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Background and Objective: Stem cell therapy is a regenerative medicine modality that has the potential
to decrease morbidity and mortality by promoting tissue regeneration or modulating the inflammatory
response. An increase in the number of clinical trials investigating the efficacy and safety of stem cell therapy
in pediatric diseases has led to advancements in this field. Currently, multiple sources and types of stem
cells have been utilized in the treatment of pediatric diseases. This review aims to inform researchers and
clinicians about preclinical and clinical stem cell therapy trials in pediatric patients. We discuss the different
types of stem cells and the wide spectrum of stem cell therapy trials for pediatric diseases, with an emphasis
on the outcomes and advancements in the field.

Methods: PubMed and clinicaltrials.gov databases were searched on October 28, 2022 using the following
Medical Subject Headings (MeSH) terms “stem cell” or “stem cell therapy” with an age filter <18 years. Our
search was limited to publications published between 2000 and 2022.

Key Content and Findings: Diverse sources of stem cells have different properties and mechanisms
of action, which allow tailored application of stem cells according to the pathophysiology of the disease.
Advancements in stem cell therapies for pediatric diseases have led to improvements in clinical outcomes
in some pediatric diseases or in quality of life, such therapies represent a potential alternative to the current
treatment modalities.

Conclusions: Stem cell therapy in pediatric diseases has shown promising results and outcomes. However,
further studies focusing on the implementation and optimal treatment timeframe are needed. An increase
in preclinical and clinical trials of stem cell therapy targeting pediatric patients is required to advance our

therapeutic applications.
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Introduction

Stem cells are undifferentiated cells with the capability
to proliferate (self-renewal) and differentiate into various
mature cell types (multipotent) (1). In optimal ex-vivo
conditions, stem cells can be stimulated to regenerate and
differentiate into specific cell types (2). There are multiple
sources of stem cells, including but not limited to the bone
marrow (3), peripheral blood (4), adipose tissue (5), and
umbilical cord blood (6).

Stem cell therapy is a regenerative medicine modality
that has the potential to decrease morbidity and mortality
by promoting tissue regeneration and/or modulating the
inflammatory response. Stem cell-based therapy can be
autologous, where the patient’s cells are used, or allogenic,
where cells from a healthy donor are used for treatment (7).
Consequently, stem cell-based therapies have become of
great interest in research and clinical therapeutic platforms
for the treatment of various pediatric diseases. An increase
in the number of clinical trials studying the safety, and
efficacy of stem cell therapy in pediatric diseases has led to
advancements in the selection of donors, cell sources, and
administrative care.

In this literature review (Figure 1), we discuss the
different sources of cell therapy and the wide spectrum
of cell therapy trials for pediatric diseases. This review
aims to inform researchers and clinicians about preclinical
and clinical stem cell therapy trials in pediatrics. We
discuss pre-clinical and clinical stem cell therapy studies
in pediatric disorders emphasizing the outcomes, and
advancements in this field. Due to the large landscape of
the topic, we selected specific diseases to discuss in this
review. We included non-hematologic pediatric diseases
with current increased research interest, and recent research
advancements in cell therapy applications. The review will
mainly discuss and focus on mesenchymal stem cells (MSCs),
bone marrow mononuclear cells (MINCs), multipotent adult
progenitor cells (MAPCs), neural stem cells (NSCs), and
umbilical cord blood cells (UCBC) preclinic and clinical
applications in pediatric diseases. This review will cover
pediatric neurological, musculo-skeletal, pulmonary, cardiac
and graft-vs.-host diseases (GvHDs). For each specific
diseases mentioned, we will discuss pre-clinical and clinical
research according to the type of cell stem studied. We
also highlight the different stem cells sources, methods
of administration, and therapeutic approaches relative to
each disease. We present this article in accordance with the
Narrative Review reporting checklist (available at https://
tp.amegroups.com/article/view/10.21037/tp-23-92/rc).
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Methods (Table 1)

PubMed database was searched on October 28, 2022, using
the following Medical Subject Headings (MeSH) terms
(“stem cell” or “stem cell therapy”) with an age filter (child:
birth - 18 years). Our search was limited to publications
published between 2000 and 2022 in English. Pre-
clinical, animal model studies, clinical trials, case reports,
observational studies, and systemic analyses were considered
in our search. Our search resulted in 3,812 articles.
Abstracts were screen in first round followed by full-text
screening, 38 relevant studies were included in this review.

Additionally, we included completed clinical trials with
available results from the ClinicalTrials. gov database.
The search term used “stem cell” with an age filter (age
0-17 years). The search resulted in 87 clinical trials and
1 observational study. Terminated studies without results
and those that did not recruit patients aged <18 years were
excluded, while studies that included both pediatric and
adults were included in this review. Studies conducted after
stem cell transplantation or treatment that did not include
stem cells as the primary goal were excluded from this
review.

Our review was limited to specific pre-selected diseases
discussed below. Diseases were selected after a first holistic
review of the yielded PubMed search according to increase
research interest and advancements in the field. Our search
strategy is limited to used MeSH terms additionally “stem
cell”, which may have limited and excluded studies that
referred to MSCs as stromal cells.

Cell sources (Figure 1)
MSCs

MSCs are stromal cells with multilineage differentiation
properties with the ability to differentiate under stimuli
factors into various tissues including osteoblasts,
chondrocytes, hepatocytes, and epithelial cells (8). MSCs
can be extracted from numerous tissues, most commonly
from the bone marrow (9), adipose tissue (5), and umbilical
cord (6). MSCs have shown high immunoregulatory
potential due to their ability to secrete interleukin (IL)-
10, transforming growth factor (T'GF)-p1, prostaglandin
E2 (PGE2), and indoleamine 2,3-dioxygenase (IDO), in
addition to inhibiting pro-inflammatory cytokines tumor
necrosis factor (TNF)-a, interferon (IFN)-y, and IL-12.
These cytokines play an important role in regulating the
immune system and T-cell response. MSCs regulate T
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Clinical application stem cells therapy in pediatric disease

Diseases discussed Number of studies included

Neurology:
e Traumatic brain injury (TBl) ——> 8
e Spinal cord injury —>8
e Cerebral palsy (CP) —>38
Bone:
e Osteogenesis imperfecta —>3
¢ Reconstructive surgery- —>2
cleft lip and palate
Pulmonary:
e Bronchopulmonary dysplasia ——>» 2
Cardiology: — >
e Heart failure
e Hypoplastic left heart R — s
syndrome (HLHS)
Immunology:
e Graft vs. host disease —>4

Figure 1 Sources of stem cells and clinical applications in stem cell therapy. Created with https://www.biorender.com/.

