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Neutrophil-derived heparin-binding protein increases
endothelial permeability in acute lung injury by promoting
TRIM21 and the ubiquitination of P65
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Abstract Acute lung injury (ALI), which poses a
significant public health threat, is commonly caused
by sepsis. ALI is associated with permeability and
glycolysis changes in pulmonary microvascular
endothelial cells. Our study demonstrates that hepa-
rin-binding protein (HBP), released from neutrophils
during sepsis, exacerbates endothelial permeabil-
ity and glycolysis, thereby triggering ALI. Through
coimmunoprecipitation and mass spectrometry,
TRIM21 was identified as a HBP interaction part-
ner. Notably, HBP enhances the protein stability of
TRIM21 by inhibiting K48 ubiquitination. TRIM21
binds to and promotes K63-linked ubiquitination of
P65, facilitating its nuclear translocation. TRIM21
regulates HPMEC permeability and glycolysis in a
manner dependent on P65 nuclear translocation. HBP
stabilizes TRIM21 and enhances TRIM21 interac-
tions with P65. Rescue experiments conducted in vivo
and in vitro demonstrate that modulation of endothe-
lial permeability and glycolysis by HBP is predomi-
nantly mediated through the TRIM21-P65 axis. Our

Supplementary Information The online version
contains supplementary material available at https://doi.
org/10.1007/s10565-025-10005-x.

J. Zhang - Y. Cao - W. Shu - S. Dong - Y. Sun - X. Ma (X))
Department of Critical Care Medicine, The First Affiliated
Hospital, China Medical University, North Nanjing

Street 155, Shenyang 110001, Liaoning Province,
People’s Republic of China

e-mail: maxc_cmu@sina.com

Published online: 05 March 2025

results suggest that targeting the HBP/TRIM21/P65
axis is a novel therapeutic strategy to ameliorate ALI.
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Introduction

ALI is a life-threatening noncardiogenic pulmonary
edema caused by intrapulmonary or extrapulmonary
factors, leading to acute hypoxemic respiratory fail-
ure (Meyer et al. 2021). The hallmark pathological
characteristics of ALI include widespread alveolar
damage, elevated vascular permeability, and neutro-
phil infiltration, all of which synergistically lead to
compromised gas exchange and respiratory impair-
ment. As the condition deteriorates, ALI progresses
to the more severe acute respiratory distress syn-
drome (ARDS). Sepsis, which is defined as “a life-
threatening organ dysfunction caused by a host’s
dysfunctional response to infection,” is the most com-
mon cause of ARDS (Evans et al. 2021). The inflam-
matory cascade induced by sepsis leads to extensive
damage to endothelial and epithelial cells, further
aggravating the breakdown of the alveolar-capillary
barrier and the development of pulmonary edema.
Despite advances in medical technology, the in-hos-
pital mortality rate for sepsis-associated ARDS is as
high as 40% (Bellani et al. 2016). Sepsis-associated
ARDS significantly impacts patient outcomes and
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imposes a substantial burden on patients, their fami-
lies, and society.

The endothelial cell (EC) monolayer serves as
a critical barrier, regulating the exchange of fluids,
nutrients, and cells between the bloodstream and
interstitial spaces (Dalal et al. 2020; Marziano et al.
2021). The integrity of human pulmonary microvas-
cular ECs (HPMECs) is essential for maintaining
lung function. Both pathogen-associated molecular
patterns and damage-associated molecular patterns
compromise endothelial integrity, increase vascular
permeability, and contribute to lung injury during
sepsis (Joffre et al. 2020). Moreover, ECs transform
rapidly from a quiescent state to a highly inflam-
matory and activated state. This process is driven
by dynamic changes in glycolysis during sepsis and
inflammation (Clyne 2021). Glycolysis plays a signif-
icant role in the progression of ALI (Li et al. 2023a).
Thus, EC permeability and glycolysis are promising
therapeutic targets for managing lung injury.

Polymorphonuclear neutrophils (PMNs) are cru-
cial for immune defense. PMNs modulate ALI via
degranulation, phagocytosis, and cellular infiltration.
HBP, also known as AZU1, is synthesized and stored
within secretory vesicles and azurophilic granules of
PMNs. Upon activation by antigens, cytokines, or
other inflammatory mediators during sepsis, HBP is
released into the bloodstream. Thus, HBP is a bio-
marker for infection severity and the transition to
severe sepsis (Yang et al. 2019). Our previous find-
ings demonstrate that HBP interacts with endothelial
Transforming growth factor-f} receptor type 2, activat-
ing the TGF-p and Rho—ROCK signaling pathways
and facilitating cytoskeletal remodeling, which culmi-
nate in ALI (Liu et al. 2022). However, the regulatory
effects of HBP on the endothelial barrier, glycolysis,
and endothelial dysfunction are unclear, underscoring
the need for more studies.

To further elucidate the role and underlying
mechanisms of HBP in ECs, our preliminary stud-
ies identified TRIM21 as a potential interacting pro-
tein through Co-IP and LC-MS analyses. TRIM21,
a member of the Tripartite motif (TRIM) family,
regulates crucial cellular processes including innate
immunity, transcription, and autophagy. Notably,
increased TRIM21 expression has been linked to
a variety of autoimmune and inflammatory disor-
ders (Holwek et al. 2023). Recent findings suggest
that TRIM21 may promote Gasdermin D-mediated
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pyroptosis, positioning it as a potential therapeutic
target for inflammation-related diseases (Gao et al.
2022). Nevertheless, the specific role of TRIM21 in
HBP-mediated endothelial dysfunction remains to be
defined.

P65, also referred to as RelA, is a critical compo-
nent of the NF-xB family. Conditions such as ALI/
ARDS, and chronic obstructive pulmonary disease
are notably linked with the dysregulated activation of
the NF-kB pathway (Alharbi et al. 2021; Millar et al.
2022). Previous studies have demonstrated that HBP
amplifies NF-kB pathway-mediated transcription of
inflammatory genes in macrophages during sepsis
(Lu et al. 2021). However, the specific regulatory
mechanisms through which HBP modulates P65 tran-
scriptional activity remain to be elucidated.

The objective of this study was to determine the
relationship between septic PMNs and endothe-
lial dysfunction. Our results demonstrate that HBP
released from septic PMNs enhances EC perme-
ability and influences glycolytic processes. Notably,
unfractionated heparin effectively reduces endothelial
damage induced by HBP. Moreover, the functional
roles of TRIM21 and P65 were evaluated in the con-
text of HBP-induced lung injury; the potential role of
interactions between TRIM21 and P65 in modulat-
ing endothelial permeability and glycolysis in ALI
were investigated. The novel pathways and mecha-
nisms through which neutrophil-derived HBP medi-
ates endothelial damage were elucidated and new
therapeutic targets for the management of ALI were
identified.

