(doi: 10.1089/hum.2011.148) . i )
proof correction. The final published version may differ from this proof.

hosghatasia

op
ing an

Human Gene Therapy
Rtk

n utero</i> for lethal murine h

ication, but has yet to undergo copye

lpy <i>i

ene thera

g

. ) Successful
This article has been peer-reviewed and accepted for pub

Page 14 of 30

14

Discussion

Perinatal HPP is the most severe form of HPP with an autosomal recessive mode of
inheritance and is more common in Japan than in other countries (Satoh et al., 2009). We have
recently determined the prevalence of ¢.1559delT in ALPL, a common mutation resulting in
perinatal HPP in Japanese, and the carrier frequency was 1/480 (Watanabe et al., 2010). It is
possible that some perinatal HPP patients are passed over as stillborn babies with unknown
cause of death. On the other hand, with developments in perinatal care, the chance of
diagnosis of perinatal lethal HPP during the fetal period is increasing. This indicates the need
for fetal gene therapy, which was advocated in the report entitled “Prenatal Gene Transfer:
Scientific, Medical, and Ethical Issues” by the Recombinant DNA Advisory Committee
(Recombinant DNA Advisory Committee, 1999).

Several advantages of fetal gene therapy have been proposed for the treatment of
genetic diseases. Immunological tolerance to the viral vector or transgenic proteins would be
induced by fetal gene delivery, and it can achieve long-term effective expression of the
transgene (Lipshutz ez al., 2000; Waddington et al., 2003). Another advantage of fetal gene
therapy is that gene delivery to tissues that are difficult to penetrate, such as the central
nervous system, may be possible not only because of immaturity of the blood-brain barrier
but also the abundance of stem cell populations in the fetus (Lipshutz ez al., 2000).
Furthermore, fetal gene therapy requires smaller amounts of the vector compared to gene

therapy in infants or adults, because of the small size of the fetus.
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Enzyme replacement therapy for HPP, using a mineral-targeting recombinant form of
TNALP has been shown to be effective for the prevention of all the skeletal and dental
abnormalities of HPP (Milldn et al., 2008; McKee et al., 2011; Yadav et al., 2011). Those data
indicate that expression of TNALP in the cells lacking TNALP activity is not absolutely
required for the treatment of HPP. Furthermore, evidence is mounting indicating that a
continuous supply of soluble TNALP from the circulation might be sufficient to improve
mineralization. Indeed, our previous studies showed that systemic injection of lentiviral
vector or AAVS8 vector harboring either mineral-targeting as well as soluble non-targeted
TNALP into neonatal mice resulted in sustained expression of TNALP in plasma and
successful treatment of HPP, although transduction into the bone was very low (Yamamoto et
al., 2010; Matsumoto ef al., in press). Our present study demonstrates high ALP activity in the
bones of treated mice. Real-time PCR and immunohistochemical analysis indicates that AAV9
was directly transferred into chondrocytes after intraperitoneal injection during the fetal
period. Therefore, ALP activity in bones of fetal treated mice should be derived from the
circulation and the resident chondrocytes. This approach would seem to be more effective
than previous therapeutic strategies based on enzyme replacement by injection of either
protein or vector in the neonatal period. Fetal injection of AAV9 vector represents a potential
breakthrough for gene delivery into bone cells to treat systemic skeletal diseases, such as
osteogenesis imperfecta and mucopolysaccharidosis.

