at 4 �C. The IP Beads were
pelleted by centrifugation, washed with PBS-NP40, and the immuno-
precipitates were eluted by boiling in 10 μL of Laemmli sample buffer.
The immunoprecipitates were electrophoresed and subjected to immu-
noblotting. Purified human LCAT (Roar Biomedical Inc.) or human



Table 5. Serum biochemistry.

Date Days Weeks Total
protein
(g/dL)

Albumin
(g/dL)

Haptoglobin
(mg/dL)

Total
bilirubin
(mg/dL)

Bilirubin
(mg/dL)

AST
(U/L)

ALT
(U/L)

LDH
(U/L)

ALP
(U/L)

γ-GTP
(U/L)

Creatinine
(mg/dL)

Uric
acid
(mg/
dL)

BUN
(mg/
dL)

HbA1c
(%)

Cystatin C
(mg/L)

eGFRcys
(mL/min/
1.73 m2)

2017 1/
25

�29 6.9 4.1 34 1.1 0.5 27 25 266 185 10 0.65 5.7 20 ND ND ND

2/2 �21 6.7 4.1 53 0.9 0.4 28 28 233 189 11 0.69 6.1 17 ND ND ND

2/
22

�1 6.4 3.9 60 0.9 0.4 26 28 187 167 9 0.69 5.5 19 ND ND ND

2/
24

1 6.1 3.7 61 1.4 0.6 43 46 170 154 13 0.70 7.1 22 ND ND ND

2/
27

4 6.7 3.9 74 0.9 0.3 37 36 217 143 10 0.65 6.2 14 ND ND ND

3/2 7 1 6.4 3.9 67 0.9 0.3 39 44 202 152 13 0.75 7.2 15 ND ND ND

3/9 14 2 6.9 4.2 74 1 0.5 23 26 171 178 12 0.70 5.4 21 ND ND ND

3/
22

27 4 6.8 4.2 54 0.7 0.3 24 24 216 191 13 0.66 5.1 19 ND ND ND

4/6 42 6 6.8 4 114 0.9 0.4 18 22 169 205 10 0.69 5.3 17 ND ND ND

4/
20

56 8 6.6 3.9 95 0.6 0.3 16 15 163 237 9 0.69 5.3 19 ND ND ND

5/1 67 10 6.9 4.2 74 0.8 0.4 23 24 168 238 10 0.70 5.0 17 ND ND ND

5/
18

84 12 6.7 4.1 74 1.5 0.6 17 18 161 209 9 0.69 5.6 14 ND ND ND

6/
16

113 16 6.9 4.2 75 0.8 0.3 20 23 162 239 11 0.60 4.7 18 ND ND ND

7/
12

139 20 7.4 4.6 65 1.4 0.8 24 25 178 252 10 0.66 5.0 14 ND ND ND

8/9 167 24 6.4 4.3 52 1.4 0.8 19 20 188 207 9 0.68 4.7 13 ND ND ND

11/
1

251 36 6.4 3.8 57 1.2 0.7 22 23 179 213 9 0.70 6.2 13 ND ND ND

2018 1/
24

335 48 6.5 3.8 64 1 0.5 19 21 186 211 9 0.77 6.1 15 ND ND ND

4/
24

425 60 6.5 3.7 104 1 0.5 16 10 171 181 7 0.75 5.5 21 4.1 ND ND

7/9 501 72 6.7 4.1 36 1.1 0.6 25 24 186 172 8 0.88 5.4 16 4.2 ND ND

10/
1

585 84 7.0 4.3 27 1.3 0.6 33 33 216 161 9 0.79 5.4 12 4.2 0.94 88.3

12/
27

672 96 6.8 4.2 79 0.9 0.5 17 16 147 156 11 0.80 6.1 9 4.1 0.89 93.8

2019 3/
11

746 108 7.2 4.4 67 0.7 0.4 38 48 181 198 11 0.81 5.3 10 4.1 0.83 100.9

6/3 830 120 7.1 4.7 64 1.3 0.6 20 20 162 169 8 0.81 4.8 11 3.9 0.99 83.0

9/2 921 132 7.3 4.5 80 1 0.5 22 23 159 139 10 0.90 6.6 14 4.1 0.94 87.9

11/
27

1007 144 7.1 4.5 72 1.4 0.6 19 17 177 137 8 0.81 6.6 12 4.1 0.95 86.9

2020 2/
17

1089 156 6.9 4.5 65 0.8 0.4 41 36 188 188 13 0.78 6.3 19 4.0 0.94 87.5

5/
11

1173 168 6.8 4.3 66 0.9 0.4 27 32 178 156 12 0.82 6.7 18 4.2 0.87 95.3

(continued on next page)
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plasma HDL (Merck Calbiochem) was used as a positive control. Rabbit
anti-LCAT polyclonal antibodies (Novus Biologicals) and TrueBlot anti-
Rabbit IgG HRP (1:5000) (eBioscience) were used as primary and sec-
ondary antibodies, respectively. HRP reactions were performed by in-
cubation with SuperSignal West Femto Maximum Sensitivity Substrate
(Thermo Fisher), and chemiluminescence was detected using a Chem-
iDoc imaging system (Bio-rad).

2.13. Quality and safety assessment of LCAT-GMACs

LCAT-GMACs were assessed for quality according to the requirements
presented in Table 3. Cell viability was evaluated with a NucleoCounter
NC-100 (ChemoMetec) using approximately 400 dissociated cells.

The cells were cultured in MesenPRO RS™ medium containing
growth supplement for 14 days and subjected to analysis of surface an-
tigen as described previously [11]. Fluorescein isocyanate or
phycoerythrin-conjugated antibodies were obtained from BD Farmingen
(San Diego, CA), Beckman Coulter (Fullerton, CA), or Ancell (Bayport,
MN). One thousand events were acquired and analyzed for each sample
on a FACS Calibur apparatus using the Cell Quest™ acquisition software
program (Becton Dickinson, Franklin Lakes, NJ).

A soft agar colony formation assay was performed to test for
anchorage-independent colony formation. A CytoSelect 96-well Cell
Transformation Assay kit was used for this assay according to the man-
ufacturer's instructions (Cell Biolabs, San Diego, CA). Single-cell sus-
pensions of LCAT-GMACs (103 cells) were seeded into 96-well plates in
triplicates, and HeLa cells (European Collection of Cell Cultures) were
used as a positive control.

The karyotyping of LCAT-GMACs and their parental cells (29 days of
culture after fat harvest) was performed by LSI Medience Co. (Tokyo,
Japan) using a Giemsa-banding technique (GTG-banding technique,
Thermo Fisher). Cells were incubated with KaryoMAX Colcemid stock
solution (50 ng/mL, Thermo Fisher) at 37 �C for 4 h. Metaphase cells
were collected and incubated with 5 mL of hypotonic solution (75 mM
potassium chloride), fixed with methanol: acetic acid (3: 1), and sub-
jected to the GTG-banding technique. Processed chromosomes were
captured and analyzed.

The clonality of LCAT-GMACs was analyzed with pro-virus integra-
tion sites using linear amplification–mediated PCR (LAM-PCR) using the
Retro-X Integration Site Analysis Kit according to the manufacturer's
instructions.

Replication-competent Retroviruses (RCRs) were tested for in
the MCB, working cell bank, vector supernatant, and vector-transduced
cells (11 days after retroviral induction) according to the recommenda-
tions of the Food and Drug Administration agency (Guidance for In-
dustry: Gene Therapy Clinical Trials – Observing Subjects for Delayed
Adverse Events, November 2006, Testing of Retroviral Vector-Based
Human Gene Therapy Products for Replication Competent Retrovirus
During Product Manufacture and Patient Follow-up. Guidance for In-
dustry, https://www.fda.gov/media/113790/download). A cell-based
co-culture RCR test with a known positive control was carried out. The
extended Sþ/L� assay was used for cell-based RCR test using the
permissive Mus dunni cells and subsequent detection of RCR on the PG-4
cell line [23]. PCR-based detection with psi-specific primers was also
performed for the vector-transduced cells and the patient's serum. These
two assays were performed at TaKaRa Bio Inc.

2.14. Lipoprotein analysis using polyacrylamide disc gel electrophoresis
and a gel permeation-high performance liquid chromatography (GP-HPLC)
system

Lipoprotein profiles were analyzed using polyacrylamide disc gel
electrophoresis using the LipoPhor system (JOKOH CO., LTD., Tokyo) as
described [24]. An improved HPLC analysis termed GP-HPLC was also
performed according to the procedure as described [25, 26, 27, 28].
Polyacrylamide disc gel electrophoresis and GP-HPLC analysis of the

https://www.fda.gov/media/113790/download


Table 6. LCAT activity, anti-LCAT autoantibodies, and serum lipids.

Date Days Weeks LCAT
activity
(mU)

LCAT
protein
(μg/mL)

Anti LCAT
Antibody

TG
(mg/
dL)

TC
(mg/
dL)

FC
(mg/
dL)

CE
(mg/
dL)

CE/
TC
(%)

HDL –C
(mg/dL)

LDL –C
(mg/dL)

apoAI
(mg/dL)

apoAII
(mg/dL)

apoB
(mg/dL)

apoCII
(mg/dL)

apoCIII
(mg/dL)

apoE
(mg/dL)

2017 1/
25

�29 10.6 6.3 ND 111 80 64 27 34 11 7 50 5.0 50 1.1 2.4 5.1

2/2 �21 12.5 7.3 ND 138 82 69 22 27 11 7 48 4.5 64 1.7 2.1 5.0

2/
22

�1 12.6 6.4 (�) 132 73 57 27 37 10 7 45 4.9 62 1.4 2.1 4.7

2/
24

1 15.1 6.5 ND 97 70 49 35 51 10 9 40 3.9 59 1.6 2.3 4.9

2/
27

4 15.0 8.2 ND 175 85 61 40 48 10 10 41 5.9 73 2.4 2.4 5.4

3/2 7 1 16.4 7.1 (�) 158 76 50 44 58 8 9 36 4.5 71 1.8 2.3 5.1

3/9 14 2 16.2 6.8 (�) 103 75 55 34 45 10 9 49 4.5 66 0.7 1.0 4.4

3/
22

27 4 13.2 6.2 (�) 123 69 56 22 32 10 6 46 4.7 62 0.8 1.2 4.8

4/6 42 6 13.6 6.5 (�) 104 69 53 27 39 9 6 45 3.7 60 	0.4 0.7 4.5

4/
20

56 8 14.6 6.6 (�) 139 60 48 20 34 9 5 43 3.9 53 1.6 2.0 3.7

5/1 67 10 12.0 6.4 (�) 109 61 47 24 39 10 5 50 4.3 52 0.5 1.0 3.9

5/
18

84 12 12.4 6.2 (�) 115 61 46 25 41 10 6 45 5.5 53 1.6 1.5 4.8

6/
16

113 16 13.8 6.6 (�) 100 59 46 22 37 9 4 49 4.0 50 1.0 0.9 4.2

7/
12

139 20 15.0 5.7 (�) 105 61 50 19 30 11 5 50 5.0 54 1.4 0.6 4.3

8/9 167 24 15.0 5.7 (�) 72 49 39 17 34 10 5 43 3.8 45 1.4 1.1 3.5

11/
1

251 36 15.6 6.0 (�) 95 60 49 19 31 9 5 43 5.0 45 1.3 1.4 4.7

2018 1/
24

335 48 17.6 6.3 (�) 109 63 50 22 35 10 6 50 2.5 59 2.5 4.4 5.0

4/
24

425 60 15.1 7.1 (�) 134 82 62 34 41 11 8 48 4.6 71 2.1 2.0 6.4

7/9 501 72 18.1 7.0 (�) 105 68 53 25 37 10 7 54 4.5 60 0.6 1.4 4.6

10/
1

585 84 16.3 6.1 (�) 92 75 54 35 47 11 10 50 4.0 59 	0.4 1.0 4.9

12/
27

672 96 17.8 6.6 (�) 87 60 41 32 53 10 8 50 4.3 58 3.0 4.0 4.2

2019 3/
11

746 108 20.7 5.5 (�) 99 66 49 29 43 11 8 52 3.9 54 	0.4 0.9 3.2

6/3 830 120 17.2 5.6 (�) 81 60 41 32 53 11 10 48 4.2 56 	0.4 0.3 3.8

9/2 921 132 18.2 5.8 (�) 97 68 47 35 52 11 8 50 3.9 53 0.5 1.0 4.6

11/
27

1007 144 17.9 5.8 (�) 97 56 43 22 39 10 7 49 4.4 58 0.4 0.7 4.3

2020 2/
17

1089 156 19.9 5.4 (�) 97 82 62 34 41 12 12 53 4.3 62 1.1 1.4 4.8

5/
11

1173 168 15.9 6.1 (�) 102 84 67 29 34 11 10 48 3.1 68 0.9 1.3 4.3

(continued on next page)
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serum samples were performed at BML Inc. (Tokyo, Japan) and Skylight
Biotech Inc (Akita, Japan), respectively.

