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ARTICLE INFO ABSTRACT

Keywords: Background: Low-grade inflammation may be part of the underlying mechanism of schizophrenia and bipolar
Immune S}_/stem disorder. We investigated if genetic susceptibility, infections or autoimmunity could explain the immune
Inflammation activation.

Cytokines

Methods: Seven immune markers were selected based on indicated associations to severe mental disorders (IL-
1Ra, SIL-2R, IL-18, sgp130, sSTNFR-1, APRIL, ICAM-1) and measured in plasma of patients with schizophrenia
(SCZ, N = 732) and bipolar spectrum disorders (BD, N = 460) and healthy controls (HC, N = 938). Information
on rate of infections and autoimmune diseases were obtained from Norwegian national health registries for a
twelve-year period. Polygenic risk scores (PRS) of SCZ and BD were calculated from genome-wide association
studies. Analysis of covariance were used to test effects of infection rate, autoimmune disease and PRS on dif-
ferences in immune markers between patients and HC.

Results: Infection rate differed between all groups (BD > HC > SCZ, all p < 0.001) whereas autoimmune disease
was more frequent in BD compared to SCZ (p = 0.004) and HC (p = 0.003). sIL-2R was positively associated with
autoimmune disease (p = 0.001) and negatively associated with PRS of SCZ (p = 0.006) across SCZ and HC;
however, associations represented only small changes in the difference of sIL-2R levels between SCZ and HC.
Conclusion: There were few significant associations between rate of infections, autoimmune disease or PRS and
altered immune markers in SCZ and BD, and the detected associations represented only small changes in the
immune aberrations. The findings suggest that most of the low-grade inflammation in SCZ and BD is explained by
other factors than the underlying PRS, autoimmunity and infection rates.

Schizophrenia
Bipolar disorder
Polygenic risk score

1. Introduction 2016; Vieta et al., 2018). Parts of the genetic structure of these disorders
was recently determined by large international genetic consortia (Mul-

Schizophrenia and bipolar disorder are severe mental disorders with lins et al., 2021; The Schizophrenia Working Group of the Psychiatric
shared genetic risk factors and clinical characteristics (Owen et al., Genomics Consortium et al., 2020), enabling studies beyond effects of
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single genetic variants. Moreover, environmental factors appear to
impact risk throughout the entire early lifespan potentially involving
epigenetic modifications (Aldinger and Schulze, 2017; McDonald and
Murray, 2000), with large effects on disease occurrence (Marangoni
et al., 2016; Stilo and Murray, 2019; van Os et al., 2010; van Os et al.,
2005). However, despite recent scientific progress, the mechanisms at
the interface of risk factors and pathophysiology are generally unknown,
impeding progress in prevention and treatment.

The immune system has emerged as a pathophysiological candidate
of severe mental disorders, however, with more heterogeneous findings
in bipolar disorder than schizophrenia. Associations between psychosis
and infectious disorders have long been suspected (Kepinska et al., 2020;
Noll, 2007), including infections with toxoplasma gondii, influenza
virus, herpes simplex virus type 2, cytomegalovirus and Borna disease
virus (Arias et al., 2012; Benros and Mortensen, 2020; Brown and Der-
kits, 2010; de Barros et al., 2017). The increased risk of schizophrenia
and bipolar disorder has been associated with infections both during
(Barichello et al., 2016; Khandaker et al., 2013; Parboosing et al., 2013)
and after (Benros et al., 2011; Benros et al., 2013; Hickie et al., 2009;
Oliveira et al., 2017) pregnancy as well as with paternal infections
(Nielsen et al., 2013). A suggested mechanism in schizophrenia involves
triggering of various cellular pathways within the central nervous sys-
tem (CNS) secondary to activation of microglia by systemic inflamma-
tory mediators (Monji et al., 2009; Smith, 1992). This “inflammatory
hypothesis” is supported by evidence of low-grade systemic inflamma-
tion in both schizophrenia and bipolar disorder by findings of abnormal
levels of several peripheral immune activation markers (Kroken et al.,
2018; Rosenblat and McIntyre, 2017). Immune aberrations that have
been repeatedly associated with these disorders include increased sol-
uble interleukin 2 receptor (sIL-2R) levels, reflecting T cell activation,
and activation of the proinflammatory interleukin (IL)-1, IL-6 and
tumour necrosis factor (TNF) signalling pathways as reflected by
secreted levels of IL-1-receptor antagonist (IL-1Ra), IL-18, IL-6 and sol-
uble TNF receptor 1 (STNFR-1) (Hope et al., 2009; Hope et al., 2013;
Kroken et al., 2018; Luo et al., 2019; Luo et al., 2016; Mgrch et al., 2016;
Rosenblat and MclIntyre, 2017; Wedervang-Resell et al., 2020a, 2020b).
A meta-analysis indicated similar cytokine patterns in schizophrenia and
bipolar disorder in both acute and chronic phases showing elevated sIL-
2R, IL-1Ra, TNF-a and IL-6 in acutely ill patients and sIL-2R, IL-1$ and
IL-6 in chronic patients (Goldsmith et al., 2016; Kroken et al., 2018).
Moreover, a proliferating inducing ligand (APRIL), a cytokine belonging
to the TNF-family, was recently found reduced in both schizophrenia
and bipolar spectrum disorder compared with healthy controls (Engh
et al., 2022). Alterations in cell adhesion molecules (CAMs) include
elevated levels of the intercellular cell adhesion molecule 1 (ICAM-1)
(Miiller, 2019; Wedervang-Resell et al., 2020a, 2020b), which is
expressed in microglial cells and astrocytes as well as on circulating
lymphocyte subsets.

