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ABSTRACT

Autism Spectrum Disorder (ASD) is a neurodevelopmental disorder characterised by deficits in social commu-
nication and restricted or repetitive behaviours. The clinical presentation of ASD is highly variable and diagnosis
is based on the presence of impaired social communication and repetitive and/or restricted behaviours.
Although the precise pathophysiologies underlying ASD are unclear, growing evidence supports a role for
dysregulated neuroinflammation. The potential involvement of microglia and astrocytes reactive to in-
flammatory stimuli in ASD has generated much interest due to their varied roles including in mounting an
immune response and regulating synaptic function. Increased numbers of reactive microglial and astrocytes in
both ASD postmortem tissue and animal models have been reported. Whether dysregulation of glial subtypes
exacerbates alterations in neural connectivity in the brain of autistic patients is not well explored. A role for the
gut-brain axis involving microbial-immune-neuronal cross talk is also a growing area of neuroinflammation
research. Greater understanding of these interactions under patho/physiological conditions and the identifica-
tion of consistent immune profile abnormalities can potentially lead to more reliable diagnostic measures and

treatments in ASD.

1. Introduction

Chronic inflammation of the central nervous system (CNS) is an
emerging concept that has been gaining increasing credence in its role
in health and disease over the past five years (Heneka et al., 2015;
Najjar et al., 2013; Philips and Robberecht, 2011), including in Autism
Spectrum Disorder (ASD) (Onore et al., 2012). Neuroinflammation is
characterized by sustained activity and proliferation of glial cells (as-
trocytes and microglia) and arises following injury, infection or disease
and is proposed to alter brain function. It is well established that mi-
croglia and astrocytes undergo morphological changes and release
multiple pro-inflammatory mediators in response to these pathologies
(Hanisch and Kettenmann, 2007; Kierdorf and Prinz, 2013). These
mediators consist primarily of cytokines and chemokines that co-
ordinate immune responses under physiological conditions as well as
regulating neuronal function and connectivity. Therefore, increased
microglia or astrocyte activity can lead to abnormal immune profiles
and subsequently affect neural signalling and cognitive function.

A vast proportion of the literature to date refers to phenotypic
changes in glia as ‘activated’ (Dubbelaar et al., 2018; Placone et al.,
2015). Astrocytes and microglia are, however, highly dynamic and in

addition to regulating neuroinflammation they are involved in
homeostatic processes such as synapse formation, pruning and plasti-
city. Because use of the term ‘activated’ implies that these cells are
inactivated or in an ‘off’ state under physiological conditions, we have
opted to refer to microglia and astrocytes that have changed their
phenotypes in response to changes in the microenvironment as ‘re-
active’.

2. Microglia

During development, microglia originate in the yolk sac as early as
embryonic day 8 to 10 in mice and immediately colonize the brain
(Reemst et al., 2016). During synaptogenesis, they induce apoptosis of
excess neurons and may even regulate developmental synapse forma-
tion through the release of thrombospondins (Bessis et al., 2007). Mi-
croglia are thought to be the first glial cell type to respond to patho-
logical changes in the brain and release cytokines and prostaglandins to
recruit astrocytes and further exacerbate inflammation (Kreutzberg,
1995). During neuroinflammation in the CNS, microglia remove cel-
lular debris by phagocytosis, a function comparable to that of macro-
phages in the periphery (Vilhardt, 2005). While neuroprotective effects
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of microglial activity are well documented (Nakajima and Kohsaka,
2004), unnecessary or prolonged activity in the absence of immune
challenge is implicated in neurotoxicity that occurs in multiple CNS
diseases (Dheen et al., 2007). Microglia are not quiescent under phy-
siological conditions; but are highly motile and in a constant state of
surveillance of the surrounding microenvironment via distinctly rami-
fied processes (Napoli and Neumann, 2009). Importantly, microglia
modify their morphology to rapidly adapt to the environment. Fol-
lowing neuronal injury, microglia undergo morphological changes in
response in response to stimulatory signals, such as glutamate or ATP
release (Biber et al., 2007) or reduced inhibitory signals such as
Transforming Growth Factor-beta (TGF-f) or CD200 (Cluster of Dif-
ferentiation 200) released from a number of cells, particularly by
neurons, astrocytes and oligodendrocytes. Consequently, reactive mi-
croglia mount an immune response, remove damaged cells and repair
tissue via phagocytosis (Colonna and Butovsky, 2017; Kreutzberg,
1996; Lenz and Nelson, 2018). During this process, their ramified, long-
branching processes retract and thicken, and the soma enlarges to adopt
an amoeboid shape to enable even greater motility (Rock et al., 2004).
Within the human brain, microglia are categorized into four main
phenotypes: (1) ramified microglia, with small round somata and
highly ramified processes, (2) primed microglia, with larger, somewhat
elongated somata and highly ramified processes, (3) reactive microglia,
with an amoeboid soma and very few ramified processes and (4)
amoeboid microglia, with one or two unramified processes projecting
from an elongated somata (Torres-Platas et al., 2014).

3. Astrocytes

Astrocytes are derived from the neuroectoderm and populate the
brain parenchyma from approximately embryonic day 18 until at least
postnatal day 7 in mice (Reemst et al., 2016). Astrocytes are critical in
maintaining physiological homeostasis within the CNS, with important
roles in supporting neuronal function, glial transmission and signalling
via Ca®™ release and uptake (Araque and Navarrete, 2010). For ex-
ample, astrocytic glutamate release can affect both pre- and post-sy-
naptic neuronal activity. The idea that astrocytes are integral to pre-
and post-synaptic function has led to the concept of a ‘tripartite’ sy-
napse and places astrocytes amongst the central pathways of neuronal
function (Perea et al., 2009). Cytokines released during the initiation of
the immune response stimulate astrocytes to undergo reactive gliosis
characterized by upregulation of astrocyte intermediate filament pro-
teins, most notably glial fibrillary acidic protein (GFAP) (Pekny et al.,
2014). Similar to microglia, reactive astrocytes undergo morphological
changes and proliferate to mount an immune response. In contrast with
microglia, however, they extend rather than retract their processes and
undergo hypertrophy to enable this process (Sofroniew and Vinters,
2010).

Astrocytes and microglia express different biochemical markers.
Specifically, astrocytes express excitatory amino acid transporters
(EAATs) 1-5, whereas microglia lack EAAT4 (Liang et al., 2008).
Moreover, astrocytes express a larger number of EAATs than microglia
and as a result, glutamate uptake by astrocytes plays a significant role
in maintaining extracellular glutamate levels (Anderson and Swanson,
2000). A prominent role in glutamate uptake enables astrocytes to fa-
cilitate precise spatial and temporal transmission of glutamatergic
neurotransmission, thus regulating the activity of surrounding synapses
(Marcaggi and Attwell, 2004). Astrocytes are also less morphologically
reactive than microglia, potentially indicating a secondary role in re-
sponding to infiltrating stimuli. Indeed, it has been a point of con-
troversy as to whether microglia or astrocytes are the initial responders
to external threats to the immune system, with recent evidence sug-
gesting that reactive microglia drive the induction of neuroprotective
effects (Shinozaki et al., 2017) or neurotoxic activity (Liddelow et al.,
2017) in a subset of reactive astrocytes. Nonetheless, it is clear that both
microglial and astrocytic populations are also modulated via
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bidirectional communication (Gao et al., 2013).
4. Reactive microglia and astrocytes in ASD

