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Abstract

This study aimed to investigate the bone regeneration potential of |4 gene delivery via adeno-associated virus (AAV) vectors, with a particular
focus on modulating macrophage polarization and promoting osteogenic differentiation. Four different AAV serotypes (AAV1, AAV2, AAV5, and
AAVB) encoding the Il:4 gene were evaluated in rat and human gingival fibroblasts and dental pulp stem cells (DPSCs). AAV2 exhibited the highest
transduction efficiency and I1l-4 expression in all tested cell types. Il-4 transduced DPSCs demonstrated enhanced osteogenic differentiation, as
evidenced by the upregulation of osteogenic markers, increased alkaline phosphatase activity, and elevated calcium deposition. [l-4 transduction
activated the extracellular signal-regulated kinase signaling pathway, contributing to osteogenesis. To assess the therapeutic efficacy of AAV2-
|4 in vivo, a lipopolysaccharide-induced calvarial osteolysis model was established in C57BL/6 mice. AAV2-Il-4 administration significantly
reduced bone resorption, as confirmed by micro-CT and histological analysis. Moreover, I-4 gene delivery promoted M2 macrophage polarization.
These findings highlight AAV2-Il-4 as a promising gene therapy strategy for bone regeneration, effectively integrating immunomodulation and
osteogenesis to counteract inflammation-driven bone loss.
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Lay Summary

Bone loss due to inflammation is a major concern. This study explored a gene therapy using an adeno-associated virus (AAV) to deliver the -4
gene, an anti-inflammatory molecule that regulates immune responses and supports bone healing. Among 4 AAV types tested, AAV2 most
effectively delivered Il-4 into two types of dental-related cells: gingival fibroblasts and dental pulp stem cells. In a mouse model of inflammation-
induced bone loss, AAV2-I1-4 reduced bone destruction by promoting M2 macrophage polarization and enhancing bone formation. These findings
suggest AAV2-Il-4 could be a promising strategy for immune modulation and bone regeneration in inflammatory bone diseases.
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Introduction

Periodontal disease is characterized by inflammation-induced
bone destruction resulting from bacterial infection; however,
this bone loss is not solely attributed to the accumulation of
pathogenic bacteria.! Instead, environmental factors and host-
specific immune responses are closely related to disease pro-
gression.” In particular, the host’s susceptibility to bacterial
invasion and the severity of the inflammatory response are
critical determinants of alveolar bone destruction.’
Macrophages, derived from monocytes, are key regulators
of the interaction between the immune system and bone
metabolism.* In response to specific stimuli, macrophages can
polarize into 2 distinct phenotypes: pro-inflammatory M1
or anti-inflammatory M2 macrophages. M1 macrophages,
activated by interferon-gamma (IFN-y) and lipopolysac-
charide (LPS), produce pro-inflammatory cytokines such as
tumor necrosis factor-alpha (TNF-a), interleukin-1 (IL-1), and
IL-6.°> These cytokines enhance osteoclast activity, leading
to increased bone resorption.’ In chronic inflammatory
conditions such as rheumatoid arthritis and periodon-
tal disease, macrophages contribute to the imbalance in

bone homeostasis by promoting inflammation and bone
loss.”

Conversely, macrophages can also exert anti-inflammatory
effects through M2 polarization. Activated by IL-4 or
IL-13, M2 macrophages secrete anti-inflammatory cytokines
such as transforming growth factor-beta (TGF-B), 1L-4,
IL-10, and IL-13, which support tissue repair and bone
formation.® Among these cytokines, IL-4 plays a pivotal
role in bone healing by counteracting pro-inflammatory
signals, mitigating inflammation, and creating a regenerative
microenvironment conducive to bone repair.” Additionally,
IL-4 enhances M2 macrophage polarization and osteogenesis,
exhibiting greater efficacy than IL-10 and IL-13 in promoting
both immunomodulation and bone formation.!? In addition
to its immunomodulatory properties, IL-4 has been implicated
in bone repair through its upregulation during fracture
healing, inhibition of bone resorption, and preservation of
essential bone characteristics, such as trabecular bone volume
and local bone geometry.'!>12

Tissue regeneration in damaged sites typically occurs 2-
3 wk after the initial inflammatory phase.'? To support this
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process, researchers have developed various strategies for the
sustained release of regenerative biomaterials. In this context,
gene delivery systems, particularly adeno-associated virus
(AAV) vectors, can be considered to maximize the osteogenic
effects of IL-4.'* By enabling in vivo production of IL-4, AAV-
mediated gene delivery sustains IL-4 expression, modulating
the local inflammatory response through autocrine and
paracrine signaling. Unlike protein delivery at a concentration
of 0.5-1.0 mg/mL in a single administration, AAV-based
gene delivery maintained target molecules for up to 2 wk
at concentrations ranging from 200 to 6000 pg/mL."
This prolonged release pattern mimics physiological bone
regeneration processes, with prior studies demonstrating
enhanced bone maturation without the lace-like woven bone
associated with high-dose BMP administration.!® However,
the osteogenic potential of AAV-mediated IL-4 gene delivery
has not been fully investigated.

