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Selective Activation of MST1/2 Kinases by Retinoid Agonist
Adapalene Abrogates AURKA-Regulated Septic Arthritis

Preeti Yadav, Bharat Bhatt, and Kithiganahalli Narayanaswamy Balaji

Septic arthritis is a chronic inflammatory disorder caused by Staphylococcus aureus invasion of host synovium, which often
progresses to impairment of joint functions. Although it is known that disease progression is intricately dependent on dysregulated
inflammation of the knee joint, identification of molecular events mediating such imbalance during S. aureus�induced septic
arthritis still requires detailed investigation. In this article, we report that Aurora kinase A (AURKA) responsive WNT signaling
activates S. aureus infection�triggered septic arthritis, which results in inflammation of the synovium. In this context, treatment with
adapalene, a synthetic retinoid derivative, in a mouse model for septic arthritis shows significant reduction of proinflammatory
mediators with a simultaneous decrease in bacterial burden and prevents cartilage loss. Mechanistically, adapalene treatment
inhibits WNT signaling with concomitant activation of HIPPO signaling, generating alternatively activated macrophages.
Collectively, we establish adapalene as a promising strategy to suppress S. aureus�induced irreversible joint damage. The Journal
of Immunology, 2021, 206: 2888�2899.

Septic arthritis is a severe purulent inflammatory disease that
results from colonization of invasive infectious microbes,
majorly bacteria, in joints. Among invasive bacterial infec-

tions, Staphylococcus aureus accounts for 37�67% of clinical iso-
lates from septic arthritis cases among various categories of patients
(1, 2). Limited antibiotic treatment, as well as increased antibiotic
resistance to S. aureus, limits various options in terms of curtailing
invasive infections like endocarditis (3), bacteraemia (4), and osteo-
myelitis (5).
In the context of septic arthritis, clinically proven disease-modify-

ing antirheumatic drugs that are in clinical utility assume important
roles in modulating hyperinflammation to prevent immune system
dysregulations (6). However, in many cases, treatment of septic ar-
thritis among patients becomes ineffective, owing to the develop-
ment of refractoriness not only to disease-modifying antirheumatic
drugs but to various biologics and biosimilars, as well (7). In this re-
gard, vitamin A metabolite, retinoic acid (RA), is shown to potenti-
ate anti-inflammatory T regulatory (Treg) cell expansion (8).
Moreover, zymogen-driven RA induction results in dendritic
cell�mediated Foxp31 T cell expression and elevated SOCS3 level
with concomitant reduction of proinflammatory cytokines (9). Im-
portantly, RA is documented in the amelioration of collagen-induced
arthritis, which helps in improving the clinical symptoms of an auto-
immune disorder (10). However, a direct role for RA, if any, on cur-
tailing bacterial-induced septic arthritis development has not yet
been investigated. In this perspective, we explored whether a

synthetic derivative of RA (adapalene [ADA], a biologically active
and key metabolite of vitamin A) would suppress S. aureus�trig-
gered septic arthritis. ADA is a third-generation RA receptor (RAR-
b,g) selective agonist, approved by the U.S. Food and Drug Admin-
istration (FDA) with a broad safety profile, and it is chemically sta-
ble (FDA identifier 090962). It is an established comedolytic and
efficacious chemotherapeutic agent (11) that has never been ex-
plored against bacterial sepsis. Our current investigation demon-
strates that ADA regulates key signaling events involved in S.
aureus�elicited septic arthritis in mice. Specifically, NOD2-mediated
activation of AURKA�WNT signaling during S. aureus infection is
found to activate proinflammatory chemokines, culminating in the de-
velopment of septic arthritis. Administration of ADA inhibited both
onset and development of septic arthritis through suppression of WNT
signaling. In line with this, ADA-induced HIPPO signaling potentiated
anti-inflammatory macrophage phenotype and mounted proresolvin E1
receptor CHEMR23 expression, thereby leading to the abrogation of
septic arthritis development. Together, this study establishes ADA as a
preventive intervention for S. aureus�driven septic arthritis.

Materials and Methods
Mice, cells, and bacteria

BALB/c mice were purchased from The Jackson Laboratory and maintained
in the Central Animal Facility, Indian Institute of Sciences, Bangalore, India.
Mice were i.p. injected with 8% Brewer thioglycollate and sacrificed after
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4 d to isolate peritoneal macrophages via gastric lavage with ice-cold PBS.
Isolated cells were cultured in DMEM containing 10% FBS for 12 h, and
adherent cells were used as peritoneal macrophages. Murine RAW264.7
macrophage cell line was obtained from the National Centre for Cell Scien-
ces, Pune, India. S. aureus Cowan 1 (Microbial Type Culture Collection
identifier 902) was obtained from the Microbial Type Culture Collection, In-
stitute of Microbial Technology, Chandigarh, India.

Ethics statement

All studies involving mice were carried out after approval from the institu-
tional ethics committee as well as from the institutional biosafety committee.
Animal handling, care, and use protocols were approved by the national
guidelines of the Committee for the Purpose of Control and Supervision of
Experiments on Animals, Government of India.

Reagents and Abs

DMEM and FBS were purchased from Life Technologies�Invitrogen/Ther-
mo Fisher Scientific. Anti-b-ACTIN (A3854) Ab was purchased from Sig-
ma-Aldrich. Anti-Ser-33/37/Thr-41 phospho-b-CATENIN (9561), anti-
b-CATENIN (9562), anti-Ser-9 phospho-GSK-3b (9322), anti-GSK-3b
(9315), anti-Thr-288 phospho-AURORA KINASE A (3079), anti-AURORA
KINASE A (3092), anti-Ser-2448 phospho mTOR (2971), anti-mTOR
(2972), anti-Thr-1079 phosphor-LATS1 (8654), anti-LATS-1 (3477), anti-
Thr-183 Phopho-MST1/Thr-180MST2 (3681), anti-MST1 (14946), anti-
MST2 (3952), anti�IL-1b (12242), and anti-ARGINASE1 (9819) Abs were
obtained from Cell Signaling Technology. Anti-CHEMR23 (ab64881) was
purchased from Abcam. HRP-conjugated anti-rabbit IgG Ab (111-035-045)
and anti-mouse Alexa 647 (715-605-151) were purchased from Jackson Im-
munoResearch. Anti-CD11b FITC (101205), anti-CD64 PE/Cy7 (139313),
and anti-rabbit Alexa 647 (406414) were purchased from BioLegend.
BV510 live/dead dye (13-0870) was purchased from Tonbo Biosciences.
Nontargeting small interfering RNA (siRNA) (D-001210-01-20) and Stk4/
Mst1 (M-059385-01-0005) and Stk3/Mst2 (M-040440-01-0005) siRNAs
were obtained from Dharmacon as siGENOME SMARTpool reagents.

