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PSTPIP2 regulates synovial macrophages 
polarization and dynamics via ERβ in the joint 
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Abstract 

Background:  The cytoskeletal protein, PSTPIP2, is associated with inflammation and is predominantly expressed in 
macrophages. Previous data have shown that PSTPIP2 inhibits articular bone damage in arthritic rats. The aim of this 
study is to explore the molecular mechanism of PSTPIP2’s resistance to bone erosion.

Methods:  In the current study, peripheral blood and surgically excised synovial tissue from RA patients, DBA/1 mice, 
Pstpip2CreR26-ZsGreen reporter mice, and Esr2fl/fl/Adgre-Cre tool mice were used for in vivo studies. Adeno-associated 
viral vector was used to overexpress PSPTIP2 protein in vivo.

Results:  We found that The level of PSTPIP2 in synovial macrophages is negatively correlated with RA disease activity, 
which is mediated by synovial macrophages polarization. PSTPIP2hi synovial macrophages form a tight immunologi-
cal barrier in the lining layer. Notably, the ability of PSTPIP2 to regulate synovial macrophages polarization is depend-
ent on ERβ. Additionally, PSTPIP2 regulates the dynamics of synovial macrophages via ERβ.

Conclusions:  Together, this study reveals that PSTPIP2 regulates synovial macrophages polarization and dynamics 
via ERβ to form an immunological barrier (F4/80+PSTPIP2hi cell-enriched zone) for the joints. Thus, local modulation of 
PSTPIP2 expression in the joint microenvironment may be a potential strategy for controlling bone erosion in rheuma-
toid arthritis.
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Background
Rheumatoid arthritis (RA) is an inflammatory and auto-
immune disease characterized by synovial inflamma-
tion and bone erosion [1, 2]. The synovial inflammation 
and bone erosion in RA can cause joint damage, which 
in turn affects normal joint function and ultimately leads 
to limited mobility [3]. Currently, clinical treatment of 
RA relies on anti-inflammatory or anti-rheumatic drugs 
to suppress synovial inflammation and control the dis-
ease activity. However, the specificity of existing drugs is 
poor, and most of them treat the symptoms but not the 
root cause [4]. Therefore, it is important to explore the 
effective treatment strategies specific to RA for synovial 
inflammation and bone damage.

Proline-serine-threonine phosphatase interacting protein 
2 (PSTPIP2), also known as macrophage actin-associated 
tyrosine phosphorylated protein or MAYP, is associated 
with autoinflammation [5] and mainly expressed in mac-
rophages [6, 7]. Previous studies have shown that mutations 
in the Pstpip2 gene in mice cause inflammatory macrophage 
disease [7, 8]. Our previous study demonstrated that overex-
pression of PSTPIP2 in the knee joint alleviated the inflam-
matory response and bone damage in arthritic rats [9].

In this study, we aimed to investigate the molecular 
mechanisms by which PSTPIP2 inhibits bone erosion. 
This study explored the molecular mechanisms by which 
PSTPIP2 regulates synovial macrophage activity in bone 
erosion from clinical issues. In brief, we found that PST-
PIP2 regulates synovial macrophages polarization and 

dynamics via ERβ to form an immunological barrier 
(F4/80+PSTPIP2hi synovial macrophages enriched area) 
for the joint. Thus, PSTPIP2 may be a specific target for 
the future treatment of RA. Local modulation of PST-
PIP2 expression in the articular cavity in the early stages 
of RA may be a novel strategy for the treatment of RA.

Materials and methods
Human samples
Synovial tissues and peripheral blood from RA patients 
and acute trauma patients were obtained with fully 
informed consent. Inclusion and exclusion criteria for 
rheumatoid arthritis were performed according to the 
American Rheumatism Association rheumatoid arthritis 
classification criteria [10]. Acute trauma patients should 
have no history of arthritis. The rheumatoid factor (RF), 
antistreptolysin (ASO) and DAS28 scores of RA patients 
were derived from clinical sources. Participants’ age, 
body mass index (BMI), alcohol consumption, smok-
ing status, presence of common chronic conditions (e.g., 
hypertension, diabetes, and osteoarthritis), and medica-
tion use (e.g., angiotensin receptor blockers, metformin, 
and NSAIDs), did not differ significantly between the two 
groups (Supplementary Table 1).

Mice
Five- to 8-week female DBA/1JGpt mice were pur-
chased from GemPharmatech Co., Ltd. (Nanjing, 
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China). Esr2fl/fl mice (control) and Esr2fl/fl/Adgre-Cre 
mice (F4/80+ cell-specific knockout of Esr2 gene) were 
purchased from GemPharmatech Co., Ltd. (Nanjing, 
China). Pstpip2CreR26-ZsGreen reporter mice were pur-
chased from Shanghai Model Organisms Center, Inc. 
(Shanghai, China).

Induction of collagen‑induced arthritis
Collagen-induced arthritis (CIA) was induced and 
assessed as an experimental procedure [11]. Briefly, the 
time of the primary immunization was defined as day0, 
and the secondary immunization was performed on 
day21. Each mouse was injected with 0.1 ml Freund’s 
complete adjuvant (containing 4mg/ml BCG and 2mg/
ml chicken type II collagen) at multiple points on the 
root of the tail and back. Arthritis score and weight of 
mice were measured and recorded from day28 onwards. 
Arthritis scoring criteria: 0: normal, no joint redness or 
swelling; 1: mild, slight redness and swelling of the ankle 
or wrist, or obvious redness and swelling of the fingers; 
2: moderate, redness and swelling of the ankle or wrist; 
3: severe redness and swelling of the entire paw; and 4: 
severe redness and swelling including multiple joints. 
The cumulative values for the three paws were calcu-
lated as the total clinical arthritis score for each mouse, 
with a maximum score of 16 for each mouse. Day 35 is 
the peak of joint inflammation and day56 is the start of 
remission.