Materials and methods
Chemicals and reagents

MG132 and JSH-23 were obtained from MedChem-
Express. Cycloheximide (CHX) was sourced from
Sigma-Aldrich, and recombinant HBP was procured
from Novoprotein. Transfection reagents included
Higene (Applygen Technology) and Lipo3000 (Life
Technologies Corporation).

Cell culture treatment and transfection

HPMECs were acquired from Tongpai technology
and cultured in Dulbecco’s modifed Eagle’s medium
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supplemented with 10% fetal bovine serum. After
2-3 days, they reached 80-90% confluence and were
passaged using 0.25% trypsin. Cells were passaged
at 80-90% confluence using 0.25% trypsin,and cells
within 40 passages were used for all experiments.
HPMECs were confirmed to be CD31-positive by
immunofluorescence staining, ensuring the endothe-
lial identity. In the cell experiments, the HBP group
was treated with 1 pg/mL recombinant HBP protein
for 24 h.

For transfection experiments, flag-HBP (MiaoLingBio,
China),myc-TRIM21plasmids (MiaoLingBio, China), HA-
Ub(MiaoLingBio, China), HA-Ub K48(MiaoLingBio,
China), HA-Ub K63(MiaoLingBio, China) and correspond-
ing empty vector were transfected into cells using transfec-
tion reagents according to the manufacturer’s instructions.
After 48 h of culture post-transfection, cells were uesd for
subsequent experiments. TRIM21 gene silencing was per-
formed in HPMEC:s by si-TRIM21(Haixing Biotech), with
both siRNA and scrambled siRNA stock concentrations of
20 uM and working concentrations of 50-100 nM. Nega-
tive control (NC) included scrambled siRNA transfections.
After 48 h, levels of TRIM21 proteins were detected by
immunoblotting to verify transfection efficiency (sFigure 1).
Subsequently, TRIM21 was knocked down using TRIM21
siRNAL.

Clinical data collection and human neutrophils
isolation

Clinical data on plasma HBP concentrations were
collected from sepsis patients, both with and without
ARDS, in the intensive care unit of the First Affiliated
Hospital of China Medical University. Blood samples
were collected in EDTA-coated tubes for neutrophil
isolation isolation from healthy donors and sepsis
patients who provided informed consent. All clini-
cal data collection and experiments were conducted
in accordance with the approval granted by the Ethics
Committee of the First Affiliated Hospital of China
Medical University (Approval Number: 2023-157).
The inclusion criteria for participants are detailed in
the Supplementary Materials.

Neutrophils were isolated using density gradient
centrifugation by a commercial neutrophil extrac-
tion kit(P9040, Solarbio). Viability was assessed by
Trypan Blue exclusion, which showed that more than
90% of the cells were viable. Cells were cultured in
RPMI 1640 supplemented with 10% FBS.

Animal experiments and lung injury model

C57/BL male mice, aged 6-8 weeks, were obtained
from Liaoning Changsheng Biological Company.
The mice were housed under a clean environment
with sufficient water and food, maintaining a normal
circadian rhythm. Mice were anesthetized with iso-
flurane and euthanized by cervical dislocation at the
end of the experiment. All procedures were approved
by the Institutional Animal Care and Use Commit-
tee of China Medical University(Approval Number
KT20240002).

Based on preliminary experimental results, intra-
venous injection of 25 pg recombinant HBP pro-
tein was identified as the minimum dose required to
induce lung injury in mice (sFig 2A, B). Therefore,
this study employed 25 pg recombinant HBP admin-
istered via tail vein injection to establish the HBP-
induced lung injury model. Mice were subjected to
HBP treatment for 24 h (HBP group), while the con-
trol group received an equal volume of saline via tail
vein injection. Each group consisted of five mice. To
establish a LPS-induced acute lung injury model,
mice were intratracheally administered 5 mg/kg LPS
(2630, Sigma) in 50 pl saline for 24 h, with control
mice receiving saline alone. Each group consisted of
five mice.

Co-culture experiments

HPMECs and neutrophils were co-cultured in a
Transwell system (0.4 pm pore size, 3413, Corn-
ing). HPMECs were seeded in the bottom chamber
and neutrophils (5x 1075 cells) in the upper cham-
ber. After 24 h, HPMEC samples were collected. To
measure TEER and FITC-dextran leakage, HPMECs
were seeded in the upper chambers and PMNs were
placed in the lower chambers.

Enzyme-linked immunosorbent assay (Elisa)

HBP levels in EC supernatants were measured using
a commercial ELISA kit (SEB461Hu, Cloud-Clone
Corp, Wuhan, China). Samples were diluted 100-
fold, and 100 puL of each was added to antibody-
coated wells, followed by incubation at 37 °C for
90 min. After washing, 100 uL of biotin-labeled
detection antibody was added and incubated at
37 °C for 60 min. Following another wash, 100 L
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of HRP-avidin conjugate was added and incubated
at 37 °C for 30 min. After a final wash, 90 pL of
TMB substrate was added for color development at
37 °C in the dark for 15-20 min. The reaction was
stopped with 50 uL of stop solution, and absorbance
at 450 nm was measured using a microplate reader.
HBP concentrations were calculated using a standard
curve.

Western blot

Protein lysates were prepared using RIPA buffer,
and protein concentrations were determined by BCA
assay. Samples (2040 pg protein) were resolved
by SDS-PAGE, transferred to PVDF membranes,
and probed with the following primary antibod-
ies: ZO-1 (21,773-1-AP, Proteintech, 1:5000),
occludin (27,260-1-AP, Proteintech, 1:5000), clau-
din-5 (29,767-1-AP, Proteintech, 1:5000), TRIM21
(12,108-1-AP, Proteintech, 1:5000), P65 (80,979-1-
RR, Proteintech, 1:1000), B-actin (81,115-1-RR, Pro-
teintech, 1:10,000), Flag (66,008—4-Ig, Proteintech,
1:1000), Myc (16,286—1-AP, Proteintech, 1:5000),
Histone 3 (17,168-1-AP, Proteintech, 1:10,000), HBP
(MAB2200, R&D Systems, 1:1000), Ub (10,201-2-
AP, Proteintech, 1:1000), K63-Ub (ab179434,
Abcam, 1:1000), HA (51,064-2-AP, Proteintech,
1:10,000), ROCK2 (21,645-1-AP, Proteintech,
1:5000), ROCK1 (21,850-1-AP, Proteintech, 1:5000),
Phospho-NF-xkB p65 (Ser536) (80,379-2-RR, Pro-
teintech, 1:1000), and Rho (mAb A4855, Abclonal,
1:1000). Gels were visualized using enhanced
chemiluminescence.

