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Abstract: Autism spectrum disorders (ASDs) are characterized by core domains: persistent defi-
cits in social communication and interaction; restricted, repetitive patterns of behavior, interests,
or activities. ASDs comprise heterogeneous and complex neurodevelopmental pathologies with
well-defined inflammatory conditions and immune system dysfunction. Due to neurobiologic
changes underlying ASD development, cell-based therapies have been proposed and applied to
ASDs. Indeed, stem cells show specific immunologic properties, which make them promising
candidates in ASD treatment. This comprehensive up-to-date review focuses on ASD cellular/
molecular abnormalities, potentially useful stem cell types, animal models, and current clinical
trials on the use of stem cells in treating autism. Limitations are also discussed.
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Autism spectrum disorders (ASDs)

ASDs are very interesting neurodevelopmental disorders for the medical and scientific
community, because of their multifactorial nature and many different explanations for
their clinical heterogeneity.! ASD patients display highly diverse groups of disorders
with wide variation in symptoms, intellectual level, severity, and functional disabil-
ity.? The variation is due in part to its multifactorial origin that leads ASD to be a
neurogenetic clinical entity®* with gastrointestinal,>* immunologic,”® and metabolic
implications’® that begin in the womb. ASDs are multistage, progressive disorders of
brain development and synapse connections, spanning nearly all of pre- and postnatal
life.! ASD starts on the first embryonic stages with disruption of cell proliferation
and differentiation, which leads to a series of sequential events like neural migration,
laminar disorganization, altered neuron maturation, neurite outgrowth, problems of
synaptogenesis, and reduced neural network functioning.'

ASD affects more than 1% of the general population (1:59 subjects)! and are char-
acterized by two core symptoms: the first one is impaired social communication, and the
second situation is restricted, repetitive types of behavior, interests, or activities. However,
the biggest problem in autism is triggered by associated symptoms such as irritability,
anxiety, aggression, compulsions, mood lability, gastrointestinal issues, depression, and
sleep disorders.'" On the basis of the core and associated symptoms, autism is diagnosed
through observational and psychometric tests; therefore, the clinical diagnosis is made
based on the presence or absence of core behaviors. The Diagnostic and Statistical Manual
of Mental Disorders is conventionally used as a gold standard for autism diagnosis.'
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However, the neurometabolic differences of autism lead us to
look for biologic markers that respond to a correct, precise,
and concise diagnosis.* These biologic markers should be
detected early during pregnancy, because the pathogenesis of
ASD is not set at one point in time and does not reside in one
process, but rather is a cascade of pre- and postnatal pathogenic
processes in the vast majority of ASD toddlers.!

The treatment of ASD is variable and multimodal. It is
composed of conventional therapies, such as social skills
training, early intensive behavior therapy, applied behavior
analysis, speech therapy, occupational therapy, together
with psychotropic drugs,'* transcranial magnetic stimula-
tion, '’ and alternative treatments, which include hyperbaric
oxygen treatment,'® music therapy, and cognitive and social
behavioral therapy.!” Hormonal therapies with oxytocyin
have also shown some promises in improving central ASD
symptoms.'® The use of vitamins, herbals, essential oils, and
nutritional supplements'®? and conventional therapies have
some effect in symptomatic improvement in ASD, though
additional studies are needed to confirm these benefits.
Developing novel therapies may prove to be the ultimate
intervention for sustained improvement of symptoms in
ASD.'7 Among the new therapies available, there are the
gene therapy and stem cell therapy, which have great poten-
tial for treating ASD.?"*> The redesign of brain architecture,
generated from reprogrammed somatic cells isolated from
living patients, provides new insights into the understanding
of autism and thus reverses or ameliorates the symptoms
of disorder. Here, we discuss recent advances in the use of
stem cells as a therapy of ASD, as well as its limitations,
implications, and future prospects.

Stem cells for neurologic diseases
The possibility to face neurologic diseases and ASD in par-
ticular with stem cell application is described in this section.

Neurologic diseases are usually irreversible as a result
of slow and limited neurogenesis in the brain.”® Therefore,
based on the regenerative capacity of stem cells, transplanta-
tion therapies of various stem cells have been tested in basic
research with animal models, and preclinical and clinical
trials, and many have shown great prospects and therapeutic
promises.?? Comparative studies have been raised to under-
stand nature, properties, and number of donor stem cells, the
delivery mode, and the selection of proper patient populations
that may benefit from cell-based therapies.?

However, many times these aspects do not allow to
predict why there is no suitable animal model for the

study of certain diseases of neurologic development.
Animal models of complex immuno-gastrometabolic
phenomena, such as the ASD, are difficult to validate. The
reprogramming of somatic cells into induced pluripotent
stem cells (iPSCs) could offer an alternative strategy for
identifying the cellular mechanisms contributing to autism
and the development and testing of many new treatment
options.?® This aspect will be defined at the end of this
review because it contains the key to success of the therapy
of stem cells in autism.

