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Circulating extracellular vesicles promote
recovery in a preclinical model
of intracerebral hemorrhage
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Circulating extracellular vesicles (EVs) are proposed to partic-
ipate in enhancing pathways of recovery after stroke through
paracrine signaling. To verify this hypothesis in a proof-of-
concept study, blood-derived allogenic EVs from rats and
xenogenic EVs from humans who experienced spontaneous
good recovery after an intracerebral hemorrhage (ICH) were
administered intravenously to rats at 24 h after a subcortical
ICH. At 28 days, both treatments improved the motor function
assessment scales score, showed greater fiber preservation in
the perilesional zone (diffusion tensor-fractional anisotropy
MRI), increased immunofluorescence markers of myelin
(MOG), and decreased astrocyte markers (GFAP) compared
with controls. Comparison of the protein cargo of circulating
EVs at 28 days from animals with good vs. poor recovery
showed down-expression of immune system activation path-
ways (CO4, KLKB1, PROC, FA9, and C1QA) and of restorative
processes such as axon guidance (RAC1), myelination (MBP),
and synaptic vesicle trafficking (SYN1), which is in line with
better tissue preservation. Up-expression of PCSK9 (neuron
differentiation) in xenogenic EVs-treated animals suggests
enhancement of repair pathways. In conclusion, the adminis-
tration of blood-derived EVs improved recovery after ICH.
These findings open a new and promising opportunity for
further development of restorative therapies to improve the
outcomes after an ICH.

INTRODUCTION
Intracerebral hemorrhage (ICH) is the most devastating form of
stroke, with a mortality rate up to 40% and the highest loss of
disability-adjusted life years among survivors.1,2 Each year, approxi-
mately 5 million people worldwide experience an ICH, two-thirds
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of whom will survive with a disability. However, specific treatments
with demonstrated efficacy in improving outcomes are lacking,
despite increasing knowledge of the pathological mechanisms
involved in brain damage after ICH. There is also evidence that,
beyond the injury cascades, mechanisms of protection and repair
are triggered after an ICH.3,4 A deeper understanding of these mech-
anisms is a promising approach that may lead to the development of
treatments aimed at improving neurological recovery by enhancing
brain plasticity. In this regard, animal studies have demonstrated
that stem cell-based therapies reduce brain injury and improve recov-
ery after ICH.5–7 Preclinical studies have also shown that cell therapy
enhances brain plasticity through the release of soluble trophic factors
and other molecules8–10 and emerging data suggest that these para-
crine effects of stem cell therapy could be exerted by the release of
extracellular vesicles (EVs).11 EVs are known to be secreted by
most cell types and can be found in blood and other body fluids.12,13

These EVs carry bioactive molecules (proteins, lipids, and various
types of RNA)14 that participate in intercellular signaling and can
modulate physiological functions.14,15 Studies have demonstrated
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Figure 1. Extracellular vesicles (EVs) characterization

(A) Presence of specific EVs markers (Alix, CD63, and

CD81) and albumin as a purity control by western blot

analysis after isolation. (B) Transmission electron micro-

scopy (TEM) images showing the characteristic size and

form of the EVs. (C) NTA showing the size and concentra-

tion of the EVs. AEVs, allogeneic extracellular vesicles; NTA,

nanoparticle tracking analysis; XEVs, xenogenic extracel-

lular vesicles.
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that the intravenous administration of mesenchymal stem cell
(MSC)-derived EVs promotes neurovascular plasticity and improves
neurological recovery after ischemic and hemorrhagic stroke in
rats.16–22 EVs are therefore gaining interest as a potential approach
to regenerative medicine for neurological diseases.

Our hypothesis is that endogenous mechanisms of protection and
repair triggered after an ICH could be mediated by circulating
EVs through their protein cargo. If so, the protein content of EVs
from subjects showing a good recovery after an ICH might exert
a beneficial effect if administered to animals subjected to an exper-
imental ICH. Therefore, a proof-of-concept study is proposed in a
rodent model of ICH in which the effect of intravenously adminis-
tered blood-derived allogeneic or xenogenic EVs obtained from sub-
jects (rats and humans, respectively) that had a spontaneous good
recovery after an ICH, will be analyzed in terms of efficacy and
safety comparing treated and non-treated animals. Moreover, by
analyzing the protein content of circulating EVs from animals after
treatment compared with controls, the study intends to delve into
the signaling pathways potentially involved in the brain repair
mechanisms after ICH. This is a novel approach that may help to
248 Molecular Therapy: Nucleic Acids Vol. 32 June 2023
advance the development of new treatments
for cerebral hemorrhage.

RESULTS
Of the total 88 rats included in the study, nine
died immediately after ICH induction (four in
the control group, two in the allogeneic EV
[AEV] group, and three in the xenogenic EV
[XEV] group). One of the rats in the XEVs
group died during treatment administration,
and six were excluded because they showed no
hemorrhage on the magnetic resonance imaging
(MRI) (five in the control group and one in the
AEVs group). The death rats and those excluded
from the study were replaced by new subjects
until the predefined number of rats per group
with confirmed ICH by MRI at 48 h was
reached.

EVs characterization

AEVs and XEVs showed typical protein markers
by western blot (Figure 1A), morphology and size
(<200 nm) by transmission electron microscopy (TEM) (Figure 1B)
and nanoparticle tracing analysis (NTA) (Figure 1C).

