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Context: Hypophosphatasia (HPP) is an inborn error of metabolism that, in its most severe perinatal
and infantile forms, results in 50–100% mortality, typically from respiratory complications.

Objectives: Our objective was to better understand the effect of treatment with asfotase alfa, a
first-in-class enzyme replacement therapy, on mortality in neonates and infants with severe HPP.

Design/Setting: Data from patients with the perinatal and infantile forms of HPP in two ongoing,
multicenter, multinational, open-label, phase 2 interventional studies of asfotase alfa treatment
were compared with data from similar patients from a retrospective natural history study.

Patients: Thirty-seven treated patients (median treatment duration, 2.7 years) and 48 historical
controls of similar chronological age and HPP characteristics.

Interventions: Treated patients received asfotase alfa as sc injections either 1 mg/kg six times per
week or 2 mg/kg thrice weekly.

Main Outcome Measures: Survival, skeletal health quantified radiographically on treatment, and
ventilatory status were the main outcome measures for this study.

Results: Asfotase alfa was associated with improved survival in treated patients vs historical con-
trols: 95% vs 42% at age 1 year and 84% vs 27% at age 5 years, respectively (P � .0001, Kaplan-Meier
log-rank test). Whereas 5% (1/20) of the historical controls who required ventilatory assistance
survived, 76% (16/21) of the ventilated and treated patients survived, among whom 75% (12/16)
were weaned from ventilatory support. This better respiratory outcome accompanied radio-
graphic improvements in skeletal mineralization and health.

Conclusions: Asfotase alfa mineralizes the HPP skeleton, including the ribs, and improves respi-
ratory function and survival in life-threatening perinatal and infantile HPP. (J Clin Endocrinol
Metab 101: 334–342, 2016)
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Hypophosphatasia (HPP) is the inborn error of metab-
olism that features low serum alkaline phosphatase

(ALP) activity (hypophosphatasemia) caused by loss-of-
function mutation(s) within the gene that encodes the
tissue-nonspecific isoenzyme of ALP (TNSALP) (1, 2).
TNSALP controls skeletal and dental mineralization by
hydrolyzing inorganic pyrophosphate, an inhibitor of hy-
droxyapatite crystal growth (3). Insufficient TNSALP ac-
tivity in HPP can, therefore, lead to chest wall instability
and respiratory complications.

HPP manifests remarkably broad-ranging expressivity
(2) that is largely explained by its autosomal recessive and
autosomal dominant patterns of inheritance involving at
least 300 different mutations (predominantly missense) in
the TNSALP (also called ALPL) gene (4–7). The clinical
nosology for HPP organizes this expressivity by determin-
ing whether dental abnormalities are accompanied by
skeletal disease and further complications, and, if so, the
patient’s age at HPP presentation (perinatal, infantile,
childhood, adult, and odonto HPP) (8, 9). Perinatal HPP
features extreme skeletal disease obvious at birth. Patients
with infantile HPP develop substantial skeletal disease,
failure to thrive, and sometimes vitamin B6–dependent
seizures postnatally before 6 months of age (9, 10). Peri-
natal HPP is almost always lethal near birth (11), whereas
infantile HPP has an estimated 50% mortality during in-
fancy (2), typically from respiratory complications (1, 2,
11). In both forms, hypomineralization leads to thoracic
instability, fractures, and deformities, and sometimes, in
perinatal HPP, to pulmonary hypoplasia (1, 12–14).

Asfotase alfa is the first-in-class, bone-targeted, en-
zyme-replacement therapy designed to reverse the skeletal
mineralization defects in HPP. Pulmonary function im-
proved during 1 year of treatment in an initial study of 11
infants and young children with life-threatening HPP (1).
To better understand the effect of asfotase alfa treatment
on mortality in neonates and infants with severe HPP, we
evaluated survival, skeletal health, and ventilatory status
from two studies of asfotase alfa treatment compared to
historical outcomes for such patients.

Materials and Methods

Patients
Patients with perinatal or infantile HPP enrolled in two on-

going, multicenter, open-label, phase 2 interventional studies of
asfotase alfa treatment (ENB-002-08 [NCT00744042]/ENB-
003-08 [NCT01205152] and ENB-010-10 [NCT01176266]) as
well as patients from one retrospective natural history study
(ENB-011-10 [NCT01419028]) were eligible for inclusion in
this comparative analysis of survival. Each study’s protocol was
approved by local institutional review boards and written in-

formed consent was obtained from patients’ parent(s) or legal
guardian(s).

