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Therefore, this study was capable of induction of high-quality iPS
cells generated by the SeVdp. Furthermore, these data suggest that
massive accumulation of Gb3 in Fabry-iPS cells may result in abnormal
processes of differentiation into different cell types, and this effect may
result in lower efficiency of differentiated cell production or less cell
proliferation/abnormal processes. Furthermore, ultrastructural patho-
logical changes from Fabry fibroblasts were observed in Fabry iPS
cells, including less tightly packed membranous cytoplasmic bodies
(MCBs). Most likely, the less tightly packed or immature MCBs observed
in Fabry iPS cells are caused by early ultrastructural changes in cells of
human Fabry disease at the stage of pluripotent stem cells and early
lineage differentiation. There are no obvious morphological or ultra-
structural differences in Fabry iPS cells generated by the retrovirus or
Sendai virus vector.

5. Conclusions

We successfully generated genome integration-free iPS cells from
fibroblasts of Fabry disease using SeVdp. These hiPS cells exhibited
ultrastructures similar to those of HDF derived cells but also had
inclusions that were immature compared to those of skin fibroblasts
of Fabry disease, as determined by electron microscopic analysis. This
could have potential abnormal consequences on cell differentiation/
proliferation into different cell types such as cardiomyocytes, neuronal
cells, etc. because of so many abnormal morphological features in lyso-
somes, possibly the persistent damages of intracellular architectures.
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Novel interferon-based pre-transplantation conditioning in the treatment
of a congenital metabolic disorder

Taku Sato,"? Mahoko lkeda,! Satoshi Yotsumoto," Yohta Shimada,® Takashi Higuchi,* Hiroshi Kobayashi,3®
Takahiro Fukuda,® Toya Ohashi,®® Toshio Suda,” and Toshiaki Ohteki'-?
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Science, The Jikei University School of Medicine, Tokyo, Japan; and "Department of Cell Differentiation, The Sakaguchi Laboratory of Developmental Biology,
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Hematopoietic stem cell (HSC) gene therapy is a potentially curative treatment modality

m for monogenic hematological diseases and storage disorders. It is necessary, however, to
* Type | IFN preconditioning establish pre-bone marrow (BM) transplant conditioning regimens that minimize DNA
enhances HSC engraftment damage and toxicity. Type | interferon (IFN) signaling activates quiescent HSCs and
efficiency. enables them to be sensitive to 5-fluorouracil (FU)-mediated cytotoxicity, thus implying

* |FN-based pre-transplant a molecular basis for improving HSC transplant outcomes. Here we show that type | IFN
conditioning is applicable preconditioning, without irradiation or DNA alkylating agents, significantly enhanced the

to the treatment of SI HSC engraftment efficiency in wild-type (WT) recipient mice. The importance of active type
Hiinn I IFN signaling in HSC reclpnents. w.as further demonstrated usmg mlf:e lacking IFN

Sy regulatory factor 2 (IRF2), a transcriptional suppressor of type | IFN signaling. In both WT
and Irf2~/~ recipients, active type | IFN signaling greatly enhanced the sensitivity to 5-FU or low-dose irradiation of HSCs. Importantly,
IFN-based pre-BM transplant conditioning was also applicable to the treatment of Sly syndrome, a congenital storage disorder with
B-glucuronidase deficiency, in which it restored enzyme expression at the HSC level and reciprocally reduced pathological
glycosaminoglycan storage. Our findings suggest type | IFN-based preconditioning, combined with HSC transplantation, as a novel

nongenotoxic treatment of some congenital diseases. (Blood. 2013;121(16):3267-3273)

Introduction

In the treatment of malignant hematopoietic disorders with
allogeneic hematopoietic stem cell transplantation (HSCT), high-
dose total body irradiation (TBI) or DNA alkylating agent (busulfan)-
based regimens are commonly used for conditioning prior to the
transplant.l Such myeloablative preconditioning is necessary to
eradicate the underlying diseases, suppress the immune system,
and improve acceptance of the engrafted donor hematopoietic
stem cells (HSCs); however, it also causes severe late toxic
effects, such as pneumonitis, cataract, obstructive bronchiolitis,
liver venom-occlusive disease, hemorrhagic cystitis, and secondary
malignancies.”

