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Soluble terminal complement complex blood levels are elevated
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Abstract

The role of the complement system in schizophrenia (Sz) is inconclusive due to heterogeneity of the disease and study
designs. Here, we assessed the levels of complement activation products and functionality of the classical pathway in acutely
ill unmedicated Sz patients at baseline and after 6 weeks of treatment versus matched controls. The study included analyses
of the terminal complement complex (sTCC) and C5a in plasma from 96 patients and 96 controls by enzyme-linked immu-
nosorbent assay. Sub-group analysis of serum was conducted for measurement of C4 component and activity of the classi-
cal pathway (28 and 24 cases per cohort, respectively). We found no differences in levels of C5a, C4 and classical pathway
function in patients versus controls. Plasma sTCC was significantly higher in patients [486 (392—659) ng/mL, n =96] com-
pared to controls [389 (304—612) ng/mL, n=96] (p=0.027, §=0.185), but not associated with clinical symptom ratings or
treatment. The differences in sSTCC between Sz and controls were confirmed using an Aligned Rank Transformation model
considering the covariates age and sex (p =0.040). Additional analysis showed that sSTCC was significantly associated with
C-reactive protein (CRP; p=0.006). These findings suggest that sSTCC plays a role in Sz as a trait marker of non-specific
chronic immune activation, as previously described for CRP. Future longitudinal analyses with more sampling time points
from early recognition centres for psychoses may be helpful to better understand the temporal dynamics of innate immune
system changes during psychosis development.
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Introduction Notably, only patients without clinical signs of infection
were included in the study. This finding of innate immune
Recently, we found evidence of significantly elevated neu-  system activation is consistent with evidence of elevated

trophils in a subgroup of unmedicated schizophrenia (Sz)  pro-inflammatory cytokines in blood [7] and cerebrospinal
patients [19]. Symptom improvement following treatment  fluid (CSF) [21], and increased susceptibility to infections
was associated with decreased neutrophil counts, particu-  and autoimmunity in some patients [1].

larly in olanzapine-treated first-episode patients (FESz).
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As part of the immune response, the complement cascade
consists of more than 30 proteins and can be initiated via the
classical, lectin or alternative pathways (Fig. 1) [13]. The
pathway is activated by a protease cascade generating solu-
ble (e.g. C3a, C5a) and membrane-associated (e.g. C4b/d,
C3b/iC3b) products. Clearance of pathogens and tissues
is accomplished via assembly of the terminal complement
complex (TCC, also known as C5b-9 or MAC), which medi-
ates lytic and pro-inflammatory processes. However, in some
diseases or traumas, complement dysfunction can lead to
disrupted immune balance, which has been suggested to play
arolein Sz [11].

In addition to these immune functions, the complement
system orchestrates synaptic pruning during normal brain
development and maturation via microglial cells [14]. It has
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therefore become a focus of Sz research in recent years, par-
ticularly after the discovery of complex genetic variation in
MHC I and increased C4 expression in human post-mortem
brains of Sz patients [15, 18].

To further understand the involvement of the peripheral
complement system in Sz, our study provides comprehen-
sive measurements of peripheral complement components
in acutely ill unmedicated patients and matched healthy con-
trols. Additionally, the functionality of the classical comple-
ment pathway was assessed. Our longitudinal study design
with follow-up tests after 6 weeks of therapy and detailed
clinical characterisation of patients, allowed consideration
of the influence of disease stage, antipsychotic medication,
smoking and other demographic variables on complement
system effects.
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Fig. 1 Illustration of the common complement activation pathways.
The classical pathway is mainly triggered by antibody-antigen com-
plexes or C-reactive protein, which are responsible for the further
cleavage of the initial components C2 and C4 and the formation of
C3 and C5 convertases. The functionally similar lectin pathway is
activated by mannose-binding lectins (MBLs) and ficolins, which
recognise sugar residues on pathogen surfaces and cause enzymatic
cleavage of the initial complement components. The alternative
pathway is spontaneously activated at low levels and is induced, for
example, by artificial surfaces, leading to an amplification loop and
the formation of a specific C3 convertase. All three pathways are con-
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verging into a common terminal pathway which causes lysis of the
target cell. This is initiated by the cleaved C5 molecule, C5b, causing
the subsequent binding of C6, C7, C8 and multiple C9 molecules in
the form of a membrane-spanning pore or soluble activation product.
There are also pathway-specific by-products, e.g. C4b/d, which bind
to the surface of target cells, or general soluble fragments, e.g. C3a
and C5a, which mediate their function by binding to their respective
receptors. Lower right corner of the drawing: C3b can trigger phago-
cytosis, whilst C5a can induce, for example, the production of pro-
inflammatory cytokines in neutrophils. Figure generated with Bioren-
der (www.biorender.com)
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Methods
Patients and controls

