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Abstract

Autism and autism spectrum disorders (ASDs) arerbgeneous, severe neurodevelopmental
disorders with core symptoms of dysfunctions iniaomteractions and communication skills,
restricted interests, repetitive - stereotypic aérland non-verbal behaviours. Biomolecular
evidence points to complex gene-environmental acteons in ASDs. Several biochemical
processes are associated with ASDs: oxidative sstfiegluding endoplasmic reticulum stress),
decreased methylation capacity, limited productainglutathione; mitochondrial dysfunction,
intestinal dysbiosis, increased toxic metal burdaed various immune abnormalities. The known
immunological disorders include: T-lymphocyte paigdns and function, gene expression changes
in monocytes, several autoimmune-related findinggh levels of N-acetylgalactosaminidase
(which precludes macrophage activation), and pynramune deficiencies. These immunological
observations may result in minicolumn structurarges in the brain, as well as, abnormal immune
mediation of synaptic functions. Equally, these inm@& dysregulations serve as the rationale for
immune-directed interventions such as hematoposien cells (HSCs), which are pivotal in
controlling chronic inflammation and in the restava of immunological balance. These properties
make them intriguing potential agents for ASD tneats.This prospective reviewvill focus on

the current state-of-the-art knowledge and chaélsnigtrinsic in the application of hematopoietic

stem cells for ASD-related immunological disorders.
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Autism spectrum disorders: overview

Autism and autism spectrum disorders (ASDs) aresrgewneterogeneous neuro-developmental
abnormalities characterized by dysfunctions in aoanteractions and communication skills,
restricted interests, repetitive and stereotyprba&keand non-verbal behaviours [1,2]. Autism redate
disorders are increasing at an alarming rate awve haw affected 2% (3.23% of boys) of US

school-aged children [3].

ASDs have multifactorial and polygenic featuresahhinclude: a complex combination of genetic,
epigenetic and environmental interactions (i.eedtibus agents, air pollution, organophosphates,
heavy metals) [4,5].An early inflammatory processhaen proposed as the potential aetiology of
ASDs [6]. This hypothesis is supported by animaldele and has been extensively reviewed by
Meyer, et.al. [7]. Within that review, the authoefer to the long-term consequences of prenatal
immune provocation in the rodent-model [8]. Speailly, experiments exposed pregnant mouse
dames to Polyl:C (a synthetic chemical resemblingl RNA) via tail vein infusion at either mid or
late gestation. Rapid induction of CNS cytokineiwaigt was noted in the pups which coincided
with reduction in reelin production. This effect svaoted to have lifelong consequences on both the
structure and immune status of the CNS in the rfalfewing in utero exposure to a viral analog.
Potentially related to these animal models are theent observations of elevated N-
acetylgalactosaminidase (Nagalase) levels in thedobf children with ASDs [9].This may reflect
ongoing viral latency, since Nagalase is obsereebet elevated in numerous viral-mediated acute
and chronic disease states. This latency may haee present frorm utero or the early postnatal

period.

Others have observed minicolumn abnormalities iDA$L0].As recently reviewed by Folsom and
Fatemi, reelin is integrally involved in ASD pathnysiology and is further a regulator of

minicolumn structure and function [11]. It theref@ppears likely that in many ASDs an eaity (
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utero or early postnatal period) immunological insulsrdpts reelin signaling and cytokine

communication in the CNS.

Still other biochemical and cellular processesraportedly associated with ASDs: oxidative stress,
endoplasmic reticulum stress, decreased methylatmacity, limited production of glutathione,
mitochondrial dysfunction, intestinal dysbiosis, cieased toxic metal burden, immune
dysregulation, immune activation of neuroglial sel[12]. These findings may represent
consequences of the primary etiological proces?egardless of the cause or effect nature of these
observed abnormalities, it is probably that thesseies interfere with proper CNS functioning in
ASDs, and as such they are reasonable targetsei@peutic interventions.

