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Abstract

Introduction—Glioblastoma (GBM) is the most aggressive malignant brain cancer in adults, and 

its poor prognosis and resistance to the existing standard of care require the development of 

innovative therapeutic modalities. The local delivery of stem cells as therapeutic carriers against 

glioma has produced encouraging results, but encounters obstacles with regards to the repeatability 

and invasiveness of administration. Intranasal delivery of therapeutic stem cells could overcome 

these obstacles, among others, as a noninvasive and easily repeatable mode of administration.

Areas covered—This review describes nasal anatomy, routes of stem cell migration, and factors 

affecting stem cell delivery to hard-to-reach tumors. Furthermore, this review discusses the 

molecular mechanisms underlying stem cell migration following delivery, as well as possible stem 

cell effector functions to be considered in combination with intranasal delivery.

Expert opinion—Further research is necessary to elucidate the dynamics of stem cell effector 

functions in the context of intranasal delivery and optimize their therapeutic potency. Nonetheless, 

the technique represents a promising tool against brain cancer and has the potential to be expanded 

for use against other brain pathologies.
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1. Introduction

Glioblastoma (GBM) or malignant glioma is the most prevalent primary malignant brain 

tumor in humans and carries an extremely poor prognosis. Despite aggressive standard of 

care therapies, such as surgical resection, radiation, and chemotherapy, median survival 

remains less than 15 months and less than 5% of patients survive 5 years after diagnosis [1]. 
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One of the biggest challenges in the field of brain tumor therapy is the presence of the blood 

brain barrier (BBB), which limits the efficacy of therapeutic delivery. Thus, there is an 

urgent need for next-generation therapies that can either bypass or efficiently cross the BBB 

and specifically deliver therapy to the site of tumor.

The use of stem cells as therapeutic carriers against central nervous system (CNS) tumors 

has been well established. Stem cells of various lineages are attractive modes of delivery due 

to their versatility as therapy vehicles, their ability to cross the BBB, and their inherent 

migratory capacity to sites of brain trauma, including ischemia, traumatic brain injury, 

neurodegeneration, and brain tumors [2–4]. The main types of stem cells being evaluated for 

therapies in the CNS are neural stem cells (NSCs), mesenchymal stem cells (MSCs), and 

induced pluripotent stem cells. Thus far, NSCs have been favored for use in clinical trials: a 

completed Phase I clinical trial investigated the use of genetically modified NSCs that 

conferred prodrug activation (NCT01172964), and three other clinical trials employing 

NSC-mediated therapy are currently recruiting participants (NCT03072134, NCT02015819, 

NCT02192359). Stem-cell carriers could be particularly tailored to GBM treatment because 

of their ability to migrate to the tumor site, allowing for targeted therapy. Therefore, stem-

cell-based therapies for GBM and other brain tumors warrant thorough scientific exploration 

in order to move toward clinical trials in the future.

Intranasal delivery (IND) has the advantage of bypassing the BBB entirely, and a wide range 

of therapeutics can reach the brain directly from the nasal passages through various 

mechanisms [5–7]. IND also benefits from being easily repeatable and noninvasive. In this 

review, we focus on relevant nasal anatomy, routes of stem-cell migration, and factors 

affecting stem-cell delivery to hard-to-reach tumors. Afterward, we summarize the current 

research on anti-glioma therapies utilizing therapeutic stem cells and an intranasal route of 

delivery.

2. IND of cell-based agents for glioma

Brain malignancies present a unique challenge to the success of stem-cell therapies as 

opposed to other cancer types, as the BBB protects the brain and prevents the majority of 

therapeutics from reaching the brain parenchyma. Often, the concentration of the drug that 

reaches the tumor site may be greatly reduced from what is administered. Moreover, 

increased dosing increases the possibility of systemic toxicity. Stem-cell-based therapies 

may be a viable solution to these obstacles, as stem cells are inherently tumor tropic and can 

enhance targeted therapeutic delivery.

