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Abstract Rheumatoid arthritis (RA) is an autoimmune disease with a complex etiology. Monocyte-

derived macrophages (MDMs) infiltration are associated with RA severity. We have reported the dele-

tion of G-protein-coupled receptor kinase 2 (GRK2) reprograms macrophages toward an anti-

inflammatory phenotype by recovering G-protein-coupled receptor signaling. However, as more

GRK2-interacting proteins were discovered, the GRK2 interactome mechanisms in RA have been un-

derstudied. Thus, in the collagen-induced arthritis mouse model, we performed genetic GRK2 deletion

using GRK2f/fLyz2-Creþ/� mice. Synovial inflammation and M1 polarization were improved in

GRK2f/fLyz2-Creþ/� mice. Supporting experiments with RNA-seq and dual-luciferase reporter assays

identified peroxisome proliferator-activated receptor g (PPARg) as a new GRK2-interacting protein.

We further confirmed that fms-related tyrosine kinase 1 (Flt-1), which promoted macrophage migra-

tion to induce angiogenesis, was inhibited by GRK2-PPARg signaling. Mechanistically, excess

GRK2 membrane recruitment in CIA MDMs reduced the activation of PPARg ligand-binding domain

and enhanced Flt-1 transcription. Furthermore, the treatment of mice with GRK2 activity inhibitor re-

sulted in significantly diminished CIA pathology, Flt-1þ macrophages induced-synovial inflammation,

and angiogenesis. Altogether, we anticipate to facilitate the elucidation of previously unappreciated
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details of GRK2-specific intracellular signaling. Targeting GRK2 activity is a viable strategy to inhibit

MDMs infiltration, affording a distinct way to control joint inflammation and angiogenesis of RA.

ª 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and Institute

of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Rheumatoid Arthritis (RA) is a systemic autoimmune disorder,
affecting approximately 1% of the population worldwide1.
Approximately 75% of patients without timely treatment will
develop joint deformities and disabilities within 3 years. There-
fore, the treatment of RA urgently requires a rational therapeutic
approach that can alleviate synovial inflammation and reverse
bone erosion.

Increasing evidence supports the key role of synovial macro-
phages (SMs) in the pathogenesis of RA2. For example, their
numbers increase during active disease; their numbers decrease
after effective treatment. We3 and others4,5 revealed that SMs
mainly consist of monocyte-derived macrophages (MDMs) and
tissue-resident macrophages. In several animal models of
arthritis6e8, the specific intra-articular depletion of tissue-resident
SMs led to the development of accelerated arthritis, while the
depletion of both circulating monocytes and synovial MDMs
markedly reduced the severity of RA. Reprogramming the in-
flammatory phenotypes of recruited synovial MDMs contributes
to arthritis remission. Directly targeting macrophages is prom-
ising, but there are still challenges, such as how to discriminate
between non-activated and activated macrophages. In addition, for
the specific elimination of inflammatory macrophages in RA, no
therapy has been shown to be both effective and safe. Although
tumor necrosis factor-a (TNF-a) inhibitors and other inflamma-
tory factor inhibitors are beneficial for the treatment of RA, they
also disrupt normal immune regulation function and lead to
serious adverse reactions9. Limitations in current therapies have
prompted investigations for developing safe, novel pharmacolog-
ical treatments to regulate synovial MDMs in RA.

G-protein-coupled receptor kinase 2 (GRK2) is part of a cluster
of kinases associated with the rapid desensitization of G-protein-
coupled receptors (GPCRs). We and others have shown that
elevated GRK2 expression in RA and other diseases led to the loss
of physiologic GPCR signaling10e18. Research on GRK2 has
primarily focused on the desensitization of GPCR. In addition to
its canonical function, GRK2 performs several other functions,
including binding to and regulating a variety of cellular proteins
involved in diverse signal transduction pathways via kinase-
independent mechanisms15. Directly targeting GRK2 makes
sense since most cytokines function via the GRK2 signaling
pathway. It appears warranted to develop small-molecule in-
hibitors of GRK2 since no GRK2 inhibitors have been approved
for market yet. We have recently reported the therapeutic efficacy
of a new compound paeoniflorin-60-O-benzene sulfonate (CP-25),
which reduced GRK2 membrane recruitment by targeted inhibi-
tion of GRK2 Ala32113. We also found that GRK2 deletion drove
M2 polarization by restoring the GPCR pathway19. However, the
GRK2 interactome and its modulation mechanisms in RA MDMs
have been understudied.
Here, using peripheral blood mononuclear cells (PBMCs) and
synovial tissue from healthy control (HC), osteoarthritis (OA), and
RA patients, we studied changes in MDMs and their relation to
GRK2. Furthermore, we investigated the role of GRK2 inhibition
(using GRK2f/fLyz2-Creþ/� mice) on MDMs of collagen-induced
arthritis (CIA) mouse model. Mechanistically, we identified
GRK2-interacting protein and downstream signaling by RNA-seq
and dual-luciferase reporter. Our results provide a distinct way to
control joint inflammation and angiogenesis of RA.

2. Materials and methods

2.1. Procurement of human PBMC and synovium

An institutional review board-approved protocol was executed to
collect discarded deidentified peripheral blood and synovium from
patients. Peripheral blood was obtained from 22 patients with RA
and 10 healthy controls (HC). PBMC collection and processing
are as described37. We obtained HC synovium (from patients
undergoing arthroscopic surgery after traumatic fractures, n Z 3),
OA synovium (from patients undergoing arthroplasty, n Z 3) and
RA synovium (from patients undergoing arthroplasty, n Z 5).
Synovium was fixed in formalin and embedded in paraffin; 10 mm
sections were used for IHC staining and IF staining.

2.2. Animal studies

Seven-week-old male DBA/1 mice, ten-week-old male C57BL/6J
mice, GRK2f/f mice and Lyz2-CreERT2mice were purchased from
GemPharmatechco. CCR2GFP/GFP mice were purchased from The
Jackson Laboratory. PPARg KO mice were donated by Xiaofeng
Li at Anhui Medical University. All mice were housed in groups
of five mice per microisolator cage in a room with a 12 h light/
dark schedule. All experiments were approved by the Ethics
Review Committee for Animal Experimentation of Institute of
Clinical Pharmacology, Anhui Medical University, China.