Table 1 The search strategy summary

ltems Specification

Date of search 28/10/2022
Databases and other sources searched
Search terms used

Timeframe 2000-2022

Inclusion and exclusion criteria

PubMed, ClinicalTrials.gov

“Stem cell” or “stem cell therapy”

Inclusion: pre-clinical studies, animal model studies, Clinical trials, multicenter studies, case

reports, meta-analysis and systematic reviews

Exclusions: articles written in languages other than English; those that did not recruit patients
<18 years of age; studies that did not include stem cell therapy as primary goal

Selection process

Authors conducted the selection independently; consensus was obtained after discussion

helper (Th)1/Th17 by stimulating T-regulatory and Th2
cell expansion while suppressing Th17 cell proliferation
and differentiation (8). MSC-derived extracellular vesicles
(EVs) have been a point of interest as a cell-free therapy in
regenerative medicine. EVs contain “cytokines and growth
factors, signaling lipids, mRNAs, and regulatory miRNAs”
that can contribute to inflammatory regulation and tissue
regeneration (10-12).

MSCs were first used as cell therapy for the treatment
of GvHD, since then MSCs cell therapy has been
implemented in various inflammatory diseases such as
sepsis, chronic inflammatory central nervous system (CNS)

© Translational Pediatrics. All rights reserved.

injuries, and bronchopulmonary dysplasia (BPD). MSC
therapy is considered safe and feasible. A meta-analysis
of randomized clinical trials found no link between MSC
and acute infusion toxicity, infection, mortality, or risk for
tumor formation (13). However, there was a substantial link
between MSC and transitory fever after up to 90 months
of follow-up. Currently, 381 clinical trials studying MSCs’
therapeutic potential and side effects in various disorders
are registered on clinicaltirals.gov; of these 381 studies, only
61 targeted the pediatric population.

Although it was previously thought that MSCs migrate
and home to the site of injury, various research groups have
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debunked this concept. In several i vivo studies, MSCs were
trapped in the lungs following intravenous injection (14).
No viable MSC were detected in other organs, including
the liver, spleen, kidneys, CNS, and bone marrow (15).
MSCs have been shown to improve functional recovery
after traumatic brain injury (TBI) without homing in the
brain parenchyma. In an animal model, 48 hours post-MSC
infusion, cells were localized to the lung, and only 0.0005%
of injected cells reached the cerebral parenchyma (16).

BMMNCs

In the mononuclear portion of normal human adult BM,
numerous cells of nonhematopoietic lineage or that can
develop into nonhematopoietic cells have been identified (17).
MNCs are a combination of several types of cells that
include hematopoietic progenitors, lymphoid cells, and
monocytes. Bone marrow-derived MNCs (BMMNCs)
produce significant amounts of anti-inflammatory cytokines
and growth factors at the tissue level. Cytokines and growth
factors produced inhibit apoptosis, protect viable cells,
decrease fibrosis, stimulate cell recruitment, and have anti-
inflammatory properties. Moreover, BMMNCs have been
shown to stimulate angiogenesis and tissue regeneration by
mediating resident progenitor cells (18).

CD133" cells, a subset of BMMNC:s, have been proven
in vivo and in vitro to be capable of differentiating into
tissues of mesodermal, ectodermal, and endodermal origin.
These cells can generate multilineage hematopoiesis and
regenerate cells of various organs, such as the liver, lung,
gut, muscle, and endothelial cells, when transplanted into
animal models (19). BMMNCs and CD133" cell types have
recently been employed in novel therapeutic applications,
including the treatment of ischemic disorders and
neurological diseases, such as TBI.

MAPCs

MAPCs are a sub-type of adult nonhematopoietic stem
cells that can be isolated from bone, or muscle tissue (20).
MAPCs have a different phenotype and differentiation
potential than MSCs and are characterized by extended
expansion potential with higher and more stable telomerase
activity. MAPCs can differentiate in vitro and in vivo into
various cell types including osteoblasts, chondrocytes,
smooth muscle cells, and endothelial-like cells. Compared
with MSCs, MAPCs express lower levels of major
histocompatibility complex (MHC) class I (21). In a murine
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model isolated MAPCs inhibited T-cell proliferation and
activation via elaboration of PGE2 (22). Additionally,
human MAPCs increased angiogenesis and stem cell
proliferation when injected into the CNS and cardiac i
vivo ischemic models (23). Due to their unique properties,
MAPCs have been studied in multiple clinical trials as a
source of cell therapy treatment for graft vs. host, TBI, and
cardiovascular diseases.

NSCs

NSCs are primordial cells of the nervous system that can
differentiate into more specialized cells of all neural lineages
in the central and peripheral nervous system including
neurons, astrocytes, and oligodendrocytes (24). The
subventricular zone (SVZ) is considered the richest source
of NSCs, which later on proliferate to neuroblasts cells.
Neuroblasts migrate to the olfactory bulb and differentiate
into subtypes of interneurons (25). Intraventricular
transplantation of NPCs in murine experimental
autoimmune encephalomyelitis (EAE) models decrease
clinical disease severity and neuroinflammation (26).
Further investigation confirmed the immunomodulatory
properties of NSCs (27). Neuroprotective effect was also
observed in studies after treatment with NSCs, through
reducing parenchymal necrosis and glial scar formation

(28,29).

