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Abstract

PDE4D has been reported to exhibit significantly elevated levels in the synovium of RA patients
compared with OA, yet its role in RA remains underexplored. This study aimed to elucidate the role
of the GRK2-PDE4D axis in FLSs and explore its potential as a therapeutic target for RA. Abundant
expression of both PDE4D and GRK2 was observed in synovial tissues from both experimental
arthritis animals and RA patients, with synchronized expression noted in RA patients. Global
deletion of Pde4d reduced disease incidence and alleviated arthritis in CIA mice. TNF-a upregulated
PDE4D expression, causing abnormal FLSs activation and hyperproliferation. Inhibiting PDE4D
restored cAMP levels, thereby reducing FLSs hyperproliferation, migration, and anti-apoptosis.
Mechanistically, TNF-a-induced PDE4D upregulation was dependent on GRK2. Inhibition of GRK2
with CP-25, an esterification modification of paeoniflorin, reduced PDE4D expression and FLSs
proliferation, while restoring cAMP levels. Both genetic deficiency and pharmacological inhibition of
GRK2 decreased PDE4D expression, ameliorating arthritis severity in animal models. This is the
first study to investigate the role of PDE4D in RA and to clarify that it can be regulated by GRK2.
These findings suggest that targeting the GRK2-PDE4D axis represents a promising therapeutic
strategy for RA.
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Introduction

Rheumatoid arthritis (RA), a widespread Cyclic adenosine monophosphate (cAMP),

autoimmune disease, involves persistent synovial
inflammation and progressive joint destruction,
affecting approximately 1% of the global
populationl. Fibroblast-like synoviocytes (FLSs) play
a crucial role in RA progression due to their
hyperproliferation and invasiveness.

produced through the Gas-cAMP signaling pathway,
exerts potent immunomodulatory effects on immune
responsesl?. Elevated intracellular cAMP inhibits T
cell activation and suppresses the differentiation of
monocytes!> 3. Moreover, an increased intracellular
cAMP content effectively inhibits FLSs proliferation
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through diverse signaling pathwaysl¥. In previous
studies, we observed decreased intracellular cAMP
concentration in FLSs within experimental arthritis
modelsi* 5. However, inhibiting G protein-coupled
receptors (GPCRs) desensitization mediated by G
protein coupled receptor kinase 2 (GRK2) led to
increased cAMP concentration and relieved
experimental arthritis modelsl*. Therefore, agents
enhancing cAMP production or suppressing cAMP
hydrolysis are potential therapeutic strategies for
inhibiting hyperproliferative FLSs in RA.

Intracellular cAMP is synthesized and
hydrolyzed by adenylate cyclases and
phosphodiesterases (PDEs), respectively. PDE4, a
major cAMP-hydrolyzing isoenzymes, is ubiquitously
expressed in both immune and non-immune cells[2 °l.
Inhibiting PDE4 effectively elevates intracellular
cAMP  concentration and  inhibits = various
inflammatory responses, including proliferation,
chemotaxis, and the secretion of inflammatory
factorsl2l. Apremilast, a novel oral PDE4 inhibitor
approved for psoriasis and psoriasis arthritis, has
been shown to inhibit TNF-a production from
RA-FLSs, reduce RA-FLSs migration and invasion
into cartilage, and ameliorate experimental arthritis
models!” 8l. Regrettably, most of PDE4 inhibitors have
been discontinued due to severe side effects,
including nausea, vomiting, diarrhea, and abdominal
pain?. PDE4 is encoded by four separate genes
(PDE4A-D), and the catalytic domain is highly
conserved among the four subtypesi?. PDE4A,
PDE4B, and PDE4D are ubiquitously expressed in
various immune cells (T and B cells, dendritic cells,
monocytes, macrophages eosinophils, neutrophils)
and non-immune cells (FLSs, bronchial smooth
muscle cells, chondrocytes), while PDE4C is
minimally active or absent!> ¢ %111, However, others
have indicated that, although PDE4C is largely absent
in immune cells, it is present in non-immune cells
such as keratinocytes and epithelial cells!'> 3. Among
these, PDE4D has been implicated in multiple
inflammatory diseases, and its inhibition can alleviate
animal models of these diseases. For example,
inhibition of PDE4D is a potential therapeutic
approach for psoriasisi’* 5. In a mouse model of
asthma, the expression of PDE4D mRNA was
increased, and this increased expression was
significantly correlated with airway hyperreactivity.
Treatment with ciclamilast, a PDE4 inhibitor,
inhibited PDE4D  expression, down-regulated
cAMP-PDE4 activity, and reduced inflammatory
cytokinesl'®l. The expression levels of PDE4D have
been reported to be notably higher in the synovium
and TNF-a-treated FLSs of RA patientsl®], suggesting
that PDE4D may be an effective target for RA

treatment, particularly in the context of
hyperproliferative FLSs. However, the effect of
PDE4D in RA, a chronic inflammatory disease, has
not yet been studied. It is worth noting that there are
no marketed PDE4D subtype-selective inhibitors, and
BPN14770, an allosteric inhibitor of PDE4D, is being
studied in the context of cognitive function and other
brain disorders, but still exhibits some inevitable side
effects(17. 18]. Therefore, investigating the mechanisms
behind PDE4D overexpression and exploring
strategies to manipulate its expression in FLSs are
crucial for advancing RA treatment.

GRK2 1is implicated in various diseases,
including RA, through its regulation of the
desensitization and internalization of multiple
GPCRs!l. We have previously reported elevated
GRK2 expression in synovial tissues of both RA
patients and arthritis animal models/2% 2. The
increased GRK2 results in GPCRs desensitization and
subsequent hyperplasia of FLSs, thereby driving the
irreversible progression of RAM. Additionally,
besides GPCRs desensitization, GRK2 influences key
signaling pathways, including extracellular signal-
regulated kinase 1/2 (ERK1/2), phosphatidylinositol
3-kinase (PI3K), mitogen-activated protein kinase
(MAPK), and nuclear factor kappa-B (NF-xB)Z2l.
However, the functional relevance and the underlying
mechanisms of GRK2-regulated PDE4D in RA have
yet to be explored. Based on the findings, we
hypothesize that in RA-FLSs, increased GRK2 results
in PDE4D upregulation, reducing intracellular cAMP
and exacerbating RA by promoting uncontrolled FLSs
hyperproliferation. Paeoniflorin-6'-O-benzene
sulfonate, designated as CP-25 (chemical formula:
CH3013S5; Chinese patent number: ZL.2012100
30616.4), is an esterified derivative of Paeoniflorin
developed within our laboratory. As an inhibitor of
GRK2, it displays a diverse range of anti-
inflammatory and immunomodulatory activities in
autoimmune diseases, including systemic lupus
erythematosus, inflammatory = bowel disease,
Sjogren’s syndrome and RAI[?.  Studies have
demonstrated that CP-25 suppresses the abnormal
proliferation of FLSs mediated by EP4 desensitization
via GRK224. However, the potential of CP-25 to
regulate PDE4D remains unexplored. In the present
study, we investigated, for the first time, the impact of
CP-25 on PDE4D through GRK2.

