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Abstract
Autism spectrum disorders (ASD) are a complex group of neurodevelopmental disorders
encompassing impairments in communication, social interactions and restricted stereotypical
behaviors. Although a link between altered immune responses and ASD was first recognized
nearly 40 years ago, only recently has new evidence started to shed light on the complex
multifaceted relationship between immune dysfunction and behavior in ASD. Neurobiological
research in ASD has highlighted pathways involved in neural development, synapse plasticity,
structural brain abnormalities, cognition and behavior. At the same time, several lines of evidence
point to altered immune dysfunction in ASD that directly impacts some or all these neurological
processes. Extensive alterations in immune function have now been described in both children and
adults with ASD, including ongoing inflammation in brain specimens, elevated pro-inflammatory
cytokine profiles in the CSF and blood, increased presence of brain-specific auto-antibodies and
altered immune cell function. Furthermore, these dysfunctional immune responses are associated
with increased impairments in behaviors characteristic of core features of ASD, in particular,
deficits in social interactions and communication. This accumulating evidence suggests that
immune processes play a key role in the pathophysiology of ASD. This review will discuss the
current state of our knowledge of immune dysfunction in ASD, how these findings may impact on
underlying neuro-immune mechanisms and implicate potential areas where the manipulation of
the immune response could have an impact on behavior and immunity in ASD.

1. Introduction
Autism spectrum disorders (ASD) are a series of pervasive development disorders which
include autistic disorder, Rett’s disorder, childhood disintegrative disorder, Asperger’s
syndrome or pervasive developmental disorder not otherwise specified (PDD-NOS). Autism
spectrum disorders are characterized by severe and pervasive impairment in several areas of
development: reciprocal social interaction skills, communication skills, or the presence of
stereotyped behavior, interests and activities (APA, 2000). According to the most recent
estimates calculated by the U.S. Center of Disease Control, ASD affects 1 in 110 children
under the age of eight (MMWR, 2009). Although current research suggests there may be no
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single genetic cause for ASD, there are several lines of evidence to suggest that the disorder
is highly heritable. There is a concordance rate for ASD of 0–37% reported for dizygotic
twins, while concordance rates of 44–91% are reported for monozygotic twins (Bailey et al.,
1995; Constantino and Todd, 2000; Kates et al., 2004; Steffenburg et al., 1989), suggesting
that genetic composition may contribute to increased risk of developing ASD. In addition to
the heritability observed in twin-pairs, the risk of developing ASD in non-twin siblings is
increased 25-fold in comparison to the general population (Jorde et al., 1991). While the
heritability of ASD suggests a genetic component in the disorders etiology, the genes
involved vary greatly among individuals and family clusters.

Whole-genome linkage studies, gene association studies, copy number variation screening
and SNP analyses have uncovered a large number of ASD candidate genes (Abrahams and
Geschwind, 2008). Associations with ASD have been demonstrated for genes involved in a
diverse range of functions including RELN (Skaar et al., 2005), SHANK3 (Moessner et al.,
2007), NLGN3, NLGN4X (Jamain et al., 2003), MET (Campbell et al., 2006), GABRB3
(Buxbaum et al., 2002), OXTR (Wu et al., 2005), and SLC6A4 (Wu et al., 2005).
Furthermore, in several syndromic disorders with single gene mutations, including Rett’s
syndrome (MeCP2) (Nagarajan et al., 2008), Fragile X (FMR1) (Belmonte and Bourgeron,
2006), Tuberous Sclerosis (either TSC1 or TSC2) (Wiznitzer, 2004), Timothy Syndrome
(CACNA1C), Cowden’s Syndrome (PTEN), and Angelman’s Syndrome (UBE3A) the
occurrence of ASD is higher than the general population. Among these potential candidate
genes several play important roles in immune function. Proteins within the
phosphoinositide-3-kinase (PI3K) pathway, including those coded by MET, PTEN, TSC1
and TSC2, have a major role in regulating interleukin (IL)-12 production from myeloid cells
and are involved in shifting macrophage phenotypes from inflammatory (M1) to alternative
activated (M2) subsets (Fukao et al., 2002). Additional candidate genes including the major
histocompatibility complex type 2 (MHC-II) haplotypes (Lee et al., 2006; Torres et al.,
2002), as well as complement 4B (C4B) (Odell et al., 2005), and macrophage inhibitory
factor (MIF) (Grigorenko et al., 2008) are important in directing and controlling immune
responses. Even with the recent advancements in identifying candidate genes involved in
ASD, all identified genetic risk factors combined account for only 10–20% of the total ASD
population (Abrahams and Geschwind, 2008). A number of these genetic risk factors can
also be present in individuals without ASD, suggesting that many of these mutations may
increase the risk of developing ASD, but additional risk factors are also necessary.

