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Interfering with USP50 expression
inhibits macrophage pyroptosis in
sepsis-induced acute lung injury by
degrading NLRP3 protein

Shanshan Hu?, Jingjing Hu?, Shengnan Shu?, Yuexuan Chen? & Lu Wang3"**

Sepsis is a major cause of acute lung injury (ALI) characterized by inflammatory responses.
Ubiquitination plays a critical role in the pathogenesis of ALI. This study aimed to investigate the role
of USP50, a deubiquitinating enzyme, in sepsis-induced ALI and its underlying molecular mechanisms.
THP-1 cells were differentiated into macrophages and exposed to lipopolysaccharide (LPS) to establish
an in vitro injury model. Pyroptosis was assessed using immunoblotting, flow cytometry, and enzyme-
linked immunosorbent assay. The regulation of USP50 on NLRP3 deubiquitination was analyzed
through immunoprecipitation, immunoblotting, and protein stability assays. The in vivo function of
USP50 was evaluated using a cecal ligation and puncture (CLP)-induced septic mouse model. Results
demonstrated that USP50 expression was significantly upregulated in the blood of patients with
sepsis-induced ARDS and in the lungs of CLP-treated mice. USP50 knockdown suppressed pyroptosis
in LPS-stimulated macrophages and septic mice. Furthermore, USP50 inhibition enhanced NLRP3
degradation by facilitating K48-linked ubiquitination. Overexpression of NLRP3 reversed the anti-
pyroptotic effects induced by USP50 depletion in macrophages. In conclusion, USP50 suppression
attenuates macrophage pyroptosis through inhibition of NLRP3 deubiquitination, thereby reducing
lung injury in sepsis-induced models. These findings identify USP50 as a potential therapeutic target
for sepsis-associated acute lung injury.
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Sepsis is a serious systemic inflammatory response syndrome caused by dysregulated host responses to
infection!. It remains a leading cause of mortality among hospitalized patients, with a reported mortality rate
of approximately 30% in China*>. The high mortality is closely associated with multiple organ failure induced
by sepsis, including damage to the brain, lungs, and kidneys. Among these organs, the lungs are particularly
vulnerable to septic injury. Sepsis-induced acute lung injury (ALI) is characterized by more severe organ
dysfunction and higher mortality compared to non-sepsis-induced ALI*. Current treatment strategies for
sepsis include antibiotics, fluid resuscitation, and organ support therapies™S; however, effective interventions
specifically targeting sepsis-induced ALI remain limited. Therefore, further investigation into the pathogenesis
of sepsis-induced ALI is critical for developing novel therapeutic strategies and molecular targets.

Sepsis is generally divided into two distinct phases: an initial hyperinflammatory phase following infection
and a subsequent immunosuppressive phase after pathogen clearance’. During the acute phase, the host mounts
a pro-inflammatory response, while in the chronic phase, immune activity shifts toward anti-inflammatory
states. This transition often results in severe immune cell dysfunction and mortality®. Pyroptosis, a form of
inflammatory cell death, is strongly linked to septic pathophysiology. Studies have shown that moderate
pyroptosis aids in combating infections, whereas excessive pyroptosis disrupts immune homeostasis®!?. As
key innate immune cells, macrophages play pivotal roles in these processes. Macrophage pyroptosis has been
implicated in sepsis progression and sepsis-induced ALI''2. However, the molecular mechanisms underlying
macrophage pyroptosis in sepsis-induced ALI remain poorly understood.

Epigenetic modifications are increasingly recognized as critical regulators of sepsis-related immune
responses’®. Ubiquitination, a post-translational modification, plays essential roles in both physiological
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and pathological processes. Dysregulation of the ubiquitin system contributes to the development of diverse
diseases, including cancer, metabolic disorders, inflammatory conditions, infections, and neurodegenerative
diseases'. Ubiquitination governs protein fate by targeting ubiquitin-conjugated proteins for proteasomal
degradation, thereby modulating protein activity, localization, and stability'®. his modification is reversible,
with deubiquitinating enzymes (DUBs) removing ubiquitin chains from substrates to maintain free ubiquitin
pools under cellular stress conditions'®. Ubiquitin-specific proteases (USPs), the largest DUB family, are deeply
involved in disease-related biological processes'’. A prior study demonstrated that mitochondrial STAT3 inhibits
USP50-mediated deubiquitination of CPT1A, and suppression of mitochondrial STAT?3 alleviates LPS-induced
sepsis'®, suggesting a potential role for USP50 in septic pathology. However, the specific contribution of USP50
to sepsis-associated lung injury remains largely unexplored.