In addition to the treatment of malignant hematopoietic dis-
orders, HSCT combined with pre-conditioning can successfully
eradicate some nonmalignant hematologic diseases, including sickle-
cell anemia, thalassemia, and some inborn errors of metabolism, for
which the donor cells act as a permanent source of a deficient
enzyme.> For such disorders, autologous transplantation with
genetically corrected HSCs is being studied as a therapeutic al-
ternative to allogeneic HSCT in both animal models and clinical
trials.*> In this context, partial replacement of the hematopoietic

system with normal syngeneic or gene-modified autologous HSCs
is sufficient to treat several congenital hematopoietic disorders.®”’
Thus, the development of a preconditioning regimen that does not
use irradiation or alkylating drugs will increase the applicability of
autologous HSC gene therapy for the treatment of several mono-
genic diseases of the blood and immune system, as well as for
storage disorders.®

Appropriate regulation of HSC quiescence is thought to be
crucial to preserve their lifelong function. In this context, HSCs are
efficiently activated in vivo by interferon (JIFN)-a in STAT1 and
PKB/Akt-dependent manners, and thus HSCs primed with IFN-«
are efficiently eliminated by 5-fluorouracil (5-FU), a chemotherapy
agent with little or no carcinogenicity,” in vivo.!®!? In addition,
IFN regulatory factor 2 (IRF2), a transcriptional attenuator of type-
I IFN signaling, is essential for preserving the quiescent status,
self-renewal, and multi-lineage differentiation capacity of
HSCs.'? Based on this background, we applied our type I IFN
preconditioning regimen to the treatment of a murine model of Sly
syndrome,13 a congenital storage disorder, and successfully treated
the disease.
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Methods
Mice

We obtained C57BL/6 (B6) mice from Clea, B6.SJL-ptprca (B6.SJL) mice
congenic at the CD45 locus (CD45.17CD45.27) from Taconic, B6.Ifinarl '~
mice from B & K Universal (Grimston, UK), and B6.]rj2_’_ mice from T.W,
Mak of the Campbell Family Institute for Breast Cancer Research (Toronto,
Canada). MPS VII model mice (B6.C-H2-Kbml/ByBir-Gusbmps/J) were
purchased from the Jackson Laboratory. Irf2™/" Ifnarl ™~ mice were
generated by crossing B6./7f2~'~ mice with B6.Ifnar] ™/~ mice. All mice
were maintained in our specific pathogen free animal facility, and all
experiments using mice were approved by the Institutional Animal Care
Committee of Tokyo Medical and Dental University.

Transplant protocol

Prior to bone marrow (BM) transplant, the recipient mice received 10 mg/kg
body weight (BW) of polyI:C on day 0 and day 2; 5-FU was administered on
day 4 at either 150 mg/kg BW for wild-type (WT) and MPS VII mice, or
75 mg/ kg BW for Ir/2*/~ and Ir/2™/~ mice. LD-TBI was performed on day
6 with 1.5 Gy or 3 Gy. Four hours after LD-TBI, the recipients were injected
with unfractionated fresh BM cells.

Flow cytometry

We used monoclonal antibodies against the following molecules for flow
cytometric analysis (antibody name in parentheses): c-Kit (2B8), Sca-1
(E13-161.7), CD3 (145-2C11), CD4 (GK1.5), CD8 (53-2.1), B220 (RA3-
6B2), the erythroid-cell marker TER-119 (TER-119), CD49b (DX5), Gr-
1 (RB6-8C5), CD11b (M1/70), CD25 (PC61.5), CD45.1 (A20), CD45.2
(104), CD41 (eBioMWReg30), and CD48 (HM48-1), all from eBio-
science (San Diego, CA), and CD150 (TC15-12F12.2) from BioLegend
(San Diego, CA). We used a mixture of monoclonal antibodies specific
for CD4, CD8, B220, TER-119, Gr-1, CD49b, and CD11b as a lineage
marker for BM cells. Fluorescence-activated cell sorter (FACS) analysis
was carried out using FACSCalibur (BD, Franklin Lakes, NJ), FACS
Cantoll (BD), and MoFlo cell sorter (Beckman Coulter, Fullerton, CA) in
conjunction with FlowJo (Tree Star, Ashland, OR) software. For the flow
cytometric analysis of B-glucuronidase (GUSB)-positive cells, BM or
peripheral blood (PB) cells were suspended at a concentration of 2 X 10%
mL in Dulbecco’s modified Eagle medium containing 2% bovine serum
albumin and 12.5 pM ImagGene Green C12-FDGIcU substrate (Molec-
ular Probes, Eugene, OR). Samples were incubated at 37°C for 30
minutes and were then washed once in cold FACS buffer. The cells were
resuspended in FACS buffer and thereafter stained for cell surface
molecules.

