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Background: Immune dysfunction has been implicated in the
pathogenesis of schizophrenia and other nonaffective psy-
chosis (SCZ), bipolar spectrum disorder (BIP) and major
depressive disorder (MDD). The cytokines B cell-activating
factor (BAFF) and A proliferation-inducing ligand (APRIL)
belong to the tumor necrosis factor (TNF) super family and
are essential in orchestrating immune responses. Abnormal
levels of BAFF and APRIL have been found in autoimmune
diseases with CNS affection. Methods: We investigated if
plasma levels of BAFF and APRIL differed between pa-
tients with SCZ, BIP, and MDD with psychotic symptoms
(n = 2009) and healthy control subjects (HC, n = 1212),
and tested for associations with psychotic symptom load,
controlling for sociodemographic status, antipsychotic and
other psychotropic medication, smoking, body-mass-index,

and high sensitivity CRP. Results: Plasma APRIL level was
significantly lower across all patient groups compared to HC
(P < .001; Cohen’s d = 0.33), and in SCZ compared to HC
(P <.001; d = 0.28) and in BIP compared to HC (P < .001;
d = 0.37). Lower plasma APRIL was associated with higher
psychotic symptom load with nominal significance (P =.017),
but not with any other clinical characteristics. Plasma BAFF
was not significantly different across patient groups vs HC,
but significantly higher in BIP compared to HC (P = .040;
d=0.12) and SCZ (P = .027; d = 0.10). Conclusions: These
results show aberrant levels of BAFF and APRIL and asso-
ciation with psychotic symptoms in patients with SCZ and
BIP. This suggest that dysregulation of the TNF system, me-
diated by BAFF and APRIL, is involved in the pathophysi-
ology of psychotic disorders.

© The Author(s) 2021. Published by Oxford University Press on behalf of the Maryland Psychiatric Research Center.
All rights reserved. For permissions, please email: journals.permissions@oup.com


https://orcid.org/0000-0003-4735-3383
https://orcid.org/0000-0003-1972-5901
https://orcid.org/0000-0001-8644-956X

J. A. Engh et al

Key words: severe mental disorder/immune/cytokine/
TNF/neuropsychiatric/autoimmune disease

Introduction

Several lines of evidence implicate immune dysfunction
in people with schizophrenia and other nonaffective
psychotic disorders (SCZ),'- bipolar spectrum disorder
(BIP)** and major depressive disorder (MDD).** SCZ,
BIP and MDD are defined as separate diagnostic entities,
yet, they are genetically related disorders®!! associated
with abnormalities in immune-inflammatory pathways.'?
These disorders also share some clinical features with
systemic autoimmune diseases such as systemic lupus er-
ythematosus (SLE)."*!7 Nearly a third of patients with
SLE experience neuropsychiatric symptoms, including
psychotic symptoms,'®?* which may be due to abnormal
activation of the adaptive immune system producing
autoantibodies directed against neurons or other central
nervous system (CNS) components.?’>* Moreover, recent
studies indicate a moderate genetic correlation between
SCZ and SLE.>*?¢

Cytokines are signaling molecules produced by both
immune and nonimmune cells?” acting as key regulators
of inflammation and coordinating the innate and the
adaptive immune system.”® These mediators facilitate
neurotransmission, neurogenesis, synaptic plasticity, and
inflammatory responses,” thus, playing a pivotal role
in the cross-talk between the immune system and the
brain.’*¥ Several studies have identified a positive cor-
relation of serum levels of cytokines (eg, interleukins 6
and 1B, tumor necrosis factor o) with disease severity.*>
Members of the tumor necrosis factor (TNF) superfamily
(TNFSF) are cytokines involved in infection, inflamma-
tion, and tissue homeostasis,*>* as well as autoimmune
diseases.”” The two related cytokines B cell-activating
factor (BAFF/TNFSFI3B) and A proliferation-inducing
ligand (APRILITNFSFI13) * are transmembrane pro-
teins mainly produced by hematopoetic cells.** BAFF
is a crucial factor for B cell maturation*' and essential
for the humoral immune response.* The BAFF protein
is expressed by monocytes, macrophages, dendritic cells,
and neutrophils, as well as subpopulations of B and T
cells.** APRIL is involved at later stages of the immune
response, acting as costimulator for B and T cell prolif-
eration. Both cytokines are essential for class-switching
of B cells, permitting the synthesis of immunoglobulins
to alter from one type to another.**® They interact with
transmembrane activator and Ca** modulator (CAML)
interactor (TACI, TNF receptor (R) SF13B), B cell mat-
uration antigen (BCMA/TNFRSF17), and BAFF re-
ceptor (BAFF-R/ TNFRSF13C) with BAFF having the
highest affinity for TACI and APRIL for BCMA.

Circulating BAFF and APRIL are increased in pa-
tients with SLE,* and the capacity of the innate im-
mune system to regulate B cell activation is reflected in
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an altered BAFF/APRIL ratio. Individuals with SLE and
concurrent CNS pathology seemed to have higher serum
BAFF and lower serum APRIL (ie, increased BAFF/
APRIL ratio) compared to individuals with SLE without
CNS pathology,*” potentially reflecting that APRIL, but
not BAFF, may have a protective role in the CNS by
acting on astrocytes.*

Previous smaller studies (<100 patients) have indi-
cated reduced serum BAFF levels in both individuals
with SCZ* and MDD.* A study of people with autism,
however, showed an association between serum BAFF
levels and autistic traits when adjusting for confounders.
The authors also compared BAFF levels in serum and
cerebrospinal fluid and found no association.”® BAFF
and APRIL have not been investigated in well powered
samples comprised by individuals with severe mental dis-
orders, controlling for potential confounders. In light of
previous research on immunocompetent cells we antici-
pated inverse aberrancies encompassing elevated plasma
BAFF and decreased plasma APRIL levels in individuals
with severe mental disorders compared to HC subjects.
In the current study we therefore investigate if plasma
levels of BAFF and APRIL are dysregulated in people
with severe mental disorders, applying a well-powered
sample (n = 3221) controlling for many confounders that
may influence cytokines levels.’> Further, we investigate if
plasma levels of BAFF and APRIL are associated with
psychotic features and pharmacological treatment.

