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ABSTRACT

Alterations in innate immunity may underlie the pathophysiology of schizophrenia (SZ). Toll-like
receptor-4(TLR4) is a masterelement of innate immunity. The specificity proteins (SPs), transcription factors
recently implicated in SZ, are putative regulatory agents of this.

This work was aimed at describing alterations in the TLR4 signalling pathway in postmortem brain
prefrontal cortex (PFC) and cerebellum (CB) of 16 chronic SZ patients and 14 controls. The possible
association of TLR4 pathway with SP1 and SP4 and SZ negative symptomatology is explored.

In PFC, TLR4/myeloid differentiation factor 88 (MyD88)/inhibitory subunit of nuclear factor kappa B
alpha (IkBa) protein levels were lower in SZ patients, while nuclear transcription factor-kB (NFkB) activity,
cyclooxygenase-2 (COX-2) expression and the lipid peroxidation index malondialdehyde (MDA) appeared
increased. The pattern of changesin CB is opposite, except for COX-2 expression that remained augmented
and MDA levels unaltered.

Network interaction analysis showed that TLR4/MyD88/1kBa/NFkB/COX-2 pathway was coupled in
PFCand uncoupled in CB. SP4 co-expressed with TLR4 and NFkB in PFC and both SP1 and SP4 co-expressed
with NFkB in CB. In PFC, correlation analysis found an inverse relationship between NFkB and negative
symptomes.

In summary, we found brain region-specificalterationsin the TLR4 signaling pathway in chronicSZ, in
which SP transcription factors could participate at different levels. Further studies are required to elucidate

the regulatory mechanisms of innate immunity in SZ and its relationship with symptoms.



INTRODUCTION

Schizophrenia (SZ) is a complex disorder with brain connectivity deficits due to alterations in key
regions of neuronal circuits. The prefrontal cortex and the cerebellum are part of the cortico-cerebellar-
thalamic-cortical circuit, which has been suggested to contribute to symptoms and cognitive impairments in
SZ (Andreasen et al., 1998, Barch, 2014). Alterations in the prefrontal cortex and the cerebellum has been
linked to negative symptoms suggesting that both areas could contribute to these symptoms (Hasan etal. ,
2017, Lietal., 2017, McKechanie et al., 2016, Mittal et al. , 2014, Shaffer et al., 2015).

An activation of the innate immune system in SZ constitutes an emerging hypothesis of a pathogenic
mechanism involved in this disorder (Kirkpatrick and Miller, 2013) that could be altered in brain. The
activation of the innate immune system s anon-specific protective response that could become deleterious
in pathological, severe orlong-lasting conditions (Lampron etal., 2013). One of the main actors implicatedis
the family of Toll-like receptors (TLRs), and in particular its most studied member, Toll-like receptor 4 (TLR4).
TLRs are pattern recognitionreceptors highly expressed in peripheral immune cells (Akira et al., 2006) and
also in the Central Nervous System (CNS)(Hanke and Kielian, 2011) that detect both circulating pathogen-
associated molecular patterns (Medzhitov, 2001) and a number of endogenous damage-associated
molecular signals (Piccinini and Midwood, 2010). Particularly, TLR4 mostly responds to lipopolysaccharide
(LPS) from Gram-negative bacteria (Takeuchi and Akira, 2001). Through recruiting adapter proteins, such as
the myeloid differentiation factor 88 (MyD88), TLR4 acquires specificity forintracellular signalling (Takeuchi
and Akira, 2002). Aftervarious consecutive stepsinthe transduction pathway, the prototypic inflammatory
nuclear transcription factor NFkB is activated (Takeuchi and Akira, 2001). NFkB acts on the gene promoters
of inducible forms of the enzymesnitricoxide synthase (iNOS) and cyclooxygenase -2 (COX-2), increasing the
expression of these genes. The activation of these pro-inflammatory mediators in the brain can produce
oxidative/nitrosative stress via lipid peroxidation (Madrigal et al. , 2006). Previous studies report an
enhanced peripheral TLR4 expression or response toimmune stimuliin SZ (McKernan et al., 2011, Muller et
al., 2012) and, more recently, anincreased expression of TLR4 and MyD88 in post-mortem prefrontal cortex
(PFC) of SZ patients with high prevalence of suicide has been shown (Garcia-Bueno et al., 2016). However,
the study of the TLR4 pathway in the cerebelluminSZandinthe prefrontal cortex of elderly SZsubjects who
died as aresult of natural causes has not been explored yet.

Specificity Protein (SP) 1 and 4, which are members of the SP transcription factor family, are
recognized asimmune system regulatorsin diverse pathological conditions (Dupuis-Maurin et al., 2015, Xu
et al. , 2012). They have been found to be increased in the hippocampus (Pinacho et al., 2014). Moreover,
SP1 has beenfoundtobe reducedin prefrontal cortex in chronic SZ. Reduced levels of SP1and SP4 protein

levelsinthe cerebellum have been linked to increased severity in negative symptoms in chronic SZ (Pinacho



et al. , 2013). TLR4 gene expression has been reported to be controlled by SP1 (Wasiluk et al., 2006),
suggestingalink between the TLR4 signalling pathway and SP transcription factors. SP1 and SP4 proteins are
both members of the SP transcription factor family that bind to gene promoters with almost similar affinities
(Suske, 1999), raising the possibility that SP4 protein could also regulate the expression of TLR4. Moreover, it
has been reported that SP proteins could be part of the neuronal NFkB binding factor(Mao et al., 2002),
thereby establishing crosstalk between SP transcription factors and NFkB in neurons. Indeed, SP1is able to
bind NFkB sites in promoter regions to modulate neuronal genetic expression (Liu et al. , 2004, Mao et al.,
2006). Together, this growing body of evidence suggests that SP transcriptionsfactors could be interfering in
the TLR4-NFkB pathway in SZ.

The aim of this hypothesis-driven study was to investigate the possible alterations of the TLR4
signalling pathway in prefrontal cortex and cerebellumin chronic SZand to explore the possible relationship

with SP transcription factor proteins and negative symptoms.