UCBCs

The umbilical cord is considered a waste material, but it
is a highly valuable source of hematopoietic stem cells and
MSCs. Umbilical cord blood was first used as a source for
hematopoietic stem cells in the treatment of hematologic
disorders. An increase in the utilization of allogeneic
umbilical cord blood stem cells transplant is due to the
quick availability of stem cells, where umbilical cord stem
cells were transplanted 25-36 days earlier compared to
bone marrow stem cell transplantation (30,31). Additionally,
1 or 2 human leukocyte antigen (HLA) (HLA-A, B, and
DR) antigens mismatch between UBC stem cells and donor
is tolerated (30). The less strict requirements for HLA
matching increase utilization as an alternative source of
hematopoietic cells for transplantation (32). Multiple studies
confirmed that umbilical blood transplant is associated with
a lower incidence of GvHD in children compared to bone
marrow transplant (33,34). The use of UCB stem cells is
emerging in regenerative medicine and immunomodulation
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therapies. UCB MSCs have been implemented in various
clinical trials studying the efficacy and safety of UCB stem
cell therapy including in CNS trauma, cerebral palsy (CP),
and osteogenesis imperfecta (OI). The availability, high
tolerance to HLA mismatch, and decreased GvHD are all
advantages of employing cord blood in stem cell therapy.

Wharton’s jelly (WF)

W] is a jelly-like substance within umbilical cords that
surrounds the umbilical arteries and veins. It is made of
a collagen extracellular matrix (ECM) with glycoprotein
microfibrils embedded with soluble polysaccharides,
hyaluronan (HA), and stem cells (35). HA plays a role
in many biological processes, such as angiogenesis and
proliferation/differentiation of progenitor cells. In addition,
collagen matrix has a high compatibility for supporting
many cell types. Growth factors [insulin-like growth factor
binding protein (IGFBP), TGF-a], immunomodulatory,
anti-inflammatory cytokines, homeostatic cytokines, and
cytokines associated with wound healing were detected in
W] samples. W] was found to have higher amounts of these
factors compared with other biologics making its great
therapeutic potential in regenerative medicine and reducing
inflammation (36).

Cardiosphere-derived cells (CDCs)

CDCs are cardiac progenitor cells that can differentiate
into three cell types: cardiomyocytes, smooth muscle
cells, and endothelial cells (37). CDCs are obtained from
percutaneous endomyocardial biopsy and then grown in-
vitro to generate functioning CDCs (38). A study by Davis
et al. has shown the regenerative capabilities of CDCs in
mice models (39). There have been four completed phase
I trials incorporating CDCs in patients with promising
results.

Stem cell therapies (Table 2)

Neurological disorders

TBI

TBI occurs due to an external insult that causes damage
and inflammation in the brain. TBI is characterized by
acute phase inflammation which triggers a cellular cascade
of chronic secondary neuroinflammation (77). In the US,
2.87 million cases of TBI were reported in 2014, with
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more than 837,000 of those cases involving pediatrics.
In the United States, an estimated 13.5 million people
struggle with disability from TBI (78). Therapeutic stem
cell therapy with BMMNCs, MAPCs (23), and MSCs (42)
have shown promising results in improving outcomes and
limiting secondary injury. Stem cell therapy has been shown
to modulate cellular responses and inflammatory cascades in
TBI(79).

BMMNC:s cell therapy

A clinical trial using BMMNCs was implemented in an
acute injury setting in pediatric patients with TBI. The
phase 1 clinical trial included 25 patients, demonstrated
that acute bone marrow harvest and infusion in an acute
injury setting is safe and feasible. Additionally, cell therapy
was associated with progressive gradual improvement
in functional outcomes after 6 months. Moreover, upon
follow up patients treated with BMMNC:s did not suffer
from expected post-TBI progressive CNS tissue loss. Cell
therapy offered neuroprotection with 70% of patients
showing improvement on the Glasgow coma scale (40).
MAPCs

MAPC:s offer neuroprotection, attenuate blood-brain barrier
(BBB) permeability, increased anti-inflammatory cytokine
production, increase the percentage of T-regulatory cells,
and preserve splenic mass after TBI (41). Intravenous
administration of MAPCs in animal models increased T
regulatory cell populations within the spleen and peripheral
blood at 24 and 48 hours respectively. The increase in
T-regulatory cells modulates the immune system, leading
to an increase in the differentiation of brain microglial/
macrophage cells into M2 neuroprotective phenotype (23).
Recent work done by Bedi ez 4/. studied the optimum
clinically relevant time window of MAPC treatment for
TBI through a series of experiments. The study found
that administration of MAPCs within 24 h improved BBB
permeability, spatial learning, and cognitive behavior.
Additionally, it decreased activated microglia/macrophages
in the dentate gyrus (42).

MSC

MSC treatment of TBI has demonstrated encouraging
outcomes in both animal models and human clinical
studies. MSC stem cell therapy is considered safe and
feasible because no immediate or delayed toxicity linked
to treatment was reported in pediatric patients at the
6-month follow-up (80). In a TBI rat model, MSCs reduced
the number of microglia and other inflammatory cells,
increased anti-inflammatory cytokines, and decreased
proinflammatory cytokine production leading to attenuation
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Table 2 Animal and human clinical trials summary
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Disease Citation Trial

Characteristics

Stem cell

Outcomes

TBI (40) Phase 1 clinical trial

(41,42) Animal model

(43,44) Animal model

(45,46) Animal model

(47)  Invitro and in vivo animal
models

scl (48,49

)

Clinical trial (open label)

(50)  Animal model

(51) Phase 1/2 clinical trial

(52,53) Animal model

(54,55) Phase 1/2 clinical trial

CP (56) Non-randomized,
observer-blinded

controlled clinical

Ten children aged 5 to

14 years; Glasgow coma

scaleof 5to0 8

Rats, controlled cortical
impact injury

Rats, controlled cortical
impact injury

Rat/mouse TBI model

Male Sprague-Dawley rats

Pediatric patients age

<18 years with documented

SClI
Rate SCI model

Complete or incomplete
trauma-induced SCI

Rat SCI model

Autologous BMMNCs

MAPCs

MSCs

MSC exosomes

Umbilical cord Treg” MSC

Autologous BMMNC

MSCs

Allogeneic hUC MSCs

MSC-derived EV

NSCs and olfactory
ensheathing cells

Improvement on the Glasgow
coma scale

Neuroprotection

Increase in brain macrophage M2
phenotype

Improved BBB permeability and
spatial learning

Attenuation of TBI-induced
inflammatory responses

Reduced neuro-inflammation
Improved functional recovery

Promoted microglia
transformation to anti-
inflammatory phenotype

Attenuation of central and
peripheral immune response

Decreased chronic microgliosis

Varying degrees of improvement
in muscular power, bladder
control, balance, and sensation

