Liu et al. Journal of Neuroinflammation (2021) 18:143

https://doi.org/10.1186/512974-021-02170-7 Journal of Neuroinflammation

Phthalide derivative CD21 attenuates tissue = ®

plasminogen activator-induced
hemorrhagic transformation in ischemic

stroke by enhancing macrophage

scavenger receptor 1-mediated DAMP
(peroxiredoxin 1) clearance

Dong-Ling Liu', Zhi Hong', Jing-Ying Li', Yu-Xin Yang'?, Chu Chen® and Jun-Rong Du'"

Abstract

Background: Hemorrhagic transformation (HT) is a critical issue in thrombolytic therapy in acute ischemic stroke.
Damage-associated molecular pattern (DAMP)-stimulated sterile neuroinflammation plays a crucial role in the
development of thrombolysis-associated HT. Our previous study showed that the phthalide derivative CD21
attenuated neuroinflammation and brain injury in rodent models of ischemic stroke. The present study explored
the effects and underlying mechanism of action of CD21 on tissue plasminogen activator (tPA)-induced HT in a
mouse model of transient middle cerebral artery occlusion (tMCAO) and cultured primary microglial cells.

Methods: The tMCAO model was induced by 2 h occlusion of the left middle cerebral artery with polylysine-
coated sutures in wildtype (WT) mice and macrophage scavenger receptor 1 knockout (MSR1™") mice. At the onset
of reperfusion, tPA (10 mg/kg) was intravenously administered within 30 min, followed by an intravenous injection
of CD21 (13.79 mg/kg/day). Neuropathological changes were detected in mice 3 days after surgery. The effect of
CD21 on phagocytosis of the DAMP peroxiredoxin 1 (Prx1) in lysosomes was observed in cultured primary
microglial cells from brain tissues of WT and MSR1~~ mice.

Results: Seventy-two hours after brain ischemia, CD21 significantly attenuated neurobehavioral dysfunction and
infarct volume. The tPA-infused group exhibited more severe brain dysfunction and hemorrhage. Compared with
tPA alone, combined treatment with tPA and CD21 significantly attenuated ischemic brain injury and hemorrhage.
Combined treatment significantly decreased Evans blue extravasation, matrix metalloproteinase 9 expression and
activity, extracellular Prx1 content, proinflammatory cytokine mRNA levels, glial cells, and Toll-like receptor 4 (TLR4)/
nuclear factor kB (NF-kB) pathway activation and increased the expression of tight junction proteins (zonula
occludens-1 and claudin-5), V-maf musculoaponeurotic fibrosarcoma oncogene homolog B, and MSR1. MSRT1
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MSR1~~ mice, respectively.

knockout significantly abolished the protective effect of CD21 against tPA-induced HT in tMCAQO mice. Moreover,
the CD21-induced phagocytosis of Prx1 was MSR1-dependent in cultured primary microglial cells from WT and

Conclusion: The phthalide derivative CD21 attenuated tPA-induced HT in acute ischemic stroke by promoting
MSR1-induced DAMP (Prx1) clearance and inhibition of the TLR4/NF-kB pathway and neuroinflammation.

Keywords: Ischemic stroke, Tissue plasminogen activator, Hemorrhagic transformation, DAMP (peroxiredoxin 1)
clearance, MSR1, TLR4/NF-kB pathway, Neuroinflammation

Background

Stroke is the leading cause of morbidity and mortality in
adults worldwide. Ischemic stroke accounts for > 80% of
all stroke cases [1]. Cerebral hypoperfusion and oxygen/
energy shortage are the main causes of brain injury in
ischemic stroke. Early thrombolysis with tissue plas-
minogen activator (tPA) to restore blood supply to the
ischemic area has been widely used for the clinical treat-
ment of acute ischemic stroke [2]. This revascularization
therapy, however, has a narrow therapeutic time window
(3-4.5 h), which greatly limits its clinical utility [3].
Moreover, many patients suffer from severe side effects,
particularly hemorrhagic transformation (HT), after
thrombolysis with tPA [2, 3]. This cerebral HT results in
a worse clinical prognosis and even death in ischemic
stroke patients who receive tPA treatment. Therefore,
strategies that can ameliorate tPA-related HT would sig-
nificantly improve clinical thrombolytic treatment
outcomes.