The study complied with German laws, the Declaration
of Helsinki and institutional review guidelines. Partici-
pants gave written informed consent. Specimens were col-
lected from sequentially admitted acutely ill Sz patients
at the Department of Psychiatry, University of Magde-
burg, Germany from May 2011 to August 2021 (n=192)
(Table S1) [19]. Patients were diagnosed following ICD10
[3] and AWMF-S3 guidelines [5]. FESz patients (n=61)
were antipsychotic-naive at baseline (T0). Relapsed (RSz)
patients (n =35) were unmedicated > 6 weeks before blood
sampling. Control samples (n=96) were from healthy
donors, hospital staff and relatives over the same dates.
Exclusion criteria included substance abuse, psychosis
induced by medical conditions, immunotherapy, and infec-
tion. Controls were screened for personal/family history
of neuropsychiatric disorders using the Mini-International
Neuropsychiatric Interview [16]. Blood analyses and Posi-
tive and Negative Syndrome Scale (PANSS) assessments
were performed at baseline. Six-week (T6) follow-up
assessments were available for 57 patients. Types and
cumulative dosages of antipsychotics (TO-T6) were con-
verted to chlorpromazine (CPZ) equivalents and com-
prised olanzapine (n =26), risperidone (n=23), aripipra-
zole (n=15), quetiapine (n =2) and ziprasidone (n=1).

Samples and analyses

Blood was collected from fasting subjects at 08:00 AM
into Vacutainer tubes (Becton Dickinson). EDTA-tubes
were used to determine white blood cell (WBC) counts
within 1 h. For plasma, additional EDTA-tubes were cen-
trifuged immediately at 1000 g for 10 min. Serum tubes
were centrifuged at 1000 g for 10 min after 2 h clotting.
Plasma/serum supernatants were stored at —80 °C.

Complement components

Plasma was used for C5a, sTCC and neutrophil priming
analyses, and serum for C4 and haemolysis assays. WBC
counts and C-reactive protein (CRP) were determined as
previously described [19]. Complement pathway activa-
tion was measured by enzyme-linked immunosorbent
assay (ELISA) for C5a (DRG Instruments GmbH) and
sTCC (sC5b-9; OptEIA™ Set, Biosciences) (Table 1). C4
cleavage was determined in patients (n=28) and controls
(n=28) also by ELISA (Abcam) (Table S2).

Haemolytic analysis

Random samples (Table S3) were measured for haemolysis
of sheep red blood cells (shRBCs; Fiebig Animal Products).
RBCs were washed with 5 mM PBS/EDTA, followed by
exposure to 1:4000-diluted rabbit anti-sheep serum (Colo-
rado Serum Company). Afterwards, 1% human serum was
added and lysis measured by detection of released haemo-
globin at 405 nm in a spectrophotometer. Water was used
as a positive control (100% lysis) and 20 mM Mg-EGTA as
a negative (0% lysis) control.

