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Abstract

Besides playing a central role in neuroinflammation, microglia regulate synaptic
development and is involved in plasticity. Converging lines of evidence suggest that
these different processes play a critical role in schizophrenia. Furthermore, previous
studies reported altered transcription of microglia genes in schizophrenia, while
microglia itself seems to be involved in the etiopathology of the disease. However,
the regional specificity of these brain transcriptional abnormalities remains unclear.
Moreover, it is unknown whether brain and peripheral expression of microglia genes
are related.

Thus, we investigated the expression of a pre-registered list of 10 genes from a core
signature of human microglia both at brain and peripheral levels. We included 9
independent Gene Expression Omnibus datasets (764 samples obtained from
266 individuals with schizophrenia and 237 healthy controls) from 8 different brain
regions and 3 peripheral tissues.

We report evidence of a widespread transcriptional alteration of microglia genes both
in brain tissues (we observed a decreased expression in the cerebellum, associative
striatum, hippocampus, and parietal cortex of individuals with schizophrenia
compared with healthy controls) and whole blood (characterized by a mixed altered
expression pattern).

Our results suggest that brain underexpression of microglia genes may represent a
candidate transcriptional signature for schizophrenia. Moreover, the dual brain-whole
blood transcriptional alterations of microglia/macrophage genes identified support the
model of schizophrenia as a whole-body disorder and lend weight to the use of blood

samples as a potential source of biological peripheral biomarkers.



1. Introduction

Schizophrenia (SZ) is a complex polygenic disorder [1] whose onset typically
arises during adolescence. Over the past decade, results from genome-wide
association studies (GWAS) have allowed researchers to identify hundreds of
variants associated with the SZ risk, shedding light on SZ pathogenesis. Indeed, the
interaction of multiple genetic factors with each other and with environmental risk
factors is thought to result in pathological neurodevelopmental processes underlying
SZ. To date, the strongest genetic association involves the Major Histocompatibility
Complex locus [2, 3]. In humans, this locus is essentially related to immune function.

Accordingly, the role of immunity and inflammation in SZ is now largely
recognized [4], while microglia, the resident immune cells of the central nervous
system, has raised increasing interest [5]. Remarkably, microglia are not only
involved in immunity and inflammation but are also required by the developing brain
for critical neurodevelopmental processes such as synaptic pruning [6, 7] or
neurogenesis regulation [8] which have been involved in the pathophysiology of SZ
[9-12].

In this light, some studies have looked for more direct evidence of microglia
dysfunction in individuals with SZ, using techniques such as translocator protein
(TSPO) positron emission tomography (PET) (microglia activation) and
immunohistochemistry in postmortem samples (microglia morphology and density).
However, various meta-analyses summarizing these studies reported inconsistent
results [13-16]. Poor cellular type specificity or insufficient sensitivity may explain the
TSPO-PET heterogeneous results [17], while microglia density and morphology are

too simplistic parameters which only offer a partial picture of microglia functioning.



Microglia function has also been explored by gene expression studies which
are more specific and more likely to accurately reflect the complex nature of
microglial functioning. A meta-analysis of such studies in human postmortem tissues
obtained from various brain regions found an overall decreased microglia gene
expression in individuals with SZ compared with healthy controls (HCs) [15].
Although supporting the dysregulation of microglia in SZ, Snijders et al.'s results have
three major limits. Firstly, the meta-analytic results were pooled from various brain
regions precluding finer conclusions regarding a potential region heterogeneity of
microglia alterations in SZ. Secondly, the original studies included in the meta-
analytic work didn't explore the same candidate genes across included studies, thus
preventing meta-analytic results at the gene level. Finally, presence of a publication
bias was confirmed by Egger's test, suggesting the meta-analysis was biased
towards positive results.

In light of these limits, more studies are needed to replicate and extend current
knowledge regarding dysregulation of microglia gene expression in individuals with
SZ. Such studies should systematically explore the same set of candidate microglia-
specific genes in various brain regions of individuals with SZ compared with HCs,
allowing the identification of abnormal transcription at the region level. Furthermore,
while postmortem studies allow the investigation of SZ pathogenesis through direct
access to brain tissues, there is a dire need for readily accessible SZ biomarkers. In
this regard, peripheral tissues are a promising method to probe the transcriptome in a
minimally invasive way and allow for the identification of biological peripheral
biomarkers of SZ disorder [18]. Noteworthily, in SZ, blood-based microarray meta-
[19] and mega- [20] analyses revealed differentially expressed genes involved in

immunologic functions, including microglia-related genes.



Using Gene Expression Omnibus (GEO) datasets, in this study we aimed to
explore the expression of microglia genes at the central and peripheral levels in
individuals with SZ compared with HCs. Notably, the present study takes into account
the various limitations of current literature regarding microglia gene expression
studies in schizophrenia. Especially, we systematically explored in 8 different brain
regions and 3 peripheral tissues a set of 10 genes selected through a comprehensive
approach and belonging to a core transcriptional signature of human microglia [21,
22]. There was no overlap between the data used in the present study and that from
Snijders et al.’s meta-analysis [15], allowing us to produce new results replicating,
refining and expanding current knowledge regarding SZ-associated microglia

alterations.



2. Material and methods

Data collection, selection of candidate microglia genes, hypotheses, and
statistical analyses were pre-registered on AsPredicted.org (#67610,

https://aspredicted.org/285rn.pdf), on March 6”‘, 2021. It should be noted that

datasets included in this study were slightly different from those pre-registered (see

Supplementary Methods for further details on this deviation from the pre-registration).

2.1Inclusion of genes from a core human signature of microglia

To limit the number of multiple comparisons (associated with an increase of
Type | errors) and the subsequent lack of power associated with false discovery rate
corrections, we limited the number of candidate genes, which were selected using a

comprehensive approach. See Figure 1 for details on selection of candidate genes.

2.2 Search and inclusion criteria of dataset
Datasets were searched through Gene Expression Omnibus (GEO) database,
a public repository which archives and freely distributes genomic data from
postmortem brain or peripheral tissues samples obtained from HCs and patients
suffering from various disorders [23]. With the aim to identify altered expression of
microglia genes both at the central and peripheral level in individuals with SZ, we
explored the GEO database for datasets providing gene expression results from
individuals with SZ and HCs.
We included datasets compliant with data extraction through shinyGEO
[24], an application implemented using R [https://www.r-project.org/], shiny

[http://shiny.rstudio.com/] and GEOquery package [25]. Using GEO database, we


https://aspredicted.org/285rn.pdf

therefore searched for studies on schizophrenia, using homo sapiens as the primary
organism, and filtering by gene series and microarray technology.

We included datasets obtained from original studies using samples from SZ
and HC individuals, and providing microarray-derived gene expression results
acquired from postmortem brain samples (not restricted to the neuronal cell

population) or peripheral tissues samples.

2.3 Demographic characteristics and quality data

For each GEO dataset, the quality data of the samples (i.e., RNA integrity
number (RIN), brain pH, postmortem interval) and the demographic characteristics
(i.e., age and sex) of the subjects who provided brain or peripheral tissues are

summarized in Tables 1-2.

