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ARTICLE INFO ABSTRACT

Keywords: Background: Perinatal brain injury (PBI) is a significant cause of neonatal death and childhood disability. Current
Perinatal brain injury treatments for PBI are limited and ineffective. Stem cell derived extracellular vesicles (SC-EVs) have shown
Stem cells promising therapeutic potential in addressing PBI. We aimed to assess the effectiveness and potential mecha-
Extracellular vesicles . . . . .

Cognition nisms of SC-EVs therapy on behavioral and pathological outcomes in animal models of PBI.

Methods: We searched six databases (MEDLINE, Embase, Scopus, PubMed, ProQuest, and Web of Science) for
articles on the therapeutic effects of SC-EVs in animal models of PBI. We extracted neurobehavioral and path-
ological results related to brain injury and used a random-effects model to calculate the standardized mean
difference and confidence interval.

Results: Twenty-five articles met the inclusion criteria. Treatment with SC-EVs improved cerebral infarct size and
tissue edema, as well as the recovery of cognition and motor function. The mechanism of action may be related to
the inhibition of apoptosis, microglia activation, astrogliosis, and pro-inflammatory factor release, further pro-
moting neuronal protection, remyelination, and angiogenesis. Study quality assessment found no studies to be at
high risk, and there was significant heterogeneity among studies. Sensitivity analysis and subgroup analysis did
not identify the source of heterogeneity.

Conclusion: SC-EVs might improve cognitive and motor functions, as well as brain microstructure, by exerting
anti-apoptotic and anti-neuroinflammatory effects. This provides a theoretical basis for using cell-free therapies
to prevent and treat PBI and supports the translation of SC-EVs from preclinical models to human applications.

Motor function
Preclinical studies

negative outcomes for the fetus in terms of motor and personal-social
function (Shaw and Yager, 2019; Yates et al., 2021). Therapeutic hy-
pothermia is a proven treatment for ameliorating neurological
dysfunction induced by PBI (Wassink et al., 2019). When initiated

1. Introduction

Perinatal brain injury (PBI) is damage to the developing brain during
pregnancy or around the time of birth. PBI is a major cause of neonatal
mortality and childhood disability, potentially leading to cerebral palsy,
epilepsy, and other permanent neurological disorders (Leavy and
Jimenez Mateos, 2020; Novak et al., 2018). Currently, available treat-
ments for PBI are limited. Prenatal maternal magnesium sulfate infusion
and hypothermia treatment are the most widely known interventions to
prevent brain injury during the acute phase of PBI (Alpay Savasan et al.,
2021). While maternal magnesium sulfate-based treatment before early
preterm birth could decrease the risk of cerebral palsy in survivors, it is
associated with maternal side effects, and high doses have been linked to
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within 6 h of birth and maintained for 72 h of cooling (whole body or
selective head), it significantly reduces death and improves neuro-
developmental outcomes in survivors (Proietti et al., 2024; Sabir et al.,
2021). However, the International Liaison Committee of Resuscitation
only recommends its application in term or near-term neonates (>36
weeks) with moderate or severe encephalopathy, with initiation within
the first 6 postnatal hours (Laptook et al., 2017; Perlman, 2010).
Therefore, this prompts a continuous search for new long-term thera-
peutic options after the acute phase of PBI.

Stem cells show great therapeutic potential in a wide time window
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Abbreviations NTA nanoparticle tracking analysis
PBI perinatal brain injury
CD31 platelet endothelial cell adhesion molecule 1 PE preeclampsia
CI confidence interval SC-EVs  stem cell-derived extracellular vesicles
GFAP glial fibrillary acidic protein SD standard deviation
HI hypoxic-ischemic brain injury SE standard error
Iba-1 ionized calcium binding adaptor molecule 1 SMD standardized mean difference
IL-1B interleukin-1f TEM transmission electron microscopy
IL-6 interleukin-6 tMCAO transient middle cerebral artery occlusion
MBP myelin basic protein TNF-a  tumor necrosis factor alpha
miR microRNA TUNEL terminal deoxynucleotidyl transferase dUTP nick end
MSCs mesenchymal stem cells labelling
NeuN neuronal nuclei antigen WB western blot

after PBI (Purcell et al., 2023; Titomanlio et al., 2011). Recent studies
have shown that the therapeutic effects of stem cells are more dependent
on their paracrine pathway than on the replacement of damaged cells
(Jafarinia et al., 2020; Katsha et al., 2011). Stem cell derived extracel-
lular vesicles (SC-EVs), a lipid bilayer closed structure between 30 and
1000 nm, are the primary mediator of their paracrine secretion (Sisa
et al., 2019; Théry et al., 2018). Recent studies have shown that thera-
peutic factors secreted by SC-EVs (including anti-inflammatory media-
tors, cytokines, and growth factors, as well as microRNAs) are more
important than the stem cells in tissue-protective effects. Therefore, it’s
possible to consider SC-EVs as an alternative to stem cells in the treat-
ment of PBI (Keshtkar et al., 2018; Sisa et al., 2019). Compared to stem
cells, SC-EVs are postulated to be potentially being safer as they have
lower amounts of membrane-bound proteins (such as major histocom-
patibility complex molecules) and lack the inability to directly form
tumors (Riazifar et al., 2019). In addition, SC-EVs can carry nucleic acids
(DNA, RNA, microRNA and non-coding RNA), proteins and lipids, and
has the ability to cross biological barriers (e.g., blood-brain barrier), as
well as high physicochemical stability and biocompatibility, making
them an ideal delivery vehicle (Gamage and Fraser, 2021; Zhang et al.,
2019; Zhang et al., 2021). SC-EVs could be genetically engineered to
transport therapeutic protein or nucleic acid cargoes to target cells to
ameliorate damage (Radler et al., 2023).

Recently, the rapid advancement of SC-EVs has prompted multiple
meta-analyses systematically evaluating preclinical studies on mature
brain injury models (e.g., adult stroke, traumatic brain injury, and
Parkinson’s disease) (Shekari et al., 2021; Xylaki et al., 2023; Yang et al.,
2023; Zhao et al., 2023). However, the field of PBI research currently
lacks comprehensive systematic reviews and quality assessments of
SC-EVs-based treatments. Although research on SC-EVs is burgeoning,
its clinical translation remains hindered by insufficient evidence
(Malhotra et al., 2020; Sisa et al., 2019; Thomi et al., 2019a). Therefore,
we conducted this systematic review and meta-analysis to evaluate the
efficacy and possible mechanisms of SC-EVs-based therapy in improving
behavioral and pathological outcomes in animals with PBI. This study
could clarify the limitations of current preclinical study designs and
clinical translation, provide updated evidence for relevant trials, and lay
the foundation for the potential clinical application of SC-EVs in chil-
dren with PBI.

2. Methods

The review protocol was registered on Prospero, number
CRD42024565466  (https://www.crd.york.ac.uk/prospero/).  The
Preferred Reporting Items for Systematic reviews and Meta-Analyses
(PRISMA) was used to perform this meta-analysis (Moher et al., 2009).

2.1. Search strategy

We included only published animal studies reported in the English
language from their inception until May 25th, 2025. The following
electronic databases were searched: MEDLINE, Embase, Scopus,
PubMed, ProQuest, and Web of Science Databases. The entire search
strategy for all databases was presented in the Supplementary Table A.
1.

2.2. Eligibility criteria

Studies were included for analysis if they met the following criteria:
(i) included animal models of PBI induced during prenatal, perinatal,
and postnatal stages (e.g., hypoxia-ischemia models, inflammatory
models, hypoxia models, middle cerebral artery occlusion models, etc.);
(ii) used native or engineered extracellular vesicles (EVs) derived from
stem cells (e.g., mesenchymal stem cells, neural stem cells, etc.) as an
intervention; (iii) included a comparison between an untreated injury
group and a SC-EVs treatment group; (iv) included measures of infarct
size and brain water content as primary outcome measures and at least
one of the following as secondary measures: neurobehavioral outcomes,
apoptosis, neuronal numbers, remyelination, angiogenesis, or inflam-
matory response.

We excluded (i) studies that used animal models of mature brain
injury and in vitro studies; (ii) studies that included non-stem cell
derived EVs or combined with other interventions; (iii) reviews, study
protocols, conference papers, and meta-analyses; (iv) studies not pub-
lished in English; (v) studies without full text and or those lacking
original data.