ENB-002-08/ENB-003-08
The methods for ENB-002-08/ENB-003-08, an open-label

study that enrolled 11 patients with perinatal or infantile HPP to
assess the safety, tolerability, and efficacy of asfotase alfa, are
provided in detail elsewhere (1). Patients were enrolled at 12 sites
worldwide from October 2008 to December 2009. These pa-
tients were 3 years of age or younger at enrollment, with symp-
toms of HPP before 6 months of age. All received asfotase alfa (40
mg/ml) as a single 2-mg/kg IV infusion followed by 1-mg/kg
subcutaneous injections thrice weekly for 6 months (with dose
increase up to 3 mg/kg thrice weekly if there was no radiographic
evidence of skeletal improvement, deteriorating pulmonary
function, or worsening failure to thrive), and then entered the
ongoing extension phase. Respiratory support data recorded this
status at semiannual evaluations. Scheduled radiographic assess-
ments occurred at each 6-month study visit to evaluate the skel-
etal manifestations of HPP.

ENB-010-10
ENB-010-10 is an ongoing open-label study to further assess

the safety, tolerability, and efficacy of asfotase alfa treatment for
perinatal and infantile HPP (manuscript in preparation). Patients
are 5 years of age or younger at enrollment with symptoms of
HPP before age 6 months. In ENB-010-10, patients receive as-
fotase alfa as sc injection either 1 mg/kg six times per week or 2
mg/kg thrice weekly at the investigator’s discretion (dose adjust-
ments permitted in consultation with the sponsor). As in the
ENB-002-08/ENB-003-08 study, therapeutic efficacy was as-
sessed based on changes in the skeletal manifestations of HPP
using radiographic evaluations at each semiannual study visit.
Respiratory support data were also obtained for each visit. Pa-
tients were first enrolled in July 2010.

ENB-011-10
Because perinatal and infantile HPP are life-threatening, there

was no placebo control group. Instead, we conducted a retro-
spective, multinational, noninterventional, natural history study
(ENB-011-10; manuscript in preparation) of patients with peri-
natal or infantile HPP to provide a nonconcurrent historical con-
trol (HC) group for the two treatment studies. The principal
inclusion criteria were a history of rachitic chest deformity, re-
spiratory compromise, or vitamin B6–dependent seizures, which
were chosen to reflect the HPP pathophysiology and risk factors
for mortality prevalent in the treated patients. Living and dead
patient information from 12 sites in seven countries, including
six sites in the United States and one site each in Australia, Can-
ada, Germany, Spain, Taiwan, and Switzerland was acquired
from September 2012 to April 2013. Data concerning the first 5
years of life were obtained from medical records by investiga-
tional site personnel.

Comparative analyses of treated patients vs HCs
Enrollment inclusion required signs or symptoms of HPP be-

fore 6 months of age. Patients in all three studies (ENB-002-08/
ENB-003-08, ENB-010-10, and ENB-011-10) had been diag-
nosed with HPP and had one or more of the following: 1)
TNSALP gene (ALPL) mutation; 2) serum ALP below the age-
adjusted normal range and either plasma pyridoxal 5�-phos-
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phate or urinary phosphoethanolamine above the upper limit of
normal; and 3) serum ALP below the age-adjusted normal range
and HPP-related radiographic abnormalities.

Comparative analyses further required one or more of the
following recognized life-threatening complications in perinatal
and infantile HPP: 1) respiratory compromise requiring support-
ive measures and/or medication and/or other pulmonary com-
plications; 2) vitamin B6–dependent seizures; and 3) rachitic
chest deformity. These additional inclusion criteria were pro-
spectively supported as risk factors by literature review (2, 14–
18) and likely excluded patients with benign prenatal HPP (13,
19, 20).

Survival analyses
Kaplan-Meier (KM) analyses and Cox proportional hazards

(CPH) regression models compared survival rates between
treated patients and HCs and survival from first ventilation. Sur-
vival times were measured from birth to death and first ventila-
tion to death, respectively. Sex was not considered a factor in the
analysis of the data because of the small sample size. Living
treated patients were censored at the time of their last recorded
assessment. Living HCs were censored at the date of data ab-
straction. Patients whose status was unknown at the date of data
abstraction were censored at the last known contact date.

Complete dates or partial or missing dates with recorded ages
were used to derive the survival time for all events. If age was not
available, missing months were imputed as “June” and missing
days were imputed as “15.” The KM log-rank test and the CPH
Wald �2 test compared survival estimates between treated pa-
tients and HCs. Confidence intervals (CIs) for KM survival es-
timates were obtained using Greenwood’s variance formula. For
percentages of patients surviving, CIs for KM survival estimates
were obtained using the normal approximation to the binomial
distribution and KM plots were provided. CIs were also deter-
mined for the CPH hazard ratios. Superiority of asfotase alfa
treatment over the HCs was established if the P value was �.05
and survival favored treatment.

All statistical analyses were conducted using SAS, version 9.2
(SAS Institute Inc.).

