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Background: Autism spectrum disorders (ASD) include a group of neurodevelopmental disorders characterised by
repetitive behaviours and impairments in communication, emotional and social skills. This review gives an overview of
ASD, focusing on the aetiological and clinical aspects. It also discusses the role of neuroinflammation in ASD, critically
examines the current evidence on the therapeutic effects of MSCs in ASD and consolidates key findings in this area of

Results: Many environmental and genetic factors have been linked to the aetiology of ASD. It has become increas-
ingly evident that neuroinflammation plays a role in ASD. Conventional treatment of ASD revolves around psychoso-
cial approaches whereas recent studies have turned to alternative approaches such as mesenchymal stem cell (MSC)-
based therapy, owing to the well-recognised immunomodulatory characteristics of MSCs. Preclinical and clinical
studies have shown that MSCs were able to exert anti-inflammatory effects and alleviate ASD symptomes.

Conclusions: There are many preclinical studies that support the use of MSCs in ASD. However, there are relatively
fewer clinical studies concerning the safety and efficacy of MSCs in ASD, which warrants more large-scale clinical
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Introduction

Autism spectrum disorders (ASD) encompass a diverse
group of neurodevelopmental disorders, which affect
one’s behaviour, ability to communicate and inter-
act socially to varying degrees. ASD manifests early
in life and often lasts a lifetime. However, people with
ASD show differences in the level of difficulty they face.
Some patients with ASD are able to live independently
while others may need support from caretakers for life.
In the United States (US), the economic burden of ASD
(including combined direct medical/non-medical costs
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and productivity costs) was estimated to be $268 billion
and $461 billion for 2015 and 2025, respectively. With
an increasing prevalence in ASD, it is likely that by 2025,
the costs for ASD will far exceed the costs of attention
deficit hyperactivity disorder (ADHD) and diabetes [1].
Moreover, an Egyptian study has associated an increased
disease burden on families of ASD with stigma, parental
health problems, as well as impaired quality of life. When
one of these factors was present, the risk of the other fac-
tors would also increase [2].

The exact cause of ASD remains unclear. However, the
aetiology of ASD includes a wide array of genetic and
environmental factors. Studies have linked ASD with
numerous genes, certain drugs (such as valproic acid),
maternal infections and maternal antibodies during
pregnancy, environmental toxicants (such as pesticides,
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cigarette smoke and heavy metals) as well as some post-
natal factors [3]. It is noteworthy that although some
have associated ASD with certain types of vaccine, there
is no clear evidence between ASD and vaccination and
such publication has led to retraction by the journal in
the past [4]. On the other hand, chronic inflammation
of the central nervous system (CNS) or neuroinflamma-
tion, has been linked to the underlying pathophysiology
of several neurodevelopmental disorders, including ASD.
Research has demonstrated that neuroinflammation may
have an effect on brain development and the social cogni-
tive deficits observed in ASD and other disorders such as
schizophrenia [5].

Mesenchymal stem cells (MSCs) are a kind of multi-
potent stem cells that are found in various sites in the
body. The bone marrow is an abundant source of MSCs,
but these cells can also be harvested from adipose tissue,
amniotic fluid, umbilical cord blood, placenta and dental
pulp [6]. MSCs are popular for their immunomodula-
tory effects and the underlying mechanisms are related to
the many soluble factors secreted by these cells. Besides,
MSCs also interact with various cells of the immune sys-
tem such as monocytes/ macrophages, B cells, T cells
and natural killer cells [7]. Interestingly, MSCs’ response
in inflammation is polarised. When the immune system
is under-activated, MSCs exert a proinflammatory effect
and when the immune system is over-activated, they
exert an anti-inflammatory effect [8]. Therefore, MSCs
are a potential therapeutic option in diseases where
inflammation is a characteristic feature.

Treatment strategies of ASD often include behav-
ioural-, physical-, occupational- and speech therapy.
However, if neuroinflammation truly plays a part in ASD,
these approaches alone may not be sufficient to alleviate
the underlying inflammatory processes. More recently,
researchers have discovered the therapeutic potential of
MSCs in ASD. Therefore, this review gives an overview of
ASD, particularly from the aetiological and clinical per-
spectives. It also discusses the role of neuroinflammation
in ASD, critically appraises the rationale behind the use
of MSCs in ASD and examines the underlying mecha-
nisms of action of MSC-based therapy in ASD.

What are autism spectrum disorders (ASD)?

More than 100 years ago in 1911, a German psychiatrist,
Eugen Bleuler published a book titled “Dementia Praecox
oder Gruppe der Schizophrenien” [9]. In his publication,
Bleuler was the first to coin and create the concept of
autism, which he used to describe a symptom in severe
schizophrenia. His description of autistic thinking
encompassed infantile wishes as a way to avoid unsatisfy-
ing realities, which were replaced with hallucinations and
fantasies. It was defined as the symbolic “inner life” of the
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subject not easily accessed by observers [9]. This concept
was commonly used and believed by many psychologists
and psychiatrists in the early twentieth century. It was
not until the 1940s that Leo Kanner first viewed autism
as a social and emotional disorder [10] and Hans Asper-
ger described autism as a communication disorder [11].