Treatment with pharmacological reagents

In all experiments involving pharmacological reagents, a titrated concentra-
tion was used after assessing viability of the macrophages using trypan blue
assay. In all in vitro experiments, peritoneal macrophages were pretreated for
1 h with inhibitors at the following concentrations: alisertib (1 mM)
(1028486-01-2; Cayman), rapamycin (100 nM) (553210; Calbiochem), and
ADA (5 mM) (114825; Calbiochem).

In vitro S. aureus infection

S. aureus was grown in Luria Broth at 37�C until the OD600 reached 0.2,
corresponding to �1 � 107 CFU per milliliter. Bacteria were harvested,
washed with PBS, and resuspended in cell culture complete DMEM without
antibiotics. Peritoneal macrophages were infected with S. aureus at a multi-
plicity of infection (MOI) of 1:10.

Intra-articular infection of mice

For in vivo experiments, mice were anesthetized with a single dose of keta-
mine (120 mg/kg) and xylazine (16 mg/kg) mixture. Hind limbs were
shaved, and the left knee was intra-articularly injected with live S. aureus.
The right knee was injected with PBS as vehicle control. Mice were moni-
tored for the next 7 d for limping and restricted hind limb movement.

RNA isolation and quantitative real-time RT-PCR

For in vivo studies, the whole hind limb tissue was pulverized based on a
previously established protocol (12, 13). Briefly, the outer skin of the hind
limb from S. aureus�infected or ADA-treated mice was removed, and the
whole joint (including synovial tissue, ligaments, and bone) was crushed in a
precooled mortar and pestle in liquid nitrogen. Finely minced tissue was col-
lected. Crushed tissue or treated macrophages, as indicated, from in vitro ex-
periments were subjected to total RNA isolation using TRI reagent (T9424;
Sigma-Aldrich). RNA was used for cDNA synthesis using first-strand cDNA
synthesis kit (M3682; Promega). Quantitative real-time PCR was performed
with SYBR green PCR mix (RR420A; Takara) in an ABI machine. All ex-
periments were repeated in biological triplicate with technical duplicates tak-
en in each experiment to ensure reproducibility of data. Mean cycle
threshold values were normalized to internal control Gapdh. Primers used
for quantitative real-time PCR are as follows: Gapdh forward (Fwd) 59-gagc-
caaacgggtcatcatct-39, reverse (Rvs) 59-gaggggccatccacagtctt-39; Cxcl1 Fwd 59-
tgttgtgcgaaa agaagtgc-39, Rvs 59-cgagacgagaccaggagaaa-39; Il-1b Fwd 59-ga
aatgccaccttttgacagtg-39, Rvs 59-tggatgctctcatcaggacag-39; Ccl2 Fwd 59-
taaaaacctggatcggaaccaaa-39, Rvs 59-gcattagcttcag atttacgggt-39; Ccl4 Fwd 59-

aaacctaaccccgagcaaca-39, Rvs 59-ccattggtgctgagaaccct-39; Ccl5 Fwd 59-ccct
caccatcatcctcact-39, Rvs 59-ccttcgagtgacaaacacga-39; Ccl11 Fwd 59-cagatgcaccc
tgaaagccata-39, Rvs 59-tgctttgtggcatcctgga-39; Ccl12 Fwd 59-atttccacacttctatg
cctcct-39, Rvs 59-atccagtatggtcctgaagatca-39; Cxcl11 Fwd 59-aggaaggtcacagcca-
tagc-39, Rvs 59-cgatctctgccattt tgacg-39; Tnf-a Fwd 59-agcccacgtcgtagcaaaccac-
caa-39, Rvs 59-acacccattcccttcacagagcaat-39; Nos2 Fwd 59-ggagtgacggcaaa
catgact-39, Rvs 59-tcgatgcacaactgggtgaac-39; Retnla Fwd 59-cc ctccactgtaacgaa-
gactc-39, Rvs 59-cacacccagtagcagtcatcc-39; Ccl22 Fwd 59-tgccatcacgtttagtga
agg-39, Rvs 59-cggcaggattttgaggtcca-39; Ucp-1 Fwd 59-gtgaaggtcagaatgca
agc-39, Rvs 59-aggg cccccttcatgaggtc-39; Cx3cr1 Fwd 59-cagcatcgaccggtacctt-
39, Rvs 59-gctgcactgtccggttgtt-39; Rarb2 Fwd 59-gcagcaccggcatactgctc-39, Rvs
59-ctagcccgatgacttgtcctg-39; Tgf-b Fwd 59-ccctatatttggagcctgga-39, Rvs 59-
gttggttgtagagggcaagg-39; Il-10 Fwd 59-ggactttaagggttacttggg ttgcc-39, Rvs 59-
cattttgatcatcatgtatgcttct-39; and Arginase1 Fwd 59-gtgaagaacccacggtctgt-39, Rvs
59-ctggttgtcaggggagtgtt-39.