This study aims to investigate the osteogenic differentiation
potential of IL-4 gene delivery in dental pulp stem cells
(DPSCs) using 4 AAV serotypes (AAV1, AAV2, AAVS5, and
AAV6) and to assess their transduction efficiency. Given that
periodontitis leads to the destruction of alveolar bone, the
goal of this study is to explore a regenerative strategy that
specifically targets periodontal bone loss. DPSCs were selected
as the primary cell model due to their high proliferative
capacity, multilineage differentiation potential, and significant
regenerative capability in bone tissue engineering, particularly
in periodontal bone regeneration.!” The in vitro experiments
determine the ability of IL-4 to promote osteogenic differenti-
ation in DPSCs, providing insights into potential therapeutic
strategies for bone regeneration. To validate these findings,
the study also evaluates the impact of IL-4 gene delivery on
bone regeneration in vivo using a LPS-induced calvarial oste-
olysis model in C57BL/6 mice. The osteolytic calvarial defect
model represents the pathophysiological conditions of bone
resorption observed in human diseases such as osteoporosis
and periodontitis. By evaluating the role of IL-4 in regulating
osteogenic differentiation and macrophage polarization, this
study aims to provide valuable insights into the therapeutic
potential of IL-4 gene delivery for bone regeneration, particu-
larly in the treatment of inflammatory bone loss.

Materials and methods
Cell culture

Rat gingival fibroblasts (rGFs), human dental pulp stem
cells (hDPSCs), and human gingival fibroblasts (hGFs) were
purchased from Cell Biologics, LONZA, and ScienCell,
respectively. All experiments were conducted using cells
within 5 passages from the original vials. Rat dental pulp stem
cells (rDPSCs) were isolated from 10-wk-old Sprague-Dawley
rats obtained from Orient Bio and characterized. All proce-
dures were approved by the Institutional Animal Care and
Use Committee of Seoul National University (SNU-210510-
1-2). The rDPSC primary culture was performed following
a previously established protocol.'® Briefly, after euthanasia
via carbon dioxide inhalation, the lower jaws were separated
and divided into two hemi-jaws. A small hole was made at the
apical foramen for pulp tissue extraction; then, the pulp tissue
was fragmented and digested with 1.5 mg/mL of collagenase
I (Thermo Fisher Scientific) for 40 min at 37 °C. The
isolated cells were then grown in Minimum Essential Medium

Eagle—alpha modification (Welgene) supplemented with 10%
fetal bovine serum (Welgene) and 1% antibiotic-antimycotic
solution (Welgene), and incubated in a 37 °C incubator
with 5% CO;. To identify rDPSCs, fluorescence-activated
cell sorting (FACS) analysis was performed.'” Cells were
incubated with antibodies against CD29-fluorescein isoth-
iocyanate (FITC), CD90-FITC, and CD45-allophycocyanin
(Thermo Fisher Scientific). FACS was conducted using the
LSR Fortessa X-20 system (BD Biosciences).

AAV vector production

The pAAV-CMV vector, pRC1 vector, pRC2 vector, pRCS
vector, pRC6 vector, pAAV-ZsGreenl vector, and pHelper
vector were purchased from Takara Bio. The human
IL-4 gene was cloned into the pAAV-CMV vector, producing
pAAV-CMV-hIL-4 (Cosmo Genetech). HEK293 cells were
used for transfection. A total of 4 x 10° cells were seeded
the day before transfection. Cells were transfected with
13 pg of pAAV-CMV-IL-4, pAAV-ZsGreenl, pRC1, pRC2,
pRCS, pRC6, and pHelper vector. Two days post-transfection,
cells were harvested, and viral particles were purified using
the AAVpro Purification Kit (Takara Bio). Viral titers were
measured by qPCR using the AAVpro Titration Kit (Takara
Bio). All viral serotypes were stored at —80 °C and thawed
one to three times before use.

AAV vector transduction

Rat dental pulp stem cells, rGFs, hDPSCs, and hGFs were
seeded in 24-well plates at a density of 2 x 10* cells per well.
Cells were transduced with the AAV vector encoding IL-4
or ZsGreenl at a multiplicity of infection (MOI) of 1000.
Following a 6-hr incubation, the transduction medium was
exchanged with fresh growth medium.

