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ORIGINAL ARTICLE
Markers of inflammation and stress distinguish subsets of

individuals with schizophrenia and bipolar disorder

SG Fillman'23, D Sinclair'**%, SJ Fung'?3, MJ Webster®> and C Shannon Weickert'>

Schizophrenia and bipolar disorder share a number of common features, both symptomatically and biologically. Abnormalities in
the neuroimmune and the stress-signaling pathways have been previously identified in brains of individuals with both diseases.
However, the possible relationship between abnormalities in stress and neuroimmune signaling within the cortex of people with
psychotic illness has not been defined. To test the hypothesis that combined alterations in brain stress responsiveness and
neuroimmune/inflammatory status are characteristic of some individuals suffering from major mental illness, we examined gene
expression in the Stanley Array Cohort of 35 controls, 35 individuals with schizophrenia and 34 individuals with bipolar disorder. We
used levels of 8 inflammatory-related transcripts, of which SERPINA3 was significantly elevated in individuals with schizophrenia (F
(2,88)=4.137, P < 0.05), and 12 glucocorticoid receptor signaling (stress) pathway transcripts previously examined, to identify two
clusters of individuals: a high inflammation/stress group (n=32) and a low (n=68) inflammation/stress group. The high
inflammation/stress group has a significantly greater number of individuals with schizophrenia (n=15), and a trend toward having
more bipolar disorder individuals (n=11), when compared with controls (n=6). Using these subgroups, we tested which
microarray-assessed transcriptional changes may be associated with high inflammatory/stress groups using ingenuity analysis and
found that an extended network of gene expression changes involving immune, growth factors, inhibitory signaling and cell death
factors also distinguished these groups. Our work demonstrates that some of the heterogeneity in schizophrenia and bipolar
disorder may be partially explained by inflammation/stress interactions, and that this biological subtype cuts across Diagnostic and
Statistical Manual of Mental Disorders (DSM)-defined categories.
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INTRODUCTION

Schizophrenia and bipolar disorder share a number of common
features such as psychosis, negative symptoms and antipsychotic
treatment. This commonality also extends to cellular and
molecular neuropathology'? and abnormalities in both the
immune system and the stress response system have been
proposed as mechanisms contributing to pathogenesis in both
disorders. (for review see Drexhage et al.> and Kupka et al.*)
Within the immune system, some of the key mediators are
cytokines, which are small signaling molecules that can have a
variety of downstream effects on both innate and adaptive
immune systems. In schizophrenia, there have been a number of
studies that have found increased levels of cytokines, including
interleukin (IL)-1p3, IL-6, IL-8 and tumor necrosis factor (TNF), in the
serum of both first episode psychosis and chronic
schizophrenia.”® Similarly, in bipolar disorder, elevation of serum
IL-6 and TNF have been shown across manic, euthymic and
depressive states with IL-2, IL-4 and IL-8 being particularly
elevated in mania.>'® The classic early literature suggested that
there may be little direct impact of these cytokines on the brain
owing to the presence of the blood brain barrier, and the brain’s
‘immunoprivileged’ status."' However, there are a variety of
mechanisms for immune signaling to occur across the blood brain

barrier, as well as evidence that the blood brain barrier may
become more porous in a disease state.'*'® We recently found
direct evidence for elevated cytokine mRNA levels in the post-
mortem brains of people with schizophrenia in the Sydney Tissue
Resource Center cohort that correlates with an increase in
microglial density.'® However, a number of other studies have
not observed any evidence of abnormal microglial density or
morphological change with respect to diagnosis.'*™'” In bipolar
disorder patients, the IL-1 system-related mRNAs (/L1B and ILTR)
have been reported to be elevated in the brain and there is a
single study that observed an increase in microglial activation in
the post-mortem tissue from frontal cortex.'®

Although the contradictory findings with respect to microglia in
both disorders indicates that there may be considerable biological
heterogeneity present in these resident immune cells of the brain,
it is nevertheless possible that the cellular source of the elevated
markers of immune function in some individuals is microglia that
may consequently result in (neuro)inflammation.'*'®'® The
elevated inflammatory markers may be because of a genetic
predisposition in some individuals with psychosis that favors
increased production of cytokines as genetic linkage studies have
found polymorphisms in the IL-18 gene, and in the major
histocompatibility complex genes associated with schizophrenia
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Table 1.

