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The silencing of cathepsin K
used in gene therapy for
periodontal disease reveals
the role of cathepsin K in
chronic infection and
inflammation

Chen W, Gao B, Hao L, Zhu G, Jules J, MacDougall MJ, Wang J, Han X,
Zhou X, Li Y-P. The silencing of cathepsin K used in gene therapy for periodontal
disease reveals the role of cathepsin K in chronic infection and inflammation. J
Periodont Res 2016, doi:10.1111]jre.12345. © 2016 John Wiley & Sons A/S.
Published by John Wiley & Sons Ltd

Background and Objective: Periodontitis is a severe chronic inflammatory disease
and one of the most prevalent non-communicable chronic diseases that affects
the majority of the world’s adult population. While great efforts have been
devoted toward understanding the pathogenesis of periodontitis, there remains a
pressing need for developing potent therapeutic strategies for targeting this
dreadful disease. In this study, we utilized adeno-associated virus (AAV)
expressing cathepsin K (Ctsk) small hairpin (sh)RNA (AAV-sh-Ctsk) to silence
Ctsk in vivo and subsequently evaluated its impact in periodontitis as a potential
therapeutic strategy for this disease.

Material and Methods: We used a known mouse model of periodontitis, in
which wild-type BALB/cJ mice were infected with Porphyromonas gingivalis
W50 in the maxillary and mandibular periodontium to induce the disease.
AAV-sh-Ctsk was then administrated locally into the periodontal tissues in vivo,
followed by analyses to assess progression of the disease.

Results: AAV-mediated Ctsk silencing drastically protected mice (> 80%) from

P. gingivalis-induced bone resorption by osteoclasts. In addition, AAV-sh-Ctsk admin-
istration drastically reduced inflammation by impacting the expression of many inflam-
matory cytokines as well as T-cell and dendritic cell numbers in periodontal lesions.

Conclusion: AAV-mediated Ctsk silencing can simultaneously target both the
inflammation and bone resorption associated with periodontitis through its inhi-
bitory effect on immune cells and osteoclast function. Thereby, AAV-sh-Ctsk
administration can efficiently protect against periodontal tissue damage and
alveolar bone loss, establishing this AAV-mediated local silencing of Ctsk as an
important therapeutic strategy for effectively treating periodontal disease.

© 2016 John Wiley & Sons AJS.
Published by John Wiley & Sons Ltd
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Periodontitis, affecting the oral health
of most adult Americans, is a chronic
inflammatory disease that damages
the soft tissue and destroys the alveo-
lar bone that supports the teeth, which
ultimately lead to tooth loss. Whereas
most studies indicate that periodonti-
tis is caused by polymicrobial infec-
tion, there is evidence that the extent
of the inflammation in periodontitis
may also result from interaction
between select species of the oral
microflora and the host immune
response (1-3). Nevertheless, Porphy-
romonas gingivalis W50 has been
appointed as one of the most promi-
nent pathogens highly associated with
periodontitis  (4,5). Notably, the
inflammatory  spectrum  associated
with the host response in gingival tis-
sues triggers enhanced bone resorption
by osteoclasts, the body’s sole bone-
resorbing  polykaryons, for the
resulted tooth loss. Osteoclasts origi-
nate from monocytic precursors of the
hematopoietic lineage by stimulation
with the receptor activator of the NF-
kP ligand (RANKL) and macrophage
colony-stimulating factor (M-CSF).
Moreover, numerous inflammatory
cytokines, including tumor necrosis
factor alpha o (TNFa), interleukin
(IL)-1 and IL-6 can also promote
osteoclast formation and/or function.
Cathepsin K (Ctsk) is a lysosomal
cysteine protease that belongs to the
peptidase C1 protein gene family (6).
Ctsk is strongly expressed by osteo-
clasts and specifically induced during
osteoclast  differentiation  through
stimulation of osteoclast precursors
with M-CSF and RANKL. As such,
Ctsk is highly considered a good mar-
ker gene for osteoclasts. In particular,
Ctsk functions by degrading the pro-
tein components of the bone matrix,
which is critical for osteoclastic bone
resorption. Hence, inactivating muta-
tions, which affect Ctsk function, have
resulted in  pycnodysostosis  in
humans, a disease characterized by
impaired bone resorption (7). Given
its crucial role and specific expression
in osteoclasts, Ctsk is often consid-
ered as an important therapeutic tar-
get for targeting bone loss in many
bone diseases of excessive osteoclast
formation and/or functions, including

rheumatoid arthritis, postmenopausal
osteoporosis and periodontal disease.

Adeno-associated virus (AAV) gene
silencing is a new and potent strategy
that has been utilized in many clinical
studies to target many pathological
disorders (8). Specifically, AAV ther-
apy can insert specific genes with
great certainty into the genome to
maintain long-term and sustainable
gene expression in diseases resulted
from defective gene expression and/or
function. Furthermore, novel strate-
gies have been devised to employ
AAV in vivo to induce long-term and
potent silencing of specific genes asso-
ciated with disease outcomes through
local administration (9). Importantly,
aside from the mild immune response
elicited, numerous studies have
demonstrated that AAV administra-
tion is not only safe but is also well
tolerated by patients (10). Hence,
given the essential role of Ctsk in
osteoclast function and the favorable
characteristics of AAV-mediated gene
therapy, we hypothesized that target-
ing Ctsk inhibits the inflammation
and bone loss caused by bacterial
infection in periodontitis. To test our
hypothesis, we employed AAV-
mediated RNA interference to investi-
gate the effects of Ctsk silencing in a
mouse model of periodontitis. This
study was aimed at examining conclu-
sively the therapeutic potential of
Ctsk depletion in vivo via local admin-
istration of AAV-sh-Ctsk to reduce
tissue damage from inflammation and
bone resorption in  periodontitis
induced by P. gingivalis W50.