Improved locomotor function
and caused spinal cord lesions
reduction

Improvement of pinprick, light
touch, motor, and sphincter
scores

Diminished the inflammatory
response

Improvement in locomotor
recovery and mechanical
sensitivity threshold

Suppressed A1 neurotoxic
astrocyte activation and nitric
oxide release in microglia

Improvement in ASIA motor and
sensory scores

Improvements in walking index for
SCI and functional independence
measure

Autologous neuronal stem Improved GMFM scores by 58%

cell-like cells

Table 2 (continued)
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Table 2 (continued)

1245

Disease Citation Trial

Characteristics

Stem cell

Qutcomes

(57) Randomized, blinded,
placebo controlled,
crossover clinical trial

(58) Double-blind, placebo
controlled, crossover trial

(59) Phase 1 open-label
clinical trial

(60,61) Randomized double-blind
sham-controlled clinical
trial

(62,63) Animal model

Ol (64) Case series

(65) Clinical report

(66) Human clinical trial

Spastic CP aged 4-14 years

old

HI in immunodeficient mice

Rat model of neonatal
hypoxia/ischemia

BMMNCs and autologous
UCBCs

Autologous cord blood

HLA-matched or partially
HLA-matched sibling
umbilical cord blood
therapy

Umbilical cord blood MSC

Human UCBCs

Bone marrow MSCs

Matched whole bone
marrow transplantation

Pre- and postnatal
transplantation of fetal
MSCs

Improvements in myelination and
modest improvements in GMFM
scales

Decrease in corticospinal tract
radial diffusivity

Connectivity strength improved in
either or both pathways (corticio-
striatal and thalamo-cortical)

Improved GMFM-66 scores by a
median of 3.6 points greater than
expected

Improvement in the Peabody
Developmental Motor Scales-2
Gross Motor Quotient scores

Increased normalized whole-
brain connectivity compared with
subjects receiving lower doses

Transfusion did not elicit acute
infusion reactions

Mean + SD increase of 4.7+2.5
points on the GMFM-66 and
1.0+2.9 points on the Peabody
Gross Motor Quotient

Significant increase in mean
GMFM-66 score and PEDI score

Improvements in ADL, CFA and
GMFM

Improved neurobehavioral status
and alleviated pathological brain
injury

Temporarily increase microglia

in the periventricular striatum,
protect neurons in the neocortex

Reduced number of fracture and
improvement in quality of life

Increased bone mineral density

Decrease frequency of fracture by
80%

Improved linear growth, mobility,
and a decrease in fracture

Table 2 (continued)
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Table 2 (continued)

Disease Citation Trial Characteristics Stem cell Outcomes
CLP (35) Animal rat model Male Sprague-Dawley rats  WJ New bone growth resulting
(300-3209) in partial to full closure of the
alveolar defect
(67)  Animal model Female Wistar rats weighing DPSCs Equivalent regeneration for
320to 420 g repairing maxillary alveolar defects

between DPSC transplantation
and iliac bone grafts

BPD (68,69) Phase 1/2 clinical trial - MSCs Progressive decrease in
parenchymal lung fibrosis

Reduction in inflammatory

cytokines

Heart (70) Phase 1/2 clinical trial - BMMNCs LV volumes were reduced,

failure significant differences in EDV and
ESV

HLHS (71)  Phase I/llb clinical trial - MSC Cell therapy was well tolerated, no

adverse outcomes

Ongoing phase I

(72)  Non-randomized, - CDCs Significantly increased RVEF
prospective controlled
study
GvHD (73) Human clinical trials aGvHD MSC 205 of 301 patients exhibited ORR

meta-analysi
eta-analysis Children tend to have better

clinical responses than adults

Pure skin involvement showed
higher clinical efficacy

(74) Case report aGvHD MSC Effectively and safely treated
steroid-resistant gastrointestinal
GvHD

(75) Phase 1/2 clinical trial Chronic GvHD MSC Patients were off steroids —80%

were in complete remission

(76) Case report Chronic GvHD MSC Treated steroid refractory GvHD
patient with nephrotic syndrome

24-h urinary protein and serum
albumin levels returned to normal

TBI, traumatic brain injury; BMMNC, bone marrow-derived MNC; MNC, mononuclear cell; MAPC, multipotent adult progenitor cell;
BBB, blood-brain barrier; MSC, mesenchymal stem cell; Treg, regulatory T cells; SCI, spinal cord injury; hUC, human umbilical cord; EV,
extracellular vesicle; NSC, neural stem cell; ASIA, American Spinal Injury Association; CP, cerebral palsy; GMFM, Gross Motor Function
Measurement; UCBC, umbilical cord blood cell; HLA, human leukocyte antigen; SD, standard deviation; PEDI, Pediatric Evaluation of
Disability Inventory; ADL, Activity of Daily Living; CFA, Comprehensive Function Assessment; Ol, osteogenesis imperfecta; CLP, cleft lip
and palate; WJ, Wharton’s jelly; DPSC, dental pulp stem cell; BPD, bronchopulmonary dysplasia; LV, left ventricle; EDV, end-diastolic
volume; ESV, end-systolic volume; HLHS, hypoplastic left heart syndrome; CDC, cardiosphere-derived cell; RVEF, right ventricle ejection
fraction; GvHD, graft-vs.-host disease; aGvHD, acute GvHD; ORR, overall response rate.
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of TBI-induced inflammatory responses (44). Furthermore,
BM-MSCs injected 7 days after TBI resulted in a 50%
reduction in IFN-y and TNF-a, as well as a substantial
decrease in BBB permeability, edema, and microglial
activation (43).

MSC exosomes

MSC exosomes have emerged as a promising therapy for
TBI. Several preclinical studies have shown that MSC
exosomes can improve functional recovery, reduce brain
inflammation, and promote neurogenesis in animal models
of TBI. A study published in 2020 showed that treatment
with MSC derived exosomes improved functional recovery,
reduced inflammation, and promoted neurogenesis in a
rate model of TBI (45). Another study 2022 found that
MSC exosomes reduced neuroinflammation and promoted
microglia transformation to anti-inflammatory phenotype
in a mouse model of TBI (46). Although there is growing
evidence of the therapeutic potential of MSC exosomes
for TBI, there are still many challenges that need to be
addressed before this therapy can be used in clinical practice.
The challenge facing researchers is the development of
standardized methods for the isolation, purification, and
characterization of MSC exosomes. Overall, the available
evidence suggests that MSC exosomes hold great promise as
a therapeutic approach for TBI. However, further research
is needed to optimize the isolation and characterization of
MSC exosomes.

