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ABSTRACT: Stem cell derived small extracellular vesicles
(sEVs) have been proved to promote neurological recovery
after stroke. Recent studies demonstrate a phenomenal tissue
repair ability in embryonic stem cell derived sEVs (ESC-sEVs).
However, whether ESC-sEVs could protect against ischemic
stroke remains unknown. Immune responses play an essential
role in the pathogenesis of ischemic stroke, and modulating
post-stroke immune responses ameliorates ischemia-induced
brain damage. In this study, we aim to determine the
therapeutic function of ESC-sEVs, speciﬁcally focusing on
their role in immunomodulation after ischemic stroke. ESCsEVs are intravenously administered after transient middle
cerebral artery occlusion. ESC-sEVs signiﬁcantly decrease
leukocyte inﬁltration, inﬂammatory cytokine expression, neuronal death, and infarct volume and alleviate long-term
neurological deﬁcits and tissue loss after ischemic stroke. Interestingly, ESC-sEVs induce a marked increase in regulatory T
cells (Tregs) after stroke. Further, ESC-sEV-aﬀorded immunomodulatory function and neuroprotection against stroke are
dependent on Tregs, as the depletion of Tregs almost completely abrogates the protective eﬀects. Mechanistically, proteomic
analysis reveals the enrichment of TGF-β, Smad2, and Smad4 proteins in ESC-sEVs, which could be delivered to activate the
TGF-β/Smad pathway in CD4+ T cells and therefore induce Treg expansion. ESC-sEVs modulate neuroinﬂammation and
protect against ischemic stroke through the expansion of Tregs, a process that is partially dependent on the activation of the
TGF-β/Smad signaling pathway by the transfer of TGF-β, Smad2, and Smad4. The results suggest ESC-sEVs might be a
candidate for immune modulation.
KEYWORDS: embryonic stem cell derived small extracellular vesicles (ESC-sEVs), regulatory T cells (Tregs), ischemic stroke,
immune modulation, neuroinﬂammation

I

Regulatory T cells (Tregs), a subset of CD4+ T cells with the
characteristic expression of the transcription factor forkhead box
P3 (FoxP3), play a crucial role in suppressing the activation of
the immune system and thereby maintain immune homeostasis,
prevent autoimmune reactions, and modulate inﬂammation.
Regulating immune responses by Tregs showed protective
eﬀects in neurodegenerative diseases including Parkinson’s

mmune response plays a crucial part in the pathogenesis of
ischemic stroke.1 With occlusion of a cerebral blood vessel,
a cascade of neuroinﬂammation responses occurs including
rapid activation of microglia, secretion of inﬂammatory
mediators (cytokines, chemoattractants, and chemokines), and
invasion of leukocytes (neutrophils, T cells, monocytes/
macrophages, and other inﬂammatory cells).2 Although
moderate inﬂammation is indispensable for clearing cell debris
and neutralizing neurotoxins, excessive inﬂammation exacerbates neurological deﬁcits after acute cerebral ischemia.3−6
Besides, inhibition of peripheral leukocyte inﬁltration and
consequent neuroinﬂammation alleviate ischemic brain injury,6−8 indicating a promising perspective of immunotherapy
for stroke treatment.9,10
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Figure 1. Characteristics of ESCs and ESC-sEVs. (A) Representative image of ALP staining of ESCs. Scale bar: 150 μm. (B) Fluorescent images
of ESC markers including OCT4, Nanog, SSEA4, and Tra-1-60. Scale bar: 100 μm. (C) Representative bands of Western blot for exosomal
markers (TSG101, CD9, and CD63) as well as nonexosomal markers (GM130 and Lamin A/C) in ESCs and ESC-sEVs. (D) Representative
TEM image of ESC-sEVs. Scale bar: 200 nm. (E) Particle diameter of ESC-sEVs. (F) Quantiﬁcation of ESC-sEV parameters including the mean
particle concentration in CM and per cell, as well as the mean protein concentration in CM and per particle.

disease,11 Alzheimer’s disease,12 and other diseases in the central
nervous system (CNS).13 Importantly, recent studies revealed a
critical immunomodulatory function of Tregs after ischemic
stroke and through which Tregs ameliorate neurological deﬁcits
after brain ischemia.6,7,14 Initially, Liesz et al. found that Treg
depletion aggravated inﬂammatory responses and increased
brain infarction after stroke.14 We previously found that the
increase of Tregs by JES-6-1/IL-2 complexes in vivo also
mitigates neuroinﬂammatory damage and promotes neurological recovery after ischemic stroke.7 Consistent with the
concept that increasing Tregs after stroke could protect against
stroke, Li et al. proved that adoptive transfer of Tregs decreased
peripheral leukocyte inﬁltration into the infarct area, suppressed
cerebral inﬂammation, and alleviated compromised blood−
brain barrier (BBB) integrity during the acute stage of
ischemia.6,15 All these results suggested a phenomenal eﬀect of
Tregs in modulation of neuroinﬂammation, indicating Tregs as a
promising target for ischemic brain injury.
Small extracellular vesicles (sEVs) are lipid bilayer nanoparticles containing proteins, lipids, nucleic acid, and other
biomolecules, participating in intracellular communication
through the transfer of functional molecules.16 Recent evidence
demonstrated that sEVs derived from stem cells harbor
multifaceted functions including tissue repair,17 anti-inﬂammation,18 and antisenescence19,20 and thus protect against several
CNS diseases.21 Compared to cell therapy, the sEV-based
treatment oﬀers a plethora of advantages including low
immunogenicity,22 low risk of vascular embolization,23 and,
most importantly, the BBB crossing ability, which allows them to
enter the brain without the opening of the BBB,24 making them
an ideal cell-free alternative in stroke therapy and further clinical
translation. Indeed, emerging evidence has proved the
protection of sEVs from various sources of stem cells, including
mesenchymal stem cells (MSCs)25,26 and neural stem cells
(NSCs),27,28 against brain injuries in preclinical studies. In 2015,
Khan et al. reported sEVs secreted by embryonic stem cells
(ESC-sEVs) could improve myocardial repair and cardiac
function after myocardial infarction,29 indicating a phenomenal
regenerative power of ESC-sEVs. Recently, our group explored
the therapeutic functions of ESC-sEVs and found that ESC-sEVs

could accelerate pressure ulcer recovery in aged mice.20 Apart
from that, we also determined that systemic administration of
ESC-sEVs rejuvenated senescent NSCs in the CNS and thereby
facilitated neurogenesis and improved cognitive function in
vascular dementia19 and during natural aging.30 Embryonic stem
cells (ESCs) are pluripotent cells with inﬁnite proliferation and
self-renewal abilities,31 which implies that a large number of
sEVs could be produced to meet the requirement for high yield
in clinical use. All these factors suggested ESC-sEVs may be a
promising alternative in treating CNS diseases including
ischemic stroke. However, whether ESC-sEVs could protect
against ischemic stroke and the underlying mechanism remains
unknown.
MSC-derived sEVs were reported to promote neurorestorative capabilities via modulating stroke-induced systemic
immunosuppression32 and local neuroinﬂammation,33 while
the direct role of ESC-sEVs in regulating immune responses
after stroke, to our knowledge, is still unknown. Therefore, we
investigated the therapeutic function of ESC-sEVs, speciﬁcally
focusing on their role in immune modulation after ischemic
stroke. The results showed ESC-sEVs signiﬁcantly decreased the
aberrant migration of peripheral leukocytes and the expression
of inﬂammatory cytokines and alleviated neurological deﬁcits as
early as 3 days after stroke. Tregs were reported to alleviate
neuroinﬂammation by regulating immune responses after
stroke.6,7 Interestingly, we found ESC-sEVs promote Treg
expansion in vivo and in vitro, which is the main reason for ESCsEV-aﬀorded alleviation of neuroinﬂammation because depletion of Tregs abrogated this eﬀect. Mechanistically, ESC-sEVinduced expansion of Tregs is, at least partially, mediated
through the delivery of enriched TGF-β, Smad2, and Smad4 in
ESC-sEVs to activate the TGF-β/Smad signaling pathway in
CD4+ T lymphocytes. Here, we revealed a signiﬁcant antiinﬂammation ability of ESC-sEVs via the modulation of Tregs in
ischemic stroke, suggesting ESC-sEVs as a candidate tool to
regulate immune responses.
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Figure 2. ESC-sEV treatment reduced infarct volume and neuronal death 3 days after stroke. Mice were intravenously administered with ESCsEVs or PBS for 3 days after MCAO or sham procedure. (A) In vivo experiment illustration. (B) Representative images and (C) quantiﬁcation of
rCBF before, during, and after stroke. Scale bar: 2 mm. (D) Quantiﬁcation of neurological scores up to 3 days after stroke. (E) Quantiﬁcation of
brain infarction 3 days poststroke. n = 3−10/group. (F) Representative images of MAP-2 staining at day 3 after MCAO. n = 8−10/group. Scale
bar: 1 mm. (G) Representative images and (H) quantiﬁcation of TUNEL+ and TUNEL+NeuN+ cells in the infarct border, n = 3−10/group. Scale
bar: 50 μm. Red box: region of interest (ROI) in the cortex (CTX); orange box: ROI in the striatum (STR). *P < 0.05, **P < 0.01 MCAO + ESCsEVs vs MCAO + PBS.

