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Fig. 5. Changes in CSF T-tau concentration after ICV HPB-CD therapy. The levels of CSF T-tau gradually decreased after the ICV
HPB-CD therapy, but were transiently increased from the 21 months to 23 months period, when the dose of HPB-CD reached 300 mg
twice a week.

HPB-CD penetrates deeper into the central nervous system beyond the CSF compartment, as suggested by
Ottinger et al. in an animal study [8].

The reported EDs, in NPC mice is approximately about 0.5 mg/kg, with 35 mg/kg administration of
HPB-CD effective for 1 week [4]. An in vitro study using primary cultures of neurons and glial cells from
Npc1~/~ mice also demonstrated that 0.1 mM of HPB-CD is the optimum concentration and that 10 mM is
toxic for cells [15]. Our present data combined with these previous observations suggest that 10 mg/kg
would be a sufficient dose of ICV HPB-CD, although the optimum intervals for ICV injections of HPB-CD
remain unclear. In our experience, the patient looks more alert after several days of HPB-CD injection
according to the parents' observation. Thus, we tried twice a week injections of 200 mg HPB-CD. MRS and PET
study suggested better results, supported by the observation of slightly lower clearance rates of HPB-CD
compared to the CSF turn-over rate of 21-25 mL/h in normal human subjects [13].

In the present study, we showed the efficacy and safety of ICV HPB-CD treatment and the effect on
concentrations of HPB-CD in CSF. However, the optimal dose and dosing intervals for ICV HPB-CD remain
to be determined, necessitating further studies into the mechanisms of HPB-CD action in NPC.

Supplementary data to this article can be found online at http://dx.doi.org/10.1016/j.ymgmr.2014.08.004.
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Trisomy 21 (T21), Down Syndrome (DS) is the most common genetic cause
of dementia and intellectual disability. Modelling DS is beginning to yield
pharmaceutical therapeutic interventions for amelioration of intellectual
disability, which are currently being tested in clinical trials. DS is also a
unique genetic system for investigation of pathological and protective me-
chanisms for accelerated ageing, neurodegeneration, dementia, cancer and
other important common diseases. New drugs could be identified and dis-
ease mechanisms better understood by establishment of well controlled
cell model systems. We have developed a first non-integration-
reprogrammed isogenic human induced-pluripotent-stem-cells (iPSC) mod-
el of DS by reprogramming the skin fibroblasts from an aduli individual
with constitutional mosaicism for DS, and separately cloned multiple iso-
genic T21 and euploid (D21) iPSC lines. Our model shows a very low num-
ber of reprogramming rearrangements as assessed by a high-resolution
whole genome CGH-array hybridisation and it reproduces several cellular
pathologies seen in primary human DS cells, as assessed by automated
high-content microscopic analysis. Early differentiation shows an imbal-
ance of the lineage-specific stem/progenitor cell compartments: T21 caus-
es slower proliferation of neural and faster expansion of hematopoietic
lineage. T21 iPSC-derived neurons show increased production of amyloid
peptide-containing material, a decrease in mitochondrial membrane po-
tential, and an increased number and abnormal appearance of mitochon-
dria. Finally, T21-derived neurons show significantly higher number of DNA
double-strand breaks than isogenic D21 controls. Our fully isogenic system
therefore opens possibilities for modelling mechanisms of developmental,
accelerated ageing, and neurodegenerative pathologies caused by T21.
Stem CELLS 2014, 00:000-000
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Isogenic iPSC model from mosaic Down Syndrome

Trisomy 21 (T21), Down Syndrome (DS) is the most
common genetic cause of intellectual disability and de-
mentia with rising global prevalence [1]. Several pheno-
types have been observed at molecular and cellular
level, that reproduce in primary tissues from human
individuals with T21. Some of these cellular phenotypes
directly map onto clinical components of DS; these in-
clude intellectual disability, defects in cognitive devel-
opment and age-related cognitive decline, Alzheimer’s
disease (AD)-like dementia, epilepsy, congenital heart
defect, childhood leukemia and others [2-12]. Modelling
DS is beginning to yield pharmaceutical therapeutic
interventions for amelioration of intellectual disability
which are currently being tested in clinical trials. New
drugs could be identified by high throughput screening
of chemical libraries using cellular assays, and therefore
well controlled cellular model systems are required. In
order to eliminate effects of wide phenotypic differenc-
es among individuals with DS, the requirement for
many experimental purposes has become the use of an
isogenic iPSC model for DS, where the sole difference
between iPSC lines is the presence of the third chromo-
some 21.

