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Abstract

Medial vascular calcification (MVC) is a pathological phenomenon common to a variety of
conditions, including aging, chronic kidney disease, diabetes, obesity, and a variety of rare genetic
diseases, that causes vascular stiffening and can lead to heart failure. These conditions share the
common feature of tissue-nonspecific alkaline phosphatase (TNAP) upregulation in the
vasculature. To evaluate the role of TNAP in MVC, we developed a mouse model that
overexpresses human TNAP in vascular smooth muscle cells in an X-linked manner. Hemizygous
overexpressor male mice (Tagln-Cre*’~; HprtALPLY | or TNAP-OE) show extensive vascular
calcification, high blood pressure, cardiac hypertrophy and have a median age of death of 44 days,
whereas the cardiovascular phenotype is much less pronounced and life expectancy is longer in
heterozygous (Tagln-Cre*/"; HprtALPL~) female TNAP-OE mice. Gene expression analysis
showed upregulation of osteoblast and chondrocyte markers and decreased expression of vascular
smooth muscle markers in the aortas of TNAP-OE mice. Through medicinal chemistry efforts, we
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developed inhibitors of TNAP with drug-like pharmacokinetic characteristics. TNAP-OE mice
were treated with the prototypical TNAP inhibitor SBI-425 or vehicle to evaluate the feasibility of
TNAP inhibition in vivo. Treatment with this inhibitor significantly reduced aortic calcification
and cardiac hypertrophy, and extended lifespan over vehicle-treated controls, in the absence of
secondary effects on the skeleton. This study shows that TNAP in the vasculature contributes to
the pathology of MVC and that it is a druggable target. This article is protected by copyright. All
rights reserved
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genetic animal models; preclinical studies; matrix mineralization; therapeutics

Introduction

Calcification of vascular structures, which is associated with several diseases and conditions,
independently predicts risk of cardiovascular events and mortality®: 2 and has been called
an imminent disease epidemic.(® In particular, calcification of the elastic medial layers of
the arterial system, known as medial vascular calcification (MVC), is commonly associated
with aging(@ 4 9, diabetes,® and chronic kidney disease (CKD),("- 8 as well as variety of
rare monogenic diseases,(®11) and has been recognized as increasingly important contributor
to cardiovascular disease.) MV/C is distinct from the occlusive intimal calcification seen in
atherosclerotic plaques, and has profound cardiovascular consequences. Arteries affected by
MVC have reduced compliance and elastance,®: 8 which increases pulse and systolic blood
pressures, and cardiac workload. This leads to reduced coronary perfusion, left ventricular
hypertrophy and remodeling, increased risk of myocardial infarction and heart failure. MVC
is a strong independent predictor of cardiovascular mortality in end stage renal disease
patients receiving hemodialysis(") and is also associated with risk of amputation in type 2
diabetes patients.©)

MVC was long thought to be a passive degenerative consequence of aging, but more
recently has been recognized as a pathological consequence of imbalance between pro- and
anti-calcific factors(!? and is an actively-regulated process that shares some mechanistic
aspects with skeletal mineralization. Procalcific stimuli, including dysregulation of calcium
and phosphate metabolism, inflammation, osteogenic gene expression and
transdifferentiation by vascular smooth muscle cells (VSMCs) and nucleation by apoptotic
bodies or matrix vesicles, are balanced by inhibitors such as extracellular pyrophosphate
(PP;), matrix Gla protein (MGP) and fetuin, which prevent spontaneous calcification of
tissues.(12) Relaxation of this inhibition in bone is essential for normal skeletal development.
However, depletion of these molecules in soft tissues, such as the vasculature, can cause
pathological ectopic calcification.(® 13. 14)

PP; is an extremely potent inhibitor of calcification that binds to mineralizing surfaces to
prevent crystal growth.(X® The extracellular levels of PP; are regulated by the hydrolytic
activity of the ectoenzyme tissue-nonspecific alkaline phosphatase (TNAP), encoded by the
ALPL gene. TNAP is essential for normal skeletal development, as hypomorphic mutations
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in ALPL lead to PP; accumulation and defective mineralization in hypophosphatasia
patients.(16) This defect is accurately reproduced in Alpl null mice(7: 18) and normalization
of PP; in these mice improves skeletal mineralization.(19: 20)

Despite its clear importance in the skeleton, the role of TNAP in MV C is still a topic of
debate. There is a substantial body of indirect evidence linking TNAP upregulation and PP;
deficiency to MVC. TNAP upregulation has been observed in MVC associated with
diabetes, 21 in patients undergoing dialysis(?2 23) and in arterial calcification due to CD73
deficiency (ACDC),(19) and has been proposed as a cause of the MVC seen in uremia.(24)
TNAP upregulation is also seen in animal models of diabetic artery calcification, %) renal
failure,(¥) Huntington-Gilford Progeria Syndrome (HGPS)(26) and MGP deficiency(?”) and
in vascular smooth muscle cells (VSMCs) isolated from Enpp1-knockout mice.(%8 29 The
importance of PP; in MVC is exemplified by the observation that humans and mice with
deficient PP; production, caused by defects in the enzyme responsible for PP; synthesis from
ATP (ectonucleotide pyrophosphatase/phosphodiesterase 1; ENPP1), exhibit severe
MVC.( 30) Fyrthermore, PP; administration to uremic rats or to mice with HGPS prevents
MVC,(28.31) and calcification of mouse Enppl knockout VSMCs can be suppressed by
chemical inhibitors of TNAP.(29) Thus, while TNAP expression clearly correlates with
MVC, its contribution to the disease process is still uncertain. To evaluate the role of TNAP
in MVC, we developed a mouse model of VSMC-specific overexpression of TNAP, which
clearly shows that TNAP upregulation is sufficient to cause MV C. Furthermore, we
developed a pharmacological inhibitor of TNAP, SBI-425, and show that long-term
administration of SBI-425 effectively reaches and inhibits TNAP in the vasculature,
improving cardiovascular parameters and survival at a dose that does not cause a detectable
change in bone, demonstrating that vascular TNAP is a druggable target.