Cell proliferation assay

Cell proliferation assays were performed using the Premix
WST-1 Cell Proliferation Assay System (Takara Bio). rDPSCs,
rGFs, hDPSCs, and hGFs were plated in 96-well plates at a
density of 2 x 103 cells per well. The cells were infected with
AAV1-, AAV2-, AAVS-, or AAV6-IL-4 and cultured for 3 d,
with daily measurements. WST-1 solution was added to each
well, followed by incubation at 37 °C for 30 min. Absorbance
was measured at 450 nm using an Emax Plus Microplate
Reader (Molecular Devices).

Immunofluorescence

Adeno-associated virus transduction efficiency was evaluated
with fluorescence staining. rDPSCs, rGFs, hDPSCs, and hGFs
were infected with AAV-ZsGreen1 at a MOI of 1000. At 72 hr
post-transduction, the cells were fixed with 4% paraformalde-
hyde (PFA) for 10 min, washed with phosphate-buffered
saline (PBS), and mounted using ProLong Diamond antifade
mountant containing 4',6-diamidino-2-phenylindole (Thermo
Fisher Scientific). ZsGreenl expression was observed and
captured using a confocal microscope (LSM 700; Carl Zeiss).

Enzyme-linked immunosorbent assay (ELISA)

Human dental pulp stem cells, hGFs, rDPSCs, and rGFs
were infected with AAV1-, AAV2-, AAV5-, and AAV6-IL-
4. Culture media were collected on days 1, 3, and 7. The
IL-4 concentration in the collected media was measured using
the Human IL-4 TMB ELISA Development Kit (PeproTech)
according to the manufacturer’s instructions.
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Gene Forward primer (5'-3') Reverse primer (5'-3’)

Human
1L-4 CTTTGCTGCCTCCAAGAACACA CGAGTGTCCTTCTCATGGTGG
Runx2 TGGTTACTGTCATGGCGGGTA TCTCAGATCGTTGAACCTTGCT
Col1l GTGCTAAAGGTGCCAATGGT ACCAGGTTCACCGCTGTTAC
Alp ACTGGTACTCAGACAACGAGAT ACGTCAATGTCCCTGATGTTATG
Osx CCTCTGCGGGACTCAACAAC AGCCCATTAGTGCTTGTAAAGG
Ocn GGCGCTACCTGTATCAATGG GTGGTCAGCCAACTCGTCA
Gapdh ACATGTTCCAATATGATTCC TGGACTCCACGACGTACTCA

Rat
Runx2 CATGGCCGGGAATGATGAG TGTGAAGACCGTTATGGTCAAAGTG
Col1l TCCTGCCGATGTCGCTATC CAAGTTCCGGTGTGACTCGTG
Alp CACGTTGACTGTGGTTACTGCTGA CCTTGTAACCAGGCCCGTTG
Osx ATGGCGTCCTCTCTGCTTG TGAAAGGTCAGCGTATGGCTT
Ocn CTGACCTCACAGATCCCAAGC TGGTCTGATAGCTCGTCACAAG
Gapdh TCTCTGCTCCTCCCTGTTCTA ATGAAGGGGTCGTTGATGGC

Abbreviations: IL-4, interleukin-4; Runx2, runt-related transcription factor 2; Coll, type I collagen; Alp, alkaline phosphatase; Osx, osterix; Ocn, osteocalcin;

Gapdh, glyceraldehyde-3-phosphate dehydrogenase.

Real-time PCR

Total RNA was extracted from cells using the TaKaRa
MiniBEST Universal RNA Extraction Kit (Takara Bio) in
accordance with the manufacturer’s protocol. Complemen-
tary DNA (cDNA) was synthesized using the PrimeScript
II first strand cDNA Synthesis Kit (Takara Bio) according
to the manufacturer’s instructions. Real-time PCR was
performed using SYBR Premix Taq II (Takara Bio) and a
StepOnePlus Real-Time PCR system (Applied Biosystems).
The primers used are listed in Table 1. The PCR reaction was
performed for 30 s at 95 °C, followed by 40 amplification
cycles of 5 s at 95 °C and 30 s at 60 °C. The comparative
Ct method was used to measure the level of expression.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was
used as a housekeeping gene for normalization.

