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facilitates neutrophil extracellular
traps formation and
inflammation remission

in gouty arthritis
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Nanjing, China, 2Department of Pathology, Jiangsu Province Hospital of Chinese Medicine, Affiliated
Hospital of Nanjing University of Chinese Medicine, Nanjing, China, *Department of General Surgery,
First Affiliated Hospital, Nanjing Medical University, Nanjing, China

Neutrophil extracellular traps (NETs) are composed of chromatin filaments
coated with granular and cytosolic proteins, which contribute to the
pathogenesis and progression of immune-related diseases. NETs are
frequently observed in gouty arthritis, but the related mechanisms remain
poorly understood. The aim of our study was to systematically elucidate the
molecular mechanisms of self-remitting effects in gouty arthritis, and the
causative relationship between neutrophil autophagy and NETs. The air pouch
and paw edema model were used to simulate gouty arthritis in mice. Neutrophil
infiltration and the formation of NETs were found in gouty arthritis. Interestingly,
monosodium urate (MSU) crystals could induce the formation of NETs, degrade
inflammatory factors, and alleviate the inflammatory response in gouty arthritis.
In addition, MSU crystals resulted in profound molecular alterations in
neutrophils using RNA-seq analysis, including autophagy activation. MSU
crystals could activate neutrophil autophagy in vitro, and autophagy activators
and inhibitors could regulate the formation of NETs. Furthermore, we explored
the mechanism of autophagy-induced NETs. Autophagy related protein 7 (ATG7)
produced by neutrophils stimulated with MSU crystals worked synergistically
with p53 to enter the nucleus, promoting peptidyl arginine deiminase 4 (PAD4)
expression, and inducing the formation of NETs. Finally, we substantiated that
neutrophil autophagy regulates the severity of gouty arthritis via the formation of
NETs in PAD4 ~~ mice. Our results indicated that the autophagy of neutrophils
regulates the formation of NETs and degrades inflammatory factors. Regulating
autophagy and interfering with the formation of NETs represents a potential
therapeutic approach against gouty arthritis during clinical practice.
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Introduction

Gouty arthritis is self-limited aseptic arthritis caused by
decreased purine metabolism disorder and uric acid excretion (1,
2). It is widely acknowledged as the most common inflammatory
arthritis, with a worldwide prevalence ranging from below 1% to
6.8% (3). The morbidity among the Chinese population has been
increasing gradually in recent years. From 2000 to 2014, the
prevalence of hyperuricemia and gout in mainland China was
13.3% and 1.1%, respectively (4). The self-limiting nature of the
disease is one of the significant characteristics distinguishing gouty
arthritis from other joint diseases or autoimmune diseases (5).
Therefore, effective treatment strategies based on self-limitation
mechanisms in gout have been increasingly emphasized.

It is well-recognized that gouty arthritis results from the
inflammatory response to monosodium urate (MSU) crystals (6, 7).
The core event in inflammation caused by MSU crystals remains
the activation of leukocytes, which leads to the initiation of
the inflammatory cascade (8). Neutrophils are recruited to the
inflammatory site and release cytokines and mediators, such as IL-
1B, IL-6, TNF-0, NLRP3 inflammasome, ROS, metalloproteinases,
and various lysosomal enzymes, to amplify inflammatory reactions in
the joints (9, 10). After amplification of the inflammatory cascade,
patients undergoing an acute attack experience relief within a few
days. Cumulative evidence suggests that mechanisms associated with
the improvement of gouty arthritis involve regulators of pro-
inflammatory cytokines, neutrophils, negative regulators of
inflammasome and TLR signaling (11, 12). Neutrophil-derived
microvesicles mediated control of inflammasome-driven
inflammation represents a promising concept of autoregulation of
neutrophil activation in gout (13).

Furthermore, recent research indicates that increased
autophagy activity also plays an important role in relieving gouty
arthritis (14). Natural agonists of autophagy have also shown anti-
inflammatory effects in gouty arthritis (15). After stimulation of
neutrophils with 2-Acetoxy-1-methoxypropane (PMA),
intracellular chromatin depolymerization in response to ROS and
cellular autophagy led to the formation of NETs. Inhibition of
neutrophil autophagy with 3-methyladenine did not affect the
NADPH-dependent ROS burst, but inhibited intracellular
chromatin depolymerization and subsequent NETosis, ultimately
led to apoptosis (16). However, the underlying mechanisms remain
poorly understood, warranting further studies.