2.4 Ethical statement
All the data used in this project were acquired in previous studies, all of which

conformed to ethical standards [26—33].

2.5 Statistical analyses

JASP software (Version 0.11.1) was used to perform statistical analyses on
gene expression data downloaded with shinyGEO. Gene expression values are
already Log2-transformed to stabilize the variance and descriptive statistics of Log2
values in brain and peripheral tissues are provided in Supplementary Table 1. The
fold change expression (FC) was computed as the difference between the average

expression of HCs and the average expression of individuals with SZ.



Normal distribution and homogeneity of variances were tested using Shapiro-
Wilk and Levene’s tests, respectively. For differential expression, exact p-values
were calculated using unpaired two-tailed t-tests. In case of violation of the equal
variance assumption, exact p-values were calculated using Welch tests. When a
deviation from normality was detected, exact p-values were calculated using Mann-
Whitney U tests. The resulting p-values were adjusted with the Benjamini and
Hochberg’s approach to control the false discovery rate. Gene expression
comparisons were considered to be statistically significant for adjusted p-
values<0.05.

For genes that were significantly differentially expressed in individuals with SZ
as compared with HCs, ANCOVA was used to evaluate the impact of potential
confounding variables on candidate genes' expression. Each candidate gene
expression was separately entered as a dependent variable, the group (individuals
with SZ or HCs) was used as a fixed factor, while demographic and quality
characteristics, when available, were used as covariates (i.e., age, sex, RIN, brain

pH, and postmortem interval).

2.6 Bayesian analyses

Additional Bayesian analyses were performed. Particularly, Bayesian two-
sample t-tests were conducted in JASP for genes that were significantly differentially
expressed in individuals with SZ as compared with HCs in frequentist analyses.
These analyses allowed to quantify the evidence in favor of the alternative
hypothesis (Hi, hypothesizing the presence of a group difference) as well as the null

hypothesis (Ho, hypothesizing the absence of a group difference) through inspection



of the Bayes Factors (BFs). See Supplementary Methods for more details on

Bayesian analyses.



3. Results

3.1 Microglia genes

The present study investigated a pre-registered list of genes that are part of a
core human microglia signatures [21, 22]. This list comprises the following 10 genes:
AlIF1, CD68, CSF1R, CX3CR1, IRF8, ITGAX, NCF4, OLR1, TLR2, TMEM1109.
Besides TMEM119 [34], all the included genes are also expressed in peripheral
macrophages. See Figure 1 and Supplementary Methods for details on selection of

candidate genes.

3.2 Included datasets

The systematic search in the GEO database, which identified records
published until the 6™ July 2022, yielded a total of 88 datasets (see Supplementary
Figure 1 for the flow chart). After applying inclusion criteria, the number of datasets
was filtered to a total of 12 eligible datasets.

Eventually, 9 GEO datasets were included in the present study (see
Supplementary Figure 1 and Supplementary Methods for details on the selection
procedure and exclusions). The included GEO datasets consist of 764 samples
obtained from 266 individuals with SZ and 237 HCs. They provided data from 8
different brain regions relevant to SZ (cerebellum, associative striatum, hippocampus,
anterior prefrontal cortex (BA10), dorsolateral prefrontal cortex (DLPFC, BA46),
superior temporal cortex (BA22), and broad sections of the frontal cortex and parietal
cortex) and 3 peripheral tissues (whole blood, peripheral blood mononuclear cells
(PBMCs), and skin fibroblasts) (see Table 1-2 for sample sizes, demographic and

quality characteristics of included datasets). The original studies from which the
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included datasets were obtained are presented in Supplementary Table 2. It should

be noted that included datasets were collected from different subjects.

3.3 Differential expression analyses in postmortem brain tissues

Distinct transcription patterns of microglia genes were identified at the brain
level in individuals with SZ compared with HCs. Individuals with SZ exhibited a set of
genes significantly underexpressed in the cerebellum (AlIF1, CD68, CSF1R, IRFS8,
ITGAX), the associative striatum (AIF1, CX3CR1, OLR1), the hippocampus
(CX3CR1) and parietal cortex (OLR1). No alterations were found in DLPFC, anterior
prefrontal cortex, frontal cortex, and superior temporal cortex of individuals with SZ
as compared with HCs. Results are depicted in Figure 2 and fold-change and
adjusted p-values are detailed in Supplementary Table 3.

When taking into account several covariates (e.g., age, sex, RIN, brain pH,
postmortem interval) with ANCOVA analyses, all the findings remained, except for

the underexpression of AIF1 in the associative striatum (see Supplementary Table 4).

3.4 Differential expression analyses in peripheral tissues

In the whole blood, we found a decreased expression of CD68, CSF1R,
CX3CR1, and ITGAX in individuals with SZ compared with HCs. Also, a significant
overexpression of AIF1, IRF8, OLR1, and TLR2 was observed in the whole blood. No
significant differences in expression of microglia genes were observed in the PBMCs
and skin fibroblasts. Results are depicted in Figure 3 and fold-change and adjusted

p-values are detailed in Supplementary Table 5.
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When taking into account several covariates (e.g., age and sex) with ANCOVA
analyses, all the findings remained, except for the ITGAX underexpression in the

whole blood (see Supplementary Table 6).

3.5 Bayesian analyses

In postmortem brain tissues, using Bayesian analyses led to the same
conclusions as frequentists statistics regarding the genes downregulated in SZ, with
the exception of AIF1 underexpression in the associative striatum of individuals with
SZ compared with HCs (which was statistically significant in frequentist analysis
whereas it was not possible to conclude in favor of the null or alternative hypotheses
in Bayesian analyses). Notably, Bayesian analyses concluded with decisive evidence
(BF10>100) for the downregulation of CX3CR1 in the hippocampus and of OLR1 in
the parietal cortex of individuals with SZ compared with HCs (see Supplementary
Table 4).

In peripheral tissues, Bayesian and frequentist analyses yielded the same
conclusions, with the exception of ITGAX underexpression in the whole blood of
individuals with SZ compared with HCs for which Bayesian analyses did not allow to
conclude in favor of the null or alternative hypotheses. Noteworthily, Bayesian
analyses concluded with decisive evidence (BF10>100) for the underexpression of
CX3CR1 and CSF1R and overexpression of OLR1 in the whole blood of individuals

with SZ compared with HCs (see Supplementary Table 6).

12



4. Discussion

In the present study we explored the expression of a pre-registered list of 10
genes from a core human signature of microglia in 8 different brain regions and in
3 peripheral tissues of individuals with SZ as compared with HCs. We observed
altered expression patterns of the microglia-specific genes both in the brain and
whole blood of individuals with SZ. The identified patterns were distinct between the
different tissues. The present study allowed us to replicate and refine previous
knowledge regarding SZ-associated microglial gene expression alterations as well as

to expand such alteration to other brain regions and peripheral tissues.

