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course of illness and whether they are associated with current symptomatology. This study aimed to:
i) investigate whether peripheral complement protein levels are altered at different stages of illness, and ii) iden-
tify patterns among complement protein levels that predict clinical symptoms.

Complement factors C1q, C3 and C4 were quantified in 183 participants [n = 83 Healthy Controls (HC), n = 10

{fﬁﬁ%ﬁi Ultra-High Risk (UHR) for psychosis, n = 40 First Episode Psychosis (FEP), n = 50 Chronic schizophrenia] using
Schizophrenia Multiplex ELISA. Permutation-based t-tests were used to assess between-group differences in complement pro-
Complement protein tein levels at each of the three illness stages, relative to age- and gender-matched healthy controls. Canonical cor-
Biomarkers relation analysis was used to identify patterns of complement protein levels that correlated with clinical

symptoms.
C4 was significantly increased in chronic schizophrenia patients, while C3 and C4 were significantly increased in
UHR patients. There were no differences in C1q, C3 and C4 in FEP patients when adjusting for BMI. A molecular
pattern of increased C4 and decreased C3 was associated with positive and negative symptom severity in the
pooled patient sample.
Our findings indicate that peripheral complement concentration is increased across specific stages of psychosis
and its imbalance may be associated with symptom severity. Given the small sample size of the UHR group,
these findings should be regarded as exploratory, requiring replication.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Epidemiological, molecular and genetic research converge on in-

. . . flammatory pathways as one of the primary lines of investigation in
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inflammation such as peripheral cytokines, chemokines and acute
phase molecules are increased in patients and unaffected first degree
relatives (Miller et al., 2011; Upthegrove et al., 2014) and increased pro-
inflammatory cytokines are found in the brain of people with schizo-
phrenia (Fillman et al., 2015; Volk et al., 2015). In addition, some of
the strongest genetic markers of schizophrenia are located in the im-
mune system related major histocompatibility complex (MHC) region
(Ripke et al., 2014). Recently, attention has focused on the complement
cascade, a key component of the immune system, in schizophrenia. In a
series of studies, Sekar et al. (2016) demonstrated that copy number
variants of the C4 gene were associated with both increased C4A
mRNA levels in brain and increased risk of schizophrenia. In this same
report, the authors demonstrated a role for C4 in synaptic pruning in de-
veloping mice (Sekar et al., 2016), supporting previous studies showing
that developmentally timed synaptic pruning in the brain required both
C1q and C3 (Bilimoria and Stevens, 2014; Stevens et al,, 2007). Comple-
ment proteins are therefore understood to not only support the im-
mune system but also play a critical role in neurodevelopment (e.g.
synaptic elimination) (Stephan et al., 2012; Stevens et al., 2007). This
suggests that abnormal activation of the complement cascade might
contribute to the pathogenesis of schizophrenia, and in particular the
loss of cortical grey matter observed in the illness (Olabi et al., 2011;
Sekar et al., 2016).

Despite the interpretation that an over-active complement system
may predispose individuals to develop schizophrenia, findings
concerning complement levels in the disease are mixed. While a num-
ber of studies have found increased levels of C1q (Arakelyan et al.,
2011; Hakobyan et al., 2005; Severance et al., 2012), C3 (Boyajyan
et al,, 2010, 2008; Hakobyan et al., 2005; Maes et al., 1997; Santos
Soria et al., 2012) and C4 in peripheral blood in schizophrenia
(Hakobyan et al., 2005; Mayilyan et al.,, 2006); decreased Clq
(Idonije et al., 2012), C3 (Idonije et al., 2012; Li et al., 2016) and C4
(Li et al., 2012; Mayilyan et al.,, 2008) levels have also been observed.
Several studies have also found no difference in C3 (Arakelyan et al.,
2011; Kopczynska et al, 2017) or C4 (Idonije et al, 2012;
Kopczynska et al,, 2017; Santos Soria et al., 2012) levels between psy-
chosis patients and healthy controls. Furthermore, recent studies sug-
gest decreased complement proteins in individuals with first episode
psychosis (FEP) (Idonije et al., 2012; Li et al., 2012), but increased
levels at later stages of the illness (Boyajyan et al., 2010; Kopczynska
et al,, 2017; Santos Soria et al., 2012). To date, only one study has ex-
amined complement proteins across different stages of schizophrenia
in the same study (Idonije et al., 2012). Contrary to evidence for in-
creased activation of the complement cascade in the development of
schizophrenia (Sekar et al., 2016), this study found evidence for de-
creased levels in the illness, with deficient C1q present at both early
and established stages of illness, whereas C3c levels were deficient in
only recently diagnosed patients (Idonije et al., 2012). Nevertheless,
another study found no difference in complement protein levels, in-
cluding C1q and C3, between FEP patients and healthy controls
(Kopczynska et al., 2017). Therefore, it remains unclear whether pe-
ripheral complement levels differ in cases compared to controls, and
change over the course of illness.

