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Abstract

This review provides a comprehensive overview of hypophosphatasia (HPP), 
a rare genetic disorder marked by defective bone and teeth mineralization due to 
mutations in the ALPL gene. It reviews the evolution of HPP treatment, from early 
symptomatic management methods to the latest therapeutic approaches, emphasizing 
significant milestones achieved over time. In addition, this review delves into gene 
therapy’s historical development, outlining its successes and challenges. Furthermore, 
it presents a detailed analysis of why this innovative therapy holds promise for HPP, 
focusing on its efficacy in correcting the underlying biochemical defects and signifi-
cantly improving patient outcomes. Moreover, the review discusses future research 
directions, highlighting the critical need for ongoing innovation and rigorous clinical 
trials to further enhance the efficacy and safety of gene therapy for HPP. Continuous 
research is essential to developing more effective treatments and ultimately improv-
ing the quality of life for patients affected by this debilitating condition.
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1.  Introduction

Hypophosphatasia (HPP) is a rare genetic disorder characterized by defective 
mineralization of bones and teeth due to low activity of the tissue-nonspecific 
alkaline phosphatase (TNAP) isozyme, encoded by the ALPL gene. The severe forms 
of HPP primarily exhibit autosomal recessive inheritance, whereas the milder forms 
predominantly exhibit autosomal dominant inheritance. Symptoms vary widely from 
embryonic to adult onset, depending on the levels of residual alkaline phosphatase 
(ALP) activity. The disorder is classified into six types: perinatal, benign prenatal, 
infantile, childhood, adult, and odontohypophosphatasia [1, 2].

Inorganic pyrophosphate (PPi), a calcification inhibitor, is typically hydrolyzed 
by TNAP. Elevated PPi levels in the plasma of patients with HPP prevent hydroxy-
apatite mineral precipitation and growth. Another substrate of TNAP is pyridoxal-
5’-phosphate (PLP), which is essential for a wide range of biochemical reactions, 
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including neurotransmitter synthesis [3]; its deficiency in the brain can cause vitamin 
B6-dependent convulsions [2]. In addition, urinary phosphoethanolamine (PEA) 
levels are elevated in patients with HPP, aiding in the diagnosis of HPP. However, the 
clinical significance of PEA levels and the affected metabolic pathways remain unclear.

The incidence of severe HPP is reported to be 1/100,000 people in North America 
[4], 1/300,000 people in Europe [5], and 2–3/1,000,000 people in Japan [6, 7], 
whereas the nonlethal forms are more prevalent. Actual prevalence of HPP is possibly 
higher than previously reported, as clinical symptoms are less prominent in certain 
individuals, while the same mutations cause severe phenotype in other patients. 
Additionally, many patients with minor illnesses may remain undiagnosed [8, 9]. For 
example, the del1559 mutation in ALPL is frequently observed in Japanese popula-
tion, and its carrier incidence is approximately 1 in 480 individuals [8]. Adult-onset 
HPP often presents with nonspecific symptoms, such as chronic pain and osteopo-
rosis-like radiographic findings, leading to frequent misdiagnosis and may go unde-
tected because of inaccurate diagnosis [10–12]. The number of patients with HPP 
may be higher than previously reported, as some cases are asymptomatic but have 
genetic mutations in TNAP or heterozygous genetic mutations [8, 13]. Furthermore, 
over 400 mutations of the ALPL gene have been reported [14, 15]; these mutations 
result in a spectrum of clinical manifestations, ranging from mild to severe skeletal 
abnormalities.

As a single-enzyme-deficient disease, HPP is suitable for therapeutic interven-
tions. Asfotase alfa, a recombinant enzyme replacement therapy (ERT), became 
available in 2015 [16] and revolutionized HPP treatment. However, ERT requires 
frequent injections throughout a patient’s life, posing a burden, particularly in pedi-
atric cases with early onset of the disease [17]. The success of ERT has propelled gene 
therapy to become the next frontier in HPP treatment. In this chapter, we review the 
history of HPP treatment, evolution of gene therapy, ongoing gene therapy research 
on HPP, and prospects for future treatments.

2.  Pathophysiology

In children with HPP, serum ALP levels are significantly lower than age-matched 
normal levels. The reference range for serum ALP varies with age and is typically 
higher in children due to active bone metabolism during growth [18]. Thus, ALP 
values that are usually normal in adults may fall below the normal range in children, 
often leading to misinterpretation and delays in diagnosis and treatment. Therefore, 
age and sex must be considered when assessing ALP levels to avoid overlooking HPP 
cases [19].

Furthermore, HPP in pregnancy requires caution. Owing to the presence of 
placenta-derived ALP, serum ALP activity is generally higher in pregnant than in 
nonpregnant women. Thus, low plasma ALP activity could be normal or high during 
pregnancy, masking a physiologically low bone-derived TNAP [20, 21].

The ALPL gene, recently renamed “alkaline phosphatase, biomineralization 
associated” [22], encodes TNAP and is located at 1p36.12 on the short arm of chro-
mosome 1. More than 400 mutations have been reported associated with HPP [14, 
15], and the genotype and phenotype do not always correlate. Patients with identi-
cal genotypes may exhibit variations in the timing of disease onset and symptom 
presentation. Predicting symptom onset and presentation in later-born children, 
even if they share the same genetic mutation as earlier-born children in a family 
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linkage, remains a challenge [1, 5, 23]. Diminished TNAP activity leads to accumula-
tion of TNAPs substrates including PPi, PLP, and PEA. Besides, TNAP is known as 
the liver-bone-kidney type ALP because it is abundantly expressed in those tissues. 
However, it is also extensively distributed throughout other organs. Other notable 
tissues that may also contribute to serum ALP activity through the expression of 
distinct ALP encoding genes (ALPI, ALPP, ALPPL2) include the small intestine, 
placenta, and germ cells.

In the body, PPi binds directly to hydroxyapatite crystals, thereby inhibiting 
ectopic calcification of soft tissue. In contrast, in the skeleton and teeth, TNAP 
hydrolyzes PPi to inorganic phosphate, thereby promoting crystal growth. The result-
ing phosphate binds to calcium to form hydroxyapatite; thus, the calcium that is not 
utilized for bone formation remains in the bloodstream, leading to hypercalcemia and 
hypercalciuria (Figure 1a).

Furthermore, PLP is involved in the synthesis of neurotransmitters in the brain. 
Because PLP cannot cross the blood–brain barrier, it is first dephosphorylated by 
TNAP to pyridoxal (PL). After crossing the blood brain barrier, PL is re-phosphory-
lated in the brain to PLP for utilization as an active cofactor of glutamate decarboxyl-
ases (Figure 1b). Thus, decreased TNAP activity is associated with reduced PLP levels 
in the brain, leading to vitamin B6-dependent convulsion [24–26].

3.  Clinical presentation

Typically, HPP is classified according to the time of onset and severity, as pre-
sented below. However, as the disease progresses, the symptoms may increase, leading 
to a change in diagnosis [27]. Moreover, diagnosis is challenging because the pheno-
type does not always correlate with the type of genetic variant [5].

Figure 1. 
Mechanisms of tissue nonspecific alkaline phosphatase (TNAP) in bone mineralization and brain function: In the 
bone, TNAP functions as a pyrophosphatase in bone tissue, producing phosphate (Pi) from pyrophosphate (PPi), 
which binds to calcium and deposits on hydroxyapatite, facilitating ossification (a). In the brain, TNAP functions 
as a pyrophosphatase in the blood converting pyridoxal 5′-phosphate (PLP) to pyridoxal (PL). Only PL crosses 
the blood–brain barrier, where it is reconverted to PLP to act as a neurotransmitter metabolism coenzyme (b).
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3.1  Perinatal hypophosphatasia

Typically, perinatal HPP [28] is fatal because of recurrent in utero fractures and 
respiratory complications arising from decreased thoracic circumference malfor-
mations, regardless of normal trunk length [29–31], as is shown in Figure 2 [32]. 
However, there has been a paradigm shift with the advent of ERT, which has signifi-
cantly improved survival rates and outcomes in patients with perinatal HPP. Perinatal 
HPP usually results from homozygous or compound heterozygous mutations of the 
ALPL gene, following an autosomal recessive inheritance pattern. On radiographs, 
it is evident that bone calcification manifests randomly [23]. For instance, some 
vertebrae may display calcification, whereas other vertebrates may not. In the skull, 
the frontal bone typically undergoes initial ossification; among the bones of the body, 
the clavicle represents the initial ossification site. Nevertheless, bones throughout the 
body are typically sufficiently thin to avoid detection on radiographs. Symmetrical 
defects in metaphysis of long bones such as femurs are characteristic of HPP, a condi-
tion referred to as central “tongue” [33].

