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BACKGROUND: The PASSIoN study (Perinatal Arterial Stroke Treated With Stromal Cells Intranasally) demonstrated the
feasibility and short-term safety of single-dose allogeneic mesenchymal stromal cells (MSCs) administered intranasally to
neonates with perinatal arterial ischemic stroke between February 2020 and April 2021. In this study, we assessed long-term
safety and neurodevelopmental outcomes and explored outcome differences with a non-MSC-treated cohort.

METHODS: In this post hoc analysis, we evaluated the safety of MSC administration by assessing brain tissue loss, adverse
events, and neurodevelopmental outcomes of PASSIoN participants (N=10). The tissue loss ratio was calculated using semi-
automatic segmentation based on neonatal and 3-month magnetic resonance imaging. At the age of 2 years, we assessed
the occurrence of cerebral palsy, motor and cognitive delays (Zscore <—1 SD), behavioral and language problems, visual field
defects, and epilepsy. We selected a non—-MSC-treated registry cohort (N=39) born between 1994 and 2022, who would
have met PASSIoN trial inclusion criteria to compare magnetic resonance imaging and outcome characteristics.

RESULTS: At 3 months, the mean=SD tissue loss ratio of PASSIoN participants was 89+21%, indicating more preserved
tissue than expected based on initial stroke volume. By the age of 2 years, no related adverse events were reported. Two
children (20%) developed cerebral palsy (Gross Motor Function Classification System 1) without motor developmental delays.
Cognitive, behavioral, and language problems affected 10% to 20%, and none had developed epilepsy. Compared with the
registry cohort, and PASSIoN participants showed less often asymmetry of the posterior limb of the internal capsule (40%
versus 81%; P=0.02) and the cerebral peduncle (10% versus 61%; P=0.01) on 3-month magnetic resonance imaging
and had a better motor performance at the age of 2 years (median [interquartile range] Z score, 0.3 [0.8] versus —0.4 [1.5];
P=0.003).

CONCLUSIONS: This study demonstrates the long-term safety of intranasal MSC therapy in 10 infants with perinatal arterial
ischemic stroke and may suggest better motor outcomes compared with the literature and a non—MSC-treated cohort.
Randomized controlled trials are required to confirm MSC efficacy for children with perinatal arterial ischemic stroke.

REGISTRATION: URL: https://www.clinicaltrials.gov; Unique identifier: NCTO3356821.
GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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Nonstandard Abbreviations and Acronyms

CP cerebral palsy

CSsT corticospinal tract

MRI magnetic resonance imaging

MSC mesenchymal stromal cell

PA perinatal asphyxia

PAIS perinatal arterial ischemic stroke

PASSIoN  Perinatal Arterial Stroke Treated With
Stromal Cells Intranasally

TH therapeutic hypothermia

TLR tissue loss ratio

uc umbilical cord

Perinatal arterial ischemic stroke (PAIS) occurs in
1 in 5000 to 10000 newborns." Depending on the
extent and location of the stroke, PAIS can lead to life-
long deficits in, for example, motor and cognitive func-
tioning, significantly impacting the children’s quality of
life.2® Developing new therapies for patients with PAIS is
urgently needed, as no curative treatments are currently
available.

See related article, p 2419

Emerging evidence highlights the neuroregenerative
potential of mesenchymal stromal cell (MSC) therapy for
perinatal brain injury. In animal models, intranasal MSC
therapy has proven effective in reducing tissue loss
and improving long-term functional outcomes.*” Most
in-human trials describe MSC administration for treat-
ment of established cerebral palsy (CP), which is often
a result of perinatal brain injury. In an individual partici-
pant data meta-analysis, children aged O to 18 years
with CP showed improved motor function 6 months after
infusions of umbilical cord (UC) blood, a rich source of
MSCs.8 In addition, structural improvements of the cor-
ticospinal tracts (CSTs) measured by diffusion tensor
imaging were observed 12 months after intrathecal UC-
MSC treatment in 4~ to 14-year-old children with CP®

