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Abstract

Objective—Immune-related abnormalities are commonly reported in schizophrenia, including
higher mRNA levels for the viral restriction factor interferon-induced transmembrane protein
(IFITM) in the prefrontal cortex. The authors sought to clarify whether higher IFITM mRNA
levels and other immune-related disturbances in the prefrontal cortex are the consequence of an
ongoing molecular cascade contributing to immune activation or the reflection of a long-lasting
maladaptive response to an in utero immune-related insult.

Method—~Quantitative polymerase chain reaction was employed to measure mRNA levels for
immune-related cytokines and transcriptional regulators, including those reported to regulate
IFITM expression, in the prefrontal cortex from 62 schizophrenia and 62 healthy subjects and
from adult mice exposed prenatally to maternal immune activation or in adulthood to the immune
stimulant poly(I:C).

Results—Schizophrenia subjects had markedly higher mRNA levels for interleukin 6 (IL-6)
(+379%) and interferon-p (+29%), which induce IFITM expression; lower mRNA levels for
Schnurri-2 (-10%), a transcriptional inhibitor that lowers IFITM expression; and higher mMRNA
levels for nuclear factor-xB (+86%), a critical transcription factor that mediates cytokine
regulation of immune-related gene expression. In adult mice that received daily poly(l:C)
injections, but not in offspring with prenatal exposure to maternal immune activation, frontal
cortex mMRNA levels were also markedly elevated for IFITM (+304%), multiple cytokines
including 1L-6 (+493%), and nuclear factor-xB (+151%).

Conclusions—These data suggest that higher prefrontal cortex IFITM mRNA levels in
schizophrenia may be attributable to adult, but not prenatal, activation of multiple immune markers
and encourage further investigation into the potential role of these and other immune markers as
therapeutic targets in schizophrenia.

Diverse lines of evidence from genetic, epidemiological, and biomarker studies suggest that
immune- and inflammation-related abnormalities play an important role in the disease
process of schizophrenia. For example, multiple genome-wide association studies have
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identified variants in genes involved in immune and inflammatory signaling pathways that
associate with schizophrenia (1-6). In addition, exposure to infectious diseases in pregnancy
(7, 8), including evidence of maternal response to infection such as higher serum levels of
proinflammatory cytokines (9) and inflammatory biomarkers (10), have been linked to
higher rates of schizophrenia in offspring (11). Furthermore, higher rates of autoimmune
illnesses (12, 13) and higher levels of proinflammatory cytokines, such as interleukin 6
(IL-6) in the serum (14-16) and in the prefrontal cortex(17,18),have been reported in
subjects with schizophrenia.

Consistent with these findings, we and others have reported evidence of immune activation
in the prefrontal cortex in schizophrenia, including higher mRNA levels for the viral
restriction factor interferon-induced transmembrane protein (IFITM), which inhibits the
processes involved in viral entry and replication (19-21). Schizophrenia subjects with higher
IFITM mRNA levels also had greater disturbances in markers of prefrontal cortex GABA
neurons, suggesting that altered immune function may be involved in cortical circuitry
alterations in the disorder. These findings suggest that investigating the pathogenesis of
IFITM over-expression may provide a useful window into the role of altered prefrontal
cortex immune markers in the pathophysiology of schizophrenia. However, the upstream
factors that contribute to elevated mRNA levels for IFITM and other immune-related
markers (17, 18) in the prefrontal cortex in schizophrenia are not known. For example,
higher IFITM mRNA levels may be attributable to immune activation (18); however, it is not
known whether higher levels of the cytokines and transcriptional regulators that regulate the
expression of IFITM (Figure 1A) (22-24) and other immune-related markers are present in
the prefrontal cortex of the same schizophrenia subjects who have higher IFITM mRNA
levels (21). Furthermore, such correlative evidence of a relationship between IFITM and
cytokine levels in the pre-frontal cortex, if present in schizophrenia, would require additional
proof-of-principle testing of cause and effect using animal models of immune stimulation.

