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BACKGROUND: Perinatal arterial ischemic stroke (PAIS) is a neurologic disorder leading to long-term complications. Mesenchymal
stem cells (MSCs) have emerged as a novel therapeutic agent. This systematic review aims to determine the effects of stem cell-
based interventions for the treatment of PAIS in preclinical studies.

METHODS: We included all controlled studies on MSCs in neonatal animals with PAIS. Functional outcome was the primary

outcome. The literature search was performed in February 2021.

RESULTS: In the 20 included studies, MSCs were most frequently delivered via intracerebral injection (n =9), 3 days after the
induction of PAIS (n = 8), at a dose ranging from 5 x 10* to 5 x 10° cells. The meta-analysis showed an improvement on the cylinder
rearing test (MD: —10.62; 95% Cl: —14.38 to —6.86) and on the water maze test (MD: 1.31 MD; 95% Cl: 0.80 to 1.81) in animals

treated with MSCs compared to the control group animals.

CONCLUSION: MSCs appear to improve sensorimotor and cognitive performance in PAIS-injured animals; however, the certainty of
the evidence is low. Registration of the protocol of preclinical studies, appropriate sample size calculation, rigorous randomization,
and reporting of the data on animal sex and survival are warranted.PROSPERO registration number: CRD42021239642.

Pediatric Research (2024) 95:18-33; https://doi.org/10.1038/s41390-022-02208-3

IMPACT:

® This is the first systematic review and meta-analysis of preclinical studies investigating the effects of MSCs in an experimental

model of PAIS.

® MSCs appear to improve sensorimotor and cognitive performance in PAIS-injured neonatal animals.
® The certainty of the evidence is low due to high or unclear risk of bias in most domains.

INTRODUCTION

Ischemic perinatal stroke has been defined as a focal disruption
of cerebral blood flow that takes place between 20 weeks of
gestation and 28 postnatal days.' The incidence of perinatal
arterial ischemic stroke (PAIS) from population-based data
ranges between 10 and 29 per 100,000 live births.>™* Several
independent risk factors such as male sex, chorioamnionitis,
multiple births, preterm birth, and small for gestational birth
have recently been implicated in the etiopathogenesis of
PAIS.>® Frequently, neonates with PAIS present with seizures
within the first days after birth and may be accompanied by
(asymmetric) hypotonia, lethargy, and apnea.” Overall, out-
comes from perinatal stroke are poor, with most patients
developing lifelong neurological disabilities.” In 50-75% of
infants, PAIS leads to abnormal motor and neurodevelopmental
outcomes, including cerebral palsy, cognitive dysfunction,
behavioral disorders, and epilepsy.” Current treatment options
for PAIS consist only of supportive care, such as controlling
hypoglycemic and seizures. As these treatments offer only

symptomatic care and no cure, additional therapeutic strategies
for PAIS are urgently needed.

Mesenchymal stem cells (MSCs) have emerged as novel
therapeutic agents with promising results in experimental studies
of newborns. The therapeutic potential of MSCs in brain injuries
has mainly been attributed to their immunomodulatory and
regenerative potential.® Several preclinical studies provide evi-
dence for the use of MSC-based therapy in the neonatal period.
Most intensively the condition of bronchopulmonary dysplasia
(BPD) in the neonatal lung has been studied. Two recently
published systematic reviews on preclinical trials showed a
significant therapeutic benefit of MSCs therapy on several
outcome measures and suggest that MSCs are the most effective
therapy for BPD.”'® Similarly, for neonatal brain pathologies
including the condition of hypoxic-ischemic encephalopathy
(HIE)'''? and intraventricular hemorrhage (IVH),"®> MSCs were
reported to have positive effects on neurobehavioral outcomes,
repairing brain tissue and attenuating brain damage. There is also
a growing number of preclinical studies investigating the potential
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therapeutic role of MSCs in experimental PAIS.' To date, there has
been no systematic review and/or meta-analysis on the ther-
apeutic potential of stem cells in experimental PAIS.

This systematic review and meta-analysis aimed to evaluate and
summarize the available evidence on the therapeutic potential
and safety of MSCs in neonatal animal models of PAIS.