MATERIAL AND METHODS

Post-mortem human brain samples

Post-mortem human brain samples fromthe dorsolateral PFC (Brodmann area9) and the cerebellum
(CB) (lateral cerebellar cortex) of patients with chronicschizophrenia (SZ: PFC, n=15; CB, n=16) and of control
subjects with no history of psychiatric episodes (n=14) were obtained from the collection of Neurological
Tissue of Sant Joan de Déu (Rocaet al., 2008) and the Hospital Universitari de Bellvitge Brain Bank (Table 1).
The demographicand clinical characteristics for these SZ subjects have been previously reported (Pinacho,
Villalmanzo, 2013) and are described in detail in Table 1. Specimens, extending from the pial surface to white
matterand onlyincluding grey matter, were dissected and stored at -802C. The study was approved by the
Institutional Ethics Committee of Parc Sanitari Sant Joan de Déu. A written informed consent was obtained
from each subject. Schizophreniaand control groups were matched by gender, age, post-mortem delay and
pH. Table 1 shows the demographic, clinical and tissue-related characteristics of the samples. In the present
study, one sample from the schizophrenia group in the prefrontal cortex and one control sample from the
cerebellumwere notincluded inthe molecular analysis due to the lack of sufficient tissue from that subject
(PFC, SZ, n=15) or to undetectable measures (CB, C, n=13). Comparison of demographic and tissue -related
measures between groups (control, n=14, SZ, n=15 for PFC and control, n=13, SZ, n=16 for CB) showed
similarresults (seeTable 1). All SZsubjects were institutionalized donors with a long duration of the illness
(Table 1) and both control and SZ subjects had no history of neurological episodes. Experienced clinical

examiners interviewed each donor ante-mortem to confirm SZ diagnosis according to DSM-1V and ICD-10



criteria. Ourstudyincludesthe following SZ diagnoses: chronic residual schizophrenia (75%, n=12), chronic
paranoid SZ (12.5%, n=2), chronic disorganized SZ (6.25%, n=1), chronic catatonicSZ (6.25%, n=1). Moreover,
donorsubjects were evaluated ante-mortem with the Positive and Negative Syndrome Scale (PANSS) and the
Clinical Global Impression-Schizophrenia (CGI-SCH) scale with adeath to clinical assessment interval shorter
than 41 months(Table 1). Five patients were being medicated with first-generation antipsychotics (31.25%),
nine were medicated with second-generation antipsychotics (56.25%), of these, eight (57.14%) were
medicated with a combination of two or more antipsychotics of both first and second generation, and two
were antipsychotic-free (12.5%). In particular, the following antipsychotics were present: haloperidol (n=4),
levomepromazine (n=2), clozapine (n=8), quetiapine (n=4), clotiapine (n=1), risperidone (n=1), sulpiride
(n=1), amisulpride (n=1), zolpidem (n=1). To control for the possible effect of antipsychotictreatment on the
molecularmeasure, the last mean daily chlorpromazine equivalent dose was calculated for the antipsychotic
treatment of each patient based on the electronic records of last drug prescriptions administered up to
death (Table 1) as previously described (Gardneretal., 2010). Thisso-called chlorpromazine equivalent dose
provides a comparable standardised measure for each patient that allows for the comparison of different
doses of antipsychotics among patients treated with different combinations of highly heterogeneous
antipsychoticcompounds. Given the heterogeneity of the treatment regimens of the patients in this study a

statistical comparison of different treatment regimens would not be feasible.

Preparation of nuclear and cytosolic extracts from tissue samples

A modified procedure based on the method of Schreiberetal. (1989) was used: 100mg of tissue was
homogenized in 300 pL buffer (10 mmol/L N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid (pH 7.9), 1
mmol/L EDTA, 1 mmol/L EGTA, 10 mmol/L KCI, 1 mmol/L dithiothreitol, 0.5 mmol/L phenylmethylsulfonyl
fluoride, 0.1 mg/mL aprotinin, 1 mg/mL leupeptin, 1 mg/mL Na-p-tosyll-lysine-chloromethyl ketone, 5
mmol/L NaF, 1 mmol/L NaVO4, 0.5 mol/L sucrose, and 10 mmol/L Na2Mo0O4). After 15 min, Nonidet P-40
(Roche, Mannheim, Germany) was added to a concentration of 0.5%. The tubes were gently vortexed for 15
secs, and nuclei were collected by centrifugation at 8000g for 5 min. The supernatants were considered to
be the cytosolic fraction. The pellets were resuspended in 100 L buffer supplemented with 20% glycerol
and 0.4 mol/L KCl and gently shaken for 30 min at 4°C. Nuclear protein extracts were obtained by
centrifugation at 13000g for 5 min, and aliquots of the supernatant were stored at -802C. All the

fractionation steps were carried out at 42C.



Western blot analysis

TLR4, MyD88, iNOS and COX-2 protein levels wereanalysed in homogenized PFCand CB samples. In
the case of NF-kB, nuclear extracts were analysed, while for the inhibitory subunit of NFkB, IkBa, cytosolic
extracts were used. SP1 and SP4 protein levels in the PFC and CB were previously measured in the same
subjects (Pinacho, Villalmanzo, 2013).

To determine the expression levels of TLR4, MyD88, iNOS and COX-2, 100mg of PFC and CB tissue
samples were homogenized by sonication in phosphate-buffered saline (PBS) mixed with a protease
inhibitor cocktail (Complete®, Roche Farma, Spain) (pH=7); followed by centrifugation at 12000g for 10 min
at 4°C.

After adjusting the protein levels in the resultant supernatants, homogenates were mixed with
Laemmli sample buffer (BioRad, Hercules, CA, USA) and 15 ug were loaded onto an electrophoresis gel.
Samplesfrom each SZ subject and the corresponding matched control were always loaded on the same gel
and runin parallel. Each experiment was repeated at least twice. Two control brain samples were loaded in
all the experiments as a reference value to control the inter-experimental variability. Next, the membranes
were blocked in 10 mM tris-buffered saline containing 0.1% Tween-20 and 5% skimmed milk or bovine
serum albumin (BSA). Then the membranes were incubated with specific primary antibodies from Santa
Cruz Biotechnology (CA, USA) against: iNOS (rabbit polyclonal antibody raised against a peptide mapping to
the amino terminus of iNOS of human origin at a dilution of 1:1000 in TBS-Tween) (sc-651); COX-2 (goat
polyclonal antibody raised against a peptide mapping to the C-terminus of COX-2 of mouse origin at a
dilution of 1:750 in 5% BSA in TBS-Tween) (sc-1747); NFkB p65 subunit (rabbit polyclonal antibody raised
againstan epitope mapping withinthe C-terminus of NFkB p65 of human origin at a dilution of 1:500 in BSA
2%) (sc-372); IkBa (rabbit polyclonal antibody raised against a peptide mappingto the C-terminus of IkBa of
human origin at a dilution of 1:1000 in BSA 2%) (sc-371); TLR-4 (rabbit polyclonalantibody raised against an
epitope corresponding to amino acids 242-321 mapping to an internal region of TLR-4 of human origin (sc-
10741). They were alsoincubated with the specific primary antibody from Abcam © (Cambridge, UK) against:
MyD88 (rabbit polyclonal antibody raised against amino acids 279-296 of MyD88 of human origin at a
dilution of 1:1000 in BSA 2%) (ab-2064). The respective blocking peptides were used (when available) to
check antibody specificity. After washing with 10 mM tris-buffered saline containing 0.1% Tween-20, the
membranes were incubated with the respective horseradish peroxidase-conjugated secondary antibodies
for 90 min at room temperature. Blots were imaged using an Odyssey® Fc System (Li-COR Biosciences) and
were quantified by densitometry (NIHImageJ®software). Alldensitometries are expressed in arbitrary units
of optical density (OD). In all Western blot analyses, B-actin (mouse monoclonal antibody at a dilution of

