Neuropsychiatric Disease and Treatment Dove

ORIGINAL RESEARCH

Optimization of an Intranasal Route for the
Delivery of Human Neural Stem Cells to Treat a

Neonatal Hypoxic-lIschemic Brain Injury Rat
Model

Siliang Lu@®"?, Ke Li'%, Yinxiang Yang?, Qian Wang?, Yu Yu"?, Zhaoyan Wang?, Zuo Luan'

'The First Clinical Medical College, Guangxi Medical University, Nanning, 53002 |, Guangxi, People’s Republic of China; 2Laboratory of Pediatrics, The
Sixth Medical Center of PLA General Hospital, Beijing, 100048, People’s Republic of China

Correspondence: Zhaoyan Wang, Laboratory of Pediatrics, The Sixth Medical Center of PLA General Hospital, Beijing, 100048, People’s Republic of
China, Tel +86-13581827961, Email wangzhaoyan999@ 126.com; Zuo Luan, The First Clinical Medical College, Guangxi Medical University, Nanning,
Guangxi, 530021, People’s Republic of China, Tel +86-18600310270, Fax +86-1066958303, Email luanzuo@aliyun.com

Objective: Stem cell administration via the intranasal route has shown promise as a new therapy for hypoxic-ischemic encephalo-
pathy (HIE). In this study, we aimed to improve the intranasal delivery of stem cells to the brain.

Methods: Human neural stem cells (hNSCs) were identified using immunofluorescence, morphological, and flow cytometry assays
before transplantation, and cell migration capacity was examined using the transwell assay. Cerebral hypoxia-ischemia (HI) was
induced in 7-day-old rats, followed by the intranasal transplantation of CM-Dil-labeled hNSCs. We examined various experimental
conditions, including preconditioning hNSCs with hypoxia, catheter method, multiple low-dose transplantation, head position, cell
appropriate concentration, and volume. Rats were sacrificed 1 or 3 days after the final intranasal administration, and parts of the nasal
tissue and whole brain sections were analyzed under a fluorescence microscope.

Results: The isolated hNSCs met the characteristics of neural stem cells. Hypoxia (5% O,, 24 h) enhanced the surface expression of
CXC chemokine receptor 4 (CXCR4) (9.21 £ 1.9% ~ 24.76 + 2.24%, P < 0.01) on hNSCs and improved migration (toward stromal
cell-derived factor 1 [SDF-1], 0.54 + 0.11% ~ 8.65 £ 1.76%, P < 0.001; toward fetal bovine serum, 8.36 £ 0.81% ~ 21.74 £ 0.85%, P <
0.0001). Further improvement increased the number of surviving cell distribution with increased uniformity on the olfactory
epithelium and allowed the cells to stay in the nasal cavity for at least 72 h, but they did not survive for longer than 48 h.
Optimization of pre-transplantation conditions augmented the success rate of intranasally delivered cells to the brain (0-41.6%). We
also tentatively identified that hNSCs crossed the olfactory epithelium into the tissue space below the lamina propria, with
cerebrospinal fluid entering the cribriform plate into the subarachnoid space, and then migrated toward injured areas along the
brain blood vessels.

Conclusion: This study offers some helpful advice and reference for addressing the problem of repeatability in the intranasal delivery
of stem cells.
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Introduction

Hypoxic-ischemic encephalopathy (HIE) is a neonatal brain injury caused by reduced blood flow and oxygen supply to
the neonatal brain and is one of the leading causes of death among infants.! As perinatal medicine continues to evolve,
the rate of neonatal death has decreased significantly; however, the incidence of nervous system sequelae caused by HIE
remains high, such as cerebral palsy, visual disturbance, and hearing loss.>* Unfortunately, HIE treatment remains an
unsolved clinical problem.
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Currently, therapeutic hypothermia is an important treatment option available for HIE, but it is only partially
protective.” Since treatment strategies are limited for neonates with HIE, developing new, secure, and potent therapies
to improve prognosis has great significance. Some preclinical and clinical studies have demonstrated the potential of stem
cells for the treatment of HIE.® Stem cells self-renew throughout life and have the capacity for multipotent differentia-
tion, and are thought to exert their beneficial effects through replacement and paracrine mechanisms when transplanted
directly into the injured brain.'® This implies that stem cell therapies are promising for the treatment of these devastating
neonatal disorders.

Stem cells can be delivered into the brain via different routes, and determining the optimal route of stem cell
administration is a key problem that needs to be solved in stem cell therapy.'' In the past decade, the intranasal pathway
has been discovered as a new approach for delivering stem cells to the brain.'> Advantages are that it is non-invasive, and
it allows repetitive administration and cell targeting to the site of central nervous system (CNS) lesions. Thus, the
intranasal pathway is well suited for unstable and medically fragile infants when compared with other routes for cell
transplantation. Many studies have confirmed the therapeutic role of intranasal delivery of stem cells into the brain.'?
However, there are almost no reports on the success rate and stability of intranasally delivered cells into the brain.'* It is
generally accepted that cells transplanted into the brain that migrate to the lesion are crucial for the success of cell
therapy in HIE. Nevertheless, clinically, we found that intranasal delivery is not a reliable and stable method. Therefore,
it is a very attractive area that deserves further exploration.