2.3. The establishment and evaluation of CIA model

2.3.1. DBA mice
Induction of CIA was induced and assessed as previously
described18. Mice were divided into normal, CIA model, CP-25
and Ecep treatment group (n Z 8 per group). The normal and
CIA mice were given an equal volume of vehicle.

2.3.2. C57BL/6 background mice
Induction of CIA was induced and assessed as described38. Male
mice aged 10-weeks-old were immunized with the emulsion of
complete Freund’s adjuvant (CFA, 4 mg/mL) and chicken type II
collagen (CII, 4 mg/mL) in a 1:1 mixture (total 100 mL)
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intradermally into the base of the tail on Day 0. The booster im-
munization of CII (4 mg/mL) with incomplete Freund’s adjuvant
(IFA, 4 mg/mL) was performed intrademally in a site proximal to
the first injection site on Day 14. All reagents were purchased
from Chondrex. Onset occurs 4 weeks after initial immunization.
CKO mice were divided into GRK2f/f, GRK2f/f þ CIA,
GRK2f/fLyz2-Creþ/� and GRK2f/fLyz2-Creþ/�þCIA group
(n Z 5 per group).

2.3.3. Evaluation of CIA arthritis
An evaluation of the severity of the CIA was performed by two
independent observers with no knowledge of the treatment pro-
tocol. The arthritis index and arthritis severity in each group was
evaluated once every 3 days as follows. Arthritis index: 0 Z no
arthritis; 1 Z swelling and/or redness of the paw or one digit;
2 Z two arthritic joints; 3 Z more than two joints involved;
4Z severe arthritis of the entire paw and all digits. The maximum
arthritis index of each mouse was 1618. Arthritis severity:
0 Z normal hind paw; 1 Z hind paw with mild swelling;
2 Z hind paw with pronounced edematous swelling; 3 Z hind
paw with ankylosis; The maximum arthritis severity of each
mouse was 1240. Arthritis index and severity were evaluated using
the ManneWhitney U test. Modeling animals without swelling
were excluded.

2.4. Drug treatment studies

In CIA model established by DBA mice, the normal and model
group received the vehicle (5% CMC), the CP-25 treatment group
received CP-25 (35 mg/kg) gavage administered daily, and the
Ecep treatment group was administered Ecep (4.5 mg/kg) daily by
intraperitoneal injection.

2.5. Cell culture

SMs were isolated from the synovium of RA patients and mice.
SMs were plated into type IV collagenase and incubate for 2 h
with shaking. After incubation, cells were collected by centrifu-
gation (2500 rpm, 5 min).

BMDMs were isolated from the femurs of mice. BMDMs were
plated into sterile Petri dishes and incubated inDMEMsupplemented
with 10% FBS and 10% M-CSF-conditioned media. BMDMs were
incubated at 37 �C with 5% CO2 and harvested after 7 days.

Raw264.7 and constructed GRK2�/� Raw were cultured as
previously described18.

PBMC were isolated from whole blood using FicollePaque
plus washed with PBS and maintained in RPMI-1640 (Gibico)
supplemented with 10% FBS for further use.

HUVEC were cultured as described previously39. HUVEC
were purchased from ATCC and incubated at 37 �C with 5% CO2.

2.5.1. 3D cell culture
We cultured MDMs of PBMC origin using a PrimeSurface 96U
3D cell culture plate, and collected by careful centrifuge at 300�g
for 3 min for flow cytometry analysis. We also stained 3D spheres
with DAPI to observed cell morphology by high-content imaging
(Molecular Devices).

2.6. Western blot

Western blot analysis was performed as previously described18.
The dilution of primary antibody of CCR2, iNOS, Arg1, GRK2,
PPARg, Flt-1, ATPB2, GAPDH, tubulin and b-actin are
1:500e1:1000. The dilution of second primary antibody of goat
anti-mouse is 1:10,000, of goat anti-rabbit is 1:10,000. The
membranes were scanned with an ImageQuant LAS 4000 (GE
Healthcare) and analyzed used ImageJ software.

2.7. Histological examination

The ankle joints of mice were immersed in 10% formalin, then
decalcified and paraffin-embedded. Sections (3 mm each) were
used for H&E, Safranin O and Toluidine blue staining.

2.7.1. H&E staining
H&E staining were performed as previously described18.

2.7.2. Safranin O staining
The sections were immersed in Safranin O staining solution for
5 min. After washing, the slides were stained with fast green
staining solution for 2 min. The slides were put into 1% acetic
acid for 30 s. After washing, the slides were dehydrated with 95%
ethyl alcohol and xylene. Slides were mounted using neutral gum.

2.7.3. Toluidine blue staining
The sections were dehydrated in methanol, washed in PBS and
stained in 0.1% toluidine blue for 30 min.

2.8. IHC, mIHC and IF staining

IHC and IF staining were performed as previously described13,18.
IHC was using the PV-6000 two-step immunohistochemistry kit to
perform the blocking and antibody incubation. For IF, 0.5% BSA
was used to block the unspecific antigens. After primary and
secondary antibodies incubation, DAPI was used to co-stain. IHC
and IF stained sections were imaged using Pannoramic MIDI
Slide scanner (3D HISTECH).

mIHC was using the multiple fluorescent immunohistochem-
ical kit (Panovue, TSA-RM-275). Three primary (PPD520,
PPD570, PPD650) and secondary antibodies were incubated
successively, finally DAPI was used to co-stain. mIHC stained
sections were imaged by confocal microscopy. Image was
analyzed using Indica Halo software.

2.9. ILb-1-dependent acute inflammatory arthritis

CCR2GFP/GFP mice were injected intraarticularly with mBSA on
Day 0 and subcutaneously with recombinant human IL-1b on Day
0 to Day 2. CCR2GFP/GFP mice were sacrificed at Day 740.

2.10. CO-IP and his pull-down

Cells were collected and washed three times with PBS and lysed
in lysis buffer (purchased from beyotime, P0013) with protease
inhibitors for 30 min on ice, then samples were centrifuged at
12,000�g for 15 min. The lysate was precleaned by IgG-coated
protein A/G plus-agarose beads and then mixed with the indi-
cated primary antibody coated beads and incubated overnight at
4 �C. The immune complexes were collected and eluted with
5 � 330 SDS loading buffer, and which were then subjected to
immunoblotting41,42.