The absence of a known genetic cause in the majority of cases, and the incomplete
penetrance of known genetic risk factors, suggests that environmental factors are linked with
the causation of ASD. Growing research has highlighted maternal immune activation (MIA),
especially during the first or second trimesters of pregnancy, as one potential environmental
factor that increases the risk for ASD (Patterson, 2009). In 1964 a rubella epidemic in the
U.S. which affected many pregnant mothers resulted in a large increase in the number of
children that developed ASD (Chess et al., 1978; Swisher and Swisher, 1975). Moreover,
using medical information obtained in a large Danish database, increased risk for ASD is
associated with mothers that required hospitalization for a viral infection in the first
trimester of pregnancy, or mothers hospitalized for a bacterial infection in the second
trimester of pregnancy (Atladottir et al., 2010), suggesting that bacterial and viral infections
may confer different risks depending on gestational age. Further data suggest that season of
birth is important, with associations of increased rates of ASD associated with experiencing
the first trimester of pregnancy during the winter months, timing which coincided with the
influenza season (Zerbo et al., 2011). Increased psoriasis, asthma and allergies during
pregnancy have also been suggested as risk factors for the development of ASD (Croen et
al., 2005)
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The potential role of a heightened or activated maternal immune response in the risk for
ASD is further strengthened by epidemiological data from large population based studies
that show increased rates of autoimmune disorders in the families of individuals with ASD
(Atladottir et al., 2009; Croen et al., 2005). Separately or coincidentally, the presence of
specific anti-fetal brain antibodies in approximately 12% of mothers of children with ASD,
which are absent in mothers of children who are typically developing or mothers of children
with developmental delays, suggests a potential inflammatory process occurring in mothers
of children with ASD that leads to the production of antibodies directed to the developing
brain (Braunschweig et al., 2008; Croen et al., 2008; Singer et al., 2009). Such fetal brain
specific antibodies could alter neurodevelopment as is seen in Systemic Lupus
Erythematosis (SLE) (DeGiorgio et al., 2001; Lee et al., 2009). In experiments using IgG
collected from mothers of children with ASD, administration of these antibodies to pregnant
rhesus macaques, induced stereotypic behavior and hyperactivity in the offspring, symptoms
that share homology to ASD (Martin et al., 2008). Similarly, anti-brain protein reactive
antibodies from mothers who have children with ASD mediate behavioral changes and
neuro-pathology in the offspring of a mouse model in which pregnant dams are injected with
these antibodies (Singer et al., 2009). These data suggest a potential pathogenic/pathological
effect of anti-fetal brain antibodies in some mothers who have children that develop ASD.

In rodent models of MIA, several abnormal behavioral features are exhibited in the offspring
that may have face validity to some autistic features, including decreased prepulse inhibition
and latent inhibition, as well as impaired sociability (Reviewed in Patterson, 2009). These
models are becoming more established and can be induced by congenital exposure to
bacteria, the bacterial compound LPS, influenza virus or, the viral mimic and toll-like
receptor (TLR)3 ligand polyinosinic:polycytidylic acid [poly(I:C)]. In all four versions of
the model, IL-6 appears to play an essential role and exposure to IL-6 alone during gestation
is sufficient to elicit some behavioral changes in the offspring (Hsiao and Patterson, 2010;
Smith et al., 2007). The similarities between the behaviors seen in models of MIA and the
symptoms of ASD have spurred further investigation into the physiological features of the
offspring. For example, an increase in IL-6 is present up to 24 weeks postnatally in brains of
offspring of dams exposed to poly(I:C) (Samuelsson et al., 2006). While elevated numbers
of splenic TH17 cells have also been observed in offspring after maternal poly(I:C) exposure
(Mandal et al., 2011). This evidence suggests that in the MIA model, there are prolonged
inflammatory responses that persist in adult offspring and are likely maintained by
alterations in the immune system of the affected offspring. These data showing altered
immune responses in MIA affected offspring bears more than passing resemblance to
features of dysfunctional immune activity frequently observed in children and adults with
ASD.

2. Immune Activity in ASD
2.1 Neuroinflammation

A key finding in ASD research has been the observations of marked ongoing
neuroinflammation in postmortem brain specimens from individuals with ASD over a wide
range of ages (4–45 years of age) (Li et al., 2009; Morgan et al., 2010; Vargas et al., 2005).
These findings include prominent microglia activation and, increased inflammatory cytokine
and chemokine production, including interferon (IFN)-γ, IL-1β, IL-6, IL-12p40, tumor
necrosis factor (TNF)-α and chemokine C-C motif ligand (CCL)-2 in the brain tissue and
cerebral spinal fluid (Li et al., 2009; Morgan et al., 2010; Vargas et al., 2005).

