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INTRODUCTION

Schizophrenia is a debilitating and complex brain
disorder of unknown etiology. Complicating our under-
standing of the causes and pathophysiology of schizo-
phrenia is the likelihood that what we call schizophrenia
is actually a heterogeneous assemblage of etiological
conditions across a broad spectrum (Arnedo et al., 2014).
Reigning evidence supports a schizophrenia etio-
pathogenesis arising from and perpetuated by a multi-
sourced genetic by environmental interaction (Demjaha,
MacCabe, & Murray, 2012, Modinos et al., 2013; van
Os et al., 2014; Tsuang, 2000). Although schizophrenia
is highly heritable, the disease is polygenic, and gene
studies to date have identified an enormous number
of susceptibility loci (Kavanagh, Tansey, O’Donovan,
& Owen, 2014; Schizophrenia Working Group of the
Psychiatric Genomics Consortium, 2014). Thus, the dis-
ease is thought to manifest when one or more of many
possible genetic predispositions co-occurs with expo-
sure to one or more of many possible environmental
factors. Relevant environmental factors can derive from
a diversity of sources including exposures to infection,
food-derived antigens, stress, smoking, cannabinoids,
pollutants, and other toxins (Allen, Liu, Pelkowski,
et al., 2014; Allen, Liu, Weston, et al., 2014; Fine, Zhang,
& Stevens, 2014; Fineberg & Ellman, 2013; Fraga et al.,
2011; Severance, Yolken, & Eaton, 2014; Suarez-Pinilla,
Lopez-Gil, & Crespo-Facorro, 2014; Yolken & Torrey,
2008; Zhang et al., 2014). If these exposures coincide with
critical periods of fetal and neonatal brain maturation,
there is the potential to aberrantly impact important
brain processes including neural migration, synapto-
genesis, myelination, and synaptic pruning. Coinciding
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with these neurodevelopmental landmarks are events
crucial for the instigation and maturation of innate and
adaptive immunity.

A possible role for immune system dysregulation
in schizophrenia etiopathogenesis would reconcile
both genetic and environmental hypotheses. A num-
ber of genetic loci found to associate with schizophre-
nia involve immune functions directly or implicate
biological pathways that can influence immune func-
tion. For example, a consistently replicated locus for
association with schizophrenia is the 6p22 chromo-
somal region that houses the major histocompatibility
(MHC) locus and human leukocyte antigens (Corvin
& Morris, 2014; Purcell et al., 2009; Shi et al., 2009; Ste-
fansson et al., 2009). The MHC /human leukocyte gene
family functions to identify self and nonself entities
and any dysfunction of these genes can render sus-
ceptibility to infectious disease, graft rejection, cancer,
and autoimmunity. Environmental triggers that show
consistently replicated associations with schizophre-
nia are also those that result in immune activation.
Exposures to infectious pathogens, food antigens, and
autoantigens have been especially well-studied risk
factors for the development of schizophrenia, and spe-
cial consideration is afforded to the timing, intensity,
and type of immune activation elicited by these expo-
sures (Jones, Mowry, Pender, & Greer, 2005; Kirch,
1993; Knuesel et al., 2014; Meyer, 2013; Muller, 2014;
Rothermundt, Arolt, & Bayer, 2001; Severance, Yolken,
et al., 2014; Torrey & Peterson, 1976; Yolken & Torrey,
2008).

The focus of this chapter is to review some of
the evidence in support of an immune and autoim-
mune dysfunction in the etiology, pathogenesis, and
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pathophysiology of schizophrenia. From a historical
perspective, a recurrent immune theme predominated
the early literature with a particular emphasis on schizo-
phrenia-associated immunoglobulins and antibrain anti-
bodies. These ideas still formulate the basis of current
immune topics in schizophrenia, but over the years the
scope has widened beyond the adaptive immune sys-
tem to encompass also innate immunity. Advances in
our understanding of inflammation and mediators of
both the adaptive and innate immune system and their
functional roles in standard brain physiology provide an
important context by which schizophrenia might arise as
the result of the coupling of immune and neurodevelop-
mental dysregulation.