Material and methods

Animals

Wild-type (WT) female BALB/cJ mice
were obtained from the Jackson Lab-
oratory for the study. The animals
were housed in the University of Ala-
bama at Birmingham (UAB) animal
facility and were given food and water
ad libitum. All experimental protocols
were approved by the NIH and the
UAB Institutional Animal Care and
Use Committee. Animal protocol
related to this study is (animal proto-
col number 131209236). Please refer

to Data S1 — Table S1 for detailed
information.

Design and construction of small
hairpin RNA

To design a small hairpin RNA
(shRNA) construct that can effectively
knockdown Ctsk, we used the Dhar-
macon siDESIGN center (http://
www.dharmacon.com) as described in
our recent publication (11). The Ctsk
shRNA oligonucleotide (5-GATCCC
C-GAGGTGTGTACTATGATGAA
A-TTCAAGAGA-TTTCATCATAG
TACACACCTCTTTTTGGAAT-3)
was annealed and cloned downstream
of the H1 promoter in the AAV-HI1
vector (gift from Dr. Sergei Musatov)
into Bg/ll and HindIII sites to gener-
ate the AAV-HI1-shRNA-Ctsk con-
struct.  The  AAV-HI1-shRNA-luc
construct (gift from Dr. Sergei Musa-
tov) contains a luciferase gene and a
yellow fluorescent protein (YFP)
expression cassette and was used as a
control vector for both the shRNA
and AAYV, as in previous studies (12).
The BLAST homology search pre-
dicted that the control shRNAs would
not affect Ctsk or any other known
mouse gene (12).

Adeno-associated virus-small
hairpin RNA viral production and
purification

We utilized the AAV Helper-Free
System (AAV Helper-Free System;
Stratagene, San Diego, CA, USA) for
viral production using a triple trans-
fection, helper-free method, and puri-
fied as described in a previous study
but with slight modification (13).
Briefly, HEK 293 cells were trans-
duced with pAAV-shRNA, pHelper
and pAAV-RC plasmids (Stratagene)
using the calcium phosphate method.
Cells are collected after 60-72 h and
lysed with chloroform at 37°C for
1 h. Sodium chloride was then added
before shaking the cells at room tem-
perature for 30 min. The stock was
then spun at 10,000 g for 15 min and
the supernatant was collected and
cooled on ice for 1 h with PEG8000.
The solution was spun at 9000 g for
15 min, and then the pellet was trea-
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ted with DNase and RNase. After the
addition of chloroform and centrifu-
gation at 10,000 g for 5 min, the puri-
fied virus was in the aqueous phase at
viral particle numbers of 1 x 10'/
mL. The AAV particle titer was deter-
mined by AAV Quantitation Titer Kit
(Cell Biolabs, San Diego, CA, USA).

The viral vectors were evaluated for
their ability to infect target tissue as
previously described (14). Briefly,
optimal viral particle numbers for
infection were determined from the
percentage of target cells expressing
YFP. To confirm the effect of Ctsk
silencing, we examined the expression
of Ctsk in osteoclasts using western
blot and immunofluorescence. Luci-
ferase expression vector AAV2-Luc
was purchased from the University of
North Carolina (Chapel Hill, NC,
USA). The AAV2-Luc was injected
into the right side of the lower jaw
one time and luciferase expression
was measured by the IVIS Imaging
System 100 Series (Xenogen Corpora-
tion, Alameda, CA, USA) after 2 or
5 wk.

In vitro bone resorption assays

Bone resorption pits were assessed as
described in previous studies (15,16).
Mouse bone marrow (MBM) cells
seeded on bovine cortical bone slices
plated in 24-well dishes were trans-
duced with viral vectors after 72 h of
RANKL and M-CSF. Bone slices
were harvested after stimulation of
infected MBM cells with M-CSF and
RANKL for three additional d, and
culture media were also collected.
Cells were removed from the bone
slices with 0.25 M ammonium hydrox-
ide and mechanical agitation. Bone
slices were subjected to scanning elec-
tron microscopy (SEM) using a Phi-
lips 515 SEM (Amsterdam, the
Netherlands) (Department Materials
Engineering, UAB). Bone resorption
was also assessed using wheat germ
agglutinin (WGA) to stain exposed
bone matrix proteins. Assays were
quantified by measuring the percent-
age of the areas resorbed in three ran-
domly selected sites using the IMAGEJ
analysis software (Wayne Rasband,
NIH, Bethesda, MD, USA).

Cells and cell culture

Pre-osteoclasts and mature osteoclasts
were generated from MBM as previ-
ously described (11,17). Briefly, MBM
was obtained from tibiae and femora
from 6 wk old female WT BALB/cJ
mice. MBM cells 1 x 10° and
1 x 10° were seeded per well of 24-
and six-well plates, respectively.
MBM cells were cultured in o-modi-
fied Eagle’s medium (Life Technolo-
gies, Grand Island, NY, USA) with
10% fetal bovine serum (Life Tech-
nologies) containing 10 ng/mL M-
CSF (R&D Systems, Minneapolis,
MN, USA) for 24 h. Subsequently,
cells were cultured with 10 ng/mL
RANKL (R&D Systems) and 10 ng/
mL M-CSF for an additional 48 or
96 h to generate pre-osteoclasts or
mature osteoclasts.