Today, ASD refers to a group of neurodevelopmen-
tal disorders that often manifest and diagnosed in early
childhood. According to the Diagnostic and Statisti-
cal Manual of Mental Disorders (DSM)-5, there are two
main domains of ASD, which are social communication
impairments and behavioural problems such as repetitive
behaviours and fixated interests [12]. Rather than a sin-
gle disease, ASD is a spectrum covering three conditions,
namely (1) Asperger’s disorder, (2) autistic disorder and
(3) pervasive developmental disorder not otherwise spec-
ified (PDD-NOS). It is noteworthy that ASD may co-exist
with other neurodevelopmental disorders such as ADHD
or comorbidities like anxiety, depressive disorders, epi-
lepsy and hearing impairment [13].

Due to a lack of definite biological markers, tracking of
the prevalence of ASD is challenging. The heterogeneity
in its clinical features and changes in the diagnostic crite-
ria further increase the difficulty in epidemiological stud-
ies. A report published in 2018 by the Centre of Disease
Control and Prevention (CDC) showed that the overall
prevalence of ASD in 11 monitor sites of the US was 16.8
per 1000 (or 1 in 59) for 8-year-old children in 2014. In
the same report, the diagnosis of ASD was four times
more likely in boys when compared with girls and the
median age of earliest known diagnosis was 52 months.
Similar number and characteristics of children meet-
ing the DSM-5 and DSM-IV-TR case definition were
observed [14].

In a more recent systematic review of 30 studies, it
was reported that the prevalence of ASD in the US was
1.70% and 1.85% among children aged 4 and 8 years,
respectively, while the prevalence of ASD in Europe was
estimated to be 0.38-1.55%. The study also reported an
increase in the prevalence of ASD globally [13]. On the
other hand, an Egyptian study reported that 2.8% of pre-
school children (n=3722) were at high risk for ASD.
In Sharkia Governorate, the prevalence of ASD was
reported to be 5.4/1000. Several risk factors identified
among these children include (1) congenital anomalies,
(2) child medication during first year of life, (3) maternal
medical conditions during pregnancy and (4) family his-
tory of psychiatric disorders [15].

Aetiology of ASD

To this end, the exact cause of autism remains unclear
and incomplete. The aetiology of ASD is multifactorial
and there are many genetic and environmental factors
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that have been linked to autism. However, one cannot
pinpoint a single, definite causative factor.

Parental age

Increased parental age has been associated with an
increased ASD risk. In a meta-analysis of 27 stud-
ies, it was reported that the lowest parental age group
had a reduced risk of having offspring with autism with
adjusted odds ratios (ORs) of 0.89 (95% confidence inter-
val [CI] 0.75-1.06) for mother and 0.81 (95% CI 0.73—
0.89) for father, whereas in the highest parental age group
the ORs were 1.41 (95% CI 1.29-1.55) for mother and
1.55 (95% CI 1.39-1.73) for father, respectively. On the
other hand, an 18% and 21% higher risk for autism was
observed with a 10-year increase in maternal and pater-
nal age, respectively [16].

Likewise, in an earlier study, advancing paternal age
was significantly associated with ASD risk. Reichenberg
and colleagues demonstrated that men>40 years had
5.75 times (95% CI, 2.65-12.46; p<0.001) higher risk of
having an offspring with ASD than those <30 years [17].
However, advancing maternal age was not associated with
ASD. Other studies also demonstrated a similar relation-
ship between advancing parental age and ASD [18, 19].
More recently, a study reported that grandparental age
might also contribute to the risk of ASD. An increased
risk was observed in ASD children whose mothers were
born to grandparents <19 years or whose fathers were
born to grandparents <19 years and>40 years, when
compared to grandparents aged 25—29 years, suggesting
that the risk of parental or grandparental age might be
transmitted across generations [20].

Genetic factors

It is now widely known that genetics play a substantial
role in ASD and past research has examined the inher-
itability and concordance rates of the disorder. Although
there is much variability in these studies, the concord-
ance rates remain high, with monozygotic twins (MZ)
having rates that are nearly twice that of dizygotic twins
in general. For example, Hallmayer and colleagues
observed a probandwise concordance of 58% (95% CI,
0.42-0.74) and 21% (95% CI, 0.09-0.43) in male MZ and
DZ for strict autism [21]. On the other hand, for female
MZ and DZ, respectively, a probandwise concordance
of 60% (95% CI, 0.28—0.90) and 27% (95% CI, 0.09-0.69)
was observed. In a meta-analysis, correlations of 0.98
(95% CI, 0.96—0.99) and 0.53 (95% CI, 0.44-0.60) were
observed in MZ and DZ, respectively, with a substan-
tial meta-analytic heritability estimate of 64—-91% [22].
On the other hand, a study conducted by the Baby Sib-
lings Research Consortium reported a recurrence rate of
18.7% in non-twin siblings [23].