In this study, we investigated the role of USP50 in regulating macrophage pyroptosis through NLRP3
ubiquitination in vitro and its impact on lung injury in vivo. Our hypothesis posits that USP50 modulates
macrophage pyroptosis by deubiquitinating NLRP3, thereby influencing lung damage during sepsis. These
findings may provide novel insights into the pathogenesis of sepsis-induced ALI and identify USP50 as a
potential therapeutic target for septic lung injury.

Materials and methods

Ethical statement

This study was approved by the Ethics Committee of Hangzhou TCM Hospital Affiliated to Zhejiang Chinese
Medical University. Written informed consent was provided by each participant. This study was performed
according to the principles of the Declaration of Helsinki.

Clinical samples

Patients with sepsis-induced acute respiratory distress syndrome (ARDS) (n=48) admitted to the intensive care
unit (ICU) at our hospital were enrolled in this study. Sepsis was diagnosed according to the Third International
Consensus Definitions for Sepsis and Septic Shock (Sepsis-3)'°, while ARDS was diagnosed using the Berlin
definition?’. Whole blood samples were collected from these patients within one hour of ICU admission. Healthy
participants (n=35) hospitalized during the same period were also enrolled as controls, and their blood samples
were collected under similar conditions.

Cell culture and transfection

Human monocytic THP-1 cells were obtained from Procell (Wuhan, China). The cells were maintained in
Roswell Park Memorial Institute (RPMI)-1640 medium (ATCC, Manassas, VA, USA) supplemented with
10% fetal bovine serum (FBS; ATCC) and 1% penicillin/streptomycin (ATCC). Cultures were maintained in a
37 °C incubator with 95% air/5% CO,. For differentiation, cells were treated with 100 nM phorbol 12-myristate
13-acetate (PMA; Sigma-Aldrich, St. Louis, MO, USA) for 3 days. Following differentiation, macrophages were
stimulated with 10 ug/mL lipopolysaccharide (LPS; Sigma-Aldrich) for 8 h.

Small interfering RNA targeting USP50 (si-USP50), non-targeting control siRNA (si-NC), NLRP3
overexpression plasmids (oe-NLRP3), and an empty vector control (oe-NC) were designed and synthesized by
GenePharma (Shanghai, China). For transfection, macrophages were seeded into six-well plates and cultured
until reaching 70% confluence. Transfection was performed using Lipofectamine 2000 (Invitrogen, Carlsbad,
CA, USA) according to the manufacturer’s instructions. Cells were harvested 48 h post-transfection for
downstream analyses.

Enzyme-linked immunosorbent assay (ELISA)

The levels of interleukin (IL)-1p and IL-18 in mouse serum and macrophage culture supernatant were quantified
using mouse/human IL-1p and IL-18 ELISA kits (Elabscience, Wuhan, China), respectively, according to the
manufacturer’s instructions.

Flow cytometry

Pyroptosis was assessed using the FLICA 660 caspase-1 assay kit (ImmunoChemistry Technologies, Bloomington,
MN, USA) following the manufacturer’s instructions. In brief, FLICA reagent was diluted in PBS at a 1:5 ratio.
Macrophages (approximately 1x 10° cells) were incubated with 10 pL of diluted FLICA reagent for 1 h. After
three washes with 1x cell wash buffer, the cells were incubated with 50 pg/mL propidium iodide for 10 min in
the dark. Pyroptosis was analyzed using a flow cytometer.