Immunoblotting

Treated macrophages, as indicated, were washed with ice-cold PBS, and col-
lected pellet was lysed in RIPA buffer constituted of 50 mM TRIS-HCl (pH
7.4); 1% Nonidet P-40; 0.25% sodium deoxycholate; 150 mM NaCl; 1 mM
EDTA; 1 mM PMSF; 1 mg/ml each of aprotinin, leupeptin, and pepstatin; 1
mM Na3VO4; and 1 mM NaF. Total protein was quantitated through Brad-
ford method. An equal amount of protein from each sample was resolved on
a 12% SDS-polyacrylamide gel and transferred to polyvinylidene difluoride
membranes (IPVH00010; Millipore) by the semidry transfer (170-3940; Bio-
Rad) method. To block nonspecific binding, blots were blocked with 5%
skimmed milk powder in TBST (20 mM TRIS-HCl [pH 7.4]), 137 mM
NaCl, and 0.1% Tween 20 for 60 min. Blots were incubated overnight at
4�C with primary Ab, followed by incubation with HRP-conjugated second-
ary Ab in 5% BSA for 4 h. After washing in TBST, immunoblots were de-
veloped with an ECL detection system (NEL105001EA; Perkin Elmer) as
per the manufacturer’s instructions. b-ACTIN was used as a loading control.
To probe another protein in the same region, blots were further stripped in
stripping buffer (62.5 mM TRIS-HCl [pH 6.8], 2% SDS, and 0.7% b-mer-
captoethanol) at 60�C on a shaker, followed by blocking with 5% skimmed
milk powder and probed with Abs as mentioned above.

Transient transfection

Peritoneal macrophages from mice were transiently transfected with 100 nM
targeted siRNA for 8 h, using low-m.w. polyethyleneimine (40872-7; Sig-
ma-Aldrich). Further 36-h posttransfection cells were treated or infected as
indicated for the required time and processed for analysis.

Micro�computed tomography and its parameters

Scanned limbs covering a region of 8 mm were reconstructed into a three-di-
mensional structure with XRADIA XRM 500. Scanning was done at 100
kV, 89.3 mA, and 9 W with LE1 source filter. Exposure time was 1 s with a
pixel size of 10.91 obtained at 1� objective with 1031 slices. Images were
analyzed using AVIZO software through manual thresholding and segmenta-
tion. Analysis was performed based on set guidelines for assessment of bone
microstructure in rodents (14). Parameters that were measured included bone
volume/total volume, which indicates the ratio of segmented bone volume to
total volume of the region of interest; trabecular thickness (millimeters), indi-
cating the mean thickness of trabeculae; trabecular number (per millimeter),
indicating a measure of the average number of trabeculae per unit length;
and trabecular space volume (millimeters cubed), indicating the mean vol-
ume of the space between trabeculae.

Immunohistochemistry

Tissue sections (5 mm) obtained from decalcified and paraffin-embedded
blocks were subjected to deparaffinization and rehydration. For Ag retrieval,
sections were kept in 10 mM sodium citrate buffer (pH 6) for 15 min at boil-
ing temperature. A total of 1% H2O2 was used to inhibit 5endogenous tissue
peroxidase activity, followed by blocking with 2% BSA for 1 h. These sec-
tions were incubated with primary Abs (1: 100) made in 1% BSA and 1%
Tween 20 solution overnight at 4�C. After incubating with secondary anti-
rabbit HRP-conjugated Ab for 6 h at 4�C, sections were stained with 0.1%
diaminobenzidine (Sigma-Aldrich) in 1% H2O2 solution. Slides were washed
with PBS counterstained with hematoxylin, dehydrated with ethanol, and
mounted on DPX (Thermo Fisher Scientific product code 18404).

Histopathological examination and scoring

Tissue sections (5 mm) obtained through brief fixation in 4% formaldehyde
for bone decalcification were paraffin embedded and stained with H&E.
Double-blinded scoring was performed, including pathologist to analyze
the severity of arthritis. Histological examination was performed based
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on parameters discussed in the published report (15). Briefly, synovial
inflammation was scored as 0 5 normal; 1 5 minimal infiltration of in-
flammatory cells in periarticular tissue; 2 5 mild infiltration; 3 5 mod-
erate infiltration, with moderate edema; 4 5 marked infiltration, with
marked edema; and 5 5 severe infiltration, with severe edema. Cartilage
damage and bone erosion were scored as 0 5 normal, 1 5 minimal
(minimal to mild loss of cartilage and bone), 2 5 mild (mild loss of car-
tilage and bone), 3 5 moderate (moderate loss of cartilage and bone),
4 5 marked (marked loss of cartilage and bone), and 5 5 severe (severe
diffuse loss of cartilage and bone).

Isolation of synovial tissue to perform immunofluorescence and flow
cytometry

For in vivo tissue imaging, synovial tissue from mice was isolated, as previ-
ously described (16, 17). Briefly, a midline skin incision was performed to
expose knee joints. Transverse resection of the quadriceps was done at the
middle, followed by distally reversing the tissue, which exposed the synovi-
um, patella, and patellar ligament, and thus subsequently, the synovial tissue
was isolated. For immunofluorescence, cryosections of 5 mm were stained
with primary Abs followed by secondary Ab with DAPI for nuclei staining
and imaged using Zeiss LSM 710 Meta Confocal Laser Scanning Micro-
scope. For flow cytometry, resected synovial tissue was digested in RPMI
medium (collagenase type IV [5 mg/ml], TC214; HiMedia) and DNase 1
(0.1 mg/ml, EN0521; Thermo Fisher Scientific) for 60 min at 37�C. Minced
tissue was filtered through a 70-mm cell strainer and washed with FACS
buffer (2% FBS with 1 mM EDTA in PBS). The single cells obtained were
preincubated for 1 h with 5 mg/ml brefeldin A (Sigma-Aldrich) and stained
with CD64-PECy7, CD11b-FITC, and BV510 ghost live/dead dye. For intra-
cellular staining, cells fixed in 2% PFA were washed in FACS buffer and in-
cubated with IL-1b and ARGINASE 1 Ab in permeabilization buffer for 60
min at 4�C. Cells were subsequently washed and acquired through BD
FACSCanto II and analyzed using FACSuite software (BD Biosciences). For
gating synovial macrophages, peak of forward scatter width as singlet cells
and forward scatter height to separate debris was selected. Cells were further
stained by live/dead dye to obtain live cells and gated to identify double-pos-
itive CD11bhi and CD64hi synovial macrophages. Expression of indicated
protein was further quantified from CD11bhi and CD64hi double-positive
cells. In each experiment, a total of 100,000 events were collected. For tran-
script analysis, FACS-sorted CD11bhi and CD64hi double-positive synovial
cells from indicated treatment groups of mice were collected and lysed in
TRI reagent (T9424; Sigma-Aldrich) followed by cDNA synthesis to per-
form quantitative real-time PCR.

