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: Ischemic stroke-induced neuronal cell death results in the permanent disabling of brain function.
. Apoptotic mechanisms are thought to play a prominent role in neuronal injury and ample evidence
. implicates Fas signaling in mediating cell death. In this study, we describe the neuroprotective effects
of a Fas-blocking peptide (FBP) that by obstructing Fas signaling in cerebral ischemia inhibits apoptosis.
. Using an intranasal administration route in a rat model of focal cerebral ischemia, we demonstrate
: that nose-to-brain delivery of FBP after middle cerebral artery occlusion (MCAO) surgery results in
. the delivery and retention of FBP in Fas-expressing ischemic areas of the brain. A single intranasal
administration of 2 mg/kg FBP resulted in significantly reduced neuronal cell death by inhibiting
Fas-mediated apoptosis leading to decreased infarct volumes, reduced neurologic deficit scores and
. recovery from cerebral ischemia. Intranasally delivered FBP might be a promising strategy for the
. treatment of cerebral ischemic stroke.

Ischemic stroke is the third major cause of death and permanent disability worldwide'. Globally, ischemic stroke
: is estimated to be responsible for 9.5% of all deaths and 15 million people suffer stroke each year according to
. world health organization®*. Of these, 5 million die and another 5 million are permanently disabled. In about
- 85% of the patients, ischemic stroke occurs from occlusion of a major cerebral artery, commonly the middle
cerebral artery (MCA), by thrombus or embolism. The effects of ischemia are fairly rapid because the brain does
not store glucose, the chief energy substrate, and is incapable of anaerobic metabolism*. Despite greater than a
decade of work, facilitation of functional recovery after stroke is limited. The current therapeutic approach for
ischemic stroke is the use of tissue plasminogen activator (tPA), approved by FDA, however a favorable outcome
is incumbent upon early treatment (<4 hours of ischemic onset) and less than 5% of qualifying patients actually
receive TPA®.
There is ample evidence to suggest that apoptosis, in addition to coagulation necrosis, contributes to the neu-
ronal cell death that occurs after brain ischemia®. Ischemic stroke is recognized to trigger two main pathways
. of apoptosis- the intrinsic pathway originating from mitochondrial release of cytochrome ¢ and an extrinsic
: pathway that occurs by signaling through cell death receptors that belong to the tumor necrosis factor recep-
© tor (TNFR) superfamily such as Fas (Apo-1, CD95), tumor necrosis factor (TNF)-related apoptosis inducing
. ligand-R1 (TRAIL-R1), TRAIL-R2 and TNFRp55”. Among TNFRs, the Fas ligand/receptor signaling pathway
. has been implicated as critical in triggering apoptotic signals in acute ischemia. A number of studies demonstrate
© the up-regulation of both Fas and FasL in the ischemic penumbra in animal models of focal ischemia®-'2. FasL
mutant mice (gld) are strongly protected from cerebral ischemic injury, and FasL deficiency does not appear to
affect brain development or anatomy in these mice®®. Further, rats lacking functional Fas (Ipr), the receptor for
. FasL exhibit a profound reduction in infarct size and improved survival after ischemic stroke injury’®. Further
. treatment with anti-Fas antibody led to reduction in infarct volume in a mouse model of ischemic injury model**.
These findings present strong evidence that Fas ligand/receptor pathway promotes cell death following brain
ischemia and inhibition of Fas ligand/receptor interaction may provide significant neuroprotection affording a
new treatment modality in ischemic stroke injury.
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Delivery of drugs through the systemic route to the brain is restricted due to the presence of blood brain bar-
rier (BBB), which is composed of specialized endothelial cells that are selective in permitting diffusion into the
central nervous system (CNS). Several approaches have been investigated to enable drug delivery through the
BBB!>16. A lot of effort has been invested in the development of intravenous (IV) transport systems such as the
glucose transporter'’~'° or ones based on receptor-mediated delivery such as transferrin, insulin, or acetylcho-
line that may enable transcytosis of therapeutic molecules attached to ligands after binding the receptor on the
BBB!>20. However these approaches are limited to certain types of therapeutic molecules and are also hampered
by issues of effective drug delivery due to rapid plasma clearance, slow diffusion across the BBB and reverse tran-
scytosis from the brain to blood!¢2*2.,

Recently, the intranasal (IN) route, which bypasses the BBB, has garnered a lot of interest as a means to access
the CNS?. IN delivery of drugs to brain is a complex mechanism involving the olfactory, trigeminal nerves and
cerebrospinal fluid (CSF) as conduits for transporting molecules from nasal cavity to the CNS by bypassing the
BBB?. The extensive distribution of olfactory and trigeminal nerves in the nasal epithelium allows uptake and
direct transport to various brain regions®. Animal studies have revealed that a wide variety of therapeutic mol-
ecules such as nucleic acids, peptides and drugs formulated in nanoparticles or in free-form can be success-
fully delivered to the brain by IN administration in various animal models of disease such as ischemic stroke,
glioblastoma, and neuroinflammation®-?. Furthermore, the clinical relevance of this method is high given the
non-invasive route of delivery and absence of side effects that are associated with systemic administration?”25.
Additionally, this method provides the advantage of multiple dosing with a reduced risk of immunogenicity,
cost-effectiveness and even the possibility of use without clinical supervision®.

In this study we investigated if blockade of Fas-FasL interaction by IN delivery of a Fas-blocking peptide
(FBP)*® would prove therapeutic rescuing from neuronal cell death in ischemic stroke. Our results demonstrate
that FBP, upon intranasal administration, specifically binds Fas-expressing apoptotic regions in the brain in a rat
ischemia model and effectively blocks Fas-mediated apoptosis resulting in recovery from ischemic stroke.