Quantitative real-time polymerase chain reaction (QPCR)

Total RNA was extracted from participant whole blood, macrophages, and lung tissues using TRIzol reagent
(Invitrogen). RNA concentration and purity were measured using the NanoDrop™ One/OneC microvolume
spectrophotometer (ThermoFisher Scientific, Waltham, MA, USA). Subsequently, total RNA was reverse-
transcribed into first-strand cDNA using the PrimeScript™ FAST RT reagent kit with gDNA eraser (Takara,
Tokyo, Japan). Quantitative real-time PCR (qPCR) was performed using the TB Green Premix Ex Taq™ II (Tli
RNaseH Plus) (Takara) on the Applied Biosystems 7500 real-time PCR system (ThermoFisher Scientific). RNA
expression levels were analyzed using the 2724t method, with GAPDH serving as the internal control.

Immunoblotting

Proteins were extracted from macrophages and lung tissues using radioimmunoprecipitation assay lysis
buffer. Protein concentrations were quantified using a bicinchoninic acid (BCA) protein colorimetric assay kit
(Elabscience). A total of 30 ug of protein per sample was loaded into each lane of a 10% sodium dodecyl sulfate
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(SDS)-polyacrylamide gel for electrophoretic separation, followed by transfer onto polyvinylidene fluoride
membranes. Membranes were incubated with primary antibodies at 4 °C overnight and subsequently incubated
with secondary antibodies for 1 h at room temperature. Protein bands were visualized using an enhanced
chemiluminescent substrate detection kit (Elabscience).

Protein stability assay
Following USP50 knockdown, macrophages were treated with 100 uM cycloheximide (CHX; Sigma-Aldrich) for
0, 3, 6, and 12 h. NLRP3 protein levels were analyzed via immunoblotting.

Immunoprecipitation (IP)

Macrophages were lysed in IP buffer, and the supernatant was collected after centrifugation at 12,000 x g for
10 min. Subsequently, the lysate was incubated with specific antibodies and isotype control IgG (e.g., mouse
IgG) for 2 h at 4 °C. Protein A/G magnetic beads were then added and incubated at 4 °C for 1 h. The mixture
was washed three times with IP buffer to remove nonspecifically bound proteins. The beads were eluted with an
appropriate elution buffer, and the immunoprecipitated proteins were analyzed via immunoblotting to detect
target protein levels.

Animal study

C57BL/6 mice (male, 6-8 weeks old, body weight 22-25 g) were obtained from SIkjd (Changsha, China). The
mice were randomly assigned to four groups: sham, cecal ligation puncture (CLP), CLP +short hairpin RNA
lentivirus (LV-shNC), and CLP +short hairpin RNA targeting USP50 lentivirus (LV-shUSP50), with six mice
per group. To establish the sepsis model, CLP surgery was performed?!. Briefly, mice were anesthetized via
inhalation of 3% isoflurane (Sigma-Aldrich) and maintained with 1.5% isoflurane. A 1 cm longitudinal midline
incision was made in the lower abdomen. The distal ileocecal valve was ligated and the cecum was punctured
using a 20-gauge needle. A portion of cecal contents was collected and reintroduced into the abdominal
cavity before suture closure of both the cecum and abdominal wall. Normal saline (1 mL) was administered
subcutaneously for fluid resuscitation. Sham-operated mice underwent identical surgical procedures without
cecal ligation, puncture, or fecal inoculation. Two days prior to CLP surgery, mice in the CLP + LV-shNC and
CLP +LV-shUSP50 groups received tail vein injections of lentivirus (4 x 10* TU per mouse). All animals were
euthanized 24 h post-surgery via inhalation of 5% isoflurane. Whole blood and lung tissues were collected, with
serum obtained after centrifugation at 1000 x g for 20 min. This study was approved by the Ethics Committee
of Hangzhou TCM Hospital Affiliated to Zhejiang Chinese Medical University. All animal experiments were
conducted in accordance with the ARRIVE guidelines and relevant institutional regulations.

Determination of wet/dry ratio
The right upper lobe was rinsed with normal saline and weighed. After drying at 60 °C for 3 days, the sample was
reweighed. The wet/dry weight ratio was calculated.