Demographic details of the schizophrenia, bipolar disorder and control cases in the Stanley Array Cohort

Control group (n=35)

Bipolar disorder group (n=34)

Schizophrenia group (n=35)

Diagnostic subtype —

unknown =17

BP1=27, BP2=4, BPNOS =2,
schizoaffective =1

Age (years) 44.2 (31-60) 45.4 (19-64) 42.6 (19-59)

Gender 9F, 26M 18F, 16M 9F, 26M

Hemisphere 16L, 19R 19L, 15R 17L, 18R

pH 6.61+0.27 6.43+0.30 6.48+0.24

PMI (hours) 294+129 37.9+18.6 314+155

RIN 7.23+0.87 7.34+0.88 7.36+0.61

Manner of death Natural =35 Natural =19, suicide=15 Natural =28, suicide=7

Age of onset (years) — 253+9.2 21.3+6.1

Duration of illness (years) — 20.2+9.6 21.3+10.2

Lifetime antipsychotics — 10212+22871 85004 + 100 335

(fluphenazine equiv., mg)

Antidepressant use Yes=0, no=35 Yes=19, no=15 Yes=9, no=26

Type of antidepressant® — SSRI=9 (fluoxetine =5), SNRI=4, SSRI=4 (fluoxetine =2), SNRI=0, SARI =2,
SARI=5, TCA=6, other=1 TCA =2, other=2

Smoking around time of death Yes=9, no=9, Yes=15, no=6, unknown=13 Yes =23, no=4, unknown=8

SCZ(disorganized) =1, SCZ(paranoid) =8, SCZ
(undifferentiated) = 26

quoted are mean (range) +s.d.

Abbreviations: BP1, bipolar disorder type 1; BP2, bipolar disorder type 2; BPNOS, bipolar disorder not otherwise specified; F, female; L, left; M, male; PMI, post-
mortem interval; R, right; RIN, RNA integrity number; SARI, serotonin antagonist and reuptake inhibitor; SCZ, schizophrenia; SSRI, selective serotonin reuptake
inhibitor; SNRI, serotonin-norepinephrine reuptake inhibitor; TCA, tricyclic antidepressant. ’Some individuals took multiple antidepressant medications. Data

and bipolar disorder.?°~>* Environmental factors such as maternal
infection leading to developmental or later immune abnormalities
may also have a role in the pathogenesis of schizophrenia and
possibly bipolar disorder?>?’ Thus, the immune system has
frequently been implicated in the pathogenesis of both schizo-
phrenia and bipolar disorder.

The stress signaling system, in particular glucocorticoids, are
known to be upregulated in stress and chronic elevations result in
a decrease in glucocorticoid receptor (GR) mRNA. Dysregulation of
GR and other glucocorticoid signaling molecules has been
observed in the brains of both schizophrenia and bipolar disorder
patients."?®73" Although stress signaling is frequently considered
independently from the immune system changes in the brain, GR
and the immune/inflammatory system are intertwined, with
glucocorticoid (stress) hormones being some of the most potent
suppressors of the immune function3? This suggests that
abnormalities of the immune system and glucocorticoid signaling
pathway, and interactions between these two systems, may
contribute to the common pathophysiology found in major
mental illnesses. However, it is not known whether the alterations
in the stress and inflammatory systems found in psychiatric
disease state co-occur, or are found in distinct subsets of
individuals. Further, it is not known whether the changes in these
two systems are reciprocal or whether they represent a side effect
of chronic changes related to the diseases or to their treatments.>

In humans, the endogenous glucocorticoid, cortisol, binds to
both the mineralocorticoid receptor (during periods of basal
cortisol secretion) and the GR (during periods of elevated cortisol,
such as acute or chronic stress). Cortisol-bound GR has a number
of immediate and sustained actions, which include functioning as
a transcription factor to modulate the expression of a variety of
genes including repressing transcription of many genes involved
in immune/inflammatory signaling including IL1B, IL6 and L8338
Interestingly, high levels of these ILs, and other cytokines, trigger
increased secretion of cortisol**™*' which in turn cyclically
represses immune gene expression. In theory, a disruption in
any part of this pathway could lead to runaway inflammation in
the periphery or in the central nervous system and could lead to
consequent cellular damage. It is possible that dysregulation of
cytokine mRNA expression in psychiatric illness is not indepen-
dent of GR mRNA abnormalities, but that both co-occur in the
same individuals, thereby increasing the risk of disruption of
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neuronal and immune homeostasis in both schizophrenia and
bipolar disorder.

The goals for this study were (1) to examine the extent to which
changes in key mediators of the stress and inflammatory system
responses co-occur in subsets of individuals with schizophrenia
and bipolar disorder; (2) to determine what percentage of
individuals with distinct clinical diagnoses of schizophrenia or
bipolar disorder have shared molecular pathology of the
inflammatory and stress signaling systems in the prefrontal cortex;
and finally, (3) to examine what other molecular changes
characterize these subsets of individuals.

