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Abstract

Inactivating mutations in human ecto-nucleotide pyrophosphatase/phosphodiesterase-1 (ENPP1)
may result in early-onset osteoporosis (EOOP) in haploinsufficiency and autosomal recessive
hypophosphatemic rickets (ARHR?2) in homozygous deficiency. ARHR2 patients are frequently
treated with phosphate supplementation to ameliorate the rachitic phenotype, but elevating plasma
phosphorus concentrations in ARHR2 patients may increase the risk of ectopic calcification
without increasing bone mass. To assess the risks and efficacy of conventional ARHR2 therapy,
we performed comprehensive evaluations of ARHR2 patients at two academic medical centers
and compared their skeletal and renal phenotypes with ENPP1-deficient £1pp129/25/ mice on an
acceleration diet containing high phosphate treated with recombinant murine Enppl-Fc. ARHR2
patients treated with conventional therapy demonstrated improvements in rickets, but all adults
and one adolescent analyzed continued to exhibit low bone mineral density (BMD). In addition,
conventional therapy was associated with the development of medullary nephrocalcinosis in half
of the treated patients. Similar to £1pp129/25 mice on normal chow and to patients with mono-
and biallelic ENPPI mutations, 5-week-old £npp129/25/ mice on the high-phosphate diet exhibited
lower trabecular bone mass, reduced cortical bone mass, and greater bone fragility. Treating

the Enpp129/25 mice with recombinant Enpp1-Fc protein between weeks 2 and 5 normalized
trabecular bone mass, normalized or improved bone biomechanical properties, and prevented the
development of nephrocalcinosis and renal failure. The data suggest that conventional ARHR2
therapy does not address low BMD inherent in ENPP1 deficiency, and that ENPP1 enzyme
replacement may be effective for correcting low bone mass in ARHR2 patients without increasing
the risk of nephrocalcinosis.

Keywords

ENPP1 MUTATION; OSTEOPOROSIS; AUTOSOMAL RECESSIVE HYPOPHOSPHATEMIC
RICKETS (ARHR2); NEPHROCALCINOSIS

Introduction

Generalized arterial calcification of infancy (GACI, OMIM 614473) and autosomal
recessive hypophosphatemic rickets type 2 (ARHR2, OMIM 613312) are human diseases
associated with biallelic ecto-nucleotide pyrophosphatase/phosphodiesterase-1 (ENPPI)
mutations. GACI is characterized by arterial calcifications in the medium and large arteries
beginning as early as the late second trimester and culminating in death in about 50%

of affected infants around 6 months of age. Hypertension is found in up to a third of
patientst) and can represent a cause of mortality.(2) Although prior data suggest that
bisphosphonates might improve survival,® a recent large natural history study did not

find any statistical difference regarding mortality in those treated with bisphosphonates
versus those who remained untreated (unpublished findings). The calcifications arise as

a consequence of the generalized deficiency of pyrophosphate,(® resulting from biallelic
mutations that inactivate the genes encoding either the ectoenzyme ENPP14) (GACI type 1,
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about 75% of patients), which hydrolyzes ATP to generate PPi, or ABCC6(6) (GACI type
2, about 25% of patients), a transmembrane protein that when deficient is associated with
low plasma pyrophosphate (PPi). Affected individuals who reach the age of 6 months are
likely to survive and may experience partial spontaneous reversal of vascular calcifications
over time.(27-9 However, patients with ENPP1 deficiency develop increased plasma levels
of the phosphatonin FGF23, which induces renal phosphate (Pi) wasting and ARHR2.(10.11)
Although the basis for elevated levels of FGF23 in GACI type 1 is unknown, lowering
plasma Pi to reduce the calcification propensity of PPi-deficient individuals may be an
adaptive physiologic response, a notion supported by the correlation of FGF23 elevation
and Pi wasting with survival in GACI patients.(2) Whatever the cause, the bone disease in
ARHR2 can be severe and cause bone pain, fractures of the long bones, rachitic skeletal
deformities, and impaired growth. To ameliorate these problems, ARHR2 patients are often
treated with oral phosphate and calcitriol, which improve the skeletal symptoms(2) but
may cause nephrocalcinosis. Moreover, because of the nearly absent levels of plasma PPi,
increasing serum levels of Pi may increase the risk of worsening vascular calcification.(3)

Murine models of ENPP1 deficiency recapitulate essential cardiovascular characteristics of
GACI type 1 when the mice are placed on a high phosphate/low magnesium “acceleration
diet.”(14) These features include severe aortic, coronary, and cardiac calcifications and are
associated with perinatal mortality. We and others have demonstrated that treatment of
murine models of ENPP1 deficiency with ENPP1 enzyme replacement therapy prevents the
calcifications and mortality,( improves cardiac function,(18) and reverses vascular stenosis,
(7 all of which represent clinical challenges in the management of GACI patients.

Although ectopic mineralization in the cardiac and vascular tissue of murine models

of Enpp1l deficiency reproduces features present in GACI patients, similarities in the

skeletal phenotypes of human and mouse ENPP1 deficiency are less apparent. Instead of
hypophosphatemic rickets resembling human ARHR2, murine models of Enppl deficiency
exhibit low bone mass consistent with osteoporosis.(18-22) Questions regarding the relevance
of murine skeletal phenotype to human ENPP1 deficiency resolved with the identification of
early-onset osteoporosis (EOOP) in several subjects with heterozygous ENPPI mutations
who exhibited findings nearly identical to those in £npp129/2% mice—low plasma Pi,

mildly elevated FGF23 levels, low bone mass, and bone microarchitectural defects.(23)
Furthermore, bone histomorphometry showed greater accumulation of osteoid by several
indices in Enpp125/25 mice as well as mineralization defects consistent with skeletal
abnormalities observed in rachitic diseases such as ARHR2. The close correspondence
between the vascular and skeletal phenotype in ENPP1-deficient humans and mice validates
the use of the £npp129/25 model in additional predictive mechanistic and pre-clinical
studies.

