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Summary

Hypophosphatasia (HPP) is the “inborn-error-
of-metabolism” caused by loss-of-function
mutation(s) in the gene that encodes the
tissue-nonspecific isozyme of alkaline phos-
phatase (TNAP). The disease can be classi-
fied according to patient age when the first
signs and symptoms manifest; i.e., perinatal,
infantile, childhood, adult HPP. Odonto HPP
presents with only dental problems. Babies
with the perinatall/infantile forms of HPP of-
ten die with severe rickets and sometimes
hypercalcemia and vitamin B responsive
seizures. The primary biochemical defect in
HPP is a deficiency of TNAP catalytic activ-
ity that leads to elevated circulating levels of
inorganic pyrophosphate (PP), a potent cal-
cification inhibitor. To-date, the management
of HPP has been essentially symptomatic or
orthopedic. However, enzyme replacement
therapy with mineral targeting TNAP (SALP-

FcD10, a.k.a. or asfotase alfa) has shown
remarkably successful results in a mouse
model of HPP (Alpl”’- mice). Administration of
mineral-targeting TNAP from birth increased
survival and prevented the seizures, rickets,
as well as all the tooth abnormalities, includ-
ing dentin, acelular cementum, and enamel
defects, in this model of severe HPP. Clini-
cal trials using mineral-targeted TNAP in
children 3 years of age or younger with life-
threatening HPP was associated with heal-
ing of the skeletal manifestations of HPP as
well as improved respiratory and motor func-
tion. Improvement is still being observed in
the patients receiving continued asfotase alfa
therapy, with more than 3 years of treatment
in some children. Asfotase alfa appears to be
a potential enzyme replacement therapy in
patients with life-threatening HPP.
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Resumen

HIPOFOSFATASIA - FISIOPATOLOGIA Y
TRATAMIENTO

La hipofosfatasia (HPP) es un error innato del
metabolismo causado por mutaciones con
pérdida de funcion en los genes que codifi-
can la fosfatasa alcalina tejido no especifica
(TNAP). Esta enfermedad puede clasificarse
de acuerdo a la edad en la que los primeros
signos son aparentes (perinatal, infantil, de la
nifiez y adulta). Un tipo particular es la odon-
tofosfatasia, en la que solo el cemento dental
est4 afectado, sin manifestaciones 6seas. Pa-
cientes con las formas perinatal e infantil fre-
cuentemente fallecen con raquitismo severo,
hipercalcemia, y, en ocasiones, convulsiones
que responden al tratamiento con vitamina Bg.
El defecto bioquimico primario en HPP es una
deficiencia de actividad catalitica de TNAPR,
que conlleva a una elevacion de los niveles
séricos de pirofosfato inorganico (PPi), que es
un potente inhibidor de la calcificacion. Hasta
ahora, el manejo de la HPP ha sido sintomati-
co y/u ortopédico. Sin embargo, el uso de una
terapia de reemplazo enzimatico con TNAP
modificada para ser mas avida por el tejido
6seo (sALP-FcD4g, también llamada ENB-
0040 o asfotasa alfa) ha mostrado resultados
remarcables en un modelo murino de HPP (ra-
ton Alpl”7). La administracion de TNAP dirigida
especificamente al mineral 6seo aumenté la
supervivencia y previno convulsiones, raqui-
tismo y anomalias dentarias (incluyendo den-
tina, cemento acelular y defectos del esmalte)
en este modelo de HPP severa. Estudios de
investigacion clinica utilizando TNAP dirigida
especificamente al mineral 6seo en nifios me-
nores de 3 afios con HPP potencialmente letal
demostraron que su uso se asocia con reso-
lucién de las manifestaciones 6seas de HPP,
asi como con mejoria en la funcién motora y
respiratoria. Los pacientes contindan respon-
diendo aun después de mas de tres afios de
tratamiento con asfotasa alfa. El tratamiento
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de HPP con asfotasa alfa es un tratamiento
prometedor para pacientes con HPP poten-
cialmente letal.

Palabras claves: hipofosfatasia, fosfatasa al-
calina, asfotasa alfa.

The disease

Hypophosphatasia (HPP) is a rare, heritable
form of rickets or osteomalacia with an in-
cidence for the severe forms ranging from
1:100,000 in the general population' to as
great as 1 per 2,500 births in Canadian Men-
nonites.? This “inborn error of metabolism” is
caused by loss-of-function mutation(s) in the
chromosome 1 gene (ALPL) that encodes the
tissue-nonspecific isozyme of alkaline phos-
phatase (TNAP; a.k.a. liver/bone/kidney type
AP). The other three isozymes, i.e., placen-
tal AP (PLAP), placental-like or germ cell AP
(GCAP), and intestinal AP (IAP), all syntenic
in chromosome 2, are encoded by ALPP,
ALPP2, and ALPI, respectively, and have a
much more restricted, i.e. tissue-specific, ex-
pression pattern.®