MATERIALS AND METHODS
Tissue collection

Total RNA extracted from cortical gray matter that included all six layers
was carefully dissected from the middle frontal gyrus, at the level anterior
to the genu of the corpus callosum not including the frontal pole. White
matter was carefully removed from each block of tissue with a scalpel or
razor blade while frozen before RNA extraction. The total RNA was
provided by the Stanley Medical Research Institute (Array Cohort) from 35
individuals with schizophrenia, 34 with bipolar disorder and 35 controls.
Demographic details of this cohort are shown in Table 1.

Quantitative PCR analysis

Preparation of complementary DNA and quantitative PCR (qPCR) experi-
ments were performed as described previously.*? In brief, total RNA was
extracted from 300mg of gray matter using the Trizol method (Life
Technologies, Carlsbad, CA USA) before having its quality determined on
an Agilent Bioanalyzer 2100 (Agilent Technologies, Palo Alto, CA, USA). The
complementary DNA was synthesized from this total RNA using Super-
script First-Strand Synthesis Kit (Life Technologies). The following probes
were used for the inflammatory genes: SERPINA3 (Hs003153674_m1), IL6
(Hs00174131_m1), IL6ST (Hs01006741_m1), IL8 (HS00174103_m1), IL1B
(Hs01555410_m1), PTGS2 (Hs00153133_m1), IL18 (Hs01038788_m1), TNF
(Hs99999043_m1), ILTRLT (Hs01073300_m1), with four genes: ACTB
(Hs99999903_m1), GAPDH (Hs99999905_m1), TBP (Hs00427621_m1) and
UBC (Hs00824723_m1) used as housekeeper genes. None of the house-
keeping genes significantly varied between diagnostic conditions. Cycling
conditions and reaction amounts were as previously described.'
Previously published normalized mRNA expression data from the same
cohort were used for statistical comparisons from three GRs (GR Pan, GR1B
and GR1C) and eight other cofactors and chaperones of GR (FKBP5, BAG],
HSPA1A, FKBP4, DNAJB1, HSP90AA1, HSPB1 and PTGES3).*
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Statistical analysis and clustering

Statistical tests of qPCR data were performed using SPSS statistics (version
21, OSX, IBM, Armonk, NY, USA). Data were non-normally distributed and a
log10 transformation was applied to all qPCR measurements after
normalization to the geometric mean of housekeeping gene expression.
An approximate normal distribution was achieved before a Grubbs test
was used to identify population/experimental outliers, (average number
=1.9, range: 0-3 individuals per measurement). Stepwise regressions using
demographic variables (body mass index (BMI), age, pH, post-mortem
interval, brain weight and refrigerator interval) were used to identify
covariates for analysis of covariance of experimentally measured mRNA
values with Fisher’s least significant difference post hoc tests on significant
results. Significantly identified demographic variables are indicated in the
individual experimental results. The a level for all statistical tests was 0.05.

The composition of the three groups, inflammatory, stress and a
combined grouping of inflammatory/stress were tested using a recursive
two-step cluster analysis on the entire schizophrenia/bipolar disorder/
control cohort with missing values replaced by an expectation maximiza-
tion algorithm. The overall model quality (Silhouette measure) was
required to be >0.4, with predictors of the least importance removed
until all predictors had significant contributions to the model (>0.25 on a
scale of 0-1.0). Demographic factors that were significant in any regression
model were included in the initial clustering lists to minimize bias. The
diagnostic significance of the clustering was measured by splitting the
comparison into the two diagnostic groups, respectively, compared with
controls using both a one-tailed Fisher's exact test as well as a y*-analysis.
This was to minimize the influence of similar distributions between the
schizophrenia and bipolar disorder groups.

If not included in the clustering variables, post hoc tests were performed
to examine demographic differences in the clusters by analysis of variance
with both cluster group and diagnosis included as factors. Factors
examined included BMI, age, pH, post-mortem interval, brain weight and
freezer storage interval. The impact of possible peripheral inflammatory
response based on prior medical history/cause of death, smoking status
and psychotic status was examined through the use of the yx*-statistic.
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Medical records were examined for any conditions that may result in
peripheral cytokine elevations, including but not limited to obesity
(BMI>30 kg m~2), diabetes, hypertension, hepatitis and atherosclerosis.

