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Ectopic calcification disorders, including Generalized Arterial Calcification of
Infancy (GACI) and Pseudoxanthoma Elasticum are rare but impactful on
individuals, healthcare and society, with significant associated morbidity,
mortality and healthcare costs. Available therapies are not curative and focus
on reducing extracellular calcification to limit progression of the arteriopathy that
is responsible for much of the morbidity and, in the case of GACI, significant early
mortality (approximately 50% in infancy). In this article, current and emerging
medical approaches are reviewed and critiqued, including dietary manipulation,
phosphate binders, bisphosphonates, tissue nonspecific alkaline phosphatase
inhibitors, ectonucleotide pyrophosphatase/phosphodiesterase 1 (ENPPI)
enzyme replacement, allele-specific therapies, gene therapies, and antibody
targeted treatment. Available therapies may limit further arterial calcification,
but in GACI in particular, significant calcification can be present at birth,
contributing to high infant mortality. This highlights the need for new
approaches that aim to reverse established calcification, rather than merely
slow its progression. Recently, a promising new class of antibody-targeted
nanoparticle therapeutics has emerged that can reverse established arterial
calcification in animals, restoring arterial elasticity. In one realization,
nanoparticles carry established chelators, such as ethylenediaminetetraacetic
disodium acid, to sites of arterial damage, concentrating the impact of the
chelator where it is needed and limiting off-target effects. Such drugs would
complement existing and emerging therapies, such as ENPPl1 enzyme
replacement, that slow or prevent progression of calcification, by offering an
opportunity to “reset” arterial health in ectopic calcification disorders. At present,
ectopic calcification disorders are challenging to treat effectively and carry a high
burden of morbidity and mortality, particularly in GACI. Recent drug developments
offer good reason to be hopeful for a new era of effective therapeutics that may
reverse established arterial disease as well as halt its progression.
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1 Introduction

Extra-skeletal, ectopic calcification of soft tissues is the
pathological basis of a variety of disorders and may result from
aging, injury, or disease. When the calcification affects the
cardiovascular system, calcium phosphate crystals are deposited
in the arteries, causing arterial inflammation and stenosis,
reducing arterial compliance, and raising blood pressure. This
other
atherosclerosis, transmits wide pulse pressures more effectively to

accelerates forms of wvascular disease, such as
vulnerable organ vascular beds, and increases cardiac afterload. The
risk of adverse cardiovascular outcomes such as heart failure,
myocardial infarction, stroke, and intestinal, limb, renal and
retinal ischemia is increased.

Two rare syndromes, Generalized Arterial Calcification of
Infancy (GACI) and Pseudoxanthoma Elasticum (PXE), form the
archetype of heritable ectopic calcification disorders. They stem
from similar, sometimes overlapping abnormalities in the metabolic
processes responsible for regulating extracellular levels of inorganic
phosphate, the adenosine phosphates, adenosine itself, and
inorganic pyrophosphate. In addition to the significant morbidity
and mortality associated with these conditions, they contribute to
the major societal cost of rare diseases, estimated to be in the range
of US$7.2—8.6 trillion per year, globally for all rare diseases (Andreu
et al, 2022). Development of effective therapy for the ectopic
calcification disorders would, therefore, be impactful at multiple

levels, including substantial healthcare cost benefits.

2 Prevalence and etiology

GACI is estimated to affect 1 in

200,000 pregnancies worldwide (Ferreira et al., 2021a), with equal

On clinical criteria,

representation in all races/ethnicities and both males and females
(Ziegler et al.,, 2020). Genetic screening studies suggest that this
of the
abnormality (ectonucleotide pyrophosphatase/phosphodiesterase
1 [ENPP1] deficiency in most cases of GACI), which is estimated
to occur globally in as many as 1 in 64,000 pregnancies (Chunn et al.,
2022). The estimated prevalence of PXE is around 1 in 25,000
(Chassaing et al, 2005; Bartstra et al, 2021) to 1 in 56,000
(Kranenburg et al., 2019; Stumpf et al., 2021) with females being
affected twice as often as males (Bercovitch and Terry, 2004). Using