Moreover, an ideal therapy would cross or bypass the BBB and efficiently reach the tumor 

site with limited off-target effects and systemic toxicity. IND of therapeutic agents has 

recently shown promise in preclinical and clinical settings because of its ability to bypass the 

BBB [6,7]. Furthermore, IND of therapeutic stem cells, as opposed to systemic injection, 

allows practitioners to avoid problems associated with first-pass clearance. Upon intravenous 

infusion, it has been shown that the majority of MSCs and NSCs become entrapped in 

microvasculature of the pulmonary circulation, in part due to their larger size [8]. Moreover, 

studies show that MSCs injected intravenously move from the lung to the liver, spleen, 
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kidney, and bone marrow within 48 h [9]. Utilizing IND for stem-cell-based therapeutics 

may help improve their efficacy against glioma, by directing migration from the nasal cavity 

to the tumor site.

3. Normal intranasal anatomy

3.1. Nasal anatomy of mouse and human

The primary features of nasal anatomy in the mouse and human affecting IND are the gross 

structure of the nasal cavity and the nature of the cells that form the primary barrier of the 

respiratory tract. Differences in nasal anatomy between the laboratory mouse and human 

require further consideration, especially for translation of IND into clinical trials. For 

example, mice are obligate nose-breathers and have a nasal structure optimized for olfaction, 

while human nasal structure is more optimized for respiration and protection of the 

respiratory system [10]. Moreover, after entering the nostrils, air enters the nasal vestibule 

and passes through the nasal valve, a narrow passage leading to the main nasal chamber. The 

nasal chamber of both species is composed of nasal turbinates, intricate bony structures that 

support the nasal epithelium and increase the surface area of the nasal passage. Murine nasal 

turbinates are more prevalent, and the mouse has approximately five times the epithelial 

surface area relative to humans [11]. This could lead to the increased uptake of IND 

therapies in the mouse compared to the human; thus, downstream dosing studies have to be 

species specific. Differences between the mouse and human in nasal anatomy and absorption 

of therapy through the nasal epithelium have so far not been elucidated; however, they are 

crucial for translational research.

4. Stem-cell migration pathways

After IND, stem cells may follow several pathways to the tumor, as shown in Figure 1. The 

route of migration might depend on the type of stem cells used for therapy. The first barrier 

intranasally delivered stem cells encounter is the epithelium of the nasal cavity, which is 

well vascularized and innervated [10]. After penetration, the therapeutic stem cells migrate 

to the brain; we investigate two possible routes of migration below.

4.1. Migration by olfactory nerves

The nasal epithelium is innervated by the olfactory nerves, which can be utilized by cell-

based therapies to rapidly gain access to the brain after IND across the cribriform plate and 

into mitral cells of the olfactory bulbs. From the olfactory bulbs, afferent neurons carry 

olfactory signals to the olfactory tract, piriform cortex, amygdala, and hypothalamus. 

Specialized myelinating glia (olfactory ensheathing cells) form cerebrospinal fluid (CSF)-

filled cavities along the olfactory nerves, which are thought to play a role in extracellular 

trafficking into the brain after IND [12]. The majority of studies on IND found that the 

delivery of agents occurred within a short time period (5–30 min), suggesting the roles of 

extracellular transport and bulk flow mechanisms [13–17]. From the olfactory bulb, stem 

cells can either migrate directly into the frontal lobe or to caudal portions of the brain via 

CSF flow [18]. The olfactory pathways have been shown to be a large component of IND 

therapy, with our lab and others showing that stem cells delivered intranasally can be 
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visualized in the olfactory bulb and frontal lobe with MRI [13,19]. As the olfactory 

epithelium is significantly larger in mouse, it is likely that this pathway plays a larger role in 

cell migration in the murine model than in humans.

4.2. Migration by trigeminal nerve

The mandibular and maxillary segment of the trigeminal nerve innervates the olfactory 

region in the distal nasal cavity, terminating in the spinal trigeminal nuclei in the pons. 

Intranasally delivered therapeutic agents enter the brain through this route, suggesting that 

stem cells may also [6,20–22]; however, this requires further investigation.

5. Molecular mechanisms of stem-cell migration

The success of stem-cell-based therapies greatly depends on their ability to migrate toward 

and distribute throughout the tumor [23–25]. Thus, optimization of stem-cell-based therapies 

requires the understanding of molecular mechanisms responsible for stem-cell migration to 

brain tumors. Several studies have shown that stem-cell tumor-tropism occurs along a 

chemotactic gradient, and several soluble factor receptors have been identified that influence 

stem-cell migration in a tumor model [26–30]. Additionally, there is evidence that the stem-

cell interactions with astrocytes, neurons, and the extracellular matrix (ECM) could affect 

stem-cell migration following IND [31–34]. Although this review does not intend to cover 

the complexity of all migratory mechanisms utilized by stem cells in the brain, we highlight 

several of them in the section below.

