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ABSTRACT

Alterations in glial cell function and cytokine levels in the central nervous system may be influenced by neu-
roinflammatory processes, which have a pathogenic role in psychiatric disorders. Variability in genes that encode
inflammatory mediators is associated with risk of developing mental disorders. Therefore, by analyzing data
from the transdiagnostic PsyCourse Study, we aimed to investigate whether variations in inflammatory mediator
genes are associated with current symptom severity.

We used cross-sectional data from 1320 individuals with a psychiatric disorder and 466 neurotypical in-
dividuals. Outcome variables were the psychopathological data from various rating scales and questionnaires
that measured depressive, psychotic, and manic symptoms. Furthermore, from a whole-genome SNP array
dataset, we extracted single nucleotide polymorphisms (SNPs) in the loci of genes related to inflammatory
mediators, and we performed an association analysis by considering covariates. False discovery rate (FDR) was

used to adjust the results for multiple comparisons.

A total of 1594 individuals and 1336 SNPs were included in the analyses. The results of regression analysis
showed a significant positive association of six SNPs located on the interleukin (IL)-1 receptor type 1 (IL-1R1)
gene locus with Altman Self-Rating Mania Scale scores (FDR-adjusted p value < 0.05).

Our findings show that genetic variations in IL-1R1 may influence the pathophysiology of psychiatric disorders
by affecting brain cytokine profiles associated with manic episodes. IL-1R1 encodes a membrane-bound receptor
for IL-1. Several physiological functions, including inflammation, are linked to the IL-1/IL-1R1 signaling
pathway. Replication of our findings is warranted.

1. Introduction

As psychoneuroimmunology has evolved in the past decades, the
involvement of the immune system in brain function and the interplay
between neuroendocrine-immune regulatory mechanisms and psychi-
atric disorders have been increasingly studied (Bennett and Molofsky,
2019; Mihailova et al., 2016). Interactions of the brain’s multicellular
immune system with peripheral immunity may play a role in regulating
mood and behavior (Mihailova et al., 2016). Accordingly, neuro-
inflammation, i.e., immune system reactions to stressors in the central
nervous system (CNS), which affects the type and level of cytokines in
the CNS and may result in modifications to glial cell function, could be
an important pathogenic factor in mental disorders such as schizo-
phrenia (SCZ), bipolar disorder (BD), and major depressive disorder
(MDD) (Messina et al., 2023; Mikhalitskaya et al., 2023; Scangos et al.,
2023). Some evidence suggests the interaction of neuroinflammation
with glutamatergic, dopaminergic, and serotonergic systems, resulting
in malfunctioning of the CNS and development of psychiatric disorders
(Mihailova et al., 2016; Mikhalitskaya et al., 2023). Moreover, previous
research has shown an association and unifying link between inflam-
matory cytokines and the various severe mental disorders, such as SCZ,
BD, and MDD (Lesh et al., 2018; Mikhalitskaya et al., 2023; Momtaz-
manesh et al., 2019; Rodrigues-Amorim et al., 2018). To this end, it has
long been known that disorders from the affective-to-psychotics spec-
trum overlap considerably (transdiagnostic approach) (Budde et al.,
2019).

More than 300 cytokines are involved in controlling immunological
responses, and different cytokines can promote similar immune func-
tions (Mikhalitskaya et al., 2023; Zhang and An, 2007). Cytokines can
also behave in a cascade mode, with one cytokine promoting the pro-
duction of others (Zhang and An, 2007). Pro-inflammatory cytokines (e.
g., interleukin [IL]-1f, IL-6, and tumor necrosis factor [TNF]-a) are
involved in the upregulation of inflammatory responses, and such
pro-inflammatory  cytokine responses are modulated by
anti-inflammatory cytokines (e.g., IL-1 receptor antagonist [IL-1RN],
IL-4, and IL-10) (Zhang and An, 2007). In addition, some cytokines (e.
g., IL-6 and transforming growth factor [TGF]-p) can either promote or
inhibit inflammation depending on the situation (Zhang and An, 2007).

