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Abstract: Acute ischemic stroke (AIS) is the 5th leading cause of death and the leading cause of neurological dis-
ability in the United States. The oxygen and glucose deprivation associated with AIS not only leads to neuronal cell 
death, but also increases the inflammatory response, therefore decreasing the functional outcome of the brain. The 
only pharmacological intervention approved by the US Federal Food and Drug Administration for treatment of AIS 
is tissue plasminogen activator (t-PA), however, such treatment can only be given within 4.5 hours of the onset of 
stroke-like symptoms. This narrow time-range limits its therapeutic application. Administrating t-PA outside of the 
therapeutic window may induce detrimental rather than beneficial effects to stroke patients. In order to reduce the 
infarct volume of an AIS while increasing the time period for treatment, new treatments are essential. Emerging 
monoclonal antibody (mAb) therapies reveal great potential by targeting signaling pathways activated after an AIS. 
With successful application of mAb in the treatment of cancer, other therapeutic uses for mAb are currently being 
evaluated. In this review, we will focus on recent advances on AIS therapy by using mAb that targets the signal-
ing cascades and endogenous molecules such as inflammation, growth factors, acid-sensing ion channels, and 
N-methyl-D-aspartate receptors. Therefore, developing specific mAb to target the signaling pathways of ischemic 
brain injury will benefit patients being treated for an AIS.

Keywords: Acute ischemic stroke, antibody therapy, monoclonal antibody, inflammation, growth factors, acid-sens-
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Introduction

With more than 15 million people in the world 
suffering from strokes each year, strokes are 
an important cause of morbidity and mortality 
[1]. Strokes can be classified into ischemic or 
hemorrhagic, in which 85% of strokes are isch-
emic [1]. Acute ischemic stroke (AIS) is defined 
as a rapid decrease in blood flow to the brain 
immediately depriving the brain from oxygen 
and glucose. The lack in blood supply leads to 
neuronal and glial cell death with subsequent 
loss of cerebral function. As the 5th leading 
cause of death and the leading cause of neuro-
logical disability in the United States, novel and 
effective therapies are critical and warranted 
[1-3].

Currently, the only pharmacological interven-
tion for AIS treatment is intra-arterial (IA) or 
intra-venous (IV) tissue plasminogen activator 

(t-PA) which acts to dissolve the clot and 
improve blood flow [1]. IA or IV t-PA was approv- 
ed by the US Federal Food and Drug Ad- 
ministration (FDA) for AIS therapy. However, t- 
PA must be given less than 4.5 hours from the 
onset of symptoms limiting the efficacy of the 
drug [4, 5]. Aside from the narrow therapeutic 
window of t-PA, over 50% of patients that 
receive t-PA acutely post-stroke have signifi- 
cant long-term disability [5]. While t-PA has a 
narrow therapeutic window, it also has a fatal 
consequence if administered outside of 4.5 
hours [6]. IA or IV t-PA, when not administered 
at the proper time in the proper dose, can lead 
to intracerebral hemorrhages which can ulti-
mately lead to death. Therefore, new treat-
ments are necessary in order to improve st- 
roke outcomes in patients that fall outside of 
t-PA’s therapeutic window of 4.5 hours [6].  
Here, we reviewed recent advances on emerg-
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ing therapies for AIS, with an emphasis on the 
outcomes associated with using monoclonal 
antibody (mAb) to combat the neuronal damage 
associated with AIS.

Inflammation after AIS

Inflammation is one of the major contributing 
factors worsening the clinical outcome of 
strokes [7, 8]. Pro-inflammatory cytokines  
contribute to brain cell death by activating a 
variety of cells: neurons, astrocytes, microglia, 
and endothelial cells. This activation leads to 
neuronal and glial cell death and contributes  
to the progression of brain injury following an 
ischemic stroke [7, 8]. After an AIS, the pro-
inflammatory cytokines and anti-inflamma- 
tory cytokines are activated [8]. For example, 
tumor necrosis factor-α (TNF-α), interleukin-1, 
8 (IL-1, IL-8) and monocyte chemoattraction 
protein-1 (MCP-1) are pro-inflammatory stroke 
cytokines that contribute to neuronal cell 
death, while interleukin-10, 20 (IL-10, IL-20), 
transforming growth factor-β (TGF-β), and inter-
feron-inducible protein-10 (IP-10) are anti-
inflammatory cytokines that are neuroprotec-
tive [9-11]. 