Co-immunoprecipitation(Co-IP) and mass
spectrometry analysis

Cells or lung tissue of mice were lysed in IP lysis
(0.25% Sodium deoxycholate, 1 mM Tris—HCI 7.4,
0.5 M EDTA, 1% Triton-X 100, 1% NP40, 150 mM
Nacl) containing protease inhibitors. After 30 min on
ice, the lysate was centrifuged, and protein concen-
tration was measured using a BCA assay. An aliquot
of supernatant was set aside as input. The remaining
lysate (1000 pg protein) was incubated with primary
antibodies at 4 °C for 2 h, followed by overnight
incubation with protein A/G magnetic beads (K1305,
Apexbio, USA). The beads were then washed three
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times with IP buffer and proteins were boiled in
2 x SDS-PAGE buffer at 100 °C for 10 min.

The proteins were separated by SDS-PAGE and
the relevant bands were excised, digested into pep-
tides, and analyzed by LC-MS (PTM BIO). Data
were processed with Proteome Discoverer 2.4 to
identify protein interactions.

FITC-dextran leakage assay

Confluent layers of HPMECs in Transwell inserts
were incubated with 1 mg/ml FITC-dextran to evalu-
ate barrier permeability. After one hour of exposure,
samples collected from the lower chamber were
analyzed for fluorescence intensity to quantitatively
assess the integrity of the endothelial barrier.

Transendothelial electrical resistance (TEER)
measurement

TEER was assessed using a millicell-ERS instrument
(Merck Millipore). ECs were cultured to confluence
within Transwell inserts, and the culture medium was
refreshed just prior to the measurements. Inserts were
allowed to stabilize at 25 °C for 30 min before TEER
values were recorded. During stabilization, the sys-
tem was kept in a constant-temperature environment
to ensure stable conditions. The inserts were undis-
turbed, allowing the cell layers and medium to equili-
brate and eliminate any initial disturbances. This step
minimized external influences and ensured a steady
state before measurements. To account for back-
ground resistance, control values obtained from blank
inserts were subtracted from those of the experimen-
tal groups. Subsequently, TEER values were normal-
ized to the membrane surface area, resulting in meas-
urements expressed as ohms*cm?. This normalization
provides a quantitative assessment of endothelial bar-
rier integrity.

Lactate measurement

Lactate concentrations in bronchoalveolar lavage fluid
(BALF) and cell culture supernatants were deter-
mined using a Micro Lactate Assay Kit (KTB1100,
Abbkine) in accordance with the manufacturer’s
instructions.
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Extracellular acidification rate (ECAR)

ECAR was measured using an XF24 extracellular
flux analyzer (Seahorse Bioscience). HPMECs at a
density of 5x 1074 cells per well were plated on an
XF24 plate. ECAR measurements were sequentially
performed following the addition of glucose, oligo-
mycin, and 2-deoxy-D-glucose (2-DG). Data analysis
was conducted using Seahorse Wave software, which
processed ECAR readings and evaluatedglycolysis
capability following the manufacturer’s protocol.

Immunofluorescence staining

Cells were cultured on glass slides, followed by fixa-
tion with 4% paraformaldehyde and permeabilization
using 0.1% Triton X-100 for 10 min. To prevent non-
specific binding, cells were blocked with 2% bovine
serum albumin. Cells were incubated with primary
antibodies against HBP (MAB461Hu24,Cloud-
clone,1:100) and TRIM21(12,108-1-AP, protein-
tech,1:100) at 4 °C overnight. Subsequently, they
were exposed to appropriate fluorescence-tagged
secondary antibodies. Nuclei were stained with
DAPI(G1012, servicebio) for 5 min. Fluorescence
images were acquired using a Nikon A1 laser confo-
cal microscope to evaluate protein localization.

Protein stability and degradation assay

To assess protein synthesis inhibition, HPMEC cells
overexpressing HBP or a control plasmid were treated
with 100 pg/mL CHX 24 h post-transfection. Total
proteins were collected at different times for West-
ern blot analysis. For protein degradation assay, cells
were treated with 10 pM MG132, a proteasome inhib-
itor, or DMSO for the control group, and proteins
were subsequently extracted for Western blotting to
evaluate the effects on proteasomal degradation.

Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from HPMECs using a
RNA extraction kit and quantified via spectropho-
tometry. Complementary DNA was synthesized using
a reverse transcription master mix, and qPCR was
performed with P-actin serving as an internal con-
trol. Primer information is detailed in Supplementary
Table S1.

Lung wet-to-dry (W/D) ratio

Fresh right lung tissue was weighed and then dried
at 68 °C until constant weight was achieved. Lung
W/D ratio was calculated to assess pulmonary tissue
exudation.

HE staining and lung inflammation score

Lung tissue was fixed in 4% paraformaldehyde,
embedded in paraffin, and sectioned at 4 pm thick-
ness. Sections were deparaffinized, rehydrated, and
stained with hematoxylin and eosin for histological
examination under a microscope. Lung injury was
evaluated based on histopathological parameters
including pulmonary edema, inflammation, hemor-
rhage, atelectasis, and hyaline membrane forma-
tion. Each parameter was scored semi-quantitatively
from O to 4: 0 (no injury), 1 (<25% involvement), 2
(25%—50%), 3 (50%—75%), and 4 (>75%). The total
injury score was the sum of all parameter scores. To
reduce bias, 10 high-power fields were randomly
selected for each animal, and scoring was performed
independently by two investigators, with the average
score representing the final lung injury score.

Evans blue leakage assay

Mice were injected intravenously with 0.5% Evans
Blue dye. After one hour, pulmonary vasculature was
cleared, and lung tissue was harvested and homog-
enized in formamide (1 mL per 100 mg tissue). Fol-
lowing incubation at 37 °C for 24 h and centrifuga-
tion, the supernatant’s absorbance was measured to
determine Evans Blue dye leakage, using a standard
curve for quantification.