Microglia are the resident mononuclear phagocytic cells of the CNS, and participate in
immune surveillance of the CNS as well as synaptic pruning in normal neurodevelopment
(Bessis et al., 2007). Microglia are also activated in the postmortem brain specimens of

Onore et al. Page 3

Brain Behav Immun. Author manuscript; available in PMC 2013 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



individuals with other neurological diseases of unknown genetic etiology such as Multiple
Sclerosis, Alzheimer’s and Parkinson’s (Kim and de Vellis, 2005). Expression profiling of
postmortem brain tissue revealed increased messenger RNA transcript levels of several
immune system associated genes in ASD, further implicating neuroinflammatory processes
in this disorder (Garbett et al., 2008). Moreover, a recent study looking at transcriptome
organization patterns showed that gene co-expression networks reflect abnormalities in
cortical patterning in the brain of ASD individuals (Voineagu et al., 2011). These findings
were associated with changes in microglia and immune activation; suggesting a causative
role for immune dysregulation in ongoing neurological dysfunction and synapse plasticity in
the brains of individuals with ASD.

2.2 Systemic immune activation
As well as signs of neuroinflammation in ASD, there are multiple lines of evidence
indicating that immune responses in the peripheral are also dysfunctional and are associated
with increased severity of core and related symptoms of ASD (Table 1). Immune
abnormalities were first described in individuals with ASD in 1977 (Stubbs and Crawford,
1977). Since this report several research groups, from around the world, have identified a
variety of immune functions that are atypical in ASD; yet, not surprisingly, these findings
are often as heterogeneous as the behavioral phenotypes which make up ASD.

Proteomic analysis indicates that the levels of many immune proteins in plasma/sera, such as
cytokines, chemokines, complement proteins, adhesion molecules and growth factors are
altered in ASD. Notably, increased plasma levels of pro-inflammatory cytokines such as
IL-1β, IL-6, IL-8 and IL-12p40 as well as MIF and platelet derived growth factor (PDGF),
have been reported in ASD (Ashwood et al., 2011b; Grigorenko et al., 2008; Kajizuka et al.,
2010). Moreover, elevated levels of these cytokines in the plasma were found to be
associated with poor communication and impaired social interaction behaviors (Table 1).
Plasma levels of chemokines CCL2 and CCL5 are also higher in ASD and again are
associated with worsening behavioral scores (Ashwood et al., 2011c). In parallel, decreased
circulating levels of the anti-inflammatory cytokine, transforming growth factor (TGF)-β,
has been documented in ASD, with lower levels associated with worsening behavioral
scores (Ashwood et al., 2008; Okada et al., 2007). Collectively, these data reveal a trend
towards pro-inflammatory immune activity and away from regulatory measures in ASD. As
many of the cytokines have profound effects on neuronal development, migration,
differentiation and synapse formation (see below), a disrupted balance in the cytokine milieu
may directly influence neurodevelopment, early brain development and alter behavior. To
this end it is of note that the shift in cytokine balance in ASD is associated with greater
impairments in key autism behavioral domains including social interaction and
communication, as well as associated features such as aberrant behaviors (Table 1).

The occurrence of a differential antibody repertoire has been studied extensively in ASD.
For example, decreased total levels of IgM and IgG classes of immunoglobulin have been
reported, with lower levels found to correlate with more aberrant behaviors (Heuer et al.,
2008). However, within this profile, atypical antibody isotype levels are frequently reported
in the plasma of individuals with ASD including increases in levels of the neutralizing IgG4
antibodies (Croonenberghs et al., 2002; Enstrom et al., 2009a). Antibodies reportedly
reactive to human and non-human primate brain and CNS proteins have also been described
in children and adults with ASD. Using Western blotting and ELISA techniques an
increased presence of antibodies can be detected in ASD that exhibit reactivity against a
diverse set of targets or specificities. These targets vary between studies, many of which
have not be replicated but have at one time included; antibodies against serotonin receptors
(Singh et al., 1997a), myelin basic protein (Singer et al., 2006; Singh et al., 1993; Vojdani et
al., 2002), heat shock proteins (Evers et al., 2002), glial filament proteins (Singh et al.,
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1997b), as well as various brain tissue proteins that have yet to be identified (Cabanlit et al.,
2007; Silva et al., 2004; Singer et al., 2006; Todd et al., 1988). It is tempting to speculate
that the increased diversity and lack of a single specific target is due to antibody generation
as a result of cellular damage and the emergence/revealing of sequestered or new epitopes.
A similar finding is seen in many autoimmune diseases where diverse clonal antibody
generation occurs throughout the course of the disease, such as in SLE and multiple sclerosis
(MS). Whether a single antibody or cell response is responsible for initiating this cascade or
whether all the antibodies reactive to brain tissue hitherto observed in ASD are as a result of
cell/tissue damage, requires further research. Indeed, in contrast to that observed for the
maternal antibodies (discussed above) (Martin et al., 2008; Singer et al., 2009), what role
auto-antibodies play in children with ASD is unknown and it has yet to be demonstrated
whether any of these antibodies block receptor function, activate neuronal/glial cells, induce
cellular damage or have any pathological consequence.

