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Cerebral palsy (CP) is one of the most common conditions leading to lifelong childhood physical disability.
Literature reported previously altered muscle properties such as lower number of satellite cells (SCs), with
altered fusion capacity. However, these observations highly vary among studies, possibly due to heterogeneity in
patient population, lack of appropriate control data, methodology and different assessed muscle.

In this study we aimed to strengthen previous observations and to understand the heterogeneity of CP muscle
pathology. Myogenic differentiation of SCs from the Medial Gastrocnemius (MG) muscle of patients with CP (n =
16, 3-9 years old) showed higher fusion capacity compared to age-matched typically developing children (TD, n
= 13). Furthermore, we uniquely assessed cells of two different lower limb muscles and showed a decreased
myogenic potency in cells from the Semitendinosus (ST) compared to the MG (TD: n = 3, CP: n = 6). Longitudinal
assessments, one year after the first botulinum toxin treatment, showed slightly reduced SC representations and
lower fusion capacity (n = 4). Finally, we proved the robustness of our data, by assessing in parallel the myogenic
capacity of two samples from the same TD muscle.

In conclusion, these data confirmed previous findings of increased SC fusion capacity from MG muscle of
young patients with CP compared to age-matched TD. Further elaboration is reported on potential factors
contributing to heterogeneity, such as assessed muscle, CP progression and reliability of primary outcome
parameters.

1. Introduction and Lieber, 2015; Romero et al., 2021). These patients can be classified

following the Gross Motor Function Classification System (GMFCS),

With an incidence of 1 in 500 live births, cerebral palsy (CP) is one of
the most common conditions leading to lifelong childhood physical
disability (Oskoui et al., 2013). It is considered to be originated from a
neural lesion in the immature brain, leading to progressive musculo-
skeletal symptoms. Clinically, CP manifests itself on both neural and
muscular level (spasticity, increased muscle stiffness and contractures,
decreased strength and muscular control), resulting in decreased func-
tional ability such as disturbed gait (Howard et al., 2022; Mathewson

from levels I to V, based on their functional abilities and limitations (R.
Palisano et al., 2008; R.J. Palisano et al., 2008). Treatment mainly
consists of management of the symptoms at the muscle level, including
physiotherapy, orthoses, Botulinum Neurotoxin A (BoNT) injections and
orthopaedic surgery (Howard et al., 2022; Novak, 2014). However,
knowledge on the effects of treatment on CP muscle morphology is
incomplete and totally lacking on cellular level (Howard et al., 2022).
Hence, there is much interest in better understanding the underlying

* Corresponding author. University Hospital Gasthuisberg Herestraat, 49, O&N4-BUS, 814, 3000, Leuven, Belgium.
** Corresponding author. University Hospital Pellenberg, UZ Leuven, Weligerveld 1, 3212, Pellenberg, Belgium.
E-mail addresses: kaat.desloovere@kuleuven.be (K. Desloovere), domiziana.costamagna@kuleuven.be (D. Costamagna).

1 These authors share last authorship.

https://doi.org/10.1016/j.diff.2023.06.003

Received 23 November 2022; Received in revised form 25 May 2023; Accepted 27 June 2023

Available online 12 July 2023

0301-4681/© 2023 The Authors. Published by Elsevier B.V. on behalf of International Society of Differentiation. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:kaat.desloovere@kuleuven.be
mailto:domiziana.costamagna@kuleuven.be
www.sciencedirect.com/science/journal/03014681
https://www.elsevier.com/locate/diff
https://doi.org/10.1016/j.diff.2023.06.003
https://doi.org/10.1016/j.diff.2023.06.003
https://doi.org/10.1016/j.diff.2023.06.003
http://crossmark.crossref.org/dialog/?doi=10.1016/j.diff.2023.06.003&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

M. Corvelyn et al.

pathomorphology of skeletal muscles in patients with CP and thereby as
well the effects of treatment (Romero et al., 2021).

Literature has reported altered muscle properties compared to typi-
cally developing (TD) muscles, mainly in adolescents and adults.
Microscopically, increased collagen content and abnormal organization
in the extra-cellular matrix have been reported and linked to muscle
stiffness (Pingel et al., 2021; Smith et al., 2019). Furthermore, some
studies have reported smaller muscle fibers, varying predominance of
muscle fiber type and higher intramuscular fat fractions (Booth et al.,
2001; Johnson et al., 2009; Marbini et al., 2002; Smith et al., 2011). On
cellular level, some groups have already shown a significant reduction in
numbers of satellite cells (SCs) in contractured muscle of patients with
CP (Dayanidhi et al., 2015; Smith et al., 2013; Von Walden et al., 2018),
the primary source of stem cells involved in muscle growth and regen-
eration processes postnatally by fusion with damaged muscle fibers. To
this end, studies in mouse models previously showed that prepubertal SC
depletion resulted in lifelong deficits in muscle mass and regenerative
capacity, with lower myogenic commitment of the remaining SCs
(Bachman et al., 2020; Murach et al., 2017). However, research on the
functionality of these SCs in the muscles of patients with CP is scarce.
Domenighetti et al. described lower fusion index (FI) values in
CP-derived SC-derived myoblasts (patients aged 3-18 years, average age
of 9 years) and smaller myotubes compared to those of TD adolescents
(aged 14-18 years, average age of 15 years), based on hamstring bi-
opsies (Domenighetti et al., 2018; Sibley et al., 2021). Additionally, the
same group also showed that CP-derived myoblasts are hyper-
proliferative and this phenotype is associated with DNA hyper-
methylation (Sibley et al., 2021). Our group previously reported higher
FI values and larger myotubes based on MyHC + areas of SC-derived
myoblasts from microbiopsies of the Medial Gastrocnemius (MG) of
younger patients with CP (aged 3-9 years) compared to aged-matched
TD children (Corvelyn et al., 2020). Potential reasons for these con-
flicting results, such as differences in isolation material and protocol,
patient diversity and the variety of the assessed muscle, have already
been suggested and need to be further explored to improve the under-
standing of the heterogeneity of the CP muscle pathology, before
drawing generalized conclusions on muscle stem cell alterations in CP
(Corvelyn et al., 2020). Therefore, to shed a light on these controversies
and to broaden our previous findings, we corroborated our TD sample
size and better characterized the purity and myogenic potential from
microbiopsy-derived SCs (Corvelyn et al., 2020). Furthermore, as the
muscle-specificity could potentially partly explain the observed het-
erogeneity in the fusion potential of SCs, a logic next step was to isolate
and characterize stem cells from different lower limb muscles, i.e. from
the Medial Gastrocnemius (MG) and Semitendinosus (ST). Lastly, more
knowledge on the reliability of stem cell characterization parameters
based on repeated assessments could further strengthen the value of the
study results. These novel data can improve the understanding of the
complex nature of intrinsic muscle impairment in CP, which may
eventually help to optimize treatment.

Finally, while first attempts in characterizing stem cell features of
patients have been made, information on the progression of these fea-
tures and on their role in treatment is still not available. Since previous
studies mainly applied invasive muscle biopsy methods, no longitudinal
assessments have been possible. Yet, these longitudinal data are clini-
cally relevant. For example, muscle imaging and animal studies high-
lighted that BoNT injections that are planned to reduce spasticity may
induce atrophy and increase the fibro/fatty content in the muscle
(Howard et al., 2022; Satila, 2020; Walhain et al., 2021). Though, the
effects of BONT on microscopical level or on the stem cells of the muscle
are much less studied, but are required for optimizing treatment.

In addition to SCs, also mesoangioblasts (MABs) have been recog-
nized for their role in regeneration. Next to SCs, MABs are also able to
directly fuse with damaged muscle fibers. In case of muscular dystro-
phies, MABs have shown to reconstitute the SC pool in case SCs were
exhausted or insufficient for muscle regeneration (Dellavalle et al.,
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2011; Sampaolesi et al., 2006; Tedesco et al., 2017). Furthermore, also
fibro-adipogenic progenitor cells (FAPs) have shown to be involved in
the muscle regeneration processes, firstly by synthesizing the transient
connective tissue necessary to maintain the structural integrity during
regeneration and secondly by supporting myogenesis/the myogenic
process by stimulating SC activation (Collins and Kardon, 2021; Joe
et al., 2010; Uezumi et al., 2010). However, in cases of chronic injury,
these cells start to highly proliferate and could differentiate towards
adipocytes leading to adipogenic muscle loss (Hogarth et al., 2019;
Uezumi et al., 2010). Unfortunately, data on the role of these progenitor
cells in the light of CP muscle pathology are almost completely lacking
and did not show altered differentiation capacity in young children with
CP (Corvelyn et al., 2020).