Page 3 of 13

Genetic risks of ASD are heterogeneous with numer-
ous genes estimated to be involved, yet there is no single
gene that accounts for>1% of the cases [24], suggesting
the involvement of multiple genetic factors, which can-
not be explained by a simple single-gene Mendelian pat-
tern of inheritance. Several chromosomal abnormalities
and candidate genes have been shown to link to ASD.
One chromosomal abnormality is maternal duplication
of 15q11.2-q13.1 (Dupl5q Syndrome), which increases
the risk of ASD and accounts for approximately 1-3%
of the cases [25]. There are two types of duplication in
Dupl5q syndrome, namely, interstitial and isodicen-
tric duplications. Other than features of autism, indi-
viduals with Dup15 syndrome also present with central
hypotonia, intellectual impairment, seizures and devel-
opmental delay [26]. In the published literature, the num-
ber of candidate genes that have been associated with
autism is overwhelming. Some examples of these genes
include UBE3A [27], GABRAS, GABRB3, GABRG3 [28],
ENGRAILED 2 (EN2), SEROTONIN TRANSPORTER
(SHTT) and REELIN (RELN) [29].

Environmental factors

Numerous environmental factors have been linked to
ASD. During pregnancy, maternal physical conditions
such as diabetes mellitus, hypertension and infections
(including measles, mumps, herpes, pneumonia and
chickenpox) have been indicated, whereas maternal men-
tal health problems such as schizophrenia, anxiety and
depression have also been associated with ASD. Exposure
to certain medications such as sodium valproate (used in
treatment of epilepsy and bipolar disorder), some antide-
pressants, thalidomide, misoprostol, terbutaline have all
been connected to an increased risk for ASD (reviewed
by Karimi and colleagues) [30]. Perinatal factors such as
long duration of delivery, caesarean section, foetal dis-
tress and prematurity [31, 32] and postnatal factors such
postpartum haemorrhage, low birth weight and brain
anomaly have also been identified as risk factors of ASD
[32].

Clinical aspects of ASD

ASD begins early in childhood and persists throughout
the life of the affected individual. Some children show
the symptoms as early as the first few months of life while
others remain relatively normal until later in childhood.
Although the very experienced specialist may diagnose
ASD in infants, most cases are often diagnosed after
the age of 3 years [33]. Past research has indicated that
an earlier age of diagnosis is associated with a higher
socioeconomic status of the parents [34]. The type of dis-
order in the spectrum has also been indicated to affect
the age at diagnosis. For example, Asperger’s syndrome
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(115.9 months) was reported to be diagnosed much later
that autistic disorder (44.9 months) in one study con-
ducted in UK [35].

Often, parents and caretakers bring their children to
see a physician because of a delay in developmental mile-
stones, especially in speech. However, it is important to
rule out hearing impairment as it also affects a child’s
speech development and communication. The diagnosis
of ASD is mainly clinical, involving taking a careful his-
tory and observing the child over a period, as there are no
specific biomarkers or laboratory tests used for making
a definitive diagnosis. The disorder mainly affects com-
munication, language and behaviour of the child. While
a small number of individuals with ASD have “savant”
abilities who have near normal or even above-normal
intelligence, a vast majority of autistic individuals suffer
significant disabilities that affect their daily life [36].

According to DSM-5, to fulfil the diagnostic criterion
of social communication impairments, one must dem-
onstrate deficits in (1) social-emotional reciprocity, (2)
non-verbal communications (such as eye contact, recip-
rocal smiling) and (3) relationships. On the other hand,
to fulfil the diagnostic criterion of restricted interests
and repetitive behaviours, the child must have two out of
four symptoms, namely, (1) fixated interest, (2) hyper- or
hyposensitivity to sensory stimuli (for example, unusual
reactions how things sound, smell, taste and feel), (3)
motor stereotypes (for example, jumping, repetitive hand
flapping, making repetitive sounds, spinning) and (4)
inflexibility to a change in routine or behaviour. In addi-
tion, the symptoms must be present early in one’s devel-
opmental life, are clinically significant that they impair
social and occupational functioning, and are not other-
wise due to intellectual disability or global developmental
delay [12].

There is no one-size-fits-all treatment regimen for chil-
dren with ASD. However, treatment should be started
early and it usually takes a psychosocial approach [37,
38] consisting of a combination of speech-, occupational-
and behavioural therapies, which aims at equipping those
affected with the skills they need to function in the world.
Thus far, there are no specific drugs approved for the
treatment of ASD core symptoms. However, several phar-
macologic agents have been used to relieve some of the
associated symptoms. For example, fluoxetine [39] and
clomipramine [40] have been used in some clinical tri-
als to reduce repetitive behaviours. Methylphenidate has
been shown to be beneficial in children with symptoms
of hyperactivity and inattention [41], whereas atomox-
etine has also been demonstrated to show improvements
in hyperactivity in ASD [42]. The aetiological and clinical
aspects of ASD are summarised in Fig. 1.
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What is neuroinflammation?

Neuroinflammation is a term used to describe inflamma-
tory response in the CNS mediated by substances such as
chemokines, cytokines, second messengers and reactive
oxygen species. There are positive and negative aspects
of neuroinflammation. For example, transient and low
levels of neuroinflammatory signalling may be beneficial
in normal memory and learning. However, high levels of
neuroinflammation in traumatic CNS injury and chronic
neuroinflammation associated with aging and neurode-
generative diseases are harmful [43].

