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Abstract

Purpose Acute myocardial infarction (AMI) is a leading cause of mortality. Neutrophils penetrate injured heart tissue dur-
ing AMI or ischemia-reperfusion (I/R) injury and produce inflammatory factors, chemokines, and extracellular traps that
exacerbate heart injury. Inhibition of the TRAIL-DRS pathway has been demonstrated to alleviate cardiac ischemia—reperfu-
sion injury in a leukocyte-dependent manner. However, it remains unknown whether TRAIL-DRS signaling is involved in
regulating neutrophil extracellular traps (NETs) release.

Methods This study used various models to examine the effects of activating the TRAIL-DRS pathway with soluble mouse
TRAIL protein and inhibiting the TRAIL-DRS signaling pathway using DRS5 knockout mice or mDRS5-Fc fusion protein on
NETSs formation and cardiac injury. The models used included a co-culture model involving bone marrow-derived neutrophils
and primary cardiomyocytes and a model of myocardial I/R in mice.

Results NETs formation is suppressed by TRAIL-DRS signaling pathway inhibition, which can lessen cardiac I/R injury.
This intervention reduces the release of adhesion molecules and chemokines, resulting in decreased neutrophil infiltration
and inhibiting NETSs production by downregulating PAD4 in neutrophils.

Conclusion This work clarifies how the TRAIL-DRS signaling pathway regulates the neutrophil response during myocardial
I/R damage, thereby providing a scientific basis for therapeutic intervention targeting the TRAIL-DRS5 signaling pathway

in myocardial infarction.
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Introduction

Acute myocardial infarction is now the primary cause of
death from cardiovascular illness, which poses a serious haz-
ard to human health due to its high prevalence [1, 2]. Current
treatment options for acute myocardial infarction include
thrombolysis, bypass grafting, and percutaneous coronary
intervention (PCI) [3, 4]. However, these interventions may
induce cardiac I/R injury [5]. Therefore, the development
of effective therapeutic procedures that may overcome the
shortcomings of present treatment modalities is crucial.
Cardiac I/R injury is a complex process wherein neutro-
phils recruit more inflammatory cells and release pathogenic

Xuance Wang and Ran Xie contributed equally to this work.

Extended author information available on the last page of the article

Published online: 20 June 2024

proteases, including matrix metalloproteinases, chemotactic
factors, and myeloperoxidase (MPO), which exacerbate car-
diac injury in the infarcted myocardium [6, 7]. Furthermore,
it has been demonstrated that NETs formation, characterized
by the release of web-like structures during neutrophil cell
death, also contributes to the inflammatory damage process
in myocardial infarction [8, 9]. NETs are complex fibrous
structures consisting of chromatin DNA derived from neu-
trophils and a diverse range of intracellular granular pro-
teins, which play a crucial role in capturing and eliminat-
ing pathogens, thereby exerting potent anti-infective effects
[10]. However, NETs can promote platelet adhesion and
aggregation, providing a supportive structure for thrombus
formation [11]. They also provoke acute myocardial infarc-
tion by increasing fibrin deposition and enhancing red blood
cell agglutination, which causes thrombus development
[12, 13]. These results imply that NETSs are essential to the
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pathophysiology of myocardial I/R injury and that treat-
ments that specifically target NETs may be effective.

TRAIL and its receptor DRS are essential components of
the pathophysiology of myocardial infarction, including the
induction of cardiomyocyte apoptosis and the coordination
of immune cell recruitment and activation, both of which
lead to cardiac damage [14—16]. However, it remains unclear
whether TRAIL can induce the release of NETs to exacer-
bate cardiac I/R injury. We used mDRS5-Fc protein and DR5
knockout mice to further understand the regulatory function
and mechanism of the TRAIL-DRS signaling pathway in
NET production following cardiac IR injury.

Materials and Methods
Animals

The C57BL/6N male mice, obtained from Vital River Com-
pany, were acclimated to the environment for one week
prior to the study. The DR5 Knockout mice were gener-
ously provided by Professor Yinming Liang (Xinxiang
Medical University), and bred in the animal facility of Joint
National Laboratory for Antibody Drug Engineering. Mice
were housed in a specific pathogen-free (SPF) environment,
with up to five animals per cage, following a 12-h light/
dark cycle, maintaining relative humidity between 55-70%,
temperature conditions at 22-25 °C, and provided ad libitum
access to food and water.

For the mice cardiac I/R injury model, anesthesia was
induced using 2% isoflurane while ensuring proper disinfec-
tion with iodine solution and alcohol. A thoracic incision
between the ribs allowed for exposure of the heart. Ligation
of the left anterior descending coronary artery (LAD) was
accomplished utilizing a 6-0 suture for a period lasting 40
min, after which reperfusion commenced upon release of
this ligation. Subsequently, muscle and skin were sutured
using a 4-0 suture for closure.

For Evan’s blue and TTC double staining, mice were
killed 24 h after I/R injury. The blood vessels at the ligation
site were ligated using a 4-0 suture and followed by Evans
blue injection through the aorta. The hearts were excised and
cryopreserved at -80 °C. The hearts under the ligation site
were cut into five slices for TTC staining, and quantification
of the infarct (white), risk (red), and non-infarct (blue) areas
were analyzed using ImageJ software.