RESULTS AND DISCUSSION
Characterization of ESCs and ESC-sEVs. ESC colonies
expressed alkaline phosphatase (ALP, Figure 1A), as well as
pluripotency-associated markers (OCT4, Tra-1-60, Nanog, and
SSEA4) (Figure 1B). Next, we identiﬁed ESC-sEVs with
Western blot and TEM (Figure 1C,D). In accordance with
the MISEV2018 guideline for sEV identiﬁcation,16 ESC-sEVs
highly expressed classical markers for exosomes, such as TSG
101, tetraspanin proteins CD9, and CD63, but not the
nonexosomal proteins including GM130 and Lamin A/C,
which were positive in ESCs (Figure 1C), indicating that the
isolated ESC-sEVs were not contaminated by cellular materials.
ESC-sEVs showed a typical cup-shaped morphology (Figure
1D). A high-resolution nanoﬂow cytometer showed that the size
distribution of ESC-sEVs is approximately 50 to 150 nm (Figure
1E). Besides, the particle concentration of ESC-sEVs was 6.94 ×
108 ± 0.79 × 108 particles per mL in the conditioned medium
(CM) and 944.17 ± 134.89 particles per cell. The mean protein
concentration of ESC-sEVs was 1020.01 ± 86.61 ng per mL in
CM and 14.90 × 10−7 ± 1.27 × 10−7 ng per particle (Figure 1F).
Recently, stem cell therapy has been proposed as a promising
tool in treating ischemic stroke.34 Evidence has reported a
neuroprotective function of various stem cells including NSCs,
MSCs, ESCs, and induced pluripotent stem cells (iPSCs),
through a variety of mechanisms including the promotion of
angiogenesis, neurogenesis, and white matter remodeling, as
well as immunomodulation locally and systemically.35 However,

there existed several challenges for stem cell therapy, which
hindered the clinical translation, including vascular obstruction,
tumor formation or promotion, and immune rejection.36
Besides, the protective eﬀects of stem cell therapy for stroke
are primarily attributed to their paracrine factors instead of cell
replacement or diﬀerentiation into a speciﬁc type of CNS cells.37
Emerging preclinical studies have reported stem cell derived
sEVs, as a crucial paracrine factor mediating intercellular
communication via the transmission of bioactive factors from
their parental cells, possessed a neurorestorative eﬀect for stroke
therapy.21 Compared to cell therapy, the sEV-based treatment
oﬀered several advantages including low immunogenicity,22
BBB crossing ability,24 and low risk of vascular embolization.23
ESC-sEV Treatment Reduces Brain Infarction and
Neuronal Death in the Acute Stage of Stroke. We ﬁrst
investigated the therapeutic function of ESC-sEVs against
ischemic brain injury. To select the optimal dosage, we
conducted a dose−response experiment by administering
diﬀerent amounts of ESC-sEV particles post-stroke. Infarct
volume evaluated by microtubule-associated protein-2 (MAP-2)
staining, a neuronal marker, revealed that middle cerebral artery
occlusion (MCAO) caused 40.09 ± 8.38% of neuronal death
versus the contralateral side in the PBS control group.
Comparative results were shown among low-dose groups
(40.63 ± 9.90% in the 1 × 107 ESC-sEV group, 43.84 ±
8.79% in the 5 × 107 ESC-sEV group, 35.55 ± 6.84% in the 1 ×
108 ESC-sEVs group); however, treatment with 1 × 109 particles
C
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Figure 3. ESC-sEV treatment reduced tissue loss in the subacute and chronic phases of ischemic stroke and long-term neurological deﬁcits. MRI
scanning and MAP-2 staining were applied to evaluate brain infarction at day 7 and day 28, respectively, and behavior tests were conducted to
assess the sensorimotor functions up to 28 days after stroke. (A) T2-weighted MRI images and quantiﬁcation of brain infarction 7 days after
stroke, n = 6−11/group. Scale bar: 1 mm. (B) Behavior tests including adhesive, rotarod, and cylinder tests were assessed up to 28 days
poststroke, n = 6−14/group. (C) Images of MAP-2 staining and quantiﬁcation of tissue loss 28 days poststroke, n = 6−14/group. Scale bar: 1
mm. (D) Correlation between brain infarction at day 7 after MCAO and the behavior tests, n = 7−11/group. *P < 0.05, **P < 0.01, ***P < 0.001
MCAO + ESC-sEVs vs MCAO + PBS.

of ESC-sEVs signiﬁcantly decreased brain infarct to 25.10 ±
11.99% (Figure S1C,D). To further validate the eﬀect of times of
dosing on the therapeutic result, we compared one-time
injection of ESC-sEVs with three injections of ESC-sEVs. We
found that a single dose of 1 × 109 ESC-sEVs could alleviate
brain infarction 3 days after MCAO (Figure S1E,F). Besides,
treatment with 1 × 109 ESC-sEVs for three times further
decreased the infarct volume even though no signiﬁcant
diﬀerence was reached between the single-dosing group and
triple-dosing group (Figure S1E,F). Thus, treatment with 1 ×
109 particles of ESC-sEVs for three times was chosen as an
optimal dose for the following experiments.
A new batch of mice was separated into four groups (sham
with PBS or ESC-sEV treatment and MCAO with PBS or ESCsEV treatment), and regional cerebral blood ﬂow (rCBF) was
detected. The result of rCBF showed a comparable blood ﬂow
reduction and recovery during and after stroke in both the PBS
and ESC-sEV groups (Figure 2B,C), indicating a similar extent
of ischemia between the two MCAO groups. The neurological

score was assessed daily for 3 days after stroke, and the infarct
volume in the acute phase was measured by MAP-2 staining at
day 3 after MCAO. No obvious diﬀerences were visualized in
neurological score at day 0 and day 1 after MCAO, which
signiﬁcantly declined in the ESC-sEV group at day 2 and day 3
compared with the PBS group (Figure 2D). No infarction was
visualized in both sham groups (Figure S1B). ESC-sEVs
signiﬁcantly decreased brain infarct size (Figure 2E,F).
Furthermore, we examined the neuronal death by terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
staining, a marker for DNA fragment detection, and NeuN, a
marker for neurons, in the infarct border. Both sham groups
showed no TUNEL staining in neurons (Figure 2G,H).
Consistent with the brain infarction, TUNEL+ and TUNEL+NeuN+ cells were greatly decreased in the ESC-sEV
group compared with the PBS group (Figure 2G,H). These
results suggested that ESC-sEVs alleviate stroke-induced brain
injury.
D
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Figure 4. ESC-sEV treatment inhibited leukocyte migration and neuroinﬂammation in the acute stage of stroke. (A) Fluorescent images and (B)
quantiﬁcation of CD3+, MPO+, and F4/80+ cells in the STR and CTX of the ipsilateral side, n = 4 or 5/group. Red arrowhead,
polymorphonuclear neutrophils. The red box in the schematic is the ROI in the STR and CTX. Scale bar: 50 μm. (C) Flow cytometry plots and
(D) quantiﬁcation of CD11b+CD45intermediate microglia and CD11b+CD45high macrophages. n = 5 or 6/group. (E) The mRNA expression of
TNFα, IL-6, IL-1β, and IL-17 in the sham and ipsilateral side of the infarcted brain was measured by RT-qPCR at poststroke day 3, n = 3 or 4/
group. (F−H) Correlation analysis between the number of inﬁltrated leukocytes and neurological score at poststroke day 3, n = 5/group. (I−K)
Correlation analysis between the number of inﬁltrated leukocytes and TUNEL+NeuN+ dead neurons 3 days after MCAO, n = 5/group. *P <
0.05, **P < 0.01, ***P < 0.001, n.s. represents nonsigniﬁcant diﬀerence for MCAO + ESC-sEVs vs MCAO + PBS.

