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Abstract

As current treatments for Alzheimer’s disease (AD) lack disease-modifying inter-
ventions, novel therapies capable of restraining AD progression and maintaining
better brain function have great significance. Anti-inflammatory extracellular vesi-
cles (EVs) derived from human induced pluripotent stem cell (hiPSC)-derived
neural stem cells (NSCs) hold promise as a disease-modifying biologic for AD.
This study directly addressed this issue by examining the effects of intranasal (IN)
administrations of hiPSC-NSC-EVs in 3-month-old 5xFAD mice. IN administered
hiPSC-NSC-EVs incorporated into microglia, including plaque-associated microglia,
and encountered astrocyte soma and processes in the brain. Single-cell RNA sequenc-
ing revealed transcriptomic changes indicative of diminished activation of microglia
and astrocytes. Multiple genes linked to disease-associated microglia, NOD-, LRR-
, and pyrin domain-containing protein 3 (NLRP3)-inflammasome and interferon-1
(IEN-1) signalling displayed reduced expression in microglia. Adding hiPSC-NSC-
EVs to cultured human microglia challenged with amyloid-beta oligomers resulted in
similar effects. Astrocytes also displayed reduced expression of genes linked to IFN-1
and interleukin-6 signalling. Furthermore, the modulatory effects of hiPSC-NSC-
EVs on microglia in the hippocampus persisted 2 months post-EV treatment without
impacting their phagocytosis function. Such effects were evidenced by reductions in
microglial clusters and inflammasome complexes, concentrations of mediators, and
end products of NLRP3 inflammasome activation, the expression of genes and/or
proteins involved in the activation of p38/mitogen-activated protein kinase and IFN-1
signalling, and unaltered phagocytosis function. The extent of astrocyte hypertrophy,
amyloid-beta plaques, and p-tau were also reduced in the hippocampus. Such mod-
ulatory effects of hiPSC-NSC-EVs also led to better cognitive and mood function.
Thus, early hiPSC-NSC-EV intervention in AD can maintain better brain function by
reducing adverse neuroinflammatory signalling cascades, amyloid-beta plaque load,
and p-tau. These results reflect the first demonstration of the efficacy of hiPSC-NSC-
EVs to restrain neuroinflammatory signalling cascades in an AD model by inducing
transcriptomic changes in activated microglia and reactive astrocytes.
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1 | INTRODUCTION

The pathological changes associated with cognitive and mood impairments in Alzheimer’s disease (AD) include lasting neu-
roinflammation, extracellular deposition of amyloid-beta 42 (A42) plaques, intraneuronal neurofibrillary tangles, synapse loss,
hyperphosphorylated tau (p-tau), and neurodegeneration (Duyckaerts et al., 2009; Long & Holtzman, 2019; Selkoe, 1989; van
der Kant et al., 2020). Deposition of Af plaques likely contributes to the progression of neuroinflammation, the loss of synapses,
p-tau accumulation, and neurodegeneration (Long & Holtzman, 2019). Current therapeutic strategies for AD are not efficacious
in slowing its progression (Yiannopoulou et al., 2019). Therefore, novel therapies proficient in restraining the progression of
multiple pathological changes, including neuroinflammatory signalling cascades, and maintaining better cognitive and mood
function for extended periods after the initial AD diagnosis have great significance (Long & Holtzman, 2019).

Transplantation of neural stem/progenitor cells (NSCs), derived from various sources, including the human induced pluripo-
tent stem cells (hiPSCs) has improved function in several brain disease models (Eckert et al., 2015; Hattiangady & Shetty, 2012;
Lu et al., 2021; Shetty & Upadhya, 2016; Temple, 2023). However, multiple safety issues have hampered the clinical translation
of hiPSC-derived NSC grafts (Attwood & Edel, 2019; Martin, 2017). Moreover, unlike other brain diseases, NSC grafting for AD
is challenging as it involves pathological alterations in multiple brain regions (Abdi et al., 2022; Temple, 2023; Upadhya et al.,
2019). Besides, the functional recovery after NSC grafting has been mainly attributed to the secretome of the NSC graft-derived
cells (Eckert et al., 2015; Willis et al., 2020). Also, the vital component of the NSC secretome has been identified as extracel-
lular vesicles (EVs), as they facilitate the transfer of genetic information and proteins from NSCs into host cells (Willis et al.,
2020). EVs, carrying a cargo of miRNAs and proteins from parental cells, can modify the function of recipient cells by trans-
ferring components (Cossetti et al., 2014; Iraci et al., 2017; Morton et al., 2018). Therefore, NSC-derived EVs, likely retaining
most of the therapeutic effects of NSCs, can promote a cell-free therapy for AD (Ayyubova et al., 2023; Hering & Shetty, 2023;
Upadhya et al., 2020). Indeed, EV's derived from hiPSC-NSCs (hiPSC-NSC-EVs) have robust therapeutic properties because of
anti-inflammatory miRNAs and proteins carried by them (Upadhya et al., 2020, 2022). Additionally, hiPSC-NSC-EVs are a much
safer alternative to hiPSC-NSCs, as they do not replicate, and can readily cross the blood-brain barrier. EVs are also amenable for
repeated, non-invasive intranasal (IN) dispensation as an allogeneic off-the-shelf product for treating neurodegenerative diseases
because EVs can be stored frozen and used immediately after thawing without losing their biological activity. Furthermore, EVs
quickly permeate the entire brain after an IN administration, including in an AD model (Attaluri et al., 2023; Kodali et al., 2023a,
2023b; Long et al., 2017).

Therefore, using 3-month-old 5x familial AD (5xFAD) mice, we investigated whether IN administrations of hiPSC-NSC-EV's
in the early stage of AD would moderate the activation of microglia and astrocytes, the associated neuroinflammatory signalling
cascades, AB plaques, and p-tau, leading to better cognitive and mood function. These EVs, purified from hiPSC-NSC culture
media using anjon-exchange and size-exclusion chromatographic methods, naturally carry a cargo of anti-inflammatory miRNAs
and proteins (Upadhya et al., 2020, 2022). Single-cell RNA-sequencing (scRNA-seq) revealed the proficiency of hiPSC-NSC-
EVs to modulate multiple genes linked to activation of disease-associated microglia (DAM), NOD-, LRR-, and pyrin domain-
containing protein 3 (NLRP3)-inflammasomes, and interferon-1 (IFN-1) signalling in microglia, and IFN-1 and interleukin-6
(IL-6) signalling in astrocytes. The modulatory effects of hiPSC-NSC-EV's on microglia persisted even 2 months post-treatment
in the hippocampus without impacting their phagocytosis function, perceptible from reduced concentrations of proteins and/or
genes causing the activation of NLRP3 inflammasomes and p38/mitogen-activated protein kinase (p38/MAPK) signalling and
unaltered phagocytosis function. Additionally, proteins involved in the cyclic GMP-AMP synthase and stimulator of interferon
genes (cGAS-STING) pathway that activate IFN-1 signalling genes were also reduced in the hippocampus. These changes led
to reductions in astrocyte hypertrophy, AS, and p-tau, and better cognitive and mood function. These results reflect the first
demonstration of the efficacy of hiPSC-NSC-EVs to restrain neuroinflammatory signalling cascades in an AD model by inducing
beneficial transcriptomic changes in activated microglia and reactive astrocytes.

2 | METHODS
2.1 | Culturing of hiPSC-derived NSCs, purification and characterization of hiPSC-NSC-EVs

Protocols for generating NSCs from hiPSCs (IMR90-4; Wisconsin International Stem Cell Bank, Madison, W1, USA), culturing of
hiPSC-NSCs, isolating hiPSC-NSC-EV's using anion-exchange and size-exclusion chromatographic methods, characterizing EV's
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for various markers and ultrastructure are detailed in our previous studies (Upadhya et al., 2020, 2022) and the supplementary
file.

2.2 | Animals and study design

Both transgenic 5xFAD mice and their background (wild type) strain (B6SJLF1/]) were purchased from Jackson Labs (Cat No:
34840-JAX and 100012-JAX, Bar Harbor, Maine, USA) and maintained in our laboratory on B6/SJL genetic background by cross-
ing 5xFAD transgenic male mice with B6SJLF1/] female mice. The animal care and use committee of Texas A&M University
approved all studies conducted in this investigation. Two cohorts of 3-month-old 5xFAD mice were randomly assigned to vehi-
cle (Veh) or hiPSC-NSC-EVs groups (AD-Veh group, n = 26, 14 males and 12 females; AD-EVs group, n = 27, 13 males and 14
females). A group of age-matched naive control animals (n = 24, 12 males and 12 females) served as the naive group for neurobe-
havioral, immunohistochemical, and molecular studies. A separate set of animals (n = 2/group, males) were employed for the
initial scRNA-seq study. Furthermore, previously harvested brain tissues from four AD mice (males) that received IN administra-
tions of hiPSC-NSC-EVs were used to assess the interaction of IN-administered PKH26-labeled hiPSC-NSC-EVs into microglia
including plaque-associated microglia (PAM,) and astrocytes in the hippocampus (Attaluri et al., 2023). Additional AD mice
receiving Veh or EVs (n = 5/group) were employed for evaluating phagocytosis activity of microglia in vivo using methoxy-X04
(m-X04) injections.

