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Abstract

Aim—Periodontitis induced by oral pathogens leads to severe periodontal tissue damage and 

osteoclast-mediated bone resorption caused by inflammation. Based on the importance of Ac45 in 

osteoclast formation and function, we performed this study to evaluate the therapeutic potential of 

periodontitis by local adeno-associated virus (AAV)-mediated Ac45 gene knockdown.

Material and Methods—We used AAV-mediated short hairpin RNAi knockdown of Ac45 

gene expression (AAV-sh-Ac45) to inhibit bone erosion and gingival inflammation 

simultaneously in a well-established periodontitis mouse model induced by Porphyromonas 

gingivalis W50. Histological studies were performed to evaluate the bone protection of AAV-sh-

Ac45. Immunochemistry, ELISA and qRT-PCR were performed to reveal the role of Ac45 

knockdown on inflammation, immune response and expression of cytokine.

Results—We found that Ac45 knockdown impaired osteoclast-mediated extracellular 

acidification and bone resorption in vitro and in vivo. Furthermore, local administration of AAV-

sh-Ac45 protected mice from bone erosion by >85% and attenuated inflammation and decreased 

infiltration of T-cells, dendritic cells and macrophages in the periodontal lesion. Notably, the 

expression of pro-inflammatory cytokines was also reduced.

Conclusions—Local AAV-sh-Ac45 gene therapy efficiently protects against periodontal tissue 

damage and bone erosion through both inhibition of osteoclast function and attenuating 

inflammation, and may represent a powerful new treatment strategy for periodontitis.
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Introduction

Periodontal disease affects about 80% of adults in America (Saraiva et al., 2007, Albandar, 

2002), and is characterized by oral bacterial infection-induced gingival inflammation, oral 

bone resorption, and tooth loss. Periodontitis is also associated with other diseases such as 

rheumatoid arthritis (Wolff et al., 2014, Demmer et al., 2011), diabetes (Lalla and 

Papapanou, 2011), and heart disease (Schaefer et al., 2009). Although many efforts have 

been made to develop effective therapies for periodontitis, none have been very effective 

and there is still an urgent need for better treatments and preventative strategies.

The chronic inflammation of periodontal disease is induced by polymicrobial infection, with 

a prominent pathogen being Porphyromonas gingivalis W50 (P. gingivalis W50). The 

pathogenesis of periodontal disease involves bacterial biofilms that develop on the tooth 

surface and within the gingival crevice, which induces a host inflammatory response in the 

gingival tissues. The response results in osteoclast-mediated bone loss and the subsequent 

loss of teeth.

Osteoclasts are able to decrease the pH at the interface with bone via a multi-unit Vacuolar-

type H+-ATPases (V-ATPases) complex, which is necessary for osteoclast mediated bone 

resorption (Jefferies et al., 2008, Inoue et al., 2003, Xiao et al., 2008). V-ATPases are 

primarily responsible for proton secretion and intracellular vesicle acidification. It has been 

suggested that V-ATPases are involved in a wide variety of physiological processes, 

including endocytosis, exocytosis, intracellular membrane trafficking, membrane fusion, and 

cell–cell fusion (Jefferies et al., 2008).

Ac45 (Atp6ap1), an accessory subunit of the V-ATPase complex, is a type I transmembrane 

protein associated with the V-ATPase membrane domain (V0) (Yang et al., 2012). The 

domains located in the N- and C-terminal portions of the Ac45 protein direct its trafficking, 

V-ATPase recruitment and Ca2+ dependent-regulated exocytosis (Jansen et al., 2012). 

Recently, overexpression of an Ac45 cytoplasmic terminus deletion mutant in RAW264.7 

cells resulted in a dramatic reduction in osteoclast mediated bone resorption and alterations 

in the binding proximity of Ac45 with the V-ATPase V0 domain subunits a3, c”, and d 

(Yang et al., 2012). Using a siRNA-based approach, it was shown that targeted suppression 

of Ac45 impairs intracellular acidification and endocytosis; both are prerequisites for 

osteoclastic bone resorptive function in vitro (Qin et al., 2011). Notably, Ac45 knockdown 

in osteoclasts exhibited impaired lysosomal trafficking and exocytosis, as indicated by the 

absence of lysosomal trafficking to the ruffled border and a lack of cathepsin K exocytosis 

into the resorption lacuna (Yang et al., 2012). There is also growing recognition that 

osteoclasts are immune cells with roles in immune responses beyond mediating the bone 

destruction that can accompany them (Boyce, 2013).

