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EP, Antagonist-Elicited Extracellular Vesicles from
Mesenchymal Stem Cells Rescue Cognition/
Learning Deficiencies by Restoring Brain Cellular
Functions
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ABSTRACT

Adult brains have limited regenerative capacity. Consequently, both brain damage and
neurodegenerative diseases often cause functional impairment for patients. Mesenchymal stem
cells (MSCs), one type of adult stem cells, can be isolated from various adult tissues. MSCs have been
used in clinical trials to treat human diseases and the therapeutic potentials of the MSC-derived
secretome and extracellular vesicles (EVs) have been under investigation. We found that blocking the
prostaglandin E,/prostaglandin E, receptor 4 (PGE,/EP,) signaling pathway in MSCs with EP, antago-
nists increased EV release and promoted the sorting of specific proteins, including anti-inflammatory
cytokines and factors that modify astrocyte function, blood-brain barrier integrity, and microglial
migration into the damaged hippocampus, into the EVs. Systemic administration of EP, antagonist-
elicited MSC EVs repaired deficiencies of cognition, learning and memory, inhibited reactive
astrogliosis, attenuated extensive inflammation, reduced microglial infiltration into the damaged
hippocampus, and increased blood-brain barrier integrity when administered to mice following hip-
pocampal damage. STEM CELLS TRANSLATIONAL MEDICINE 2019;8:707-723

SIGNIFICANCE STATEMENT

Hippocampal damage occurring with many central nervous system (CNS) diseases and traumatic
brain injury is responsible for cognition, learning, and memory impairments. However, CNS regen-
erative capacity is extremely limited. This study demonstrates that blocking PGE,/EP, signaling
induces extracellular vesicles (EVs) from mesenchymal stem cells (MSCs) and that these
EP,-antagonist elicited MSC EVs carry cargo responsible for MSC properties. This study suggests
that EP, antagonist-elicited MSC EVs may replace MSCs in therapy for CNS disease because both
of their increased therapeutic efficacy and of reduced adverse effects such as complications of
implantation, ectopic tissue formation, and unwanted engraftment. More generally, the data sug-
gest that EP, antagonist-elicited MSC EVs may be useful for therapies of a variety of pathologies.

adults and can be easily isolated, MSCs are excel-
lent sources of autologous stem cells; these cells

INTRODUCTION

Damage and/or degeneration of the hippocampus
frequently result in impairment of memory and
other intellectual functions [1-3]. The self-
regenerative capacity of the CNS is extremely lim-
ited. Recently, therapeutic effects of mesenchymal
stem cells (MSCs) for neurological diseases such as
cerebral infarction, Alzheimer’s disease (AD), and
Parkinson’s disease (PD), have been reported
[4-7]. MSCs reside in many tissues and body fluids,
for example, circulating blood, cord blood, bone
marrow, amniotic fluid, placenta, adipose tissues,
and dental pulp [8]. Since MSCs are available from

can be isolated either from patients themselves or
from their predeposited tissues/fluid. The multi-
potency and easy accessibility of MSCs make them
a promising tool for stem cell therapy. However,
less than 1% of implanted MSCs are capable of
engrafting and only a small percentage of those
engrafted MSCs differentiate into functional re-
placement tissue in damaged areas [9, 10]. Preclini-
cal studies suggest that the therapeutic effects of
MSC transplantation do not result from the perma-
nently engrafted cells. Instead, dynamic paracrine
interactions between MSCs and damaged tissues
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appear to contribute to MSC therapeutic activity [11]. These find-
ings suggest that therapeutic effects of MSCs, including their effects
on CNS, rely mainly on extracellular components.

Extracellular vesicles (EVs) can act as agents to exert physio-
logical actions through cell-cell communication [12]. MSC-derived
EVs have emerged recently as an application for regenerative
medicine; systemic EV administration, including allogeneic MSC-
derived EVs, has not triggered adverse effects [13]. However,
MSC-derived EV therapy is still a developing research area that
needs to be optimized to improve their regenerative potential.
Here, we describe MSC culture conditions that can trigger release
of EVs with increased regenerative potential.

We previously showed that prostaglandin E,/prostaglandin E,
receptor 4 (PGE,/EP,) signaling is essential to maintain stemness
both of mammary epithelial stem cells (MaSCs) [14] and of mam-
mary cancer stem cells (CSCs) [15]. Blocking PGE,/EP, signaling
of MaSCs elicits EV release from MaSCs and promotes sorting of
the factors essential for MaSC properties into their EVs. EP,4
antagonist-elicited EVs from MaSCs which carry MaSC properties
can induce mammary gland formation in mice [14]. Similarly,
blocking PGE,/EP, signaling of mammary cancer CSCs elicits EV
release from the CSCs and promotes sorting of the factors essen-
tial for their CSC properties into the EVs [15]. Moreover, EVs
from EP, antagonist treated CSCs can convert mammary cancer
epithelial cells to CSCs [15], just as EP, antagonist elicited EVs
from MaSCs can convert mammary epithelial cells to stem cells
capable of eliciting mammary gland formation [14].

PGE, signaling is also essential for MSC homeostasis [16-18].
Here, we demonstrate that EP, antagonism induces EVs from
MSCs and that these EP, antagonist-induced MSC EVs, which carry
cargo responsible for many MSC properties, can be used in place
of MSCs for stem cell therapy. We demonstrate that EP,
antagonist-elicited MSC EVs have therapeutic effects on hippocam-
pal damage. EP, antagonist-elicited MSC EVs can rescue hippocam-
pal CA1 damage-mediated cognition and learning deficiencies and
modulate astrogliosis, microglial infiltration into the wounded hippo-
campus, inflammatory responses, and blood—brain barrier (BBB)
properties. These findings suggest leveraging MSC regenerative
medicine of CNS damage and disease in a more effective way.

MATERIALS AND IMIETHODS

Cell Culture

The different batches of human bone marrow MSCs (passage 1)
were obtained from Sciencells (Carlsbad, CA). The MSCs were
derived from 21-week-old male donors. MSCs were propagated
in low glucose Dulbecco’s modified Eagle’s medium containing
5% fetal bovine serum (FBS) with penicillin—streptomycin. FBS
contains bovine-derived EVs. The bovine derived EVs were
removed by ultracentrifugation before the FBS was used for MSC
culture [19]. MSC were passaged for not more than eight pas-
sages. See Supporting Information Materials and Methods for
information concerning primary hippocampal neural cells.

EV Isolation

EVs were isolated from MSC culture media by differential
ultracentrifugation as previously described [14]. Briefly, MSCs
were treated with dimethyl sulfoxide (DMSO) vehicle or
20 pg/ml EP, antagonist GW627368X (GW) for 4 or 8 days, as
indicated in the figure legends. Culture media were collected
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and were replaced with fresh media supplemented with DMSO
or GW every 4 days. The collected culture media were cen-
trifuged at 300g for 5 minutes to remove cells (P1), at 2,000 g
for 20 minutes (P2), then at 10,000 g for 30 minutes (P3) all
at 4°C. Finally, EVs (P4) were separated from the supernatant
by centrifugation at 110,000g for 60 minutes. The EV pellet
was washed once in phosphate-buffered saline (PBS) and then
resuspended in PBS for further analysis and injection.