DNA damage analysis

Sorted BM Lin'Scal "c-Kit™ (LSK) cells were cytospun, fixed with para-
formaldehyde, and permeabilized with 0.25% Triton X-100. The cells were
then blocked with 1% bovine serum albumin in phosphate-buffered saline
(PBS), and incubated with the anti-phospho-Histone H2A.X antibody (Cell
Signaling, Danvers, MA) at 4°C overnight. After being washed with PBS, the
cells were then incubated with an Alexa Fluor 488-conjugated goat anti-rabbit
1gG antibody (Molecular Probes) for 45 minutes at room temperature. The
nuclei were stained with 4,6 diamidino-2-phenylindole. The stained slides
were mounted using Vectashield (Vector Laboratories, Burligame, LA), and
the fluorescent images were analyzed on a Leica DM4500 B fluorescence
microscope with Leica FW4000 software.

GUSB-specific histochemical studies

Organs were frozen, sectioned at a 10-um thickness, and stained for en-
zymatically active GUSB using naphthol-AS-BI--D-glucuronide (Sigma,
St. Louis, MO) as the substrate.'*
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Biochemical studies

The activity of GUSB in the tissues was assayed as described.'® The amount
of chondroitin sulfate (CS) and dermatan sulfate (DS) in the spleen, liver, and
heart was measured as described.!®

Histopathological studies

Each organ was fixed with 4% paraformaldehyde and 2% glutaraldehyde in
PBS, embedded in Epon 812 resin, sectioned at 1-pum thickness, and then
prepared and stained with toluidine blue. Slides were then examined
microscopically to detect lysosomes.'

Statistical analyses

We evaluated the statistical significance of the obtained values by Student’s
t test. We considered a P value of < 0.05 as significant.

Results
Type | IFN-based preconditioning permits HSC replacement

We first determined whether type I IFNs are potent in and
applicable to bone marrow transplantation (BMT) precondition-
ing. Five million whole BM cells from WT mice (CD45.1%
CD45.2%) were transplanted into congenic WT recipients
(CD45.17CD45.27) pretreated either with poly(I:C), which is
a representative type I IFN inducer, 5-FU, or both, according to
our protocol (supplemental Figure 1). Notably, 7 to 8 months
after BMT, the PB from recipients preconditioned with both poly
(I:C) and 5-FU had substantially higher numbers of donor-
derived (CD45.17CD45.2%) B and myeloid cells than the PB
from unconditioned recipients or those preconditioned with poly
(I:C) or 5-FU alone (Figure 1A). These changes over time after
BMT were shown in supplemental Figure 2A-B. Thus, pre-
conditioning immunocompetent mice with a type I IFN inducer
establishes the long-term hematopoietic reconstitution of con-
genic donor BM cells without the use of TBI or alkylating agents,
which cause DNA damage and associated toxicities. To confirm
this advantage, we evaluated the DNA damage using a YH2AX
assay. YH2AX was not induced in the BM LSK cells of WT mice by
poly(:C) injection, whereas it was clearly detected by 1.5Gy TBIL
In addition, prior poly(I:C) injection did not increase the
percentage of YH2AX-expressing cells among the 1.5-Gy TBI
LSK cells (supplemental Figure 3A-B), suggesting that the type-
1 IFNs do not predispose LSK cells, which include HSCs, to
DNA damage.

To assess whether the preconditioning potential of poly(I:C) is
enhanced by low-dose (LD)-TBI, recipient WT mice precondi-
tioned with poly(I:C) alone, 5-FU alone, or both poly(I:C) and
5-FU were exposed to LD-TBI (1.5 Gy or 3 Gy) 4 hours before
BMT (supplemental Figure 1). At 7 to 8 months after BMT, the
numbers of donor-derived B and myeloid cells in the PB were
dramatically enhanced in the mice preconditioned with poly(I:C)
plus LD-TBI as compared with mice preconditioned with LD-TBI
alone or with 5-FU plus LD-TBI (Figure 1B). These changes over
time after BMT were shown in supplemental Figure 4A-B. In this
context, preconditioning with combined poly(1:C), 5-FU, and LD-
TBI did not further improve the exogenous HSC engraftment over
that of poly(I:C) and LD-TBI without 5-FU. In any case, these
results indicate that type I IFN-based pre-transplant conditioning in
immunocompetent recipients permits the engraftment of multi-
lineage, long-term repopulating donor HSCs.
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Figure 1. Type | IFN-based preconditioning permits A 30 - k%
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IRF2 deficiency promotes HSC replacement

