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Abstract

Hypophosphatasia (HPP) is the rare metabolic disorder caused by variants in the ALPL gene, resulting in deficient activity of tissue-nonspecific
alkaline phosphatase (ALP). This leads to accumulation of substrates contributing to impaired bone mineralization. Hypophosphatasia manifests
with a broad clinical spectrum; however, an increasing number of individuals with ALPL variants have been identified presenting the hallmark
biochemical feature of HPP of low serum ALP activity, with or without elevated serum pyridoxal-5-phosphate (PLP) or urine phosphoethanolamine
(PEA), while remaining asymptomatic. These ALPL carriers may represent a distinct subgroup within the HPP continuum, prompting the need
for clearer classification. Using data from the Global ALPL Gene Variant Database, we identified 43 subjects who fulfilled the following criteria:
low ALP (adjusted for age/sex), at least one ALPL variant, and no overt or reported HPP-related symptoms. Their median age was 29 yr (range
0-64); 23 were female. Serum ALP activity was reduced in all cases, with 76% of subjects showing levels less than 50% below the lower limit
of normal. In 19 of 43 individuals, PLP or PEA was also elevated. Thirty distinct genotypes were observed; 79% of subjects were heterozygous,
while 21% harbored homozygous or compound heterozygous variants. The identified variants were largely missense (77%), mostly affecting
regions without a specific domain (38%). Five variants showed a dominant-negative effect in vitro, yet produced no clinical manifestations. Some
identified genotypes were also linked to adult, childhood, or odontohypophosphatasia phenotypes, underscoring significant genotype-phenotype
variability. These findings refine our understanding of the HPP spectrum, identifying a cohort of asymptomatic ALPL carriers with biochemical
phenotype of HPP. Recognizing this group is important for improving diagnostic criteria and preventing overdiagnosis and unnecessary treatment.
Longitudinal studies are needed to clarify follow-up strategies and determine whether these individuals develop clinical manifestations later in
life or remain asymptomatic.
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Lay Summary

Hypophosphatasia (HPP) is a rare inherited condition causing abnormal bone and teeth mineralization, as well as non-skeletal manifestations,
due to low levels of an enzyme called alkaline phosphatase (ALP). People with HPP often have weak bones, early tooth loss, muscle weakness,
fatigue, and/or chronic pain. However, some individuals reported no obvious symptoms of HPP despite carrying the same genetic change and
having low ALP Our study identified 43 such people, showing that these genetic changes can exist without causing noticeable health problems
but still affect important blood markers. Understanding this form will guide medical advice and help determine if these individuals will develop
symptoms later. This knowledge will also improve diagnosis, counseling, and care for affected families.
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Introduction

Hypophosphatasia (HPP) is a rare genetic metabolic disorder
caused by pathogenic variants in the ALPL gene, which
encodes tissue-nonspecific alkaline phosphatase (TNSALP).!
Tissue-nonspecific alkaline phosphatase is a homodimeric
cell-surface phosphohydrolase expressed on the cell surface
of bone, kidney, and liver.? Its deficiency leads to low serum
alkaline phosphatase (ALP) activity (hypophosphatasemia)
and accumulation of inorganic pyrophosphate (PPi), which
inhibits bone mineralization.” The combined presence of low
ALP activity and the accumulation of other ALP natural
substrates, such as pyridoxal-5-phosphate (PLP, a vitamin B6
vitamer) and/or urine phosphoethanolamine (PEA), defines
the hallmark biochemical phenotype of HPP and contributes
to the broad clinical spectrum of HPP.3»*

The ALPL gene, located on chromosome 1p36-34, spans 12
exons and demonstrates significant allelic heterogeneity, with
more than 480 variants currently identified.>~” Hypophos-
phatasia can follow either an autosomal dominant or recessive
inheritance pattern.! In dominant cases, heterozygous variants
frequently exert a dominant-negative effect (DNE), where
mutated TNSALP monomers disrupt the expression or func-
tion of WT monomers, resulting in diminished ALP activity.
Even though DNE is not a necessary prerequisite for HPP
manifestation in heterozygous individuals, this mechanism
explains the dominant inheritance pattern of HPP, and the low
serum ALP activity observed in some affected heterozygous
individuals.3-10