In this study, we investigated whether optimization of pre-transplantation conditions augments the success rate of
intranasally delivered cells to the brain. Furthermore, we explored the possible entry routes of the CNS for intranasally
delivered stem cells.

Materials and Methods
Cell Culture

hNSCs were cultured and passaged as previously described.'” Briefly, hNSCs were obtained from the surface of the
cortex of aborted embryos at 10—13 weeks of gestational age, the protocol was approved by the Ethics Committee of the
Navy General Hospital of Chinese PLA (Application No. 2015013). Written informed consent was obtained from each
woman who donated aborted fetuses. Primary cells were cultured at a density of 1x10° cells/mL in the primary culture
medium containing DMEM/F12 (Gibco, Waltham, MA, USA), 1% L-glutamine (Gibco), 1% N, supplement (Gibco), 2%
B27 supplement (Gibco), basic fibroblast growth factor (bFGF, 20 ng/mL, Peprotech, Rocky Hill, NJ, USA), human
recombinant epidermal growth factor (EGF, 20 ng/mL, Peprotech, USA), 5 pg/mL heparin (Sigma, USA), and 2%
penicillin/streptomycin (Invitrogen, Carlsbad, CA, USA). Every 3 days, two-thirds of the medium was removed and
replaced with a fresh primary culture medium. After 7 days of culture, the expanded cells formed “neurospheres”. Next,
the neurospheres were trypsinized and passaged in culture flasks containing the primary culture medium, but without B27
supplement.

Hypoxic Preconditioning

To improve the cell migration ability, hNSCs were incubated under hypoxic conditions. To simulate the hypoxic
environment, hNSCs were cultured in the presence of 5% O, and 8.5% CO, and balanced with N, in a three-gas
incubator (Thermo Scientific Heracell 150i, USA). For in vitro cell migration assay and in vivo experiments, cells were
cultured for up to 6 days and then incubated under normoxic or hypoxic conditions for 24 h before testing or harvesting.

Flow Cytometry

To analyze hNSC characterization profiles and CXC chemokine receptor 4 (CXCR4) expression levels, a cognate
receptor of stromal cell-derived factor 1 (SDF-1), cells were collected via trypsinization, resuspended in stain buffer
(1% fetal bovine serum [FBS] in sterile PBS) at 5x10° cells/50 pL and incubated with an Fc blocker for 10 min at 25°C.
Cells were then stained with antibodies against Nestin, SOX-2, vimentin, CXCR4 (all from BD Bioscience, CA, USA),
or isotype control for 30 min at 4°C. After surface staining, hNSCs were washed once with the abovementioned buffer
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and centrifuged at 2000 rpm for 5 min. The obtained cell pellet was resuspended in the same buffer for flow cytometry
analysis. Flow cytometry data were processed using FlowJo version 10.4 software (FlowJo, LLC, USA).

Migration Assays

The directed migratory capacities of hNSCs toward SDF-1 or FBS were evaluated using an 8§ um pore Transwell system
(Corning, Incorporated, Corning, NY, USA). hNSCs were dissociated into single cells and resuspended in culture media
at a density of 2x10° cells/mL. Precisely 2x10*100 uL of cell solution was plated on top of the filter membrane in a
Transwell insert and incubated for 10 min at 37°C and 8.5% CO,. Next, for the blank control group, 600 pL of hNSC
medium was added to the bottom chamber. For the experimental group, 600 pL. of hNSC medium containing 10% FBS or
200 ng/mL SDF-1 was used (Peprotech, USA). After 24 h of hypoxia or normoxia treatment at 37°C, the membrane of
the Transwell insert was fixed with 4% paraformaldehyde (PFA) in PBS, and cells on top of the membrane were removed
with a cotton swab. Cells that migrated to the bottom of the membrane were stained with 4°, 6-diamidino-2-phenylindol
(DAPI, Solarbio, China). Images were acquired using a fluorescence microscope and the number of cells that had
migrated through the membrane toward the chemoattractant and attached to the underside of the membrane was counted
using Image J software. All experiments were performed in triplicates.

Cell Labeling

hNSCs were labeled with CM-Dil (Invitrogen) to track and count the cells in the brain. Sterile I mM CM-Dil was added,
and cells were incubated in the medium for 5 min at 37°C and then for an additional 15 min at 4°C. After labeling, the
cells were washed with PBS and resuspended in a fresh medium. Cells were harvested for intranasal delivery after they
were cultured for up to 7 days.

Neonatal HI Model

All experiments were approved by the Animal Experiment Ethical Committee of the Sixth Medical Center of the PLA
General Hospital Animal Care and Use Committee (Application No. SCXK- 2017-0001). We followed the Laboratory
Animal-Guidelines for Ethical Review of Animal Welfare of the People’s Republic of China for all protocols regarding
animal care and use.

