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Interferon-b modulates
microglial polarization to
ameliorate delayed tPA-
exacerbated brain injury
in ischemic stroke

Ping-Chang Kuo1, Wen-Tsan Weng1, Barbara A. Scofield1,
Hallel C. Paraiso2, Paul Bojrab3, Brandon Kimes3,
I-Chen Ivorine Yu2 and Jui-Hung Jimmy Yen1*

1Department of Microbiology and Immunology, Indiana University School of Medicine, Fort Wayne,
IN, United States, 2Department of Anatomy, Cell Biology and Physiology, Indiana University School of
Medicine, Fort Wayne, IN, United States, 3Doctor of Medicine Program, Indiana University School of
Medicine, Fort Wayne, IN, United States
Tissue plasminogen activator (tPA) is the only FDA-approved drug for the

treatment of ischemic stroke. Delayed tPA administration is associated with

increased risks of blood-brain barrier (BBB) disruption and hemorrhagic

transformation. Studies have shown that interferon beta (IFNb) or type I IFN

receptor (IFNAR1) signaling confers protection against ischemic stroke in

preclinical models. In addition, we have previously demonstrated that IFNb can

be co-administered with tPA to alleviate delayed tPA-induced adverse effects in

ischemic stroke. In this study, we investigated the time limit of IFNb treatment on

the extension of tPA therapeutic window and assessed the effect of IFNb on

modulating microglia (MG) phenotypes in ischemic stroke with delayed tPA

treatment. Mice were subjected to 40 minutes transient middle cerebral artery

occlusion (MCAO) followed by delayed tPA treatment in the presence or absence

of IFNb at 3h, 4.5h or 6h post-reperfusion. In addition, mice with MG-specific

IFNAR1 knockdown were generated to validate the effects of IFNb onmodulating

MG phenotypes, ameliorating brain injury, and lessening BBB disruption in

delayed tPA-treated MCAO mice. Our results showed that IFNb extended tPA

therapeutic window to 4.5h post-reperfusion in MCAO mice, and that was

accompanied with attenuated brain injury and lessened BBB disruption.

Mechanistically, our findings revealed that IFNb modulated MG polarization,

leading to the suppression of inflammatory MG and the promotion of anti-

inflammatory MG, in delayed tPA-treated MCAO mice. Notably, these effects

were abolished in MG-specific IFNAR1 knockdown MCAO mice. Furthermore,

the protective effect of IFNb on the amelioration of delayed tPA-exacerbated

ischemic brain injury was also abolished in these mice. Finally, we identified that

IFNb-mediated modulation of MG phenotypes played a role in maintaining BBB

integrity, because the knockdown of IFNAR1 in MG partly reversed the protective
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effect of IFNb on lessening BBB disruption in delayed tPA-treated MCAOmice. In

summary, our study reveals a novel function of IFNb in modulating MG

phenotypes, and that may subsequently confer protection against delayed tPA-

exacerbated brain injury in ischemic stroke.
KEYWORDS

tissue plasminogen activator, interferon beta, type I interferon receptor, blood brain
barrier, microglial polarization, ischemic stroke
Introduction

Stroke is a leading cause of death and results in permanent

disability in up to 30% of survivors. There are two types of strokes,

ischemic stroke and hemorrhagic stroke, in which ischemic stroke

accounts for more than 80% of stroke cases. Currently, tissue

plasminogen activator (tPA) is the only FDA-approved drug for

ischemic stroke. Mechanistically, tPA functions to dissolve blood

clots that leads to reestablish the cerebral blood flow in the ischemic

brain. However, tPA-induced reperfusion promotes the recruitment

of peripheral inflammatory immune cells into the infarct core that

subsequently results in the secondary brain injury (1). Furthermore,

studies have shown that tPA induces microglia (MG) activation that

exacerbates brain injury in ischemic stroke (2, 3). Moreover, the

administration of tPA beyond its therapeutic window of 3-4.5h

post-injury significantly increases the risk of blood brain barrier

(BBB) disruption and hemorrhagic transformation (HT) after

ischemic stroke (4–7).

MG activation plays an important role in the immunopathogenesis

of the central nervous system (CNS) diseases. Following ischemic

stroke, MG are rapidly activated and exert detrimental effects on

ischemic brain injury. MG activation can be determined by detecting

the expression of inflammatory markers, such as CD86 and CD16, and

the upregulation of pro-inflammatory cytokines, including IL-1a, IL-b,
TNF-a, and IL-6. Studies have shown that inflammatory MG markers

and cytokines display an increased trend during the first 14 days

following ischemic stroke (8). On the other hand, anti-inflammatory

MG were also observed in the ischemic brain. Anti-inflammatory MG

phenotype can be assessed by the expression of surface marker,

macrophage mannose receptor 1 (CD206), and the upregulation of

anti−inflammatory molecules, including IL− 10, arginase−1 (Arg1),

Ym1, and TGF−b. Studies have shown that the expression of anti-

inflammatory MG markers and molecules was increased at day 1 and

peaked at day 5-7 post stroke. Importantly, anti-inflammatory MG

exert protective effects on promoting brain repair and prognosis in

ischemic stroke (8–10). Thus, modulating MG transformation from
B, Blood-brain barrier;

G, Microglia; MCAO,

vous system; CD206,

AM, Tamoxifen; TTC,

d; CBF, Cerebral blood
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inflammatory to anti-inflammatory phenotype represents a critical

strategy for attenuating neuroinflammation and ameliorating brain

injury in ischemic stroke.

Interferon beta (IFNb) is an FDA-approved therapy for the

treatment of multiple sclerosis, and its immunomodulatory and

anti-inflammatory properties were well characterized (11, 12).

Hence, IFNb exerts a potential to be utilized as an anti-

inflammatory agent for the treatment of ischemic stroke. Indeed,

we have previously demonstrated that IFNb ameliorates brain

injury through inhibiting MG activation and suppressing

inflammatory immune cell infiltration of the CNS in stroke

animals (13). In addition, studies from other groups showed that

IFNb and/or type I IFN receptor (IFNAR1) signaling confer

protection against brain injury in ischemic stroke animal models

(14–19). Moreover, our recent study showed that IFNb can be co-

administered with tPA to ameliorate delayed tPA-exacerbated brain

injury in ischemic stroke (20). Collectively, studies from our and

other groups demonstrate the beneficial effects of IFNb treatment in

ischemic stroke.

Our previous study demonstrated that IFNb extended tPA

therapeutic window to 3h post-injury in ischemic stroke in which

IFNb ameliorated delayed tPA-exacerbated ischemic brain injury

and lessened tPA-aggravated BBB disruption and HT (20). In the

present study, we investigated the time limit of IFNb treatment on

the extension of tPA therapeutic window and assessed the effect of

IFNb on the modulation of MG phenotypes in delayed tPA-treated

stroke animals. Furthermore, mice with MG-specific IFNAR1

knockdown were generated to validate the effects of IFNb on

modulating MG phenotypes, ameliorating brain injury, and

lessening BBB disruption in delayed tPA-treated stroke animals.

In sum, our findings reveal that IFNb exerts protective effects on

modulating MG phenotypes, leading to the suppression of

inflammatory MG and the induction of anti-inflammatory MG,

and that subsequently confers protection against delayed tPA-

exacerbated brain injury in ischemic stroke.
Materials and methods

Mice

Animal experimental procedures were approved by the Purdue

Animal Care and Use Committee and performed in strict
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compliance with the National Institutes of Health Guide for the

Care and Use of Laboratory Animals. C57BL/6, Ifnar1fl/fl, and

Cx3cr1CreERT2/CreERT2 mice were purchased from the Jackson

Laboratory (Bar Harbor, ME) and bred in our animal facility.

Ifnar1fl/fl mice were crossed with Cx3cr1CreERT2/CreERT2 mice to

generate Ifnar1fl/+-Cx3cr1CreERT2/+ mice. Ifnar1fl/+-Cx3cr1CreERT2/+

mice were then crossed with Ifnar1fl/+-Cx3cr1CreERT2/+ mice to

generate Ifnar1fl/fl-Cx3cr1CreERT2/+ and Cx3cr1CreERT2/+ mice.

Ifnar1fl/fl-Cx3cr1CreERT2/+ mice at 7-8 weeks old were subjected to

i.p. injection of 75mg/kg Tamoxifen (TAM) for a total of 5

consecutive days to induce IFNAR1 knockdown in MG/

macrophages. TAM-treated Ifnar1fl/fl-Cx3cr1CreERT2/+ mice were

housed for additional 7-8 weeks to allow peripheral monocyte/

macrophages to be replenished and then subjected to ischemic

stroke. Cx3cr1CreERT2/+ control mice were subjected to the same

procedure of TAM treatment followed by ischemic stroke

induction. Mice were housed and bred with controlled humidity,

temperature and 12h:12h light-dark cycle in the animal facility with

food and water available ad libitum.
Reagents

IFNb was purchased from PBL Interferon Source (Piscataway,

NJ), and tPA was purchased from Genentech (San Francisco, CA).

Evans blue was purchased from Sigma-Aldrich (St. Louis, MO).

Triphenyltetrazolium chloride (TTC) and trichloroacetic acid

(TCA) were purchased from Alfa Aesar (Tewksbury, MA).

Antibodies of Alexa Fluor 488 anti-CD45 (Clone: 30-F11), FITC

anti-CD11a (Clone: M17/4), PE/Cy7 anti-Ly6C (Clone: HK1.4),

APC anti-CD11b (Clone: M1/70), PE/Cy7 anti-CD68 (Clone: FA-

11), PE/Cy7 anti-CD86 (Clone: GL-1), PE/Cy7 anti-CD206 (Clone:

C068C2), APC anti-IFNAR1 (Clone: MAR1-5A3), and PE anti-IL-

1a (Clone: ALF-161) were purchased from BioLegend (San Diego,

CA). APC anti-Arg1 antibody was purchase from R&D Systems.

