
Pharmacological Research 190 (2023) 106720

Available online 7 March 2023
1043-6618/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

An MMP-9 exclusive neutralizing antibody attenuates blood-brain barrier 
breakdown in mice with stroke and reduces stroke patient-derived 
MMP-9 activity 

Yabin Ji a,b,1, Qiang Gao a,c,d,1, Yinzhong Ma a,1, Fang Wang a,c, Xixi Tan b,e, Dengpan Song a,c, 
Ruby L.C. Hoo f, Zening Wang g, Xin Ge g, Hongjie Han h, Fuyou Guo c,*,2, Junlei Chang a,*,2 

a Institute of Biomedicine and Biotechnology, Shenzhen Institute of Advanced Technology, Chinese Academy of Sciences, Shenzhen 518055, China 
b Department of Neurology, Nanfang Hospital, Southern Medical University, Guangzhou 510515, China 
c Department of Neurosurgery, The First Affiliated Hospital of Zhengzhou University, Zhengzhou University, Zhengzhou 450001, China 
d Department of Neurosurgery, Tsinghua Changgung Hospital, School of Clinical Medicine, Tsinghua University, Beijing 100084, China 
e Department of Neurology, Yangjiang People’s Hospital, Yangjiang 529500, China 
f State Key Laboratory of Pharmaceutical Biotechnology, Department of Pharmacology and Pharmacy, LKS Faculty of Medicine, The University of Hong Kong, Pokfulam, 
Hong Kong 999077, China 
g Department of Chemical and Environmental Engineering, University of California, Riverside, CA 92521, USA 
h Department of Neurosurgery, Pingdingshan Second People’s Hospital, Pingdingshan 467000, China   

A R T I C L E  I N F O   

Keywords: 
MMP-9 
Ischemic stroke 
Intracranial hemorrhage 
Antibody therapy 
Blood-brain barrier 

A B S T R A C T   

Rapid upregulation of matrix metalloproteinase 9 (MMP-9) leads to blood-brain barrier (BBB) breakdown 
following stroke, but no MMP-9 inhibitors have been approved in clinic largely due to their low specificities and 
side effects. Here, we explored the therapeutic potential of a human IgG monoclonal antibody (mAb), L13, which 
was recently developed with exclusive neutralizing specificity to MMP-9, nanomolar potency, and biological 
function, using mouse stroke models and stroke patient samples. We found that L13 treatment at the onset of 
reperfusion following cerebral ischemia or after intracranial hemorrhage (ICH) significantly reduced brain tissue 
injury and improved the neurological outcomes of mice. Compared to control IgG, L13 substantially attenuated 
BBB breakdown in both types of stroke model by inhibiting MMP-9 activity-mediated degradations of basement 
membrane and endothelial tight junction proteins. Importantly, these BBB-protective and neuroprotective effects 
of L13 in wild-type mice were comparable to Mmp9 genetic deletion and fully abolished in Mmp9 knockout mice, 
highlighting the in vivo target specificity of L13. Meanwhile, ex vivo co-incubation with L13 significantly 
neutralized the enzymatic activities of human MMP-9 in the sera of ischemic and hemorrhagic stroke patients, or 
in the peri-hematoma brain tissues from hemorrhagic stroke patients. Overall, we demonstrated that MMP-9 
exclusive neutralizing mAbs constitute a potential feasible therapeutic approach for both ischemic and hemor-
rhagic stroke.   

1. Introduction 

Stroke is one of the leading causes of human disability and death 
globally. A stroke occurs when a cerebral blood vessel is either blocked 
by a clot (ischemic stroke, in most cases) or ruptures (hemorrhagic 
stroke). Blood-brain barrier (BBB) critically regulates the exchange of 
substances between neural tissue and circulation and thus maintains the 

homeostasis of neural microenvironment and function [1,2]. BBB 
breakdown can be induced by ischemia/reperfusion (I/R) injury during 
ischemic stroke or hemorrhage and subsequent neuroinflammation 
during hemorrhagic stroke [3,4]. As a result, BBB breakdown directly 
contributes to the hemorrhagic transformation (HT) after I/R injury, and 
hematoma expansion, brain edema or cerebral hernia after brain artery 
rupture [5–7]. Except for aggravating the outcomes of stroke, 
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complications of BBB breakdown also restrain the application of treat-
ments for acute ischemic stroke (AIS). In order to reduce risks of BBB 
breakdown and occurrence of HT, the “time window” of recanalization 
therapies after ischemic stroke is restricted within 4.5–6.0 h (h) 
following ischemia onset [8], which results that more than 90% patients 
cannot be treated by recanalization therapies [9]. Hence, BBB protection 
has been a promising strategy to improve both the treatment and 
prognosis of acute stroke patients. 

The matrix metalloproteinases (MMPs) are a zinc-dependent endo-
peptidases family with at least 26 closely related members in humans 
that are involved in numerous physiological and pathological processes 
[10]. Of all the MMPs, MMP-9 (gelatinase B) has been intensively 
studied in the pathogenesis of BBB breakdown and brain cell death 
during the acute stage post-stroke [11–13]. Both the expression and 
activity of MMP-9 are rapidly upregulated a few hours after cerebral 
ischemia or intracranial hemorrhage (ICH), resulting in degradation of 
extracellular matrix, reduced tight junctions of endothelial cells and 
disruption of cell-matrix signaling [14–16]. In ischemic stroke models 
and exploratory clinical trials in patients with ischemic stroke, inhibi-
tion of MMP-9 significantly reduced BBB breakdown and neural tissue 
injury [14], clearly indicating a therapeutic potential of MMP-9 inhi-
bition in ischemic stroke treatment. In contrast, the therapeutic poten-
tial of MMP-9 inhibition in ICH remains debatable and thus requires 
further investigation, as genetic deletion and pharmacological inhibi-
tion studies have generated inconsistent results in animal models 
[17–20]. 

All the MMP-9 chemical inhibitors developed so far were either 
repurposed clinically-approved drugs with unclear mechanisms and 
target specificities (minocycline, atorvastatin, melatonin, etc.), or were 
broad spectrum MMP inhibitors that target MMPs promiscuously (BB- 
1101, BB-94, GM6001, etc.) [14] (Table 1). SB-3CT and its water-soluble 
derivatives, the most-specific MMP-9 inhibitors so far, actually have 
higher binding affinities to MMP-2 than MMP-9 [21,22]. Therefore, a 
functional inhibitor that solely targets MMP-9 with clear mechanism is 

urgently needed to further determine the therapeutic value of MMP-9 
inhibition in ICH and for the treatment of acute stroke patients. 

Monoclonal antibodies (mAbs) with high specificities and safety 
profiles hold great potential as therapeutic agents for many pathogenic 
targets including proteases. Unfortunately, there has been no any mAb 
drug approved for stroke treatment so far. A pioneer study reported an 
MMP-9 neutralizing mAb [23], which showed neuroprotective effect 
when prophylactically administered before permanent cerebral 
ischemia in rats [24]. However, the therapeutic effect of MMP-9 mAb in 
ischemic and hemorrhagic strokes remains unclear. L13 is an MMP-9 
neutralizing human IgG mAb, which was recently developed by us 
using a direct inhibitory function selection strategy with nanomolar 
potency, exclusive specificity (no inhibition on MMP-2 or other MMPs) 
and biological function in vivo [25]. In this study, we explored the 
therapeutic potential of L13 in mouse models of ischemic or hemor-
rhagic stroke and determined its inhibitory effect on the enzymatic ac-
tivity of human MMP-9 in stroke patient sera and peri-hematoma brain 
tissues as a model of ex vivo clinical trial. To the best of our knowledge, 
these studies for the first time provide strong preclinical and clinical 
support for the translational potential of MMP-9 neutralizing mAbs in 
acute stroke treatment. 

