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Podoplanin neutralization reduces thrombo-inflammation in
experimental ischemic stroke by inhibiting interferon/caspase-1/
GSDMD in microglia
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Background: Cerebral ischemia/reperfusion (I/R) injury involves the interaction between thrombosis and
inflammatory pathways. The aim of this study was to explore the therapeutic effect of podoplanin neutralizing
antibody (0-PDPN, clone 8.1.1) on I/R-induced thrombo-inflammation in a mouse model of ischemic stroke.
Methods: Male C57BL/6 mice (weight: 22-25 g, aged 6-8 weeks, n=114) were subjected to transient
middle cerebral artery occlusion (MCAO) and administered intracerebroventricular injection of a-PDPN
(29 pg). Stroke outcomes and microvascular thromboses were examined by immunohistochemistry (IHC)
and western blot analysis. In vitro, microglia BV2 cells were pre-treated with a-PDPN and then subjected to
oxygen-glucose deprivation/reoxygenation (OGD/R) insult. The microglia culture medium (MCM) was co-
cultured with vascular endothelial b.End3 cells. The MCM-induced bEnd.3 cells dysfunction were examined
by western blot assays and IHC.

Results: Blocking PDPN decreased the infarct size and ameliorated neurological deficit after MCAO
without enhancing the risk of intracerebral hemorrhage. In addition, a-PDPN treatment significantly
alleviated thrombus formation in the cerebral microvasculature. Furthermore, treatment with a-PDPN
attenuated I/R-induced caspase-1 and gasdermin D expression in vivo and in vitro. The MCM containing
a-PDPN reduced the expressions of von Willebrand factor and intercellular cell adhesion molecule-1 in
bEnd.3 cells. Moreover, RNA sequencing analysis showed that a-PDPN decreased interferon signaling
pathways in BV2 cells.

Conclusions: Blocking PDPN can alleviate thrombo-inflammation in acute ischemic stroke by inhibiting
caspase-1 expression in microglia, and indirectly reduce endothelial cell dysfunction. These data indicated

the beneficial effects of blocking podoplanin during stroke in mice.
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Introduction

Ischemic stroke accounts for approximately 80% of
stroke cases and is the fifth leading cause of death in the
world (1). The condition is caused by ischemic brain
damage resulting from occlusion of cerebral blood flow.
Thus, prompt reperfusion of the blocked blood vessel is the
primary objective of ischemic stroke treatment. However,
cerebral infarction sometimes progresses significantly
during reperfusion, a phenomenon referred to as “ischemia/
reperfusion (I/R) injury” (2). In stroke, I/R injury has
been shown to involve crosstalk between thrombotic and
inflammatory pathways, leading to the concept of thrombo-
inflammation (3). Currently, there is a lack of effective
strategies to suppress thrombo-inflammation during I/R.
Research has shown that ischemia and hypoxia activate
the inflammatory-related signaling pathways in microglia (4).
Indeed, cerebral ischemia and hypoxia trigger the activation
of caspase-1. Activated caspase-1 cleaves gasdermin D
(GSDMD) into N-terminal GSDMD fragments (GSDMD-
NT), which is the key executor of the formation of
membrane pores leading to cell pyroptosis (5,6). Moreover,
microglia pyroptosis amplifies the inflammatory response by
releasing interleukin-18 (IL-18) and IL-1p (5). In response
to inflammatory mediators, the strings of von Willebrand
factor (VWF) on activated vascular endothelial cells recruit
platelets and leukocytes, leading to the formation of
microthrombi (7). Notably, microvascular thrombosis in
brain tissue hampers reperfusion, leading to ischemia and
hypoxia (8). Therefore, inhibition of microglia caspase-1 is
an important therapeutic target for ischemic stroke.
Podoplanin (PDPN), a small transmembrane mucin-
like glycoprotein, is a known endogenous ligand for platelet
C-type lectin-like receptor-2 (CLEC-2) (9). Previous
research has shown that the interaction of PDPN and
platelet CLEC-2 can induce platelet aggregation and
thrombosis (10). Treatment with podoplanin neutralizing
antibody (a-PDPN, clone 8.1.1) was shown to prevent
complete vascular occlusion in a mouse model of deep
vein thrombosis (11). Recent studies have also revealed the
participation of the PDPN/CLEC-2 axis in inflammatory
disorders (12,13). For example, a-PDPN was shown to
decrease the secretion of proinflammatory cytokines in mice
with lung injury (12), and to alleviate pathological changes
in myocardial infarction (13). In an ischemic stroke mouse
model, PDPN was shown to maintain at a high level, and
a-PDPN was shown to suppress levels of IL-18 and IL-
1B (14). However, the role of a-PDPN on I/R-induced
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caspase-1 activation and microvascular thrombosis has not
been elucidated.

