UC Berkeley
UC Berkeley Previously Published Works

Title

An injectable hydrogel-formulated inhibitor of prolyl-4-hydroxylase promotes T regulatory
cell recruitment and enhances alveolar bone regeneration during resolution of experimental
periodontitis

Permalink
https://escholarship.org/uc/item/1{59z6f5

Journal
The FASEB Journal, 34(10)

ISSN
0892-6638

Authors

Nagai, Kosuke
Ideguchi, Hidetaka
Kajikawa, Tetsuhiro

Publication Date
2020-10-01

DOI
10.1096/fj.202001248r

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/1j59z6f5
https://escholarship.org/uc/item/1j59z6f5#author
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
FASEB J. Author manuscript; available in PMC 2021 October 01.

-, HHS Public Access
«

Published in final edited form as:
FASEB J. 2020 October ; 34(10): 13726-13740. doi:10.1096/fj.202001248R.

An injectable hydrogel-formulated inhibitor of prolyl-4-
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Abstract

The hypoxia-inducible factor 1a (HIF-1a) is critically involved in tissue regeneration. Hence, the
pharmacological prevention of HIF-1a degradation by prolyl hydroxylase (PHD) under normoxic
conditions is emerging as a promising option in regenerative medicine. Using a mouse model of
ligature-induced periodontitis and resolution, we tested the ability of an injectable hydrogel-
formulated PHD inhibitor, 1,4-dihydrophenonthrolin-4-one-3-carboxylic acid (1,4-DPCA/
hydrogel), to promote regeneration of alveolar bone lost owing to experimental periodontitis. Mice
injected subcutaneously with 1,4-DPCA/hydrogel at the onset of periodontitis resolution displayed
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significantly increased gingival HIF-1a protein levels and bone regeneration, as compared to mice
treated with vehicle control. The 1,4-DPCA/hydrogel-induced increase in bone regeneration was
associated with elevated expression of osteogenic genes, decreased expression of pro-
inflammatory cytokine genes and increased abundance of FOXP3* T regulatory (Treg) cells in the
periodontal tissue. The enhancing effect of 1,4-DPCA/hydrogel on Treg cell accumulation and
bone regeneration was reversed by AMD3100, an antagonist of the chemokine receptor CXCR4
that mediates Treg cell recruitment. In conclusion, the administration of 1,4-DPCA/hydrogel at the
onset of periodontitis resolution promotes CXCR4-dependent accumulation of Treg cells and
alveolar bone regeneration, suggesting a novel approach for regaining bone lost due to
periodontitis.

Keywords

Hypoxia-inducible factor 1a; 1,4-dihydrophenonthrolin-4-one-3-carboxylic acid; osteogenesis;
AMD3100; T regulatory cells

INTRODUCTION

Periodontitis is a chronic inflammatory disease leading to progressive destruction of the
tissues that surround and support the teeth, /.e., the gingiva, periodontal ligament, and
alveolar bone, collectively known as the periodontium (1, 2). The inflammatory destruction
of the periodontium is driven by a dysregulated host response against dysbiotic microbial
communities (‘dental plaque biofilm’) that colonize subgingival tooth sites within the so-
called periodontal pockets (3). Almost 50% of adults are afflicted by some form of
periodontal disease (ranging from mild to severe) with nearly 10% of the global adult
population presenting severe periodontitis, which is associated with increased risk of certain
systemic disorders (1, 4-6). If not properly treated, periodontitis can lead to tooth loss and
thus impaired mastication and esthetics, thereby affecting the quality of life (7, 8).

Currently, the standard-of-care therapy of periodontitis patients involves subgingival
mechanical debridement (‘scaling and root planing’) (9), which aims to control the
pathogenic dental plaque biofilm and enable inflammation resolution (10). However,
mechanical debridement is only partially effective for the majority of periodontitis patients
(hence, a high rate of recurrence), whereas a sizeable fraction of patients does not respond
favorably to standard treatment (‘refractory periodontitis patients’) (11, 12). Thus,
periodontitis remains a serious public health and economic burden (8, 13, 14) and,
importantly, alveolar bone lost due to periodontitis shows limited or unpredictable capacity
for regeneration even in patients treated with scaling and root planing and conventional
surgical periodontal therapy (15-17). With regard to specific approaches to regenerate bone
lost owing to periodontitis, progress has been achieved through the surgical implantation of
allogeneic or autologous bone material, the use of scaffolds, stem cells, and soluble
molecules, such as, bone morphogenetic proteins and various growth factors. However, there
is as yet insufficient evidence on the efficacy of emerging periodontal regenerative
approaches to warrant recommendation for routine clinical application (18-22). There is,
therefore, an unmet need for affordable and effective adjunctive regenerative therapies.
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Drug-induced regeneration is a promising alternative approach that uses small-molecule
pharmacological molecules that activate pro-regenerative host biological processes (23, 24).
An approach based on the transcription factor hypoxia-inducible factor (HIF)-1 was
developed based on clues from unique regenerative traits of the Murphy Roths Large (MRL)
mice (24, 25). HIF-1 is a heterodimer composed of HIF-1a and HIF-1B subunits; whereas
HIF-1p is constitutively expressed, HIF-1a is regulated by oxygen and accumulates in cells
under hypoxic conditions (26). The levels of HIF-1a are regulated by prolyl-4-hydroxylase
(PHD) which, under normoxic conditions, hydroxylates proline residues on HIF-1a., thereby
targeting it for degradation by the ubiquitin ligase-proteasome system (27). Unlike most
laboratory strains of mice, the MRL mouse exhibits an extraordinary capacity to regenerate
tissues upon wounding, which has been attributed to their inherent ability to maintain high
levels of HIF-1a in response to injury (24, 25). HIF-1a exerts pro-regenerative effects by
transcriptional regulation of various genes involved in metabolism, angiogenesis, cell
migration, and survival (25, 28-30). Pharmacological inhibition of PHD activity, as by the
use of 1,4-dihydrophenonthrolin-4-one-3-carboxylic acid (1,4-DPCA), blocks the
degradation of HIF-1a and thus increases its protein levels (24, 31). Importantly, systemic
delivery of 1,4-DPCA viaan injectable hydrogel carrier (1,4-DPCA/hydrogel) in mice
without spontaneous regenerative capacity, promoted tissue regeneration upon ear hole
punch injury; this regenerative response was HIF-1a-dependent and reminiscent of that seen
in MRL mice (24).