PRIMER ON BASIC IMMUNOLOGY

The focus of this review on immune system aberra-
tions in schizophrenia requires a review of basic knowl-
edge of the major molecules and cells involved in the
highly regulated balance of interacting innate and adap-
tive immune pathways. The function of the immune
system is to protect the organism from disease and
allow distinction between self and nonself entities, a
process that is generally classified into the innate (non-
specific, always present) and adaptive (specific, trig-
gered) immune systems. The innate immune system is
composed of physical epithelial barriers, monocytes/
macrophages, dendritic cells, natural killer cells, and
circulating plasma proteins. Microbial invaders or
compromised cells interact with recognition recep-
tors found on monocytes/macrophages and dendritic
cells. Pattern recognition receptors can be cytoplasmic,
membrane-bound, and secreted and include Toll-like
receptors, complement receptors, nucleotide-binding
oligomerization domain (NOD)-like receptors, pen-
traxins, and C-reactive protein. The adaptive immune
system is composed of two immune response types:
humoral (antibody) immunity and T-lymphocyte-
mediated immunity. During activation of the adaptive
immune system, binding of the invading antigen to B
lymphocytes precipitates its differentiation into plasma
cells that produce immunoglobulin antibodies specifi-
cally targeted to the invading antigen (Alberts, 2008;
Rothermundt et al., 2001). The complement system acts
in conjunction with the humoral immune system to form
immune complexes with the antibody bound antigens
and clear these from the body (Walport, 2001a, 2001b).
Upon binding to monocytes/macrophages, pathogenic
and other antigens also trigger the T-cell cascade, where
T cells differentiate into cytotoxic T cells, T-helper cells,
and natural killer cells. The lysis of cells containing
the invading antigen is accompanied by the produc-
tion of pro- and anti-inflammatory cytokines, signaling
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proteins that function in immune regulation (Alberts,
2008; Rothermundt et al., 2001).

Dysregulation of any of these molecules, proteins,
or cells at any stage of these pathways irrespective of a
genetic or environmental origin can result in disorders of
the immune system, which generally can take the form
of inflammatory diseases, immunodeficiency, autoim-
munity, or some forms of neoplasia. For complex psychi-
atric disorders such as schizophrenia, it is also necessary
to understand how perturbations of these immune pro-
cesses might impact the brain. Because schizophrenia
is thought to originate as a result of aberrant neurode-
velopment, it is important to note that for a number of
these classic immune factors, including complement,
MHC, Toll-like receptors, and pentraxins, additional
functions in the developing brain are continuously being
identified (Benoit & Tenner, 2011; Bialas & Stevens, 2013;
Boulanger, 2009; Fourgeaud & Boulanger, 2007; Frodl &
Amico, 2014; Garate et al., 2013; Nagyoszi et al., 2010;
Pribiag & Stellwagen, 2014; Stephan et al., 2013; Stevens
et al., 2007; Trotta, Porro, Calvello, & Panaro, 2014). It
is also becoming increasingly evident that circulating
endogenous peripheral immune entities may directly
access the central nervous system (CNS) as a result of
directed regulation or compromised endothelial bar-
riers. At the same time, it is possible that invading or
resident pathogens or their products could directly exert
detriment to the CNS by similarly penetrating these
barriers. As such, the spectrum of psychiatric dysfunc-
tions known as schizophrenia may be the compilation of
different stages of an immunoneurological intersection
gone awry from both external and internal pathological
molecules and pathways.

HISTORICAL PERSPECTIVE OF
THE IMMUNE-SCHIZOPHRENIA
ASSOCIATION

Early observations prepared a foundation for the
studies of today where the role of immune activation
is no longer questioned but understood to be the most
parsimonious etiological explanation that encompasses
a gene by environment landscape of schizophrenia. In
this section, we will review the history of these immune
associations and especially illuminate adaptive humoral
immune system dysregulation because immunoglobu-
lin abnormalities were the focus of early investiga-
tions (Kirch, 1993; Rothermundt et al., 2001). Although
many of these early studies are inconsistent regarding
the impact of any single infectious pathogen or autoim-
mune reaction against brain tissue, these investigations
offer snapshots of how the immune process might be rel-
evant to and influence brain function. Importantly, they
bring to light issues that are still relevant today and that
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are now studied without previous restrictions such as
unrecognized disease heterogeneity, constricted study
designs, and limited laboratory technologies.

Activation of the adaptive immune system and spe-
cifically of humoral immunity generally is manifested by
changes in the levels of immunoglobulin antibodies with
respect to the disease state. Schizophrenia-associated
changes in the levels of plasma and cerebrospinal fluid
(CSF) proteins were repeated findings that implicated
immunoglobulins and solidified the idea that in schizo-
phrenia, either an infectious or an autoimmune process
might be occurring (Amkraut, Solomon, Allansmith,
McClellan, & Rappaport, 1973; Bock & Rafaelsen,
1974; Burian, Kubikova, & Krejcova, 1964; Durell &
Archer, 1976; Fessel, 1962a, 1962b; Gammack & Hector,
1965; Hendrie, Paraskevas, & Varsamis, 1972; Selecki,
Todd, Westwood, & Kraus, 1964; Solomon, Allansmith,
McCellan, & Amkraut, 1969; Strahilevitz & Davis, 1970).
Of particular interest were reports that people with
schizophrenia who had elevated immunoglobulin levels
were also the least likely to show clinical improvement
over the course of hospitalization compared with those
with lower immunoglobulin levels (Amkraut et al., 1973).