Hematoxylin and eosin (H&E) staining assay

The lungs were fixed in 10% formalin for 24 h and paraffin-embedded. Subsequently, 5-pm-thick paraffin
sections were cut. After deparaffinization and rehydration, the sections were stained with the HE staining kit
(Solarbio, Beijing, China) according to the manufacturer’s instructions. The stained sections were visualized
under a light microscope.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 8 software. Results are presented as mean+SD.
Comparisons were conducted using Student’s t-test, one-way ANOVA, and two-way ANOVA. Independent
determinants associated with sepsis-induced ARDS were analyzed using multivariate logistic regression. The
overall survival of patients with sepsis-induced ARDS stratified by high/low USP50 expression was evaluated
using Kaplan-Meier survival analysis. The diagnostic utility of USP50 was assessed via Receiver Operating
Characteristic (ROC) curve analysis, with diagnostic accuracy quantified by the Area Under the Curve (AUC).
A P value < 0.05 was considered statistically significant.

Results

USP50 is highly expressed in patients with sepsis-induced ARDS and CLP-induced mice

To investigate the role of USP50 in sepsis-induced ALI, we enrolled 48 patients with sepsis-induced ARDS and
35 healthy controls. Baseline clinical characteristics of all participants are summarized in Table 1. The normal
control group included 16 males with a mean age of 43.4 years, while the sepsis-induced ARDS group comprised
24 males with a mean age of 43.2 years. Regarding pre-existing comorbidities, no significant differences were
observed in chronic obstructive pulmonary disease (COPD), liver disease, diabetes, or obesity between the two
groups. However, coronary artery disease (CAD), hypertension, and chronic kidney disease (CKD) showed
marked differences between healthy controls and patients with sepsis-induced ARDS. In terms of pathogens,
no significant differences were found in Gram-positive bacteria, Gram-negative bacteria, viral infections, other
pathogens, or undetected pathogens. However, fungal infections were significantly different between the groups.
USP50 expression was initially measured using qPCR. In the blood of patients with sepsis-induced ARDS,
USP50 expression was significantly elevated compared to healthy controls (Fig. 1A). Subsequently, patients
with sepsis-induced ARDS were stratified into survivors and non-survivors based on 28-day hospitalization
outcomes. Significant differences were observed in hypertension, diabetes, Gram-negative bacterial infections,
and USP50 expression between the survivor and non-survivor groups (Table 2). Multivariable logistic regression
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Normal (N=35) | Sepsis-induced ARDS (N=48) | p

Gender(male,%) 16(45.7%) 24(50%) 0.991
Ages (years), mean+ SD 434+11.9 43.2+11.6 0.929
Pre-existing comorbidities

COPD, n(%) 8(22.86%) 4(8.33%) 0.065
CAD, n(%) 9(25.71%) 3(6.25%) 0.013
Hypertension, n(%) 3(8.57%) 23(47.92%) <0.001
CKD, n(%) 10(28.57%) 3(6.25%) 0.006
Liver disease, n(%) 2(5.71%) 4(8.33%) 0.651
Diabetes, n(%) 1(2.86%) 6(12.50%) 0.121
Obesity, n(%) 2(5.71%) 5(10.42%) 0.449
Pathogen

Gram-positive bacteria, n(%) | 4(11.43%) 9(18.75%) 0.368
Gram-negative bacteria, n(%) 2(5.71%) 9(18.75%) 0.086
Virus, n(%) 5(14.29%) 10(20.83%) 0.447
Fungus, n(%) 11(31.43%) 5(10.42%) 0.017
Other pathogens, n(%) 9(25.71%) 8(16.67%) 0.316
Undetected, n(%) 4(11.43%) 7(14.58%) 0.677

Table 1. Baseline characteristics of healthy controls and patients with sepsis-induced ARDS. COPD, chronic
obstructive pulmonary disease; CAD, coronary artery disease; CKD, chronic kidney disease.
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Fig. 1. USP50 is highly expressed in patients with sepsis-induced ARDS and CLP-induced mice. (A) USP50
expression was measured in patients with sepsis-induced ARDS (1 =48) and healthy controls (1 =35) using
qPCR. (B) Patients with sepsis-induced ARDS were divided into USP50 high (fold >2; n=28) and low (fold <2;
n=20) expression groups, and the overall survival was calculated. (C) The diagnostic value of USP50 was
analysed using the ROC curve. (D) USP50 expression was measured using qPCR in the lung tissues of mice in
the sham and CLP groups (n=6). (E) USP50 expression was measured in the blood of mice using qPCR in the
sham and CLP groups (n=6). **P<0.01.
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Survival(N=26) | Non-survivors (N=22) |p