To understand the efficacy of current ARHR2 treatment regimens, we reviewed the
presentation and the clinical course of patients with biallelic EAPPI mutations treated at
two institutions with conventional therapy for hypophosphatemic rickets, comparing the
clinical course and treatment response to a murine model of Enppl deficiency treated with
phosphate supplementation and ENPP1 enzyme replacement therapy (ERT). We focus here
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on the low bone mass, fracture risk, and microarchitectural defects reflecting the skeletal
phenotype in ENPP1 deficiency.

Materials and Methods

Patient evaluation in Bethesda

Nineteen individuals with biallelic EAMPPI mutations were evaluated at the National
Institutes of Health Clinical Center under research protocols 76-HG-0238 (*“Diagnosis
and treatment of patients with inborn errors of metabolism and other genetic disorders,”
identifier: NCT00369421) and 18-HG-0064 (“Study of people with generalized arterial
calcification of infancy (GACI) or autosomal recessive hypophosphatemic rickets type

2 [ARHRZ2]),” identifier: NCT03478839). The aforementioned protocols were approved
by the National Human Genome Research Institute (NHGRI) Institutional Review Board
(IRB). Seventeen of the enrolled individuals underwent renal imaging (ultrasonography
and/or computed tomography), whereas three affected adults underwent dual-energy X-ray
absorptiometry (DXA) (Hologic Discovery A, Hologic, Inc., Marlborough, MA, USA)
with calculation of areal bone mineral density (aBMD). Slides of postmortem renal
histopathology from two affected individuals (brothers of patient 1, deceased at 38 and
49 days due to myocardial infarction) were reviewed.

Patient evaluation in Hamburg

We previously reported the clinical phenotype of hypophosphatemic rickets in a

family treated at the specialized outpatient clinic (The National Bone Board) of the
University Medical Center Hamburg-Eppendorf.(23) Mutation analysis by a custom-designed
SureSelect XT gene panel (Agilent, Santa Clara, CA, USA)24.25) revealed homozygous
ENPPI mutations in two siblings with ARHR2. Here, we present the clinical details of

the homozygous son after exposure to conventional therapy (ie, phosphate and calcitriol
supplementation adjusted to respective serum levels). This study was performed in
accordance with approval of the local ethics committee (PVV5364) and the Declaration of
Helsinki, and informed consent was obtained.

Fracture history and reoccurring new fractures were assessed via comprehensive medical
history. Mineral metabolism and bone turnover were assessed by biochemical analyses.
Automated photometric assays were used to measure serum calcium and phosphate
(Dimension VISTA 1.500 Analyzer, Siemens, Munich, Germany); automated immunoassays
were used to measure parathyroid hormone [PTH(1-84)], 25-OH-D (Centaur, Siemens),
bone-specific alkaline phosphatase (bAP), osteocalcin, and 1,25-(OH)2-D (Liaison,
Diasorin, Stillwater, MN, USA), as well as DPD (Immulite-XP, Siemens). C-terminal
FGF23 was determined by ELISA (Immutopics, Quidel, San Diego, CA, USA).

We assessed aBMD of the lumbar spine, hip, and total body less head (TBLH) (Lunar
iDXA, GE Healthcare, Madison, WI, USA) at initial presentation and follow-up, and
adjusted the data for height-adjusted Z-score (HAZ).(26:27) All parameters were assessed
both before and post-initiation of conventional treatment, consisting of phosphate and
calcitriol, as well as 25(OH) D-supplementation.
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Enpp12si’asi mouse model

Animal care and maintenance were provided through Yale University Animal Resource
Center (YARC) at Yale University (New Haven, CT, USA). All procedures were approved
by the Animal Care and Use Committee of Yale University and complied with the US
National Institutes of Health guide for the care and use of laboratory animals. Heterozygous
Enpp129’* (genotype C57BL/6J-Enpp12/GrsrJ, Jackson Laboratory, Bar Harbor, ME, USA;
stock number 012810) breeding pairs were maintained on the “acceleration” high-phosphate
diet (TD.00442, Harlan Laboratories, Madison, WI, USA) throughout the entire experiment
and food and water were delivered ad /ibitum. The animal colony was housed in pathogen-
free conditions. Pups were weaned at day 21, and the pups were continued on the diet fed

to the breeding pairs (so-called in utero acceleration diet). Litters were genotyped on day 8
and weaned at day 21. After weaning, sibling pairs were sequentially divided into cohorts
on a rolling basis, meaning we enrolled one wild-type (WT), then one vehicle-treated
Enpp125%2s, followed by one Enppl-Fc—treated £npp125/25 mouse before beginning again
with a WT animal. Animals were consecutively enrolled in experimental trials without
regard to sex, and the following sexes were enrolled in each cohort: WT—8 males and 12
females; vehicle-treated £npp129/25—8 males and 7 females; Enppl-Fc-treated Enpp129/25/
—7 males and 8 females. Enrollment of the experimental cohorts spanned 18 months. Once
the enrollment began, both sexes of the appropriate genotype were consecutively enrolled
with the exclusion of severely runted animals weighing less than 5.5 grams at 14 days

of life. After weaning, all experimental animals were housed with littermates to allow for
cooperative grooming and nesting. Investigators were not blinded to experimental groups
during the study. Mice were treated from days 21 to 35 with daily subcutaneous doses

of either vehicle or 10 mg/Kg of recombinant mouse Enppl-Fc (mEnppl-Fc) formulated

in vehicle. All animals were terminally bled on day 35 and the skeletal phenotypes were
examined.

Vehicle formulation

mEnppl-Fc was formulated in vehicle as to deliver 16 uL vehicle/g of body weight. Vehicle
consisted of AmericanBio (Canton, MA, USA) 10x PBS (stock nhumber AB11072) diluted
to 1x with endotoxin-free water and supplemented with 14 uM CaCl, and 14 yM ZnCl,
(hereafter referred to as PBSp| s).

mEnppl-Fc expression construct

Soluble mouse mEnpp1-Fc was purified from CHO cells that had been stably transfected
with a cDNA encoding a fusion protein containing the export signal sequence and
cytoplasmic domain of human ENPP1 and the transmembrane domain of human ENPP2,
similar to the construct previously described for the expression of soluble human ENPP1.(15)
The Fc domain of mouse 1gG1 was fused to the C-terminus of mEnpp1l and separated by a
two-amino acid spacer sequence (GG). The full-length sequence of the transfected protein is
shown in Supplemental Fig. S1.

