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Introduction: Extracellular vesicles (EVs) released by human-induced pluripotent stem cell (hiPSC)-derived neural stem cells (NSCs) have robust antiinflammatory and neurogenic properties due to therapeutic miRNAs and proteins in their cargo. Hence, hiPSC-NSC-EVs are potentially an excellent biologic for treating neurodegenerative disorders, including Alzheimer’s disease (AD).

Methods: This study investigated whether intranasally (IN) administered hiPSC-NSC-EVs would quickly target various neural cell types in the forebrain, midbrain, and hindbrain regions of 3-month-old 5xFAD mice, a model of β-amyloidosis and familial AD. We administered a single dose of 25 × 109 hiPSC-NSC-EVs labeled with PKH26, and different cohorts of naïve and 5xFAD mice receiving EVs were euthanized at 45 min or 6 h post-administration.

Results: At 45 min post-administration, EVs were found in virtually all subregions of the forebrain, midbrain, and hindbrain of naïve and 5xFAD mice, with predominant targeting and internalization into neurons, interneurons, and microglia, including plaque-associated microglia in 5xFAD mice. EVs also came in contact with the plasma membranes of astrocytic processes and the soma of oligodendrocytes in white matter regions. Evaluation of CD63/CD81 expression with the neuronal marker confirmed that PKH26 + particles found within neurons were IN administered hiPSC-NSC-EVs. At 6 h post-administration, EVs persisted in all cell types in both groups, with the distribution mostly matching what was observed at 45 min post-administration. Area fraction (AF) analysis revealed that, in both naïve and 5xFAD mice, higher fractions of EVs incorporate into forebrain regions at both time points. However, at 45 min post-IN administration, AFs of EVs within cell layers in forebrain regions and within microglia in midbrain and hindbrain regions were lower in 5xFAD mice than naïve mice, implying that amyloidosis reduces EV penetrance.

Discussion: Collectively, the results provide novel evidence that IN administration of therapeutic hiPSC-NSC-EVs is an efficient avenue for directing such EVs into neurons and glia in all brain regions in the early stage of amyloidosis. As pathological changes in AD are observed in multiple brain areas, the ability to deliver therapeutic EVs into various neural cells in virtually every brain region in the early stage of amyloidosis is attractive for promoting neuroprotective and antiinflammatory effects.
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1. Introduction

Transplantation of neural stem cells (NSCs) can replace some of the lost neurons, promote synapse growth, repair the disrupted neural circuitry and improve brain function in animal models of Alzheimer’s disease (AD) (Blurton-Jones et al., 2009; Fujiwara et al., 2013; Ager et al., 2015; Li et al., 2016; McGinley et al., 2018; Zhang et al., 2019; Lu et al., 2021; Campos et al., 2022; Yue et al., 2022). However, one study has demonstrated no cognitive benefits of human NSC grafting in a model of AD (Marsh et al., 2017). Moreover, AD pathogenesis involves multiple brain regions involving degeneration of different subtypes of neurons (Frozza et al., 2018; Wang et al., 2020; Veitch et al., 2022), which will likely require region-specific cell therapy for appropriate brain repair and functional recovery, but NSCs have limited ability to differentiate into region-specific neuronal phenotypes after transplantation (Fricker et al., 1999). While direct differentiation of human embryonic stem cells (hESCs) or human induced pluripotent stem cells (hiPSCs) into specific neuronal phenotypes can provide the required donor neurons such as glutamatergic, cholinergic, and GABA-ergic neurons for grafting (Liu et al., 2013; Hu et al., 2016; Upadhya et al., 2019; Fitzgerald et al., 2020; Muñoz et al., 2020), it would be difficult to identify specific regions of the AD brain that display loss of such neurons during disease progression. Furthermore, such a multi-brain region grafting approach is highly invasive. Other concerns about the grafting of hPSC-derived NSCs or neural cells exist. For example, allografting of neural cells requires long-term or lifelong immunosuppression to maintain the survival of graft-derived neurons, which may induce multiple adverse effects (Katabathina et al., 2016; Levi et al., 2019). While a patient-specific cell therapy approach [i.e., grafting of neural cells derived from human-induced PSCs (hiPSCs)] could circumvent the above issues, including ethical considerations, such an approach is likely expensive and might not be feasible for treating a large number of patients (Kiskinis and Eggan, 2010; Han et al., 2020). Moreover, the translation of patient-specific hiPSC-derived cell therapy to the clinic has been hampered by safety issues, which include the possible genetic instability leading to incomplete differentiation or teratoma formation (Bedel et al., 2017; Itakura et al., 2017; Martin et al., 2020).

Considering the concerns mentioned above, the use of nano-sized extracellular vesicles (EVs) derived from NSCs or other neural cell types differentiated from hPSCs as a therapeutic biologic is attractive (Vogel et al., 2018; Liu et al., 2020; Spellicy et al., 2020; Upadhya et al., 2020a,b; Tian et al., 2021). The use of EVs can also be justified by reports suggesting that the therapeutic outcomes of stem cells in various models of human diseases are primarily due to the paracrine actions of their secretome (Drago et al., 2013; Willis et al., 2020a; Santamaria et al., 2021). EVs are the principal components of the secretome because of their ability to pass on proteins, nucleic acids, and lipids to injured cells in the host (Long et al., 2017; Vogel et al., 2018; Kodali et al., 2020, 2023). Thus, because of their proficiency to mimic the beneficial effects of parental cells, stem cell-derived EVs have attracted immense attention as therapeutic alternatives to stem cells in treating neurological and neurodegenerative diseases (Upadhya and Shetty, 2019, 2021a,2021b; Upadhya et al., 2020a,b; Shetty and Upadhya, 2021). Studies have already reported the potential of stem cell-derived EVs in treating traumatic brain injury (Kim et al., 2016; Sun et al., 2020; Bambakidis et al., 2022; Kodali et al., 2023), Parkinson’s disease (Chen et al., 2020; Upadhya and Shetty, 2021b; Lee et al., 2022), stroke (Kuang et al., 2020; Cai et al., 2021; Tian et al., 2021; Xia et al., 2021), and Alzheimer’s disease (Losurdo et al., 2020; Cone et al., 2021). Furthermore, as required, repeated, non-invasive administrations are feasible with EV therapy (Vogel et al., 2018; Shetty and Upadhya, 2021).

Because the therapeutic effects of exogenously administered stem cell-derived EVs in the central nervous system (CNS) are dependent on the transfer of EV cargo (proteins, nucleic acids, and lipids) into target neurons and glia, an in-depth analysis of their cargo, biological properties, and ability to target different neural cell types in various brain regions after peripheral administration is critical for promoting their use in treating neurodegenerative disorders (Abels and Breakefield, 2016; Vogel et al., 2018; Hill, 2019; Upadhya et al., 2020a). Our previous study has described protocols for generating and isolating therapeutic EVs from hiPSC-NSCs using a combination of anion-exchange chromatography (AEC) and size exclusion chromatography (SEC). Also, by employing several in vitro and in vivo assays, the study demonstrated that hiPSC-NSC-EVs have robust antiinflammatory and neurogenic effects, suggesting that such EVs could be employed as a biologic to improve brain function in neurodegenerative conditions, including AD (Upadhya et al., 2020b). Furthermore, small RNA sequencing and proteomic studies have also identified the highly enriched miRNA and protein cargo within these EVs (Upadhya et al., 2020a). Moreover, miRNA/protein knockdown studies in a cell culture model have confirmed the role of specific miRNAs/proteins in mediating robust antiinflammatory effects (Upadhya et al., 2022).