Gender(male,%) 14(53.85%) 10(45.45%) 0.566
Ages (years), mean +SD 43.85+11.36 4236+12.11 0.411
Pre-existing comorbidities

COPD, n(%) 4(15.38%) 0(0%) 0.057
CAD, n(%) 1(3.85%) 2(9.09%) 0.459
Hypertension, n(%) 6(23.08%) 17(77.27%) <0.001
CKD, n(%) 3(11.54%) 0(0%) 0.103
Liver disease, n(%) 3(11.54%) 1(4.55%) 0.387
Diabetes, n(%) 6(23.08%) 0(0%) 0.017
Obesity, n(%) 3(11.54%) 2(9.09%) 0.784
Pathogen

Gram-positive bacteria, n(%) | 6(23.08%) 3(13.64%) 0.409
Gram-negative bacteria, n(%) | 2(7.69%) 7(31.82%) 0.035
Virus, n(%) 5(19.23%) 5(22.73%) 0.769
Fungus, n(%) 4(15.38%) 1(4.55%) 0.225
Other pathogens, n(%) 6(23.08%) 2(9.09%) 0.200
Undetected, n(%) 3(11.54%) 4(18.18%) 0.520
USP50 1.92+0.25 2.31+0.30 <0.001

Table 2. Baseline characteristics of survivors and non-survivors (28-day hospital outcomes). COPD, chronic
obstructive pulmonary disease; CAD, coronary artery disease; CKD, chronic kidney disease.

variable B Wald | p OR 95% CI

Hypertension 3.023 | 6.617 | 0.010 | 20.550 2.054-205.633
Gram-negative bacteria | 1.612 | 1.092 | 0.296 5.013 0.244-103.031
USP50 6.855 | 9.912 | 0.002 | 948.216 | 13.294-67632.119

Table 3. Multivariable logistic regression analysis of risk factors for sepsis-induced ARDS.

analysis identified hypertension and USP50 expression as independent risk factors associated with sepsis-
induced ARDS (Table 3). Patients with sepsis-induced ARDS were further divided into high- and low-USP50
expression groups. High USP50 expression was significantly associated with poor overall survival (p=0.0378;
Fig. 1B). Additionally, the the AUC value was 0.920 (p<0.001; Fig. 1C). To validate these findings in vivo, a
cecal ligation and puncture (CLP) mouse model of sepsis was established. USP50 expression in murine lungs
was evaluated, and qPCR results revealed higher USP50 expression in the lungs and blood of CLP-induced
mice compared to the sham group (Fig. 1D and E). These findings suggest that USP50 may play a role in sepsis,
particularly in the pathogenesis of lung injury.

Interfering with USP50 inhibits LPS-induced pyroptosis of macrophages

Next, the role of USP50 in macrophage pyroptosis was assessed. THP-1 cells were differentiated into macrophages
using PMA. si-USP50 transfection significantly reduced USP50 mRNA and protein levels in macrophages
(Fig. 2A). Subsequently, macrophages were stimulated with LPS to model inflammatory activation. Pyroptosis,
characterized by active caspase-1, was analyzed via flow cytometry. Results demonstrated that LPS induced
pyroptosis, whereas USP50 knockdown inhibited LPS-induced pyroptosis (Fig. 2B,C). Levels of IL-1f and IL-
18 were elevated in LPS-treated cells, but this increase was attenuated by USP50 knockdown (Fig. 2D and E).
Pyroptosis-associated protein expression was quantified using immunoblotting. LPS treatment upregulated
ASC, NLRP3, GSDMD-N, and cleaved caspase-1 levels, downregulated pro-caspase-1, and had no effect on
GSDMD expression. However, USP50 knockdown reversed the LPS-induced alterations in these protein levels
(Fig. 2F). Collectively, LPS induces macrophage pyroptosis, and suppression of USP50 attenuates pyroptosis in
LPS-stimulated macrophages.