Isolation of primary pulmonary endothelial cells
from mice

Primary pulmonary endothelial cells from mice
were isolated using magnetic bead separation. Fresh
lung tissue was first thoroughly washed with basal
medium, then cut into small pieces and incubated in
collagenase solution at 37 °C for 45 min. Next, 15uL
of pre-incubated anti-CD31 antibody(553,370, BD)-
conjugated magnetic beads(11,035, Thermo Fisher
Scientific) were added per milliliter of cell suspension
and incubated at 4 °C for 20 min. After discarding
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the cell suspension, the magnetic beads were washed
with medium to obtain purified primary pulmonary
endothelial cells.

Adenoviral vector infection

An adenoviral vector was purchased from Hanbio
Tech (Shanghai, China). To knock down TRIM21
expression in the lung tissue of C57BL/6 mice, we
employed HBAAV2/6-m-trim21 shRNAI1-EGFP
(shTRIM21), with HBAAV2/6-EGFP NC serv-
ing as the control vector. The vector, administered
intratracheally at a dose of 5x 10710 viral genomes
in 0.1 pL, achieved stable expression three weeks
post-administration.

Wild-type mice without adenovirus transfec-
tion, mice infected with shNC adenovirus, and mice
infected with shTRIM21 adenovirus were designated
as WT, shNC, and shTRIM21 groups, respectively.
Each group consisted of five mice. After receiv-
ing HBP or LPS treatment for the corresponding
duration, the mice were sacrificed for subsequent
experiments.

Statistical analysis

Data were analyzed using SPSS Version 23 and
GraphPad Prism 9. Experimental results are reported
as mean +standard deviation (SD). For compari-
sons between two groups, the Student’s t-test was
applied. Differences among three or more groups
were analyzed using one-way analysis of variance
(ANOVA), with Bonferroni’s method for inter-group
comparisons. P<0.05 was considered statistically
significant.

Results

Neutrophil-derived HBP from septic patients causes
HPMEC barrier disruption and promotes glycolysis

To determine the correlation between HBP secre-
tion by neutrophils and lung injury, we analyzed
plasma HBP concentrations in patients with sepsis.
Plasma HBP levels were significantly higher in sepsis
patients with ARDS compared to the levels in sepsis
patients without lung injury (Fig. 1A), indicating a
strong association between elevated HBP levels and

@ Springer

lung injury in sepsis. HPMECs were cocultured with
neutrophils in a Transwell system. HBP levels were
significantly higher in cocultures with sepsis-derived
PMNs compared to cocultures with healthy PMNs
(Fig. 1B). Endothelial integrity and permeability
were assessed using TEER and FITC-dextran leak-
age assays, respectively. No significant differences in
endothelial integrity and permeability were detected
between the control group and the healthy PMNs
coculture group (Fig. 1C, D). However, TEER value
significantly decreased and FITC-dextran leakage
significantly increased in HPMECSs cocultured with
sepsis PMNs compared with ECs cocultured with
healthy PMNs (Fig. 1C, D). Furthermore, the expres-
sion of the tight junction proteins, ZO-1, occludin,
and claudin-5, decreased in the sepsis PMN coculture
group (Fig. 1E, F). Extracellular acidification rates
and lactate production were measured to determine
the effects of HBP on glycolysis in ECs. Both gly-
colytic capacity and lactate levels were significantly
elevated in the sepsis PMN coculture group compared
to the corresponding parameters in the healthy PMN
group (Fig. 1G-I).

Heparin is a nonspecific HBP antagonist that
can bind to HBP and inhibit its function (Bentzer
et al. 2016). Heparin did not alter TEER value and
FITC—-dextran leakage in normal HPMECs but
improved both parameters in HPMECs cocultured
with sepsis PMNs (Fig. 1J, K). Western blot analy-
sis showed that heparin restored the decrease in tight
junction proteins induced by PMNs (Fig. 1L, M). No
changes in glycolytic activity and lactate levels were
detected between the control group and ECs treated
with heparin alone. However, both glycolysis and
lactate production were reduced in ECs cocultured
with sepsis PMNs and heparin compared to HPMECs
cocultured with sepsis PMNs (Fig. IN-P). These
findings suggest that heparin effectively mitigates
HBP-mediated increases in HPMEC permeability and
glycolysis induced by septic PMNSs.

Recombinant HBP increases EC permeability and
glycolysis, leading to ALI

HBP protein was used in in vivo and in vitro experi-
ments to determine the direct effects of HBP on
HPMECs. TEER values decreased, FITC—dextran
leakage increased, tight junction protein expression
decreased, glycolytic capacity increased, and lactate
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Fig. 1 HBP secreted by sepsis PMNs disrupts EC barrier and
promotes endothelial glycolysis. A Plasma HBP levels in sep-
sis patients with and without ARDS. Data are represented as
mean+ SD, n=12, ***P <(0.001. B HBP concentrations in EC
supernatants from co-cultures with sepsis and healthy PMNs.
Data are represented as mean+standard deviation, n=3,
*##%P <0.001. C, D TEER values and FITC-dextran leakage in
ECs co-cultured with sepsis and healthy PMNs. E, F Expres-
sion of tight junction proteins in ECs co-cultured with sepsis
and healthy PMNs, analyzed by Western blot. Data are rep-
resented as mean=standard deviation, n=3, ***P<(0.001.

levels increased in ECs treated with 1 pg/ml HBP
for 24 h (Fig. 2A-G). Intravenous administration of
HBP into the tail vein of mice induced severe lung
damage, as evidenced by HE staining and increased

100

G-I ECAR, lactate production, and glycolysis in ECs co-cul-
tured with sepsis and healthy PMNs, with data represented as
mean+SD, n=3, ***P<0.001. J, K Effects of sepsis PMNs
co-culturing with heparin on the TEER values and FITC-dex-
tran leakage. L, M Effects of heparin on tight junction protein
expression in ECs co-cultured with sepsis PMNs. Data are
represented as mean+SD, n=3, **P<0.01. N-P ECAR, lac-
tate production, and glycolysis in ECs co-cultured with sepsis
PMNs and heparin. Data are represented as mean+SD, n=3,
%P <0.001

histopathological scores (Fig. 2H, I). HPMEC perme-
ability, which was assessed by lung W/D ratios and
Evans blue dye extravasation, increased significantly
in the HBP-treated mice compared with permeability
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Fig. 2 HBP directly increases endothelial permeability and
glycolysis, leading to ALI. A, B TEER values and FITC-dex-
tran leakage in ECs treated with purified HBP protein. C, D
Tight junction protein expression in HBP-treated ECs, deter-
mined by Western blot. Data are represented as mean+SD,
n=3, *¥*P<0.01. E-G ECAR, lactate production, and gly-
colysis in HBP-treated ECs, represented as mean+SD, n=3,

in control mice (Fig. 2J, K). Lactate levels in BALF
were quantified to assess glycolysis; lactate concen-
trations were higher in the HBP group (Fig. 2L).
These findings confirmed the induction of increased
HPMEC permeability and glycolysis by HBP, thereby
exacerbating ALIL