A range of autoimmune conditions are associated with schizophrenia
and bipolar disorder (Chen et al., 2021; Eaton et al., 2006; Rosenblat and
MclIntyre, 2017) and seem to exert a small, but synergetic effect with
hospital-treated infections on disease risk (Benros et al., 2011; Benros
et al., 2013). Increased autoantibodies against neuronal cells (Ezeoke
et al., 2013) and a genetic relationship between severe mental disorders
and autoimmune diseases (Andreassen et al., 2015; Stringer et al., 2014;
Wang et al., 2015) further support the immune system as a pathophys-
iological candidate.

Schizophrenia and bipolar disorder are highly heritable disorders
(Smeland et al., 2020; Stahl et al., 2019) with immune candidate genes
identified in genome-wide-association studies both within the Major
Histocompatibility Complex (MHC) and outside MHC (Pouget, 2018). Of
note, the MHC region which encodes a range of proteins critical for
immune defence is the strongest signal in schizophrenia GWAS’ (The
Schizophrenia Working Group of the Psychiatric Genomics Consortium
et al., 2020). In particular there is a strong association with complement
component 4 genes (Sekar et al., 2016). The MHC region was recently
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also linked with bipolar disorder (Mullins et al., 2021). Infection (Kle-
banov, 2018) and autoimmune (Hu and Daly, 2012; Skov et al., 2020)
susceptibility similarly have strong genetic components; however,
studies investigating the relationship between genetic risk of severe
mental disorders and immune activation are few and inconclusive. One
small report indicated associations between PRS of schizophrenia and
bipolar disorder and increased C—C Motif Chemokine Ligand 4 (CCL4)
in first-episode psychosis patients (Maj et al., 2019). Benros et al. (2016)
found no effect of PRS of schizophrenia on the association between in-
fections and the risk of schizophrenia.

Thus, we still not know whether the low-grade inflammation of
schizophrenia and bipolar disorder originate from associated infections,
autoimmunity or overlapping genetic risk factors. The aim of the current
study is to investigate the relationship between altered immune markers
and the rate of infections, autoimmune disease and PRS. Immune
markers were chosen based on robust links with schizophrenia or bi-
polar disorder. The study sample includes patients with schizophrenia
and bipolar spectrum disorders and healthy controls, and national reg-
istry data are applied to obtain a comprehensive estimate of differences
in occurrence of infections and autoimmune diseases.

2. Methods
2.1. Study setting

The study is a part of the Thematically Organized Psychosis study
(TOP) at the Norwegian Centre for Mental Disorders Research (NOR-
MENT). Patients between the ages of 18-65, recruited from the major
hospitals in the Oslo region, with a diagnosis of schizophrenia spectrum
disorders (‘SCZ’: schizophrenia, schizophreniform disorder, schizo-
affective disorder, delusional disorder, brief psychotic disorder and
psychosis not otherwise specified (NOS)) or bipolar spectrum disorders
(‘BD’: bipolar 1 disorder, bipolar 2 disorder, bipolar disorder NOS and
major depressive disorder with psychosis) were included. All partici-
pants must understand verbal and written information to the study and
make a written informed consent. Patients were excluded if they had a
history of severe somatic disease interfering with brain functioning
including neurological disease, history of moderate or severe head
trauma, or an IQ below 70. Healthy controls (‘HC’) in the same age span
as the patients were randomly selected from statistical records from the
same catchment areas and invited to participate. HC inclusion was also
based on lack of history of severe mental illness, neurological disorder,
severe brain trauma, illicit drug abuse or dependency, or somatic con-
ditions that interfere with brain function or close relatives with severe
mental illness. Participants with CRP level above 10 mg/L were
excluded from the analyses to remove a potential effect of acute infec-
tion on the immune markers. In the current study we included patients
(N = 1484) and HCs (N = 1041) with registry data (Table 1) of which
immune marker assessments during 2002-2018 and PRS data were
available in 732 and 740 patients with SCZ, 460 and 475 patients with
BD, and 938 and 915 HCs, respectively.