There is a body of evidence linking immune-related gene variants,
including those pertaining to inflammatory cytokines, to the etiology,
development, and severity of psychiatric disorders (Bull et al., 2009;
Felger and Lotrich, 2013; Kalmady et al., 2014; Khandaker et al., 2018;
Mikhalitskaya et al., 2023; Momtazmanesh et al., 2019; Rodrigues-A-
morim et al., 2018). For example, certain polymorphisms in distinct

regions of inflammatory genes (e.g., the promoter/enhancer regions) are
linked to modified secretion of inflammatory cytokines; consequently,
the existence of the corresponding haplotype may confer increased
susceptibility or resistance to the impact of risk factors for psychiatric
disorders (Kudinova et al., 2016). For instance, Frydecka et al. reported
that IL-6 gene polymorphism (rs1800795) is associated with the severity
of positive symptoms in individuals with SCZ (Frydecka et al., 2015). In
addition, the researchers suggested that in individuals with SCZ, the
severity of clinical symptoms is strongly positively associated with an
insertion/deletion polymorphism in the Nuclear factor kappa B gene
(rs28362691) (Swain et al., 2022). Research has also shown that IL-10
gene polymorphisms have a significant impact on a subdomain of SCZ
negative symptoms (avolition and apathy) (Golimbet et al., 2022). One
study in a population-based birth cohort found an association of a
functional variation (rs2228145) in the IL-6 receptor (IL-6R) gene with a
lower risk of severe depression or psychosis or both (Khandaker et al.,
2018). Furthermore, rs1800795 in IL-6 and rs16944 in IL-1$ were shown
to affect depression severity after chronic exposure to interpersonal
stress (i.e., romantic relationships, relationship with a best friend, family
relationships, and social life) (Tartter et al., 2015).

Accordingly, in this study we investigated the association of genetic
variations in some of the replicated and well-known inflammatory
mediator loci with symptom severity of the major psychiatric disorders
SCZ, BD and MDD. The aim of the study was to find single nucleotide
polymorphisms (SNPs) in inflammatory mediator genes that explain
differences in psychopathological characteristics in the transdiagnostic
PsyCourse Study.

2. Method
2.1. Participants

We used cross-sectional data from the baseline assessment of the
PsyCourse Study, a longitudinal naturalistic multicenter study being
conducted in Germany and Austria (www.psycourse.de) (Budde et al.,
2019). The PsyCourse Study’s participants are mostly of European ge-
netic ancestry (Budde et al., 2019). Data were available from 1320 in-
dividuals with a diagnosis from the affective-to-psychotic spectrum and
466 control individuals. The current analyses were based on version 6.0
of the PsyCourse dataset (Heilbronner et al., 2023). Written informed
consent was acquired from every participant. The study was performed
in compliance with the Declaration of Helsinki and was authorized by
the ethics committees of the University Medical Center Gottingen, the
University Hospital Munich (Project number: 17-13) and all other study
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sites (Budde et al., 2019).
2.2. Clinical symptomatology assessment

Outcome variables were the psychopathological data from various
rating scales and questionnaires that measure positive and negative,
depressive, and manic symptoms at the time of the study participation,
as follows: Positive and Negative Syndrome Scale (PANSS; positive
[POS], negative [NEG] and general [GEN] scores) (Kay et al., 1987),
Inventory of Depressive Symptomatology (IDS-Cgg) (Rush et al., 2000),
Beck Depression Inventory (BDI-II) (Hautzinger et al., 2006), Young
Mania Rating Scale (YMRS) (Young et al., 1978), Altman Self-Rating
Mania Scale (ASRM) (Altman et al., 1997), and the Self-Report Manic
Inventory (MSS) (Kriiger et al., 1997). The psychopathological tests are
briefly described in Table 1; detailed additional information on them is
available elsewhere (Budde et al., 2019; Heilbronner et al., 2023).

2.3. Genotyping and quality control

Individuals were genotyped with the Illumina Infinium Global
Screening Array-24 Kit (GSA Array, version 1 and 3; Illumina, San Diego,
CA, USA). The final imputed dataset (post-quality control [QC]) con-
tained 1600 individuals and 7712,287 SNPs (the good quality best-guess
format included 5764,189 SNPs). Details on QC and imputation, which
also included the calculation of ancestry multi-dimensional scaling
(MDS) components and exclusion of population outliers, can be found in
the Supplementary Material. As the post-imputation reference genome,
we used the Haplotype Reference Consortium (version rl.1 2016)
(hgl19) (McCarthy et al., 2016).

