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Abstract
Epidemiological, genetic, transcriptome, postmortem, peripheral biomarker, and therapeutic
studies of schizophrenia all point to a dysregulation of both innate and adaptive immune systems
in the disease, and it is likely that these immune changes actively contribute to disease symptoms.
Gene expression disturbances in the brain of subjects with schizophrenia show complex, region-
specific changes with consistently replicated and potentially interdependent induction of serpin
peptidase inhibitor, clade A member 3 (SERPINA3) and interferon inducible transmembrane
protein (IFITM) family transcripts in the prefrontal cortex. Recent data suggest that IFITM3
expression is a critical mediator of maternal immune activation. As the IFITM gene family is
primarily expressed in the endothelial cells and meninges, and as the meninges play a critical role
in interneuron development, we suggest that these two non-neuronal cell populations might play
an important role in the disease pathophysiology. Finally, we propose that IFITM3 in particular
might be a novel, appealing, knowledge-based drug target for treatment of schizophrenia.

Gene*environment interactions play a critical role in the emergence of schizophrenia
pathophysiology. Epidemiological, genetic, transcriptome, postmortem, peripheral biomarker, and
therapeutic studies of schizophrenia all point to a dysregulation of both innate and adaptive
immune systems in the disease (1-3) and it is likely that these immune changes actively contribute
to disease symptoms (1, 4, 5). Regardless of the abundance of data obtained to date, our
understanding of the mechanism by which the immune system disturbances arise is limited: we do
not have a good insight into the origin or sequence of events by which the immune dysregulation
develops, and to date we have not taken full advantage of these changes as potential therapeutic
targets.
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I. Origin of immune changes
What is the origin of the immune transcript disturbances? Are they coincidental, lifestyle-
related, of genetic origin, “immune scars” related to early life events, or representations of
lifelong immune system activation in the brain? While we do not have definite answers to
these questions, knowledge integrated across several research disciplines provides us with
important clues.

i) Genetic susceptibility studies
Recent genome-wide association studies identified immune-related susceptibility genes for
schizophrenia in the major histocompatibility complex region of chromosome 6p21.3-22.1.2
(6-10). Using long-range phasing haplotypes tagging the major alleles at the HLA-A, HLA-
B, HLA-C, HLA-DRB1, HLA-DQA1 and HLA-DQB1 loci, these studies revealed
significant associations of SNPs in the 5-Mb region on 6p21.3-22.1 encompassing the
classical human leukocyte antigen (HLA) alleles. Rs3131296 showed substantial correlation
with the classical HLA alleles DRB1*03 and HLA-B*08. In the case of both DRB1*03 and
HLA-B*08, the classical HLA allele was paired with the protective allele of rs3131296,
making the results consistent with previous reports of under-transmission of DRB1*03 to
schizophrenic offspring (11). However, while highly significant, the odds ratio was modest,
and it is still somewhat debatable which (and if any) HLA/MHC genes directly increase risk
for schizophrenia. Furthermore, these findings are clearly not sufficient to explain the
immune system disturbances in the brains of subjects with schizophrenia: the dysregulation
of immune system transcripts was observed in a much larger proportion of subjects (12-15)
than one would expect on the bases of genetic studies.

ii) Biomarker studies
A recent meta-analysis by Miller and colleagues reported an increase in the inflammatory
cytokines IL-1β, IL-6 and TGFβ during acute episodes of the illness (16). Furthermore, high
hallucination and delusion scores appear to be correlated with the dysfunction of top
canonical pathways related to interleukin signaling (17), and in recent-onset patients, up-
regulation of IL 1β, IL-6 and TGFβ in peripheral blood mononuclear cells was observed
(18). In addition, a study by Song et al, confirmed increased TNFα and IL-1β mRNA and
protein levels in unmedicated first episode patients (19) and at least one study reported that
elevated levels of pro-inflammatory cytokines is accompanied by reduced levels of
GABAergic markers SST, PV and GAD67 in a subset of subjects with schizophrenia (15).
Furthermore, recent results reveal that IgG, IgA, and IgM antibodies against NMDA-R were
detected in 9.9% of patients with schizophrenia (20). These are perhaps the strongest
arguments that the immune system changes are active and continuous contributors to the
SCZ disease process, and are perhaps directly related to the symptoms of the disease.

