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TRANSLATIONAL SCIENCE

PU.1 promotes development of rheumatoid arthritis
via repressing FLT3 in macrophages and fibroblast-

like synoviocytes
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ABSTRACT

Objectives To uncover the function and underlying
mechanism of an essential transcriptional factor, PU.1, in
the development of rheumatoid arthritis (RA).

Methods The expression and localisation of PU.1 and
its potential target, FMS-like tyrosine kinase 3 (FLT3), in
the synovium of patients with RA were determined by
western blot and immunohistochemical (IHC) staining.
UREA (with PU.1 knockdown) and FLT3-ITD (with

FLT3 activation) mice were used to establish collagen
antibody-induced arthritis (CAIA). For the in vitro study,
the effects of PU.1 and FLT3 on primary macrophages
and fibroblast-like synoviocytes (FLS) were investigated
using siRNAs. Mechanistically, luciferase reporter assays,
western blotting, FACS and IHC were conducted to show
the direct requlation of PU.1 on the transcription of

FLT3 in macrophages and FLS. Finally, a small molecular
inhibitor of PU.1, DB2313, was used to further illustrate
the therapeutic effects of DB2313 on arthritis using two
in vivo models, CAIA and collagen-induced arthritis (CIA).
Results The expression of PU.1 was induced in the
synovium of patients with RA when compared with that
in osteoarthritis patients and normal controls. FLT3 and
p-FLT3 showed opposite expression patterns compared
with PU.T in RA. The CAIA model showed that PU.1

was an activator, whereas FLT3 was a repressor, of the
development of arthritis in vivo. Moreover, results from
in vitro assays were consistent with the in vivo results:
PU.1 promoted hyperactivation and inflammatory status
of macrophages and FLS, whereas FLT3 had the opposite
effects. In addition, PU.1 inhibited the transcription of
FLT3 by directly binding to its promoter region. The PU.1
inhibitor DB2313 clearly alleviated the effects on arthritis
development in the CAIA and CIA models.

Conclusions These results support the role of PU.1 in
RA and may have therapeutic implications by directly
repressing FLT3. Therefore, targeting PU.1 might be a
potential therapeutic approach for RA.

INTRODUCTION

Rheumatoid arthritis (RA) is a chronic inflamma-
tory and destructive joint disease characterised by
synovial hyperplasia and infiltration of different cell
types into the joint synovium.'™ These RA-related
cells can be mainly divided into two categories. The
first category is considered to be the key immune
cells that initiate or induce RA, including T cells,
B cells, macrophages and neutrophils.*” The key
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= Rheumatoid arthritis (RA) is a common
autoimmune disease that manifests primarily
as arthritis. A variety of immune cells, such as T
cell, B cell, macrophage and non-immune cells,
such as fibroblast-like synoviocytes (FLS) and
chondrocytes, are involved in the development
of arthritis. PU.1 is a member of the E26
transformation-specific family of transcription
factors. Previous studies have found PU.1 is
critical for the differentiation of a variety of
immune cells and development of several
immune system-related cancers.

WHAT THIS STUDY ADDS

= In the current study, we reveal for the first time
the specific role and potential mechanisms
of PU.1 in RA. PU.1 could promote the
development of arthritis by directly targeting
FMS-like tyrosine kinase 3 in both macrophage
and FLS.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= The specific role of PU.1 in multiple cells in RA
provides new ideas and potential therapeutic
targets for the pathogenesis of RA.

role of these cells in RA has been widely confirmed,
which mainly reflects excessive immune activation
or an inflammatory phenotype.®? The other type
is effector cells that receive inflammatory stimuli
to further worsen RA, mainly including fibroblast-
like synoviocytes (FLS)'°"'? and chondrocytes' '* in
joints and even cells in other organs of the human
body, such as fibroblasts in the lungs and heart.* 1
These cells mainly mediate stimulating factors from
the aforementioned immune cells to cause multiple
levels of RA-associated damage to different organs
and tissues. Therefore, the interaction between
these cells is considered a key link in the pathogen-
esis of RA and may be a potential therapeutic target.