The clinical severity of HPP varies greatly. The
disease can be classified according to pa-
tient age when the first signs and symptoms
manifest; i.e., perinatal, infantile, childhood,
and adult HPP. Additional clinical forms in-
clude odonto-HPP where there is only dental
manifestations and prenatal benign-HPP.4 The
severity of HPP ranges from absence of bone
mineralization and stillbirth to only dental prob-
lems with no bone phenotype. Perinatal (lethal)
HPP is seen in utero and can cause stillbirth.®
Some of these neonates may survive several
days but suffer increased respiratory compro-
mise due to the hypoplastic and rachitic de-
formity of the chest. Common features are a
failure to gain weight, irritability, high-pitched
cry, fever of unknown origin, periodic apnea,
myelophthisic anemia, intracranial hemor-
rhage, and vitamin Bg-responsive seizures. In-
fantile HPP presents before 6 months of age.
Postnatal development often appears normal
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until the onset of poor feeding, inadequate
weight gain, and rickets. The marked radio-
logical features are characteristic and some-
times progressive, and resemble those found
in the perinatal form although somewhat less
severe. Serial radiological studies may reveal
persistence of impaired skeletal mineralization
as well as gradual demineralization of osseous
tissue. Childhood HPP has also highly variable
clinical expression. Premature loss of decidu-
ous teeth results from aplasia, hypoplasia or
dysplasia of dental cementum that connects
the tooth root with the periodontal ligament.
Rickets causes short stature and the skeletal
deformities may include bowed legs, enlarge-
ment of the wrists, knees, and ankles as a re-
sult of widened metaphyses. Morbidity can be
significant, including compromise of ambula-
tion and activities of daily living. Adult HPP
usually presents during middle age, although
frequently there is a history of rickets and/or
early loss of teeth followed by good health dur-
ing adolescence and young adult life.® Then,
recurrent metatarsal stress fractures are com-
mon and calcium pyrophosphate dihydrate
deposition can cause attacks of arthritis and
pyrophosphate arthropathy.” Again, morbidity
can be significant, with numerous fractures,
chronic pain, and loss of ambulation. Odonto
HPP is diagnosed when the only clinical ab-
normality accompanying biochemical and ge-
netic alterations is dental disease and radio-
logical studies and even bone biopsies reveal
no signs of rickets or osteomalacia. Prenatal
benign HPP is suspected when patients pres-
ent with limb deformities in-utero or at birth,
but without chest deformities or respiratory
compromise.® The subjects then show spon-
taneous improvement in their deformities.

A multitude of TNAP mutations leads to sub-
optimal activity of TNAP that in turn leads to
HPP. The first identified HPP mutation was a
homozygous missense mutation in exon 6 of
the ALPL gene, A162T.° Subsequently, com-
pound heterozygosity and new mutations,
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(i.e., R54C, R54P, E174K, Q190P, Y246H,
D277A, D361V, and Y419H) were reported.’® '
Other mutations were then described such as
G317D?;, E281K, A160T, F310L and G439R™
and a frame shift-mutation at position 328 and
another at position 503."* Mornet et al. (1998)
reported 16 new missense mutations in Euro-
pean patients (i.e., S-1F, A23V, R58S, G103R,
G112R, N153D, R167W, R206W, W253X,
E274K, S428P, R433C, G456S, G474R and
splice mutations in intron 6 and 9).' Interest-
ingly, in a historical vignette, the mutations
present in the original 3-week-old infant boy
with HPP reported by Rathbun in 1948 were
identified.'s That patient was a compound het-
erozygote for the A97T and D277A mutations.
Dr. Etienne Mornet has compiled a download-
able database of all known TNAP mutations
and polymorphisms which lists ~ 260 distinct

mutations  (http://www.sesep.uvsq.fr/Data-
base.html).
Pathophysiology of HPP

The primary biochemical defect in HPP is a
deficiency of TNAP catalytic activity which
leads to elevated circulating levels of inorganic
pyrophosphate (PP), pyridoxal-5’-phosphate
(PLP), and phosphoethanolamine (PEA) which
are all molecules that are presumed to be sub-
strates of TNAP. PP, and PEA also appear in
the urine at increased levels and can be used
as diagnostic markers.

In skeletal tissues, TNAP is confined to the
cell surface of osteoblasts and chondrocytes,
including the membranes of their shed ma-
trix vesicles (MVs)'™® 17 where the enzyme is
particularly enriched.'® Electron microscopy
revealed that TNAP-deficient MVs, in both
humans and mice, contain hydroxyapatite
crystals, but that extravesicular crystal prop-
agation is retarded.”®?' These abnormalities
are caused by the extracellular accumulation
of PP, a potent inhibitor of calcification®, in
the bone matrix due to absent TNAP pyro-
phosphatase activity. This suggests that PP,
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is a natural substrate of TNAP2325 Breeding
Alpl”- mice to mice deficient in the production
(Enpp17") or transport (ank/ank) of PP, partially
corrects the skeletal defect in Alp/”- mice, con-
firming that increased PP, levels are the culprit
causing rickets/osteomalacia in HPP.2% 24

We observed previously that ATP-dependent*®
Ca precipitation was reduced in calvarial
osteoblast-derived MVs isolated from Alpl”
mice?®, an observation that we had attributed
to the increases in MV PP, content resulting
from reduced PP, hydrolysis in Alp/”~ MVs.
However, Ciancaglini et al. reported that TNAP
is not only an efficient PPase but that in the
MVs compartment it is also a potent ATPase
and ADPase.?” Thus, our data support the two
functions that had been proposed for TNAP
during skeletal mineralization: i) a P-generat-
ing enzyme, and ii) an enzyme that destroys a
potent inhibitor of mineralization.> 2-3' Hence,
TNAP seems to play a major role as a pyro-
phosphatase promoting extravesicular growth
of bone mineral while it generates P, from ATP
and ADP in the perivesicular space to help ini-
tiate intravesicular mineralization.??