Thus, to better characterize the protective effect of
a-PDPN on thrombo-inflammation in the setting of
ischemic stroke, we examined the effects of a-PDPN on
microvascular thrombosis and the risk of intracerebral
bleeding after middle cerebral artery occlusion (MCAO)
in mice. In addition, we assessed the effects of a-PDPN
on oxygen-glucose deprivation/reoxygenation (OGD/R)
induced caspase-1 expression in microglia and the indirect
effects on endothelial cells. Finally, RNA sequencing
analysis was performed to clarify the molecular mechanism
of the protective effect of a-PDPN on microglia exposed to
OGDV/R. Our research suggests that blockade of PDPN is a
potential therapeutic target in ischemic stroke. We present
the following article in accordance with the ARRIVE
reporting checklist (available at https://atm.amegroups.
com/article/view/10.21037/atm-22-3970/rc).

Methods
Experimental animals

The animal experiments were conducted at the Institute
of Neuroregeneration, Nantong University. All animal
experiments were approved by the Nantong University
Animal Experimentation Committee (No. $202010010-092)
and complied with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals. Male
C57BL/6 mice (weight: 22-25g, aged 6-8 weeks) were
purchased from the medical laboratory animal center of
the Nanjing Medical University. All possible efforts were
made to minimize the number of mice and their discomfort.
The mice were housed in a cage (less than 5 mice/cage)
and provided with ad libitum access to food and water. A
protocol was prepared before the study without registration.

MCAO model

Cerebral I/R injury was surgically induced by performing
MCAO (15). Briefly, mice were anesthetized with
intraperitoneal injection of chloral hydrate (0.1 mL/10 g).
Next, a cervical incision was performed to expose the
right common carotid artery (CCA), the right external
carotid artery (ECA), and the internal carotid artery (ICA).
Subsequently, a 6-0 nylon monofilament suture (RWD
Life Science, Shenzhen, China) was gently inserted for
approximately 10 mm to occlude the middle cerebral artery
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(MCA) via the isolated ECA (2 mm distal to the CCA) into
the ICA. Mice underwent 60 minutes of occlusion before
the suture was removed for reperfusion. Mice in the sham
group underwent the same surgery, but no sutures were
inserted. The body temperature of mice was maintained at
about 37 °C until the mice recovered from anesthesia.

Podoplanin antibody administration

Mice were randomly divided into three groups: (I) Control
group (subjected to sham operation); (II) a-PDPN-
treated group (MCAO-injured mice were administered
intracerebroventricular injection of 29 pg o-PDPN (Bio
X Cell, clone 8.1.1, West Lebanon, NH, USA) into the
right lateral ventricle at -0.6 mm anteroposterior from
the bregma, +1.4 mm lateral, and -2.0 mm vertical at
1 and 24 h after reperfusion) The dose of a-PDPN is
chosen based on previous study which could provide a
protective role in disease models (14); (III) PBS-treated
MCAO group (MCAO-injured mice were administered
intracerebroventricular injection of same volume of
phosphate-buffered saline (PBS) at 1 and 24 h after
reperfusion.