1:15000 from Clone AC-15; Sigma, Spain) was used as a loading control, except for the NFKB p65 subunit, in



which case the loading control was GAPDH (mouse monoclonal antibody at a dilution of 1:2000 (G8795;
Sigma) (blots shown in the respective figures).

SP1 and SP4 protein levels in the PFC and CB were previously measured in the same subjects
(Pinacho, Villalmanzo, 2013). Briefly, 100mg of human brain samples were homogenized onice in a glass
douncer with NP40 lysis buffer (50 mM Tris pH 7.4, 150 mM NaCl, 1% NP-40, 2 mM EDTA, 2 mM EGTA, 10
mM Na-B-glycerophosphate, 5mM sodium pyrophosphate, 1ImM NasVO, 1% B-mercaptoethanol, 1ImM
phenylmethylsulphonylfluoride, 50mM NaF, 25 mM N-ethylmaleimide and protease inhibitor cocktail (Roche
Diagnostics))as described (Pinachoetal., 2011)). 50 ug of randomized human protein lysates were analysed
ina blind mannerandresolved by SDS/PAGE electrophoresis and immunoblotted with polyclonal antibody
against SP4 (Santa Cruz Technology, sc-645, 1/250), SP3 (Santa Cruz Technology, sc-644, 1/250) or SP1
(Millipore,07-645, 1ug/ml), and monoclonal antibody against glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (Millipore, MAB374, 1/500,000). Densitometric quantification was performed using Quantity One

software (BioRad). Values were normalized to GAPDH and to a reference sample.

Lipid peroxidation

Lipid peroxidation was measured using a modification of the method by Das & Ratty (1987), in
which thiobarbituricacid reactive substances (TBARS), predominantly malondialdehyde (MDA) produced as
a secondary product, were quantified usingthe 2-thiobarbituricacid (TBA) colourreaction. Brain tissue was
homogenized in 10 volumes (w/v) of sodium phosphate buffer (pH 7.4). Assays contained tissue
homogenate, trichloroaceticacid (40% w/v), HCI (5 M) and TBA (2% w/v). The samples were heated to 902C
and keptat that temperature for 15 min, then centrifuged at 12000g for 10 min. The MDA-TBA adduct (pink
chromogen) of the supernatant was measured spectrophotometrically (at 532 nm) and the
malondialdehyde concentration calculated using a standard curve prepared with malondialdehyde

tetrabutylammonium salt. The results are expressed as nmol/mg protein.

Network interaction analysis

Interaction between the main elements of the TLR4 pathway and its relationship with SP
transcription factors were evaluated using a co-expression analysis adapted from a previously described
study in schizophrenia (Hirayama-Kurogi et al. , 2017). This co-expression analysis for characterising a
pathwayina biological substrateis based on the assumption that proteins functionallyrelated co-expressed
(Stuartetal., 2003). Briefly,amongall samples studied, only the samples with the highest (percentile 75th)

and lowest (percentile 25") protein expression levels of the upstream member of the pathway were selected



for analysis, starting from TLR4 (i.e. High-TLR4 group or Low-TLR4 group). Correlation analyses with the
downstream member of the pathway were performed. Differences in the protein expression levels of the
downstream memberbetween the group with samples with the highest protein levels and the group with
the lowest proteinlevels were evaluated. Significant correlations in this co-expression analysis indicate that
the interaction distance between these two proteins is short in this network (Hirayama-Kurogi, Takizawa,
2017). We indicated that the pathway was “coupled” when all the downstream members of the pathway
correlate with the upstream member, reflecting the proximity of the members in the pathway. The term
“uncoupled pathway” was used when no significant correlations were detected between the downstream
proteinsandthe upstream member in the pathway, indicating a higher distance between the elements of

the pathway.

Statistical analysis

Quantitative values for protein or activity were tested for a Gaussian distribution using the
D’Agostino & Pearson omnibus normality test and compared using Student’s unpaired t-test or Mann-
Whitney test according to the distribution of each variable. Outliers were detected where indicated using
Pierce’s criterion (as simplified by Gould) (Ross, 2003) for non-parametric variables and Grubbs test for
parametricvariables. Spearman or Pearson correlation analyses were carried out to detect association of the
molecular measures with potential confounding factors (age, post-mortem delay, pH, daily chlorpromazine
equivalentdose (CPZd) and duration of illness). In case of finding a significant association with a potential
confounderfactor, a multiplelinearregression model with astepwise forward procedure was used to adjust
for the co-variable where indicated. The False Discovery Rate (FDR) with the Benjamini and Hochberg
method (Benjamini and Hochberg, 1995) was computed for all the p values resulting from the comparisons
with symptomsin each brain region. The FRD threshold was set to 0.1. Statistical analyses were performed
with GraphPad Prism version 5.00 and SPSS 24. All statistical tests were two-tailed and significance level was

set to 0.05.



RESULTS

1.- TLR4 proinflammatory-oxidant pathway in post-mortem brain PFC samples of subjects with chronic SZ
and matched controls.