It is interesting that chondrocytes were efficiently transduced with AAV vector after
fetal gene transfer. Recently, Roybal et al., also reported that prenatal systemic administration

of lentiviral vector resulted in efficient gene transfer into chondrocytes (Roybal ef al., 2011).
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Therefore, chondrocytes or their stem cells appear to be preferentially susceptible to viral
infection in utero. There are several possible explanations for the developmentally dependent
distribution patterns of viral vector. Stem cells and progenitor cells of chondrocytes exists at
higher frequency in fetal bones. These cells are more accessible to viral vectors than
differentiated chondrocytes and provide a large pool of genetically modified chondrocytes.
The structure of blood vessels is developmentally regulated (Herbert et al., 2011) and unstable
immature vessels at the early prenatal period should be more permeable to viral vectors.
Changes in blood flow patterns in developing bones may also affect exposure of chondrocytes
to viral vector in the circulation (Schachtner ez al., 1999; Mescher, 2009). In this study, two of
the Akp2™" fetuses failed to respond to treatment. These two newborn mice showed failure to
thrive and developed seizures after birth. The reason for this failure is not clear. One
possibility is that sufficient amounts of vector were not delivered to the fetus because of
technical failure. It is sometime difficult to inject intrperitoneally without leakage through
the semitranparent uterine wall.

Perinatal lethal and infantile forms of HPP are often associated with epileptic
seizures. One of the vitamin B6 forms, pyridoxal-5'-phosphate (PLP) is the co-factor of
numerous enzymes, including neurotransmitter-synthesizing enzymes such as
gamma-aminobutyric acid (GABA), dopamine and serotonin (5-HT), which TNALP regulates
via PLP in the neuropil (Negyessy et al., 2011). TNALP is present widely throughout the
human neocortex (Negyessy et al., 2011). Consequently, deficiency of TNALP is thought to
lead to epileptic seizures in HPP patients. Clinically, vitamin B6 is usually administered to

HPP patients with epileptic seizures, but the efficacy has not yet been validated. Here, we
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chose AAV9, which has advantages with regard to efficient transduction into the CNS, and
furthermore the blood-brain barrier of the fetus or neonate is immature, which may permit
vectors to pass through (Foust et al., 2009; Miyake et al., 2011). AAV9 vector-mediated
replacement of TNALP within the brain would normalize the levels of neurotransmitters,
including GABA synthesis, 5-HT, and dopamine, which are also PLP-dependent (Dolphin et
al., 1986; Hartvig et al., 1995) and have efficacy in controlling seizures. Moreover,
normalizing TNALP level in the brain from the fetal period was estimated to lead to sufficient
development of the neocortex.

Safety and ethical problems are major concerns of fetal gene therapy. The safety of
gene delivery into the immature tissues has not yet been established, and it will be necessary
to accumulate much more evidence from animal trials to evaluate the risks and benefits of
fetal gene therapy prior to use in humans. A high incidence of liver tumorigenesis in mice was
reported following fetal injection of lentiviral vector (Themis e al., 2005) and neonatal
injection of AAV vector (Donsante ef al., 2007). As the fetal vasculature may be more
permeable than that in adults, germline transmission is a serious ethical problem of fetal gene
transfer. In mouse experiments, vector sequence was occasionally detectable in the gonads of
fetal treated animals, but gene transfer into spermatozoa or in the offspring has not been found
(Tenenbaum et al., 2003; Waddington et al., 2003). We also examined the germline and our
data also confirmed the lack of transduction into the germline of treated mice. This may be
because fetal gene therapy requires only small amounts of the vector. However, evidence of
very low efficiency germline transmission into the sperm cells of sheep (Porada ef al., 2005)

and gonadal cells of rhesus monkeys (Lee et al., 2005) was recently reported after fetal gene
17
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transfer. The timing of fetal gene therapy should be also considered because of the difference
in development of the animal model and human being. It has been reported that day 16-17 of
gestation for mice corresponds approximately to 15-20 weeks of gestation for human (Larsen
etal., 1997). However, the developmental stages of each organ should be different widely
between mouse and human. If fetal gene therapy becomes applicable to human in the future,
the timing of treatment must be carefully determined by the systemic experiments using large
animal models including non-human primates.