2.3. Study selection

The records were managed by Endnote 20. Duplicates were screened
out by Endnote and unrecognized duplicates were manually removed by
the evaluators. Two independent reviewers screened all articles ac-
cording to the inclusion and exclusion criteria. Disagreements between
reviewers were resolved through discussion with the third person in the
team.

2.4. Data extraction

The following items were extracted from each included study:
reference details (name of the paper and authors, published year,
country), type of EVs (native or engineered), animal model (species,
type and time of perinatal brain injury), functional outcomes, histo-
pathological outcomes, and commonly measured brain injury markers.
The mean and standard deviation (SD) of outcome indicators in the
injured group and SC-EVs treatment group were extracted indepen-
dently by two investigators. For articles with missing data, we contacted


https://www.crd.york.ac.uk/prospero/

X. Guo et al.

the authors to provide additional data. Data for graphs were extracted
using WebPlotDigitizer (https://automeris.io/WebPlotDigitizer/) if
only graphs were available. If the article did not provide SD, we calcu-
lated it by multiplying the standard error (SE) by the square root of the
sample size or by the median and quartiles. When multiple assessment
time-points of a single endpoint were reported, only the last time-point
outcome was included. In addition, natural EVs intervention and engi-
neered EVs intervention were treated as separate datasets in a study.

2.5. Quality assessment

The Systematic Review Centre for Laboratory Animal Experimenta-
tion (SYRCLE)’s risk of bias tool was used to assess the potential for bias
in each study included in the review. Selection bias, performance bias,
detection bias, attribution bias and reporting bias would be assessed by
two independent evaluators. Disagreements were resolved by a third
evaluators.

2.6. Subgroup analysis

To investigate whether the therapeutic efficacy of SC-EVs varies
across different patient populations and intervention characteristics, we
selected infarct size as the primary endpoint for subgroup analysis due to
its objective and quantifiable nature. Our predefined subgroup analyses
included the following variables: (1) Model type: preterm models
(defined as injury induction before postnatal day 7 in rats and before
postnatal day 9 in mice) and term models (Purcell et al., 2023); (2) EVs
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administration time: < 24 h post-injury and > 24 h post-injury; (3)
Source of EVs: xenogeneic and allogeneic; (4) Type of EVs: bone marrow
MSC-derived, placental MSC-derived and other cell type-derived; (5)
Route of administration: intranasal, intracardiac, intraperitoneal and
intracerebroventricular; (6) Total dosage: 107~108 particles, 108~10°
particles and > 10° particles. For standardized dose comparison, we
adopted the “therapeutic unit” concept, where one unit represents the
EVs yield from 4*107 human bone marrow-derived MSCs over 48 h
(approximately 1.3-3.5*10° particles/unit, containing 0.5-1.6 mg
protein) (Kordelas et al., 2014). (7) EVs modification: natural EVs and
engineered EVs. We assessed both between-subgroup statistical differ-
ences and within-subgroup pooled effect estimates.

2.7. Statistical analysis

Quantitative data were analyzed using Review Manager version 5.3
(RevMan, Cochrane Collaboration, North Europe) and Stata 15.1 (Sta-
taCorp, College Station, USA). We used random-effects inverse variance
model to calculate the standardized mean difference (SMD) and 95 %
confidence interval (CI). Heterogeneity was assessed using the I? sta-
tistic, with values exceeding 50 % indicating substantial heterogeneity.
P < 0.05 was considered statistically significant. In addition, subgroup
analyses were conducted to identify potential sources of heterogeneity,
and sensitivity analysis was used to examine overall stability. Funnel
plots, Egger’s test and the trim-and-fill method were employed to check
for any potential publication bias in the data.

[ Identification of studies via databases and registers ]
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Fig. 1. PRISMA flow diagram for review and selection process of studies included in meta-analysis of stem cell derived extracellular vesicles in perinatal brain injury.


https://automeris.io/WebPlotDigitizer/

X. Guo et al.
3. Result
3.1. Search results

We searched 4659 articles from 6 databases, and after excluding
duplicates, 2565 were screened by title and abstract. Subsequently, 300
articles were screened by full text. The full text was not available for 55
articles. Two hundred and twenty of these articles were excluded due to
animal model (n = 118) and intervention mismatch (n = 46), topic
irrelevance (n = 38), no original data (n = 3), literature type mismatch
(n = 10), and duplicate literature (n = 5). The final 25 studies were
included in this systematic review. PRISMA flow diagram is shown in
Fig. 1.

3.2. Study characteristics

Most studies used rodents (mice, n = 13; rats, n = 11), with only one
employed fetal sheep. Brain injury models for both preterm (n = 14) and
term (n = 11) births encompassed various types, such as hypoxic-
ischemic model (n=15), hypoxic-ischemic combined inflammatory
model (n = 3), inflammatory model (n = 2), hypoxic model (n = 1),
propofol-induced model (n = 1), middle cerebral artery occlusion model
(MCAO) (n = 2), and preeclampsia (PE)-like animal model (n = 1). Most
studies used ultracentrifugation to extract SC-EVs (n = 23), and SC-EVs’
morphology and surface markers were identified by nanoparticle
tracking analysis (NTA), transmission electron microscopy (TEM), and
western blot (WB) (n = 16). The mean diameter range of the isolated SC-
EVs was less than 200 nm. Fourteen studies used natural SC-EVs, and 11
used modified engineered SC-EVs. Bone marrow mesenchymal stem
cells (MSCs) were the main source of SC-EVs (n = 14), and other sources
included umbilical cord tissue MSCs (n = 8), placental MSCs (n = 1),
neural stem cells (n=1), and amniotic fluid stem cells (n=1).
Administration routes for SC-EVs included intranasal (n =9), intra-
cerebroventricular (n = 5), intraperitoneal (n = 6), intracardial (n = 4),
and intravenous (n = 2). The dosage units varied across studies, with
total protein amount (n = 10), cellular equivalent (n = 7), and particle
number (n = 8) were used to quantify SC-EVs. Fifteen of the 25 studies
performed a single injection of SC-EVs, and 10 studies administered
multiple injections. In addition, SC-EVs were injected between 14 h
before injury to 9 days post-injury, and the follow-up period ranged from
6 h to 125 days after injection in all studies. Only 7 of all studies re-
ported the occurrence of adverse events, but none were related to SC-
EVs treatment. Table 1 summarizes the characteristics of all studies
(Chu et al., 2020; Drommelschmidt et al., 2017; Han et al., 2020;
Kaminski et al., 2020; Kim et al., 2022; Labusek et al., 2023; Lawson
et al., 2022; Li et al., 2022; Luo et al., 2022; Min et al., 2022; Ophelders
etal., 2016; Pathipati et al., 2021; Shen et al., 2022; Shu et al., 2025; Sisa
et al., 2019; Sun and Zhang, 2024; Sun et al., 2024; Thomi et al., 2019a;
Thomi et al., 2019b; Tscherrig et al., 2024; Turovsky et al., 2022; Xiao
et al., 2025; Xin et al., 2021; Xin et al., 2020; Xin et al., 2022).

3.3. Study quality

To assess the methodological quality of the study, we used SYRCLE’s
risk of bias tool for animal studies (Hooijmans et al., 2014). The details
of the study quality are shown in Supplementary Fig.A.1. For most
studies, sequence generation, baseline characteristics, and allocation
concealment were not described in detail, with only two articles re-
ported specific methods of sequence generation, and two reported
allocation concealment. We judged 20 studies with random housing to
be at low risk because of their identical husbandry conditions. Blinding
of performance bias, detection bias, and attrition bias were reported in
only a few of the studies described. In addition, although none studies
provided protocol, they all reported all outcomes, resulting in a
reporting bias of low risk. Other bias was considered to be unclear for all
studies. Overall, no studies were judged to have a high risk of bias.
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3.4. Primary outcomes

3.4.1. SC-EVs reduced infarct size and edema after PBI

The effect of SC-EVs on severity of neurological impairment is shown
in Fig. 2. To comprehensively assess the severity of neurological
impairment, we employed both infarct size measurements to evaluate
cerebral ischemia extent and brain water content measurements to
assess tissue edema (Gerriets et al., 2004). Across 14 studies involving
199 animals, changes in infarct size after SC-EVs administration were
reported (Fig. 2A), with 9 studies reporting infarct volume and 5 studies
reporting tissue loss. The results indicated that SC-EVs significantly
reduced infarct size compared to the injured group (SMD=2.04; 95 % CI
1.30, 2.78; P < 0.001; I>=68 %). In addition, we evaluated the effect of
SC-EVs on brain edema after PBI (Fig. 2B). Among 6 studies comprising
88 animals that were evaluated using brain water content, the results
showed that SC-EVs significantly reduced brain tissue edema after PBI
(SMD=2.22; 95 % CI 1.09, 3.35; P < 0.001; I>=67 %).