We first characterised the protein expression of members of the TLR4 proinflammatory-oxidant
pathway in the PFCin SZ by western blot analysis. We found that TLR4 and MyD88 protein expression was
significantly decreased by 0.74- and 0.75-fold in the PFC of SZ subjects compared to controls (TLR4: Student
t=3.038, df=27, p value=0.0052. MyD88: t=2.052, df=27, p value=0.0500, Figs. 1A, B). Although cytosolic IkBa
expression was significantly decreased by 0.59-fold in SZ (Mann-Whitney U=28.00, p value=0.0014; Fig. 1C),
there were nosignificant changesin the nuclear protein levels of NFkB (Fold change=1.19, t=1.636, df=27, p
value=0.1134; Fig. 1D); and NFkB activity showed asmall trend to be increased in SZ subjects (Fold change=
1.10, t=1.938, df=25, p value=0.064; Fig. E). iNOS expression was not changed in SZ subjects compared to
control individuals (Fold change=1.04, t=0.4816, df=25, p value=0.6343; Fig 1F), while COX-2 protein levels
were significantly increased by 1.25-fold in the SZ group (t=2.657, df=26, p value=0.0133, Fig 1G). Finally,
levels of MDA were significantly increased by 2.21-fold in the SZ group (t=3.195, df=26, p value=0.0036; Fig
1H).

We used bivariate analyses to evaluate the influence of potential confounders in the significant
changes detected in the PFC. MyD88 associated with PMD (r Spearman=0.403, p value=0.0302), COX-2 with
age (r Pearson=-0.382, p value=0.0446, and MDA with pH (r Spearman=-0.387, p value=0.0420) in the PFCin
the SZ-control comparison (Table 2). Linear regression analysis revealed that the changes of COX-2 protein
levels and MDA in SZ subjects remained significant after adjusting for age (B =0.501, p=0.002, adjusted R’=
0.941), and pH (B =0.876, p<0.001, adjusted R’= 0.759) respectively. However, the influence of PMD on
MyD88 levels in SZ was not ruled out (B =0.167, p=0.272, adjusted R’= 0.842). We further explored the
possible influence of the duration of the illness and the antipsychotic treatments on the TLR4 signalling
pathway components. For this purpose, we first converted the last daily dose of the antipsychotic regime
prescribed to each patient to equivalents of chlorpromazine as described by Gardner and co-workers
(Gardner et al., 2010). No associations were found between TLR4 signalling elements and the significant
altered proteins in SZ and the last daily chlorpromazine equivalent dose (Table 2).

We then explored whether the elements of the TLR4 signalling pathway in the PFC correlate with the
severity of negative symptoms measured by the Positive and Negative Syndrome Schizophrenia (PANSS)
scale and the Clinical Global Impression-Schizophrenia Scale (CGI-SCH) (Table 3). NFkB activity and protein

levels inversely correlated with the severity of negative symptoms in SZ patients (PANSS: activity (r



Pearson=-0.650, p=0.0119); proteinlevels (r Pearson=-0.554, p=0.0322); CGI-SCH: activity (r Pearson=-0.620,
p=0.0181); protein levels (r Pearson=-0.648, p=0.009)). After correction of significance by applying a False
Discovery Rate of 0.1, NFkB activity remained significant for negative symptoms in the PANSS scale (q
value=0.0952, p value threshold=0.0125) and both NFkB activity and protein levels for negative symptoms in
the CGI-SCH scale (activity: g value=0.0965, p value threshold=0.0188; protein levels: g value=0.0952; p
value threshold=0.0063) (Table 3).

2.- TLR4 proinflammatory-oxidant pathway in post-mortem CB samples of subjects with chronic SZ and

matched controls.

We found a significant 1.38- and 1.17-fold increase in the protein expression of TLR4 and MyD88,
respectively, in the CB of SZ subjects compared to matched controls (TRL4: Student t=2.250, df=24, p
value=0.0339. MyD88: t=2.137, df=24, p value=0.0430; Figs. 2A, B). IkBa cytoplasmic expression was
significantly higherin SZ (Fold change=1.51, t=2.262, df=26, p value=0.0323; Fig. 2C) while NFkB expression
in nuclear extracts did not differ between the groups studied (Fold change=0.79, t=1.613, df=24, p
value=0.1199; Fig 2D). In contrast, NFkB activity in nuclei was significantly reduced by 0.80-fold in SZ subjects
(t=2.817, df=25, p value=0.0093; Fig 2E). As observed for the PFC, iNOS expression was not changed (Fold
change=1.05, Mann-Whitney U=84.00, p value=0.7524; Fig 2F), while COX-2 protein levels were significantly
increased by 1.23-fold in the SZ group (t=2.130, df=24, p value=0.0436; Fig 2G). There were no significant
changes in MDA levels between the groups (Fold change=1.25, t=1.245, df=26, p value=0.2242; Fig 2H).

The analysis of confounding variables did not reveal any significant associations with potential
confounders (Table 2). We then explored the effect of duration of the illness and antipsychotic treatment
(expressedin the form of chlorpromazine equivalent dose, CPZd) on our molecular measures. We found a
significant inverse correlation between CPZd and TLR4 protein levels in the CB in SZ (r Pearson=-0.568, p
value=0.0340; (Table 2).

We then exploredif elements of the TLR4 signalling pathway in the CB correlate with the severity of
negative symptoms measured by the PANSS and CGI-SCH scales (Table 3). We found significant correlations
of NFkB and IkBa. levels with negative symptoms in the CGI-SCH scale (NFkB: r Pearson =-0.569, p=0.0269;
IKB: r Pearson =0.529, p value=0.0425) (Table 3). However, afterapplying a False Discovery Rate of 0.1, these

correlations were no longer significant (Table 3).

