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Abstract

Autism spectrum disorder (ASD) is a complex disorder that appears to be caused by interactions
between genetic changes and environmental insults during early development. A wide range of
factors have been linked to the onset of ASD, but recently both genetic associations and
environmental factors point to a central role for immune- related genes and immune responses to
environmental stimuli. Specifically, many of the proteins encoded by the major histocompatibility
complex (MHC) play a vital role in the formation, refinement, maintenance, and plasticity of the
brain. Manipulations of levels of MHC molecules have illustrated how disrupted MHC signaling
can significantly alter brain connectivity and function. Thus, an emerging hypothesis in our field is
that disruptions in MHC expression in the developing brain caused by mutations and/or immune
dysregulation may contribute to the altered brain connectivity and function characteristic of ASD.
This review provides an overview of the structure and function of the three classes of MHC
molecules in the immune system, healthy brain, and their possible involvement in ASD.
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Immune dysregulation during brain development can have dramatic effects on neuronal
function (Kipnis et al., 2008; Boulanger, 2009; McAllister and van de Water, 2009) and
there is increasing evidence that immune dysregulation is associated with
neurodevelopmental disorders, including autism spectrum disorder (ASD)(Patterson, 2009;
Brown and Patterson, 2011; Patterson, 2011). ASD affects 1 in 88 children (approximately
one in 54 boys and one in 252 girls) in the United States (Wingate et al., 2012). Although
the etiology of ASD remains for the most part unknown, it is clearly a complex disorder that
appears to be caused by interactions between genetic changes and environmental insults
during early development (Onore et al., 2011).

A wide range of factors have been linked to the onset of ASD, but recently both genetic
associations and environmental factors point to a central role for immune-related genes and
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immune responses to environmental stimuli (Patterson, 2009; Garay and McAllister, 2010;
Patterson, 2011). Patients with ASD and their relatives have an increased incidence of
immune disorders (Warren et al., 1990; Singh et al., 1997; Goldsmith and Rogers, 2008;
Enstrom et al., 2009; Onore et al., 2009). In addition, abnormalities in peripheral immune
cells correlate with behavioral symptoms in ASD (Plioplys et al., 1994; Enstrom et al., 2009;
Enstrom et al., 2010) and signs of neural inflammation are present in the brains of
postmortem individuals with ASD (Vargas et al., 2005). Cytokine levels are altered in the
blood, brain, and cerebrospinal fluid (CSF) (Vargas et al., 2005; Molloy et al., 2006; Bauer
et al., 2007; Chez et al., 2007; Ashwood et al., 2008; Deverman and Patterson, 2009;
Ashwood et al., 2010; Careaga et al., 2010; Ashwood et al., 2011) and CNS-reactive
antibodies are also present in individuals who have ASD (Careaga et al., 2010; Onore et al.,
2011). Finally, specific haplotypes of immune genes within the major histocompatibility
complex (MHC) of human chromosome 6 — human leukocyte antigen (HLA) and
complement — have been implicated in ASD (Careaga et al., 2010). Consistent with these
findings, the expression of many immune-related genes in the brain is altered in ASD
(Voineagu et al., 2011). Together, these data suggest that immune dysregulation resulting
from either immunogenetic mutations or from environmental exposures may underlie the
pathogenesis of ASD.
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Since there have been several comprehensive reviews published recently that cover the role
for cytokines in typical brain development and in disease, as well as maternal infection in
neurodevelopmental disorders (Garay and McAllister, 2010; Patterson, 2011), we have
chosen to focus this review specifically on describing the structure and function of genes
within the MHC and their role in both typical brain development and in ASD.

MHC molecules: Expression, Structure, and Immune Function

The MHC is a highly polymorphic cluster of genes with some of the greatest allelic diversity
in the genome. MHC genes are both polygenic (containing multiple genes) and polymorphic
(containing multiple variants of each gene). This complexity is critical for ensuring
sufficient diversity in MHC molecules to allow for peptide presentation from a wide range
of microorganisms. The specific genes and variants that an individual expresses comprise
her/his MHC haplotype (Neefjes et al., 2011). The MHC is found on chromosome 6 of
humans, and on chromosome 17 and 20 of mice and rats, respectively. It is divided into two
primary regions, MHC class I and Il (MHCI and MHCII), which are integral to the adaptive
and innate immune responses. A third region, MHC class 111 (MHCIII), encodes a diverse
array of proteins, including members of the complement system and some cytokines. MHC
molecules are subclassified as classical and nonclassical. Unlike classical MHC molecules,
non-classical MHC molecules are not polymorphic and do not present peptides.
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MHCI and I1 proteins share an important role in the immune response; their extracellular
domains combine to create a cleft in which a single peptide fragment is displayed on the
surface of the cell. The MHC/peptide complex is recognized by a T cell, which in turn
regulates the activation state of immune cells. MHCI, but not MHCII, molecules also
activate natural killer (NK) cells in the immune system. MHCI and Il are distinguished by

Dev Neurobiol. Author manuscript; available in PMC 2015 March 19.