There is, however, a lack of consensus regardimg etiopathologies of ASDs [12]. Current
medication usage attempts to reduce the problentei@aviours, without addressing the basic
underlying etiologies [13, 14]. These medicatiofterlack evidence of safety and efficacy for the
core features of ASD, and instead target maladagighaviours and comorbid psychopathology
(i.e. irritability, depression, anxiety, hyperadiyvand obsessive-compulsive behaviours) [15].
Concerns over safety and limited availability opegved psychotropic medications for children in
general, has been encouraging the development ahdalical treatments to target specific
biological issues or symptoms. These include tleeaismelatonin, acetylcholinesterase inhibitors,
naltrexone, carnitine, tetrahydrobiopterin, vitam@, glutamate antagonists, special dietary
supplements, hyperbaric oxygen treatment, immunaation and anti-inflammatory treatments,
oxytocin, acupuncture, music therapy and visiorrape [16, 17, 18, 19]. Several behavioural

options are alsocurrently used as effective int&iea strategy for autism [20, 21].

In the midst of these various therapies, stemtbellapiesare emerging as the future of molecular

and regenerative medicine [22], and they are pmogichew opportunities for ASD interventions



[12,23]. Novel findings on the molecular and celhblasis of ASDs indicate that at least some

features of ASDs may be amenable to stem cell plydd].

Autism spectrum disorders: CNS inflammatory conditions

One difficult feature of the immune dysregulationrASDs appears to be abnormal regulation of the
blood brain barrier (BBB) [25]. The BBB functionseacomplex and incompletely understood,
however, it is clear that the BBB both produces aedulates cytokines, and serves as an
immunological interface between the CNS and thepperal immune system [26]. HSCs may
represent one of the few effective interventionsetstore proper regulation of the BBB in ASDs.
Stem cells have been recently proposed as electimdidate for modeling BBB [27]. A large
number of endogenous HSCs was found in brain [P8¢se HSCs provide constant generation of
macrophagic cells without the disturbance of BBBadwbphagic cells contribute to the normal
homeostasis of brain function by removing celldabris, such as myelin fragments.

Exogenous transplanted stem cells are able to teigrao CNS and retain the differentiation
capacity [29]. Clearly, the BBB allows the passafistem cells from the blood into the brain or
the spinal cord [30], where they can exert thelesolnterestingly, it has been demonstrated that
stem cells, in vitro differentiated in epithelialls, possess many BBB-related attributes, such as
well-organized tight junctions, expression of renti transporters and polarized efflux transporter
activity [31]. These properties are very usefurastoring BBB disruption. In this way, in ASDs,

transplanted stem cells could restore the BBB atearistics.

Accumulating evidence points to a chronic up-regoiaof inflammatory cytokines in the ASD

brain [32, 33]. Recently, a role of neuroinflammatiand apoptosis mechanisms in the aetiology of
autism has been proposed [34], as several biochémparameters related to inflammation were
found up-regulated in children with ASDs [34,35hr@nic peripheral and central alterations in the

inflammatory response have been reported in ASRsNéuroinflammatory evidence was further
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documented by remarkably elevated levels of cesgtanal fluid tumor necrosis factor-alpha (TNF-
a) in ASDs [36]. TNFe profoundly inhibits synaptic communication [37]oi@elations between
pro-inflammatory cytokine levels and autistic syomps have been reported [38]. Interestingly, the
cerebellum and temporal cortex of autistic childshow decreased glutathione (GSH/GSSG)
redox/antioxidant capacity and increased oxidastress associated to a chronic inflammatory
response [39]. Glutathione is a critical intracklfuanti-oxidant and children with ASDs have
documented deficiencies in the reduced form [4@wéred GSH levels indicate an adaptive
response to ongoing inflammation or infection. tdiéion, it has been proposed that hyperbaric
oxygen therapy may mediate the noted benefits iD#Ada an anti-inflammatory response, perhaps

through mobilization of anti-inflammatory CD34+ steells from the bone marrow [41].

Pro-inflammatory indications from blood studiesin ASDs

At a molecular level, the transcriptional factoclaar factorkB (NF-«B) DNA binding activity
was found elevated in peripheral blood sampleshflien with autism [42]. NkeBis an important
gene involved in the mediation of inflammation amgbptosis, indicating that pro-inflammatory
processes in autism could be up-regulated by trasstriptional factor. Increased MB-
expression levels were found also in post-mortempéas of orbito-frontal cortex from autistic
patients, further indicating a neuro-inflammatomndition [43]. Peripheral blood mononuclear
cells (PBMCs) demonstrate significant aberratiangutistic children [35]. In autism, these cells
are committed to a pro-inflammatory state, via sigantly more pro-inflammatory cytokines,
including TNFe and several interleukins, IL-13 and IL-6. The gatf pro-inflammatory/anti-
inflammatory cytokines, TN&TNFR-II (tumor necrosis factor receptor Il) wasalhigher in
autistic patients [44]. The pro-inflammatory cyto&i IL-6 was found increased also in the

cerebellum of autistic children [45].