A total of 114 mice were used in this study. Except for
the evaluation of neurological deficits and the Fluoro-Jade
C (FJC) staining (n=8/group), a total of 18 mice were used
in each experiment (n=6/group) as follows: infarct volume
assessment, immunofluorescence analysis, western blot,
cerebral hemoglobin, and enzyme-linked immunosorbent
assay (ELISA). Mice that died before sampling (n=14) were
excluded from total numbers. On the basis of a two-sample
t-test with a statistical difference of 0.05 and a power of
1 - B =0.90, a sample size of 6 mice in each group will be
required. All researchers performing animal experiments
were blinded to the treatment conditions.

Analysis of cevebral infarct volume

Cerebral ischemia injury was assessed based on the
volume of cerebral infarct. After MCAO and 2 days of
reperfusion, the mice were anesthetized and sacrificed.
Then, the mice brains were dissected into 5 slices of
2 mm thickness. The brain slices were quickly incubated
in 2% 2,3,5-triphenyltetrazolium chloride (T'TC; Yi Fei
Xue Biotechnology, Nanjing, China) for 30 minutes at
37 °C. Sections were photographed and analyzed using
Image J software (version 1.51; National Institutes of Health;
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Bethesda, MA, USA). The proportion of infarct volume =
infarct area (while pale area)/total area of slice x100%.

Evaluation of neurological deficit

After MCAO and 2 days of reperfusion, neurological
deficit in the mice was assessed according to the Garcia
scoring method by a researcher blinded to the experimental
design (16). Briefly, the assessment includes 6 tests: (I) front
paw extension; (II) spontaneous movement; (III) symmetry
of limb movement; (IV) body proprioception; (V) tactile
response; and (VI) climbing. Each of these assessments was
scored on a scale of 0-3, with a higher score indicating less
severe neurological deficit.

F7C staining

After neurological evaluation, FJC labeling was carried
out using commercial assay kits (Biosensis, Thebarton,
South Australia, Australia) according to the manufacturer’s
instructions (17). Briefly, brain sections (bregma -3 to
+2 mm) were first soaked in 80% ethanol containing 1%
sodium hydroxide for 5 minutes and then dipped in 0.06%
potassium permanganate solution for 8 minutes. Next, the
brain sections were soaked in 0.0001% solution of FJC
for 10 minutes. Brain sections were air dried at 50 °C for
5 minutes, and then dipped in xylene for 1 minute. Finally,
the brain slices were photographed using an Olympus
fluorescence microscope (IX51; Olympus, Tokyo, Japan).
Two non-overlapping images were taken for each brain slice.
The data were expressed as FJC-positive cells per mm”.

Assessment of the occurrence of cerebral bleeding

To determine the risk of cerebral bleeding associated with
a-PDPN treatment of ischemic stroke, we assessed the
occurrence of intracranial hemorrhage (ICH) by measuring
cerebral hemoglobin at 48 hours after reperfusion. Each
hemispheric sample was added with PBS to reach 3 mL
volume, followed by homogenization, sonication, and
centrifugation at 1,000 xg for 30 seconds, 1 minute, and
30 minutes, respectively. Next, 240 pL of Drabkin’s reagent
(Sigma Aldrich, St. Louis, MO, USA) was added to 60 pL.
aliquots, followed by incubation for 15 minutes. Optical
density was assessed using a spectrophotometer at 540 nm
(SpectraMax 190, Molecular Devices Corporation, San Jose,
CA, USA).
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Immunobistochemistry and thrombosis index

Mice were anesthetized 48 hours after reperfusion and
perfused with 0.9% saline. Immunohistochemistry (IHC)
was performed. Briefly, the brain was removed and placed
in 30% sucrose for 2 days. Cryo-embedded brains were cut
into 15-pm thick coronal sections. The slices (bregma -3
to +2 mm) were washed with PBS and then treated with
a blocking solution (Yi Fei Xue Biotechnology, Nanjing,
China). Slices were then incubated overnight at 4 °C with
the following primary antibodies: polyclonal antibody anti-
CD?31 (1:400, Abcam, Cambridge, MA, USA), monoclonal
antibody (mAb) anti-glycoprotein Ibalpha (GPIba, 1:400,
Abcam, USA), and mAb anti-fibrin (1:400, Abcam, USA)
and washed with PBS on the next day. Subsequently, the
slices were incubated with secondary antibody and nuclear
stain 4°,6-diamidino-2-phenylindole (DAPI) for 2 hours at
37 °C, and then washed and sealed with mounting medium
(Beijing Sunshine Biotechnology Co. Ltd., Beijing, China).
A Nikon Eclipse 50i microscope (Nikon, Tokyo, Japan) was
used to analyze all IHC staining.