Numerous studies have demonstrated that sterile in-
flammation aggravates brain injury and neurological dys-
function in both ischemic and hemorrhagic stroke [4—6].
Moreover, neuroinflammation has been found to
strongly contribute to the development of blood-brain
barrier (BBB) disruption and subsequent HT that are
caused by thrombolysis after acute ischemic stroke [7,
8]. A recent study reported that an essential mechanism
of tPA-induced HT involves the Toll-like receptor 4
(TLR4) signaling pathway [8]. Once activated by
damage-associated molecular patterns (DAMPs), TLR4
may induce the nuclear translocation of nuclear factor
kB (NF-xB) p65 and trigger NF-kB-dependent transcrip-
tional activity, thereby promoting the production of a
range of inflammatory mediators (e.g., cytokines, chemo-
kines, and matrix metalloproteinases [MMPs]) and
exacerbating post-ischemic brain damage and HT [8-
10]. Studies have gradually identified post-stroke
DAMPs, such as high-mobility-group box 1 (HMGBI)
and peroxiredoxins (Prxs) [6, 10]. Peroxiredoxins com-
prise a family of highly conserved antioxidant enzymes
that are more abundant in the brain than in other tissues
and can be either passively released from necrotic cells
or actively secreted from wounded cells, resulting in

TLR4/NF-«B pathway activation and a strong inflamma-
tory response [11, 12]. Studies by our group and others
have demonstrated the proinflammatory properties of
extracellular Prxs in experimental stroke. The extracellu-
lar increase in Prxs may function as DAMPs to interact
with TLR4, leading to NF-kB-dependent neuroinflam-
matory responses in rodent models of ischemic and
hemorrhagic stroke [11, 13-16]. In contrast to HMGB1
that is rapidly released during the hyperacute phase of
brain ischemia (i.e., within 6 h after stroke onset), ische-
mic stress-induced Prxs are extracellularly released dur-
ing the acute phase of ischemia (i.e., 12-24 h after
stroke onset) [17]. Therefore, Prx-based therapy is a po-
tential strategy with a wide therapeutic window for post-
stroke inflammation. Interestingly, emerging evidence
suggests that DAMPs are internalized and cleared in the
lysosome in a macrophage scavenger receptor 1 (MSR1)-
dependent manner [18, 19]. Neuroinflammation that is
stimulated by DAMPs (e.g, HMGB1 and Prxs) after
brain ischemia was shown to be negatively regulated by
MSR1, which conferred potent neuroprotection within a
24-h therapeutic time window in mice that were sub-
jected to transient middle cerebral artery occlusion
(tMCAO) [18]. Moreover, MSR1 promoted macrophage
M2-like polarization and induced the osteogenic differ-
entiation of bone marrow stem cells (BMSCs) in a co-
culture system [20]. Notably, recent research found that
plasma levels of HMGBLI significantly increased in tPA-
treated ischemic stroke patients, and HMGB1-triggered
neuroinflammation aggravated tPA-mediated HT in a
rat model of ischemic stroke [21, 22]. Nevertheless, the
therapeutic potential of MSR1 for thrombolysis-induced
HT after acute ischemic stroke has not yet been
reported.

Numerous experimental and clinical studies have re-
ported protective effects of natural phthalides against is-
chemic stroke [14, 23, 24]. Butylphthalide was the first
natural phthalide that was approved in China for the
treatment of acute ischemic stroke. Combined treatment
with tPA and butylphthalide was recently reported to re-
duce the incidence of HT and improve prognosis in
cerebral ischemic patients, and these beneficial effects
were related to the alleviation of tPA-induced
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neuroinflammation [24]. CD21 is a patented, newly de-
signed phthalide derivative that is synthesized based on
natural phthalides (Supplementary Figure S1) [25]. Our
previous study found that CD21 dose-dependently and
significantly ameliorated neuroinflammation and brain
injury in rodent models of ischemic stroke. Its neuropro-
tective mechanism of action was associated with the in-
duction of microglial/macrophage M2 polarization and
MSR1-promoted DAMP (Prx1)/TLR4/NF-xB pathway
inhibition [19, 26, 27]. Based on these findings, the
present study further explored the effects and underlying
mechanism of action of CD21 on tPA-induced neurovas-
cular complications in acute ischemic stroke. The
present findings demonstrated the involvement of the
DAMP Prx1 in tPA-induced BBB dysfunction and HT
after brain ischemia, which were significantly amelio-
rated by CD21 through the upregulation of MSRI1-
promoted DAMP (Prx1) clearance and inhibition of
TLR4/NF-kB in tMCAO mice and cultured primary
microglial cells.

Methods

Reagents

The antibodies that were used in the study are listed in
Table 1. The specific primer pairs for polymerase chain
reaction (PCR, Beijing Genomics Institute, Beijing,
China) are shown in Table 2. tPA was purchased from
Boehringer  Ingelheim  (catalog no.  $20160055,

Table 1 Primary antibodies used in this study
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Ingelheim, Germany). Prx1 protein was obtained from
Sino Biological (Beijing, China) and conjugated with
AbFluor 488 dyes (Abbkine, Wuhan, China) according
to the manufacturer’s protocol. Trizol reagent and Lyso-
Tracker were purchased from Invitrogen Life Technolo-
gies (Carlsbad, CA, USA), and 2,3,5-
triphenyltetrazoliumchloride (TTC) was obtained from
Sigma-Aldrich (St. Louis, MO, USA). The Gelatin-
Zymography Kit and BCA protein assay kit were ob-
tained from Xinfan and Beyotime (Shanghai, China), re-
spectively. The nuclear protein extraction kit was
purchased from Boster (Wuhan, China). The DeadEnd
Fluorometric TUNEL System was obtained from Pro-
mega (Madison, WI, USA). All of the other reagents
were obtained from local commercial sources.