Evolution of the rats in the control group

Outcomes of the rats in the control group are shown in Figure 2A
and Table S1. Those rats with a spontaneous recovery, as defined in
the materials and methods section, at 28 days (n = 7) were selected
as donors of AEVs for treatment.

Efficacy of AEVs and XEVs administration

AEVs and XEVs treatment improves motor function after ICH

The motor recovery of the animals treated with AEVs and XEVs
was significantly better than that of the control group, as shown
in all tests used in the study (Figure 3A, Table S1).

AEVs and XEVs treatment was associated with white matter

integrity in the MRI assessment

There were not significant differences in the volume of lesion in
MRI at baseline nor at follow-up between the study groups (Fig-
ure 3B). The diffusion tensor imaging fractional anisotropy (DTI-
FA) values were significantly higher in the treated animals



Figure 2. Functional evaluation and brain imaging

(A) Functional evaluation tests along the study time points. “D” indicates p < 0.05 in AEV-treated animals compared with the control group. “O” indicates p < 0.05 in the XEVs-

treated animals compared with the control group. (B) T2-MRI images. Colored lines mark the total volume of lesion at 48 h and the residual lesion at 28 days surrounded by

dilated cisterns as a result of tissue retraction. * indicates p < 0.05. Data are shown as mean ± SD. AEVs, allogeneic extracellular vesicles; FA, fractional anisotropy; ICH,

intracerebral hemorrhage; XEVs, xenogenic extracellular vesicles.
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Figure 3. Signal detection of brain markers by immunofluorescence

(A) Myelin (MOG), oligodendrocytes (OLIG-2), astrocytes (GFAP), and vascular (VEGF) antibody expression. (B) Quantification of brain marker expression. * indicates p < 0.05.

Data are shown as mean ± SD. AEVs, allogeneic extracellular vesicles; XEVs, xenogenic extracellular vesicles.
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compared with the controls at 28 days, indicating greater white mat-
ter integrity after either AEVs or XEVs treatment (Figure 3B,
Tables S2 and S3).

AEVs and XEVs improve histological markers of brain damage

and repair

Figure 3 and Table S4 show the immunofluorescence analysis in the
study groups. There was a significantly higher expression of myelin
oligodendrocyte glycoprotein (MOG) in both treated groups
compared with the control group. There was a significantly higher
expression of oligodendrocyte transcription factor 2 (OLIG-2) anti-
body in the AEVs group than in the control group, but there were
no significant differences between the XEVs and control groups.
Glial fibrillary acid protein (GFAP) expression was significantly
higher in the control group than in both treated groups. Vascular
endothelial growth factor (VEGF) expression was uniform in all
study groups, showing no statistically significant differences between
groups.
Safety of administering AEVs and XEVs

Absence of immune system response or tumor formation

Thirteen cytokines and chemokines were analyzed in plasma from
the rats treated with AEVs and XEVs (Figure 4A, Table S5). Only
interleukin (IL)-6 showed a slight increase at 3 h and 6 h
compared with baseline, returning to normal at later time points,
whereas CXCL1 decreased at 3 h, 24 h, and 48 h compared with
baseline in the XEVs-treated animals. There were no changes in
the plasma levels of IL-10, interferon (IFN)-g, MCP1, tumor ne-
crosis factor (TNF)a, granulocyte-macrophage colony-stimulating
factor (GM-CSF), IL-18, IL-12p70, IL-1b, IL-1a, IL-17A, or IL-33
after AEVs or XEVs administration.

The macroscopic and microscopic hematoxylin and eosin (H&E)
examination of the organs revealed no signs of malignancy neoforma-
tions (Figure 4B).
Proteomics analysis of circulating EVs content in the treatment

groups

The proteomic analysis of the circulating EVs obtained from
blood samples at 28 days after the ICH in the study groups showed
a total of 1,024 different proteins with a 1% error at the false
discovery rate (FDR) threshold. The proteins found in each study
comparison and the biological pathways, in which the differentially
expressed proteins appear to be involved, are shown in Figure 5,
Table S6. We focused on proteins and pathways potentially involved
in mechanisms of damage and repair, such as immune response and
inflammation, axon guidance, axonogenesis, synaptic vesicle traf-
ficking, angiogenesis, neuron differentiation, and myelination. The
main findings are summarized below.
Figure 4. Immune response evaluation

(A) Cytokine levels in rat plasma at baseline and at 3 h, 6 h, 24 h, and 48 h after treatm

malignancy or neoformations. * indicates p < 0.05. Data are shown as mean ± SD. AE

252 Molecular Therapy: Nucleic Acids Vol. 32 June 2023
Control animals with good vs. poor spontaneous recovery

Eight proteins showed significant differences according to the previ-
ous definition in the control animals with good spontaneous recovery
compared with the control animals with poor spontaneous recovery
(Figure 5A and Table S6). Of those proteins, two of them were up-ex-
pressed: leukemia inhibitory factor receptor (LIFR) and A1BG
(platelet and neutrophil degranulation). Six proteins were down-ex-
pressed: FA9 and KLKB1 (coagulation factor and inflammatory
response), RAC1 (axon guidance and angiogenesis), TRFE (cellular
iron ion homeostasis), TTHY (thyroid hormone metabolic process
and transport), and APOH (blood coagulation).