4.1 Transcriptional alterations of microglia genes in brain tissues

First, we report altered transcriptional patterns of microglia genes in the
cerebellum, associative striatum, hippocampus, and parietal cortex of individuals with
SZ compared with HCs. Notably, in these 4 latter brain regions, all the identified
transcriptional alterations were underexpressions. This is consistent with a recent
meta-analysis reporting underexpression of microglia genes in the brain of individuals
with SZ [15]. While meta-analytic results from Snijders et al. [15] were obtained by
pooling expression data collected from 4 different brain regions (frontal, temporal,
cingulate cortices and hippocampus), we analyzed separately postmortem datasets
from different brain regions, allowing for more precise localization of effects. Thus,
our findings expand the previously described underexpression of microglia genes to
3 additional brain regions relevant to SZ pathogenesis (namely the cerebellum,

associative striatum and parietal cortex).
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Among the explored brain regions, the cerebellum was characterized by the
greatest number of underexpressed microglia genes (AIF1, CD68, CSF1R, IRF8, and
ITGAX). Noteworthily, in the healthy brain cerebellar microglia is characterized by a
unique profile [35]. These results are consistent with the growing body of literature
involving the cerebellum in SZ pathogenesis [36—38]. Indeed, beside its role in motor
coordination and balance, the cerebellum is also implied in cognitive and emotional
functions [39, 40], and cerebellar dysfunctions have been linked to SZ symptoms
such as hallucinations [41].

To our knowledge, it is the first time that transcriptional alterations of microglia-
specific genes are reported in the associative striatum and hippocampus of
individuals with SZ, although studies using animal models of SZ reported microglial
alterations in these latter regions [42—45]. Remarkably, previous research suggested
that striatal and hippocampal SZ-associated alterations involve dendritic spine loss,
synaptic alterations and/or impaired neurogenesis [46-49], potentially through
microglial dysfunction [50]. Our present results lend support to this hypothesis in two
brain regions where adult neurogenesis events occur [51, 52].

Similarly, this is the first study to report OLR1 underexpression in the parietal
cortex of individuals with SZ. This finding is consistent with the correlation between
microglial activity and altered cortical gray matter volume previously found in the
parietal cortex of individuals with SZ [53].

However, we did not replicate previous reports of decreased expression of
microglia genes in the frontal and temporal cortex of individuals with SZ [15, 54, 55].
The discrepancy may be accounted for by the heterogeneity of the samples' quality
and demographic characteristics (such as differences in postmortem interval and sex

distribution), sample size (our data were obtained from larger-sized samples as
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compared to the other studies) or techniques (we used microarray-derived data
whereas these previous studies relied on quantitative real-time PCR techniques, it is
therefore possible that alternative transcripts of the candidate genes were explored).

Overall, at the brain level, the consistency of the direction of the transcriptional
alterations should be highlighted. Indeed, a recent systematic review investigating
transcriptional alterations in SZ reported a high variability in the direction of the
observed effect, with only few genes being consistently reported as over- or
underexpressed across more than two or three studies [56]. Remarkably, in the
present research, 3 genes (AlIF1, OLR1 and CX3CR1) showed the same direction of
alteration in the analyzed brain samples. Most importantly, all the transcriptional
alterations identified in 4 brain regions were underexpressions. In this light, our
results suggest that brain underexpression of microglia genes may be considered as
a candidate transcriptional signature for SZ. Furthermore, in individuals with SZ, the
consistency of the direction of the transcriptional alterations contrasts with the
heterogeneous results obtained using other microglia markers such as microglia
activation, density, or morphology [13-16]. Our results thus strengthen the
transcriptional analysis as a promising approach to explore SZ-associated microglia
dysregulation.

Functionally, two alternative, non-exclusive hypotheses can be drawn
regarding the identified underexpression patterns of microglia genes in the brain of
individuals with SZ. As a first hypothesis, the observed transcriptional alterations may
be related to the synaptic pruning impairment, which has been implicated in SZ
pathogenesis [57]. Indeed, most of the candidate genes are involved in microglia key
functions, such as "don’t eat me signals" expressed by neurons which maintains

microglia in a homeostatic state (for CX3CR1) [58], or microglial migration, adhesion
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and motility (for CX3CR1, IRF8 and AIF1) [59-61]. Hence, in the brain of individuals
with SZ, CX3CR1, IRF8 and/or AIF1 underexpression may (i) either compromise the
course of synaptic pruning by disrupting key microglial mechanisms [62] or (ii) reflect
a regulatory attempt to counterbalance an excessive synaptic pruning in the brain of
individuals with SZ [11, 63]. Alternatively, the identified transcriptional alterations may
reflect a compensatory mechanism for neuroinflammation in the brain of individuals
with SZ [64]. Consistently, animal models have involved several of our candidate
genes (CD68, CSF1R, whose expression is necessary for microglia viability [65],

CX3CR1, AlIF1, OLR1 and ITGAX) in inflammatory processes [66—72].

4.2 Transcriptional alterations of microglia genes in peripheral tissues

At the peripheral level, no changes were found in PBMCs and skin fibroblasts,
although they are considered as promising surrogate tissues for the study of SZ
pathogenesis [73, 74]. Nevertheless, transcriptional alterations were identified in the
whole blood of individuals with SZ, showing the co-existence of 4 underexpressed
genes (CD68, CSF1R, CX3CR1, ITGAX) and 4 overexpressed ones (AlIF1, IRFS8,
OLR1, TLR2). Although both whole blood and PBMCs are derived from blood,
PBMCs remain a subset of all blood cells. Thus, variations in gene expression are
expected between those two compartments since they exhibit distinct specific
expression profiles [75]. Furthermore, PBMCs and whole blood samples used in the
present study were not derived from the same subjects. Therefore, the discrepant
results may be attributed to differences in their collection, storage, and extraction
methods, as well as in heterogeneity of demographic characteristics of the included

datasets [76].
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In individuals with SZ, while all the candidate genes differentially expressed at
the brain level were also differentially expressed in the whole blood, the peripheral
transcriptional alterations only partially reflected the cerebral ones. Indeed, AIF1,
IRF8 and OLR1 showed opposite directions of change between the two levels.
Furthermore, TLR2 was overexpressed in the whole blood contrasting with the
absence of change at the brain level. Different factors may explain brain and whole
blood discrepancy in gene expression changes. First, in this study, blood and brain
samples were not derived from the same subjects. Second, since gene expression is
not expected to be uniform across all the different brain regions [77, 78], blood and
brain gene expression correlation may differ depending on the brain region. Third, SZ
pathogenesis may not be restricted to brain tissue as SZ is now considered as a
"whole-body" disorder [79], with distinct alterations at the brain and peripheral levels.

Remarkably, besides TMEM119 [34], all the differentially expressed genes in
the whole blood of individuals with SZ are expressed by peripheral macrophages
and/or involved in the production, differentiation, activation, function and survival of
peripheral macrophages [80-87]. Thus, our whole blood results support a SZ-
associated dysregulation of peripheral macrophages, which is consistent with a
previous report [88] and with accumulating evidence of an immune dysregulation
involvement in SZ pathogenesis [89]. In individuals with SZ, the coexistence of a
brain microglia alteration together with a whole blood dysregulation of peripheral
macrophages is reported here for the first time, although some previous studies
paved the way to the present finding. Indeed, at the brain level, North et al. [88]
reported dual microglia-perivascular macrophages alterations in the brain of
individuals with SZ. At the peripheral level, using induced microglia-like cells from

peripheral macrophages, Ormel et al. [90] suggested altered developmental
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pathways of microglia in individuals with SZ. Overall, while our brain-peripheral
results support the model of SZ as a whole-body disorder [79], more research is
needed to determine whether the whole blood transcriptional alterations identified
only reflect a SZ-associated dysregulation of peripheral macrophages or can be
considered as a peripheral transcriptional signature of dual brain microglia-peripheral

macrophages alterations in individuals with SZ.