Hypophosphatasia exhibits a broad clinical spectrum, rang-
ing from severe perinatal hypomineralization and early mor-
tality to milder or even asymptomatic forms. Traditionally,
seven clinical forms have been recognized, classified by age of
onset and severity: benign prenatal, perinatal, infantile, severe
childhood, mild childhood, adult, and odontohypophosphata-
sia.>»8 The most severe, early-onset HPP phenotypes appear at
birth or in the first months of life, presenting with bone defor-
mities and mineralization defects, respiratory distress, hyper-
calcemia, and vitamin Bé6-dependent seizures. These pheno-
types frequently require intensive care, with poor prognosis
without enzyme replacement therapy.!! Moderate late-onset
HPP phenotypes, such as mild childhood and adult HPP,
are characterized by nonspecific musculoskeletal symptoms,
including chronic pain, metatarsal fractures, pseudofractures,
and muscle weakness, despite normal serum calcium and
inorganic phosphate levels. Odontohypophosphatasia, which
manifests as early primary tooth loss before the age of 4,
can occur as an early sign of HPP or as an isolated dental
condition.®

In recent decades, individuals with heterozygous pathogenic
ALPL variants have been reported as exhibiting the character-
istic biochemical phenotype of HPP while remaining clinically
asymptomatic. This has often observed among asymptomatic
relatives of individuals with severe biallelic HPP or identified
through large-scale screening studies.®»'2='5 This subgroup
of ALPL carriers expands the known spectrum of the disor-
der and highlights its underlying complexity.'®!” Although
the prevalence of moderate HPP phenotypes has been esti-
mated at approximately 1 in 2430,'# the carrier frequency of
pathogenic or likely pathogenic ALPL variants is considerably
higher, ranging from 1 in 190 to 1 in 290.'® This disparity
suggests that individuals with ALPL variants who display
a biochemical trait of HPP but remain asymptomatic may
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be more common than previously recognized. Characterizing
this phenotype is critical to improving diagnostic precision,
informing family screening, and refining clinical management,
while minimizing the risks of overdiagnosis and unnecessary
treatment.

This paper aims to expand and better define the clinical
spectrum of HPP by investigating asymptomatic individuals
carrying ALPL variants who exhibit the biochemical phe-
notype of HPP. Using data from the ALPL Gene Variant
Database, we undertook a detailed characterization of this
underexplored presentation.

Materials and methods

This study was conducted by reviewing data available in the
Global ALPL Gene Variant Database (https://alplmutationda
tabase.jku.at/) by December 2024. This open-access database
currently contains information concerning more than 480
ALPL variants and their associated over 1000 genotypes.
The project offers a comprehensive and accessible tool for
the medical and scientific community to share and utilize
information on ALPL variants, genotypes, and phenotypes.
The ALPL Gene Variant Consortium is (re)classifying vari-
ants of uncertain significance (VUS) and incorporating newly
reported variants, genotypes, and phenotypes from both case
submissions and literature mining. Ethical approval for the
project was obtained from the Ethics Committee of the Med-
ical Faculty at the Johannes Kepler University Linz, Linz,
Austria (EK Nr: 1118/2021).

The methodology of the project is detailed elsewhere.” The
database integrates information from three main sources: (1)
the original Laboratoire SESEP database, curated by Prof.
Etienne Mornet (University of Versailles Saint-Quentin-en-
Yvelines), which was incorporated in April 2020; (2) case sub-
missions via the project portal from clinicians and researchers;
and (3) systematic scientific literature mining conducted by
project staff. Each case is analyzed individually using an HPP
likelihood score. This scoring system evaluates key biochem-
ical, clinical, and radiological parameters, with particular
emphasis on ALP activity and its natural substrate levels
(see Table S1). Following this scoring process, all variants
are subjected to a comprehensive evaluation that includes
phenotype scoring, literature mining, assessment of genetic
evidence, and in vitro functional testing where applicable. The
ALPL Gene Variant Consortium (see Table S2) reviews all
available evidence, including the HPP likelihood scores, and
conducts the final classification or reclassification of variants
based on the rigorous criteria established by the American
College of Medical Genetics and Genomics/Association of
Molecular Pathology (ACMG/AMP) guidelines.'”