PU.1 is a member of the E26 transformation-
specific family of transcription factors and is essen-
tial for the differentiation and function of a variety
of myeloid cells.'””™" Previous research on PU.1
has mainly focused on immune system-related
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cancers.”’ The main research direction of our research group is
autoimmune diseases, such as RA. This type of disease is char-
acterised by abnormal function in a variety of immune cells.”
The important role of PU.1 in these immune cells prompted us
to explore its role in autoimmune diseases, especially RA. In the
current study, we investigated the specific role and underlying
mechanism of PU.1 in RA. Our results provide new ideas and
potential therapeutic targets for the pathogenesis of RA.

RESULTS

PU.1 and FMS-like tyrosine kinase 3 expression in RA patients
To investigate the specific role of PU.1 in RA, we first deter-
mined PU.1 expression level in joint synovium from healthy
donors, osteoarthritis (OA) patients and RA patients. The

results of immunohistochemical (IHC) staining show that PU.1
expression in the joint synovial tissue of RA patients was upreg-
ulated compared with that of healthy donors or OA patients
(figure 1A). The results of western blotting further verified the
upregulation of PU.1 in the joint synovium of RA patients when
compared with that of patients with OA (figure 1B). PU.1 was
coexpressed with macrophages (CD68%) and FLS (Vimentin™)
in the synovium of RA joints (figure 1C), indicating that PU.1
might exert proinflammatory effects in these two types of cells
in RA. Finally, we determined PU.1 expression level in the
joint synovium from a mouse collagen-induced arthritis (CIA)
model. The results of IHC staining verified that PU.1 was also
greatly induced in the hyperplastic joint synovium of CIA mice
(figure 1D). In addition, the essential of FMS-like tyrosine
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Figure 1 Expression of PU.1 and FLT3 in patients with RA. (A) IHC staining of PU.1 expression in the joint synovium of healthy donors and

patients with OA and RA. (B) Western blotting results of PU.1 expression in joint synovium of patients with OA and RA. (C) Double-staining
immunofluorescence shows the co-localisation of PU.1/Vimetin in the synovium of patients with RA. (D) IHC staining verifies the upregulation of PU.1
in the hyperplasia joint synovium of CIA mice. (E) IHC staining of the expression levels of FLT3 and p-FLT3 in the joint synovium of healthy donors
and patients with OA and RA. (F) Western blotting results of FLT3 and p-FLT3 expression in joint synovium of patients with OA and RA. CIA, collagen-
induced arthritis; FLT3, FMS-like tyrosine kinase 3; IHC, immunohistochemical; OA, osteoarthritis; RA, rheumatoid arthritis.
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kinase 3 (FLT3) has been demonstrated in RA.*' Both IHC and PU.1 UREA mice exhibits relieved symptoms of collagen
western blotting results show that the expression patterns of  antibody-induced arthritis

FLT3 and p-FLT3 were opposite to that of PU.1 in RA synovium Next, PU.1 knockdown (UREA) mice (online supplemental figure
(figure 1E,F). In summary, these results suggest that PU.1 and S1) were used to establish a collagen antibody—induced arthritis
FLT3 might regulate the pathogenesis of RA in macrophages and (CAIA) mouse model (figure 2A and online supplemental figure
FLS. S2) to study the role of PU.1 in the pathogenesis of arthritis.
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Figure 2 (A) PU.1 knockdown (UREA) mice were used to establish a collagen antibody-induced arthritis (CAIA) mouse model. (B) Compared with
that of the wild-type (WT) mouse CAIA model, the joint swelling of both fore and hind limbs in the CAIA model of UREA mice was relieved. (C, D) The
arthritis index and joint swelling number of UREA mice were significantly lower than those of WT mice. (E) H&E staining demonstrates that the
synovial hyperplasia of UREA mice was much lower than that of WT mice. Safranine O and Masson staining indicates that the cartilage destruction
and the proliferation of FLS in the joint synovium of CAIA in UREA mice were significantly ameliorated compared with those in WT mice. (A) Synovial
hyperplasia; (B) inflammatory cell infiltration; (C) pannus formation; (D) cartilage destruction; (E) osteoclastogenesis. (F) Ultrasonic detection signal