Driven by the increasing indications of stem cell involvement in the
altered muscle features of patients with CP (Corvelyn et al., 2020;
Domenighetti et al., 2018; Sibley et al., 2021), the current study
addressed a series of uncertainties that may help to understand the
heterogeneity in CP muscle pathology, especially with respect to muscle
stem cell behaviour. Thereby we defined three objectives for this study:
confirming previous reported CP SC features by increasing TD sample
size, assessing SC differences between muscles or over time and inves-
tigating multiple potential involved stem cell populations. The first
objective was to analyze an increased dataset of muscle microbiopsies
from age-matched TD subjects to confirm and generalize our earlier
preliminary findings on SC-derived progenitors’ behaviour (Corvelyn
et al., 2020). Thereby, a more thorough characterization of the obtained
stem cells was presented to specifically address the recent concerns
indicated by Lieber and colleagues (Lieber and Domenighetti, 2021).
The second objective was to investigate potential factors leading to
heterogeneity of muscle stem cell features. Thereby, SC-derived myo-
blasts (SCMs) were collected and assessed from both the MG as well as
the ST muscles of the same patients, to better understand the
muscle-specificity of the observed phenotype. Additionally, using the
muscle microbiopsy technique, a unique longitudinal preliminary
assessment of CP-derived stem cell properties of the same muscle was
performed. This allowed first insights into the natural pathway in the
clinical picture of CP pathology on the level of the muscle stem cells and
into the exploration of possible effects caused by previous BoNT treat-
ment. Furthermore, for a better understanding of these longitudinal data
and understanding the robustness of the primary outcome parameters,
repeatability experiments were performed to quantify and decrease the
risk of misinterpretation of potential effects due to the procedure or to
the biopsy quality. The third objective was to examine the role of MABs,
FAPs and interstitial cells (ICs) in the observed muscle alterations in
both the MG and ST, cross-sectionally as well as longitudinally, i.e. prior
to- and post-BoNT treatment.

2. Materials and methods
2.1. Muscle microbiopsy collection

This study protocol was approved by the Ethical Committee of the
University Hospitals of Leuven, Belgium (S61110 and S62645). Written
informed consent was provided by the parents. Children with cerebral
palsy (CP) were recruited from the CP Reference Centre, whereas typi-
cally developing (TD) children were recruited from the Traumatology
Unit for upper limb surgeries, or from the Ear, Nose and Throat Unit for
other procedures at the University Hospitals Leuven (Belgium). A group
of 16 patients with CP (age 3-9 years; Gross Motor Function Classifi-
cation System levels I-III) and 13 age-matched TD children were
included in this study. The demographics, patient characteristics and
anthropometric data (age, weight and height, topographic classification,
gender, GMFCS-level and treatment history) are summarized in Table 1.
All children had spasticity in the Gastrocnemius (with modified Ashworth
scores ranging from 1+ to 3) and in the hamstrings (with Modified
Ashworth scores ranging from 1+ to 2). Joint mobility at the ankle and
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Table 1
Demographic and anthropometric data for recruited subjects.
CP(MG+ST CP(only MG TD(MG+ST TD (only MG
analyzed) analyzed) analyzed) analyzed)
Baseline
Number of 6 10 3 10
included
subjects
Age in years 5.82 (1.86) 6.32 (3.16) 5.94 (1.05) 4.83 (1.46)
Weight in kg 20.75 (3.00) 19.20 (5.70) 21.00 (1.50) 18.90 (5.61)
Length in cm 116.50 112.00 116.00 110.00
(17.75) (22.50) (3.50) (16.05)
Gender Female: n = Female: n = Female: n = Female: n =
2 3 1 4
Male: n = 4 Male:n =7 Male: n = 2 Male:n =6
Topographic CPBL:n=5 CPBL.n=0 NA NA
involvement CPUL:n=1 CPUL:n =
10
GMFCS level: 1/ n=0/5/1 n=5/2/3 NA NA
II/111
BoNT treatment 0:n=3 0:n=3 NA NA
history 1-22n=1 1-2:n=4
3-6:n=1 3-6:n=3
>6:n=1 >6:n=0
One year post BONT
Number of 3 1
included
subjects
Age in years 7.13 (0.95) 5.22 (0.00) NA NA
Weight in kg 21.70 (2.50) 17.70 (0.00)
Length in cm 122.80 108.70
(10.50) (0.00)
Gender Female: n = Female: n =
1 1
Male:n =2 Male:n =0
Topographic CPBL:n=2 CPBL:n=0
involvement CPUL:in=1 CPUL:in=1
GMFCS level: 1/ n=0/3/0 n=1/0/0
1I/11T
BoNT treatment 0:n=0 0:n=0
history 1-2:n=3 1-2:n=1
3-6:n=0 3-6:n=0
>6:n =0 >6:n=0

Age, weight and length are presented as median (interquartile range). The other
data are presented as frequencies. CP: cerebral palsy, TD: typically developing,
BoNT: Botulinum Neurotoxin A, n: number, GMFCS: Gross motor function classifi-
cation system, BL: bilateral, UL: unilateral, MG: Medial Gastrocnemius, ST: Sem-
itendinosus, kg=kilogram, cm=centimetre, NA: not applicable.

knee was evaluated using goniometry. Mild to moderate fixed Gastroc-
nemius contractures were observed in 50% of the children (maximum
dorsiflexion ranging between —10° and 5°), while 50% of the children
had no fixed gastrocnemius contractures (maximum dorsiflexion
ranging between 10° and 15°). The Modified Tardieu ankle for the
gastrocnemius ranged between —30° and 0° dorsiflexion, indicating that
all children had dynamic muscle contractures in the Gastrocnemius.
Fixed contractures in the hamstrings were observed in all children, with
a popliteal angle (evaluated with a neutral pelvis position) ranging be-
tween —4° and —70°. In the CP group, children with presence of dys-
tonia or ataxia, BoNT injections within the last 6 months, orthopaedic
surgery less than 2 years before data collection, as well as any previous
muscle surgery on the MG or ST were excluded. Additionally, TD chil-
dren were further excluded when they had a history of neurological
problems or when they were involved in a high-performance sporting
program (i.e. >3 h of sports activities per week). All biopsies were
collected during interventions requiring general anaesthesia related to
orthopaedic interventions (including BoNT-injections). Combined
microbiopsies from the muscle mid-belly of the MG and of the ST in the
same child were obtained for a subgroup of 6 CP and 3 TD children. Four
of the enrolled children with CP were included for longitudinal assess-
ment, for that purpose a first biopsy of the MG was taken when they were
BoNT-naive at the time of study enrolment, and a second one was
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collected over one year later (13-19 months after first BONT treatment).
Unfortunately, sample size for these longitudinal studies was small as
the recruitment was hampered due to the COVID-19- pandemic. Two
muscle biopsies for parallel stem cell assessments were obtained at the
same time from the MG muscle of two TD children for the repeatability
investigation of the primary outcome parameters. The biopsy collections
were performed percutaneously under ultrasound guidance, with a
microbiopsy needle (16-gauge, Bard). Clinical tolerance was good
(based on questionnaire data obtained from parents two days post-
biopsy). Furthermore, a questionnaire about the hobbies and intensity
levels of activity was used for all enrolled subjects. Even though the
primary goal of this study was to investigate muscle stem cell features
for which the collected biopsies were entirely used, for a limited number
of the enrolled patients, we could collect additional microbiopsies dur-
ing the same session. These allowed explorative histological assessment
of the muscle tissue via Haematoxylin and Eosin staining, as well as
prospective ex vivo SC counting, to further describe the muscle and
complement the in vitro cell culture data for a small subset of the
participants.