The aim of this study was to evaluate the capacity of 1,4-DPCA/hydrogel to promote re-
growth of bone lost due to periodontitis. Specifically, using the ligature-induced
periodontitis model in C57BL/6 mice, which do not share the spontaneous regenerative
capacity of MRL mice, we tested the ability and underlying mechanisms of 1,4-DPCA/
hydrogel to promote alveolar bone regeneration during the resolution phase of periodontitis.

MATERIALS AND METHODS

Mice

C57BL/6 female and male mice were purchased from the Jackson Laboratory. Sex- and age-
matched mice (8- to 10-weeks old) were used in experiments. As there were no significant
differences in the results obtained with female and male mice, the respective data were
pooled per treatment group. Mice were maintained in individually ventilated cages under
specific pathogen-free conditions on a standard 12-h light/dark cycle. Food and water were
provided ad libitum. All animal experiments were reviewed and approved by the
Institutional Animal Care and Use Committee of the University of Pennsylvania and were
performed in compliance with institutional, state, and federal policies.

Cell culture and ELISA

Human gingival epithelial cells (HGEC) were isolated and cultured as previously described
(32). Human periodontal ligament (HPDL) cells were purchased from Lonza (cat# CC-7049;
Walkersville, MD, USA). The murine osteoblastic progenitor cell line MC3T3-E1 Subclone
4 (ATCC cat# CRL-2593; Manassas, VA, USA) was maintained as previously described
(33). HGEC and HPDL cells (1.0 x 104 cells/0.2 ml) were seeded on 96-well plates and
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MC3T3-E1 cells (5.0 x 10° cells/0.5 ml) were seeded on 12-well plates. The cells were
stimulated with 1,4-DPCA (50 pg/ml final concentration; cat# 71220; Cayman Chemical,
Ann Arbor, MI, USA) or vehicle control (DMSQO; 0.17% final concentration; cat# D5879;
Sigma-Aldrich, St. Louis, MO, USA). After 24 h, culture supernatants were collected and
the levels of vascular endothelial growth factor (VEGF) and C-X-C motif chemokine ligand
12 (CXCL12) were determined using ELISA kits (cat# DY293B and DY 350 for human
assays and cat# DY 460 and DY493 for mouse assays; R&D Systems, Minneapolis, MN,
USA).

Resolution of ligature-induced periodontitis and bone regeneration

Groups of mice were subjected to experimental periodontitis by tying a 5-0 silk ligature
around the maxillary left second molar for 10 days. The contralateral tooth was kept
unligated as baseline control. To enable periodontitis resolution, the ligatures were removed
at day 10 and the mice were sacrificed 5 days later (day 15). Periodontal bone loss was
assessed morphometrically in defleshed maxillae using a dissecting microscope (40x) fitted
with a video image measurement system (Nikon Instruments, Melville, New York, USA).
Specifically, the distance from cement-enamel junction (CEJ) to alveolar bone crest (ABC)
was measured on six predetermined points on the ligated second molar and the affected
adjacent regions, as we described previously (34). Bone loss was calculated by substracting
the six-site total CEJ-ABC distance of the ligated side of each mouse from the six-site total
CEJ-ABC distance on the contralateral unligated side. The data were further transformed to
indicate bone gain (or loss; negative value) relative to the bone levels of mice that were
sacrificed at day 10, as we previously described (33).

Experimental interventions

The 1,4-DPCA/hydrogel used in this study was previously described (24). Briefly, the
compound 1,4-DPCA, which is a potent inhibitor of PHDs and stabilizes HIF-1a. protein
(35), was formulated as 1,4-DPCA drug crystals trapped in a polymer hydrogel comprising a
cross-linked network of polyethylene glycol molecules. This hydrogel is ideal as a delivery
vehicle as it is biocompatible, displays rapid gelation /n situ from a liquid precursor, and
releases the drug compound over several days (24). To study the effect of 1,4-DPCA/
hydrogel in bone regeneration during resolution, upon removal of the ligatures on day 10,
mice were subcutaneously injected (at the base of the neck) with vehicle control (7.e.,
hydrogel alone) or 1,4-DPCA/hydrogel (50 pg in 25 pl volume), prepared as previously
described (24). To study the role of CXCR4 in bone regeneration during resolution, the
CXCR4 antagonist AMD3100 (cat# 239825; Merck Millipore, Darmstadt, Germany) was
injected (100 pg in 50 pl PBS) intraperitoneally once daily for 5 days after ligature removal
on day 10. PBS was used as control.