While these in-human trials indicate that MSC therapy
can be neuroregenerative years after injury, preclinical
studies suggest that administering MSCs shortly after
injury onset may be more beneficial.” The neurogenic
capacity of the brain is highest early in life,’® and in pre-
clinical studies, MSCs migrate more effectively to the
lesion site where high levels of chemotactic cues are
present shortly after PAIS onset.'"'? Intranasal adminis-
tration provides a noninvasive, clinically applicable route
to target the neonatal brain.”'3 In the phase | PASSIoN
trial (Perinatal Arterial Stroke Treated With Stromal Cells
Intranasally; URL: https://www.clinicaltrials.gov; Unique
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identifier: NCT03356821), we demonstrated the feasi-
bility and safety up to 3 months of age of administering
intranasal MSCs within 1 week after birth in 10 infants
with PAIS." Based on animal studies, we expect that in
these infants, intranasal-MSC administration will dampen
inflammation and stimulate neuroregeneration leading
to decreased brain tissue loss and improved long-term
neurodevelopmental outcomes.®” Although the trial was
not designed to assess efficacy, the promising results
showed that 70% of the PASSIoN infants had a low risk
of developing CP based on a qualitative follow-up mag-
netic resonance imaging (MRI) and early motor assess-
ments at 3 to 4 months of age, while all infants were
initially considered at high-risk based on the extent and
localization of injury."

The goal of the current study is to assess the long-
term safety of intranasal-MSC treatment by reporting the
neurodevelopmental outcomes of the 10 study partici-
pants at 2 years of age. As an additional safety measure,
we quantitatively analyzed brain tissue loss after PAIS
using serial MRI. In an exploratory analysis, we compared
MRI and neurodevelopmental outcomes of the PASSIoN
participants with a non—-MSC-treated registry cohort.

METHODS
Study Design and Participants

In the PASSIoN trial, 10 neonates were prospectively enrolled
in a nationwide phase | open-label intervention study after
written parental consent between February 11, 2020, and
April 29, 2021." The study was approved by the Dutch
Central Committee on Research Involving Human Subjects
(NL59265.000.16). Participants were born >36.0 weeks of
gestation and had MRI-confirmed predominantly unilateral
PAIS in the middle cerebral artery region including the cortex,
white matter, CSTs, and basal ganglia adhering to the trial's
inclusion criteria. Neonates received 50x10° bone marrow—
derived MSCs intranasally within 7 days of presenting with
signs suggestive of PAIS at the neonatal intensive care unit of
the Wilhelmina Children’s Hospital, Utrecht, the Netherlands.™
We previously reported the trial's primary outcomes’ feasibility
and (sub)acute safety, together with qualitative analysis of the
neonatal and a 3-month MRI scan, and neurodevelopment at 4
months.™ In this post hoc analysis, we report possible (serious)
adverse events that occurred after 3 months of age, 2-year out-
comes of these patients collected during clinical neurodevelop-
mental follow-up, and a quantitative tissue loss analysis using
serial MRl as an additional safety measure. This study followed
the Strengthening the Reporting of Observational Studies in
Epidemiology reporting guidelines. Data collected for the study
cannot be made available to others because the parents of par-
ticipants did not give consent to share data with other parties.
As an exploratory analysis, we compared the MRI and neuro-
developmental outcomes with a cohort from the Neonatal Stroke
Registry Utrecht, which contains clinical, neuroimaging, and
outcome data of children admitted to the Wilhelmina Children’s
Hospital with PAIS from 1990 onward. We selected a subset of
infants (N=39) who would have been eligible to participate in
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the PASSIoN trial based on the inclusion and exclusion criteria if
the trial had been enrolling participants at the time of their birth.
A part of this registry cohort (n=12/39, 31%) received 3000-
IU/kg erythropoietin intravenously in the neonatal period in light
of their participation in a phase | safety and feasibility interven-
tion trial.'® Parents and patients (depending on their age) of the
PASSIoN and registry cohort gave written consent for data use
in the Neonatal Stroke Registry Utrecht.