METHODS

Our methods for systematically reviewing the preclinical studies are
based on the tools and guidelines offered by SYRCLE. The protocol
(CRD42021239642) was registered on PROSPERO before starting the
review. We used the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) checklist for the manuscript.

Search strategy

We conducted a comprehensive search including MEDLINE via
PubMed (818 records), Embase (532 records), and Web of Science
(2028 records) on February 19, 2021. The search strategy involved
the following search components: mesenchymal stem cells, stroke,
and animals (for the full search strategies for each database, see S1).
We used no language or publication date restriction. Duplicates
were automatically indicated by EndNote and removed.

Inclusion criteria

We included preclinical, randomized, and non-randomized con-
trolled studies of neonatal animal models mimicking PAIS.
“Neonatal” was defined as the first 10 days since birth, as this
time interval has been referred to as the neonatal period, at least
in rodents.' We included all studies that evaluated the
therapeutic potential and safety of MSCs. MSCs were defined
using the minimal criteria set out in the International Society for
Cellular Therapy (ISCT) consensus statement.'” Non-interventional
studies, studies without controls, and non-neonatal models of
PAIS were excluded.

Study selection

Two authors (V.L. and AR.) independently screened titles and
abstracts for inclusion using the Software Covidence. For the
potentially relevant articles, the full text was retrieved, and
eligibility was assessed according to our inclusion criteria.
Disagreements about inclusion were resolved by discussion and
consensus among a third author (M.B.).

Data extraction

Two reviewers (A.R. and O.R) extracted the data using a
predetermined data extraction sheet. A third reviewer checked
the data for accuracy (V.L). Data were extracted for study
characteristics (authors, year of publication, and study location),
study design (sample size for intervention, control, and sham
groups), intervention characteristics (timing, dose, and mode of
stem cell administration), and outcome measures (primary and
secondary outcomes). Dichotomous and continuous data pro-
vided in numbers were extracted directly. As most of the data
were available in figures and not in numerical form, we used a
validated graphical digitizer (WebPIotDigitizer),18 an open-source
program that can work with a variety of plot types and images.
First, the images of the figures for the relevant outcome from all
included studies were saved as screenshots, then these images
were uploaded to the application. The first step of the analysis
consisted of defining the type of graph analyzed, which was
typically a two-dimensional bar plot, and calibrating the axis by
assigning four points of known values on the axis. Then, the data
points were extracted.

Outcomes

Our primary outcomes were any functional outcome measure that
was defined as a quantified measure across any of the WHO-ICF
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domains of impairment, activity (disability), or participation
(handicap);'® mortality during the study; and any rate of adverse
events and harms.

Our secondary outcomes were inflammation markers for the
brain, lesion size as measured by neuroimaging or by immuno-
histochemistry (IHC), and outcomes and/or markers for neurogen-
esis, apoptosis, and neuronal development.

Assessment of risk of bias

We used SYRCLE's risk of bias tool*® for animal studies to assess the
risk of bias in the included studies. Two reviewers (A.R. and V.L.)
independently evaluated the studies, any disagreements were
solved through discussion and, if necessary, by consulting a third
review author (M.B.). The following domains were assessed as low
risk of bias, high risk of bias, or unknown risk of bias: selection bias
due to sequence generation; baseline characteristics or inadequate
allocation concealment; performance bias due to inadequate
randomization housing or blinding; detection bias due to inade-
quate randomization of outcome assessment or blinding; attrition
bias due to incomplete outcome data; reporting bias due to
selective outcome reporting; and other sources of bias. We adapted
the GRADE methodology to assess the certainty of the evidence for
the main outcomes.

Data analysis

Data were analyzed with the Cochrane Software RevMan 5.4.2' We
calculated standard deviations from standard errors and n values.
We used mean difference (MD) for the continuous outcomes. Due
to anticipated heterogeneity, summary statistics were calculated
with a random-effects model. We assessed statistical heterogene-
ity with the /* statistic with 95% confidence intervals and data
were visualized using forest plots. Statistical heterogeneity was
assessed as very low (0-25%), low (25-50%), moderate (50-75%),
and high (>75%) using the /-statistic.