3- Network interaction analysis of TLR4 proinflammatory-oxidant pathway and of SP1 and SP4 proteins.
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To explore the possible interaction of SP1 and SP4 with the TLR4 proinflammatory-oxidant pathway in the
PFCand CB we used a co-expression analysis (Figures 3and 4). For these analyses, we used the protein levels
of SP4 and SP1 determined by immunoblotinthe same samples of this cohort in a previous study (Pinacho,
Villalmanzo, 2013) which showed the following results in SZ group compared to healthy controls: in the PFC,
SP1 (Fold change=0.75, t=1.861 df=28, p=0.0367) and SP4 (Fold change=0.76, t=1.303 df=28, p=0.2033), and
in the CB, SP1 (Fold change=1.151, Mann-Whitney U=88, p=0.4715) and SP4 (Fold change =0.8127, t=0.680,
df=28, p=0.5021). Our co-expression analysis shows that SP4expression significantly correlates with TLR4 (r
Pearson=0.527, p value=0.053) and NFkB activity (r Pearson=0.554, p value=0.050) in the selected samples,
while SP1shows noany association with TLR4 (r Spearman=0.204, p value=0.483; Figure 3B), suggesting that
the interaction distance between SP4 and TLR4 and between SP4 and NFkB activity is short in the PFC. In
addition, comparison between the groups showed reduced TLR4 levelsinindividuals with lower levels of SP4
compared to individuals with higher levels of SP4 in the PFC (SP4-TLR4: Mann-Whitney U=8.00, p
value=0.0379; Figure 3C), while no differences were detected forthe SP1 groups (SP1-TLR4: Mann-Whitney
U=13.00, p value=0.1649; Figure 3D). NFkB activity was also significantly reduced in individuals with lower
SP4 protein levels (SP4-NFkB activity: Mann-Whitney U=6.00, p value=0.0350; Figure 3E). Moreover,
interactions between protein pairs showed significant associations between TLR4-MyD88 (r
Spearman=0.600, p value=0.023), MyD88-IkBa (r Pearson=0.573, p value=0.032), IkBa-NFkB activity (r
Pearson=-0.591, p value=0.043) and NFkB activity-COX-2 (r Pearson=0.572, p value=0.041), but not between
the pair NFkB activity-iNOS (r Pearson=0.323, p value=0.281; Figure 3B). There were also significant protein
differencesin some of the downstream molecules between high- and low-upstream protein groups (TLR4-
MyD88 (Mann-Whitney U=4.00, p value=0.0070), MyD88-1kBa (U=9.00, p value=0.0289), IkBa-NFkB activity
(U=0.00, p value=0.0006) and NFkB activity-COX-2 (U=1.00, p value=0.0051), Figure 3F-J). These results
indicate that SP4 is acting upstreamand downstream of TLR4 with the coupled TLR4-MyD88-IkBa-NFkB-COX-
2 pathway, which was altered in the PFCin our experimental setting.

In the CB, the expression levels of SP4 and SP1 significantly correlated with NFkB (SP4: r
Spearman=0.769, p value=0.003; SP1: r Pearson=0.824, p value=0.017) and iNOS (SP4: r Spearman=0.818, p
value=0.002; SP1: r Spearman=0.850, p value=0.0005) in the selected samples (Figure 4A and B), suggesting
that the interaction distance between SP proteins and NFkB is short in the CB. In addition, comparison
between groups showed that NFkBand iNOS protein levels werereduced inindividuals with lower levels of
SP proteins (SP1-NFkB: Mann-Whitney U=6.00, p value=0.0350; SP4-NFkB: Mann-Whitney U=1.00, p
value=0.0043, SP1-iNOS: Mann-Whitney U=3.00, p value=0.0152, SP4-iNOS: Mann-Whitney U=2.00, p
value=0.0173; Figure 4C-F).iNOS, but not COX-2, protein levels werealso significantly reduced in individuals
with lower NFkB protein levels (NFkB-iNOS: Mann-Whitney U=5.00, p value=0.0076; NFkB-COX-2: Mann-

Whitney U=26.00, p value=0.9546; Figure 4G and H). However, interactions between protein pairs showed
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TLR4-iNOS (r Spearman=0.608, p value=0.036) and TLR4-COX-2 (r Pearson=0.697, p value=0.012)
associations (Figure 4B). There were only significant protein differences in downstream molecules between
high and low-upstream protein groups in the case of groups of high- and low- TLR4 protein levels when
evaluatingiNOS and COX-2levels (TLR4-iNOS: U Mann-Whitney =3.00, p value=0.0152; TLR4-COX-2: U Mann-
Whitney =5.00, p value=0.0411; Figure 4I-L). These resultsindicate that SP1 and SP4 proteins are interacting
downstream of TLR4 with the uncoupled and altered TLR4-MyD88-1kBa-NFkB pathway in the CB in SZ

through their interaction with NFkB.

DISCUSSION

In the present study, we have found differential alterations in the TLR4 signalling pathway in the PFC
and CB post-mortem samples of patients with chronic SZ. Network interaction analysis showed that the
elements of the TLR4 signalling pathway present greater proximity in the cell signalling network in the PFC
than in the CB. In addition, interactions between protein pairs showed that SP4 is acting upstream and
downstream of TLR4 with the coupled TLR4-MyD88-IkBa-NFkB-COX-2 pathway in the PFC and in the
cerebellum, and that SP1 and SP4 proteins are interacting downstream of TLR4 with the uncoupled TLR4-
MyD88-IkBa-NFkB pathway. Finally, correlation analysis found an inverse relationship between NFkB and
negative symptoms in the PFC.

Our results provide new evidence to add to the role of TLR4 in SZ pathophysiology. The prevailing
knowledge proposes the TLR system not only as an important regulator of the characteristic low-grade
inflammatory process of SZ (i.e. enhanced peripheral TLRs responses have been demonstrated in 40 patients
with SZ, producing a massive release of IL-6 or TNF-a in stimulated whole blood with TLR2 and 4 agonists
(McKernan, Dennison, 2011), as well as increased TLR-4 expression in the monocytes of 31 SZ patients
compared to matched controls (Muller, Wagner, 2012), but also as a key element in neuroplasticity
(neurogenesis, axonal growth, and synaptic remodelling) in the healthy and diseased brain, influencing
cognition-related processes such as memory, learningand even mood regulation (Garcia Bueno et al., 2016,
Hanke and Kielian, 2011, Okun et al., 2011).

In thisvein, the differential regulation of the TLR4 signalling pathway in post-mortem brain PFC and
CB found here illustrates the complexity of the inflammatory response in pathological conditions and, as a
consequence, the difficulty of designing therapeutic strategies based on the modulation of inflammation
(Leza et al. , 2015). Variability in the state, degree and evolution of the inflammatory response in
pathological conditions between different brain areas has been previously suggested (Martin-Hernandez et
al. , 2016), and could be related to the number and type of microglial cells, the proximity to

circumventricularorgans, the degree of Oxygen/Nitrogen free radicals generated in neuronal activity, etc. In
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this regard, in vitro cultures of murine neurons from the PFC and CB showed that cortical cells are much
more susceptible to NFkB-induced inflammation than cerebellar neurons (Young et al., 2012).

The extentand duration of TLR activation duringinnate immune responses has been suggested to be
mediated by targeting TLRs to proteosomal degradation through ubiquitination (Chuangand Ulevitch, 2004).
MyD88 and IkBa, as other proteins of TLR signalling, are also controlled by ubiquitin posttranslational
modification and subsequent degradation (Heaton et al., 2016). In this study, we found that TLR4, MyD88
and IkBa proteinlevels were increased in the CB and decreased in the PFCin SZ, suggesting that ubiquitin-
mediated mechanisms that control TLR4 signalling could be deregulated in an opposite way in both brain
areas. In thisregard, evidence of altered ubiquitination patterns in post-mortem brain in elderly chronic SZ
has been described (Rubio et al., 2013).