underestimates the prevalence responsible  genetic

these prevalence estimates as a guide, Uitto and others have
conservatively estimated that there may be as many as
7,000-8,000 individuals with PXE living in the United States, and
as many as 150,000 persons worldwide (Uitto et al., 2014). Low
clinical awareness of both conditions could account for some of the
disparity between prevalence estimates and diagnosis rates (Rutsch
et al,, 2003; Li et al., 2014; Mastrolia et al., 2015). Clinical diagnosis
may not be made in all cases of GACI due to the high fetal and infant
mortality linked to the condition. Under-counting is a likely
consequence of this, particularly in lower-to-middle income
countries where infant mortality rates are higher and routine
investigation of sudden infant deaths is less likely to occur
(Chunn et al., 2022). As clinical signs of GACI are observable in
utero as early as 18 weeks of gestation with the assistance of fetal
ultrasound (Mastrolia et al., 2015), there may also be cases that are
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terminated before birth. Enhanced use of routine genetic screening
would improve our knowledge of both of these syndromes (Chunn
et al.,, 2022).

GACI and PXE are both genetic disorders that are typically
autosomal recessive in their pattern of inheritance, with a mutated
gene inherited from each parent, although spontaneous mutation
can occur. The primary locus for GACI, found in around three-
quarters of those diagnosed, results from mutation of the ENPPI
gene (6q23.2) (Rutsch et al., 2003; Rutsch et al., 2008; Li et al., 2014).
This is known as GACI Type 1. The secondary locus for GACI,
found in around 1 in 10 of those diagnosed, results from mutation of
the ATP-Binding Cassette subfamily C member 6 (ABCC6) gene
(16p13.11) (Rutsch et al., 2003). This is known as GACI Type 2.
Other spontaneous causes of GACI have been described without
mutation of either of these genes, but the cause in such cases is
unknown (Kranenburg et al., 2018b).

The majority (~80%) of PXE cases also result from mutations in
ABCC6, but some cases have been described with mutations in
ENPP1 (Bergen et al., 2000). Thus, there is overlap between genetic
causes for PXE and GACI, with the clinical expression possibly
dependent on other factors, such as the coinheritance of modifier
genes that have yet to be discovered. The genetic and phenotypic
overlap between these conditions has led some to suggest that they
may represent two ends of a spectrum of disease, rather than distinct
disorders (Van Dyck et al., 1989).

The protein encoded by ABCC6 is a membrane-bound,
(ATP)-dependent
heavily expressed in hepatocytes and by proximal renal tubular

adenosine triphosphate transporter. It is
cells, with limited expression in other tissues (Uhlén et al., 2015;
Human Protein Atlas, 2023). Hepatic expression functions to
excrete ATP into the circulation. Although it transports a variety
of molecules out of cells, including organic anions, its ability to
release ATP itself from cells into the extracellular space has been
demonstrated as the mechanism by which ABCC6 mutations
promote ectopic calcification (Jansen et al., 2013; Jansen et al,
2014). This extracellular ATP is the substrate for the extracellular
enzymatic activity of the type II transmembrane protein encoded by
ENPP1, which converts that ATP into inorganic pyrophosphate and
adenosine monophosphate (AMP). ENPP1 is also expressed by
hepatocytes and many other tissues, including arterial smooth
muscle (Uhlén et al., 2015; Human Protein Atlas, 2023). AMP is
further metabolized into inorganic phosphate and adenosine by the
cell surface protein, CD73 (NT5E), which is expressed in most
tissues (Uhlén et al., 2015; Human Protein Atlas, 2023). Inorganic
pyrophosphate is metabolized by another cell surface protein, tissue-
nonspecific alkaline phosphatase (TNAP) into inorganic phosphate,
which is also widely expressed (Uhlén et al., 2015; Human Protein
Atlas, 2023). This enzymatic cascade is illustrated in Figure 1.
Inorganic pyrophosphate is a potent inhibitor of hydroxyapatite
crystal formation, a hard mineral form of calcium phosphate. Such
calcification occurs in a number of tissues, but is particularly
common in the elastic tissues, including the arterial wall, the eyes
and the skin. Reduced ENPP1 or ABCC6 expression both result in
lower extracellular levels of inorganic pyrophosphate, promoting
calcification, with levels being generally much lower in GACI than in
PXE (Ralph et al., 2022). Importantly, reduced ENPP1 activity also
lowers extracellular levels of AMP and of adenosine after conversion
of AMP by CD73. Adenosine has at least two important functions: it
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The Enzymatic Cascade of Pyrophosphate Metabolism

(Schematic view—different steps can take place in different cell types)
(PXE—Pseudoxanthoma elasticum, GACl—Generalized Arterial
Calcification of Infancy, ACDC—Arterial Calcification due to
Deficiency of CD73).

is a potent inhibitor of TNAP, by downregulation of TNAP
expression via the A3 Adenosine Receptor (Fujimoto et al., 2019)
and it inhibits myointimal proliferation in the arterial wall (Dubey
etal,, 2015). Myointimal proliferation is an important element of the
occlusive arteriopathy that characterizes GACI and is likely to be
responsible for much of the early morbidity and mortality associated
with the condition (Rutsch et al, 2008). This is the primary
distinction between GACI and PXE, where such occlusive disease
is not known to occur.