Preparation of Mouse DR5-Fc Fusion Protein
The extracellular segment of mouse DRS and the Fc region
of mouse IgG1 were constructed into the pcDNA3.1 vector

and subsequently transfected into 293F cells. The mDRS5-
Fc protein was purified from 293F culture supernatant
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using protein A affinity chromatography, followed by
buffer exchange into PBS. Subsequently, the purified pro-
tein was filtered through a 0.22 pm membrane and quanti-
fied using the BCA assay kit. Purity assessment was per-
formed via SDS-PAGE Coomassie Brilliant Blue staining.

Neutrophil Depletion

To deplete neutrophils in mice, an anti-Ly6G antibody
(Biolegend, 127,649) or isotype antibody (Biolegend,
400,565) was administered i.v. 0.2 mg per mouse, and the
depletion efficiency was assessed using flow cytometry.

Isolation and Culture of Primary Cells

For isolation of neutrophils from mouse bone mar-
row, mice were euthanized by cervical dislocation. The
bone marrow was flushed into 1640 medium and filtered
through a 40 pm sieve. Subsequently, cells were centri-
fuged at room temperature for 5 min at 500 g and resus-
pended in 2 mL of supplemented 1640 medium containing
10% FBS. The cell suspension was then transferred to a
new 15 mL centrifuge tube containing Percoll solutions
with concentrations of 78% and 65%. Centrifugation was
performed at a speed of 2500 rpm for 30 min. The cell
layer located at the interface between the layers of Percoll
solutions was carefully collected into another clean 15 mL
centrifuge tube, followed by washing with PBS. Finally,
purified neutrophils were obtained and cultured short-term
in a complete growth medium containing 10% FBS sup-
plemented with 1640 medium.

The isolation of cardiomyocytes was performed according
to a previously described protocol [14]. Briefly, neonatal rat
ventricular myocytes (NRVMs) were isolated from 2 d old
Wistar rats by mincing the hearts and digesting in a C-tube
containing enzymatic solution (Worthington Biochemical)
using gentleMACS™ (Miltenyi Biotec). Cardiomyocytes
were then collected through percoll centrifugation and cul-
tured in a medium supplemented with 20% FBS (Gibco).

Co-Culture of Neutrophil Derived NETs and NRVM

Mouse bone marrow-derived neutrophils were stimulated
with mTRAIL alone or in combination with mDRS5-Fc,
washed twice with culture medium, resuspended in 1640
medium supplemented with 10% FBS, and subsequently
co-cultured with NRVM cells. After a duration of 24 h, the
supernatant of the NRVM cell culture was collected to quan-
tify LDH levels, while NRVM apoptosis was assessed using
a TUNEL assay.
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Immunohistochemical

The left and right atria appendages were incised, and the
left ventricle and right ventricle were flushed with 15-20
mL of heparinized PBS thoroughly to remove any residual
blood. Subsequently, the hearts were fixed in a solution
containing 4% paraformaldehyde.

After embedding, sectioning, dewaxing, and hydra-
tion of the tissue, endogenous peroxidase activity was
blocked using hydrogen peroxide. The tissue slices were
incubated 1 h with 5% BSA at room temperature and then
overnight for primary antibody binding at 4 °C. Secondary
antibodies were then incubated at room temperature for 1
h. Finally, the slices were analyzed using a microscope
scanning system after chromogenic staining, hematoxylin
counterstaining of nuclei, and sealing with a neutral resin.

Immunofluorescence

The tissue sections underwent deparaffinization, hydration,
and antigen retrieval and were subsequently incubated in
1% Triton X-100 PBS. Following blocking with 5% BSA,
the slices were then incubated overnight at 4 °C with the
primary antibody. Subsequently, the secondary antibody
was applied, and cellular nuclei were stained with DAPIL.
Finally, fluorescence microscopy was employed to capture
images of the slides.

For TUNEL staining, the heart tissue sections were sub-
jected to a TUNEL staining kit according to the manufac-
turer’s protocol and subsequently examined using fluores-
cence microscopy.

Western Blot

The mouse heart was lysed using RIPA lysis buffer sup-
plemented with protease inhibitors and PMSF, followed
by tissue homogenization. Subsequently, the lysate was
incubated on ice for 30 min. After centrifugation, the
supernatant was collected and subjected to BCA protein
quantification. SDS-PAGE analysis was conducted, and
the proteins were transferred onto a PVDF membrane.
The membrane was then incubated with 5% skim milk
and primary antibody overnight at 4 °C. The membrane
was incubated with a secondary antibody and substrate
for detection.

qPCR

RNA was extracted from mouse cardiac tissue using the
TRIZOL method, followed by reverse transcription into
cDNA. qPCR was performed and subsequent detection was

carried out using QuantStudio 3. The primer sequences
used for qPCR were as follows.