Animal Experiments

All research involving animals complied with protocols approved
by the NHRI Committee on Animal Care. B6.CBA-Tg(Camk2a-tTA)
and B6.Cg-Tg(tetO-diphtheria toxin A [DTA]) mice were obtained
from Jackson Lab. Doxycycline (Dox) was removed from the diet
of 6-week-old tetO-DTA mice and Camk2a-tTA/tetO-DTA mice for
25 days. On the 26th day, doxycycline (2,000 ppm) was returned
to the mouse chow. Mice were maintained on tetracycline-
enriched chow, except for the 25-day Dox-free period for brain
lesion. After the Dox-free period, mice were injected with 100 pl
PBS or EVs derived from MSCs or EP, antagonist-elicited MSCs
(15 pg EV/injection, twice) via intracardiac injection as indicated
in the figure legends. After the injection, mice were subjected
for behavioral analysis (e.g., novel object recognition test [NORT],
novel location recognition test [NLRT], Morris water maze
[MWM]) at the time points indicated in the figure legends. Mice
were sacrificed at the time points indicated in the figure legends
and the brains were collected for further analysis (e.g., exon
arrays, immunohistochemistry, Western blotting).

Tissue Preparation and Immunofluorescence from
Tissue Sections

Paraformaldehyde-fixed tissues were embedded in paraffin blocks
and cut into 4-um sections. Hematoxylin and eosin staining was
conducted according to conventional procedures. Tissue sections
were deparaffinized/hydrated and were then subjected to antigen
retrieval in citrate buffer (pH 6.0) for 10 minutes. The sections were
incubated with primary antibodies overnight at 4°C and then with
secondary antibodies for 1 hour at room temperature. Cell nuclei
were visualized with DAPI. Slides were mounted with ProLong Gold
Antifade Reagent and imaged using a TCS SP5 Il confocal micro-
scope. The following antibodies were used: anti-NeuN (Millipore,
[Burlington, MA], ABN78), anti-complement 3 (Abcam, [Cambridge,
U.K.], ab200999), anti-COX-2 (Thermo Fisher Scientific, MA), anti-
GFAP (Millipore, Mab360), anti-S100p (Abcam, ab52642), anti-lbal
(Abcam, ab5076), anti-p3 tubulin (Abcam, ab5076), and anti-CLDN5
(Thermo Fisher, 34-1600). Signal quantification was performed
using Imagel) software. Immunohistochemistry quantification was
performed using Imagel, following the Image) User Guide. For
quantitation of glial fibrillary acidic protein (GFAP)-positive cells,
S100B-positive cells, and Ibal-positive cells, 8-bit images of the hip-
pocampus CA1 region were loaded into Image). The signal-positive
area was calculated using “Analyze Particles” under the Imagel
“Analyze” function. For quantitation of CLDN5 signal, 8-bit images
of the hippocampus CA1 region were loaded into ImageJ. The sig-
nal intensity was measured using “Measure” under the Image)
“Analyze” function. The CLDN 5 intensity was normalized by the
area of the BBB structure, which was defined by the area of GFAP-
positive astrocyte endfeet.

Statistical Analysis

Prism 7 was used for data presentation and statistical analysis.
For Figures 1B, 1G, 1H, 1J, 1K, 2B-2D, 2G, 3C, 3E, 3F, 3G, 5E,
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6A, 6B, 6E, Student’s t test was used. The level of significance

was set at p < .05. See figure legends for more information.
See Supporting Information Materials and Methods for

more information regarding additional experimental methods.

RESULTS

EP, Receptor Antagonism Modulates the Phenotypes
of MSCs and Decreases Their Differentiation Potential

To investigate whether EP, signaling is necessary to maintain
MSC properties, we treated human bone marrow MSCs with the
EP, antagonist GW and assessed the stem cell traits of the con-
trol and pharmacologically treated cells. GW treatment induced
an epithelial morphology in MSCs within 48 hours (Fig. 1A). The
GW-treated MSCs formed cobblestone-like, epithelial islands in
the presence of GW. In contrast, MSCs cultured in the absence
of GW maintained their preexisting mesenchymal morphology.
Although GW treatment slightly decreased the numbers of MSCs
(Fig. 1B), it did not cause significant cell death, measured by the
apoptotic sub-G1 fraction (Fig. 1C) and by the activation of the
executioner of apoptosis, caspase 3 (Fig. 1D).

GW treatment decreased the level of the MSC surface markers
CD90 and CD105 (Fig. 1E). MSCs can be identified based on their
expression of surface markers, including CD90 and CD105. The
expression of CD90 and CD105 MSC surface markers reflects MSC
potentials to differentiate into osteocytes and adipocytes [20, 21].
Therefore, decreases of CD90 and CD105 suggest decreases of the
stem cell capacity of MSCs. Since we observed that EP, antagonist
GW decreased MSC surface CD90 and CD105, we investigated
whether EP, antagonism modulated the differentiation potential
of MSCs. MSCs pretreated with vehicle or EP, antagonist GW were
subjected to either osteogenic or adipogenic differentiation. The
EP, antagonist treatment was suspended during the subsequent
differentiation processes. Compared with the vehicle-pretreated
MSCs, the GW-pretreated MSCs formed 89% fewer osteocytes in
the osteogenic condition (Fig. 1F, 1G). The expression of the osteo-
genesis makers runt-related transcription factor 2 (RUNX2) and
alkaline phosphatase (ALP) [22] was attenuated in the GW-
pretreated MSCs in the osteogenic condition, compared with that
of the vehicle-pretreated MSCs (Fig. 1H). Similarly, the GW-
pretreated MSCs formed 70% fewer adipocytes when compared
with the vehicle-treated MSCs (Fig. 11, 1)) and the expression
of the adipogenesis makers lipoprotein lipase (LPL) and per-
oxisome proliferator-activated receptor y (PPARy) [22], was
suppressed in the GW-pretreated MSCs in the adipogenic condi-
tion (Fig. 1K). These data demonstrate that EP, antagonism
decreases the differentiation potential of MSCs.

EP, Antagonism Elicits MSCs Release of EVs

In addition to causing MSCs to lose stem cell properties (mesenchy-
mal morphology, stem cell markers, and differentiation potential),
EP, antagonism induced EV release from MSCs. The conditioned
media of MSCs treated with vehicle or with the GW EP, antagonist
for 4 days were collected and subjected to differential centrifuga-
tion for EV isolation. Nanoparticle tracking analysis showed that
both vehicle-treated and GW-treated MSCs released abundant
~100 nm membrane vesicles (Fig. 2A). The size of the vesicles cor-
responded with that of exosomes; 50-150 nm [23]. Compared
with vehicle DMSO, the EP, antagonist elicited a twofold increase
in EVs released from MSCs (Fig. 2B). The amounts of total protein

www.StemCellsTM.com

in vehicle-induced and GW-induced EVs corresponded to the num-
bers of the EVs (Fig. 2C, 2D). Consequently, in our subsequent
experiments, we used the amounts of total EV protein to compare
the relative numbers of EVs.

Large amounts of general exosome markers (e.g., CD63 and
TSG101 [23, 24]) were present in the EVs released by GW-EP, antag-
onist treated MSCs (Fig. 2E). In contrast, little or no exosome marker
proteins were detected in the EV fraction of vehicle-treated MSCs
(Fig. 2E). These data suggest that the EP, antagonist-elicited MSC
EVs were enriched in exosomes. The EVs of GW-treated MSCs were
enriched in proteins essential to maintain mesenchymal/stem-like
properties (Fig. 2E). Compared with vehicle-treated MSCs, larger
amounts of proteins contributing to mesenchymal cell morphology
(e.g., N-cadherin [N-cad], twist), MSC markers (e.g., CD105, CD90,
CD44), and stem cell homeostasis (e.g., f-catenin [25, 26], twist [27,
28]) were released from the GW-treated MSCs via EVs (Fig. 2E).
These data demonstrate that EP, signaling regulates MSC EV release
both in quantity and in composition; EP, antagonism promotes
MSCs to release, via EVs, proteins required to maintain MSC proper-
ties. We suggest that these EP, antagonist-elicited, EV-mediated
losses contribute to the changes in morphology, stem cell identity,
and differentiation potential of GW-treated MSCs (Fig. 1).