J Bone Miner Res. Author manuscript; available in PMC 2022 May 01.
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Expression, purification, and characterization of mEnpp1-Fc

Recombinant mEnppl-Fc was produced and characterized based on previously described
methods, (%) with further details provided in Supplemental Materials and Methods.

Evaluation of nephrocalcinosis in mice

A renal pathologist (GM), masked to the identity of the study animal, reviewed each kidney
specimen. Multiple sections of renal tissue were evaluated for calcium deposits and scored
using a square grid technique. Small squares of a 10 x 10 integrated grid, falling on areas
with morphologic features of nonpolarizing calcium deposits in Von Kossa-stained sections
were counted. Ten independent fields were counted per kidney (1000 squares per Kidney),
and the percentage of tissue area with calcium deposits was calculated as percentage of total
squares counted.

Quantification of plasma PP;j

Blood plasma was prepared and PPi assayed as recently described.(23.28) Data analysis was
performed via GraphPad (La Jolla, CA, USA) Prism 7.

Assays for 1,25-dihydroxyvitamin D, PTH(1-84), and FGF-23

1,25-dihydroxyvitamin D enzyme immunoassay (EIA) kits were purchased from
Immunodiagnostic Systems Inc. (Boldon, UK; catalog number AC-62F1). Mouse PTH(1-
84) ELISA Kkits were purchased from Quidel Corporation (San Diego, CA, USA; catalog
number 60-2305). Mouse/Rat FGF-23 (intact) ELISA kit (catalog number 60-6800) was
purchased from Quidel Corporation. A total of 45 L plasma samples were used for all the
above ELISA experiments. Data analysis was performed via GraphPad Prism 7.

Histology, histomorphometry, and micro-CT

Tibias and femurs were stripped of soft tissue, fixed in 70% ethanol, dehydrated, and
embedded in methyl-methacrylate before being sectioned and stained with toluidine blue.
(29) Histomorphometry measurements were performed on a fixed region 300 to 600 um
below the growth plate corresponding to secondary spongiosa®?) and again at 0 to 600 pm
below the growth plate corresponding to primary and secondary spongiosa and analyzed by
OsteoMeasure software (OsteoMetrics, Atlanta, GA, USA). For micro-CT, tibias or femurs
were stripped of soft tissue and stored in 70% ethanol at 4°C. The bones were scanned using
a Scanco UCT-35 (Scanco, Bruttisellen, Switzerland) and analyzed for numerous structural
parameters at both the proximal tibia or distal femur just below the growth plate (trabecular
bone) and at the tibial or femoral midshaft (cortical bone). The spatial resolution of the
micro-CT measurement was 6 um (isometric voxel size) and was performed to a depth of
over 1 mm in each sample. Histomorphometry and micro-CT parameters were evaluated in
a sex-specific manner to remove sex as a confounding variable, and reported in the female
animals. Similar trends were observed in the male animals.

Bone biomechanical testing

All femurs were loaded to failure. Femurs from mice on the acceleration diet were loaded to
failure with three-point bending. All whole bone tests were conducted by loading the femur

J Bone Miner Res. Author manuscript; available in PMC 2022 May 01.
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in the posterior to anterior direction, such that the anterior quadrant was subjected to tensile
loads. The widths of the lower and upper supports of the three-point bending apparatus were
7 mm and 3 mm, respectively. Tests were conducted with a deflection rate of 0.05 mm/s
using a servo hydraulic testing machine (Instron model 8874; Instron Corp., Norwood, MA,
USA). The load and mid-span deflection were acquired directly at a sampling frequency of
200 Hz. Load-deflection curves were analyzed for stiffness, maximum load, and work to
fracture. Yield is defined as a 10% reduction in the secant stiffness (load range normalized
for deflection range) relative to the initial tangent stiffness. Post-yield deflection, which

is defined as the deflection at failure minus the deflection at yield was measured also.
Femurs were tested at room temperature and kept moist with phosphate-buffered saline
(PBS). Biomechanical measurements were performed in combined male and female animals
as sex-specific analysis did not alter the biomechanical findings.

Quantitative backscattered electron imaging (qBEI)

To assess bone mineral density distribution (BMDD), gBEI of mouse tibias in the lateral
cortex was performed as previously described.(23) Samples of Enpp1WT mice (3 males,
6 females) and Enpp125//asi mice treated with (3 males, 6 females) and without mEnpp1-
Fc (5 males, 4 females) were embedded in methyl-methacrylate, polished, and carbon-
coated before scanned in a scanning electron microscope (LEO 435, LEO Microscopy
Ltd., Cambridge, UK) equipped with a backscattered electron detector (Type 202, K.E.
Developments Ltd., Cambridge, UK). Mean calcium weight percentage (CaMean), most
frequent calcium weight percentage (CaPeak), and heterogeneity of the calcium content
(Cawidth) were evaluated as parameters for BMDD. Mean osteocyte lacunar area
(Ot.Lc.Ar) and number of osteocyte lacunae in the cross-sectioned mineralized matrix
(N.Ot. Lc/B.Ar) were determined as parameters indicating two-dimensional osteocyte
lacunae characteristics.

Raman spectroscopy

Statistics

Raman spectroscopy (inVia, Renishaw, West Dundee, IL, USA) was performed on the lateral
and medial tibia in the central-proximal region in identical planes as assessed with gBEI.
Maps of 40 x 200 um were acquired at 785 nm laser wavelength, 20x objective, and
3-second exposure time with 20 accumulations per step. Data processing was performed
using WiRe software (Renishaw) and included cosmic ray removal, automatic polynomial
baseline subtraction of fluorescent background, and subtraction of a PMMA reference
spectrum acquired near the embedded bone. Using a custom-written Matlab script, peak
areas of interest were determined after linear baseline removal below the peaks (phosphate
at 963 cm~1, phenylalanine at 1005 cm™1, carbonate at 1075 cm™1, amide 111 at 1245

cm™L, and amide | between 1615 and 1705 cm~1). Raman ratios were derived based on
previously established protocols.(31:32) Sex-specific group comparisons were performed on
the mean ratios of each specimen using the nonparametric Kruskal-Wallis independent test
at a significance level of a = 0.05.

