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Abstract

Factors regulating the ratio of pyrophosphate (PP) to phosphate (P,) modulate biomineralization. Tissue-nonspecific alkaline phosphatase
(TNAP) is a key promineralization enzyme that hydrolyzes the potent mineralization inhibitor PP. The goal of this study was to determine
whether TNAP could promote periodontal regeneration in bone sialoprotein knockout mice (Ibsp™~ mice), which are known to have
a periodontal disease phenotype. Delivery of TNAP was accomplished either systemically (through a lentiviral construct expressing a
mineral-targeted TNAP-D , protein) or locally (through addition of recombinant human TNAP to a fenestration defect model). Systemic
TNAP-D,, delivered by intramuscular injection at 5d postnatal (dpn) increased circulating alkaline phosphatase (ALP) levels in Ibsp™"
mice by 5-fold at 30dpn, with levels returning to normal by 60dpn when tissues were evaluated by micro—computed tomography and
histology. Local delivery of recombinant human TNAP to fenestration defects in 5-wk-old wild type (WT) and Ibsp™~ mice did not alter
long-term circulating ALP levels, and tissues were evaluated by micro—computed tomography and histology at postoperative day 45.
Systemic and local delivery of TNAP significantly increased alveolar bone volume (20% and 37%, respectively) and cementum thickness
(3- and 42-fold) in Ibsp™" mice, with evidence for periodontal ligament attachment and bone/cementum marker localization. Local
delivery significantly increased regenerated cementum and bone in WT mice. Addition of 100-ug/mL bovine intestinal ALP to culture
media to increase ALP in vitro increased media P, concentration, mineralization, and Spp/ and Dmp | marker gene expression in WT and
Ibsp™~ OCCM.30 cementoblasts. Use of phosphonoformic acid, a nonspecific inhibitor of sodium P, cotransport, indicated that effects of
bovine intestinal ALP on mineralization and marker gene expression were in part through P, transport. These findings show for the first
time through multiple in vivo and in vitro approaches that pharmacologic modulation of P/PP, metabolism can overcome periodontal
breakdown and accomplish regeneration.
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P/PP, regulators work in concert to direct mineralization of
periodontal tissues. Tissue-nonspecific alkaline phosphatase (gene:
Alpl, mouse; ALPL, human; protein: TNAP) promotes mineral-
ization by hydrolyzing PP, to produce P, (Millan 2006). TNAP
is expressed by mineralizing cells, including cementoblasts

Introduction

Periodontal disease causes destruction of cementum, periodontal
ligament (PDL), and surrounding alveolar bone. Approximately
45% of US adults suffer from periodontal disease that, when
left untreated, can result in tooth loss (Eke et al. 2016). The
goals of periodontal therapy are to eliminate pathogenic
microbes, resolve inflammation, and restore periodontal struc-
ture and function; however, current therapies are often subop-
timal (Foster et al. 2007; Sallum et al. 2019). This is particularly
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true for cementum, a tissue with limited capacity for repair.
Identification of therapeutic approaches inspired by under-
standing the developmental biology of periodontal tissues may
lead to improved therapeutic outcomes. Studies from our group
and others revealed that appropriate balance in levels of inor-
ganic phosphate (P,), a promoter of hydroxyapatite formation,
and pyrophosphate (PP,), a potent inhibitor of hydroxyapatite
crystal growth, is crucial for proper mineralization and that
acellular cementum is particularly sensitive to this mechanism
of regulation (Foster et al. 2012; Ao et al. 2017; Thumbigere-
Math et al. 2018; Chu et al. 2020; Nagasaki et al. 2020). Three
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and osteoblasts, and loss-of-function mutations result in
increased PP, levels and the inherited hypomineralization dis-
order hypophosphatasia (HPP; OMIM#241500, 241510,
146300), which features tooth loss due to cementum defects
(Bowden and Foster 2019). The progressive ankylosis protein
(Ank/ANK in mouse, ANKH/ANK in human) is a transmem-
brane regulator of PP, transport to the extracellular space (Ho
et al. 2000; Szeri et al. 2020). Ectonucleotide pyrophosphatase
phosphodiesterase 1 (EnppI/ENPP1) is an ectoenzyme that
extracellularly cleaves nucleotide triphosphates to PP, (Rutsch
et al. 2003). ANK and ENPPI increase local PP, levels, and
loss of function of either gene causes PP, deficiency and
hypermineralization disorders—that is, ectopic calcification:
generalized arterial calcification in infancy (OMIM# 208000)
and craniometaphyseal dysplasia (OMIM# 123000), respec-
tively. Loss of ANK or ENPP1 results in dramatically thicker
acellular cementum in mice, and similarly expanded acellular
cementum results from generalized arterial calcification in
infancy in humans (Foster et al. 2012; Dutra et al. 2013;
Zweifler et al. 2015; Ao et al. 2017; Thumbigere-Math et al.
2018; Chu et al. 2020). We reported that genetic reduction of
PP, by crossing Ank "~ mice with Alp/”" mice corrected cemen-
tum developmental defects (Chu et al. 2020). Furthermore,
loss of ANK or ENPP1 promotes cementum regeneration in a
periodontal fenestration model (Rodrigues et al. 2011;
Nagasaki et al. 2020), implicating modifiers of P,/PP, metabo-
lism as strategies to promote periodontal regeneration.

