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Autism spectrum disorder (ASD) represents a set of heterogeneous neurodevelopmental conditions defined by impaired social interactions and repetitive behaviors. The number of reported cases has increased over the past decades, and ASD is now a major public health burden. So far, only treatments to alleviate symptoms are available, with still unmet need for an effective disease treatment to reduce ASD core symptoms. Genetic predisposition alone can only explain a small fraction of the ASD cases. It has been reported that environmental factors interacting with specific inter-individual genetic background may induce immune dysfunctions and contribute to the incidence of ASD. Such dysfunctions can be observed at the central level, with increased microglial cells and activation in ASD brains or in the peripheral blood, as reflected by high circulating levels of pro-inflammatory cytokines, abnormal activation of T-cell subsets, presence of auto-antibodies and of dysregulated microbiota profiles. Altogether, the dysfunction of immune processes may result from immunogenetically-determined inefficient immune responses against a given challenge followed by chronic inflammation and autoimmunity. In this context, immunomodulatory therapies might offer a valid therapeutic option. Mesenchymal stromal cells (MSC) immunoregulatory and immunosuppressive properties constitute a strong rationale for their use to improve ASD clinical symptoms. In vitro studies and pre-clinical models have shown that MSC can induce synapse formation and enhance synaptic function with consequent improvement of ASD-like symptoms in mice. In addition, two preliminary human trials based on the infusion of cord blood-derived MSC showed the safety and tolerability of the procedure in children with ASD and reported promising clinical improvement of core symptoms. We review herein the immune dysfunctions associated with ASD provided, the rationale for using MSC to treat patients with ASD and summarize the current available studies addressing this subject.
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1 INTRODUCTION
Autism spectrum disorder (ASD) is a set of heterogeneous neurodevelopmental conditions with onset of symptoms within the first 3 years of life. It is characterized by repetitive behaviors, restricted range of activities, and impairments in social communication (King et al., 2014). As per the DSM-5 (Diagnostic and Statistical Manual of Mental Disorders) definition, ASD combines the formerly separated disorders of autism, Asperger’s syndrome, pervasive developmental disorders not otherwise specified, and childhood disintegrative disorder (American Psychiatric Association, 2013).
The number of ASD reported cases has increased over the past decades. The World Health Organization estimates that 1 in 270 people has ASD, with a prevalence 4 times higher in men compared to women (World Health Organization, 2021). The ASD incidence in Europe is, approximately, 1% with a total of 3 million patients at the present time. In the United States, a 30% increase of the pediatric prevalence of ASD was observed from 2012 to 2014 alone (Corcoran et al., 2015). It is, currently, estimated that ASD affects over 2 million individuals with approximately 1 in 68 American children identified as having ASD (World Health Organization, 2021).
In the most severe form, ASD is considered a chronic, disabling disorder that compromises the full potential of the affected individual. In the United States, the lifetime cost of supporting an individual with ASD is estimated between $1.4 and $2.4 million, depending on the degree and severity of involvement (Buescher et al., 2014). Beyond the financial aspect, ASD remains a condition that severely debilitates social integration and creates a major emotional burden for the patients’ families.
There is no currently accessible effective medical treatment to address ASD core symptoms such as communication impairment, social inadaptability or lack of empathy (Thompson Foundation for Autism, 2012). Therapeutic options include non-specific medications, as well as behavioral, occupational and speech therapies, and specialized educational and vocational support. Currently available treatments, such as psychotropic medications, are prescribed to improve irritability, seizures, mood disorders or hyperactive syndrome, but they are not disease-modifying compounds per se (Lai et al., 2014).
Although the exact etiology of ASD is unknown, recent studies have indicated that genetic and environmental factors contribute to the disease development (Chaste and Leboyer, 2012; Bennabi et al., 2015; Meltzer and Van de Water, 2017; Bennabi et al., 2018; Brown et al., 2018). In recent years, through genetic analysis and sequencing, de novo mutations, several genes copy number variants (CNV) and single-nucleotide polymorphisms (SNP) have been identified and were shown to increase the risk for ASD. Many of the affected genes, such as those encoding neuroligin-3, neurexin-1,2,3 (Vaags et al., 2012) multiple ankyrin repeat domains 3 (SHANK3) (Guilmatre et al., 2014) and contactin-associated protein-2 (CNTNAP2) (Scott-Van Zeeland et al., 2010) are known to regulate the synaptic function. Moreover, several ASD associated CNVs are enriched in genes required for normal synaptic transmission (Abrahams and Geschwind, 2010). A specific genetic cause for ASD can be identified in less than 20% of cases; in the remaining individuals, ASD development is likely attributed to complex interactions between multiple genetic and environmental factors. Among the environmental factors associated with an increased risk of ASD are prematurity, birth complications, maternal teratogen exposure, environmental toxins, and advanced parental age (Rylaarsdam and Guemez-Gamboa, 2019). In addition, inflammation and immune dysfunctions have been amply demonstrated to be implicated in ASD (Chaste and Leboyer, 2012; Bennabi et al., 2015; Meltzer and Van de Water, 2017; Bennabi et al., 2018; Brown et al., 2018).
In this context, immunoregulatory treatment approaches for ASD patients are appealing. Several studies have emphasized and demonstrated that the immunoregulatory and immunosuppressive properties of the mesenchymal stromal cells (MSCs) constitute an experimental rationale for the use of these cells to treat immune-mediated diseases. While their immunoregulatory properties have been primarily focused on their ability to inhibit the proliferation of T-lymphocytes, studies have shown that MSCs affect the function and the differentiation of several other types of immunocompetent cells (Di Nicola et al., 2002; Jiang et al., 2005; Corcione et al., 2006; Sotiropoulou et al., 2006).