In this study, we demonstrated a significantly
upregulation of PDE4D in FLSs from both RA patients
and experimental arthritis models, which contributes
to the hyperproliferation of FLSs. Genetic deficiency
of Pde4d reduced arthritis severity in CIA mice.
Furthermore, we found that the heightened
expression of PDE4D was regulated by GRK2. Genetic
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deletion or pharmacological inhibition of GRK2
significantly attenuated the progression of arthritis in
animal models. This is the first study to evaluate the
role of PDE4D and GRK2-PDE4D axis in RA by
suppressing FLSs proliferation, thereby providing an
alternative therapeutic approach for RA.

Materials and Methods

Animal

Pde4d* mice (Strain NO. T032409) and Grk2+-
mice (Strain NO. T014508) were purchased from
GemPharmatech (Nanjing, China). Male Sprague
Dawley rats, 6-8-weeks-old, (150 ~ 200 g) were
purchased from Charles River Laboratories (Beijing,
China). The animals were housed in a specific
pathogen-free animal laboratory at the institute of
Clinical Pharmacology of Anhui Medical University.
All animal experiment protocols were reviewed and
approved by the Ethics Committee of Institute of
Clinical Pharmacology of Anhui Medical University
(LLSC20190307).

Human samples

Knee synovium tissues used in this investigation
were obtained from RA and OA patients undergoing
knee arthroplasty at the First Affiliated Hospital of
Anhui Medical University. The healthy control
synovium tissues were obtained from trauma patients
without inflammatory knee joint disorders. Each
patient gave written informed consent and the
research protocols were approved by the Ethics
Committee of Institute of Clinical Pharmacology of
Anhui Medical University (Ethical NO. 20200608).

Primary FLSs isolation, culture, transfection
and treatment

Primary human and rat-FLSs were obtained
from fresh synovium tissues as previously
described®, and cultured in Dulbecco’s modified
Eagle medium with 20% fetal bovine serum (FBS) and
1% penicillin-streptomycin. Cells were transfection
with GRK2 siRNA and negative control (NC) siRNA,
GRK2 overexpressed plasmid and vector, or
pcDNA3-ICUE3 using Lipofectamine 2000 and P300
(11668027, Thermo Fisher Scientific, Waltham, MA,
USA) according to the manufacturer’s instructions.
The siRNA and NC sequences used for transfection
are listed in Table S1.

To elucidate the intracellular pathway
contributing to GRK2-mediated PDE4D regulation,
the rat-FLSs were divided into different groups
(blank, TNF-a alone, and TNF-a + different inhibitors
as indicated). The inhibitors included an NF-«xB
inhibitor (JSH-23, 10 pM, HY-13982), a PI3K inhibitor

(NVP-BAGY956, 10 pM, HY-13333), a JNK inhibitor
(Bentamapimod, 7.5 pM, HY-14761), a p38 inhibitor
(Doramapimod, 10 pM, HY-10320), and an ERK
inhibitor (Ravoxertinib, 5 pM, HY-15947), all obtained
from MedChemExpress (NJ, USA). CP-25 (1 pM) was
used as a positive control to inhibit PDE4D
expression.

Quantitative PCR (qPCR) and PCR for
genotyping

Total RNA from FLSs of CIA and normal rats
was extracted using Trizol (15596-018, Thermo Fisher
Scientific, MA, USA) following the manufacturer’s
instructions. Complementary DNA synthesis was
performed using 1 pg of RNA with MMLV Reverse
Transcriptase (R122-01, Vazyme, Jiangsu, China)
following the manufacturer's protocols. SYBR Green
Master Mix (Q111-02, Vazyme, Jiangsu, China) was
used for qPCR, and gene expression was normalized
to Gapdh using the 222C¢t method. The specific
samples for PCR genotyping experiments were
collected from the tails of littermate mice. DNA was
extracted from approximately 3 mm long tail tips of
littermates using alkaline lysis and centrifugation.
PCR amplification was then performed using the
extracted DNA and corresponding primers (T100
Thermal Cycler, Bio-Rad, CA, USA). The amplified
products were separated by 2% agarose gel
electrophoresis. Primer sequences for qPCR and
genotyping are list in Table S1.

Hematoxylin and eosin (H&E) and Safranin
O-fast green (SO/FG) staining

Following euthanasia of mice and rats at
specified times, joint synovial tissues and hind limbs
from both species were fixed, decalcified, and
embedded. Synovium specimens from RA and OA
patients underwent fixation and embedding. Paraffin
slides (5 pm) were dewaxed, rehydrated, and
subjected to H&E or SO/FG staining. Scanning of
slides was performed using Pannoramic MIDI II
(3DHISTECH, Budapest, Hungary), and analysis was
carried out wusing CaseViewer software 24
(3DHISTECH, Budapest, Hungary). The
histopathological changes were determined by
evaluating the inflammation, bone erosion, pannus
formation, and synoviocytes proliferation. Each
parameter was graded from 0 to 4 (0 = no effect, 4 =
severe effect) as previously described!* %I,

Immunohistochemical (IHC) staining

IHC staining was performed as previously
described[26]. Briefly, paraffin-embedded synovium
tissues were sectioned, deparaffinised and hydrated
routinely, followed by antigen retrieval. After
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neutralizing endogenous peroxidase, the slides were
incubated overnight at 4 °C with anti-PDE4D and
anti-GRK2 primary antibodies (see Table S2). The
following day, biotin-labelled secondary antibody
incubation was performed, followed by DAB staining
and counterstaining with hematoxylin. Finally, the
slides were mounted with neutral gum, scanned using
Pannoramic MIDI 1I (3DHISTECH, Budapest,
Hungary) and analyzed via CaseViewer software 2.4
(3DHISTECH, Budapest, Hungary).