In our study, although TLR4-MyD88-1kBa-NFkB elements are proximal in the cell signalling network in
the PFC, decreased levels of TLR4 and MyD88 did not correlate with anincrease in NFkB activity as has been
classically described (Takeuchi and Akira, 2001). One possible explanation may be that increased NF«B
activity may downregulate TLR4-MyD88 expression as a compensatory mechanism against excessive
inflammation. Inthe CB, we found that the TLR4, MyD88, 1kBa, and NFkB elements are not close, suggesting
that the reduction of NFkB activity does not only depend on the increase in TLR4 levels in these patients.
Further studies are needed to explore in depth the mechanisms involved in TLR4-MyD88 and IkBa-NFkB
reciprocal regulation in both brain areas in elderly chronic schizophrenia subjects.

We recently demonstrated the activation of the TLR4 pro-inflammatory pathway in post-mortem PFC
samples of patients diagnosed with chronic SZ (Garcia-Bueno, Gasso, 2016). However, the opposite results
found here comparedto our previous study could be due to differences in the clinical characteristics of the
cohorts studied and methodological considerations. Firstly, there are considerable differences in PMD
between both cohorts. Secondly, the present study only used samples from male subjects. The age (older)
and cause of death (exclusively natural causes in the present study against the 50% of cases of suicide in the
previous one) are also different, as well as the duration of the illness (more chronicity in the present study).

Onerelevantissue isthe elucidation of the origin and putative regulatory pathways implicated in the
innate immune alterations observed so far in psychotic disorders (Garcia-Bueno et al., 2016). SP1 and SP4
proteins appear to be an excellent set of candidates to regulate innate immunity. Thus, our correlation
analysis between SPs and the TLR4 signalling pathway reflects a complex relationship that could be
interpretedin different ways. Inthe PFC,SP4seemsto be very closely related to TLR4 and NFkB activity (see
Figures 3A-Band S1), suggesting that SP4 could be facilitating TLR4 and NFkB activity. In our conditions, SP1
isnot closely related to TLR4 and NFkB activity in the PFC, but other authors have found that SP1 regulates
the transcriptional activity of the murine TLR4 promoter (Wasiluk, McCulloch, 2006). More recently, it has

been shown that SP1 is capable of upregulating TLR4 expression through the binding of SP1 to the
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hypomethylated TLR4 promoter in gastric cells (Kim et al. , 2016). In the case of the CB, our analysis
indicatesthatSP1 and SP4 are related to NFkB activity and iNOS expression level. This differential interaction
upstream and downstream of TLR4 could explain the different state of the TLR4 proinflammatory-oxidant
pathway in both brain regions studied; however, further functional interaction studies are required to
precisely delineate the role of SPs in the regulation of the TLR4 signalling pathway.

The opposite relationship could also take place; SP1 expression may be triggered by NFkB activity
afterstimulation of human peripheral blood mononuclear cells with the viral mimetic Poly(l:C) (Doyle et al.,
2013). However, it has been recently demonstrated that LPS downregulates SP1 activity by activating the
NFkB pathway in endotoxemic mice (Ye et al. , 2015). Thus, SP proteins could be upregulated in a
homeostaticresponsetoincrease TLR4-NFkB activity. Thisresponse could be related to the ability of SP1to
upregulate the levels of NFkB blocking anti-inflammatory cytokine IL-10in monocytes (Norkina et al. , 2007).
A recent in silico approach also incorporates a further degree of complexity, suggesting that SP1 mediates
crosstalk between the family of interferon regulatory factors and NFkB pathways orchestrating TLRs-
dependent antiviral responses (lwanaszko and Kimmel, 2015).

To our knowledge, ourstudy isthe first to show a direct correlation between SP4 and TLR4 proteins
in PFC samples of SZ subjects. Indeed, this putative relationship should be further confirmed in future
studies, as well as its biological significance for psychoticdisease, in the context of the emerging role of SP4
inthe regulation of dopaminergic, glutamatergic and GABAergic neurotransmission (Nair et al., 2016, Priya
et al. , 2013). In this regard, both SP4 and TLR4 have also been reported to be involved in
neurodevelopmental processes (Ramos et al., 2007, Rolls et al., 2007). Thus, the identified interaction of
TLR4 and SP4 in the PFC could impact on neuronal circuitry development and functioning leading to
connectivity defects found in patients with SZ.

Taking into account the dual nature (pro vs anti-inflammatory profile) of certain inflammatory
mediators, their putative correlations with positive and negative symptoms in psychotic diseases (Edwards
etal., 2016, Khandakeretal., 2015) are sometimes difficult to explain. In our study, afterapplyingthe False
Discovery Rate, we found an inverse relationship between NFkB and negative symptoms in the PFC, and a
directrelationship of TLR4 and iNOS with positive symptoms in the CB. NFkB is a master regulator of acute
stress-induced inflammatory response butis also an essential regulatory element of cell survival, controlling
key processes such as neuroprotection, neuronal transmission and plasticity, and long-term memory
(Kaltschmidtand Kaltschmidt, 2015). It is worth mentioning that in our network interaction analysis in both
brainregions MDA levels are not closely related to NFkB-iNOS-COX-2 levels as expected. This could suggest
an involvement of alternative oxidative-nitrosative stress mechanisms not related to NFkB activation (i.e.
dysregulation of antioxidant endogenous systems). Further studies should evaluate whether increased NFkB

activity is a predominant homeostatic response specific to this brain area.
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We found a significantinverse correlation between CPZd and TLR4 protein levelsin the CB withinthe
SZ group that deserves furtherinvestigation. Similarly, the administration of paliperidone to mice subjected
to chronic stress blocked the induced activation of the TLR4 signalling pathway in brain (MacDowell et al.
2014). More recently, a chronic treatment with paliperidone blocked the activation of TLR-3 signalling
pathway elicited by a maternal immune activation (with the viral mimetic poly(l:C)) mouse model of SZ
(MacDowell etal., 2017) and abnormal expression of TLRs in monocytes and T-cells can be detected in the
earliest stage of SZ, which is in part normalized by antipsychotics at least in the case of TLR4 in monocytes
(Kerietal., 2017).