In vivo treatments and cell culture
Animal experiments were performed in three batches. 
The first grouping was: Normal control, Pstpip2CreR26-
ZsGreen, and Wild. These mice were sacrificed on day 
35 or day 70. Mice were anesthetized by intraperitoneal 
injection of sodium pentobarbital and then dislocated to 
death. Normal control mice did not receive any treatment 
and did not induce CIA. Pstpip2CreR26-ZsGreen reporter 
mice and Wild mice were induced to CIA. The second 
grouping was: CIA, AAV-empty, and AAV-PSTPIP2. 
These mice were sacrificed on day 42. Mice were anesthe-
tized by intraperitoneal injection of sodium pentobarbi-
tal and then dislocated to death. The knee cavities of mice 
in the AAV-PSTPIP2 group were injected with adeno-
associated virus loaded with a plasmid overexpressing 
the PSTPIP2 gene on day22. Mice in the AAV-empty 
group were injected with empty adeno-associated virus 
and the CIA group were injected with saline. The third 
grouping was: Wild, Esr2fl/f, and Esr2fl/fl/Adgre-Cre. These 
mice were sacrificed on day 42. Mice were anesthetized 
by intraperitoneal injection of sodium pentobarbital and 
then dislocated to death. Wild mice were induced with 
CIA but without any treatment. Esr2fl/f mice and Esr2fl/

fl/Adgre-Cre mice were induced with CIA and treated 
with PSTPIP2 by injection of adeno-associated virus-
loaded overexpression Pstpip2 gene plasmid into the 
knee joint cavity on day 22.

Synovial tissues from the second and third batches of 
mice were isolated and then subjected to cell culture. 
Briefly, the synovial tissues were cut into tiny tissue 
pieces and then inoculated into culture flasks. After the 
cells were plastered, it was continued for 24 h, and then 
F4/80+ cells were further cultured using flow sorting 
for staining and cell dynamics analysis.

Culture of bone marrow-derived mononuclear cells 
(BMDMs): Bone marrow cells were obtained by asep-
tically isolating the femur and tibia of DBA/1 mice. 
After overnight culture (> 16 h), the non-adherent cells 
were discarded, and the obtained adherent monocytes 
were continued to be cultured in a medium contain-
ing macrophage-colony stimulating factor (M-CSF), 
to differentiate into macrophages (M0). M0 polar-
ized into M1-type macrophages (F4/80+CD86+) upon 
stimulation by IFN-γ and LPS. Under the stimula-
tion of IL-4, M0 polarized into M2-type macrophages 
(F4/80+CD206+). AZD9496 (MedChemExpress, Cat. 
HY-12870) was added to the medium to antagonize 
estrogen receptor alpha (ERα), Prinaberel (MedChem-
Express, Cat. HY-14933) was added to antagonize 
estrogen receptor beta (ERβ), and Estriol (MedChem-
Express, Cat. HY-B0412) was added to antagonize the 
G protein-coupled estrogen receptor (GPER).

Flow cytometry and flow sorting
Human peripheral blood and synovial tissue or mouse 
synovial tissues were used to make single cell suspen-
sions. According to the operation manual, antibod-
ies were added to the treated single cell suspension 
(1×106/100 μL) and incubated for 30 min at 4°C pro-
tected from light. Centrifuged at 300g for 5 min, resus-
pended by adding 0.5ml of PBS and finally detected on 
the machine. Directly labeled antibodies, Hu CD11b 
APC (Cat. # 553312), Hu CD86 FITC (Cat. # 560958), 
and Hu CD206 PE (Cat. # 555954), were purchased 
from BD Pharmingen (America). Ms F4/80 PE (Cat. 
# 565410), Ms CD86 FITC (Cat. # 561962), and Ms 
CD206 Alexa (Cat. # 565250) were purchased from BD 
Pharmingen (America). Indirectly labeled antibodies, 
Anti-PSTPIP2 antibody (Cat. # ab155543), Anti-Clau-
din5 antibody (Cat. # ab131259), and Anti-ZO-1 anti-
body (Cat. # ab190085), were purchased from abcam 
(UK). Fluorescent secondary antibody: Goat Anti-
Mouse IgG H&L Alexa (Cat. # ab150113) or Goat Anti-
Mouse IgG H&L FITC (Cat. # ab6758) were purchased 
from abcam (UK).
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Single-cell suspensions of human peripheral blood 
and synovial tissues or mouse synovial tissues were 
used in part for flow sorting. Manual sorting reagents: 
Anti-F4/80 MicroBeads UltraPure, mouse (Miltenyi, 
Cat. # 130-110-443); MiniMACS Starting Kit (Milte-
nyi, Cat. # 130-090-312); MS Columns (Miltenyi, Cat. 
# 130-042-201).