Materials and Methods

Study Design and Participant Recruitment

The current study is a naturalistic, cross-sectional study
which is part of the ongoing Thematically Organized
Psychosis (TOP) Study at the NORMENT Centre. The
clinical participants were referred from primary care to
treatment in psychiatric units at South-Eastern regional
hospitals, in addition to hospitals in Inland, Arendal,
Stavanger, Bergen, Kristiansund, and Trondheim,
Norway.**>* The psychiatric units in Norway are catch-
ment area based and publicly funded. The clinical parti-
cipants were recruited to the current study consecutively
from 2003 through 2018 mainly from outpatient clinics,
but also from intermediate and long term units. Inclusion
of patients admitted to acute treatment units was awaited
until they were stabilized and able to consent and par-
ticipate in interviews and assessments. Main criterion of
inclusion in the TOP Study is a diagnosis of SCZ, BIP or
MDD with one or more psychotic episodes according to
Diagnostic and Statistical Manual of Mental Disorders
(DSM-1V) or International Statistical Classification of
Diseases and Related Health Problems (ICD-10) (WHO,
1994). Eligible for the study were patients fulfilling these
diagnostic criteria aged between 18 and 65 years with
ability to give informed consent. Exclusion criteria were



history of moderate or severe head injury, severe somatic
illness including neurological disorders and 1Q below 70.
All patients underwent the same investigation protocol,
which includes assessment of psychiatric symptoms, di-
agnosis, physical examination, neuropsychological testing
and collection of blood samples.

All participants gave written informed consent and the
study was approved by the Regional Committees for Medical
and Health Research Ethics (REC) and the Norwegian
Data Protection Agency. The authors assert that all pro-
cedures contributing to this work comply with the ethical
standards for medical research involving human subjects
as stated in the Helsinki Declaration. The participants in-
cluding HC were interviewed with description of ethnicity,
somatic and psychiatric history taking, smoking habits, al-
cohol consumption, and use of illicit drugs in the two weeks
period prior to physical examination and blood sampling.
Additionally, body-mass-index (BMI) was assessed.

Healthy control (HC) participants of the same age
range were recruited in the period between 2004 and 2019
by randomly selecting individuals from the same catch-
ment area as the clinical participants in the Oslo region
using national population records (http://www.ssb.no).
HC participants were without any history of SCZ, BIP or
MDD, severe head injury, neurological disorders or other
severe somatic illness, illicit drug abuse or dependency, or
close relatives with severe mental disorder.” To exclude
current or previous history of mental disorders among
HC or in their family, the HC were interviewed with a
screening questionnaire for mental disorders based on
main items from the SCID-I and assessed with Primary
Care Evaluation of Mental Disorders.* Individuals with
severe mental disorders in need of treatment or exhibiting
substantial vocational or social incapacities such as schiz-
ophrenia, bipolar disorder or severe recurrent depression
were not included in the study. Hospitalization or treat-
ment with psychotropic medications (eg, treatment with
central stimulants in individuals diagnosed with ADHD)
implied study exclusion. Persons with one or more first
degree relatives (parent/sibling) with severe mental dis-
orders were not included in the study. HC participants
were contacted by letter inviting them to participate.

Patients: All patients were interviewed recording psy-
chiatric symptoms, medication and potential side effects.
Diagnostic interviews based on Structured Clinical Interview
in DSM-1V axis I Disorders (SCID-I)*” were performed by
trained psychologists and psychiatrists, all of whom partici-
pated regularly in diagnostic meetings supervised by profes-
sors in psychiatry with expertise in diagnostics. The reliability
of diagnostic and symptom assessments was very good. The
overall agreement for the DSM-IV diagnostic categories
tested was 82% and the overall k 0.77 (95% confidence in-
terval 0.60-0.94).% Severity of psychotic symptoms was as-
sessed by Positive and Negative Syndrome Scale (PANSS).”

Aberrant BAFF and APRIL in Severe Mental Disorders

Protocol and Samples

We included variables in the study protocol con-
sidered to potentially modulate the cytokines BAFF
and APRIL. These variables were ethnicity (European/
non-European), smoking status, BMI, hsCRP, PANSS
positive and negative subscale, and treatment with an-
tipsychotic medication. In the current study we utilized
a full sample comprised of all patients and all HC par-
ticipants, a case-control subsample, as well as a patient
subsample with a series of clinical variables and a sub-
sample containing patients prescribed antipsychotics.
The full patient sample (n = 2009) and the full HC
participant sample (n = 1212) contained data on the
sociodemographic variables age, sex and ethnicity.
A subsample of data from patients (n = 981) and HC
participants (n = 571) containing the additional vari-
ables BMI and smoking status were utilized as case-
control. A well-characterized extensive subsample of
participants with the diagnoses SCZ, BIP and MDD
derived from the case-control patient sample and
encompassing all variables of the protocol (n = 668)
was also applied. Finally, we used a subsample of pa-
tients based on prescription of psychotropic medica-
tion (antipsychotics/antidepressants/anticonvulsants/
lithium DDD) and assessed serum levels of the antipsy-
chotic agents (aripiprazole n = 80; quetiapine n = 145;
risperidone n = 56; olanzapine n = 182).

Psychotropic Medications

Information on patients’ medications including anti-
psychotics, antidepressants, anticonvulsants and
lithium were obtained by clinical interview and from
medical records. Blood samples was taken detecting
serum levels of psychotropic medication. Patients’ use
of antipsychotic medication, anticonvulsants, lithium
and antidepressants was also calculated as defined
daily doses (DDD) in accordance with guidelines from
the World Health Organization Collaborating Center
for Drug Statistics Methodology (http://www.whocc.
no/atcdd). The DDD is the assumed standard main-
tenance dose per day for a drug used for its main in-
dication on adults (ie, antipsychotics in patients with
schizophrenia) providing a rough estimate of pharma-
ceutical drugs consumption. Participants’ psychotropic
drugs prescription was presented as the number of
DDD based on approved dose recommendations. We
calculated the total number of DDD for antipsychotic
medication (antipsychotic DDD) for each participant
accounting for treatment with different antipsychotic
agents. For example, the DDDs for oral olanzapine and
oral risperidone are 10 mg and 5 mg, respectively, and
for the participant prescribed both antipsychotic drugs
the total antipsychotic DDD equals two.
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Blood Sampling and Immune Measures

Blood was drawn by venipuncture within two weeks
of symptom assessments and plasma was stored in the
biobank. Serum concentrations of antipsychotic com-
pounds was assessed in a subset of patients. Plasma
levels of BAFF, APRIL and high sensitivity C-reactive
protein (hsCRP) were analyzed in duplicate using com-
mercially available antibodies in a 384 format using a
combination of a SELMA (Jena, Germany) pipetting
robot and a BioTek dispenser/washer. Absorption was
read at 450 nm with wavelength correction set to 540 nm
using an ELISA plate reader. Intra/inter-assay coeffi-
cients of variation were <10%. Effects of diurnal and
postprandial variation on plasma BAFF and APRIL
levels were evaluated in six different individuals who had
blood draws at different times of the day, and no signifi-
cant effects were detected.