PMN complement receptor expression

Polymorphonuclear cells (PMNs) were isolated by Ficoll-
Paque (GE Healthcare) density gradient centrifugation, fol-
lowed by dextran sedimentation. Erythrocytes were lysed
and neutrophil-enriched granulocytes adjusted to 3 x 10’
cells/mL in Hank’s balanced salt solution containing cal-
cium and magnesium (HBSS-Ca-Mg). Isolated PMNs from
three healthy blood donors (both sexes, aged 21-40 years)
were exposed to 3% plasma from 9 patients and 10 controls
(3—4 plasma samples/PMN sample) for 10 min (Table S4)
and stained with 150 ng/mL FITC-labelled CD11b, 68 ng/
mL Pe-Cy7-labelled C3aR, and 135 ng/mL APC-labelled
C5aR1 antibodies (BioLegend) for 15 min at 37 °C. Cells
were fixed with 1% paraformaldehyde (pH 8.0) for 15 min at
room temperature in darkness. Samples were centrifuged at
340 g for 5 min, the pellets resuspended in HBSS-Ca-Mg,
and measured rapidly by cytometry (BD Biosciences). The
flow rate was kept low, whilst 7500-10,000 events were
measured.

Statistics

Data analyses used R (v4.3.1). Group differences in sex
and tobacco smoking were calculated using chi-squared
tests. Corrected PANSS scores were derived by subtrac-
tion of minimum (no symptoms) from raw scores. As most
data were not normally distributed (Shapiro—Wilk testing),
group differences were calculated using non-parametric
Mann—Whitney U tests. Cliff’s delta (8) was used to assess
effect sizes. Probatory analyses of covariance using Aligned
Rank Transformation (ART) with stepwise inclusion of age,
sex, BMI and number of cigarettes smoked/day as covari-
ates were used to identify significant confounders. Relevant
confounding factors were included as covariates in the final
ART model to confirm diagnosis-dependent differences.
Separate ART analyses with the covariates CRP or neutro-
phil count were calculated to determine if these inflamma-
tory parameters were associated with sTCC, C5a and C4
measures. For significantly identified covariates, Spearman
correlations were calculated in order to identify the direction
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Table 1 Comparison of Sz patients with controls
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variables Sz Control test test value p-value ()
Age (years) 33.0 (26.3;44.5;96) 34.5(27.0;45.8;96) U-test W= 44715 0.724
iliness duration (years) 0.0 (0.0;3.3;96) - - - -
Sex (female/male) 40/56 40/56 Chi-Square X2=0.00 1.000
Tobacco smoking 5442 12/83 Chi-Square | X2=38.27 <0.001
(yes/no)
BMI_TO 23.6 (20.7;27.1;96) 23.7 (21.8;27.6;96) U-test W=4426.5 0.638
BMI_T6 25.5(22.3;29.3;57) -
Test value W=89
p-value p<0.001
PANSS total corr._T0 35.0 (28.0;48.8;96) -
PANSS total corr._T6 9.0 (3.5;20.0;57) -
Test value W=1594.5
p-value p<0.001
PANSS-P corr._TO 12.0 (9.0;16.0;96) -
PANSS-P corr._T6 1.0 (0.0;4.0;57) -
Test value W=1537.5
p-value p<0.001
PANSS-N corr._T0 7.0 (4.0;13.0;96) -
PANSS-N corr._T6 2.0 (0.0;8.0;57) -
Test value W=958.5
p-value p<0.001
PANSS-G corr._T0 15.0 (12.0;20.0;96) -
PANSS-G corr._T6 4.0 (1.0;9.5,57) -
Test value W=1642
p-value p<0.001
E’r:zm SICC 486 (392:659.96) | 389 (304:612:96) U-test W=54625 | 0.027 (0.185)
plasma sTCC_T6 487 (344:664:57)
(ng/ml)
Test value W=724
p-value p=0.418
plasma C5a_TO (pg/l) 1.00 (0.54;1.42;96) 1.05 (0.54;1.63;96) U-test W=4375.0 0.546
plasma C5a _T6 (ug/l) 0.88 (0.46;1.5;57) - - -
Test value W=922
p-value p=0.204
serum C4_TO (ug/ml) 278 (260;304;28) 264 (233;320;28) U-test W=4345 0.491
serum C4_T6 (ug/ml) 269 (241;308;28) - - - -
Test value W=243
p-value p=0.374
Neutrophils_T0 (x109/]) 4.81(3.53;6.48;96) 3.01(2.36;3.86;94) U-test W=7258.0 <0.001 (0.609)
Neutrophils_T6 (x109/]) 4.03 (3.35;5.07;57) - - -
Test value W=1204
p-value p=0.003
Eosinophils_T0 (x109/1) 0.12 (0.08;0.22;96) 0.15 (0.09;0.25;94) U-test W=3816.5 0.067 (-0.154)
Eosinophils_T6 (x109/1) 0.25 (0.12;0.38;57) - - - -
Test value W=273
p-value p<0.001
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Table 1 (continued)