Results

Fas Blocking Peptide blocks Fas-mediated apoptosis. A cyclic Fas-blocking peptide (FBP) was
demonstrated in a previous study to disrupt Fas-FasL interactions and inhibit Fas-mediated apoptosis®’. Our
studies utilize a linear form of this peptide rather than the previous cyclic form?® as the linear form of peptide was
found to be equally potent in activity in in vitro studies (Supplementary Fig. S1A,B). We additionally confirmed
by the Ellman’s assay that >98% of the peptide was in a free linear form and storage in frozen conditions does
not result in oxidation prior to use in experiments (Supplementary Fig. S1C). To test the functional activity of
linear FBP, we first analyzed its binding and anti-apoptotic properties in Jurkat cells that constitutively express
Fas®. FBP (A,,-labeled) effectively bound Fas-expressing Jurkat cells and protected these cells from FasL induced
apoptosis as determined by reduced staining with Annexin V (Fig. 1A,B).

FBP blocks apoptosis in the Neuro2a cell model of ischemia. We next investigated the effects of
FBP-mediated Fas-blockade in a commonly used in vitro model for brain ischemia comprising mouse neuroblas-
toma, Neuro2a cells cultured under conditions of oxygen and glucose deprivation (OGD)". A j45-labeled FBP, and
not the control peptide, ctr-FBP, bound to hypoxic cells expressing Fas but not to cells maintained under normoxic
conditions (Fig. 2A). Confocal imaging data also revealed that A4,;-labeled FBP bound to only Fas-expressing
hypoxic Neuro2a cells but not ctr-FBP (Supplementary Fig. S2). We next evaluated the extended effects of FBP on
Neuro2a cells that displayed elevated levels of Annexin V under hypoxic conditions. Treatment of Neuro2a cells
with FBP 4 h post hypoxia and re-oxygenation dose-dependently reduced cell death after exposure to FasL with
annexin V positivity decreasing by 47% at higher concentrations of upto 1 mM (Fig. 2B, Supplementary Fig. S3).
Cleavage of caspase-3 is an important trigger in hypoxia-induced apoptosis®"*? and hypoxic Neuro2a cells had
large increases in the levels of cleaved caspase 3 as well as caspase 8 (Fig. 2C, Supplementary Fig. S4). FBP treat-
ment (1 mM) attenuated the levels of cleaved caspase 3 and 8 as shown in Fig. 2C. The ctr-FBP did not reduce
levels of these cleaved enzymes in the cells. Collectively, our data suggest that FBP binds Fas-expressing cells and
rescues them from Fas-mediated apoptosis.

Intranasal delivery of Fas-blocking peptide attenuates apoptosis. Clinical data suggest that
Fas-mediated apoptosis may be the dominant cause for cell death in human ischemic stroke as apoptotic cells
appear to line the peri-infarct area in the human brain after ischemic stroke and a linear correlation exists
between the neuronal expression of Fas- FasL and cell death®. Further, induction of several intermediary effec-
tors of apoptotic cell death described in animal experiments (Fas, FasL, Caspase 3, ACA-3, PARP-1) were also
observed in human ischemic stroke®***. We sought to investigate the effects of FBP in a rat model of focal cerebral
ischemia after middle cerebral artery occlusion (MCAO). To confirm onset of ischemic stroke, cerebral blood
flow was measured during ligation, occlusion and reperfusion and a dramatic reduction of blood flow (~90%)
was recorded upon occlusion of the MCA (Supplementary Fig. S5A). Ischemic stroke condition elevates the Fas
mRNA and protein expression in rat brains after few hours of MCAO®°. Upon right MCAO, which induces
ischemia in the right side of the brain, by post-euthanasia immunohistochemistry of brain tissue, we found a
time-dependent increase in Fas expression selectively in right hemisphere (Fig. 3A). Compared to the right hemi-
sphere (ischemic), negligible Fas expression was observed in left hemisphere (non-ischemic) after each time point
as only the right hemisphere becomes apoptotic after right MCAO procedure as expected (Fig. 3A). To target Fas
in vivo we utilized the IN route to deliver FBP directly to the brain using a pressurized olfactory device (POD)*.
Intranasal inoculation of A q-labeled FBP resulted in brain localization of the fluorescence labeled peptide in
normal as well as MCAO-induced rats at 12h (Fig. 3B and Supplementary Fig. S5B). However, by about 24h post
inoculation, A gs-labeled FBP persisted only in the brains of MCAO-treated rats and that too in the right. These
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Figure 1. FBP binds Fas-expressing Jurkat cells and inhibits FasL-induced apoptosis. (A) Flow cytometric
analysis of Fas-expressing Jurkat cells bound to a rabbit anti-rat Fas antibody and/or indicated A,,,-peptides.
Cells untreated with Fas antibody are indicated as ‘cells alone’ and the ‘cells stained anti-Fas antibody’ Ag,;-
labelled control peptide or A4,;-labelled FBP peptide are indicated as ‘Mock, ctr-FBP-Ag,; and FBP-A,;
respectively. (B) Anti-apoptotic effect of Fas-blocking peptide. Cells were exposed to FasL in the presence or
absence of FBP. Representative dot plots for one experiment are shown and cells were scored as positive for
Annexin V (black box). Cumulative data are in scatter plots depicting the % annexin V positive cells (lower
panel). The data represents mean & SD. *P < 0.05; ns- not significant; Mann-Whitney U test. FasL- Fas ligand,
ctr-FBP- control peptide, FBP- Fas blocking peptide.

data indicate that FBP retention in the ischemic areas of that MCAO rat brain maybe due to binding of FBP to
Fas-expressing neuronal cells.