Needleman and McAllister Page 3

the source of peptides that they display, the T cell types that recognize the peptides, as well
as their structure and molecular components (Neefjes et al., 2011).

MHCI moleculesare found on all nucleated cells (Neefjes et al., 2011). They are trimeric
proteins comprised of one transmembrane heavy chain (with three a1-3 domains), a 2-
microglobulin (32m) light chain, and a peptide bound within the groove formed by the al
and a2 regions of the heavy chain (Figure 1). The majority of class I-bound peptides are
generated in the cytosol and are subsequently translocated into the lumen of the endoplasmic
reticulum (ER) through the ATP-dependent transporter associated with antigen processing
1/2 (TAP1/2). Assembled trimers are transported to the cell surface of all cells in the body;
both p2m and a peptide are necessary for cell surface expression of the MHC class | heavy
chain (Williams et al., 1989; Spiliotis et al., 2002). Peptides presented by MHCI heavy chain
are derived from proteolysis of intracellular proteins and are monitored by cytotoxic CD8+
T lymphocytes (T-cells) (Machold and Ploegh, 1996). These T-cells identify the peptides as
self and non-self; non-self peptides presented by MHCI are usually of viral origin. If
identified as non-self, an immune response is initiated, resulting in eventual lysis of cells
displaying foreign peptide (Neefjes et al., 2011).

MHCI molecules also bind to inhibitory receptors (IRs) on NK cells. The balance between
activating and inhibitory receptor signaling on the NK-target cell interface determines the
outcome of the interaction. Decreased MHCI on the target cell, caused by viral infection or
tumorigenesis, favors formation of an activating immune synapse, resulting in apoptosis of
the target cell. Conversely, normal levels of MHCI on the target cell engage NK-IRs and
prevent the formation of the immune synapse required for NK activation and apoptosis of
the target cell (Krzewski and Strominger, 2008; Long, 2008).
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In humans, classical MHCI molecules are called human leukocyte antigens, HLA-A, -B, and
—C (Figure 2). In rats, they include RT1-A and in mice, H2-B, -D, and -K (Figure 2). The
nonclassical MHCI region in both rats and mice encodes numerous molecules, most of
which are less polymorphic and many of which have not yet been characterized even in the
immune system (Janeway et al., 2004). In humans, these are labeled HFE, HLAE, -F, -G,
MICA, and MICB (Figure 2). In rats nonclassical MHC-I include RT1-CE and M, and in
mice, H2-M, Q and T (Figure 2). Finally, the gene encoding the invariant f2m light chain
lies outside the MHC, on a separate chromosome (Neefjes et al., 2011).

MHCI | molecules are found in a more restricted subset of cells in the body than MHCI.
They are expressed exclusively by antigen presenting cells such as macrophages, dendritic
cells and B cells, as well as some endothelial cells and the epithelium of thymus (Janeway et
al., 2004). MHCII molecules consist of two transmembrane chains (a and B); each chain
contains two domains (a1-2 and p1-2) (Figure 1). The peptide is bound for display in the
groove of the al and 1 domains and is derived from extracellular pathogens. Following
endocytosis, these extracellular proteins are digested in lysosomes and then loaded onto
MHCII molecules prior to trafficking to the plasma membrane. On the cell surface, MHCI|I
presents exclusively to CD4+ helper T cells, which often either recruit phagocytes to
increase local inflammation or initiate an antibody-based immune response through B cell
activation (Janeway et al., 2004; Neefjes et al., 2011).
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In humans, genes encoding MHCII include HLA-DP, -DQ, and -DR (Figur e 2). Of special
relevance to ASD, DR4 and DR13/14 haplotypes bear the DRB1 gene that encodes the beta
subunit of the HLA-DR which has been implicated in ASD. In rats, classical MHCII
molecules include RT1-B and -D, and in mice, H2-A and —E (Figure 2). The non-classical
MHCII molecules regulate transport and peptide loading onto classical MHCII molecules
(Alfonso and Karlsson, 2000). In humans, nonclassical MHCII include HLA-DM and -DO
(Figure 2). In rats, they include RT1-DM and DO, and in mice, H2-DM and -O (Alfonso
and Karlsson, 2000) (Figure 2).