His pull-down was carried out according to standard protocol
from previous studies13. His-GRK2 plasmid was synthesized by
Generalbiol Co.
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2.11. FRET experiment

HEK293 cells infected with siGRK2 or siPPARg were co-
transfected with mCherry-GRK2 and EGFP-PPARg, fixed 8 h
posttransfection, imaged by confocal microscopy. Specific FRETc
signals were calculated. Panels show representative cells. Bars are
3 mm.

2.12. Statistical analyses

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. Results are shown as means � SEM. P
value < 0.05 was regarded as a significant difference. All calcu-
lations were performed using the GraphPad Prism 8.3 program.

2.13. Ethics approval

This study involves human participants and was approved by the
Ethics Committee of Anhui Medical University.

3. Results

3.1. GRK2 is closely correlated with synovial MDMs in RA

Changes in GRK2 in RA synovial macrophages have not been
investigated. Reportedly, CD14þ PBMCs correlated well with
paired synovial fluid mononuclear cells in patients with RA, and
monocyte recruitment was determined by measuring chemokine
(CeC motif) receptor 2 (CCR2) expression20e22. Thus, we
detected GRK2 expression in CD14þCCR2þ PBMCs of RA. The
ratio of CD14þCCR2þ (Fig. 1a) and GRK2 expression (Fig. 1b)
were significantly increased in RA PBMCs compared with HC.
Additionally, high correlations were achieved between GRK2
levels and CD14þCCR2þ and RA-related clinical manifestations,
including disease activity score 28 (DAS28), erythrocyte sedi-
mentation rate (ESR), and visual analog scale (VAS) (Fig. 1c).

OA was often used as a disease control for RA in previous
studies23. However, elevated GRK2 has also been reported in OA
synovium, and was not further compared with RA15. We collected
three HC, three OA, and five RA synovium, and the expression of
GRK2 (Fig. 1d) and CD68 (Fig. 1f) increased in both OA and RA
compared with HC synovium, while CCR2 (Fig. 1e) expression
only increased in RA synovium. GRK2 expression increased in
RA synovium compared with OA synovium, suggesting that
GRK2 may be more related to synovial inflammation. Compared
with M-CSF-stimulated PBMCs of HC (Fig. 1g), GRK2 mem-
brane expression increased in RA SMs (Fig. 1h). We further
treated RA SMs with the GRK2 activity inhibitor GSK180736A,
and the expression of inducible nitric oxide synthase (iNOS) and
CCR2 decreased, while arginase-1 (Arg1) increased (Fig. 1i).
These data suggested that GRK2 was closely correlated with the
activation of infiltrated MDMs in the RA synovium.

3.2. GRK2 deficiency attenuates the development of CIA

To test the GRK2-specific intracellular signaling in RA MDMs, we
generatedmicewithmyeloid-cell-specificGRK2 deficiency (referred
to asGRK2f/fLyz2-Creþ/�) (Supporting Information Fig. S1).GRK2f/f

and GRK2f/fLyz2-Creþ/� mice were subjected to CIA (Fig. 2a), a
standard murinemodel of arthritis resembling human RA. Compared
with that in the CIA GRK2f/f mice, the arthritis severity (Supporting
Information Fig. S2a) and arthritis index (Fig. S2b) in the CIA
GRK2f/fLyz2-Creþ/� mice were relieved. We also used H&E, tolui-
dine blue, and safranin O fast green staining to study pathological
changes in the ankle joint. Paw swelling, synovial inflammation, bone
erosions, and the number of osteoclasts ofGRK2f/fLyz2-Creþ/� mice
were lower than that ofGRK2f/fmice (Fig. S2c).Quantitative levels of
23 cytokines in murine serumwere assayed through LX-MultiDTM-
23 technology (Fig. S1deS1f). We classified these 23 cytokines in
terms of inflammatory cytokines, anti-inflammatory cytokines, and
chemokines. Compared to CIA GRK2f/f mice, the expression of the
inflammatory cytokines IL-1b, IL-5, IL-6, IL-9, IL-12p40, TNF-a,
and interferon-g (IFN-g)was lower inCIAGRK2f/fLyz2-Creþ/�mice.
The expression of IL-1a, IL-3, and IL-12p70 was higher in CIA
GRK2f/fLyz2-Creþ/� mice (Fig. S2d). Compared to CIA GRK2f/f

mice, the expression of the chemokines CCL2, CCL11, and CXCL1
was higher in CIA GRK2f/fLyz2-Creþ/� mice. The expression of
CCL3 and CCL4 was lower in CIA GRK2f/fLyz2-Creþ/� mice
(Fig. S2e). Compared to CIA GRK2f/f mice, the expression of anti-
inflammatory cytokines IL-4, IL-10, and C-SCF were higher in CIA
GRK2f/fLyz2-Creþ/�mice. The expression of IL-13was lower inCIA
GRK2f/fLyz2-Creþ/� mice (Fig. S2f). In summary, a balance of most
pro- and anti-inflammatory subset phenotypes was restored in CIA
GRK2f/fLyz2-Creþ/� mice. However, most of the cell migration-
related parameters were higher in CIA GRK2f/fLyz2-Creþ/� mice.
We speculated that the deletion of cytoplasmicGRK2may accelerate
the imbalance of macrophage migration-relevant pathways.

Next, we detected the macrophage function in GRK2f/fLyz2-
Creþ/� mice. Immunofluorescence (IF) staining showed that there
were fewer MHC IIþ SMs in the sublining layer of CIA
GRK2f/fLyz2-Creþ/� mouse than in CIA GRK2f/f mice. In addi-
tion, the structure of the barrier-forming SMs was more complete
in the CIAGRK2f/fLyz2-Creþ/� mice (Fig. 2b). Compared with the
sham, the CD11bþLy6cþ ratio of SMs increased in both CIA
groups, and the CD11bþLy6cþ SMs in GRK2f/fLyz2-Creþ/� mice
was less than that in GRK2f/f mice (Fig. 2c). The numbers of SMs
were insufficient to support more follow-up experiments, and
therefore we investigated replacing SMs with BMDMs. We
cultured BMDMs and SMs from 10 C57/BL6 mice and found that
GRK2 expression increased in SMs compared with BMDMs
(Fig. 2d) and correlated between BMDM and SM GRK2 expres-
sion (Fig. 2e), suggesting that part of the SMs originated from
BMDMs. We also established an IL-1-dependent acute inflam-
matory arthritis model using CCR2GFP/GFP mice. The region of
interest (ROI) values of the left synovium increased from Day 3 to
Day 7 in the model group, suggesting that CCR2þ MDMs were
recruited into synovium (Fig. 2f).