Western blot analysis

Total protein was extracted using cell lysis buffer (Thermo
Fisher Scientific) supplemented with a protease inhibitor
(GenDEPOT) and a phosphatase inhibitor (GenDEPOT).
The lysates were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and transferred to polyvin-
ylidene fluoride membranes. The membranes were incubated
overnight at 4 °C with primary antibodies against runt-
related transcription factor 2 (Runx2) (Cell Signaling
Technology), alkaline phosphatase (ALP) (Bioss Antibodies),
extracellular signal-regulated kinase (ERK) (Cell Signaling
Technology), phospho-ERK (Cell Signaling Technology),
c-Jun N-terminal kinase (JNK) (Cell Signaling Technol-
ogy), phospho-JNK (Cell Signaling Technology), p38 (Cell
Signaling Technology), phospho-p38 (Cell Signaling Tech-
nology), and GAPDH (FineTest). GAPDH was used as
a loading control for normalization. Protein bands were
quantified using Image] software (U.S. National Institutes of
Health).

ALP activity

Alkaline phosphatase staining was performed using the
StemAb Alkaline Phosphatase Staining Kit II (Reprocell).
After 7 d of osteogenic induction, the differentiated cells were
fixed with fixation solution for 2 min, washed twice with PBS,
and incubated with the ALP staining solution for 30 min at
room temperature. Stained monolayers were visualized using
an inverted microscope (Carl Zeiss).

Alizarin red S (ARS) staining and quantification

Calcium deposition was evaluated by ARS staining. After
osteogenic differentiation for 21 d, the cells were fixed with
4% PFA and stained with Alizarin Red solution (Sigma-
Aldrich) for 30 min. To quantify the staining, the stained cells
were incubated with 10% (v/w) cetylpyridinium chloride for
10 min, and the absorbance was measured using a microplate
reader at 570 nm.

LPS-induced calvarial osteolysis model and
AAV2-|L-4 injection

Animal experiments were approved by the Institutional Ani-
mal Care and Use Committee of Seoul National University
(IACUC, number SNU-240325-3). The LPS-induced calvarial
osteolysis model was established as previously described.?’
Briefly, 8-wk-old male C57BL/6 mice were purchased from
Orient Bio. The animals were housed in groups of up to five in
filter-top cages under a 12-hr light-dark cycle at room temper-
ature with ad libitum access to food and water. They were bred
and maintained in a pathogen-free environment. Escherichia
coli LPS (Sigma-Aldrich) was dissolved in endotoxin-free
water at a concentration of 1 mg/mL. LPS (25 mg/kg) or
saline was subcutaneously injected over the calvaria. The mice
were monitored the following day, and no significant adverse
effects were observed. Seven days after LPS injection, calvarial
bone lysis was analyzed using in vivo micro-CT (Quantum
GX; Revvity). After that, saline, 1 x 10! particles of empty
AAV2, or AAV2-IL-4 were injected, respectively. The animals
were randomly assigned to 4 groups (n=6 in each group):
group 1, mice injected with saline and saline; group 2, mice
injected with LPS and saline; group 3, mice injected with
LPS and empty AAV2; group 4, mice injected with LPS and
AAV2-IL-4. Seven days after the final injection, all mice were
sacrificed, and calvarial bones were fixed in 10% neutral
buffered formalin for micro-CT and histological analysis.

Micro-CT imaging

Micro-CT imaging was acquired using a SkyScan 1173
(Bruker, Aartselaar, Belgium) after attaching the samples
to the jig with parafilm. Scanning parameters were set
to 90 kV and 88 wA with a 1.0 mm aluminum filter,
resulting in the acquisition of 800 images. The obtained
images were reconstructed using NRecon software (Bruker).
Following reconstruction, bone volume fraction (BV/TV),
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trabecular number (Tb.N.), trabecular separation (Tb.Sp.),
and trabecular thickness (Tb.Th.) were calculated using CTAn
software (Bruker). The region of interest (ROI) was defined
as a 3 mm diameter circular area around the midline suture
of the mouse calvaria.

H&E staining

Fixed calvarial bone tissues were decalcified with 10% EDTA
and dehydrated through a series of graded ethanol, and
embedded in paraffin. Each calvarial tissue sample was cut
into 3 pum sections using a Leica RM2255 fully automated
rotary microtome (Leica Microsystems GmbH). Following
sectioning, H&E staining was performed, and the stained
sections were observed under an Olympus BX51 microscope
(Olympus Optical Co.). Images were captured using a digital
slide scanner (PANNORAMIC 250 Flash III; 3DHISTECH
Ltd.).

Immunohistochemistry
Three-um-thick sections were deparaffinized and rehydrated.

The sections were treated with 3% hydrogen peroxide for
10 min. Antigen retrieval was performed by heating the
sections in citrate buffer at 97 °C for 10 min. The sections
were then blocked with 1% BSA and incubated at 37 °C
for 1 hr with the following primary antibodies: anti-ARG1
(NBP1-32731, Novus Biologicals), anti-INOS (NB300-605,
Novus Biologicals), and anti-NF-«B (8242S, Cell Signaling
Technology). The slides were incubated at room temperature
for 1 hr with HRP-conjugated secondary antibodies. The
slides were observed under an Olympus BX51 microscope
and images were captured using PANNORAMIC 250 Flash
III digital slide scanner (3DHISTECH Ltd).