Mutations in other proteins in this metabolic cascade also occur
and may result in similar, allied conditions. For example, Arterial
Calcification Due to CD73 deficiency results, as the name suggests,
from mutations in the NT5E gene which codes for CD73. Reduced
CD?73 activity reduces availability of extracellular adenosine, again
promoting calcification through a lack of TNAP inhibition. These
metabolic and phenotypic commonalities between the heritable
ectopic calcification disorders suggest that many treatment
innovations are likely to be beneficial across the range of these
diseases (Van Dyck et al.,, 1989; Galletti et al., 2011; Ferreira et al.,
2021a).

3 Clinical presentation and diagnosis

There are similarities in the clinical presentation of GACI and
PXE, but most features in GACI tend to be more severe and to
present earlier. GACI typically manifests in infants (Ziegler et al.,
2020) with arterial calcification and intimal thickening, which causes
lumen stenosis or obliteration. Patients also suffer osteomalacia,
hearing loss, extravascular calcification, dermatological changes and
eye changes such as angioid streaks (Ziegler et al., 2020). PXE is
characterized by similar dermatological and ophthalmological
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manifestations, with arterial calcification not typically apparent
until adulthood (Nitschke and Rutsch, 2017). Marked intimal
thickening and resultant stenosis or obliteration of arteries has
not been described in PXE. Although most patients without
substantial eye involvement follow a relatively benign clinical
course, some present acutely with gastrointestinal hemorrhage or
ischaemic cardiovascular events (Naouri et al., 2009). This can occur
at any age and sudden deaths in childhood have been reported
(Sakata et al., 2006). There is also chronic associated morbidity, with
symptoms such as angina, muscular cramps and claudication in all
limbs. Arterial hypertension is very common in this population,
affecting approximately 25% of cases, even when young. This can be
related to a combination of renal arterial calcification and arterial
stiffness, which is known to be significantly increased in PXE
(Kranenburg et al., 2018b).

The affected vascular territories differ in these two conditions. In
GACI, pathological examination has shown that the hepatic (81% of
cases), aorta (80%), pulmonary (67%), coronary (53%) and renal
(39%) arteries are most commonly affected in early-onset disease,
with the coronary (88%), renal (55%), pulmonary (49%), aorta
(36%), adrenal (34%), splenic (31%), pancreatic (28%), and
mesenteric (26%) arteries being affected in late-onset disease
(Chong and Hutchins, 2008). In one group of long-term
survivors, arterial calcification was found in the aorta (14/16),
and renal (11/16), mesenteric (11/16), coronary (10/16), iliac (10/
16), and pulmonary (10/16) arteries (Ferreira et al., 2021a). The
cerebral arteries are typically spared in GACI although there are
reports of involvement, with consequent strokes or seizures (Van
Dyck et al., 1989; Galletti et al., 2011). There are also reports of
spontaneous resolution of calcification in some patients (Ciana et al.,
2006) and generalized arterial stenosis can occur without
calcification (Ferreira et al., 2021a). In PXE, by contrast, central
arterial involvement is less common, with arteries affected by
calcification tending to be peripheral (Leftheriotis et al., 2014). In
one study, calcification was present in the sub-popliteal (85%),
femoral-popliteal (74%), (75%)
arteries and the arteries of the arms (21%) in a population aged

intracranial internal carotid
over 45 years (Leftheriotis et al., 2014). Such arm involvement is
almost exclusively found in PXE.

Diagnosis of both GACI and PXE is made with reference to a set
of criteria incorporating clinical observation, histopathological
changes, and medical imaging. No consensus criteria have yet
been formally accepted for GACI due to similarities with PXE
(Ziegler et al., 2020; Kawai et al., 2022), but for PXE, consensus
diagnostic criteria are used (Lebwohl et al., 1994). Updated criteria
have been proposed that account for new understanding of the role
of specific genetic mutations (Plomp et al., 2010). Nevertheless, as
both GACI and PXE are rare, diagnosis remains challenging at least
in part due to a lack of awareness and expertise among healthcare
professionals.

