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RNA Interference-Mediated Silencing of Atp6i Prevents Both
Periapical Bone Erosion and Inflammation in the Mouse Model of
Endodontic Disease
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Dental caries is one of the most prevalent infectious diseases in the United States, affecting approximately 80% of children and
the majority of adults. Dental caries may lead to endodontic disease, where the bacterial infection progresses to the root canal
system of the tooth, leading to periapical inflammation, bone erosion, severe pain, and tooth loss. Periapical inflammation may
also exacerbate inflammation in other parts of the body. Although conventional clinical therapies for this disease are successful
in approximately 80% of cases, there is still an urgent need for increased efficacy of treatment. In this study, we applied a novel
gene-therapeutic approach using recombinant adeno-associated virus (AAV)-mediated Atp6i RNA interference (RNAi) knock-
down of Atp6i/TIRC7 gene expression to simultaneously target periapical bone resorption and periapical inflammation. We
found that Atp6i inhibition impaired osteoclast function in vitro and in vivo and decreased the number of T cells in the periapi-
cal lesion. Notably, AAV-mediated Atp6i/TIRC7 knockdown gene therapy reduced bacterial infection-stimulated bone resorp-
tion by 80% in the mouse model of endodontic disease. Importantly, Atp6i*’~ mice with haploinsufficiency of Atpé6i exhibited
protection similar to that in mice with bacterial infection-stimulated bone erosion and periapical inflammation, which confirms
the potential therapeutic effect of AAV-small hairpin RNA (shRNA)-Atp6i/TIRC7. Our results demonstrate that AAV-mediated
Atp6i/TIRC7 knockdown in periapical tissues can inhibit endodontic disease development, bone resorption, and inflammation,

indicating for the first time that this potential gene therapy may significantly improve the health of those who suffer from

endodontic disease.

he World Health Organization estimates that between 60%

and 90% of schoolchildren and the vast majority of adults in
industrialized countries suffer from dental caries and its symp-
toms, with rates in developing countries being even higher (1).
Dental caries, which is one of the most common oral diseases, is
caused by infections with Streptococcus mutans and other acido-
genic bacteria that result in demineralization of tooth enamel.
Following this, the infection may invade the pulpal tissues of the
tooth. The progression of this microbial infection extends to the
root of the tooth and leads to periapical bone resorption sur-
rounding the periodontal ligament (PDL) space (2—4). Currently,
endodontic disease is treated by mechanical removal of the in-
fected pulp tissue, followed by obturation of the root canal space
with an inert filling material such as gutta percha. If successful,
regeneration of the resorbed periapical bone occurs, but it may
take as long as 2 years, and in some cases complete healing is never
achieved. Therefore, an adjunctive therapy that could reduce the
initial damage and accelerate the healing process would be ex-
tremely beneficial.

Osteoclasts are the primary cells that mediate bone resorption,
including in endodontic disease (2, 5). Osteoclasts function to
remove the mineral components of bone by extracellular acidifi-
cation, following which bone matrix proteins are degraded by
proteases, including cathepsin K. Osteoclasts decrease the pH at
the cell-to-bone interface via a multiunit vacuolar proton pump
apparatus. In our previous investigations, we demonstrated that
Atp6i, which encodes a subunit of the osteoclast proton pump, is
critical for the extracellular acidification that is necessary for oste-
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oclast-mediated bone resorption (6, 7). Atp6i knockout mice have
profound osteopetrosis and lack tooth eruption; hence, this gene
is an attractive target for inhibiting osteoclast function (7). In
addition, Atp6i has been shown to be expressed specifically in
osteoclasts (6, 7).

It has also been established that the receptor activator of nu-
clear factor k3 ligand (RANKL), which stimulates osteoclast dif-
ferentiation, is expressed by human dental pulp cells (8-10), as
well as by activated T cells, which are induced by pulpal infection.
This pathway is critical for osteoclastogenesis and osteoclast acti-
vation in chronic inflammatory disease processes such as perio-
dontitis (11, 12). Of interest, an isotype of Atp6i, TIRC7, is ex-
pressed specifically in T cells as a transmembrane protein that is
upregulated during T-cell activation (13). The function of TIRC7
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was examined in vitro and in vivo via TIRC7 '~ mouse models,
and the results indicated that TIRC7 exerts significant regulation
of T- and B-cell activation (14). In addition, studies have demon-
strated increased survival of organ allograft transplants with anti-
TIRC7 monoclonal antibody therapy (15).

The gene transcript for Atp6i and TIRC7 is located on chromo-
some 11q13 and is alternatively spliced depending on the cell type
(T cells or osteoclasts) in which the gene is expressed. Although
there are 1,939 bp shared by the Atp6i and TIRC7 transcripts in T
and B cells and osteoclasts (13), there are 518 unique base pairs in
the exon for the TIRC? transcript in T and B cells and 690 unique
base pairs in the Atp6i transcript in osteoclasts (13). These shared
and unique sequences of the Atp6i gene provide possible regions
for the design of a short hairpin RNA (shRNA) that can be used for
viral vector-mediated Atp6i RNA interference (RNAi) knock-
down for dual silencing of Afp6i in osteoclasts and TIRC7 in T
cells.