APC anti-IL-1b (Clone: NJTEN3) antibody was purchase from

eBioscience (Waltham, MA).
Middle cerebral artery occlusion model

Cerebral ischemia was induced in 3-4 months old male and

female mice as previously described (13, 20). Briefly, mice were

subjected to intraluminal occlusion of right middle cerebral artery

by the insertion of silicone-coated nylon monofilament (Doccol

Corp, Sharon, MA). A laser doppler flowmetry was used to measure

the cerebral blood flow (CBF). The filament was withdrawn to allow

reperfusion after 40min or 4.5h occlusion. Animal’s body

temperature was maintained at ~37°C throughout the surgery by

a warming lamp and heating pad. Sham controls were subjected to

the same surgical procedure without monofilament insertion. After

surgery, mice were placed in the recovery cage in which the

temperature was maintained at 37°C for 1h to recover from

anesthesia. Mice that had a reduction of the CBF more than 80%

during the occlusion were included in the study and assigned

randomly to receive i.v. administration of vehicle (PBS), tPA
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(5mg/kg), or tPA+IFNb (10,000U) at the indicated time points.

tPA+IFNb-treated MCAO mice received an additional dose of

IFNb at day 1 post-injury if they were sacrificed at day 2 or day

7. The doses of tPA and IFNb used in this study were based on the

previous studies (13, 20–22). The investigators who performed the

experiments were blinded to the animal groups.
Infarct volume measurements

Mice were perfused with PBS, and the ischemic brains were

harvested and subjected to 2 mm coronal slicing with a rodent brain

matrix. Brain sections were than stained with 1% TTC followed by

scanning, and the infarct volumes were calculated by using ImageJ

as previously described (13).
Evans blue extravasation assay

Mice were i.v. administered 4 ml/kg 2% (w/v) Evans blue dye/

0.9% saline solution through lateral tail vein. One hour after

injection, mice were then anesthetized deeply and perfused with

PBS to remove intravascular Evans blue. The brains were harvested

and sliced. The brain sections were then subjected to scanning to

obtain images. Subsequently, the hemispheres of brain sections

were separated and weighted followed by homogenization with 50%

TCA solution. After centrifugation, the supernatants were collected

and diluted with 95% ethanol at the ratio of 1:3. The amount of

extravascular Evans blue in the supernatants was then determined

by measuring the fluorescence with excitation at 540/25nm

and emission at 645/40nm using a BioTek Synergy HT

microplate reader.
Mononuclear cells isolation and
FACS analysis

Mice subjected to MCAO were anesthetized deeply and

transcardially perfused with PBS at indicated time points. The

brains were harvested, and the meninge, olfactory bulb, and

cerebellum were removed. The forebrains were then homogenized

with 1x Hanks’ balanced salt solution (HBSS) buffer followed by

filtration through a 70mm nylon cell strainer. Following

centrifugation, cells were resuspended in 30% Percoll and

underlayered with 70% Percoll. After centrifugation, the

mononuclear cells were then isolated from the interface between

30% and 70% Percoll. For intracellular cytokine staining, the

isolated cells were ex-vivo cultured in the presence of GolgiPlug

for 4.5h. Cells were then collected and stained with antibodies of

CD45 and CD11b followed by fixation and permeabilization. After

wash, cells were stained with IL-1a and IL-1b antibodies followed

by FACS analysis. For cell surface staining, the isolated cells were

stained with antibodies of CD45 and CD11b in the presence of

CD86 or CD11a and Ly6C antibodies followed by FACS analysis.

For intracellular staining, the isolated cells were stained with

antibodies of CD45 and CD11b followed by fixation and
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permeabilization. After wash, cells were stained with CD68, Arg1,

or CD206 antibody followed by FACS analysis. The gating strategy

of flow cytometry analysis to identify the population of MG with the

intermediate expression of CD45 (CD45int) and positive expression

of CD11b (CD11b+) is presented in Supplementary Figure 1. For in

vitro intracellular cytokine staining, cells were treated with

indicated conditions and harvested at the indicated time points.

GolgiPlug was added to the culture 4.5h prior cell harvesting. Cells

were then fixed and permeabilized, and subsequently subjected to

IL-1b antibody staining followed by FACS analysis. For in vitro

intracellular staining, cells treated with indicated conditions were

harvested at the indicated time points followed by fixation and

permeabilization. After wash, cells were then stained with Arg1 and

CD206 antibodies followed by FACS analysis.
Rotarod test

Motor coordination was assessed in MCAO mice by using the

rotarod test (Model 47600, Ugo Basile, Varese, Italy). Prior to

MCAO surgery, mice were trained on the rotarod apparatus with

a setting of accelerating speed from 4 to 80 rpm over a 5min period

for three trials with a 30min resting interval every day for three

consecutive days. Following MCAO, mice were given three trials

with a 30min resting interval at day 2, 4, and 6 post-injury. Motor

function was assessed based on the latency to fall.
Cell culture

Primary MG were generated from neonatal mice as previously

described (23). Briefly, cerebral cortical cells were collected from 1-2

days old neonatal mice and seeded in T75 flasks containing

Dulbecco’s modified eagle medium/nutrient mixture F-12

(DMEM/F12) complete media. After removing media, the flasks

were replenished with complete media containing 10ng/ml GM-

CSF on day 3 and 6 after plating. MG were harvested by shaking the

flasks at 250rpm for 40min at 37°C on day 13 or 14. Cells were then

seeded in cell culture wells followed by treatments.
Quantitative polymerase chain reaction

mRNA expression was measured by Q-PCR analysis as

previously described (24). The primers used were Il-1a: 5’-CGCTT
GAGTCGGCAAAGAAAT-3’ and 5’-CTTCCCGTTGCTTG

ACGTT G-3’; Il-1b: 5’-CCCTGCAGCTGGAGAGTGTGGA-3’ and
5’-TGTGCTCTGCTTGTGAGGTG CTG-3’.
Statistical analysis

All results in this study were given as mean ± SEM. Sample sizes

were determined by power calculations based on our previous

studies. The normal distribution of the data was confirmed by
Frontiers in Immunology 04
Shapiro-Wilk test. Comparisons among multiple groups were

performed by one-way ANOVA (one variable) or two-way

ANOVA (two variables) followed by Tukey post hoc test.

Comparisons between two groups were performed by unpaired t

test. Statistical analyses were performed by using GraphPad Prism 9

software. Statistical significance was determined as p<0.05.
Results

IFNb confers protection against delayed
tPA-exacerbated brain injury in
ischemic stroke

We have previously demonstrated that delayed but not early

tPA treatment exacerbated brain injury in ischemic stroke, and

IFNb ameliorated ischemic brain injury in MCAO mice subjected

to delayed tPA treatment (20). In this study, we aimed to investigate

the time limit of IFNb on the extension of tPA therapeutic window

in ischemic stroke. As we have previously shown that IFNb
administered at 3h post-reperfusion ameliorated ischemic brain

injury (13), we first assessed the time limit of IFNb-conferred
protection against ischemic brain injury. C57BL/6 mice were

subjected to 40min MCAO followed by IFNb administration at

4.5h or 6h post-reperfusion, and MCAOmice were sacrificed at day

2 post-injury to determine the level of brain injury. Our results

showed that IFNb administered at 4.5h but not 6h post-reperfusion

significantly attenuated infarct volumes in MCAO mice

(Supplementary Figure 2). We then determined the therapeutic

potential of IFNb on the extension of tPA therapeutic window in

MCAO mice at different time points. Mice subjected to 40min

MCAO were treated with tPA at 40min post-injury or with tPA in

the presence or absence of IFNb at 3h, 4.5h, or 6h post-reperfusion.

Consistent with our previous findings (20), tPA administered at

40min post-injury did not alter the level of brain injury in MCAO

mice compared to vehicle-treated MCAO controls. However,

delayed tPA treatment at 3h, 4.5h, or 6h post-reperfusion

exacerbated brain injury in MCAO mice, and the level of brain

injury was comparable among these animals at day 1 post-injury

(Figure 1A). Importantly, we found that IFNb attenuated ischemic

brain injury-exacerbated by delayed tPA treatment at 3h and 4.5h

post-reperfusion (Figure 1A). Although there was a trend that IFNb
reduced brain infarct in MCAO mice treated with tPA at 6h post-

reperfusion, it did not reach statistical significance (Figure 1A).

Furthermore, the detrimental effect of delayed tPA treatment at

4.5h post-reperfusion on ischemic brain injury and the protective

effect of IFNb on delayed tPA-exacerbated brain injury were

observed in MCAO mice at day 2 post-injury (Figure 1B). Finally,

we investigated the observed effects in female MCAO mice. Our

results showed that delayed tPA treatment at 4.5h post-reperfusion

exacerbated brain injury, and consistently IFNb ameliorated

delayed tPA-exacerbated brain injury in female MCAO mice

(Figure 1C). Notably, we observed a smaller infarct in vehicle-

treated female MCAO mice compared to vehicle-treated male

MCAO mice. Similarly, delayed tPA-exacerbated brain injury was
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less severe in female MCAO mice compared to male MCAO mice

(Figures 1A vs. 1C). These results suggest that female mice exhibit

less severe brain injury compared to male mice following ischemic

stroke, consistent with the previous findings (25, 26). Collectively,

our results demonstrate that delayed tPA treatment exacerbates

ischemic brain injury, and IFNb exerts a therapeutic potential to

extend tPA therapeutic window to 4.5h post-injury and ameliorate

delayed tPA-exacerbated brain injury in ischemic stroke.
Frontiers in Immunology 05
IFNb confers long-term protection
against ischemic stroke with delayed
tPA treatment

To further evaluate whether IFNb conferred long-term protection

against ischemic stroke with delayed tPA treatment, mice were

subjected to 40min MCAO followed by vehicle, tPA, or tPA+IFNb
administration at 4.5h post-reperfusion, and the survival assay was
A

B C

FIGURE 1

IFNb confers protection against delayed tPA-exacerbated brain injury in ischemic stroke. (A) Male C57BL/6 mice were subjected to 40min MCAO followed
by the administration of vehicle or tPA right after the onset of reperfusion or of tPA in the presence or absence of IFNb at 3h, 4.5h, or 6h post-reperfusion
(n=8/group). At day 1 post-injury, the ischemic brains were harvested and subjected to TTC staining. One representative TTC-stained brain sample of each
group is shown, and the infarct volumes were also measured. (B) Male C57BL/6 mice subjected to 40min MCAO were administered vehicle, tPA, or tPA
+IFNb at 4.5h post-reperfusion (n=10/group). At day 2 post-injury, the ischemic brains were harvested and subjected to TTC staining. Two representative
TTC-stained brain samples of each group are shown, and the infarct volumes were also measured. (C) Female C57BL/6 mice subjected to 40min MCAO
were administered vehicle, tPA, or tPA+IFNb at 4.5h post-reperfusion (n=8/group). At day 1 post-injury, the ischemic brains were harvested and subjected to
TTC staining. Two representative TTC-stained brain samples of each group are shown, and the infarct volumes were measured. **p<0.01; ***p<0.001; NS,
no significant difference by one-way ANOVA. Occlu., occlusion; Grp., group.
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performed. Our results showed that tPA-treated MCAO mice

displayed reduced survival compared to vehicle-treated MCAO

mice at day 7 post-injury. Notably, tPA+IFNb-treated MCAO mice

exhibited increased survival compared to tPA-treated MCAO mice

and displayed a similar level of survival as vehicle-treated MCAO

mice at day 7 post-injury (Figure 2A). Furthermore, the rotarod test

was performed to assess the effect of delayed tPA treatment in the

presence or absence of IFNb on motor coordination in MCAO mice.