Ischemic stroke condition in rat models causes brain damage by inducing cell death predominantly through
apoptosis®**. TTC-stained coronal slices of brain tissue from MCAO rats analyzed day 1-5 post-MCAO on a daily
basis demonstrated a significant infarct size as early as 12h post-MCAO (day 0, Fig. 4A, upper panel) evidenced
by a white TTC-negative area. The infarct size increased prominently to almost the entire right hemisphere of the
brain by 24h post-MCAO (day 1). The brain slices from rats that did not undergo MCAO (normal) and contralat-
eral brain regions from MCAO rats did not show signs of infarction (Fig. 4A). To evaluate effects of FBP on brain
infarction, animals were administered 2 mg/kg IN at 12h post-MCAO. In mock (PBS)-treated groups, we found
severe cerebral infarction ~32% after day 1 post-MCAO and % of infarction volume was 37%, 35% and 28% on
day 2, 3 and 5 respectively (Fig. 4A, lower panel). Compared to mock (PBS) or ctr-FBP treatment, FBP treatment
significantly reduced the size of the infracted area as early as day 1 post-MCAO and an almost complete recov-
ery from infarction occurred by day 5 post-MCAO. The infarction recovery in FBP inoculated groups was 10%,
20%, 37% and 75% after day 1, 2, 3 and 5 respectively. H&E staining of brain sections also revealed significant
damage to the tissue morphology in the right hemisphere of the brain as early as 12 h post-MCAO in mock and
ctr-FBP-treated rats which progressively increased over time by day 5 post-MCAO (Fig. 4B). In contrast, tissue
damage was reduced at day 1 and highly attenuated at day 5 post-MCAO in FBP inoculated groups. The levels
of TUNEL positive cells, which approximated 15% in all groups at 12h post-MCAO, increased to 54% and 32%
in mock- and 56% and 37% in ctr-FBP-treated groups at days 1 and 5 post-MCAO respectively. FBP treatment
significantly reduced the number of apoptotic cells to 26% and 9% at day 1 and 5 post-MCAO (Fig. 4C). Brains
of non-ischemic rats did not show any morphological changes indicating that IN inoculation of peptide did not
by itself affect the brain tissue (Supplementary Fig. S5C, upper panel). The absence of TUNEL positive cells in
contralateral region of brain also revealed that apoptosis is specific to ischemic brain region (Supplementary
Fig. S5C, lower panel).

Rats subjected to MCAO exhibit neuro-functional defects post-MCAO that can be graded on a clinical scale
and assigned neurological deficit scores®. Our study showed a progressive debilitating effect on behavior as early
as 12h post-MCAO that worsened by day 1-5 in both mock- and ctr-FBP inoculated groups. All the animals
displayed symptoms of circling to the paretic side when pulled by the tail (grade 3) within 12h post-MCAO that
progressively worsened and became spontaneous (grade 4) in day 1-3 post-MCAO (Fig. 4D). The neurological
deficit scores improved in FBP treated groups compared to other ischemic groups (Fig. 4D). The neurological
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Figure 2. FBP reduces hypoxia-induced apoptosis of Neuro2a cells. (A) Dot plots representing one of three
experiments depicting binding of FBP to Fas-expressing Neuro2a cells. Normoxia refers to Neuro2a cells
maintained under normal culture conditions and hypoxia to Neuro2a cells maintained for 24 h in OGD media
under hypoxic conditions followed by a 4 h re-oxygenation period. Cells stained with anti-Fas antibody,

A jg5-labeled control peptide and A jg5-labeled FBP peptide prior to flow cytometric analysis are indicated as
Mock, ctr-FBP- A 4 and FBP- A 44 respectively. (B) Flow cytometric analysis for apoptosis in Neuro2a cells.
Representative dot plots for one experiment are shown and cells were scored as positive for Annexin V (black
box). Cumulative data are in scatter plots depicting the % annexin V positive cells (lower panel). The data
represents mean & SD. *P < 0.05; ns- not significant; Mann-Whitney U test. (C) Western blots for cleaved
caspase-3 and caspase-8 proteins. The numbers represent apparent molecular weights of the protein bands.
Full non-cropped blots are presented in Supplementary Fig. S4. Cumulative data is shown below depicting
levels of cleaved caspase 8 or 3 relative to that in mock-treated hypoxic cells. Protein expression was obtained
by normalizing band intensities to that of 3-actin measured in arbitrary pixel values using the Image] software.
The data represents mean & SD (N = 3 individual values from separate experiments). *P < 0.05, **P < 0.01; ns-
not significant; Mann-Whitney U test. FBP- Fas blocking peptide, ctr-FBP- control peptide, FBP-A ;44- Alexa,gq
labeled FBP.

function in FBP treated groups were graded an average of 3.3, 2.3, 2.3 and 1.3 at day 1, 2, 3, 5 post-MCAO
respectively that were 1.1, 1.5, 1.5, 2.8 fold lower that control groups at these time points respectively. Altogether,
our results demonstrate that blocking the Fas signaling cascade using FBP not only reduces apoptosis but also
improves recovery and reduces neurological deficits in rats subject to ischemic stroke.

Discussion

Ischemic stroke injury triggers multiple signaling pathways and both necrosis and apoptosis contribute signif-
icantly to induce neuronal cell death. After focal cerebral ischemia, cells in the ischemic core undergo necrosis
and cell death in the ischemic penumbra is by an active apoptotic process and thus a possible target for neuro-
protective treatments®*. Several molecules involved in the TNF/Fas family death receptor-mediated extrinsic
pathway including Fas and FasL are increased, both at the transcriptional and protein levels, particularly in the
ischemic penumbra, very early after focal cerebral ischemia and remain elevated or further increase in experi-
mental animal models®-'°. Studies on a unique set of human post-mortem brains from fatal ischemic stroke cases
also provide evidence of the same pathways of cell death encouraging the treatment of human ischemic stroke
with anti-apoptotics for a favorable outcome®**. Accordingly, antibodies to FasL can prevent primary ischemic
injury and when used in combination with anti-TNF antibodies, they also reduce secondary inflammatory injury
in ischemic mice'®. Pharmacological inhibition of the apoptosis effector enzyme caspase-8 with the inhibitor
TRP801 also provides significant neuroprotection against hypoxia-induced brain injury in rats. Thus, blocking
Fas ligand/receptor interaction may provide significant neuroprotection and our studies demonstrate the use of
FBP in this regard as a new treatment modality for ischemic stroke injury.