However, it is yet to be determined whether hiPSC-NSC-EVs can target different neural cell types in the entire AD brain following intranasal (IN) administration. Such investigation is essential, as pathological changes in AD are observed in both neurons and glia in multiple brain areas, and targeting EVs into different neural cell types may be necessary to induce beneficial transcriptomic changes. Therefore, in this study, we investigated whether a single intranasal (IN) dose (25 × 109) of hiPSC-NSC-EVs labeled with PKH26 would quickly target glutamatergic and GABA-ergic neurons, microglia, astrocytes, and oligodendrocytes in the forebrain, midbrain, and hindbrain regions of 3-month-old male 5xFAD mice, a model of early-onset amyloidosis. Our results demonstrate that within 45 min post-IN administration, PKH26-labeled EVs expressing CD63/CD81 permeated all subregions of the forebrain, midbrain, and hindbrain of 5xFAD mice and targeted different neural cell types with predominant incorporation into neurons and microglia. Notably, at 6 h post-IN administration, EVs persisted in all neural cell types with comparable distribution patterns. Overall, the study demonstrated for the first time that IN administration of hiPSC-NSC-EVs is an efficient avenue for directing such EVs into neurons and glia in all subregions of the forebrain, midbrain, and hindbrain in 5xFAD mice.



2. Materials and methods


2.1. Animals

Three-month-old male 5xFAD mice, a model of early onset of amyloidosis (one of the pathological hallmarks of AD), were employed in this study. These mice display five human familial AD mutations driven by the mouse Thy1 promoter (Oakley et al., 2006). These mice were bred in-house and kept at Texas A&M University’s vivarium. 5xFAD transgenic male mice and B6SJLF1/J female mice used in the crossing were purchased from Jackson Laboratories (Cat No: 34840-JAX and 100012-JAX). Newborn pups were identified as 5xFAD and wild type through genotyping on postnatal day 15. Animals were maintained in a climate-controlled room with a 12:12-h light-dark cycle and free access to food and water. The Animal Care and Use Committee at Texas A&M University approved all experimental procedures performed in this study.



2.2. Study design

Two groups of mice were employed to investigate EV incorporation into different brain regions: a naïve group comprising littermates of 5xFAD mice (n = 8) and an AD group comprising 5xFAD mice (n = 8). One cohort (n = 4/group) of mice was sacrificed 45 min after IN administration, and another cohort of animals (n = 4/group) was perfused 6 h after IN administration of EVs. Different steps involved in the experimental design are (1) Isolation of EVs from NSCs. (2) IN administration of EVs to the animals. (3) perfusion of animals at different time points (45min and 6 h) after IN administration of EVs. (4) Analysis of incorporation of EVs into different brain regions.



2.3. Isolation characterization and labeling of hiPSC-NSC derived EVs

The protocols for the preparation, selection, characterization, culture, isolation, and labeling of EVs from hiPSC-NSCs are detailed in our previous report (Upadhya et al., 2020a). Briefly, passage-11 hiPSC-NSCs were cultured, and the complete culture medium (CCM) was replaced with a fresh CCM after 2–3 days. Once the cells attained ∼70% confluency, the cells were dislodged with 1 U/ml dispase (Gibco), rinsed with NSC media (Gibco), and plated at 500 cells per cm2 into 150 × 20 mm tissue culture plates (Corning) in NSC expansion medium. The media was retrieved and used for isolating EVs or stored at −80°C for further use once the NSCs attained 90% confluency. After passive thawing, EVs were isolated from the spent media using AEC and SEC methods and characterized, as reported in our previous study (Upadhya et al., 2020a). The concentration and size of the EV particles were determined using nanoparticle tracking analysis in Nanosight. Western blots were employed to confirm the expression of EV-specific marker proteins such as CD81 and apoptosis-linked 2 interacting protein X (ALIX) in hiPSC-NSC-EVs. Furthermore, the lack of contamination of EV preparations with deep cellular proteins was investigated through Western blotting for calnexin and cytochrome c. Moreover, the concentration of CD63 per mg of total EV protein was measured using ELISA (R&D systems). NSC-EV size and morphology were also examined through transmission electron microscopy (TEM) (Upadhya et al., 2020a). According to the manufacturer’s instructions, the EVs were labeled with PKH26 (Sigma), and the free dye was separated from the bound dye by ultrafiltration using 10 kDa MWCO (Molecular Weight Cut-off) filter columns (Sartorius, Gottingen, Germany). Nanosight analysis was performed again to determine the size and concentration of PKH26-labeled EVs. To ensure that our labeled hiPSC-NSC-EVs were devoid of free dye or aggregates, we performed a cell culture study, where hiPSC-derived NSCs were incubated for an hour with PKH26 labeled hiPSC-NSC-EVs (1 × 109) or PKH26 dye solution that was subjected to similar incubation and filtration procedures as the PKH26-labeled EVs. We investigated PKH26 + structures (red particles) in neuronal stem cell cultures incubated with PKH26-labeled EVs or PKH26 dye solution undergoing the identical incubation and filtration steps as the PKH26-labeled EVs to validate that the procedure employed in the study resulted in a suspension of PKH26-labeled EVs containing minimal or no free PKH26 dye.



2.4. Intranasal administration of EVs

hiPSC-NSC-EVs were administered intranasally to both naive and 5xFAD mice. IN administration utilized both nostrils. The nostrils of each animal were treated with 20 μL of hyaluronidase (100 U; H3506; Sigma-Aldrich) in sterile PBS solution to increase the permeability of the nasal mucous membrane. Thirty min later, each mouse was administered with 25 × 109 labeled EVs, as detailed in our previous report (Long et al., 2017; Kodali et al., 2019).



2.5. Tissue processing and immunofluorescence studies

Subgroups of naive and 5xFAD mice were intracardially perfused 45 min or 6 h after IN administration of EVs using 4% paraformaldehyde. The brains were dissected, fixed overnight in 4% paraformaldehyde, and sectioned using a cryostat (Long et al., 2017; Kodali et al., 2023). Coronal slices of 30-micrometer thickness were cut through the entire brain and serially collected in 24-well plates containing the phosphate buffer. Several sets of serial sections through the entire brain were selected and processed for immunofluorescence procedures, using appropriate primary antibodies against the neuronal and glial markers, as described in our previous reports (Kodali et al., 2019, 2023; Upadhya et al., 2020b). The primary antibodies employed in this study are listed in Table 1. Matching secondary antibodies conjugated to fluorescent probes purchased from either Jackson ImmunoResearch or Thermo Fisher Scientific were employed. Sections were mounted using an antifade-slow fade reagent (Thermo Fisher Scientific). Analysis of PKH26 + labeled EVs with markers of neurons, interneurons, microglia, astrocytes, or oligodendrocytes involved single immunofluorescence protocols, whereas localization of CD63/CD81 in neurons involved dual immunofluorescence methods.


TABLE 1    Details of primary antibodies employed in the study.
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2.6. Confocal microscopy

Optical Z-stacks were sampled from different brain regions using a Nikon confocal microscope. For every marker, the quantitative analysis comprised images from three fields in every sampled subregion of the forebrain, midbrain, and hindbrain. EV incorporation into neurons, interneurons, and microglia in both groups (n = 4/group) was analyzed quantitatively. Association of EVs with astrocytes and oligodendrocytes were also examined rigorously as EV incorporation into the soma of these cells were rarely seen. Different regions of the forebrain, including the olfactory bulb (OB), medial prefrontal cortex (mPFC), the somatosensory cortex (SSC), striatum, different subfields of the hippocampus [dentate hilus (DH), dentate granule cell layer (DGCL), CA1, and CA3 subfields], thalamus (TH), hypothalamus (HTH), entorhinal cortex (ECX), and amygdala were analyzed. The Midbrain (MB) and different regions of the hindbrain, including the pons, medulla oblongata (MO), Purkinje cell layer (PCL), and granule cell layer (GCL) of the cerebellum (CBM), were also evaluated. We used a 63X objective lens, a pinhole size of 90 μm and emission wavelengths of 496 and 567 nanometers for green and red fluorescence, respectively. Imaging was performed at 1/24 frames per second.