There are two major types of cells in the CNS, which
are the neurons and glial cells. The former are the cells
that carry out the neurological functions of the CNS
while the latter include cells such as the astrocytes,
microglia, and oligodendrocytes [44]. Research has
shown that microglia (and to a lesser extent, mast cells
and astrocytes) are the key players in neuroinflammation.
On the other hand, glial cells, immune cells and endothe-
lial cells are the main cells that release neuroinflamma-
tory mediators [43].

Microglia are cells that originate from the mesoderm
and function as resident macrophages in the CNS. More
recently, there is a growing body of research that sup-
ports the role of microglia involvement during neuro-
inflammation in various conditions affecting the CNS
such as Alzheimer’s disease [45], Parkinson’s disease [46],
brain injury [47] and multiple sclerosis [48]. Interestingly,
microglia activation is polarised, which plays a dualistic
role in neuroinflammation. The M1 phenotype activated
via the classical pathway is proinflammatory, whereas the
M2 phenotype activated via the alternative pathway is
anti-inflammatory [49].

In addition, it has become increasingly evident that
there exists a link between neuroinflammation and
mental disorders. As early as 1991, Smith proposed the
“macrophage theory of depression” and suggested over-
secretion of monokines by macrophages as a cause of
depression [50]. When mice were subjected to chronic
mild stress, they exhibited anxiety- and depressive-like
behaviour, which was linked to microglial activation and
hippocampal neuroinflammation. The hippocampus of
the stressed mice demonstrated upregulation of several
inflammatory mediators like interleukin-1p (IL-1p), IL-6,
and IL-18 and activation of NOD-like receptor protein
3 (NLRP3) inflammasome, whereas neuroinflammation
was relieved by minocycline (an antibiotic with anti-
inflammatory effects) treatment [51]. Similarly, post-
mortem evidence points to neuroinflammation in the
frontal cortex of individuals with schizophrenia, with
increased macrophages and altered gene expression of
endothelial cells in the brain [52].
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Fig. 1 Overview of aetiological and clinical aspects of ASD

It is noteworthy that neuroinflammation in several
conditions may have a genetic link. For neuroinflam-
mation in Alzheimer’s disease, research has identified
the involvement of genes related to immune responses,
many of which encode for proteins expressed in
microglia [53]. A decrease in homeostatic microglial
genes has also been implicated in microglia-induced

neuroinflammation and the pathogenesis of Alzhei-
mer’s disease involving neuronal loss in mouse mod-
els [54]. In addition, the behavioural and inflammatory
effects induced by neuroinflammation were found to
be associated with gene expression changes in mice
injected with lipopolysaccharide [55].
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Neuroinflammation in ASD

The role of neuroinflammation in ASD has become
increasingly evident in the published literature. However,
it is not certain whether neuroinflammation leads to ASD
or is a consequence of ASD. An earlier study by Vargas
and colleagues reported evidence of neuroinflammation
in brain tissues obtained from autopsy. Neuroinflamma-
tion was observed in the cerebral cortex and white mat-
ter, and particularly in the cerebellum of patients with
ASD. Immunocytochemically, there was prominent
microglia and astroglia activation, whereas cytokine pro-
filing revealed an abundance of neuroglia-derived mac-
rophage chemoattractant protein (MCP)-1 and tumour
growth factor (TGF)-p1l. Furthermore, cerebrospinal
fluid (CSF) of living patients with ASD demonstrated a
proinflammatory cytokine profile with increased levels
of MCP-1. These findings indicate that innate neuroim-
mune responses may play a role in the pathogenesis of
ASD [56].

In another study, brain tissues from the dorsolateral
prefrontal cortex of individuals with ASD were found to
exhibit marked microglia activation immunohistochemi-
cally. Microglia activation was observed in samples from
individuals as young as<6 years of age. Morphologi-
cal changes in microglia included enlargement of soma,
retraction and thickening of processes and filopodia
extension from processes. In the white matter, there was a
significant increase in microglial somal volume, whereas
in the grey matter, a significant increase in microglial cell
density was observed. These findings suggest that micro-
glia activation occurs early in life. It can play a role in the
pathogenesis of ASD or may represent a response to dis-
ruptions in the neuronal network in ASD [57].

Using positron emission tomography (PET) and a
microglia radiotracer ([11C](R)-PK11195), Suzuki and
colleagues demonstrated significantly higher radiotracer
binding potential values for patients with ASD than those
of the control in various parts of the brain. Although
there was a similar distribution pattern for radiotracer
binding potential for the ASD and control groups, the
magnitude of the binding potential was greater in the
ASD group. The brain regions with elevated binding
potentials were anterior cingulate cortex, orbitofrontal
cortex, fusiform gyri, cerebellum, pons and midbrain.
These findings suggest an increased microglia activation
in multiple regions of the brain of subjects with ASD [58].