2.2. Clinical assessment

The Structured Clinical Interview (SCID-1) (First et al., 1995) for the
Diagnostic and Statistical Manual of Mental Disorders (DSM)-IV
(American Psychiatric Association, 2000) was used for diagnostic
assessment. Diagnostic interviews were performed by clinical psychol-
ogists and physicians supervised by a senior professor of psychiatry. The
research personnel were comprehensively trained for the interviews
based on a UCLA training program (Ventura et al., 1998). The diagnostic
inter-rater reliability of the TOP study has been found good with a
diagnostic agreement of 82% and an overall kappa score of 0.77 (95%
CI, 0.60-0.94) (Ringen et al., 2008).
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Table 1
Demographic and clinical data.
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SCZ, N = 926 BD, N =558 HC,N =1041 p-valueh Group comparisons

Sex female, N (%) 369 (39.8) 325 (58.2) 482 (46.3) <0.001 BD > HC > SCZ
Age?, median (IQR) 28 (14 31(18) 33(15) <0.001 BD, HC > SCZ
Ethnicity European®, N (%) 748 (80.8) 494 (88.5) 1017 (98.3) <0.001 HC > BD > SCZ
Diagnosis, N (%)

Schizophrenia 543 (58.6)

Schizophreniform 51 (5.5)

Schizoaffective 129 (13.9)

Bipolar disorder 1 307 (55.0)

Bipolar disorder 2 163 (29.2)

Bipolar disorder NOS 29 (5.2)

Major depressive disorder 59 (10.6)

Psychosis NOS 130 (14.0)

Brief psychotic disorder 20 (2.2)

Delusional disorder 53 (5.7)
Medication, N (%)

Antipsychotics® 774 (83.7) 282 (50.7) <0.001 SCZ > BD

Anticonvulsants 110 (11.9) 199 (35.7) <0.001 BD > SCZ

Lithium 18 (1.9) 89 (15.9) <0.001 BD > SCZ

Antidepressants 267 (28.8) 206 (36.9) <0.001 BD > SCZ
CRPY, median (IQR) 1.9 (3.4) 1.4 (3.0) 1.1 (2.1) <0.001 SCZ > BD > HC
Total infections®, median (min-max) 2 (0-35) 5 (0-42) 3 (0-35) <0.001 BD > HC > SCZ
Infections, specialist health care, median (min-max) 0 (0-10) 0(0-14) 0(0-7) <0.001 BD > SCZ > HC
Autoimmune disease, N (%) 92 (9.9) 83 (14.9) 101 (9.7) 0.003 BD > SCZ, HC
PRS-SCZ 0.05%¢, median (IQR) 0.582 (1.4) 0.317 (1.2) -0.223 (1.2) <0.001 SCZ > BD > HC
PRS-BD 0.05f’g, median (IQR) 0.283 (1.4) 0.368 (1.3) —0.087 (1.4) <0.001 SCZ, BD > HC

Missing data for #13, Y6 and °1 participants. Data available for 92128 and 2133 participants. “Total infections between year 2006 and 2018 summarized from primary
health care (2006-2018) and specialist health care (2008-2018) national registries. #Standardized values. hgruskal-Wallis for continuous variables, chi quadrat test for

categorical variables.

Abbreviations: BD = bipolar spectrum disorders, CRP = C-reactive protein, HC = healthy controls, IQR = interquartile range, NOS = not otherwise specified, N =
number, PRS-BD = polygenic risk score of bipolar disorder, PRS-SCZ = polygenic risk score of schizophrenia, SCZ = schizophrenia spectrum disorders.

2.3. Registry data

Registry data of type and time of infections and autoimmune disease
from 2006 to 2018 were available from the Norway Control and Pay-
ment of Health Reimbursement database (KUHR), including data from
primary health care, and from 2008 to 2018 from the Norwegian Patient
Registry (NPR), including data from the specialist health care. ICD-10
diagnostic codes (Quan et al., 2008) are used in NPR and ICPC-2 diag-
nostic codes (Hofmans-Okkes and Lamberts, 1996) in KUHR.