5.1. Chemotactic gradients can affect stem-cell migration to brain tumors after IND

The vascular endothelial growth factor receptor has been found by several studies to be 

necessary to induce stem-cell migration in the brain and implicates the hypoxic 

microenvironment of the tumor [26,27]. The CXC-motif chemokine receptor 4 (CXCR4) 

has also been found to effect stem-cell migration to malignancies in the brain [26,35]. 

Expression of CXCL12, the associated ligand for CXCR4, has been shown to be controlled 

by hypoxia-specific transcription, and increased expression of CXCL12 resulted in enhanced 

stem-cell migration [28,36]. Finally, brain malignancies secrete macrophage chemoattractant 

protein-1 (MCP-1), interleukin-8 (IL-8), TGF-β1, and neurotrophin-3 (NT-3), which recruit 

MSCs to the tumor through their respective chemotactic axes [30,35]. MCP-1, in addition to 

CXCR4, played an important role in MSC migration to gliomas in vitro, an effect that 

diminished with neutralizing antibodies [35]. Ligands IL-8, TGF-β1, and NT-3 also had 

significant, dose-dependent effects in recruiting MSCs toward gliomas when incubated with 

MSCs separately [30]. Together, these data suggest that the tumor secretes a wide array of 

chemoattractive and angiogenic cytokines that actively recruit stem cells to the site of the 

tumor. Further investigation of these gradients may be useful to enhance the efficacy of stem 

cell-based, intranasally delivered therapies.

5.2. Haptotactic interactions promote stem-cell tumor tropism

Stem-cell tumor tropism has also been shown to be dependent on haptotactic cell-to-cell 

contacts and interactions with the ECM governed by integrins, selectins, and other cellular 

adhesion molecules.
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Stem cells interact with vascular endothelial cells as they travel through circulation, with a 

loose adhesion to selectins and glycoproteins resembling that of disseminated lymphocytes 

[31]. Furthermore, like other tissue-homing cells, stem cells rely on interactions between 

cellular adhesion molecules to arrest on the surface of endothelial cells. Similar mechanisms 

to those found in the vasculature and lymphatics could be involved in stem-cell homing to 

brain malignancies after IND, including those involving, for example, the integrin α4 

subunit of VCAM-1 and very-late antigen 4 [32]. Increasing evidence also suggests an 

important role for the ECM in stem-cell migration through extracellular spaces in the brain 

parenchyma, with the implication of numerous ECM components in brain malignancies 

[34]. Thus, the interactions of selectins, glycoproteins, cellular adhesion molecules, and 

ECM components are vital to the migratory ability of stem cells, and their engineering can 

be used to enhance the therapeutic efficacy of these treatments.

6. Effector functions of therapeutic stem cells

Stem cells have been used to carry prodrug activators, deliver viral vectors and nanoparticles 

(NPs), as well as produce antibodies [37]. By using tumor-tropic stem cells as a vehicle for 

therapeutic agents, there is the potential to overcome challenges posed by the in vivo 
environment on the therapeutic vector alone, including poor dissemination and absorption, 

toxicity, a short half-life, elimination by the immune system, and a lack of target specificity 

[23,25,38]. The inherent ability of stem cells to migrate to the tumor may offer benefits 

when delivered intranasally that not conferred by other therapeutic vectors, namely viruses 

or NPs, without further modification. However, both viral [39–41] and NP [42] systems have 

demonstrated therapeutic benefit against glioma when delivered via the intranasal route. 

While there is limited literature available directly comparing the various techniques, we have 

demonstrated the significant survival benefit to irradiated mice after delivering oncolytic 

virus in NSCs cultured in hypoxic conditions in comparison to oncolytic viruses alone [5]. 

In the future, the scope of cross-comparison experiments should be expanded in order to 

determine the most efficient strategy of therapeutic delivery.