MSC therapy optimization for the treatment of TBI
Recent studies have focused on optimizing MSCs therapy
potency and therapeutic applications through priming
approaches, and combination cell therapy. Priming or
preconditioning with cytokines, pharmacological agents,
chemical agents, and hypoxia has been investigated to
generate MSCs with improved potential and therapeutic
efficacy (81). A paper published in 2022 introduced a
novel MSCs cell therapy manufacturing approach via
biomechanical conditioning without a significant impact
on cell viability or identity. Reproducible results were
demonstrated in adipose tissue and bone marrow human-
derived MSC, with an evident increase in potency (82).
Combination cell therapy to enhance therapeutic efficacy
was also investigated with combination therapy with MSC
+ regulatory T cells (Tregs) for the treatment of TBI.
Combination therapy has a higher inhibitory potency on the
production of inflammatory cytokines IFN-y and TNF-a
when compared to MSC or Treg monotherapy. Additionally,
in vitro rat studies have provided evidence that MSCs + Treg
therapy has a higher inhibitory effect than monotherapy on

© Translational Pediatrics. All rights reserved.
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the inflammatory response of microglia (47).

Spinal cord injury (SCI)

The causes of SCI are similar to TBI, where traumatic
injury is the most prevalent modality. The burden of
neurological damage leading to paralysis and many other
debilitating systemic dysfunctions such as digestive,
urogenital, and circulatory systems have increased the
focus on cell therapy research for SCI (83). Similar to TBI
SCI is characterized by acute injury followed by a complex
cascade of secondary injury and neuroinflammation (84).
Experimental studies and clinical trials investigating stem
cell therapy as a therapeutic for SCI have focused mainly
on the use of autologous bone marrow stem cells (85,86),
MSCs (87), mesenchymal stromal cell-derived EVs (52,88),
and human neural cells (89,90). Clinical trials in SCI mainly
target adult populations with American Spinal Injury
Association (ASTA) A with complete loss of motor and
sensory function below the injury or grade B with complete
motor loss (83).

BMMNCs

Autologous BMMNC:s therapeutic efficacy and adverse
effects were studied by various research groups. One
research group assessed neurological improvement after
BMMNCS therapy in pediatric patients with incurable
neurological disorders and injuries, including SCI.
Autologous BMMNCs were injected intramuscularly or
intrathecally. At 15 months follow up, varying degrees of
improvement in muscular power and bladder contractions
were reported in all 4 cases of SCI enrolled in this study (48).
An open-label study targeting patients with subacute and
chronic SCI was conducted. The study included eleven
pediatric patients, age below 18 years. BMMNCs were
administered through lumbar puncture, and the patients
were followed up after approximately 9 months. Patients
showed symptomatic improvement in balance, trunk stability,
upper limb function, mobility, sensation, and bowel/bladder
functions. It was found that early intervention, multiple doses
of BMMNC:s, and younger patients were associated with
better therapeutic outcomes (49).

MSC

MSCs have been extensively investigated as a potential
therapy for SCI. Clinical trials of MSC transplantation
for SCI have also shown promising results. In general,
animal studies have shown that MSC therapy can improve
functional recovery and reduce inflammation and tissue
damage after SCI. A recent study demonstrated that
infusion of human umbilical cord (hUC) derived MSCs in
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rat SCI model improved locomotor function and caused a
dosage-dependent spinal cord lesions reduction (50).

A phase 1/2 clinical trial published in 2021 showed that
subarachnoid transplantation of allogeneic hUC MSCs
monthly resulted in significant and stable improvement
of pinprick, light touch, motor, and sphincter scores (51).
Opverall, the available evidence suggests that MSCs hold
great promise as a therapeutic approach for SCI. However,
further research and clinical trials targeting pediatrics is
needed.

Recently, researchers have been studying the therapeutic
potency of MSC-derived EVs in SCI. In animal models,
administration of EVs diminished the inflammatory
response, with significant improvement in locomotor
recovery and mechanical sensitivity threshold (52).
Additionally, bone marrow MSC-derived exosomes
suppressed Al neurotoxic astrocyte activation and nitric
oxide release in microglia. Animals in the treatment group
were found to have a decrease in glial scar formation and
neuronal apoptosis (53).

NSCs

Stem cell therapy using NSCs and olfactory ensheathing
cells from the olfactory mucosa has been investigated
in animal models and in human clinical trials. Olfactory
mucosa autografts are considered practical and
relatively safe although they are associated with surgical
procedures adverse effects. Human clinical trials revealed
promising results; in one study, all seven participants
had improvements in ASIA motor scores, and six of those
had improvements in ASIA sensory neurologic scores
after autograft (54). In another clinical trial, 11 out of 20
participants showed improvements in ASIA grading, and
all test participants (13 participants) had improvements in
the Walking Index for Spinal Cord Injury and Functional
Independence Measure (55). Since pediatric SCI patients
were not the focus of these clinical studies, more research
is required to determine the treatment effectiveness and
potential adverse effects in this population.

CP

CP is the most common physical disability in pediatric
population, with a prevalence of 3 per 1,000 life birth (91).
It is caused by insult leading to abnormal development of
the brain affecting movement, posture, and balance. CP is
a lifelong condition associated with seizures, intellectual
disabilities, and speech, vision, and hearing difficulties.
Unsatisfactory outcomes with standard CP treatment
approaches have pushed scientists to explore innovative

© Translational Pediatrics. All rights reserved.