Tnfa AGGCGGTGCCTATGTCTCA, GGGAGGCCATTT
GGGAACTTCT; Il1b TGCCACCTTTTGACAGTGATG,
TGATGTGCTGCTGCGAGATT; Mpo AGTTGTGCTGAG
CTGTATGGA, CGGCTGCTTGAAGTAAAACAGG; Cxcll5
TGGGTGAAGGCTACTGTTGG, AGCTTCATTGCCGGT
GGAAA; Icaml CCGCTACCATCACCGTGTATT, GGT
GAGGTCCTTGCCTACTT,; Itgam AAAGAACAACACACG
CAGGC, CAGAACTGGTCGGAGGTTCC; Pad4 GGCTCA
TTCCCCTCACCATC, TTGTCAGAAACCCTGCACAG;
Gapdh GGTGAAGGTCGGTGTGAACG, CTCGCTCCT
GGAAGATGGTG.

Detection of Peripheral Blood and Plasma Samples

The quantification of plasma lactate dehydrogenase (LDH) and
creatine kinase (CK) levels was conducted using biochemical
instrumentation (IDEXX). For dsDNA detection, ELISA was
performed according to the manufacturer’s protocol (Solarbio,
P9740).

Flow Cytometry

After perfusion with PBS, the mouse heart was dissected to
remove adherent tissues and the aorta [17]. The mouse heart
was then weighed, minced, and digested in a digestion solu-
tion containing type II collagenase (Worthington Biochemi-
cal), neutral protease (Roche), and DNase I (D4513, Sigma-
Aldrich). Subsequently, the digestion was neutralized with
2%FBS, and the digested cells were passed through a 70 pm
sieve and lysed red blood cells. Anti-mouse CD16/32 anti-
body (eBioscience, 14-0161-85) was used for blocking at 4 °C
followed by incubation with antibodies (CD45, eBioscience,
47-0451-82; CD11b, eBioscience, 63—-0112-82; Ly6G, eBio-
science, 46-9668-82) at 4 °C in the dark for 30 min. Finally,
flow cytometry analysis was performed using Bio-Rad ZES.

Quantification and Statistical Analysis

The data analysis in this study was performed using Graph-
Pad Prism9. The results were presented as means + SEM
and subjected to statistical analysis using the unpaired ¢
test or one-way ANOVA followed by Tukey’s post hoc test
(*P<0.05, ¥*P <0.01, ¥**P <0.001, ****P <0.001).
Results

CardiacI/R Induced NETs Formation and Release

We looked at the release of NETS in the hearts of mice after
I/R injury to determine whether NETs are involved in cardiac
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«Fig. 1 NETs were increased and involved in cardiac I/R injury. a The
expression of citH3 in the hearts of mice was assessed by western
blot analysis following sham surgery or 40 min of ischemia with sub-
sequent reperfusion for the indicated periods. b Detection of dsDNA
content in mouse plasma using ELISA assay following sham surgery
or 40 min of ischemia with subsequent reperfusion for the indicated
periods. c—d Representative IHC results (¢) and statistical analysis
(d) of MPO expression in mouse heart tissue following sham sur-
gery or 140min/R24h. e-f Flow cytometry detection (e) and statistical
analysis (f) of neutrophils clearance efficiency in the mice peripheral
blood. g-h Representative results (g) and statistical (h) of TTC-Evans
blue double stain heart sections after 140min/R24h treated with iso-
type or anti-Ly6G antibody for neutrophils depletion. AAR, area at
risk (white, red); IS, infarction size (white); LV, left ventricle. Quan-
titative data are shown as means+SEM. *P <0.05, **P<0.01, and
##4P <(0.001 as determined by a two-tailed ¢ test (b, d, f, and h)

I/R injury. Citrullinated histone H3 (citH3), an essential
component of NET formation reflecting NET production,
exhibited increased expression at 3 and 6 h post-reperfusion,
which remained elevated even at 24 h post-reperfusion as
determined by Western blotting analysis (Fig. 1a). ELISA
analysis revealed elevated levels of double-stranded DNA
(dsDNA) content in the plasma following reperfusion com-
pared to the sham group (Fig. 1b). MPO is one of the com-
ponents present on the DNA scaffold of NETs. Therefore,
we assessed the number of MPO-positive cells in the heart
tissues at various time points after reperfusion and observed
a significant increase in MPO-positive cells 24 h post-rep-
erfusion compared to the sham group (Fig. Ic, d). Neutro-
phils undergo an inflammatory cell death mechanism called
NETosis. To explore whether early-stage NETs contribute
to impaired cardiac recovery after I/R injury, we employed
Ly6G antibody for neutrophil depletion. Flow cytometry
analysis confirmed the effective depletion of neutrophils
(Fig. le, f), while TTC/Evans blue dual staining showed a
reduction by 35% in myocardial infarct area upon neutral-
izing neutrophils compared to control group mice subjected
to cardiac I/R injury (Fig. 1g, h). On the basis of these data,
neutrophils may migrate into injured tissues during the ini-
tial phases of cardiac I/R injury, releasing extracellular traps
that harm the heart.

The Beneficial Effect of DR5 Knockout on CardiacI/R
Injury is Dependent on Neutrophil

Our previous studies have demonstrated that blocking the
TRAIL-DRS signaling pathway with sDR5-Fc can attenu-
ate cardiac I/R injury in monkeys, pigs, and rats [14]. To
further elucidate the underlying mechanisms, we validated
this effect in DR5 knockout mice using the 140min/R24h
model. DR5 knockout mice exhibited a reduced infarct
area (Fig. 2a, b), decreased levels of CK (Fig. 2¢) and LDH
(Fig. 2d) in plasma, fewer TUNEL-positive cells in cardiac
tissue (Fig. 2e, 1), as well as lower transcription levels of 111

and Tnfa in cardiac tissue detected by qPCR compared to the
wild-type group (Fig. 2g, h). These results suggest that DRS
knockout can lessen cardiac IR injury in rodents.