Animals and induction of focal brain ischemia

Adult male C57BL/6 wildtype (WT) mice, weighing 23—
27 g, were purchased from Byrness Weil Biotech Ltd
(Chongging, China). MSR1 knockout (MSR1™'") mice on
a C57BL/6 background were provided by Prof. Qi Chen
[20]. The animals were housed under a 12 h/12 h light/
dark cycle with controlled temperature and humidity.
Food and water were freely available. All of the experi-
ments were performed in accordance with the ethical
guidelines of the Animal Ethics Committee of Sichuan
University.

Antibody Dilution Application Source
CD206 1:50 Immunofluorescence Abcam, USA
CD31 1:20 Immunofluorescence Abcam, USA
CD86 1:50 Immunofluorescence Abcam, USA
Claudin-5 1:300 Western blot Wanleibio, China
GFAP 1:100 Immunofluorescence Wanleibio, China
Histone H3 1:500 Western blot Wanleibio, China
IBA-1 1:500 Immunofluorescence Wako, Japan
MAFB 1:200 Western blot Bioss, China
MMP9 1:50 Immunofluorescence Abcam, USA
MSR1 1:200 Western blot Bioss, China
1:100 Immunofluorescence
MyD88 1:200 Western blot Bioss, China
NF-kB p65 1:500 Western blot Bioss, China
Pan-cadherin 1:100 Immunofluorescence Abcam, USA
Prx1 1:100 1:1000 Immunofluorescence, Abcam, USA
Western blot
TLR4 1:500 Western blot Signalway Antibody Biosciences, USA
Z0-1 1:500 Western blot Wanleibio, China
B-actin 1:2000 Western blot ZSGB-Bio, China
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Table 2 Specific primer pairs used for polymerase chain reaction
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Gene Forward Reverse

TNF-a 5-TCAGCCTCTTCTCATTCCTGC-3' 5-TTGGTGGTTTGCTACGACGTG-3'
IL-18 5-CAGCAATGGTCGGGAC-3' 5-TAGGTAAGTGGTTGCCT-3'

IL-6 5-CAGCAATGGTCGGGAC-3' 5-TAGGTAAGTGGTTGCCT-3"

GAPDH 5'-AGCAGTCCCGTACACTGGCAAAC-3' 5-TCTGTGGTGATGTAAATGTCCTCT-3"

The mice were anesthetized via the inhalation of 2%
isoflurane. The tMCAO model was induced by inserting
a polylysine-coated suture (Beijing Cinontech, Beijing,
China) into the origin of the left middle cerebral artery
(MCA) through the external carotid artery (ECA) and
internal carotid artery (ICA). Two hours later, the suture
was withdrawn, and the brain was reperfused [28]. The
mice were allowed to breathe spontaneously. Rectal
temperature was maintained at 37 °C throughout the
procedure. Cerebral blood flow was monitored by laser
Doppler flowmetry. Focal cerebral blood flow decreased
approximately 75% after occlusion, and recovery after re-
perfusion demonstrated success of the mouse model of
tMCAO [29]. Sham control mice underwent similar sur-
gical procedures but without MCA blockade.

Pharmacological treatments for ischemic stroke in mice
Butylphthalide is an approved natural phthalide for the
clinical treatment of ischemic stroke in China. The 10
mg/kg intravenous dose in mice per day is equivalent to
the clinical treatment regimen in patients. The molecu-
lar weights of butylphthalide and CD21 are 190 and 262,
respectively (Figure S1). Therefore, 13.79 mg/kg CD21 is
an intravenously equimolar dose of 10 mg/kg
butylphthalide in mice. CD21 (> 99% purity; Supplemen-
tary Figure S2) was formulated in saline with 10% an-
hydrous ethanol, 10% soybean oil, and 0.4% Tween-80.
At the onset of reperfusion after 2-h suture occlusion in
tMCAO mice, tPA (10 mg/kg) was administered via the
tail vein within 30 min using a minipump, followed by
an intravenous injection of 13.79 mg/kg CD21 once daily
for 3 days (Fig. 1b) [30].

Examination of neurological deficits

Seventy-two hours after ischemia, neurological impair-
ment was evaluated in tMCAO mice using the modified
neurological severity score (mNSS) and corner test. The
mNSS is based on an 18-point scale: 0 (no significant
deficits), 1-6 (mild neurobehavioral impairment), 7-12
(moderate neurobehavioral impairment), and 13-18 (se-
vere neurobehavioral impairment) [31]. In the corner
test, the percentage of left turns was calculated in 10 tri-
als for each mouse. A higher percentage indicates more
severe sensory dysfunction [32]. Behavioral testing was

performed by researchers who were blind to the treat-
ment groups.

Examination of infarct volume

After the neurobehavioral tests, the brains of tMCAQO
mice were rapidly removed under anesthesia and frozen
at — 20 °C. Six brain slices of the same thickness were
stained with TTC. The infarct volume was measured as
the percentage of infarct volume in six slices relative to
the total brain volume for each mouse [14].