2.15. Native polyacrylamide gel electrophoresis (PAGE) and
immunoblotting

Native-PAGE analysis of serum hemoglobin/haptoglobin complex
was performed using Novex Wedgewell 4%–20% Tris-Glycine gels (1.0
mm � 15 wells, Thermo Fisher). Serum samples were mixed with an
equal volume of 2X Native Tris-Glycine Sample Buffer (Invitrogen) and
electrophoresed using Tris-Borate-EDTA buffer for 3 h with a constant
voltage of 100 V at 4 �C. The gels were stained with Coomassie Brilliant
Blue G250 or subjected to immunoblotting using the Trans-Blot® Turbo™

Transfer System (Bio-Rad) for protein transfer. Human hemoglobin and
haptoglobin were detected with anti-hemoglobin (1 μL/5 mL TBST) and
anti-haptoglobin (1 μL/5mL TBST) antibodies, respectively. TrueBlot
anti-rabbit IgG HRP (1:5000) (eBioscience) or TrueBlot anti-mouse IgG
HRP (1:5000) (eBioscience) were used as secondary antibodies. HRP
reactions were performed by incubation with Immobilon Forte Western
HRP substrate (Merck Millipore), and chemiluminescence was detected
using a ChemiDoc imaging system (Bio-rad).

2.16. Identification of 242 K protein

The 242-kDa protein-containing gel slice was treated with 100 mM
dithiothreitol and then alkylated with 100 mM iodoacetamide. After
washing, the gel slice was incubated overnight with trypsin at 30 �C.
Tryptic peptides derived from the gel-slice were desalted using ZipTip
C18 (Millipore) and analyzed with a nano-LC/MS/MS system (Applied
Biosystems). Mass data acquisitions were piloted through Mascot soft-
ware by Japan Proteomics (Sendai, Japan).

2.17. LCAT-GMAC implantation

An LCAT-GMAC suspension (10 mL containing 5� 108 cells in Ringer
solution containing 0.5% human serum albumin and 20 mg/mL fibrin-
ogen) was mixed with an equal volume of cell suspension (5 � 108 cells)
in Ringer solution containing 0.5% human serum albumin and thrombin
(1.25 U/mL) just before the implantation using a Beriplast P-combi set.
For the specific operation procedure, a fat injection cannula was inserted
several centimeters cephalad from the inguinal ligament, and the cells
were implanted parallel to the inguinal ligament. The injections were
performed once on each side.

2.18. Laboratory tests

Unless otherwise stated, all blood biochemistry tests, including serum
lipids, lipoproteins, apolipoproteins, hematology tests, and urinalysis,
were performed in Hoken Kagaku, Inc. (Yokohama, Japan).

3. Results

3.1. Study design, patient, safety assessment, and LCAT-GMAC
implantation

Currently, there is no feasible and effective treatment for FLD. To
supplement the defective enzyme in FLD, we designed and performed
autologous implantation of LCAT-GMACs in this study.

This clinical study (registered in Japan Registry of Clinical Trials:
jRCTa030190230) was approved by the Ministry of Health, Labour and
Welfare of Japan. The outline and the schedule of activity of the clinical
study are shown in Figure 1 and Table 2, respectively. We evaluated the
primary and secondary endpoints 24 weeks after implantation and sub-
sequent follow-up for 216 weeks.

A 34-year-old Japanese man previously diagnosed with FLD based on
LCAT gene analysis, markedly low HDL-C and LDL-cholesterol (LDL-C),



Table 7. Lipoprotein analysis by GP-HPLC.

A. Free Cholesterol

Class CM (>80
nm)

VLDL (30–80 nm) LDL (16–30 nm) HDL (8–16 nm)

Sub-
Class

– – Large VLDL Medium
VLDL

Small
VLDL

Large
LDL

Medium
LDL

Small
LDL

Very small LDL Very large
HDL

Large
HDL

Medium
HDL

Small
HDL

Very small
HDL

Fraction 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Date Days Weeks

2017 1/
25

�29 5.04 2.23 3.62 4.94 6.37 4.35 2.82 5.69 4.36 2.80 1.08 2.49 1.73 1.73 1.28 1.15 0.31 0.61 0.42 0.64

2/2 �21 4.80 2.33 3.70 5.07 5.96 3.96 3.16 6.78 5.33 3.10 1.22 2.39 1.69 1.63 1.26 1.13 0.33 0.69 0.51 0.72

2/
22

�1 2.91 1.51 2.73 3.88 4.87 3.17 3.34 7.28 5.12 3.07 1.20 2.67 1.77 1.67 1.19 1.05 0.37 0.85 0.56 0.74

2/
24

1 2.27 1.28 2.44 3.61 5.02 3.20 2.90 6.48 4.92 2.89 1.17 2.29 1.59 1.51 1.08 0.96 0.25 0.50 0.40 0.66

2/
27

4 2.16 1.28 2.83 4.56 6.32 3.99 3.67 8.64 6.52 4.00 1.67 3.11 2.00 1.84 1.29 1.13 0.39 0.93 0.67 0.78

3/2 7 1 1.94 1.19 2.41 3.85 5.39 3.33 3.29 8.06 6.17 3.24 1.34 2.38 1.65 1.50 1.08 0.94 0.41 1.01 0.71 0.79

3/9 14 2 2.58 1.35 2.50 3.61 5.28 3.46 3.14 7.81 6.33 3.59 1.39 2.42 1.70 1.66 1.25 1.15 0.26 0.41 0.32 0.72

3/
22

27 4 2.83 1.37 2.47 3.45 4.63 3.12 2.89 7.79 5.96 3.08 1.25 2.66 1.87 1.80 1.28 1.13 0.32 0.87 0.70 0.73

4/6 42 6 2.60 1.31 2.36 3.68 5.15 3.18 2.48 6.48 5.31 2.85 1.12 2.18 1.56 1.54 1.13 1.04 0.22 0.34 0.31 0.67

4/
20

56 8 2.47 1.30 2.51 3.70 4.89 3.62 2.65 6.16 4.56 2.85 1.08 2.68 1.82 1.78 1.24 1.07 0.19 0.40 0.28 0.62

5/1 67 10 1.86 1.03 1.93 2.96 4.41 3.41 2.51 6.30 5.29 3.27 1.28 2.75 1.88 1.85 1.32 1.17 0.23 0.36 0.29 0.65

5/
18

84 12 1.17 0.67 1.39 2.44 3.96 3.25 2.41 5.96 5.10 3.15 1.28 2.63 1.85 1.80 1.36 1.21 0.26 0.35 0.30 0.61

6/
16

113 16 2.29 1.09 2.02 2.94 4.10 3.20 2.40 6.17 4.99 2.52 1.01 2.20 1.58 1.59 1.16 1.08 0.21 0.35 0.33 0.58

7/
12

139 20 1.54 0.84 1.87 3.05 4.60 3.20 2.30 6.71 5.49 3.21 1.37 3.24 2.25 2.21 1.50 1.29 0.27 0.81 0.68 0.69

8/9 167 24 0.87 0.45 1.02 1.69 2.63 1.95 2.04 6.11 4.83 2.65 1.03 2.53 1.77 1.77 1.27 1.10 0.15 0.35 0.24 0.42

11/
1

251 36 3.09 1.48 2.59 3.67 4.63 3.00 2.19 5.59 4.35 2.27 0.92 2.18 1.57 1.60 1.17 1.09 0.21 0.32 0.22 0.52

2018 1/
24

335 48 2.35 1.11 2.12 3.00 3.79 2.57 2.65 6.94 5.26 2.26 0.87 2.21 1.58 1.59 1.15 1.01 0.15 0.38 0.28 0.50

4/
24

425 60 3.42 1.37 2.53 3.92 5.47 3.93 4.29 9.06 6.95 4.40 1.85 3.94 2.61 2.42 1.66 1.43 0.29 0.34 0.53 0.65

7/9 501 72 2.13 1.06 2.08 3.44 4.79 3.25 3.11 7.40 6.26 3.27 1.36 2.47 1.73 1.65 1.16 1.02 0.17 0.31 0.23 0.61

10/
1

585 84 2.89 1.06 1.59 2.04 3.40 2.86 3.16 8.22 6.66 3.65 1.51 2.80 1.98 1.89 1.34 1.17 0.27 0.57 0.37 0.66

672 96 1.17 0.64 1.22 1.94 2.76 1.74 3.34 7.65 5.55 2.59 1.01 1.98 1.41 1.37 1.02 0.92 0.15 0.34 0.23 0.42
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Table 7 (continued )

A. Free Cholesterol

Class CM (>80
nm)

VLDL (30–80 nm) LDL (16–30 nm) HDL (8–16 nm)

Sub-
Class

– – Large VLDL Medium
VLDL

Small
VLDL

Large
LDL

Medium
LDL

Small
LDL

Very small LDL Very large
HDL

Large
HDL

Medium
HDL

Small
HDL

Very small
HDL

Fraction 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Date Days Weeks

12/
27

2019 3/
11

746 108 1.88 0.90 1.68 2.69 4.02 2.97 2.70 6.67 5.57 2.93 1.15 2.12 1.50 1.47 1.08 0.99 0.21 0.41 0.30 0.54

6/3 830 120 0.64 0.29 0.58 0.92 1.63 1.42 3.02 7.74 6.12 3.10 1.15 2.67 1.90 1.91 1.37 1.21 0.21 0.37 0.22 0.56

9/2 921 132 1.61 0.77 1.41 2.31 3.72 2.89 3.43 7.68 5.89 3.30 1.36 2.82 1.91 1.84 1.25 1.13 0.20 0.43 0.32 0.85

11/
27

1007 144 1.79 0.86 1.54 2.14 2.65 1.69 2.83 7.49 5.63 2.36 0.82 1.97 1.38 1.39 1.00 0.95 0.18 0.38 0.27 0.60

2020 2/
17

1089 156 2.16 1.25 2.70 4.46 7.42 4.32 3.93 8.18 5.91 3.38 1.37 2.57 1.76 1.68 1.15 1.02 0.17 0.34 0.26 0.52

5/
11

1173 168 2.73 1.63 3.33 5.59 8.16 4.56 3.68 9.23 7.28 3.30 1.26 2.25 1.63 1.65 1.24 1.16 0.22 0.38 0.34 0.57

8/
17

1271 180 2.73 1.58 2.98 4.35 6.30 3.83 3.97 8.29 6.59 3.77 1.45 2.48 1.66 1.56 1.13 1.00 0.20 0.30 0.23 0.59

10/
28

1343 192 2.14 1.23 2.54 4.23 6.49 3.52 3.87 9.32 7.01 3.20 1.15 2.14 1.50 1.45 1.07 0.93 0.19 0.29 0.25 0.60

2021 1/
18

1425 204 4.85 2.36 4.19 5.18 7.26 4.43 4.54 9.54 6.99 3.69 1.48 2.82 1.85 1.79 1.23 1.08 0.24 0.40 0.33 0.73

4/
12

1509 216 3.93 2.16 4.25 6.18 8.38 4.55 3.60 7.81 5.64 2.82 1.09 2.18 1.45 1.41 0.99 0.86 0.19 0.34 0.32 0.62

7/
12

1600 228 3.18 1.51 2.85 4.03 6.10 3.50 3.80 8.09 6.02 3.03 1.18 2.18 1.50 1.45 1.02 0.90 0.18 0.31 0.26 0.60

10/
6

1686 240 2.90 1.55 3.00 5.14 7.49 4.46 3.74 8.53 6.42 2.89 1.04 2.22 1.54 1.52 1.09 0.99 0.19 0.35 0.25 0.65

B. Phospholipid

Class CM (>80
nm)

VLDL (30–80 nm) LDL (16-30 nm) HDL (8–16 nm)