USP50 stabilizes NLRP3 by K48-linked deubiquitination

We next examined the regulatory mechanism of USP50 on NLRP3 expression. USP50 knockdown had no effect
on NLRP3 mRNA levels (Fig. 3A) but significantly reduced NLRP3 protein abundance (Fig. 3B). Given the
deubiquitinating activity of USP50, we investigated whether NLRP3 undergoes ubiquitination modification.
Co-immunoprecipitation experiments confirmed that USP50 physically interacts with NLRP3 (Fig. 3C). In
the presence of the proteasome inhibitor MG132, NLRP3 ubiquitination levels increased, whereas Myc-USP50
overexpression reversed this effect (Fig. 3D). Additionally, USP50 knockdown enhanced NLRP3 ubiquitination
(Fig. 3E). Ubiquitination typically occurs via degradative K48-linked chains or non-degradative K63-linked
chains??. To determine the specific linkage type, we assessed K48-linked ubiquitination of NLRP3. In the WT
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Fig. 2. Interfering with USP50 inhibits LPS-induced pyroptosis of macrophages. (A) THP-1 cells were treated
with PMA to obtain macrophage phenotype. These macrophages were transfected with si-USP50 and si-NC,
and the mRNA and protein levels of USP50 was measured by qPCR and immunoblotting, respectively. (B)
Flow cytometry was performed to determine cell pyroptosis, and (C) pyroptosis rate was quantified. (D)
IL-1p and (E) IL-18 levels in the supernatant of the cell culture medium were detected using ELISA. (F) The
levels of pyroptosis-related proteins including ASC, NLRP3, GSDMD, GSDMD-N, pro-caspase-1, and cleaved
caspase-1 were detected using immunoblotting. (n=3). Original blots are presented in Supplementary Fig. 1.
**P<0.01.

B C D wyc-Uspso - s
- - + +
Flag-NLRP3 + + +
c 15 B3 siNC MycUSP50 - + + MG132 _ +  + - +
i D3 si-USP50 N FlagNLRP3  + -+
S5 < e IB:NLRP3
83 S 1B:Myc —
°% & & IP:Flag A
s B:Fl
£ wars [ ] o [ -
£ -l
2 % GAPDH E’ Input | IB:Myc - o= 1B:HA
2 I1B:Flag -— —_
& »
IB:Flag L
Input
sinc o+ - F 1B:Myc p—
. HA-Ub wT K48R
SFUSPEO - 4 FlagNLRP3 - + + + + s
MG132 + o+ Myc-USP50 + - + - + CHX(M) m

159 - siNC
- si-USP50

MG132 + + + + +

o] P:-Flat = .
IBINLRP3 | - - ? ___skUSPS0
CHX(h) 0 3 & 12

IB:USP50 | ww-- s IB:Flag ————

IB:Fl;
Input ag —— — -

Buseso [ am| [ = === ]

Fig. 3. USP50 stabilizes NLRP3 by K48-linked deubiquitination. (A) qPCR and (B) immunoblotting were
conducted to determine the effect of USP50 on the expression of NLRP3. (C) After IP of the Flag, the protein
levels of NLRP3 were measured by immunoblotting to assess the interaction between USP50 and NLRP3. (D)
The effect of USP50 on the ubiquitination levels of NLRP3 in the presence of HA-Ub and MG132. (E) After
knocking down of USP50, the ubiquitination levels of NLRP3 were measured by IP and immunoblotting. (F)
When the Ub-K48 chain was mutated, the ubiquitination of NLRP3 influenced by USP50 was measured using
immunoblotting. (G) The protein stability of NLRP3 was detected using immunoblotting after USP50 silence.
(n=3). Original blots are presented in Supplementary Fig. 2. **P<0.01. ns: no significance.
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group, USP50 reduced NLRP3 ubiquitination levels. However, co-expression of NLRP3 with the ubiquitin
mutant Ub-K48R did not alter ubiquitination levels (Fig. 3F). Furthermore, USP50 knockdown shortened the
half-life of NLRP3 protein (Fig. 3G). Collectively, these findings indicate that USP50 promotes K48-linked
deubiquitination of NLRP3, thereby stabilizing NLRP3 protein.