The present study documented that NETs induced by MSU
crystals degraded inflammatory factors and alleviated the
inflammatory response in gouty arthritis. Furthermore, MSU
crystals could stimulate neutrophil autophagy. In addition, we
further revealed that Autophagy related protein 7 (ATG7)
upregulation in neutrophils promoted the expression of peptidyl
arginine deiminase 4 (PAD4) via interaction with p53 and induced
the formation of NETs. Therefore, we put forward the hypothesis:
Autophagy regulates PAD4-mediated NET's formation through the
ATG7/p53 complex, which is an important mechanism for the self-
remission of gouty arthritis. To verify this hypothesis, a series of
studies, including clinicopathological investigation, in vitro and in
vivo experiments were arranged to probe the molecular mechanism
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of autophagy regulating NETs formation. This study will help to
further elucidate the correlation between ATG7 and PAD4, to
provide a novel strategy to improve the therapeutic efficacy of
gouty arthritis.

Materials and methods

Multiple materials and methods are available in the
Supplementary Materials and Methods.

Reagents

The antibodies used were as follows: for western blotting and
immunohistochemistry, rabbit monoclonal anti-myeloperoxidase
(MPO) antibody (Abcam, Cambridge, UK), rabbit monoclonal
anti-citrullinated histone H3 (H3cit) antibody (Abcam,
Cambridge, UK), rabbit monoclonal anti-p53 antibody
(Abcam, Cambridge, UK), rabbit monoclonal anti-ATG7
antibody (Abcam, Cambridge, UK), mouse monoclonal anti-
PAD4 antibody (Abcam, Cambridge, UK) and rabbit monoclonal
anti-GAPDH antibody (Cell Signaling Technology, MA, USA) were
used. For immunofluorescence, mouse monoclonal anti-MPO
antibody (Abcam, Cambridge, UK), rabbit monoclonal anti-H3cit
antibody (Abcam, Cambridge, UK), Rhodamine Red-X (RRX)
goat anti-mouse IgG (H+L) and FITC-AffiniPure goat anti-rabbit
IgG (H+L) (Jackson, PA, USA) were used. The following chemicals
were also utilized: MSU crystals (In vivoGen, CA, USA); SYTOX
Green (Thermo Fisher Scientific, MA, USA); Rapamycin (RAPA)
and 3-Methyladenine (3MA) (Sigma-Aldrich, MO, USA); Pifithrin-
o (Sigma-Aldrich, MO, USA). The recombinant human proteins
used included recombinant p53 and recombinant ATG7 (R& D
system, MN, USA).

Human serum specimens

This study enrolled 30 healthy donors and 30 patients with
gouty arthritis from January 2019 to December 2019 at the
Department of Endocrinology, Jinling Hospital, Nanjing
University Medical School. The diagnosis of acute gouty arthritis
conformed to the standard issued by American College of
Rheumatology/European Alliance of Associations for
Rheumatology (ACR/EULAR) in 2015, and the exclusion criteria
were as follows: 1) Patients with diabetes and serious heart, lung,
liver and kidney diseases; 2) Joint infection; 3) Other diseases
involving joints, such as rheumatoid arthritis, traumatic arthritis,
pigmented villonodular synovitis, etc; 4) Those who have received
intra-articular drug injection treatment within the past 6 months; 5)
Those who have received glucocorticoid treatment in the past 4
weeks; 6) Those who have used non-steroidal anti-inflammatory
drugs within 2 weeks. The patient cohort comprised acute stage and
remission stage. All patients provided written informed consent.
Serum sample and synovial fluid of joint were separated by sterile
operation and stored at — 80°C for a long time. The study protocol
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was approved by the Institutional Review Board of Nanjing
University and complied with the Helsinki Declaration.