Bowdler spurs represent a prevalent osseous characteristic of HPP [34–38]; they 
manifest as osteophytes projecting transversely from long tubular bones with deep 
skin dimples. However, the presence of Bowdler spurs alone does not warrant the 
exclusion of other diseases [35].

Osteogenesis imperfecta (OI) is more common [39] than HPP and should be dif-
ferentiated based on the fetal bone abnormalities. OI manifests as a bone abnormality 

Figure 2. 
Radiographs of a neonatal hypophosphatasia born at 42 weeks showing ossification failure and respiratory 
complications. Cesarean delivery was performed at 42 weeks, and 1-day gestation following fetal ultrasound 
showed extremity shortening. The baby received respiratory support from birth until death at 5 months due to 
respiratory failure. Clinical findings included vertebral ossification failure, and thoracic narrowing (a), skull 
ossification failure (b), and rickets-like changes in the femur (c). Reproduced with permission from Hirayama, T. 
et al.
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during the fetal stage, and bisphosphonates are used to suppress bone resorption and 
improve ossification [40]. Conversely, HPP presents as a condition in which ossifica-
tion is inherently impaired, rendering the application of bisphosphonates futile; thus, 
the use of bisphosphonates should be avoided [27]. Distinguishing these conditions is 
imperative, even in cases of prenatal bone anomalies.

3.2  Benign perinatal hypophosphatasia

Fetal echogenic bone abnormalities are detected prenatally, with a favorable prog-
nosis characterized by improvement in bone abnormalities postnatally or in the third 
trimester of pregnancy [1, 5, 41]. Numerous studies on benign perinatal HPP [42] have 
been published in Japan, with some studies suggesting the effectiveness of treatment 
with asfotase alfa [43, 44]. However, treatment, particularly for rare diseases, is expen-
sive and exerts pressure on the healthcare economy [45]. Ongoing discussions and 
research are crucially important to establish eligibility criteria for treatment among 
patients and explore potential alternatives for improved therapeutic outcomes [46].

3.3  Infantile hypophosphatasia

Infantile HPP [28] occurs within the first 6 months of life [1]. It usually results 
from homozygous or compound heterozygous mutations of the ALPL gene [27], fol-
lowing an autosomal recessive inheritance pattern. Craniosynostosis, severe skeletal 
abnormalities, hypercalcemia, hypercalciuria, and vitamin B6-dependent convulsion 
are the most common symptoms and are usually severe. Symptoms of infantile HPP 
are similar to those of perinatal HPP; however, the progression is comparatively 
slower, resulting in an extended lifespan for affected patients compared with those 
with perinatal HPP.

3.4  Childhood hypophosphatasia

HPP occurring after 6 months of age is typically classified as childhood HPP [47] 
and typically characterized by premature loss of fully developed teeth. It usually 
results from homozygous, compound heterozygous, or heterozygous mutations of 
the ALPL gene, following an autosomal recessive inheritance pattern. In addition, 
patients with childhood HPP frequently present with bone pain, muscle weakness, 
limb deformities, shortening, and dental symptoms. Furthermore, childhood HPP is 
characterized by tooth loss, primarily the front teeth, before age four, with the roots 
remaining intact [48, 49]. The median age at symptom onset in patients with autoso-
mal recessive disease is 1 year, which is younger than that in patients with autosomal 
dominant disease (4 years). Blood levels of PPi and PLP were notably elevated in 
patients with recessively inherited conditions. However, clinical manifestations such 
as delayed ambulation and skeletal alterations were comparable between the two 
groups, although a higher incidence of bone fractures was observed among patients 
with the dominantly inherited disease [50]. Childhood HPP is nonfatal; however, it 
reduces quality of life and disrupts the ability to lead a typical childhood.

3.5  Adult-onset hypophosphatasia

Patients with adult-onset HPP [51] frequently complain of widespread chronic 
pain and muscle weakness [52, 53]; however, the pathophysiology remains unclear. 
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These patients may constitute undiagnosed cases of pediatric HPP; nonetheless, they 
often lack distinctive clinical features for identification. Symptoms, such as delayed 
fracture healing and those resembling osteoporosis, are commonly observed, along 
with pseudofractures and dysplasia of the bony bridges. Misdiagnosis as osteopo-
rosis is frequent when HPP is not considered in the differential diagnosis [52, 54]. 
Bisphosphonates, one of the basic therapies for osteoporosis, is contraindicated in 
HPP [55, 56], making it crucial to include HPP in the differential diagnosis. Asfotase 
alfa has been shown to enhance bone mineralization and facilitate the healing of 
delayed union fractures in adult patients [57–61]. Moreover, ERT can restore muscle 
strength [62, 63]. Given the nonspecific symptoms observed in adult patients with 
HPP and the frequent misinterpretation of imaging results resembling osteoporosis, 
assessment of serum ALP levels is a valuable initial diagnostic approach [54]. In 
addition, a single diagnostic test is often inadequate. Notably, a substantial proportion 
of patients with milder forms of HPP show improvement with supportive treatments 
alone [64, 65]. However, a subset of patients requires ERT. Judicious selection of 
patients eligible for ERT poses an ongoing challenge in clinical management [66].

3.6  Odontohypophosphatasia

In odontohypophosphatasia, a notable feature is premature tooth loss at a 
young age, despite the absence of bone abnormalities [7]. The root of the fallen 
tooth remains intact, and pathology reveals cementum dysplasia. Typically, 
poor calcification of both the acellular cementum and dentin is observed [48]. 
However, it is challenging to prevent the losing of primary teeth upon initiation of 
ERT, which may commence within days of birth in cases of timely diagnosis. This 
difficulty arises because the primary teeth are formed during fetal development 
[67]. Therefore, absent teeth cannot be transplanted, necessitating denture place-
ment. Although the mild variant of the condition has a more favorable prognosis 
than its severe counterpart, it nonetheless represents a significant detriment to the 
patient’s quality of life. Cases initially diagnosed solely based on dental symptoms 
or considered odontohypophosphatasia may later be re-diagnosed as pediatric 
or adult-onset HPP after presentation of bone or muscle symptoms [49]. Studies 
indicate that ERT has positive effects on dental symptoms associated with infantile 
and childhood HPP [68, 69].

4.  Treatment

Before the advent of ERT, only symptomatic management options were available. 
For severe perinatal HPP, treatment options were limited to ventilation and low-cal-
cium milk for hypercalcemia, hypercalciuria, and vitamin B6-dependent convulsions 
[1]. Numerous modalities have been explored to address the needs of individuals with 
HPP. These interventions include bone marrow cell transplantation [70, 71], trans-
plantation of bone fragments along with cultured osteoblasts [72], administration 
of teriparatide (recombinant human parathyroid hormone PTH 1–34) [73, 74], ERT 
utilizing ALP-enriched serum derived from patients with Paget’s disease of the bone 
[75], and infusion of plasma sourced from healthy donors [76] or ALP purified from 
hepatic tissue [77]. Despite these interventions, noticeable clinical and radiographic 
enhancements have been observed only in some patients, reflecting the limited 
efficacy of these therapeutic modalities.
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The clinical manifestations observed in TNAP knockout (Alpl−/−) mice closely 
mimic those seen severe infantile HPP, making Alpl−/− mice an optimal animal model 
for studying HPP [78]. Although initially appearing phenotypically normal at birth, 
these mice progress to exhibit growth failure, vitamin B6-dependent convulsions, 
and hypomineralization, typically dying before weaning. Alpl−/− mice were rescued 
by daily subcutaneous administration of a bone-targeted variant of TNAP obtained 
by conjugating a bone-targeting deca-aspartate sequence to the C-terminus of soluble 
TNAP (TNAP-D10) [79]. These promising preclinical outcomes paved the way for the 
clinical implementation of ERT in HPP patients [80]. This significant advancement 
has not only extended survival rates in patients with severe infantile HPP but also 
enhanced the quality of life for patients with pediatric and adult-onset HPP [81].

ERT significantly enhances prognosis, particularly for patients with severe 
perinatal HPP. However, as the enzyme degrades over time, continuous replenishment 
by subcutaneous injections 3–6 times a week is required [82]. Patients seek to allevi-
ate the persistent pain due to the frequent injections and receive definitive curative 
therapy [83].