2.2. Study design

For each of the three study objectives, specific analyses were planned
on specific muscle samples of the entire study group or on a subgroup of
the enrolled subjects. Table 2 gives an overview of these analyses, the
available datasets, along with their main outcome parameters, struc-
tured per objective. More details on each analysis are described in the
subsequent sections.

Table 2
Study design based on three objectives.

Included Muscle Techniques (Primary) outcomes
patients
Objectives
1) SCM alterations
TD vs CP TD: n = MG IF labeling, SCM Fusion index
13 Flow (Day 6)
CP:n= cytometry
16
2) SCM heterogeneity
2.1 MG vs ST TD:n =3 MG FACS, IF FACS fractions,
CP:n=6 and ST labeling KI67and MYOD
Muscle section quantification,
analysis Fusion index (Day
6)
2.2 CP:n=4 MG FACS, IF FACS fractions,
Longitudinal labeling MYOD
(Pre-post quantification
BoNT) Fusion index (Day
6)
2.3 TD:n =2 MG FACS, IF FACS fractions,
Repeatability labeling MYOD

quantification
Fusion index (Day
6)

3) Supportive stem cell characteristics (MAB, FAP, IC)

3.1 MG vs ST TD:n=3 MG FACS, IF FACS fractions,
CP:n=5 and ST labeling, MYOD
Muscle section  quantification,
analysis Fusion index (Day
6)

3.2 CP:n=4 MG FACS, IF Oil Red O
Longitudinal labeling quantification FACS
(Pre-post fractions, Fusion
BoNT) index (Day 6)

SCM: satellite cell-derived myoblast, TD: typically developing, CP: cerebral
palsy, BoNT: Botulinum Neurotoxin Type A, n: number, GMFCS: Gross motor
function classification scale, MG: medial gastrocnemius, ST: semitendinosus, SC:
satellite cell, MAB: mesoangioblast, FAP: fibro-adipogenic progenitors, IC:
interstitial cell, IF: immunofluorescence, FACS: Fluorescence activated cell
sorting. Primary outcome parameters are indicated in bold.
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2.3. Cell culture and stem cell isolation via FACS

Cells were amplified and isolated according to a previous published
protocol (Corvelyn et al., 2020). Cell populations were isolated by serial
fluorescent activated cell sorting (FACS) using a BD FACSAria II (BD
biosciences) or Sony MA9000 (Sony) device. Calcein violet (10pM/1 X
10° cells, eBioscience), was used as additional viability control. Firstly,
after 3 to 4 in vitro passages, satellite cell-derived myoblasts (SCMs) as
for the previous data set (Corvelyn et al., 2020)), were sorted based on
the single CD56 marker (Tey et al., 2019). CD56 negative cells were
further amplified and sorted in order to isolate mesoangioblasts (MABs),
based on the presence of Alkaline Phosphatase (CD56- ALP+ PDGFRa-
cells), while fibro-adipogenic progenitor cells (FAPs) were sorted for
Platelet-Derived Growth Factor alpha (CD56- ALP- PDGFRa+ cells).
Interstitial cells (ICs) were collected based on the absence of these
markers (CD56- ALP- PDGFRa-). All antibody details are specified in
Supplementary Table 1. We will refer to these progenitor populations as
SCMs, MABs, FAPs and ICs. All cell populations underwent further
proliferation and differentiation assays followed by immunofluorescent
labeling as further described.

2.4. Stem cell characterization by flow cytometry analysis

Antibody titrations for FACS optimization and further flow cytom-
etry analyses were performed with a FACSCanto II HTS (BD bio-
sciences). Experiments were performed on unsorted cells of passage 4-6,
to prove that the obtained cell population with FACS isolation was pure,
based on the absence of significant percentages of stemness marker
CD34, haematopoietic marker CD45 and endothelial markers CD144
and CD31. Positive control samples, U266 multiple myeloma cell line
and iPSC-derived endothelial cells (De Smedt et al., 2021), were ob-
tained to show the specificity of the antibodies. Data were analyzed with
FlowJo v10.6.1 software.

2.5. Invitro differentiation assays

Myogenic (SCMs and MABs) and adipogenic (MABs, FAPs and ICs)
differentiation assays were performed as previously reported (Corvelyn
et al., 2020) up to 6 and 10 days, respectively. Cells included for pro-
liferation analyses were seeded at a density of 3 x 10 cells/cm? and
analyzed after 0 and 2 days in growth medium. In the light of the
repeatability assessments, a subgroup of SC cells (n = 5) underwent
myogenic differentiation at different passages (P and P+2).

2.6. Immunofluorescent labeling and imaging of differentiated cells

Cells were cultured in 96 well dishes (Thermo Fisher Scientific) and
fixed with 4% paraformaldehyde. Immunofluorescent (IF) labeling was
performed according to our previously published protocol (Corvelyn
et al., 2020). All used primary antibodies are listed in Supplementary
Table 1. Appropriate secondary antibodies were used (1:500, Alexa
Fluor® donkey 488 or 594, Thermo Fisher Scientific). Hoechst (1:3000
in PBS, Thermo Fisher Scientific) was used for indicating nuclei. Fusion
index (FI) was calculated as ratio between at least 2 myonuclei per
Myosin Heavy Chain (MyHC) positive area and the total number of
nuclei in a field of view. Three randomized images per well have been
analyzed per assessment. Visualization occurred with an Eclipse Ti Mi-
croscope (Nikon) and NIS-Elements AR 4.11 software or an inverted
DMi8 microscope (Leica) and LASX software, depending on the labeling.

2.7. Oil Red O staining and quantification of adipogenic differentiation
potential

After 10 days of adipogenic differentiation, Oil Red O (ORO) staining
was performed to assess the deposition of lipid droplets, as previously
described (Corvelyn et al., 2020). Cells were incubated for 50 min with
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ORO solution (65% of 0.5% w/v Oil Red O in isopropanol (Thermo
Fisher Scientific) and MQ water). Secondly, the previously described
standard IF protocol for cells was applied for visualization of the
adipocyte membrane with Perilipin. ORO was measured by extracting
lipids with a petrol ether/isopropanol mixture (3:2) and quantified for
their absorbance at 490 nm for 0.1 s with Victor Spectrophotometer
(PerkinElmer). Standard curve was applied and quantification was
expressed in pg of pure ORO powder.

2.8. Histological and immunofluorescent analyses on muscle sections

As a side trajectory, for a subgroup of patients, we included addi-
tional microbiopsies to perform histological assessment of the muscle
tissue, which allowed to complement the in vitro cell culture data and
assess the CP muscle in an explorative manner. Muscle microbiopsies
were snap-frozen in isopentane cooled in liquid nitrogen and stored at
—80 °C. Five pm muscle sections were obtained using a CryoStarTM
NX70 Cryostat (Thermo Fisher Scientific) while kept at —20 °C. Hae-
matoxylin and Eosin staining was performed on few ST (n = 3) muscle
sections by incubating the slides at RT for 1 min in haematoxylin solu-
tion (Merck). Slides were then washed for 10 min in running tap water
before incubating for 1 min in eosin solution (Sigma-Aldrich). Slides
were then washed extensively in tap water. To dehydrate, sections were
incubated consecutively for 10 s in 70%, 90% and 100% ethanol and 5
min in xylene/ethanol (1:1, Merck) and 5 min in xylene. Muscle sections
were dried, before mounting with DPX mountaint (Merck) and quali-
tatively compared via visual assessments for contractile material and
extra-cellular matrix.

IF labeling for SC counting on MG and ST muscle slides was per-
formed based on co-localization of PAX7 and Dapi. Sections were placed
at room temperature (RT) for 10 min in a humid chamber followed by
10 min fixation in cold acetone. After washing with PBS, slides were
incubated with 10% goat serum (Invitrogen) for 1 h. Primary antibodies
were applied in blocking solution overnight at 4 °C. After 3 x 5 min
washing with PBS, muscle slides were incubated for 1 h at RT with
appropriate secondary antibodies (1:500, Alexa Fluor® goat 488 or 680,
Thermo Fisher Scientific). After 3 x 5 min washing with PBS, Dapi (1:50
in PBS, Thermo Fisher Scientific) was added for 1 min and the samples
were extensively washed with PBS and mounted with ProLong® Gold
antifade reagent (Molecular Probes). Visualization was performed with
an inverted DMi8 microscope (Leica) and LASX software. An average of
512 fibers (range 197-923) were analyzed for PAX7+ nuclei according
to Mackey et al. (2009) for good representation, depending on the
sample quality and cross-sectional orientation (Mackey et al., 2009).
This counting was normalized per 100 myofibers.