Immunofluorescence (IF) staining

Paraffin-embedded synovium tissues were
performed following the IHC protocol. For
subsequent IF staining, slides were permeabilized and
blocked with bovine serum albumin for 1 h at room
temperature. Synovium slides were then incubated
overnight at 4 °C with anti-PDE4D, anti-GRK2,
anti-p65 and anti-p-ERK primary antibodies (detailed
information was described in Table S2). After
rewarming and washing, the slides were incubated
with Alexa Fluor 488-Anti-mouse and Alexa Fluor
594-Anti-rabbit secondary antibodies (detailed
information was described in Table S2) at room
temperature for 1 h. Finally, the slides were mounted
with neutral gum, scanned using Pannoramic MIDI I
(3DHISTECH, Budapest, Hungary) and analyzed via
CaseViewer software 2.4 (3DHISTECH, Budapest,
Hungary).

Western blot assay

Proteins from FLSs, mouse tails, or paws were
extracted using RIPA lysis buffer supplemented with
a protease and phosphatase inhibitor cocktail (P1048,
Beyotime, = Shanghai, China) as previously
described!?¢l. Briefly, protein lysates were separated
on 10% SDS-PAGE gels, transferred onto PVDF
membranes (IPVH00010, Millipore, USA), and
blocked with 5% skim milk. Membranes were then
incubated with primary antibodies overnight at 4 °C
(detailed information was described in Table S2),
followed by incubation with HRP-conjugated
anti-rabbit or anti-mouse IgG secondary antibodies
for 1 h at room temperature. Protein bands were
visualized using enhanced chemiluminescence and
band intensities (GAPDH as a loading control) were
quantified suing Image] software 1.8.0 (NIH, MD,
USA).

Transwell assay

To assess the migration ability of RA-FLSs, a
24-well chamber (8-um-pore) (Corning, Tewksbury,
MA, USA) was used. Briefly, 5x10% RA-FLSs in 250 pl
of serum-free medium were seeded in the upper
compartment of the transwell apparatus. To the lower

chambers, 750 pl of complete medium containing 10%
FBS was added. After 24 h of culturing, non-migrated
FLSs on the upper surface of the chambers were
gently removed, and the migratory cells on the lower
surface were fixed and stained. Five random areas of
each well were photographed using a microscope
(OLYMPUS TH4-200, Japan) and counted by Image]J
software 1.8.0 (NIH, MD, USA).

Apoptosis assay
Apoptotic FLSs were determined using the

Annexin V-APC/PI  Apoptosis Detection kit
(BB-41033, Bestbio, Jiangsu, China) on a BD
FACSCanto™  flow cytometer following the

manufacturers' protocols. Briefly, cells were collected,
washed twice with cold PBS, incubated with Annexin
V-APC and PI in 1x Annexin V binding solution, and
then analyzed using FlowJo software 10.8.1 (BD
Biosciences, NJ, USA) for data acquisition, analysis,
and reporting.

Cellular vitality and proliferation assay

To assess the cellular vitality of FLSs, pre-treated
FLSs were plated at 5x10° cells per well in a 96-well
plate and cultured at 37 °C and 5% CO; for 5 h.
Subsequently, 10 pl of CCK-8 solution (BS350A,
Biosharp, Hefei, China) was added to each well and
incubated for an additional 5 h. T lymphocytes
obtained from the thymus of mice were seeded in a
96-well plate (1x10¢ per well) and stimulated with 5
mg/L ConA at 37 °C and 5% COz for 48 h. Four hours
before the end of the culture, 10 pL of CCK-8 solution
was added to each well and incubated for an
additional 5 h. Cellular vitality, reflected by
absorbance at OD 450 nm, was measured using a
microplate reader (Infinite M1000 PRO, Tecan,
Switzerland). For detecting FLSs cellular proliferation,
5x10% FLSs were seeded into a 96-well plate, treated
differently for 48 h, washed with cold PBS, fixed with
4% paraformaldehyde for 20 min, and incubated with
DAPI for 5 min at room temperature. Cell numbers in
per well were analyzed using a high content cell
imaging system (HCCIS) (Image Xpress Micro 4,
Molecular Devcies, CA, USA).

Enzyme-linked immunosorbent assay (ELISA)

For IL-6 quantification, the supernatant from
FLSs was collected, centrifuged to remove cellular
debris, and immediately used for IL-6 quantification
following the manufacturer's recommendations
(EK106, Multi Science, Hangzhou, China). For cAMP
quantification, FLSs were washed twice with cold PBS
and lysed by 01 M HCI for 10 min at room
temperature. After centrifugation, the supernatant
was immediately assayed using a cAMP Enzyme
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Immunoassay kit (ZY-cAMP-HU, Zeye, Shanghai,
Chian) following the manufacturer's indications.
Animal serum was collected, and the level of TNF-a
was detected using commercial mouse (E-EL-M3063)
and rat (E-EL-R2856) TNF-a ELISA Kits (Elabscience,
Wuhan, China), respectively, according to the
manufacturer's instructions.

FRET analysis of cAMP

For cAMP FRET analysis, rat-FLSs transfected
with the pcDNA3-ICUE3 plasmid were treated with
TNF-a (20 ng/ml) for 24 h or co-treated with TNF-a
and CP-25 (1 pM) for 24 h. Cell slides were placed in a
glass-bottom petri dish containing 2 ml PBS, and
simultaneous collection of two images in the 480 nm
and 535 nm channels was performed using a FRET
module under a laser confocal microscope equipped
with a 40-fold lens (Leica DM IRB Microsystems). The
exposure time for both channels was set at 200 ms,
with an interval of 20 s. Quantification of the specific
signal involved subtracting the fluorescence intensity
of nonspecific areas from the intensity of fluorescent
cells expressing the sensor. Following a 5-minute
baseline measurement, rat-FLSs were stimulated with
Forskolin (10 pM) and IBMX (10 pM) or PGE; (10 pM).
The FRET ratio (CFP/YFP) was calculated for each
individual FLSs.