4.3 Limitations

Interpretation of the present results might be affected by limiting factors.

First, brain and peripheral tissues were obtained from a total of 9 different and
modest-sized samples of patients with schizophrenia and healthy controls. These
modest sample sizes inherently limit statistical power, leading to an increased risk of
generating spurious findings. Although measures were taken to mitigate this
limitation, such as focusing on a specific list of candidate genes and pre-registering
the analysis plan, the constraint imposed by the small sample sizes remains a crucial
consideration. Additionally, the unavailability of independent validation datasets
within the GEO database prevented us from replicating our results. Future studies
with larger sample sizes are thus warranted to corroborate and expand the current
findings, thereby providing more robust insights into the gene expression patterns of
microglia associated with schizophrenia. Second, it should be highlighted that
schizophrenia is a highly heterogeneous disorder. Notably, recent research suggests
that heightened inflammation may be characteristic of a specific subgroup within the
schizophrenia population [88, 91-93]. Interestingly, a recent study investigating the
gene expression of four microglia markers found that patients with schizophrenia who

demonstrated a high inflammatory profile showed a downregulation of CD68, in
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comparison to both patients with low inflammation and healthy controls [91].
However, due to the unavailability of clinical information and biomarker data within
the GEO database, we were unable to perform an inflammatory profiling analysis to
characterize these subgroups in our study. Therefore, future investigations should
address the heterogeneity of schizophrenia by exploring potential differential gene
expression in these distinct subgroups.

Third, due the limited availability of demographic information provided with
GEO datasets, we could not investigate the influence of some potential confounding
variables. For instance, we could not explore the effect of smoking or of suicide as a
cause of death although such factors have been shown to influence gene expression
[94, 95] and enhance proinflammatory processes [96, 97]. Similarly, the effect of
antipsychotic treatment could not be evaluated, while it has been suggested that it
may inhibit microglia activation [98].

Fourth, all the included datasets were acquired through microarray technology.
Our results are thus subject to the methodological limitations that lie within the use of
microarrays: (i) background hybridization limit gene expression measurement,
especially for low abundance transcripts, (ii) probe performance may have led to
specificity issues (through cross-hybridization and non-specific hybridization), (iii)
only genes for which probes are designed can be explored.

Finally, brain expression data were obtained from postmortem cerebral
samples composed of heterogeneous cell populations instead of isolating pure
microglia. Despite this limitation, it is noteworthy that all the candidate genes were
part of a core transcriptional signature of human microglia [21], as well as part of a
microglia signature highly expressed in bulk brain tissues [22]. Nonetheless it is

essential to conduct further investigations using high-throughput sequencing
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techniques such as single-cell RNA-seq technology [99], which can provide insights

into the heterogeneity and diversity of microglia populations.

4.4 Conclusion

Using 9 gene expression datasets, we report evidence of a widespread
transcriptional alteration of genes from a core human microglia signature both in
brain tissues and whole blood of individuals with SZ compared with HCs. In brain
tissues, we expand and refine previous knowledge regarding underexpression of
microglia genes in the cerebellum, associative striatum, hippocampus, and parietal
cortex. Such alterations may be considered as a candidate transcriptional signature
for SZ disorders. At the peripheral level, we identified differential expression of the
candidate genes in the whole blood of individuals with SZ. The dual brain-whole
blood transcriptional alterations of microglia/macrophage genes identified in
individuals with SZ support the model of SZ as a whole-body disorder and lend
weight to the use of blood samples as a potential source of biological peripheral
biomarkers. Subsequent investigations should thus focus on corroborating these
findings within extensive population cohorts to enhance the robustness and

generalizability of these conclusions.

20



Acknowledgment Section

Declaration of interest:

None.

Funding:

AMF was supported by the Fondation Pierre Deniker. EF was supported by the
Fondation de France. GS was supported by the Agence Nationale de la Recherche
[grant number ANR-19-CE37-0012-01] and the Fondation NRJ-Institut de France. RR
was supported by the Fondation FondaMental and the Vinatier Hospital [grant

number CSR-H11].

Role of Funder:
The funding source had no role in the design and conduct of the study; collection,
management, analysis, and interpretation of the data; preparation, review, or

approval of the manuscript; and decision to submit the manuscript for publication.

Acknowledgment:

Concept and design: All authors.

Statistical analysis: AMF, RR.

Interpretation of data: AMF, ECI, RR.

Drafting of the manuscript: AMF, RR.

Critical revision of the manuscript for important intellectual content: All authors.

We would like to thank Jasmine Dumas and Garrett Dancik from the Department of
Computer Science at Eastern Connecticut State University for the development of

shinyGEO application and for their help in using the application.
21



Data Availability Statement:

The data that support the findings of this study are openly available in Gene
Expression Omnibus (NCBI) at https://www.ncbi.nlm.nih.gov/geo/, reference numbers
GEO: GSE53987, GSE17612, GSE35977, GSE35974, GSE62191, GSE21935,

GSE27383, GSE62333, GSE38484.

22



References

1.

10.

11.

12.

13.

14.

15.

16.

Smeland OB, Frei O, Dale AM, Andreassen OA. The polygenic architecture of
schizophrenia — rethinking pathogenesis and nosology. Nat Rev Neurol.
2020;16:366—-379.

Ripke S, Neale BM, Corvin A, Walters JTR, Farh K-H, Holmans PA, et al.
Biological insights from 108 schizophrenia-associated genetic loci. Nature.
2014;511:421-427.

Trubetskoy V, Pardifias AF, Qi T, Panagiotaropoulou G, Awasthi S, Bigdeli TB,
et al. Mapping genomic loci implicates genes and synaptic biology in
schizophrenia. Nature. 2022;604:502-508.

Khandaker GM, Cousins L, Deakin J, Lennox BR, Yolken R, Jones PB.
Inflammation and immunity in schizophrenia: implications for pathophysiology
and treatment. Lancet Psychiatry. 2015;2:258-270.

Rodrigues-Neves AC, Ambrosio AF, Gomes CA. Microglia sequelae: brain
signature of innate immunity in schizophrenia. Transl Psychiatry. 2022;12:1-16.
Mallya AP, Deutch AY. (Micro)Glia as Effectors of Cortical Volume Loss in
Schizophrenia. Schizophr Bull. 2018;44:948-957.

Paolicelli RC, Bolasco G, Pagani F, Maggi L, Scianni M, Panzanelli P, et al.
Synaptic Pruning by Microglia Is Necessary for Normal Brain Development.
Science. 2011,;333:1456-1458.

Al-Onaizi M, Al-Khalifah A, Qasem D, EIAli A. Role of Microglia in Modulating
Adult Neurogenesis in Health and Neurodegeneration. Int J Mol Sci.
2020;21:6875.