Adeno-associated virus (AAV) silencing is a novel and effective
tool that has been proven safe and well tolerated in humans in a
clinical setting, suggesting that in vivo gene therapy is safe and that
it causes only a very mild immune response (16, 17). Furthermore,
studies have recently demonstrated AAV’s impressive ability to be
effective long-term at various doses (18). AAV is capable of insert-
ing a specific therapeutic gene with high certainty into the ge-
nome, of maintaining long-term gene expression, and of being
nonpathogenic. Recently, it has even exhibited successful local
knockdown, allowing gene therapy with localized and specific ma-
nipulation of the expression of single or multiple genes in vivo
(19). Lentivirus illustrated successful gene transfer in our previous
investigation (6). In addition, it is of great interest to compare the
gene transfer capability of lentivirus to that of other viral systems
to establish literature for support of as efficient or more efficient
and safer viral alternatives for gene therapy. Therefore, we use the
AAV/RNAI knockdown system to investigate the effect of Atp6i
silencing, due to its unique attributes, and compare the therapeu-
tic value of AAV to that of lentivirus.

The aim of the present investigation was to rigorously deter-
mine the therapeutic potential of simultaneous knockdown of
Atp6i and TIRCY in the prevention of polymicrobially induced
periapical bone loss in the mouse model through the use of locally
delivered AAV-Atp6i RNAI, which resulted in silencing of both
Atp6i and its isoform, TIRC?. In addition, this study sought to
determine if AAV is a viable alternative for successful RNAi gene
delivery. This is the first study to investigate the use of AAV-me-
diated knockdown of Atp6i as a potential target for gene therapy to
treat endodontic disease.

MATERIALS AND METHODS

Animals. Seven- to 8-week-old male wild-type (WT) BALB/c] mice were
purchased from the Jackson Laboratory, Bar Harbor, ME. Atp6i*’~ mice
previously generated by our lab (7) were backcrossed for 4 generations
from the C57BL/6] onto the BALB/cJ background. The animals were
maintained in the University of Alabama at Birmingham animal facility
and were given laboratory chow and distilled water ad libitum. All exper-
imental protocols were approved by the NIH and the Institutional Animal
Care and Use Committee of the University of Alabama at Birmingham
(animal protocol number 11090909236) (20, 21).

Cells and cell culture. Preosteoclasts and mature osteoclasts in pri-
mary culture were generated from mouse bone marrow (MBM) as de-
scribed previously (6, 22, 23). Briefly, MBM was obtained from tibiae and
femora from female WT BALB/cJ mice and Atp6i*’~ mice as described
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previously (24, 25). MBM (1 X 10° to 2 X 10°) were seeded into the wells
of 24-well plates; 1 X 10° MBM were seeded into wells of 6-well plate.
MBM were cultured in alpha-modified Eagle’s medium (a-MEM;
GIBCO-BRL) with 10% fetal bovine serum (FBS; GIBCO-BRL) contain-
ing 10 ng/ml macrophage colony-stimulating factor (M-CSF) (R&D Sys-
tems, Minneapolis, MN). After 24 h, cells were cultured further in the
presence of 10 ng/ml RANKL (R&D Systems) and 10 ng/ml M-CSF for an
additional 96 h to generate mature osteoclasts.

Design and construction of shRNA. Using the Dharmacon
siDESIGN Centre as described in our recent publication (6), we generated
an shRNA that would simultaneously target exon 15 of Atp6i and exon 10
of TIRC7. As a control vector, we used AAV-H1-shRNA-Luc-YFP (gift
from Sonoko Ogawa), which contains a luciferase (Luc)-specific ShRNA
and a yellow fluorescent protein (YFP) cassette (26). AAV-H1 contains a
human polymerase III (PolIIl) H1 promoter for expression of shRNA, as
well as an independent enhanced green fluorescent protein (EGFP) ex-
pression cassette (19). The H1 promoter shRNA expression cassette was
cloned into the AAV construct as described previously (19, 27, 28). The
following shRNA oligonucleotides were annealed and cloned down-
stream of the H1 promoter of AAV-H1 into Bglll and HindIII sites to
produce AAV-HI1-shRNA-Atp6i/TIRC7: 5'-GATCCCCGTATCCTCAT
TCACTTCAT TTCAAGAGAATGAAGTGAATGAGGATACTTTTTGG
AAA-3'. Nucleotides specific for targeting Atp6i/TIRC7 are underlined.
The bold type signifies the 9-bp hairpin spacer.

AAV RNAI viral production and purification. An AAV helper-free
system was purchased from Stratagene. Viral production was accom-
plished using a triple-transfection, helper-free method, and viruses were
purified with a modified version of a published protocol (27). Briefly,
HEK 293 cells were cultured in ten 150- by 25-mm cell culture dishes and
transfected with pAAV-shRNA, pHelper, and pAAV-RC plasmids (Strat-
agene) using a standard calcium phosphate method. Cells were collected
after 60 to 72 h and lysed by shaking with chloroform at 37°C for 1 h.
Sodium chloride was then added and shaken at room temperature for 30
min. The stock was spun at 12,000 rpm for 15 min, and the supernatant
was collected and cooled on ice for 1 h with polyethylene glycol 8000 (PEG
8000). The solution was spun at 11,000 rpm for 15 min, and the pellet was
treated with DNase and RNase. After addition of chloroform and a 5-min
centrifugation at 12,000 rpm, the number of purified virus particles in the
aqueous phase was 1 X 10'°/ml. The AAV particle titer was determined
using an AAV quantitation titer kit (Cell Biolabs, Inc.). To confirm the
effect of silencing, we examined the expression of Atp6i in osteoclasts
using qPCR, Western blotting, and immunofluorescence.

