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Abstract: It is very unusual to see evidence of arterial calcification in infants and children, and when detected, genetic disorders of
calcium metabolism should be suspected. Generalized arterial calcification of infancy (GACI) is a hereditary disease, which is
characterized by severe arterial calcification of medium sized arteries, mostly involving the media with marked intimal proliferation
and ectopic mineralization of the extravascular tissues. It is caused by inactivating variants in genes encoding either ENPP1, in a
majority of cases (70-75%), or ABCC6, in a minority (9—10%). Despite similar histologic appearances between ENPP1 and ABCC6
deficiencies, including arterial calcification, organ calcification, and cardiovascular calcification, mortality is higher in subjects
carrying the ENPP1 versus ABCC6 variants (40% vs 10%, respectively). Overall mortality in individuals with GACI is high (55%)
before the age of 6 months, with 24.4% dying in utero or being stillborn. Rare cases show spontaneous regression with age, while
others who survive into adulthood often manifest musculoskeletal complications (osteoarthritis and interosseous membrane ossifica-
tion), enthesis mineralization, and cervical spine fusion. Despite recent advances in the understanding of the genetic mechanisms
underlying this disease, there is still no ideal therapy for the resolution of vascular calcification in GACI. Although bisphosphonates
with anti-calcification properties have been commonly used for the treatment of CAGI, their benefit is controversial, with favorable
results reported at one year and questionable benefit with delayed initiation of treatment. Enzyme replacement therapy with
administration of recombinant form of ENPP1 prevents calcification and mortality, improves hypertension and cardiac function, and
prevents intimal proliferation and osteomalacia in mouse models of ENPP1 deficiency. Therefore, newer treatments targeting genes are
on the horizon. In this article, we review up to date knowledge of the understanding of GACI, its clinical, pathologic, and etiologic
understanding and treatment in support of more comprehensive care of GACI patients.

Keywords: generalized arterial calcification of infancy, ectonucleotide pyrophosphatase/phosphodiesterase 1, ATP binding cassette
subfamily C member 6, vascular calcification

Introduction

Vascular calcification (VC) is the deposition of calcium and phosphate crystals in blood vessels, which is a common
phenomenon in elderly patients with atherosclerosis. Cardiovascular calcification has also been associated with type 2
diabetes, chronic kidney disease, and renal dialysis in adults for many years." The association of VC and aortic valve
calcification with increased mortality is well known.”® There are a few rare hereditary syndromes, such as generalized
arterial calcification of infancy (GACI), pseudoxanthoma elasticum (PXE; OMIM no. 264800), and deficiency of CD73,
which are also associated with arterial calcification. The disease GACI was first described in 1899 and there have been
over 250 reported cases since. In 2003, the discovery of the mutation responsible for GACI was reported by Rutsch and
collaborators as a loss of function mutation in the ectonucleotide pyrophosphatase/phosphodiesterase 1 (ENPP1, OMIM
no. 173335) gene.” ENPP1 is a transmembrane protein with a hydrolase extracellular domain, which hydrolyzes ATP into
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AMP and inorganic phosphate (PPi).” A less severe form of generalized calcification involving calcification of joints and
arteries (CALJA; OMIM no. 211800), an extremely rare Mendelian disorder of isolated calcification, characterized by
late onset calcification of the arteries of the extremities and hand and foot joint capsules and caused by mutations on the
NTSE gene, will also be briefly discussed.

GACI is characterized by calcification of arteries and intimal proliferation that leads to stenosis, especially involving
the coronary arteries with cardiac complications. GACI patients also develop joint and parenchymal organ calcification
involving renal, gastrointestinal, and pulmonary complications. The disease occurs in childhood and may also manifest
prenatally, with approximately 55% mortality within the first 6 months of life.® However, the disease after 6 months is
not well characterized. While key molecular pathways leading to premature calcific artery disease have been identified,
we still need a better understanding of hereditary diseases of calcification. In this review, we present the current
knowledge and provide a comprehensive guide for the care of GACI, the most common form of genetic vascular
calcification.