Treatment with AEVs vs. control groups

Six proteins showed significant differences as per the mentioned
criteria between the AEVs and control groups (Figure 5B and
Table S6). Three proteins were up-expressed: RL22 (RNA binding),
and K2C5 and K2C73 (keratin cytoskeletal), and three proteins
were down-expressed: CO4 (complement system), and IGG2C and
IGHD (innate immune response).

Treatment with XEVs vs. control groups

Eighty-two proteins showed significant differences as per the
mentioned criteria (Figure 5C and Table S6). The most significant
proteins up-expressed in the XEVs group compared with the control
group were C1S and CO4 (complement system); PROC, F13A, ZPI,
THRB, HEP2, PROS, KNG1 and KNT2 (blood coagulation); CO9
(blood coagulation and complement system); IGHG1 (B cell receptor
signaling pathway and complement system); C1QA (astrocyte activa-
tion and complement system); IGG2C (innate immune response);
PLF4 (immune response); A1AT (inflammatory response); ALS
(cell adhesion); KLKB1 (blood coagulation and inflammatory
response); TRFE, SPA3N, HEMO, and CERU (cellular iron ion ho-
meostasis); LIFR (leukemia inhibitory factor signaling pathway);
HBA (erythrocyte development); TSP4 (negative regulation of angio-
genesis); and PCSK9 (neuron differentiation). Meanwhile, MBP
(myelination); SYN1 (synaptic vesicle trafficking); K2C73, K1C10
and K2C5 (keratin cytoskeletal); PLAK (cell adhesion); FIBA (blood
coagulation); B2MG (innate immune response); and SYCP2 (cell di-
vision) were down-expressed.

Treatment with AEVs vs. treatment with XEVs

Seventy-five proteins showed significant differences between the two
treated groups (Figure 5D andTable S6). Themost significant proteins
up-expressed in the AEVs group compared with the XEVs group were
RL22 (T cell differentiation), K2C73 and K2C5 (keratin cytoskeletal),
STX1A (synaptic vesicle trafficking), ZDH17 (axonogenesis), and
AOFB (neurotransmitter metabolism). The most significant proteins
found down-expressed were FA9 and FA10 (coagulation factor);
CBPB2, PLMN, APOH, PROC, F13A, FA7, ZPI, KLKB1, HEP2,
ent. (B) Macroscopic and microscopic examination of organs showed no signs of

Vs, allogeneic extracellular vesicles; XEVs, xenogenic extracellular vesicles.
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PROS, and KNT2 (blood coagulation); FCN1, C1QB, and MASP2
(complement system); C1QA and C1S (complement activation);
THRB, CO9, and CO4 (blood coagulation and complement activa-
tion); LAC2 and IGHG1 (B cell receptor signaling pathway and com-
plement system); HPT, A1AT, and A2MG (inflammatory response);
IGG2C and IGHD (innate immune response); PCSK9 (neuron differ-
entiation); SPA3N, TFR1, and CERU (cellular iron ion homeostasis);
LIFR (leukemia inhibitory factor signaling pathway); and HBB1 and
HBA (erythrocyte development).

DISCUSSION
This study shows that allogeneic and xenogenic blood-derived EVs
from rats with spontaneous recovery and from patients with remark-
able recovery after an ICH improve functional outcomes, white mat-
ter integrity, and histological markers of tissue repair in an animal
model of ICH, with no immune system activation or malignancies.
These findings, based on a novel approach that uses EVs harvested
from subjects with spontaneous recovery as a treatment in a proof-
of-concept study, support the hypothesis that EVs act as mediators
of biological processes of protection and repair after an ICH. Also,
the intravenous administration of these EVs appears to be safe. The
proteomics study of the circulating EVs in the post-acute stage
showed differential protein expression in animals with good vs.
poor recovery and in treated animals that had better functional out-
comes and showed superior markers of recovery compared with the
controls. A number of the differential proteins observed appear to
be involved in biological pathways related to mechanisms of
neural protection and repair, such as axon guidance, angiogenesis
(RAC1), synaptic vesicle trafficking (SYN1 and STX1A), angiogenesis
(ZDH17), neuron differentiation (PCSK9), myelination (MBP), and
immune system activation pathways (CO4, KLKB1, PROC, FA9
and C1QA). These results open a window of opportunity to deepen
the knowledge of the metabolic pathways associated with recovery to-
ward the development of new therapies for ICH.

There is an urgent need to find effective treatments to reduce the
burden of ICH. Although there has been no translation into successful
therapies, various therapeutic approaches are being explored in pre-
clinical models of ICH.3 Stem cell-based therapies such as MSCs
reduce brain injury and improve recovery after ICH.5–7 More
recently, stem cell-derived EVs have been proposed as the effectors
of the beneficial effect of such therapies; MSC-derived EVs are there-
fore emerging as a substitute for the cell therapy itself.23,24 EVs have
certain advantages over stem cells, such as less immunogenicity
related to the low presence of major histocompatibility complex I
and II on the surface,25–30 EVs can cross the blood-brain barrier
and have a low risk of secondary microvascular thrombosis and oc-
Figure 5. Protein content in EVs and outlining of their metabolic pathways

Proteins and pathways up-expressed are marked in green, and those down-expresse

parisons. Biological pathways in which the differential proteins appear to be involved ar

theoretically less involved in damage or repair mechanisms were grouped as “others”

signaling). (A) Control animals with good vs. poor spontaneous recovery. (B) Treated anim