3.5. Secondary outcomes

3.5.1. SC-EVs promoted neurobehavioral recovery after PBI

A total of 177 animals were subjected to behavioral tests in 8 studies,
as shown in Fig. 3. For learning and memory function, 6 studies con-
ducted the Morris water maze test, measuring escape times (Fig. 3A). For
motor and sensory function, 3 studies performed Negative geotaxis test
(Fig. 3B). The results showed that SC-EVs significantly improved
cognitive function (SMD=1.45; 95% CI 0.70, 2.20; P = 0.0002;
=63 %) and motor function (SMD=5.60; 95% CI 3.91, 7.30;
P < 0.001; I*=46 %) after PBI.

3.5.2. SC-EVs improved apoptosis, neuroprotection, remyelination, and
angiogenesis after PBI

Apoptosis was assessed in 14 studies using terminal deoxy-
nucleotidyl transferase dUTP nick end labelling (TUNEL) as markers
(Fig. 4A). Meta-analysis showed that SC-EVs significantly decreased cell
apoptosis in whole brain tissue (SMD=2.76; 95 % CI 1.91, 3.61;
P < 0.001; 1?=73 %). Five studies counted the number of neurons using
immunostaining of neuronal nuclei antigen (NeuN) as a neuronal
marker and Nissl staining (Fig. 4B). Meta-analysis showed that SC-EVs
increased neuronal number (SMD=-1.75; 95% CI —2.86, —0.64;
P = 0.002; I>=57 %). Six studies detected myelin regeneration using the
oligodendrocyte marker myelin basic protein (MBP) (Fig. 4C). SC-EVs
showed significant increases in the remyelination after PBI (SMD=-
1.21;95 % CI —1.67, —0.75; P < 0.001; 12=0 %). Three studies assessed
angiogenesis using the vascular endothelial cell marker platelet endo-
thelial cell adhesion molecule 1(CD31) (Fig. 4D). The results indicated
that SC-EVs could promote angiogenesis after PBI (SMD=-0.77; 95 % CI
—1.38, —0.16; P = 0.01; 12=0 %).

3.5.3. SC-EVs suppressed microglia activation, astrogliosis and the release
of pro-inflammatory factors after PBI

The mechanisms of SC-EVs immunomodulation are demonstrated in
Fig. 5 and Fig. 6. Eleven studies evaluated ionized calcium binding
adaptor molecule 1 (Iba-1) as a marker of microglia activation (Fig. 5A),
and the results showed that SC-EVs significantly reduced microglia
activation after PBI (SMD=1.74; 95% CI 1.11, 2.37; P < 0.001;
12=61 %). Similarly, four studies assessed glial fibrillary acidic protein
(GFAP) as a marker of astrogliosis (Fig. 5B), and meta-analysis indicated
that SC-EVs significantly inhibited astrogliosis (SMD=0.91; 95 % CI
0.43, 1.38; P = 0.0002; I>=0 %). Eleven studies involving 194 animals
reported the release of pro-inflammatory factors after PBI (Fig. 6A-C),
with two studies divided into two groups based on SC-EVs modification.
Ten studies entries reported that SC-EVs significantly reduced tumor
necrosis factor alpha (TNF-a) release (SMD=2.62; 95 % CI 1.49, 3.76;
P < 0.001; 12=85 %). Nine studies entries showed that SC-EVs reduced
interleukin-1p (IL-1B) release (SMD=2.14; 95% CI 1.04, 3.23;



Table 1
Characteristics of the included studies.
Study Strain Brain injury Isolation Characterization Diameter EVs Source and EVs administration Route and Total doses End Reported
and model and methods methods range modification  Type time time Complications
Species time points and Side-Effects
Chu X (2020) C57BL/ HI, preterm, UC and TEM;WB;NTA NA miR—7b—5p mice BM- 24 h after HI intracardial, 1.5 x 108 P10, P42 NA
6 J mice pP7 SEC MSCs particles, 1 doses
Drommelschmidt Wistar rat LPS-induced UC and NTA;WB peak Native hBM-MSCs 3 h before and 24 h after intraperitoneal, 1 x 108 P5, P11, one died
K (2017) model, PEG 110 nm LPS injection cell equivalents/kg, 2 doses ~ P125 (LPS vehicle)
preterm, P3
Han J (2021) C57BL/ HI, term, P9 ucC TEM;WB;NTA 30 miR—410 hUC-MSCs 14 h before HI, before intraperitoneal, 2 x 10° 6 h after NA
6 J mice ~100 nm exposure to hypoxia, cell equivalents, 4 doses HI
removed from the
hypoxic chamber, and
3 h after hypoxia
Kaminski N (2020) C57BL/ HI, term, P9 UC and TEM;WB;NTA NA Native hBM-MSCs 24, 72, and 120 h after intraperitoneal, 1 x 10° P16 five animals died
6 J mice PEG HI cell equivalents/g, 3 doses (2 vehicle, 1 PL-
EV, 2 MSC-EV)
Kim YE (2022) Sprague- E. coli ucC NTA; SEM; TEM; peak Native hWJ-MSCs 6 h after induction of intracerebroventricular, P17 No mortality
Dawley Meningitis WB 100 nm meningitis 1 x 10° cell equivalents, 1
rat insulted dose
model, term,
P11
Labusek N (2023) C57BL/ HI, term, P9 UC and NTA; ImFC peak 109.6, Native hBM-MSCs 1,3,and 5d after HI intranasal, 1 x 10° cell P16 five animals died
6 J mice PEG 116.3 nm equivalents/g, 3 doses
Lawson A (2022) CD1 mice HI, term, P9 ucC TEM;WB;NTA peak 152, Native mice Neural 30 min and 24 h intranasal, 8 x 10° P10 NA
208 nm stem cell after HI particles, 2 doses
Li P (2022) CD1 mice  hypoxia uc TEM;WB;NTA 60 ~ Native hAFS 2 h after the last hypoxia  intravenous, 50 pg, 1 dose P34 NA
model, 150 nm
preterm, P3
Luo H (2022) C57BL/ HI, preterm, ucC TEM;WB;NTA 100 ~ miR—93 mice BM- after hypoxia intranasal, 2 x 10° P14 survival rate
6 J mice P7 200 nm MSCs particles, 1 dose
Min W (2022) Sprague- HI, term, P7 ucC TEM;WB;NTA 40 ~ miR—124-3p mice BM- 2d after HI intraventricular P14 NA
Dawley 100 nm MSCs
rat
Ophelders DR Sheep HI, preterm, PEG NTA;WB peak Native hBM-MSCs 1 h and 4d after UCO intravenous, 2 x 107 cell 7d after four animals died
(2016) GA106 110 nm equivalents, 2 doses uco
Pathipati P (2021) C57BL/ tMCAO, term, UC and EQ NTA;WB 30-200 nm Native mice BM- after tMCAO intracerebroventricular 2h, NA
6 J mice P9 MSCs (1 pg) or intranasally(5 pg), 18 h,
1 dose 72h
after
tMCAO
Shen M (2022) BALB/c HI, preterm, ucC TEM;WB;NTA peak 155 miR—410 mice BM- after HI intracerebroventricular, P10, P49 10 % mortality
mice P7 + 2.8 nm MSCs 5 x 10* cell equivalents, 1 rate of HIBD
dose model
Sisa C (2019) C57BL/ HI, term, P9 ucC NTA; EM; FACS; WB 30 ~ Native hBM-MSCs after hypoxia intranasal, 1.25 x 10° P11 NA
6 J mice 1000 nm particles, 1 dose
Sun J (2024) Sprague- PE-like ucC TEM;WB;NTA peak 97 nm miR—-144 hUC-MSCs GD14-GD19 intraperitoneal, GD18, NA
Dawley animal model, 1.55 x 10 particles, 6 GD20
rat preterm, doses
GD14
Shu J (2025) Sprague- MCAO, ucC NA NA miR—653-3p hBM-MSCs 2 h after MCAO intracerebroventricular, P24 the mortality rate
Dawley preterm,P3 10 pl, 1 dose 16.6 %
rat
Sun W (2024) Sprague- Propofol- NA TEM; qRT-PCR; WB 82 4+ 20 nm NUFIP1 hUC-MSCs P7-P13 intraperitoneal, 7 x 108 P60; NA
Dawley induced particles, 7 doses P65; P66
rat