In conclusion, we demonstrate that lethal murine HPP mice can be treated by fetal
gene therapy. A single injection of AAV vector expressing bone-targeted TNALP in utero
resulted in long-term expression and systemic replacement of TNALP. ALP activities were
detected in various systemic organs including bones. Treated animals showed good weight
gain, normal mineralization, and seizure-free survival until at least 8 weeks when sacrificed
for analysis. Although long-term follow-up is necessary for further evaluation of efficacy and
safety of fetal gene therapy, this is the first report of successful gene therapy in utero for lethal
murine HPP. The incidence of HPP diagnosis during the perinatal period will increase in
Japan due to developments in perinatal care. Therefore, fetal gene therapy will become an

important form of therapy for perinatal lethal HPP.
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Figure legends

Figure 1. Therapeutic effects of fetal gene therapy. (A) Growth curves of 4kp™" mice (n =
4, long-dashed lines), untreated Akp”/ " mice (n = 4, short-dashed lines), and treated Akp™ mice
(n =9, continuous lines). (B) Survival curves of Akp” " mice (n = 8, long-dashed line),
untreated Akp‘/ “mice (n = 4, short-dashed line), and treated Akp'/ “mice (n =9, continuous
line). Statistical analysis revealed that proportion of surviving of treated Akp'/ " mice was

significantly elevated compared to that of untreated Akp'/ “mice (*P <0.001).

Figure 2. ALP activity in the plasma and tissues. (A) Concentration of plasma ALP activity
of Akp™"* mice (n = 4, short-dashed line), 4kp™” mice (n = 4, long-dashed line), and treated
Akp’/ “mice (n = 3, continuous line) at 14, 28, and 56 days after birth. ALP activity in the
plasma of untreated Akp'/ “mice (n = 4) at 10 days after birth is indicated as a square marker.
(B) ALP activity in the tissues of Akp™" mice (day 14; n =2 — 3, gray bars), untreated 4kp”"
mice (day 10; n = 3, white bars) and treated Akp'/ “mice (day 14; n = 3, black bars). Data are
presented as means and SD. Student’s ¢ test was employed for comparisons between the two

groups (*P <0.01, **P < 0.05).
25
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Figure 3. Histochemical staining for ALP activity. ALP activity is shown as purple staining.
The pictures show the tibial bones of 14-day-old (A) and 56-day-old (B) 4kp™" mice,
10-day-old untreated Akp'/ “mouse (C), 14-day-old (D) and 56-day-old (E) treated Akp'/' mice.

Bars =250 pm.

Figure 4. X-ray images. (A) Forepaw of 10-day-old untreated 4kp™ mouse, Akp™™* mouse,
and treated Akp'/ “mouse. (B) Thoracic cage of 56-day-old Akp’t/+ mouse and treated Akp™”

mouse.

Figure 5. Biodistribution of AAV9-EGFP (real-time PCR). (A) Vector copy number in each
tissue of Akp™’* mice after fetal (n = 3, black bar) or neonatal (n = 3, white bar) IP injection of
AAV9-EGFP (real-time PCR). Data are presented as means and SD. Student’s 7 test was
employed for comparisons between the two groups (*P < 0.01, **P < 0.05). (B) DAB
staining of tibial bone after fetal IP injection (a, b) and neonatal IP injection (c, d). Negative
controls (e, f) were mice without vector injection. (b), (d), and (f) High-resolution
photographs of the frames in (a), (c), and (e), respectively. Bars = 250 pm. (C)
Immunostaining of tibial bone with anti-GFP (a), anti-collagen type II (b), and the merge of

anti-GFP and anti-collagen type II (c). Bars = 50 pm.
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Rescue of Severe Infantile Hypophosphatasia Mice
by AAV-Mediated Sustained Expression
of Soluble Alkaline Phosphatase

Tae Matsumoto,? Koichi Miyake® Seiko Yamamoto,** Hideo Orimo, Noriko Miyake!?
Yuko Odagaki,*® Kumi Adachi!® Osamu lijima® Sonoko Narisawa? José Luis Millan,
Yoshitaka Fukunaga? and Takashi Shimada'®