ESC-sEVs Ameliorate Long-Term Neurological Deﬁcits
after Ischemic Stroke. To further assess the long-term
therapeutic functions of ESC-sEVs on stroke, MRI and behavior

tests including the rotarod, adhesive, and cylinder tests were
performed up to 28 days after ischemic stroke. First, consistent
with the 3 days’ result, ESC-sEVs also reduced the infarct
E

https://doi.org/10.1021/acsnano.1c00672
ACS Nano XXXX, XXX, XXX−XXX

ACS Nano

www.acsnano.org

Article

Figure 5. ESC-sEV treatment induced Treg expansion in vitro and in vivo. (A−C) PBS or ESC-sEVs (2 × 109 particles/mL) were cultured with
isolated CD4+ T cells for 3 days. (A) In vitro experiment illustration. (B) Representative plots for CD4+CD25+Fxop3+ Tregs. (C) Percentages of
Tregs in CD4+ T cells and the number of Tregs in 105 CD4+ T cells, n = 4/group. (D−I) ESC-sEVs (1 × 109 particles) or sterile PBS were i.v.
injected daily for 3 days beginning at 2 h after the 60 min transient MCAO in mice. (D) Illustration of the in vivo experimental design. (E) Gating
strategy of ﬂow cytometry analysis for Tregs. Representative plots for Tregs in blood (F) and spleen (G). (H) Quantiﬁcation of Tregs in blood
and spleen, n = 7 or 8/group. (I) Fluorescent images of Foxp3 and Foxp3+ Treg quantiﬁcation in the spleen 3 days after MCAO, n = 4/group.
Scale bar: upper, 50 μm; lower, 200 μm. *P < 0.05, **P < 0.01, ***P < 0.001 ESC-sEVs vs PBS or MCAO + ESC-sEVs vs MCAO + PBS.

3C). In addition, the overall survival rate of the PBS group was
62.5%, which was signiﬁcantly increased to 78.6% by ESC-sEV
treatment (Figure S2). Collectively, these data indicated that
ESC-sEVs elicited a long-term protective eﬀect against ischemic
brain injury.
ESC-sEV-Aﬀorded Neuroprotection Is Associated with
Decreased Peripheral Immune Cell Inﬁltration and
Neuroinﬂammation after Stroke. As aforementioned, the
neurological functions, assessed by neurological score in Figure
2D and behavior tests in Figure 3B, were signiﬁcantly improved
with ESC-sEV treatment as early as 3 days after stroke.
Additionally, local immune response is a crucial part of the
pathogenesis of stroke.1 We, therefore, detected immune cell
inﬁltration and inﬂammatory cytokine expression 3 days after
stroke. This time point was chosen because it is the peak time for
the inﬁltration of most peripheral immune cells after ischemic
stroke.2 Almost no positive staining of CD3 (a pan-marker for T
lymphocytes) and MPO (a marker for neutrophils) was

volume assessed by MRI at day 7 after MCAO (Figure 3A). As
shown in Figure 3B, MCAO caused severe impairment of
sensorimotor functions in the PBS group as revealed by
decreased latency to fall, increased asymmetric rate, and
increased time to touch and tear, while ESC-sEV treatment
induced a facilitated neurological recovery (Figure 3B). A
signiﬁcant improvement was shown in the adhesive test as early
as 3 days after stroke, which indicated the early protective eﬀect
of ESC-sEVs against ischemic brain injury. We further observed
that the infarct volume measured by MRI at day 7 was positively
correlated with adhesive touch time, removal time in the
adhesive test, and asymmetric rate in the cylinder test and
negatively correlated with latency to fall (Figure 3D), suggesting
brain infarct assessment by MRI is a decent indicator for
functional recovery assessment after stroke. Consistent with the
behavior results, the ESC-sEV treatment also showed a
signiﬁcant reduction of tissue loss 28 days after MCAO, as
examined by immunoﬂuorescence staining of MAP-2 (Figure
F
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We further evaluated this eﬀect in vivo after MCAO. ESCsEVs or PBS was i.v. administered daily for 3 days starting at 2 h
after MCAO (Figure 5D). As compared with the PBS control
group, ESC-sEVs signiﬁcantly expanded Tregs in the blood
(Figure 5F and H) and spleen (Figure 5G,H) 3 days poststroke.
In addition, immunoﬂuorescence staining of Foxp3, a marker for
Tregs, was conducted 3 days after MCAO. Consistent with ﬂow
cytometry analysis, Foxp3+ Tregs were greatly increased in the
spleen (Figure 5I). However, inﬁltration of Tregs in the infarct
area was not observed 3 days after stroke (Figure S7A,B), which
is consistent with previous reports6,7 and indicates that the Tregaﬀorded neuroprotection in the acute stage of stroke is
independent of brain penetration. In contrast, ESC-sEV
treatment markedly increased brain Tregs 28 days after stroke
(Figure S7A,B), and the number of brain Tregs is positively
correlated with latency to fall and inversely correlated with touch
and removal time and asymmetric rate in behavior tests (Figure
S7C−F).
Since Tregs have a negative eﬀect on systemic immune
response, it may raise a concern that ESC-sEV treatment could
exacerbate the already suppressed peripheral immune responses.6 To determine whether ESC-sEV treatment would
cause immunosuppression and the overall eﬀect of ESC-sEVs on
systemic immune responses after stroke, ﬂow cytometry was
applied to detect immune cell changes 5 days after MCAO.
Consistent with previous ﬁndings,6 MCAO induced a signiﬁcant
decrease in peripheral immune cell populations including CD3+
total T cells, CD4+ T helper cells, CD8+ cytotoxic T cells,
CD3−B220+ B cells, and NK1.1+ NK cells in the spleen and
blood (Figure S8B,C). No signiﬁcant diﬀerence was seen
between the PBS group and the ESC-sEV treatment group,
suggesting ESC-sEVs did not aggravate immunosuppression
after ischemic stroke. Taken together, these results suggested
ESC-sEV treatment could induce Treg expansion after stroke,
which may be the underlying reason for the reduced
inﬂammatory responses after stroke.
It is shown by several clinical studies that Tregs underwent a
drastic decrease during the acute phase of stroke.40−42
Meanwhile, increasing evidence has revealed a protective role
of Tregs in preclinical stroke studies.6,7,14,43,44 For example,
elevating the Treg population by ex vivo transfer of Tregs6 or in
vivo expansion of Tregs7 signiﬁcantly alleviated stroke-induced
brain injury. In our study, we found Tregs were increased in both
the spleen and blood 3 days after MCAO with three ESC-sEV
treatments. This eﬀect is conﬁrmed by the in vitro study in which
ESC-sEVs induced Treg diﬀerentiation and proliferation from
CD4+ T cells and an in vivo study where ESC-sEV treatment did
not cause a signiﬁcant number change in other peripheral
immune cells. Consistent with the previous ﬁndings, mice with
an increased number of Tregs induced by ESC-sEVs showed a
reduction of brain infarction and improvement of neurological
recovery after MCAO. Treg-aﬀorded protection in the acute
phase of stroke involved several mechanisms including
inhibition of T cells,14 regulation of inﬁltration of the peripheral
immune cells,7 and BBB protection.6 We found that ESC-sEVinduced increase of Tregs decreased the inﬁltration of
leukocytes into the infarcted brain and inﬂammatory cytokines,
although Tregs were not present in the brain. This result is in
accordance with the previous ﬁnding that Tregs could execute
their protective role in ischemic stroke without entering the
brain.6 Recent work from Ito et al. showed brain Tregs
accumulated after stroke suppressed neurotoxic astrogliosis
and improved neurological recovery during the chronic stage