Pulp exposure, bacterial infection, and transduction of AAV vec-
tors. Pulp exposure was performed as described previously (3, 29). In
brief, mice were anesthetized by an intraperitoneal injection of 62.5 mg/kg
ketamine and 12.5 mg/kg xylazine. The dental pulps of the mandibular
first molars were exposed with a 1/4 round carbide bur powered by a
variable-speed electric rotary hand piece (Osada Electric, Los Angeles,
CA) under a surgical microscope (model MC-M92; Seiler, St. Louis, MO);
the exposure was approximately 1.5 to 2.0 mm in diameter. Stainless steel
hand files (number 8; Dentsply Maillefer, Johnson City, TN) and stainless
steel rotary files (number 15; Dentsply Maillefer) were used to establish
canal patency.

Bacterial culture and infection protocols were conducted as described
previously (30). In brief, exposed pulps were infected with a mixture of
four common human endodontic pathogens, including Prevotella inter-
media ATCC 25611 (American Type Culture Collection, Manassas, VA),
Fusobacterium nucleatum ATCC 25586, Peptostreptococcus micros ATCC
33270, and Streptococcus intermedius ATCC 27335. All four species were
cultured under strictly anaerobic conditions (80% N, 10% H,, and 10%
CO,) in broth for 7 to 8 days. Microbes were harvested and resuspended,
and cell concentrations of each species were determined via optical den-
sity readings at 600 nm (OD0; 1 OD unit equals 6.67 X 10° bacteria). The
cell density of each species was adjusted to 10'° per ml and mixed in
phosphate-buffered saline (PBS) containing 3% methylcellulose. Ten mi-
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croliters of the polymicrobial solution was inoculated into the access
opening of each molar and carried to the periapical tissues using a number
8 endodontic file. Exposed pulps were left open to the oral environment
for 24 h.

Transduction was carried out by injecting the viral vectors into the
periapical tissues as described elsewhere, with modifications (19). Briefly,
on day 1 and day 3 after pulpal infection, mice were anesthetized, and
approximately 3 pl (2 X10° packaged particles in PBS) of either AAV-
shRNA-Ap6i/TIRC7, referred to here as AAV-sh-Atp6i (n = 21), or AAV-
sh-Luc-YFP (n = 21) was injected through the tooth root into the apical
periodontium. Mice (n = 21) without pulp exposure and infection served
as negative controls (normal controls). As positive controls (diseased con-
trols), mice (n = 21) were subjected to pulp exposure and infection but
were not treated with either of the viral vectors. All exposure sites were
sealed with self-curing composite resin after AAV transduction. Eradica-
tion of infected microorganisms was not completed in this therapy.

Harvest and preparation of samples. Most animals were sacrificed by
CO, inhalation on day 42 after infection for sample collection, except that
some mice were sacrificed on day 21 or day 28. The mandibles were re-
moved and hemisected. After removal of soft tissue, the left hemiman-
dibles were fixed in 4% formaldehyde for 24 h and stored in 70% ethanol
until micro-computed tomography (micro-CT) analysis of bone loss. The
right hemimandibles were fixed in 4% paraformaldehyde and prepared
for histological analysis. In brief, samples were fixed in 4% formaldehyde
for 24 h, washed with PBS, decalcified in 10% EDTA for 10 days (EDTA
was replenished each day), transferred to 30% sucrose for 24 h, embedded
in frozen section compound (FSC 22; Surgipath, Leica Microsystems),
and stored at —80°C prior to cryostat sectioning. For total RNA and cy-
tokine enzyme-linked immunosorbent assays (ELISAs), the periapical tis-
sues surrounding the mesial and distal roots were extracted from the
mandible together with surrounding bone in a block specimen using a
surgical microscope. For RNA extraction, periapical tissues were rinsed in
prechilled PBS, weighed (3 to 5 mg/tissue), and immediately placed in
RNAlater-ICE (Invitrogen) overnight at 4°C and stored at —80°C until
RNA extraction. For ELISAs, the periapical tissues were rinsed in cold
PBS, weighed (3 to 5 mg/tissue), and immediately frozen at —80°C until
protein extraction.

Micro-computed tomography (micro-CT) analysis. Micro-com-
puted tomography (micro-CT) scans were evaluated for bone loss as de-
scribed previously (31). In brief, the most centrally located section that
provided a cross-sectional view of the crown and distal root of the man-
dibular first molar and that exhibited a patent root canal apex was selected
for quantification of periapical bone loss. The cross-sectional area of the
periapical lesions was selected via Adobe Photoshop (Adobe Systems, San
Jose, CA) and measured with ImageJ software (National Institutes of
Health, Bethesda, MD). Bone loss was also evaluated by three-dimen-
sional micro-CT analyses as described previously (32, 33). Briefly, the
picture that showed the largest target root canal was selected as the base-
line image. For each sample, approximately 10 microtomographic slices
with an increment of 12 wm were acquired in front of and behind the
baseline image. From the three-dimensional stack of micro-CT images, a
“pivot” section was the periapical area of the tooth.