An infectious disease component contribution to
psychotic mental disorders is often first attributed to
Esquirol (1845), who suggested that the dissemination of
psychoses unfolds similarly to an epidemic-like process
(Esquirol, 1845). This observation was followed by other
reports of psychotic epidemics in the decades following
World War I and the 1918 influenza epidemic (Kirch,
1993; Menninger, 1919, 1926; Torrey & Peterson, 1973,
1976). The possible role of an antigen derived from a
pathogenic organism such as a virus or bacteria took root
in various forms and the early years of the viral hypoth-
esis of schizophrenia is well-reviewed by Torrey and
Peterson (1973, 1976) and Kirch (1993), with exposures
to neurotropic viruses such as herpes simplex virus 1,
measles, and rubella figuring prominently (Kirch, 1993;
Torrey & Peterson, 1973, 1976).

There was also an extensive literature base primarily
from the 1940s to 1950s that describe a variety of anti-
body reactions in people with schizophrenia including
the Rosenow antibody-antigen skin reaction. This reac-
tion was based on a hypothesis that several brain dis-
eases such as epilepsy and schizophrenia were the result
of alpha-hemolytic streptococci as measured by a cuta-
neous reaction to a streptococcal antibody or antigen
that was obtained and cultured from nasopharynx sam-
ples (Rosenow, 1948). Results from these studies were
varied, with some showing greater immune response
(cutaneous reaction) associated with schizophrenia and
others showing no difference (Gurassa & Fleischhacker,
1958; Rosenow, 1948). We will revisit this idea of a
pathogen-derived viral or bacterial source of immune
activation in schizophrenia in its current form in a later
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section, because it is still a relevant hypothesis that is
being explored with the benefit of modern tools such as
high throughput sequencing.

Meanwhile, early literature on the topic of autoimmu-
nity received similar effort and attention. One very early
study of postmortem brain tissue identified the pres-
ence of autoantibodies to brain proteins and launched
the idea that schizophrenia and other psychoses may
have an autoimmune basis (Lehmann-Facius, 1937). This
theme continued in later decades when the role of auto-
antibodies to brain proteins was actively studied and
disputed (Boehme, Cottrell, Dohan, & Hillegass, 1973;
Durell & Archer, 1976; Fessel, 1962a, 1962b; Heath, 1967;
Heath & Krupp, 1967; Heath, Krupp, Byers, & Lijekvist,
1967a, 1967b; Jones et al., 2005; Kirch, 1993; Mellsop,
Whittingham, & Ungar, 1973). In some of these studies,
the observation again came that levels of antibrain anti-
bodies seemed to correlate with the intensity of psychotic
symptoms and were generally higher during the early
disease state and during acute attacks (Glebov, 1972;
Gurevich, 1969; Stamboliev, 1970; Stoimenov, 1969).

WHERE ARE WE TODAY WITH THE
ADAPTIVE IMMUNE HYPOTHESES?

Dysregulation of the adaptive immune system and
especially of humoral immunity still figures prominently
in today’s literature examining immune-based hypoth-
eses for schizophrenia. Speculation that medication is
behind changes in immune marker levels is unavoidable;
however, studies of patients who are antipsychotic naive
or who have a recent onset of the disease support specific
immune activation early in the course of disease, even
before medication is administered (Beumer et al., 2012;
Drexhage et al., 2010; Drexhage et al., 2011; Leonard,
Schwarz, & Myint, 2012; Miller, Mellor, & Buckley, 2012;
Mondelli & Howes, 2014; Severance, Alaedini, et al.,
2012; Severance, Gressitt, et al., 2012; Severance et al.,
2013b; Steiner et al., 2012; Stojanovic et al., 2014). Next
we describe some current evidence available regarding
schizophrenia-specific immune responses to external
antigens and autoantigens.

Pathogens

Exposure to infectious disease pathogens during the
pre- and postnatal period as defined by an antibody
response is significantly associated with the future
development of or current status of schizophrenia
(Arias et al., 2012; Brown & Derkits, 2010; Buka, Cannon,
Torrey, & Yolken, 2008; Fellerhoff, Laumbacher, Muel-
ler, Gu, & Wank, 2007; Mortensen et al., 2010; Niebuhr
et al., 2008; Xiao et al., 2009; Yolken et al., 2001; Yolken &
Torrey, 2008). We include both pre- and postnatal
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exposure references in this section and in a later sec-
tion will review the implications on neurodevelopment
of strictly maternal-occurring immune activation from
a variety of sources including pathogens. Pathogenic
microorganisms are relevant to schizophrenia patho-
physiology because they or their products can be neu-
rotropic as well as cytotoxic or because the process of
immune system activation is pathogenic in schizophre-
nia. Certain viruses known to be neurotropic include the
herpes simplex viruses, cytomegalovirus, and Epstein—
Barr virus; these viruses are also of interest because
their life cycle can contain a latent state from which
they can be periodically reactivated (Kirch, 1993; Torrey
& Peterson, 1973, 1976). To date, the strongest associa-
tion of an infectious disease agent with schizophrenia is
Toxoplasma gondii, a neurotropic parasite, and this rela-
tionship is well-reviewed in numerous analyses and
meta-analyses (Arias et al., 2012; Monroe, Buckley, &
Miller, 2014; Torrey, Bartko, Lun, & Yolken, 2007; Tor-
rey, Bartko, & Yolken, 2012). Other pathogens that have
shown significant associations with schizophrenia and
psychoses also include Epstein-Barr virus, measles,
polio, influenza, coronaviruses, human herpesvirus 2,
Borna disease virus, human endogenous retrovirus, and
Chlamydophila spp (Arias et al., 2012; Brown, Begg,
et al., 2004; Dickerson, Stallings, Origoni, Copp, et al.,
2010; Karlsson et al., 2001; Karlsson, Schroder, Bach-
mann, Bottmer, & Yolken, 2004; Khandaker, Stochl, Zam-
mit, Lewis, & Jones, 2014; Mednick, Machon, Huttunen,
& Bonett, 1988; Perron et al., 2012; Prasad, Shirts, Yolken,
Keshavan, & Nimgaonkar, 2007; Severance et al., 2011;
Suvisaari, Haukka, Tanskanen, Hovi, & Lonnqvist, 1999).