MAb can be administered to block the dele- 
terious pathways associated with inflammation 
by inhibiting pro-inflammatory cytokines as well 
as their receptors. For instance, ion channels 
as well as neurotransmitter receptors are con-
tributing factors to neuronal cell injury after an 
acute stroke [12]. Generating specific monoclo-
nal antibodies (mAbs) to target specific inflam-
matory signaling, cell death pathways, ion 
channels, and neurotransmitter receptors is a 
promising therapy toward managing the out-
come of an acute stroke [12]. 

Emerging therapies based on neuronal regen-
eration also provide benefits to patients that 
are outside of the 4.5-hour time window that 
t-PA administration requires. For instance, mAb 
repair therapies can be accessible to a larger 
patient population because they have a time 
window of days to weeks compared to hours  
as seen with t-PA [5, 6, 12]. MAb promotes  
neuronal repair by binding to receptors and sur-
face markers and function to block or neutral-
ize inhibitors of neuronal cell growth [12]. Three 
major inhibitors of neuronal cell growth are 
myelin-associated glycoprotein (MAG), oligo-
myelin glycoprotein, and Nogo-A. Following an 

acute ischemic stroke, MAG, oligo-myelin glyco-
protein, and Nogo-A are upregulated [13, 14]. 
MAb can be used to block these inhibitors and 
thus will promote neuronal repair and axonal 
growth following an acute ischemic stroke [12].

Recently, mAbs have been successfully appli- 
ed to treat cancer/tumor patients [15-17]. 
Therefore, it is anticipated that mAbs might  
be potential therapeutic agents for stroke 
patients [18, 19]. Most mAbs evaluated for 
stroke treatment prove effective in reducing 
infarct volume and improving neuronal perfor-
mance in animal models of middle cerebral 
artery occlusion (MCAO) [12]. Although most 
clinical trials for mAbs on AIS failed right now, 
however, they are warranted for further 
studies. 

MAb on inflammatory pathways after AIS

Inflammation following damage to tissues beg- 
ins as an acute process [7, 17]. Inflammatory 
molecules are upregulated in conditions such 
as cellular damage, ischemia, hemorrhage,  
and infections. Inflammatory mediators are 
responsible for local and systemic effects 
induced by inflammation [8]. Many molecules 
are involved in this pathological process. The 
main molecules responsible for inflammation 
are cytokines such as ILs and TNF-α, chemo-
kines such as MCP-1, and cellular adhesion 
molecules [18]. In regards to stroke, inflamma-
tory mediators contribute significantly to the 
downfall of patient’s post-stroke [8]. Following 
damage to brain parenchyma, cytokines, che-
mokines, and cellular adhesion molecules 
released in response to injury create a neuro-
toxic environment [8]. 

There are evolving treatments in regards to 
decreasing inflammation proceeding a stroke. 
For instance, immunotherapy is not only an 
effective treatment for targeting cancer cells, 
but is also under evaluation for blocking the 
inflammatory response of post-stroke [19, 20]. 
The results of inflammation as well as the cyto-
kines produced post stroke are the main con-
tributors in the damage that ensues after a 
stroke [12]. MAbs target inflammation and 
decrease cerebral damage after a stroke [19]. 
Therefore, the endogenous inflammatory mole-
cules (chemokines, cytokines, and cellular 
adhesion molecules) are targets of mAb thera-
py. MAbs not only inhibit inflammatory path-
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ways and cascades, but also increase the 
timespan for which reperfusion therapy can be 
given to treat an AIS [18]. IA or IV t-PA dissolves 
the fibrin clot responsible for causing an isch-
emic stroke. However, if given outside of 4.5 
hours from the onset of stroke-like symptoms, 
t-PA has detrimental effects as a result of the 
accumulation of reactive oxygen species (ROS). 
Outside of its therapeutic window, t-PA has a 
significant risk of causing brain hemorrhage 
and angioedema [4]. However, immunotherapy 
is an emerging therapy that can widen the  
therapeutic window of t-PA, allowing t-PA to be 
administered to a wider spectrum of ischemic 
stroke patients. Along with increasing the 
timespan in which t-PA can be administered, 
immunotherapy is also beneficial in inhibiting 
inflammation following an acute ischemic 
stroke and decreasing the infarct volume [19]. 
Clinical trials utilizing anti-inflammatory agents 
such as immunotherapy in AIS have only been 
successful in animal models and have subse-
quently failed in human stroke models [18, 19]. 
Human trials may have failed for a variety of 
reasons. One vital aspect in the lack of repro-
ducibility from animal to human studies is that 
the stroke was controlled for in animal models. 
For example, each mouse or rat underwent  
the exact same procedure to produce a model 
of middle cerebral artery occlusion (MCAO)  
and induce an AIS. However, human models 
uncontrollably have varying causes of strokes 
to varying degrees of severity. Therefore, a 
future study is critical to explore the detailed 
mechanism of strokes in humans. While the 
outcome of immunotherapy in ischemic strokes 
has not yet been effective, the combination of 
multiple therapeutic agents would be desired 
as an effective treatment for stroke patients 
[21-23].