Despite reports of altered complement proteins in schizophrenia,
the direction of change and the clinical relevance of such abnormalities
remain unclear. To date, only two studies have explicitly examined the
association between complement proteins and current symptomatol-
ogy; these studies reported associations between increases in C3 and
C4 (Morera et al., 2007) and decreases in C3 (Li et al., 2016) and symp-
tom severity. However, examination of relationships between single
proteins and symptom domains are typically inconsistent. Rather, a
multivariate approach assessing the relationship between the profile
or pattern of complement proteins and symptoms might be more infor-
mative, as demonstrated with other sets of variables (Moser et al.,
2017). Patterns involving multiple proteins are likely to yield more po-
tent predictors than any single protein considered in isolation.

Molecular patterns among complement proteins have not been evalu-
ated to date in schizophrenia.

Here, we aimed to characterise peripheral complement protein
levels in individuals at different stages of a psychotic illness; specifically,
chronic schizophrenia, individuals experiencing their FEP and individ-
uals at ultra-high risk of developing psychosis (UHR). We aimed to
i) compare C1q, C3 and C4 protein levels in schizophrenia across various
stages of illness relative to age and gender matched healthy controls
(HCs); and ii) examine the relationship between complement protein
levels and clinical symptom profiles using an integrated multivariate
analysis. The significance of this study is the identification of increased
complement protein levels in patients with psychosis and schizophre-
nia at different stages of illness and identification of a molecular pattern
of complement proteins that predict symptom severity in one of the
largest samples to date.

2. Materials and methods
2.1. Subjects and methods

A total of 183 subjects (all genetically unrelated) participated in this
study: 10 individuals at UHR for psychosis, 40 FEP patients, 50 chronic
schizophrenia patients (illness duration > 7 years), and 83 healthy con-
trols. Due to the small sample size, findings relating to the UHR group
should be regarded as exploratory. Healthy controls were divided into
mutually exclusive younger (n = 29; age 18.1-24.8 years) and older
(n = 54; 25.2-61.6 years) groups that were matched on age and gender
to their respective patient group. That is, the older control group was
matched in mean age to chronic patients, whereas the younger control
group was matched to both UHR and FEP participants. Demographic
data for these subjects are shown in Table 1.

Healthy controls were assessed by trained researchers to confirm
that they had no diagnosable psychopathology using the Structured
Clinical Interview for DSM-IV Axis I Disorders (SCID;48). The status of
UHR subjects was confirmed using the Comprehensive Assessment of
At Risk Mental State (CAARMS), a clinical instrument for assessing
sub-threshold psychotic symptoms (Yung et al., 2005). FEP and chronic
schizophrenia subjects were diagnosed using the Diagnostic and Statis-
tical Manual of Mental Disorders, Fourth Edition (DSM-IV) and diagno-
ses confirmed using the Mini-International Neuropsychiatric Interview
(MINI; Sheehan et al., 1998) or the Structured Clinical Interview for
DSM-IV (SCID) (Spitzer et al., 1992).

Exclusion criteria for the study included pregnancy, history of an
auto-immune disorder (Hashimoto's thyroiditis or Graves disease,
lupus, arthritis), neurological or endocrine disorder (diabetes), as well
as a history of head injury and seizures. Current inflammatory condi-
tions (e.g. influenza) requiring treatment with immunosuppressive,
corticoid/glucocorticoid, steroidal or non-steroidal anti-inflammatory
medication within two weeks of blood draw also constituted exclusion-
ary criteria.

The study was approved by the Melbourne Health and Austin Health
Human Research Ethics Committees and all participants provided writ-
ten consent prior to participation.