Statistical Methods

All statistical analyses were performed using IBM SPSS
(Statistical Package for the Social Sciences for Windows,
version 26, IBM, Inc., Chicago, IL, USA). The dependent
variables BAFF and APRIL did not follow a normal dis-
tribution (inspection of QQ-plots of dependent vari-
ables and standardized residuals), and BAFF was thus
subject to reciprocal transformation, whereas log trans-
formation was applied to APRIL. Log transformation
enabled presentation of back transformed means with
confidence intervals of APRIL, while BAFF was dis-
played with medians and estimated confidence intervals
based on method of empirical centiles (ie, approximate
calculation of the probability that observations are under
the 0.025 and above the 0.975 percentile). Standardized
residuals of the two dependent variables were inspected
and extreme parts of the distribution were removed (>3
times the interquartile range, 2.4% of the total sample)
to comply with the normality assumption. Correlations
between BAFF and APRIL were tested in the whole
sample and within the diagnostic groups and HC by using
Pearson r method. Analysis of covariance (ANCOVA)
was employed to investigate differences of BAFF and
APRIL between all patients vs all HC. In order to ex-
amine differences between diagnostic groups vs all HC,
whilst adjusting for age and sex, ANCOVA with post hoc
group comparisons was conducted. A Bonferroni adjust-
ment for multiple comparisons was applied. ANCOVA
was also employed to investigate the differences in plasma
BAFF and APRIL when additionally adjusting for BMI
and smoking status in a case-control subsample of pa-
tients (n = 981) and HC participants (n = 571). Further,
we conducted a post-hoc stepwise regression analysis in
a reduced well characterized subsample of patients with
SCZ, BIP and MDD with psychotic symptoms (n = 668).
The regression analysis was employed to determine the
strongest predictors of APRIL using age, sex, ethnicity,
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BMLI, hsCRP, antipsychotic medication (DDD), smoking
status, and psychotic symptom level as explanatory vari-
ables. There were no violations of multiple linear regres-
sion assumptions. Residuals were normally distributed,
homoscedasticity was confirmed and relations among
variables were linear and additive. Interaction terms were
tested within the regression model, and the outcomes
were unaltered. Pearson r method and stepwise regression
analysis were utilized for investigation of the relation-
ship between BAFF and APRIL and aripiprazole DDD,
quetiapine DDD, risperidone DDD, and olanzapine
DDD, respectively, when controlling for age and sex. To
estimate effect sizes of the group differences Cohen’s d (d)
was applied building on pooled standard deviation.

Results

Sample Characteristics

We included n = 2009 patients and n = 1212 HC in the
current study. All patients underwent a thorough diag-
nostic evaluation including personal interview and re-
view of medical records and were classified in diagnostic
groups according to the DSM-IV (American Psychiatric
Association, 1995) or ICD-10 (WHO, 1994) and divided
into three main groups as follows: (i) SCZ (n = 1123) in-
cluding schizophrenia (n = 640), schizoaffective disorder
(n = 161), schizophreniform disorder (n = 55), delusional
disorder (n = 48), brief psychotic disorder (n = 12) and
psychotic disorder not otherwise specified (n = 207)), (ii)
BIP (n = 846) including bipolar I disorder (n = 514), bi-
polar II disorder (7 = 283) and bipolar disorder not oth-
erwise specified (n = 49)), and (iii) MDD (n = 40). All
patients with diagnoses of MDD had current or previous
psychotic episodes.

Data was complete in the sample of all patients and
all HC participant (n = 3221) and in the case—con-
trol subsample (n = 1552). In the subsample derived
from the case-control subsample (extensive subsample,
n = 668) there was missing data on hsCRP for 18 pa-
tients (1.8% of the patients), on antipsychotics DDD
for 300 patients (30.6% of patients), on PANSS pos-
itive subscale for six patients (0.6% of patients), and
on PANSS negative subscale for six patients (0.5% of
patients).

As shown in table 1, the patients with SCZ were
younger (M = 31.4, SD = 12.5), more frequently male
(58.4% male) and less frequently of European ethnicity
(81.1%) compared to both HC subjects (M = 36.8,
SD = 15.1; 51.2% male sex; 98.4% European ethnicity)
and patients with BIP (M = 38.3, SD = 13.9; 40.4%
male sex; 93.0% European ethnicity). Patients with BIP
(M = 38.3, SD = 13.9) were older than patients with
MDD (M = 31.0, SD = 13.3). There were more men
among individuals with SCZ (58.4%) than among BIP
(40.4%) and HC subjects (51.2%) and fewer men among
persons with BIP than HC participants. There was 50.3%



men among the patients and 55.3% among the HC par-
ticipants in the case-control subsample. The patients
(M = 31.0, SD = 10.6) were significantly younger than
the HC subjects (M = 33.1, SD = 9.4), and the number
of smokers (39.8%) and BMI (M, = 26.1,SD,, = 5.2)
were significantly higher in patients than in HC (19.4%
smokers; My, . =24.7,SD,,, = 3.8).

Comparing All Patients and Healthy Controls on
Plasma BAFF and APRIL

Mean plasma APRIL was significantly lower in all patients
(270 pg/ml) than in all HC (335 pg/ml) [F(3,3220) = 39.3,
P < .001; d = 0.33] in age and sex-adjusted analysis.
In contrast, the plasma level of BAFF in all patients

Table 1. Demographic and Clinical Characteristics of Participants

Aberrant BAFF and APRIL in Severe Mental Disorders

(234 pg/ml) was not different from all HC (228 pg/ml)
[F(3,3220) = 2.0, P = .16; d = 0.01]. In a subsample of
patients and HC (patients n = 981, HC n = 571) adjusting
for age, sex, ethnicity, BMI, and smoking status we found
that plasma APRIL was significantly lower in the patients
(254 pg/ml) than in HC (325 pg/ml) [F(6,1551) = 36.0, P
<.001; d = 0.35]. Plasma BAFF was 236 pg/ml in the pa-
tients and 227 pg/ml in HC, and no significant differences
were found between the groups.