Of note, exposure to the process of infection may be
as or more important than the virulence or neurotropism
of any single pathogen. A large study of the Swedish
national birth registry suggested that exposure to viral
CNS infections during childhood could result in the later
development of schizophrenia (Dalman et al., 2008).
Unlike other investigations, this study did not support a
link of bacterial infections with the development of sub-
sequent psychoses. A different study, however, found
that urinary tract infections (likely of bacterial origin)
were found to occur with increased prevalence in schizo-
phrenia and associated with acute relapse of psychosis
(Graham, Carson, Ezeoke, Buckley, & Miller, 2014; Miller
et al., 2013). Other conditions typically characterized by
bacterial infection (sinusitis, tonsillitis, and pneumonia)
were associated with the development of schizophrenia
in the prenatal exposure scenario, as were genital and
other reproductive infections (Babulas, Factor-Litvak,
Goetz, Schaefer, & Brown, 2006; Sorensen, Mortensen,
Reinisch, & Mednick, 2009).

It is expected that if schizophrenia in some people is
the result of a specific virus or parasite, then evidence
in the form of DNA sequences would be found in the
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brain. These data, however, have thus far been elusive.
The ability to efficiently search for this needle in a hay-
stack came several years ago with the advent of high-
throughput sequencing. The infancy of this field has not
yet uncovered evidence for a causative pathogen, but
ongoing investigations have brought about findings in
unexpected places, including microbes associated with
the gut microbiome.

Food Antigens

The connection between food sensitivity and propen-
sity for schizophrenia was pioneered by F. Curtis Dohan,
who hypothesized that wheat glutens and bovine milk
caseins were broken down into bioactive exorphins that
could penetrate through gut barriers, enter systemic
circulation, and have access to the CNS. His work was
based on observations of celiac disease overlap with
schizophrenia, with strong correlations of hospitaliza-
tion rates for schizophrenia with wheat availability dur-
ing wartime and improvement of psychotic symptoms
following removal of wheat and dairy products from
the diet (Dohan, 1969, 1970, 1973, 1980; Dohan, Harper,
Clark, Rodrigue, & Zigas, 1984). A recent resurgence in
this field is exemplified by the numerous antibody stud-
ies that confirm an increased immune response directed
at these food antigens, including a role for maternal anti-
bodies to food antigens and the possible presence of an
antigen-specific immune reaction up to 2years before
diagnosis of the disease (Cascella et al., 2011; Dickerson,
Stallings, Origoni, Vaughan, et al., 2010; Jackson et al.,
2012; Karlsson et al., 2012; Lachance & McKenzie, 2014;
Niebuhr et al., 2011; Samaroo et al., 2010; Severance et al.,
2010; Severance, Gressitt, et al., 2012). The presence of
food-derived exorphins or antibodies against them have
been documented in the CSF of individuals with a vari-
ety of psychoses including schizophrenia and coupled
with a propensity for blood-brain and CSF-brain bar-
rier defects might implicate a neurotropic role of these
peptides in the etiology or pathophysiology of the dis-
ease (Axelsson, Martensson, & Alling, 1982; Bauer &
Kornhuber, 1987; Kirch et al., 1992; Lindstrom, Besev,
Gunne, & Terenius, 1986; Lindstrom et al., 1984).