Nephrocalcinosis was statistically compared in ARHR2 patients treated with conventional
therapy using a two-tailed Student’s unpaired ftest. GraphPad Prism 7 was used to

J Bone Miner Res. Author manuscript; available in PMC 2022 May 01.
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statistically analyze the murine histomorphometry, biomechanical constants, and micro-CT
data. Statistical significance was determined using ANOVA comparison of means, stratified
as *p<.05, **p< .01, ***p < .001. Raman spectroscopy, sex-specific group comparisons
were performed on the mean ratios of each specimen using the nonparametric Kruskal—
Wallis independent test at a significance level of a. = 0.05.

NIH subject presentation and treatment response

Ten individuals underwent renal imaging after initiation of calcitriol and/or phosphate
supplementation for treatment of hypophosphatemic rickets (Table 1). Medullary
nephrocalcinosis was not present by ultrasound in any of seven patients who were naive

to treatment at the time of renal imaging, although one patient was found to have a

dotted pattern of hyperechogenicity in the renal cortex (Fig. 1C). Five subjects developed
bilateral medullary nephrocalcinosis after beginning treatment (Fig. 1A, B), which was
significant (p = .04, Student’s two-tailed ¢test), confirming the association of treatment with
nephrocalcinosis. The presence of nephrocalcinosis was not related to age (mean age = SEM
in nephrocalcinosis group 12.7 + 5.8 years and in group without nephrocalcinosis 11.7 +
3.5 years, two-tailed p = .88, Student’s unpaired #test). Histo-pathology of autopsy material
from two deceased individuals revealed calcification within the cortex of the kidneys in the
absence of medullary calcification (Fig. 1D, E).

Bone densitometry by DXA evaluation in three adults revealed that they met WHO criteria
for osteopenia or osteoporosis in at least one site (Table 2). Two patients were osteopenic
(7-score between —-1.0 and -2.5) in the distal radius and total hip, and one patient each
with osteopenia and osteoporosis ( 7-score of —2.5 or lower) at the femoral neck (Fig. 1F).
Systemic hypertension was identified in 12 of 18 patients (67%).

Hamburg subject presentation and treatment response

The male subject (Table 3, age 16 years) had undergone prior surgery for correction of lower
limb deformities (ie, left genu varum and right genu valgum) (Fig. 2A, B). Moreover, he
suffered multiple vertebral and peripheral traumatic fractures in the context of polytrauma.
He was also affected with combined conductive and sensorineural hearing loss and dysplasia
of the aortic valve. Upon examination at a follow-up appointment, pronounced skeletal signs
of rickets improved (Fig. 2C, D), but ultrasound examination revealed the newly detected
nephrocalcinosis.

Biochemical parameters before treatment initiation revealed levels of calcium within the
lower reference range, PTH(1-84) within the upper reference range, and severe vitamin

D deficiency (Fig. 2D). Moreover, serum phosphorous levels were below reference values

in two of three measurements, accompanied by 1,25(OH)D concentrations in the upper
reference range and c-terminal FGF23 levels above the reference range. Markers of bone
formation (ie, BAP and osteocalcin) were in the upper reference range, and urinary Dpd
excretion was elevated. Follow-up analysis of these parameters under conventional treatment
revealed stable values for calcium, phosphorus, 1,25 (OH),D, osteocalcin, and Dpd but a
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decrease in PTH(1-84), as well as cFGF23; 25(0OH)D increased but remained below the
reference range, as well as BAP, which increased above the reference range. Evaluation of
aBMD corrected for HAZ revealed stable spine but reduced TBLH and hip mineral densities
at follow-up (Fig. 2F).

Murine biochemical phenotype and clinical response to therapy

As previously reported, weight of the £700129/25 mice on the acceleration diet declines
around the fourth week of life, presumably because of poor health induced by vascular and
ectopic calcifications.(*9) In this study, we noted that 15 of 20 £rpp129/25 mice treated

with mEnppl-Fc responded to treatment, exhibiting weights that paralleled WT sibling pairs
treated with vehicle (Fig. 3A, B). Nonresponding animals likely developed an immune

reaction that either neutralized or increased clearance of the biologic, as has been reported.
(1)

We chose not to suppress a potential neutralizing immune response in the mice with an
anti-CD4 T-cell antibody, as we had done previously, to avoid immunosuppressive effects on
bone mineralization.

Standard plasma biochemistries in the mEnpp1-treated mice exhibited no significant
differences compared with vehicle-treated mice, but other measures that serve as markers

of abnormal renal function—BUN, FGF23, and PTH(1-84)—were markedly elevated (Table
4).

Murine renal phenotype

To investigate the renal insufficiency further, we examined renal histology and associated
analysis in kidneys of all mice. All mice on the acceleration diet exhibited nephrocalcinosis
to some degree, with the most pronounced calcification occurring in the medullary tubules
at the cortical-medullary junction, although cortical calcification near glomeruli was also
observed (Fig. 3C). WT mice exhibited calcifications in 22% of renal area examined,
whereas vehicle-treated £rpp129/25 mice exhibited calcifications in 51% of examined renal
area. Treating £npp129/25 mice with Enpp1-Fc reduced calcifications to WT levels (Fig.
3D). To correlate PPi levels with nephrocalcinosis, we measured urine PPi in 10-week WT
and Enpp129/2 mice on regular chow, as the urine output in 5-week-old Erpp129/29 mice
on the acceleration diet was inadequate for measurement. Urinary PPi/creatinine in male
Enpp129/2 mice was about one-sixth that of WT mice (1.0 versus 6.0 ng/mg [Fig. 3D]),
demonstrating an association between urinary PPi and nephrocalcinosis.