Before examining each effector function, it is worth noting that the underlying dynamics and 

mechanisms of each must be further investigated in the context of IND in order to optimize 

therapeutic benefit. Stem cells that are genetically engineered, whether it be to express 

prodrug activators, antibodies, or antiproliferative agents, must be followed after IND to 

chronicle the rate of accumulation in tumors and establish a timeline for therapeutic delivery. 

A table summarizing therapeutic effector functions is below. As seem in Table 1, we 

summarized the representative examples and further discussed in details the effector 

functions stem cells in context of GBM and other cancers.

6.1. Prodrug activators

Prodrugs often suffer from incomplete absorption and delivery and poor site specificity 

when delivered systematically. Their utilization can be enhanced through the use of stem 

cells as a producer synthesizer of the relevant enzymes needed to biologically transform 

prodrug components into active therapeutics, increasing the concentration of therapeutic 

drug in the tumor. The cytosine deaminase (CD)-expressing clonal human NSC line 
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HB1.F3.CD, shown to enhance local conversion of prodrug 5-fluorocytosine to the 

chemotherapeutic 5-flurouracil [43], and the herpex simplex virus thymidine kinase 

(HSVtk)/ganciclovir system [45,46] are examples of prodrug therapies delivered with stem 

cells.

6.2. Viral vectors

Oncolytic virotherapy, or the employment of genetically engineered viruses to induce 

apoptosis, is a promising approach for treating brain malignancies. Stem cells are well 

poised to overcome the limitations that direct injection into the CNS is highly invasive and 

naked viral vectors elicit an immune response, currently posed by viral vectors [73]. 

Examples of viral vectors delivered by stem cells include Δ24-RGD loaded into bone 

marrow-derived MSCs [51], CRAd-S-pK7 loaded into NSCs [48,49], CRAd-CXCR4-Ad5/3 

loaded into MSCs [50], oncolytic herpes simplex virus loaded into MSCs [52], and the 

measles virus (MV) loaded into MSCs [53–55]. Currently, a clinical trial investigating the 

application of MV-loaded MSCs is underway in patients with ovarian cancer 

(NCT02068794).

6.3. Nanoparticles

NPs offer a vector for the transportation of therapeutics to GBM, protecting them from 

degradation, preventing their rejection at the BBB, improving their biodistribution, 

supporting innovative imaging techniques [74,75]. They are commonly composed of 

polymers and lipids and can carry multiple therapeutic agents, including drugs [76–78], 

DNA [79,80], and radionuclides [81]. Furthermore, NPs themselves can behave as magnetic 

and thermal therapeutic agents [82] by rotating to mechanically induce apoptosis, 

responding to ultrasound to deliver drugs, or producing heat in response to alternating 

magnetic fields [83]. NPs have been incorporated into stem cells spontaneously, through 

passive transport, or through active transport [84–87]. They have also been used to 

manipulate MSCs to produce bone morphogenetic protein 4 (BMP4), thus avoiding the use 

of viral engineering in the delivery of antiproliferative agents [88]. Examples of stem-cell-

based NP therapeutic systems against GBM include the silica nanorattle-doxorubicin 

nanoparticulate patch system in MSCs [57], the use of cytotoxic Fc-diOH-loaded MIAMI 

cells [59], and magnetic spinning disk NPs (SD)-loaded NSCs [56]. Loading stem cells with 

NPs may protect them from removal by the mononuclear phagocyte system, enhance 

distribution within the tumor, and allow researchers to circumvent the need to engineer a NP 

to be tumor tropic.

6.4. Immunostimulatory agents

GBM takes advantage of both the immune-privileged environment of the brain and the 

general ability of cancer to evade the endogenous immune system to proliferate aggressively 

and recur [89]. One class of immunostimulatory agents is composed of interferons (IFN), 

signaling proteins that activate various cells of the immune system and include cytotoxic T 

cells, natural killer cells, and dendritic cells [90]. While there are many distinct IFN, IFN-β 
has been the most successful therapeutic for the solid tumor environment of glioma, shown 

to disrupt the vasculature niche of glioma stem cells and induce apoptosis in solid tumors 

[91–94]. The use of both MSCs and NSCs as delivery mechanisms for IFN-β has been 
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shown by multiple groups to show promise as a therapeutic [25,60]. IFN-β used in 

combination with IL18 promoted glioma cell apoptosis, the production of cytokines, and the 

infiltration of CD4+ and CD8+ in comparison to the secretion of either IL18 or IFN-β alone 

[29]. These promising results open the door to further studies on the combinational therapies 

that target the heterogeneous nature of glioma.