Translocator protein (TSPO), a mitochondrial pro-
tein expressed on microglia and astrocytes, is involved
in several processes such as mitochondrial homeostasis
and immune modulation. One study has investigated
the expression of TSPO in young adult males with ASD
using simultaneous magnetic resonance—positron emis-
sion tomography (MR-PET) scan. The study revealed
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a lower expression of TSPO in several brain regions of
ASD patients when compared with the control. Some
examples of these brain regions include the (1) angular
gyrus, (2) bilateral insular cortex, (3) lateral occipital cor-
tex, (4) left postcentral gyrus, (5) orbitofrontal cortex, (6)
precuneus/posterior cingulate cortex, (7) putamen, (8)
superior temporal gyrus and (9) supramarginal gyrus.
In addition, a higher symptom severity correlated with
a lower TSPO expression. The study inferred that the
lower TSPO expression in ASD patients might indicate
mitochondrial dysfunction or neuroimmune abnormali-
ties [59]. Another study has also reported similar findings
using [18F]FEPPA, a specific ligand for TSPO to inves-
tigate neuroinflammation in ASD patients. The study
reported a significant lower [18F]FEPPA total volume of
distribution in ASD patients when compared to the con-
trol (p=0.02) [60].

Lucchina and Depino reported signs of chronic glial
activation in mice administered subcutaneous valp-
roic acid, particularly in the cerebellum and hippocam-
pus. When autistic mice were given lipopolysaccharides
(LPS) via the intraperitoneal route, they demonstrated
an exaggerated inflammatory response peripherally with
increased levels of blood corticosterone. LPS stimulation
also resulted in increased neuroinflammation when com-
pared to the control group. In the hippocampus, there
was increased microglia, whereas the cerebellum demon-
strated increased proinflammatory cytokines. These find-
ings support the role of neuroinflammation and altered
immune response in ASD [61].

In a mouse model, Choi and colleagues demonstrated
increased IL-17a in pregnant mothers subjected to
maternal immune activation (MIA) was accompanied
by an increase in IL-17a mRNA expression in the foetal
brain. Offspring of MIA mice also showed abnormal cor-
tical development due to maternal IL-17a and abnormal
behaviours resembling those of ASD. However, maternal
pre-treatment of IL-17a blocking antibodies inhibited
IL-17a mRNA expression in the foetal brain, suggesting
that upregulation of foetal brain IL-17a was mediated
via maternal IL-17a pathway and that proinflammatory
maternal IL-17a played a role in the pathogenesis of ASD
in mice offspring [62].

On the other hand, a number of studies have reported
proinflammatory substances in the serum, plasma, cer-
ebrospinal fluid (CSF) and brain of patients with ASD.
Some examples of these substances include interleukins
(IL) (such as IL-2 and IL-6), chemokines (such as MCP-1
and osteopontin), tumour necrosis factor (TNF)-q, inter-
feron (IF)- y and growth factors [such ah transforming
growth factor (TGF)-B, epidermal growth factor (EPF),
brain-derived neurotrophic factor (BDNF)] (reviewed
by Xu and colleagues) [63]. Other factors that may be
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associated with neuroinflammation in ASD include
atopic diseases [64] and maternal inflammatory states
during pregnancy like maternal infections, autoimmune
diseases and gestational diabetes mellitus [65]. Table 1
summarises evidence for neuroinflammation in ASD.

MSCs and their immunomodulatory properties

Numerous studies have documented the clinical use of
MSCs in various medical conditions. Some reasons for
their popularity among researchers and clinicians include
(1) they can be harvested from many locations in the
body, (2) they are relatively easy to culture in the labora-
tory and (3) there are less ethical issues when compared
to the use of other types of stem cells such as embryonic
stem cells [66]. In addition, MSCs are well known for
their immunomodulatory properties and are potential
therapeutic options in a wide range of immune-mediated
conditions such as autoimmune diseases [67] and graft-
versus-host disease [68].

Research has found that the immunomodulatory
effects of MSCs can be bidirectional; they promote
inflammation when the immune system is under-acti-
vated and they suppress inflammation when the immune
system is over-activated [8]. MSCs are also immune-
privileged cells that are well-tolerated when transplanted
in patients. Therefore, both autologous MSCs [69] and
allogeneic MSCs [70] have been used clinically without
serious adverse events. Several underlying mechanisms
of action have been suggested for the immunomodula-
tory effects of MSCs. Other than exerting their beneficial

Table 1 Summary of evidence for neuroinflammation in ASD
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effects by direct cell-to-cell contact, MSCs are also capa-
ble of secreting soluble factors such as growth factors,
chemokines and cytokines, which act in a paracrine man-
ner. More recently, researchers have turned their atten-
tion to extracellular vesicles (EVs) released by MSCs as
they are a rich source of substances that possess immu-
nomodulatory properties [71]. Therefore, a number of
studies have explored the clinical application of MSC
secretome and MSC-derived EVs in different diseases.

