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KEY WORDS Abstract  Osteoarthritis (OA), in which M1 macrophage polarization in the synovium exacerbates dis-
ease progression, is a major cause of cartilage degeneration and functional disabilities. Therapeutic stra-

235(2)99 tegies of OA designed to interfere with the polarization of macrophages have rarely been reported. Here,
st we report that SHP099, as an allosteric inhibitor of src-homology 2-containing protein tyrosine phospha-
Synovitis; tase 2 (SHP2), attenuated osteoarthritis progression by inhibiting M1 macrophage polarization. We
Toll-like receptor demonstrated that M1 macrophage polarization was accompanied by the overexpression of SHP2 in
signaling; the synovial tissues of OA patients and OA model mice. Compared to wild-type (WT) mice, myeloid line-
Macrophage; age conditional Shp2 knockout (cKO) mice showed decreased M1 macrophage polarization and attenu-
Cartilage degradation; ated severity of synovitis, an elevated expression of cartilage phenotype protein collagen II (COL2), and a
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decreased expression of cartilage degradation markers collagen X (COL10) and matrix metalloproteinase
3 (MMP3) in OA cartilage. Further mechanistic analysis showed thatSHP099 inhibited lipopolysaccha-

ride (LPS)-induced Toll-like receptor (TLR) signaling mediated by nuclear factor kappa B (NF-kB)
and PI3K—AKT signaling. Moreover, intra-articular injection of SHP099 also significantly attenuated
OA progression, including joint synovitis and cartilage damage. These results indicated that allosteric in-
hibition of SHP2 might be a promising therapeutic strategy for the treatment of OA.

© 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Osteoarthritis (OA) is a senile disease with a high incidence that
affects 10% of men and 18% of women over the age of 60 years
old'. OA is characterized by cartilage degeneration, subchondral
bone remodelling and synovial inflammation (synovitis)”. Syno-
vitis in OA is related to severe pain and joint dysfunction and
accelerates cartilage loss®. Histological changes in synovitis
include synovial lining hyperplasia, macrophage and lymphocyte
infiltration and new blood vessel formation®.

Macrophages determine inflammatory marker expression dur-
ing synovitis”’ and are divided into two types, namely, M1 and M2
macrophages. M1 macrophages can release inflammatory factors,
such as Interleukin (IL)-1 and IL-6, while M2 macrophages can
release protective cytokines, such as IL-10°. The promotion of M1
macrophage polarization can aggravate OA progression’. How-
ever, conditional macrophage deletion has no significant impact
on the development of OA®. Intervention for macrophage MI
polarization to attenuate the severity of OA is awaited to be
investigated.

Src-homology 2-containing protein tyrosine phosphatase 2
(SHP2) is a widely expressed non-receptor protein tyrosine
phosphatase’. SHP2 plays an essential role in organism develop-
ment and physiological and pathological reactions in response to
growth and stimulatory factors'®'". It inhibited NOD-like receptor
protein 3 (NLRP3) inflammasome activation in macrophages'”.
However, a recent study demonstrated that SHP2 exacerbated
inflammation by inhibiting macrophage responsiveness to IL-10".
Our previous research revealed that SHP2 exacerbated the
imbalance between cartilage catabolism and anabolism by regu-
lating the DOK1—UPP1—uridine axis and promoted the progres-
sion of osteoarthritis'*, but it is still unclear whether SHP2 affects
immune cells in the joint microenvironment, especially macro-
phages, to regulate the progression of OA. SHP099 is a potent
(ICso = 71 nmol/L) and selective allosteric inhibitor of SHP2,
which concurrently binds to the interface of the protein tyrosine
phosphatase domains, N-terminal SH2 and C-terminal SH2, thus
inhibiting SHP2 activity through an allosteric mechanism'>. The
research on SHP099 focuses on its ability in inhibiting cancer cell
growth and enhancing anti-tumor immunity'®. Exploring the role
of SHP2 in macrophage polarization during the progression of OA
and the potential application of its allosteric inhibitor would
provide a new strategy for treating OA.