2. Materials and methods 

2.1. Animals 

Male C57BL/6 mice at 8–10 weeks old and weighing 20–23 g were 
purchased from the Beijing Vital River Laboratory Animal Technologies 
Co. Ltd and housed for 1 week before being used for experiments. Ho-
mozygous B6. FVB(Cg)-Mmp9tm1Tvu (Mmp9 knockout) mice were pur-
chased from The Jackson Laboratory (#007084; Bar Harbor, ME). The 
offspring homozygous mice were produced in the experimental animal 
facility of Shenzhen Institute of Advanced Technology, Chinese Acad-
emy of Sciences (SIAT CAS). Only male mice were used in this study, as 
estrous cycle in females causes changes in estrogen levels, which lead to 
variations in infarct size and neurological outcomes in female animals. 
The detailed total number of animals in each experiment was recorded 
in Supplementary Table 1. Animals were kept with a 12 h light-dark 
border circulation system under a pathogen-free condition. All proced-
ures for mice were approved by the Animal Care and Use Committee of 
SIAT, CAS. Animals were randomized for the sham operation, stroke or 
post-stroke treatment. The examiners were blind to the grouping or 
treatments of mice. For the surgery, 4% isoflurane was used to induce 
anesthesia in an induction chamber; 2% isoflurane was used to maintain 
anesthesia through a face mask (RWD, Shenzhen, China). During the 
entire operation, a heating pad was used to keep the core temperature of 
the mice at 37 ± 0.5 ◦C. 

2.2. Stroke models 

We used a modified intraluminal filament model to induce left 
middle cerebral artery occlusion (MCAO), as previously described [26]. 
Briefly, the left common carotid artery, internal carotid artery (ICA), and 
external carotid artery (ECA) were exposed via a midline incision in the 
neck, and the ECA was ligated and transected. A piece of nylon filament 
with a silicon tip (0.20 ± 0.01 mm; cat. #MSMC21B120PK50, RWD Life 
Science Co., Ltd., Shenzhen, China) was introduced into the ICA through 
the recurved ECA and was advanced about 10 mm beyond the carotid 
artery bifurcation, until a faint resistance was felt. After 60 min (min) 
occlusion, reperfusion was established by retracting the filament. To 
verify the success of MCAO surgery and reperfusion, blood flow in the 
left cortex supplied by the left MCA was measured using a laser Doppler 
flowmetry (PERIMED AB, Sweden). The mice without a decrease in 
blood flow at least below 30% of the baseline value after filament 
insertion were excluded from the study. The success of reperfusion was 
determined by an increase in blood flow above 70% of the baseline value 

Table 1 
MMP-9 targeted drugs for experimental stroke treatment. IS, ischemic stroke; 
ICH, intracranial hemorrhage. *BB-94 showed detrimental effects in ICH model.  

Name Specificity Property Stroke model and 
therapeutic effect 

BB-1101 Broad spectrum Small- 
molecule 

IS ([68]): reduced BBB 
damage but failed to 
reduce brain lesion size. 
IS ([69]): reduced BBB 
damage. 
ICH ([17]): reduced brain 
edema. 

Ilomastat 
(GM6001) 

Broad spectrum 
(MMP-1/− 2/ 
− 3/− 7/− 8/− 9/ 
− 12/− 14/− 26) 

Small- 
molecule 

IS ([70]): reduced brain 
tissue loss and promoted 
angiogenesis. 
ICH ([18]): reduced brain 
injury volume and edema. 

Batimastat 
(BB-94) 

Broad spectrum 
(MMP-1/− 2/ 
− 7/− 9) 

Small- 
molecule 

IS ([38]): reduced ischemic 
lesion volume. 
ICH ([20]): increased 
hemorrhage size and 
neuronal death* . 

SB-3CT MMP-2, MMP-9 Small- 
molecule 

IS ([32]): reduced brain 
infarct volume and 
neurological impairment. 

MMP-9 mAb 
(Mouse IgG) 

MMP-9 Biologics IS ([24]): reduced brain 
infarct size. Note that 
antibody was administered 
1 h before MCAO. 

MMP-9 mAb 
(Human IgG 
used in the 
current study) 

MMP-9 Biologics IS (The current study): 
reduced both BBB damage 
and brain infarct volume. 
ICH (The current study): 
reduced both BBB damage 
and hematoma volume.  
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after filament retraction. In addition, the animals were further evaluated 
after the operation and would be removed if no neurological deficits 
(score = 0) were found, according to the pre-determined exclusion plan. 
During the entire reperfusion period, animals could get food and water 
at will. In the treatment of animals by sham operation, inserting nylon 
wire into the ICA about 5 mm away from the recurved ECA, without 
causing cerebral embolism, and other procedures were the same as those 
in ischemic mice. 48 h after the MCAO surgery, neurologic deficit score 
[27], grab test score [28], and horizontal ladder test score [29] were 
measured by researchers who were blind to the grouping and treatments 
of mice. The mice were followed up for seven days, and the survival rate 
was recorded daily. 

For ICH surgery, the mice were placed on a three-dimensional pre-
cise positioning framework (Stoelting Co., Wood Dale, IL). Make an 
incision on the skin along the sagittal center line to expose the skull. 
Inject collagenase VII (sterile-filtered, 0.15 U in 0.5 μl sterile saline, 
Sigma, St Louis, MO) into the left basal ganglia of mice at the following 
stereotactic coordinates according to the punch: front 0.3 mm, 2.3 mm 
lateral of the bregma, and 3.8 mm in depth, apply a 1 μl microsyringe 
(Hamilton, Reno, NV, USA) over a period of 2.5 min at a rate of 0.2 μl/ 
min. Leave the needle tube for another 10 min and slowly withdraw (at a 
rate of 1 mm/min) to minimize the flow of the introduced collagenase- 
saturated solution along the needle tube’s trajectory. Seal the burr hole 
with bone wax, suture the skin surgically, and let the mice recover under 
observation. For the sham control mice, the equivalent sterile saline was 
used to replace collagenase VII. The mice that died before the scientific 
research were excluded; otherwise, all animals would go to the final 
analysis. Multiple behavioral scores [27–29] were also evaluated at 48 h 
post-ICH. 

2.3. MMP-9 mAb (L13) production and treatment 

L13 was synthesized as previously described [25]. Briefly, L13 
heavy-chain (HC) was fused with human poliovirus internal ribosome 
entry site (IRES) and a downstream zeocin resistant gene by overlapping 
PCR, and cloned into the vector pCIW. L13 light-chain (LC) expression 
vector with hygromycin resistance was constructed similarly. Expi293F 
cells were maintained in Gibco Expi293 expression medium (Life 
Technology) at 37 ◦C and 8% CO2 with orbital shaking at 135 rpm and 
were transfected with HC and LC expression vectors and PEI MAX 40 K 
(Polysciences). After 24 h, stable cell lines were selected in fresh me-
dium supplemented with 500 μg/ml zeocin and 350 μg/ml hygromycin 
for 8 days and then with 100 μg/ml zeocin and 50 μg/ml hygromycin for 
15 days. For L13 IgG production, 1 × 106/ml stable cells were cultured 
in fresh media without antibiotics for 7 days. L13 IgG was purified from 
collected culture supernatant by protein A affinity chromatography. The 
quality of L13 IgG was confirmed by SDS-PAGE and MMP-9 inhibition 
assay. 

L13 at doses of 1, 2.5, 5, 10 or 15 mg/kg body weight or control 
human IgG (#SP001, Solarbio, Beijing, China) was administered by 
retro-orbital i.v. injection immediately after MCAO at the onset of 
reperfusion or after collagenase VII injection in the ICH model. Because 
the in vivo half-life of L13 in mice was 4–5 days (data not shown), L13 
was administered only once during the treatment process in both stroke 
models. As a comparison, SB-3CT (Selleck, Shanghai, China; Cat. 
#S7430; 25 mg/kg body weight) in a vehicle solution (10% DMSO in 
normal saline) or 10% DMSO was injected intraperitoneally at 0, 12 h, 
24 h, 36 h after MCAO from the onset of reperfusion. 