Etiology, Prevalence, and Prognosis

GACI is a rare autosomal recessive disease caused by loss-of-function gene mutations. In approximately 70-75% of the
cases, the disease occurs from the loss of activity of ENPP1, while in 9% of cases it occurs from ATP-binding cassette,
subfamily C member 6 (ABCC6, OMIM no. 614473), which is suspected to be involved in ATP export. This leads to
continued calcium accumulation in the arterial wall, resulting in arterial calcification and narrowing due to intimal
proliferation. The incidence of GACI is estimated to be 1 out of every 200,000 pregnancies, with the carrier rate being
1:200.° The survival rate varies widely, but the mortality rate is high, reaching as high as 70% in cases of prenatal
polyhydramnios/fetal hydrops, myocardial infarction, heart failure, and arrhythmias secondary to severe calcification.
The major causes of death are myocardial infarction, congestive heart failure, persistent arterial hypertension, and
multiple organ failure.®'® Infants who survive the first few months have a significantly lower mortality.® On the other
hand, spontaneous regression of arterial and ectopic calcification has been observed in several cases with arterial
calcifications documented in infancy.''"'* Bisphosphonate treatment has been used to reduce the mortality of these
patients with GACI by 65%." However, a recent review contradicts their usefulness and is dependent on the combined
use of Etidronate, the first-generation bisphosphonate (chemically stable derivatives of inorganic pyrophosphate (PPi)),
which binds directly to hydroxyapatite with high affinity, resulting in inhibition of bone mineralization, while the second

and third generation (are nitrogen-containing) cause osteoclast apoptosis and limit bone resorption.’* '

Diagnosis

About half of GACI cases (48%) are diagnosed in utero, and most of the other half (52%) are diagnosed at a median age
of 3 months."® However, no rigid consensus has been established for clinical diagnostic criteria for systemic arterial
calcification in infancy. The reason is related to phenotypic overlap observed between GACI and PXE, which is
discussed below.'”'"® GACI is characterized by the onset of widespread arterial calcification in the first month of life,
involving large and medium-sized vessels, resulting in signs and symptoms related to the cardiovascular system
(including heart failure, respiratory distress, edema, cyanosis, hypertension, and/or cardiomegaly). Additional findings
include skin and retinal manifestations typically also seen in PXE, including periarticular calcification, development of
rickets after infancy, cervical spine fusion, and hearing loss. In some individual patients, the diagnosis of GACI may
entail a combination of clinical manifestations, imaging, and histopathologic findings, as well as genetic testing. The
cardiovascular phenotype of GACI disease is also very diverse and includes fetal distress, polyhydramnios, fetal edema,
heart failure, hypertension, cardiomegaly, visceral effusion, dyspnea, cyanosis, and decreased peripheral pulses.'®
Vascular calcification may be evident during prenatal ultrasound.'® Although calcification is detected as a subtle
radiopaque area even on routine radiographic films, these findings are often overlooked, which has been reported as a
pitfall and could result in delaying the diagnostic process.”>*' Therefore, whole-body computed tomography is favored
as an imaging modality to assess the development of systemic calcification in GACI* (Table 1).
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Table 1 Recommended Evaluations Following Initial Diagnosis in Individuals with GACI

System/Concern

Evaluation

Comment

Cardiovascular

Referral to a pediatric cardiologist

Incl:

® EKG & echocardiogram
® Assessment of blood pressure* and peripheral pulses

CT of chest, abdomen, and pelvis

To evaluate extent and distribution of vascular calcification.

Serum levels of cardiac-specific

troponin T or troponin |

Assess for evidence of myocardial ischemia.

Skeletal

Skeletal radiographs

As needed to assess for periarticular calcification or cervical spine fusion.

Mineral
metabolism

Metabolic workup incl:

® Serum creatinine

® Serum phosphorus
e Urine phosphorus

e Urine creatinine

o Alkaline phosphatase
® Serum calcium

e Serum PTH

To evaluate for evidence of hypophosphatemic rickets by measuring:
e Tubular reabsorption of phosphate

e Ratio of renal tubular maximum reabsorption rate of phosphate to GFR

Hearing Loss

Audiology assessment

Evaluate for conductive or sensorineural hearing loss.

Genetic Counseling

By genetics professionals’

To inform patients and families re nature, MOI, and implications of GACI in order
to facilitate medical and personal decision making.

Notes: *Referral to a pediatric nephrologist is indicated in the setting of refractory hypertension. "Medical geneticist, certified genetic counselor, certified advanced genetic
nurse. [Reproduced with permission from Zeigler et al'®].
Abbreviations: GFR, glomerular filtration rate; MOI, mode of inheritance; PTH, parathyroid hormone.

Genetic Background
GACI is a genetic disorder caused by biallelic inactivating variants in the ENPP1 gene in about 70% of cases, with more

than 40 different mutations have been identified in about 200 cases.®** However, in about 10% of GACI patients, a
different mutation has also been seen in the ABCC6 gene.”> GACI (OMIM no. 208000, OMIM no. 603234) is associated

with mutations in either the ENPP1 or ABCC6 genes respectively, and deactivating mutations in these genes results in

decreased inorganic pyrophosphate (PPi). Originating from these two gene mutations, the phenotype of GACI is

classified into two types (see below). Most patients with GACI eventually develop hypophosphatemic rickets** (Table 2).