The following quantifications were performed for naive and 5xFAD mice using Z-section images, the NIS elements image browser, and Image J. (1) The percentages of neurons, interneurons, and microglia incorporating EVs in various brain regions at 45 min and 6 h post-IN administration. (2) The area fraction (AF) of all EVs and average AFs of EVs within neurons and microglia in various brain regions at 45 min and 6 h post-IN administration. (3) Correlation of brain region-specific incorporation of PKH26 + EVs by neurons and microglia in naive and 5xFAD mice vis-a-vis the concentration of total EVs in measured brain regions. (4) AFs of PKH26 + EVs in plaque-associated microglia (PAM) and non-plaque-associated microglia (NPAM). Three sections through every brain region separated by a 450-micrometer distance were imaged in each animal (n = 4/group). Three randomly selected Z-sections were used per the chosen brain region in every animal for different quantifications. Furthermore, we also confirmed the incorporation of EVs into soma and dendrites using MAP-2 immunofluorescence.



2.7. Statistical analyses

Prism software was used to compare the results statistically. The percentages of neurons, interneurons, and microglia incorporating EVs in various brain regions at 45 min and 6 h post-IN administration between naïve and 5xFAD mice were compared using an unpaired, two-tailed Student’s t-test or Mann-Whitney U test. The AF of all EVs and average AFs of EVs within neurons and microglia in various brain regions at 45 min and 6 h post-IN administration and AFs of PKH26 + EVs in PAM and NPAM were compared using two-way ANOVA with Tukey’s post hoc tests. Correlation of brain region-specific incorporation of PKH26 + EVs by neurons and microglia in naive and 5xFAD mice vis-a-vis the concentration of total EVs in measured brain regions was performed using a Pearson Correlation test. p < 0.05 is considered statistically significant.




3. Results


3.1. Characterization and PKH26 labeling of hiPSC-NSC-EVs–standardization and technical considerations

NanoSight analysis of EVs isolated from P11 hiPSC-NSC cultures through AEC and SEC methods and TEM imaging revealed the presence of EVs with a mean size of ∼120 nm (Figure 1 A). NanoSight analysis of EVs before and after PKH26 labeling revealed that the mean size of EVs was 122 nm before PKH26 labeling and 126 nm after PKH26 labeling, implying that the size of EVs does not change significantly after PKH26 labeling (Figures 1A, B). ELISA results confirmed that our hiPSC-NSC-EV preparation contained 4802 pg of CD63 per mg of total EV protein (Figure 1C). TEM analysis confirmed the size and classic morphology of EVs enclosed by double membranes (Figure 1D). Furthermore, Western blots validated that hiPSC-NSC-EVs expressed multiple EV-specific markers such as CD81 and ALIX. Also, the EV lysates lacked the expression of deep cellular proteins such as calnexin and cytochrome C (Figure 1E).
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FIGURE 1
Upper panel: Size and markers of extracellular vesicles (EVs) from human induced pluripotent stem cell derived neural stem cells (hiPSC-NSCs). Graphs (A,B) show the size of hiPSC-NSC-EVs before and after PKH26 labeling, measured with a NanoSight. Bar chart (C) shows the CD63 concentration in the EV preparation. The image in panel (D) displays the morphology and size of hNSC-EVs revealed through transmission electron microscopy. Scale bar, 100 nm. The blots in panel (E) demonstrate EV-specific proteins CD81 and ALIX and the absence of the deep cellular proteins cytochrome c and calnexin in hNSC-EVs. Lower panel (F–K): The suspension of PKH26-labeled EVs employed for tracking studies contained minimal or no free PKH26 dye. Human NSC cultures incubated with PKH26-labeled hiPSC-NSC-EVs displayed red particles (i.e., PKH26-labeled EVs), some of which got incorporated into nestin-positive NSCs (F–H). In contrast, no red particles (free PKH26 particles) are evident in human NSC cultures incubated with PKH26 dye solution undergoing the identical incubation and filtration steps as the PKH26-labeled EVs (I–K). Scale bar, 25 μm.


The labeling of hiPSC-NSC-EVs with PKH26 involved the incubation of EVs with PKH26 dye for 20 min at 37°C. The free dye was removed from the bound dye through ultrafiltration using 10 kDa MWCO filter columns. However, to confirm the absence of free dye in the final EV suspension, we prepared a parallel PBS solution mixed with the same concentration of PKH26 dye used for EV labeling with identical incubation and filtration steps as the PKH26-labeled EVs. Next, to determine the presence of free dye, we tested PKH26 labeled EV preparation and PBS preparation on parallel NSC cultures. Red particles were seen in human NSC cultures incubated with PKH26-labeled hiPSC-NSC-EVs (Figures 1F–H). However, such red particles were absent in human NSC cultures treated with PBS preparation undergoing the identical incubation and filtration steps as the PKH26-labeled EVs (Figure 1I–K). Thus, the labeling protocol employed for hiPSC-NSC-EVs is proficient for formulating a suspension of PKH26-labeled EVs comprising minimal or no free PKH26 dye.



3.2. IN administered hiPSC-NSC-EVs incorporated into cell bodies of neurons in different regions of forebrain, midbrain and hindbrain in naive and 5xFAD mice

Investigation of PKH26 + structures in serial brain tissue sections processed for NeuN immunofluorescence using 0.5 μm thick Z-sections in a confocal microscope revealed widespread incorporation of IN administered hiPSC-NSC-EVs into neurons in the forebrain, midbrain and hindbrain. hiPSC-NSC-EVs incorporated into ∼98% of neurons in both naïve and 5xFAD mice when examined at 45 min and 6 h post-IN administration. Examples of neurons that incorporated PKH26-labeled EVs (red particles) at 45 min and 6 h post-IN administration in different brain regions are illustrated in Figures 2, 3. The illustrated brain regions include the olfactory bulb (Figures 2A, G, M, S), mPFC (Figures 2B, H, N, T), SSC (Figures 1C, I, O, U), CA1 subfield of the hippocampus (Figures 2D, J, P, V), ECX (Figures 2E, K, Q, W), amygdala (Figures 2F, L, R, X), striatum (Figures 3A, G, M, S), TH (Figures 3B, H, N, T), HTH (Figures 3C, I, O, U), MB (Figures 3D, J, P, V), pons (Figures 3E, K, Q, W), and PCL-CBM (Figures 3F, L, R, X). Quantification revealed that at 45 min and 6 h post-IN administration, the percentage of neurons incorporating PKH26-labeled hiPSC-NSC-EVs in different regions of the forebrain, midbrain and hindbrain were comparable between the naïve and 5xFAD groups (Figures 2, 3Y, Z). Thus, IN administration of 25 × 109 hiPSC-NSC-EVs can target a vast majority of neurons in the entire brain of naïve and 5xFAD mice within 45 min.


[image: image]

FIGURE 2
Intranasally administered hiPSC-NSC-EVs incorporate into NeuN + neurons in forebrain regions in naïve and 5xFAD mice. The figure illustrates the incorporation of EVs into NeuN + neurons in different forebrain regions of naïve (A–F,M–R) and 5xFAD mice (G–L,S–X) at 45 min (n = 4/group, A–L) and 6 h (n = 4/group, M–X) post-administration. The bar charts (Y,Z) compare the percentages of neurons incorporating EVs in different brain regions between naïve and 5xFAD mice at 45 min (Y) and 6 h (Z) post-administration. ECX, entorhinal cortex; mPFC, medial prefrontal cortex; OB, olfactory bulb; SSC, somatosensory cortex. Scale bar, 12.5 μm.
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FIGURE 3
Intranasally administered hiPSC-NSC-EVs incorporate into NeuN + neurons in deeper forebrain regions and the midbrain and hindbrain in naïve and 5xFAD mice. The figure illustrates the incorporation of EVs into NeuN + neurons in different forebrain, midbrain, and hindbrain regions of naïve (A–F,M–R) and 5xFAD mice (G–L,S–X) at 45 min (n = 4/group, A–L) and 6 h (n = 4/group, M–X) post-administration. The bar charts (Y,Z) compare the percentages of neurons incorporating EVs in different brain regions between naïve and 5xFAD mice at 45 min (Y) and 6 h (Z) post-administration. HTH, hypothalamus; MB, midbrain; PCL-CBM, Purkinje cell layer of the cerebellum; STR, striatum; TH, thalamus. Scale bar, 12.5 μm.