Asymptomatic carriers with a biochemical phenotype of
HPP were identified based on the following criteria: (1) low
serum ALP activity, adjusted for age and sex; (2) presence of
at least one ALPL variant; and (3) documented absence of
clinical or radiological signs and symptoms of HPP. Elevated
levels of PLP or urinary PEA, when available, were considered
supportive but not mandatory, in line with proposed diag-
nostic criteria that classify these as major, but not essential,
biochemical indicators.” Individuals without ALPL variants
or a documented alternative cause for low ALP levels were
excluded. Heterozygous individuals without the biochemical
phenotype were not included.
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Key variables were collected for each subject, covering both
genotypic and phenotypic data. Protected health information
was not collected. Genotypic data of a subject can include
one, two, or more ALPL variants. Variant data included the
specific ALPL variant with base change, its ACMG/AMP
classification, affected domain, variant type, and results from
in-vitro functional testing (single and co-transfection).” Phe-
notypic data encompassed gender, age, serum ALP, PLP, and
urinary PEA concentrations, all reported clinical and radio-
logical features, and the HPP likelihood score if available.
Serum ALP, PLP, and urinary PEA were evaluated according to
reference ranges provided by submitting centers or otherwise
those cited in the literature. Longitudinal data were collected
if available.

RML, MRE, FH, and WH cross-referenced genotype and
phenotype data, verifying biochemical markers according to
project protocols and conducting data curation. Conflicting
information was resolved by reviewing relevant publications
or directly communicating with the original case submitters
or corresponding authors of publications.

Descriptive statistics were used to summarize the clinical
and biochemical characteristics of asymptomatic individuals
with the biochemical phenotype of HPP. Continuous vari-
ables, such as age, were expressed as median and range values.
Categorical variables, such as gender and variant classifica-
tions (eg, pathogenic, likely pathogenic, VUS), were presented
as frequencies and percentages.

Results

A total of 43 asymptomatic individuals with ALPL vari-
ants and the biochemical phenotype of HPP were identi-
fied from the ALPL Gene Variant Database. Of these, 10
individuals had been reported directly through the ALPL
Gene Variant Database submission process, while 33 were
identified in the published scientific literature. The median age
at the time of reporting was 29 yr (range 0-64 yr; age docu-
mented in 33/43), and 23 (53%) were female. Table 1 sum-
marizes the phenotypic and genotypic characteristics of these
individuals.

All subjects were reported to have low serum ALP activity,
adjusted for age and sex (Figure 1). Among the 34 individuals
with ALP numeric data, only 8 (24%) had ALP activity
below 50% of the lower limit of normal. Eighteen patients
had no available PLP or PEA measurements. Among the
25 patients with natural TNSALP substrate level data avail-
able, 15 presented with elevated PLP with or without PEA,
while 4 had PEA levels above the upper limit of normal
but lacked corresponding PLP measurements. Importantly, no
signs or symptoms consistent with HPP were documented in
any individuals across the cohort. Furthermore, none of the
cases included mention of antiresorptive therapy or any other
medications or conditions that might influence serum ALP
levels.®

All 43 individuals had at least one variant in the ALPL gene,
with a total of 30 different genotypes identified. Nine subjects
exhibited two ALPL variants, involving five distinct geno-
types: c.[237_238delCA];[455G>A], c.[455G>A];[484G>A],
c.[715G>T);[715G>T], c.[787T>C];[787T>C], and c.[787T
>CJ;[1559delT]. For the four subjects with two different vari-
ants, sufficient documentation, including genetic information
from their parents, confirmed their compound heterozygous
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status. The remaining 34 subjects (79%) were heterozygous
for a single ALPL variant.