Several recent iPSC models of DS have been developed.
All of these (with one exception) used integrational re-
programming. All of these reprogrammed cells were
derived from fetal, neonatal, or 1 year old infant DS,
actually, three studies [13-15] used the same iPSC lines
as a starting point [16]. Some of these studies report
defects in NPC proliferation [17], neurogenesis [13],
gliogenesis and neurite outgrowth [18], others defects
in synaptic morphology and function, mitochondrial
dysfunction [19] and increased amyloid deposition [15].
Other models show increased propensity to generate
hematopoietic precursors and increased multilineage
myeloid hematopoiesis potential [14,20]. Most of these
results have been generated on non-isogenic compari-
sons, with isogenic lines either serendipitously generat-
ed in cell culture [14,19], or using an ingenious but
complex and laborious approach to silence the third
chromosome 21 [13,21]. In some cases, non-isogenic
lines were pooled with one isogenic line [14,19]. In one
study, a unique case of heterokaryotypic twin fetal cells
was exploited [17]. None of these papers reported a
genome-wide high-resolution array-Comparative Ge-
nomic Hybridization (aCGH) analysis of the resulting
iPSCs for the rigorous measurement of the artificial
copy-number rearrangements known to frequently oc-
cur during the reprogramming process.

Here we present the first iPSC DS model which is both
non-integrationally reprogrammed and fully isogenic,
and the first derived from an adult individual with DS
which is a constitutional mosaic. Furthermore, we verify
the high level of genome integrity of the resulting iPSCs,
by showing a very low number of reprogramming rear-
rangements as assessed by a high-resolution whole ge-
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nome aCGH, and we make entirely isogenic compari-
sons of 3 trisomic and 3 disomic iPSC lines derived from
this model. This approach minimizes the influence of
any copy number fluctuations additional to T21, and
eliminates genotypic difference noise, allowing the
“clean” detection of T21-causing effects. Our model
reproduces several T21 cellular pathologies seen in pri-
mary human DS cells, but hitherto not reported in iPSC
models, such as abnormalities in mitochondrial number
and size, and an increase in DNA double-strand breaks
in neurons.

Detailed methods are shown in Supplementary Data
online.

We generated the iPSCs by non-integration repro-
gramming using temperature-sensitive Sendai virus
[22], from primary skin fibroblasts from a young adult
diagnosed with constitutional mosaicism for DS (strate-
gy illustrated in Supplementary Data Fig. S1). We iso-
lated individual clones (labelled as C[number]), ex-
panded them, and confirmed that they tested positive
for Alkaline-phosphatase expression, and the presence
of markers of pluripotency (Fig. 1A). The Sendai virus
was efficiently removed after 7-10 passages (Fig. 1B).
De-methylation of the endogenous NANOG promoter in
the iPSCs, compared to the parental skin fibroblasts,
was established via bisulfite sequencing (Fig. 1C). Indi-
vidual clones were analyzed by rigorous whole-genome
microsatellite DNA fingerprinting, which established the
presence of clones with T21, and euploid genome
(D21), which are otherwise isogenic (Fig. 1D). In a pre-
liminary RNA-seq experiment, the isogenic iPSCs show
an expected increase in transcript levels for the majority
of HSA21 genes (not shown). The genome integrity of
the resulting iPSCs is of a high level, as was assessed by
high-resolution, whole genome aCGH (Supplementary
Data Fig. S2). The supernumerary HSA21 is intact and
complete in both analyzed trisomic lines (T21C5 and
T21C6), and T21 is stable for at least 17-19 passages,
which is as far as we tested for the presence of T21
(Supplementary Data Fig. S2A). After filtering out the
copy number variations (CNVs) that occur commonly in
healthy individuals (using comparison to the Database
of Genomic Variation, DGV) we made an in silico com-
parison with the published survey of genome-
rearrangement artefacts in iPSC generated by conven-
tional integration-reprogramming [23]. Selecting only
events at the same aCGH resolution and the same pas-
sage number as in our study, we detected a significantly
lower number of un-common CNVs, affecting a signifi-
cantly lower number of genes in our lines, relative to
those generated by classical integrational reprogram-
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ming methods (Supplementary Data Fig. S2B and S2C).
In compliance with international guidelines for iPSC
nomenclature  [24] we name these iPSCs:
NIZEDSM1iD21-C3, -C7 and -C9 for the disomic lines,
respectively, and NIZEDSM1iT21-C5, -C6, -C13 for the
trisomic lines, respectively (henceforward abbreviated
to D21C3, D21C7, D21CY, T21C5, T21C6 and T21C13).
Microsatellite DNA fingerprinting was repeated at later
passages and confirmed that trisomy 21 is retained
through routine passaging (Supplementary Data Fig.
$2D). The isogenic DS iPSC clones can differentiate into
cell lineages of all 3 embryonic layers both in vitro and
in vivo (Supplementary Data Fig. S3).