Mice lacking bone sialoprotein (/bsp/BSP), an extracellular
matrix (ECM) protein, exhibit severe periodontal breakdown,
including reduced cementum, PDL disorganization, and alveo-
lar bone destruction (Foster et al. 2013; Foster et al. 2015).
Genetic reduction of PP, by crossing Ank™~ with Ibsp™~ mice
resulted in correction of cementum defects noted in Ibsp '
mice (Ao et al. 2017). We aimed to build on these findings by
determining if pharmacologic approaches to decrease PP, and
increase P, levels through delivery of TNAP could correct
cementum defects and promote cementum regeneration in
Ibsp™~ model of periodontal disease. We employed a lentivirus
construct expressing mineral-targeted TNAP (Yamamoto et al.
2011) for systemic delivery to treat developmental defects in
the Ibsp~~ model. We used recombinant human TNAP (rhT-
NAP) for local delivery to treat periodontal fenestration defects
(Rodrigues etal. 2011) in adult /bsp™ mice. An Ibsp™'~ cement-
oblast cell line was used to determine effects of bovine intesti-
nal alkaline phosphatase (bIAP) on gene expression and
mineralization in vitro.

Materials and Methods

Animals

Animal procedures were conducted in accordance with the
guidelines of the Animal Care and Use Committee, National
Institutes of Health. Ibsp™~ mice on a mixed 129/CD1 back-
ground were described previously (Ao et al. 2017). Male wild
type (WT) control and Ibsp™ mice were employed to

minimize potential sex-related variability. At weaning, mice
were provided a soft diet (Diet Gel 31M; ClearH20) in addi-
tion to normal chow (NIH-31) to reduce incisor malocclusion
in Ihsp™"~ mice.

Systemic TNAP Lentiviral Vector Delivery

A lentiviral vector expressing mineral-targeted TNAP with a
deca-aspartate tail (TNAP-D,)) was prepared (Cellomics
Technology; Yamamoto et al. 2011). Lentivirus (5.0x 107
transduction units) was injected intramuscularly into 5-d-
postnatal (dpn) Zbsp™ mice, and phosphate buffered saline
(PBS) vehicle was injected into control /bsp™ and WT mice
(n =3/genotype). Blood was collected at 30 and 60 dpn to mea-
sure plasma alkaline phosphatase (ALP) levels. Mice were
euthanized at 60 dpn. Additional details are in the Appendix.

Local Recombinant Human TNAP Delivery

For local delivery of thTNAP (0.1 pug in 1 uL; R&D Systems),
a mouse fenestration defect model modified from previous
reports was performed on WT and Ibsp~ mice (King et al.
1997; Rodrigues et al. 2011). Five-week-old mice were
selected by developmental stage of tooth root and mandibular
bone; that is, root formation is complete, and the teeth are in
occlusion (Appendix Fig. 1; Vora et al. 2016; Chu et al. 2020).
PBS (1 uL) was used as negative control (n = 6/group). Blood
was collected, and mice were euthanized on postoperative day
45 (POD 45). Additional details are provided in the Appendix.