4 Prognosis

Early diagnosis in both GACI and PXE is critical to optimum
management and outcomes. Without timely and effective treatment,
prognosis in GACI is poor. Around one-quarter of patients die in
utero or are stillborn (Kawai et al, 2022), and half of surviving
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newborns die from acute cardiovascular events within 6 months of
birth, despite medical care (Rutsch et al., 2008). Those who survive
may live into adulthood, but often need intensive medical
management of complications such as hearing loss, dental and
bone abnormalities, including Rickets, stroke-induced cognitive
impairment and cardiovascular disease (LaRusso et al., 2009;
Jiang and Uitto, 2012).

By contrast, effective management of PXE can usually be
achieved by avoidance of medications that worsen it, including
non-steroidal anti-inflammatory analgesics, warfarin, and estrogens,
by dietary changes to limit calcium intake and reduce blood
pressure, and by regular low-impact exercise (Laube and Moss,
2005). Nevertheless, although the majority have a normal life
expectancy (Chassaing et al., 2005), this depends on the extent of
internal organ involvement (Laube and Moss, 2005; Kumar et al.,
2012), with premature mortality typically being due to sudden
cardiac failure, myocardial infarction, ischemic stroke, or
gastrointestinal hemorrhage in the third to fifth decade of life

(De Vilder and Vanakker, 2015).

5 Therapeutic approaches

There are no curative therapies available for ectopic calcification

disorders currently. Existing therapies focus on reducing
extracellular calcification to limit the impact of the arteriopathy
and other consequences of such calcification. Most therapeutic
approaches currently focus on addressing the low levels of
inorganic pyrophosphate that are characteristic of ectopic
calcification disorders. There have been few trials of novel
therapies for GACI or PXE. The rarity of these conditions has
meant that studies have usually had to rely on retrospective data
without standardized protocols or diagnostic criteria, particularly in
GACI (Boyce et al, 2020). This has contributed to a lack of

consensus on optimum treatment protocols in both conditions.

5.1 Dietary management and
supplementation

Few studies have explored the potential of dietary management
and supplementation in GACI Although increased dietary
magnesium during pregnancy has been shown to prevent aortic
mineralization in offspring of EnppI1®’ mice that develop a GACI-
like phenotype (Kingman et al, 2017), no trials of dietary
manipulation in GACI have been registered with ClinicalTrials.
gov as of 19 March 2023. By contrast, carotid artery wall thickness
and connective tissue mineralization both improve with dietary
magnesium supplementation in Abcc6”~ knockout mice that
develop a PXE-like phenotype (LaRusso et al., 2009; Jiang and
Uitto, 2012; Kupetsky-Rincon et al., 2012; Ibold et al., 2019).

A single randomized controlled trial (RCT) of magnesium
supplementation in humans with PXE had promising results (Rose
et al,, 2019). Forty-four adults with PXE were randomized to take
either 800 mg magnesium oxide (equivalent to 500 mg elemental
12 months.
Decreased skin elastic fiber calcification was observed in the

magnesium) tablets or placebo twice-daily for

treatment group compared to the placebo group, but the difference
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was not statistically significant. Just over three-quarters of those in the
treatment group had a clinically significant (30% or more) reduction
in elastic fiber calcification. The precise mechanism of action for
dietary magnesium supplementation is uncertain, but magnesium
ions are known to be a direct competitive antagonist for calcium ions
in many chemical interactions (Nitschke and Rutsch, 2017).

Direct oral supplementation using inorganic pyrophosphates
has also been used since the first descriptions of its absorption in
both mice and humans to treat GACI and PXE (Dedinszki et al.,
2017). A single patient case report from Finland further
demonstrated the potential of this treatment option when it was
used to try to support re-vascularization of an ischemic leg
(Vadramiki et al., 2019). Satisfactory uptake of orally delivered
pyrophosphate has been further confirmed in a cohort study of both
healthy volunteers and PXE patients (Kozak et al., 2022). A clinical
trial (NCT04868578) is now underway to examine the effect of oral
PPi supplementation on arterial calcification scores.