The aim of the current investigation is to conclusively determine the therapeutic potential of 

silencing Ac45 in vivo using AAV-sh-Ac45, to reduce alveolar bone erosion, and 

inflammation in periodontal lesions in a well-established periodontitis mouse model. The 

AAV silencing approach is a relatively new and effective tool but is safe and well tolerated 

by patients with advanced Parkinson's disease (Kaplitt et al., 2007), suggesting that in vivo 
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gene therapy is practical and causes only a very mild immune response to the AAV vector. 

Therefore, in this study we used the AAV RNAi knockdown system to investigate the 

therapeutic potential of Ac45 silencing due to its unique attributes as described.

Materials and Methods

For complete Materials and Methods, please see Supplementary Material

Ethics Statement

All experimental protocols were approved by the NIH and the Institutional Animal Care and 

Use Committee (IACUC) of the University of Alabama at Birmingham (UAB) and 

completed within 16 weeks after birth (Sasaki et al., 2008). Approval for the animal protocol 

related to this study (Animal Protocol Number 121209236) was renewed by UAB IACUC 

on December 10, 2012.

Animals

Eight-week-old female wild-type (WT) BALB/cJ mice (Jackson Laboratory) were used for 

this study. Mice were divided into 3 groups: (1) Normal group (no P. gingivalis W50 

infection) (n=5 mice); (2) P. gingivalis W50 infection and AAV-shRNA-Ac45 (hereafter 

referred to as AAV-sh-Ac45) treatment (n=5); (3) P. gingivalis W50 infection and AAV-sh-

luc-YFP treatment (disease group) (n=5). The experiments were performed in triplicate on 

three independent occasions, resulting in a total sample number of n=15 for each group.

Design and construction of short hairpin ribonucleic acid (shRNA)

Using the Dharmacon siDESIGN Centre (http://www.dharmacon.com) (Feng et al., 2009), 

we generated shRNA that would target Ac45. As a control vector, we used AAV-H1-

shRNA-luc-YFP (gift from Dr. Sonoko Ogawa), which contains a luciferase-specific 

shRNA and a yellow fluorescent protein (YFP) cassette (Alexander et al., 2010). AAV-H1 

contains a human Pol III H1 promoter for expression of shRNA as well as an independent 

green fluorescent protein (EGFP) expression cassette (Musatov et al., 2006). We cloned the 

H1 promoter shRNA expression cassette into the AAV construct as described (Yang et al., 

2007, Wilensky et al., 2009). The following shRNA oligonucleotides were annealed and 

cloned downstream of the H1 promoter of AAV-H1 into BglII and Xbal sites to produce 

AAV-H1-shRNA-Ac45: 5’ 

GATCCCCCCTTGCTGTTTATAGTGCTTTTTCAAGAGAAAAGCACTATAAACAGC

AAGGTTTTTGGAAT-3’. Nucleotides specific for targeting Ac45 are underlined. The bold 

type signifies the 9-base pair hairpin spacer.

Infection with Porphyromonas gingivalis W50 strains

Oral inoculation was achieved using 20µl of the PBS mixture containing 1010 bacteria/ml P. 

gingivalis W50 (ATCC: 53978) and 2% CMC (Jiang et al., 2013). The periodontal infection 

regimen was conducted according to a previously described protocol (Yang et al., 2013) 

(with modifications. In brief, all animals received antibiotic treatment for three days to 

reduce the original oral flora, followed by three days of an antibiotic-free period prior to oral 

inoculation with a dental micro-brush once per day for four consecutive days.
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AAV-shRNA-Ac45 transduction of P. gingivalis W50 infected mice

We injected AAV-sh-Ac45 in a site-specific manner as described previously (Jiang et al., 

2013). In addition, we also made some modifications. Starting 4 days after the initial 

infection and continuing for 5–7 consecutive days, mice were anesthetized and injected 

approximately 0.3–0.5 mm above the gingival margin of the maxillary molars on the palatal 

aspects with 3 µl containing 2×109 packaged genomic particles in PBS, of either AAV-sh-

Ac45 or AAV-sh-luc-YFP viral vector using 50 µl Hamilton syringe attached to a 

microinfusion pump (World Precision Instruments, Sarasota, FL).

