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Abstract

CD147 has emerged as a potential therapeutic target in many human diseases. We have
demonstrated that inhibition of CD147 using its function-blocking antibody ameliorates acute
ischemic brain injury and promotes long-term functional recovery in mice. Recently, peptide—
nanoparticle conjugates have emerged as powerful tools for biomedical applications. The present
study aimed to investigate the therapeutic potential of CD147 antagonist peptide-9 (AP9) in acute
ischemic stroke in mice using nanomaterial as the drug delivery vehicles. AP9-conjugated
nanoparticles (APN), with an average size of about 40 nm, were fabricated by maleimide linkage
and characterized using dynamic light scattering and transmission electron microscopy. We found
that APN specifically bound to CD147 in cultured mouse brain endothelial cells (bEnd.3) and to
ischemia-induced CD147 in mouse cerebral microvessels. Using a mouse model of transient
middle cerebral artery occlusion (tMCAOQ), we demonstrated, for the first time, that systemic
delivery of APN (2.5 mg/kg, 1.V.) initiated at 1 h after tMCAQ significantly reduced brain infarct
size, improved functional outcome, and attenuated delayed (5 h after tMCAQ) tPA-induced
intracerebral hemorrhage in acute ischemic stroke. These protective effects were associated with
profound inhibition of MMP-9 and MMP-3 in both ischemic brain and plasma. In conclusion, the
CD147 antagonist peptide-9 represents a potentially promising therapeutic candidate for the
treatment of ischemic stroke.
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INTRODUCTION

Ischemic stroke is a cerebrovascular disease that results from the temporary or permanent
occlusion of vital cerebral arteries. To date, intravenous administration of tPA (tissue-type
plasminogen activator; IV tPA) remains the only Food and Drug Administration-approved
drug therapy for achieving cerebral reperfusion. However, only very limited stroke cases
(3% to 8.5%) benefit from 1V tPA due to its narrow therapeutic window (within 4.5 h of
stroke onset) and the increased risks of fatal intracranial hemorrhage.! Therefore, there is a
pressing need for developing new treatment strategies to combat cerebral ischemia, the
leading cause of disability and mortality worldwide. Accumulating evidence suggests that
biomolecular drugs, including peptides and proteins, are promising for the treatment of
ischemic stroke.2=4 However, the inherent instability in plasma and the low penetration
through the blood-brain barrier (BBB) of biomolecular drugs usually hamper their further
clinical translation. Recently, nanotechnology has emerged as a promising strategy to
enhance the in vivo stability and achieve the CNS availability of therapeutic biomolecules.5-

CD147 (cluster of differentiation 147), a cell surface glycoprotein of the IgG superfamily,
servers as a potent inducer of extracellular matrix metalloproteinases (MMPSs) and
modulates the synthesis and activity of MMPs.” Increased expression of CD147 has been
implicated in many human diseases including cancer, cardiovascular diseases, and
neurological disorders.8 It has been demonstrated in patients and experimental stroke models
that cerebral ischemia significantly induces CD147 expression.®-13 Moreover, the increase
in CD147 following cerebral ischemia plays a key role in regulating MMPs activities, and
mediates the pathology of ischemic injury, including stroke-induced BBB dysfunction,
microvascular thrombosis, cerebral inflammation, and pneumonia.1%-12 Qur previous studies
have shown that ischemia-induced CD147 expression substantially contributes to stroke-
associated pneumonia, acute ischemic brain injury, and long-term white matter damage and
functional impairment after ischemic stroke in mice.8:12:13 Qur findings suggest making
CD147 a promising target for therapeutic intervention in cerebral ischemia.