Among the 31 ALPL variants reported, 12/31 (38%) were
classified as pathogenic, 11/31 (35%) as likely pathogenic,
5/31 (16%) as VUS, 1/31 (3%) as likely benign, and 2/31 (6 %)
as benign by the reporting laboratory/institution. Five variants
previously reported to exhibit a DNE in in-vitro testing were
identified in heterozygous individuals within our cohort.?!

The identified variants were spread across exons 3-12 and
introns 3, 6, and 7 (Figure 2). Exon 4 (5/31 variants), 7 (5/31),
11 (4/31), and 12 (5/31) were the most frequently affected.
Twelve variants (38%) affected regions without a specific
domain of the homodimeric enzyme, while others impacted
the calcium site (5/31) or the homodimeric interface (6/31).
Most variants were missense (24/31), followed by frameshift
(3/31), with smaller numbers of nonsense, splice site, and in-
frame indel variants also identified.

A notable phenotypic overlap was observed between
the genotypes in our cohort and those associated with
symptomatic HPP phenotypes documented in the ALPL Gene
Variant Database (Figure 3). Four of the 30 genotypes were
linked to both the biochemical phenotype in asymptomatic
carriers and childhood/juvenile HPP, while three genotypes
were shared with carriers without a biochemical phenotype
(3/30). Associations were also observed with milder and
late-onset phenotypes of HPP, such as adult HPP (3/30)
and odontohypophosphatasia (2/30). Notably, the genotype
c.[542C>T];[=] was associated with both asymptomatic
carriers with biochemical phenotype and infantile HPP,
whereas ¢.[667C>T]J;[=] was linked to severe perinatal HPP.
The median age of the subgroup with overlapping phenotypes
was 25.5 yr (range 0-60 yr).

Longitudinal data were available for three subjects (#1,
#2, and #11), with a mean follow-up of approximately
2.5 yr. Subject 1 (male), initially evaluated at age 11 yr,
consistently exhibited low ALP and elevated PLP. Subject
2 (female) presented with low ALP and normal PLP at age
8 yr but developed high PLP one year later (data not shown).
Since plasma pyridoxic acid was not measured, it cannot be
excluded that the initially normal PLP level could potentially
reflect vitamin B6 deficiency. Subject 11 (male) had normal
ALP activity until nine months of age, but developed the
biochemical phenotype of HPP by age 16 mo (Figure 4). Other
biochemical parameters, including serum calcium, inorganic
phosphate, PTH, 25-OHD, and liver function markers,
were consistently normal in these three subjects. All three
remained clinically asymptomatic during the observation
period.

Discussion

Our study provides the most comprehensive analysis to date
of asymptomatic ALPL carriers who feature the biochemical
phenotype of HPP, identifying 43 individuals with at least
one ALPL variant and persistently low serum ALP activ-
ity, in some cases accompanied by elevated PLP or PEA.
Despite this biochemical trait, none of these individuals exhib-
ited clinical signs or symptoms, underscoring the presence
of a biochemically defined yet clinically asymptomatic phe-
notype. The observed genotype-phenotype variability, with
both heterozygous and homozygous cases, underscores the
complexity of HPP and the challenges in predicting disease
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Figure 1. Serum ALP activity in asymptomatic individuals with ALPL variants and biochemical HPP phenotype. (A) Scatterplot showing the percentage by
which each subject’s serum ALP activity falls below the lower limit of normal (LLN), plotted as a function of age. A value of 0% indicates an ALP level
at the LLN; higher percentages reflect greater deviation below the LLN. All included individuals had ALP values below their respective LLN. Among the
34 subjects with available data, 76% had ALP levels less than 50% below the LLN. Fourteen individuals were excluded due to missing data on age, ALP
activity, or reference ranges. (B) Box plots comparing the percentage below the LLN between subgroups. The left panel shows pediatric versus adult
individuals; the right panel compares monoallelic (heterozygous) and biallelic (homozygous or compound heterozygous) cases. No significant differences
were observed between groups, with similar median values. The wider range seen in the biallelic group likely reflects the smaller sample size (n=5).

expression.!0-22:23 Notably, some variants linked to asymp-
tomatic ALPL carriers with biochemical HPP phenotype were
also associated with symptomatic phenotypes. These findings
refine the recognized spectrum of HPP, underscoring the need
to improve diagnostic criteria and better understand long-
term outcomes in this population.