2.3 | Administration of hiPSC-NSC-EVs

Animals in AD-EVs and AD-Veh groups received IN administration of hiPSC-NSC-EVs or vehicle (sterile phosphate buffered
saline, PBS). In each animal, following mild anaesthesia, both nostrils were first treated with 10 pL of hyaluronidase (100 U;
H3506; Sigma-Aldrich, St. Louis, MO, USA) in PBS to enhance the permeability of the nasal mucous membrane. Thirty minutes
later, each mouse was gently held with the ventral side up, and the head was facing downward for the IN administration of EVs or
PBS. EVs were suspended in PBS at a concentration of 30 X 10°/100 pL and dispensed into both nostrils in 5-uL spurts separated
by 5 min. The animals received two doses of 30 X 10° EVs or Veh with a 1-week interval between doses. Since 5xFAD mice is a
rapidly progressing model of AD associated with severe neuroinflammation, we chose to test a relatively higher dose of hiPSC-
NSC-EVs (i.e., 30 x 10° EVs, once weekly for 2 weeks) compared to lower doses of hiPSC-NSC-EVs (3.3 x 10° EVs, once every
other day for 6 days, total, ~10 x 10° EV's) employed in our previous study in a mouse model of peripheral inflammation-induced
cognitive dysfunction (Ayyubova et al., 2023). The 5xFAD mice employed for the scRNA-seq study and phagocytosis activity of
microglia in vivo also received two doses of 30 x 10° EVs or Veh, as described above.

2.4 | Isolation of live microglia and astrocytes from 5xFAD and naive control mice and scRNA-seq
studies

The 5xFAD mice were euthanized, and fresh brains were harvested 72 h after the last dose of EV/Veh administration and pro-
cessed immediately for the isolation of live microglia and astrocytes. The microglia and astrocytes were also isolated from the
age-matched naive control mice. The brain tissues from two animals were pooled in every group and processed for live single-cell
suspension preparation using gentleMACS Tissue Dissociator (Miltenyi Biotec, Gaithersburg, MD, USA). The cell suspensions
were incubated with microbeads coated with specific primary antibodies, that is, CD11b for microglia and astrocyte cell surface
antigen-1 (ASCALI) for astrocytes (Miltenyi Biotec) and subjected to magnetic cell isolation through MACS Separators to isolate
microglia and astrocytes. Following live cell analysis and quality control measures, live microglia and astrocytes were subjected
to the scRNA-seq targeting ~10,000 cells per sample at the Texas A&M Institute for Genome Sciences and Society facility. Indi-
vidually barcoded libraries were pooled and sequenced on a NextSeq mid-output paired-end sequencing run at 2 X 75 using
NextSeq 500/550 Mid-Output v2.5 kit (Illumina, San Diego, CA, USA) according to the manufacturer’ instructions. The reads
of scRNA libraries were aligned to the human GRCh38.p13 reference genome using Cell Ranger (version 7.0), and the resulting
expression matrices were analysed using scGEAToolbox (Cai, 2020).

2.5 | Analysis of hiPSC-NSC-EVs effects on cultured hiPSC-derived microglia exposed to AB42
oligomers

A method described in a published protocol was employed to generate microglia from hiPSCs (Guttikonda et al., 2021). These
microglia are referred to as iMicroglia from here onwards, and additional details on iMicroglia are available in the supplementary
file. Three sets of mature iMicroglia were cultured on a Petri plate (n = 8), of which two sets were exposed to AfS42 oligomers
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at a concentration of 1 uM. The dose of AB42 oligomers chosen for this assay was based on a published study demonstrating
that exposure of primary microglia or BV2 microglia to 5 uM or higher doses of A542 oligomers induces cell death, but 0.2-
1.0 uM doses do not induce microglial cell death (Pan et al., 2011). Four hours after adding AfB42 oligomers, one set of cultures
received hiPSC-NSC-EVss (6 X 10° EVs). The dose of hiPSC-NSC-EVs employed in the study was based on a parallel study in
our laboratory, which demonstrated that 6 X 10° hiPSC-NSC-EVs are adequate to provide significant neuroprotection to human
neurons exposed to 1 pM Af342 oligomers. The hiPSC-NSC-EVs were added 4 h after AB42 oligomers exposure to determine
whether EVs could protect iMicroglia from becoming activated iMicroglia following exposure to AB342 oligomers. Twenty hours
later, iMicroglia from all culture sets were, dissociated, collected, washed, and processed for total RNA isolation and quantitative
real-time PCR (qPCR) studies. We performed another set of experiments to understand potential changes in the phagocytic
ability of iMicroglia after AB42 exposure with or without EV treatment. Twenty-three hours after AB42 exposure, fluorescent
yellow-green latex beads (Sigma-Aldrich) were added to iMicroglia cultures treated with or without EVs. One hour later, images
were captured, and the percentages of iMicroglia incorporating latex beads were quantified.

2.6 | Analyses of cognitive and mood function using neurobehavioral tests

Both male and female mice in naive, AD-Veh, and AD-EV's groups were investigated with two neurobehavioral tests to measure
cognitive function. The behavioural tests commenced 3 weeks after Veh/EV's administration and continued for a month (i.e., in
the 5 month of life). Although EVs incorporate into microglia and encounter astrocyte/astrocyte processes rapidly (Attaluri
et al,, 2023), we reasoned that modulation of inflammatory pathways, and the impact of such modulation would take at least a
couple of weeks to culminate in beneficial effects on cognitive function. Therefore, we commenced behavioural studies 3 weeks
after the second administration of EVs. An object location test (OLT) ascertained the proficiency of animals to discern minor
changes in their immediate environment, a cognitive function entirely dependent on the hippocampus (Warburton & Brown,
2015). A pattern separation test (PST) ascertained the competence of animals to distinguish similar but not identical experiences
in a nonoverlapping manner (Jain et al., 2012), a measure of pattern separation ability dependent on the dentate gyrus (DG)
function. A sucrose preference test (SPT) assessed mood function by examining anhedonia or depressive-like behaviour. The
detailed protocols employed for OLT, PST, and SPT are available in our previous reports (Kodali et al., 2023a; Long et al., 2017;
Shetty et al., 2020; Upadhya et al., 2019) and the supplementary file.

2.7 | Harvesting of brain tissues for immunohistochemical and molecular assays

The animals in all groups were euthanized following neurobehavioral tests when they were 5 months old. Fixed brain tissues
were obtained for immunohistochemical studies, and fresh brain tissues were harvested for molecular assays. The details on
the harvesting and processing of fixed and fresh tissues for immunohistochemical and molecular analyses are available in our
published studies (Ayyubova et al., 2023; Long et al., 2017; Madhu et al., 2019, 2021; Rao et al., 2008; Shetty et al., 2020) and the
supplementary file.

2.8 | Quantification of numbers, clusters and proliferation of microglia, macrophage infiltration,
and AB42 plaques

The numbers of microglia were quantified in the hippocampus of male and female naive, AD-Veh, and AD-EVs groups via
stereological counting of Ionized calcium-binding adaptor molecule 1 (IBA1+) cells through the entire hippocampus in serial
sections (every 20 section) from naive, AD-Veh, and AD-EV's groups (n = 6/group), as described in our previous reports
(Ayyubova et al., 2023). We also quantified the number of microglial clusters per cubic millimetre (mm?) volume from different
hippocampal subfields in male and female AD mice receiving Veh or EVs. Image ] was employed to quantify the extent of AS
plaques in the hippocampus. The percentage of proliferating microglia was quantified in male AD mice receiving Veh or EVs
through IBA-1and Ki67 dual immunofluorescence and Z-section analysis in a confocal microscope (n = 5/group). The percentage
of IBA1+ cells lacking microglia-specific transmembrane protein 119 (TMEM119) expression (i.e., macrophages, Jurga et al., 2020)
were quantified in male and female AD mice receiving Veh or EV's to assess the extent of macrophage infiltration (n = 5/group).

2.9 | Quantification of astrocyte hypertrophy

The hypertrophy of astrocytes in the dentate gyrus (DG) and hippocampal CAl and CA3 subfields was evaluated by
measuring area fractions occupied by glial fibrillary acidic protein (GFAP) immunoreactive structures using Image J (4
sections/subfield/animal, n = 5-6/group), as described in our previous report (Ayyubova et al., 2023).
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2.10 | Isolation of RNA from iMicroglia and mouse hippocampus for qPCR studies

Total RNA isolation kits were employed to isolate RNA from cultured iMicroglia (n = 4/group; System Bioscience, Palo Alto,
CA, USA) and the mouse hippocampal tissues (n = 5-6/group; Qiagen, Germantown, MD, USA). The samples of the RNA
(500 ng/pL) were converted into cDNA using RT?2 First Strand Kit (Qiagen). The qRT-PCR was performed using RT?> SYBR Green
qPCR Mastermix and Primer mix (GeneCopoeia, Rockville, Maryland, USA) for measuring human microglial gene expression
in iMicroglia such as tmemll9, purinergic receptor P2Y12 (p2ryi2), cluster of differentiation 68 (cd68), CX3C motif chemokine
receptor 1 (cx3crl), complement 1qa (clqa), cystatin-7 (cst7), cathepsin D (ctsd), apolipoprotein E (apoe), lipoprotein lipase (Ipl),
ferritin heavy chain 1 (fthl), interleukin 1 beta (illb), tumor necrosis factor alpha (tnfa) and mouse microglial gene expression in
the hippocampus (cst7), secreted phosphoprotein 1 (sppl), Ipl, apoe, fthl, TYRO protein tyrosine kinase-binding protein (tyrobp),
triggering receptor expressed on myeloid cells 2 (trem2), ctsd, nlrp3, PYD, and CARD domain-containing protein (pycard), caspase
1 (caspl), illb, and il18. The details of primers employed in the study are detailed in the Supplementary file (Table SI).