After 45 days in culture, using neuronal differentiation
via Neuro-EB protocol (see Supplementary Methods),
both disomic and trisomic neuronal differentiation cul-
tures were able to produce mature looking neurons
expressing Blll-tubulin, the inhibitory neurotransmitter
GABA, as well as pre- and post-synaptic markers of exci-
tatory synapses, PSD95 and VGlut (Supplementary Data
Fig. S4A, $4B, respectively). In order to accelerate neu-
ronal differentiation and improve yields, we applied a
directed neuronal differentiation protocol using dual
SMAD inhibition (Noggin and SB431542), combined
with stimulation of retinoid signaling and the addition
of the Sonic Hedgehog agonist purmorphamine [25].
Both trisomic and disomic lines were able to produce
electrophysiologically-active neurons (Supplementary
Data Fig. S4C) that supported spontaneous action po-
tential firing and functional whole-cell current res-
ponses to saturating concentrations of externally-
applied GABA and glycine, observed in neurons from
both D21C3 (at 28 days) and T21C5 lines (at 40 days). In
order to gain an approximate estimate of the propor-
tion of neurons likely to fire spontaneous action poten-
tials, we used Ca2+ imaging and observed multiple Ca2+
transients, which would be indicative of regenerative
spontaneous activity in accord with the firing of spon-
taneous action potentials (FigS5A,B). Quantification of
the numbers of neurons exhibiting calcium transients
over the 1 minute time-course showed no significant
difference between D21 and T21 neurons (Fig S5B). In
addition, under voltage-clamp conditions, we identified
neuronal sensitivities to GABA and glycine which indi-
cates the cell surface expression of functional GABAA
and glycine receptors. This was apparent in most cells
tested, with no difference noted between T21 and D21
cells {(not shown),

To examine early stages of iPSC differentiation an em-
bryoid body (EB) protocol was adopted for both hema-
topoietic and neuronal differentiation, modifying the
published method [26]. For hematopoietic EBs (HEBs)
3,000 live cells in single cell suspension were allowed to
aggregate in a 96-well. Imaging and analysis of HEBs
after 5 days showed that T21 HEBs were significantly
larger than the euploid controls (Supplementary Data
Fig. S6A). This increase in HEB size was caused by an
increase in the cell numbers (Fig. S6B), which at this
stage are predicted to be early haematopoietic meso-
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derm precursors. A similar result was obtained with
early T21 mesodermal colonies derived from tran-
schromosomic mouse ES cells [7]. Although the T21
HEBs gave a higher proportion of CD34+ cells (haema-
topoietic stem/progenitor lineages) on both days 12
and 18 of further differentiation (not shown), there was
no statistically significant difference. By contrast, neural
progenitor cells (NPCs) derived from neuro EBs (NEBs)
showed a reduction in proliferation rate. The cumula-
tive population doublings of trisomic cells was signifi-
cantly reduced during the expansion of NPCs (Supple-
mentary Data Fig. S6C). Increased cell death is unlikely
to be the cause of the observed decrease population
cell doubling, because the proportion of non-viable cells
in the same counts shows no increase in T21 NPCs (Fig
S6D). '

iPSC-derived neurons were analysed after 60 days of
differentiation following the dual SMAD inhibition pro-
tocol (mentioned previously, but here minus purmor-
phamine) that generates multiple classes of projection
neurons from different cortical layers [25]. We ob-
served the typical morphology of neurogenic cortical
rosettes as published [27], and confirmed that after 60
days neuronal differentiation, >95% of cells were Tujl+
(not shown). As this protocol generated 100% excitatory
glutamatergic neurons [25,27], and as no differences in
the composition of cortical layer sub-populations were
observed between DS and normal hiPSCs [15], we think
it unlikely that difference in cell type profiles would be
responsible for the differences between T21 and D21
observed in our results, though we cannot fully rule out
this possibility. Immunostaining of fixed neurons with
an antibody (6E10) raised against the epitopes in the
AB—-peptide, but reactive to all proteolytic fragments of
the amyloid precursor protein {APP) that contain this
epitope, revealed an increase in total amyloid staining
in trisomic neurons compared to isogenic euploid con-
trols (Fig. 2A and B). This demonstrates that increased
amyloid production can be successfully modelled in
these cells. Trisomic neurons also appear to show an
increase in size and number of 6E10-reactive discreet
punctiform aggregates (not quantified, Fig. 2B zoom).
Our staining does not permit us to conclude if these
aggregates are intracellular or extracellular.