Further, we tested the polarization and migration of BMDMs.
The CD86/CD206 ratio (Fig. 2g) and cell migration (Fig. 2h)
increased in both CIA groups. The CD86/CD206 macrophage
ratio in GRK2f/fLyz2-Creþ/� mice was less than in GRK2f/f mice
(Fig. 2g). However, the cell migration ability was higher than in
GRK2f/f mice (Fig. 2h). These results were consistent with the LX-
MultiDTM-23 results shown in Fig. S2deS2f.

These data suggested that GRK2 deficiency attenuated the
development of CIA by regulating CCR2þ macrophage infiltra-
tion, while the mechanisms need to be explored.

3.3. GRK2 deficiency alters peroxisome proliferator-activated
receptor g (PPARg) signaling in MDMs

To uncover GRK2 deficiency-induced downstream signaling, we
performed RNA-seq analysis of BMDMs obtained from GRK2f/f



Figure 1 Increased GRK2 expression is associated with the activation of infiltrated synovial MDMs in RA. (a) Flow cytometric analysis of

CD14þCCR2þ PBMCs obtained from HCs (n Z 10) and RA (n Z 22). **P < 0.01 versus HC. (b) Flow cytometric analysis of GRK2 MFI in

PBMCs obtained from HCs (n Z 10) and RA (n Z 22). **P < 0.01 versus HC. (c) Heat map summarizing statistically significant correlations

between GRK2 and CD14þCCR2þ, RA-related clinical manifestation (DAS28, ESR and VAS) (nZ 22). *P < 0.05. (def) Representative GRK2,

CD68 and CCR2 immunohistochemical staining collected from HCs (n Z 3), OA (n Z 3) and RA (n Z 5) synovium. **P < 0.01 versus HC.
##P < 0.01 versus OA. Scale bar: 500 mm. (g) Ctrl: PBMC obtained from HCs and induced by M-CSF (n Z 3); RA: SM obtained from RA

synovial tissue (n Z 3). (h) GRK2 membraned expression of MCSF-induced PBMC. **P < 0.01 versus Ctrl. (i) iNOS, Arg1 and CCR2

expression of GSK180736A-treated SM (n Z 3). **P < 0.01 versus RA.
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and GRK2f/fLyz2-Creþ/� mice (Fig. 3a). Genes (177 total, 100
upregulated, 77 downregulated) were differentially expressed in
BMDMs between two groups (Fig. 3b). Gene ontology (GO)
analysis revealed that these genes were predominantly enriched in
leukocyte differentiation and migration (Fig. 3c). Interestingly, the
PPAR signaling pathway appeared in both the top five upregulated
gene group and downregulated gene group (Fig. 3d). PPARs are
nuclear hormone receptor-related transcription factors, with three
different highly conserved isotypes: PPARa, PPARb, and
PPARg24. First, we have assessed these three PPAR isotypes at the
protein and mRNA level in GRK2�/� BMDMs. There was no
significant difference in mRNA expression and protein expression
of PPARa and PPARb between the ctrl and GRK2�/� BMDMs
(Supporting Information Fig. S3a and S3b). While PPARg pro-
tein expression (Fig. 3f) and nuclear protein expression (Fig. 3g)
decreased with unchanged mRNA expression (Fig. 3e).

PPARg inhibited the activation and polarization of macro-
phages, and PPARg agonist pioglitazone was shown to signifi-
cantly improve the arthritis index25. Immunohistochemistry
demonstrated reduced expression of PPARg in RA synovium



Figure 2 GRK2 deficiency attenuates the development of CIA. (a) Timeline of the experimental sequence of the CIA mouse model. (b) IF

staining of MHC II in CD68þ SMs (nZ 3). LL: Lining layer. SL: Sublining layer. Scale bar: 200 mm. (c) The proportion of CD11bþLy6cþ SM in

CIA (n Z 5), ns indicates no significant difference, **P < 0.01 versus sham; ##P < 0.01 versus GRK2f/f. (d) GRK2 expression in BMDMs and

SMs of C57/BL6 mice (n Z 10), **P < 0.01 versus BMDMs. (e) Correlations between SM-GRK2 and BMDM-GRK2 were assessed by linear

regression analyses (n Z 10). (f) Radiant efficiency of AIA synovium from Day 0 to Day 7 (n Z 5). **P < 0.01 versus Day 0. (g) The ratio of

CD86/CD206 in CIA mice (nZ 4), **P < 0.01 versus sham; ##P < 0.01 versus GRK2f/f. (h) The BMDMs migration ability in CIA mice (nZ 3),

*P < 0.05, **P < 0.01 versus sham; #P < 0.05, ##P < 0.01 versus GRK2f/f. Scale bar: 100 mm.
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Figure 3 GRK2 deficiency alters PPARg signaling in BMDMs. (a) RNA-seq expression analysis of BMDMs obtained from GRK2f/f (n Z 6)

and GRK2f/fCreþ/� mice (n Z 6). (b) Heatmap showing differential genes between BMDMs from GRK2f/f and GRK2f/fCreþ/� mice

(blue Z down-regulated, red Z upregulated). Fold change >2, adjusted P < 0.05. (c) Top-12 significantly enriched GO annotations associated

with upregulated and down-regulated genes. (d) Top-10 significantly enriched KEGG pathway associated with upregulated and downregulated

genes. (e) PPARg mRNA expression of GRK2�/� BMDMs (n Z 3). ns indicates no significant difference. (f) PPARg expression of GRK2�/�

BMDMs (n Z 6). **P < 0.01 versus Ctrl. (g) PPARg nucleus expression of GRK2�/� BMDMs (n Z 5). **P < 0.01 versus Ctrl.
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(Fig. S3c). However, the role of PPARg on MDM migration in RA
synovium has not been investigated. Murine BMDMs were
cultured and treated with balaglitazone, a selective PPARg agonist.
We previously have demonstrated that PGE2 (10 mmol/L) can
induce its receptor EP4 desensitization and GRK2 excessive
membrane recruitment in Raw264.7 cells18. Here, we additionally
provide evidence that when BMDMs were stimulated with PGE2
(10 mmol/L), a notable decrease in EP4 membrane expression was
observed, accompanied by a significant increase in GRK2 mem-
brane expression (Fig. S3d). These findings imply that the exces-
sive desensitization of EP4 is mediated by PGE2 at a concentration
of 10 mmol/L. Consequently, we employed PGE2 (10 mmol/L) to



Figure 4 GRK2 activates PPARg by targeting Tyr473. (a) PPI network of GRK2 and PPARa/b/g. (b) FRET assay with mCherry-GRK2 and

EGFP-PPARg in HEK293 cells. Graph depicts fluorescence ratio per cell (n Z 3). *P < 0.05, **P < 0.01 versus Ctrl. Scale bar: 3 mm. (c) The

interaction between GRK2 and PPARg in BMDMs by CO-IP, IP: GRK2 (n Z 3). (d) The interaction between GRK2 and PPARg in BMDMs by

CO-IP, IP: PPARg (n Z 3). (e) The interaction of PPARg and GRK2 in HEK293 cells by his pull-down (n Z 6). (f) The backbone of protein was

rendered in tube and colored in green. (g) GRK2 (left) and PPARg (right) protein is rendered by the surface. The detail binding mode of GRK2

with PPARg. Yellow dash represents hydrogen bond or salt bridge. (h) The point mutation strategy used in GRK2. (i) Luciferase reporter assay

(n Z 3), *P < 0.05, **P < 0.01 versus Gal4 promotor-NC, ns indicates no significant difference, ##P < 0.01 versus GRK2-NC. (j) The point
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simulate the transmembrane of GRK2. The migration of BMDMs
and the number of CD11bþCCR2þ macrophages increased in the
PGE2-stimulated group, and balaglitazone inhibited the proportion
of CD11bþCCR2þ macrophages (Fig. S3e) and the migration
ability of BMDMs (Fig. S3f).

There are no previous reports of GRK2 regulating the PPARg
pathway. PPARG (encoding PPARg) was absent among the DEGs
of the RNA-seq results. Our hypothesis posits that there may have
been alterations in the protein stability or activity of PPAR.

3.4. PPARg activation is facilitated by the targeting of PPARg
Tyr473 by GRK2

To understand why PPARg protein expression was reduced with
GRK2 deficiency, we first examined the direct interaction between
GRK2 and PPARg. Confocal laser scanning microscopy showed
that GRK2 co-localized with PPARg both in Raw264.7 cells
(Fig. S4a) and BMDMs (Fig. S4b). STRING analysis (http://
string-db.org/) identified potential physical and functional in-
teractions between GRK2 and PPARa/b/g. The results suggested
that GRK2 interacted with PPARg (Fig. 4a). A direct interaction
between GRK2 and PPARg was further confirmed by Förster
resonance energy transfer (FRET) analysis in cultured cells.
Coexpression of GRK2-mCherry and PPARg-EGFP in
HEK293 cells gave rise to FRET between the two proteins
(Fig. 4b). To this end, we performed coimmunoprecipitation
(Fig. 4c and d) in BMDMs and His pull-down assays in
HEK293 cells (Fig. 4e). Above results suggested that GRK2
directly interacted with PPARg and promoted PPARg activity. To
clarify the binding mode of GRK2 with PPARg, we conducted a
molecular docking analysis (Fig. 4f and g). Residues in contact
between GRK2 and PPARg formed a variety of interactions, such
as salt bridges, hydrogen bonds, and hydrophobic interactions.
The binding amino acids (aa) of PPARg were primarily in the
range of aa 290e500 (Fig. 4g), which located in the PPARg
ligand-binding domain (LBD)26. The binding region of GRK2 and
PPARg was mainly distributed in the LBD of PPARg. To test
whether GRK2 functioned through the PPARg LBD, we fused the
PPARg LBD with the DNA-binding domain of the yeast tran-
scription factor Gal4 protein to form a chimeric plasmid pBIND-
PPARs-LBD27. HEK293 cells were transfected with the pBIND-
PPARs-LBD plasmid, GRK2 plasmid, and a Gal4 reporter. In
addition, we preferentially mutated residues at GRK2 (Fig. 4h).
Then we examined the ability of GRK2 to stimulate the activation
of a Gal4 reporter using the dual-luciferase reporter system.
Compared with the control group, there was increased luciferase
activity of the Gal4 reporter in the GRK2 plasmid transfected
group, but no significant differences were observed in the group
transfected with the mutated GRK2 (Fig. 4i). Above findings
indicated that GRK2 primarily interacts with PPARg-LBD. It has
been previously reported that Tyr473 plays a crucial role in
regulating the transcriptional activation of PPARg43. Molecular
docking results indicated that the potential targets of GRK2-
targeted PPARg is Tyr473 (Fig. 4g, j), then we transfected
HEK293 cells with the indicated plasmids (PPARg-LBD and
PPARg Y473A mutant). Co-IP assays of PPARg showed
mutation strategy used in PPARg. (k) The interaction between GRK2 and P

plasmid and PPARg-LBD plasmid or PPARg-Y473A plasmid (n Z 3).

HEK293T cells are co-transfected with PPARg-LBD plasmid or PPARg-Y

difference, *P < 0.05 versus Ctrl (n Z 3). (m) GRK2 interacts with PPAR
interaction with GRK2 that was enhanced by PPARg-LBD
plasmid transfection. Compared to PPARg-LBD plasmid trans-
fection, interaction decrased in PPARg Y473A plasmid trans-
fection (Fig. 4k). When using a PPARg response element (PPRE)
luciferase reporter system for testing nuclear translocation of
PPARg, the PPRE activity was increased by PPARg-LBD plasmid
transfection and without significant changes in PPARg Y473A
plasmid transfection (Fig. 4l). These experiments indicate that
GRK2 predominantly interacts with PPARg-LBD via targeting
Tyr473, leading to the nuclear translocation of PPARg (Fig. 4m).