Sub-
Class

– – Large VLDL Medium
VLDL

Small
VLDL

Large
LDL

Medium
LDL

Small
LDL

Very small LDL Very large
HDL

Large
HDL

Medium
HDL

Small
HDL

Very small HDL

Fraction 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Date Days Weeks

2017 1/
25

�29 8.62 4.17 7.53 11.07 15.35 11.45 10.04 21.25 16.95 9.36 3.33 8.75 6.47 7.22 5.93 6.95 1.68 8.09 11.16 11.82

2/2 �21 7.89 3.95 7.27 10.92 14.33 10.51 11.23 24.86 20.14 10.29 3.64 8.25 6.05 6.63 5.46 6.52 1.79 8.78 10.65 9.80

2/
22

�1 4.61 2.58 5.31 8.73 12.33 8.78 12.03 26.08 19.22 9.69 3.72 8.82 6.39 6.65 5.23 6.11 1.59 8.73 9.72 8.59

2/
24

1 4.21 2.39 5.03 8.05 12.25 8.35 10.64 24.03 18.96 9.58 3.58 7.93 5.80 6.09 4.83 5.60 1.32 6.84 8.58 8.86

2/
27

4 4.00 2.61 6.18 11.46 17.05 10.88 13.26 30.58 23.99 12.88 5.25 10.34 7.27 7.28 5.65 6.54 1.87 7.17 9.13 8.59

3/2 7 1 3.30 2.18 5.21 9.56 14.73 9.00 12.18 29.20 23.77 11.01 4.20 8.10 5.87 5.96 4.72 5.57 1.60 7.39 9.10 7.86
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Table 7 (continued )

B. Phospholipid

Class CM (>80
nm)

VLDL (30–80 nm) LDL (16-30 nm) HDL (8–16 nm)

Sub-
Class

– – Large VLDL Medium
VLDL

Small
VLDL

Large
LDL

Medium
LDL

Small
LDL

Very small LDL Very large
HDL

Large
HDL

Medium
HDL

Small
HDL

Very small HDL

Fraction 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Date Days Weeks

3/9 14 2 4.23 2.31 4.74 7.58 12.15 8.30 11.24 27.94 23.37 11.62 4.24 8.10 6.01 6.62 5.33 6.59 1.70 9.13 11.40 9.75

3/
22

27 4 4.72 2.48 4.94 7.56 10.99 7.76 11.54 26.71 21.13 10.84 3.59 8.95 6.28 6.94 5.37 6.31 1.65 7.14 10.68 9.49

4/6 42 6 4.58 2.57 5.12 8.51 13.18 8.02 10.61 24.29 20.63 10.61 4.05 7.12 5.85 5.82 5.16 5.82 1.61 6.46 10.71 10.55

4/
20

56 8 4.42 2.59 5.41 8.70 12.68 10.49 10.69 22.39 17.67 10.23 3.78 9.50 6.85 7.40 5.72 6.81 1.73 6.80 9.98 11.66

5/1 67 10 3.34 1.77 3.86 6.52 10.61 8.83 9.36 22.59 18.40 11.30 3.57 9.20 6.48 7.13 5.51 6.46 1.32 7.10 10.61 8.69

5/
18

84 12 2.24 1.33 3.18 6.50 11.05 9.61 9.43 21.61 19.07 11.55 3.72 9.60 6.52 7.30 5.98 6.91 1.79 6.22 9.92 9.23

6/
16

113 16 3.73 2.04 4.06 6.35 9.67 7.99 9.33 21.70 18.59 8.81 3.35 6.76 5.37 5.91 4.79 5.85 1.25 7.35 11.33 10.28

7/
12

139 20 2.48 1.68 3.83 6.73 11.03 7.86 8.78 22.29 19.13 10.49 4.11 9.88 7.44 7.95 6.05 6.71 1.25 6.95 9.71 8.91

8/9 167 24 1.32 0.97 1.98 3.55 6.26 4.76 8.31 20.84 17.34 8.93 3.41 8.02 6.16 6.82 5.42 6.33 1.29 7.09 9.47 8.12

11/
1

251 36 5.94 3.12 5.78 8.93 11.73 8.30 8.40 20.10 16.58 8.92 3.05 7.52 5.61 6.38 5.44 6.73 1.82 6.39 10.19 11.82

2018 1/
24

335 48 4.79 2.58 4.92 7.59 10.09 7.73 10.43 24.55 20.19 9.38 3.03 7.65 5.71 6.43 5.42 6.55 1.72 6.84 11.12 14.21

4/
24

425 60 5.35 2.29 4.73 8.30 12.49 10.01 14.68 29.36 22.57 13.82 4.91 12.45 8.48 8.95 6.64 7.28 2.46 5.17 15.24 14.63

7/9 501 72 3.50 1.80 3.99 7.22 11.12 8.12 10.95 26.84 22.71 10.38 3.59 7.94 5.94 6.39 4.91 5.57 1.05 7.34 11.60 10.57

10/
1

585 84 4.42 1.58 2.77 3.81 7.05 6.22 10.71 26.20 22.22 10.53 3.58 8.12 6.05 6.55 5.11 5.67 1.22 7.08 10.50 9.69

12/
27

672 96 1.83 1.07 2.35 3.98 5.94 4.03 11.81 25.80 19.53 7.50 2.51 6.01 4.53 5.11 4.14 5.29 1.10 8.32 11.61 11.38

2019 3/
11

746 108 3.20 1.62 3.30 5.74 9.40 7.35 9.52 23.20 20.47 9.07 3.07 6.53 4.98 5.44 4.43 5.51 1.97 8.71 11.14 10.36

6/3 830 120 0.77 0.38 1.11 1.75 3.68 3.18 9.93 25.15 20.67 8.96 3.09 7.67 6.06 6.65 5.38 6.09 1.69 7.23 9.38 9.05

9/2 921 132 3.00 1.57 3.16 5.45 9.22 8.01 12.22 26.99 22.35 11.02 4.08 9.19 6.76 7.16 5.53 6.45 1.58 8.61 11.30 13.63

11/
27

1007 144 3.06 1.49 3.06 4.54 5.97 3.92 10.26 25.06 19.95 7.16 2.30 5.71 4.48 5.02 4.04 5.25 0.91 8.55 11.52 12.37

2020 2/
17

1089 156 3.68 2.05 5.08 8.91 17.01 10.52 12.26 29.81 23.55 10.05 3.70 8.56 6.37 6.81 5.11 5.86 0.79 8.16 11.66 13.03

5/
11

1173 168 4.19 2.58 5.89 10.55 16.16 10.04 10.62 31.82 25.82 10.97 2.70 7.20 5.25 6.05 5.10 5.90 1.40 7.36 10.88 13.07

8/
17

1271 180 4.42 2.70 5.27 8.99 13.61 9.32 14.07 28.12 23.61 12.00 4.08 7.69 5.46 5.81 4.62 5.27 1.32 6.08 9.11 11.80

10/
28

1343 192 3.35 2.07 4.48 7.93 12.86 7.16 12.24 30.94 23.56 8.70 2.92 6.46 4.68 5.56 4.09 5.33 0.47 7.17 9.65 11.35

2021 1/
18

1425 204 8.70 4.30 8.37 11.01 16.37 10.58 14.20 33.24 25.46 11.15 4.06 8.74 6.39 6.74 5.32 5.95 1.24 7.92 10.94 13.36

1509 216 6.76 3.62 8.16 12.13 18.34 10.10 12.57 27.52 21.15 8.59 3.45 6.28 5.17 5.32 4.01 5.30 0.48 7.30 10.51 12.46
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Table 7 (continued )

B. Phospholipid

Class CM (>80
nm)

VLDL (30–80 nm) LDL (16-30 nm) HDL (8–16 nm)

Sub-
Class

– – Large VLDL Medium
VLDL

Small
VLDL

Large
LDL

Medium
LDL

Small
LDL

Very small LDL Very large
HDL

Large
HDL

Medium
HDL

Small
HDL

Very small HDL

Fraction 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Date Days Weeks

4/
12

7/
12

1600 228 5.62 2.88 5.68 8.28 13.20 8.52 12.60 30.24 22.99 9.62 3.73 7.23 5.57 5.67 4.55 5.42 0.73 7.10 10.19 13.54

10/
6

1686 240 4.11 2.35 5.15 9.50 15.13 9.48 11.59 28.65 22.71 8.26 2.84 6.62 5.31 5.77 4.69 5.65 1.22 7.32 9.30 14.20

C. Triglyceride

Class CM (>80
nm)

VLDL (30–80 nm) LDL (16-30 nm) HDL (8–16 nm)

Sub-
Class

– – Large VLDL Medium
VLDL

Small
VLDL

Large
LDL

Medium
LDL

Small
LDL

Very small LDL Very large
HDL

Large
HDL

Medium
HDL

Small
HDL

Very small
HDL

Fraction 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Date Days Weeks

2017 1/
25

�29 2.20 2.61 6.85 12.03 12.67 11.60 17.83 27.44 15.27 4.42 1.09 0.54 0.25 0.28 0.13 0.37 0.14 1.42 1.35 1.26

2/2 �21 2.29 2.40 6.85 14.35 16.44 13.11 20.87 34.49 20.57 6.01 1.55 0.61 0.33 0.30 0.16 0.40 0.21 1.59 1.53 1.33

2/
22

�1 2.06 2.38 7.29 15.15 17.31 12.70 21.49 33.26 18.60 5.44 1.35 0.58 0.29 0.29 0.13 0.42 0.24 1.92 1.64 1.21

2/
24

1 0.99 1.36 4.21 8.33 9.66 8.01 17.65 29.12 17.21 5.08 1.31 0.49 0.26 0.21 0.14 0.24 0.16 0.93 0.99 1.08

2/
27

4 4.31 4.76 13.37 25.50 27.07 14.95 25.85 38.50 20.57 6.00 1.46 0.73 0.35 0.32 0.17 0.45 0.30 2.06 1.63 1.28

3/2 7 1 3.18 3.44 10.68 22.80 24.74 13.35 23.15 36.53 21.06 6.16 1.58 0.66 0.34 0.31 0.17 0.44 0.36 2.24 1.80 1.21

3/9 14 2 0.79 0.93 3.16 6.41 7.93 6.77 22.41 36.51 20.44 5.83 1.41 0.54 0.27 0.23 0.15 0.30 0.17 1.04 1.08 1.19

3/
22

27 4 2.17 2.21 5.98 9.64 9.84 7.79 22.29 41.35 20.78 4.06 1.23 0.43 0.32 0.29 0.15 0.38 0.08 2.20 1.98 1.06

4/6 42 6 0.95 1.18 4.14 8.24 8.81 6.26 20.32 37.28 18.50 3.59 1.08 0.32 0.25 0.21 0.12 0.26 0.03 0.84 1.02 1.06

4/
20

56 8 5.05 3.33 8.29 14.35 15.49 12.26 20.22 33.93 16.72 3.50 1.09 0.44 0.33 0.27 0.20 0.33 0.12 0.93 1.10 1.12

5/1 67 10 2.58 2.08 5.64 9.75 10.43 8.51 19.27 34.43 17.19 3.53 1.07 0.42 0.31 0.27 0.17 0.34 0.09 1.04 1.19 1.07

5/
18

84 12 1.57 1.98 6.87 15.13 17.85 12.20 18.76 32.74 16.04 3.23 0.97 0.34 0.26 0.21 0.14 0.28 0.08 0.90 0.95 1.05

6/
16

113 16 1.76 1.84 4.72 7.56 7.38 7.51 17.20 30.22 17.50 4.74 1.20 0.47 0.27 0.23 0.15 0.29 0.09 0.89 1.10 1.15

7/
12

139 20 2.14 2.47 5.91 9.23 9.19 6.95 17.97 30.88 16.33 4.33 1.01 0.56 0.28 0.30 0.17 0.40 0.24 1.83 1.57 1.35

8/9 167 24 0.28 0.32 1.48 3.89 4.19 3.91 15.91 27.46 14.59 3.78 0.84 0.39 0.19 0.19 0.12 0.26 0.10 0.87 0.87 1.09

11/
1

251 36 1.35 1.42 4.92 10.71 9.96 6.67 15.75 27.61 15.58 3.39 1.00 0.29 0.25 0.19 0.16 0.25 0.11 0.59 1.18 1.07

2018 335 48 2.30 1.81 4.75 8.84 8.99 8.00 18.08 33.36 20.51 4.83 1.48 0.33 0.32 0.20 0.19 0.29 0.19 0.89 1.45 1.22