Immunofluorescence

For in vitro CHEMR23 visualization experiment, peritoneal macrophages
from BALB/c mice were pretreated with ADA for 1 h followed by bacteria
infection. Coverslips were incubated with primary CHEMR23 Ab overnight
at 4�C, followed by 1-h incubation with DyLight 488�conjugated secondary
Ab and nuclei staining with DAPI for 5 min. Coverslip was mounted on
glycerol for confocal imaging. For in vivo tissue imaging, synovial tissue
was resected and immediately preserved at �80�C. Cryosections of 5 mm
were made in OCT medium and stained with primary Abs incubated over-
night at 4�C. Sections were incubated with DyLight 488�conjugated second-
ary Ab for 1 h, and nuclei were stained with DAPI for 5 min. A coverslip
was mounted on the section with glycerol as the medium. Confocal images
were taken using a Zeiss LSM 710 Meta Confocal Laser Scanning Micro-
scope, and images were analyzed using ZEN 2009 software.

Griess assay for nitrite estimation

Resected synovial tissue was digested in RPMI 1640 containing collagenase
type IV (5 mg/ml) and DNase 1 (0.1 mg/ml) to obtain single-cell suspension.
Cells were seeded at a density of 4 million per milliliter and incubated at
37�C and 5% CO2. After 24 h, the culture supernatant was harvested to per-
form Griess assay. In a 96-well plate, 0.1 M stock solution of sodium nitrite
was diluted to obtain a standard curve. A total of 50 ml of cell culture super-
natant from each treatment group was mixed with an equal volume of Griess
reagent, which consisted of 1% sulphanilamide solution with 5% H3PO4 and
0.1% N-1-napthylethylenediamine dihydrochloride solution. Samples were
incubated for 20 min at room temperature in the dark, and absorbance was
measured at 550 nm.

CFU assay

For in vitro CFU assay, peritoneal macrophages from BALB/c were infected
with S. aureus at 10 MOI in DMEM for 4 h, followed by treatment with
200 mg/ml gentamicin for 2 h at 37�C. Cells were washed with PBS to kill
extracellular bacteria, and macrophages were incubated further for indicated

time points. To enumerate intracellular bacterial counts, macrophages were
lysed in 0.05% SDS, and serial dilutions were plated on mannitol salt agar
plates for positive selection of S. aureus. For in vivo CFU assay, hind limbs
of BALB/c mice (which were intra-articularly infected with 1 � 107 CFU of
live S. aureus) were dissected and crushed in tissue homogenizer (TissueLys-
er, 69982; QIAGEN) using 5-mm stainless steel beads (QIAGEN). Tissue
lysate was serially diluted and plated on mannitol salt agar selection plates to
obtain viable bacterial counts.

Statistical analysis

Levels of significance are expressed as mean ± SEM for the values from at
least three or more independent experiments. GraphPad Prism 5.0 software
was used for all the statistical analysis.

Results
Establishment of arthritis by S. aureus infection

For our current investigation, we have chosen S. aureus Cowan1 to
study the development of septic arthritis. As reported, S. aureus
Cowan1 is associated with arthritogenicity virulence factors, such as
protein A (18, 19), fibrinogen-binding clumping factor A (ClfA)
(20), and fibrinogen-binding proteins (FnBP) (21), that enhance the
interaction with host cells and potentiate the tissue invasive ability
by binding to collagen with high affinity. Interestingly, regardless of
many reports, molecular pathways that govern host�S. aureus inter-
actions and immune dysregulation require detailed investigation. In
this context, we used a mouse model of septic arthritis, wherein in-
tra-articular infection of S. aureus Cowan1 was administered in the
left knee of BALB/c mice. The contralateral knee received PBS,
which served as a control. Infected mice demonstrated symptoms of
clinical arthritis 3 d postinfection, with observable limping and re-
stricted leg movement. Seven days postinfection, the anterior knee
and distal femur transverse cross-section (Fig. 1A) showed a visual
increase in bone porosity as evaluated by micro�computed tomogra-
phy. Quantification of bone morphometric indices indicated a de-
crease in bone volume percentage, trabecular thickness, and number
with a simultaneous increase in trabecular space volume (Fig. 1B),
collectively suggesting significant bone erosion upon infection.
In consonance with the described model, immunohistochemical

analysis of knee sections obtained from S. aureus�infected mice dis-
played significant destruction of knee architecture along with recruit-
ment of inflammatory cells within the joint space and into skeletal
muscle bundles, indicating the extension of inflammation from the
joint into the soft tissue of the limb (Fig. 1C). Scoring of synovial
and bone erosion revealed a significant increase in synovial inflam-
mation in addition to an increase in bone and cartilage damage (Fig.
1D). Interestingly, synovial fluid from arthritic patients is also re-
ported to demonstrate altered cytokine profiles (22). For our current
study, we have examined various chemokines that are known to reg-
ulate synovial inflammation and cartilage destruction. For example,
CXCL1 and CCL2 have been shown to govern recruitment of neu-
trophils (23) and monocytes (24) in the synovium during arthritis.
Furthermore, a study by Kuo et al. (25) has depicted genetic poly-
morphism in CCL4 and its association with increased susceptibility
to rheumatoid arthritis. Other chemokines, such as CCL11 and
CCL12, were assessed because of their direct effect on bone resorp-
tion and therapeutic targeting during arthritis progression (26, 27). In
addition to this, our current investigation also explored the role of
anti-inflammatory M2 macrophage in resolution of inflammation.
Whereas both RETNLA and CX3CR1 are known markers for resi-
dent synovial macrophages involved in restricting inflammation of
joint tissues (28), UCP1 is known to regulate the reactive oxygen
species to modulate inflammation (29). To elucidate mechanisms
that regulate S. aureus infection�triggered inflammation, expression
of a panel of inflammatory mediators was analyzed in the whole in-
flamed knee of mice. As indicated, expression profile of selected
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cytokines/chemokines demonstrated significant expression of proin-
flammatory cytokines as compared with anti-inflammatory cytokine
signature (Fig. 1E). Consistent with this, the transcript profile of
common inflammatory mediators also showed a similar increase of
proinflammatory cytokine with no observable change in the levels
of anti-inflammatory cytokines (Supplemental Fig. 1). Thus, these find-
ings suggest that infection with S. aureus differentially regulated ex-
pression of proinflammatory mediators with increased bone porosity
and bone erosion during the development of septic arthritis in mice.