Basophils_T0 (x109/]) 0.06 (0.02;0.08;96) 0.05 (0.03;0.06;94) U-test W=5309.0 0.035 (0.177)
Basophils_T6 (x109/]) 0.07 (0.04;0.09;57) - - - -

Test value W=664.5

p-value p=0.655

Monocytes_TO0 (x109/]) 0.56 (0.43;0.73;96) 0.42 (0.32;0.60;94) U-test W=6158.0 <0.001 (0.365)
Monocytes_T6 (x109/) 0.55 (0.43;0.65;57) - - - -

Test value W=1128

p-value p=0.017

(L}%Q/T)“y‘es—m 202 (150:260:96) | 1.96 (1.62:2.25:94) Utest W=4901.0 0305
Lymphocytes_T6 g

(x10%) 2.14 (1.75;2.64;57) -

Test value W=817.5

p-value p=0.946

CRP_TO (mg/l) 1.35 (0.60;3.40;95) 0.90 (0.60;1.70;95) U-test W=5371.0 0.023 (0.190)
CRP_T6 (mg/l) 1.20 (0.62;2.15;57) - - -

Test value W=691.5

p-value p=0.435

Demographic data, clinical assessments, complement measurements (STCC, C5a and C4), WBC counts and CRP

Data are presented as median (quartile 1; quartile 3; sample size) or number of cases. Significant p values are highlighted in bold font.
CRP C-reactive protein, o effect size Cliff’s delta, WBC white blood cell, PANSS Positive and Negative Syndrome scale. PANSS scores were
corrected (corr.) by subtraction of minimum scores, which represented no symptoms; TO=baseline; T6 =follow-up after 6 weeks of treatment

of the relationships. A mixed-effects linear regression model
was applied to analyse plasma priming data. The effect of
different blood donors was accounted for using a random
effects model to minimise variation in donor granulocyte
responses, setting the baseline equal. Given the exploratory
nature of this study, correction for multiple comparisons was
not applied. Statistical tests were two-tailed with p <0.05
considered significant.

Results
Demographic data and clinical assessments

Sz patients and controls were matched for age, sex and BMI
(Table 1; Table S1). The proportion of smokers was higher in
patients than controls and FESz had shorter illness durations
than RSz patients. Baseline PANSS scores showed similar
symptom severity in FESz and RSz patients. PANSS scores
in all Sz patients and FESz and RSz subgroups improved
significantly after 6 weeks of treatment.

Complement system, WBC count and CRP analyses
Baseline

sTCC levels were significantly higher in patients [486
(392-659) ng/mL, n=96] compared to controls [389

(304-612) ng/mL, n=96] (6 =0.185), but no significant
differences were observed for C5a and C4 (Table 1). We
also found significantly higher neutrophil (6 =0.609) and
monocyte (6=0.365) counts, and elevated CRP levels
(6=0.190) in Sz compared to controls, consistent with our
previous study [19]. Additionally, eosinophil counts were
lower (6= —0.154) and basophil counts higher (6 =0.177)
in Sz versus controls. FESz and RSz patients did not differ
in any of these measures (Table S1).

