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Targeting macrophagic PIM-1 alleviates G

osteoarthritis by inhibiting NLRP3
inflammasome activation via suppressing
mitochondrial ROS/CI™ efflux signaling pathway
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Abstract

Background Osteoarthritis (OA), in which macrophage-driven synovitis is considered closely related to cartilage
destruction and could occur at any stage, is an inflammatory arthritis. However, there are no effective targets to cure
the progression of OA. The NOD-, LRR-,and pyrin domain-containing protein 3 (NLRP3) inflammasome in synovial
macrophages participates in the pathological inflammatory process and treatment strategies targeting it are consid-
ered to be an effective approach for OA. PIM-1 kinase, as a downstream effector of many cytokine signaling pathways,
plays a pro-inflammatory role in inflammatory disease.

Methods In this study, we evaluated the expression of the PIM-1 and the infiltration of synovial macrophages

in the human OA synovium. The effects and mechanism of PIM-1 were investigated in mice and human macrophages
stimulated by lipopolysaccharide (LPS) and different agonists such as nigericin, ATP, Monosodium urate (MSU),

and Aluminum salt (Alum). The protective effects on chondrocytes were assessed by a modified co-culture system
induced by macrophage condition medium (CM). The therapeutic effect in vivo was confirmed by the medial menis-
cus (DMM)-induced OA in mice.

Results The expression of PIM-1 was increased in the human OA synovium which was accompanied by the infiltra-
tion of synovial macrophages. In vitro experiments, suppression of PIM-1 by SMI-4a, a specific inhibitor, rapidly inhib-
ited the NLRP3 inflammasome activation in mice and human macrophages and gasdermin-D (GSDME)-mediated
pyroptosis. Furthermore, PIM-1 inhibition specifically blocked the apoptosis-associated speck-like protein containing
a CARD (ASC) oligomerization in the assembly stage. Mechanistically, PIM-1 inhibition alleviated the mitochondrial
reactive oxygen species (ROS)/chloride intracellular channel proteins (CLICs)-dependent CI™ efflux signaling pathway,
which eventually resulted in the blockade of the ASC oligomerization and NLRP3 inflammasome activation. Further-
more, PIM-1 suppression showed chondroprotective effects in the modified co-culture system. Finally, SMI-4a signifi-
cantly suppressed the expression of PIM-1 in the synovium and reduced the synovitis scores and the Osteoarthritis
Research Society International (OARSI) score in the DMM-induced OA model.
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Conclusions Therefore, PIM-1 represented a new class of promising targets as a treatment of OA to target these
mechanisms in macrophages and widened the road to therapeutic strategies for OA.
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Osteoarthritis

Introduction

Synovitis is considered closely related to cartilage
destruction and could occur at any stage of osteoarthritis
(OA) [1, 2]. Inflammatory cytokines produced by syno-
vial macrophages promote cartilage damage [3, 4]. Tar-
geting synovial macrophages for the therapeutic of OA
is receiving increased attention for the past few years
[3, 4]. The NOD-, LRR-,and pyrin domain-containing
protein 3 (NLRP3) is an intracellular sensor that detects
pathogen-associated molecular patterns (PAMPs) and
damage-associated molecular patterns (DAMPs), result-
ing in the formation and activation of the NLRP3 inflam-
masome [5]. NLRP3 inflammasome is a multi-protein
complex that is primarily found in macrophages and
promotes a myriad of inflammatory cytokines secre-
tion, such as IL-1p [6]. It was found that the activation of
NLRP3 inflammasome was enhanced in the synovium of
OA [7, 8]. Therefore, the NLRP3 inflammasome-targeted
therapy is supposed promising treatment method for OA
[9, 10].

NLRP3 inflammasome is activated by two steps: the
priming stage and the assembly stage [11]. The prim-
ing stage is initiated by lipopolysaccharide (LPS), which
upregulates NF-kB-induced NLRP3 and pro-IL-1f pro-
tein expression [12]. At this stage, NLRP3 is stabilized in
a signal-competent and auto-suppressed inactive state
[13]. In the assembly stage, NLRP3 inflammasome activa-
tion is initiated when NLRP3 is exposed to PAMPs and
DAMPs. Subsequently, NLRP3 protein oligomerizes and
recruits apoptosis-associated speck-like protein con-
taining a CARD (ASC) protein to continue nucleation
to form ASC oligomers [14]. The inflammatory cysteine
protease caspase-1 is activated by the ASC complex
and enables the cleavage of pro-IL-1p and gasdermin-
D (GSDMD) into IL-1f and N-terminal fragment of
GSDMD (N-GSDMD) [15]. Finally, N-GSDMD forms
transmembrane pores to secrete mature IL-1f and to
drive macrophage pyroptosis [16, 17]. The joint cavity
presents various DAMPs such as cartilage fragments,
extracellular matrix (ECM) proteins, ATP, and Monoso-
dium urate (MSU), which could mediate NLRP3 inflam-
masome assembly and activation [18, 19].

PIM-1 kinase, as a downstream effector of many
cytokine signaling pathways, is triggered by many
cytokines (such as IL-3, IL-6, and TNF-a) through the
regulation of the JAK/STAT signaling [20-23]. It can

be inhibited by specific kinase inhibitors such as SMI-
4a, and the proapoptotic Bcl-2—associated agonist
of cell death (Bad) is considered its downstream tar-
get [24-26]. PIM-1 plays a pro-inflammatory role and
the function of PIM-1 has been extensively studied in
inflammatory diseases [27]. SMI-4a, a benzylidene-
thiazolidene-2,4-dione, showed remarkable anti-
inflammatory effects on animal models through the
suppression of PIM-1. It has been shown that SMI-4a
exhibited inhibitory functions on PIM-1/ZEB1/E-cad-
herin pathway to mitigate bleomycin-induced pulmo-
nary fibrosis [28]. Besides, it exerts a protective effect
against acute lung injury through the regulation of the
PIM-1/ELK3/ICAMI1 axis [29]. Previous studies have
found that PIM-1 was highly expressed in macrophages
[22]. Of note, the number of macrophages and inflam-
matory factor expression increased in the synovium of
OA [30]. However, the role of PIM-1 in OA synovial
macrophages remains ambiguous. ATP and MSU can
promote the production of mitochondrial reactive oxy-
gen species (ROS), which is one of the critical media-
tors of NLRP3 inflammasome assembly and activation
[31-34]. Intriguingly, PIM-1 plays a role in the regu-
lation of mitochondrial ROS [35]. Moreover, PIM-1
kinase is related to NLRP3 inflammasome activation
[24, 36, 37]. However, whether PIM-1 participates in
the assembly stage of NLRP3 inflammasome activa-
tion and whether the potential function is mediated by
mitochondrial ROS remains to be explored. Besides,
whether PIM-1 inhibition can produce the protection
effect on chondrocytes remains unclear.