6.5. Antiproliferative and proapoptotic agents

Antiproliferative agents refer to a wide range of substances that control the proliferation, 

migration, and aggressiveness of cancer cells. Naked antiproliferative agents are often 

nonspecific toward tumors and therefore require the development for tumor-specific delivery 

methods. BMPs [61,62], growth arrest-specific-1 [64], thrombospondin (TSP-1) [65], the 

naturally occurring fragment of human metalloproteinase-2 PEX [66], and TNF-related 

apoptosis-inducing ligand [63,67–69] have been investigated as potential targets utilizing 

stem cells as carriers to GBM.

6.6. Antibody-based therapy

Antibody-based brain tumor therapy takes advantage of antigens expressed on the surface of 

cancerous cells as potential targets and has been effective in the treatment of patients with 

chronic lymphocytic leukemia, lymphomas, and HER2-overexpressing breast cancers [95–

97]. However, with regards to the treatment of solid brain malignancies, antibodies have 

been found to be too large to bypass the BBB and have difficulty distributing evenly within 

the tumor mass. Furthermore, while receptors used by antibody-based therapy like HER2 

may be overexpressed in aberrant cancer cells, they may also be found on normal cells, 

raising significant concerns about off-target toxicity. To overcome these obstacles, the 

development of stem cells that express small single-chain antibody (scFv) on their surface 

has been pursued. Antibodies targeting cancer-exclusive genetic mutation EGFRvIII [70,98] 

and HER2 [72] have been previously investigated for stem-cell-based GBM treatment; 

bispecific α-carcinoembryonic antigen (αCEA)/αCD3 diabody-secreting MSCs have been 

investigated for the treatment of colon cancer [71]. The viability of antibodies from 

genetically modified stem cells must be evaluated in the context of time and explored further 

in order for a successful transition into the clinic.

7. Experimental considerations for IND in preclinical studies

Many considerations should be given when developing stem-cell-based therapies for IND to 

the brain tumor. Unlike systemic therapies, for which the exact location of delivery does not 

affect the efficacy of therapy (i.e. intravenous), intranasal administration may elicit different 

results based on small variations in the orientation of the skull [99] and the depth of 

administration within the nasal cavity [100]. Although it has not been directly demonstrated, 

results may also be affected by the volume of therapeutic delivered. The fast clearance of 

therapeutic agents observed following IND should be taken into account when developing 

preclinical experiments [5,13,44]. Additionally, how stem cells utilize the olfactory and 

trigeminal nerve, the vasculature, and the lymphatic pathways for brain entry remains to be 

delineated [6,20,22,101–103]. Brain malignancies are extremely diverse in terms of their 

molecular characteristics and location in the brain; the molecular and migratory 
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characteristics of the different stem-cell types will determine their selection as a therapeutic 

carrier.

8. Considerations for translating IND to the clinic

Experimental variables, such as the administration technique, vehicle volume, and cell type, 

must also be carefully considered in IND’s eventual translation to human patients in the 

clinic. This review has already discussed differences in murine and human nasal anatomy, as 

it pertains to the development of the IND of stem cells carrying anti-glioma treatment. 

Moreover, many technical considerations for the IND of drugs must be investigated: the 

angle of the head during administration, depth, and volume of dosage all have a considerable 

effect on the efficiency of treatment, as well as the addition of mucoadhesives or permeation 

enhancers [104–107]. Additionally, the inherent pharmacokinetic and dynamic properties of 

any therapeutic, especially cell-based therapies, are of concern in translational research.

In preclinical models, mice are often anaesthetized and held in a supine position, which 

results in direct contact between the administered substance and the nasal epithelium. In 

preclinical trials with nonhuman primates and in human clinical trials, several positions have 

been attempted, such as supine with the head laying off the table (Mybargs position) or such 

‘praying to mecca’ positions, with the head down and forward [108]. However, both of these 

positions are uncomfortable for the patient, and alternatives must be explored.