Number of infections for the twelve-year period 2006-2018 (‘rate of
infections’) was retrieved from KUHR and NPR for all groups as an es-
timate of differences in rates prior to immune assessments; that is,
number of infections was summed up for each participant and used as a
continuous variable. Repeats of the same diagnosis of infection within
and across NPR and KUHR in one person were individually evaluated as
constituting the same or different illness episodes based on all available
information including length of the interval between the diagnoses. If
not possible to determine by the available information, diagnoses were
assessed as unique episodes if consecutive equivalent diagnoses were
registered more than one month a part; however, repeats of a diagnosis
with similar time intervals were considered check-ups and constituting
the same episode. All cases of doubt were determined by two physicians.
Participants that were neither registered in NPR nor in KUHR were
coded with no previously treated infection or autoimmune diseases (N
= 78). Six participants were excluded from our analysis due to mis-
matching of IDs between the TOP sample and the registries.

Presence of autoimmune diseases was retrieved from KUHR and NPR
for the 2006-2018 period for all groups as an estimate of differences
prior to immune assessments; that is, autoimmune disease was coded as
present or absent for each participant and used as a dichotomous vari-
able. Details about infections and autoimmune diagnoses included are
given in Supplementary Material.

2.4. Polygenic risk score (PRS)

DNA was extracted from blood and saliva samples collected at in-
clusion. Genotyping was performed on Human Omni Express-24 v.1.1
(Illumina Inc., San Diego, CA, USA) at deCODE Genetics (Reykjavik,
Iceland). Pre-imputation quality control was performed using PLINK 1.9
(Chang et al., 2015). Briefly, variants were excluded if they had low
genotyping rate (<95%), deviated from Hardy-Weinberg equilibrium (p
< 107, or occurred at significantly different frequencies in different
genotyping batches (FDR < 0.5). Whole individual genotypes were
excluded if they had low coverage (<80%) or high likelihood of
contamination (heterozygosity above mean + 5 standard deviations).
The quality-controlled genotypes were phased using Eagle (Loh et al.,
2016), and missing variants were then imputed with MaCH (Das et al.,
2016; Li et al., 2010) using haplotype reference consortium (HRC) trans-
ethnic reference panel (version 1.1) (McCarthy et al., 2016). Following
the quality control and imputation procedure, variants with information
score < 0.8 or minor allele frequency < 1% were removed. Additionally,
individual genotypes imputed with less than 75% confidence were set to
missing, the remaining ones were converted to best guess hard allelic
dosages. PRS’ were computed following the method described by Purcell
et al. (2009) using PRSice-2 (Choi and O’Reilly, 2019) with default
clumping parameters (250 kb clumping window, 0.1 LD r2 threshold
using target sample for LD estimation). The high linkage disequilibrium
(LD)-regions MHC region (chr6:25119106-33,854,733) and 8p23.1
(chr8:7200000-12,500,000) were excluded in all analyses. The PRS of
schizophrenia, ‘PRS-SCZ’, was based on the latest meta-analysis from
the Psychiatric Genomics Consortium Schizophrenia Working Group
and included participants with European ancestry with schizophrenia
and schizoaffective disorder (The Schizophrenia Working Group of the
Psychiatric Genomics Consortium et al., 2020), after removing the TOP
cohort. The PRS of bipolar disorder, ‘PRS-BD’, was based on a meta-
analysis of 56 cohorts and included patients with European ancestry
meeting international consensus criteria (DSM-IV, ICD-9, or ICD-10) for
a lifetime diagnosis of bipolar disorder (Mullins et al., 2021), after
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removing the TOP cohort. In accordance with previous literature
(Wimberley et al., 2017; Wray et al., 2014), we used a p-value threshold
of 0.05 for selection of single nucleotide polymorphisms (SNPs) in our
PRS computation. The PRS-SCZ and PRS-BD were standardized before
the analyses were performed.