Several limitations of our study should be acknowledged. First, our cohort consisted of males only,
which does notrepresent the real population of the disease. Further studies are needed to investigate the
likely gender differencesin this pro-inflammatory pathway. Second, the study included elderly individuals
due to the type of sample available for the study. Third, although symptoms and in particular, negative
symptoms, may be stable measures in chronic patients (Reichenberg et al., 2005), small variations in the
clinical scores up to death may still slightly affect the associations we report here, thus they may need to be
taken with caution. Fourth, most of the patients were on antipsychotic treatments, which could influence
the results. However, we have tested the possibility of an effect of antipsychotic treatment on our findings
by means of analysing the effect of the last chlorpromazine equivalent dose in our findings. This allowed us
to identify an effect of antipsychotic treatment on TLR4 levels in the CB as discussed above. Fifth, the co-
expression analysis is a prediction of how members of TLR4 pathway are functionally related among them
and with SP proteins in each brain area and thus, future experimental interaction analyses are needed to
confirm these results. Further studies in-a younger and larger cohort with equal representation of both
genders and, if possible, drug naive patients would be of interest.

Despite these limitations, we report the existence of brain area-specific alterations in the TLR4
signalling pathway in post-mortem cerebral tissue from chronic SZ patients. In addition, we have found
correlations between certain members of this inflammatory pathway with SPs, which have recently been
implicated in SZ pathophysiology. Moreover, we show specific correlations between certain inflammatory-
related mediators and negative symptomatology. Further studies are required to analyse the temporal and
mechanistic complexity of the inflammatory response in different brain regions, and its relationship with
putative regulatory pathways and with symptoms in SZ. Over the last few years, alterations in innate
immunity/inflammation have been foundin major neuropsychiatric diseases (Garcia Bueno, Caso, 2016), SZ
included (Venkatasubramanian and Debnath, 2013), but, as our differential results suggest, significant
scientific effort is still needed to corroborate the therapeutic potential of a proper pharmacological

modulation of TLRs signalling pathways.
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FIGURE CAPTIONS

Figure 1. TLR4 pathway in post-mortem human brain prefrontal cortex of SZ subjects and matched
controls.

TLR4 (A), MyD88 (B), IkBa (C), NFkB (D) protein levels; Activity of NFkB (E) and protein levels of iNOS (F) and
COX2 (G); MDA levels (H) in PFCof schizophrenicsubjects (SZ) and matched controls (C). The densitometric
data of the respective bands of interest are normalized with respect to B-actin/GAPDH (lower band).
*p<0.05; **p<0.01 vs. control (C). *Unpaired Student’s t-test analysis. bMann—Witney test. Data represent
the mean + standard error of the mean.

TLR4: toll-like receptor4; MyD88: myeloid differentiation factor 88; NFkB: nuclear factor kB; IkBa: inhibitory
protein kBa; iNOS: inducible nitric oxide synthase; COX-2: cyclooxygenase-2; MDA: malondialdehyde;

GAPDH: glyceraldehyde 3-phosphate dehydrogenase.

Figure 2. TLR4 pathway in post-mortem human cerebellum of schizophrenic subjects and matched
controls.

TLR4 (A), MyD88 (B), IkBa (C), NFkB (D) protein levels; Activity of NFkB (E) and protein levels of iNOS (F) and
COX2 (G); MDA levels (H) in cerebellum of schizophrenic subjects (SZ) and matched controls (C). The
densitometricdata of the respective bands of interest are normalized with respect to B-actin/GAPDH (lower
band). *p<0.05; **p<0.01 vs. control (C). °Unpaired Student’s t-test analysis. "Mann-Witney test. Data
represent the mean + standard error of the mean.

TLR4: toll-like receptor 4; MyD88: myeloid differentiation factor 88; NFkB: nuclear factor kB; IkBa: inhibitory
protein kBa; iNOS: inducible nitric oxide synthase; COX-2: cyclooxygenase-2; MDA: malondialdehyde;
GAPDH: glyceraldehyde 3-phosphate dehydrogenase.

Figure 3. Co-expression analysis of proteins of TLR4 proinflammatory/oxidant pathway and of SP4 and SP1
proteins in postmortem prefrontal cortex.

(A) Network model of TLR4 proinflammatory/oxidant pathway. The arrows show signal transduction
between upstream and downstream elements. Filled circle indicates a significantly correlated or changed

protein in interaction analysis (p<0.05). (B and C-J) Only the samples with the highest and lowest protein
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expression levels of the upstream member of the pathway were selected for the analysis. (B) Correlation
analyses with the downstream member of the pathway were performed (n=13-15) using Pearson or
Spearman analysis. Significant p values are labelled in bold. (C-J) Differences in the protein levels of the
downstream element between the High- and Low- group were evaluated. *p<0.05; **p<0.01. Mann-Whitney

test. Data represent the mean * standard error of the mean.

Figure 4. Co-expression analysis of proteins of TLR4 proinflammatory/oxidant pathway and of SP4 and SP1
proteins in postmortem cerebellum.

(A) Network model of TLR4 proinflammatory/oxidant pathway. Filled circle indicates a significantly
correlated or changed proteinin the co-expression analysis (p<0.05). (B.and C-L) Analysis was performed as
described in Figure 2. (B) Correlation analyses with the downstream member of the pathway were
performed (n=13-15) using Pearson or Spearman analysis. Significant p values are labelled in bold. (C-L)
Differences in the protein levels of the downstream element between the High- and Low- group were

evaluated. *p<0.05; **p<0.01. Mann-Whitney test. Data represent the mean * standard error of the mean.
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Relation R p value
SP1-TLR4" 0.204  0.483
SP4-TLR4 0.527  0.053
SP4-NFkB activity 0.554 0.050
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IkBa-NFkB activity -0.591 0.043
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R, Pearson coeficient

#Spearman test applied

@)

SP4 »>TLR4

TLR4
Fold change

0.0

m

High SP4 Low SP4

SP4 >NFxBa (activity)

206 a
_% g —ﬁ— .
8204 g
o
83
Loz
z
0.
High SP4 Low SP4
MyD88 —IkBa
00530
o 06 a
(=]
c .
g Sos] —E—
3
- T
S a =
..
00
High MyD88  Low MyD88
NFx B (activity) —>COX-2
-
%*
a
0
o 210 (3
Sz s =
2 05 g
w .
0.0

High NFBo, Low NFiBo.