Murine skeletal phenotype and treatment response

Bone microarchitecture evaluated by micro-CT in 5-week-old £1pp129/25 mice on the
acceleration diet exhibited trabecular bone microarchitectural defects similar to 10-week-old
Enpp129/25 mice on regular chow, namely, decreased trabecular BV/TV and trabecular
number at 72% and 83% of WT, respectively, and increased trabecular spacing at 125%

of WT. When Enpp129/25/ mice were treated with Enpp1-Fc, trabecular microarchitecture
normalized (Fig. 4A, C). Also, similar to £npp129/2% mice on regular chow, cortical
microarchitectural defects were present in 5-week-old £7pp129/25 mice on the acceleration
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diet, with decreased cortical BV/TV, cortical thickness, and apparent density of cortical
TV at 90%, 72%, and 76% of WT, respectively. In the case of cortical bone, treatment of
Enpp129%2 mice on the acceleration diet with Enpp1-Fc improved, but did not normalize,
the cortical bone microarchitecture (Fig. 4C).

Cell quantification evaluated by histomorphology in 5-week-old £rpp129/25/ mice on the
acceleration diet exhibited a marked increase in osteoblasts (Ob.S/BS 175% of WT, N.Ob/
B.Pm at 193% of WT) without significant alterations in osteoclasts (Fig. 4B). Osteoid
accumulation was increased in the mutants (O.Th 117% of WT and OS/BS 150% of

WT). Finally, treatment of £npp129/25/ mice with Enpp1-Fc normalized both osteoblast
quantification and osteoid parameters in the Enppl1-deficient mice with respect to their WT
sibling pairs. The histomorphometry parameters were noted to be similar when analyzed

in either secondary (Fig. 4C) or primary and secondary spongiosa combined (Supplemental
Fig. S4), demonstrating that the differences noted were not artifacts of longitudinal growth
or growth plate geometry.

The femurs of £npp12525/ mice were noted to be significantly shorter than WT sibling pairs
(Fig. 4D) and when biomechanically evaluated by 3-point bending tests were much less stiff
(45% of WT), requiring significantly less total work until fracture (27% of WT) and were
able to bear significantly less maximal load (57% of WT) (Fig. 4E). In addition, the bones of
Enpp19/25 mice on the acceleration diet exhibited significantly reduced ductility (ie, were
more brittle), reducing post-yield deflection to 65% of WT. Treating the £rpp125/25 mice
with Enppl-Fc increased femur length (Fig.4D), bone stiffness, total work until fracture,
and post-yield deflection, and normalized the maximum load, demonstrating a marked
biomechanical improvement (Fig. 4E). When normalized for bone length, the biomechanical
findings remained unchanged (Supplemental Fig. S5). The data demonstrate that ENPP1
deficiency results in smaller bones with less bone mass, and treating ENPP1-deficient mice
with ENPP1 enzyme replacement leads to bigger, stronger bones.

In summary, £npp125/25 mice on the acceleration diet show histomorphometric,
microradiographic, and biomechanical defects identical to £700129/29 mice on regular chow
as previously reported, including microarchitectural defects in trabecular bone, increased
osteoid accumulation, decreased bone mineral density of both trabecular and cortical bone,
and increased propensity to fracture.(23) Treating £npp129/25 mice on the acceleration diet
with mEnppl-Fc prevents many of these defects. We conclude, therefore, that the aberrant
skeletal phenotype of £rpp129/29 mice on the acceleration diet is not due to the high
phosphate content of the diet and that improvements in the skeletal phenotype observed in
the treated mice is due to the effects of mEnpp1-Fc.

Assessment of renal osteodystrophy by Raman spectroscopy

Changes in bone matrix composition that may occur due to the mutation or therapy

were assessed using Raman spectroscopy (Fig. 5A, B). Although the presence of renal
osteodystrophy is expected to accompany higher matrix accumulation of phenylalanine and
reductions in phosphate/matrix and carbonate/matrix ratios,(33) we found no difference in
phosphate/matrix ratios (phosphate/amide I, phosphate/amide 111, phosphate/phenylalanine)
and carbonate/amide | ratio between WT mice and Enpp129/asi male or female mice whether
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or not they were treated with mEnppl-Fc (Fig. 5C—F). Only female mice treated with
vehicle showed a trend toward a lower phosphate/phenylalanine ratio. In sum, these results
suggest that neither the mutation nor enzyme replacement therapy led to bone matrix
composition consistent with renal osteodystrophy.

Bone mineral density distribution

QBEI analysis of 5-week-old mice on acceleration diet showed only minor differences

in matrix mineralization throughout the groups (Fig. 6A-E). In detail, BMDD histograms
of Enpp1"t and Enpp12si/asi treated with or without mEnpp1-Fc are similar, as reflected

by CaMean and CaPeak, independent of whether treatment with mEnpp1-Fc was applied.
Only CaWidth of male Enpp12//asi mice treated with enzyme replacement was reduced
compared with WT mice (o =.0248) (Fig. 6E). Hence, in contrast to abnormalities found in
10-week-old animals on normal chow,?3) there is not a strong bone matrix mineralization
defect at an age of 5 weeks on the acceleration diet. Further, assessments of Ot.Lc.Ar and
N.Ot.Lc/B.Ar (Fig. 6F, G) indicate that neither Enppl deficiency nor treatment with enzyme
replacement has an effect on two-dimensional osteocyte lacunar characteristics in young
male and female mice on acceleration diet.

Discussion

In this study, we evaluated the effect of conventional ARHR2 therapy on bone density in
patients with biallelic £EAMPPI mutations. We found that similar to adults with heterozygous
ENPP1 mutations, adults with ARHR?2 are likely to exhibit low bone density. Furthermore,
half of all individuals who received standard therapy for hypophosphatemic rickets
developed nephrocalcinosis as a consequence of this treatment. £700229/25 mice on a high-
phosphate diet recapitulated the skeletal and renal phenotypes of human ENPP1 deficiency,
in which renal calcifications and low bone mass are prominent features. Finally, a child
with ARHR2 who initially presented with rickets and reduced bone density failed to show
improved bone density after 2 years of oral phosphate and calcitriol supplementation,
suggesting that conventional therapy for hypophosphatemic rickets might not adequately
address bone disease in ARHR2 individuals. We compared the clinical response of ARHR2
subjects with that of £0p12525 mice maintained on a high-phosphate, low-magnesium
diet with or without Enpp1 ERT. We found that £7001%9/25 mice on this acceleration

diet exhibited osteopenia at 5 weeks comparable to the osteopenia observed at 10 weeks

in Enpp129/29 mice on regular chow.(?3 Treating the £rpp129/29 mice with Enppl ERT
improved bone mineral density, normalized some bone matrix characteristics and cellularity,
increased bone strength, and reduced bone fragility, whereas control £rpp125/29 mice
exhibited renal calcification similar in histologic appearance to that observed in GACI
patients at autopsy.