Flow cytometry and antibodies

Antibodies to the following mouse molecules were purchased from Biolegend (San Diego,
CA, USA): CD45 (clone 30-F11), CD3 (clone 145-2C11), CD4 (clone GK1.5) and CD31
(clone 390), IL-10 (clone JES5-16E3), cytotoxic T-lymphocyte-associated protein 4
(CTLA-4; clone UC10-4B9), inducible T cell costimulator (ICOS; clone 7E.17G9), CD25
(clone 3C7). Anti-mouse Forkhead box protein P3 (FOXP3) (clone FIK-16s) was from
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eBioscience and Live/Dead fixable violet dead cell stain kit was from Thermo-Fisher
Scientific (Waltham, MA, USA). Mouse gingival tissue was dissected around the area of
ligature placement and digested for 50 min at 37°C with Collagenase IV (3.2 mg/ml; cat#
17104019; Thermo-Fisher Scientific) and DNase | (0.15 pg/ml; cat# 10104159001; Sigma-
Aldrich) as previously described (36). Single-cell suspensions were obtained by mashing the
tissue against a strainer (70 um size) using plungers and filtered for staining and flow
cytometry analysis. Total cell number was counted with a hemocytometer after staining with
trypan blue. The cell suspensions were incubated with anti-CD16/CD32 (clone 93, cat#
101320; Biolegend) and fluorochrome-conjugated antibodies against surface markers (as
indicated in the figures) in PBS with 2.5% fetal bovine serum (cat# 16141079; Thermo-
Fisher Scientific), for 40 min at 4°C degrees in the dark, and then washed. Dead cells were
excluded with Live/Dead fixable dye. For intracellular staining of FOXP3, alone or together
with IL-10, the cells were fixed and permeabilized with FOXP3/transcription factor staining
buffer set (cat# 00-5521-00; eBioscience) and stained for 40 min at 4°C with fluorochrome-
conjugated antibody against FOXP3, alone or together with 1L-10. Cell acquisition was
performed on a NovoCyte flow cytometer (ACEA Biosciences, San Diego, CA, USA). Data
were analyzed with NovoExpress software (ACEA Biosciences).

Immunoblotting

Excised gingival tissue was used to extract total protein using NucleoSpin RNA/Protein
(cat# 740933.50; Macherey-Nagel, Diiren, Germany). The concentration of protein was
quantified using Pierce BCA Protein Assay Kit (cat# 23225; Thermo-Fisher Scientific).
Samples with equal protein content were separated by SDS-PAGE on acrylamide gels (Bio-
Rad, Hercules, CA, USA) and transferred to polyvinylidene difluoride membrane (cat#
1620177; Bio-Rad) by electroblotting. The membranes were incubated in blocking buffer
(cat# 1706404; Bio-Rad) followed by probing with rabbit anti-mouse HIF-1a (polyclonal,
cat# 10006421; Cayman Chemical) and visualization with horseradish peroxidase-
conjugated secondary antibody and chemiluminescence using the Amersham Biosciences
ECL system (cat# 12644055; GE Healthcare, Chicago, IL, USA). The immunoblots were
stripped and reprobed with anti-f actin antibody (13E5; Cell Signaling, Danvers, MA, USA)
to control for sample loading. Images were captured using a FluorChem M imaging system
(ProteinSimple, San Jose, CA, USA). The density of bands was analyzed using Image
Studio Lite (LI-COR Bioscience, Lincoln, NE, USA).

Histology and immunofluorescence histochemistry

Mouse maxillae with surrounding tissue were fixed in 4% paraformaldehyde, decalcified in
Decalcifying Solution (Thermo-Fisher Scientific), and then embedded in paraffin. Tissue
samples were sectioned at 5-um thickness in the coronal direction along the long axis of the
teeth. The sections were stained with hematoxylin and eosin. For immunofluorescence
histochemistry, the sections were stained with antibodies to HIF-1a, CXCR4 (polyclonal,
cat# PA3-305; Invitrogen, Carlsbad, CA, USA), CD31 (polyclonal, cat# AF3628; R&D
Systems), FOXP3 (clone FIJK-16s; Invitrogen), or Ki67 (clone SolA15; Invitrogen),
followed by appropriate secondary antibodies (AlexaFluor488-, AlexaFluor594-, or
AlexaFluor647-conjugated donkey IgG; Invitrogen). Slides were mounted with cover slips
using Fluoroshield mounting medium with DAPI (Abcam, Cambridge, UK). The specificity
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of staining was confirmed using appropriate isotype controls. Stained images were
visualized and captured using a Nikon Eclipse Ni-E automated fluorescent microscope and
NIS-Elements software (Nikon Instruments).

RNA in situ hybridization

RNA /n situhybridization was performed with an RNAscope 2.0 (Red) kit, according to the
manufacturer’s protocol (Advanced Cell Diagnostics, Newark, CA, USA). Briefly, the
tissues were pretreated with H,O, for 10 min, boiled for 30 min in retrieval buffer, followed
by 30 min of protease digestion (RNAscope Protease Plus). The tissues were then incubated
with Vegfaand Cxc/12 probes (Advanced Cell Diagnostics) for 2 hours at 40°C. DapB (a
bacterial gene coding for dihydrodipicolinate reductase) probe was used as negative control
(Advanced Cell Diagnostics). The signal was amplified with sequential hybridization of
amplifiers and label probes, then detected by Fast Red. Vegfaand Cxc/12 mRNA were
visualized by fluorescence microscopy.

Quantitative real-time PCR (qPCR)

Total RNA was extracted from gingiva tissue using NucleoSpin RNA/Protein and quantified
by spectrometry at 260 and 280 nm. The RNA was reverse-transcribed using High-Capacity
RNA-to-cDNA Kit (Thermo Fisher Scientific) and real-time PCR with cDNA was
performed using the Applied Biosystems QuantStudio 3 Real-Time PCR System (Thermo-
Fischer Scientific) according to the manufacturer’s protocol. TagMan probes and gene-
specific primers (Supplemental Table S1) for detection and quantification of murine genes
investigated in this study were purchased from Thermo-Fisher Scientific. Data were
analyzed using the comparative (AACt) method.