Relationship between skeletal health and
respiratory function

To delineate the relationship between skeletal health and re-
spiratory function, the clinical courses and outcomes of treated
patients and HCs who required ventilatory support were as-
sessed on a “by patient” basis. Ventilatory support was defined
as “noninvasive” (ie, bilevel or continuous positive airway pres-
sure, but not nasal oxygen or tracheostomy without mechanical
ventilation) or “invasive” (ie, mechanical ventilation via endo-
tracheal intubation or tracheostomy). In studies ENB-002-08/
ENB-003-08 and ENB-010-10, two methods quantified skeletal
manifestations of HPP assessed radiographically. A 10-point
Rickets Severity Scale (10 � severe rickets, 0 � no rickets) quan-
tified growth-plate abnormalities at the wrists and knees, eval-
uated by a single reader blinded to treatment time point (21), and
reported here for baseline only. To assess changes from baseline
in the skeletal health of the treated patients, paired sequential
radiographs were rated for characteristic findings of HPP using
the 7-point Radiographic Global Impression of Change (RGI-C)
scale. A score of �3 indicates severe worsening; 0, no change;
and �3, complete or nearly complete healing (1). For infants,

raters examined wrist, knee, and chest radiographs for changes
in metadiaphyseal patchy focal sclerosis, apparent physeal wid-
ening, irregularity of the provisional zone of calcification, me-
taphyseal radiolucencies, flaring, and/or fraying; thin, gracile
bones; apparent absence of some or all bones; thin ribs; chest
deformity; and evidence of recent fractures. Individual RGI-C
scores were the mean across three raters blinded to treatment
time point.

Results

Patients
A total of 65 patients with perinatal or infantile HPP

were screened for the HC group (ENB-011-10) and 48
were enrolled. The asfotase alfa treatment group com-
prised 39 patients, 5 years of age or younger at enrollment,
with perinatal or infantile HPP (11 patients from ENB-
002-08/ENB-003-08 (1) and 28 patients from ENB-010-
10). All patients in the analysis were enrolled before No-
vember 22, 2013, with interim data cut-offs of October
29, 2014, and November 12, 2014, respectively. Thirty-
seven of the 39 patients enrolled in the treatment studies
had a history of rachitic chest deformity, respiratory com-
promise, or vitamin B6–dependent seizures, and were
therefore compared with the HCs. All treated patients had
two mutated TNSALP alleles.

Baseline demographic and clinical characteristics were
similar for the two groups (Table 1). In both groups, most
(�70%) patients had rachitic chest deformity and/or re-
spiratory compromise, with fewer patients (�36%) hav-
ing vitamin B6–dependent seizures. Twenty-two percent
(8/37) in the treated group and 17% (8/48) of the HCs had
all three risk factors.

Survival
Asfotase alfa significantly improved survival (P �

.0001 based on KM log-rank test and P � .0029 based on
CPH Wald �2 test) compared with the HCs (Figure 1).
Ninety-five percent (35/37) of treated patients vs 42%
(20/48) of HCs were alive at 1 year of age, and 84% (31/
37) of treated patients vs 27% (13/48) of HCs were alive
at 5 years of age (KM estimated survival 82% for treated
patients). Median survival for the HCs was 8.9 months
(95% CI, 5.1–14.0), but inestimable for the treated pa-
tients because most were living beyond the data cutoff.

Substantial mortality was observed for the HCs requir-
ing ventilatory support and for those with vitamin B6–
dependent seizures, consistent with Baumgartner-Sigl et
al, 2007 (10). Although these seizures can be temporarily
managed with pyridoxine supplementation, no HCs with
epilepsy survived (0%; 0/10). In contrast, survival was
77% (10/13) for the treated patients with seizures. The
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primary cause of death in the HCs, including those with
seizures, was respiratory complications and/or failure.

Skeletal mineralization and respiratory function
Among the 48 HC patients, 20 required some form of

ventilatory support (19/20 invasive) (Figure 2A). One sur-
vived, representing a 95% mortality rate. Figure 3 shows
the outcomes for patients treated with asfotase alfa.
Among the patients treated with asfotase alfa, there were
also a large number (21/39) who required ventilator sup-
port: 14 at baseline and 7 soon after initiation of asfotase
alfa treatment. Figure 2, B and C, show the respiratory
outcomes and mortality of these treated patients who re-
quired ventilatory support at baseline.