iii) Anti-inflammatory treatment of schizophrenia
Aspirin is a non-steroidal anti-inflammatory drug (NSAID), and an irreversible inhibitor of
both COX-1 and COX-2. Aspirin is known to reduce the plasma levels of inflammatory
biomarkers such as CRP, IL-6 and TNF-α in patients with cardiovascular metabolic
syndrome. A recent study showed that 1,000 mg of daily aspirin consumption reduced the
core symptoms of schizophrenia over a course of 3-month treatment and resulted in Positive
and Negative Symptoms Scale (PANSS) score improvements [for review, see (21) and (5) ].
Furthermore, in a separate double-blind, 6-week long placebo-controlled study observed a
significantly better outcome in both positive and negative symptoms in the group treated
with adjunct celecoxib (a COX-2 inhibitor) compared with the placebo group (22).
However, it should be pointed out that the beneficial effect of NSAIDs has not been
replicated in all clinical studies (5).
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Interestingly, there is also a growing body of literature supporting the idea that antipsychotic
medication reduces cytokine levels in SCZ patients and in various experimental models. In
maternal immune activation (MIA), it appears that atypical antipsychotics suppress
production of proinflammatory cytokines. Clozapine, olanzapine and risperidone are able to
suppress tumor necrosis factor (TNF)-alpha and interleukin (IL)-6 induction in
lipopolysaccharide-treated mice (23) suggesting that antipsychotic medication might act, at
least partially, as a suppressor of the immune response. Furthermore, human data suggest
measuring levels of inflammation-related proteins in blood may be useful in monitoring
antipsychotic drug treatment responsiveness (24).

iv) Maternal immune activation
Maternal immune activation (MIA) disrupts normal fetal brain development (25-27). It is
estimated that >30% of schizophrenia cases would be prevented if infection could be averted
in pregnant women (3). Most commonly, MIA occurs as a result of various bacterial, viral or
parasitic infections, and presence of antibodies against influenza or toxoplasmosis in
maternal serum during pregnancy is associated with increased risk of schizophrenia of the
offspring (28). These pathogens trigger a maternal immune response, which consists of
activation of various cytokine pathways, including IL-1, IL-6, TNFα and IFNγ (25). The
effect of MIA on fetal brain does not require direct infection: even in the absence of the
virus the cytokine induction with polyI:C (a synthetic dsRNA) is sufficient to produce long-
lasting effects, suggesting that mother's response to the infection is critical for altering fetal
brain development (29). Pathological findings in patients with schizophrenia encompass
alterations in multiple domains and include increased GABAA receptor α2
immunoreactivity, dopamine hyperfunction, delayed hippocampal myelination, reduced
NMDA receptor expression in hippocampus, reduced numbers of reelin- and parvalbumin-
positive cells, reduced dopamine D1 and D2 receptors in prefrontal cortex and enhanced
tyrosine hydroxlyase in striatal structures, and similar changes are present in the adult
offspring of MIA-exposed mice (reviewed by (1, 2, 30)). Furthermore, in adulthood, MIA
exposed offspring display behavioral deficits in social interaction, prepulse inhibition (PPI),
and open field and novel object exploration (25), as well as heightened response to
hallucinogen exposure (31). These cellular/molecular/behavioral deficits appear to be
directly related to the deficits observed in schizophrenia, further emphasizing the potential
role of MIA in the disease pathophysiology. In addition, stress, genetic predisposition, and
MIA interact: combined exposure to prenatal immune challenge and peripubertal stress
induces synergistic pathological effects on adult behavioral functions and neurochemistry
(32) and DISC1 point mutations exacerbate the outcome of MIA (33). Importantly, it
appears that induction of IL-6 is both a necessary and sufficient component of MIA, as a
single injection of the cytokine IL-6 in pregnant mice can recapitulate most of the deficits
observed across the various models of MIA (29).