Our results showed that tPA-treated MCAO mice had a poor

performance on the rotarod test compared to vehicle-treated MCAO

mice. In contrast, tPA+IFNb-treated MCAO mice exhibited an
Frontiers in Immunology 06
improved performance on the rotarod test compared to tPA-treated

MCAO mice (Figure 2B). Finally, we assessed the level of brain injury

in MCAOmice treated with delayed tPA in the presence or absence of

IFNb at day 7 post-injury. Our results showed that tPA+IFNb-treated
MCAO mice exhibited reduced infarct volumes compared to tPA-

treated MCAO mice, and the infarct volumes were comparable

between vehicle- and tPA+IFNb-treated MCAO mice (Figure 2C).

Altogether, our results demonstrate that IFNb confers long-term

protection against ischemic stroke with delayed tPA treatment, and

that was accompanied with attenuated brain infarct volumes,

improved motor coordination, and increased survival.
A B

C

FIGURE 2

IFNb confers long-term protection against ischemic stroke with delayed tPA treatment. Male C57BL/6 mice were subjected to 40min MCAO
followed by the administration of vehicle, tPA, or tPA+IFNb at 4.5h post-reperfusion. MCAO mice were then subjected to (A) survival assay for 7 days
and (B) rotarod tests at day 2, 4, and 6 post-injury. *p<0.05, **p<0.01 compared to tPA by unpaired t-test. (C) At day 7 post-injury, the survived
MCAO mice (vehicle: n=12; tPA: n=10; tPA+IFNb: n=10) were sacrificed and subjected to TTC staining. Two representative TTC-stained samples of
each group are shown, and the infarct volumes were measured. *p<0.05; **p<0.01; NS, no significant difference by one-way ANOVA.
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IFNb modulates MG polarization in delayed
tPA-treated ischemic stroke

To elucidate whether IFNb modulated MG phenotypes to

confer protection against delayed tPA-exacerbated ischemic brain

injury, we assessed MG inflammatory and anti-inflammatory

phenotypes in 40min MCAO mice treated with vehicle, tPA, or

tPA+IFNb at 4.5h post-reperfusion. MG were determined as

CD45intCD11b+ cells in the ischemic brain. As previous studies

showed that CD45high (CD45hi) infiltrating monocytes/

macrophages might become CD45int MG-like phenotypes

following ischemic brain injury (27–29), we measured the

expression of macrophage markers, CD11a and Ly6C, in the

population of CD45intCD11b+ cells in the ischemic brain. We

found that CD45intCD11b+ cells did not express CD11a and Ly6C

in the ischemic brain of MCAO mice at day 1 post-injury

(Supplementary Figure 3A). We then determined MG phenotypes

in the ischemic brain of vehicle-, tPA-, and tPA+IFNb-treated
MCAO mice. Our results showed that ischemic stroke induced
Frontiers in Immunology 07
MG activation, and that was accompanied with increased CD86

expression and upregulated IL-1a and IL-1b production in the

ipsilateral hemisphere of vehicle-treated MCAO mice compared to

the ipsilateral hemisphere of sham controls and the contralateral

hemisphere of vehicle-treated MCAO mice at day 1 post-injury

(Figures 3A–C). Notably, delayed tPA treatment aggravated MG

inflammatory phenotype, because the expression of CD86, IL-1a,
and IL-1b in MG was further upregulated in the ipsilateral

hemisphere of tPA-treated MCAO mice compared to that of

vehicle-treated MCAO mice (Figures 3A–C). Importantly, IFNb
was able to suppress delayed tPA-induced CD86, IL-1a, and IL-1b
upregulation in MG following MCAO (Figures 3A–C).

We then evaluated whether IFNb promoted MG anti-

inflammatory phenotype to confer protection against delayed

tPA-exacerbated ischemic brain injury. The expression of anti-

inflammatory molecules , Arg1 and CD206, and anti-

inflammatory cytokine IL-10 in MG was assessed in MCAO mice

treated with vehicle, tPA, or tPA+IFNb at 4.5h post-reperfusion.

We found ischemic stroke enhanced MG Arg1 and CD206
A

B

D

E

C

FIGURE 3

IFNb modulates MG polarization in delayed tPA-treated ischemic stroke. Male C57BL/6 mice were subjected to sham or 40min MCAO followed by
the administration of vehicle, tPA, or tPA+IFNb at 4.5h post-reperfusion. (A–C) At day 1 post-injury, the contralateral (Contra.; C) and ipsilateral (Ipsi.;
I) hemispheres of sham (n=6), and vehicle-, tPA-, and tPA+IFNb-treated MCAO mice (n=9/group) were harvested followed by mononuclear cell
isolation. (A) The isolated cells were stained with CD45 and CD11b antibodies in the presence of CD86 antibody to determine the surface expression
of CD86 in CD45intCD11b+ MG. (B, C) The isolated mononuclear cells were ex-vivo cultured in the presence of GolgiPlug for 4.5h followed by
staining with CD45 and CD11b antibodies. After fixation and permeabilization, cells were then stained with IL-1a and IL-1b antibodies to determine
the intracellular expression of IL-1a and IL-1b in CD45intCD11b+ MG by flow cytometry. (D, E) At day 2 post-injury, the isolated mononuclear cells
were stained with CD45 and CD11b antibodies. Following fixation and permeabilization, cells were then stained with Arg1 and CD206 antibodies to
determine the expression of Arg1 and CD206 in CD45intCD11b+ MG by flow cytometry. *p<0.05; **p<0.01; ***p<0.001; NS, no significant difference
by two-way ANOVA.
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expression in the ipsilateral hemisphere of vehicle-treated MCAO

mice compared to that of sham controls at day 2 post-injury

(Figures 3D, E). However, delayed tPA treatment did not alter

MG Arg1 and CD206 expression compared to vehicle treatment in

MCAO mice. Importantly, IFNb upregulated MG Arg1 expression,

as the expression level of Arg1 in MG was higher in the ipsilateral

hemisphere of tPA+IFNb-treated MCAO mice than that of tPA-

treated MCAO mice (Figure 3D). Interestingly, the frequency of

Ly6C+ cells in the CD45intCD11b+ population was higher in tPA-

treated MCAO mice than vehicle- or tPA+IFNb-treated MCAO

mice, although it did not reach statistically significant differences

(Supplementary Figure 3B). However, we found Arg1+ cells was

mostly associated with Ly6C-CD45intCD11b+ cells but not

Ly6C+CD45intCD11b+ cells in the ischemic brain of tPA+IFNb-
treated MCAO mice (Supplementary Figure 3C), suggesting IFNb
mainly modulates the phenotype of resident MG in the ischemic

brain. Finally, we observed a trend that IFNb enhanced MG CD206

expression in tPA+IFNb-treated MCAO mice compared to tPA-

treated MCAO mice (Figure 3E). However, we did not observe an

induction of IL-10 in MG in vehicle, tPA, or tPA+IFNb-treated
MCAO mice (Data not shown). Collectively, our results

demonstrate that delayed tPA treatment aggravates MG

inflammatory phenotype; in contrast, IFNb diminishes delayed

tPA-aggravated MG inflammatory phenotype in ischemic stroke.

Furthermore, we identify that IFNb promotes MG anti-

inflammatory phenotype in delayed tPA-treated ischemic stroke.

Thus, our results suggest that IFNb exerts protective effects in

ischemic stroke with delayed tPA treatment through suppressing

tPA-aggravated inflammatory MG and promoting anti-

inflammatory MG in the ischemic brain.
IFNb-conferred protection against delayed
tPA-exacerbated ischemic brain injury is
abolished in MCAO mice with MG-specific
IFNAR1 knockdown

Since we observed IFNb modulated MG phenotypes and

ameliorated brain injury in delayed tPA-treated MCAO mice, we

thought to assess whether IFNb-mediated activation of IFNAR1

signaling in MG plays an essential role in ameliorating delayed tPA-

exacerbated brain injury in ischemic stroke. Thus, we generated

Ifnar1fl/fl-Cx3cr1CreERT2/+ mice and subjected mice to TAM

treatment to induce IFNAR1 knockdown specifically in MG

(Supplementary Figure 4A). Ifnar1fl/fl-Cx3cr1CreERT2/+ and control

Cx3cr1CreERT2/+mice were then subjected to 40minMCAO followed

by tPA or tPA+IFNb treatment at 4.5h post-reperfusion, and

sacrificed at day 1 or day 2 post-injury to assess the level of brain

injury. We confirmed whether IFNAR1 was deleted from MG in

MCAO mice. Our results showed that MG in the ischemic brain of

tPA- and tPA+IFNb-treated control Cx3cr1CreERT2/+ MCAO mice

expressed a comparable level of IFNAR1. As expected, MG in the

ischemic brain of tPA- and tPA+IFNb-treated Ifnar1fl/fl-

Cx3cr1CreERT2/+ MCAO mice exhibited IFNAR1 knockdown
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(Supplementary Figure 4B). We then compared the level of brain

injury in Cx3cr1CreERT2/+ and Ifnar1fl/fl-Cx3cr1CreERT2/+ MCAO

mice subjected to tPA or tPA+IFNb treatment. Our results

showed that IFNb ameliorated delayed tPA-exacerbated brain

injury in Cx3cr1CreERT2/+ MCAO mice at day 1 and day 2 post-

injury (Figures 4A, B), and these findings are consistent with the

results of C57BL/6 MCAO mice treated with delayed tPA in the

presence or absence of IFNb (Figure 1B). In contrast, the protective

effect of IFNb on ameliorating delayed tPA-exacerbated brain

injury was abolished in Ifnar1fl/fl-Cx3cr1CreERT2/+ MCAO mice

(Figures 4A, B). Collectively, our results demonstrate that IFNb-
induced IFNAR1 signaling activation in MG plays an essential role

in conferring protection against delayed tPA-exacerbated brain

injury in ischemic stroke.
MG-specific IFNAR1 knockdown abolishes
IFNb-mediated modulation of MG
phenotypes in delayed tPA-treated
ischemic stroke