In this study, we found that SHP2 was highly expressed in OA
synovial macrophages. Conditional Shp2 knockout (cKO) mice
exhibited decreased M1 macrophage polarization and less carti-
lage degeneration in the destabilization of medial meniscus
(DMM) model, a surgically induced OA mouse model'”. SHP099,
a SHP2 allosteric inhibitor, attenuated lipopolysaccharide (LPS)-

induced M1 macrophage inflammation in bone marrow-derived
macrophages (BMDMs) and RAW?264.7 cells and inhibited M1
polarization of macrophages by suppressing LPS-induced Toll-
like receptor (TLR) signaling, which is mediated by nuclear factor
kappa B (NF-«B) and PI3K—AKT signaling. Furthermore, intra-
articular injection of SHP099 significantly attenuated OA pro-
gression, including joint synovitis and cartilage damage. These
findings indicated that SHP2 might be a therapeutic target for the
treatment of OA.

2. Materials and methods
2.1.  Clinical specimen

Human OA synovial tissues were obtained from patients who had
undergone total knee replacement surgery. Normal synovial tissues
were obtained from donors who underwent lower limb amputation
due to traffic accidents and had no history of arthritic diseases. This
study was approved by the Ethical Committee of the Nanjing Drum
Tower Hospital, the Affiliated Hospital of Nanjing University
Medical School (2020-156-01). The privacy rights of human sub-
jects were always be observed and the informed consent was ob-
tained for experimentation with human subjects.

2.2. Animals

All animal experiments were authorized by the Animal Care and
Use Committee of Nanjing Drum Tower Hospital, the affiliated
hospital of Nanjing University (2019AE01120). We have com-
plied with all rules and regulations. Shp2”/ mice were crossed with
Lyz“ mice on the C57BL/6 background for more than
two generations to generate Lyz""; Shp2” mice as previously
described'®, Shp2 was conditionally knocked out in macrophages
of Lyz™; Shp2™ mice, genotype identification was performed,
and SHP2 protein was knocked out in BMDMs of Lyz""; Shp2™
mice (Supporting Information Fig. S1A and S1B). OA
was induced in 8-week-old male cKO and wild-type (WT)
mice by DMM surgery as previously described'”. After exposure
to a 3-mm longitudinal incision over the distal patella to the
proximal tibial plateau, the medial meniscotibial ligament
(MMTL) was sheared to make the medial meniscus unstable. At 6
weeks after surgery, mice were euthanized for collection of joint
tissues. Twenty-four C57BL/6 mice were purchased from the
Animal Center of Nanjing Medical University (Nanjing, China).
After one week of adaptive feeding, the mice were randomly
divided into sham, SHP099, DMM or DMM + SHP099 groups.
DMM surgery was performed in the DMM and DMM + SHP(099
groups, and two weeks later, intra-articular injection of 10 puL of
20 pumol/L. SHP099 (MCE) was performed twice a week in the
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SHP099 and DMM+SHP099 groups, while the remaining groups
were injected with 10 pL phosphate-buffered saline (PBS).

2.3.  Cell culture condition and transfection

RAW264.7 cells were purchased from the Cell Bank of Type
Culture Collection of the Chinese Academy of Science (Shanghai,
China). BMDMs were obtained and cultured as described previ-
ously”>*'. Cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM, Gibco) with 10% Fetal Bovine Serum (FBS,
Gibco) and 1% penicillin and streptomycin (Gibco) at 37 °C with
5% CO,. Lentivirus was purchased from GeneChem (Shanghai,
China), and cells were transfected according to the manufacturer’s
requirements.

To evaluate the role of SHP2 in M1 macrophage polarization,
100 ng/mL LPS (Sigma—Aldrich) was used to induce Ml
macrophage polarization, and 20 pmol/L. SHP099 was used to
inactivate the SHP2 protein. The M1 macrophage surface marker
CD80 (Biolegend) was analysed using a Flow Cytometer (BD
Accuri C6 Plus).

2.4.  Western blotting

Total protein was extracted using RIPA Lysis Buffer (Solarbio)
with 1 mmol/L phenylmethanesulfonyl fluoride (Solarbio) and
1 mmol/L phosphatase inhibitor cocktail (Bimake). Nuclear
and cytoplasmic proteins were extracted using a Nucleoplasmic
Protein Extraction Kit (Solarbio), and protein concentrations
were measured by the BCA Assay Kit (Thermo Scientific). A 10%
(w/v) SDS-polyacrylamide gel was used to separate proteins
(EpiZyme), which were transferred onto polyvinylidene fluoride
membranes (Bio-Rad). After blocking with 5% (w/v) milk (Bio-
Rad) for 1 h at 37 °C, the membrane was incubated with primary
antibodies overnight at 4 °C. A horseradish peroxidase-conjugated
goat anti-rabbit/mouse IgG (Biosharp) was used as a secondary
antibody. All images were obtained using a Western Blotting
Imaging System (Tanon).