2.9. Data analyses

Data in this study are represented using means + standard deviation.
Boxplots have been used in the visualization of FI values, percentages of
KI67+ or MYOD+ nuclei and ORO quantifications. The boxplots indi-
cate the 25th to 75th percentiles, while the whiskers indicate the min-
imum and maximum values. The centre of the boxplot indicates the
median. FACS fractions are indicated by individual values and the bar
represents the mean. Unpaired T-tests were performed for comparison
between the TD and CP groups (two-tailed, p < 0.05). One-way ANOVA
was applied to compare FI values of SCMs from TD children and patients
with CP with or without the presence of fixed contractures at the level of
the MG. Paired T-tests were applied to compare data from the MG and ST
muscles as well as for longitudinal comparisons. Data were pooled from
CP and TD children, when relevant, and only in case no differences were
found between groups. Repeatability assessments were explored in a
qualitative way. Analyses of SCM FI values with a difference of two
passages was performed using a Two-tailed paired T-test. Numbers of
analyzed data are always indicated in the results section as well as in the
figure legends. Statistical analysis and simple linear regression analysis
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were performed using GraphPad Prism 8 software. Significance of the
differences was reported using ‘$’ for TD and CP, ‘*’ for comparison
between MG and ST and ‘§’ for assessment prior to and after BONT
treatment and for all of them it represents p-values smaller than 0.05.

3. Results

3.1. Satellite cell-derived myoblast alterations of patients with CP
compared to TD (objective 1)

Based on immunofluorescence (IF) images for Myosin Heavy Chain
(MyHC) and a nuclear dye, Hoechst, we found higher fusion index (FI)
values for satellite cell-derived myoblasts (SCMs) from Medial Gastroc-
nemius (MG) muscle of children with CP (41.60 + 17.94%; n = 16)
compared to those of TD (28.33 + 14.39%; n = 13; $ p < 0.05; Fig. 1).
These data (CP: n = 2, TD: n = 8) were added to previous published
results (CP: n = 14, TD: n = 5) and implemented with additional TD data
to increase power (Corvelyn et al., 2020). No association with fixed
contractures (n = 8) and fusion index could be observed in these
MG-derived SCMs.

Flow cytometry was performed on the total population of cells
extracted from the muscle to quantify additional markers such as
markers of stemness (CD34) or markers that are highly expressed by
blood cells (CD45) or endothelial cells (CD31 and CD144, TD and CP: n
= 6) in order to better quantify the purity of the expanded cells as muscle
cells. Analysis showed that on average 1.78 + 1.97% of all cells were
positive for CD34 marker in TD and 0.69 + 0.88% in CP. On average
0.28 + 0.30% of cells derived from TD samples and 0.05 + 0.06% from
CP were positive for CD45 haematopoietic marker. The endothelial
markers CD144 and CD31, were expressed by 0.03 + 0.07% and 0.03 +
0.06% of TD cells and 0.01 + 0.01% and 0.03 + 0.03% of CP-derived
cells, respectively (Supplementary Figs. 1A and B). No significant dif-
ferences between TD and CP samples were found, while excluding
contaminating populations of endothelial and haematopoietic origin.
Positive control sample for haematopoietic cells, U266 lymphocytes,
showed 11.5% CD45+ cells and 44.9% CD31+ cells (Supplementary
Fig. 1C). Positive control sample for endothelial cells, hiPSC-derived
endothelial cells were included and showed expression of markers
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Fig. 1. Fusion index of satellite cell-derived myoblasts from the Medial
Gastrocnemius (MG) muscle. (A) Fusion indexes of SCM myogenic differen-
tiation at day 6, completed with additional data from both typically developing
children (TD) and patients with cerebral palsy (CP). Data shown by boxplots,
every dot represents an individual subject. Data from patients with CP with
fixed contractures at the level of their Gastrocnemius muscles are indicated in
red (n =8). TD: n = 13, CP: n = 16, $ p < 0.05.
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CD144 by 8.7% and CD31 by 84.8% (Supplementary Fig. 1D). Both
control samples showed expression levels according to previous litera-
ture (Sidney et al., 2014; Zhou et al., 2004). Overall, we showed higher
fusion capacity of the SCs derived from the MG of patients with CP
compared to those of TD without the interference of haematopoietic and
endothelial cells.

3.2. Satellite cell heterogeneity based on muscle-specificity (objective 2.1)

Firstly, in order to examine the observed heterogeneity amongst
different studies with regard to muscle stem cell behaviour, we have
assessed SCMs from two different lower limb muscles (the MG and the
Semitendinosus (ST)) of the same subjects. FACS analyses showed pro-
portions 38.8 + 10.78% in TD (n = 3) and 34.05 + 19.53% in CP (n = 6)
for the MG muscle. In the ST muscle, SCMs were represented for 31.33
+ 13.26% in TD children and 25.38 + 15.92% in CP (Fig. 2A). Since no
differences could be found between TD and CP, we pooled the data of
both groups as we observed a slight reduced SCM fractions in the ST
muscle compared to MG (—8.27%), but this observation failed to reach
statistical significance. Additionally, we quantified ex vivo satellite cell
(SC) representations based on PAX7+ nuclei in muscle sections, as this
staining marks quiescent SCs. Correlation assessment of FACS fractions
and ex vivo SC localization in muscle sections showed no correlation (R>
= 0.006, n = 12 (pooled TD, CP, MG and ST data); Supplementary
Fig. 2).

SCMs (CD56+) were analyzed for the expression of KI67, a prolif-
eration marker, based on IF labeling at day 0 and day 2 during prolif-
eration conditions (Fig. 2B and C). No differences between TD and CP
nor between both muscles, were found on both time points. SCMs un-
derwent myogenic differentiation and were analyzed for MYOD protein
expression and fusion index (FI) at days 3 and 6 of differentiation
(Fig. 2D-F). No differences were found when MYOD, a marker for
activated myogenic precursors, was quantifiied for both groups and
muscles at days 3 and 6. Secondly, FI analysis showed no significant
differences in the ability of these SCMs to fuse into myotubes between
TD and CP at any time point. However, the FI values tended to be higher
in the MG-derived SCMs compared to those of the ST at both time points
for both groups. More specifically, FI values significantly increased in
MG compared to ST at day 6 (MG: 42.78 + 6.36%; ST: 31.42 + 4.96%)
for TD (n = 3; *p < 0.05). This increased FI was also reported as sig-
nificant at day 3 for CP (MG: 40.61 + 11.43% and ST: 25.62 + 11.49%j;
n = 6; *p < 0.05). As no significant differences were primarily present
between TD and CP in this dataset, we secondarily pooled data of the MG
and ST from all subjects (TD and CP, n = 9) to better explore potential
muscle-specificity. SCMs derived from the MG muscle had higher FI
values compared to those of ST both at days 3 (MG: 38.87 + 10.67% and
ST: 25.08 £ 9.19%; p = 0.010) and day 6 (MG: 44.14 + 12.75% and ST:
32.66 £+ 12.65%; p = 0.012). Taken together, we found higher fusion
capacity of SCMs derived from the MG compared to the ST for both the
TD as well as the CP group during myogenic differentiation.