The depth of administration also has a large effect on the accessibility of the nasal 

epithelium and the corresponding treatment efficiency. While the two positions noted above 

achieve good contact with the nasal epithelium, other approaches have also been attempted, 

such as delivering smaller, more localized doses directly to the nasal epithelium by breathing 

tubes or catheters [109]. These techniques also can limit the volume of dosage and reduce 

the risk of respiratory distress, which favors a repeated dosing schedule in preclinical, 

nonhuman primate, and human studies [110,111].

The kinetic and dynamic properties of stem-cell-based therapies applied intranasally have 

not been thoroughly studied, although preliminary work in the area suggests that various 

aspects of therapy affect retention and therapeutic efficiency. The availability of the nasal 

epithelium is of primary concern during dosing, but the migration, retention, and longevity 

of these cells in the brain often correlate with their ability to target and reduce intracranial 

malignancies.

9. Imaging to track intranasally delivered stem cells

Different methods of imaging may be utilized to track the migratory behavior of intranasally 

delivered stem cells in the skull and elucidate the dynamics of therapeutic delivery. 

Fluorescent microscopy, [H3]-thymidine, and near-infrared live imaging have previously 

been utilized to track MSCs following IND; florescent microscopy has also been used to 

image NSCs following IND [2,16,44,112,113].

Currently, researchers rely on magnetic resonance imaging (MRI) as the clinically relevant 

method of tracking stem cells in the brain. MRI was used to follow MSCs loaded with super-
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paramagnetic iron oxide NPs (SPIOs) or micron-size paramagnetic iron oxides and NSCs 

loaded with SPIOs [114]. However, due to its reliance on iron to generate the images, the 

utility of MRI is restricted by false-positive signaling from macrophage engulfment of 

imaging agents, small hemorrhages, or iron deposits in degenerating brains [115–118].

One promising development in imaging technology is the use of SPECT radiotracers, 

specifically 111Indium (111In) or Technetium 99mTc. SPECT imaging overcomes many of 

the challenges posed by MRI, bypassing the false-positive signaling, and provides enhanced 

spatial resolution and sensitivity. Our group has previously conjugated 111In to a 

mesoporous silica NP (MSN), which effectively migrates toward xenografted glioma 

following local and systematic injection, allowing for the dynamic in vivo SPECT imaging 

of NSCs [119]. The development of SPECT imaging represents a clinically relevant 

improvement on imaging technologies that may help further anti-glioma therapeutics.

10. Conclusion

Treatment of brain malignancies stands to be improved with the implementation of 

noninvasive IND of stem-cell-based therapeutics. The literature supports that stem-cell-

based delivery of therapeutics notably improved the efficacy of the treatment in comparison 

to the delivery of the naked therapeutic. In combination with IND, stem-cell-based therapy 

could be a potent tool in the treatment of GBM, as IND harnesses the direct pathways 

between nasal epithelium to the brain and bypasses the BBB. The application of IND is 

furthermore promising for broader applications in the future, including for the treatment of 

brain metastases and lower grade tumors. It is especially fitting for the latter, as these 

malignancies typically have a more intact BBB and require treatments that circumvent it 

[120]. While more research needs to be done investigating the use of specific pathways and 

optimizing treatment based on the location of the tumor, this minimally invasive and 

repeatable delivery method already offers solutions to common problems in the treatment of 

malignancies in the brain.

11. Expert opinion

The IND of stem-cell-based therapies allows for a promising array of diverse treatment 

opportunities for glioma, considering the flexibility of stem cells to employ a wide variety of 

effector functions. The road to a cure for GBM is not simple, as it is a pervasive and 

persistent disease, heterogeneous both within the tumor and among patients; what may be 

needed are combinative therapies that take advantage of weaknesses in each specific tumor 

microenvironment. As the cancer evolves in an individual patient, it is important that the 

therapy evolves with it, and intranasal stem-cell delivery offers the necessary flexibility and 

repeatability. IND also offers the benefit of avoiding the first-pass effect associated with the 

systemic delivery of therapeutic stem cells. In comparison to systemic delivery, which is 

hindered by the BBB, and local delivery, which is dependent on advancements in catheter 

technology or the ability to operate on the tumor, an intranasal route stands out as a 

revolutionary possibility to tackle these problems [121,122].
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Due to the novelty of the approach, it is anticipated that investigators run into challenges that 

require troubleshooting and examination. For example, the differences in anatomy between 

mice and human nasal epithelia may pose a challenge upon translation from preclinical to 

clinical studies. These differences must be fully investigated prior to patient trials in order to 

ensure the success of the novel delivery modality. Moreover, further research opportunities 

are presented in the investigation of the migratory pathways; while the olfactory nerve has 

been studied more in depth than the trigeminal nerve, it will be necessary to more deeply 

investigate each route in both mice and humans.