(continued on next page)
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Table 1 (continued)

Study Strain Brain injury Isolation Characterization Diameter EVs Source and EVs administration Route and Total doses End Reported
and model and methods methods range modification Type time time Complications
Species time points and Side-Effects
model, term,
P7
Thomi G_1 (2019) Wistar rat HI, preterm, ucC EM; Exo-Check 16.34 ~ Native hWJ-MSCs before the cauterization intranasal, 50 mg/kg, 1 P3 NA
P2 Antibody Array 87.18 nm of the left common dose
carotid
Thomi G_2 (2019) Wistar rat HI, preterm, ucC Exo-Check peak Native hWJ-MSCs before the cauterization intranasal, 50 mg/kg, 1 P3, P11, survival rate
P2 Antibody Array; 34.34 nm of the left common dose P30-P34
EM;WB carotid
Tscherrig V (2024) Wistar rat ~ WMI, UC and NA NA miRNAs hWJ-MSCs 24 h after HI intranasal, 8 x 10® P4, P11 NA
preterm, P2 SEC particles/10 g, 1 dose
Turovsky EA Wistar rat ~ HI, term, P7 uC TEM;WB;NTA 20 ~ Native human 1 h after HI and P8-P16 intranasal, 1.6 P47, P67 NA
(2022) 360 nm postpartum +0.2 x 10" particles/mL,
placenta 20 L, 10 doses
MSCs
Xiao S (2025) Sprague- HI, term, P7 uc TEM;WB;NTA 40-150 nm Native hUC-MSCs 14 h before HI, before intraperitoneal, 100 pg, 4 P8, P77 NA
Dawley exposure to hypoxia, doses
rat removed from the
hypoxic chamber, and
3 h after hypoxia
Xin D_1 (2020) C57BL/ HI, preterm, UC and TEM;WB;NTA 60 ~ miR—21a—5p BM-MSCs 24 h after HI intracardial, 100 pg, 1 dose P10, NA
6 J mice P7 SEC 160 nm P12,
P21,
P42-P47
Xin D_2 (2021) C57BL/ HI, preterm, ucC TEM;WB;NTA 60 ~ Native mice BM- 24 h after HI intracardial, 100 pg, 1 dose P10, NA
6 J male P7 120 nm MSCs P21, P35
mice
Xin D_3 (2022) C57BL/ HI, preterm, UC and TEM;WB;NTA 60 ~ miR—21a—5p mice BM- 24 h after HI intracardial, 100 pg, 1 dose P10 NA
6 J mice P7 SEC 120 nm MSCs

Abbreviations: HI hypoxic-ischemic brain injury, tMCAO transient middle cerebral artery occlusion, PE preeclampsia, WMI white matter injury, LPS lipopolysaccharide, UC ultracentrifuging, PEG polyethylene glycol,
SEC size exclusion chromatography, EQ ExoQuick-TC, TEM transmission electron microscopy, SEM scanning electron microscopy, EM electron microscopy, WB western blot, NTA nanoparticle tracking analysis, ImFC
imaging flow cytometry-based analyses, FACS fluorescence activating cell sorter, gqRT-PCR quantitative real time polymerase chain reaction, miR microRNA, BM-MSCs bone marrow mesenchymal stem cells, htWJ-MSCs
human wharton’s jelly mesenchymal stromal cells, hUC-MSCs human umbilical cord mesenchymal stem cells, hRAFS human amniotic fluid derived stem cells, UCO umbilical cord occlusion, P postnatal day, h hour, d day,

GD gestation day, GA gestational age, EVs extracellular vesicles, NA not available.
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A injured injured+EVs Std. Mean Difference Std. Mean Difference
—StudvorSubgroup _Mean  SD Total Mean  SD Total Weight 1V, Random, 95% ClI V. Random, 95% CI

Chu X_a 2020 54.6 9.64 4 28.99 5.83 4 51% 2.80[0.43,5.17]

Chu X_b 2020 54.6 9.64 4 1475 4.39 4 32% 4.63[1.16, 8.10]

Han J 2021 47.38 6.5 3 2456 2.34 3 26% 3.74[-0.21, 7.68] 1

Kaminski N 2020 2404 3016 12 1973 2182 12 9.3% 0.16 [-0.64, 0.96] T

Labusek N 2023 3154 2553 8 17.39 48 10 89% 0.78 [-0.19, 1.75] I

Lawson A 2022 72 8.49 2 59  16.97 2 29% 0.55 [-3.14, 4.25]

Luo H_a 2022 47.67 5.98 5 29.55 5.44 5 59% 2.86[0.83, 4.90] e

Luo H_b 2022 47.67 5.98 5 18.85 2.9 5 3.3% 5.54 [2.18, 8.89)

Pathipati P 2021 48.75 336 11 39.85 2.08 5 7.3% 2.76 [1.23, 4.29] —

Shen M_a 2022 3.61 0.54 5 259 0.54 5 7.1% 1.71[0.14, 3.27] —

Shen M_b 2022 3.61 0.54 5 16 0.54 5 53% 3.36 [1.10, 5.62] B —

Sisa C 2019 2417 5.97 3 17.99 8.55 5 7.3% 0.69 [-0.82, 2.20] T

Turovsky EA 2022 1,125.78 4,521.02 12 533 1,751.24 11  9.3% 0.16 [-0.66, 0.98] T-

Xiao S 2025 45.4 7.4 6 314 44 6 7.2% 2.12[0.59, 3.66] E—

Xin D_1 2020 30.7 8.03 6 182 5.06 6 7.6% 1.72[0.31, 3.13] =

Xin D_2 2021 77.31 9.23 6 34.56 9.79 6 52% 4.15[1.83, 6.47] —_—

Xin D_3 2022 62.01 7.68 4 26.77 157 4 25% 5.53 [1.48, 9.58]

Total (95% Cl) 101 98 100.0% 2.04[1.30, 2.78] L 4

Heterogeneity: Tau? = 1.36; Chi? = 50.30, df = 16 (P < 0.0001); I* = 68% p 5 5 5 ] o:

Test for overall effect: Z = 5.41 (P < 0.00001) Favours [injured] Favours [injured+EVs]
B injured injured+EVs Std. Mean Difference Std. Mean Difference

—Study or Subgroup _Mean SD Total Mean SD Total Weight IV, Random, 95% CI 1V, Random, 95% Cl

Chu X_a 2020 69.75 4.04 4 65.89 242 4 13.8% 1.01 [-0.54, 2.56] .

Chu X_b 2020 69.75 4.04 4 6275 242 4 12.3% 1.83 [-0.04, 3.70] |

Shen M_a 2022 91.27 6.37 5 79.95 4.25 5 13.4% 1.89 [0.26, 3.52] -

Shen M_b 2022 91.27 6.37 5 64.39 4.95 5  9.0% 4.26 [1.56, 6.95] e

Shu J_a 2025 4.05 0.16 6 3.98 0.21 6 15.6% 0.35 [-0.80, 1.49] T

Shu J_b 2025 4.05 0.16 6 198 0.12 6 25% 13.51 [6.82, 20.20] E—

Xin D_1 2020 74.84 7.35 6 61.92 584 6 14.3% 1.80 [0.36, 3.23] =

Xin D_2 2021 90.18 2.1 4 8547 1.33 4 11.3% 2.33[0.21, 4.45) B

Xin D_3 2022 90.04 1.3 4 85.19 0.69 4 77% 4.05[0.94, 7.17] I

Total (95% Cl) 44 44 100.0% 2.22 [1.09, 3.35] -

Heterogeneity: Tau? = 1.79; Chi? = 24.14, df = 8 (P = 0.002); I = 67% s 5 ;! 5 n 0’

Test for overall effect: Z = 3.86 (P = 0.0001)

Favours [injured]

Favours [injured+EVs]

Fig. 2. Forest plot of the effect of stem cell derived extracellular vesicles on neurological severity after perinatal brain injury. (A) Infarct size (B) Brain water content.
EVs extracellular vesicles, CI confidence interval.