Asymptomatic ALPL carriers with biochemical HPP phe-
notype have been acknowledged in the scientific literature,
with early reports from the 1990s describing obligate car-
riers of heterozygous ALPL variants with low serum ALP
activity who were asymptomatic.'3:15:24 As mentioned above,
this phenotype has been mentioned primarily in the con-
text of asymptomatic relatives of individuals with severe
biallelic HPP, such as siblings or parents carrying heterozy-
gous ALPL variants, or in large-scale laboratory screening
studies.*0:25:26 Recently, a study reported a cohort of seven
asymptomatic adults with the biochemical phenotype of HPP,
although genetic confirmation was lacking.?” Our study pro-
vides robust genetic confirmation by analyzing a much larger
cohort, offering a clearer picture of the characteristics of this
distinct phenotype.

All subjects in this cohort demonstrated low serum ALP
activity, consistent with the obligate biochemical hallmark of

HPP. Notably, 76 % of the participants had serum ALP activity
over 50% of the lower limit of normal. Generally, lower ALP
activity has been correlated with more severe symptomatic
presentations of HPP.> However, this relationship could not
be tested in our cohort due to known methodological differ-
ences in biochemical testing, which hindered the calculation
of precise mean values and limited comparisons with other
studies.

Our cohort consisted of young individuals, with a median
age of 29 yr (range 0-64). This age is younger than the usually
reported age of onset for adult HPP in the literature, which
typically ranges from 30 to 70 yr.2%2° This younger age
distribution may indicate that asymptomatic ALPL carriers
with biochemical HPP phenotype represent an earlier stage of
the disease, where symptoms have not yet manifested. Alter-
natively, it could reflect a selection bias, as many individuals
in our cohort were identified through genetic counseling of
family members of severely affected individuals, including
young parents and siblings. These findings emphasize the need
for careful characterization and follow-up of such individuals
to clarify their clinical trajectory. In this context, artificial
intelligence tools and targeted laboratory screening studies
could provide valuable insights, facilitating recognition of
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Figure 2. Distribution of ALPL variants across exons and functional
domains. This figure presents the types and functional domains of ALPL
variants identified in the cohort. Figure 2A shows the variant types (mis-
sense, frameshift and nonsense) distributed across exons 3-12. Missense
variants were the most common. Figure 2B highlights the functional
domains affected by these variants (only missense variants shown). Most
variants were located in non-active regions, while fewer were observed in
critical functional domains, such as the homodimeric interface, active site,
and calcium-binding site.

carriers with a biochemical phenotype and supporting
informed clinical decision-making.

Although currently proposed diagnostic criteria do not
strictly require ALPL variants for the diagnosis of HPP2" and
cases with a biochemical phenotype but no detectable ALPL
variant have been reported,’® we limited inclusion to indi-
viduals with confirmed ALPL variants, given that low ALP
levels can arise from a large variety of unrelated conditions.>!
From a genetic perspective, our findings show that most indi-
viduals (79%) were heterozygous for single ALPL variants,
with homozygous and compound heterozygous genotypes
being less common. This finding aligns with prior studies
associating severe phenotypes of HPP with homozygous or
compound heterozygous genotypes, and milder phenotypes,
with heterozygous states.”>10-'* Notably, only 24% of het-
erozygous individuals had variants with DNE, in line with
recent literature.>? The lower prevalence of DNE variants in
our cohort likely contributes to the absence of symptoms,
as DNE variants are known to exert a stronger impact on
enzyme activity and are typically associated with more severe
HPP phenotypes than those without DNE.!#:33 However, why
heterozygous individuals with DNE variants in our cohort
remained asymptomatic is unclear and may reflect either the
influence of unknown genetic and/or environmental modifiers
(as discussed below), the lack of deep phenotyping (ie, self-
reporting from siblings or parents of HPP patients) or the need
for longer follow-up time.