MRI Characteristics

Infants in the PASSIoN and registry cohort underwent a neo-
natal cranial MRI, performed within 10 days of symptom onset,
and a follow-up MRI around 3 months of age as part of stan-
dard care. Scans were performed on a 1.5T or 3T Tesla Philips
whole-body Achieva system including an 8-channel head
coil (Philips Medical Systems, Best, the Netherlands), includ-
ing 2 mm axial T1-weighted imaging and T2-weighted imag-
ing (T2WI), and 3-mm diffusion-weighted imaging (scanning
characteristics were reported previously)."® During MR, infants
wore hearing protection, were wrapped in a vacuum pillow to
avoid movement, and received the mild sedative choral hydrate
orally (50 mg/kg) with vital parameters monitored.

MRI Analysis

The affected arterial territory and the involvement of (motor-
related) brain structures (posterior limb of the internal capsule
and cerebral peduncle) were qualitatively scored as previ-
ously described." In addition, we qualitatively assessed stroke
involvement in the perirolandic area, where the primary motor
and sensory cortices are located. We scored the perirolandic
area as injured when either clear diffusion restriction was vis-
ible on neonatal DWI or hyperintensity on neonatal T2WI, or
tissue loss on the follow-up T2WI sequence.

The PASSIoN study protocol included predefined safety
stopping rules; all but 1 were previously reported.” The final
rule called for stopping if the infarcted area increased by >20%
after MSC administration in 3 patients, indicated by a tissue
loss ratio (TLR) >120%. We assessed TLR in the PASSIoN
cohort by comparing neonatal stroke and brain volumes with
3-month brain volumes (see Supplemental Material for cal-
culation methods)'” but could not repeat this for the registry
cohort due to variability in scan quality and protocols over time.
Brain tissue and stroke volumes were calculated based on neo-
natal DWI and T2WI sequences using a convolutional neural
network segmentation method.'® Segmentations were visually
checked and manually adjusted with ITK-SNAP (version 3.8.0).
Stroke volume was expressed relative to the total brain volume
(excluding cerebrospinal fluid and ventricles).

Neurodevelopmental Assessments

All patients with perinatal brain injury receive routine clinical
follow-up visits at 3 to 4, 9 to 15, and 24 months of age at the
neonatology outpatient clinics of the Dutch neonatal intensive
care units. During the visit at the age of 2 years, the patient
was assessed by a neonatologist, a pediatric physiotherapist,
and a pediatric psychologist, who performed a neurodevel-
opmental examination including the Gross Motor Function
Classification System classification in the case of CP and either
the Bayley Scales for Infant and Toddler Development, version
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3 (>2009) or the Griffiths Scales of Child Development third
Edition (Neonatal Stroke Registry Utrecht participants born
before 2009). Language delays were assessed with a standard-
ized parent-proxy lexical development questionnaire measuring
vocabulary comprehension and production or by assessment of
the neonatal follow-up team. Behavioral problems were identi-
fied with the Child Behavior Checklist, and visual fields were
examined >9 months by an ophthalmologist in case of MRI-
diagnosed optic radiation injury. PASSIoN participants also
underwent the Hammersmith Infant Neurological Examination.
These assessments provided information on motor, cognitive,
language, behavioral performance, and the presence of CPF, epi-
lepsy, and visual field defects. The occurrence of serious adverse
events was monitored by asking parents about prescribed medi-
cation, hospital admissions, and treatments by other health care
professionals. All continuous parameters were converted to Z
scores to allow comparison of different assessment methods. A
Z score <—1 was considered a developmental delay, similar to a
previously published study from our group.?

Statistical Analysis

We tested the data for normality by visual inspection, the
Levene test for normality, and the Shapiro-Wilk test. Because
of the small sample size, we handled missing data by pair-
wise deletion. Continuous parameters were depicted as mean
and SD or median and interquartile ranges, and categorical
parameters were depicted as numbers and percentages. We
compared clinical and MRI characteristics of the infants from
the PASSIoN cohort with the registry cohort by using either
the independent samples t test, the Mann-Whitney U test, the
Fisher Exact test, or the y2 test, where applicable.