Micro—computed tomography

Hemimandibles fixed in 10% neutral buffered formalin were
scanned in 70% ethanol in a pCT 50 (Scanco Medical) as
reported (Ao et al. 2017). Reconstructed images were analyzed
with AnalyzePro (version 1.0; AnalyzeDirect). Additional
details are in the Appendix.

Histology

Tissues were decalcified in a solution of acetic acid, formalin,
and sodium chloride and paraffin embedded for 5-um sections
(Ao et al. 2017). Hematoxylin and eosin staining, immunobhis-
tochemistry, picrosirius red staining, and histomorphometry
are described in the Appendix.

Cell Culture

Ibsp™~ OCCM.30 immortalized murine cementoblasts were
engineered with CRISPR/Cas9 (Ao et al. 2017). Ibsp™~ and
WT cells were maintained in Dulbecco’s modified Eagle’s
medium (Life Technologies Corporation) with 10% fetal
bovine serum (Hyclone Laboratories) and induced to promote
mineral nodule formation in mineralization media: 2% fetal
bovine serum, 50-pg/mL ascorbic acid (Sigma-Aldrich), and
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10mM f-glycerophosphate (Sigma-Aldrich). bIAP
(Sigma-Aldrich) at 100 pg/mL was used to increase
phosphatase activity (Osathanon et al. 2009), and
phosphonoformic acid (PFA; Sigma-Aldrich) was
used to inhibit sodium phosphate cotransport (Foster
et al. 2012). Media P, levels were analyzed following
manufacturer’s directions (Sigma-Aldrich). Mineralization
was measured by alizarin red stain (EMS) as previ-
ously described (Foster et al. 2012). Additional details
are in the Appendix.

Quantitative Polymerase Chain Reaction

Quantitative polymerase chain reaction was per-
formed on RNA from cells as detailed in the Appendix,
with primer sequences listed in the Appendix Table.

Statistical Analysis

Results are reported as mean + SD. Data were ana-
lyzed (Prism 7; GraphPad Software) by independent
samples 7 test where *P < 0.05, **P < 0.01, or ***P <
0.001 indicate significance, or by 1-way ANOVA with
post hoc Tukey test, where experimental groups
marked by different letters are significantly different
(P < 0.05) and groups sharing the same letter are not
different (P > 0.05).

Results

Systemic TNAP-D |, Delivery Improves
Periodontal Development in Ibsp™~ Mice

To determine whether systemic delivery of TNAP
could overcome cementum defects in /bsp”~ mice,
mice at Sdpn (prior to molar root formation) were
injected intramuscularly with lentivirus encoding
mineral-targeted TNAP-D,;. TNAP-D , increased
plasma ALP nearly 5-fold versus PBS WT and /bsp™"
mice at 30 dpn, with return to normal levels by 60 dpn
(Fig. 1A).

Cementum and PDL were evaluated by histology.
At 60dpn, TNAP-D,, increased buccal and lingual
cementum thickness versus vehicle-treated Ibsp™~
mice (3- and 2-fold, respectively), though cementum
thickness remained 20% to 40% reduced when com-
pared with WT (Fig. 1B). By hematoxylin and eosin
stain, vehicle-treated /bsp~'~ mice exhibited detached,
disorganized PDL. TNAP-D,; reestablished PDL
attachment and organization comparable to that of
untreated control WT mice (Fig. 1C). The restored
cementum was immunostained for ECM markers
osteopontin (OPN) and dentin matrix protein 1
(DMP1). Vehicle-treated /bsp”~ mice lacked clear

OPN localization indicative of the root surface acellular
cementum seen in WT controls (Fig. 1D). TNAP-D,, increased
OPN deposition on Ibsp~'~ mouse root surfaces. In contrast to
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Figure 1. Systemic delivery of TNAP-D ; restores cementum formation in lbsp™'~
mice. Mice at 5d postnatal (dpn) were injected intramuscularly with TNAP-D g
lentiviral vector or phosphate-buffered saline (PBS) vehicle and evaluated at 60 dpn.
(A) TNAP-D,, increases plasma alkaline phosphatase (ALP) levels by 5-fold over
PBS vehicle at 30dpn, with no persistent differences at 60dpn (n = 3 mice/group;
*P < 0.05, by I-way analysis of variance). (B) When compared with PBS vehicle,
TNAP-D |, treatment significantly increased buccal and lingual acellular cementum
(AC) thickness in Ibsp™~ mice (3- and 2-fold, respectively) at 60 dpn, though
cementum thickness remained less than that of wild type (WT) mice (n = 3 mice/
group; *P < 0.05, ¥**P < 0.01 by t test). Values are presented as mean * SD.