2.4. Brain infarction or hematoma analysis 

48 h after reperfusion, isoflurane was used to deeply anesthetizes the 
animals. The whole brains were removed and cut into coronal slices (2 
mm thickness) in a unique concave groove (RWD, Shenzhen, China). 
Brain slices were transferred into 1% 2,3,5-triphenyltetrazolium chlo-
ride (TTC, Sigma-Aldrich, St Louis, MO; Cat. #T8877), and incubated at 

37 ◦C for 10 min. Later, the saturated TTC solution was replaced with 4% 
paraformaldehyde. 2 h later, a digital camera was used to take pictures, 
and the infarct size was measured by the ImageJ software (National 
Institutes of Health, US). To eliminate the effect of post-ischemic edema 
to the volume of injury, infarct size (%) was calibrated as described 
previously [30,31], and calculated as [(volume of the right hemisphere – 
the non-infarct volume of the left hemisphere)/volume of the right 
hemisphere] × 100%. 

For ICH mice, the whole brains were removed and sectioned into 
coronal slices (2 mm thickness) in the concave groove, and the brain 
slices were transferred into 4% paraformaldehyde. After 2 h, the slices 
were photographed, and the hematoma region was accurately measured 
by the ImageJ software. 

2.5. Measurement of Evans blue leakage 

100 μl Evans blue (2%, Sigma-Aldrich, St Louis, MO; Cat. #E2129) or 
normal saline (0.9% NaCl) as the vehicle control was retro-orbitally 
administered and was allowed to circulate for 18 – 20 h. Then the 
mice were deeply anesthetized with isoflurane, and cold normal saline 
(15 ml/mouse) was injected into the beating heart through the left 
ventricle to remove the dye from the blood vessels. The brains were 
taken off and photographed. Then brains were separated into contra-
lateral non-stroke and ipsilateral stroke hemispheres, and homogenized 
in 50% trichloroacetic acid (1 ml/hemisphere). After centrifugation 
(10000 rpm, 20 min), the supernatant was diluted with ethanol at a ratio 
of 1:4. The Evans blue concentrations were accurately determined with a 
fluorescence reader (stimulated at 620 nm; emission at 680 nm). The 
results are shown as the ratio of Evans blue content in the ipsilateral 
(ipsi) hemisphere to that in the contralateral (contra) hemisphere. 

2.6. Patients 

The human observational study was approved by the Ethics Com-
mittee of SIAT, CAS (No. SIAT-IRB-210315-H0556). Written informed 
consent was obtained from all subjects. The serum samples of ICH pa-
tients including both males and females were obtained within 72 h after 
stroke from The First Affiliated Hospital of Zhengzhou University 
(Zhengzhou, China) and Pingdingshan Second People’s Hospital (Ping-
dingshan, China). The brain tissues around or in the hematoma from ICH 
patients were obtained during regular brain tissue resection procedures 
within 72 h after stroke at The First Affiliated Hospital of Zhengzhou 
University (Zhengzhou, China) with approval by the Research and 
Clinical Trial Ethics Committee of the First Affiliated Hospital of 
Zhengzhou University. The inclusion criterions were the diagnosis of 
hemorrhage verified by computer tomography (CT) and admitted within 
24 h after symptoms onset. The serum samples of AIS patients including 
both males and females were obtained within 24 h after stroke from 
Yangjiang People’s Hospital (Yangjiang, China). Patients diagnosed 
with AIS were consecutively recruited if they met the following criteria: 
(1) presented with AIS due to cerebral infarction which was confirmed 
by CT or magnetic resonance imaging (MRI), (2) had no intravenous 
thrombolysis or endovascular treatment. All patients who were aged >
18 years, with severe systemic diseases such as liver or kidney failure, 
coronary heart disease, hyperpyrexia, serious infection, or chronic in-
flammatory diseases were excluded. The control group included 3 
healthy people. They were matched according to age and gender to the 
patient group. The exclusion criteria for the control group were the same 
as those described above. All samples were frozen at – 80 ◦C until 
analysis. 

2.7. Gelatin zymography and in situ zymography 

The activities of MMP-9 in brain tissue or serum samples were 
measured by gelatin zymography or in situ zymography. In gelatin 
zymography, brain tissues were homogenized in lysis buffer (GENMED, 
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Shanghai, China; Cat. #GMS30071.5) on ice and centrifuged at 10000 g 
for 15 min. The 10% tris gel containing 0.1% gelatin as the substrate 
(#ZY00102BOX, Invitrogen, Carlsbad, CA) was used to separate pro-
teins of brain tissues or serums. The gel was then denatured and incu-
bated in a reaction buffer (#XF-P17750, XinFan Bio-tech, Shanghai, 
China) at 37 ◦C for 24 – 48 h. Then, the gel was dyed with 0.5% Coo-
massie blue R-250 for 1 h and decolorization with 10% acetic acid, 50% 
methanol and 40% H2O. The gelatinolytic activity was shown as hori-
zontal white bands on the blue background, and the density was 
determined by Image J software. In the in vitro experiments of L13 
neutralizing MMP-9 activity in serums and brain tissues of stroke pa-
tients, we added L13 to human samples in a molar ratio of 7.6:1 and 
incubated them at 37 ◦C for 90 min. The proteins in the mixed sample 
were then separated by 10% tris gelatin gel for zymographic analysis. 
Recombinant MMP-9 (rMMP-9, #50560-MNAH, Sino Biological, Bei-
jing, China) and rMMP-2 (#10082-HNAH, Sino Biological, Beijing, 
China) protein was used as positive controls to pinpoint the size of 
endogenous MMP-9 and MMP-2, respectively. 

For in situ zymography, the 7-μm-thick sections were cut from the 
fresh mouse brain embedded in OCT, and the MMP-9-in situ zymography 
kit (#GMS80062.5, GENMED, Shanghai, China) was used according to 
the manufacturer’s instructions. Slides were mounted in antifading 
mounting medium with Propidium Iodide (Solarbio, Beijing, China), 
and imaged with an Olympus microscope to obtain 20 × images. ImageJ 
quantitatively analyzed the relative density of fluorescent data signals in 
5–8 areas of arbitrary strokes. 

2.8. Immunofluorescence staining 

Frozen brain slices were cut into 7-μm-thick sections, which were 
dried on adhesion microscope slides (CITOTEST, Haimen, China) at 
room temperature, and rehydrated in PBS. Sections were incubated in 
blocking buffer containing 0.2% Triton X-100 + 10% normal goat serum 
in PBS at room temperature for 1 h. The following primary antibodies 
were diluted in PBS containing 0.2% Triton X-100 + 5% goat serum and 
applied to sections at 4 ◦C for overnight incubation: hamster anti-mouse 
CD31 (1:200, #MAB1398Z, Millipore, Billerica, MA), rabbit anti- 
laminin (1:200, #L9393, Sigma-Aldrich, St. Louis, MO), rabbit anti- 
collagen IV (1:100, #ab6586, Abcam, Cambridge, MA), rabbit anti- 
ZO-1 (1:100, #40–2200, Thermal Fisher, MA), rabbit anti-claudin-5 
(1:40, #34–1600, Thermal Fisher, MA), donkey anti-mouse IgG 
(1:500, #715–545–150, Jackson ImmunoResearch, West Grove, PA). 
Slides were washed in PBS for 5 min, 3 times to remove excess primary 
antibodies. The following secondary fluorescently labeled antibodies 
were were diluted in PBS containing 0.2% Triton X-100 + 5% goat 
serum, applied to slides and kept at room temperature for 1 h: Alexa 
Fluor 488 donkey anti-rabbit IgG (1:500, #711–545–152) and Cy3 goat 
anti-hamster IgG (1:500, #127–165–099), both of which were from 
Jackson ImmunoResearch, West Grove, PA. Slides were mounted in 
antifading mounting medium containing DAPI (Solarbio, Beijing). An 
Olympus microscope was used to obtain 20 × or 40 × images. The total 
area or relative density of the immunofluorescence data signal was 
quantified and analyzed by ImageJ, and normalized according to the 
total capillary area (CD31 signal area) in 5–8 arbitrary stroke regions per 
mouse. 