of blood flow was weaker at the joints of UREA mice than those of the WT CAIA mice. (G) RNA-seq results show that PU.1 knockdown was closely
associated with various immune cells in PBMC from UREA mice-established CAIA model at the transcriptome level. (H, I) The M1 and M2 percentages
of peritoneal macrophages also show that the UREA mice had a weaker proinflammatory phenotype. (J) IHC staining of the joint synovium shows
that the expression of the FLS marker vimentin in the joint synovium of UREA mice decreased. Data are presented as mean+SEM. Student’s t-test was
performed. FLS, fibroblast-like synoviocytes; IHC, immunohistochemical; LPS, lipopolysaccharide.
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Compared with that in the wild-type mouse CAIA model, the
joint swelling of both the fore and hind limbs in the CAIA model
of UREA mice was relieved (figure 2B). The arthritis index and
joint swelling number of UREA mice were significantly lower
than those of the wild-type mice (figure 2C,D). In addition,
several experimental methods have been used to study patholog-
ical changes in the joint synovium of UREA mice. H&E staining
demonstrated that the synovial hyperplasia of UREA mice was
much lower than that of wild-type mice (figure 2E). The results
of Safranine O and Masson staining indicated that the cartilage
destruction and the proliferation of FLS in the joint synovium of
CAIA in UREA mice were significantly ameliorated than those
in wild-type mice (figure 2E). Ultrasonic detection revealed that
the blood flow signal was weaker at the joints of UREA mice
than that of wild-type CAIA mice (figure 2F), suggesting that the
pannus formation of CAIA in UREA mice was less than that in
wild-type mice. In addition, RNA-seq was performed to evaluate
the effects of PU.1 knockdown on CAIA model-derived periph-
eral blood mononuclear cell (PBMC) at the transcriptome level.
Results of Kyoto Encyclopaedia of Genes and Genomes (KEGG)
pathway analysis showed that various immune cells (such as T
cell, B cell and macrophage) and several related immunological
pathways were significantly affected in PBMC from the UREA
mouse-established CAIA model, suggesting that PU.1 knock-
down affects CAIA model-derived PBMC at the transcriptome
level (figure 2G and online supplemental figure S3). Interest-
ingly, The M1 and M2 percentages of peritoneal macrophages
(online supplemental figure S4) show that UREA mice had a
weaker proinflammatory phenotype (figure 2H). qPCR results
of M1 and M2 markers in peritoneal macrophages further
validated this point (figure 2I). Finally, IHC staining of the
joint synovium showed that the expression of the FLS marker
vimentin in the joint synovium of UREA mice decreased, consis-
tent with hyperplasia of FLS being weaker in the CAIA of UREA
mice (figure 2]). Taken together, these results demonstrated that
PU.1 knockdown mice exhibited relieved symptoms of CAIA
and that macrophage and FLS in PU.1 knockdown mouse CAIA
tended to exhibit anti-inflammatory phenotypes.

PU.1 represses FLT3 transcription via directly binding to the
FLT3 promoter

It has been reported that FLT3 stop mutations increase the risk
of autoimmune diseases including RA.** Based on the negative
correlation between PU.1 and FLT3,” we proposed that PU.1
inhibits FLT3 in RA (figure 3A). To verify this hypothesis, we
first measured the expression levels of FLT3 in the CAIA model
of UREA mice. The results of flow cytometry showed that
the endogenous expression of FLT3 in macrophages and FLS
in the CAIA model of UREA mice was significantly increased
(figure 3B-D). To investigate the regulatory effect of the tran-
scriptional factor PU.1 on FLT3 transcription, we cloned the
FLT3 promoter region and constructed the pGL-FLT3 plasmid.
Under the action of the PU.1 overexpression plasmid, the tran-
scriptional activity of the FLT3 promoter was significantly
reduced (figure 3E).

FLT3-ITD mice exhibits relieved symptoms of CAIA

To further verify the role of FLT3 in RA, we used FLT3-ITD
mice to construct a CAIA model (figure 4A, online supplemental
figures S5 and S6). The FLT3 gene in FLT3-ITD mice was hyper-
activated because of a mutation in the FLT3 gene. Compared
with the CAIA model using the same wild-type littermate,
the CAIA model of FLT3-ITD mice had a lower paw swelling
number and arthritis index (figure 4B-D). Similar to those of the

UREA mice, the results of H&E staining and ultrasound assays
show that the joint destruction and neovascularisation of the
CAIA model of FLT3-ITD mice were weaker than those of the
CAIA model of wild-type mice (figure 4E). In addition, Safranin
O, Masson and TRAP staining demonstrated that joint fibroblast
hyperplasia, cartilage destruction, and osteoclasts reduced in the
CAIA model of FLT3-ITD mice (figure 4F), suggesting that FLT3
activation alleviates the severity of arthritis. At the cellular level,
peritoneal macrophages of the CAIA model of FLT3-ITD mice
showed a less inflammatory phenotype (figure 4G,H). Immu-
nohistochemical staining also showed that the proliferation of
FLS in the joint synovium of the CAIA model of FLT3-ITD mice
reduced, as was the number of infiltrated CD11b* macrophages
(figure 4I). Taken together, these results demonstrated that FLT3
is an anti-inflammatory factor and that FLT3 activation can
prevent the pathogenesis of arthritis.