Experimental arthritis animal models and
treatment

Three experimental arthritis animal models were
used in this study. 1) Mouse collagen-induced
arthritis (CIA) model: The mouse CIA model was
induced as previously described?”l. Briefly, male
Pded4d*+ and Pde4d’ mice (10-12-weeks-old) were
intradermally immunized with 200 pg of chicken type
II collagen (20011, Chondrex, Redmond, WA, USA)
emulsified in an equal volume of 10 mg/ml complete
Freund’s adjuvant (CFA) (7027, Chondrex, Redmond,
WA, USA). On days 14 and 21, the mice were
re-immunized by intradermally injecting chicken type
I collagen emulsified in incomplete Freund’s
adjuvant (7002, Chondrex, Redmond, WA, USA). 2)
Mouse collagen antibody-induced arthritis (CAIA)
model: For the induction of the mouse CAIA model,
male Grk2*+ and Grk2*- mice (10-12-weeks-old) were
intraperitoneally injected with 4 mg of anti-collagen-II
5-clone antibody cocktail (53100, Chondrex,
Redmond, WA, USA) on day 0, followed by a
subsequent intraperitoneal injection of 40 mg
lipopolysaccharide on day 3, as previously
described?®l. 3) Rat CIA model and treatment: For the
induction of the rat CIA model, male Sprague Dawley
rats (8-10-weeks-old) were immunized by intradermal
injection in the tail with 200 pg of chicken type II

collagen emulsified in an equal volume of 8 mg/ml
CFA. On day 7, the rats were re-immunized with the
chicken type II collagen emulsion, as previously
describedl?8l.  After the onset of arthritis
(approximately 14 days after the first immunization),
CIA rats were randomly assigned to CIA + Vehicle,
CIA + CP-25, and CIA + MTX groups. CP-25 (50
mg/kg/day), methotrexate (MTX) (0.5 mg/kg/every
3 days), or Vehicle were administered by gavage from
day 14 to day 35 the after first immunization. CP-25
[C2oH3,0135, molecular weight: 620], a white
crystalline powder with purity>98%, was provided by
the Chemistry Laboratory of the Institute of Clinical
Pharmacology of Anhui Medical University (Hefei,
China). MTX (2.5 mg per tablet) was purchased from
XINYI Medical (Shanghai, China). The dosages of
CP-25 and MTX were chosen based on our previous
researchl?.

Arthritis assessment

The swollen joint count, arthritis index, and
global score were used to assess the severity of
arthritis. Five phalanx joints and one ankle or wrist
joint were included in the swollen joint count;
therefore, the maximum count for each animal was 24.
The arthritis index was scaled from 0 to 4 for each
paw, resulting in a maximum score of 16. The arthritis
index and the global scored as previously describedl.

Statistical analysis

All experiments were independently repeated at
least three times. Statistical analyses were conducted
using GraphPad Prism 9.4.1 software (GraphPad, CA,
USA). Two-way analysis of variance and Student’s t
tests were employed to determine the differences
between experimental groups. Data pertaining to
histopathologic scores were presented by volume
quartiles. Non-parametric Mann-Whitney U test was
used to compare two groups, while Kruskal-Wallis
test with Dunn’s multiple comparison test correction
was used to compare multiple groups. p-values < 0.05
were considered statistically significant.

Results

PDEA4D exhibits abundant expression in the
synovial tissues of both experimental arthritis
animals and RA patients

PDE4 is encoded by four separate genes
(Pde4a-Pdedd). To investigate which PDE4 subtype
plays a crucial role in the abnormal proliferation of
RA-FLSs, we successfully induced the rat CIA model
(Fig. Sla-e). Notably, Pde4d mRNA, but not Pde4a,
Pde4b, or Pdedc, exhibited a significant increase in CIA
rat-FLSs compared with normal FLSs (Fig. 1la).
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Immunoblots confirmed a distinct up-regulation of
PDE4D protein expression in CIA rat-FLSs compared
with normal rats (Fig. 1b). Consistent with these
findings, IF staining revealed heightened vimentin
and PDE4D expression in CIA synovial tissues
compared with normal tissues, especially in
hyperproliferative FLSs (co-localized with
vimentin-positive cells) (Fig. 1c). A strong positive
correlation between the mean fluorescence intensity
(MFI) of vimentin and PDE4D further supported
these observations (Fig. 1d). Similar results were
observed using protein lysates from FLSs of RA
patients, where PDE4D protein was significantly
overexpressed compared with healthy controls (Fig.
1le). IHC staining data also revealed increased PDE4D
expression in the synovium of RA patients and CIA
mice compared with that of OA patients and normal
mice, respectively (Fig. 1f and g). Moreover,
re-analysis of the microarray data (GSE181614) from
human FLSs revealed marked upregulation of Pde4d
mRNA in RA patients compared with trauma patients
(Fig. S1f). These findings collectively demonstrate the
highlighted PDE4D expression in the synovium of
both experimental arthritis animals and RA patients,
emphasizing its potential significance in RA
pathogenesis.

Pde4d deletion prevents arthritis development
in CIA mice

To further elucidate the role of Pde4d in RA
development, we induced the CIA model in both
Pde4d** and Pde4d’ mice. Deleting Pde4d (Fig. S2a-c
and Fig. 2a) significantly reduced disease incidence,
severity, swollen joint count, and arthritis index in
Pde4d’ CIA mice compared with Pde4d*+ CIA
littermates (Fig. 2b-d). Pde4d knockout significantly
ameliorated paw swelling and diminished power
Doppler signals (reflecting vascularization and blood
flow in the synovium) in CIA mice, while normal
Pde4d** and Pde4d’ mice (without immunization)
showed no arthritis disorders (Fig. 2e). Moreover,
histopathological analysis (HE and SO/FG staining)
revealed milder arthritis symptoms in Pde4d’ CIA
mice, with reduced hyperplastic synovium,
inflammatory  cells, vascularization, cartilage
destruction, and joint space narrowing compared
with Pde4d** CIA mice (Fig. 2f-g). Additionally, Pde4d
deletion lowered scores for inflammation, cartilage
erosion, pannus formation, and synoviocytes
proliferation compared with that of Pde4d** CIA mice
(Fig. 2h). TNF-a levels were increased in CIA mice
compared with normal mice. However, Pde4d
knockout significantly reduced the increased TNF-a
compared with Pde4d wild-type CIA mice (Fig. 2i).
Interestingly, immunizing Pde4d** mice with chick

type II collagen showed enlarged spleens and thymus,
whereas Pde4d’ mice showed improvement (Fig.
2j-k). Furthermore, T-cell vitality was enhanced in
Pde4d*+ CIA mice, whereas Pde4d ablation suppressed
T-cell vitality (Fig. 2l). These results collectively
demonstrate that Pde4d deletion effectively prevents
arthritis development in CIA mice.