Mechanisms underlying therapeutic effect
At least two key-action mechanisms of stem cells could
be useful for ASD therapy: paracrine effect (the secretome
tool: cytokines, chemokines, and growth factors released by
stem cells and responsible of repair/restoration of injured
tissues) and immunomodulatory properties.”? ASDs show
immune system abnormalities and strong proinflammatory
cytokine production.’®?” ASD subjects show an imbalance
in innate and adaptive immunity, as CD3*, CD4*, and CD8*
T cells, as well as natural killer (NK) cells, are altered.”’
Immune alterations in ASDs are still confirmed by abnormal
monocyte and macrophage responses, which overproduce
proinflammatory IL-1P cytokine and show several altered
molecular systems resulting in long-term immune altera-
tions.??6:2830 The immune modulatory capacity of stem cells
could restore these ASD—immune alterations. Stem cells
are able to strongly inhibit CD8" and CD4* T lymphocytes
and NK cell overactivation and proliferation by inhibiting
proinflammatory tumor necrosis factor alpha and inter-
feron gamma molecules and increasing anti-inflammatory
IL-10 levels.’! This fact is confirmed by an animal model
of autism, in which stem cells, once transplanted, were
able to increase anti-inflammatory cytokine production
(detailed in Stem cells and autism: animal models section).
The ability to modulate the immune system by stem cells is
mediated via soluble factors released by stem cells under
local chemical environment signaling.*? Another proposed
mechanism by which stem cells are able to address the
ASD-mediated immune and inflammatory abnormalities
is the cell-to-cell contact activation mechanism, by which
stem cells are able to switch proinflammatory cells to anti-
inflammatory ones.?>*

Table 1 summarizes the harmful processes of ASD that
could be contrasted by stem cell’s own capacities. The next
section will explain the potential use of specific stem cell
types for ASD.
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Table | Diagrammatic representation of different stem cells and related sources for the treatment of autism and their mechanisms

of action

Type of stem cells Source

Mechanism of action

Fetal stem cells Fetus, fetal blood, placenta, amniotic

membrane, amniotic fluid, umbilical cord

Secretion of neurotrophic factors
Immunomodulatory capacities
Suppression of proinflammatory processes

Mesenchymal stem cells Bone marrow, umbilical cord

Paracrine secretion of several anti-inflammatory and
survival-promoting molecules (ie, VEGF, HGF, BDNF,
NGF)

Neuroprotective effects

Hypoimmunogenic and immunosuppressive properties

Neural stem cells Brain (subventricular zone of lateral
ventricles and subgranular zone of

hippocampus)

Secretion of neurotrophic factors
Maintenance of homeostasis
Neuroprotective effects
Differentiation into neural-type cells

Adipo-derived stem cells Adipose tissue

Secretion of trophic factors
Immunosuppressive and hypoimmunogenic effects

Umbilical cord- and amniotic
fluid-derived stem cells

Umbilical cord, placenta, amniotic fluid

In vitro growth capacity
Low immunogenicity and immunomodulation properties

Hematopoietic stem cells Blood, bone marrow, umbilical cord

Paracrine activity

Induced pluripotent stem cells Any cell type

Differentiation capacity

Note: Homing and mobility capacities are common for all the stem cell types.

Abbreviations: VEGF, vascular endothelial growth factor; HGF, hepatocyte growth factor; BDNF, brain-derived neurotrophic factor; NGF, nerve growth factor.

Stem cell types

Several types of stem cells have been described. The fol-
lowing section shows each type with potential use for the
treatment of ASDs.

Fetal stem cells (FSCs)

FSCs are found at various stages of human development and
can be isolated from various somatic organs of fetus, fetal
blood, and a variety of extraembryonic sources like placenta,
amniotic membrane, amniotic fluid, and umbilical cord. FSCs
have properties that lie in between the embryonic and adult
stem cells that they self-renew faster in culture, have greater
differentiation potential and high engraftment rate, and do
not form teratomas in vivo.»

Fetal SCs from bone marrow express pluripotent markers
like Oct-4, Nanog, Rex-1, SSEA-3, SSEA-4, Tra-1-60, and
Tra-1-81 and show higher telomerase activity, which makes
them a preferable candidate for therapeutic applications.** For
treating neurodegenerative diseases, neural stem cells (NSCs)
from different parts of the fetal brain have been explored. The
fetal NSCs have the ability to self-renew and are multipotent
being able to differentiate into neurons, astrocytes, and oli-
godendrocytes.>*¢ FSCs have the ability to secrete various
neurotrophic and immunomodulatory factors that promote
neuronal growth and suppress the action of proinflammatory
cytokines that make them a potential candidate for treating
ASDs and various neurodegenerative diseases.*’

There are various reports on the successful use of FSCs
for different neurodegenerative disorders. When the fetal
NSCs were transplanted into the rat models of temporal lobe
epilepsy and ischemia, they get grafted and differentiated
into neurons.**3> A clinical trial in younger human Parkin-
son’s patients also showed promising results when dopamine
neurons from fetal neural tissues were transplanted.’® An
open-labeled clinical trial that examined the safety and effi-
cacy of FSCs in autistic children revealed no adverse events
and a significant difference in the improvement of autistic
symptoms (detailed in Stem cells and autism: animal models
section).”’