Materials and Methods

Animals and ethics statement

Tg(Tagln-cre)1Her mice(32 33) expressing Cre recombinase under the control of the smooth
muscle cell-specific Tagln promoter (Tagln-Cre, also known as SM22-Cre) were obtained
from The Jackson Laboratory (Bar Harbor, ME, USA, stock 004746). Characterization of
this transgenic mouse line has shown strong expression in the vascular media but not the
endothelium during embryogenesis with some activity detected in the heart, but no
expression elsewhere, including muscle cells in the stomach, gut, kidney, bladder,
esophagus or in veins(32 33) HprtALPL knock-in mice were generated by GenOway (Lyon,
France) using their proprietary “Quick Knock-in™" technology. This mouse strain has a
construct containing the ubiquitous CAG promoter, a floxed “stop cassette” and the human
ALPL cDNA inserted into the Hprt locus on the X chromosome (Fig. S1). The knock-in
mice were developed using the E14Tg2a (E14) embryo-derived stem cells (ES) derived
from the 129P2/OlaHsd (1290la) mouse strain. The targeted insertion of TNAP-containing
transgenic cassette using the “Quick Knock-in™” targeting vector repairs the Hprt gene
deletion in E14 ES cells as this targeting vector rescues the expression of the endogenous
Hprt gene. After transfection, the E14 ES cells with a functional Hprt gene were selected
using HAT media to enrich for ES cell clones showing the correct targeting event.
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Crossbreeding of the HprtALPL mice with Cre-expressing animals results in excision of the
stop cassette and transgene expression. Homozygous Tagln-Cre male mice were bred with
homozygous female HprtA-PL mice to produce mice expressing TNAP in VSMCs. All
offspring were either heterozygous Tagln-Cre*/"; HprtALPL/~ females (female TNAP-OE) or
hemizygous Tagln-Cre*’; HprtA-PL/Y males (male TNAP-OE). WT control mice on the
same genetic background were generated by initially breeding TNAP-OE males and females
together, then crossing their offspring to produce female Tagln-Cre’~; Hprt’~ and Tagin-
Cre’; Hprt!Y male WT mice. Mice were genotyped by PCR using DNA extracted from tail
clips using a Purelink Genomic DNA Mini kit (Invitrogen, Carlsbad, CA, USA). Primer
sequences, product sizes and thermal cycling parameters are provided in Table S1. Mice
were euthanized by either CO, inhalation or injection with Avertin (2.5% 2, 2, 2-
tribromoethanol; Sigma Aldrich, St Louis, MO, USA). Animals were fed Teklad Global
18% Protein Rodent Diet (Harlan Laboratories, Indianapolis, IN, USA) ad libitum. All
animal studies were approved by the Institutional Animal Care and Use Committees of
Sanford-Burnham Medical Research Institute and complied with National Institutes of
Health guidelines for humane treatment of laboratory animals.

Plasma analysis

Histology

Blood was collected by cardiac puncture, transferred into Microtainer tubes coated with
lithium heparin (Becton, Dickinson & Co., Franklin Lakes, NJ, USA) and centrifuged at
3000 x g for 10 min to prepare plasma that was then stored at —80°C until analysis. Plasma
alkaline phosphatase, phosphorus, calcium and blood urea nitrogen were measured using a
VetScan Comprehensive Diagnostic Profile rotor (Abaxis, Union City, CA, USA). Plasma
pyrophosphate was determined as previously described.(34 35)

Tissue samples for histological analysis were fixed in 4% (w/v) paraformaldehyde (PFA) in
phosphate buffered saline (PBS), with the exception of hearts for Masson's trichrome
staining, which were fixed in Bouin's fixative. Aortas and hearts were embedded in Optimal
Cutting Temperature compound (Tissue-Tek, Torrance, CA, USA) and paraffin,
respectively. Hematoxylin and eosin, von Kossa, Alizarin red and Masson's trichrome
staining were performed according to standard methods. Alkaline phosphatase activity was
stained as described.(38) TUNEL staining for apoptotic cells was performed using an
ApopTag Peroxidase In Stu Apoptosis Detection kit (Millipore, Billerica, MA, USA)
according to the manufacturer's instructions.

Aortic calcification

X-ray images were obtained with an MX-20 Specimen Radiographic System (Faxitron X-
ray Corp., Chicago, IL, USA). Mice fixed in 4% PFA/PBS were analyzed using
microcomputed tomography (LCT) by Numira Biosciences (Salt Lake City, UT, USA) as
previously described.(37) The section of the aorta from the arch to the bifurcation was
dissected, cleaned of fat and blood and used for calcium quantification. Calcium deposited
in aortas was leeched by incubation in 1 M HCI for 18 h at 37°C and the calcium
concentration in the acid solution was quantified using a cresolphthalein complexone
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assay.(38) Aortas were dried at 55°C for 18 h then weighed, and aortic calcium content was
normalized to tissue dry weight. Preparation of aortic samples for expression analyses is
described in the supplemental methods.

Cardiovascular analysis

Hemodynamic analysis was performed on P21 C57BL/6 (WT) and TNAP-OE mice as
described in the Supplemental methods. Echocardiography was performed using a
Vevo02100 imaging system (FUJIFILM Visual Sonics, Toronto, Canada) equipped with an
ultrahigh frequency linear array solid state transducer (MS400-18-38MHz), as described in
the supplemental material.

TNAP inhibitor

SBI-425 was dissolved in 100% DMSO, then diluted to a 1 mg/mL working solution
containing 10% DMSO, 10% Tween-80 and 80% water. Vehicle solution for injections had
SBI-425 omitted. Mice were intraperitoneally injected with SBI-425, or an equivalent
volume of vehicle, once per day. In each litter, pups of each sex with randomly divided into
two groups for administration of SBI-425 or vehicle. In trial 1, survival analysis was
performed on male TNAP-OE mice treated with SBI-425 or vehicle from P7 until death. In
trial 2, male TNAP-OE mice were injected with SBI-425 or vehicle from P7 to P16 or P30,
at which time they were weighed and sacrificed. Hearts were dissected and weighed to
calculate the heart weight to body weight ratio and skulls were dissected for dynamic
histomorphometry, described below. Aortic calcification was quantified using the
cresolphthalein complexone assay described above. In trial 3, female TNAP-OE mice were
treated from P7 to P60, at which time heart weight to body weight ratio and aortic calcium
deposition were measured as in Trial 2, and femora were used for static histomorphometry
as described below. Static histomorphometry of femora was used to determine whether
SBI-425 had any effects on bone volume. Skeletal preparation methods are described in the
Supplement.