RESULTS

The baseline characteristics of the patients and short-
term safety of MSC administration have been previously
described.™

On neonatal MR, the stroke volume ranged between
4 and 24% of total brain volume (median [interquartile
range], 8% [8%]). As a safety measure, we assessed the
TLR. A TLR over 100% indicates tissue loss beyond the
initial stroke lesion and vice versa. The mean+SD TLR
was 891219%, and all children had a TLR below the pre-
defined per-protocol stopping criterion of 120% (range,
55%-—114%).

At 243 (09) months of age, 2 parents reported
unplanned hospital visits with their child: 1 due to an epi-
sode of apnea caused by gastroesophageal reflux and 1
because of a febrile seizure during a viral infection. Both
events were considered unrelated to their study participa-
tion. None of the children had used medication after the
initial admission. Five (60%) children did not experience
an adverse outcome on any of the assessed domains
(Table 1). Two of 10 children (20%) developed CP. Both
had a Gross Motor Function Classification System | clas-
sification. One child had mild bilateral CP affecting the
right leg and the left arm due to bilaterally affected motor
cortices on neonatal MRI; the other child had unilateral

Stroke. 2025;56:2410-2418. DOI: 10.1161/STROKEAHA.125.050786
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Table 1. Baseline and Neurodevelopmental Outcome
Characteristics of the 10 Infants Who Received Mesenchymal
Stromal Cells Intranasally

PASSIoN (N=10)
Neonatal characteristics

Sex

Male 4 (40)

Female 6 (60)
Gestational age, wk 40.3 (1.4)
Birthweight, g 3415 (830)
Day of MSC treatment, d 6.1 (1.2)

Neurodevelopmental follow-up

Age at last follow-up, mo 24.3 (0.9)
CP, n (%) 2 (20)
HINE total score* 78 (1)
HINE number of asymmetries* 0.5 (2)
Age when started walking independently, mo 14 (3)
Ipsilesional hand preference, n (%) 6 (60)
Bayley-lll fine motor Z score 0.83 (1.08)
Bayley-lll gross motor Z score —0.33 (1)
Bayley-IIl motor composite score 104 (13)
Motor delay, n (%) 0 (0)
Bayley-l cognitive composite score 106 (3)
Cognitive delay, n (%) 1 (10)
Language delay, n (%) 2 (20)
Epilepsy, n (%) 0(0)
Behavioral problems,t n (%) 1(10)
Visual field defect,# n (%) 0 (0)
No. of domains with adverse outcome, n (%) 1(2)
Children with >1 adverse outcome, n (%) 5 (50)

Data are n (%) or median (interquartile range). A delay was defined as Z score
<—1. Bayley-lll indicates Bayley Scales for Infant and Toddler Development, ver-
sion 3; CP, cerebral palsy; HINE, Hammersmith Infant Neurological Examination;
MRI, magnetic resonance imaging; MSC, mesenchymal stromal cell; and PAS-
SloN, Perinatal Arterial Stroke Treated With Stromal Cells Intranasally.

*Missing data of 2 children (n=8).

tBehavioral problems were identified with the Child Behavior Checklist.

#Visual fields were examined at >9 months of age by an ophthalmologist in
case optic radiation injury was detected on MRI.

CP with full functionality but reduced movement quality
of the hand. Four additional children (40%) exhibited mild
muscle tone asymmetry, with a higher tone in 1 extremity
contralesional to the affected hemisphere. While full func-
tionality of all extremities was maintained, they showed a
preference for using the ipsilesional hand. All children had
a Bayley motor composite score >85 indicating normal
motor development, and children started walking inde-
pendently at a median age of 14 (3) months. Bayley cog-
nitive composite scores were within the normal range for
all but 1 child, who had a score of 82. Two children exhib-
ited a language delay, and 1 child experienced behavioral
problems consisting of sleeping problems. None were
diagnosed with epilepsy or a visual field defect.

Stroke. 2025;56:2410-2418. DOI: 10.1161/STROKEAHA.125.050786
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Comparison With Registry Cohort

As an exploratory analysis, MRI characteristics and neu-
rodevelopmental outcome of the PASSIoN cohort were
compared with a subset of 39 patients from our registry,
born between 1994 and 2022 (Tables 2 and 3). We did
not observe statistical differences between the neona-
tal characteristics of both cohorts except for birth year
(Table S1). Of the registry cohort, 2 of 6 infants with peri-
natal asphyxia (PA) received therapeutic hypothermia
(TH; the other 4 children were born before TH was avail-
able), while 1 infant of the PASSIoN cohort had mild PA
without the need for TH.