(continued on next page)
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Table 7 (continued )

C. Triglyceride

Class CM (>80
nm)

VLDL (30–80 nm) LDL (16-30 nm) HDL (8–16 nm)

Sub-
Class

– – Large VLDL Medium
VLDL

Small
VLDL

Large
LDL

Medium
LDL

Small
LDL

Very small LDL Very large
HDL

Large
HDL

Medium
HDL

Small
HDL

Very small
HDL

Fraction 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Date Days Weeks

1/
24

4/
24

425 60 1.74 1.51 4.32 10.76 12.41 13.55 26.05 40.87 24.88 7.66 2.13 0.73 0.46 0.33 0.23 0.33 0.12 0.62 0.97 1.22

7/9 501 72 0.98 0.98 2.82 6.29 7.29 6.98 21.64 35.41 21.96 5.77 1.85 0.37 0.42 0.25 0.21 0.29 0.09 0.98 1.03 1.16

10/
1

585 84 1.79 1.11 2.02 3.00 4.88 4.55 18.02 36.75 21.49 4.44 1.24 0.33 0.30 0.22 0.14 0.32 0.04 1.34 1.14 1.22

12/
27

672 96 0.58 0.78 2.48 4.40 4.37 3.98 20.31 33.02 17.45 5.63 1.49 0.53 0.31 0.21 0.14 0.27 0.08 1.02 0.93 1.06

2019 3/
11

746 108 1.66 1.00 2.33 5.00 7.19 5.61 15.77 31.04 18.31 5.06 1.21 0.60 0.34 0.33 0.23 0.49 0.40 1.57 1.36 1.33

6/3 830 120 0.31 0.30 0.82 1.94 3.41 2.99 18.10 32.71 19.39 5.86 1.59 0.45 0.31 0.20 0.15 0.29 0.19 0.96 0.81 1.13

9/2 921 132 0.66 0.72 2.22 5.62 7.30 7.98 21.50 36.67 19.96 4.18 1.43 0.28 0.33 0.21 0.17 0.29 0.13 1.02 1.09 1.11

11/
27

1007 144 2.53 2.22 4.74 6.83 6.57 5.97 18.54 35.39 20.50 4.35 1.45 0.17 0.36 0.21 0.20 0.34 0.13 1.07 1.22 1.22

2020 2/
17

1089 156 0.65 0.52 1.67 3.90 5.15 6.88 22.50 35.64 19.19 4.01 1.36 0.33 0.33 0.22 0.16 0.25 0.09 0.84 0.86 1.04

5/
11

1173 168 0.62 0.49 1.18 2.69 4.02 4.45 24.40 41.01 23.53 5.35 1.75 0.26 0.37 0.20 0.18 0.25 0.18 0.80 0.86 1.02

8/
17

1271 180 1.03 0.94 2.51 6.35 9.20 10.12 25.11 41.25 24.32 6.84 1.89 0.51 0.38 0.25 0.18 0.27 0.10 0.76 0.78 1.18

10/
28

1343 192 0.43 0.58 1.89 3.88 4.53 3.54 20.78 35.19 19.68 5.39 1.40 0.60 0.32 0.26 0.18 0.28 0.11 0.72 0.74 1.16

2021 1/
18

1425 204 2.90 2.72 5.70 8.71 9.59 9.52 24.59 41.20 24.90 6.80 1.87 0.67 0.43 0.32 0.24 0.34 0.17 0.90 0.96 1.20

4/
12

1509 216 1.14 1.00 2.72 5.80 7.48 7.79 22.92 35.75 20.85 4.99 1.57 0.24 0.37 0.20 0.17 0.24 0.06 0.85 0.91 1.08

7/
12

1600 228 0.89 0.81 1.89 3.14 3.89 5.36 21.57 36.71 21.93 5.39 1.73 0.38 0.39 0.22 0.18 0.24 0.09 0.74 0.93 1.20

10/
6

1686 240 0.78 0.69 2.14 5.20 7.16 5.95 19.35 36.33 20.42 3.65 1.23 0.17 0.32 0.18 0.17 0.22 0.12 0.62 0.98 1.01

D. Cholesteryl Ester

Class CM (>80 nm) VLDL (30–80 nm) LDL (16–30 nm) HDL (8–16 nm)

Sub-
Class

– – Large VLDL Medium
VLDL

Small
VLDL

Large
LDL

Medium
LDL

Small
LDL

Very small LDL Very large HDL Large
HDL

Medium
HDL

Small
HDL

Very small
HDL

Fraction 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Date Days Weeks

2017 1/
25

�29 �0.17 0.31 0.57 0.69 0.47 0.78 3.25 5.38 2.31 �0.33 �0.33 �0.47 �0.46 �0.34 �0.30 �0.16 �0.10 0.05 0.55 0.33

2/2 �21 �0.05 �0.05 0.03 0.21 �0.04 0.60 3.00 5.85 3.10 �0.34 �0.46 �0.57 �0.55 �0.35 �0.38 �0.18 �0.12 �0.02 0.47 0.20

(continued on next page)
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Table 7 (continued )

D. Cholesteryl Ester

Class CM (>80 nm) VLDL (30–80 nm) LDL (16–30 nm) HDL (8–16 nm)

Sub-
Class

– – Large VLDL Medium
VLDL

Small
VLDL

Large
LDL

Medium
LDL

Small
LDL

Very small LDL Very large HDL Large
HDL

Medium
HDL

Small
HDL

Very small
HDL

Fraction 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Date Days Weeks

2/
22

�1 �0.08 0.18 0.40 0.52 0.64 0.98 3.69 6.42 3.54 �0.09 �0.31 �0.75 �0.58 �0.38 �0.29 �0.12 �0.16 �0.16 0.49 0.09

2/
24

1 0.09 0.12 0.45 0.53 0.70 0.84 4.26 8.05 4.72 0.30 �0.27 �0.53 �0.51 �0.34 �0.29 �0.15 �0.11 �0.01 0.34 0.09

2/
27

4 0.11 0.59 1.37 1.47 1.52 0.75 6.12 9.94 4.36 �0.13 �0.46 �0.79 �0.67 �0.48 �0.42 �0.23 �0.18 �0.17 0.33 0.09

3/2 7 1 0.13 0.32 0.72 1.28 1.35 0.79 5.44 9.74 5.26 0.43 �0.32 �0.54 �0.58 �0.38 �0.34 �0.14 �0.22 �0.21 0.37 0.03

3/9 14 2 0.06 0.14 0.45 0.30 0.76 0.37 5.43 9.53 4.38 �0.21 �0.43 �0.53 �0.54 �0.38 �0.40 �0.24 �0.08 0.18 0.45 0.08

3/
22

27 4 �0.12 0.17 0.16 0.12 �0.14 0.10 4.00 5.69 2.26 �0.26 �0.29 �0.76 �0.69 �0.60 �0.44 �0.33 �0.19 �0.26 0.16 �0.10

4/6 42 6 �0.04 0.21 0.51 0.37 �0.10 �0.19 4.47 7.03 2.66 �0.28 �0.24 �0.41 �0.44 �0.43 �0.36 �0.30 �0.08 0.03 0.25 �0.02

4/
20

56 8 �0.02 0.29 0.39 0.13 �0.22 0.03 2.65 3.42 1.27 �0.48 �0.19 �0.74 �0.60 �0.56 �0.39 �0.27 �0.05 �0.06 0.28 0.04

5/1 67 10 0.30 0.20 0.32 0.30 0.00 �0.09 3.08 4.10 0.95 �0.79 �0.38 �0.78 �0.66 �0.64 �0.49 �0.41 �0.11 0.01 0.23 �0.10

5/
18

84 12 0.13 0.23 0.59 0.95 0.76 0.52 3.94 5.81 1.59 �0.69 �0.45 �0.53 �0.61 �0.57 �0.53 �0.44 �0.16 0.06 0.25 0.01

6/
16

113 16 0.23 0.17 0.04 �0.22 �0.40 0.02 2.16 3.33 1.12 �0.18 �0.25 �0.74 �0.68 �0.64 �0.49 �0.41 �0.10 �0.05 0.10 0.03

7/
12

139 20 0.33 0.37 0.34 0.27 �0.17 �0.40 2.99 4.49 0.95 �0.44 �0.43 �1.10 �0.98 �0.91 �0.65 �0.49 �0.11 �0.29 0.01 0.08

8/9 167 24 0.18 0.18 0.16 0.01 �0.12 0.02 2.98 4.26 1.24 �0.22 �0.22 �0.75 �0.66 �0.59 �0.44 �0.27 0.01 0.04 0.30 0.32

11/
1

251 36 0.59 �0.02 �0.16 �0.19 �0.71 �0.09 2.56 2.97 1.01 �0.41 �0.32 �0.71 �0.60 �0.58 �0.32 �0.31 0.04 �0.13 0.54 0.39

2018 1/
24

335 48 1.47 0.24 0.14 �0.01 �0.19 0.54 3.12 5.04 2.77 0.40 0.10 �0.61 �0.52 �0.50 �0.30 �0.17 0.10 �0.06 0.65 0.49

4/
24

425 60 0.30 0.16 0.21 0.26 �0.37 0.32 3.86 8.30 3.45 �0.48 �0.52 �1.10 �0.88 �0.63 �0.48 �0.35 �0.01 �0.10 0.01 0.25

7/9 501 72 0.49 0.24 0.16 �0.03 �0.15 0.27 3.78 5.69 3.15 0.59 0.05 �0.64 �0.54 �0.48 �0.30 �0.19 �0.02 0.12 0.30 0.01

10/
1

585 84 0.50 0.12 0.17 �0.01 0.50 �0.18 4.50 9.91 3.14 �0.81 �0.49 �0.77 �0.67 �0.56 �0.46 �0.32 �0.17 0.00 0.42 0.00

12/
27

672 96 0.02 0.08 0.11 0.00 �0.14 0.13 4.93 8.41 2.79 0.48 �0.01 �0.43 �0.42 �0.41 �0.29 �0.18 0.02 0.17 0.39 0.21

2019 3/
11

746 108 0.44 0.27 0.24 0.10 �0.01 �0.29 3.30 6.94 2.83 �0.01 �0.24 �0.59 �0.52 �0.49 �0.42 �0.28 �0.04 0.25 0.41 0.15

6/3 830 120 �0.07 0.07 0.12 0.07 0.43 0.10 4.90 9.33 3.63 0.45 �0.01 �0.62 �0.55 �0.56 �0.40 �0.27 0.00 0.19 0.36 0.11

9/2 921 132 �0.40 0.06 0.15 0.28 0.16 0.56 4.16 7.74 3.34 �0.72 �0.18 �0.98 �0.63 �0.64 �0.41 �0.39 �0.07 �0.04 0.26 �0.33

11/
27

1007 144 �0.25 0.04 �0.03 �0.12 �0.33 0.19 3.63 6.50 2.84 �0.31 �0.08 �0.78 �0.50 �0.51 �0.35 �0.28 �0.07 0.06 0.40 0.13

2020 2/
17

1089 156 �0.10 0.21 0.14 0.11 �0.80 �0.23 6.29 10.92 4.00 �0.34 �0.06 �0.41 �0.27 �0.29 �0.20 �0.18 �0.04 0.16 0.44 0.28

5/
11

1173 168 �0.53 �0.06 �0.38 �0.85 �2.61 �0.84 5.36 7.06 2.82 �0.38 �0.11 �0.80 �0.61 �0.68 �0.51 �0.48 �0.06 0.04 0.16 0.13

1271 180 0.01 0.22 0.00 �0.01 �0.82 �0.52 5.38 8.68 1.78 �0.68 �0.45 �0.58 �0.55 �0.46 �0.45 �0.31 �0.12 0.06 0.19 0.06

(continued on next page)
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Table 7 (continued )

D. Cholesteryl Ester

Class CM (>80 nm) VLDL (30–80 nm) LDL (16–30 nm) HDL (8–16 nm)

Sub-
Class

– – Large VLDL Medium
VLDL

Small
VLDL

Large
LDL

Medium
LDL

Small
LDL

Very small LDL Very large HDL Large
HDL

Medium
HDL

Small
HDL

Very small
HDL

Fraction 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Date Days Weeks

8/
17

10/
28

1343 192 0.02 0.12 �0.27 �0.46 �1.54 �0.82 6.62 10.08 3.83 0.50 0.00 �0.41 �0.44 �0.39 �0.28 �0.09 �0.02 0.23 0.37 0.23

2021 1/
18

1425 204 �0.78 0.21 �0.36 �0.48 �0.96 �0.49 5.21 8.99 2.94 �0.39 �0.36 �0.86 �0.61 �0.60 �0.36 �0.25 �0.12 0.04 0.27 0.04

4/
12

1509 216 0.30 0.44 �0.37 �0.74 �1.60 �0.67 4.46 6.43 3.03 0.08 �0.05 �0.72 �0.45 �0.42 �0.27 �0.15 �0.08 0.05 0.25 0.13

7/
12

1600 228 �0.40 0.20 �0.27 �0.39 �1.09 �0.37 5.22 8.47 2.00 �0.30 �0.10 �0.45 �0.35 �0.40 �0.30 �0.22 �0.08 0.10 0.32 0.32

10/
6

1686 240 0.47 �0.12 �0.19 �0.57 �1.60 �0.98 4.73 9.13 4.08 �0.30 �0.08 �0.77 �0.49 �0.49 �0.29 �0.25 0.00 �0.08 0.59 0.10

Free cholesterol (A), phospholipid (B), triglyceride (D), cholesteryl ester levels in 20 fractions separated by GP-HPLC are shown. Chylomicron (CM), very low-density lipoprotein (VLDL), low-density lipoprotein (LDL), and high-
density lipoprotein (HDL) fractions are indicated according to Okazaki and Yamashita [26, 28]. CE concentration was calculated according to Okazaki and Yamashita [26].
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Table 8. Hematology tests.