EP, Antagonist-Elicited MSC EVs Contain Anti-
Inflammatory Cytokines and Neuron-Supporting
Proteins

MSCs are potent immunomodulators and often affect immune
responses by released cytokines (e.g., interleukin [IL]-10 and
TGFp) [29]. The vehicle-induced EVs and GW-induced MSC EVs
(GWEVs) were subjected to cytokine analyses, using cytokine
arrays (Fig. 2F, 174 cytokines analyzed). Among the analyzed
cytokines, elevated levels of 11 cytokines, including brain-derived
neurotrophic factor (BDNF), RANTES, TIMP1, LIF, BMP-7, IL-18Rf,
and DR6, are detected in the GWEVs (Fig. 2F and Supporting
Information Fig. S1). The increases of specific cytokines and pro-
teins (e.g., IL-2, IL-10, RANTES, vascular endothelial growth factor
[VEGF]-a, BDNF) in GWEVs from different batches of MSCs was
confirmed by quantitative Bio-Plex cytokine assays (Fig. 2G) and
Western blotting (Fig. 2H). The results suggest that GWEVs are
enriched in IL-2 anti-inflammatory cytokine [30], IL-10 anti-
inflammatory cytokine [30], VEGF-a/LIF/BMP7 neurogenesis pro-
moting factors [31-33], TIMP-1 BBB integrity-supporting factors
[34, 35], BDNF neuron-promoting/anti-inflammatory/astrocyte-
modulating cytokine [36—39], RANTES neuroprotective mediator
[40, 41], and N-cad/BMP7 neuritogenesis-promoting factors [42].
The enriched EV cargos suggest that EP, antagonist-elicited EVs
may have the potential to reduce inflammation and to repair
brain damage and/or degeneration.

EP, Antagonist-Elicited MSC EVs Rescue Memory and
Learning Deficiencies Caused by Hippocampus Damage

Because the hippocampal CA1l region plays a critical role in
cognition, learning, and spatial/contextual memory [43, 44], it
is an essential target for the treatment of dementia and dis-
ability caused by brain damage. Prior reports suggest that MSC
implantation [45] and factors released by MSCs [46] can mod-
ulate brain damage. Our previous studies suggest that EP,
antagonism of MaSCs elicits EVs whose cargo can modulate
the phenotype of mammary epithelial cells [14], and that EP4
antagonism of mammary tumor CSCs elicits EVs whose cargo
can modulate the phenotype of mammary cancer epithelial
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Figure 1. Blocking prostaglandin E,/prostaglandin E, receptor 4 signaling of mesenchymal stem cells decreases the stem cell properties.
(A): Bright-field images of mesenchymal stem cells (MSCs) treated with DMSO vehicle (Crl) or GW627368X (GW; 20 pg/ml) for 96 hours.
Scale bar: 100 pm. (B): The numbers of MSCs treated with DMSO (MSC) or GW (GW-MSC) for 4 days. Data are mean £ SEM (n = 3).
** p <.01; ¥** p <.001. (C): Sub-G1 profiles of MSCs treated with vehicle (MSC, upper left panel) or GW (GW-MSC, upper right panel)
for 96 hours, using flow cytometry. DNA fragmentation in apoptotic cells is revealed by sub-G1 population on DNA content. Percentages
of sub-G1, GO/G1, and S + G2M cell populations are calculated using FlowJo (bottom panel). Data are mean & SEM (n = 3). (D): Activa-
tion of apoptotic protein caspase 3 upon proteolytic cleavage in MSCs treated with vehicle (MSC) or GW (GW-MSC), measured with West-
ern blotting. (E): Cell surface CD90 and CD105 of MSCs treated with vehicle (upper panels) or GW (lower panels) for 4 days. (F-H):
Osteogenic differentiation potential of MSCs and GW-pretreated (4 days) MSCs (GW-MSCs). The MSCs and GW-MSCs were induced to
differentiate into osteocytes and the levels of osteocytes were measured by Alizarin Red S staining. Scale bar: 100 pm. The levels of Aliza-
rin Red in the derived osteocytes were measured by O. D. 405 nm and were plotted in panel (G). The mRNA levels of osteogenesis
makers were measured by gPCR and plotted in panel (H). Data are mean + SEM (n = 3). *, p <.05; ***, p <.001. (I-K): Adipogenic dif-
ferentiation potential of MSCs and GW-MSCs. The MSCs and GW-MSCs were induced to differentiate into adipocytes and the levels of
adipocytes were measured by Oil Red O staining. Scale bar: 1 mm. Quantification of adipocyte colonies per 16 mm? is in panel (J). The
mMRNA levels of adipogenesis makers were measured by qPCR and plotted in panel (K). Data are mean + SEM (n = 3). *, p < .05.

cells [15]. These observations led us to examine the conse- To examine whether the EP, antagonist-elicited MSC EVs
quences of treating mice with damaged hippocampi with the have therapeutic potential for hippocampal neuron damage,
EP, antagonist-induced EVs from MSCs. we used a mouse model carrying transgenes for inducible
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Figure 2. Blocking prostaglandin E,/prostaglandin E, receptor 4 signaling of mesenchymal stem cells (MSCs) elicits the release of extracellular
vesicles (EVs) and exosomal protein sorting. (A, B): Vesicle size and numbers of EVs released from MSCs and GW627368X (GW)-treated MSCs
(MSC-GW). Nanoparticle tracking analysis determined the vesicle size in panel (A), vesicle numbers are in panel (B). Data are mean =+ SEM
(n = 3). **, p <.005. (C, D): Total EV proteins released from MSCs and MSCGWSs were measured, on a per-cell basis (C) and on a per-EV basis
(D). Data are mean =+ SEM (n = 3). *** p < .001. (E): Proteins were analyzed in the EVs from the same number of MSCs. The EVs were iso-
lated from the same number of DMSO-treated or GW-treated MSCs, and compared on a per-cell basis. D1-4 are proteins in EVs isolated from
day 1 to 4 cell cultures. D5-8 are EVs isolated from day 5 to 8 cell cultures. (F, G): Cytokines were measured in the same number of EVs from
MSCs or GW-treated MSCs (MSCGW), compared on a per-vesicle basis. Cytokines were measured using cytokine arrays in panel (F) and bio-
Plex pro cytokine assays in panel (G). The cytokines differentially expressed in the EVs are listed in panel (F). Data are mean + SEM (n = 3).
* p < .05. (C): Proteins from the same number of EVs from different batches of MSCs (DMSO) and GW-treated MSCs (GW) were analyzed.
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hippocampal CA1 neuron damage. Since human MSCs are not
immunologically reactive and can be tolerated by mice [47],
we can explore therapeutic potentials of human MSC-derived
EVs in this mouse preclinical model. Camk2a-tTA/tetO-DTA
transgenic mice express the tetracycline/doxycycline-suppressed
transactivator protein (tTA) under control of the hippocampal
CAl-specific calcium-calmodulin-dependent kinase Il (Camk2a) pro-
moter and DTA under the control of a tetracycline/doxycycline-
responsive element (Fig. 3A). Under doxycycline (Dox) treatment,
DTA expression is suppressed in the transgenic mice. Once Dox is
withdrawn, DTA specifically expressed in the neurons of the hippo-
campus CA1 region causes damage. In the hippocampus, the CA1
region contains a unique, compact layer of pyramidal neurons con-
sisting of ~8 rows of neuron bodies [48]. This region has extensive
axon neurites protruding out from the pyramidal neuron layer. The
number of hippocampal CA1 pyramidal neurons is positively corre-
lated with the thickness of the CA1 pyramidal cell body layer [49]. A
25-day Dox withdrawal starting from the age of 6 weeks caused
decreases of the thickness of neuron layers in hippocampus CA1 of
Camk2a/DTA mice (Fig. 3B, right panels, damaged control). The
induced hippocampal damage decreased this neuron layer in hippo-
campi CA1 of Camk2a/DTA mice. Compared with the control tetO-
DTA mice (DTA) which did not carry the tTA transgene (undamaged
control [UC]), the numbers of NeuN-positive neurons (a marker for
neurons [50]) in hippocampus CA1 were greatly decreased in the
Camk2a/DTA mice after the 25-day Dox withdrawal (Fig. 3B, bottom
panels), demonstrating neuronal damage.