The cohorts underwent a diagnostic MRI at a median
(interquartile range) of 4.5 (3) and 4 (3) postnatal days
(PASSIoN and registry cohort, respectively; Table 2). In
the PASSIoN cohort, patients more frequently had a mid-
dle branch middle cerebral artery stroke (40%), whereas,
in the registry cohort, a main middle cerebral artery
stroke was most common (46%). Differences in stroke
territory distribution and stroke volume between the 2
cohorts did not reach statistical significance (P=0.06
and 0.22, respectively). On the neonatal MR, no statisti-
cal differences were observed concerning the involve-
ment of the perirolandic cortex or the CST, areas highly
predictive of motor development. At the follow-up MRI
(postmenstrual age of PASSIoN and registry cohort: 53
(2) and 53 (3) weeks), patients in the PASSIoN cohort
less frequently showed tissue loss in the perirolandic
region (50% versus 92%; P=0.007) and asymmetry in
the posterior limb of the internal capsule (posterior limb
of the internal capsule; 40% versus 81%; P=0.02) and
the cerebral peduncle (10% versus 61%; P=0.01) com-
pared with the registry cohort, while no differences were
observed in basal ganglia and thalamus asymmetry. Non-
PAIS injuries (eg, additional ischemic lesions or global
atrophy) were not significantly different between PAS-
SloN and the registry cohort on both MRI scans.

At neurodevelopmental follow-up at the age of 2
years, the rate of CP was 20% versus 49% (P=0.16)
between the PASSIoN and registry cohort (Table 3). The
motor performance score of the PASSIoN cohort was
significantly higher than the registry cohort (median Z
score 0.3 (0.8) versus —0.4 (1.5); A~=0.003), with 0%
and 33% of children having a motor delay, respectively.
In addition, the scores of both cohorts were signifi-
cantly different from O in a 1-sample t test (FP=0.034
and 0.003, respectively). Children from the PASSIoN
cohort started walking independently at a significantly
younger age (P=0.006). Hand preference was similar,
with 60 to 74% in both cohorts favoring the ipsilesional
hand. Fewer children in the PASSIoN cohort had cogni-
tive delays, and none developed epilepsy although rates
were not statistically different. Visual field defects were
more common in the registry cohort (0% versus 41%;
P=0.02). The number of patients with a language delay
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Table 2. MRI Characteristics of the Infants Participating in the PASSIoN Trial
and a Registry Cohort Adhering to the PASSIoN Trial Inclusion and Exclusion
Criteria

‘ PASSIoN (N=10) ‘ Registry (N=39) P value*
Neonatal MRI

Age at MRI, d ‘ 4.5 (3) ‘ 4 (3) .84
Stroke side, n (%) 0.19

Left 7 (70) 19 (49)

Right 2 (20) 19 (49)

Bilateral stroke 1(10) 1(3)
Stroke territory, n (%) 0.06

Anterior branch MCA 1(10) 4 (10)

Main MCA 1(10) 18 (46)

Middle branch MCA 4 (40) 6 (15)

Posterior branch MCA 3 (30) 11 (28)

Cortical stroke in MCA territory 1(10) 0 (0)
Perirolandic area, n (%) 7 (70) 35 (90) 0.14
CST involvement, n (%) 10 (100) 39 (100) 1.0

PLIC 10 (100) 38 (97) 1.0

Cerebral peduncle 8 (80) 34 (87) 0.62
Basal ganglia, n (%) 5 (50) 25 (64) 0.48
Thalamus, n (%) 9 (90) 34 (87) 1
Basal ganglia and thalamus, n (%) 4 (40) 22 (56) 0.48
Multiple ischemic lesions, n (%) 8 (80) 20 (51) 0.16
Stroke volume, % of total brain volumet 8.3 (7.8) 10.2 (16.6) 0.22