Therapeutic potential of MSCs or secretory products

of MSCs in ASD

MSCs’ exact mechanism of action on the CNS remains
largely unclear. Some of the proposed mechanisms of
MSCs’ therapeutic effects in neurological conditions
include synaptogenesis, neurogenesis and neuroprotec-
tion [72]. However, in view of a growing body of research
on local and systemic immune abnormalities in ASD,
the immunomodulatory properties of MSCs make these
cells potential therapeutic candidates in conditions where
inflammation is a feature, including ASD. The immune
properties of MSCs have been studied in other neuro-
logical conditions such as multiple sclerosis, Alzheimer’s
disease, CNS injuries and stroke [73]. As for ASD, a num-
ber of studies have explored the safety profile of MSCs,
as well as the potential therapeutic benefits. Researchers
have also explored the use of MSCs in ASD using MSCs
from different sources and via different administration
routes in preclinical and clinical studies.

Source of evidence Key findings References

Brain tissues obtained from autopsy Neuroinflammation observed in cerebral cortex and white matter, and cerebellum  [56]
of ASD patients by immunocytochemical methods and cytokine profiling

CSF of living ASD patients Cytokine profiling showed neuroinflammation [56]

Brain tissues from the dorsolateral prefrontal cortex ~ Microglia activation reported in individuals as young as < 6 years of age with mor-  [57]

of ASD individuals phological changes in microglia

PET scans using brain microglia radiotracer Findings suggest an increased microglia activation in multiple regions of the brain  [58]
of subjects with ASD

PET scan for TSPO Lower expression of TSPO in several brain regions of patients with ASD when [59]
compared with control

MR-PET scan of [18F]FEPPA (specific ligand for TSPO)  Significantly lower [18F]FEPPA total volume of distribution in ASD patients when [60]
compared to the control

Brain tissues/blood hormone level of mice Mice showed increased blood cortisone levels, increased microglia in hippocam-  [61]
pus and increased proinflammatory cytokines in cerebellum when compared with
control group

Brain of MIA mice and offspring of MIA mice MIA in pregnant mice led to abnormal cortical development in offspring and [62]
increased IL-17a mRNA expression in foetal brain mediated via maternal IL-17a
pathway

Serum, plasma, CSF and brain of patients with ASD ~ Increased levels of proinflammatory substances like interleukins, chemokines and  [63]

osteopontin, TNF-g, IF-y and growth factors

ASD autism spectrum disorders, CSF cerebrospinal fluid, IF interferon, IL interleukin, MIA maternal immune activation, MR magnetic resonance, PET positron emission
tomography, TNF-a tumour necrosis factor-a, TSPO translocator protein
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Preclinical studies

In vitro studies have demonstrated that MSCs may
modulate neuroinflammation. When BV2 microglia (a
microglia cell line) and primary microglia derived from
the brains of C57BL/6 mice were cultured in MSC-con-
ditioned medium (MSC-CM), there was a significant
reduction in mRNA expressions of proinflammatory
TNF-a and IL-6 in LPS-activated microglia. MSC-CM
cultured activated microglia also demonstrated a reduc-
tion of JNK, NFkB and c-Jun mRNA expression, as well
as an increased NO production and iNOS, MKP-1 and
IL-10 mRNA expression. The study inferred that the
immunomodulatory effects on microglial activities were
mediated through paracrine effects [74].

In another study, MSC-derived microvesicles (MVs)
have been shown to modulate immune LPS-induced
inflammation in microglia using a BV2 cell line and pri-
mary microglia. When activated microglia were co-cul-
tured with MSC-EVs, the latter inhibited upregulation
of IL-1B, TNEF-«a, prostaglandin endoperoxide synthase
2, nitric oxide synthase isoforms and activation mark-
ers (for example, CD45 and CD11b). Phosphorylation
of c-Jun N-terminal kinases and p38 MAP kinase in
LPS-treated microglia was also suppressed by MSC-EVs.
These findings suggest that MSC-MVs may exert immu-
nomodulatory effects on microglia [75].

BTBR mouse model is an acceptable animal model of
ASD that demonstrates several features of ASD such as
behavioural abnormalities that fit the diagnostic criteria,
reduction in signalling mediated by brain-derived neu-
rotrophic factor (BDNF) and decreased neurogenesis in
the hippocampus. In an earlier study, Segal-Gavish and
colleagues transplanted MSCs via the intracerebroven-
tricular route and demonstrated stereotypical behaviour
reduction, social behaviour improvement and cognitive
rigidity reduction. After MSC transplantation, higher
levels of BNDF proteins and increased neurogenesis in
the hippocampus were also observed in the MSC-treated
animals when compared with sham-treated animals,
suggesting that BDNF may play a role in the underlying
mechanism of action for the observed findings [76].

Exosomes (exo) are extracellular vesicles (EVs) secreted
by almost all types of eukaryotic cells, including MSCs.
MSC-derived exosomes (MSC-exo) have been reported
to play a role in immunoregulation, tissue repair and
regeneration, as well as angiogenesis [77]. Perets and
colleagues studied the effects of intranasal MSC-exo in
BTBR mice, and reported improvement in male-to-male
social interaction and reduction in repetitive behaviours
when compared to BTBR mice treated with saline. How-
ever, such observations were not observed when neu-
ral stem cell-derived exosomes (NSC-exo) were used.
Improvements in male-to-female ultrasonic vocalisations
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and pulp retrieval were also observed in the MSC-exo
group when compared with the saline-treated group. Flu-
orescent brain imaging revealed the presence of MSC-exo
in brain cells, suggesting brain parenchymal penetration
of MSC-exo. When the membrane proteins in MSC-exo
were removed using protease K, the previously observed
effects of MSC-exo were no longer present, suggesting
that the efficacy and migration of MSC-exo were depend-
ent on the membrane proteins present in them [78].