2.2. Clinical measures

Clinical symptoms were assessed on the day of the blood draw and
included the following symptom measures: the SCID, the Expanded
Brief Psychiatric Rating Scale (BPRS) (Overall and Gorham, 1962) or
the Positive and Negative Syndrome Scale (PANSS) to provide assess-
ments of positive and general psychopathology (Kay et al., 1987) and
the Scale for the Assessment of Negative Symptoms (SANS)
(Blanchard and Cohen, 2006) for the assessment of negative symptoms.
PANSS scores were converted to BPRS scores as previously described
(Leucht et al., 2013) to allow for the assessment of total and domain
psychopathology scores.
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Table 1

Clinical cohort characteristics.
Characteristic Young HC Older HC UHR FEP Chronic

n=29 n=>54 n=10 n =40 n=>50

Age, mean (sd) years 22.2(1.9) 41.1 (9.5) 209 (2.2) 209 (2.2) 40.6 (8.7)
Sex, % (n) female 31(9) 33(18) 40 (4) 35(14) 37(19)
Ethnicity, % (n) Caucasian 72 (21) 87 (47) 70 (7) 55 (22) 78 (39)
BMI, median (IQR) 229 (5.6) 243 (5.1) 22.7 (5.2) 26.2 (6.8) 27.8 (84)
Current smoker, % (n) 35(10) 19 (10) 50 (5) 53 (21) 52 (26)
Current cannabis user, % (n) 28 (8) 11 (6) 30 (3) 45 (18) 20 (10)
Age at diagnosis, mean (sd) years - - 19.3 (2.2) 19.5(1.7) 22.2 (6.0)
Duration of illness, mean (sd) years - - - 1.3 (0.5) 18.7 (7.7)
SANS Total, mean (sd) - - 214 (9.5) 19.4 (12.0) 40.1 (17.0)
Total psychopathology (BPRS Total), mean (sd) - - 447 (9.6) 38.5(9.6) 39.1(12.6)
Positive symptom subscore (BPRS), mean (sd) - - 14 (3.9) 14.1 (5.5) 173 (6.7)
Negative symptom subscore (BPRS), mean (sd) - - 4.3 (2.0) 5.2 (2.4) 7.5(3.1)
General symptom subscore (BPRS), mean (sd) - - 154 (3.9) 14.1 (4.4) 13.0 (3.9)

CPZ equivalents, median (IQR) dose -

229.5 (265.6) 900.0 (506.8)

HC, healthy controls; UHR, ultra-high risk of psychosis; FEP, first episode psychosis; BMI, body mass index; IQR, interquartile range; SANS, scale for the assessment of negative symptoms;

BPRS, Brief Psychiatric Rating Scale; CPZ, chlorpromazine.

2.3. Laboratory procedures

All subjects were fasting and blood samples were obtained between
8:00 and 11:00 am. Three complement proteins (C1q, C3 and C4) from
the MILLIPLEX MAP Human Complement Panel 2 - Immunology Multi-
plex Assay (HCMP2MAG-19K, Merck Millipore, Billerica, MA, USA) were
quantified in duplicate using the Luminex Magpix assay. Inter-assay co-
efficients were below 15% (CV < 15%) and intra-assay CVs were below
5% (CV < 5%).

Serum samples were thawed at 4 °C and centrifuged at 1400g for
5 min in order to remove any aggregate protein. All reagents including
samples were assayed according to manufacturer instructions. A
7-point standard curve was generated using the standards supplied in
the assay. The data was generated by applying a 5 parameter logistic
standard curve fit corrected for sample dilutions in the Millipore Analyst
Software (Merck Millipore, USA).

24. Statistical analyses

2.4.1. Demographic variables

Statistical analyses of demographic variables were performed using
the Statistical Package for the Social Sciences (SPSS) version 22 (IBM).
Differences in these variables between groups were analysed with inde-
pendent t-tests or Pearson's y? statistics for continuous and categorical
variables, respectively. The Mann-Whitney U test was performed for
non-parametric variables. Differences in sex, ethnicity, tobacco and can-
nabis consumption between groups was analysed with Pearson's 2 sta-
tistics. Correlations between age, body mass index (BMI) and current
chlorpromazine (CPZ) equivalents with serum complement levels
were analysed with Spearman's rank correlation coefficient. The associ-
ation of each complement protein with ethnicity, and tobacco/cannabis
consumption were analysed with the Kruskal Wallis H and the Mann
Whitney U test respectively.