2.5. Immune markers

Immune markers were selected based on previous evidence of associ-
ations to patient status, and constitute sIL-2R, a marker of T-cell activity,
IL-1Ra, a marker of IL-1b activity, IL-18, a cytokine belonging to the IL-1
superfamily, soluble glycoprotein 130 (sgp130), a soluble form of the IL-6
co-receptor reflecting activity in the IL-6 system, STNFR-1, one of the two
main receptors of TNF-a reflecting TNF-activity, APRIL, a cytokine
belonging to the TNF-family, and ICAM-1, a cell adhesion molecule
(Askevold et al., 2014; Dinarello, 2018; Drexhage et al., 2010; George-
Chandy et al., 2008; Girardin et al., 1992; Goldsmith et al., 2016; Kroken
et al., 2018; Mgrch et al., 2016; Mgrch et al., 2019; Miiller, 2019; Potvin
et al., 2008). Following the same methods as described in Mgrch et al.
(2019) plasma levels of the immune markers were measured in duplicate
by enzyme immunoassays (EIA) by using commercially available anti-
bodies (R&D Systems, Minneapolis, MN, USA) in a 384 format using a
combination of a SELMA (Jena, Germany) pipetting robot and a BioTek
(Winooski, VT, USA) dispenser/washer. Absorption was read at 450 nm
with wavelength correction set to 540 nm using an ELISA plate reader
(Bio-Rad, Hercules, CA, USA). Intra- and inter-assay coefficients of varia-
tion were < 10% for all EIAs. For immunoassays, blood was sampled using
EDTA vials and the plasma was isolated within the next working day and
stored at —80 °C. Blood sampling was performed between 8:00 and 17:00.

2.6. Statistical analysis

All statistical analyses were performed using the Statistical Package
for the Social Sciences (SPSS Inc., Chicago II, version 26). For de-
mographic and clinical data, we used Kruskal-Wallis test for continuous
variables and chi-square test for categorical variables. The main ana-
lyses were performed with analysis of covariance (ANCOVA). To comply
with test assumptions, immune markers were logarithmically trans-
formed with standardized removal of residuals more than 3 x inter-
quartile range (IQR) or 1.5 x IQR below and above the first and third
quartile, respectively, depending on the degree of deviation (3 IQR for
sgp130, sTNFR-1, IL-18 and ICAM-1 and 1.5 IQR for IL-1Ra, sIL-2R and
APRIL). Histograms, Q-Q-plots and Kolmogorov-Smirnov statistics were
used to assess normal distribution. Potential issues with multi-
collinearity were ruled out. We first compared immune marker levels
across groups (SCZ, BD, HC) using ANCOVA. We then ran bivariate
correlations between rate of infections, presence of autoimmune disease
and PRSs and immune markers in the patient groups, to select variables
(p < 0.1) for fully adjusted ANCOVAs. Lastly, we compared patient
groups to HC with and without adjustments for of infections (twelve-
year), presence of autoimmune disease and PRS, respectively, to address
the impact of these factors on the effect of patient group. These main
ANCOVA analyses were adjusted for age, sex and freezer storage time
(Enroth et al., 2016) and additionally for ethnicity (European, Asian,
African and others), batch and the two first genetic principal compo-
nents in the PRS analyses. PRS-SCZ and PRS-BD were tested in analyses
of SCZ and BD, respectively. To exclude major confounding effects of
body mass index (BMI), smoking status (smoking regularly, yes/no) and
alcohol use (number of units of alcohol last two weeks) of which we had
incomplete data (40-80%), separate bivariate correlations were per-
formed with significant factors of the main ANCOVA analyses (auto-
immune disease, PRS-SCZ); if significant, these variables were also
tested in fully adjusted ANCOVAs. Moreover, the main ANCOVAs were
redone without participants with MDD (N = 59) to exclude potential
bias due to heterogeneity within the BD group. Due to the established
association of the selected immune markers with affective and psychotic
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conditions, we applied a corrected significance level of p = 0.025 due to
testing of non-genetic and genetic models (0.05/2).

3. Results
3.1. Demographic, clinical, genetic and immune data

Median age was significantly lower in SCZ compared to BD and HC
(both p < 0.001). Frequency of European ethnicity differed between all
groups (HC > BD > SCZ, all p < 0.001). Rate of infections differed
significantly between groups (BD > HC > SCZ, all p < 0.001), as did rate
of specialist health care treated infections (BD > SCZ, p = 0.043, SCZ >
HC, p < 0.001 and BD > HC, p < 0.001). A diagnosis of one or more
autoimmune diseases was significantly more frequent in BD than in SCZ
and HC (p = 0.004 and p = 0.003, respectively). The PRS-SCZ differed
significantly between all three groups (SCZ > BD > HGC, all p < 0.001),
and the PRS-BD was significantly higher in both patient groups
compared to HCs (both p < 0.001). See Table 1 for details.