Western blotting analysis

Western blotting was performed as
previously (17,18) and visualized and
quantified using a Fluor-S Multi-
Imager with Multi-Analyst software
(Bio-Rad, Hercules, CA, USA). We
utilized a rabbit anti-Ctsk antibody
previously generated in our lab (11)
and a goat antirabbit IgG-horseradish
peroxidase (7074S; Cell Signaling,
Danvers, MA, USA) for this western
blot analysis.

Infection with P. gingivalis W50

P. gingivalis W50 (ATCC: 53978) was
cultured on sheep’s blood agar plates
supplemented with hemin and vitamin
K for 3 d. Single clones were har-
vested and transferred to trypticase
soy broth supplemented with hemin
and vitamin K. On day 4, bacteria
were harvested, resuspended, and bac-
terial concentration was accessed at
optical density readings 600 nm (1
optical density unit = 6.67 x 10° bac-
teria). Cell density was then adjusted
to 10'° cells/mL in 0.2 mL of phos-
phate-buffered saline (PBS) containing
2% carboxymethylcellulose (Sigma-
Aldrich, St. Louis, MO, USA) to pre-
pare the infectious-bacterial solution.
Periodontal infection was performed
using 20 pL  of infectious-bacterial
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solution as described in previous stud-
ies (15,16). In brief, all animals
received antibiotic treatment for 3 d
before infection, to reduce the original
oral flora, followed by 3 d of an
antibiotic-free period before submis-
sion to oral inoculation with a dental
microbrush (Henry Schein, Duryea
Road Melville, NY, USA) once per
day for four consecutive d. To moni-
tor Dbacterial colonization, murine
oral sampled under
sterile conditions on day 14 after
infection for identification of P. gin-
givalis WS50.

cavities were

Adeno-associated virus—-small
hairpin—cathepsin K transduction of
P. gingivalis W50-infected mice

We administrated AAV-sh-Ctsk in a
site-specific manner as described in a
previous study but with minor modifi-
cations (12). Briefly, mice were anes-
thetized via peritoneal injection with
ketamine (62.5 mg/kg) and xylazine
(12.5 mg/kg). Four d after the initial
infection, mice were given either
AAV-sh-Ctsk or AAV-sh-luc-YFP
once per day for seven consecutive d.
Specifically, injected
approximately 0.3-0.5 mm above the
gingival margin of the maxillary
molars on the right and left palatal
aspects with 3 pL containing of either
AAV-sh-Ctsk or AAV-sh-luc-YFP
viral vector using a Hamilton syringe
attached to a microinfusion pump
(World Precision Instruments, Sara-
sota, FL, USA). As a negative control
(normal), mice were not infected with
P. gingivalis W50 or treated with viral
vectors. As a positive control (dis-
ease), P. gingivalis W50-infected mice
were not injected with viral vector.
The detailed experimental strategy is
provided in Fig. S1.

mice  were

Harvest and preparation of tissue
samples

Animals were killed by CO, inhalation
56 d after the first infection. The max-
illac were removed and hemisected.
Samples from the left side were
defleshed in 2.6% sodium hypochlo-
rite for bone measurement analysis as
previously determined (15,16). Subse-
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quently, maxillae samples from the
right side were immediately fixed in
4% paraformaldehyde (PFA) and pre-
pared for histological analysis accord-
ing to standard protocol but with
minor modifications. In brief, samples
for paraffin sections were fixed in 4%
PFA for 24 h, washed with PBS,
decalcified in 10% of ethylenedi-
aminetetraacetic acid in 0.1 m Tris
solution (pH 7.0) for 10 d with daily
replenishment, washed with PBS and
embedded in paraffin after series dehy-
dration. Low jaw samples from the
right and left sides in independent
experiment were collected for real-time
quantitative polymerase chain reaction
(qRT-PCR) analyses and enzyme-
linked immunosorbent assays (ELI-
SAs). Gingival tissues and/or alveolar
bone were isolated under a surgical
microscope. Gingival tissues and alve-
olar bone from right samples were
pooled for qRT-PCR, and gingival tis-
sues from right samples were pooled
for ELISAs for cytokines.

Histological analysis

For paraffin sections, tissue were fixed
by 4% PFA for 24 h, and then decal-
cified by 10% ethylenediaminete-
traacetic acid for 10 d with daily
replenishment before embedding in
paraffin. For osteoclast analysis, tar-
trate-resistant acid phosphatase
(TRAP) staining was performed and
TRAP-positive osteoclasts
counted as described (16). Tissue sec-
tions  were  deparaffinized and
hydrated through xylene and graded
alcohol series, preincubated with
50 mm sodium acetate and 40 mm
potassium sodium tartrate buffer for
20 min and then incubated with
TRAP substrate solution for glycerol
jelly. The histological analysis was
carried out as previously described
with slight modification (16), multinu-
cleated TRAP-positive cells (>3
nuclei) were counted in two different
areas (i.e. the alveolar bone and peri-
odontal ligament areas). The measure-
ments consisted of measuring three
different parts in the periodontal liga-
ment area, i.e. coronal, middle and
apical location. To ensure accurate
analysis, we used series section (at

were

least three sections) for width calcula-
tion.