Table 2 GACI: Frequency of Select Features

Feature

% of Persons with Feature

Comment

Arterial Calcification

88%-95%

Most common sites: aorta, pulmonary, coronary, renal

Extravascular Calcification

50%-60%

Most common site: hip; sternoclavicular joint commonly involved

Pseudoxanthoma Elasticum

Findings

~20%

Onset of skin findings in childhood; onset of retinal findings more commonly
in adulthood

Hypophosphatemic Rickets/
Osteomalacia

>90% (ENPPI-GACI only)

Mediated by FGF23

Nephrocalcinosis

50% (ENPPI-GACI mainly)

More commonly a complication of rickets/osteomalacia treatment

Cervical Spine Fusion

~25% (ENPPI-GACI only)

Affects posterior elements

Hearing Loss

50-75% (ENPP|-GACI only)

Variable age of onset

Note: Reproduced with permission from Zeigler et al'®.
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ENPPI Gene

The GACI gene was identified in 2003 as due to a loss-of-function mutation in the ENPP1 gene.” ENPP1 is a type II
extracellular membrane-bound glycoprotein that is expressed in various cell types, including osteoblasts, osteoclasts,
chondrocytes, and vascular smooth muscle cells.”> *° About 70% of GACI cases are caused by biallelic mutations in the
ENPP1 gene, with more than 40 different mutations identified.®* ENPP1 is an extracellular enzyme that hydrolyzes
extracellular ATP into AMP and PPi.” Extracellular PPi is an important inhibitor of calcification in vivo and is
hydrolyzed by the tissue cell surface enzyme, nonspecific alkaline phosphatase (TNAP), to produce inorganic phosphate
(P;) from PPi. Since the essence of vascular calcification is the deposition of calcium phosphate in the vessel wall, the
balance between PPi and Pi is key to inhibiting vascular calcification.>* Therefore, loss-of-function mutations in ENPP1
lead to a decrease in PPi and an imbalance in the PPi/Pi ratio, thus promoting the formation of calcification in blood
vessels and soft tissues.”®*' Tt is known that mouse models with genetically disrupted ENNP1 expression exhibit high
levels of ectopic calcification, leading to cardiovascular disease and joint hyperostosis.’> TNAP activity is elevated in
patients with GACI, resulting in increased Pi levels and accelerated calcification formation (Figure 1).>* Patients with
GACI caused by ENPP1 who survive the first 6 months of life are at risk of developing bone deformities, hypopho-
sphatemia, hyperphosphaturia, and elevated alkaline phosphatase, with all the manifestations of autosomal recessive
hypophosphatemic rickets type 2 (ARHR2, OMIM no. 613312).

As mentioned earlier, a less severe form of generalized calcification involving CALJA (OMIM no. 211800) also
exists and is an extremely rare Mendelian disorder of isolated calcification that is characterized by late onset calcification
of the arteries of the extremities and hand and foot joint capsules. It is caused by mutations on the NTSE gene. AMP is
hydrolyzed by CD73, which is encoded by the 5’-nucleotidase ecto (NT5E) gene, producing Pi and adenosine (Figure 1).
NTS5E mutations cause the loss of CD73, resulting in the occurrence of CALJA. This autosomal recessive disease, also
called arterial calcification due to the deficiency of CD73 (ACDC), is characterized by calcification of the hand and foot

Extracellular space

Pi Adenosine Pi Unknow
@ o o substrate
°o® =
®le h

ATP CD73 ABCC6
transporters ACDC Adenosine PiT1/PiT2 PXE
Receptors
Unknow
.. o~ substrate
R J
Adenosine Pi

Intracellular space

Figure | Overview of Rare Monogenic Diseases with Vascular Calcification Due to Mutation of the Purine Metabolism Pathway. ATP gains access via ATP transporters into
extracellular space, where it is hydrolyzed by ENPPI into AMP and PPi. AMP is then hydrolyzed by CD73 into adenosine and Pi while PPi is hydrolyzed by TNAP into
inorganic phosphate. PiT1/2 (Na*-dependent Pi cotransporter) mediates cellular Pi uptake and transport into the cell. PPi is a potent inhibitor of calcification. Adenosine can
interact with adenosine receptors and suppress TNAP expression, as well as have various effects based on specific receptors. The specific substrate for ABCCé has yet to be
identified. ENPP1, CD73, and ABCC6 deficiencies drive the molecular pathophysiology of several monogenic diseases associated with arterial calcification (GACI, ACDC,
and PXE). Reproduced with permission from Cudrici CD et al®