Antagonistic peptide-9 (AP9), a CD147 antagonistic peptide, binds specifically to CD147
and significantly inhibits the function of CD147 in tumor cell lines.14 Therapeutic targeting
of CD147 using AP9 has been shown to prevent cancer invasion and metastasis.1#1° Besides
the widely validated efficacy of AP9 in various cancers, one recent study demonstrated that
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AP9 attenuates ischemic/reperfusion injury in an experimental model of acute myocardial
infarction.1® Considering that CD147 is recognized as a substantial contributor to the
evolution of ischemic injury and behavioral deficit after stroke,®12 we hypothesized that
targeting CD147 using AP9 may functionally antagonize CD147 and thus provide protective
effects on ischemic stroke. In this study, we aimed to assess the therapeutic potential of AP9
in acute ischemic stroke in mice using nanomaterial as the drug delivery tool. As a CD147
antagonistic peptide, AP9 inhibits the dimerization of CD14717 as well as the CD147-
cyclophilin A interaction,17:18 and both can mediate the induction of MMPs.”18 In the
present study, we investigated the role and the possible mechanisms of action of
nanoparticle-delivered CD147 antagonistic peptide-9 in ischemic stroke in mice.

EXPERIMENTAL SECTION

Materials and Reagents.

DSPE (1, 2-distearayl-sn-glycero-3-phosphorylethanolamine), DSPE-PEG(2000), DSPE-
PEG(2000)-maleimide, and DSPE-rhodamine were purchased from Avanti polar lipids
(Alabaster, AL). Cysteine modified AP-9 peptide (Cys-YKLPGHHHHYRP) and scrambled
AP-9 peptide (Cys-HYLPGHRHPYHK) were synthesized by GenScript (Piscataway, NJ).
Other chemicals with high-grade purity were obtained from Thermo Fisher Scientific.

Preparation of Polymeric Nanoparticle.

DSPE, DSPE-PEGyqq0, DSPE-rhodamine, and DSPE-PEGyggp-maleimide, in a molar ratio
of 50:39:10:1, were dissolved in 20 mL solvent of chloroform/methanol (4:1, V/V). After
evaporating, the obtained thin and uniform lipid film was hydrated with 6 mL of HEPES
buffer (0.01M, pH 6.5) for 1 h at 60 °C, cooled at room temperature, and then placed at 4 °C
for 30 min. The C-terminal cysteine residue-modified AP9 (Cys-AP9) or scrambled AP9
(Cys-SC-AP9) mixed with DSPE-PEG,qgg-maleimide in a molar ratio of 1.5 to 1 was added
to the cooled hydrated aqueous solution and reacted under nitrogen at 4 °C overnight (about
12 h). The reaction mixture was then concentrated using centrifugal concentrator (100 K
COMW, Corning) at 3000g for four cycles (20 min each) to remove unconjugated Cys-AP9
or Cys-SC-AP9, and the concentration of unconjugated Cys-AP9 or Cys-scram-AP9 in the
supernatant was measured by high performance liquid chromatography (HLPC). The
obtained AP9 or SC-AP9-nanoparticle conjugates (namely APN and SAPN, respectively)
were diluted with HEPES buffer to yield a final concentration of about 1 mg/mL
(corresponding to a concentration of 608 1M, AP9/SC-AP9 molecular weight: 1645).

Dynamic Light Scattering and Zeta Potential.

Particle size distribution and zeta potential of APN or SAPN were determined as described
previously using a ZETA-SIZER Nano-ZS (Malvern Instruments, Ltd., UK) at 25 °C.19
APN or SAPN stock solution (1 mg/mL corresponding to AP9 or SC-AP9) was diluted at
1:100 with HEPES buffer (0.01M, pH 6.5) before measurement. Each measurement was
performed in triplicate.
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Morphology by Transmission Electron Microscopy (TEM).

The morphology of APN was characterized using a transmission electron microscope
(Hitachi H-7650, Japan) after dilution at 1:100 with HEPES buffer (0.01M, pH 6.5), as
described previously.20

Blood Compatibility.