Abstract

Hypophosphatasia (HPP) is an inherited disease caused by a deficiency of tissue-nonspecific alkaline phos-
phatase (TNALP). The major symptom of human HPP is hypomineralization, rickets, or osteomalacia, although
the clinical severity is highly variable. The phenotypes of TNALP knockout (Akp2”") mice mimic those of the
severe infantile form of HPP. Akp2” mice appear normal at birth, but they develop growth failure, epileptic
seizures, and hypomineralization and die by 20 days of age. Previously, we have shown that the phenotype of
Akp2”" mice can be prevented by enzyme replacement of bone-targeted TNALP in which deca-aspartates are
linked to the C-terminus of soluble TNALP (TNALP-D10). In the present study, we evaluated the therapeutic
effects of adeno-associated virus serotype 8 (AAVS8) vectors that express various forms of TNALP, including
TNALP-D10, soluble TNALP tagged with the Flag epitopes (TNALP-F), and native glycosylpho-
sphatidylinositol-anchored TNALP (TNALP-N). A single intravenous injection of 5x10'° vector genomes of
AAV8-TNALP-D10 into Akp2” mice at day 1 resulted in prolonged survival and phenotypic correction. When
AAVS-TNALP-F was injected into neonatal Akp2”" mice, they also survived without epileptic seizures. Inter-
estingly, survival effects were observed in some animals treated with AAVS8-TNALP-N. All surviving Akp2”"
mice showed a healthy appearance and a normal activity with mature bone mineralization on X-rays. These
results suggest that sustained alkaline phosphatase activity in plasma is essential and sufficient for the rescue of
Akp2” mice. AAV8-mediated systemic gene therapy appears to be an effective treatment for the infantile form of
human HPP.

Introduction

HYPOPHOSPHATASIA (HPP) is an inherited systemic skel-
etal disease characterized by a deficiency in tissue-
nonspecific alkaline phosphatase (TNALP), which is attached
to the outer cell membrane of many cell types via a glyco-
sylphosphatidylinositol (GPI) anchor (Millin, 2006). The
major symptom of human HPP is hypomineralization, rickets,
or osteomalacia, although the clinical severity is highly vari-
able and ranges from a lethal perinatal form to mild odonto-
hypophosphatasia that manifests only dental abnormalities
(Whyte, 2002; Mornet, 2007). Patients with infantile HPP may
appear normal at birth, but they gradually develop rickets
before 6 months of age. Pyridoxine-responsive seizures often
occur in severe forms of infantile HPP (Mornet, 2007).

Several approaches have been tried in an effort to treat
patients with HPP. These treatments include transplantation
of bone marrow cells (Whyte et al., 2003; Tadokoro et al.,
2009), transplantation of bone fragments and cultured oste-
oblasts (Cahill et al., 2007), the administration of parathyroid
hormone (Whyte et al., 2007; Camacho et al., 2008), enzyme
replacement therapy (ERT) with alkaline phosphatase (ALP)-
rich serum from patients with Paget’s disease of the bone
(Whyte et al., 1984), and the infusion of plasma from healthy
individuals (Whyte et al.,, 1986) or ALP purified from liver
(Weninger et al, 1989). These treatments have provided
limited clinical and radiographic improvements in a few
patients.

The phenotypes of TNALP knockout (Akp2™") mice mimic
those of severe infantile HPP; therefore, these AkpZ'/ " mice
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have been used as an animal model for HPP (Narisawa et al.,
1997). They appear normal at birth, but they rapidly develop
growth failure, epileptic seizures, and hypomineralization
and die by 20 days of age. We reported that the phenotype of
Akp2”" mice could be corrected by daily subcutaneous in-
jections of a bone-targeted form of TNALP, which is created
by linking a bone-targeting deca-aspartate sequence to the
C-terminus of soluble TNALP (TINALP-D10) (Millan et al.,
2008). Based on these data, new clinical trials of ERT for pa-
tients with HPP have been initiated (http://clinicaltrials.gov).