In summary, these converging findings strongly argue that immune system disturbances are
the integral part of schizophrenia pathophysiology. However, schizophrenia is a uniquely
human brain disease. As a result, postmortem brain transcriptome studies are of particular
importance, as they can identify disturbed genes and pathways arising from the synergistic
effects of diverse genetic predispositions and various environmental insults (34-36). Thus, in
the absence of true animal models of schizophrenia, postmortem studies of brains of subjects
with schizophrenia are essential contributors to the overall understanding of disease
pathophysiology.

II. Transcriptome changes in schizophrenia
Schizophrenia is a syndrome, characterized by a considerable symptomatic diversity. It
appears that the underlying molecular diversity of the disease is even more varied than the

Horváth and Mirnics Page 3

Biol Psychiatry. Author manuscript; available in PMC 2015 February 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



clinical manifestations (37). Transcriptome studies since the beginning of the millennium
report that schizophrenic subjects show great, almost individual diversity in gene expression
disturbances. Still, it appears that the overall data argue for a sub-stratification of disease-
related mRNA profiles within the affected subjects, with molecular signatures commonly
encompassing synaptic (38, 39), GABA-ergic (40, 41), mitochondrial (42-44), immune
(12-15) and oligodendrocyte (45-47) disturbances (Figure 1A). These signatures overlap in a
complex pattern, with many subjects showing altered expression across multiple biological
domains, making it challenging to classify the individual subjects with schizophrenia into a
single the molecular phenotype. Yet, the overall data suggest that the most distinct
molecular signatures are the oligodendrocytic and GABA-ergic phenotypes and the ones that
show the most overlap are the GABA-ergic and synaptic gene expression disturbances.
Unfortunately, due to the limited postmortem brain availability and less than ideal clinical
record access, we have no clear understanding of how the molecular disturbances might
relate to the behavioral phenotypes or outcomes. As a result, different brain banking
methods (e.g. recruitment from chronically hospitalized patients vs. obtaining samples for
the coroner's office) might preferentially draw from different subpopulations of patients and
the various “omics” analyses yield subpopulation-specific datasets that are not easily
replicated (Figure 1B).

III. Immune transcriptome changes in the human brain
To understand the altered immune transcriptome in schizophrenia, first we have to ask a
fundamental, yet elusive question - how do we define an “immune system gene”? Narrowly
considered, any gene that directly participates in innate or acquired immune response can be
considered an immune gene. However, this definition might be too conservative since a
large number of genes do not directly participate in the immune response, yet they are potent
regulators of various host responses. For example, responses that protect against excessive
inflammation can be regulated through the cholinergic anti-inflammatory pathway: LPS-
induced TNF-α release from macrophages is inhibited by selective CHRNA7 agonists (48).
Furthermore, activation of GABA-ergic, cholinergic and adrenergic receptors suppresses
microglial responses, whereas activation of ATP or adenosine receptors activates them (49).
In addition, many of the cell adhesion molecules also serve as viral entry receptors (e.g.
NCAM for Rabies, CD155 for Polio, nectin-1 for HSV-1 and CAR by adenoviruses) and
alter neural cell behavior by promoting cytokine production, which in turn might lead to
synaptic rearrangement and disrupted development (50). All these findings further blur the
line between “immune” and “nonimmune” system genes. Thus, although many genes are
best known for their primary role in neural transmission, cell communication, or synaptic
development, a significant number of them also fit the broader definition of an immune
system gene: one that encompasses any gene that alters the overall immune response and
influences its outcome.

Using this definition, the majority of postmortem studies performed to date uncovered
strong immune system transcript disturbances. These disturbances did not appear to be a
result of treatment (14), and like most other gene expression changes in schizophrenia,
showed a complex spatial pattern (51), arguing for a regional specificity of the changes. Yet,
just like most of the other postmortem gene expression changes, the observed immune
system disturbances are inconsistently replicated across the various cohorts of subjects.