Inhibiting PDE4D significantly ameliorates
TNF-a-induced arthritic phenotypes of FLSs

RA involves uncontrolled FLSs proliferation
induced by pro-inflammatory cytokines, particularly
TNF-al®l. To investigate the role of PDE4D in
TNF-induced FLSs proliferation, normal rat-FLSs
were isolated and treated with TNF-a (20 ng/ml)M or
vehicle. The expression of Pde4d mRNA was
significantly increased, whereas the expression of
Pde4a, Pde4b, or Pde4c remained unchanged (Fig. 3a),
aligning with the mRNA expression pattern observed
in rat CIA FLSs (Fig. 1a). Immunoblots confirmed an
increase in PDE4D expression in rat-FLSs in response
to TNF-a stimulation (Fig. 3b). In agreement with
these results, TNF-a obviously promoted FLSs
proliferation and upregulated PDE4D expression (Fig.
3c-e). Importantly, there was a strong positive
correlation between cell number and the MFI of
PDE4D (Fig. 3f). To investigate TNF-a's impact on
intracellular cAMP, a FRET assay using the cAMP
detection biosensor ICUE3 revealed reduced
Forskolin-induced cAMP production by TNEF-q,
indicating suppressed intracellular cAMP levels (Fig.
3g). Subsequently, the TNF-a-mediated reduction in
cAMP levels was reversed by IBMX (10 pM)B0, a
pan-PDEs inhibitor, suggesting that upregulated
PDEs activity contributed to the TNF-a-impaired
cAMP signaling in FLSs (Fig. 3g). Consistently,
intracellular cAMP, reduced by TNF-a, was
effectively restored by applying the PDE4D allosteric
inhibitor BPN14770 (1 pM)B! (Fig. 3h). Taken
together, these data confirm that TNF-a enhances
PDE4D expression and activity, significantly
inhibiting intracellular cAMP production in rat-FLSs.

Activated FLSs exhibit hyperproliferation and
migration. Inhibiting PDE4D with BPN14770 (1 pM)
significantly decreased rat-FLSs proliferation in
response to TNF-a stimulation compared with the
vehicle control (Fig. S3a-b). Meanwhile, BPN14770
treatment effectively inhibited TNF-a-evoked cell
vitality (Fig. 3i), proliferation (Fig. 3j-k) and migration
(Fig. 31), while enhancing apoptosis of RA-FLSs (Fig.

3m). Furthermore, BPN14770 restrained
TNF-a-induced IL-6 synthesis in RA-FLSs (Fig. 3n).
These results collectively demonstrate that

TNF-a-induced arthritic phenotypes in FLSs are
mediated by upregulating PDE4D expression.
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Figure 1. Expression of PDE4D in experimental arthritis models and patients with RA. (a) Transcript analysis of PDE4 isoforms in FLSs from synovial tissues of normal and CIA
rats. n = 3. (b) Immunoblot analysis and quantification of PDE4D protein expression in FLSs from synovial tissues of normal and CIA rats. n = 6. (c) Representative IF (left) and
quantification (right) of vimentin and PDE4D in synovial tissues of normal and CIA rats. n = 5. (d) Correlation analysis of vimentin MFl with PDE4D MFI in CIA mice synovial
tissues. Two-tailed Spearman correlation test. (€) Immunoblot analysis and quantification of PDE4D protein expression in FLSs from synovial tissues of healthy controls and RA
patients. n = 6. (f) Representative H&E staining images (rightmost) and IHC staining analysis of PDE4D protein expression in synovium of OA and RA patients. (g) Representative
H&E staining images (rightmost) and IHC staining analysis of PDE4D protein expression in synovium of normal and CIA mice. Data are presented as mean * SD from at least three
independent experiments. *p < 0.05 and ***p < 0.001.
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Figure 2. Pde4d deletion reduced arthritis severity in CIA mice. (a) Hind paws from normal and CIA mice were homogenized in cell lysis buffer, and PDE4D protein was detected
by immunoblot, n = 4. (b) Arthritis incidence in CIA and normal mice. Logrank (Mantel-Cox) test. (c) Swollen joint count and (d) arthritis index of mice was recorded from the
20th day to the 56th day after the first immunization. n = 3-6. (e) Representative photographs of paws (upper) and power Doppler signals which reflecting vascularization and
blood flow of synovium (lower) in different groups. (f) Representative images of H&E and (g) SO/FG staining of ankle joint sections from Pde4d*"* and Pde4d-- CIA mice on the 56th
day after the first immunization. Histopathologic changes include synovial hyperplasia (red arrowhead), pannus (blue arrowhead), infiltrating inflammatory cells (green
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arrowhead), and cartilage destruction (yellow arrowhead). (h) The histopathologic score inflammation, cartilage erosion, pannus formation, and synoviocytes proliferation of
Pde4d*™* and Pde4d" CIA mice. n = 4-6. (i) The levels of TNF-a in mice serum were measured by ELISA. n = 3-6. (j) Spleen index (spleen weight (SW, mg)/bodyweight (BW, g)
x10) and (k) thymus index (thymus weight (TW, mg)/bodyweight (BW, g) x10) in different groups. n = 3-6. (I) T cells vitality in different groups detected by CCK-8. n = 3-6. Data
are presented as mean * SD from at least three independent experiments. *p < 0.05, *p < 0.01 and **p < 0.001.
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Figure 3. Inhibiting PDE4D significantly ameliorated TNF-a-induced arthritis phenotypes of FLSs. a-f, normal rat-FLSs were isolated and stimulated with TNF-a (20 ng/ml) or
vehicle for 48 h. (a) Transcript analysis of PDE4 isoforms in FLSs. n = 6. (b) Immunoblot analysis and quantification of PDE4D protein expression in FLSs. n = 5. (c) Representative
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IF staining of DAPI and PDE4D, (d) quantification of cell number by HCCIS, and (e) MFI of PDE4D in FLSs.n = 5. (f) Correlation analysis of cell number with PDE4D MFI.
Two-tailed Spearman correlation test. (g) cAMP contents in rat-FLSs after TNF-a, Forskolin or IBMX treatment were detected by FRET. n = 7. h-k and m-n, RA-FLSs were
stimulated with TNF-a (20 ng/ml) and treated with BPN14770 for 48 h. (h) Intracellular cAMP contents in FLSs were detected by ELISA. n = 4. (i) Cellular vitality of FLSs detected
by CCK-8. n = 5. (j) Representative images of cell number and (k) quantification of FLSs detected by HCCIS. n = 5. (I) Migration of RA-FLSs assessed and counted from six different
patients and performed in triplicate after treatment with Vehicle and BPN14770. Five different fields were selected for cell counting. n = 6. (m) Representative flow cytometry
plots and quantification of apoptotic FLSs. n = 4. (n) Concentrations of IL-6 in supernatant were measured by ELISA. n = 4. Data are presented as mean * SD from at least three

independent experiments. *p < 0.05, *p < 0.01 and **p < 0.001.