Traditional approaches for drug delivery to the brain such as intracranial and stereotactic injections are
impractical and invasive. In contrast, the IN administration route is an attractive non-invasive convenient option
for targeted delivery to the CNS and limits the side effects associated with peripheral administration of drugs” .
A variety of molecules have been demonstrated to reach the brain tissue when administered through IN route
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Figure 3. IN delivered FBP localizes to Fas-expressing brain regions in the MCAO rat model of focal
ischemia. (A) Immunohistochemistry for Fas expression in ischemic rat brain after MCAO. Representative
images of deparaffinized coronal brain sections from normal or ischemic rats stained with anti-Fas antibody

at the designated times post-MCAO are shown. Representative images (upper panel) and cumulative data
(lower panel) depicting fluorescence intensities measured in arbitrary pixel values relative to that at the 12h
‘normal rats. Scale bar = 50 pm. The data represent mean 4= SD (N =6 per group). *P < 0.05 at individual time-
points, Mann-Whitney U test, **P < 0.001; Cumulative data, Two-way ANOVA. (B) Brain biodistribution of
intranasally inoculated FBP in ischemic rats. Brain from MCAO rats that were treated with PBS, ctr-FBP or FBP
were visualized dorsally (top view) and as coronal sections (coronal view) for the presence of fluorescent label
representing FBP-A ;44 or ctr-FBP-A 44 at the indicated times post-inoculation. Representative images (upper
panel) and cumulative data (lower panel) depicting fluorescence intensities measured in arbitrary pixel values
relative to and normalized based on fluorescence intensities in normal group. The data represent mean + SD
(N'=6 per group). *P < 0.05 at individual time-points, Mann-Whitney U test, “*P < 0.001, Cumulative data,
Two-way ANOVA; ns- not-significant.

and some at concentrations effective to treat neurological disorders®”*%4-43 In the context of cerebral ischemia,
IN treatment with pharmacological inhibitors of caspases****, proteins/hormones like glucocorticoids, mesen-
chymal stem cells and their secreted factors, IL-1 receptor antagonist*—’, peptides such as complement-derived
peptide C3a, apelin 1, exendin 4*®°>2, to name a few have all been demonstrated to have beneficial effects in
animal models.

More than 45 clinical trials are underway using the IN approach to treat brain-associated disorders based
on pre-clinical evaluation in animal models (www.clinicaltrials.gov). However, the significant differences in the
anatomy of the nasal cavity in humans when compared to rodents*>*** has limited the efficacy of the IN delivery
approach in clinical trials®>*. The relative surface area of the nasal cavity in mice and rats is higher by a factor
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Figure 4. IN delivered FBP blocks apoptosis in rats with focal brain ischemia. (A) Brain slices stained with TTC
after ischemia. Quantitative analysis is shown below. The data represent mean + SD (N = 6 per group). *P < 0.05
at each individual time-point, Mann-Whitney U test, *P < 0.01; Cumulative data, Two-way ANOVA; ns- not-
significant. (B) Representative images of hematoxylin and eosin (H&E) brain sections from normal or MCAO
subjected animals after treatment. Scale bar = 100 um (C) Representative images of TUNEL-stained brain
sections (upper panel) showing TUNEL positive dead cells (red) and DAPI stained nuclei (blue) in normal

or ischemic region of MCAO induced rats. Scale bar = 100 pm. Quantitative analysis of (C) is shown below.

The data represent mean £ SD (N = 6 per group). *P < 0.05 at individual time-points, Mann-Whitney U test,
#P < 0.01; Cumulative data, Two-way ANOVA; ns- not-significant. (D) Neurological deficit scores at indicated
days after ischemia. Mock- PBS treatment. The data represents mean &= SD (N = 6 per group). *P < 0.05 at
across groups at each time point, Kruskal-Wallis test, P < 0.01, Cumulative data, Two-way ANOVA; ns- not-
significant.

of 15 and 8 respectively compared to humans and the olfactory epithelium (expressed as percent of nasal cavity
surface area) is also 6 times higher (Reviewed in>*). However, it has been difficult to discern the effective IN drug
dosing in humans based on these criteria. For example, ~2 U of insulin was sufficient to treat Alzheimer disease in
rats, while in clinical testing, 10-20 U of insulin gave promising results (clinical trial ID: NCT01547169 for Phase
ITand NCT01767909 for Phase II/III)*. On the other hand, the GLP-1 peptide hormone was used at ~8-16 ug in
animal studies®®, while in a Phase III study in humans, ~3 mg was considered appropriate for weighting at 50 Kg
(clinical trial ID: NCT01994746). A neuroprotective protein, ADNP, an eight amino acid long peptide has com-
pleted Phase II clinical trials (clinical trial: NCT00505765) for IN treatment at 5 and 30 mg/day of patients with
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mild cognitive impairment, schizophrenia and Alzheimer disease based on experiments performed in mice using
0.5-2 pg/mouse/day)>*€. Thus, while the clinical relevance of this method is promising, it is difficult to predict
the dosing for human studies with experimental therapeutics like the FBP. With newer approaches like mucosal
flap reconstruction and pressurized olfactory devices for drug deposition at sites beyond the nasal valve where the
absorptive mucosal epithelium is located®"*? nose-to-brain delivery may elicit promising results at a dosing that
is more in concert with dosing in rodents.