Another substrate of TNAP is pyridoxal-5’-
phosphate (PLP), the predominant circulat-
ing vitameric form of Vitamin Bg. Vitamin Bg
serves as a cofactor for at least 110 enzymes,
and can be found in three free forms (or vita-
mers), i.e., pyridoxal (PL), pyridoxamine (PM),
and pyridoxine (PN), all of which can be phos-
phorylated to the corresponding 5’-phosphat-
ed derivatives, PLP, PMP, and PNP33 34 PLP
serves as a coenzyme in reactions that involve
the catabolism of various amino acids and de-
carboxylation reactions necessary for genera-
tion of the neurotransmitters dopamine, sero-
tonin, histamine, y-aminobutyric acid (GABA),
and taurine. The phosphorylation of PL, PM,
and PN is catalyzed by PL kinase. PLP and
PMP are interconvertible through aminotrans-
ferases or PMP/pyridoxine 5’-phosphate oxi-
dase. Removal of the phosphate group is a
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function of TNAP.3 Since only dephosphory-
lated vitamers can be transported into the
cells, decreased TNAP activity in HPP results
in marked increases in plasma PLP levels.35-%
Injection or ingestion of PL or PM, both hydro-
phobic forms of vitamin Bg that can easily tra-
verse biological membranes, temporarily sup-
presses the epileptic seizures in Alpl”- mice
confirming the role of TNAP in the metabolism
of PLP in vivo.***' However, Alp/”- mice still
have a 100% mortality rate at weaning, and
their demise is often heralded by epileptic sei-
Zures.

The origin of the increased urinary excretion of
PEA in HPP remains unclear. One possibility
is that PEA is a natural substrate of TNAPS,
but the putative metabolic pathway involved
has not been elucidated. An alternative expla-
nation relates to abnormalities in the function
of O-phosphorylethanolamine phospholyase
(PEA-P-lyase), an enzyme reported to require
PLP as cofactor.*> ¥ Since TNAP is crucial
for the hydrolysis of PLP, possibly insufficient
PLP inside cells leads to suboptimal activity of
PEA-P-lyase which in turn increases excretion
of PEA in HPP. Of interest in this regard, mem-
bers of a large kindred with adult HPP showed
PEA and phosphoserine levels in their urine,
which correlated inversely with both total and
liver TNAP activity in their serum but not with
the activity of bone TNAP.#

Alpl- mice also display marked changes in
osteopontin (OPN, encoded by Spp1) levels,
with elevated expression at both its RNA and
protein levels.**” While the biological role of
OPN is incompletely understood, one known
function is to anchor osteoclasts to the hy-
droxyapatite surface through its poly-aspartic
acid sequences, while it also binds to CD44
and a,f5 integrin via its RGD sequence and
mediates cell signaling and/or migration.*®
OPN is a highly phosphorylated glycoprotein,
with 36 serine/threonine phosphorylation sites
in the human protein.*® This phosphorylation is
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functionally important as the inhibitory effect
of OPN on mineral deposition was diminished
if 84% of the covalently bound phosphates
were removed from OPN.%® Phosphorylated
OPN inhibits mineralization in vascular smooth
muscle cells, while dephosphorylated OPN
does not.®" Certain phosphorylated OPN pep-
tides are also capable of inhibiting hydroxy-
apatite formation in vitro® and cause dose-
dependent inhibition of mineralization in cul-
tured cells.5® OPN expression is controlled by
PP, levels “>% and high plasma OPN levels ac-
company the increased extracellular PP, levels
in Alpl”- mice. In turn, [Alpl”; Spp1”] double
knockout mice, have partial improvement of
the hypomineralization of Alp/”- mice.*® This
indicates that OPN accumulation contributes
to the impaired bone mineralization of Alpl”-
mice.*® Recently, the Millan laboratory used
genetic means to alter the phosphorylation
status of OPN in vivo, and showed that ab-
sence of TNAP function leads to accumula-
tion of phosphorylated OPN (Narisawa et al.,
unpublished results). This defines OPN as
another natural substrate of TNAP, and points
to alterations in OPN phosphorylation as an
additional biochemical pathways involved in
the pathophysiology of HPP (at least in mice).
Future studies will need to look at OPN status
in patients with HPP.

To summarize our current views of the patho-
physiology of HPP as revealed by the Alpl”
mouse model which recapitulates the infantile
form of HPP: lack of TNAP activity leads to re-
duced perivesicular production of P, extrave-
sicular accumulation of PP, and accumulation
of phosphorylated OPN, all factors that cause
soft bones (rickets/osteomalacia). Inadequate
extracellular levels of PL, due to insufficient
dephosphorylation of PLP, causes the epilep-
tic seizures that are 100% penetrant in this
null TNAP model.