Measurement of hemoglobin levels

After the neurobehavioral tests, tMCAO mice were per-
fused through the heart with ice-cold saline under
anesthesia and euthanized. The ipsilateral cerebral hemi-
sphere of each mouse was isolated and homogenized for
the measurement of hemoglobin levels using Drabkin’s
reagent as described previously [28].

Assessment of Evans blue extravasation

To assess BBB integrity in tMCAO mice, Evans blue (4%
in saline, 4 ml/kg) was intravenously injected 69 h after
surgery. Three hours later, the mice were perfused
through the heart with ice-cold saline under anesthesia,
and the ipsilateral brain hemisphere was collected and
homogenized with N,N-dimethylformamide, respectively.
The extravasation of Evans blue was assessed according
to the following formula: {420 nm — [(A500 nm + A740 nm)
/ 2]} | mg wet weight [28].

Measurement of matrix metalloproteinase 9 activity

The activity of cerebral metalloproteinase 9 (MMP-9)
was measured using the Gelatin-Zymography Kit ac-
cording to the manufacturer’s instructions. tMCAQO mice
were perfused with ice-cold saline under anesthesia 72 h
after surgery. Total protein was extracted from the
ipsilateral brain hemisphere, and the same amount of
protein per mouse was electrophoresed in gelatin-
containing sodium dodecyl sulfate-polyacrylamide gel
electrophoresis gel. Coomassie brilliant blue staining was
then performed after renaturation. Images were captured
by a gel imager (Bio-Rad, Hercules, CA, USA), and
transparent white stripes were analyzed using Gel Pro
Analyzer 6.0 software (Media Cybernetics, Bethesda,
MD, USA) [33].
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Fig. 1 CD21 protected against ischemic brain injury and hemorrhagic transformation in tPA-infused tMCAO mice. a Chemical structure of CD21.
b Overall experimental design. ¢, d mNSS and Corner test scores. e, f Representative images and statistical analysis of infarct volume by TTC
staining. g, h Representative images of the hemorrhagic brain and statistical analysis of hemorrhagic volume in the ipsilateral brain hemisphere.
The data are expressed as mean + SD (n = 10/group in ¢ and d, n = 5/group in e-h). “p < 0.05, *p < 0,01, vs. tMCAQ group; **p < 0.01, vs.
tPA group

Immunofluorescent analysis

tMCAO mice were deeply anesthetized and perfused
through the heart with ice-cold phosphate-buffered saline,
followed by 4% paraformaldehyde 72 h after surgery. Brain
tissues that encompassed the injury core were cut into 20
um frozen sections for immunofluorescent staining after fix-
ation and dehydration. A fluorescence microscope was used
to observe the sections and acquire images, and the images
were processed using ImagePro Plus 6.0 software [34].

To determine the expression and localization of Prx1 in
the ischemic brain, the brain sections were first stained with
the DeadEnd Fluorometric apoptosis detection system
(Promega, Madison, W1, USA) for TUNEL staining accord-
ing to the manufacturer’s instructions, followed by the im-
munofluorescent staining of Prxl and pan-cadherin as
described previously [18]. Photomicrographs were acquired
under a fluorescence microscope with a x40 objective
(Nikon, Tokyo, Japan) and processed using Image] software
(National Institutes of Health, Bethesda, MD, USA).

Western blot
Seventy-two hours after surgery, ipsilateral brain hemi-
spheres were collected from tMCAO mice. Total protein

and nuclear protein were isolated from homogenates
using RIPA buffer or a cytoplasmic and nuclear protein
extraction kit, respectively. Equal amounts of proteins
were analyzed by Western blot using primary antibodies
(Table 1). The immunoblotting results were analyzed by
a gel imager (Bio-Rad, California, USA) and are reported
as the optical density relative to the sham group.

Quantitative real-time polymerase chain reaction
Seventy-two hours after surgery, ipsilateral brain hemi-
spheres were collected from tMCAO mice. Total RNA
was isolated using Trizol reagent, and cDNA was
obtained using a reverse transcription method. Quantita-
tive real-time PCR (qPCR) was performed using a Light-
Cycler96 PCR device (Roche, Basel, Switzerland) using
specific primer pairs (Table 2) [14].

Phagocytosis of Prx1 in lysosomes in cultured primary
microglia

The brains of WT and MSR1~~ mice were obtained
within 24 h of birth, and meninges and blood vessels
were removed. Brain tissue fragments were then digested
with 0.25% trypsin and filtered to obtain a cell
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suspension. The resuspended sediment was cultured in
DMED-F12 medium that contained 10% serum, and pri-
mary microglia were collected by shaking the upright
flask after the apparent stratification of mixed glial cells
[35]. Primary microglia were then cultured in DMED-
F12 medium that contained 2% serum overnight. Alexa
Fluor 488-conjuaged Prx1 (F-Prx1, 30 nM) was added to
the medium with or without 40 uM CD21 and incubated
for 23.5 h. LysoTracker Red (a lysosome marker, 50 nM)
and Hoechst 33342 were added and incubated for an-
other 0.5 h. The phagocytosis of Prx1 by lysosomes was
observed, and images were acquired using a fluorescent
microscope (Nikon, Tokyo, Japan).