Follow-up

Levels of sTCC, C5a and C4 in patients did not change sig-
nificantly after 6 weeks of treatment (Table 1). However,
a significant decline in neutrophil and monocyte counts
was observed in Sz whilst eosinophil counts increased.
No significant changes were observed regarding basophils,
lymphocytes and CRP. The FESz and RSz subgroups did
not differ in these measures at week 6 (Table S1).

Consideration of potential confounding factors

ART analyses with stepwise inclusion of age, sex, BMI and
smoking as single covariates, identified age and sex as rel-
evant confounders for sTCC, whilst BMI had a significant
influence on C4 (Table 2). Further analyses of these con-
founders showed that sTCC blood levels correlated with age
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Table 2 Covariate effect of age, sex, BMI, and smoking by probatory ART analyses and final ART model

Effect of single covariates in probatory ART- E s _
analyses (p-value) S =
23 o S
23 ge
S E So
© = ©c O
= 3 S g2
© o << — 'f.E
3 23 £ Se
<) ) > = _% 8 © O 55
) & & o e 3 £
g 55 ® ®
s
sTCC-T0 0.005 <0.001 0.221 0.740 Agetsex 0.040
C5a_T0 0.284 0.775 0.251 0.156 nrci 0.546
C4.T0 0.430 0.753 0.023 0.449 BMI 0.552
CRP_T0 0.233 0.693 <0.001 <0.001 | BMI+smoking | 0.429

Significant p-values are highlighted in bold font. Nrci: no relevant covariate identified.

Factors that had a significant influence on respective complement components or CRP were included as covariates in the final ART model (high-

lighted in blue)

Significant p values are highlighted in bold font. Nrci: no relevant covariate identified

(p=0.166, p=0.021), and were higher in females versus
males (p <0.001). BMI showed a borderline significant cor-
relation with C4 (p=0.343, p=0.050). Differences of sTCC
between Sz and controls were confirmed by the final ART
model using the covariates age and BMI (p =0.040). Cal-
culation of group statistics for C4 by ART with the covari-
ate BMI still showed no significant difference between Sz
patients and controls (p =0.552). Notably, CRP levels were
significantly confounded by BMI and smoking. When these
covariates were taken into account, the diagnosis-related dif-
ferences in CRP disappeared (p =0.429).

Consideration of possible complement factor/CRP
or neutrophil associations

Separate ART analyses showed significant associations of
CRP with sTCC and C5a (p =0.006 each) and of neutro-
phil counts with C4 (p=0.032; Table 3). Spearman correla-
tions suggested that this was due to positive correlations of
CRP with sTCC (p=0.303, p<0.001) and C5a (p=0.196,
p=0.007), and of neutrophil count with C4 (p=0.343,
p=0.010).

Functional analyses
Haemolysis of shRBCs
No significant difference in haemolytic capacity was observed

between patient (n=24) and control (n=24) sera at baseline
(Table S2). Additionally, no change in activity was observed in
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Table 3 Covariate effect of CRP and neutrophil count by probatory
ART analyses

Effect of covariate neutro-
phil count in ART analysis

Variables Effect of covariate
CRP in ART analysis

(p-value) (p-value)
sTCC-TO 0.006 0.492
C5a_T0 0.006 0.285
C4_TO 0.206 0.032

Samples were analysed using ART to identify significant physiologi-
cal relationships between levels of sTCC, C5a and C4 with CRP or
neutrophil counts in the same samples

Significant p values are highlighted in bold font

the same samples between baseline and follow-up, and no dif-
ferences were detected for FESz and RSz subgroups at either
time-point.