2.9. Western blotting 

For the analyses of MMP-9 and the marker proteins of BBB compo-
nents in the stroke regions, a 2-mm-thick coronal slice was obtained with 
a distance of 3.30 mm from the brain bregma. At 24 h or 48 h after the 
onset of stroke, brain tissues were dissected and collected. Tissues were 
lysed in the RIPA buffer solution (Solarbio, Beijing, China) containing 
protease and phosphatase inhibitors, and quantitative protein concen-
tration analysis by BCA assay was carried out according to standard 
protocols. Protein lysates from every sample at equal amounts were 

fractionated on 10% SDS-PAGE gels and transferred onto polyvinylidene 
fluoride membranes. The following primary antibodies were used: rab-
bit anti-ZO-1 (1:1000, #40–2200, Thermal Fisher, MA), rabbit anti- 
occludin (1:1000, #71–1500, Thermal Fisher, MA), rabbit anti- 
claudin-5 (1:500, #34–1600, Thermal Fisher, MA), rabbit anti-laminin 
(1:1000, #L9393, Sigma-Aldrich, St. Louis, MO), rabbit anti-collagen 
IV (1:1000, #ab6586, Abcam, Cambridge, MA), and rabbit anti-MMP- 
9 (1:1000, #ab38898, Sigma-Aldrich, St Louis, MO). Normalization 
loading controls include β-actin (CST, MA) or albumin (Abcam, Cam-
bridge, MA). Membranes were imaged using the GelView 6000 M system 
(BioLight, Zhuhai, China). 

2.10. OGD-R 

The mouse brain endothelial cells bEnd.3 (#CRL-2299, American 
Type Culture Collection, USA) were cultured in Dulbecco modified eagle 
medium (DMEM) containing 1% penicillin and 10% fetal bovine serum 
(FBS). Cultures were kept in a humidified incubator with 5% CO2 at 
37 ◦C, and passaged at 80 – 90% confluence. Subsequently, the cells 
were applied to oxygen-glucose deprivation and reperfusion (OGD-R). 
Briefly, the cultured medium was replaced by DMEM (D6540, Solarbio, 
Beijing, China) without FBS and glucose, and the cultured cells were put 
in a Modular Incubator Chamber (Billups-Rothenberg, MA) with 0.5 – 
1% O2 and 99% N2, monitored by an O2 analyzer (HNZA, Zhengzhou, 
China). Cells underwent 6-h OGD before returning to the normal culture 
condition. In addition, L13 or control IgG were added to the culture 
medium during 3 h oxygen-glucose recovery. 

2.11. Trans endothelial electric resistance (TEER) and BBB permeability 
measurements 

We used the Millicell-ERS-2 (Millipore, Germany) to accurately 
measure TEER. bEnd.3 cells were seeded at a density 1.5 × 104 per well 
on the 0.4 µm pore size Transwell permeable membranes (24-well cell 
culture inserts; Costar, Corning, NY) and grew for 3 days before use. 
TEER measured before OGD-R treatment was set as the baseline and 
TEER values measured in the vacant Transwell filters were subtracted 
for normalization. Endothelial monolayer permeability to 70 kDa FITC- 
dextran (Sigma-Aldrich, St. Louis, MO) was measured after OGD-R to 
assess the effect of L13. FITC-dextran at the concentration of 5 ug/ml 
was added to the luminal compartment of each insert (10 μl). 30 min 
later, 100 μl medium was taken from the abluminal chamber and the 
fluorescence was measured at 520 nm with a fluorescence plate reader 
(MULTISKAN GO, Thermo scientific, MA). Additionally, the effect of 
L13 with 200 or 500 nM for endothelial injury induced by rMMP-9 
protein with 100 nM for 2 h was also investigated. 

2.12. Statistical analysis 

The SPSS 20.0 for Windows software package was used for statistical 
analysis. Data were expressed as means ± standard error (SE). Unpaired 
Student’s t-test was used to compare two groups. Paired Student’s t-test 
was used for samples of patients with L13 or control IgG treatment. One- 
way analysis of variance (ANOVA) was used to determine statistical 
differences of all observation index values from the different groups. 
The Least Significant Difference (LSD) t-test or the Dunnett T3 test, if the 
variance was heterogeneous, was used to further analyze differences. 
Statistical significance was defined as P < 0.05. 

3. Results 

3.1. MMP-9 mAb L13 attenuated brain tissue injury and improved the 
neurological outcomes of mice following ischemic stroke 

The MMP-9 mAb L13 was functionally selected using the catalytic 
domain of human MMP-9 [25], which is highly conserved in mouse 
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MMP-9 with 92.7% similarity. Therefore, we firstly determined the 
therapeutic efficacy of L13 in a mouse model of ischemic stroke. After 1 
h-ischemia and 48 h-reperfusion, extensive infarction was detected in 
the cortex and subcortex of sliced brain sections, and single time 
retro-orbital injection of L13-IgG with a dose of 2.5 and 5 mg/kg, but not 
1 mg/kg, significantly decreased the infarct volumes to 25.3 ± 2.0% and 
21.1 ± 1.5%, respectively, as compared with the control IgG group (31.4 
± 1.7%; F =4.842, P = 0.019 and P < 0.001, respectively), as revealed 
by TTC staining (Fig. 1B, C). We also determined the effect of higher 
doses of L13 (10 mg/kg and 15 mg/kg) on infarct volume in another 
independent experiment, but no further neuroprotection was found 
(Supplementary Fig. 1), suggesting that 5 mg/kg was the most effective 
dose of L13-IgG in our stroke model. L13-IgG treatment decreased the 
neurological deficit scores (t = 3.000, P = 0.0077) and improved the 

grab (t = 3.536, P = 0.0024) and horizontal ladder (t = 4.799, P =
0.0001) movements of mice with MCAO/reperfusion (MCAO/R; 
Fig. 1D). Results in the seven days survival assay showed that 45% mice 
(8 of 18) in the control IgG group were survived at day 7, which was 
much lower than that in the L13-IgG group (75%, 13 of 17; P < 0.01; 
Fig. 1E). Taken together, these results show that L13 treatment at the 
onset of reperfusion rendered better outcomes of ischemic stroke in 
short and long terms. 

In order to evaluate the efficacy of L13 in comparison with currently 
available MMP-9 inhibitors, we compared the neuroprotective effects of 
L13 with SB-3CT, a small molecule inhibitor of MMP-2 and MMP-9 
widely used in animal stroke model studies [32,33], in mice with 
1 h-MCAO and 48 h reperfusion. As expected, SB-3CT also significantly 
reduced the infarct volume (F = 4.842; P = 0.017) and improved 

Fig. 1. MMP-9 mAb (L13-IgG) improved the stroke outcomes in adult mice with ischemic stroke. (A) Experimental procedure. (B) TTC staining of coronal brain 
tissue slices after 1 h-MCAO and 48 h-reperfusion. Infarcted areas were visualized as white in TTC staining. (C) Quantifications of infarct volume as determined by 
TTC staining in mice treated with control human IgG, L13-IgG (1, 2.5 and 5 mg/kg), 10% DMSO, or SB-3CT (25 mg/kg in 10% DMSO) after 1 h-MCAO and 48 h- 
reperfusion. n = 8 – 10 mice per group. Dose of 5 mg/kg L13-IgG was chosen for the following experiments. (D) The scores of neurological deficits, grab test, and 
horizontal ladder test were determined in mice with L13-IgG (5 mg/kg), SB-3CT (25 mg/kg) or controls treatment following 1 h-MCAO and 48 h-reperfusion. n = 10 
mice per group. (E) Survival rate of mice with L13-IgG (5 mg/kg) or control human IgG treatment during seven days of reperfusion after 1 h-MCAO. n = 17 – 18 mice 
per group. * P < 0.05, * * P < 0.01 and * ** P < 0.001. MCAO, middle cerebral artery occlusion; DMSO, dimethyl sulfoxide; TTC, 2,3,5-triphenyltetrazolium 
chloride; EB, Evans blue; BBB, blood-brain barrier; IF, immunofluorescence; WB, Western blot; ns, no significance. 
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behavioral defects (the neurological deficit scores, t = 2.530, 
P = 0.0210; the grab test, t = 3.536, P = 0.0024; the horizontal ladder 
test, t = 3.254, P = 0.0044) in mice. Furthermore, there was no signif-
icant difference in the neuroprotective effects between SB-3CT and L13 
(infarct volume, F = 4.842; P = 0.180; the neurological deficit scores, F 

= 5.432, P = 0.7926; the grab test, F = 9.211, P = 0.7108; the hori-
zontal ladder test, F = 11.57, P = 0.3605). 