2.11 | Measurement of NLRP3 inflammasome complexes in microglia

The brain tissue sections were processed for triple immunofluorescence staining and Z-section analysis using a Nikon confocal
microscope or Leica THUNDER 3D Imager for measuring the percentages of microglia displaying NLRP3 inflammasome com-
plexes (i.e., cells positive for IBA-1, NLRP3, and apoptosis-associated speck-like protein containing a caspase recruitment domain
(ASC) in the hippocampus (Ayyubova et al., 2023). All measurements were performed in the CA3 subfield of the hippocampus
(3 sections/animal, n = 6/group). The methods and antibodies employed for these studies are described in the supplementary
file.

2.12 | Quantification of mediators and end products of NLRP3 inflammasome activation

The mediators and proinflammatory end products of NLRP3 inflammasome activation were quantified from hippocampal tissue
lysates using ELISA (n = 6/group), as detailed in our previous study (Madhu et al., 2021). Commercially available kits for mea-
suring nuclear factor kappa B (NF-kB, Aviva Systems Biology, San Diego, CA, USA), NLRP3 (Abcam, Cambridge, MA, USA),
ASC (MyBioSource, San Diego, CA, USA), cleaved caspase-1 (BioVision Inc, Milpitas, CA, USA), interleukin-18 (IL-18), IL-13
(R&D Systems, Minneapolis, MN, USA) were utilized.

2.13 | Measurement of proteins linked to hyperactivation of p38/MAPK, interferon signalling
cascade, and double-stranded DNA fragments (dsDNA) accumulation within microglia

The hippocampal tissue lysates were utilized for quantifying the various markers involved in IL-18-mediated hyperactivation of
the p38/MAPK signalling pathway and its proinflammatory end products (n = 6/group). We followed the manufacturer’s pro-
tocol provided in individual ELISA kits for the myeloid differentiation primary response 88 (MyD88, Aviva Systems Biology),
small GTPase rat sarcoma virus (Ras, MyBioSource), p38 MAPK (Cell Signalling, Danvers, MA, USA), activator protein-1 (AP-1,
Novus Biologicals, Centennial, CO; USA), IL-6, tumour necrosis factor-alpha (TNFa, R&D systems), IL-8 (Biomatik, Wilming-
ton, DE, USA) and macrophage inflammatory protein-1 alpha (Mip-1a, Signosis, Santa Clara, CA, USA). The concentrations of
these individual proteins were normalized to the 1 mg of total protein in hippocampal lysates, and values were compared across
groups. Furthermore, we also measured cGAS, p-STING, phosphorylated interferon regulatory factor 3 (p-IRF3), and IFN-c¢t con-
centrations in the hippocampus. Additionally, we processed the brain tissue sections for dual immunofluorescence staining for
IBA-1and dsDNA to measure the percentage of microglia containing dsDNA in their cytoplasm, as described elsewhere (Li et al.,
2020). Next, Z-section analysis in a Nikon confocal microscope measured the percentages of microglia displaying dsDNA (i.e.,
cells positive for IBA-1 and dsDNA) in the CAl subregion of the hippocampus. (3 sections/animal, n = 5/group). The methods
and antibodies employed for these studies are described in the Supplementary File.

2.14 | Quantification of AB42 and p-tau concentrations
The five FAD mutations in 5xFAD mice lead to A42 overproduction and increased Ser396 tau phosphorylation (Kanno et al.,

2014). Therefore, we measured the concentrations of Af42 and p-tau in the hippocampal tissue lysates of naive, AD-Veh, and
AD-EVs groups. We followed the manufacturer’s protocol described in ELISA kits for measuring AB42 (Invitrogen, Waltham,
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MA, USA) and p-tau (Cell Signalling, Danvers, MA, USA). The concentrations of Af42 and p-tau were normalized to mg of
protein in hippocampal lysates.

2.15 | Measurement of microglial phagocytosis in vivo using A342 labelling

We performed intraperitoneal injection of methoxy-X04 (m-X04; 10 mg/kg) to ascertain the phagocytotic activity of microglia
in AD-Veh and AD-EVSs groups (n = 5/group) in the 5 month of life (i.e., ~2 months after Veh/EVs treatment). Three hours
later, the mice were deeply anesthetized, and brain tissues were fixed via intracardiac perfusions using 4% paraformaldehyde.
The brain tissue sections were processed for dual immunofluorescence methods to visualize IBA-1 and AS. Next, we measured
the percentages of microglia internalizing m-X04-bound AB (Lau et al., 2021) through Z-section analysis in a Nikon confocal
microscope.

2.16 | Statistical analyses

Statistical analyses of data utilized Prism software 10.1. Within-group comparisons in neurobehavioral tests or two-group compar-
isons utilized a two-tailed, unpaired Student’s t-test or Mann-Whitney U-test for two datasets with significantly different standard
deviations. All comparisons involving three or more datasets were analysed using one-way ANOVA with Tukey’s multiple com-
parisons post-hoc tests. However, when individual groups did not pass the normality test (Shapiro-Wilk test), Kruskal-Wallis
test with Dunn’s post hoc tests were performed. The discrimination index (DI) values in neurobehavioral tests were compared to
the hypothetical mean (zero) using a one-sample t-test (Contreras et al., 2024). In all comparisons, p < 0.05 was considered a sta-
tistically significant value. We also performed two-way ANOVA with Tukey’s multiple comparisons post-hoc tests to determine
sex-dependent effects and the interaction between sex and hiPSC-NSC-EVs treatment.

3 | RESULTS

3.1 | hiPSC-NSC-EVs displayed EV-specific markers and ultrastructure and were internalized by
microglia in 5XFAD mouse brain following IN administration

The hiPSC-NSC-EVs were small EVs (30-250 nm in diameter, average size = 145 nm; Figure SI1(A). They expressed multiple EV-
specific markers, including CD63, CD8]1, and Alix, and lacked cytoplasmic markers expressed in parental NSCs such as calnexin
and cytochrome C (Figure S1(B). Transmission electron microscopy revealed vesicles displaying double membrane (Figure S1(C).
The miRNA and protein composition of these hiPSC-NSC-EVs have been described in our previous study (Upadhya et al., 2020).
The ability of IN-administered EVs to incorporate into neurons and microglia and encounter astrocyte soma and processes in
all brain regions of the 5xFAD mice has been presented in our recent study (Attaluri et al., 2023). Microglia in virtually all
forebrain regions of 5xFAD mice, including PAM, internalized IN administered PKH-26+ EVs when examined 45 min post-
administration (Figure S2(A-H). Although neurons and astrocytes are the significant sources of Af production (Frost & Li, 2017;
Huffels et al., 2023), A plaques accumulating in extracellular spaces were consistently covered by microglia (i.e., PAM). Confocal
imaging demonstrated that AS plaques were always surrounded by microglia and astrocytes. Furthermore, plaques surrounded
by microglia and astrocytes could be seen both adjacent and away from hippocampal neuronal cell layers in 5XFAD mice (Figure
S3).

3.2
mice

hiPSC-NSC-EV incorporation triggered transcriptomic changes within microglia of 5xFAD

Figure S4 outlines the experimental design employed in the study. First, we investigated transcriptomic changes in microglia
induced by hiPSC-NSC-EVs at 72 h post-administration using the scRNA seq. The pattern of t-SNE plot of microglia from the
AD-Veh group differed from corresponding plots from naive and AD-EVs groups (Figure 1(a)). The AD-Veh group showed
upregulation of 8735 genes and downregulation of 1300 genes vis-a-vis the naive group. In contrast, the AD-EVs group demon-
strated upregulation of 4050 genes and downregulation of 1402 genes compared to the naive group. Compared to the AD-Veh
group, the AD-EVs group displayed upregulation of 1506 genes and downregulation of 8280 genes (Figure 1(b)), Figure S5).
Microglia with a high DAM gene signature were apparent in the AD-Veh group compared to the naive group (Figure 1(c-d). The
upregulated genes comprised ctsd, ctsb, ctsl, ctsz, axl receptor tyrosine kinase (axl), glycoprotein nonmetastatic melanoma protein
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FIGURE 1