It is also unknown whether higher IFITM mRNA levels in the prefrontal cortex in
schizophrenia reflect a long-lasting maladaptive response to an insult that occurred much
earlier, such as maternal immune activation in utero, as suggested by epidemiological
findings (7-11). This hypothesis is supported by experimental findings that maternal
immune activation using the immune stimulant poly(l:C) in mice leads to higher cytokine
levels in fetal brain (25) that may persist to a varying extent postnatally (26). In addition,
maternal immune activation has also been reported to produce epigenetic modifications to
the promoter regions of genes that can alter gene expression postnatally (27).

To investigate these potential molecular and developmental mechanisms of higher IFITM
MRNA levels in schizophrenia, we conducted postmortem brain tissue studies of mMRNA
levels of cytokines and transcriptional regulators that regulate levels of IFITM and other
immune-related markers in the prefrontal cortex of a large cohort of schizophrenia subjects
with elevated IFITM mRNA levels (21) and in the frontal cortex of mice exposed to immune
stimulation prenatally or during adulthood using the immune stimulant poly(l:C). We also
assessed for the impact of antipsychotic medications on the expression of immune markers
using antipsychotic-exposed monkeys.
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Human Subjects

Brain specimens were obtained during routine autopsies conducted at the Allegheny County
Office of the Medical Examiner (Pittsburgh) after consent was obtained from next of kin. An
independent committee of experienced research clinicians made consensus DSM-1V
diagnoses for each subject using structured interviews with family members and review of
medical records. The same approach was used to confirm the absence of any psychiatric
diagnoses in healthy comparison subjects (28). To control for experimental variance,
subjects with schizophrenia or schizoaffective disorder (N=62) were matched individually to
one nonpsychiatric comparison subject for sex and as closely as possible for age (see Table
S1 in the data supplement that accompanies the online edition of this article) (29). Tissue
samples from subjects in a pair were processed together throughout all stages of the study.
The mean age, postmortem interval, RNA integrity number, and tissue freezer storage time
did not differ between subject groups (Table 1). Mean brain pH differed between the
schizophrenia and nonpsychiatric groups (mean=6.6 [SD=0.3] and mean=6.7 [SD=0.2],
respectively; t=2.6, df=122, p=0.01), but the difference was quite small and of uncertain
biological significance.

All procedures were approved by the University of Pittsburgh’s Committee for the Oversight
of Research Involving the Dead and Institutional Review Board for Biomedical Research.

Quantitative Polymerase Chain Reaction

Frozen tissue blocks containing the middle portion of the right superior frontal gyrus were
confirmed to contain pre-frontal cortex area 9 using Nissl-stained cryostat tissue sections for
each subject (30). Gray matter was separately collected into a tube containing TRIzol
reagent in a manner that ensured minimal white matter contamination and excellent RNA
preservation (31, 32). Standardized dilutions of total RNA (10 ng/pL) for each subject were
used to synthesize cDNA. All primer pairs (see Table S2 in the online data supplement)
demonstrated high amplification efficiency (>90%) across a wide range of cDNA dilutions
and specific single products in dissociation curve analysis. Quantitative polymerase chain
reaction (PCR) was performed using the comparative cycle threshold (CT) method with
Power SYBR Green dye and the ViiA-7 Real-Time PCR System (Applied Biosystems,
Waltham, Mass.), as previously described (33). Three reference genes (beta actin,
cyclophilin A, and glyceraldehyde-3-phosphate dehydrogenase [GAPDH]) that we
previously reported to be stably expressed in the present cohort of schizophrenia and
nonpsychiatric comparison subjects (29) were used to normalize target mRNA levels (34).
The difference in CT (dCT) for each target transcript was calculated by subtracting the
geometric mean CT for the three reference genes from the CT of the target transcript (mean
of four replicate measures). Because dCT represents the log2-transformed expression ratio
of each target transcript to the reference genes, the relative level of the target transcript for
each subject is reported as 279CT (31, 35).
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Poly(l:C)-Exposed Mice