Sprague-Dawley rats on postnatal day 7 were purchased from the Laboratory Animal Center of Peking University. HI
was induced as previously described with slight modifications.'® Rat pups of both sexes were anesthetized via isoflurane
(3% induction, 2% maintenance, total duration of surgery: 5 min), and the left common carotid artery of rats was
exposed, isolated, and cut using an electrocoagulation knife. After 1 h recovery period with their dams, pups were
exposed to hypoxia (8% O,, 92% N) for 90 min at 37°C, and then returned to their mothers after regaining normal color
and activity. A total of 32 animals were used for the experiments as follows: 24 for graft success rate analysis (Only male
rat pups were used for this part) and 8 for hNSC apoptosis analysis after intranasal delivery.

Intranasal Administration of hNSCs
All pups were divided randomly into two groups as follows: The ordinary transplanted group (n=12) and the optimized
transplanted group (n=12). For the ordinary transplanted group, intranasal delivery was performed as previously
described with minor modifications,'” and 3 days after HI induction, the pups were anesthetized with isoflurane (3%
induction, 1.5% maintenance) and placed on a heating pad, with the head and neck as parallel to the floor as possible
(Figure S1A). Before cell treatment, all pups received intranasal 100 U hyaluronidase (Sigma) dissolved in 8 uL of sterile
PBS. Rats received alternate applications (right and left) of 2 uL drops (8 pL total) containing hyaluronidase through the
nostrils (twice for each nostril) and then were allowed to fully inhale through the nasal cavity, and the second set of
applications was performed 3 min after the First set. Thirty minutes after intranasal pretreatment with hyaluronidase, cell
suspensions (1 x 10° in 12 pL of sterile PBS, normoxic) were applied following the same procedure.

A modified intranasal delivery was used for the optimized transplanted group. This protocol was performed based on
multiple experiments. Again, a similar method for anesthesia and the same position was used, but a padded pillow made
of rolled-up gauze with tapes was placed under the head of the rat (Figure S1B). The key here was that an obtuse angle
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was formed between the head and neck. One and 3 days after HI, hyaluronidase (8 L) or cell suspension (5 x 10° in 20
pL of sterile PBS, hypoxic) was infused into the nasal cavity using a polyethylene catheter (Figure S1C) and the depth of
catheter insertion was 5 mm. Injury to the nasal mucosa was avoided, and this position corresponded to the mid-nasal
cavity (anatomical distances were obtained via measurements using rat carcasses at the same age and intubation was no
longer than 10s). Finally, cell suspensions were applied in alternating 5 pL portions for each nostril. After the operation,
we gently shook the body of the rats (similar to head shaking left and right), and then kept them sleeping for 30 min in
the supine position. Supine posture was maintained throughout intranasal stem cell delivery. Thus, intranasal delivery
was performed using two different approaches, but all animals received an equal number of cells. In addition,
subcutaneous injections of cyclosporin A (10 mg/kg) were administered daily to all rats beginning on day three after

birth until the animals were sacrificed.

Assessment of Transplanted hNSCs

Exactly 24 and 72 h after the final intranasal administration of hNSCs, rats were sacrificed via CO, inhalation,
immediately after which they were rapidly decapitated without perfusion, and the brain, nasal mucosa, and trigeminal
nerves were removed and postfixed in PFA for 6 h. After fixation, samples were embedded in optimal cutting
temperature, frozen in liquid nitrogen, and stored at —80°C. To determine the cellular distribution, migration, and
localization of intranasal delivery. Coronal and sagittal equidistant cryosections of sections (16 pm) spanning the
whole brain (including parts of nasal tissue) were analyzed (one out of every two sections was picked). Ultimately, a
total of 500 slices in the coronal position or 300 slices in the sagittal position were obtained for each animal. Each section
was observed under an immunofluorescence microscope after nuclear staining with DAPI, and the number of positive
cells was estimated using CM-Dil. The positive cells at a particular location were subjected to double staining with an
antibody specific to the human cytoplasm (STEM121). The experimental procedure and flow chart are presented in

Figure S2.

Immunofluorescence

Immunofluorescence was used to determine the following factors: (1) Cell differentiation characterization; (2) the
positional relationship of positive cells (CM-Dil) in the brain tissue with respect to blood vessels; (3) apoptosis of
hNSCs in the nasal cavity after intranasal administration. Briefly, brain sections were thawed and dried at 40°C, followed
by fixation in 4% PFA (for STEM 121, von Willebrand factor [VWF]) for 10 min at room temperature. The sections were
then washed three times with PBS (1%, pH 7.4), 5 min each. Unspecific antibody binding was blocked via incubation
with 2% bovine serum albumin (Sigma) for 1 h at room temperature. The cells were then permeabilized using 0.3%
Triton X-100 for 5 min, followed by incubation with the following primary antibodies: Mouse monoclonal STEM121
antibody diluted 1:300 (Takara Bio, Japan); mouse monoclonal VWF antibody diluted 1:200 (Santa Cruz Biotech, CA,
USA) in PBS overnight at 4°C. Slides were washed with PBS and incubated with goat anti-mouse Alexa Fluor 488
(1:500, Invitrogen) secondary antibody for 1 h at room temperature. Nuclei were detected via DAPI staining.