Our study is the first demonstration that direct inhibition of Fas-FasL interactions with FBP can treat ischemic
stroke after a single IN treatment highlighting the important role of the Fas-apoptotic pathway in ischemic injury.
Furthermore, we find that IN delivery results in extensive permeation of the brain tissue with the FBP peptide
and localization in the Fas-expressing ischemic core of MCAO rats. Interestingly, while this extent of distribution
may be attributed to temporary disruption of the nasal epithelial barrier that can occur in an ischemic environ-
ment and the experimental conditions used, the non-targeting control peptide however was cleared within a few
hours of treatment demonstrating the specificity of the approach. The clearance of non-binding peptide may have
occurred through absorption into the cerebrospinal fluids®*=* or via the vascular pathway through perivascular
spaces that act as lymphatic system for the brain?, which needs to be elucidated.

Collectively, our study demonstrates that the Fas pathway is a key trigger of neuronal cell death in the ischemic
stroke model and blockade of Fas signaling by FBP through nose-to-brain delivery efficiently protects from
ischemic brain damage.

Conclusion

Our study demonstrates that intranasal administration of a Fas-blocking peptide to Fas-expressing ischemic
regions in the brain results in selective delivery of FBP and effectively protects from ischemic stroke-induced
neuronal cell death. Thus, our data provides a non-invasive treatment approach targeting the Fas pathway as a
novel therapeutic for ischemic stroke.

Materials and Methods

Peptides. The peptides used in this study have been described previously and were custom synthesized from
Peptron Co. (Daejeon, Korea)*. The peptide supplied in powder form was dissolved in PBS (pH 7.4) upon receipt
and stored frozen at —70°C for use in experiments. The sequences are depicted below;

Fas blocking peptide (FBP): YCDEHFCY
Control peptide (ctr-FBP): YCNSTVCY

The peptides were used in the linear form and not after cyclization as reported previously*® as we found no
differences in activity in vitro. The linear structure of peptide was confirmed by the Ellman’s assay (Thermo fisher
scientific, Carlsbad, CA) which uses 100 mM DTNB [(5, 5'-dithiobis-(2-nitrobenzoic acid)] according to the
manufacturer’s instruction.

Cell culture studies. Mouse neuroblastoma (Neuro2a) cells were obtained from ATCC (Rockville, MD) and
cultured in DMEM containing 10% fetal bovine serum, penicillin (100 IU/ml) and streptomycin (100 ug/ml).
To mimic the in vitro ischemia/reperfusion environment, Neuro2a cells were maintained in a hypoxic condition
(94% N,, 5% CO,, 1% O,, 37°C) in oxygen glucose deprivation media (OGD, Life Technologies) for 24h. The
cells were then re-oxygenated in DMEM supplemented with 10% FBS (5% CO,, 20% O,, 37 °C) for another 24 h.

To confirm co-localization of FBP and Fas, Neuro2a cells maintained in hypoxic conditions with oxygen
glucose deprivation media for 24 h and then blocked with PBS containing 1% BSA and 0.05% Tween 20 for 2h at
37°C and incubated with anti-Fas antibody (ab82419, Abcam) and Ag;-conjugated FBP for 2h at 4°C. The cells
were then washed and stained with a secondary FITC-conjugated anti-rabbit IgG antibody (ab97050, Abcam)
and counterstained with Hoechst 33342. The cells were mounted in an aqueous mounting solution (Abcam,
Cambridge, UK) and images obtained with a Leika TSP-SP5 confocal microscope. To analyze functional effects of
FBP, normoxia and hypoxia-induced Neuro2a cells were treated with FBP at 1 mM for 4 h followed by exposure to
FasL (10nM). After 4h, the cells were stained with Annexin V- PE (Apoptosis detection kit; BD Pharmingen™)
according to the manufacturer’s instruction.

Western blotting of Neuro2a cell lysates was performed with 50 pg of protein transferred onto nitrocellulose
transfer membrane from a 12% SDS-PAGE. The blots were probed with rabbit antibodies to cleaved murine
caspase-3 and caspase-8 (ab52293 and ab25901 respectively, Abcam) and a secondary polyclonal antibody to
rabbit IgG coupled to HRP (ab97051: Abcam). The blots were developed using ECL western blotting substrate
(Promega, Medison, WI).

Animal studies. All experiments were performed in compliance with guidelines and using protocols
approved by Institutional Animal Care and Use Committee (IACUC) of the Hanyang University. Acute cere-
bral ischemia was produced by a 1h occlusion of the right middle cerebral artery (MCAO) in Sprague-Dawley
rats weighing 280-320 g (Orient Bio, Seoul, Korea as previously described®. Briefly, ischemic stroke injury was
induced by ligating the external carotid artery (ECA) with a silk thread followed by occlusion of middle cerebral
artery (MCA) through the ECA to internal carotid artery (ICA) by inserting a nylon suture. Then, the com-
mon carotid artery (CCA) was completely occluded using a clip. After 1 h of occlusion, reperfusion was initiated
by pulling out the suture. Regional cerebral blood flow (rCBF) was measured using a laser Doppler flowmetry
instrument (Periflux System 5010, Jarfalla, Sweden) with a flexible probe affixed to the skull (2mm posterior and
5mm lateral to bregma) as described previously®”’. Intranasal administration of peptides at 12h post-MCAO
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was performed using a pressurized olfactory device (POD; Impel Neuropharma, Washington, USA). Briefly, rats
anesthetized with 5% isoflurane were placed in a supine position for dosing. The POD tip was carefully inserted
into each nostril and then a catheter tube pre-filled with 25 pL volume of dose was slowly inserted for about 2cm
inside. The peptide solution was then sprayed using the POD.