Furthermore, the use of ERT is associated with some challenges, such as the 
development of lipodystrophy at the site of injections and the development of 
antidrug antibodies [84]. Improvements in infantile HPP cases following bone mar-
row transplantation have been reported. In addition, allogeneic mesenchymal stem 
cell transplantation has demonstrated efficacy in fatal perinatal HPP [85]. However, 
the treatment is accompanied with pre-therapy procedures, such as chemotherapy, 
radiation therapy, and immunotherapy, and associated with potential posttransplant 
complications, such as graft-versus-host disease.

5.  Gene therapy

5.1  History

Gene therapy was initially proposed as a radical treatment for diseases via repair 
of damaged genes. However, this modality proved challenging. In the early days of 
gene therapy, recognizing target genes was challenging, and gene modification tech-
niques were insufficiently developed, making it difficult to alter target genes [86, 87]. 
Alternative approaches to deliver functionally missing molecules were necessary. 
Not all genetic diseases can be treated using gene therapy. However, gene therapy 
can serve as a potentially curative approach for diseases that meet two criteria: 1) the 
condition must be attributable to a single gene and 2) the expression of that gene can 
reach a therapeutic level.

The direct introduction of a functional gene into the body is known as in vivo 
therapy. The vectors employed for gene delivery include viral and nonviral vectors 
such as plasmid vectors, bacterial vectors, and lipoplexes. At present, the primary 
clinical application of viral vectors is therapeutic because of their high transduction 
efficiency. Although the use of viral vectors is simple and efficient, it requires a large 
viral dose and there is a possibility that the viral vectors may enter organs besides 
the target organs. Meanwhile, ex vivo therapy describes the process of cell collection, 
culturing, and transduction of functional genes prior to their administration to the 
patient. Ex vivo therapy is applicable in certain primary immunodeficiency diseases, 
congenital errors in metabolism, and other conditions that necessitate hematopoietic 
stem cell transplantation [88, 89]. CAR-T cell therapy [90], which exhibits antitumor 
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effects against refractory B-cell tumors, has been classified as an ex vivo therapy. It 
is expected to reduce side effects, such as secondary malignancy after CAR-T cell 
therapy, by allowing therapeutic cells to grow outside the body before returning to 
them and avoiding the transcription start site, thereby making gene therapy safer. 
Patient burden is substantial because of the necessity of pre-treatment before hema-
topoietic stem cell gene therapy.

In the years leading up to the 1990s, various attempts were made to use gene 
therapy for genetic diseases and cancer with the goal of achieving curative treatment. 
These attempts, however, had limited success. The first notable success was achieved 
in 2000 [91, 92]. Nevertheless, safety concerns arose a few years later because of 
incidences of leukemia development [93] and deaths resulting from other treatments 
[94, 95], thereby dampening public expectations. As a result of these limitations, 
advancements in techniques characterized by enhanced safety measures and ethical 
considerations have resulted in documented success since the late 2000s. For example, 
Zolgensma®, an in vivo gene therapy utilizing an adeno-associated virus (AAV) 
vector, significantly enhanced life expectancy and motor function in patients with 
spinal muscular atrophy, a condition previously lacking curative treatment. Although 
this represents a significant advancement in healthcare, the associated substantial 
expenses remain a significant challenge.

Studies have focused on genome-editing technologies, such as CRISPR-Cas9, to 
correct genetic defects caused by gain-of-function mutations in dominant genetic 
disorders [96]. CRISPR-Cas9 is a technology used for cutting and editing specific 
sections of DNA and has been clinically applied to treat sickle cell disease and 
beta-thalassemia. This method precisely targets and modifies faulty genes, thereby 
offering potential solutions for previously untreatable conditions. Casgevy® for 
beta-thalassemia [97, 98] was approved in Europe, the UK, and the USA. Extensive 
research and clinical trials are necessary to confirm the safety and efficacy of these 
techniques before wide application in clinical practice. In addition, CAR-T therapy 
involves genetically modifying a patient’s T cells to recognize and attack specific can-
cer cells, primarily in blood cancers, such as multiple myeloma and lymphoma [99]. 
Kimliah® (CD19-CAR), Abecma® (BCMA-CAR), and nine other CAR-T therapy 
drugs have been approved. This therapy has been primarily applied in clinical settings 
for the treatment of blood cancer. Furthermore, oncolytic virus therapy involves the 
introduction of a natural or genetically engineered virus into the uterus, where it 
selectively replicates in the tumor tissue and targets tumor cells for destruction [100].

5.2  Challenges with gene therapy

Gene therapy faces several challenges, particularly regarding the use of different 
vectors. Local administration of AAV vectors is relatively safe, as seen with interven-
tions like Luxturna® and Upstaza®, which require smaller doses and prevent sig-
nificant immune responses. Luxturna® (1.5x1011 vg/eye) is an intraretinal injection 
of voretigene neparvovec-rzyl [101] gene therapy drug, and Upstaza® (1.81x1011 vg 
total) is an intraputamen injection of an AAV vector containing the human AADC 
gene (AAV2-hAADC) [102] gene therapy drug. However, systemic administration 
presents greater risks, including the requirement for large quantities of vectors. In 
cases of X-linked myotubular myopathy, the systemic administration of AAV8 at 
high doses results in fatal liver failure in some patients. At a low dose of 1.3x1014  
vg/kg in seven patients and at a high dose of 3.5x1014 vg/kg in 17 patients, three 
patients from the high-dose group and one from the low-dose group experienced 
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fatal liver failure [103–106]. Similarly, in the treatment of Duchenne muscular 
dystrophy, high doses of intravenous recombinant AAV (rAAV) cause fatal immune 
responses and capillary leakage [107, 108]. The long-term sustainability and safety of 
AAV vectors remain uncertain, with the risks of inappropriate gene expression and 
immune responses. In addition, treatment efficacy relies on the absence of antibod-
ies in the body that can neutralize AAV vectors (negative neutralizing antibodies), 
thus preventing treatment with AAV vectors [109].

Although advancements in gene therapy are underway, researchers must be 
mindful of uncharted areas that require exploration. To date, no study has established 
an association between systemic administration of AAV vectors and gene integration 
into germ cells. However, owing to the inability to examine all germ cells, a thorough 
confirmation of the absence of germ cell modification is essential [110, 111].

Lentiviral vectors, which integrate genes into random chromosomal loca-
tions, pose a risk of insertional mutagenesis, potentially leading to leukemia [112]. 
However, advancements in research have made self-inactivating (SIN) lentiviral 
vectors safer, eliminating the occurrence of leukemia. Recent clinical trials using SIN 
lentiviral vectors have brought them closer to clinical application [112, 113]. Other 
viral vectors can induce immune responses that diminish the efficacy of gene therapy 
and cause adverse effects. Although nonviral vectors pose fewer safety concerns 
and immune responses, they are associated with issues pertaining to efficiency and 
targeted gene delivery to specific tissues.

The high costs of gene therapy, particularly for rare diseases, pose a significant 
barrier. For example, Glybera®, a gene therapy for lipoprotein lipase deficiency 
approved in 2012, was discontinued in 2017 owing to low cost-effectiveness despite 
its high price [114]. The allocation of medical expenses for rare diseases is, therefore, 
heavily influenced by societal values and political policies. Gene therapy drugs such 
as LUXTURNA® for Leber congenital amaurosis, Zolgensma® for spinal muscular 
atrophy (SMA), and Hemgenix® for hemophilia B are notably expensive, costing 
$850,000 for both eyes, $2.1 million per injection, and over $3.5 million per injection, 
respectively. The high development costs coupled with the limited patient population 
for rare diseases contribute to the high prices of these treatments. To address these 
issues, preclinical trials in the United States are exploring the potential of modifying 
genes within the same viral vector to treat multiple diseases [115, 116]. Collaborative 
efforts between public and private sectors are crucial to advancing clinical develop-
ment and enhancing efficiency.

5.3  HPP gene therapy

Despite the availability of ERT as an effective treatment for HPP, the discomfort 
associated with frequent injections and injection site reactions pose challenges for 
patients. Therefore, we aimed to employ gene therapy techniques to enable the 
patient’s body to continuously and autonomously produce enzymes.