2.4.2. Between-group differences

Permutation-based two-sample t-tests (two tailed, 4000 iterations)
were used to test the null hypothesis of equality in group-averaged
complement proteins between the following pairs of groups: i) UHR
and the younger control group ii) FEP and the younger control group
and iii) Chronic patients and the older control group. A general linear
model (GLM) comprising two regressors was formulated: main effect
of group and the confound of BMI. Permutation testing was used to es-
timate a p-value for the main effect of group. Specifically, for each per-
mutation, the data were fit to the BMI confound and the confound-
only residuals were permuted. The estimated confound signal was

then added back to the permuted residuals, yielding a sample of the
data from the null distribution. The full GLM was fitted to this sample
and the t-statistic for the main effect stored. A p-value was estimated
as the proportion of permutations with a t-statistic that exceeded or
equalled the observed t-statistic. The Benjamini-Hochberg procedure
was used to control the false discovery rate (FDR) across the nine com-
parisons. A false discovery rate threshold of 5% was deemed significant.
Statistical inference was performed in Matlab (Mathworks 2014). Re-
ported p-values are FDR-corrected.

2.4.3. Correlations with symptoms

Canonical correlation analysis (CCA) was performed to identify any
potential latent relations between the set of complement proteins
(C1q, C3, C4) and the set of clinical symptom scores (BPRS positive
symptom subscore, BPRS negative symptom subscore and BPRS general
symptom subscore). CCA was performed using data from the pooled pa-
tient group (UHR, FEP and chronic). CCA sought to identify a set of com-
plement protein weights, denoted u4, u, and us, as well as a set of
symptom weights, denoted vy, v, and v3, such that the weighted combi-
nation of complement proteins U; = u,C1q; + u>C3; + u3C4; was max-
imally correlated with the weighted combination of symptoms V; =
v{BPRSpos; + v,BPRSneg; + v3BRPSgen;, where the index i is used to de-
note a particular patient (41). In other words, CCA identified a set of
weights to maximize the correlation between (U,V;), i=1,2, ..., N,
where N is the total number of patients. Permutation was used to com-
pute a p-value for this correlation. This involved randomly permuting
the complement proteins among individuals on 5000 separate occa-
sions, each time performing CCA on the permuted data to generate a
null distribution for the sample canonical correlation coefficient; p-
values < 0.05 were deemed significant. While permutation does not
mandate data normality, ensuring normality can potentially improve
the sensitivity of CCA. Normality assumptions were rejected for the fol-
lowing variables: BPRS positive and negative subscore, C1q and C3.
These variables were transformed with a logarithm function (BPRS pos-
itive and negative, C1q) or a square-root function (C3). Transformation
resulted in acceptable normality based on skewness and visual inspec-
tion. Canonical correlations were performed in Matlab (Mathworks)
2014 based on the canoncor function. Associations between the C4/C3
ratio and clinical symptoms were assessed using Pearson's correlations.

3. Results
3.1. Demographics

Age and gender between patients and their respective control group
did not significantly differ. In the entire sample, age was not
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significantly associated with C1q or C4, but was negatively correlated
with C3 (rs = —0.276, p < 0.001). Similarly, in the pooled patient sam-
ple, age showed no correlation with C1q or C4, but was negatively cor-
related with C3 (rs = —0.293, p < 0.001). Complement proteins did not
significantly differ between current smokers and non-smokers (C1q: U
= 3616, p = 0.797; C3: U = 3607, p = 0.851; C4: U = 3660, p =
0.776) or between current cannabis users and non-users (C1: U =
3041,p = 0.191; C3: U = 2184, p = 0.417; C4: U = 2847, p = 0.370)
and were not associated with current CPZ equivalents in patients (C1
rs = 0.069, p = 0.507; C3r; = —0.184, p = 0.075; C4 1, = 0.137,p =
0.185). There were no associations between ethnicity and diagnosis
(x? = 20.767, p = 0.188) or ethnicity and any of the complement pro-
teins (C1: H(4) = 2.894, p = 0.576; C3(4): H(4) = 2.613, p = 0.625;
C4: H(4) = 2.564, p = 0.633). Body mass index was positively corre-
lated with C1q (rs = 0.178, p = 0.020), C3 (r; = 0.266, p < 0.0005)
and C4 (rs = 0.326, p < 0.0005) in the entire sample and C4 only in
the pooled patient sample (C4: rs = 0.237, p = 0.023; Clq: 1s =
0.153, p = 0.148; C3: rs = 0.130, p = 0.218). BMI was therefore treated
as a nuisance variable and included as a covariate in the between-group
comparisons of complement proteins.