Statistical analysis

Results

All numerical values are presented as the mean + standard deviation (SD). Data were
compared using a two-tailed Student's t-test or a nonparametric two-tailed Mann-Whitney
test, as indicated. Survival curves were compared using the log-rank test. Analyses were
performed with Prism v.6 software (GraphPad, La Jolla, CA, USA) and a P-value less than
0.05 was considered statistically significant.

Overexpression of TNAP in VSMCs causes MVC—To test the hypothesis that
upregulating TNAP in VSMCs would be sufficient to cause MVVC, we generated a
conditional knock-in mouse model that can overexpress TNAP in specific cell types via Cre-
mediated expression of the knock-in transgene. A vector containing the human TNAP
coding sequence under the control of the ubiquitous cytomegalovirus immediate early
enhancer/chicken B-actin fusion promoter was produced (Fig. S1). This construct also
included a loxP-flanked "stop cassette" between the promoter and transgene to prevent
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overexpression in the absence of Cre recombinase. The transgenic construct was then
introduced into the constitutively-active hypoxanthine phosphoribosyltransferase (Hprt)
locus on the X chromosome. This mouse line, named HprtALPL was used to examine the
effects of TNAP overexpression in VSMCs. Homozygous HprtALPLY/ALPL female mice were
bred with male mice expressing Cre-recombinase under the control of the VSMC-specific
transgelin promoter (Tagln-Cre).(32: 33) By breeding Tagln-Cre*/* males with HprtALPL/ALPL
homozygous females, all male offspring are hemizygous HprtALPYY; Tagln-Cre*/- (hereafter
referred to as male TNAP-OE mice) and expected to display a full overexpression
phenotype. Because of the X-linked nature of this transgene and the variability introduced
by X-chromosome inactivation, heterozygous HprtA-PL/: Tagln-Cre*/~ female mice
(hereafter referred to as female TNAP-OE mice) were expected to show a milder phenotype.

Plasma alkaline phosphatase activity was 4-fold higher in hemizygous male TNAP-OE mice
than in WT at 14 days of age and 22-fold higher than WT at 30 days of age (Fig. 1A). In
contrast female TNAP-OE mice only reached about 12-fold increase in serum TNAP
activity at 150 days of age (Fig. 1A). Aortic calcium was measured in acid extracts from
aortas by the o-cresolphthalein complexone colorimetric assay (Fig. 1B), which showed that
male TNAP-OE mice had significantly higher aortic calcium content that female TNAP-OE
mice at P14 and P30 (P<0.0001 by two-tailed t-test). Female TNAP-OE aortas reached
levels of calcium deposition comparable to P30 male TNAP-OE aortas at P60 (Fig. 1B).
Microcomputed tomography of a P30 male TNAP-OE mouse showed massive arterial
calcification in the ascending and descending aorta, and the left and right carotid and
subclavian arteries (Fig. 1C). While arterial calcification was not detected by X-ray imaging
in P7 TNAP-OE mice, it was visible in the aorta at P14 and was extensive at P30 in male
TNAP-OE mice (Fig. 1D). A comparative sagittal view of whole mount Alizarin red
staining of P14 male and P14 female TNAP-OE aortas are shown in Fig. 1D. Even though
TNAP-OE mice displayed significantly higher plasma alkaline phosphatase activity at P14
and P30 than WT controls (approximately 4- and 18-fold, respectively; both P<0.001 by
two-tailed t-test), there was no significant difference in the plasma concentration of PP;
between the plasma of WT and TNAP-OE mice at P14 (P>0.05 by two-tailed t-test) and no
systemic differences in phosphorus and calcium concentrations (Table 1 & Table S3).

The effect of TNAP overexpression on vascular histology was assessed in aortas from P7,
P14 and P30 TNAP-OE mice (Fig. 2) Alkaline phosphatase activity was confined to the
vascular media and was observed at all ages in TNAP-OE mice, but not in age-matched
WTs. Alizarin red and von Kossa staining showed no visible deposits of calcium or
phosphate, respectively, at P7. However, calcification had developed by P14 and became
more extensive at P30, consistent with X-ray analysis. No calcium or phosphate deposition
was detected in WT controls. Because transdifferentiation of VSMCs to osteogenic cells is a
common feature of MVC, we analyzed gene expression patterns to look for evidence of this
process in TNAP-OE mice. The relative expression of genes involved in tissue
mineralization in aortas collected at P14 and P30 showed a clear pattern of chondro-
osteogenesis (Table 2). Expression of genes for the canonical markers of MVC osteopontin
(Sppl), bone morphogenetic protein 2 (Bmp2), matrix gla protein (Mgp), and endogenous
mouse tissue-nonspecific alkaline phosphatase (Alpl) was significantly higher in TNAP-OE
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males than in WT at both P14 and P30 (Table 2). Expression of Runx2, a marker of early
osteoblastic differentiation was higher in TNAP-OE than WT at both P14 and P30, whereas
the later osteoblastic gene Collal, was only upregulated at P30. Similarly, the early marker
of chondrocyte differentiation, Sox9, was upregulated in TNAP-OE at both ages, whereas
the later chondrocyte marker Acan was upregulated at P30 only. The genes for the vascular
smooth muscle proteins a-smooth muscle actin (Acta2) and transgelin (Tagln) were
downregulated in TNAP-OE males at P30, but not at P14. Expression of the gene for the
phosphate importer Pitl (Sc20al) was higher in TNAP-OE than WT males at both ages,
and expression of the gene for the PPj-producing protein ectonucleotide pyrophosphatase/
phosphodiesterase 1 (Enppl) was higher than WT at P30, whereas expression of the PP;-
exporter ankylosis (Ank) gene was unchanged at both ages.