Of all treated patients who required ventilatory support
at baseline, 76% (16/21) survived, among whom 75%

(12/16) were weaned from ventilatory support. One with-
drew because of a reaction during the IV infusion that
initiated treatment (1). Three died (1 of neurologic and
respiratory complications, 1 of respiratory complications,
and 1 of sepsis associated with pneumonia). In the 10
remaining treated patients, 7 were weaned from all ven-
tilatory support and 1 advanced from invasive to nonin-
vasive ventilation. Two patients still required invasive
ventilation at the last visit, although inspiratory pressure
requirements were lower. In the 7 patients who initiated
ventilatory support postbaseline (Figure 2C), there were 2
deaths: 1 from pneumonia and 1 from neurologic com-
plications of craniosynostosis. The remaining 5 patients
wereweaned fromventilatory support.Generally, theven-
tilatory support for these patients was required early dur-

Table 1. Baseline Demographic and Clinical Characteristics of Study Patients

Characteristic
Historical
Controlsa

Asfotase
Alfa-Treated P Value

(N � 48) (N � 37)
Age enrolled (months)

Mean � SD NAb 23 � 24
Median (minimum, maximum) NAb 9 (0, 71)

Age at HPP onset (months) n � 47c n � 35d

Mean � SD 1 � 2 1 � 2
Median (minimum, maximum) 0.03 (0, 5.9) 1 (0, 5.8) .80e

Age at HPP diagnosis (months)
Mean � SD 5 � 9 NAf

Median (minimum, maximum) 2 (0, 41) NAf

Sex, n (%) .38g

Male 26 (54%) 16 (43%)
Female 22 (46%) 21 (57%)

Race, n (%) .14h

White 40 (83%) 29 (78%)
Asian 2 (4%) 6 (16%)
Other 6 (13%) 2 (5%)

Treatment duration (years)
Median (minimum, maximum) NA 2.70 (0.0, 6.0)

Inclusion criteria, n (%)
Rachitic chesti 40 (83%) 30 (81%) .78g

Respiratory compromisej 40 (83%) 27 (73%) .29g

Vitamin B6–dependent seizures 10 (21%) 13 (35%) .22g

All 3 features 8 (17%) 8 (22%) .59g

Abbreviations: HPP, hypophosphatasia; NA, not applicable; SD, standard deviation.
a Year of birth: 1970s (n � 4; earliest 1970); 1980s (n � 9); 1990s (n � 14); 2000s (n � 15); 2010 and later (n � 6; youngest, August 2011).
b Data represent birth through age 5 years or death, whichever occurred first.
c A stillborn was excluded.
d The age at HPP onset was not available for 2 patients in study ENB-002-08/ENB-003-08 because of premature discontinuation from the study
and closure of the sites after their discontinuation.
e Wilcoxon rank-sum test.
f Data not collected for treated patients.
g Fisher exact test.
h Pearson exact �2 test.
i In the retrospective study ENB-011-10 concerning the historical controls, a “rachitic chest” was identified from the available medical information.
j “Respiratory compromise” included decreased oxygen saturation, tachypnea, respiratory distress and/or failure, or other associated complications
(eg, pneumonia, respiratory tract infection).
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ing treatment before there were substantial improvements
in bone mineralization.

Typically, improved ventilation among the treated pa-
tients was associated with, and preceded by, better skeletal
mineralization documented by the RGI-C scores. All 12
patients who were weaned from ventilatory support had,
or would soon achieve, an RGI-C score of at least �2,
indicating substantial improvement in HPP-related skel-
etal abnormalities. None, once weaned, required further
ventilatory support. Representative radiographs with
concurrent ventilatory status are shown in Figure 4.

Discussion

Our results demonstrate that asfotase alfa treatment is
associated with improved mineralization of the skeleton,
including the ribs, improved respiratory function, and im-
proved survival in patients with perinatal and infantile
HPP. Consistent with a true treatment effect, improved
survival was greatest in patient subgroups at the greatest
risk of death, specifically patients with vitamin B6–respon-
sive seizures and those requiring ventilatory support.

Our findings document that improved respiratory
function accompanies better skeletal mineralization and
modeling in these asfotase alfa–treated patients. Respira-
tory failure in patients with perinatal or infantile HPP can
be complex and include thoracic deformity and fractures,
pulmonary hypoplasia, muscle weakness, tracheomala-

cia, central nervous system dysfunction associated with
craniosynostosis, episodic seizures, and perhaps predis-
position to infection because of low TNSALP levels in
leukocytes (2, 10, 13, 14, 22–27). In some asfotase alfa–
treated patients, respiratory deterioration occurred early
during treatment, possibly reflecting the disorder’s natural
history and complications. However, once sufficient time
for improvements in mineralization had occurred (as mea-
sured by RGI-C), most patients were able to come off of
mechanical ventilation, consistent with stabilization of the
chest wall and/or improved muscle strength. Hence, ven-
tilator and intensive supportive care may be necessary dur-
ing the early months of asfotase alfa treatment, but with
continued treatment, most infants are able to be weaned
from mechanical ventilation. In some patients, respiratory
status improved less rapidly, perhaps reflecting severe or
long-standing pulmonary impairment at baseline. These
patients may have benefited from earlier intervention.