Microarray meta-analysis

Microarray Analysis Suite 5.0 (Affymetrix, Santa Clara, CA, USA) -normalized
data from the Stanley microarray collection was downloaded from four
studies using the Array collection group from dorsolateral prefrontal cortex
(DLPFQ) of individuals with schizophrenia, bipolar disorder and healthy
controls (http://www.stanleygenomics.org, AltarA, Bahn, Dobrin and Kato**
). Three of the four studies were run on Affymetrix HGU133P arrays while
the fourth was run on an expanded HGU133P 2.0 series of chips. This
resulted in three experiments with 22 283 probe sets and one experiment
with 54 675 probe sets. Each replicated probe set was averaged using
geometric mean in order to identify an unbiased mRNA expression for
each set using custom R code. This was analyzed for differential expression
using a series of false discovery rate-corrected t-tests on six groups
comprising diagnosis (schizophrenia, bipolar disorder and control) and
high inflammation/stress and low inflammation/stress as identified in the
cluster analysis using CLC genomics workbench (5.51, CLC, Aarhus, The
Netherlands).

Pathway analysis

Genes that were significantly changed between the high inflammation/
stress in both schizophrenia as well as bipolar disorder and low
inflammation/stress controls (false discovery rate P < 0.05) were isolated
and ingenuity pathway analysis (http://www.ingenuity.com) was used to
identify other genes that may be part of an extended altered
inflammatory-stress pathway dysregulation. Ingenuity pathway core
analysis was performed using experimentally observed data from all
animal types and central nervous system cell lines with biological
pathways, networks and regulating factors explored in detail.
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Quantitative PCR (qPCR) measured mRNA expression for inflammatory-associated genes (a) and cytokine-associated genes (b).

Controls (blue) and individuals with bipolar disorder (green) and schizophrenia (red) are plotted with median values represented by the black
line. All values with the exception of PTGS2 are plotted on a log-transformed scale because of their distribution.
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Figure 2. A series of recursive two-step cluster analyses yields different breakdowns in each diagnosis category. Three clustering operations
were performed on only the inflammatory-related genes ((a), top row), stress-related genes ((a), middle row) and then both sets of genes
combined ((a), bottom row). Each diagnosis is split between those in the high group ((a), darker color) and the low group ((a), lighter color).
Controls (blue), bipolar disorder (green) and schizophrenia (red) are shown in the first, second and third columns, respectively. To examine the
overlap of the inflammation ((b), x axis and right rear wall) and stress clusters ((b), z axis and left rear wall) with respect to diagnosis (blue,
green and red color scheme), they were plotted in the form of a three-dimensional bar graph. Using the same values as b, the third, combined
stress and inflammation cluster is represented by a separate color code, with blue representing low inflammation/stress and yellow high
inflammation/stress (c). This indicates that the dichotomous group variables of inflammation and stress are a good, but not perfect, predictor

of membership in the combined inflammation/stress group defined by clustered by the 19 continuous mRNA values.

RESULTS
gPCR analysis

SERPINA3 mRNA was significantly changed according to diagnosis
(analysis of covariance, pH, brain weight, F(2,88) =4.137, P < 0.05),
and we found that SERPINA3 mRNA was specifically increased in
schizophrenia compared with both controls and bipolar (schizo-
phrenia-control and schizophrenia-bipolar disorder:  184%,
P < 0.05, SCZ-BP: 293%, P < 0.01, with % change calculated from
means, Figure 1a). IL.-8 mRNA showed a significant diagnostic
effect (analysis of covariance, BMI and age, F(2,89)=3.897,
P <0.05), but surprisingly, with a decreased expression in
individuals with schizophrenia compared with controls and
bipolar disorder (SCZ-CON: —73%, P<0.01, SCZ-BP: —58%,
P < 0.05, Figure 1b). IL-1B, IL-18, TNF and PTGS2 mRNAs showed
no significant diagnostic effects overall and no consistent pattern
of expression according to diagnosis. ILTRLT and IL-6 mRNAs were
not significantly changed but showed a pattern of increased
expression in both psychosis groups with respect to median
values (Figures 1a and b). As found in other cohorts, substantial
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individual differences in expression level were identified suggest-
ing that there may be significant heterogeneity within each
diagnostic category.'*

Use of clustering to identify subgroups

We performed three recursive two-step clustering analyses using
our 8 inflammatory-related genes (SERPINA3, IL1B, IL1RL1, IL6, IL8,
IL18, TNF and PTGS2) as well as previously published data on 11
mRNAs from the GR stress signaling pathway.?® The first clustering
analysis using the inflammatory-related genes yielded two groups,
which we entitled high (n=35) and low (n=65) based on the
expression pattern of the majority of the defining genes/
demographic factors, IL6, SERPINA3, ILTRL1, pH, TNF, IL1B and IL8.
This model had an optimum silhouette value of 0.4. Schizophrenia
showed a trend toward a non-random distribution (y*=2.764,
P <0.01, Fisher's P=0.08), although bipolar disorder did not
(Figures 2a and b, x axis; Supplementary Table 1). The second
clustering used only the GR and associated signaling molecules
giving two groups, a high stress (n=42) and a low stress (n=>58)
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mRNA expression based on inflammatory/stress cluster and diagnosis
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Figure 3.