IRF2 is a transcriptional attenuator of type I IFN signaling.”‘18

Previously, we showed that the number of quiescent HSCs is greatly
reduced in Irf2~/" mice due to impairment of the self-renewal
potential of HSCs.'? As Irf2™~ mice are continuously conditioned
by elevated type I IFN signaling, we examined whether donor HSCs
could easily be engrafted in Irf2™~/" mice pretreated with 5-FU or
LD-TBI alone. As expected, 4 months after BMT, up to 90% of the
myeloid cells and between 60% and 90% of the B cells were found
to be donor-derived in 3 of 8 Irf2~/~ mice preconditioned with
5-FU alone; in contrast, no donor cells were engrafted in Irf2*/~
mice receiving the same treatment (0 of 15 mice [0%]) (Figure 2).
Likewise, LD-TBI (1.5 Gy) preconditioning greatly increased the
percentages of donor-derived myeloid and B cells, up to 90% in 5 of
7 and 4 of 7 Irf2™/~ mice, respectively (Figure 2). Of note, these mild
preconditioning treatments induced minimal donor cell engraftment
in some frf2~’" mice. In contrast, LD-TBI preconditioning was
much less effective in Ir/2™~ mice. Donor-derived cells comprised
between 10% and 50% of the myeloid and B cells in 7 of 15 Irf2 ™/~
mice preconditioned with LD-TBI, whereas hardly any were detected
in either the Irf2~/" or Irf2*/~ mice without 5-FU or LD-TBI
treatment (Figure 2). Importantly, the engraftment promoted in

1.5Gy 3Gy

Irf2~’~ mice was abolished in Irf2 "~ Ifnar] '~ mice (supplemental
Figure 5), confirming the importance of active type I IFN signaling
for preconditioning the HSCs in BMT recipients, and indicating that
continuous type I IFN signaling in the absence of IRF2 makes HSCs
more sensitive to 5-FU or LD-TBI treatment.

Collectively, these results suggest that preconditioning with type I
IFNs establishes a receptive environment for donor cells without the
harmful side effects of TBI or alkylating agents, and that this ap-
proach may be applicable to BMT therapy for congenital hema-
topoietic disorders.

Type | IFN-based preconditioning applied to Sly syndrome

Mucopolysaccharidosis type VII, also known as Sly syndrome, is an
autosomal recessive lysosomal storage disease characterized by
a deficiency of the enzyme GUSB in humans.'> GUSB deficiency
leads to an accumulation of certain complex carbohydrates, muco-
polysaccharides, in the lysosomes of most cell types in many tissues
and organs.'® These distended “foamy” lysosomes disrupt tissue
structure and function, which leads to changes in their phenotypes
(eg, reduced lifespan, skeletal dysplasia, mental retardation, and
auditory and visual impairment).19 Importantly, BMT can restore the
defective lysosomal enzyme in patients; hemopoietic cells supply the
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Figure 2. IRF2 deficiency permits efficient HSC replacement. /ri2"/~ (O) or Irf2™/~
(®) mice (CD45.17CD45.2*) were untreated (/rf2'/";n =14, Iff2"/";n = 6) or
treated with either 5-FU (If2"/"; n = 15, If2™/"; n = 8) or 150 cGy TBI (/rfi2*~; n =
15, If2™"; n = 7) alone, and were then given 5 X 10° whole BM cells from congenic
mice (CD45.17CD45.2*). Data shown is the percentage of donor-derived B cells
(B220*, lower) and myeloid (Gr1* plus CD11b", upper) cells 4 months after BMT.
Each symbol represents an individual mouse.

enzyme, which is taken up through host cell receptor-mediated
endocytosis.”” Based on this background, we extended the type I
IFN-based preconditioning to the BMT treatment in a mouse model
for human Sly syndrome (hereafter, Sly mice). Sly mice exhibit
biochemical and clinical features similar to those found in human Sly
syndrome.?!