For cell differentiation characterization, neurospheres were digested into single cells and seeded onto 24-well plates.
The culture medium was then replaced with a different cell differentiation medium (all from Gibco, USA). Similarly,
after fixation and blocking, the cells were incubated with the following primary antibodies: Rabbit polyclonal Olig-2
antibody diluted 1:500 (Millipore, USA), mouse polyclonal GFAP antibody diluted 1:400 (Abcam, UK), and mouse
polyclonal tubulin beta III antibody diluted 1:300 (Abcam, UK) in PBS overnight at 4°C. The secondary antibodies used
were as follows: Goat anti-rabbit Alexa Fluor 488 (1:500, Jackson ImmunoResearch Laboratories) and goat anti-mouse
Alexa Fluor 488 (1:500, Invitrogen) for 2 h at room temperature. Nuclei were detected via DAPI staining. TUNEL assay
was performed using a One-step TUNEL Apoptosis Assay Kit (Beyotime, China). After the anti-fluorescent quenching
seal, the results were examined under a fluorescence microscope (IX-70, Olympus, Japan) or a laser confocal microscope
(FV3000, Olympus, Japan).
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Statistical Analyses

SPSS 23.0, and GraphPad Prism 8.0, were used to analyze the experimental data. The mean + standard deviation is
presented. A two-sample independent-groups ¢-test was used for comparisons between two groups. Statistical signifi-
cance was defined as a P-value of < 0.05.

Results
Characterization of hNSCs in vitro

The hNSCs were first characterized in vitro according to their growth and differentiation properties. After approximately
7 days in culture, hNSCs proliferated to form neurospheres. This suggested that hNSCs could self-renew and proliferate
(Figure 1A). Before intranasal transplantation, we labeled hNSCs with CM-Dil to detect the transplanted cells in the
brain. hNSCs were examined using bright field microscopy, and fluorescence microscopy revealed a labeling rate greater
than 95% (Figure 1B). The expression of hNSC surface markers was analyzed using flow cytometry. The results
demonstrated that our cells expressed a high percentage of typical stem cell markers Nestin, Sox-2, and vimentin at
98.4, 98.5, and 99.9%, respectively (Figure 1C), indicating that high-purity hNSCs were obtained before intranasal
administration. For neural differentiation, hNSCs were induced to differentiate for 7-10 days in the differentiation
medium, and then cells were immunostained for GFAP, Olig-2, and BIII-tubulin. Results are shown in Figure 1D. These
neural stem cells showed multilineage potential to differentiate into astrocytes, oligodendrocytes, and neurons. Taken

together, the hNSCs we isolated were of high purity and met the characteristics of neural stem cells.

Hypoxia Induces CXCR4 Expression, Subsequently Promoting hNSC Migration

We tested the effects of hypoxia pretreatment on CXCR4 expression and migration of hNSCs. Flow cytometry revealed
that CXCR4 expression on the cell surface was approximately 2.5 times higher in pre-treated hNSCs than that in
untreated cells (Figure 2A and B, 24.76+2.24% vs 9.21+1.9%; n=3, P<0.01). Next, we tested the effects of hypoxia on
hNSC migration. After 24 h of culture in the Transwell culture plates, hypoxia pre-treated hNSCs migrated significantly
more than the untreated cells, showing increased migratory capacity toward SDF-1 or FBS (Figure 2C and D, SDF-1,
8.65£1.76% vs 0.54+0.11%, P<0.001; FBS, 21.74+0.85% vs 8.36+0.81%; n=3, P<0.0001). These results suggested that
hypoxia-preconditioned hNSCs had greater migration capacity than normal hNSCs, which was suitable for intranasal

transplantation.

Optimized Transplantation Causes a Large Number of Cells to Rest on the Olfactory
Mucosa

Two different techniques were used for cell transplantation. The purpose of this was to make more viable hNSCs rest on
the olfactory mucosa because we assumed that viable cells might be more likely to cross the cribriform plate and access
the brain than a dead cell. Our results showed that transplantation performed using a catheter increased the number of
cells in the olfactory epithelium (Table 1). Conversely, natural inhalation caused more cells to stay in the nasal vestibular
region, making it very difficult for them to reach the olfactory region (Figures S3 and S4). When natural inhalation was
used, almost no hNSCs were found resting in the olfactory region in most cases, 24 or 72 h after intranasal administration
(Table 1). This showed that the catheter method was more stable than the natural inhalation method.

Next, hNSC survival in the nasal cavity was examined using the One-step TUNEL Apoptosis Assay Kit. This was
performed to choose the interval for multiple transplantations. The results are shown in Figure 3. We found that hNSCs
could survive in the nasal cavity for about 24 h (Figure 3A and B), but not longer than 48 h. After 48 h, nearly all cells
were stained, showing positive reactions, regardless of hypoxia (Figure 3C and D). These findings confirmed that the
grafted cells did not survive for long periods after transplantation, and perhaps the most appropriate interval time of
repeated dosing was 24 h for hNSCs.
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Figure | The identification of hNSCs in vitro. (A) The morphology of hNSC neurospheres after being cultured for 7 days. (B) Fluorescence-labeled cells were observed

under a fluorescent microscope. (C) Flow cytometry to detect Nestin, Sox-2, and Vimentin of hNSCs. (D) hNSCs were cultured in a differentiation condition and
immunostained for GFAP, Olig2, and Tuj-1 of hNSCs. Scale bar: 100 pm.