Here, we found that macrophage infiltration and
PIM-1 expression had a significant overall rise in the
human OA synovium. Moreover, SMI-4a, a specific
kinase inhibitor could specifically alleviate ASC oli-
gomerization to inhibit the NLRP3 inflammasome in
the assembly stage. Moreover, inhibiting PIM-1 blocked
the ASC oligomerization via the mitochondrial ROS/
CI” efflux pathway. Additionally, PIM-1 suppression
could possess chondroprotective effects in a modi-
fied co-culture system. Finally, SMI-4a ameliorated
synovium inflammation and cartilage damage in mice
destabilization of the medial meniscus (DMM)-induced
OA models. To sum up, PIM-1 represented a new class
of therapeutic targets for synovitis and widened the
road to therapeutic strategies for OA.
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Materials and methods

Cell culture and stimulation

Peritoneal macrophages (PMs): The 6-8-week-old male
C57BL/6 mice were injected intraperitoneally with 2
ml of 4% fluid thioglycollate medium (Merck, Darm-
stadt, Germany). After 5 days, the mice were sacrificed,
and PMs were obtained from their peritoneal cavity.
Briefly, the peritoneal cavity was washed with PBS buffer
(PBS+5% FBS+2 mM Ethylenediaminetetraacetic acid),
and the peritoneal fluid was collected, filtered through
a 70-um-pore-diameter nylon mesh. After centrifug-
ing, the pellet was first resuspended with red blood cell
lysis buffer. After five minutes, the process was stopped
by adding PBS buffer. The solution was centrifuged and
the pellet was resuspended with DMEM medium. The
PM-containing solution was plated onto DMEM medium
supplemented with 10% FBS, and 1% PS.

Bone marrow-derived macrophages (BMDM:s): Mouse
femur and tibia were obtained from the limbs. The med-
ullary cavity of the C57BL/6 mice was flushed with the
solution (PBS+2% FBS) using a 1 ml needle. The med-
ullary cavity flush was collected and filtered through a
70-pum-pore diameter nylon mesh and centrifuged. The
pellet was first resuspended with the red blood cell lysis
buffer for 5 min and resuspended with 3 x volume of PBS
buffer. After centrifuging, the pellet was resuspended
with DMEM medium. The cell-containing solution was
plated onto DMEM plates supplemented with 10% FBS,
1% PS, and 10 ng/mL murine macrophage colony-stimu-
lating factor (M-CSF) (Novoprotein, Suzhou, China). The
cells were differentiated with 10 ng/ml of M-CSF for 5
days to generate BMDMs. After 5 days of differentiation,
the BMDM cells were transferred into 12-well plates at
a density of 5x 10° cells per well and cultured overnight.

The following day, the medium was replaced with Opti-
MEM (InvivoGen, San Diego, CA, USA) supplement
with 1 pg/ml of LPS (Sigma, MO, USA) and cultured for
4 h to induce the production of NLRP3 and pro-IL-1p.

To activate the NLRP3 inflammasome, the cells in the
induced medium were divided and stimulated separately
with either 10 uM of nigericin (InvivoGen, CA, USA) for
45 min, or 2.5 mM of ATP (Sigma, MO, USA) for 45 min,
or 300 pg/ml of MSU (InvivoGen, CA, USA) for 3 h, or
320 pg/ml of Aluminum salts (Alum) (Thermo Fisher Sci-
entific, MA, USA) for 3 h.

To activate the absent in melanoma 2 (AIM2) inflam-
masome, the cells were treated with 1 pg/ml of poly
(dA:dT) employing Lipofectamine 2000 (Invitrogen,
CA, USA) for 45 min. To activate the NLR family, CARD
domain-containing protein 4 (NLRC4) inflammasome,
the cells were infected with Salmonella typhimurium
(Salmonella) for 1 h. The Salmonella culture was centri-
fuged, and then was added into the medium of BMDMs
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(1: 100). Finally, the cells were treated with gentamycin
for 1 h.

The PIM-1 kinase inhibitors SMI-4a and AZD1208
were purchased from Selleck Chemicals (TX, USA) and
solubilized in dimethyl sulfoxide (DMSO) at 30 uM.

ELISA

The macrophage culture was collected and centrifuged
(3000 rpm, 4 °C, 5 min). The supernatants were diluted
five-fold for IL-1B detection and ten-fold for TNEF-a
detection. IL-1p and TNF-a were analyzed with an ELISA
kit (InvivoGen, CA, USA) according to the manufactur-
er’s guideline.

LDH release assay

The BMDMs were stimulated with LPS (1 pg/mL) for 4
h, and then co-incubated with SMI-4a at different doses
(3.3 um, 10 pm, 30 pm), followed by 45 min of nigericin
stimulation. The culture medium was collected and cen-
trifuged at 1000 X g for 5 min to remove cellular debris.
The supernatant was used to measure the activity of lac-
tate dehydrogenase (LDH) (Beyotime, Shanghai, China).