ADA rescues S. aureus�induced cartilage and bone damage

Infection with S. aureus often leads to a drastic alteration of
host tissue morphology endorsed with augmented expression of

inflammatory cytokines. In this context, we sought to explore
the preventive regimen to subside septic arthritis along with
minimal adverse side effects. Therapeutic intervention with RA
is shown to exhibit strong immunosuppressive effects against
inflammatory diseases like colitis and allergic asthma (30, 31).
Vitamin A deficiency is also reported to correlate with enhanced
susceptibility to S. aureus infection (32). In this regard, ADA
was administered daily to mice, starting from 3 d before giving
S. aureus infection as a prophylactic treatment, and mice were
kept under observation for 7 d (Fig. 2A). On day 7 postinfec-
tion, radiological examination of the anterior knee and distal fe-
mur transverse cross-section demonstrated that ADA treatment
significantly reduced bone damage as observed through a

FIGURE 1. S. aureus Cowan1 is a causative agent of septic arthritis. (A�E) The left knee of BALB/c mice was intraarticularly injected with 107 CFU of
live S. aureus on day 0. Contralateral knee received PBS. Mice were observed for 7 d, and subsequent experiments were performed. Representative micro-
computed tomography images of day 7, showing (A) three-dimensional anterior knee and distal femur transverse cross-section of mice treated with PBS and
infected with S. aureus. (B) Hind limbs were dissected for bone morphometric analysis utilizing different indices: bone volume/total volume (BV/TV, per-
centage), trabecular thickness (Tb. Th, millimeters), trabecular number (Tb .N, per millimeter), and trabecular space volume (Tb.spV, cubic millimeters)
score. Symbols on scatter plot represent one mouse each. (C) Representative H&E-stained knee joints. Boxes 1 and 2 represent the intact articular cartilage
and joint space. Box 3 represents the sheet of inflammatory cells within joint space. Box 4 represents damaged articular cartilage indicated by a black arrow.
Scale bars, 1000 mm at low magnification and 200 mm at high magnification. Zoomed H&E-stained images of sections are at 100� magnification.
(D) H&E-stained knee sections were scored for severity of synovial inflammation, cartilage, and bone damage. Each column represents pooled data from 3
mice. (E) On day 7, intraarticularly injected knees of BALB/c mice were pulverized, and quantitative real-time PCR analysis was performed for indicated
molecules. Each column represents pooled data from six mice. Data represent the mean ± SEM of three independent experiments. *p < 0.05, **p < 0.005,
***p < 0.001, two-tailed unpaired Student t test. L, lymphocyte; M, macrophage; N, neutrophil; ns, not significant; P, plasma cell.
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FIGURE 2. ADA negatively regulates S. aureus�induced septic arthritis. (A�J) Left knees of BALB/c mice were intra-articularly injected at day 0 with
107 CFU of live S. aureus. The contralateral knee received PBS. Mice were treated daily with ADA i.p. (5 mg/kg) starting at 3 d prior to bacterial infection
and kept for 7 d. Representative micro�computed tomography images taken at 7 d of infection, showing (B) anterior knee and distal femur cross-section fol-
lowed by (C) bone morphometric analysis using different indices: bone volume/total volume (BV/TV, percentage), trabecular thickness (Tb. Th, millimeters),
trabecular number (Tb. N, per millimeter), and trabecular space volume (Tb.spV, cubic millimeter) score. Symbols on scatter plot (Figure legend continues)
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decrease in bone porosity (Fig. 2B). Furthermore, bone morpho-
metric measurement confirmed increased bone volume upon
ADA treatment, with a significant increase in trabecular bone
thickness and number along with a decreased volume of trabec-
ular spaces (Fig. 2C). Histological analysis from knee sections
upon treatment with ADA showed that recruitment of inflamma-
tory cells is reduced with preserved articular cartilage and bone
structure in S. aureus�infected mice (Fig. 2D). In this regard,
double-blinded scoring demonstrated a significant decrease in
synovial inflammation, bone, and cartilage damage of ADA-
treated mice (Fig. 2E). Collectively, these data indicate that
ADA treatment prevents S. aureus�induced irreversible tissue
damage to the host.
Given the central role of inflammatory cytokines in septic arthri-

tis pathogenesis, we explored if the observed rescue of tissue archi-
tecture upon ADA treatment correlates with modulation of
cytokine profile and host bacterial burden. ADA treatment to S.
aureus�infected mice demonstrated the reduction of knee edema
(Fig. 2F). Transcript analysis from the whole knee joint upon treat-
ment with ADA indicated a marked increase in expression of anti-
inflammatory genes with a concomitant reduction in proinflammatory
genes expression (Fig. 2G). Rarb2, a known target for RA, was used
as a positive control to assess in vivo activity of ADA. Similarly, we
have also observed a skewed response toward anti-inflammatory cyto-
kines with a significant increase in levels of Tgf-b, Il-10, and Arg1 in
the whole knee lysate (Supplemental Fig. 2). Moreover, the
characterization of synovial macrophages revealed that ADA
administration could significantly reduce expression of S. aureus�
induced proinflammatory cytokine IL-1b, with a concomitant incr
ease in anti-inflammatory ARGINASE1 expression (Fig. 2H,
Supplemental Fig. 3A, 3B). We have further examined ADA-regu-
lated inflammatory responses observed in Fig. 2G and Supplemental
Fig. 2 in isolated synovial macrophages. We observed a significant re-
duction of proinflammatory markers, such as Tnf-a, Cxcl1, Il-1b, and
Nos2, upon ADA treatment with a concomitant increase of anti-in-
flammatory genes like Tgf-b, Il-10, and Arg1 (Supplemental Fig. 3C).
The estimation of nitrite concentration also confirmed the anti-inflam-
matory effects of ADA (Fig. 2I). Further, in vivo CFU from hind
limb indicated that ADA treatment of S. aureus�infected mice could
significantly reduce the bacterial burden (Fig. 2J). However, we did
not observe any significant change in bacterial count in vitro upon
ADA treatment of peritoneal macrophages infected with S. aureus
(Supplemental Fig. 4). Overall, these results suggest that ADA treat-
ment primes host immune responses against S. aureus infection and
prevents development of septic arthritis.