Bone marrow-derived stem cells
Mesenchymal stem cells (MSCs)

MSCs are found in almost all the adult tissues and are
characterized by their ability to adhere to plastic surface,
express cell surface antigens like CD105, CD90, and CD73,
not express CD34, CD45, CD14 or CDI11b, CD79a or
CD19, and HLA-DR, and differentiate into osteoblasts,
chondroblasts, and adipocytes in culture.?® Apart from
these minimal characteristics, MSCs have wider proper-
ties like their ability for rapid proliferation, differentiation
into cell types of endodermal and ectodermal origins,
secretions of various tropic factors, and immunomodula-
tory action, which make them a preferable candidate for
cellular therapies.¥#°
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The paracrine secretion and immunomodulatory proper-
ties of MSCs make them a potential candidate for treating
ASDs.*! Cultured MSCs secrete various neurotrophic fac-
tors including vascular endothelial growth factor (VEGF),
hepatocyte growth factor, brain-derived neurotrophic factor
(BDNF), and nerve growth factor and exhibit neuroprotec-
tive effects.*> MSCs are also hypoimmunogenic and have
immunosuppressive properties that they do not express co-
stimulatory molecules such as CD80, CD86, or CD40 and
express low levels of MHC class I molecules.*** Different
mechanisms were hypothesized for using MSCs for treating
ASDs that include inducing plasticity, secretion of anti-
inflammatory and survival-promoting factors, and engrafting
into neural network.*

Also, in vivo, in different animal models of neurodegen-
eration, MSCs exert neuroprotection mainly by secretion
of various neurotrophic and immunomodulatory factors,
thus facilitating the recruitment of endogenous stem cells
to promote regeneration and by downregulating T cells, B
cells, and NK cells of immune system.*® Owing to these
properties, MSCs were highly preferred candidates for
clinical trials for various neurologic diseases. Clinical trials
using MSCs are ongoing for diseases like multiple sclerosis
(MYS), stroke, Parkinson’s disease (PD), Huntington’s disease
(HD), Alzheimer’s disease (AD), and systemic autoimmune
diseases.*’ For ASDs, several studies using stem cells have
been conducted in humans (detailed in Stem cells and autism:
animal models section); a study by Lv et al analyzed the
safety and efficacy of using human cord blood mononuclear
cells (CBMNCs) and umbilical cord-derived mesenchymal
stem cells (UCMSCs) in treating children with autism.*® They
reported safe and statistically significant improvements in the
Childhood Autism Rating Scale (CARS), Clinical Global
Impression (CGI) scale, and Aberrant Behavior Checklist
(ABC) in the children treated combinedly with CBMNCs
and UCMSCs when compared to the control group.

Adipo-stem cells
Stem cells can also be isolated from different adipose tissues
in the body in a minimally invasive manner and are termed
as adipose-derived stem cells (ASCs). Similar to MSCs,
ASCs are plastic adherent, express CD90, CD105, CD73,
CD44, and CD166, lack the expression of CD45 and CD34,
and have the ability to differentiate into cells of all three
germ layers.*-0

Along with being multipotent, ASCs secrete various
trophic factors and are immunosuppressive and hypoim-
munogenic, making them an attractive candidate for cellular

therapies. ASCs have been used in various clinical trials
targeting a wide range of indications ranging from immune
disorders, myocardial infarction, bone defects, and neurode-
generative diseases. Although no reports have been found on
the use of ASCs for treating ASDs, ASCs have been proven
effective in other neurologic preclinical models, as in the
mouse model of middle cerebral artery occlusion, human
ASCs partially rescue the stroke syndromes by forming new
neurons and blood vessels and increasing the viability of
endogenous neurons.”'

Umbilical cord- and amniotic fluid-

derived stem cells

Umbilical cord and placenta also offer a good source of stem
cells.”? These stem cells offer strong potential therapeutical
applications and display mesenchymal characteristics.>? The
Wharton Jelly of the umbilical cord and the amniotic fluid are
other sources of stem cells possessing high in vitro growth
capacity and low immunogenicity and immunomodulation
properties, expressing the typical antigen profile of MSCs. >
These cells from perinatal, extraembryonic tissue have poten-
tial for future applications in ASDs.? There are no ethical
controversy and risk of teratoma formation, and they could
also be used for autologous transplantation after banking in
later stages of life.