This review aims to describe ASD, present an overview of the immune disfunctions that may be associated with the disorder, provide a rational on the use of MSC for the treatment of affected patients, as well as to briefly present and discuss pertinent research done in this context.
2 MAIN TEXT
2.1 Immune Dysregulation in ASD
It can be hypothesized that the development of subgroups of patients with ASD may follow a sequence of successive events, which include: 1) multiple stressful events during the critical neuro-developmental process, such as early infections or maternal autoantibodies interactions with specific immunogenetic background, 2) generation of immune dysfunction leading to further pro-inflammatory processes, gut- and blood-brain barriers alterations and autoimmune processes and 3) consequent brain alterations in otherwise genetically determined individuals.
2.1.1 Susceptibility to Infections
Epidemiology has repeatedly shown an increased rate of ASD in children born from mothers who had an infection during pregnancy. These associations have been consistent across countries and time periods, and has been reported as early as the 1970s after the rubella pandemic in the United States (Chess, 1971) and throughout the decades in Denmark, Sweden and other countries (Atladóttir et al., 2010a). For instance, maternal viral infection requiring hospitalization during the first trimester or bacterial infections during the second trimester have been associated with a diagnosis of ASD in a large Danish cohort of 1,418,152 children of whom 7,379 had a diagnosis of ASD (Atladóttir et al., 2010b). Infections with intracellular pathogens were more frequently observed in patients with ASD; for example, Nicolson and al, reported a prevalence of 8.3% of infections with Chlamydia species in ASD subjects as compared to only 2.1% in healthy controls (Nicolson et al., 2007). A putative mechanism for a link with the neuronal activity was proposed by Vojdani who found an increased level of cross-reactive antibodies to Chlamydia determinants in patients with ASD (Vojdani et al., 2002). Infections with other intracellular pathogens such as Mycoplasma fermentans, Mycoplasma species (poly-infection), Borrelia burgdorferi (mono-infection or in combination with Rickettsia or Mycoplasma) have also been reported to be associated with ASD (Bransfield et al., 2008). The potential association of congenital rubella, herpes, cytomegalovirus, varicella, mumps, polyomavirus and enterovirus with ASD have also been cited in other reports (Stubbs, 1976; Stubbs, 1978; Libbey et al., 2005; Lintas et al., 2010). The occurrence of these infectious events might be mediated by genetic backgrounds that predisposes an individual to inappropriate response to environmental stressors.
Some genes associated with autism may reduce the capacity to respond to bacterial toxins, while other genetic factors may cause inappropriate/overwhelmed immune responses (Heuer et al., 2011; Onore et al., 2012). Associations with genes implicated in the immune response against pathogens, namely immunogenetics, may thus be related to the risk of developing ASD. For instance, a gene-gene expression analysis of brain samples of patients with ASD has identified two distinct gene expression modules associated with autism that might act in concert to disrupt normal brain development (Voineagu et al., 2011). Such observations indicate that the brain of patients with autism show altered expression of genes relating to normal synapses development and increased expression of genes that mediate inflammation. The genetic diversity of Dectin-1, which encodes a key molecule involved in fungal-mediated signaling in the gastro-intestinal tract, has been associated with ASD, suggesting a genetically determined inability to mount efficient innate immune responses against danger signals (Bennabi et al., 2015); similarly the MHC cluster through HLA alleles/haplotypes or complement C4 alleles either in patients (Odell et al., 2005; Lee et al., 2006; Johnson et al., 2009) or in their mothers (Heuer et al., 2011) has been reported to modify ASD risk.
2.1.2 Pro-Inflammatory Processes
As a consequence of the above-mentioned triggering events along with inability to mount efficient anti-infectious responses, marked immune response in the brain and microglial cell activation is one of the most prominent ASD characteristics (Vargas et al., 2005; Li et al., 2009). In children diagnosed with ASD, brain tissue demonstrates excessive white matter growth regions along with inflammation (Vargas et al., 2005). In the peripheral blood, elevated circulating levels of pro-inflammatory cytokines such as interleukin (IL) IL-1beta, IL-6, IL-8, IL-12p40 (Jüttler et al., 2002; Ashwood et al., 2011) together with diminished anti-inflammatory cytokines (TGF-beta, IL10) (Enstrom et al., 2010; Ashwood et al., 2011) have been reported. The underlying mechanisms linking immune dysregulation and neuronal dysfunction are not clear, but there is evidence indicating that certain cytokines can impair neurodevelopment. IL-6, for example, has been described as a possible neuromodulator induced by neuronal activity regulating brain function, neurodevelopment (Jüttler et al., 2002). Elevated levels of IL-6 in the brain decrease the number of primary dendrites and have a negative impact in neuron survival and neuronal plasticity and, therby, potentially impacting behavior (Wei et al., 2013). Of interess, increased expression of IL-6 gene transcripts and IL-1 pathways, as well as increased circulating levels of IL-6 and IL-1 beta (Vargas et al., 2005; Li et al., 2009) have been noted in post mortem brains of patients with ASD.