At 8 weeks of age, Sly mice were preconditioned with either 5-FU
alone or 5-FU plus poly(:C), and were then injected with 1 X 107
whole BM cells from littermate WT mice. At 3 months after BMT (5
months of age), the percentages of donor-derived cells in the PB and
BM were assessed. To determine the proportion of donor-derived cells,
cells from the recipient mice were incubated with a GUSB-specific
fluorogenic substrate that fluoresces upon GUSB-mediated hydrolysis,
thus making GUSB™ cells detectable by flow cytometric analysis. Most
of the white blood cells in the blood of WT mice (ie, T cells, B cells,
and myeloid cells) showed GUSB activity (supplemental Figure 6).
Compared with unconditioned Sly mice or those preconditioned with
5-FU alone, the percentage of GUSB™ cells (donor-derived) in the B,
T, and myeloid fractions of the PB were significantly increased in
the Sly mice preconditioned with poly(I:C) plus 5-FU (Figure 3A),
implying that donor-derived HSCs had been successfully engrafted.
Indeed, the frequency of GUSB™ LSK and CD150"CD48 LSK
(HSC) cells in the BM of these mice also increased, suggesting pre-
transplant conditioning with poly(I:C) plus 5-FU as a novel strategy for
effective HSC replacement in Sly mice. Notably, there was no
statistically significant difference in the frequency of donor cells
between the untreated and SFU-treated mice (Figure 3B-C).
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Correction of Sly syndrome with type | IFN-based pre-BMT
conditioning

To evaluate whether these partially restored GUSB™ cells were
functionally sufficient to cure Sly syndrome phenotypes, we first
examined the distribution of enzymatically active GUSB™ cells
in the spleen of recipients, using naphthol-AS-BI-3-p-glucuronide
as a GUSB-specific substrate.'* Although most cells in the spleen of
WT mice were GUSB™, we confirmed that spleen sections from
untreated Sly mice were completely devoid of GUSB™ cells. At
3 months after WT BM cell transplantation, we found that more
donor-derived GUSB™ cells had accumulated in the spleen of Sly
mice preconditioned with poly(I:C) plus 5-FU than in Sly mice that
were not conditioned or were conditioned with 5-FU alone; these
had only a few GUSB™ cells within the red pulp of the spleen
(Figure 4A). These findings correlated well with the percent of
chimerism detected among donor-derived B cells, T cells, and
myeloid cells in the recipient Sly mice (Figure 3A). Interestingly,
some scattered GUSB™ cells were also found scattered in the liver
and kidney, and at regular intervals in the meninges, in the Sly mice
preconditioned with poly(I:C) plus 5-FU (supplemental Figure 7).
Next, we directly quantified the GUSB activity in liver and spleen
tissue homogenates from each recipient mouse. The GUSB activity of
WT mice was 2010 = 176 nmol/hr/mg in the spleen (n = 5) and
1650.3 * 450 nmol/hr/mg in the liver (n = 5), whereas that of Sly mice
was hardly detected in these tissues. As expected from the increased
numbers of GUSB™ cells (Figure 4A), the GUSB activity in these
organs was significantly higher in the Sly mice preconditioned with
poly(I:C) plus 5-FU (108.3 = 33.2 nmol/hr/mg in the spleen, 5.9 = 2.4
nmol/hr/mg in the liver) than in Sly mice that were not conditioned
(55.9 £ 32.7 nmol/hr/mg in the spleen, 3.8 = 2.3 nmol/hr/mg in the
liver) or were preconditioned with 5-FU alone (42.7 = 10.6 nmol/hr/
mg in the spleen, 2.6 = 0.8 nmol/hr/mg in the liver) (Figure 4C).
Disordered lysosomal storage, a representative feature of Sly syn-
drome, is detected as an accumulation of undegraded or partially de-
graded glycosaminoglycans (GAGs) within enlarged vesicles.'> GAG
accumulation, which is evaluated by the amounts of CS and DS and is
conversely related to the GUSB activity, was significantly lower in the
spleen of Sly mice preconditioned with poly(I:C) plus 5-FU (CS, 303.5 +
72.7 ng/mg wet tissue; DS, 41.3 = 4.5 ng/mg wet tissue) than in those
of unconditioned Sly mice (CS, 608.3 * 96.9 ng/mg wet tissue; DS,
125.8 = 82.5 ng/mg wet tissue) or Sly mice preconditioned with 5-FU
alone (CS, 466.5 = 28.3 ng/mg wet tissue; DS, 81.6 = 23.8 ng/mg wet
tissue) (Figure 4D). Similar tendencies were observed in the liver and
heart (supplemental Figure 8A-B). Consistent with these results,
extensive lysosomal storage (detected as clear and foamy areas by
toluidine blue staining) was present in hepatocytes and Kupffer cells in
the liver and in sinus lining cells in the spleen of Sly mice, but not in
WT mice (Figure 4B). The visible Iysosomal storage in these organs
disappeared almost completely in the Sly mice preconditioned with
poly(I:C) plus 5-FU and given WT BM cell transplants (Figure 4B).