To assess mitochondrial membrane potential in neu-
rons, live cells were labelled with JC-10 (Fig. 3A). In
healthy cells JC-10 selective accumulates in the mito-
chondria and forms aggregates with a characteristic
fluorescent emission at 590 nm (orange/red). If mito-
chondrial membrane potential is decreased (due to
damaged/unhealthy cells) JC-10 monomers are formed,
which are released into the cytoplasm, resulting in a
shift to green emission at 525 nm. An increase in both
the size and number of mitochondria were observed in
the trisomic neurons (Fig. 3B and C), consistent with a
previous study in primary T21 neurons which showed
“generalized perturbations” in T21 mitochondrial struc-
ture and function, including a more fragmented mito-
chondrial network [9]. Trisomic neurons also showed a
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decreased mitochondrial membrane potential, as evi-
denced by the increase in green cytoplasmic staining
with JC-10 (Fig. 3D).

Having shown that T21 neurons have a deficit in mito-
chondrial function similar to primary human T21 neu-
rons in vitro, we anticipate that reactive oxygen species
(ROS) production is increased in T21 neurons. Increased
ROS leads to increased DNA damage, as measured by
the proportion of yH2AX foci, an in vitro marker of age-
ing, shown increased in primary fibroblasts from old,
compared to young humans [28], and in primary neu-
rons from old, compared to young mice [29]. We as-
sessed the number of yH2AX foci (Fig. 4A). Fully auto-
mated quantification of approximately 18,000 cells per
cell line showed a significantly increased number of
yH2AX puncta per cell in T21 neurons (Fig. 4B).

In conclusion, we report a first non-integration-
reprogrammed isogenic and high genomic fidelity iPSC
model from an adult with mosaic DS. The model repro-
duces several differentiation, ageing and neurodegene-
ration-related cellular phenotypes associated with DS
pathology, and attributable solely to T21 as a cause.
Particularly intriguing are two observations (Fig. 3 and
Fig. 4) that open a whole set of new interesting mecha-
nistic questions. Increased number of mitochondria in
neurons could be related to increased mitochondrial
fragmentation observed in primary DS cortical neurons
in culture [9]. On the other hand, it is possible that T21
mitochondria in DS neurons, which are high consumers
of energy exclusively derived from oxidative metabol-
ism, are hypofunctional (as has been observed in prima-
ry DS cortical neurons in culture [9]), and the demand
for more energy increases mitochondrial biogenesis.
These hypotheses remain to be tested. Increased num-
ber of DNA double-strand breaks in T21 neurons (Fig. 4)
could be further exploited as a cellular marker of acce-
lerated ageing observed in DS [10,30]. Alternatively,
more genomic instability in the nuclei of post-mitotic
T21 neurons (such as transposition events [31]) could
also explain this observation.

Currently, several interdisciplinary consortia have been
organized to study DS genetics and cellular models inte-
grated with the assessment of the adult population with
DS for neurocognitive function, age-related decline,
presence or absence of dementia and other co-
morbidities (for example, see
http://www.ucl.ac.uk/london-down-syndrome-
consortium,
http://www.psychiatry.cam.ac.uk/ciddrg/research/dem
entia-in-downs-syndrome-dids/). It is therefore impor-
tant to verify that cellular phenotypes under-pinning DS
pathology can also be reproduced in iPSCs derived from
an adult individual with DS, as this had not been re-
ported so far.

Up to 75% of constitutionally T21 concepti sponta-
neously die in utero [10,32 Jsuggesting that in random
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allelic variation, the presence of a third copy of HSA21
has a 75% probability to cause severe phenotypes that
are normally missed. in constitutional mosaicism, T21
with an otherwise deleterious genotype could be res-
cued by a significant (>50%) presence of normal (D21)
cells, which results in varying intensity of clinical DS
defects, often not correlating with the percentage of
trisomic cells in tissues. This presents with a theoretical
(but so far never explored) rationale for T21/D21 cells
derived from a constitutionally mosaic DS individual to
show more contrasting differences in cellular pheno-
types, than comparisons between cells of liveborn 100%
trisomic individuals. Such phenotypes are more likely to
be robust, reproducible, and therefore more amenable
to developing into high throughput screening assays.
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7 Isogenic 1PSC model from mosaic Down Syndrome

Figure 1. Isogenic iPSC model of Down Syndrome generated by reprogramming primary human skin fibroblasts
from an adult individual with mosaic Down Syndrome, using a temperature-sensitive Sendai virus.