Overexpression of NLRP3 abrogated the inhibition of macrophage pyroptosis induced by
USP50 knockdown

Rescue experiments were conducted to evaluate the role of the USP50/NLRP3 axis in macrophage pyroptosis.
oe-NLRP3 significantly increased NLRP3 mRNA and protein levels in macrophages (Fig. 4A). Subsequently,
pyroptosis was assessed. USP50 knockdown suppressed the pyroptosis rate, whereas NLRP3 overexpression
counteracted this suppression (Fig. 4B,C). Furthermore, overexpression of NLRP3 reversed the inhibition of IL-
1B and IL-18 release in LPS-stimulated cells caused by USP50 knockdown (Fig. 4D and E). Additionally, USP50
knockdown downregulated the levels of ASC, NLRP3, GSDMD-N, and cleaved caspase-1 while upregulating
pro-caspase-1 levels. These effects were reversed by NLRP3 overexpression (Fig. 4F). Collectively, suppression of
USP50 inhibits macrophage pyroptosis by downregulating NLRP3 expression.

Silencing of USP50 attenuates lung injury in CLP mice via inhibiting pyroptosis

The in vivo role of USP50 was evaluated in a CLP-induced sepsis model. LV-shUSP50 and LV-shNC were
administered via tail vein injection prior to CLP surgery. LV-shUSP50 significantly reduced USP50 expression
in the lungs of CLP-induced mice (Fig. 5A). Lung injury was assessed using H&E staining. As shown in
Fig. 5B, CLP exacerbated lung injury compared to the sham group, whereas USP50 knockdown ameliorated
lung damage in CLP-induced septic mice. The lung wet/dry weight ratio, a marker of pulmonary edema, was
elevated in CLP mice but attenuated by USP50 knockdown (Fig. 5C). Serum levels of IL-1p and IL-18 were
increased in CLP mice, and this increase was reversed by USP50 knockdown (Fig. 5D and E). Furthermore,
CLP upregulated the expression of pyroptosis-related proteins, including ASC, NLRP3, GSDMD-N, and cleaved
caspase-1, while downregulating pro-caspase-1 levels in lung tissues. However, USP50 knockdown counteracted
these CLP-induced alterations (Fig. 5F). Collectively, suppression of USP50 alleviates lung injury in septic mice
by inhibiting pyroptosis.

Discussion
The pyroptosis-induced inflammatory response has garnered increasing attention in various diseases due to
the release of pro-inflammatory cytokines, including IL-1B and IL-18, through plasma membrane pores
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Fig. 4. Overexpression of NLRP3 abrogated the inhibition of macrophage pyroptosis induced by USP50
knockdown. (A) The expression of NLRP3 was detected in macrophages using qPCR and immunoblotting
after transfection with oe-NC and oe-NLRP3. (B) Cell pyroptosis was evaluated by flow cytometry, and (C)
the pyroptosis rate was quantified. (D) IL-1p and (E) IL-18 levels in the supernatant of the cell culture medium
were detected using ELISA. (F) ASC, NLRP3, GSDMD, GSDMD-N, pro-caspase-1, and cleaved caspase-1
protein levels were detected using immunoblotting. (n=3). Original blots are presented in Supplementary

Fig. 3. **P<0.01.
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Fig. 5. Silencing of USP50 attenuates lung injury in CLP mice via inhibiting pyroptosis. (A) USP50 expression
in the lungs of mice in each group was measured by qPCR. (B) Lung injury was evaluated using H&E staining
assay. (C) The wet/dry ratio of lungs was quantified. (D) IL-1p and (E) IL-18 levels in the serum of mice were
measured using ELISA. (F) ASC, NLRP3, GSDMD, GSDMD-N, pro-caspase-1 and cleaved caspase-1 protein
levels in the lungs of mice were examined using immunoblotting. (n=6). Original blots are presented in
Supplementary Fig. 4. **P<0.01.

formed during pyroptosis. In the acute phase of sepsis, macrophages undergo massive pyroptosis to promote
the release of these cytokines, which aid in host defense against infections. However, excessive accumulation
of pro-inflammatory mediators exacerbates tissue damage and worsens sepsis outcomes?’. During the
immunosuppressive phase of sepsis, macrophages exhibit reduced capacity to produce pro-inflammatory
cytokines, suggesting that pyroptosis is suppressed®*. Recent studies have focused on macrophage pyroptosis in
sepsis, particularly in sepsis-induced ALL For instance, alpha-linolenic acid attenuates macrophage pyroptosis
in lung tissues, thereby mitigating sepsis-induced ALI?®. Similarly, BRD3308 alleviates lung damage in septic
models by inhibiting NLRP3-mediated macrophage pyroptosis?®. Despite these advances in understanding
the regulatory mechanisms of pyroptosis in sepsis-induced ALI, comprehensive insights into the molecular
pathways remain limited.