visualized in the sham groups, indicating T cells and neutrophils
cannot cross the BBB and inﬁltrate into the noninfarct brain
(Figure 4A). With the opening of the BBB after ischemic stroke,
we can see an inﬁltration and accumulation of CD3+ T cells,
MPO+ neutrophils, and F4/80+ monocyte/macrophages and
microglia in the infarct area in both MCAO groups (Figure
4A,B) in which, however, ESC-sEV treatment markedly
decreased the number of these cells compared with the
MCAO treated with PBS group (Figure 4A,B). Microglia play
a vital part in neuroinﬂammation in ischemic stroke conditions.38 It is reported that the microglia phenotype could be
aﬀected by sEVs from adipose-derived stem cells (ADSCs) after
brain injury.39 To further distinguish between macrophages and
microglia, ﬂow cytometry was applied (Figure S3). The result
conﬁrmed CD11b+CD45high macrophages were reduced in
ESC-sEV-treated mice (Figure 4C,D), while ESC-sEV treatment did not cause a signiﬁcant number change of
CD11b+CD45intermediate microglia (Figure 4C,D). However,
ESC-sEVs may have other eﬀects on microglial functions such
as polarization, phagocytosis, and mobility, which warrants
further exploration. Moreover, we performed a correlation
analysis between leukocyte inﬁltration and neurological
functions and neuronal death 3 days after stroke. The results
showed that the number of CD3+ T cells, MPO+ neutrophils,
and F4/80+ monocyte/macrophages and microglia were
positively correlated with neurological score and the total
number of NeuN+Tunel+ cells (Figure 4F−K), indicating
excessive peripheral immune cell inﬁltration exacerbates
ischemic brain injury. Consistently, ESC-sEV treatment also
reduced the expression level of several inﬂammatory cytokines
including TNFα, IL-1β, IL-6, and IL-17 (Figure 4E), which are
deemed to be detrimental for stroke recovery. Altogether, these
results revealed an anti-inﬂammation and neuronal protection
eﬀect of ESC-sEVs in the acute phase after stroke.
ESC-sEV Treatment Expands Treg Population in Vitro
and in Vivo after MCAO. Previously, we and other groups
found that increasing Tregs by either in vivo expansion using
JES-6-1/IL-2 complexes7 or adoptive transfer of isolated Tregs6
inhibits the inﬁltration of peripheral leukocytes and attenuates
neuroinﬂammation after stroke. The question is whether the
alleviation of local inﬂammation induced by ESC-sEV treatment
was due to their modulation of Tregs. We, therefore, assessed
the eﬀect of ESC-sEVs on Treg activation and proliferation in
vitro. An incremental amount of ESC-sEVs or PBS was
incubated with splenocytes isolated from the spleen of mice
for 3 days (Figure S4A), and Tregs were analyzed by ﬂow
cytometry. Interestingly, compared with the PBS group, ESCsEVs signiﬁcantly increased the percentage (Figure S4B,C) and
number (Figure S4B and D) of Tregs in splenocytes, and this
eﬀect was concentration-related, with a higher amount of ESCsEVs inducing greater expansion of Tregs (Figure S4C,D). To
exclude the possibility that the function of ESC-sEVs on Tregs
was aﬀected by T cell apoptosis and necrosis, we used annexin V
and propidium iodide (PI) to detect this eﬀect. Both groups
showed a similar apoptotic rate in CD3+ T cells (Figure S5).
Next, to ensure the eﬀect was due to the induction from CD4+ T
cells instead of aﬀecting other immune cells, we repeated this
experiment by coculturing CD4+ T cells isolated from
splenocytes (Figure S6) with ESC-sEVs or PBS (Figure 5A).
Consistently, ESC-sEVs markedly increased the Treg population in CD4+ T cells (Figure 5B,C). These data indicated that
ESC-sEVs increase the Treg population without aﬀecting T cell
death in vitro.
G
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Figure 6. Tregs are essential for the eﬀects of neuroinﬂammation and neuronal death alleviation induced by ESC-sEV administration. AntiCD25 antibody or anti-rat IgG isotype was i.p. injected 2 days before MCAO; mice were intravenously administered with ESC-sEVs or PBS for 3
days. Flow cytometry and immunostaining were utilized to evaluate Treg populations, leukocyte inﬁltration, and neuronal death at day 3 after
MCAO or sham procedure. (A) Time line for the experimental design. (B) Representative plots and (C) quantiﬁcation of Tregs in the spleen
and blood 3 days after stroke, n = 3/group. (D) Representative images and (E) quantiﬁcation of CD3+ T cells, MPO+ neutrophils, and F4/80+
monocyte/macrophages and microglia in the STR and CTX of the ipsilateral side, n = 6/group. Scale bar: 75 μm. Yellow arrowhead, MPO+
neutrophils. (F) Representative images and (G) quantiﬁcation of TUNEL+ and TUNEL+NeuN+ cells in the infarct border, n = 6/group. Scale
bar: 50 μm. *P < 0.05, **P < 0.01, ***P < 0.001, n.s. indicates nonsigniﬁcant diﬀerence.

after stroke impact.44 In addition, researchers have also found
Tregs promoted neurogenesis45 and myelin regeneration46 in
the CNS. Here, we showed a signiﬁcant improvement of
locomotor functions, diminished tissue loss, and increased brain
Tregs in the ESC-sEV treatment group 28 days after MCAO.
Besides, the accumulation of brain Tregs is positively correlated
with neurofunctional recovery during the chronic stage of
stroke. This could be partly explained by the long-term
neurorestorative eﬀect of Tregs expanded by ESC-sEVs.
However, the direct therapeutic potential of ESC-sEVs in the
chronic phase cannot be excluded because we previously found
that ESC-sEVs rejuvenated hippocampal NSCs and promoted
neurogenesis and neuronal diﬀerentiation ability.19 Thus, the
underlying mechanism of ESC-sEV-induced expansion of Tregs
on long-term neuroprotection after stroke warranted further
elucidation.
Tregs Are Essential for the Decreased Neuroinﬂammation by ESC-sEV Treatment after Stroke. To conﬁrm
that the anti-inﬂammation and neuronal protection eﬀect of

ESC-sEVs after ischemic stroke was mediated through the
expansion of Tregs instead of directly through ESC-sEVs, antiCD25 monoclonal antibody was intraperitoneally (i.p.) injected
into mice 48 h before MCAO to deplete Tregs,47 and rat IgG
was i.p. administered as an isotype control (Figure 6A). Flow
cytometry analysis revealed that anti-CD25 antibody administration drastically decreased the percentage of
CD4+CD25+Foxp3+ Tregs in CD4+ T cells in the spleen and
blood to nearly 0% 3 days after MCAO (Figure 6B,C), and this
eﬀect could last at least 7 days after MCAO (Figure S9A,B),
indicating high depletion eﬃciency of this method. Consistent
with previous data, accumulation of inﬂammation-related cells
including CD3+ T cells, MPO+ neutrophils, and F4/80+
monocyte/macrophages and microglia was signiﬁcantly suppressed by ESC-sEV treatment at day 3 after stroke (Figure
6D,E). The eﬀect was blocked by Treg depletion, as ESC-sEV
treatment showed a comparable number of these cells with the
PBS group with anti-CD25 injection (Figure 6D,E). Besides,
Treg depletion also blocked the eﬀect of neuronal death
H
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Figure 7. ESC-sEVs expanded Tregs partly through mediating the TGF-β/Smad signaling pathway. (A) Representative bands of TGF-β, Smad2,
Smad3, Smad4, and TSG101 in ESCs and TGF-β, Smad2, Smad4, and TSG101 in ESC-sEVs. (B, C) Isolated CD4+ T cells were cultured with
PBS, ESC-sEVs (2 × 109 particles/mL), or ESC-sEVs with SB525334 (TGF-β inhibitor, 1 μM) for 3 days. Flow cytometry analysis of Tregs was
conducted 3 days after coculture. (B) Flow cytometry plots and (C) quantiﬁcation of Tregs among groups, n = 4/group. (D−F) Western blot
analysis of Smad2, Smad3, and Smad4 in the cytoplasm and p-Smad2, p-Smad3, and Smad4 in the nucleus of CD4+ T cells under diﬀerent
treatments, n = 4/group. *P < 0.05, **P < 0.01, ***P < 0.001.