Gastrointestinal Immune Alterationsin ASDs

In addition to the reported CNS immune issues iD&S3he intestinal tract (Gl) has been studied as
a source of chronic inflammation in this populatioRecently, extensive evaluation of Gl
transcriptomes of a group of children with ASDs @idsymptoms were compared to both health
tissue, as well as known cases of Crohn’s dis€abg¢ &nd ulcerative colitis (UC) [46]. Significant
inflammatory transcriptome overlap was observedveenh the ASD/GI group and both CD and
UC. However, the ASD/GI group demonstrated soméindtsons in the inflammatory pattern.
Various stem cell therapies have been propose€idand UC, which may have application to
ASD/Gl issues as well, but this is a complex isshiee group recently demonstrated dysregulation
of immune-hematopoiesis in colitis mediated by anfmatory cytokines, with increased
proliferating hematopoietic stem cells in the bonarrow and spleen. They further demonstrated
increased granulocyte-monocyte progenitor (GMP)dpction at the expense of erythroid and
lymphoid progenitors. GMPs were shown to exacerlhe colitis.The Autologous Stem Cell
Transplantation International Crohn's Disease (AJTtial recently published the first round of
data [47]. Bone marrow derived and expanded CD3dm <ells were infused intravenously with
some significant positive results (the Crohn's BsgeActivity Index (CDAI) fell from 324 (median,

interquartile range 229-411) to 161 (85-257, n ¥ 17

Hematopoietic stem cells and the inflammatory state in autism

Hematopoietic stem cells (HSCs) take a pivotal ialeontrolling chronic inflammation and in
creating immune regulation, and are the cells nesipte for forming blood and immune cells. They
were found in circulating blood, the spleen, andéomarrow and are characterized by specific cell
markers belonging to the cluster of differentiatfamily (CD34, CD59, CD90 and CD117). HSCs
show self-renewal, mobilization and multipotentfeliéntiation capacities, as they are able to give
rise to the myeloid (including monocytes and mabeges) and lymphoid cells, replenishing all

blood cell types and providing homeostasis of bloellls [48]. HSCs are also able to home to the



damaged sites [49]. Hematopoietic stem cell traamgption has gained much consideration as

therapy for hematological malignancies and fortteatment of severe autoimmune diseases [50].

Interestingly, it has been demonstrated that H3€staictly connected with inflammation. Several
inflammatory signaling molecules are essentialh® HSC response [51,52], indicating that the
local microenvironment plays an instructive rolestem cell fate [53]. While in normal condition
HSCs travel through peripheral blood at low numbieey are strongly mobilized by inflammation
[54]. The activation of inflammatory cytokine sidimg pathways promotes transcriptional changes
to drive immune and plasticity responses in HSCE].[3ndeed, in inflammation processes,
increased levels of cytokines and hematopoieticwtiro factors trigger mobilization and
proliferation of HSCs, driving a quantitativa vivo expansion of the hematopoietic tissue [55].

HSCs have demonstrated powerful effects also oteacflammation.

The ability of HSCs to traffic to sites of inflamitman outside of the bone marrow [56] suggests that

they could be a useful tool in treating inflammatprocesses related to autism pathology.

Pro-inflammatory molecules released in ASDs cowdable to recruit HSCs to the sites of major
inflammation processes, where these cells could #xair beneficial actions against inflammation.
What are the exact molecular mechanism of actiersall to be fully elucidated. However, HSCs
show paracrine ability [57]. As other stem cell tsples, HSCs are able to synthesize and release a
broad variety of cytokines, chemokines and groweittdrs. These bioactive factors secreted from
stem cells suppress the altered immune responsbiti apoptosis and stimulate recruitment,
retention, mitosis, and differentiation of tiss@siding stem cells [58]. Indeed, it has been
demonstrated that hematopoietic CD34(+) stem calls able to down-regulate the pro-
inflammatory TNFe, IFN-y, and IL-1, as well as to up-regulate the antianfinatory cytokine IL-

10 [59].