Since the hippocampus plays important roles in memory
consolidation and in spatial memory for navigation [51], we
examined whether the EP, antagonist-elicited MSC GWEVs can
rescue memory deficiencies of the Camk2a/DTA mice caused by
hippocampal damage. The EVs were labeled with PKH26 dye
after purification. To analyze EV uptake in hippocampus CA1,
PKH26-labeled MSC EVs and GWEVs were administrated via
intracardiac injection. MSC EVs and MSC GWEVs were delivered
in equal amounts into the hippocampal CA1 region (Fig. 3C and
Supporting Information Fig. S2). Consequently, in our subse-
quent experiments, MSC EVs, GWEVs, and PBS were given to
the mice via intracardiac injection.

A 25-day Dox withdrawal was performed, starting from the
age of 6 weeks, for DTA mice and Camk2a/DTA mice (Fig. 3D).
After Dox withdrawal, the mice received two rounds of PBS,
MSC EV, or MSC GWEV injections, at the time points indicated
by the green arrows in Figure 3D. Since repeated administra-
tion of MSCs does not induce immunoreactivity [52-56], the
lack of MSC immunogenicity allowed us to optimize the thera-
peutic effects of MSC EVs and GWEVs by using two sequential
injections [57]. At 20 days after the last injection, mice were
subjected to behavior tests (e.g., NLRT, NORT, and MWM navi-
gation test) to evaluate memory consolidation and spatial
memory for the four groups of mice (Fig. 3D).

NLRT and NORT have been widely used in evaluating rodent
memory formation [58]. Due to the natural preference for novelty
displayed by rodents, mice with functional hippocampi spend
more time exploring the object at a novel location (Fig. 3E) and
exploring the novel object (Fig. 3F) than do mice with hippocampal
damage. Although the undamaged DTA mice spent nearly 70% of
the test time exploring the novel objects in both NLRT and NORT,
PBS-injected Camk2a/DTA mice spent almost equal time (i.e., not
showing any preference) in both tests, on the original object and
the novel object (Fig. 3E, 3F). These results demonstrate that the
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Cam2a/DTA mice with hippocampal damage cannot distinguish
the original and novel objects in both NLRT and NORT. These ana-
lyses suggest the hippocampal damage in camk2a/DTA mice cau-
sed memory deficiencies.

Like PBS-injected Camk2a/DTA mice, MSC EV-injected Camk2a/
DTA mice did not spend more time exploring the novel objects in
either NLRT (Fig. 3E) or NORT (Fig. 3F); systemic MSC EV administra-
tion did not improve the cognition and memory deficiencies of
hippocampal-damaged Camk2a/DTA mice. In contrast, MSC
GWEV-injected Camk2a/DTA mice, like control mice with no hip-
pocampal damage, also spent nearly 70% of their test time
exploring the novel objects in both NLRT (Fig. 3E) and NORT
(Fig. 3F). Systemic EP, antagonist-elicited MSC EV administration
resulted in significant recovery of the preference of camk2a/DTA
mice to explore the novel objects, reaching levels that were sta-
tistically indistinguishable to the preferential exploratory levels
of control DTA mice in both NLRT (Fig. 3E) and NORT (Fig. 3F).
These results suggest that EP, antagonist-elicited MSC EVs rescue
the memory deficiencies caused by hippocampal CA1 damage.

The Morris water maze (MWM) test is a measure of
hippocampal-dependent spatial navigation and reference mem-
ory [59]. In the MWM test, the mice refer to position cues
around the pool to navigate from a start location in a swimming
pool to a submerged platform. The mice, relying on their spatial
memory, should be able to decrease the time to find the plat-
form in navigation during the 5-day trial. In the test, the DTA
UC mice significantly decreased the time required to find the
platform each day of the repeated 5-day testing period (Fig. 3G,
black line). In contrast, the time to find the platform for the
PBS-injected Camk2a/DTA mice did not decrease during the
5-day trial (Fig. 3G, green line), suggesting that control
Camk2a/DTA mice lost the spatial memory ability that would
help them to locate the platform in the MWM navigation test.
Like PBS-injected Camk2a/DTA mice, the time to find the plat-
form for MSC EV-injected Camk2a/DTA mice did not significantly
decrease during the 5-day trial (Fig. 3G, red line). Both PBS-
injected and MSC EV-injected Camk2a/DTA mice performed simi-
larly in the MWM navigation test; systemic administration of
MSC EVs did not rescue the spatial memory deficiency caused by
the hippocampal damage. In contrast, the MSC GWEV-injected
Camk2a/DTA mice spent significantly less time finding the platform
on both day 4 and day 5 of the analysis (Fig. 3G, blue line); indeed,
MSC GWEV-injected mice performed as well as DTA mice in plat-
form identification on days 4 and 5 of the trial. These results
demonstrate that EP, antagonist-elicited MSC GWEVs rescue the
spatial memory deficiency caused by the hippocampal damage.

EP, Antagonist-Elicited MSC EVs Increase the
Expression of Genes Involved in Astrocyte
Differentiation, BBB Integrity, and Anti-Inflammation

To analyze the molecular consequences of EP, antagonist-elicited
MSC EVs (GWEVs) on hippocampal damage of Camk2a/DTA
mice, we compared gene expression in the hippocampi of PBS-
treated, MSC EV-treated, and MSC GWEV-treated Camk2a/DTA
mice with hippocampal damage. We anticipated that this study
would define critical biochemical and cellular functions that
might be altered in the damaged hippocampus and require
modulation by MSC GWEVs cargo to restore functional recov-
ery. As indicated in Figure 4A, two rounds of PBS or EV injec-
tions were given to each Camk2a/DTA mouse after the 25-day
Dox withdrawal. Five days after the last injection, mouse