5.2 Phosphate binders

Increased dietary phosphate levels have been observed to
accelerate mineralization in Abcc6”~ mice (Jiang and Uitto,
2012), suggesting a potential for phosphate binders to slow
progression of PXE by limiting intestinal absorption of phosphate
from the diet (Luo et al., 2020). A small case series in six people
found that daily administration of 1,800 mg liquid aluminum
hydroxide or 600 mg aluminum hydroxide tablets three times a
day potentially improves the histological
PXE and might prevent

deterioration of eye disease (Sherer et al, 2005). A larger RCT

appearance of

characteristic skin lesions in
later found no difference in calcification in those taking 800 mg
sevelamer hydrochloride, another phosphate binder, three times a
day for 2 years and those taking placebo (Yoo et al., 2011). No trials
were registered on ClinicalTrials.gov as of 19 March 2023 that

address the effects of phosphate binders in GACI.

5.3 Bisphosphonates

Bisphosphonates, pyrophosphate analogues which form a class
of drugs usually used to prevent bone demineralization in
osteoporosis and other bone disorders such as Paget’s disease or
bone cancers, have been the first-line treatment for GACI for over
(Nitschke and Rutsch, 2017). More
bisphosphonates have also been shown to be effective in reducing
calcification in those with PXE caused by mutation of the ABCC6
gene (Bartstra et al, 2020). Some bisphosphonates can inhibit

50 years recently,

mineralization and calcification outside of areas of active bone
deposition, thereby reducing calcification of soft tissues. High
concentrations of etidronate, but not alendronate, reduced
mineralization of hair follicles (Li et al., 2015), skin, and aortic
tissue in Abcc6”~ mice (Li et al., 2016).

Most studies in patients with GACI have suggested benefits from
bisphosphonate treatment, including improved survival rates
(Meradji et al., 1978; Rutsch et al, 2008; Ramjan et al., 2009;
Edouard et al,, 2011). However, it has been suggested that these

apparent benefits could result from selection bias in such studies,
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due to variations in treatment strategy according to disease severity.
A recent study found that survival differences could not be
demonstrated when treated and untreated cases were matched by
age and compared from the age at which treated cases received
bisphosphonates onwards (Ferreira et al, 2021b). Isolated case
studies suggest that dietary magnesium supplementation might
add to the effects of anti-phosphate therapy, particularly in cases
of GACI who fail to respond to bisphosphonates alone (Dursun
etal,, 2019). However, much of the evidence underpinning the use of
bisphosphonates in ectopic calcification disorders, particularly in
GACIL is based on single case reports or case series. More recently, a
single RCT, published as two separate papers, suggested that
etidronate may reduce arterial calcification in adults with PXE
(Kranenburg et al., 2018a; Bartstra et al., 2020). Specifically, in a
pre-specified post hoc analysis the authors found that fortnightly
treatment with 20 mg/kg etidronate over a period of 12 weeks was
associated with cessation of calcification in the common carotid
artery, the coronary arteries, the thoracic aorta, and a lower
calcification rate in the abdominal aorta, the iliac arteries, and
the arteries of the legs at 1 year. Results for the femoral arteries
were published separately, showing similar benefits. To date
(19 March 2023), no RCTs of bisphosphonates in GACI have
been registered with ClinicalTrials.gov.

5.4 TNAP inhibitors

TNAP is an enzyme that facilitates degradation of inorganic
pyrophosphate, a potent inhibitor of calcification (Luo et al., 2020).
It has, therefore, been hypothesized that TNAP inhibition would
raise inorganic pyrophosphate levels, counteracting the low levels
that are typical in PXE. A study in mice found that a small molecule
TNAP inhibitor decreased abnormal mineralization in a PXE mouse
model, but not in a GACI mouse model (Ziegler et al., 2017; Li et al.,
2019). In humans, a single small RCT found that 30 mg lansoprazole
daily increased pyrophosphate levels over an 8-week period by 18%
on average, although significant between-person variability was
observed (—34% to +85%) (Murcia Casas et al., 2023). A second
RCT of the TNAP inhibitor DS-1211b administered at low, medium,
and high doses (undefined) for a period of 12-week is currently
underway in adults with PXE (NCT05569252).

A recent study in a mouse model of Hutchinson-Gilford
progeria syndrome, which also causes excessive ectopic vascular
calcification, found that low levels of inorganic pyrophosphate were
likely to be responsible for this (Villa-Bellosta, 2019). They found
that combined use of levamisole, a TNAP inhibitor, with ARL67156,
a CD39 (eNTPD) inhibitor increased the synthesis and reduced the
degradation of pyrophosphate in aortas and blood ex vivo.
CD39 promotes the degradation of extracellular ATP to AMP
and inorganic phosphate. The apparent benefit of its inhibition
in this study suggests it may also be a therapeutic target of interest in
ectopic calcification disorders.