We employed a well-established paradigm of anti-Ly6G-
induced neutrophil depletion to investigate whether neutro-
phil-derived NETs have a detrimental role during the early
inflammatory phase of cardiac electrical resistance injury.
Neutrophil depletion resulted in a reduced infarct area com-
pared to the control group. However, no significant differ-
ences in infarction area were found between the WT or DR5-
KO groups after neutrophil depletion (Fig. 21, j), suggesting
that knocking out DRS5 can reduce cardiac I/R injury, which
is neutrophil dependent.

Knockout of DR5 Reduces NETs Release During
Cardiac IR Injury

NETs derived from neutrophils play an important role in
the process of inflammation [18]. To investigate the impact
of the TRAIL-DRS5 pathway on NETSs release in myocardial
tissue and peripheral blood following cardiac IR injury, we
collected the heart tissue and peripheral blood plasma. West-
ern blot analysis revealed citH3 expression in all groups after
I/R injury, with a higher level observed in the WT group
compared to the DR5-KO group (Fig. 3a). ELISA analysis
showed elevated levels of dsDNA content in plasma in the
WT group and decreased dsDNA in DR5-KO mice after
cardiac IR injury (Fig. 3b). Immunofluorescence results
demonstrated a reduced presence of MPO-positive cells and
citH3-positive cells in cardiac tissues (Fig. 3c, d). qRT-PCR
analysis showed elevated Mpo mRNA levels in mouse heart
tissue after I/R injury, with higher levels detected in the WT
group compared to the DR5-KO group (Fig. 3e). These find-
ings collectively imply that DRS deletion can reduce the
release of NETs from infiltrating neutrophils and peripheral
blood.

Blocking TRAIL-DR5 Pathway Through DR5-Fc Fusion
Protein Reduces Heart NETs Release During Cardiac
IR Injury

The efficacious blocking of the TRAIL-DRS5 signaling
pathway and the cardioprotective impact of the human
sDR5-Fc antibody fusion protein in rats, pigs, and mon-
keys have been verified by our earlier investigation.
However, given the modest homology of approximately
63% between mouse and human TRAIL, we developed a
mouse-derived mDRS5-Fc antibody fusion protein using
the 293F protein eukaryotic expression system and puri-
fied it with affinity chromatography. mDR5-Fc was identi-
fied through Coomassie brilliant blue staining (Fig. 4a).
Twenty-four hours after cardiac I/R injury, we observed
a significant decrease in the area of myocardial infarction
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Fig.2 The protective effect against cardiac I/R injury in DR5 knock-
out mice relies on neutrophils. a—b Representative results (a) and
statistical analysis (b) of TTC-Evans blue double stain heart sections
following 140min/R24h in wild type (WT, n=5) or DR5 knockout
(DR5-KO, n=35) mice. c-d Plasma concentrations of CK (¢) and
LDH (d) of WT or DR5-KO mice following sham or I 40 min/R 24 h
were analyzed using the Catalyst Dx Chemistry Analyzer. e—f Immu-
nofluorescence detection (e) and statistical analysis (f) of TUNEL
in heart tissues of WT or DR5-KO mice following sham or 140min/
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R24h. g-h mRNA expression of Tnfa and Il1b in the hearts of sham
or I/R mice as detected by quantitative PCR (n=3 for each group).
i—j Representative results (i) and statistical analysis (j) of TTC-Evans
blue double stain heart sections following 140min/R24h in WT mice
treated with isotype antibody (n=6), DR5-KO mice treated with iso-
type antibody (n=6) and DR5-KO mice treated with anti-Ly6G anti-
body for neutrophils depletion (n=35). Quantitative data are shown as
means + SEM. *P <0.05, **P<0.01, and ***P <0.001 as determined
by two-tailed ¢ test (b—d, f-h, and j)
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Fig.3 Knockout of DRS5 decreases NETs after cardiac I/R injury.
a The expression of citH3 in the hearts of WT or DR5-KO mice was
assessed by western blot analysis following sham surgery or 140min/
R24h. b Detection of dsDNA content in WT or DR5-KO mice
plasma using ELISA assay following sham surgery or 140min/R24h.
c—d Representative IF results (¢) and statistical analysis (d) of MPO

(Fig. 4b, c), less TUNEL positive in mouse heart tissue
(Fig. 4d, e), reduced levels of plasma CK (Fig. 4f) and
LDH (Fig. 4g), as well as lower transcription levels of
Tnfa (Fig. 4h) and I11b (Fig. 41) in cardiac tissue detected
by qPCR compared to the wild-type group in mice treated
with mDR5-Fc compared to the PBS group. According
to these findings, mice’s myocardial I/R damage is well
mitigated by the mDRS5-Fc fusion protein.