Date Days Weeks Hemolysis WBC
(103/
μL)

RBC
(103/
μL)

Hb
(g/
dL)

Ht
(%)

MCV
(fL)

MCH
(pg)

MCHC
(%)

PLT
(103/
μL)

Neutrophils
(%)

Lymphocyte
(%)

Monocyte
(%)

Eosinophils
(%)

Basophils
(%)

Reticulocyte count
(per mille)

2017 1/
25

�29 (1þ) 4.1 3.84 12.0 36.7 95.6 31.3 32.7 194 56.6 36.0 3.7 1.7 2.0 ND

2/2 �21 (1þ) 4.0 3.79 11.9 36.5 96.3 31.4 32.6 177 56.0 35.9 4.5 2.3 1.3 ND

2/
22

�1 (�) 3.3 3.68 11.3 34.5 93.8 30.7 32.8 192 53.3 38.3 5.1 2.7 0.6 ND

2/
24

1 (�) 3.4 3.50 10.6 33.0 94.3 30.3 32.1 162 70.5 21.3 4.7 2.3 1.2 ND

2/
27

4 (1þ) 3.2 3.55 11.1 33.9 95.5 31.3 32.7 179 54.0 39.4 3.5 2.2 0.9 ND

3/2 7 1 (1þ) 3.8 3.58 10.8 33.7 94.1 30.2 32.0 176 55.3 37.8 2.9 2.4 1.6 ND

3/9 14 2 (�) 4.2 3.56 11.0 34.2 96.1 30.9 32.2 171 63.0 30.3 4.3 1.2 1.2 ND

3/
22

27 4 (1þ) 4.2 3.68 11.2 34.6 94.0 30.4 32.4 166 58.1 35.5 3.8 1.7 0.9 ND

4/6 42 6 (�) 5.5 3.66 11.5 35.1 95.9 31.4 32.8 218 75.1 19.9 3.4 1.1 0.5 ND

4/
20

56 8 (�) 4.6 3.72 11.3 35.1 94.4 30.4 32.2 200 66.2 28.1 2.9 2.4 0.4 ND

5/1 67 10 (�) 5.2 3.75 11.4 34.2 91.2 30.4 33.3 161 66.5 27.5 3.3 2.1 0.6 ND

5/
18

84 12 (�) 3.3 3.77 11.5 34.1 90.5 30.5 33.7 151 50.8 41.4 3.6 3.3 0.9 ND

6/
16

113 16 (�) 5.0 3.75 11.5 34.6 92.3 30.7 33.2 181 70.6 25.6 2.4 0.8 0.6 ND

7/
12

139 20 (�) 4.1 3.68 11.5 34.3 93.2 31.3 33.5 162 59.1 34.5 3.4 2.0 1.0 ND

8/9 167 24 (�) 3.3 3.55 10.5 32.5 91.5 29.6 32.3 142 61.3 30.8 4.6 2.4 0.9 ND

11/
1

251 36 (�) 4.7 3.59 11.0 33.6 93.6 30.6 32.7 157 63.5 29.7 4.9 1.3 0.6 ND

2018 1/
24

335 48 (�) 4.6 3.71 11.5 34.1 91.9 31.0 33.7 175 65.2 28.7 4.1 1.1 0.9 26

4/
24

425 60 (�) 4.4 3.44 10.5 31.8 92.4 30.5 33.0 181 64.0 29.9 4.5 0.9 0.7 21

7/9 501 72 (�) 3.6 3.45 10.8 31.3 90.7 31.3 34.5 140 62.2 34.0 2.2 0.8 0.8 23

10/
1

585 84 (�) 5.5 3.53 11.2 33.6 95.2 31.7 33.3 170 61.1 32.4 3.4 2.2 0.9 18

12/
27

672 96 (�) 4.6 3.27 10.3 31.1 95.1 31.5 33.1 187 66.1 29.2 2.9 0.9 0.9 16

2019 3/
11

746 108 (�) 5.1 3.29 10.5 33.3 101.2 31.9 31.5 184 67.3 27.8 3.7 0.8 0.4 23

6/3 830 120 (�) 3.9 3.30 10.6 32.0 97.0 32.1 33.1 180 59.4 35.5 3.3 1.3 0.5 17

9/2 921 132 (�) 3.8 3.02 10.0 30.3 100.3 33.1 33.0 164 58.6 36.6 2.9 1.1 0.8 17

11/
27

1007 144 (�) 5.1 3.28 10.8 32.9 100.3 32.9 32.8 165 69.5 25.3 3.8 0.8 0.6 19

2020 2/
17

1089 156 (�) 4.6 3.20 10.0 31.8 99.4 31.3 31.4 163 55.3 37.6 4.3 1.7 1.1 17

5/
11

1173 168 (�) 3.9 3.16 10.1 31.1 98.4 32.0 32.5 159 54.3 38.8 3.3 2.3 1.3 27

1271 180 (�) 5.5 2.96 9.5 30.8 104.1 32.1 30.8 152 56.7 37.5 3.4 1.3 1.1 16

(continued on next page)

M
.A

so
et

al.
H
eliyon

8
(2022)

e11271

18



Ta
bl
e
8
(c
on

tin
ue
d
)

D
at
e

D
ay

s
W
ee
ks

H
em

ol
ys
is

W
BC

(1
03
/

μL
)

R
BC

(1
03
/

μL
)

H
b

(g
/

dL
)

H
t

(%
)

M
C
V

(f
L)

M
C
H

(p
g)

M
C
H
C

(%
)

PL
T

(1
03
/

μL
)

N
eu

tr
op

hi
ls

(%
)

Ly
m
ph

oc
yt
e

(%
)

M
on

oc
yt
e

(%
)

Eo
si
no

ph
ils

(%
)

Ba
so
ph

ils
(%

)
R
et
ic
ul
oc
yt
e
co
un

t
(p
er

m
ill
e)

8/ 17 10
/

28
13

43
19

2
(�

)
4.
4

2.
96

9.
5

29
.0

98
.0

32
.1

32
.8

14
3

55
.6

38
.7

3.
2

1.
4

1.
1

18

20
21

1/ 18
14

25
20

4
(�

)
5.
8

3.
66

11
.3

35
.8

97
.8

30
.9

31
.6

16
7

63
.4

30
.9

4.
0

1.
2

0.
5

15

4/ 12
15

09
21

6
(�

)
5.
2

3.
11

10
.0

30
.7

98
.7

32
.2

32
.6

16
1

55
.0

39
.8

3.
6

1.
0

0.
6

17

7/ 12
16

00
22

8
(�

)
5.
0

3.
05

9.
7

30
.2

99
.0

31
.8

31
.8

12
3

54
.8

38
.8

3.
8

1.
4

1.
2

21

10
/

6
16

86
24

0
(�

)
5.
2

3.
24

10
.1

30
.3

93
.5

31
.2

31
.2

15
1

59
.1

34
.6

4.
2

1.
3

0.
8

17

W
BC

(W
hi
te

bl
oo

d
ce
ll)
,R

BC
(R

ed
bl
oo

d
ce
ll)
,H

b
(H

em
og

lo
bi
n)
,H

t
(H

em
at
oc
ri
t)
,M

C
V
(M

ea
n
co
rp
us
cu

la
r
vo

lu
m
e)
,M

C
H

(M
ea
n
co
rp
us
cu

la
r
he

m
og

lo
bi
n)
,M

C
H
C
(M

ea
n
co
rp
us
cu

la
r
he

m
og

lo
bi
n
co
nc

en
tr
at
io
n)
,P

LT
(P
la
te
le
ts
),
R
D
W

(R
ed

ce
ll
di
st
ri
bu

ti
on

w
id
th
),
N
D
(n
ot

de
te
rm

in
ed

).
(1
þ)

of
H
em

ol
ys
is
:S

er
um

H
b
le
ve

li
s
26

m
g/

dL
to

99
m
g/

dL
,(
�)

of
H
em

ol
ys
is
:S

er
um

H
b
le
ve

li
s
25

m
g/

dL
or

le
ss
.

M. Aso et al. Heliyon 8 (2022) e11271
19
bilateral corneal opacity, and modest proteinuria willingly participated
in this study. Nucleotide sequence analysis of the LCAT gene revealed
that he is homozygous to a missense mutation (c. 278C > T [p. P69L]) in
exon 2 of the LCAT gene [29]. Electron microscopic analysis of the renal
biopsy specimen revealed lipid deposits with a vacuolar lucent appear-
ance in the glomerular basement membrane [29]. Before participating in
the clinical study, the patient rapidly developed proteinuria, the main
reason for deciding to receive LCAT-GMAC implantation. Baseline lab-
oratory parameters included the following: blood urea nitrogen (BUN)
level ¼ 20 mg/dL, serum creatinine level ¼ 0.65 mg/dL, 24-hour urine
protein level ¼ 1,012 mg, hemoglobin level ¼ 12 g/dL, hematocrit ¼
36.7%, total cholesterol (TC) level ¼ 80 mg/dL, LDL-C level ¼ 7 mg/dL,
HDL-C level ¼ 11 mg/dL, and triglyceride level ¼ 111 mg/dL. A
comprehensive list of the patient's clinical parameters is shown in Ta-
bles 5, 6, 7, 8, 9, 10, and 11.

In February 2017, the first-in-human implantation of LCAT-GMACs
into a patient with FLD was performed in Chiba University Hospital. In
this first-in-human study, we evaluated the safety and efficacy of autol-
ogous implantation of LCAT-GMACs as a treatment for FLD.

LCAT-GMAC was generated from preadipocytes from the patient
subcutaneous adipose tissue via retroviral transduction of LCAT cDNA
(diagramed in Figure 1). After treatment of the adipose tissue with
collagenase, lipid-loaded cells were floated by centrifugation. The
floating adipocyte fraction was subjected to ceiling culture for a week
and transduced with a retrovirus vector encoding human LCAT cDNA.
The resulting LCAT-GMACs were expanded for subsequent large-scale
culture. The average copy number of LCAT-GMACs determined by
quantitively PCR was 0.7 copy/cell (Table 3). Karyotyping (Figure 2A
and 2B), soft agar colony formation assay and clonality analysis as
determined by linear-amplification mediated PCR (LAM-PCR) were car-
ried out for safety measures (Figure 2C and 2D). Quality assessment of
the LCAT-GMACs was also performed, including flow cytometry for cell
surface antigens (Table 3). After expansion culture for ten days, LCAT-
GMACs (109 cells) were mixed with fibrinogen and thrombin and
injected subcutaneously into both sides of the inguinal adipose tissues
(see methods, 2.16).