B Low Inflammation/Stress BP
E=E High Inflammation/Stress BP
B Low Inflammation/Stress SCZ
B High Inflammation/Stress SCZ

Gene

A recursive two-step clustering incorporating stress as well as inflammatory gene-related results in two groups that we titled high

inflammation/stress and low inflammation/stress with relation to their inflammatory and stress signaling components. Individuals with bipolar
disorder (green) and schizophrenia (red) are plotted relative to the mean expression of the low inflammation/stress control group (black-
dashed line at one) on a log scale with s.e.m. represented by error bars. The blue rectangle represents the genes incorporated into the
combined inflammatory/stress clustering model. Genes are ordered relative to their contribution to the model decreasing from left to right.

defined by HSPATA, HSPB1, DNAJB1, GR1B, HSP90AA1, FKBP5, GR1C
and pH. The optimum silhouette value was once again 0.4 and in
this cluster schizophrenia showed a trend toward a non-random
distribution between the stress groups (x°=2.764, P<0.01,
Fisher's P=0.08) with bipolar disorder being significantly non-
random (x> =5.437, P < 0.05, Fisher's P < 0.05, Figures 2a and b, z
axis; Supplementary Table 1). The overlap between these groups
with regard to diagnosis shows a distinctly greater proportion of
psychosis in the respective high inflammation and stress groups
compared with low (Figure 2b). Third, owing to the inflammatory
response and stress signaling interrelationship, we performed
clustering using all the genes and found the model included only
ILTRLT, IL6, HSPAT1A, HSPB1, DNAJB1, GRI1B, FKBP5, SERPINAS3,
HSP90AAT, TNF, GR1C, pH, GR Pan, (12 out of the 19 genes and
4 demographic factors we started with) in order of decreasing
importance (Figure 3). Two clusters were identified with an
optimum silhouette value of 0.4, a high inflammation/stress
(n=32) and an opposing, low inflammation/stress group (n=68)
(Figures 2a and ¢; Supplementary Table 1). The high inflammation/
stress cluster showed a significantly different diagnostic distribu-
tion with respect to schizophrenia (x*=5.177, P < 0.05, Fisher's
P<0.05) and a trend for bipolar (x*=2.671, P<0.1, Fisher's
P=0.09) with more individuals in the high group than expected
(Figure 2a)._The high inflammation/stress group also appears to
include more_individuals with high stress and low inflammation
| - | high inf "

(Figure _2c). None of the three clusters showed a significantly

different distribution according to axis | diagnosis including
schizophrenia subtypes.

Demographic differences between clusters

We were primarily interested in the interaction between
inflammation and stress, so further analysis focused on the two
groups defined by this combined cluster, which did not have a

© 2014 Macmillan Publishers Limited

significant difference in BMI, post-mortem interval or freezer
storage interval. Individuals did not differ in age between
diagnostic groups, or between inflammatory/stress groups but
there was a significant interaction (F(2,94)=3.241, P <0.05)
stemming from the high inflammation/stress bipolar disorder
group being 9.07 years older than the high inflammation/stress
controls. Although pH was included in the clustering, it is
important to observe that it did not differ among diagnosis,
although the low inflammation/stress group controls had a
lightly higher pH mpared with bipolar disorder (ApH:
0.137, P=0.05) and schizophrenia (ApH:0.199, P < 0.01). The low

inflammatory/stress group also had greater brain weight (5.43%, F
(1,94)=7.421, P < 0.01). Gender, smoking, history of alcohol use

and history of drug use status did not significantly differ between
the inflammatory/stress groups. Excluding individuals with no
available information concerning peripheral inflammation, we find
that there is a trend toward more individuals in the high
inflammation/stress group having some evidence of peripheral
inflammatory processes (no (high/low): 7/24, yes: 24/32, x> =3.577,
P < 0.1). When examining demographic variables present just in
the bipolar disorder and schizophrenia groups, we found no
significant differences in antipsychotic dose, duration of disease or
age of onset between the inflammation/stress groups or

interactions with diagnosis. However, the low inflammatory group
. - cide (n=18/3. v’ = 3.833
P <0.05).