NSCs

NSCs are found in the fetal and adult human brain and have
the potential for extensive proliferation and differentiation
into three major cell types of the nervous system, the neurons,
astrocytes, and oligodentrocytes.”® The NSCs that can be
extracted from two major regions of the brain, namely, the
subventricular zone of lateral ventricles and subgranular zone
of hippocampus, can be cultured.’”® The culture-expanded
NSCs are multipotent, have the ability to differentiate into
various neuronal cell types, secrete neurotrophic factors,
integrate into neural tissue, maintain homeostasis, and are
neuroprotective, making them an ideal candidate for treat-
ing ASDs. Indeed, impairments in excitatory and inhibitory
cortical neurons lead to minicolumn structure abnormalities
in ASDs.*¢ Synaptic-related genes show multiple rare variants
in some ASD subjects.” Given that, transplantation of NSCs
could be effective in ASDs, as transplanted cells can promote
neural tissue repair and homeostasis through integration in
damaged areas and secretion of factors that enhance brain
repair and plasticity.®® The definitive use of NSCs for clini-
cal applications in neurodegenerative diseases still requires
addressing some critical issues: autologous reliable source of
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sufficient amount of stem cells needs to be identified; post-
transplanted neural plasticity and differentiation, if any, must
be further defined.®® However, though NSCs have been used
in various preclinical and clinical studies against different
neurologic conditions like PD, HD, AD, amyotrophic lateral
sclerosis (ALS), MS, stroke, and spinal cord injury (SCI),
the outcome is not definitive as expected and is hindered
by several points to be further elucidated: the absence of
homogenous cell population, stability, and long-term survival
of neurons after transplantation.®52

Different methods have been tried to enhance the capabili-
ties of NSCs, like immortalizing the NSCs by gene manipula-
tion techniques to create a homogenous, long-surviving cell
that is capable of differentiating into neurons and glial cells
when transplanted into normal or damaged brain.*®

Hematopoietic stem cells (HSCs)

HSCs are mainly resident in bone marrow and also in blood
and umbilical cord. Specific cluster of differentiation markers
characterize them (CD34, CD59,CD117,CD133,CD164).%
Self-renewal, multipotency, and homing/mobility activities
are very high. This type of stem cells is able to differentiate
in myeloid and lymphoid lineages. Their paracrine activity,
releasing bioactive molecules, and their ability to quickly
traffic to the site of inflammation gained them a lot of
attention for their use in ASD therapy.® Several clinical tri-
als have been performed with the use of CD34+ stem cells
in autism (detailed in Stem cells and autism: animal models
section).

iPSCs: the new frontier for cell

therapy
iPSCs could represent a novel tool for ASD therapy.

iPSCs are relatively new type of stem cells that are
reprogrammed from any cell type of the body by ectopic
expression of different transcriptional factors originally by
using integrating vectors like retroviruses and lentiviruses.
The iPSCs derived by these methods pose risk of insertional
mutagenesis and make them unsafe for therapeutic applica-
tions. To overcome this obstacle, various new methods like
use of small molecules, sendai virus, adenovirus, RNA mol-
ecules synthesized by plasmids, and recombinant proteins
have evolved to create integration-free iPSCs.* The iPSCs
derived from different methods have the characteristics simi-
lar to that of embryonic stem cells, being able to self-renew,
express stem cell markers, and differentiate into the cell of
all the three germ layers except the cells in extra-embryonic
tissue. The main advantage of iPSCs over the ES cells is their

easy way of derivation from any cell type without the need
for embryos and that they serve as an unlimited cell source
for autologous therapy. iPSCs derived from the donors have
many applications apart from being used for regenerative
therapies, and the patient-specific iPSCs are used in disease
modeling, toxicity testing, and drug screening studies.*

Disease-specific iPSCs derived from patients serve as
an infinite source for drug testing studies. A wide range of
iPSCs are produced from patients suffering from unifacto-
rial and multifactorial diseases ranging from adenosine
deaminase deficiency-related severe combined immunode-
ficiency, PD, HD, ALS, Down syndrome, type 1 diabetes,
Duchenne muscular dystrophy, spinal muscular atrophy, and
[B-thalassemia® that serve as a model for disease and for drug
testing on them.

With regard to therapeutic usage, iPSCs are viewed as a
potential candidate for treating various disorders. The proof
to substantiate the use of iPSCs for clinics comes from vari-
ous in vitro and in vivo preclinical trials. In in vitro, iPSCs
can be made to differentiate into various cell types like
dopamine and motor neurons, dendritic cells, functional car-
diomyocytes, macrophages, hepatocytes, and hematopoietic
and endothelial cells.* There are several in vivo studies that
prove the efficiency of iPSCs in treating neurodegenerative
disorders, cardiovascular disease, and sickle cell anemia.
For example, in contusive SCI model in nonobese diabetic
severe combined immunodeficient mice, injection of neu-
rospheres derived from human iPSCs leads to recovery
of locomotor function without formation of any tumors.®’
The differentiation capabilities of injected neurospheres
into neurons, astrocytes, and oligodendrocytes along with
induction of angiogenesis, axonal regeneration, and local-
circuitry reconstruction may contribute to the recovery in SCI
model.’” When autologous iPSCs-derived dopamine neurons
were transplanted in PD model of cynomolgus monkey, the
neurons engraft and survive for prolonged time of 2 years
leading to improvement in the motor function in the nonhu-
man primate model.®® iPSCs have also been used effectively
against HD and ALS by their capability to differentiate into
desired neuronal lineages.**7

In spite of the promising in vitro and preclinical studies,
the use of iPSCs in clinical trials is still in infant stage. There
are some major challenges like tumorigenicity and immu-
nogenicity to be addressed before using iPSCs for clinical
applications. iPSCs used for transplantation could lead to
teratoma formation: any residual pluripotent stem cells in
grafting experiment could induce teratoma. This issue can
be addressed by developing more efficient nonintegrative
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approaches for deriving iPSCs, using differentiated cells
rather than iPSCs and also by prior screening and selec-
tion of cells before transplantation.” For immunogenicity
issue, though mostly iPSCs are used in autologous fashion
there are some evidences that showed that iPSCs and cells
derived from iPSCs can still elicit little immune response in
syngeneic recipients that again can be overcome by improved
reprogramming technologies.”