Intranasally Delivered hNSCs Cross the Cribriform and Migrate Along a Blood Vessel
Scaffold in the Subarachnoid Space

Sagittal and coronal tissue sections from each rat from the optimization group at different time points were analyzed. To
demonstrate that the positive cells at a particular location were hNSCs, we performed double immunofluorescence analysis
for STEM121. We initially identified a pathway of intranasally delivered hNSCs entering the brain. The process was as
follows: (1) Enter the nasal cavity and rest on the olfactory epithelium; (2) cross the olfactory epithelium into the tissue
space below the lamina propria; (3) migrate within the special tissue space; (4) cross the cribriform plate to reach the
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Figure 2 Effect of 5% O, on CXCR4 expression and migration in hNSCs. (A) Flow cytometry confirms that CXCR4 expression on the cell surface was approximately 2.5
folds higher in hypoxia hNSCs than in growing under normoxic conditions (24.76+2.24% vs 9.21£1.9%; n=3, **P<0.01, 5 vs 21% O,, Student’s t-test, error bars show
standard deviation). (B) Flow cytometry analysis was repeated three times and the figure shows a representative experiment. (C) Migration of hNSCs was analyzed using
Transwell assay. hANSCs were treated in a hypoxic culture, demonstrating a significant increase in chemotactic migration toward SDF-1- or FBS-containing medium chamber
(SDF-1, 8.65£1.76% vs 0.54x0.1 1%, **P<0.01; FBS, 21.74£0.85% vs 8.3610.81%; n=3, ***P<0.0001, 5 vs 21% O,, Student’s t-test, error bars show standard deviation). (D)
The Transwell migration experiment was repeated three times and the figure shows a representative experiment.

subarachnoid space; (5) migrate toward injured areas along the brain blood vessels in the subarachnoid space. First, we
observed a large number of hNSCs located in the olfactory epithelium. Meanwhile, a small number of cells migrated to the
lamina propria close to the turbinate bones (Figure 4A), which was observed in many rats at two time points (24 and 72 h).
Interestingly, this phenomenon only occurred in the optimization group; for the ordinary group, hNSCs only rested on the
olfactory mucosa. Then, cells migrated in a tissue space beneath the lamina propria and crossed the cribriform plate to reach
the subarachnoid space. As shown in Figure 4B, hNSCs were found in spaces between the olfactory nerve and the
cribriform plate. This was the subarachnoid space. Finally, these exogenous hNSCs “crawled” along the brain vasculature
in the subarachnoid space. Twenty-four hours after the final administration, we observed that hNSCs were mainly located
adjacent to a lateral orbitofrontal artery and azygos of the anterior cerebral artery (Figure 4C—E). Furthermore, multi-slice
imaging reconstitutions were obtained via confocal microscopy to further demonstrate the relationship between hNSCs and
the anterior cerebral artery (Supplementary Video). Over time, hNSCs migrated to the lesioned side of the middle cerebral

artery 72 h after the last transplantation (Figure 4F and G). Similarly, hNSCs still had a strong association with blood
vessels. Two points are worth noting. First, we did not find hNSCs within the brain parenchyma at any of the time points;
second, the hNSCs were found only in the ventral side of the brain and the furthest distance migrated was to the middle
cerebral artery.
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Table | List of Histologic Sections Analysis

Group Cells Dose Survival Time Pretreatment | Slice No. of Tissue Sections hNSCs on the Olfactory hNSCs into the
(Hour)? Preparation Analyzed Mucosa® Brain®©
Ordinary | 1.0x10° 24 / Coronal 500 Almost no Fail, =0
Ordinary 2 1.0x10° 24 / Coronal 500 Few Fail, =0
Ordinary 3 1.0x10° 24 / Coronal 500 Few Fail, <10
Ordinary 4 1.0x10° 24 / Sagittal 300 Almost no Fail, =0
Ordinary 5 1.0x10° 24 / Sagittal 300 Almost no Fail, =0
Ordinary 6 1.0x10° 24 / Sagittal 300 Much Fail, =0
Ordinary 7 1.0x10° 72 / Coronal 500 Almost no Fail, =0
Ordinary 8 1.0x10° 72 / Coronal 500 Few Fail, =0
Ordinary 9 1.0x10° 72 / Coronal 500 Almost no Fail, =0
Ordinary 10 1.0x10° 72 / Sagittal 300 Almost no Fail, =0
Ordinary |1 1.0x10° 72 / Sagittal 300 Almost no Fail, =0
Ordinary 12 1.0x10° 72 / Sagittal 300 Almost no Fail, =0
Optimized | 0.5%10°/x2 24 Hypoxia Coronal 500 Much Success, >2000
Optimized 2 0.5%10°/x2 24 Hypoxia Coronal 500 Much Fail, =0
Optimized 3 0.5%10%/x2 24 Hypoxia Coronal 500 Much Success, >500
Optimized 4 0.5%10°/x2 24 Hypoxia Sagittal 300 Much Fail, =0
Optimized 5 0.5%10°/x2 24 Hypoxia Sagittal 300 Much Fail, <100
Optimized 6 0.5%10%/x2 24 Hypoxia Sagittal 300 Much Fail, <10
Optimized 7 0.5%10°/x2 72 Hypoxia Coronal 500 Much Success, >2000
Optimized 8 0.5%10°/x2 72 Hypoxia Coronal 500 Few Success, >500
Optimized 9 0.5%10%/x2 72 Hypoxia Coronal 500 Much Fail, =0
Optimized 10 0.5%10°/x2 72 Hypoxia Sagittal 300 Much Success, >3000
Optimized |1 | 0.5%10%/x2 72 Hypoxia Sagittal 300 Few Fail, =0
Optimized 12 0.5%10%/x2 72 Hypoxia Sagittal 300 Much Fail, =0