3.2. Between-group comparisons of complement protein levels

32.1.Clq

Cl1q did not significantly differ between UHR and younger HCs (
0.82), FEP and younger HCs (p = 0.15), and chronic and older HCs (
0.26; see Table 2 and Fig. 1A).

p:
p:

322.33

C3 was significantly higher in UHR (t (38) = 2.59, p = 0.041),
Cohen's d = 0.770) but not in FEP (t (68) = 1.71, p = 0.19) or chronic
schizophrenia patients (t (103) = 1.12, p = 0.262), with FDR adjust-
ment for the nine comparisons (see Table 2 and Fig. 1B).

323.¢4

C4 protein was significantly greater in UHR (t (38) = 2.58, p =
0.041, Cohen's d = 0.849) and chronic schizophrenia (t (103) = 2.79,
p = 0.041,d = 0.635) but not in FEP (t (68) = 1.32,p = 0.29,d =
0.577) with FDR adjustment for the nine comparisons.

3.3. Relationship between complement protein levels and symptoms
CCA was undertaken to identify any latent relations between clinical

symptoms (BRPS positive, BPRS negative, BPRS general) and comple-
ment proteins (C1q, C3 and C4). A single significant CCA mode was

Table 2

Peripheral complement proteins examined by cohort.
Cohort Clq c3 C4
HC® young, mean (sd) 443 (12.1) 17.6 (4.1) 2445 (49.5)
HC older, mean (sd) 45.8 (12.5) 17.1 (6.5) 252.0 (52.9)
UHR, mean (sd) 42.8 (7.8) 21.2 (54) 287.3 (51.3)
FEP, mean (sd) 482 (94) 21.4 (7.7) 279.3 (69.5)
Chronic, mean (sd) 489 (12.1) 16.9 (5.5) 292.2 (72.3)

Group differences

Cohen's d effect size (sig) Clq c3 C4

UHR vs. young HC d =0.147 d =0.770 d = 0.849
(p=10.82) (p=0.04)" (p=0.04)"

FEP vs. young HC d =0.369 d=0.616 d = 0577
(p=0.15) (p=0.19) (p=0.29)

Chronic vs. older HC d =0.249 d =0.035 d = 0.635
(p=0.26) (p = 0.26) (p=0.04)"

HC, healthy controls; UHR, ultra-high risk for psychosis; FEP, first episode psychosis; sd,
standard deviation.

2 All values adjusted for BMI.

* p<0.05 adjusted for BMI and multiple comparisons.

identified (r = 0.37, p = 0.0358). CCA weights (canonical coefficients)
with 95% confidence intervals residing outside zero were considered
significant contributors to the correlation between symptoms and com-
plement proteins. Of the three symptoms, the CCA weights correspond-
ing to positive and negative subscores (positive association) were
significant contributors, while of the three complement proteins, the
CCA weights corresponding to C4 (positive association) and C3 (nega-
tive association) were significant. The general symptom subscore and
Clq did not significantly contribute. This CCA mode therefore demon-
strated that increased C4 together with decreased C3 levels were asso-
ciated with increased positive and negative symptoms but not general
psychopathology (see Fig. 2). This relationship remained after control-
ling for age (C3) (r = 0.385, p = 0.0462) and BMI (all proteins; p =
0.0358).

The CCA analysis led us to formulate the hypothesis that an imbal-
ance between C4 and C3 may be related to symptom severity. We there-
fore calculated the ratio of C4 to C3 (C4/C3) and assessed whether this
ratio correlated with the symptom measures examined in the pooled
patient sample. A partial correlation controlling for age detected a sig-
nificant association between the C4/C3 ratio and the BPRS positive
subscore (r = 0.211, p = 0.038) (see Fig. 3). This relationship remained
after outlier removal (r = 0.206, p = 0.045).

4. Discussion

We found a specific increase in some complement protein levels,
particularly C4, in individuals with psychosis and psychosis risk com-
pared to age and gender matched controls. This was particularly prom-
inent in the putative prodromal period, with significant elevations of
both C3 and C4 found in those at ultra-high risk for psychosis. Individ-
uals with chronic schizophrenia also showed increased C4 compared
to healthy controls. Finally, we identified a molecular pattern of de-
creased C3 and increased C4 that was associated with increases in pos-
itive and negative symptom severity in the pooled patient group.