XEVs-treated animals. AEVs, allogeneic extracellular vesicles; FC, fold change; XEVs, x
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clusion after systemic administration.31,32 It has been shown that
EVs are distributed not only in brain but in other organs such as
lung, liver, and spleen in the first 24 h after intravenous administra-
tion.21,33 This spread biodistribution does not affect the efficacy of
EVs as treatment in preclinical models of ischemic stroke.21,34 Our re-
sults suggest that, in fact, circulating EVs released after ICH are
involved in recovery mechanisms, results that are in line with previ-
ous studies that showed the capacity of MSC-derived EVs to reduce
functional impairment after ICH.30,35 Although, this study did not
investigate the cellular origin of the blood-derived EVs, it is highly
likely that these vesicles might originate not only from stem cells
but also from other cell lines in a systemic response to the brain injury
that involves intercellular signaling. In fact, an immune systemic
response is involved in secondary injury cascades after bleeding
into the brain.36,37 Also, the release of EVs from neural cells and as-
trocytes has been shown to enhance brain plasticity and inhibit the
mechanisms of damage after a stroke.38,39 We focused our study on
blood-derived EVs and their content, which might reflect all the pro-
cesses involved in such a systemic response as a whole, to provide in-
formation on the biological processes underlying brain damage and
repair after ICH.

We chose various surrogate biomarkers of recovery and repair to in-
crease the consistency of our results and therefore included the func-
tional evaluation of animals with three assessment scales,40–43 imag-
ing biomarkers of fibers and white matter integrity such as DTI-FA44

and immunofluorescence of various molecular biomarkers of brain
repair.21 Those we chose included MOG, OLIG-2, GFAP, and
VEFG. ICH affects white matter and axon integrity, leading to myelin
loss.45,46 An important myelin marker is the glycoprotein MOG,
which is located on the surface of myelin sheaths in the central ner-
vous system and has been proposed to participate in cellular adhe-
sion.47,48 Another important marker of white matter integrity is
OLIG-2, a nuclear transcription factor related to the phenotype defi-
nition of the oligodendroglial lineage.49 In our study, the administra-
tion of AEVs and XEVs was associated with a greater MOG immuno-
fluorescence signal compared with the control animals, while OLIG-2
levels were increased only in the AEVs-treated animals. Together with
data fromDTI-FA, these results suggest that treatment with EVs actu-
ally improves myelin sheath preservation and that AEVs increase
oligodendrocyte maturation. These results deserve further studies to
identify the content of both types of EVs used as treatment, in order
to determine the molecules that may act as effectors of recovery.

GFAP has been suggested as a specific marker of astrocyte activation.
In response to a stroke, astrocytes are activated to produce a glial scar,
aimed at protecting the healthy tissue from further secondary injury
d in red. The volcano plots represent proteins present in EVs by study group com-

e shown in the pie charts on the right. Some biological pathways considered to be

to ease the graphic representation of data (e.g., erythrocyte development, integrin

als with AEVs vs. controls. (C) XEVs-treated vs. control animals. (D) AEVs-treated vs.

enogenic extracellular vesicles.
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cascades.50 However, astrocyte overactivation might inhibit axonal
regeneration,51 increasing cerebral inflammation, and can result in
blood-brain barrier breakdown.52 An inflammatory response
together with aberrant astrocyte proliferation and further neuronal
loss surrounding the damaged area has been reported at 7 days after
an ICH.53 In this study, GFAP expression was lower in the perile-
sional area in both treatment groups compared with the controls, sug-
gesting a modulation of astroglial activation that might act in favor of
reducing neuronal loss and improving axonal regeneration.

The study of histological markers related to the vascular system, such
as VEGF, is considered of relevance in animal models of stroke. VEGF
is an angiogenic factor that is essential in neovascularization, vascular
permeability, and oxygen delivery processes.54 In this study, no differ-
ences were found in VEGF expression between the study groups,
which is not surprising because reduced blood and oxygen supply
are not key factors in the pathophysiology of brain damage after
ICH. Neovascularization and enhancement of vascular permeability
would therefore not be targets for the biological processes of protec-
tion and repair.

When investigating novel therapeutic approaches, safety also needs to
be verified. We therefore assessed the plasma expression of cytokines
and chemokines to rule out an immune response to EVs treatment.
The only findings occurred in the XEVs-treated rats that showed a
slight increase in IL-6 at 6 h together with a decrease in CXCL1 during
the first 24 h after treatment. IL-6 is a pro-inflammatory cytokine
involved in immune responses, and CXCL1 is involved in recruiting
neutrophils as a response to external injuries.55,56 These changes were
considered to be related to the xenogenic origin of the EVs, were tran-
sient, returned to normal after 24 h, and were not associated with any
sign of disease in the treated animals. Interestingly no anti-inflamma-
tory cytokines or chemokines were found. In addition, no malig-
nancies were observed in the long term, at 3 months after treatment,
with either of the treatments. In addition, it has been reported that
EVs can contribute to thrombotic events due to the proteins located
on the surface,57 but no complications related to thrombotic effects
were observed in the animals during the experiment. In light of these
results, we can conclude that EVs treatment appears to be safe.