2.5.  Quantitative real-time polymerase chain reaction (qPCR)

TRIzol reagent (Thermo Fisher Scientific) was used to extract
RNA from cells. qPCR was conducted in a 20 pL system using the
SYBR Green g-PCR Kit (Vazyme) on a Light Cycler (Roche) with
the primers presented in Supporting Information Table S1.

2.6. Histological analysis

Human synovium was fixed with 4% paraformaldehyde (PFA) for
48 h. The total knee joints of mice were decalcified with 10%
EDTA at a 7.4 pH for 21 days. They were then embedded in
paraffin and cut into 3-micrometer-thick sections for haematoxylin
and eosin (H&E) staining and Safranin O/Fast green staining. The
synovitis score was evaluated for synovial lining cell thickness
(0—3) and synovial stroma density (0—3)?%. The Osteoarthritis
Research Society International (OARSI) score”” was evaluated for
cartilage degradation. Each section of the histology specimen was
evaluated by double-blinded, independent observers.

2.7.  Immunohistochemistry and immunofluorescence

After being dewaxed and rehydrated with gradient alcohol, the
sections were rinsed with 3% hydrogen peroxide to inactivate

endogenous peroxidases. After antigen retrieval using 0.1%
Pepsin (Sigma), the sections were blocked with goat serum
(Gibco) for 1 h at 37 °C and incubated with primary antibodies
overnight at 4 °C. Immunohistochemistry sections were incubated
with horseradish peroxidase-conjugated secondary antibody
(Biosharp) for 1 h at 37 °C. The positive cells were visualized
using 3,3-diaminobenzidine (Typng). Images were received by
Optical Microscope (Zeiss). Immunofluorescence sections were
incubated with FITC- or TRITC-conjugated secondary antibodies
for 1 h at 37 °C, and then the nuclei were stained with 4,6-
diamidino-2-phenylindole (Abcam) for 4 min. Images were ob-
tained on a Fluorescence Microscope (Zeiss, Germany). For
cytological immunofluorescence, the cells were fixed in 4% PFA.
After blocking with 5% bovine serum albumin (BSA) for 1 h, the
primary antibody was incubated overnight, and the following
procedures were the same as those for immunofluorescence.

2.8. Antibodies

The following antibodies were used: mouse anti-F4/80 (Santa
Cruz), rabbit anti-INOS (Cell Signaling Technology), mouse
anti-CD80 (Invitrogen Antibodies), rabbit anti-CD206 (Abcam),
rabbit anti-SHP2 (Cell Signaling Technology), rabbit anti-COL2
(Abcam), rabbit anti-COL10 (Abcam), rabbit anti-MMP3 (Pro-
teintech), rabbit anti-COX2 (Cell Signaling Technology), rabbit
anti-GAPDH (Cell Signaling Technology), rabbit anti-p-P65
(Cell Signaling Technology), rabbit anti-P65 (Cell Signaling
Technology), rabbit anti-B-actin (Cell Signaling Technology),
rabbit anti-histone H3 (Cell Signaling Technology), rabbit anti-
p-AKT (Cell Signaling Technology), rabbit anti-AKT (Cell
Signaling Technology), and rabbit anti-p-IKKa/g (Cell Signaling
Technology).

2.9.  Enzyme-linked immunosorbent assay (ELISA)

The tumor necrosis factor (TNF)-« and IL-6 levels in the super-
natant of cultured RAW264.7 cells and BMDMs were investigated
using ELISA Kits (R&D Systems) according to the manufac-
turer’s instructions. The absorbance at 450 nm was detected by a
Microplate Reader (Thermo Scientific).