A: Images of undifferentiated iPSC colonies from two clones (D21C3, T21C5) after 3 passages; brightfield microphoto-
graphs and Alkaline Phosphatase expression. Further images after immunohistochemistry for pluripotency markers
(SSEA4, TRA 1-60, TRA 1-81). B: Spontaneous elimination of the temperature sensitive, non-integrating Sendai virus
(Ts-SeV) from iPSC cells through routine passaging. Primary human skin fibroblasts were infected with the Ts-SeV for
positive control, and were stained with an antibody against the SeV protein HN-IL4.1 alongside the iPSC colonies at
the indicated passage numbers (P[n]). The agarose gel shows amplification products after RT-PCR, using SeV {and
GAPDH) specific primers 1) D21C3 P5, 2) T21C5 P7, 3) T21C5 P10, 4) D21C3 P10, 5) untransfected fibroblasts, 6) SeV
infected fibroblasts PO, 7) SeV infected fibroblasts PO — reverse transcriptase, 8) H,O C: Demethylation of endogenous
NANOG promoter following reprogramming: bisulfite sequencing analysis of eight CpG dinucleotides in the promoter
region of NANOG using genomic DNA isolated from iPSC D21C3 and T21C5, compared to genomic DNA isolated from
the primary mosaic DS skin fibroblasts that were used for reprogramming. D: (Left hand panels): Graphs showing
semi-quantitative microsatellite PCR analysis for two chromosome 21 {HSA21) markers and for markers from two
euploid chromosomes (HSAS5, 18) using genomic DNA isolated from iPSC clones. Clones T21C5 and T21C6 are trisomic
and Clone D21C3 disomic for HSA21. (Right hand panels): Whole genome microsatellite fingerprint of genomic DNA
isolated from iPSC clones, demonstrating that they are isogenic.
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9 Isogenic iPSC model from mosaic Down Syndrome

Figure 2. Trisomy 21 causes an increase in B-amyloid containing material in and around neurons generated from
iPSCs.

A: Neurons were generated from iPSCs over a 60 day differentiation protocol. Cells were then fixed and stained with
an anti-amyloid peptide antibody (6E10}, which is reactive to amino acids 1-16 in B-amyloid, but detects all APP poly-
peptide forms that contain the epitope. Nuclei were labelled with Hoechst. Scale bar: 100 um. B: Quantification of the
integrated intensity for the 6E10 stain shows an increase of APP expression in T21 neurons compared to the isogenic
D21 neurons. Image capture and quantification was performed using automated multi-parametric analysis on the
ImageXpress Micro XL (Molecular Devices) wide-field high content imaging system, and data analyzed using Meta-
Morph software. Three wells per cell line and a minimum of 6,000 cells per well were analyzed, Student’s T-test, error
bars SEM. Visually, T21 neurons appear to also show more 6E10-reactive aggregates (not quantitated). Zoomed-in
images for T21C6 and D21C7 are shown at the same size and magnification.
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11 Isogenic iPSC model from mosaic Down Syndrome

Figure 3. Trisomy 21 results in an increase in size and number of mitochondria in neurons generated from iPSCs.

A: Neurons were generated from iPSCs over a 60 day differentiation protocol. Live cells were then loaded with JC-10
to assess mitochondrial membrane potential. Healthy mitochondria are labelled in red, while green cytoplasmic stain-
ing indicates that JC-10 is diffusing out of the mitochondria due to decreased mitochondrial membrane potential.
Representative images for each cell line are shown. Image capture and quantification was performed using auto-
mated multi-parametric analysis on the ImageXpress Micro XL (Molecular Devices) wide-field high content imaging
system, and data analyzed using MetaMorph software. A total of 4 wells and a minimum of 1,500 cells per cell line
were imaged and analyzed. Scale bar: 100 um (identical scale for all images). B: Quantification of the number of mito-
chondria per cell, and {C) the mean mitochondrial area show that both are increased in T21 neurons compared to the
isogenic D21 neurons. D: Quantification of the integrated intensity for the green signal generated by JC-10 shows de-
creased mitochondrial membrane potential in T21 neurons compared to the isogenic D21 neurons. Student’s T-test,
error bars SEM.
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13 Isogenic iPSC model from mosaic Down Syndrome

Figure 4. Trisomy 21 causes an increase in DNA damage in neurons generated from iPSCs.