proliferation,54,55 indicating a possible immunomodulatory
ability of ESC-sEVs. However, with all these reports and the
features of ESC-sEVs, the application of ESC-sEVs in ischemic
stroke in terms of immune modulation has not been fully
deﬁned. Our study discovered that post-stroke treatment of
ESC-sEVs for 3 days enhanced the peripheral Treg population
along with the decreased migration of leukocytes into the
injured brain as well as reduced brain infarction and neuronal
death. The protective eﬀects induced by ESC-sEV treatment in
the acute stage of stroke were mainly attributed to the expansion
of Tregs instead of the direct impact of ESC-sEVs on other
immune cells or brain cells because when Tregs were depleted,
the ESC-sEV-aﬀorded anti-inﬂammation and neuronal protection eﬀects were almost completely blocked.
ESC-sEVs Induce Tregs Expansion Partly via Activation
of the TGF-β/Smad Signaling Pathway. Mechanistically,
several factors are involved in Treg regulation, including IL-2,
IL-7, TGF-β, IL-15, and IL-33.56 To elucidate the underlying
mechanism for ESC-sEV-aﬀorded expansion of Tregs, we
analyzed the proteomics of ESC-sEVs performed previously
by us.57 Interestingly, the results showed enrichment of several
proteins in the TGF-β/Smad pathway, including TGF-β,
Smad2, and Smad4, which are closely related to the expression
of the key transcription factor Foxp3 and the induction and
proliferation of Tregs.58 The enriched TGF-β, Smad2, and
Smad4 in ESC-sEVs were conﬁrmed by Western blot, as shown
in Figure 7A, while Smad3, another important factor in the TGFβ/Smad axis, was not enwrapped in the particles. Upon
activation by TGF-β, Smad2 and Smad3 undergo phosphorylation and form a heterotrimer with Smad4, followed by entry
into the nucleus to promote Foxp3 expression.59 Previous
studies have found that extracellular vesicles derived from cancer
cells contain TGF-β to induce Treg diﬀerentiation and
expansion.60,61 Thus, we speculated that ESC-sEVs might
induce Treg proliferation via the delivery of TGF-β, Smad2,
and Smad4 to activate the TGF-β/Smad pathway. Next, we
cultured CD4+ T cells with ESC-sEVs for 3 days and found that

alleviation induced by ESC-sEVs (Figure 6F,G). Taken
together, these results demonstrated Tregs play a crucial part
in ESC-sEV-aﬀorded anti-inﬂammatory and neuronal protective
eﬀects after ischemic stroke.
Recently, numerous studies have identiﬁed the therapeutic
eﬃcacy of sEVs from diﬀerent stem cells in ischemic stroke.48
For example, Webb et al. found sEVs from pluripotent stem cell
(PSC)-derived NSCs improved functional recovery by
upregulating anti-inﬂammatory populations of M2 macrophages
and Tregs, as well as downregulating pro-inﬂammatory Th17
cells in the circulation after stroke.28 Besides, sEVs from MSCs
are one of the most studied and have potential in clinical
transformation.21 Previously, our group also found that MSCsEVs alleviate hindlimb ischemia by improving angiogenesis.49
In addition to MSC-sEVs, the therapeutic eﬀects of ESC-sEVs
have been explored by our group and other groups in several
animal models such as myocardial infarction,29 skin ulcers,20 and
premature ovarian failure,50 as well as in vitro experiments,51,52
revealing phenomenal functions of tissue regeneration and
antisenescence in ESC-sEVs. Recently, we extended the
application of ESC-sEVs to the CNS and found that intravenous
treatment of ESC-sEVs promotes neurogenesis and improves
cognitive function by rejuvenating senescent hippocampal
NSCs in a rat model of vascular dementia19 and during natural
aging,30 suggesting ESC-sEVs may be a potential alternative to
treat other CNS-related diseases including ischemic stroke.
Besides, ESCs are pluripotent cells possessing the ability to
proliferate inﬁnitely in culture so that a large amount of sEVs
could be produced to meet the high productivity requirement in
clinical usage. Consistently, Liu et al. have found that human
iPSCs yield more sEVs than MSCs.31 From a safety perspective,
we found that treatment with ESC-sEVs not only did not cause
tumor formation but also inhibited the development of several
cancer cell lines including glioblastoma.53 In addition to the
aforementioned abilities, previous reports demonstrated that
both ESCs and ESC-conditioned media (ESC-CM) could aﬀect
immune response by regulating T cell activation and
I
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Figure 8. Schematic illustration of the mechanisms for ESC-sEVs-induced Treg expansion and neuroprotection against ischemic stroke.
Systemic treatment of ESC-sEVs induces Treg activation and proliferation partly via delivery of Smad2, Smad4, and TGF-β. The Tregs
expanded by ESC-sEV treatment inhibit leukocyte inﬁltration into the infarcted brain, inﬂammatory cytokine expression, and subsequent
neuronal death after stroke.

cytoplasmic Smad2 and Smad4 of CD4+ T cells were slightly
increased in the ESC-sEV-treated group (Figure 7D,E), which
suggests the transfer of Smad2 and Smad4 protein by ESC-sEVs
into T cells. Besides, the TGF-β-containing ESC-sEVs activated
the TGF-β/Smad signaling pathway as revealed by the increased
p-Smad3 and decreased Smad3 in the cytoplasm, as well as
increased p-Smad3 and Smad4 in the nucleus (Figure 7D−F).
Protein contamination during sEV preparation is a concern
that may confound the bioactive function of the isolated sEVs.62
According to the latest guideline,16 the ultracentrifugation
method yields a comparably high speciﬁcity of sEVs, while
proteins coisolated from conditioned medium with sEVs cannot
be completely ruled out. It is recommended by Webber et al. that
particle protein ratio measured by nanoparticle tracking analysis
(NTA) and BCA assay is a handy and reliable indicator to
quantify the purity of sEVs.63 In our results (Figure S10), the
particle number of ESC-sEVs from NTA is 1.79 × 1012 ± 0.25 ×
1012, and the particle protein ratio is 7.80 × 109 ± 1.16 × 109
particles per μg protein, which is deemed to be comparatively
pure. Recently, Whitaker et al. suggested that contaminating
soluble factors from isolated sEVs have the potential to
artiﬁcially enhance the function of sEVs.62 To conﬁrm that the
functional proteins were contained inside ESC-sEVs but not
contaminants, we applied proteinase K to incubate with the
ESC-sEVs. Soluble proteins are sensitive to proteinase K
digestion unless the protein is enwrapped in the vesicles.64 As
shown in Figure S11, surface marker CD9 was digested after
incubation with proteinase K in ESC-sEVs, while Smad2,