A limitation of our study was the development of renal failure in £7p229/29 mice on

the diet used in our model, which is not observed in GACI patients who survive the
crucial first 6 months of the disease. The renal insufficiency manifested at 4 weeks in
Enpp12si/asi mice as a decrease in weight, and as we evaluated the skeletal phenotype in
5-week-old animals, uremia was likely present for approximately 1 week. The uremia was
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induced by extensive nephrocalcinosis and was prevented by treatment with mEnpp1-Fc,
likely through the elevation of glomerular/urinary PPi and possibly reduction of phosphate
wasting. Although we cannot exclude the possibility that renal osteodystrophy contributed
to the skeletal abnormalities present in 5-week-old animals, we did not detect Raman
spectroscopic features typical of renal osteodystrophy. Furthermore, the skeletal phenotype
of 5-week-old £npp129/25 mice fed an acceleration diet was nearly identical to the skeletal
phenotype of 10-week-old £rpp129/25 mice fed a normal chow diet, further arguing against
assertions that the skeletal phenotype in £7pp129/25 mice is a consequence of renal failure.
Observations that a skeletal phenotype observed in £rpp129/25 mice on either normal chow
or a laboratory diet that is corrected by treating the mice on the laboratory diet with Enppl
ERT strongly supports the notion that Enppl ERT addresses the skeletal phenotype induced
by ENPP1 deficiency.

We recently investigated the genetic pathways driving the skeletal phenotype of ENPP1
deficiency by comparing gene expression in £7pp129/29 mice and WT sibling pairs by
RNAseq and qPCR in whole bones and in the liver and kidney by gPCR, directly correlating
gene expression with measures of bone microarchitectural and biomechanical phenotypes.
(34) The animals were fed a regular chow diet, and we found that ENPP1-deficient

mice exhibited reduced gene transcription of Wntligands in whole bone and increased
transcription of soluble Wntinhibitors in the liver and kidney, suggestive of multiorgan
inhibition of Whtactivity. These findings suggest a genetic mechanism for observations in
this study that £70p129/29 mice have smaller bones that are more prone to fracture and that
treating the ENPP1-deficient mice with ENPP1 ERT results in bigger and stronger bones in
contrast to treating the mice with a high-phosphate diet alone.

Subjects with ARHR2 are often treated with phosphate and calcitriol supplementation, and
some patients respond well to this therapy.(12) Nevertheless, there remains the theoretical
concern that this therapy will induce progressive or even new vascular calcifications.
Treatment of ARHR2 with phosphate and calcitriol supplementation has been reported to
induce iatrogenic new-onset calcinosis in at least one ARHR?2 patient,(13) with calcifications
in the kidneys being especially difficult to reverse. Although nephrocalcinosis has been
previously described in individuals with other causes of hyperphosphaturia such as X-linked
hypophosphatemia, the concomitant finding of low plasma PPi in patients with ENPP1
deficiency might contribute to mineral deposition in the renal parenchyma and lead to

more severe manifestations. Pyrophosphate is the most effective inhibitor of hydroxyapatite
precipitation identified in the urine, with concentrations as low as 2.87 pmol/L causing
complete inhibition of crystallization for at least 1 hour.(3®) Analysis from our cohort of
ARHR2 patients showed that medullary nephrocalcinosis was present in half of all patients
and occurred as a direct consequence of treatment for rickets within months” initiation.

Our murine findings suggest that ENPP1 ERT may reduce the risk of nephrocalcinosis
while also enhancing the beneficial effects of standard therapy. Interestingly, one patient
developed the characteristic dotted hyperechogenic cortical pattern typical of patients with
pseudoxanthoma elasticum,(36-38) while deceased siblings showed cortical calcification, a
finding that has been described in the setting of cortical nephrocalcinosis due to ischemia.
(39) In addition, a previously reported infant with GACI exhibited diffuse hyperechogenicity
of the renal cortex on ultrasonography before death at 1 month of age.(®) Thus, it appears
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likely that cortical deposition of calcium is a manifestation of the vascular complications
of the disease, whereas medullary calcinosis reflects the increased phosphate and decreased
pyrophosphate present in urine.

Human ENPP1 deficiency results in either increased vascular calcification (in GACI),
ineffective bone mineralization (in ARHR?2), or the asynchronous development of both.

For patients with GACI who later develop ARHRZ2, the association of the identical ENPP1
isoform with vascular calcification and concurrent low bone mass can be referred to as
so-called “paradoxical mineralization” to underscore a confusing pathophysiology. A close
examination of clinical data may invoke some clarifying principles. GACI is not uniformly
fatal, and survival in GACI is associated with elevation of FGF23.(2) FGF23 elevation is also
the underlying mechanism of ARHR2, wherein plasma Pi is lowered to the degree that bone
mineralization is impaired. The association of phosphate wasting with survival in GACI
suggests that elevation of FGF23 may be an adaptive mechanism counteracting potentially
lethal ectopic calcifications induced by low plasma PPi through rebalancing plasma Pi,
thereby enabling survival at the expense of bone mineralization. The observations also
suggest that treatment of ARHR2 with burosomab, a monoclonal antibody against FGF23,
may be deleterious.