Animal experiments

WT C57BL/6 mice were purchased from the Shanghai
Experimental Animal Center. PAD4™~ mice were purchased from
GemPharmatech Co., Ltd (Nanjing, China). All mice housed in a
controlled environment (12h daylight cycle, lights off at 18:00) with
food and water ad libitum. Air pouches were created on the backs of
8-week-old male mice. 4ml of filtered air was injected, followed by
an additional 4ml of filtered air after 3d. Three days after the second
injection, Iml MSU crystals (3mg/ml) or PBS alone was injected
into the air pouches. RAPA and 3MA were injected into the air
pouch 1h before MSU crystals injection. After 4h, 8h, 16h, 24h, and
48h, the pouch fluid was harvested by injecting 1ml PBS for
subsequent research. Another well-established gout mouse model
is the paw edema model. 20l MSU crystals (20mg/ml) or PBS were
injected subcutaneously into the paws of mice. The right paw was
stimulated with PBS and the left with MSU crystals. RAPA and
3MA were injected 30min before MSU crystals injection. Edema
was evaluated at intervals of 12h and calculated as the thickness
difference between the right and left paws. All animals were
anesthetized in chambers saturated with isoflurane and killed.

Neutrophil isolation and in vitro
NETs induction

Neutrophils were isolated from peripheral blood of patients
with gouty arthritis and healthy donors using PolymorphprepTM
(Axis-Shield PoC AS, OSLO, Norway). The lysis of red blood cells
was performed using a hypotonic solution (Solarbio, Beijing, China)
according to the manuscript. The neutrophils (5x10° cells) seeded in
10cm culture plates were cultured in RPMI 1640 with 10% fetal
bovine serum in a humidified 5% CO, incubator at 37°C. As
determined by Wright staining and FACS analysis, the final
neutrophil suspensions contained fewer than 0.2% monocytes or
lymphocytes. Neutrophil viability exceeded 92% after up to 6h in
culture, as determined by trypan blue exclusion and by Annexin V/
propidium iodide FACS analysis (Supplementary Figure SI).
Isolated neutrophils were incubated with MSU crystals (200ug/
ml) for 6h. After incubation for 30min, 1h, 2h, 3h, 4h, and 6h, media
containing MSU crystals were removed. Each well was carefully
washed twice with ImL PBS and resuspended in DMEM. The
supernatant of each well was collected and centrifuged for 5min at
200 g at 4°C to remove whole cells and debris.

Detection of supernatant and serum NETs

NETs in supernatant and serum were assayed by SYTOX Green
fluorescence and PicoGreen staining. SYTOX Green is a
membrane-impermeable DNA-binding dye that can be used to
quantify NETs-DNA. At the end of the incubation with MSU
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crystals, neutrophils were incubated with SYTOX Green (5uM)
for 30min at 37°C. Then, after washing with PBS, NETs were
observed by fluorescence microscopy. The levels of NETs in serum
and synovial fluid were measured with Quant-iT PicoGreen dsDNA
assay kit (Thermo Fisher Scientific, MA, USA) and MPO-DNA
complexes detection ELISA kit (Roche, Indianapolis, IN) according

to the manufacturer’s instructions.

Kinetic binding analysis by
biolayer interferometry

Kinetic binding analysis by Biolayer Interferometry (BLI) was
performed according to our previous report (17). According to the
manufacturer’s protocol, recombinant ATG7 (R& D system, MN,
USA) was immobilized on the Amine Reactive Second-generation
(AR2G) biosensor. Various concentrations of p53 (R& D system,
MN, USA) were applied in the mobile phase and an association
between the immobilized and flowing proteins was detected. The
binding rate constant (Kon), dissociation rate constant (Kdis), and
dissociation equilibrium constant (KD) were obtained by curve
fitting of the association and dissociation phases of sensorgrams
using a heterogeneous ligand model.

Statistical analysis

All statistical analyses were performed using SPSS version 22.0
(SPSS Inc., IL, USA). The data were presented as mean + SD or n
(%). Differences in continuous variables in two groups were
determined by the Student’s t test, and differences in categorical
variables were determined by the %2 analysis or Fisher exact test.
Group differences were compared with ANOVA tests for normally
distributed variables, whereas nonparametric Mann-Whitney U
test was performed for skewed parameters. Dunn’s post hoc test was
used for pairwise multiple comparisons, and the Bonferroni
correction for o error was applied. P-values <0.05 were
considered statistically significant.