A: Neurons were generated from iPSCs over a 60 day differentiation protocol. Cells were then fixed and stained with a
yH2AX antibody to detect DNA double-strand breaks. Nuclei were labelled with Hoechst. Scale bar: 100 um. Enlarged
insets for D21C3 and T21C5 double stained with Hoechst and yH2AX antibody are shown as examples below main
images. B: The number of yH2AX puncta per cell is significantly increased in T21 neurons compared to the isogenic
D21 neurons. Image capture and quantification was performed using automated multi-parametric analysis on the
ImageXpress Micro XL (Molecular Devices) wide-field high content imaging system, and data analyzed using Meta-
Morph software. Three wells per cell line and a minimum of 6,000 cells per well were analyzed. Student’s T-test, er-
ror bars SEM.
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Abstract: MSUD is a hereditary metabolic disorder that is
characterized by impaired activity of the BCKADC. Liver
transplantation has been approved as a treatment for some MSUD
cases in which the control of BCAAs is insufficient. Although there
have been several reports about DDLT for MSUD, few LDLT cases
have been reported. Because either of parents who are heterozygote of
this disease usually applies to be a candidate of donor in LDLT, the
impairment of BCKADC activity of graft liver should be concerned.
We performed LDLT for 10 month-old girl with a left lateral segment
graft from her father. BCKADC activities of the patient and her
parents were measured using lysates of lymphocytes isolated from
peripheral blood specimen before the transplant. As a consequence, the
activity of BCKADC of father was not inferior to a normal range. The
patient tolerated the operation well. Postoperative course was
uneventful and mixed milk was started at 8th POD. The serum BCAAs
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the future.

MSUD is an autosomal recessive metabolic dis-
order characterized by impaired activity of the
branched-chain alpha-keto acid dehydrogenase
complex (BCKADC). It leads to the accumula-
tion of BCAAs and branched-chain alpha-keto
acids. From early stage after birth, patients pres-
ent the symptoms such as poor suckling, milk
vomiting, apnea, convulsion, ketoacidosis, and
so on, and psychosomatic growth is also affected.
The early diagnosis and giving low BCAA milk
is a basic treatment policy. The prognosis is rela-
tively good by appropriate treatment. However,
the risk of chronic cognitive impairment, mental

Abbreviations: BCAAs, branched-chain amino acids;
BCKADC, branched-chain acid dehydrogenase complex;
DDLT, deceased donor liver transplantation; LDLT, living
donor liver transplantation; MSUD, maple syrup urine dis-
ease; PBMC, peripheral blood mononuclear cells; POD,
postoperative day.
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levels have remained within normal range. It should be necessary to
follow the physical growth and mental development of the recipient in
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illness, and sudden death cannot be avoided in
some occasions under the nutritional control (1).

Liver transplantation has been approved as
one of the treatments for MSUD, when the
patient is difficult to be controlled for BCAAs
with designed diet. Since the first report of the
liver transplant for the MSUD was published in
1994 (2), there have been several reports about
DDLT for MSUD and they have produced
almost positive results (3). However, so far, few
LDLT cases have been reported (4).

In Japan, as the number of DDLT has not
increased so much, LDLT has still been a major
modality. The problem in case of autosomal
recessive heredity disease for living donation is
that both parents are heterozygote. Because
either of parents is usually selected as a donor
candidate in LDLT, impairment of BCKADC
activity of the graft liver in the heterozygote
should be concerned. Although there are some



reports of LDLT from heterozygote in other
autosomal recessive heredity diseases (5), feasi-
bility of the heterozygous living donor has not
been well described so far in the MSUD.

Case report

Patient was a 10-month-old girl. At gestational
age of 38 wk and one day, she was delivered via
cesarean operation because of breech presenta-
tion. There was no positive hereditary history
related to congenital metabolic disorders in her
family members.

As a result of mass screening submitted at
five days old, leucine was 15.5 mg/dL and the
blood gas analysis showed metabolic acidosis
with respiratory compensation. As a result of
tandem mass spectrometry at eight days old, leu-
cine (35.0 mg/dL), valine (10.3 mg/dL), leu-
cine + isoleucine (33.9 mg/dL) were high, and
therefore, MSUD was diagnosed.