Harvest and preparation of tissue samples

Animals were sacrificed by CO2 inhalation 55 days after initial infection. The maxillae were 

hemisected. For bone height measurements, five samples from the left side were defleshed 

in 2.6% sodium hypochlorite (Trepagnier et al., 1977) for 30–40 minutes, rinsed in tap water 

three times, placed in 70% alcohol, stained with 0.2% methylene blue, and mounted on 

microscope slides for bone loss measurements. Five samples from the right side were 

immediately fixed in 4% paraformaldehyde and prepared for histological analysis according 

to standard protocol. In brief, samples for paraffin sections were fixed in 4% formaldehyde 

for 24 hours, washed with PBS, decalcified in 10% EDTA in 0.1M TRIS solution (PH=7.0) 

for 21 days (replenished each day), washed with 1XPBS three times, and embedded in 

paraffin after series dehydration. Gingival tissues and/or alveolar bone were isolated under a 

surgical microscope. Gingival tissues and alveolar bone from five samples were pooled for 

qRT-PCR, and gingival tissues from another five samples were pooled for ELISAs for 

cytokines. These experiments were repeated three times.

Western blotting analysis

Western blotting was performed as previously outlined (Chen et al., 2013) and visualized 

and quantified using a Fluor-S Multi-Imager with Multi-Analyst software (Bio-Rad). A 

mouse anti-Ac45 monoclonal antibody (Santa Cruz, Dallas, TX) was used at a 1:1000 

dilution, with goat anti-mouse IgG-HRP (7076S, Cell signaling) used at a 1:5000 dilution to 

visualize the reaction.

Histological analysis

Samples were fixed in 4% paraformaldehyde for 24 hours, decalcified in 10% EDTA for 10 

days, and embedded in paraffin or processed as frozen sections (Hao et al., 2015, Gao et al., 

2013). H&E (Hematoxylin and eosin) staining and TRAP (Tartrate-resistant acid 

phosphatase ate-resistant acid phosphatase) staining were performed by standard methods.

Immunohistochemistry and Immunofluorescence analysis

We performed immunohistochemistry analysis by using goat polyclonal anti-Ac45 primary 

antibody (Santa Cruz, Dallas, TX), mouse monoclonal anti-Ctsk (Cathepsin K) primary 

antibody (Santa Cruz, Dallas, TX) and rat monoclonal anti-F4/80 primary antibody 

(eBioscience, San Diego, CA) (Chen et al., 2014). VECTASTAIN Elite ABC-Peroxidase 

Kits along with a DAB kit (Vector Laboratories, Burlingame, CA) as a substrate were used 

for the peroxidase-mediated reaction. Immunofluorescence analysis was performed as 
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outlined previously (Jiang et al., 2013), with the exception that we used Armenian hamster 

monoclonal anti-CD11c (Abcam, Cambridge, MA) as the primary antibody and Fluorescein 

Iso-thiocyanate (FITC)-labeled secondary antibody.

Real-time quantitative PCR (qRT-PCR)

The experiment was done in accordance with the MIQE guidelines. We included 5 tissue 

samples each group. RNA extraction was carried out under standard procedures using Trizol 

(Invitrogen) (Chen et al., 2007, Li et al., 1996). The extracted RNA was reverse transcribed 

using Vilo® Master Kit (Invitrogen). qRT-PCR was performed as described (Allaire et al., 

2011) using SYBR® Green primers purchased from Invitrogen as listed in Table 1 

according to the manufacturer’s instructions. The mRNA expression level of the 

housekeeping gene β-actin was used as an endogenous control and enabled calculation of 

specific mRNA expression levels as a ratio of β-actin (delta CT). The CT value of HPRT 

and β-actin was compared to select better endogenous control as described (Silver et al., 

2006).

Enzyme-linked immunosorbent assay (ELISA)

For protein extraction, the frozen periodontal tissue samples were homogenized in 1 ml of 

lysis buffer. The mixture was incubated at 4°C for 1 hour, and the supernatant was collected 

after centrifugation and stored at −80 °C until assay. ELISA was carried out in accordance 

with the manufacturer’s instructions. Results were expressed as pg cytokine/mg tissue.