Intranasal administration of extracellular vesicles from human induced pluripotent stem cell-derived neural stem cells (hiPSC-NSC-EVs)

altered the expression of genes linked to disease-associated microglia (DAM) and NOD-, LRR-, and pyrin domain-containing protein 3 (NLRP3)
inflammasome activation in 5xFAD mice microglia when observed 72 h post-EVs administration. Figure (a) illustrates the distinct t-SNE plots of microglia in
naive, AD-Veh, and AD-EVs groups. (b) represents the total number of microglial genes upregulated and downregulated in the AD-Veh and AD-EV's groups
compared to the naive group. (c and d) represent the Ucell score scatter plot and dot plots of different DAM genes in microglia of naive, AD-Veh, and AD-EVs
groups. (e and f) represent the Ucell score scatter plot and dot plots of different NLRP3 inflammasome genes in microglia of different groups. (g and h)
represent the Ucell score scatter plot and dot plots of different homeostatic microglial genes in microglia of different groups.
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B (gpnmb), sppl, tissue inhibitor of metalloproteinase (timp2), c3, insulin like growth factor 1 (igfl), lysozyme 2 (lyz2), cytochrome
B beta chain (cybb), apoe, Ipl, fthl, cst7, trem2, tyrobp, leukocyte immunoglobulin-like receptor, subfamily B, member 4A (lilrb4a),
integrin subunit alpha X (itgax), cd9, cd63, cd74, colony stimulating factor 1 (csfl), chemokine ligand 6 (ccl6). Notably, most of these
genes, except gpnmb, ¢3, trem2, cd9 were downregulated in the AD-EVs group, compared to AD-Veh group (Figure 1(c-d), Figure
S6(A). Furthermore, multiple genes linked to NLRP3 inflammasomes (nuclear factor kappa B; nfkbl, NF-kappa-B transcription
factor P65 (rela), nlrp3, pycard, caspl, illb, ilI8) were upregulated in the AD-Veh group. The expression of many of these genes (rela,
nlrp3, pycard, caspl, illb) was reduced in the AD-EVs group (Figure 1(e-f), Figure S6(B). Moreover, the expression of microglial
homeostatic genes (p2ryl2, p2ryl3, cx3crl, and cd33) was downregulated in the AD-Veh group but normalized in the AD-EV's
group (Figure 1(g-h). Furthermore, the AD-Veh group displayed upregulation of multiple genes linked to the signalling of IFN-
1 (18 genes), IFN-y (27 genes), and IL-6 (23 genes). The AD-EVs group displayed normalized or reduced expression of many
upregulated genes related to these signalling pathways. These include genes beta-2-microglobulin (b2m), bone marrow stromal
cell antigen 2 (bst2), guanylate binding protein 3 (gbp3), gbp7, histocompatibility 2, K1 (h2-k1), Interferon Induced transmembrane
protein 3 (ifitm3), galectin 3 binding protein (Igals3bp), proteasome 20S subunit beta 8 (psmb8), psmbl0, ring finger protein 2 (rnf2),
signal transducer and activator of transcription (statl), stat2, transporter 2, ATP binding cassette subfamily B member (tap2) and tap
binding protein (tapbp) (IFN-1 signalling genes), cd86, cd274, Fc gamma receptor 1 (fcgrl), homeostatic iron regulator (hfe), janus
kinase 2 (jak2), psmb9, statl (IFN-y signalling genes), and cdl4, cytokine receptor like factor 2 (crlf2), csfl, colony stimulating factor
2 receptor subunit beta (csf2rb), csf3r, interferon alpha receptor 1 (ifnarl), interferon gamma receptor 2 (ifngr2), illb, ill0rb, ill13Ral,
ill5ra, IL171a, Itbr, myd88, protein tyrosine phosphatase non-receptor type 2 (ptpn2), suppressor of cytokine signalling 3 (socs3), statl,
stat2, stat3, toll like receptor 2 (tir2), and tnf (IL-6 signalling genes) (Figure 2 and Figures S7-S9).

Additional analysis on astrocyte cell populations revealed no batch effect as shown in the t-SNE plot, where cells from the AD-
Veh group overlapped with those from naive and AD-EVs groups (Figure S10). Despite of this global similarity across groups,
the expression of multiple genes linked to IFN-1 signalling (b2m, HECT, and RLD domain containing E3 ubiquitin protein
ligase family member 6 (herc6), interferon induced transmembrane protein 3 (ifitm3), interferon gamma induced GTPase (igtp),
immunity related GTPase M 1 (irgml), lgals3bp, rnf2, radical S-adenosyl methionine domain containing 2 (rsad2), statl, stat2,
tapbp) and IL-6 signalling (cd9, csfl, ifnarl, ifngrl, illOrb, ill5ra, il6st, ptpn2, statl, stat2, stat3) was upregulated in astrocytes from
the AD-Veh group compared to astrocytes in the naive group. Notably, the expression of these genes was significantly reduced
in the AD-EVs group (Figures S10-S11). Thus, IN-administration of hiPSC-NSC-EVs in 5xFAD mice resulted in significant
transcriptomic changes in microglia and astrocytes, implying alleviation of increased NLRP3, IFN-1, IFN-y, and IL-6 signalling.

3.3 | hiPSC-NSC-EVs treatment reduced Af42-induced activation of cultured human iMicroglia

We next examined whether hiPSC-NSC-EVss are also proficient in moderating the expression of genes in cultured human iMi-
croglia challenged with AB42 oligomers. iMicroglia, generated from hiPSCs and expressing the microglia-specific TMEM119
(Figure 3(a-e), were exposed to AB42 (1 uM) for 24 h. One set of cultures received 6 X 10° hiPSC-NSC-EVss at 4 h after AB42
exposure (Figure 3(f)). The expression of homeostatic microglia genes (tmemll9, p2ry12) did not differ between naive, Af342-
exposed, and AB42-exposed and hiPSC-NSC-EV treated iMicroglia (p > 0.05; Figure 3(g-h). However, compared to the naive
iMicroglia, the expression of multiple genes linked to microglia activation (¢d68, cx3crl, clqa), DAM (ctsd, apoe, Ipl, fthl) and
inflammation (il1b, tnfa) were upregulated in the AB42-exposed iMicroglia (p < 0.05-0.01, Figure 3(i-r) but not in the A342-
exposed iMicroglia treated with hiPSC-NSC-EVs (p > 0.05, Figure 3(i-r). Investigation of phagocytosis function revealed that
hiPSC-NSC-EVs mediated reduced activation of iMicroglia did not interfere with their phagocytosis function (Figure S12). Thus,
hiPSC-NSC-EVs can also moderate human microglial activation without compromising their phagocytosis function.

3.4 | hiPSC-NSC-EV administration preserved cognitive, memory, and mood function at 5
months of age

We first measured the competence of animals to recognize minor changes in the immediate environment, a hippocampus-
dependent cognitive function, using an OLT (Figure 4a). Most of the animals (10-13 males and 6-13 females) met the criteria
employed for this task (i.e., exploration of objects >20 s in trial-2 (T2)). Proficiency for object location memory was intact in both
males and females in the age-matched naive control group when analysed separately or together (p < 0.01-0.0001; Figure 4(b.t}j),
but was impaired in both males and females in the AD-Veh group (p > 0.05, Figure 4(c,g,k). Contrastingly, both males and
females in the AD-EVs group displayed no cognitive impairment (p < 0.05-0.001, Figure 4(d,h,]). Intact cognitive function in
naive and AD-EV groups was evident from the propensity of animals to explore the object in novel place (OINP) for longer
durations than the object in familiar place (OIFP). Analysis of the OINP-DI values using a one-sample t-test revealed profi-
ciency for the cognitive task in the naive group (males and females, alone or together, p < 0.05-0.01) and the AD-EVs group
(males, p < 0.05, both sexes, p < 0.01) but not in the AD-Veh group (Figure 4(e,i,m). The results were not influenced by variable
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FIGURE 2 Intranasal administration of extracellular vesicles from human induced pluripotent stem cell-derived neural stem cells (hiPSC-NS-EVs)

altered the expression of genes linked to interferon-1 (IFN-1), interferon-gamma (IFN-y) interleukin-6 (IL-6) signalling in 5xFAD mice microglia when
observed 72 h post-EV's administration. Dot plots in A-C compare the expression of multiple genes linked to IFN-1, IFN-y signalling, and IL-6 signalling
pathways between naive, AD-Veh, and AD-EVs groups. The expression of most genes was upregulated in the AD-Veh group compared to the naive group but
reduced in the AD-EVs treatment group compared to the AD-Veh group.

object exploratory behaviour between groups, as the total object exploration times (TOETs) in T2 did not differ between groups
(p > 0.05, Figure S13(A-B).

Next, we determined the pattern separation ability of animals using a PST (Figure 4(n)), which examined the proficiency
for discriminating the novel object (NO) from the familiar object (FO) kept on a second-floor pattern (P2) in T4 of PST. Most
animals (9-11 males and 9-12 females) in every group met the criteria (i.e., exploration of objects >20 s in T2 and T3). Adeptness
for recognizing the NO on P2 in T4 was intact in both males and females in the naive (p < 0.0001, Figure 4(o0,s,w) and AD-EV's
(p < 0.01-0.0001, Figure 4(q,u,y) groups but impaired in the AD-Veh group (p > 0.05, Figure 4(p,t,x). Proficiency for pattern
separation in naive and AD-EV groups was evident from the propensity of animals to explore the NO on P2 for longer durations
than the FO on P2. Analysis of the NO on P2-DI values using a one-sample t-test confirmed competence for pattern separation
in males and females of the naive group (p < 0.01-0.0001) and the AD-EV's group (p < 0.05-0.01) but not in the AD-Veh group
(Figure 4(r,v,z). As observed in OLT, the findings were not prompted by varying object exploratory behaviour between groups,
as the TOETs in T2 and T3 did not differ between groups (p > 0.05, Figure S13(C-F).