A number of previous studies have examined peripheral comple-
ment proteins in schizophrenia, producing mixed results. Our finding
of increased C4 level in established schizophrenia is in agreement
with some previous findings (Hakobyan et al., 2005; Maes et al.,, 1997;
Mayilyan et al., 2006), but is in contrast to other studies reporting in-
creased C3 (Boyajyan et al., 2008, 2010; Hakobyan et al., 2005; Maes
et al,, 1997; Santos Soria et al., 2012) and C1q (Arakelyan et al., 2011;
Hakobyan et al., 2005) proteins in these patients. Likewise, our finding
of no difference in complement protein concentration in first-episode
psychosis concurs with some (Kopczynska et al., 2017) but not all
(Idonije et al., 2012) studies. The reason for these discrepancies is un-
clear but may be related to a number of factors including variation in
molecular technique, medication status, methodological considerations,
and clinical heterogeneity of patients including stage of illness. For ex-
ample, some studies in established schizophrenia measured the activity
of C3 (Hakobyan et al., 2005) and C1q (Arakelyan et al.,, 2011; Hakobyan
et al., 2005), whereas our study assayed for total C3 and C1q levels,
which may account for some of the differences between our, and previ-
ous studies. Likewise, studies varied in the extent that they considered
potential confounds, such as BMI, smoking and other demographic var-
iables, on complement levels (see discussion below). Given the majority
of studies have not considered such confounds, it remains difficult to
reconcile across studies. These discrepancies highlight the need for con-
sistency in molecular techniques and methodology across studies in
order to elucidate the nature of the complement cascade in
schizophrenia.

In addition to the above factors, differences in stage of psychotic ill-
ness may also contribute to the inconsistent results across studies. To
our knowledge, we are the first to examine peripheral complement pro-
tein levels in individuals at high risk for developing psychosis. Our find-
ing of increased C3 and C4 factors in these individuals suggests that the
complement cascade may be elevated prior to illness onset or in
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Fig. 1. Comparison of C1q (panel A), C3 (panel B) and C4 (panel C) complement protein levels in individuals at ultra-high risk for psychosis, first-episode psychosis and chronic
schizophrenia compared to age and gender matched comparison subjects. Data points denote individuals and bars the mean value of each complement protein. HC - healthy controls.
UHR - ultra-high risk for psychosis. FEP - first-episode psychosis. Chronic - chronic schizophrenia. *p < 0.05; corrected for BMI and nine comparisons with the Benjamini-Hochberg

false discovery rate.

individuals vulnerable to the development of a psychotic disorder, irre-
spective of later transition. This is in line with theories of immune dysreg-
ulation in the prodrome of psychosis (Cannon, 2015) and is supported by
recent studies reporting an association between certain complement
components (serum C1q and C4A gene copy number) and increased
risk of developing schizophrenia (Severance et al., 2014; Sekar et al.,
2016). In addition, our study is only the second to examine the same pro-
teins across stages in the course of schizophrenia. Indeed, a motivation of
this study was to elucidate whether alterations (if any) in peripheral com-
plement are seen in very early illness and are maintained in later disease
stages, or whether they fluctuate across stages of illness. Our findings may
suggest the latter, whereby elevations in complement proteins are evi-
denced in a putative prodromal, or attenuated psychotic period, followed
by decreases at the onset of frank psychosis, and elevations with illness
chronicity. However, given the cross-sectional design and comparatively
small sample of the UHR cohort, most who will not develop a psychotic
illness, this interpretation should be regarded preliminary, requiring
large, prospectively planned longitudinal studies to confirm and extend
these findings. Alternatively, interactions between stage of illness and un-
related demographic or illness-related factors (e.g. BMI) may also explain
our differential findings with illness stage.

Over recent years, a growing body of evidence has demonstrated im-
portant roles for the complement system in normal brain development
(Stephan et al., 2012). In mice, activation of the classical complement
cascade, including C1g-C3 (Stephan et al., 2012; Stevens et al., 2007)
and, most recently, C4 (Sekar et al., 2016), has been found to promote