In order to reduce inflammation, antibodies are 
effective molecules to be administered against 
receptors such as toll-like receptor 4 (TLR4) 
and adhesion molecules such as α-4 integrin  
to inhibit the transduction signaling cascades 
[12]. For example, inhibition of TLR4 via mAb in 
MCAO mice had beneficial effects in decreas-
ing inflammation. Inflammation was measured 
based on total infarct volume and brain swell-
ing, both of which decreased after 48 hours in 
MCAO mice treated with a mAb against TLR4 
compared to mice did not get treated with mAb 
[24].

MAbs against leukocyte adhesion molecules 
were also evaluated. Specifically, α-4 integrin 
antibodies were administered against α-4 inte-
grin, a specific leukocyte adhesion molecule 
[25]. In an experimental model of MCAO mice, 
mAb administered against α-4 integrin reduced 
the volume of infarction, however, the study 
was not successful in human trials for natali-
zumab. Natalizumab is an antibody formed 
against leukocyte adhesion molecules, specifi-
cally against α-4 integrin. When natalizumab, 
which was approved by the FDA for the treat-
ment of multiple sclerosis and Crohn’s disease, 
was used in patients with stroke, it did not show 
a significant reduction of infarct volume which 
is in contrast to the animal study [25]. Another 
study using an embolic model of stroke fol-
lowed by thrombolysis with t-PA was conducted 
in rabbits [26]. A mAb was directed against a 
leukocyte adhesion molecule (ICAM-1). Results 
showed a decrease in inflammatory infiltration, 
leading to a decrease in neurological damage 
[26]. Enlimomab is an anti-ICAM-1 mAb, how-
ever, the results from clinical trails suggest that 
enlimomab enhances neutrophil activation and 
inflammation rather than inhibiting it. Therefore, 
enlimomab worsens the outcome of AIS [27]. 
Similar to the lack of reproducibility from ani-
mal studies to human studies seen with mAb 
therapy, further clinical trials are warranted to 
evaluate mAb as an effective therapeutic treat-
ment of human strokes.

The difference between outcomes of animal 
models and humans suffering from AIS might 
be explained by humans and mice/rats having 
different post-ischemic inflammatory respons-
es. For example, there are potential differences 
in α-4 integrin expression between species 
[25]. Another possibility for the lack of reduc-
tion of infarct volume with application of mAb in 
human stroke patients could be attributed to 
the dose administered. Initially, the study 
administered 300 mg of natalizumab based on 
the dosage that is approved as a treatment of 
multiple sclerosis [25]. The study suggests 
doses of natalizumab ranging from 450-600 
mg might have better clinical outcomes in 
regards to reduction of infarct volume com-
pared to the original trial of 300 mg [25]. 
Further clinical trials in which natalizumab is 
increased from its original 300 mg dosage to 
450-600 mg dosage is critical to evaluate this 
emerging stroke therapy more completely.
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Neuronal repair after AIS