Fig. 2. MMP-9 mAb (L13) attenuated the BBB breakdown by regulating basement membrane and endothelial tight junctions following ischemic stroke. 
(A) Representative images of brains showing Evans blue leakage in MCAO/R mice by L13 or control IgG treatment with the dosage of 5 mg/kg. (B) Evans blue 
leakage quantification. n = 5 – 8 mice per group. (C) Detection of the basement membrane components (collagen IV and laminin) and endothelial tight junction (ZO- 
1, claudin-5 and occludin) protein levels in the ischemic hemisphere of mice by Western blot. (D) Quantification of the protein bands in (C). n = 3 mice per group. (E) 
Co-immunofluorescence staining for laminin, ZO-1, claudin-5 (green) with CD31 (red) in infarcted brain tissues. (F) Protein fluorescence signal densities were 
quantified and normalized to the CD31 signal area. n = 3 – 4 mice per group. 5 – 8 random low-power fields per mouse were selected. Scale bar, 100 µm. * P < 0.05, 
* * P < 0.01 and * ** P < 0.001, * ** * P < 0.0001. MCAO/R, middle cerebral artery occlusion/reperfusion; BBB, blood-brain barrier. 
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3.2. MMP-9 mAb L13 attenuated BBB breakdown by regulating basement 
membrane and endothelial tight junctions following ischemic stroke 

We assessed the extent of BBB breakdown in the ischemic hemi-
sphere by measuring the Evans blue leakage. The results demonstrated 
that after cerebral ischemia and reperfusion, both the injected Evans 

blue and human IgG proteins showed widespread extravasation into the 
injured brain tissue (Fig. 2 A, B and Supplementary Fig. 2), indicating 
substantial BBB breakdown. We further revealed that Evans blue leakage 
was significantly decreased in the mice treated by L13 with the dose of 
5 mg/kg compared with the control mice (by 20.4%, F =37.39, 
P = 0.0006; Fig. 2 A, B). In line with the improved BBB integrity, we 

Fig. 3. MMP-9 mAb (L13) efficiently inhibited the enzymatic activity of MMP-9 in mouse ischemic brain tissues. (A) In situ zymography of MMP-9 fluorogenic 
substrate DQ-gel (green) merged with nuclear DNA staining by propidium iodide (red) in ischemic core and penumbra of mice with L13 or control IgG treatment after 
MCAO/R. Scale bar, 100 µm. (B) Quantification of MMP-9 activity positive cells. n = 6 mice per group. 5 – 8 random low-power fields per mouse were selected. (C) 
Gelatin zymography of MMP-9 enzymatic activity in ischemic mouse brain tissues. (D) The relative fold changes in MMP-9 activity normalized to the values in sham 
group. n = 4 mice per group. (E) Western blot analysis of the MMP-9 protein levels in the brain tissues of the ischemic hemisphere. (F) Quantification of the protein 
bands in (E). n = 3 mice per group. * P < 0.05, * * P < 0.01 and * ** P < 0.001. MCAO/R, middle cerebral artery occlusion/reperfusion; DMSO, dimethyl sulfoxide; 
ns, no significance. 
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observed that brain microglia activation (Iba-1-positive cells) and pe-
ripheral immune cell infiltration (CD45-positive and Ly6G-positive 
cells) were significantly reduced in the penumbra area of the ischemic 
hemispheres from mice treated by L13 (Supplementary Fig. 3). To 
further identify downstream effectors underlying BBB-protection of L13 
after ischemic stroke, we examined components of the BBB, including 
endothelial tight junctions (ZO-1 and claudin-5) and basement mem-
brane (collagen IV and laminin). After MCAO/R, the ischemic hemi-
sphere in mice showed significantly reduced ZO-1 (F = 7.758, 
P = 0.0340) and claudin-5 (F = 12.33, P = 0.0075) protein levels 
compared with mice with sham-operation, and L13 treatment reversed 
the reduction (P = 0.0256, P = 0.0320; Fig. 2 C, D). Consistently, more 
ZO-1 (F = 5.509, P = 0.0308) and claudin-5 (F = 4.288, P = 0.0489) 
coverage on blood vessels was observed in infarct areas of the mice with 
L13 treatment than that of the control mice (Fig. 2E, F). Meanwhile, 
decreased collagen IV and laminin protein levels after MCAO/R were 
reversed by L13 treatment (F = 42.15, P = 0.0029; F = 6.747, 
P = 0.0248; Fig. 2 C, D), and consistent expression of laminin in 

immunofluorescence staining was also observed (F = 5.943, P = 0.0231; 
Fig. 2E, F). Taken together, our results demonstrate that L13 protected 
BBB integrity after ischemic stroke through regulation of the endothelial 
tight junctions and basement membrane. 

3.3. MMP-9 mAb L13 inhibited the enzymatic activity of MMP-9 in 
mouse ischemic brain tissues 

To determine whether administration of L13 inhibited the gelati-
nolytic activity of MMP-9 after ischemic stroke, we used in situ zymog-
raphy together with propidium iodide counterstaining in the mice with 
MCAO/R. We compared the gelatinolytic activity of MMP-9 in the brain 
ischemic core and penumbra regions of mice treated with L13 versus 
control IgG. Results showed L13 abrogated MMP-9 gelatinolytic activity 
(core, t = 2.845, P = 0.0174; penumbra, t = 2.574, P = 0.0277;  
Fig. 3 A, B). Consistently, gelatin zymography and Western blot assays 
demonstrated that the MMP-9 activity (t = 6.296, P = 0.0007) and 
protein level (t = 7.685, P = 0.0015) were significantly reduced in 

Fig. 4. The therapeutic effect of MMP-9 mAb (L13) was abolished in Mmp9 knockout mice with ischemic stroke. (A) TTC staining of coronal brain tissue slices 
of mice with L13 or control human IgG (5 mg/kg) treatment after 1 h-MCAO and 48 h-reperfusion. Infarcted areas were visualized as white in TTC staining. (B) 
Infarct size was determined by TTC staining and quantified. n = 6 – 7 mice per group. (C) The neurologic deficit scores in WT and KO mice with MCAO/R-48 h after 
L13 or control human IgG treatment. n = 6 – 9 mice per group. (D) Co-immunofluorescence staining of endogenous plasma IgG (green) leaked from blood vessels 
(CD31, red) after MCAO/R-48 h in WT and KO mice with L13 or control IgG treatment. Scale bar, 100 µm. (E) Plasma IgG leakage quantification. IgG signals were 
normalized by CD31 signal area. n = 4 mice per group. * P < 0.05, * * P < 0.01 and * ** P < 0.001; ns, no significance. MCAO/R, middle cerebral artery occlusion/ 
reperfusion; WT, wild type; KO, knockout; ns, no significance. 
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ischemic hemisphere after L13 treatment (Fig. 3C-F). Meanwhile, we 
observed that SB-3CT significantly inhibited the MMP-9 activity 
(t = 6.757, P = 0.0005), but not MMP-9 protein level (t = 2.733; 
P = 0.0523). However, there was no statistical difference between L13 
and SB-3CT in inhibition of MMP-9 activity (F = 29.69; P = 0.1338) and 
protein level (F = 15.91; P = 0.9826) in ischemic brain tissues. 