Results

Neutrophil infiltration and the formation of
NETs are found in gouty arthritis

To observe the inflammatory milieu of gouty arthritis, we
constructed a subcutaneous air pouch mouse model. MSU
crystals were injected into the air pouch to detect the levels of
inflammatory factors IL-1f3, MCP-1, TNF, and IL-6 in the air pouch
fluid at different time points (Figure 1A). The expression of
inflammatory factors changed significantly. Interestingly, it
peaked at 8-24h and decreased significantly at 48h. Subsequently,
we removed the air pouch at each time point to investigate the
expression of neutrophils. The results revealed significant
neutrophil infiltration at 16h, which decreased significantly after
48h (Figures 1B, C). Thus, the expression of inflammatory factors
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Neutrophil infiltration and the formation of NETs are found in gouty arthritis (A) The level of inflammatory cytokines (IL-1B, MCP-1, TNF, IL-6) in air
pouch fluid from mice were detected at Oh, 4h, 8h, 16h, 24h, 48h by ELISA (n = 16 mice). (B, C) The result of HE staining (B) and Ly6G
immunostaining (C) indicated that neutrophils infiltrated in the air pouch from mice. (D) The expression of NETs (MPO and H3cit positive) increased
significantly at 12h with immunofluorescence assay on air pouch treated with MSU crystals. (E) After MSU crystals treatment, the dsDNA in pouch
fluid from mice tested by ELISA increased significantly after 8h. (F) The serum dsDNA level was detected in 30 healthy donors and 30 patients with
gouty arthritis at onset phase. The level of dsDNA at onset phase increased remarkably (P =0.000 vs healthy donors). (G) The level of MPO-DNA
complexes in synovial fluid from patients (n=20) with gout during the onset phase could be clearly detected and significantly increased than 5 days

after onset phase (P =0.000).

and neutrophil infiltration decreased following the onset of gouty
arthritis, given its self-limiting nature.

NETosis is significantly different from apoptosis or necrosis as a
death pathway for neutrophils. Interestingly, neutrophils can
deactivate pathogens by releasing extracellular structures of NETSs
composed of depolymerized chromatin and intracellular granule
protein (18, 19). We took the air pouch at each time point to detect
the expression of NETs. The results indicated that the expression of
NETs increased significantly after MSU crystal treatment for 12h
(Figure 1D). The decrease in neutrophil infiltration in gouty arthritis
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may be related to the formation of NETSs. Further analysis confirmed
that double-stranded DNA (dsDNA) in the air pouch fluid increased
significantly after 8h (Figure 1E). Subsequently, we detected the serum
dsDNA levels in 30 patients with gouty arthritis and 30 healthy
donors. The level of dsDNA during the onset phase significantly
increased (Figure 1F). To further investigate the connection between
NETs and gout arthritis, synovial fluid was extracted from the swelling
joint of 20 patients with gout. We analyzed the level of MPO-DNA
complexes, which was also a common marker of NETs. The level of
MPO-DNA complexes during the onset phase could be clearly
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detected and significantly increased than 5 days after onset phase
(Figure 1G). These results collectively substantiate neutrophil
infiltration and the formation of NETSs in gouty arthritis.

NETs induced by MSU crystals degrade
inflammatory factors and alleviate the
inflammatory response in gouty arthritis