ELISA

After 48 hours of reperfusion, cortical tissues (100 mg)
in the penumbra were collected and homogenized with
cold PBS in a ratio of 1:9 below 4 °C. Then, samples were
centrifuged at 430 g for 10 minutes and the supernatant
was collected for ELISA. The concentrations of thrombin-
antithrombin IIT complex (TAT, CSB-E08432r, Cusabio,
Houston, TX, USA), IL-18 and IL-1B (Yi Fei Xue
Biotechnology, China) in the samples were determined
according to the manufacturer’s instructions. The total
protein level of IL-18 and IL-1P in each sample was
normalized to tissue protein (18).

OGD insult and a-PDPN treatment

The BV2 cells (Procell Life Science and Technology, Co.
Ltd., Wuhan, China) were grown in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% fetal bovine
serum, 1% streptomycin, and penicillin in an incubator
with 5% CO, at 37 °C. To evaluate the effects of a-PDPN
on BV-2 cells, cells were pre-treated with a-PDPN 6 hours
before and during OGD-R, which is an accepted in vitro I/
R model of cells (19). According to the literature, 10 pg/mL
a-PDPN was applied in this study (12). Briefly, cells were
cultured in a serum- and glucose-free medium in a hypoxia
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chamber (H35; Don Whitley Scientific Ltd., Shipley, UK)
containing 95% N, and 5% CO, at 37 °C for 6 hours.
Then, cells were cultured in complete DMEM medium in
an incubator with 5% CO,, 95% air at 37 °C. Cells in the
control group were pre-treated with PBS and exposed to
OGD/R.

Culture of endothelial cells with microglia culture medium
MCM)

Culture of endothelial cells with MCM may help better
assess the impact of microglia on endothelial cells (20).
Briefly, BV2 cells were cultured in complete DMEM (5x10°
cells per well) and treated with a-PDPN (10 pg/mL) for
6 hours, then subjected to 6 hours of OGD. Next,
MCM was collected 24 hours after OGD insult. The
concentrations of IL-18 and IL-1p in MCM were assessed
using commercial ELISA kits (Yi Fei Xue Biotechnology,
China), according to the manufacturer’s instructions.
Finally, the MCM was mixed with DMEM (1:1 ratio),
and then the brain endothelial cells bEnd.3 (Procell Life
Science & Technology Co. Ltd., China) were treated with
this mixed medium for 6, 12, and 24 hours.

Analysis of cell viability

Viability of endothelial cells treated with MCM was assessed
using a Cell Counting Kit-8 (CCK-8; Dojindo Laboratories,
Kumamoto, Japan) according to the manufacturer’s manual.
Briefly, 50 pL of CCK-8 solution was added to 500 pL of
medium solution in culture well and incubated for 4 hours
at 37 °C. The absorbance at 450 nm was determined with
a microplate reader (Thermo Fisher Scientific, Waltham,
MA, USA). All experiments were performed in triplicate.

RNA-sequencing and bioinformatics analysis

The effects of a-PDPN on BV-2 cells mRNA expression
were assessed using a gene sequence analysis. Briefly, BV2
cells (5x10* cells/mL) were pre-treated with a-PDPN
(10 pg/mL) 6 hours before and during OGD-R in DMEM
complete media (19). The differentially expressed genes
(DEGs) were identified by RNA-sequencing, which has
been reported in our previous study (21). The protein-
protein interaction (PPI) network of the DEGs was
predicted by using Search Tool for the Retrieval of
Interacting Genes (STRING; http://string-db.org; version
10.0), and Cytoscape (version 3.6.1; http://www.cytoscape.
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org). Furthermore, the top 10 hub genes with high degree
of connectivity were screened by using the cytoHubba
plugin. Finally, the molecular complex detection (MCODE)
plugin was used to screen the most significant module in the
PPI network.