Immune dysfunction has been identified in ASD (Careaga et al.,
2010; Onore et al., 2012; Pardo and Eberhart, 2007; Pardo et al., 2005)
but it is unclear whether it contributes to ASD onset or is a consequence
of the disorder. In a key study by Vargas and colleagues, extensive
microglial activity, indicated by an increased fractional area of im-
munocytochemical staining for the microglial marker, human leukocyte
antigen-DR (HLA-DR), was reported in cortical regions, white matter
and, most prominently, the cerebellum of postmortem ASD patient
tissue compared to neurotypical controls (Vargas et al., 2005). Similar
increases were seen for astrocyte immunoreactivity, particularly in the
granular cell layer and white matter of the cerebellum, whereas GFAP
protein expression, measured through western analysis, was increased
significantly in the cerebellum, middle frontal gyrus and anterior cin-
gulate gyrus of autistic patients (Vargas et al., 2005). In the same study,
these observations correlated with marked histological changes in-
cluding decreased numbers of Purkinje and granular cells together with
reduced numbers of axons within the Purkinje cell layer of the cere-
bellum. An increased density of reactive microglia in the dorsolateral
prefrontal cortex of individuals with ASD has also been observed
(Morgan et al., 2010). Furthermore, altered microglial activity char-
acterized by morphological changes including increased microglial
soma size, retraction and thickening of processes and extension of fi-
lopodia from microglial processes as well as increased microglial den-
sity based on quantitative analyses of immunocytochemical labeling
was observed in both the fronto-insular and visual cortex of ASD patient
postmortem tissue samples (Tetreault et al., 2012), raising the sugges-
tion that this pattern may be consistent throughout the cerebral cortex
in ASD. Moreover, these findings were supported by increased gene
expression of microglial markers TREM2 (Triggering receptor expressed
on myeloid cells 2), DAP12/KARAP (Kkiller cell activating receptor-as-
sociated protein) and CX3CR1 (CX3C chemokine receptor 1)) within the
prefrontal cortex (PFC). The levels of these same microglial markers
(with the addition of ionised calcium-binding adapter molecule 1 (IBA-
1/Allograft inflammatory marker 1 (AIF1))), however, were decreased
in the cerebellum (Edmonson et al., 2014) suggesting regional-specific
modulation of microglia. In addition, the same study highlighted in-
creased expression of astrocyte markers (GFAP; glial fibrillary acidic
protein) in ASD PFC and cerebellar tissue. Relevant to these findings,
GFAP levels in CSF samples from ASD patients are on average three
times higher relative to controls (Ahlsen et al., 1993; Rosengren et al.,
1992). Increased GFAP levels in ASD postmortem superior frontal,
parietal and cerebellar cortex samples have also been demonstrated in
comparison with healthy controls (Laurence and Fatemi, 2005).

Altered spatial organisation of microglia in ASD brains has also been
reported. Morgan and colleagues reported that density analyses of IBA-
1 stained brain sections showed that microglia and neurons in the
dorsolateral prefrontal cortex of ASD patients are more frequently lo-
cated in closer proximity compared to neurotypical controls, an inter-
action which was characterised by the encircling of neurons by mi-
croglia, suggesting increased interactivity (Morgan et al., 2012). This
reduction in proximity of microglia and neurons could indicate altered
functionality in ASD. For example, microglia located adjacent to neu-
rons may actively increase degradation of dysfunctional synapses as a
neuroprotective function or engage in excessive degradation of healthy
neurons, which may exacerbate synaptic dysfunction present in ASD
brain tissue.

Immune dysfunction and synaptic deficits have also been reported
in mouse models of ASD; specifically models of maternal immune ac-
tivation (MIA), which has been identified as a risk factor for ASD
(Atladottir et al., 2010; Malkova et al., 2012). Stimulation of the im-
mune system in rodents via administration of lipopolysaccharide (LPS;
a component of gram negative bacterial cell walls) or
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Polyinosinic:polycytidylic (Poly IC; a viral mimetic) during gestation
has provided insights into neuroimmune mechanisms with male off-
spring mice exhibiting altered microglial receptor function and deficits
in synaptic pruning in the hippocampus (Fernandez de Cossio et al.,
2017), as well as immune dysregulation (Hsiao et al., 2012) and ASD-
relevant behaviours (Hsiao et al., 2013). However, the number of ac-
tivated and total microglia, investigated using microglial marker
CD11b*, remains unchanged in MIA offspring (Hsiao et al., 2012).
Reducing the immune response, specifically by inhibiting the activity of
interleukin-6 (IL-6) via administration of anti-inflammatory reagents,
luteolin and diosmin, results in alleviation of the autism-like behaviours
in MIA offspring (Parker-Athill et al., 2009). Moreover, MIA offspring
show altered small intestine permeability as measured by gene ex-
pression encoding tight junction proteins when compared to control
mice, as well as altered cytokine and chemokine expression, including
decreased IL-12p40/p70 and MIP-1a (Hsiao et al., 2013).

Neuroimmune disturbances are observed across multiple animal
models of autism and  neurodevelopmental disorders.
Fragile x Syndrome is the most common monogenic cause of autism
(Budimirovic and Kaufmann, 2011) and similar to reports in MIA off-
spring, microglial expression remains unchanged in mice in which the
FMRP (Fragile X Mental Retardation Protein) is deleted (Pacey et al.,
2015). In the same study, however, astrocytes remained in a reactive
state during postnatal development and during adulthood, as measured
by increased GFAP expression and increased expression of Tumor Ne-
crosis Factor Receptor 2 (TNFR2). Glial activation is also enhanced in
the VPA600 model of autism (Lucchina and Depino, 2014), mimicking
the increased risk of autism in babies born to pregnant mothers pre-
scribed valproate for seizures (Christensen et al., 2013). Lucchina and
Depino reported chronic hippocampal and cerebellar glial activation in
mice treated with 600 mg/kg valproic acid (VPA600), alongside an
exacerbated inflammatory response following LPS exposure. Specifi-
cally, VPA600 mice exhibited increased hippocampal microglial density
compared to controls, and increased expression of the proinflammatory
cytokines TNF-a and interleukin (IL)-6 in the cerebellum. Furthermore,
Black and Tan Brachyury (BTBR) inbred mice display autism-like be-
haviours and express mutations associated with neurodevelopmental
disorders including autism and schizophrenia such as the DISC1 (Dis-
rupted in Schizophrenia 1) gene which is involved in learning and
memory functions (Kilpinen et al., 2008). These mice demonstrate in-
creased brain cytokine levels of IL-33, IL-18 and IL-1f, increased
number of CD4™ T cells in the spleen, mesenteric lymph nodes and
peripheral blood, and an increased proportion of microglial cells com-
pared to controls (Heo et al., 2011). Other models of neurodevelop-
mental disorders, including Reeler mice that exhibit inverted cortical
layering display altered levels of IL-18 in brain and serum compared to
WT mice (Businaro et al., 2016). Specifically, brain IL-18 is increased,
whereas IL-18 levels in serum are lower in Reeler mutants compared to
WT mice. Collectively, these findings support an association between
abnormal neurodevelopment and aberrant inflammatory responses in
rodent models relevant to autism.

5. Microglial-astrocytic interactions in neuroinflammation

Much of the bidirectional communication between microglia and
astrocytes stems from the increased secretion of signaling molecules
and cytokines. Reactive microglia release a range of cytokines and
chemokines which are able to trigger astrocyte reactivity (Zhang et al.,
2010). Indeed, a number of these, including IL-1, IL-2, IL-6, Tumour
Necrosis Factor alpha (TNF-a) and Interferon gamma (IFN-y), have
been found to induce reactive astrogliosis, as measured through GFAP
immunoreactivity, when injected into stab wound sites in neonatal
mice (Balasingam et al., 1994). Reactive astrocytes, on the other hand,
release ATP to trigger microglial activation. Together, reactive micro-
glia and astrocytes form a glial scar at the site of injury to serve as a
structural barrier to prevent further damage and promote tissue repair
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(Adams and Gallo, 2018). Following CNS injury, a major component of
the glial scar, chondroitin sulfate proteoglycans (CSPGs), are upregu-
lated in astrocytes (Asher et al., 2000). CSPGs bind to, and increase the
signaling from, molecules involved in the recruitment of reactive mi-
croglia and other immune cells to the injury site (Rolls et al., 2008),
suggesting that increased astrocyte activity can signal to further recruit
microglia following injury. The prolonged activity of reactive microglia
and astrocytes, heightened by their bidirectional communication, re-
sults in sustained release of these pro-inflammatory molecules, as well
as reactive oxygen species (ROS), which can cause vasculo-endothelial
dysfunction and structural damage to tissue in the surrounding CNS
environment (Mittal et al., 2014). These substances act in concert to
increase permeability at the blood-brain barrier (BBB) through a
number of different mechanisms, including altering expression and
inducing reorganization of the cytoskeletal and tight junction proteins
forming the BBB (Capaldo and Nusrat, 2009; Pun et al., 2009). The
infiltration by peripheral immune cells is facilitated by the expression
of chemokines, such as CXCL12, on endothelial cells which bind to their
receptor on leukocytes to facilitate binding and transmigration into the
brain (Takeshita and Ransohoff, 2012). Due to increased levels of pro-
inflammatory stimuli, microglia recruit immune cells from the blood-
stream to exacerbate the CNS inflammatory response (Hanisch and
Kettenmann, 2007). Astrocytes then adopt a protective role by secreting
a number of regulatory factors such as glial-derived neurotrophic factor
and transforming growth factor-f3, which interact with endothelial cells
to limit the entry of peripheral leukocytes and macrophages through
the compromised BBB and facilitate its repair (Bush et al., 1999;
Takeshita and Ransohoff, 2012). Hence, prolonged activity of reactive
microglial and astrocytes, typically beyond a period of weeks or
months, are considered a pathological hallmark of neuroinflammation.
Reactive microglia secrete a number of cytokines and chemokines that
promote the neuroinflammation response including via stimulating
astrocyte activity.