Statistical analysis

RESULTS

For multiple-group comparisons, data were analyzed by one-way ANOVA followed by
Tukey’s multiple comparison test. A two-tailed Student’s #test was used for two-group
comparisons. Pvalues <0.05 were considered to be statistically significant. All statistical
analyses were performed using GraphPad Prism software (version 8.2.1).

1,4-DPCA drug/hydrogel increases gingival HIF-1a protein levels and alveolar bone
regeneration during the resolution of periodontitis

The ligature-induced periodontitis (LIP) model simulates human periodontitis as it leads to
the generation of a local dysbiotic microbiome that drives IL-17-dependent inflammation
and alveolar bone loss (34, 36-38). Ligature removal abrogates the dysbiotic microbial
challenge leading to inflammation resolution and bone regeneration (33, 39, 40). Two groups
of C57BL/6 mice were subjected to ligature-induced periodontitis for 10 days followed by
ligature removal for 5 days to enable resolution (‘10dL + 5dR’ treatment). At day 10, the
mice were administered 1,4-DPCA/hydrogel (50 pg in 25 puL volume) or vehicle control
(hydrogel without drug) by subcutaneous injection at the back of the neck. The effect of 1,4-
DPCA/hydrogel on HIF-1a protein expression at day 15 was evaluated by immunoblot
analysis (Fig. 1A) and immunofluorescence (Fig. 1B). In the gingival tissue of control mice,
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HIF-1a protein levels were higher in the ligated side than in the contralateral unligated side
(Fig. 1A), consistent with induction of hypoxia in periodontitis (41). However, 1,4-DPCA/
hydrogel injection resulted in even higher HIF-1a protein levels than those in vehicle
control-injected mice, both in the ligated and the unligated sides (Fig. 1A). Consistently,
immunofluorescence revealed that, in 1,4-DPCA/hydrogel-treated mice, HIF-1a was
upregulated in the gingival epithelium and the periodontal ligament (PDL) of ligated sides,
as compared to the corresponding areas in vehicle control-treated mice (Fig. 1B).

We have recently shown that ligature removal for 5 days leads to bone regeneration in
C57BL/6 mice previously subjected to LIP for 10 days (‘10dL + 5dR’ group), as compared
to LIP-subjected mice without ligature removal (‘10dL’ group) (33). Importantly, the
treatment with 1,4-DPCA/hydrogel promoted further bone regeneration during LIP
resolution as compared to vehicle control (Fig. 1C; A< 0.0001). Histological examination
confirmed the enhancing effect of 1,4-DPCA/hydrogel in bone regeneration as compared to
the vehicle control, which in turn exhibited bone gain, as compared to the 10dL baseline
group (Fig. 1D). Consistent with the upregulation of HIF-1a in the PDL of 1,4-DPCA/
hydrogel-treated mice (Fig. 1B, second row and magnified insets), 1,4-DPCA/hydrogel
promoted re-growth of the PDL and increased attachment gain, as compared to the vehicle
control (Fig. 1D). In fact, the histological appearance of the 1,4-DPCA/hydrogel-treated
ligated side was comparable to that of the unligated control (Fig. 1D). Together, these data
show that, during resolution of experimental periodontitis, 1,4-DPCA/hydrogel elevates
HIF-1a protein levels and leads to improved regeneration of the PDL and bone as compared
to vehicle control treatment, resulting in restoration of periodontal tissue integrity.

1,4-DPCA/hydrogel downregulates pro-inflammatory cytokine gene expression and
upregulates osteogenic gene expression during periodontitis resolution

We have previously shown that ligature removal from LIP-subjected mice leads to
inflammation resolution featuring downregulation of pro-inflammatory cytokine gene
expression (40). Similarly in this study, quantitative real-time PCR (qPCR) analysis of the
gingival tissue showed that LIP-induced proinflammatory cytokine expression (//6, //17a,
and 7nf) was significantly higher at day 10 just prior to the removal of ligatures, as
compared to 5 days later in the absence of ligatures (Fig. 2, top). Importantly, moreover, this
analysis of the gingival tissue revealed that, during the resolving phase of experimental
periodontitis, 1,4-DPCA/hydrogel caused further significant decrease of pro-inflammatory
cytokine (//6, 1/17a, and Tnf) expression relative to vehicle control treatment (Fig. 2, top).
Conversely, mRNA expression of osteogenic genes, the master osteogenic transcription
factor Runx2 (Runt-related transcription factor 2), Alp/ (alkaline phosphatase), and Bglap
(osteocalcin) was significantly decreased at day 10 (relative to their baseline levels prior to
LIP). However, the expression of all three osteogenic markers was significantly upregulated
after the removal of ligatures (day 15) (Fig. 2, bottom). Importantly, moreover, 1,4-DPCA/
hydrogel further significantly promoted the expression of Runx2, Alpl, and Bglap, as
compared to vehicle control (Fig. 2, bottom). These data suggest that 1,4-DPCA/hydrogel
not only contributes to enhanced resolution of inflammation but augments the expression of
osteogenic genes, consistent with its promotional effect on bone regeneration (Fig. 1 C,D).
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1,4-DPCA/hydrogel administered at the onset of resolution leads to increased
accumulation of Treg cells in the periodontal tissue