Microarray analysis of differences between inflammatory/stress
groups

The total list of 54675 probes was imported to CLC genomics
workbench for analysis. We used a pair of two-tailed t-tests
comparing high inflammation/stress subgroup of individuals with
schizophrenia and bipolar disorder to low inflammation/stress
subgroup of controls and found 57 probe sets significantly
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Figure 4. The top ingenuity identified network that was enriched for the 57 genes that were significantly differentially expressed, after false
discovery rate (FDR) correction, between high inflammation/stress individuals with bipolar disorder and schizophrenia as compared with low
inflammation/stress controls. The initial microarray data were taken from a geometric mean of four separate experiments performed on the
same Stanley Array Collection that we used in this current study. On the left side of each gene is the significance and fold change for bipolar
disorder (when compared with low inflammation/stress controls). On the right side of each gene is the significance and fold change for
schizophrenia. Fold changes are represented by intensity of color with green showing a decreased expression in the disease state compared
with controls, whereas red indicates an increased expression in the disease state high inflammation/stress group as compared with the low
inflammation/stress controls. Significance of these fold changes as assayed by t-tests are the following: *P < 0.05, **P < 0.001, ***P < 0.0001,

***¥P < 0.00001.

changed between the groups after false discovery rate correction

(Supplementary Table 2) that were carried forward into the
pathway analysis.

Pathway analysis

The ingenuity pathway analysis yielded five gene networks that
were significantly enriched in the list of 57 probe sets
(Supplementary Table 3). The top network was entitled: ‘Neuro-
logical Disease, Cell-to-Cell Signaling and Interaction, Nervous
System Development and Function’. This pathway showed
significant decreased expression in both high inflammation/stress
bipolar disorder as well as schizophrenia compared with low
inflammation/stress controls (Figure 4). Genes involved in this
pathway can be roughly grouped by relation to six different
functions: growth factor, immune, inhibitory signaling, cell death
and signaling, AMPA receptor and nuclear factors. The majority of
the individual genes show negative fold changes in individuals
with bipolar/schizophrenia and high inflammation/stress. In
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addition, ingenuity calculated that a number of genes, including
brain-derived neurotrophic factor (BDNF), TGF1 and TNF, were
implicated as key upstream regulators of the overall altered gene
networks (Supplementary Table 4).

DISCUSSION

We have determined that clustering by inflammatory genes as
well as clustering by stress genes results in groups enriched in
individuals with a diagnosis of psychosis. Furthermore, it would
seem that inflammation has a greater association with schizo-
phrenia while stress signaling has a greater association with
bipolar disorder. However, when the gene lists are combined
together there are a greater than expected number of individuals
with schizophrenia and a trend toward a greater number of
bipolar disorder individuals categorized as in the high inflamma-
tion/stress group. Our study builds on the mounting evidence
suggesting that a subset of individuals with psychotic illness have
increased expression of immune-related genes in the brain,™
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cerebrospinal fluid,* and blood.***” By showing that the immune
changes are often concomitant with alterations in the stress
signaling system, we have expanded the understanding of
possible molecular mechanisms involved in the pathophysiology
and of the therapies targeting these systems.

We examined the cohort demographics for evidence that the
inflammatory/stress cluster could be a reflection of some external
factors other than psychiatric disease state. We found decreased
pH in the high inflammatory/stress group, which may be a
response to the increased metabolic demands of an inflammatory
immune response; however, this lowered pH could be a sign of
tissue damage and in itself may exacerbate inflammation.** This
damage may be reflected in our observation of decreased brain
weight in the high inflammatory/stress group, which remains
significantly different even after co-varying for age and sex (data
not shown). This brain mass decrease may be related to the
observed volumetric and brain thickness decreases found in
schizophrenia and bipolar disorder, but the link between
inflammation and brain volume requires further exploration.*® It
is also possible that the decrease in brain mass is related to the
stress of the disease states as individuals undergoing chronic
stress in adolescence and adulthood have decreased brain
volumes.>>>" Some of the observed brain inflammatory changes
may be related to peripheral inflammation, which were identified
in individuals found in both high and low inflammatory/stress
groups. Interactions between peripheral IL-1 activation and the
central nervous system have been demonstrated in animal
models.>? Although obesity could be a possible cause of
peripheral inflammation in some humans, it also may be directly
related to psychiatric disease or to treatment.>® This is a key area
that requires further research to understand the interactions.