In order to further confirm the inhibition specificity and efficiency of 
L13 for MMP-9, we observed the therapeutic effect of L13 for the Mmp9 
KO mice with MCAO/R. Our results showed L13 had no further 
improvement for the brain injury (F = 19.01, P = 0.9201), neurological 
deficit (F = 4.658, P = 0.9495) and IgG leakage (F = 64.78, P = 0.9953) 
in Mmp9 KO mice (Fig. 4A-E), supporting the protective effect of L13 for 
ischemic stroke resulted from the inhibition of MMP-9 activity. Addi-
tionally, we observed the better neurological outcomes in KO mice than 
that of wild type (WT) mice (infarction, P < 0.0001; neurological 
deficit, P = 0.0419; IgG leakage, P < 0.0001), and there was no 
apparent difference of the outcomes of MCAO/R between KO mice and 
WT mice with L13 treatment (P > 0.05; Fig. 4A-E), indicating that the 

protective effects of L13 on ischemic stroke through transiently inhib-
iting MMP-9 activity was comparable to that seen in mice with Mmp9 
genetic deletion. In summary, our results indicate that L13 improved the 
outcomes of ischemic stroke through efficient and specific inhibition of 
MMP-9. 

3.4. MMP-9 mAb L13 reduced BBB disruption induced by exogenous 
rMMP-9 or OGD-R injury in vitro 

The endothelial cell is the main component of the BBB, and it is the 
determinant for the barrier property of BBB. To determine the effect of 
L13 treatment on the integrity and barrier function of endothelial cell 
directly, we employed a transwell system to build the monolayer BBB. 
On one hand, we found exogenous rMMP-9 at 100 nM for 2 h treatment 
reduced the TEER value (F = 9.909, P = 0.0033) and increased the 
permeability (F = 8.095, P = 0.0032) of endothelial cells, but L13 at 200 
or 500 nM can significantly normalize the abnormal barrier function 
(TEER, P = 0.0233; fluorescein isothiocyanate-conjugated (FITC)- 

Fig. 5. MMP-9 mAb (L13) reduced BBB 
disruption caused by rMMP-9 protein treat-
ment or OGD-R injury in vitro. (A) The mouse 
brain endothelial cells (bEnd.3) were seeded on 
the transwell inserts, and TEER values were 
measured after 2 h-treatment of 100 nM rMMP- 
9 protein, in the presence or absence of L13 or 
control IgG co-incubation. n = 3 biological 
replicates per group. (B) The 5 µg/ml FITC- 
dextran-70 kD was added into the upper 
chamber with bEnd.3 cells after 2 h-treatment 
of 100 nM rMMP-9 protein with or without L13 
co-incubation. The fluorescence intensity 
values in the lower chamber were measured at 
520 nm. n = 4 biological replicates per condi-
tion. (C) The TEER was measured without or 
with OGD6h-R3h, in the presence or absence of 
2-h L13 or control IgG co-incubation. n = 3 
biological replicates per group. (D) The fluo-
rescence intensity of FITC-dextran-70 kD in the 
lower chamber were measured at 520 nm. 
n = 3 biological replicates per group. (E) 
Gelatin zymography of MMP-9 enzymatic ac-
tivity in bEnd.3 cells after OGD6h-R3h, in the 
presence or absence of 2-h L13 or control IgG 
co-incubation. (F) The relative fold changes in 
MMP-9 activity accepting the normal control 
values. n = 3 samples per group. * P < 0.05, 
* * P < 0.01 and * ** P < 0.001. rMMP-9, re-
combinant MMP-9; OGD-R, oxygen-glucose 
deprivation and recovery; NC, normal condi-
tion; TEER, trans-endothelial electrical 
resistance.   
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dextran-70 kDa permeability, P = 0.0096; Fig. 5 A, B). On the other 
hand, we assessed the effect of L13 for BBB injury following OGD-R. Our 
results showed that in normal control, L13 had no apparent influence for 
endothelial cell barrier functions (F = 6.4429, P > 0.05); after OGD-R, 
TEER and BBB permeability value were significantly disturbed, and 
the decreased TEER values were apparently reversed by L13 treatment 
(F = 35.53; 100 nM, P = 0.0016; 200 nM, P < 0.0001; 500 nM, 
P = 0.0001; Fig. 5 C). Interestingly, the leakage of FITC-dextran-70 kDa 
was not significantly decreased by L13 treatment (F = 1.741, P > 0.05; 
Fig. 5D), suggesting other mechanisms such as endothelial transcytosis 
also contributed to the leakage of dextran under OGD-R [34]. Addi-
tionally, gelatin zymography assays demonstrated that increased 
MMP-9 activity after OGD-R were completely eliminated via L13 treat-
ment (F = 26.72, P = 0.0005; Fig. 5E, F). Taken together, our in vitro 
data indicate that BBB injury caused by exogenous rMMP-9 or OGD-R 
can be effectively reduced by L13 treatment through direct protection 
of L13 on endothelial cells without supports from other structures of 
BBB. 

3.5. MMP-9 mAb L13 improved the neurological outcomes of mice with 
ICH 

In adult mice subjected to ICH, the crimson hematoma was detected 
in sliced brain sections, and single time retro-orbital i.v. injection of L13 
at a dose of 5 mg/kg significantly reduced the hematoma volumes to 
12.4 ± 0.8%, compared with the control group (19.8 ± 1.5%; F =67.04, 
P = 0.0003; Fig. 6A-C). L13 treatment decreased the neurological deficit 
scores (F = 100.2, P < 0.0001) and improved the grab (F = 17.91, 
P = 0.0036) and horizontal ladder (F = 88.00, P < 0.0001) movements 
(Fig. 6D). Moreover, the extent of BBB disruption in the hematoma 
hemisphere, demonstrated by Evans blue (F =12.52, P = 0.0102; 
Fig. 6E, F) and IgG (F = 46.77, P = 0.0010; Fig. 6 G, H) extravasation, 
was significantly attenuated in the mice treated by L13 at the dosage of 
5 mg/kg compared with the control mice. 

Consistent with ischemic stroke, after ICH, the hematoma hemi-
sphere in mice showed significantly decreased collagen IV (F = 12.9, 
P = 0.0069), ZO-1 (F = 5.843, P = 0.0417), claudin-5 (F = 24.24, 
P = 0.0011) and occludin protein (F = 5.650, P = 0.0078) levels 
compared with the mice with sham-operation, and L13 treatment 
reversed the decreases (collagen IV, P = 0.0221; ZO-1, P = 0.0215; 

Fig. 6. MMP-9 mAb (L13) improved the neurological outcomes in mice with ICH. (A) Experimental procedure. (B) The hematoma volume in mice with ICH after 
5 mg/kg L13 or control IgG treatment. (C) Quantification of hematoma volume of mice. n = 5 – 8 mice per group. (D) The scores of neurological deficits, grab test, 
and horizontal ladder test were determined in mice with ICH after L13 or control IgG treatment. n = 5 – 8 mice per group. (E) Representative images of brains 
showing Evans blue leakage in mice with ICH after 5 mg/kg L13 or control IgG treatment. (F) Fluorescence quantitation of Evans blue. n = 5 mice per group. (G) Co- 
immunofluorescence staining of endogenous plasma IgG (green) leaked from the blood vessels (CD31, red) in peri-hematoma brain tissues of mice with ICH after 
5 mg/kg L13 or control IgG treatment. Scale bar, 100 µm. (H) Quantification of plasma IgG leakage. IgG signals were normalized by CD31 signal area. n = 3 mice per 
group. * P < 0.05, * * P < 0.01, * ** P < 0.001 and * ** * P < 0.0001. ICH, intracranial hemorrhage; EB, Evans blue; IF, immunofluorescence; WB, Western blot. 
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claudin-5, P = 0.0305; occludin, P = 0.0486) (Fig. 7 A, B). Meanwhile, 
more collagen IV (F = 57.13, P < 0.0001), ZO-1 (F = 62.62, P = 0.0006) 
and claudin-5 (F = 37.73, P = 0.0091) coverage on blood vessels was 
observed around the hematoma of the mice with L13 treatment than that 
of the control mice (Fig. 7 C, D). We also observed the effect of L13 for 
MMP-9 activity around hematoma and our results showed L13 almost 

eliminated MMP-9 gelatinolytic activity in gelatin zymography 
compared with that of control mice (t = 2.802, P = 0.0487; Fig. 7E, F). 
Taken together, our results demonstrate that L13 improved the out-
comes of ICH and protected BBB through MMP-9 inhibition. 