Gene therapy has proven to be a useful tool for the
treatment of several inherited diseases. Recently, we dem-
onstrated that a single injection of lentiviral vector expres-
sing TNALP-D10 resulted in sustained expression of TNALP
and phenotypic correction of Akp2”" mice (Yamamoto et al.,
2011). This gene therapy approach is referred to as viral
vector-mediated ERT, and it is more practical than classical
ERT, which requires repeated injections. One way to develop
this approach is in vivo gene therapy with adeno-associated
virus (AAV) vector. In the present study, we evaluated AAV
vectors expressing various forms of TNALP. We found that
AAV-mediated expression of soluble TNALP resulted in
prolonged survival and the phenotypic correction of Akp2”"
mice.

Materials and Methods
Cell culture

The C2C12, HEK 293, and U20S (human osteosarcoma
HTB-96; ATCC, Manassas, VA) cell lines were cultured in
Dulbecco’s modified Eagle medium supplemented with 10%
fetal bovine serum, 50 U/ml penicillin, and 50 ug/ml strep-
tomycin under an atmosphere enriched with 5% CO,.

Plasmid construction and vector production

The plasmids containing ¢cDNA for native GPI-anchored
TNALP (TNALP-N) (Goseki-Sone ef al., 1998), TNALP-D10
(Yamamoto et al., 2011), and soluble TNALP with the flag
epitope at the C-terminus (TNALP-F) (Di Mauro et al., 2002)
were used as templates to generate the EcoRI-Notl fragments
of three forms of TNALP ¢cDNA by PCR cloning. Primers
were designed to introduce an EcoRI or Not] recognition site
at each end. These cDNA fragments were subcloned into the
EcoRI and Notl sites of pcDNA (Invitrogen, San Diego, CA)
AAV vector plasmid, pAAV.CAaGBE containing the CAG
promoter and the globin polyadenylation signal (Takahashi
et al., 2002). AAV-GFP was used as a control AAV vector
(Noro et al., 2004). Recombinant AAV serotype 1 or 8 (AAV1
or AAVS8) vectors were generated using the triple transfec-
tion method (Salvetti et al. 1998) and purified as described
previously (Hermens et al., 1999; Kurai et al., 2007). The titer
of each AAV vector was determined by real-time PCR (7500
Fast; Applied Biosystems, Tokyo, Japan).

Vector characterization

C2C12 cells were plated on 24-well plates at a density of
2x10* cells/well and transduced with three different AAV1-
TNALP vectors [1.5x 10" vector genomes (vg)/well]. The
medium was changed a day after transduction. Ninety-six
hours after transduction, the transduced cells and the super-
natants were separately collected and assayed for ALP activity.

MATSUMOTO ET AL.

Enzyme activity and protein assay

ALP activity was determined as previously described
(Sogabe et al., 2008). One unit was defined as the amount of
enzyme needed to catalyze production of 1umol of p-
nitrophenol per minute. ALP activity in plasma and cell
culture supernatants was calculated as units per milliliter.
Those of cells and organs were assayed with supernatants of
homogenized cells and organs standardized by milligrams of
protein. Protein concentration was assayed by the DC pro-
tein assay kit (Bio-Rad, Tokyo, Japan).

Mineralization assay

C2C12 cells were plated on six-well plates at a density of
4x10* cells/well and transduced with AAV1-TNALP-DI10,
AAV1I-TNALP-F, or AAV1-GFP (control) vector. The me-
dium was changed on the day after transduction. Seventy-
two hours later, the cells were approximately 90-100%
confluent, and the supernatants were collected for use in the
mineralization assays. U20S cells were plated on 96-well
plates at a density of 1x10* cells/well and cultured for 48 hr
to reach confluency. Their medium was then replaced with
the conditioned medium from the C2C12 transductants. At
the same time, 10mM f-glycerophosphate (Sigma-Aldrich,
St. Louis, MO) was added to verify the tendency for calcifi-
cation. Five days after the medium change, cell calcification
was evaluated as described previously (Johnson et al., 2001;
Orimo et al., 2008).