To determine whether IFNb failed to provide a protective effect

in MG-specific IFNAR1 knockdown MCAO mice with delayed tPA

treatment was due to the abrogated effect of IFNb on modulating

MG phenotypes, Ifnar1fl/fl-Cx3cr1CreERT2/+ and Cx3cr1CreERT2/+mice

were subjected to 40min MCAO followed by tPA or tPA+IFNb
treatment at 4.5h post-reperfusion and the ischemic brains were

then harvested to assess the expression of inflammatory and anti-

inflammatory molecules in MG. Our results showed that the

inflammatory molecules, CD86 and CD68, and the inflammatory

cytokines, IL-1a and IL-1b, were suppressed in MG in the ipsilateral

hemisphere of tPA+IFNb-treated Cx3cr1CreERT2/+ MCAO mice

compare to that of tPA-treated Cx3cr1CreERT2/+ MCAO mice

(Figures 5A–D). These results are consistent with the results of

C57BL/6 MCAO mice subjected to delayed tPA treatment in the

presence or absence of IFNb (Figures 3A–C). On the contrary,

IFNb-mediated suppression of delayed tPA-enhanced CD86, CD68,

IL-1a, and IL-1b expression in MG was abolished in Ifnar1fl/fl-

Cx3cr1CreERT2/+ MCAO mice (Figures 5A–D). Furthermore, we

observed that the expression of anti-inflammatory marker Arg1 in

MG was upregulated in tPA+IFNb-treated Cx3cr1CreERT2/+ MCAO

mice compared to tPA-treated Cx3cr1CreERT2/+ MCAO mice

(Figure 5E), consistent with the results observed in C57BL/6

MCAO mice (Figure 3D). Similar to C57BL/6 MCAO mice, there

was a trend of CD206 upregulation in tPA+IFNb-treated
Cx3cr1CreERT2/+ MCAO mice compared to tPA-treated

Cx3cr1CreERT2/+ MCAO mice (Figure 5F). However, IFNb-
mediated upregulation of Arg1 and CD206 expression in MG was

abolished in Ifnar1fl/fl-Cx3cr1CreERT2/+ MCAO mice with tPA

treatment (Figures 5E, F). Altogether, our results demonstrate that

the knockdown of IFNAR1 specifically in MG abolishes IFNb-
mediated modulation of MG phenotypes that may subsequently

abrogate the protective effect of IFNb on the amelioration of delayed

tPA-exacerbated brain injury in ischemic stroke.
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IFNb inhibits inflammatory MG and
promotes anti-inflammatory MG in vitro

To confirm our in vivo findings that IFNb modulated MG

phenotypes in tPA-treated MCAO mice, we assessed the effect of

tPA and IFNb on regulating the expression of inflammatory and

anti-inflammatory molecules in primary MG. Because studies

reported that TNFa was induced in the ischemic brain to induce

neuroinflammation (20, 30–32), we therefore activated MG with

TNFa or TNFa+tPA in the presence or absence of IFNb followed

by Q-PCR and flow cytometry analysis to assess the expression of

inflammatory and ant-inflammatory molecules. Our results showed

that TNFa upregulated IL-1a and IL-1b mRNA expression in MG,

and tPA further enhanced the expression of these inflammatory

cytokines, indicating tPA promotes MG activation (Figure 6A).

Importantly, IFNb attenuated IL-1a and IL-1b mRNA expression

in TNFa+tPA-treated MG (Figure 6A). Our flow cytometry

analysis confirmed that tPA enhanced IL-1b expression in TNFa-
treated MG, and IFNb suppressed TNFa+tPA-induced IL-1b
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expression in MG (Figure 6B). Furthermore, we assessed the

effect of IFNb on the expression of anti-inflammatory molecules

in MG. Our results showed that IFNb upregulated Arg1 and CD206

expression in TNFa+tPA-treated MG (Figure 6C). Collectively, our

results demonstrate that IFNb suppresses inflammatory cytokine

expression and promotes anti-inflammatory molecule expression in

TNFa+tPA-treated MG in vitro, and that confirms our in vivo

observation of IFNb-mediated suppression of inflammatory MG

and promotion of anti-inflammatory MG in tPA-treated

MCAO mice.
IFNb confers protection against delayed
tPA-exacerbated brain injury and BBB
disruption in ischemic stroke subjected
to 4.5h occlusion

We observed that IFNb conferred protection against tPA-

exacerbated brain injury in 40min MCAO mice with delayed tPA
A

B

FIGURE 4

IFNb-conferred protection against delayed tPA-exacerbated ischemic brain injury is abolished in MCAO mice with MG-specific IFNAR1 knockdown.
Male Cx3cr1CreERT2/+ and Ifnar1fl/fl-Cx3cr1CreERT2/+ mice were subjected to 40min MCAO followed by tPA or tPA+IFNb treatment at 4.5h post-
reperfusion (n=8/group). (A) At day 1 or (B) day 2 post-injury, the ischemic brains were harvested and subjected to TTC staining. Two representative
TTC-stained brain samples of each group are shown, and the infarct volumes were also measured. *p<0.05; **p<0.01; NS, no significant difference
by two-way ANOVA.
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treatment at 4.5h post-reperfusion. To closely mimic the clinical

condition, we subjected mice to a long-term occlusion of 4.5h

followed immediately by vehicle, tPA, or tPA+IFNb treatment.

The ischemic brains were harvested at day 1 post-injury to assess

the severity of brain injury. Our results showed that tPA treatment

at 4.5h post-injury exacerbated brain injury in MCAO mice, and

importantly IFNb was able to ameliorate delayed tPA-exacerbated

ischemic brain injury (Figure 7A). Similarly, we observed that tPA

treatment at 4.5h post-injury exacerbated brain injury in female

4.5h MCAO mice, and IFNb attenuated delayed tPA-exacerbated

brain injury in female MCAO mice (Figure 7B). In addition, tPA

administration beyond its therapeutic window has been shown to

aggravate BBB disruption in ischemic stroke (20). We therefore

assessed whether delayed tPA treatment at 4.5h post-injury

aggravated BBB disruption and whether IFNb lessened delayed

tPA-aggravated BBB disruption in 4.5h MCAO mice. Indeed, our

results showed that delayed tPA treatment aggravated BBB

disruption, leading to enhanced Evans blue leakage in the
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ipsilateral hemisphere of tPA-treated MCAO mice compared to

that of vehicle-treated MCAO mice (Figure 7C). Importantly, we

observed IFNb lessened delayed tPA-aggravated BBB disruption,

resulting in attenuated Evans blue leakage in the ipsilateral

hemisphere of tPA+IFNb-treated MCAO mice compared to that

of tPA-treated MCAO mice (Figure 7C). Furthermore, we assessed

whether IFNb offered protection against delayed tPA-aggravated

BBB disruption in female MCAO mice. Although the level of BBB

disruption was less severe in female MCAO mice compared to male

MCAO mice because of sex-mediated differences in ischemic brain

injury (25, 26), our results showed that delayed tPA treatment

aggravated BBB disruption and IFNb lessened delayed tPA-

aggravated BBB disruption in female MCAO mice (Figure 7D),

consistent with the results of male MCAO mice (Figure 7C).

Altogether, our results demonstrate that IFNb ameliorates

delayed tPA-exacerbated brain injury and lessens delayed tPA-

aggravated BBB disruption in MCAO mice subjected to

4.5h occlusion.
A
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FIGURE 5

MG-specific IFNAR1 knockdown abolishes IFNb-mediated modulation of MG phenotypes in delayed tPA-treated ischemic stroke. Male
Cx3cr1CreERT2/+ and Ifnar1fl/fl-Cx3cr1CreERT2/+ mice were subjected to sham (n=3-4) or 40min MCAO followed by i.v. administration of tPA or tPA
+IFNb at 4.5h post-reperfusion (n=8/group). (A, B) At day 1 post-injury, the contralateral (Contra.; C) and ipsilateral (Ipsi.; I) hemispheres of sham,
and tPA- and tPA+IFNb-treated MCAO mice were harvested followed by mononuclear cell isolation. The isolated mononuclear cells were
stained with CD45 and CD11b antibodies followed by surface staining of CD86 antibody or intracellular staining of CD68 antibody. The
expression of CD86 and CD68 in CD45intCD11b+ MG was then determined by flow cytometry. The gating of CD68 low (CD68L) was based on
the basal expression of CD68 in MG in sham controls, and the expression level of CD68 higher than CD68L was then determined as CD68 high
(CD68H). (C, D) The isolated cells were ex-vivo cultured in the presence of GolgiPlug for 4.5h and then stained with CD45 and CD11b antibodies.
Following fixation and permeabilization, cells were subjected to the staining of IL-1a and IL-1b antibodies to determine the intracellular
expression of IL-1a and IL-1b in CD45intCD11b+ MG by flow cytometry. (E, F) At day 2 post-injury, the isolated mononuclear cells were stained
with CD45 and CD11b antibodies followed by fixation and permeabilization. The isolated cells were then stained with Arg1 and CD206 antibodies
followed by flow cytometry analysis to assess the expression of Arg1 and CD206 in CD45intCD11b+ MG. *p<0.05; **p<0.01; ***p<0.001; NS, no
significant difference by two-way ANOVA.
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MG-specific IFNAR1 knockdown partly
reverses IFNb-lessened delayed
tPA-aggravated BBB disruption
in ischemic stroke