Fig. 7. MMP-9 mAb (L13) protected basement membrane and endothelial tight junctions via inhibiting MMP-9 activity following ICH. (A) The basement 
membrane (collagen IV) and endothelial tight junction (ZO-1, claudin-5 and occludin) protein levels in brain regions around the hematoma were measured by 
Western blot. (B) Quantification of the protein bands in (A). n = 3 – 4 mice per group. (C) Co-immunofluorescence staining for collagen IV, ZO-1, claudin-5 (green) 
with CD31 (red) in brain regions around the hematoma. The yellow signals showed double-positive signals on blood vessels. (D) Protein fluorescence signal densities 
were quantified and normalized to the CD31 signal area. n = 3 – 4 mice per group. 5 – 8 random low-power fields per mouse were selected. Scale bar, 100 µm. (E) 
Gelatin zymography of MMP-9 enzymatic activity in brain tissues around the hematoma. Recombinant mouse MMP-9 protein was used as positive control to pinpoint 
the size of endogenous MMP-9. (F) The relative fold changes in MMP-9 activity compared to the values in the control group. n = 3 mice per group. * P < 0.05, 
* * P < 0.01 and * ** P < 0.001. ICH, intracranial hemorrhage. 
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3.6. MMP-9 mAb L13 neutralized the enzymatic activity of human MMP- 
9 in stroke patient-derived samples ex vivo 

Next, we determined the effect of L13 on human MMP-9 activity in 
serum and brain tissue samples from stroke patients ex vivo. The general 
information of patients was shown in Supplementary Table 2. Consistent 
with previous studies [35], serum MMP-9 protein in ICH patients was 
significantly higher than that in healthy people (t = 7.950, P = 0.0014;  
Fig. 8 A, B), but this phenomenon was not found in samples of AIS pa-
tients without reperfusion (t = 0.7763, P = 0.4809; Fig. 8 A, B). Gelatin 
zymography showed that MMP-9 activity in serum samples of patients 
with AIS (t = 5.169, P = 0.0067; Fig. 8 C, D) or ICH (t = 5.807, 
P = 0.0011; Fig. 8 C, D) was significantly decreased after L13 
co-incubation ex vivo. Further, we demonstrated that L13 substantially 
reduced the MMP-9 activity in the peri-hematoma brain tissues collected 
from ICH patients that received conventional medical treatment in the 
acute phase [36] and surgical removal of the hematoma (t = 3.110, 
P = 0.0144; Fig. 8E, F). Taken together, our data showed that L13 can 
neutralize MMP-9 in serum and brain tissue samples of stroke patients, 
which provides strong evidence supporting the clinical potential of L13 
for acute stroke treatment. 

4. Discussion 

MMP-9 belongs to the family of zinc- and calcium-dependent endo-
pepidases [37], and plays important roles in the physiology and pa-
thology of brain. In physiology, MMP-9 participates in synaptic and 
cortical plasticity, learning and memory, neurogenesis and so on; during 
pathologies, MMP-9 is involved in many brain disorders, such as stroke, 
multiple sclerosis, brain trauma, Alzheimer’s disease and so on, and the 
therapeutic effects of MMP-9 pharmacological inhibition or genetic 
deletion have been reported in various brain disease models [14,15]. 
Here, we identified the therapeutic effects of a recently developed 
MMP-9-targeted neutralizing mAb on acute stroke, and the mechanisms 
underlying its BBB- and neuro- protective actions. Our data provide 
strong evidence supporting the therapeutic potential of MMP-9 
neutralizing mAbs for acute stroke treatment by attenuating MMP-9 
activation-mediated BBB breakdown. 

Targeted inhibition of MMP-9 for BBB protection during acute stroke 
has the following advantages. First, the role of MMP-9 in BBB disruption 
following ischemic stroke has been established for decades with abun-
dant of clinic and animal study evidence [14,35]. Second, although 
MMP-9 is involved in certain central nervous processes, no major 
neurological deficits and limited survival time were observed in Mmp9 
KO mice (from mouse datasheet of Jackson Laboratory) [38], which 
suggests MMP-9 inhibition possesses a high safety profile, especially 

Fig. 8. MMP-9 mAb (L13) neutralized the enzymatic activity of human MMP-9 in stroke patient-derived samples ex vivo. (A) The MMP-9 protein levels in 
serums of stroke patients and healthy control subjects were measured by Western blot. (B) Quantitation of the protein bands in (A). n = 3 people per group. (C) 
Gelatin zymography of MMP-9 enzymatic activity in serums of stroke patients with co-incubation with L13 or control IgG (1:7.6, 37℃, 90 min). (D) The relative fold 
changes in MMP-9 activity compared to the values in the control group. n = 5 patients in AIS group and 7 patients in ICH group, respectively. (E) Gelatin zymography 
of MMP-9 activity of brain tissues around or in the hematoma. (F) The relative fold changes in MMP-9 activity compared to the values in the control group. n = 7 
patients per group. * P < 0.05, * * P < 0.01. AIS, acute ischemic stroke; ICH, intracranial hemorrhage; ns, no significance. 
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short-term inhibition in the acute stage of stroke. Third, MMP-9 medi-
ated BBB disruption is a common mechanism in a series of brain diseases 
so that MMP-9 inhibition has a potential of being a versatile strategy for 
BBB protection. Therefore, given the high translational potential, 
MMP-9 is one of the most appealing targets for protecting BBB in the 
acute stroke. The previous study had shown that L13 exclusively 
inhibited the activity of MMP-9 but not MMP-2/− 12/− 14, and had a 
therapeutic effect on neuropathic pain in mice [25]. Here, our data 
showed that the BBB protection of L13 was fully abolished in Mmp9 KO 
mice, and the protective effects of L13 on ischemic stroke through 
transiently inhibiting MMP-9 activity was comparable to that seen in 
mice with Mmp9 genetic deletion, indicating that L13 alleviates 
ischemic stroke through efficient and specific inhibition of MMP-9. 