2.10. RNA sequence (RNA-seq)

Total RNA was extracted from RAW264.7 cells after LPS treat-
ment with or without SHP099 (n = 3) for one day. They were
submitted to GeneChem company (Shanghai, China) to acquire
the FPKM values of all genes. Pearson’s correlation analysis was
performed, and heatmaps were generated. In our studies, differ-
entially expressed genes (DEGs) were defined as fold changes >
1.4 and P < 0.05. Kyoto Encyclopedia of Genes and Genomes
(KEGG) analysis was performed to evaluate the biological func-
tion of DEGs.

2.11.  Statistical analysis

All results were observed by different researchers. Differences
between two groups were analysed by paired or unpaired Stu-
dent’s ¢ test (parametric or nonparametric test), while the results of
three or four groups were analysed by one-way analysis of vari-
ance (ANOVA, parametric test). The nonparametric data (such as
OARSI scores and synovitis scores) were analysed using the
Kruskal—Wallis test with multiple comparisons. All graphics were



3076

Ziying Sun et al.

made by Prism 8 (GraphPad Software Inc.). The results are pre-
sented as the mean =+ standard error of mean (SEM), and P < 0.05
were considered as statistically significant (*P < 0.05,
**P < 0.01), ns represents no significance.

3. Results

3.1. M1 macrophages are significantly increased in the
synovium from OA patients and DMM mice

To explore the role of synovial macrophages in OA, we examined
the synovitis score and macrophage polarization in the synovium
of OA patients. Consistent with a previous study’, the OA syno-
vium presented a higher synovitis score, which was accompanied
by increased cell infiltration and synovial thickness (Supporting

Information Fig. S2A and S2B). In OA synovium, F4/80
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(macrophage marker)-positive cells were significantly increased,
which was accompanied by an elevated proportion of inducible
nitric oxide synthase (iNOS) (M1 macrophage marker)- and CD80
(M1 macrophage marker)-positive cells (Fig. S2C and S2D).
However, the proportion of CD206 (M2 macrophage marker)-
positive cells was lower than that of iNOS-positive cells, with
no significant difference observed between the normal and OA
groups (Supporting Information Fig. S3). We also investigated
synovitis and macrophage polarization in a DMM-induced OA
mouse model. The cell infiltration and tissue proliferation of the
synovium of DMM mice were observed, and their synovitis scores
were significantly elevated from 2 weeks to 8 weeks after DMM
surgery (Fig. S2E and S2F). Similar to OA patients’ synovium, the
accumulation of macrophages and the percentage of M1 macro-
phages were significantly increased in 6-week DMM mice
(Fig. S2G and S2H).
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SHP2 expression and located cells in the synovium of OA patents and DMM mice. (A) Representative images of immunofluorescence

of src-homology 2-containing protein tyrosine phosphatase 2 (SHP2), F4/80 and their colocalization in normal synovium and osteoarthritis (OA)
synovium from human, and the representative immunofluorescence images of SHP2, F4/80 and their colocalization in the synovium of sham and
6-week destabilization of medial meniscus (DMM) mice. Scale bar: 100 pm. (B) Quantification of the proportion of SHP2-positive cells in
synovial cells and F4/80-positive cells. Two-way analysis of variance (ANOVA) with Tukey’s multiple comparison test. All data are shown as the

mean £ SEM, n = 5; **P < 0.01, ns represents no significance.
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3.2.  SHP2 is located in the accumulated macrophages and macrophages. Similar results were observed in the synovium of
upregulated in the synovium from OA patients and DMM mice DMM mice (Fig. 1A and B).

To determine whether SHP2 participated in the synovitis of OA, 3.3.  SHP2 deletion in macrophages attenuates OA by inhibiting
SHP2 expression and its colocalization with a macrophage marker M1 macrophage polarization

(F4/80) were examined. Compared to that in normal subjects,

SHP?2 expression in the synovium was significantly elevated in OA Compared to Shpi// "mice, the cartilage degeneration of ShpZ/Zf ;