(€) Hematoxylin and eosin (H&E) staining reveals lack of AC on root dentin

(D) and detachment of the periodontal ligament (PDL) from root surfaces (*) in
vehicle-treated Ibsp™~ mice. TNAP-D | reestablishes AC and PDL attachment
(arrowhead) in Ibsp™ mice. (D) Unlike robust osteopontin (OPN) in AC of
untreated control WT mice, PBS-treated Ibsp'/' mice lack OPN localization on root
surfaces. TNAP-D,, restores OPN on Ibsp™~ mouse root surfaces. (E) In contrast
to minimal dentin matrix protein | (DMPI) localization in AC of WT and PBS-
treated Ibsp™~ mice, TNAP-D increases DMP| localization along root surfaces.
(F) When compared with WT, Ibsp™~ mice exhibit robust localization of ASPN in
root-associated PDL. TNAP-D,, treatment reduces ASPN in Ibsp™~ mouse PDL.
(G) Picrosirius red staining revealed that TNAP-D, ; induced PDL attachment in
Ibsp™~ mice. Representative images from 3 mice. Scale bar: 20 um.

minimal DMP1 expression in the cementum of PBS Ibsp™'~ and
untreated control WT mice, TNAP-D , increased DMPI
expression along the root surface (Fig. 1E). Asporin (Aspn/
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significantly alter /bsp™"~ mouse alveolar bone den-
sity, which remained decreased versus control WT
(Fig. 2C). Immunohistochemistry revealed intense
OPN staining in Ibsp™~ versus untreated control
WT alveolar bone, and additional OPN deposition
was associated with TNAP-D, treatment in /bsp
mice (Fig. 2E). TNAP-D,, also restored DMP1
expression in alveolar bone of Ibsp™~ mice to lev-
els comparable to those of WT mice (Fig. 2F).

Local Delivery of rhTNAP Promotes
Cementum and Alveolar Bone
Regeneration in Ibsp™~ Mice

Because systemic delivery of TNAP-D,, restored
cementogenesis and periodontal structures in
Ibsp™™ mice, supporting the concept that pharma-
cologic modulation of P,/PP, can overcome inher-
ent mineralization defects, we next determined the
efficacy of local thTNAP delivery, a more realistic
translational approach amenable to clinical treat-
ment of periodontal disease. Fenestration defects
were created in 5-wk-old mice. The POD 45 recov-
ery period was uneventful, with no overt signs of
inflammation or infection. There were no signifi-
cant differences among groups in plasma ALP lev-
els at POD 45 (Fig. 3A).

Cementum and PDL were evaluated by histol-
ogy. hTNAP increased cementum thickness in WT
mice and promoted formation of a cementum-like
layer on the root surfaces of /bsp™~ mice (21- and

Figure 2. Increased alveolar bone volume in Ibsp™~ mice from systemic delivery

of TNAP-D .. Mice at 5d postnatal (dpn) were injected intramuscularly injected

with TNAP-D, ; lentiviral vector or phosphate-buffered saline (PBS) vehicle and
evaluated at 60dpn. (A) Three-dimensional micro—computed tomography renderings
of first mandibular molar distal (green) and second molar mesial (yellow) roots and
surrounding alveolar bone (AB; red). Scale bar: 500 um. (B) TNAP-D,; significantly
increases alveolar bone volume by 20% in Ibsp™'~ mice, (C) though alveolar bone
density was not altered (n = 3 mice; **P < 0.01 by t test). Values are presented as mean
+ SD. (D) Hematoxylin and eosin (H&E) staining reveals improved AB formation in
TNAP-D |, versus untreated Ibsp™~ mice. (E) Immunohistochemistry indicates more
robust osteopontin (OPN) localization in AB of Ibsp™~ versus wild type (WT) mice,
with additional OPN associated with TNAP-D treatment. (F) TNAP-D , restores
normal distribution of dentin matrix protein | (DMPI) in AB of Ibsp™~ mice. Scale bar:

25 pum.