To further investigate whether IFNb-mediated modulation of

MG phenotypes contributes to the protective effect of IFNb on
Frontiers in Immunology 11
lessening delayed tPA-aggravated BBB disruption in ischemic

stroke, we assessed the severity of BBB disruption in Ifnar1fl/fl-

Cx3cr1CreERT2/+ and Cx3cr1CreERT2/+ MCAO mice treated with

delayed tPA in the presence or absence of IFNb. Our results

showed that IFNb lessened BBB disruption in tPA-treated

Cx3cr1CreERT2/+ MCAO mice, resulting in attenuated Evans blue

leakage in the ischemic brain of tPA+IFNb-treated Cx3cr1CreERT2/+
A

B

C

FIGURE 6

IFNb inhibits inflammatory MG and promotes anti-inflammatory MG in vitro. Primary MG were treated with TNFa (50ng/ml) or TNFa+tPA (10µg/ml)
in the presence or absence of IFNb (1000U/ml). (A) At 8h after treatment, cells were harvested and subjected to Q-PCR analysis for IL-1a and IL-1b
mRNA expression (n=3 technique replicates per group). The results represent 3-4 independent biological replicates with similar results. *p<0.05;
**p<0.01; ***p<0.001 by one-way ANOVA. (B) At 8h and 24h post-treatment, cells were fixed and permeabilized followed by intracellular staining of
IL-1b. The frequency (%) of IL-1b expression was measured. The experiments were repeated for 6 times with similar results obtained. (C) At 8h and
24h post-treatment, cells were fixed and permeabilized followed by staining of Arg1 and CD206. The frequency (%) of Arg1 and CD206 expression
was measured. The experiments were repeated for 3 times with similar results obtained.
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MCAO mice compared to that of tPA-treated Cx3cr1CreERT2/+

MCAO mice (Figure 8A). Interestingly, we found that the

protective effect of IFNb on lessening delayed tPA-aggravated

BBB disruption was partly but not fully reversed in Ifnar1fl/fl-

Cx3cr1CreERT2/+ MCAO mice, as there was no statistically

significant difference in the Evans blue leakage between Ifnar1fl/fl-
Frontiers in Immunology 12
Cx3cr1CreERT2/+ and Cx3cr1CreERT2/+ MCAO mice treated with tPA

+IFNb (Figure 8A). The similar results were also observed in female

MCAO mice (Figure 8B). Collectively, our results suggest that

IFNb-mediated modulation of MG phenotypes may partly

contribute to lessening delayed tPA-aggravated BBB disruption in

ischemic stroke.
A B

DC

FIGURE 7

IFNb confers protection against delayed tPA-exacerbated brain injury and BBB disruption in ischemic stroke subjected to 4.5h occlusion. (A) Male
and (B) female C57BL/6 mice were subjected to 4.5h MCAO followed immediately by vehicle, tPA, or tPA+IFNb administration. At day 1 post-injury,
the ischemic brains were harvested and subjected to TTC staining. Two representative TTC-stained brain samples of each group are shown, and the
infarct volumes were measured (n=7/group). *p<0.05; **p<0.01; NS: no significant difference by one-way ANOVA. (C) Male and (D) female C57BL/6
mice were subjected to 4.5h MCAO followed immediately by i.v. administration of vehicle, tPA, or tPA+IFNb. Mice were injected with Evans blue 1h
prior to euthanasia, and the ischemic brains were harvested at 8h post-injury followed by imaging and sectioning. The Evans blue leakage in the
contralateral and ipsilateral hemispheres was quantified (male: n=7/group; female: n=6/group). A, anterior surface; P, posterior surface; C,
contralateral hemisphere; I, ipsilateral hemisphere. *p<0.05; **p<0.01; ***p<0.001; NS, no significant difference by two-way ANOVA.
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Discussion

The use of tPA is limited by its narrow therapeutic window of 3

to 4.5h post-onset of ischemic stroke, and the administration of tPA

beyond its therapeutic window has been linked to increased risks of

aggravated BBB disruption and HT induction. Studies have

reported that only less than 10% of patients with acute ischemic

stroke were able to receive tPA treatment (33, 34). Thus, developing

a therapy that can be co-administered with tPA to ameliorate

ischemia-induced neuroinflammation and extend tPA therapeutic

window would be of clinical importance. We have previously

demonstrated that IFNb conferred protection against ischemic

stroke (13). In our follow-up study, we further demonstrated that

IFNb was able to extend tPA therapeutic window to 3h post-injury.

Mechanistically, we identified that IFNb attenuated delayed tPA-
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induced brain injury exacerbation, BBB disruption aggravation, and

HT induction in ischemic stroke, and these protective effects were

partly mediated through IFNb-exerted suppression of MMP3 and

MMP9 in the ischemic brain (20). In the present study, we further

investigated the time limit of IFNb on the extension of tPA

therapeutic window in ischemic stroke. Our results demonstrated

that IFNb was able to extend tPA therapeutic window to 4.5h post-

injury and that was accompanied with ameliorated brain injury and

lessened BBB disruption in ischemic stroke. These findings are

clinically significant. As previous studies reported that the rodent

time is about 40 times faster than human time and one human year

is equivalent to nine mice days (35), the extension of tPA

therapeutic window to 4.5h post-injury in MACO mice would be

considered a significant extension of tPA therapeutic window for

human ischemic stroke. Thus, our results demonstrate the
A

B

FIGURE 8

MG-specific IFNAR1 knockdown partly reverses IFNb-lessened delayed tPA-aggravated BBB disruption in ischemic stroke. (A) Male and (B) female
Cx3cr1CreERT2/+ and Ifnar1fl/fl-Cx3cr1CreERT2/+ mice were subjected to 4.5h MCAO followed immediately by tPA or tPA+IFNb administration. Mice
were then injected with Evans blue 1h prior to euthanasia, and the ischemic brains were harvested at 8h post-injury followed by imaging and
sectioning. The Evans blue leakage in the contralateral and ipsilateral hemispheres was quantified (male: n=7/group; female: n=7/group). A, anterior
surface; P, posterior surface; C, contralateral hemisphere; I, ipsilateral hemisphere. *p<0.05; **p<0.01; ***p<0.001; NS, no significant difference by
two-way ANOVA.
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beneficial effects of IFNb on the extension of tPA therapeutic

window for ischemic stroke treatment.

Studies have shown that MG-mediated inflammatory response

is an important pathological mechanism in ischemic stroke (36, 37).

MG can be activated by various stimuli to secrete factors that exert

proinflammatory or anti-inflammatory effects (38, 39). Previous

studies show that inflammatory MG exert detrimental effects,

whereas anti-inflammatory MG possess neuroprotective effects in

the CNS (8, 9). Thus, it is beneficial to promote anti-inflammatory

and inhibit inflammatory phenotypes of MG in ischemic stroke.

Since cerebral ischemia induces MG activation and tPA was shown

to further promote MG activation (2, 3), we assessed whether IFNb
modulated MG phenotypes to confer protection against delayed

tPA-exacerbated brain injury in ischemic stroke. Indeed, the effect

of IFNb on the induction of anti-inflammatory myeloid cells has

been documented previously. For instance, IFNb has been shown to

induce anti-inflammatory macrophages that express M2 genes,

including Arg1 and Fizz1 (40). In addition, studies reported that

IFNAR1 signaling is required for LPS-induced IL-10 upregulation

in macrophages (41). Furthermore, we have previously

demonstrated that IFNb exerts differential effects on

inflammatory and anti-inflammatory cytokine production, leading

to the suppression of proinflammatory cytokines, IL-12 and IL-23,

and the promotion of anti-inflammatory cytokine IL-10 in dendritic

cells (42). Moreover, TLR3-induced upregulation of IL-10 was

reported to be mediated by IFNb in MG (43). Finally, the

production of IFNb by macrophages has been shown to promote

the resolution of bacterial inflammation, and this effect is

potentially mediated through IFNb-induced IL-10 production in

macrophages in vivo (44). In the present study, our findings

revealed that IFNb attenuated tPA-upregulated inflammatory

molecules, CD86, IL-1a, and IL-1b, and promoted anti-

inflammatory molecules, Arg1 and CD206, in MG during the

acute phase of ischemic stroke. Notably, the effects of IFNb on

modulating MG phenotypes and ameliorating delayed tPA-

exacerbated brain injury in ischemic stroke were abolished in

mice with the conditional knockdown of IFNAR1 in MG. Finally,

our in vitro studies showed that IFNb suppressed TNFa+tPA-
induced inflammatory molecules, IL-1a and IL-1b, and enhanced

anti-inflammatory molecules, Arg1 and CD206, in primary MG,

consistent with our in vivo findings. Altogether, our results provide

the first evidence that IFNb exerts modulatory effects on

suppressing inflammatory and promoting anti-inflammatory MG,

and that may subsequently lead to attenuated neuroinflammation

and ameliorated brain injury in delayed tPA-treated

ischemic stroke.