In another study, MSC-exo administered via the intra-
nasal route resulted in behavioural improvement in a
mouse model of autism (Shank3B KO mice). In particu-
lar, there was a reduction in repetitive behaviours and
an increase in ultrasonic vocalisation in experimental
mice. MSC-exo was found to cross the blood—brain bar-
rier (BBB) and accumulate in the cerebellum and cor-
tex of these mice. In the frontal cortex, there was also
an increased RNA expression of GABA Rbl receptors.
These findings suggest that the therapeutic effects may be
mediated by the exosomes secreted by MSCs, although
the exact underlying mechanisms await further investiga-
tion [79].

Similarly, behavioural improvements were observed in
offspring of mice treated with valproic acid (VA) showing
autism-like features. In one study, Liang and colleagues
administered exosomes derived from human umbilical
cord (hUC)-MSC:s via the intranasal route and observed
social ability restoration and correction of repetitive ste-
reotyped behaviours and other autism-related abnormal
phenotypes in offspring of VA-treated mice. MSC-exo
were found to enter the brain tissues efficiently via the
intranasal route. The study concluded that the therapeu-
tic effects of MSC-exo might be partially due to the anti-
inflammatory effects of the exosomes [80].

Clinical studies

An earlier phase I/II study examined the efficacy and
safety of human cord blood mononuclear cells (CBM-
NCs) and UCMSCs in autism. Thirty-seven children
(3—12 years) were divided into three groups: (1) control
(n=14; rehabilitation therapy only), (2) CBMNC (n=14;
rehabilitation therapy+CBMNCs) and (3) combination
group (n=9; rehabilitation therapy + CBMNCs+ UCM-
SCs). Weekly IV and intrathecal stem cell infusions were
given four times. Assessment of treatment efficacy was
done using three instruments, namely, the Aberrant
Behaviour Checklist (ABC), Clinical Global Impression
scale (CGI) and Childhood Autism Rating Scale (CARS).
Significant reduction in the ABC scores was observed in
all three groups 24 weeks after treatment (p <0.05). How-
ever, the combination group had the highest percentage
reduction (59.9%) when compared to the CBMNC group
(38.0%) and control group (17.4%). For the CGI, the
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combination group showed the most significant improve-
ments (p <0.05) using various subscales (CGI-SI, CGI-GI
and CGI-EI) when compared to the CBMNC and control
groups. There were significant differences in the reduc-
tion of CARS scores 24 weeks after treatment, when
comparing the combination group (37.9% reduction)
with the CBMNC group (20.0% reduction) and control
group (13.7% reduction; p <0.05) [81].

On the other hand, the vital signs of all subjects were
normal throughout the treatment course. Only five
participants reported low-grade fever. However, they

Table 2 Summary of applications of MSCs in ASD
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recovered without any medical intervention. No signifi-
cant safety issues were reported. After treatment, there
were no significant changes from the baseline in terms
of the laboratory findings (such as liver and renal func-
tions, serum glucose, lipid profile, complete blood count
and immunological parameters). These findings suggest
that both CBMNCs and UCMSCs are safe and effica-
cious. However, a combination of UCMSCs and CBM-
NCs demonstrated a larger therapeutic effect than that of
CBMNCs alone [81].

Type of MSCs/route of administration Type of study

Key findings References

MSC-CM/in vitro co-culture
tured in MSC-CM

MSC-MVs/in vitro co-culture
cultured with MSC-MVs

BM-MSCs/intracerebroventricular transplan-  Preclinical/BTBR mice

tation

MSC-exo/intranasal route Preclinical/BTBR mice

MSC-exo/intranasal route

hUC-MSC-exo/intranasal route
mice

Human CBMNCs and UCMSCs/intravenous
and intrathecal routes

Clinical/Phase I/Il study

Allogeneic hCT-MSCs/IV infusions Clinical/Phase | study

Human allogeneic UC-MCS/intravenous
route

Clinical/case study

Preclinical/primary and BV2 microglia cul-

Preclinical/primary and BV2 microglia co-

Preclinical/Shank3B KO mice

Preclinical/offspring of valproic acid treated

Activated microglia cultured in MSC-CM [74]
showed immunomodulatory effects of

MSC-CM on microglia mediated through
paracrine effects

Activated primary and BV2 microglia co- [75]
cultured with MSC-MVs showed inhibition

of upregulation of proinflammatory markers

and suppression of phosphorylation of

c-Jun N-terminal kinases and p38 MAP

kinase

When compared with sham-treated mice, [76]
BM-MSC-treated mice showed behavioural

and cognitive improvements, increased

BNDF proteins in brain tissues and neuro-

genesis in the hippocampus

When compared with saline-treated mice, [78]
MSC-exo treated mice showed behavioural
improvements. Effects of MSC-exo were

mediated by membrane proteins

Mice treated with MSC-exo showed symp-  [79]
tom improvements, ability of MSC-exo to

cross the BBB and increased RNA expression

of GABA Rb1 receptors in frontal cortex

Offspring of mice treated with intranasal [80]
MSC-exo showed behavioural improve-

ments and penetration of MSC-exo in brain
tissues

Both CBMINCs and UCMSCs were safe and [81]
efficacious in children with ASD (n=37;