El Sayed et al. Innovations in cell therapy in pediatric diseases

therapies. In human clinical trials, stem cell treatment with
umbilical cord blood MSCs and autologous neuronal stem
cell-like cells yielded a spectrum of positive results.
NSC-like cells

A non-randomized, observer-blinded controlled clinical
study transplanted NSC-like cells derived from autologous
MSCs into the subarachnoid cavity. Compared to the
baseline score, neuronal stem cell-like cell transplantation
in the subarachnoid area enhanced Gross Motor Function
Measurement (GMFM) scores by 58% at 6 months.
Although the treatment improved gross motor function,
no significant improvement in the language quotient
was identified post-treatment. Because none of the 30
patients who received treatment had major ill effects or
complications, neuronal stem cell-like therapy was deemed
safe (56).

BMMNCs

A randomized, blinded, placebo-controlled, crossover
clinical trial examined the safety and motor function
improvement using an autologous mononuclear-
cell-therapy-based approach to treat CP. Autologous
BMMNC:s or autologous umbilical cord blood were used as
treatments, and total of 20 patients were randomized to 2:1
treatment:placebo. Participants who got randomized to a
placebo received either BMMNCs or umbilical cord blood
therapy during the 12-month post-treatment visit. The
data from this study proposed that both stem cell infusions
were safe. Although stem cell therapy at the doses used did
not dramatically alter motor function, the data suggest that
some patients may have improvements in myelination which
correlates with modest improvements in GMFM scales.
Ten of the 15 patients who received stem cells exhibited a
consistent decrease in corticospinal tract radial diffusivity
post-treatment. Furthermore, 12 months post-treatment,
connectivity strength improved in either or both pathways
(corticio-striatal and thalamo-cortical). This study also
emphasizes the need to increase private banking or matched
cord blood units to conduct larger-scale clinical studies, as
such trials are not feasible at current blood bank rates (57).
UCBCs

Sun and her research group conducted a double-blind,
placebo-controlled, crossover trial of autologous cord
blood infusion in children with CP (58). Sixty-three eligible
patients with CP aged 1-6 years were randomized to receive
autologous cord blood or a placebo infusion, followed
by an alternate infusion 1 year later. A dosing effect of
autologous cord blood was identified, a single intravenous
infusion of dose >2x10"/kg improved GMFM-66 scores by
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a median of 3.6 points greater than expected. Additionally,
subjects receiving high doses showed statistically significant
improvement in motor functions including locomotion,
posture stability, reflexes, and object manipulation.
and increased normalized whole-brain connectivity
compared with subjects receiving lower doses (58).
The limited availability of autologous cord blood can
hinder access to potentially beneficial therapies for many
children with CP. A recently published open-label study
conducted by the same research group showed that HLA-
matched or partially HLA-matched sibling umbilical cord
blood therapy is well-tolerated and potentially beneficial.
The transfusion did not elicit acute infusion reactions and
the reported adverse events were not related to cord blood
infusions. Donor cells were not detected in the peripheral
blood 6 months after infusion. Moreover, no antibody
formation against platelets, red blood cells, or donor-
specific HLA antigens was observed. An increase in motor
assessments scales and standard scores. was reported in
patients 6 months after infusion. Although the findings of
the above-mentioned clinical trials are promising, more
randomized clinical trials are required to assess the efficacy
of cord blood therapy and to evaluate the use of allogeneic
cells (59).

Clinical investigations on umbilical cord blood MSC
therapy in patients with CP have revealed encouraging
outcomes and improvements in gross motor skills. A
randomized, double-blind, sham-controlled clinical trial
assessed the safety and efficacy of intrathecal injection of
umbilical cord blood MSCs in 36 patients with spastic
CP aged 4-14 years old. At the 12-month follow-up, a
significant increase in the mean gross motor function
and pediatric evaluation of disability inventory (PEDI)
scores were reported in the treatment group compared to
the baseline and control groups. The modified Ashworth
scale (MAS) scores, which measure resistance during
passive movement, decreased after 12 months compared
with the baseline and treatment groups (60). Similarly,
another clinical trial administered four doses of umbilical
cord-derived MSCs intravenously to investigate their
safety and efficacy. The treatment arm showed significant
improvements in Activity of Daily Living (ADL) assessment,
Comprehensive Function Assessment (CFA), and GMFM
scale (61).

A preclinical animal model study examined the effects of
human UCBCs in a CP model by hypoxia-ischemic injury
(HI) in immunodeficient mice over a period of 8 weeks. Both
CD34" and CD34" cells showed improved neurobehavioral
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status and alleviated pathological brain injury (62).
Additional studies have investigated the mechanisms
underlying the therapeutic effects of human UCBC
therapy using a rat model of neonatal hypoxia/ischemia.
Human UCBCs temporarily increase microglia in the
periventricular striatum, protect neurons in the neocortex,
and pave the way for near-normalization of brain damage
in the SVZ (63). This research revealed that the effects of
favorable behavioral functions persisted, and human UCBC
therapy had a long-term positive impact through paracrine
effects.

Musculoskeletal-OI

Ol is a group of genetic disorders caused by mutations in
the collagen type I alpha (COL1A)1 or COLIA2 genes,
which encode for type 1 collagen. Most of these mutations
result in an aberrant collagen microfibril assembly. The
most common clinical manifestations are abnormal skeletal
development, osteopenia, fracture, and short stature.
Individuals with OI may also have brittle teeth, hearing loss,
and hypermobile joints. There is no cure for OI, and the
existing therapies do not address the underlying pathology.
Given the severity of the disease and the limits of current
therapies, there is a clear unmet need for Ol management.
Clinical trials of stem cell therapy have opened up a new
avenue for treatment.

Bone marrow MSCs and whole bone marrow
transplantation

MSCs are candidates for clinical therapy for OI due to
their capacity to act via paracrine effects on tissues and
exhibit multilineage differentiation potential with a low
immunogenic profile. In a case series (64), two patients
with OI were administered five IV infusions of bone
marrow MSCs retrieved from their siblings over the
course of 2.5 years. Assessments and follow-up during the
years of therapy and at 2 years showed a reduced number
of fractures and an improved quality of life. Patients’
assessments displayed increased bone mineral density
that continued to increase in patients with less severe OI,
even after the follow-up period. Patients with severe OI
showed a decrease in some bone parameters after follow-
up, which suggests that continuous treatment is necessary
for the most severe patients. Another study investigated the
clinical outcomes of whole bone marrow transplantation
in OI patients. A decrease in the frequency of fracture by
80% on 6-month follow-up was reported in six children
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with OI type III after HLA-matched whole bone marrow
transplantation (65).