A

Statistical analysis

Results are presented as mean + SD values. One-way and two-
way analysis of variance with Tukey post hoc test were per-
formed to confirm statistical significance with the GraphPad
Prism version 5.0 software (GraphPad Software). A p-value of
<.05 was considered to indicate statistical significance.

Results
Characterization of rDPSCs

To characterize the properties of primary cultured rDPSCs,
FACS analysis was performed. The cells were positive for
mesenchymal stem cell (MSC) surface markers CD29 and
CD90 and negative for the hematopoietic cell surface marker
CD45 (Figure S1A). Multi-lineage differentiation potential
was examined using oil-red o staining for lipid droplets,
alizarin red staining for mineralized nodules, and alcian
blue staining for acidic polysaccharides. Differentiation-
induced rDPSCs exhibited positive staining for all markers
(Figure S1B).

Transduction efficiency of rGFs, hGFs, rDPSCs,

and hDPSCs with 4 different serotypes of AAVs
using ZsGreen1

To examine the transduction efficiency of different AAV
serotypes, a pAAV-ZsGreenl vector was packaged with
serotypes 1, 2, 5, and 6. rGFs, hGFs, rDPSCs, and hDPSCs
were infected with AAV1, AAV2, AAVS, and AAV6 carrying
the ZsGreenl gene. Three days post-infection, ZsGreenl
fluorescence was captured and quantified. The expression
of ZsGreenl was highest in rDPSCs, and AAV2 exhib-
ited the high transduction efficiency across all cell types
(Figure 1A and B).
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Figure 1. Comparison of AAV-ZsGreen1 expression levels on rGFs, hGFs, rDPSCs, and hDPSCs. (A) Representative confocal microscopy images of
ZsGreen1 expression 3 d after AAV1-, AAV2-, AAV5-, and AAV6-ZsGreen1 transduction in rGFs, hGFs, rDPSCs, and hDPSCs. (B) Quantitative analysis of
ZsGreen1 fluorescence intensity in rGFs, hGFs, rDPSCs, and hDPSCs. Scale bar =50 um. *p < .05. **p < .01. *p < .001. N = 3. Abbreviations: AAV, adeno-
associated virus; rGFs, rat gingival fibroblasts; hGFs, human gingival fibroblasts; rDPSCs, rat dental pulp stem cells; hDPSCs, human dental pulp stem cells.
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Titration and optimization of working
concentration of AAV serotypes encoding IL-4

The titers of AAV1-, AAV2-, AAVS-, and AAV6-IL-4 were
determined by qPCR. Among the serotypes, AAV2-IL-4
showed the highest production yield, followed by AAV1-,
AAV6-,and AAVS5-1L-4 (Figure 2A). To determine the optimal
concentration of AAV particles for infection, cells were treated
with various MOIs (10, 100, 1000, and 10000 vg/cell)
for all serotypes. As shown in Figure 2B, cell viability was
significantly reduced at an MOI of 10000 vg/cell, indicating
cytotoxicity at this concentration. Based on these findings, an
MOI of 1000 vg/cell was selected for subsequent experiments.

IL-4 expression in AAV1-, AAV2-, AAV5-, and
AAV6-IL-4-transduced rGFs, hGFs, rDPSCs,

and hDPSCs

The expression of IL-4 in transduced cells was quantified by
qPCR 3 d post-transduction and by ELISA at various time
points over a 14 d period. The introduced IL-4 gene was
expressed in all cell types, with higher expression observed
in human cells compared to rat cells (Figure 2C). Among
the AAV serotypes, AAV2-mediated IL-4 expression was the
highest, whereas AAV5-mediated expression was the lowest
across all cell types (Figure 2C). Secreted IL-4 levels were

similar in both human and rat cells, but were higher in human
cells for up to 7 d (Figure 2D). In rGFs transduced with AAV2
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and AAV6, the expression of secreted IL-4 was significantly
elevated compared to the control group for 7 d (Figure 2D).
The expression of secreted IL-4 introduced by AAV2, AAVS,
and AAV6 was also significantly higher than that in the
control group among hGFs for 7 d (Figure 2D). Although IL-
4 secretion declined over time, secreted IL-4 levels in rDPSCs
and hDPSCs remained significantly higher than in the control
group at day 14 (Figure 2D).