Western blotting

The total proteins from different macrophages and chon-
drocytes were extracted with the RIPA lysis buffer (MCE,
NJ, USA) containing a mixture of phosphatase and pro-
tease inhibitors. Then, the proteins were separated with
8-12% SDS-PAGE (Febio science, Hangzhou, China) and
transferred to the polyvinylidene fluoride membranes
(Merk Millipore, Darmstadt, Germany). The membranes
were blocked with 5%BSA and then incubated with the
primary antibodies overnight. The membranes were
washed next day with PBST and then incubated with the
HRP-conjugated secondary antibodies (Beyotime, Shang-
hai, China) for 90 min. These results on the membranes
were captured and documented by Molecular Imager
(Bio-Rad, CA, USA).

The primary antibodies used include those against
IL-1p (R&D Systems, MN, USA), NLRP3 (Adipogen, CA,
USA), ASC (Adipogen), Caspase-1 (Adipogen), P-jak2
(Abcam, MA, USA), P-stat3 (Abcam), P-bad (Cell Sign-
aling Technology, MA, USA), Cleaved Caspase-3 (Cell
Signaling Technology), Jak2 (ABclonal, Wuhan, China),
Stat3 (ABclonal), Bad (ABclonal), Clicl (ABclonal), Clic4
(ABclonal), ADAMTS5 (ABclonal), MMP13 (ABclonal),
Bax (HUABIO, Hangzhou, China), Bcl-2 (HUABIO),
Clic5 (HUABIO), PIM-1 (HUABIO), Collagen II (Protein-
Tech, Wuhan, China), Aggrecan (ProteinTech), B-actin
(ProteinTech), GADPH (ProteinTech).
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The formation of ASC oligomers

The BMDMs were treated with 1 pg/ml LPS for 4 h
and then stimulated with 10 uM nigericin for 45 min.
Next, the cells were washed with PBS and submerged
in 500 pl buffer (50 mM Tris—HCl, 0.5% Triton X-100,
1 mM DL-dithiothreitol, and 1 mM Phenylmethylsulfo-
nyl fluoride). Then, the cells were suspended in 1.5ml
Eppendorf tubes by pipetting 20 times with a 21-gauge
needle. The cell suspensions were centrifuged (3300 g,
10 min, 4 °C). The precipitates were washed with PBS
and incubated with 4 mM disuccinimidyl suberate
(DSS) (Sigma) by rotation for 30 min. Then, the mixed
liquid was centrifuged (3300 g, 10 min, 4 °C), and the
pellet was dissolved in 40 pL of 2xloading buffer (Beyo-
time, Shanghai, China).

Potassium and chloride replacement

The BMDMs were cultured in Opti-MEM with LPS
(1 ug/ml) for 4 h. Then they were divided into four
groups and treated separately with different isotonic
salt solutions containing 1 pg/ml LPS: control solu-
tion (145 mM NaCl, 5 mM KCIl), K* free solution (150
mM NaCl), Cl™ free solution (145 mM NaGluconate, 5
mM KGluconate), or K* and Cl~ free solution (150 mM
NaGluconate) [38]. Finally, SMI-4a was added to the
solutions just after replacement.

Evaluation of the intracellular CI~ level

The BMDMs were washed with PBS buffer three
times. They were then treated with 10 mM of
N-(Ethoxycarbonylmethyl)-6-methoxyquinolinium
bromide (MQAE) (Beyotime, Shanghai, China) for 60
min and washed with PBS buffer three times. The flu-
orescence intensity was measured at 488 nm emission
wavelength and 520 nm excitation wavelength fluores-
cence microscopy (Olympus, Tokyo, Japan).

Isolation of plasma membrane fraction

The BMDMs were treated in 10-cm dishes with 1 pg/
ml LPS for 4 h. The medium of one group was mixed
with 10 uM nigericin containing 1 ug/ml LPS and the
cells were further treated for 15 min. The medium of
another group was replaced with K™ and CI~ free solu-
tion (150 mM NaGluconate and 1 pg/ml LPS) and
the cells were further treated for 30 min. The culture
medium was discarded, and the cells were washed with
PBS buffer three times. The plasma membranes were
extracted from the cells with the Plasma Membrane
Protein Extraction Kit (Abcam, MA, USA) in line with
the manufacturer’s guidelines [34].
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Cartilage extraction and chondrocyte culture

The 5-day-old mice (C57BL/6) were sacrificed and
disinfected. Under aseptic conditions, the femur head
was exposed, and the articular cartilage was isolated.
The cartilage was cut up with a scalpel into small size
and incubated with 0.2% collagenase II (2 mg/ml) for
4 h. Next, the digested cartilage was resuspended in
DMEM/F12 and the cell mixture was filtered through a
70 pum cell strainer and then centrifuged to obtain pri-
mary chondrocytes. These cells were seeded in DMEM/
F12 and the medium was refreshed every 2 days. The
second or third passage cells were utilized for the fol-
lowing experiments.

Collection of macrophages conditioned medium (CM)

The BMDMs were plated in 6-well plates, treated with 1
pg/ml LPS for 4 h, and then incubated with either con-
trol solution (145 mM NaCl,5 mM KCl) or K and CI~
free solution (150 mM NaGluconate) for 45 min [38]. The
medium was collected and centrifuged at 3000r/min for
10 min and diluted 40 times with DMEM/F12 contain-
ing 10% fetal bovine serum for different experiments. The
resulting conditioned medium was added to the chon-
drocytes obtained in 2.9 above for investigating the inter-
action of macrophages and chondrocytes.

Chondrocyte proliferation and apoptosis analysis

The chondrocytes were incubated with the CM in 12-well
plates for 48 hours for the proliferation analysis and
apoptosis analysis in the co-culture system. The prolif-
eration level was determined with 5-ethynyl-2" -deoxyu-
ridine (EdU) staining (Beyotime, Shanghai, China). The
apoptosis level of the chondrocytes was determined
with Terminal Deoxynucleotidyl Transferase-Mediated
dUTP Nick-End Labeling (TUNEL) staining (Service-
bio, Wuhan, China). These results were captured and
documented by the fluorescence microscope (Olympus,
Tokyo, Japan).