3.2. Associations of immune marker levels with diagnosis, rate of
infections, autoimmune disease and PRS

Plasma levels of all immune markers differed significantly between
patients and HC (Supplementary Table 1); however, case-control dif-
ferences are more specifically reported in other papers from our group
(Engh et al., 2022; Mgrch et al., 2017; Mgrch et al., 2019; Sheikh et al.,
2021; Szabo et al., 2022). Infection rate correlated negatively with
plasma levels of sgp130 (SCZ, rs = —0.09, p = 0.04; BD, rs = —0.16,p =
0.01) and IL-18 (BD, rs = —0.10, p = 0.05). Presence of autoimmune
disease correlated positively with IL-1Ra (SCZ, r = 0.11, p = 0.01), sIL-
2R (SCZ, r = 0.16, p < 0.001), sgp130 (SCZ, r = 0.13, p = 0.002),
STNFR-1 (SCZ, r = 0.08, p = 0.05), ICAM-1 (SCZ, r = 0.07, p = 0.10) and
negatively with APRIL (BD, r = —0.10, p = 0.06). PRS-SCZ correlated
negatively with sIL-2R (SCZ, r = —0.11, p = 0.02). See Supplementary
Table 2 for details of all correlation analyses.

3.3. Immune aberrations in patients explained by rate of infections,
autoimmune disease and PRS

Comparisons of immune marker levels with and without adjustment
of each of rate of infections, autoimmune disease and PRS of SCZ and BD
versus HC were as follows:

Infection rate had no significant effect [p = 0.97 (sgp130, SCZ), p =
0.66 (sgpl30, BD), p = 0.30 (IL-18, BD)] on the indicated immune
markers in comparisons of patient groups with HC in fully adjusted
models.

Presence of autoimmune disease was significantly positively associated
with sIL-2R [F(1,1021) = 10.305, p = 0.001, partial eta squared =
0.010] in the adjusted model; the difference between SCZ and HC in
plasma level of sIL-2R decreased from 11.2% to 10.7% when adding
autoimmune disease to the model, reflecting a minor impact of presence
of autoimmune disease on increased sIL-2R levels in SCZ. IL-1Ra,
sgp130, sTNFR-1, APRIL and ICAM-1 were not significantly associated
to autoimmune disease in the adjusted models (p = 0.12, p = 0.09, p =
0.40, p = 0.60 and p = 0.07, respectively).

PRS-SCZ was negatively associated with sIL-2R [F(1, 922) =7.107, p
= 0.01, partial eta squared = 0.008] in the adjusted model; the differ-
ence between SCZ and HC in sIL-2R level increased from 15.1% to 17.2%
when adding PRS-SCZ, reflecting a minor negative impact of PRS-SCZ on
sIL-2R levels in SCZ. See Table 2 for details of all ANCOVAs. In sub-
sample analyses, BMI, but not smoking status or alcohol use, was
significantly correlated with autoimmune disease and PRS-SCZ; how-
ever, no significant effect of BMI on sIL-2R levels were suggested in fully
adjusted models (p = 0.99 and p = 0.69, respectively). Moreover,
additional analyses of BD without participants with MDD did not change
the main findings.
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Table 2
Main effects of rate of infections, autoimmune disease and PRS on immune
markers in ANCOVA analyses.”

Independent Groups Immune df F-ratio  p-
variable marker value
Rate of infections SCZ and sgp130 11,091  0.001 0.97
HC
Rate of infections BD and sgp130 1836 0.194 0.66
HC
IL-18 11,188  1.056 0.30
Autoimmune SCZ and IL-1Ra 11,067 2.435 0.12
disease HC
sIL-2R 11,021  10.305  0.001
sgp130 11,091  2.858 0.09
STNFR-1 11,090 0.708 0.40
ICAM-1 11,460  3.301 0.07
Autoimmune BD and APRIL 11,167 0.275 0.60
disease HC
PRS-SCZ SCZ and sIL-2R 1922 7.107 0.01
HC

Abbreviations: APRIL = a proliferation inducing ligand, BD = bipolar spectrum
disorder, df = degrees freedom, ICAM-1 = Intercellular Adhesion Molecule 1, IL-
18 = interleukin-18, IL-1Ra = interleukin-1 receptor antagonist, PRS = poly-
genic risk score, SCZ = schizophrenia spectrum disorder, sIL-2R = soluble
interleukin-2 receptor, sgp130 = soluble glycoprotein 130.

2 Adjusted for: age, sex, freezer storage time, group, and additionally
ethnicity, genetic principal component 1 and 2 and genetic batch in PRS ana-
lyses, dependent variables: immune markers.