Although the data from the HC group spanned three
decades (Figure 2A), advances in supportive respiratory
care are unlikely to explain the better outcomes of the
contemporary treatment group. Several major improve-
ments in the respiratory care of critically ill infants oc-
curred approximately from 1980 to 1990, including rec-
ognition of oxygen toxicity, use of surfactant replacement
therapy, and high-frequency ventilation (28–32). Further-
more, strategies for noninvasive ventilation advanced af-
ter the early 2000s (33, 34). However, the outcomes of

Figure 1. Kaplan-Meier analysis of survival of patients with perinatal and infantile hypophosphatasia. Asfotase alfa–treated patients (studies ENB-
002-08/ENB-003-08 and ENB-010-10) had a significantly better survival rate, calculated using the Kaplan-Meier product-limit estimate, compared
with historical controls (study ENB-011-10; P � .0001, Kaplan-Meier log-rank test).
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Figure 2. Ventilatory support and patient outcomes in asfotase alfa–treated and historical control patients. (A) Ventilatory status and patient
outcome for the 20 historical control patients (study ENB-011-10) who required ventilatory support in the first 5 years of life. (B) Ventilatory
support status improved with bone mineralization for asfotase alfa–treated patients who required ventilatory support at baseline (n � 14) or (C)
did not require ventilatory support at baseline but required support later in the study (n � 7). Initiation and discontinuation of ventilatory support
are shown as colored bars. Death is indicated by black diamonds. Patient number, age at enrollment in studies ENB-002-08/ENB-003-08 (patients
numbered according to Whyte et al (1)) and ENB-010-10, and baseline Rickets Severity Score (RSS); 0 � no rickets, 10 � severe rickets (21)) are
shown on the left. Numbers within the colored bars represent the Radiographic Global Impression of Change (RGI-C) scale score. NR, not
recorded.

doi: 10.1210/jc.2015-3462 press.endocrine.org/journal/jcem 339

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/101/1/334/2806919 by guest on 25 April 2024



noninvasive ventilation strategies for chronic, progres-
sive, debilitating diseases, such as infantile HPP can be, are
not well-established, and these strategies are unlikely to
significantly impact mortality in untreated HPP. Notably,
although the 7 HC patients diagnosed in the year 2000 or
later tended to survive longer on ventilatory support, they
all eventually died (Figure 2A), indicating that supportive
care alone cannot overcome perinatal or infantile HPP.

The better survival of patients with HPP given asfotase
alfa is presumably from improved skeletal mineralization
and structure that stabilizes the chest, permitting weaning
from mechanical ventilation and fewer respiratory events.
Evidence for stabilization of the chest wall and improve-
ment in respiratory mechanics with asfotase alfa was de-

scribed in detail for 1 patient with perinatal HPP (Patient
02–6) (1, 14), who first received asfotase alfa treatment at
2.9 weeks of age. During the following 12 weeks, this boy
had a progressive decrease in ventilator requirements ac-
companying improvements in chest wall mechanics and
lung function that correlated with radiographic improve-
ments in skeletal mineralization. Most noticeably, he im-
proved from a highly paradoxical breathing pattern to a
more normal, synchronous pattern during treatment (14).

These cumulative findings support and significantly ex-
pand the published 1-year observations from the initial
uncontrolled cohort of 11 treated patients (1), now with
up to 6 years of treatment, by adding 48 matched HCs and
a total of 37 treated patients. Benefits were generally noted

Figure 3. Patient outcomes according to ventilatory status at baseline. Ventilation includes both noninvasive and invasive (see Materials and
Methods).

Figure 4. Radiographic changes with asfotase alfa treatment (Patient 10–3). Better rib mineralization, chest structure, and thoracic volume with
improved ventilatory status in an infant with hypophosphatasia (5.1 weeks of age at treatment baseline). RGI-C, Radiographic Global Impression of
Change scale.
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regardless of baseline severity characteristics (rachitic
chest, seizures, or respiratory insufficiency), including pa-
tients with founder mutations (eg, c.1001G�A, Canadian
Mennonites (35); c.1559delT, Japan (36, 37)).

These results provide important information regarding
the expected outcomes with asfotase alfa treatment for
infants and young children with perinatal and infantile
HPP. Compared with the poor outcomes of HCs receiving
supportive care, asfotase alfa treatment substantially im-
proved survival for patients with life-threatening perinatal
and infantile HPP. Increased skeletal mineralization was
associated with better respiratory outcomes, ultimately
conferring the survival benefit.

Acknowledgments

The authors thank the parents and patients for making this study
possible.