2.4. SNPs related to inflammatory mediator genes

Inflammatory mediator genes, including IL-1a, IL-1f, IL-1RN, IL-1
receptor type 1 (IL-1R1), IL-1R2, IL-4, IL-6, IL-6R, IL-8, IL-10, IL-11, IL-13,
IL-17, IL-18, IL-33, TNF-a, TGF-f, and interferon-gamma, were selected
based on the literature (Mikhalitskaya et al., 2023). SNPs within the
above-mentioned gene loci (reference genome: GRCh37/hgl19) (http
s://genome.ucsc.edu) and within 10-kb flanking sequences on either
side of the target gene locus (to cover the upstream and downstream
regions of the genes) were extracted from the whole genome SNP array
dataset (the best-guess format).

2.5. Statistical analysis

For normalization of the psychopathology tests sum scores in R
version 4.3.0 (https://www.R-project.org/), log2-transformation was
used for PANSS-POS, YMRS, and ASRM and inverse transformation for
PANSS-NEG, PANSS-GEN, IDS-C3p, BDI-II, and MSS. A linear regression
model was used in PLINK 1.9 to run association analyses between the
extracted inflammatory mediator-related best-guess imputed SNPs and
the normalized test scores. Analyses were adjusted for sex, age, diag-
nosis, duration of illness, medications (i.e., number of antipsychotics,
antidepressants, mood stabilizers, and tranquilizers taken at the time of
the PsyCourse interview), and the first two ancestry principal compo-
nents as covariates. The results were adjusted for multiple comparisons
by using the False Discovery Rate (FDR), and a p value of <0.05 was
considered statistically significant.

3. Results

After quality control, a total of 1594 individuals, including 1190
cases and 404 controls (768 women, 826 men; mean age, 41.4 + 13.9
years), and 1336 SNPs located in the inflammatory mediator genes loci
(+ 10 kb) were included in the genetic association analysis. Table 2 and
supplementary figure S1 present the demographic and psychopathological
data of the study participants and cross-diagnostic differences. The
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results of the linear regression analyses showed significant positive as-
sociations of the following six SNPs with the ASRM scores: rs3917285
(FDR-adjusted p value = 0.024, § = 0.44), rs10194716 (FDR-adjusted p
value = 0.043, p = 0.28), rs3755292 (FDR-adjusted p value = 0.043, =
0.28), rs949963 (FDR-adjusted p value = 0.043, p = 0.27), rs871656
(FDR-adjusted p value = 0.043, p = 0.27), and rs871657 (FDR-adjusted
p value = 0.043, p = 0.27) (Fig. 1; Supplementary Figure S2 and Table S1).
All of these SNPs mapped to the intronic region of the IL-1R1 gene locus
on chromosome 2, and none of them has a described clinical significance
in ClinVar (https://www.ncbi.nlm.nih.gov/clinvar). We performed
separate analyses for ASRM for the cases and controls, but as expected
(given the decline in statistical power); neither of them yielded any
significant results (Supplementary Tables S2-S3).

To perform association analyses with a common design and sufficient
power, we incorporated control samples into our analyses. These sam-
ples often have very low psychopathology test scores. The six SNPs that
were significantly associated with ASRM scores in the analysis of all
samples were among the top seven SNPs that were significantly associ-
ated with ASRM scores in the analysis with only the case samples
(Supplementary Table S2), indicating the significance of the clinical
group’s impact in our investigation. In addition, all six of the SNPs that
were significantly associated with ASRM scores showed nominal posi-
tive significance for scores on the MSS, which also measures manic
symptoms in a self-rating mode.