Statistical analysis

The data are expressed as mean + SD. The statistical
analysis was performed using SPSS 26.0 software.
Hemorrhagic volume in WT and MSR1~~ mice was an-
alyzed using two-way analysis of variance (ANOVA)
followed by the Bonferroni-Holm post hoc test. The
other data were analyzed using one-way ANOVA
followed by the least significant difference post hoc test
or Tamhane’s test for multi-group comparisons in WT
mice. Values of p < 0.05 were considered statistically
significant.

Results

Neuroprotective effect of CD21 in tPA-infused tMCAO
mice

We first assessed the effects of CD21, tPA, and their
combined treatment on neurovascular complications in
tMCAO mice. Consistent with our previous report [26],
CD21 (13.78 mg/kg) significantly improved neurobehav-
joral dysfunction and infarct volume (p < 0.01, vs.
tMCAO group; Fig. 1c—f). CD21 significantly decreased
hemoglobin content in the ischemic brain compared
with the tMCAO group (p < 0.05; Fig. 1g, h). tPA (10
mg/kg) significantly increased hemoglobin content in
the ischemic brain and aggravated neurological deficits
(p < 0.01 and p < 0.05, respectively, vs. tMCAO group).
Combined treatment with tPA and CD21 significantly
attenuated ischemic brain injury and HT compared with
the tPA-treated tMCAO group (p < 0.01). These results
demonstrated the neuroprotective effect of CD21 against
tPA-induced HT in tMCAO mice.

Attenuation of BBB dysfunction by CD21 in tPA-infused
tMCAO mice

Blood-brain barrier damage plays a vital role in HT after
ischemic stroke. We examined the effect of CD21 on
BBB integrity in tPA-infused tMCAO mice. As shown in
Fig. 2a—c, tPA exacerbated Evans blue extravasation and
the degradation of tight junction proteins (i.e., zonula
occludens-1 [ZO-1] and claudin-5) in the ischemic brain
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(p < 0.01 and p < 0.05, respectively, vs. tMCAQO group),
which was significantly improved by combined treat-
ment with tPA and CD21 (p < 0.01 and p < 0.05, re-
spectively, vs. tPA group). We also found that tPA
upregulated MMP-9 immunoreactivity and activity in
the ischemic brain (p < 0.05 and p < 0.01, respectively,
vs. tMCAO group), which was inhibited by combined
treatment with tPA and CD21 (p < 0.05 and p < 0.01, re-
spectively, vs. tPA group; Fig. 2d—f). Collectively, these
results suggest that neuroprotection that is conferred by
CD21 is partially associated with improvements in BBB
integrity in tPA-treated tMCAO mice.

Inhibition of neuroinflammation and the TLR4/NF-«kB
pathway by CD21 in tPA-infused tMCAO mice
Neuroinflammation contributes to BBB dysfunction and
HT after ischemic stroke. We investigated the effect of
CD21 on neuroinflammation in tPA-infused tMCAO
mice. As shown in Fig. 3a—c, tPA significantly upregu-
lated the transcription of tumor necrosis factor-a (TNF-
a), interleukin-1p (IL-1B), and IL-6 in the ipsilateral
brain hemisphere compared with the tMCAO group, re-
spectively (p < 0.05). Combined treatment with tPA and
CD21 significantly downregulated the transcription of
cytokines (p < 0.01 and p < 0.05, vs. tPA group). Simi-
larly, tPA significantly increased the activation of astro-
cytes and microglia/macrophages in the peri-infarct area
(p < 0.05, vs. tMCAO group). Combined treatment with
tPA and CD21 significantly reduced the activation of
both cell types (p < 0.01 and p < 0.05, respectively, vs.
tPA group; Fig. 3d—f). Additionally, tPA significantly acti-
vated the post-ischemic TLR4/NF-«B signaling pathway,
including increases in the expression of TLR4 and its
downstream signaling factor MyD88 and nuclear trans-
location of NF-kB p65 (p < 0.05, vs. tMCAO group). Com-
bined treatment with tPA and CD21 significantly reduced
activation of the TLR4/NF-«B signaling pathway (p < 0.01
and p < 0.05, vs. tPA group; Fig. 3g—j).

Downregulation of extracellular Prx1 levels by CD21 in
tPA-infused tMCAO mice

Extracellular Prx1 is an endogenous ligand of TLR4,
which has been shown to be upregulated and detected
around TUNEL-positive cells in mouse models of stroke
[11, 16]. Western blot revealed that tPA significantly up-
regulated Prx1 levels in the ischemic brain hemisphere
(p < 0.05, vs. tMCAO group), which was significantly
inhibited by combined treatment with tPA and CD21 (p
< 0.05, vs. tPA group; Fig. 4b, c¢). The immunofluores-
cent staining results showed that Prx1 outside the cell
membrane (pan-cadherin-positive) of TUNEL-positive
cells was upregulated in the peri-infarct area in the tPA
group and downregulated by combined treatment with
tPA and CD21 (Fig. 4a), indicating that combined
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treatment with tPA and CD21 reduced extracellular
Prx1 from injured-to-dead brain cells.