In SLE, N-methyl-D-aspartate receptor (NMDAR) reactive antibodies are capable of
mediating negative effects on cognitive function (DeGiorgio et al., 2001). Although
antibody passage through the BBB is restricted, these antibodies can be found in the CNS
(Steup-Beekman et al., 2007). In SLE, these brain protein reactive antibodies are implicitly
involved in cognitive impairments in individuals who carry them, and are also suspected to
exert pathological effects on fetal neurodevelopment during gestation (Lee et al., 2009). It is
possible that the brain protein-reactive antibodies found in the plasma of children with ASD
may mediate pathology in a similarly direct fashion. Some experimental evidence has
shown, that irrespective of the target epitope, antibodies from ASD subjects bind
specifically to cerebellar interneurons and golgi type II cells in tissue obtained from rhesus
macaque monkeys (Wills et al., 2009; Wills et al., 2011). The binding of these antibodies to
specific cellular targets could lead to decreased or increased cellular activity. Moreover, the
presence of these antibodies in children with ASD correlated strongly with antibody
reactivity observed to a 45 kD cerebellar protein of unknown identity and was positively
associated with worsening of aberrant behavior in ASD (Goines et al., 2011). Elucidating
the exact target of these cells and their function on neuronal cell cultures in vitro would help
to establish their role in the pathogenesis of ASD.

Cell damage/death can be induced following the binding of complement proteins to
antibodies and may be a mechanism in which auto-reactive antibodies contribute to ASD
pathology. Moreover, the complement proteins C1q and C3, which classically make up a
portion of the immune complement cascade, are also involved in synaptic scaling.
Complement mediates synaptic pruning by opsonizing synapses, effectively targeting them
for removal by phagocytic microglia (Gasque et al., 2002). An increase in complement
proteins, including the lytic component C1q, has been shown in sera from children with
ASD compared to age, ethnicity and gender matched typically developing children (Corbett
et al., 2007). Co-localization of IgG and C1q has also been reported in the mucosa of
children with ASD (Torrente et al., 2002; Torrente et al., 2004). Whether the antibodies
specific for CNS proteins are the same as those in the mucosa and whether they are capable
of fixing complement and eliciting cellular damage in ASD is not known. In particular, the
potential interaction between auto-antibodies specific for GABAergic interneurons and
complement in children with ASD requires further investigation. Increased complement
production in ASD may therefore modulate neuronal function in several ways either by
synapse pruning or through an interaction with specific auto-reactive antibodies leading to
cell death.

2.3 Adaptive cellular response
The examination of immune cell function in ASD has been hindered by problems arising
from study design including the use of small sample sizes, variable diagnostic criteria, non-
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matching of cases and controls for gender or age and, the use of unevaluated siblings as
controls. Such issues have plagued the field and led to confusion in the interpretation of the
various study findings. Despite these drawbacks many studies have observed reproducible
findings of altered cellular function in ASD. Among these findings atypical adaptive T cell
responses are repeatedly observed from individuals with ASD (Ashwood et al., 2010). A
predominance of IL-4+ IFN-γ− T cells were observed in the circulating CD4+ T cell
population in individuals with ASD (Gupta et al., 1998). This bias towards a TH2 phenotype
and reduced TH1 responses has been observed in a number of other studies. In corroboration
with this finding, we observed increased mononuclear cell production of IL-13 and GM-CSF
in response to PHA stimulus, while IFN-γ was decreased. Production of the pro-
inflammatory cytokine TNF-α was also increased in response to in vitro stimulation, and is
consistent with an activated TH2 immune response in humans. Moreover increased TNF-α
production was associated with increased stereotypical behaviors a hallmark symptom of
ASD (Ashwood et al., 2010). Analysis of intracellular cytokine production showed an
increase in frequency of TNF-α+ T cells but reduced frequency of IL-10+ T cells in both
peripheral and intestinal mucosal tissue in children with ASD (Ashwood et al., 2004;
Ashwood and Wakefield, 2006). These studies show, once again, a shift towards a pro-
inflammatory cytokine milieu and mirror the plasma cytokine data.

The activation profile of circulating T cell phenotypes was also different in ASD and CD3+

T cells display higher levels of HLA-DR, a marker of late cellular activation (Ashwood et
al., 2011a). In addition, CD26 (dipeptidyl peptidase IV), a marker associated with an
effector cell phenotype in human CNS disorders such as multiple sclerosis, was increased on
CD8+ T cells (Ashwood et al., 2011a). Following in vitro stimulation an altered pattern of
co-stimulatory and activation markers was observed, with increased expression of CD137
(4-1BB) but decreased CD134 (OX40) and CD25 (IL-2 a receptor) on T lymphocytes of
children with ASD (Ashwood et al., 2010). Increased T cell activation may also be linked
with decreased apoptosis leading to the survival of activated cells that would otherwise be
eliminated (Ashwood et al., 2011a), a feature that has been described in chronic
inflammatory conditions such as Crohn’s disease (Monteleone et al., 2006). Collectively,
evidence of atypical cytokine production, altered T cell activation and potential impaired
apoptotic activity suggest there is a predisposition to chronic inflammation which could
negatively affect healthy cognitive development in ASD. Exciting findings from animal
models suggest that neurogenesis is modulated by the interaction between T cells and CNS
cells (Ziv et al., 2006; Ziv and Schwartz, 2008). Altered T cell activation in ASD may
therefore directly affect the course of neurodevelopment. However, whether the T cells that
are active in the periphery in ASD also interact with CNS tissue is not known.