Subgroup analyses

We planned to perform the following subgroup analyses: sex
(male and female); dose of MSCs, i.e, high dose and low dose;
route of administration: intravenous, intraventricular, intranasal;
number of administrations: 1, 2-5, >5; and timing of administra-
tion: early (postnatal day 0-2), late (postnatal day 3-9), very late
(postnatal day 10).

RESULTS

Our search for animal studies returned a total of 3378 records and
891 duplicates were removed, resulting in 2487 studies for
screening. Figure 1 shows the PRISMA diagram of the compre-
hensive search and the reasons for excluding studies. Following
screening titles and abstracts, 525 studies were selected and
screened for full text. For 130 studies no full text was available; of
the remaining studies, 395 studies were excluded mainly because
animals were not in the neonatal period (n = 351). Further reasons
were that the studies were not an original full research paper
(n=15), only other regenerative cells than MSCs were used
(n=6), two studies have been retracted and one study had no
different study arms.

Study characteristics and study population

The 20 studies included in this review were published between
the years 2010 and 2021. The characteristics of included studies
are summarized in Table 1. Among the included articles, seven
were from China,?*"%® five from the Netherlands,?®~* three from
Korea®*3 and the USA,*’73° and two from Japan.***’ Rodents
exposed to PAIS were the onlgl animal model. The rat being the
most used species (n=14)?4"2833353941 followed by mouse
(n = 6).2°73234% Regarding the sex of the animals, half of the
studies did not report this information (n = 10), three studies only

SPRINGER NATURE

19



V. Lehnerer et al.

20

Identification of studies via databases

)
5 . o Records removed before screening:
o .
= Reccggs%deednt(lge_dg;%rp. Duplicate records removed (n = 891)
;g Embase (n—_532) > Records marked as ineligible by
= Web of Science (n=2028) automation tools (1= 0)
) - Records removed for other reasons
o -
= (n=0)
—
A4
)
Records screened > Records excluded
(n=2487) (n=1962)
A4
Reports sought for retrieval Reports not retrieved
—>
o (n=525) (n = 130)
=
)
2 i
3}
(%]
Reports assessed for eligibility
- —
(n=395) Reports excluded:
D No neonatal period (n = 351)
. Not an original full research paper
(n=15)
o No mesenchymal stem cells, only
other regerative cells (n = 6)
o Retracted (n=2)
— ° Studies without at least two different
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Fig. 1 PRISMA flowchart.
used male pups®>3%39 and seven studies?#313234373841 ysed pups  studies,?>?%31-3336-3841 the first administration of MSCs was done

of both sexes. None of the included studies investigated the effect
of MSCs in females alone, nor did comparative analysis. All studies
induced PAIS within postnatal day 10, most of the studies on
postnatal day 7 (n=11)22283%353941 |n 3|, 70% (n=14) of all
studies used a combination of occlusion either of carotid or

internal carotid artery followed by hypoxia. Among these trials,
22-26,28,34,36,40,4

ten ' used a mixture of 8% O, for hypoxia, while the
four trials?*>2 induced hypoxia with 10% O,. The remaining
studies (n = 5)333>37739 ysed either carotid artery, middle cerebral

artery, or internal carotid artery occlusion. One study** differed
from all the others by using reperfusion after 30 min.

MSCs characteristics and application

As shown in Table 1, intracerebral injection of MSCs was the most
common route of delivery (n = 10),7%232>27730323435 fo|lowed by
intranasal inhalation (n=5)"%3*"° intravenous infusion
(n=3),2%"*" intraperitoneal (n=3),**°*" and intracardial
(n = 1)*° injection. Of these, two studies compared two routes of
application (intravenous vs. intraperitoneal).?*° Almost all studies
(n=17) investigated only a single dose of MSCs, apart from three
studies?®3%39 that studied a repeated administration of MSCs,
after either 3, 5, or 7 days following the first application. In eight