We also examined the post-translational protein modification
of PPARg, and identified the level of ubiquitination increased in
GRK2�/� Raw264.7 cells, whereas did not alter the acetylation
and tyrosine phosphorylation in these cells (Fig. S4c). Consis-
tently, inhibition of protein translation using cycloheximide
(CHX) revealed a significantly reduced half-life of the PPARg
protein levels in the Raw264.7 cells with GRK2 deficient
(Fig. S4d). In summary, on interacting with PPARg, GRK2 was
able to inhibit the ubiquitination and degradation of PPARg.

3.5. GRK2-PPARg deficiency promote the transcription of fms-
related tyrosine kinase 1 (Flt-1)

PPARg upon activation translocated to the nucleus to activate the
transcription of specific genes28. To find the transcriptionally
regulated genes of GRK2-activated PPARg, we first performed
RNA-seq analysis of BMDMs obtained from wild type and
PPARG knockout mice (Fig. 5a). Genes (3778 total, 1934 upre-
gulated, 1844 downregulated) were differentially expressed in
BMDMs in PPARG knockout mice compared with GRK2f/f mice
(Fig. 5b). Genes common to DEGs among GRK2�/� and
PPARG�/� BMDMs and RA SMs were selected for further
analysis, with 17 common DEGs identified by Venn diagram
analysis (Fig. 5c). RNA-seq data of RA SMs were obtained from
GSE97779 (human MDMs vs. RA synovial fluid macrophages)
(Supporting Information Fig. S5). These 17 genes were further
analyzed by KEGG pathway enrichment (Fig. 5d), and then we
explored the prior literature and finally focused on the gene fms-
related tyrosine kinase 1, FLT1. Interestingly, FLT1 also appeared
in the top 10 transcription factors enriched by up- and down-
regulated DEGs in GRK2�/� BMDMs (Fig. 5e). Flt-1, also known
as vascular endothelial growth factor receptor 1 (VEGFR-1), has
been shown to be a novel cell surface marker for the lineage of
monocytes/macrophages in humans29. The deletion of the tyrosine
kinase domain of Flt-1 decreased the incidence and clinical
symptoms of RA by modulating the proliferation of bone marrow
hematopoietic cells and immunity of MDMs30. Here we confirmed
that FLT1 mRNA expression was significantly increased in
GRK2�/� (Fig. 5f) and PPARG�/� (Fig. 5g) BMDMs. As such,
how might PPARg transcriptionally regulate Flt-1 warranted in-
depth examinations (Fig. 5h)?

3.6. Flt-1 promotes MDMs migration to drive angiogenesis

We generated stable GRK2�/� Raw264.7 cell lines using the
CRISPR/Cas9-mediated gene editing system18 (Fig. 6a). Flt-1
PARg in HEK293 cells. HEK293 cells were co-transfected with GRK2

(l) The activity of PPRE is measured by luciferase reporter system.

473A plasmid and PPARg reporter for 24 h ns indicates no significant

g via targeting Tyr473, leading to the nuclear translocation of PPARg.

http://string-db.org/
http://string-db.org/


Figure 5 GRK2-PPARg inhibited Flt-1 transcription. (a) RNA-seq expression analysis of BMDMs obtained from WT (n Z 4) and PPARG

knockout mice (nZ 4). (b) Heatmap showing differential genes between BMDMs from WT and PPARG knockout mice (blueZ down-regulated,

red Z upregulated). Fold change >2, adjusted P < 0.05. (c) Venn diagram indicating overlapping DEGs between GRK2�/�, PPARg�/� BMDMs

and RA-SM. (d) KEGG pathway enrichment chord diagram of 17 overlapping DEGs. (e) Top 10 TFs enriched by up- and downregulated DEGs in

GRK2�/� BMDMs. (f) Flt-1 mRNA expression in GRK2�/� BMDMs (n Z 3), **P < 0.01 versus Ctrl. (g) Flt-1 mRNA expression in PPARg�/�

BMDMs (n Z 3), **P < 0.01 versus Ctrl. (h) GRK2 activated PPARg-Tyr473 may inhibit Flt-1 transcription.
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Figure 6 PPARg inhibits the transcription of Flt-1 and results in angiogenesis. (a) The strategy for constructing GRK2�/� Raw264.7 cells. (b)

The Flt-1 expression in GRK2�/� Raw264.7 cells (nZ 6). (c) The cell migration ability of GRK2�/� Raw264.7 cells (nZ 5), **P < 0.01 versus

NC. Scale bar: 100 mm. (d) PPARg binding motif. (e) Luciferase reporter assay (n Z 3), **P < 0.01 versus PPARg-NC, ns indicates no sig-

nificant difference, ##P < 0.01 versus ctrl. (f) Flt-1 expression in RA SM (n Z 3), **P < 0.01 versus Ctrl. (g) Flt-1 mRNA expression in RA SM

(n Z 3), **P < 0.01 versus Ctrl. (h) The cell migration assay of Flt-1 knockdown BMDMs exposed to hypoxia (n Z 3), **P < 0.01 versus Ctrl.

Scale bar: 100 mm. (i) The expression of iNOS, Arg1 and CCR2 in VEGF-stimulated BMDMs (nZ 3). (j) IF staining for CD31 and CD11b in RA

synovium (n Z 3). Scale bar: 200 mm. (k) Tubulogenesis assays on HUVECs that were coclutred with Raw264.7 (control) or with VEGF-

pretreated Raw264.7 (n Z 5), **P < 0.01 versus Ctrl. Scale bar: 100 mm. (l) Tubulogenesis assays on Raw264.7 and HUVECs mixed with