It is well-established that gouty arthritis is mainly caused by MSU
crystals deposition. It has been considered that MSU crystals can be
used as an inducer for the formation of NETs (20). We extracted
neutrophils from the peripheral blood of patients with gouty arthritis.
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After neutrophils were treated with MSU crystals, significant NET's
formation could be observed (Figures 2A, B). In addition, we divided
the onset of gouty arthritis into acute and remission stages and then
assessed the expression of serum dsDNA, IL-18, MCP-1, TNF and
IL-6. We found that dsDNA expression increased during gout
remission, while IL-1, MCP-1, TNF and IL-6 levels decreased
significantly (Figures 2C, D). Interestingly, the expression of
dsDNA is proportional to the decrease of inflammatory factors
(Figure 2E). Subsequently, neutrophils extracted from patients with
gouty arthritis were induced to form NETs by MSU crystals and
added to the medium containing IL-1, MCP-1, TNF and IL-6. The
results showed that the reduction in these inflammatory factors was
more pronounced than that of neutrophils alone (Figure 2F).
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NETs induced by MSU crystals degrade inflammatory factors and alleviate the inflammatory response in gouty arthritis. (A, B) Neutrophils extracted
from peripheral blood of patients with gouty arthritis could be induced to form NETs by MSU crystals in vitro. Immunofluorescence (MPO and H3cit
positive) (A) and SYTOX Green fluorescence (B) indicated the formation of NETs. C The serum dsDNA detected by ELISA in acute stage and
remission stage was tested respectively. The expression of dsDNA increased during emission stage (P=0.008). (D) The expression of serum
inflammatory cytokines (IL-1B, MCP-1, TNF, IL-6) in acute stage and remission stage was detected respectively. IL-18, MCP-1, TNF and IL-6
decreased significantly (P<0.05). (E) The dsDNA is proportional to the decrease of inflammatory cytokines (P<0.05). (F) Neutrophils extracted from
patients with gouty arthritis were induced to form NETs by MSU crystals and added to the medium containing IL-18, MCP-1, TNF and IL-6. The
reduction of these inflammatory factors at different time points was analyzed by ELISA
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Collectively, our studies suggest that MSU crystals can induce the
formation of NETs, degrade inflammatory factors and alleviate the
inflammatory response in gouty arthritis.

MSU crystals result in profound molecular
alterations and upregulate ATG7
expression in neutrophils

To identify the effects of MSU crystals on the function of
neutrophils, we extracted neutrophils from five patients with
gouty arthritis and treated them with MSU crystals. Then, RNA
sequencing was performed to compare the genetic profiles of
neutrophils cultured with or without MSU crystals for 6h. The

10.3389/fendo.2023.1071630

results showed that 160 genes were differentially expressed in
neutrophils after treatment with MSU crystals, including 129 up-
regulated and 31 down-regulated genes (Figures 3A, B). Based on
GO analysis, differentially expressed genes (DEGs) were mainly
enriched in 53 terms, with 10 for “molecular functions”, 17 for “cell
components”, and 26 terms for “biological processes” (Figure 3C).
Furthermore, GO enrichment analysis of these DEGs showed
significant enrichment in pathways of inflammatory response and
immune response (Figure 3D). KEGG pathway analysis indicated
that these DEGs were involved in various biological pathways,
including amino acid and lipid metabolism, signal molecules, and
the immune system (Figure 3E). These DEGs were remarkably
enriched in the regulations of molecular functions, including
cytokine-cytokine receptor interaction, as well as chemokine
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MSU crystals result in profound molecular alterations and upregulate ATG7 expression in neutrophils. (A, B) RNA sequencing indicated that 160
genes were differentially expressed in neutrophils under the stimulation of MSU crystals, including 129 upregulated genes and 31 downregulated
genes. (C) Go analysis showed that DEGs were enriched in 53 terms, including 26 in the category of "biological processes”, 17 in “cell components”,
and 10 in "molecular functions”. (D) DEGs were mainly enriched within the pathways of inflammatory response and immune response. (E) KEGG
pathway analysis revealed that DGEs were abundant in the biological pathways including signal molecules, amino acid and lipid metabolism, immune
system. (F) DEGs were mainly enriched in cytokine-cytokine receptor interaction, as well as chemokine signaling pathway and autophagy. (G) The
heat map revealed that the expression of autophagy related genes was significantly changed after treatment with MSU crystals.
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signaling pathway and autophagy (Figure 3F). Most notably, the
expression of the autophagy related genes was significantly changed
after treatment with MSU crystals (Figure 3G). These results
indicated that MSU crystals result in profound molecular
alterations in neutrophils that may be involved in NETs formation.