iPSC applications gain much attention also for autism
research.” Successful reprogramming of peripheral blood-
derived mononuclear cells from autistic child into iPSCs
has been performed by transgene-free delivery system.”
Customized iPSCs will help in elucidating the pathogenic
mechanisms of ASDs,” also for neuronal differentiation and
maturation.” Indeed, iPSC-derived neurons from autistic
subjects show aberrant cation channels expression, voltage-
gated currents, and changes in synaptic functions.”””® Autistic
patient-derived stem cells display an altered developmental
neuronal phenotype: alteration in cell bodies, branched
neurites, and motility compared with those derived from
controls.” Using iPSCs to generate three-dimensional models
of neurons and brain structures could also be useful to model
autism pathophysiology.*

Stem cells and autism: animal

models

Animal models are playing a crucial role in exploring the
potential of stem cells for developing therapeutic strategies
for ASDs and will provide novel insights through which stem
cells can help in ameliorating ASD-associated phenotypes.
These information cannot be achieved by clinical trials.

As lifelong neurodevelopmental pathologies, ASDs are
uniquely human behaviors and animal models fail to fully
reproduce the human condition; however, they could provide
some important basic information.®! A commonly used rodent
model for ASD is the black and tan brachyuric (BTBR) inbred
mouse strain. BTBR mice spontaneously develop behavioral
deficits and brain abnormalities reflecting ASDs. Human
MSCs were intracerebroventricularly transplanted (50,000
cells/uL) in BTBR mice.* Cell therapy improved repetitive
behaviors in transplanted mice by means of decreasing dig-
ging and self-grooming duration and increasing the latency
between two consecutive events. Cell-transplanted mice also
displayed decreasing in cognitive rigidity as measured by
water T-maze test. To note, social behavior was also improved:
transplanted BTBR mice reported better social approach and
social novelty preference with respect to nontransplanted
BTBR mice.® By a cellular point of view, hMSCs improved

hippocampal neurogenesis (increasing of Ki-67 and DCX
markers) and increased BDNF levels; after 6 weeks post-
transplantation, hMSCs were found to be located close to the
wall of the dorsal third ventricle. In the same mouse model,
hMSC transplantation (50,000 cells/uL into the cerebral
lateral ventricle) showed long-term beneficial effects in
ameliorating autistic-like symptoms.® Social behaviors were
improved and stereotypic behaviors were reduced at 6 months
posttransplantation. Another human stem cell type, the ASCs
(50,000 cells/uL, intraventricularly), was successfully used
in valproic acid (VPA)-induced autism mouse model.*
Transplanted mice displayed increased motor coordination
(as measured by open-field test) and social behaviors and
decreased anxiety. Human ASCs were responsible to increase
the phosphatase and tensin homolog, VEGF, IL-10 expres-
sion, and p-AKT/AKT ratio in the brains of VPA mice.*
Mouse-derived MSCs were used in VPA-induced autism
model, resulting in increasing neurogenesis and promoting
maturation of newly formed neurons in the dentate gyrus
2 months after transplantation.®® MSCs were expanded in
culture for up to 20 passages and immunophenotyped for
mesenchymal specific markers. Then thousands of MSCs in
5 uL MSC were transplanted into the right lateral ventricle.
Deficits in cognitive and social behaviors were also improved
after 2 weeks posttransplantation.®

Beyond stem cell therapy as valuable tool for treating
autism, stem cells also offer the possibility for in-depth study
of ASD pathology. Offspring of immune-activated mothers
(maternal immune activation autism model) develop prefer-
ential myeloid lineage potential and altered differentiation
of HSCs.% The importance of this work reflects that immune
changes during maternal life could confer alterations in stem
cells lineage through the entire life of offspring.

Transcriptome analysis revealed differential expressed
genes in dental pulp stem cells from idiopathic ASD subjects
compared to controls.’” While stem cells could be used for
understanding the biologic mechanisms of ASDs, the cellular
changes of ASD-derived stem cells pose some concerns for
autologous cell transplantation, as described further in this
review.

Stem cells and autism: clinical trials
Clinical trials on stem cell transplantation in ASDs are of
vital importance to validate safety (in first) and the efficacy
of the cellular therapy.