Cardiovascular phenotype in TNAP-OE mice—We next determined whether the
MVC in TNAP-OE mice has an effect on cardiovascular function. Litter size and pre-
weaning mortality of male and female TNAP-OE mice were not significantly different from
WT controls (P>0.05 by two-tailed t-test for both parameters).

However, male TNAP-OE mice experienced pronounced early mortality, with a median age
of death of 44 days and all mice dying before approximately 5 months of age (range 25-142
days) (Fig. 3A), which was significantly different from WT (P<0.0001 by log-rank test).
Mice died suddenly, with no overt signs of illness or loss of weight. Male TNAP-OE mice
manifested substantial cardiac enlargement (Fig. 3B), beginning as early as P14. This
worsened with age, to the point that the mean heart weight to body weight ratio (HW:BW)
was approximately two and three times that of WT at P30 and P49, respectively (Fig. 3C).
Hemodynamic assessment was performed in P21 male TNAP-OE mice, a time point where
the mice where large enough for catheterization and their degree of calcification was not as
pronounced as to prevent catheter insertion. Systolic blood pressure was significantly higher
than WT in TNAP-OE mice (P<0.0001 by two-tailed t-test), as was pulse pressure
(P<0.0001) (Fig. 3D). No differences in diastolic pressure were observed. Further analysis
of the structural and functional parameters of P21 male TNAP-OE and WT mice was
performed by M-mode echocardiography (Table 3). The calculated left ventricular mass
showed left ventricular hypertrophy in all groups of TNAP-OE mice, consistent with
HW:BW measurements. Several structural parameters, including left ventricular wall
thickness at diastole, interventricular septum distance and relative wall thickness were also
higher than WT in the TNAP-OE group. No differences in end-diastolic or end-systolic
volumes were observed between genotypes. Notably, ejection fraction was significantly
lower in male P21 TNAP-OE mice than in WT, indicating functional impairment of the
heart. Apoptotic cells in histological sections were detected by terminal deoxynucleotidy!l
transferase dUTP nick end labeling (TUNEL) in P49 mice (Fig. 3E), which showed the
proportion of apoptotic cells in TNAP-OE mice was significantly higher than in WT mice
(P<0.001 by two-tailed t-test) (Fig. 3F), indicating ventricular remodeling. Masson's
trichrome staining of P49 male hearts showed extensive interstitial collagen deposition,
indicative of fibrosis, in TNAP-OE mice that was not observed in WT counterparts (Fig.
3G). HE staining of a 49-day-old male heart showed severe hypertrophy of the left ventricle
and the left atrial appendage, which may be consistent with atrial fibrillation (Fig. 3H).
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These changes in cardiac structure and function are consistent with pressure overload-
induced hypertrophy and progression to heart failure.

As expected from the X-linked nature of this model, female mice showed a much milder
phenotype than male TNAP-OE mice. There was no difference in survival between female
TNAP-OE and WT mice at 180 d (p>0.05 by log-rank test), but the mortality rate in female
TNAP-OE mice increased after approximately 210 d and a significant difference in survival
was observed at 1 year (p<0.05 by log-rank test). The median survival for female TNAP-OE
mice was 296 d (Fig. 4A). There was a significant difference in survival between male and
female TNAP-OE mice (p<0.0001 by log-rank test). No significant difference in heart
weight vs body weight was observed between WT and TNAP-OE female mice at P30 (Fig.
4B). However, cardiac hypertrophy developed later in life. Fig. 4C shows X-ray images of
the calcification of the aortic arch in a P57 male and a P323 female heart. Hemodynamic
assessment was also performed in P21 female TNAP-OE mice. Systolic blood pressure was
significantly higher in female TNAP-OE mice (p<0.0001) compared to WT mice, as was
pulse pressure (p<0.0001) (Fig. 4D). No differences in diastolic pressure were observed.
Analysis of the structural and functional parameters of P28 and P56 female TNAP-OE and
WT mice was performed by echocardiogram in m-mode (Table 4). The calculated left
ventricular mass index showed left ventricular hypertrophy in female TNAP-OE mice. Left
ventricular wall thickness at diastole, interventricular septum distance and relative wall
thickness were also higher than WT in female TNAP-OE mice. Stroke volume, cardiac
output and left ventricular internal diameter at diastole were all lower in TNAP-OE than in
WT P56 female mice (Table 4).

Development of a pharmacological inhibitor of TNAP—Given that overexpression
of TNAP in VSMCs was sufficient to cause MVC, we next aimed to test the hypothesis that
pharmacological inhibition of MV C-associated high TNAP activity would be feasible. We
undertook a lead optimization campaign starting from a previously-identified chemical
inhibitor of TNAP, MLS0038949 (here referred to as ML038),(39 with the goal of
improving its pharmacokinetic properties, as per the strategy outlined in Fig. 5A. Numerous
analogs were synthesized examining all areas of ML038 including the linker (in brown),
dimethoxyphenyl group (in grey) and quinoline (in green). An iterative structure-activity-
relationship campaign led to several series of potent, selective and drug like leads. The
compound we disclose herein, SBI-425 is a prototypical example from these efforts (49,
SBI-425 is a low nM (ICsp= 14 nM) TNAP inhibitor with no in vitro cross-inhibition of
placental, intestinal or germ-cell alkaline phosphatases at concentrations up to 80 uM, or of
the 35 proteins in the HitProfilingScreen + CYP450 panel, including the five major
cytochrome P450 enzymes and the human potassium voltage-gated channel, subfamily H
(eag-related), member 2 protein (hERG), at 10 pM.