Previous studies showed that infiltrating monocytes/

macrophages become MG-l ike phenotypes fo l lowing

phagocytosis, leading to the conversion of CD45hi macrophages

into CD45int macrophages, and this conversion was observed in the

ischemic brain of stroke animals at the later time points of day 3 and

day 7 post-injury (27–29). In this study, we determined MG based

on their intermediate expression of CD45 and positive expression of

CD11b, and the expression of pro-inflammatory and anti-
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inflammatory markers in CD45intCD11b+ MG was assessed at

day 1 and day 2 post-injury, respectively. We verified whether the

population of CD45intCD11b+ cells contained infiltrating

macrophages by measuring the expression of CD11a and Ly6C in

CD45intCD11b+ cells, as these two markers are well defined surface

markers for macrophages (28, 45, 46). We did not observe

CD45intCD11b+ cells expressed CD11a or Ly6C in the ischemic

brain of day 1 MCAO mice. However, a slight increase of Ly6C+

cells in the population of CD45intCD11b+ cells was observed in the

ischemic brain of day 2 MCAO mice. Interestingly, a further

increased frequency of Ly6C+CD45intCD11b+ cells was found in

the ischemic brain of tPA-treated mice compared to that of vehicle-

or tPA+IFNb-treated MCAO mice. We speculated that increased

Ly6C+CD45intCD11b+ cells in the ischemic brain of tPA-treated

MCAO might be due to increased cell infiltrates converting into

MG-like phenotypes following reperfusion. Notably, we observed

that Arg1+ cells were largely associated with Ly6C-CD45intCD11b+

cells but not Ly6C+CD45intCD11b+ cells in the ischemic brain of

vehicle-, tPA-, and tPA+IFNb-treated MCAO mice. Taken

altogether, our findings suggest that ischemic stroke promotes a

low frequency of infiltrating Ly6C+CD45hiCD11b+ cells converting

into Ly6C+CD45intCD11b+ MG-like cells in the ischemic brain at

day 2 but not day 1 post-injury. Most importantly, we found that

IFNb-mediated attenuation of inflammatory phenotype (day 1) and

augmentation of anti-inflammatory phenotype (day 2) of MG in

tPA-treated MCAO mice were largely associated with Ly6C-

CD45intCD11b+ resident MG but not Ly6C+CD45intCD11b+ MG-

like infiltrating cells. Thus, our findings suggest that IFNb mainly

modulates resident MG phenotypes and that may then alleviate

tPA-aggravated neuroinflammation in ischemic stroke.

The BBB possesses an essential role in maintaining the CNS

homeostasis. The integrity of BBB is maintained by physical and

biochemical characteristics, including tight junction protein

complexes and transporters (47). In addition, its function is

supported by astrocytes, pericytes, neurons, and MG that form

the neurovascular unit (NVU). The cellular components of NVU

can be activated upon sterile inflammation or disease induction that

contributes to the BBB remodeling (48). This is particularly true for

MG, because MG can be polarized into inflammatory or anti-

inflammatory phenotype that exerts different impacts on BBB

integrity. Studies have shown that inflammatory MG promote

BBB dysfunction, whereas anti-inflammatory MG contribute to

maintaining BBB integrity (49–51). Notably, our results showed

that delayed tPA treatment promoted the inflammatory phenotype

of MG, and that was correlated with aggravated BBB disruption in

MCAO mice with delayed tPA treatment. In contrast, IFNb
suppressed tPA-enhanced inflammatory MG and promoted anti-

inflammatory MG, and that was linked to lessened BBB disruption

in delayed tPA-treated MCAOmice. Importantly, we found that the

effect of IFNb on inflammatory MG suppression and anti-

inflammatory MG promotion was abrogated in delayed tPA-

treated MCAO mice with MG-specific IFNAR1 deletion.

Interestingly, we observed the protective effect of IFNb on

lessening delayed tPA-aggravated BBB disruption was partly but
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not fully abolished in these animals. Altogether, these results

suggest that IFNb-mediated modulation of MG phenotypes

contributes to the alleviation of BBB disruption in ischemic stroke

with delayed tPA treatment.

There are limitations with our current study. First, further

studies would be required to identify the signaling pathways

activated by IFNb/IFNAR1 axis modulating MG polarization in

delayed tPA-treated ischemic stroke. IFNAR1 signaling activates

STAT1, STAT2, and STAT3. Studies have shown that STAT1 and

STAT2 mediate the antiviral and inflammatory effects of IFNAR1

signaling (52–55). However, IFNAR1 signaling-induced STAT3

activation has been shown to inhibit STAT1-dependent gene

activation, thereby downregulating IFNAR1 activation-induced

inflammatory mediators (52). In addition, STAT3 activation has

been shown to promote Arg1 and IL-10 upregulation (56). Thus, it

is possible that IFNAR1 signaling induces STAT3 activation,

leading to the suppression of tPA-enhanced inflammatory

molecules, IL-1a, IL-1b and CD86, expression and the promotion

of anti-inflammatory molecules, Arg1 and CD206, upregulation in

MG in delayed tPA-treated stroke animals. Further studies of

silencing STAT3 specifically in MG would provide insight into

whether the activation of STAT3 via IFNAR1 signaling is required

for IFNb-mediated modulation of MG phenotypes in ischemic

stroke with delayed tPA treatment. Second, we observed that the

protective effect of IFNb on lessening delayed tPA-aggravated BBB

in ischemic stroke was partly reversed in MCAO mice with MG-

specific IFNAR1 knockdown, suggesting that IFNb-mediated

modulation of MG phenotypes plays a role in lessening delayed

tPA-aggravated BBB disruption in ischemic stroke. Since IFNAR1 is

highly expressed in brain endothelial cells (57, 58), it is possible that

IFNb acts on brain endothelial cells to offer partial protection in

MG-specific IFNAR1 knockdownMCAOmice subjected to delayed

tPA treatment. Indeed, our previous study showed that IFNb
attenuated adhesion molecules, ICAM-1 and E-selectin,

upregulation in TNFa-stimulated bEnd.3 cells in vitro and in the

ischemic brain in vivo (13), suggesting IFNb exerts a direct effect on

the suppression of brain endothelial cell activation. Thus, further

studies using conditional knockout mice in which IFNAR1 is

specifically knockout in brain endothelial cells are warranted to

elucidate the direct effect of IFNb on modulating brain endothelial

cells to lessen delayed tPA-aggravated BBB disruption in ischemic

stroke. Finally, in this study we used the intraluminal suture MCAO

model to evaluate the effect of IFNb on the amelioration of delayed

tPA-exacerbated brain injury in ischemic stroke. It is recognized

that the suture MCAO model produces stable and consistent

outcomes of ischemic brain injury. Thus, this model benefits our

cellular and molecular mechanism studies to decipher the protective

effect of IFNb on ameliorating delayed tPA-exacerbated brain

injury in ischemic stroke. Nevertheless, the suture MCAO model

has limitations on assessing tPA thrombolytic effects in vivo. Thus,

studies utilizing the thromboembolic MCAO model would be

needed to further confirm the observed mechanism of IFNb-
exerted modulation of MG phenotypes in delayed tPA-treated

MCAO mice.
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In summary, we report that IFNb extends tPA therapeutic

window to 4.5h post-injury in ischemic stroke. Furthermore, we

show that IFNb exerts protective effects on attenuating delayed

tPA-exacerbated brain injury, lessening delayed tPA-aggravated

BBB disruption, and reducing delayed-tPA enhanced mortality in

ischemic stroke. Mechanistically, we identify that IFNb modulates

MG phenotypes, leading to the suppression of inflammatory MG

and the promotion of anti-inflammatory MG in delayed tPA-

treated MCAO animals. Importantly, we find that MG-mediated

modulation of MG phenotypes plays an important role in

ameliorating delayed tPA-exacerbated ischemic brain injury,

because the knockdown of IFNAR1 specifically in MG abrogates

the effect of IFNb on modulating MG polarization, abolishes the

protective effect of IFNb on ameliorating brain injury, and partly

reverses the beneficial effect of IFNb on lessening BBB disruption in

delayed tPA-treated MCAO animals. In summary, our current

study reveals a novel function of IFNb on the modulation of MG

polarization toward anti-inflammatory phenotype that may

subsequently confer protection against delayed tPA-exacerbated

brain injury in ischemic stroke. Thus, our findings open a new

venue for the use of IFNb in the combination of tPA to attenuate

neuroinflammation and extend tPA therapeutic window in

ischemic stroke.
Data availability statement

The original contributions presented in the study are included

in the article/Supplementary Material. Further inquiries can be

directed to the corresponding author.
Ethics statement

The animal study was reviewed and approved by Purdue

Animal Care and Use Committee.
Author contributions

P-CK performed the experiments, analyzed data, and wrote the

manuscript. W-TW, BS, HP, PB, and BK performed the

experiments. I-CIY reviewed and edited the manuscript. J-HJY.

conceived the study, designed the experiments, and wrote the

manuscript. All authors contributed to the article and approved

the submitted version.
Funding

This study was supported by research funding from NIH

R01NS102449 to J-HJY.
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1148069
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Kuo et al. 10.3389/fimmu.2023.1148069
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated
Frontiers in Immunology 16
organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online at:

https://www.frontiersin.org/articles/10.3389/fimmu.2023.1148069/

full#supplementary-material
References
1. Jin R, Yang G, Li G. Inflammatory mechanisms in ischemic stroke: Role of
inflammatory cells. J Leukoc Biol (2010) 87:779–89. doi: 10.1189/jlb.1109766

2. Pineda D, Ampurdanes C, Medina MG, Serratosa J, Tusell JM, Saura J, et al.
Tissue plasminogen activator induces microglial inflammation via a noncatalytic
molecular mechanism involving activation of mitogen-activated protein kinases and
akt signaling pathways and AnnexinA2 and galectin-1 receptors. Glia (2012) 60:526–
40. doi: 10.1002/glia.22284

3. Won S, Lee JK, Stein DG. Recombinant tissue plasminogen activator promotes,
and progesterone attenuates, microglia/macrophage M1 polarization and recruitment
of microglia after MCAO stroke in rats. Brain Behav Immun (2015) 49:267–79. doi:
10.1016/j.bbi.2015.06.007

4. Powers WJ, Rabinstein AA, Ackerson T, Adeoye OM, Bambakidis NC, Becker K,
et al. Guidelines for the early management of patients with acute ischemic stroke: 2019
update to the 2018 guidelines for the early management of acute ischemic stroke: A
guideline for healthcare professionals from the American heart Association/American
stroke association. Stroke (2019) 50:e344–418. doi: 10.1161/STR.0000000000000211

5. Zhang J, Yang Y, Sun H, Xing Y. Hemorrhagic transformation after cerebral
infarction: current concepts and challenges. Ann Transl Med (2014) 2:81. doi: 10.3978/
j.issn.2305-5839.2014.08.08

6. Chapman SN, Mehndiratta P, Johansen MC, McMurry TL, Johnston KC,
Southerland AM. Current perspectives on the use of intravenous recombinant tissue
plasminogen activator (tPA) for treatment of acute ischemic stroke. Vasc Health Risk
Manag (2014) 10:75–87. doi: 10.2147/VHRM.S39213

7. Rosell A, Foerch C, Murata Y, Lo EH. Mechanisms and markers for hemorrhagic
transformation after stroke. Acta Neurochir Suppl (2008) 105:173–8. doi: 10.1007/978-
3-211-09469-3_34