In summary, treating £rpp129/25 mice with daily subcutaneous injections of mEnpp1-

Fc improved osteopenia by normalizing trabecular BMD to WT levels, eliminated the
osteoblastic proliferation, normalized osteoid volumes, and markedly improved bone
strength and bone stiffness. Our findings demonstrate significant and beneficial effects

of ENPP1 ERT on the skeletal phenotype of murine ENPP1 deficiency. Our study also
reflects that low bone mineral density is common in subjects with biallelic EAMPPI mutations
and may indicate osteomalacia and/or osteoporosis.(4?) Furthermore, we have demonstrated
that the £1pp129/25 mouse model recapitulates skeletal and renal manifestations present

in human ENPP1 deficiency and that ENPP1 ERT ameliorates these disease phenotypes.
Our observations may have relevance for the treatment and management of other so-called
paradoxical mineralization disorders exhibiting both increased vascular calcification and
decreased BMD, such as chronic kidney disease metabolic bone disorder.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Human phenotype. (A-C) Renal imaging. (A) Renal ultrasound showing medullary
nephrocalcinosis (patient 15, right kidney, aged 9 years 8 months). (B) Computed
tomography of the abdomen revealing bilateral calcification of the renal pyramids (patient
6, aged 8 years 3 months). (C) Renal ultrasound revealing punctate hyperechogenic foci
within the renal cortex (patient 12, right kidney, aged 7 years 11 months). (D, £). Renal
histology of patient 1’s deceased sibling revealing foci of calcification within the renal
cortex (D), including glomeruli, with absent calcification within the medulla (£). (F) Areal
bone mineral density 7-scores in adults; data are displayed as box plots denoting median

value and interquartile range.
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Fig 2.

Clgi’nical presentation of an ARHR2 patient with EMPPI/~ and follow-up after initiation

of conventional therapy. (A) Skeletal deformities with bending of the long bones of the
lower limb displayed in X-ray in context of planning for bilateral hemiepiphyseodesis. (5B)
Follow-up X-ray after bilateral hemiepiphyseodesis and open reduction internal fixation by a
locking compression plate required by traumatic diaphyseal femur fracture. (C) Radiograph
of the left hand and distal forearm at the age of 14 years with characteristic signs of

rickets at the metaphyses (ie, fraying, spraying, and cupping) at distal radius and ulna.

(D) Radiographic improvement at the age of 16 years. (£) Biochemical assessment of
calcium and phosphate metabolism as well as bone turnover. Dotted line representing

onset of conventional treatment (ie, phosphate and calcitriol). The x axis shows dates

of investigation (mo/yr). (F) Assessment of DXA derived bone mineral density Z-score
(adjusted for height Z-score, HAZ) is presented for spine, hip, and total body less head
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(TBLH), revealing further decrease of BMD under conventional treatment. The x axis shows
dates of investigation (mo/yr).
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Fig 3.

Clinical and renal phenotype of £npp125/25 on high-phosphate diet treated with vehicle or
Enppl-Fc. (A) Daily animal weights. Average daily weights of £ngp1*and Enpp1é5/25/
sibling pairs dosed daily with vehicle (PBSpjys) or with mEnppl-Fc at 8 mg/kg qD.

Mean average weights are plotted with standard deviations denoted by error bars. Dosing
with mEnpp1-Fc and weighing commenced on day 14 and continued until day 35. Three
mEnpp1-Fc-treated £npp129/25 mice did not elevate plasma PPi and were labeled as
nonresponders and analyzed separately from the 15 treated £pp129/29 mice that elevated
plasma PPi in response to mEnppl-Fc dosing. (B) Kaplan—Meier plots of WT and
Enpp12973 sibling pairs dosed with either vehicle (PBSpjys) or with mEnpp1-Fc at 8 mg/kg
gD in PBSp| ys. Response was defined as successive weight gain during the experimental
period (days 14 to 25 of life). None of the 20 WT mice (8 males, 12 females) experienced
weight loss within the experimental period, whereas all £rpp129/25 mice dosed with vehicle
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did (7 males, 8 females). Three of 18 £npp129/25 mice dosed with mEnpp1-Fc were noted
to not elevate plasma PPi, presumably due to the presence of anti-drug antibodies, and
classified as nonresponders. (C) Renal histology. All experimental cohorts displayed some
degree of nephrocalcinosis, which was most pronounced at the corticomedullary junction.
Vehicle-treated £npp129/25 mice experienced pronounced nephrocalcinosis throughout
the renal parenchyma, including cortex and renal medulla. The calcification was most
pronounced in renal tubules near the cortical-medullary junction, as demonstrated by Von
Kossa stains (black material within tubules). (D) Comparison of urine pyrophosphate in 8-
to 10-week-old WT and £npp149/25/ on regular chow revealed that £rpp125/3si mice have
approximately half the urine PPi levels as WT sibling pairs. Data are displayed as box
plots denoting median value and interquartile range, with whiskers denoting minimum and
maximum values and individual measurements denoted by circles. ***p < .001, ANOVA
comparison of means. (£) Quantitation of nephrocalcinosis and urine pyrophosphate.
Nephrocalcinosis was quantitated by a renal pathologist blinded to experimental groups
as detailed in Materials and Methods. The quantitation yielded no statistical difference in
nephrocalcinosis between the WT and Enpp129/29 mice treated with mEnpp1-Fc, whereas
vehicle-treated £npp129/25 mice experienced about a twofold increase in nephrocalcinosis
when compared with WT or mEnpp1-Fc treated £npp125/25/ mice.
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Fig 4.

Bgne phenotype of £npp129/29 mice on high-phosphate diet treated with vehicle or
mEnppl-Fc. (A) Proximal tibia histology and micro-CT. Histology of the proximal tibias
of 5-week-old mice on the high-phosphate diet are displayed from each experimental cohort
to evaluate the skeletal phenotype of £70p125/25 mice and the response to mEnpp1-Fc.
ENPP1 deficiency resulted in morphologically apparent reductions in trabecular bone and
markedly thinner growth plates. Treating £rpp1%9/25 mice with mEnpp1-Fc markedly
increased trabecular bone volume and growth plate thickness. (B) Histomorphometry of
female mice: osteoid surface area per bone surface area (OS/BS), osteoblast surface per bone
surface (ObS/BS), osteoclast surface per bone surface (OcS/BS), osteoblasts number per
bone perimeter (NoB/BPm), osteoid thickness, and osteoid volume per total volume (OV/
TV). Individual measurements are displayed as circles with bar height representing median
and error bars denoting interquartile range (25% to 75%). (C) Micro-CT quantification in
female mice of trabecular BV/TV, trabecular number (Th.N), trabecular thickness (Tb.Th),
cortical BV/TV, cortical thickness (Ct.Th), and apparent density of total volume (TV). Data
displayed as in panel B. (D) Biomechanical quantification by 3-point bending of femur
bone parameters (stiffness—slope of the load versus displacement curve; max load—also
known as strength; total work—the energy needed to fracture the bone; and post-yield
deflection—the amount of deformation after the yield point) in male and female mice—14
WT mice treated with PBS (5 F and 9 M), 9 £npp145/25/ mice treated with PBS (4 F and

5 M), and 9 £npp129/39 treated with mEnppl-Fc (4 F and 5 M). Data are displayed as
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box plots denoting median value and interquartile range, with whiskers denoting minimum
and maximum values and individual measurements denoted by circles. The pvalues are
explicitly stated when p falls between .05 and .001. ***p < .001, ****p < .0001, ANOVA
comparison of means.
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Fig5.