By diet management using the BCAAs removal
milk and control of total calories, reduction in
blood leucine, isoleucine, valine levels was tried.
However, BCAA level was difficult to be con-
trolled and stabilized well. When even one kind of
amino acid became insufficient, weight gain
became poor, and when even one kind of amino
acid became excess in supply, she developed meta-
bolic acidosis. Because of the difficulty in the med-
ical control, liver transplantation was considered.

Because of the limited deceased donor avail-
ability in Japan, LDLT from one of the par-
ents was considered. BCKADC activities of
the patient and her parents were measured
using lysates of lymphocytes isolated from
peripheral blood specimen (6). Mother showed
a lower activity than normal control group,
but father’s activity was not inferior to a nor-
mal range (Table 1). Each parent was willing
to be a donor, but father was judged theoreti-
cally as the better donor. Because the father
showed some hepatic steatosis at the first

Table 1. Mother showed a low activity than a normal control group; however,
father's activity was not inferior to a normal control group

BCKADC activity (pmol isovalery-CoA/min/108 cells)

Subject 1st 2nd 3rd Average
Lower than Lower than Lower than Lower than

Patient sensitivity sensitivity sensitivity sensitivity

Father 7.0 6.8 58 6.5

Mother 25 36 2.5 2.9

Control 1 6.2 44 6.9 58

Control 2 4.1 49 45 45

Normal 57+ 18

average

LDLT for MSUD

examination, in the re-assessment by liver
biopsy after three months of diet, father was
finally judged as the suitable donor.

Domino transplant was considered and the
potential recipients (two recipients including the
possible backup one) had been selected. How-
ever, just before the scheduled transplant, one
donor died, and the other declined due to the
social problem. Because the LDLT for the
MSUD patient has the priority, the domino
transplant in this case was canceled.

The patient underwent LDLT using a left lat-
eral segment graft from her father. Operation
time was 12 h, 23 min. Graft was 203 g in
weight. Graft to recipient weight ratio was
2.69% (recipient body weight at the transplant
was 7545 g). Cold ischemic time was 74 min and
warm ischemic time was 45 min. The patient tol-
erated the operation well except for an episode
of severe acidosis probably due to a stress of
operation. Acidosis was spontaneously corrected
immediately after the implantation of the graft,
and it did not cause serious problems thereafter.

Postoperative course was uneventful in the
early period. The liver function improved
smoothly. However, after seven wk, she began to
suffer from repeated vomiting. Adhesive intesti-
nal obstruction was suspected, and she under-
went relaparotomy and bowel resection with
enteroclysis for this at 55th POD.

In terms of nutrition, mixed material of
BCAAs removal milk and the common for-
mula milk was started at 8th POD. The
serum BCAAs levels have remained within
normal range after that (Fig. 1). Preoperative
daily natural protein intake was set as 0.46 g/
kg/day. At six months after the transplant,
daily natural protein intake has been gradu-
ally increased to 1.1 g/kg/day by increasing
the amount of the mixed material and the
proportion of the common formula milk
(Fig. 2). As far as leucine goes, the tolerance
increased from 50 to about 164 mg/kg/day
according to an estimate by leucine content of
the milk.

Discussion

Modality of treatment for the MSUD is still con-
troversial in selection of liver transplantation or
continued medical treatment. In previous reports
about the intelligence prognosis after a liver
transplantation for MSUD, the new liver did not
restore the mental impairment (preoperative 1Q
<70) but did prevent further mental deterioration
(3). The neurological outcome in MSUD is
affected by quality of long-term metabolic con-
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trol and variation in BCAAs levels in plasma
(7, 8), especially during the period of rapid brain
growth of infancy (9). Therefore, concerning the
life and mental prognosis, when the medical
treatment is difficult and BCAA levels tend to be
unstable, liver transplantation should be consid-
ered not too late.

The number of DDLT is still limited in num-
ber in Japan, and the donated liver is allocated to
more life-threatening patients. That is why
patients with a congenital metabolism disease
with some alternative treatments have to wait
their turns for DDLT for a long time. Therefore,
it is expected that the LDLT for the congenital
metabolic disease such as MSUD will continue
to play a further important role in the future.