For bio-distribution studies, A -conjugated FBP was intranasally (IN) administered at 500 ug (1.4 mg/kg)
in a final volume of 50 pL (25 1L in each nare) using the POD at 12h post-MCAO and fluorescence analyzed at
designated time points in isolated organs using Image Station 4000 mm (Carestream Rochester, NY) or by flow
cytometry of single cell suspensions on a FACS Calibur™ (BD Bioscience, San Jose, CA) and analyzed using the
Flowjo software.

In functional studies, rats subjected to MCAO were IN treated with 700 pg (2.0 mg/kg) of FBP in a 50 uL
volume (25 L in each nare). Neurological deficits were evaluated as described previously?®. Briefly, rats that
showed no apparent neurologic impairment were graded as 0. If the animals displayed forelimb flexion, they were
awarded as grade 1. A grade 2 was given to animals that displayed a weak gripping power when pulled by their
tails. A grade 3 was assigned to animals that circled to paretic side when pulled by tail when they were placed in
enough space to move freely. If the animal spontaneously circled in free environment, a grade of 4 was assigned.

Brain pathology was analyzed by incubating 2 mm thick brain slices in 2% 2,3,5-triphenyltetrazolium chlo-
ride (TTC staining, Sigma) and measuring the infarct volume after fixation using Image J software as previously
described®. Paraffin-embedded brain sections were also subjected to H&E staining and immunohistochemistry
after with an antibody to rat Fas (ab82419, Abcam). Apoptosis in de-paraffinized, rehydrated brain sections was
analyzed by TUNEL staining using the In Situ Cell Death Detection Kit (Roche, Germany) in accordance with
the manufacturer’s instructions.

Statistical Analysis. Experimental groups had sizes of N=3 or N =6 depending on the experiments
as detailed in Figure legends. Statistical test for comparison were performed as follows; comparison between
two groups at each time point- Mann-Whitney U Test; comparison between >2 groups at each time point-
Kruskal-Wallis Test; comparison among two groups across all time points- Two-way ANOVA. Graphpad Prism 5
software was used for the analysis. P < 0.05 was considered statistically significant.

References
1. Banerjee, S. et al. Human stem cell therapy in ischaemic stroke: a review. Age and ageing 40, 7-13 (2011).

. Bennett, D. A. et al. The global burden of ischemic stroke: findings of the GBD 2010 study. Global heart 9, 107-112 (2014).

. Truelsen, T., Begg, S. & Mathers, C. The global burden of cerebrovascular disease. Geneva: World Health Organisation (2000).

. Jones, T. H. et al. Thresholds of focal cerebral ischemia in awake monkeys. Journal of neurosurgery 54, 773-782 (1981).

. Micieli, G., Marcheselli, S. & Tosi, P. A. Safety and efficacy of alteplase in the treatment of acute ischemic stroke. Vasc Health Risk

Manag 5,397-409 (2009).

6. Unal-Cevik, I et al. Apoptotic and necrotic death mechanisms are concomitantly activated in the same cell after cerebral ischemia.
Stroke 35,2189-2194 (2004).

7. Broughton, B. R,, Reutens, D. C. & Sobey, C. G. Apoptotic mechanisms after cerebral ischemia. Stroke 40, e331-e339 (2009).

8. Chelluboina, B. et al. Temporal regulation of apoptotic and anti-apoptotic molecules after middle cerebral artery occlusion followed
by reperfusion. Molecular neurobiology 49, 50-65 (2014).

9. Rosenbaum, D. M. et al. Fas (CD95/APO-1) plays a role in the pathophysiology of focal cerebral ischemia. Journal of neuroscience
research 61, 686-692 (2000).

10. Dzietko, M. et al. A critical role for Fas/CD-95 dependent signaling pathways in the pathogenesis of hyperoxia-induced brain injury.
Annals of neurology 64, 664-673 (2008).

11. Love, S. Apoptosis and brain ischaemia. Progress in Neuro-Psychopharmacology and Biological Psychiatry 27, 267-282 (2003).

12. Mahovic, D. et al. The dynamics of soluble Fas/APO 1 apoptotic biochemical marker in acute ischemic stroke patients. Advances in
medical sciences 58, 298-303 (2013).

13. Martin-Villalba, A. et al. Therapeutic neutralization of CD95 ligand and TNF attenuates brain damage in stroke. Cell death and
differentiation 8, 679-686 (2001).

14. Martin-Villalba, A. et al. CD95 ligand (Fas-L/APO-1L) and tumor necrosis factor-related apoptosis-inducing ligand mediate
ischemia-induced apoptosis in neurons. The Journal of neuroscience 19, 3809-3817 (1999).

15. Kumar, P. et al. Transvascular delivery of small interfering RNA to the central nervous system. Nature 448, 39-43 (2007).

16. Pardridge, W. M. Drug transport across the blood-brain barrier. Journal of cerebral blood flow & metabolism 32, 1959-1972 (2012).

17. Farrell, C. L. & Pardridge, W. M. Blood-brain barrier glucose transporter is asymmetrically distributed on brain capillary endothelial
lumenal and ablumenal membranes: an electron microscopic immunogold study. Proceedings of the National Academy of Sciences
88, 5779-5783 (1991).

18. Farrell, C. L., Yang, J. & Pardridge, W. M. GLUT-1 glucose transporter is present within apical and basolateral membranes of brain
epithelial interfaces and in microvascular endothelia with and without tight junctions. Journal of Histochemistry ¢ Cytochemistry 40,
193-199 (1992).