1264 "= Journal of Multidisciplinary Healthcare 2022:15

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Kawai et al

joints and severe medial arterial and periarterial calcification, including aneurysmal dilation that primarily affects the
arteries of the lower extremities. Coronary calcification has not been reported and none of the patients have any
significant atherosclerosis, impaired renal function, hypertension, dyslipidemia, or diabetes. GACI is deficient in both
adenosine and its precursor AMP, whereas in CALJA there is only reduced extracellular adenosine levels and enhanced
TNAP activation, which degrades PPi to Pi and promotes tissue calcification. Therefore, patients with CALJA have adult
onset of calcification of hand and foot capsule joints and severe calcification of aneurysmally dilated arteries of the lower

extremities (eg, iliac, femoral, tibial), but not of the carotid, aorta or coronary arteries.>* 3¢

ABCCé6 Gene

GACI can also be caused by homozygous mutations in the ABCC6 gene (also known as ABCC6 deficiency), which
directs the production of a protein called multidrug resistance-related protein 6 (MRP6, also known as ABCC6 protein).
This mutation has been identified in 10% of GACI patients. MRP6 protein belongs to a group of proteins that transport
molecules across the cell membrane, but little is known about the substances transported by MRP6. Jansen et al reported
that loss of ABCC6 reduces extracellular ATP, the main substrate required for the generation of extracellular PPi.*’
Several studies have also suggested that MRP6 promotes the release of the molecule adenosine triphosphate (ATP) into
the extracellular space through an unknown mechanism.*® ATP is then immediately broken down into adenosine
monophosphate (AMP) and pyrophosphate, and pyrophosphate inhibits the deposition of minerals such as calcium
(calcification).>® MRP6 is found primarily in the liver and kidneys, but also in small amounts in other tissues such as
skin, stomach, blood vessels, and eyes.***! Therefore, patients with GACI due to deficiency of ABCC6 may develop
symptoms similar to PXE, an autosomal recessive disorder also caused by mutations in the ABCC6 gene, as they grow
older.

Clinical Spectrum of ENPP| and ABCCé Deficiency Syndromes

GACI is a multiorgan disecase with a complex phenotype, with genotypic and phenotypic diversity observed between
GACI and several other diseases, such as PXE. The phenotypes caused by ENPP1 and ABCC6 deficiencies may overlap,
while also varying in severity (Table 3).*> GACI and PXE have overlapping genotypes and phenotypes and have a
common pathway of diffuse vascular calcification, however, they ultimately differ in disease severity. PXE is an
autosomal recessive disorder that causes calcium and mineral deposition in elastic fibers, leading to degeneration and
ectopic calcification of the skin, retina, and cardiovascular systems. PXE often occurs in adolescence and is usually
diagnosed by the early twenties. Patients with PXE have arterial disease consisting of fragmentation of elastic laminae,
mineralization of elastic fibers, and diffuse wall thickening. Although PXE was thought to be a distinct disease from
GACI, which is primarily associated with ENPP1, it was determined that mutations of the ENPP1 gene also may cause
PXE in a small number of patients.*~®**** An enormous number of different ABCC6 mutations have been described
for PXE but no clear correlation with genotype and phenotype has been found. Furthermore, even the same ABCC6
mutation may lead to a serious progression, resulting in death from myocardial infarction in early infancy in GACI, while
the PXE phenotype leads to a relatively mild progression. In 2010, Boulanger et al reported the case with two brothers
born to unrelated parents, where the older brother developed uncomplicated PXE in adolescence while the younger

Table 3 Clinical Spectrum of ENPP| and ABCCé Deficiency Syndromes

Vascular Myocardial Articular Organ FGF23-mediated Hearing | Pseudoxanthoma Retinal
Calcification Ischemia Calcification | Calcification Hypophosphatemia Loss Angioid
Streaks
ENPPI + + + + + + + +
ABCCé6 + + + + + +

Notes: Patients with deficiency of ENPPI and ABCCé may exhibit some or all the features listed above, with varying severity. While previous descriptions have
characterized generalized arterial calcification of infancy (GACI) and pseudoxanthoma elasticum (PXE) as distinct syndromes, increasing knowledge suggests that these
two disorders exist along a continuous spectrum. ENPP| ectonucleotide pyrophosphatase/phosphodiesterase |; ABCC6é ATP-binding cassette subfamily C member 6.
Reproduced with permission from Boyce et al®2,
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brother died at 15 months of age from myocardial infarction. The autopsy showed calcification of the endocardium and
extensive calcification of coronary arteries, medium-sized arteries, and aorta, leading to a diagnosis of GACI. Genetic
analysis was performed, but no tissue was available from the younger brother. The elder brother had two heterozygous
missense mutations of ABCC6. Each gene was inherited from one of his heterozygous asymptomatic parents. No ENPP1
mutation was found in the living family members.*> At present, however, it is still not completely known how mutations
in the different genes ENPP1 and ABCC6 can lead to similar pathophysiological consequences. GACI and PXE do not
simply represent two distinct disorders but rather represent a spectrum of differences in ectopic calcification.