Clinical management of HPP to-date
To-date, the management of HPP has been
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essentially symptomatic or orthopedic.* For
example, infants with hypercalcemia from HPP
may require restriction of dietary calcium or
administration of calciuretics, or pediatric pa-
tients with craniosynostosis may need surgical
intervention. Likewise, fractures are treated by
prolonged casting or stabilization with ortho-
pedic hardware while dental hygiene should
be carefully monitored in individuals with den-
tal manifestations. Until recently, attempts at
more definitive HPP treatment have met with
limited success. Use of a bisphosphonate (a
synthetic analog of pyrophosphate) in one in-
fant reportedly had no discernible effect on
the skeleton, and the infant experienced pro-
gressive disease with death at 14 months of
age.® In 2012, aminobisphosphonate treat-
ment for “osteoporosis” may have unmasked
HPP in an adult.®® This is not surprising, be-
cause bisphosphonates are synthetic analogs
of pyrophosphate. Marrow cell transplantation
has been attempted for two severely affect-
ed infants and was followed by some clinical
and radiographic improvement, but significant
morbidity remains.®6: 57

Anabolic treatment with parathyroid hormone
(1-34 or 1-84) apparently benefitted some
adults with HPP 5%8-6'; however, others have
reported no benefit.®> % This agent is not ap-
proved for children because its use was as-
sociated with osteosarcoma in rats.® Patents
have been filed relevant to an anti-sclerostin
agent developed primarily to treat osteoporo-
sis as a means of promoting osteoblastic ac-
tivity and thereby stimulating TNAP activity in
HPP patients (Patent # WO 2008/092894 A1,
published Aug 7, 2008: Modulators of scleros-
tin binding partners for treating bone related
disorders), but no data concerning this treat-
ment for HPP has been published. The Millan
laboratory is also developing small molecule
activators of TNAP activity that could poten-
tially be used to upregulate residual TNAP
activity seen in some HPP patients.®®* How-
ever, all of these anabolic treatments, includ-
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ing parathyroid hormone, anti-sclerostin and
TNAP activators, presume a sufficiently mild
ALPL mutation(s) such that the enzyme retains
sufficient catalytic activity for upregulation.
Such a circumstance may apply to a subset of
HPP patients, presumably those with milder,
adult forms of the disease but will therefore
not likely be effective in more severe forms of
the disease.

It would seem intuitive that providing active
TNAP to HPP patients should lead to a de-
crease in extracellular PP, levels that would
result in improved skeletal mineralization.
However, the early trials of enzyme replace-
ment therapy (EzRT) using intravenous in-
fusions of plasma, for example from Paget
bone disease patients that contains high
TNAP activity, were disappointing.® 8 Whyte
and colleagues tested EzRT for a 6-month-
old girl with infantile HPP® by administering
repeated intravenous infusions of TNAP-rich
plasma obtained by plasmapheresis from
two men with Paget bone disease. Her cir-
culating AP activity had a half-life of ~ two
days, similar to that reported in adults, which
did not change during a five-week period of
six AP infusions. Sequential radiographic
studies revealed an arrest of worsening rick-
ets with slight remineralization of metaphy-
ses, although urinary levels of PEA and PP,
were unaltered. This approach was used for
three additional patients with infantile HPP®”
who received similar weekly intravenous in-
fusions. Despite partial or complete correc-
tion of the deficiency of circulating AP activ-
ity, they observed no radiographic evidence
for arrest of progressive osteopenia or im-
provement in rachitic defects in any of the
patients and concluded that the failure of
infants with HPP to show significant healing
of rickets on correction of circulating TNAP
activity supported the hypothesis that TNAP
functions in situ during skeletal mineraliza-
tion. In a similar study, Weninger and col-
leagues attempted EzRT for a severely af-
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fected premature boy with HPP by infusions
of purified human liver TNAP. Sequential ra-
diographic studies showed no improvement
of bone mineralization.®®

From these studies, it would appear that
TNAP activity must be increased not in the
circulation, but in the skeleton itself to pre-
vent or reverse the pathophysiology of HPP.
This hypothesis is supported by the im-
provement demonstrated by two unrelated
girls with infantile HPP following attempts
to transplant healthy mesenchyme-derived
cells where perhaps small numbers of TNAP-
containing osteoblasts and chondrocytes
were introduced throughout the skeleton.”: 58
Below, we describe the recent therapeutic
breakthrough achieved by targeting TNAP to
mineralizing tissues.