STEM CELLS TRANSLATIONAL MEDICINE
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Figure 3. Prostaglandin E, receptor 4 antagonist-elicited mesenchymal stem cell (MSC) extracellular vesicles (EVs) rescue memory and
learning deficiencies caused by hippocampal damage. (A): The tetracycline/doxycycline-regulated gene switch of Camk2a-tTA/tetO-diphtheria
toxin A (DTA) transgenic mice. Camk2a-tTA/tetO-DTA transgenic mice express the tetracycline/doxycycline-suppressed transactivator protein
(tTA) under control of the Camk2a promoter. DTA is not expressed in the presence of Dox, but is expressed in the absence of Dox, causing
damage in hippocampus CAl. (B): Hematoxylin and eosin staining and anti-NeuN immunofluorescence in the hippocampus of Dox-
withdrawn tetO-DTA mice (DTA, undamaged control [UC]) and Camk2a-tTA/tetO-DTA (Camk2a/DTA, damaged control [DC]) mice. Arrows:
hippocampus CA1 neurons. Scale bar: 100 pm. Left panel: the blue box in schematic depiction of the brain section represents the anatomic
region analyzed by staining. Red lines, hippocampus. (C): EV uptake into hippocampus CAl. PKH26-labeled MSC EVs, PKH26-labeled GW-
induced MSC EVs (GWEVs), and negative control (see Supporting Information Materials and Methods) were administrated into mice via
intracardiac injection. At 16 hours after the injection, mice were sacrificed and the brains were collected for further analysis. Cell nuclei were
stained with DAPI (blue). Quantification of PKH26-positive area in hippocampus CA1 of the mice described in the right panel. Data are mean
4+ SEM (n = 9 for each group). ***, p < .001. Scale bar: 50 pm. (D): The scheme of the mice learning and memory experiments, indicating
the time points of damage induction, EV administration, and behavioral analyses. (E-G): The time spent by Dox-withdrawn DTA mice
(UC) and by Dox-withdrawn Camk2a/DTA mice treated with PBS (DC), MSCEVs (EV), and MSCGWEVs (GWEV), on exploring novel locations
(panel E), exploring novel objects (panel F), and finding the platform in the water maze (panel G). Data are mean £ SEM (n = 8 mice in each
group). *, p £ .05; **, p <.005; *** p < .001. Abbreviation: TRE, tetracycline/doxycycline response element.
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hippocampi were isolated and subjected to Affymetrix Clariom
D gene expression analysis. MSC-GWEV treatment of mice with
hippocampal damage caused altered expression of more genes
and changed expression levels to a greater extent of PBS treated
mice with hippocampal damage than did treatment with MSC
EVs (Fig. 4B). We subsequently emphasized comparisons of the
genes altered by MSC GWEVs in the damaged hippocampus rela-
tive to the PBS treated controls. A total of 3,562 (5%) of the
65,614 analyzed mouse genes were differentially expressed
(>twofold change) by hippocampi in MSC GWEV-injected
Camk2a/DTA mice versus the PBS-injected mice. The genes with
a twofold change were further analyzed using Partek GO enri-
chment analysis (Fig. 4C, 4D). The most significantly enriched
functional group of the hippocampal genes differently expressed
in MSC GWEV-injected versus PBS-injected Camk2a/DTA mice
was in the “Immune system process” category; 18% of the
differently expressed genes were involved in immune processes
(Fig. 4C, 4D).

The 3,562 genes differentially expressed in MSC-GWEV ver-
sus PBS treated Camk2a/DTA mice were also subjected to Inge-
nuity Pathway Analysis (IPA) to explore the upstream regulators
[60] of the MSC GWEV-affected genes in the damaged hippo-
campi (Fig. 4E). Among the top 14 major upstream regulators
(p <3 % 107°%), 11 regulators (INF-y, TNF, CREM, TSC2, IL-10,
CREB1, TGFp, glucocorticoid receptor GR, IL-3, TGFfR2, IL-4) are
involved in regulating inflammation (Fig. 4E, red bars). Supporting
Information Figure S3 illustrates the relative expression of the
genes which are controlled by these upstream regulators in the
damaged hippocampi of MSC GWEV-treated Camk2a-DTA mice.
The data also show that expression of genes involved in anti-
inflammatory and BBB formation is elevated and the expression
of genes involved in pro-inflammatory responses are suppressed
(Supporting Information Fig. S3) in the damaged hippocampi of
the GWEV-injected Camk2a/DTA mice. Both GO enrichment and
IPA analyses suggest that EP, antagonist-elicited MSC EVs will
attenuate inflammation-elicited hippocampal damage.

To explore the specific effects of EP, antagonist-elicited MSC
GWEVs, in comparison with MSC EVs, on hippocampal damage
we compared gene expression in the hippocampi of MSC EV-
injected and MSC GWEV-injected Camk2a/DTA mice. Compared
with the EV-conditioned hippocampus, the top 10 gene mRNAs
elevated in the GWEV-conditioned hippocampus are Cdknla,
Apoldl, Cyr6l, Mfsd2a, Zfp36, Nfkbia, Osmr, Fos, Duspl, and
C/EBPS (Fig. 4F). These genes are involved in astrocyte differenti-
ation (e.g., Cdknla), BBB formation (e.g., Cyr61, Apoldl, Mfsd2a)
[61], and anti-inflammatory responses (e.g., Zfp36, Nfkbia, Osmr,
Duspl, C/EBPS), respectively.

Astrocyte proliferation, brain inflammation, and BBB leakage
occurring in response to CNS damage are all associated with
loss of CNS function [62-65]. Consequently, we next examined
the effects of EP, antagonist-elicited MSC EVs on astrocyte dif-
ferentiation, inflammation, and BBB formation in the damaged
hippocampus, to determine which of these important properties
might be modulated, like memory, learning, and cognition, by
MSC GWEV treatment.

EP, Antagonist-Elicited MSC EVs Directly Suppress Al
Reactive Astrocyte Differentiation and Promote A2
Astrocyte Differentiation in Cell Culture

Astrocytes, the second most abundant cells in brain, modulate
neuron survival and maintenance [66]. Astrocytes undergoing
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a transformation in brain injury and disease, a process called
“reactive astrogliosis,” become “reactive astrocytes.” There are
two types of reactive astrocytes, A1 “harmful” astrocytes and
A2 “helpful” astrocytes [67]. Al reactive astrocytes are charac-
terized by the A1 marker complement component 3 (C3) and
by increased levels, relative to nonreactive astrocytes and A2
astrocytes, of vimentin (Vim) and GFAP. A2 astrocytes express
CD109 and COX-2 as A2 markers [68] and have, compared with
Al astrocytes, reduced GFAP levels. Al astrocytes exert potent
pro-inflammatory functions and are destructive to neurons
and synapses. In contrast, A2 astrocytes upregulate many neuro-
trophic factors [67, 68]. Al astrocytes are increased in response
to CNS insults. Inhibition of Al reactive astrogliosis after CNS
damage prevents neuron death [68].

Cdknla is the gene with the highest expression difference
between the EV-conditioned and GWEV-conditioned hippocampi
(Fig. 4F). Cdknla is a cyclin-dependent kinase inhibitor that pre-
vents terminal astrocytic differentiation [69, 70]. The induction of
Cdknla expression in the GWEV-conditioned hippocampus
suggested that EP, antagonist-elicited MSC EVs may affect astro-
cyte differentiation in response to hippocampal damage.

We first assessed the direct effect of EP, antagonist-elicited
MSC EVs on astrocytic differentiation. Cultured hippocampal
neural cells isolated from mouse hippocampi were subjected to
astrocyte differentiation in cell culture. The induced astrocytes
were then treated with PBS, MSC EVs, or MSC GWEVs. Com-
pared with the PBS-treated astrocytes, the expressions of astro-
cyte markers GFAP, Vim, and CD44 were greatly induced in the
MSC EV-treated astrocytes (Fig. 5A). Since the increased levels
of GFAP and Vim are characteristics of Al reactive astrocytes,
the data suggest that MSC EVs promote differentiation into Al
astrocytes. In contrast, the MSC GWEV treatment prevented the
increased expression of astrocyte markers GFAP and Vim in
Camk2a/DTA mice. Instead, GWEV promoted the expression both
of Cdknla, which prevents Al terminal astrocytic differentiation,
and of the A2 astrocyte markers CD109 (Fig. 5A) and COX-2
(Fig. 5B). These observations suggest that, while basal MSC EVs
directly promote the formation of Al reactive astrocytes, the EP,
antagonist-elicited MSC EVs prevent differentiation into reactive
Al astrocytes, which can cause damage of brain neurons and
synapses, and promote differentiation into A2 astrocytes, which
are protective to the CNS.

EP, Antagonist-Elicited MSC EVs Suppress Al Astrocytic
Differentiation in the Damaged Hippocampus Early
After Systemic Administration

We next investigated whether suppression of Al astrocyte dif-
ferentiation by EP, antagonist-elicited MSC EVs occurs in vivo in
the damaged hippocampus. Two rounds of PBS, MSC EV or
MSC GWEV injections were given to each Camk2a/DTA mouse
after the 25-day Dox withdrawal. At 5 days and 30 days after
the last injection, the mouse hippocampi were isolated and sub-
jected to mRNA array analysis or to immunostaining analysis.