HBP interacts with TRIM21 and increases its protein
stability

Secreted proteins can interact with intracellular
proteins of receptor cells and exert different bio-
logical functions. Using coimmunoprecipitation
and mass spectrometry, we identified potential tar-
get proteins of HBP in HPMECs overexpressing
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*%P<0.01. H, I HE staining of lung tissues from mice treated
with HBP, indicating injury severity, scale bar: 50 um. Data
are represented as mean+SD, n=5, ***P <0.001. J-L Lung
W/D ratio, Evans Blue leakage, and BALF lactate content in
HBP-treated mice. Data are represented as mean=+SD, n=5,
#P<0.01, ¥**P <0.001

HBP. Seventy-eight interacting proteins were iden-
tified, and TRIM21 had the highest score (sFig
3A,B). Stimulation of HPMECs with recombinant
HBP protein followed by Co-IP experiments con-
firmed the endogenous interaction between HBP
and TRIM21 in HPMECs (Fig. 3A). Immunofluo-
rescence analysis revealed colocalization of HBP
and TRIM21 in the cytoplasm (Fig. 3B). Interest-
ingly, while qRT-PCR indicated that HBP over-
expression did not alter TRIM21 mRNA levels
(Fig. 3C), TRIM21 protein levels increased sig-
nificantly (Fig. 3D). To explore this discrepancy,
protein synthesis was inhibited with CHX. HBP
overexpression prolonged TRIM21 protein stability
(Fig. 3E). Treatment with the proteasome inhibitor
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Fig. 3 HBP interacts with TRIM21 and increases its protein
stability. A Co-IP detection of HBP-TRIM21 binding in ECs
treated with purified HBP. B Immunofluorescence showing
co-localization of TRIM21 and HBP in the cytoplasm of ECs,
scale bar: 10 um. C,D mRNA and protein levels of TRIM21 in
ECs overexpressing HBP. Data are represented as mean+SD,
n=3, **P<0.01, ns P>0.05. E CHX treatments to analyze
TRIM21 stability and degradation in HBP-overexpressing ECs.
Data are represented as mean=+SD, n=3, **P <0.01. F Effects
of MG132 on TRIM21 expression in HBP overexpression

MG132 further increased the effects of HBP on
TRIM21 protein expression, indicating that HBP
modulates TRIM21 stability via the proteasome
pathway (Fig. 3F). In addition, overexpression of
HBP reduced TRIM21 ubiquitination (Fig. 3G). To
further investigate the specific type of ubiquitina-
tion mediated by HBP, we co-transfected HEK293T
cells with Flag-HBP, HA-Ub WT, and its mutants
(HA-Ub K48 and HA-Ub K63). Ubiquitination
analysis demonstrated that HBP significantly inhib-
ited K48-linked ubiquitination of TRIM21 but had

*xx 15
mm Control
HBP-OE

Relative fold change
Ub/TRIM21

Ub/TRIM21

K63

K48

ECs. Data are represented as mean+SD, n=3, **P<0.01. G
Ubiquitination levels of TRIM21 in HBP overexpression ECs
treated with MG132 (10 uM) for 12 h. Data are represented
as mean+SD, n=3, ***P<0.001. H HEK293T cells were
co-transfected with either vector or Flag-HBP together with
HA-Ub WT, and its mutants (HA-Ub K48 and HA-Ub K63)
and treated with MG132 (20 uM) for 12 h to assess TRIM21
ubiquitination levels. Data are represented as mean+SD,
n=3,#%*P<0.01,***P<0.001

no substantial effect on K63-linked ubiquitination
levels (Fig. 3H). These results indicate that HBP
enhances TRIM21 protein stability by inhibiting its
K48-linked ubiquitination.

Regulation of EC permeability and glycolysis by
TRIM21

To determine the effects of TRIM21 on EC per-

meability and glycolysis, the effects of TRIM21
knockdown and overexpression were evaluated
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Fig. 4 Role of TRIM21 in regulating EC permeability and
glycolysis activity. A, B Influence of TRIM21 overexpression
and knockdown on TEER values and FITC-dextran meas-
urements in ECs. C, D Western blot analysis of tight junc-
tion proteins expression in ECs with TRIM21 overexpres-

in HPMECs. Overexpression of TRIM21 sig-
nificantly decreased TEER value and enhanced
FITC—dextran leakage, indicating increased
permeability. Conversely, TRIM21 knockdown
increased TEER value and decreased FITC—dex-
tran leakage, indicating improved barrier integrity
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sion and knockdown. Data are represented as mean=+SD,
n=3, *P<0.05, **P<0.01. E-G ECAR, lactate production,
and glycolysis in ECs with altered TRIM21 expression. Data
are represented as mean+SD, n=3, *P<0.05, **P<0.01,
#ExP < 0.001

(Fig. 4 A, B). In support of these results, the
expression of ZO-1, occludin, and claudin-5
decreased in the TRIM21 overexpression group,
while their levels increased after TRIM21 knock-
down (Fig. 4C, D). Additionally, glycolytic activ-
ity and lactate production were markedly higher



Cell Biol Toxicol (2025) 41:55

Page 110f 19 55

in cells overexpressing TRIM21 and lower when
TRIM21 was silenced (Fig. 4E-G). These results
indicate that TRIM21 modulates endothelial bar-
rier function and glycolytic activity.