Histology
Hematoxylin-eosin (H&E) staining. The isolated syno-
vial tissues were immediately placed in liquid nitro-
gen for storage. Frozen tissues were then used for 
H&E staining, SafraninO-fast green staining, TRAP 
staining, immunohistochemical staining, and immu-
nofluorescence staining. The antibody used for immu-
nohistochemistry was anti-PSTPIP2 antibody (Cat. # 
ab155543). The antibodies used for immunofluores-
cence were anti-CD11b antibody (Cat. # ab52478), 
anti-PSTPIP2 antibody (Cat. # ab155543), anti-F4/80 
antibody (Cat. # ab300421) purchased from abcam 
(United Kingdom). Isotype control antibodies (Rab-
bit IgG, monoclonal isotype control, abcam, Cat. # 
ab172730) were used to eliminate non-specific bind-
ing of antibodies in immunohistochemistry and 
immunofluorescence.

RT‑qPCR
F4/80+ synovial macrophages or CD11b+ peripheral 
blood mononuclear cells (isolated using flow sorting) 
were used to extract total RNA. Total RNA was used for 
reverse transcription, and finally, fluorescence quanti-
fication was performed. CT values were obtained for 
each sample after the onboard operation and repeated 
three times. GAPDH was used as an internal stand-
ard. GAPDH primer information: Forward 5′-AAT​
GGA​TTT​GGA​CGC​ATT​GGT-3′, Reverse 5′-TTT​GCA​
CTG​GTA​CGT​GTT​GAT-3′. PSTPIP2 primer informa-
tion: Forward 5′-ACA​ACG​TGG​CTC​AAT​GTC​ACA-
3′, Reverse 5′-CCG​GCA​CTT​TTG​CTC​ATA​ATTCT-3′. 
The CT values obtained were transformed using the 
method ΔΔCT. Shortly, A = CT(target gene, sam-
ple to be tested) – CT(internal standard gene, sample 
to be tested), B = CT(target gene, control sample) – 
CT(internal standard gene, control sample), K = A – B, 
relative expression of target gene = 2-K.

Micro‑CT analysis
The knee joints were separated from the hip joint 
and removed as much muscle tissue as possible [9]. 
The isolated ankle and knee were fixed with 4% para-
formaldehyde for 24 h. Machine parameters (model: 

Bruker SkyScan 1276, Belgium): voltage 50 kV, cur-
rent 800 μA, scan resolution 12 μm, and a field of view 
size 1304×1024. Several consecutive slices with a large 
cross-sectional area were used for 3D image recon-
struction (N-Recon software) and 3D analysis was 
performed with CT-AN software. The bone volume 
fraction (BV/TV, %) was used to indicate the degree of 
bone damage.

Construction of adeno‑associated virus‑loaded 
overexpression PSTPIP2 gene plasmid
We commissioned Hanheng Biotechnology Ltd. 
(Shanghai, China) to construct AAV-PSTPIP2 for 
in vivo overexpression of the Pstpip2 gene [12, 13]. We 
finally obtained overexpressed adeno-associated virus 
(AAV) plasmid (AAV-PSTPIP2) and control (AAV-
empty). This project used AAV5, which has a high syn-
ovial affinity with infection efficiency of >80% and an 
RT-qPCR detection level of >3× for PSTPIP2.

Time‑lapse video microscopy
Isolated synovial macrophages were plated on Mat-
Tek cell culture dishes at low density and cultured for 
2 days before the experiment. Cells were then stained 
using Actin (Mouse Anti-Actin antibody, abcam, Cat. # 
ab11003) and PSTPIP2 (Rabbit Anti-PSTPIP2 antibody, 
abcam, Cat. # ab155543), and secondary antibodies 
were used as Goat Anti-Mouse IgG(H+L) (FITC conju-
gated) (Elabscience, Cat. # E-AB-1015) and Goat Anti-
Rabbit IgG (H+L) (AF647 conjugated) (Elabscience, 
Cat. # E-AB-1075). And then the plates were placed on 
the stage of an Olympus inverted microscope equipped 
with a humidified, 5% CO2-containing, 37°C tempera-
ture-controlled chamber. Phase-contrast images of five 
different fields were acquired at 60-s intervals using 
a Cooke Sensicam QE cooled CCD camera (Auburn 
Hills, MI) with Scanalytics IPLab software (Fairfax, VA) 
running on a PC. Sequences were assembled and quan-
tified using ImageJ 1.8.0 software. Filopodia formation 
was assessed by visual inspection of the time-lapse 
movies [14].

Scanning electron microscopy
Isolated synovial macrophages were grown on 22-mm 
circular glass coverslips in six-well cell culture plates 
to 60–75% confluence. And then the cells were fixed 
quickly with osmium tetroxide followed by staining 
with gold-palladium as described [15]. The presence of 
filopodia and membrane ruffling was examined using 
a JEOL JSM6400 scanning electron microscope using 
an accelerating voltage of 5kV. Cell spreading was esti-
mated by manually tracing the cell perimeter and meas-
uring the cell footprint area. Ruffling was estimated by 
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manually tracing the perimeter of the ruffles and meas-
uring the area. The percent ruffling for each cell was 
obtained by dividing the ruffling area by the sum of the 
ruffling area and cell area. The number and length of 
filamentous protrusions were determined by counting 
and manual tracing, respectively [14].

Laser confocal microscopy
Laser confocal microscopy is used to photograph cells 
or tissues with fluorescence. Anti-fluorescent bursting 
agents are added dropwise to the prepared cell crawl or 
tissue section and photographed on the machine [16]. 
Olympus laser confocal microscope (FV3000) was used 
in this study.