Challengesin the application of HSCsto ASDs

Although HSCs are attractive candidates for the¢oraion of ASD-related immune-mediated
pathologies, several concerns must be addressadetjuately understand their proper application.
As mentioned previously, the BBB may not be propenlanaging its immunological regulatory
functions, and as such it may allow abnormal tc&ffig of stem cells into the CNS with resultant

unintended consequences. Equally, HSCs may offeralide reparative functions to the BBB.

The reported structural and functional abnormalitd ASD minicolumns present a daunting
challenge to HSCs therapeutics. However, prograegsamimal models should allow for adequate
testing of the amenability of minicolumnopathiest8C interventions.

In a recent review of the bidirectional nature d&éns cells to both repair and extinguish
inflammatory processes, or in contradistinction, d¢ontribute to the maintenance of the
inflammatory state, the authors point out the ingnoce of proper cytokine signaling as
deterministic of the end-effect of stem cell resgEs [60]. Others have expressed equal concern

over stem cell enhancement of inflammatory condgif61, 62].

Thus, one feature of any effective HSC therapeagiplication must be consideration for proper
cytokine signaling. In particular, anti-inflammagomedications and potentially even the anti-
inflammatory effects of biological therapies, ecgrcumin or luteolin, may interfere with stem cell
targeting and allow them to exacerbate the existifigmmatory state. Again, the hope is that

animal modeling will assist in directing therapeupplication.

In a similar way, the inflammatory bowel diseassoatated with autism, may respond in a
comparably favorable way to HSCs as reported inrAREIC trial. But once again caution must be

inserted as upregulation of GMPs were noted inaimesm population studied by Walker, et.al.



[46]. A reasonable concern would be the methode®dgo prevent recruitment of HSCs to this

inflammatory GMP population.

Further complicating our application of HSCs toD5sS relates to the unresolved, underlying cause
for the chronic inflammation. It is reasonable tonsider a chronic infectious agent(s) as the
maintainer of the immune dysregulations observedtemially, the events leading to the

inflammation may merely represent the long-termseguences of an ill-timed exposure during
gestation or early postnatal life. The latter, vedbubpresent a more desirable scenario for HSC
therapeutics, while the former presents substamdielllenges. This also raises the issue of
autologous or allogeneic source material for theCBlSWhile using autologous HSCs preclude
concerns over graft-versus-host reactions, thesm stells may be programmed by the latent
infection is undesirable ways. The severe riskraftgversus-host disease (GVHD), the toxicity of

ablative conditioning, and the need for close dercipient matching would need to be addressed
if allogeneic sources of HSCs were used [63]. Hawewhese serious and life-threatening

challenges make allogeneic HSCs undesirable in ASDs

Summary

While HSCs are populations of multipotent stem sceéllat have been identified as promising
potential candidates for treating a broad rangeconditions; their basic biology remains
inadequately characterized to answer all of thestjoies raised by their use. Despite these concerns,
HSCs, based on an internet review of the stem greNiders offering services to patients, are
already in use for ASDs. As such, a better undedstg of the HSC molecular mechanisms, as
well asexperimental or clinical datas urgently needed to provide more data to develaper

strategies to improve the use of these cells irafheinASD in a large scalpt9].
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Legend

Figure 1. Possible mechanisms of action of hemattipcstem cells (HSCs) in autism spectrum
disorder (ASD) therapy. Pro-inflammatory moleculelased in ASDs could recruit HSCs to the
site of inflammation. HSCs synthesize and releasbraad variety of biofactors, including
cytokines, chemokines and growth factors. Thesadbive molecules secreted from stem cells are
able to suppress aberrant immune responses andlatmecruitment, retention and activation of
tissue-residing stem cells. In addition, HSCs de & down-regulate the pro-inflammatory TNF-
a, IFN-y, and IL-1, that are responsible for neuroinflamomaprocesses in ASDs, as well as to up-

regulate the anti-inflammatory cytokine IL-10.
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