A injured injured+EVs Std. Mean Difference Std. Mean Difference
udy o bg ean an a eig 95% CI IV. Random. 95% CI
Chu X_a 2020 51.06 17.63 4 36.31 22.41 4 121% 0.64 [-0.82, 2.09] T
Chu X_b 2020 51.06 17.63 4 2065 16.65 4 10.1% 1.54 [-0.20, 3.29] T
Li P 2022 2291 1.96 3 1495 185 3 36% 3.34 [-0.26, 6.94]
Shen M_a 2022 35.89 3.04 10 30.11 4.56 10 15.8% 1.43[0.42, 2.43] e
Shen M_b 2022 35.89 3.04 10 2251 213 10 91% 4.88[2.98, 6.78] -
Sun W 2024 33.25 15.92 10 21.59 17.99 10 16.7% 0.66 [-0.25, 1.56] T
Xiao S 2025 2769 11.61 12 2022 3.75 12 17.3% 0.84 [-0.00, 1.68] —
Xin D_1 2020 36.42 1545 8 2196 8.61 8 152% 1.09 [0.02, 2.17] "
Total (95% ClI) 61 61 100.0% 1.45[0.70, 2.20] ’
Heterogeneity: Tau? = 0.66; Chi? = 18.81, df = 7 (P = 0.009); I* = 63% b t t i
Test for overall effect: Z = 3.78 (P = 0.0002) 0 S 0 S 10
Favours [injured] Favours [injured+EVs]
B injured injured+EVs Std. Mean Difference Std. Mean Difference
—Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random. 95% CI 1V, Random. 95% CI
Luo H_a 2022 15.06 1.19 5 735 071 5 12.6% 7.11[2.92, 11.30] - -
Luo H_b 2022 15.06 1.19 5 911 1.07 5 20.6% 4.75[1.80, 7.70] L
Sisa C 2019 13.12 0.83 13 7.09 0.68 10 24.6% 7.55[5.02, 10.09] - =
Xiao S 2025 18.2 1.89 18 1043 1.52 18 42.1% 4.43[3.16, 5.70] —
Total (95% Cl) 41 38 100.0% 5.60 [3.91, 7.30] -
Heterogeneity: Tau? = 1.36; Chi? = 5.61, df = 3 (P = 0.13); I* = 46% i 1=0 5 . 5 1=0

Test for overall effect: Z = 6.48 (P < 0.00001)

Favours [injured]

Favours [injured+EVs]

Fig. 3. The forest plot of the effect of stem cell derived extracellular vesicles on neurobehavioral recovery after perinatal brain injury. (A) Morris water maze test-
escape time (B) Negative geotaxis test. EVs extracellular vesicles, CI confidence interval.
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injured injured+EVs Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight V. Random, 95% Cl IV. Random. 95% C|
Drommelschmidt K 2017 1197 293 6 39 196 6 6.0% 2.99[1.14,4.83] -
Kim YE 2022 643 259 12 296 1.1 1 7.6% 1.65[0.68, 2.63] -
Lawson A 2022 8.1 11.76 6 0.09 0.1 6 7.2% 0.89[-0.32, 2.10] T
Luo H_a 2022 2497 216 5 16.26 2.16 5 5.0% 3.64 [1.25, 6.04] -
Luo H_b 2022 2497 216 5 925 0.27 5 1.9% 9.22 [3.89, 14.56] -_—
Min W_a 2022 32.18 4.36 3 22.26 1.8 3 4.4% 2.38[-0.42, 5.18] T -
Min W_b 2022 32.18 4.36 3 13 1.08 3 2.2% 4.83[-0.10, 9.76]
Shen M_a 2022 42.09 427 5 27.01 256 5 49% 3.87 [1.36, 6.38] -
Shen M_b 2022 42.09 4.27 5 1791 3.98 5 3.8% 5.29 [2.06, 8.52]
Shu J_a 2025 3.93 0.23 6 379 0.08 6 7.2% 0.75 [-0.44, 1.94] 1T
Shu J_b 2025 393 023 6 197 0.19 6 26% 8.58 [4.24, 12.91] - "
Sisa C 2019 27.36 17.54 3 17.09 15.09 5 6.7% 0.56 [-0.92, 2.04] -1
Sun J_a 2024 19.63 1.61 10 1396 1.07 10 6.4% 3.97 [2.34, 5.60] -
Sun J_b 2024 19.63 1.61 10 933 059 10 42% 8.14 [5.19, 11.08] —_—
Sun W 2024 1182 216 3 685 1.38 3 46% 2.19 [-0.46, 4.85] T
Thomi G_2 2019 229.14 197.06 3 3848 264 3 59% 1.08 [-0.83, 3.00] -
Tscherrig V 2024 526  2.51 7 344 135 6 7.3% 0.82 [-0.33, 1.97]
Xiao S 2025 5447 862 6 3221 6.78 6 6.3% 2.65 [0.93, 4.37] E—
Xin D_1 2020 2537 831 4 994 252 4 57% 2.19[0.14, 4.23)] —
Total (95% Cl) 108 108 100.0% 2.76 [1.91, 3.61] <>
Heterogeneity: Tau? = 2.23; Chi? = 65.60, df = 18 (P < 0.00001); I = 73% m 5 : 5 : 0‘
Test for overall effect: Z = 6.37 (P < 0.00001) Favours [injured] Favours [injured+EVs]
injured injured+EVs Std. Mean Difference Std. Mean Difference
_Study or Subgroup  Mean  SD Total Mean SD Total Weight IV. Random,95% CI 1V. Random, 95% CI
Kaminski N 2020 666.53 299.71 12 861.06 285.22 12 30.8% -0.64 [-1.47,0.18] =
Labusek N 2023 0.92 0.47 8 1.28 0.15 10 28.5% -1.04 [-2.04, -0.03] -
Min W_a 2022 18.16 1.87 3 38.2 3.37 3 3.2% -5.88 [-11.78, 0.02] ¢
Min W_b 2022 18.16  1.87 3 4917 45 3 23% -7.20[-14.33,-0.07] *
Xin D_1 2020 35.82 2239 6 189.98 60.13 6 17.8% -3.14 [-5.04, -1.23] -
Xin D_2 2021 10.04 0.8 4 1261 1.39 4 17.4% -1.97 [-3.91, -0.03] =
Total (95% Cl) 36 38 100.0%  -1.75[-2.86, -0.64] <>
Heterogeneity: Tau? = 0.87; Chiz = 11.58, df = 5 (P = 0.04); I = 57% 0 5 5 5 p 0’
Test for overall effect: Z = 3.08 (P = 0.002) Favours [injured+EVs] Favours [injured]
injured injured+EVs Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV. Random, 95% Cl IV, Random, 95% CI
Drommelschmidt K 2017 0.59 0.17 10 121 044 10 18.4% -1.78 [-2.85, -0.71] -
Kaminski N 2020 18.02 7.02 12 2498 15.81 12 31.5% -0.55[-1.37, 0.27] =
Labusek N 2023 0.36 0.34 8 071 0.18 10 19.4% -1.27 [-2.31, -0.23] B
Ophelders DR 2016 13.77 3.39 6 19.15 4.8 5 1.7% -1.21[-2.55, 0.14] -
Thomi G_2 2019 0.23 0.21 6 085 0.36 5 8.5% -1.98 [-3.55, -0.41] -
Tscherrig V 2024 0.63 0.2 6 093 0.16 5 10.5% -1.50 [-2.92, -0.08] -
Total (95% ClI) 48 47 100.0% -1.21 [-1.67, -0.75] ‘
Heterogeneity: Tau? = 0.00; Chi = 4.68, df = 5 (P = 0.46); I = 0% e )" 5 . T
Test for overall effect: Z =5.18 (P < 0.00001) Favours [injured+EVs] Favours [injured]
injured injured+EVs Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV. Random, 95% Cl IV. Random, 95% CI
Kaminski N 2020 239.94 98.68 12 326.3 148.46 12 54.4% -0.66 [-1.49, 0.16] —
Labusek N 2023 291.48 109.8 8 364.36 79.44 10 39.5% -0.74 [-1.71, 0.23] —uT
Li P 2022 3141 3.93 3 5321 12.01 3 6.1% -1.95[-4.42, 0.52] .
Total (95% Cl) 23 25 100.0%  -0.77 [-1.38, -0.16] <&
Heterogeneity: Tau? = 0.00; Chi? = 0.95, df = 2 (P = 0.62); I? = 0% 10 5 . 5 y 0:

Test for overall effect: Z = 2.48 (P = 0.01)

Favours [injured+EVs]

Favours [injured]

Fig. 4. The forest plot of the effect of extracellular vesicles on apoptosis, neuronal protection, remyelination, angiogenesis after perinatal brain injury. (A) Apoptotic
rate. (B) Number of neurons (C) Oligodendrocyte number (D) Vessel densities. EVs extracellular vesicles, CI confidence interval.