patients. In addition, SHP2 was mostly located in the accumulated Lyz¢"™ mice was significantly attenuated during the OA process.
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Figure 2  Conditional Shp2 deletion in macrophages attenuated the severity of osteoarthritis. (A) Representative images of Safranin O/Fast
Green of the cartilage and synovium from Shp2™ and Shp2™; LyzE™ mice. Scale bar: 100 pm. (B) Quantification of the Osteoarthritis Research
Society International (OARSI) score and Synovitis score of Shpﬂf (n = 6) and ShpZﬂf ; Lyzcm (n = 6) mice. Unpaired Student’s 7-test (non-
parametric test), **P < 0.01. (C) Representative images of immunofluorescence of F4/80 and iNOS in the synovium from Shp™ and Shp2™;
Lyz“™ mice. Scale bar: 100 um. (D) Quantification of the proportion of F4/80- and iNOS- positive cells in the synovium from Shp2” (n = 6) and
Shpi/f ; LyzC'e (n = 6) mice. Unpaired Student’ #-test (parametric test), **P < 0.01. (E) Representative images of immunofluorescence of collage
IT (COL2), collagen X (COL10), and matrix metalloproteinase 3 (MMP3). Scale bar: 100 pm. (F) Quantification of the proportion of the positive
area of COL2, the proportion of cells expressing COL10 and MMP3 in the cartilage of Shp2” and Shp2™; Lyz“" mice (n = 6). Unpaired
Student’s #-test (parametric test); *P < 0.05, **P < 0.01. All Data are shown as the mean £ SEM.
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The cell infiltration of synovium from the cKO mice was
decreased (Fig. 2A). The synovitis and OARSI scores of Shp2”;
Lyz%" mice were lower (Fig. 2B). Moreover, decreased macro-
phage accumulation was shown in the cKO mice, which was
accompanied by a lower rate of M1 macrophage markers,
including iNOS and CDS80 ((Fig. 2C and D, Supporting
Information Fig. S4A and S4B). Compared to Shp2” mice,
collagen II (COL2) was elevated in the cartilage of Shp2”; LyzE"
mice at 6 weeks after DMM surgery, while the hypertrophic
cartilage marker collagen X (COL10) was decreased. Further-
more, the expression of the cartilage degradation enzyme matrix
metalloproteinases 3 (MMP3) was significantly reduced when
Shp2 was conditional deleted, which may explain the cartilage
protection effect in Shp2™; Lyz"* mice (Fig. 2E and F).

3.4. SHPO09Y9 treatment inhibits LPS-induced M1 macrophage
polarization

To determine the purity of RAW264.7 cells and BMDMs, F4/80
(macrophage surface marker) of RAW264.7 cells and BMDMs
was identified using flow cytometry (Supporting Information Fig.
S5A). After stimulation with LPS for 3 h, the Shp2 mRNA level
was significantly elevated in RAW264.7 cells (Fig. S5B). BMDMs
from Lyz®"; Shp2™ mice attenuated LPS-induced IL-6 and TNF-a
release (Supporting Information Fig. S6A and S6B) and MI-
related mRNA expression (Fig. S6C). To determine the impact
of allosteric SHP2 inhibitor on macrophage polarization in vitro,
we applied SHP099, an SHP2 allosteric inhibitor, to RAW264.7
cells and BMDMs stimulated with LPS for 24 h. The assessment
of the expression level of M1 macrophage markers by flow
cytometry revealed that the proportion of CD80™" cells decreased
remarkably after SHP099 treatment (Fig. 3A). Similarly, inhibi-
tion of SHP2 in RAW264.7 cells and BMDMs significantly
downregulated M1 macrophage-expressed inflammatory genes
[ll11b, 116, Tnfa, CXC chemokineligand-10 (Cxcl10) and iNos]
(Fig. 3B and C). ELISA results showed that SHP099 significantly
decreased the secretion of LPS-induced inflammatory cytokines
(TNF-« and IL-6) (Fig. 3D and E). Furthermore, M1 macrophage-
related proinflammatory proteins [iNOS and cyclooxygenase 2
(COX2)] were decreased after SHP099 treatment (Fig. 3F and G).
Furthermore, SHP2 overexpression enhanced the expression of
iNOS and COX2 (Fig. 3H). To avoid the off-target effect of
SHP099, we also found that another SHP2 allosteric inhibitor,
SHP836, inhibited M1 macrophage-related inflammatory protein
and gene expression (Supporting Information Fig. S7TA and S7B).