Adhesion molecules known to control the passage of T cells across endothelial barriers play
an important role in mediating T cell passage and T cell/CNS interactions. Circulating levels
of soluble adhesion molecules P-Selectin, L-Selectin and PECAM-1 accurately represent
levels on endothelial cells. In high functioning individuals with ASD levels of sPECAM-1,
sP-Selectin and sL-selectin were decreased compared with controls (Iwata et al., 2008;
Tsuchiya et al., 2007). Furthermore, lower levels of P-Selectin were associated with more
impaired social skills (Iwata et al., 2008). These data suggest that modulating immune cell
access to the brain in ASD may influence abnormal social interactions. In line with these
findings, during fever episodes, some children with ASD show a transient improvement in
behaviors that diminishes back to baseline after the child’s fever improves (Curran et al.,
2007). During fever, upregulation of adhesion molecules and changes in endothelial barriers
occurs as a result of pyrogenic cytokine release. In ASD it is possible that fever may evoke a
transient increase in T cell-brain interactions and hence an improvement in behavior. These
data are provocative and suggest that immune activation, including activation of T-

Onore et al. Page 6

Brain Behav Immun. Author manuscript; available in PMC 2013 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



lymphocyte subsets, could be important in improving behaviors in some individuals with
ASD.

2.4 Innate cellular response
As well as changes in adaptive immune responses the activity of a number of other cell
subsets has been described, including atypical natural killer (NK) cell activity. Reduced
ability of NK cells to kill K562 target cells in ASD was first described by Warren et al. in
1987 (Warren et al., 1987) and has now been confirmed in more contemporary reports
(Enstrom et al., 2009b; Vojdani et al., 2008). In addition to reduced lytic activity, changes in
several factors that contribute to NK cell activity such as perforin, granzyme B and IFN-γ
have been identified in ASD. NK cells appear to produce higher levels of perforin,
granzyme B, and IFN-γ while under resting conditions in children with ASD (Enstrom et
al., 2009b). These data suggest that in vivo, there is increased NK cell activation; however,
following a strong in vitro signal, such as with target cells, NK cells from children with
ASD are unable to produce more of their effector molecules thus leading to the reduced
capability to lyse the targets (Enstrom et al., 2009b). As early responders of the innate
immune system, NK cells help shape the initial immune response during an inflammatory
event and aberrant activity of these cells are likely an important contributor to the atypical
immune activity observed in individuals with ASD.

Monocytes are among the first responders during inflammation, and are robust cytokine
producers, creating a cytokine milieu that profoundly influences the activity of neighboring
immune cells. Monocytes also serve as precursors for a number of tissue specific myeloid
lineage cells including macrophages, dendritic cells, and microglia (Djukic et al., 2006;
Geissmann et al., 2010). An increased number of circulating monocytes has been reported in
ASD (Sweeten et al., 2003). Furthermore, upregulation of activation markers on circulating
CD14+ monocytes suggest that these cells are activated in vivo (Ashwood et al., 2011a). In
research conducted in our laboratory, an atypical pattern of cytokine responses were
observed following TLR agonist stimulation of isolated CD14+ monocytes from young
children with ASD (Enstrom et al., 2010). Specifically, increased inflammatory cytokine
production, IL-1β, TNFα and IL-6, was observed in response to the TLR2 ligand,
lipoteichoic acid (LTA) and to a lesser extent the TLR4 ligand, LPS. Conversely, reduced
cytokine production was observed in response to a TLR9 agonist, an unmethylated CpG
repeat synthetic oligonucleotide, resembling bacterial DNA. Furthermore, increased
monocyte IL-6 and IL-1β production in response to LPS stimulation was associated with
more impaired social behavior in individuals with ASD (Table 1). These atypical monocyte
responses are intriguing, and indicate abnormal myeloid involvement in ASD.
Hyperactivation of myeloid cells in ASD is implicated in both the periphery and CNS, as
increased infiltration of monocytes and perivascular macrophages are observed in brain
specimens from individuals with ASD (Vargas et al., 2005). Moreover, there is a striking
similarity in cytokine levels in the plasma of children with ASD that exhibit a profile
representative of myeloid cell activation, i.e. the production of IL-12p40, TNFα, IL-1β and
IL-6 (Ashwood et al., 2011b).