Comparing Diagnostic Groups and Healthy Controls on
Plasma BAFF and APRIL

Plasma level of APRIL was significantly lower in SCZ
than in HC (P < .001, d = 0.28), and significantly lower in

Extensive
Full Sample (n = 3221) Subsample (n = 1552) Subsample
Group (n) SCZ (1123) BIP (846) MDD (40) HC (1212) Pa- HC (571) Pa-
tients (981) tients (668)
Male (%) 58.4%*# 40.4% 55.0 51.2 50.3* 55.3 53.3
Age, years (mean, SD) 31.4%%(12.5) 38.3(13.9) 31.0(13.3) 36.8 (15.1) 31.0%(10.6) 33.1(9.4) 30.7 (10.3)
Ethnicity (% Euro- 81.1%# 93.0* 72.5 98.4 82.5% 97.9 81.0
pean)
BMI (mean, SD) N/A N/A N/A N/A 26.1#(5.2) 24.7 (3.8) 26.1(5.2)
Smoking (%) N/A N/A N/A N/A 39.8% 19.4 43.2
hsCRP (mean, SD) N/A N/A N/A N/A N/A N/A 3.3(5.0)
PANSS pos (mean, N/A N/A N/A N/A N/A N/A 13.1(5.2)
SD)
PANSS neg (mean, N/A N/A N/A N/A N/A N/A 13.6 (6.0)
SD)
Antipsychotics DDD N/A N/A N/A N/A N/A N/A 1.2(0.9)
(mean, SD)

SCZ, schizophrenia and other nonaffective psychotic disorders; BIP, bipolar spectrum disorder; MDD, major depressive disorder; HC,
healthy control participants. Full sample (SCZ, BIP, MDD, HC), n = 3380. Subsample (case—control), n = 1552. Extensive patient sub-
sample derived from subsample, n = 668. Age (years) and body-mass-index (BMI) in mean and standard deviation. Male, ethnicity

(% European ethnicity), and smoking status presented in percent. hsCRP, PANSS positive subscale, PANSS negative subscale and
antipschotics DDD presented in mean and standard deviation. ANOVA post hoc group comparisons conducted. Group comparisons on
demographic and clinical variables were adjusted for multiple comparison. Missing data on hsCRP for 18 patients (1.8% of the patients
in extensive subsample), on antipsychotics DDD for 300 patients (30.6% of patients in extensive subsample), on PANSS positive subscale
for six patients (0.6% of patients in extensive subsample), and on PANSS negative subscale for six patients (0.5% of patients in extensive
subsample). SD, standard deviation; N/A, not applicable. * vs BIP, - vs MDD, # vs HC.

Table 2. Plasma BAFF and APRIL in the Full Sample Comprised by Diagnostic Groups and Healthy Controls Adjusting for Age and
Sex

Cytokines SCZ (n =1123) BIP (n = 846) MDD (n = 40) HC (n =1212) Group Comparison
BAFF, median (CI) 234 [228;241] 241 [233;249] 240 [227; 283] 235 [227;240] BIP>SCZ,BIP>HC
APRIL, mean (CI) 281 [269;292] 259 [247;270] 260 [203;332] 335[323;347] HC>ALL ,HC>SCZ,HC>BIP

SCZ, schizophrenia and other nonaffective psychotic disorders; BIP, bipolar spectrum disorder; MDD, major depressive disorder; HC,
healthy control participants; ALL, all diagnostic groups; Plasma BAFF, B cell activating factor belonging to the TNF Family’, pre-
sented with the units pg/ml; CI, confidence interval. Data analysis based on transformed data (reciprocal transformation). BAFF is pre-
sented using back-transformed median with estimated confidence intervals based on empirical centiles in parenthesis. Plasma APRIL, a
proliferation-inducing ligand, presented with the units pg/ml. Data analysis based on log-transformed data. Back-transformed mean pre-
sented with 95% confidence interval in parenthesis. ANCOVA with post hoc tests were applied for pairwise group comparison on BAFF
and APRIL. All analyses were adjusted for age and sex. Alpha level was adjusted due to multiple comparisons (Bonferroni).
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BIP than in HC (P < .001, d = 0.37) (table 2). The plasma
level of BAFF was higher in BIP both vs SCZ (P = .027,
d =0.10) and vs HC (P = .040, d = 0.12). No significant
differences were found between SCZ subgroups. All ana-
lyses were adjusted for age and sex.

The BAFF/APRIL Ratio

The BAFF/APRIL plasma level ratio was compared be-
tween diagnostic groups and healthy control subjects. We
found no significant group differences.

BAFF and APRIL and Psychotropic Medication

The analysis revealed no significant associations be-
tween BAFF and APRIL and antipsychotic medication
DDD, antidepressive medication DDD, anticonvulsants
DDD and lithium DDD in a subsample of patients when
adjusting for age and sex. We found no significant asso-
ciations between BAFF and APRIL and serum levels of
the specific antipsychotic agents aripiprazole, quetiapine,
risperidone, and olanzapine when controlling for age and
sex and adjusting for multiple group comparisons.

BAFF and APRIL and Psychotic Symptom Load

As shown in table 3, stepwise regressions were con-
ducted in a subsample of patients (extensive subsample,

Table 3. Clinical and Demographic Predictors of Plasma APRIL
in a Subsample of Patients with SCZ, BIP, and MDD (n = 668)

Standardized

Coefficients Ad-
Covariates (Beta) t P-value justed R?
Age —-0.04 —-0.90 37 0.007
Sex 0.03 1.65 .10
Ethnicity 0.05 1.39 17
BMI 0.04 1.05 29
hsCRP -0.01 -0.35 73
Smoking -0.02 —0.46 .65
status
PANSS -0.09 —2.40 017*
positive
PANSS -0.01 —-0.30 7
negative
Anti- 0.06 1.51 13
psychotics
(DDD)

SCZ, schizophrenia and other nonaffective psychotic disorders;
BIP, bipolar spectrum disorder; MDD, major depressive disorder.
*P < .05. Stepwise regression analysis was employed; Plasma
APRIL, a prroliferation-inducing ligand; Ethnicity, European
ethnicity in percent; BMI, body-mass-index, weight/(height)?,
(kg/m?); Plasma hsCRP, high sensitivity C-reactive protein; anti-
psychotics (DDD), prescribed antipsychotics, number of defined
daily doses. Smoking status (yes/no), PANSS positive, Positive
and Negative Syndrome Scale, positive subscale. PANSS negative,
Positive and Negative Syndrome Scale, negative subscale.

42

n = 668) to identify clinical characteristics associated with
APRIL. The regression model was statistically significant
(F(1,667) = 5.8, P = .017). PANSS positive subscale was
significantly associated to APRIL (¢t = —2.40, P = .017,
beta = —0.09) when controlling for age, sex, ethnicity,
BMI, CRP, antipsychotic medication, smoking, and
PANSS negative subscale. None of the other explanatory
variables were significantly related to APRIL. We found
no predictors with significant associations to BAFF in
the regression model.