19. Cornford, E. M., Hyman, S. & Swartz, B. E. The Human Brain GLUT1 Glucose Transporter: Ultrastructural Localization to the
Blood—Brain Barrier Endothelia. Journal of Cerebral Blood Flow ¢ Metabolism 14, 106-112 (1994).

20. Lalatsa, A., Schatzlein, A. G. & Uchegbu, I. E. Strategies to deliver peptide drugs to the brain. Molecular pharmaceutics 11, 1081-1093
(2014).

21. Pardridge, W. M. The blood-brain barrier: bottleneck in brain drug development. NeuroRx 2, 3-14 (2005).

22. Alcald-Barraza, S. R. et al. Intranasal delivery of neurotrophic factors BDNE, CNTE, EPO, and NT-4 to the CNS. Journal of drug
targeting 18, 179-190 (2010).

23. Dhuria, S. V., Hanson, L. R. & Frey, W. H. Intranasal delivery to the central nervous system: mechanisms and experimental
considerations. Journal of pharmaceutical sciences 99, 1654-1673 (2010).

24. Van Woensel, M. et al. Development of siRNA-loaded chitosan nanoparticles targeting Galectin-1 for the treatment of glioblastoma
multiforme via intranasal administration. Journal of Controlled Release 227, 71-81 (2016).

25. Yadav, S. et al. Intranasal brain delivery of cationic nanoemulsion-encapsulated TNFa siRNA in prevention of experimental
neuroinflammation. Nanomedicine: Nanotechnology, Biology and Medicine 12, 987-1002 (2016).

26. Kim, I.-D. et al. Intranasal delivery of HMGBI1 siRNA confers target gene knockdown and robust neuroprotection in the
postischemic brain. Molecular Therapy 20, 829-839 (2012).

G W N

SCIENTIFICREPORTS| (2018) 8:15041 | DOI:10.1038/s41598-018-33296-z 8



www.nature.com/scientificreports/

27.

28.

29.

30.

31.

32.
33,

34.

35.
36.

37.

38.

39.

40.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Renner, D. B. et al. Intranasal delivery of insulin via the olfactory nerve pathway. Journal of Pharmacy and Pharmacology 64,
1709-1714 (2012).

De Rosa, R. et al. Intranasal administration of nerve growth factor (NGF) rescues recognition memory deficits in AD11 anti-NGF
transgenic mice. Proceedings of the National Academy of Sciences of the United States of America 102, 3811-3816 (2005).

Chhajed, S., Sangale, S. & Barhate, S. Advantageous nasal drug delivery system: a review. International Journal of Pharmaceutical
Sciences and Research 2, 1322 (2011).

Hasegawa, A. et al. Fas-disabling small exocyclic peptide mimetics limit apoptosis by an unexpected mechanism. Proceedings of the
National Academy of Sciences of the United States of America 101, 6599-6604 (2004).

Sarada, S. et al. Selenium protects the hypoxia induced apoptosis in neuroblastoma cells through upregulation of Bcl-2. Brain
research 1209, 29-39 (2008).

Elmore, S. Apoptosis: a review of programmed cell death. Toxicologic pathology 35, 495-516 (2007).

Sairanen, T. et al. Apoptosis dominant in the periinfarct area of human ischaemic stroke—a possible target of antiapoptotic
treatments. Brain 129, 189-199 (2006).

Sairanen, T. et al. Neuronal caspase-3 and PARP-1 correlate differentially with apoptosis and necrosis in ischemic human stroke.
Acta neuropathologica 118, 541-552 (2009).

Brown, V. & Liu, F Intranasal delivery of a peptide with antidepressant-like effect. Neuropsychopharmacology 39, 2131-2141 (2014).
Yin, D. et al. Inhibition of apoptosis by hyperbaric oxygen in a rat focal cerebral ischemic model. Journal of Cerebral Blood Flow ¢
Metabolism 23, 855-864 (2003).

Costantino, H. R. et al. Intranasal delivery: physicochemical and therapeutic aspects. International journal of pharmaceutics 337,
1-24 (2007).

Hanson, L. R. & Frey, W. H. Intranasal delivery bypasses the blood-brain barrier to target therapeutic agents to the central nervous
system and treat neurodegenerative disease. BMC neuroscience 9, S5 (2008).

Lochhead, J. J. & Thorne, R. G. Intranasal delivery of biologics to the central nervous system. Advanced drug delivery reviews 64,
614-628 (2012).

William, H. & Frey, L. Bypassing the blood— brain barrier to deliver therapeutic agents to the brain and spinal cord. Drug Delivery
Technology 2 (2002).

. Dhanda, D. S. et al. Approaches for drug deposition in the human olfactory epithelium. Drug Delivery 5 (2005).

. Born, J. et al. Sniffing neuropeptides: a transnasal approach to the human brain. Nature neuroscience 5, 514-516 (2002).

. Kosfeld, M. et al. Oxytocin increases trust in humans. Nature 435, 673-676 (2005).

. Zhao, N. et al. Intranasal Delivery of a Caspase-1 Inhibitor in the Treatment of Global Cerebral Ischemia. Molecular Neurobiology,

1-17 (2016).

Akpan, N. et al. Intranasal delivery of caspase-9 inhibitor reduces caspase-6-dependent axon/neuron loss and improves neurological
function after stroke. Journal of Neuroscience 31, 8894-8904 (2011).

Mordn, J. et al. Intranasal C3a treatment ameliorates cognitive impairment in a mouse model of neonatal hypoxic-ischemic brain
injury. Experimental Neurology (2017).

Harding, B. et al. Glucocorticoids Protect Neonatal Rat Brain in Model of Hypoxic-Ischemic Encephalopathy (HIE). International
Journal of Molecular Sciences 18, 17 (2016).