Autoantigens

Autoimmune disease epidemiology and schizophre-
nia have been strongly linked for some time, with the
first vestiges of the association coming in the form of
findings suggestive of an inverse correlation between
rheumatoid arthritis and schizophrenia (Benros, Eaton,
& Mortensen, 2014; Eaton, Hayward, & Ram, 1992; Tor-
rey & Yolken, 2001). Observations of a co-occurring
psychosis with a number of autoimmune diseases
including celiac disease, multiple sclerosis, systemic
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lupus erythematosus, autoimmune thyrotoxicosis, auto-
immune hepatitis, and psoriasis also lent credence to the
idea of an interrelated component of autoimmunity and
the brain (Benros et al., 2014; Eaton et al., 2006). Celiac
disease perhaps provides the strongest association with
schizophrenia and reinforces the idea that for some,
immune activation and autoimmunity have roots in the
gut (Baldwin, 1980; Dohan, 1970, 1973, 1980; Eaton et al.,
2004). Celiac disease is a disease whereby the ingestion
of wheat gluten launches an immune reaction that dam-
ages the epithelial lining of the small intestine through
an autoimmune attack on tissue transglutaminase that
breaks down the gluten peptide (Alaedini & Green, 2008;
Green et al., 2005; Guandalini & Assiri, 2014).

In the same way that the type of pathogen infection is
probably not as important as the infectious process itself
in causing brain pathologies such as schizophrenia, the
specific type of autoimmune disease may not be the pri-
mary determinant of brain pathology. Instead, the occur-
rence of a state of autoimmunity and its association with
schizophrenia is rather likely to be a suggestion of the
pathophysiology or faulty mechanism that is at work,
perhaps as a disjunctive operation of an immune system
pathway that has failed to function. Large Danish popu-
lation-based studies, in fact, confirm that individuals or
first-degree family members who had any history of an
autoimmune disease have a 45% increased relative risk
for schizophrenia (Eaton et al., 2006). The autoimmune
link with schizophrenia was further solidified in an even
larger investigation of this registry, and interestingly, this
risk was further elevated in those with a history of an
infection (Benros et al., 2011). This finding is not surpris-
ing given the fairly established literature base support-
ing the idea that exposure to infectious agents generates
an autoimmune response (Ercolini & Miller, 2009).

As mentioned in a previous section, documenting
and characterizing autoantibodies directed at brain pro-
teins has been intriguing researchers for decades with
generally mixed results. Among the many autoantigens
analyzed for an association with schizophrenia and
psychosis are N-methyl-p-aspartate (NMDA) receptors
(Deakin, Lennox, & Zandi, 2014; Ezeoke, Mellor, Buck-
ley, & Miller, 2013; Jones et al., 2005; Masdeu et al., 2012;
Muller, 2014; Pearlman & Najjar, 2014; Steiner et al.,
2014; Steiner et al., 2013). This NMDA receptor anti-
body quest was fueled by findings that antibodies to the
NMDA receptor were elevated in women with ovarian
teratoma and psychoses-related encephalitis (Dalmau
et al., 2007). Other targets of autoimmune investigations
include Neuregulin-2, human endogenous retroviruses,
cholinergic muscarinic receptors, nicotinic acetylcholine
receptors, dopamine D2 receptors, mu-opioid receptors,
serotonin receptors, o-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptors, gamma-aminobutyric
acid receptors, glutamic acid decarboxylase, potassium
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channel receptors, cardiolipin, DNA, histones, and
mitochondria (Deakin et al., 2014; Ezeoke et al., 2013;
Jones et al., 2005; Masdeu et al., 2012). An increased
understanding of the underlying immunopathological
processes and an improved characterization of reac-
tive epitopes involved in disease pathogenesis might
improve the predictive value of autoantibody assays and
provide for reliable markers of disease susceptibility.

MOVING TOWARD INNATE IMMUNITY
AND “THE PROCESS OF IMMUNE
ACTIVATION”

The Gut, Inflammation, and Endothelial Barrier
Dysfunction

A movement away from schizophrenia as a solely
brain-centric disease is an active one in psychiatric
research circles where an increasing awareness of the
importance of the gastrointestinal (GI) tract, the body’s
largest immune organ, may share a bidirectional path-
way with the brain. The strong association between
food-based sensitivities and schizophrenia implicates
the GI tract as an important site to search for immuno-
logical dysfunction. Food antigen sensitivity is but one
of a number of risk factors for schizophrenia that are
related to gut inflammation, and this immunoglobulin G
(IgG) sensitivity joins other gut-related risk factors such
as endothelial barrier defects, celiac disease, and expo-
sure to T. gondii (Severance, Yolken, et al., 2014). Research
at this interface has shown in translational models that
intestinal inflammation is a significant comorbidity of
schizophrenia, and markers of this inflammation corre-
late with antibodies to food antigens such as gluten and
casein at heightened rates in people with schizophre-
nia (Severance, Alaedini, et al., 2012; Severance, Yolken,
et al., 2014). It has been demonstrated in rodent mod-
els that the schizophrenia-associated pathogen T. gondii
has many effects on the gut and during infection allows
the passage of gluten peptides to translocate into circu-
lation and provoke an antibody response (Severance,
Kannan, et al., 2012). In the presence of compromised
epithelial and endothelial barriers, not only do food-
based peptides but also bacteria and other related harm-
ful substances cross into the systemic circulation and
generate more inflammation and propagate autoimmu-
nity. Markers of bacterial translocation are elevated in
schizophrenia and also found to correlate with the anti-
body response to food antigens (Severance et al., 2013a).
Thus gut-based inflammation can be added to the grow-
ing list of studies that implicate both peripheral and CNS
inflammatory pathways associated with schizophrenia
(Dickerson et al., 2013; Drexhage et al., 2010; Fillman
et al., 2013; Fillman, Sinclair, Fung, Webster, & Shannon
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Weickert, 2014; Gibney & Drexhage, 2013; Leonard et al.,
2012; Linderholm et al., 2012; Miller, Buckley, Seabolt,
Mellor, & Kirkpatrick, 2011; Miller et al., 2012, Monji
etal., 2013; Muller, 2014; Muller, Myint, & Schwarz, 2012;
Torrey et al., 2012; Yolken & Torrey, 2008).