Mice knee OA model induction

The 8-week-old C57BL/6 male mice were purchased
from the Shanghai SLAC Laboratory Animal Company
(Shanghai, China). The mouse OA model was established
by surgical DMM after the mouse was adapted to the new
environment for 2 weeks. During DMM surgery, the joint
capsule was incised, and the medial meniscotibial liga-
ment was sheared. The joint capsule of the control group
was only surgically opened and then sutured the incision.
Two weeks later, all mice were divided into 3 groups:
Control, DMM, and DMM+SMI-4a groups at ran-
dom allocation. The mice in the DMM +SMI-4a group
received SMI-4a(30umol/L) through intra-articular
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injection of 10 ul once every two days, other groups were
injected with 10 ul PBS [39]. All mice were sacrificed, and
the knee joints, liver, spleen, and kidney were acquired
for histological evaluation.

Histopathological analysis

The knee joints were obtained from the OA and pro-
cessed with safranin-O and fast green (S&F) and hema-
toxylin & eosin (H&E). For the OA model, the severity
of synovitis was assessed by the synovitis scores and the
severity of cartilage damage was calculated by Osteo-
arthritis Research Society International (OARSI) scor-
ing system [40]. Immunohistochemical staining was
accomplished with the knee joint cartilages. The primary
antibodies used in the experiments were those against
matrix metallopeptidase 13 (MMP13) (ABclonal), A dis-
integrin and metalloproteinase with thrombospondin
motifs 5 (ADAMTS5) (ABclonal), Collagen II (Protein-
Tech), Aggrecan (ProteinTech), Cleaved Caspase-3 (Cell
Signaling Technology), PIM-1(HUABIO). The images of
immunohistochemical staining were captured using an
Olympus VS200 system (Tokyo, Japan).

Statistical analyses
Data are expressed as the mean+SD. Statistical differ-

ences were analyzed by Student’s test. The P value <0.05
were considered statistically significant. And * denote
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P <0.05, ** denote P <0.01, *** denote P <0.001, ns denote
P>0.05. All data were processed using GraphPad Prism
9.0 software.

Results

PIM-1 expression was upregulated in macrophages

in the human OA synovium

To explore the role of PIM-1 in macrophage and OA
progression. We investigated the expression of mac-
rophage marker (F4/80) in the human synovium. As in
the previous study, the quantity of F4/80-positive cells
was upregulated in OA humans in contrast to the normal
synovium (Fig. 1a, b) [39]. In addition, the percentage of
PIM-1-positive cells was also elevated in the synovium of
OA humans (Fig. 1a, c). Intriguingly, PIM-1 is predomi-
nantly located in the macrophages, with colocalization of
PIM-1 and F4/80. Taken together, these results indicated
that macrophages accumulate in OA synovium with an
increase in PIM-1 expression.

Suppression of PIM-1 inhibited the NLRP3 inflammasome
activation

To confirm whether PIM-1 was specifically inhibited
by SMI-4a in macrophages, we performed western blot
analysis on LPS-primed BMDMs with SMI-4a for 2 h.
The results showed that SMI-4 could downregulate the
phosphorylation levels of jak2, stat3, and bad following

OA b

60- *kk

401

Positive Cells(%)

Normal OA
C
PIM-1
=<
3 404 o0
(@)
g
= 20+
o
o
O_

Normal OA

Fig. 1 Macrophages and PIM-1 are upregulated in OA synovium. a Immunofluorescence images of F4/80 and PIM-1 in normal and OA human
synovium. b, ¢ Percentages of F4/80 and PIM-1-positive cells in human synovium. Statistics in b and ¢ were performed using Student’s test.
*P<0.05, **P<0.01, ***P<0.001, ns P>0.05. Bars represent mean + SD. Scale bar =100 um
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Fig. 2 PIM-1 blockade inhibits the NLRP3 inflammasome activation in macrophages. a BMDMs were stimulated with LPS (1 ug/mL) for 4 h,
whereafter co-incubated with SMI-4a in different doses for 2 h. The protein levels of cell extracts. b, c BMDMs were stimulated with LPS (1 ug/mL)
for 4 h, whereafter co-incubated with SMI-4a in different doses for 2 h, followed by 45 min of nigericin stimulation. The secretion levels of IL-13
(b).The protein levels of supernatant and cell extracts (c). d LPS-primed BMDMs were treated with different doses of IL-3 for 2 h, whereafter
co-incubated with SMI-4a (10 uM). The protein levels of cell extracts. e, f LPS-primed BMDMs were treated with different doses of IL-3 for 2 h,
whereafter co-incubated with SMI-4a (10 puM), followed by 45 min of nigericin stimulation. The secretion levels of IL-1(3 (e). The protein levels

of cell extracts (f). g-i BMDMs were co-incubated with SMI-4a (30 uM) for 2 h before or after 4 h LPS priming, followed by 45 min of nigericin
stimulation. The secretion levels of IL-18 (g) and TNF-a (h). The protein levels of cell extracts (i). j-I BMDMs were stimulated with LPS (1 ug/mL)

for 4 h, whereafter co-incubated with SMI-4a (30 uM) at different times, followed by 45 min of nigericin stimulation. The secretion levels of IL.-13 (j)
and TNF-a (k). The protein levels of supernatant and cell extracts (I). Statistics in b, e, g, h, j, and k were performed using Student’s test. *P < 0.05,
**P<0.01,**P<0.001, ns P>0.05. Bars represent mean +SD. N=3 experiments
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LPS stimulation in a dose-dependent manner (3.3 um,10
um,30 pm) (Fig. 2a). This implies that PIM-1 activ-
ity was inhibited by SMI-4a. In addition, we cultured
LPS-primed BMDMs with SMI-4a before nigericin or
ATP stimulation. The results showed that SMI-4a dose-
dependently (3.3 pm, 10 pm, 30 um) inhibited the cleav-
age of pro-IL-1B (P31) and pro-caspase-1 (P45) into
IL-1f (P17) and caspase-1 (P20) (Fig. 2b, ¢ and Addi-
tional file 1: Fig. Slc, e) without altering TNF-a secretion
(Additional file 1: Fig. Sla and d). IL-3, a growth factor,
could upregulate the activity of PIM-1 through the JAK/
STAT signaling way [41, 42]. Notably, our results showed
that adding IL-3 (25 and 50ng/ml) could rescue the low
phosphorylation levels of jak2, stat3, and bad induced by
SMI-4a (10 um) (Fig. 2d). This meant that PIM-1 activ-
ity was rescued by supplemental IL-3 (25 and 50ng/ml).
Moreover, the activation of PIM-1 was capable of rescu-
ing the downregulation of IL-1B secretion induced by
SMI-4a (30 pm) (Fig. 2e and f) without altering TNF-a
secretion (Additional file 1: Fig. S1b). These findings indi-
cated that PIM-1 could participate in the assembly stage
of the NLRP3 inflammasome activation without influ-
encing the priming stage.

