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Abstract 

Introduction: Variation in cognitive performance, which strongly predicts functional outcome 

in schizophrenia (SZ), has been associated with multiple immune-relevant genetic loci. These 

loci include complement component 4 (C4A), structural variation at which was recently 

associated with SZ risk and synaptic pruning during neurodevelopment and cognitive 

function. Here, we test whether this genetic association with cognition and SZ risk is specific 

to C4A, or extends more broadly to genes related to the complement system.  

Methods:  Using a gene-set with an identified role in ‘complement’ function (excluding 

C4A), we used MAGMA to test if this gene-set was enriched for genes associated with 

human intelligence and SZ risk, using genome-wide association summary statistics (IQ; 

N=269,867, SZ; N=105,318). We followed up this gene-set analysis with a complement 

gene-set polygenic score (PGS) regression analysis in an independent dataset of patients with 

psychotic disorders and healthy participants with cognitive and genomic data (N=1000).  

Results and conclusions: Enrichment analysis suggested that genes within the complement 

pathway were significantly enriched for genes associated with IQ, but not SZ. In a gene-

based analysis of 90 genes, SERPING1 was the most enriched gene for the phenotype of IQ. 

In a PGS regression analysis, we found that a complement pathway PGS associated with IQ 

GWAS statistics also predicted variation in IQ in our independent sample. This association 

(observed across both patients and controls) remained significant after controlling for the 

relationship between C4A and cognition. These results suggest a robust association between 

the complement system and cognitive function, extending beyond structural variation at C4A. 

 

 



3 
 

Introduction 

SZ is a complex heritable neurodevelopmental disorder, in which level of disability is 

strongly predicted by deficits in cognitive function (Sekar et al., 2016). Genome-wide 

association studies (GWAS) have consistently found evidence of association between SZ and 

variation at or within the major histocompatibility complex (MHC) locus on chromosome 6 

(Mcallister, 2014). While both the size and high degree of linkage disequilibrium within the 

region has made it difficult to disentangle the contribution of this region to SZ risk, Sekar et 

al.(Sekar et al., 2016) demonstrated that part of the association signal at this locus could be 

explained by structural variation mapping to C4A. C4A is part of the complement system, an 

innate immune system pathway comprising a large number of plasma proteins that help 

antibodies and phagocytes to clear pathogens (Sekar et al., 2016). This study found that 

structural variation at C4 was associated with (a) variation in RNA expression levels in post-

mortem brain samples, (b) increased risk for SZ, and (c) that increased RNA expression 

predicted by C4 structural variation influenced development of the neural system via a 

pattern of altered synaptic pruning. Following up these findings, we recently showed that 

higher predicted C4 RNA expression was associated with poorer performance on measures of  

memory function in both patients with SZ and healthy participants, and with reduced cortical 

activation during visual task performance in healthy participants (Donohoe et al., 2018). This, 

along with evidence that other risk-related genes and proteins within the complement system 

are also associated with variation in both cognition and brain structure in both patients and 

healthy individuals (Allswede et al., 2018, Athanasiu et al., 2017, Bralten et al., 2011, Chung 

et al., 2014, Donohoe et al., 2013, Nettiksimmons et al., 2016, Rose et al., 2013, Song et al., 

2014, Zhang et al., 2017), led us to consider whether variation within genes that encode the 

complement system could, as a whole, influence cognition.  
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Examples of other complement function related genes that have been associated with 

both SZ risk and cognition include Cub and Sushi Multiple Domains-1 (CSMD1), 

complement Factor H (CFH), and complement C3b/C4b receptor 1 (CR1)  (Donohoe et al., 

2018, Dunkelberger & Song, 2010, Föcking et al., 2019, Gigante et al., 2011). In patients 

with SZ and health participants, we previously reported that a GWAS-identified SZ risk 

variant within CSMD1, which encodes for a regulator of complement, was associated with 

poorer general cognitive ability and episodic memory function (Donohoe et al., 2013). Other 

variants within CSMD1 gene have also been associated with poorer cognitive performance in 

large samples of healthy participants (Athanasiu et al., 2017). In a sample of 1,783 patients 

with SZ and healthy controls, expression of complement factor H (CFH) in the hippocampus 

was found to be associated with both increased SZ risk and poorer memory function (Zhang 

et al., 2017). The CR1 gene has also been associated with cognitive impairment in a study of 

AD (Chung et al., 2014), and entorhinal cortex volume in young healthy adults (Bralten et 

al., 2011). In addition to these examples, complement gene expression more broadly has been 

linked to superior frontal cortex thickness in healthy humans (Allswede et al., 2018), which 

has been linked to general intelligence in previous studies (Jung & Haier, 2007). 