Neuronal repair is an important process for 
restoring the structure and function of neurons 
in the central nervous system (CNS) following a 
brain injury [28, 29]. Without neuronal repair 
and regeneration, stroke patients would not 
have an opportunity to recover [29]. In compari-
son to the current therapy of t-PA, neuronal 
repair therapies are measured in days to  
weeks and have the potential of benefiting a 
variety of stroke patients, especially those  
that fall outside of the narrow therapeutic win-
dow of 4.5 hours established by t-PA [12, 30]. 
In particular, studies examined and evaluated 
the neuronal repair process after an AIS. 
Following an AIS, neuronal repair occurs spon-
taneously and can occur for many years after-
wards [29, 30]. Consistent with this idea, ani-
mal studies have provided further insight into 
neuronal repair following an MCAO of AIS. This 
has led researchers to conclude that the  
majority of therapies used to promote neuronal 
repair focus on a single intervention and are 
thus termed monotherapies [30]. State-of-the-
art new techniques such as optogenetics and 
magnetogenetics are also critical for neuro-
plasticity after stroke [31-33]. Optogenetics  
utilizes light to stimulate neuronal activity. In 
experimental animal models, optogenetic re- 
covery was successful in cloned channelrho-
dopsin-2 (ChR2) mice [32]. Furthermore, opto-
genetics stimulated growth-promoting genes  
in the ChR2 mice. However, the optogenetic 
light source must be in direct contact with the 
neuronal tissue. Thus, in order to stimulate 
deep brain tissue, optogenetics is a rather inva-
sive procedure [32]. Therefore, the use of opto-
genetics in human models requires further 
investigation.

A less invasive procedure to stimulate deep 
brain tissues relies on thermal relaxation tech-
niques. Magnetogenetics utilizes magnetic 
fields to heat up nanoparticles [33]. Ma- 
gnetogenetics has been successful in activat-
ing a heat-sensitive transient receptor poten- 
tial vanilloid family member 1 (TRPV1) channel 
of human embryonic kidney cells. In this study, 
manganese oxide nanoparticles were stimulat-
ed by thermal relaxation, leading to the influx  
of calcium through the channel [34]. Another 
example where magnetogenetics was studied 
was in regards to neuronal stimulation. A neuro-
nal population in the ventral tegmental area of 

mice was stimulated, also showing that magne-
togenetics can be utilized for deep brain stimu-
lation [35]. Therefore, magnetogenetics is a 
promising emerging therapy with the potential 
to stimulate neuronal tissue to allow for regen-
eration after strokes.

MAb on growth factors for neuronal regenera-
tion after AIS

Growth factors are essential for CNS develop-
ment and are vital in neuronal repair [30]. 
Growth factors stimulate angiogenesis, cell 
proliferation, cell differentiation, cell migration, 
cell survival, and cellular synaptic plasticity 
[36-39]. Without the activation of growth fac-
tors following an AIS or any CNS injury, neu- 
rons and associated blood vessels would not 
regenerate [40, 41]. A preclinical stroke study 
suggests that the administration of exogenous 
growth factors 24 hours prior to the induction 
of an MCAO in an experimental stroke model 
has long-term benefit on the behavioral out-
come [30]. Specific growth factors utilized in 
this preclinical study were brain-derived neuro-
trophic factor, epidermal growth factor, human 
chorionic gonadotropin, and erythropoietin 
(Epo) [30, 40, 41]. However, similar to the spar-
sity of human trials in examining the inflamma-
tory process of a stroke, human trials are also 
sparse when discussing neuronal regeneration 
via administering growth factors following a 
stroke [42].

Preclinical studies that examined the efficacy 
of Epo in promoting neuronal repair suggest 
that Epo is beneficial when administered as a 
monotherapy within 24-48 hours after the 
onset of the ischemic stroke [43]. Epo was dis-
covered to not only be beneficial but also safe 
for patients [44]. In a randomized, placebo-con-
trolled study, 167 patients received two doses 
of Epo and no adverse side effects were report-
ed when comparing Epo versus placebo [43, 
44]. However, high dose Epo administered 
along with t-PA had an increased mortality rate 
in comparison to the placebo group. As a result 
of the fatal interaction between Epo and t-PA, 
further studies are needed to determine if the 
interaction is dose-dependent or if Epo and 
t-PA must never be co-administered [43, 44].

Growth factors have been applied for neuronal 
regeneration in the majority of human trials for 
patients suffering from an AIS [40, 41]. For 
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example, hematopoietic growth factors have 
been used to trigger the neuronal regeneration 
in an ischemic stroke. In particular, granulo-
cyte-colony stimulating factor (G-CSF) was eval-
uated in the AX200 for Ischemic Stroke Study 
(AXIS) [45, 46]. The AXIS study concluded that 
G-CSF is tolerated when given within 12 hours 
of an ischemic stroke, however, a meta-analy-
sis conducted after the AXIS study discovered 
that administration of G-CSF at any time span, 
ranging from days to years, post-stroke had 
unfavorable effects [47, 48].