SBI-425 was administered to C56B1/6J mice to analyze its pharmacokinetic properties.
SBI-425 showed high plasma levels after intravenous (2 mg/kg) and oral (10 mg/kg) dosing
(Fig. 5B), with sustained plasma levels >1 pM for over 12 h, greater than the in vitro ICgq
for TNAP. Similar plasma levels were obtained at 2, 4 and 8 h in a cohort injected
intraperitoneally. After oral and intravenous dosing, TNAP activity in plasma was inhibited
at >90% for over 8 hours and at >50% over 24 h (Fig. 5C) at the same doses. Other key
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pharmacokinetic parameters are shown in Table S4. These combined parameters showed
that SBI-425 is a potent inhibitor of TNAP with drug-like pharmacokinetic properties.

To evaluate the ability of SBI-425 to target and inhibit TNAP in vascular smooth muscle
cells, we performed three proof-of-concept trials. In all trials, TNAP-OE animals were
treated once daily with vehicle or 10 mg/kg SBI-425. In Trial 1, TNAP-OE mice were
treated from P7 until death. SBI-425 treatment significantly prolonged the lifespan of
TNAP-OE mice; the median age of death for the vehicle-treated group was 44 days (range
25-78 days) versus 68 days (range 43-156 days) in the SBI-425-treated group (Fig. 6A). In
Trial 2, TNAP-OE mice were treated from P7 to P16 or P30, and aortic calcium content
(Fig. 6B) and HW:BW (Fig. 6C) were measured. Aortic calcium was approximately 44%
lower in the SBI-425-treatment group than the vehicle group at P16 (P<0.05 by two-tailed
Mann-Whitney test), but no significant difference was observed at P30 (P>0.05 by two-
tailed Mann-Whitney test). HW:BW was approximately 16% lower in the SBI-425
treatment group at P30 (P<0.05 by two-tailed Mann-Whitney test). No significant
differences in body weight were observed in this trial. In Trial 3, we examined the effect of
SBI-425 on double heterozygous HprtA-PL/Y; Tagln-Cre*/- female mice, which display a
milder phenotype than males, and whose medial survival is 296 days. These female OE mice
were treated from P7 to P60. Aortic calcium content (Fig. 6D) and HW:BW (Fig. 6E) were
approximately 40% and 32%, respectively, lower in the SBI-425 treatment group than in the
vehicle group (P<0.05 and P<0.01, respectively, by two-tailed Mann-Whitney test). No
mice in either treatment group died during this trial, nor were there any significant
differences in body weight. To determine whether SBI-425 treatment might cause
deleterious effects on the skeleton, bone volume, osteoid volume and growth rate were
measured by histomorphometry in P60 females (Trial 3; Fig. 6F and 6G) and by Alizarin
red/calcein chase in P30 males (Trial 2; Fig. 6H). No significant differences between
SBI-425 and vehicle treatment were observed in any of these parameters, indicating that
SBI-425 did not cause functionally significant inhibition of TNAP in bone at a dose that
improved vascular calcification, heart size and survival in TNAP-OE mice.

Discussion

TNAP-OE mice manifest extensive MVC early in life, in the absence of systemic changes in
calcium, phosphate, or renal function. Expression of TNAP was confined to the medial layer
of the vasculature in TNAP-OE mice, which showed calcium phosphate deposition that
became more extensive with age. TNAP-OE mice showed progressive cardiac hypertrophy
most likely secondary to systolic hypertension, cardiac fibrosis and ventricular remodeling,
reduced ejection fraction and early mortality. These data clearly show that a selective rise of
TNAP expression in the vasculature suffices to trigger MVC in the absence of the metabolic
dysfunctions seen in CKD and diabetes.

The phenotype of TNAP-OE male mice closely resembles that seen in patients with
generalized arterial calcification of infancy (GACI), a human disease which is caused by
mutations in ENPP1, the gene that encodes the major enzyme that generates extracellular
PP;.( However, TNAP-OE mice do not exhibit a significant decrease in circulating PP;
levels, despite high levels of the circulating enzyme, which is consistent with other
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transgenic models of tissue-specific TNAP expression.(37) This can be explained by the fact
that, unlike genetic disorders where the gene is defective in all tissues and thus plasma PP;
reflects whole-body PP; metabolism, TNAP-OE mice have a tissue-specific (smooth muscle
cell-specific) increase in the enzyme. In addition, TNAP in the blood is not very active as it
is largely inhibited by the physiological concentrations of inorganic phosphate.(1) Our data
point to the sinking of extracellular PP; concentrations in the medial microenvironment
causing calcification in this model rather than changes in systemic levels. Measuring local
extracellular PP; concentrations in the heavily calcified segments of the

TNAP OE aortas has proven technically challenging. Nevertheless, the importance of
context-specific TNAP activity has been clearly demonstrated in hypophosphatasia.
Normalization of systemic TNAP levels in hypophosphatasia patients does not correct their
symptoms, (42 43) whereas administration of a mineral-targeted recombinant TNAP
dramatically improves the disease in both humans and mice, presumably because of local
correction of PP; concentrations at sites of calcification.(16: 20) Results from TNAP-OE mice
suggest a similar such requirement for localized activity in MVC and supports a model in
which membrane-bound TNAP hydrolyzes PP; in the vascular microenvironment enabling
soft-tissue calcification.