Pathophysiology

The main pathogenesis of GACI is vessel calcification, which is considered to be the most serious cause of morbidity and
mortality in GACI cases. The histological characteristics include severe calcification, with the fragmentation of elastic
fibers of the medium and large caliber arteries, calcification of the internal elastic layer, and intimal proliferation of
smooth muscle cells. It is noted that severe arterial calcification, with severe arterial stenosis, can occur in utero (earliest
calcification seen at 18 weeks) or in the postnatal weeks.'® Thus, in cases surviving beyond infancy, the vascular
involvements may affect a wide variety of other organs, like the kidneys, liver, and spleen. Overall, males and females
are equally affected and many different ethnic groups have had GACI cases reported.

Vascular Calcification

In the past, vascular calcification was thought to be a passive phenomenon. While it is well accepted today that vascular
calcification is highly regulated, involving a variety of molecular signalling pathways, it remains incompletely under-
stood. Calcification of the viscera is divided into two major forms; 1) dystrophic calcification observed in injured or
necrotic tissue with normal serum calcium levels, occurring in soft tissues or organs that usually do not calcify, eg, the
vascular system, valves, heart, kidney, lungs, brain, etc. and 2) metastatic calcification occurs in tissues that originally are
normal but calcify in the presence of hypercalcemia, which is related to calcium imbalance, such as hypervitaminosis D
or hyperparathyroidism.*® The calcific deposits are composed of amorphous calcium phosphate or crystals of hydro-
xyapatite, and may also consist of calcium oxalates, octacalcium phosphate, and other calcium salts. Various mechanisms
of vascular calcification have been proposed, and calcification of the arterial wall can be generally classified into three
types.*” The three main types of calcification are inflammatory, which is mainly atherosclerotic in nature, metabolic,
which manifests as medial arterial calcification, also known as Monckeberg medial sclerosis, and is often associated with
but not limited to diabetes mellitus, chronic kidney disease, and aging, and genetic causes such as GACI, PXE, and
ACAD. It should be noted that these classifications overlap for each category, especially inflammatory and metabolic
(Category 1 and 2). Diabetic patients frequently have both hyperlipidemia and chronic kidney disease (CKD), thus, both
intimal and medial calcification may be present in the same arterial lesion. GACI is classified as category 3, on the basis
of the genetic factors, and is characterized as calcification developing in the media of the artery.

Autopsy studies have shown that the location of calcified arteries in GACI varies depending on the time of onset of
the disease.'® The most frequently calcified artery in early-onset GACI is the hepatic artery (81%), followed by the aorta
(80%), pulmonary artery (67%), the coronary artery (53%), and the renal artery (39%). The most commonly calcified
artery in late-onset GACI is the coronary artery (88%), followed by the renal artery (55%), the pulmonary artery (49%),
the aorta (36%), the adrenal artery (34%), the splenic artery (31%), the pancreatic artery (28%), and the mesenteric artery
(26%). In the cohort of long-term survivors of GACI, the most common locations of arterial calcification are in the aorta,
renal, mesenteric, coronary, iliac, and pulmonary arteries.’ There are also reports of cerebral artery involvement in a few
individuals, with low frequency, which are associated with seizures, cerebral infarction, and recurrent transient ischemic
attacks due to cerebral vascular insufficiency, also included in the symptoms of GACL**>' Calcification of the peripheral
arteries also leads to a reduction in peripheral pulse pressure, resulting in gangrene of the distal extremities.’>> It has
been noted that development in the pulmonary artery may result in drug-resistant pulmonary hypertension.”*>> On the
other hand, arterial stenosis with intimal thickening has been observed in individuals with no evidence of progressive
calcification.”?*>%7 These arterial calcifications or intimal proliferations explain the high frequency of recurrent
pregnancy loss.”
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Histological Characteristics of Arterial Calcification in GACI