Discussion

We show here that pretreating WT mice with poly(I:C) and 5-FU
permits the long-term engraftment of donor HSCs without the need for
TBI or alkylating drugs. Recently, granulocyte colony-stimulating
factor was also reported to be useful for pre-transplant conditioning,
but only when combined with LD-TBL** In addition, blocking the
SCF/c-Kit interaction by administering the mAb Ack2 permits
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Figure 3. Type | IFN-based preconditioning permits A
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substantial donor HSC repopulation in immunodeficient mice without
LD-TBL? but HSC repopulation in immunocompetent mice requires
LD-TBIL?* Therefore, it is worth emphasizing that our poly(I:C) and 5-
FU conditioning can significantly enhance the engraftment of HSC-
level donor-derived cells in the absence of TBI or alkylating drugs.

HSCs are efficiently activated in vivo by IFN-a in STATI and
PKB/Akt-dependent manners.'® As metabolism is promoted in the
activated HSCs, it is likely that 5-FU (as a pyrimidine analog) is
preferentially taken into the HSCs where its metabolites (incorporated
into DNA and RNA) induce cell cycle arrest and apoptosis, generating
empty niches in the BM to efficiently accept the engraftment of donor
HSCs. In this context, other groups have also shown that mice given a
sequential dose of 5-FU or SCF combined with 5-FU effectively
accept syngeneic marrow engraftment.”>® Furthermore, recent clini-
cal studies in patients with chronic myeloid leukemia showed that the
combined treatment of imatinib (an inhibitor of the pathogenic fusion
protein BCR-ABL, with a polyethylene glycol-conjugated form of
IFNa2a [PEG-IFNa2a]) results in significantly higher rates of
molecular remission than imatinib treatment alone,27 and that treat-
ment with IFN-a prior to imatinib yields a high rate of complete re-
mission.”® These studies imply that IFN-o treatment can sensitize
leukemia-initiating cells to chemotherapy and irradiation.

In both mouse and human, HSCs exhibit the highest /12 gene
expression among immature hematopoietic cells in the BM,?**
implying that the prevention of type-I IFN signaling is important for
the maintenance of quiescent HSCs in the niche. Consistent with this,
Irf2™"~ mice pretreated with 5-FU alone accepted donor HSCs more
efficiently than their /rf2 *~ littermates (Figure 2), and the engraftment

efficiency of the Irf2™~ recipients was much higher than that of WT
recipients pre-conditioned with poly(I:C) plus 5-FU (Figure 1). In this
context, we clearly showed that the HSC replacement promoted in
I2™" mice was dependent on physiological type I IFN signaling,
because this effect was abolished in 112 ™ Ifnar] ~~ mice (Figure 2).