IV. Expression changes in IFITM and SERPINA3
In this review, we will highlight a robust, replicated, and often overlooked immune signature
in the prefrontal cortex of subjects with schizophrenia that consists of elevated SERPINA3
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and interferon-induced transmembrane protein (IFITM) family mRNA expression levels
(Figure 2A) (12-15, 38).

Serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin), member 3
(SERPINA3), also known as alpha-1-antichymotrypsin (AACT, α-1-ACT), is a serine
protease inhibitor involved in a wide range of biological processes (52). The gene encoding
SERPINA3 is clustered with 10 additional serpin genes on human chromosome 14q32.1.
SERPINA3 expression is induced by various cytokines. It is expressed by hepatocytes,
macrophages, endothelial and epithelial cells, as well as activated astrocytes. Importantly, in
a recent study of sequencing hippocampal and cerebellar transcriptomes, SERPINA3 was
found to be the most differentially expressed gene between the two tissues with a 208-fold
enrichment in the hippocampus (53). The constitutive astrocyte-specific expression of
SERPINA3 requires the activator protein-1 (AP-1) transcription factor and nuclear factor-1
(NFI-X) (54, 55). Its major target is the cathepsin family, a pro-inflammatory enzyme
released at sites of inflammation contributing to activation of inflammatory cytokines,
degradation of pathogens and remodeling of tissues (56). Therefore, by inhibiting cathepsin
G, SERPINA3 should limit inflammation, coagulation, ECM remodeling and apoptosis (57).
SERPINA3 has been implicated in the pathology of several devastating human diseases,
including chronic obstructive pulmonary disease, Parkinson's disease, Alzheimer's disease,
cystic fibrosis, stroke and cerebral hemorrhage (52). The gene product is considered an
acute-phase inflammatory protein. SERPINA3 mRNA is also overexpressed in the placentas
of preeclamptic pregnancies compared with controls, along with hypomethylation of the 5′
gene region (57, 58).

On the other hand, interferons (IFNs) defend against microbial infections and exhibit
antiproliferative and differentiating activities (59). IFNα and IFNγ bind to interferon-
stimulated response elements in the interferon inducible transmembrane (IFITM) family
genes and induce their surface expression, which in turn modulate cell adhesion and
influence cell differentiation (60). These are single pass type II membrane proteins and are
expressed on the cell membrane, Golgi, endoplasmic reticulum and lysosomes (61). Family
members include IFITM1, 2 and 3 and they are clustered together at the cytogenetic locus
11p15.5 in humans. The IFITM proteins are strongly induced by and mediate cellular
resistance to influenza A, West Nile, Marburg, Ebola and dengue viruses by preventing
cytosolic entry of viruses and restricting an early step in viral replication (62). Furthermore,
IFNs prevent emergence of viral genomes from the endosomal pathway and that IFITM3 is
both necessary and sufficient for this function. In addition, mice lacking the IFITM locus
exhibited accelerated progression, greater mortality, and higher systemic viral burdens in
response to influenza A virus infection (63). Importantly, IFITM3 can be strongly induced
by interleukin 6 (IL-6) in rat forebrain cultures and IL-6 appears to be a critical modulator in
the cascade of maternal immune activation (29). Most recently, preliminary results from the
Volk laboratory demonstrate that schizophrenia subjects with higher IFITM mRNA levels in
endothelial cells also have greater disturbances in cortical GABA neurons in the PFC (64).