The following investigators were collaborators and could
comment on the draft paper. ENB-002-08/ENB-003-08: Rich-
ard E. Lutz, University of Nebraska Medical Center, Omaha,
NE; Mairead McGinn, Royal Belfast Hospital for Sick Children,
Belfast, Northern Ireland, UK; Nada J. Salman, Tawam Hospi-
tal, Al Ain, United Arab Emirates; Jill H. Simmons, Vanderbilt
University, Nashville, TN; John W. Taylor, Prevea Health Clinic
and St Vincent’s Hospital, Green Bay, WI. ENB-011-10: Linda
DiMeglio, Indiana University School of Medicine, Indianapolis,
IN; Wuh-Liang Hwu, National Taiwan University Hospital,
Taipei, Taiwan; Edward Leung and Aizeddin Mhanni, Univer-
sity of Manitoba, Winnipeg, Manitoba, Canada; Gabriel Á.
Martos-Moreno and Jesús Argente, Department of Endocrinol-
ogy, Hospital Infantil Universitario Niño Jesús. Department of
Pediatrics, Universidad Autónoma de Madrid. CIBEROBN,
ISCIII. Madrid, Spain; Peter Simm, The Royal Children’s Hos-
pital Melbourne and Murdoch Children’s Research Institute,
Melbourne, Australia; Robert Steiner, University of Wisconsin
School of Medicine and Public Health, Madison, WI; Andreas
Superti-Furga, Universitätsklinikum Würzburg Kinderklinik,
Pädiatrische Infektiologie und Immunologie, Würzburg, Ger-
many; William Wilcox, Cedars-Sinai Medical Center, Los An-
geles, CA. ENB-010-10: Paul Harmatz, University of California
San Francisco Benioff Children’s Hospital Oakland, Oakland,
CA; Seiki Horita, Ishikawa Prefectural Central Hospital, Japan;
Wuh-Liang Hwu, National Taiwan University Hospital, Tai-
wan; Hirashi Kawashima, Tokyo Medical University Hospital,
Japan; Hiroshi Masaki, St Marianna University School of Med-
icine, Japan; Hideki Nakayama, National Hospital Organiza-
tion Fukuoka Higashi Medical Center, Japan; Halil Saglam,
Uludag University Faculty of Medicine, Turkey; Seiji Sato,
Saitama Municipal Hospital, Japan; and Gerald Vockley, Chil-
dren’s Hospital of Pittsburgh, PA.

Eileen Sawyer of Alexion Pharmaceuticals helped create, edit,
and finalize the manuscript. Johannes Liese of Würzburg, Ger-
many, and Katherine L. Madson of St Louis, MO, gave critical

review and helpful comments. Amy Reeves of St Louis, MO,
assisted in chart reviews. Sarah Thornburg of Fishawack Com-
munications GmbH and Sharon McKenzie of St Louis, MO,
helped prepare the report.

Address all correspondence and requests for reprints to: Mi-
chael P. Whyte, MD, Shriners Hospital for Children, 4400 Clay-
ton Ave., St Louis, MO 63110. E-mail: mwhyte@shrinenet.org.

This study was funded by Alexion Pharmaceuticals, Inc. Par-
tial funding for this study was provided by a grant (FD-R-
003745-03) from the Office of Orphan Products Development
(OOPD). Funding for the University of California San Francisco
Benioff Children’s Hospital Oakland’s ENB-010-10 segment
was derived in part through University of California San Fran-
cisco-Clinical & Translational Science Institute Grant UL1
TR000004. Work done by Fishawack Communications GmbH,
Basel, Switzerland, in preparing the report was funded by Alex-
ion Pharmaceuticals, Inc.

Presented in part at the Pediatric Academic Societies 2014
Annual Meeting, Vancouver, BC, Canada, May 3–6, 2014
(Whyte et al, available at: http://www.abstracts2view.com/
pasall/view.php?nu�PAS14L1_3808.200); the 28th Annual
Meeting, American Society for Bone and Mineral Research,
Houston, TX, September 12–15, 2014 (Whyte et al, J Bone
Miner Res 29 (Suppl 1); and the American College of Medical
Genetics and Genomics 2015 Annual Clinical Genetics Meeting,
Salt Lake City, UT, March 24–28, 2015 (Leung et al, available
at: https://ww4.aievolution.com/acm1501/index.cfm?do�abs.
viewAbs&abs�1389).

Clinical Trial Registration Numbers: NCT00744042,
NCT01205152, NCT01176266, and NCT01419028. Contents
are solely the responsibility of the authors and do not necessarily
represent the official views of the National Institutes of Health.

Author Contributions: All authors designed the studies, con-
tributed to data interpretation, and critically revised and ap-
proved the submitted manuscript. M.P.W., C.R.-G., N.B., and
C.H. treated patients. S.M. and R.R. analyzed data. M.P.W. and
R.R. drafted the manuscript.