Relations Between BAFF and APRIL

There was no significant correlation between plasma
level of BAFF and APRIL in the sample consisting of
all patients and all HC (Pearson’s r = 0.03, P = .060,
(n = 3221)). When separating all patients (z = 2009) and
all HC (n = 1212) we found a weak significant correlation
between plasma BAFF and APRIL across all patients
(r=0.05, P=.029), butnotinall HC (r = —0.01, P = .855).
Subdivision of patients into SCZ (r = 0.05, P =.127), BIP
(r = 0.05, P = .138), and MDD (r = —0.003, P = .984)
showed no significant correlations between plasma levels
of BAFF and APRIL.

Discussion

This is the first study of BAFF and APRIL in a well-
powered sample of persons with psychosis controlling for
confounders. Our main findings were: (i) lower plasma
levels of APRIL in patients as a whole compared to HC;
(i1) lower plasma APRIL was associated with higher posi-
tive psychotic symptom load in BIP, SCZ, and MDD, and
(iii) plasma BAFF was significantly higher in BIP com-
pared to HC and SCZ, with low effect size. The present
study showing dysregulated plasma levels of BAFF and
APRIL supports modulation of the TNF system in psy-
chotic disorders.

A major finding of the current study was that
APRIL levels were reduced in persons with SCZ and
BIP and associated with symptom severity. We and
others have previously demonstrated dysregulation of
TNF pathways in people with severe mental disorders
based on soluble receptors suggesting enhanced TNF
activity.®*%> The present study extends these findings
suggesting that APRIL, a potential neuroprotective
cytokine, is dysregulated in individuals with severe
mental disorders. Studies investigating the relationship
between APRIL levels and disease activity in people
with autoimmune disease associated with occurrence
of concurrent psychiatric symptoms, such as SLE, have
showed mixed results. Some investigators have noted a
weak correlation between elevated APRIL levels and
disease activity,®® while others have reported an in-
verse correlation between the two consistent with the
findings in the current study.®*% In multiple sclerosis
(MS), APRIL has been shown to have a protective role



in the CNS by inducing astrocytes to produce anti-in-
flammatory IL-10 and dampening T cell proliferation
and inflammatory cytokine production.*® Furthermore,
neuronal connectivity is attenuated in SCZ and exper-
imental studies suggest axonal growth is impaired due
to glycogen synthase kinase-3 (GSK-3) dysregulation.®
Thus, APRIL has been shown to promote axon elonga-
tion by inactivation of the isoform GSK-3f in devel-
oping hippocampal neurons.’” Our findings involving
APRIL showed low to moderate effect sizes, whereas
the plasma levels of BAFF, a pivotal factor for B cell
maturation and the humoral immune response, was
only elevated in individuals with BIP, with low effect
size, but not associated with symptom severity. BAFF
is produced by CNS astrocytes and up-regulated in
MS plaques as a response to inflammation.®®%® In
general, astrocytes exert a neuroprotective function.”
However, the extent and implications of astrogliosis
in individuals with severe mental disorders,”"7* and
whether dysregulation of the TNF ligands BAFF and
APRIL could contribute to neuroinflammation, and
unfold their effects in the CNS by crossing the blood-
brain-barrier or migration of immune cells should be
clarified in experimental studies. As we found no as-
sociation between peripheral BAFF and APRIL and
the use of antipsychotics or serum levels of antipsy-
chotic agents, other treatment modalities would be
needed to modify levels of these proteins in individ-
uals with psychosis. While it is tempting to hypothe-
size a direct link between systemic levels of BAFF and
APRIL, neuroinflammation and CNS pathology, these
factors primarily play important roles in the regula-
tion of B and T cell immunity. Indeed, dysregulated
B and T cell function has been demonstrated in both
SCZ and BIP.> " The few studies conducted in pa-
tients with BIP indicate a lack of regulatory T cells,’”
leading to dysregulated trafficking of immune cells
into the CNS, potentially enhancing demyelination,
axonal loss®! and cognitive disturbance in humans.
Furthermore, as BAFF and APRIL are potent growth
factors for B cells and B cell-driven autoimmunity, our
findings support a role for altered B cell activation in
these disorders. In turn gonadal steroids are possible
endogenous regulators of both BAFF and the number
of B cells. Estradiol has been shown to increase BAFF
mRNA levels and the relative number of mature B cells
in the spleen,® whereas testosterone suppresses BAFF.
These findings are in accordance with lower prevalence
of autoimmune diseases in men than in women.%
There are some limitations in the current study.
Circulating BAFF and APRIL are not necessarily ac-
tive molecules due to soluble decoy forms of the re-
ceptors BCMA and TACI blocking the cytokines and
affecting their quantification.®>%¢ In the current study we
have not assessed whether the measured plasma levels
of BAFF and APRIL represent active or inactive forms,
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the relative fractions of BAFF/APRIL homotrimers
and heterotrimers are unknown, and the proportion of
these cytokines bound by the receptors BCMA, TACI,
BAFF-R or heparan sulfate proteoglycans (HSPGs)
outside the circulation was not determined. Moreover,
plasma levels of these molecules may not necessarily re-
flect their expression in the brain. Finally, some of the as-
sociations were nominally significant, and these findings
should be replicated in independent samples. Although a
large number of patients was examined, association does
not imply causal relationship.

To conclude, the present findings of dysregulated
APRIL, and to a lesser degree BAFF levels in individuals
with severe mental disorders further support the involve-
ment of immune dysregulations in the pathophysiology.
Further studies are warranted to clarify the mechanisms
of this aberrant modulation of the TNF system leading
to development of severe mental disorders and relation-
ship to psychotic symptoms.

Acknowledgments

We are thankful to the participants who made the
study possible and to the technical personnel at TOP/
NORMENT for participating in data collection and
sample handling. Special thanks to Lavinia Athanasiu
for research assistance with biobank coordination.

Funding

We gratefully acknowledge the support from the Research
Council of Norway (223273, 262656, 248828), K.G.
Jebsen Stiftelsen, South-East Norway Health Authority
(2015-078, 2017-112), European Union’s Horizon
2020 Research and Innovation Action Grant (847776
CoMorMent).

Conflicts of Interest

O.A.A. has received a speaker’s honorarium from
Lundbeck and is a consultant for HealthLytix. All other
authors report no biomedical financial interests or poten-
tial conflicts of interest.

References

1. Miller BJ, Buckley P, Seabolt W, Mellor A, Kirkpatrick B.
Meta-analysis of cytokine alterations in schizophrenia:
clinical status and antipsychotic effects. Biol Psychiatry.
2011;70(7):663-671.