Furthermore, an investigation of mood function using a SPT (n =10-11 males and 9-10 females per group, Figure 5(a))revealed
anhedonia in the AD-Veh group compared to the naive group but not in the AD-EVs group (Figure S13(G-L). Absence of
anhedonia in both sexes in naive and AD-EV's groups was evident from the preference of animals to drink higher amounts
of sucrose-containing water than standard water (p < 0.0001, Figure S13 (G, I, ], L). In contrast, the presence of anhedonia in
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FIGURE 3 Intranasal administration of extracellular vesicles from human induced pluripotent stem cell-derived neural stem cells (hiPSC-NSC-EVs)
suppressed AB42-induced activation of iMicroglia derived from hiPSCs. Images (a and b) show the progenitor and mature microglia from hiPSCs. (c-e) images
confirm TMEMI19 expression in mature microglia. (f) is a diagrammatic representation of the experiment involving A342 exposure to iMicroglia followed by
hiPSC-NSC-EV treatment. Bar charts (g-h), (i-k), (I-p), and (q-r) respectively compare the expression of homeostatic genes (g-h), activated microglia genes
(i-k), disease-associated microglia (DAM) genes (I-p), and proinflammatory cytokine genes (q-r) in iMicroglia between control, AB42-exposed, and
Ap42-exposed and hiPSC-NSC-EVs treated cultures. Scale bar, A-E =100 um; *, p < 0.05; **, p < 0.01; NS, not significant.
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FIGURE 4 Intranasal administration of extracellular vesicles from human induced pluripotent stem cell-derived neural stem cells (hiPSC-NSC-EVs) to
5xFAD mice preserved cognitive function. Cartoon A depicts different trials (t1-t3) in an object location test (OLT). The bar charts in b-d, f-h, j-1 compare
percentages of object exploration times spent with the object in the familiar place (OIFP) vis-a-vis the object in the novel place (OINP) in naive (b, f, j),
AD-Veh (¢, g, k), and AD-EVs (d, h, 1) in males (b-d), females (f-h), and when both males and females were considered together (j-1). The bar charts e, i, m
compare the OINP discrimination index (DI) for males (e), females (i), and both sexes (m) using a one-sample t-test. Cartoon N depicts different trials (t1-t4)
in a pattern separation test (PST). The bar charts in o-q, s-u, w-y compare percentages of object exploration times spent with the familiar object on pattern 2
(FO on P2) vis-a-vis the novel object on P2 (NO on P2) in naive (o, s, w), AD-Veh (p, t, x), and AD-EVs (q, u, y) in males (0-q), females (s-u) when both males
and females were considered together (W-Y) together. The bar charts R, V, Z compare the DI for the NO on P2 for males (r), females (v), and both sexes (z)
using a one-sample t-test. *, p < 0.05; **, p < 0.01; ***, p < 0.001; and ****, p < 0.0001; NS, not significant.
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FIGURE 5 Intranasal administration of extracellular vesicles from human induced pluripotent stem cell-derived neural stem cells (hiPSC-NSC-EVs) to
5xFAD mice prevented anhedonia and reduced microglial clusters and numbers. Cartoon (A) depicts the experimental design employed for the sucrose
preference test. The bar charts (B-D) compare the sucrose preference rate (SPR) in males (B), females (C) and males + females (D) across naive, AD-Veh and
AD-EVs groups. **, p < 0.01; ****, p < 0.0001; NS, not significant. Figure (E-G) illustrates the representative images of microglial clusters in naive (E), AD-Veh
(F), and AD-EVs (G) groups. Bar charts (H-I) compare the number of microglial clusters per mm? unit area of the hippocampus in males (H) and females (T)
between naive, AD-Veh, and AD-EV groups. Bar charts J-Q compare numbers of microglia in males (J-M) and females (N-Q) per 0.1 mm? area of the dentate
gyrus (J, N), CAl subfield (K, O), CA3 subfield (L, P), and the entire hippocampus (M, Q) between naive, AD-Veh, and AD-EVs groups. Scale bar,

E-G =100 um *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001; NS, not significant.

both sexes in the AD-Veh group was apparent from the lack of preference of animals to drink sweet water (p > 0.05, Figure
S13 (H, K)). Comparison of the sucrose preference rate (SPR) across groups confirmed differences between naive and AD-Veh
groups, and between AD-Veh and AD-EVs groups, for both males and females or when both sexes were considered together
(p < 0.01-0.0001, Figure 5(b,c,d).

Thus, hiPSC-NSC-EVs intervention at 3 months of age in male and female 5xFAD mice prevented the occurrence of cognitive
and mood impairments at 5 months of age. Additional two-way ANOVA analysis revealed no sex-dependent differences or
interactions between sex and hiPSC-NSC-EVs treatment for the OLT, PST, and SPT in 5xFAD mice (Table S2).
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3.5 | hiPSC-NSC-EVs administration reduced microglial clusters and numbers in the
hippocampus

We quantified the number of microglial clusters in different hippocampal subfields (Figure 5(e-i). IBA-1+ microglial clusters,
were conspicuous in all hippocampal subfields in AD-Veh and AD-EVs groups. However, males in the AD-EV's group displayed
a reduced number of microglial clusters per mm? compared to the AD-Veh group (p < 0.05, Figure 5(h)). The females in the
AD-EVs group also showed a similar trend, but the difference was not significant (p = 0.056, Figure 5(i)). Furthermore, in both
sexes, compared to the naive group, the AD-Veh group displayed an increased number of microglia in all subfields and the entire
hippocampus (p < 0.05-0.0001, Figure 5(j-q). Males in the AD-EVs group exhibited reduced numbers of microglia in the CA3
subfield and the entire hippocampus compared to the AD-Veh group (p < 0.05-0.001; Figure 5(1,m). However, females in the
AD-EVs group displayed similar numbers of microglia as the AD-Veh group in all hippocampal subfields (Figure 5(n-q). Thus,
hiPSC-NSC-EV treatment reduced microglial clusters and numbers in male 5XFAD mice. The females showed a similar trend,
but the reductions were not statistically significant. Notably, two-way ANOVA analysis revealed no sex-dependent differences or
interactions between sex and hiPSC-NSC-EVs treatment for microglial clusters and counts in 5xFAD mice (Table S2).

Furthermore, the evaluation of microglia using the proliferative marker Ki67 in the hippocampus revealed minimal and similar
proliferation rates in both AD-Veh and AD-EVs groups (AD-Veh group, Mean + SEM = 1.1 + 0.5%; AD-EVs group, 0.7 + 0.4%,
p>0.05, Figure S14). Additionally, analysis of IBA-1+ cells lacking TMEMI19 expression revealed infiltrating macrophages among
microglia (cells positive for both IBA-1 and TMEM119) in the hippocampus (Figure S15(A-F). Lower percentages of infiltrating
macrophages were observed in the female AD-EVs group compared to their counterparts in the AD-Veh group (Figure S15(H).
However, in male AD mice, percentages of infiltrating macrophages were comparable between Veh and EVs groups (Figure
S15(G). Two-way ANOVA analysis revealed no sex-dependent differences. However, there was an interaction between sex and
EVs treatment, as only females showed positive response (Table S2).

3.6 | hiPSC-NSC-EVs treatment reduced astrocyte hypertrophy in the hippocampus of AD mice

Examples of the distribution and morphology of astrocytes in the CA3 subfield of the hippocampus from different groups are
illustrated (Figure S16(A-C). Compared to the naive group, the AD-Veh group displayed increased GFAP+ astrocytic elements
(Figure S16(D-K) in subregions and the entire hippocampus in both male and female mice, implying the occurrence of astrocyte
hypertrophy. The male AD-EVs group displayed significantly reduced astrocyte hypertrophy than the AD-Veh group in DG and
CA3 regions and when the entire hippocampus was considered together (p < 0.05-0.001, Figure S16(D, F-G. Similar results were
seen in female AD mice receiving EVs when the hippocampus was considered in entirety (p < 0.05, Figure S16(K). Two-way
ANOVA analysis revealed no sex-dependent differences or interactions between sex and EV's treatment.

3.7 | hiPSC-NSC-EVs treatment maintained lower expression of DAM genes for extended periods

We quantified and compared the expression of multiple DAM genes in the hippocampus at 5 months of age (i.e., ~2 months post-
EV treatment) across groups. Compared to the naive control group, the AD-Veh group displayed increased expression of cst7,
sppL Ipl, apoe, fthl, and tyrobp in males (p < 0.05-0.0001, Figure 6(a-f) and cst7, Ipl, fthl, tyrobp, and ctsd in females (p < 0.05-
0.001, Figure 6(i, k, m-n, p). However, the expression of most of these genes in both males and females in the AD-EV's group was
normalized to levels in the naive group (p > 0.05, Figure 6(b-f, i, k, m, n, p). The expression of some genes was also reduced in
the AD-EV's group compared to the AD-Veh group (p < 0.05, Figure 6(a, ¢, d, i). Thus, the modulatory effects of hiPSC-NSC-
EVs treatment on DAM genes observed at 72 h post-EV administration persisted at ~2 months post-EV treatment, which could
be gleaned from the similar expression pattern of multiple genes between naive and AD-EVs groups. However, the extent of
suppression was moderate compared to the AD-Veh group, as the expression of only a few genes significantly differed between
the AD-Veh and AD-EVs groups. Furthermore, two-way ANOVA analysis revealed no sex-dependent effects or interactions
between sex and hiPSC-NSC-EVs treatment for most genes linked to DAM in 5xFAD mice. The exception was cst7, with males
showing a greater expression in both Veh and EV's groups. There was also an interaction between sex and EV's treatment for cst7,
as only males showed positive responses (Table S2).