Currently, several clinical trials have been performed to
demonstrate safety and efficacy of stem cells autism man-
agement (Table 2). Sharma et al conducted an open-label
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Table 2 Clinical trials performed on the use of stem cells in ASDs

Type of trial Number and type of cells Duration Primary outcomes Reference
transplanted/source
Autologous, open-label 8.19 x 107 mononuclear cells/ | 26 months Safety 88
bone marrow Improvements in cognitive and social tasks
Improvement in hypoperfused brain areas
Allogenic, nonrandomized, | 2 x 10%kg mononuclear cells/ | 24 weeks Safety 91
open-label, single-center cord blood and | x 10¢/ Improvements in stereotypic behaviors and
Phase /1l trial, combined kg mesenchymal stem cells/ lethargy/social withdrawal
transplantation umbilical cord
Allogenic, open-label, 30 x 10¢/mL fetal stem cells/ 12 months Safety 37
single center fetus Improvement in cognitive ability, behaviors,
sociability
Improvements in immune functions
Autologous, randomized, Umbilical cord 24 weeks Safety 93
blinded, placebo- No improvements in symptoms
controlled
Autologous, Phase |, Umbilical cord 12 months Safety 94
single-center, open-label Improvement in socialization, communication,
and adaptive behavior

proof-of-concept study on the use of autologous bone
marrow-derived mononuclear cell (BMMNC) transplanta-
tion in 32 subjects (median age at intervention 10.5 years,
male:female 3:1) with confirmed diagnosis of autism.® The
protocol included intrathecal cellular therapy followed by
occupational therapy, sensory integrative approach, speech
therapy, psychological intervention, and specific dietary
recommendations. Mononuclear cell fraction is a heteroge-
neous mixture consisting of endothelial progenitors, HSCs
and MSCs, and multipotent adult progenitor cells. These
cells were separated from the aspirate of bone marrow,
counted by CD34+ marker and checked for viability. On the
same day, the cells were intrathecally injected and methyl
prednisolone was given intravenously to enhance survival of
the injected cells. Long-term adverse events were monitored
to establish the safety of stem cell transplantation. Minor
adverse events (vomiting, nausea, pain at side of injection,
or aspiration) were present. These events were reported to
be procedure-related and not cellular transplantation-related
issues. Minimal increase in hyperactivity was recorded as
a major adverse event related to cell procedure, along with
three patients developing seizures. After cellular therapy,
Indian Scale for Assessment of Autism (ISAA) indicated
improvements in the domains of social relationships and
reciprocity (improved eye contact, social smile, and reaching
out to others), cognitive aspects (attention, concentration,
and time of response), and also in speech and language pat-
terns (reduction in echolalic speech, engaging in stereotyped
repetitive use of language, production of infantile squeals or

unusual noises, inability to initiate or sustain conversation
with others, inability to grasp the pragmatics of the conver-
sation, and speech regression). Decrease in inappropriate
emotional responses, exaggerated emotions, engaging in
self-stimulating emotions, and getting excited or agitated for
no apparent reason was recorded. CGI scale scored changes
in the severity of the disease, overall improvement, and the
efficacy of the treatment. Interestingly, functional neuroimag-
ing, by the means of positron emission tomography (PET)
scan, showed increased '®F-fluorodeoxyglucose (¥*F-FDG)
uptake in the areas of frontal lobe, cerebellum, amygdala,
hippocampus, parahippocampus, and mesial temporal lobe
after 6 months of cellular therapy. Hypoperfusion has been
recently demonstrated in key brain areas of ASD subjects.®
Hypometabolic areas before cell transplantation showed
increased metabolism after cellular delivery, probably due
to improved oxygenation and functioning of the damaged
neurons. As limitations, authors report the small sample
size, and the absence of randomization and a control group.®

Most recently, Sharma et al performed this type of cel-
lular treatment on a male autistic adult (25 years old).”
Autologous BMMNCs were intrathecally transplanted. No
major adverse events were seen. After 6 months of cellular
therapy, improvements in concentration, sitting tolerance,
attention, sleep, eye contact, social interactions, and memory
were reported, as measured by ISAA, CARS, and Functional
Independence Measure scores before and after cellular treat-
ment. Six months posttherapy, *F-FDG PET scan showed
improvements in brain hypometabolism.
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Lv et al performed a Phase I/II trial to investigate the
safety and efficacy of combined transplantation of CBMNCs
and UCMSCs in treating children with autism.*® Thirty-
seven autistic children (only one female) were recruited and
randomly subdivided in control (mean age 5.60) and experi-
mental groups. This group was further divided into CBMNC
group (mean age 7.4) and combined group (mean age 6.2)
which received both types of cells. No adverse effects were
recorded at the time of transplantation and during the whole
follow-up. As minor effects, only five children developed a
transiently low-grade fever. About cell procedure, the cells
were isolated from gifted cord blood and umbilical cord of
informed healthy donors. CD34+ CBMNCs were extracted
and in vitro grown in a GMP facility. After extraction from
umbilical cord, UCMSCs were in vitro expanded and labeled
for MSC characterization: CD29+, CD73+, CD90+, CD105+,
the expression of CD45, CD34, CD14, CD79, and HLA-DR
was absent or <2%. Cell viability, sterility, mycoplasma, and
endotoxin presence were monitored. The cell transplantation
protocol required four times cell administrations in both
CBMNC and combination groups at an interval of 5-7 days.*
CBMNCs and UCMSCs were transplanted intravenously (20
mL) and/or intrathecally (2 mL), respectively, per treatment.
After cellular therapy, CARS, CGI, and ABC reported sig-
nificant improvements in stereotypic behaviors and lethargy/
social withdrawal (improvements in visual, emotional and
intellectual responses, body use, adaption to change, fear or
nervousness, nonverbal communication, hyperactivity, and
inappropriate speech).”® At the end of 24-week follow-up,
best improvements were seen in combination group rather
than CBMNC group, with respect to control group. Probably,
the CBMNCs and UCMSCs exerted their positive actions
synergically. Among limitations, enrolled subjects were
not categorized on disease severity and long-term efficacy
(beyond 24 weeks) was not evaluated.