No severe adverse events associated with implantation were
observed, including implantation site reaction or implantation toxicity
(Table 4). There were no clinically essential deteriorations in laboratory
examination parameters related to hepatic and renal functions during
this study (Table 5). Retrovirus-mediated gene transduction has a po-
tential risk of generation of replication-competent retroviruses (RCRs)
[30, 31]. Furthermore, insertional mutagenesis mediated by retroviruses
may be a risk factor for tumors. Polymerase chain reaction (PCR) analysis
of the patient's peripheral blood revealed no evidence of RCRs during the
observation period of 24 weeks and over a follow-up period of three years
(Figure 3).

3.2. Tumorigenicity monitoring and terminal differentiation of implanted
cells into NSG mice

A portion of the LCAT-GMACs derived from the patient were
implanted into NSG (NOD. Cg-PrkdcscidIl2rgtm1Wjl/SzJ) mice [32] to
monitor the tumorigenesis. LCAT-GMACs (107 cells/mouse) were mixed
with fibrin glue [11] and subcutaneously injected into mice. HeLa cells
(105 cells/mouse) were used as a positive-control reference in the
tumorigenicity test. As shown in Figure 4A, HeLa cells developed a
palpable mass by eight weeks after implantation. In contrast, the graft
cell volumes were unchanged in mice implanted with LCAT-GMACs for
24 weeks after implantation.

Histological analysis revealed that mice injected with Hela cells
showed robust tumor development (Figure 4B, the left panel). In
contrast, no sign of tumor development in mice implanted with fibrin
glue only (Figure 4B, the middle panel) or LCAT-GMACs derived from the
patient (Figure 4B, the right panel). In LCAT-GMAC implanted mice, the
implanted cells underwent terminal differentiation into mature



Table 9. Urinalysis (spot urine).

Occult blood
reaction

Urobilinogen Urine sediment

Date Days Weeks RBC WBC Squamous
epithelium

Urate Bacteria Renal Tubular
epithelial cells

Hyaline
casts

Granular
casts

Mucus
thread

Uric acid
crystal

Epithelial
cast

2017 1/25 �29 (2þ) (�) (1–4) (1–4) <1 (1þ) (�) (�) (�) (�) (�) (�) (�)

2/2 �21 (1þ) (�) (5–9) (1–4) <1 (�) (�) (�) (�) (�) (�) (�) (�)

2/22 �1 (2þ) (�) (5–9) (1–4) <1 (1þ) (1þ) (�) (�) (�) (�) (�) (�)

2/24 1 (1þ) (�) (1–4) <1 <1 (3þ) (�) (�) (�) (�) (�) (�) (�)

2/27 4 (1þ) (�) (5–9) (1–4) <1 (�) (�) (�) (�) (�) (�) (�) (�)

3/2 7 1 (2þ) (�) (5–9) (1–4) <1 (3þ) (2þ) (�) (�) (�) (�) (�) (�)

3/9 14 2 (2þ) (�) (5–9) (5–9) <1 (2þ) (�) (�) (�) (�) (�) (�) (�)

3/22 27 4 (2þ) (�) (1–4) <1 <1 (3þ) (�) (�) (�) (�) (�) (�) (�)

4/6 42 6 (2þ) (�) (10–19) (1–4) <1 (�) (�) (�) (�) (�) (�) (�) (�)

4/20 56 8 (2þ) (�) (10–19) (1–4) <1 (�) (1þ) (�) (�) (�) (�) (�) (�)

5/1 67 10 (2þ) (�) 20–29 (5–9) <1 (�) (1þ) (�) (�) (�) (�) (�) (�)

5/18 84 12 (2þ) (�) (1–4) <1 <1 (�) (�) (1–4) (30–49) (�) (þ) (�) (1–4)

6/16 113 16 (2þ) (�) (20–29) <1 <1 (�) (�) (�) (�) (�) (þ) (�) (�)

7/12 139 20 (2þ) (�) (1–4) (1–4) <1 (�) (�) (�) (�) (�) (þ) (�) (�)

8/9 167 24 (3þ) (�) (10–19) <1 <1 (�) (�) (1–4) (10–19) (1–4) (þ) (�) (1–4)

11/1 251 36 (3þ) (�) <1 <1 <1 (2þ) (�) (�) (�) (�) (þ) (�) (�)

2018 1/24 335 48 (3þ) (�) (1–4) <1 <1 (3þ) (�) (�) (�) (�) (þ) (�) (�)

4/24 425 60 (3þ) (�) (10–19) (1–4) <1 (1þ) (�) (�) (�) (�) (þ) (�) (�)

7/9 501 72 (2þ) (�) (5–9) (1–4) <1 (�) (�) (�) (�) (�) (þ) (�) (�)

10/1 585 84 (3þ) (�) (10–19) (1–4) <1 (�) (�) (�) (�) (�) (�) (�) (�)

12/
27

672 96 (1þ) (�) (1–4) (1–4) (5–9) (�) (�) (�) (�) (�) (þ) (�) (�)

2019 3/11 746 108 (1þ) (�) (1–4) <1 <1 (�) (�) (�) (�) (�) (�) (�) (�)

6/3 830 120 (1þ) (�) (5–9) (1–4) <1 (�) (�) (�) (�) (�) (�) (�) (�)

9/2 921 132 (1þ) (�) (1–4) (1–4) <1 (�) (�) (�) (�) (�) (�) (�) (�)

11/
27

1007 144 (2þ) (�) (5–9) <1 <1 (2þ) (�) <1 (1–4) (�) (�) (1þ) (�)

2020 2/17 1089 156 (1þ) (�) (5–9) <1 <1 (�) (�) (�) (�) (�) (�) (�) (�)

5/11 1173 168 (1þ) (�) (1–4) <1 <1 (�) (�) (�) (1–4) (�) (�) (�) (�)

8/17 1271 180 (�) (�) (1–4) <1 <1 (�) (�) (�) (�) (�) (�) (1þ) (�)

10/
28

1343 192 (�) (�) <1 (1–4) <1 (2þ) (�) (�) (�) (�) (�) (�) (�)

2021 1/18 1425 204 (2þ) (�) (5–9) (1–4) <1 (�) (�) (�) (�) (�) (�) (�) (�)

4/12 1509 216 (2þ) (�) (5–9) (1–4) <1 (�) (�) (�) (�) (�) (�) (�) (�)

7/12 1600 228 (�) (�) (1–4) <1 <1 (�) (�) (�) (�) (�) (�) (1þ) (�)

10/6 1686 240 (1þ) (�) (1–4) (1–4) <1 (�) (1þ) (�) (5–9) (�) (�) (�) (�)

RBC (red blood cell), WBC (white blood cell), UUN (urine urea nitrogen), β2-MG (beta2 microglobulin), ND (not determined).
Occult blood reaction, Urobilinogen, Protein, Glucose, Ketones, Specific gravity of urine, pH, Bilirubin and Nitrate of spot urine were determined using Eiken Uro-paper alpha III (Eiken Chemical Co., Ltd.).
Urine sediment was analyzed by Hoken Kagaku, Inc. (�) and (þ) denote negative and positive respectively. (1þ), (2þ) and (3þ) of Calcium oxalate, Urate and Uric acid crystal designate 1–4, 5–9 and 10 or more crystals/
high power field respectively. (1þ) of Bacteria denotes that bacteria are found in all fields. (2þ) of Bacteria denotes that many bacteria are found in all fields.
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Table 10. Urinalysis (24-hour urine collection).

Date Days Weeks Protein
(mg/
day)

Creatinine
(mg/dL)

Creatinine
clearance
(L/day)

Sodium
(g/day)

UUN
(g/
day)

β2-MG
(μg/
day)

2017 1/25 �29 1012 169.3 ND ND ND ND

2/2 �21 712 152.5 ND ND ND ND

2/22 �1 652 133.6 ND ND ND ND

2/24 1 ND ND ND ND ND ND

2/27 4 ND ND ND ND ND ND

3/2 7 1 390 168.3 ND ND ND ND

3/9 14 2 ND ND ND ND ND ND

3/22 27 4 650 277.3 ND ND ND ND

4/6 42 6 ND ND ND ND ND ND

4/20 56 8 ND ND ND ND ND ND

5/1 67 10 ND ND ND ND ND ND

5/18 84 12 1040 125.5 ND ND ND ND

6/16 113 16 ND ND ND ND ND ND

7/12 139 20 ND ND ND ND ND ND

8/9 167 24 1287 181.2 ND ND ND ND

11/1 251 36 833 200.3 ND ND ND ND

2018 1/24 335 48 1890 242.8 ND ND ND ND

4/24 425 60 2097 137.2 161 (�) (�) ND

7/9 501 72 1530 120.0 144 6 5.2 182

10/1 585 84 1698 98.2 180 8 5.2 263

12/
27

672 96 375 152.8 158 2 3.8 84

2019 3/11 746 108 295 82.0 174 4 4.1 <51

6/3 830 120 442 57.3 148 4 4.9 <101

9/2 921 132 177 138.1 170 5 7.4 103

11/
27

1007 144 238 193.0 137 2 4.2 94

2020 2/17 1089 156 515 114.6 160 5 8.2 90

5/11 1173 168 316 132.3 203 9 11.6 96

8/17 1271 180 121 111.7 128 5 8.0 69

10/
28

1343 192 143 199.1 163 3 6.7 110

2021 1/18 1425 204 303 91.3 112 4 6.6 81

4/12 1509 216 310 120.3 161 6 8.1 70

7/12 1600 228 126 123.8 134 5 7.5 50

10/6 1686 240 135 201.9 140 3 7.4 62
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adipocytes (Figure 4B, the right panel), which are believed to be resistant
to tumor development [21]. In addition, periodical MRI scans showed no
sign of occurrence of tumors in the patient.

Immunoprecipitation (IP) Western blot analysis of sera derived from
the LCAT-GMAC implanted mice showed noticeable LCAT proteins after
24 weeks of implantation, suggesting long-term secretion of human LCAT
from the implanted cells (Figure 4C).
3.3. LCAT activity and autoantibodies

Serum levels of LCAT activity pre- and post-implantation are shown in
Figure 5A and Table 6. LCAT activity in the patient increased within 24 h
after implantation (approximately 30% induction of the pre-implantation
mean values: basal level), peaked one week after implantation, and lasted
for two weeks. Thereafter, LCAT activity started to decline rapidly, and it
gradually fell to the pre-implantation level by post-implantation week 10.
It then slowly recovered and almost plateaued 48 weeks after implan-
tation. The mean value at 48 to 240 post-implantation weeks was about
150% of the pre-implantation value (Figure 5A and Tab2le 6). Although
LCAT-GMAC implantation induced long-term LCAT activity in the pa-
tient with FLD, the stationary levels remained at approximately 5% of the
value in a healthy person (392 � 34.1 mU/mL). Despite the induction of
21
LCAT activity by the LCAT-GMAC implantation, no alteration was seen in
the levels of LCAT protein as determined by ELISA, presumably because
of the low level of induction of LCAT protein (Table 6). The LCAT-GMAC
implantation did not result in the development of autoantibodies against
LCAT (Table 6).
3.4. Changes in serum lipid level, lipoprotein-cholesterol level, and
lipoprotein profile

The serum TC level of the patient was markedly low, but his serum
triglyceride (TG) level was within the normal range at the time of eligi-
bility examination. The serum TG level of the patient was within the
normal range (less than 150 mg/mL, Figure 5B and Table 6), except for
the fourth and seventh days after implantation when the levels were
higher than the normal range (175 mg/dL and 158 mg/dL, respectively).
In contrast, the serum TC level of the patient was almost unchanged; it
remained below the normal range (49–94 mg/dL) throughout the study
period (Figure 5B and Table 6). At the time of eligibility assessment, the
patient exhibited severely low serum LDL-C and HDL-C levels. Despite
the induction of serum LCAT activity, the HDL-C level was almost un-
changed after LCAT-GMAC implantation (Figure 5C and Table 6). In
contrast, LDL-C level decreased slightly after implantation, bottomed 16



Table 11. Height, weight and vital signs.