2.1.3 Immune Cells Abnormalities
Circulating monocytes from children with ASD display enhanced production of pro-inflammatory cytokines upon Toll-like receptor (TLR)-2 and TLR-4 dependent stimulation, while TLR-9 stimulation resulted in decreased cytokines production (Enstrom et al., 2010). Plasma levels of macrophage inhibitor factor (MIF), a pro-inflammatory immune regulator of both neural and endocrine systems, have been shown to be higher in ASD patients compared to healthy controls (Grigorenko et al., 2008). Further, several abnormal adaptive cellular responses have been reported such as altered T-cell activation (Ashwood et al., 2004), increased of basal levels of NK cells with diminished potential of response to stimulation (Enstrom et al., 2009), reduced number of CD4+ T cells, decreased of peripheral blood lymphocytes (Ashwood et al., 2003), inefficient response of T cell to mitogens (Molloy et al., 2006), and B cell dysfunction as evidenced by imbalance of serum immunoglobulin (Ig) levels (Enstrom et al., 2009). Bias towards T-helper2 (Th2) phenotype and reduced response of Th1 cells have also been documented (Noriega and Savelkoul, 2014). Plioplys et al. (1994) and Warren et al. (1992) demonstrated that a substantial number of subjects with autism have an increased number of HLA DR + activated T cells. Ashwood et al. (2004) found a higher number of B cells and NK cells in children with autism compared to controls as well as increased markers of cellular activation such as CD38 on B Cells, HLA-DR and CD26 on T cells subsets. Altogether, ASD patients display an increased activation of the innate and adaptive immune response.
2.1.4 Autoimmune Processes
The association between auto-immunity and autism was first described in 1971 with the report of a child with autism and a family history of autoimmune diseases (Money et al., 1971) and further extended when families of children with autism were shown to have higher prevalence of autoimmune disorders (Comi et al., 1999; Atladóttir et al., 2010a). Croen et al. (2005), found that mothers who had developed autoimmune diseases during the second trimester of pregnancy carried a high risk of having a child with autism. It was reported that mothers of autistic patients had increased rates of rheumatoid arthritis (Atladóttir et al., 2010a). The presence of anti-fetal brain antibodies in the serum of mothers supports the hypothesis of an association between the maternal immune system and the diagnosis of ASD (Braunschweig et al., 2007; Braunschweig and Van de Water, 2012; Fox et al., 2012). In a different study, serum from a mother of an autistic child was found to bind to Purkinje cells and other neurons, and behavioral changes were induced in mice injected with these antibodies (Dalton et al., 2003). Though not yet tested in animal models, it is hypothesized that autoreactive antibodies in the maternal bloodstream can cross the placenta, enter the fetal circulation, and access the brain via a premature blood-brain barrier. The production of such auto-antibodies might be linked to a deregulated anti-infectious response, where molecular mimicry of antigenic components of the pathogen leads to cross-reactivity of antibodies. Another possibility is that unresolved infectious processes with repeated antigen stimulation may lead to chronic inflammation and autoimmunity with rupture of tolerance. Finally, we cannot exclude deregulated tolerogenic processes, which are mandatory for tolerance by the maternal immune system of the semi-allogeneic foetus at the fetal-placental interface (Ferreira et al., 2017). In this context, several studies have reported associations between molecular and genetic aspects of the potent immuno-regulatory HLA-G locus and ASD risk (Guerini et al., 2015; Guerini et al., 2018a; Guerini et al., 2018b; Guerini et al., 2019).
Various other auto-antibodies have been found in patients with autism: antibodies directed against 5HT receptors, myelin basic protein, neuron axon filament protein, cerebellar neurofilaments, nerve growth factor, alpha 2 adrenergic binding sites, and brain endothelial cell proteins (Ashwood et al., 2006). However, the pathogenic roles of such auto-antibodies are still unknown, and it is unclear whether they are a consequence or a cause of the disorder.
In summary, dysfunctions affecting the vast majority of immune processes are present from the early developmental stages through childhood and adulthood in subgroups of patients with ASD. Potential pathophysiologic mechanisms include alterations in maternal-fetal immune tolerance (via maternal antibodies and/or cellular immunity) and fetal brain inflammation, which may lead to changes in brain cytokines profile and microglial activation that may be detrimental for neurodevelopment. Evidence of increased numbers of microglia and increased microglial activation in ASD has been obtained via brain post-mortem studies, positron emission tomography (PET) brain imaging and animal models yielding offspring with ASD phenotypes by inducing immune activation in the pregnant women (Harvey and Boksa, 2012; Malkova et al., 2012).
The above-described immune dysfunctions, for example, genetically-determined non-resolved infectious events, even if resulting from a triggering event/process in the very early developmental stages, are still observed in adults with core ASD symptoms and reflected by elevated pro-inflammatory cytokines levels, highly activated T cells with consequent production of endogenous autoantibodies (Gesundheit et al., 2013; Gesundheit and Rosenzweig, 2017; Meltzer and Van de Water, 2017), suggesting a potential role of immune alterations and the associated chronic inflammation in the development or manifestation of ASD symptoms.
2.2 Microbiota Alteration and Intestinal Permeability
An increasing body of literature has reported that patients with ASD often have a combination of intestinal microbes that is distinct from healthy controls (Cao et al., 2013; De Angelis et al., 2013), and gastrointestinal symptoms are widely reported in patietents with ASD (Luna et al., 2017). Differences have been reported for the population of phyla Bacteroidetes, Firmicutes and genum Clostridiales among others (Finegold et al., 2010; Williams et al., 2011; Luna et al., 2017; Coretti et al., 2018). Convergent with these findings, one study found that Vancomycin, a powerful antibiotic targeting gram positive germs such as Clostridium, improved the symptoms in 8 out of 10 children with ASD and diarrhea (Sandler et al., 2000), but, a relapse of the symptoms relapsed shortly after antibiotic discontinuation.