Disclosure Summary: M.P.W., C.R.-G., N.B., and C.H. are
study investigators with Alexion Pharmaceuticals, Inc. M.P.W.
and C.H. received research grants; M.P.W., C.R.-G., N.B., and
C.H. received honoraria and travel support; and K.O. and C.H.
received consultancy fees from Alexion Pharmaceuticals, Inc.
R.R., S.M., A.M., and D.D.T. are employees of Alexion Phar-
maceuticals, Inc.

References

1. Whyte MP, Greenberg CR, Salman NJ, et al. Enzyme-replacement
therapy in life-threatening hypophosphatasia. N Engl J Med. 2012;
366:904–913.

2. Whyte MP. Hypophosphatasia. In: Thakker RV, Whyte MP, Eis-
man JA, Igarashi T, eds. Genetics of Bone Biology and Skeletal
Disease. Amsterdam, The Netherlands: Elsevier/Academic Press;
2013:337–360.

3. Fleisch H, Russell RG, Straumann F. Effect of pyrophosphate on
hydroxyapatite and its implications in calcium homeostasis. Nature.
1966;212:901–903.

4. Weiss MJ, Cole DE, Ray K, et al. A missense mutation in the human
liver/bone/kidney alkaline phosphatase gene causing a form of lethal
hypophosphatasia. Proc Natl Acad Sci USA. 1988;85:7666–7669.

doi: 10.1210/jc.2015-3462 press.endocrine.org/journal/jcem 341

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/101/1/334/2806919 by guest on 25 April 2024

mailto:mwhyte@shrinenet.org
http://www.abstracts2view.com/pasall/view.php?nu=PAS14L1_3808.200
http://www.abstracts2view.com/pasall/view.php?nu=PAS14L1_3808.200
https://ww4.aievolution.com/acm1501/index.cfm?do=abs.viewAbs&abs=1389
https://ww4.aievolution.com/acm1501/index.cfm?do=abs.viewAbs&abs=1389


5. Hofmann C, Girschick H, Mornet E, Schneider D, Jakob F, Mentrup
B. Unexpected high intrafamilial phenotypic variability observed in
hypophosphatasia. Eur J Hum Genet. 2014;22:1160–1164.

6. Mornet E, Beck C, Bloch-Zupan A, Girschick H, Le Merrer M.
Clinical utility gene card for: hypophosphatasia. Eur J Hum Genet.
2011;19:(3).

7. Mornet E. The Tissue Nonspecific Alkaline Phosphatase Gene Mu-
tations Database. http://www.sesep.uvsq.fr/03_hypo_mutation-
s.php. Accessed September 9, 2105.

8. Fraser D. Hypophosphatasia. Am J Med. 1957;22:730–746.
9. Whyte MP, Zhang F, Wenkert D, et al. Hypophosphatasia: valida-

tion and expansion of the clinical nosology for children from 25
years’ experience with 173 pediatric patients. Bone. 2015;75:229–
239.

10. Baumgartner-Sigl S, Haberlandt E, Mumm S, et al. Pyridoxine-re-
sponsive seizures as the first symptom of infantile hypophosphatasia
caused by two novel missense mutations (c.677T�C, p.M226T;
c.1112C�T, p.T371I) of the tissue-nonspecific alkaline phospha-
tase gene. Bone. 2007;40:1655–1661.

11. Leung EC, Mhanni AA, Reed M, Whyte MP, Landy H, Greenberg
CR. Outcome of perinatal hypophosphatasia in Manitoba Menno-
nites: a retrospective cohort analysis. JIMD Rep. 2013;11:73–78.

12. Silver MM, Vilo GA, Milne KJ. Pulmonary hypoplasia in neonatal
hypophosphatasia. Pediatr Pathol. 1988;8:483–493.

13. Whyte MP. Hypophosphatasia. In: Glorieux FH, Pettifor JM, Jup-
pner H, eds. Pediatric Bone: Biology and Diseases. London, UK:
Academic Press; 2012:771–794.

14. Rodriguez E, Bober MB, Davey L, et al. Respiratory mechanics in an
infant with perinatal lethal hypophosphatasia treated with human
recombinant enzyme replacement therapy. Pediatr Pulmonol. 2012;
47:917–922.

15. Millán JL, Plotkin H. Hypophosphatasia—pathophysiology and
treatment. Actual Osteol. 2012;8:164–182.

16. Litmanovitz I, Reish O, Dolfin T, et al. Glu274Lys/Gly309Arg mu-
tation of the tissue-nonspecific alkaline phosphatase gene in neo-
natal hypophosphatasia associated with convulsions. J Inherit
Metab Dis. 2002;25:35–40.

17. Nunes ML, Mugnol F, Bica I, Fiori RM. Pyridoxine-dependent sei-
zures associated with hypophosphatasia in a newborn. J Child Neu-
rol. 2002;17:222–224.

18. Deeb AA, Bruce SN, Morris AA, Cheetham TD. Infantile hypophos-
phatasia: disappointing results of treatment. Acta Paediatr. 2000;
89:730–733.