The hippocampi of Camk2a/DTA mice injected with MSC
GWEVs expressed higher mRNA levels of A2 astrocyte markers
(e.g., CD109, Empl, Slc10a6, CD14 [68]) and lower levels of
reactive Al astrocyte markers (e.g., Ggtal, Psmb8, C3, C4a, C4b
[68]) then did the hippocampi of Camk2a/DTA mice injected
with MSC EVs. In addition, the expression of reactive Al astro-
cyte inducers, including Clqga, Clgb, Clqc, Clqll, and Cfh [68],
was reduced in the hippocampi by GWEVs (Fig. 5C).
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Figure 4. Prostaglandin E, receptor 4 (EP,) antagonist-elicited mesenchymal stem cell (MSC) extracellular vesicles (EVs) increase the expression
of genes involved in anti-inflammation in damaged hippocampus. (A): The scheme of the animal experiments, indicating the time points of dam-
age induction, EV administration, and sample collection. (B): Levels of gene expression in the hippocampi of Dox-withdrawn Camk2a/DTA mice at
5 days after the treatment of phosphate-buffered saline (PBS), MSC EVs (MSCEV), or EP, antagonist-elicited MSC EVs (MSCGWEV). Red dots/green
dots: genes with twofold higher/lower expression in EV-treated and GW-induced MSC EV (GWEV)-treated hippocampi. (C, D): Gene ontology
enrichment analyses of the genes with greater than twofold different expression between PBS-treated and MSCGWEV-treated hippocampi. The
pie chart shows the functional groups with an enrichment p-value <.05. The table shows gene percentage, enrichment score, and enrichment
p-value of the functional groups. These values are calculated using Partek GO enrichment analysis. (E): Upstream regulators, identified using inge-
nuity pathway analysis, of the genes differentially expressed (>twofold) in PBS-treated and MSCGWEV-treated hippocampi. Red bars: regulators
involved in anti-inflammation. (F): Top 10 mRNAs elevated in the MSC GWEV-conditioned hippocampi, compared with that of MSC
EV-conditioned hippocampi. The bars indicate the fold expression of the genes for the mice treated as indicated in the panel.
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Figure 5. Prostaglandin E, receptor 4 antagonist-elicited mesenchymal stem cell (MSC) extracellular vesicles (EVs) suppress reactive
astrogliosis. (A): Expression of Al and A2 astrocyte markers was measured in phosphate-buffered saline (PBS)-treated, MSCEV-treated,
and MSCGWEV-treated astrocytes. (B): Expression of A2 astrocyte marker COX-2 was analyzed in PBS-treated, MSCEV-treated, and
MSCGWEV-treated astrocytes. Cell nuclei were stained with DAPI (blue). Scale bar: 50 pm. (C): Levels of astrocyte marker and inducer
mRNA expression in the hippocampi of Dox-withdrawn Camk2a/DTA mice treated with MSCGWEVs, compared with that of the MSCEV-
treated mice. (D-F): Immunofluorescence analyses of the hippocampi of Dox-withdrawn DTA mice (undamaged control) and Dox-
withdrawn Camk2a/DTA mice at 5 days and 30 days after the treatment of PBS (damaged control), MSCEVs (EV), or MSCGWEVs (GWEV),
using antibodies against C3, GFAP, and S100p. Cell nuclei were stained with DAPI (blue). Upper panel: the blue box in schematic depiction
of the brain section represents the anatomic region analyzed by immunostaining. Red lines, hippocampus. Quantification of C3, GFAP*
astrocytes, and GFAP'/S100B" astrocytes in hippocampi of mice is in panel (E). Data are mean & SEM (n = 3 mice for each group).
* p <.05; **, p <.005; *** p < .001. Images in panel (F) are 30-day hippocampal GFAP/DAPI images with higher magnifications from
two mice in the indicated groups. Scale bar: 50 pm.
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Compared with control DTA mice, there was a sixfold increase
of GFAP" astrocytes in the hippocampal CA1 region of both PBS-
injected and MSC EV-injected Camk2a/DTA mice (Fig. 5D, 5Ei). The
increased A1l astrocyte marker C3 in MSC EV-injected CAamk2a/DTA
mice suggested that systemic administration of MSC EVs increased
appearance of destructive Al reactive astrocytes in the damaged
hippocampi (Fig. 5D, 5Eii). S100B in astrocytes alters synaptic plastic-
ity and impairs spatial learning [71]. Increased S100B in astrocytes is
associated with neural diseases such as CNS damage, amyotrophic
lateral sclerosis, and AD [72, 73]. The destructive S100B-positive
astrocytes increased in the damaged hippocampi of both PBS-
injected and MSC EV-injected Camk2a/DTA mice, suggesting
that MSC EVs cannot diminish astrogliosis-mediated damage
(Fig. 5D, 5Eiii). In contrast, MSC GWEVs decreased the numbers of
GFAP" astrocytes (Fig. 5D, 5Ei), the expression of Al astrocyte
marker C3 (Fig. 5D, 5Eii) and the number of S100B-positive astro-
cytes (Fig. 5D, 5Eiii) in the damaged hippocampi at the fifth day after
systemic administration. These results suggest that EP4-induced
MSC GWEVs can suppress destructive astrogliosis in the damaged
hippocampus shortly after administration, whereas MSC EVs have
little or no suppressive effect on damage-induced astrogliosis.

The Suppression of Reactive Astrogliosis in the
Damaged Hippocampus by EP, Antagonist-Elicited MSC
EVs Is Sustained

At 30 days after PBS treatment we still observed increased levels
of astrocytes in the PBS-injected Camk2a/DTA mice (Fig. 5D).
Compared with DTA mice, there was still a fivefold increase of
GFAP-positive astrocytes in the hippocampal CA1 region of PBS-
injected Camk2a/DTA mice (Fig. 5Eiv). The astrocytes in PBS-
injected Camk2a/DTA mice exhibited distinct morphological
features of Al reactive astrocytes; for example, thickened and
increased astrocyte processes (Fig. 5F and Supporting Information
Fig. S4). In contrast, the astrocytes in undamaged DTA mice pres-
ented only a few thin processes (Fig. 5F and Supporting Informa-
tion Fig. S4). Compared with PBS-injected Camk2a/DTA mice,
MSC EVs reduced the number of reactive astrocytes by only 26%
in the damaged hippocampus CA1 at 30 days after their adminis-
tration (Fig. 5D, 5Eiv). Moreover, the remaining astrocytes in the
MSC EV-injected Camk2a/DTA mice maintained the morphological
features of Al reactive astrocytes (Fig. 5F and Supporting Informa-
tion Fig. S4). In contrast, systemic MSC GWEV administration
reduced by 60% the number of reactive astrocytes in the damaged
CA1 hippocampi (Fig. 5D, 5Eiv) and the remaining astrocytes in the
GWEV-injected Camk2a/DTA mice did not preserve the morpho-
logical features of Al reactive astrocytes (Fig. 5F and Supporting
Information Fig. S4). Although MSC GWEVs decreased by 60%
destructive S100B-positive astrocytes, which can impair neuron
functions in the damaged hippocampi, MSC EVs did not
decrease S100B-positive astrocytes in the damaged hippocam-
pus (Fig. 5D, 5Ev). In summary, EP, antagonist-elicited MSC
GWEVs, in contrast to MSC EVs, reduce the presence of neuro-
toxic Al reactive astrogliosis in the damaged hippocampus
shortly after being delivered and the suppression is sustained and
is increased subsequently.

EP, Antagonist-Elicited MSC EVs Decrease Microglia
Infiltration in the Damaged Hippocampus

CNS inflammation is associated with an increase of microglia, the
CNS resident immune cells that respond to pathogens and dam-
aged cells. Microglia contribute to neuron death in brain damage

www.StemCellsTM.com

and neurodegenerative diseases [74]. EP, antagonist-elicited MSC
GWEVs elicit anti-inflammatory genes in damaged hippocampi
soon after their administration (Fig. 4), suggesting that the EP,4
antagonist-elicited MSC GWEVs may protect neurons by
suppressing damage-induced hippocampal inflammation.