TRIM21 regulates EC permeability and glycolysis
through P65 nuclear translocation

Previous studies have shown that TRIM21 pro-
motes K63 ubiquitination of P65, which enhances
P65 nuclear translocation in psoriasis (Yang et al.
2021). P65 is a crucial component of the NF-xB
signaling pathway, regulating inflammatory pro-
cesses and EC permeability and glycolysis through
transcriptional regulation. Thus, we hypothesized

that TRIM21 affects EC functions by modulating
P65 nuclear translocation. Co-IP assays confirmed
the endogenous interaction between TRIM21 and
P65 in HPMECs (Fig. 5A). TRIM21 overexpres-
sion significantly increased the K63-linked ubig-
uitination of P65 (Fig. 5B) and P65 nuclear trans-
location (Fig. 5C, D). These results indicate that
TRIM21-induced K63 ubiquitination facilitates
P65 nuclear translocation in HPMECs. To deter-
mine if P65 nuclear translocation is involved in
TRIM21 effects on HPMEC permeability and gly-
colysis, we employed JSH-23, a specific inhibitor
of P65 nuclear translocation. JSH-23 reversed the
decrease in TEER and increase in FITC-dextran
leakage induced by TRIM21 overexpression in
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Fig. 5 TRIM21 regulates endothelial functions through ubiq-
uitination of P65. A, B TRIM21 binding and ubiquitination of
P65 detected by Co-IP. C, D Effects of TRIM21 overexpres-
sion on P65 nuclear translocation. Data are represented as
mean+SD, n=3, *P<0.05, **P<0.01. E, F The effects of
TRIM21 overexpression and P65 inhibitor on TEER values
and FITC-dextran measurements. G, H Effects of TRIM21

o3

50
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overexpression and P65 inhibitor on tight junction protein
expression in ECs detected by Western blot. Data are rep-
resented as mean+SD, n=3, *P<0.05, ***P<0.001. I-K
ECAR, lactate production, and glycolysis assessed under the
conditions of TRIM21 overexpression and P65 inhibitor. Data
are represented as mean+ SD, n=3, ¥*P <0.05, **P <0.01

@ Springer



55 Page 12 of 19

Cell Biol Toxicol (2025) 41:55

ECs (Fig. 5E, F). The expression of ZO-1, occlu-
din, and claudin-5 proteins increased significantly
in the TRIM21 overexpression+ P65 inhibitor
group compared to the TRIM21 overexpression
group (Fig. 5G, H). Moreover, JSH-23 restored the
upregulation of glycolytic capacity and lactate lev-
els caused by TRIM21 overexpression in HPMECs
(Fig. 5I-K). These results confirm that TRIM21 reg-
ulates HPMEC permeability and glycolysis via P65
nuclear translocation, suggesting that the endothe-
lial regulatory pathways can be targeted.
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Fig. 6 HBP promotes the interaction between TRIM21 and
P65, and regulates endothelial cell permeability and glyco-
lysis through TRIM21-induced ubiquitination of P65. A The
effect of recombinant HBP and sepsis-derived PMNs on the
interaction between TRIM21 and P65. Data are represented
as mean+SD, n=3, *P<0.05, **P<0.01,***P<0.001.
B, C Impact of HBP overexpression and TRIM21 knock-
down on P65 phosphorylation and nuclear translocation. Data
are represented as mean+SD, n=3, *P<0.05, **P<0.01,
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HBP enhances the interaction between TRIM21
and P65, regulating EC permeability and glycolysis
through TRIM21-mediated ubiquitination of P65

HBP interacts with TRIM21, which interacts with
P65 in HPMECs. Thus, we hypothesized that HBP
modulates the interaction between TRIM21 and P65.
As expected, the Co-IP experiments revealed that
both recombinant HBP and sepsis-derived PMNs
significantly enhance the endogenous interaction
between TRIM21 and P65 (Fig. 6A). Thus, HBP
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strengthens the interaction between TRIM21 and P65.
To explore the role of TRIM21-P65 in HBP-mediated
effects on permeability and glycolysis, HPMECs
overexpressing HBP were transfected with TRIM21
siRNA. SiTRIM21 reduced the phosphorylation of
P65 and the nuclear translocation of P65 caused by
HBP overexpression (Fig. 6B, C). Furthermore, qRT-
PCR analysis of P65 downstream inflammatory fac-
tors (IL-6 and IL-1P) revealed that TRIM21 knock-
down suppressed their upregulation induced by HBP
overexpression (sFig 5A,B), confirming the depend-
ency of HBP-mediated P65 activation on TRIM21.
Building on previous findings that high-dose HBP
activates the Rho signaling pathway, we investigated
Rho/ROCK pathway involvement in low-dose HBP-
mediated signaling. Western blot analysis showed
that low-dose HBP (1 ug/mL) did not activate Rho/
ROCK but significantly increased P65 phosphoryla-
tion, peaking at 24 h (sFig 3A). In contrast, high-
dose HBP (10 ug/mL) activated both P65 and Rho/
ROCK, with maximal effects at 6 h (sFigure 3B).
Functional assays revealed that low-dose HBP treat-
ment (12-24 h) significantly reduced TEER values
(sFigure 3C) and increased FITC-dextran permeabil-
ity (sFigure 3D), correlating with the time-dependent
increase in P65 phosphorylation levels. These results
suggest that low-dose HBP primarily exerts its effects
via the P65 pathway rather than Rho/ROCK. Next,
we investigated whether HBP-mediated P65 activa-
tion is dependent on TRIM21. Notably, TEER value
increased and FITC—dextran leakage decreased in
the HBP overexpression+siTRIM21 group com-
pared to the HBP overexpression group (Fig. 6D, E).
Importantly, siTRIM21 restored the expression of
Z0-1, occludin, and claudin-5 (Fig. 6F, G). TRIM21
knockdown mitigated the increased glycolytic capac-
ity and lactate levels prompted by HBP overexpres-
sion (Fig. 6H-J). These results confirmed that HBP
facilitates interactions between TRIM21 and P65 and
influences HPMEC permeability and glycolysis via
TRIM21-mediated ubiquitination of P65.

Silencing of TRIM21 reverses HBP-induced lung
injury in vivo

In vitro experiments have confirmed the regula-
tory relationship between HBP, TRIM21, and P65;
however, whether this regulation is consistent

in the HBP-induced lung injury model remains
unclear. Therefore, we further examined the expres-
sion and ubiquitination levels of TRIM21 and
P65 in the lungs of HBP-treated mice. The results
showed that TRIM21 expression was increased,
while P65 expression remained unchanged in lung
primary endothelial cells from HBP-treated mice
(Fig. 7A). Ubiquitination assays revealed a decrease
in TRIM21 ubiquitination levels (Fig. 7B)and a
significant reduction in K63 ubiquitination of P65
(Fig. 7C) in the lung tissue of HBP-treated mice.
In vivo experimental data further confirmed that
the changes in the HBP-TRIM21-P65 signaling
axis were consistent with the in vitro experimental
results. Additionally, BALF from the HBP model
mice showed a significant increase in neutrophil
content (Fig. 7D), suggesting that HBP exacerbates
neutrophil infiltration.