It has been postulated that MV C is a cell-driven process - that is, osteogenic
transdifferentiation occurs first and this causes the media to calcify.(?1-23) Analysis of gene
expression showed that relative expression of MVC and bone-type markers increased with
age, whereas VSMC markers decreased, suggesting that PP; depletion caused by TNAP
overexpression can cause a transition of VSMCs to a mineralizing-type cell. In particular,
the master osteogenic regulators Bmp2 and Runx2, which are essential for
osteochondrogenic reprogramming, (4 were upregulated, as were the mineralization
inhibitors Spp1 and Mgp, which may be an adaptive response to compensate for the loss of
PP; and limit pathological mineralization.(#>) We also observed that overexpression of
transgenic human TNAP induced upregulation of endogenous mouse Alpl, presumably due
to transdifferentiation. Expression from the Tagln promoter used in this study begins in the
vasculature as early as embryonic day 9,32 suggesting that TNAP expression and thus PP;
depletion occur well in advance of the first signs of MVC in TNAP-OE mice. As expression
levels of some markers of bone-type cells were already elevated at P14, the age at which we
first observed calcification, it appears that both physiochemical and gene expression changes
are involved in calcification. The extracellular ratio of P;:PP; has been proposed as an
important controller of calcification(®: 47) but how the cells sense a change in this ratio is
still unknown. High extracellular phosphate has been shown to induced expression of the
phosphate transporter P;tl in cultured VSMCs, which increases uptake of intracellular
phosphate, inducing Runx2 expression and osteogenic transdifferentiation of VSMCs.“8)
However, MVC can occur in the absence of hyperphosphatemia in GACI, diabetes and
aging, and we observed no hyperphosphatemia in TNAP-OE mice. Sage et al. showed that
the calcium phosphate nanocrystals were responsible for signalling osteogenic
differentiation.(4®) Consistent with this, Villa-Bellosta et al. showed that the passive calcium
phosphate deposition, that occurs under normal phosphate levels but only in the absence of
calcification inhibitors, such as PP;, signals the VSMC to express bone-type genes. (0. 51)
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Thus, it is conceivable that the change in gene expression profile in TNAP-OE mice,
consistent with transdifferentiation of VSMCs, is caused by local depletion of PP;, and the
consequent imbalance in the P;:PP; ratio, which allows deposition of calcium phosphate
nanocrystals.

The extremely high potency of PP; as an inhibitor of calcification makes it an attractive
candidate for prevention or treatment of MVC.(47: 52.53) O'Neill et al.(31) showed that PP;
administration to uremic rats can prevent or reduce MVC, without any overt effects on bone
or calcium pyrophosphate deposition disease. Similarly, Villa-Bellosta et al.(26)
demonstrated that PP; administration in a mouse model of HGPS prevented vascular
calcification. Despite the promise of PP; administration, it is rapidly cleared,3% 54) which
precludes its clinical use. Bisphosphonates, non-hydrolysable analogues of PP;, have been
used to treat MVC in GACI®) and CKD.(8:57) However, the doses required can have
deleterious effects on the skeleton.(>8) An alternative approach to increase PP; levels is to
inhibit PP; degradation by TNAP. In contrast to the short half-life of PP;, TNAP inhibitors
can be engineered to provide sustained inhibition of TNAP and augmentation of PP; levels.
Specific TNAP inhibitors previously identified by our group lower calcification in Enppl-
knockout mouse VSMCs and inhibit PP; hydrolysis and calcification in ex vivo rat
aortas.(® 31) To build on the promise of PP; modulation by TNAP inhibitors, we optimized
one of the molecules identified during a high-throughput screen for specific TNAP
inhibitors(3 59 by SAR to produce a derivative with drug-like properties, SBI-425.

The use of TNAP inhibitors to modulate PP; concentrations for the treatment of MVC would
also require that such compounds engage TNAP in the vasculature, rather than inhibiting
TNAP in the circulation alone. We observed that administration of SBI-425 significantly
reduced aortic calcium deposition, heart size and prolongation of life in TNAP-OE mice
thus reversing the physiological consequences caused by the specific genetic upregulation of
TNAP in the vasculature. Importantly, that benefit was achieved with an SBI-425 dose that
did not adversely affect bone mineralization. This outcome is consistent with a study
demonstrating that PP; administration to uremic rats reduced MVC without overt effects on
bone.(31)

The dose of SBI-425 used in this proof-of-concept study was not expected nor intended to
completely arrest calcification as the level of TNAP expression in TNAP-OE mice vastly
exceeds that commonly seen in MVC, no doubt contributing to the extreme severity of the
phenotype in our genetic model. Pharmacological studies showed that a single daily i.p.
injection of 10 mg/kg SBI-425 only inhibits plasma TNAP by approximately half, 24 h after
dosing. As the degree of TNAP expression in TNAP-OE mice is supraphysiological, even
reducing TNAP activity in the vasculature by half is not expected to be sufficient to
completely arrest the process. Nevertheless, our data show that even modest reductions in
cardiac hypertrophy and slowing of calcification can improve the physiological outcomes of
MVC, which is consistent with London et al.,(69) who showed that regression of hypertrophy
improves cardiovascular mortality in end-stage renal disease. An area in which TNAP
inhibitors may be of most use is in the expanding catalogue of rare genetic disorders that are
caused by PP; dysregulation, GACI, ACDC, HGPS and pseudoxanthoma elasticum all
manifest MV C as a result of dysfunctions in PP; metabolism.
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Fig. 1. Alkaline phosphatase activity and vascular calcification in TNAP-OE mice
(A) Plasma alkaline phosphatase activity in male TNAP-OE mice at 14 and 30 days and of

female TNAP-OE mice at 150 days of life (B) Left side of the graph: Quantification of
aortic calcium deposition in P14 male TNAP-OE mice compared to WT mice. Right side of
the graph: quantification of aortic calcium in male and female aortas at P30 and P60. *
denotes P<0.001, respectively, by two-tailed t-test (N=3). (C) Frontal view of
microcomputed tomography imaging of a P30 TNAP-OE mouse. Calcification of the aorta
and carotid and subclavian arteries is visible. VVascular and skeletal calcification are shown
in white and yellow, respectively. Scale bar denotes 2 mm. (D) X-ray images showing
sagittal view of TNAP-OE mice at P7, P14 and P30. Calcification is not visible at P7, faint
at P14 (see inset) and extensive at P30. (E) Von Kossa staining of P14 male and female
aortas.
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Fig. 2. Histological analysis of male TNAP-OE and WT aortas
Alkaline phosphatase (ALP) expression precedes vascular calcification in TNAP-OE mice.