Statistical analysis and data quantification analysis

Experimental data were reported as mean ± SD. All experiments were performed in 

triplicate on three independent occasions. In vitro osteoclast and bone resorption data were 

analyzed with the Student's t-test. Bone loss measurements, histological and 

immunohistochemical measurements, qRT-PCR, and ELISA data were analyzed by 

ANOVA. P values <0.05 were considered significant.

Results

AAV-sh-Ac45 efficiently knocked down expression of Ac45 and impaired osteoclast-
mediated extracellular acidification and bone resorption in vitro

To evaluate the effect of inhibition of Ac45 on bone erosion, we generated shRNA that 

targeted the expression of this gene. Cell fluorescence indicated that efficient transduction of 

pre-osteoclasts and osteoclasts with AAV-sh-Ac45 or AAV-sh-luc-YFP was achieved using 

a titer of approximately 6×1011 DNase resistant particles (DRP)/ml (Fig. 1A). We performed 

Western blot analysis, and found that osteoclasts transduced with AAV-sh-Ac45 have an 

approximately 75% reduction in Ac45 expression compared to osteoclasts transduced with 

AAV-sh-luc-YFP (Fig. 1B, C). These results indicate that AAV-sh-Ac45 targets Ac45 

mRNA efficiently and reduces Ac45 protein expression.

As expected, we found that osteoclasts transduced with AAV-sh-Ac45 show reduced 

extracellular acidification compared to osteoclasts transduced with AAV-sh-luc-YFP (Fig. 

1D), demonstrating the specificity of the Ac45 inhibition. TRAP positive cells were reduced 
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in osteoclasts transduced with AAV-sh-Ac45 compared to that with AAV-sh-luc-YFP (Fig. 

1D). Bone resorption was analyzed by using wheat germ agglutinin (WGA) and scanning 

electron microscopy (SEM) to visualize resorption pits on bone (Fig. 1D). As shown, AAV-

mediated knockdown of Ac45 was highly effective in preventing bone resorption compared 

to the control group (p<0.005; Fig. 1E).

AAV effectively transduced periodontal tissue and down regulated Ac45 expression 
leading to reduction of bone resorption in P. gingivalis W50-stimulated periodontitis

Following local injection with AAV-sh-Ac45, EGFP expression was observed in gingival 

tissue, periodontal ligament, dental pulp, indicating that AAV-sh-Ac45 effectively diffuses 

throughout periodontal tissues (Fig. 2A). We performed anti-Ac45 immunohistochemistry 

staining and found that AAV-sh-Ac45 treatment notably reduced expression of Ac45 in vivo 

(Fig. 2G). There was no significant difference in bone loss between the normal group and 

the AAV-sh-Ac45 treatment group (p>0.05). However, the AAV-sh-luc-YFP treatment 

group had significantly more bone loss compared to the AAV-sh-Ac45 group or the normal 

group (p<0.01) (Fig. 2B, C). Indeed, AAV-mediated Ac45 knockdown largely protected 

mice from P. gingivalis W50 infection-stimulated bone erosion (>85%) (Fig. 2B, C). We 

also found that TRAP positive cells and Ctsk expression was reduced in AAV-sh-Ac45 

treated mice compared to AAV-sh-luc-YFP (Fig. 2E, F). These results indicate that Ac45 

depletion protects against P. gingivalis W50-stimulated bone erosion in the mouse model of 

periodontitis.

AAV-mediated Ac45 knockdown decreased bone erosion and the number of T-cells in the 
periodontal area

In order to determine if the periodontal ligament between the tooth root and the bone is 

normalized by AAV-sh-Ac45 treatment, we examined hematoxylin & eosin-stained 

sections. It was determined that the distance between the tooth root surface and the alveolar 

bone is about doubled in the control AAV-sh-luc-YFP treatment group compared to the 

normal and AAV-sh-Ac45 treatment groups (Fig. 3A–C), indicating that AAV-sh-Ac45 

prevents periodontal ligament damage and alveolar bone loss. To investigate the effect of 

AAV-sh-Ac45 on T-cells in vivo, alveolar sections were subjected to immunofluorescence 

staining using the CD3 antibody to detect T-cells (Fig. 4A, B). Our results showed that the 

number of CD3 expressing T-cells in the periodontal lesions was significantly reduced in the 

AAV-sh-Ac45 treatment group compared to that of the AAV-sh-luc-YFP treatment group 

(Fig. 4C).