Timed pregnant C57BL/6J mice (12 mice per condition; Jackson Laboratory, Bar Harbor,
Maine) received intraperitoneal injections of polyriboinosinic-polyribocytidilic acid
potassium salt (poly[l:C]; 20 mg/kg pure form; Sigma, St. Louis], a synthetic analogue of
double-stranded RNA that acts as a viral mimic and induces an immune response (26, 36,
37), or an equivalent volume of normal saline daily for 3 days in middle (embryonic day 11—
13) or late (embryonic day 15-17) gestation (for the study design, see Table S3 in the online
data supplement). Pups were weaned at 25 days, separated by sex, then euthanized at 8
weeks of age by cervical dislocation with isoflurane as a general anesthetic. The brain was
removed, frozen on dry ice, and stored at —80°C. Nonpregnant adult female mice received
injections of poly(l:C) (20 mg/kg; N=8) or normal saline (N=8) daily for 3 days in parallel
with the timed pregnant mice. The nonpregnant mice were euthanized 3 hours after the last
injection (random estrous cycle); trunk blood was collected after decapitation, and IL-6
levels were quantified in the resulting serum using the Mouse IL-6 Quantikine ELISA
(enzyme-linked immunosorbent assay) Immunoassay (R&D Systems, Minneapolis) in order
to confirm the presence of an immune response (25, 38) (see Figure S1 in the data
supplement). All animal studies followed the National Institutes of Health Guide for the
Care and Use of Laboratory Animals and were approved by the Institutional Animal Care
and Use Committee.

Fresh, frozen brains from one male and/or female offspring per poly(l:C)-injected mother
(N=7-8 per sex per condition; see Table S3 in the data supplement) and the nonpregnant
adult female mice that received daily poly(l:C) or normal saline injections for 3 days were
included in the study. RNA was isolated from homogenates of frontal cortex tissue sections
(12 um) collected consecutively from the bregma +2.8 to +2.1 mm (excluding the olfactory
tissue below the rhinal fissure [39]) into TRIzol. Quantitative PCR assessment of the three
relevant variants of IFITM mRNA (IFITM1, IFITM2, and IFITM3; IFITM4 is a
pseudogene, and IFITMS5 is found only in osteoblasts [24]) and mRNA levels for immune
system-related cytokines and transcriptional regulators was performed as described for the
human studies (see Table S2 in the data supplement).

Antipsychotic-Exposed Monkeys

Young adult male long-tailed monkeys (Macaca fascicularis) received oral doses of
haloperidol, olanzapine, or placebo (N=6 monkeys per group) twice daily for 17-27 months,
as previously described (40). RNA was isolated from prefrontal cortex area 9, and
quantitative PCR was conducted for the same three reference genes included in the human
study and immune system-related cytokines and transcriptional regulators (see Table S2)
with all monkeys from a triad processed together on the same plate.

Statistical Analysis

The analysis of covariance (ANCOVA) model we report for the schizophrenia study includes
mRNA level as the dependent variable, diagnostic group as the main effect, and age,
postmortem interval, brain pH, RNA integrity number, and freezer storage time as
covariates. Because each schizophrenia subject was individually matched to a nonpsychiatric
subject to account for the parallel processing of tissue samples from a pair and to balance
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diagnostic groups for sex and age, a second ANCOVA model with subject pair as a blocking
factor and including postmortem interval, brain pH, RNA integrity number, and freezer
storage time was also used. Because the two ANCOVA models produced similar results, we
report only the first model. Subsequent analyses of differences in mMRNA levels between
schizophrenia subjects grouped by use of psychotropic medications, nonsteroidal anti-
inflammatory drugs (NSAIDs) (either prescribed or over-the-counter use, indicated by
presence of NSAIDs in toxicology screens of blood or urine), or smoking at time of death
and immune/inflammation-related cause of death or history of autoimmune illness (12) were
conducted using the first ANCOVA model. Spearman’s rank correlation coefficients (rs)
were calculated to assess the relationships between the different immune marker mMRNA
levels. For the antipsychotic-exposed monkey study, an ANCOVA model with mRNA level
as the dependent variable, treatment group as the main effect, and triad as a blocking factor
was employed. For the mouse studies, measures of mRNA levels were compared between
groups using t tests with an alpha of 0.05.