Astrocytic and microglial proliferation rates are also altered during
increased microglia activity in addition to morphological changes in
these cell types. Changes in microglial and astrocyte populations can be
quantified by western blot analysis of microglial marker proteins such
as IBA-1, CD45 or CX3CR1, or markers of astrocytes such as GFAP.
Furthermore, these techniques can be complemented by cellular im-
munofluorescence studies which enable the analysis of morphological
changes relating to reactive state and cell numbers in specific regions of
the brain. Such changes can be analysed in a high throughput and
unbiased manner using software packages such as Neurolucida neuron
tracing software (MBF Bioscience) to quantify glial soma size, the ra-
mification of processes and proliferation in models of disease or infec-
tion (Abdolhoseini et al., 2016; Karperien et al., 2013; Kongsui et al.,
2014).

6. The role of glia in synaptic plasticity

In addition to modulating inflammation, microglia and astrocytes
contribute to maintaining homoeostasis in the brain by regulating sy-
naptic function and plasticity (Ben Achour and Pascual, 2010) (Fig. 1).
Indeed, mice expressing a mutation in the gene encoding the microglial
protein DAP12 display altered synaptic function. Specifically, DAP12
loss-of-function results in enhanced hippocampal LTP (Roumier et al.,
2004) and has been used to demonstrate that the induction of prenatal
inflammation in these mice leads to further dysfunction to glutama-
tergic synapses in the adult offspring (Roumier et al., 2008). Interest-
ingly, post-mortem data showed that DAP12 expression levels are in-
creased in prefrontal cortex, and decreased in the cerebellum in ASD
patients compared to healthy controls (Edmonson et al., 2014) sug-
gesting regional-specific and clinically relevant changes in ASD. In
addition to an active role in phagocytosis of dead or infected cells,
microglia influence the rate of apoptosis of neurons and associated
synapses (Paolicelli et al., 2011). They are also able to perform more
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Fig. 1. Potential effects of reactive microglia and astrocytes in the ASD brain. A: Under physiological conditions, astrocytes and microglia regulate synapse formation,
pruning and elimination as well as plasticity via appropriate release of cytokines and chemokines. B: Disruptions to the BBB, recruitment of immune cells and
aberrant neuroinflammation triggers glial phenotypic changes and altered secretion of cytokines and chemokines, including increased TNF-a, IL-6, CCL2, IL-8 and
IFN-vy in the brain. These changes may disrupt synapse maintenance and modify neuronal dendritic branching and spine density to contribute to under- and hyper-
connectivity of specific brain regions. Such changes in neuronal networks may contribute to core ASD diagnostic traits. Reactive microglia represented as a single

phenotype for simplicity. BBB: Blood-brain barrier.

precise and refined modulation of synaptic function by pruning den-
dritic spines, and are even capable of removing entire dendritic trees
(Kettenmann et al., 2013). The presence of ramified microglia also
appears to be important in maintaining normal cognitive function. In-
deed, an absence of the microglial receptor, CX3C-chemokine ligand 1
(CX3CL1/fractalkine) results in impaired LTP and significant cognitive
deficits, specifically in hippocampal-dependent learning and memory,
as well as motor learning, which may be indicative of cerebellar or
striatal-dependent learning impairments in these mice (Rogers et al.,
2011). These deficits are attributed to increased signaling by IL-1(
(Rogers et al., 2011) and highlight the role of microglia in the phy-
siological regulation of synaptic plasticity and cognitive function, spe-
cifically memory and learning.

As microglia only make brief, periodic contact with synapses, they
are required to be quite dynamic and motile in extending their pro-
cesses to prune and modify dendritic spines and trees. Astrocytes,
conversely, are in close structural and functional contact with pre-sy-
naptic and postsynaptic neurons, as part of the tripartite synapse. They
also extend and retract their fine processes to contact different neuronal
synapses. This communication between synapses and astrocytes are
facilitated by a number of neurotransmitter receptors and transporters
expressed by astrocytes. Astrocytes also secrete thrombospondins, ex-
tracellular matrix proteins involved in the formation of synapses, which
can additionally inhibit glutamate release at the presynaptic neuron
and alter expression of receptors on the postsynaptic neuron to mod-
ulate synaptic transmission (Chung et al., 2015). They also contribute
to synapse elimination by triggering phagocytic pathways through the
expression of MEGF10 (Multiple epidermal growth factor-like domains
protein 10) and MERTK (Tyrosine-protein kinase MER) (Chung et al.,
2013). Alternatively, evidence also supports a role for astrocytes in
indirectly triggering synapse elimination through the secretion of TGF-
3, which induces C1q expression by retinal neurons to initiate micro-
glial-mediated phagocytosis (Bialas and Stevens, 2013). As a further
indication of the effects of astrocytes on neuronal function, GFAP-
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knockout mice display reduced long-term depression at cerebellar
Purkinje cell synapses (Shibuki et al., 1996). These findings suggest that
astrocyte function influences highly dynamic and plastic neuronal cir-
cuits in the adult brain and potentially contributes to the pathophy-
siology of ASD (Clarke and Barres, 2013).

Both microglia and astrocytes influence the formation, maintenance
and elimination of neuronal synapses in early brain development and
throughout life (Chung et al., 2015; Tay et al., 2017). Thus, the reg-
ulatory roles of microglia and astrocytes in shaping synapse function
suggest that they, and the cytokines they release (Donzis and Tronson,
2014), are essential for synaptic plasticity and therefore the formation
of memories and learning (Yirmiya and Goshen, 2011). Glial cell in-
volvement in these processes is enabled by their close anatomical
proximity with neurons. The morphology of astrocytes and microglia,
specifically their ramified processes, enable them to envelop neuronal
synapses within the CNS. These cell types also release a number of
neuroactive substances termed ‘gliotransmitters’ such as glutamate,
ATP and D-serine, and therefore actively regulate synaptic function
(Araque and Navarrete, 2010; Fields and Stevens-Graham, 2002). Based
on this intricate relationship between glia and the CNS, it is proposed
that morphological and functional changes in astrocytes and microglia
in the brain modulate synapse function.

7. Altered neural connectivity in ASD

Alterations in synaptic activity are well documented in ASD patients
and likely contribute to the core phenotypes of impaired social com-
munication and repetitive behaviours. Both reduced and hyper-con-
nectivity in the brain are reported in a regional specific manner in ASD,
suggesting changes in both anatomical and functional connectivity.
Comprehensive functional MRI studies report reduced activation and
functional connectivity in language areas (Just et al., 2004) and re-
duced synchronization of neural activity between frontal and parietal
regions (Just et al., 2007) in ASD patients. Koshino and colleagues
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showed that the fusiform face area of the brain, responsible for facial
recognition, has less synchronized neural connectivity with frontal
areas of the brain in ASD patients (Koshino et al., 2008). Similarly,
Kleinhans and colleagues demonstrated reduced connectivity between
the left amygdala and posterior cingulate (Kleinhans et al., 2008).
Furthermore, underconnectivity between specific brain regions is cor-
related with ASD symptom severity. Greater social impairment is as-
sociated with reduced neural connectivity of the fusiform face area to
the amygdala, and increased connectivity to the right inferior frontal
gyrus (Kleinhans et al., 2008). Functional hyper-connectivity, however,
has also been reported in the primary sensory, paralimbic and asso-
ciation areas in autistic children involving both short and long-range
connections within and between multiple brain regions (Supekar et al.,
2013). This widespread hyper-connectivity was also found to be asso-
ciated with greater social impairment.