Histological analysis. Samples were fixed in 4% paraformaldehyde
for 24 h, decalcified in 10% EDTA for 10 days, and embedded in paraffin
or processed as frozen sections. To detect osteoclasts, TRAP (tartrate-
resistant acid phosphatase) staining was performed by standard methods.

Western blotting. Western blot analysis of Atp6i expression in MBM
stimulated with M-CSF/RANKL for 3 days and transduced with AAV-sh-
Luc-YFP or AAV-sh-Atp6i was performed as described using rabbit anti-
Atpéi antibody previously generated in our lab (7, 22, 34). Immunoblots
were visualized and quantified using a Fluor-S Multi-Imager and Multi-
Analyst software (Bio-Rad). Western blot analysis of Atp6i expression in
MBM obtained from Atp6i*/~ mice and Atp6i™’" mice was performed
similarly. The expression of tubulin or actin served as a control.
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TABLE 1 TagMan-based qPCR primers and probes

Gene Applied Biosystems assay ID*
Acpb Mm00475698_m1
Teirgl (Atp6i) Mm00469394_m1
Calcr MmO00432271_ml
Csflr (CD115) Mm01266652_m1
Ctsk Mm00484039_m1
Tnfsf11 (RANKL) Mm00441906_m]1
IL-6 Mm00446190_m1
IL-Ta Mm00439620_m1
IL-1B Mm01336189_m1
IL-17a MmO00439618_m1

“ Identification number for each primer/probe set.

Immunofluorescence analysis. Immunofluorescence analysis was
performed as previously described (7), using anti-Atp6i (7) and rabbit
polyclonal anti-CD3 (Abcam, Cambridge, MA) as the primary antibodies.
Observations were performed by detecting epifluorescence using a Zeiss
Axioplan microscope. Nuclei were visualized with 1 pg/ml DAPI (4',6-
diamidino-2-phenylindole; Sigma). The experiments were performed in
triplicate on three independent occasions.

Immunohistochemistry analysis. We performed immunohisto-
chemistry using corresponding sections of mandibles from uninfected
mice or infected mice treated with AAV-sh-Luc-YFP or with AAV-sh-
Atpéi. Slides were analyzed by immunohistochemistry for expression and
localization of proteins using the macrophage marker F4/80 (rat mono-
clonal, 1:200) (eBioscience, San Diego, CA). Vector stain ABC kit anti-rat
IgG peroxidase polymer detection systems, along with a diaminobenzi-
dine (DAB) kit (Vector Laboratories, Burlingame, CA) as a substrate,
were used for the peroxidase-mediated reaction. The experiments were
performed in triplicate on three independent occasions.

Acridine orange staining. Acid production was determined using
acridine orange as described previously (7). Osteoclasts transduced with
viral vectors after 48 h of RANKL/M-CSF stimulation were incubated in
a-MEM containing 5 pg/ml of acridine orange (Sigma) for 15 min at 37°C
and chased for 10 min in fresh medium without acridine orange. The cells
were observed under a fluorescence microscope with a 490-nm excitation
and a 525-nm arrest filter. The experiment was performed in duplicate on
four independent occasions.

In vitro bone resorption assays. Bone resorption activity was assessed
as described previously (35), with modifications. MBM were cultured on
bovine cortical bone slices in 24-well plates and were transduced with viral
vectors after 48 h of RANKL/M-CSF stimulation. Bone slices were har-
vested after 6 days, and culture medium was collected. The cells on bone
slices were subsequently removed with 0.25 M ammonium hydroxide and
mechanical agitation. Bone slices were subjected to scanning electron mi-
croscopy (SEM) using a Philips 515 SEM. We also assessed in vitro bone
resorption using wheat germ agglutinin (WGA) to stain exposed bone
matrix proteins. The assays were performed in triplicate. The data
were quantified by measuring the percentage of the areas resorbed in three
random resorption sites, as determined using Image] analysis software
obtained from the National Institutes of Health (NIH).

RNA extraction and real-time quantitative PCR (qQPCR). For RNA
extraction, periapical tissue samples were transferred to tubes filled with
beads (Nextadvance Company) and homogenized using a blender (Bullet
Blender, Nextadvance Company). RNA was extracted in TRIzol reagent
(Invitrogen). The extracted RNA was reverse transcribed using a VILO
master kit (Invitrogen). Real-time quantitative PCR (qPCR) was per-
formed as described previously (36, 37) using TagMan probes pur-
chased from Applied Biosystems (Table 1). Briefly, cDNA fragments
were amplified by TagMan fast advanced master mix (Applied Biosys-
tems). Fluorescence from each TagMan probe was detected by a Step-
One real-time PCR system (Applied Biosystems, Foster City). The
mRNA expression level of the housekeeping gene Hprt, encoding hy-
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FIG 1 AAV-sh-Atp6i simultaneously targets Atp6i and TIRC7 mRNA and
efficiently knocks down the expression of Atp6i. (A) Diagram of loci illustrat-
ing Atp6i and TIRC7 zones of homology and shRNA specific for Atp6i/TIRC7
mRNA. (B) MBM stimulated with M-CSF/RANKL for 3 days and transduced
with AAV-sh-Luc-YFP or AAV-sh-Atp6i. Fluorescence indicates effective
transduction of preosteoclasts and osteoclasts (white arrows). (C) Western
blot of Atp6i expression in MBM stimulated with M-CSF/RANKL for 3
days and transduced with AAV-sh-Luc-YFP or AAV-sh-Atp6i or left un-
treated (mock). Quantification of Western blot analysis demonstrates that
AAV-sh-Atp6i-treated osteoclasts have significantly reduced expression of
Atp6i. (D) Western blot showing that the Atp6i expression level was signif-
icantly decreased in Atp6i™/~ mice osteoclasts compared to Atp6i™’* mice.
*, P <0.01.

poxanthine-guanine phosphoribosyl transferase, was used as an en-
dogenous control, and specific mRNA expression levels were calcu-
lated as ratios to the level of Hprt expression. Experiments were
repeated at least three times.