We have seen 2 cases of GACI in the last 15 years at CVPath, and one was reported showing diffuse coronary arterial
calcification of infancy.”® This case is from an 8-month-old boy who presented with cardiogenic shock and had a
myocardial infarction in the anterolateral and septal wall of the left ventricle. Coronary angiography revealed severe
multivessel disease with diffuse stenosis of the left anterior descending artery. The patient’s older sister had died of
sudden cardiac arrest at 3-months of age. Genetic testing revealed a mutation of the ENPP1 gene confirming the
diagnosis of GACI. The patient died after a short period of a relatively stable course. At autopsy, the coronary arteries
showed both early and late phase histological features of calcified lesions, especially involving the distal left anterior
descending (LAD). The LAD, left diagonal, left circumference, left obtuse marginal, and right coronary arteries showed
severe intimal proliferation with marked stenosis and calcification (Figures 2 and 3A—C). Note there were a few
macrophages and scattered T lymphocytes around the regions of calcification, but overall foamy macrophages were
not seen (Figure 3D-F). In intermediate lesions, there was destruction of elastin fibers, inflammatory cell infiltration, and
a thickened layer of calcification with neovascularization. Elastin fiber regeneration was also observed near the luminal
surface (Figure 3G-I). In arteries with severe stenosis, there were greater calcium deposits, not only along the elastin
fibers but extending into the intima and media, with an accompanying decrease in SMCs and focal infiltration by T cells
and macrophages (Figure 3J-L). Further expansion of calcium deposition was also observed in the intima and media,
with marked SMC proliferation and matrix deposition, which resulted in severe luminal narrowing. The progression of
calcification in GACI begins with the deposition of calcium in the elastic lamina and expands into the surrounding intima
and media. At the border of the calcified area in the initial lesion, SMCs are abundant, and as the calcified deposits
expand and invade the lumen as the lesion progresses, chronic inflammatory cells, mainly composed of T lymphocytes
and macrophages, infiltrate (Figure 3M-0O). Similar early calcification and SMC-rich neointima were seen in other
vascular beds, such as the aorta and its major branches (Figure 4).

The second case is from a 20-day-old female infant, who died from severe coronary stenosis with calcification
involving all four major coronary arteries (Figure SA—M). These calcified lesions were not seen in the arteries within the
myocardium (Figure SO—Q). Radiography showed diffuse calcification of the pulmonary artery, with varying degrees of
luminal narrowing (Figure 6A—F). Arterial calcification was also observed in the thoracic aorta and histologic examina-
tion showed bone formation at sites of severe calcification (Figure 6G-L). This GACI case illustrates the importance of
intimal proliferation along with severe calcification of the coronary as a cause of early mortality in newborn infants. In
addition, this case also showed bone metaplasia in the calcified lesions in the proximal coronary arteries and aorta
(Figures 5C, K and 6K). Bone metaplasia has been observed in areas of calcification in muscular and elastic arteries, in
patients with atherosclerosis, diabetes mellitus, and chronic kidney disease (CKD), with and without dialysis.”® The
mechanism likely involve elevated levels of the phosphate-regulating hormone fibroblast growth factor-23 (FGF-23),
which increases phosphorylation of Erk1/2 (one of the major subfamilies of mitogen activated protein kinases and
regulate cell differentiation) and promotes phosphorus-induced transformation of vascular smooth muscle cells to
osteoblasts, with Klotho expression in smooth muscle cells being the key determinant.°*®" Given that Enppl knockout
mice show abnormal calcium/phosphate homeostasis and elevated blood levels of FGF-23,%% increasing serum FGF-23
levels by mutations in ENPP1 may regulate the vascular calcification phenotype through the transformation of smooth
muscle cells.

Extravascular Calcification

Ectopic calcification occurs in 94% of patients with GACI and is most frequent in heart valves, followed by kidneys.
Joint calcification has been reported in approximately 30-50% of infants with GACI, most often in the shoulders, hips,
ankles, wrists, and sternoclavicular joint, and is reported to occur in both early and late cases of GACI** Other locations

236364 myocardium, and cerebral parenchyma.” Calcification was also

of extravascular calcification include the earlobe,
found in cervical fusion, tendons, and ligaments in contact with bone and was associated with local musculoskeletal pain.

Calcification of the Achilles tendon may result in spontaneous rupture in adulthood.** There is no difference in the
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@ Proximal LCx

Figure 2 Gross, radiographic, and histologic images of the heart and coronary artery from a 8-months-old male with GACI. Radiographs of excised coronary arteries (CA)
(A) demonstrate focal calcification of all four major branches [left main, left anterior descending (LAD), left circumflex (LCX), and right CA (RCA)] and smaller branches.
(B) Mid-left and right ventricular slices of the heart show dilatation of the LV and subendocardial circumferential healed myocardial infarction, along with transmural scarring
of the posterolateral wall of LV. (C—H). Hematoxylin and eosin-stained sections of the major coronary arteries and branch vessels demonstrating moderate to severe luminal
narrowing with or without medial calcification (A, B, E-H) are reproduced with permission from Federici et al’®,