Neither alkaline phosphatase activity nor vascular calcification are observed in WT controls.
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Fig. 3. Cardiac phenotype of male TNAP-OE mice
(A) Survival of male TNAP-OE mice is lower than WT counterparts (P<0.0001 by log-rank

test). Black and grey lines represent WT and TNAP-OE genotypes, respectively. (B)
Comparison of heart size in P30 male TNAP-OE and WT mice. Scale bar denotes 5 mm.
(C) Comparison of heart weight to body weight ratio (HW:BW) between TNAP-OE and
WT mice (N=5). (D) Hemodynamic measurements of TNAP-OE and WT mice at P21. Male
TNAP-OE mice have significantly higher systolic and pulse pressures, whereas diastolic
pressure is not different (N=6). (E) Images of TUNEL staining in ventricular sections of
male TNAP OE mice and WT mice (F) Left ventricular apoptosis in WT and male TNAP-
OE mice at P49 measured by TUNEL-staining. The increased incidence of apoptosis is
consistent with ventricular remodeling (N=3 per group). (G) Masson's trichrome staining of
left ventricle from WT (left) and TNAP-OE (right) mice at P49. Muscle fibers and collagen
fibers are stained red and blue, respectively. TNAP-OE hearts display extensive interstitial
and perivascular fibrosis. Scale bar denotes 100 um. (H) Hematoxylin and eosin staining of
coronal sections of hearts from WT (left) and TNAP-OE (right) mice at P49. LV denoted
left ventricle and LAA denotes left atrial appendage. In all panels, black and white bars
denote WT and TNAP-OE genotypes, respectively. *, ** and *** denote significance with
P<0.05, P<0.01 and P <0.001, respectively, by two-tailed t-test.
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Fig. 4. Cardiac phenotype of female TNAP-OE mice
(A) Survival of female TNAP-OE mice is lower than WT counterparts (P<0.0001 by log-

rank test). Black and grey lines represent WT and TNAP-OE genotypes, respectively. (B)
Comparison of heart weight to body weight ratio (HW:BW) between TNAP-OE and WT
mice (N=5). (C) X-ray images showing sagittal view of male and female TNAP-OE mice at
P57 and P323, respectively. (D) Hemodynamic measurements of female TNAP-OE and WT
mice at P21. Female TNAP-OE mice have significantly higher systolic and pulse pressures,
whereas diastolic pressure is not different (N=6).
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Fig. 5. Structure and pharmacokinetics of the TNAP inhibitor, SBI-425
(A) Structure of the MLS0038949 lead compound obtained by high throughput screening?

and visualization of the linker (in brown), dimethoxypheny!l group (in grey) and quinoline
(in green) moieties that were modified in iterative structure-activity-relashionship (SAR)
efforts to obtain the SBI-425 inhibitor. (B) Plasma concentrations of SBI-425 and (C)
inhibition of plasma TNAP activity by a single oral (square) or intravenous (circle) dose of
SBI-425. The invitro ICsg and I1Cgq of SBI-425 are indicated in (B).

J Bone Miner Res. Author manuscript; available in PMC 2015 May 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sheen et al. Page 21
A B C D
200
— £ 30 —ns_ * 5301 .
150+ H T 5101 — H T '
s . * 2 % 20-
@ m 20 | p— | E
2 100 £ - E E
; m 51 o
50 £ 101 = £101
o : 0 01— £ ol
- = T T -
o ) o ) o N2 Vel @
S RN P SN & W
N\ 9 ‘\G %Q “6 %0 \\0 %Q \\e‘ %0
P16 P30
E F G H _
. 50- . 00057 34 ns
10- | ——| | —— | 1 -E
40- 0.004 = 3
:.-, T T > T i" =
2 2 30- g 0.003 g
z 5 P o _ £
@ s 20 = 0.002 5
= o 14
T 10- 0.0011 @
=]
0 . ol o 0.000-1— " @ oll, c
¥ W A S, G,
3 o M M 9 »

Fig. 6. Efficacy of SBI-425in TNAP-OE mice and evaluation of effectsin bone
(A) Survival analysis of TNAP-OE mice treated with vehicle or SBI-425 from P7 until

death. Mann-Whitney U test was used to compare the age of death of mice treated by
SBI-425 and Vehicle (exact p<0.05). The Hodges-Lehmann estimate of the median
difference of age of death of the two groups of mice is 22 days with 95% confidence interval
of 4-45. (B) Aortic calcium deposition in male TNAP-OE mice treated with vehicle or
SBI-425 from P7 to P16 (left side) or P30 (right side). Mice treated with SBI1-425 display
significantly less aortic calcification than vehicle treated mice at P16, but not at P30 (N=4
for mice treated to P16, and N=8 and 9 for vehicle- and SBI-425-treated mice, respectively,
at P30). (C) Heart weight:body weight ratio (HW:BW) in male TNAP-OE mice treated from
P7 to P30. Treated male TNAP-OE mice display less cardiac hypertrophy at P30 (N=8 and 9
for vehicle- and SBI-425-treated mice, respectively, at P30). (D) Aortic calcium deposition
and (E) HW:BW in double heterozygous HprtALPYY: Tagin-Cre*/- female mice treated with
vehicle or SBI-425 from P7 to P60. SBI-425-treated mice have less aortic calcium and less
cardiac hypertrophy than their vehicle-treated counterparts at P60 (N=12 and 15 for the
vehicle- and SBI-425-treated groups, respectively). (F) Bone volume in HprtA-PL/Y: Tagin-
Cre*!- female TNAP-OE treated with vehicle or 10 mg/kg SBI-425 from P7 to P60
measured by histomorphometry of femurs. SBI-425 has no significant effect on bone
volume. %BV/TV denotes bone volume as a percentage of total volume (N=5). (G) Osteoid
volume in HprtA-PLY; Tagin-Cre/- female TNAP-OE mice treated with vehicle or 10
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mg/kg SBI1-425 from P7 to P60 measured by histomorphometry of femurs. Osteoid volume
was not significantly different in female TNAP-OE mice treated with vehicle or SBI-425
(N=5). %0V/TV denotes osteoid volume as a percentage of total volume. (H) Bone growth
rate in male TNAP-OE mice treated with vehicle or SBI-425 from P7 to P30 measured by
Alizarin red/calcein chase. SBI-425 has no significant effect on bone growth rate (N=5). ns,
* and ** denote P>0.05, P<0.05 and P<0.01 by two-tailed Mann-Whitney test. SBI-425 was
administered once daily by intraperitoneal injection at 10 mg/kg in all studies.
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Table 1
Plasma parameters of male TNAP-OE and WT mice
Age (d) 14 30
Genotype WT TNAP-OE wT TNAP-OE
Phosphorus (mg/dL) | 125+1.0 12.0+1.0 9.1+11 9.8+0.2
Calcium (mg/dL) 11.6+06 | 115+08 | 10607 106+1.8
BUN (mmol/L) 12440 12420 15+ 6.0 17+14
ALP (U/L) 541743 | 2111+ 199" | 197129 | 3514 4+ 1581*
PP; (pg/mL) 12.8+37 | 137+36 | 12272 | 113+105