MHCI 11 molecules encode a large number of diverse proteins—some with important
immune functions and others with no known immune function. Those with immune
functions include complement proteins (C2 and C4)—components of the classical
complement pathway—which opsonize or “tag” unwanted cells or debris for elimination
(Song, 2006) (Figure 2). MHCIII also encodes the cytokines tumor necrosis factor (TNF) —
a and - (Figure 2). TNFa is a major pro-inflammatory cytokine that is responsible for
early immunological responses (Garay and McAllister, 2010). Additionally, MHCIII
encodes heat shock proteins, which mediate cellular responses to heat, stress and viral
infection (Figure 2). Unlike MHCI and Il, MHCIII molecules do not present peptides
(Turturici et al., 2011). It is noteworthy that the HLA-DRp1 gene of MHCI|I is located in
close proximity to the C4B of MHCIII on human chromosome 6 (Warren et al., 1996)
(Figure 2). Both regions (as discussed below) have been implicated in ASD.
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MHC molecules in the healthy CNS

Although the brain and immune system are still considered to be mostly independent, there
is increasing evidence for substantial neural-immune crosstalk starting in the fetal brain and
continuing throughout life (McAllister and van de Water, 2009). Many proteins that were
first described in the immune system have recently been discovered to have critical
functions in the healthy CNS (Bhat and Steinman, 2009; Boulanger, 2009; Deverman and
Patterson, 2009; McAllister and van de Water, 2009; Patterson, 2009; Garay and McAllister,
2010). Immune proteins such as antibodies, cytokines, and chemokines cross from the
periphery into the CNS during early brain development, in the healthy aging brain, and
during times of peripheral inflammation caused by disease (Bhat and Steinman, 2009).
Moreover, “immune” proteins such as MHCI and 1l molecules, MHCI receptors, and
components of the complement cascade (MHCIII) are expressed by cells of the healthy brain
(Boulanger, 2009).

MHCI moleculeswere some of the first products of the MHC to be discovered as having
essential roles in typical CNS development. The first evidence that MHCI might play a non-
immune role in the brain came from the unexpected discovery that MHCI molecules are
regulated by activity in the developing visual system during the period of activity-dependent
remodeling of connections (Corriveau et al., 1998). Since this initial observation in 1998,
several studies have revealed that MHCI mRNAs and protein are found throughout the
developing and adult brain (Corriveau et al., 1998; Huh et al., 2000; McConnell et al., 2009;
Needleman et al., 2010; Ribic et al., 2010; Glynn et al., 2011). Moreover, MHCI molecules
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are present at synapses on both the pre- and postsynaptic sides in the visual cortex from
early development through adulthood (Needleman et al., 2010; Ribic et al., 2010).