4. Discussion

In this data analysis of the PsyCourse Study, we found a significant
association between the IL-1R1 gene locus and ASRM scores. The ASRM
is a reliable and valid self-rating mania scale that contains five items to
evaluate manic symptoms such as elevated/euphoric mood, increased
self-esteem, decreased need for sleep, pressured speech, and psycho-
motor agitation in the week before filling out the questionnaire (Altman
et al., 1997; Heilbronner et al., 2023). Even though the ASRM, the MSS,
and the YMRS all assess manic symptoms, they are not perfectly corre-
lated. The ASRM and the MSS are self-rating scales, while the YMRS is
interviewer-rated (Table 1). As we expected, the highest correlation
between two sum scores can therefore be found between the two
self-rating scales. While the scoring of the YMRS is in large parts
dependent on information given by the study participant, it also involves
behavioural observations (e.g., regarding speech rate, irritability,
aggressive behaviour, and thought disorder) by the interviewer. The
ASRM does also not include any items on irritability/aggression or
psychotic symptoms, which are covered by the YMRS and by the MSS. In
addition, another important difference between the scales is the assessed
time period. The YMRS covers symptoms during the last 48 h before the
interview, the ASRM the last seven days, and the MSS the past month.

The IL-1R1 gene, which has 115,331 base pairs and is located on
chromosome 2, encodes an active 80 kDa transmembrane protein, the
cytokine receptor IL-1R1, a member of the IL-1 receptor family that
serves as the “epicenter” of inflammatory signaling networks
(https://www.genecards.org, 2024; Luis et al., 2022). Cytokines in the
IL-1 family play a crucial role in microglia activation and neuro-
inflammatory processes (Basu et al., 2004). In homeostasis and disease
conditions, IL-1a and IL-1p have biological effects (e.g., long-lasting
effects on neuroplasticity and behavior) that are mediated through
binding to IL-1R1 (on various glial cells), which could regulate neuro-
inflammatory processes, including the cytokine network (Luis et al.,
2022; Nemeth and Quan, 2021).

IL-1R1 is widely expressed throughout the brain, and its activation
by binding of IL-1 causes a rapid increase in neuronal excitability
(Thome et al., 2019). During neuroinflammation, elevated levels of IL-1
are a well-known feature of the immune response, and several physio-
logical functions, including mood and sleep regulation and memory
consolidation in the CNS, are linked to IL-1/IL-1R1 signaling pathways
(Liu et al., 2019; Luis et al., 2022). The results of other studies on
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Table 1
Description of the tests used to assess psychopathological symptom severity in
the PsyCourse Study.

Name Description

PANSS- To assess the severity of positive symptoms in schizophrenia
POS

PANSS- To assess the severity of negative symptoms in schizophrenia
NEG

PANSS- To assess the severity of general psychopathology symptoms in
GEN schizophrenia

IDS-C30 Observer-rating scale to assess the severity of depressive symptoms

BDI-II Self-report questionnaire to assess the severity of depressive

symptoms

YMRS Observer-rating scale to assess the severity of manic symptoms

ASRM Self-report questionnaire to assess the severity of manic symptoms

MSS Self-report questionnaire to assess the severity of manic symptoms

Note: In all tests, higher scores indicate more severe symptoms.

ASRM, Altman Self-Rating Mania Scale; BDI-II, Beck Depression Inventory; IDS-
C30, Inventory of Depressive Symptomatology; MSS, Self-Report Manic In-
ventory (German: Manie-Selbstbeurteilungsskala); PANSS-GEN, Positive and
Negative Syndrome Scale - General; PANSS-NEG, Positive and Negative Syn-
drome Scale - Negative; PANSS-POS, Positive and Negative Syndrome Scale -
Positive; YMRS, Young Mania Rating Scale.

individuals with BD and mania indicate that patients with higher levels
of chronic inflammation have more manic symptoms (Dickerson et al.,
2013; Queissner et al., 2024). For example, one study found increased
levels of IL-1p in the cerebrospinal fluid of individuals with BD
(Soderlund et al., 2011), and the release of this pro-inflammatory
cytokine has also been linked to manic episodes (Abé et al., 2023). In
addition, inhibition of IL-1R1 signaling was shown to reduce neuro-
inflammation and delay the onset of CNS diseases (Luis et al., 2022).
Also, levels of IL-1R1 mRNA in blood lymphocytes were higher in in-
dividuals with SCZ (Pandey et al., 2015a), BD (Pandey et al., 2015b),
and MDD (Rizavi et al., 2016) than in control individuals. Furthermore,
by mediating neuroinflammatory signaling, IL-1R1 is involved in the
stress response and neuronal viability (DiSabato et al., 2021; Nemeth
and Quan, 2021). Research in mice without IL-1R1 (i.e., IL-IR1
knockout mice), which serve as a model for impaired memory perfor-
mance and synaptic plasticity, demonstrated that the transplantation of
wild-type neural precursor cells—which express IL-1R1—restored all of
the impaired memory functioning and some of the long-term potentia-
tion (Ben Menachem-Zidon et al., 2011).