Binding assay

ALP binding to hydroxyapatite (Sangi, Tokyo, Japan) was
assayed as described previously with some modification
(Nishioka et al., 2006). Aliquots of each supernatant, adjusted
based on ALP activity to 0.1U/ml, were added to hy-
droxyapatite suspended in 25 mM Tris-buffered saline (TBS;
0.6mg/500 ul) and incubated for 30min at 37°C. Then the
mixture was centrifuged to separate the unbound and bound
enzyme. The difference in ALP activity was assayed before
and after binding to hydroxyapatite. The percentage binding
of the ALP activity was calculated as follows: % bind-
ing=[(ALP activity before binding) — (ALP activity after
binding)]/(ALP activity before binding) x100.

Inorganic pyrophosphate (PPi) assay

PPi of plasma was assayed as described previously (Lust
and Seegmiller, 1976). Initially, protein in plasma was re-
moved by centrifugation at 14,000 g for 25min at 4°C with a
Microcon-30 (Millipore, Bedford, MA). Thereafter, aliquots
of the resultant solution were added to the wells of an Op-
tiPlate-96 F black plate (PerkinElmer, Waltham, MA), and the
fluorescent signals were read using a microplate reader
(ARVO-MX 1420 multilabel counter; PerkinElmer) at 460 nm.
Each sample was analyzed in triplicate.

Animal experiments

The generation and characterization of the Akp2”" mice
were described previously (Narisawa et al., 1997). Genotyp-
ing was performed by PCR with primers 5-AGTCCGTGG
GCATTGTGACTA-3" and 5-TGCTGCTCCACTCACGTC
GAT-3. All animal experiments were performed according
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to protocols approved by the Nippon Medical School Animal
Ethics Committee. A 29-gauge insulin syringe was used to
inject AAV8-TNALP and control AAVS-GFP vectors into the
external jugular veins of 1-day-old mice (Ogawa et al., 2009).
Blood samples were collected from cut tails using heparin-
ized capillaries on day 10 after birth and from the orbital
sinus of anesthetized animals after day 14. We checked
physical activity and healthy appearance together with the
seizures in untreated (n=9), control AAV8-GFP-injected
(n=4), and treated (n=32) mice every morning for about
an hour per day for at least 1 month. During the observa-
tion periods, the behaviors as described on the Racine scale
(Racine, 1972) were counted as convulsions. At 56 days of
age, treated mice were sacrificed under deep anesthesia by
perfusion with 20ml of PBS containing 10U/ml heparin,
followed by an additional 20ml of PBS to wash out the
blood. Then the organs were harvested.

X-ray analysis

X-ray analysis was performed as previously described
(Yamamoto et al., 2011). In brief, radiographic images were
obtained on xFX1000 film (Fujifilm Corp., Tokyo, Japan) that
was set up for the analysis of small animals at an energy
level of 25kV and an exposure time of 90 sec for 10-day-old
mice and 10sec for 56-day-old mice.

Bone mineral density (BMD)

After skin and muscle were removed, the whole bones were
stored in 75% ethanol until analysis. The right femur was
dislocated and an X-ray image was taken to an IP plate using
uFX1000 (Fujifilm Corp.), which is set up for the analysis of
small animals. Each scan included a phantom (Kyoto Kagaku,
Kyoto, Japan). This phantom contained six densities, from 0 to
100mg/cm?* by 20mg/cm* K,HPO,; it was ordered to fit
adult mice BMD. The BMD of each image was obtained (Ty-
phoon FLA 7000; GE Healthcare Japan, Tokyo, Japan) with a
personal computer and analyzed with Multi Gauge ver. 3.0
software (Fujifilm Corp.). BMD values were expressed in
milligrams per square centimeter of K,HPO,. The region of
interest for analysis was the whole femur.