The development of new TNAP inhibitors has been further
advanced by the use of computational studies that have sought to
identify possible inhibitors and define their molecular architecture
(Andleeb et al., 2020). These developments should facilitate faster
and more cost effective candidate molecule identification and so
hopefully speed up the progress of these treatments to clinical trials.
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However, no human trials of TNAP inhibitors in GACI had been
registered on ClinicalTrials.gov as of 19 March 2023.

5.5 ENNP1 enzyme replacement therapy

ENPPI is a key enzyme that promotes the conversion of
adenosine triphosphate (ATP) into adenosine monophosphate
(AMP) and inorganic pyrophosphate. ENPP1 mutations reduce
this activity to very low or, in some cases, undetectable levels
(Luo et al, 2020). Replacement therapy might address this,
normalizing extracellular inorganic pyrophosphate levels. In
studies of Enppl® mice that exhibit a GACI-like phenotype,
administration of recombinant ENPPI protein was found to
reduce arterial calcification, thereby improving cardiovascular
function and blood pressure, and reducing premature mortality
(Albright et al., 2015; Khan et al., 2018; Nitschke et al., 2018). ENNP1
enzyme replacement therapy has also been shown to normalize
plasma inorganic pyrophosphate levels and prevent mineralization
in Abcc6™ mice, suggesting a potential role in treating PXE as well
(Zhao et al., 2017).

ENPP1 replacement should not only address the lack of
pyrophosphate that drives ectopic calcification, but also address
the lack of adenosine. Although calcification plays a significant role
in the arteriopathy of GACI, myointimal proliferation resulting
from a lack of adenosine is thought to be responsible for the
obliterative arterial disease that causes accelerated heart failure
and hypertension and much of the associated early morbidity
and mortality. Importantly, all other therapeutic approaches
address only the calcification element of GACI and do not
address the myointimal proliferation. Nevertheless, although it
may prevent worsening, ENPP1 replacement is unlikely to be
able to reverse established, mature ectopic calcification whilst
other therapies are being developed that might. Thus, a
combination of such therapies may prove to be optimal in the
treatment of GACI and possibly other ectopic calcification disorders.

A series of RCTs sponsored by the same pharmaceutical
company is currently underway to investigate the safety and
tolerability of ENPPI enzyme replacement therapy in infants
diagnosed with ENPPI deficiency (NCT05734196), and in adults
diagnosed with ENPPI deficiency (NCT04686175) or ABCC6
deficiency (NCT05030831). These RCTs are Phase 1-2 first-in-
human trials, and as such aim to investigate the safety,
tolerability, pharmacokinetics, and pharmacodynamics of INZ-
701 at doses of either 0.2 or 0.6 mg/kg, or for adults, 1.8 mg/kg.
The latter of these three trials is not currently recruiting and the low
incidence of these conditions means that results from the other trials
may not be available for some time, possibly years.

5.6 Allele-specific therapies

Several treatments are being investigated to target specific allelic
mutations. Premature termination codon suppressors, for example,
act by inhibiting the effect of mutations that cause premature
termination codons. They have been shown to have somewhat
variable effects in animal models (Zhou et al., 2013), but have
not yet entered clinical trials. The chemical chaperone 4-
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phenylbutyrate (4-PBA) has been investigated in PXE mutations
where there is a lack of appropriate localization of the ABCC6
protein to the cell membrane (Pomozi et al., 2017). This has been
shown to have some efficacy in specific mutations but has not yet
been translated into clinical trials. The specific, small populations
that some of these treatments could apply to presents a major
challenge for their clinical development.

5.7 Gene therapies

Gene therapy, aimed at ABCC6 mutations has been shown to be
effective in animal models (Huang et al., 2019), with significant
reductions in ectopic mineralization. Another potential treatment
using gene therapy to upregulate the expression of fetuin-A, a
circulating anti-mineralization factor, has been investigated.
Animal studies have shown this approach to be successful in
reducing soft tissue mineralization in Abcc6” mice (Jiang et al.,
2010). Unlike allele-specific therapies, gene therapies such as these
would, usually, be applicable to a wider variety of individuals.
However, a number of unaddressed issues still present obstacles
in translating these developments into clinical use, such as the
immunogenicity of the vector. No relevant clinical trials are
currently registered on ClinicalTrials.gov.