AURKA-responsive WNT signaling regulates S. aureus
infection�triggered septic arthritis

To identify possible mechanisms driving the beneficial effects of
ADA treatment, we focused on identification of signaling mediators

that are cardinal to the pathogenesis of septic arthritis. Studies from
our laboratory as well as from others have demonstrated a signifi-
cant role for WNT signaling in the development of acute arthritis
(16, 33). Importantly, WNT signaling is known to cross-talk with
various signaling intermediates during immune dysregulation (34).
Although activation of WNT signaling is known to entail increased
inhibitory phosphorylation of GSK-3b with a concomitant decrease
in pb-CATENIN levels, signaling components orchestrating these
events during septic arthritis have not been delineated. In this per-
spective, both AURKA and mTOR transcript levels are reported to
be elevated in osteoclasts and B cells of patients with rheumatoid ar-
thritis (35�37). To assess the role of AURKA as well as mTOR in
regulating WNT signaling pathways, mice were infected with S. au-
reus, and infected knee sections were analyzed. As shown, the knee
section of S. aureus�infected mice demonstrated activation of AUR-
KA, which is marked by its phosphorylation at Threonine 288,
along with activation of mTOR and WNT signaling axis (Fig. 3A).
To explore the role of different pattern recognition receptors during
septic arthritis, the involvement of TLR2, TLR4, and NOD2 was as-
sessed. S. aureus infection to macrophages derived from TLR2 null
mice or tlr4Lps-d showed no change in activation of AURKA,
mTOR, and WNT signaling events compared with wild type, impli-
cating that both TLR2 and TLR4 are dispensable for infection-in-
duced activation of the said signaling pathway (data not shown).
However, peritoneal macrophages that were subjected to RNA inter-
ference�mediated interference of NOD2 (also called caspase activat-
ing recruitment domain CARD15) diminished the ability of S.
aureus to trigger activation of AURKA, mTOR, and WNT signaling
(Fig. 3B), indicating a dominant role of NOD2 during S. aur-
eus�mediated events.
To evaluate the interdependency of AURKA and mTOR in medi-

ating activation of WNT signaling, macrophages were treated with
alisertib (an AURKA-specific inhibitor) or rapamycin (mTOR-spe-
cific inhibitor), followed by infection with S. aureus. As observed.
inhibition of AURKA activity downregulated the S. aureus�induced
mTOR activity. However, rapamycin treatment could not inhibit in-
fection-triggered AURKA activation (Fig. 3C), thereby indicating
that mTOR is downstream to AURKA. To evaluate the functional
relevance of AURKA activity, S. aureus�infected mice were admin-
istered alisertib daily after 3 d of the establishment of infection (Fig.
3D). Mice were sacrificed on day 7, and total protein was isolated
from the hind limb to perform immunoblotting. As observed, the ac-
tivation of the AURKA, mTOR, and WNT signaling axis was com-
promised upon alisertib treatment (Fig. 3E). Furthermore, the hind
limb sections were evaluated by histopathology and scored for the
severity of arthritis. Although the articular cartilage remained intact
upon alisertib treatment, the presence of inflammatory cells was ob-
served within the joint space, which focally involved periarticular
soft tissue in both S. aureus�infected and alisertib-treated mice (Fig.

represent one mouse each. (D) Representative H&E-stained knee joints. Box 1 and 2 represent the intact articular cartilage and joint space. Box 3 indicates
acute inflammation within joint space. Box 4 represents the extension of inflammatory cells into and destroying articular cartilage. Boxes 5 and 6 indicate in-
tact articular cartilage with no sign of bone erosion. Boxes 7 and 8 showed the preserved articular cartage with no effect on tissue morphology due to ADA
treatment alone. Scale bars, 1000 mm at low magnification and 200 mm at high magnification. Zoomed H&E-stained images of sections are at 100� magnifi-
cation. (E) H&E sections were scored for severity of synovial inflammation, cartilage, and bone damage. Each column represents pooled data from three
mice. (F) Representative images of knee edema and changes in the knee thickness measured by vernier caliper. Symbols on scatter plot represent one mouse
each. (G) Knees were pulverized to perform quantitative real-time PCR for indicated target genes. Each column represents pooled data from six mice. (H)
Mean fluoresce intensity of indicated molecule expression in synovial macrophages. Each column represents pooled data from synovial macrophages of 12
mice. (I) Synovial tissue supernatant from treated mice were cultured for 24 h followed by performing a Griess assay to estimate the nitrite concentration.
Symbols on scatter plot represent one mouse each. (J) In vivo CFU of S. aureus from hind limbs of ADA-treated mice after 7 d of infection. Each value rep-
resents one hind limb, and five mice were used. Data represent the mean ± SEM of three independent experiments. *p < 0.05, **p < 0.005, ***p < 0.001,
one-way ANOVA followed by Tukey multiple comparisons test. M, macrophage; N, neutrophil; P, plasma cell.
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FIGURE 3. S. aureus induces NOD2-dependent activation of the AURKA�mTOR�WNT signaling axis. (A) The left knee of BALB/c mice was intra-
articularly injected with 107 CFU of live S. aureus on day 0. The contralateral knee received PBS and was kept for 7 d. Representative images of immunohis-
tochemistry that was performed on day 7 to check the activation of indicated molecules. Dotted line highlights the region of interest that stained positive for
different proteins. Scale bar, 400 mm. (B) Peritoneal macrophages from BALB/c mice, transfected with nontargeting (NT) or Card15 siRNA, were infected
with S. aureus at MOI of 1:10 for 2 h. Immunoblotting was performed for indicated molecules. (C) Peritoneal macrophages from BALB/c mice were pre-
treated with alisertib and rapamycin for 1 h, followed by infection with S. aureus at MOI 1:10 for 2 h, and immunoblotting was performed for indicated mol-
ecules. (D�H) After 3 d of S. aureus infection, mice were treated daily with alisertib i.p. (3 mg/kg). After 7 d, knees (E) were pulverized to perform
immunoblotting for indicated proteins. (F) Knees were sectioned and stained with H&E. Boxes 1 and 2 represent the intact articular cartilage and joint space.
Boxes 3 and 5 indicate myeloid cells present within the joint space and extending into the surface of the articular cartilage. Boxes 4 and 6 represent damaged
articular cartilage (black arrow). Bar, 1000 mm at low magnification and 200 mm at high magnification. Zoomed H&E-stained images of sections are at
100� magnification. (G) H&E sections were scored for severity of synovial inflammation, cartilage, and bone damage. Each column represents pooled data
from three mice. (H) Knees were also pulverized to perform quantitative real-time PCR for indicated target genes. Each column represents pooled data from
six mice. Sequential 5-mm-thick sections were used for immunostaining. Data represent the mean ± SEM of three independent experiments. Blots are repre-
sentative of three independent experiments. **p < 0.005, ***p < 0.001, one-way ANOVA followed by Tukey multiple-comparisons test. M, macrophage;
N, neutrophil.
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3F). Upon scoring of knee sections, it was found that alisertib treat-
ment could reduce synovial inflammation as well as decrease carti-
lage and bone destruction (Fig. 3G), albeit in a lesser manner than
ADA treatment (Fig. 2E). Transcript analysis revealed that expres-
sion of only a few selective proinflammatory cytokines was reduced
(Fig. 3H), suggesting that alisertib treatment could partially rescue
the inflammation. Collectively, our findings suggest that AURKA
signaling contributes significantly to septic arthritis development.