Next, we examined the expression of V-maf muscu-
loaponeurotic fibrosarcoma oncogene homolog B
(MAFB) and MSR1 in the ipsilateral brain hemi-
sphere, the function of which is to clear DAMPs (e.g.,
Prx1) after stroke [18, 19]. Their expression was sig-
nificantly upregulated by tPA after ischemia (p < 0.05,
vs. tMCAQO group). Combined treatment with tPA
and CD21 further significantly increased the expres-
sion of MAFB and MSR1 (p < 0.01 and p < 0.05,
respectively, vs. tPA group; Fig. 4d, e).

Role of MSR1 in CD21-induced Prx1 phagocytosis and
protection against tPA-induced HT

We further investigated the role of MSR1 in CD21-
induced Prx1 clearance and protection against tPA-
induced HT in in vitro cultured primary microglia and
MSR1™~~ mice, respectively. As shown in Fig. 5, the im-
munostaining results showed that green fluorescently
labeled Prx1 was co-stained with LysoTracker Red, indi-
cating that extracellular Prx1 may be internalized by
microglia for lysosomal degradation, resulting in Prx1
clearance. CD21 promoted Prx1 clearance in WT micro-
glial cells, which was significantly inhibited in MSR1™"~
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Moreover, CD21 significantly decreased hemoglobin
levels in the ischemic brain after tPA infusion in WT

microglia. Additionally, CD21 promoted the expression
of MSR1 and M2 polarization of microglia/macrophages

in WT mice, and the effect of promoting MSR1 expres-
sion in M2-type cells was better than in M1-type cells.
However, CD21 had little effect on the polarization of
microglia/macrophages in MSR1™/~ mice (Fig. 6a, b).

mice but not in MSR1™~ mice (p < 0.01, vs. tPA group;
Fig. 6¢, d). The protective effect of combined treatment
with tPA and CD21 was weakened by MSR1 deficiency
in MSR1™~ mice vs. WT mice (p < 0.01). Collectively,
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these findings indicated that CD21 alleviated tPA-
induced HT by accelerating MSR1-mediated Prx1 clear-
ance in tMCAO mice.

Discussion

Accumulating studies have focused on reducing HT by
applying combined treatment with tPA and other neuro-
protectants in acute ischemic stroke [36—38]. Previous
studies demonstrated the neuroprotective effects of nat-
ural phthalides, such as ligustilide and butylphthalide,
against ischemic and hemorrhagic stroke outcomes in
ischemic and hemorrhagic animals [14, 39, 40]. As a
newly synthesized phthalide derivative, the anti-
neuroinflammatory and neuroprotective effects of CD21
have been investigated in different rodent models of is-
chemic stroke. Our previous studies showed that CD21
might alleviate post-ischemia inflammation and brain in-
jury in tMCAO rats and mice [19, 26, 27]. In the present
study, we further explored the effect of CD21 on tPA-
induced HT in tMCAO mice. Combined treatment with
tPA and CD21 significantly rescued tPA-mediated body
weight loss in tMCAO mice (Supplementary Figure S3).

Before the onset of brain ischemia, no difference in body
weight was found among groups (p > 0.05). Three days
after ischemic stroke, body weight in the tMCAO group
significantly decreased (p < 0.01, vs. sham group). Com-
pared with the tMCAO group, treatment with CD21 sig-
nificantly ameliorated body weight loss (p < 0.05),
whereas tPA worsened body weight loss (p < 0.05).
Combined treatment with tPA and CD21 significantly
rescued tPA-induced body weight loss in tMCAO mice
(p < 0.01). We found that CD21 protected against tPA-
induced HT in tMCAO mice, reflected by improvements
in cerebral hemorrhage and injury, BBB disruption, cyto-
kine transcription, glial cell activation, MAFB/MSR1-
mediated Prx1 clearance, and TLR4/NF-kB pathway
inhibition. Moreover, MSR1 deficiency significantly at-
tenuated CD21-induced Prx1 phagocytosis in cultured
microglial cells and tPA-induced HT in tMCAO mice.
Numerous studies reported that BBB damage is an im-
portant pathological process that is associated with
thrombolytic hemorrhage in acute ischemic stroke [41].
In the present study, we first examined the effect of
CD21 on BBB integrity and function in tPA-infused
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tMCAO mice. Our results showed that tPA significantly
aggravated Evans blue extravasation and the degradation
of tight junction proteins (i.e., ZO-1 and claudin-5) in
tMCAO mice, which was effectively improved by CD21
treatment. TLR4 is involved in hemorrhagic transform-
ation and BBB damage that are induced by delayed tPA
administration, likely by increasing MMP-9 expression,
in rats [8]. Ischemic stress-induced DAMP/TLR4/NF-kB
pathway activation upregulates the expression and acti-
vation of MMPs. MMP-9 can strongly degrade tight
junction proteins and the basement membrane, thereby
aggravating BBB damage and the propensity for HT that
is associated with ischemic brain injury and thrombolytic
therapy [42]. The MMP-9 inhibitor BB-94 effectively de-
creased tPA-induced hemorrhagic volume and rate in
cerebral ischemic animals [43, 44]. Therefore, MMP-9
expression has high predictive value for tPA-induced
HT after acute ischemic stroke. In the present study,
CD21 treatment significantly inhibited MMP-9 expres-
sion and activity in tPA-infused tMCAO mice. These
findings suggest that the protective effect of CD21
against tPA-induced HT is associated with the attenu-
ation of MMP-9-related BBB leakage and breakdown in
acute ischemic stroke.