Hong S, Yi JH, Lee S, Park C-H, Ryu JH, Shin KS, et al. Defective neurogenesis
and schizophrenia-like behavior in PARP-1-deficient mice. Cell Death Dis.
2019;10:1-16.

MacDonald ML, Alhassan J, Newman JT, Richard M, Gu H, Kelly RM, et al.
Selective Loss of Smaller Spines in Schizophrenia. Am J Psychiatry.
2017;174:586-594.

Sekar A, Bialas AR, de Rivera H, Davis A, Hammond TR, Kamitaki N, et al.
Schizophrenia risk from complex variation of complement component 4. Nature.
2016;530:177-183.

Sheu J-R, Hsieh C-Y, Jayakumar T, Tseng M-F, Lee H-N, Huang S-W, et al. A
Critical Period for the Development of Schizophrenia-Like Pathology by Aberrant
Postnatal Neurogenesis. Front Neurosci. 2019;13.

Marques TR, Ashok AH, Pillinger T, Veronese M, Turkheimer FE, Dazzan P, et
al. Neuroinflammation in schizophrenia: meta-analysis of in vivo microglial
imaging studies. Psychol Med. 2019;49:2186—2196.

Plavén-Sigray P, Matheson GJ, Collste K, Ashok AH, Coughlin JM, Howes OD,
et al. Positron Emission Tomography Studies of the Glial Cell Marker
Translocator Protein in Patients With Psychosis: A Meta-analysis Using
Individual Participant Data. Biol Psychiatry. 2018;84:433-442.

Snijders GJLJ, van Zuiden W, Sneeboer MAM, Berdenis van Berlekom A, van
der Geest AT, Schnieder T, et al. A loss of mature microglial markers without
immune activation in schizophrenia. Glia. 2021;69:1251-1267.

van Kesteren CFMG, Gremmels H, de Witte LD, Hol EM, Van Gool AR, Falkai
PG, et al. Immune involvement in the pathogenesis of schizophrenia: a meta-
analysis on postmortem brain studies. Transl Psychiatry. 2017;7:€1075.

23



17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Pasternak O, Kubicki M, Shenton ME. In vivo Imaging of Neuroinflammation in
Schizophrenia. Schizophr Res. 2016;173:200-212.

Liew C-C, Ma J, Tang H-C, Zheng R, Dempsey A. The peripheral blood
transcriptome dynamically reflects system wide biology: A potential diagnostic
tool. J Lab Clin Med. 2006;147:126-132.

Bergon A, Belzeaux R, Comte M, Pelletier F, Hervé M, Gardiner EJ, et al.
CX3CR1 is dysregulated in blood and brain from schizophrenia patients.
Schizophr Res. 2015;168:434-443.

Hess JL, Tylee DS, Barve R, de Jong S, Ophoff RA, Kumarasinghe N, et al.
Transcriptome-wide mega-analyses reveal joint dysregulation of immunologic
genes and transcription regulators in brain and blood in schizophrenia.
Schizophr Res. 2016;176:114-124.

Patir A, Shih B, McColl BW, Freeman TC. A core transcriptional signature of
human microglia: Derivation and utility in describing region-dependent
alterations associated with Alzheimer’s disease. Glia. 2019;67:1240-1253.

Patel T, Carnwath TP, Wang X, Allen M, Lincoln SJ, Lewis-Tuffin LJ, et al.
Transcriptional landscape of human microglia implicates age, sex, and APOE-
related immunometabolic pathway perturbations. Aging Cell. 2022;21:e13606.
Barrett T, Wilhite SE, Ledoux P, Evangelista C, Kim IF, Tomashevsky M, et al.
NCBI GEO: archive for functional genomics data sets—update. Nucleic Acids
Res. 2013;41:D991-D995.

Dumas J, Gargano MA, Dancik GM. shinyGEO: a web-based application for
analyzing gene expression omnibus datasets. Bioinforma Oxf Engl.
2016;32:3679-3681.

Davis S, Meltzer PS. GEOquery: a bridge between the Gene Expression
Omnibus (GEO) and BioConductor. Bioinforma Oxf Engl. 2007;23:1846—-1847.
Barnes MR, Huxley-Jones J, Maycox PR, Lennon M, Thornber A, Kelly F, et al.
Transcription and pathway analysis of the superior temporal cortex and anterior
prefrontal cortex in schizophrenia. J Neurosci Res. 2011;89:1218-1227.

Cattane N, Minelli A, Milanesi E, Maj C, Bignotti S, Bortolomasi M, et al. Altered
Gene Expression in Schizophrenia: Findings from Transcriptional Signatures in
Fibroblasts and Blood. PLOS ONE. 2015;10:e0116686.

Chen C, Cheng L, Grennan K, Pibiri F, Zhang C, Badner JA, et al. Two gene co-
expression modules differentiate psychotics and controls. Mol Psychiatry.
2013;18:1308-1314.

de Baumont A, Maschietto M, Lima L, Carraro DM, Olivieri EH, Fiorini A, et al.
Innate immune response is differentially dysregulated between bipolar disease
and schizophrenia. Schizophr Res. 2015;161:215-221.

de Jong S, Boks MPM, Fuller TF, Strengman E, Janson E, de Kovel CGF, et al.
A gene co-expression network in whole blood of schizophrenia patients is
independent of antipsychotic-use and enriched for brain-expressed genes. PloS
One. 2012;7:e39498.

Lanz TA, Reinhart V, Sheehan MJ, Rizzo SJS, Bove SE, James LC, et al.
Postmortem transcriptional profiling reveals widespread increase in inflammation
in schizophrenia: a comparison of prefrontal cortex, striatum, and hippocampus
among matched tetrads of controls with subjects diagnosed with schizophrenia,
bipolar or major depressive disorder. Transl Psychiatry. 2019;9:151.

Maycox PR, Kelly F, Taylor A, Bates S, Reid J, Logendra R, et al. Analysis of
gene expression in two large schizophrenia cohorts identifies multiple changes
associated with nerve terminal function. Mol Psychiatry. 2009;14:1083-1094.

24



33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

45.

46.

47.

van Beveren NJM, Buitendijk GHS, Swagemakers S, Krab LC, Rdder C, de
Haan L, et al. Marked reduction of AKT1 expression and deregulation of AKT1-
associated pathways in peripheral blood mononuclear cells of schizophrenia
patients. PloS One. 2012;7:e32618.

Satoh J, Kino Y, Asahina N, Takitani M, Miyoshi J, Ishida T, et al. TMEM119
marks a subset of microglia in the human brain. Neuropathology. 2016;36:39—
49.

Stoessel MB, Majewska AK. Little cells of the little brain: microglia in cerebellar
development and function. Trends Neurosci. 2021;44:564-578.

Cao H, Chén QY, Chung Y, Forsyth JK, McEwen SC, Gee DG, et al. Cerebello-
thalamo-cortical hyperconnectivity as a state-independent functional neural
signature for psychosis prediction and characterization. Nat Commun.
2018;9:3836.

Moberget T, Doan NT, Alnaes D, Kaufmann T, Cordova-Palomera A, Lagerberg
TV, et al. Cerebellar volume and cerebellocerebral structural covariance in
schizophrenia: a multisite mega-analysis of 983 patients and 1349 healthy
controls. Mol Psychiatry. 2018;23:1512-1520.