3.5.  SHPO099 downregulates the TLR pathway by inhibiting
MyD88-dependent transduction

To identify the underlying mechanism by which SHP099 modu-
lates M1 macrophage polarization, we performed RNA
sequencing (RNA-seq) analysis on RAW264.7 cells stimulated by
LPS with or without SHP099 treatment (Fig. 4A). A total of 8528
DEGs were identified between the vehicle (V) and LPS (L)
groups, and 1380 DEGs were identified between the LPS (L)
group and LPS+SHP099 (LS) group (Fig. 4B). Pathway enrich-
ment analysis identified significant enrichment of DEGs, such as
TLR signaling, NF-«B signaling and PI3K—AKT signaling (Fig.
4C). LPS is a classic stimulator of TLR signaling, and the
myeloid differentiation primary response protein 88 (MyDS§8)-
dependent pathway is a key pathway involved in TLR signaling
and IL-1 receptor family signaling, which includes the NF-kB**

and PI3K—AKT pathways™. SHP099 treatment significantly
downregulated TLR and NF-«B signaling, with several related
genes stimulated by LPS, such as Cxcl2, Nfkb2, Bcl2ala, and 111b
(Fig. 4D and E). Moreover, the expression of many PI3K—AKT-
related genes was also decreased in the SHP099 group (Fig. 4F).
LPS stimulation significantly elevated the protein levels of p-
IKKa/B, p-P65, and p-AKT, which decreased after SHP099
treatment in RAW?264.7 cells and BMDMs (Fig. 4G and H).
Moreover, the translocation of P65 into the nucleus was observed
after 3 or 6 h of LPS stimulation and was inhibited by SHP099 in
RAW264.7 cells (Supporting Information Fig. S8A). Immunoflu-
orescence revealed that SHP099 partially inhibited the trans-
location of P65 induced by LPS in RAW264.7 cells (Fig. S8B and
S8C). These results indicate that SHP099 attenuates the TLR
pathway and its downstream signaling pathways, including the
NF-«B and PI3K—AKT pathways.

3.6.  Inhibition of the PI3K and NF-kB pathways inhibits M1
macrophage polarization

To investigate whether the PI3K and NF-kB pathways mediate
SHP099-induced macrophage polarization, PI3K (LY294002) and
NF-«B (JSH23) inhibitors were used in vitro. The rate of CD80"
cells was significantly decreased after LY294002 and JSH23
treatment in RAW264.7 cells and BMDMs (Fig. 5A). The mRNA
expression of M1 macrophage markers (iNos, Il1b, 116, Tnfa and
Cxcl10) was also decreased after LY294002 and JSH23 treatment
in RAW264.7 cells and BMDMs (Fig. 5B and C), and the inhi-
bition of the M1 phenotype induced by SHP099 was not promoted
in RAW264.7 cells in which the PI3K—AKT and NF-«B pathways
were blocked (Supporting Information Fig. S9).

3.7.  Intra-articular injection of SHP099 alleviates OA by
inhibiting M1 macrophage polarization

To examine whether SHP099 could inhibit M1 macrophage polari-
zation and alleviate OA in vivo, intra-articular injection of SHP099
was performed in a mouse DMM model. After intra-articular injec-
tion of SHP099, the abundance of cartilage extracellular matrix
increased compared to that in the DMM group. Cell infiltration of the
synovium was remarkably decreased after SHP099 administration
(Fig. 6A). The OARSI score and synovitis score decreased signifi-
cantly (Fig. 6B). Consistent with the synovitis score, there was a
substantial reduction in the proportion of F4/80-, iNOS-, and CD80-
positive cells in the synovium following SHP099 injection (Fig. 6C
and D, Supporting Information Fig. SI0A and S10B). Furthermore,
the expression of COL2 was elevated in the cartilage of the SHP099
group after DMM surgery, while COL10 was decreased. Further-
more, the expression of MMP3 was significantly reduced (Fig. 6E and
F), indicating that the SHP2 allosteric inhibitor could be a potential
therapeutic drug for OA.