Along with growth factors, mAbs can also be 
used to promote axonal growth. Specifically, 
there are three major inhibitors of neuronal 
regeneration that are targets of such mAbs: 
myelin-associated glycoprotein (MAG), oligo-
myelin glycoprotein, and Nogo-A [12, 48]. 
Following an ischemic stroke, MAG, oligo-myelin 
glycoprotein, and Nogo-A are upregulated con-
tributing to the inhibition of neuronal growth 
and regeneration [49-51].

To examine the importance of neutralizing  
the inhibitors of neuronal growth mAb GSK- 
249320 was evaluated. GSK249320 is an IgG1 
mAb with a disabled Fc region directed against 
MAG [52-56]. GSK249320 was tested in exper-
imental stroke models of rats and monkeys. 
GSK249320 reached the lesion site and 
improved the functional outcomes when inject-
ed 24 hours post-stroke [54, 55]. The results 
further support the translational potential of 
this mAb as a restorative therapy for patients 
with strokes [53, 56]. Not only did this mAb 
contribute to restoring function in animal stud-
ies, but more importantly, mAb GSK249320 is 
also an emerging therapy for stroke patients. 
Initially, this mAb was evaluated in healthy vol-
unteers. In this initial study, the GSK249320 
did not lead to any clinically significant abnor-
malities in neurological examinations, nerve 
conduction tests, quantitative sensory tests, 
clinical laboratory tests, or electrocardiograms 
[52]. In regards to side effects in human mod-
els, GSK249320 was well tolerated, and no 
major safety concerns were reported [52]. Re- 
cently, one study randomized 42 patients into 
two groups: placebo group versus the GSK24- 
9320 experimental group [56]. To measure an 
increase in neuronal regeneration, gait velocity 
was evaluated. Initially, gait velocity showed 
greater improvement in those that received 
GSK249320 in comparison to placebo. How- 

ever, in a phase IIb double-blind study, it was 
discovered that two doses of GSK249320 did 
not improve gait velocity in comparison to pla-
cebo [56]. Such results show that although 
mAb GSK249320 has been proven to increase 
gait velocity in patients, doubling the dose will 
actually decrease the efficacy rather than 
improve outcomes. In addition to improving gait 
velocity, anti-MAG mAb was also shown to 
reduce the volume of the lesion when adminis-
tered at 0.05 µg/mL 1 hour after MCAO in ani-
mal models. Animals treated with GSK249320 
showed significant improvements in total neu-
rological score at 24 hours, 48 hours, and 7 
days after treatment when compared to those 
of the placebo group. Overall, anti-MAG mAb 
GSK249320 has been effective in improving 
gait velocity in humans; however, complete 
neurological function has yet to be evaluated in 
human models.

Nogo-A is produced by oligodendrocytes and is 
another contributing factor to the inhibition of 
neuronal growth after CNS injury along with 
MAG [57, 58]. However, the best time to inhibit 
Nogo-A following an ischemic stroke has not 
been identified. Nogo-A cannot be inhibited 
immediately following an ischemic stroke. It 
has been proven that Nogo-A is initially involv- 
ed in healing after a stroke. Although it is ini-
tially needed for healing, Nogo-A eventually 
becomes an inhibitor of CNS regrowth. How- 
ever, the timespan of such events is uncer- 
tain [51, 57]. To expand, both Nogo-A knockout 
mice as well as mice administered anti-Nogo- 
A antibody following a stroke had increased 
mortality compared to placebo. MCAO mice 
that were depleted of Nogo-A had increased 
mortality after a stroke compared to placebo. 
This exemplifies the importance of Nogo-A  
in healing immediately following a stroke. 
However, administering anti-Nogo-A antibody 
7-9 days after MCAO stroke proved beneficial 
[57]. The administration of anti-Nogo-A a week 
after MCAO in mice showed increased sprout-
ing, increased neuroplasticity, increased mid-
line crossing of corticorubral axons to the red 
nucleus of the cerebellum, and new efferent 
cortical projections [57]. In correlation to the 
neuronal regeneration in the above study, a 
study conducted by Wiessner et al. concluded 
that forepaw function in MCAO mice also 
improved [58]. In this experiment, purified 
monoclonal anti-Nogo-A antibody (7B12) was 
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administered to rats exactly 24 hours after 
MCAO induction. Forepaw function of rats that 
had MCAO without 7B12 improved to 40-50% 
of prelesion levels from weeks 4 to 12 after 
MCAO. In contrast, the 7B12 experimental 
group had improved to 40% of prelesion levels 
at week 4 with 60-70% when evaluated at 
weeks 7-12 [58]. While administering anti-
Nogo-A antibody immediately after MCAO  
was associated with an increase in mortality, 
administering it 7-9 days after MCAO increas- 
ed neuronal regeneration and growth, but 
administering anti-Nogo-A antibody 24 hours 
after MCAO improved forepaw function. The dif-
ferent time of administration is associated with 
drastically different outcomes in animal stud-
ies. Thus, more studies are needed in order to 
experimentally determine the ideal time to 
administer this antibody as well as to evaluate 
the outcomes associated with humans.