Blood compatibility was evaluated with hemolysis assay as described previously.2 Freshly
isolated mouse red blood cells (RBCs) were incubated with AP9-conjugated nanoparticles
(APN) at final concentration range of 0.01-100 M or blank nanoparticles only (BLANK)
for 1 hat 37 °C in Dulbecco’s PBS (D-PBS). After centrifugation (700g for 10 min at 4 °C),
the hemoglobin absorbance of the all the supernatant was measured at 577 nm with the 655
nm as a reference by a microplate reader (Molecular Devices, USA). RBCs incubated with
distilled water and D-PBS were used as positive and negative controls, respectively.
Experiments were performed in triplicate. The hemolytic degree was expressed by the
hemolytic ratio calculated according to the following formula:

hemolysis ratio = (ODtest = ODpegative control )

/ (ODpositive control ODpegative control ) x 100

Cytotoxicity and In Vivo Toxicity.

To investigate the cytotoxicity of AP9, scrambled AP9, AP9-conjugated nanoparticles
(APN), scramble AP9-conjugated nanoparticles (SAPN), and blank nanoparticles (BLKN,
without AP9 or scramble AP9), we conducted 3-(4, 5-dimethyl-2-thiazolyl)-2, 5-
diphenyl-2H tetrazolium bromide (MTT) assay as described previously using bEnd.3 (ATCC
CRL-2299) and CATH.a (ATCC CRL-11179) cell lines.20 bEnd.3 is a mouse brain
endothelial cell line, and CATH.a is a mouse brain neuron cell line. Both cell lines were
purchased from American Type Culture Collection (ATCC).

In vivo toxicity was evaluated in healthy mice 3 days after intravenous injection of APN or
SAPN at the dose of 5 mg/kg using HE staining of primary organs (heart, liver, spleen, lung,
kidney, and brain).

Mouse Stroke Model and Drug Treatment.

Focal cerebral ischemia was induced in C57BL/6 mice (8-10 weeks, Jackson Laboratories,
Bar Harbor, ME) by a 60 min transient middle cerebral artery (MCA) occlusion (tMCAQ)
using the intraluminal filament occlusion method as we described previously.8:12 Briefly, a
6-0 silicone-coated nylon monofilament (Doccol Corp.) was introduced from the left
external carotid artery into the internal carotid artery and advancing it to the origin of the
MCA until cerebral blood flow was abruptly reduced. After 60 min of the occlusion, the
restoration of blood flow to the MCA territory is made by withdrawal of the nylon suture.
Sham-operated animals underwent anesthesia and exposure of the arteries without MCA
occlusion.
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After surgery, the mice were randomly divided into three treatment groups: APN, SAPN, or
saline vehicle. APN or SAPN (the stock solution in HEPES buffer: 1 mg/mL corresponding
to AP9 or SC-AP9) was diluted to the desired concentrations using normal saline and
administrated via tail vein injection in a total volume of 100 4L initiated at 1 h after
induction of tMCAO.

Affinity of APN and SAPN to CD147 In Vitro and In Vivo.

To measure the in vitro affinity of APN and SAPN to CD147, bEnd.3 cells were seeded on
the coverslips in a 24-well plate. When the cells formed confluent monolayers, the previous
medium was removed, and they were washed thrice with PBS and then incubated with
serum-free medium containing Rhodamine-labeled APN or SAPN (10 nM) for 1 h. After
that, cells were washed twice with PBS, fixed with 2% PFA in PBS solution, immunostained
for CD147 (1:200, Abcam), and visualized by fluorescence microscopy.

To test the in vivo affinity of APN and SAPN to CD147, both normal mice and tMCAO
mice were injected with Rhodamine-labeled APN or SAPN solution (corresponding to AP9
of 2.5 mg/kg body weight, and rhodamine of 15 xmol/kg body weight) at 1 h after tMCAO
onset. After transcardial perfusion with cold PBS (pH 7.4) under deep anesthesia at 4 h after
induction of tMCAQ, brains were immediately removed, fixed in 4% paraformaldehyde
overnight, rinsed several times in PBS, then stored in 30% sucrose at 4 °C until the brains
sank. Brains were embedded in optimal cutting temperature compound (OCT compound)
prior to frozen sectioning to 6 4m thick coronal sections. Sections were further
immunostained for CD147 (1:200; Abcam) as we described previously.12

Infarct Volume, Intracerebral Hemorrhage, and Neurological Deficits.