Targeting TNAP to bone mineral

In 2005, Enobia Pharma, Montreal, Canada
bio-engineered and expressed mineral-tar-
geting recombinant TNAP in CHO cells by
modifying the coding sequence of human
TNAP in several ways®: firstly, the GPI an-
chor sequence of the hydrophobic C-termi-
nal domain of human TNAP was removed to
generate a soluble, secreted enzyme (sALP);
secondly, the human TNAP ectodomain se-
quence was extended with the coding se-
quence for the Fc region of human IgG gam-
ma1 (Fc); and finally the C-terminus of the Fc
region was extended with ten aspartate resi-
dues (D4q) because this acidic oligopeptide
moiety had previously been demonstrated to
be an effective carrier for selective drug de-
livery to bone.”72 The resulting fusion protein
comprised of 726-amino acids was initially
designated sALP-FcD,q to indicate the dif-
ferent domains that had been fused together.
Subsequently, it was renamed ENB-0040
when it was produced under Current Good
Manufacturing Practice (cGMP), and finally
renamed asfotase alfa, soon after this protein
reached clinical trials in HPP patients. This
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is also the name adopted by Alexion Phar-
maceuticals, Cheshire, CT who acquired
Enobia Pharma in 2012. Here, we retain all
three designations to precisely recount which
studies where done with what batch of this
recombinant mineral-targeted TNAP. While
the Fc region was incorporated into ENB-
0040 primarily to facilitate purification, Fc is
also known to considerably increase the cir-
culating half-life of short-lived proteins, thus
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allowing lower doses and less frequent injec-
tions (Fig. 1). The pharmacokinetics (PK) and
tissue distribution properties of sALP-FcD,,
were determined in studies of adult and new-
born mice comparing different administration
routes.®® Figure 1 shows the histochemical
staining for ALP activity in untreated and
treated Alp/”- mouse bone sections, which
proved the localization and activity of inject-
ed sALP-FcD;q in bone tissue.

Figure 1. Left panel: three-dimensional modeling of ENB-0040. The model shows rigid AP and Fc modules
connected by a highly flexible linker. The terminal poly-Asp region is exposed on the opposite site of the
AP module. The whole structure is dimeric that conforms to the preferred oligomeric state of the AP as
well as the Fc region of the antibody. The three active site metal ions (two Zn?* and one Mg?*) are marked
with blue spheres. Upper right panel: The affinity of the purified ENB-0040 for hydroxyapatite mineral was
compared to that of soluble TNAP purified from bovine kidney. ENB-0040 bound 32-fold more efficiently
to reconstituted hydroxyapatite (HA) than did unmodified bovine kidney TNAP (Data taken from Millan et
al.®®) Lower right panel: Histochemical staining for ALP activity in long bones of an ENB-0040-treated Alp/
~ mouse compared with an age-matched untreated Alp/’- mouse.
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Preclinical validation of EzRT for HPP using
recombinant mineral-targeting TNAP

Alpl”- mice, which were created via homolo-
gous recombination by insertion of the Neo
cassette into exon 6 of the mouse gene en-
coding TNAP (Alpl, a.k.a. Akp2),*® show no
detectable TNAP mRNA or protein. Pheno-
typically, Alpl”- knockout mice closely mimic
infantile HPP.”® Like HPP patients, Alp/”- mice
exhibit global deficiency in TNAP activity, en-
dogenous accumulation of the ALP substrates
PP. and PLP, and postnatally acquire impaired
mineralization of skeletal matrix leading to
rickets or osteomalacia. Alp/’- mice manifest
stunted growth, and develop radiographically
and histologically apparent rickets together
with epileptic seizures and apnea, and die be-
tween postnatal days 10-12.3%41.73

The first disease efficacy study utilized sub-
cutaneous sALP-FcD,q injections of newborn
Alpl’- mice daily for 15 days at 1 mg/kg per
dose.’® uCT analysis of animals treated at
this dosage showed no attenuation of skele-
tal disease in the calvarium, and the proximal
tibial growth plate (physis) showed excessive
widening of the hypertrophic zone, consistent
with early rickets in both sALP-FcD¢y- and
vehicle-injected Alpl”- animals. Increasing
the daily dose to 2 mg/kg improved the gen-
eral appearance, body weight, and tail length
of treated Alp/”’- mice, which also showed a
normal growth rate. Next, Alp/”- mice un-
derwent 15 days of daily SC injections at
8.2 mg/kg sALP-FcD;q. Treated animals had
greater body weight than vehicle-treated
mice, and had plasma PP, concentrations
that were in the normal range. In this short-
term experiment, sALP-FcD4, treatment
minimized hypomineralization in the feet and
reduced the number of mice that exhibited
severely dysmorphic rib cages. Similarly, the
hind limbs appeared healthy in all treated
animals.®® Long-term (52 day) survival and
complete prevention of skeletal defects and
epilepsy were obtained with daily subcutane-
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ous injections of 8.2 mg/kg sALP-FcDg, an
outcome accompanied by normal plasma
pyridoxal concentrations and unremarkable
calcium concentrations.