The burgeoning field of gut brain axis analyses is the
subject of investigations directed at the understanding
of how gut microbes might impact neuronal connections
in the CNS. Importantly, the gut microbiome functions
to regulate the immune system. The ability of intestinal
epithelial cells to actively respond to microbes is medi-
ated by innate immune pattern recognition receptors
(Toll-like receptors), NOD-like receptors, and helicases
expressed on cell surfaces. During times of mucosal
stress, gut homeostasis becomes disrupted (Stockinger,
Hornef, & Chassin, 2011). Although there are numer-
ous reports of autism-related altered communities of
the intestinal microbiome (Adams, Johansen, Powell,
Quig, & Rubin, 2011; Finegold et al., 2010; Finegold,
Downes, & Summanen, 2012; Kang et al., 2013; Parracho,
Bingham, Gibson, & McCartney, 2005; Williams et al.,
2011; Williams, Hornig, Parekh, & Lipkin, 2012), studies
of the microbiome in schizophrenia are scant. Prelimi-
nary clinical studies report altered pharyngeal and intes-
tinal microbiomes in individuals with schizophrenia as
compared to controls (Yolken & Dickerson, 2014). Some
insight can be gleaned from rodent studies, where manip-
ulations of gut microbiota do in fact result in behavioral,
biochemical, and molecular changes (Collins, Surette, &
Bercik, 2012; Foster & McVey Neufeld, 2013; Hsiao et al.,
2013; Stilling, Dinan, & Cryan, 2014). Diaz-Heijtz et al.
(2011), for example, illustrated that behavioral effects
accompanied changes in synaptic markers, synaptophy-
sin and PSD95, in the striatum (Diaz Heijtz et al., 2011).
In these rodent studies, animal phenotypes were recov-
ered with manipulations of gnotobiotic (germ-free) ani-
mals, vagotomy, probiotics, and/or antibiotics.

The ability of an extrinsically or intrinsically derived
microbe, cell, protein, or other product normally found
in peripheral circulation to enter to the CNS renders dis-
cussion of epithelial and endothelial barriers an impor-
tant topic. Barrier permeability of the gut, blood-brain
barrier, or blood—CSF barrier (Axelsson et al., 1982; Bauer
& Kornhuber, 1987; Kirch et al., 1992) can arise from a
variety of environmental factors or from genetic muta-
tions in the many biological pathways that impact this
cellular architecture. Barrier structures are composed of
tight junctions (zonula occludens) that occur between
the epithelial cells of the GI lumen of the GI tract; similar
tight junction structures comprise the blood-brain bar-
rier (Deli, 2009; Jong & Huang, 2005). The CSF-brain and
CSF-blood barrier are slightly different, but these inter-
faces at the choroid plexus and arachnoid membrane are
also relevant areas of access to the brain from the CSF
(Laterra, Keep, Betz, & Goldstein, 1999). For schizo-
phrenia, CNS barrier dysfunction has been evaluated
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in studies of CSF dynamics and is often attributed to a
low-grade, systemic inflammation (Bauer & Kornhuber,
1987; Bechter, 2013; Bechter et al., 2010; Kirch et al., 1992;
Severance, Gressitt, Alaedini, et al., 2015). In conjunc-
tion with analyses of plasma and CSF protein dynam-
ics, it has been possible to detect evidence for barrier
defects or restricted flow, as is particularly evident by
the high prevalence of plasma-derived albumin. Abnor-
mal measures of plasma-derived albumin in the CSF are
noteworthy because the CNS does not synthesize albu-
min and its elevation would require transport across
the blood-brain or blood—CSF barrier (Tibbling, Link, &
Ohman, 1977). An increased albumin ratio can be indica-
tive of either an anatomical barrier defect or a decreased
CSF flow rate, a dysfunction with numerous physiologi-
cal causes (Reiber, 1994; Whedon & Glassey, 2009). The
presence of pathological CNS structures such as choroid
plexus calcification, arachnoid cysts, and decreased brain
volume all can disrupt CSF flow patterns and all of these
conditions have been previously associated with psy-
choses and schizophrenia (Arango et al., 2012; Kuloglu,
Caykoylu, Yilmaz, & Ekinci, 2008; Laterra et al., 1999;
Marinescu, Udristoiu, & Marinescu, 2013; Narr et al.,
2003; Reiber, 1994; Rimol et al., 2012; Sandyk, 1993; Shiga
et al., 2012; Veijola et al., 2014; Whedon & Glassey, 2009).