Bone loss measurements

Analysis of bone loss was performed
as previously described (15,16).
Briefly, images of molar tooth roots
and alveolar bone were captured
using digital microscopy followed by
analysis using Adobe PhotoshopTM
(Adobe Systems, San Jose, CA,
USA). The polygonal area enclosed
by the cemento-enamel junction, the
lateral margins of the exposed tooth
root, and the alveolar ridge was mea-
sured using the IMAGEJ analysis soft-

ware (Wayne Rasband, NIH).
Measurements were expressed in
mm?>.

Immunofluorescence staining

Immunofluorescent (IF) staining anal-
ysis was carried as indicated previ-
ously (19,20), except that anti-Ctsk
rabbit polyclonal, anti-CD3 (Santa
Cruz, Dallas, TX, USA) and Arme-
nian hamster antimouse CDllc
(Biolegend, San Diego, CA, USA)
were used as primary antibody. Data
were imaged using epifluorescence on
a  Zeiss Axioplan  microscope
(Ontario, CA, USA) in the Develop-
mental Neurobiology Imaging and
Tissue Processing Core at the UAB
Intellectual and Disabilities Research
Center. Nuclei were visualized with
4’ 6-diamidino-2-phenylindole (Sigma-
Aldrich, St. Louis, MO, USA).

Real-time quantitative polymerase
chain reaction analysis

gRT-PCR analysis was performed as
described (15,16) using TaqMan
probes from Applied Biosystems
(Foster City, CA, USA) according to
the  manufacturer’s  instructions.
Briefly, cDNA was amplified by Taq-
Man® Fast Advanced Master Mix
(Applied Biosystems, Life Technolo-
gies, Grand Island, NY, USA)
(Table S2). Amplification  reaction
was carried via the Step-One Plus
real-time PCR  system (Applied
Biosystems, Life Technologies). Hprt
(hypoxanthine—guanine phosphoribo-

syl transferase) was used as endoge-
nous control for gene expression
analysis calculated as ratio of Hprt
(deltaCT).

Enzyme-linked immunosorbent
assay analysis

ELISA was performed in tissue
extracts as previously described
(15,16). These assays were carried out
using commercial kits for IL-la and
IL-10 (BioLegend) and TNFo, 1L-12,
IL-6, interferon gamma and IL-17a
(eBioscience, San Diego, CA, USA)
according to the manufacturers’
instructions. Data were reported as
pg cytokine/mL.

Data quantification and statistical
analyses

All experiments were repeated three
times. Results reported  as
mean + SD. All experiments were
performed in triplicate on three inde-
pendent occasions. For the parametric
data: bone loss measurements, histo-
logical analyses, qRT-PCR and
ELISA data were analyzed with
ANOVA and p < 0.05 was considered
significant. For the non-parametric
data: IF data were analyzed with the
Mann—Whitney U-test, U > 1.96 was
denoted as p < 0.05.

were

Results

Ctsk silencing by adeno-associated
virus impairs osteoclastic bone
resorption in vitro

To target bone resorption in peri-
odontitis, we first used AAV-mediated
gene therapy to silence Ctsk through
an AAV-sh-Ctsk construct, which
contains the YFP expression cassette
in vitro. We used the AAV-sh-luc-
YFP vector, which contains a lucifer-
ase gene and YFP expression cassette
as a control for AAV infection. To
confirm the feasibility of these con-
structs for gene therapy, we examined
the ability of AAV-sh-luc-YFP or
AAV-sh-Ctsk to infect target cells
(osteoclasts) through analysis of the
YFP or Ctsk expression. Hence, the
WT MBM cells cultured with M-CSF



and RANKL for osteoclastogenesis
assays were then transduced with no
vector (mock group), AAV-sh-luc-
YFP (control group) or AAV-sh-Ctsk
to generate pre-osteoclasts and
mature osteoclasts. Fluorescence anal-
ysis showed that pre-osteoclasts and

A AAV-sh-Luc-YFP

osteoclasts were efficiently transduced
with the AAV-sh-Ctsk or AAV-
sh-luc-YFP constructs at a titer of
6 x 10'" DNase-resistant particles/
mL (Fig. 1A). Consistently, western
blot analysis showed an 80% reduc-
tion in Ctsk expression in cells trans-

AAV-sh-Ctsk

Relative Ctsk protein level @
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duced with AAV-sh-Ctsk compared
with those transduced with AAV-
sh-luc-YFP  (Fig. 1B and 1C).
Furthermore, cells transduced with
AAV-sh-Ctsk had no difference in
extracellular acidification compared to
cells transduced with AAV-sh-luc-
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Fig. 1. AAV efficiently transduced osteoclasts and Ctsk knockdown by AAV impairs osteoclast function in vitro. (A) Immunofluorescent
photomicrograph of AAV-sh-luc-YFP control and AAV-sh-Ctsk treatment groups 7 d after transduction. (B) Western blot analysis of
Ctsk expression from the mock-, AAV-sh-luc-YFP- and AAV-sh-Ctsk—treated groups. (C) Quantification of western blot analysis demon-
strates that the AAV-sh-Ctsk—treated group showed significant reduction in Ctsk expression as compared to the AAV-sh-luc-YFP control
group. (D) Untransduced osteoclasts (mock) and osteoclasts transduced with AAV-sh-Ctsk or AAV-sh-luc-YFP (control) stained with
acridine orange to show extracellular acidification. (E) Bone resorption pits were visualized by WGA and SEM analyses. (F) Quantifica-