PMN complement receptor expression

Exploratory investigation of patient (n=9) and control (n=10)
plasma priming effects on healthy granulocytes revealed no
change in expression of complement receptors C5aR1, C3aR
nor CD11b (Table S3). The same applied when the potential
plasma priming effect was compared between baseline (n=9)
and follow-up (n=9).
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Discussion

These findings suggest that sSTCC plays a role in Sz, not as a
state marker of acute psychosis, but rather as a trait marker of
non-specific chronic immune activation. This is consistent with
previous findings regarding elevated CRP levels in Sz regard-
less of antipsychotic use and disease stage [4, 19]. In addi-
tion, our current complementary statistical analysis showed
that STCC was significantly linked to CRP (p=0.006). This
subsequent activation of the complement cascade is a potent
activator of neutrophils [9]. Indeed, we found an association of
blood neutrophil counts with C4 (but not with sTCC and C5a).

CRP is a potential trigger of the classical pathway of
the complement system (see top left of Fig. 1). Our study
showed that CRP levels were significantly associated with
BMI and smoking as previously described in the general
population [2, 20]. The influence of these confounding
factors on CRP was stronger than that of the diagnosis Sz.
It should be noted that the observed changes in sSTCC lev-
els in Sz go beyond a pure relationship with CRP, as they
were diagnosis-related in our final ART analysis, which
controlled for relevant confounders.

Contrary to previous publications, we observed no signifi-
cant correlations of complement factors with PANSS scores
or WBC counts in Sz patients [12, 17]. However, we did find
that sTCC correlated with age and C4 with BMI at baseline,
consistent with previous studies [6, 10]. We also found that
STCC levels were higher in acutely ill Sz patients compared to
controls with a small effect size and were significantly higher
in female compared to male subjects. Furthermore, there were
also significantly more smokers in the patient group than in the
control group, but smoking had no significant association with
any of the complement components.

There are limitations to this study. First, we measured
complement levels in peripheral blood and not in CSF
which may better reflect CNS effects and differ from cir-
culating complement profiles [6]. Additionally, C4 levels
and the functional studies were only assessed in a subset
of subjects due to a low sample availability. Finally, we
only measured total complement protein levels and not
phosphorylation differences. This may be important as
Jaros et al. found differences in phosphorylation state and
not whole protein levels for several members of the com-
plement cascade in Sz patients compared to controls [8].

Conclusions and future perspectives

We found an increase in sTCC and elevated CRP levels in
Sz patients compared to controls. However, there was no
evidence of altered blood levels of C5a, C4 or peripheral

classical complement pathway function in Sz patients
versus controls. Also, none of the complement compo-
nents were associated with severity of clinical symptoms
and did not change after treatment. Taken together with
the above findings, this indicates a potential influence of
the complement cascade as a trait marker of non-specific
chronic immune activation. Thus, we suggest further
investigations including longitudinal analyses from early
recognition centres. This may be helpful to improve our
understanding of the temporal dynamics of innate immune
system changes during psychosis development. Also, use
of other measures of complement system activation should
be considered, such as the application of targeted phospho-
proteomic analyses.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00406-023-01738-z.

Author contributions JS, MHL and BR designed the study. SS, MM,
LW and AS performed the complement analyses. GML was respon-
sible for patient recruitment and characterisation under Supervision
of JS. HD was responsible for data collection, database management
and statistical analyses under supervision of JS and PCG. SS created
the figure. SS and JS wrote the first manuscript draft. PCG, BR and
MHL helped to interpret the data, reviewed the manuscript and made
contributions for improvement. All authors read and approved the final
manuscript.

Funding Open Access funding enabled and organized by Projekt
DEAL. This project received funding from the Federal Ministry of
Education and Research [BMBF; German Center for Mental Health
(DZPG) Start Phase, Site Halle-Jena-Magdeburg, Location Magde-
burg, Funding code 01EE2305D] and the Saxony-Anhalt Ministry of
Research [Start-up funding DZPG — Magdeburg, Funding code 1 212]
to JS.

Availability of data and materials All data are either presented in the
manuscript or supplementary materials. Additional information can be
made available upon reasonable request.