Considering that proteins are fundamental effectors of biological
functions, we also studied the differential protein cargo of circulating
EVs from animals in the predefined study groups as biomarkers of the
processes underlying the different outcomes among groups and to
address whether circulating EVs might be involved in enhancement
of the mechanisms of protection and repair after treatment. As
recently described, circulating EVs following an experimental ICH
in rats show higher expression of proteins related to healing and
removal of debris and repair processes at 28 days compared with
baseline.58

Regarding spontaneous good and poor recovery, it is remarkable that
EVs from animals with good recovery had shown a lower content of
proteins related to inflammation and cellular iron homeostasis,59
which might indicate less activation of secondary injury cascades.36

The protein RAC1, which is related to axon guidance pathways60

and axonal regeneration,61 had also been less present in the EVs
from the animals with good functional recovery after 28 days, which
might indicate a lower need for activation of such pathways.

Second, to analyze the effect of EVs administered to animals as a
treatment, both treated groups were compared with the control
group. Although differential protein expression was observed be-
tween the AEV-treated and control animals, we could not identify
biological pathways clearly related to injury or repair mechanisms
that could explain the beneficial effects observed in the AEV-treated
group. There is a possibility that certain biological functions have not
been identified using current databases or even that certain relevant
proteins have not been identified. Nevertheless, the observed differ-
ences deserve further investigation.

Regarding the protein content of the EVs in the animals treated with
XEVs compared with those from the control group, several proteins
involved in the pathways potentially related to mechanisms of protec-
tion or repair were found up-expressed in the treated animals. PCSK9
is involved in regulating neuronal apoptosis, in neurogenesis, and in
neuron differentiation62 and enhancement of these mechanisms
could be related to the improvement in tissue preservation and motor
performance observed in treated animals. Myelin (MBP) and synap-
togenic (SYN1) proteins were found down-expressed, which probably
reflects a lower need to activate mechanisms for remyelinization and
synaptogenesis in better preserved tissue. In contrast, proteins
involved in immune response and complement activation pathways
were found up-expressed in the treated animals. A xenogenic product
was administered as a treatment, and although only a slight immune
reaction was observed in the safety study, a certain degree of immune
response expressed in the circulating EVs cannot be completely
ruled out.

Last, we compared the AEV- and XEV-treated animals to explore the
differences in response according to EVs origin. Compared with those
in the XEVs-treated group, the AEVs-treated animals had circulating
EVs whose cargo displayed up-expression of proteins involved in
pathways related to synaptic function, such as synaptic vesicle traf-
ficking (STX1A),63,64 axonogenesis (ZDH17),65 and neurotransmitter
metabolism (AOFB),66,67 whereas in the XEVs-treated animals, the
EVs expressed PCSK9 protein related to the regulation of neuronal
apoptosis, neurogenesis, and neuron differentiation pathways.62

These findings might indicate activation of different pathways poten-
tially involved in the mechanisms of protection and repair depending
on the origin of the EVs used as treatment.

This study has three main limitations. First, the recommended isola-
tion protocols describe ultracentrifugation as one of the best methods
for isolating EVs.68,69 Due to the limited individual volume of the
samples from the rats, however, other isolating methods (with less
sample but contrasting results) had to be used during the study. Sec-
ond, it would have been interesting to obtain EVs after treatment to
Molecular Therapy: Nucleic Acids Vol. 32 June 2023 255
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have data for at least two different time points to analyze the changes
in the proteomic content of EVs according to outcomes. Last, for the
proteomics analysis, EVs samples were introduced as a unique pool
per group, limiting the natural variance of individual samples. Future
study designs should approach singular variances by using individual
or different pools of samples from the same group. Also, the prote-
omics technique itself has certain limitations that need to be consid-
ered. Libraries are indispensable for sequential window acquisition of
all theoretical mass spectra (SWATH-MS) analysis, and not all known
proteins are located in a single library; moreover, there can be pro-
teins in samples not identified by proteomics because their peptides
are more hydrophilic or hydrophobic or because these peptides are
masked by other larger peptides. So far, locating the most interesting
library is challenging and might include confounding proteins that
hinder the discovery of proteins.

Conclusions

The results of this study suggest that blood-derived EVs are involved
in enhancing mechanisms of protection and repair post-ICH and
improve functional recovery. The administration of blood-derived
EVs, regardless of origin, is safe. These findings open a new and
promising opportunity for further development of restorative thera-
pies to improve outcomes of patients with ICH. The specific role of
the proteins described as possibly related to repair mechanisms and
their therapeutic potential deserve further investigation in future
studies.

MATERIAL AND METHODS
This was an experimental study to explore the efficacy and safety of
EVs treatment in a rat model of ICH. The experiments were per-
formed at the Neurological Sciences and Cerebrovascular Research
Laboratory, Neurology and Cerebrovascular Disease Group, Neuro-
science Area of IdiPAZ Health Research Institute, La Paz University
Hospital, Madrid, Spain.

Ethics statement

All experimental procedures were designed to minimize animal
suffering in compliance with and approved by the Ethics Committee
for the Care and Use of Animals in Research (Ref. PROEX 159/17)
according to Spanish and European Union (EU) regulations ([86/
609/CEE, 2003/65/CE, and 2010/63/EU] and Spanish Royal Decrees
[RD 1201/2005 and RD53/2013]). Experiments were conducted ac-
cording to the Stroke Therapy Academic Industry Roundtable
(STAIR),70 RIGOR,71 and HEADS4 recommendations guidelines in
terms of randomization and statistical powering.

The study in humans was approved by the Ethics Committee of La
Paz University Hospital. All patients or their proxies provided their
informed consent to participate (PI-3093).