Immune Markers in the Prefrontal Cortex in Schizophrenia

Multiple immune system-related cytokines (e.g., IL-6, interferon-p) have been reported to
induce IFITM expression (Figure 1A) (22-24). Therefore, we first determined whether these
immune-related markers were altered in the prefrontal cortex of the same cohort of
schizophrenia subjects that we previously reported to have higher IFITM mRNA levels (i.e.,
IFITM1 and IFITM2/3) using the same quantitative PCR approach (21). Schizophrenia
subjects had markedly higher mean mRNA levels for IL-6 (+379%; F=5.1, df=1, 117,
p=0.026) and interferon-p (+29%; F=8.3, df=1, 117, p=0.005) (Figure 2). When subject
pairs with a potential outlier (i.e., mMRNA level more than three standard deviations from the
mean of the respective diagnostic group) were excluded from the analysis, the differences in
MRNA levels in the schizophrenia subjects for IL-6 (F=10.0, df=1, 107, p=0.002; N=5 pairs
removed) and interferon-g(F=10.4, df=1, 115, p=0.002; N=1 pair removed) remained
statistically significant. Across all subjects, transcript levels for IL-6 and interferon-p were
positively correlated with mRNA levels for IFITM1 (r4=0.49, p<0.0001 and r¢=0.38,
p<0.0001, respectively) and IFITM2/3 (r;=0.52, p<0.0001 and rg=0.26, p=0.004,
respectively), consistent with the reported roles of IL-6 and interferon-f in stimulating
IFITM expression (22-24).

The transcription factor nuclear factor-xB (NF-xB) plays a central role in regulating the
expression of many immune-related genes (41, 42). Furthermore, mice with deficits in the
NF-xB site-binding protein Schnurri-2, which inhibits NF-xB function, have higher cortical
levels of IFITM, suggesting an important role for NF-xB in regulating IFITM expression
(Figure 1A) (43). Quantification of these transcriptional regulators revealed higher mean
mMRNA levels for NF-xB1 (+18%; F=15.1,df=1, 117, p=0.0002)andNF-xB2(+86%; F=25.7,
df=1, 117, p<0.0001) and lower mean mRNA levels for Schnurri-2 (-10%; F=7.5, df=1,
117, p=0.007) in the prefrontal cortex of schizophrenia subjects (Figure 2). In addition,
IFITM1 and IFITM2/3 mRNA levels were strongly positively correlated with mRNA levels
for NF-xB1 (rs=0.58, p<0.0001 and rs=0.52, p<0.0001, respectively) and NF-xB2 (r¢=0.71,
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p<0.0001 and rs=0.74, p<0.0001, respectively) and inversely correlated with Schnurri-2
MRNA levels (rs=—0.32, p=0.0002 and rs=—0.46, p<0.0001, respectively).

NF-xB also regulates the expression of, and is itself regulated by, multipleimmune-related
cytokines(e.g.,IL-1B, IL-6, IL-8) (Figure 1A) (41, 42). In schizophrenia subjects, we found
markedly higher mean mRNA levels for IL-1B (+229%; F=7.7, 1, 117, p=0.006) (Figure 2)
and IL-8 (+128%), but this difference did not quite reach statistical significance (F=3.7,
df=1, 117, p=0.057). As expected, NF-xB1 and NF-xB2 mRNA levels were positively
correlated with those for IL-1B (rs=0.28, p=0.001 and r;=0.47, p<0.0001, respectively) and
IL-6 (rs=0.35, p<0.0001 and rs=0.59, p<0.0001, respectively). However, IL-8 mMRNA levels
were not correlated with NF-xB1 mRNA levels (r;=0.13, p=0.14) and were only weakly
positively correlated with NF-xB2 mRNA levels (rg=0.19, p=0.03).