Although several studies found that polymorphisms in the IL-1 gene
cluster are linked to major psychiatric disorders (Kapelski et al., 2015;
Katila et al., 1999; Kim et al., 2004; Papiol et al., 2008; Sasayama et al.,
2011), to the best of our knowledge, no evidence has been found for an
association of IL-1R1 gene polymorphisms with symptom severity in a
transdiagnostic sample of individuals with psychiatric disorders. Thus,
our study appears to be the first to show such an association. Regarding
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transdiagnostic perspective, traditional categorical nosological systems
have recently been challenged by hierarchically and dimensionally
measured concepts such as the Hierarchical Taxonomy of Psychopa-
thology (HiTOP) (Kotov et al., 2017), and the NIMH Research Domain
Criteria (RDoC) (Cuthbert and Insel, 2010; Insel et al., 2010). The latter
concept emphasizes shared biology underlying similar symptoms, a
view that comprises multiple levels of analysis (see also (Alameda et al.,
2022), and in which inflammatory cytokines appear to play an impor-
tant role (McQuaid, 2021).

While no inference of causality can be drawn from our findings, our
results suggest that IL-1R1 gene polymorphisms may influence brain
cytokine profiling associated with manic episodes, a finding that
generally supports the mounting body of evidence highlighting the
significance of the IL-1/IL-1R1 signaling pathways in the pathophysi-
ology of psychiatric disorders. In this vein, genetic variability in IL-1R1
might modulate total expression of the wild type form, or putatively play
a role in balancing between the canonical and alternative forms of this
receptor by binding to distinct accessory proteins that may determine
whether IL-1 has a neurotoxic or neuroprotective effect (Nemeth and
Quan, 2021), thus potentially affecting mood states. According to
several in vivo and in vitro studies (Akkouh et al., 2020; Liu et al., 2011;
Osete et al., 2023; Petersein et al., 2015), lithium (Li)—the first-line
treatment for BD—increases the expression of some proinflammatory
cytokines, such as IL-1p. It is likely that Li therapeutic effect in mood
regulation and the treatment of manic episodes comes from its influence
on cytokine signaling, particularly the activation of proinflammatory
cytokines (Petersein et al., 2015). In light of these findings, our study’s
results can also be viewed as showing that genetic variations of the
IL-1R1, which encodes the IL-1p receptor, may be involved in action
mechanisms of Li by controlling IL-1/IL-1R1 signaling and, conse-
quently, the intensity of manic episodes.