Intravenous therapy using AAV8 viral [117] and lentiviral vectors [118], fetal 
therapy using AAV9 viral vectors [119], bone marrow transplantation using lentiviral 
vectors [120], and intramuscular therapy using AAV8 viral vectors [121] have all 
demonstrated success in an HPP model, Alpl−/− mice. Bone marrow transplantation is 
challenging because of the risk of leukemia and burden of pretreatment on patients. 
Systemic administration of AAV is avoided to prevent systemic immune reactions and 
antibody production. Consequently, intramuscular injection is selected as the pre-
ferred method. AAV vectors offer safe and efficient gene delivery to nondividing cells 
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such as muscle cells, liver cells, and neurons, though the size limitation of inserted 
genes and the challenge of efficient production [103]. Moreover, AAV vectors exhibit 
tropism, allowing for the use of different subtypes tailored to specific organs [122]. 
Additionally, employing a tissue-specific promoter ensures that gene expression 
occurs exclusively within the targeted organ [122, 123]. Based on our previous study, 
intramuscular injection therapy using AAV8 viral vectors has emerged as the safest, 
most practical, and simplest approach.

5.4  Toward clinical application: AAV8-TANP-D10

Leveraging AAV organ tropism, we aimed to utilize AAV8, known for its tropism 
to infect liver and muscle tissues [122, 124], for localized injection into the muscle. 
The advantages of local administration include simplicity and safety, low risk of 
migration to other organs, suppression of immune responses associated with intra-
venous administration (i.e., antibody production and reactions that affect the whole 
body), and low potential for tumor formation. Furthermore, if adverse events cause 
the patient to discontinue enzyme expression, the muscle at the inoculation site can 
be surgically removed in the worst-case scenario.

AAV8-TNAP-D10, a viral vector product expressing TNAP, is a gene therapy 
designed to extend lifespan, suppress symptom progression, and ameliorate symp-
toms in patients with HPP via a single intramuscular injection. AAV8-TNAP-D10 is 
an AAV8-TNAP vector with deca-aspartate (D10) that targets the bone using a non-
tissue-specific CAG promoter [121]. A single injection of AAV8-TNAP-D10 was admin-
istered into the thigh muscle of neonatal Alpl−/− mice (Figure 3a). Administration of 
AAV8-TNAP-D10 led to increased weight and a healthier appearance in Alpl−/− mice 
compared to untreated Alpl−/− mice (Figure 3b). The injection of AAV8-TNAP-D10 
into the thigh muscle of neonatal Alpl−/− mice extended their lifespan and sustained 
elevated ALP activity in moribund Alpl−/− mice for 18 months at a dose of ≥3.0x1011 
vg/body. Micro-CT examination showed that bone maturation in treated Alpl−/− mice 
was comparable to that of wild-type mice (Figure 3c). Micro-CT examination of 
Alpl−/− mice’s mandibles revealed that the mandibular structure in treated mice 
improved to the level of the wild-type mice. Moreover, there were notable improve-
ments in the cementum and periodontal ligament structures compared to those in 
untreated mice. Enamel thickness, pulp structure volume, and thickness improved 
posttreatment to a degree where they could be assessed as comparable to those of the 
wild-type mice [125].

The use of Alpl Prx1/Prx1 mice allows long-term studies of bones and teeth that are 
not possible with untreated lethal Alpl−/− mice [126]; moreover, they can be used as 
an adult HPP model or for tooth analysis. Treatment of Alpl Prx1/Prx1 mice with AAV8-
TNAP-D10 improves ossification, thus demonstrating that AAV8-TNAP-D10 is effective 
even in adult HPP models [127].

Prior to clinical trials, efficacy must be demonstrated in rodents and larger ani-
mals. A sheep model of HPP has been established in large animals using CRISPR-Cas9 
technology to introduce a missense mutation (c.1077C > G; p.I359M), which serves as 
an effective model for studying alveolar bone conditions [128], but gene therapy has 
not yet been explored in that model. We selected the cynomolgus monkey (Macaca 
fascicularis) as a large animal model to assess the effectiveness of AAV8-TNAP-D10. 
Our objectives were to 1) evaluate whether a single intramuscular injection of AAV8-
TNAP-D10 maintained plasma ALP activity, 2) assess any potential antibody-mediated 
rejection of the protein expressed in animals with differing immune systems, and 3) 
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examine adverse effects such as ectopic calcification, organ damage, or carcinogen-
esis, which have been previously reported following gene therapy failures.

AAV8-TNAP-D10 was injected into the lateral vastus lateralis muscle of two 
macaque monkeys under anesthesia. One monkey received 1 × 1013 vg/body and 
was observed for 266 days, whereas the other received 4 × 1013 vg/body (1 × 1013 vg 
at four sites) and was observed for 196 days. Both monkeys were compared to the 
controls. The rationale for increasing the number of the administration site instead 
of solely increasing the dosage was prevention of the leakage of the injected sub-
stance into the bloodstream from the muscle site, which could lead to inadvertent 
intravenous administration. The results showed that monkeys had higher serum 
ALP activity than the controls, which was maintained throughout the observation 
period. Although anti-TNAP antibodies appeared and caused a temporary decrease 
in serum ALP activity, these antibodies eventually decreased, thereby maintaining 

Figure 3. 
Impact of one-time intramuscular AAV8-TNAP-D10 treatment on survival in Alp−/− mice. Alpl−/− mice injected 
with a single intramuscular injection of AAV8-TNAP-D10 in the quadriceps muscle within 3 days after birth 
(1.0x1012 vg/body; n = 7, 3.0x1011 vg/body; n = 7, 1.0x1011 vg/body; n = 5) were observed for 18 months (a). 
Untreated model mice typically died before weaning. Physical appearance of untreated Alpl−/− mice vs. treated 
Alpl−/− mice (b). Plasma ALP activity, the survival curves, and bone mineral density at 18 months with computer 
tomography reconstruction of the femur bone. Bone mineral density at 18 months of age. CT reconstruction of the 
femur in AAV8-TNAP-D10 treated Alpl−/− mice (1.0x1012 vg/body) vs. wild type (c).
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high ALP activity. Anti-AAV antibodies also appeared but did not affect ALP activity. 
Regarding side effects, all blood tests, including those for liver function (aspartate 
aminotransferase, alanine aminotransferase), renal function (blood urea nitrogen, 
creatinine), and calcium metabolism (calcium, phosphate), showed no abnormalities. 
There were no pathological findings (no tumor formation or ectopic calcification), 
either macroscopically or microscopically. No local inflammation was observed at 
the injection site. Vector biodistribution was confirmed in each organ; furthermore, 
AAV8-TNAP-D10 was detected only in the skin and muscles, where it was adminis-
tered (ongoing research and unpublished data).

6.  Conclusions

We have discussed the treatment of HPP, the history of gene therapy, and our 
review of gene therapy for HPP. Although the approval of ERT has marked a revo-
lutionary advancement, its reliance on regular and frequent injections significantly 
impacts the quality of life of patients and their families. Therefore, alternative treat-
ments are urgently required.

In our study, AAV8-TNAP-D10 administered via a single intramuscular injection in 
both the early- and later-onset HPP mouse models demonstrated sustained elevation 
of serum ALP activity throughout the lifespan, along with improvements in bone 
and tooth ossification. No adverse effects were observed within this treatment range. 
In addition, AAV8-TNAP-D10 was shown to be safe and effective in primates. Thus, 
AAV8-TNAP-D10 intramuscular muscle injection treatment appears to have promising 
efficacy and safety profile for clinical application.

Given the costs associated with gene therapy as well as the broad spectrum of 
symptoms in patients with HPP, it is crucial to address societal considerations regard-
ing patient selection for gene therapy.

Our future studies will include safety assessments and further investigations in 
preparation for clinical trials. We intend to advance our research efforts in the pursuit 
of enhanced safety profiles.

Acknowledgements

We sincerely thank Dr. Dongway Zhao and Dr. Noriko Miyake for their technical 
assistance and helpful discussions that greatly contributed to this work. This research 
was supported by AMED (Japan Agency for Medical Research and Development) 
under Grant Number JP23ek0109670 to KM and NIDCR (National Institute of Dental 
and Craniofacial Research) of the NIH (National Institutes of Health) under Grant 
Number DE12889 to JLM. This work was also supported by JSPS (Japan Society for 
the Promotion Science) KAKENHI Grant Numbers JP 20 K08268 and JP 15 K09605 to 
TM and KM.

Conflict of interest

TM and KM have previously received research funding from Aruvant Sciences 
and held an endowed chair affiliated with Aruvant Sciences during the course of the 
research. JLM received partial research funding from Aruvant Sciences.