USP50 has been implicated in macrophage pyroptosis. Zhao et al.?” demonstrated that USP50 expression
is upregulated in duodenogastric reflux-associated macrophages, which subsequently promotes NLRP3
inflammasome activation and accelerates pyroptotic cell death. Accumulating evidence indicates that USP50 plays
critical pathogenic roles in multiple diseases, including SARS-CoV-2 infection, tendinopathy, and sepsis!'®?5%.
In sepsis, previous research has only established that STAT3 drives USP50-mediated CPT1a regulation of fatty
acid oxidation. However, whether USP50 modulates macrophage pyroptosis specifically in sepsis-induced ALI
remains elusive. In our current investigation, experimental results revealed that USP50 knockdown significantly
inhibited pyroptosis in LPS-induced macrophages in vitro and CLP-induced pulmonary pyroptosis in mouse
models. Furthermore, genetic suppression of USP50 markedly attenuated lung injury in CLP-induced septic
mice. These findings suggest that USP50 inhibition may alleviate sepsis-related lung damage through suppression
of macrophage pyroptosis pathways.

Although numerous DUBs have been identified, their functional mechanisms remain largely uncharacterized.
Notably, DUBs are well established for their capacity to remove ubiquitin moieties from ubiquitinated substrates.
As a DUB, we investigated the role of USP50 in NLRP3 deubiquitination. Our findings demonstrated that
USP50 physically interacts with NLRP3, and its knockdown significantly increased NLRP3 ubiquitination
levels. Accumulating evidence suggests that ubiquitinated NLRP3 contributes to macrophage pyroptosis.
For instance, GITR promotes NLRP3 inflammasome-mediated pyroptosis by reducing ubiquitination and
enhancing acetylation of NLRP3!!. Neutrophil extracellular traps facilitate NLRP3 deubiquitination, activating
pyroptotic signaling in alveolar macrophages and exacerbating sepsis-induced acute lung injury*®. While prior
studies indicate that USP50 regulates pyroptosis through ASC deubiquitination?”*!; however, no studies have
investigated the ubiquitination of NLRP3 by USP50. Ubiquitin is assembled into the multiubiquitin chain by
seven lysine residues in ubiquitin®2. NLRP3 has been revealed to be ubiquitinated by K63 and K48 chains®. K48-
linked ubiquitination is well established to drive proteasomal degradation®, whereas K63-linked ubiquitination
participates in proteasome-independent processes including DNA repair, endocytosis, and signal transduction™.
In our study, we specifically identified K48-linked ubiquitination and observed that USP50 knockdown
enhanced K48-linked ubiquitination of NLRP3, thereby reducing its protein stability. This study identifies a
novel regulatory mechanism by which USP50 modulates pyroptosis. These findings suggest that USP50 exerts
multifaceted regulatory roles in inflammasome activation through distinct molecular targets, including both
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ASC and NLRP3. Furthermore, overexpression of NLRP3 reversed the anti-pyroptotic effects induced by USP50
knockdown. Collectively, these results demonstrate that USP50 silencing inhibits pyroptosis primarily through
K48-linked ubiquitination-mediated destabilization of NLRP3.

In conclusion, USP50 functions as a negative regulator of macrophage pyroptosis in sepsis-induced
ALIL Mechanistically, genetic suppression of USP50 induces K48-linked ubiquitination of NLRP3, thereby
diminishing its protein stability. Our findings reveal a novel molecular mechanism underlying sepsis-induced
ALI and identify USP50 as a potential therapeutic target for intervention in this pathological process.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on
reasonable request.
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