Immunoblot analysis

The samples were lysed by radioimmunoprecipitation
assay (RIPA) lysis buffer (Thermo Fisher Scientific,
Toronto, Canada). After centrifugation, the supernatant
was collected for western blot analysis. The protein
(30 pg) was electrophoresed (10-12% gel) and transferred
to a polyvinylidene fluoride membrane (Merck Millipore,
Billerica, MA, USA). The blots were then blocked with
5% milk for 4 hours and treated overnight at 4 °C with
primary antibodies against cleaved caspase-1 [1:1,000,
Cell Signaling Technology (CST), Danvers, MA, USA],
GSDMD-NT (1:1,000, CST, USA), glyceraldehyde-3-
phosphate dehydrogenase (GAPDH; 1:5,000, Yi Fei Xue
Biotechnology, China), zonula occludens-1 (ZO-1; 1:1,000,
Abcam, USA), occludin (1:1,000, Abcam, USA), intercellular
cell adhesion molecule-1 ICAM-1, 1:1,000, Abcam, USA),
and B-actin (1:5,000, Yi Fei Xue Biotechnology, China).
Thereafter, the membranes were incubated with secondary
antibodies for 1.5 hours. Finally, the immunoreactive bands
were visualized and analyzed with the Image Lab™ software

(Bio-Rad, Hercules, CA, USA).

Statistical analysis

All results were presented as mean = standard error of
the mean (SEM). GraphPad Prism 7 software was used
for statistical analysis (GraphPad Software Inc., La Jolla,
CA, USA). Unless otherwise indicated, statistical analysis
was conducted by one-way analysis of variance (ANOVA)
followed by the Bonferroni post-hoc test. The P values
<0.05 were considered indicative of statistical significance.

Results
PDPN neutralization improved stroke outcome

MCAO-insulted mice were administered intracerebroventricular
injection of 29 pg o-PDPN at 1 and 24 h after reperfusion
(Figure 14). To determine the therapeutic effect of a-PDPN
on ischemic stroke, we assessed the infarct volume at

48 hours after MCAO. Mice treated with o-PDPN displayed

© Annals of Translational Medicine. All rights reserved.

Page 5 of 14

significantly reduced infarct volume compared with MCAO
mice (P<0.05, Figure 1B,1C). Importantly, the smaller
infarct volumes were accompanied by lesser neurological
deficit. Mice treated with o-PDPN showed significantly
better neurological function (vs. MCAO group, P<0.05,
Figure 1D), as well as lesser neuronal degeneration (P<0.05,
Figure 1E,1F) at day 2 after MCAO. These findings
indicated that a-PDPN decreased infarct volume and
ameliorated post-I/R neurologic deficit in mice.

PDPN neutralization alleviated microvascular thrombosis

Next, we investigated the deposition of fibrin and platelets
in the microvasculature of the peri-infarct cortex. Double
immunofluorescence staining was performed 48 hours
after MCAO. The results revealed that MCAO induced
extensive accumulation of both platelets (Figure 24,2B) and
fibrin/fibrinogen (Figure 2C,2D) in brain micro-vessels.
Importantly, a-PDPN treatment significantly attenuated
MCAO-induced deposition of fibrin and platelets (P<0.05,
Figure 24-2D).

"The concentration of intracerebral thrombin-antithrombin
IIT complex (TAT) is a marker of thrombin generation.
Compared with MCAO controls, mice pretreated
with o-PDPN had significantly lower TAT levels after
stroke, indicating reduced thrombin generation (P<0.05,
Figure 2E). Moreover, intracerebral bleeding is a fatal side-
effect of anticoagulant treatment. Results of hemoglobin
content showed that a-PDPN treatment did not significantly
enhance the hemoglobin content in brain tissues compared
with the MCAO mice (P<0.05, Figure 2F). These findings
suggested that 0-PDPN treatment alleviated microvascular
thrombosis and did not increase the risk of intracerebral
bleeding.