SPRINGER NATURE

3 days after the induction of PAIS, six studies applied the MSCs
therapy on the same day (n = 3),°%***° or 1 day (n = 3)***5*° after
the induction of PAIS. In two studies,®>*® MSCs therapy was
administered 2 days after the induction of PAIS. The remaining
studies (n = 4) used a later application of MSCs at 4,2 5,%” 8,>% and
3534 days following PAIS. The doses ranged from 5 x 10* cells to a
maximum of 5 x 10° cells, while most often 1 x 10° cells were used
(n = 7).2433353841 Bone marrow was the most common source of
MSCs (n = 11).242973336384041 £\rther MSCs were derived from
human umbilical cord blood (n=1)>> from umbilical cord
(n=2),2"% placenta (n= 2),%? Wharton’s jelly (n= 1),%° and
adipose tissue (n = 1).3” Two studies did not specify the source of
MSCs.283* A total of 39% (n=7) studies performed xenogeneic
transplant, while 56% (n =10) performed allogeneic transplanta-
tion. For three studies there was no information available.

All studies except one® used the PAIS model without additional
injection, with the administration of phosphate-buffered saline,
saline, or vehicle as a control group. Sixteen stu-
dies??72426-313335-39 3150 compared the MSCs groups with
healthy, non-, sham-operated animals.

Table 2 summarizes the characterization of the cells used in the
animal experiments. Using the ISCT criteria, only four studies

Pediatric Research (2024) 95:18-33
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reported information for all categories.?>?>*>27 Plastic adherence
was reported in 90% (18 studies). Positive and negative markers
specific to MSCs were confirmed in 80% (n = 16) of studies. Six of
these studies®®*33® that reported negative markers identified
them simply as myeloid and hematopoietic cell lineage-specific
antigens, rather than naming specific markers. The ability to

differentiate into various cell lineages was reported in seven
Studies.22'23'25'27'31'35'37

Risk of bias

The risk of bias was assessed using the SYRCLE Risk of Bias Tool for
all 20 studies that met inclusion criteria (Table 3). Only three
studies assessed and compared the relevant baseline character-
istics including sex, age, weight, and lesion size3**”*' As the
distribution was balanced for the intervention and the control
group, these studies were rated with a “low” risk of bias for this
domain. All the other studies were evaluated as “unclear” as it was
not clearly stated if baseline characteristics were equally
distributed between the groups. Despite 16 studies stating that
the allocation of animals to experimental and control groups was
random, only one?® of the studies explicitly described a method of
random sequence generation. Therefore, all studies except one
were judged as “unclear” in the domain of random sequence
generation. Further none of the studies adequately described the
method used to conceal allocation. None of the studies reported
random housing nor sufficient information about the blinding of
the investigators regarding the intervention. Ten stu-
dies???9732357373940 mantioned blinding in terms of outcome
assessments. Only six studies?®>>3%3” reported blinding of the
investigators for all outcome assessments and were therefore
judged with a “low” risk of bias. As none of the studies stated
information about missing data and it was not obvious if all
animals were included in the analysis, the domain of incomplete
outcome data was rated as “unclear” for all studies. Similarly, in
none of the studies, the study protocol was available, so it was
unclear if the study was free of selective outcome reporting. In six
studies?62932353640 g conflict of interest statement was reported
despite funding. Therefore, these studies were rated with a “high”
risk of bias in the domain of other sources of bias. As the
possibility of bias could not be excluded in the other studies and
therefore was rated as “unclear”. In one study®* ethical approval
was not reported.

Effects of the interventions

Primary outcomes. All studies but one®® assessed a functional
outcome. The sensorimotor outcome was measured most
frequently (n=15), followed by the cognitive outcome
(n=6),222*?5"2837 and only one study®® assessed participation
in form of social interaction. Table 4 shows the list of the primary
outcomes reported by each study. Meta-analysis of the animal
studies was deemed feasible for the cylinder rearing test and the
water maze test.