Sham 140min/R24h

expression in WT or DR5-KO mice heart tissue following sham sur-
gery or 140min/R24h. e mRNA expression of Mpo in WT or DR5-
KO mice hearts following sham surgery or 140min/R24h as detected
by quantitative PCR (n=3 for each group). Quantitative data are
shown as means+ SEM. #*P<0.05, **P<0.01, and ***P <0.001 as
determined by a two-tailed ¢ test (b, d, and e)

Considering the reduced release of NETs observed in
DR5 knockout mice following I/R injury, we investigate
the potential impact of mDR5-Fc on NETs release. Higher
levels of dsDNA in plasma were observed in mice treated
with PBS than those treated with mDR5-Fc (Fig. 4j).
Moreover, immunofluorescence results revealed a notable
decrease of MPO-positive cells within cardiac tissues sub-
sequent to mDRS5-Fc therapy (Fig. 4k). qRT-PCR analysis
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revealed significantly increased mRNA levels of Mpo in
mouse cardiac tissue of the PBS group following I/R
injury compared to the mDRS5-Fc group (Fig. 41). Western
blot analysis of mouse cardiac tissue revealed an upregula-
tion in the expression of citH3 following I/R injury com-
pared to the sham group, with significantly higher levels

@ Springer

=
[
e
»
) 104
om —
: 2
@ 5
- S 6
k=)
[e]
e Y
¥ z
: :
€
+
x

N w
o o
1 1

Concentration(ng/ml)
)

Mpo

kkk kkk
[=]

I/IR

Sham PBS mDR5-Fc

- e e

observed in mice treated with PBS as opposed to those
treated with mDRS5-Fc (Fig. 4m). These results imply that
mDRS5-Fc treatment confers protection against myocardial
I/R injury by efficiently reducing the release of NETs from
cardiac tissues.
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«Fig. 4 Administration of mDR5-Fc ameliorated mice’s cardiac I/R
injury and attenuated the presence of NETs. a SDS-PAGE Coomas-
sie brilliant blue staining for 293F culture media (sample), flow-
through solution for sample affinity chromatography (flow-through),
and purified mDR5-Fc (elution). b—¢ Representative results (b) and
statistical analysis (¢) of TTC-Evans blue double stain heart sec-
tions following sham or I40min/R24h in mice treated with PBS or
mDRS5-Fc. d-e Immunofluorescence detection (d) and statistical
analysis (e) of TUNEL in heart tissues of mice following sham or
140min/R24h treated with PBS or mDRS5-Fc. f—-g Plasma concentra-
tions of CK (f) and LDH (g) of mice following sham or 140minR/24h
treated with PBS or mDR5-Fc were analyzed using the Catalyst Dx
Chemistry Analyzer. h—-i mRNA expression of Tnfa and [l1b in the
hearts of sham or 140min/R24h mice treated with PBS or mDR5-Fc,
as detected by quantitative PCR. j Detection of dsDNA content in
mice plasma using ELISA assay following sham surgery or 140min/
R24h treated with PBS or mDR5-Fc. k Immunofluorescence detec-
tion of MPO in mice heart tissue following sham surgery or 140min/
R24h treated with PBS or mDRS5-Fc. I mRNA expression of Mpo in
the hearts of sham or 140min/R24h mice treated with PBS or mDR5-
Fc, as detected by quantitative PCR. m The expression of citH3 in
mice hearts was assessed by western blot analysis following sham or
140min/R24h treated with PBS or mDRS5-Fc. Quantitative data are
shown as means+ SEM. #*P<0.05, **P<0.01, and ***P <0.001 as
determined by a two-tailed ¢ test (¢) or one-way ANOVA followed by
Tukey’s post hoc test (e—j, and 1)

Blocking TRAIL-DR5 Pathway Reduces Neutrophil
Infiltration by Diminishing Chemokines
and Adhesion Molecules

Neutrophils respond to adhesion and chemotaxis, infiltrat-
ing the damaged tissue and releasing NETs, cytokines,
and chemokines to exacerbate the inflammatory [19-21]
response further. To investigate whether the reduction of
NETs in the cardiac tissue after I/R injury in DRS knockout
mice and mDRS5-Fc treated mice is attributed to a decline in
neutrophil population, we quantified the neutrophil count in
both peripheral blood and cardiac tissue while also evaluat-
ing the expression levels of chemotactic, adhesion, and inte-
grin molecules within the cardiac tissue. The blood routine
tests revealed a significant reduction in the neutrophil count
in the peripheral blood of both DR5-KO and mDRS5-Fc
treated groups following cardiac I/R (Fig. 5a, e). Addition-
ally, qPCR analysis revealed a significant downregulation
of key adhesion molecule Icaml, chemokine Cxcll5, and
integrin Itgam expression levels in DR5 knockout mouse
hearts compared to WT controls (Fig. 5b—d). Similarly, treat-
ment with mDRS5-Fc resulted in reduced expression levels of
Icaml, Cxcll5, and Itgam compared to mouse hearts treated
with PBS (Fig. 5f-h). Flow cytometry results revealed a sig-
nificant reduction in infiltrating neutrophils within the car-
diac tissue of mDRS5-Fc-treated mice 24 h post-I/R (Fig. 5i,
7). According to these results, blocking the TRAIL-DRS
signaling pathway may be a useful strategy to lessen neu-
trophil infiltration into I/R hearts and help lower the number
of NETs produced.