Regional under- and hyper-connectivity reported in children with
ASD is supported by abnormalities in neuronal morphology.
Specifically, the morphology and density of neuronal dendrites and
spines differ in ASD patients compared to neurotypical controls
(Martinez-Cerdeno, 2017). CA1 and CA4 hippocampal neurons have
significantly fewer dendritic branches (Raymond et al., 1996), a re-
duced density of dendritic spines on some Golgi-impregnated pyramidal
neurons (Williams et al., 1980) and fewer dendrites in the dorsolateral
prefrontal cortex (Mukaetova-Ladinska et al., 2004) in ASD postmortem
tissues compared to neurotypical controls. Conversely, Hutsler and
Zhang (2010) reported greater spine densities in Golgi-impregnated
pyramidal neurons from layer II of the frontal, temporal and parietal
lobe regions and in layer V of the temporal lobe (Hutsler and Zhang,
2010). However, further work is needed to clarify regional changes in
neuron morphology in ASD as studies to date are limited by the reduced
availability of postmortem brain tissue.

It is clear however, that altered dendritic numbers, synaptic dys-
function and abnormal neuronal connectivity are frequently observed
in both ASD post-mortem tissue and animal models. Because neural
activity is modulated by microglia and astrocyte function, abnormal
inflammatory processes in the brain involving these glial populations
may contribute to cognitive and behavior abnormalities characterizing
ASD. The involvement of microglia and astrocytes in regulating sy-
naptic plasticity therefore provides potential targets for designing new
therapies to improve outcomes for patients.

8. Altered cytokine network in ASD

Reactive microglia and astrocytes release a cascade of cytokines and
chemokines which signal between cells and coordinate responses to
changes in the nervous system environment. These pleiotrophic pro-
teins are involved in cell signalling and are released by a number of
immune cells, including macrophages and microglia, astrocytes, B
lymphocytes, T lymphocytes and mast cells. Thus, they direct the in-
flammatory response in the CNS and peripheral immune system fol-
lowing alterations in the microenvironment. Multiple studies indicate
differences in cytokine and chemokine expression in autistic and typi-
cally developing patients in both the CNS (Table 1) and periphery
(Table 2).

8.1. Peripheral modulation of immunity

Immune cell recruitment via a compromised BBB in cases of chronic
neuroinflammation can exacerbate inflammation in the CNS. Moreover,
both central and peripheral inflammation can influence microglia re-
activity and alter neuronal synaptic function in the brain (Di Filippo
et al., 2013). While the precise influence of peripheral cytokines on the
CNS immune environment in ASD has yet to be elucidated, abnormal-
ities in gene expression associated with BBB integrity and function have
been reported (Fiorentino et al., 2016). Furthermore, autoantibodies to
brain tissue in the serum of children with ASD have also been detected
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(Wills et al., 2007), suggesting disrupted BBB permeability and function
(Kanner et al., 2003; Marchi et al., 2003). For instance, elevated serum
levels of S100p, a calcium-binding protein expressed mainly by astro-
cytes, were commonly identified in ASD including frequently in samples
from children with severe ASD (Al-Ayadhi and Mostafa, 2012b) sug-
gesting correlations of S100p protein levels with ASD behaviour.
Moreover, in the periphery, recent analyses from 75 Chinese children
diagnosed with ASD suggest that serum GFAP levels greater than
1.28 ng/ml are associated with a 9.88-fold increased risk of ASD (Wang
et al., 2017). Thus, in considering cytokine alterations in the CNS, it is
also important to assess for changes in the periphery. Cytokine altera-
tions in the blood could potentially be used to provide information on
inflammation and changes in synapse connectivity in the brain. Al-
though transport systems at the BBB enable migration of some cyto-
kines, including IL-1f, IL-6 and TNF-a, from the periphery into the
brain (Banks et al., 1995), BBB disruption could also allow other cy-
tokines to enter the CNS. Therefore, blood-borne cytokines and che-
mokines could also influence cognitive function and behaviour in
autism. Thus, a summary of studies investigating cytokine levels in
peripheral samples from autistic patients is presented in Table 2.

Importantly a number of cytokines dysregulated in ASD have also
been correlated with symptom severity and performance in ASD diag-
nostic tests (Masi et al., 2017). Characterising specific cytokine profiles
in autism may therefore be valuable as clinical biomarkers to aid in
early detection and diagnosis (Rose and Ashwood, 2014). This would
require identification of a number of cytokines that are consistently
elevated in ASD. However, reports of cytokine dysregulation are highly
variable between studies. This variability could be due in part to dif-
ferences in study design, sample size, the type of sample collected (e.g.
plasma, serum, PBMC, amniotic fluid), whether the cells have been
stimulated, the specific stimulus (e.g. PHA, LPS, tetanus toxoid, other
cytokines) and whether ASD subsets have been accounted for (i.e.
symptom severity, verbal and non-verbal, regressive and non-re-
gressive, presence and absence of GI issues).

9. CNS and peripheral immune profiles in ASD

Complex cytokine networks regulate the development, maintenance
and homeostasis of the CNS. Disruption to these networks occurs fol-
lowing inflammation of brain tissue. While this response can be neu-
roprotective (i.e. by contributing to repair of damaged tissue), pro-
longed dysregulation of CNS cytokines results in the disruption of
neuronal function via their roles in cognition and synapse regulation
(McAfoose and Baune, 2009; Prieto and Cotman, 2017). In ASD, al-
terations to this cytokine network have been reported in the cere-
brospinal fluid (CSF) and post-mortem brain tissue of autistic patients.
These findings support an increased role for pro-inflammatory cyto-
kines, including IL-6 and TNF-a, in autism pathophysiology.

IL-6 is typically produced during astrogliosis to promote neuronal
survival, however prolonged elevation of IL-6 levels has been im-
plicated in a number of CNS pathologies. IL-6 is produced by microglia,
astrocytes and neurons in the brain (Gruol, 2015), and is also involved
in neuronal and synaptic modification. Wei and colleagues further in-
vestigated the consequences of IL-6 overexpression, reporting impair-
ments to cell adhesion and migration, as well as facilitating the for-
mation of excitatory, but not inhibitory, synapses between mouse
cerebellar granule cells (Wei et al., 2011). Data from animal studies
support IL-6 as an important mediator of autistic-like behaviours (Wei
et al,, 2012, 2013). A recent study investigating the IL-6 signalling
pathway in LPS-stimulated MIA offspring found that pioglitazone,
which confers anti-inflammatory effects, reduced autistic-like beha-
viours possibly by reducing elevated IL-6 levels, highlighting the po-
tential role of this cytokine in autism (Kirsten et al, 2018). Tumor ne-
crosis factor-a (TNF-a) is another immunomodulatory molecule
produced by neurons and glial cells in the CNS (Pan et al., 1997;
Sawada et al., 1989) with a critical role in regulating synaptic strength
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Table 1
CNS cytokine and chemokine profile in ASD.
Cytokine Findings Sample Sample size References Comments
TNF-a Increased CSF: Serum  ASD: 10 (Chez et al., 2007) Increased ratio of TNF-a in CSF: serum
Lacks TD control; ratio was compared to CSF: serum ratio in other pathological states
Brain ASD: 8 (Li et al., 2009) Specifically increased in the FCC
TD: 8
TGF-B1 Increased Brain tissue ~ ASD: 7 (Vargas et al., 2005)  Specifically increased in the ACG, MFG and CBL
TD: 7
IL-6 Increased Brain tissue  ASD: 6 (Wei et al., 2011) Specifically increased in the CBL
TD: 6
ASD: 7 (Vargas et al., 2005)  Specifically increased in the ACG, no change in MFG and CBL
TD: 7
ASD: 8TD: 8  (Li et al., 2009) Specifically increased in the FCC
IL-18 No change Brain tissue ~ ASD: 8 (Li et al., 2009) Specifically increased in the FCC
TD: 8
GM-CSF Increased Brain tissue  ASD: 8 (Li et al., 2009) Specifically increased in the FCC
TD: 8
Thl IFN-y  Increased Brain tissue ~ ASD: 8 (Li et al., 2009) Specifically increased in the FCC
TD: 8
CSF ASD: 6 (Vargas et al., 2005)
TD: 6
Th2 IL-4 No change  Brain tissue  ASD: 8 (Li et al., 2009) Investigated in the FCC
TD: 8
IL-5 No change  Brain tissue  ASD: 8 (Li et al., 2009) Investigated in the FCC
TD: 8
Th2/Treg  IL-10  Increased Brain tissue  ASD: 7 (Vargas et al., 2005)  Specifically increased in the ACG, no change in MFG
TD: 7
No change  Brain tissue  ASD: 8 (Li et al., 2009) Investigated in the FCC
TD: 8
CCL2 Increased Brain tissue ~ ASD: 7 (Vargas et al., 2005)  Specifically increased in the ACG and CBL, no change in MFG
TD: 7
CSF ASD: 6
TD: 6
IL-8 Increased Brain tissue  ASD: 8 (Li et al., 2009) Specifically increased in the FCC
TD: 8
ASD: 7 (Vargas et al., 2005)
TD: 7
CSF ASD: 6 (Vargas et al., 2005)
TD: 6
Eotaxin Increased Brain tissue ~ ASD: 7 (Vargas et al., 2005)  Specifically increased in the ACG, no change in MFG and CBL
TD: 7
MIP-1 Increased CSF ASD: 6 (Vargas et al., 2005)
TD: 6

CSF: cerebrospinal fluid; TD: typical development; DD: developmental delay; ACG:

Frontal Cerebral Cortex.