3. Potential impact of immune dysfunction in ASD on CNS activity and
behavior

Although a singular pathology of ASD remains elusive, a wealth of evidence suggests that
ASD symptoms may be related to immune dysfunction (Careaga et al., 2010; Enstrom et al.,
2009c; Korade and Mirnics, 2011). Further detailed investigations are needed to concretely
identify whether the immunological findings in ASD converge to a single
immunopathology. However, in the following section we will try and identify potential
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mechanisms of action in which the observed immune dysfunction in ASD could impact
neuronal function and behavior in ASD.

Activity of the immune system can elicit profound effects on behavior (Table 2). Several
immune proteins function within the nervous system as mediators of normal
neurodevelopment (Deverman and Patterson, 2009). Cytokines, such as TNF-α, IL-1β, the
TGF-β family of molecules, and the gp130 ligand family mediate direct effects on neuronal
activity. For example, TNF-α is produced by wide variety of cells during an inflammatory
event (Gruys et al., 2005) and, in addition to its role in inflammation, can modulate neuronal
cell proliferation or cell death, and play an important role in synaptic pruning (Cacci et al.,
2005; Stellwagen and Malenka, 2006; Widera et al., 2006). Other neuropoeitic cytokines,
such as IL-1β and IL-6, also exert varied affects on neuronal survival, proliferation, synapse
formation, migration, and differentiation. IL-6 is member of the gp130 ligand family that
includes IL-11, ciliary neurotrophic factor (CNTF), oncostatin M, and leukocyte inhibitory
factor (LIF), that play important roles in promoting and maintaining oligodendrocyte (ODC)
survival in the CNS (Deverman and Patterson, 2009). Generation of IL-6 knock-out mouse
models results in viable offspring; however, they display impaired recognition memory,
suggesting an essential role for IL-6 in learning (Baier et al., 2009; Hryniewicz et al., 2007).
Both IL-6 and IL-1β are involved in mediating “sickness behavior,” an adaptive change in
behaviors accompanying inflammation that are characterized by lethargy, depression, loss of
appetite, anxiety, impaired ability to focus and social withdrawal (Harden et al., 2008).
Notably, the social withdrawal of sickness behavior can be alleviated when animals are
given minocycline, a broad spectrum antibiotic with anti-inflammatory qualities (Henry et
al., 2008).

In addition, the cytokines IL-2 and IL-4 have been shown to influence repetitive and
cognitive behaviors. Treatment of mice with IL-2 results in increased “climbing behavior”
that are thought to denote repetitive behaviors, a pattern of behaviors that are characteristic
of ASD (Zalcman, 2002). IL-4 knock-out mice show impaired cognition, possibly as a result
of loss of T-cell function in the CNS (Derecki et al., 2010a). There is some evidence in
individuals with ASD that cognition is impaired; however, largely due to the deficits in
verbal and non-verbal communication as well as poor social interaction in ASD, the specific
nature of these cognitive issues has been hard to define and remain somewhat controversial.

Collectively these findings suggest that cytokines are both necessary for normal
neurodevelopment and behavior and that any perturbation in the cytokine network can
impact neurodevelopment. Observed increases in TNF-α, IL-1β and IL-6 in in blood, CSF
and brain tissues from children with ASD represents the first piece of the puzzle of a
disrupted neuro-immune network in ASD. Associations with greater impairment in core
autistic behaviors and increased cytokine levels highlight a potential new avenue of research
in which cytokine patterns could be manipulated to benefit behavioral outcome in ASD. For
example, minocycline has been shown to successfully alleviate aberrant behavior symptoms
in children with Fragile X, a neurodevelopmental disorder with high rates of ASD (Paribello
et al., 2010).

In ASD, linkage with specific MHC molecules has been frequently reported (Lee et al.,
2006; Torres et al., 2001; Torres et al., 2002; Torres et al., 2006). In addition, two large
GWAS studies in schizophrenia highlight changes within the MHC region on chromosome 6
(Shi et al., 2009; Stefansson et al., 2009). These data suggest that abnormalities in the
expression of MHC genes and their effects on brain development and synaptic function may
be involved in the pathogenesis of complex neurodevelopmental disorders such as ASD and
schizophrenia. Until relatively recently neurons were considered to be negative for the MHC
I molecules; however, emerging data support the role of these molecules in CNS
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development (McAllister and van de Water, 2009). MHCI is expressed on virtually every
cell type within the body, and can display cytosolic proteins to CD8+ T cells, alerting them
to the presence of non-self proteins, for example, during a viral infection. In the CNS, MHCI
plays a dual role in regulating synaptic scaling, likely by engaging with a CD3ζ or PIRB
molecules (Shatz, 2009). MHCI is expressed in the CNS under non-inflammatory
conditions, and correlates with times and regions of synaptic plasticity (Corriveau et al.,
1998). Double knock-out of the β-2-microglobulin (β2m) subunit of the MHCI molecule,
and the transporter with antigen processing (TAP) protein, virtually eliminates all allotypes
of MHCI from the cell surface (Neefjes and Momburg, 1993). The elimination of functional
MHCI results in atypical synaptic plasticity in animal models, further illustrating the
essential role for MHCI in synapse remodeling (Goddard et al., 2007). Thus, the role of
MHC in ASD may be two fold, firstly, by their ability to modulate synapse formation during
development and, secondly, in their role in shaping the T cell repertoire and the specificity,
diversity and conformation of antigens that are presented to T cells.