Experimental procedure

Sprague-Dawley rats (8–9 weeks old, weighing 225–275 g) were used
throughout the study. Anesthesia was induced using an anesthetic
chamber with 8% sevoflurane in a 1 L/min oxygen flow and main-
256 Molecular Therapy: Nucleic Acids Vol. 32 June 2023
tained with 4% sevoflurane in a 1 L/min oxygen flow through a facial
mask. After an intraperitoneal injection of meloxidyl (2 mg/mL)
(Ceva, France), the animals were placed in a stereotaxic frame to
induce an ICH in the striatum. A craniotomy was performed adjacent
to the bregma, and the following stereotaxic coordinates for the injec-
tion site with respect to the bregma were used as previously described:
0.04 mm posterior, 3.5 mm lateral, and 6.0 mm ventral.7 The hemor-
rhage was induced by injecting 1 mL of saline containing 0.5 U of
collagenase type IV (Sigma-Aldrich, USA). The presence and location
of the ICH was verified by MRI at 48 h.

The rats were euthanized for histological study at 28 days post-ICH by
an intracardial injection of potassium chloride. The brains were fixed
by immersion in 4% paraformaldehyde for 24 h and 30% sucrose for
72 h and stored at�80�C in optimum cutting temperature compound
(Sakura, USA) until the experiments were performed.
Experimental study protocol

The study protocol is summarized in Figure 6 and consisted of
an efficacy study and a safety study. For the efficacy study, both
male and female animals were included (proportion of 1:1) and allo-
cated to the following groups: (1) healthy group (10 rats without sur-
gery and no treatment); (2) sham group (10 rats subjected to surgery
without ICH induction and saline administration as a treatment); (3)
control group (20 rats subjected to ICH and saline administration);
(4) allogeneic EVs treatment (AEVs) group (10 rats subjected to
ICH and AEVs administration); and (5) xenogenic EVs treatment
(XEVs) group (10 rats subjected to ICH and XEVs administration).
Rats in the AEVs and XEVs groups were allocated randomly. For
the safety study, male and female animals (proportion of 1:1) were
allocated to the following groups: AEVs group (6 rats administered
AEVs) and XEVs group (6 rats with XEVs administration).

To obtain the treatments.

- AEVs were obtained from blood samples (1 mL) collected at 7 days
post-ICH from the rats in the control group and those from the an-
imals that showed a spontaneous good recovery at 28 days were
used as treatment. We selected as donors of AEVs the animals
that reached the highest scores (within the first tertile) in all the
three tests used for functional assessment explained below (Rogers’,
RotaRod, and tapered beam walking tests).

- XEVs were obtained from blood samples collected at 7 days from
symptom onset from patients with spontaneous ICH of supratento-
rial location admitted to the Department of Neurology and Stroke
Center of La Paz University Hospital, Madrid, Spain, and treated
according to the current clinical protocols. EVs from the patients
who showed a remarkable good outcome at 6 months, defined as
>10 points or >50% improvement from the baseline National Insti-
tute of Health Stroke Scale score and modified Rankin Scale score
%2, were selected to be used as treatment.

All treatments (saline, AEVs, and XEVs) were administered intrave-
nously through the tail vein at 24 h after ICH induction.



Figure 6. Experimental procedure schemes

(A) Design of the efficacy study. (B) Design of the safety study. AEVs, allogeneic EVs; EVs, extracellular vesicles; FE, functional evaluation; IF, immunofluorescence; MRI,

magnetic resonance imaging; XEVs, xenogenic EVs.
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EVs isolation and characterization

For all study purposes, EVs were isolated from serum. Blood samples
were centrifuged at 3,000 � g for 15 min at 4�C. The ExoQuick Ultra
EVs isolation kit (System Biosciences, USA) was used following the
manufacturer’s instructions. This method first precipitates EVs with
other compounds such as albumin and immunoglobulin (Ig).72 The
purification column then removes IgG, albumin, and other proteins
by affinity chromatography. Samples with isolated EVs were then
stored at �80�C until analysis.

For the EVs characterization, three different methods were used: (1)
western blot; (2) transmission electron microscopy (TEM); and (3)
nanoparticle tracking analysis (NTA).

(1) Western blot was performed, using a 4%–10% sodium dodecyl sul-
phate-polyacrylamide gel for electrophoresis, with 20 mg of protein
per lane. The following specific EVs antibodies were used: anti-Alix
(1:1,000, Cell Signal, USA), anti-CD63 (1:1,000, Abcam, UK), and
anti-CD81 (1:1,000, Abcam, UK). Anti-Albumin (1:1,000, Abcam,
UK) antibody was used as a purity control. This was then followed
by horseradish peroxidase (HRP) secondary antibody (1:10,000,
Abcam). Image acquisition was performed with ECL Pierce chem-
iluminescence (Thermo Fisher Scientific, USA) in an image acqui-
sition system (Uvitec, UK).

(2) TEM was used to visualize EVs and verify their size (30–
200 nm). The EVs were fixed in 2.5% glutaraldehyde 0.1 M
sodium cacodylate solution for 1 h at 4�C and fixed with 2%-
osmium tetroxide for 1 h at 4�C. The EVs pellet was dehy-
drated with a graded acetone series and then embedded in resin.
Thick sections of 60 nm were cut and observed under TEM at
80 kV.