3.3. Longitudinal effects on stem cell features from the MG of patients
with CP (objective 2.2)

Secondly, to examine possible effects of the Botulinum Neurotoxin A
(BoNT) treatments and/or the natural pathway of the clinical picture of
the CP pathology on the muscle stem cells, four patients with CP were
enrolled twice for assessing MG microbiopsies, prior to BoNT treatment
(BoNT naive) and post BoNT treatment (BoNT treated). No significant
differences in SCM FACS fractions in patients with CP were observed
comparing time points prior to and after BoNT treatment, although an
average decrease of 16.4% was found (Fig. 3A). Myogenic capacity of
these SCMs indicated that three out of 4 cases showed a lower per-
centage of MYOD+ nuclei and FI values after BoNT treatment, while in
one case, both parameters were slightly higher at day 6 (Fig. 3B-F). In
general, SCM MYOD+ nuclei decreased on average with 5.34% and FI
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Fig. 2. Satellite cell-derived myoblast features of the Medial Gastrocnemius (MG) and Semitendinosus (ST) muscle in TD and CP children. (A) Fraction of
obtained stem cells through FACS with CD56 marker, referred to as SCMs. Data expressed as percentage of total sorted cells. The bar represents the mean. Dots (MG)
and squares (ST) represent individual subjects indicated in different colours. (B) Representative immunofluorescent (IF) images from SCMs derived from TD children
and patients with CP for both MG and ST muscle at day 0 and day 2 during proliferation. KI67 is shown in red. Nuclei (blue) are counterstained using Hoechst. (C)
Percentage of KI67 positive cells based on IF images. Data shown by boxplots, dots (MG) and squares (ST) represent individual subjects indicated in different colours.
(D) Representative IF images from SCMs derived from TD children and patients with CP for both MG and ST muscle at days 0, 3 and 6 of myogenic differentiation.
MYOD (green) and Myosin Heavy Chain (MyHC; red) are shown. Nuclei (blue) are counterstained using Hoechst. (E). Percentage of MYOD+ cells based on IF images
represented by boxplots for SCMs from both TD children and CP patients. Dots (MG) and squares (ST) represent individual subjects indicated in different colours. (F)
SCM fusion indexes shown by boxplots. Dots (MG) and squares (ST) represent individual subjects indicated in different colours. Scale bars are 200 pm. TD: n = 3, CP:

n =6, *p < 0.05.

values decreased on average with 9.71% in comparison to the pre-BoNT
time point after 6 days of myogenic differentiation.

3.4. Repeatability and reliability of the assessed outcome parameters
(objective 2.3)

Thirdly, to explore to what extent the observed findings could be
influenced by the procedure or biopsy quality, two separate micro-
biopsies of the MG from TD children were obtained at the same time and
at the same muscle location and processed in parallel (n = 2). FACS
fractions for the CD56+ population fluctuated by 24.23% between
repeated assessments (Supplementary Fig. 3A). For the myogenic pa-
rameters, percentages of MYOD+ nuclei and FI values remained stable
at days 3 and 6, but showed rather high heterogeneity at day 0 (Sup-
plementary Figs. 3B and C). On average a minor difference between
repeated assessments of 4.66% was observed at day 3 and 1.59% at day
6 for MYOD protein expression, while FI differed with 2.45% and 7.46%
at days 3 and 6, respectively. To this end, the full analysis including day
0 (which has shown to be less robust) for MyoD protein expression and
fusion index has been included in Supplementary Figs. 3D and E.

In this light, we determined the effect of these SCM FACS fluctuations
on the FI measured at day 6 of myogenic differentiation by simple linear
regression on the full dataset, including both TD (n = 13) and CP (n =
16) data (Supplementary Fig. 3F). There was no correlation between
SCM FACS fractions and the FI measured at day 6 of myogenic differ-
entiation (R? = 0.1781). Furthermore, the effect of variance in passage
number of SCMs at the time of myogenic differentiation was assessed as
this could vary with maximum two passage numbers within the full
dataset or within the longitudinal measurements prior to and after BONT
treatment. SCMs were differentiated towards myotubes and FI was
calculated at two time points with a difference of two passage numbers:
no significant alterations of the fusion index at day 6 were reported (n =
5; Supplementary Fig. 3G).

3.5. Characterization of supportive stem cell populations in MG and ST
muscles (objective 3.1)

There were no differences between MAB fractions (PDFGRa- ALP+)
of TD (MG: 14.27 £+ 12.63% and ST: 4.39 + 4.48%; n = 3) and CP (MG:
15.83 £ 15.16% and ST: 2.27 + 1.73%; n = 5; Fig. 4A). However, a
higher MAB proportion was found in the MG muscle compared to ST
muscle when pooling data from TD and CP children (n = 8, p = 0.020).
FAP fractions (ALP- PDGFRa+) were scarcely represented and showed
no significant differences between TD (MG: 0.19 + 0.12% and ST: 2.78
+ 4.17%; n = 3) and CP (MG: 0.62 £ 0.69% and ST: 0.87 + 0.88%; n =
5), nor between muscles (Fig. 4B). Fractions of ICs (CD56- ALP- PDGFRa-
) were represented with 47.48 + 5.43% in the MG and 63.37 + 5.05% in
the ST for TD (n = 3) and 36.32 + 20.86% in the MG and 45.13 +
23.40% in the ST for CP (n = 5; Fig. 4C). ICs representation was higher in
the ST muscle compared to MG (n = 8, p = 0.009).

Myogenic differentiation potential of MABs at day 6 of differentia-
tion showed no differences between TD and CP based on MYOD protein
expression and FI values for both muscles (Fig. 5A-C). The comparison
of MG and ST revealed a significant increase of MYOD+ nuclei in the TD
group for the MG (16.44 + 4.32%) compared to the ST (4.96 + 2.45%; n
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= 3; **p < 0.01), while no differences were reported in the CP group
(MG: 17.89 + 16.33%; ST: 10.87 + 9.26%; n = 5). A high heterogeneity
for FI values of the MABs was observed within the CP group and no
differences were found between the TD and CP group, nor between both
muscles. After adipogenic differentiation of these MABs, similar
amounts of lipid content were found for both groups and muscles, while
adipogenic capacity slightly increased in the ST muscle of CP compared
to TD, but this increase did not reach statistical significance (p = 0.188;
Fig. 5D and E). FAPs were assessed for adipogenic differentiation po-
tential (Fig. 5F and G), as it was previously shown that they do not
possess myogenic capacity by themselves (Corvelyn et al., 2020). No
differences between TD and CP groups nor between muscles were found,
based on ORO quantification. Lastly, ICs (ALP- PDGFRa-) have been
assessed for their adipogenic capacity and did not show any significant
differences based on ORO quantification between groups nor between
muscles (Fig. 5H and I). Taken together, we found altered stem cell
representations comparing the MG and the ST, with a higher myogenic
commitment of the MABs from the MG compared to ST, although no
differences in adipogenic potency between muscles nor patient groups
were observed.

Of note, for the ST muscle, ICs of one specific patient with CP showed
aberrant high adipogenic potency in vitro based on ORO quantification.
This finding linked to the visual assessment of histological muscle sec-
tions stained with haematoxylin and eosin (Supplementary Fig. 4).
Thereby, a qualitative comparison of the ST muscle from a TD child and
from another CP child, with average ORO levels for IC adipogenic dif-
ferentiation, could be made. A higher accumulation of fibrosis and/or
fatty infiltration was observed by increased connective tissue between
the muscle fibers for the sample from this specific CP patient with high
IC adipogenic potential. This in comparison to the TD sample and the
one CP sample with average ORO values.