MHCI molecules regulate many aspects of brain development, including the initial
establishment of connectivity and activity-dependent refinement and plasticity (Corriveau et
al., 1998; Shatz, 2009; Glynn et al., 2011). During the initial establishment of connections
within the cerebral cortex in early postnatal mice, MHCI molecules negatively regulate
synapse density (Glynn et al., 2011). Decreasing surface expression of MHCI using 2m
knockout mice (B2m~/") or by expressing an siRNA to f2m increases the density of both
functional glutamatergic and GABAergic synapses in vitro and in vivo (Glynn et al., 2011),
but has no effect on glutamatergic synapse density in hippocampal neurons (Goddard et al.,
2007). Conversely, increasing surface expression of MHCI by overexpression of mouse
MHCI H2-KP in young cultured cortical neurons significantly decreases the density of
functional glutamatergic synapses (Glynn et al., 2011). Interestingly, altering surface MHCI
expression not only changes the frequency of miniature excitatory postsynaptic currents
(mEPSCs), consistent with the effects on synapse density, but also alters mMEPSC amplitude
suggesting that MHCI negatively regulates synaptic strength through controlling AMPA
receptor (AMPAR) trafficking at the synapse. Finally, changing MHCI surface expression
also alters the balance of excitation to inhibition onto cortical neurons, which has serious
implications for functional connectivity within the cerebral cortex (Glynn et al., 2011).
Thus, MHCI molecules act to bidirectionally regulate the initial establishment of
connections within the early postnatal cortex—a time thought to be critical for the
developmental defects that cause ASD.
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In addition to their involvement in the development of cortical connections, MHCI
molecules are also required for synaptic function and plasticity in the more mature CNS
(Fourgeaud and Boulanger, 2010). Although synapse density is not altered in the
hippocampus of mice deficient in surface MHCI (/2mVTAP1™~ mice), mEPSC frequency is
increased in /2mVTAP1~/~ hippocampal cultures (Goddard et al., 2007). A recent report in
marmoset monkeys indicates that acute application of antibodies that bind to MHCI
molecules alter synaptic transmission in hippocampal neurons—decreasing mEPSC
frequency and increasing mEPSC amplitude (Ribic et al., 2010). Mice deficient in surface
MHCI (B2m/TAP —/- mice) or a subunit of the T-cell receptor that binds MHCI in immune
cells, CD3¢, also exhibit altered hippocampal synaptic plasticity. In both knockout mice,
long-term depression (LTD) is absent and long-term potentiation (LTP) can be induced at
lower frequencies than in wild-type mice (Huh et al., 2000). Knockout mice deficient for
two MHCI molecules, H2-KP and H2-DP, also have a lowered threshold for the induction of
LTD in the parallel fibers of the cerebellum, leading to enhanced motor learning
(McConnell et al., 2009).
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MHCI may modulate synaptic plasticity through altering NMDA receptor (NMDAR)
function and AMPAR trafficking in the hippocampus during plasticity (Fourgeaud et al.,
2010). The AMPAR/NMDAR ratio is decreased in hippocampal neurons from mice
deficient in surface MHCI (B2m/TAP —/- mice). This decreased ratio reflects an increase in
NMDAR-mediated current, which then alters AMPAR trafficking and thereby mediates the
strength of glutamatergic synapses (Fourgeaud et al., 2010). Thus, MHCI molecules
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negatively regulate NMDAR function and subsequently NMDAR-mediated AMPAR
trafficking to control synaptic strength and plasticity (Fourgeaud and Boulanger, 2010).

MHCI molecules also alter activity-dependent plasticity of the developing visual system
(Corriveau et al., 1998; Huh et al., 2000; Boulanger and Shatz, 2004; Datwani et al., 2009).
MHCI mRNA and protein levels are regulated by neuronal activity (Corriveau et al., 1998;
Santos et al., 2004; Goddard et al., 2007; Glynn et al., 2011), and the surface expression of
MHCI molecules in the plasma membrane is also dynamically regulated by activity (Glynn
etal., 2011). In young cultured cortical neurons, activity blockade using tetrodotoxin (TTX)
decreases surface MHCI, while increasing total MHCI protein levels (Glynn et al., 2011).
Similarly, in adolescent animals, total MHCI mRNA levels decrease following activity
blockade, and increase after kainic-acid induced seizures (Corriveau et al., 1998). At this
adolescent age, MHCI regulates refinement of visual connections from the retina to the
lateral geniculate nucleus (LGN) of the thalamus (Corriveau et al., 1998). Retinal axons fail
to segregate into eye-specific layers in the LGN in transgenic mice lacking surface MHCI
(L2m/TAP17/7) (Huh et al., 2000). Retinogeniculate refinement and retinal connectivity are
also impaired in mice lacking CD3,~/~ (Huh et al., 2000; Xu et al., 2010) and in mice
lacking two MHCI genes, H2-KP and H2-DP (Datwani et al., 2009). MHCI molecules also
control ocular dominance (OD) plasticity in the developing visual cortex. OD plasticity is
enhanced in both f22m/TAP1~/~ and H2-KPDP ~/~ mice (Datwani et al., 2009) as well as in
mice lacking one of the many MHCI receptors, paired-immunoglobulin-like receptor B
(PirB) (Syken et al., 2006). Together, these studies clearly demonstrate that MHCI
molecules are required for refinement of retinal connections within the thalamus and to limit
the extent and timing of OD plasticity in the visual cortex.
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MHCII molecules may also play a role in development of the healthy brain, but much less is
known about their function. MHCII proteins are expressed primarily by microglial cells,
astrocytes, and perivascular monocytes in the healthy developing and adult brain (Peudenier
et al., 1991; Perlmutter et al., 1992; Wierzba-Bobrowicz et al., 2001). HLADR, -DP, and —
DQ are also expressed in the white matter of neurologically normal and diseased patients
(Luber-Narod and Rogers, 1988; Rezaie and Male, 1999). The most common
immunoreactive cells are microglia, which express HLA-DR at increased levels during
typical development. Expression of MHCII molecules is dramatically altered in disease,
such as Alzheimer's disease, which is characterized by greater microglial expression of
MHCII and changes in the morphology of MHCII-expressing cells (Perimutter et al., 1992).
Further research must be conducted to determine if there is a non-immune role for MHCII
molecules in the healthy brain. Several MHCII-deficient transgenic mouse lines have been
created so the tools are available to address this question.
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MHCI 11 molecules clearly play important roles in brain development and function.
Complement components C2 and C4 are found throughout the brain on astrocytes,
microglia, and neurons from development into adulthood (Haga et al., 1996; Davies et al.,
1998; Walker et al., 1998; Thomas et al., 2000; Zhou et al., 2008). Complement C2 and C4
are members of the classical complement pathway, which has been implicated in mediating
synapse elimination in the healthy developing CNS (Schafer and Stevens, 2010). This
classical pathway is initiated by C1q, which is upregulated on neurons in response to signals
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from glia. C1qg and C3 are found at developing synapses where they are thought to tag those
synapses for elimination. Consistent with this hypothesis, mice deficient in C1q or C3 have
pronounced defects in synapse elimination (Stevens et al., 2007).