HIF-1a contributes to different stages of wound healing through regulatory effects on cell
migration, cell proliferation and survival, release of growth factors, angiogenesis and
extracellular matrix synthesis (42). Moreover, HIF-1a was shown to enhance the abundance
and function of FOXP3* T regulatory (Treg) cells (43), which, besides their immune
suppressive activities, can also promote tissue repair and regeneration (44-47). We thus
investigated whether 1,4-DPCA/hydrogel promotes Treg cell abundance in the periodontal
tissue during resolution and whether this activity contributes to the ability of the drug to
promote alveolar bone regeneration. To this end, gPCR analysis of the gingival tissue of
mice administered 1,4-DPCA/hydrogel, or vehicle control, showed that 1,4-DPCA/hydrogel
augmented the expression of Treg-related molecules, namely Foxp3, Tgfb1, and //10, during
the resolution phase (Fig. 3A). Conclusive evidence for the ability of 1,4-DPCA/hydrogel to
increase the abundance of Tregs during periodontitis resolution was obtained from a new,
independent experiment. Indeed, flow cytometric analysis of the gingival tissue and cervical
lymph nodes (cLNs) of mice subjected to ‘10dL + 5dR’ treatment showed that 1,4-DPCA/
hydrogel caused an increase in both the Treg cell frequencies (% FOXP3* cells among CD4*
T cells) and their absolute numbers (Fig. 3B,C,D). Moreover, during periodontitis resolution,
1,4-DPCA/hydrogel treatment increased the relative abundance of Treg cells expressing
markers associated with their suppressive function (CD25, IL-10, CTLA-4, ICOS), as
compared to vehicle control treatment, in both gingival tissues and draining cLNs (Fig. 3E).

HIF-1a regulates the expression of multiple target genes, including genes important for
angiogenesis (Vegra) and cell migration (Cxc/12and Cxcr4; acting respectively as
chemokine and chemotactic receptor on several recruited immune cells), which are activities
that promote tissue healing and regeneration (48). Regarding cell migration, hypoxia induces
high expression of C-X-C motif chemokine receptor 4 (CXCR4) in various cell types in a
HIF-1a-dependent manner. This hypoxia—HIF-1a—CXCR4 pathway may regulate cell
trafficking and localization in hypoxic tissue microenvironments (49). By means of qPCR
analysis of the gingival tissue of the ‘10dL + 5dR’ groups administered 1,4-DPCA/hydrogel
or vehicle control, we showed that 1,4-DPCA/hydrogel upregulated the mRNA expression of
Vegfa, Cxcl12and Cxcr4 (Fig. 4A). The ability of this drug to enhance the gingival mMRNA
expression of Vegfaand Cxc/12 during periodontitis resolution was also confirmed by an
RNAscope /n situ hybridization (Supplemental fig. SLA). Moreover, 1,4-DPCA/hydrogel
enhanced the production of VEGF-A and CXCL12 protein in human gingival epithelial cells
and human PDL cells /in vitro, whereas it could upregulate the production of VEGF-A but
not of CXCL12 in MC3T3-EL1 osteoblastic cells (Supplemental fig. S1B). Consistent with
the known role of HIF-1a in promoting angiogenesis, 1,4-DPCA/hydrogel increased the
numbers of CD31*CD45~ endothelial cells in the gingival tissue (Fig. 4B).
Immunofluorescence analysis of the periodontal tissue showed enhanced staining for
CXCR4 and FOXP3 in the PDL region and gingival connective tissue of mice treated with
1,4-DPCA/hydrogel as compared to vehicle control-treated mice (Fig. 4C). Interestingly,
CXCR4, FOXP3, and CD31 appeared to colocalize in the PDL (Fig. 4C, right panel &
supplemental fig. S2), suggesting the presence in or around vessels of Treg cells that might
express CXCRA4. Staining for Ki67 revealed that this proliferation marker was associated
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with the epithelium rather than with FOXP3™ cells (Fig. 4D); this finding suggests that the
enhancing effect of 1,4-DPCA/hydrogel on the numbers of Treg cells is unlikely to involve
increased Treg cell proliferation in the gingival tissue. Together, these findings suggest that
1,4-DPCA/hydrogel, administered at the onset of resolution, induces enhanced angiogenesis
and Treg cell accumulation, rather than proliferation, in the periodontal tissue.

CXCR4 antagonism inhibits 1,4-DPCA/hydrogel-induced Treg cell accumulation and
alveolar bone regeneration

Our data so far suggested that 1,4-DPCA/hydrogel causes accumulation in the periodontal
tissue of FOXP3* Treg cells which do not appear to proliferate locally, thus suggesting that
their enhanced numbers might result from increased recruitment. Moreover, Treg cells
accumulating in or around vessels colocalize with CXCR4, suggesting that they might
express this chemokine receptor. We therefore assessed next if CXCR4 blockade could
reduce the numbers of Treg cells in the periodontal tissue. Moreover, if the enhancing effect
of 1,4-DPCA/hydrogel on bone regeneration depends on its ability to increase the numbers
of Treg cells in the periodontal tissue, then CXCR4 blockade should inhibit bone
regeneration.

To address these hypotheses, we intraperitoneally administered mice with a specific and
potent antagonist of CXCR4, the bicyclam drug AMD3100 (50), or PBS control, starting on
day 10 (when ligatures were removed and 1,4-DPCA/hydrogel was injected) and continuing
daily until the day before the end of the experiment on day 15 (5 doses total). Flow
cytometric analysis of the gingival tissue of mice euthanized on day 15 revealed that
AMD3100 caused a significant reduction in the frequency and absolute numbers of Treg
cells, thus reversing the enhancing effect of 1,4-DPCA/hydrogel on Treg cell accumulation
(Fig. 5A & supplemental fig. S3). Moreover, mice treated with 1,4-DPCA/hydrogel and
AMD3100 displayed significantly less bone regeneration on day 15 than mice treated with
1,4-DPCA/hydrogel and PBS control (Fig. 5B). Consistent with its ability to reverse bone
regeneration, AMD3100 also counteracted 1,4-DPCA/hydrogel-induced downregulation of
116, 1117, and TnfmRNA expression (Fig. 5C top panels) as well as 1,4-DPCA/hydrogel-
induced up-regulation of Runx2, Alpl, and Bglap mRNA expression (Fig. 5C middle
panels). Moreover, the 1,4-DPCA/hydrogel-induced expression of Treg-related genes, such
as Foxp3, was also inhibited by AMD3100 (Fig. 5C bottom panels), in line with the
reduced numbers of Treg cells in the gingival tissue of AMD3100-treated mice (Fig. 5A).
Together, these data indicate that the ability of 1,4-DPCA/hydrogel to cause alveolar bone
regeneration, accompanied by modulation of pro- and anti-inflammatory genes, is, in large
part, dependent upon chemokine receptor CXCR4-dependent Treg cell accumulation.