Prenatal stem transplantation of fetal MSC

Fetuses with OI are affected by the disease even during
the prenatal period. During this period, the fetus develops
fractures that can be detected using ultrasound imaging.
There is a drive to start therapy as soon as possible to
improve clinical outcomes in fetal life or perhaps prevent
fractures from occurring. Pre- and postnatal transplantation
of fetal MSCs in OI results in improved linear growth,
mobility, and a decrease in fracture incidence (66). At
31 weeks of gestation, a fetus with OI type IV was
transplanted with fetal MSCs, resulting in no new fractures in
the remainder of the pregnancy or during infancy. Postnatal
infusion of MSCs, at 19 months of age, from the same
donor resulted in the resumption of her developmental
trajectory, which plateaued at 13 months of age after
following a normal growth trajectory (92). Transplantation
of allogeneic fetal MSCs in OI appears to be safe and
therapeutically helpful; nevertheless, further research and
studies are needed.

Birth defects-cleft lip and palate (CLP)

CLP is among the most common birth defects. CLP repair
is usually performed using an autologous alveolar bone graft
(ABG) from the patient’s iliac crest to fill the maxillary bone
defect. However, this treatment has some disadvantages,
such as delayed timing of repair, additional surgery, and
donor-site complications. Novel methods to repair CLP
without ABG are currently in development and have been
shown to be successful in rats, namely, using W] graft and
osteoblast-differentiated human deciduous dental pulp stem
cells (DPSCs).

wJ

Implantation of WJ improves bone regeneration. In a study
by Sahai er al. (35), W] was isolated from the hUC and
implanted in critical-sized alveolar defects in rats. New bone
growth was detected following implantation, resulting in
partial to full closure of the alveolar defect compared with
the controls. No ectopic bone growth was observed in this
study, indicating that W] implantation is a safe and effective
treatment for enhancing bone regeneration. In addition, the
newly formed bone contained extremely small amounts of
human DNA, demonstrating that the regenerated bone is
composed of host-derived cells.
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DPSCs

DPSCs are derived from the neural crest and are a potential
source of autologous stem cells in the regenerative treatment
of musculoskeletal diseases (93). In the referenced study (67),
osteoblast-differentiated human deciduous DPSCs were
seeded onto a collagen membrane and implanted in rats
with maxillary alveolar defects. On 2-month follow-up,
the study reported new bone formation in the maxillary
alveolar defects. Additionally, when comparing DPSC
transplantation to iliac bone grafts, this study showed
equivalent regeneration potential for repairing maxillary
alveolar defects between DPSC transplantation and iliac
bone grafts.

Pulmonary diseases-BPD

BPD is a chronic lung disease affecting premature infants.
It is a developed complication of extended mechanical
ventilation and supplemental oxygen therapy. Preterm infants
born before 29 weeks of gestation weigh less than 1,500 g at
birth, and those with respiratory distress syndrome (RDS)
are at high risk of developing BPD (94). Multiple ongoing
human clinical trials are currently studying the efficacy and
safety of stem cell therapy, mainly MSCs, for BPD.

MSCs

Clinical trials of MSC stem cell treatment for BPD have
yielded favorable results, with no major adverse effects. In a
case series, four patients with BPD were administered two
intravenous doses of allogeneic hUC MSCs, demonstrating
the safety and efficacy of MSCs for BPD. All four patients
improved and were weaned from supplemental oxygen.
They also reported a progressive decrease in parenchymal
lung fibrosis on imaging (68). A phase I trial administered
MSCs intratracheally to high-risk preterm infants. They
found a reduction in inflammatory cytokines IL-6, IL-8,
matrix metalloproteinase (MMP)-9, TNF-a, and TGF-1 in
tracheal aspirates of MSC-treated children compared to a
case-matched control group. On the 2-year follow-up, no
serious adverse effects or adverse outcomes on growth or
neurodevelopment were found (69).

The optimum clinically relevant time window for MSC
treatment is critical for achieving a significant improvement
in BPD outcomes. A randomized controlled phase II trial
found a substantial improvement in mortality and severity
of BPD between those treated with MSCs and those who
were not. In the subgroup study, the 23-24 gestational age
group exhibited a significant improvement in severe BPD
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outcomes, but the 25-28 gestational age group did not (95).
Thus, further clinical trials are needed to determine the
optimal time window and dose of MSCs for BPD.

Cardiac diseases

Heart failure

Pediatric heart failure is rare compared to adult heart failure
and is predominated by congenital malformations rather
than atherosclerotic-based disease states (96). Furthermore,
pediatric heart failure represents a larger burden on the
healthcare system owing to the long duration of inpatient
stay and lack of standardized treatment options (97). Stem
cell therapy represents a potential alternative to the current
surgical and transplant treatment options. Pincott ez al.
demonstrated the feasibility and safety of BMMNC therapy
for cardiomyopathy in children. Intracoronary injection of
autologous BMMNC:s resulted in significant differences
in end-diastolic volume (EDV) and end-systolic volume
(ESV) compared with the placebo group, with an average
decrease of 7% and 10%, respectively (70). Additionally, LV
volumes were reduced, indicating potential cardiac reverse
remodeling, which has been associated with long-term
benefits in HF-related morbidities and mortalities (98).

Hypoplastic left heart syndrome (HLHS)

HLHS is a complex congenital heart disease (CHD) that
accounts for 2% of all CHD (99) right ventricle (RV)
dysfunction is a leading contributor to mortality (100,101).
The only curative option is heart transplantation; however,
this option is limited by donor availability. Cell therapy
options in this field are being explored as alternatives.
The ELPIS phase I trial demonstrated the efficacy of
Lomcel-B injection, a preparation of MSCs, in 10 infants
with HLHS after surgical intervention. Intramyocardial
injection of Lomecel-B was well-tolerated with no reported
adverse outcomes. The ongoing ELPIS Phase II trial (as
of November 2022) plans to investigate the benefits of
Lomcel-B in an expanded population (71).