3.3. IN administered hiPSC-NSC-EVs incorporated into cell bodies of interneurons expressing NPY/PV in the forebrain of naive and 5xFAD mice

Investigation of PKH26 + structures in serial brain tissue sections processed for NPY/PV immunofluorescence using 0.5 μm thick Z-sections in a confocal microscope revealed incorporation of IN administered hiPSC-NSC-EVs into interneurons in the forebrain. hiPSC-NSC-EVs incorporated into virtually all NPY/PV positive interneurons in both naïve and 5xFAD mice when examined at 45 min and 6 h post-IN administration. Examples of NPY/PV positive interneurons that incorporated PKH26-labeled EVs (red particles) at 45 min and 6 h in the SSC (Figures 4A, E, I, M), CA1 (Figures 4B, F, J, N), ECX (Figures 4C, G, K, O), and amygdala (Figures 4D, H, L, P) are illustrated. Quantification revealed that at both 45 min and 6 h post-IN administration, the percentage of NPY/PV positive interneurons incorporating PKH26-labeled hiPSC-NSC-EVs in different regions of the forebrain were comparable between the naïve and 5xFAD groups (Figures 4Q, R). Thus, IN administration of 25 × 109 hiPSC-NSC-EVs can target a vast majority of NPY/PV positive interneurons in the entire forebrain of naïve and 5xFAD mice within 45 min.
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FIGURE 4
Intranasally administered hiPSC-NSC-EVs incorporate into interneurons. The figure illustrates the incorporation of EVs into NPY/PV-positive interneurons in different forebrain regions of naïve (A–D,I–L) and 5xFAD mice (E–H,M–P) at 45 min (n = 4/group, A–H) and 6 h (n = 4/group, I–P) post-administration. The bar charts (Q,R) compare the percentages of NPY/PV-positive interneurons incorporating EVs in different brain regions between naïve and 5xFAD mice at 45 min (Q) and 6 h (R) post-administration. ECX, entorhinal cortex; SSC, somatosensory cortex. Scale bar, 12.5 μm.




3.4. PKH26 + red particles found within neurons expressed EV-specific markers CD63 and CD81

To confirm that the PKH26 + red particles found within and outside the soma of neurons in naïve and 5xFAD mice are the IN administered hiPSC-NSC-EVs, we performed careful Z-section analysis of brain tissue sections processed for NeuN and CD63 and NeuN and CD81 dual immunofluorescence. Such analysis revealed that virtually all red particles found within neurons and outside neurons expressed both CD63 and CD81. Thus, PKH26 + red particles found within the brain following IN administration of PKH26-labeled hiPSC-NSC-EVs are indeed EVs and not dye particles (Figures 5A–P). Furthermore, the brain tissue sections processed for MAP-2 immunofluorescence validated the incorporation of IN-administered hiPSC-NSC-EVs into the soma of neurons and the association of hiPSC-NSC-EVs with the dendrites. Figures 5Q–T illustrates examples of EV incorporation into the soma of neurons in the DH and DGCL (Figure 5Q) and EV association with the MAP-2 + dendrites in the DGCL and the SSC (Figures 5Q–T).
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FIGURE 5
PKH26 labeled hiPSC-NSC-EVs found within neurons expressed EV-specific markers CD63 and CD81 in naïve and 5xFAD mice. The images in panels (A–H) demonstrate that PKH26 labeled EVs incorporating into NeuN + neurons in the CA3 subfield of the hippocampus in naïve mice (A–D) and 5xFAD mice (E–H) co-expressed CD63. Figures (I–P) show that PKH26 labeled EVs incorporating into NeuN + neurons in the CA3 subfield of the hippocampus in naïve mice (I–L) and 5xFAD mice (M–P) co-expressed CD81. Scale bar, 10 μm. Image (Q) illustrates the incorporation of IN-administered hNSC-EVs into the soma of MAP-2 + neurons in the dentate hilus (DH, indicated by asterisks) and the dentate granule cell layer (DGCL). Either incorporation or association of PKH26 + EVs with the dendrites of neurons is evident in the DGCL [arrows in panel (Q)] and the somatosensory cortex [arrows in panels (R–T)]. Scale bar, 25 μm.




3.5. IN administered hiPSC-NSC-EVs incorporated into the soma of microglia in different regions of forebrain, midbrain and hindbrain in naive and 5xFAD mice

Examination of PKH26 + structures in serial brain tissue sections processed for IBA-1 immunofluorescence using 1.0 μm thick Z-sections in a confocal microscope revealed widespread accumulation of IN administered hiPSC-NSC-EVs into microglia in the forebrain, midbrain, and hindbrain. hiPSC-NSC-EVs accumulated inside the soma of ∼98% of microglia in both naïve and 5xFAD mice when examined at 45 min and 6 h post-IN administration. Examples of microglia that accumulated PKH26-labeled EVs (red particle aggregates) within soma at 45 min and 6 h post-IN administration in different brain regions are illustrated in Figures 6, 7. The illustrated brain regions include the OB (Figures 6A, G, M, S), mPFC (Figures 6B, H, N, T), SSC (Figures 6C, I, O, U), CA1 subfield of the hippocampus (Figures 6D, J, P, V), ECX (Figures 6 E, K, Q, W), and amygdala (Figures 6F, L, R, X), striatum (Figures 7A, G, M, S), TH (Figures 7B, H, N, T), HTH (Figures 7C, I, O, U), MB (Figures 7D, J, P, V), pons (Figures 7E, K, Q, W), and GCL-CBM (Figures 7F, L, R, X). Quantification revealed that at both 45 min and 6 h post-IN administration, the percentage of microglia incorporating PKH26 + hiPSC-NSC-EVs in different regions of the forebrain, midbrain and hindbrain were comparable between the naïve and 5xFAD groups (Figures 6, 7Y, Z). Thus, IN administration of 25 × 109 hiPSC-NSC-EVs can target a vast majority of microglia in the entire brain of both naïve and 5xFAD mice within 45 min.
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FIGURE 6
Intranasally administered hiPSC-NSC-EVs incorporate into IBA-1 + microglia in forebrain regions in naïve and 5xFAD mice. The figure illustrates the incorporation of EVs into IBA-1 + microglia in different forebrain regions of naïve (A–F,M–R) and 5xFAD mice (G–L,S–X) at 45 min (n = 4/group, A–L) and 6 h (n = 4/group, M–X) post-administration. The bar charts (Y,Z) compare the percentages of microglia incorporating EVs in different brain regions between naïve and 5xFAD mice at 45 min (Y) and 6 h (Z) post-administration. ECX, entorhinal cortex; mPFC, medial prefrontal cortex; OB, olfactory bulb; SSC, somatosensory cortex. Scale bar, 12.5 μm.
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FIGURE 7
Intranasally administered hiPSC-NSC-EVs incorporate into IBA-1 + microglia in deeper forebrain regions, midbrain and hindbrain in naïve and 5xFAD mice. The figure illustrates the incorporation of EVs into IBA-1 + microglia in different forebrain, midbrain, and hindbrain regions of naïve (A–F,M–R) and 5xFAD mice (G–L,S–X) at 45 min (n = 4/group, A–L) and 6 h (n = 4/group, M–X) post-administration. The bar charts (Y,Z) compare the percentages of microglia incorporating EVs in different brain regions between naïve and 5xFAD mice at 45 min (Y) and 6 h (Z) post-administration. GCL-CBM, granule cell layer of the cerebellum; HTH, hypothalamus; MB, midbrain; STR, striatum; TH, thalamus. Scale bar, 12.5 μm.