To measure the levels of microglia in hippocampal CA1, we
analyzed the expression of the microglia marker lbal in the hippo-
campal CA1 of DTA mice and Camk2a/DTA mice injected with PBS,
MSC EVs, or GWEVs at the fifth day after the injection. Only few
Ibal-positive microglia were observed in undamaged hippocampi
of the DTA mice. In contrast, the damaged Camk2a/DTA mice
have massive microglia infiltration into the damaged CA1 regions
(Fig. 6A). Although MSC EVs did not decrease the damaged-
induced microglia infiltration into the damaged hippocampus early
after the EV administration, MSC GWEVs decreased 40% of the
damage induced-infiltration of microglia into the CAl region at
5 days after EV administration (Fig. 6A).

Compared with undamaged mice, the massive microglia infil-
tration into the damaged CA1l regions were sustained in PBS-
injected Camk2a/DTA mice at 30 days after the treatment of PBS
(Fig. 6B). The induced CA1 damage caused a fivefold increase of
microglia in the hippocampus (Fig. 6B). MSC EVs decreased 70% of
the damaged induced microglia infiltration and MSC GWEVs
decreased 90% of the infiltration at 30th day after administration
(Fig. 6B). The effect of suppressing inflammation in the damaged
hippocampus by EP, antagonist-elicited MSC GWEVs was observed
early after administration and was enhanced subsequently.

EP, Antagonist-Elicited MSC EVs Restore the Integrity
of the BBB in the Damaged Hippocampus

The role of the BBB is to maintain brain homeostasis, including
the levels of various ions, neurotransmitters, and inflammatory
cells in the brain [75]. The intact BBB reduces the traffic of
inflaimmatory cells and minimizes inflammation of the dam-
aged regions [75]. Thus, maintaining/restoring BBB integrity of
a damaged brain is important to decrease brain inflammation
and to restore brain neuron function.

Three (Apoldl, Cyr61, Mfsd2a) of the 10 genes with the
highest expression difference between MSC EV-conditioned and
MSC GWEV-conditioned hippocampi are involved in BBB forma-
tion [61]; expression of these three BBB-associated genes was
elevated in the damaged hippocampi of MSC GWEV-treated
CamK2a/DTA mice (Fig. 4F). To examine BBB integrity in the
damaged hippocampi in response to EV administration, expres-
sion of the BBB tight junction protein claudin-5 was measured in
hippocampal extracts from mice at the fifth day after MSC EV
injection (Fig. 6C). Loss of CLDNS5 in tight junctions can increase
BBB permeability and lead to neuronal cell death [76]. Increased
CLDNS expression is detected in stroke, as a compensatory mech-
anism to maintain tight junction and restore BBB function [77].
Compared with the MSC EV-injected Camk2a/DTA mice, the
GWEV-injected Camk2a/DTA mice expressed increased hippo-
campal claudin-5 protein levels (Fig. 6C).

To further examine BBB tight junctions and their association
with astrocytes under the sustained effects of MSC GWEVs, the
hippocampi of Camk2a/DTA mice receiving PBS, MSC EV, or MSC
GWEV injections were collected at the 30th day and analyzed for
the expression and distribution of the tight junction protein
claudin-5 and the astrocyte marker GFAP. Although organized
claudin-5 expression was rarely observed around vasculatures in
the damaged hippocampal CA1 of Camk2a/DTA injected with
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Figure 6. Prostaglandin E, receptor 4 antagonist-elicited mesenchymal stem cell (MSC) extracellular vesicles (EVs) suppress extensive
inflammation and increase integrity of the blood—brain barrier (BBB) in damage hippocampi. (A, B): Immunofluorescence analyses for the
hippocampi of Dox-withdrawn diphtheria toxin A (DTA) mice (undamaged control [UC]) and Dox-withdrawn Camk2a/DTA mice at 5 days
(panel A) and 30 days (panel B) after treatment of PBS (damaged control [DC]), MSCEVs (EV), and MSCGWEVs (GWEV), using antibodies
against the microglia marker Ibal. Upper panel: the blue box in schematic depiction of the brain section represents the anatomic region
analyzed by immunostaining. Red lines, hippocampus. Cell nuclei were stained with DAPI (blue). Scale bar: 50 pm. The duplicate images
are from the duplicate mice of each group. The bar charts show the numbers of Ibal® microglia in hippocampi of the mice as indicated.
Data are mean =+ SEM (n = 3 mice of each group). **, p < .005; ***, p < .001. (C): Levels of BBB tight junction protein claudin-5 (CLDN5)
in the hippocampi of Dox-withdrawn DTA (UC) and Dox-withdrawn Camk2a/DTA mice treated with PBS (DC), MSCEVs, (EV), or
MSCGWEVs (GWEV). (D): Immunofluorescence analyses for the hippocampi of Dox-withdrawn Camk2a/DTA mice at 5 days after treat-
ment of PBS (DC), MSCEVs (EV), and MSCGWEVs (GWEV), using antibodies against CLDN5 and GFAP. Upper panel: the blue box in sche-
matic depiction of the brain section represents the anatomic region, cellular structure of BBB, analyzed by immunostaining. Red lines,
hippocampus. Cell nuclei were stained with DAPI (blue). Scale bar: 50 pm. The triplicate images are from three mice of each group.
(E): Quantification of BBB tight junction protein CLDN5, normalized by area of perivascular GFAP-positive astrocyte endfeet which reflects
size of the BBB structure, in hippocampi of the mice described in panel (D). Data are mean + SEM (n = 8). *** p < .001.
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PBS or MSC EVs, the systemic administration of MSC GWEVs
greatly increased claudin-5 protein present around cerebral vas-
culatures of Camk2a/DTA mice (Fig. 6D). In the MSC GWEV-
injected Camk2a/DTA mice, the tight junction claudin-5 positive
vasculature structures are located beside the GFAP positive-
astrocyte endfeet (Fig. 6D). The levels of BBB tight junction
claudin-5 were elevated in the MSC GWEV-injected Camk2a/DTA
mice, but not in the MSC EV-injected Camk2a/DTA mice (Fig. 6E).
These results suggest that EP, antagonist-elicited MSC GWEVs
can elicit the repair of the damage-induced BBB disruption and
restore the interaction between BBB and astrocytes to maintain
CNS homeostasis.

In summary, we observed that EP, antagonist-elicited MSC EVs
modulate the damaged hippocampal biological structure after sys-
temic administration: (a) by reducing inflammatory responses,
(b) by preventing Al reactive astrogliosis (Fig. 5), (c) by blocking
microglial infiltration into the damaged hippocampus (Fig. 6A, 6B),
and (d) by maintaining BBB integrity (Fig. 6C, 6D). These effects
are associated with restoring CNS functions [62-65], suggesting
that the EP, antagonist-elicited MSC GWEV cellular effects
described here may contribute to the MSC-GWEV rescue of
memory and learning deficiencies caused by hippocampus
damage.

DiscussioN

MSCs have been used in preclinical and clinical studies to treat
human diseases, including neurological diseases, by enhancing
repair programs [78]. Several phase Il and phase lll studies of
MSC-based therapies, including trials for neurological diseases,
showed improvements compared with placebo [78]. However,
the implanted MSCs do not achieve therapeutic effects by dif-
ferentiating into the replacement tissues [79-81]. Many stud-
ies suggest paracrine signaling as the primary mechanism of
MSC action [82, 83].