Declarations

Conflict of interest None of the authors declare any competing inter-
ests.

Ethics approvals Ethics Committee of the Otto von Guericke Univer-
sity in Magdeburg (reference number 110/07).

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

@ Springer


https://doi.org/10.1007/s00406-023-01738-z
http://creativecommons.org/licenses/by/4.0/

European Archives of Psychiatry and Clinical Neuroscience

References

10.

11.

12.

13.

14.

15.

Benros ME, Nielsen PR, Nordentoft M, Eaton WW, Dalton SO,
Mortensen PB (2011) Autoimmune diseases and severe infec-
tions as risk factors for schizophrenia: a 30-year population-
based register study. Am J Psychiatry 168:1303-1310
Christofaro DGD, Ritti-Dias RM, Tebar WR, Werneck AO,
Bittencourt MS, Cucato GG, Santos RD (2023) Are c-reactive
protein concentrations affected by smoking status and physical
activity levels? A longitudinal study. PLoS One 18:¢0293453
Dilling H, Mombour W, Schmitt MH, Schulte-Markwort E (2016)
Internationale klassifikation psychischer stérungen: Icd-10 kapitel
v (f). Verlag Hans Huber, Bern

Fernandes BS, Steiner J, Bernstein HG, Dodd S, Pasco JA, Dean
OM, Nardin P, Goncalves CA, Berk M (2016) C-reactive protein
is increased in schizophrenia but is not altered by antipsychotics:
Meta-analysis and implications. Mol Psychiatry 21:554-564
Gaebel W, Hasan A, Falkai P (2019) Awmf s3 guidelines schizo-
phrenia of the german psychiatric association. Springer, Berlin,
Germany

Gallego JA, Blanco EA, Morell C, Lencz T, Malhotra AK (2021)
Complement component c4 levels in the cerebrospinal fluid and
plasma of patients with schizophrenia. Neuropsychopharmacology
46:1140-1144

Goldsmith DR, Rapaport MH, Miller BJ (2016) A meta-analysis
of blood cytokine network alterations in psychiatric patients: com-
parisons between schizophrenia, bipolar disorder and depression.
Mol Psychiatry 21:1696-1709

Jaros JA, Martins-de-Souza D, Rahmoune H, Rothermundt M,
Leweke FM, Guest PC, Bahn S (2012) Protein phosphorylation
patterns in serum from schizophrenia patients and healthy con-
trols. J Proteomics 76:43-55

Jorch SK, Kubes P (2017) An emerging role for neutrophil extra-
cellular traps in noninfectious disease. Nat Med 23:279-287
Kopczynska M, Zelek W, Touchard S, Gaughran F, Di Forti M,
Mondelli V, Murray R, O’Donovan MC, Morgan BP (2019) Com-
plement system biomarkers in first episode psychosis. Schizophr
Res 204:16-22

Magdalon J, Mansur F, Teles ESAL, de Goes VA, Reiner O, Sertie
AL (2020) Complement system in brain architecture and neurode-
velopmental disorders. Front Neurosci 14:23

Mayilyan KR, Weinberger DR, Sim RB (2008) The complement
system in schizophrenia. Drug News Perspect 21:200-210
Morgan BP, Harris CL (2015) Complement, a target for therapy
in inflammatory and degenerative diseases. Nat Rev Drug Discov
14:857-877

Presumey J, Bialas AR, Carroll MC (2017) Complement system
in neural synapse elimination in development and disease. Adv
Immunol 135:53-79

Sekar A, Bialas AR, de Rivera H, Davis A, Hammond TR, Kami-
taki N, Tooley K, Presumey J, Baum M, Van Doren V, Genovese

@ Springer

16.

17.

18.

19.

20.

21.