PDPN neutralization inbibited caspase-1 in microglia
after OGD/R

Research has confirmed that caspase-1 pathway participates
in I/R injury-induced brain injury (22). In line with these
findings, MCAO induced an increase in the protein
expressions of cleaved caspase-1, GSDMD-N, IL-18,
and IL-1PB in the peri-infarct cortex. However, a-PDPN
treatment inhibited MCAO-induced cleaved caspase-1,
GSDMD-N, IL-18, and IL-1p protein expressions (P<0.05,
Figure 34-3E).

Next, BV2 cells were pre-treated with a-PDPN and
then subjected to OGD/R insult. The results of western
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Figure 1 a-PDPN treatment improved stroke outcomes. MCAO-insulted mice were administered intracerebroventricular injection of
29 pg 0-PDPN at 1 and 24 h after reperfusion; (A) Experimental design of o-PDPN treatment in ischemic stroke. (B) Representative TTC-
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Figure 3 a-PDPN treatment inhibited caspase-1 in microglia after I/R. MCAO-injured mice were administered intracerebroventricular injection
of 29 pg 0-PDPN at 1 and 24 h after reperfusion. Caspase-1 related proteins in the peri-infarct cortex was assessed 48 h after I/R. (A-C) Western
blot images and analysis of protein expressions of cleaved caspase-1 (B) and GSDMD-N (C) (n=6 per group). (D,E) Results of ELISA showing the
levels of IL-18 and IL-1p in brain tissue (n=6 per group). (F-H) Microglia was pre-treated with a-PDPN (10 pg/mL) for 6 h and then subjected
to 6 h OGD and 24 h reoxygenation. Western blot images and analysis of protein expressions of cleaved caspase-1 (G) and GSDMD-N (H) in
microglia (n=3 per group). (I]) Results of ELISA showing the levels of IL.-18 and IL-1p in culture supernatant (n=3 per group). Data expressed as
mean = standard error of the mean. MCAO, middle cerebral artery occlusion; PBS, phosphate-buffered saline; a-PDPN, anti-podoplanin antibody;
I/R, ischemia/reperfusion; ELISA, enzyme-linked immunosorbent assay; IL, interleukin; GSDMD-N, N-terminal GSDMD fragments; OGD,
oxygen-glucose deprivation; PDPN;, podoplanin.
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blot showed that OGD/R increased the protein expressions
of GSDMD-N, and cleaved caspase-1 compared with the
control group, whereas a-PDPN treatment decreased the
protein expressions of GSDMD-N and cleaved caspase-1
(P<0.05, Figure 3F-3H). In addition, the results of ELISA
showed that a-PDPN treatment decreased OGD/R-induced
IL-18 and IL-1p in the supernatant (P<0.05, Figure 31,37).
Collectively, these results indicated that a-PDPN treatment
inhibited I/R-induced caspase-1 pathway in microglia.

PDPN neutralization downregulated MCM-induced
injury of endothelial cells

We then investigated the indirect effects of a-PDPN-
treated microglia on endothelial cells. Microglia was treated
with a-PDPN, followed by OGD/R. Then, the MCM
was used to culture endothelial cells (Figure 4A4). The cell
viability results showed that MCM containing a-PDPN
significantly attenuated MCM-induced endothelial cell
damage (P<0.05, Figure 4B). Moreover, the results of
western blot analysis showed that compared with the MCM
group without a-PDPN, MCM containing a-PDPN
significantly increased the expressions of occludin and ZO-
1, but decreased the expression of [CAM-1 in bEnd.3 cells
(P<0.05, Figure 4C-4F). Consistent with these findings, the
immunofluorescence staining results showed that MCM
containing a-PDPN reduced the expression of vWEF in
bEnd.3 cells compared with the MCM group without
a-PDPN (Figure 4G). These findings indicated a protective
effect of a-PDPN on endothelial cells which was mediated
through inhibiting microglial activation.