The most robust mRNA finding from this study, and one that
has been consistently replicated in other studies, was the
elevation in SERPINA3 mRNA present in the DLPFC of individuals
with schizophrenia. We found an almost 200% increase in the
expression of SERPINA3 in schizophrenia patients compared to
controls (note results on log scale) in the Stanley Array Cohort,
which is now the fourth separate post-mortem cohort studied
where this elevation is found.'***° This suggests that upregula-
tion of SERPINA3 mRNA is a highly reproducible finding in the
frontal cortex in schizophrenia but its more specific involvement
in schizophrenia as compared with bipolar disorder remains
unexplored. SERPINA3 is known to code for a protein with an anti-
chymotripsin action (SERPINA3 is also known as alpha 1-antic-
hymotripsin), although this may not be the only protease that
SERPINA3 inhibits.>® The precise cellular source of the SERPINA3
MRNA elevations in the brains of individuals with schizophrenia is
unknown, but macrophages, reactive astrocytes and activated
microglia have been shown to express the SERPINA3 protein in
pathological conditions.”” In Alzheimer’s disease, SERPINA3 forms
complexes with amyloid beta protein and also alters the
expression of astrocytic and inflammatory genes.*®*® Transcrip-
tion of SERPINA3 is associated with inflammatory activation and
the protein itself has multiple roles including prevention of
excessive tissue damage from the secretion of chymotrypsin
originating in phagocytes (microglia are the equivalent central
nervous system phagocytes) as well as an unidentified DNA-
binding role thought to modulate chymotrypsin-like chromatin
enzymes.®*®" Recently, it has been shown that glucocorticoids,
working synergistically with inflammatory molecules (specifically
TNF) increase the transcription of SERPINA3.5% Although the levels
of GR are lower in individuals with schizophrenia, which may be a
consequence of increased stress, the GR signaling system may
remain functional, and in the face of elevated TNF this may result
in the elevations in SERPINA3 present in our cohorts as well as
others. The evidence for TNF being elevated in schizophrenia and
bipolar disorder is mixed, but nevertheless a number of studies
have demonstrated TNF increases in the brain and blood.?*™®° The
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coactivation and upregulation of SERPINA3 suggests a possible
compensatory role in the disease in an attempt to attenuate a
chronic inflammatory response. It is perplexing that the elevation
in SERPINA3 only becomes apparent in bipolar disorder after
clustering by other inflammatory/stress factors, implying that
although inflammation is common between the two diseases,
specific elements of the response are more prevalent or
exaggerated in schizophrenia. Further research is required to
elucidate the role of SERPINA3 in the brain, and particularly in
schizophrenia.

We were unable to replicate the overall group increases found
in the cytokines /L-6 and IL-8 mRNAs previously identified in the
schizophrenia patients from our Sydney TRC cohort.'* However,
the subgroup of individuals with high inflammation/stress in the
current study did display elevated ILTRL1, IL-6, TNF and IL-18
MRNA compared with the majority of controls. We were also
unable to replicate a previous finding of overall increased IL-18
in individuals with bipolar disorder.”® It does seem that the
generalized activation of the immune/inflammatory system is a
common factor between all of these studies; however, the precise
factors and the percentage of individuals demonstrating these
changes at the time of death appear to be variable. Alternatively,
as we suspect that the number of individuals with psychosis who
have active inflammation may be only 40-50% of the total,
nonrandom sampling may be responsible for variable research
outcomes.

Our data suggest an interrelationship between stress signaling
and immune function in the frontal cortex of a portion of
individuals, primarily those with bipolar disorder and schizophre-
nia. Although data on cortisol levels of individuals in this cohort
are not currently available, it is plausible that elevated cortisol
levels in individuals with schizophrenia and bipolar disorder may
drive the observed changes in both stress and inflammatory gene
mRNAs. Elevated glucocorticoid levels, which have been demon-
strated in individuals with schizophrenia and bipolar disorder,%5”
have been shown to decrease GR mRNA expression and protein
abundance in the rodent and primate frontal cortex and
hippocampus.®®”" Glucocorticoids also suppress immune func-
tion and immune gene expression,>*>"72 resulting in inflamma-
tory resurgence after chronic administration.”® In schizophrenia
and bipolar disorder it is possible that chronic hypercortisolemia,
in a portion of patients with greater negative symptoms,’* may
cause a chronic decrease in the expression and function of GR
protein leading to attenuation of the natural inhibition of the
immune system by stress.