synapse elimination or ‘pruning’ at critical neurodevelopmental time
points by tagging weaker synapses for elimination (Sekar et al., 2016;
Stephan et al., 2012). In humans, elimination of synapses is proposed
to take place in young adulthood, thus forming part of the normal mat-
urational process of the brain (Andreasen et al., 2011; Faludi and
Mirnics, 2011). Given the typical onset of schizophrenia occurs in ado-
lescence and early adulthood, which corresponds to this putative ‘late
stage’ synaptic maturation, it has been proposed that an exaggeration
of normal synaptic pruning may underlie the increased rate of cortical
thinning observed prior to, and at the earliest stages of psychotic illness
(Cannon et al., 2015), contributing to the manifestation of the disorder
(Feinberg, 1982). Our finding (although preliminary), of increased com-
plement proteins (especially C3) in the younger UHR cohort, whose
brains may be undergoing late stage synaptic pruning and refinement
(though see Catts et al., 2013), provides preliminary support to this hy-
pothesis. Nevertheless, given our measure of complement in peripheral
blood rather than the brain, this proposition remains speculative.
There are a variety of mechanisms through which elevated periph-
eral complement proteins may be exerting their effects, including on
brain development and function. For instance, complement compo-
nents are acute phase proteins, increasing vascular permeability, vaso-
dilation, and leukocyte extravasation (Markiewski and Lambris, 2007),
and thus may represent an acute response to inflammation or infection.
Nevertheless, this remains unlikely given that all participants in the cur-
rent study reported to be well at the time of assessment and a subsam-
ple of the current cohort showed no evidence of classical inflammation
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Fig. 2. Multivariate relation between complement protein levels and clinical symptoms identified with canonical correlation analysis (CCA). Canonical coefficients (CCA weights) are
shown for each clinical symptom (panel A) and complement protein (panel B). Bars denote 95% confidence intervals, computed with bootstrapping (5000 bootstraps). Weights with
confidence intervals excluding zero were deemed significant contributors. Canonical correlation (r = 0.37, p = 0.03) between protein and symptoms scores (panel C). Protein score
computed for each individual by summing the product of complement protein level and corresponding CCA weight across all three proteins. Data points denote individuals (crosses).
Solid line denotes line of best fit and dashed lines denote 95% confidence intervals. Neg. — BPRS negative symptoms. Pos. — BPRS positive symptoms. Gen. - BPRS general symptoms.
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Fig. 3. Partial correlation controlling for age of the ratio of complement C4 to C3 (C4/C3)
with positive and negative symptoms in the pooled patient sample. The ratio was
significantly positively correlated with BPRS positive scores. BPRS - Brief Psychiatric
Rating Scale. SANS - Scale for the Assessment of Negative Symptom.

such as increased pro-inflammatory cytokines or microglial activation
(Di Biase et al., 2017). Secondly, given the increasingly recognised func-
tions of the complement system in the central nervous system
(Presumey et al., 2017), our findings also raise the possibility that in-
creased peripheral complement activity may influence the brain. De-
spite the immune privileged notion of the brain there are a number of
mechanisms through which this may occur. For example, complement
protein circulating in peripheral blood can enter the brain via receptors
on the vagus nerve or through increases in the permeability of the blood
brain barrier (BBB), given that the epithelial cells of the BBB express
complement protein receptors (Jacob and Alexander, 2014; Veerhuis
et al,, 2011) and schizophrenia patients are proposed to have a particu-
larly permeable BBB (Stolp and Dziegielewska, 2009; Vasic et al.,, 2012).
Furthermore, increases in some complement proteins could lead to de-
creases in other components of the complement pathway, which may
impair the ability of this pathway to clear apoptotic cells and debris,
leading to further accentuation of inflammation and the development
of autoimmunity(Markiewski and Lambris, 2007), which has also
been linked to psychosis (Benros et al.,, 2014). Although speculative, pe-
ripheral increases in complement protein may reflect a primed immune
system (possibly due to intrauterine inflammation), which has been
shown to lead to changes in neuronal migration in the developing
brain (Mayilyan et al., 2008). Alternatively, complement increases pe-
ripherally may reflect a higher C4 genetic load (e.g. Sekar et al., 2016;
Yang et al., 2012) that may affect brain development and function,
though the association between C4 gene copy number and peripheral
levels of complement is yet to be established in psychosis and in relation
to specific C4 isoforms. Finally, the effects of complement in the brain
may occur primarily through endogenous mechanisms (Veerhuis
et al,, 2011); however to date it remains unclear whether endogenous
and peripheral proteins levels are related. Our study provides impetus
for future work to directly examine complement levels in the brain
(and periphery) as well as their relationship, with longitudinal imaging
and biological measures of neuronal-glia function in psychosis.