PDPN neutralization down-regulated interferon signaling
pathways in microglia

We performed RNA sequencing analysis to clarify the
molecular mechanism underlying the inhibitory effect of
a-PDPN on OGD/R-induced microglia. Compared with
only OGD/R exposure, a total of 340 messenger RNA s
(mRNAs) were up-regulated and 338 mRNAs were down-
regulated in the a-PDPN treatment group [fold change
(FC) 22, P<0.05, Figure 5A]. Furthermore, the PPI of
all 678 DEGs was constructed using the STRING and
Cytoscape databases (Figure 5B). After that, 10 top hub
genes were identified by cytoHubba analysis, including
interferon (IFN)-stimulated gene 15 (ISG15), IFN
regulatory factor 7 (Irf7), C-C motif chemokine ligand 2
(CCL2), oligoadenylate synthetase-like 2 (Ous/2), IFN-induced
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protein 44 (Ifi44), IFN-induced proteins with tetratricopeptide
repeats 1 (Ifit]), Ifit3, Myxovirus resistance 1 (MX1), and CCLS
(Figure 5C). Finally, MCODE plug-ins were applied to find
clusters in the PPI network and MCODE 1 got the highest
score (20 gene nodes and 134 edges), which was involved in
cell response to interferon [Gene Ontology (GO), version
6.8; https://david.ncifcrf.gov, Figure D). Previous research
has shown that the IFN signaling pathways could activate
the proinflammatory caspase-1 pathway (23). Collectively,
these results indicated that 0-PDPN treatment inhibited
I/R-induced inflammatory response in microglia at least
in part through the IFN/caspase-1/GSDMD signaling
pathway.

Discussion

The present study demonstrated a protective effect of
a-PDPN in the setting of ischemic stroke mediated via
inhibition of inflammation and microvascular thrombosis
in brain. Importantly, the protective effects were not
accompanied by complications of intracerebral hemorrhage.
Of note, the suppression of thrombosis and inflammation
may be due to reduced microglia-mediated inflammatory
response through the IFN/caspase-1/GSDMD signaling
pathway.

Previous research has demonstrated that PDPN
expression could be induced by trauma-related stimuli, and
knockdown of PDPN could decrease microglia-mediated
inflammation (24). Our data were consistent with a previous
study in which blockade of PDPN was shown to ameliorate
cerebral infarct volume and improve the neurological
outcomes in experimental stroke (14). Furthermore, we
found that a-PDPN treatment significantly alleviated
thrombus formation in the cerebral microvasculature in
MCAO mice. In a study by Furukoji et /., overexpression
of PDPN in endothelial cells was found to enhance erosive
injury and thrombus formation in rat carotid arteries, and
inhibitors of PDPN decreased platelet aggregation via
podoplanin-CLEL-2 interaction (25).

Several studies have shown that the caspase-1/GSDMD
pathway contributes to neurological function impairment
and vascular endothelial cell injury in ischemic stroke
(22,26). In an experimental study by Wang er a/., I/R
damage was shown to induce cell pyroptosis mainly in
microglia, while GSDMD deficiency effectively inhibited
pyroptosis of microglia (5). Furthermore, inhibition of
caspase-1-mediated pyroptosis resulted in suppressed levels
of IL-18 and IL-1p, and subsequent alleviation of blood-
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Figure 4 a-PDPN treatment downregulates microglia culture medium-induced injury of endothelial cells. BV2 cells were cultured with a-PDPN
for 6 h and then subjected to 6 h OGD and 24 h reoxygenation. The culture medium was mixed with complete DMEM in a ratio of 1:1. Vascular
endothelial cells were cultured with this mixed culture medium under normal culture conditions for 24 h. (A) Schematic diagram of o-PDPN
treatment in MCM-induced injury of endothelial cells. (B) Results of CCK-8 assays showing cell viability in different groups. (C-F) Western blot
images and analysis of protein expressions of ZO-1 (D), occludin (E), and ICAM-1 (F). (G) Representative images of immunofluorescence staining
for vWF (red) on endothelial cells (scale bar =25 pm). Data expressed as mean =+ SEM of at least three independent experiments. OGD, oxygen-
glucose deprivation; MCM, microglia culture medium; PDPN, podoplanin; a-PDPN, anti-podoplanin antibody; CCK-8, Cell Counting Kit-8;
Z0-1, zonula occludens-1; ICAM-1, intercellular cell adhesion molecule-1; DMEM, Dulbecco’s modified Eagle medium; vWE, von Willebrand