tion of bone pits from SEM analysis shows that bone resorption is significantly lower in the AAV-sh-Ctsk—treated group as compared to
the mock and AAV-sh-luc-YFP groups (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, NS indicates p > 0.05. AAV, adeno-associated virus;
Ctsk, cathepsin K; luc, luciferase; SEM, scanning electron microscope; sh, short hairpin; WGA, wheat germ agglutinin; YFP, yellow fluo-

rescent protein.
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YFP (control group) or non-infected
cells from WT mice (mock control)
(Fig. 1D). To establish the effect of
AAV-mediated Ctsk knockdown on
osteoclast function in vitro, bone
resorption pits were assessed using
WGA, which stains exposed bone
matrix proteins, and SEM to visualize
bone resorption pits. Data showed that
bone resorption by osteoclasts was
almost completely blocked by AAV-
sh-Ctsk treatment (Fig. 1E, top panel),
demonstrating the functional efficiency
of AAV-sh-Ctsk as an agent for target-
ing bone loss (Fig. 1E, bottom panel).
Hence, AAV-mediated Ctsk silencing
resulted in a significant impairment of
bone resorption compared to the con-
trol (Fig. 1F). Importantly, these
results showed that AAV-sh-Ctsk
could effectively inhibit osteoclastic
bone resorption in vitro. Collectively,
these data indicate that AAV-sh-Ctsk
can efficiently infect osteoclasts to
affect Ctsk expression in vitro.

Adeno-associated virus effectively
transduces periodontal tissue and
displays a local distribution pattern
in vivo

To evaluate further the potential of
AAV-mediated gene therapy as a tool
for gene transfer to periodontal
tissues, we assessed the ability of
AAV-sh-luc-YFP (used as a negative
control) to achieve sustained and
localized luciferase expression in vivo.
AAYV was administrated into the gingi-
val tissue on the right side of the lower
jaw as indicated (Fig. 2A). Data
showed that luciferase was not only
expressed but also limited to the injec-
tion sites after 2 and 5 wk of injection
(Fig. 2B).  Importantly, luciferase
expression was higher after 5 wk of
administration as compared to 2 wk,
demonstrating that AAV could induce
sustained gene expression in gingival
tissues. These data show that
AAV-mediated gene therapy can effec-
tively transduce periodontal tissues
and that injection of AAV into gingi-
val tissue can induce sustained and
localized gene expression. Moreover,
fluorescent analysis of infected mice
treated with AAV-sh-luc-YFP and
AAV-sh-Ctsk compared to the uninfec-

ted control group further demonstrated
that the AAV vectors could success-
fully infiltrate periodontal tissues
(Fig. 2C). Consistent with the in vitro
data, we showed that whereas TRAP-
positive  osteoclasts were present
around the teeth in the AAV-sh-luc-
YFP- or AAV-sh-Ctsk—treated groups,
the number of osteoclasts present
decreased significantly in the peri-
odontal lesion area in the AAV-
sh-Ctsk group (Fig. 2D and 2F).
Moreover, IF analysis revealed that
Ctsk  expression was markedly
decreased in the fibroblast and peri-
odontal ligament area of the AAV-
sh-Ctsk—treated group compared to
the AAV-sh-luc-YFP-treated group
(Fig. 2E and 2G), indicating that Ctsk
may also have functions in fibrob-
lasts.

Cathepsin K silencing by adeno-
associated virus protects mice from
periodontitis-induced bone loss

Next, we examined whether Ctsk
depletion by local administration of
AAV could protect mice from bone
loss stemming from P. gingivalis-
induced periodontitis through analysis
of alveolar bone loss in uninfected
mice (normal) compared to P. gingi-
valis-infected mice treated with either
AAV-sh-Ctsk, AAV-sh-luc-YFP (neg-
ative control) or PBS (disease group)
(Fig. 3A). Data showed that the
AAV-sh-luc-YFP or PBS group had
significantly more bone loss compared
to the AAV-sh-Ctsk or normal group
(Fig. 3B). Moreover, to determine
whether the periodontal ligament
between the tooth root and the bone
was normalized by AAV-sh-Ctsk
treatment, we performed hematoxylin
and eosin stain analysis on infected
mice treated with AAV-sh-Ctsk com-
pared to the AAV-sh-luc-YFP- or
PBS-treated group and demonstrated
that AAV-sh-Ctsk treatment caused a
reduction in  P. gingivalis-induced
periodontal ligament widening and
bone loss (Fig. 3C). In addition, the
distance between the tooth root sur-
face and the alveolar bone was
decreased in half in the AAV-sh-Ctsk
and disease group as compared to the
AAV-sh-luc-YFP group (Fig. 3C and

3D), demonstrating that AAV-sh-Ctsk
can prevent periodontal ligament
damage.