Previous studies reported that tPA-induced inflamma-
tion plays an important role in the progression of HT in
acute ischemic stroke [7, 36, 45]. Potential treatment
strategies that suppress tPA-related inflammation would
likely improve patient outcomes. To explore the

neuroinflammatory response in tMCAO rats, qRT-PCR
is usually performed to examine mRNA levels of proin-
flammatory cytokines in ischemic brain tissues [14]. In
the present study, we examined mRNA levels of proin-
flammatory cytokines in the ipsilateral hemisphere. In-
trinsic glial cells and infiltrating leukocytes are the main
immune cells that are involved in the neuroinflamma-
tory response and neuronal injury after ischemic stroke
[7]. Astrocytes are an important type of glial cell in regu-
lating cerebral homeostasis and promoting glial regener-
ation [46, 47]. Microglia are resting mononuclear
phagocytes in the healthy brain. They are sensitive to
environmental changes and counteract threats to tissue
integrity [45, 48, 49]. Once activated after stroke, both
astrocytes and microglia release numerous cytokines that
magnify inflammatory injury [46]. Blood-derived mono-
cytes also infiltrate the brain and differentiate into mac-
rophages following post-stroke BBB breakdown, which
contributes to neuroinflammatory injury similarly to
activated microglia in the acute phase of stroke [50]. Ac-
tivated microglia/macrophages reach peak values on day
3 post-stroke and achieve a proportion of approximately
70% of all immune cells that participate in the neuroin-
flammatory response [51]. IBA-1-positive microglia/
macrophages are generally positively associated with the
neuroinflammatory response in stroke. Our previous
studies found CD21-induced decreases in IBA-1-positive
cells in ischemic brain tissues in tMCAO rats and 2VO
mice, suggesting an anti-neuroinflammatory effect of
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CD21 in acute brain ischemia [19, 27]. In the present ischemic brain in tPA-infused tMCAQO mice, which
study, we observed elevations of mRNA levels of pro- were significantly inhibited by combined treatment
inflammatory cytokines (ie,, TNF-a, IL-1f3, and IL-6) with tPA and CD21, suggesting that CD21 inhibited
in the ipsilateral hemisphere and the stronger activa- the tPA-induced neuroinflammatory response after is-
tion of astrocytes and microglia/macrophages in the chemic stroke.
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Toll-like receptors are a class of highly conserved
membrane receptors in almost all cell types, and they
are especially abundant in immune cells [52]. TLR4 has
been identified as the major isoform of TLRs that trigger
sterile inflammation in many central nervous system dis-
eases [53]. Studies have demonstrated the direct upregu-
lation of TLR4 expression and activation by DAMPs. For
example, TLR4 expression in RAW264.7 cells was in-
creased by exogenous Prx1, whereas TLR4 expression in
the murine brain were decreased by Pxrl knockout [54,
55]. Experimental and clinical studies have demonstrated
the role of DAMPs (e.g,, HMGB1 and Prxs) in TLR4-
activated neuroinflammation after brain ischemia and
hemorrhage [11, 16, 56, 57]. HMGBI1 levels significantly
increased in tPA-treated ischemic stroke patients and
tMCAO rats [21, 22]. To our knowledge, only two re-
cently published papers reported preventive effects of
two compounds (glycyrrhizin and YC-1) against tPA-
induced HT via the suppression of HMGB1/TLR2 or
HMGB1/TLR4 signaling in ischemic stroke rats [21, 22].
In the present study, we detected Prx1/TLR4 pathway
activation in tPA-infused tMCAO mice. Our Western
blot and immunostaining results showed that tPA in-
creased DAMP (Prx1) and TLR4/NF-xB activation in is-
chemic brain tissues in tMCAO mice, which was
ameliorated by combined treatment with tPA and CD21
(Figs. 3g—j, 4a—c).