To observe the effect of PIM-1 on the priming stage
and the assembly stage of the NLRP3 inflammasome in
macrophages, SMI-4a was applied before and after LPS
stimulation. The results showed that the production
of TNF-a and the expression of pro-IL-1B and NLRP3
proteins were inhibited by the pretreatment of SMI-4a
before LPS stimulation and these had no obvious change
when SMI-4a treatment after LPS stimulation (Fig. 2g—i).
These findings indicated that the suppression of PIM-1
could inhibit the NF-«B signal pathway and could inhibit
NLRP3 inflammasome activation in the priming stage
and the assembly stage. We stick to exploring the role
of PIM-1 in the assembly stage when macrophages were
treated with SMI-4a after LPS stimulation. Intriguingly,
suppressed PIM-1 by SMI-4a showed a rapid inhibitory
effect on NLRP3 inflammasome activation (Fig. 2j-1). To
further eliminate the off-target possibility of SMI-4a, this
study also found that another PIM-1 inhibitor, AZD1208,
could rapidly inhibit the assembly stage of the NLRP3
inflammasome activation without influencing the prim-
ing stage (Additional file 1: Fig. S2).

Blocking PIM-1 widely inhibits NLRP3, AIM2, NLRC4
inflammasome, and pyroptosis and specifically alleviated
ASC oligomers form

To further investigated whether PIM-1 plays a common
role in NLRP3 inflammasome activation, the function of
PIM-1 on NLRP3 inflammasome activation was studied
with various agonists in different macrophages. We found
that SMI-4a dose-dependently inhibited the NLRP3
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inflammasome activation in murine and human mac-
rophages, such as PMs from male C57BL/6 mice (Fig. 3a,
b, Additional file 1: Fig. S3a), THP-1 cells (Fig. 3c, d,
Additional file 1: Fig. S3b), peripheral blood mononuclear
cells (PBMCs) from healthy people (Additional file 1: Fig.
S3c—e). Apart from nigericin, SMI-4a also could inhibit
the caspase-1 cleavage and IL-1p secretion induced by
MSU and Alum (Fig. 3e, f, Additional file 1: Fig. S3f).

To explore whether PIM-1 plays a specific role in the
NLRP3 inflammasome activation, we investigated the
role of PIM-1 in the NLRC4 and AIM2 inflammasome
activation. The results revealed that SMI-4a had the
inhibitory effect on AIM2 inflammasome and NLRC4
inflammasome, trigged by poly (dA:dT) transfection or
Salmonella infection (Fig. 3g, h, Additional file 1: Fig.
S3g), resulting in a decrease in IL-1 production.

LDH releasing and GSDMD cleavage are two pivotal
characteristics of inflammasome induced-pyroptosis.
Then, we found the suppression of PIM-1 by SMI-4a
could inhibit releasing of LDH and block the cleav-
age of GSDMD (Fig. 3i, j, Additional file 1: Fig. S4a, b).
Next, we studied how PIM-1 affects the assembly stage
of the NLRP3 inflammasome formation. The interaction
between NLRP3 and ASC was critical for the assembly
of NLRP3 inflammasome. The co-immunoprecipita-
tion (CO-IP) result indicated that SMI-4a did not influ-
ence the interaction of NLRP3 and ASC (Fig. S5). Upon
the assembly of NLRP3 and ASC, subsequent ASC is
recruited to form ASC oligomers and ASC specks. The
result first indicated that PIM-1 suppression could specif-
ically attenuate nigericin-induced DSS-crosslinked ASC
oligomers and ASC-speck (Fig. 3k—m).

Restraining of PIM-1 block CI" efflux to inhibit ASC
oligomerization

Cl™ efflux plays a crucial role in ASC oligomerization
and is an essential upstream event for NLRP3 inflamma-
some activation [38]. To understand the effect of PIM-1
on CI~ efflux, we performed ion substitution experiments
to drive the efflux of K* or ClI™. Consistent with previ-
ous research, Cl”™ free conditions alone did not cause
IL-1p release, but it could further enhance IL-1[ release
caused by K% free conditions [38]. Besides, no IL-1B was
observed from these supernatants with the treatment of
SMI-4a (Fig. 4a). Moreover, SMI-4a could dose-depend-
ently inhibit the release of IL-1f in the K* and Cl~ free
conditions (Fig. 4b, c). Consistent with previous research,
we found K* and Cl~ free conditions could activate the
ASC oligomerization [38]. SMI-4a could alleviate ASC
oligomerization caused by nigericin or K* and Cl~ free
conditions (Fig. 4d). Together, these results revealed that
the PIM-1 suppression inhibited NLRP3 inflammasome
activation might be related to CI™ efflux.
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PMs from C57BL/6 mice a, b and THP-1 ¢, d were stimulated with LPS (1 ug/mL) for 4 h, whereafter co-incubated with SMI-4a, followed by 45

min of nigericin stimulation. The secretion levels of IL-1( (a and ¢). The protein levels of supernatant and cell extracts (b and d). e, f BMDMs were
stimulated with LPS (1 ug/mL) for 4 h, whereafter co-incubated with SMI-4a (30 pM), and then challenged by nigericin for 45 min, MSU and Alum
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these processes were blocked by SMI-4a. The chloride
intracellular channel proteins (CLICs) family, com-
prised of CLIC1, CLIC4, and CLIC5, were present in
both the cytosol and plasma membranes. CLICs could
translocate to the plasma membrane, forming anion