2. Marques TR, Ashok AH, Pillinger T, et al. Neuroinflammation
in schizophrenia: meta-analysis of in vivo microglial imaging
studies. Psychol Med. 2019;49(13):2186-2196.

3. Khandaker GM, Cousins L, Deakin J, Lennox BR, Yolken R,
Jones PB. Inflammation and immunity in schizophrenia:

43



JA.

10.

14.

15.

16.

17.

18.

19.

44

. douglas.ruderfer@vanderbilt.edu

Engh et al

implications for pathophysiology and treatment. Lancet
Psychiatry. 2015;2(3):258-270.

. Modabbernia A, Taslimi S, Brietzke E, Ashrafi M. Cytokine

alterations in bipolar disorder: a meta-analysis of 30 studies.
Biol Psychiatry. 2013;74(1):15-25.

. Rosenblat JD, Mclntyre RS. Bipolar disorder and immune

dysfunction: epidemiological findings, proposed pathophysi-
ology and clinical implications. Brain Sci. 2017;7(11):144.

. Osimo EF, Pillinger T, Rodriguez IM, Khandaker GM,

Pariante CM, Howes OD. Inflammatory markers in depres-
sion: a meta-analysis of mean differences and variability
in 5,166 patients and 5,083 controls. Brain Behav Immun.
2020;87:901-909.

. Kohler CA, Freitas TH, Maes M, et al. Peripheral cytokine

and chemokine alterations in depression: a meta-analysis of
82 studies. Acta Psychiatr Scand. 2017;135(5):373-387.

. Dowlati Y, Herrmann N, Swardfager W, et al. A meta-

analysis of cytokines in major depression. Biol Psychiatry.
2010;67(5):446-457.

. Ruderfer DM, Fanous AH, Ripke S, et al.; Schizophrenia

Working Group of the Psychiatric Genomics Consortium;
Bipolar Disorder Working Group of the Psychiatric
Genomics Consortium; Cross-Disorder Working Group of
the Psychiatric Genomics Consortium. Polygenic dissection
of diagnosis and clinical dimensions of bipolar disorder and
schizophrenia. Mol Psychiatry. 2014;19(9):1017-1024.
Consortium C-DGotPG. Identification of risk loci with
shared effects on five major psychiatric disorders: a genome-
wide analysis. Lancet. 2013;381(9875):1371-9.
BDaSWGotPGCEa,
Consortium BDaSWGotPG. Genomic dissection of bipolar

disorder and schizophrenia, including 28 subphenotypes.
Cell. 2018;173(7):1705-15.e16.

. Goldsmith DR, Rapaport MH, Miller BJ. A meta-analysis

of blood cytokine network alterations in psychiatric patients:
comparisons between schizophrenia, bipolar disorder and de-
pression. Mol Psychiatry. 2016;21(12):1696-1709.

. Tandon R, Keshavan MS, Nasrallah HA. Schizophrenia,

“just the facts” what we know in 2008. 2. Epidemiology and
etiology. Schizophr Res. 2008;102(1-3):1-18.

Tiosano S, Farhi A, Watad A, et al. Schizophrenia among
patients with systemic lupus erythematosus: population-
based cross-sectional study. Epidemiol Psychiatr Sci.
2017;26(4):424-429.

Mclntyre RS, Konarski JZ, Soczynska JK, et al. Medical
comorbidity in bipolar disorder: implications for functional
outcomes and health service utilization. Psychiatr Serv.
2006;57(8):1140-1144.

Perugi G, Quaranta G, Belletti S, et al. General medical con-
ditions in 347 bipolar disorder patients: clinical correlates of
metabolic and autoimmune-allergic diseases. J Affect Disord.
2015;170:95-103.

Roberts AL, Kubzansky LD, Malspeis S, Feldman CH,
Costenbader KH. Association of depression with risk of inci-
dent systemic lupus erythematosus in women assessed across
2 decades. JAM A Psychiatry. 2018;75(12):1225-1233.

Hanly JG, Urowitz MB, Sanchez-Guerrero J, et al.; Systemic
Lupus International Collaborating Clinics. Neuropsychiatric
events at the time of diagnosis of systemic lupus erythe-
matosus: an international inception cohort study. Arthritis
Rheum. 2007;56(1):265-273.

Hesselvig JH, Egeberg A, Kofoed K, Gislason G, Dreyer L.
Increased risk of depression in patients with cutaneous lupus

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

erythematosus and systemic lupus erythematosus: a Danish na-
tionwide cohort study. Br J Dermatol. 2018;179(5):1095-1101.

HanlyJG, UrowitzMB, Gordon C, etal. Neuropsychiatricevents
in systemic lupus erythematosus: a longitudinal analysis of out-
comes in an international inception cohort using a multistate
model approach. Ann Rheum Dis. 2020;79(3):356-362.

Abbott NJ, Mendong¢a LL, Dolman DE. The blood-
brain barrier in systemic lupus erythematosus. Lupus.
2003;12(12):908-915.

Zandman-Goddard G, Chapman J, Shoenfeld Y.
Autoantibodies involved in neuropsychiatric SLE and
antiphospholipid syndrome. Semin  Arthritis  Rheum.
2007;36(5):297-315.

Greenwood DL, Gitlits VM, Alderuccio F, Sentry JW,
Toh BH. Autoantibodies in neuropsychiatric lupus.
Autoimmunity. 2002;35(2):79-86.

Wang Q, Yang C, Gelernter J, Zhao H. Pervasive pleiotropy
between psychiatric disorders and immune disorders re-
vealed by integrative analysis of multiple GWAS. Hum Genet.
2015;134(11-12):1195-1209.

Tylee DS, Sun J, Hess JL, et al.; 23 and Me Research Team;
Inflammation Working Group of the CHARGE Consortium;
METASTROKE Consortium of the International
Stroke Genetics Consortium; Netherlands Twin Registry;
neuroCHARGE Working Group; Obsessive Compulsive
and Tourette Syndrome Working Group of the Psychiatric
Genomics Consortium. Genetic correlations among psychi-
atric and immune-related phenotypes based on genome-wide
association data. Am J Med Genet B Neuropsychiatr Genet.
2018;177(7):641-657.

Pouget JG, Han B, Wu Y, et al.; Schizophrenia Working
Group of the Psychiatric Genomics Consortium. Cross-
disorder analysis of schizophrenia and 19 immune-mediated
diseases identifies shared genetic risk. Hum Mol Genet.
2019;28(20):3498-3513.

Miiller N, Ackenheil M. Psychoneuroimmunology and
the cytokine action in the CNS: implications for psychi-
atric disorders. Prog Neuropsychopharmacol Biol Psychiatry.
1998;22(1):1-33.