Statistical analyses
All data are expressed as mean ± SD. Unpaired t-test was 
used for two groups, and one-way ANOVA test was used 
for three groups or more. All data met the assumption 
of statistical tests. The number of mice in each group is 
illustrated in the figure. The grouping of mice was rand-
omized. Histological scoring was performed in a blinded 
fashion. Results were considered significant at P < 0.05. 
Statistical tests were carried out using GraphPad Prism 
(version 8.01) Software for Windows.

Results
The level of PSTPIP2 in synovial macrophages is negatively 
correlated with RA disease activity, which is mediated 
by synovial macrophages polarization
Our previous animal studies revealed that overexpression 
of PSTPIP2 in the joint cavity improved articular bone 
damage in arthritic rats. To further elucidate the role 
of PSTPIP2 in the clinical setting, clinical samples were 
used to explore. 23 RA patients (experimental group) 
and five acute trauma patients (healthy controls) were 
enrolled in the study with the assistance of the orthope-
dic department and rheumatology department. The 23 
RA patients included 5 single-onset cases, 6 concealed 
cases, 6 recurrent cases, and 6 persistently progres-
sive cases. Clinical data and peripheral blood from 23 
RA patients and 5 acute trauma patients, synovial tis-
sues from 5 progressive RA patients, and 5 acute trauma 
patients were obtained by screening and inclusion and 
exclusion criteria. Blood parameters showed an increas-
ing trend of rheumatoid factor (RF) (Supl. Fig.  1A), 
antistreptolysin (ASO) (Supl. Fig. 1B), and DAS28 score 
(Fig.  1A) with increasing RA disease activity. Next, We 
isolated peripheral blood CD11b+ monocytes using 
flow sorting, and RT-qPCR analysis indicated that the 
expression of PSTPIP2 in CD11b+ monocytes tended 
to decrease progressively with increasing RA disease 

activity (Fig. 1B). Further, PSTPIP2 level was significantly 
decreased in CD11b+ synovial macrophages from pro-
gressive RA patients (Fig.  1C). Immunohistochemistry 
of synovial tissues corroborated these findings, as PST-
PIP2 levels were down-regulated in RA patients and were 
mainly expressed in synovial macrophages (Fig.  1D). 
Immunofluorescence double staining of CD11b and PST-
PIP2 further confirmed the high expression of PSTPIP2 
in synovial macrophages, and PSTPIP2 expression was 
decreased in RA (Fig. 1E). Interestingly, linear regression 
analysis showed that PSTPIP2 level in peripheral blood 
CD11b+ monocytes did not correlate with the DAS28 
scores (Fig.  1F), whereas PSTPIP2 level in synovial tis-
sues CD11b+ macrophages correlated negatively with 
the DAS28 scores (Fig.  1G). Importantly, PSTPIP2 level 
in CD11b+ monocytes correlated positively with the fre-
quency of CD11b+CD206+ cells (Fig. 1H and J) but not 
with the frequency of CD11b+CD86+ cells (Supl. Fig. 1C 
and E) in the peripheral blood of RA patients. Consist-
ently, the same phenomenon was observed in synovial 
macrophages (Fig. 1I and K) (Supl. Fig. 1D and F). These 
data suggest that the level of PSTPIP2 in synovial mac-
rophages is negatively correlated with RA disease activity, 
which is mediated by synovial macrophages polarization.

PSTPIP2hi synovial macrophages form a tight 
immunological barrier in the lining layer
To investigate the role of PSTPIP2 in bone erosion, we 
introduced Pstpip2CreR26-ZsGreen mice to trap the 
PTPIP2 protein. After mating, breeding, and screen-
ing, 10 female Pstpip2CreR26-ZsGreen mice (observation 
group), 10 wild-type mice (control group), and 10 nor-
mal control mice were eventually used to establish the 
collagen-induced arthritis (CIA) model. The joint inflam-
mation peaked on day 35 and began to remit on day 56. 
Each group of 10 mice was further randomly divided 
into 2 groups, the peak group (day 35) and the remis-
sion group (day 70), to observe the local distribution of 
PSTPIP2 protein in the joints during the progressive and 
remission phases of CIA. PSTPIP2-positive cells were 
predominantly enriched in the synovial lining (Fig.  2A, 
B), and synovial macrophages highly expressing PSTPIP2 
(PSTPIP2hi) form a barrier in the lining layer (Fig. 2A, B). 
During the peak of inflammation in CIA, the barrier is 
thin and not compact, whereas during CIA remission the 
barrier becomes thick and compact (Fig. 2A, B). Consist-
ently, flow cytometry results also demonstrated that the 
proportion of PSTPIP2hiCD206+ cells was elevated in 
remission compared to peak (Fig. 2C–E). Not only that, 
the percentage of PSTPIP2hiCD206+ cells in the joint was 
significantly lower compared to normal controls, both 
at peak and in remission (Fig.  2C–E). In normal mice, 
about 40% of synovial macrophages expressed PSTPIP2, 
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compared to only about 20% in CIA mice (Fig.  2F–I). 
Notably, about 85% of PSTPIP2+ synovial macrophages 
expressed Claudin5 (tight junction protein) (Fig.  2F–I) 
and zonula occludens-1 (ZO-1) (Supl. Fig. 2A, B). These 
data suggest that PSTPIP2 is highly expressed in mac-
rophages in the synovial lining and that PSTPIP2hi syno-
vial macrophages form a tight immunological barrier in 
the lining.