Follow-up MRI

Age at MRI, d 87 (11) 96 (14) 0.13
Perirolandic area,# n (%) 5 (50) 33 (92) 0.0078§
CST asymmetry,# n (%) 5 (50) 30 (83) 0.048

PLIC# 4 (40) 29 (81) 0.02§

Cerebral peduncle* 1(10) 22 (61) 0.01§
Basal ganglia,# n (%) 4 (40) 16 (44) 1.0
Thalamus,* n (%) 3 (30) 20 (56) 0.28
Basal ganglia+thalamus,# n (%) 2 (20) 15 (42) 0.28

Data are n (%) or median (interquartile range). Stroke volume was expressed relative to the total brain
volume (excluding cerebrospinal fluid and ventricles). CST indicates corticospinal tract; MCA, middle
cerebral artery; MRI, magnetic resonance imaging; PASSIoN, Perinatal Arterial Stroke Treated With Stro-
mal Cells Intranasally; and PLIC, posterior limb of the internal capsule.

“Calculated by the Mann-Whitney U test, %2 or Fisher exact test.

1tn=29 in the registry cohort.

$n=36 in the registry cohort.

§P<0.05 was considered statistically significant.

or a behavioral problem did not differ. Because mod-
erate to severe PA might affect neurodevelopment, we
repeated the analyses excluding the 6 infants with PA
from the registry cohort and found similar results (data
not shown).

DISCUSSION

In this study, we showed that intranasal-MSC therapy
after PAIS is safe up to 2 years of age. We did not
observe any long-term negative effects, including serious

2414 September 2025

adverse events in the 10 participants of the PASSIoN
trial. The ratio of lost tissue after the stroke was 89% on
a group level, which might indicate that more brain tissue
was preserved at 3 months of age than would have been
expected based on the initial stroke lesion, which may
be considered an additional confirmation of safety. Fur-
thermore, only 2 patients (20%) in the PASSIoN cohort
developed CP (Gross Motor Function Classification Sys-
tem |) at the age of 2 years, and all MSC-treated patients
had motor developmental scores within the normal range
including the children with CP. Children also performed

Stroke. 2025;56:2410-2418. DOI: 10.1161/STROKEAHA.125.050786
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Table 3. Neurodevelopmental Outcomes at 2 Years of Age of the Infants of the
PASSIoN Cohort and a Registry Cohort Adhering to the PASSIoN Trial Inclusion

and Exclusion Criteria

PASSIoN (N=10) | Registry (N=39) P value*

Age at last follow-up, mo 24.3 (0.9) 23.7 (4.9) 0.20
CP, n (%) 2 (20) 19 (49) 0.16

GMFCS It 2 (20) 12 (32) 1.0
Motor performance (Z score) 0.27 (0.83) —0.42 (1.50) 0.003%
Motor delay, n (%) 0 (0) 13 (33) 0.045%
Age when started walking independently, mo | 14.3 (3.0) 17.0 (8.0) 0.006%
Ipsilesional hand preference, n (%) 6 (60) 29 (74) 0.44
Cognitive performance (Z score) 0.37 (1.67) —0.42 (1.19) 0.12
Cognitive delay, n (%) 1(10) 8 (21) 0.66
Language delay, n (%) 2 (20) 10 (26) 1.0
Epilepsy, n (%) 0 (0) 5(13) 0.57
Behavioral problems,§ n (%) 1(10) 4 (10) 1.0
Visual field defect,|| n (%) 0 (0) 14 (41) 0.02%

Hemianopsia 8 (21)
No. of domains with adverse outcome, n (%) | 1 (2) 0.5 (1) 0.11
Children with >1 adverse outcome, n (%) 5 (50) 26 (67) 0.47

Data are n (%) or median (interquartile range). A delay was defined as Z score <—1. CP indicates cere-
bral palsy; GMFCS, Gross Motor Function Classification System; MRI, magnetic resonance imaging; and

PASSIoN, Perinatal Arterial Stroke Treated With Stromal Cells Intranasally.
*Pvalues were calculated by the Mann-Whitney U test or the Fisher exact test.

1tn=38 in the registry cohort.
$P<0.05 was considered statistically significant.