MAb on acid-sensing ion channels after AIS

Protons have been identified as neurotransmit-
ters in the brain [59]. One of the candidates for 
sensing protons is acid-sensing ion channels 
(ASICs). ASICs are highly expressed in both 
peripheral and central sensory neurons and 
belong to the degenerin/epithelia Na+ channel 
superfamily [60-66]. ASICs are activated by a 
decrease in extracellular pH and play a vital 
role in neuronal cell death after a stroke [67]. 
Four genes (ACCN1-4) encoding at least six 
ASIC subunits have been cloned. Each subunit 
has two transmembrane domains with a large 
extracellular loop and a short intracellular N- 
and C-termini [67-69]. Structurally, ASICs are 
trimeric complexes of either identical or differ-
ent subunits forming into homomeric and/or 
heteromeric channels respectively [63, 65]. 
The functional subunits of ASICs reveal distinct 
electrophysiological and pharmacological prop-
erties [68, 69]. For example, homomeric 
ASIC1a channels have the highest sensitivity 
with a threshold pH for channel activation at 
~7.0 and pH50 around 6.2 to 6.6 [60, 68]. 
Similar to homomeric ASIC1a, heteromeric 
ASIC1a/2a channels are activated with a pH 
drop to slightly below 7.0 with pH50 at ~6.0. In 
contrast, homomeric ASIC2a channels have 
the lowest sensitivity to H+ with a threshold for 
channel activation at a pH of 5.5 and pH50 at 
4.4 [68]. However, due to the presence of vari-
ous endogenous modulators, the sensitivity  

of ASICs to H+ in vivo could be dramatically 
increased [65, 66]. Brain ASICs exist prima- 
rily as homomeric ASIC1a and heteromeric 
ASIC1a/2 channels. However, in a minority of 
neurons, homomeric ASIC2a channels also 
exist [68, 70]. All ASICs are inhibited by 
amiloride, a non-selective ASIC blocker as well 
as a more selective ASIC blocker A-317567 
[70]. In contrast, homomeric ASIC1a and het-
eromeric ASIC1a/2b channels are inhibited  
by tarantula toxin psalmotoxin 1 (PcTx1) [70- 
73].

Brain ASIC1a contributes to synaptic plasticity, 
learning/memory, pain and fear conditioning 
[74, 75]. Both homomeric ASIC1a and hetero-
meric ASIC1a/2b channels are involved in  
damage of the brain parenchyma in ischemic 
strokes [76-86]. In addition to ischemic brain 
injury, ASICs also play critical roles in neuro- 
degenerative diseases such as multiple sclero-
sis, Parkinson’s disease, Huntington’s diseas-
es, seizures, depression and cocaine addiction 
[67]. Although most ASICs desensitize in the 
continuous presence of acidosis, the proper-
ties of ASICs are subjected to change in patho-
logical conditions [67, 79]. For example, the 
expression and/or activity of ASICs are dra- 
matically enhanced after peripheral inflamma-
tion and global ischemia [67, 79, 82]. Also,  
ischemic-related signaling molecules such as 
arachidonic acid and lactate dramatically 
enhance the activation of ASICs [67, 79, 82]. 
Thus, ASICs appear to have more important 
roles in pathological conditions in contrast to 
their limited physiological functions [67]. 
Targeting these channels likely has limited side 
effects [67].