Date Days Weeks Height (cm) Weight (kg) Body
Temperature (�C)

Pulse rate
(BPM)

Systolic blood
pressure (mmHg)

Diastolic blood
pressure (mmHg)

2017 1/25 �29 173.3 56.3 36.4 77 135 79

2/2 �21 172.9 56.7 37.0 76 134 82

2/22 �1 172.9 58.0 36.5 74 117 73

2/24 1 172.9 57.8 36.6 78 107 71

2/27 4 ND 57.6 36.4 68 117 72

3/2 7 1 ND ND ND ND ND ND

3/9 14 2 ND 57.6 36.7 103 134 75

3/22 27 4 173.4 57.6 36.5 65 124 77

4/6 42 6 173.4 57.2 36.8 102 136 79

4/20 56 8 ND 56.8 36.4 82 131 75

5/1 67 10 ND 56.2 36.5 82 135 74

5/18 84 12 172.9 56.0 36.8 80 123 70

6/16 113 16 173.3 56.5 37.0 81 140 88

7/12 139 20 173.0 56.0 36.8 83 137 86

8/9 167 24 173.1 56.5 36.6 68 136 82

11/1 251 36 173.0 53.8 36.7 65 130 73

2018 1/24 335 48 173.0 59.0 36.6 81 155 92

4/24 425 60 173.3 56.9 36.5 79 158 97

7/9 501 72 173.4 55.7 36.7 88 150 99

10/1 585 84 172.8 55.0 36.9 83 157 106

12/27 672 96 173.0 56.1 36.0 98 117 64

2019 3/11 746 108 173.2 55.6 36.3 86 118 71

6/3 830 120 173.2 54.8 36.9 102 112 74

9/2 921 132 173.2 54.2 35.9 74 112 65

11/27 1007 144 172.9 53.5 36.6 80 121 74

2020 2/17 1089 156 173.2 59.7 36.2 68 133 73

5/11 1173 168 173.2 58.6 36.9 68 120 77

8/17 1271 180 172.4 56.7 36.5 74 105 65

10/28 1343 192 173.2 58.1 37.1 67 111 70

2021 1/18 1425 204 172.5 58.2 36.5 64 141 87

4/12 1509 216 172.7 58.8 35.9 78 117 68

7/12 1600 228 172.6 58.4 36.5 76 110 65

10/6 1686 240 173.5 55.2 36.3 75 109 70

ND: not determined.
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weeks after implantation, and gradually increased to pre-implantation
levels 60 weeks after the implantation (Figure 5C and Table 6).

Consistent with the induction of LCAT activity, the free cholesterol
(FC) level decreased rapidly after the implantation and lasted for more
than two years except at 60 weeks; after 144 weeks of the implantation, it
returned to the pre-implantation level (Figure 5D and Table 6). The
LCAT-GMAC implantation rapidly increased the cholesterol ester (CE)
level; after the temporal induction, it declined to below the basal levels
by 60 weeks. After that, it increased modestly above the basal levels and
was almost constant for over two years, except post-implantation weeks
of 72 and 144 (Figure 5D, and Table 6). The %CE/TC showed a change
comparable to that of the CE level (Figure 5D and Table 6). The patient's
maximum %CE/TC increased to approximately 30%, which is still sub-
stantially lower than the normal range of 72%–77%.

The most noticeable change is a marked reduction in the level of
intermediate-density lipoprotein (IDL), which is characteristic of FLD
[33]. As revealed by polyacrylamide disc gel electrophoresis (PAGE)
analysis, the IDL fraction gradually decreased over 24 weeks after im-
plantation (Figure 5E). At 96 weeks after implantation, the lipoprotein
pattern obtained by PAGE analysis was almost indistinguishable from the
typical normal pattern. Based on its strong association with FLD [33], the
reduction of IDL by the LCAT-GMAC may reflect the decrease of LP-X, an
atypical vesicle in FLD, and is widely believed to be at least partially
responsible for the progression of renal disease due to its unesterified
cholesterol content [8, 34].
22
Gel permeation-HPLC (GP-HPLC) analysis revealed a remarkable
alteration of lipoprotein profiles. The most noticeable change was TG
reduction in VLDL fractions by the LCAT-GMAC implantation, as shown
in Figure 6A and Table 7. In contrast, CE, FC, and phospholipid distri-
bution in all lipoprotein fractions were almost unaltered. Furthermore,
FC levels in the very small and the small HDL fractions were markedly
reduced by the LCAT-GMAC implantation (Figure 6B). No apparent
alteration was seen in fraction eight (lp8), previously shown to be asso-
ciated with FLD [35]. The discrepancy between the results obtained using
PAGE and HPLC analyses is due to detecting lipids. In PAGE analysis,
Sudan Black B was used to stain lipids including cholesterol, TG, and
phospholipid [24], whereas HPLC analysis utilizes enzymatic determi-
nation of cholesterol and TG [26, 36].

The plasma levels of major apolipoproteins are shown in Table 6.
Along with HDL-C level, plasma ApoA-I level was almost unchanged by
the implantation. In contrast, ApoB level increased immediately after the
implantation, peaked four to seven days after implantation, decreased
gradually by post-implantation week 4, and remained constant. ApoE
level was almost unchanged before and after LCAT-GMAC implantation.

3.5. Hemolytic anemia

The patient had mild anemia when he was diagnosed at the age of 30
(blood hemoglobin level ¼ 11.3 g/dL; grade I). His blood hemoglobin
level remained in the range of mild anemia from the eligibility



Figure 3. RCR test.
Blood samples taken from the patient implanted with LCAT-GMACs were tested for the presence of RCR using PCR amplification with env-specific primers. Total RNA
from 400 μL of blood samples at the indicated time point was reverse-transcribed (50 ng) and subjected to PCR. The negative control contained no RNA, and the
positive control contained 50 ng total RNA from SupT1 cells mixed with env-expressing GP þ env-AM12 cells (105:1). PCR amplifications were performed using env-
specific primers (labeled, env) or human actin-specific primers (labeled, actin). Gels were stained with ethidium bromide. Uncropped original image of 3 is shown as
supplementary material (S).
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assessment to 240 weeks after implantation (Figure 7A and Table 5).
Further, his serum lactate dehydrogenase (LDH) level, one of the blood
markers of anemia, was slightly higher than the upper limit of the normal
range (266 U/L; normal range: 135–235 U/L) at the eligibility assess-
ment. From immediately before the implantation to four weeks after the
implantation, his LDH level fluctuated around 200 U/L (Figure 7A and
Table 5). However, beyond four weeks after the implantation, his LDH
level stabilized below 200 U/L, except at 84 weeks after implantation
(Figure 7A and Table 5). The hematocrit, mean corpuscular volume
(MCV), and mean corpuscular hemoglobin concentration (MCHC), which
are indicators of anemia, were almost constant within the normal range
(Table 8).

Despite the almost normal MCV and MCHV, visual inspection of the
patient's serum revealed apparent hemolysis before the implantation
(day �29, day �21) and post-implantation days 4, 7, and 27 [indicated
by the red asterisk in the lower portion of Figure 7A and (1þ) in Table 8).
After four weeks following implantation, no visually detectable hemo-
lysis was observed over three years.

We carried out a native-PAGE analysis to distinguish hemolysis that
occurred in vivo or artificially occurred in vitro by blood sampling. By
native-PAGE analysis, a 242-kDa protein was detected visually without
23
staining (Figure 7B). This 242-kDa chromoprotein was detected mainly
in hemolyzed samples but not in serum 20 weeks after the implantation
(Figure 7B). A nano-LC/MS/MS analysis of the 242-kDa protein revealed
that it consists of α and β chains of hemoglobin and haptoglobin. He-
moglobin released in vitro by freezing and thawing in healthy donor
blood migrated for approximately 146-kDa (Figure 7C). Immunoblotting
of the patient's serum using anti-human hemoglobin revealed an addi-
tional 200-kDa protein (Figure 7C).

We also analyzed sera from healthy volunteers that were hemolyzed
due to improper blood draw technique. As shown in Figure 7D, two of the
hemolyzed sera contained low levels of the 242-kDa protein (V2 and V3)
detected by immunoblotting with anti-hemoglobin antibodies. The
serum of volunteer 2 contained markedly high levels of free hemoglobin
(146-kDa, Figure 7D). In hemolyzed sera from healthy volunteers, most
hemoglobin proteins migrate as high molecular weight heterogeneous
polymers, whereas no bands were detectable in pooled serum of healthy
donors (Figure 7D). Immunoblotting with anti-haptoglobin antibodies
revealed a 242-kDa band in volunteer 2 and a 200-kDa band in addition
to a 242-kDa band in volunteer 3 (Figure 7E). Immunoblotting with anti-
haptoglobin antibodies (Figure 7E) showed most haptoglobin proteins in
healthy donors migrate as high molecular polymers. The presence of



Figure 4. In vivo tumorigenicity tests for LCAT-GMAC derived from the patient and control HeLa cells.
Panel A. Graft cell volumes of NSG mice implanted with LCAT-GMACs or HeLa cells. LCAT-GMACs (1 � 107 cells/mouse, n ¼ 10) or HeLa cells (1 � 105 cells/mouse, n
¼ 5) were injected subcutaneously into NSG mice as described in Methods. The graft cell volumes of individual mice are shown in the upper panel. The mean graft cell
volumes are shown in the lower panel. Due to overgrowth of the HeLa cells, one mouse was sacrificed 18 weeks after implantation, and two mice were sacrificed 20
weeks after implantation. The graft cell volumes of LCAT-GMACs implanted into the mice were unchanged, whereas HeLa cells developed a palpable mass by eight
weeks after implantation. No graft cell volume was detected in mice injected with the cell suspension solution without cells (labeled Fibrin glue). Panel B. Histological
findings in subcutaneous engraft of HeLa cells (the left image), cell suspension solution without cells (the middle image), and LCAT-GMACs from the patient (the right
image). Representative images of histological analysis (hematoxylin and eosin staining) are shown. In NSG mice injected with HeLa cells, a robust outgrowth of the
tumor was detected (indicated by asterisks). In contrast, no tumor was observed in mice injected with the cell suspension solution without cells (the middle image) or
LCAT-GMACs (the right image). Note the fat cell accumulation in mice injected with LCAT-GMACs (indicated by arrow heads). Panel C. Western Blot Analysis of
Immunoprecipitation (IP-Western) of sera of mice injected with LCAT-GMACs. Lane H denotes 1 μg of HDL; lane (þ), 1 μg of HDL processed for immunoprecipitation;
lane (�), none; lane PC, serum from HeLa cell injected mouse; lane NC, serum from a mouse injected the cell suspension solution without cells, lanes 1–10, serum from
individual mouse implanted LCAT-GMACs. 100 μL serum samples (except for lane 2, 85μL) were immunoprecipitated and subjected to immunoblotting. The 60-kDa
band detected in lane PC represents HeLa cell-derived LCAT protein, as revealed by IP western of the culture medium of HeLa cells. Uncropped original image of C is
shown as supplementary material (S).
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haptoglobin polymers is discussed below. Based on the results with the
hemolyzed sera of healthy volunteers, the hemoglobin/haptoglobin
complex in FLD patients was not caused by blood sampling.
24
Next, we analyzed the presence of the hemoglobin/haptoglobin
complex using native-PAGE and subsequent immunoblotting. The 200-
kDa and 242-kDa bands recognized by anti-hemoglobin antibodies



Figure 5. Changes in serum LCAT activity, serum lipids and lipoproteins.
(A). Changes in serum LCAT activity before and after LCAT-GMAC implantation. Arrows labeled 10w, and 48w indicate the post-implantation 10 weeks and 48 weeks,
respectively. (B). Serum levels of TG and TC. (C). Serum HDL-cholesterol and LDL-cholesterol levels. (D). Changes in serum free cholesterol (FC), cholesteryl ester (CE)
level and %cholesteryl ester/cholesterol before and after the implantation. CE concentration was calculated according to Okazaki and Yamashita [26]: 1.684 �
(TC-FC) in mg/dL. The dashed line indicates the basal level. (E). Polyacrylamide gel disc electrophoresis of serum lipoproteins. Electrophoretic separation of lipo-
protein fractions was performed according to the procedure as described [24]. Bold arrows indicate IDL fractions.
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appeared on pre-implantation days -29, -21, and -1, and post-
implantation days 1, 4, and 7 (Figure 7F). Except for post-
implantation weeks 20, 48, and 84, the 200-kDa and 242-kDa bands
were barely detectable after seven days following implantation. With
the anti-hemoglobin antibodies, no signal was detected in the pooled
sera from healthy donors. A similar result was obtained with anti-
haptoglobin antibodies (Figure 7G). In healthy donors, most of the he-
moglobin and haptoglobin proteins migrate as high molecular hetero-
geneous polymers. In contrast, only two forms of hemoglobin/
haptoglobin complex were found in the patient. This difference may
relate to the significantly lowered apoA1 level in the patient; apoA1-
containing HDL is shown to be associated with haptoglobin and he-
moglobin [37, 38]. There was no apparent relationship between serum
haptoglobin level and the hemoglobin/haptoglobin complex (Table 5).
These data suggest that the hemoglobin/haptoglobin complex was
generated by intravascular hemolysis. LCAT-GMAC implantation may
prevent the formation of hemoglobin/haptoglobin complex, thereby
improving hemolysis.
25
3.6. Renal parameters, proteinuria, and blood pressure