The mRNA levels of these immune system-related cytokines and transcriptional regulators
did not differ in schizophrenia subjects as a function of antipsychotics, antidepressants,
benzodiazepines and/or valproate, NSAIDs, or smoking at time of death. Immune marker
MRNA levels also did not differ between schizophrenia subjects with or without a diagnosed
immune/inflammation-related illness at death (12) (i.e., type | diabetes [subject 1712],
psoriasis [1088], alopecia [1211], peritonitis [781, 1455], myocarditis [933], pneumonia
[904, 1296, 1734], anaphylaxis [1706]; see Table S1 in the online data supplement).

Antipsychotic-Exposed Monkeys

Transcript levels for IL-1B, 1L-6, NF-xB1, NF-xB2, and Schnurri-2 in the prefrontal cortex
did not differ between monkeys chronically exposed to haloperidol, olanzapine, or placebo
(Figure 3). We also previously reported that IFITM mRNA levels were not affected by
exposure to antipsychotic medications in these animals (21). Transcript levels for IL-8 and
interferon-p in monkey prefrontal cortex were insufficient for quantification by quantitative
PCR.

Effects of Maternal Immune Activation on Immune Marker Expression in the Frontal Cortex
of Young Adult Mouse Offspring

We next investigated whether maternal immune activation could lead to higher IFITM
MRNA levels in the frontal cortex of adult off spring by exposing timed pregnant mice to
poly(l:C) daily for 3 days in middle or late gestation. To confirm the presence of an immune
response to poly(l:C), adult female nonpregnant mice were also exposed to poly(l:C) in
parallel with the pregnant mice, and trunk blood was collected 3 hours after the last injection
of poly(l:C). Serum IL-6 levels quantified by ELISA were massively elevated in the
poly(I:C)-exposed mice (725.1 pg/mL, SD=276.6; t=7.3, df=14, p<0.0001) (see Figure S1 in
the data supplement) relative to normal saline-exposed mice (8.6 pg/mL, SD=14.3),
consistent with a robust immune response (25, 38). For the timed pregnant mice, exposure to
poly(I:C) did not affect the mean number of offspring relative to normal saline-exposed mice
(see Table S3 in the data supplement). Next, in the frontal cortex of one young adult male
and/or female offspring from each poly(l:C)-injected mother (see Table S3), we quantified
MRNA levels for the same immune markers that were studied in human prefrontal cortex in
schizophrenia. However, exposure to daily maternal immune activation for 3 days in either
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middle or late gestation did not affect mMRNA levels for IFITM (Figure 4A) or other immune
markers in the frontal cortex of adult male or female offspring (see Table S4 in the data
supplement). As in monkey prefrontal cortex, transcript levels for IL-8 and interferon-g in
mouse frontal cortex were insufficient for quantification by quantitative PCR.

Effects of Immune Stimulation in Adulthood on Immune Marker Expression in the Frontal
Cortex of Adult Mice

We also collected fresh, frozen brain tissue from the adult nonpregnant female mice that
were exposed to poly(l:C) daily for 3 days, euthanized 3 hours after the last poly(l:C)
injection, and confirmed to have higher serum IL-6 levels (see Figure S1 in the data
supplement). Frontal cortex homogenates from these adult mice had a pattern of alterations
in immune markers (Figure 4B) remarkably similar to that seen in schizophrenia, including
markedly elevated mRNA levels for IFITM1 (+149%, t=4.7, df=14, p=0.0003), IFITM2
(+82%, t=3.5, df=14, p=0.004), IFITM3 (+304%, t=11.8, df=14, p<0.0001), IL-1B (+132%,
t=2.4, df=14, p=0.028), IL-6 (+493%, t=2.8, df=14, p=0.015), NF-xB1 (+22%, t=3.9, df=14,
p=0.002), and NF-xB2 (+151%, t=5.9, df=14, p<0.0001). However, Schnurri-2 mRNA
levels were not altered in these adult mice.