Despite the available literature about other inflammatory mediators
(e.g., IL-6 and IL-8, which have been reported as biomarkers for manic
episodes in individuals with BD (Munkholm et al., 2015)), we did not
find a significant association between SNPs in other inflammatory
mediator genes and the symptoms under consideration. Moreover, no
significant associations were found between inflammatory mediator
gene polymorphisms and SCZ symptomatology rating scores. This lack
of associations might stem from the several limitations of our investi-
gation, including the relatively small sample size, which may have led to
insufficient statistical power, and the small effect size of the discovered
associations between inflammatory mediator gene polymorphisms and
the severity of the symptoms being studied. Additionally, it could result
from potential symptom heterogeneity and inconsistency across
different disorders as well as a bias in the way these symptoms are
measured using various scales. Another limitation of our study is the
limited number of inflammatory mediator genes studied. Independent
replication with larger cohorts is required to confirm the findings.
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Table 2
Demographic and psychopathological data of the study participants.
SCZ BD MDD HC Group differences
Groups Test result
x-squared F value P value
Participants, n 572 524 94 404 -
Sex, % female 38 49 59 59 SCZ vs BD 12.87 0.0003
SCZ vs MDD 14.48 0.0001
BD vs MDD 3.13 0.077
SCZ vs HC 39.36 3.51x1071°
BD vs HC 8.09 0.004
MDD vs HC 0.002 0.963
Age, mean + SD, y 40.52 +12.19 45.41 +£13.14 43.77 £ 15.23 36.8 + 15.08 SCZ vs BD 40.85 2.43x1071°
SCZ vs MDD 5.32 0.021
BD vs MDD 1.18 0.278
SCZ vs HC 18.1 2.3 x 107°
BD vs HC 86.13 <2 x 1071¢
MDD vs HC 16.25 6.44x107°
Duration of illness, mean + SD, y 13.18 +10.57 12.58 +11.26 8.64 = 9.74 - SCZ vs BD 0.78 0.37
SCZ vs MDD 14.79 0.0001
BD vs MDD 9.74 0.002
Patient status, % inpatient 52 29 50 - SCZ vs BD 57.95 2.68x10° 14
SCZ vs MDD 0.065 0.797
BD vs MDD 14.39 0.0001
PANSS - positive sum score, mean + SD 13.8 +£5.73 9.27 £+ 3.31 7.85 £ 1.77 7.06 + 0.28 SCZ vs BD 244.3 <2 x 10716
SCZ vs MDD 98.53 <2 x 1071¢
BD vs MDD 16.33 6.02x107°
PANSS - negative sum score, mean + SD 15.75 + 6.57 10.19 + 4.03 12.89 + 5.42 7.18 £ 0.64 SCZ vs BD 269.7 <2 x 10716
SCZ vs MDD 15.25 0.0001
BD vs MDD 30.23 5.71x1078
PANSS - general sum score, mean + SD 29.72 £ 9.85 23.38 £ 6.7 27.53 £7.85 16.43 + 1.02 SCZ vs BD 147 <2 x 1071
SCZ vs MDD 3.957 0.047
BD vs MDD 27.57 2.12x1077
IDS-C3p sum score, mean + SD 13.02 +10.43 13.41 £ 11.23 24.07 £ 16.18 2.62 £2091 SCZ vs BD 0.313 0.576
SCZ vs MDD 67.74 1.18x107 1%
BD vs MDD 55.33 3.9 x 10713
BDI-II sum score, mean + SD 12.66 + 10.73 13.61 +£11.9 20.94 +£13.3 2.72 £ 3.7 SCZ vs BD 1.635 0.201
SCZ vs MDD 38.51 1.07x107°
BD vs MDD 25.35 6.54x1077
YMRS sum score, mean + SD 2.48 + 4.23 3.82 +£5.93 1.49 + 2.02 0.5+ 1.04 SCZ vs BD 17.11 3.81x10°°
SCZ vs MDD 4.747 0.029
BD vs MDD 13.76 0.0002
ASRM sum score, mean + SD 2.22 + 3.06 2.74 + 3.57 2.08 + 2.38 1.49 £ 2.2 SCZ vs BD 5.741 0.016
SCZ vs MDD 0.157 0.692
BD vs MDD 2.681 0.102
MSS sum score, mean + SD 717 £7.17 6.89 + 7.88 5.53 £ 5.08 3.13 +£3.93 SCZ vs BD 0.243 0.622
SCZ vs MDD 3.244 0.072
BD vs MDD 1.89 0.17

ASRM, Altman Self-Rating Mania Scale; BD, bipolar disorder patients; BDI-II, Beck Depression Inventory scale; HC, healthy controls; IDS-C30, Inventory of Depressive
Symptomatology scale; MDD, major depressive disorder patients; MSS, Self-Report Manic Inventory (German: Manie-Selbstbeurteilungsskala); PANSS, Positive and
Negative Syndrome Scale; SCZ, schizophrenia patients; YMRS, Young Mania Rating Scale.

5. Conclusion

Overall, although there is still much to learn about the precise roles
of IL-1, IL-1R1, and IL-1/IL-1R1 signaling pathways in neurophysiology
and neuropathology inside the brain, our study—along with oth-
ers—may pave the way for more extensive research and new perspec-
tives on the significance of neuroinflammatory processes in the
pathophysiology of psychiatric disorders. In this sense, in the future it
may be beneficial to use genomic and proteomic panels of inflammatory
mediators to better define diagnostic strategies (e.g., to prove the
presence of inflammation-related states by considering the pro- to anti-
inflammatory ratio of inflammatory mediators) and therapeutic plans
(e.g., by targeting pivotal inflammatory mediators with anti-
inflammatory agents).
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