Recently, ASICs have been identified as a 
potential therapeutic target for ischemic 
strokes [67, 75, 80, 82-86]. Studies have dem-
onstrated that ASICs contribute to ischemic 
brain injury [79-82]. During an ischemic stroke, 
oxygen and glucose deprivation results in 
anaerobic metabolism. Anaerobic metabolism 
leads to an accumulation of lactic acids, lead-
ing to a decrease in pH. This decrease in neuro-
nal pH subsequently activates neuronal ASICs 
[79-82]. The activation of ASICs leads to an 
influx of calcium. Unfortunately, this influx in 
calcium is a major contributing factor to cell 
death [67, 79, 80]. Specifically, ASIC1a is the 
predominant subunit with calcium permeability 
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in the brain and thus, ASIC1a is a critical thera-
peutic target for ischemic stroke [67, 79]. 

A mAb called ASC06-IgG1 has been discover- 
ed that specifically blocks ASIC1a [81]. An 
MCAO stroke was induced in mice, and three 
hours after ischemia, 4 µL of phosphate-buff-
ered saline (PBS, vehicle solution) plus 3 µg/ 
µL ASC06-IgG1 were injected intracerebroven-
tricularly. Compared to the control, the group 
treated with PBS plus ASC06-IgG1 showed a 
23% decrease in infarct volume [81]. Such 
results show that ASICs contribute to neuronal 
cell death in the brain. Antibodies against ASICs 
are neuroprotective and might have therapeu-
tic potential in stroke patients [81, 87]. 

MAb on N-methyl-D-aspartate (NMDA) recep-
tors after AIS

Another vital neurotransmitter in the brain is 
glutamate. Glutamate is an excitatory neu-
rotransmitter in the brain and plays a critical 
role in normal physiological functions. For 
example, glutamate is an essential component 
in learning/memory and neuronal plasticity 
[88]. When glutamate levels are off-balance, 
glutamate can contribute to neurological and 
psychological diseases [89, 90]. For instance, 
when glutamate levels are elevated, this can 
lead to a process known as excitotoxicity and 
will contribute to cell death [88]. In order to 
exert its physiological effects, glutamate binds 
to glutamate receptors. One of the important 
glutamate receptors in the brain is N-methyl-D-
aspartate receptors (NMDARs) [91]. NMDARs 
are activated during normal physiological pro-
cesses as well as ischemic stroke conditions. 
During an ischemic stroke, damaged neuronal 
tissue releases glutamate into the plasma and 
cerebrospinal fluid. The rapid increase in gluta-
mate will lead rapid activation of NMDARs [92-
96]. Once glutamate binds to NMDARs, there is 
a subsequent influx of calcium. Similar to how 
activation ASICs lead to an influx in calcium,  
the overload of intracellular calcium due to 
NMDARs activation also contributes to neuro-
nal cell death during an ischemic stroke 
[92-96].

Because high concentration of glutamate with 
subsequent activation of NMDARs is a key  
factor in neuronal cell death, an anti-GluN1 
antibody was developed in animal models.  
Anti-GluN1 antibodies interfere with activated 

NMDARs. This mAb decreased the infarct vol-
ume after an ischemic stroke was induced in 
rats. Following an ischemic stroke, disruption of 
the blood brain barrier (BBB) allows for anti-
GluN1 mAb to penetrate the brain via this 
destructed BBB [97]. 

Not only do anti-GluN1 antibodies prevent 
NMDAR-associated calcium influx, but it is  
also hypothesized that anti-GluN1 antibodies 
inhibit platelet aggregation [97]. Rats were  
vaccinated with GluN1 and were evaluated 
based on the antibodies formed. Various rat 
anti-GluN1 antibodies were cloned and evalu-
ated based on human platelet aggregation.  
The study has shown that rats vaccinated with 
GluN1 have prolonged bleeding while anti-
GluN1-S2 antibodies were shown to inhibit 
platelet activation [97]. By inhibiting platelet 
aggregation, anti-GluN1-S2 antibodies subse-
quently decrease the infarct volume in rat  
studies. However, anti-GluN1-S2 antibodies 
have not been directly tested in human stroke 
models [97]. 