3-12 years). Combined UCMSCs and

CBMNCs transplantation showed greater
therapeutic effects than CBMNCs transplan-
tation alone

Improvements in clinical and psychologi- (82]
cal outcomes (n=12; 4-9 years). Presence

of new anti-HLA Ab did not show clinical
manifestations

Improvements in clinical outcomes and [83]
communication abilities with no serious
adverse effects in two children

ASD autism spectrum disorders, Anti-HLA Ab anti-HLA antibodies, BBB blood-brain barrier, BM-MSCs bone marrow-derived mesenchymal stem cells, BNDF brain-
derived neurotrophic factor, CBMNCs cord blood mononuclear cells, GABA gamma-aminobutyric acid, hCT-MSCs human cord tissue-derived mesenchymal stromal
cells, hUC-MSCs human umbilical cord-derived mesenchymal stem cells, MAP mitogen-activated protein, MSC-CM mesenchymal stem cell conditioned medium, MSC-
exo mesenchymal stem cell-derived exosomes, MSC-MV mesenchymal stem cell-derived microvesicles
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Sun and colleagues conducted a phase 1 study on chil-
dren with ASD between 4 and 9 years old (n=12) using IV
infusions of allogeneic human cord tissue-derived mesen-
chymal stromal cells (hCT-MSCs). Three measures were
used to assess the clinical and psychological outcomes
of the treatment. These include (1) VABS-3 Socializa-
tion Subscale Score (assessment for social communica-
tion skills), (2) PDDBI Autism Composite (assessment for
severity of autism symptoms) and (3) expert clinical
judgement (CGI-I). Assessments were done at baseline,
as well as 6 months and 12 months post-infusion. Out of
12 children, 6 showed an improvement in>2 measures
and out of these 6 children, 4 showed an improvement in
all three measures [82]. Among the non-serious adverse
events (AEs), agitation during the procedure was the
most frequently reported AE. The frequency of the non-
serious AEs increased with the number of doses of treat-
ment administered. However, the increase in frequency
was not statistically significant. New class I anti-human
leukocyte antigen (anti-HLA) antibodies were detected in
5 children. However, the presence of these new anti-HLA
antibodies did not lead to any clinical manifestations. The
study concluded that IV infusions of hCT-MSCs were safe
and a feasible treatment option for ASD [82].

Another study evaluated the safety and efficacy of
human allogeneic UC-MSCs on two children. CARS
score and clinical outcomes were assessed to determined
treatment efficacy. In the first case, a 5-year-old boy
was given six IV injections of UC-MSCs. Improvements
were observed in verbal and non-verbal communication
abilities, particularly in expressive language and listen-
ing. In the second case, four IV injections of UC-MSCs
were given to a 6-year-old boy. Improvements in eye
contact, verbal and non-verbal communication abilities
and abnormal behaviours were observed post-treatment.
Both patients demonstrated a reduction of CARS scores
and no serious adverse events were reported [83]. Table 2
summarises the applications of MSCs in ASD.

Conclusions

There is an increasing prevalence of ASD globally, which
incurs a huge economic burden in the healthcare sys-
tem. Although the exact cause of ASD is unclear, there
is abundant evidence to suggest an interplay of genetic
and environmental factors. Studies have also shown that
neuroinflammation plays a role in ASD, but it is unsure
whether neuroinflammation leads to ASD or is a result of
ASD. Several proinflammatory markers have been associ-
ated with neuroinflammation in animal models, whereas
proinflammatory markers are detected in the serum,
plasma and CSF samples of patients with ASD. Microglial
activation involving different regions of the brain have
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also been demonstrated in animal models and patients
with ASD.

The conventional treatment of ASD involves a combi-
nation of behavioural-, occupational- and speech therapy.
However, these approaches alone may not be sufficient to
address the neuroinflammation in ASD. There is a grow-
ing body of research in favour of the therapeutic poten-
tial of MSCs in ASD. This is not surprising because MSCs
are well known for their immunomodulatory proper-
ties. Thus far, preclinical studies show that MSC-CM
and MSC-MVs could modulate inflammation in vitro,
whereas MSC-exo and MSC transplantation via vari-
ous routes of administration exerted anti-inflammatory
effects and alleviated symptoms of ASD in animal mod-
els. However, there are only a handful of clinical studies
on the safety and efficacy of MSCs in ASD. Although
these clinical studies reported encouraging results, they
only involved a small number of patients and the under-
lying mechanism of action was not well delineated. Based
on the current evidence, more larger-scale clinical tri-
als are needed to support the clinical use of MSC in the
treatment of ASD.
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