3.6. Longitudinal effects on supportive muscle stem cells (objective 3.2)

Examining the effects pre- and post BoNT treatment on the sup-
portive muscle stem cells from CP children showed no differences in
FACS fractions for MABs (CD56- ALP+ PDGFRa- cells; n = 4), but
revealed a significant decrease for FAPs (CD56- ALP- PDGFRa+ cells;
BoNT naive: 9.13 + 4.16%; BoNT treated: 1.04 + 0.89%; §p < 0.05) and
an increase for ICs (CD56- ALP- PDGFRa- cells; BoNT naive: 10.20 +
8.62%; BoNT treated: 42.08 + 13.65%; §p < 0.05; Fig. 6A-C). Based on
the repeatability experiments (n = 2), we found that FACS fractions
stayed rather consistent for these stem cell populations (average fluc-
tuations between repeated assessments for MABs: 6.44%; FAPs: 0.16%
and ICs: 14.25%; Supplementary Fig. 5A). To verify whether this small
sample size is representative, we portrayed these longitudinal data
together with the cross-sectional results of the entire study group.
Thereby individual changes between the two timepoints of the subgroup
could be compared to the baseline variability amongst all CP children
and TD subjects (CP BoNT naive: n = 6; CP BoNT treated: n =9; TD: n =
13; Supplementary Figs. 5B and C). Additional simple linear regression
of these fractions and age was performed on a cross-sectional dataset in
an attempt to understand whether these alterations could be due to
maturation, the natural pathway of the clinical CP picture or associated
with BoNT treatment history (Supplementary Figs. 5D and E). No link
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Day 6

Fig. 3. Satellite cell-derived myoblast features prior to (BoNT naive) and post Botulinum toxin treatment (BoNT treated). (A) Quantification of SCMs from
the MG, expressed in percentage of total sorted cells from patients with CP prior to (BoNT naive) and post (BoNT treated) BoNT treatment. (n = 4) (B) Representative
IF images of CP patient-derived SCM myogenic differentiation at days 0, 3 and 6 from a BoNT naive patient and at one year after BONT treatment. MYOD (green) and
MyHC (red) and nuclei (blue) are shown. Scale bar = 200 pm. (C) Percentages of MYOD+ cells based on IF images for SCMs from both TD children and CP patients.
Error bars indicate the standard deviation per measurement. Each subject is indicated in a different colour indicated by the figure legend. SCMs from BoNT naive
patients with CP are indicated by dotted lines and by solid lines after BONT treatment. (D) Longitudinal effect on MYOD nuclear protein expression in SCMs at day 6.
Data from the same subject are connected through a black line from BoNT naive to BoNT treated. (E) Fusion indexes of SCMs from patients with CP at days 0, 3 and 6
of myogenic differentiation. Each subject is indicated in a different colour. Error bars indicate the standard deviation per measurement. (F) Longitudinal effect on FI
of SCMs at day 6. Data from the same subject are connected through a black line from BoNT naive to BoNT treated.
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Fig. 4. FACS fractions of isolated supportive stem cell populations obtained from the MG and ST muscle in TD and CP children. (A) Percentages of obtained
CD56- PDGFRa- ALP+ cells based on a serial FACS, referred to as mesoangioblasts (MABs). Data expressed as percentage of total sorted cells. The bar represents the
mean. (B) Percentages of obtained CD56- ALP- PDGFRa+ cells, referred to as fibro-adipogenic progenitor cells (FAPs), through FACS analyses. (C) Percentages of
obtained CD56- ALP- PDGFRa- cells, referred to as interstitial cells (ICs), through FACS. Every dot represents data from a different subject, typically developing (TD)
children or patients with cerebral palsy (CP) according to the colour code. Cell populations derived from muscle microbiopsies from the MG are indicated by circles,
populations from the ST are indicated by squares. The horizontal line represents the mean. TD: n = 3, CP: n = 5.

with age or BoNT treatment history could be found (n = 11).

Furthermore, to have a complete overview of myogenic capacity
prior to and after BoNT treatment, we assessed MAB myogenic differ-
entiation at day 6. This revealed a steep increase in FI in two out of four
cases, but a decrease in fusion potential for the other two cases (Fig. 6D
and E).

4. Discussion

Through the current study three predefined objectives could be
achieved. First, we confirmed higher satellite cell-derived myoblast
(SCM) fusion potential from the Medial Gastrocnemius (MG) of CP
compared to age-matched TD children. Secondly, we reported a
decreased myogenic differentiation potential of SCMs from the Semite-
ndinosus (ST) compared to the MG muscle based on fusion indexes from
pooled CP and TD data. Furthermore, based on longitudinal assess-
ments, we showed slightly reduced SCM representation and differenti-
ation potential, one year after the first BoNT treatment. Thirdly,
mesoangioblasts (MABs) revealed to be less represented in the ST
compared to the MG muscle. Finally, we also described alterations in
FACS fractions of supportive stem cell populations after Botulinum
Neurotoxin A (BoNT) treatment.

4.1. Increased satellite cell-derived myoblast fusion capacity in CP
compared to TD (objective 1)

Related to the first objective, i.e., comparing SCMs from typically
developing (TD) children with those of patients with cerebral palsy (CP),
we reported higher fusion index (FI) values at day 6 for SCMs derived
from the MG microbiopsies of young patients with CP compared to age-
matched TD children. Thereby, we confirmed our previously published
results on SC-derived cultures (Corvelyn et al., 2020). These in vitro
findings suggest that these SCMs, given the right cellular environment,
would still be able to contribute to muscle growth and regeneration in
vivo, in contrast to what is observed in for example Duchenne muscular
dystrophy (Choi et al., 2016). Although very variable results in previ-
ously published studies, assessing different muscles and sometimes
lacking ideal control data, based on RNAseq analyses on muscle biopsies
have indicated upregulation of pathways related to muscle protein
synthesis, such as ACTAI and MYLI indirectly supporting our data on
SCM differentiation (Robinson et al., 2021; Smith et al., 2012).
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However, next to SCM fusion potential, we hypothesize that alterations
in myotube morphology and nuclear positioning, as was previously
described (Corvelyn et al., 2020), could have an effect on the muscle
functioning. For instance, multiple studies analyzing these in vitro
myoblast features have described similar large myotubes and myonu-
clear aggregations in diverse myopathies leading to muscle weakness
(Azevedo and Baylies, 2020; Chal et al., 2015; Fernandes et al., 2020).
Further research is needed to better quantify these features and its po-
tential implications on the muscle functioning. Additionally, we have
further characterized all cells obtained via the muscle microbiopsy
technique that resulted negative for haematopoietic and endothelial cell
markers, addressing the concerns about the SCM purity recently raised
by Lieber and Domenighetti (2021). These findings were in line with
previous reported data, even on additional markers for cells obtained
from muscle microbiopsies followed by the explant technique (Ceusters
et al.,, 2017). Small percentages of cells have been found positive for
CD34, which is mainly known as a marker for adult stem cells including
a small subset of SCs (Tey et al., 2019). Moreover, cells positive for CD34
have been previously reported after culturing muscle microbiopies
(Ceusters et al., 2017; Sidney et al., 2014). Thereby, we provided evi-
dence that the cells analyzed were not being contaminated by consid-
erable amounts of cells of other lineages.

4.2. Satellite cell-derived myoblast features from patients with CP are
influenced by multiple variables (objective 2)

To address the second study objective, we assessed multiple factors
potentially leading to heterogeneity in reported results on the CP muscle
pathology (Corvelyn et al., 2020; Domenighetti et al., 2018; Handsfield
et al., 2022). Firstly, to address objective 2.1, we have uniquely cultured
and extracted cells from two different muscles of the same young pa-
tients with CP, as well as from aged matched TD children. Both, the MG
and ST (or entire group of hamstring) muscles have been described at the
macroscopic level, i.e. muscle volume via ultrasound assessments and at
the microscopic level, i.e. contractile material and collagen content in
muscle sections (Howard et al., 2022; Modlesky and Zhang, 2020; Smith
et al., 2011), however, rarely from the same subject. Additionally, the
majority of previous studies focussed on the entire group of hamstring
muscles, without discriminating between the different muscles of the
hamstrings (Domenighetti et al., 2018; Htwe et al., 2017; Smith et al.,
2011), as targeting i.e. the ST specifically is more challenging to collect
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Fig. 5. Differentiation potency of MABs, FAPs and ICs from MG and ST muscles of TD children and CP patients. (A) Representative IF images from MABs
derived from TD children and patients with CP for both MG and ST muscle at day 6 of myogenic differentiation. MYOD (green) and MyHC (red) are shown. Nuclei
(blue) are counterstained using Hoechst. (B) Percentage of MYOD+- cells based on IF images represented by boxplots for both TD children and CP patients. Dots (MG)
and squares (ST) represent individual subjects indicated in different colours. **p < 0.01 (C) MAB (ALP+) fusion indexes shown by boxplots. Dots (MG) and squares
(ST) represent individual subjects. (D) Representative IF images and (E) quantification of ORO based on absorbance at 490 nm of MABs from TD children and
patients with CP from both MG and ST muscle after adipogenic induction at day 10. Perilipin (PLIN, green), Oil red O (ORO, red) are shown. Nuclei (blue) are
counterstained using Hoechst. Data expressed in pg of ORO based on a standard curve. (F) Representative IF images and (G) quantification of ORO of FAPs
(PDGFRa+) from TD children and patients with CP from both MG and ST muscle after adipogenic induction at day 10. PLIN (green), ORO (red) and nuclei (blue) are
shown. (H) Representative IF images and (I) quantification of ORO of ICs (ALP- PDGFRa-) from TD children and patients with CP from both MG and ST muscle after