Mice were euthanized at 3 days after tMCAQO. After transcardial perfusion with 30 mL of
normal saline, brains were removed and cut into seven 1 mm-thick coronal sections. The
brain sections were stained with 2% 2,3,5-triphenyltetrazolium chloride (TTC) for 10 min.
Infarct volume was determined on TTC-stained sections using Image-Pro Plus software
(version 6.0). In TTC staining, viable tissue is stained red, and lack of TTC staining (white)
is considered “infarcted”.22 The actual infarct volume corrected with edema was calculated
as we described previously.23 The modified Bederson score?4 and the grip strength test2>
were assessed in a blind manner before and at 3 days after tMCAO as described.1?
Hemoglobin levels were measured in the TTC-stained sections by a spectrophotometric
assay using Drabkin reagent (Sigma-Aldrich).26

Western Blot and Gelatin Zymography.

Proteins were extracted from the cerebral cortices (bregma +2 to —3 mm) and the plasma 24
h after stroke. The two assays were conducted as described.23:27 The following primary
antibodies were used for Western blotting: MMP-3 (1:1000; Abcam); g-actin (1:1000;
Sigma); transferrin (1:1000; Abcam). Semiquantitative assessment of immunoblots and
MMP bands was performed by computerized densitometry.
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Data are expressed as mean + standard deviation. Graph Pad Prism 5 software was used for
statistical analysis. One-way ANOVA followed by the Bonferroni post hoc test, and two-
tailed Student’s #test were used to determine significant differences among multiple groups
and between two groups, respectively. £< 0.05 was considered statistically significant.

Fabrication and Characterizations of AP9 Peptide—Nanoparticle Conjugates.

The AP9 peptide—nanoparticle conjugates (APN) were prepared using film dispersion
method. APN was fabricated by the bioconjugation of cysteine-modified CD147-
antagonistic peptide 9 (Cys-AP9) to the maleimide moieties of polymeric nanoparticles
(DSPE-PEG-maleimide),23 as illustrated in Figure 1A. SAPN was generated by cysteine-
modified AP-9 scrambled peptide (Cys-SC-AP9) and conjugated similarly as APN. The size
distribution and morphology of the APN were determined using dynamic light scattering
(DLS) method and transmission electron microscopy (TEM), respectively. As shown in
Figure 1B and C, APN showed an average diameter of O =38.71 + 0.81 nm and a zeta
potential of =-20.93 £ 0.97 mV. TEM image (Figure 1D) confirms that APN featured
nanostructures with a size of about 40 nm.

The blood compatibility, cytotoxicity, and in vivo toxicity of APN were evaluated by
hemolysis analysis, MTT cell viability assay, and HE staining of primary organs,
respectively. Hemolysis assay demonstrated that both blank nanoparticles (BLKN, without
AP9 or scramble AP9) and APN showed superior blood compatibility even at concentration
as high as 100 M (Figure 2A,B). The in vitro cytotoxicity of APN was assessed by MTT in
both mouse brain endothelial cell line (bEnd.3) and mouse brain neuron cell line (CATH.a),
and neither bEnd.3 nor CATH.a cells showed significant cell toxicity when treated with
different concentrations of APN (1, 10, and 100 nM) (Figure 2C,D). APN and SAPN at
1000 nM showed moderate cytotoxicity to both bEnd.3 nor CATH.a cells, which is due to
the cytotoxicity of blank PN (BLKN), as both Cys-AP9 and Cys-SAP9 had no cell toxicity,
whereas BLKN showed similar cytotoxicity at 1000 nM. HE staining images of the primary
organs from mice 3 days after APN injection showed no appreciable abnormality or
noticeable organ damage (Figure 2E), suggesting no detectable in vivo acute toxicity.

APN Binds Specifically to CD147 In Vitro and In Vivo.