Effects of the PU.1-FLT3 axis on macrophage and FLS in vitro
To further illustrate the effects of the PU.1-FLT3 axis on several
key cellular components in RA, siRNAs were used to knock
down the endogenous expression of PU.1 and FLT3 in macro-
phages and FLS in vitro (online supplemental figure S7). The
siRNA-mediated knockdown of PU.1 suppressed inflammatory
features of murine macrophage cell line RAW264.7, including
the M1/M2 ratio and expression of inflammatory cytokines
(figure SA,B). In addition, primary monocytes were isolated
from peripheral blood of RA patients and differentiated to MO
macrophages via stimulation of M-CSF. qPCR results demon-
strated that pro-inflammatory markers were upregulated and
anti-inflammatory markers were repressed in PU.1 knockdown
primary macrophages (figure 5C). Except macrophage, we also
investigated the effects of PU.1 knockdown on primary FLS
from RA patients (RA-FLS). First, RNA-seq was performed
to evaluate the effects of PU.1 knockdown on RA-FLS at the
transcriptome level. Results of KEGG pathway analysis showed
that various inflammatory associated pathways, including PI3K/
AKT, HIF-1, TNF, VEGEF signalling pathways, were changed in
PU.1 KD RA-FLS, implying that PU.1 knockdown modulates
RA-FLS related inflammation (figure 5D and online supple-
mental figure S8). In addition, the proliferation, migration
and expression of inflammatory cytokines were all downregu-
lated in PU.1 knockdown RA-FLS (figure SE-G). Furthermore,
FLT3 siRNA-mediated knockdown (online supplemental figure
S9) demonstrated the opposite effects of PU.1 siRNA in both
primary mouse macrophages, THP-1 cells-induced macrophages
(THP-1-M), monocyte-derived macrophages from RA patients
(figure 6A-C, online supplemental figure S10) and RA-FLS
(figure 6D-F), suggesting that FLT3 is a functional target of PU.1
in two cellular components in RA. Taken together, our results
showed that PU.1-FLT3 is an essential proinflammatory axis in
RA that promotes inflammatory features in macrophages and
RA-FLS.

Pu.1 inhibitor mitigates arthritis of CAIA and CIA mice

DB2313 is a small molecule that can inhibit the binding of PU.1
to its target genes, thus inhibiting the function of its transcrip-
tion factors.”* In this study, DB2313 was administered to two
mouse arthritis models, CAIA and CIA mice (online supple-
mental figures S11 and S12), to further evaluate the effect of
directly inhibiting PU.1 function on the progression of arthritis.
As expected, DB2313 significantly inhibited the progression of
arthritis in CAIA mice (figure 7A,B). Specifically, DB2313 alle-
viated arthritis index and joint swelling (figure 7C,D), synovial
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hyperplasia (figure 7E), pannus formation in the joint synovium
(figure 7F), cartilage destruction and osteoclast formation in
CAIA mice (figure 7G,H). Consistent with these results, the
production of Osteoprotegerin was restored and Receptor
activator of NF-kappaB ligand was repressed in the serum of
these DB2313-treated mice (online supplemental figure S13). At
the cellular level, DB2313 also inhibited the proinflammatory
phenotype of peritoneal macrophages (figure 7I). Immunobhisto-
chemical results for vimentin also showed that DB2313 inhibited
FLS hyperplasia in the CAIA joint synovium (figure 7J).