PSTPIP2 regulates synovial macrophages polarization 
in vivo
To further clarify the role of PSTPIP2 in RA and its 
molecular mechanisms, the CIA model of the DBA/1 
mouse was used for follow-up studies. The course of 
CIA was: peak inflammation from day 35 to day 56, 
with remission starting on day 56 (Supl. Fig. 3A and B). 
On day 35, the knee and ankle joints exhibited synovial 

Fig. 1  The level of PSTPIP2 in synovial macrophages is negatively correlated with RA disease activity, which was mediated by synovial macrophages 
polarization. A DAS28 score of 23 RA patients, including 5 single-onset type, 6 concealed type, 6 recurrent type, and 6 persistently progressive 
types. B The expression of PSTPIP2 in peripheral blood CD11b+ monocytes of 5 healthy control and 23 RA patients. C The expression of PSTPIP2 in 
CD11b+ synovial macrophages of 5 healthy control and 5 persistently progressive RA patients. D Immunohistochemical staining of synovial tissues 
in 5 healthy control and 5 persistently progressive RA patients. E Immunofluorescence double staining of synovial tissues in 5 healthy control and 5 
persistently progressive RA patients. F Correlation analysis of PSTPIP2 level in peripheral blood CD11b+ monocytes with DAS28 in 23 RA patients. G 
Correlation analysis of PSTPIP2 level in CD11b+ synovial macrophages with DAS28 in 5 persistently progressive RA patients. H Scatter plot (left) and 
histogram (right) of CD11b+CD206+ cells in peripheral blood. I Scatter plot (left) and histogram (right) of CD11b+CD206+ cells in synovial tissue. J 
Correlation analysis of the level of PSTPIP2 in CD11b+ monocytes with CD11b+CD206+ cells in peripheral blood. K Correlation analysis of the level 
of PSTPIP2 in CD11b+ monocytes with CD11b+CD206+ cells in synovial tissue. P < 0.05 indicates that the difference is statistically significant. Data 
represent mean ± SD (unpaired t test for D, H, and I; linear regression for F, G, J, and K)
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Fig. 2  PSTPIP2hi synovial macrophages form a tight immunological barrier in the lining layer. A SafraninO-fast green staining and F4/80 
fluorescence staining of synovial tissue in normal controls, Pstpip2CreR26-ZsGreen reporter mice, and wild mice on day 35. PSTPIP2 (green), F4/80 
(red), and DAPI (blue); sc, synovial cavity; st, synovial tissue. B SafraninO-fast green staining and CD206 fluorescence staining of synovial tissue in 
normal controls, Pstpip2CreR26-ZsGreen reporter mice, and wild mice on day 70. C Scatter plot of PSTPIP2hiCD206+ synovial macrophages in synovial 
tissue on day 35. D Scatter plot of PSTPIP2hiCD206+ synovial macrophages in synovial tissue on day 70. E Histogram of PSTPIP2hiCD206+ synovial 
macrophages in synovial tissue on day 35 and day 70. F Scatter plot of claudin5 expression in F4/80+PSTPIP2+ synovial macrophages on day 35. G 
Scatter plot of claudin5 expression in F4/80+PSTPIP2+ synovial macrophages on day 70. H Histogram of F4/80+PSTPIP2+ synovial macrophages in 
synovial tissue on day 35 and day 70. I Histogram of F4/80+PSTPIP2+claudin5+ synovial macrophages in synovial tissue on day 35 and day 70. P < 
0.05 indicates that the difference is statistically significant. Data represent mean ± SD (unpaired t test for E, H, and I)
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hyperplasia, inflammatory cell infiltration, and pan-
nus formation, while these inflammations improved on 
day 70 (Supl. Fig.  3C). Importantly, PSTPIP2 level in 
synovial macrophages was negatively correlated with 
the severity of CIA (Supl. Fig.  3D-F). Further, PST-
PIP2 was locally overexpressed in the knee joint cavity 
to observe the therapeutic effect of PSTPIP2 on CIA. 
PSTPIP2 was successfully overexpressed in F4/80+ 

synovial macrophages (Fig.  3A and B), and PSTPIP2 
improved joint inflammation and bone damage in CIA 
mice (Supl. Fig.  4A and B). PSTPIP2 protein increased 
the frequency of F4/80+CD206+ synovial macrophages 
(Fig. 3D) and decreased the frequency of F4/80+CD86+ 
synovial macrophages (Supl. Fig.  4C). Consistent with 
the human data, PSTPIP2 level in F4/80+ synovial mac-
rophages were positively correlated with the frequency 

Fig. 3  PSTPIP2 regulates synovial macrophages polarization in vivo. A Photographs of mouse paws and immunohistochemistry of the knee joint 
(brown: PSTPIP2). CIA: collagen-induced arthritis group. AAV-empty: control group. AAV-PSTPIP2: Adeno-associated virus loaded with PSTPIP2 
plasmid group. B Expression of PSTPIP2 in F4/80+ synovial macrophages. F4/80+ macrophages in synovial tissue were isolated using flow sorting 
and then PSTPIP2 expression was detected by RT-qPCR. C Immunofluorescence double staining of synovial tissues. Green: PSTPIP2, red: F4/80. 
sc, synovial cavity; st, synovial tissue. D Analysis of synovial macrophages polarization: the percentage of F4/80+CD206+ cells in synovial tissue. 
Scatter plot on the left, histogram on the right. E Correlation analysis of PSTPIP2 level in F4/80+ synovial macrophages with the frequency of 
F4/80+CD206+ cells in synovial tissue. P < 0.05 indicates that the difference is statistically significant. Data represent mean ± SD (one-way ANOVA 
for B and D; linear regression for E)