(Steinmetz and Turrigiano, 2010) and synaptic plasticity. This is
thought to occur via inhibition of long-term potentiation of synapses
(Cunningham et al., 1996; Tancredi et al., 1992), therefore a chronic
increase of TNF-a may potentially hinder learning and memory in
disorders such as autism.

Interestingly, IL-1(3 also contributes to the inhibition of LTP induc-
tion and is involved in reducing synaptic strength (Bellinger et al.,
1993), as well as modulating memory and learning under physiological
conditions (Goshen et al., 2007). In contrast to IL-6 and TNF-a for ex-
ample, IL-1f levels appear to be unchanged in the CNS of autistic pa-
tients (Li et al., 2009). These findings do not necessarily negate a role
for IL-1f in ASD as it has been reported to cross the BBB in mice (Banks
etal., 1991, 1995) and a number of studies suggest that IL-1f levels are
increased in the periphery of autistic patients (Ashwood et al., 2011c;
Enstrom et al., 2010; Jyonouchi et al., 2001; Krakowiak et al., 2017;
Ricci et al., 2013; El Din et al., 2006; Suzuki et al., 2011; Xie et al.,
2017). Therefore, additional studies with larger data sets are required
to determine if increased blood IL-1f influences CNS levels. IL-1
function is particularly important in the brain due to its involvement in
the activation of serotonin transporters (Zhu et al., 2006) and mod-
ulation of inhibitory synapses (Hellstrom et al., 2005).

TGF-f1 also has multifaceted roles in attenuating neuroinflamma-
tion (Cekanaviciute et al., 2014) and synapse loss in mouse models of
disease, as well as being implicated in astrocyte-mediated synapse
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Anterior Cingulate Gyrus; MFG: Middle Frontal Gyrus; CBL: Cerebellum; FCC:

formation (Diniz et al., 2014). Indeed, TGF-p1 acts as a multifunctional
cytokine and is secreted by all cells of leukocyte lineage with dual roles
in promoting and supressing inflammatory responses, depending on the
target cell type, state of differentiation and cytokine array present
(Letterio and Roberts, 1998). TGF-B1 knockout mice exhibit significant
inflammation and autoimmune disorders (Shull et al., 1992), an ab-
sence of microglia in the CNS (Butovsky et al., 2014), increased neu-
ronal death (Brionne et al, 2003) and synaptic dysfunction
(Koeglsperger et al., 2013). Only one study has investigated TGF-B1 in
the brain of autistic patients (Vargas et al., 2005) and reported an in-
crease in TGF-B1 levels, despite overwhelming evidence supporting a
decrease in TGF-fB1 in the peripheral blood (Ashwood et al., 2008; El
Gohary et al., 2015; Hashim et al., 2013; Okada et al., 2007). This may
suggest dual roles for TGF-B1 in the brain and periphery of autistic
patients; however, as with IL-1f3, it may be premature to draw con-
clusions based on this research given the limited evidence available
regarding alterations in brain TGF-f1 levels.

T-lymphocytes play a fundamental role in mediating adaptive im-
munity by secreting cytokines to regulate local immune responses
(Filiano et al., 2017). A deficiency of T-cells in the blood of mice has
been shown to induce cognitive and behavioural deficits, highlighting
the influence of T-cells on CNS function (Kipnis et al., 2004). T-lym-
phocytes consist of two T cell subsets: CD8* cytotoxic T cells and CD4™
helper T cells. CD8* cytotoxic T cells detect antigens presented by MHC
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Table 2
Peripheral cytokine and chemokine profile in ASD.
Cytokine  Findings Sample Sample size References Comments
TNF-a No change Plasma ASD: 18 (Singh, 1996)
TD: 18
ASD: 28 (Suzuki et al., 2011) Non-significant trend for increase in ASD patients
TD: 28
ASD: 15 (Tonhajzerova et al., 2015)
TD: 20
Increased PBMC ASD: 71 (Jyonouchi et al., 2001) ® Increased in ASD compared to TD and HS without stimulation
HS: 23 ® Increased in ASD compared TD and HS following stimulation with
TD: 17 LPS, PHA and IL-12p70
® Increased in ASD compared to TD (but not HS) following stimulation
with Tetanus toxoid and IL-18.
ASD: 37 (Ashwood et al., 2011b) ® Increased in ASD compared to TD following stimulation with PHA
TD: 35 ® Associated with more stereotyped behaviours
Serum ASD: 30 (Ghaffari et al., 2016)
TD: 30
ASD: 29 (Ricci et al., 2013)
TD: 29
ASD: 38 (Tsilioni et al., 2015) TNF decreased significantly following treatment with luteolin-
TD: 13-15 containing dietary formulation
ASD: 32 (Xie et al., 2017) Positive correlation with ASD symptom severity
TD: 28
Plasma ASD: 77 (Al-Ayadhi, 2005)
TD: 77
ASD: 87 (Hu et al., 2018)
TD: 41
Amniotic fluid ASD: 331 (Abdallah et al., 2013)
TD: 698
TGF-p1 Increased Plasma ASD: 87 (Hu et al., 2018)
TD: 41
Decreased Serum ASD: 19 (Okada et al., 2007) No correlation with behaviour
TD: 21
Plasma ASD: 30 (El Gohary et al., 2015) Negative correlation with ASD symptom severity
TD: 30
ASD: 50 (Hashim et al., 2013) Negative correlation with ASD symptom severity
DD: 50
TD: 50
ASD: 75 (Ashwood et al., 2008) Negative correlation with ASD symptom severity
TD: 68
IL-1B No change Amniotic fluid ASD: 331 (Abdallah et al., 2013)
TD: 698
Serum ASD: 50 (Basheer et al., 2018)
TD: 30
ASD: 22 (Emanuele et al., 2010)
TD: 28
Plasma ASD: 15 (Tonhajzerova et al., 2015)
TD: 20
ASD: 25 (Napolioni et al., 2013) ® No change compared to TD
HS: 25 ® Increased in ASD patients with GI issues compared to those without GI
issues
® Increased in regressive ASD patients compared to non-regressive ASD
patients
Increased Serum ASD: 32 (Xie et al., 2017)
TD: 28
ASD: 29 (Ricci et al., 2013)
TD: 29
PBMC ASD: 17 (Enstrom et al., 2010) Increase measured following TLR 2 and TLR 4 stimulation
TD: 16
ASD: 71 (Jyonouchi et al., 2001) ® Increased in ASD compared to TD (but not HS) without stimulation
HS: 23 ® Increased in ASD compared TD and HS following stimulation with LPS
TD: 17
Plasma ASD: 97 (Ashwood et al., 2011c) Increased ASD compared to TD (but not DD) and in regressive ASD
TD: 87 patients compared to non-regressive ASD patients
DD: 39
ASD: 21 (El Din et al., 2006)
TD: 21
ASD: 28 (Suzuki et al., 2011)
TD: 28
Neonatal blood ASD: 214 (Krakowiak et al., 2017)
spots DD: 27
TD: 62
Decreased PBMC ASD: 17 (Enstrom et al., 2010) Decrease measured following TLR 9 stimulation
TD: 16
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Cytokine  Findings Sample Sample size References Comments
IL-6 No change Whole blood ASD: 13 (Croonenberghs et al., Non-significant trend for an increase in whole blood samples from ASD
Serum TD: 13 2002) patients
Serum ASD: 38 (Tsilioni et al., 2015) ® Non-significant Increase
TD: 13-15 ® [L-6 decreased significantly following treatment with luteolin-
containing dietary formulation
ASD: 22 (Emanuele et al., 2010)
TD: 28
ASD-FGID: (Luna et al., 2017) No change in ASD patients with functional gastrointestinal disorders
14 (FGID) compared to TD patients with or without FGID
TD-FGID: 15
TD: 6
PBMC ASD: 37 (Ashwood et al., 2011b) ® No change compared to TD upon stimulation with PHA
TD: 35
Plasma ASD: 28 (Suzuki et al., 2011)
TD: 28
ASD: 25 (Napolioni et al., 2013) ® No change compared to TD
HS: 25 ® Increased in ASD patients with GI issues compared to those without GI
issues
ASD: 16 (Singh, 1996)
TD: 16
CD4* T cells ASD: 20 (Gupta et al., 1998)
CD8* T cells TD: 20
Increased PBMC ASD: 17 (Enstrom et al., 2010) Increase measured following TLR 2 stimulation
TD: 16
ASD: 71 (Jyonouchi et al., 2001)
HS: 23
TD: 17
Plasma ASD: 97 (Ashwood et al., 2011a) ® Increased in ASD compared to TD and DD
TD: 87 ® Increased only in patients with regressive ASD (but not non-regressive
DD: 39 ASD) to TD (but not DD)
ASD: 77 (Al-Ayadhi, 2005)
TD: 77
ASD: 21 (El Din et al., 2006)
TD: 21
Serum ASD: 50 (Basheer et al., 2018)
TD: 30
ASD: 29 (Ricci et al., 2013)
TD: 29
PBMC ASD: 17 (Enstrom et al., 2010) Decreased following TLR 9 stimulation
TD: 16
Decreased Amniotic fluid ASD: 359 (Abdallah et al., 2012b)
TD: 741
Plasma ASD: 99 (Manzardo et al., 2012)
TD: 40
IL-23 Increased Serum ASD: 29 (Ricci et al., 2013)
TD: 29
Decreased Serum ASD: 50 (Hashim et al., 2013) Negative correlation with ASD symptom severity
DD: 50
TD: 50
Plasma ASD: 40 (Enstrom et al., 2008) Decreased more significantly in patients with early onset ASD compared
TD: 20 to regressive ASD
PBMC ASD: 34 (Onore et al., 2009) Negative correlation with social interaction skills
TD: 26
GM-CSF No change Plasma ASD: 97 (Ashwood et al., 2011a)
DD: 39
TD: 87
Neonatal blood ASD: 84 (Zerbo et al., 2014)
specimen DD: 49
TD: 159
Amniotic fluid ASD: 331 (Abdallah et al., 2013)
TD: 698
Increased Plasma ASD: 25 (Napolioni et al., 2013) ® No change compared to TD
HS: 25 Increased in non-verbal ASD patients compared to verbal ASD patients
PBMC ASD: 37 (Ashwood et al., 2011b) ® Increased in ASD compared to TD following stimulation with PHA
TD: 35 Associated with better socialisation and reduced lethargy
Decreased PBMC ASD: 17 (Enstrom et al., 2010) Decreased following TLR 9 stimulation
TD: 16