As shown in Fig. 4e, f, nigericin or K and CI~ free
condition markedly increased the intracellular fluores-
cence intensity, indicating the decrease of intracellular
Cl™ levels and the enhancement of Cl~ efflux. However,
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channels to mediate intracellular Cl~ efflux [34, 43].
We further sought to explore whether SMI-4a-induced
CI™ efflux change is mediated by the blockade of CLICs
translocation. Western blot analysis indicated that
SMI-4a could block the CLICs translocation induced
by nigericin and K™ and Cl~ free conditions (Fig. 4g,
h). Taken together, we first indicated that PIM-1 played
a critical role in CLICs translocation and Cl~ efflux to
achieve the ASC oligomerization and NLRP3 inflam-
masome activation.

Suppression of PIM-1 block CI” efflux via mitochondrial

ROS

Mitochondrial ROS act upstream of Cl™ efflux to acceler-
ate NLRP3 inflammasome activation and plays a crucial
role in the activation of AIM2, and NLRC4 inflamma-
some [34, 44, 45]. To investigate whether PIM-1 sup-
pression blocked CI™ efflux and NLRP3 inflammasome
activation through the regulation of mitochondrial ROS,
we first used the MitoSOX Red probe to detect the
level of mitochondrial ROS in macrophages. The result
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revealed that the NLRP3 inflammation activation accom-
panied by the production of mitochondrial ROS and SMI-
4a could inhibit the levels of mitochondrial ROS (Fig. 5a,
b). Moreover, the production of mitochondrial ROS was
significantly increased when LPS-primed BMDMs were
treated with rotenone, an mitochondrial electron trans-
port chain complex I inhibitor, before the incubation of
SMI-4a and nigericin. This finding indicated that rote-
none blocked the inhibition function of SMI-4a toward
mitochondrial ROS production (Fig. 5c, d). In addition,
the activation of CI™ efflux and the NLRP3 inflamma-
some were enhanced after the pretreatment of rotenone
(Fig. 5e—h). To sum up, these results first suggested that
PIM-1 inhibition restrained the production of mitochon-
drial ROS and blocked CI™ efflux, resulting in the repres-
sive effects on NLRP3 inflammasome.

PIM-1 inhibition suppress chondrocytes apoptosis

and improve chondrocytes proliferation and ECM
metabolism in the co-culture system

We further utilized the co-culture system to investigate
the interaction of macrophages and chondrocytes [46].
First, we should detect the cytotoxic effects of SMI-4a
on chondrocytes. The results showed that SMI-4a con-
centration <50 pM has no noticeable cytotoxic effects on
chondrocytes treated within 24 or 48 h (Fig. 6b). Subse-
quently, we stimulated macrophages with various single
ingredients involved in NLPR3 inflammasome activation
and cultured chondrocytes with CM. Intriguingly, the
viability of chondrocytes was decreased in the Nigericin
group compared with the Control group, whereas other
groups had no obvious change. This implied that the CM
collected from macrophages treated with nigericin had
apparent toxic effects on chondrocytes (Fig. 6c). Ulti-
mately, we gave up nigericin and selected K* and ClI” free
conditions to activate the NLRP3 inflammasome. There-
fore, a modified macrophage-chondrocyte co-culture
system was established (Fig. 6a).

In this co-culture system, the viability of chondro-
cytes was increased under the treatment of SMI-
4a compared with that of the LPS+KCI free group
(Fig. 6d). Consistent results were observed from the
TUNEL staining (Fig. 6g, h). Moreover, the expression
of cleaved-caspase3 and Bax was decreased, and the
expression of Bcl-2 was increased with the treatment
of SMI-4a compared with those in the LPS+KCl free
group (Fig. 6e). These findings indicated that PIM-1
suppression could alleviate chondrocyte apoptosis.
In addition, the expression levels of collagen II and
aggrecan were increased, and the expression levels
of MMP13 and ADAMTS5 were decreased under the
treatments with SMI-4a compared with those in the
LPS+ KCl free group (Fig. 6f). These results manifested
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that PIM-1 suppression could restore the ECM meta-
bolic of chondrocytes. EDU staining indicated that the
proliferation levels of chondrocytes were increased
with the treatment of SMI-4a compared with that of
the LPS+KCl free group (Fig. 6i and j). Based on the
results, the number of chondrocytes was increased with
the treatment of SMI-4a, as shown by the increase in
staining intensity and cellular area fraction of toluidine
blue and S&F staining (Fig. 6k—n). Those results first
demonstrated that PIM-1 suppression had a beneficial
effect on chondrocyte proliferation.

PIM-1 inhibition could ameliorate the progression of OA

in mice DMM model

The study further explored the potential treatment
effect of PIM-1 inhibition on OA in vivo. The H&E
staining showed that DMM mice treatment with SMI-
4a ameliorated the hypertrophy and hyperplasia of the
synovium and reduced the thickness of the synovial lin-
ing cell layer (Fig. 7b). Results indicated that SMI-4a
could reduce synovitis scores, which were elevated in
the DMM group (Fig. 7c). Besides, in line with human
OA synovium, PIM-1 colocalized with macrophages
(F4/80) was significant upregulation in the DMM mice
(Fig. 7d—f). However, inhibition of PIM-1 by treatment
with SMI-4a showed that these positive cells in synovial
membrane were prominent downregulation. In addition,
the S&F staining showed that the treatment of SMI-4a
ameliorated the rough and erosive articular surface car-
tilage, chondrocytes reduction, and the abnormally nar-
row joint space compared with the DMM group. Results
indicated that SMI-4a could reduce OARSI scores, which
were elevated in the DMM group (Fig. 7h). Immuno-
histochemistry of these proteins plays a characteristic
pathological indicative role in the development of OA,
such as collagen II, aggrecan, MMP13, ADAMTSS5, and
cleaved-caspase3. Compared with the DMM group,
treatment with SMI-4a ameliorated the downregulation
of collagen II and aggrecan and restrained the ascent of
MMP13, ADAMTS5, and cleaved-caspase3 (Fig. 7i).
For safety concerns of SMI-4a, the serum levels of liver
enzymes alanine transaminase (ALT) and aspartate
aminotransferase (AST) were tested for hepatotoxicity
(Fig. 7j), blood urea nitrogen (BUN) and creatinine (Cre)
were evaluated for nephrotoxicity (Fig. 7k), and the body
weight was assessed for the systemic toxicities (Fig. 71).
Compared with the Control and DMM group, all these
parameters were not changed obviously after the SMI-4a
treatment. Moreover, no noticeable change was observed
from the H&E staining of the liver, spleen, and kidney
(Fig. 7m). Our in vivo results first indicated that PIM-1
inhibition could play a protective role in OA mice.
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Student’s test. *P < 0.05, **P <0.01, ***P <0.001, ns P> 0.05. Bars represent mean + SD. N=4 experiments. Scale bar =100 um