BCKADC is expressed and metabolically
active in liver, muscle, heart, and so on. Only 9—
13% of BCKADC activity exists in the liver (10).
Therefore, from a number of experiences of the
past DDLT, it is expected that about 10% of
normal BCKADC activity is sufficient to main-
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Fig. 2. The protein tolerance
increased from 0.46 to 1.1 g/kg/
day at six months after the
transplant.

tain blood amino acid homeostasis in unre-
stricted protein intake (11). In DDLT cases for
the MSUD, it is thought that BCKADC activity
of the liver graft is approximately normal. How-
ever, in LDLT from either of parents, theoreti-
cally lower activity of BCKADC in the graft
liver would cause poor improvement of BCAA
metabolism after the transplant. In the present
case, we evaluated the BCKADC activity of par-
ents in advance. There was no clear cutoff level
fixed for discrimination of the heterozygote, and
accuracy of the BCKADC activities measured
using peripheral blood specimen was controver-
sial. However, in comparison of the parents,
father had higher BCKADC activity than
mother, and the father was chosen as the donor.
In terms of donor selection, direct enzyme
activity assay using the specimen taken by liver
needle biopsy of the potential donor who was
one of the heterozygous parents can be consid-
ered. However, needle biopsy should have
more significant merit over the less harmful



examination to respect the donor safety in the
setting of LDLT. In this case, using the lysates of
PBMC lymphocytes, BCKADC activity of het-
erozygote was predicted 50%, and this was con-
sistent with past reports. Considering the
relatively small percentage of the defective
enzyme in the liver in MSUD, we judged that
50% would be enough and that more specialized
examination is unnecessary clinically.

The recipient has been doing well so far at the
timing of this writing that is six months from the
transplant. By assessment of the biochemical
improvement of amino acid metabolism, LDLT
using a liver graft from the heterozygous parent
was quite effective. For the final evaluation of
the usefulness of the LDLT from parents of the
MSUD, however, long-term follow-up of her
growth and development is essential.
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Introduction

Abstract

Objectives GM1-gangliosidosis is an inherited disorder characterized by the
accumulation of GM1-gangliosides in many tissues and organs, particularly in the
brain. Currently, there is no treatment available for patients with ganglioside
storage diseases. Therefore, we investigated the effects of cyclodextrins (CyDs) on
the GM1-ganglioside level in EA1 cells, fibroblasts from patients with GM1-
gangliosidosis.

Methods The concentrations of cholesterol and phospholipids in supernatants
were determined by Cholesterol E-test Wako and Phospholipid C-test Wako,
respectively. The effects of CyDs on GM1-ganglioside levels in EA1 cells using
fluorescence-labelled cholera toxin B-subunit, which can bind to GMI-
gangliosides specifically, were investigated by flow cytometry and confocal laser
scanning microscopy.

Key findings The treatment with methylated CyDs, hydroxypropylated CyDs
and branched CyDs decreased GM1-ganglioside levels in EA1 cells at 1 mm for
24 h. Unexpectedly, there was no significant change in the efflux of cholesterol or
phospholipids from the cells after treatment with CyDs under the same experi-
mental conditions, indicating that the efflux of membrane components is not
associated with down-regulation of GM1-ganglioside levels in EA1 cells upon
CyDs treatment.

Conclusions CyDs may have the potential as drugs for GM1-gangliosidosis,
although the mechanism should be thereafter clarified.

GM-gangliosidosis is a rare lysosomal storage disorder
characterized clinically by a wide range of variable
neurovisceral, ophthalmological and dysmorphic features.!!
Without enough functional p-galactosidase which in
humans is encoded by the GLBI gene, GM1-gangliosides
cannot be degraded in lysosomes, and eventually GM1-
gangliosides accurnulate to toxic levels in many tissues and
organs, particularly in the brain.!"! Several approaches for
the treatment of GM1-gangliosidosis were developed, such
as enzyme replacement therapy,”” gene therapy,””! chemical
chaperone therapy.”! However, at present, there is no
treatment available for patients with ganglioside storage

diseases.”” Therefore, development of novel drugs for GM1-
gangliosidosis is needed.

Cyclodextrins (CyDs) are cyclic oligosaccharides forming
inclusion complexes with a wide range of hydrophobic mol-
ecules, and are used widely in pharmaceutical region.!
Uekama and his colleagues previously reported that CyDs
extracted cell membrane components such as cholesterol
and phospholipids from lipid rafts, which contain high con-
centrations of cholesterol and glycosphingolipids including
GM1-gangliosides.”! Meanwhile, the administration of
2-hydroxypropyl-B-CyD (HP-B-CyD) to mice lacking
Niemann-Pick disease type C (NPC) protein was reported
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