In these mice, sALP-FcD;, treatment also
prevented hypomineralization of alveolar
bone and dentin® and acellular cementum
formed normally, which is typically missing
or reduced in Alp/”- mice.” Micro-computed
tomography revealed a consistent reduc-
tion of mineralization in both alveolar bone
and root dentin (and root analogue dentin
in the incisor) in the control (vehicle-alone-
injected) Alpl”- mice (Fig. 2). This feature
was not present in the sALP-FcD,-treated
Alpl”- mice, which showed complete min-
eralization of alveolar bone and dentin. Im-
munohistochemical staining for OPN (Fig.
2), revealed absence of acellular cementum
along the root surface in untreated Alpl”
mice, while sALP-FcD-treated Alp/”/- mice
had an unremarkable acellular cementum
layer comparable with that seen in wild-
type mice.” More recently, we showed that
the dentin defect is root-targeted and var-
ies from delayed mineralization in the mild-
est case, to arrest of root mantle dentin
mineralization, lack of circumpulpal dentin,
and odontoblast differentiation defects, in
the most severe manifestations.” The mild-
ly delayed mineralization was corrected
given time, but when dentinogenesis was
significantly perturbed at the mantle den-
tin phase, defects persevered throughout
molar tooth development. Our data further
reveal that the Alp/”- dentin defect resulted
from inability of MV-initiated mineralization
foci to expand into a mineralization front,
and that increased OPN accumulation likely
contributed to the aborted mineralization of
Alpl”- mantle dentin. Importantly, adminis-
tration of bioengineered TNAP showed that
early intervention allows for rescue of den-
tinogenesis and restoration of molar miner-
alization.™
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Figure 2. Left panels: Targeting TNAP to mineral restores bone and tooth mineralization defects seen in
TNAP-deficient (Alp/”) mice, as assessed by micro-computed tomography. (A) Vehicle-injected Alp/- mice
show extensive regions of unmineralized root (and root analogue) dentin (asterisks), as well as surround-
ing hypomineralized alveolar bone. (B) ENB-0040-treated Alp/”- mice show complete mineralization of all
incisor and molar tooth tissues and alveolar bone, which are indistinguishable from WT tissues (C). Arrows
indicate mineralized dentin and acellular cementum combined defects. Right panels: Presence of acel-
lular cementum in ENB-0040-treated Alpl”- mice visualized by histology and immunohistochemistry with
anti-osteopontin antibodies. Tissues appear comparable to those seen in WT mice (arrows and insets).
The acellular cementum layer is absent (asterisks) in vehicle-injected Alp/’- mice. Rectangles 1 and 2 in A
indicate sites adjacent to mineralized (Min.) and unmineralized (UnMin.) dentin, respectively. Unmineral-
ized dentin is commonly seen in TNAP-deficient mice. Electron micrographs of boxed areas 1 and 2 are
shown in Fig. 2. (D-F) Immunohistochemical localization of osteopontin (red, arrows and inset), as a marker
of acellular cementum, confirms histologic observations in corresponding panels A-C showing acellular
cementum following ENB-0040 treatment (Alp/”"-treated) but absence of a discrete immunostained layer
(asterisk in inset) in vehicle-treated Alp/”- mice. PDL, periodontal ligament; En-S, enamel space after decal-
cification. Magnification bars equal 100 pm. Figures and legends taken from McKee et al.” and reproduced
with permission from the Journal of Dental Research. OPN: osteopontin.

A subsequent preclinical study using Alpl”-
mice defined the dose/response relationship
between increasing amounts of cGMP-pro-
duced ENB-0040 given by bolus subcutaneous
injections and the therapeutic response after
43 days, in anticipation of clinical trials.”® End-

points were survival, body weight, bone length
of the tibiae and femora, and bone mineraliza-
tion defects, as assessed using radiographs
of the feet, rib cage, and lower limbs. To date,
these parameters have served as accurate in-
dicators of correction of the HPP phenotype in
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this animal model. Also, radiographic manifes-
tations of HPP are readily observed in affected
infants and are thus represent an important
endpoint in preclinical proof-of-concept stud-
ies to extrapolate from mice to humans. In
addition, we used pCT (Fig. 3) and histomor-
phometric analysis to evaluate improvement
in Alpl”- bone mineralization status for repre-
sentative age groups undergoing treatment.
We documented a clear relationship between
daily ENB-0040 dose and the percentage of
mice with normal bony structures of the foot,
rib cage, and lower limbs. We focused on es-
tablishing an effective dose in 80% of the mice
(EDgg). In mice, that dose was ~ 3.2 mg/kg/day
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in order to see improvement for the feet, ~ 2.8
mg/kg.day for rib cage, and ~ 2.9 mg/kg.day
for lower limbs. These EDgy doses were consis-
tent with our previous experience showing en-
hanced skeletal integrity following short-term,
15-day treatment of Alpl’- animals using 2 mg/
kg.day of ENB-0040.5° The EDgg, along with
enzyme concentrations measured in animal
efficacy studies and ENB-0040 PK data were
used to estimate the minimum effective con-
centrations for Alpl”- mice.