Also, increased intestinal permeability (“leaky gut”) in patients with ASD, potentially related to abnormal microbiome, were observed in a study showing that 43% of children with ASD compared to 0% of the controls presented an abnormal mannitol:lactulose test (D'Eufemia et al., 19921996). Disrupted gut–blood–brain barriers may allow bacteria metabolites and other substances to get into the bloodstream and, subsequently, alter the brain (Al-Ayadhi et al., 2021).
The modified microbiota and the metabolites produced by the adapted intestinal microorganisms are likely to play an import role in the pathophysiology of ASD, particularly by having an effect in the production of neurotransmitters and interacting with the host nervous system, but also by impacting host immunity and inflammation (Xu et al., 2019).
All together, sustained abnormal microbiota and abnormal immune-inflammatory processes, increased oxydative stress induced by microbial, inflammatory and metabolic pathways could also explain the link between alterations in mitochondrial function and autism (Lombard, 1998; Pons et al., 2004).
In the context of ASD the potential role of cell therapy would be in attempting to address the immune dysfunction and inflammation that might develop in consequence of an altered microbiota.
2.3 Synaptic Dysfunction and Neuro-Structural Changes in ASD
Synapses are points of communication between neurons that the organized passage of information via electrical and chemical signaling. While there is a period of intensified synaptogenesis early in development, synapses retain plasticity throughout life, allowing the processes for learning and memory. Normal synaptic development and maintenance are essential to proper neuronal function, and abnormalities in either process have been associated with multiple neurodevelopmental conditions, including ASD. Additionally, human and animal studies have demonstrated a reduction in the size, number, and morphology of dendritic spines and an increase in immature spine morphology in ASD (Phillips and Pozzo-Miller, 2015). It is also likely that environmental factors influence synaptic changes. These alterations may lead to altered neuronal connectivity, such as large-range under-connectivity and short-range over-connectivity (Geschwind and Levitt, 2007; Maximo et al., 2014).
Individuals with ASD show structural and histological changes such as increased brain size, decreased number of Purkinje cells in the cerebellum and increased packing density with small body neurons in the hippocampus, the amygdala and the entorhinal cortex (Fatemi et al., 2012). These changes could indicate abnormal developmental processes involving neurogenesis, pruning and apoptosis. Connolly et al. (2006), unveiled the possibility that affected neurogenesis could be linked to immune processes in children with ASD by showing that abnormal neurogenesis could be mediated by increased levels of brain-derived neurotrophic factor (BDNF) and IgM/IgG anti-BDNF antibodies in sera of children with ASD when compared to neurotypical controls, even if the exact mechanism remains to be elucidated. Similar findings involving neurotrophic factors, such as nerve growth factor (NGF), were observed in a preliminary study in a Turkish population (Dinçel et al., 2013). Changes in the apoptotic process also seem important in ASD. Fatemi et al. (2001) describe decreased levels of anti-apoptotic Bcl-2 protein in ASD. A different study showed decreased anti-apoptotic signaling Bcl2 pathway paralleled by an increased expression of the pro-apoptotic p53 in the cerebellum of nine autistic patients (Sheikh et al., 2010). There is scarce neuroimaging study support to correlate the mitochondrial dysfunctions at the cerebral levels which, consequently, could explain changes in oxydative stress and energy production abnormalities. Yet, an older study using neuroimaging methods found that N-acetyl aspartate is decreased in the cerebellum of autistic children probably due to impaired mitochondrial functions (Chugani et al., 1999).
2.4 Mesenchymal Stromal Cells
MSCs, first identified by Friedenstein 45 years ago (Friedenstein et al., 1976), have since been extensively characterized. They can be isolated from the bone marrow, adipose tissue, umbilical cord blood, the placenta (Caplan and Dennis, 2006; Kern et al., 2006) and various other sources and can be relatively easily isolated and cultured in vitro. MSCs were defined in 2006 by the International Society of Cellular Therapy (ISCT) MSC committee as: 1) a plastic-adherent polyclonal population with fibroblast-like morphology, 2) positive for CD73, CD90 and CD105 markers (in >95% MSC), 3) negative for hematopoietic and endothelial markers, and 4) able to differentiate in vitro into osteoblasts, adipocytes, and chondroblasts (Dominici et al., 2006). MSCs primary mechanism of action is thought to result from immunomodulatory effects (Le Blanc and Davies, 2015; de Castro et al., 2019), mostly through their paracrine activities induced by inflammatory stimuli in the local milieu (Spees et al., 2016) (MSC priming), but also by cell-cell contact. MSCs interact with the innate and adaptative immune system on both the humoral and cell-mediated immune responses, including B-, T-, NK, dendritic-cell inhibition, decrease in pro-inflammatory cytokine production, and blocking neutrophil recruitment (Chamberlain et al., 2007; Gomez-Salazar et al., 2020).
Despite their ability to modulate the immune response, MSCs have long been considered as immuno-priviledged, promoting their use in the allogeneic setting across HLA barrier, due to their low level expression of MHC class I molecules on their cell surfaces and the lack of MHC class II expression and several co-stimulatory molecules at basal state. However, MSC exposure to inflammatory environnement increases the expression of MHC class I and induce MHC class II molecules, and the use of unmatched allogeneic MSC infusion may induce anti-HLA class I antibodies. Therefore, it is more appropriate to consider MSCs as “immune evasive” cells (Ankrum et al., 2014).