Moberget T, Alnaes D, Kaufmann T, Doan NT, Cérdova-Palomera A, Norbom
LB, et al. Cerebellar Gray Matter Volume Is Associated With Cognitive Function
and Psychopathology in Adolescence. Biol Psychiatry. 2019;86:65—75.

Kana V, Desland FA, Casanova-Acebes M, Ayata P, Badimon A, Nabel E, et al.
CSF-1 controls cerebellar microglia and is required for motor function and social
interaction. J Exp Med. 2019;216:2265-2281.

Strata P. The Emotional Cerebellum. The Cerebellum. 2015;14:570-577.
Pinheiro AP, Johnson JF, Amorim M, Roberto M, Schwartze M, Kotz SA, et al.
The Cerebellum Links to Positive Symptoms of Psychosis: A Systematic Review
and Meta-analysis. Schizophr Bull Open. 2021;2:sgab039.

Fernandez de Cossio L, Lacabanne C, Bordeleau M, Castino G, Kyriakakis P,
Tremblay M-E. Lipopolysaccharide-induced maternal immune activation
modulates microglial CX3CRL1 protein expression and morphological phenotype
in the hippocampus and dentate gyrus, resulting in cognitive inflexibility during
late adolescence. Brain Behav Immun. 2021;97:440-454.

Hui CW, St-Pierre A, El Hajj H, Remy Y, Hébert SS, Luheshi GN, et al. Prenatal
Immune Challenge in Mice Leads to Partly Sex-Dependent Behavioral,
Microglial, and Molecular Abnormalities Associated with Schizophrenia. Front
Mol Neurosci. 2018;11.

Juckel G, Manitz MP, Briine M, Friebe A, Heneka MT, Wolf RJ. Microglial
activation in a neuroinflammational animal model of schizophrenia--a pilot study.
Schizophr Res. 2011;131:96-100.

Zhang J, Jing Y, Zhang H, Bilkey DK, Liu P. Maternal immune activation altered
microglial immunoreactivity in the brain of postnatal day 2 rat offspring. Synap N
Y N. 2018:e22072.

Howes OD, McCutcheon R. Inflammation and the neural diathesis-stress
hypothesis of schizophrenia: a reconceptualization. Transl Psychiatry.
2017;7:€1024—-e1024.

Kim IH, Rossi MA, Aryal DK, Racz B, Kim N, Uezu A, et al. Spine Pruning Drives
Antipsychotic-sensitive Locomotion via Circuit Control of Striatal Dopamine. Nat
Neurosci. 2015;18:883—-891.

25



48.

49.

50.

51.

52.

53.

54.

55.

56.

S7.

58.

59.

60.

61.

62.

63.

64.

Osimo EF, Beck K, Reis Marques T, Howes OD. Synaptic loss in schizophrenia:
a meta-analysis and systematic review of synaptic protein and mRNA measures.
Mol Psychiatry. 2019;24:549-561.

Reif A, Fritzen S, Finger M, Strobel A, Lauer M, Schmitt A, et al. Neural stem cell
proliferation is decreased in schizophrenia, but not in depression. Mol
Psychiatry. 2006;11:514-522.

Rogers JT, Morganti JM, Bachstetter AD, Hudson CE, Peters MM, Grimmig BA,
et al. CX3CR1 Deficiency Leads to Impairment of Hippocampal Cognitive
Function and Synaptic Plasticity. J Neurosci. 2011;31:16241-16250.

Baptista P, Andrade JP. Adult Hippocampal Neurogenesis: Regulation and
Possible Functional and Clinical Correlates. Front Neuroanat. 2018;12.

Ernst A, Alkass K, Bernard S, Salehpour M, Perl S, Tisdale J, et al.
Neurogenesis in the striatum of the adult human brain. Cell. 2014;156:1072—
1083.

Selvaraj S, Bloomfield PS, Cao B, Veronese M, Turkheimer F, Howes OD. Brain
TSPO imaging and gray matter volume in schizophrenia patients and in people
at ultra high risk of psychosis: An [11C]PBR28 study. Schizophr Res.
2018;195:206-214.

Fiorentino M, Sapone A, Senger S, Camhi SS, Kadzielski SM, Buie TM, et al.
Blood-brain barrier and intestinal epithelial barrier alterations in autism spectrum
disorders. Mol Autism. 2016;7:49.

Lopez-Gonzélez |, Pinacho R, Vila E, Escanilla A, Ferrer |, Ramos B.
Neuroinflammation in the dorsolateral prefrontal cortex in elderly chronic
schizophrenia. Eur Neuropsychopharmacol J Eur Coll Neuropsychopharmacol.
2019;29:384-396.

Merikangas AK, Shelly M, Knighton A, Kotler N, Tanenbaum N, Almasy L. What
genes are differentially expressed in individuals with schizophrenia? A
systematic review. Mol Psychiatry. 2022;27:1373-1383.

Feinberg 1. Schizophrenia: Caused by a fault in programmed synaptic
elimination during adolescence? J Psychiatr Res. 1982;17:319-334.

Bedoui Y, Neal JW, Gasque P. The Neuro-Immune-Regulators (NIREGS)
Promote Tissue Resilience; a Vital Component of the Host’'s Defense Strategy
against Neuroinflammation. J Neuroimmune Pharmacol Off J Soc Neurolmmune
Pharmacol. 2018;13:309-329.

Arnoux |, Audinat E. Fractalkine Signaling and Microglia Functions in the
Developing Brain. Neural Plast. 2015;2015:€689404.

Lituma PJ, Woo E, O’'Hara BF, Castillo PE, Sibinga NES, Nandi S. Altered
synaptic connectivity and brain function in mice lacking microglial adapter
protein Ibal. Proc Natl Acad Sci. 2021;118:€2115539118.

Masuda T, Tsuda M, Yoshinaga R, Tozaki-Saitoh H, Ozato K, Tamura T, et al.
IRF8 Is a Critical Transcription Factor for Transforming Microglia into a Reactive
Phenotype. Cell Rep. 2012;1:334-340.

Sominsky L, De Luca S, Spencer SJ. Microglia: Key players in
neurodevelopment and neuronal plasticity. Int J Biochem Cell Biol. 2018;94:56—
60.

Woo JJ, Pouget JG, Zai CC, Kennedy JL. The complement system in
schizophrenia: where are we now and what's next? Mol Psychiatry.
2020;25:114-130.

Muller N, Weidinger E, Leitner B, Schwarz MJ. The role of inflammation in
schizophrenia. Front Neurosci. 2015;9:372.

26



65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Elmore MRP, Najafi AR, Koike MA, Dagher NN, Spangenberg EE, Rice RA, et
al. Colony-stimulating factor 1 receptor signaling is necessary for microglia
viability, unmasking a microglia progenitor cell in the adult brain. Neuron.
2014;82:380-397.

Hagan N, Kane JL, Grover D, Woodworth L, Madore C, Saleh J, et al. CSF1R
signaling is a regulator of pathogenesis in progressive MS. Cell Death Dis.
2020;11:904.