In another open-label pilot study, a total of 45 autistic
children (39 males, six females, mean age 6.9) were enrolled
to assess the safety of the use of FSCs in ASDs.”” FSCs
were harvested from 5- to 9-week-old human fetuses (one
donor sample for each transplantation procedure) following
voluntarily selective pregnancy terminations. Donor women
and fetal samples were tested for bacterial, fungal, and viral
infections and parasites. CD34+ HSCs were extracted from
fetal liver (a powerful niche for HSCs)®! and brain and in vitro
expanded. Colony-forming units and neurosphere formation
were checked. HSCs were then stored in liquid nitrogen at
—196°C in the cryobank and were intravenously transplanted
at day 1. On the second day, the fetal cells were injected into

the subcutaneous abdominal adipose tissues. ASD children
treated with FSCs displayed no adverse events or side effects
due to cell therapy or steroid and antihistamine combination
pretreatment during the 1-year follow-up period studied.
The early post-cellular transplantation effects observed were
improved eye contact, appetite, and socialization. Autism
Treatment Evaluation Checklist and ABC scores at follow-up
times of 6 and 12 months showed improvements in sociability,
cognitive ability, and behaviors, especially at the final time
point. To note, pre- and post-cellular treatment immunologic
findings indicated an improved cell-mediated immunity, due
to a significant increase of CD3+T lymphocytes and CD4+T
helpers, and a decrease in CD19+ B lymphocytes counts after
the cellular treatment (pretreatment values were abnormal).
Fetal SC transplantation was safe and well tolerated. Accord-
ing to the authors, the administration routes (intravenous and
subcutaneous) were chosen on the basis of their less invasiv-
ity. Immunomodulatory functions of FSCs seem to be a key
mechanism of action.”’

Recently, Phase I/II results of a clinical trial on autologous
umbilical cord blood (AUCB) transplantation in idiopathic
ASD children were published.”” As crossover study, ASD
children (age 2—7 years), with umbilical cord blood cryopre-
served and stored, were transplanted with either AUCB or
placebo (0.9% saline solution), and evaluated at baseline, 12,
and 24 weeks. The subjects were randomly divided into two
groups. The first group received cord blood infusion and then
saline injection. The second group received saline infusion
first, then cord blood infusion. Accordingly to the authors,
the choice of the crossover study is that in this way each
subject serves as its own control. In addition, the crossover
design resulted in excellent compliance by parents. Trans-
planted ASD children were evaluated at 12 and 24 weeks
posttransplantation. UCB was checked for sterility, viability,
colony-forming unit, and CD34+ cell count. Some possible
UCB therapy-associated gastrointestinal disorders were
reported. No severe adverse events required treatment. CGI
and Expressive/Receptive One Word Picture Vocabulary Tests
scores reported minimal evidence of clinical effectiveness of
AUCSB therapy. While crossover study offers the possibility
to minimize the baseline variability, as limitations post-thaw
CFU capacity and CD34+ count need to be better addressed.
Another point of discussion is the exact AUCB dosage,
varying among enrolled subjects due to parental choice in
using own biobanked UCB. This latter study shows conflict-
ing results compared to the Dawson study.”® Twenty-five
ASD children (21 males, four females, mean age 4.6 years)
received a single intravenous infusion of AUCB. Sterility,
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infection disease markers, nucleated cell count, CD34+ count,
and CFU were tested on biobanked UCB. A portion of or the
entire own cord blood unit (1-5 x 107 cells/kg) was infused
per ASD subject. AUCB infusion was well tolerated, as no
serious adverse effect was reported in any participant. Agi-
tation, allergy, and skin changes were reported as unrelated
adverse effects. Vineland Adaptive Behavior Scale-11, CGI,
Pervasive Developmental Disorder Behavior Inventory, and
Expressive One-Word Picture Vocabulary Test-4 were the
main tests used to assess cognitive and behavioral improve-
ments. Socialization, communication, and adaptive behavior
scores were improved at 6 months postinfusion and were
sustained between 6 and 12 months posttreatment.”® Inter-
estingly, nonverbal, higher IQ ASD children showed greater
improvements in behaviors. However, as authors stated, the
observed behavioral outcomes could be due to the natural
course of development during the preschool period.

Limitations

Several limitations and recommendations have to be taken
into account before claiming definitive results about cellular
therapy in ASD.