Recent Alpl”- mouse studies have continued
to validate the usefulness of mineral targeting
TNAP to prevent HPP abnormalities, at sites

Figure 3. Left panels: Representative radiographs of hind limb, foot, jaw bones and caudal vertebrae
specimens from 22-day-old Alp/”- mice treated with vehicle, 0.5 mg/kg/day ENB-0040 (Tx-0.5), or 2.0 mg/
kg/day ENB-0040 (Tx-2.0), and untreated WT mice (radiographic magnification 5x). Right panels: pyCT im-
ages of (A) femora and (B) tibiae of 22-day-old Alp/”- mice treated with vehicle, Tx-0.5, or Tx-2.0 compared
with untreated WT mice. Figures and legends taken from Yadav et al.”® and reproduced with permission

from the journal Bone.
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notorious for their lack of vascularity. Such
is the case of the enamel organ during tooth
development. We have shown here that ENB-
0040 reaches the enamel organ during the se-
cretory and maturation phases in the treated
Alpl- mice.”” Scanning electron microscopy of
Alpl’- mice demonstrated a lack of organization
of rod and inter-rod structure of enamel (Fig. 4).
Micro-computed tomography showed that at
23 postnatal days, ENB-0040 has dose-depen-
dent normalizing effects on both absolute and
relative enamel volumes. Histological analysis
of Alpl-mice showed reduced enamel mineral-
ization both in molars and incisors, loss of po-
larization of ameloblasts that are important for
enamel matrix formation, and even complete
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lack of enamel formation in the absence of
TNAP. The fact that patients with odonto-HPP
typically have the mildest reductions of serum
TNAP levels* suggests that tooth formation is
the most sensitive developmental process re-
quiring TNAP function.® 7 Previous studies of
cementum had demonstrated the sensitivity of
this tissue to changes in the local P/PP, ratio™
and the ability of mineral-targeted TNAP to
preserve acellular cementum in Alp/”- mice had
further validated that premise.” Here, too, the
ability of ENB-0040 to preserve the structural
integrity of enamel supports the notion that the
enamel organ is under direct regulation by the
extracellular P/PP, ratio and that TNAP plays a
crucial role in this regulation.”

Figure 4. Scanning electron microscopy (SEM) analysis of incisors (top) and molars (bottom) of WT and
Alpl-/- mice at 20 dpn. The SEM images showed well- decussated enamel rods and inter-rod in the molar
crowns and crown analogs of incisors of WT mice. Note that there is a lack of rod-inter-rod organization
in the Alpl”- mice. The images were taken in the erupted part of the tooth. Figure taken from Yadav et al.””
and reproduced with permission from the Journal of Bone and Mineral Research.
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Preclinical validation of enzyme replace-
ment for HPP using viral vector delivery
of mineral-targeting TNAP

We have recently shown that a single
injection of a lentiviral vector harboring
TNAP-D,, (that is, soluble TNAP linked
directly to D,,) resulted in sustained AP
expression and phenotypic correction of
HPP in Alpl”- neonatal mice™ including
prevention of epileptic seizures and
skeletal defects and preservation of a
normal life-span. In another recent study,
we demonstrated that a single intravenous
injection of neonatal Alp/”- mice with an
adeno-associated viral vector expressing
TNAP-D,, was as effective as the lentiviral
vector treatment.?® In both of these viral
approaches, the Fc region was not included
in the construct because neither purification
of the enzyme nor an increase in the circu-
lating plasma half-life was required. Indeed,
these two viral delivery systems utilize
either the liver (lentiviral vector) or skeletal
muscle (adeno-associated viral vector) as
factories of bone-targeted TNAP for the
life of the animal. These delivery systems
show promise as an alternative means of
delivery of bone-targeted TNAP that would
also decrease treatment frequency and po-
tentially cost.

Furthermore, Matsumoto et al. demonstrat-
ed that TNAP lacking the D,, mineral-target-
ing domain could be an effective treatment
for HPP mice, indicating that sustained and
substantial TNAP production may be the
most critical component of the treatment,
more so than mineral-targeting.8° More re-
cently, Sugano and collaborators demon-
strated the usefulness of viral vectors for
delivery of mineral-targeting TNAP in ute-
ro, thus fetal therapy of HPP.®' These very
encouraging proof-of-principle preclinical
studies could pave the way to gene therapy
clinical trials using viral vectors as means
of delivering mineral-targeting TNAP to pa-
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tients. The potential rewards include the
greatly reduced number of injection that a
patient might need to receive in their lifetime
and potentially reduced cost of the therapy.
However, viral vector safety still remains a
concern while EzRT is demonstrating a good
track record of safety and efficacy.

Clinical trials using mineral-targeting
TNAP for life-threatening HPP

An Investigational New Drug (IND) applica-
tion to use asfotase alfa to treat HPP was
filed in June of 2008. Initial dosing was then
based on: 1) dose-response data of ENB-
0040 in Alpl”- mice,”® 2) efficacy observed in
treated Alpl/”- mice that achieved an equiv-
alent to serum ALP activity in the range of
2,400-6,000 U/L; 3) the No-Observed-Ad-
verse-Effect Level (NOAEL) in more sensitive
species (rats and monkeys) established in
one-month IV toxicology studies, and one-
month IV/SC bridging and tolerability stud-
ies in rats; 4) a safety factor of 10 applied
to the NOAEL; and 5) results from a multi-
center, open-label, dose-escalating phase 1
study of the safety, tolerability, and pharma-
cology of ENB-0040 in six adults with HPP
who received one dose of 3 mg/kg IV and
then either 1 or 2 mg/kg ENB-0040 SC once
weekly for three weeks. To date, three clini-
cal studies have been completed, and three
extension studies are ongoing, as well as
an additional study in infants with HPP, cur-
rently recruiting patients (www.clinicaltrials.
gov). The first full report of a clinical trial us-
ing asfotase alfa was on an open-label study
to evaluate the safety, tolerability, bioavail-
ability, pharmacokinetics, pharmacodynam-
ics, and efficacy of treatment with asfotase
alfa in severely affected infants and young
children with HPP.# Efficacy assessments
included radiographic skeletal changes,
and changes in gross and fine motor func-
tion and cognitive development. The study
included children 3 years old or less at en-
rollment, with signs of HPP occurring before
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the age of 6 months, hypophosphatasemia,
elevated plasma PLP levels, radiological
signs of HPP, and failure to thrive. Other
signs at baseline included rachitic chest
deformity, pyridoxine-responsive seizures,
history of a non-traumatic or poorly healing
fractures, hypercalcemia, craniosynostosis,
nephrocalcinosis, and respiratory compro-
mise from HPP. The patients received asfo-
tase alfa (at a concentration of 40 mg per
milliliter) as a single intravenous infusion at a
dose of 2 mg/kg, followed by subcutaneous
injections three times per week at a dose
of 1 mg/kg for 24 weeks, with an extension
thereafter. The subcutaneous dose could be
increased up to 3 mg/kg if there was wors-
ening failure to thrive, deteriorating pulmo-
nary function, or no radiographic evidence
of skeletal improvement.®