AAV-mediated Ac45 knockdown decreased the number of dendritic cells and 
macrophages in the periodontal area

The results of immunofluorescence staining showed that the number of CD11c expressing 

dendritic cells in the periodontal area was significantly reduced in the AAV-sh-Ac45 

treatment group compared to that of the AAV-sh-luc-YFP treatment group (Fig. 5A–C). By 

performing immunohistochemistry staining, we found that the number of F4/80 expressing 

macrophages in the periodontal lesions was significantly reduced in the AAV-sh-Ac45 

treatment group compared to that of the AAV-sh-luc-YFP treatment group (Fig. 5D–F).
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AAV-sh-Ac45 reduced the expression of pro-inflammatory cytokines in the periodontal 
tissues toward normal expression levels

The AAV-sh-Ac45 treatment group had significantly lower mRNA expression of the 

inflammatory mediators Interleukin-1 (IL-1), IL-6, IL-17α, tumor necrosis factor-α (TNF-

α), and RANKL compared to the AAV-sh-luc-YFP group (p<0.05). Interestingly, the OPG 

mRNA expression was increased in the AAV-sh-Ac45 group (Fig. 6A). The ELISA results 

showed that infected AAV-sh-luc-YFP groups had elevated levels of IL-1α, IL-12α, IL-17α, 

and TNF-α, but decreased the level of IL-10 compared to uninfected controls. However, in 

all cases, the elevated levels of these mediators were lower in the AAV-sh-Ac45 treatment 

group compared to the AAV-sh-luc-YFP group (Fig. 6B).

Discussion

In the present study, we demonstrated that AC45 gene silencing by AAV-sh-Ac45 inhibited 

Ac45 expression and dramatically reduced periodontal disease progression. AAV-sh-Ac45 

local injection impaired osteoclast mediated bone resorption through inhibition of osteoclast 

function, reducing osteoclast numbers and pro-inflammatory cytokine expression, 

furthermore protected mice from P. gingivalis W50-stimulated periodontal bone loss in vivo 

by 85%.

We found that Ac45 expression levels were efficiently decreased in the AAV-sh-Ac45 

treatment group both in vitro and in vivo. As a result of Ac45 knockdown, osteoclasts may 

form normal actin rings, but had severely impaired extracellular acidification and bone 

resorption. Of interest, osteoclast numbers were also decreased in the AAV-sh-Ac45 

treatment group, as indicated by reduced TRAP staining, and reduced expression of 

Cathepsin K. In our study, the expression level of RANKL mRNA was reduced in the AAV-

sh-Ac45 treatment group. In contrast, the expression level of OPG mRNA was increased in 

the AAV-sh-Ac45 treatment group. The RANK/RANKL/OPG signaling pathway is 

essential for osteoclastogenesis (Boyce and Xing, 2007, Wright et al., 2009). The change in 

RANKL and OPG expression was consistent with osteoclast numbers and bone resorption 

reduction in the AAV-sh-Ac45 group.

Interestingly, we found that mononuclear cell infiltration in the AAV-sh-Ac45 group was 

significantly decreased compared with the AAV-sh-luc-YFP group, suggesting that 

knockdown of Ac45 potentially affects immunity and inflammation in the periodontal 

lesion. Therefore, we performed immunohistochemistry and immunofluorescence staining to 

observe whether there were changes on immune response. ELISA and qRT-PCR were also 

performed to detect the protein and RNA levels of related inflammatory mediators. It has 

been reported that T and B lymphocytes are major sources of RANKL in the bone resorptive 

lesion of periodontitis (Kawai et al., 2006), and our finding that CD3+ T-cell numbers were 

reduced in periodontal lesions in the AAV-sh-Ac45 treatment group is consistent with this 

observation (Fig. 4B). There were also fewer macrophages and CD11c+ dendritic cells in 

the periodontal lesions in the AAV-sh-Ac45 group than in the AAV-sh-Luc-YFP group (Fig. 