DISCUSSION

The ability of 1,4-DPCA/hydrogel drug to stabilize HIF-1a was previously shown to
promote tissue regeneration in an ear hole punch injury model in mice (24). Here, using an
established mouse model of bone regeneration during periodontitis resolution (33), we
showed that 1,4-DPCA/hydrogel significantly promotes new bone formation. The capacity
of 1,4-DPCA/hydrogel to increase the gingival tissue levels of HIF-1a suggests that, at least
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in principle, this drug can mediate an array of HIF-1a-dependent pro-regenerative effects,
e.g., growth factor release, matrix synthesis, and cell survival under hypoxia (42, 48, 51).
However, mechanistic evidence from this study indicates that the ability of 1,4-DPCA/
hydrogel to increase the abundance of periodontal Treg cells expressing markers associated
with their regulatory function (CD25, IL-10, CTLA-4, ICOS) is critical for enhancing bone
regeneration.

It was previously shown that whole-body hypoxia or pharmacologic inhibition of PHD (by
means of the drug AKB-4924) leads to induction of FOXP3 expression and increased
abundance of Treg cells in systemic tissues (43). Thus, we cannot exclude the possibility that
1,4-DPCA/hydrogel might have promoted de novo generation of Treg cells in lymph nodes
or other lymphoid organs. Nevertheless, a more likely, albeit not mutually exclusive,
mechanism is that 1,4-DPCA/hydrogel promoted the accumulation of Treg cells, likely from
the circulation. First, Treg cells did not appear to proliferate locally in the periodontium of
1,4-DPCA/hydrogel-treated mice. Importantly, moreover, Treg cells were observed in and
around vessels and treatment with an antagonist of the chemokine receptor CXCR4
(AMD3100) resulted in decreased abundance of Treg cells in the periodontal tissue. This
finding is in line with reports that hypoxia induces upregulation of CXCR4 in Treg cells and
that the interaction of CXCR4 on Tregs with the chemokine CXCL12 enhances Treg cell
recruitment (52, 53).

The AMD3100-induced reduction of Treg cell numbers in the periodontal tissue was
associated with decreased alveolar bone regeneration, thus implicating Treg cells as
important effectors of the pro-regenerative action of the 1,4-DPCA/hydrogel drug. Through
their well-established ability to inhibit effector immune responses and promote inflammation
resolution (54-57), Treg cells can foster an immune environment that is conducive for tissue
repair and regeneration (46, 58). However, Treg cells may additionally have a more direct
role in tissue repair and regeneration by regulating the expression of pro-reparative or
anabolic molecules (44, 45, 59). Whether and how Treg cells interact with osteoblasts or
their mesenchymal stromal cell (MSC) progenitors to promote osteogenesis, as recently
speculated (44), is currently uncertain. However, it is interesting that Treg cells were
localized in the vicinity of vessels in the PDL, in other words, the perivascular region of the
MSC niche, where progenitor cells can differentiate into osteoblasts (60-62).

In addition to HIF-1a., which enhances the abundance and function of FOXP3* Treg cells
(43), HIF-2a was also shown to regulate the suppressive function of Treg cells (63).
However, 1,4-DPCA/hydrogel was conclusively shown earlier to not affect the levels of
HIF-2a either /n vivo or in vitro, although the drug enhanced the levels of HIF-1a in
parallel experiments (24), as also observed in the present study. Moreover, the earlier study
by Zhang et al (24) demonstrated that the pro-regenerative activities of 1,4-DPCA are
dependent on HIF-1a. Indeed, HiflasiRNA transfection /in vivoblocked 1,4-DPCA/
hydrogel-induced tissue regeneration in mice after wounding (24). Furthermore, the ability
of this drug to upregulate the expression of Vegrfand other target genes in fibroblast-like cell
cultures was blocked by HiflasiRNA (24). Therefore, although both HIF isoforms can
potentially modulate Treg cells (43, 63), HIF-2a is unlikely to mediate the effects of 1,4-
DPCA/hydrogel on Treg cell regulation in our experiments.
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HIF-1a and VEGF-A, which were both upregulated by 1,4-DPCA/hydrogel, exhibit
activities that couple angiogenesis to osteogenesis (48, 64, 65). HIF-1a induces
angiogenesis, which indirectly elevates the supply of oxygen, nutrients and osteogenic
growth factors that can promote osteogenesis. Increased VEGF-A-dependent vascularization
might lead to a higher input of MSCs/osteoblast progenitors needed for enhanced
osteogenesis. In this regard, it should be noted that the reported increased vascularity and
bone regeneration (in response to distraction osteogenesis) in mice with constitutive HIF-1a
activation in osteoblasts is dependent on VEGF (66). Interestingly, VEGF might enhance
osteogenesis also by directly interacting with the VEGF receptor on osteoblasts (64). Thus,
the 1,4-DPCA/hydrogel-induced increased abundance of Treg cells in the periodontal tissue,
although critically important as demonstrated in our study, may not be the only mechanism
contributing to the observed enhanced bone regeneration during the resolution of
experimental periodontitis.