Furthermore, in a proteomic analysis of the complement signalling pathway using 

longitudinal population-based data, individuals who went on to experience psychotic like 

experience were found to have upregulation of multiple complement proteins. (English et al., 

2017, Föcking et al., 2019).   

Given these lines of evidence, the present study aimed to systematically characterise, 

for the first time, the association between genetic variation within genes related to 

complement function and both SZ risk and cognition. To do this, we performed gene-set 

analysis (GSA) of complement pathway genes, based on prior work in curating complement 

gene-sets based on publically available data by  (Birnbaum et al., 2018, Qian et al., 2019). 
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The resulting complement gene-set was tested for enrichment using IQ GWAS summary data 

from Savage et al. (Savage et al., 2018), and SZ GWAS summary data from the Psychiatric 

Genomics Consortium (PGC) (Ripke et al., 2014). We tested the hypotheses that 1) the 

complement pathway gene-set (excluding C4) would show significant enrichment for genes 

associated with both IQ and with SZ. Depending on whether these hypotheses were 

supported, we sought to further test whether 2) a polygenic score for complement pathway 

genes based on IQ or SZ GWAS summary statistics would explain variation in cognitive 

performance in a sample of patients with psychotic disorders and healthy controls. 

 

Methodology 

 

Samples included in enrichment analysis  

IQ GWAS dataset (Savage et al 2018; 18): This dataset included GWAS summary statistics 

on 269,867 individuals from 14 cohorts: UK Biobank (UKB), the Cognitive Genomics 

Consortium (COGENT), the Rotterdam Study (RS), the Generation R Study (GENR), the 

Swedish Twin Registry (STR), Spit for Science (S4S), the High-IQ/Health and Retirement 

Study (HiQ/HRS), the Twins Early Development Study (TEDS), the Danish Twin Registry 

(DTR), IMAGEN: reinforcement-related behaviour in normal brain function and 

psychopathology (Schumann et al., 2010), the Brisbane Longitudinal Twin Study (BLTS), 

the Netherlands Study of Cognition, Environment, and Genes (NESCOG), Genes for Good 

(GfG), and the Swedish Twin Studies of Aging (STSA) (Savage et al., 2018). Participants 

ranged from children to older adults, with older samples being screened for cognitive decline 

to exclude the possibility of dementia affecting performance on neurocognitive tests. This 

analysis identified 205 genomic loci (harbouring 1,016 genes) related to human intelligence. 

In each cohort, varying measures of intelligence were subject to a principal components 
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analysis to create a common latent g factor underlying multiple dimensions of cognition 

(Savage et al., 2018). For each single nucleotide polymorphism (SNP), computed beta value 

represented the likelihood of increased ‘g’ factor scores based on the SNP of interest. The 

combined summary statistics of these GWAS in relation to the IQ phenotype were used for 

enrichment analysis. 

 

SZ GWAS dataset (Pardiñas et al., 2018): This recent GWAS for SZ combined existing 

genome wide association data (Ripke et al., 2014) with genome-wide genotype information 

for SZ cases from the UK (the CLOZUK sample), amalgamated with control datasets 

obtained from public repositories to form a meta-analysis of 40,675 SZ cases and 64,643 

healthy controls (Pardiñas et al., 2018), excluding overlapping samples. This meta-analysis 

found 145 loci related to SZ diagnosis, with 50 of these novel discoveries. An independent 

sample total of 5,762 cases and 154,224 controls was used in analysis to replicate meta-

analytic findings. Details of samples can be found in supplementary information on the 

original paper (Pardiñas et al., 2018, Ripke et al., 2014). Participants in the SZ sample were 

diagnosed based on clinicians report or using a specific inclusion criteria and research-based 

assessment. Healthy controls were screened for other psychiatric illness and were within 

normal IQ range. Summary statistics of this GWAS provided an odds ratio score for 

likelihood of developing SZ based on risk alleles of each SNP.  