82

(continued on next page)



S.M. Matta, et al.

Table 2 (continued)

Brain, Behavior, and Immunity 79 (2019) 75-90

Cytokine  Findings Sample Sample size References Comments
Thl IL-2 No change Serum ASD: 32 (Xie et al., 2017)
TD: 28
Plasma ASD: 97 (Ashwood et al., 2011a)
DD: 39
TD: 87
ASD: 25 (Napolioni et al., 2013) ® No change in ASD compared to TD
HS: 25 ® Increased in ASD patients with GI issues compared to those without GI
issues
Amniotic fluid ASD: 359 (Abdallah et al., 2012b)
TD: 741
Increased  PBMC ASD: 20 (Molloy et al., 2006)
TD: 20
Decreased CD4% T cells ASD: 20 (Gupta et al., 1998)
CD8* T cells TD: 20
IFN-y No change Plasma ASD: 97 (Ashwood et al., 2011a)
DD: 39
TD: 87
ASD: 87 (Hu et al., 2018)
TD: 41
ASD: 28 (Suzuki et al., 2011) Non-significant increase
TD: 28
PBMC ASD: 71 (Jyonouchi et al., 2001) No change upon stimulation with PHA, Tetanus toxoid, IL-12p70, IL-18
HS: 23 or dust mite
TD: 17
ASD: 37 (Ashwood et al., 2011b) ® No change upon stimulation with PHA
TD: 35 ® Associated with more impaired communication
Amniotic fluid ASD: 359 (Abdallah et al., 2012b)
TD: 741
Increased PBMC ASD: 20 (Molloy et al., 2006)
TD: 20
Decreased CD4™" T cells ASD: 20 (Gupta et al., 1998)
CD8* T cells TD: 20
Th2 1L-4 No change Serum ASD: 32 (Xie et al., 2017)
TD: 28
ASD: 50 (Basheer et al., 2018)
TD: 30
Plasma ASD: 97 (Ashwood et al., 2011a)
DD: 39
TD: 87
ASD: 28 (Suzuki et al., 2011) Non-significant increase
TD: 28
PBMC ASD: 45 (Akintunde et al., 2015)
TD: 69
Increased  CD4™" T cells ASD: 20 (Gupta et al., 1998)
CD8™ T cells TD: 20
PBMC ASD: 20 (Molloy et al., 2006)
TD: 20
Amniotic fluid ASD: 331 (Abdallah et al., 2013)
TD: 698
Neonatal blood ASD: 214 (Krakowiak et al., 2017)
spots DD: 27
TD: 62
Decreased  Amniotic fluid ASD: 359 (Abdallah et al., 2012b)
TD: 741
1L-5 No change Plasma ASD: 97 (Ashwood et al., 2011a)
DD: 39
TD: 87
ASD: 25 (Napolioni et al., 2013) No change compared to TD; increased in regressive ASD patients
HS: 25 compared to non-regressive ASD patients
PBMC ASD: 37 (Ashwood et al., 2011b) ® Non-significant increase in ASD compared to TD upon stimulation
TD: 35 with PHA
® Associated with better fine motor skills, better visual reception and
more expressive language
Increased  Plasma ASD: 28 (Suzuki et al., 2011)
TD: 28
ASD: 25 (Napolioni et al., 2013) Increased specifically in patients with regressive ASD
TD: 25
PBMC ASD: 20 (Molloy et al., 2006)
TD: 20
ASD: 71 (Jyonouchi et al., 2001) Increased in ASD compared to TD (but not HS) following stimulation
HS: 23 with IL-12p70 and IL-18
TD: 17
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Cytokine  Findings Sample Sample size References Comments
Th17 IL-17/IL- Increased  Plasma ASD: 50 (Basheer et al., 2018) Increase in IL-17A more common and higher in children with severe
17A TD: 30 ASD compared to mild to moderate ASD
ASD: 25 (Napolioni et al., 2013) Increased in children
HS: 25
ASD: 28 (Suzuki et al., 2011)
TD: 28
Serum ASD: 50 (Hashim et al., 2013)
DD: 50
TD: 50
ASD: 32 (Xie et al., 2017)
TD: 28
ASD: 45 (Al-Ayadhi & Mostafa, Increased IL-17A more common and higher in severe ASD than mild to
TD: 40 2012a) moderate ASD
No change Plasma ASD: 40 (Enstrom et al., 2008)
TD: 20
ASD: 25 (Napolioni et al., 2013) ® No change compared to TD
HS: 25 ® Increased in regressive ASD patients compared to non-regressive ASD
patients
PBMC ASD: 34 (Onore et al., 2009)
TD: 26
IL-17F No change Serum ASD: 32 (Xie et al., 2017)
TD: 28
Th2/Treg IL-10 No change Serum ASD: 32 (Xie et al., 2017)
TD: 28
Plasma ASD: 22 (Emanuele et al., 2010)
TD: 28
ASD: 97 (Ashwood et al., 2011a)
DD: 39
TD: 87
ASD: 25 (Napolioni et al., 2013) ® No change compared to TD
HS: 25 ® Increased in non-verbal ASD patients compared to verbal ASD patients
ASD: 28 (Suzuki et al., 2011)
TD: 28
PBMC ASD: 20 (Molloy et al., 2006)
TD: 20
ASD: 37 (Ashwood et al., 2011b) ® No change in response to PHA stimulation
TD: 35 ® Associated with better expressive language
CD4™" T cells ASD: 20 (Gupta et al., 1998)
CD8™ T cells TD: 20
Amniotic fluid ASD: 331 (Abdallah et al., 2013)
TD: 698
Decreased PBMC ASD: 71 (Jyonouchi et al., 2001) ® Decreased in ASD and HS compared to TD following IL-18
HS: 23 stimulation.
TD: 17 ® No change when stimulated with PHA, Tetanus toxoid, IL-12p70 or
dust mite
CCL2 No change Plasma ASD: 87 (Hu et al., 2018)
TD: 41
ASD: 25 (Napolioni et al., 2013)
HS: 25
Increased Plasma ASD: 80 (Ashwood et al., 2011c) ® Increased in ASD compared to both TD and DD
DD: 37 ® Increased plasma CCL2 correlated with symptom severity, defined by
TD: 58 lower cognitive scores
Serum ASD-FGID: (Luna et al., 2017) ® Increased in ASD patients with FGID compared to TD patients
14 without FGID
TD-FGID: 15 ® No change in ASD-FGID compared to TD-FGID
TD: 6 ® MCP-1 associated significantly with abdominal pain
Neonatal blood ASD: 84 (Zerbo et al., 2014)
specimen DD: 49
TD: 159
Amniotic fluid ASD: 331 (Abdallah et al., 2012a)
TD: 698
IL-8 Increased Plasma ASD: 28 (Suzuki et al., 2011)
TD: 28
ASD: 97 (Ashwood et al., 2011a) Increased compared only to TD and in both regressive and non-
TD: 87 regressive ASD patients
DD: 39
ASD: 15 (Tonhajzerova et al., 2015)
TD: 20
PBMC ASD: 37 (Ashwood et al., 2011b) ® Increased in ASD compared to TD when unstimulated
TD: 35 ® No change when stimulated with PHA
® Associated with more impaired communication
Neonatal blood ASD: 84 (Zerbo et al., 2014)
specimen DD: 49
TD: 159
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Cytokine  Findings Sample Sample size