DISCUSSION

In this study, we sought to determine whether higher IFITM mRNA levels and other
immune-related disturbances in the prefrontal cortex of schizophrenia subjects are more
consistent with being attributable to 1) the consequence of an ongoing molecular cascade
contributing to immune activation or 2) a long-lasting maladaptive response to an immune-
related insult that occurred during prenatal development. In the prefrontal cortex of the same
schizophrenia subjects that we previously reported to have higher IFITM mRNA levels (21),
we found markedly higher mRNA levels for cytokines (e.g., IL-6 and interferon-g) and
transcriptional regulators (i.e., NF-xB) that induce IFITM expression, as well as lower
MRNA levels for an NF-xB site-binding protein (i.e., Schnurri-2) that inhibits IFITM
expression (Figure 1B). Furthermore, the within-subject correlations of IFITM mRNA with
cytokine and transcription factor mMRNA levels in the prefrontal cortex support the prediction
that the latter could be causal of the former. This idea was further strengthened by proof-of-
principle evidence that exposure to immune stimulation in adult mice produces both higher
cytokine levels and higher IFITM levels in the frontal cortex in a manner similar to that seen
in schizophrenia. In contrast, exposure to immune stimulation in utero (i.e., maternal
immune activation) did not recapitulate schizophrenia-related immune marker expression
abnormalities in the frontal cortex.

In the prefrontal cortex of schizophrenia subjects, the markedly higher mRNA levels for
cytokines and transcription factors that induce IFITM expression (e.g., IL-6, interferon-p,
and NF-xB), and lower mRNA levels for Schnurri-2, which suppresses IFITM expression,
suggest that this combination of molecular mechanisms accounts for the elevated levels of
IFITM mRNAs in the illness (Figure 1B). In addition, mRNA levels of NF-xB, a critical
transcription factor that regulates the expression of many immune-related genes, including
the cytokines IL-1B, IL-6, and IL-8 (41, 42), were higher in schizophrenia. Furthermore,
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MRNA levels for these cytokines and transcriptional regulators were significantly correlated
with IFITM mRNA levels. These findings support the idea of a complex cascade of immune
activation in the pre-frontal cortex in schizophrenia (Figure 1B). Consistent with this
interpretation, Fillman et al. also recently reported (18) higher mRNA levels for IL-6 and
IL-8 in the prefrontal cortex in schizophrenia subjects. Furthermore, higher densities of
activated microglia, which produce cytokines in the brain, have been reported in the
prefrontal cortex in schizophrenia (18, 44, 45). Similarly, in vivo positron emission
tomography studies have also found higher [1C]-PK11195 binding, a measure of activated
microglia, in the hippocampus and cerebral cortex in schizophrenia (46, 47). Taken together,
these findings provide a striking convergence of evidence for a molecular cascade of
immune activation in the prefrontal cortex in schizophrenia and suggest that this molecular
cascade could be further explored in studies that directly quantify immune marker protein
levels in the prefrontal cortex and directly determine the cell types that over express these
immune markers in the disorder.

It is also possible that our findings reflect the consequences of schizophrenia that can be
accompanied by life conditions (e.g., chronic institutionalization) that may carry an
increased risk of exposure to infectious diseases. Although we cannot definitely exclude that
possibility, several lines of evidence suggest that our findings do reflect the neurobiology of
schizophrenia. Our subjects come from a community-based population (i.e., individuals with
unexpected deaths and subsequent autopsies) and were not chronically institutionalized, and
altered immune-related marker mRNA levels in schizophrenia did not appear to be
attributable to potential confounders such as the presence of immune/inflammation-related
illness or use of NSAIDs, psychotropic medications, or tobacco at time of death.