Gene Therapy for Hypophosphatasia: Current Management and Future
DOI: http://dx.doi.org/10.5772/intechopen.1006268

13

Author details

Tae Matsumoto1,2*, Sonoko Narisawa3, José Luis Millán3 and Koichi Miyake2

1 Department of Pediatrics, Nippon Medical School, Tokyo, Japan

2 Department of Gene Therapy, Nippon Medical School, Tokyo, Japan

3 Sanford Children's Health Research Center, Sanford Burnham Prebys Medical 
Discovery Institute, La Jolla, CA, United States

*Address all correspondence to: tae@nms.ac.jp

© 2024 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 



Genetically Modified Organisms

14

References

[1] Mornet E. Hypophosphatasia. 
Orphanet Journal of Rare Diseases. 
2007;2:40

[2] Hypophosphatasia ME. Best Practice 
& Research. Clinical Rheumatology. 
2008;22(1):113-127

[3] Millán JI. The in Vivo Role of TNAP. 
Mammalian Alkaline Phosphatases: From 
Biology to Applications in Medicine 
and Biotechnology. Weinheim: Federal 
Republik of Germany: WILEY-VCH 
Verlag GmbH & Co.KGaA; 2006. 
pp. 105-129

[4] Hypophosphatasia FD. The American 
Journal of Medicine. 1957;22(5):730-746

[5] Mornet E. Genetics of 
hypophosphatasia. Archives de Pédiatrie. 
2017;24(5S2):5S51-55S6

[6] Taketani T, Onigata K, 
Kobayashi H, Mushimoto Y, Fukuda S, 
Yamaguchi S. Clinical and genetic aspects 
of hypophosphatasia in Japanese patients. 
Archives of Disease in Childhood. 
2014;99(3):211-215

[7] Reis FS, Lazaretti-Castro M. 
Hypophosphatasia: From birth to 
adulthood. Arch Endocrinol Metab. 
2023;67(5):e000626

[8] Watanabe A, Karasugi T, Sawai H, 
Naing BT, Ikegawa S, Orimo H, et al. 
Prevalence of c.1559delT in ALPL, 
a common mutation resulting in 
the perinatal (lethal) form of 
hypophosphatasia in Japanese and 
effects of the mutation on heterozygous 
carriers. Journal of Human Genetics. 
2011;56(2):166-168

[9] Mornet E, Yvard A, Taillandier A,  
Fauvert D, Simon-Bouy B. A molecular- 

based estimation of the prevalence 
of hypophosphatasia in the European 
population. Annals of Human Genetics. 
2011;75(3):439-445

[10] Briot K, Roux C. Adult 
hypophosphatasia. Archives de Pédiatrie. 
2017;24(5S2):5S71-55S3

[11] Inoue D. Diagnosis and treatment 
of adult hypophosphatasia: Still a big 
challenge? Osteoporos Sarcopenia. 
2024;10(1):1-2

[12] Kim SM, Korkmaz F, Sims S, Ryu V, 
Yuen T, Zaidi M. Musculoskeletal and 
neurocognitive clinical significance of 
adult hypophosphatasia. Osteoporos 
Sarcopenia. 2023;9(4):115-120

[13] Inci A, Ergin FBC, Yuce BT,  
Ciftci B, Demir E, Buyan N, 
et al. Hypophosphatasia: Is it an 
underdiagnosed disease even by expert 
physicians? Journal of Bone and Mineral 
Metabolism. 2021;39(4):598-605

[14] Farman MR, Rehder C, 
Malli T, Rockman-Greenberg C, Dahir K, 
Martos-Moreno GA, et al. The global 
ALPL gene variant classification project: 
Dedicated to deciphering variants. Bone. 
2024;178:116947

[15] The ALPL Gene Variant 
Database [Internet]. [Cited 2024 
May 20]. Available from: https://
alplmutationdatabase.jku.at/.

[16] Asfotase Alfa (Strensiq). Common 
Drug Review. Ottawa: Canadian Agency 
for Drugs and Technologies in Health; 
2017

[17] Naslonski T. Laiken, Rowan and their 
Family’s HPP Journey 2020 [Updated 
November 6, 2020 Cited 2024 June 13]. 



Gene Therapy for Hypophosphatasia: Current Management and Future
DOI: http://dx.doi.org/10.5772/intechopen.1006268

15

Available from: https://softbones.org/
laiken-rowan-and-their-familys-hpp-
journey/.

[18] Castells Vilella L, Sanchez- 
Pintos P, Muniz Llama JF, Gamez 
Martinez M, Couce ML, Anton J. Age- and 
sex-dynamic fluctuations and reference 
intervals for alkaline phosphatase among 
the Spanish population. Archives of 
Pathology & Laboratory Medicine. 2024 
[Online ahead of print]

[19] Garcia-Fontana C, Villa-Suarez JM, 
Andujar-Vera F, Gonzalez-Salvatierra S, 
Martinez-Navajas G, Real PJ, et al. 
Epidemiological, clinical and genetic 
study of Hypophosphatasia in a Spanish 
population: Identification of two novel 
mutations in the Alpl gene. Scientific 
Reports. 2019;9(1):9569

[20] Joseph JC, Baker C, Sprang ML, 
Bermes EW. Changes in plasma proteins 
during pregnancy. Annals of Clinical and 
Laboratory Science. 1978;8(2):130-141

[21] Takahashi Y, Sawai H, Murotsuki J, 
Satoh S, Yamada T, Hayakawa H, et al. 
Parental serum alkaline phosphatase 
activity as an auxiliary tool for prenatal 
diagnosis of hypophosphatasia. Prenatal 
Diagnosis. 2017;37(5):491-496

[22] Medicine NLo. ALPL Alkaline 
Phosphatase, Biomineralization 
Associated [Homo Sapiens (Human)] 
2024 May 17 [Cited 2024 June 22]. 
Available from: https://www.ncbi.nlm.
nih.gov/gene/249.

[23] Ikenoue S, Miyakoshi K, Ishii T, 
Sato Y, Otani T, Akiba Y, et al. Discordant 
fetal phenotype of hypophosphatasia 
in two siblings. American Journal 
of Medical Genetics. Part A. 
2018;176(1):171-174

[24] Fonta C, Negyessy L, Renaud L,  
Barone P. Areal and subcellular 

localization of the ubiquitous 
alkaline phosphatase in the primate 
cerebral cortex: Evidence for a role in 
neurotransmission. Cerebral Cortex. 
2004;14(6):595-609

[25] Waymire KG, Mahuren JD, Jaje JM, 
Guilarte TR, Coburn SP, MacGregor GR. 
Mice lacking tissue non-specific alkaline 
phosphatase die from seizures due to 
defective metabolism of vitamin B-6. 
Nature Genetics. 1995;11(1):45-51

[26] Sebastian-Serrano A, Engel T, 
 de Diego-Garcia L, Olivos-Ore LA, 
Arribas-Blazquez M, Martinez-Frailes C, 
et al. Neurodevelopmental alterations 
and seizures developed by mouse model 
of infantile hypophosphatasia are 
associated with purinergic signalling 
deregulation. Human Molecular 
Genetics. 2016;25(19):4143-4156

[27] Mornet E, Taillandier A, 
Domingues C, Dufour A, Benaloun E, 
Lavaud N, et al. Hypophosphatasia: A 
genetic-based nosology and new insights 
in genotype-phenotype correlation. 
European Journal of Human Genetics. 
2021;29(2):289-299

[28] Vernon HJ. Hypophosphatasia, 
Infantile; HPPI 2021 [Updated 
10/19/2021; Cited 2024 July 15]. Available 
from: https://omim.org/entry/241500

[29] Taketani T, Kanai R, Abe M, 
Mishima S, Tadokoro M, Katsube Y, et al. 
Therapy-related Ph+ leukemia after both 
bone marrow and mesenchymal stem cell 
transplantation for hypophosphatasia. 
Pediatrics International. 
2013;55(3):e52-e55

[30] Leung EC, Mhanni AA, Reed M, 
Whyte MP, Landy H, Greenberg CR. 
Outcome of perinatal hypophosphatasia 
in Manitoba mennonites: A retrospective 
cohort analysis. JIMD Reports. 
2013;11:73-78



Genetically Modified Organisms

16

[31] Martos-Moreno GA, Rockman- 
Greenberg C, Ozono K, Petryk A, 
Kishnani PS, Dahir KM, et al.  
Clinical profiles of children with 
Hypophosphatasia prior to treatment 
with enzyme replacement therapy: An 
observational analysis from the global 
HPP registry. Hormone Research in 
Pædiatrics. 2023;97(3):233-242