§Behavioral problems were identified with the Child Behavior Checklist.
[[Visual fields were examined at >9 months of age by an ophthalmologist in case optic radiation injury

was detected on MRI.

well regarding cognition, language, and behavior and
did not show signs of epilepsy or visual field defects. In
comparison to a registry cohort, PASSIoN participants
showed less asymmetry of the CSTs on 3-month MRI
and had better motor performance at the age of 2 years.
In preclinical studies, MSC therapy is a promising neu-
roregenerative treatment for perinatal brain injury. Due to
the unmet need for effective therapies for children with
perinatal brain injury, the safety and feasibility of MSC
therapy in neonates have been investigated in several
studies over the past decade. To date, 4 studies have
demonstrated the safety and feasibility of intravenous
UC cell and MSC administration to infants with hypoxic-
ischemic encephalopathy due to PA treated with TH.'9"22
In adults with stroke and children with CP (median age,
43 months), MSC and UC therapy via various invasive
administration routes have been shown to improve motor
function®? The research field of MSC therapy for peri-
natal hypoxic-ischemic brain injury must now prioritize
randomized controlled studies that evaluate efficacy.

Comparison With Registry Cohort

As an exploratory analysis regarding the potential effect
of intranasal-MSC therapy, we compared outcomes of
the PASSIoN participants to a registry cohort that met

Stroke. 2025;56:2410-2418. DOI: 10.1161/STROKEAHA.125.050786

the trial's inclusion and exclusion criteria. We acknowl-
edge that this comparison is not ideal to assess the
potential efficacy of MSC therapy, as the trial was not
designed accordingly. Nonetheless, we aimed to pro-
vide information that could be useful to plan next-phase
trials.

Although initial CST involvement was similar between
both cohorts, PASSIoN participants less often showed an
asymmetry of the CSTs on MRI at 3 months and had bet-
ter motor performance at the age of 2 years. The known
CP rate observed in children with these types of stroke
is 40% to 66% and aligns with the rate observed in our
registry cohort?*26 However, in PASSIoN infants, the
rate of asymmetry of the CSTs and CP was remarkably
lower: only 20% (n=2) developed CP, and 4 additional
children demonstrated a mild tone asymmetry not classi-
fied as CP. We hypothesize that the MSC therapy might
have stimulated neuroregeneration in the affected motor
regions, thereby positively affecting motor outcomes and
preventing CP. Although not statistically different from
the registry cohort and all limitations of our current com-
parison considered, reducing CP from 40% to 66% to
20% could have an important clinical impact on children
with PAIS and their families. Future MSC efficacy trials
for perinatal brain injury could be powered using these
rates.
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The prevalence of cognitive deficits and epilepsy
appeared lower in the PASSIoN cohort, though not sig-
nificantly. In both cohorts, nonmotor deficits were less
common and similar to the incidence reported in the lit-
erature.? Longer follow-up may be needed to assess the
impact of neuroregenerative therapies on these domains
as nonmotor delays may emerge later in life. However,
Giraud et al’” found that the age at which children with
PAIS began walking correlated with cognition scores at
the age of 7 years. Of note, visual field defects were sig-
nificantly less present in the PASSIoN cohort. We hypoth-
esize that this difference is likely due to stroke location:
more patients in the registry cohort had PAIS involving
the optic radiation region, and injury to this structure has
been strongly linked to visual field defects.?®

With few trials studying MSC therapy in neonates
with brain injury, data on neurodevelopmental outcomes
remain sparse. In a phase | trial, 6 infants with moder-
ate to severe PA showed no signs of hypoxic-ischemic
injury on MRI after receiving intravenous UC-derived
MSCs during TH. At 12 to 17 months, all had average
cognitive scores, and 5 had average motor scores.?’
These findings align with ours and with preclinical
studies, which showed a 40% to 50% improvement
in motor and cognitive outcomes with intranasal-MSC
therapy.®”