Although a systemic state of inflammation that might
impact barrier integrities is most likely the result of
immune activation from an environmental source, cellu-
lar barrier proteins and related biological pathways may
also be the result of genetic associations. Specific barrier-
related genes that have been significantly associated
with schizophrenia include the tight junction protein
claudin-5, cytoskeletal elements such as actin, hapto-
globin, and nitric oxide synthetase (Burghardt, Grove,
& Ellingrod, 2014; Hall, Trent, Thomas, O’Donovan, &
Owen, 2014; Horvath & Mirnics, 2014; Maes et al., 2001;
Sun et al., 2004; Wan et al., 2007; Wei & Hemmings, 2005;
Yang et al., 2006; Ye et al., 2005; Zhao et al., 2014).

The Maternal-Fetal Environment

The etiology and pathogenesis of schizophrenia likely
stem from aberrant neurodevelopment (Lewis & Levitt,
2002; Piper et al., 2012; Rapoport, Giedd, & Gogtay,
2012). Perinatal-occurring environmental disturbances
such as maternal stress, infection, or obstetric complica-
tions may interact adversely in genetically predisposed
offspring to impact neural migration, synaptogenesis,
myelination, and synaptic pruning (Knuesel et al., 2014).
Epidemiological and preclinical studies clearly indicate
that exposure to maternal immune activity is associated
with pathological brain development and thus maternal
immune activation has become a strong risk factor for
the development of schizophrenia (Bauman et al., 2014;
Brown & Derkits, 2010; Canetta et al., 2014; Garbett,
Hsiao, Kalman, Patterson, & Mirnics, 2012; Meyer, 2013;
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Shi, Smith, et al., 2009). Specifically, maternal exposure
to cytomegalovirus, herpes simplex virus type 2, influ-
enza, rubella, T. gondii, and wheat glutens have all been
documented to increase the risk of development of psy-
chosis or schizophrenia (Blomstrom et al., 2012; Brown,
Begg, et al., 2004; Brown, Cohen, Greenwald, & Susser,
2000; Brown, Hooton, et al., 2004; Buka et al., 2008;
Ellman, Yolken, Buka, Torrey, & Cannon, 2009; Karlsson
et al.,, 2012; Mortensen et al., 2010; Pedersen, Stevens,
Pedersen, Norgaard-Pedersen, & Mortensen, 2011; Xiao
et al., 2009). This repertoire was recently expanded to
include exposure to general inflammation and innate
immunity based on measures of C-reactive protein and
complement Clq (Canetta et al., 2014; Severance, Gres-
sitt, Buka, Cannon, & Yolken, 2014). In this section, we
will review the timelines of brain and immune develop-
ment and review the evidence where these trajectories
might intersect and result in brain disorders (Figure 1).
Neural development is a highly regulated process and
since molecules and proteins of the immune system are
continually being found to participate in mechanisms
of normal brain development, any immune overactiva-
tion, or failure of the immune system to activate will
impact brain circuitry. The immune environment dur-
ing pregnancy is a complex balance aimed at preserving
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immune protection of both sides of the maternal-fetal
interface. Several good reviews are available of how this
interface is skewed maternally toward inhibiting fetal
immunity and regulating and maintaining a protective
Th2 environment over the pro-inflammatory cytotoxic
Thl immune response needed to fight infectious dis-
ease (Belderbos, Levy, Meyaard, & Bont, 2013; Morein,
Blomgqvist, & Hu, 2007). Maternal immunity is antibody
based and functions to maintain immune tolerance in the
fetus and breast-feeding neonate. As a result, all antibod-
ies including autoantibodies are passed to the offspring
during this period. Furthermore, while under maternal
immune protection, the antigen recognition system of
the fetus is immature. Once maternal-derived immune
factors are depleted, the immune system of the neonate
must be redirected to become competent, including a
more active Thl component. Maturation of the innate
and adaptive immune systems is a process that occurs
from the fetal stage through adulthood (Belderbos et al.,
2013; Knuesel et al., 2014; Morein et al., 2007).