[32] Hirayama T, Kuwabara K, Tsugu H, 
Hirayama T, 平山恒徳, 桑原健太郎, et al. 
Infantile hypophosphatasia 乳児型低ホ
スファターゼ症. Pediatrics of Japan 小児
科. 1993;34(12):the front matter

[33] Offiah AC, Vockley J, Munns CF, 
Murotsuki J. Differential diagnosis of 
perinatal hypophosphatasia: Radiologic 
perspectives. Pediatric Radiology. 
2019;49(1):3-22

[34] Oestreich AE, Bofinger MK. 
Prominent transverse (Bowdler) bone 
spurs as a diagnostic clue in a case of 
neonatal hypophosphatasia without 
metaphyseal irregularity. Pediatric 
Radiology. 1989;19(5):341-342

[35] Oestreich AE. Bowdler spur also 
found in camptomelic dysplasia. 
Pediatric Radiology. 2016;46(2):300

[36] Kozlowski K, Sutcliffe J, 
Barylak A, Harrington G, Kemperdick H, 
Nolte K, et al. Review of 24 cases. 
Pediatric Radiology. 1976;5(2):103-117

[37] Wenkert D, McAlister WH, 
Coburn SP, Zerega JA, Ryan LM, 
Ericson KL, et al. Hypophosphatasia: 
Nonlethal disease despite skeletal 
presentation in utero (17 new cases 
and literature review). Journal 
of Bone and Mineral Research. 
2011;26(10):2389-2398

[38] Guguloth A, Aswani Y, 
Anandpara KM. Prenatal diagnosis 
of hypophosphatasia congenita using 

ultrasonography. Ultrasonography. 
2016;35(1):83-86

[39] Marom R, Rabenhorst BM, 
Morello R. Osteogenesis imperfecta: An 
update on clinical features and therapies. 
European Journal of Endocrinology. 
2020;183(4):R95-R106

[40] Botor M, Fus-Kujawa A, 
Uroczynska M, Stepien KL, Galicka A, 
Gawron K, et al. Osteogenesis Imperfecta: 
Current and prospective therapies. 
Biomolecules. 2021;11(10):1493

[41] Mornet E. Molecular genetics of 
Hypophosphatasia and phenotype-
genotype correlations. Sub-Cellular 
Biochemistry. 2015;76:25-43

[42] Bangura A, Wright L, Shuler T. 
Hypophosphatasia: Current literature for 
pathophysiology, clinical manifestations, 
diagnosis, and treatment. Cureus. 
2020;12(6):e8594

[43] Matsushita M, Mishima K, Nagata T, 
Kamiya Y, Imagama S, Kitoh H. Asfotase 
alfa has a limited effect in improving 
the bowed limbs in perinatal benign 
hypophosphatasia: A case report. 
Clinical Pediatric Endocrinology. 
2021;30(1):53-56

[44] Kato H, Hidaka N, Koga M, 
Kinoshita Y, Makita N, Nangaku M, et al. 
Radiological evaluation of pseudofracture 
after the administration of asfotase 
alfa in an adult with benign prenatal 
hypophosphatasia: A case report. Bone 
Reports. 2022;16:101163

[45] Mavilio F. Developing gene and 
cell therapies for rare diseases: An 
opportunity for synergy between 
academia and industry. Gene Therapy. 
2017;24(9):590-592

[46] Rush ET. Childhood hyp-
ophosphatasia: To treat or not to treat. 



Gene Therapy for Hypophosphatasia: Current Management and Future
DOI: http://dx.doi.org/10.5772/intechopen.1006268

17

Orphanet Journal of Rare Diseases. 
2018;13(1):116

[47] Vernon HJ. Hypophosphatasia, 
Childhood; HPPC 2021 [Cited 2024 July 
15]. Available from: https://omim.org/
entry/241510

[48] Okawa R, Nakano K. Dental 
manifestation and management of 
hypophosphatasia. Japanese Dental 
Science Review. 2022;58:208-216

[49] Okawa R, Kadota T, Matayoshi S, 
Nakano K. Dental manifestations leading 
to the diagnosis of Hypophosphatasia 
in two children. Journal of Dentistry 
for Children (Chicago, Ill.). 
2020;87(3):179-183

[50] Kishnani PS, Del Angel G, Zhou S, 
Rush ET. Investigation of ALPL variant 
states and clinical outcomes: An 
analysis of adults and adolescents with 
hypophosphatasia treated with asfotase 
alfa. Molecular Genetics and Metabolism. 
2021;133(1):113-121

[51] Vernon HJ. Hypophosphatasia, 
Adult; HPPA 2021 [Updated 06/04/2021; 
Cited 2024 July 15]. Available from: 
https://omim.org/entry/146300

[52] Briot K, Roux C. Adult 
hypophosphatasia. Current Opinion in 
Rheumatology. 2016;28(4):448-451

[53] Berkseth KE, Tebben PJ, Drake MT, 
Hefferan TE, Jewison DE, Wermers RA. 
Clinical spectrum of hypophosphatasia 
diagnosed in adults. Bone. 
2013;54(1):21-27

[54] Ng E, Ashkar C, Seeman E, 
Schneider HG, Nguyen H, Ebeling PR, 
et al. A low serum alkaline phosphatase 
may signal hypophosphatasia 
in osteoporosis clinic patients. 
Osteoporosis International. 
2023;34(2):327-337

[55] Sutton RA, Mumm S, Coburn SP, 
Ericson KL, Whyte MP. "atypical femoral 
fractures" during bisphosphonate 
exposure in adult hypophosphatasia. 
Journal of Bone and Mineral Research. 
2012;27(5):987-994

[56] Whyte MP. Atypical femoral 
fractures, bisphosphonates, and adult 
hypophosphatasia. Journal of Bone and 
Mineral Research. 2009;24(6):1132-1134

[57] Hidaka N, Murata H, Tachikawa K, 
Osaki K, Sekiyama T, Kinoshita Y, et al. 
The effect of Asfotase Alfa on plasma 
and urine pyrophosphate levels and 
Pseudofractures in a patient with adult-
onset Hypophosphatasia. JBMR Plus. 
2023;7(12):e10842

[58] Seefried L, Kishnani PS, 
Moseley S, Denker AE, Watsky E, 
Whyte MP, et al. Pharmacodynamics 
of asfotase alfa in adults with pediatric-
onset hypophosphatasia. Bone. 
2021;142:115664

[59] Sturznickel J, Schmidt FN, 
von Vopelius E, Delsmann MM, 
Schmidt C, Jandl NM, et al. Bone healing 
and reactivation of remodeling under 
asfotase alfa therapy in adult patients 
with pediatric-onset hypophosphatasia. 
Bone. 2021;143:115794

[60] Magdaleno AL, Singh S, 
Venkataraman S, Perilli GA, Lee YY. 
Adult-onset Hypophosphatasia: Before 
and after treatment with Asfotase 
Alfa. AACE Clinical Case Reports. 
2019;5(6):e344-e3e8

[61] Klidaras P, Severt J, Aggers D, 
Payne J, Miller PD, Ing SW. Fracture 
healing in two adult patients with 
Hypophosphatasia after Asfotase Alfa 
therapy. JBMR Plus. 2018;2(5):304-307

[62] Koyama H, Yasuda S, Kakoi S, 
Ohata Y, Shimizu Y, Hasegawa C, et al. 