CIA is another well-established model of arthritis (figure 8A).
The overall therapeutic effects of DB2313 were first evaluated
in this study, including the joint swelling degree (figure 8B)
and arthritis index (figure 8C). The swelling morphology of
the fore and rear paws of CIA mice was also ameliorated by

DB2313 treatment (figure 8D). In addition, pannus formation
in the joint synovium was also repressed in the DB2313 group
compared with that in the vehicle group (figure 8E). MicroCT
results demonstrated that DB2313 alleviated arthritis-induced
bone damage (figure 8F). H&E, Masson, Safranin O and TRAP
staining results showed that DB2313 alleviated synovial hyper-
plasia, cartilage destruction, and osteoclast formation in the
CIA model (figure 8G). In addition, peritoneal macrophages
showed an anti-inflammatory phenotype in the DB2313 group
(figure 8H). The immunohistochemical analysis of CD11b and
vimentin confirmed that DB2313 repressed the infiltration of
macrophages and hyperplasia of FLS in the CAIA joint synovium
(figure 8I). Our results showed that the PU.1 inhibitor DB2313
significantly repressed arthritis development in the two arthritis
models, CAIA and CIA.
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test was performed. FLS, fibroblast-like synoviocytes; RA, rheumatoid arthritis.
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DISCUSSION immune cells is known, the specific function of PU.1 in auto-
PU.1, a key transcription factor, is involved in the differentiation immune diseases remains unclear. RA is an autoimmune disease
of avariety of immune cells, and its role in immune cell-associated with the highest incidence and most extensive impact world-
tumours has been extensively studied.”’ Although its key role in wide. Its main pathogenesis is closely related to the abnormal
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activation of a variety of immune cells such as macrophages, T immune cells under both physiological and pathological states,
cells, B cells and neutrophils. Synovitis, one of the main patho- the essential roles of various immune cells in RA, combined with
logical manifestations of RA, is also closely associated with the previous literature research and our preliminary experimental
hyperproliferation and invasion of FLS in the joint synovium. results, we hypothesised that PU.1 might play an important role

Based on the important regulatory role of PU.1 in a variety of  in the pathogenesis of RA. In this study, we demonstrated that
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PU.1 simultaneously affected the proinflammatory response of
two types of cellular components in RA: (1) PU.1 induces the
proinflammatory features of macrophages by inducing the M1/
M2 ratio and the expression of various inflammatory factors and
MMPs; and (2) PU.1 can activate the malignant characteristics
of RA-FLS in the joint synovium by promoting its hyperprolif-
eration and invasion and the production of proinflammatory
factors and MMPs, showing the promotive effects of PU.1 on
RA regarding synovitis.

FLT3 mutations are one of the important carcinogenic mech-
anisms of neutrophil and T-cell cancer.”® *® Similar to PU.1,
previous studies of FLT3 have mainly focused on immune cell-
associated cancers. However, in recent years, its role in the
normal development of a variety of immune cells, such as DC
and NK cells, have been reported.”” *® Based on the role of FLT3
in a variety of immune cells under both physiological (cell devel-
opment) and pathological conditions (cancer), FLT3 seems to
act as a general regulator that affects the function of a variety of
immune cells. We predicted that FLT3 may be a direct transcrip-
tional target of PU.1 via bioinformatics, and we have confirmed
this regulatory mechanism by showing that PU.1 directly inhibits
the transcription of FLT3. In terms of functional experiments,
the CAIA model was established using FLT3-1TD mice to confirm
that the overexpression of FLT3 inhibited the development of
arthritis, and in vitro experiments confirmed that FLT3 exerted
its anti-inflammatory effect in macrophages and RA-FLS. These
results indicated that FLT3 inhibits the development of arthritis
as a negative functional downstream target of PU.1.

Regarding the limitations of this study, we believe that there
are also future research directions that we need to investigate. (1)
Macrophages (LysM-cre) specifically knockout PU.1 and FLT3
mice have been established, specifically with PU.1 knockout, and
FLT3 in macrophages could provide a better mouse model to
evaluate the effect of the PU.1-FLT3 axis on macrophages in
the pathogenesis of mouse arthritis. In this way, we can further
determine which cellular component of the PU.1-FLT3 axis
plays a major role. (2) We will include more patients and culture
the primary synovial macrophages from patients with RA in vitro
to evaluate the effect of the PU.1-FLT3 axis. Therefore, we can
evaluate whether the promotive effect of PU.1-FLT3 on RA is
conserved between humans and mice. (3) We will further illu-
minate the overall changes of all cell types in the joint synovium
in arthritis models using the above-mentioned mice via single-
cell sequencing to evaluate the effect of the PU.1-FLT3 axis and
provide more insights from the single-cell analysis.