 

Complement gene-set 

To test for enrichment of genes related to complement function in IQ and SZ, we based our 

gene-set list on recent publications targeting complement-related immunity genes (Birnbaum 

et al., 2018, Qian et al., 2019). The Birnbaum paper (Birnbaum et al., 2018) provided a gene-

set related to complement in schizophrenia by collating information from neuroimmunology 
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and general immunology literature, as well as pathway annotation programs, cross-referenced 

with multiple gene expression databases (eg. GO, KEGG, IMPORT, IPA, and IMMUNOME) 

to assemble 34 complement-related genes (Dunkelberger & Song, 2010, Orsini et al., 2014, 

Ricklin et al., 2010, Sarma & Ward, 2011, Veerhuis et al., 2011). The second publication 

(Qian et al., 2019) included 32 of the original 34 genes with additional gene lists included 

from Molecular Signatures Database, the Human Biological Pathway Unification Database 

and the HUGO Gene Nomenclature Committee (https://pathcards.genecards.org, 

(http://software.broadinstitute.org/gsea/msigdb/index.jsp, https://www.genenames.org) 

searching the keyword “complement”. After removing the duplicated genes and genes 

directly encoding for C4 (C4A, C4B, C4BPA, C4BPB, C4_B), 108 genes remained as the 

candidate genes for further analysis (Supplementary Table 1). As 90 of these genes were 

available to be tested for enrichment using MAGMA, these 90 genes were brought forward 

for analysis (listed in table 1).  

 

Enrichment analysis statistical approach 

 The statistical toolbox MAGMA (https://ctg.cncr.nl/software/magma; (De Leeuw et al., 

2015) was used to test for enrichment of the complement gene-set for genes associated with 

the IQ and SZ phenotypes. Enrichment analysis based on MAGMA consisted of three steps: 

first, an annotation step to map SNPs onto genes; second, a gene analysis step to compute 

gene p-values; and three, a gene-level analysis step, carried out both on a gene-wide and a 

gene-set-wide level. By doing so, MAGMA tests whether multiple genetic markers in a given 

gene or gene-set (e.g. complement genes) are more strongly associated with SZ or IQ than 

other genes in the genome.  

 

Samples included in polygenic score (PGS) analysis  

https://pathcards.genecards.org/
http://software.broadinstitute.org/gsea/msigdb/index.jsp
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In total, 808 cases and 192 healthy participants completed a full neuropsychological 

assessment battery and had full genome-wide data available. Cases consisted of n=585 

clinically stable patients with a diagnosis of SZ and schizoaffective disorder (SZA), and an 

additional n=223 patients diagnosed with bipolar disorder with psychotic features, major 

depressive disorder with psychotic features, delusional disorder, or psychosis not otherwise 

specified, as described elsewhere (Cosgrove et al., 2017, Donohoe et al., 2018, Whitton et 

al., 2016). Participants were recruited from five sites across Ireland, and ethics approval was 

obtained from local ethics committees. Written informed consent was obtained from all 

participants. Inclusion criteria required participants to be clinically stable at the time of 

cognitive assessment, aged between 18–65 years, had no history of comorbid psychiatric 

disorder, history of seizures, substance abuse in the preceding 6 months, or prior head injury 

with loss of consciousness. All participants had Irish ancestry (all four grandparents born in 

Ireland). Patients were diagnosed by trained psychiatrists using the Structured Clinical 

Interview for DSM-IV Axis I Diagnosis (First et al., 2002). Additional diagnostic and clinical 

information ascertained at time of interview, including symptom severity (Andreasen, 1984) 

and medication dosage were also recorded for analysis. 

 

The healthy control sample was recruited on the basis of response to local media 

advertisements. Control participants were included if they were aged between 18 and 65 and 

met the criteria of having no history of major mental health problems, intellectual disability 

or acquired brain injury based on clinical interview, and no history of substance misuse in the 

preceding 6 months based on self-report. Control participants were also excluded from the 

study if they reported having a first-degree relative with a history of psychosis. Both patient 

and control clinical assessments were conducted in accordance with the relevant ethics 
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committees' approval from each participating site. All participants provided written informed 

consent. 