Shen X, Qiu Y, Wight AE, Kim H-J, Cantor H. Definition of a mouse microglial
subset that regulates neuronal development and proinflammatory responses in
the brain. Proc Natl Acad Sci U S A. 2022;119:e21162411109.

Staniland AA, Clark AK, Wodarski R, Sasso O, Maione F, D'Acquisto F, et al.
Reduced inflammatory and neuropathic pain and decreased spinal microglial
response in fractalkine receptor (CX3CR1) knockout mice. J Neurochem.
2010;114:1143-1157.

Zhang H-Y, Lu X, Hao Y-H, Tang L, He Z-Y. Oxidized low-density lipoprotein
receptor 1: a novel potential therapeutic target for intracerebral hemorrhage.
Neural Regen Res. 2022;17:1795-1801.

Zhao Y-Y, Yan D-J, Chen Z-W. Role of AIF-1 in the regulation of inflammatory
activation and diverse disease processes. Cell Immunol. 2013;284:75-83.
Woods RM, Lorusso JM, Potter HG, Neill JC, Glazier JD, Hager R. Maternal
immune activation in rodent models: A systematic review of neurodevelopmental
changes in gene expression and epigenetic modulation in the offspring brain.
Neurosci Biobehav Rev. 2021;129:389-421.

Tsivion-Visbord H, Kopel E, Feiglin A, Sofer T, Barzilay R, Ben-Zur T, et al.
Increased RNA editing in maternal immune activation model of
neurodevelopmental disease. Nat Commun. 2020;11:5236.

Kalman S, Garbett KA, Janka Z, Mirnics K. Human dermal fibroblasts in
psychiatry research. Neuroscience. 2016;320:105-121.

Mosallaei M, Ehtesham N, Rahimirad S, Saghi M, Vatandoost N, Khosravi S.
PBMCs: a new source of diagnostic and prognostic biomarkers. Arch Physiol
Biochem. 2022;128:1081-1087.

He D, Yang CX, Sahin B, Singh A, Shannon CP, Oliveria J-P, et al. Whole blood
vs PBMC: compartmental differences in gene expression profiling exemplified in
asthma. Allergy Asthma Clin Immunol. 2019;15:67.

Gautam A, Donohue D, Hoke A, Miller SA, Srinivasan S, Sowe B, et al
Investigating gene expression profiles of whole blood and peripheral blood
mononuclear cells using multiple collection and processing methods. PLOS
ONE. 2019;14:e0225137.

Rey R, Suaud-Chagny M-F, Bohec A-L, Dorey J-M, dAmato T, Tamouza R, et
al. Overexpression of complement component C4 in the dorsolateral prefrontal
cortex, parietal cortex, superior temporal gyrus and associative striatum of
patients with schizophrenia. Brain Behav Immun. 2020;90:216-225.

Rey R, Suaud-Chagny M-F, Dorey J-M, Teyssier J-R, dAmato T. Widespread
transcriptional disruption of the microRNA biogenesis machinery in brain and
peripheral tissues of individuals with schizophrenia. Transl Psychiatry.
2020;10:1-13.

Pillinger T, D’Ambrosio E, McCutcheon R, Howes OD. Is psychosis a
multisystem disorder? A meta-review of central nervous system, immune,
cardiometabolic, and endocrine alterations in first-episode psychosis and
perspective on potential models. Mol Psychiatry. 2019;24:776—794.

27



80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Amanzada A, Malik 1A, Blaschke M, Khan S, Rahman H, Ramadori G, et al.
Identification of CD68+ neutrophil granulocytes in in vitro model of acute
inflammation and inflammatory bowel disease. Int J Clin Exp Pathol.
2013;6:561-570.

Fukui M, Tanaka M, Toda H, Asano M, Yamazaki M, Hasegawa G, et al. The
serum concentration of allograft inflammatory factor—-1 is correlated with
metabolic parameters in healthy subjects. Metabolism. 2012;61:1021-1025.
Hume DA, Summers KM, Rehli M. Transcriptional Regulation and Macrophage
Differentiation. Microbiol Spectr. 2016;4:4.3.31.

Jurga AM, Paleczna M, Kuter KZ. Overview of General and Discriminating
Markers of Differential Microglia Phenotypes. Front Cell Neurosci. 2020;14.
McKernan DP, Dennison U, Gaszner G, Cryan JF, Dinan TG. Enhanced
peripheral toll-like receptor responses in psychosis: further evidence of a pro-
inflammatory phenotype. Transl Psychiatry. 2011;1:e36—e36.

Pirillo A, Norata GD, Catapano AL. LOX-1, OxLDL, and Atherosclerosis.
Mediators Inflamm. 2013;2013:152786.

Qi C-F, Li Z, Raffeld M, Wang H, Kovalchuk AL, Morse HC. Differential
expression of IRF8 in subsets of macrophages and dendritic cells and effects of
IRF8 deficiency on splenic B cell and macrophage compartments. Immunol Res.
2009;45:62-74.

Sandor N, Lukacsi S, Ungai-Salanki R, Orgovan N, Szab6 B, Horvath R, et al.
CD11c/CD18 Dominates Adhesion of Human Monocytes, Macrophages and
Dendritic Cells over CD11b/CD18. PLOS ONE. 2016;11:€0163120.

North HF, Weissleder C, Fullerton JM, Sager R, Webster MJ, Weickert CS. A
schizophrenia subgroup with elevated inflammation displays reduced microglia,
increased peripheral immune cell and altered neurogenesis marker gene
expression in the subependymal zone. Transl Psychiatry. 2021;11:1-12.

Pape K, Tamouza R, Leboyer M, Zipp F. Immunoneuropsychiatry — novel
perspectives on brain disorders. Nat Rev Neurol. 2019;15:317-328.

Ormel PR, Bottcher C, Gigase FAJ, Missall RD, van Zuiden W, Fernandez
Zapata MC, et al. A characterization of the molecular phenotype and
inflammatory response of schizophrenia patient-derived microglia-like cells.
Brain Behav Immun. 2020;90:196—207.

Zhu Y, Webster MJ, Murphy CE, Middleton FA, Massa PT, Liu C, et al. Distinct
Phenotypes of Inflammation Associated Macrophages and Microglia in the
Prefrontal Cortex Schizophrenia Compared to Controls. Front Neurosci.
2022;16.

Martinuzzi E, Barbosa S, Daoudlarian D, Bel Haj Ali W, Gilet C, Fillatre L, et al.
Stratification and prediction of remission in first-episode psychosis patients: the
OPTIMISE cohort study. Transl Psychiatry. 2019;9:1-13.

Childers E, Bowen EFW, Rhodes CH, Granger R. Immune-Related Genomic
Schizophrenic  Subtyping Identified in DLPFC Transcriptome. Genes.
2022;13:1200.

Fiori LM, Turecki G. Gene expression profiling of suicide completers. Eur
Psychiatry J Assoc Eur Psychiatr. 2010;25:287-290.

Kopa PN, Pawliczak R. Effect of smoking on gene expression profile - overall
mechanism, impact on respiratory system function, and reference to electronic
cigarettes. Toxicol Mech Methods. 2018;28:397-4009.