While previous microarray expression data argue that both the IFITM and SERPINA 3
signatures are strong in the prefrontal cortex of subjects with schizophrenia, they also
suggest that they are characteristic of a subpopulation of diseased subjects and cannot be
found in the unaffected individuals (12, 13). Furthermore, it is important to point out that
IFITM family and SERPINA3 expression changes are tightly correlated across subjects with
schizophrenia (r=0.79-0.86) (12). Furthermore, two other immune system related genes,
Chitinase-3-like 1 (CHI3L1) and CD14 antigen, also show highly correlated changes with
the IFITM family and SERPINA3 (Arion et al 2007), suggesting that these genes might act
in concert during immune activation. Importantly, a multi-center case-control study and
meta-analysis suggests that CHI3L1 confers a susceptibility to schizophrenia in Asian
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populations (65, 66) and the SNP in the CHI3L1 gene might be correlated with personality
traits (67). In the human and non-human primate neocortex the IFITM genes are expressed
at their highest levels in the pia mater (Figure 2B), which tightly adheres to the cortical
surface, and show a modest expression level in the endothelial cells of small blood vessels.
On the other hand, CD14 is a surface antigen that is preferentially expressed on monocytes/
macrophages and outgrowth endothelial cells (68) and is known to mediate the innate
immune response to bacterial lipopolysaccharide that is controlled through a p38(MAPK)-
STAT3 molecular pathway (69), while CHI3L1 expression is prominent in macrophages,
neutrophils, chondrocytes, and vascular smooth muscle cells (70) and has a chemotactic
effect on endothelium and vascular smooth muscle cells (71). In contrast, SERPINA3 is
primarily produced by activated astroglia (72). Thus, while IFITM, SERPINA3, CHI3L1
and CD14 all appeared to be related to immune activation, they are expressed in different
cell types and the relationship between these changes remains to be further investigated.

V. Development and immune activation
Based on the accumulated data across many fields of research, it is becoming apparent that
immune system disturbances do not always directly target the developing brain cells (Figure
3). Maternal viral infection and subsequent immune activation have prominent effects on the
developing brain, even though the virus itself is not detected in the fetal brain tissue (73).
First, during maternal immune activation (e.g. viral infection) a strong induction of
chemokines and cytokines occurs in the expecting mother. This maternal immune response
consists, but is not limited to, a sharp rise in IL-1, IL-6, IFNγ and TNFα levels, which
trigger a cascade of secondary events, targeting both the placenta and the developing fetus.
Paracrine signaling between fetal and maternal cells is critical for establishing a state of
immunosuppression (74). The placenta and fetal body acutely respond to the rise in IL-6
levels with a chemical imbalance and thousands of newly synthesized proteins floods the
developing fetal brain (74). The fetal brain is vulnerable, the immature blood vessels are
leaky (75), and the response of the fetal brain is acute and strong, encompassing gene
expression changes in neuronal, glial, endothelial, and meningeal cells. In the brain cells
there is a strong induction of crystallins (76), which are known to be also dysregulated in the
postmortem brains of subjects with schizophrenia (38, 77, 78). We hypothesize that the
cytokines/chemokines on the meninges and endothelial cells lead to secondary secretory
changes, which diffuse into the developing brain. We propose that in the absence of a
genetic risk to schizophrenia, these events might result in temporarily arrested/altered
development. In such non-susceptible individuals this developmental arrest might relatively
quickly normalize and development could resume with only a minimal disruption. However,
we believe that in the presence of genetic susceptibility, the response in the fetus is likely to
be much stronger and/or prolonged (33, 79). As a result, the developmental trajectory might
permanently change, potentially resulting in slightly altered cell division, migration patterns,
and axonal pathfinding. In our view, the developing brain tries to compensate with a
complex pattern of gene expression changes, the acute inflammatory reaction subsides,
becomes chronic, and leaves behind an “immune scar” or “immune memory” for a lifetime.
Yet, this “immune scar” appears to be continuously active and might further interfere with
postnatal brain development, especially with normal synaptic pruning mechanisms during
adolescence. Ultimately, the capacity of the brain's compensatory mechanisms might be
exceeded, altering brain connectivity and information processing, leading to the emergence
of the disease symptoms.