MSU crystals stimulate neutrophil autophagy
and induce the formation of NETs

The results of RNA-seq showed that MSU crystals enhanced the
autophagy of neutrophils. Western blot and qPCR analysis
demonstrated that the expression of LC3II/I, autophagy related
protein 5 (ATG5) and ATG7 increased significantly (Figures 4A, B).
However, it remains unclear whether autophagy induced by MSU
crystals is related to the formation of NETSs. The formation of NETs
usually depends on the capability of PAD4, which is a major regulator
of NET's formation via citrullination of histone H3, causing chromatin
depolymerization and release (21, 22). Therefore, H3cit is the most
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common maker of NETs. Accordingly, we first stimulated neutrophils
with MSU crystals for 6h resulting in increased expression of H3cit
(Figure 4B). At the same time, when RAPA, an activator of autophagy,
was added to the culture supernatant, the expression of H3cit
increased rapidly. In contrast, the addition of autophagy inhibitor
3MA slowed down the expression of H3cit (Figure 4C). The
immunofluorescence assay showed that the formation of NETs
increased or decreased with the addition of RAPA and 3MA
(Figure 4D). Therefore, we hypothesized that MSU crystals could
stimulate neutrophil autophagy and induce the formation of NETs.

ATGY7 upregulation in neutrophils
promotes the expression of PAD4 via
interactions with p53 and induces the
formation of NETs

Little is currently known about how neutrophil autophagy
induced by MSU crystals regulates the formation of NETs. After
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MSU crystals stimulate neutrophil autophagy and induce the formation of NETSs. (A, B) MSU crystals enhanced the autophagy of neutrophils. The
expression of LC3II/I, ATG5 and ATG7 increased significantly (*P < 0.05) valued by real-time PCR and western blotting assays. (B) The expression of
H3cit increased significantly in neutrophils treated with MSU crystals for 6h in the western blotting assay. (C) The activators (RAPA) and inhibitors
(3MA) of autophagy correspondingly changed the expression of H3cit (*P < 0.05). (D) The formation of NETs (MPO and H3cit positive) increased or
decreased with the addition of RAPA and 3MA using immunofluorescence assay
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neutrophils were treated with MSU crystals, the expression of PAD4
increased. Subsequently, when RAPA and 3MA were added, the
expression of PAD4 increased or decreased accordingly
(Figure 5A). It has been established that p53 as a transcription
factor exerts effects through interaction with autophagy-related
proteins (23). Therefore, we speculated that autophagy-related
proteins could bind to p53 and play a synergistic role. RNA-seq
showed that p53 was also increased after MSU crystals stimulated
neutrophils (Figure 5B). Most notably, the expression of ATG7 was
enhanced more than two-fold higher after treatment with MSU
crystals (Figure 5C). This finding was confirmed by subsequent
western blotting (Figure 5D). As shown in Figure 5E, p53 was found
to bind with ATG?7 through the co-immunoprecipitation assay.

As a further measure of interactions between p53 and ATG7, we
conducted a Biolayer Interferometry (BLI) experiment. Based on
the results of Figure 5F, we evaluated the binding affinity of ATG7
peptides at different concentrations of p53 peptides (62.5, 125.0,
250.0, 500.0, and 1000 uM). For binding of p53 to ATG7, calculated
values were as follows: Kon = (1.73 + 0.11) x10°M'S™! for the
association phase, Kdis = (1.25 + 0.02) x1072S7! for the dissociation
phase, an overall dissociation constant KD = 72.21 + 4.65nM. These
results indicated an intense affinity between p53 and ATG?7.

As a transcription factor, p53 regulates the transcription of
many proteins. We performed inhibition assay using Pifithrin-a, a
p53 inhibitor, and the results indicated that treatment of Pifithrin-o
decreased the expression of PAD4 (Figure 5G). Subsequently, we
extracted the nuclear protein and detected the expression of p53 in
the nucleus after treatment with MSU crystals. RAPA and 3MA
regulated the expression of p53 in the nucleus (Figure 5H). In a
subsequent experiment, we assessed the effect of p53 on DNA
binding to the promoter of PAD4 using the ChIP-PCR assay. As
shown in Figure 5I, the DNA binding of p53 was much higher,
indicating that p53 was the transcription factor responsible for
PAD4 expression. In addition, immunohistochemistry (IHC)
staining was used to detect the expression of ATG7, p53 and
PAD4 in the air pouch. The results revealed that ATG7 and
PAD4 increased significantly at 12h, while the change in p53 was
not obvious (Figure 5]). These results collectively suggest that ATG7
produced by neutrophils stimulated by MSU crystals work
synergistically with p53 to enter the nucleus, which promotes the
expression of PAD4 and then induces the formation of NETs.