Protein extraction for ELISAs. For protein extraction, the frozen pe-
riapical tissue samples from uninfected mice (normal controls) or in-
fected mice treated with AAV-sh-Luc-YFP or with AAV-sh-Atp6i were
homogenized in 1 ml of lysis buffer. The mixture was incubated at 4°C for
1 h, and the supernatant was collected after centrifugation and stored at
—80°C until the assay. Enzyme-linked immunosorbent assays (ELISAs)
were carried out as described previously (30, 38) employing commercially
available ELISA kits for the following proteins: interleukin 1o (IL-1o
Endogen, Cambridge, MA; sensitivity, 6 pg/ml), IL-6 (BioSource Interna-
tional, Camarillo, CA; 8 pg/ml), and IL-17a. All assays were conducted in

accordance with the manufacturer’s instructions. Results were expressed
as picograms of cytokine/mg tissue.

Statistical analysis and data quantification analysis. Experimental
data were reported as means * standard deviations (SD) of triplicate
independent samples. Data were analyzed with the two-tailed Student’s ¢
test. P values of <0.05 were considered significant. To calculate the degree
of protection by the AAV vectors, the difference between the bone vol-
ume-to-total volume (BV/TV) ratios of the normal group and those of the
AAV-sh-Luc-YFP and AAV-sh-Atp6i treatment groups, as determined by
micro-CT, were used.

RESULTS
AAV-sh-Atp6i simultaneously targeted Atp6i and TIRC7
mRNA and efficiently knocked down the expression of Atp6i. To
enable simultaneous inhibition of inflammation and bone resorp-
tion through a single target, we generated shRNA that would si-
multaneously target exon 15 of Atp6i (which encodes a subunit of
the osteoclast-specific proton pump) and exon 10 of TIRC7 (T-
cell immune response cDNA 7, an isoform of ATP6i) (Fig. 1A).
AAV.H1 contains a human Pollll H1 promoter for shRNA ex-
pression, as well as an independent enhanced green fluorescent
protein (EGFP) expression cassette, and has been used to success-
fully knockdown estrogen receptor a in vivo (19). Efficient infec-
tion with our AAV-sh-Atp6i was achieved using a titer of approx-
imately 6 X 10"' DNase-resistant particles (DRP)/ml, as shown by
the high percentage of target cells expressing green fluorescent
protein (GFP) (Fig. 1B). To confirm the effect of Atp6i silencing,
we examined the expression of Afp6i in mouse bone marrow
(MBM) cells isolated from wild-type BALB/cJ mice, cultured with
M-CSF and RANKL to generate osteoclasts, and transduced in vitro
with AAV-sh-Atp6i or AAV-sh-Luc-YFP as a control. Western blot
analysis revealed that osteoclasts transduced with AAV-sh-Atp6i had
an 80% reduction in Atp6i expression compared to untreated oste-
oclasts or osteoclasts transduced with AAV-sh-Luc-YFP (Fig. 1C). To
verify if Atp6i "/~ mice could serve as an alternative model for knock-
down, we performed Western blot analysis and determined that the
level of Atp6i protein was significantly reduced in Atp6i"’~ mice
compared to Atp6i*’'" mice (Fig. 1D). Atp6i™’/~ mice were used,
since Atp6i7/ ~ mice die within 3 weeks of birth. Overall, our results
indicate that AAV-sh-Atp6i, which targets Atp6i and its isoform
TIRC?7, efficiently reduces Atp6i expression.

Depletion of Atp6i impaired extracellular acidification by
osteoclasts, osteoclast-mediated bone resorption, and oste-
oclastogenesis. Our previous study with Atp6i '~ mice revealed
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FIG 2 Depletion of Atp6i impaired extracellular acidification by osteoclasts and osteoclast-mediated bone resorption. (A and B) Acridine orange staining of
osteoclasts, including cells without fusion (<3 nuclei). Both osteoclasts transduced with AAV-sh-Atp6i and osteoclasts from Atp6i '~ mice show a lack of
extracellular acidification (orange) compared to osteoclasts from the AAV-sh-Luc-YFP treatment group or Atp6i /" mice. (C and D) Resorption lacunae were
visualized by wheat germ agglutinin (WGA) (C) and scanning electron microscopy (SEM) (D). Depletion of Atp6i totally blocked osteoclast-mediated bone

resorption. (E) Quantification of resorption pits on bone slices. ***, P < 0.005.
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FIG 3 Infection induced periapical inflammation and bone resorption, which is reduced by AAV-sh-Atp6i treatment. (A) Fluorescent eGFP expression by
AAV-infected cells in groups treated with PBS or AAV-sh-Atp6i. (B and C) Goldner’s trichrome staining reveals that AAV-sh-Atp6i treatment (C), compared to
AAV-sh-Luc-YFP treatment (B), protects infected mice from bone resorption in the periapical region. (D) Quantification of the ratio of bone volume (BV) to
total volume (TV) of boxed areas in panels B and C. (E) TRAP staining and immunofluorescence staining for Atp6i (red) of sections from infected mice treated
with AAV-sh-Luc-YFP or AAV-sh-Atpé6i. (F) qPCR of Atp6i in uninfected mice (normal), infected mice treated with AAV-sh-Luc-YFP, and infected mice treated
with AAV-sh-Atp6i. Hprt was used as an endogenous control. P, pulp. **, P < 0.01; ***, P < 0.005.