In this study, we reported for the first time that the PU.1-FLT3
axis participates in the development of RA by simultaneously
affecting multiple cells. The application of a variety of arthritis
models and related experiments of primary cells derived from
the joint synovium of patients with RA have confirmed that PU.1
is a key transcriptional factor that promotes the development
of this disease, and a series of experiments were also performed
to identify whether FLT3 acts as a direct PU.1 target gene and
mediates the function of PU.1 in RA. In summary, the PU.1-FLT3
axis is a proinflammatory pathway that may provide potential
targets for the treatment of RA. We plan to develop related ther-
apeutic drugs for RA in the future.

MATERIALS AND METHODS

Patients and normal volunteers

The diagnostic criteria for patients with RA adopted the clas-
sification criteria from the American College of Rheumatology
and the European Alliance of Associations for Rheumatology in

2010. The diagnostic criteria for OA refer to the bone and joint
diagnosis and treatment guidelines updated by the Orthopedic
Branch of the Chinese Medical Association in 2018. Human
knee synovial tissues used in this study were obtained from
patients with RA and OA who underwent knee arthroplasty.
The normal synovial tissues were obtained from knee operations
with non-inflammatory knee joint diseases were used as normal
controls. Blood samples were obtained from patients with RA
and from normal controls.

Animal

UREA mice (Spiltm1.3Dgt/J, JAX Strain #: 006083) and
FLT3-ITD mice (B6.129-Flt3tm1Dgg/J, JAX Strain #: 011112)
were purchased from Jackson lab (USA). DBA/1]Gpt mice were
purchased from GemPharmatech. This study was approved by
the Ethics Committee of Institute of Clinical Pharmacology of
Anhui Medical University (PZ-2021-025).

Primary mouse macrophage isolation

Mice are sterilised with 75% ethanol after sacrifice. Then inject
SmL precooled PBS intraperitoneally and gently massage the
abdomen for 5 min; aspirate the PBS in the abdominal cavity into
a 15 mL centrifuge tube and place it on ice; centrifugation (300 g,
10 min) and discard supernatant, add 10% DMEM medium to
resuspend cell palate and seed cells into 12-well plate, change
medium after 4hours. The purity of adherent macrophage is
validated by CD11b and F4/80 staining.

CAIA model

On day 0, an intraperitoneal injection of 4mg of 5-clonal
collagen antibody mixture was administered and, on day 3, an
intraperitoneal injection of 40 pg LPS. The control group was
administered the same volume of normal saline, and the number
of joint swelling and arthritis index were observed and recorded
every day after injection. On day 14, the mice were euthanised
with an anaesthetic. The scoring criteria for the number of joint
swelling: ankle and toe joints are counted and each joint swelling
is one point. The maximum number of joint swelling is 22 points
per mouse.

The scoring criteria for arthritis index: 2 independent blind
observers scored the arthritis index of mice daily. The scoring
standard is 0—4 different grades: 0 points, no local redness and
swelling; 1 point, the phenomenon of swelling of the knuckles
appears; 2 points, there is a slight swelling of the ankle or
wrist joint; For 3 min, the whole foot and claw appear severely
swollen; 4 min, the claws appear stiff or deformed.

CIA model

Chick type II collagen was sufficiently dissolved in 5 mL of acetic
acid (0.1 M), followed by emulsification with complete Freund’s
adjuvant. On day 0, the mice were intradermally injected with
0.15 mL CII emulsion. On day 21, the mice were restimulated by
intradermal injection of 0.1mL CII emulsion.”” On day 29, the
success rate of the CIA model was 95%, and the failed models
were excluded. Mice were divided into three groups. After the
onset of joint swelling on day 29, the mice were treated intra-
peritoneally. CIA model mice were treated with an equal volume
of vehicle. On day 50, the mice were euthanised, and blood,
spleen and ankle joints were collected for subsequent studies.
The scoring criteria for the number of joint swelling and arthritis
index were same as that of CAIA model.
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IHC staining