5A, B). To our knowledge, there is currently no literature that suggests that Ac45 expressed 

in T cells, dendritic cells or macrophages. In our study, the expression of Cathepsin K was 

reduced as a result of Ac45 knockdown. Cathepsin K was first discovered and cloned by our 
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lab (Li et al., 1995), which was reported to play important function in immune cells (Hao et 

al., 2015). Additional studies are needed to distinguish between these possibilities. The 

capacity of AAV-sh-Ac45 treatment to dramatically reduce inflammation and bone erosion 

in infected mice was observed after infection. The effect of AAV-sh-Ac45 on osteoclast 

numbers may represent a direct effect on osteoclast precursor cell proliferation and fusion 

but also may result indirectly from inhibition of T-cell activation and inflammation.

The protein expression level of pro-inflammatory cytokines, including TNF-α, IL-1, IL-6, 

IL-12 and IL-17A, was reduced in the AAV-sh-Ac45 group and the results were consistent 

with the mRNA level detected by qRT-PCR. These findings were consisted with the CD3+ 

T-cell numbers and inflammation reduction by Ac45 knockdown. It has been demonstrated 

that IL-1, IL-6, and TNF-α may regulate proliferation and differentiation of mononuclear 

preosteoclasts into osteoclast progenitors and fusion of the preosteoclasts into 

multinucleated osteoclasts (Braun and Zwerina, 2011, Zhao and Ivashkiv, 2011). As a potent 

anti-inflammatory cytokine that suppresses both immunoproliferative and inflammatory 

responses, IL-10 downregulates the synthesis of pro-inflammatory cytokines and 

chemokines, such as IL-1, IL-6, and TNF-α (Houri-Haddad et al., 2007, Mosser and Zhang, 

2008). Previous study also showed that IL-10 will increase the B-cell proliferation with the 

presence of bacteria, which indicated that IL-10 may have biphasic function during the 

immune response in periodontitis lesion area (Champaiboon et al., 2000). In our study, we 

found that the mRNA level of IL-10 increased in the AAV-sh-Ac45 group. This result was 

also consistent with recent studies which have indicated that IL-10 can contribute to the 

maintenance of bone mass through inhibition of osteoclastic bone resorption and regulation 

of osteoblastic bone formation (Owens et al., 1996, Park-Min et al., 2009, Zhang and Chen, 

2014).

Current clinical therapies for periodontal disease have been focused on anti-microbial 

treatments as well as surgery, which generally have limited efficacy. In contrast, AAV-sh-

Ac45 gene therapy to anti-bone erosion and anti-inflammation has achieved an outcome that 

other technology may not be able to accomplish. Gene transfer with AAV2 has been shown 

to be safe and effective in a number of disease models (Gombash et al., 2013, Xu et al., 

2014, Pien et al., 2009). In periodontal disease, AAV2 achieved the highest transduction 

rates for human primary periodontal ligament cells as well as periodontal tissues (Kunze et 

al., 2009). Based on our study, we believe that AAV-mediated Ac45 knockdown can be 

employed as a novel and effective periodontitis therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Clinical Relevance

Scientific rationale for the study

Ac45 is the key subunit of the osteoclast proton pump, which is essential to osteoclast 

function. AAV is an effective tool of gene therapy. The disease features of bone 

resorption and inflammation of periodontitis led us to hypothesize that AAV-mediated 

Ac45 knock down may efficiently prevent periodontal tissue damage and alveolar bone 

loss.

Principal findings

Ac45 knockdown impaired extracellular acidification and osteoclast-mediated bone 

resorption, and local administration of AAV-sh-Ac45 into the periodontal lesions 

protected mice from periodontal bone erosion and attenuated inflammation, reduced T-

cells, dendritic cells, macrophage infiltration and inhibited the expression of pro-

inflammatory cytokines.