Abbreviation: LOM, left obtuse marginal.
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Figure 3 Representative histologic sections of the right coronary artery, from the same case shown in Figure 2. Top row: low-power images of RCA stained with Movat
Pentachrome (A), hematoxylin and eosin (B), and triple immunofluorescence for SMC and inflammatory markers [macrophage (CD68) and T cells (CD3)], and o-actin
(SMA) (C). Early- (D-F), intermediate- (G-I), and late-phase (J-O) lesion morphologies are shown. There is moderate luminal narrowing with SMC-rich neointima. Regions
of interest shown at higher magnification are within the colored boxed areas on the low-magnification image (A). Areas highlighted by the red box (D-F) show early
calcification with degradation of the IEL and relative absence of inflammation. The purple-boxed area (G-I) represents fragmentation and focal thickening of elastic fibers
with calcification, along with early inflammation (macrophages, yellow in panel (I) and neoangiogenesis (black arrow). A more advanced late phase (black in panel (A) and
yellow boxes in panel (J) shows more prominent calcification (M, alizarin red) and neoangiogenesis (black arrows in panel (J) with inflammatory infiltrate (C and L)
consisting mostly of macrophages and T cells together with a loss of adjacent SMCs. These areas were also typically positive for the calcification markers, osteoprotegerin
(N) and receptor activator of the nuclear kB (RANK) (O). (A-O) are reproduced with permission from Federici et al.*®

frequency or location of ectopic calcification in ENPP1 mutants compared to ABCC6 mutants, although the relationship
between the presence of ectopic calcification and pathological features in GACI has not been fully elucidated.®®

Treatment

Currently, there is no curative treatment for GACI. Since ectopic arterial calcification can manifest in any systemic organ,
individualized treatment is needed for each organ dysfunction. Furthermore, these systemic diseases need to be followed
by a comprehensive medical team that involves multiple specialties for their management. Since there is a high mortality
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Case 1: 8 months old
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C, Left Subclawan Artery D, Left Common Carotid Artery

Figure 4 Representative histologic sections of the aorta and major branches with varying degrees of IEL fragmentation and calcification. Low-power images of the thoracic
aorta (A), abdominal aorta (B), left subclavian artery (C), left common carotid artery (D), celiac artery (E), superior mesenteric artery (F), renal artery (G), and left
common iliac artery (H) showing varying degrees of IEL fragmentation and calcificationLeft images are stained with hematoxylin and eosin stain and right images are stained

with von Kossa stain. (A-H) are reproduced with permission from Federici et al.>®
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Case 2 days old

Coronary artery

Radiography

Figure 5 Radiography and histologic images of the coronary arteries and myocardium from a 20-days-old female infant with GACI. Radiograph of the heart shows calcification of
the major coronary arteries: RCA (yellow arrows), LAD (red arrows), and LCX (white arrows) (A). Proximal RCA (B-E), proximal LAD (F-I), and proximal LCX (J-M) show
moderate to severe luminal narrowing with circumferential calcification of IEL. Images B, C, F;, G, J, and K of coronary arteries are stained with hematoxylin and eosin and Movat
Pentachrome D, E, H, |, L, and M, stains, respectively. The boxed areas in the left panels, B, D, F;, H, J, and L, are shown at high power in the right panels, C, E, G, |, K, and M. Panels C
and K show bone metaplasia within calcified areas. Histologic section of the left ventricular wall showing normal histology of the intramyocardial coronary arteries [boxed area in
(O); note an absence of calcification and intimal proliferation (P and Q)]. (O and P) are stained by hematoxylin and eosin; (Q) is stained by Movat pentachrome stain.
Abbreviations: RCA, right coronary artery; LAD, left anterior descending; LCX, left circumflex.
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Case 2: 20 days old

Pulmonary artery

\ (&
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Figure 6 Radiography of the lungs and histology of pulmonary artery and thoracic aorta, from the same case as Figure 5. Radiography of right and left lungs
demonstrates diffuse calcification of pulmonary arteries (A). (B). Histologic section of the right lung showing diffuse narrowing of multiple branches of the pulmonary
arteries (hematoxylin and eosin). The boxed area in panel B is shown at higher magnification, demonstrating severe luminal narrowing from intimal proliferation and
circumferential calcification (C-F). Images (C and D) are stained with hematoxylin and eosin and (E and F) are stained with Movat Pentachrome. A section of the
thoracic aorta showing circumferential calcification (G and H). (I and J) are higher-power magnifications from the boxed areas in (G and H), showing diffuse
calcification of the media. (K and L) show an area of bone metaplasia within the lesions of calcification. The upper and lower panels are stained with hematoxylin and
eosin (G, I, and K) and Movat Pentachrome (H, }, and L).
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rate, both prenatally and in the first few months of life, associated with diffuse arterial calcification due to low PPi levels,
it is recommended that therapeutic intervention be initiated as early as possible.®’