Genetically Modified Organisms

18

Effect of Asfotase Alfa on muscle 
weakness in a Japanese adult patient of 
Hypophosphatasia with low ALP levels. 
Internal Medicine. 2020;59(6):811-815

[63] Rolvien T, Schmidt T, Schmidt FN, 
von Kroge S, Busse B, Amling M, et al. 
Recovery of bone mineralization and 
quality during asfotase alfa treatment 
in an adult patient with infantile-onset 
hypophosphatasia. Bone. 2019;127:67-74

[64] Mizuno H, Sawa N, Sekine A, 
Inoue N, Oba Y, Ikuma D, et al. A 
bone Histomorphometric analysis of 
Hypophosphatasia-related osteoporosis 
after Teriparatide treatment. Internal 
Medicine. 2023;62(1):75-79

[65] Righetti M, Wach J, Desmarchelier R, 
Coury F. Teriparatide treatment in an 
adult patient with hypophosphatasia 
exposed to bisphosphonate and revealed 
by bilateral atypical fractures. Joint, 
Bone, Spine. 2018;85(3):365-367

[66] Brandi ML, Khan AA, Rush ET, 
Ali DS, Al-Alwani H, Almonaei K, et al. 
The challenge of hypophosphatasia 
diagnosis in adults: Results from the HPP 
international working group literature 
surveillance. Osteoporosis International. 
2024;35(3):439-449

[67] Lalys L, Ruquet M, Tardivo D,  
Laibi S, Bartoli C, Adalian P, et al. 
Estimation of gestational age from tooth 
germs: Biometric study of DentaScan 
images. Journal of Forensic Sciences. 
2011;56(1):220-223

[68] Okawa R, Kokomoto K, Nakano K. 
Dental effects of enzyme replacement 
therapy in case of childhood-type 
hypophosphatasia. BMC Oral Health. 
2021;21(1):323

[69] Okawa R, Matayoshi S, Kariya R, 
Ogaya Y, Nomura R, Nakano K. Effects 
of enzyme replacement therapy 

for primary teeth in a patient with 
infantile Hypophosphatasia. The 
Journal of Clinical Pediatric Dentistry. 
2020;44(5):348-351

[70] Tadokoro M, Kanai R, Taketani T,  
Uchio Y, Yamaguchi S, Ohgushi H.  
New bone formation by allogeneic 
mesenchymal stem cell transplantation 
in a patient with perinatal 
hypophosphatasia. The Journal of 
Pediatrics. 2009;154(6):924-930

[71] Whyte MP, Kurtzberg J,  
McAlister WH, Mumm S, Podgornik MN, 
Coburn SP, et al. Marrow cell 
transplantation for infantile 
hypophosphatasia. Journal of Bone and 
Mineral Research. 2003;18(4):624-636

[72] Cahill RA, Wenkert D, Perlman SA, 
Steele A, Coburn SP, McAlister WH, 
et al. Infantile hypophosphatasia: 
Transplantation therapy trial using bone 
fragments and cultured osteoblasts. The 
Journal of Clinical Endocrinology and 
Metabolism. 2007;92(8):2923-2930

[73] Whyte MP, Mumm S, Deal C. 
Adult hypophosphatasia treated with 
teriparatide. The Journal of Clinical 
Endocrinology and Metabolism. 
2007;92(4):1203-1208

[74] Camacho PM, Painter S, Kadanoff R. 
Treatment of adult hypophosphatasia 
with teriparatide. Endocrine Practice. 
2008;14(2):204-208

[75] Whyte MP, McAlister WH, 
Patton LS, Magill HL, Fallon MD, 
Lorentz WB, et al. Enzyme replacement 
therapy for infantile hypophosphatasia 
attempted by intravenous infusions 
of alkaline phosphatase-rich Paget 
plasma: Results in three additional 
patients. The Journal of Pediatrics. 
1984;105(6):926-933

[76] Whyte MP, Magill HL, Fallon MD, 
Herrod HG. Infantile hypophosphatasia: 



Gene Therapy for Hypophosphatasia: Current Management and Future
DOI: http://dx.doi.org/10.5772/intechopen.1006268

19

Normalization of circulating bone 
alkaline phosphatase activity followed 
by skeletal remineralization. Evidence 
for an intact structural gene for tissue 
nonspecific alkaline phosphatase. The 
Journal of Pediatrics. 1986;108(1):82-88

[77] Weninger M, Stinson RA, 
Plenk H, Böck P, Pollak A. Biochemical 
and morphological effects of human 
hepatic alkaline phosphatase in a 
neonate with hypophosphatasia. Acta 
Paediatrica Scandinavica. Supplement. 
1989;360:154-160

[78] Narisawa S, Fröhlander N, Millán JL. 
Inactivation of two mouse alkaline 
phosphatase genes and establishment of 
a model of infantile hypophosphatasia. 
Developmental Dynamics. 
1997;208(3):432-446

[79] Millán JL, Narisawa S, Lemire I, 
Loisel TP, Boileau G, Leonard P, et al. 
Enzyme replacement therapy for murine 
hypophosphatasia. Journal of Bone and 
Mineral Research. 2008;23(6):777-787

[80] Whyte MP. Hypophosphatasia: 
Enzyme replacement therapy brings 
new opportunities and new challenges. 
Journal of Bone and Mineral Research. 
2017;32(4):667-675

[81] Administration UFaD. Highlights 
of Prescribing Information. 
Available from: https://www.
accessdata.fda.gov/drugsatfda_docs/
label/2020/125513s018lbl.pdf

[82] STRENSIQ (Asfotase Alfa) 
Solution for Subcutaneus Injection 
[Internet]. 2015 [Cited 2024, May 
4]. Available from: https://www.
accessdata.fda.gov/drugsatfda_docs/
nda/2015/125513Orig1s000TOC.cfm

[83] Brind'Amour K. What Pediatric 
Subspecialists Need to Know about 
Hypophosphatasia and its Treatment 

2019 [Updated 2019, Sep 26; Cited 
2024 June 12]. Available from: https://
pediatricsnationwide.org/2019/09/26/
what-pediatric-subspecialists-need-to-
know-about-hypophosphatasia-and-its-
treatment/

[84] Pharma A. Annex1 Summary of 
Product Characteristics 2017 [Available 
from: Strensiq [Summary of Product 
Characteristics]]. Rueil-Malmaison, 
France: Alexion Europe; June 8, 2017

[85] Taketani T, Oyama C, Mihara A, 
Tanabe Y, Abe M, Hirade T, et al. Ex vivo 
expanded allogeneic mesenchymal stem 
cells with bone marrow transplantation 
improved Osteogenesis in infants 
with severe Hypophosphatasia. Cell 
Transplantation. 2015;24(10):1931-1943

[86] Urnov FD, Miller JC, Lee YL, 
Beausejour CM, Rock JM, Augustus S, 
et al. Highly efficient endogenous human 
gene correction using designed 
zinc-finger nucleases. Nature. 
2005;435(7042):646-651

[87] Porteus MH, Baltimore D.  
Chimeric nucleases stimulate gene 
targeting in human cells. Science. 
2003;300(5620):763

[88] Bulcha JT, Wang Y, Ma H, Tai PWL, 
Gao G. Viral vector platforms within 
the gene therapy landscape. Signal 
Transduction and Targeted Therapy. 
2021;6(1):53

[89] Arabi F, Mansouri V, Ahmadbeigi N. 
Gene therapy clinical trials, where do 
we go? An overview. Biomedicine & 
Pharmacotherapy. 2022;153:113324

[90] Porter DL, Levine BL, Kalos M, 
Bagg A, June CH. Chimeric antigen 
receptor-modified T cells in 
chronic lymphoid leukemia. The 
New England Journal of Medicine. 
2011;365(8):725-733



Genetically Modified Organisms

20

[91] Fischer A, Hacein-Bey S, Le Deist F, 
Soudais C, Di Santo JP, de Saint BG, 
et al. Gene therapy of severe combined 
immunodeficiencies. Immunological 
Reviews. 2000;178:13-20

[92] Cavazzana-Calvo M, Hacein-Bey S, 
de Saint BG, Gross F, Yvon E, Nusbaum P, 
et al. Gene therapy of human severe 
combined immunodeficiency 
(SCID)-X1 disease. Science. 
2000;288(5466):669-672

[93] Nienhuis AW, Dunbar CE, 
Sorrentino BP. Genotoxicity of retroviral 
integration in hematopoietic cells. 
Molecular Therapy. 2006;13(6): 
1031-1049

[94] Raper SE, Chirmule N, 
Lee FS, Wivel NA, Bagg A, Gao GP, 
et al. Fatal systemic inflammatory 
response syndrome in a ornithine 
transcarbamylase deficient patient 
following adenoviral gene transfer. 
Molecular Genetics and Metabolism. 
2003;80(1-2):148-158

[95] Wilson JM. Lessons learned from 
the gene therapy trial for ornithine 
transcarbamylase deficiency. 
Molecular Genetics and Metabolism. 
2009;96(4):151-157

[96] Liu Z, Shi M, Ren Y, Xu H, 
Weng S, Ning W, et al. Recent advances 
and applications of CRISPR-Cas9 in 
cancer immunotherapy. Molecular 
Cancer. 2023;22(1):35

[97] High KA, Roncarolo MG. Gene 
therapy. The New England Journal of 
Medicine. 2019;381(5):455-464

[98] Parums DV. Editorial: First 
regulatory approvals for CRISPR-Cas9 
therapeutic gene editing for sickle cell 
disease and transfusion-dependent beta-
thalassemia. Medical Science Monitor. 
2024;30:e944204