Raw264.7 (n Z 5). Scale bar: 100 mm.
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expression (Fig. 6b) and cell migration (Fig. 6c) were significantly
increased in these cell lines. The findings from multiplex immu-
nohistochemistry (mIHC) analysis demonstrated a significant
upregulation of GRK2 expression in CD11bþFlt-1þ macrophages
in RA compared to OA, as well as the CD11bþFlt-1þGRK2þ cell
intensity (Supporting Information Fig. S6a). Furthermore, the
expression levels of both GRK2 and Flt-1 were observed to be
elevated in lipopolysaccharide (LPS)-induced M1 macrophages
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(Fig. S6b). To further assess the role of PPARg on Flt-1, we
discovered putative PPARg binding elements within the Flt-1
promoter region through the website hTFtarget (Fig. 6d). Next,
we performed transcriptional assays to confirm the targeting
relationship between PPARg and Flt-1. The dual-luciferase re-
porter assay showed that co-transfection of wild-type FLT1 with
PPARG in HEK293 cells decreased luciferase activity as
compared with either the control group or co-transfection using
mutated FLT1 (Fig. 6e). While luciferase activity also decreased
in the mutated FLT1 group, which suggested the presence of other
binding sites, our results confirmed that PPARg inhibited Flt-1
activity. We further examined Flt-1 expression in SMs, the pro-
tein expression (Fig. 6f) and mRNA expression (Fig. 6g) of Flt-1
increased in RA. We then questioned what the specific role of
these Flt-1þ MDMs was in RA synovium.

Flt-1 induced macrophages migration29, and hypoxia in RA
synovium may enhance this. Here we transfected murine BMDMs
with FLT1 siRNA and tested their migration under hypoxia envi-
ronments. An increased cell migration ability was observed in
BMDMs under hypoxia, while FLT1 siRNA attenuated this ability
(Fig. 6h). We investigated the effects of murine BMDM polariza-
tion by pretreatment with the Flt-1 agonist VEGF, the iNOS/Arg1
ratio increased in the VEGF-treated group, while it decreased
compared with the control (Fig. 6i). We also explored the distri-
bution of CD11bþ SMs and CD31þ endothelial cells in the RA
synovium, and noticed that some of the CD11bþ SMs surrounded
blood vessels (Fig. 6j). Inflammatory macrophages have been
shown to drive angiogenesis in multiple animal models31. We
hypothesized that increased Flt-1þ macrophages may stimulate
endothelial cell behavior, with resulting effects on vascularization.
HUVEC tube formation assays were performed to assess this
possibility. As compared to co-cultured Raw264.7 cells, VEGF-
treated Raw264.7 cells increased the ability of HUVECs to form
tubes in Matrigel (Fig. 6k). In addition, a study published in 2020
reported that macrophages wrapped around and bridged adjacent
vessels and formed vessel-like structures in a three-dimensional
(3D) tissue-engineered human blood vessel networks in vitro32.
Next, we sought to test the ability of macrophages to form vessel-
like structures in Matrigel. Although Raw264.7 cells gathered and
circled, it was difficult to identify vessel-like structures (Fig. 6l).
Moreover, we mixed HUVEC with Raw264.7 cells (1:1) and found
that macrophages surrounded the HUVECs and bridged adjacent
vessels (Fig. 6l). Taken together, we confirmed that GRK2 targeted
the PPARg Tyr473, thus regulating the activation of Flt-1þ mac-
rophages. The excess GRK2 membrane recruitment in RA MDMs
resulted in reduced PPARg signaling and increased FLT1
transcription.

3.7. CP-25 restores GRK2-PPARg interaction to inhibit Flt-1þ

macrophage activation in CIA

CP-25 is aGRK2 activity inhibitor developed by our group (Fig. 7a).
Previous studies demonstrated the therapeutic role of CP-25 (17.5,
35, or 70mg/kg) in CIAmice by inhibiting Ala321 of GRK213,17. In
this study, we established a CIA mice model and administered the
CIA mice CP-25 (35 mg/kg) for 21 days (Fig. 7b). Paw swelling,
synovial inflammation, bone erosion, and the number of osteoclasts
increased in CIA, CP-25 and etanercept ameliorated these changes
(Fig. 7c and d). Flow cytometric analysis revealed an increase of
infiltrated SMs (CD11bþLy6cþ) and a decrease in homeostatic
macrophages (CD11bþMertkþ) in CIA mice (Fig. 7e). CP-25
reduced CD11bþLy6cþ expression, but had no effect on
CD11bþMertkþ expression in SMs (Fig. 7e). The linear distribution
suggested a certain level of correlation between Ly6c-SMs and
Ly6c-MDMs (Fig. 7f). An increase of CD11bþLy6cþBMDMs, as
well as the CD86/CD206 ratio were observed in BMDMs (Sup-
porting Information Fig. S7a and S7b). CP-25 reduced CD11bþ

Ly6cþ expression andCD86/CD206 ratio in CIABMDMs (Fig. S7a
and S7b). We then analyzed CD11bþFlt-1þ SMs by ankle section
staining, and the proportion of CD11bþFlt-1þ SMs increased in the
CIA mice but decreased after CP-25 treatment (Fig. 7g). We have
demonstrated a correlation between BMDM and SM GRK2
expression, as shown in Fig. 2e. Next, we assessed PPARg signal in
BMDMs. Western blot analysis (Fig. 7h) showed increased mem-
brane expression of GRK2 and decreased cytoplasmic expression of
GRK2 in CIA BMDMs, which was reversed with CP-25 treatment.
Similarly, decreased PPARg and increased Flt-1 expression were
observed inCIABMDMs,whichwas restoredwithCP-25 treatment
(Fig. 7h). The coimmunoprecipitation experiments identified
diminished GRK2-PPARg interactions in CIA BMDMs, which
returned to basal conditions after CP-25 treatment (Fig. 7i). In vitro,
we cultured CIA BMDMs and treated with CP-25 (1 mmol/L).
Paroxetine (Paxil) (2.5 mmol/L) was selected as the positive control
for its role on inhibiting GRK2 with selectivity over other GRKs11.
Result showed that GRK2-PPARg interaction decreased in CIA
BMDMs, while restored by CP-25 and Paxil treatment (Fig. S7c).
Furthermore, we also excluded the possibility that CP-25 might
occupy the GRK2-PPARg binding site. We cultured BMDMs from
normal C57/BL mice and treated them with CP-25 (1 mmol/L) and
Paxil (2.5 mmol/L). The interaction was not significantly different
between untreated and treated (CP-25 or Paxil) BMDMs (Fig. 7j).