Smad4, and TGF-β were comparable with and without
proteinase K digestion, suggesting that those proteins were
enwrapped inside the ESC-sEVs. In addition, we isolated ESCsEVs after incubation with proteinase K and cocultured them
with CD4+ T cells. From Figure S12A−D, proteinase K-treated
ESC-sEVs induced comparable eﬀects of the activation of TGFβ/Smad signaling pathway in CD4+ T cells to the nontreated
ESC-sEVs. Moreover, proteinase K-treated ESC-sEVs could also
expand the Treg population after 3 days of culture with CD4+ T
cells (Figure S12E,F). These results suggest that the function of
ESC-sEVs on Treg proliferation is mainly induced by bioactive
factors in the lumen of ESC-sEVs but not contaminating
proteins.
To further ensure this hypothesis, the TGF-β receptor I
inhibitor (SB525334) was applied to block the TGF-β/Smad
pathway. Cytoplasmic Smad2 and Smad4 were signiﬁcantly
elevated in the ESC-sEVs with the SB525334 group compared
with the PBS group (Figure 7D,E). However, other proteins,
including Smad3 in the cytoplasm, as well as p-Smad3 and
Smad4 in the nucleus, were returned to a level similar to the PBS
group once the TGF-β receptor was blocked in the ESC-sEVs
with the SB525334 group (Figure 7D−F). Unexpectedly, even
though the increased Treg population by ESC-sEV treatment
was markedly decreased by the TGF-β receptor I inhibitor, the
number and percentage of Tregs did not reach a certain level in
the PBS group (Figure 7B,C). These results suggested that other
mechanisms such as microRNA (miRNA) may be involved in
the ESC-sEV-induced increase of Tregs. For example, exosomes
J
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(the name was changed to sEVs according to the guideline16)
from tumor-associated macrophages (TAMs) could deliver hsamiR-29a-3p and hsa-miR-21-5p to increase the Treg/Th17 ratio
from CD4+ T cells.65 Similarly, Yin et al. found miR-214 from
various types of human cancers eﬃciently promoted Treg
expansion and enhanced their immune suppression function.66
Thus, whether ESC-sEVs could secrete Treg expansion related
miRNAs is worth studying in the future. Taken together, ESCsEV-induced expansion of Tregs was, at least partly, mediated by
the activation of the TGF-β/Smad pathway via the delivery of
TGF-β, Smad2, and Smad4.
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Bedford, MA, USA). Then, ESC-sEVs were isolated by ultracentrifugation (100000g × 114 min) from the collected solution.
After removing the supernatant, the ESC-sEV pellet was washed with
sterile PBS, followed by another ultracentrifugation procedure
(100000g × 114 min). All procedures were conducted under 4 °C.
Ultimately, the ESC-sEVs were resuspended, aliquoted, and stored
under −80 °C conditions for later use.
ESC-sEV Identiﬁcation and Parameter Measurement. Transmission Electron Microscopy (TEM). The morphology of sEVs was
observed using TEM (Hitachi H-7650, Tokyo, Japan). Brieﬂy, the ESCsEV (10 μL)-containing solution was transferred onto a Formvarcarbon-coated grid (300 meshes) followed by a dry process for 20 min.
Next, the ESC-sEV-containing grid was rinsed using sterile PBS once
and then ﬁxed in 1% (w/v) glutaraldehyde for 5 min. Next, the grid was
rinsed with deionized (DI) water followed by 2% (w/v) saturated
aqueous uranyl oxalate staining for 5 min. Finally, the ESC-sEVcontaining grid was dried for 10 min at room temperature, and the
microstructure of ESC-sEVs was imaged by TEM.
Protein Markers and Concentration. sEV markers (TSG-101,
CD63, and CD9) were analyzed using Western blotting. GM130 and
Lamin A/C were utilized to detect the contamination of sEVs from
cellular compartments. Brieﬂy, after the second time of ultracentrifugation as mentioned above, the ESC-sEV pellet was
resuspended with RIPA lysis buﬀer and the proteins in ESC-sEVs
were harvested following the manufacturer’s instructions. After the
standard electrophoresis, transfer, and blocking steps, the proteincontaining membranes were incubated overnight on a shaker with the
antibodies as follows: anti-TSG-101 (1:1000, Santa Cruz Biotechnology, sc7964), anti-CD63 (1:1000, Abcam, ab134045), anti-GM130
(1:500, Abcam, ab52649), anti-CD9 (1:1000, Abcam, ab92726), antiLamin A/C (1:1000, Servicebio, GB11407). Next, HRP-conjugated
secondary antibodies were applied. Finally, a pierced ECL Western
blotting substrate (32109, Thermo Fisher Scientiﬁc) was utilized to
visualize protein bands under a Western blot imaging instrument
(FluorChem M, ProteinSimple, Santa Clara, CA, USA).
Size Distribution and Particle Concentration. A high-resolution
nanoﬂow cytometer was utilized to measure the particle concentration
and particle diameter of ESC-sEVs as previously described.67 Initially,
standard polystyrene nanoparticles (diameter: 200 nm, concentration:
1.58 × 108/mL) were loaded to the nanoﬂow cytometer to measure the
standard side scatter intensity (SSI). Next, the SSI of the ESC-sEVs
sample was evaluated by the nanoﬂow cytometer. Finally, the particle
concentration of ESC-EVs was calculated accordingly. For size
distribution, a standard curve was created using four diﬀerent sizes of
standard silica nanoparticles (diameter: 68, 91, 113, 155 nm) in the
high-resolution nanoﬂow cytometer. Next, the diluted sEV sample was
loaded and the size distribution was generated by the standard cure.
ESC-sEV Parameter Measurement. ESC-sEV parameters including
mean particle concentration in CM (A), the mean protein
concentration of ESC-sEVs in CM (B) and per particle (C), and
particle number per cell (D) were calculated as previously stated.19
Brieﬂy, total volume (80 mL) of CM was collected from four ﬂasks (20
mL per T75) of ESC culture. Total cell number (a) was calculated using
a cell counter (Cellometer Auto 1000, Nexcelom, USA). The protein
concentration of ESC-sEVs was assessed using the BCA assay as
mentioned above, and the total protein quantity of ESC-sEVs (b) was
calculated. The total particle number of ESC-sEVs (c) measurement
was mentioned above. Next, parameters were calculated by the
equations as follows: A = c/240 (number per mL), B = b/240 (μg per
mL), C = b/c (μg per number), and D = c/a (number per number).
Data were generated from three experiments with three sEV samples
per experiment in total.
Purity Analysis of ESC-sEVs. The purity of the isolated ESC-sEVs
was assessed using particle protein ratio as previously described.63
Brieﬂy, the ESC-sEVs were isolated using standard diﬀerential
centrifugation and an ultracentrifugation protocol as mentioned
above. The concentration of ESC-sEVs was measured by NTA
(Malvern, UK) as previously described.68 The protein concentration
of ESC-sEVs was calculated utilizing the BCA protein concentration