The autophagy of neutrophils regulates the
severity of gouty arthritis via the formation
of NETs

To confirm the role of NETs in gouty arthritis, we constructed
PAD4”" mice. Foot swelling was used to assess the severity of gout.
MSU crystals injection resulted in paw edema, which exhibited a
self-limiting course in C57BL/6 mice (Figure 6A, C). However, in
PAD4"" mice, the degree of swelling did not decrease significantly
within 48 hours. Subsequently, RAPA and 3MA were injected with
MSU crystals, leading to a decrease and increase in foot swelling,
respectively (Figures 6B, D). These observations indicate that the
autophagy of neutrophils regulates the severity of gouty arthritis via
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the formation of NETs. Collectively, the autophagy of neutrophils
regulates the formation of NETSs, degrades inflammatory factors,
and accounts for the self-limiting course during gouty arthritis.

Discussion

It is well-established that gouty arthritis is an aseptic
inflammatory reaction induced by MSU crystals. Furthermore,
increasing evidence shows that neutrophil infiltration may play a
vital role in the progression of gouty arthritis (24, 25). However, the
causal relationships among MSU crystals, neutrophils and
inflammatory response in gouty arthritis remain unclear. Our
work provides compelling evidence that MSU crystals can induce
the formation of NETs by infiltrating neutrophils to degrade
inflammatory cytokines. Interestingly, MSU crystals can induce
neutrophil autophagy and expression of ATG7, which can bind to
p53 and promote PAD4 transcription, leading to the formation of
NETs (Figure 7). Our studies identified a novel mechanism whereby
MSU crystals promote neutrophil autophagy and induce the
formation of NETs.

Recent evidence has emerged that NETs might play an
important role in noninfectious diseases. The formation of NETs
can be triggered by endogenous stimuli and microorganisms, such
as crystals, bacteria, viruses, fungi and immune complexes. It has
been established that MSU crystals can induce the formation of
NETs (26, 27). IL-1B reportedly plays a key role in the recruitment
of neutrophils and the process of NET's generation (28). In addition,
MSU crystals-induced NETosis may be mediated by ROS via
RIPK1-RIPK3-MLKL signaling (29). In the current study, we
demonstrated that MSU crystals could recruit neutrophils leading
to the aggregation and formation of NETs. We further revealed that
the effect of MSU crystals on neutrophils could change their cell
phenotype and biological function. Among these DEGs, a number
of DEGs were screened as candidate genes for further investigation,
including CCL7, CD276, and PRLR. However, these DEGs were
unrelated to the regulatory effect of MSU crystals on neutrophils
(data not shown). Based on literature review and bioinformatics
analysis, ATG7 was selected as the target gene in our study. It is
well-established that ATG7 is a key protein in the autophagy
pathway. MSU crystals may promote autophagy in neutrophils
related to the formation of NETs.

Autophagy is a critical cellular process through which cell
organelles are degraded in the lysosome to protect cells and
organisms from stressors (30). It is worth noting that autophagy
also plays an important role in alleviating the inflammatory
response to gouty arthritis. MSU crystals stimulation of NLRP3
inflammasome activation is accompanied by increased autophagy
activity, which can negatively regulate NLRP3 and limit the
generation of IL-1B (31). In contrast, adding autophagy agonists
to rats with gouty arthritis induced by MSU crystals can reduce joint
swelling and the expression of cytokines (15). Limited information,
however, is available about the mechanism of autophagy in gouty
arthritis. Herein, we revealed that MSU crystals could induce
neutrophil autophagy in vitro and in vivo. In addition, RNA-seq
suggested that autophagy occurred in neutrophils after MSU
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ATG7 upregulation in neutrophils promotes the expression of PAD4 via interactions with p53 and induces the formation of NETs. (A) The expression
of PAD4 increased or decreased accordingly with the treatment of RAPA and 3MA in neutrophils. (B) p53 was increased in neutrophils with the
treatment of MSU crystals in the RT-qPCR assay (P = 0.036). (C) The expression of ATG7 gene was increased more than two times induced by MSU