Page 9 of 14Yao et al. Arthritis Research & Therapy          (2022) 24:247 	

of F4/80+CD206+ synovial macrophages (Fig.  3E), 
whereas there was no correlation with the frequency of 
F4/80+CD206+ synovial macrophages (Supl. Fig.  4D). 
Notably, the PSTPIP2hi synovial macrophages barrier 
was observed in the overexpression group, but not in the 
control and CIA groups ((Fig. 3C). These evidence reveal 
that PSTPIP2 regulates synovial macrophages polariza-
tion, and the anti-inflammatory effect of PSTPIP2 pro-
tein is synergistic with that of F4/80+CD206+ synovial 
macrophages. PSTPIP2hi cells form an immunological 
barrier in the synovial lining layer to resist inflammatory 
erosion of the joint.

The ability of PSTPIP2 to regulate synovial macrophages 
polarization is dependent on ERβ
Our studies have shown that local expression of PST-
PIP2 regulates the polarization of synovial macrophages, 
however, the molecular mechanism by which PSTPIP2 
regulates polarization is uncertain. To this end, our lab-
oratory has done extensive work, including proteomics, 
gene sequencing, and bioinformatics analysis. After pre-
liminary screening, we found that the anti-bone damage 
ability of PSTPIP2 may be associated with the estrogen 
receptor. In  vitro cultured bone marrow-derived mono-
cytes (BMDMs) were used to probe the relationship 
between PSTPIP2 protein and the estrogen receptor in 
macrophages polarization. Briefly, BMDMs were stimu-
lated to become macrophages (M0), which are further 
stimulated to polarize to M1 or M2. In the process of 
macrophages polarization, we interfered with PSTPIP2 
expression by transfecting adeno-associated viruses 
loaded with plasmids overexpressing the Pstpip2 gene 
and with the estrogen receptor by using estrogen recep-
tor antagonists. Interestingly, blocking ERα and the G 
protein-coupled estrogen receptor (GPER) did not affect 
PSTPIP2-mediated macrophages polarization (Supl. 
Fig. 5A and B), whereas the ability of PSTPIP2 to regu-
late macrophages polarization was lost only when ERβ 
was blocked (Fig. 4A and B). To investigate this phenom-
enon in depth, wild-type mice, Esr2fl/fl mice (control), and 
Esr2fl/fl/Adgre-Cre mice (F4/80+ macrophages-specific 
knockout of ERβ) were introduced for animal experi-
ments. All mice were induced with CIA and PSTPIP2 
was overexpressed in the knee joint cavity of Esr2fl/fl 
mice Esr2fl/fl/Adgre-Cre mice. The results showed that 
the anti-erosion effect of PSTPIP2 was lost in Esr2fl/

fl/Adgre-Cre mice (Fig. 4C). Esr2fl/fl mouse synovial tissue 
was enriched with PSTPIP2 protein in the synovial lin-
ing layer and PSTPIP2-positive cells were neatly arranged 
(Fig.  4D). However, PSTPIP2 protein in synovial tissue 
from Esr2fl/fl/Adgre-Cre mice was scattered and largely 
absent in wild type (Fig.  4D). Consistently, PSTPIP2hi 
synovial macrophages in synovial tissue of Esr2fl/fl mice 

formed a barrier in the lining layer, whereas PSTPIP pro-
tein distribution in synovial tissue of Esr2fl/fl/Adgre-Cre 
mice was scattered and CD206 level was low (Fig.  4E). 
Further, the ability of PSTPIP2 to regulate the polariza-
tion of synovial macrophages was lost in Esr2fl/fl/Adgre-
Cre mice (Fig. 4F) (Supl. Fig. 5C). These evidence reveals 
that the ability of PSTPIP2 to regulate synovial mac-
rophages polarization to resist bone erosion is dependent 
on ERβ.

PSTPIP2 regulates the dynamics of synovial macrophages 
via ERβ
Synovial macrophages with high expression of PSTPIP2 
formed an immunological barrier in the lining layer. 
We suggest that PSTPIP2, F-Bar protein, may affect 
the migration of synovial macrophages. Synovial mac-
rophages were isolated from synovial tissue of experi-
mental mice for culture. Upon staining and microscopic 
observation, we found that PSTPIP2 and Actin were at 
synchronous levels in synovial macrophages and that 
PSTPIP2 overexpressing synovial macrophages also 
exhibited high levels of Actin (Fig.  5A and B). Interest-
ingly, the ability of PSTPIP2 to elevate Actin was not 
observed in Esr2fl/fl/Adgre-Cre mice (Fig.  5B). Further, 
PSTPIP2 promoted the formation of filopodia in syno-
vial macrophages and inhibited the formation of mem-
brane ruffing (Fig. 5C-E). Overexpression of PSTPIP2 in 
the knee of Esr2fl/fl/Adgre-Cre mice failed to regulate the 
formation of filopodia and membrane ruffing in syno-
vial macrophages compared to Esr2fl/fl mice (Fig. 5F–H). 
These evidence indicate that PSTPIP2 is able to regulate 
the dynamics of synovial macrophages, which is depend-
ent on ERβ.

Discussion
The current global prevalence of RA is approximately 
1% and severe RA patients may lose mobility due to 
joint damage. In RA, PSTPIP2 is mainly locally overex-
pressed in synovial macrophages and PSTPIP2hi syno-
vial macrophages form an immunological barrier in the 
synovial lining layer to protect the joint from erosion. 
Therefore, local overexpression of PSTPIP2 in the joint 
cavity may be a potential strategy for the treatment of 
bone damage in RA patients.