8. Hu X, Li P, Guo Y, Wang H, Leak RK, Chen S, et al. Microglia/macrophage
polarization dynamics reveal novel mechanism of injury expansion after focal cerebral
ischemia. Stroke (2012) 43:3063–70. doi: 10.1161/STROKEAHA.112.659656

9. Hu X, Leak RK, Shi Y, Suenaga J, Gao Y, Zheng P, et al. Microglial and
macrophage polarization-new prospects for brain repair. Nat Rev Neurol (2015)
11:56–64. doi: 10.1038/nrneurol.2014.207

10. Mizuma A, Yenari MA. Anti-inflammatory targets for the treatment of
reperfusion injury in stroke. Front Neurol (2017) 8:467. doi: 10.3389/fneur.2017.00467

11. Cheriyan J, Kim S, Wolansky LJ, Cook SD, Cadavid D. Impact of inflammation
on brain volume in multiple sclerosis. Arch Neurol (2012) 69:82–8. doi: 10.1001/
archneurol.2011.674

12. Kasper LH, Reder AT. Immunomodulatory activity of interferon-beta. Ann Clin
Transl Neurol (2014) 1:622–31. doi: 10.1002/acn3.84

13. Kuo PC, Scofield BA, Yu IC, Chang FL, Ganea D, Yen JH. Interferon-beta
modulates inflammatory response in cerebral ischemia. J Am Heart Assoc (2016) 5: 1-
15. doi: 10.1161/JAHA.115.002610

14. Cruz SA, Hari A, Qin Z, Couture P, Huang H, Lagace DC, et al. Loss of IRF2BP2
in microglia increases inflammation and functional deficits after focal ischemic brain
injury. Front Cell Neurosci (2017) 11:201. doi: 10.3389/fncel.2017.00201

15. Dixon BJ, Chen D, Zhang Y, Flores J, Malaguit J, Nowrangi D, et al. Intranasal
administration of interferon beta attenuates neuronal apoptosis via the JAK1/STAT3/
BCL-2 pathway in a rat model of neonatal hypoxic-ischemic encephalopathy. ASN
Neuro (2016) 8: 1-14. doi: 10.1177/1759091416670492

16. Inacio AR, Liu Y, Clausen BH, SvenssonM, Kucharz K, Yang Y, et al. Endogenous
IFN-beta signaling exerts anti-inflammatory actions in experimentally induced focal
cerebral ischemia. J Neuroinflamm (2015) 12:211. doi: 10.1186/s12974-015-0427-0
17. Liu H, Xin L, Chan BP, Teoh R, Tang BL, Tan YH. Interferon-beta administration
confers a beneficial outcome in a rabbit model of thromboembolic cerebral ischemia.
Neurosci Lett (2002) 327:146–8. doi: 10.1016/S0304-3940(02)00371-3

18. Marsh B, Stevens SL, Packard AE, Gopalan B, Hunter B, Leung PY, et al.
Systemic lipopolysaccharide protects the brain from ischemic injury by reprogramming
the response of the brain to stroke: A critical role for IRF3. J Neurosci (2009) 29:9839–
49. doi: 10.1523/JNEUROSCI.2496-09.2009

19. Veldhuis WB, Derksen JW, Floris S, van der Meide PH, De Vries HE, Schepers J,
et al. Interferon-beta blocks infiltration of inflammatory cells and reduces infarct
volume after ischemic stroke in the rat. J Cereb Blood Flow Metab (2003) 23:1029–39.
doi: 10.1097/01.WCB.0000080703.47016.B6

20. Kuo PC, Weng WT, Scofield BA, Furnas D, Paraiso HC, Intriago AJ, et al.
Interferon-beta alleviates delayed tPA-induced adverse effects via modulation of
MMP3/9 production in ischemic stroke. Blood Adv (2020) 4:4366–81. doi: 10.1182/
bloodadvances.2020001443

21. Zhang L, Zhang ZG, Zhang R, Morris D, Lu M, Coller BS, et al. Adjuvant
treatment with a glycoprotein IIb/IIIa receptor inhibitor increases the therapeutic
window for low-dose tissue plasminogen activator administration in a rat model of
embo l i c s t r o k e . C i r cu l a t i o n ( 2 00 3 ) 10 7 : 2 837–43 . d o i : 1 0 . 1 16 1 /
01.CIR.0000068374.57764.EB

22. Zhang L, Zhang ZG, Buller B, Jiang J, Jiang Y, Zhao D, et al. Combination
treatment with VELCADE and low-dose tissue plasminogen activator provides potent
neuroprotection in aged rats after embolic focal ischemia. Stroke (2010) 41:1001–7. doi:
10.1161/STROKEAHA.109.577288

23. Kuo PC, Yu IC, Scofield BA, Brown DA, Curfman ET, Paraiso HC, et al. 3H-1,2-
Dithiole-3-thione as a novel therapeutic agent for the treatment of ischemic stroke
through Nrf2 defense pathway. Brain Behav Immun (2017) 62:180–92. doi: 10.1016/
j.bbi.2017.01.018

24. Weng WT, Kuo PC, Brown DA, Scofield BA, Furnas D, Paraiso HC, et al. 4-
ethylguaiacol modulates neuroinflammation and Th1/Th17 differentiation to
ameliorate disease severity in experimental autoimmune encephalomyelitis. J
Neuroinflamm (2021) 18:110. doi: 10.1186/s12974-021-02143-w

25. Hayashi S, Ueyama T, Kajimoto T, Yagi K, Kohmura E, Saito N. Involvement of
gamma protein kinase c in estrogen-induced neuroprotection against focal brain
ischemia through G protein-coupled estrogen receptor. J Neurochem (2005) 93:883–
91. doi: 10.1111/j.1471-4159.2005.03080.x

26. Patrizz AN, Moruno-Manchon JF, O'Keefe LM, Doran SJ, Patel AR, Venna VR,
et al. Sex-specific differences in autophagic responses to experimental ischemic stroke.
Cells (2021) 10: 1-16. doi: 10.3390/cells10071825

27. Ju H, Park KW, Kim ID, Cave JW, Cho S. Phagocytosis converts infiltrated
monocytes to microglia-like phenotype in experimental brain ischemia. J
Neuroinflamm (2022) 19:190. doi: 10.1186/s12974-022-02552-5

28. Chen HR, Sun YY, Chen CW, Kuo YM, Kuan IS, Tiger Li ZR, et al. Fate mapping
via CCR2-CreER mice reveals monocyte-to-microglia transition in development and
neonatal stroke. Sci Adv (2020) 6:eabb2119. doi: 10.1126/sciadv.abb2119

29. Grassivaro F, Menon R, Acquaviva M, Ottoboni L, Ruffini F, Bergamaschi A,
et al. Convergence between microglia and peripheral macrophages phenotype during
development and neuroinflammation. J Neurosci (2020) 40:784–95. doi: 10.1523/
JNEUROSCI.1523-19.2019

30. Chen X, Zhang X, Wang Y, Lei H, Su H, Zeng J, et al. Inhibition of
immunoproteasome reduces infarction volume and attenuates inflammatory reaction
in a rat model of ischemic stroke. Cell Death Dis (2015) 6:e1626. doi: 10.1038/
cddis.2014.586
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2023.1148069/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1148069/full#supplementary-material
https://doi.org/10.1189/jlb.1109766
https://doi.org/10.1002/glia.22284
https://doi.org/10.1016/j.bbi.2015.06.007
https://doi.org/10.1161/STR.0000000000000211
https://doi.org/10.3978/j.issn.2305-5839.2014.08.08
https://doi.org/10.3978/j.issn.2305-5839.2014.08.08
https://doi.org/10.2147/VHRM.S39213
https://doi.org/10.1007/978-3-211-09469-3_34
https://doi.org/10.1007/978-3-211-09469-3_34
https://doi.org/10.1161/STROKEAHA.112.659656
https://doi.org/10.1038/nrneurol.2014.207
https://doi.org/10.3389/fneur.2017.00467
https://doi.org/10.1001/archneurol.2011.674
https://doi.org/10.1001/archneurol.2011.674
https://doi.org/10.1002/acn3.84
https://doi.org/10.1161/JAHA.115.002610
https://doi.org/10.3389/fncel.2017.00201
https://doi.org/10.1177/1759091416670492
https://doi.org/10.1186/s12974-015-0427-0
https://doi.org/10.1016/S0304-3940(02)00371-3
https://doi.org/10.1523/JNEUROSCI.2496-09.2009
https://doi.org/10.1097/01.WCB.0000080703.47016.B6
https://doi.org/10.1182/bloodadvances.2020001443
https://doi.org/10.1182/bloodadvances.2020001443
https://doi.org/10.1161/01.CIR.0000068374.57764.EB
https://doi.org/10.1161/01.CIR.0000068374.57764.EB
https://doi.org/10.1161/STROKEAHA.109.577288
https://doi.org/10.1016/j.bbi.2017.01.018
https://doi.org/10.1016/j.bbi.2017.01.018
https://doi.org/10.1186/s12974-021-02143-w
https://doi.org/10.1111/j.1471-4159.2005.03080.x
https://doi.org/10.3390/cells10071825
https://doi.org/10.1186/s12974-022-02552-5
https://doi.org/10.1126/sciadv.abb2119
https://doi.org/10.1523/JNEUROSCI.1523-19.2019
https://doi.org/10.1523/JNEUROSCI.1523-19.2019
https://doi.org/10.1038/cddis.2014.586
https://doi.org/10.1038/cddis.2014.586
https://doi.org/10.3389/fimmu.2023.1148069
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Kuo et al. 10.3389/fimmu.2023.1148069
31. Li YH, Fu HL, Tian ML, Wang YQ, Chen W, Cai LL, et al. Neuron-derived
FGF10 ameliorates cerebral ischemia injury via inhibiting NF-kappaB-dependent
neuroinflammation and activating PI3K/Akt survival signaling pathway in mice. Sci
Rep (2016) 6:19869. doi: 10.1038/srep19869