2.4.1 Safety of MSCs
MSCs collected from the bone marrow (BM-MSC), umbilical cord (UC-MSC) and adipose tissue (AT-MSC) have been studied in multiple clinical trials worldwide involving thousands of individuals and a wide variety of human conditions. Their safety has been repeatedly demonstrated, and was summarized in a 2020 systematic review and meta-analysis of 55 clinical trials in 12 countries using MSCs in 2,700 recipients with various diseases. Based on randomized controlled trials, there was no association between MSC treatment and acute infusion-related toxicity, infection, thrombotic/embolic events, death, or malignancy (Thompson et al., 2020).
2.5 MSCs Immuno-Modulatory Properties: In Vitro Data
2.5.1 MSCs and T Cells
MSCs obtained from healthy BM donors were initially shown to suppress in vitro T cells proliferation in a mixed lymphocyte reaction (MLR) (97). The inhibition has no immunological restriction as it was observed regardless of the MSCs origin: autologous or from a third party (Bartholomew et al., 2002; Tse et al., 2003). MSCs inhibit the proliferation of both naïve and memory CD4+ and CD8+ T cells through arrest in the G0/G1 phase of the cell cycle, and abrogate T cell activation (Glennie et al., 2005). In an inflammatory setting, MSCs appear to increase the number and activity of Treg cells and IL-10 expression, while suppressing Th1, Th2, and Th17 cells. MSC can also reduce the release of pro-inflammatory cytokines from different T cell populations, including interferon IFN-γ, TNF, IL-6, and IL-7, and increase the anti-inflammatory cytokines, such as IL-4 and IL- 10 (Aggarwal and Pittenger, 2005; Prevosto et al., 2007).
Typically, the mechanism of action of MSCs first involves the release of chemokines, allowing the attraction of activated T cells (Ren et al., 2008) that in turn prime MSCs towards an immunosuppressive phenotype, which then secrete several growth factors, cytokines, enzymes and hormones (e.g., VEGF, PDGF, ANG-1, IL-11, PGE2, TSG-6, SDF-1, HGF, IGF-1, and IDO) (Krampera et al., 2006; Polchert et al., 2008; Ren et al., 2008; Spees et al., 2016). MSCs secretion of the IFN-γ-inducible-indoleamine 2,3-dioxygenase (IDO) enzyme in human play a major role in inhibiting T lymphocytes proliferation via the degradation of tryptophan in metabolites (Ren et al., 2008; Menard et al., 2013). Other MSCs-secreted-soluble factors have also been proposed to contribute to the inhibition of T cell proliferation, including galectin-1 and 3, or IL-10 (Gieseke et al., 2007; Yang et al., 2009; Patel et al., 2010; Sioud et al., 2011). The capacity of MSCs to induce Treg is mediated by TGF-β and soluble HLA-G5, with IL-10, IL1Rα, and PGE2 release, which in turn interact with the Th17/Treg balance (Selmani et al., 2008; Terraza-Aguirre et al., 2020). MSCs also act through the release of MSC-derived exosomes, which content have immunosuppressive and immunomodulatory activity, and can favor Treg expansion (Zhang et al., 2018).
Direct cell to cell contact mechanisms are also part of the MSC immune effect on T cells, in particular throughout CD106/VCAM-1 and CD54/ICAM-1, that are both upregulated on MSC by TNFα, which play a critical role in MSC immunosuppressive capacities by favoring adhesion of MSC to T cells (Ren et al., 19502010). MSCs were also shown to directly promote apoptosis of activated T cells via the Fas/Fas ligand pathway (Akiyama et al., 2012) and to suppress T cell proliferation via engagement of the inhibitory molecule programmed death 1 (PD-1) by its ligands PD-L1 and PD-L2 (Augello et al., 2005).
2.5.2 MSCs and B Cells
The interaction between MSCs and B cells is complex and depends on the culture environments and the type of cells (Ribeiro et al., 2013; Fan et al., 2016). MSCs were shown to inhibit B-cell proliferation, differenciation, antibody production, and chemotaxis under inflammatory conditions (Ribeiro et al., 2013; Fan et al., 2016). This inhibition involves MSC secretion of IFN-γ inducible IDO (Maby-El Hajjami et al., 2009) and appears to be indirect, since it requires the presence of CD4+ and CD8+ T cells (Rosado et al., 2015). Importantly, non-inflammatory resting MSCs do not inhibit B-cell proliferation but induce B-reg expansion.
2.5.3 MSCs and NK Cells
MSCs and NK cells have been shown to interact in vitro and the outcome of this interaction may depend on the state of NK-cell activation and/or on the cytokines present in the milieu. MSCs are capable of inhibiting IL-2-induced proliferation of resting NK cells and partially inhibit the proliferation of activated NK cells and thereby the NK mediated cytotoxicity (Spaggiari et al., 2008). The effect of MSCs on NK cells depends both on cell contacts and on soluble factors synthesis. The secretion of PGE2 and HLA-G5 by MSCs are involved in the suppression of NK function (Spaggiari et al., 2008). Treatment of MSC with IFN-γ leads to the upregulation of MHC class I expression and the downregulation of NK cell receptor ULBP3 expression (Götherström et al., 2011), and thereby MSCs become more resistant to NK cell cytotoxicity (Krampera et al., 2006; Spaggiari et al., 2008; Götherström et al., 2011).