that Atp6i is an osteoclast-specific proton pump subunit essential
for osteoclast-mediated extracellular acidification in bone resorp-
tion (7). We found that osteoclasts transduced with AAV-sh-A#p6i
and osteoclasts from Atp6i '~ mice show a lack of extracellular
acidification compared to osteoclasts transduced with AAV-sh-
Luc-YFP or osteoclasts from Atp6i /" mice (Fig. 2A and B). Com-
pared to AAV-sh-Luc-YFP treatment, AAV-sh-Afp6i-mediated
Atp6i knockdown greatly reduced osteoclast-mediated bone re-
sorption in bone slices in vitro (Fig. 2C), indicating that AAV-sh-
Atp6i dramatically inhibits bone-resorptive function, as assessed
by scanning electron microscopy (SEM) (Fig. 2D and E). These
data demonstrate that AAV-sh-Atp6i powerfully inhibits extracel-
lular acidification by osteoclasts and osteoclast-mediated bone re-
sorption.

AAV-sh-Atp6i treatment reduces infection induced periapi-
cal inflammation and bone resorption. Dental pulp infections
were induced, and the effect of AAV-sh-Atp6i on inflammatory
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bone destruction was determined. Local delivery of the AAV vec-
tor was monitored by fluorescence analysis, which confirmed the
presence of the AAV-sh-Atp6i vector in periapical tissues
(Fig. 3A). In order to determine the therapeutic effect of AAV-sh-
Atp6i on periapical bone destruction, we performed Goldner’s
trichrome staining and found that AAV-sh-Ap6i treatment
(Fig. 3C) protects infected mice from bone resorption in the
periapical region compared to AAV-sh-Luc-YFP treatment
(Fig. 3B). The extent of bone destruction was quantified by micro-
computed tomography. We found that AAV-sh-Atp6i-treated
mice had higher bone volume/total volume (BV/TV) ratios than
the AAV-sh-Luc-YFP controls, indicating that AAV-sh-Atpé6i
protects against infection-induced bone resorption (Fig. 3D). We
also performed TRAP staining on the AAV-sh-Luc-YFP- and
AAV-sh-Atpé6i-treated groups (Fig. 3E). As expected, there was
less expression of Atp6i in the AAV-sh-Atp6i-treated group than
in the AAV-sh-Luc-YFP-treated group. The relative mRNA levels,
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FIG 4 Atp6i depletion reduced infection-stimulated periapical bone resorption. (A) X-ray imaging of the crown and distal root of the mandibular first molar and
patent apical foramen from WT BALB/cJ mice that did not receive polymicrobial infection or any form of treatment (normal), infected mice treated with
AAV-sh-Luc-YFP (negative control), and infected mice treated with AAV-sh-Atp6i. (B) Micro-computed tomography (micro-CT) analysis of the mandibular
first molar in WT BALB/c] mice that did not receive polymicrobial infection or any form of treatment (normal), infected mice treated with AAV-sh-Luc-YFP, and
infected mice treated with AAV-sh-Atp6i. Red arrows indicate severe periapical bone loss. (C) Quantification of the ratio of bone volume to total volume
measured for periapical lesions in panel B. (D) Micro-CT analysis of the mandibular first molar in infected Atp6i*’* and Atp6i ™/~ mice, and uninfected mice
(normal). (E) Quantification of the bone volume/total volume ratio for periapical lesions in panel D. *, P < 0.05; **, P < 0.01. The top rows in panels B and D

are typical 2D micro-computed tomography (micro-CT) images, while the bottom rows are 3D reconstitutions. Bar, 1 mm.

using Hprt as an endogenous control (Fig. 3F), showed that there
were significantly lower mRNA levels in the AAV-sh-Atp6i treat-
ment group than in the AAV-sh-Luc-YFP or the uninfected nor-
mal group.