CDCs

CDCs are progenitor cells that can differentiate into
three cell types: cardiomyocytes, smooth muscle cells, and
endothelial cells Davis et 2/. demonstrated the regenerative
capabilities of CDCs (37,39). The TICAP trial conducted
by Tarui et al. assessed the outcomes of CDC infusion
in HLHS. This prospective, controlled study involved a
group that received intracoronary infusion 1-month post-
surgery and was evaluated through a 36-month follow-
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up. Compared to a control, placebo group, CDCs infusion
did not result in increased complications or side effects,
however, a significantly increased RV ejection fraction
(RVEF) was seen, potentially ameliorating one of the
major complications associated with HLHS surgical
treatment (72).

GvHD

GvHD is a serious complication of allogeneic
hematopoietic stem cell transplantation (HSCT), in
which donor T lymphocytes attack host tissues. GvHD
is typically categorized as either acute or chronic. Acute
GvHD (aGvHD) occurs within 100 days and is a type IV
hypersensitivity reaction (102). Chronic GvHD occurs after
100 days, and its pathophysiology is uncertain. aGvHD
typically affects the skin, liver, and gastrointestinal tract,
whereas chronic GvHD can involve any organ. The 2021
annual report by the Center for International Blood and
Marrow Transplant Research shows that GvHD causes
death in 9-16% of allogeneic unrelated matched HSCT
recipients aged <18 years (103). Given that GvHD may also
put HSCT patients at risk for other causes of death, such
as organ failure and infection, it should be highlighted that
these numbers might be underestimated.

Currently, corticosteroid therapy has an overall
effectiveness rate of 50%, whereas other immunosuppressive
medications have a full response rate of approximately
30% (104). For the treatment of GvHD, there is still a need
for novel treatments with improved efficacy. In 2004, Le
Blanc et al. published the first report on MSC therapy for
GvHD, with a promising clinical response (105). Numerous
studies and trials have been conducted to assess the efficacy
of MSCs as a therapy for GvHD since the first case report.
MSC:s therapy in GvHD is thought to be safe and does not
pose any significant safety concerns. Allogeneic MSCs have
been used in most GvHD investigations, with bone marrow
being the most frequently used tissue source (103).

MSC therapy for aGvHD

A meta-analysis focusing on the efficacy of MSC
therapy for steroid-refractory aGvHD reported that
205 of 301 patients exhibited an overall response rate
(ORR). In contrast to patients with gastrointestinal and
liver involvement, those with pure skin involvement
showed higher clinical efficacy according to the authors.
Additionally, children tend to have better clinical responses
than adults (73). In a recent case report, a 15-year-
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old patient was treated with MSC therapy for steroid-
refractory gastrointestinal aGvHD. The patient received
eight MSC intravenous infusions. On follow-up, diarrhea
gradually subsided and laboratory test results improved.
MSC therapy effectively and safely treated steroid-resistant
gastrointestinal GvHD (74).

MSC therapy for chronic GVHD

MSCs have considerably reduced symptoms and
complications associated with chronic GvHD. In a clinical
trial, eleven patients with chronic GvHD received an
infusion of MSCs in addition to the first-line treatment
combination of cyclosporine and prednisone. At week 56,
all patients who continued under the protocol were off
steroids and 80% were in complete remission. During the
clinical trial, there were no reported serious adverse effects,
infection-related mortality, or relapse of the underlying
disease (75). A case report published in 2017 reported
complete remission after MSC therapy in a steroid-refractory
GvHD patient with nephrotic syndrome. Following
treatment failure with cyclosporine A, prednisone, and
rituximab, the patients received six doses of allogeneic bone
marrow MSCs. Two weeks after the first infusion, a rapid
decrease in urinary protein levels and an improvement in
edema were observed. Additionally, at follow-up, 24-h urinary
protein and serum albumin levels returned to normal (76).
Although many studies have presented encouraging results
with MSCs therapy in the treatment of acute and chronic
GvHD, the efficacy and outcomes still need to be verified by
large-scale randomized controlled trials.

Methods of administration

The optimal method of administration, dose, and timing
of stem cell administration vary according to the cell type
and pathophysiology of the disease. Different routes of
administration have been to achieve optimal results and
therapeutic efficacies. Cells can be administered locally
into the tissue or systematically through peripheral access.
Most clinical trials employ systemic delivery, which offers
easy and safe access. This method of administration
promotes MSC migration to the lung microenvironment,
where their positive effects are mediated by interactions
with alveolar and pulmonary interstitial macrophages (14).
The lung microenvironment promotes MSC secretion
of factors that lead macrophages to polarize towards
an immunosuppressive M2-like phenotype for tissue
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homeostasis restoration, which can impact MSC immune
regulatory function (106). Systemically administered
allogeneic stem cells may be rapidly cleared by natural
killer cells and macrophages decreasing availability (107).
However, MSCs and MAPCs stem cells can exert a
therapeutic effect from a distance through the secretion of
EVs and soluble factors with paracrine effects. Hence, the
optimal route of administration is tailored to the source of
stem cells and the pathophysiology of the disease.

One study focused on the effect of catheters of various
sizes and flow rates on MSC viability, characterization, and
function. Human and rat MSCs were characterized 24 h
after injection, and no difference in surface markers or
capacity for multilineage differentiation was reported when
MSCs were injected through 20-, 25-, and 30-gauge needles
at 60, 120, 240, and 500mL/h flow rates. All catheters and
flow rates resulted in a delayed decrease in human MSCs
viability at 24 h, where MSCS viability dropped below the
FDA threshold (70%) with a 20-gauge needle and SL-10
microcatheter (108).

Conclusions

Diverse sources of stem cells have different properties and
mechanisms of action, which allow the tailored application
of stem cells according to the pathophysiology of the
disease. Stem cell therapy in pediatric diseases has shown
promising results and outcomes. However, further studies
focusing on its implementation, and optimal treatment
time frame are needed. Clinical trials targeting pediatric
populations constitute a lower percentage of registered stem
cell therapy trials. An increase in preclinical and clinical
trials for the treatment of pediatric diseases is required to
advance our therapeutic applications.

Adverse effects and complications are of high concern
when allogeneic stem cell therapy is used. Although various
clinical trials have shown that stem cell therapy is relatively
safe, patients are still at risk of serious and potentially life-
threatening side effects. Further studies are needed to
understand, decrease the incidence, and manage such side
effects.
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