To ascertain the role of TRIM21 in HBP-induced
lung injury in vivo, we utilized AAV6 vectors
expressing either shRNA targeting TRIM21 (sh-
TRIM21) or a nontargeting control (sh-NC). The
vectors were administered intratracheally to C57/BL
mice. TRIM21 expression decreased in lung primary
endothelial cells of mice treated with sh-TRIM21
4 weeks after adenoviral infection (Fig. 7E). Subse-
quent administration of HBP via tail vein injection
induced similar pathological changes in the lungs of
wild type or AAV6 sh-NC mice. However, TRIM21
knockdown significantly mitigated the pulmonary
pathological damage induced by HBP (Fig. 7F, G).
Additionally, lung W/D ratios and Evans blue leak-
age were substantially reduced in TRIM21 knock-
down mice compared to the sh-NC group (Fig. 7H,
I). Lactate levels in BALF from TRIM21 knock-
down mice were also significantly decreased com-
pared to the sh-NC group (Fig. 7J). These results
confirm that knocking down TRIM21 reverses lung
injury triggered by HBP and are consistent with the
ex vitro experiments. To further elucidate the role
of TRIM21 in lung injury, we developed an LPS-
induced lung injury model. Western blot analysis
revealed a marked increase in TRIM21 expression
in primary pulmonary endothelial cells from LPS-
exposed mice (sFig 6A). Following TRIM21 knock-
down and subsequent LPS challenge, HE staining
demonstrated a significant attenuation of lung tis-
sue damage (sFig 6B). These results indicate that
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Fig. 7 In vivo experiments
confirm that silencing
TRIM21 reverses HBP-
induced lung injury.A,
TRIM21 and P65 expres-
sion in the lung primary
endothelial cells from mice
treated with HBP. Data are
represented as mean + SD,
n=>5, ***P<0.001,ns,
not significant. B,C
Ubiquitination levels of
TRIM21 and P65 in the
lung tissues of mice treated
with HBP. D Neutrophil
count in BALF of mice
treated with HBP. Data are
represented as mean +SD, D =
n=>5, ***P<0.00l.E 3
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TRIM21 may be critically involved in lung injury
triggered by diverse etiological factors.

Discussion

This study elucidates the pivotal role of the HBP/

TRIM21/P65 axis in regulating pulmonary endothe-
lial barrier function and metabolic reprogramming
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during sepsis. Mechanistically, HBP binds to

TRIMZ21, inhibiting K48 ubiquitination and promot-
ing TRIM21 expression. Importantly, HBP enhances
the interaction between TRIM21 and P65, facilitat-
ing P65 phosphorylation and its nuclear translocation.
This interaction forms a positive feedback loop that
amplifies NF-xB signaling. Both in vitro and in vivo
knockdown of TRIM21 effectively reversed HBP-
induced increases in permeability and glycolysis,
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thereby mitigating lung injury. These findings suggest
that targeting TRIM21 may offer a potential therapeu-
tic strategy for alleviating acute lung injury.

Neutrophil-endothelial ~cell interactions are
involved in the progression of sepsis-induced lung
injury (Liu et al. 2023). Activated neutrophils cause
tissue injury and organ dysfunction by releasing
cytokines, bioactive peptides, and enzymes during
sepsis (Park et al. 2019; Wang et al. 2022a). In addi-
tion, HPMECs are involved in the development of
ALI through increased vascular permeability, inflam-
matory responses, endothelial dysfunction, and pul-
monary microthrombosis (Qiao et al. 2024). Tight
junctions are necessary for the lung endothelial bar-
rier function, and disruption of tight junctions results
in ALIL In addition, aberrant glycolysis is associated
with increased vascular permeability (Clyne 2021).
For instance, lactate produced from glycolysis acti-
vates ERK, which stimulates calpain1/2. This activa-
tion leads to the proteolytic cleavage of VE-cadherin,
a key protein in maintaining endothelial cohesion.
Cleavage of VE-cadherin promotes its endocytosis
in ECs during sepsis (Yang et al. 2022). In the pre-
sent study, we focused on the effect of neutrophils
on HPMEC permeability and glycolysis during sep-
sis. The coculture experiments showed that sepsis-
induced PMNs altered HPMEC permeability and
integrity and enhanced HPMECs glycolysis.

HBP is part of the serine protease family but lacks
enzymatic activity due to substitutions in key serine
and histidine residues at its active site. HBP is highly
expressed in neutrophils but is virtually absent in ECs
(Linder et al. 2010). HBP is sequestered in the secre-
tory vesicles and azurophilic granules of neutrophils
under physiological conditions and is released into
the plasma upon neutrophil activation during sep-
sis (Fisher and Linder 2017). Consistent with other
clinical studies (Hovold et al. 2018; McAuley et al.
2013), we demonstrated a correlation between plasma
HBP levels and sepsis-induced lung injury. HBP is
increased in supernatants from HPMECs cocultured
with sepsis PMNs. Therefore, we hypothesize that
HBP may be an important signal from neutrophils
that modulates HPMEC permeability and glycolysis.
Unfractionated heparin, which inhibits HBP, reversed
the effects of sepsis PMNs on endothelial cell perme-
ability and glycolysis, confirming the role of PMN-
derived HBP in mediating PMN effects on HPMEC
permeability and glycolysis. Our group and others

reported that 10 ug/ml HBP increases the permeabil-
ity of HPMEC:s at 6 h in vitro (Liu et al. 2022). How-
ever, the in vivo concentration of HBP that affects
HPMEC permeability and glycolysis is unclear. In
this study, 1 ug/ml HBP, near the plasma concentra-
tion in septic patients, increases HPMEC permeabil-
ity and glycolysis in vitro at 24 h. Consistent with the
in vitro experimental results, purified HBP protein,
delivered via tail vein injection, induces ALI. Our
findings demonstrate that the temporal effects of HBP
on endothelial function are dose-dependent, with
prolonged exposure to lower HBP concentrations
exhibiting more pronounced regulatory effects on
barrier function. HBP probably enters cells through
endocytosis (Bentzer et al. 2016). Thus we hypoth-
esized that HBP interacts with intracellular proteins
in HPMECs. Coimmunoprecipitation and mass spec-
trometry analysis revealed that HBP interacts with
TRIM21. Interestingly, HBP upregulated TRIM21
expression without altering mRNA expression, sug-
gesting that HBP affects protein stability. Subsequent
experiments with CHX and Mg132 demonstrated that
HBP enhances TRIM21 protein stability through sup-
pression of ubiquitin—proteasome-mediated degrada-
tion Ubiquitination analysis further revealed that HBP
specifically suppressed K48-linked polyubiquitination
of TRIM21, while exerting minimal impact on K63-
linked ubiquitination patterns. This is the first study
demonstrating that the secretory protein HBP inter-
acts with TRIM21 and reduces the K48 ubiquitina-
tion and degradation of TRIM21.