Practical implications

AAV-mediated Ac45 knockdown can be employed as a novel and effective periodontitis 

therapy.
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Figure. 1. AAV-sh-Ac45 efficiently knocked down expression of Ac45 and impaired osteoclast-
mediated extracellular acidification and bone resorption in vitro
(A) Immunofluorescence photomicrograph of AAV-sh-luc-YFP and AAV-sh-Ac45 

treatment groups 7 days after transduction. (B) Western blot of Ac45 expression in mouse 

bone marrow (MBM) transduced with AAV-sh-luc-YFP or AAV-sh-Ac45 or Mock 

(untreated). (C) Quantification of western blot. (D) Acridine orange staining of osteoclasts 

including cells without fusion (< 3 nuclei). TRAP stain, WGA to stain exposed bone matrix 

proteins and bone resorption pits visualized by scanning electron microscopy (SEM). (E) 
Quantification of SEM bone pits. N, S: No Significance. **, P<0.01, ***, P<0.001.
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Figure. 2. AAV effectively transduced periodontal tissue and down regulated Ac45 expression 
leading to reduction of bone resorption in P. gingivalis W50-stimulated periodontitis
(A) The fluorescence microscope image revealing local delivery of AAV-sh-Ac45 resulted 

in EGFP expression in gingival tissue, tooth (T), periodontal ligament (PDL), dental pulp 

(DP), gingival tissue (GT), and alveolar bone (AB). (B) Representative figures from 

periodontal disease as indicated by alveolar bone loss and root exposure examined by 

Methylene blue staining. (C) Quantification analysis of the alveolar bone resorption area in 

periodontal lesion. (D) TRAP staining of periodontal area. (E) Quantification analysis of 

TRAP positive cell number in periodontal area. (F) Representative figures from anti-Ctsk 

immunohistochemistry staining of alveolar sections. (G) Representative figures from anti-

Ac45 immunohistochemistry staining of alveolar sections. N, S: No Significance. *, P<0.05, 

**, P<0.01, ***, P<0.001.
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Figure. 3. AAV-mediated Ac45 knockdown decreased alveolar bone erosion and the width of 
periodontal ligament (PDL)
(A) Representative figures from hematoxylin & eosin staining of sections from uninfected 

mice (normal) or P. gingivalis W50-infected mice treated with AAV-sh-Ac45 or AAV-sh-

luc-YFP. Mag indicates magnification. (B) The quantitative analysis of buccal width of PDL 

between the tooth root surface and the alveolar bone. (C) The quantitative analysis of palatal 

width of PDL. PDL: Periodontal Ligament. N, S: No Significance. *, P<0.05, **, P<0.01.
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Figure. 4. AAV-mediated Ac45 knockdown decreases the number of T-cells in the periodontal 
lesion
(A) Representative figures from anti-CD3 immunofluorescence staining of alveolar sections. 

Cell nuclei were labeled using DAPI DNA stain (blue). (B) Negative control for anti-CD3 

immunofluorescence staining, using normal serum instead of primary antibody. (C) 

Quantification analysis of percentage of CD3 positive T cells in periodontal area. GT: 

gingival tissue; AB: alveolar bone; PDL: periodontal ligament; T: teeth. N, S: No 

Significance. **, P<0.01, ***, P<0.001.
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Figure. 5. AAV-mediated Ac45 knockdown decreased the number of dendritic cells and 
macrophages in the periodontal lesion
(A) Representative figures from anti-CD11c immunofluorescence staining of alveolar 

sections. Cell nuclei were labeled using DAPI DNA stain (blue). (B) Negative control for 

anti-CD11c immunofluorescence staining. (C) Quantification analysis of percentage of 

CD11c positive T cells in periodontal area. (D) Representative figures from anti-F4/80 

immunohistochemistry staining of alveolar. (E) Negative control for anti-F4/80 

immunohistochemistry staining. (F) Quantification analysis of percentage of F4/80 positive 

macrophages in periodontal area. GT: gingival tissue; AB: alveolar bone; PDL: periodontal 

ligament; T: teeth. N, S: No Significance. ***, P<0.001.
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Figure. 6. AAV-sh-Ac45 reduced the expression of pro-inflammatory cytokines in the 
periodontal tissues
(A) qRT-PCR of pro-inflammatory cytokines (i.e. IL-1α, IL-6, TNF-α, IL-17A) and RANKL 

and OPG in the periodontal tissues. Expression levels were normalized to β-actin (pooled 5 

samples each time in each group on three independent experiments). (B) IL-1α, IL-6, TNF-

α, IL-10, IL-12 and IL-17A levels in the periodontal tissues as detected by ELISA. N, S: No 

Significance. *, P<0.05, **, P<0.01, ***, P<0.001.
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