Factors Influencing MSC Efficacy

As described in animal studies, several factors might influ-
ence MSC therapy effectiveness including the type of
brain injury and MSC source (eg, bone marrow and UC),
timing (eg, shortly after birth or later in life), and route (eg,
intravenous, intranasal, and intrathecal) of administration.
Chemotactic and inflammatory mediators produced in
reaction to PAIS or hypoxic-ischemic encephalopathy
attract MSCs to damaged brain regions.'"'® Upon arrival,
MSCs support neuroregeneration by secreting, for exam-
ple, growth factors to boost endogenous neurogenesis,
and immunomodulatory factors to dampen neuroinflam-
mation. With this in mind, we speculate that MSC efficacy
depends on the timing of administration, lesion severity
(affecting signaling factor release), and the brain’s age-
dependent neuroreparative capacity.’® Because MSCs
are known to support repair by stimulating neural stem
cells in the neurogenic niches,' injury to these niches
might reduce MSC efficacy. Therefore, neonates with a
certain stroke subtype or location may benefit more than
others. In adult stroke, lesion quantification is possible
with, for example, computed tomography perfusion imag-
ing.?® With the aim to quantify tissue loss after PAIS, we
calculated the TLR for the PASSIoN cohort. We observed
a wide variation in TLR; however, the small sample size
and absence of reference values of untreated cohorts
limit conclusions about differences between PAIS sub-
types or locations.
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Limitations

This study has several limitations. First, the PASSIoN
study had only 10 participants and was not designed to
assess intranasal-MSC efficacy, limiting in-depth statisti-
cal analyses. Second, establishing a representative con-
trol cohort was challenging. We were not able to apply
a matched case-control design due to significant vari-
ability in maternal, perinatal, and stroke characteristics,
combined with the rarity of the condition. Children in the
registry cohort had more main branch middle cerebral
artery strokes; although the stroke volumes did not differ
significantly between both cohorts, differences in loca-
tion and extent of the stroke could have influenced func-
tioning at 2 years of age. Furthermore, the registry cohort
included several participants born before 2010 (Table
S1), potentially introducing differences in clinical care,
(early) rehabilitation strategies, and outcome measures
such as the usage of the Griffiths and Bayley scales for
developmental assessments. A subset participated in a
phase | intervention trial where they received 3 doses
of erythropoietin during the neonatal period.”® However,
we speculate that the inclusion of erythropoietin-treated
children in the registry cohort is more likely to under-
estimate the effect of intranasal-MSC therapy. We also
found no evidence that the presence of neonates with
PA in the registry cohort affected the outcome. Due to
the small sample size, we could not statistically adjust for
these differences, which might limit the generalizability
of our findings and highlight the need for high-quality
randomized controlled trials to study intranasal-MSC
efficacy.

The TLR analysis has several limitations. Variations in
scanning protocols and scan quality over time hindered
reliable analyses of the registry cohort. Edema caused
by the stroke lesion and scan timing may have affected
stroke volume measurements as diffusion restriction
could vary over time, especially in the penumbra of the
lesion.®® For the calculations, we assumed that the vol-
ume of the contralesional hemisphere was unaffected
by PAIS in the first 3 months of life, which is supported
by our unpublished cohort data. Finally, larger strokes
might create more space for remaining brain tissue to
waiver, potentially overestimating brain volumes at 3
months. Despite these limitations, this represents the
best available unique data given the rarity of the condi-
tion. Therefore, randomized controlled trials are essential
to overcome these challenges.

Conclusions

This study showed that intranasal-MSC therapy for
infants with PAIS is safe up to 2 years of age. An increas-
ing number of studies have demonstrated the safety of
MSC therapy for perinatal brain injury via various admin-
istration routes. In our minimally invasive safety-feasibility

Stroke. 2025;56:2410-2418. DOI: 10.1161/STROKEAHA.125.050786
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study, explorative analyses showed promising results
regarding the motor outcome of intranasal-MSC—treated
patients, which was better compared with a registry
cohort and to rates reported in the literature. Because
no therapies are currently available, developing neuro-
regenerative therapies for infants with PAIS is crucial to
improve the quality of life for both the children and their
families. Future research should prioritize conducting
randomized controlled trials to establish the efficacy of
intranasal-MSC therapy for perinatal brain injury.
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