adipogenic induction at day 10. PLIN (green), ORO (red) and nuclei (blue) are shown. Scale bars = 200 ym. TD: n = 3, CP: n = 5 (FAP: n = 4).
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sufficient material due to its smaller size. Thanks to the less invasive
character of the muscle microbiopsy technique, we were able to collect
and compare muscle samples from young patients with CP, as well as TD
children, on stem cells from both muscles, MG and ST, in the same child.
This is unique and seems more challenging to achieve with Bergstrom
biopsies or open biopsies during invasive surgery (Bergstrom and
Edwards, 1979; Howard et al., 2022). Here, the focus was primarily on
the comparison of data from both muscles, and not anymore on the
difference between CP and TD data. Comparison of both muscles showed
a tendency of lowered amounts of SCMs (based on FACS fractions) in the
ST compared to MG. These tendencies in FACS fractions could be
partially elucidated by the activity level of these patients prior to the
biopsy (Chen et al., 2020; Snijders et al., 2015). Indeed, physical activity
could explain whether these cells were activated and stimulated to
self-renew or not as the MG and ST differ in fiber distribution and
thereby regeneration potential (Sharma et al., 2019; Zimowska et al.,

2017). Unfortunately, based on their level of physical activities and
hobbies, no clear distinctions between the subjects could be made.
Additionally, the MG is highly targeted for stretching by physiotherapy
and the use of ankle-foot orthoses (Hosl et al., 2015), which was indeed
also the case in our patient cohort. Possibly, these differences in muscle
management between both muscles could have an effect on the observed
FACS fractions and other assessed parameters. However, since the slight
fluctuations in SCM fractions between TD and CP were equally repre-
sented in MG compared to ST, we assume that SCM in vitro amplification
was not altered. Possible stimuli from the stem cell niche, or from other
cell types, were diminished once the cells were removed from their
muscle environment as they were first amplified for 4 passages in culture
before sorting, which could have resulted in no significantly altered SCM
fractions in our study design (Chen et al., 2020; Cornelison, 2008).
Furthermore, studies have reported reduced SC numbers in patients with
CP from 10 years of age onwards in different muscles (hamstrings,
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Gracilis and biceps) (Dayanidhi et al., 2015; Smith et al., 2011; Von
Walden et al., 2018). Yet, no data are available on the age of onset of this
phenomenon and on the underlying mechanisms that may potentially
exhaust the cells, as is observed in muscular dystrophies (Chang et al.,
2016). Additionally, based on IF muscle sections, we could not confirm a
lower amount of SCs in CP compared to TD, possibly due to the low
sample size and the inclusion of younger subjects. We also did not
observe a correlation of ex vivo PAX7+ cells with the obtained FACS
fractions after in vitro amplification. Potentially, the in vitro growth
conditions could have altered the absolute cell representations as first
FACS analyses could only be performed after at least 3 passages, but
allow describing rather relative cell representations. Furthermore, it is
known that a cell, after extraction, cannot maintain all the molecular
and functional properties owned in vivo (Saccone et al., 2014; Shar-
ifiaghdas et al., 2011). Additionally, both methods used a different
marker (PAX7 or CD56), which could also be attributed to the discrep-
ancies here described, as PAX7 is rather associated to quiescent SCs and
downregulated when the SCs are committed towards differentiation, a
state that is more associated with upregulation of CD56 (Snijders et al.,
2015). However, as the expansion method was standardized for all cell
lines and included subjects, possible effects on proliferation potential
would have led to altered FACS fractions when comparing CP and TD
data. Additionally, as mentioned before, even though the cells have been
removed from their niche, effects of the in vivo situation or of the CP
pathology might have influenced their ability to still proliferate in vitro
(Yin et al., 2013). In this light, even though no direct associations be-
tween these ex vivo and in vitro data could be made, both these data
suggest that SC representation was not altered in these patients. The
absence of significant alterations supports the hypothesis that, in our
cross-sectional study, none of the cell populations within CP muscles
were exhausted compared to TD muscles.

We did not find any differences in proliferative capacities of SCMs
based on KI67 protein expression between TD and CP nor between
muscles. KI67 is a commonly used marker for proliferation and is
expressed during phases G1, S and G2 of cell cycling, but is absent in
resting cells, in GO (Mackey et al., 2009; Tan et al., 2021). Hereby, we
showed a stable proliferation by similar percentages of cells with nuclear
protein expression of KI67 over two days in growth medium, probably
due to the optimal growing conditions. KI67 protein expression is an
indication for the number of cells that are actively involved in cell
proliferation, but does not provide information on cell cycling speed, for
which more in-depth cell cycle analyses would be required. Previously,
another research group showed reduced doubling time for myoblast
progenitors derived from hamstring biopsies from patients with CP
compared to those of TD adolescents, and higher KI67 levels based on
RNAseq data (Sibley et al., 2021). Furthermore, they also stressed the
importance of the site for tissue harvesting. They obtained biopsies at
the myotendinous junction, which is reported to be richer in prolifer-
ating SCs and primarily involved in SC activation and fusion (Allouh
et al., 2008; Kim et al., 2020). In contrast, in the current study, muscle
microbiopsies were obtained at the muscle mid-belly, contributing to the
reported discrepancies between studies (Corvelyn et al., 2020; Dome-
nighetti et al., 2018). As for myogenic commitment, we found significant
higher percentages of MYOD+ nuclei at day 0 of myogenic differentia-
tion in ST SCMs compared to MG for TD children, while the opposite
trend was found for patients with CP. However, we showed high vari-
ance in both MYOD levels and FI values at day 0 between the repeated
biopsy samples of two TD children, while these parameters at days 3 and
6 showed to be more robust, letting less conclusive data at day 0. We
found significantly lower FI values for the cells extracted from the ST
compared to the MG, suggesting lower myogenic potency of these SCMs.
Interestingly, we measured a FI of around 25% at day 3 of myogenic
differentiation of CP-derived SCMs from the ST, which is close to the FI
value (21%) found by Domenighetti and colleagues after 42h of
myogenic differentiation of hamstring myoblasts, regardless many dif-
ferences in the analysis procedure (Domenighetti et al., 2018). Due to
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differences in material quantity from the biopsy, Domenighetti group
was able to assess myogenic capacity at a younger passage (P4), while
we had a longer amplification time and assessed SCM differentiation
potential at passage 6-8. Differences between the study of Domenighetti
group and the current study for the FI values of TD children could
potentially be linked to higher age (14 + 2 years old) and clinical history
(ACL reconstructive surgery) and therefore to a potential misuse or
altered activity of the muscle. Unfortunately, to our knowledge, no data
are available on SCM fusion capacity of healthy subjects of this young
age and in vitro passage number. Taking the small sample size and het-
erogeneity of the CP pathology into account, we carefully suggest
altered SCM features from the MG compared to the ST (Corvelyn et al.,
2020; Domenighetti et al., 2018), hereby highlighting the complexity of
CP muscle pathology and rising caution regarding generalized treatment
based on muscle-specific findings.

Secondly, although the application of the muscle microbiopsy tech-
nique has some previous mentioned limitations, this technique allowed
unprecedented follow-up microscopic assessments (to address objective
2.2). Because of the low sample size (partially due to the covid-
situation), associations with the BoNT treatment history or the natural
pathway of the clinical picture of the CP pathology cannot yet be fully
explored. Nevertheless, the preliminary results provide some unique
first insights in possible alterations over time following the same subject.
The number of SCMs showed a non-significant decrease one year after
BoNT treatment. As was previously shown for SC-derived progenitors of
patients within this age range, no correlation with fusion index and age
was found (Corvelyn et al., 2020). Although additional data are needed,
and potential effects due to activity levels could not be excluded, this
preliminary observation is most likely patient-specific and potentially
the result of the natural CP pathway or the effect of BoNT treatment.
Furthermore, myogenic capacity of SCMs seemed to have slightly
decreased one year after BoNT treatment. This decrease exceeded the
repeated assessment variability. As shown, this effect of lower fusion
capacity was not associated with the observed lower SCM FACS fraction.