Biodistribution of AAV vector

Genomic DNA was extracted from seven main organs
(heart, lung, liver, spleen, kidney, muscle, bone) of AAVS-
TINALP-D10-injected mice by using QIAamp DNA mini kit
(QIAGEN, Valencia, CA). The DNA was subjected to real-
time PCR to detect the copy number of AAV vector. In short,
genome copy titers were quantified by TagMan polymerase
chain reaction (Applied Biosystems) using primers (forward:
5-CGTCAATGGGTGGAGTATTTA-3'; reverse: 5-AGGTCA
TGTACTGGGCATAATGC-3") and a probe designed against
the cytomegalovirus primer. Genomic DNA spiked with
AAYV vector plasmid DNA was used as a standard, and av-
erage copy number per diploid was determined.

Histological examination

The bone was directly stained without fixation and de-
calcification. The knee joints were removed and embedded in
SCEM compound (Leica Microsystems, Tokyo, Japan) with-
out fixation. Sections (10 um thick) were cut with the Ka-
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wamoto film method (Leica Microsystems) and washed with
ethanol followed by dH,O. ALP activity was assayed by
incubating the tissue with 0.1mg/ml naphthol AS-MX
phosphate as a substrate and 0.6 mg/ml fast blue salt as dye
in 20ml of 0.1 M Tris-HCl buffer (pH 8.5) for approximately
15min at 37°C, as described previously (Li et al., 2007). The
tissue sections were then mounted on silane-coated slides
(Muto Pure Chemicals, Ltd., Tokyo, Japan) and examined
under a light microscope (BX60; Olympus Ltd., Tokyo,
Japan) (Sogabe et al., 2008).

Statistical analysis

Data from in vivo and in vitro experiments are expressed as
means*SD. Differences between groups were tested for
statistical significance using Student’s t test. P values less
than 0.05 were considered statistically significant. The sur-
vival rate was analyzed by the Kaplan-Meier method, and
differences in the survival rates were assessed by the Wil-
coxon test.

Resuits
Characterization of soluble TNALF in vitro

We generated AAV1 vectors expressing various forms of
TNALP (Fig. 1A). After transduction of C2C12 cells with
these vectors, the distribution of TNALP was examined. ALP
activities from AAV1 vector containing TNALP-N were de-
tected mainly in the cell lysate fraction (90.4 £ 1.4%), whereas
the activities from AAV1 vectors with TNALP-F and
TNALP-D10 were recovered only in the supernatant fraction
(96.4+0.4% and 96.6+1.3%) (n=4 each). These results sug-
gest that most of TNALP-N is anchored to the cell membrane
like endogenous TNALP, and only a small portion (less than
10%) is solubilized by enzymatic cleavage. In contrast,
TNALP-F and TNALP-D10 are synthesized as soluble en-
zymes. These soluble forms of TNALP were further charac-
terized by an in vitro mineralization assay and binding assay.

In vitro mineralization and affinity for hydroxyapatite

To analyze the function and specificity of soluble forms of
TNALP, we assessed its ability to mediate mineralization
and to bind hydroxyapatite. Osteoblastic U20S cells incu-
bated with conditioned medium containing TNALP-F or
TNALP-D10 were strongly stained by alizarin red S
(0.83£0.28 and 0.80+0.49 U/mg protein vs. 0.26 £0.20 U/mg
protein in mock control) (Fig. 1B). This strong staining in-
dicates significantly accelerated mineralization.

The affinity of TNALP-F for hydroxyapatite mineral was
studied by the in vitro binding assay. TNALP-D10 showed a
stronger affinity to hydroxyapatite (88.3£0.5 % bound) as
compared with TNALP-F (13.9£2.0 % bound), confirming
the binding ability of deca-aspartate to hydroxyapatite de-
scribed previously (Millan et al,, 2008) (Fig. 1C). The flag
epitope has a stretch of four aspartates (Fig. 1A), but TNALP-
F did not show any significant affinity to hydroxyapatite.

Sustained expression of TNALP-D10 and a prosurvival
effect were detected in AAV8-TNALP-D10~treated mice

First, we evaluated the therapeutic efficacy of AAV-
mediated expression of TNALP-D10 in Akp2” mice. We used