Cathepsin K silencing by adeno-
associated virus reduces T cells and
dendritic cells in alveolar bone

To examine the effects of AAV-
mediated Ctsk silencing on T cells
in vivo, tooth root sections were sub-
jected to IF staining using to analyze
CD3-positive T cells (Fig. 3E). Data
revealed that T cells in the periodon-
tal  ligament were significantly
decreased in the AAV-sh-Ctsk treat-
ment group as compared to the AAV-
sh-luc-YFP and PBS groups (Fig. 3E
and 3F). In addition, we performed
IF staining for analysis of dendritic
cells (DCs) in uninfected mice (nor-
mal) and P. gingivalis-infected mice
treated with AAV-sh-Ctsk, PBS or
AAV-sh-luc-YFP by co-expression of
Ctsk and CDllc. Data showed that
the number of CD1lc-positive DCs in
the AAV-sh-Ctsk—treated group was
decreased significantly, indicating an
increase in DCs in the periodontal
lesion area of the AAV-sh-luc-YFP
control group and PBS disease con-
trol group (Fig. 4). Notably, our data
also revealed that Ctsk was expressed
in DCs, suggesting that Ctsk may also
carry important functions in immune
response cells. Collectively, the results
indicate that Ctsk depletion by AAV
not only protects mice from P. gingi-
valis-induced bone loss, but also
reduces immune response in vivo and
protects against inflammation caused
by periodontal disease.

Cathepsin K silencing by adeno-
associated virus attenuates the
expression of osteoclast marker
genes and cytokines in periodontal
lesions

To determine further the impact of
AAV-mediated Ctsk depletion on the
inflammatory response, qRT-PCR
was used to examine the expression
level of the inflammatory markers 7L-
lo. and IL-1B in the periodontal tis-
sues of the different experiment
groups. IL-lo and IL-1B expression
was higher in the AAV-sh-luc-YFP
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group as compared to the AAV-
sh-Ctsk—treated  group  (Fig. 5A).
Furthermore, when compared to the
normal group, IL-6 expression was
increased in P. gingivalis-infected mice
treated with the control AAV-sh-luc-
YFP group. Further analysis showed
that the expression of acid phos-
phatase 5, tartrate resistant (Acp5),
an osteoclast marker gene, was com-
parable in either the AAV-sh-luc-YFP
group or the AAV-sh-Ctsk-treated
group (Fig. 5SA). We noted that
whereas the expression of osteoprote-
grin (OPG), an inhibitor of osteoclas-
togenesis, was decreased in the
AAV-sh-luc-YFP-treated group,
RANKL displayed an inversed exp-
ression pattern in these groups
(Fig. 5A). The finding was further
confirmed by analysis of IL-la by
ELISA (Fig. 5B). The expression
levels of the proinflammatory cytoki-
nes IL-17, TNFa, IL-12 and inter-
feron-gamma were also higher in the
AAV-sh-luc-YFP group as compared

to the AAV-sh-Ctsk control and unin-
fected groups (Fig. 5B). The anti-
inflammatory cytokine IL-10 was
increased in the AAV-sh-Ctsk—treated
group but not in the AAV-sh-luc-
YFP-treated group (Fig. 5B), suggest-
ing an inhibition in the inflammation
response in the AAV-sh-Ctsk—treated
group. These indicate that
Ctsk knockdown reduces expression
of genes important for osteoclastic
bone resorption and inflammation in
periodontal tissues.

results

Discussion

Local administration of adeno-
associated virus-short hairpin-
cathepsin K gene therapy is a
promising therapeutic strategy for
periodontal disease

Current therapies for periodontal dis-
ease are focused on antimicrobial
treatments and surgery, which bear
limited efficacy (21). AAV-mediated

gene therapy carries great potential for
treating periodontitis through mainte-
nance of sustainable endogenous gene
in a non-invasive manner (22,23).
However, it remains to be determined
which genes and AAV vectors that
can be safely used to induce effective
gene expression in local periodontal
tissues. This is a fundamental issue
that needs to be addressed to develop
potent and safe AAV-mediated gene
therapy for periodontal disease (23).
Notably, intra-articular administration
of AAV2 has been shown to trigger
sustainable gene expression for 120 d
(24). Hence, we utilized the AAV2 ser-
otype to subclone a shRNA construct,
which targets Ctsk into the AAV.H1
vector, which was successfully used
in vivo to knockdown estrogen recep-
tor-o expression in the brain (12). In
line with this finding, we demonstrated
that AAV could also effectively infect
periodontal tissues to transfer a speci-
fic gene. After one local injection of
AAV-sh-luc-YFP, which contains
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yellow fluorescent protein.

YFP and luciferase genes, luciferase
expression was sustained and limited
to the local injection sites for at least
5 wk. A sustainable YFP expression
was observed in gingival tissue, peri-
odontal ligament and dental pulp tis-
sue. Most importantly, luciferase
expression was limited to the local
administrated areas. It is well docu-
mented that AAV vectors do not con-
tain viral genes that could elicit
undesirable cellular immune responses
and generally appear not to induce
inflammatory responses (25). Consis-
tent with the essential role of Ctsk in
osteoclast function, local administra-
tion of AAV-sh-Ctsk gene therapy
carries great potential for effectively

and safely targeting bone loss that
results from oral infectious discases
such as periodontitis.