MAb on intracerebral hemorrhage

While a lot of research has been related to mAb 
in terms of effective therapies for ischemic 
strokes, they have also been evaluated in  
intracerebral hemorrhages (ICH) as well. ICH  
is life-threatening and account for 10-15% of 
strokes worldwide [98]. When evaluating pro-
inflammatory proteins released during ICH, it 
was discovered that High Mobility Group Box- 
1 (HMGB1) is a nonhistone proinflammatory 
DNA-binding protein that is released into the 
extracellular space following an ICH [98]. Anti-
HMGB1 is a mAb directed against HMGB1. This 
mAb proves promising in decreasing secon- 
dary outcomes resulting from ICH [99-102].  
For instance, a study conducted in Japan  
evaluated anti-HMGB1 mAb and its thera- 
peutic benefits for ICH [99]. In this experiment, 
0.03U bacterial type IV collagenase was  
injected into the striatum of rats to induce an 
ICH. The size of the hematoma was controlled 
for based on the measure of hemoglobin after 
24 hours after ICH. ICH rats were randomly 
divided into 3 groups. 6 hours after ICH was 
induced, group 1 was treated with an IV injec-
tion of anti-HMGB1 mAb, group 2 received a 
class-matched control mAb, and the control 
group of rats received saline instead of type IV 
collagenase and were injected with saline 6 
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hours after the initial injection. As a result, 
group 1 (anti-HMGB1 mAb group) not only had 
a decrease in the disruption of the BBB, but 
also had a decrease in the release of inflam- 
matory molecules (TNF-α, iNOS, IL-1, IL-8, 
COX2, MMP2, MMP9, VEGF) compared to the 
other groups. The integrity of the BBB was eval-
uated with Evans blue dye leakage assay 6 
hours as well as 3 days after ICH. Anti-HMGB1 
mAb group had a lower concentration of dye  
in the ipsilateral cerebellum, concluding that  
anti-HMGB1 mAb decreased the damage of 
BBB in ICH rats. The strength of the BBB is  
vital to decreasing cerebral edema. If the BBB 
is severely attenuated, this will lead to the in- 
flux of fluids and electrolytes into the brain. 
Along with evaluating the disruption of the  
BBB, the extent of oxidative damage was also 
examined. Group 1 also showed a decrease in 
oxidative stress compared to the other groups. 
Oxidative stress was evaluated based on serum 
bioantioxidant potency. Anti-HMGB1 mAb rats 
had a decreased serum bioantioxidant potency 
and thus a decrease in reactive oxygen species 
(ROS). 

To evaluate neurological function, grip st- 
rength was tested at baseline and at 6, 24,  
and 48 hours after ICH. Group 1 had greater 
improvement in grip strength when compared 
to initial deficits after ICH. To understand the 
mechanisms of anti-HMGB1 mAb, Chen et al. 
have shown that astrocytic HMGB1/IL-6 signal-
ing pathway enhances environment-mediated 
angiogenesis and functional recovery after 
ischemic stroke [100]. Overall, anti-HMGB1 
mAb has not yet been evaluated in human stud-
ies but proves promising as an effective treat-
ment in decreasing inflammation, protecting 
the BBB, and improving neurological outcomes 
following an ICH [99-102]. 

Concluding remarks 

While the current pharmacological intervention 
for patients suffering from ischemic strokes is 
IA or IV t-PA, the narrow therapeutic window of 
less than 4.5 hours from the onset of symp-
toms limits its benefit as a universal stroke 
treatment [2, 3]. However, recent studies have 
examined emerging therapies to treat beyond 
the narrow timeframe of t-PA such as activat- 
ing growth factors, inhibiting pro-inflammatory 
cytokines, enhancing anti-inflammatory cyto-
kines, and blocking ion channels and neu-

rotransmitter receptors through mAbs. By 
increasing the time window allowed for treat-
ment from hours as provided by t-PA to days  
as allowed with such experimental therapies, a 
larger patient population will benefit from  
treatment. The broadened time-span can po- 
tentially result in a decrease in the lifelong side 
effects of acute strokes [3]. For instance, mAbs 
have the potential to increase neuronal repair 
and regeneration, ultimately allowing the brain 
to recover from the stroke more completely. 
Therefore, developing specific mAb targeting 
the signaling pathway or cascades of stroke 
such as inflammation signaling, growth factors, 
ion channels, and neurotransmitter receptors 
will reveal a great potential in stroke therapy. 
Although the mAbs have been effective on 
experimental stroke models, it is necessary to 
conduct further clinical research to evaluate 
the efficacy of such therapies on human stroke 
patients as well. 
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