2.5.4 MSCs and Myeloid Cells
MSCs immunomodulatory effect can also be explained by their ability to interfere with the differentiation, the maturation and the function of dendritic cells (DC) (Jiang et al., 2005; Ramasamy et al., 2007). Indeed, MSCs can inhibit antigen presentation by DC via negative regulation of the CD11c, CD83 and MHC Class II DC-cell surface molecules expression (Beyth et al., 2005). MSCs can halt the monocyte differentiation into DC, through secretion of PGE2 and IL-6 soluble factors (Nauta et al., 2006; Remes Lenicov et al., 2018).
MSCs also interact with macrophages with reciprocal immunosuppressive effects on both cell types. Direct cell contact between MSCs and pro-inflammatory M1-macrophages increases the MSCs immunosuppressive capacities by: 1) upregulating and enchiching CD54/ICAM-1 at the contact area on MSCs, which in turn favor the adhesion to T cells, and 2) increasing IDO expression (Espagnolle et al., 2017). MSCs effect on macrophages are mostly paracrine. IDO and PGE2 are involved in the polarization of monocytes into IL-10 secreting anti inflammatory M2 macrophages (Németh et al., 2009; Maggini et al., 2010; François et al., 2012).
Other immunosuppressive activities of MSC on myeloid cells are driven by soluble factors. These include CCL2 and CXCL12, which cooperate as a heterodimer to upregulate IL-10 in CCR2pos macrophages (Giri et al., 2020) and tumor necrosis factor-stimulated gene 6 (TSG-6), which promotes the early inhibition of neutrophil and macrophage activity at sites of inflammation and inhibits CXCL8-dependent neutrophil transendothelial migration and chemotaxis (Dyer et al., 19502014; Lee et al., 2009; Choi et al., 2011).
2.6 Relevant MSCs Pre-clinical and Clinical Trials
2.6.1 MSCs in Neurologic Conditions
Numerous preclinical studies using MSCs infusion for diseases of the central nervous system suggest that MSCs can act through release of different neurotrophic, anti-inflammatory, and anti-apoptotic factors to promote recovery of the injured area and prevent further damage. Most studies were performed on adults with stroke, with a few additional reports on patients with neurodegenerative conditions or multiple sclerosis.
Several small studies using systemically administered autologous bone marrow-derived MSCs have been conducted in adults with acute or chronic stroke, with no significant side effects (Dulamea, 2015). A phase II study of an allogeneic MSC product (MultiStem) was recently conducted in 126 adults with stroke (65 treated, 61 placebo) (Mays and Deans, 2016). MSC therapy was well-tolerated. While there was no difference between placebo and treated patients in measures of stroke recovery, the treatment group had a lower rate of mortality and infections, associated with down regulation of inflammatory biomarkers including IL-6. In addition, patients who received MSCs earlier (24–36 h post-stroke vs. 36–48 h post-stroke) demonstrated more favorable recovery than patients who received later treatment or placebo.
A few clinical trials of autologous MSC therapy have been conducted in patients with multiple sclerosis. In a study including 25 patients with progressive multiple sclerosis treated with a single intrathecal autologous bone marrow-derived MSCs, the disease stabilized in half of the patients over a one-year period (Mohyeddin Bonab et al., 2012). Side effects, all transient and self-limited, included low-grade fever, nausea/vomiting, lower limb weakness, and headache, and were likely related to the intrathecal route of administration of MSCs. Another study that treated 10 patients, with progressive visual deficits due to multiple sclerosis, with a single intravenous dose of autologous bone marrow-derived MSC demonstrated improvements in visual acuity, visual evoked response latency, and optic nerve area (Karussis et al., 2010; Yamout et al., 2010).
A clinical trial has been conducted in seven patients with Parkinson’s disease who received a single dose of autologous bone marrow-derived MSCs injected into the sub-ventricular zone using stereotaxic surgery. Three patients demonstrated an improvement in disease symptoms with a follow-up of 10–36 months. Two additional patients reported subjective improvement of symptoms and reduction in drug dosage (Mendes Filho et al., 2018).
2.7 Cell Therapies in ASD
2.7.1 Potential Mechanism of MSCs in Treating ASD
The exact mechanism of action of MSCs in ASD is the subject of ongoing investigations, but there are several potential means through which MSCs may exert therapeutic effects, including cell-mediated immunomodulation, molecular-mediated neuroprotection, and restoration of functional neurologic circuitry (Siniscalco et al., 2014). As ongoing immune dysregulation may contribute to the pathophysiology of subgroups of patients with ASD, suppressing the cell-mediated immune response with MSCs could have potential therapeutic benefit. MSCs may also provide neuroprotection through anti-inflammatory mechanisms by inhibiting neural apoptosis, microglial activation, astrocyte proliferation, and oxidative stress molecules (Gesundheit et al., 2015). Koh et al. (2015) demonstrated that UCB-derived MSCs promote neuron survival via secretion of neurotrophic factors. In several other models, MSCs were shown to have the ability to decrease both the number and the activation of microglial cells, which play a critical role in the development of ASD (Ooi et al., 2015; Jaimes et al., 2017). It is unclear if this phenomenon is caused by a direct effect of the MSCs or if it is mediated through activation of cytokines (i.e., TCP, IL-6). Finally, MSCs may also aid in synaptogenesis and restoration/regeneration of functional neurological pathways by supplying bioactive agents that stimulate the action of intrinsic neural progenitor cells. Various molecular targets have been implicated, including tissue plasminogen activator (tPA), synaptophysin, brain-derived neurotrophic factor (BDNF), and neurotransmitter receptors. Through a series of in vitro experiments via coculture, patch-clamp, inhibitory, and biochemical techniques, Koh et al. (2015) demonstrated that human UC- derived MSCs can induce synapse formation and enhance synaptic function and that thrombospondin proteins are both produced by UC-derived MSC and necessary for their synaptic effects.