Thirdly, to address potential concerns about the assessed outcome
parameters, we have performed analyses of two separate muscle bi-
opsies from the same muscle in parallel (objective 2.3). Even though we
saw some slight fluctuations in the SCM fractions obtained through
FACS leading to varying SCM yields, the effect on the differences of FI
remained low, as we could analyze this parameter within a range of two
passages after amplification. Importantly, the differences observed be-
tween repeated assessments were lower than the observed differences
between TD and CP and between both timepoints during the follow-up,
strengthening the fact that the observations we highlight are due to the
pathology and not to any other secondary factor.

4.3. Supportive muscle stem cells are not highly altered in patients with CP
(objective 3.1)

To address the third study objective, we could successfully obtain
multiple muscle stem cell populations next to SCMs, based on well-
described markers in literature (Corvelyn et al., 2020; Tey et al.,
2019). These results need to be interpreted with caution due to the low
sample sizes and the high heterogeneity observed, mainly in the CP
group. For both groups, the number of obtained MABs seemed to be
lower in the ST compared to the MG muscle, but was not upregulated in
CP compared to TD children. This is in contrast to findings in (older)
patients with muscular dystrophy disorders (Dellavalle et al., 2011;
Diaz-Manera et al., 2012). In this regard, we also did not observe a
rescue in higher MAB fractions in cases of relatively lower SC numbers
(Dellavalle et al., 2011; Diaz-Manera et al., 2012; Kuang et al., 2008;
Tedesco et al., 2017). Further research on larger sample sizes are needed
to better understand whether these observations were due to a lack in
power or were depending on the age of the enrolled children. However,
these data further strengthen the hypothesis of muscle-specific proper-
ties and thereby raise caution in interpretation of previous studies
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considering an entire muscle group or lacking appropriate control data.

The myogenic capacity of MABs, both by MYOD protein expression
and FI, was significantly lower comparing ST-derived cells from TD
children and those of the MG. No differences in FI between TD and CP
nor between both muscles were found. However, in the same line as
what was found for SCMs, there was a trend of lower myogenic capacity
in the ST for the TD group, while these observations were not confirmed
in the CP group, most likely due to higher heterogeneity. Additionally,
we did not observe any correlations between the myogenic performance
of the SCs and the MABs of the same subjects based on MYOD or FI
assessments. Adipogenic potency of these cells did not differ between TD
and CP nor between muscles, which was also the case for FAPs and ICs.
However, muscle imaging studies on patients with CP have shown
higher adipose content in the MG muscle compared to TD subjects in
children and adults (D’Souza et al., 2020; Svane et al., 2021). Poten-
tially, the subjects in our study were too young to already capture these
alterations (in vitro), knowing that only a 4% increase in fat fraction was
reported in the MG of 8-15-year-olds CP compared to TD (Akinci
D’Antonoli et al., 2021). ICs showed a slight trend of higher adipogenic
capacity for the ST muscle compared to the MG, in both groups. This
finding may potentially be in line with greater muscle volumes deficits
observed in the distal lower limb muscles compared to more proximal
ones, as more fat infiltration could compensate potential changes in total
muscle volume (Modlesky and Zhang, 2020). Furthermore, adipogenesis
seemed to be linked to a certain location along the muscle, as significant
increased fat content was mainly observed at the muscle belly of the MG
of more affected patients with CP (D’Souza et al., 2020). Additionally, in
our dataset, one IC cell line from the ST of a patient with CP seems to
have a much higher adipogenic potency compared to the other ICs ob-
tained from ST in the CP group that was confirmed on qualitative
assessment of histological showing a higher extracellular matrix (ECM)
content between the muscle fibers. This assessment included histological
imaging of a representative TD and a second patient with CP (matched
on GMFCS level and gender and having a similar strength score).
Interestingly, however based on this single observation, a higher ECM
content was observed for the patient with repetitive BoNT treatments
and slightly older in age (22 months) compared to the other patient with
CP, which only received one previous BoNT treatment. More quantita-
tive data as well as more specific labeling for fat infiltrations would be
required to give robust associations to our described single case. More
specific investigations will be able to give a better interpretation of these
observations, seen the importance of understanding fat infiltration
mechanisms together with progression of this as many other diseases
affecting skeletal muscle.

4.4. Longitudinal effects on supportive stem cells pre- and post BoNT in
patients with CP (objective 3.2)

Based on the FACS data of all four patients, we showed a significant
decrease in FAP fraction and an increase in IC fraction in CP children
after one year. It has been shown that, in chronic atrophic conditions
caused by motor neuron deficits, increased fibrosis is associated with
accumulation of FAPs in the interstitium of denervated muscles (Biferali
etal., 2019; Contreras et al., 2016; Madaro et al., 2018). This seemed not
to be the case by our FACS fractions, even though the CP pathology is
expected to be characterized by increased fibrotic content (Howard and
Herzog, 2021). The included subjects may have been too young to
already notice differences in active involvement of these stem cell
populations as we currently do not know at which age this accumulation
in ECM occurs in the muscle and if it occurs differently from muscle to
muscle. Additionally, as ICs are defined by negative expression for
markers CD56, ALP and PDGFRa, possible intrinsic differences in this
mixed population remained unnoticed. The reduction in PDGFRa pop-
ulation (FAPs) could have contributed to the increase of the IC popu-
lation, potentially incrementing ECM deposition (Shadrin et al., 2016).
Moreover, alterations in PDGF signaling could modulate multiple
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processes in cell survival, cell fate decisions and damage-associated
behaviours in the muscle, contributing to the observed CP muscle pa-
thology (Contreras et al., 2021).

5. Conclusion

This study confirmed our previous findings that satellite cell-derived
myoblast (SCM) cultures derived from the Medial Gastrocnemius (MG)
muscle of young patients with cerebral palsy (CP) have a higher fusion
capacity compared to those of age-matched peers. Through enlarging
the TD sample size, clarifying the sample identity and refining the
sample homogeneity, we obtained results that are in line with what was
previously published (Corvelyn et al., 2020). Parameters were proven to
be quite robust based on repeatability experiments assessing SCMs in
parallel from the same subject and muscle. To better understand the
current heterogeneity in literature, for the first time, we obtained cells
through the muscle microbiopsy technique from two different lower
limb muscles of the same subject. Myogenic potential of both SCMs and
mesoangioblasts showed a tendency to be decreased in the Semite-
ndinosus (ST) compared to the MG muscle, rising caution to draw general
conclusions and develop novel general treatments (Sibley et al., 2021)
based on data from isolated muscles. The low sample size and the limited
possibility to compare our results with few previously published data
still need to be improved. Furthermore, unprecedented preliminary
longitudinal data showed altered stem cell population proportions, as
well as trends towards a reduction in SCM myogenic capacity one year
after the first treatment with Botulinum Neurotoxin. Future research
will be focussing on the observed stem cell phenotype, muscle compo-
sition and in combination with additional clinical data, this may lead to
a further understanding of the development and complexity of CP
muscle pathology.
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Contributions to the field

Cerebral Palsy (CP) is a group of disorders that affect muscle
movement and coordination and is with an incidence of 2-3 per live
births one of the most common causes to childhood physical disability.
Previous studies have shown alterations in the muscle development,
such as decreased muscle size, increased collagen deposition and altered
stem cell features. However, more detailed information on the occur-
rence and development of these alterations with appropriate control
data is lacking. Additionally, high levels of heterogeneity in these
findings further hamper the understanding of CP muscle pathology.
Therefore, we aimed to further characterize the muscle stem cells,
responsible for all post-natal processes, and to investigate different
factors for this observed heterogeneity, such as different assessed muscle
and the assessment procedures. We have highlighted alterations in the
fusion potential of satellite cell-derived myoblasts as well as raised
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awareness of muscle-specificity for the reported findings. By increasing
our knowledge on these crucial actors in muscle alterations, we hope to
gain insights in the complex CP pathology and to ultimately improve
treatment for these patients.
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