CONCLUSIONS
The current study determined that ESC-sEVs alleviated
ischemic brain injury and promoted long-term neurological
recovery through immune modulation by the expanded Tregs.
Mechanistically, ESC-sEVs modulated Treg activation and
proliferation, at least partially, via the transfer of the enriched
TGF-β, Smad2, and Smad4 to activate the TGF-β/Smad
signaling pathway (Figure 8). Thus, our study discovered the
direct role of ESC-sEVs in immune modulation, speciﬁcally via
expansion of Tregs, and highlighted a promising cell-free
therapeutic for ischemic stroke, potentially other CNS injuries,
and autoimmune diseases.
EXPERIMENTAL SECTION
Animal Model and ESC-sEV Administration. Animal Model. All
animal procedures were approved by the Animal Research Committee
of the Shanghai Sixth People’s Hospital (SYXK [Shanghai, China]
2011−-0128, Jan 1, 2011). Speciﬁcally, all mice were housed at the
animal facility in Shanghai Sixth People’s Hospital. Male C57/BL6 mice
(age: 8−12 w, weight: 25−30 g) were randomly distributed to sham or
MCAO groups. The ischemic stroke model was constructed by a 60
min transient MCAO procedure.7 Brieﬂy, mice were placed in an
induction chamber to induce anesthesia using 5% isoﬂurane and kept in
an anesthesia status during the whole procedure under 1.5% isoﬂurane.
Blood supply of the brain was blocked by a silicon suture (Doccol).
Sixty minutes later, the suture was extracted and mice were injected
with ketoprofen to relieve pain. The sham procedure was performed the
same as the MCAO procedure but without suture insertion. rCBF was
detected using laser Doppler ﬂowmetry (moorFLPI-2). Mice showing
no neurological deﬁcits, with rCBF failing to drop 70% as compared to
the pre-MCAO level, or that died post-stroke were excluded from data
analysis. The operations were conducted in compliance with the
double-blind principle.
ESC-sEV Administration. ESC-sEVs (109 particles in 200 μL of PBS)
or PBS (200 μL) was i.v. injected three times daily starting at 2 h after
the MCAO procedure. The sham group did not receive any treatment.
ESC Culture and Identiﬁcation. The human embryonic stem cells
(H9) were kindly provided by Institute of Biochemistry and Cell
Biology of Chinese Academy of Sciences (Shanghai, China). The ESCs
were cultured in Nuwacell hiPSC/hESCs medium (no. RP01020,
Nuwacell Biotechnologies Co., Ltd.) on a Nuwacell-Vitronectin human
recombinant protein (no. RP01002-A, Nuwacell Biotechnologies Co.,
Ltd.) coated plate. Culture medium was changed daily, and cells were
subcultured when 80−90% conﬂuency was reached. ESCs were
identiﬁed by immunoﬂuorescence staining for the classical markers
(Tra-1-60, SSEA4, Nanog, and OCT4).
ESC-sEV Isolation. Small extracellular vesicles derived from ESCs
were harvested and puriﬁed by the classical diﬀerential centrifugation/
ultracentrifugation protocol using condition medium collected from
ESC culture according to the MISEV2018 guideline.16 Initially, the
dead cells were removed by low-speed centrifugation (300g × 10 min).
After that, the apoptotic bodies and cellular debris were removed by
another low-speed centrifugation procedure (2000g × 20 min). Next,
large EVs were removed via high-speed centrifugation (10000g × 30
min) and ﬁltration through a ﬁlter (0.22 μm in diameter) (Millipore,
K
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collected using a FACSCanto II ﬂow cytometer and processed by
FlowJo software (v10.4).
Magnetic Resonance Imaging (MRI). MRI was utilized to detect
brain infarction after MCAO as previously described.69 Brieﬂy,
anesthesia induction was carried out using 5% isoﬂurane. Then, mice
were placed into the MRI machine with a head holder supplied with
1.5% isoﬂurane to maintain anesthesia status during the whole
procedure. MRI scanning was conducted on a 7.0 T CG NOVILA
spectrometer (Shanghai Chenguang Medical Technologies Co., Ltd).
MRI data were viewed and analyzed by a Radiant Dicom viewer and
ImageJ software, respectively.
Cresyl Violet (CV) Staining. Brain cryosections were placed onto
glass slides coated with 2% galectin and dried overnight in a 37 °C dryer.
Next, slides were immersed into a series of gradient ethanol (75%, 85%,
95%, and 100%) for dehydration purposes, followed by a rehydration
process with another series of gradient ethanol (100%, 95%, 85%, 75%,
50%) for 5 min per time. After the rinse step with DI water, glass slides
were dried and then stained with CV staining solution (C5042, SigmaAldrich) at 37 °C for 15 min. A decolorization step was conducted by
placing slides into a series of gradient ethanol (75%, 85%, 95%, and
100%). Finally, slides were placed into xylene twice for 5 min each time
and mounted with neutral resins.
Brain Infarction Evaluation. Brain infarct was measured using T2weighted MRI scanning at day 7, CV staining at day 3, and MAP-2
staining at day 3 and day 28 after MCAO. Infarct volume was measured
by summing the infarct area of each section (the area of the contralateral
side minus the noninfarct area of the ipsilateral side). Brain infarction
was presented as the ratio of infarct volume to volume of the healthy
side.
Measurement of Neurological Scores. Neurological scores were
assessed daily for 3 days starting 2 h after MCAO when mice were fully
recovered from anesthesia by a 6-point scale (0, normal and active
condition; 1, could not extend right forepaw completely; 2, circle to the
right side; 3, could not stand up and fell to the right side; 4, no
spontaneous movement; 5, no response to stimulation or death).
Behavior Tests. For behavior tests, mice were trained for 5 days
before MCAO. Rotarod and adhesive tests were conducted three times
daily. The cylinder test was performed once each test day. Tests were
conducted on day 3, 5, 7, 10, 14, 21, and 28 post-MCAO.
Adhesive Test. This test was utilized to evaluate the tactile response
and sensorimotor function. Brieﬂy, a sticker with a size of 3 × 3 (mm2)
was placed gently onto the paralyzed forepaw using forceps. Next, the
mouse was placed back in its home cage, and we started to count the
time. The duration from the start to the time the mouse starts to contact
the sticker was recorded as time to touch. The duration from the start to
the time the mouse successfully tears down the sticker was recorded as
time to remove.
Cylinder Test. This test was utilized to evaluate forepaw use and
rotation asymmetry.70 Speciﬁcally, animals were placed into a
transparent cylinder (height: 15 cm; diameter: 9 cm). The whole
process was videotaped for 10 min by a camera from above. The
number of contacts by forepaws (left, L; right, R; both, B) was
measured, and the asymmetric rate was calculated as (L − R)/(L + R +
B) × 100 (%).
Rotarod Test. This test was used to assess locomotor function after
stroke as described previously with minor modiﬁcations.7 Brieﬂy, the
mouse was placed onto the rotating rod with an accelerating speed
starting from 5 rounds per minute to 40 rounds per minute within 4 min
as high speed and 5 rounds per minute to 20 rounds per minute within 5
min as low speed. Mice were forced to run three times a day for 5 days
with 2 days of low speed and 3 days of high speed before the MCAO
procedure until a baseline of approximately 250 s of staying on the rod
was reached. The mean duration of staying on the rod was recorded as
latency to fall.
Treg Depletion. In vivo depletion of Tregs was induced by antimouse CD25 antibody (BioLegend, 102040, clone: PC61). Antibody
(300 μg per mouse) or rat IgG isotype control was intraperitoneally
injected 2 days before MCAO. The depletion eﬃciency was analyzed
using ﬂow cytometry as mentioned above.