crystals in RNA sequencing analysis (P=0.004). (D) Western blotting assays

showed that the ATG7 levels in neutrophils increased remarkably in the

treatment of MSU crystals. (E) ATG7 were identified to be associated with p53 by an immune coprecipitation assay. (F) There was a relative intense
affinity between ATG7 and p53 in BLI assay. (G) Pifithrin-o (p53 inhibitor) could significantly reduce the expression of PAD4 in neutrophils. (H) RAPA
and 3MA correspondingly regulated the expression of p53 in the nucleus of neutrophils. () The DNA binding of p53 was much higher than 1gG in
ChIP-PCR assay. (J) ATG7 and PAD4 increased significantly after 12 hours of MSU treatment in Immunohistochemistry. While the change of p53 was

not obvious.

crystals stimulation. Our findings suggest that once neutrophils are
activated, degranulation occurs, and autophagy regulates this
process, which is related to the formation of NETs.

In neutrophils, the activation of autophagy accelerates the
formation of NETSs, while autophagy inhibitors can inhibit the
release of NETs, which fully proves that there is a definite
relationship between autophagy and the formation of NETs (32).
It is well-established that mTOR is an important node in autophagy
regulation. Inhibiting the mTOR signaling axis can promote
neutrophil autophagy and accelerate NETs generation. In this
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study, we demonstrated that ATG7 produced by neutrophils
stimulated with MSU crystals work synergistically with p53 to
enter the nucleus and induce the formation of NETs. Although
the activation of autophagy can produce many autophagy-related
proteins, we reason that only ATG7 attributes to the generation of
NETs. Indeed, further investigation is warranted to increase the
robustness of our findings. Nevertheless, we established that ATG7
expression induced by MSU crystals is related to NETs generation.

Our study identified the molecular mechanisms underlying
the upregulated expression of ATG7 and its role in inducing
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accordingly (P < 0.05).

PADA4. It is well-established that the formation of NETs relies on
the role of PAD4. Structurally, PAD4 is a calcium-dependent
enzyme with five calcium-binding sites and two folded domains
(33). During the formation of NETSs, histones undergo
citrullination and promote chromosome depolymerization.
PAD4 is the main enzyme involved in histone citrullination
(34). However, the mechanism regulating PAD4 production
remains uncertain. As a transcription factor, p53 regulates
DNA damage repair and apoptosis-related gene transcription
(35). We hypothesized that p53 might regulate the transcription
of PAD4. The impact of p53 on DNA binding of PAD4 promoter
was much higher than observed during ChIP-PCR. Interestingly,
autophagy regulates the expression of p53 in the nucleus of
neutrophils. BLI assays indicated a strong affinity between
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ATG7 and p53. Collectively, our studies suggest that ATG7
produced by neutrophils stimulated by MSU crystals can work
synergistically with p53 to enter the nucleus, which promotes the
expression of PAD4 and induces the formation of NETSs.

This study has several limitations. We used a global knock-
out mouse model and focused on the local reactions with paw
edema model. Besides, the results were not directly verified in
the joint synovium of gout patients. In addition, we mainly
explored the role of ATG7, but this does not exclude other
autophagy-related proteins can have an additive effect on the
formation of NETS, such as ATG5 or autophagy related protein
12 (ATG12).

Our study provided a novel strategy for the therapy of gouty
arthritis. We substantiated the effects of NETs induced by MSU
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crystals on the degradation of inflammatory factors. Promoting
the formation of NETs or reducing the degradation of NETs in
the affected joint may be beneficial in alleviating inflammation in
the acute stage of gout. Consistent with the literature, our study
showed that autophagy is critically involved in the process of
gout. However, merely activating autophagy may not be effective
and even lead to the progression of gout. Thus, future studies
should focus on specific subsets of neutrophils with unique roles
in affected joints, providing critical information for
gouty arthritis.
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