Until now, nearly 30 agents and methods have shown a possible or 
verified effect to inhibit MMP-9, but the majority of them are non- 
specific MMP inhibitors [39]. Five drugs designed to target MMP have 
been studied for AIS/ICH (Table 1). As promising candidates of MMP-9 
inhibitors, mAbs are capable of distinguishing two or more closely 
related protease family members [40–44]. In addition, mAb has ad-
vantages in stability and half-life in blood than small-molecule agents 
[45–47]. In this study, MMP-9 mAb L13, isolated from an inhibitory 
function-based strategy, was validated for its therapeutic effects for 
treating both ischemic and hemorrhagic strokes. Compared to the pre-
viously reported MMP-9 mAb with only prophylactic effect on ischemic 
stroke [23,24], L13 is up to now the first MMP-9 neutralizing antibody 
with clear therapeutic potential and mechanism of action for both 
ischemic and hemorrhagic stroke treatments. In order to compare the 
efficacy of L13 with currently available MMP9 inhibitors, we selected 
SB-3CT, the most-specific MMP-9 inhibitors reported so far, which 
actually has higher binding affinities to MMP-2 than MMP-9 [21]. 
SB-3CT has been widely used in animal stroke studies with 
well-established dosage regimen and efficacy [32,33], thus can serve as 
a good positive control of L13 mAb. We compared the protective effects 
of L13 mAb and SB-3CT in a mouse model of ischemic stroke. Our results 
showed that L13 mAb achieved a similar protective effect to SC-3CT, in 
terms of infarct volume, neurological and motor functions. Given that 
L13 mAb has much higher specificity (Ki=120 nM for MMP9, no inhi-
bition of MMP2/12/14) than SB-3CT (Ki=600 nM for MMP9, 
Ki=13.9 nM for MMP2) [21,25] and requires only one injection within 
days after stroke due to longer half-life of antibody drugs, we believe 
that L13 mAb has higher translational potential than current MMP9 
small-molecule inhibitors for stroke treatment. 

During acute stroke, in addition to MMP-9, several other MMPs are 
also reported to be upregulated in brain tissues. For example, MMP-2 
was activated following ischemic and hemorrhagic stroke in animal 
models or patients [17,48–50]. In addition, upregulation of 
MMP-3/− 13 after cerebral ischemia and MMP-3/− 7/− 12 in intrace-
rebral hemorrhage models were also previously observed [48,51,52]. 
This raises a question whether specific inhibition of MMP-9 versus 
simultaneous inhibition of multiple MMPs is the optimal strategy. 
However, concrete and consistent evidence has been lacking to support 
the roles of these MMPs other than MMP-9 in acute stroke. Based on 
previous studies, it appears that specific inhibition of MMP-9 in the early 
phase of acute stroke is a strategy with highest reliability, effectiveness 
and safety. Many studies including ours using Mmp9 KO mice consis-
tently showed neuro- and BBB-protective effects of Mmp9 genetic dele-
tion after ischemic stroke [14], whereas the results with other MMP KO 
animals such as MMP-2 have been controversial or unclear [53,54]. 
Meanwhile, previous studies showed that MMP-9 is the most abundantly 
increased MMPs in the acute stage after stroke, whereas MMP-2 is 
mainly increased at a later stage (several days) after stroke [48,49,55, 
56], suggesting that MMP-9 is responsible for acute brain tissue injury 
after stroke. Further, specific inhibition of MMP-9 other than simulta-
neous inhibition of multiple MMPs may reduce safety issues as MMPs are 
involved in many biological processes, some of which may be important 
for brain function during both the acute injury and chronic repair phase 

after stroke. Last but not least, the early timing of MMP-9 inhibition is 
critical to ensure beneficial outcomes as MMP-9 was reported to also 
play a role during the delayed cortical responses after stroke [57,58]. 

Similar to ischemic stroke, MMP-9 has been shown to be rapidly 
increased in mouse brain tissue and human serum after acute ICH [16]. 
However, the therapeutic effect of MMP-9 inhibition in ICH has been 
debatable. MMP inhibitors including GM6001, BB-1101 and minocy-
cline significantly improved the outcomes of experimental ICH [17,18]. 
In contrast, studies also found that broad spectrum MMP inhibitor BB-94 
or Mmp9 genetic deletion showed deleterious effects in animal ICH 
models [19,20]. In the current study, we found no significant difference 
in hematoma volume and BBB leakage between Mmp9 KO mice and WT 
mice (Supplementary Fig. 4), likely due to the compensatory upregu-
lation of MMP-2/− 3 expression after long-term Mmp9 deficiency [19]. 
Moreover, we found a beneficial effect of MMP-9 inhibition by L13 in the 
mouse ICH model, suggesting that the deleterious effects of pharmaco-
logical inhibition of MMP-9 seen by previous studies might result from 
the non-specific side effects of the broad MMP inhibitors used. There-
fore, our results clearly demonstrated that exclusive and temporal in-
hibition of MMP-9 by L13 was able to improve the outcomes of ICH via 
protecting BBB by a mechanism similar to that in ischemic stroke. 

The therapeutic time window for MMP-9 inhibition is critical to the 
success of stroke treatment. MMP-9 expression and activity are rapidly 
induced and upregulated within hours following either cerebral 
ischemia or intracerebral hemorrhage and reached the peak within 
24–48 h [16,38,59]. Therefore, we speculated that implementation of 
MMP-9 inhibition via L13 as early as possible would incur the maximal 
BBB-protective effect. Indeed, a previous study using the MMP-2/9 dual 
inhibitor SB-3CT has demonstrated that MMP-9 inhibition was effective 
to reduce infarct volume of mice when the treatment was implemented 
before or within 6 h of the onset of 2-h cerebral ischemia, but was 
ineffective when the treatment was implemented at 10 h after the onset 
of 2-h cerebral ischemia [32], suggesting a narrow therapeutic window 
for MMP-9 inhibition in stroke treatment. On the basis of these previous 
studies, we administered L13 at the onset of reperfusion or after colla-
genase VII injection in the ICH model, and observed encouraging ther-
apeutic effects in both stroke models. Furthermore, our unpublished 
data shown that the half-life of intravenously injected L13 was around 
4–5 days. Therefore, the administration of L13 immediately after the 
onset of stroke can cover most of the acute stage of stroke when MMP-9 
is upregulated and detrimental, but would not affect the important 
beneficial role of MMP-9 in delayed cortical responses after stroke (>
7days) [58]. 

In order to provide more direct evidence of L13 for the treatment of 
stroke in clinic, we determined the neutralizing effect of L13 on human 
MMP-9 activity in serum or brain tissue samples of stroke patients, 
which can be recognized as a small-scale ex vivo clinical trial. Serum 
levels of MMP-9 in patients with acute stroke is positively correlated 
with BBB damage and prognosis [60–63]. Therefore, the inhibitory ef-
fect of L13 on MMP-9 in serum and brain tissue samples of stroke pa-
tients ex vivo can conceivably reflect the therapeutic potential of L13 on 
MMP-9 related brain injury in stroke patients. We found that the MMP-9 
protein level in ICH patients was higher than that in healthy adults, but 
there was no significant difference between AIS patients and healthy 
adults. In a previous clinical study [64], the serum MMP-9 levels of AIS 
patients were higher than that of healthy control group, which is 
inconsistent with our data possibly because that we collected samples 
within 24 h after AIS onset, which maybe not the time point when 
MMP-9 is abundantly secreted into the blood after AIS. Another possible 
reason is that Western blot analysis was not sensitive enough for 
detecting differences of serum MMP-9 as compared with ELISA. How-
ever, gelatin zymography assay was sensitive enough to show that 
MMP-9 activities were significantly decreased by L13 treatment in both 
AIS and ICH patients. More importantly, the MMP-9 activity in the 
peri-hematoma brain tissues of ICH patients was also substantially 
reduced by L13 treatment. Our data provide direct evidence that L13 
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may be clinically effective in the treatment of stroke patients. 
Last but not least, the effects of MMP-9 inhibition on other comor-

bidities in stroke patients should be considered. Stroke is often associ-
ated with other comorbidities in aged population, such as obesity, 
diabetes, hypertension, etc. Increased levels of MMP-9 have been widely 
found in a variety of cardio-metabolic diseases, chronic kidney disease, 
and cancers, and may play important roles in the pathogenesis of these 
diseases [65–67]. Investigations are needed to determine how 
short-term administration of MMP-9 neutralizing antibodies during the 
acute stage of stroke would affect these co-existing diseases in stroke 
patients. 

5. Conclusion 

Overall, our findings describe a highly promising human mAb drug 
and demonstrate that neutralizing mAbs that exclusively target MMP-9 
constitute a potential feasible therapeutic approach for both ischemic 
and hemorrhagic stroke. Further clinical trials are needed to explore the 
safety and efficacy of L13 in stroke patients. 
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