Our previous study demonstrated that blocking EP, signaling
in mammary stem cells can induce the stem cells to release, via
EVs, molecules which mediate stem cell properties [14]. Here, we
report that EP, antagonism also increases EV release from MSCs
and that the EP, antagonist-elicited MSC EVs, which are enriched
in molecules essential for MSC properties, can fulfill the thera-
peutic potential suggested for MSCs. EP, antagonist-elicited MSC
EVs (15 pg, two intracardiac injections) suppress astrogliosis and
inflammation, and increase BBB integrity in damaged hippo-
campi. Finally, EP, antagonist-elicited MSC EVs can repair defi-
ciencies of cognition, memory, and learning caused by damage in
hippocampus CAL. In contrast, MSC EVs released in regular cul-
ture condition do not have these therapeutic effects.

MSCs are immune privileged; repeated administration of MSCs
does not induce immunoreactivity or significant toxicity even to
xenogeneic recipients [52-56]. The absence of immunoreactivity
to MSCs allows the use of repeated MSC administration to poten-
tiate the therapeutic effects of MSCs. It has been shown that the
therapeutic effects are more pronounced in the repeated admin-
istrations of MSCs [84]. The lack of MSC immunogenicity allowed
us to optimize the therapeutic effects of GW-treated MSC EVs
by using two sequential injections.

MSCs can suppress the function of T cells and thus are
tolerogenic [85, 86]. The immunosuppressive effects by MSCs
appear to be mediated by MSC-released factors [87, 88]. A num-
ber of factors (i.e., IDO, iNOS, PGE2, TSG-6, and HLA-G) secreted
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by MSCs have been shown to mediate MSC immunoregulatory
function. A number of studies report that MSCs EVs/exosomes
exert MSC immunosuppressive functions by decreasing T and
B cell proliferation and by inducing Treg cells [89-93]. More-
over, the immunomodaulating factors are proposed to be pack-
aged into EVs/exosomes [89]. Consequently, we gave repeated
administrations of the MSC EVs/exosomes to mice with hippo-
campal damage, to potentiate the MSC therapeutic effects
without toxicity caused by immunoreactivity. Like the work of
others investigators [57], our results suggest that multiple
administrations of xenogeneic MSC EVs/exosomes did not
cause significant toxicity.

Figure 7 summarizes a model we postulate for the activity of
EP4-antagonist induced MSC EVs for many of the repair processes
for damaged hippocampi. We observed that the neuronal DTA
induced hippocampal damage is associated with reactive
astrogliosis, extensive inflammation, broken BBB, and microglial
infiltration into the damaged hippocampus (Fig. 7A). These
phenotypes are consistent with pathologies of traumatic brain
injury, stroke, and many neurodegenerative diseases (i.e., AD
and PD) [63, 94, 95]. Damaged neurons are thought to induce
reactive astrogliosis by releasing the inducer complement 1q
(C1q) [96]. Increased neuroregeneration after brain trauma in
GFAP™~ Vim™~ mice is reported to result from a decrease of
reactive astrocytes [97]. This observation corresponds with
our findings here that, in contrast to the basal MSC EVs, the
EP, antagonist-elicited MSC EVs suppress reactive astrogliosis
(Fig. 7B), presumably by directly suppressing the expression
of GFAP and vimentin in astrocytes and by inhibiting the
expression of reactive Al astrocyte-inducer Clg.

Reactive astrogliosis is reported to cause both BBB disrup-
tion [98-100] and the production of factors (e.g., C3 and S1000)
which activate microglia and impair neuron functions [71, 101]
(Fig. 7A). The reactive astrocytes release C3, which then acti-
vates microglia. The activated microglia can also release Clq to
promote reactive astrogliosis, which in turn exacerbates the
activation of microglia and inflammation in a vicious cycle. The
reduced expression of Clq and C3 in EP, antagonist-elicited
MSC EVs treated hippocampi suggests that EP, antagonist-
elicited MSC EVs disrupt this vicious activation cycle occurring
among damaged neurons, reactive astrocytes, and microglia
(Fig. 7B).

In contrast to basal MSC EVs, EP, antagonist-elicited EVs are
enriched in anti-inflammation molecules (e.g., IL-2, IL-10, BDNF;
Fig. 7B). Hippocampal gene expression analysis indicates that the
genes most substantially differently expressed between basal
MSC EV- and EP, antagonist-elicited EV-conditioned damaged
hippocampi are primarily involved in immune processes and anti-
inflammation. Five of the top 10 genes whose expression is
increased in damaged hippocampi in response to EP, antagonist-
elicited EVs have anti-inflammation activities (e.g., Zfp36 [102,
103], Nfkbia [104], Osmr [105, 106], Duspl [107, 108], C/EBPS
[109]). The anti-inflammatory effects of EP, antagonist-induced
MSC EVs in damaged hippocampi are also reflected by decreas-
ing microglia in damaged hippocampi. These data suggest that
EP, antagonist-elicited MSC EVs can prevent brain dysfunction
exacerbated by extensive inflammation in damaged hippocampi.

The BBB maintains brain homeostasis, in part by reducing entry
of inflammatory cells (e.g., lymphocytes, neutrophils, and mono-
cytes) into the brain [75]. The broken BBB cannot prevent entry of
inflammatory cells into the damaged brain and, consequently,
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Figure 7. A proposed mechanism of CNS therapy by prostaglandin E, receptor 4 (EP,) antagonist-elicited mesenchymal stem cell (MSC)
extracellular vesicles. (A, B): The status of damaged hippocampi treated with phosphate-buffered saline (panel A) or EP, antagonist-
elicited MSCEVs (panel B). (A): Hippocampal damage is associated with reactive astrogliosis, extensive inflammation, broken blood-brain
barrier (BBB) and microglial infiltration into the damaged area. (B): EP, antagonist-elicited MSC EVs are enriched in IL-2, IL-10, VEGF-a,

and BDNF. These and other cargo components of EP, antagonist-elicited MSC EVs suppress reactive astrogliosis and inflammation and
allow the recovery of CNS neurons, the BBB and behavioral function.

cannot prevent an increase in inflammation of the damaged consequently triggering reactive astrogliosis [110]. Microglial acti-
regions (Fig. 7A). On the other hand, BBB dysfunction can result in vation induced by CNS damage can cause a loss of BBB integrity
hypertrophy and GFAP and Vim upregulation in astrocytes, [111]. Thus, BBB disruption, reactive astrogliosis, extensive
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inflammation and CNS damage drive each other in this amplifying
circle, resulting in the loss of CNS function. In contrast to basal MSC
EVs, EP4 antagonist-elicited EVs are enriched in the BBB integrity-
supporting factor TIMP1. Restoration of BBB integrity in damaged
hippocampi by EP, antagonist-elicited MSC EVs is likely to con-
tribute to the suppression of astrogliosis and inflammation,
and to the functional recovery of the damaged hippocampi
(Fig. 7B).

CONCLUSION

Here we demonstrate that blocking PGE,/EP, signaling in MSCs
promotes both targeted protein sorting into EVs and the subse-
guent increased release of EVs. We also demonstrate that EP,
antagonist-elicited MSC EVs exhibit greatly enhanced therapeutic
potential, in contrast to the comparatively low efficiency of EVs
derived from untreated MSCs, to rescue several CNS pathologies;
(e.g., reactive astrogliosis, extensive inflammation, disrupted BBB),
which are often associated with brain injury, stroke and many neu-
rodegenerative diseases (e.g., AD and PD). Our study suggests EP,-
antagonist elicited MSC EVs as a regenerative medicine for CNS
diseases. We suggest that EP, antagonist-elicited MSC EVs may
replace both MSCs [5, 6] and MSC EVs derived from untreated
MSCs [57, 112, 113] in therapy for CNS disease and damage
because both of increased therapeutic efficacy and of reduced
adverse effects such as complications of implantation, ectopic tis-
sue formation, and unwanted engraftment.
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