In regenerative medicine, many interventional approaches entail implantation of materials
(e.g., scaffolds, growth factors, stem cells and combinations thereof) directly into a diseased
or injured tissue defect to promote tissue healing and regeneration (67). In the present study,
we used a drug (1,4-DPCA/hydrogel) which is injected subcutaneously and can orchestrate
tissue regeneration at a distal diseased site, thus representing a more convenient and practical
therapeutic strategy. Our results suggest that treatment with 1,4-DPCA/hydrogel should be
initiated upon the onset of the resolution of periodontitis, e.g., after mechanical debridement
of the periodontal pockets by scaling and root planing. However, it is currently uncertain
whether 1,4-DPCA/hydrogel could be beneficial also if administered during active
periodontitis, which merits future investigation. Drug-induced regeneration of periodontal
bone has also been successfully demonstrated using proresolving lipid mediators. In this
regard, the use of the stable lipoxin analog benzo-lipoxin A4 incorporated into
microparticles, termed nano-proresolving medicines, promoted regeneration of periodontal
bone lost due to periodontitis in the Hanford miniature pig model (68).

In conclusion, using a mouse model of alveolar bone regeneration, we have successfully
applied a pro-regenerative intervention involving a simple and affordable drug that obviates
the need for surgical implantation of expensive biologics (e.g., growth factors or cell-based
drugs) directly into the tissue defect. Whether a locally injectable hydrogel containing 1,4-
DPCA that up-regulates HIF-1a protein levels can be used to treat human periodontitis is
not known at present but merits future investigation. The fact that PHD inhibitors are
currently approved for use in the clinic (25) should facilitate translation from mouse studies
to similar regenerative therapies in human periodontitis and perhaps other bone loss
disorders.
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Figure 1: 1,4-DPCA/hydrogel promotes HIF-1a protein levelsin the periodontium and alveolar

bone regeneration.

Mice were subjected to LIP for 10 days followed by 5 days without ligatures to enable
resolution. At the onset of resolution (day 10), the mice were subcutaneously injected with
1,4-DPCA/hydrogel, or vehicle alone, and were euthanized at day 15 for analysis. (A) The
expression of HIF-1a in gingival tissue lysates was analyzed by immunoblotting (left
panel). The relative intensity of immunoblotting signals of HIF-1a was quantified by
densitometry (right panel). U, unligated; L, ligated. (B) Periodontal tissue sections were
stained for HIF-1a protein (green) and DAPI (blue). Scale bars, 100 um. Bottom row images
are magnifications of the rectangle-demarcated areas of the images above. (C) Bone heights
(CEJ-ABC distance) were measured and CEJ-ABC data were transformed to indicate bone
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gain, relative to the bone heights at day 10 (baseline). (D) Periodontal tissue sections were
stained with hematoxylin and eosin. Scale bars, 500 um. Black arrows indicate increased
attachment gain in 1,4-DPCA/hydrogel group as compared to vehicle control. NL, not
ligated; 10dL, 10 days ligated; 10dL + 5dR, 10 days ligated and 5 days with ligatures
removed (resolution). B, Bone; E, Epithelium; P, Periodontal ligament; T, Tooth. Data are
shown as means + SD (A, /=4 mice/per group; B, /=6 mice/per group from two independent
experiments, each performed in triplicates). *£< 0.05, **P< 0.01, ***P< 0.001, ****P<
0.0001 (ANOVA with Turkey’s multiple-comparisons test).

FASEB J. Author manuscript; available in PMC 2021 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Nagai et al. Page 19
w - I1ra < o= Tnf
é 257 G e o s li7a S 4 i**** ————
3 | oTe e | 7] e 2 1 ® wwax |
g 209 | ! $10 ! . whwx | 3 ! |
g : : s | : g 371 :
< 1 s 8 | . ! o) i s
| < 1
g 10 s | ; g ol |
E 47 | * T 6+ ! [ 7 % o '
: 2{ ‘ m i s T, i e 1] & .
B 2 2 3
coenlEm e 8| Al m e AL A
. x & 0: x O
Ligature (days) - 10 10 10 Ligature (days) T o . 1 " Ligature (days) ° - 10 . 10
Resolution (days) i 0 i Resolution (days) - - 5 5
Vehicle + _ Resolution (days) - - - 5 - 5 !
Vehicle o+ - Vehicle - + - -
1,4DPCA - - -+ 1,4-DPCA S
1,4-DPCA - - - + o+ )
Runx2 Alpl Bgla
& 3, T . § 4 P 5 4 glap .
g fre 8 e g P
g = g 3 : 5 3 |
e 2 l 2 | 2 EOr
______________ ! o X
§ ° **E:** R E 2 *k .' 5 2
£ ii € * 1 . ° € __--*-i
© © ©
2 [#1 2 il § ol |
Ligature (days) - 10 10 10 Ligature (days) 10 - 10 10 Ligature (days) 10 - 10 - 10
Resolution (days) - - 5 - 5 Resolution (days) - - 5 - 5 Resolttion(days) - - - 5 5
Vehicle - - + - Vehicle - + + - Vehicle - + - -
1,4DPCA - - + o+ 1,4-DPCA - - -+ 4 1,4-DPCA -- o+ 4

Figure 2: 1,4-DPCA/hydrogel downregulates pro-inflammatory cytokine gene expression and
upregulates osteogenic gene expression during the resolution of periodontitis.