The main dysregulations and other dysfunctions in ASD as well as the related potential mechanisms by which MSCs might aid in correcting or improving them are describe in Table 1.
TABLE 1 | Observed immune and other dysregulations (peripheral, neurological and enteric) along with the MSC potential alleviating mechanisms.
[image: Table 1]2.7.2 Pre-Clinical Studies
Mouse models of single gene disorders that are associated with the ASD phenotype, such as Fragile X syndrome, Rett syndrome, and tuberous sclerosis complex syndrome, have been used to study the effects of cellular therapy on both brain and behavior. Reported data from such animal studies may reflect differences related to the specific genetic subtype of ASD and may not be generalized to all cases (e.g., idiopathic ASD). Derecki et al. (2012) report recovery of function in a mouse model of Rett syndrome, an X-linked condition associated with ASD typically caused by a mutation of the MECP2 gene. This gene encodes a methyl-CpG-binding protein, and the mutation leads to deficient phagocytic function in glial cells. Transplantation of cells from wild type bone marrow via intravenous infusion arrested disease development in the mouse model of Rett syndrome (Mecp2-null C57BL/6 mice). Following engraftment, survival was improved, breathing patterns normalized, apneas were reduced, body weight increased, and locomotor activity was improved. The BTBR T + Itpr3tfI (BTBR) mouse strain, derived from the inbred Black and Tan Brachyury strain, is another mouse model of ASD. In addition to impaired social behavior, aberrant communication, increased repetitive behaviors, and increased cognitive rigidity, BTBR mice also exhibit increased levels of peripheral CD4+ T-cells, peripheral B-cells, and serum and brain immunoglobulin levels, among other immune abnormalities was hence an interesting model for MSC-based treatment. Accordingly, Segal-Gavish et al. (2016) deliver human MSCs to BTBR mice via intraventricular injection into the central nervous system. Mice were immunosuppressed with cyclosporine before and after treatment. In this model, improvements in all three domains–social behavior, stereotyped behaviors, and cognitive rigidity–were observed in MSC-treated mice compared to controls. However, differences in anxiety-related behaviors and locomotion were not observed.
In two separate studies, Perets et al. (2018) showed that intranasal administration of purified exosomes derived from mesenchymal stem cell improved autistic like behaviors such as social interactions and vocalization, and decreased repetitive behavior in BTBR and Shank3B mice, respectively (Perets et al., 2020).
These murine models were all favorable arguments to test the potential benefit of cellular therapies, in subtypes of ASD.
2.7.3 Clinical Trials of Cell Therapies in ASD-Clinical Trial Registries
Several clinical trials of cell therapies for ASD have been conducted or proposed. A search performed on ClinicalTrials.gov (May 2021) using the terms “(Autism Spectrum Disorder OR Autism OR Autistic Spectrum Disorder | Cell Therapy OR Cellular Therapy.”) yield 43 studies, of which only 18 actually turned out to have cell therapies interventions for ASD. Two of the studies had a “withdrawn” status. Form the remaining 16 studies, only 3 involved MSC infusions. No trials involving MSCs and autism were identified in the European Clinical Trial Registry.
In a review of cell therapies for ASD recently published, Price et all present the results of 13 studies (2 on MSCs) that they identified with a similar search in December of 2019. In their review, the authors discuss the published results and conclude that the data available on cell therapy for ASD is still very limited and does not allow for comparison among the different studies. Nevertheless, the authors firmly state that the studies reviewed consistently demonstrated the safety of cell therapy interventions and that from this point forward only placebo controlled studies are justifiable (Price, 2020).
2.7.4 Clinical Trials of Cell Therapies in ASD-From UCB to Umbilical Cord-Derived MSCs
The collection of MSCs from UC blood or tissue is non-invasive, easier, and less expensive than the collection from other tissue types. Moreover, UC-derived cells are potentially less immunogenic due to their immaturity (Divya et al., 2012).
Although MSCs retain their inducible immunoregulatory properties regardless of the tissue type they derive from (Amati et al., 2017), it is now recognized that some of their biological properties vary, with consequent potential repercussion in their clinical applications (Marquez-Curtis et al., 2015; Liu et al., 2016). In addition, a previous study suggested that the expanded UC-derived MSCs include a small unique population of cells that express both MSC and pluripotent stem cell markers resulting in an innate neurogenic potential (Divya et al., 2012).
Also, it has been demonstrated that effector cells present in umbilical cord blood are able to alter brain connectivity through paracrine signaling and also to control inflammation (Bachstetter et al., 2008; Shahaduzzaman et al., 2013; Dawson et al., 2017).