Wang AK, Miller BJ. Meta-analysis of cerebrospinal fluid
cytokine and tryptophan catabolite alterations in psychiatric
patients: comparisons between schizophrenia, bipolar dis-
order, and depression. Schizophr Bull. 2018;44(1):75-83.
Yirmiya R, Goshen I. Immune modulation of learning,
memory, neural plasticity and neurogenesis. Brain Behav
Immun. 2011;25(2):181-213.

Konsman JP, Parnet P, Dantzer R. Cytokine-induced sickness
behaviour: mechanisms and implications. Trends Neurosci.
2002;25(3):154-159.

Tsai SJ. Role of interleukin 8 in depression and other psychi-
atric disorders. Prog Neuropsychopharmacol Biol Psychiatry.
2021;106:110173.

Haapakoski R, Mathieu J, Ebmeier KP, Alenius H,
Kivimdki M. Cumulative meta-analysis of interleukins 6 and
1B, tumour necrosis factor a and C-reactive protein in pa-
tients with major depressive disorder. Brain Behav Immun.
2015;49:206-215.

Dahan S, Bragazzi NL, Yogev A, et al. The relationship be-
tween serum cytokine levels and degree of psychosis in pa-
tients with schizophrenia. Psychiatry Res. 2018;268:467-472.
Black C, Miller BJ. Meta-analysis of cytokines and
chemokines in suicidality: distinguishing suicidal versus
nonsuicidal patients. Biol Psychiatry. 2015;78(1):28-37.



35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

Smith CA, Farrah T, Goodwin RG. The TNF receptor super-
family of cellular and viral proteins: activation, costimulation,
and death. Cell. 1994;76(6):959-962.

Gravestein LA, Amsen D, Boes M, Calvo CR, Kruisbeek AM,
Borst J. The TNF receptor family member CD27 sig-
nals to Jun N-terminal kinase via Traf-2. Eur J Immunol.
1998;28(7):2208-2216.

McKellar GE, McCarey DW, Sattar N, Mclnnes IB. Role for
TNF in atherosclerosis? Lessons from autoimmune disease.
Nat Rev Cardiol. 2009;6(6):410-417.

Belnoue E, Pihlgren M, McGaha TL, et al. APRIL is crit-
ical for plasmablast survival in the bone marrow and poorly
expressed by early-life bone marrow stromal cells. Blood.
2008;111(5):2755-2764.

Xiao J, Buka SL, Cannon TD, et al. Serological pattern
consistent with infection with type I Toxoplasma gondii
in mothers and risk of psychosis among adult offspring.
Microbes Infect. 2009;11(13):1011-1018.

Vincent FB, Morand EF, Schneider P, Mackay F. The BAFF/
APRIL system in SLE pathogenesis. Nat Rev Rheumatol.
2014;10(6):365-373.

Vincent FB, Saulep-Easton D, Figgett WA, Fairfax KA,
Mackay F. The BAFF/APRIL system: emerging functions
beyond B cell biology and autoimmunity. Cytokine Growth
Factor Rev. 2013;24(3):203-215.

Schiemann B, Gommerman JL, Vora K, et al. An es-
sential role for BAFF in the normal development of B
cells through a BCMA-independent pathway. Science.
2001;293(5537):2111-2114.

Moore PA, Belvedere O, Orr A, et al. BLyS: member of the
tumor necrosis factor family and B lymphocyte stimulator.
Science. 1999;285(5425):260-263.

Craxton A, Magaletti D, Ryan EJ, Clark EA. Macrophage-
and dendritic cell-dependent regulation of human B-cell
proliferation requires the TNF family ligand BAFF. Blood.
2003;101(11):4464-4471.

Litinskiy MB, Nardelli B, Hilbert DM, et al. DCs induce
CD40-independent immunoglobulin class switching through
BLyS and APRIL. Nat Immunol. 2002;3(9):822-829.
Mackay F, Schneider P, Rennert P, Browning J. BAFF AND
APRIL: a tutorial on B cell survival. Annu Rev Immunol.
2003;21:231-264.

Vincent FB, Northcott M, Hoi A, Mackay F, Morand EF.
Association of serum B cell activating factor from the tu-
mour necrosis factor family (BAFF) and a proliferation-
inducing ligand (APRIL) with central nervous system
and renal disease in systemic lupus erythematosus. Lupus.
2013;22(9):873-884.

Baert L, Benkhoucha M, Popa N, et al. A proliferation-
inducing ligand-mediated anti-inflammatory re-
sponse of astrocytes in multiple sclerosis. Ann Neurol.
2019;85(3):406-420.

El Kissi Y, Samoud S, Mtiraoui A, et al. Increased
Interleukin-17 and decreased BAFF serum levels in drug-free
acute schizophrenia. Psychiatry Res. 2015;225(1-2):58-63.
Schmidt FM, Koch J, Nowak C, et al. Ligands and recep-
tors of the TNF superfamily are decreased in major depres-
sion and during early antidepressant therapy. J Psychiatr Res.
2019;119:116-121.

Smedler E, Kleppe J, Neufeld J, Lundin K, Bolte S, Landén M.
Cerebrospinal fluid and serum protein markers in autism: a
co-twin study. J Neurochem. 2021;158(3):798-806.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Aberrant BAFF and APRIL in Severe Mental Disorders

Girgis RR, Kumar SS, Brown AS. The cytokine model
of schizophrenia: emerging therapeutic strategies. Biol
Psychiatry. 2014;75(4):292-299.

Engh JA, Friis S, Birkenaes AB, et al. Delusions are associ-
ated with poor cognitive insight in schizophrenia. Schizophr
Bull. 2010;36(4):830-835.

Morch RH, Dieset I, Ferden A, et al. Inflammatory markers
are altered in severe mental disorders independent of
comorbid cardiometabolic disease risk factors. Psychol Med.
2019;49(10):1749-1757.

Hope S, Hoseth E, Dieset I, et al. Inflammatory markers are
associated with general cognitive abilities in schizophrenia
and bipolar disorder patients and healthy controls. Schizophr
Res. 2015;165(2-3):188-194.

Spitzer RL, Kroenke K, Williams JB. Validation and utility of
a self-report version of PRIME-MD: the PHQ primary care
study. Primary care evaluation of mental disorders. Patient
health questionnaire. JAMA. 1999;282(18):1737-1744.