P =0.0001; =81 %). Six studies entries reported that SC-EVs reduced
interleukin-6 (IL-6) release (SMD=1.40; 95 % CI 0.19, 2.61; P = 0.02;
12=82 %). In brief, SC-EVs could suppress neuroinflammation and

redu

ce the release of pro-inflammatory factors.

3.6. Subgroup analysis

We performed subgroup analysis of infarct size shown in Table 2. We
stratified by modeling time, which showed that SC-EVs had a signifi-
cantly better effect size for preterm models compared to term models
(P = 0.0008, Supplementary Fig.A.2). The effect size of engineered SC-
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A injured injured+EVs Std. Mean Difference Std. Mean Difference
—Studyor Subgroup ~ Mean  SD Total Mean SD Total Weight IV. Random, 95% Cl 1V. Random. 95% CI
Chu X_a 2020 9.99 243 6 4.51 1.7 6 7.8% 2.41[0.78, 4.05]
Chu X_b 2020 9.99 243 6 111 0.36 6 4.4% 4.72[2.15,7.29]
Drommelschmidt K 2017  110.92 21.39 7 3747 19.97 7 7.1% 3.32[1.53,5.11] -
Kaminski N 2020 18.92 11.69 12 8.36 9.48 12 12.7% 0.96 [0.10, 1.81] _'_
Labusek N 2023 12.39 14.82 8 454 8.65 10 11.9% 0.64 [-0.32, 1.59] T
Ophelders DR 2016 59.18 21 6 5454 16.85 5 10.4% 0.22[-0.97, 1.41] -1
Pathipati P 2021 239.83 70.24 33 175.59 38.54 32 14.8% 1.12[0.59, 1.64] il
Thomi G_1 2019 1.2 0.81 3 0.3 0.29 3 6.3% 1.18 [-0.78, 3.15] -1
Tscherrig V 2024 112 0.32 ir 0.66 0.16 6 9.5% 1.65[0.32, 2.98] -
Xin D_1 2020 9.29 1.88 6 3.78 0.77 6 6.0% 3.54[1.47,5.61] -
Xin D_2 2021 134  1.67 4 9.37 0.64 4 5.0% 2.77[0.41,5.13] -
Xin D_3 2022 7229 7.67 4 3172 12.62 4 4.1% 3.38[0.67, 6.08]
Total (95% Cl) 102 101 100.0% 1.74 [1.11, 2.37] L 4
Heterogeneity: Tau? = 0.63; Chi = 28.13, df = 11 (P = 0.003); I2 = 61% k P ‘5 : é . o#
Test for overall effect: Z = 5.39 (P < 0.00001) Favours [injured] Favours [injured+EVs]
B injured injured+EVs Std. Mean Difference Std. Mean Difference
—Study or Subgroup Mean SD_Total Mean SD Total Weight IV, Random,95% Cl IV, R; v,
Drommelschmidt K 2017 0.72 0.69 7 0.17 0.24 7 172% 1.00 [-0.14, 2.13]
Kaminski N 2020 8.24 8.05 12 3.76 4.66 12 326% 0.66 [-0.17, 1.48]
Kim YE 2022 6,112,646.12 2,679,985.1 12 3,239,107.33 1,438,026.48 11 26.7% 1.27 [0.36, 2.18]
Labusek N 2023 28.95 11.88 8 20.9 8.26 10 23.5% 0.77 [-0.21, 1.74]
Total (95% Cl) 39 40 100.0% 0.91[0.43,1.38]

Heterogeneity: Tau? = 0.00; Chi* = 1.07, df = 3 (P = 0.78); I = 0%
Test for overall effect: Z = 3.77 (P = 0.0002)

Favours [injured]

Favours [injured+EVs]

Fig. 5. Forest plot of the effect of stem cell derived extracellular vesicles on immunoregulation after perinatal brain injury. (A) Microglia activation (B) Astrogliosis.

EVs extracellular vesicles, CI confidence interval.

EVs was significantly higher than that of natural SC-EVs in terms of
whether the SC-EVs were modified (P = 0.006, Supplementary Fig.A.3).
Among the sources of stem cells used for SC-EVs, the effect size of
allogeneic was statistically different and superior to xenogeneic
(P < 0.001, Supplementary Fig.A.4). In addition, there were no signifi-
cant differences in the estimation of effect size by stem cell type, route,
total dose and time of administration (P = 0.52, Supplementary Fig.A.4,
P =0.27, Supplementary Fig.A.5; P =0.89, Supplementary Fig.A.6;
P = 0.38, Supplementary Fig.A.7).

3.7. Sensitivity analysis

Given the significant heterogeneity of the included studies (I2
>50 %), we conducted sensitivity analyses to ensure stability of the
overall effect size. We performed sensitivity analyses by omitting each
study in turn and recalculating the combined effect size for the
remaining studies. The recalculated pooled results did not significantly
change, indicating that there was no outlying study that significantly
influenced the overall results (Fig. 7A and Supplementary Fig.A.8-9).

3.8. Publication bias

We also tested publication bias and generated funnel plots for infarct
size. The results showed asymmetry in the funnel plots for infarct size
(Fig. 7B) and the Egger’s test suggested the same comments (P < 0.05).
Subsequently, we added missing studies and recalculated the pooled
effect values using the trim-and-fill strategy (Fig. 7C). The overall results
did not change significantly, indicating no “missing” studies.

4. Discussion
4.1. Summary of findings

In this systematic review, we analyzed 25 preclinical studies to
summarize the therapeutic effects of SC-EVs in animal models of PBI. We
focused on the effects of SC-EVs on the immature brain injury, exploring
both brain microstructural changes and underlying mechanisms. The
findings showed that SC-EVs significantly reduced infarct size and tissue

edema, and promoted the recovery of cognitive and motor functions
after PBI. The mechanism of SC-EVs may involve the inhibition of
apoptosis, an increase in neuronal number, the promotion of remyeli-
nation and angiogenesis, and the reduction of glial cell activation and
release of pro-inflammatory factors. However, given the limited number
of included studies included, further research is needed to fully elucidate
the effects and mechanisms of SC-EVs in PBI.

4.2. Possible mechanisms of SC-EVs in models

PBI is mainly caused by triggering factors such as hypoxia-ischemia,
inflammation and preterm delivery marked by neuronal excitotoxicity,
cellular apoptosis and inflammation induced by microglial activation
(Novak et al., 2018). The response to brain injury in immature versus
adult brains could differ significantly, with the maturation state of the
brain may play a key role in determining the post-injury outcomes
(Semple et al., 2013). Compared to the adult brain injury, immature
brain injury results in significant reductions in cortical and hippocampal
volumes, attributed to both the loss of infarcted tissue and impaired
development of the surrounding tissue (Li et al., 2011). Moreover,
apoptosis, immunoinflammation, and oxidative stress are much more
activated after immature brain injury than in the adult brain (Campbell
et al.,, 2007; Zhu et al., 2005). Therefore, targeting the specific patho-
logical processes of immature brain injury is important for exploring its
potential therapies. With the potential of SC-EVs in animal models of
immature brain injury, there has been a progressive shift towards
exploring the mechanisms underlying its efficacy. Studies have shown
that SC-EVs could reduce early microglia activation and astrocyte
reactive proliferation after PBI (Kaminski et al., 2020; Kim et al., 2022;
Labusek et al., 2023; Pathipati et al., 2021), the release of
pro-inflammatory factors TNFo and IL-1p (Drommelschmidt et al., 2017;
Luo et al., 2022), and neuronal apoptosis (Chu et al., 2020; Sisa et al.,
2019), exerting immunomodulatory and anti-apoptotic effects. Over
time, SC-EVs promoted neuron generation (Kaminski et al., 2020; Li
etal., 2022; Xin et al., 2020) and remyelination (Drommelschmidt et al.,
2017; Kaminski et al., 2020; Ophelders et al., 2016) in various brain
regions, improved brain microstructure, and ultimately enhanced
cognitive (Li et al., 2022; Shen et al., 2022; Sun et al., 2024) and motor
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A injured injured+EVs
_StudyorSubgroup ~~ Mean SD Total Mean SD Total Weight IV. Random. 95% CI
Drommelschmidt K 2017 0.94 0.41 8 0.82 0.31 8 10.6%
Kaminski N 2020 1.02 0.51 12 0.71 0.63 12 10.8%
Kim YE 2022 40.33 9.8 12 27 5.48 11 10.6%
Labusek N 2023 8.69 0.82 8 8.79 089 10 10.7%
Luo H_a 2022 3.33 0.16 5 261 0.11 5 6.5%
Luo H_b 2022 3.33 0.16 5 1.87 022 5 47%
Pathipati P 2021 348 06 5 282 1.14 5 10.0%
Sun J_a 2024 53.07 3.24 10 39.31 5.13 10 9.8%
Sun J_b 2024 53.07 3.24 10 245 2.88 10 6.0%
Thomi G_1 2019 1.31 0.05 6 079 0.13 5 6.6%
Tscherrig V 2024 1.52 0.26 4 1.16 0.09 4  9.0%
Xin D_3 2022 527 0.42 6 1.06 0.59 6 4.9%
Total (95% CI) 91 91 100.0%