G, Rose SA, Handsaker RE, Schizophrenia Working Group of
the Psychiatric Genomics C, Daly MJ, Carroll MC, Stevens B,
McCarroll SA (2016) Schizophrenia risk from complex variation
of complement component 4. Nature 530:177-183

Sheehan DV, Lecrubier Y, Sheehan KH, Amorim P, Janavs J,
Weiller E, Hergueta T, Baker R, Dunbar GC (1998) The mini-
international neuropsychiatric interview (m.I.N.I.): The devel-
opment and validation of a structured diagnostic psychiatric
interview for dsm-iv and icd-10. J Clin Psychiatry 59(Suppl
20):22-33;quiz 34-57

Skalniak A, Krzysciak W, Smierciak N, Szwajca M, Donicz P,
Kozicz T, Pilecki M (2023) Immunological routine laboratory
parameters at admission influence the improvement of positive
symptoms in schizophrenia patients after pharmacological treat-
ment. Front Psych 14:1082135

Stefansson H, Ophoff RA, Steinberg S, Andreassen OA, Cichon
S, Rujescu D, Werge T, Pietilainen OP, Mors O, Mortensen PB,
Sigurdsson E, Gustafsson O, Nyegaard M, Tuulio-Henriksson A,
Ingason A, Hansen T, Suvisaari J, Lonnqvist J, Paunio T, Borglum
AD, Hartmann A, Fink-Jensen A, Nordentoft M, Hougaard D,
Norgaard-Pedersen B, Bottcher Y, Olesen J, Breuer R, Moller
HJ, Giegling I, Rasmussen HB, Timm S, Mattheisen M, Bitter I,
Rethelyi JM, Magnusdottir BB, Sigmundsson T, Olason P, Mas-
son G, Gulcher JR, Haraldsson M, Fossdal R, Thorgeirsson TE,
Thorsteinsdottir U, Ruggeri M, Tosato S, Franke B, Strengman
E, Kiemeney LA, Melle I, Djurovic S, Abramova L, Kaleda V,
Sanjuan J, de Frutos R, Bramon E, Vassos E, Fraser G, Ettinger U,
Picchioni M, Walker N, Toulopoulou T, Need AC, Ge D, Yoon JL,
Shianna KV, Freimer NB, Cantor RM, Murray R, Kong A, Golim-
bet V, Carracedo A, Arango C, Costas J, Jonsson EG, Terenius L,
Agartz I, Petursson H, Nothen MM, Rietschel M, Matthews PM,
Muglia P, Peltonen L, St Clair D, Goldstein DB, Stefansson K,
Collier DA (2009) Common variants conferring risk of schizo-
phrenia. Nature 460:744-747

Steiner J, Frodl T, Schiltz K, Dobrowolny H, Jacobs R, Fernandes
BS, Guest PC, Meyer-Lotz G, Borucki K, Bahn S, Bogerts B,
Falkai P, Bernstein HG (2020) Innate immune cells and c-reac-
tive protein in acute first-episode psychosis and schizophrenia:
relationship to psychopathology and treatment. Schizophr Bull
46:363-373

Visser M, Bouter LM, McQuillan GM, Wener MH, Harris TB
(1999) Elevated c-reactive protein levels in overweight and obese
adults. JAMA 282:2131-2135

Wang AK, Miller BJ (2018) Meta-analysis of cerebrospinal fluid
cytokine and tryptophan catabolite alterations in psychiatric
patients: Comparisons between schizophrenia, bipolar disorder,
and depression. Schizophr Bull 44:75-83



	Soluble terminal complement complex blood levels are elevated in schizophrenia
	Abstract
	Introduction
	Methods
	Patients and controls
	Samples and analyses
	Complement components
	Haemolytic analysis
	PMN complement receptor expression
	Statistics

	Results
	Demographic data and clinical assessments
	Complement system, WBC count and CRP analyses
	Baseline

	Follow-up
	Consideration of potential confounding factors
	Consideration of possible complement factorCRP or neutrophil associations
	Functional analyses
	Haemolysis of shRBCs

	PMN complement receptor expression

	Discussion
	Conclusions and future perspectives
	References