Specific binding of targeted APN to endogenous CD147 was investigated in vitro using
bENnd.3 mouse brain endothelial cells and in vivo using transient MCAQO (tMCAQO) model in
mice. bEnd.3 cells were incubated with rhodamine-labeled APN (Rho-APN, corresponding
to 10 nM AP9) for 1 h, then further immunostained for CD147. We found that Rho-APN
bound specifically to endogenous CD147 in bEnd.3 cells, as revealed by the extensive
colocalization of Rho-APN with CD147 as shown in Figure 3A. However, SAPN, which is
fabricated with scrambled AP9, showed minimal binding affinity to endogenous CD147
(Figure 3A).

ACS Appl Bio Mater. Author manuscript; available in PMC 2021 June 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 7

Our previous data demonstrated that CD147 is minimally expressed in normal brain
microvessels, but its expression significantly and rapidly increased in brain microvessels as
early as 4 h after tMCAQ in mice.12 Here, we found that APN bound barely to normal brain
microvessels but abundantly to ischemic microvessels 4 h after stroke (Figure 3B) due to the
increased CD147 expression in the ischemic brain endothelium. SAPN showed almost no
binding to microvessels in either normal or ischemic brains (Figure 3B), as expected. Double
immunostaining further confirmed the in vivo binding of APN with ischemia-induced
CD147 in CD31-positive microvascular endothelial cells (Figure 3C-E).

APN Improves Acute Stroke Outcome and Reduces tPA-Induced Intracerebral
Hemorrhage.

Acute stroke outcome was evaluated on day 3 after stroke. Significantly reduced infarct
volumes were observed in mice administrated intravenously with APN at doses of 2.5t0 5
mg/kg initiated at 1 h after tMCAO (P < 0.01), whereas a lower dose of 0.5 mg/kg APN
showed no significant effect compared with mice administrated with vehicle (Figure 4A,B).
No significant difference in infarct volumes was found between mice treated with 2.5 mg/kg
SAPN and vehicle (Figure 4A,B). Functionally, the smaller infarct volumes correlate
positively to better neurological outcome. Mice administrated with APN (2.5 or 5 mg/kg)
showed significant improvement in overall neurological function (Figure 4C) and motor
function and coordination (Figure 4D) compared with vehicle control. On the basis of these
data, the dose 2.5 mg/kg of APN or SAPN was used for further experiments.

Intracerebral hemorrhage (ICH) was evaluated on day 1 after stroke. Delayed 1V tPA (10
mg/kg, 10% as bolus and remaining as infusion over 30 min) was administrated at 5 h after
tMCAO to induce ICH in mice.28 We found here that APN, but not SAPN, at a dose of 2.5
mg/Kkg initiated at 1 h after tMCAO significantly reduced delayed tPA-associated ICH 24h
after tMCAO in mice (Figure 4E).

APN Reduces Activity/Expression of Ischemia-Induced Cerebral and Plasma MMPs.

MMPs (matrix metalloproteinases), in particular MMP-9, are significantly increased by
cerebral ischemia and play a pivotal role in brain damage and tPA-associated hemorrhage
after stroke.26:29 Gelatin zymography was performed to assess MMP-2/MMP-9 activities in
the cerebral cortex and plasma at 24 h after stroke. As expected, both cerebral MMP-2/
MMP-9 enzyme activities were low at baseline in Sham control (Figure 5A). APN, but not
SAPN, significantly inhibited ischemia-induced MMP-9 and MMP-2 in the ischemic brain
(Figure 5A). APN also inhibited the increased activity of MMP-9 in plasma, whereas plasma
MMP-2 activity was not altered by either APN or SAPN (Figure 5B). In addition to
increased activity of MMP-2/MMP-9, expressions of MMP-3 in both the cerebral cortex and
plasma were dramatically decreased after APN treatment (Figure 5C) 24 h after stroke, as
detected by Western blotting.