Microglial cells are uniquely positioned to robustly respond to immune signals, and
influence the CNS environment, through the production of inflammatory cytokines and the
generation of reactive oxygen species (ROS) within the CNS (Garden and Moller, 2006;
Hanisch and Kettenmann, 2007). The presence of activated perivascular macrophages and
microglia have been described in brain specimens in ASD (Morgan et al., 2010; Vargas et
al., 2005; Voineagu et al., 2011); however, what the cause of this hyperactive state is still
unknown. The phagocytosis of dead or dying neurons by microglia is believed to be a
normal and relatively non-inflammatory function (Bessis et al., 2007). However, upon
phagocytosis of antibody-bound targets, microglia produce increased inflammatory
cytokines and ROS (Ulvestad et al., 1994). The potentially pro-inflammatory activity of
microglia in ASD could be associated with the presence of brain-reactive antibodies in the
CNS. Similarly, dysregulated complement production in ASD may have a similar effect
(Corbett et al., 2007; Odell et al., 2005), as complement opsonization can mediate the
phagocytosis of neurons by microglia (Gasque et al., 2002). Peripheral and or neuronal
production of cytokines could also lead to an activated profile in these cells. For example,
increased GM-CSF production has been detected in ASD and will drive the release of
myeloid progenitor cells that can become tissue macrophages (Ashwood et al., 2010;
Ashwood et al., 2011c). In turn the production of cytokines from microglia and
macrophages will influence neuronal survival, proliferation, function and synaptic plasticity.

Furthermore, perhaps due to their activities as immunological sentinels of the CNS, or their
role in synaptic pruning, genetic abnormalities in microglia can result in profound effects on
behavior. Recently, a landmark paper described the source of repetitive grooming behavior
in Hoxb8−/− mice (Greer and Capecchi, 2002). The Hoxb8 protein is expressed exclusively
in bone marrow-derived microglia in the CNS, and deficiency in this protein results in
reduced numbers of bone marrow derived microglia cells within the CNS. Transplantation
of bone marrow containing functional Hoxb8 was sufficient to restore normal grooming
behavior in these mice, providing solid evidence of the role of microglia cells in the atypical
grooming behavior of Hoxb8−/− mice (Chen et al., 2010). These data also suggests that
atypical microglia function plays a role in repetitive behaviors, a characteristic of several
disorders including ASD. In addition, DAP12 and the triggering receptor expressed on
myeloid cells 2 (TREM2) protein form a complex in myeloid cells which is reportedly
exclusively expressed in microglia cells within the CNS (Daws et al., 2001). This complex is
essential for the phagocytosis of apoptotic cells, and for limiting inflammatory cytokine
production in the CNS (Takahashi et al., 2005). A loss of function mutation of genes
encoding either TREM2 or DAP12 results in Nasu–Hakola disease, also known as
polycystic lipomembranous osteodysplasia with sclerosing leukoencephalopathy (PLOSL).
PLOSL results in cysts within the bone, and early onset dementia (Paloneva et al., 2001).
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The disorder is characterized by severe microglia activation in brain tissue. The example of
PLOSL suggests that unchecked microglia driven inflammation can contribute to cognitive
degeneration, and bears some resemblance to the microglia activation observed in
individuals with ASD. A number of genetic risk factors for ASD such as MET and MIF, are
known to directly impact the function of myeloid cells and their activation status and if these
cells are skewed towards a tolerance or pro-inflammatory inducing phenotype. Further
investigation of genes that control microglia function in ASD could provide clues to the
pathogenesis and potential treatment of this disorder.

Inflammatory activity of microglia may be influence by polarization towards an
inflammatory (M1) or alternatively activated (M2) phenotype. Recently, in a model of T cell
deficiency and cognitive impairment, administration of M2 microglia was beneficial to
cognitive performance (Derecki et al., 2010b). The recent finding of altered transciptome
profiles in microglia in brain specimens from individuals with ASD (Voineagu et al., 2011)
also suggests that environmental factors may play a role ion the activation of these cells.
TH2 cells generate IL-4, and IL-10, skewing the microenvironment and potentially polarize
neighboring microglia into an alternative M2 phenotype (Fairweather and Cihakova, 2009).
In ASD the data suggest that a TH2 cytokine profile may predominate (Gupta et al 1998;
Ashwood et al., 2010) and may thereby skew the microglia/macrophage response. This data
highlights the importance of all arms of the immune system in immune regulation within the
CNS, and the bi-directional regulation between the adaptive and innate immune system
required to maintain a healthy neuro-immune environment, that may be dysfunctional in
ASD.