PSTPIP2 is a member of the F-Bar protein family and 
plays an important role in auto-inflammatory diseases 
[17]. Previous studies have demonstrated the anti-
inflammatory and anti-bone erosion effects of PSTPIP2 
[9, 18]. However, the role of PSTPIP2 in immunity is 
still a mystery. The present study reveals that the anti-
bone erosion ability of PSTPIP2 is mediated by synovial 
macrophages polarization. Interestingly, the anti-bone 
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erosion effect of PSTPIP2 may be local rather than 
systemic. Because PSTPIP2 level in peripheral blood 
CD11b+ monocytes did not correlate with RA disease 
activity (DAS28), whereas PSTPIP2 level in CD11b+ 
macrophages in synovial tissue was negatively corre-
lated with RA disease activity.

Furthermore, PSTPIP2 was able to promote the polari-
zation of synovial macrophages into F4/80+CD206+ 
cells. This suggests that PSTPIP2 exerts its anti-bone 
erosion effect through local regulation of synovial mac-
rophages polarization. Data from human samples and 
animal studies revealed that PSTPIP2 level in synovial 
macrophages was positively correlated with CD206+ 
cells in synovial tissue, but not with CD86+ cells. This is 
an interesting phenomenon, which suggests a possible 
mechanism by which PSTPIP2 regulates the polarization 

of synovial macrophages: PSTPIP2 directly promotes 
the differentiation of synovial macrophages towards 
CD206+ cells, while indirectly influencing the genera-
tion of CD86+ cells. Stefano Alivernini et al. found that 
different subtypes of synovial macrophages have differ-
ent abilities to regulate homeostasis and inflammation 
[19]. As a complement, PSTPIP2+CD206+ synovial mac-
rophage plays crucial in the joint microenvironment. 
Whether PSTPIP2+CD206+ synovial macrophage is a 
new subgroup still needs more data to support, such as 
single-cell RNA sequencing (scRNA-seq). A study pub-
lished in Nature showed that locally renewed synovial 
macrophages can provide a protective barrier for the 
joints [20]. Differently, our study showed that synovial 
macrophages with high PSTPIP2 expression tended to 
polarize to the M2 type. And PSTPIP2hiCD206+ synovial 

Fig. 4  The ability of PSTPIP2 to regulate synovial macrophages polarization is dependent on ERβ. A Effect of estrogen receptors on macrophage 
polarization in vitro: Scatter plot of F4/80+CD206+ cells. AZD9496: selective ERα antagonist, Prinaberel: selective ERβ antagonist, Estriol: G 
protein-coupled estrogen receptor antagonist. B One-way ANOVA data for F4/80+CD206+ cells. C micro-CT and SafraninO-fast green staining of 
knee joint. The bar chart on the right shows BV/TV analyzed from micro-CT data. BV/TV: bone volume/total volume. D immunohistochemistry of 
the knee joint (brown: PSTPIP2). sc: synovial cavity, st: synovial tissue. E Immunofluorescence double staining of synovial tissue for PSTPIP2 and 
F4/80. Green: PSTPIP2, red: F4/80, blue: DAPI. F Analysis of synovial macrophages polarization: the percentage of F4/80+CD206+ cells in synovial 
tissue. Scatter plot on the left, histogram on the right. P < 0.05 indicates that the difference is statistically significant. Data represent mean ± SD 
(one-way ANOVA for B, C, and F)
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Fig. 5  PSTPIP2 regulates the dynamics of synovial macrophages, which is associated with ERβ. A, B Synovial macrophages derived from the mouse 
synovial tissue (including AAV-empty group, AAV-PSTPIP2 group, Pstpip2CreR26-ZsGreen mice, and Esr2fl/fl mice) were fixed and stained with antibody 
against Actin (red) or PSTPIP2 (green). Fiji software was used to analyze the fluorescence intensity. C, F Dynamics of filopodia formation in synovial 
macrophages. The rate of filopodia formation in living cells was determined from time-lapse movies by counting the number of new filopodia 
formed in each frame. D, G Quantitative analysis of the length of filamentous protrusions. F, H Quantitative analysis of the membrane ruffling. P < 
0.05 indicates that the difference is statistically significant. Data represent mean ± SD (one-way ANOVA for C–H)
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macrophages tend to move toward the synovial lining 
layer and form an anti-inflammatory barrier.

The application of Pstpip2CreR26-ZsGreen reporter mice 
confirms our findings from the studies with clinical sam-
ples. Pstpip2CreR26-ZsGreen reporter mice were gener-
ated by gene editing and were able to show the location of 
PSTPIP2 protein (green) in vivo. During the peak inflam-
matory phase of CIA, PSTPIP2 level was low in synovial 
tissues, while during remission it was significantly elevated. 
Furthermore, synovial macrophages with high expres-
sion of PSTPIP2 (PSTPIP2hi) were enriched in the syno-
vial lining and PSTPIP2hi synovial macrophages formed 
an immunological barrier (F4/80+PSTPIP2hi cell enriched 
area) in the lining. The distribution of PSTPIP2 in the knee 
joint cavity was scattered and the level was low during the 
peak inflammatory phase of arthritis, but the distribution 
became concentrated and the level became high during 
remission. Thus, the barrier formed by PSTPIP2hi synovial 
macrophages changes dynamically with the development 
of inflammation. However, in the present study, we selected 
only 2 observation sites due to experimental constraints, 
which are limited. More observation sites are needed to 
more clearly observe the role of dynamic changes in the 
PSTPIP2hi cell barrier in CIA joint bone erosion.