DISCUSSION

In this study, we fabricated and characterized CD147 antagonistic peptide-conjugated
nanoparticles (APN) and demonstrated, for the first time, its efficacy in reducing brain

ACS Appl Bio Mater. Author manuscript; available in PMC 2021 June 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 8

infarct size, improving functional outcome, and attenuating tPA-induced intracerebral
hemorrhage in the tMCAQO mouse ischemic model. Mechanistically, we provided evidence
showing that the protective effects of APN were associated with profound inhibition of
MMP-9 and MMP-3 in both ischemic brain and plasma.

Peptides represent a unique class of pharmaceutical compounds, which exhibit target
specificity (protein functionalities) and low inherent toxicity, and possess a high degree of
modularity in molecular design.3% Accumulating studies have demonstrated the effectiveness
of different therapeutic peptides in ischemia stroke in attenuating neuronal apoptosis,31:32
inhibiting inflammatory, 33 targeting oxidative stress,3# and promoting angiogenesis.3°
However, to overcome the inherent low in vivo stability and weak CNS availability of these
peptides, various strategies have been utilized including customized synthetic methods,
specialized administration routes (intranasal delivery; intracerebroventricular injection),
conjugation to carrier molecules (e.g., cell-penetrating peptide), or delivery in nanoparticles
(e.g., hydrogels, liposomes). In this study, we fabricated APN by conjugating CD147
antagonistic peptide (AP9) to polymeric nanoparticles using maleimide linkage, a technique
that is widely applied in clinically approved antibody—drug conjugates.3® We found that
APN bound efficiently to ischemia-induced CD147 in mouse cerebral microvessels within
the ipsilateral hemisphere after ischemic stroke, suggesting that APN achieved the
successful delivery of AP9 to brain after systemic administration. We also found partial
penetration of APN in the ischemic parenchyma, which is likely due to the enhanced
transvascular transport enabled by lipid-based nanocarriers and the compromised BBB
integrity following ischemia as well. Our previous study demonstrated that ischemia-induced
CD147 expressed mainly in CD31-positive microvascular endothelial cells but rarely in
other brain parenchyma cells (astrocytes, microglia, and neurons) in the acute phase (4-24
h) of tMCAOQ.12 Therefore, the observed binding of APN is prominently limited to
microvascular endothelial cells. Notably, we provided strong, albeit indirect, evidence
showing that APN greatly reserved the bioactivity of AP9 during circulation. This is
supported by the following findings: (1) APN showed significant stronger binding with the
cerebral microvessels and higher penetration into the ischemic parenchyma in comparison
with SAPN; (2) APN at dose of 2.5 mg/kg dramatically reduced infarct volumes, whereas
systemic administration of naked AP9 at dose of up to 5 mg/kg showed no significant effects
in reducing infarct volumes (Figure S1). Taken together, APN improved the brain
penetration and in vivo bioactivity of AP9, and peptide—nanoparticle conjugates showed
great promise for the delivery of therapeutic biomolecules in ischemic stroke management.
Nevertheless, the biosafety of the in vivo application of nanomaterials warrants further
investigation.

CD147, a well-established anticancer target,37:38 recently emerges as a potential therapeutic
target for cerebral ischemia. To date, a variety of CD147 targeting strategies have been
validated including small interfering RNA,3940 antibodies (Licartin; CNTO 3899),38:40.41
peptides,14:16 and small-molecule compound (AC-73; SP-8356).42-44 These various CD147
targeting strategies were predominantly evaluated in cancer therapy with respect to blocking
the cancer-related functions of CD147, with few antibodies tested in cerebral ischemia and
only one peptide tested in myocardial ischemia.812:1316 Qur previous studies demonstrated
the effectiveness of anti-CD147 function-blocking antibody (aCD147) in both the acute and
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recovery phase of ischemic stroke in mouse.8:12:13 Herein, we employed a CD147
antagonistic peptide (AP9) to therapeutically target CD147 and demonstrated its protective
effects in tMCAQO mouse ischemic model. Notably, we found that AP9 significantly
ameliorated delayed tPA-induced intracerebral hemorrhage (ICH), suggesting that AP9 may
be a potential adjuvant for IV tPA to reduce the risks of ICH by late thrombolytic therapy of
IV tPA and provide neuroprotective effects as well. Moreover, targeting CD147 using
peptides may show great advantage over antibodies regarding to clinical translation potential
because clinical translation of therapeutic antibodies is facing several limitations including
immune cross reactivity, antibody-mediated side effects, and high production costs.#>:46
Therefore, our findings here suggest that CD147 antagonistic peptide (AP9) represents a
potentially promising therapeutic candidate for the treatment of ischemic stroke.