Brundin L, Bryleva EY, Thirtamara Rajamani K. Role of Inflammation in Suicide:
From Mechanisms to Treatment. Neuropsychopharmacology. 2017;42:271-283.

28



97. Zong D, Liu X, Li J, Ouyang R, Chen P. The role of cigarette smoke-induced
epigenetic alterations in inflammation. Epigenetics Chromatin. 2019;12:65.

98. Kato TA, Monji A, Mizoguchi Y, Hashioka S, Horikawa H, Seki Y, et al. Anti-
Inflammatory properties of antipsychotics via microglia modulations: are
antipsychotics a ‘fire extinguisher’ in the brain of schizophrenia? Mini Rev Med
Chem. 2011;11:565-574.

99. Lue L-F, Walker DG, Beh ST, Beach TG. Isolation of Human Microglia from
Neuropathologically Diagnosed Cases in the Single-Cell Era. In: Chun J, editor.
Alzheimer’s Dis. Methods Protoc., New York, NY: Springer US; 2023. p. 43-62.

100. Gandal MJ, Zhang P, Hadjimichael E, Walker RL, Chen C, Liu S, et al.
Transcriptome-wide isoform-level dysregulation in ASD, schizophrenia, and
bipolar disorder. Science. 2018;362:eaat8127.

29



Figure legends:

Figure 1. Selection of candidate genes. Venn diagram depicting the procedure of
selection of candidate genes. Only genes that were part of a core transcriptional
signature of human microglia [21, 22] were included. Based on previous work, we
identified microglia genes that seems to be altered in schizophrenia (SZ) according to
three criteria. Firstly, we selected all the genes differentially expressed in individuals
with SZ compared with healthy controls (HCs) in at least one of the studies included
in the meta-analysis of Snijders et al. [15] (criterium #1). Secondly, we selected
genes differentially expressed both in a postmortem study exploring candidate genes
[15] and in the largest transcriptomic study to this day in SZ [100], as reported in
Snijders et al. [15] (criterium #2). Thirdly, we selected genes that were consistently
differentially expressed in individuals with SZ compared with HCs in a meta-analysis
including results from postmortem brain and peripheral tissues samples [19]

(criterium #3). Included genes are noted in black bold font.

Microglia signature (Patir et al., 2019)

Criterium #2
Postmortem brain study in SZ (Snijders et al., 2021)

&

criterium #3 Largest transcriptomic study in SZ (Gandal et al., 2018)

Meta-analysis on microarray gene expression

in SZ postmortem brain (Bergon et al., 2015)
&

Meta-analysis on microarray gene expression

in SZ peripheral blood (Bergon et al., 2015)
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Figure 2. Differentially expressed genes in the postmortem brain samples of
individuals with schizophrenia as compared with healthy controls. Shown are
violin plots displaying gene expression distribution with overlaid box plots. For each

gene, fold change (FC) represents the expression of the target gene in individuals

with schizophrenia relative to that in healthy controls.
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Figure 3. Differentially expressed genes in the peripheral blood samples of

individuals with schizophrenia as compared with healthy controls. Shown are

violin plots displaying gene expression distribution with overlaid box plots. For each

gene, fold change (FC) represents the expression of the target gene in individuals

with schizophrenia relative to that in healthy controls.
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Table legends:

Table 1. Demographic and quality characteristics of the postmortem brain samples.

Brain region Subjects  Age (mean = SD) Sex Postmortem interval brain pH (mean =* RIN (mean * SD)

(n) (M/F) (mean = SD) SD)

HC sz p-value®’ HC Sz p-value® HC Sz p-value® HC sz p-value® HC SZ p-value’

Hippocampus 18 HC, 48.16 + 4573 + 0.493 9/9 9/6 0.729 1939 + 194 £ 0.99% 661 + 643 + 0.065 737 + 654 + <0.001*
GSE53987 158z 10.95 8.79 5.2 7.2 0.21 0.31 0.64 0.52
Associative 18 HC, 48.44 + 45+875 0.301 10/8 10/8 1 1975 + 199 £ 0945 659 + 647 + 0.233 821 + 787 + 0.182
striatum 18 Sz 10.82 5.14 7.07 0.23 0.37 0.69 0.80
GSE53987
Anterior PFC 23 HC, 69.04 = 7332 + 0.776 11/11 19/9 0.251 9.9 + 871 + 0.058 6.5 + 615 + 0.001* - - -
GSE17612 28 SZ 21.55 15.2 +1NA 4.39 6.98 0.29 0.21
Cerebellum 50 HC, 458 + 4318 *+ 0.208 31/19 32/12 0.283 2758 + 3327 + 0.033* 6.47 + 643 + 0.297 - - -
GSE35974 44 s7 9.33 9.53 11.13 15.45 0.32 0.25
Parietal cortex 50 HC, 455 + 4265 *+ 0.132 35/15 37/14 0.828 27.3 + 3139 + 0.124 6.51 + 6.37 + 0.018* - - -
GSE35977 51Sz7 8.99 9.87 11.82 15.53 0.31 0.29
Superior 19 HC, 67.68 + 7217 + 0.742 10/9 13/10 1 9.12 + 7.13 + 0.023* 6.49 + 6.16 + 0.001* - - -
temporal cortex 23 SZ 22.24 16.94 4.33 5.75 0.32 0.17
GSE21935
DLPFC -BA46 19 HC, 48.05 * 46+8.64 0.549 10/9 718 1 1953 + 1891 + 0.763 6.59 + 6.53 + 0.542 7.85 7.65 + 0.376
GSE53987 158z 10.65 5.09 6.69 0.22 0.39 +0.62 0.68
Frontal cortex 30 HC, 43.5 + 4234 + NS 23/7 23/6 1 29.97+1 31401 NS 6.61 0. 6.45 £ 0. 0.01* - - -
GSE62191 29S8z 8.57 8.95 271 6.93 28 25

Abbreviations: HC, healthy controls; SZ, individuals with schizophrenia; SD, standard deviation; M/F, male/female; RIN, RNA Integrity Number; PFC, prefrontal cortex; DLPFC, dorsolateral prefrontal
cortex; NA, not available; NS, not significant
'Unpaired t-test and Fisher exact tests were conducted to assess group differences for continuous and discrete variables, respectively
*
p <0.05



Table 2. Demographic and quality characteristics of the peripheral tissues.

Brain region Subjects (n) Age (mean * SD) Sex (M/F)

HC sz p-value® HC sz p-value'
Blood (whole 96 HC, 106 SZ 39.31+14.19 39.58 + 10.74 0.538 42/54 76/30 0.001*
blood)
GSE38484
Blood (PBMCs) 29 HC, 435z 23.90 £ 4.08 23.02 £ 4.03 0.378 29/0 43/0 1
GSE27383
Skin fibroblasts 20 HC, 208z 48.4+12.2 446 +12.67 0.340 9/11 10/10 1
GSE62333

Abbreviations: HC, healthy controls; SZ, individuals with schizophrenia; SD, standard deviation; M/F, male/female; PBMC, peripheral blood mononuclear cell
'Unpaired t-test and Fisher exact tests were conducted to assess group differences for continuous and discrete variables, respectively
*

p <0.05