Heterogeneity: Tau? = 2.92; Chi? = 74.56, df = 11 (P < 0.00001); I> = 85%
Test for overall effect: Z = 4.53 (P < 0.00001)
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Std. Mean Difference
IV, Random.95%¢CI

0.31[-0.68, 1.30]
0.52 [-0.29, 1.34] T
1.60 [0.64, 2.56]

-0.11 [-1.04, 0.82] -
4.74[1.80, 7.68]

6.86 [2.80, 10.91]

0.65 [-0.64, 1.95] -
3.07 [1.69, 4.45]

8.93 [5.72, 12.14]
5.04 [2.16, 7.92]

1.61 [-0.16, 3.38]

7.59 [3.72, 11.46)

2.62 [1.49, 3.76]

-10 -5 0 5 10
Favours [injured] Favours [injured+EVs]

B injured injured+EVs Std. Mean Difference Std. Mean Difference
—StudyorSubgroup  Mean  SD Total Mean SD Total Weight IV, Random. 95% CI 1V. Random, 95% Cl

Drommelschmidt K 2017 456 306 8 339 129 8 135% 0.47 [-0.53, 1.47] T
Kaminski N 2020 102 039 12 08 062 12 14.0% 0.41[-0.40, 1.22] ™
Kim YE 2022 59.2 1572 12 4293 1317 11 13.8% 1.08 [0.19, 1.96] —
Labusek N 2023 1294 2668 8 112 136 10 13.6% 0.64 [-0.32, 1.60] ™
Luo H_a 2022 319 018 5 236 014 5 7.4% 4.65 [1.75, 7.55] B —
Luo H_b 2022 319 018 5 158 0.11 5 3.0% 9.75 [4.12, 15.38) —_—*
Pathipati P 2021 035 013 5 037 012 5 127% -0.14 [-1.39, 1.10] —
Thomi G_1 2019 353 043 6 201 024 5 9.0% 3.88 [1.53, 6.23] e —
Xiao S 2025 7832 3035 6 5729 2818 6 6.1% 6.63 [3.20, 10.06] S —
Xin D_3 2022 18.84 3.31 6 346 042 6 6.7% 6.02 [2.87, 9.17] B —
Total (95% Cl) 73 73 100.0% 2.14[1.04, 3.23) >
Heterogeneity: Tau? = 2.06; Chi? = 48.21, df = 9 (P < 0.00001); I* = 81% - 1 b 5 . 5 150

Test for overall effect: Z = 3.82 (P = 0.0001)

C injured injured+EVs

Kaminski N 2020 1 017 12 1.31 0.6 12 18.4%
Kim YE 2022 58.72 26.33 12 47.32 10.08 11 18.4%
Labusek N 2023 7.74 5128 8 837 286 10 18.0%
Luo H_a 2022 4.76  0.47 5 3.06 027 5 10.6%
Luo H_b 2022 4.76 0.47 5 183 025 5 6.0%
Pathipati P 2021 295 1.36 5 143 083 5 15.8%
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Fig. 6. Forest plot of the effect of stem cell derived extracellular vesicles on pro-inflammatory factor release after perinatal brain injury. (A) TNF-« (B) IL-1p (C) IL-6.
EVs extracellular vesicles, CI confidence interval, TNF-a tumor necrosis factor alpha, IL-14 interleukin-1p, IL-6 interleukin-6.

functions (Luo et al., 2022; Sisa et al., 2019) after PBI. SC-EVs were also
observed to promote the proliferation of endothelial cells, thereby
enhancing blood vessel density (Kaminski et al., 2020; Labusek et al.,
2023; Li et al., 2022) and blood-brain barrier function (Gussenhoven
et al.,, 2019). Our meta-analysis suggests that SC-EVs could improve
neurological function in animal models of PBI by inhibiting neuro-
inflammation and apoptosis, which in turn promotes neuron generation,
remyelination and angiogenesis, and that these responses coincide with
biochemical changes specific to immature brain injury.

4.3. Interpretation of the subgroup analysis

In order to investigate the factors affecting the effectiveness of SC-
EVs, we conducted subgroup analyses, focusing on infarct size. We
found that the preterm animal models with brain injury responded
better to SC-EVs compared to the term models. This difference might be
attributed to the varying injury patterns between preterm and term in-
fants (van Tilborg et al., 2018). In preterm infants, perinatal
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hypoxia-ischemia mainly affects oligodendrocytes, resulting in signifi-
cant white matter injury, while in term infants, hypoxia-ischemia
mainly affects the basal ganglia and thalamus, leading to grey matter
injury (Hamdy et al., 2020; Yildiz et al., 2017). The differential regions
of injury could influence the efficacy of SC-EVs. Although detailed de-
scriptions of infarct regions were lacking in most of the included studies,
SC-EVs have potential as a therapy for white matter injury in preterm
infants.

The source of the stem cells from which the SC-EVs were extracted
significantly affected the therapeutic efficacy of SC-EVs. SC-EVs derived
from rodents showed better performance compared to those derived
from humans, possibly due to better immunocompatibility of allogeneic
SC-EVs. This provides essential and necessary evidence-based data for
the use of homologous SC-EVs in future clinical trials (Paton et al.,
2022). Stem cell type did not significantly affect SC-EVs’ efficacy in this
study and most including studies have primarily utilized EVs derived
from MSCs. These MSCs are predominantly sourced from two tissue
types: BM-MSCs and placental MSCs. While BM-MSCs derived EVs
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Table 2
Subgroup analysis of infarct size.
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Categories Number of study Number of animal SMD (95 % CI) P value Heterogeneity test Subgroup analysis
. Py P value

Q Statistic I P value

Term vs. Preterm model

Preterm 9 88 2.98 [2.10, 3.87] < 0.00001 11.03 27 % 0.20 0.0008

Term 8 111 1.01 [0.28, 1.74] 0.03 15.99 56 % 0.03

EVs administration time

< 24 h after HI 9 86 2.29 [1.48, 3.11] < 0.00001 11.33 29 % 0.18 0.38

> 24 h after HI 8 113 1.70 [0.67, 2.73] 0.001 27.05 74 % 0.0003

Source of EVs

Xenogenic 6 91 2.80 [2.06, 3.54] 0.09 8.56 42 % 0.13 < 0.0001

Allogeneic 11 108 0.69 [0.05, 1.33] < 0.00001 12.37 19 % 0.26

Type of EVs

BM-MSCs 13 154 2.30 [1.42, 3.17] < 0.00001 39.69 70 % < 0.0001 0.52

Placenta Derived MSCs 3 41 1.46 [—0.40, 3.33] 0.12 7.22 72 % 0.03

Neural stem cells 1 4 0.55 [—3.14, 4.25] 0.77 NA NA NA

Route of administration

Intranasal 7 89 1.56 [0.48, 2.63] 0.005 19.76 70 % 0.003 0.27

Intracerebroventricular 2 20 2.32 [0.75, 3.90] 0.004 1.39 28 % 0.24

Intracardial 5 48 3.20 [1.82, 4.58] < 0.00001 6.36 37 % 0.17

Intraperitoneal 3 42 1.46 [-0.41, 3.34] 0.13 7.33 73 % 0.03

Total doses

107 ~108 particles 2 20 2.32[0.75, 3.90] 0.004 1.39 28 % 0.24 0.89

108 ~10° particles 6 80 1.87 [0.61, 3.14] 0.004 17.78 72 % 0.003

> 10° particles 9 99 2.18 [1.02, 3.34] 0.0002 27.98 71 % 0.0005

EVs modification

Natural EVs 14 171 1.68 [0.97, 2.39] < 0.00001 16.46 64 % 0.0005 0.006

Engineered EVs 28 4.17 [2.52, 5.82] < 0.00001 1.20 0% 0.55

Abbreviations: HI hypoxic-ischemic brain injury, EVs extracellular vesicles, BM-MSCs bone marrow mesenchymal stem cells, SMD standardized mean difference, CI

confidence interval.