Notes: *Survival time of rats following last intranasal administration of hNSCs. ®“Almost no”: Counts less than 200 or equal to 0; “few”: Counts greater than 200 but less than 500; “much”: Counts greater than 500; The number of
prelabeled-positive cells under a single field of vision (200x magnification). For the sections with the largest numbers of cells. ““Fail”: There are no or only very few hNSCs into the brain; “Success”: There are appreciable amounts of
hNSCs into the brain.
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A Normal B Hypoxia

D Hypoxia

Figure 3 TUNEL analysis after hNSC transplantation under either normoxia or hypoxia. Representative pictures of TUNEL staining, in which red represents CM-Dil, green
represents TUNEL, blue represents DAPI staining, each image represents the merge of three captured images. Arrows indicate a series of hNSCs. (A and B) 24 h after
intranasal administration, some hNSC nuclei were detected as green, indicating cells that underwent apoptosis (white arrow). (C and D) After 48 h, nearly all cells were
positive, regardless of hypoxia (white arrow). Scale bars: 200 um (A and B), 100 pm (C and D). n=2.

Abbreviation: nc, nasal cavity.

A B C G

injury side ob normal side

Figure 4 Representative images of the path of cell migration following intranasal administration. Red represents CM-Dil, blue represents DAPI, green represents STEMI21
for (A-E), and VWEF staining for (F), each image represents the merge of three captured images. Arrows indicate a series of hNSCs. (A) Cells are located in tissue space
below the lamina propria (Ip) (coronal). (B) The figure shows the cells cross the cribriform plate (cp) to reach the subarachnoid space, white dashed line indicates the edge
of the cp, red dashed line indicates the edge of the olfactory nerve layer (onl) (sagittal). (C and D) 24 h after intranasal administration, hNSCs were located adjacent to
lateral orbitofrontal artery (lofr) and azygos of the anterior cerebral artery (azac) (coronal). (E) After 72 h, hNSCs migrated to the lesioned side of the middle cerebral
artery (mca) (sagittal). (F) Representative images of the relationship between hNSCs and brain vessels (coronal). (G) Ventral view of the non-perfused brain surface from a
rat on postnatal day 10, the migration route of the hNSCs in the brain was simulated in this figures. Scale bars: 100 um (A-E), 500 um (F).

Abbreviations: oe, olfactory epithelium; tb, turbinate bone; nc, nasal cavity; gl, glomerular layer; epl, external plexiform layer; mcl, mitral cell layer; ob, olfactory bulb; ACA,
anterior cerebral artery; MCA, middle cerebral artery; PCA, posterior cerebral artery.
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Optimized Transplantation Improves the Success Rate of Intranasal Delivery of Cells

into the Brain

To rule out development reaction interference and confirm tissue sections, fluorescence double staining for STEM121
was used. Table 1 presents the main results of the study. After a series of optimizations for pre-transplantation conditions,
such as hypoxia, use of a microcatheter, and change in the volume of the cell suspension, the number of successful trials
increased, but our success rate did not reach 100%. As shown in Table 1, for the optimized group, successful trials were
performed in five of the 12 rats (41.6% success). In these rats, we observed relatively appreciable amounts of hNSCs in
the brain. However, there were no more than 5x10° cells in the brain even in the most successful experiments. In
contrast, we were not able to intranasally deliver cells into the brain successfully, even though a large number of hNSCs
were located in the nasal cavity on the olfactory mucosa, even when only the ordinary transplantation method was used.
Collectively, these data showed that optimized transplantation improved the success rate to some extent.

Discussion

Intranasal application of stem cells in the management of CNS diseases has attracted increasing attention, with over 50
publications demonstrating its potential effectiveness. However, the researchers focused too much on its advantages,
while ignoring that intranasal delivery is not a reliable and stable method. This is represented by the number of cells
successfully reaching the brain. In the present study, we demonstrated that the success rate of intranasally delivered cells
reaching the brain could be improved to some extent by optimizing pre-transplantation conditions. Furthermore, hNSCs
could cross the cribriform into the brain via a submucosal tunnel and migrate along a blood vessel scaffold in the
subarachnoid space upon intranasal delivery.