5.8 Calcium crystallization inhibitors
SNF472, an formulation
hexaphosphate, is inhibitor
mechanism of action, that is currently undergoing trials
(NCT04195906). It acts by binding to hydroxyapatite crystals at
their growth sites (Ferrer et al., 2018). Current phase III trials aim to

intravenous of myo-inositol

a calcification with a novel

test its ability to reduce the progression and painfulness of the
ischaemic skin ulceration associated with calciphylaxis, or calcific
uremic arteriolopathy, a complication in 4% of end-stage renal
The progressive
cardiovascular calcification, particularly of the arterioles, which is

disease. cause of such ulceration is
similar to that seen in the heritable ectopic calcification disorders.
Thus, it is hoped that SNF472 may limit vascular calcification rates
not only in calcific uremic arteriolopathy of renal dialysis patients,

but also in disorders like GACI and PXE (Perell6 et al., 2020).

5.9 Antibody-targeted treatment

Another novel treatment pathway being investigated is the use of
antibody-targeted nanoparticles to deliver active payload substances
directly to areas of elastin damage, which colocalize with ectopic
mineralization. This approach could have a number of important
advantages, including the ability to increase the localized
concentrations of the payload substance and the duration of its
exposure to the sites where it is needed, whilst minimizing off-target
drug delivery. With this approach, payload substances can achieve
localized concentrations that would not be possible with direct
systemic delivery of the same substance without significant off-
target side-effects. This should increase efficacy and the range of
potential substances that can be used safely.
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Such antibody-targeted drugs are typically delivered by
intravenous administration and the safety and efficacy of a
number of realizations of this technology is now well-established
in preclinical studies of vascular damage and aneurysms, notably in
rat (Nosoudi et al., 2016a; Nosoudi et al., 2016b) and mouse (Wang
et al, 2021) models. The active substances delivered experimentally
by this approach to date have included well-known chelation agents
(Nosoudi et al., 2016a), novel, polyphenol-derived compounds
(Nosoudi et al., 2016a; Nosoudi et al., 2016b; Wang et al., 2021),
and a combination thereof (Nosoudi et al., 2016a). Chelating agents,
such as EDTA and diethylenetriamine penta-acetic acid have
demonstrated an ability to reduce arterial calcification in a
variety of animal models and, in humans, as the active ingredient
of a cocktail of substances routinely used in chelation therapy, in the
Trial to Assess Chelation Therapy (Lei et al., 2013; Lei et al,, 2014;
Karamched et al., 2019; Keuth et al., 2020). Research is underway to
combine these chelating agents with nanoparticles of human serum
albumin to create a biodegradable and non-toxic matrix that can be
linked with an antibody that binds specifically with epitopes that are
only exposed when elastin is damaged. This should enable delivery
of payload drugs to sites of arterial damage, as well as other areas of
the body where elastic tissues have been damaged (Keuth et al,
2020). Ectopic calcification of the arterial wall and other elastic
tissues is largely localized at sites of elastin damage and both
processes have been shown to be mutually causative (Chen and
Moe, 2012). Thus, such targeted nanoparticle drugs have the
potential to specifically treat the arteriopathies associated with
heritable ectopic calcification disorders and other conditions
where arterial damage is associated with calcification whilst
minimizing ectopic demineralization of tissues such as bone and
other possible off-target effects. They also have potential benefits in
other tissues where ectopic calcification occurs. An example of this
would be calciphylaxis, where microvascular calcification can lead to
tissue ischemia. This occurs predominantly in fat and skin tissue and
can lead to skin necrosis (Rick et al., 2022).

The efficacy and safety of the chelation agents and polyphenolic
compounds used to date as payloads in the development of this new
class of drugs has been established in preclinical testing. The ability
of these targeted drugs to demineralize established ectopic
calcification, particularly in arteries, and promote elastin integrity
has been demonstrated in both rats (Karamched et al.,, 2019) and
(Crandall et al, 2023). In
ethylenediaminetetraacetic ~ disodium

animal  models,
(EDTA)-loaded
particles reverse established arterial calcification (Lei et al., 2014)

mice
acid

and pentagalloylglucose (PGG), a polyphenolic compound related to
tannic acid and a potent antioxidant, has been shown to restore
arterial elasticity by repairing damaged elastin (Crandall et al., 2023).
Their effects are likely to be complementary, as arterial calcification
itself increases arterial stiffness and experimentally induced
calcification through direct application of calcium chloride to
arteries has been shown to promote elastin damage and arterial
inflammation (Basalyga et al, 2004; Nosoudi et al, 2016a).
Commensurately, elastin damage may be an essential precursor
to medial arterial calcification. Vyavahare et al. were the first to show
that linked to
metalloproteinase (MMP) expression (Vyavahare et al., 2000) and