demonstrated a larger effect size in our analysis, this discrepancy likely
reflects selection bias in research rather than a genuine biological
advantage. The limited diversity in EVs sources may stem from the
relative ease of isolating these cell types in laboratory settings, as well as
researchers’ preferential use of certain starting materials (Padinharayil
et al., 2024). Therefore, future studies should prioritize standardized
comparative research with balanced sample sizes to more objectively
evaluate the therapeutic potential of SC-EVs from different cell types.

The dose, route and timing of administration are other factors that
influence on the efficacy of SC-EVs in PBI. Our analysis, which stan-
dardized SC-EVs by particle count, revealed that the high dose injection
group (>10° particles) showed slightly better effects compared to me-
dium (108~10° particles). Sun J et al. explored the optimal concentra-
tion for SC-EVs and found that the high-dose group (3.1*10'° particles/
mL) had the best results in treating PE-like animal model (Sun and
Zhang, 2024). However, possibly due to imprecise results after con-
verting to particle counting using the concept of the “therapeutic unit”
suggested by Kordelas et al. to standardize the doses of SC-EVs, future
research may consider a total dose of at least 10° particles to further
investigate SC-EVs’ efficacy (Kordelas et al., 2014). Regarding the route
of MSCs injection, Huang et al. found that intrathecal injection was most
effective, but there was no experimental study compared the effects of
SC-EVs in different routes (Huang et al., 2023). One included study
compared intranasal and intracerebroventricular administration,
demonstrating that the distribution patterns of SC-EVs in the brain were
similar and recommended the intranasal route due to its non-invasive
nature and physiological advantages (Pathipati et al., 2021). However,
it did not further compare the therapeutic efficacy between these two
routes. Additionally, current subgroup analyses remain insufficient to
determine the optimal administration route, as the results may be
confounded by variations in dosage and treatment frequency. Future
studies should include direct comparisons of SC-EVs efficacy across
different delivery routes to address this gap. Moreover, administering
SC-EVs less than 24 h after injury or 24 h later did not result in a sig-
nificant difference in cerebral infarct size. Therefore, further experi-
mental studies are required to determine the optimal therapeutic time
window for SC-EVs administration.
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To improve the therapeutic potential of SC-EVs, some studies have
focused on enhancing its efficacy and overcoming limitations such as
low bioactivity, weak targeting, and rapid clearance in vivo by loading
therapeutic cargoes (e.g., miR-21a-5p, miR-7b-5p, and miR-410) via
artificial technique (de Abreu et al., 2020; Shen et al., 2022; Xin et al.,
2022). Thus, we assessed the therapeutic potential of SC-EVs by cate-
gorizing them based on their modification. The results indicated that
genetically engineered modified SC-EVs had significantly better effects
on neurological function and brain microstructure after PBI compared to
natural SC-EVs. Strong therapeutic potential and specific targeting of
engineered EVs could offer substantial benefits, particularly in tailoring
therapies to individual needs. which holds promise for enhancing
neonatal clinical rehabilitation strategies in the future.

4.4. Challenges and potential strategies on the path to clinic

The potential of SC-EVs therapy is now evident with numerous EVs-
based products undergoing clinical trials. However, transitioning SC-
EVs therapy from preclinical studies to clinic encounters various chal-
lenges in PBI fields. The heterogeneity of SC-EVs underlies the signifi-
cant challenges related to its exploitation. Current considerations
include the following: (a) Standardized quality control of SC-EVs. There
is a wide variation in SC-EVs’ purification and storage methods, and a
lack of consistent production standards, which could affect its size,
structure and biofunction (Brennan et al., 2020). To mitigate this in-
fluence, the latest Minimal Information for Studies of Extracellular
Vesicles (MISEV) guidelines and Good Manufacturing Practice (GMP)
regulations should be followed wherever possible, and the development
of a decision-making tool for quality control of SC-EVs, such as EV
decision-making grid (EV-DMG) is recommended (Loria et al., 2024;
Welsh et al., 2024). (b) Scale-up production. Large-scale production of
SC-EVs is hampered by the limited proliferative capacity of donor cells
and the isolation method with low recovery rate, poor purity, and
time-consuming process (Richards et al., 2023). Potential solutions
include using dynamic culture methods (e.g. bioreactors), selective stem
cell sources (e.g. immortalized cells), and tangential flow filtration
(Busatto et al., 2018; Kimiz-Gebologlu and Oncel, 2022). (c)
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Batch-to-batch inconsistency. The lack of industry-standard quality
specifications leads to non-reproducibility of SC-EVs products, and the
use of cell culture and the isolation methods suitable for large-scale
applications could solve this issue. Furthermore, uniformity and open-
ness of procedures and reporting could be ensured by publishing suffi-
cient information about the separation and characterization of SC-EVs in
databases like EV-TRACK or ExoCarta. (d) Insufficient regulatory con-
trol. There is currently no standardized scheme or policy for the regu-
lation of SC-EVs use in PBI fields. Efforts should be made to facilitate
regulatory approval (e.g., the EMA Priority Medicines Scheme and FDA
breakthrough therapy) for SC-EVs products (Paton et al., 2025).

Besides the difficulties of SC-EVs product development, the safety
and specific efficacy of SC-EVs products are ongoing challenges for PBI
field. It is important to report the adverse events and the potential
toxicity in both preclinical and clinical studies, as this is the first step in
the clinical translation of SC-EVs. There are no registered phases III and
IV clinical trials of SC-EVs in CNS diseases, which requires more studies
to specify mechanisms of action (MoA) and treatment regimens. Our
work could provide valuable insights for future clinical studies in PBI
fields to propel the transition from preclinic to clinic. Once the limita-
tions in quality control of SC-EVs, scale-up of production, regulatory
control and specific MoA are overcome, SC-EVs therapeutics have the
potential to be accelerated into clinical practice.

4.5. Strengths and limitations

To our knowledge, this is the first systematic review and meta-
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analysis of animal studies evaluating the effectiveness of SC-EVs in
treating PBI. Furthermore, we elucidated the therapeutic mechanisms of
SC-EVs in immature brain injury from neurons, oligodendrocytes,
microglia, astrocytes, vascular epithelial cells and inflammatory factors,
and also investigated the factors influencing the effectiveness of SC-EVs.
However, our study has several limitations. Firstly, essential information
such as randomization and blinding was not reported in the quality
assessment of most of the included articles, leading to uncertainty about
the risk of bias and affecting the reliability of the results. Secondly, we
did not include in vitro potency tests of SC-EVs, only in vivo animal
studies, which may not accurately predict the therapeutic potential of
SC-EVs (Nguyen et al., 2020). Thirdly, the included studies did not
provide exact values, and data had to be extracted from graphs using the
online tool WebPlotDigitizer, which might introduce errors and affect
the reliability of the results. Finally, the heterogeneity of SC-EVs, the
inconsistency of functional assay methods and the limited number of
included studies could also affect the conclusions of the analyses.

5. Conclusion

We propose that SC-EVs could potentially improve cognitive and
motor functions, as well as brain microstructure. Genetically modified
SC-EVs might also help maximize the therapeutic benefits of SC-EVs.
This provides a theoretical basis for using cell-free therapies to pre-
vent and/or treat PBI. However, it is essential to investigate and mitigate
any potential adverse effects, establish standardized manufacturing
criteria, and application protocols for SC-EVs in order to progress cell-
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free therapies into clinical practice.
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