In order to explore the clinical relevance of altered complement pro-
teins in schizophrenia, we examined the interplay between comple-
ment proteins and symptom severity. We found that increases in
positive and negative symptom subscores were associated with in-
creases in C4 and decreases in C3 protein levels. The association be-
tween complement protein was confined to positive and negative but
not general symptoms, indicating that this relationship may be specific
to schizophrenia-like symptoms. Interestingly, there was no association
when symptom subscores were examined in relation to each comple-
ment protein individually. This indicates that the imbalance between
C4 and C3, rather than C4 and C3 levels per se, is associated with symp-
tom severity. Indeed, when we examined the ratio of C4 to C3 across pa-
tients (adjusted for age), we found a significant association with

positive symptoms. Thus far, only two studies have explored the rela-
tionship between complement proteins and symptom severity and
have produced contradictory results. While one study found that in-
creases in C3 and C4 were associated with reductions in total PANSS
psychopathology scores (Li et al., 2016), the second study reported an
association between increases in C3 and C4 and the severity of certain
negative and general (though not positive) PANSS symptom items
(Morera et al., 2007). Nevertheless, this latter study was hindered by
the small sample size and the inherent difficulty in inferring global pat-
terns from isolated correlations between single symptom items and
complement proteins (Mayilyan et al., 2008). To this end, our finding
that a specific molecular pattern was associated with increases in posi-
tive and negative symptom severity extends the research beyond single
molecular associations and provides a potential avenue of exploration.
Should future studies confirm the validity of this molecular pattern,
the levels of C4 and C3 could be examined in relation to each other
and clinical indicators.

Our finding of increased C3 or C4 protein level in UHR and chronic
schizophrenia appears independent of age, gender, medication,
smoking and cannabis use, and BML. It is noteworthy, however, that
BMI, which was positively associated with each of the complement pro-
teins in the entire sample, showed a differential effect on complement
level in each of the three groups. Whereas complement was elevated
in the UHR in exploratory findings in addition to chronic schizophrenia
groups when controlling for BMI, this adjustment completely negated
the elevations seen in FEP when BMI was not considered. This effect is
illustrated in Fig. 1, which shows higher levels of C3 and C4 in FEP com-
pared to younger controls (as the data points reflect raw values), de-
spite the absence of statistically significant group differences. Indeed,
whereas complement proteins were positively associated with BMI in
FEP, there was no evidence for this relationship in UHR or chronic
schizophrenia (data not shown). It is unclear why BMI was strongly as-
sociated with complement levels in only the FEP group. It is possible
that the effect of BMI in FEP may be a by-product of medication com-
mencement (leading to rapidly increasing BMI), which has yet to take
effect in UHR but has stabilised in chronic patients. Co-varying for BMI
may therefore mask increases in complement levels in FEP that may
have been present prior to medication commencement and become ap-
parent once weight gain has stabilised. Nevertheless, this proposition
remains speculative and requires longitudinal studies that measure
complement protein levels and BMI both prior to, and after, the initia-
tion of antipsychotic treatment. In addition, given that the majority of
studies examining peripheral complement in psychosis have not con-
trolled for BMI (Arakelyan et al., 2011; Boyajyan et al., 2010; Idonije
et al,, 2012; Kopczynska et al., 2017; Mayilyan et al., 2006) our study
highlights the need to consider this confound in future studies.

There are several limitations of our study that should be noted.
First, our UHR sample size was limited. Therefore, these findings
should be regarded as preliminary, with longitudinal analyses in larger
sample sizes required to draw more definitive conclusions. Second, we
examined only three proteins within the complement cascade (Clq,
(3, C4) and assayed for total complement protein, rather than comple-
ment isotypes (e.g. C4A and C4B and their long and short forms). It is
possible that other proteins, or specific isoforms, within this cascade
may be altered at various stages of a psychotic illness. Finally, comple-
ment proteins were measured in peripheral blood and it is as yet un-
clear how peripheral complement is related to complement activity in
the brain.

In conclusion, this is the first study to examine chronic, FEP and UHR
cohorts under the same conditions. We found elevated C4 protein in
chronic and those at ultra high risk of psychosis and elevated C3 protein
in the UHR or putative prodromal period. Finally, we identified a molecu-
lar pattern of increased C4 and decreased C3 associated with positive and
negative symptom severity, thus suggesting that the imbalance in these
protein levels might contribute to the symptomatic manifestation of the
illness.
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