GRK2 mediates overexpressed PDE4D in
TNF-a-treated FLSs through the NF-kB p65
and ERK pathways

We have previously reported that GRK2,
abundantly expressed in TNF-a-treated FLSs, is
crucial for FLSs proliferation. IHC staining of
synovium from CIA mice and RA patients showed
increased GRK2 expression compared with normal
mice and OA patients (Fig. 4a-b), respectively.
Notably, compared with OA patients, GRK2 and
PDE4D expression were obviously elevated in the
synovium of RA patients, with elevated GRK2 levels
correlating with increased PDE4D expression and vice
versa (as indicated by the red and white arrows) (Fig.
4c). The consistent expression patterns of GRK2 and
PDE4D suggested a potential regulatory role of GRK2
in PDE4D expression. As validated, TNF-a (20 ng/ml)
stimulation increased GRK2 expression in rat-FLSs
(Fig. S4a-b). Importantly, TNF-a-induced PDE4D
expression was eliminated by GRK2 deficiency (Fig.
4d and Fig. S4c-d). Moreover, inhibiting GRK2 with
paroxetinel¥ or the novel GRK2 inhibitor CP-25, an

esterification =~ modification of  paeoniflorin,
significantly ~prevented TNF-a-induced PDE4D
expression (Fig.  4e). Conversely, GRK2

overexpression (OE) directly upregulated PDE4D
protein expression in rat-FLSs (Fig. Sde-g). These
results indicate that TNF-a-mediated upregulation of
PDE4D may dependent on GRK2.

Consistent with the reduced PDE4D expression
observed with GRK2 inhibitors, CP-25 or paroxetine
attenuated TNF-a-induced rat-FLSs proliferation (Fig.
4f). Prostaglandin E; (PGEz), a ligand of the
prostaglandin receptor, was used to increase
intracellular cAMP contentl. TNF-a (20 ng/ml)
pre-treatment robustly reduced PGEz-stimulated
cAMP concentration, potentially due to
TNF-a-induced upregulation of PDE4D (Fig. 4g).
CP-25 (1 pM) significantly reversed the
TNF-a-mediated reduction of cAMP production in
response to PGE,, whereas CP-25 alone had a limited
effect on PGEz-induced cAMP synthesis (Fig. 4g).
These  findings  collectively  indicate  that
TNEF-a-induced GRK2 promotes PDE4D expression,
leading to a reduction in intracellular cAMP
concentration and the hyperproliferation of FLSs.

While the connection between GRK2 and PDE4D
in FLSs is established, the exact mechanism remains
unclear. GRK2 influences downstream molecules
through various pathways, including MAPK, PI3K,
ERK and NF-xBI?? 321, To explore the pathway by
which GRK2 regulates PDE4D, TNF-stimulated FLSs
were treated with inhibitors of different pathways,
including the NF-xB inhibitor (JSH-23, 10 pM)B3],
PI3K inhibitor (NVP-BAG956, 10 pM)B4, JNK
inhibitor (Bentamapimod, 7.5 pM)P], p38 inhibitor
(Doramapimod, 10 pM)B,  ERK  inhibitor
(Ravoxertinib, 5 pM)B71 and CP-25 (1 pM)4. We
found that NF-xB, p38, and ERK inhibitors, as well as
CP-25, significantly suppressed TNF-a-induced
PDE4D upregulation, while PI3K and JNK inhibitors
had limited effects (Fig. 4h). Knocking down GRK2
with siRNA inhibited p65 and ERK phosphorylation
but had a limited effect on p38 phosphorylation in
TNEF-a-stimulated rat-FLSs (Fig. 4i-j). Moreover, there
was no difference in GRK2 expression between
Pde4d** and Pde4d” CIA mice (Fig. S4h-i). The
expression of p65, particularly in the nucleus, and
p-ERK were notably reduced in Pde4d” CIA mice
compared with Pde4d*+ CIA mice (Fig. 4k and Fig.
54j-k). These results demonstrate that TNF-a-induced
upregulation of PDE4D in rat-FLSs is, at least
partially, dependent on GRK2-mediated activation of
the p65 and ERK pathways.

Grk2-deficient mice decrease PDE4D and
relieve arthritic symptoms in CAIA

To elucidate the specific role of GRK2 in PDE4D
expression and experimental arthritis in vivo,
Grk2-deficient and Grk2** littermate mice were used
as experimental animals to induce the CAIA model
(Fig. 5a), another well-established experimental
arthritis modell?l. As global Grk2 knockout (Grk2+)
mice are embryonically lethal8l, Grk2 heterozygous
knockout mice (Grk2*") were utilized. Immunoblots
revealed that Grk2* mice exhibited a significant
reduction in GRK2 protein expression (Fig. Sba-b),
which was consistent with previous report( 3.
Following induction of the CAIA model, Grk2+*
CAIA mice exhibited severe joint inflammation and
paw swelling, peaking around days 8-11 (Fig. 5b-c). In
contrast, Grk2* CAIA mice showed a significant
reduction in swollen joint counts (Fig. 5b) and arthritis
index (Fig. 5¢).
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Figure 4. Overexpressed PDE4D in TNF-a-treated FLSs was mediated by GRK2. (a) Representative images of IHC staining of GRK2 from the synovium of normal and CIA mice.
(b) Representative images of IHC staining of GRK2 from the synovium of OA and RA patients. (c) Representative double-staining IF of PDE4D and GRK2 from the synovium of
OA and RA patients. (d) Immunoblot analysis and quantification of PDE4D and GRK2 protein expression in rat-FLSs after transfected with GRK2 siRNA and NC siRNA. n = 5.
(e) Immunoblot analysis and quantification of PDE4D protein expression in rat-FLSs after treated with GRK2 inhibitors. n = 5. (f) Representative images of cell number (left) and
quantification (right) of rat-FLSs after treated with GRK2 inhibitors detected by HCCIS. n = 5. (g) cAMP contents in rat-FLSs after treated with PGE2, TNF-a and CP-25 were
detected by FRET. n = 9. (h) Immunoblot analysis and quantification of PDE4D protein expression in rat-FLSs after treated with different pathway inhibitors. n = 5. (i) Immunoblot
analysis and quantification (j) of p-p65, p65, p-ERK, ERK, p-p38, and p38 protein expression in rat-FLSs after transfected with GRK2 siRNA and NC siRNA. n = 5. (k)
Representative p-ERK and P65 IF staining in the synovium of CIA mice. Data are presented as mean * SD from at least three independent experiments. *p < 0.05, “p < 0.01 and
**p < 0.001.
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Figure 5. Grk2-deficient mice relieved symptoms in CAIA. (a) Male Grk2+/*+ and Grk2+- mice were used to establish a CAIA mouse model as indicated. (b) Swollen joint count and
(c) arthritis index of mice were recorded from the Oth day to the 12th day after intraperitoneal injection of mouse monoclonal anti-collagen-Il 5-clone antibody cocktail. n = 5.
(d) Representative photographs of paws (upper) and H&E staining (lower) of the ankle joint sections from different groups. Histopathologic changes include synovial hyperplasia
(red arrowhead), pannus (blue arrowhead), infiltrating inflammatory cells (green arrowhead), and cartilage destruction (yellow arrowhead). (e) Histopathological score of
inflammation, cartilage erosion, pannus formation, and synoviocytes proliferation of Grk2** and Grk2*- CAIA mice. n = 5. (f) Representative double-staining IF of PDE4D and
GRK2 from the synovial tissues of normal and CAIA mice. (g) Quantification of vimentin and (h) PDE4D MFl in the synovial tissues of normal and CAIA mice. n = 5. (i) The levels
of TNF-a in mice serum were measured by ELISA. n = 5. (j) Representative p-ERK and P65 IF staining in the synovium of CAIA mice. Data are presented as mean * SD from at
least five independent experiments. “p < 0.05, “p < 0.01 and **p < 0.001.