MSR1 has been shown to promote post-ischemic
DAMP (HMGBI1 and Prxs) clearance, leading to the
resolution of neuroinflammation and attenuation of is-
chemic brain injury in mice and rats [18, 19]. DAMP in-
ternalization was reported to be largely mediated by
MSRI in a transcription factor (MAFB)-dependent man-
ner in vitro and in tMCAO mice, whereas MAFB defi-
ciency impaired the clearance of DAMPs and resulted in
more severe inflammation and the exacerbation of neur-
onal injury in tMCAQO mice [18]. Our previous study re-
ported that the neuroprotective effect of CD21 (a novel
synthesized neuroprotectant) was associated with the
upregulation of MSR1-promoted Prx1 clearance and in-
hibition of neuroinflammation in tMCAQO rats [19].
Emerging evidence suggests that efferocytosis or the
phagocytic clearance of dead/dying cells by brain-
resident microglia and infiltrating macrophages may re-
duce the release of DAMPs and promote the resolution
of inflammation and restoration of brain homeostasis
after stroke [58]. The present study mainly explored the
effect of CD21 on the MSRI1-mediated clearance of
DAMPs (Prxl) in a mouse model of thrombolysis-
induced HT. We found that CD21 significantly increased
MSR1 expression in ischemic brain tissues in tPA-
infused tMCAO mice in vivo (Fig. 4b) and Prx1 internal-
ization via MSR1 in cultured primary microglia in vitro
(Fig. 5). These results indicated that CD21 improved
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DAMP (Prx1) clearance, TLR4 pathway inhibition, and
neuroinflammation resolution in ischemic brain tissues
of tPA-infused tMCAO mice. However, unknown is
whether MSR1 may accelerate the resolution of inflam-
mation through direct induction of the phagocytosis of
dead/dying cells (e.g., apoptotic neurons) after stroke.
This possibility needs to be explored in future studies.

It has been demonstrated that MSR1 is predominantly
expressed in cerebral microglia and macrophages in
other tissues [59-61]. Previous studies showed that the
loss of bone marrow cell-derived MSR1 exacerbated is-
chemic injury [18], highlighting the critical role of
macrophage/monocyte-derived MSR1. The present find-
ings suggest that CD21 possibly exerts its neuroprotec-
tive effect by acting on MSR1 that is expressed on IBA-
1-positive microglia/macrophages. MSR1 is ablated in
both microglia and macrophages/monocytes in global
MSR1™/~ mice [20]. Therefore, notable is the role of
MSR1 in the neuroprotective effect of CD21 against
thrombolysis-related HT after acute ischemic stroke in
global MSR1™~ mice. However, we cannot exclude the
possibility that MSR1 on tissue-resident macrophages in
other organs may also indirectly contribute to a benefi-
cial effect of CD21. This possibility will be explored in
future studies. Numerous studies have shown that MSR1
that is expressed in M1- and M2-type microglia/macro-
phages exerts proinflammatory and anti-inflammatory
effects, respectively [62—64]. In the M1 phenotype,
MSR1 may act as a co-receptor along with TLRs for
DAMPs and stimulate the production of inflammatory
mediators, whereas MSR1 in the M2 phenotype can
internalize DAMPs and induce DAMPs/TLR4/NF-kB
pathway inhibition and inflammation resolution. Our
previous study reported that CD21 increased the M2-
polarization of microglia/macrophages in the brain in
tMCAO mice and M2-polarization of BV2 microglia
in vitro [26]. In the present study, we further examined
the effect of CD21 on MSR1 immunoreactivity in M1
and M2 phenotypes in the brain in tPA-infused tMCAO
mice (Fig. 6a, b). Shichita et al. reported that the infarct
size in the brain in MSR1-deficient mice was larger than
in WT mice [18]. Based on the previously reported neu-
roprotection that is conferred by CD21 against brain is-
chemia [19, 26, 27], our study further explored its effect
on tPA-induced HT in acute ischemic stroke. We found
that MSR1 knockout significantly attenuated the pro-
tective effect of CD21 against tPA-induced HT after
tMCAO (Fig. 6¢, d). Altogether, our findings suggest
that CD21 inhibits the neuroinflammatory response
through the induction M2-type anti-inflammatory
microglia/macrophages, leading to the upregulation of
MSRI1 expression and DAMP (Prx1) clearance and in-
hibition of the TLR4/NF-kB pathway in tPA-treated
tMCAO mice (Fig. 7).
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Fig. 7 Schematic representation of the protective effect of CD21 against tPA-induced HT in acute ischemic stroke. CD21 increased MSR1
expression in M2 microglia/macrophages and MSR1-related lysosomal clearance of the DAMP Prx1, thereby ameliorating tPA-induced HT through
inhibition of the DAMP (Prx1)/TLR4/NF-kB pathway and neuroinflammation and attenuation of BBB dysfunction in acute ischemic stroke

Conclusions

We found that CD21, a newly synthesized neuroprotec-
tant, ameliorated tPA-induced HT in brain ischemia by
accelerating Prx1 clearance in an MSR1-dependent man-
ner. These findings suggest a novel synergistic strategy
for the prevention of HT during thrombolysis in acute
ischemic stroke through the enhancement of MSRI1-
mediated DAMP clearance.
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