Also encoded by MHCIII, TNFa plays a critical role in neural development, synaptic
transmission, and homeostatic plasticity (Stellwagen, 2011). TNF-a is found on glial cells of
the healthy CNS and its expression induces MHCI transcription in neurons (Neumann et al.,
1997; Bauer et al., 2007). TNF-a regulates the surface expression of AMPARS, increases the
growth of dendrites, and enhances synaptic connectivity (Beattie et al., 2002; Stellwagen et
al., 2005; Lee et al., 2010). TNF-a also mediates the balance between excitation and
inhibition in neurons, may alter long-term synaptic plasticity, and clearly alters homeostatic
plasticity (Albensi and Mattson, 2000; Tancredi et al., 2000; Stellwagen et al., 2005;
Stellwagen and Malenka, 2006). Finally, the heat shock protein 70 (HSP70) family, also
encoded by the MHCIII region, is expressed by neurons, glia, and endothelial cells in the
healthy brain (Foster and Brown, 1996; Yenari, 2002). HSPs are molecular chaperones that
assist in the refolding of misfolded proteins and are implicated in a wide range of functions
including synaptic transmission, autophagy, ER stress response, and protein kinase and cell
death signaling (Stetler et al., 2010). HSP70 is thought to be particularly important for
preventing the accumulation of protein aggregates in neurodegenerative disease (Turturici et
al., 2011).

Clearly, the many proteins encoded by the MHC play a vital role in the formation,
refinement, maintenance, and plasticity of the brain. Manipulations of levels of MHC
molecules have illustrated how disrupted MHC signaling can significantly alter brain
connectivity and function. Thus, an emerging hypothesis is that disruptions in MHC
expression in the developing brain caused by mutations and/or immune dysregulation
contribute to altered brain connectivity characteristic of ASD.

Genetic mutations in MHC genes and ASD

MHCI genes

Since autism was initially identified and described in 1943 (Kanner, 1943), scientists and
clinicians have struggled to identify its cause. It is clear that no single genetic locus is the
sole cause of this disorder. In the past few years, a surprisingly small number of genes
conferring ASD risk have been identified through genome-wide association studies, and a
rapidly growing number of rare mutations have been identified as causal for ASD
(Geschwind, 2011). While many of these genes encode proteins integral to formation,
function, and/or plasticity of synapses in the CNS, others encode proteins traditionally
thought to play roles exclusively in the immune system, including MHC genes.

Reports of associations between MHC genes and ASD are controversial due primarily to
small sample sizes and differing results between different research groups. Several reports
have shown a significant association between HLA haplotypes and ASD. 75% of children
with ASD were reported to share at least one HLA antigen with their parents, while the
control group shared only 22% (Stubbs, 1981; Stubbs et al., 1985). Specifically, mothers and
children with ASD more often had similar HLA types than did typically developing mothers
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and their children (Stubbs et al., 1985). In addition, another study showed an increase of
certain HLA-A2 (but not HLA-B) allele haplotypes in subjects with autism (Torres et al.,
2002; Torres et al., 2006). Several reports have not reproduced these effects, but the sample
sizes in these reports were too low to be conclusive (Stubbs and Magenis, 1980). Overall,
these results suggest a potential role for specific types of MHCI in increasing risk for ASD.