Notably, type-I IFNs are produced constitutively, albeit at much
lower levels compared with those of infection-induced type I IFNs, by
a variety of cell types and tissues, under specific pathogen-free and
steady-state conditions, albeit at much lower levels than infection-
induced type I IFNs.*! Presumably because type I IFNs are effective
only at some threshold level, the effect of physiological type I IFN is
limited even in Jr2™" mice, resulting in poor donor cell engraftment
in some Irf2~/" mice. To overcome this problem and stabilize
the type I IFN level to achieve optimal engraftment in these
mice, preconditioning with poly(I:C) combined with 5-FU or LD-
TBI might be required. Furthermore, the identification and ap-
plication of IRF2-specific inhibitors has the potential to further
improve preconditioning methods to enhance donor HSC engraft-
ment. In addition, PEG-IFNa2a has a longer half-life than the
previously used recombinant IFN-a, thus enabling a once-weekly
dosing regimen and limiting the IFN-induced side effects. For
example, even at the highest dose of 630 pg/week, PEG-IFNa2a is
not toxic in patients with chronic phase chronic myeloid leukemia.
Applying PEG-IFNa2a with our preconditioning regimen may
improve HSC gene therapy as a treatment of hereditary diseases
with minimal side effects, although some side effects, particularly
pancytopenia,>*>? should be considered when PEG-IFNa2a is used
at a high dose or further combined with anti-cancer drugs.
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Figure 4. Improved GUSB activity and GAG levels,
and corrected tissue pathology by BMT after poly
(I:C) and 5-FU preconditioning. Eight-week-old Sly
mice were untreated (n = 4) or treated with either 5-FU
alone (n = 5) or poly(l:C) and 5-FU (n = 6), and were
then given 1 X 107 of whole BM cells from littermate
WT mice. (A) Spleen sections prepared from 5-month-
old Sly, WT, or BMT mice (3 months after BMT),
stained for GUSB activity (red) and counterstained with
methyl green. Original magnification, X40. The blood
chimerism (GUSB™ cell percentage) in the recipient
Sly mice shown here was as follows: none: 0.38% in B
cells, 0.87% in T cells, and 1.99% in myeloid cells; 5-
FU: 0.69% in B cells, 0.98% in T cells, and 3.62% in
myeloid cells; poly(l:C) plus 5-FU conditioning: 10.1%
in B cells, 14.2% in T cells, and 6.44% in myeloid cells.
(B) Liver (left) and spleen (right) sections, stained with
toluidine blue, taken from 5-month-old WT or Sly mice,
or from Sly mice preconditioned with poly(l:C), and 5-
FU followed by BMT (2 examples, representative of 6
mice). Samples from BMT mice were taken 3 months
after BMT. Lysosomes distended by abnormal storage
material appear as clear, foamy areas by this method.
Bar represents 100 pm. (C) GUSB activity in spleen
(left) and liver (right) homogenates from BMT mice (3
months after BMT) was determined by fluorometric
assay. GUSB activity is expressed as nmol/hr/mg
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protein. (D) The levels of CS and dermatin sulfate in
spleen homogenates from BMT mice (at 3 months after

kX

180 [ *k

o

(==
o o

(=]
o

= N W bh D
(=] o
o o

ng/mg of wet tissue

o
o

-_— 0
| og 8
(0]

BMT) were measured as described in “Methods.” GAG
level is expressed as ng/mg wet tissue. Horizontal bars
show the average percentage for each group. Each
symbol represents an individual mouse. Combined
data from 6 independent experiments are shown (C,
D). *P < .05; **P < .01; ***P < .001. ns, not significant.
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Interestingly, it was reported that, in a patient with acute hepa-
titis who had received a liver allograft, the patient’s blood group
changed from its original type to a donor’s type, suggesting that
the transplanted liver caused the development of chimerism by
replacing the patient’s marrow with donor-derived HSCs.** The
authors of this report discussed the possibility that a cytomegalo-
virus infection soon after the transplantation contributed in part to
the eventual engraftment of donor HSCs, implying the involve-
ment of viral infection-induced type-I IFNs in the successful en-
graftment of donor HSCs in this patient.

The treatment of congenital metabolic disorders by gene-corrected
autologous HSC transplantation has been tested in mouse models.
Type I MPS is one of the most common lysosomal storage disorders.
It is due to a deficiency of o-L-iduronidase (IDUA) activity, which
results in the accumulation of GAGs in many organs. Idua™'~ mice,
a model for type I MPS, were completely cured by transplanting
autologous HSCs that had been genetically corrected using lentiviral
vectors.> In this context, partial replacement of the hematopoietic
system with normal syngeneic or gene-modified autologous HSCs is
sufficient to treat several congenital disorders.®” In contrast, our
type I IEN preconditioning may not be suitable for the treatment of
malignant hematological disorders, which require complete re-
placement of the hematopoietic system with the engrafted donor
HSCs and their progenies. Given that our preconditioning regimen
with subsequent BMT was sufficient to correct the tissue pathology
observed in Sly mice, this conditioning strategy in combination with
HSC gene therapy may be widely applicable to the treatment of

Dermatan
sulfate

other hematological disorders, including inherited immunodefi-
ciency, B-thalassemia/sickle cell disease, hemophilia, chronic
granulomatous disease, and Fanconi anemia.3%38
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Abstract This report describes the pathologic findings
for a patient with Hunter syndrome who underwent aortic
valve replacement at 10 years of age, 3 years after the
initiation of enzyme replacement therapy. Aortic valve
pathology showed mild thickening and fibrosis as well as
massive glycosaminoglycan accumulation. This suggests
that enzyme replacement therapy has limited efficacy for
cardiac valve disease both clinically and pathologically.