Adeno-associated virus-short
hairpin-cathepsin K knockdown can
inhibit cathepsin K expression and
bone resorption in vitro and in vivo

Our investigation of the effects of
AAV-mediated Ctsk knockdown on
osteoclast function in vitro was carried
out through analysis of bone resorp-
tion using WGA and SEM. Our
results revealed that AAV-mediated
Ctsk depletion caused a drastic
impairment in bone resorption in vitro
(p < 0.001). Consistent with that pos-

ture, TRAP staining showed a signifi-
cant decrease in TRAP-positive
osteoclasts in vivo in the AAV-sh-
Ctsk—treated group as compared to
the AAV-sh-luc-YFP group. Peri-
odontal ligament cells are fibroblast-
like cells characterized by collagen
production as well as cytokine and
chemokine release, which can con-
tribute to periodontal inflammation
(26). Notably, we found that Ctsk
was highly expressed in the periodon-
tal ligament area in the AAV-sh-luc-
YFP group by IF staining, which
suggest an important role for Ctsk in
fibroblast-like cells. Osteoclasts are
the only well studied cell type that
can mediate the bone resorption



(27,28). Notably, recent studies have
indicated that osteoclast activation is
not only solely dependent on osteo-
blasts, but it may also be dependent
on other cells present in the local
bone environment. Given that DCs,
macrophages and osteoclasts are all
originated from the hematopoietic cell
lineage, it is believed that osteoclasts
are closely related to the immune
cells, which may affect osteoclast for-
mation and/or function through for-
mation of different types of terminal
cells in their local environment (29—
31). It was recently reported that
whereas the Ctsk knockout in mouse
displayed normal osteoclast numbers
but non-functional osteoclasts as
assessed by their inabilities to resorb
bone matrix, indicating that Ctsk is
critical for osteoclast function but
may play a dispensable role in osteo-
clast differentiation (32). Unlike the
finding from Ctsk knockout mice, our
data showed that osteoclast numbers
were decreased in the AAV-sh-Ctsk—
treated group, suggesting that the
knockdown of Ctsk may affect osteo-
clast activation through its effect on
immune cells. Further studies are
needed to assess the role of Ctsk in
osteoclastogenesis in the context of
the bone microenvironment under
inflammatory stimulation.

Adeno-associated virus-mediated
cathepsin K by adeno-associated
virus can effectively target both
inflammation and bone loss in
periodontitis

Bone resorption and inflammation are
two key challenges in oral health
because oral bacteria can strongly
stimulate T- and B-cell activation.
The latter can strongly promote
osteoclast formation and function,
which can ultimately lead to bone loss
around the teeth (33,34). We previ-
ously characterized the role of Ctsk in
osteoclasts and revealed that Ctsk is
crucial for osteoclastic bone resorp-
tion (19,35). It was recently reported
that Ctsk inhibition could suppress
autoimmune inflammation of the
joints as well as bone resorption in
autoimmune arthritis and that Ctsk™
~ rats were resistant to experimental
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autoimmune encephalomyelitis (36).
Collectively, these findings suggest
that Ctsk plays an important role in
the immune system aside from its role
in osteoclasts and may thus serve as
an important therapeutic target for
targeting autoimmune diseases (36—
38). Notably, these dual roles of Ctsk
in osteoclast and immune functions
make it an ideal candidate for target-
ing both inflammation and bone loss
resorption in many inflammatory
bone diseases. Indeed, local adminis-
tration of AAV-sh-Ctsk can not only
reduce bone loss and inflammation in
periodontitis, as in our current study,
but it can also inhibit periapical bone
loss and inflammation in a mouse
model of endodontic disease as we
previously reported (39). Therefore,
AAV-sh-Ctsk may be useful for tar-
geting the interplays of osteoclastic
bone resorption and activated
immune functions in many inflamma-
tory diseases. In this current study,
we investigated the dual functions of
Ctsk in relationship to periodontal
disease. We revealed that treatment of
periodontitis induced in mice by
P. gingivalis infection with AAV-sh-
Ctsk could protect mice from P. gin-
givalis-stimulated alveolar bone loss.
Notably, AAV-sh-Ctsk treatment can
also attenuate inflammation in P. gin-
givalis-induced periodontitis by, in
part, decreasing T cells and DC num-
bers in the periodontal lesions. In our
current experiment, the PBS and
AAV-sh-luc-YFP were chosen as the
disease control group, which the YFP
group is a better control group for
the AAV-sh-Ctsk group as the YFP
group also contains the AAV. This
can show that the AAV itself does
not have any bone protection effect
compared to the target gene. The PBS
group was applied to show that the
periodontitis mouse model is success-
ful and stable.

The underlying mechanism of
cathepsin K functions is different in
periodontitis from periapical disease

Furthermore, we explored the func-
tions of the Ctsk using, in this estab-
lished mouse periodontitis model
induced by infection with P. gingivalis