factor; SEM standard error of the mean.
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Figure 5 a-PDPN treatment down-regulated interferon signaling pathways in microglia. BV2 cells were cultured with a-PDPN for 6 h and
then subjected to 6 h OGD and 24 h reoxygenation. Differentally expressed mRINAs were identified by gene sequence analysis. (A) Hierarchical
clustering heatmap displaying the differendally expressed mRINA patterns between the two groups. (B) Results of PPI network analysis of all 678
DEGs via the STRING website and Cytoscape software. The red and green nodes represent up-regulated and down-regulated DEGs, respectively.
The degree value is represented by the node size. (C) Top 10 hub genes were identified by cytoHubba analysis, and the degree value is represented
by the node size. (D) The cluster was identified by MCODE plug-in in the PPI network. OGD, oxygen-glucose deprivation; PBS, phosphate-
buffered saline; o-PDPN, anti-podoplanin antibody; DEGs, differendally expressed genes; STRING, Search Tool for the Retrieval of Interacting
Genes; MCODE, molecular complex detection; mRINA, messenger RNA; PPI, protein-protein interaction.
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brain barrier disruption and brain injury (22). In the present
study, a-PDPN treatment significantly alleviated the levels
of caspase-1 and GSDMD in microglia-induced by I/R
injury.

In the central nervous system, interactions between
endothelial cells and microglia critically influence the
neuroinflammatory responses to I/R insult (27). Microglia
cultures are powerful tools for studying specific molecular
pathways related to neuroinflammation in vitro (27).
Furthermore, expressions of ICAM-1 and vWF on
endothelial cells exhibit a significant correlation with
the degree of thrombus formation, which can lead to the
degradation of endothelial tight junction complexes, such
as ZO-1 and occludin (28). In this study, we found that the
MCM containing o-PDPN alleviated OGD/R-induced
endothelial cell dysfunction, as evidenced by increased
cell viability, increased expressions of ZO-1 and occludin
protein, and decreased expressions of ICAM-1 and vWE.

It was widely known that type I IFN could contribute to
caspase-1 activation and enhanced inflammasome activity
through several different mechanisms (29,30). After the
onset of ischemic stroke, cytosolic double-stranded DNA
(dsDNA) is released by dying or damaged cells (31).
Pattern recognition receptors (PRRs) can sense cytosolic
DNA and trigger the activation of inflammasome and
caspase-1 (32). Furthermore, IFI204 or its human homolog
IFI16 can recognize dsDNA, triggers the production
of type I, III interferons, and subsequently control the
transcriptional induction of pyroptosis-related proteins,
including activate pro-caspase 1, IL-18, and IL-1p (33,34).
In our previous study, we found that a-PDPN treatment
down-regulated IRF7, IFI204, ISG20, and ISG15
expression in BV2 cells induced by OGD/R (21). Consistent
with this result, inhibition of dsDNA-sensing cyclic GMP-
AMP (cGAMP) synthase (cGAS) can attenuate brain
inflammatory burden and ameliorates neurological deficits
after ischemic stroke (31).

Several limitations of this study should be considered
while interpreting the results. First, although our findings
suggested that microglia may be main targets of a-PDPN
treatment, we could not exclude the potential effect of
a-PDPN on Th17 cells, astrocytes, and macrophages.
Second, we did not investigate the mechanisms by which
a-PDPN directly inhibited the transcription of the IFN/
caspase-1 signaling pathway. Third, we did not monitor
the effect of a-PDPN on the activation and aggregation of
platelets.

In summary, our data show that blockade of PDPN
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ameliorates stroke outcomes by both anti-thrombotic and
anti-inflammatory mechanisms. In the setting of ischemic
stroke, 0-PDPN inhibits microglia-mediated inflammatory
at least partially through the caspase-1 signaling pathway
and subsequently reduces endothelial cell injury. These
results provide a novel understanding of the therapeutic
effect of a-PDPN in ischemic stroke and form a basis for
extending its use in clinical trials.
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