Atp6i depletion reduced infection-stimulated periapical
bone resorption. In order to determine the efficacy of AAV-
shRNA-A#p6i in reducing the extent of endodontic disease, we
used a model of periapical lesion induction as described previ-
ously (30). Exposed dental pulps were infected with a mixture of
four common endodontic pathogens: Prevotella intermedia
(ATCC 25611), Fusobacterium nucleatum (ATCC 25586), Pepto-
streptococcus micros (ATCC 33270), and Streptococcus intermedius
(ATCC 27335). The amount of periapical bone resorption sur-
rounding the distal root of the mandibular first molar was ana-
lyzed using X-ray imaging and micro-CT (Fig. 4A and B). The
bone resorption in the infected group treated with the control
AAV-sh-Luc-YFP was significantly greater than that in the normal
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group, while AAV-sh-Atp6i protected against periapical bone re-
sorption (Fig. 4B). We also performed quantitative analysis of the
ratio of bone volume (BV) to total volume (TV) in each group. We
found that the AAV-sh-Atp6i treated group had approximately
80% less infection-induced bone loss than the control AAV-sh-
Luc-YFP treatment group (Fig. 4c). We also performed a
micro-CT analysis of infection-induced bone loss in A#p6i ™'+ and
Atp6i™'™ mice (Fig. 4D). Quantitative analysis of BV/TV showed
that there was more bone loss in the Atp6i*’" mice, confirming
the above results with AAV knockdown (Fig. 4E).
AAV-mediated Atp6i knockdown decreased the number of
inflammatory cells in periapical lesions. In order to determine
the effect of AAV-mediated Atp6i knockdown on the number of T
cells in periapical lesions, we performed hematoxylin and eosin
(H&E) staining of periapical root sections from uninfected mice
(Fig. 5A), or infected mice treated with AAV-sh-Luc-YFP (Fig.
5B) or AAV-sh-Atpé6i (Fig. 5C). The results showed fewer mono-
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FIG 5 AAV-mediated Atp6i knockdown decreased the number of T cells in
periapical lesions. (A to C) H&E staining of the periapical root sections from
uninfected mice (normal) (A) or infected mice treated with AAV-sh-Luc-YFP
(B) and AAV-sh-Atp6i (C). (D to R) Immunofluorescence staining of CD3-
positive (red) T cells in periapical lesions in uninfected mice (normal) (G to I),
infected mice treated with AAV-sh-Luc-YFP (J to L) or AAV-sh-Atp6i (M to
0O), or untreated infected mice (disease control) (P to R). Nuclei were labeled
using the DNA stain DAPI (blue). (D to F) Negative control group (without
primary antibody). AF, apical foramen; PDL, periodontal ligament.

nuclear leukocytes in the AAV-sh-Atp6i treatment group
(Fig. 5C), as indicated by the dark staining nuclei. We also per-
formed immunofluorescence staining of CD3 positive T cells in
uninfected mice (Fig. 5g,h) in infected mice that were treated with
AAV-sh-Luc-YFP (Fig. 5] and K) or AAV-sh-Atpé6i (Fig. 5M and
N), as well as in untreated disease controls (Fig. 5P and Q). Nor-
mal serum was used without the primary antibody to provide a
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negative-control group (Fig. 5D and E). We then merged each set
of images for comparison (Fig. 5F, I, L, O, and R). These images
indicate fewer visible nuclei in the AAV-sh-Atp6i group than in
the AAV-sh-Luc-YFP group. AAV-sh-Atp6i knockdown thus also
decreased the number of T cells in periapical lesions.

AAV-sh-Atp6i reduced the expression of osteoclast marker
genes and cytokines in the periapical lesion to closer-to-normal
expression levels. To evaluate the effect of Atp6i silencing on the
levels of interleukin-1a (IL-1at) and other regulatory cytokines in
inflammatory periapical tissues, QPCR and ELISA of extracted
periapical tissues were used. The relative mRNA expression levels
showed that osteoclast marker genes, including those encoding
cathepsin K and acid phosphatase 5 (Acp5), were increased in
the AAV-sh-Luc-YFP treatment group compared to the AAV-
sh-Atp6i group. The macrophage marker CD115 (Mcsfr) was
reduced by AAV-sh-Atp6i. Atp6i knockdown also reduced the
expression of IL-6, which is important for osteoclast differen-
tiation (Fig. 6A). The IL-1ac and IL-17a levels were increased in
the infected mice and were decreased by AAV-sh-Atp6i treat-
ment (Fig. 6b).

DISCUSSION

Endodontic therapy is used in the clinical setting to remove ne-
crotic infected pulp tissue and inhibit the local inflammatory re-
action in the periapical region. Complete healing of bone even
after successful treatment may take up to 2 years; hence, reducing
the severity of disease would be important for the more rapid
recovery of homeostasis. In this study, we tested a novel gene
therapy using AAV2 as a vector to knock down the target gene
Atp6i, whose product plays dual roles in endodontic disease, to
simultaneously reduce bone resorption and inflammation. Atp6i
is a subunit of the osteoclast-specific proton pump (7) and TIRC7
is a T-cell immune response isoform of Atp6i (14). This study
investigated a novel approach for treatment through simultane-
ous adeno-associated virus (AAV) knockdown of Atp6i and
TIRC?. Since patients with periodontal or endodontic disease suf-
fer from both inflammation-induced tissue damage and bone loss,
a single target that can target both manifestations may be ideal for
reducing disease severity. Our AAV vector targeted exon 15 of
Atp6i and exon10 of TIRC7 (Fig. 1) and efficiently knocked down
Atp6i in vitro. The knockdown vector, AAV-sh-Atp6i, completely
inhibited bone resorption through abolishment of extracellular
acidification function of osteoclasts (Fig. 2). It also reduced the
inflammatory cell infiltrate, including CD3 ™" T cells. Our study is
the first to report the use of Atp6i/TIRC7 gene knockdown as a
viable gene therapy strategy for oral disease.