3.8 | hiPSC-NSC-EVs administration induced enduring inhibition of NLRP3 inflammasome
activation

We first measured and compared the expression of genes linked to NLRP3 inflammasome activation across groups. The AD-Veh
group displayed increased expression of nlrp3, pycard/asc, illb, and ill8 genes in males (p < 0.05-0.01; Figure 6(q-1, t-u) and
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pycard/asc, illb, and il18 genes in females (p < 0.05-0.01; Figure 6(w,y,z). However, in the AD-EV's group, the expressions of these
genes were normalized to levels in the naive group (p > 0.05, Figure 6(q-r, t-u, w, y, z). Two-way ANOVA analysis revealed no
sex-dependent differences or interactions between sex and hiPSC-NSC-EV's treatment for most genes linked to NLRP3 inflam-
masome activation in 5xFAD mice. The exceptions were il18, with females showing a greater expression in both Veh and EVs
groups (Table S2). Next, we quantified the extent of NLRP3 inflammasome complexes within microglia in the hippocampus
through triple immunofluorescence for IBA-1, NLRP3, and ASC. Examples of microglia displaying NLRP3 inflammasome com-
plexes (i.e., structures co-expressing NLRP3 and ASC) are illustrated (Figure 7(a-i). Compared to the naive group, both males
and females in the AD-Veh group displayed increased percentages of microglia presenting inflammasome complexes (p < 0.01,
Figure 7(j,k). On the other hand, percentages of microglia containing inflammasome complexes in both sexes of the AD-EVs
group matched percentages in the naive group (p > 0.05, Figure 7(j,k) and were less than their counterparts in the AD-EVs group
(p < 0.05, Figure 7(j,k). To confirm these further, we quantified the concentrations of NLRP3 inflammasome activation mediators
(NFkB, NLRP3, ASC, and cleaved caspase-1) and end products (IL-15 and IL-18) in the hippocampus. Compared to the naive
group, both sexes in the AD-Veh group displayed increased concentrations of all these proteins (p < 0.05-0.0001, Figure 7(l-q,
r-w). Notably, the concentrations of all these proteins were either normalized to levels in the naive group (p > 0.05, Figure 7(m-o,
g, r-w) or went below the level of the naive group (Figure 7(L,p) in males and females in the AD-EVs group. Thus, the repressing
effects of hiPSC-NSC-EVs on NLRP3 inflammasome genes observed at 72 h post-EV administration persisted at ~2 months
post-EV treatment. Two-way ANOVA analysis showed sex-dependent differences for many proteins linked to NLRP3 inflam-
masome activation in 5XFAD mice. Males displayed higher concentrations of cleaved caspase-1 (AD-EVs group), IL-18 (AD-Veh
and AD-EVs groups), and IL-18 (AD-Veh group). Furthermore, the interaction between sex and hiPSC-NSC-EV's treatment was
seen for NF-kB and IL-13, with only males showing positive or higher responses (Table S2).

3.9 | hiPSC-NSC-EVs treatment prevented hyperactivation of p38/MAPK signalling

Increased release of proinflammatory cytokines IL-18 and IL-18 following NLRP3 inflammasome activation leads to downstream
p38/MAPK hyperactivation in acute and chronic inflammatory conditions (Kodali et al., 2023a). Therefore, we first compared the
concentrations of different p38/MAPK signalling components, including MyD88, Ras, phospho-p38 MAPK, and AP-1 in naive,
AD-Veh, and AD-EVs groups. Next, we compared the concentrations of some known end products of p38/MAPK hyperactiva-
tion, including IL-6, TNFa, and IL-8 and Mip-la. Compared to the naive group, males in the AD-Veh group displayed elevated
levels of MyD88, Ras, p38/MAPK, and AP-1 levels (p < 0.05-0.01; Figure 8(a-d). Females in the AD-Veh group also showed a
similar trend, but only Ras and p38/MAPK increases were statistically significant (p < 0.05-0.01; Figure 8(j,k). Notably, in the
AD-EVs group, the concentrations of these proteins were normalized to levels in the naive control group (p > 0.05, Figure 8(a-d,
j» k). Furthermore, in both males and females, the concentrations of IL-8, TNFa, and Mip-la were elevated in the AD-Veh group
but not in the AD-EVs group (p < 0.05-0.001; Figure 8(f-h, n-p). Females in the AD-Veh group, in addition, showed upreg-
ulation of IL-6 compared to the naive group (p < 0.01; Figure 8(m)), which was normalized in the AD-EVs group (p > 0.05,
Figure 8(m)). Thus, inhibition of NLRP3 inflammasome activation mediated by hNSC-EV's prevented the downstream hyper-
activation of p38/MAPK signalling. Two-way ANOVA analysis showed sex-dependent differences for a few end products of
p38/MAPK signalling activation in 5XFAD mice, with males in both Veh and EVs groups displaying higher concentrations of
TNFa and MIPla. Furthermore, the interaction between sex and hiPSC-NSC-EVs treatment was seen for Ras, with only males
showing positive or higher responses (Table S2).

3.10 | hiPSC-NSC-EVs administration induced enduring inhibition of cGAS-STING signalling

We quantified the concentrations of various proteins causing the activation of the cGAS-STING pathway, an upstream event
activating IFN-1 signalling in AD and 5xFAD mice (Xie et al., 2023). Compared to the naive group, the hippocampus from
the AD-Veh group displayed increased concentrations of total cGAS, p-STING, p-IRF3, and IFN-a in males (p < 0.05-0.01,
Figure 8(q-t)), and p-STING and p-IRF3 in females (p < 0.05, Figure 8(v-w). In contrast, in the AD-EV's group, the concentrations
of these proteins in both sexes did not differ from the naive group (p > 0.05, Figure 8(q-x). Thus, the modulatory effects of
hiPSC-NSC-EVs on IFN-1 signalling observed at 72 h post-EV administration persisted at ~2 months post-EV treatment. Two-
way ANOVA analysis showed sex-dependent differences for IFNa levels in AD-Veh and AD-EV's groups. However, there was
no interaction between sex and hiPSC-NSC-EV's treatment (Table S2). Furthermore, evaluation of dsDNA in the cytoplasm of
microglia revealed significant amount of dsDNA accumulation in both males and females in the AD-Veh group (Figure S17(A-C).
Notably, hiPSC-NSC-EVs treatment reduced the percentage of microglia containing dsDNA in male AD mice (p < 0.01) but not
in female AD mice (Figure S17(G-H). Two-way ANOVA analysis revealed no sex-dependent differences or interaction between
sex and EVs treatment.

85UB0 17 SUOLIWOD BAIER1) 3(qeal|dde sy Aq peusenob ae sl O ‘8sn JO Sa|nJ 1oy Areiq 1T UIUQ AB|1/ UO (SUOIHPUOD-PUe-SWLBIW0D" A8 | 1M A R1q 1 jpU{UO//:SA1Y) SUORIPUOD PUe SWS | 8Y1 89S *[5202/#0/60] Uo AriqiT aulluQ AB|IM ‘6TSZT 28 /200T OT/I0p/Woo A8 |1m Arelq 1 pulUO'S feuIno [ASS 1//:Sdny W0y papeojumod ‘TT ‘Y202 ‘8L0€T002



MADHU ET AL.

c | HISEV

IBA-1+ Microglia Expressing Activated NLRP3 Inflammasome in Hippocampus

NLRP3

Naive

AD-EVs

ASC

IBA-1

(0)

% of Microglia with

% of Microglia with

Inflammasome

Inflammasome

IL-18

/m,

D
=

S
S

[y}
S

pg/mg protein

protein

pg/

g9

L kokok Feded ekkk
- _ — k
12 { 1 [ | . 5 - 21000 - 5 \
-§ os 5 = 3 S 2 £ Hekdk
m3508{c o 558 2310/ S8e n OB & £ 14000 N2 ol e
B & * g 8 ° 2 O w 3] —~ & 3 .
E 2 [ 00 2 2 L () <@ < E o 4w *
50416 Z 5 sife %8 S €5 7000 SE 4l e
‘ . [] b : |
0.0 0 2 0 0
\A"“\A@ o f"& %5\\&0’46)\0’{(’& %é’&o@\ fg’ %‘5\4&0’4@0&4 3
P Yo S RS
FEMALES
0
fudud (S) (t) NS (ll) (V) NS
f— i - il —
12 ‘ 15 900 | % 18000 : 45
= %k s £ Sekewed | £ ¢ é; R £ %
H T3 e N E $79 oo & 212000 p2Y @30
;:ig_ox g . %%10 - 8%600 A s 85 s w TE f.t S
o o <2 | =B E = £ 9,
ol ule -EHN i ~mla "l
2 FE
0.0 | 0 ‘ 0 o 0 I ——
&S NI R &S e L& R
A" s S & N9 S & P
& S B S Lo N A X SRS
S S 9 ® &
FIGURE 7 Intranasal administration of extracellular vesicles from human induced pluripotent stem cell-derived neural stem cells (hiPSC-NSC-EVs) to

5xFAD mice inhibited NOD-, LRR- and pyrin domain-containing protein 3 (NLRP3) inflammasome complex formation and activation. Figures (A-I) illustrate

examples of NLRP3 inflammasome complexes co-expressing NLRP3 (green) and apoptosis-associated speck-like protein containing a CARD (ASC, red) in
IBA-1+ microglia (blue) from the CA3 subfield of the hippocampus in male mice from naive (A-C), AD-Veh (D-F), and AD-EVs (G-I) groups. The bar charts
J-K compare the percentages of microglia with inflammasome complexes in males (J) and females (K). The bar charts L-W compare the concentrations of

mediators of NLRP3 inflammasome activation (NF-kB, NLRP3, ASC, and cleaved caspase-1; L-O, males and R-U, females) and end products (IL-15, IL-18; P-Q,
and V-W) in males (L-Q) and females (R-W) between naive, AD-Veh, and AD-EVs groups. Scale bar, A-I = 25 um; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****,

p < 0.0001; NS, not significant.
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FIGURE 8 Intranasal administration of extracellular vesicles from human induced pluripotent stem cell-derived neural stem cells (hiPSC-NSC-EVs) to
5xFAD mice thwarted the activation of p38 mitogen-activated protein kinase and cyclic GMP-AMP synthase (cGAS), and phosphorylated stimulator of
interferon genes (p-STING) signalling. The bar charts A-P compare the concentrations of various components of p38/MAPK activation (MyD88, Ras,
pPMAPK, AP-1; A-D and I-L) and end products (IL-6, IL-8, TNFa, Mip-la; E-H and M-P) in males (a-h) and females (i-p) between naive, AD-Veh, and
AD-EVs groups. *, p < 0.05; **, p < 0.01; ***, p < 0.001; NS, not significant. The bar charts Q-X compare total cyclic GMP-AMP synthase (cGAS, g, u),
stimulator of interferon genes (p-STING, r, v), p-interferon regulatory factor 3 (p-IRF3, s, w), IFN-« (t, x) across groups in males (q-t) and females (u-x). *,

P < 0.05 %%, p < 0.01; ***, p < 0.001; NS, not significant.