Zhang et al. Journal of Translational Medicine (2023) 21:452

Discussion

Synovitis and cartilage destruction are the main clinical
manifestations and could occur at any stage of osteoar-
thritis. Several arthritis risky factors, such as metabolites,
crystals, and mitochondrial dysfunction, can mediate
the NLRP3 inflammasome activation and pyroptosis of
synovial macrophages [47]. Synovial macrophages secret
IL-1B to aggravate synovial inflammation and further
damage cartilage in OA [47]. Over the years, therapeutics
targeting NLRP3 inflammasome of macrophages were
largely effective during OA treatment [48]. However, no
targets could effectively slow and cure the progression
of OA. Here, we demonstrated PIM-1 was a possible
therapeutic target for OA that regulated the activation
of NLRP3 inflammasome in macrophages. We showed
that PIM-1 expression had a significant upregulation in
macrophage in the human OA synovium. PIM-1 sup-
pression could rapidly inhibit the NLRP3 inflammasome
activation in the assembly stage. Moreover, it had broad
inhibitory functions against NLRP3, NLRC4, and AIM2
inflammasome activation and pyroptotic cell death. Fur-
thermore, we unveiled that PIM-1 inhibition specifically
blocked the ASC oligomerization and NLRP3 inflamma-
some activation via the mitochondrial ROS/CI™ efflux
pathway. Additionally, PIM-1 suppression showed chon-
droprotective effects in a modified co-culture system.
Finally, PIM-1 inhibition ameliorated synovitis and car-
tilage damage in the mice OA model. Thus, PIM-1 may
be a promising target candidate for macrophage and will
contribute to the therapy of OA.

PIM-1, as a downstream effector of many cytokine
signaling pathways, has been affirmed that could facili-
tate inflammation responses in macrophages. Of note,
the number of macrophages and inflammatory factor
expression increased in the synovium of OA[30]. Previ-
ous studies indicated that PIM-1 in macrophages plays
an important role in the progression of inflammatory
diseases. Here, we first found that PIM-1 expression
was increased in macrophages in the human OA syn-
ovium. PIM-1 could modulate the NLRP3 inflamma-
some activation through the Pim-1/NFATc1/NLRP3
pathway or TLR4-NF-kB-NLRP3 Pathway [24, 37]. How-
ever, whether PIM-1 participates in the assembly stage
of NLRP3 inflammasome activation remains unclear.

(See figure on next page.)
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Moreover, the joint cavity presents various DAMPs that
initiated NLRP3 inflammasome activation in the assem-
bly stage. Therefore, there was crucial for us to under-
stand the role of PIM-1 in the assembly stage. In vitro
study, we demonstrated that PIM-1 inhibition by specific
inhibitors produced a dose-dependent inhibition effect
on NLRP3 inflammasome activation (Fig. 2b, ¢, addi-
tional file 1: Fig. S1c and e and S2a, ¢, d and f). Moreo-
ver, the restoration of PIM-1 activity was accompanied by
significant upregulation of the IL-1p secretion (Fig. 2d—
f). Intriguingly, these processes could not influence the
priming stage when PIM-1 specific inhibitor was treated
after LPS stimulation (Additional file 1: Figs. Sla, and d
and S2b and e). Therefore, this study first demonstrated
that PIM-1 had a crucial function in the assembly stage of
NLRP3 inflammasome in macrophages. Intriguing, previ-
ous studies show that the inhibition of PIM-1 was accom-
panied by the downregulation of NLRP3 protein [24, 36,
37]. PIM-1 knockout leads to the decreased expression of
pro-IL-1B protein [24]. These same processes also took
place in the macrophages when PIM-1 specific inhibitor
was treated before LPS stimulation (Fig. 2i). However, the
NLRP3 and pro-IL-1p protein expression were not appre-
ciably changed when macrophages were treated with
PIM-1 specific inhibitor after LPS stimulation. These
results indicated PIM-1 had multiple functions on both
the primed stage and assembly stage of NLRP3 inflam-
masome. These different phenomena might be associated
with treatment time and mechanisms of action in this
experiment. Moreover, GSDMED-mediated pyroptosis
was considered as the downstream of NLRP3 inflamma-
some during the inflammation reactions. In the present
study, we also demonstrated that PIM-1 suppression rap-
idly inhibited the cleaving of GSDMED and pyroptosis in
macrophages (Fig. 3i, j and Additional file 1: Figs. S4a, b).
Therefore, these findings first suggested that PIM-1 con-
tributes to NLRP3 inflammasome activation and pyrop-
tosis in macrophages via the influence of the assembly
stage.

This study found that PIM-1 suppression could specifi-
cally block ASC oligomerization in the assembly stage.
Recent studies have proved that Cl~ efflux acts upstream
of the ASC oligomerization and inhibition of CI™ efflux
currents reduces NLRP3 inflammasome activation [34].