Blocking TRAIL-DR5 Pathway Through mDR5-Fc
Administration Directly Attenuates NETs Release

We used Percoll density gradient centrifugation to separate
bone marrow-derived neutrophils to analyze the direct effect
of blocking the TRAIL-DRS signaling pathway on NETs
release (Fig. 6a). The isolated neutrophils were exposed
to mouse TRAIL recombinant protein (mTRAIL) and/or
mDRS5-Fec, resulting in a significant upregulation of citH3
expression as detected by immunofluorescence (Fig. 6b—c).
The administration of mDRS5-Fc resulted in a significant
reduction in Mpo compared to the mTRAIL-treated group,
as detected by qPCR and immunofluorescence staining
(Fig. 6d—f). Accordingly, these findings suggest that the acti-
vation of the DRS signaling pathway directly triggers neu-
trophil formation of NETSs, while mDRS5-Fc inhibits NETSs
induced by mTRAIL.

Administration of mDR5-Fc Inhibits the Formation
of NETs, Thereby Attenuating Apoptosis
in Cardiomyocytes

NETs are essential in the pathophysiology of cardiovascu-
lar disorders because they can cause harm to cardiac cells.
To investigate the potential protective effect of mDRS5-Fc
against myocardial tissue damage induced by NET forma-
tion, we conducted a co-culture experiment to assess the
impact of neutrophil-derived NETs on NRVM apoptosis.
After co-culturing with pre-treated neutrophils-derived
NETs, NRVM was tested for TUNEL staining. The super-
natant was collected for LDH assay (Fig. 7a). Increased
LDH was observed in NRVMs culture media, wherein the
mTRAIL-induced NETs stimulated group exhibited sig-
nificantly higher levels compared to the mDRS5-Fc block-
ade group (Fig. 7b). Similarly, immunofluorescence-based
TUNEL detection revealed enhanced apoptosis in NRVM
cells induced by mTRAIL-induced NETSs. In contrast, less
apoptosis was detected in NRVM treated with mTRAIL/
mDRS5-Fc induced NETs (Fig. 7c—d). These results imply
that myocardial damage, which can be effectively mitigated
by mDRS5-Fc, may be exacerbated by the induction of NETSs
by mTRAIL.

Blocking the TRAIL-DR5 Signaling Pathway Can
Effectively Downregulate PAD4 Expression

Peptidyl arginine deiminase 4 (PAD4) is a pivotal histone-
modifying enzyme implicated in the mediation of NETs
formation following ischemia/reperfusion injury [22, 23].
To elucidate the inhibitory mechanism of NETs release
by blocking the TRAIL-DRS pathway, we evaluated the
impact of TRAIL-DRS5 on PAD4 expression. Immunohis-
tochemistry analysis revealed an upregulation of PAD4
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Fig.5 Blocking the TRAIL-DRS pathway reduces NEU infiltration.
a Quantification of neutrophils in the peripheral blood of WT or
DR5-KO mice following sham surgery or 140min/R24h, as detected
by Auto Hematology Analyzer. b-d mRNA expression of Cxcll5,
Icaml and Itgam in the WT or DR5-KO mice hearts following sham
or [40min/R24h treatment, as detected by quantitative PCR. e Quanti-
fication of neutrophils in the peripheral blood of mice following sham
surgery or 140min/R24h treated with PBS or mDRS5-Fc, as detected
by Auto Hematology Analyzer. f~h mRNA expression of Cxcll5,

expression in the hearts of mice subjected to IR injury,
whereas knockout of DRS5 (Fig. 8a—b) or administration of
mDRS5-Fc (Fig. 8c—d) resulted in a substantial reduction in
PAD4 expression. qPCR analyses revealed an upregulation
of Pad4 expression in the mouse heart following ischemia/
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Icaml, and Itgam in mice hearts following sham surgery or 140min/
R24h treated with PBS or mDRS5-Fc, as detected by quantitative
PCR. i Gating strategy for neutrophils analysis in mice cardiac tissue
using flow cytometry. j Quantitative analysis of neutrophil infiltra-
tion in mice heart tissue, the data was quantified by neutrophils num-
bers per milligram of cardiac tissue. Quantitative data are shown as
means +SEM. *P <0.05, **P<0.01, and ***P <0.001 as determined
by a two-tailed ¢ test (a—d) or one-way ANOVA followed by Tukey’s
post hoc test (e—h and j)

reperfusion (I/R) injury, which could be effectively attenu-
ated by administration of mDR5-Fc (Fig. 8e). Additionally,
western blot analyses revealed an upregulation of PAD4
expression in the mouse heart following ischemia/reper-
fusion (I/R) injury, which could be effectively attenuated
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by knocking out DRS or administration of mDRS5-Fc
(Fig. 8f—g). Moreover, qPCR and western blot analyses
demonstrated an upregulation of PAD4 expression in
bone marrow-derived neutrophils treated with mTRAIL.
However, this effect was attenuated upon treatment with
mDR5-Fc (Fig. 8h—i). These results imply that blocking
the TRAIL-DRS pathway reduces the expression of PAD4,
which in turn reduces the release of NETs.
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Discussion