MHCII genes

The MHCII region has also been implicated in ASD. A strong association of HLA-DR4 with
ASD has been replicated in several studies (Warren et al., 1992; Daniels et al., 1995; Torres
et al., 2002; Johnson et al., 2009). Specifically, the HLADRp1 alleles are linked to ASD
(Warren et al., 1996); the DRB1 gene is encoded by the DR4 and DR13/14 haplotypes.
Interestingly, some MHCII genes might also be protective, as suggested by the observation
that HLA-DR13/14 is found with decreased frequency in children with ASD compared to
non-ASD controls (Daniels et al., 1995; Warren et al., 1996; Torres et al., 2002). Finally,
autistic children with large decreases in CD4+ naive T cells and increased CD4+ memory T
cells are more likely to express a higher frequency of both the HLA-A2 and DR11 alleles
(Ferrante et al., 2003). However, contrary to previous reports, these researchers did not find
an association of HLA-DR4 with ASD (Ferrante et al., 2003). These findings suggest that
some of the genes within the MHCII region might be pathogenic factors in ASD.
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To address the possibility that the disparities in results described above could result from
sampling genetically and geographically mixed populations, family members and autistic
children from the genetically-isolated Italian island Sardinia were genotyped for HLA
alleles. In 50% of the families, ASD was linked to HLA but no single particular allelic
polymorphism was identified (Guerini et al., 2006). The same researchers subsequently
found a positive association with ASD for an allele in the HLA-A region and a negative
association in the HLA-B region (Guerini et al., 2009). The same HLA loci were linked to
ASD both in Sardinian and in peninsular Italian individuals with ASD, suggesting a genetic
link that is not entirely geographically or genetically-isolated. (Guerini et al., 2011).
Alternatively, another investigation focused on families within Tennessee and also across
the USA. The HLA-DR4 frequencies of mothers and their sons were significantly higher
than typically developing subjects in Tennessee, but not across the USA. This result is
consistent with the hypothesis that specific MHCII genes may alter fetal brain development
within a population residing in a geographically-defined region and may contribute to the
inconsistencies from study to study where location was not considered (Lee et al., 2006).

More recently, a significant increased frequency of HLA-DR4 was found in mothers of
individuals with ASD as compared to mothers of typically developing children (Johnson et
al., 2009). This led to the idea that enrichment in HLA-DR4 of the mothers may be
responsible for ASD in the child and is consistent with the hypothesis that prenatal maternal-
fetal immune interaction can alter fetal brain development (as described below; (Johnson et
al., 2009). Finally, subjects with ASD exhibit enhanced astroglial and microglial activation;
increased HLA-DR expression by activated microglia is observed most prominently in the
cerebellum, but also in cortical regions and white matter of postmortem autistic patients
(Vargas et al., 2005). The increased expression of HLA-DR during development and disease
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is considered to be a marker of astroglial and microglial activation and their capacity to
present antigen to T-helper cells.

MHCIII genes

Only a few genes encoded within the MHCIII region have been analyzed for association
with ASD. Interestingly, the genes encoding complement gene C4 have been linked to ASD
(Warren et al., 1991; Warren et al., 1994; Odell et al., 2005; Corbett et al., 2007; Mostafa
and Shehab, 2010). Although there are no reports to date linking ASD and MHCIII genes
encoding TNFa or B, there are several reports of increased TNFa protein levels in the CSF,
blood, and post-mortem brain tissue from individuals with ASD (Vargas et al., 2005; Chez
et al., 2007). To date, there is no reported association of HSP70 with ASD.

Taken together, these genetic studies have identified a potential link between the MHC
region of the genome and ASD. Despite inconsistencies and small sample sizes, the HLA-A
and HLA-B regions of MHC-I, the HLA-DR region of MHC-II, and the complement C4
gene, are the genes within the MHC most associated with ASD. Importantly, findings may
vary depending on the subjects’ geographic location, parents’ genetic background and age,
birth rank, disorder phenotype, and many other variables (Lee et al., 2006; Johnson et al.,
2009; Shelton et al., 2010; Nordahl et al., 2011; Turner et al., 2011). Nevertheless, because
so many studies suggest an immunological role for the onset of ASD, it will be important to
continue focusing on the MHC region of the genome and to design studies that
unequivocally identify the contribution of genes within the MHC to ASD. Interestingly,
there is also a reproducibly strong link between genes within the MHC and schizophrenia
(Purcell et al., 2009; Shi et al., 2009; Stefansson et al., 2009; Bergen et al., 2012; Hamshere
etal., 2012; Jia et al., 2012), consistent with the increasingly large number of genetic and
environmental associations shared specifically by these two disorders (Patterson, 2009;
Gejman et al., 2011; Meyer et al., 2011; Brown, 2012; Reichelt et al., 2012).
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Viral infection and immune activation in ASD

In addition to rare genetic mutations in MHC genes, proteins encoded by the MHC could
contribute to the etiology of ASD by mediating systemic immune dysregulation during early
brain development in gestation or in early postnatal life. Increasing evidence suggests that
environmental contributions to ASD and viral infection during gestation has, until recently,
been one of the most controversial but persistent factors associated with this disorder
(Patterson, 2011). Recently, compelling evidence indicates that maternal viral infection is
one of the few documented risk factors for ASD (Atladottir et al., 2010).