Journal of Bone and Mineral Research, 2026, Volume 41 Issue 3

For homozygous subjects, the two identified variants
(c.715G>T and ¢.787T>C) are classified as VUS and benign
in the ALPL Gene Variant Database, respectively. Functional
testing indicates that these variants retain relatively high
residual enzyme activity, which may account for the absence
of a clinical phenotype in the heterozygous state. The
¢.787T>C is a common variant, with multiple homozygous
cases reported in GnomAD.** Given that the biochemical
phenotype described here lacks clinical manifestations,
it is very likely that homozygous individuals with this
phenotype are represented in GnomAD. This raises the
hypothesis that while ¢.787T>C may be benign in relation
to symptomatic HPP phenotypes, it could act as a risk allele
for the biochemical phenotype of HPP in asymptomatic ALPL
carriers. However, undetected ALPL variants in deep intronic
or non-coding regions cannot be ruled out in individuals in
our cohort. Establishing ¢.787T>C as a risk allele would
require genetic association studies to assess its prevalence
and clinical significance in larger populations. Furthermore,
benign polymorphisms are typically filtered out in standard
genetic reports, which could lead to underrecognition of this
asymptomatic biochemical phenotype.

Similarly, the three compound heterozygous genotypes
identified in our cohort included the common variants
¢.455G>A and c.787C>T. We infer that in these individuals,
the biochemical phenotype was primarily driven by the second
variant in heterozygous state.

Thirty-one variants were identified, predominantly mis-
sense (24/31), followed by frameshift, splice site, and nonsense
variants. While frameshift and nonsense variants are often
linked to severe phenotypes, the predominance of missense
variants in our cohort likely supports the milder phenotypic
presentation observed.>* Our findings reinforce prior studies
indicating that both the location and type of variants within
the ALPL gene are key determinants of disease severity.>3
The location of variants across functional regions further
supports this conclusion: variants in critical domains were
limited, whereas the majority were located in regions without
defined functional roles.”>3%-3¢ Taken together, the genotypic
characteristics of the cohort are consistent with what is known
about less severe phenotypes of HPP.26-37

Further, our study highlights another key finding: several
genotypes identified in asymptomatic ALPL carriers with
a biochemical phenotype of HPP are also linked to other
milder, late-onset HPP phenotypes (Figure 3). For instance, the
heterozygous c.[1250A>G];[=] genotype has been reported in
cases of adult HPP, childhood HPP, prenatal benign HPP, and
HPP with massive ectopic calcifications.?!3” Additionally, we
observed associations with early, severe phenotypes of HPP,
including severe infantile and perinatal cases.3® Our findings
underscore the inherent variability and unpredictability of
genotype-phenotype correlations in HPP, demonstrating that
the same genotype can lead to a wide range of clinical pre-
sentations, complicating diagnosis, management, and genetic
counseling.>’-3 However, these results must be interpreted
with caution, as some previous reports originate from studies
that analyzed only coding exons via Sanger sequencing. Con-
sequently, we cannot exclude the possibility that undetected
intronic or non-coding variants may contribute to these severe
presentations in heterozygous individuals.

The influence of disease modifiers may play a significant
role in HPP. Epigenetic mechanisms, such as CpG methylation
at the ALPL promoter, have been shown to regulate TNSALP
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Figure 3. Phenotypic variability caused by ALPL genotypes associated with asymptomatic carriers with a biochemical HPP phenotype. The matrix shows
that genotypes associated with this phenotype can also cause childhood/juvenile HPP (4), asymptomatic carriers without biochemical phenotype (3), adult
HPP (3), odontohypophosphatasia (2), infantile HPP (1), and perinatal HPP (1). Given that infantile and perinatal cases are caused by bi-allelic pathogenic
variants, it is likely that further intronic, non-coding or structural ALPL variants were missed in these published cases. This highlights the broad phenotypic

spectrum and potential progression within the HPP continuum.