4. Discussion

In this study, we demonstrated for the first time that increased
SHP2 was mostly located in accumulated macrophages in the
synovium of OA patients and OA model mice, thus indicating its
potential role in OA. Conditional deletion of Shp2 in macro-
phages could decrease M1 macrophage polarization, attenuate
synovitis and decrease cartilage degradation during OA pro-
gression. Moreover, SHP2 inhibition reduced LPS-induced M1
macrophage polarization via the TLR signaling pathway in vitro.
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Figure 3  SHP099 inhibited macrophage M1 polarization and inflammatory cytokines secretion during LPS-induced inflammation for 24 h. (A)
Flow cytometry for detection and quantitative analysis of CD80™ cells after the treatment of lipopolysaccharide (LPS) with or without SHP099 for
24 h in RAW264.7 cells and bone marrow-derived macrophages (BMDMs) (n = 3). One-way ANOVA with Tukey’s multiple comparison
test; **P < 0.01. (B) qPCR analysis of mRNA of Ml-related genes, interleukin-18 (Il1b), 1i6, tumor necrosis factor o (Tnfa), inducible nitric
oxide synthase (iNos) and CXC chemokineligand-10 (Cxcl10) in RAW264.7 cells after LPS stimulation with or without SHP099 treatment for
24 h (n = 3). One-way ANOVA with Tukey’s multiple comparison test; **P < 0.01, ns represents no significance. (C) qPCR analysis of mRNA of
MI-related genes, 111b, 116, Tnfa, iNos and Cxcl10 in BMDMs after LPS stimulation with or without SHP099 treatment for 24 h (n = 3). One-way
ANOVA with Tukey’s multiple comparison test; **P < 0.01, ns represents no significance. (D) Enzyme-linked immunosorbent assay (ELISA)
results of TNF-« and IL-6 secretion of RAW264.7 cells after LPS stimulation with or without SHP099 treatment for 24 h (n = 3). One-way
ANOVA with Tukey’s multiple comparison test; **P < 0.01, ns represents no significance. (E) ELISA results of TNF-« and IL-6 secretion of
BMDMs cells after LPS stimulation with or without SHP099 treatment for 24 h. One-way ANOVA with Tukey’s multiple comparison
test. ¥**P < 0.01. (F) Western blot analysis of iNOS and cyclooxygenase 2 (COX2) in RAW264.7 after LPS stimulation with or without SHP099
treatment for 48 h. (G) Western blot analysis of iNOS and COX2 in BMDMs after LPS stimulation with or without SHP099 treatment for 48 h.
(H) Western blot analysis of iNOS and COX2 in RAW264.7 after LPS stimulation with over-expression (OE) of SHP2 or not (NC) for 48 h. All
data are shown as the mean + SEM.
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Genomes (KEGG) analysis of the biological function of differentially expressed genes (DEGs). (D) DEGs in the TLR signaling pathway. (E)
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Figure 5 Inhibition of NF-kB pathway and PI3K pathway inhibited macrophage M1 polarization. (A) Flow cytometry for detection and
quantitative analysis of CD80-positive cells after the treatment of LPS with or without treatment of LY294002 and JSH23 for 24 h in RAW264.7
cells and BMDMs (n = 3). One-way ANOVA with Tukey’s multiple comparison test, **P < 0.01. (B) qPCR analysis of mRNA of M1-related
genes, I11b, 116, Tnfa, iNos and Cxcl10 in RAW?264.6 cells after LPS stimulation with or without LY294002 and JSH23 treatment for 24 h (n = 3).

One-way ANOVA with Tukey’s multiple comparison test, **P < 0.01. (C) qPCR analysis of mRNA of M1-related genes, 111b, 116, Tnfa, iNos and
Cxcl10 in BMDMs after LPS stimulation with or without LY294002 and JSH23 treatment for 24 h (n = 3). One-way ANOVA with Tukey’s
multiple comparison test, **P < 0.01. All data are shown as the mean + SEM.

Intra-articular injection of SHP099 alleviated OA progression in
a mouse DMM model. These results provide a new perspective
for intervention in the OA process by modulating macrophage
polarization (Fig. 7).

Studies have shown that enhanced synovial M1 macrophage
polarization is responsible for the increased severity of OA’.
Consistent with previous studies”*?, we found increased syno-
vitis score and highly infiltrated M1 macrophages in the syno-
vium of OA patients. Compared to the collagenase-induced OA
model, the DMM-induced OA mouse model was described as a
low synovial-activation OA model”®, but we found that in the
DMM model, the synovitis scores were also increased signifi-
cantly from 2 weeks after DMM surgery, thus indicating that
synovitis participated in the process of OA progression from the
early to late phases. Furthermore, macrophage accumulation and
M1 polarization in the synovium of the DMM-induced OA
mouse model were also observed. The DMM model simulates
the pathological process of OA well, and these results suggested
that synovitis and macrophage polarization played a vital role in
the development of OA.