ASPN), suggested to be a negative regulator of mineralization
(Yamada et al. 2007; Kajikawa et al. 2014), was increased in
the PDL of Ibsp™~ versus untreated control WT mice (Fig. 1F).
TNAP-D,, reduced ASPN in /bsp™ mice to levels approach-
ing normal. Picrosirius red staining revealed that TNAP-D,,
induced PDL attachment onto the root surfaces of Ibsp™~ mice,
although organization differed from WT mice (Fig. 1G).
Alveolar bone was evaluated by micro—computed tomogra-
phy and histology. Alveolar bone volume increased 20% in

42-fold, respectively), with mineralized matrix
extending into the PDL space, though tooth-bone
ankylosis was not observed (Fig. 3B, C). thTNAP
improved cementum-PDL attachment as compared
with vehicle-treated 7bsp™~ mice (Fig. 3C).
Localization of OPN and DMP1 on /bsp”~ mouse
root surfaces was observed in response to thTNAP,
though treatment differences were not apparent in
WT mice, suggesting more active, ongoing cemen-
togenesis in tissues with inherently compromised
cementum, for example, /bsp™"~ mice (Fig. 3D, E).
ASPN localization in PDL appeared less intense in
thTNAP /bsp™~ mice versus vehicle controls (Fig.
3F). Local thTNAP delivery induction of PDL attachment in
Ibsp™" mice was confirmed by picrosirius red staining (Fig.
3G). However, PDL organization in all experimental groups
was reduced when compared with unoperated WT mice
(Appendix Fig. 2), suggesting limitations of the study approach
and/or time frame.

Alveolar bone was evaluated by micro—computed tomogra-
phy and histology. thTNAP significantly increased alveolar
bone volume and density in WT (17% and 5%, respectively)
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and Ibsp™~ mice (37% and 5%; Fig. 4A—C). Local
rhTNAP delivery restored localization of OPN and
DMP1 to regenerated alveolar bone of WT and
Ibsp™ mice (Fig. 4D, E).

bIAP Increases Mineralization
in Cementoblasts

To define the mechanistic aspects of TNAP-
mediated periodontal regeneration, we used Ibsp™~
OCCM.30 immortalized murine cementoblasts
that exhibit reduced mineral formation versus WT
cells (Ao et al. 2017). Alpl expression was 80%
reduced in Ibsp™~ versus WT cells at day 1 (P <
0.01; Fig. 5A). When compared with media from
WT controls, Ibsp™~ cells exhibited 40% reduced
P, levels. Addition of 100-pg/mL bIAP increased P,
levels in WT and Ibsp™~ cell media by 2- to 3-fold
(P < 0.01; Fig. 5B). When compared with WT
cells, Ibsp”~ cells showed less mineralization.
Addition of bIAP increased mineralization in WT
and Ibsp™" cells; however, mineral deposited by
bIAP-treated Ibsp’~ lagged that of treated WT
cells by day 6 (P < 0.01; Fig. 5C).

In addition to contributing to hydroxyapatite
crystal growth, P, acts as a signaling factor for
many cells, including cementoblasts (Beck et al.
2000; Rutherford et al. 2006; Chaudhary et al.
2016). Based on increased media P, concentrations
from bIAP treatment, we tested whether inhibiting
P, transport into cells would impair positive effects
on mineralization. We employed PFA, a nonspe-
cific low-affinity competitive inhibitor of type II
sodium P, cotransporters (Foster et al. 2006;
Addison et al. 2007). A low concentration of
0.lmM PFA was used to reduce potential direct
effects of altered P; on mineral nodule formation,
described previously (Villa-Bellosta et al. 2009).
Addition of PFA inhibited bIAP-induced increase
in mineral nodule formation in WT and Ibsp™~
cells, though effects of PFA on Ibsp™ cells were
minimal and mineral deposition by WT and Ibsp™
cells treated with bIAP and PFA were equivalent
(Fig. 5D). In the presence of bIAP, Spp! expres-
sion in control and Ibsp™~ cells was increased by
>20-fold (P < 0.0001). PFA inhibited Spp! expres-
sion in WT and Ibsp™ cells by 55% (P < 0.001;
Fig. 5E). bIAP increased Dmp1 expression in WT
and /bsp™~ cells by 42- and 10-fold, respectively,
as compared with untreated cells (P < 0.0001).
Phosphate-induced Dmp! expression in WT and
Ibsp™~ cells was inhibited with PFA by >50% (P <
0.001; Fig. SF). Aspn expression was increased in