Heart I/R injury is a serious clinical issue that needs to be
addressed right away since it involves complex pathogenic
mechanisms such as an abrupt increase in reactive oxygen
species, calcium overload, and an inflammatory response
during vascular reperfusion. Currently, there is a lack of

@ Springer



Cardiovascular Drugs and Therapy

a PBS b
mTRAIL . 107 gewsken #x%
mTRAIL+mDR5-Fc i - | e | o |
% £ 0.8-
] {/ T N
: . — % 0.61
H @ Q
PBS induced NETs Q0.4
Bone marrowr;c.iierlved Neutrophil mTRAIL induced NETs g
heursphlls _mTRAIL+mDR5-Fc induced NETs | =t
0.0
> ,:,\> & Supernatant for LDH assay é(’/@ é('/\g éé%
g, A= NRVM for TUNEL staining & Qy\\" <9
K &
NRVM NRVM & x@o
Vv
&
<&
C d
» ~ 301
E 8 e %k %k E 3
z X —ir—
o o
=2 201
= L
o
o
. O i 10
< =
w ICE ) oJo
z I = <
£ 0
,\"o ,\% &"'.v
E %'é{/ \/'é(/Qo’é(/
¥ N
n & Q¥ '\Qy &
~ O Q& QO
L _'E_ x&
z 5 w7
g S
& &
£

Fig.7 The administration of mDRS5-Fc effectively attenuates the
detrimental effects of NETs induced by sTRAIL, thus protecting
NRVM. a A diagram for the induction of NETs and treatment of
NRVM (by Figdraw). b Detection of LDH expression in the culture
supernatant of NRVMs induced by NETs obtained from various treat-

specific drug prevention and treatment strategies targeting
heart I/R injury and therapeutic targets. Owing to the com-
plexity of the underlying process causing this illness, sev-
eral studies have been conducted looking at different ways
to reduce reperfusion injury from different angles. Inflam-
matory response plays a pivotal role in acute myocardial
infarction and I/R injury, leading researchers to explore
multiple endeavors aimed at mitigating the inflammatory
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ments. c—d Immunofluorescence detection (c¢) and statistical analysis
(d) of TUNEL in NRVM treated with NETs obtained from various
treatments. Quantitative data are shown as means+ SEM. *P <0.05,
*#P<0.01, and ***P <0.001 as determined by one-way ANOVA fol-
lowed by Tukey’s post hoc test (b and d)

response [24-27]. For instance, studies have revealed
that S100a8/a9 levels rapidly increase during the early
stages of cardiac I/R injury [28]. Knocking out SI00A9 or
employing neutralizing antibodies against SI00A9 allevi-
ates cardiac I/R injury in mice [29]. Dectin-1 expressed by
macrophages exacerbates myocardial I/R injury by regu-
lating macrophage polarization and recruiting neutrophil
infiltration, thus making it a potential target for cardiac
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therapy [30]. The clinical trials have utilized Anakinra, an
I1-1P receptor antagonist [31-33], and etanercept, a TNF-a
antibody [34], to inhibit inflammatory mediators that exac-
erbate myocardial I/R injury.

In our previous study, we discovered that inhibition of
the TRAIL-DRS signaling pathway could attenuate myocar-
dial cell death and mitigate inflammatory responses, thereby
reducing infarct size and ameliorating heart I/R injury. We
found that monocytes/macrophages and granulocytes are
required for the protective effects of SDR5-Fc [14]. Blocking
the TRAIL-DRS pathway modifies neutrophil involvement

b PAD4
1.5%108+
O WT
= * *kokk Y
2 — = DR5-KO
@ 1x108-
©
55 ns
© i
5 5x1071
Q
£
0_
SHAM  140minR24h
PAD4 Pad4
4x107- 307 ———
ns m *okkk kokk
= 1 o /i
231074 %« S =
3 /i 5 201
é 2x107 g
= < 104
B 1x107- =
= o A
= 1S
0- 0
=) (¢]
& P« & & K
& QY & XY X o
X N
Pad4 ) \\Qf 6\0@ o & x@o
ns \\Q‘x &
dkkk kkkk
/i mTRAIL -+ o+
| mDR5-Fc - - +
; [—
-]
citH3
= GAPDH |[ES_——

140min/R24h. g The expression of PAD4 in mouse heart tissue fol-
lowing sham surgery or 140min/R24h treated with PBS or mDRS5-
Fc, as detected by western blot. h—i The expression of PAD4 in bone
marrow-derived neutrophils treated with PBS, mTRAIL alone, or
co-administration of mTRAIL and mDRS5-Fc, as detected by quanti-
tative PCR (h) and western blot (i). Quantitative data are shown as
means +SEM. *P <0.05, **P<0.01, and ***P <0.001 as determined
by a two-tailed ¢ test (b) or one-way ANOVA followed by Tukey’s
post hoc test (d, g, and i)

in cardiac I/R damage, although the mechanism behind this
modulation remains unknown.