Finally, we used PGE2 (10 mmol/L) to stimulate the excess
recruitment of GRK2 (Supporting Information Fig. S8a). We
cultured PBMC-induced MDMs obtained from HCs as 3D
spheroids using a PrimeSurface 96U 3D cell culture plate
(Fig. S8b). The CD14þCCR2þ proportion (Fig. S8c), CD86/
CD206 macrophage ratio (Fig. S8d), and cell migration ability
(Fig. S8e) increased in PGE2-induced MDMs and decreased in
the CP-25-treated group. Further, we co-cultured HUVEC cells
with PBMC-induced MDMs pre-stimulated with different con-
centrations of CP-25 (Fig. S8f). PGE2-treated MDMs increased
the ability of HUVECs to form tubes in Matrigel which
decreased with CP-25 (0.1, 1, and 10 mmol/L) treatment (Fig.
S8g and S8h). Consistently, the expression of CCR2 and
GRK2 increased in PGE2-treated MDMs, while decreased with
CP-25 (0.1, 1, and 10 mmol/L) treatment (Fig. S8i). Above re-
sults suggested that CP-25-mediated attenuation of MDMs
infiltration and angiogenesis is closely associated with the inhi-
bition of GRK2 expression.

4. Discussion

As the etiology and pathogenesis of RA remain poorly under-
stood, effective therapies with limited adverse drug reactions are
still lacking33. Furthermore, the complex synovial microenviron-
ment has also made the therapeutic elimination of RA impossible
for decades34. It is therefore important to identify common targets
to restore heterogeneous cell functions for RA treatment. The



Figure 7 The role and mechanisms of GRK2 activity inhibitor on RA macrophages. (a) The structure of CP-25. (b) Timeline of the exper-

imental sequence of the CIA mouse model (nZ 8). (c) Paw swelling of CIA mice from Day 28 to Day 55 (nZ 8), *P < 0.05, **P < 0.01 versus

Model. (d) Representative images of ankle joint histology, H&E, toluidine blue, and safranin oefast green staining from mice harvested at Day 55

of CIA (nZ 8). Scale bar: 100 mm. (e) The proportion of CD11bþLy6cþ SM in CIA (nZ 5), *P < 0.05, **P < 0.01 versus Normal; ns indicates

no significant difference, ##P < 0.01 versus Model. (f) Correlations between SM-Ly6c and BMDM-Ly6c were assessed by linear regression

analyses (nZ 5). (g) Immunofluorescent staining of CD11b and Flt-1 were performed on paraffin embedded ankle joint slices (nZ 5). Scale bar:

100 mm. (h) Membrane GRK2, cytoplasm GRK2, PPARg and Flt-1expressionin CIA BMDMs (n Z 5), *P < 0.05, **P < 0.01 versus Normal;
##P < 0.01 versus Model. (i) The interactions between GRK2 and PPARg in CIA BMDMs by CO-IP (n Z 5), *P < 0.05, **P < 0.01 versus

Normal; ##P < 0.01 versus Model. (j) The interactions between GRK2 and PPARg in CP-25/Paxil-treated BMDMs by CO-IP (n Z 3), ns in-

dicates no significant difference.
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dynamic plasticity of macrophages is regulated by the local
microenvironment, which makes it possible to target macrophages
for RA precision treatments35,36. We also established a strong
correlation between Ly6cþ SMs and Ly6cþ BMDMs. In this
study, we proved that inhibiting GRK2 activity of MDMs prevents
synovial inflammation and angiogenesis.



254 Xuezhi Yang et al.
GRK2 functional imbalance is associated with its excessive
membrane recruitment, and the regulation of its activity is often
more important than simply its expression level. While the role of
GRK2 in RA-related immune cells both in vitro and in vivo has
been reported, we analyzed the correlation between GRK2
expression and clinical indicators of RA for the first time, and the
expression of GRK2 in synovium was compared among HC and
OA and RA patients. GRK2 has been intensively studied, largely
focused on GPCR. However, the GRK2 interactome and its
modulation mechanisms in RA have been understudied. By inte-
grating RNA-seq, we uncovered a novel GRK2-interacting pro-
tein, PPARg. In addition, previous reports on RA macrophages
have mainly focused on promoting synovial inflammation and
bone destruction. Here, we discovered that GRK2-regulated Flt-
1þ macrophages stimulated endothelial cell behavior, with
resulting effects on vascularization. Whether Flt-1þ macrophages
formed vessel-like structures in RA and other still unrecognized
roles of these macrophages remain to be further studied.

This study still had some limitations that deserve emphasis.
Cytoplasmic GRK2 decreased and GRK2 membranous recruit-
ment increased in RA. However, GRK2f/fLyz2-Creþ/� mice cannot
simulate this situation. We observed macrophage polarization to-
ward M2 in GRK2f/fLyz2-Creþ/� mice and the migration of these
macrophages was enhanced. The change of macrophage function
is a multistep process regulated by numerous signals. We previ-
ously proved GRK2 membrane recruitment induced-GPCR sig-
nals imbalance increased M1 polarization, here we first
demonstrated that GRK2-PPARg signals inhibited CCR2þ MDMs
M1 polarization and migration.

In summary, targeting GRK2 activity is a viable strategy to
inhibit CCR2þ MDMs infiltration, affording a distinct way to
control joint inflammation and angiogenesis of RA.
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Heinäniemi M, de Vries SC, et al. Profiling of promoter occupancy by

PPARalpha in human hepatoma cells via ChIP-chip analysis. Nucleic

Acids Res 2010;38:2839e50.

25. Liu Y, Wang J, Luo S, Zhan Y, Lu Q. The roles of PPARg and its

agonists in autoimmune diseases: a comprehensive review. J Auto-

immun 2020;113:102510.

26. Luan P, Jian W, Xu X, Kou W, Yu Q, Hu H, et al. NLRC5 inhibits

neointima formation following vascular injury and directly interacts

with PPARg. Nat Commun 2019;10:2882.

27. Wei W, Wang X, Yang M, Smith LC, Dechow PC, Sonoda J, et al.

PGC1beta mediates PPARgamma activation of osteoclastogenesis and

rosiglitazone-induced bone loss. Cell Metabol 2010;11:503e16.

28. Mangelsdorf DJ, Thummel C, Beato M, Herrlich P, Schütz G,
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