Transduction of AAV1-, AAV2-, AAV5-, and
AAV6-IL-4 induced osteogenic differentiation

of rDPSCs and hDPSCs

To evaluate the potential of AAV1-, AAV2-, AAVS5-, and
AAV6-IL-4 in promoting osteogenic differentiation, the gene
and protein expression levels of the osteogenic markers, as
well as calcium deposition, were measured. Col1, Runx2, Alp,
Osx, and Ocn messenger RNA (mRNA) levels of rDPSCs and
hDPSCs were significantly higher in the AAV2- and AAV6-IL-
4 groups compared to the control group (Figure 3A and B).
Protein levels of RUNX2 and ALP were also signifi-
cantly elevated in osteogenically differentiated rDPSCs
(Figure 3C and D) and hDPSCs (Figure 3E and F) transduced
with AAV1-, AAV2-, and AAV6-IL-4. Furthermore, ALP
staining intensity was greater in the AAV2- and AAV6-
IL-4 groups compared to the control group (Figure 3G).
Consistently, calcium deposition was significantly increased
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Figure 3. AAV-mediated IL-4 delivery in rat and human DPSCs increased osteogenic differentiation. Osteogenic-differentiation marker gene expression
(Col1, Runx2, alp, Osx, and Ocn) of rDPSCs (A) and hDPSCs (B). The expression of osteogenic-differentiation protein markers (RUNX2 and ALP) of rDPSCs
(C) and hDPSCs (E) infected with AAV1-, AAV2-, AAV5-, and AAVE-IL-4. (D) Quantitative analysis of intensity in (C). (F) Quantitative analysis of intensity
in (E). (G) Bright-field micrographs showing ALP staining of Il-4-transgenic rat and human DPSCs. (H) Calcium deposition of Il-4—overexpressing rDPSCs
and hDPSCs by ARS staining. GAPDH was used for normalization. Scale bar=100 um. *p < .05. *p < .01. **p < .001. N=3. Abbreviations: DPSCs,
dental pulp stem cells; rDPSCs, rat dental pulp stem cells; hDPSCs, human dental pulp stem cells; ALR alkaline phosphatase; GAPDH, glyceraldehyde

3-phosphate dehydrogenase; ARS, alizarin red S.

in the AAV1-, AAV2-, and AAV6-1L-4 groups relative to the
control group (Figure 3H).

IL-4-transduction activated ERK signaling pathway
in osteogenic differentiation

To investigate the signaling pathway associated with
osteogenic differentiation induced by AAV-IL-4-transduction,
the mitogen-activated protein kinase (MAPK) signaling path-
way was examined by Western blotting (Figure 4A and C).
No significant differences were observed in the expression
levels of ERK, p-JNK, JNK, p-p38, or p38 among the
groups. However, the ratio of p-ERK/ERK was significantly
increased in osteogenically differentiated rDPSCs (Figure 4B)
and hDPSCs (Figure 4D) transduced with AAV1-; AAV2-,
AAVS-, and AAV6-IL-4.

AAV2-|L-4 injection suppressed bone damage in
calvarial osteolysis model

Adeno-associated virus 2, which exhibited the highest efficacy
in promoting osteogenic differentiation in vitro, was applied
in vivo using a mouse calvarial osteolysis model to evaluate
its bone regeneration potential. The experimental scheme is
summarized in Figure SA. In brief, bone loss was induced by
subcutaneous injection of LPS around the calvaria. Seven days

after LPS injection, bone resorption was detected (Figure 5B),
and saline, empty AAV2, or AAV2-IL-4 was subsequently
administered. After an additional 7 d, calvaria were excised
for histological analysis and micro-CT imaging.

Micro-CT results showed that AAV2-1L-4 injection reduced
LPS-induced bone resorption (Figure 5C). The BV/TV ratio in
the LPS + AAV2-1L-4 group was significantly higher than that
in the LPS + saline or LPS + Empty AAV2 groups (Figure 5D).
The Tb.N. in LPS-treated groups was significantly reduced
compared to the saline-treated group (Figure 5D). The Tb.Sp.
in the LPS+ AAV2-IL-4 group was significantly decreased
compared to the LPS + saline or LPS 4+ Empty AAV2 groups,
reaching levels comparable to those of the saline + saline
group (Figure SD).