3.11 | hiPSC-NSC-EVs administration reduced amyloid plaque load and p-tau

Comparing area fractions of brain tissue covered by amyloid plaques in the hippocampus revealed that males and females in
the AD-EVs group displayed significantly lower plaque load than the AD-Veh group (p < 0.05, Figure 9(a-d). Also, the hip-
pocampal concentrations of soluble AB42 were reduced in males and females of the AD-EV's group compared to the AD-Veh
group (p < 0.05-0.01; Figure 9(e-f)). Furthermore, the hippocampal concentrations of p-tau were reduced in males and females
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FIGURE 9 Intranasal administration of extracellular vesicles from human induced pluripotent stem cell-derived neural stem cells (hiPSC-NSC-EVs) to
5xFAD mice reduced amyloid plaques and phosphorylated tau. Figures (A-B) illustrate the distribution of amyloid plaques in the hippocampus from 5xFAD
mice receiving the vehicle (Veh, A) or hiPSC-NSC-EVs (B). The bar charts compare area fraction (AF) of amyloid plaques (C, D), the concentration of soluble
Ap42 (E, F), and p-tau (G, H) in males (C, E, G) and females (D, E, H) between AD-Veh and AD-EV's groups. Scale bar, A-B = 500 pm; *, p < 0.05; **, p < 0.01;
NS, not significant.

of the AD-EVs group compared to the AD-Veh group (p < 0.05-0.01; Figure 9(g-h). Thus, hiPSC-NSC-EV-mediated reductions
in neuroinflammatory cascades led to reduced amyloid plaques, AB42 production, and p-tau in the 5xFAD mouse brain. Two-
way ANOVA analysis showed sex-dependent differences for the concentrations of AB—42 and p-tau, with higher AB—42 levels
in males in AD-Veh and AD-EVs groups and greater p-tau levels in females in the AD-Veh group. There was also interaction
between sex and hiPSC-NSC-EVs treatment for AB—42, as males showed greater responses (Table S2).

3.12 | hiPSC-NSC-EVs administration did not impact the phagocytotic activity of microglia

Animals receiving m-X04 were evaluated for in vivo labelling of A342 plaques and particles in both AD-Veh and AD-EVs groups.
The percentages of microglia phagocytosing m-X04 bound Af42 around and between plaques were comparable between the
AD-Veh and AD-EVs groups (p > 0.05, Figure S18). Thus, hiPSC-NSC-EV treatment did not reduce the phagocytotic activity of
microglia despite significantly modulating their gene expression.

4 | DISCUSSION

The results of this study, in male and female 5XxFAD mouse models, provide evidence for the first time that IN administrations
of hiPSC-NSC-EVs in the early stage of AD could restrain neuroinflammatory signalling cascades, and the extent of A plaques
and p-tau in the hippocampus and thereby maintain better cognitive and mood function at an advanced stage of the disease.
While earlier studies have documented the effects of mouse NSC-EVs, mouse induced-NSC-EVs, and human embryonic stem
cell-derived NSC-EVs to alleviate cognitive dysfunction, AS plaques, and neuroinflammation in general (Apodaca et al., 2021;
Giannoni et al., 2016), the ability of ANSC-EVs to inhibit chronic neuroinflammatory signalling cascades by directly inducing
transcriptomic changes in microglia and astrocytes has not been investigated.

In this study, 5XFAD mice received hiPSC-NSC-EVs at 3 months of age, an age at which these mice start to display AS plaques,
microgliosis, and a proinflammatory milieu in the brain (Boza-Serrano et al., 2018; Gao et al.,, 2023), and interrogated with
behavioural tests at ~4.5 months of age, a stage where untreated 5XxFAD mice display cognitive and mood impairments (Oakley
etal., 2006; Tang et al., 2016). The neuropathology was assessed at 5 months of age, a timepoint in which 5XFAD mice exhibited
increased microglial activation with upregulation of multiple DAM genes, and activation of NLRP3 inflammasomes, and the
p38/MAPK and cGAS-STING-IFN-1 signalling cascades. Remarkably, male, and female 5xFAD mice receiving hiPSC-NSC-EVs
displayed better cognitive function and no anhedonia at 4.5 months of age compared to their counterparts receiving the vehicle.
Moreover, hiPSC-NSC-EVs treatment led to reductions in the expression of genes and/or proteins linked to DAM, NLRP3,
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p38/MAPK, and cGAS-STING-IFN-1 hyperactivation without compromising the phagocytosis function of microglia at 5 months
of age. Af plaques, AB42, and p-tau concentrations were also reduced.

The concept of using hiPSC-NSC-EVs to restrain the neuroinflammatory cascades involved in AD pathogenesis stemmed
from our earlier studies demonstrating the proficiency of these EVs to mediate robust anti-inflammatory properties. For example,
hiPSC-NSC-EVs have shown proficiency to suppress IL-6 release from lipopolysaccharide (LPS)-stimulated mouse macrophages,
and IL-18 and TNFa release from LPS-stimulated human iMicroglia (Upadhya et al., 2020, 2022). They also thwarted neu-
roinflammation after a brain insult such as status epilepticus (Upadhya et al., 2020) or LPS-induced peripheral inflammation
(Ayyubova etal., 2023). Furthermore, these EVs are inherently enriched with anti-inflammatory miRNAs and proteins, evidenced
by small RNA sequencing and proteomic studies (Upadhya et al., 2020). Our previous protein knockdown and miRNA inhibition
studies have identified miR-21-5p and pentraxin-3 (PTX3) as the key anti-inflammatory molecules in these EVs (Upadhya et al.,
2022). Such findings are consistent with the ability of miR-21-5p to regulate NF-kB, enhance IL-10, and inhibit TNFo release (Ge
et al., 2016; Sheedy, 2015; Slota & Booth, 2019) and the proficiency of PTX3 to enhance the neuroprotective type 2 astrocytes,
and regulate the entry of peripheral immune cells into the brain (Rajkovic et al., 2019; Shindo et al., 2016). hiPSC-NSC-EVs also
carry miR-103a, proficient in reducing neuroinflammation via prostaglandin-endoperoxide synthase-2 inhibition (Yang et al.,
2018), hemopexin capable of transforming proinflammatory microglia into anti-inflammatory phenotypes (Han et al., 2018),
and galectin-3 binding protein (Gal-3BP) competent in diminishing the NF-kB signalling (Seki et al., 2020).

The entry of hiPSC-NSC-EVs into microglia in all brain regions led to reduced expression of multiple genes linked to DAM,
NLRP3 inflammasome activation, and IFN-1 signalling. Such changes implying the modulation of activated microglia have
implications because microglia, though recognize and remove a significant amount of Af in the early stage of AD, undergo
hyperactivation, perpetuate chronic neuroinflammation, and contribute to disease progression and dementia in the advanced
stage (Heneka et al., 2015; Mosher & Wyss-Coray, 2014; Perry & Holmes, 2014). Such transformed microglia lose homeostatic
molecules and functions (Holtman et al., 2015) and acquire DAM or “neurodegenerative” phenotype (Friedman et al., 2018). DAM
is typified by downregulation of “homeostatic” microglial genes p2ryl2, p2ryI3, cx3crl, cd33, and tmeml119 (Butovsky et al., 2014)
and upregulation of genes involved in lysosomal, phagocytic, and lipid metabolism pathways such as apoe, ctsd, Ipl, tyrobp, and
trem2 (Deczkowska et al., 2018; Lambert et al., 2013). Notably, hiPSC-NSC-EVs-mediated transformation of microglia involved
increased expression of homeostatic genes and reduced expression of DAM genes, implying the proficiency of hiPSC-NSC-
EVs to transform DAM into less inflammatory microglia. Notably, such transformation did not impact phagocytosis activity of
microglia. Testing the effects of hiPSC-NSC-EV's on human iMicroglia exposed to AS oligomers also confirmed the competence
of hiPSC-NSC-EVs to downregulate DAM gene expression in activated human iMicroglia. Administration of hiPSC-NSC-EV's
also modulated astrocytes, which could be gleaned from reduced expression of multiple genes linked to IFN-1and IL-6 signalling.
Since hiPSC-NSC-EV's were rarely internalized by astrocytes but consistently encounter the plasma membranes of their soma
and processes (Attaluri et al., 2023), modulation of astrocytes likely involved the transfer of EV cargo through the fusion of EV
membranes with the plasma membranes of astrocytes. However, an indirect effect of the modulation of microglia on astrocytes
cannot be ruled out, either. Additional studies using engineered hiPSC-NSC-EVs capable of targeting only microglia are needed
to address this issue.