Numerous factors affect cells that enter the CNS after intranasal administration. We believe that the main factors
contributing to the success of intranasal delivery mainly included the following: Cell function and viability; increased
number of cells that adhere to the olfactory epithelium; longer nasal cavity residence time; longer nasal cavity; head
position; administration volume. From a cellular perspective, hNSCs that enter the nasal cavity have two possible fates.
One such fate is death because a large number of cells are cleared from the nasal cavity and enter the respiratory or
digestive tract due to mucus secretion and mucociliary clearance. An alternative fate for the cells is to cross the barrier
and undertake long-distance migration to reach the brain lesion. It is proven that high number of surviving cells staying
in the nasal cavity is fundamental for the cells to enter the CNS, whereas cell function and viability are key factors. Some

1820 and our

studies have demonstrated that NSCs cultured in a low oxygen environment (5%) can increase migration,
results are consistent with these. We adopted the hypoxia pretreatment strategy to improve the hNSC function because it
is effective and safe. Interestingly, we could not deliver cells into the brain when untreated cells were used. We believe
that this difference may be due to the poor migration of hNSCs. In addition, hypoxia pretreatment strategy can also
decrease the apoptosis of NSCs,”° and indeed, 24 h after intranasal administration, apoptosis was observed in some cells.
This proves that hNSCs did not survive long in the nasal cavity after intranasal administration. To address this issue, we
chose multiple transplantation times with an interval time of 24 h but it did not change the overall number of cells. One
benefit of this is that more cells survive in a fixed period. We note that most of the previous studies used PBS as a single
cell suspension, while a few investigators used 2% human serum albumin.>' This was done to allow increased vitality in
a short time before transplantation. However, the time spent from the cell preparation to the end of intranasal delivery
was approximately 1 h in practice and PBS could help the cells remain viable throughout this time; therefore, we did not
use human serum albumin in the short time before transplantation.

Cells entering the CNS need to cross a substantial barrier, such as the nasal mucosa. In rodents, four types of epithelia
can be found in the nasal cavity.?> These are distributed in diverse locations in the nasal cavity. The epithelium that is
most beneficial for cells entering the CNS is probably the olfactory epithelium. In rats, the total area of the olfactory

epithelium covers 50% of the nasal cavity surface,”*>*

whereas the olfactory nerve terminates at the apical surface of the
olfactory epithelium and is in direct contact with the external environment and the olfactory bulbs. The olfactory bulb is
the first location after intranasal (IN) cells.'**>?” Another direct pathway from the nose to the brain is the trigeminal

nerve, but it is relatively long compared to the olfactory nerve. The olfactory nerve is not the only neuron invading the
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nasal mucosa, the ophthalmic branches of the trigeminal nerve innervate the olfactory epithelium.”® Thus, if cells are to
enter the CNS from the nasal mucosa through the nerve pathway, the olfactory epithelium is a good choice. The nasal
mucosa is covered with mucus. Foreign substances, such as particles and bacteria can be entrapped by the mucus, and
these substances are cleared by the consistent whip-like action of cilia.**** Therefore, mucociliary clearance affects the
residence time of cells in the nasal cavity. Spencer et al sought to mechanically delay the rapid clearance of hNSCs by the
ciliated epithelium from the nasal cavity using fibrin glue,’' and although fibrin glue had some effect, it was less
pronounced. This proves that mucociliary clearance has a strong scavenging capability; however, olfactory cilia are
described as immotile due to the lack of dynein, which is essential for motility.*> Thus, cells are markedly more likely to
adhere to the olfactory epithelium. Similar findings were observed in the present study. We adopted a combination of
multiple transplantations using the polyethylene catheter strategy and gently shaking the body of the rats after intranasal
administration. By doing this, more surviving cells were distributed uniformly on the olfactory epithelium, which stayed
in the nasal cavity for a relatively long period. Meanwhile, cell deposition in other epithelium was largely avoided.

We also considered the influence of the head position and volume of the cell suspension. We have been actively
looking for a suitable solution volume for intranasal delivery, where a small volume will likely result in less surface area
to cover and a large volume will result in more cells in the respiratory or digestive tract, which could even lead to
respiratory distress. Finally, we chose to use approximately 30% of the nasal cavity volume as an administration volume,
because this volume ensures that the entire nasal cavity, including the olfactory region, is well exposed.’®> The nasal
cavity volume of rats was estimated using a previously published formula,** and all similar experiments refer to this
formula. The choice of the appropriate concentration of the right cell is extremely important as well because high cell
concentration is unfavorable for cell migration (at least in our study). We propose that it should be below 10°/uL. In
addition to the above factors, the head position is equally important for intranasal delivery. For a human, the best head
position for intranasal delivery of cells or drugs is via contact with the olfactory epithelium, which is called the “Praying
to mecca position”.*>*® Only 8% of the nasal cavity surface area is the olfactory region in humans, principally centered
near the cribriform plate. Critically, the cribriform plate is parallel to the ground level.’” However, due to the different
anatomy in rats, the horizontal position was the best, but some improvements were needed. The olfactory epithelium
covers a larger percentage of the nasal cavity in rodents (approximately 50%). In the normal posture, the cribriform plate
demonstrated an acute angle with the ground in rats. In other words, the cribriform plate was at a slant. One study
showed the deposition and distribution within the nasal cavity in a supine position of the head at a 40° angle to the bed.*®
During 1 h, increasing amounts of the swallowed drug were observed in the oropharynx. Therefore, for intranasal
delivery of cells, the head should be as parallel to the floor as possible with a padded pillow under the head of the rat.
Furthermore, an obtuse angle must be formed between the head and neck, to avoid swallowed cells.