Hematoxylin and eosin staining confirmed the protective
effect of AAV2-IL-4 against LPS-induced bone erosion
(Figure SE). Bone resorption was more apparent in the
LPS-treated group compared to the saline-treated group
(Figure SE, yellow dotted line). However, LPS-induced
bone resorption pit regions were markedly reduced in
the LPS+ AAV2-IL-4 group compared to the LPS+ saline
or LPS+Empty AAV2 groups (Figure SE, yellow aster-
isk). Additionally, Cathepsin K staining, a key enzyme
in bone matrix degradation and a direct indicator of



JBMR Plus, 2025, Volume 9 Issue 6

A B p-p38/p38 p-JNKIUNK
1.5 1.5+
"
Con AAV1 AAV2 AAVS AAVE §
2
1.0 1.04
P-ERK | s S NN S e 5
3
[*%
ERK | e A A . Los 051
B
[
[v4
PUNK | oy G . S sy 00 00
Con AAV1 AAV2 AAVS AAVE Con AAV1 AAV2 AAVS AAVE
o [ - - .
34 axx
0
]
£ 24
e \
P38 [ o ———
[ 14
=
GAPDH | g W el ot W z ﬂ
Con AAV1 AAV2 AAVS5 AAV 6
c D
p-p38/P38 p-JNKIUNK
Con AAV1 AAV2 AAV5 AAVE 151 (84
P-ERK | S S ey §
3
£ 107 1.04
ERK | g Some Sl S ssah g
o
2 0.5 0.5
p-JNK s
el e
a 0.0 T T T 0.0~
JNK ¢ : f 41 = y 3 Con AAV1 AAV2 AAVS AAVE Con AAV1 AAV2 AAVS5 AAVE
o 2’5. AR
p-p38 —— iy, sainiy PR % S
5 2.04
p38 | | i , :
‘g 1.5
o
GAPDH I ————-—l :-.-1.0.
2
B 0.5
&
0.0

Con AAV1 AAV2 AAVS AAV6

Figure 4. Signaling pathway of osteogenic differentiation related to Il:4-transgenic rat and human DPSCs. Western blot analysis of MAPK (ERK, JNK,
and p38) signaling pathway proteins in [l:4—-overexpressing rDPSCs (A) and hDPSCs (C). Quantitative analysis of band intensity is shown in (B) and (D).
GAPDH was used for normalization. *p < .05. ***p < .001. N = 3. Abbreviations: DPSCs, dental pulp stem cells; MAPK, mitogen-activated protein kinase;
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osteoclast-mediated resorptive activity, was performed to
identify the presence of multinucleated osteoclasts and bone
resorption on bone surfaces. Cathepsin K expression on bone
surfaces was increased in response to LPS treatment but
was reduced in the AAV2-IL-4-treated group (Figure SF, red
arrow).

AAV2-IL-4 injection induces polarization toward

M2 macrophages

Immunohistochemical analysis of calvarial sections is pre-
sented in Figure 6A. The expression of ARG1 and CD206
(M2 macrophage markers) was significantly increased in
the AAV2-IL-4-treated group, whereas the expression of
iNOS and CCR7 (M1 macrophage markers) was decreased
(Figure 6B). No significant difference in NF-«B expression
was observed between the 2 groups.

Discussion

In the present study, we evaluated the transduction efficiency
of 4 different AAV serotypes in DPSCs and GFs and
demonstrated that AAV-mediated I1L-4 gene delivery promotes
the osteogenic differentiation of DPSCs. Additionally, the
injection of AAV2-IL-4 in an LPS-induced calvarial osteolysis
model exhibited a regenerative effect on damaged bone.
DPSCs and GFs play distinct but crucial roles in dental
tissue regeneration.>! DPSCs, derived from the highly vascu-
larized dental pulp, possess multipotency and the ability to
differentiate into various cell types, making them ideal can-
didates for regenerative therapies.?? In contrast, GFs, which
are abundant in the connective tissue surrounding teeth, play
an essential role in wound healing and extracellular matrix
synthesis, thereby maintaining periodontal tissue integrity.2>
In this study, the regenerative potential of these 2 cell types
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was explored by assessing the transduction efficiency of AAV
serotypes in both rat and human DPSCs and GFs.

The controlled or sustained delivery of growth factors,
cytokines, and chemokines that promote osteogenic differ-
entiation is crucial for bone regeneration.”* Protein-based
therapies offer a direct means of supplementing deficient
proteins but have a short half-life, poor stability, and low
solubility, so it requires frequent, high-dose administrations.>’
In contrast, local gene therapy can overcome these limita-
tions by enabling prolonged and localized protein expression.