[99] Khan AN, Chowdhury A, 
Karulkar A, Jaiswal AK, Banik A, Asija S, 
et al. Immunogenicity of CAR-T cell 
therapeutics: Evidence, mechanism and 
mitigation. Frontiers in Immunology. 
2022;13:886546

[100] Packiam VT, Lamm DL, 
Barocas DA, Trainer A, Fand B, Davis 
RL 3rd, et al. An open label, single-arm, 
phase II multicenter study of the safety 
and efficacy of CG0070 oncolytic 
vector regimen in patients with BCG-
unresponsive non-muscle-invasive 
bladder cancer: Interim results. Urologic 
Oncology. 2018;36(10):440-447

[101] Administration UFaD. Luxturna 
2022 [Updated 2022 Sep 06; Cited 2024 
May 20]. Available from: https://www.
fda.gov/vaccines-blood-biologics/
cellular-gene-therapy-products/
luxturna

[102] Agency EM. Upstaza. Available 
from: https://www.ema.europa.eu/en/
medicines/human/EPAR/upstaza

[103] Verdera HC, Kuranda K, 
Mingozzi F. AAV vector immunogenicity 
in humans: A long journey to successful 
gene transfer. Molecular Therapy. 
2020;28(3):723-746

[104] Horton RH, Saade D, Markati T, 
Harriss E, Bonnemann CG, Muntoni F, 
et al. A systematic review of adeno-
associated virus gene therapies in 
neurology: The need for consistent 
safety monitoring of a promising 
treatment. Journal of Neurology, 
Neurosurgery, and Psychiatry. 
2022;93(12):1276-1288

[105] Mendell JR, Al-Zaidy SA, 
Rodino-Klapac LR, Goodspeed K, 
Gray SJ, Kay CN, et al. Current clinical 
applications of In vivo gene therapy 
with AAVs. Molecular Therapy. 
2021;29(2):464-488



Gene Therapy for Hypophosphatasia: Current Management and Future
DOI: http://dx.doi.org/10.5772/intechopen.1006268

21

[106] Shieh PB, Kuntz NL, Dowling JJ,  
Muller-Felber W, Bonnemann CG, 
Seferian AM, et al. Safety and efficacy of 
gene replacement therapy for X-linked 
myotubular myopathy (ASPIRO): 
A multinational, open-label, dose-
escalation trial. Lancet Neurology. 
2023;22(12):1125-1139

[107] Lek A, Wong B, Keeler A, 
Blackwood M, Ma K, Huang S, et al. Death 
after High-dose rAAV9 gene therapy 
in a patient with Duchenne's muscular 
dystrophy. The New England Journal of 
Medicine. 2023;389(13):1203-1210

[108] Salabarria SM, Corti M, 
Coleman KE, Wichman MB, 
Berthy JA, D'Souza P, et al. Thrombotic 
microangiopathy following systemic AAV 
administration is dependent on anti-
capsid antibodies. The Journal of Clinical 
Investigation. 2024;134(1):e173510

[109] Boutin S, Monteilhet V, Veron P, 
Leborgne C, Benveniste O, Montus MF, 
et al. Prevalence of serum IgG and 
neutralizing factors against adeno-
associated virus (AAV) types 1, 2, 5, 
6, 8, and 9 in the healthy population: 
Implications for gene therapy using 
AAV vectors. Human Gene Therapy. 
2010;21(6):704-712

[110] Watanabe S, Kanatsu-Shinohara M, 
Ogonuki N, Matoba S, Ogura A, 
Shinohara T. In vivo genetic manipulation 
of Spermatogonial stem cells and 
their microenvironment by adeno-
associated viruses. Stem Cell Reports. 
2018;10(5):1551-1564

[111] Honaramooz A, Megee S, 
Zeng W, Destrempes MM, Overton SA, 
Luo J, et al. Adeno-associated virus 
(AAV)-mediated transduction of 
male germ line stem cells results in 
transgene transmission after germ cell 
transplantation. The FASEB Journal. 
2008;22(2):374-382

[112] Kohn DB, Booth C, Shaw KL, 
Xu-Bayford J, Garabedian E, Trevisan V, 
et al. Autologous ex vivo Lentiviral gene 
therapy for adenosine deaminase 
deficiency. The New England Journal of 
Medicine. 2021;384(21):2002-2013

[113] Milone MC, O'Doherty U. Clinical 
use of lentiviral vectors. Leukemia. 
2018;32(7):1529-1541

[114] Senior M. After Glybera's 
withdrawal, what's next for gene 
therapy? Nature Biotechnology. 
2017;35(6):491-492

[115] Brooks PJ, Ottinger EA, Portero D, 
Lomash RM, Alimardanov A, Terse P, 
et al. The platform vector gene therapies 
project: Increasing the efficiency of 
adeno-associated virus gene therapy 
clinical trial Startup. Human Gene 
Therapy. 2020;31(19-20):1034-1042

[116] Sciences NCfAT. Bespoke Gene 
Therapy Consortium. Available 
from: https://ncats.nih.gov/research/
research-activities/BGTC.

[117] Matsumoto T, Miyake K, 
Yamamoto S, Orimo H, Miyake N, 
Odagaki Y, et al. Rescue of severe 
infantile hypophosphatasia mice by AAV-
mediated sustained expression of soluble 
alkaline phosphatase. Human Gene 
Therapy. 2011;22(11):1355-1364

[118] Yamamoto S, Orimo H, 
Matsumoto T, Iijima O, Narisawa S, 
Maeda T, et al. Prolonged survival and 
phenotypic correction of Akp2(−/−) 
hypophosphatasia mice by lentiviral gene 
therapy. Journal of Bone and Mineral 
Research. 2011;26(1):135-142

[119] Sugano H, Matsumoto T, Miyake K, 
Watanabe A, Iijima O, Migita M, et al. 
Successful gene therapy in utero for 
lethal murine hypophosphatasia. Human 
Gene Therapy. 2012;23(4):399-406



Genetically Modified Organisms

22

[120] Iijima O, Miyake K, Watanabe A,  
Miyake N, Igarashi T, Kanokoda C, 
et al. Prevention of lethal murine 
Hypophosphatasia by neonatal ex 
vivo gene therapy using Lentivirally 
transduced bone marrow cells. Human 
Gene Therapy. 2015;26(12):801-812

[121] Matsumoto T, Miyake K, Miyake N, 
Iijima O, Adachi K, Narisawa S, et al. 
Treatment with bone maturation and 
average lifespan of HPP model mice 
by AAV8-mediated neonatal gene 
therapy via single muscle injection. 
Molecular Therapy - Methods & Clinical 
Development. 2021;22:330-337

[122] Wu Z, Asokan A, Samulski RJ. 
Adeno-associated virus serotypes: Vector 
toolkit for human gene therapy. 
Molecular Therapy. 2006;14(3):316-327

[123] Powell SK, Rivera-Soto R, Gray SJ. 
Viral expression cassette elements to 
enhance transgene target specificity and 
expression in gene therapy. Discovery 
Medicine. 2015;19(102):49-57

[124] Wang Z, Zhu T, Qiao C, Zhou L, 
Wang B, Zhang J, et al. Adeno-associated 
virus serotype 8 efficiently delivers 
genes to muscle and heart. Nature 
Biotechnology. 2005;23(3):321-328

[125] Kinoshita Y, Mohamed FF,  
Amadeu de Oliveira F, Narisawa S, 
Miyake K, Foster BL, et al. Gene 
therapy using adeno-associated virus 
serotype 8 encoding TNAP-D(10) 
improves the skeletal and Dentoalveolar 
phenotypes in Alpl(−/−) mice. 
Journal of Bone and Mineral Research. 
2021;36(9):1835-1849

[126] Foster BL, Kuss P, Yadav MC, 
Kolli TN, Narisawa S, Lukashova L, et al. 
Conditional Alpl ablation Phenocopies 
dental defects of Hypophosphatasia. 
Journal of Dental Research. 
2017;96(1):81-91

[127] Amadeu de Oliveira F, Mohamed FF, 
Kinoshita Y, Narisawa S, Farquharson C, 
Miyake K, et al. Gene therapy using 
recombinant AAV type 8 vector 
encoding TNAP-D(10) improves 
the skeletal phenotypes in murine 
models of Osteomalacia. JBMR Plus. 
2023;7(1):e10709

[128] Mohamed FF, Chavez MB, 
Huggins S, Bertels J, Falck A, 
Suva LJ, et al. Dentoalveolar defects of 
Hypophosphatasia are recapitulated 
in a sheep Knock-In model. Journal 
of Bone and Mineral Research. 
2022;37(10):2005-2017