(3) The size and number of EVs were analyzed through an NTA us-
ing a NanoSight LN10 instrument (Malvern Instruments, UK).
EVs were diluted in 500 mL of sterile phosphate-buffered saline
for a working concentration of 1 � 107–109 particles/mL and
60 s videos were recorded at a shutter speed of 30.00 ms and a
camera level of 13. For the analyses, a detection threshold of 3
was employed, which was performed in triplicate.
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Those EVs harvested from rats or humans at 7 days to be used as
AEVs or XEVs treatments were pooled after the previously described
isolation and characterization procedures. Treatment consisted of
100 mg of the total protein present, measured by a Pierce BCA Protein
Assay Kit (Thermo Fisher Scientific, USA) diluted in 1 mL saline for
intravenous administration in a single dose as shown in the study pro-
tocol (Figure 6A). EVs obtained at 28 days in all study groups were
used to analyze differences in the protein cargo depending on
outcomes.

Outcomes

The efficacy assessments included a functional evaluation, white mat-
ter integrity, and fiber density assessed by DTI-FA in MRI, and histo-
logical markers of brain repair by immunofluorescence (Figure 6A).
All evaluations were performed by blinded observers.

Functional assessment scales

Functional assessments were performed prior to surgery (baseline)
and at 48 h, 7 days, 14 days, and 28 days post-ICH. The assessment
included the following:

(1) A variant of the Rogers’ test,40 scored as follows: 0 = no functional
deficit; 1 = failure to fully extend the forepaw; 2 = decreased fore-
limb grip while the tail is gently pulled; 3 = spontaneous move-
ment in all directions, contralateral circling only if pulled by
the tail; 4 = circling; 5 = walking only when stimulated; 6 = unre-
sponsive to stimulation with a depressed level of consciousness;
and 7 = dead.

(2) The RotaRod test,41 which evaluates the rats’ capacity to remain
on a rotating cylinder at constant acceleration, from 4 to 40 rpm
for 2 min. The total time in the cylinder before falling was re-
corded, with longer times associated with better performance.

(3) The tapered beam walking test,42,43 which evaluates the rats’ abil-
ity to traverse a wooden beam without the affected hindlimb slip-
ping. A higher slip ratio, calculated using the formula {[total
slips + (0.5� half-slips)]/total steps}� 100%, reflects poorer per-
formance.

MRI and fractional anisotropy

The presence and location of the hemorrhage was confirmed by T2-
weighted spin-echo MRI at 48 h post-ICH and the residual lesion at
28 days using a 7 T horizontal bore magnet (Bruker Pharmascan, Ger-
many). Images were acquired with a rapid acquisition with relaxation
enhancement (RARE) sequence in axial orientations and with the
following parameters: number of echo images 2 (echo time [TE]:
29.54ms and 88.61ms), repetition time (TR) = 3,000ms, RARE factor =
4, Av = 3, field of view (FOV) = 3.5 cm, acquisition matrix = 256� 256
corresponding to an in-plane resolution of 137� 137 mm2, slice thick-
ness = 1.00mmwithout a gap andnumber of slices = 16. To estimate the
total volume of the ICH lesion, the formula of the ellipsoid volume was
used: A�B�C/2, where A is the greatest hemorrhage diameter in the
coronal plane, B the hemorrhage diameter at 90� to diameter A in the
coronal plane and C the greatest hemorrhage diameter in the sagittal
plane. Values are shown in mm3. Since MRI images in the acute phase
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does not allow to separate the hematoma itself from the associated
edema, the volume of the lesionmeasured includes both. This correlates
with stain postmortem sections of the brain.73

DTI-FAmaps were obtained at 28 days as a biomarker of fiber density
andmyelination of white matter. Images were obtained in 30 different
diffusion encoding gradient directions using a multi-shot spin-echo
planar imaging sequence. The acquisition conditions were a diffusion
gradient duration = 3 ms; diffusion gradient separation = 18 ms; TR =
8,000 ms; TE = 67 ms, FOV = 3.8 cm; axial slices of 1.5 mm thickness
and 2b values = 500 and 1,000 s/mm2; acquisitionmatrix = 128� 128.
The region of interest (ROI) in the DTI-FA maps was located in the
section where the largest lesion was seen. To normalize the fractional
anisotropy (FA) values, the ROI of the lesion was divided by the same
ROI in the contralateral side, and the value was expressed as relative
FA values, by a blinded observer.

Immunofluorescence for histological markers of brain damage

and repair

The peri-hemorrhage area was studied using immunofluorescence in
10-mm-thick brain slices. MOG (1:50, Millipore, USA) and oligoden-
drocyte nuclei with OLIG-2 (1:450, Millipore, USA) were used as
markers of myelin preservation, and GFAP (1:500, Millipore, USA)
was used as a marker of astrocytes in the perilesional zone. Angiogen-
esis was studied with VEGF (1:500, Millipore, USA), followed by goat
anti-mouse and anti-rabbit Alexa Fluor 488 (1:750, Invitrogen, USA).
Immunofluorescence images were acquired with a DMI 4000 B
confocal microscope (Leica, Germany), using a �40 objective lens,
and analyzed using LAS AF software (Leica, Germany). The mean
fluorescence intensity of the ROI was measured by the NIS-
Element AR (Nikon, Japan) 4.5 Program. Assessments were per-
formed using the same microscope configurations to eliminate bias
due to background normalization.

Safety assessment

To confirm the treatments’ safety, two approaches were considered
(Figure 6B).