Keywords Aortic valve replacement -
Enzyme replacement therapy - Glycosaminoglycan -
Hunter syndrome - Mucopolysaccharidosis

Hunter syndrome, mucopolysaccharidosis type 2, is an
X-linked lysosomal storage disorder caused by an iduronate-
2-sulfatase deficiency. The accumulation of glycosamino-
glycans (GAGs) causes progressive systemic organ failure.
Major mortality factors are central nervous system involve-
ment, cardiac involvement, and upper airway obstruction.
Death in the first or second decade of life is common among
severely affected patients [&].

Enzyme replacement therapy (ERT) with recombinant
human iduronate-2-sulfatase (idursulfase) improves clinical
manifestations, such as dyspnea and abnormal gait, by
reducing the accumulation of GAGs in lysosomes [5, 6].
Because almost all patients with Hunter syndrome experi-
ence the development of cardiac abnormalities, cardiac
evaluations, including 12-lead electrocardiography and
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echocardiography, are recommended every 1-3 years
[7, 2]

However, it still is unknown whether ERT actually can
ameliorate or prevent cardiac valve disease in Hunter
syndrome. We report a patient with Hunter syndrome
receiving ERT who underwent aortic valve replacement
surgery.

Case Report

A 3-year-old boy was referred for progressive neurologic
deterioration. Hunter syndrome was confirmed by a defi-
ciency of iduronate-2-sulfatase enzyme activity. Annual
cardiac follow-up assessment, including electrocardiogra-
phy and echocardiography, was performed, and the boy
was found to have aortic regurgitation (AR) at the age of
5 years.

When the boy was 7 years old, ERT with idursulfase
(Elaprase) was initiated, but immunoglobulin-G (IgG)
antibody developed during ERT. The antibody titer
was negative at the initiation of ERT, then found to be
1:80 at 15 months, 1:800 at 20 months, and 1:1,600, at
24 months after the initiation of ERT. Aortic regurgitation
and left ventricular (LV) dysfunction progressed despite
the ERT. Cardiac catheterization and angiography showed
an increase in L'V end-diastolic volume and a progression
of AR.

The patient underwent aortic valve replacement (AVR)
3 years after the initiation of ERT. A 17-mm Regent
prosthetic aortic valve (St. Jude Medical Inc., St. Paul, MN,
USA) was implanted. The aortic valve was sent to the
pathology department for analysis. Throughout surgery for
AVR, ERT was continued, even during the perioperative
period.

@ Springer



2078

Pediatr Cardiol (2013) 34:2077-2079

Fig. 1 General pathology of the aortic valve. Toluidine blue stain
shows lysosomal accumulation of glycosaminoglycans

Hematoxylin and eosin (H&E) staining showed mild
thickening and interstitial fibrosis of the aortic valve. We
also observed vacuolated histiocyte infiltration, otherwise
known as “clear” cells. Toluidine blue staining of the
aortic valve demonstrated cellular accumulation of GAGs

(Fig. 1).

Fig. 2 Electron microscopy
of the aortic valve. a Arrow
shows a vacuolated histiocyte,
indicating lysosomal
accumulation of
glycosaminoglycans.

b, ¢ In the lysosomes, zebra
body formation indicating
lIysosomal accumulation of
glycosaminoglycans can

be seen
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Electron microscopy examination of the aortic valve
showed GAG-laden cells, similar to the general pathology
finding. In addition, we observed zebra body formation,
which indicated glycolipid accumulation (Fig. 2).

The patient continued to receive ERT 2 years after
surgery and was asymptomatic. Follow-up cardiac echo-
cardiography showed a remarkable improvement in AR
and LV function.

Discussion

Hunter syndrome manifests with progressive systemic
organ failure due to GAG accumulation caused by the lack
of iduronate-2-sulfatease. Muenzer et al. [5, 6] showed that
ERT is associated with a reduction in urine GAG levels and
organ size, as well as with an increased 6-min walk test
distance.

Cardiac involvement is common in patients with Hunter
syndrome. Wraith et al. [8] reported that 57 % of patients with
Hunter syndrome have cardiac valve disease. Mitral and
aortic valves are more likely to be affected than right-sided