Interestingly, synovial macrophages exhibit a high 
degree of heterogeneity in RA. The persistence of syno-
vial tissue macrophages during RA remission contributes 
to joint homeostasis [19]. By scRNA-seq of RA synovial 
tissue, Stefano Alivernini et al. identified two subpopula-
tions of synovial macrophages (MerTKposTREM2high and 
MerTKposLYVE1pos) with a unique remitting transcrip-
tome profile, enriched for negative regulators of inflam-
mation [19]. The study found that MerTKnegCD206neg 
and MerTKposCD206pos synovial macrophage popula-
tions have distinct pro- and anti-inflammatory pheno-
types [19]. Based on these data, and combined with the 
present study, it is suggested that PSTPIP2hi may belong 
to a unified cell cluster with MerTKpos. However, the 
limitations of the present study (e.g., the use of mouse 
synovial tissue in this study) do not allow for elucidation 
of this point. Therefore, further scRNA-seq is necessary 
to elucidate the unique isoform of PSTPIP2hi synovial 
macrophages. Regardless, either PSTPIP2hi or MerTKpos 
synovial macrophages exhibit excellent anti-inflamma-
tory properties in the joint microenvironment. Taking 
advantage of the aggregated anti-inflammatory function 
of PSTPIP2hi synovial macrophages is important to alle-
viate inflammation in the joint microenvironment.

Previous studies have shown that mutation in PSTPIP2 
causes macrophage-associated inflammatory diseases [7]. 
And methylation of PSTPIP2 is associated with hepatic 
macrophage polarization in alcoholic liver disease [6, 21]. 
However, more studies have been reported to reveal the 

role of PSTPIP2 in inflammatory bone diseases [18, 22, 23]. 
Consistently, all of these studies focused on macrophages. 
Similarly, the present study found that the anti-bone ero-
sion capacity of PSTPIP2 was mediated by synovial mac-
rophages. Although the role of PSTPIP2 in regulating 
macrophages polarization is well established, its molecular 
mechanisms are unclear. Notably, this study reveals that the 
anti-erosion capacity of PSTPIP2 is dependent on estrogen 
receptor β (ERβ) in synovial macrophages and that PSTPIP2 
is able to regulate the dynamics of synovial macrophages.

Our laboratory has been working to explore the molec-
ular mechanisms underlying the resistance of PSTPIP2 to 
bone erosion. To this end, we have done extensive work, 
including proteomics, gene sequencing, and bioinformat-
ics. After preliminary screening, we found that the abil-
ity of PSTPIP2 to regulate the polarization of synovial 
macrophages is likely to be associated with the estrogen 
receptor. There are five main types of estrogen receptors: 
estrogen receptor α (ERα), estrogen receptor β (ERβ), and 
G protein-coupled estrogen receptor (GPER) are associ-
ated with the skeletal system [24–26], and two others, 
Gaq-ER and ER-X, are mainly associated with the nerv-
ous system [27]. To this end, we performed a pilot study 
on bone marrow-derived monocytes targeting ERα, 
ERβ, and GPER. Surprisingly, PSTPIP2 was able to regu-
late macrophages polarization only when ERβ was not 
antagonized. Further, we introduced macrophages-spe-
cific knockout Esr2 gene (encoding ERβ) in mice (Esr2fl/

fl/Adgre-Cre mice) to validate our findings. As expected, in 
Esr2fl/fl/Adgre-Cre mice, PSTPIP2 completely lost its abil-
ity to resist bone erosion and failed to regulate the polari-
zation of synovial macrophages. It is worth noting that 
we also found PSTPIP2 regulates synovial macrophages 
dynamics, which is also dependent on ERβ. Overall, ERβ 
is a key factor in the function of PSTPIP2 in macrophages.

However, there are also limitations of the present study. 
We did not discuss whether interstitial macrophages 
could differentiate into lining macrophages. In terms 
of studying PSTPIP2 and cellular dynamics, we did not 
study it in depth. We showed changes in actin and filopo-
dia without providing evidence of macrophage migration 
from the synovial sublayer to the lining layer. In addition, 
in animal experiments with overexpression of PSPTIP2, 
we only used immunohistochemistry and RT-qPCR for 
validation. Validation of the efficiency of in vivo overex-
pression of PSTPIP2 at the protein level is necessary.

Conclusions
In conclusion, this study demonstrates that PSTPIP2 pro-
tein has a strong anti-bone erosion ability in RA (graphi-
cal abstract). The mechanisms are: (i) PSTPIP2 can 
promote the polarization of synovial macrophages into 
F4/80+CD206+ cells to exert anti-inflammatory effects 
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via ERβ. (ii) PSTPIP2 promotes the formation of filopo-
dia and inhibits the formation of membrane ruffing to 
promote synovial macrophages dynamics via ERβ. (iii) 
PSTPIP2hi synovial macrophages migrate more read-
ily into the lining layer, forming a tight immune barrier 
(F4/80+ PSTPIP2hi cell-enriched zone) that prevents sub-
synovial bone erosion. Thus, local modulation of PSTPIP2 
expression in the joint cavity may be a potential strategy 
for controlling bone erosion in rheumatoid arthritis.
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