4. Discussion

While we found significant differences in rate of infections and
autoimmune diseases in patients with SCZ and BD compared to HC, only
minor associations with abnormal immune marker levels were indi-
cated. The highest rate of total infections was found in BD and the lowest
in SCZ, while presence of autoimmune disease was higher in BD than in
SCZ and HC. While some correlations with immune markers were
observed, only sIL-2R was significantly associated with autoimmune
disease and PRS-SCZ in fully adjusted models across SCZ and HC;
however, these associations represented only minor changes in immune
marker differences between the groups. Thus, although we found
increased frequency of infections and autoimmunity in BD, the present
results did not provide strong evidence that infectious or autoimmune
burden or genetic risk contributes to the systemic inflammation
observed in SCZ and BD.

The immune hypothesis of severe mental disorders states that in-
fections and autoimmune diseases may be involved in the development
of the disorders through activation of inflammatory and immune-
mediated processes (Benros and Mortensen, 2020; Kohler et al., 2017).
Indeed, numerous studies support a role of inflammatory factors in SCZ
and BD pathophysiology as reflected by dysregulated levels of systemic
inflammatory markers. Although the current findings cannot disprove
the hypothesis, they provide little support. Rather, a pattern of minor or
non-detectable influences of infections and autoimmune diseases on the
inflammatory state was suggested. This adds novel information to our
understanding of the inflammatory processes of these disorders.
Notwithstanding, inflammatory and immune mediated mechanisms do
not “depend on” classical autoimmune and infectious disorders. Several
factors such as altered gut microbiota, molecular mimicry, danger
associated molecular patterns (DAMPs) and enhanced oxidative stress
could elicit local and systemic inflammation in patients with SCZ and
BD. Importantly, metabolic disturbances including dyslipidaemia and
insulin resistance secondary to antipsychotic treatment and decreased
physical activity are frequent in severe mental disorders and promote
subclinical inflammation (Henderson et al., 2015).

While the investigated markers were chosen based on previous
findings of differences between patients and controls (Kroken et al.,
2018; Mgrch et al., 2016), we cannot exclude that other markers of
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inflammation and immune activation than those selected in this study
could be of importance in the pathogenesis of SCZ and BD and in
addition related to infections, autoimmunity and PRS. However, current
variation in the immune markers is in line with low-grade inflammation
in SCZ and BD and supports their role in these disorders.

The current results provide some interesting insights into the role of
specific immune marker levels and association with autoimmunity and
PRS-SCZ. In analysis of SCZ and HC, associations to sIL-2R, a stable and
reliable marker of T cell activation, survived adjustments for all con-
founders. The relationship between autoimmune disease and sIL-2R
corresponds to previous studies indicating correlations of sIL-2R with
disease activity in autoimmune diseases in the general population
(Rubin and Nelson, 1990). sIL-2R might particularly be associated with
immune diseases where enhanced T cell activation is thought to play an
important pathogenic role (Adachi et al., 1990; Barak et al., 2009;
Mavropoulou et al., 2020), some of which share genetic risk variants
with SCZ (Pouget, 2018). IL-2R is implicated in the macrophage T-
lymphocyte theory of SCZ, which involves failing of activated macro-
phages to properly control T-lymphocyte secretion of IL-2 and IL-2R
(Smith, 1992). sIL-2R is also part of the compensatory immune-
regulatory reflex system (CIRS) which has been implicated in the SCZ
pathophysiology (Roomruangwong et al., 2020). While our findings
indicate that sIL-2R is related to autoimmune disease as well as to PRS-
SCZ, plasma level increases in SCZ is not explained by the associations.
Still, a common genetic susceptibility for SCZ and immune system ac-
tivity is suggested.

A unique feature of the current study is the access to diagnostic data
from primary care physicians in addition to the specialist health care.
When analyzing hospital data separately, we found increased rates of
infections in both SCZ and BD compared with HC; this is in line with
previous reports (Jeppesen and Benros, 2019) of large registry-based
studies showing increased risk of both disorders with more hospital-
treated infections (Benros et al., 2011; Benros et al., 2013; Kohler-
Forsberg et al., 2019; Pankiewicz-Dulacz et al., 2018). By adding data
from primary health care, we obtained a more comprehensive charac-
terization of the infection rate, which interestingly indicated increased
rates in BD, and not in SCZ. However, the finding need replication and
should be interpreted with caution, as the sample size and assessed
period is limited and confounds are likely. Differences in help-seeking
behaviour (Oud and Meyboom-de Jong, 2009) is a potential explana-
tion, as people with SCZ and BD might be less eager to seek help from
primary care while at the same time more frequent users of emergency
departments (Niedzwiecki et al., 2018). Also, presence of autoimmune
disease was more prevalent in BD, but not in SCZ, compared with HC.
This is in contrast with previous findings of increased prevalence of
autoimmune disease in both groups (Chen et al., 2021; Eaton et al.,
2006) and may partly explain the minor impact of the association be-
tween autoimmune disease and sIL-2R on sIL-2R aberrations in SCZ.
(Benros et al., 2011).