To investigate the mechanism of the AAV-sh-Atp6i effect in
vivo, we found that Afp6i expression was decreased (Fig. 3) and
that the Atp6i knockdown abolished extracellular acidification
and inhibited bone resorption (Fig. 4). Of interest, osteoclast
numbers were also decreased in the AAV-sh-Atp6i treatment
group, as indicated by reduced TRAP staining, and reduced ex-
pression of cathepsin K and Acp5. The expression level of macro-
phage marker CDI15 mRNA was also reduced in the AAV-sh-
Atp6i treatment group, indicating fewer macrophages in the
periapical lesions. Our macrophage marker (F4/80) immunohis-
tochemistry stain confirmed that there were fewer macrophages in
the periapical lesions in the AAV-sh-Atp6i group than in the AAV-
sh-Luc-YFP group (see Fig. S2 in the supplemental material). Lev-
els of inflammatory mediators, including IL-1a, IL-1p, IL-17,
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FIG 6 AAV-sh-Atp6ireduced the expression of osteoclast marker genes and cytokines in periapical lesions. (A) qPCR of osteoclast marker genes (i.e., cathepsin
Kand Acp5), genes important for osteoclast differentiation (i.e., RANKL), a gene common to macrophages and osteoclasts (i.e., CD115), and cytokines (i.e., IL-6,
IL-1a, IL-1B, and IL-17a) in the periapical lesion from uninfected mice (normal) or infected mice treated with AAV-sh-Luc-YFP or with AAV-sh-Atpé6i. Hprt
was used as an endogenous control. (B) IL-1a, IL-6, and IL-17a levels in the periapical lesion as detected by ELISA. NS, not significant; *, P < 0.05; **, P < 0.01;

B P < 0.005.

IL-6, and the osteoclast inducer RANKL, were also reduced by
AAV-sh-Atpé6i (Fig. 6). It has been reported that T and B lympho-
cytes are major sources of RANKL in the bone resorptive lesion of
periodontitis (11), and our finding that T-cell numbers were re-
duced in periapical lesions in the AAV-sh-Atp6i treatment group
is consistent with this observation (Fig. 5). Finally, the capacity of
AAV-sh-Atp6i treatment to dramatically reduce inflammation
and bone resorption in infected mice was observed 21, 28, and 42
days after infection (Fig. 5; also, see Fig. S1 in the supplemental
material). Taken together, although further studies are needed,
the effect of AAV-sh-Atp6i on osteoclast numbers may represent a
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direct effect on osteoclast differentiation but also may result indi-
rectly from inhibition of T-cell activation and inflammation.
AAYV gene therapy has been reported in models of periodontal
disease, which, like periapical disease, are induced by bacterial
infection. Systemic transduction with TIMP-4 was reported to
reduce both adjuvant-induced arthritis and periodontitis in rats
(39). Inhibition of periodontal bone loss following AAV gene
transfer of mitogen-activated protein kinase phosphatase-1
(MKP-1), which dephosphorylates MAPKs and inhibits immune
responses, was also reported (40). Transduction of gingival tissues
with AAV/2/1-tumor necrosis factor receptor-immunoglobulin
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Fc (TNFR:Fc) (41) reduced P. gingivalis-induced periodontal
bone loss by approximately 50% in a mouse model, with parallel
reductions in proinflammatory cytokines and osteoclasts (41). In
the latter study, the AAV-TNFR:Fc vector was delivered three
times per week for 8 weeks, compared to two injections of AAV-
sh-Atp6i in the present work. The greater efficiency of Atp6i inhi-
bition (80%) may reflect the critical importance of the proton
pump for osteoclast function, given that both humans and mice
with Atip61 deficiency are severely osteopetrotic (7). In addition,
the simultaneous targeting of a gene critical for T-cell response
induction (TIRC7) may have additive effects on the prevention of
inflammatory bone loss.

IL-1a promotes osteoclast differentiation via the tyrosine ki-
nase—-NF-kB pathway (42), and IL-1la mRNA and protein levels
were reduced in the AAV-sh-Atp6i group. Similarly, IL-18 levels
were increased in the periapical lesion of disease model group,
and were significantly reduced by AAV-sh-Atp6i (Fig. 6). Some
studies indicate that IL-6 promotes bone resorption and periapi-
cal lesion development (43). AAV-sh-Atp6i treatment reduced
IL-6 levels in the AAV-sh-Atp6i-treated group compared to IL-6
levels in the periapical lesions of the AAV-sh-Luc-YFP-treated
disease model group. Th17 is a third subset of effector T helper
cells that produce IL-17a (44), which may play an important role
in the initiation and maintenance of proinflammatory responses
and was recently found to stimulate osteoclastic resorption (45). It
was recently reported that the expression of IL-17a¢ mRNA was
significantly induced in periapical lesions of wild-type mice after
infection and that IL-17a, but not gamma interferon (IFN-vy) or
tumor necrosis factor alpha (TNF-a), plays an important role in
the formation of periapical lesions (46).

In summary, we investigated the therapeutic effect of AAV-sh-
Apt6i that simultaneously targeted the osteoclastic gene Atp6i and
the T-cell gene TIRC7. AAV-sh-Apt6i reduced the bone resorp-
tion by both direct inhibition of osteoclast acidification function
and inflammation and thus decreased osteoclast differentiation.
This suggests that a gene therapy approach may be highly effective
in reducing the severity of periapical disease in vivo.
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