Among viral vectors, AAV is particularly attractive for gene
therapy applications due to its ability to persist as an epi-
some rather than integrating into the host genome, thereby
minimizing the risk of insertional mutagenesis while exhibit-
ing low immunogenicity.”® However, the tropism and trans-
duction efficiency of AAV vectors vary among serotypes,
influencing their efficacy for specific target tissues.?” AAV2,
the first identified serotype, has been extensively studied
and displays broad tropism across various tissues.”® AAV1
efficiently transduces the respiratory tract, muscle, central
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nervous system (CNS), and retina; AAVS targets the CNS,
liver, and retina; and AAV6 is particularly effective in the
heart, muscle, and liver.”® Additionally, AAV1, AAV2, and
AAV6 have shown good transduction capabilities in many
stem cells.”®

In this study, we assessed the transduction efficiency of 4
AAV serotypes by quantifying the proportion of ZsGreen1™
cells following transduction with AAV1-, AAV2-, AAVS-, and
AAV6-ZsGreenl in rGFs, rDPSCs, hGFs, and hDPSCs. All
serotypes successfully delivered the ZsGreenl gene to these
cell types; however, AAV2, followed by AAV6, exhibited the
highest transduction efficiency. Notably, AAV5 was more
effective than AAV1 in rat cells, whereas the reverse was
observed in human cells. AAV2 has been reported to strongly
interact with heparin sulfate proteoglycans (HSPGs) on the
cell surface, which serve as primary attachment receptors
facilitating viral entry.”> HSPGs are highly abundant in
vascularized tissues,’” including dental pulp,’! which may
contribute to the high transduction efficiency of AAV2 in
DPSCs. To our knowledge, this is the first report to compare
AAV serotype transduction efficiency in both rat and human
GFs and DPSCs.

We also established IL-4-overexpressing rDPSCs and
hDPSCs using AAV vectors to investigate their osteogenic
differentiation potential. AAV-mediated IL-4 overexpression
significantly upregulated osteogenic differentiation markers
and enhanced calcium deposition. IL-4, an anti-inflammatory
cytokine, plays a pivotal role in type II inflammatory
responses and tissue regeneration.’? Previous studies suggest
that IL-4 promotes bone formation by inhibiting osteoclast
differentiation while stimulating ALP activity in osteoblast-
like cells.'” Additionally, the inactivation of IL-4 and
IL-13 has been associated with reduced cortical bone mass
in adult male mice.?®> Moreover, IL-4-overexpressing MSCs
engineered via lentiviral vectors have been shown to enhance
osteogenesis and promote M2 macrophage polarization in a
long bone defect model.3* IL-4 has also been implicated in
promoting pancreatic cancer cell proliferation and regulating
Th2-cell differentiation via the ERK signaling pathway.?3:3
The ERK signaling pathway, one of the MAPK pathways,

regulates fundamental cellular processes such as proliferation,
differentiation, and apoptosis.’” Among the MAPK family
members, including p38, JNK, and ERK, ERK has been identi-
fied as a crucial regulator of osteogenic differentiation.>® Sev-
eral studies have demonstrated that ERK activation facilitates
osteoblast differentiation and skeletal mineralization.>?-40

This study suggests a bone regeneration strategy that
can produce dual effects, ie, immunomodulation and
osteogenic differentiation, through IL-4 gene delivery using
AAVs. Recent studies in osteoimmunology have shown
that immune microenvironments significantly contribute to
bone tissue formation.*'s*> Depending on the microenvi-
ronment, macrophages can polarize into M1 macrophages
by interferon-y, which promote inflammation, or M2
macrophages by IL-4, which regulate tissue repair processes.*>
The transition from M1 to M2 macrophages is a pivotal
process in ensuring optimal bone regeneration.** Therapies
targeting macrophage polarization, whether by directly
modulating macrophage phenotypes or delivering regulatory
cytokines, have demonstrated potential in enhancing bone
regeneration.*>>*¢ While most current approaches in bone
regeneration modulating macrophages have focused on
promoting an abundant M2 macrophage phenotype,*’~4’
excessive M2 macrophage activation may lead to fibrosis.’
By leveraging AAV-mediated IL-4 gene delivery, we sought
to achieve sustained, low-level IL-4 expression, thereby
preventing excessive polarization toward the M2 phenotype
while maintaining an environment conducive to bone
regeneration. In this study, AAV2-IL-4 injection created a
favorable microenvironment for in vivo bone regeneration
by synergistically promoting direct osteoinduction and M2
macrophage activation.

In conclusion, among the 4 AAV serotypes examined,
AAV2 exhibited the highest gene-transfer efficiency in dental
mesenchymal cells and demonstrated the most prolonged IL-4
expression. IL-4 overexpression activated the ERK pathway
and promoted the osteogenic differentiation of both rat and
human DPSCs. Moreover, in the calvarial osteolysis model,
AAV2-mediated IL-4 delivery facilitated M2 macrophage
polarization and promoted bone regeneration, effectively

0
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mitigating bone loss. This study highlights the potential of
AAV2-mediated IL-4 gene delivery as a novel therapeutic
strategy for periodontal bone regeneration, suggesting its
utility in bone regeneration therapies. Further studies should
be pursued to understand the mechanisms controlling
macrophage polarization, particularly in the context of
the bone microenvironment, to develop new strategies for
improving outcomes in bone regenerative therapies.
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