Many of the environmental insults linked to ASD involve the maternal-fetal environment.
ASD twin studies highlight the fact that concordance for dizygotic twins is much greater
than that for siblings, implying a significant role for the fetal environment (Rosenberg et al.,
2009; Hallmayer et al., 2011; Szatmari, 2011). Maternal exposure to valproic acid or
thalidomide greatly increases incidence of ASD (Kinney et al., 2008). The risk for ASD is
also higher in offspring conceived in the winter months, consistent with a role for respiratory
infections (Zerbo et al., 2011). In addition to other kinds of infection (Patterson, 2009;
Patterson, 2011), maternal viral infection during the first trimester, in particular, is
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associated with increased risk of ASD (Atladottir et al., 2010; Patterson, 2011). Rubella
infection has been repeatedly associated with increased incidence of ASD features (Chess,
1977; Deykin and MacMahon, 1979; Libbey et al., 2005) and autistic children also have an
increased incidence of congenital cytomegalovirus infections (Stubbs, 1978; Deykin and
MacMahon, 1979; Yamashita et al., 2003; Sweeten et al., 2004; Libbey et al., 2005). Despite
these correlations, most of these studies relied on semi-quantitative or subjective reports of
infections and so, were considered controversial. However, a recent report of a large-scale
study from a well-documented population of patients in Denmark clearly indicates an
association between increased incidence of maternal viral infection in the first trimester and
maternal bacterial infection in the second trimester requiring hospitalization and diagnosis of
ASDs in offspring (Stubbs and Magenis, 1980; Atladottir et al., 2010). Together, these
reports indicate that maternal infection is indeed a risk factor for ASD (Patterson, 2011;
Hagberg et al., 2012).

How maternal immune activation (MIA) increases the incidence of ASD in offspring
remains unknown. One hypothesis is that the high levels of cytokines in the maternal
bloodstream induced by infection enables some of them to cross the placenta and enter the
brain of the fetus and alter brain development. Consistent with this hypothesis, a recent case
report found that elevated maternal serum concentrations of IFN-y, and two interleukins
(ILs), IL-4 and IL-5, are associated with a 50% increased risk of ASD, while a distinct
cytokine profile of increased IL-2, IL-4 and IL-6 is associated with an increased risk of
developmental delay without ASD (Goines et al., 2011). The amniotic fluid of mothers of
children later diagnosed with ASD also shows increased levels of cytokines, including 1L-4,
TNFa and p (Abdallah et al., 2011; Abdallah et al., 2012). Moreover, there are many reports
of altered cytokines in the blood, brain, and CSF of individuals with ASD of various ages
(Vargas et al., 2005; Molloy et al., 2006; Chez et al., 2007; Ashwood et al., 2008; Ashwood
et al., 2010; Ashwood et al., 2011; Manzardo et al., 2011).

1duosnuey Joyiny syeads wsnny

The development of mouse models of the maternal infection risk factor for ASD (Patterson,
2009; Meyer and Feldon, 2010; Patterson, 2011) has strengthened the link between MIA and
much of the neuropathology and abnormal behaviors characteristic of ASD. Adult offspring
of pregnant mice given intra-nasal influenza virus exhibit behavioral abnormalities and
changes in gene expression, neuroanatomy, and neurochemistry consistent with those found
in ASD (Fatemi et al., 1998; Fatemi et al., 2002; Shi et al., 2003). Because these symptoms
can also be elicited in the absence of infection by maternal injection of synthetic dsSRNA
(polyl:C), which mimics the acute phase response to viral infection (Traynor et al., 2004), it
is likely that the maternal inflammatory response drives the changes in fetal brain
development (Shi et al., 2003). Importantly, the polyl:C MIA model is one of the few mouse
autism models that exhibits all three core symptoms of ASD: stereotyped and repetitive
behaviors, deficits in social interaction, and deficits in communication (Smith et al., 2007;
Malkova, 2012). Adult MIA offspring also exhibit abnormalities in gene expression,
neurochemistry, and neuropathology similar to those found in ASD (Shi et al., 2003; Meyer
et al., 2008; Patterson, 2009; Shi et al., 2009; Meyer and Feldon, 2010)(see also Michel et
al., this issue).
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Despite recent progress in developing and characterizing mouse models of MIA, little is
known about how MIA alters fetal brain development. Current evidence indicates that
maternal cytokines secreted immediately after poly(l:C) injection cross the placenta and
enter the fetus (Smith et al., 2007; Patterson, 2009; Hsiao and Patterson, 2011). IL -6 is
necessary and sufficient to mediate these effects since the effects of MIA on neuropathology
and behavior are prevented by co-injection of an anti-I1L-6 antibody and are mimicked by
injection of pregnant mice with IL-6 (Smith et al., 2007; Patterson, 2009). These maternal
cytokines induce endocrine changes in the placenta (Hsiao and Patterson, 2011) and change
expression of other cytokines in the fetal brain, including IL-1 and IL-6, hours after
maternal poly(l:C) injection (Meyer et al., 2006). However, it remains unknown if MIA
causes chronic changes in brain cytokines in offspring during multiple stages of postnatal
development and whether chronically altered cytokines regulate connectivity in the
developing brain.