Raman spectroscopy measurements of WT and Enpp125/si mice treated with vehicle or
mEnppl-Fc. (A) Rectangular maps were acquired on the lateral and medial tibial cortex

of each specimen. (B) Comparing the normalized average Raman spectra of each group
indicates no differences in peak size or location. (C-F) Raman metrics based on the peak
areas were assessed in male and female mice and did not show any statistical difference

in (C) phosphate/amide I ratio (p = .67 between females, p = .85 between males), (D)
phosphate/amide 111 (p= .22 between females, p= .53 between males), (£) phosphate/
phenylalanine (p= .11 between females, p = .91 between males), and (F) carbonate/amide |
(o= .76 between females, p = .18 between males), suggesting that neither the mutation nor
the therapy significantly affected the bone matrix composition at the tissue level.
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Fig 6.
gBEI analysis for BMDD and osteocyte lacunae. (A) gBEI images of Enpp1"t mice and

Enpp12s/asi mice treated with and without mEnpp1-Fc representing the calcium

1500+
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Pl

500+

content

of mineralized matrix. (8) BMDD curves show no differences between the three groups.
(C-E). Determined parameters for mineralization, ie, CaMean, CaPeak and CaWidth, show
no significant differences between the groups except reduced CaWidth in male Enpp12si/asi
mice treated with mEnpp1-Fc compared with WT littermates. (£, G) Ot.Lc.Ar and N.Ot.Lc/

B.Ar also show no significant differences.
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Table 3.

Overview of Clinical Data Including Sex, Age, GACI Status, History of Symptoms, Mutation Status,
Fractures, and Treatment Information (Hamburg Patient)

Parameter Patient Hamburg
Sex/Age M/16 yr
Height/Z-score 144.6 cm/-3.5
History of GACI No

Age at diagnosis of rickets ~2.5yr

Age at initial presentation 14 yr

Age at ARHR2 diagnosis 14.5yr
ENPPI mutation status Homozygous
DNA level/protein level €.755A > G/p.Tyr252Cys
Childhood fractures None
Vertebral/nonvertebral fractures 29,4
Vitamin D suppl. (IU/d/age at start) 2000-3000/14 yr

Phosphate suppl. (mg/d/age at start) 1220-1830/14.5 yr
Calcitriol suppl. (ug/d/age at start) 0.5/14.5 yr

GACI = generalized arterial calcification of infancy; M = male; yr = years; ARHR2 = autosomal recessive hypophosphatemic rickets; ENPP1 =
ecto-nucleotide pyrophosphatase/phosphodiesterase-1; suppl. = supplementation.

a .
Traumatic fracture.

J Bone Miner Res. Author manuscript; available in PMC 2022 May 01.



Page 30

Ferreira et al.

Author Manuscript

'500° >d

*x

v10 uq*
v0'0 82, Y00 F LTL 90°0%82L Hd
60FZET LTFSVT 9TF¥CT (Tp/wiB) gH
9CFL8E SFLTY 87 F9'9¢ (ADd%) LOH
T¥80T EFTIT €F0TT (1noww) 12
vOFLY 90F9¥ SOFVY (11oww)
AN 67827 AL TAN (1/10ww) eN
VEE F ¥ITT wx LLEE ¥ 1828 L62F€T9  (qwy/bd) 3oe3U1 €249
900 ¥ 870 0T'0F .20 ET0FLTO (Ip/Bu) auruneald
GZF 6 wxCVFICT 6FTE (Ip/Bw) NNE
9% ¥ 0.8 vy LOOFTOET TGZ ¥ 985 (Tw/Bd) H1d
0ZF o8 G6'ZF28'8 LETF988 (Ip/Bw) 1d
L190F2re L TCOFZED ST0¥89T (n) 1dd
(r=U) 143 + gejeeTddua (€ =U)SEd + geeelddua (2 =u) 1m oMUY

181 UOI1RJI3|92IY U0 S|eWIUY PJO-199M-S ‘Alsiway) ewse|d
¥ 91qeL
Author Manuscript

Author Manuscript Author Manuscript

J Bone Miner Res. Author manuscript; available in PMC 2022 May 01.



	Abstract
	Introduction
	Materials and Methods
	Patient evaluation in Bethesda
	Patient evaluation in Hamburg
	Enpp1asj/asj mouse model
	Vehicle formulation
	mEnpp1-Fc expression construct
	Expression, purification, and characterization of mEnpp1-Fc
	Evaluation of nephrocalcinosis in mice
	Quantification of plasma PPi
	Assays for 1,25-dihydroxyvitamin D, PTH(1–84), and FGF-23
	Histology, histomorphometry, and micro-CT
	Bone biomechanical testing
	Quantitative backscattered electron imaging (qBEI)
	Raman spectroscopy
	Statistics

	Results
	NIH subject presentation and treatment response
	Hamburg subject presentation and treatment response
	Murine biochemical phenotype and clinical response to therapy
	Murine renal phenotype
	Murine skeletal phenotype and treatment response
	Assessment of renal osteodystrophy by Raman spectroscopy
	Bone mineral density distribution

	Discussion
	References
	Fig 1.
	Fig 2.
	Fig 3.
	Fig 4.
	Fig 5.
	Fig 6.
	Table 1.
	Table 2.
	Table 3.
	Table 4.