Bisphosphonates are the most widely used drugs for patients with GACI, with varying degrees of success.
Bisphosphonates consist of a core nonhydrolyzable carbon P-C-P motif that creates a more stable (less hydrolyzable)
PPi analog. There are many different generations of bisphosphonates, which can be divided into nitrogen-containing and
non-nitrogen-containing compounds. The non-nitrogen-containing bisphosphonate, disodium etidronate, the first genera-
tion, binds to hydroxyapatite, resulting in inhibition of bone mineralization. The subsequent generations of nitrogen-
containing bisphosphonates, like disodium pamidronate, inhibit the action of the enzymes mevalonate pathway, with
more potent antiresorptive properties. Both types of bisphosphonates induce apoptosis in osteoclasts through the
interference with proteins that regulate bone metabolism. Rutsch et al reported a retrospective observational analysis
of 55 patients with systemic arterial calcification in infancy and showed that treatment with bisphosphonates was
effective in the regression of calcification and was associated with an improvement in mortality.® On the other hand, a
more recent report has shown that bisphosphonate therapy does not improve the rate of survival based on the analysis of
matched starting times. The efficacy of bisphosphonate therapy for GACI is still controversial and further investigation is
needed to determine their usefulness.®’

A recombinant ENPP1-Fc protein is one of the therapies under investigation and has been demonstrated to prevent
aortic calcification and myocardial infarction in a mouse model of ENPP1 deficiency.®® Subsequently, new evidence for
the role of ENPPI in vascular smooth muscle cells (VSMCs) has also been published, which showed that soluble
recombinant human (rh) ENPP1-Fc not only reduces ectopic calcification by increasing levels of extracellular PPi, but
also cleaves extracellular ATP to prevent AMP and adenosine anti-proliferative signaling and inhibits the proliferation of
VSMCs.** In a mouse model of GACI that demonstrates ectopic arterial calcification, oral administration of pyropho-
sphate significantly suppressed calcification. The effect of PPi was robust, with reduction ranging from 75% to 88% of
calcium burden.®” Also, oral PPi administration to GACI pregnant mice was found to inhibit calcification in their
offspring. These results suggest that PPi as a therapeutic intervention may be effective in man to inhibit prenatal GACI.
While there is no evidence to date of the efficacy of oral PPi in patients with GACI, its safety has been confirmed by the
US Food and Drug Administration when administered orally in humans. In GACI, another treatment option is heart
transplantation, which has been reported in an 18-month-old child with severe myocardial infarction and end-stage heart
failure due to diffuse coronary artery calcification. The patient was followed for 2 years and has thus far thrived without
recurrence of calcification.®®

Summary and Perspective

This review summarizes previous and current knowledge of the epidemiology, pathogenesis, and treatment of GACI to
provide comprehensive management in clinical practice. Vascular calcification and intimal proliferation are the major
causes of high mortality and morbidity in GACI, which causes myocardial infarction and heart failure in infants. GACI is
an autosomal recessive disorder associated with genetic mutations of two genes, ENNP1 and ABCC6, which are the
underlying cause of vascular calcification in infancy, with mortality due to coronary calcification and intimal prolifera-
tion. Hereditary vascular calcification occurring in adulthood from the deficiency of CD73 is known an CALJA and is
related to NTSE genetic mutation. CALJA less severe than GACI and involves the arteries of the lower extremity.
Although the mechanisms of these genetic mutations are becoming clearer, the substrates of the ABCC6 transporter
remain unknown, and the mechanisms of vascular and soft tissue calcification caused by mutations in ABCC6 in patients
with GACI and PXE are not fully elucidated. Further studies are needed to determine the mechanism by which these
genetic mutations influence phenotypic manifestations of the disease. Early generation bisphosphonates have been used
as treatment to reduce calcification in patients with GACI, however their efficacy remains controversial. Novel
therapeutic agents, ThENPP1-Fc proteins, not only inhibit calcification but also affect intimal proliferation, the cause
of severe stenosis in coronary arteries. Dedinski et al in mouse model administered oral PPi in water during gestation,
which lead to suppressed ectopic calcification in offspring, suggesting that PPi could be a possible therapeutic option in
humans, as PPi levels have been shown to increase from oral administration of PPi in water.®” Further research is needed
to improve the ability to comprehensively treat patients with GACI.
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