Sensorimotor outcome. The cylinder rearing test was most often
used to assess the motor outcome (n = 9).2°>**>38 For four of
these studies,?* 32 we were able to conduct a meta-analysis based
on their comparability including PAIS mode, species, and type of
MSCs. The meta-analysis shows a significant improvement in favor
of the MSCs group (MD: —10.62; 95% Cl: —14.38 to —6.86) for all
test days (10, 21, and 28 days) compared to the control group
(Fig. 2). However, the heterogeneity at 10 days is high (> = 71%)
but not for days 21 and 28 (> =0%). The biggest difference
between MSCs and control group is observable on day 28
(MD:—15.45; 95% Cl: —19.76 to —11.14).

The rotarod test was the second most reported motor outcome
(n=5).262%3%3% Dye to the heterogeneity among these studies,
no meta-analysis was possible. Three studies?**>3° reported a
significant improvement in performance on rotarod in the MSCs
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group compared to the control group. Furthermore, a second
dose of MSCs on day 10 increased the motor performance
compared to a single application of MSCs.?°

Further tests that were used to test the motor performance
were the beam walk test (n=2),>>*' the adhesion removal test
(n = 2),7° the grip strength test (n = 1),>* the hanging wire test
(n=1),% the vertical pole test (n=1),> and longa scorning
(n = 1).2° Only one study using the grip strength test could detect
no improved motor performance for the MSCs group.
Cognitive outcome. Four studies®*?*™?® investigated cognitive
performance with the water maze test being the most commonly
applied. The novel object recognition test was used in one
study,”” as well as the shuttle box test,>* open field test,*” and
object-in-place test.?” For three studies,®>*”® it was possible to
pool the results of the water maze test. The water maze
performance was improved by 1.31 MD (95% CI: 0.80 to 1.81)
with no heterogeneity (/> = 0%) in favor of the MSCs group (Fig. 3).
Sensory function. Two studies®>3° reported measuring sensory
function. One study®® assessed the olfactory function with the
modified buried food-finding test at 17 days. They could detect a
significant improvement measured by less time to find food for
the stroke animals that received MSCs. The other study reported
several sensory functions within a modified neurological severity
score including as well motor tests. The overall test battery
showed significantly better results for the MSCs group compared
to the control group.

Participation. Only one study®® tested social interaction using
social interaction tests and home-cage activity. The results of this
study demonstrated better social behavior in PAIS animals treated
with MSCs compared to the control group animals.

29,31-33,35,37,38
37,38

Survival/mortality. Seven studies reported on the
survival of the animals. Two studies reported the survival rate
for the different groups of animals. Both studies reported a
survival rate of 87% only post injury, not at the end of the study.

Secondary outcomes

Secondary outcomes are listed in the Supplementary material and
include lesion size; markers for neurogenesis, apoptosis, neuronal
development; markers for inflammation; and distribution of MSCs.

DISCUSSION

This is the first systematic review and meta-analysis of preclinical
studies investigating the effects of MSCs in an experimental model
of PAIS. The main finding is that MSC treatment favors
sensorimotor and cognitive performance in PAIS-injured animals
compared to vehicle-treated animals.

Primary outcomes
The primary outcomes assessed in this review included the
functional outcome, as PAIS often leads to functional deficits such
as cerebral palsy, cognitive deficits, and neurodevelopmental delay
that may result in reduced physical activity and participation in later
life.*? There was a large array of measurements being used to assess
functional outcomes including 16 different tests in included studies.
The lack of standardization in outcome measurement has been
addressed in a recent review suggesting greater consistency in
choice, application, and reporting of outcomes.'® We found that
sensorimotor outcome was measured most frequently (n=15),
followed by the cognitive outcome (n=6) and only one study
assessed participation in form of social interaction.

We considered a meta-analysis for the cylinder rearing test, a
test for the sensorimotor outcome, and the water maze Morris
test, a test for the cognitive outcome, to be feasible because these
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studies were comparable, including PAIS mode, species, and type
of MSCs. We found that MSCs significantly improved sensorimotor
and cognitive performances are consistent with other reviews that
analyzed the effect of stem cell therapy in neonatal animal models
of HIE, including the same injury models as for PAIS.'""'? Despite
high heterogeneity for functional outcomes (14 studies were
analyzed for sensorimotor and 5 for cognitive outcomes) in the
review of Archambault et al. the data of our meta-analysis are in
agreement with their data, showing the benefit of MSCs treatment
following PAIS."" As well, the recently published comprehensive
review of Serrenho et al. on stem cell therapy for HIE found that
80% of all studies (n=58) improved either cognitive or motor
outcome or both.'? Overall, this was also evident in most of the
studies included in this review showing the beneficial effects
of MSCs.