Overall, although ASD primarily affects brain function (especially affect, social functioning
and cognition) evidence of extensive immune dysfunction suggest other systems are also
disrupted. The findings so far point towards a disruption of many facets of the immune
responses including polymorphisms in immune genes that control and regulate function of
the immune cells, microglia and astroglia activation, the production of pro-inflammatory
cytokines, increased presence of CNS reactive antibodies, T cell activation and innate
immune activation. Research into the immune connections in ASD is still in its infancy and,
at this stage, centralizing the findings so far into one unifying theory is difficult and will
only be achieved through further analysis of immune dysfunction in individuals with ASD.

4. Conclusion
The collective findings of immune aberration in ASD, and the effects of immune
dysfunction in normal neurodevelopment, are difficult to ignore. Despite several early
challenges the evidence of immune cell dysfunction in ASD has continued to grow. In
conjunction, recent basic research has provided further evidence of how the immune system
can profoundly impact neurodevelopment, cognitive function, and behavior. The
dysfunctional immune activity observed in ASD spans both innate and adaptive arms of the
immune system, and suggest perturbations in either area may have profound effects on
neurodevelopment. Cytokines that have been observed at atypical levels in ASD, including
the brain tissue, CSF, circulating blood, and GI tissues, can alter neuronal survival and
proliferation. Similarly, cellular dysfunction observed in ASD may contribute to atypical
CNS function in a number of ways including the production of cytokines, abnormal cell
lysis and generation of brain-reactive antibodies. Abnormal levels of complement proteins
and linkage to specific MHC molecules, have been repeatedly observed as in ASD, and may
suggest that a role for immune function in synaptic pruning/plasticity in ASD.

The underlying cause of immune abnormalities in ASD may extend from genetic to maternal
immune activation, or any number of unknown causes. Data collected thus far, suggests a
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wide ranging effect of immune dysfunction on behavioral outcome in ASD. Due to the
heterogeneous nature of ASD, it is unlikely that all immune perturbations stem from a single
origin; however, this cannot discount that they share some key commonalities that have a
pathological effect on behavior and which is not yet fully understood. While a panacea for
such a heterogeneous disorder may never exist, evidence suggests that manipulation of the
immune response could improve core features of ASD as well as associated aberrant
behaviors. A firm understanding of immune dysfunction in ASD will be essential to develop
such therapies. Identifying a convergent effect of immune function on neurodevelopment
and behavioral symptoms should be a focus future research.
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Research Highlight

Immune dysfunction is increasingly observed in autism contributing to pathophysiology
by impacting neurobiological process, core features and associated behaviors.
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Figure.
Immune dysfunction in ASD involves a network of interactions between several cell types,
from the innate and adaptive arms of the immune system. The CNS is selective but several
immune factors mediate profound effects of CNS function. Increased cytokine production,
such TNF-α and IL-1β inhibit neurogenesis and promote neuron death, while IL-6 may
promote the growth and proliferation of neurons and oligodendrocytes. Increased levels of
complement proteins can participate in synaptic scaling, opsonizing synapses and targeting
them for removal by phagocytic microglia. Activated microglia may additionally mediate
synaptic pruning via MHCI interactions. Collectively this immune dysfunction in ASD can
exert several negative effects on behavior, including impaired cognitive function, and social
withdrawal as well as aberrant behavior observed in ASD.
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Table 2

Influence of cytokines on behaviors with relevance to ASD

Cytokine CNS effects relevant to the symptoms of ASD

IL-1β • Sustained expression of IL-1β in hippocampus impairs spatial memory (Moore et al., 2009)

• IL-1β promotes the adaptive stress responses (Goshen and Yirmiya, 2009)

• Blockage of IL-1β results in a reversible impairment of long-term potentiation and can alter synaptic plasticity
(Schneider et al., 1998)

• IL-1 alters sleep patterns (Opp et al., 1991)

• Sickness behavior - Social withdrawal (Dantzer et al., 2008) (Harden et al., 2008)

IL-2 • IL-2 treatment results in increased climbing (repetitive) behaviors, which are mediated by dopaminergic processes
(Zalcman, 2002)

IL-4 • IL-4 KO mice show cognitive impairments (Derecki et al., 2010)

IL-6 • IL-6 KO mice display impaired recognition memory (Baier et al., 2009)

• Increased plasma levels of IL-6 in subjects with depression (Musselman et al., 2001)

TNF-α • TNF-α induces cell death on neurons, and is thought to play an important role in synaptic pruning (Cacci et al., 2005)

• Sickness behavior - Social withdrawal (Dantzer et al., 2008) (Harden et al., 2008)
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