Eleven patients were recruited.®2 One patient
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had a moderate reaction to the IV injection and
the parents decided to discontinue the treat-
ment. Another patient completed the first 6
months of treatment, but soon after succumbed
to pneumonia and sepsis, judged unrelated to
the study treatment. Of the nine patients who
were treated for at least 1 year, four had peri-
natal HPP and five had infantile HPP. One had
lost nearly all radiographically apparent skeletal
mineral during prolonged ventilation and immo-
bilization. Serum calcium levels were generally
high at diagnosis (unlike calcium levels in other
forms of rickets), and initially required dietary
calcium restriction in all patients (most of whom
had nephrocalcinosis). Skeletal remineralization
occurred during treatment, including the patient
mentioned above with extremely severe disease.
Images of radiographic improvement are shown
here for the oldest patient (3 years old) (Fig. 5)
and for the youngest patient (<1 month old)

Figure 5. This 36-month-old girl had a short, bowed femur detected in utero by ultrasound (A). At 12
days-of-age, her chest radiograph showed thin, osteopenic ribs with lytic areas and fractures (B). Be-
fore treatment, severe pansuture closure was present, including a marked increase in “digital” markings
(“beaten-copper” appearance) (D). The ribs at baseline were osteopenic and had fracture deformities with
thin cortices (F). By week 24 of treatment, the ribs were wider and better mineralized with sharper cortical
margins and less deformity (G). Improvement of the rickets with therapy is apparent (M, N, O, P). Images
taken for the online supplementary data to Whyte et al.?? and reproduced with permission from The New

England Journal of Medicine.
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(Fig. 6) at the start of the treatment. Treated
infants showed no signs of symptomatic hy-
pocalcemia from “hungry-bones” syndrome.
Initially the treatment was often accompa-
nied by increases in serum parathyroid hor-
mone levels that called for liberalization of
dietary calcium but not additional vitamin
D.82 A positive mineral balance throughout
the skeleton was obvious on radiography
after several weeks or months of treatment,
and effects were evident in both membra-
nous and endochondral bone. Substantial
radiographic improvement in skeletal ab-
normalities was noted at week 24 in all but
one patient, with continued healing through
week 48. In the one patient who had no ra-
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diographically visible mineral at baseline,
calcification was observed after 9 months
of therapy. This delay probably reflected the
profound deficit of skeletal mineral in the
patient, although sufficient hydroxyapatite
was apparently present for targeting with
asfotase alfa. After the start of therapy, de-
ciduous teeth erupted in all the patients,
with only one patient having HPP-related
loss of a tooth.82

In summary, of the 11 patients recruited, 10
completed 6 months of therapy; 9 complet-
ed 1 year. Healing of rickets was evident at
6 months in 9 patients. All patients showed
improvement in developmental milestones

Figure 6. This 20-day-old (at therapy baseline) boy had shortened and bowed extremities and “fractures”
detected by prenatal sonography at 17 — 18 weeks gestation (A, B). Before ENB-0040 treatment, little or
decreased mineral was present in the frontal, parietal, or occipital bones, skull base, facial bones, and
sphenoid (E). At week 24 of therapy, all areas showed striking remineralization (F). The improvement in
the left hand and wrist was remarkabile (I, J). Before ENB-0040, the femora were short, sclerotic, bowed,
irregular, and lacked defined medullary cavities, cortices, and mineralized metaphyses and epiphyses.
The fibulae were not calcified (K). After therapy, striking mineralization was evident (L). Images taken for
the online supplementary data to Whyte et al.?? and reproduced with permission from The New England

Journal of Medicine.
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and stabilization or improvement of pulmo-
nary function. Elevated plasma levels of the
TNAP substrates PP, and PLP diminished.
There was no evidence of symptomatic hy-
pocalcemia, ectopic calcification, or defi-
nite drug-related serious adverse events.
Low titers of anti-asfotase alfa antibodies
developed in four patients, with no evident
clinical, biochemical, or autoimmune ab-
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