3.6. Analysis of orthogonal and 3-dimensional (3D) views of confocal Z-stacks confirmed that neurons and microglia in naïve and 5xFAD mice internalized PKH26 labeled hiPSC-NSC-EVs

We generated orthogonal and 3D views of z-stacks of confocal images comprising neurons or microglia and IN-administered PKH26 + hiPSC-NSC-EVs. Such characterization confirmed that NeuN + neurons and IBA-1 + microglia internalized some PKH26 + hiPSC-NSC-EVs (Figures 8A–D, I–O). The analysis also demonstrated that some PKH26 + hiPSC-NSC-EVs were attached to the plasma membrane of neurons (Figure 8D) or in the process of entering into the cytoplasm of neurons (Figures 8E–H).


[image: image]

FIGURE 8
Neurons and microglia internalized PKH26 labeled hiPSC-NSC-EVs in 5xFAD mouse brain. Images (A–C,E–G) show orthogonal views of NeuN + neurons, demonstrating the internalization of PKH26 + hiPSC-NSC-EVs [arrows in panels (A–C)] or the partial entry of PKH26 + hiPSC-NSC-EVs into the cytoplasm of neurons [arrows in panel (E–G)]. Images (D,H) show 3-dimensional (3D) views of neurons shown in panels (A–C,E–G), respectively. The neuron in panel (D) displays EVs incorporated into the cytoplasm (indicated by arrows) and EVs attached to the surface of the plasma membrane (indicated by thumb tacks). Scale bar, 10 μm. Images (I–K) show orthogonal views of IBA-1 + microglia exhibiting the internalization of PKH26 + hiPSC-NSC-EVs (arrows), whereas images (L–O) are 3-D views of microglia with PKH26 + hiPSC-NSC-EVs. Scale bar, 25 μm.




3.6. hiPSC-NSC-EV targeting varied based on both brain region and disease status at 45 min post-administration

We performed two-way ANOVA analyses on the AF of all PKH26 + hiPSC-NSC-EVs within various grey matter regions of the brain. The extent of EV targeting varied based on the brain region and the disease status (p < 0.05–0.0001; Figure 9A). Post hoc analysis revealed that the AF of all EVs was higher in the mPFC, DGCL, and CA3 than the MB and MO (p < 0.01–0.001) and higher in the PCL-CBM than MB and MO (p < 0.0001). Overall, hiPSC-NSC-EV incorporation at 45 min post-IN administration was higher in forebrain regions than the MB and hindbrain regions, such as MO, in both naïve and 5xFAD mice. Furthermore, the AFs of all EVs were lower in the DGCL, CA1, and CA3 cell layers of 5xFAD mice compared to naïve mice (p < 0.05–0.0001, Figure 9A).
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FIGURE 9
Distribution of hiPSC-NSC-EVs in neurons and microglia across different regions of the forebrain, midbrain, and hindbrain at 45 min post-intranasal administration in naïve and 5xFAD mice. The bar charts (A,B,D,E) compare the area fraction (AF) of total hiPSC-NSC-EVs and mean AF of hiPSC-NSC-EVs within neurons (A,B) and microglia (D,E) across different brain regions and between naïve and 5xFAD mice for each brain region. The bar charts (C,F) illustrate the correlation between AF of total EVs and AF of EVs in neurons (C) and between AF of total EVs and AF of EVs in microglia (F). DGCL, dentate granule cell layer; DH, dentate hilus; GCL-CBM, granule cell layer of cerebellum; MB, midbrain; MO, medulla oblongata; mPFC, medial prefrontal cortex; PCL-CBM, Purkinje cell layer of cerebellum.




3.7. hiPSC-NSC-EV targeting into neurons and microglia varied only on the brain region at 45 min post-administration

Two-way ANOVA revealed differences in EV targeting into neurons based on the brain region (p < 0.001) but not on the disease status (p > 0.05; Figure 9B). Differences between different brain regions are highlighted in Figure 9B. One distinctive finding is that the extent of EV incorporation into neurons is higher in all regions of the forebrain, MB, and MO compared to the PCL-CBM (p < 0.05–0.001). However, the incorporation of hiPSC-NSC-EVs into neurons did not depend on the extent of targeted EVs in different brain regions, as there was no positive correlation between AF of total EVs and mean AF of EVs in neurons (Figure 9C). We also analyzed the AF of all PKH26 + hiPSC-NSC-EVs and the mean AF of EVs in microglia within various brain regions. The extent of EV targeting varied based on the brain region (p < 0.05) but not on the disease status (p > 0.05; Figure 9D). Differences between different brain regions are highlighted in Figure 9D. The mean AF of EVs within microglia (Figure 9E) was comparable across brain regions (p > 0.05) but was higher in naïve mice than in 5xFAD mice for some brain regions (p < 0.05–0.01). Furthermore, the incorporation of hiPSC-NSC-EVs into microglia did depend on the extent of targeted EVs in different brain regions, as there was a modest positive correlation (Pearson r = 0.6) between AF of total EVs and mean AF of EVs in microglia (Figure 9F). Thus, 5xFAD mice displayed reduced incorporation of EVs into cell layers in some forebrain regions.



3.8. hiPSC-NSC-EV targeting at 6 h post-administration varied based on both brain region and disease status

Two-way ANOVA revealed that the extent of EV targeting varied significantly based on the brain region and the disease status (p < 0.05–0.001; Figure 10A). Post hoc analysis revealed that the AF of all EVs was higher in the mPFC, DGCL, CA1, and CA3 cell layers than the MB and MO (p < 0.05–0.001) and higher in the PCL-CBM than MB and MO (p < 0.0001). Thus, hiPSC-NSC-EV incorporation at 6 h post-IN administration was higher in forebrain regions than the midbrain and hindbrain regions such as MO in both naïve and 5xFAD mice. The AFs of all EVs were lower in the CA1 and CA3 cell layers of 5xFAD mice compared to naïve mice (p < 0.05–0.001, Figure 10A).
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FIGURE 10
Distribution of hiPSC-NSC-EVs in neurons and microglia across different regions of the forebrain, midbrain, and hindbrain at 6 h post-intranasal administration in naïve and 5xFAD mice. The bar charts (A,B,D,E) compare the area fraction (AF) of total hiPSC-NSC-EVs and mean AF of hiPSC-NSC-EVs within neurons (A,B) and microglia (D,E) across different brain regions and between naïve and 5xFAD mice for each brain region. The bar charts (C,F) illustrate the correlation between AF of total EVs and AF of EVs in neurons (C) and between AF of total EVs and AF of EVs in microglia (F). DGCL, dentate granule cell layer; DH, dentate hilus; GCL-CBM, granule cell layer of cerebellum; MB, midbrain; MO, medulla oblongata; mPFC, medial prefrontal cortex; PCL-CBM, Purkinje cell layer of cerebellum.




3.9. hiPSC-NSC-EV targeting into neurons and microglia at 6 h post-administration varied only on the brain region

Two-way ANOVA revealed that the extent of EV targeting into neurons varied based on the brain region (p < 0.001) but not on disease status (p > 0.05; Figure 10B). Differences between different brain regions are highlighted in Figure 10B. However, the incorporation of hiPSC-NSC-EVs into neurons did not depend on the extent of targeted EVs in different brain regions, as there was no positive correlation between AF of total EVs and mean AF of EVs in neurons (Figure 10C).