We demonstrated here that systemic delivery of APN inhibited the cerebral and plasma
MMP-9/MMP-3/MMP-2 in the acute phase (24 h) of ischemic stroke, leading to improved
acute stroke outcome and reduced delayed-tPA-induced intracerebral hemorrhage (ICH).
AP9 antagonizes CD147 through disrupting its dimerization, thereby inhibiting the induction
of CD147 downstream MMPs.”:17:18 |n this regard, the previously validated in vitro
anticancer activities and in vivo protective effects in acute myocardial ischemia of AP9 are
attributed to inhibiting the expression/activation of MMP-2/MMP-9.14-17 Consistently, we
demonstrated here that targeting CD147 using AP9 inhibited the activity/expression of both
cerebral and plasma MMP-9/MMP-3 and activity of cerebral MMP-2. It has been well
documented that MMPs, mainly the constitutive MMP-2 and inducible MMP-3/MMP9, are
activated in response to ischemia and play important roles in infarction progression and
pathogenesis of ischemic-stroke-associated ICH by causing the disruption of vasculature.
47.48 Moreover, clinical data have shown that high plasma levels of MMP-9 in the acute
phase of a cerebral infarct are independent predictors of ICH in all stroke subtypes.*?
Therefore, the reduced cerebral and plasma MMPs observed in this study most likely
contributed to the decreased infarct sizes, improved functional outcome, and attenuated
delayed-1V tPA-associated ICH, but the exact mechanism needs further investigation.
Especially, in addition to the well-documented inhibition of MMP-2/MMP-9 by AP9, this
study provided the first direct evidence showing that AP9 inhibited the activity/expression of
cerebral/plasma MMP-3. This previously undescribed role of AP9 in inhibiting MMP-3 is
supposed to be critical for reducing tPA-associated ICH, as MMP-3 is relatively more
important than MMP-9 for the tPA-reduced IHC in ischemic stroke.30:51 This finding
provided evidence supporting AP9 as a potential adjuvant for IV tPA thrombolytic therapy in
ischemic stroke.

CONCLUSION

In summary, pharmacological inhibition of CD147 using its antagonistic peptide (AP9)
improves acute stroke outcome and reduces delayed tPA-induced intracerebral hemorrhage
through modulating the cerebral and plasma MMPs. This preliminary study also highlights
that peptide—nanoparticle conjugates are powerful tools for the successful in vivo
applications of therapeutic biomolecules in ischemic stroke therapy.
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Preparation and characterization of AP9 conjugated nanoparticles (APN). (A) Scheme for
preparing APN using film dispersion method. (B) Particle size distribution and (C) zeta
potential of APN. (D) Morphological characteristics of APN detected by transmission
electron microscopy (TEM). Scale bar, 100 gm.
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Figure 2.
Blood compatibility, cytotoxicity, and in vivo toxicity of APN. (A) Percentage of hemolysis

of RBCs incubated with vehicle, BLKN, and APN at different concentrations ranging from
0.01 to 100 Mm for 1 h at 37 °C. (B) Photographs of hemolysis of RBCs in the presence of
vehicle, BLKN, and APN. Distilled water (+) and D-PBS (=) were used as positive and
negative control, respectively. (C, D) Cytotoxicity of AP9 (free peptide AP9), SAP9
(scrambled peptide AP9), APN (AP9 conjugated nanoparticles), SAPN (Scrambled AP9
conjugated nanoparticles), and BLKN (Blank nanoparticles) on (C) bEnd.3 and (D) CATH.a
cells after 48 h treatment. Data are presented as the mean + SD. (E) Representative images
of HE staining of major organs 3 days after injection of APN at dose of 5 mg/kg in normal
mice. Scale bars, 100 tm.
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Figure 3.
APN binds to CD147 in vitro and in vivo. (A) Fluorescence images from