Ibsp™ cells versus WT cells by 7-fold (P < 0.001). bIAP
decreased Aspn expression in WT and Ibsp™ cells by 50% to
100% (P < 0.01), though P;-induced downregulation of 4spn
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Figure 3. Local delivery of rhTNAP increases regenerated cementum thickness.
Fenestration defects were created in 5-wk-old wild type (WT) and Ibsp™~ mice, and
healing was analyzed at postoperative day 45 (POD 45). (A) There were no significant
differences in plasma alkaline phosphatase (ALP) levels in vehicle- versus rhTNAP-
treated WT and Ibsp™~ mice at POD 45 (n = 6/group; P > 0.05 by independent
samples t test in pairwise comparisons for each genotype). PBS, phosphate-buffered
saline (vehicle). (B) When compared with PBS, local delivery of rhTNAP significantly
increased cementum thickness in WT and Ibsp™~ mice (21- and 42-fold, respectively)
by POD 45. (n = 6 mice/group; **P < 0.01, **P < 0.001 by t test). Values are
presented as mean + SD. (C) Hematoxylin and eosin (H&E) staining reveals lack of
acellular cementum (AC) on root dentin (D) and detachment of the periodontal
ligament (PDL) from root surfaces (*) in PBS-treated Ibsp™'~ mice. AB, alveolar

bone. rhTNAP promotes AC formation and PDL attachment (arrowhead) in Ibsp™"
mice. Thick AC formation (arrowhead) is observed in rhTNAP-treated WT mice.
Immunohistochemistry reveals that rhTNAP restores localization of (D) osteopontin
(OPN) and (E) Dentin matrix protein | (DMPI) in regenerated AC in Ibsp™ mice,
with no apparent difference in rhTNAP- versus PBS-treated WT mice. (F) rhTNAP
attenuates ASPN localization within the PDL of WT and Ibsp™'~ mice. (G) Local delivery
of rhTNAP promoted PDL attachment in Ibsp™~ mice, confirmed by picrosirius red
staining. Scale bar: 200 um.

expression was not affected by PFA (Fig. 5G). Alpl expression
in Ibsp™~ cells was significantly decreased with bIAP by 37%
(P < 0.0001), with a trend in WT cells. There was a trend of
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Figure 4. Increased regeneration of alveolar bone with local delivery of rhTNAP.
Fenestration defects were created in 5-wk-old wild type (WT) and Ibsp™" mice, and
healing was analyzed at postoperative day 45. (A) Three-dimensional (3D) micro—
computed tomography renderings of first mandibular molar distal (green) and second
mesial (yellow) roots and surrounding alveolar bone (AB; red). Scale bar: 500 um. (B)
rhTNAP increases regenerated alveolar bone volume by 37% and (C) bone mineral
density by 5% in Ibsp™'~ mice (n = 6 mice/group; *P < 0.05; **P < 0.01 by t test). Values
are presented as mean = SD. When compared with phosphate-buffered saline (PBS)
vehicle treatment, rhTNAP increases AB volume and mineral density in WT mice

by 17% and 5%, respectively. (D, E) Immunohistochemistry reveals that rhTNAP
increases osteopontin (OPN) and dentin matrix protein | (DMPI) in regenerated
alveolar bone of both WT and Ibsp™™ mice. Scale bar: 200 um.