Harach, T. et al. Administrations of human adult ischemia-tolerant mesenchymal stem cells and factors reduce amyloid beta
pathology in a mouse model of Alzheimer’s disease. Neurobiology of Aging 51, 83-96 (2017).

van Velthoven, C. T. et al. Mesenchymal stem cells attenuate MRI-identifiable injury, protect white matter, and improve long-term
functional outcomes after neonatal focal stroke in rats. Journal of Neuroscience Research (2016).

Lee, J. H. et al. Intranasal Administration of Interleukin-1 Receptor Antagonist in a Transient Focal Cerebral Ischemia Rat Model.
Biomolecules & therapeutics 25, 149 (2017).

Ahmad, N. et al. PNIPAM nanoparticles for targeted and enhanced nose-to-brain delivery of curcuminoids: UPLC/ESI-Q-ToF-MS/
MS-based pharmacokinetics and pharmacodynamic evaluation in cerebral ischemia model. Drug delivery 23,2095-2114 (2016).
Chen, D. et al. Intranasal delivery of Apelin-13 is neuroprotective and promotes angiogenesis after ischemic stroke in mice. ASN
neuro 7,1759091415605114 (2015).

Kozlovskaya, L., Abou-Kaoud, M. & Stepensky, D. Quantitative analysis of drug delivery to the brain via nasal route. Journal of
controlled release 189, 133-140 (2014).

Gizurarson, S. Anatomical and histological factors affecting intranasal drug and vaccine delivery. Current drug delivery 9, 566-582
(2012).

Ruigrok, M. J. & de Lange, E. C. Emerging insights for translational pharmacokinetic and pharmacokinetic-pharmacodynamic
studies: towards prediction of nose-to-brain transport in humans. The AAPS journal 17, 493-505 (2015).

Tam, K. Estimating the “First in human” dose-a revisit with particular emphasis on oncology drugs. ADMET and DMPK 1, 63-75
(2013).

Guo, Z. et al. Long-term treatment with intranasal insulin ameliorates cognitive impairment, tau hyperphosphorylation, and
microglial activation in a streptozotocin-induced Alzheimer’s rat model. Scientific Reports 7 (2017).

Kageyama, H. et al. Anti-obesity effect of intranasal administration of galanin-like peptide (GALP) in obese mice. Scientific reports
6 (2016).

Gozes, I. & Divinski, I. NAP, a neuroprotective drug candidate in clinical trials, stimulates microtubule assembly in the living cell.
Current Alzheimer Research 4, 507-509 (2007).

Vulih-Shultzman, I. et al. Activity-dependent neuroprotective protein snippet NAP reduces tau hyperphosphorylation and enhances
learning in a novel transgenic mouse model. Journal of Pharmacology and Experimental Therapeutics 323, 438-449 (2007).
Djupesland, P. G. et al. Breath actuated device improves delivery to target sites beyond the nasal valve. The Laryngoscope 116,
466-472 (2006).

Miyake, M. M. & Bleier, B. S. The blood-brain barrier and nasal drug delivery to the central nervous system. American journal of
rhinology & allergy 29, 124-127 (2015).

Falcone, J. A. et al. Intranasal administration as a route for drug delivery to the brain: evidence for a unique pathway for albumin.
Journal of Pharmacology and Experimental Therapeutics 351, 54-60 (2014).

Nonaka, N. et al. Intranasal administration of PACAP: Uptake by brain and regional brain targeting with cyclodextrins. Peptides 36,
168-175 (2012).

Balyasnikova, I. V. et al. Intranasal delivery of mesenchymal stem cells significantly extends survival of irradiated mice with
experimental brain tumors. Molecular Therapy (2013).

Koizumi, J. et al. Experimental studies of ischemic brain edema, I: a new experimental model of cerebral embolism in rats in which
recirculation can be introduced in the ischemic area. Jnp J Stroke 8 (1986).

Lu, Y.-Y. et al. TRAF1 is a critical regulator of cerebral ischaemia-reperfusion injury and neuronal death. Nature communications 4
(2013).

SCIENTIFICREPORTS| (2018) 8:15041 | DOI:10.1038/s41598-018-33296-z 9



www.nature.com/scientificreports/

Acknowledgements
This work was supported by NIH grant RO1AI112443 to PX. and the Korea National Research. Foundation grant
2017R1D1A1B03029636 and 2018R1D1A1B07050464 to S.K.L.

Author Contributions
I.U, PK. and S.K.L. designed the experiments. I.U,, K.C., J.O., ].B., S.B. and S.C.L. performed experiments. I.U,,
PK. and S.K.L. wrote the manuscript. M.L. provided resources.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-33296-z.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:15041 | DOI:10.1038/s41598-018-33296-z 10


http://dx.doi.org/10.1038/s41598-018-33296-z
http://creativecommons.org/licenses/by/4.0/

	Intranasal delivery of a Fas-blocking peptide attenuates Fas-mediated apoptosis in brain ischemia

	Results

	Fas Blocking Peptide blocks Fas-mediated apoptosis. 
	FBP blocks apoptosis in the Neuro2a cell model of ischemia. 
	Intranasal delivery of Fas-blocking peptide attenuates apoptosis. 

	Discussion

	Conclusion

	Materials and Methods

	Peptides. 
	Cell culture studies. 
	Animal studies. 
	Statistical Analysis. 

	Acknowledgements

	Figure 1 FBP binds Fas-expressing Jurkat cells and inhibits FasL-induced apoptosis.
	Figure 2 FBP reduces hypoxia-induced apoptosis of Neuro2a cells.
	Figure 3 IN delivered FBP localizes to Fas-expressing brain regions in the MCAO rat model of focal ischemia.
	Figure 4 IN delivered FBP blocks apoptosis in rats with focal brain ischemia.