(1) Analysis of the immune system activation by determining levels
of pro- and anti-inflammatory cytokines in plasma at baseline
and at 3 h, 6 h, 24 h, and 48 h after treatment. Levels of IL-6,
CXCL1 (KC), IL-10, IFN-g, CCL2 (MCP-1), TNF-a, granulo-
cyte-macrophage colony-stimulating factor, IL-18, IL-12p70,
IL-1b, IL-1a, IL-17A, and IL-33 were measured using the
LEGENDplex Rat Inflammation Panel (BioLegend, USA), ac-
cording to the manufacturer’s instructions. Data were acquired
on a FACSCalibur cytometer (BD Biosciences, USA) and
analyzed using the LEGENDplex Data Analysis Software Suite
(Qognit Inc, USA).

(2) The presence or absence of tumor formation in organs. Macro-
scopic and microscopic observations were performed on the
brain, lungs, heart, liver, spleen, and kidneys at 3 months post-
treatment. The organs were fixed in 4% paraformaldehyde for
24 h, 30% sucrose for 72 h, and stored at -80�C in optimum
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cutting temperature compound (Sakura, USA) until assessment.
Sections 10 mm thick every 50 mmwere cut to analyze nonhomo-
geneous cell aggregations in a CM1950 cryostat (Leica, Ger-
many). For H&E staining, sections were immersed for 10 s in he-
matoxylin (Thermo Fisher Scientific, USA) and then for 30 s in
eosin (Sigma-Aldrich, USA). The sections were then dehydrated
and coverslipped with DPX mounting medium (Merk, USA).
Staining was observed using an Axio microscope (Zeiss, Ger-
many) with a �40 objective lens and processed by Image-Pro
Plus 4.1 (Media Cybernetics, USA).

All evaluations were made by blinded observers.

Proteomic analysis of the EVs content

A mass spectrometric data-dependent acquisition (DDA) qualitative
analysis and protein quantification by SWATH-MS data independent
acquisition (DIA) was performed to determine the specific protein
content of EVs at 28 days in the study groups. To perform a qualita-
tive and quantitative protein identification, an equal amount of pro-
tein (100 mg) was processed. Peptides of 4 mg were digested and sepa-
rated using reverse phase chromatography. The gradient was created
using the micro-liquid chromatography system nano LC 400 (SCIEX,
USA) coupled to a high-speed Triple TOF 6600 mass spectrometer
(SCIEX, USA) with a microflow source using a DDA method. Pro-
teins were identified using a rat-specific Uniprot database.74 For
this analysis, only those proteins with an FDR <1% (99% protein con-
fidence) were selected. For the relative quantification by the SWATH-
MS DIA method, we first built a spectral library grouping each EVs
type in a pool. Then 4 mg of each sample was run and their technical
replicates (three samples, each one run per triplicate) in the
TripleTOF 6600 using an SWATH-MS acquisition method.75 For
detailed explanation of the proteomic acquisition, see supplemental
materials. The total ion chromatogram profile for each individual
sample used in the DDA method and qualitative and quantitative
SWATH-MS analysis are shown in the supplemental material.

Proteins showing differences at the significance level of an adjusted p
value < 0.05 and a more than 2-fold change (FC) (up-expressed) or
less than 0.5 FC (down-expressed) were considered as having a differ-
ential expression between groups (see statistical analysis section for
further details on the comparisons). The biological pathways in which
those proteins are involved were identified based on the Uniprot data-
base.74 The mass spectrometry proteomics data have been deposited
to the ProteomeXchange Consortium via the PRIDE76 partner repos-
itory with the dataset identifier PRIDE: PXD038630.

Statistical analysis

The power analysis showed that, with non-parametric testing for
behavioral tests and immunofluorescence, at least 10 rats needed to
be randomly assigned to each group for a significance level of 5%
(alpha) and a power of 80% (1 - beta).

The results are expressed as mean ± standard deviation (SD). For the
tissue integrity analyses of DTI-FA, the data were compared using an
analysis of variance adjusted to Tukey’s method for normally distrib-
uted data. For immune response, functional evaluation, ICH volume,
and immunofluorescence analyses, the data were compared using the
Kruskal-Wallis test followed by the Mann-Whitney U test. p values <
0.05 were considered statistically significant at a 95% confidence in-
terval. Analyses were performed using SPSS 23 (IBM, USA), and
the figures were obtained using GraphPad Prism 8 (GraphPad soft-
ware, USA).

The results from the proteomics studies were analyzed using
SWATH-MS principal components analysis (PCA) and cluster anal-
ysis, R 3.5.3 (R Core Team, Austria) and “base,” “stats,” “gplots,”
“Hmisc,” “dplyr,” and “car” packages. The PCA was applied, taking
into account the correlation matrix due to its pairwise two-sided p
values being 0 for the entire matrix, and therefore all of them are sta-
tistically significant, which could explain the good success in applying
the PCA. The total variability of the data was 87.70% and is explained
with the first two principal components. For the cluster analysis, Stu-
dent’s t test for means comparison between samples was previously
applied and used Euclidean distance, suitable for quantitative vari-
ables and complete linkage as cluster criteria. For differentially ex-
pressed protein selection, p values were adjusted using a Benjamini-
Hochberg correction, and proteins with an FC > 2 or <0.5 and an
adjusted p value < 0.05 were selected.
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