Several epidemiological studies suggest that exposure to maternal immune activation is a
risk factor for schizophrenia in offspring (7-11). Furthermore, maternal immune activation
has also been reported to produce epigenetic modifications that can alter gene expression
postnatally (27). We therefore tested the hypothesis that maternal immune activation may
contribute to higher mRNA levels for IFITM and other immune markers in the prefrontal
cortex in schizophrenia. However, we found that several days of maternal immune activation
in middle or late gestation in mice did not lead to a persistent elevation in mRNA levels for
IFITM or several other immune system-related markers in the frontal cortex of young adult
offspring such as that seen in schizophrenia. Interestingly, maternal immune activation has
been reported to lead to higher cytokine levels in fetal brain (25), which may still affect the
development of neural circuits (48, 49), even though cytokine mRNA levels are stable in the
frontal cortex of young adult offspring with prenatal exposure to immune activation.
Furthermore, some evidence suggests that maternal immune activation may interact with
genetic risk factors (50) or adolescent stress (51) to produce schizophrenia-related
abnormalities. These findings suggest that maternal immune activation in isolation may not
be a sufficient cause of cortical immune activation in schizophrenia. However, we cannot
exclude the possibility that maternal immune activation interacts with other environmental or
genetic risk factors that may act in concert to disrupt brain development. In contrast, we
found that exposure to immune stimulation in adult mice resulted in a pattern of elevations
in cytokine, NF-xB, and IFITM mRNA levels in the frontal cortex similar to that seen in
schizophrenia.
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Immune activation in the prefrontal cortex may have deleterious effects on cortical circuitry
in schizophrenia. For example, we previously reported deficits in GABA neuron-related
markers, including the GABA synthesizing enzyme GADG67, the calcium-binding protein
parvalbumin, the neuropeptide somatostatin, and the transcription factor Lhx6 in the present
cohort of schizophrenia subjects (30, 33, 52-55). Furthermore, we previously reported an
inverse correlation between IFITM mRNA levels and these GABA neuron-related markers
(21). Fillman et al. similarly found that a subset of individuals with schizophrenia with a
“high inflammatory” state had more severe deficits in GABA neuron-related mRNAS,
including somatostatin, GAD67, and parvalbumin (18). In addition, we found lower
Schnurri-2 mRNA levels in the prefrontal cortex in schizophrenia, and Schnurri-2 knockout
mice exhibit deficits in parvalbumin and GADG67 protein levels (43). Taken together, these
findings suggest that cortical immune activation may have deleterious effects on susceptible
components of inhibitory cortical circuitry, including somatostatin and parvalbumin neurons.
However, additional proof-of-principle studies are needed to determine the nature of the
relationship between cortical immune activation and cortical GABA neuron disturbances in
schizophrenia. Such studies will help determine whether immune-related markers represent
attractive therapeutic targets in the disorder, as supported by preliminary evidence of clinical
efficacy of anti-inflammatory agents in the treatment of schizophrenia (56), in light of our
findings that elevated immune markers appear to reflect an active process rather than the
remnants of a prenatal scar.
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A. Healthy B. Schizophrenia
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IFITM =] Inhibition IFITM ﬁ

FIGURE 1. Schematic lllustration of the Relationships Among Immune Markersin the Healthy
State and in Schizophreni @