Groups of mice were subjected to LIP for 10 days. One group was euthanized at day 10 for
dissecting gingiva for cytokine expression analysis. In two other groups subjected to LIP, the
ligatures were removed on day 10 for another 5 days to enable resolution. At the onset of
resolution (day 10), these mice were subcutaneously injected once with 1,4-DPCA/hydrogel,
or vehicle alone, and were euthanized at day 15. Gingival tissues were analyzed for gene

expression by quantitative real-time PCR. The mRNA expression of the indicated molecules

was normalized to that of Hprt, results are presented as fold change relative to the mRNA
levels of the unligated contralateral sites of the vehicle control-treated mice, assigned an
average value of 1. Data are shown as means + SD (/=6 mice/per group from two

independent experiments, each performed in triplicates). **£< 0.01, ***£< 0.001, ****P<

0.0001 (ANOVA with Turkey’s multiple-comparisons test).
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Figure 3: Treatment with 1,4-DPCA/hydrogel leadsto increased number of Tregsduring the
resolution of periodontitis.
Mice were subjected to LIP for 10 days followed by 5 days without ligatures to enable

resolution. At the onset of resolution (day 10), the mice were subcutaneously injected once
with 1,4-DPCA/hydrogel, or vehicle alone, and were euthanized on day 15 for analysis. (A)
Gene expression in the gingival tissue was analyzed by quantitative real-time PCR. The
mMRNA expression of the indicated molecules was normalized to that of Hprt, results are
presented as fold change relative to the mRNA levels of the unligated contralateral sites of
the vehicle control-treated mice, assigned an average value of 1. (B) Representative FACS
plots of Treg cells and (C) bar graphs showing percentage of Treg cells in CD4™ T cells
(left) and their absolute numbers (right), in gingival tissues of vehicle control-treated and
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1,4-DPCA/hydrogel-treated mice on day 15. (D) Bar graphs showing percentage of Treg
cells in CD4* T cells (left) and their absolute numbers (right), in cervical lymph nodes
(cLNs) of vehicle control-treated and 1,4-DPCA/hydrogel-treated mice on day 15. (E)
Frequency of CD25%, IL-10*, CTLA-4* and ICOS* in CD4*FOXP3*Treg cells in gingiva
(top) and cLNs (bottom) of vehicle control-treated and 1,4-DPCA/hydrogel-treated mice on
day 15. Data are shown as means + SD (/=6 mice/per group from two independent
experiments, each performed in triplicates). *£< 0.05, **P< 0.01, ***P< 0.001, ****P<
0.0001. (Student’s £test).
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Figure 4: 1,4-DPCA/hydrogel promotes angiogenesis and the emergence of Treg cellsin and
around vessels of the periodontium during the resolution of periodontitis.

Mice were subjected to LIP for 10 days followed by 5 days without ligatures to enable
resolution. At the onset of resolution (day 10), the mice were subcutaneously injected once
with 1,4-DPCA/hydrogel or vehicle alone and were euthanized on day 15. (A) Gingival
tissues were analyzed for gene expression by gquantitative real-time PCR. The mRNA
expression of the indicated molecules was normalized to that of AHprtand presented as fold
change relative to the mRNA levels of the unligated contralateral sites of the vehicle control-
treated mice, assigned an average value of 1. (B) Gingival tissues were harvested on day 15
and processed for flow cytometric analysis. The cells obtained were stained and gated for
live CD45-CD31* cells; shown are the percentage of CD31* cells in CD45 cells. (C)

FASEB J. Author manuscript; available in PMC 2021 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Nagai et al.

Page 23

Periodontal tissue sections were stained for CXCR4 (green), FOXP3 (purple), CD31 (red),
and DAPI (blue). Scale bars, 100 um. (D) Periodontal tissue sections were stained for Ki67
(green), FOXP3 (purple), CD31 (red), and DAPI (blue). Scale bars, 20 um. B, Bone; C,
Connective tissue; E, Epithelium; P, Periodontal ligament; T, Tooth. Data are shown as
means + SD (/77=6 mice/per group from two independent experiments, each performed in
triplicates). **P< 0.01, ****P< 0.0001 (Student’s #test).
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Figure 5. AMD3100 (CXCR4 antagonist) suppresses Tregs accumulation and bone regeneration
induced by 1,4-DPCA/hydrogel during theresolution of periodontitis.

Groups of mice were subjected to LIP for 10 days followed (or not) by 5 days without
ligatures to enable resolution. At the onset of resolution (day 10), groups of mice were
subcutaneously injected once with vehicle alone (one group) or 1,4-DPCA/hydrogel (two
groups). The 1,4-DPCA/hydrogel-treated groups were additionally intraperitoneally injected
with AMD3100 or PBS control daily for 5 days. (A) Gingival tissues were harvested on day
15 and processed for flow cytometric analysis to identify FOXP3* Treg cells. Shown are the
percentage of Treg cells in CD4* T cells (left) and their absolute numbers (right). (B) Bone
heights (CEJ-ABC distance) were measured and CEJ-ABC data were transformed to
indicate bone gain in 1,4-DPCA/hydrogel-treated mice with or without AMD3100
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intervention, relative to the bone heights of untreated mice that were sacrificed at day 10
(baseline). (C) Relative mRNA expression of the indicated molecules in the gingival tissue
harvested on day 15. Results were normalized to those of Hprtand presented as fold change
relative to the mRNA levels of the corresponding genes in the unligated contralateral sites of
vehicle control-treated mice, assigned an average value of 1. Data are shown as means + SD
(=6 mice/per group from two independent experiments, each performed in triplicates). *P<
0.05, **P<0.01, ***P<0.001, ****P< 0.0001. (ANOVA with Turkey’s multiple-
comparisons test).
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