VI. Immune response: the role of meninges and blood vessels?
Meningeal activation in schizophrenia might be an important and overlooked aspect of
pathophysiology. The pia mater is in intimate contact with the cortical surface and its
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function is critical for normal brain development. Recent studies clearly argue that the
meningeal membranes are necessary and sufficient substrates for tangential migration of
Cajal-Retzius cells (80), a reelin-expressing cell subpopulation that has been affected by
schizophrenia (81). Furthermore, maternal immune activation by human influenza virus
results in neuronal migration abnormalities in Cajal-Retzius cells via reduction in reelin
production in neonatal brains (82). In addition, it appears that forebrain meninges are critical
for the tangential migration of cortical interneurons along the cortical marginal zone and
CXCL12 (a direct transcriptional target of Foxc1 in the meninges) is the factor controlling
this process (83). Furthermore, CXCL12 expression appears to be under the direct control of
cytokines such as IL-1beta and its expression is specifically altered in the blood-brain barrier
in immune system disorders such as multiple sclerosis (84). Thus, we propose the following
mechanism based on these findings. In genetically susceptible individuals, maternal immune
activation results in increased IFN levels in the fetus, potentially targeting the meninges and
inducing expression of IFITM genes as a preventive mechanism against the viral infection.
The meninges would respond by secreting a host of soluble factors, including CXCL2,
which would diffuse into the developing cortex. In genetically predisposed individuals, the
acute response is likely to be prolonged, become chronic, and permanently alter the
developmental trajectory of the brain. A similar, equally important process might also occur
in the blood vessels and elegant studies of Volk and colleagues report higher IFITM mRNA
levels were positively correlated with cortical GABA neuron disturbances in subjects with
schizophrenia (64). This, together with the observed SERPINA3, CHI3L1 and CD14 might
be directly related to impaired development or altered function of blood-brain barrier in a
subset of patients with schizophrenia (85, 86).

In the light of these studies, increased expression of IFITM proteins, SERPINA3 CD14, and
CHI3L1 in schizophrenia might be directly related to the pathophysiology of the disease. Of
these genes, it appears that IFITM3 expression might be the most critical for schizophrenia
pathophysiology, since IFITM3 expression and activation are necessary for the CNS effects
of maternal immune activation: IFITM3 is strongly induced following neonatal immune
challenge by polyI:C and the offspring of IFITM3-/- knockout mice did not show decreased
MAP2 expression, reduced spine density, diminished dendrite complexity in the frontal
cortex, or memory impairments which were all observed in control mice following MIA
(87).

This view is also supported by the findings that the supragranular cortical layers, the closest
to the putatively altered meningeal homeostasis, show pronounced abnormalities in the brain
of subjects with schizophrenia. These encompass diverse findings including, but are not
limited to reductions in average size of neuronal somata (88), reduced density of ankyrin-G-
immunoreactive axon initial segments, reduced reelin expression, altered AMPA-trafficking
(89), increased expression of stargazin, and increased methyltransferase expression in layer
1 interneurons (90), and multiple GABA-ergic disturbances (91-93).