@Panel A illustrates factors regulating IFITM expression in the healthy state. Interleukin 6
(IL-6) and interferon-g induce IFITM expression. The transcriptional regulator nuclear
factor-xB (NF-xB) plays a central role in regulating the expression of many immune-related
genes, including IL-1B and IL-6, is itself regulated by immune-related cytokines (e.g.,
IL-1B), and increases expression of IFITM. The NF-xB site-binding protein Schnurri-2
inhibits NF-xB function. Panel Billustrates the molecular cascade of immune activation in
schizophrenia. The markedly higher mRNA levels for IL-1B, IL-6, interferon-f, and NF-xB,
and lower mRNA levels for Schnurri-2, in the prefrontal cortex of schizophrenia subjects all
converge to increase levels of IFITM mRNAs.
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Transcript Expression Ratio in the Prefrontal Cortex of a Schizophrenia Subject of a Matched Pair
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FIGURE 2. Quantitative PCR Analysis of mMRNA Levels of Immune System-Related Cytokines
and Transcriptional Regulatorsin the Prefrontal Cortex in Schizophrenia @

aPCR=polymerase chain reaction. Transcript levels for each schizophrenia subject relative to
the matched nonpsychiatric comparison subject are indicated by open circles. Data points to
the left of the unity line indicate higher mRNA levels in the schizophrenia subject relative to
the nonpsychiatric comparison subject. Percent difference in diagnostic group means and
primary statistical analysis results are provided for each quantified mRNA (df=1, 117 in all

analyses).
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FIGURE 3. Immune System-Related Cytokines and Transcriptional Regulatorsin Prefrontal
Cortex Area 9 of Antipsychotic-Exposed Monkeys &

aQuantitative polymerase chain reaction analysis revealed no statistically significant
differences in mRNA levels for interleukin 1B (IL-1B), IL-6, nuclear factor (NF)-xB1, NF-
kB2, or Schnurri-2 in monkeys chronically exposed to either olanzapine or haloperidol
compared with placebo. Mean values are shown as horizontal black bars.
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FIGURE 4. Transcript Levelsfor Immune System-Related Markersin the Frontal Cortex of
Adult Mice Exposed Either Prenatally or in Adulthood to Immune Stimulation®

aPanel A illustrates transcript levels for three variants of IFITM (IFITM1, IFITM2, IFITM3)
in the frontal cortex of adult offspring (circles indicate males, triangles indicate females) of
pregnant mice exposed to either normal saline (NS) or poly(l:C) [P(I:C)] daily for 3 days of
gestation (embryonic day 11-13 [E11-13]: N=7 males and 7 females per condition;
embryonic day 15-17 [E15-17]: N=8 males and 8 females per condition). Black bars
indicate mean mRNA levels of both sexes combined for each condition. IFITM mRNA
levels did not differ in adult offspring (i.e., male alone, female alone, or sexes combined)
exposed prenatally to maternal immune activation in either middle (E11-13) or late (E15-
17) gestation. In panel B, transcript levels for immune-related markers including different
variants of IFITM, cytokines, and nuclear factor (NF)-xB were markedly higher in the
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frontal cortex of adult female mice exposed to poly(l:C) (N=8) relative to mice exposed to
normal saline (N=8) daily for 3 days (df=14 in all analyses).
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Demographic, Clinical, and Tissue Characteristics of Human Subjects

TABLE 1

Measure Nonpsychiatric Comparison Group (N=62)  Schizophrenia Group (N=62)
N % N %
Male 47 75.8 47 75.8
Race
White 52 83.9 46 74.2
Black 10 16.1 16 25.8
Mean SD Mean SD
Age (years) 48.7 13.8 47.7 12.7
Postmortem interval (hours) 18.8 55 19.2 85
Freezer storage time (months) 131.8 56.2 128.1 60.7
Brain pH? 6.7 0.2 6.6 0.3
RNA integrity number 8.2 0.6 8.1 0.6
N % N %
Medications at time of death
Antipsychotic 54 87.1
Antidepressant 27 435
Benzodiazepine or anticonvulsant 24 38.7
Nonsteroidal anti-inflammatory drug 13 20.0 16 25.8

aSignificant difference between groups, p=0.01.
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