19. Wenkert D, McAlister WH, Coburn SP, et al. Hypophosphatasia:
nonlethal disease despite skeletal presentation in utero (17 new cases
and literature review). J Bone Miner Res. 2011;26:2389–2398.

20. Taketani T, Onigata K, Kobayashi H, Mushimoto Y, Fukuda S,
Yamaguchi S. Clinical and genetic aspects of hypophosphatasia in
Japanese patients. Arch Dis Child. 2014;99:211–215.

21. Thacher TD, Fischer PR, Pettifor JM, Lawson JO, Manaster BJ,
Reading JC. Radiographic scoring method for the assessment of the
severity of nutritional rickets. J Trop Pediatr. 2000;46:132–139.

22. Girschick HJ, Mornet E, Beer M, Warmuth-Metz M, Schneider P.

Chronic multifocal non-bacterial osteomyelitis in hypophosphata-
sia mimicking malignancy. BMC Pediatr. 2007;7:3.

23. Girschick HJ, Schneider P, Kruse K, Huppertz HI. Bone metabolism
and bone mineral density in childhood hypophosphatasia. Bone.
1999;25:361–367.

24. Gorodischer R, Davidson RG, Mosovich LL, Yaffe SJ. Hypophos-
phatasia: a developmental anomaly of alkaline phosphatase? Pedi-
atr Res. 1976;10:650–656.

25. Beisel WR, Benjamin N, Austen KF. Absence of leukocyte alkaline
phosphatase activity in hypophosphatasia. Blood. 1959;14:975–
977.

26. Seshia SS, Derbyshire G, Haworth JC, Hoogstraten J. Myopathy
with hypophosphatasia. Arch Dis Child. 1990;65:130–131.

27. Collmann H, Mornet E, Gattenlöhner S, Beck C, Girschick H. Neu-
rosurgical aspects of childhood hypophosphatasia. Childs Nerv
Syst. 2009;25:217–223.

28. Deneke SM, Fanburg BL. Normobaric oxygen toxicity of the lung.
N Engl J Med. 1980;303:76–86.

29. Davis WB, Rennard SI, Bitterman PB, Crystal RG. Pulmonary ox-
ygen toxicity. Early reversible changes in human alveolar structures
induced by hyperoxia. N Engl J Med. 1983;309:878–883.

30. Couser RJ, Ferrara TB, Ebert J, Hoekstra RE, Fangman JJ. Effects
of exogenous surfactant therapy on dynamic compliance during me-
chanical breathing in preterm infants with hyaline membrane dis-
ease. J Pediatr. 1990;116:119–124.

31. Gortner L, Bartmann P, Pohlandt F, et al. Early treatment of respi-
ratory distress syndrome with bovine surfactant in very preterm
infants: a multicenter controlled clinical trial. Pediatr Pulmonol.
1992;14:4–9.

32. The HIFI Group. High frequency oscillatory ventilation compared
with conventional mechanical ventilation in the treatment of respi-
ratory failure in preterm infants. N Engl J Med. 1989;320:88–93.

33. Barrington KJ, Bull D, Finer NN. Randomized trial of nasal syn-
chronized intermittent mandatory ventilation compared with con-
tinuous positive airway pressure after extubation of very low birth
weight infants. Pediatrics. 2001;107:638–641.

34. Khalaf MN, Brodsky N, Hurley J, Bhandari V. A prospective ran-
domized, controlled trial comparing synchronized nasal intermit-
tent positive pressure ventilation versus positive airway pressure as
modes of extubation. Pediatrics. 2001;108:13–17.

35. Greenberg CR, Taylor CL, Haworth JC, et al. A homoallelic
Gly317–�Asp mutation in ALPL causes the perinatal (lethal) form
of hypophosphatasia in Canadian Mennonites. Genomics. 1993;
17:215–217.

36. Ozono K, Yamagata M, Michigami T, et al. Identification of novel
missense mutations (Phe310Leu and Gly439Arg) in a neonatal case
of hypophosphatasia. J Clin Endocrinol Metab. 1996;81:4458–
4561.

37. Michigami T, Uchihashi T, Suzuki A, Tachikawa K, Nakajima S,
Ozono K. Common mutations F310L and T1559del in the tissue-
nonspecific alkaline phosphatase gene are related to distinct phe-
notypes in Japanese patients with hypophosphatasia. Eur J Pediatr.
2005;164:277–282.

342 Whyte et al Improved Survival in HPP With Asfotase Alfa J Clin Endocrinol Metab, January 2016, 101(1):334–342

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/101/1/334/2806919 by guest on 25 April 2024

http://www.sesep.uvsq.fr/03_hypo_mutations.php
http://www.sesep.uvsq.fr/03_hypo_mutations.php