Molecules and proteins of the immune system are
intrinsically intertwined with important brain processes
during development. These processes include initial
proliferation of glia and neurons, consequent migra-
tion, programmed cell death, formation of synapses,

== Immune development
== Brain development

Macrophage establishment, expansion, specialization

T cells (Th, Tregs, Th17) expansion

Dendritic cell maturation

Peyers patches appear 2»seeding and maturation of GALT

Redirection of Th1/Th2 balance =
development of immune tolerance

Maternal IgG crosses placenta = breast feeding

Functional B cell appearance

B cells expand/develop into
antibody-producing plasma cells

IMMUNE CELL COLONIZATION

Neuro-/glio- Migration of neurons

EXPANSION & MATURATION OF
INNATE & ADAPTIVE IMMUNITY

genesis
Apoptosis

Formation of synapses

Myelination

Synaptic pruning

. —_———

Conception

Birth

Adolescence Adult

FIGURE 1 Developmental timelines of the brain and the immune system. Complex disorders such as schizophrenia are thought to arise when
one or more neurodevelopmental processes are interrupted because of genetic and/or environmental factors. Various immune molecules, pro-
teins, and cells such as C1q and major histocompatibility complex function in the brain during neurodevelopment, suggesting that any disruption
in the immune system during pregnancy or postnatally has the ability to compound synaptic misconnections. Compiled from Belderbos et al. (2013),

Dietert et al. (2010), Kneusel et al. (2014), and Morein et al. (2007).
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myelination, and synapse pruning with the overall end-
point to establish functional neuronal circuits (Knuesel
et al., 2014). Here, we present the case of complement
Clq as an example of an immune molecule that is highly
active in the developing brain and that is also implicated
in schizophrenia-associated gene and environmental stud-
ies. In the developing immune system, relevant processes
include immune cell appearance, colonization, expansion,
and maturation. Complement C1q and MHC1 were some
of the first immune molecules identified to function in syn-
apse development and pruning in the brain (Boulanger,
2009; Fourgeaud & Boulanger, 2007; Huh et al., 2000; Shatz,
2009; Stevens et al., 2007). Complement pathway-related
genes that have been associated with schizophrenia
include the C1QB gene, complement control-related genes,
and complement surface receptor gene CD46 (Havik et al.,
2011; Zakharyan et al., 2011). Biologically, complement-
containing circulating immune complexes were elevated
in individuals with schizophrenia compared to controls
and a primary antigenic component of these immune
complexes was often found to be casein or gluten (Arake-
lyan et al., 2011; Boyajyan, Khoyetsyan, Tsakanova, & Sim,
2008; Mailian, Boiadzhian, Sogoian, Sim, & Manukian,
2005; Mayilyan, Weinberger, & Sim, 2008; Severance, Gres-
sitt, et al., 2012; Vetlugina, Logvinovich, Maslennikova, &
Vasil’eva, 1984). Finally, elevated levels of maternal Clq
IgG have been found to increase the odds for psychosis
in offspring (Severance, Gressitt, Buka, et al., 2014). Given
that maternal IgG antibodies begin transfer to the fetus at
13weeks’ gestation and approach maternal levels at time
of birth (Malek, Sager, Kuhn, Nicolaides, & Schneider,
1996; Simister, 2003), this study introduces the interest-
ing possibility that autoantibodies to Clq present in the
mother might interact with fetal C1q during critical peri-
ods of brain development. Specifically, if the process of
normal Clg-mediated synapse formation and pruning is
interrupted, synaptic connections will presumably be per-
manently altered in the developing brain either through
overpruning or through underpruning. Other studies
have connected the presence of maternal autoantibodies
and with the development of autism spectrum disorders
where maternal autoantibodies have been found to rec-
ognize brain proteins critical to the neurodevelopmental
process (Braunschweig et al., 2013; Brimberg, Sadiq, Gre-
gersen, & Diamond, 2013).

CONCLUDING REMARKS

This chapter provides an introduction into some of
the mechanisms by which the immune system might be
involved in the development of schizophrenia. If schizo-
phrenia has an immune component, and if evidence
indicates a primary rather than secondary role in disease
pathogenesis, then interventions that target the immune
system are warranted. Toward this end, one purpose of
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this review was to emphasize the very diverse and mul-
tiple ways in which the immune system might impact
schizophrenia. Its etiology, pathogenesis, and patho-
physiology may not just be a function of exposure to an
infectious agent or food antigen or dysfunctional innate
immunity. Therefore, designing a treatment strategy to
an extraordinarily heterogeneous disease is difficult. It is
extremely important to be able to identify the subsets of
people who have immune-related conditions and fully
characterize what kind of immune anomaly is present.
Only in this manner can tailored treatments be evaluated.
In the future, therapeutic strategies might involve mono-
clonal or monospecific antibodies to antagonize or inac-
tivate antigenic or other protein targets or use of other
immunosuppressive treatments. The rapid advance in
the use of monoclonal antibodies for the treatment of
autoimmune disorders provides hope that such thera-
pies can also have a major impact on schizophrenia as
well. Dietary interventions have been successful in some
instances clinically, and developmental compounds
aimed to normalize gut function and endothelial barri-
ers in other capacities appear promising (Freeman, 2013;
Jackson et al., 2012; Kristoff et al., 2014; Whiteley et al.,
2010, 2012). An improved understanding of the role of
immune activation in schizophrenia may lead, not only
to an improved understanding of disease pathogenesis
but also to a new methods for the prevention and treat-
ment of this devastating disorder.
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