hiPSC-NSC-EVs treatment normalized/reduced the expression of many genes linked to the NLRP3 inflammasome activa-
tion. Similar effects were also seen in human iMicroglia exposed to AB oligomers. Activation of NLRP3 inflammasomes within
microglia in AD occurs as a response to Af, as A fibrils can induce IL-1f release from glia through NLRP3 inflammasome
activation, and Af oligomers and fibrils can directly interact with NLRP3 inflammasome components and induce its activa-
tion (Akama & Van Eldik, 2000; Halle et al., 2008; Nakanishi et al., 2018). Additionally, p-tau-derived paired helical filament-6
(PHF6) peptides can induce NLRP3 inflammasome activation (Panda et al., 2021). Inhibition of NLRP3 inflammasome activa-
tion is beneficial because of its contribution to AD pathogenesis, particularly its ability to perpetuate chronic neuroinflammation
via downstream hyperactivation of p38/MAPK signalling, increase tau phosphorylation, and induce cognitive dysfunction. Such
concept is supported by findings of increased NLRP3 inflammasome end products (IL-18 and IL-18) in AD patients (Ojala et al.,
2009; Torres et al., 2014), and better cognitive function, reduced chronic neuroinflammation and AB42 in AD models with the
inhibition of NLRP3 inflammasome activation (Dempsey et al., 2017; Heneka et al., 2013; Lonnemann et al., 2020). AB induced tau
pathology is also linked to NLRP3 inflammasome activation, as NLRP3 knockout in tauopathy mice reduced tau phosphorylation
by regulating tau kinases and phosphatases (Ising et al., 2019).

IN administration of hiPSC-NSC-EVs also normalized/reduced the expression of many genes linked to IFN-1, IFN-y, and
IL-6 signalling within microglia, and IFN-1 and IL-6 signalling within astrocytes, in 5XFAD mice. Type-I IFNs, including IFN-«
and IFN-g, bind to the IFN-1 receptor complex and activate signalling via kinases JAKI and tyrosine kinase 2, leading to STAT1
and STAT2 phosphorylation, which results in the upregulation of thousands of interferon-stimulated genes (ISGs) (Shaw et al.,
2017). Type-1IFNs are chronically activated within dysfunctional microglia in AD (Navarro et al., 2018), and IFNa/f transcripts
and ISGs are upregulated in the brains of AD patients (Roy et al., 2020; Taylor et al., 2014). Also, the expression of IRF7, a
transcription factor controlling IFN-1 signalling correlates with AD progression (Roy etal., 2020; Taylor et al., 2014). Furthermore,
both amyloid and tau models of AD display an increased population of IFN-responsive microglia overexpressing ISGs (Rexach
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etal., 2020; Yang et al., 2021). While type-I IFNs protect against infection, their overproduction in neurodegenerative conditions
can cause adverse effects, including increased synapse loss, microglial activation, and aggregation of AB42 and p-tau (Minter
etal,, 2016, 2022; Roy et al., 2020). On the other hand, increased IFN-y signalling in microglia can transform them into neurotoxic
phenotypes capable of impairing neural network rhythms and cognitive functions, and causing neurodegeneration (Kann et al.,
2022). Additionally, increased IL-6 can contribute to memory impairment in AD (Lyra et al., 2021). Thus, the adeptness of hiPSC-
NSC-EVs to reduce IFN-1, IFN-y, and IL-6 signalling within activated microglia in 5xFAD mice is advantageous for slowing AD
progression.

Furthermore, transcriptomic changes induced by hiPSC-NSC-EVs on microglia and astrocytes in 5XFAD mice at 72 h post-EV
administration persisted at 2 months post-EV treatment in the hippocampus. This was evidenced by male and female 5xFAD mice
receiving hiPSC-NSC-EV's displaying reductions in (1) microglial clusters, (2) the expression of multiple genes linked to DAM
and NLRP3 inflammasome activation, (3) percentages of microglia presenting NLRP3 inflammasomes, (4) the concentrations of
NLRP3 inflammasome activation mediators and end products, (5) proteins involved in p38/MAPK hyperactivation, (6) multiple
proinflammatory cytokines, and (7) astrocyte hypertrophy. Reduced clusters of microglia suggest reductions in PAM as such
clusters are seen around Af plaques (Grubman et al., 2021), which is likely a consequence of diminished plaque density with
hiPSC-NSC-EVs treatment. Reduced numbers of microglia found in male mice following EV's treatment did not appear to be
due to reduced proliferation of microglia, as IBA-14 cells expressing Ki67 were minimal and did not differ between AD-Veh
and AD-EVs groups. Populations of infiltrating macrophages were seen in both AD-Veh and AD-EV's groups, with female AD
mice showing reduced infiltrating macrophages following hiPSC-NSC-EVs treatment. Thus, reduced microglia following hiPSC-
NSC-EVs treatment observed in the male AD mice is likely due to increased clearance of pathological microglia.

Reduced percentages of microglia displaying NLRP3 inflammasome complexes in male and female AD mice indicate reduced
microglial activation (Liang et al., 2022). Such changes in microglia were associated with reductions in the expression of genes
linked to DAM and NLRP3 inflammasomes and the concentration of proteins linked to NLRP3 inflammasome activation (NF-
kB, NLRP3, ASC, cleaved caspase-1 and IL-18 and IL-18). Dampened NLRP3 inflammasome activation led to reduced secretion
of IL-18 and IL-18, which prevented the hyperactivation of p38/MAPK signalling, Such an effect was evidenced by reduced con-
centrations of MyD88, Ras, pMAPK, and AP-1, IL-6, IL-8, TNF«, and Mip-la. Preventing the hyperactivation of p38/MAPK
signalling in AD is beneficial because p38/MAPK promotes NF-kB activation, tau phosphorylation, and glutamate excitotox-
icity, impairs synaptic plasticity and autophagy and promotes neurodegeneration (Kheiri et al., 2018). Moreover, knockdown
of p38/MAPK has been shown to alleviate microglia activation and postpone cognitive decline in animal models of AD (Gee
etal., 2020; Son et al., 2023). Additionally, at ~2 months post-EV treatment, animals in the AD-EV's group displayed diminished
c¢GAS-STING activation implicated in IFN-1 signalling (Xie et al., 2023).

In both AD models and patients, A plaques increase progressively and are surrounded by activated microglia with DAM
genes signature and an impaired ability for phagocytosis and Af clearance (Hickman et al., 2008; Meyer-Luehmann et al., 2008).
Although hiPSC-NSC-EVs treatment transformed microglia into less inflammatory states, evident from the reduced expression
of DAM and NLRP3 inflammasome genes and diminished clustering (Deczkowska et al., 2018; Lambert et al., 2013), such trans-
formation did not alter the overall proficiency of microglia for AB phagocytosis based on the in vivo m-X04 assay results in this
study. Considering these, decreased formation of Af plaques following hiPSC-NSC-EVs treatment likely involved two mecha-
nisms. First, since overly activated microglia spread AS seeds to form new plaques (Clayton et al., 2021; d’Errico et al,, 2022),
modulation of activated microglia by hiPSC-NSC-EVs likely diminished such seeding. Second, hiPSC-NSC-EVs are naturally
enriched with Gal-3BP, which can suppress Af production by inhibiting 3-secretase (Seki et al., 2020). Such an effect is supported
by the reduced concentration of A342 in the hippocampus of the AD-EVs group. On the other hand, reduced p-tau in the AD-
EVs group is a consequence of diminished NLRP3 inflammasome activation, as A3 induced tau pathology is linked to the extent
of NLRP3 inflammasome activation (Ising et al., 2019).

In conclusion, IN administrations of hiPSC-NSC-EV's in 5xFAD mice resulted in their interaction with microglia and astro-
cytes, which led to alterations in microglial and astrocytic transcriptomic signature and sustained reductions in downstream
neuroinflammatory signalling cascades and better cognitive and mood function. Notably, the beneficial effects of hiPSC-NSC-
EVs treatment on microglia, astrocytes, infiltrating macrophages, amyloid plaques, p-tau levels, and cognitive and mood function
in 5xFAD mice were not sex-dependent, as no interactions were observed between sex and EV's treatment for these parameters.
The exceptions include the concentrations of NF-kB, IL-13, Ras, and soluble AB—42, for which only males exhibited signifi-
cant declines, or males showed greater declines than females following EVs treatment. The results also imply that microglia-
and astrocyte-mediated chronic neuroinflammation in AD contributes profoundly to the progression of cognitive and mood
function decline, and EV-based biologics capable of modulating their overactivation without affecting their homeostatic and A
clearing functions can considerably slow down the progression of AD pathogenesis. However, since neurons also incorporate IN
administered hiPSC-NSC-EVs in 5xFAD mice (Attaluri et al., 2023), it will be important in future studies to examine changes
occurring in neurons and the contribution of hiPSC-NSC-EVs induced neuronal plasticity to improved cognitive and mood
function.
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