ADA differentially regulates S. aureus�induced WNT and HIPPO
signaling

Next, the treatment of ADA was used to monitor its effects on the
AURKA signaling axis. Immunoblotting of knee samples showed
that ADA treatment impedes S. aureus�induced AURKA�WNT
signaling axis (Fig. 4A). However, previous experiments indicated
that the targeted inhibition of AURKA activity could only partially
limit inflammation (Fig. 3G, 3H). This led us to hypothesize the
possible involvement of an additional signaling cascade that coordi-
nates the therapeutic effects of ADA treatment and controls inflam-
mation. RARg, a nuclear receptor, is known to regulate Hippo-Yap

signaling in tumorigenesis and metastasis of colorectal cancer (38).
MST1/2 kinases are key mediators of HIPPO signaling. Studies us-
ing MST1/2 knockout mice have reported enhanced susceptibility to
bacterial sepsis (39) and also greatly impaired endochondral ossifica-
tion, which is required during fracture healing and bone repair (40).
With this premise, the activation of HIPPO signaling was assessed.
Phosphorylation of MST1/2 and LATS1/2 is indicative of Hippo
signaling activation. Immunoblotting assay of infected knee samples
of mice showed that S. aureus infection induced the activatory phos-
phorylation of MST1, MST2, and LATS1, which was further aug-
mented upon ADA treatment, in contrast to the strong suppressive
effect of ADA on the S. aureus�induced WNT signaling pathway,
as shown by inhibition of GSK-3b with concomitant activation of
pb-CATENIN (Fig. 4B). Similarly, immunofluorescence staining of
synovial tissue of mice treated with ADA upon infection with S. au-
reus validated our observations of enhancement of HIPPO signaling
with concomitant inhibition of the WNT signaling pathway (Fig.
4C). To elucidate the signaling intermediates between ADA and the
HIPPO pathway, a screen for specific signaling events previously
documented to be activated by RA was performed. Macrophages

FIGURE 4. ADA treatment inhibits WNT and activates HIPPO signaling. (A�C) Left knees of BALB/c mice were intra-articularly injected at day 0 with
107 CFU of S. aureus. Contralateral knee received PBS. Mice were treated daily with ADA i.p. (5 mg/kg) starting at 3 d prior to bacterial infection and kept
for 7 d. Representative (A and B) immunoblotting of pulverized knee samples and (C) immunofluorescence from knee synovium cryosections were performed
to assess activation of WNT and HIPPO signaling. Scale bar, 5 mm with original magnification 40�. (D) Peritoneal macrophages from BALB/c mice were
treated with indicated inhibitors for 1 h followed by treatment with ADA (5 mM) for 1 h. Immunoblotting was performed to assess activation of HIPPO sig-
naling. Data are representative of three independent experiments.
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were treated with specific inhibitors of MAPK/ERK (U0126), PI3K
(LY294002), and pan PKC (Safingol), of which U0126 showed sig-
nificant abrogation of ADA-induced phosphorylation of MST1/2
and LATS1 (Fig. 4D). Thus, ADA-triggered activation of HIPPO
signaling requires participation of MAPK/ERK.

HIPPO signaling regulates inflammation

To further delineate the regulatory role of ADA-induced HIPPO sig-
naling, peritoneal macrophages were subjected to siRNA-mediated
silencing of MST1/2 (also known as serine threonine kinase STK3/
4). Inhibition of HIPPO signaling did not significantly alter expres-
sion levels of a panel of proinflammatory cytokines, except the mar-
ginal effect found on transcript levels of Ccl2. Interestingly, it
showed a significant reduction of ADA-induced anti-inflammatory
transcripts (Fig. 5A). These observations implicate the modulatory
role of ADA-driven Hippo signaling in mediating macrophage po-
larization toward an anti-inflammatory state.
Lipid-derived class of proresolvin mediators are shown to subside