Through NETosis, neutrophils can release NETs that
aggregate platelets and encourage thrombus formation,
aggravating inflammation and inducing an innate immune
response [35-37] that can lead to heart damage. However,
the role of neutrophils in cardiac injury remains multifac-
eted. Some studies have demonstrated that inhibiting neutro-
phils can ameliorate acute inflammation in a mouse model of
viral myocarditis [38]. Previous studies have demonstrated
that depletion of neutrophils can attenuate infarct size in a
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mouse model of myocardial I/R, which is consistent with
our research findings. However, it has been observed that
neutrophil depletion does not impact infarct size within 24 h
after myocardial infarction but progressively impairs cardiac
function in a mouse model of permanent LAD occlusion.
Neutrophils are capable of promoting macrophage polari-
zation towards the M2 phenotype during cardiac repair and
remodeling processes, highlighting their beneficial contribu-
tion [39]. These differences could be the result of differences
in treatment regimens, animal models, and detection inter-
vals. Our findings reveal that employing Ly6G antibodies
for neutrophil removal leads to a reduction in I/R-induced
myocardial infarct area at 24 h post-injury, indicating that
early neutrophil suppression may be advantageous for car-
dioprotection in cases of I/R damage.

The activation of the TRAIL-DRS pathway can induce
apoptosis through death-inducing signaling complex (DISC)
formation and subsequent activation of caspase 3, or trigger
an inflammatory response via activation of the NF-kB tran-
scription factor [40, 41]. In the context of acute myocardial
infarction and cardiac I/R injury, cardiomyocytes undergo
cell death and release damage-associated molecular pat-
terns (DAMPs), which activate inflammation and upregu-
late chemokines and adhesion molecules, thereby promot-
ing neutrophil infiltration. Therefore, we looked into how
blocking the TRAIL-DR5 pathway affected the invasion of
neutrophils. By deleting DRS or administering mDR5-Fc,
we successfully ameliorated cardiac reperfusion injury, sup-
pressed the gene expression of pro-inflammatory factors /116
and Tnfa, chemokine Cxcll5, as well as adhesion molecule
Vcaml, additionally reducing neutrophil infiltration in the
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heart. Previous studies have demonstrated that NETosis pri-
marily requires PAD4 in response to calcium ionophores and
immune complexes involving chromatin decondensation and
nuclear envelope rupture [11, 42]. We observed that inhi-
bition of the TRAIL-DRS pathway could suppress PAD4
expression in NEU cells and cardiac tissue. As a result, DR5
deletion or mDR5-Fc administration efficiently prevented
the creation of NETS via a variety of methods.

We studied the pharmacodynamics of sDR5-Fc in rhesus
monkeys, pigs, and rats as animal models. However, owing
to the unavailability of antibodies for mechanistic research
purposes and the high cost involved in conducting such stud-
ies using large animal models, we opted to perform mecha-
nistic research using mice instead. Initially, we validated our
findings using DR5 knockout mice and observed that knock-
ing out DRS5 can alleviate cardiac I/R injury. On the other
hand, in a mouse cardiac I/R model, the protective impact
of human-derived sDR5-Fc was insufficient. The subsequent
investigation revealed a species disparity in mouse DRS, with
a 38.61% homology to humans, and in mouse TRAIL, exhib-
iting a 63.35% homology to humans (as predicted by Uni-
Prot). Additionally, it was found that while the extracellular
domain of mouse DRS possesses multiple N-glycosylation
sites, the human-derived DR5 extracellular domain lacks
any N-glycosylation sites [43, 44]. This discrepancy partly
explains the low effectiveness of human-derived sDR5-Fc in
the mouse cardiac IR model. As a result, we created mouse-
derived mDRS5-Fc for additional mechanistic studies.

In this study, we show that by lowering the development
of NETSs in the heart, suppression of the TRAIL-DRS signal-
ing pathway attenuates myocardial I/R injury. Neutrophils
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Fig.9 A summary diagram illustrates the impact of blocking the
TRAIL-DRS5 pathway on neutrophil infiltration and NETs formation
following cardiac I/R injury (by Figdraw). In a mouse model of car-
diac ischemia for 40 min followed by reperfusion for 24 h, inhibition
of the TRAIL-DRS signaling pathway resulted in decreased expres-
sion of the chemokine CXCL15, adhesion molecule ICAMI, and
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integrin ITGAM, thereby attenuating neutrophil infiltration. Simul-
taneously, blockade of the TRAIL-DRS signaling pathway directly
suppressed PAD4 expression in neutrophils, leading to reduced
formation of NETs. These effects collectively contribute to dimin-
ished cardiomyocyte death, alleviation of the cardiac inflammatory
response, and ultimately result in a reduced myocardial infarct size
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play a pivotal role in this process, and blockade of TRAIL-
DRS5 not only diminishes adhesion and chemotactic factors
to decrease neutrophil infiltration but also directly sup-
presses PAD4 expression to inhibit NETs formation. Moreo-
ver, our findings suggest that TRAIL-induced NETs release
promotes primary cardiomyocyte apoptosis, which can be
blocked by mDRS5-Fc (Fig. 9). Although neutrophils are det-
rimental during the acute phase of myocardial infarction,
careful consideration is necessary due to their beneficial
role in the healing phase. These dual effects, like a “double-
edged sword,” may present challenges in clinical transla-
tion. Therefore, further comprehensive research is urgently
needed to investigate aspects such as optimal timing and
dosage of administration, as well as underlying mechanisms.
On the basis of essential mechanistic studies, SDR5-Fc may
be explored in clinical settings as a potential treatment drug
for heart IR injury.
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