expression in bone cells and may influence phenotypic expres-
sion.*” Osteoblast senescence may also play a role in late dis-
ease manifestation. In addition, ALPL polymorphisms have
been associated with reduced serum ALP levels; individuals
carrying three or more minor alleles demonstrated lower
ALP activity and a higher frequency of metatarsal fractures,
suggesting a modifying role in adult HPP#' Although sev-
eral modifying genes have been proposed, none have been
conclusively identified.3?>3% Environmental factors, including
dietary calcium and phosphate intake, may also influence dis-
ease expression.! These genetic, epigenetic, and environmen-
tal factors—together with incomplete penetrance and vari-
able expressivity—may help explain the phenotypic variability
observed in our cohort, including the absence of symptoms in
heterozygous individuals harboring DNE variants. 243

Another perspective views HPP as existing along a “con-
tinuum,” governed by varying ALPL expression, ALP activity,
and substrate accumulation throughout life. Evidence suggests
a dose-dependent relationship between ALP activity and clin-
ical severity, with low ALP potentially leading to excessive PPi
accumulation and, in turn, disease manifestations.> However,
accurate PPi quantification remains difficult, owing to subop-
timal measurement methods and discrepancies between serum
and renal PPi levels.> The concept of age-dependent ALP
activity thresholds reflecting physiological needs may explain
not only the natural history of HPP but also the emergence of
milder, late-onset phenotypes.3’

Consistent with this continuum view, genotypes, such as
c.[715G>TJ[715G>T], ¢.[244G>AJ;[=], and ¢.[1333T>A];

[=], were observed in our cohort of asymptomatic ALPL
carriers with a biochemical phenotype of HPP, but have also
been reported in carriers without this biochemical trait, poten-
tially reflecting an earlier stage, before biochemical changes
evolve.>21:** In contrast, genotypes like c.[542C>T];[=],
c.[1268T>C];[=], and c.[1250A>G];[=] were also linked
to adult HPP cases, suggesting a later manifesting stage in
the disease continuum.?®:37>45 Although limited, longitudinal
data from our cohort could further support this continuum
model, illustrating that asymptomatic individuals carrying
ALPL variants may later develop the biochemical trait of
HPP (Figure 4). Moreover, the relatively young median age
of our cohort (29 yr) raises the prospect that, with time,
these individuals may transition from a purely biochemical
phenotype to overt clinical symptoms.

Similarly, Szabo et al., summarizing 265 HPP cases with
over 1 yr of follow-up, found that clinical features often
accumulate over time, suggesting that more symptomatic HPP
phenotypes may develop gradually.”?’ While some adult cases
may represent delayed diagnoses of juvenile phenotypes,*® the
clinical and biochemical transitions preceding symptom onset
remain poorly understood. Hypophosphatasia may involve
an asymptomatic phase prior to overt disease manifestation,
potentially as a long-term result of substrate accumulation
such as PPi or pyrophosphate crystals. Prospective studies are
needed to characterize these early changes and understand the
natural course of HPP.

Diagnosing HPP remains challenging and continues to be
researched. Recently proposed diagnostic criteria define HPP
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Figure 4. Hypophosphatasia phenotypic shift over time. A 2-yrold male, monitored due to a family history of juvenile HPP and odontohypophosphatasia
caused by a pathogenic ALPL variant (c.299C>T), initially exhibited normal serum ALP activity at 8 mo of age. By age 16 mo, he developed a biochemical

phenotype (low ALP and high PLP) while remaining asymptomatic.

by persistently low ALP activity plus at least two additional
major indicators, such as a pathogenic or likely pathogenic
ALPL variant and elevated substrates like PLP or PEA.*/
Applying these criteria, 16 individuals in our cohort (37%)
met these diagnostic criteria while remaining asymptomatic,
raising important concerns regarding potential overdiagnosis.
The current inclusion of asymptomatic individuals under this
proposed definition of HPP highlights the need for further
refinement of diagnostic thresholds that account for disease
expressivity and clinical impact.