immunocytochemistry showing that rhodamine-labeled (red) APN, but not SAPN, binds to
endogenous CD147 (green) in bEnd.3 cells. Scale bars, 50 gm. (B) Fluorescence images
showing that penetration of APN into the cerebral cortex and striatum is increased after
tMCAO in mouse. Note that penetration of SAPN in mouse ischemic brain is significantly
lower than that of APN. Scale bars, 100 ym. (C, D) Fluorescence images from
immunohistochemistry showing that rhodamine-labeled (red) APN, but not SAPN, binds to
endogenous CD147 (green) in (C) cerebral cortex and (D) striatum after tMCAO in mouse.
Scale bars, 100 pm. (E) Fluorescence images from immunohistochemistry showing that
ischemia-induced CD147 colocalized primarily with CD31-labeld microvascular endothelial
cells in the ischemic cortex 24 h after stroke. Scale bars, 50 ym.
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Figure 4.
APN reduces infarct volumes, neurological deficits, and delayed tPA-induced intracerebral

hemorrhage after tMCAO in mouse. (A) Representative images of TTC-stained brain
coronal sections of mice in indicated groups 3 days after tMCAQ. (B) Quantitative analysis
of infarct volumes. (C, D) Neurological deficits were evaluated with the (C) Bederson test
and the (D) grip test 3 days after tMCAQ. n.s. indicates not statistically significant. (E)
Representative images of unstained coronal sections (left) showing intracerebral hemorrhage
(red color) induced by delayed tPA and quantitative analysis of hemorrhage volume (right)
in indicated groups 1 day after tMCAQ. n.s. indicates not statistically significant.
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APN reduces the activity/expression of ischemia-induced cerebral and plasma MMPs. (A,
B) Representative images (left) and quantitative analysis (right) of gelatin zymography for
MMP-2 and MMP-9 activity in the (A) cerebral cortex and (B) plasma in the indicated
groups. Marker: standard human MMP-2/MMP-9 mixed marker. Semiquantification of
MMP bands was performed using densitometry. Data are expressed as mean + SD *, P<

0.05 versus Sham; #, £< 0.05 versus SAPN. (C) Representative images (left) and
quantitative analysis (right) of Western blotting for MMP-3 expression in the cerebral cortex
(upper panel) and plasma (lower panel) in the indicated groups. *, £< 0.05 versus Sham; #,
P<0.05 versus SAPN.

ACS Appl Bio Mater. Author manuscript; available in PMC 2021 June 11.



	Abstract
	Graphical Abstract
	INTRODUCTION
	EXPERIMENTAL SECTION
	Materials and Reagents.
	Preparation of Polymeric Nanoparticle.
	Dynamic Light Scattering and Zeta Potential.
	Morphology by Transmission Electron Microscopy (TEM).
	Blood Compatibility.
	Cytotoxicity and In Vivo Toxicity.
	Mouse Stroke Model and Drug Treatment.
	Affinity of APN and SAPN to CD147 In Vitro and In Vivo.
	Infarct Volume, Intracerebral Hemorrhage, and Neurological Deficits.
	Western Blot and Gelatin Zymography.
	Statistics.

	RESULTS
	Fabrication and Characterizations of AP9 Peptide–Nanoparticle Conjugates.
	APN Binds Specifically to CD147 In Vitro and In Vivo.
	APN Improves Acute Stroke Outcome and Reduces tPA-Induced Intracerebral Hemorrhage.
	APN Reduces Activity/Expression of Ischemia-Induced Cerebral and Plasma MMPs.

	DISCUSSION
	CONCLUSION
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.