32. Pan Z, Cui M, Dai G, Yuan T, Li Y, Ji T, et al. Protective effect of anthocyanin on
neurovascular unit in cerebral Ischemia/Reperfusion injury in rats. Front Neurosci
(2018) 12:947. doi: 10.3389/fnins.2018.00947

33. Schwamm LH, Ali SF, Reeves MJ, Smith EE, Saver JL, Messe S, Fonarow GC,
et al. Temporal trends in patient characteristics and treatment with intravenous
thrombolysis among acute ischemic stroke patients at get with the guidelines-stroke
hospitals. Circ Cardiovasc Qual Outcomes (2013) 6:543–9. doi: 10.1161/
CIRCOUTCOMES.111.000095

34. Reeves MJ, Arora S, Broderick JP, Frankel M, Heinrich JP, Hickenbottom S, et al.
Acute stroke care in the US: Results from 4 pilot prototypes of the Paul coverdell national
acute stroke registry. Stroke (2005) 36:1232–40. doi: 10.1161/01.STR.0000165902.18021.5b

35. Dutta S, Sengupta P. Men and mice: Relating their ages. Life Sci (2016) 152:244–
8. doi: 10.1016/j.lfs.2015.10.025

36. Guruswamy R, ElAli A. Complex roles of microglial cells in ischemic stroke
pathobiology: New insights and future directions. Int J Mol Sci (2017) 18: 1-16. doi:
10.3390/ijms18030496

37. Zhang S. Microglial activation after ischaemic stroke. Stroke Vasc Neurol (2019)
4:71–4. doi: 10.1136/svn-2018-000196

38. Herder V, Iskandar CD, Kegler K, Hansmann F, Elmarabet SA, Khan MA, et al.
Dynamic changes of Microglia/Macrophage M1 and M2 polarization in theiler's
murine encephalomyelitis. Brain Pathol (2015) 25:712–23. doi: 10.1111/bpa.12238

39. Lyu J, Xie D, Bhatia TN, Leak RK, Hu X, Jiang X. Microglial/Macrophage
polarization and function in brain injury and repair after stroke. CNS Neurosci Ther
(2021) 27:515–27. doi: 10.1111/cns.13620

40. Tong Y, Zhou L, Yang L, Guo P, Cao Y, Qin FX, et al. Concomitant type I IFN
and m-CSF signaling reprograms monocyte differentiation and drives pro-tumoral
arginase production. EBioMedicine (2019) 39:132–44. doi: 10.1016/j.ebiom.2018.11.062

41. Chang EY, Guo B, Doyle SE, Cheng G. Cutting edge: Involvement of the type I
IFN production and signaling pathway in lipopolysaccharide-induced IL-10
production. J Immunol (2007) 178:6705–9. doi: 10.4049/jimmunol.178.11.6705

42. Yen JH, Kong W, Hooper KM, Emig F, Rahbari KM, Kuo PC, et al. Differential
effects of IFN-beta on IL-12, IL-23, and IL-10 expression in TLR-stimulated dendritic
cells. J Leukoc Biol (2015) 98:689–702. doi: 10.1189/jlb.3HI0914-453R

43. Lobo-Silva D, Carriche GM, Castro AG, Roque S, Saraiva M. Interferon-beta
regulates the production of IL-10 by toll-like receptor-activated microglia. Glia (2017)
65:1439–51. doi: 10.1002/glia.23172

44. Kumaran Satyanarayanan S, El Kebir D, Soboh S, Butenko S, Sekheri M, Saadi J, et al.
IFN-beta is a macrophage-derived effector cytokine facilitating the resolution of bacterial
inflammation. Nat Commun (2019) 10:3471. doi: 10.1038/s41467-019-10903-9
Frontiers in Immunology 17
45. Shukla AK, McIntyre LL, Marsh SE, Schneider CA, Hoover EM, Walsh CM,
et al. CD11a expression distinguishes infiltrating myeloid cells from plaque-
associated microglia in alzheimer's disease. Glia (2019) 67:844–56. doi: 10.1002/
glia.23575

46. Getts DR, Terry RL, Getts MT, Muller M, Rana S, Shrestha B, et al. Ly6c+
"inflammatory monocytes" are microglial precursors recruited in a pathogenic manner
in West Nile virus encephalitis. J Exp Med (2008) 205:2319–37. doi: 10.1084/
jem.20080421

47. Weiss N, Miller F, Cazaubon S, Couraud PO. The blood-brain barrier in brain
homeostasis and neurological diseases. Biochim Biophys Acta (2009) 1788:842–57. doi:
10.1016/j.bbamem.2008.10.022

48. Tohidpour A, Morgun AV, Boitsova EB, Malinovskaya NA, Martynova GP,
Khilazheva ED, et al. Neuroinflammation and infection: Molecular mechanisms
associated with dysfunction of neurovascular unit. Front Cell Infect Microbiol (2017)
7:276. doi: 10.3389/fcimb.2017.00276

49. Taylor RA, Sansing LH. Microglial responses after ischemic stroke and
intracerebral hemorrhage. Clin Dev Immunol (2013) 2013:746068. doi: 10.1155/2013/
746068

50. Dudvarski Stankovic N, Teodorczyk M, Ploen R, Zipp F, Schmidt MHH.
Microglia-blood vessel interactions: A double-edged sword in brain pathologies. Acta
Neuropathol (2016) 131:347–63. doi: 10.1007/s00401-015-1524-y

51. Zhao X, Eyo UB, Murugan M, Wu LJ. Microglial interactions with the
neurovascular system in physiology and pathology. Dev Neurobiol (2018) 78:604–17.
doi: 10.1002/dneu.22576

52. Ho HH, Ivashkiv LB. Role of STAT3 in type I interferon responses. negative
regulation of STAT1-dependent inflammatory gene activation. J Biol Chem (2006)
281:14111–8. doi: 10.1074/jbc.M511797200

53. Tsai MH, Pai LM, Lee CK. Fine-tuning of type I interferon response by STAT3.
Front Immunol (2019) 10:1448. doi: 10.3389/fimmu.2019.01448

54. Au-Yeung N, Mandhana R, Horvath CM. Transcriptional regulation by STAT1
and STAT2 in the interferon JAK-STAT pathway. JAKSTAT (2013) 2:e23931. doi:
10.4161/jkst.23931

55. Platanias LC. Mechanisms of type-i- and type-II-interferon-mediated signalling.
Nat Rev Immunol (2005) 5:375–86. doi: 10.1038/nri1604

56. Li Q, Li Q, Hao Z, Zheng X, He W. A novel polysaccharide from rhizoma
panacis japonica exerts anti-inflammatory effects via STAT3 signal pathway. RSC Adv
(2018) 8:26371–6. doi: 10.1039/C8RA02923G

57. Vanlandewijck M, He L, Mae MA, Andrae J, Ando K, Del Gaudio F, et al. A
molecular atlas of cell types and zonation in the brain vasculature. Nature (2018)
554:475–80. doi: 10.1038/nature25739

58. He L, Vanlandewijck M, Mae MA, Andrae J, Ando K, Del Gaudio F, et al. Single-
cell RNA sequencing of mouse brain and lung vascular and vessel-associated cell types.
Sci Data (2018) 5:180160. doi: 10.1038/sdata.2018.160
frontiersin.org

https://doi.org/10.1038/srep19869
https://doi.org/10.3389/fnins.2018.00947
https://doi.org/10.1161/CIRCOUTCOMES.111.000095
https://doi.org/10.1161/CIRCOUTCOMES.111.000095
https://doi.org/10.1161/01.STR.0000165902.18021.5b
https://doi.org/10.1016/j.lfs.2015.10.025
https://doi.org/10.3390/ijms18030496
https://doi.org/10.1136/svn-2018-000196
https://doi.org/10.1111/bpa.12238
https://doi.org/10.1111/cns.13620
https://doi.org/10.1016/j.ebiom.2018.11.062
https://doi.org/10.4049/jimmunol.178.11.6705
https://doi.org/10.1189/jlb.3HI0914-453R
https://doi.org/10.1002/glia.23172
https://doi.org/10.1038/s41467-019-10903-9
https://doi.org/10.1002/glia.23575
https://doi.org/10.1002/glia.23575
https://doi.org/10.1084/jem.20080421
https://doi.org/10.1084/jem.20080421
https://doi.org/10.1016/j.bbamem.2008.10.022
https://doi.org/10.3389/fcimb.2017.00276
https://doi.org/10.1155/2013/746068
https://doi.org/10.1155/2013/746068
https://doi.org/10.1007/s00401-015-1524-y
https://doi.org/10.1002/dneu.22576
https://doi.org/10.1074/jbc.M511797200
https://doi.org/10.3389/fimmu.2019.01448
https://doi.org/10.4161/jkst.23931
https://doi.org/10.1038/nri1604
https://doi.org/10.1039/C8RA02923G
https://doi.org/10.1038/nature25739
https://doi.org/10.1038/sdata.2018.160
https://doi.org/10.3389/fimmu.2023.1148069
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Interferon-β modulates microglial polarization to ameliorate delayed tPA-exacerbated brain injury in ischemic stroke
	Introduction
	Materials and methods
	Mice
	Reagents
	Middle cerebral artery occlusion model
	Infarct volume measurements
	Evans blue extravasation assay
	Mononuclear cells isolation and FACS analysis
	Rotarod test
	Cell culture
	Quantitative polymerase chain reaction
	Statistical analysis

	Results
	IFNβ confers protection against delayed tPA-exacerbated brain injury in ischemic stroke
	IFNβ confers long-term protection against ischemic stroke with delayed tPA treatment
	IFNβ modulates MG polarization in delayed tPA-treated ischemic stroke
	IFNβ-conferred protection against delayed tPA-exacerbated ischemic brain injury is abolished in MCAO mice with MG-specific IFNAR1 knockdown
	MG-specific IFNAR1 knockdown abolishes IFNβ-mediated modulation of MG phenotypes in delayed tPA-treated ischemic stroke
	IFNβ inhibits inflammatory MG and promotes anti-inflammatory MG in vitro
	IFNβ confers protection against delayed tPA-exacerbated brain injury and BBB disruption in ischemic stroke subjected to 4.5h occlusion
	MG-specific IFNAR1 knockdown partly reverses IFNβ-lessened delayed tPA-aggravated BBB disruption in ischemic stroke

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References