In the whole course of the study, the patient had a clinically normal
range of renal parameters, including serum creatinine level and cystatin
C-based estimated glomerular filtration rate (Figure 8A and Table 5).
Despite the almost normal renal parameters, the patient had proteinuria
at the time of eligibility assessment. Immediately after the LCAT-GMAC
implantation, the 24-hour urinary protein rapidly dropped to mild pro-
teinuria (390 mg/d, Figure 8B and Tables 9 and 10, category A2, �150
mg/day and <500 mg/day) from severe proteinuria (category A3, �500
mg/day). After four weeks following the implantation, the proteinuria
level gradually increased without deterioration of renal parameters and
peaked at post-implantation week 60 (Figure 8B and Table 10). Consis-
tent with the increased proteinuria, hyaline and epithelial casts were
detected in urinary sediments at 12 weeks and 24 weeks after implan-
tation (Table 9). Furthermore, dozens of red blood cells were detected in
urinary sediments at post-implantation weeks 6, 8, 10, 16, 24, 60, and 84
(Table 9). The increased proteinuria level and the presence of epithelial



Figure 6. Changes in lipids in subclasses of lipo-
protein separated by gel permeation-HPLC (GP-
HPLC).
(A). TG, CE, FC, and phospholipid (PL) levels in the 20
subfractions of lipoprotein separated by GP-HPLC are
shown. Representative data in pre (�1) and-post-
LCAT-GMAC implantation (þ1 day, and 24–240
weeks) are shown. The values in all the time points
are shown in Table 7. CE concentration was calculated
according to Okazaki and Yamashita [26]. (B).
Changes in TC, FC, and CE levels of the small HDL
(subfraction 18) and very small HDL (subfraction 19)
determined by GP-HPLC are shown. (C), Values of TC,
FC, and CE contents are shown in the small HDL
(subfraction 18) and very small HDL (subfraction 19)
separated by GP-HPLC at the indicated time point.
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casts and red blood cells in urinary sediments may be due to the pro-
gression of renal injury.

After 48 weeks of implantation, the patient developed mild hyper-
tension (Figure 8C and Table 10). At post-implantation week 72, the
26
patient started treatment of telmisartan, an angiotensin-receptor blocker
(ARB). However, Telmisartan did not improve hypertension (Figure 8C
and Table 11). Micamlo, a combination tablet of telmisartan and the
calcium-channel blocker amlodipine, was then administered to the



Figure 7. Biochemical parameters of anemia and presence of hemoglobin/haptoglobin complex.
(A). Serum levels of hemoglobin and lactate dehydrogenase (LDH) before and after implantation. Visually detectable hemolysis is indicated by red asterisks. The
dashed line indicates the basal level. (B). Native polyacrylamide gel electrophoresis of serum proteins before and after implantation. The upper panel shows the gel
without staining, and the lower panel shows the same gel stained with Coomassie Brilliant Blue G-250. As described in Methods, 7 μL of serum at the indicated time
points were electrophoresed. Arrows indicate the 242-kDa chromoprotein detected without protein staining. (C). Immunoblot analysis of frozen and thawed blood
(0.01 μL) from a healthy donor (lane 1). Pooled serum of healthy donors (0.1 μL, lane 2) and the patient's serum at pre-implantation day �21 (0.1 μL, lane 3) and post-
implantation day 1 (0.1 μL, lane 4) were subjected to electrophoresis and subsequent immunoblotting (IB) using anti-human hemoglobin antibodies. (D, E).
Immunoblotting of hemolyzed sera from healthy volunteers. Hemolyzed sera (0.1 μL) from healthy volunteers (V1–V4), pooled serum of healthy donors (0.1 μL, N)
and the patient's serum at post-implantation week 20 (0.1 μL, 20w) were electrophoresed and subjected to immunoblotting with anti-human hemoglobin (D) or with
anti-human haptoglobin antibodies (E). (F, G). Immunoblot analysis of patient's serum proteins before and after implantation. The patient's serum (0.1 μL) indicated
time points were electrophoresed and analyzed using immunoblotting with anti-hemoglobin (F) or with anti-human haptoglobin antibodies (G). Uncropped original
images of (B–G) are shown as supplementary materials (BS–GS).
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patient at 84 weeks of implantation. This treatment resulted in the
normalization of his blood pressure (Figure 8C and Table 11).

With the normalization of his blood pressure, the 24-hour urine
protein level rapidly dropped to mild proteinuria from severe
27
proteinuria. Similarly, urinary β2-microglobulin level fell to normal
range after 96 weeks following post-implantation. The reduced protein-
uria lasted over two years after the 96 weeks of the implantation
(Figure 8B and Table 10).



Figure 8. Renal parameters, proteinuria, and blood pressure.
(A) Serum levels of creatinine and cystatin-C-based estimates of glomerular
filtration rate (eGFRcys) before and after implantation are shown. (B) 24-hour
urinary protein and β2-microglobulin levels before and after implantation. Ar-
rows labeled 60w, and 96w indicate the time points the post-implantation 60
weeks and 96 weeks, respectively. (C) Changes in blood pressure. Arrows
labeled 72, and 84 indicate the time points when ARB and ARB plus calcium-
channel blockers were administered to the patient.
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4. Discussion

This study first showed that LCAT-GMAC implantation, an ex vivo
gene therapy, is a safe and effective treatment for FLD. The most notable
finding is that LCAT-GMAC implantation ameliorates hemolysis and
proteinuria in a patient with FLD.

Although LCAT-GMAC implantation induced long-term LCAT activ-
ity, the stationary level remained at approximately 5% of the level in a
healthy person (Figure 5A and Table 6). This level of LCAT activity may
be sufficient for improving the lipoprotein profile, anemia, and protein-
uria. However, it was not enough to improve the HDL-C level and corneal
opacity; the patient did not show apparent improvement of corneal
opacity. Immediately after the implantation, LCAT activity increased and
sustained for two weeks (Figure 5A and Table 6). After that, it started to
decrease and fell to the pre-implantation level by post-implantation week
10, and slowly recovered and almost plateaued 48 weeks after implan-
tation (Figure 5A and Table 6). This decline in LCAT activity may be due
28
to ischemic injury of the implanted cells. It is believed that ischemic
injury of adipocytes occurs from implantation until revascularization
occurs [39]. A similar post-implantation reduction in LCAT activity was
observed in mice injected with syngeneic LCAT-GMACs [11]. The re-
covery of LCAT activity 24 weeks after implantation may be due to
revascularization or remodeling of the blood vessels. Further improve-
ment of LCAT-GMACs by enhancing LCAT copy numbers by using a
highly efficient transduction vector, dose escalation of LCAT-GMACs, the
introduction of an activated form of LCAT, or improved implantation
methods may result in a complete form reversal FLD.

Despite the modest induction of LCAT activity by the LCAT-GMAC
implantation, a marked reduction of IDL fraction was seen in PAGE
analysis (Figure 5E). Based on the association IDL with FLD [33], the
decrease of IDL by the LCAT-GMAC may reflect the decrease of LP-X, an
atypical vesicle in FLD, and is widely believed to be at least partially
responsible for the progression of renal disease due to its unesterified
cholesterol content [8, 34]. Furthermore, GP-HPLC showed a noticeable
reduction of TG in the VLDL fraction by the LCAT-GMAC implantation
(Figure 6A and Table 7). The decrease of FC in the very small and the
small fraction is noteworthy because these lipoproteins are the substrates
for LCAT in vivo (Figure 6B and Table 7). The reduction of FC in the very
small HDL and the small HDL fractions may result in decreased hemolysis
and an improved lipoprotein profile.

Anemia in FLD is believed to be triggered by erythrocyte membrane
vulnerability due to LCAT deficiency. The phospholipid composition of
the erythrocyte membrane was markedly altered in an FLD patient [40].
This alteration may relate to the shape and the osmotic fragility of the
erythrocytes. Our current data suggested that the LCAT-GMAC implan-
tation improved erythrocyte vulnerability. The erythrocyte vulnerability
may cause the occurrence of hemoglobin/haptoglobin complex (Figure 7
panels F and G).

The renal injury in FLD is believed to be caused by the deposition of
excess lipid in the glomerulus, mesangial cells, and renal tubules, as
revealed by electron microscopy [41]. The renal deposition of lipids may
be caused by impaired reverse cholesterol transportation due to defective
LCAT activity. According to Samburek et al., enzyme replacement ther-
apy with recombinant LCAT for a patient with FLD appeared to improve
proteinuria, stabilize renal function, and delay imminent dialysis by eight
months [10]. In this study, a rapid decrease in proteinuria level was
observed immediately after the implantation (Figure 8B and Table 10).
After the rapid reduction of proteinuria, it was worse afterward,
accompanied by the declined LCAT activities (post-implantation weeks
4–36) (Figures 5A and 8B, and Tables 6 and 10). This reduction may
affect the deterioration of renal function.

The reduction in proteinuria level occurred almost simultaneously
with the decrease in blood pressure following an ARB and a calcium-
channel blocker administration (Figures 8B and 8C, and Tables 10 and
11). Renin-angiotensin system (RAS) inhibitors, commonly used anti-
hypertensive drugs, exhibit renoprotective effects, thereby reducing
proteinuria [42]. Combined treatment with calcium-channel blockers
with RAS inhibitors showed no additive renoprotective effects than RAS
inhibitors only [43]. In this study, ARB alone did not reduce blood
pressure and proteinuria (Figures 8B and 8C, and Tables 10 and 11).
Therefore, the effects of combining an ARB and a calcium-channel
blocker on rapidly reducing proteinuria from 96 weeks of the implan-
tation remains unclear. Under the normotensive, immediately after the
implantation, the proteinuria was temporarily reduced to mild levels
(Figures 8B and 8C, and Tables 10 and 11). ARB is shown to have potent
proteinuria reducing effect in addition to the reduction of blood pressure.
Either treatment with telmisartan or valsartan for 12 months reduced the
urinary protein excretion rate (24 h) by approximately 35% from the
baselines in hypertensive patients with type 2 diabetes mellitus and overt
nephropathy [44]. In a case of an FLD patient, losartan treatment com-
bined with a fat restriction reduced proteinuria by 70% after one year of
therapy [45]. In this case, the level of proteinuria remained within the
overt proteinuria. Given the limited effect of ARBs on proteinuria, the
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anti-hypertensives alone cannot account for the urinary protein reduc-
tion in the patient. GMAC mediated supplementation of LCAT appears to
play a part in reducing proteinuria.

Various epidemiological studies showed that not all FLD patients
cause kidney injury. Despite a complete lack of LCAT activity, some pa-
tients do not develop hemolytic anemia or renal disease. In Brazilian
cases of FLD, anemia was observed in 25 out of 38 patients, in almost all
patients with renal insufficiency [2]. A comprehensive and systematic
review of the LCAT deficiency showed that about 50% of patients
develop renal injuries [46]. LP-X is suggested to be the leading cause of
renal injury [8], but the exact cause of renal dysfunction in FLD is un-
known. Although the development of renal injury remains unclarified, a
modest supplementation of functional LCAT may lead to the improve-
ment of renal injury by reducing LP-X. Alternatively, other susceptible
factors may be associated with anemia and renal injury. A modest sup-
plementation of functional LCAT may reduce such susceptible factors.
Further studies are required to elucidate the exact role of LCAT in the
pathogenesis of renal injury.

In conclusion, our current data suggest that GMAC-mediated therapy
appears to be a safe, long-lasting, and promising treatment option for
intractable genetic diseases.

4.1. Limitation of study

Due to the extremely low genetic prevalence of FLD (less than one in a
million), there was a limitation in recruiting patients eligible for this
clinical study. Only a young male carrying missense mutation at proline
69 replaced with leucine willingly participated in this study. There are no
common mutations found in FLD. Therefore, the results obtained using
only one patient with a particular mutation cannot apply to other FLD
patients without limitations. There may be a genetic and environmental
background that may affect the efficiency of LCAT-GMAC implantation.
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