A recent study revealed that SHP2 could promote the in-
vasion and survival of synovial fibroblasts during RA*’, but

whether SHP2 participates in macrophage function and polari-
zation during the pathologic process of OA was not investi-
gated. Compared to the WT mice, the cartilage degradation of
the cKO mice was significantly decreased, which might be
associated with the lower expression of degrading enzymes,
such as MMP3. Furthermore, as we expected, macrophage
accumulation in cKO mice was significantly attenuated. At the
same time, the proportion of M1 macrophages was decreased,
which might explain why cartilage degradation decreased.
Intra-articular injection of SHP099 also has an ideal therapeutic
effect. Several studies have tried to influence the OA process by
interfering with the function of macrophages, such as physical
therapy represented by low-intensity pulsed ultrasound”® and
small molecule drugs represented by kinsenoside® and rapa-
mycin’. Therefore, finding a specific target modulating macro-
phage polarization will provide new ideas regarding potential
treatments for OA, and our results showed that SHP2 is a new
ideal target through which to influence the polarization of
macrophages during the OA process.

To explore the underlying mechanism of SHP2 on macrophage
polarization, RAW 264.7 cells, a mouse macrophage cell line that is
widely used as MO macrophages®® and BMDMs, were used. Under
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LPS stimulation, SHP099 treatment inhibited M1 macrophage po-
larization. LPS is a classic stimulator of TLRs, whose downstream
signaling is regulated by MyD88-and TRIF-dependent pathways”'.
Recent studies revealed that the MyD88 pathway modulated the M1
polarization of macrophages®>*’, but whether this process is
involved in SHP2-regulated macrophage polarization is unknown.
According to our RNA-seq results, SHP099 significantly attenuated
LPS-induced TLR signaling, and p-P65** and p-AKT* were
decreased after SHP099 treatment, which are key proteins in the

SHPO

DMM+SHP099

TLR/MyD88 proinflammatory pathway. These results showed that
SHP2 might be a possible modulator of the TLR/MyDS88 pathway.

There are several limitations of this study. First, we did not
evaluate the effect of Shp2 conditional deletion on other OA
models, such as spontaneous OA, which would hamper a more
comprehensive understanding of the role of SHP2 in OA. Second,
we did not evaluate the periarticular osteophyte formation of mice
and hence might ignore the possible role of SHP2 in bone
remodelling.
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Figure 6

Intra-articular injection of SHP099 attenuated DMM-induced OA progression in mice model. (A) Representative images of Safranin

O/Fast Green of the cartilage and H&E staining of synovium from mice divided into four groups, including Sham group, intra-articular injection
of SHP099 group, DMM group and DMM with injection of SHP099 group. Scale bar: 100 pm. (B) Quantification of synovitis score and OARSI
score of four groups (n = 5). One-way ANOVA with Tukey’s multiple comparison test, **P < 0.01. (C) Representative images of immuno-
fluorescence of F4/80 and iNOS in the synovium from mice in four groups. Scale bar: 100 pm. (D) Quantification of the proportion of F4/80- and
iNOS- positive cells in the synovium from mice in four groups (n = 5). One-way ANOVA with Tukey’s multiple comparison test, **P < 0.01. (E)
Representative images of immunofluorescence of COL2, COL10 and MMP3. Scale bar: 100 um. (F) Quantification of the proportion of the
positive area of COL2, the proportion of cells expressing COL10 and the proportion of cells expressing MMP3 in the cartilage of mice divided
into four groups (n = 5). One-way ANOVA with Tukey’s multiple comparison test, **P < 0.01. All data are shown as the mean = SEM.
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Figure 7

The graphic illustration of the mechanism of SHP2-mediated macrophage polarization in osteoarthritis. SHP2 aggravates M1

macrophage-induced synovitis in OA by inhibiting NF-kB and PI3K—AKT signal pathway, indicating that targeting macrophagic SHP2 is a

promising strategy for OA.

5. Conclusions

To conclude, we found that SHP2 inhibition is a potential thera-
peutic strategy that can be used to attenuate the severity of OA by
repolarizing M1 macrophages in synovial tissues. Future studies
are warranted to explore the underlying mechanisms of how SHP2
allosteric inhibitors modulate the transduction of the TLR/MyD88
proinflammatory pathway.
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