On the 14th day after CAIA modelling and the 50th day after
CIA modelling, mice were euthanised with an overdose of
anaesthetic. After fixation and decalcification, the knee joint
was dehydrated with gradient alcohol, embedded in paraffin and
sectioned at 5 um slices. Tissue sections were then placed into
an oven at 60 °C for 2hours, deparaffinised and hydrated by
gradient ethanol, washed with PBS three times, permeabilised
for 15 min, washed with PBS three times, antigen repairing for
15 min, washed with PBS three times, blocked with endoge-
nous peroxidase for 10 min, rinsed with PBS for three times and
blocked with serum for 15 min. Then, the primary antibodies
(anti-human PU.1 (Abcam, ab230336, 1:200), anti-human FLT3
(Affinity Biosciences, DF8546, 1:200), anti-human p-FLT3
(Affinity Biosciences, AF8152, 1:400), anti-CD11b antibody
(Abcam, ab133357, 1:400) and anti-human vimentin (Abcam,
ab137321, 1:400)) were added, and the mixture incubated over-
night at 4°C. The next day, after incubation with biotin-labelled
secondary antibody for 20 min at room temperature, the sections
were rinsed with PBS three times, horseradish enzyme marker
was added dropwise to streptavidin working solution, rinsed
with PBS three times, developed colour with DBA, stained with
haematoxylin, dehydrated by gradient alcohol and mounted with
neutral gum. Finally, the tissue-staining results were observed
under an optical microscope.

Immunofluorescence

After blocking with serum for 15 min, the primary antibodies
(anti-mouse PU.1 (Abcam, ab230336, 1:50), anti-mouse
vimentin (Abcam, ab137321, 1:100), and anti-CDé68 antibody
(Abcam, ab213363, 1:100)) were added, and the mixture was
incubated overnight at 4°C.

Western blotting

An appropriate amount of ground cells or tissue were added to
tissue lysate (10 times volume), homogenised, lysed on ice, and
centrifuged at 4°C, 12 000 rpm for 10 min. The supernatant was
collected and the protein concentration determined with the
BCA method. Next, SDS-PAGE was performed to separate total
protein. The gel was then transferred to PVDF membranes and
blocked with serum for 1hour. Afterward, the corresponding
primary antibodies (anti-human PU.1 (Abcam, ab230336,
1:1000), anti-human FLT3 (Affinity Biosciences, DF8546,
1:1000), and anti-human p-FLT3 (Affinity Biosciences, AF8152,
1:1000)) were added, and the mixture was incubated overnight
at 4°C. The membranes were washed with TBST three times; the
secondary antibody was added, incubated at room temperature
for 1hour, washed three times with TBST, and developed. Image
software was used to analyse the grey value of each band, and
the control protein was used to normalise the grey values of the
target protein for statistical analysis.

H&E staining

The sections were deparaffinised and hydrated with gradient
alcohol, stained with H&E, dehydrated with gradient alcohol
and sealed with neutral gum. Histopathological changes were
observed and recorded using an optical microscope.

MicroCT

Mouse hindlimbs from different group (CAIA model group,
vehicle control group and DB2313 group) were analysed with a
microCT system (NEMO, NMC-100). Briefly, the samples were
placed in the holder and scanned under the following conditions:

scan resolution 7.5um, supply voltage 90kV, current 0.06mA,
the scan progress was done by the acquisition software Cruiser
and analysed by analysis software Avatar (V.1.6.5.3).

Masson staining

The paraffin sections were deparaffinised and stained with
Weigert iron haematoxylin for 5 min, differentiated with acidic
acetic acid, stained with Masson solution, washed with distilled
water for 1min, stained with Ponceau red magenta staining
solution for 6 min, washed with acid solution for 1min, with
phosphomolybdic acid solution for 1min, and with acid solu-
tion for 1 min, stained with aniline blue dye solution for 1 min,
washed with acid solution for 1min, discoloured with xylene,
and mounted with neutral gum.

Safranin O staining

After deparaffinisation, sections were immersed in Safranin O
staining solution for 3 min, washed with distilled water for 1 min,
immersed in fast green staining solution for 2 min, washed with
distilled water for 1min, differentiated with 1% glacial acetic
acid for 1min, dehydrated with 95% ethanol, and discoloured
with xylene. Finally, the morphological changes in the sections
were observed after mounting with neutral gum.

TRAP staining

The substrate solution was prepared according to the instruc-
tions and placed onto a 37 °C water bath for 10 min. Then,
the cells were mixed with the substrate solution, incubated
for 1hour, and counterstained with haematoxylin for 2-3 min.
Then, pictures were obtained after mounting with neutral gum.
The positive staining was dark red in the cytoplasm and blue-
purple in the nucleus.