W50, a known pathogen that is highly
associated with periodontal disease
progression by stimulating both
inflammation and bone resorption,
two key features of periodontitis (40).
In addition, the host immune and
inflammatory response play important
roles in periodontitis (1,2). In our pre-
vious study, we applied four different
bacterial strains to generate a periapi-
cal disease model to investigate the
role of Ctsk in this disease (39).
Whereas inflammation associated with
periapical disease is mainly localized
to the oral cavity, inflammation in
periodontitis stems mostly from sys-
temic reactions, which can trigger
other diseases (41). These findings
indicate that the molecular mechanism
by which the Ctsk functions in the
periodontitis model is different from
its role in periapical disease. We
demonstrated that AAV-mediated
Ctsk in periodontitis inhibits bone
resorption and attenuates local inflam-
mation. Specifically, AAV-sh-Ctsk
caused downregulation of many
inflammatory cytokines in the peri-
odontal tissues was assessed by ELISA
and qRT-PCR analyses. The reduction
in inflammation in the AAV-sh-Ctsk
treatment group may also be partially
due to downregulation of IL-6, which
can promote the activation and differ-
entiation of the macrophages. In fact,
IL-6 can be secreted by osteoblasts in
response to bone resorbing agents such
as IL-1o, IL-1p and TNFa (42). Ctsk
has been reported to have functions in
DCs through toll-like receptors
(TLRs) (36). Our results through co-
expression of CD11¢ and Ctsk support
that Ctsk may simultaneously stimu-
late functions of the DCs and osteo-
clast function. Hence, our finding that
expression of IL-6, IL-12 and TNFa
was attenuated by the AAV-mediated
Ctsk depletion may stem from the
inhibition of Ctsk functions in DCs,
which should further be validated by
in vitro study. In further understanding
the molecular mechanisms underlying
the protection from periodontitis-
induced bone loss with Ctsk deletion,
we revealed that while expression of
the osteoclast marker Acp5 in the peri-
odontitis lesion area was almost unaf-
fected by AAV-mediated Ctsk
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knockdown, there was a block in bone
turnover in the periodontitis, which
was due to an increase in OPG and a
decrease in RANKL expression. This
finding is inconsistent with other
reports demonstrating that RANKL is
also expressed in inflammatory cells
(mainly lymphocytes and macro-
phages) and proliferating epithelium
near inflammatory cells (43). Hence,
the decrease in RANKL expression
may be the result of attenuated inflam-
mation by depletion of the Ctsk in
periodontitis lesions. Owing to the lim-
ited tissue available for ELISA assays,
we chose to examine the expression
level of known inflammatory factors,
including IL-lo, IL-1B, TNFa, IL-6,
IL-12 and IL-10, which can provide
great mechanistic information on the
functions of the Ctsk in periodontitis.
Furthermore, such analysis can help
explain  whether these expression
changes can promote innate immune
responses from tissue epithelia to limit
the damage caused by viral and bacte-
rial infections. These cytokines can
also facilitate the tissue-healing pro-
cess in injuries caused by infection or
inflammation. TNFao and IL-lo have
been indicated as potent stimulators of
bone resorption, and they have been
found in the periodontitis lesion area
(44,45). IL-1B is another inflammation
factor that is connected with gingival
inflammation (46). IL-6 may have a
proinflammatory function by increas-
ing its levels and reabsorbing bone in
the presence of inflammatory factors
such as TNFa and IL-1a (47). 1L-12
can stimulate interferon-gamma pro-
duction through T-helper type 1 cells,
which are considered to have a connec-
tion with the severity of periodontitis
(48). All of these markers were down-
regulated after the Ctsk was knocked
down, which indicated that the Ctsk
deficiency might impair the immune
response in the periodontitis local
lesion area. It has been reported that
Ctsk is expressed in DCs (36). Nota-
bly, our immunofluorescence data
showed that the number of DCs
decreased significantly in the lesion
area. Notably, IL-10 can also repress
proinflammatory responses and limit
tissue damage caused by inflammation,
which support crucial roles for the IL-

10 family of cytokines in many infec-
tious and inflammatory diseases (49).
Collectively, our data demonstrate
that AAV-mediated Ctsk silencing
therapy can provide the unique oppor-
tunity to address the interconnected
issues of inflammation and bone
resorption in periodontitis.

Although, it is difficult to define the
exact details of the mechanism at this
point, we can determine that Ctsk
knockdown results in defective TLR9
signaling in DCs in response to bacte-
rial infection as shown by the reduced
mRNA level of proinflammatory
cytokines (e.g. I1L-12 and IL-6) that
are regulated by TLRY (Fig. 5). This
finding is consistent with that reported
by Asagiri et al. (36) in a study using
a mouse model of experimental arthri-
tis in which the Ctsk inhibitor reduced
the TLR9-mediated immune response
as shown by a reduction in cytokine
(e.g. IL-12 and IL-6) mRNA. We fur-
ther determined that the Ctsk knock-
down in periodontal lesions results in
defective TLR4 signaling because the
expression of TNFa was reduced in
the lesion area. Our data indicate a
dramatic reduction in Ctsk expression
after Ctsk knockdown in vitro
(Fig. 1F) and in vivo (Fig. 2F). Impor-
tantly, the AAV-sh-Ctsk is adminis-
tered after the immune response,
inflammation and bone resorption
have already been initiated, as would
be the case in the clinic. Notably, the
Asagiri et al. (36) study did not exam-
ine bone resorption like our study.

In summary, our local administra-
tion of the sh-Ctsk through AVV-
mediated gene therapy can inhibit,
simultaneously and effectively both
inflammation and osteoclastic bone
resorption in  P. gingivalis-induced
periodontitis after these processes have
already been initiated, as would be the
case in the clinic. Importantly, AAV
gene therapy has been used in numer-
ous studies to target many human dis-
eases and thus carry great therapeutic
potential for periodontal disease.
Given the dual roles of the Ctsk in pro-
moting inflammation and osteoclastic
bone resorption, utilization of this
promising AAV technology to target
the Ctsk offers a unique tool to simul-
taneously target bone resorption and

inflammation with limited side effects
in numerous diseases, including oral
infectious diseases, rheumatoid arthri-
tis and bone metastases.
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