The cytokine hypothesis of MIA and ASD may also involve the MHC. Since cytokines
control expression of MHC proteins in the immune system (Meraz et al., 1996; Schindler et
al., 2007; Li, 2008), the elevated fetal brain cytokines following MIA may well alter the
expression profiles of other immune molecules, including MHCI molecules on neurons and
glial cells, MHCII molecules on microglia, and MHCIII molecules on neurons and
microglia. Because all of these MHC molecules are present in the developing brain, where
they regulate connectivity and plasticity, any alteration in their expression could contribute
to the aberrant behaviors characteristic of ASD. Future work testing this hypothesis will be
critical for determining if MHC molecules mediate the effects of immune dysregulation on
brain development, thereby contributing to neurodevelopmental disorders, including ASD.

1duosnuey Joyiny syeads wsnny

Conclusions

Given the dogma of CNS immune-privilege that prevailed just over a decade ago, it is
remarkable how far the field of neuroimmunology has come in such a short time. We now
know that many of the diverse families of molecules encoded within the MHC are expressed
in the healthy CNS, where they play critical roles in brain development, function, and
plasticity. Moreover, there is growing evidence for both MHC mutations and immune
dysregulation in brain development, which may indirectly alter CNS MHC molecule
expression, and contribute to ASD. However, there is not yet a clear role for MHC proteins
in ASD. Future work in clarifying changes in MHC genes and in other brain immune-related
molecules in individuals with ASD, as well as clarifying affected molecular pathways in
mouse models, is essential to test the hypothesis that alterations in expression of MHC
molecules in the developing brain contribute to the pathogenesis of ASD. If true, then MHC
molecules represent a family of exciting and untapped, potential targets for therapeutic
intervention for ASD.
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Figure 1. Schematic representations of MHC Class| and |1 molecules
MHCI molecules are trimeric proteins comprised of one transmembrane heavy chain (al-3

domains; black), a p2-microglobulin light chain (32m; light blue), and a peptide (pink star)
that is bound within the groove of a1 and a2 of the heavy chain. The MHCI peptide is
generated in the cytosol. Trimers are assembled in the endoplasmic reticulum and all three
components are required for transport to the cell surface of cells. MHCII molecules consist
of two transmembrane chains an a (green) and a  (dark blue); each chain contains two
domains (al-a2, and f1-B2). The peptide is bound for display in the groove of the al and 1
domains and is derived from extracellular pathogens. MHC Class 111 genes encode such a
diversity of proteins that examples are not shown in this figure.
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Figure 2. Genomic maps of the human, rat, and mouse MHC
This schematic identifies genes of MHC Class I classical (red) and non-classical (pink),

MHC Class | pseudogenes (outlined in red), MHC Class Il classical (dark blue) and non-
classical (light blue), MHC Class Il (black), and genes involved in processing and loading
the MHC molecules. Classical MHC genes are typically polymorphic whereas the non-
classical MHCI genes are not. These MHC genes are located on Chromosome 6, 20, and 17
in the human, rat, and mouse, respectively. The light chain of MHC Class | molecules, 32-
microglobulin, is encoded on a separate chromosome (15 in humans, 3 in rats, and 2 in
mice). Information for this figure was compiled from the UCSC Genome Browser on human
Feb. 2009 (GRCh37/hg19), rat Mar. 2012 (RGSC 5.0/rn5), and mouse July 2007 (NCBI37/
mm?9) assemblies.
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