Discussion

Accumulative data have revealed that the periodon-
tium, particularly cementum, is sensitive to regula-
tors of P/PP, metabolism (Zweifler et al. 2015;
Thumbigere-Math et al. 2018; Chu et al. 2020;
Nagasaki et al. 2020). We determined whether phar-
macologic modulation of P/PP; through delivery of
mineralization-promoting enzyme TNAP could pro-
mote cementogenesis using a novel /bsp”~ mouse
model of periodontal breakdown. Systemic delivery
of TNAP-D,, increased plasma ALP levels and
restored cementogenesis and periodontal attach-
ment in /bsp™'~ mice, confirming that pharmacologic
approaches to modulate P,/PP, can overcome inher-
ent periodontal defects in /hsp”~ mice. thTNAP
delivery in a periodontal fenestration defect model
promoted increased cementum and bone regenera-
tion and restored periodontal attachment in Ibsp ™~
mice, confirming that increasing local TNAP
promotes regeneration in a healing model.
Importantly, rhTNAP increased regenerated cemen-
tum thickness in WT mice, supporting this as a gen-
eralizable approach for periodontal regeneration.
Increasing ALP via delivery of bIAP partially res-
cued mineralization defects in Ibsp~'~ cementoblasts
in vitro and was implicated in direct effects on min-
eralization and on expression of ECM proteins.

P/PP. Modulation Corrects
Dental Development

Extensive literature supports the concept that devel-
opment and function of periodontal tissues are
affected by perturbations in P/PP, metabolism.
Inactivating mutations in ALPL cause reduced
TNAP function, decreased circulating ALP, and
increased PP, levels in the inherited disorder HPP
(OMIM#241500, 241510, 146300; Whyte 2016;
Bowden and Foster 2019). Dental defects, including
acellular cementum hypoplasia, periodontal disease,
and premature loss of primary and secondary denti-
tion, are common among individuals with HPP.
These periodontal defects are phenocopied in HPP
mouse models (McKee et al. 2011; Zweifler et al.
2015; Foster et al. 2017). Evidence for the role

increased Alpl expression with PFA in WT and Ibsp”~ cells
(Fig. 5H), though PFA did not affect bIAP-induced media P,
concentrations of WT and /bsp™~ (Appendix Fig. 3). These
results suggest that bIAP-induced mineralization by WT cells
depends more on P, import (and potential signaling), while
bIAP-induced mineralization in /bsp™~~ cells may occur through
P, import as well as direct effects on mineralization processes.

played by P. in the mineralization process is highlighted by
inherited hypophosphatemic disorders. X-linked hypophos-
phatemia (OMIM# 307800) is caused by inactivating muta-
tions in PHEX and results in hypophosphatemia associated
with skeletal and dental mineralization disorders, including
hypomineralized dentin, thin cementum, and poorly mineral-
ized alveolar bone (Biosse Duplan et al. 2017).
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Therapies to correct the P/PP, ratio in disorders
of phosphate metabolism have shown promising
results for periodontal tissues in basic and transla-
tional studies. Correction of the P,/PP, ratio by addi-
tion of P, improved mineralization in primary PDL
and dental pulp cells from patients with HPP
(Rodrigues et al. 2012a, 2012b). Enzyme replace-
ment therapy with mineral-targeted TNAP-D,, has
been effective at correcting prolonging the life span
and normalizing skeletal and dental mineralization
in HPP mouse models (Millan et al. 2008; McKee
etal. 2011; Foster et al. 2012; Whyte 2016). Enzyme
replacement therapy has been effective as a first-in-
class treatment for patients with HPP, though data
analyzing therapeutic effects on dentoalveolar tis-
sues are lacking (Bowden and Foster 2019).

Modulation of P/PP. for Periodontal
Regeneration

These collective data suggest that factors modulat-
ing P/PP, are candidates to promote periodontal
repair and regeneration. Herein, we show that phar-
macologic reduction of PP, levels and concomitant
increase of P, levels effectively promoted cemento-
genesis. Systemic delivery ofa TNAP-D, —encoding
lentiviral construct, shown to prolong survival and
improve skeletal mineralization in Alp/”~ mice
(Yamamoto et al. 2011), promoted cementogenesis,
retention of periodontal attachment, and mainte-
nance of alveolar bone in Ibsp™~ mice that exhibit
periodontal breakdown (Foster et al. 2013; Foster
etal. 2015). This proof-of-principle experiment pro-
vided the first evidence that pharmacologic admin-
istration of TNAP could effectively enhance
cementogenesis in the face of the mineralization
deficiency caused by lack of bone sialoprotein.