References

Comments

RANTES ASD: 28
TD: 28
ASD: 80
DD: 37
TD: 58
ASD: 42
TD: 35
ASD: 84
TD: 159
DD: 49
ASD: 28
TD: 28
ASD: 84
DD: 49
TD: 159
ASD: 80
DD: 37
TD: 58
ASD: 87
TD: 41
ASD-FGID:
14
TD-FGID: 15
TD: 6
ASD: 28
TD: 28
ASD: 87
TD: 41
ASD: 84
DD: 49
TD: 159
ASD: 45
TD: 35
ASD: 99
TD: 40
ASD: 80
DD: 37
TD: 58
ASD: 28
TD: 28
ASD: 87
TD: 41
ASD: 45
TD: 35
ASD: 99
TD: 40

No change Plasma

Increased Plasma

Neonatal blood
specimen

Decreased

Eotaxin No change Plasma
Neonatal blood
specimen

Increased Plasma

Serum

MIP-1a No change Plasma

Neonatal blood
specimen

Increased Plasma

Decreased Plasma

MIP-13 No change Plasma

Increased Plasma

Decreased Plasma

(Ashwood et al., 2011c)

(Suzuki et al., 2011)

(Ashwood et al., 2011c)

(Luna et al., 2017)

(Ashwood et al., 2011c)

(Hu et al., 2018)

(Suzuki et al., 2011)

Increased in ASD compared to both TD and DD

(Shen et al., 2016)

(Zerbo et al., 2014)

Non-significant increase

(Zerbo et al., 2014)

Increased in ASD compared to both TD and DD

(Hu et al., 2018)

® Increased in ASD patients with FGID compared to TD patients
without FGID

® No change in ASD-FGID compared to TD-FGID

® Eotaxin associated significantly with abdominal pain

(Suzuki et al., 2011)
(Hu et al., 2018)

(Zerbo et al., 2014)

(Shen et al., 2016)

(Manzardo et al., 2012)

Increased in ASD only compared to DD, not compared to TD

(Suzuki et al., 2011)

Non-significant increase

(Shen et al., 2016)

(Manzardo et al., 2012)

PBMC: peripheral blood mononuclear cells; TD: typical development; DD: developmental delay (other than ASD); HD: healthy sibling; GI: gastrointestinal; PHA:
phytohemagglutinin; LPS: Lipopolysaccharide; FGID: functional gastrointestinal disorder.

I molecules on virtually all cells in the body (except erythrocytes), and
CD4™" helper T cells detect antigens produced by antigen-presenting
cells and present on MHC-II molecules. These antigen presenting cells
include dendritic cells, macrophages and B cells (Filiano et al., 2017).
Activated CD4™* T cells undergo proliferation and differentiate into T-
helper (Th) cell subsets. These subtypes include Thl, Th2, Th17 and
regulatory T (Treg) cells and differentiate selectively, dependent on the
nature of the inflammatory stimuli. Th1 and Th2 cells aid in advancing
the immune response. Specifically, Thl cells act to stimulate phago-
cytosis via the secretion of IFN-y and IL-2, whereas Th2 cells produce
IL-4, IL-5 and IL-13 to stimulate B-cell antibody secretion and allergy
responses (Zhou et al., 2009).

Th17 cells secrete IL-17/IL-17A, IL-17F, IL-21 and IL-22, and also
play an important role in eliminating invading pathogens, particularly
extracellular bacteria (Korn et al., 2009). Activation of Th17 cells by
TGF-f and IL-6 are involved in preserving tissue integrity and reducing
inflammation, whereas activation by IL-23 has been implicated in
chronic inflammation during infection and autoimmunity (Gaffen et al.,
2014). While IL-17 is increased in patients with ASD (Al-Ayadhi and
Mostafa, 2012a; Basheer et al., 2018; Hashim et al., 2013; Napolioni
et al., 2013; Suzuki et al., 2011; Xie et al., 2017) the reported decrease
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in IL-23 (Enstrom et al., 2008; Hashim et al., 2013; Onore et al., 2009)
suggests that IL-17 and IL-6 may play a protective role in autism by
preventing excessive tissue damage.

Treg cells are involved in preventing autoimmunity and maintaining
self-tolerance through the release of anti-inflammatory cytokines IL-10
and TGF-f (Corthay, 2009; Kondelkova et al., 2010). IL-10 can be se-
creted by both Th2 and Treg cells, as well as a number of other immune
cells, to limit the excessive production of pro-inflammatory cytokines
and chemokines during infection and minimize tissue damage (Couper
et al., 2008). However, IL-10 levels remain unchanged in the peripheral
blood of ASD patients (Ashwood et al., 2011a; Ashwood et al., 2011b;
Emanuele et al., 2010; Gupta et al., 1998; Molloy et al., 2006; Napolioni
et al., 2013; Suzuki et al., 2011; Xie et al., 2017). Whether this IL-10-
mediated defense mechanism is triggered by neuroinflammation in the
brain is unclear, with conflicting findings in brain tissue obtain from
ASD patients (Li et al., 2009; Vargas et al., 2005). Numbers of T reg-
ulatory cells can be increased by the pro-inflammatory and regulatory
cytokine, granulocyte macrophage colony stimulating factor (GM-CSF).
However, findings are highly variable as to whether this cytokine in
increased (Ashwood et al., 2011b; Napolioni et al., 2013), decreased
(Enstrom et al., 2010) or unchanged (Abdallah et al., 2013; Ashwood
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et al., 2011a; Zerbo et al., 2014) in peripheral samples, including blood
and amniotic fluid, from patients with ASD compared to controls.