O

SP1 >TLR4
1.0
0.1649
o 08
2 s
Ll
32 061 ey o
F 504 s EE
3 .
W02 .
a0
High SP1 Low SP1
TLR4 —>MyD88
1.5 oy
o a
X 1.0 ()
o @ !
8| ==
=3 aa L)
D05 —_.—.%
0.0
High TLR4 Low TLR4

L

IxBa. -»>NFkBo (activity)

P 0.1375
2 g0
= §0.6 _:'l:_
=
s —tl o
=G 04 a
3 k=]
25
i 0.2
z
00
High IkBa Low IkBa
NFxBa (activity) —>INOS
0.5
0.4452
0.4
g a .
0503 o
Q5 — _:na‘;_
4 s
=z 02 a
o .
04
0.0

High NFxBq, Low NF¢Bg,

26



Relation R p value
SP1- NFkB 0.824 0.017
SP4- NFKB 4 0.769 0.003
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R, Pearson coeficient

#Spearman test applied
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Table 1: Demographic, clinical and tissue-related features of cases.

ChronicSchizophrenia Non-psychiatriccontrol Statistic  p value
Prefrontal cortex (n=15) (n=14)
Gender Male- 100% (n=15) Male- 100% (n=14) N/A N/A
Age at death 74 £ 9 years 74 £ 9 years 97.5° 0.760
PMD 49 + 2.2 hours 5.7 £ 1.7 hours 1.08; 27°  0.290
pH 6.6+0.4 6.8+0.4 74.00° 0.173
Age of onsetof illness22 + 7 years N/A N/A N/A
Durationofillness 52 £ 10 years N/A N/A N/A
D-Ainterval® 19+ 14 N/A N/A N/A
Daily AP dose® 589 +491 mg/day N/A N/A N/A
Clinical Scales N/A N/A N/A
PANSS Positive 24.4+7.7
PANSS Negative 31.9+10.6
PANSS General 51.7 £ 15.3
CGI-SCH Positive 43+1.5
CGI-SCH Negative 55+1.1
Cerebellum (n=16) (n=13)
Gender Male- 100% (n=16) Male- 100% (n=13) N/A N/A
Age at death 75 £ 10 years 73 £ 8 years 82.50° 0.356
PMD 4.7 + 2.4 hours 5.8 + 1.7 hours 1.50; 27°  0.147
pH 6.6+0.3 6.8 0.6 1.33;27°  0.193
Age of onsetofillness22 + 7 years N/A N/A N/A
Durationofillness 53 * 10 years N/A N/A N/A
D-Ainterval® 19 + 13 months N/A N/A N/A
Daily AP dose® 522 +497 mg/day N/A N/A N/A
Clinical Scales N/A N/A N/A
PANSS Positive 25.1+8.0
PANSS Negative 31.9+10.2
PANSS General 52.7 +15.3
CGI-SCH Positive 45+1.6
CGI-SCH Negative 55+1.0

Mean * standard deviation or relativefrequency are shown for each variable; PMD, postmortem delay; D-A,
Deathto clinical assessmentinterval; AP, antipsychotic; PANSS, Positive and Negative Syndrome Scale; CGlI-
SCH, Clinical Global Impression-Schizophrenia Scale; N/A, not applicable. All deaths were due to natural
causes. The same individuals were included for both brain areas with the following exceptions: one sample
from the SZ group in the prefrontal cortex (PFC) and one sample from the control group in the cerebellum
(CB) were notincluded inthe molecularanalysis due to the lack of sufficient tissuefromthisindividual (PFC,
SZ, n=15) or undetectable measures (CB, C, n=13). Comparison between groups (PFC: SZ, n=15, Control,
n=14. CB: SZ, n=16; control, n=13) showed similar results in both areas.

*Mann-Whitney U is shown for non-parametric variables.

*T-statistic and degrees of freedom are shown for parametric variables.

‘D-A Interval is defined as the number of months between clinical assessments and the time of death.
ILast chlorpromazine equivalent dose was calculated based on the electronicrecords of drug prescriptions of
the patients.
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Table 2: Association analysis of other variables in the study.

Age PMD pH CPzd DI
(SZonly) (SZonly)
SZ-Ccohort
Prefrontal cortex
TLR4 protein -0.061'  0.328"  -0.029° -0.187"  -0.102°
MyD88 protein -0.173*  0.403*  -0.096> -0.054*>  -0.410
IkBaL protein -0.360'  0.329'  -0.005°  0.082' 0.090°
COX2 protein -0.382"  -0.334"  0.323° 0373' -0.03%
MDA 0.158 0.239>  -0.387°° -0.252>  0.299
Cerebellum
TLR4 protein 0.280"  -0.238"  -0.157" -0.568"  0.163
MyD88 protein 0.288"  -0.102'  0.127" = -0.260"  -0.053
IkBaL protein -0.012"  0.115'  -0.265"  0.392° 0.322°
NFkB-activity 0.266" 0.039" 0.151'  -0.096"  0.118°
COX2 protein -0.155  -0.181"  0.095' 0.359"  -0.075°

SZ, schizophrenia; C, control; PMD, post-mortem delay; RIN, RNA Integrity Number; CPZd, chlorpromazine
dose: last mean daily chlorpromazine equivalent dose; DI, duration of iliness. Significant associations are

indicated in bold.

'Pearson’s ris shown for parametric variables.
’Spearman’s r is shown for non-parametric variables.

°p<0.05.
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Table 3: Associations between molecular measures and negative symptom scores.

Correlation R o val FDR-adjusted  pvalue
Pearson p value threshold
Prefrontal cortex
NFkB activity-PANSS -0.650 0.0119 0.0952 0.0125
NFkB protein-PANSS -0.554 0.0322 0.1254 0.0250
NFkB activity-CGI-SCH -0.620 0.0181 0.0965 0.0188
NFkB protein-CGI-SCH -0.648 0.0090 0.0952 0.0063
IkBau protein—CGI—SCH1 0.536 0.0392 0.1581 0.0313
Cerebellum
NFkB protein-CGI-SCH -0.569 0.0269 0.3141 0.0063
IkBa protein-CGI-SCH 0.529 0.0425 0.3141 0.0125

FDR, False discovery rate; PANSS, Positive and Negative Syndrome Scale; CGI-SCH, Clinical Global Impression-
Schizophrenia Scale. FDR-adjusted p values show p values adjusted for multiple comparisons and were
calculated according to Benjamini and Hochberg method. The maximum acceptable FDR was set at 0.1 and
the p value threshold yielded for each analysis is indicated. Significant p values after adjusting for the FDR

are highlighted in bold.

'Spearman’s correlation was applied and is shown in this case because the variable did not followa normal

distribution.
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HIGHLIGHTS

-There are brainregion-specificalterationsin the TLR4signaling pathway in chronicSZ.

- SP transcription factors modulates TLR4 signaling pathway in chronicSZ at different levels.
- NFkB activityincerebellumisinversely related to negative symptomsin chronicSZ.

31