host-driven hyperinflammation with reduced collateral tissue damage
and amplified bacterial clearance (41, 42). Given the implicit role of
HIPPO signaling in regulating the inflammatory state of macro-
phages, we sought to explore the effects of HIPPO on resolvins, as
well. CHEMR23, a G protein�coupled receptor, is known to resolve
acute as well as chronic inflammation in presence of its ligand Re-
solvin-E1 (RvE1) (43�45). As shown, a significant increase in cell
membrane localization of CHEMR23 was observed upon ADA
treatment compared with S. aureus infection alone (Fig. 5B), and si-
lencing of MST1/2 resulted in the abrogation of CHEMR23 protein
expression (Fig. 5C). These results are indicative of the plausible
role of CHEMR23 in subduing inflammation, which could have
been driven by HIPPO signaling upon treatment of ADA. However,
further studies are required to understand the role of resolvins
against septic arthritis development. In summary, we have found
that S. aureus infection triggers robust infiltration of inflammatory
chemokines in the knee synovium that is associated with cartilage
and bone damage. At a molecular level, S. aureus activates AUR-
KA-regulated WNT signaling, which showed a pivotal role in septic
arthritis development. Furthermore, for our current model, we have
employed ADA prophylaxis and found its beneficial effects in pre-
venting the tissue damage and host bacterial burden. Mechanistical-
ly, ADA governed the activation of MST1/2, which regulated
expression of anti-inflammatory M2 and resolvins, thereby establish-
ing the repressive role of ADA in S. aureus�induced septic arthritis.

Discussion
Septic arthritis pathogenesis often involves hyperinflammation that
renders permanent damage to the infected surrounding soft tis-
sue and may spread to bones, as well (46, 47). The hyperinflam-
mation results in prolonged induction of Th1 or M1 macrophage
cytokines, which contributes to said pathogenesis, and often, co-
treatment of antibiotics and immunosuppressive steroids are ad-
vised as a cure to septic arthritis patients. However, the relative
risk associated with steroids therapy predisposes patients to se-
vere contraindications, including osteoporosis (48) along with
diabetes mellitus and adrenal insufficiency (49). Also, extensive
use of antibiotics resulted in the emergence of methicillin
(b-lactam antibiotic) resistance with increased risk of mortality
among septic arthritis patients (50).
Our finding that NOD2 is critical for septic arthritis development

is consistent with the previously published literature that showed in-
nate sensing of S. aureus by NOD2 is required for elicitation of
host immune responses (51, 52). The current study highlights the
important role of AURKA activation in septic arthritis development.

However, administration of alisertib, AURKA inhibitor, only mar-
ginally prevented S. aureus�induced inflammatory response. More-
over, alisertib is not a certified FDA therapeutic as it failed in phase
III clinical trial (53). In view of such reports, we used FDA-ap-
proved drug ADA in curtailing S. aureus�triggered septic arthritis.
ADA treatment was found to differentially regulate inhibition of S.
aureus�triggered WNT signaling with concomitant activation of the
HIPPO pathway. Furthermore, ADA-driven HIPPO pathway activa-
tion potentiated the anti-inflammatory response of synovial macro-
phages, leading to suppressed joint inflammation. We also observed
that ADA treatment significantly reduced the S. aureus burden
in vivo; however, no change was observed in in vitro bacterial
count. We would like to emphasize in this article that in vitro stud-
ies solely cannot predict the effects of a drug on the susceptibility of
a pathogen. This may be due to complex and heterogenous systemic
conditions that prevail in a host that impart challenges to pathogen
survival (54). Moreover, treatment with RA is known to exert pleio-
tropic effects by targeting different responsive cells, including T
cells, B cells, dendritic cells, fibroblasts, and so on, which may dic-
tate systemic responses of the host to RA therapy (55). Specifically,
RA-modulated differentiation of naive T cells into Treg cell can
govern the inflammation (30). Moreover, RA is also reported to reg-
ulate T cell activation and favors Th1/Th2 balance toward Th2 phe-
notype (56�58). Although macrophages seem to mediate the anti-
inflammatory properties of ADA in septic arthritis, the indirect role
of T cell subsets, such as Tregs and Th2, in establishing anti-inflam-
matory phenotype of macrophages and promotion of tissue repair
cannot be ruled out.
In our study, we propose ADA as potential drug therapy to

prevent septic arthritis. Mechanistically, ADA was found to po-
tentiate HIPPO signaling�mediated anti-inflammatory response.
siRNA-mediated silencing of HIPPO further entrenched our ob-
servation as we found attenuated anti-inflammatory response
with a decrease in levels of M2 macrophage markers and resol-
vins. Therefore, the observed in vivo effect of the ADA drug
was found to be quite specific and circuits through positive reg-
ulation of HIPPO signaling. However, we cannot rule out the
possibility that inhibitory drugs can cross-regulate through dif-
ferent signaling mediators. ADA is known to regulate cyclin-
dependent kinases involved in cell cycle arrest and induction of
apoptosis, which has not been explored in the current study
(59, 60). The use of other pharmacological inhibitors like ali-
sertib may also cross-talk with the PI3K/AKT pathway to gov-
ern the pathogenesis of rheumatoid arthritis (61). Overall,
although our current study focuses on WNT and HIPPO path-
ways, it is still important to explore in vivo combinatorial ef-
fects of drug treatment through future studies. Furthermore, in
the case of host�microbial interactions, resolution of ensuing
inflammation often involves recruitment of lipid-derived media-
tors such as resolvins to the local inflammatory milieu. In this
study, we have demonstrated that HIPPO signaling potentiated
by ADA regulated the level of membrane-bound CHEMR23 in
macrophages. However, direct effects of RvE1 treatment are
not explored in the current work.
In summary, to our knowledge, we elucidate a novel mechanism

of AURKA�WNT signaling that regulates S. aureus�mediated sep-
tic arthritis development. Furthermore, ADA was found to dictate
functional cross-talk between WNT and the HIPPO pathway, there-
by mounting anti-inflammatory macrophage polarization and possi-
ble recruitment of resolvins in knee joints of mice. Thus, we
propose that ADA could act as a promising candidate to treat septic
arthritis. Finally, given the importance of differential modulation of
the WNT and HIPPO signaling axis, future studies would benefit
from exploration of the relative contribution of different signaling
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pathways during septic arthritis pathogenesis. Also, several aspects
of the current study, including the effects of distinct cell type present
in the inflammatory milieu along with the role of bioactive media-
tors and possible use of ADA as an adjunct therapy with antibiotics,
can pose relevance and new avenues for future studies.
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