While the most common approach for modeling PAIS reported
by Faustino-Medes et al. is the transient unilateral ligation of the
common carotid artery followed by hypoxia,*® other studies stated
that the lesion created by a single permanent artery occlusion is
more similar to the lesion that we can have in PAIS.**** Overall, we
could identify four different types of injury: (1) transient ligation +
hypoxia (8% O,) for 30 min, 90 min, 2 h, 2.5h, 3,5 h; (2) transient
ligation + hypoxia (10% O,) for 45 min; (3) permanent ligation
without hypoxia; and (4) ligation with reperfusion. In addition,
distinct variations of these four types have been described and
studied in the literature, each owing to differences in lesion size,
clinical features, and underlying processes.**™*’ As animal models
are considered of crucial importance to explore mechanisms
underlying the disease and are supposed to replicate and assess
the safety and efficacy of treatments, the choice of animal models
may be of great importance when studying the effect of MSCs.
Since we were only able to conduct a meta-analysis on one injury
group (ligation + hypoxia), it is not clear to what extent different
models influence the outcome.

Mortality and adverse outcomes are important endpoints;
however, in MSCs-based preclinical studies, they are reported
barely. Only seven studies included in this review stated the data
on the survival of animals, and just two of these studies described
the survival data based on groups. The other studies reported the
survival rate following the induction of PAIS but before the
initiation of treatment. The finding highlights the importance to
report the survival rate in animal studies, as well as the initial and
final number of animals included in the studies. None of the
included studies stated if adverse outcomes occurred. Notably, all
clinical phase | trials reported yet on MSCs-based therapy did not
result in adverse events in severe IVH,*® HIE,**~>' and preterm
infants with risk for BPD.>? Specifically for the condition of PAIS, a
phase | trial has been completed very recently in the Netherlands
and no adverse events were described.”® However, no studies
have been completed to evaluate the efficacy of stem cell therapy
in neonates.>*> Furthermore, all the studies are rather short term,
and long-term follow-up is needed to reassure the safety of MSCs
in the long term.

Secondary outcomes

Our secondary outcomes included inflammation markers for the
brain, lesion size and outcomes, and/or markers for neurogenesis,
apoptosis, and neuronal development. Neuroimaging studies
found beneficial results regarding lesion size in the MSCs group.
Most IHC studies reported improvement in pathological changes
in animals receiving MSCs treatment. Several studies reported
increased neurogenesis after the application of MSCs, for different
timepoints and brain regions, and enhanced synaptic plasticity.
Studies on white matter injury showed an increase in BrdU/Olig2
cells, a decrease in MAP2 and MBP loss, increased MPB optical
density, and lateral arborization in animals with PAIS treated with
MSCs. The effects on angiogenesis, astrogliosis, and pro-
inflammatory cytokines were unclear.
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MSsC Control Mean difference Mean difference Risk of bias
Study or subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI 1V, Random, 95% CI ABCDEFG
1.2.1 10 days
Van Velthoven 2010a 12.54 5 14 2011 5095 12 11.1% ~7.57 [-11.84, -3.30] —_
Van Velthoven 2010b 1493 556 12 1517 262 8  11.6% -0.24 [-3.87, 3.39] —_
Van Velthoven 2010c 1227 607 12 21.85 961 10 9.1% -9.58 [-16.46, —2.70] —_—
Van Velthoven 2012 508 7.38 19 1206 6.92 19 10.9% —6.98 [-11.53, —2.43] —
Subtotal (95% Cl) 57 49  42.7% -5.69 [-10.02, -1.37] o
Heterogeneity: Tau? = 13.53; Chi® = 10.41, df = 3 (P=0.02); I* = 71%
Test for overall effect: Z=2.58 (P=0.010)
1.2.2 21 days
Van Velthoven 2010a 16.42 952 14 2845 727 12 9.4% -12.03 [-18.49, -5.57] —_—
Van Velthoven 2010b 19.19 727 12 2881 10.13 8 8.1% -9.62 [-17.76, —1.48] —_—
Van Velthoven 2010c 2418 1255 12 41.82 17.73 10 5.1% ~17.64 [-30.72, —4.56] +————————
Van Velthoven 2012 709 83 19 2254 10.15 19 9.8% -15.45 [-21.35, -9.55] —_—
Subtotal (95% CI) 57 49  32.3% -13.32 [-17.00, -9.63] <o
Heterogeneity: Tau? = 0.00; Chi® = 1.87, df = 3 (P = 0.60); /> = 0%
Test for overall effect: Z=7.08 (P < 0.00001)
1.2.3 28 days
Van Velthoven 2010a 1719 785 14 3188 8.15 12 9.6% —14.69 [-20.87, -8.51] —_—
Van Velthoven 2010b 21.04 1048 12 31.84 11.17 8 6.9% -10.80 [-20.55, —1.05] —_—
Van Velthoven 2012 762 11.07 19 27.09 1292 19 8.4%  -19.47 [-27.12,-11.82] ————
Subtotal (95% Cl) 45 39 250% -15.45[-19.76,-11.14] o
Heterogeneity: Tau? = 0.00; Chi® = 1.99, df = 2 (P = 0.37); I* = 0%
Test for overall effect: Z=7.02 (P < 0.00001)
Total (95% Cl) 159 137 100.0% -10.62 [-14.38, -6.86] <o