Chemokines are a subset of cytokines that guide the migration of
cells. There are two major families of chemokines: the CC chemokines
(including CCL2/MCP-1, CCL3/MIP-1a, CCL4/MIP-13, CCL5/RANTES,
CCL11/Eotaxin) and CXC chemokines (Laing and Secombes, 2004). A
number of chemokines are involved in recruiting other immune cells to
the site of tissue damage or infection. They are also involved in com-
munication between astrocytes, microglia and neurons under physio-
logical and pathological conditions (de Haas et al., 2007). Monocyte
chemoattractant protein-1 (also known as C-C Motif Chemokine Ligand
2) (MCP-1/CCL2) was the first characterised and most extensively
studied chemokine and has is consistently elevated in both the brain
and blood of autistic patients (Abdallah et al., 2012a; Ashwood et al.,
2011c; Vargas et al., 2005; Zerbo et al., 2014). CCL2 is produced by
resident astrocytes and microglia in the CNS and modulates the mi-
gration, proliferation and reactivity of microglia (He et al., 2016;
Hinojosa et al., 2011) and excitatory synaptic transmission in the brain
(Zhou et al., 2011). Increased secretion of CCL2 is also thought to in-
crease BBB permeability during inflammation by altering expression of
tight junction proteins (Song and Pachter, 2004; Stamatovic et al.,
2005). In this scenario, increased recruitment of blood-borne mono-
cytes and lymphocytes from the periphery, including T-lymphocytes
could combat neuroinflammation in the brain. Interleukin-8 (IL-8/
CXCL3) is also increased in the brain of autistic patients (Li et al., 2009;
Vargas et al., 2005). This chemokine actively promotes neutrophil in-
filtration into the brain following injury. Evidence also supports a role
for IL-8 in altering ion channel opening frequency to enhance excitatory
transmission (Lax et al., 2002) and impacting neuronal excitability
through calcium channel modulation (Puma et al., 2001).

10. The Gut-brain axis in ASD

Communication between the gastrointestinal tract, its resident mi-
crobes and the brain modulate mood and behaviour via bidirectional
gut-brain axis pathways. Multiple lines of evidence suggest that gas-
trointestinal dysfunction impacts inflammatory responses and brain
function via neural, hormonal and immunological signals, although the
precise biological mechanisms involved remain unclear (Cryan and
Dinan, 2012; Dinan and Cryan, 2017; Dinan et al., 2015). In addition to
increased risk for dysregulated inflammatory responses, patients with
ASD are more likely to suffer from GI symptoms, including constipation,
diarrhea or abdominal pain, compared to neurotypical controls
(McElhanon et al.,, 2014) as well as other disorders such as in-
flammatory bowel disease (IBD) (Lee et al., 2018). Abnormal intestinal
permeability is also more common in people diagnosed with ASD
compared to neurotypical controls (de Magistris et al., 2010; White,
2003) and can contribute to increased levels of circulating cytokines
which may cross the BBB.

10.1. Gut dysbiosis in ASD

Autistic patients exhibit altered gut microbial diversity compared to
controls and an increased abundance of toxin-secreting fungi and bac-
teria, genera Clostridium (Luna et al., 2017) and Candida (Li et al.,
2017). Luna et al., reported that mucosal microbial and blood sig-
natures in ASD patients differ from controls with GI pain (Luna et al.,
2017). Specifically, this work showed altered cytokine levels (including
increased CCL2, eotaxin (CCL proteins) and IFN-a2, and decreased
growth-related oncogene-a in the blood and changes in tryptophan
homeostasis.

Several established animal models of ASD including offspring of
MIA- (Hsiao et al., 2013) and VPA-treated (de Theije et al., 2014; Liu
et al., 2018; Sgritta et al., 2019) rodents as well as the naturally oc-
curring BTBR strain (Sgritta et al., 2019) show dysbiosis. Mice lacking
the synaptic adhesion protein Shank3 (Sgritta et al., 2019; Tabouy
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et al., 2018) also demonstrate altered microbial profiles. This emerging
pattern includes fecal microbial dysbiosis, including decreased levels of
Lactobaccilus reuteri in the Shank 3 knockout mice (Sgritta et al., 2019;
Tabouy et al., 2018) and a similar profile to autism patients in
valproate-treated rats (Liu et al., 2018). Importantly, social impair-
ments in several of these models were rescued via manipulation of
microbial populations (Hsiao et al., 2013; Sgritta et al., 2019). These
findings suggest that neuroinflammation may contribute to the beha-
vioural phenotypes of these mice.

10.2. Influence of gut microbes on microglia

Seminal findings by Erny and colleagues identified that gut micro-
bial populations are required for the structural and functional ma-
turation of microglia. This work illustrated marked differences in mi-
croglial mRNA expression profiles, increased microglial density in
multiple brain regions and extended processes and branching com-
plexity of microglia in germ-free compared to mice bred in a specific
pathogen free (SPF) environment (Erny et al., 2015). In germ-free mice,
microglial volumes overlapped more often in the absence of altered
cytokine and growth factor levels in the local environment compared to
SPF mice. Similarly, in mice colonized with a less complex gut micro-
bial population (i.e. only three microbial strains), microglial density
was increased. Following viral infection, microglia in germ-free mice
showed reduced innate immune responses suggesting that host micro-
bial populations support microglial resistance to bacterial and viral
stimuli.

The important role of the gastrointestinal tract in CNS function and
behaviour is evidenced by studies in germ-free mice (Desbonnet et al.,
2014; Turnbaugh et al., 2009). Germ-free mice display decreased
sociability and increased repetitive self-grooming behaviour compared
to SPF control mice bred in a specific pathogen free environment
(Desbonnet et al., 2014). As outlined above, germ-free mice display
immature and malformed microglia with increased ramification and
branching, and reduced microglial immune response to LPS treatment
or viral infection (Erny et al., 2015). Critically, the social avoidance
phenotype and microglial phenotype is rescued following postnatal
recolonization of the gut with microbiota derived from a typically de-
veloping mouse, indicating a role for microbes in regulating behavior.
Because microglial and inflammatory changes in the CNS could in part
originate from microbial dysbiosis it is crucial to analyze changes in
mucosal barrier integrity and gut microbial populations in models of
disease.

10.3. Neural pathways

The vagal nerve consists predominantly of afferent fibers suggesting
that this pathway is mainly utilized to relay messages to the brain from
the gut. In support of a role in gut-brain axis signaling, vagotomy re-
duces the impact of bacterial infections including Citrobacter ro-
dentium (Lyte et al., 2006), Camplobacter jejuni (Gaykema et al., 2004)
and Salmonella typhimurium (Wang et al., 2002) in animal models.
Within the gastrointestinal tract, the enteric nervous system regulates
gastrointestinal motility and secretion as well as increasing evidence
indicating its role as a modulator of immune function. The nervous
system plays multiple roles in preserving mucosal barrier integrity. The
mucosal epithelium is a major component of the mucosal barrier and
replenishes approximately every 3-5days in mammals. In addition, a
mucus biofilm and secreted antimicrobial proteins protect the tissue
from invasion by microbes, metabolites and food debris in the lumen of
the gastrointestinal tract.

10.4. Mucosal barrier integrity

The mucosal barrier of the gastrointestinal tract comprises a crucial
component of the gut-brain axis. The gut houses an extensive immune
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system including the gut associated lymphoid tissue (GALT) which is
constantly exposed to commensal microbes and metabolites. The GALT
includes Peyer’s patches, caecal patches and smaller lymphoid ag-
gregates distributed throughout the GI tract. Similar to the BBB, mu-
cosal barrier integrity is maintained via epithelial cell tight junctions,
however in the gut additional mechanisms to regulate inflammatory
responses include the presence of a protective mucus biofilm and an-
timicrobial proteins that are released from Paneth cells located within
the epithelium at the base of crypts in the small intestine. Mucosal
barrier integrity is also maintained via the replenishment of stem cells
located deep within the crypts of the intestinal villi is regulated by
enteric neural activity (Lundgren et al., 2011).

Understanding the bidirectional communication between gut mi-
crobes and the CNS is highly relevant to understanding biological dri-
vers of altered neuroinflammation in ASD. In considering the implica-
tions of neuroinflammation in ASD, the relationship between the
gastrointestinal tract, gut microbes and neuroinflammation in the CNS
must be acknowledged. These interactions form the basis for current
clinical trials employing fecal microbiota transplants to improve be-
havioural and GI symptoms in ASD patients (Kang et al., 2017). A cri-
tical question is whether ASD causes alterations in gut microbiota to
impact immune function, or if excessive neuroinflammation regulates
microbes to alter microbial population composition and function.

11. Conclusion

Altered glial structure and function, cytokine profiles and gastro-
intestinal immune dysfunction are evident in patients with ASD and
relevant animal models. Moreover, there is strong evidence for nervous
system interaction with immune pathways in autism. The character-
isation of neuroinflammation to include the gut-brain axis is a bur-
geoning area of research promising to shed light on the underlying
pathophysiology of ASD. Further investigation of glial and immune
abnormalities in preclinical animal models displaying ASD-relevant
behavioural phenotypes is needed to unravel biological mechanisms
and identify potential treatment targets.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbi.2019.04.037.
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