BUN, blood urea nitrogen; ALP, alkaline phosphatase; PPj, pyrophosphate;

*
denote different from WT with P<0.001, respectively, by two-tailed t-test. N>4 per group.
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Fold changes in mRNA expression of calcification-associated genes in TNAP-OE mice.

Age P14 P30
Gene Fold change
Alpl 3.00+1.07"" 2.90 +0.60"
Sppl 18400 + 9950"* | 63700 + 39700"™
Bmp2 5771+.39™" 1259 +554™"
Mgp 746+ 496" 153.6+ 655
Collal 1.19+0.26 3.43+1.04°
Rum2 9.61+235 " 7.53+556 "
Acan 3.16 +2.04 17.45 + 3.30°
Sox9 5.36 + 2.39" 13.56+ 7.67"
Phosphol |  1.32+0.20 2224091
Enppl 2.39+0.62 3.92+022°*
Ank 3.08+0.23 7.01£6.39
Sc20al 2.63+0.84" 5.68+220"
Acta2 1.04 +0.17 022+ 041"
Tagin 0.88 +0.03 038 +0.18"

.
and

*

*
denote P<0.05 and P<0.01 by two-tailed t-test, data represent fold change in expression of RNA in TNAP-OE mice relative to WT. N=3.
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Cardiac parameters of P21 male TNAP-OE mice measured by M-mode echocardiography.

Genotype WT TNAP-OE
Body weight (g) 12.9+34 16.7+1.2
Heart rate (beats/min) | 622 +92.8 612 +40.6
LVMI (mg/g) 3.16 £0.40 | 776+ 0.00***
LVPWd (mm) 062004 | 1004007
LVPWs (mm) 1.13+0.10 1.35+0.22
IVSd (mm) 0.64+0.05 | 094 013"**
IVSs (mm) 1072010 | 149+ 014"
RWT (mm) 043+0.03 | 976+ 006"
EDV (ul) 245+49 256+26
ESV (ul) 78+18 95+23
LVIDd (mm) 2.98+0.15 | 2.78+0.30
LVIDs (mm) 1.47 £0.30 1.53 +£0.09
EF (%) 69.6+45 | gra+a7™
FS (%) 51.0+7.4 446+52
SV (ul) 17.8+14 15.0 +3.2
CO (mL/min) 111+1.2 9.2+25

Table 3

Page 25

LVMI, Left Ventricular Mass Index; LVPWd, Left Ventricular Posterior Wall Thickness at Diastole; LVPWSs, Left Ventricular Posterior Wall
Thickness at Systole; 1VSd, Interventricular Septal Thickness at Diastole; 1VSs, Interventricular Septal Thickness at Systole; EDV, End Diastolic
Volume; ESV, End Systolic Volume; Relative Wall Thickness (mm); LVIDd, Left Ventricular Internal Dimension at Diastole; LVIDs, Left

Ventricular Internal Dimension at Systole; EF, Ejection Fraction; FS, Fractional Shortening; SV, Stroke volume; CO, Cardiac output.

*

*%

and

*%
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*
denote different from WT with P<0.05, P<0.01 and P<0.001, respectively, by two-tailed t-test. N=5 per group.
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Cardiac parameters of WT and female TNAP-OE mice measured by M-mode echocardiography at 28 and 56

postnatal days.

Age (d) 28 56

Sex F F

Genotype WT TNAP-OE WT TNAP-OE
n 6 9 5 9
Parameter

LVMI (mglg) | 373029 | 5544 067°** | 366 £0.31 | 549+ 067"
LVPWd (mm) | 057006 | ¢7g+0.11** | 060£0.04 | ggg+0.15™
LVPWs (mm) | 0.98 +0.06 1.15+0.16 1.05+0.28 1.25+0.28
IVSd (mm) 059+0.04 | gga+o0s** | 062+0.04 | 5974014
IVSs (mm) 0.80+0.01 | 1034006 | 1042004 [ 1310028
RWT (mm) | 0.37£0.03 | g56+0.05** | 0362001 | g0+ 012"**
EDV (ul) 259+24 240+4.2 31.8+29 285+6.5
ESV (ul) 7511 72+12 92+13 9.7+3.6
LVIDd (mm) | 316011 | 584000 | 343£020 | 3034027
LVIDs (mm) 1.70 £ 0.09 1.43+0.19 1.87+0.16 159+042
EF (%) 71.1+26 69.9+2.7 712+29 66.6 + 4.8
FS (%) 45.0 £ 3.6 50.2 +5.8 45.6+2.0 48.1+10.0

LVMI, Left Ventricular Mass Index; LVPWd, Left Ventricular Posterior Wall Thickness at Diastole; LVVPWSs, Left Ventricular Posterior Wall
Thickness at Systole; IVSd, Interventricular Septum Distance at Diastole; 1VSs, Interventricular Septum Distance at Systole; EDV, End Diastolic
Volume; ESV, End Systolic Volume; Relative Wall Thickness (mm); LV1Dd, Left Ventricular Internal Dimension at Diastole; LVIDs, Left

Ventricular Internal Dimension at Systole; EF, Ejection Fraction; FS, Fractional Shortening.

*

**
and

*%
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*
denote different from WT with p<0.05, p<0.01 and p<0.001, respectively, by two-tailed t-test.