Associations of immune genetic variants with SCZ and BD and ge-
netic pleiotropy with immune related phenotypes (Andreassen et al.,
2015; Tylee et al., 2018; Wang et al., 2015), suggest that the low-grade
inflammation of these disorders involve a shared genetic liability (Ripke
et al., 2014; Stefansson et al., 2009). The current results indicate that
alterations in immune markers display only a minimal degree of asso-
ciation with disease genetics. We found a significant negative associa-
tion between PRS-SCZ and one immune marker level (sIL-2R); however,
the effect was small, and the direction did not explain the increased level
in SCZ. The lack of other significant associations with PRS in our study
complement previous findings of no significant interaction between
PRS-SCZ and hospital-treated infections on risk of SCZ (Benros et al.,
2016). The findings also fit with the results from a twin study showing
that variations in the human immune system is largely driven by non-
heritable influences (Brodin et al., 2015). Still, it is possible that the
PRS does not capture the selected immune markers, although a smaller
study indicated an effect on the CCL4 chemokine (Maj et al., 2019).
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Moreover, as immune activation might vary with clinical characteristics,
such as negative symptoms (Goldsmith et al., 2018) or acute relapse
(Miller et al., 2011), one might hypothesize associations in clinical
subgroups. It is also possible that current PRS are not adequately pow-
ered, as they only capture up to 7.7% of the variance in the phenotype
(The Schizophrenia Working Group of the Psychiatric Genomics Con-
sortium et al., 2020), and that the standard removal of the high LD MHC
region to avoid spurious findings, might have limited the ability to
indicate true associations (Mangalam et al., 2013; Sekar et al., 2016).

Strengths of the current study includes detailed characterized data
and a large sample size. To our knowledge this is the first study to
investigate the associations between immune markers and PRS, in-
fections and autoimmunity in SCZ and BD simultaneously. This combi-
nation enabled us to probe the current immune-etiopathogenic model
linking immunogenic conditions with inflammation and severe mental
disorders. Limitations include lack of registry data before 2006, thus we
were unable to record the complete life-time number of infections and
autoimmune diagnoses prior to immune assessments. However, avail-
able twelve-year complete registry data, also including diagnoses after
immune assessments, allowed us to compare diagnosis rates between
groups and assess the impact of this variation on immune marker al-
terations. In line with previous studies, we found higher rates of
specialist health care treated infections in SCZ and BD compared to HC,
indicating valid data. Still, lack of life-time data, including perinatal and
early childhood infection rate (Barichello et al., 2016; Blomstrom et al.,
2014), may be a reason for the negative findings, although supple-
menting the tests of twelve-year rate of infections with years at risk of
infections prior to immune assessments (i.e. impact of age in adjusted
models, data not shown), showed similar results. However, due to ge-
netic components in susceptibility to infections (Chapman and Hill,
2012), one could speculate that current rates of infections retrieved from
registries, might also be an indicator of early infection rates. Other
limitations are the cross-sectional design with measurement at one time
point as well as assessing a limited range of immune markers and
pathways; however, the immune marker selection was based on robust
associations previous findings. Also, several factors suggested to in-
crease inflammation, such as social impairments, stress or trauma
(Baumeister et al., 2016; Buske-Kirschbaum et al., 2007; Khandaker
et al., 2017; Wieck et al., 2013) were not included. Due to the lack of
consensus for choosing p-value threshold for PRS calculation, we cannot
exclude the possibility of more appropriate thresholds than 0.05, with
impact on the results. Lastly, the use of PRS’ computed from GWAS of
participants of European ancestry in a sample of admixed ancestries,
could affect PRS performance (Duncan et al., 2019), however, the target
sample for PRS is mostly (90%) of European ancestry and all main an-
alyses of PRS were adjusted for ethnicity.

By investigating central immune activating conditions, genetics and
inflammatory mediators in SCZ and BD concomitantly, we were able to
test the immune etiopathogenic model of these severe mental disorders.
Our findings of sparse association between markers of immune activa-
tion in SCZ and BD and rate of infections, autoimmune disease and ge-
netic susceptibility suggest that the inflammatory abnormalities of these
disorders are mainly driven by other factors. Larger studies with longi-
tudinal data are needed to further clarify the mechanisms involved in
inflammatory processes in SCZ and BD.
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