Investigators from Duke University in the United States completed an open-label phase 1, safety and tolerability, study in 25 children diagnosed with ASD who were treated with autologous UCB and followed for a year (NCT02176317). UCB was administered as a single infusion (median infused dose of 2.6 × 107/kg) with no prior immunosuppression. The safety and tolerability profile of autologous UCB infusion in ASD was excellent. Improvement in social communication abilities were noted on the caregiver-completed Vineland Adaptive Behavior Scales-Second Edition (VABS-II) and on the Pervasive Developmental Disorder Behavior Inventory (PDDBI). The Clinical Global Impression- Improvement scale, completed by clinicians, reflected beneficial changes during the 6- month period post-infusion in core ASD symptoms in approximately 60% of the participants, as manifested by the participants increased social communication skills, receptive/expressive language, decreased repetitive behavior, and decreased sensory sensitivities (Dawson et al., 2017). In a secondary analysis, researchers showed that electrophysiological biomarkers could predict improvement in autistic symptoms (Murias et al., 2018) and that behavioral and social communication improvements were associated with specific changes in the brain (Carpenter et al., 2019; Simhal et al., 2020). The same group proceeded with a phase 2 double-blind randomized study (NCT02847182) to evaluate the safety and efficacy of UCB, compared to placebo, in improving social communication abilities in 180 children with ASD. The children enrolled in the trial received a single intravenous autologous (n = 56) or allogeneic (n = 63) UCB infusion, or a placebo (n = 61). The infusions were well tolerated and patients were evaluated 6 months after the procedure. The results showed no evidence of improvement in social communication or other autism symptoms. However, in a subgroup of children without intellectual deficit, significant improvement in communication skills, exploratory measures (attention to toys and sustained attention), and increased alpha and beta electroencephalographic power were observed in those treated with UCB (Dawson et al., 2020).
A similar phase II clinical trial (NCT01638819) including 29 children with ASD who received autologous UCB infusion performed by a different group of researchers also in the United States Although a trend for socialization improvement was observed, the results were not statistically significant (Chez et al., 2018).
After the clinical trials with UCB therapy in patients with ASD, the Duke University group completed an open-label, phase I study (NCT03099239) on 12 children treated with umbilical cord (UC) derived MSCs from an unrelated donor. The enrolled children received 1, 2 or 3 doses of 2 × 106/Kg in intervals of 2 months, respectively, and were assessed at baseline, 6 months and 1 year after infusion. The infusions were well tolerated except for some reports of agitation during the procedure. Class I HLA antibodies, without any currently know clinically significance, were detected in 5 of the treated patients. Half of the patients included in the trial showed improvement in autistic symptoms in at least two of the specific measures considered, but the observed improvements could not be attributed with certainty to the treatment. The clinical trial confirmed the safety of the use of MSCs for treating children with autism, but the efficacy of the treatment still warrants further evaluation (Sun et al., 2020).
In addition, the same research group has two ongoing clinical trials to investigate the use of UC- derived MSCs in pediatric patients with ASD: 1) the TACT, an open label phase I trial (NCT04294290) to evaluate the safety and feasibility of the treatment in toddlers aged 18–48 months; 2) the IMPACT (NCT04089579) which is a randomized, double blinded, phase II study to determine the efficacy UC -derived MSCs in children with ASD aged 4–11 years. Results for the trials are expected by the end of 2022 and mid-2023, respectively. They have also proposed an open label, phase I trial to evaluate the safety and feasibility of the use of UC derived MSCs in adults with ASD, but at the time this review was written, patient recruitment had not yet started.
A summary of the publications associated with the clinical trials on ASD using UCB or MSCs in patients with ASD (Lv et al., 2013; Dawson et al., 2017; Chez et al., 2018; Murias et al., 2018; Carpenter et al., 2019; Simhal et al., 2020; Sun et al., 2020), including those detailed above, are provided in Table 2.
TABLE 2 | Summary of Publications Issued from Clinical Trials on ASD Using MSC or UCB.
[image: Table 2]3 CONCLUSION AND FURTHER PERSPECTIVE
The immune-brain axis is now well known to play a primordial key role in the development of ASD as evidenced by the existence of inefficient anti-infectious responses, low grade inflammation, immune-cell subset alterations and autoimmunity. All these immune dysfunctions are similar to those observed in common inflammatory/autoimmune chronic disorders, known to be improved by stem cell-based therapies, including those using MSCs. Correcting or improving the immune dysfunctions in patients with ASD, via direct or indirect mechanisms, might induce changes that would potentially result in improvement in core domains of autistic symptomatology in these patients and contribute to increasing their quality of life. Thus, continuing research in this field is encouraged, in particular future studies considering cohorts selected on the basis of immune dysfunction parameters that seem essential to determine the efficacy of MSC in this context.
The mechanistic rationale and overarching theory of this line of investigation is that MSCs can act through paracrine and allocrine mechanisms to modulate ongoing inflammation and/or immune pathology in the brain and possibly protect neurons from further damage. In many contexts, MSCs dampen, rather than augment/overwhelm, immunological and inflammatory responses. Documented mechanisms include shifts in effector T cells such as generation of regulatory T cell populations and changes in monocyte/dendritic cell cytokine generation leading to anti-inflammatory cytokines. Therefore, it is plausible to consider a population of MSCs as an immunological and/or anti-inflammatory agent. Both post-mortem brain tissue studies and PET imaging data from living individuals with ASD have revealed evidence of increased microglial activation, suggesting that immune and/or inflammatory mediated brain damage plays a role in the etiology of ASD as discussed above.
The combination of ASD symptoms and the related co-morbidities places a very high burden on the affected individual, their families and society. Because of the lack of effective treatments, non-evidence-based interventions, often costly, are usually sought by concerned families, making ASD, an area in crucial need for therapeutic innovation. Developing drugs for ASD has been challenging because of a limited understanding of its underlying pathophysiology. In this frustrating context, emerging evidences shed light towards a primordial key role of immune dysfunction in ASD characterized by inflammation, T-lymphocyte abnormalities, autoantibodies resulting in structural brain changes and abnormal immune mediation of synaptic functions, which serve as the rationale for immune-related interventions such as MSC-based treatment. Successful treatments will reduce care costs, increase productivity and family income and increase family quality of life.
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