Heterogeneity: Tau® = 28.38; Chi’ = 40.97, df = 10 (P < 0.0001); /* = 76%
Test for overall effect: Z=5.53 (P < 0.00001)

Test for subgroup differences: Chi® = 11.05, df = 2 (P = 0.004); /* = 81.9%
Risk of bias legend

(A) Random sequence generation (selection bias)

(B) Allocation concealment (selection bias)

(C) Blinding of participants and personnel (performance bias)

(D) Blinding of outcome assessment (detection bias)

(E) Incomplete outcome data (attrition bias)

(F) Selective reporting (reporting bias)

(G) Other bias

-20 -10 O 10 20

Favours MSC Favours control

Fig. 2 Effect of treatment with MSC compared to control (PAIS with no MSC) for cylinder rearing test at 10, 21, and 28 days after PAIS.

Difference in route of application and dose.

Heterogeneity among included studies

Overall, we observed a high heterogeneity among studies on cell
source, cell administration, the timing of administration after
injury, cell number administered, and sex of the animals, when
reported.

Bone marrow was the most common source of MSCs (n=11).
Further MSCs were derived from human umbilical cord blood
(n=13), placenta (n = 2), Wharton'’s jelly (n = 1), and adipose tissue
(n=1). Two studies did not specify or report the source of MSCs.
Although MSCs from different tissues display similar immunophe-
notypic patterns, many studies demonstrated differences in
marker expression.”® Liau et al. recently highlighted therapeutic
benefits for MSCs obtained from umbilical cord tissue due to their
availability and immune evasive nature.’’

We found five different forms of application with an intracer-
ebral injection of MSCs as the most common route of delivery
(n=10). Two studies compared two routes of application,
intravenous versus intraperitoneal, and reported a slight benefit
for intravenous application.**° Overall, it is commonly believed
that local (e.g., intraventricular) rather than systemic (e.g.,
intravenous or intraperitoneal) stem cell delivery is therapeutically
more effective.’® The intranasal delivery of MSCs seems an optimal
route of administration in terms of non-invasiveness and
practicability and is considered an effective path for cell-based
therapies.>®

Another essential issue in clinical translation is the optimal
timing for MSCs application. We found that most of the studies
administered MSCs three days after PAIS (n=28). Two studies
compared an earlier versus later application of MSCs with more
beneficial effects for the earlier application.?®3” Although the
question has not yet been fully clarified, some studies also suggest
that a later application of stem cells weakens the effect.®*®