TRIM21 was originally identified as an autoanti-
gen involved in autoimmune diseases such as rheu-
matoid arthritis, systemic lupus erythematosus, and
Sjogren’s syndrome (Holwek et al. 2023; Jones et al.
2021). TRIM21 is downregulated in LPS-induced
lung injury models, and overexpression of TRIM21
can alleviate LPS-induced inflammatory responses
(Li et al. 2019). In contrast, proteomic analyses of
plasma revealed significant elevations of TRIM21 in
individuals with bacterial community-acquired pneu-
monia. Thus, TRIM21 is a predictive biomarker for
bacterial community-acquired pneumonia (Palma
Medina et al. 2023). These contradictory findings
suggest that the role of TRIM21 in ALI may be bidi-
rectional. The expression and function of TRIM21
may be associated with specific injury factors, the
severity of the disease, and different stages of the ill-
ness. Our results showed that TRIM21 significantly
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increases HPMEC permeability and promotes gly-
colysis activity. Moreover, TRIM21, functioning as
a ubiquitin E3 ligase, modulates various biological
pathways through the ubiquitination of substrates,
including established targets such as IRF3, IRF7,
IRF8, P65, and PHB1 (Foss et al. 2019; Li et al.
2023b). Among the substrates, P65, a key component
of the NF-xB pathway, is recognized as a pivotal reg-
ulator of inflammation and immune responses in ALI
(Xiao et al. 2020). NF-xB mediates neutrophil adhe-
sion to ECs, alters endothelial permeability, activates
intravascular coagulation, and drives metabolic repro-
gramming in ECs. In psoriasis, TRIM21 mediates
K63-linked ubiquitination of P65, which elevates P65
phosphorylation levels and promotes its translocation
into the nucleus, thereby enhancing its transcriptional
function.(Yang et al. 2021). P65 translocation is a
crucial step in NF-kB activation, leading to the tran-
scription of target genes involved in various cellular
responses (Xing et al. 2023). Our results demonstrate
that TRIM21 binds to and promotes K63-linked ubig-
uitination of P65, facilitating its nuclear transloca-
tion. Inhibition of P65 nuclear translocation reverses
the effects of TRIM21 on HPMEC permeability and
glycolysis.

Protein—protein interactions influence protein sta-
bility, activity, subcellular localization, and inter-
actions with other molecules (Majolee et al. 2019;
Shang et al. 2022; Wang et al. 2022b). Building on the
observed interaction between HBP and TRIM21, we
hypothesized that HBP may regulate TRIM21 bind-
ing to P65. Our results show that both recombinant
HBP and sepsis-derived PMNs enhances the interac-
tion between TRIM21 and P65, confirming the role
of endogenous HBP in facilitating this interaction.
The classic mechanism for high-dose(10 ug/mL) HBP
regulation of EC permeability includes the activation
of PKC and Rho kinase, leading to calcium-depend-
ent cytoskeletal rearrangement and cell contraction
(Gautam et al. 2001). High-dose HBP also activates
the TGFP2-smad2/3 signal pathway and modulates
the cytoskeleton and permeability (Liu et al. 2022).
This study revealed that low-dose HBP selectively
activates P65 without inducing Rho signaling path-
way activation, demonstrating a dose-dependent
divergence in HBP-mediated signaling pathways.
Furthermore, the regulation of P65 phosphoryla-
tion and nuclear translocation by HBP was shown to
be TRIM21-dependent. However, the modulation of
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HPMEC permeability and glycolysis by HBP through
the TRIM21-P65 axis was unclear. In both in vitro
and in vivo experiments, TRIM21 knockdown
reversed the increased HPMEC permeability and gly-
colysis mediated by HBP. Nevertheless, the knock-
down of TRIM21 did not fully reverse the effects of
HBP on permeability and glycolysis, suggesting that,
in addition to TRIM21, HBP may regulate these pro-
cesses through other molecular mechanisms that war-
rant further investigation. These findings unveil a
novel regulatory mechanism in which HBP regulates
HPMEC permeability and glycolysis through modu-
lation of the TRIM21-P65 interaction, with the effect
dependent on TRIM21-dependent ubiquitination of
P65.

Our study has several limitations. First, as mice
do not naturally express HBP protein, we adminis-
tered purified HBP protein intravenously to establish
the experimental model. This approach differs sig-
nificantly from the cecal ligation and puncture (CLP)
model of sepsis, which more closely mimics the pro-
gression of human sepsis by representing multiple
pathogenic factors (Ruiz et al. 2016). A potentially
more relevant model involves the use of HBP knock-
in mice combined with the CLP model to study HBP
function in vivo more effectively. Second, we used
unfractionated heparin as a non-specific inhibitor of
HBP. However, an HBP-neutralizing antibody may
offer a more targeted inhibition. Third, our current
study does not clarify the binding domains and sites
between HBP and TRIM21 due to limitations in our
experimental conditions. Further research is required
to elucidate these interactions and to determine
whether HBP concurrently interacts with TRIM21
and P65. Fourth, the adenovirus infection used in this
study targeted lung tissue broadly rather than specifi-
cally infecting vascular endothelial cells. This lack of
cell-type specificity is a limitation of our approach.
The use of endothelial cell-specific conditional
knockout mice would be a more precise and suitable
model to address this issue.

In conclusion, our findings demonstrate that sep-
tic PMNs contribute to ALI by increasing HPMEC
permeability and glycolysis through the secretion of
HBP. This study is the first to show that HBP inter-
acts with TRIM21, enhancing its protein stability
by preventing K48 ubiquitination-mediated degra-
dation, thereby increasing TRIM21 protein levels.
TRIM21 mediates K63-linked ubiquitination of P65,
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promoting its nuclear translocation, which in turn
increases both HPMEC permeability and glycolysis.
Additionally, HBP not only stabilizes TRIM21 but
also enhances the interaction between TRIM21 and
P65, modulating endothelial functions through the
TRIM21-P65 pathway. This is the first investigation
to elucidate the molecular interplay within the HBP-
TRIM21-P65 signaling axis in ALI, suggesting that
targeting the HBP-TRIM21-P65 signaling axis may
provide a novel therapeutic strategy for acute lung
injury.
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