Our idea of stress-related gene expression changes being more
primary originates from the greater contribution of stress-related
genes to the combined inflammatory/stress clustering. Our
pathway analysis expands upon the limited number of genes
involved in our mRNA findings and provides an opportunity for
integration of our results with other schizophrenia and bipolar
disorder findings. The high inflammation/stress group shows a
downregulation of a number of gene groups in the diagnosis of
schizophrenia and bipolar disorder. Key among these are the
growth factor-related genes (NRTN (neurturin), BDNF and GDNF
family receptor a2 (GFRA2)) and the inhibitory and excitatory
signaling (GABA, receptor subunit y2, al and §, glutamic acid
decarboxylase 1, somatostatin and glutamate receptor ionotropic
AMPA 1, respectively). NRTN works through the GDNF receptor
pathway, including GFRA2, and has been shown to be neuropro-
tective in the cortex of animal models.”> BDNF mRNA has been
previously found decreased in the DLPFC of schizophrenia and
BDNF can inhibit major histocompatibility complex-Il inducibility
in microglia.”®”’® We, as well as others, have previously shown that
major histocompatibility complex Il-labeled microglia are
increased in individuals with schizophrenia, and this may provide
a possible link to decreased BDNF.'* The health of inhibitory
interneurons and their signaling has been the focus of extensive
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research efforts in both schizophrenia and bipolar disorder with
BDNF thought to be an important survival factor for inhibitory
interneurons. Knockout of BDNF in mice resulted in a decrease
density of cortical interneurons of the somatostatin subtype.”
Decreased amounts of BDNF have further been shown to correlate
with decreased expression of glutamic acid decarboxylase 1
(GAD67) in subjects with schizophrenia.?®® Decreased amounts of
somatostatin and glutamic acid decarboxylase 1 mRNA in
particular, have been widely replicated in schizophrenia, with
glutamic acid decarboxylase 1 also found decreased in bipolar
disorder'"#* These mRNA decreases are exacerbated in the high
inflammation/stress group of both diseases in our current study as
well as previously in the high inflammation group of the TRC
schizophrenia cohort.'* The involvement of the GABA, receptor
subunits with stress and inflammation, particularly the significant
decreases in the almost ubiquitous y2 and al encoding subunits,
together with the extrasynapic 6 subunit, may explain some of the
contradictory findings reported in both diseases.®>#>#¢ A number
of immune-related genes are also found in this pathway including
TNF, IL8 and TNFSF10 all of which as well as a number of other
inflammatory-related genes have been implicated in schizophre-
nia and bipolar disorder.'*#7-%° |L-8 was significantly elevated only
in bipolar, similar to our qPCR data, when using the microarray
generated data. However, microarrays, owing to their sensitivity
issues are not optimal for measuring cytokine mRNA.°" TNFSF10 is
also known as TNF-related apoptosis-inducing ligand and works
through a caspase cascade including caspase 9 to cause
apoptosis.”> The decrease in TNF-related apoptosis-inducing
ligand is in direct contrast to our previously observed TNFSF13
(APRIL) increases in both disease states implying abnormal
apoptotic-related process may be present.®® Cytokines, including
IL-18 and TNF also work through mitogen-activated protein
kinases to phosphorylate ATF2, leading to increased c-Jun and
anti-apoptotic activity.”? A decrease in the latter part of this
pathway may indicate a reduced ability to counter the pro-
apoptotic activity of elevated cytokines found in the high
inflammation/stress group, although the presence of apoptosis
in these diseases is disputed.

It is noteworthy that we observed a significant number of
controls (18% of the group) that also displayed the elevated
markers of both inflammation and stress in the brain. This may
suggest that some individuals have a biological resiliency to the
negative effects of chronic inflammation, the mechanisms of which
have not yet been identified, or that we are observing a mix of
individuals in both chronic and acute inflammatory states.
Individuals identified in the high inflammation/stress control group
may be in the midst of an acute inflammatory response to a stressor
that may have resolved without significant or ongoing neuronal
damage.®' In schizophrenia, the often observed peripheral cytokine
elevations over a variety of ages would lead us to believe that the
higher than normal inflammatory response may be more chronic,
rather than acute, possibly leading to cumulative damage.”

In summary, we have established that our previously observed
post-mortem changes in cytokine expression are not consistently
detectable across all cohorts.'* However, a generalized pattern of
immune activation/inflammatory processes seems to be occurring
in under half of the individuals diagnosed with schizophrenia and
bipolar disorder. This immune activation may also co-occur with
previously observed GR signaling abnormalities found in both
diseases.”® In combination, the inflammatory/stress dysfunction
may integrate previously independent observations about the
pathophysiology of the disorders and provide additional targets
for novel, individually or biological subgroup-targeted treatment
interventions.
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