SPRINGER NATURE

In terms of doses, we found that most often 1 x 10° cells were
used (n=7). A cell dose of 5x10° and 107 cells/kg has been
described as safe in the short term in the first clinical studies using
MSCs in neonatal diseases.*®>'°>6%¢" |n general, higher doses of
MSCs are considered more effective but the upper limit of MSCs
has not been defined so far.? Furthermore, Ahn et al. concluded
that the optimal doses of MSCs for the best therapeutic effects
should be determined based on the timing and route of MSCs
transplantation.®

Only half of our studies reported the sex of the animals, three
studies used male pups, and seven studies pups of both sexes.
None of the included studies investigated the effect of MSCs in
females alone, nor did comparative analysis. To date, several
studies have shown that perinatal stroke appears to be sex-
dependent and may also influence the effect of stem cell
treatment.5>** The male sex has a higher vulnerability, possibly
due to neuroinflammation, oxidative stress, and cell death
pathways.%®> Due to these existing differences, studies must take
sex into account in the study design and, above all, report on it.

Quality of the studies

Overall, the included trials were characterized by high or unclear
risk of bias in most domains of the SYRCLE risk of bias tool, and
imprecision of the estimates. None of the studies reported on
allocation concealment, random housing, blinding of the care-
givers, or random outcome assessment. Only one study reported
on sequence generation,?® three studies balanced relevant
baseline characteristics adequately, and five studies reported on
blinding of the outcome assessors. A study protocol was not
available for any of the animal studies. This leads to an unclear risk
of reporting bias and poor transparency in general. The problem
of unclear risk of bias has already been highlighted in other

Pediatric Research (2024) 95:18-33
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MSC Control Mean difference Mean difference
Study or subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI 1V, Random, 95% CI
Ding 2015 6.3 1.64 5 438 239 5 3.9% 1.92 [-0.62, 4.46] 7
Yang 2020 199 094 10 074 034 10 66.2% 1.25 [0.63, 1.87] : 3
Zhou 2015 21 173 17 0.75 0.91 18 29.8% 1.35[0.43, 2.27] —a—
Total (95% CI) 32 33 100.0% 1.31[0.80, 1.81] 2
Heterogeneity: Tau? = 0.00; Chi® = 0.26, df = 2 (P = 0.88); I° = 0% f f t 1
-10 -5 0 5 10

Test for overall effect: Z=5.08 (P < 0.00001)

Favours control Favours MSC

Fig. 3 Effect of treatment with MSC compared to control (PAIS with no MSC) for water maze test. Difference in route of application

and dose.

systematic reviews of preclinical studies on neonatal pathological
conditions.'®'"®° Estimates of the effect size were imprecise for
most outcomes, due to few and small studies reporting the same
outcome measures, and wide confidence of intervals.

Strengths and limitations

The strengths of our systematic review include a rigorous peer-
reviewed search strategy, the registration of a protocol
before screening and analyzing the studies, and the use of
international guidelines and standards to conduct our systema-
tic review.

However, our review was limited by the fact that a large number
of published data were available only in the form of figures and
not in an easily extractable numerical form. Thus, most of all the
data we used were extracted from figures; minor distortion of data
is possible, but all groups would be equally affected. An additional
limitation in this review is the choice of the primary outcomes,
limited to functional outcome parameters. To include histological
benefits of MSC treatment, such as the size or volume of the brain
lesion, would have increased the translational value of the
findings, also considering that the behavioral test was conducted
in the first weeks of life. Finally, the study design of the included
studies presented relevant differences in the model of inducing
PAIS and MSCs, thus causing heterogeneity and inconsistency,
which affect the overall certainty of evidence.

CONCLUSION

Preclinical studies suggest that MSCs treatment might improve
sensorimotor and cognitive performance in PAIS-injured neonatal
animals. However, the quality of the evidence is low because of
study limitations and imprecision of the estimates. Confirmatory
studies on MSCs for PAIS should pre-register the study protocol,
use an appropriate sample size based on a relevant outcome, and
measures to minimize bias should be considered.

DATA AVAILABILITY
The datasets generated during and/or analyzed during the current study are available
from the corresponding author on reasonable request.
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