Currently, the mechanism of intranasal delivery of cells into the CNS is not very clear, and scholars have put forward
a series of hypotheses, such as the perineural, perivascular, and cerebrospinal fluid (CSF) pathways; however, these
pathways seem to be interconnected. Initially, we found that hNSCs were localized in the olfactory epithelium and the
tissue space below the lamina propria, which is consistent with the results of Galeano et al.*® This illustrates that hNSCs
can cross the olfactory epithelium in a unique way. The olfactory epithelium consists of supporting cells and olfactory
sensory neurons with tight junction proteins between them and it restricts the paracellular permeability of the epithelium.-
4041 Some substances, such as viruses and small or large molecules, can cross the “barriers” via the transcellular or
paracellular pathway. However, this seems unlikely for hNSCs, as the size between hNSCs and tight junctions differ
substantially.*> Therefore, hNSCs could pass through the olfactory epithelium through existing gaps in the mucosa
created by the natural shedding of epithelial cells.*> However, these “entrances” to the brain appears to be randomly
distributed on the mucosa. Perhaps this explains why intranasal delivery of cells is not a reliable and stable method, and
this is another reason why we adopted multiple transplantation strategies. Multiple investigations have suggested that the
subarachnoid space and nasal mucosa potentially communicate.**** Kida et al investigated the CSF drainage pathways
from the rat brain by injecting Indian ink into the cisterna magna and found that Indian ink passed from the subarachnoid
space through the cribriform plate, often but not always, alongside nasal nerves, passing into the olfactory submucosa.*®
hNSCs were found at the same position in our study, indicating that the tissue space underlying the nasal mucosa
contains the CSF and allows cells to migrate. We then observed hNSCs crossing the cribriform plate to reach the
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subarachnoid space, which was observed at both time points (24 and 72 h). We considered this reverse migration
dynamic to be powered by the bidirectional flow of the CSF.*'*’ In other words, hNSCs accessing the subarachnoid
space following intranasal administration could potentially be distributed along the direction of CSF flow to other, more
distant sites. This could explain why cells are distributed to the hippocampus, cerebellum, and around the injury area in a
very short period.'>?” An alternative explanation is that cells can move through the trigeminal pathway to reach the CNS,
but here, we have not observed similar phenomena. hNSCs were found predominantly surrounding the vasculature at two
time points in our study, indicating that there are at least two ways for hNSCs to be distributed in the CNS after entering
the subarachnoid space, one relatively fast and the other relatively slow. Our results showed the latter, where the farthest
distance of cell migration was only the middle cerebral artery. We speculate that the cell migration route follows the
subarachnoid space from 24 to 72 h. hNSCs migrated along a blood vessel scaffold from rostral to caudal side. This also
illustrates why hNSCs were found only on the ventral side of the brain. Therefore, our study indicated that the intranasal
administration of exogenous stem cells had the same mode of cell migration as the endogenous stem cells after ischemic
brain injury.*® Unlike many other studies, hNSC migration to the region of injury was not observed at arbitrary time
points.** % Moreover, the number of hNSCs entering the brain was not high. This was probably due to the different
migration capacities of the different cell types. After 24 h of HIE, a variety of chemokines, such as SDF-1, are
constitutively secreted by astrocytes and vascular endothelial cells in the region of injury and promote the migration
of neuroblasts that express the relevant receptor toward injured regions.”>>’ Approximately 30% of migrating neuro-
blasts in the injured brain travel along blood vessels.’®>® This highlights the importance of the cerebral vasculature for
the repair of brain injury and chemoattractants in the control of cell migration to sites of brain injury.

Nevertheless, the shortcomings of the current study need to be addressed. First, we only used a newborn rat model of
HIE and did not use large animals and other CNS disease models to validate our hypothesis. We need to consider the
specificity of the nasal structure in rodents, as well as the different pathogenesis of CNS diseases. Second, additional
types of stem cells are required to verify this optimization strategy, because functions and properties vary between
different types of stem cells. We believe that these limitations do not affect our main conclusions. However, further
efforts are warranted to prove these ideas.

Conclusion

In conclusion, we demonstrated that optimization of pre-transplantation conditions augments the efficacy of intranasally
delivered cells to the brain to a certain extent, and tentatively identified one pathway of intranasally delivered hNSCs
entering the brain. However, studies on intranasal delivery of stem cells as a CNS disease therapy remain at an early
stage, and much remains to be done. In the future, more studies should be carried out investigating the mechanisms of
transnasal transport routes of stem cells, the reproducibility and efficiency of delivery, and safety.
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