Two-way ANOVA analyses revealed that the extent of total EV targeting did not vary based on the brain region (p > 0.05) but depended on the disease status, particularly in the MB (p < 0.01; Figure 10D). However, the mean AF of EVs within microglia (Figure 10E) varied based on the brain region (p < 0.0001) but not on the disease status (p > 0.05). Figure 10E highlights differences between different brain regions. Notably, hindbrain regions displayed higher incorporation of EVs into microglia than forebrain regions (Figure 10E). However, the incorporation of hiPSC-NSC-EVs into microglia did not depend on the extent of targeted EVs in different brain regions, as there was no positive correlation between AF of total EVs and mean AF of EVs in microglia (Figure 10F). Thus, 5xFAD mice displayed reduced incorporation of EVs into microglia in forebrain regions compared to midbrain and hindbrain regions.



3.10. hiPSC-NSC-EV incorporation into different brain regions, neurons, and microglia was mostly comparable between 45 min and 6 h post-administration in naïve and 5xFAD mice

We compared the incorporation of hiPSC-NSC-EVs into different brain regions, neurons, and microglia between 45 min and 6 h post-IN administration in naïve and 5xFAD mice (Figure 11). In naïve mice, the overall targeting of EVs into various brain regions and neurons in different brain regions were comparable between 45 min and 6 h post-IN administration (Figures 11A, B). However, the incorporation of EVs into microglia in different brain regions of naïve mice varied (p < 0.0001). Notably, mPFC, CA3 subfield, and GCL-CBM displayed reduced incorporation of EVs into microglia at 6 h compared to 45 min post-IN administration (p < 0.05–0.01, Figure 11C). In 5xFAD mice, the extent of EV incorporation into different brain regions, neurons, and microglia was comparable between 45 min and 6 h post-IN administration (p > 0.05, Figures 11D–F).
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FIGURE 11
Comparison of the incorporation of hiPSC-NSC-EVs in neurons and microglia across different regions of the forebrain, midbrain, and hindbrain between 45 min and 6 h post-intranasal administration in naïve and 5xFAD mice. The bar charts (A–C) compare the area fraction (AF) of total hiPSC-NSC-EVs (A) and mean AF of hiPSC-NSC-EVs within neurons (B) and microglia (C) in naïve mice between 45 min and 6 h post-intranasal administration for each chosen brain region. The bar charts (D–F) compare the area fraction (AF) of total hiPSC-NSC-EVs (D) and mean AF of hiPSC-NSC-EVs within neurons (E) and microglia (F) in 5xFAD mice between 45 min and 6 h post-intranasal administration for each chosen brain region. DGCL, dentate granule cell layer; DH, dentate hilus; GCL-CBM, granule cell layer of cerebellum; MB, midbrain; MO, medulla oblongata; mPFC, medial prefrontal cortex; PCL-CBM, Purkinje cell layer of cerebellum.




3.11. hiPSC-NSC-EVs incorporated into microglia surrounding amyloid-beta plaques in 5xFAD mice

To determine whether IN administered hiPSC-NSC-EVs could also get incorporated into PAM, we performed careful Z-section analysis of brain tissue sections processed for IBA-1 and Aβ dual immunofluorescence. Such analysis demonstrated that IN administered hiPSC-NSC-EVs do get incorporated into PAM surrounding Aβ plaques (Figures 12A–C). The accumulation of PKH26 + EVs within activated microglia resembled their accumulation within microglia found between plaques in the AD brain.
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FIGURE 12
Intranasally administered hiPSC-NSC-EVs incorporate into plaque-associated microglia in 5xFAD mice (A–C). The figure shows the incorporation of EVs into IBA-1 + plaque-associated microglia [arrows in panels (B,C)]. Scale bar, 10 μm. The bar charts (D,E) compare the mean area fraction of hNSC-EVs between plaque-associated microglia (PAM) and non-plaque associated microglia (NPAM) in the somatosensory cortex at 45 min and 6 h post-intranasal administration. Bar chart (F) compares the mean AF of EVs in PAM and NPAM between 45 min and 6 h post-intranasal administration.


However, the comparison of AFs of EVs in PAM and NPAM at 45 min and 6 h post-IN administration revealed that the extent of incorporation of hiPSC-NSC-EVs is greater in NPAM vis-à-vis PAM, and the differences were significant at 45 min post-IN administration (p < 0.0001, Figures 12D–E). Furthermore, two-way ANOVA analysis of EV incorporation into PAM and NPAM at 45 min and 6 h post-IN administration revealed that EV incorporation into both PAM and NPAM increases between 45 min and 6 h post-IN administration (p < 0.05–0.01, Figure 12F).



3.12. IN administered hiPSC-NSC-EVs contacted processes of astrocytes in naive and 5xFAD mice

Probing of PKH26 + structures in serial brain tissue sections processed for GFAP immunofluorescence using 1.0 μm thick Z-sections in a confocal microscope revealed the apposition of IN administered hiPSC-NSC-EVs into astrocytic processes. hiPSC-NSC-EVs came in contact with the processes of the majority of astrocytes in both naïve and 5xFAD mice when examined at 45 min and 6 h post-IN administration. However, the incorporation of hiPSC-NSC-EVs into the soma of GFAP + astrocytes was rarely observed. Examples of astrocytic processes that made contact with the PKH26-labeled EVs (red particles) at 45 min and 6 h post-IN administration in different brain regions are illustrated in Figures 13A–P. The illustrated brain regions include mPFC, DH, and the stratum radiatum of CA1 and CA3 subfields. Thus, IN administration of 25 × 109 hiPSC-NSC-EVs can target a vast majority of astrocytic processes in the brain of both naïve and 5xFAD mice within 45 min.
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FIGURE 13
Intranasally administered hiPSC-NSC-EVs come in contact with GFAP + astrocyte processes and soma in naïve and 5xFAD mice. The figure illustrates the contact of EVs into GFAP + astrocyte processes and soma in different brain regions of naïve (A–D, I–L) and 5xFAD mice (E–H, M–P) at 45 min (A–H) and 6 h (I–P) post-administration. DH, dentate hilus; mPFC, medial prefrontal cortex; SR, stratum radiatum. Scale bar, 25 μm.




3.13. IN administered hiPSC-NSC-EVs contacted the soma of oligodendrocytes in white matter regions of naive and 5xFAD mice

Investigation of PKH26 + structures in serial brain tissue sections processed for CNPase immunofluorescence using 0.5 μm thick Z-sections in a confocal microscope revealed the apposition of IN administered hiPSC-NSC-EVs into the soma of oligodendrocytes in the white matter regions of the brain. hiPSC-NSC-EVs came in contact with the soma of most oligodendrocytes in both naïve and 5xFAD mice when examined at 45 min and 6 h post-IN administration. However, the incorporation of hiPSC-NSC-EVs inside the soma of CNPase + oligodendrocytes was rarely observed. Examples of the soma of CNPase + oligodendrocytes that made contact with the PKH26-labeled EVs (red particles) at 45 min and 6 h post-IN administration in the corpus callosum are illustrated in Figure 14. Thus, IN administration of hiPSC-NSC-EVs can target the soma of oligodendrocytes in white matter regions of the brain in both naïve (Figures 14A–D, I–L) and 5xFAD mice (Figures 14E–H, M–P) within 45 min after IN administration.
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FIGURE 14
Intranasally administered hiPSC-NSC-EVs come in contact with the soma and processes of CNPase + oligodendrocytes in naïve and 5xFAD mice. The figure illustrates the contact of EVs into CNPase + soma and processes of oligodendrocytes in different brain regions of naïve (A–D,I–L) and 5xFAD mice (E–H,M–P) at 45 min (A–H) and 6 h (I–P) post-administration. Scale bar, 12.5 μm.