Finally, although increased expression of IFITM and SERPINA3 occur in different cellular
compartments, it is also possible that they are directly related to each other: the immune
response activated endothelial and meningeal secretome might diffuse into the cortex and
activate cortical perivascular astrocytes, which in genetically predisposed individuals
respond by a sustained, chronically elevated SERPINA3 expression, explaining the high
correlation between the IFITM and SERPINA3 transcript levels, and perhaps with CHIL3L1
and CD14 levels.
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VII. Immune system based therapeutic approaches and challenges
Overall, the data from epidemiologic, genetic, gene expression, biomarker, pharmacological,
and animal studies unequivocally suggest that immune system activation plays an important
role in developing schizophrenia. Furthermore, the data strongly argue that the immune
system activation is persistent throughout the disease, at least in a subpopulation of patients.
However, exploiting this knowledge for developing specific therapeutic approaches will
prove quite challenging. First, modifying the function of immune pathways, including IL-6
signaling or a JAK/STAT signaling pathway, are likely to have deleterious systemic side
effects. Second, identification of patients who would benefit from such a future therapy will
be challenging, as the peripheral or imaging biomarkers might not be sufficiently specific
and sensitive to be diagnostic. Third, it is likely that the maximum benefit from an immune
intervention would be in early life, during the initial immune system hyperactivation in the
genetically susceptible individuals, long before the disease is diagnosed, and at a time point
when a perceived risk of developing schizophrenia will hardly justify aggressive
therapeutically interventions. As a result, combined genetics, biomarker and epidemiological
studies might hold the key to identify subpopulations of patients (and potentially future
patients) who might benefit the most from modifying the immune response. However, as the
immune activation appears to be a chronic, sustained, and symptom-associated process in
schizophrenia, we cannot exclude the possibility that modification of a chronic immune
response will have a beneficial effect on the treatment of the disease even in adulthood.
Thus, if the IFITM genes play a key role of dampening the detrimental effects of immune
response on the brain (and are not only potential biomarkers of immune activation), they
might turn out to be intriguing, knowledge-based drug targets. As they are membrane
proteins, they would be much easier to target with novel, specific compounds than the
various intracellular cascades. However, as our current understanding of IFITM function on
immune activation and brain development is limited, further mechanistic experiments will
be required before we can claim IFITM genes as legitimate drug targets for schizophrenia
treatment or prevention.
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Figure 1. Transcriptome changes in the prefrontal cortex of subjects with schizophrenia
A. Molecular deficits in schizophrenia are perhaps even more diverse than the
symptomatology if the disease. Synaptic, mitochondrial, GABA-ergic, oligodendrocyte-
specific, and immunological transcript disturbances have been all reported, although it
appears that any single patient might show disturbances in multiple domains at the same
time, making molecular classification of schizophrenia extremely challenging. However, it
appears that synaptic and GABA-ergic disturbances are highly overlapping deficits, while
GABA-ergic and oligodendrocyte-specific deficits are almost never found in the same
cohort of subjects with schizophrenia, making them the two most distinct molecular
phenotypes. B. Effect of sampling differences on the reported results. Recruitment strategies
and specific characteristics of cohorts are likely to be correlated with the disease-underlying
molecular phenotypes. Thus, sampling differences will significantly define the experimental
outcome. In the case of sample 1, GABAergic and synaptic transcriptome changes are
reported, while sample 2 will reveal mostly oligodendrocyte transcript deficits.
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Figure 2.
A. IFITM and SERPINA3 changes across postmortem transcriptome profiling studies of
schizophrenia (12-15, 38, 94) and autism (95). B. Autoradiography of 35S riboprobe in situ
hybridization for IFITM1 and IFITM3 on parasagittal brain sections through the cortical
mantle of a Cynomolgus monkey and a corresponding Nissl-stained section. Note that the
highest expression of both transcripts is in the pia mater.
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Figure 3. Schematic representation of maternal immune activation and its proposed role in
schizophrenia pathophysiology
Prenatal infection leads to strong maternal immune system activation, which induces a
systemic release of cytokines, including, but not limited to IL1, IL6, TNFα and IFγ. These
cytokines, and especially IL6, have multiple effects on the developing fetus involving
activation of placenta, fetal blood vessel and fetal meninges. The developing brain, even in
the absence of the virus, is flooded by cytokines and immune-response proteins. This leads
to temporarily slowed/halted development, which in the absence of genetic susceptibility
resumes normally in a relatively short period of time. Yet, in the presence of schizophrenia-
predisposing genetic elements the fetal meninges and blood vessels are hyper responsive, the
inflammatory response becomes chronic, and never quite disappears. This low-level,
persistent blood vessel and meningeal immune activation results in continuous secretion of
various chemokines and cytokines, changing postnatal developmental trajectory by
interfering with proper neuronal connectivity and potentially altering normal synapse
pruning. As a result, once the brain's intrinsic compensatory mechanisms are exhausted,
information processing is disrupted, and the symptoms of the disease manifest themselves.
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