Stem cell therapy offers novel opportunity to develop
cell-based drugs and applications to treat several diseases,
including immune and neurodegenerative pathologies,’ as
well as ASD.?? It is crucial that cellular therapy is performed
under laboratory and clinical guidelines. The International
Association of Neurorestoratology has recently published
the Clinical Cell Therapy Guidelines for Neurorestoration.”
These guidelines issue the recommended standards for per-
sonnel, facilities, and institutions that perform cell-based
therapies, as well as the ethical requirements, and include
the provisions: patient-informed consent/IRB; indications/
contraindications for cell therapy; documentation of pro-
cedure and therapy; safety and efficacy evaluations; policy
of repeated treatments; not charging patients for unproven
therapies; basic principles of cell therapy; and publishing
responsibility.”® While the mechanisms of action of stem
cells are being explained by basic research, as well as by in
vivo models, clinical trials provide scientific effectiveness
for human applications.”® However, from the clinical trials
examined above (Table 2), several limitations have to be taken
into account, before claiming definitive results for the use of
stem cells in ASD treatment.

Relatively small number of subjects
The number of enrolled subjects requires larger studies on
the use of the cell therapy in ASDs. All the analyzed clinical

trials admit the small sample size used. Control group also
needs to be more standardized.

Time of follow-up

Harmonization of the time of the study is desirable. Long-
term outcomes or the choice of multiple timely transplanta-
tions need to be elucidated.

Efficacy

The efficacy of cell therapies in ASDs should be evaluated
by internationally validated, standardized, and preferably
harmonized scales. Too many different scales and scores,
even if well adopted and established by international scien-
tific community, often do not display the effective result of
cell transplantation.

Cell heterogeneity and culturing

A better characterization of cell types used in all the
abovementioned studies will help in the right choice of cell
to be utilized. If the cells require in vitro expansion before
transplantation remains to be clarified. To note, two clinical
studies®®* used part of or entire AUCB. Eventually cellular
senescence and life span need more clarification. Senescence
of cultured stem cells is another major concern for clinical
trials. Prolonged in vitro expansion could trigger senescence
phenotype and telomere shortening, in this way the stem cell
regenerative capacity could be modified.>

Cell source and dosage

As seen in the studies summarized in Table 2, the cell sources
are very different, with significant properties varying from
tissue to tissue. Proliferation and expansion potential are
affected also by donor age.”” The effective cell dosage has to
be determined more. The optimal stem cell type for cellular
grafts is still uncertain.

Autologous or allogenic transplantation?

The choice between autologous or allogenic transplantation
remains a key factor.”® Autologous infusion requires preven-
tive storage of the own biomaterial, with the related issues
(ie, the cost for the cryo-storage). In addition, even if some
inherited genetic diseases are treated with stem cells (ie,
thalassemia major or severe combined immune deficiency
[SCID] diseases),” the possibility to treat the cases of ASDs
due to genetic defects (nonsyndromic autism)'® is still
debated. If some genetic modifications are present in the
ASD subject, these changes will be kept by all the stored and
biobanked cell types. Allogenic transplantation overcomes
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this latter problem. However, the availability of donors and
subsequent infectious disease tests are key points to be taken
into account.

Route of cell administration

Intrathecal route seems to be invasive. However, authors
who used this way of administration reported its safety and
efficient delivery of cells to brain, as transplanted cells could
reach critical central nervous system areas through cerebro-
spinal fluid, enhancing cell homing onto damaged centers.'”!

Ethics

Ethics in stem cell treatments, as well as in ASD management,
require special attention.!”? Cell therapy must be performed
under regulation and approval of regulatory institutions. In
the case of negative results from clinical trials, practice of
the cell therapy should be discontinued.

Another question is the validity of repeated cell treat-
ments. At this time, there is no published evidence of the
effectiveness of repeated cell transplantations in ASDs and
clinical trials should be performed. Dawson et al highlight
that the economic status could affect cell therapy availabil-
ity.”® Especially in the case of AUCB, some ethnic groups
may not be able to deal the cost of biobanking.

Conclusion

Preclinical evidences highlight potential benefit and impor-
tant advances for the use of cellular therapy in ASDs. As the
mechanisms by which transplantation of stem cells leads to
an enhanced functional recovery and structural reorganization
have to be better elucidated,®' in vivo studies must provide
definitive results on the mechanism of action of stem cells
that in some cases it is not possible to reproduce or study in
humans (ie, detailed analysis of secretome process). Initially,
the first theory on mechanism of action of stem cells was that
cell therapy could act by a “cell replacement” mechanism;
nowadays, large emerging evidences have shown that cell
therapy works by providing trophic or “chaperone” support to
the injured tissue and brain.!® It is noteworthy to consider that
the clinical trials on stem cell transplantation in ASD subjects
clearly indicate the safety of the procedures (safety is the first
outcome). These studies also report significant encouraging
positive effects in relief of ASD symptoms (a part of the
work of Chez et al,*?> as mentioned earlier, where the authors
claim only for a trend of amelioration) and advocate for the
use of cellular therapy in ASDs. However, to date, only five
clinical trials have been performed (Table 2) with several

differences among them (study design, subjects enrolled,
cellular types, route of administration, outcome measures),
which will require further examinations. Taken together the
limitation considerations and the promising ameliorative
effects of cellular therapies in ASD treatment, more complete
and exhaustive investigations and large trials will be needed
in order to claim definitive results.'™
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