4. Discussion

This study provides novel evidence that IN administration is an efficient approach for delivering therapeutic hiPSC-NSC-EVs into neurons, microglia, astrocytes, and oligodendrocytes in virtually all regions of the forebrain, midbrain, and hindbrain of both naïve and 5xFAD mice. In the case of neurons and microglia, PKH26-labeled EVs were incorporated into their cytoplasm. In contrast, in astrocytes and oligodendrocytes, EVs came in contact with the plasma membrane of their soma or processes but were only occasionally seen inside the soma. Furthermore, measurement of neurons and microglia incorporating EVs in different brain regions demonstrated that ∼98% of neurons and microglia internalized EVs in both naïve and 5xFAD mice. AF analysis revealed that, in both naïve and 5xFAD mice, higher fractions of hiPSC-NSC-EVs incorporate into forebrain regions than the midbrain and hindbrain regions at both 45 min and 6 h post-IN administration, implying that IN-administered EVs can access rostral brain regions more rapidly than caudal brain regions. Moreover, compared to naïve mice, 5xFAD mice displayed a reduced fraction of hiPSC-NSC-EVs within cell layers in forebrain regions and within microglia in midbrain and some hindbrain regions at 45 min post-IN administration, suggesting that disease status likely reduces the extent of incorporation of EVs into distinct brain regions and microglia. Also, in 5xFAD mice, the extent of EV incorporation into different brain regions, neurons, and microglia was comparable between 45 min and 6 h post-IN administration, implying that most IN-administered EVs reach their brain targets by 45 min.


4.1. Technical considerations linked to PKH26 labeling of hiPSC-NSC-EVs

This study employed PKH26 to label hiPSC-NSC-EVs to compare the biodistribution of EVs between naïve and 5xFAD mice in the early stage of the amyloidosis. Since PKH26 tends to aggregate, the possible presence of free PKH26 aggregates in labeled EV preparations was evaluated by performing a cell culture study. For this, neural stem cell cultures were incubated for an hour with PKH26-labeled EVs or PKH26 dye solution, undergoing the identical incubation and filtration steps as the PKH26-labeled EVs. The findings showed PKH26 + structures (red particles) in neural stem cell cultures incubated with PKH26-labeled EVs but not in neural stem cell cultures incubated with PKH26 dye solution undergoing the identical incubation and filtration steps as the PKH26-labeled EVs, confirming that the procedure employed in the study resulted in a suspension of PKH26-labeled EVs containing minimal or no free PKH26 dye. Furthermore, this study determined whether neurons, microglia, astrocytes, and oligodendrocytes in various regions of the forebrain, midbrain, and hindbrain take up IN-administered PKH26-labeled hiPSC-NSC-EVs at 45 min and 6 h post-administration. Most NeuN + neurons and IBA-1 + microglia displayed PKH26 + structures (red dots or aggregates) within their soma at both time points. Furthermore, PKH26 + structures were consistently seen in contact with the plasma membranes of the soma and processes of astrocytes and oligodendrocytes at both time points. The brain tissue sections were investigated with Z-sectioning in a confocal microscope following dual immunofluorescence staining for a neural cell marker with CD63 or CD81 to validate whether red particles found within neural cells are IN-administered hiPSC-NSC-EVs or dye particles. Such analysis revealed that all PKH26 + structures within neural cells expressed CD63 and CD81, confirming that IN-administered EVs target neural cells throughout the brain.



4.2. Possible routes by which IN administered EVs quickly permeated the brain

This study demonstrated that IN-administered PKH26-labeled hiPSC-NSC-EVs quickly enter the entire brain in naïve and 5xFAD mice. Targeting of EVs into neurons and microglia, astrocytes, and oligodendrocytes was mostly comparable at 45 min and 6 h post-administration in both naïve and 5xFAD mice. These results have significance because earlier studies have suggested that intravenously (IV) administered EVs accumulate predominantly in the liver and spleen, resulting in a small fraction of IV-administered EVs reaching the brain (Lai et al., 2014; Wiklander et al., 2015; Kang et al., 2021; Laìzaro-Ibaìnþez et al., 2021; Pauwels et al., 2021). A previous study comparing the biodistribution of stem cell-derived EVs in the brain following IN or IV administration has also reported superior brain accumulation of EVs with IN administration (Betzer et al., 2017). The efficacy of IN administration of EVs to disseminate into different neural cell types in the entire brain is highly beneficial because it provides a route for simple, painless, non-invasive, repeated delivery of EVs into the brain. Besides increasing the bioavailability of EVs in the brain, IN administration also reduces the accumulation and potential adverse effects in organs such as the liver and spleen.

How do IN-administered EVs enter different regions of the forebrain, midbrain, and hindbrain so quickly? One route by which IN-administered EVs could enter the brain is through neurons of the olfactory bulb. Such entry would involve EV internalization by olfactory sensory neurons in the olfactory epithelium through endocytosis and then transsynaptic transportation of EVs via olfactory nerves into olfactory bulb neurons and then into other brain regions. Such transport is feasible, as EVs can travel via axons by hijacking the endosomal system (Lochhead and Thorne, 2012; Polanco et al., 2018). However, while a certain fraction of EVs can enter certain brain regions through such transsynaptic routes, it is improbable that IN-administered EVs could permeate the entire brain within 45 min through this route alone. In this study, at both 45 min and 6 h post-IN administration, the percentage of neurons and microglia incorporating EVs within the olfactory bulb (the most rostral region of the brain) did not differ from the percentage of neurons and microglia incorporating EVs within the entorhinal cortex, medulla oblongata or the cerebellum (the caudal regions of the brain), implying that IN administrated EVs concurrently invaded the entire brain region. In this context, the possibility of EVs taking the extracellular route, involving the perineural movement of EVs along olfactory nerves passing through the cribriform plate into the subarachnoid space, is highly likely (Lochhead and Davis, 2019). Through this extracellular route, a larger fraction of IN-administered EVs can quickly access the subarachnoid space. Several studies have demonstrated a communication between the nasal lymph compartment in the submucosa of olfactory and respiratory epithelium and the cerebrospinal fluid (CSF) compartment of the brain (Johnston et al., 2004; Zakharov et al., 2004). It is possible that because of the permeabilization of the nasal mucous membrane through hyaluronidase, EVs first enter the nasal lymph compartment and then reach the CSF-filled subarachnoid space covering the surface of the entire brain.

Once EVs permeate the subarachnoid space, CSF flow can facilitate their spread over the brain’s entire surface and into brain ventricles, allowing EVs to enter deeper brain regions via the interstitial space (ISS). Previous studies have shown that subarachnoid CSF rapidly passes into deeper brain regions alongside the perivascular spaces and reaches the level of capillaries (Iliff et al., 2012). Then, aquaporin-4 channels positioned on the perivascular end-feet of astrocytes enable the convective flow of CSF into the ISS, resulting in the mixing of CSF with the interstitial fluid (ISF) (Iliff et al., 2012). Since the ability of EVs to travel via body fluids such as CSF is well known (Pauwels et al., 2021), IN-administered EVs likely permeate the entire ISS quickly through the above routes. From the ISF, neurons can take up EVs via endocytosis, and microglia can take up EVs through macropinocytosis or phagocytosis. In contrast, the remaining EVs contact the plasma membrane of the soma and processes of astrocytes and oligodendrocytes. Additionally, EVs might enter the systemic circulation from the nasal epithelium as the nasal mucous membrane is highly vascular (Harkema et al., 2012), and EV penetrance into endothelial cells is typically high (Herman et al., 2021). From the systemic circulation, EVs can cross the blood-brain and blood-CSF barriers and enter the brain (Herman et al., 2021). Thus, IN administration provides multiple options for EVs to quickly target neurons, microglia, astrocytes, and oligodendrocytes in all brain regions. In this context, the finding from our AF analysis is of interest. In both naïve and 5xFAD mice, higher fractions of hiPSC-NSC-EVs incorporate into forebrain regions than the midbrain and hindbrain regions at 45 min and 6 h post-IN administration. Such a finding suggests that IN-administered EVs enter forebrain regions through more than one route, which may include their transport via olfactory nerves and through CSF flow into the ISS.