elastin calcification was increased matrix

that the process can be stopped using a synthetic MMP inhibitor,
BB-1101. Mice where MMP genes have been knocked out do not
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develop such calcification in experiments where wild-type mice do
(Basalyga et al., 2004). These experiments suggest that elastin
degradation by MMPs, secreted by inflammatory cells or smooth
muscle cells in the arterial wall, is required for medial arterial
calcification to develop. Indeed MMPs may degrade medial
elastin, resulting in the liberation of soluble elastin peptides,
which bind the elastin-laminin receptor (ELR) present on most
cells, stimulating MMP production and that of other serine elastases
(Lee et al., 2006). This results in a positive feedback loop, with a cycle
of MMP-mediated
recruitment, and further MMP secretion. Soluble elastin peptides

elastin  degradation, inflammatory cell
can also interact with the ELR to induce osteogenic changes in
smooth muscle cells (Simionescu et al., 2005). Thus, arterial
calcification and elastin damage are mutually-dependent
processes and the treatment of either is likely to improve arterial
elastic function, through reduced elastin damage, reduced arterial
wall inflammation, and decreased calcification.

For example, in rats with moderate arterial aneurysms, EDTA-
loaded particles, followed by particles loaded with PGG were found to
infiltrate the aneurysms as early as 24 h after administration and
deliver a number of benefits. There was a 4-fold decrease in mineral
deposits (when compared to the natural course of disease), a 7-fold
decrease in the external aneurysm diameter (a marker of aneurysm
expansion), a 5-fold decrease in local elastin-degrading enzymatic
activity, and a 50% increase in aortic circumferential strain—a proxy
biomarker of elastin regeneration in the aorta. Overall, this antibody-
targeted treatment restored the elastic lamina, reduced local
inflammation, and improved vascular function (Nosoudi et al,
2016a) in a gene- and mutation-agnostic manner potentially
applicable to all patients with heritable ectopic calcification disorders.

Crucially, the use of EDTA-loaded particles targeted to damaged
elastin is the only one that has the potential to meaningfully reverse
established arterial calcification. This might complement therapies
such as ENPP1 replacement that prevent further calcification, by
offering a “reset” of arterial health at the commencement of such
treatment and periodically if ongoing calcification does occur
despite preventive therapy. This developing technology holds
great promise for the management of ectopic calcification
disorders, but it has not yet reached the clinical trial stage.

5.10 Cell engineering

The modification of osteoclasts by tetracycline to improve their
targeting to heterotopic ossification has been shown, both in vitro
and in a mouse model to reduce heterotopic ossification when
compared to non-modified osteoclasts (Jin et al., 2021). This
form of treatment has the potential to be applicable in diseases
such as PXE and GACI, but has not yet been demonstrated in
appropriate animal models.

6 Conclusion

The majority of therapeutic approaches that are available or in
development are focused on preventing further ectopic calcification.
There is little evidence that current therapies are able to significantly
reverse established calcification®. This is particularly important in
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GACI, where the associated arteriopathy can be advanced by the
time of birth, contributing to a high infant mortality rate. It is clear,
therefore, that there is a need to prioritize the development of
therapies that not only halt future deposition of hydroxyapatite
crystals, but also those that can dissolve existing deposits and restore
arterial elastic function. In GACI, ENPPI replacement therapy is the
only approach currently that has the potential to limit the occlusive
arteriopathy that characterizes this condition, as well as limiting
further ectopic calcification. However, for many GACI patients such
treatment might already be too late, even by the time of birth, due to
the establishment of severe arterial calcification and associated loss
of arterial elastic function, which lead to severe hypertension and
heart failure. Reversal of established ectopic calcification could be
the only way that these severely affected patients might avoid the
major morbidity and mortality that is common in such cases.
Ongoing treatment with both ENPP1 replacement and antibody-
targeted nanoparticle chelation therapy is conceivably an approach
that would be complementary. Together, these emerging drugs, if
successfully brought to market could become the mainstays for
treatment of ectopic calcification disorders that have, hitherto,
lacked effective therapies.

There is reason to be hopeful for the future of treatments for GACI
and PXE within the next decade with the advent of novel therapeutics
that have the potential to not only halt, but also reverse their associated
arterial damage that underpins much of their morbidity and mortality.
This has the potential to significantly improve the life expectancy and
quality of life for patients with these syndromes.
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