Fig. 6 PIM-1 suppression prevents chondrocyte damage in the co-culture system. a Macrophages and chondrocytes co-culture system
establishment model diagram. (Created by Figdraw). b The cytotoxic effect of SMI-4a on the chondrocytes was evaluated at various concentrations
for 24 and 48 h by CCK8 assay. ¢, d For the co-culture system, chondrocytes were cultured for 48 h in 20 or 40-fold dilution of macrophage CM,

and the cytotoxic effect on chondrocytes was evaluated by CCK8 assay. e The protein levels of Bcl-2, cleaved-caspase3, and Bax of chondrocytes
cultured for 48 h were detected by western blot. f The protein levels of Aggrecan, Collagen Il, ADAMTSS5, and MMP13 of chondrocytes cultured

for 48 h were detected by western blot. g, h The apoptotic levels of chondrocytes cultured for 48 h were determined by TUNEL staining. i, j The
proliferation levels of chondrocytes cultured for 48 h were determined by EDU staining. Toluidine blue k, I and S&F m, n staining of chondrocytes
cultured for 48 h. Statistics in b, ¢, d, h, j, |, and n were performed using Student’s test. *P < 0.05, **P <0.01, ***P <0.001, ns P > 0.05. Bars represent

mean +SD. N=4 experiments. Scale bar =100 um
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Here, our study demonstrated that PIM-1 suppression
could inhibit ASC oligomerization by the blockade of CI~
efflux, which is induced by the transformation of CLICs
(Fig. 4). Intriguingly, Ticagrelor can suppress Cl~ efflux
-induced NLRP3 inflammasome activation through the
degradation of CLICs, but it has no substantial inhibi-
tory function on the NLRC4 inflammasome activation
or pyroptosis [43]. Mitochondrial ROS acts upstream of
Cl™ efflux and is considered as commonly upstream of
NLRP3, AIM2, NLRC4 inflammasome, and pyroptosis.

Besides, PIM-1 plays a regulatory role in mitochondrial
integrity, which is related to the production of mitochon-
drial ROS [49, 50]. Therefore, PIM-1 may participate
in NLRP3 inflammasome activation and pyroptosis by
mediating mitochondrial ROS production. In this study,
we indicated that PIM-1 suppression decreased the lev-
els of mitochondrial ROS induced by the medication
of LPS and nigericin (Fig. 5a, b). In addition, the use of
a mitochondrial ROS activator could rescue the allevia-
tion effect of PIM-1 specific inhibitor on CI™ efflux and
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Fig. 8 Schematic diagram of targeting macrophagic PIM-1 resultlng in the potential chondroprotective effect against osteoarthritis. The NLRP3
inflammasome of macrophages was activated by risk factors in the synovial microenvironment. Suppression PIM-1 was capable of blocking
Mitochondrial ROS/CI™ efflux signaling pathway, thus inhibiting NLRP3 inflammasome activation and IL-1( secretion. Eventually, the stimulation
on chondrocytes by IL-1f was reduced, resulting in chondroprotection against OA. (Created with BioRender.com)

NLRP3 inflammasome activation (Fig. 5c—h). Therefore,
these results first indicated that PIM-1 suppression was
capable of blocking mitochondrial ROS/CI™ efflux signal-
ing way, thus inhibiting NLRP3 inflammasome activation
(Fig. 5i). This might explain the broad suppression effect
of PIM-1 inhibition in these inflammasome activations.
PIM-1 suppression inhibited NLRP3 inflammasome
activation in macrophages resulting in chondroprotec-
tive effects (Fig. 6). The interaction between macrophages
and chondrocytes was crucial in the OA [51, 52]. The
level of IL-1p is elevated in the synovial fluid of OA [53,
54]. IL-1P breaks the balance of catabolism and anabo-
lism of chondrocytes and increases the activity of ECM

degradation-related proteases (MMP13 and ADAMTS5),
which are considered as common mediators of cartilage
destruction in OA [1, 46, 55]. It is reported that block-
ing the interaction of IL-1p and chondrocytes produces
a strong chondroprotective effect [56]. We established
a modified co-culture system to distinguish the valid-
ity of SMI-4a on chondrocytes by inhibiting IL-1B
secretion(Fig. 6a). Finally, our results suggested that
PIM-1 suppression had chondroprotective effects by
mediating the interaction of macrophages and chondro-
cytes (Fig. 6). It is worth mentioning that K* and Cl™ free
condition was chosen to activate the NLRP3 inflammas-
ome because it had no toxic side effects on chondrocytes
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(Fig. 6¢). Moreover, metabolites presented in the CM
were produced only at the NLRP3 inflammasome assem-
bly stage due to the reperfusion of K* and Cl~ free solu-
tion. In vivo experiments, after therapy with SMI-4a (a
specific inhibitor of PIM-1), the expression of PIM-1 in
the synovium of DMM-model was significantly down-
regulated. Moreover, PIM-1 suppression showed protec-
tion function against synovial hyperplasia and cartilage
damage (Fig. 7). Together, this was first demonstrated
that PIM-1 may be a promising candidate target for the
therapy of OA (Fig. 8).

The current study still had the following limitations
that should be considered. First, the pathological pro-
gression of OA involves many compartments, but this
research only explored the interaction of macrophages
and chondrocytes. Second, articular injection of SMI-4a
could target the synovial macrophage directly. However,
local infections and suppurative arthritis might be caused
by repeated intra-articular injections. Therefore, more
efficient delivery methods still need to be explored. Third,
we committed to exploring the chondroprotective effects
by inhibiting PIM-1 in macrophages. Whether PIM-1
suppression directly exerts chondroprotective effects is
unknown, which needs further study.

In summary, our study highlighted that PIM-1 was an
effective target for the treatment of OA. PIM-1 suppres-
sion could inhibit NLRP3 inflammasome and GSDMED-
mediated pyroptosis via blocking mitochondrial ROS/
Cl™ efflux in the assembly stage. Our study showed
that PIM-1 specific inhibitor could effectively treat OA
in mice. Therefore, PIM-1 represented a new class of
promising targets as a treatment of OA to target these
mechanisms in macrophages and widened the road to
therapeutic strategies for OA.
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