To address this gap, we refer to these individuals as asymp-
tomatic ALPL carriers with a biochemical HPP phenotype,
defined by persistently low ALP and an ALPL variant in the
absence of clinical symptoms. This terminology identifies a
distinct phenotype, separating these individuals from asymp-
tomatic carriers without biochemical abnormalities, who may
represent a different stage in the same continuum.'® While
individuals with this asymptomatic biochemical phenotype
do not require treatment, clinical monitoring may be advis-
able given the potential for symptom evolution. In partic-
ular, caution is warranted with enzyme replacement ther-
apy, such as asfotase alfa, as standard dosing in mild or

asymptomatic individuals may elevate the risk of ectopic calci-
fications.*3-*° Notably, the safety of asfotase alfa in these pop-
ulations remains unknown, since clinical trials have focused
exclusively on individuals with severe, life-threatening mani-
festations.’? Recognizing this group may facilitate more pre-
cise diagnostic classification and help reduce both overdiag-
nosis and unnecessary concern. Effective communication and
education are essential to avoid misinterpretation and guide
appropriate follow-up.

This study represents the largest cohort of asymptomatic
ALPL carriers with a biochemical phenotype of HPP to date,
providing insights into the wide spectrum of the disease. A
strength of our study is the comprehensive collection of geno-
typic and phenotypic data, which enhances our understanding
of HPP in individuals without symptoms. However, several
limitations must be acknowledged. The data came from real-
world submissions and literature, which may be incomplete
or inconsistent. Interpretation of ALP activity is further com-
plicated by the artificial nature of current clinical and in
vitro assays, which may not accurately reflect TNSALP’s
physiological function in vivo. Additionally, the heterogene-
ity in ALP activity measurement methods prevented precise
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calculation of mean ALP values, limiting characterization
accuracy, in some cases, ALP activity could only be described
as “low” without precise quantification. The lack of longitu-
dinal follow-up in the majority of our subjects also restricts
understanding of disease progression. The inclusion of VUS,
as well as the benign variants for symptomatic HPP phe-
notypes (¢.787T>C and ¢.455G>A), and the potential for
undetected variants in deep intronic or non-coding regions not
covered by routine exome sequencing, may have influenced
our findings.

In conclusion, our study contributes to a more refined
understanding of HPP by documenting a distinct phenotype,
which is characterized by at least one ALPL variant and the
biochemical phenotype of HPP in the absence of reported
clinical symptoms. Although underrepresented in the litera-
ture, this phenotype may represent an early or mild stage
along the HPP disease continuum, emphasizing the impor-
tance of phenotypic variability in this disorder. Recognizing
this presentation is critical for improving diagnostic accuracy
and reducing the risks of overdiagnosis and overtreatment.
Future investigations, particularly prospective studies and
bone biopsy analyses, are essential to clarify whether these
individuals remain asymptomatic, harbor occult osteomala-
cia, or show evolving disease severity over time.

Accessibility and usage

The ALPL Gene Variant Database is publicly accessible for
searches at https://alplmutationdatabase.jku.at/. Researchers
wishing to submit new variants, including those classified
as variants of uncertain significance (VUS), may do so via
the submission portal at https://alplmutationdatabase.jku.at/
portal/, accessible through the “Submission” button on the
main page. Comprehensive submission guidelines are pro-
vided within the portal. To report additional genotypes or
phenotypes associated with existing variants in the database,
please contact the curator at hppresearch@jku.at.

Previous publications

Preliminary findings from this study were previously pre-
sented in abstract form at the ASBMR 2024 Annual Meeting
in Toronto and the 62nd Annual ESPE Meeting 2024 in
Liverpool. These presentations included partial data from the
current analysis but did not encompass the full scope or depth
of the findings reported in this manuscript.
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of the Medical Faculty at Johannes Kepler University (JKU),
Linz, Austria (EK Nr: 1118/2021). Contributing geneticists
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waiver has been granted. Patient information and consent
forms are available for download on the project website
(https://alplmutationdatabase.jku.at/portal/).
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