measurement kit as mentioned above. The particle protein ratio of
ESC-sEVs is deﬁned as particle number per μg of protein.
Western Blot Analysis. For Western blot analysis of CD4+ T cells,
cells were collected after 3 days’ culture. Cell proteins were harvested by
RIPA lysis buﬀer. In addition, cytoplasmic and nuclear proteins were
extracted by the nuclear and cytoplasmic protein extraction kit (P0028,
Beyotime Biotechnology). Next, protein concentrations were calculated by the BCA assay mentioned above. Protein (20 μg in total)containing membranes were incubated with primary antibodies as
follows: β-actin (1:1000; Abcam, ab133626), histone H3 (1:1000,
Servicebio, GB11026), Smad2 (1:1000; CST, 5339), Smad3 (1:1000;
CST, 9523), Smad4 (1:5000; Abcam, ab40759), TGF-β (1:1000; CST,
3711), p-Smad2 (1:1000; CST, 18338), and p-Smad3 (1:1000; CST,
9520) overnight at 4 °C. The secondary antibody incubation and
protein band capture step were performed as mentioned above.
Immunoﬂuorescence Staining. Mice were perfused immediately
after sacriﬁce. Brain and spleen were harvested and immersed in PFA at
4 °C for 12 h, followed by dehydration with 20%, 30%, and 35% (w/v)
gradient sucrose solutions at 4 °C, respectively. After embedding with
OCT (optimal cutting temperature compound) medium, brain and
spleen were snap-frozen and cut into sections (25 μm) with a freezing
microtome (Leica CM 1950; Leica Biosystem, Heidelberg, Germany).
For cultured cell preparation, cells were rinsed with sterile PBS two
times, followed by a ﬁxation step with PFA. In the staining step, tissue
sections or cells were permeabilized with 0.3% or 0.1% Triton X-100,
followed by a blocking step with 5% (w/v) bovine serum albumin (BSA,
Sigma, USA) and the incubation step with the following primary
antibodies against CD3 (1:200, Abcam, ab16669), F4/80 (1:200,
Abcam, ab6640), MPO (1:200, Abcam, ab9535), NeuN (1:500, CST,
24307), MAP-2 (1:500, CST, 4542s), Nanog (1:100, Abcam,
ab109250), Oct4 (1:100, Abcam, ab19857), SSEA4 (1:100, Abcam,
ab16287), Tra-1-60 (1:100, Abcam, ab16288), or Foxp3 (1:100, CST,
12653). After two rinsing steps with PBS, secondary antibodies (1:500;
Invitrogen) were added, followed by DAPI staining (2 μM, Sigma). For
TUNEL staining, slices were stained according to instructions from the
manufacturer (Beyotime Biotechnology, C1089, China). Images were
captured using a Leica DM6B (Leica Microsystems, Milan, Italy).
Images were processed with ImageJ software.
Flow Cytometry Analysis. A single-cell suspension was prepared
as previously described.7 Brieﬂy, blood was collected into a BD
Vacutainer plastic K2 EDTA tube (BD, Franklin Lakes, NJ, USA,
367861), and the spleen was gently homogenized using sterile
microscope slides. Samples were centrifuged and followed by
erythrocyte lysis with ACK buﬀer (A1049210, Thermo Fisher, USA).
Next, chunks of tissue were removed by ﬁltration through a 70 μm
strainer (Falcon, 352340), and single cells were counted and diluted
with Hank’s balanced salt solution (HBSS, Corning) supplemented
with 10% (v/v) fetal bovine serum (FBS, Gibco). Next, 1 × 106 isolated
cells were stained with ﬂuorophore-labeled antibodies: CD4-eﬂuor450
(48-0041), CD3-FITC (11-0031-81), CD8-PE cy7 (25-0081-81),
B220-APC (17-0452-81), NK1.1-PE (12-5941-81) (1:100, eBioscience). For Treg staining, cells were stained with antibodies against
CD4-FITC (11-0042-85) and CD25-PE (12-0251-81) (1:100,
eBioscience). Next, cells were permeabilized and ﬁxed with the
intracellular staining kit (eBioscience, 00-5523-00) and then stained
with FoxP3-APC (17-5773-82) (1:100, eBioscience). For brain ﬂow
cytometry, the brain was dissected after perfusion with 30 mL of icecold saline, and the ischemic hemisphere was separated and placed into
a tube ﬁlled with 1 mL of 0.25% trypsin. Then, mouse brain was ﬁnely
cut into pieces (approximately 1−2 mm3) using a small scissors and
digested at 37 °C for 10 min. Next, brain clumps were triturated using a
ﬁre-polished glass pipet, followed by adding 10 mL of RPMI-1640
culture medium supplemented with 10% FBS and 1% pen−strep to stop
digestion. Single cells were harvested via a ﬁltration step by a 70 μm
ﬁlter, and then cells were separated using 30% and 70% Percoll gradient
(GE, P4937). The mononuclear cells between 30% and 70% Percoll
gradient were collected and stained with antibodies as follows: Ly-6G/
Ly-6C-APC (Gr-1) (Biolegend, 108411), CD45-PE (Biolegend,
103106), CD11b-FITC (Biolegend, 101205) (1:100). Data were
L
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In Vitro Treg Expansion Assay. For the mixed splenocyte culture,
the single-cell suspension was prepared from the spleen of a C57/BL6
mouse as mentioned above. After centrifugation (300g × 5 min), cells
were resuspended in RPMI 1640 (Corning) supplemented with 10%
(v/v) FBS, L-glutamine (2 mM), penicillin (100 U/m), streptomycin
(100 μg/mL), nonessential amino acids (1.0 mM), HEPES (5 mM), 2mercaptoethanol (50 μM), and 1% (v/v) sodium pyruvate. Next, 1 ×
106 cells diluted in 0.5 mL of CM were seeded in the 24-well plate. An
incremental concentration of ESC-sEVs (5 × 108, 1 × 109, and 2 × 109
particles) or PBS was added, and ﬂow cytometry analysis of Tregs and
the T cell death assay were performed 3 days later. For CD4+ T cell
culture, cells were puriﬁed utilizing the MojoSort mouse CD4 T cell
isolation kit (BioLegend, 480006). After the isolation process, 1 × 106
cells were transferred into a 24-well plate and 0.5 mL of culture medium
supplemented with CD3 mAb (4 μg/mL, eBioscience, 145-2C11),
CD28 mAb (5 μg/mL, eBioscience, 16-0281-82), and IL-2 (20 ng/mL,
Peprotech, 212-12) was added. PBS, ESC-sEVs (2 × 109 particles), or
ESC-sEVs (2 × 109 particles) with TGF-β receptor I inhibitor (1 μM,
SB525334, Selleck Chemicals) were added. Analysis was performed
after 3 days’ culture.
Functional Study of Proteinase K-Treated ESC-sEVs. The
ESC-sEVs were isolated using a diﬀerential centrifugation/ultracentrifugation protocol as mentioned above. ESC-sEVs was treated
with or without proteinase K (100 μg/mL, Invitrogen, 4485228) in a 37
°C incubator for 30 min, and then the proteinase K was inhibited by
incubation with 5 mM phenylmethylsulfonyl ﬂuoride (PMSF, ST 506,
Beyotime Biotechnology, China) in a 37 °C incubator for 10 min. Next,
the solution was washed with PBS, centrifuged, and resuspended with
RIPA for Western blotting of ESC-sEVs or PBS for the following
functional study. Antibodies against CD9, Smad2, Smad4, and TGF-β
were used in the Western blotting analysis of ESC-sEVs. For the
functional study, the isolated ESC-sEVs (2 × 109 particles/mL) were
added into the CD4+ T cell culture medium and cocultured for 3 days
before Western analysis of β-actin, histone H3, Smad2, Smad3, Smad4,
p-Smad2, and p-Smad3 and ﬂow cytometry analysis of Tregs.
T Cell Death Assay. T cell death rate measurement was performed
by an Apoptosis Detection Kit I (556547, BD, Pharmingen). Brieﬂy,
incubated splenocytes were harvested, followed by a rinse step with
sterile PBS two times. Next, the cells were diluted in PBS. After that,
FITC annexin V and PI were added and incubated with the cell
suspension (1 × 105 cells) for 15 min before ﬂow cytometry analysis as
mentioned above.
Real-Time Quantitative Polymerase Chain Reaction (RTqPCR). After perfusion with ice-cold saline, brain tissue was extracted
and separated into the ipsilateral infarct side and the corresponding
contralateral noninfarct side. Tissue was stored immediately in liquid
nitrogen to prevent RNA degradation. Next, tissue supplemented with
RNAiso Plus (Takara Biotechnology Dalian Co., Ltd, 9109) was
homogenized with a tissue homogenizer (FastPrep-24 5G homogenizer, 116005500). Tissue RNA was extracted using RNAiso Plus
(Takara Biotechnology Dalian Co., Ltd, 9109), and a reverse
transcription process into cDNA was conducted by the RevertAid
ﬁrst strand cDNA synthesis kit (Thermo Scientiﬁc, K1621). PCR was
performed on an ABI Prism 7900HT (Applied Biosystems) using
corresponding primers and the SYBR gene PCR master mix
(Invitrogen). Primers are as follows: TNF-a: agaagttcccaaatggcctc
(forward); ccacttggtggtttgctacg (reverse). IL-6: agttgccttcttgggactga
(forward); tccacgatttcccagagaac (reverse). IL-17: agaagttcccaaatggcctc
(forward); ccacttggtggtttgctacg (reverse); GAPDH: aagatggtgaaggtcggtg (forward); gttgatggcaacaatgtccac (reverse). IL1b: gcccatcctctgtgactcat (forward); agctcatatgggtccgacag (reverse). The data were
analyzed using the cycle threshold (Ct) value.
Proteomics Analysis. The proteomics analysis of ESC-sEVs was
conducted by Shanghai Applied Protein Technology Company
(Shanghai, China) as previously described.57
Statistical Analysis. GraphPad Prism (version 8.0) was utilized for
statistical analysis. The two-tailed Student’s t-test was applied to assess
the diﬀerences in means between two groups. One-way ANOVA was
employed to detect diﬀerences among three or more groups. For the
diﬀerences in means across three or more groups over time, two-way
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repeated measures ANOVA was used. The post hoc Bonferroni test was
applied for pairwise comparisons between means when ANOVA
showed signiﬁcant diﬀerences. For linear regression analysis, two-tailed
Pearson correlation analyses were employed. P < 0.05 was considered
statistically signiﬁcant. Data were presented as mean ± SEM.
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