Furthermore, IND procedures may need to be optimized in order to increase stem-cell 

migration and their survival in the tumor milieu. The time frame and mechanisms of 

therapeutic effect of each stem-cell effector function must also be more deeply investigated 

before translation from preclinical to clinical studies. To these ends, investigators have 

genetically engineered stem cells to overexpress survival genes and cytokines or have 

administered the stem cells after a dose of hyaluronidase [16,123]. While more exploration 

into the specific pathways of IND, the behavior of stem cells at the site of delivery, and the 

efficacy and applicability of the novel delivery method for the various effector functions is 

necessary, this innovation stands to revolutionize cancer treatment. IND of stem-cell-based 

therapeutics takes advantage of stem cells’ natural tropism toward glioma and their capacity 

to administer multiple therapeutic modalities in a repeatable and minimally invasive course. 

Once the modality is fully understood, it may be used in the treatment of different brain 

malignancies or other brain disorders [2,15,31,124–126].
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Article highlights

• Delivery of stem cells through the intranasal route has the potential to 

overcome many of the challenges of repeated CNS drug delivery currently 

faced, as it is a non-invasive and easily repeatable technique.

• Differences in nasal anatomy between mouse and human exist and are 

highlighted.

• Possible routes of migration for stem cells carrying therapeutics are explored, 

including pathways along the olfactory and trigeminal nerves.

• Both mesenchymal and neural stem cells have a natural tropism towards 

glioblastoma, which makes them an appealing modality for the delivery of an 

array of therapeutics for malignant brain tumors.

• Considerations for work that prepares intranasal delivery of stem cell-based 

therapy into the clinic are investigated.

This box summarizes key points contained in the article.
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Figure 1. 
Comparative sagittal views of mouse and human heads demonstrate potential routes of stem 

cell entry into the brain from the nasal cavity.

Blue arrows indicate the olfactory route, whereas green arrows indicate the trigeminal nerve 

path of entry of stem cells to different regions of brain. The trigeminal and olfactory nerves 

are shown in yellow. Full color available online.
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Table 1

Preclinical evaluation of stem cells as therapeutic carriers for brain malignancies.

Effector function Stem-cell type Examples

Prodrug activators NSCs Conversion of prodrug 5-FC to 5-FU [43]

Conversion of CPT-prodrug to topoisomerase I inhibitor [44]

Delivery of thymidine kinase (HSVtk) to activate ganciclovir [45,46]

MSCs HSVtk/ganciclovir system [47]

Viral vectors NSCs CRAd-S-pk7 [48,49]

MSCs CRAd-CXCR4-5/3 [50]

Δ24-RGD [51]

oHSV [52]

MV [53–55]

Nanoparticles NSCs Magnetic spinning disk nanoparticles (SD) [56]

MSCs Silica nanorattle-doxorubicin anchored by a nanoparticulate patch system [57]

MIAMI Cytotoxic Fc-diOH [58,59]

Immunostimulatory agents MSCs IFN-β [25], IFN-β co-expressed with IL18 [29]

MSCs IFN-β [60]

Antiproliferative and proapoptotic 
agents

MSCs BMP4 [61,62]

 TRAIL and EGFR-targeted nanobody [63]

NSCs Gas1 [64]

Thrombospondin (TSP-1) [65]

PEX [66]

Both MSCs and NSCs TRAIL [67–69]

Antibody based MSCs scFvs for EGFRvIII [70]

 Bispecific αCEA/αCD3 diabody [71]

NSCs Anti-HER2 for brain metastases of HER2-overexpressing breast cancer [72]

5-FC: 5-Fluorocytosine; 5-FU: 5-flurouracil; NSCs: neural stem cells; o-HSV: oncolytic herpes simplex virus; MS: measles virus; MIAMI: 
marrow-isolated adult multilineage inducible; BMP4: bone morphogenetic protein 4; Gas1: growth arrest specific-1.
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