Moreover, Grk2** CAIA mice, compared with  along with synovium hyperplasia, inflammatory cells
Grk2+- CAIA mice, exhibited more severe symptoms, infiltration, extensive pannus formation, and cartilage
including swollen ankles and thick paws (Fig. 5d),  destruction (Fig. 5d). Normal Grk2** and Grk2*- mice
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(without immunization) showed no signs of arthritis
disorders (Fig. 5b-d). In contrast, Grk2*- CAIA mice
displayed synovial tissues with only one or two layers
of synoviocytes, devoid of infiltrated inflammatory
cells or damaged cartilage (Fig. 5d). Additionally,
Grk2*-  CAIA mice had significantly lower
histopathology scores compared with Grk2** CAIA
mice (Fig. 5e). Furthermore, IF staining demonstrated
that vimentin and PDE4D staining were strongly
enhanced and highly co-localized in synovium
sections from Grk2** CAIA mice (Fig. 5f-h). In
contrast, Grk2*- CAIA mice exhibited reduced
vimentin and PDE4D staining (Fig. 5f-h). Compared
with normal mice, TNF-a levels were increased in
CAIJA mice. However, the increased TNF-a levels
were significantly reduced in Grk2* CAIA mice when
compared with Grk2%+ CAIA mice (Fig. b5i).
Furthermore, the expression of p65, especially in the
nucleus, and p-ERK were significantly reduced in
Grk2+- CAIA mice compared with Grk2** CAIA mice
(Fig. 5j and Fig. S5c-d). Collectively, these results
demonstrate that Grk2 deficiency reduces PDE4D
expression and effectively ameliorates the severity
and progression of experimental arthritis.

Pharmacological inhibition of GRK2
attenuates arthritic symptoms of CIA rats by
inhibiting PDE4D expression

To determine the regulatory effect of GRK2 on
PDE4D and the therapeutic effect of the GRK2
inhibitor CP-25 in vivo, we successfully induced rat
CIA model and administered with Vehicle, CP-25 or
MTX. Rats subjected to CIA induction developed
severe arthritic symptoms, while CP-25 or MTX
significantly alleviated these symptoms, reducing
swollen joint count, arthritis index, global score and
joint swelling (Fig. 6a-d). Visually, collagen-induced
redness and swelling in ankles were observed in CIA
+ Vehicle rats, while these phenotypes were relieved
by CP-25 or MTX treatment (Fig. 6e). Additionally,
histopathological analysis demonstrated that CP-25
and MTX effectively mitigated synovial hyperplasia,
pannus formation, inflammatory cell infiltration, and
tissue damage (Fig. 6e-f). Notably, treatment with
CP-25 or MTX significantly reduced the increased
TNEF-a levels (Fig. 6g), and moderated the enlarged
spleens and thymus in CIA model rats (Fig. 6h-i).
Protein analysis of synovial tissues showed elevated
PDE4D, GRK2, p-p65, and p-ERK in CIA + Vehicle
rats compared with normal rats, which were
significantly suppressed by CP-25, aligning with in
vitro findings (Fig. 6j-1). MTX also exhibited a slight
reduction in these markers, likely due to its
anti-inflammatory and immunomodulatory effects
(Fig. 6j-1). In summary, these results emphasize that

GRK?2 inhibition by CP-25 effectively alleviates CIA
symptoms by suppressing PDE4D through the p65
and ERK pathways.

Discussion

In the healthy synovium, FLSs play a role in
producing synovial fluid, offering lubrication and
nutrients to the cartilage surface. However, during the
progression of RA, FLSs undergo transformation into
hyperplastic and aggressive phenotypes, thereby
contributing to persistent inflammation and
advancing disability’l. Consequently, targeting of
hyperproliferative FLSs emerges as a promising
therapeutic strategy to mitigate the progression of RA.