First MB, Spitzer RL, Gibbon M, Williams JBW. Structured
Clinical Interview for DSM-IV-TR Axis I Disorders, Research
Version, Patient Edition (SCID-I/P). New York: Biometrics
Research, New York State Psychiatric Institute; 2002.
Simonsen C, Sundet K, Vaskinn A, et al. Neurocognitive dys-
function in bipolar and schizophrenia spectrum disorders de-
pends on history of psychosis rather than diagnostic group.
Schizophr Bull. 2011;37(1):73-83.

Kay SR, Fiszbein A, Opler LA. The positive and negative
syndrome scale (PANSS) for schizophrenia. Schizophr Bull.
1987;13(2):261-276.

Hoseth EZ, Ueland T, Dieset I, et al. A Study of TNF
pathway activation in schizophrenia and bipolar disorder in
plasma and brain tissue. Schizophr Bull. 2017;43(4):881-890.
Pandey GN, Ren X, Rizavi HS, Zhang H. Proinflammatory
cytokines and their membrane-bound receptors are altered
in the lymphocytes of schizophrenia patients. Schizophr Res.
2015;164(1-3):193-198.

Noto C, Gadelha A, Belangero SI, et al. Circulating levels
of STNFR1 as a marker of severe clinical course in schizo-
phrenia. J Psychiatr Res. 2013;47(4):467-471.

Hegazy M, Darwish H, Darweesh H, El-Shehaby A, Emad Y.
Raised serum level of APRIL in patients with systemic lupus
erythematosus: correlations with disease activity indices. Clin
Immunol. 2010;135(1):118-124.

Stohl W, Metyas S, Tan SM, et al. Inverse association between
circulating APRIL levels and serological and clinical disease
activity in patients with systemic lupus erythematosus. Ann
Rheum Dis. 2004;63(9):1096—-1103.

Morel J, Roubille C, Planelles L, et al. Serum levels of tumour
necrosis factor family members a proliferation-inducing
ligand (APRIL) and B lymphocyte stimulator (BLyS) are
inversely correlated in systemic lupus erythematosus. Ann
Rheum Dis. 2009;68(6):997-1002.

Haroutunian V, Katsel P, Roussos P, Davis KL, Altshuler LL,
Bartzokis G. Myelination, oligodendrocytes, and serious
mental illness. Glia. 2014;62(11):1856-1877.

Osorio C, Chacén PJ, White M, et al. Selective regulation
of axonal growth from developing hippocampal neurons by
tumor necrosis factor superfamily member APRIL. Mol Cell
Neurosci. 2014;59:24-36.

Krumbholz M, Theil D, Derfuss T, et al. BAFF is produced
by astrocytes and up-regulated in multiple sclerosis lesions
and primary central nervous system lymphoma. J Exp Med.
2005;201(2):195-200.

45



JA.

69.

70.

71.

72.

73.

74.

75.

76.

77.

46

Engh et al

Thangarajh M, Masterman T, Hillert J, Moerk S, Jonsson R.
A proliferation-inducing ligand (APRIL) is expressed by
astrocytes and is increased in multiple sclerosis. Scand J
Immunol. 2007;65(1):92-98.

Voskuhl RR, Peterson RS, Song B, et al. Reactive astrocytes
form scar-like perivascular barriers to leukocytes during
adaptive immune inflammation of the CNS. J Neurosci.
2009;29(37):11511-11522.

Hol EM, Pekny M. Glial fibrillary acidic protein (GFAP)
and the astrocyte intermediate filament system in dis-
eases of the central nervous system. Curr Opin Cell Biol.
2015;32:121-130.

Schmitt A, Steyskal C, Bernstein HG, et al. Stereologic
investigation of the posterior part of the hippocampus
in schizophrenia. Acta  Neuropathol.  2009;117(4):
395-407.

van Kesteren CF, Gremmels H, de Witte LD, et al. Immune
involvement in the pathogenesis of schizophrenia: a meta-
analysis on postmortem brain studies. 7ransl Psychiatry.
2017;7(3):e1075.

Yang L, Zhou Y, Jia H, Qi1 Y, Tu S, Shao A. Affective immun-
ology: the crosstalk between microglia and astrocytes plays
key role? Front Immunol. 2020;11:1818.

Debnath M. Adaptive Immunity in schizophrenia: functional
implications of T cells in the etiology, course and treatment. J
Neuroimmune Pharmacol. 2015;10(4):610-619.

Debnath M, Berk M. Thl7 pathway-mediated
immunopathogenesis of schizophrenia: mechanisms and im-
plications. Schizophr Bull. 2014;40(6):1412-1421.

Steiner J, Jacobs R, Panteli B, et al. Acute schizo-
phrenia is accompanied by reduced T cell and increased
B cell immunity. Eur Arch Psychiatry Clin Neurosci.
2010;260(7):509-18.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Drexhage RC, Hoogenboezem TH, Versnel MA, Berghout A,
Nolen WA, Drexhage HA. The activation of monocyte and
T cell networks in patients with bipolar disorder. Brain Behav
Immun. 2011;25(6):1206-1213.

Padmos RC, Hillegers MH, Knijff EM, et al. A discriminating
messenger RNA signature for bipolar disorder formed by an
aberrant expression of inflammatory genes in monocytes.
Arch Gen Psychiatry. 2008;65(4):395-407.

Drexhage RC, van der Heul-Nieuwenhuijsen L, Padmos RC,
et al. Inflammatory gene expression in monocytes of pa-
tients with schizophrenia: overlap and difference with bipolar
disorder. A study in naturalistically treated patients. Int J
Neuropsychopharmacol. 2010;13(10):1369-1381.

Ransohoff RM, Kivisikk P, Kidd G. Three or more routes
for leukocyte migration into the central nervous system. Nat
Rev Immunol. 2003;3(7):569-581.

Reichenberg A, Yirmiya R, Schuld A, et al. Cytokine-
associated emotional and cognitive disturbances in humans.
Arch Gen Psychiatry. 2001;58(5):445-452.

Hill L, Jeganathan V, Chinnasamy P, Grimaldi C,
Diamond B. Differential roles of estrogen receptors o and
B in control of B-cell maturation and selection. Mol Med.
2011;17(3-4):211-220.

Tedeschi SK, Bermas B, Costenbader KH. Sexual disparities
in the incidence and course of SLE and RA. Clin Immunol.
2013;149(2):211-218.

Hoffmann FS, Kuhn PH, Laurent SA, et al. The
immunoregulator soluble TACI is released by ADAMI10
and reflects B cell activation in autoimmunity. J Immunol.
2015;194(2):542-552.

Laurent SA, Hoffmann FS, Kuhn PH, et al. y-Secretase dir-
ectly sheds the survival receptor BCMA from plasma cells.
Nat Commun. 2015;6:7333.