FACS
After centrifugation and washing with PBS, surface flow
cytometry antibodies were added according to the manufac-
turer’s instructions [anti-mouse CD11b (Biolegend, 101236),
anti-mouse F4/80 (Biolegend, 353283), anti-human CD86
(Biolegend, 327702)], and incubated at 4°C in the dark for
30 min, then centrifuged the cells at 1500 rpm for 5 min.
Intracellular staining was added with 100uL fixative solution
at 4°C for 10 min, centrifuged at 1500 rpm for 5 min, discarded
supernatant, then added 100uL cell lysis buffer, and incubated
at 4°C for 10min. After washing with PBS, antibodies (anti-
mouse CD68 (Biolegend, 333815), anti-mouse CD206 (Miltenyi
Biotec, 130-102-604), anti-mouse FLT3 (Biolegend, 135310),
anti-human CD68 (Biolegend, 333815) and anti-human CD206
(Biolegend, 354997)) were added and incubated in the dark
at 4°C for 30 min. The cells were centrifuged at 1500 rpm for
Smin to discard unbound antibodies, resuspended in 100 pL
PBS and tested by using a flow cytometer (Beckman Coulter,
A00-1-1102).

Cell culture and transfection

THP-1 and RAW264.7 cells were cultured in RPMI-1640
medium, and FLS were cultured in DMEM. In addition to the
basic medium, a mixture of 10% fetal bovine serum (FBS) and
1% penicillin/streptomycin was added and cultured in a 37°C,
5% CO, incubator for routine culturing. For siRNA trans-
fection, the cells were cultured into 6-well plates with basal
medium without penicillin/streptomycin for 12 hours. Then,
8 uL siRNA was dissolved into 200 uL. OPTI-MEM medium
(Gibco), and 6 uL lipofectamine IMAX was dissolved in 200 uL
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OPTI-MEM. In the medium, the prepared siRNA and lipo-
fectamine IMAX solutions were mixed in equal volumes and
stabilised at room temperature for 15 min. After removal of
the cell culture medium, 1600 puL of fresh medium and 400 pL
prepared siRNA transfection mixture were added to each well
and the cells incubated in a cell incubator for 6 hours. The
transfection medium was then replaced by normal medium
and the cells were incubated for 48 hours and then used in
subsequent experiments.

Transwell assay

A 24-well chamber (8 pm) was used for Transwell assays.
Briefly, RA-FLS were resuspended in a serum-free medium,
seeded in the upper chamber at 5 x10° cells/well, and cultured
at 37°C and 5% CO, for 24hours. A complete medium
containing 10% FBS was added to the lower chamber. After
24 hours, the remaining cells in the upper chamber were
gently removed. The migrated cells on the underside of the
membrane were fixed with methanol, stained with 0.1%
crystal violet, and counted in five random areas of each well
under a microscope.

RT-qPCR

TRIzol was used to extract total RNA from cells or tissues and
determine its concentration and purity. Samples of qualified
purity were used to perform reverse transcription and PCR
amplification tests in accordance with the manufacturer’s
instructions. The PCR reaction volume was 20 puL, and the
amplification conditions were predenaturation 95°C, § min;
cycle (40 times) 95°C, 10s; 60°C, 35s; and melting curve
95°C, 15s; 60°C, 60s; and 95°C, 15s. The GAPDH gene was
used as an internal reference, and the relative quantitative
analysis of gene expression was performed using the 24T
method.

CCK-8 assay

After proper treatment, a 5x10°/mL cell suspension (100 uL
per well) was added to a 96-well plate, three replicate wells in
each group; 10 uL of CCK-8 solution was added, and the plate
was incubated for 3 hours. The absorbance was measured at
450 nm using a microplate reader at 3 hours.

RNA-seq

PBMC samples from CAIA mice and primary human RA-FLS
were analysed by high-throughput transcriptome sequencing
using BGI (Shenzhen, China) to screen for abnormally and
specifically expressed genes. A KEGG pathway analysis was
performed to estimate the functions of the dysregulated genes
in CAIA mice and RA-FLS. The sequencing and analysing
processes were performed according to standard protocol of
RNA-seq from BGI.3? 3!

Statistical analysis

GraphPad PRISM V.8.2.1 (GraphPad, USA) was used for statis-
tical analysis. Data in figures are shown as the means+SD.
One-way or two-way analysis of variance, Student’s t-tests
and rank sum tests were used to determine the differences
between experimental groups. A p<0.05 was considered
significant.
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