An additional key experiment tested the effects
of local rhTNAP delivery. Local thTNAP delivery
significantly increased alveolar bone volume and
mineral density and promoted cementum regenera-
tion on the root surface in Ibsp™ and WT mice.
Furthermore, local thTNAP delivery induced PDL
attachment and restored ECM localization of miner-
alization markers OPN and DMP1 in Ibsp™~ mice.
Differences between vehicle-treated and thTNAP-
treated WT mice were not apparent, suggesting that
POD 45 may be a “postactive phase” where regen-
eration has been completed. Previous studies sug-
gest ASPN is an inhibitor of mineralization (Yamada
et al. 2007; Kajikawa et al. 2014) with increased
expression in PDL of Ibsp™~ mice (Ao et al. 2017).
Local thTNAP delivery decreased localization of
ASPN in PDL of Ibsp™ mice. These data confirm

and extend findings from systemic delivery experiments, sup-
porting local thTNAP delivery as a viable strategy to promote
periodontal regeneration. Benefits of local delivery approaches
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Figure 5. Bovine intestinal alkaline phosphatase (blAP) increases mineralization

in cementoblasts. Wild type (WT) and Ibsp™~ OCCM.30 immortalized murine
cementoblasts were used to test effects of bIAP on cell expression and mineralization
in vitro. (A) Alpl expression is 80% reduced in Ibsp™'~ versus WT cells at day | (**P <
0.01). (B) When compared with media from untreated WT controls, untreated Ibsp™"
cells exhibit 40% reduced P, levels. Addition of 100-pg/mL bIAP increases P, levels in
both WT and Ibsp™" cell media (different letters, P < 0.01). (C) Ibsp™" cells show less
mineralization than do WT cells. Addition of bIAP increases mineralization in WT and
Ibsp™" cells. Mineral deposited by bIAP-treated Ibsp™~ cells lags that of treated WT
cells by day 6 (different letters, P < 0.01). (D) Addition of 0.ImM phosphonoformic
acid (PFA) inhibits bIAP-induced increase in mineral nodule formation in WT and
Ibsp™" cells, though effects of PFA on Ibsp™ cells are minimal and mineral deposition
by WT and Ibsp™~ cells treated with bIAP and PFA is equivalent. (E) bIAP increases
Spp| expression in control and Ibsp™ cells. PFA inhibits Spp| expression in WT and
Ibsp™~ cells by 55% (different letters, P < 0.001). (F) bIAP increases Dmp| expression
in WT and Ibsp™~ cells versus untreated cells. Phosphate-induced Dmp | expression

in WT and Ibsp™~ cells is partially inhibited by PFA (different letters, P < 0.001).

(G) Aspn expression is increased in Ibsp™'~ cells versus WT cells. bIAP decreases

Aspn expression in WT and Ibsp™" cells (different letters, P < 0.01). P-induced
downregulation of Aspn expression is not affected by PFA. (H) Alpl expression in
Ibsp™~ cells was significantly decreased with bIAP by 37% (P < 0.0001) with a trend in
WT cells. There was a trend of increased Alpl expression with PFA in WT and Ibsp™~
cells. Values are presented as mean + SD.

include a finite promineralization activity focused locally and
a lower potential for side effects than systemic delivery. While
the concept has not been explored in the context of the
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periodontal disease, TNAP and its intestinal analog (intestinal
ALP) have anti-inflammatory properties via detoxification of
bacterial lipopolysaccharides, adding a potential therapeutic
benefit aside from promoting cementum and alveolar bone
mineralization (Goldberg et al. 2008; Lalles 2014; Pettengill
etal. 2017).

Cell culture experiments revealed that bIAP partially res-
cued mineralization deficiency in Ibsp™~ OCCM.30 cemento-
blasts in association with increased P, and altered gene
expression, confirming in vivo outcomes. Addition of PFA, a
nonspecific competitive inhibitor of type II sodium P, cotrans-
porters, inhibited bIAP-induced increase mineralization, sug-
gesting that the positive effects of TNAP in vivo may be in part
related to its ability to increase local levels of P..

These findings show through multiple in vivo and in vitro
approaches that pharmacologic modulation of P,/PP, metabo-
lism can overcome periodontal breakdown and promote
cementum regeneration. Based on limitations of the current
models, additional studies focusing on expanded doses, multi-
ple time points, and models incorporating periodontitis and
large animals are underway.
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