4.3. Neurons and microglia internalized large amounts of hiPSC-NSC-EVs in both naïve and 5xFAD mice

EVs can enter cells through several mechanisms, including direct fusion with the plasma membrane, clathrin-dependent, caveolin-1 (Cav-1)-dependent, lipid raft-dependent endocytosis, micropinocytosis, and phagocytosis (Théry et al., 2009; Colombo et al., 2014; Mulcahy et al., 2014). In this study, a significant amount of IN-administered EVs were incorporated into the cytoplasm of neurons in virtually all regions of the forebrain, midbrain, and hindbrain in both naïve and 5xFAD mice. Furthermore, excitatory neurons (e.g., neurons in the hippocampal dentate granule cell layer, CA1 and CA3 pyramidal neurons, and large pyramidal neurons in the cerebral cortex) and inhibitory interneurons (expressing parvalbumin or neuropeptide Y) exhibited a similar ability to internalize hiPSC-NSC-EVs. How do neurons internalize EVs? A study has shown that Cav-1 serves as a receptor for the endocytosis of EVs by neurons (Yue et al., 2019). Cav-1, a membrane/lipid raft scaffolding protein required for synaptic and neural plasticity (Wang et al., 2021a), undergoes upregulation following insults such as oxygen-glucose deprivation, resulting in increased uptake of EVs by neurons (Yue et al., 2019). Moreover, the knockdown of Cav-1 reduces EV intake by neurons, consistent with the observations that interference of endocytosis-related molecules would reduce the internalization of EVs by cells (Costa Verdera et al., 2017). In this study, the incorporation of IN-administered EVs by neurons in multiple brain regions was mostly similar between naïve mice and 3 months old 5xFAD mice. Such observation implies that EV intake ability via endocytosis did not significantly alter in 5xFAD mice at 3 months. While age-related Cav-1 expression alterations in 5xFAD mice are unknown, a study has shown that Cav-1 expression decreases at 9 months of age in the PSAPP-Tg (APPSwePS1d9) mouse model of AD (Wang et al., 2021b). Therefore, it remains to be investigated whether a similar extent of EV incorporation would occur in neurons in 5xFAD mice at a relatively advanced age associated with increased disease pathogenesis and cognitive and mood impairments.

In this study, a large amount of IN-administered EVs aggregated within the cytoplasm of microglia in virtually all regions of the forebrain, midbrain, and hindbrain in both naïve and 5xFAD mice. A previous study has suggested that, both in vitro and in vivo, the uptake of EVs by microglia involves macropinocytosis. Macropinocytosis is a process that involves the actin-driven extension of plasma membrane ruffles forming a cup-like structure around EVs, followed by the fusion of their distal tips leading to a macropinosome containing EVs within microglia (Fitzner et al., 2011; Canton, 2018). Then, the generation of reactive oxygen species likely damages the integrity of the macropinosome membrane through lipid peroxidation leading to the release of EVs into the cytosol (Canton, 2018). Microglia can also take up EVs via phagocytosis (Ogaki et al., 2021). The incorporation of a large number of hiPSC-NSC-EVs by microglia in the AD brain is likely beneficial because of the robust antiinflammatory properties of hiPSC-NSC-EVs. NSC-EVs have robust immunomodulatory activity in target cells, which makes them attractive for application in conditions such as neurodegenerative diseases (Cossetti et al., 2014; Willis et al., 2020b). Furthermore, a previous study has shown that hiPSC-NSC-EVs can attenuate the proinflammatory cytokine interleukin-6 (IL-6) production by macrophages stimulated with lipopolysaccharide (Upadhya et al., 2020a). Moreover, hiPSC-NSCs reduced the release of proinflammatory cytokines tumor necrosis factor-alpha (TNF-α) and interleukin-1 beta (IL-1b) by human microglial cells stimulated with lipopolysaccharide (Upadhya et al., 2022). This study also demonstrated that hiPSC-NSC-EVs get incorporated into PAM. However, the comparison of AFs of EVs in PAM and NPAM at 45 min and 6 h post-IN administration demonstrated that the overall extent of incorporation of hiPSC-NSC-EVs is greater in NPAM vis-à-vis PAM, which might reflect the somewhat compromised ability of PAM for macropinocytosis and phagocytosis. Nonetheless, the ability of hiPSC-NSC-EVs to enter PAM is likely beneficial for transforming PAM into less inflammatory microglia. However, it remains to be investigated whether microglia incorporating hiPSC-NSC-EVs would undergo significant transcriptomic changes leading to their transformation into a less proinflammatory state in 5xFAD mice.



4.4. Astrocytes and oligodendrocytes rarely internalized hiPSC-NSC-EVs

IN administered PKH26-labeled hiPSC-NSC-EVs came in contact with the plasma membrane of processes and soma of astrocytes and oligodendrocytes throughout the brain of naïve and 5xFAD mice. However, internalization of EVs by these neural cells was rarely seen, implying that the mode of transfer of EV cargo into astrocytes and oligodendrocytes differs from the transfer of EV cargo into neurons and microglia in the brain. While many in vitro studies have demonstrated the uptake of a variety of EVs by cultured astrocytes, demonstration of EV uptake by astrocytes in vivo is rare (Ogaki et al., 2021). It has been suggested that only occasional uptake of exogenously administered EVs by astrocytes in vivo reflects their tendency in the brain to secrete more EVs rather than uptake EVs (Verkhratsky et al., 2016; Ogaki et al., 2021). Furthermore, no studies have demonstrated EV internalization by oligodendrocytes in the brain. However, oligodendrocyte progenitor cells can internalize EVs in vitro (Kurachi et al., 2016; Osawa et al., 2017). Also, EVs secreted by circulating immune cells have been shown to increase myelin content in hippocampal slice cultures (Pusic et al., 2016). Thus, astrocytes and oligodendrocytes rarely internalized hiPSC-NSC-EVs in naïve and 5xFAD mice. Nonetheless, one cannot rule out the possibility of transferring EV cargo into the cytosol of astrocytes and oligodendrocytes through the fusion of plasma membranes. Such a scenario is likely because stem cell-derived EVs have improved the function of astrocytes in vivo. For example, miR-138-5p-overexpressing stem cell-derived EVs prevented apoptosis of astrocytes following ischemic stroke by targeting lipocalin 2 (Deng et al., 2019), and miR-146a overexpressing stem cell-derived EVs reduced inflammation by damaged astrocytes in a rat model of diabetes (Kubota et al., 2018) and transfer of miR-133b from stem cell-derived EVs into astrocytes reduced glial scar formation in a stroke model (Xin et al., 2013). In this study, EV contact by the plasma membrane of processes and soma of astrocytes and oligodendrocytes in multiple brain regions did not differ between naïve mice and 3 months old 5xFAD mice, implying that interactions with EVs by astrocytes and oligodendrocytes did not alter in AD mice at 3 months of age.




5. Conclusion

This study demonstrated that IN administration of hiPSC-NSC-EVs leads to their incorporation into the cytosol of neurons and microglia and plasma membranes of the soma and processes of astrocytes and oligodendrocytes in all regions of the forebrain, midbrain, and hindbrain in both naïve and 5xFAD mice. The ability to target therapeutic hiPSC-NSC-EVs into different cell types in virtually all brain regions has considerable significance for treating AD, as the disease involves neuroinflammation, synapse loss, and neurodegeneration in multiple regions. Importantly, IN-administered hiPSC-NSC-EVs targeted the different neural cell types in naïve and 5xFAD mice. Such behavior of hiPSC-NSC-EVs in 5xFAD mice demonstrated their ability to target different neural cell types in the brain during an early stage of amyloidosis as 3 months old 5xFAD mice were employed in this study, which is a stage of AD displaying only modest deposition of amyloid-beta and neuroinflammation with no cognitive impairments. Therefore, future studies need to investigate the pattern of EV biodistribution occurring in different brain regions and cell types in 5xFAD mice at advanced stages of the disease. Furthermore, since the current biodistribution study employed xenogeneic EVs, further studies will be needed to determine whether allogeneic and xenogeneic EVs behave similarly following IN administration.
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