Intracellular cAMP crucially regulates FLSs
proliferation and is regulated by both PDEs and
GRK2-mediated GPCRs desensitizationl*l. Previous
studies have demonstrated that cAMP inhibits cell
proliferation by suppressing the ERK pathwayl*!l. In
activated FLSs, however, the cAMP concentration is
decreasedl®], which is attributed to GRK2-mediated
internalization and desensitization of prostaglandin E
receptor 4 (EP4), thereby fostering FLSs proliferation,
particularly as RA progresses to advanced stagesl4.
However, these previous studies have not focused on
the underlying causes of reduced cAMP levels in FLSs
or the possible regulatory mechanisms involved. In
addition, PDE4D has been reported to be upregulated
in RA synovium and TNF-a treated FLSsl®l. Yet, the
reasons for the increased expression of PDE4D in the
synovium of RA patients and its specific role in FLSs
remain unexplored. In the present study, we
demonstrate that the reduced cAMP levels in FLSs are
caused by the elevated PDE4D and that PDE4D is
involved in the abnormal proliferation of FLSs,
leading to the worsening of arthritis. Our study
reveals abundant PDE4D expression in both synovial
tissues from experimental arthritis animals and RA
patients. Notably, TNF-a stimulation amplifies
PDE4D expression, correlating with enhanced FLSs
proliferation. However, intervention with BPN14770
effectively ameliorated the arthritic phenotypes of
FLSs. To further illustrate the pathogenic role of
PDE4D in RA, we established a global Pde4d” mouse
line and induced a CIA model. Our results
demonstrated that normal Pde4d”- mice didn’t exhibit
developmental defects or arthritis disorders, which
may be explained by functional redundancy among
PDEs membersl#?. Strikingly, global Pde4d deletion
significantly alleviated the severity and progression of
arthritis induced by collagen. In this experiment,
Pde4d’ CIA mice demonstrated reduced disease
incidence and severity, exemplified by a diminished
arthritis index. More importantly, Pde4d” CIA mice
exhibited remarkable mitigation in pathological
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changes, including synovial hyperplasia,
inflammatory cell infiltration, pannus formation, as
well as cartilage destruction. These results provided
compelling evidence that Pde4d deletion profoundly
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Figure 6. Pharmacological inhibition of GRK2 attenuated symptoms of CIA rats. Rats immunized with CII/CFA were randomly assigned to CIA + Vehicle, CIA + CP-25 and CIA
+ MTX. (a) Swollen joint count, (b) arthritis index, (c) global score, and (d) secondary paw swelling of mice were recorded from the Oth day to the 35th day after the first
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immunization. **p < 0.001 versus normal group; #p < 0.05, #p < 0.01 and #*#p < 0.001 versus CIA model group; &p < 0.05, &p < 0.01 and &&p < 0.001 versus CIA model group;
$p <0.05, $5p < 0.01 and $$%p < 0.001 versus MTX group. n = 6. (e) Representative photographs of paws (upper) and H&E staining (lower) of the ankle joint sections from different
groups. Histopathologic changes include synovial hyperplasia (red arrowhead), pannus (blue arrowhead), infiltrating inflammatory cells (green arrowhead), and cartilage
destruction (yellow arrowhead). (f) Histopathological score of inflammation, pannus formation, cartilage erosion, and synoviocytes proliferation in different groups. n = 5. (g) The
levels of TNF-a in rat serum were measured by ELISA. n = 5. (h) Spleen index (spleen weight (SW, mg)/bodyweight (BW, g) x10) and (i) thymus index (thymus weight (TW,
mg)/bodyweight (BW, g) x10) in different groups. n = 6. (j) Immunoblot analysis and quantification (k and I) of PDE4D, p-GRK2, GRK2, p-p65, p65, p-ERK, and ERK protein
expression from synovial tissues of different groups. n = 5. Data are presented as mean * SD from at least five independent experiments. *p < 0.05, *p < 0.01 and **p < 0.001.
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Figure 7. A schematic illustration summarizing the regulation and function of the GRK2-PDE4D axis in RA-FLSs. TNF-a-stimulated GRK2 increases PDE4D expression via the
p65 and ERK pathways, resulting in a decrease in cAMP concentration and the promotion of FLSs proliferation. CP-25 inhibits the GRK2-PDE4D axis, thereby suppressing
hyperproliferation of FLSs and alleviating experimental arthritis. The figure was created using Figdraw.

GRK2 emerges as a promising target to inhibit
the hyperactivation of FLSs in RA[24]. Studies have
indicated that elevated GRK2 expression induces
GPCR  desensitization, suppressing Gas-cAMP
signaling and decreasing cAMP contentl* 43 44,
Conversely, cAMP content was increased in Grk2
conditional knockout chondrocytesi#4. Our previous
studies confirmed diminished cAMP content in FLSs
of CIA rats following treatment with TNF-al® 5.
According to previous reports, there is a certain
relationship between GRK2 and cAMP. However,
whether GRK2 affects cAMP levels by regulating
PDE4D and its possible mechanism have not been
reported. Therefore, in the present study, we
hypothesized that TNF-a-mediated cAMP reduction
is intricately linked with GRK2. In this study, we
confirmed GRK2 overexpression in the synovium of
RA patients and arthritis animal models,
demonstrating its co-localization with PDE4D in RA
synovium and its regulation of PDE4D expression in
FLSs. Mechanistically, GRK2 orchestrated PDED4
expression through the NF-xB p65 and ERK
pathways. Crucially, utilizing Grk2-deficient mice, we
showed that endogenous Grk2 knockdown
significantly decreased PDE4D expression, alleviating
arthritis symptoms in the CAIA model. Furthermore,
pharmacological inhibition of GRK2 by CP-25
substantially suppressed PDE4D expression and

impeded arthritis development in the CIA model.
These results not only confirm the pivotal and causal
role of PDE4D in RA-FLSs but also provide a novel
molecular insight into how GRK2 regulates PDE4D
expression. These findings further establish a proof of
concept for targeting GRK2 to alleviate arthritis in
vivo.

Briefly, the upregulated PDE4D in FLSs is
dependent on GRK2 and its downstream p65 and
ERK pathways. Global deletion of Pde4d reduces the
arthritis incidence and severity in CIA mice. Both
genetic deficiency and pharmacological inhibition of
GRK2 have remarkably reduced PDE4D expression,
consequently ameliorating the severity and
progression of arthritis in animal models (Fig. 7).

Conclusion

Collectively, our study unveils an essential,
previously unrecognized role of PDE4D in RA
pathogenesis, along with the regulation of PDE4D
expression in FLSs by GRK2. These findings propose
the GRK2-PDE4D axis as a potent and novel
therapeutic target for RA.

Limitations

Regarding the series of experiments conducted
in the present investigation, several limitations cannot
be ignored. Firstly, it would be more convincing to
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induce an experimental arthritis model in
FLSs-specific Pde4d or Grk2 deletion mice. Secondly,
the sample of RA patients and healthy donors
included in the present study is relatively limited.
Finally, the detailed molecular mechanism of
GRK2-regulated PDE4D expression needs to be
further elucidation. In future investigations, we aim to
establish mice with specific knockout of Pde4d or Grk2
in FLSs and induce experimental arthritis models. We
will also continue to recruit more RA patients and
healthy donors. Furthermore, we will employ
additional molecular biological approaches to
elucidate the detailed molecular mechanisms by
which GRK2 regulates PDE4D expression, including
how GRK2 interacts with these pathways and how
these pathways affect PDE4D expression.
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