 

Cognitive assessment: General cognitive functioning (IQ) was measured in the sample using 

selected subtests (Vocabulary, Similarities, Block Design and Matrix Reasoning) from the 

Wechsler Adult Intelligence Scale, third edition (WAIS-III;(Wechsler, 1997)), deriving a full 

scale, verbal and performance IQ for each participant. Premorbid IQ was measured using the 

Wechsler test of adult reading (WTAR; (Holdnack, 2001). Episodic memory was assessed in 

the Irish samples using the logical memory subtests (immediate and delayed conditions) from 

the Wechsler Memory Scale, third edition (WMS-III) (Wechsler, 1997), and the paired 

associations learning task (PAL; stages completed and total errors) from the Cambridge 

Automated Neuropsychological Test Battery (CANTAB; (Robbins et al., 1994)). As in our 

previous study of C4, an unrotated principle components analysis based on the four available 

episodic memory tests was carried out to reduce multiple testing burden. This memory factor 

explained 72% of variance in memory scores, as described previously (Donohoe et al., 2018). 

Spatial working memory was assessed in the samples using the WMS-III letter number 

sequencing task and the spatial working memory task from the Cambridge Automated 

Neuropsychological Test Battery (CANTAB SWM;(Robbins et al., 1994)).  

 

Genotyping Genotyping was conducted on DNA extracted from whole blood or saliva. Full 

GWAS data were available for all samples. A proportion of samples (n=575) were genotyped 

with an Affymetrix 6.0 chip (Santa Clara, CA, USA; as part of the WTCCC2 (Consortium & 

2, 2012) and the remainder on the Illumina HumanCoreExome chip (San Diego, CA, USA), 

granting comparisons between platforms indicate high agreement (Barnes et al., 2005). SNPs 

were excluded on the basis of MAF (minor allele frequency)<0.1% (i.e rate of second most 
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common allele occurs at a frequency of 10% or greater in the population),  SNP missingness 

⩽ 2%, and Hardy–Weinberg equilibrium ⩽ P10−6. Imputation was carried out on these data 

sets separately using 1000 Genomes Phase I integrated haplotypes (Dec 2013 release) and 

IMPUTE2 to give ~10 million SNPs genome-wide per sample.  

 

PGS score calculation 

Based on the complement set of 90 genes described above, we began by identifying all 

SNPS within (+/−20 kb) of these gene loci, and then extracting the genotype values for our 

samples, which had been genotyped using either Affymetrix 6.0 or Illumina 

HumanCoreExome. PRSice software (https://choishingwan.github.io/PRSice/(Euesden et 

al., 2014)) was used to perform quality control on data from each sample and SNPs were 

excluded from further analysis if there was >10% missing genotype data, HardyWeinberg 

equilibrium <1 × 10−5, or MAF <1%. Next, the lists of SNPs that passed QC for each 

sample were joined, providing a SNP list common to each sample (n = 14237 SNPs). 

Based on this list, an effect-size weighted PGS was generated for each individual using 

PRSice based on a threshold of p<0.05 for SNPs in the IQ and SZ GWAS sets. While 

multiple p value thresholds can be used, we have previously found a threshold of p = 0.05 

to be the most informative in terms of signal-to-noise ratio (Cosgrove et al., 2017).  

 

Statistical Analysis  

To estimate the association between computed complement PGS and performance on 

cognitive tasks, multiple regression analyses were carried out on the whole sample and on the 

patient sample only using IBM SPSS Statistics Version 25.0 (IBM Corp, Armonk, NY, 

2017). Three cognitive domains of IQ, episodic memory and working memory were tested. 

PGS scores for complement were used as the independent variable, and age and gender were 

https://choishingwan.github.io/PRSice/
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entered as covariates of no interest. For IQ analysis, only gender was entered as a covariate, 

as scaled scores were used. To maximize power to detect differences, we carried out our 

analysis on the full dataset of cases and controls (n=1000). To test the possibility of a 

particular phenotype population driving results, analysis was also carried out in healthy 

controls and patients separately. 

Results 

Enrichment analysis  

Using MAGMA to test for the enrichment of the complement gene-set in IQ and SZ 

GWAS data, the complement gene-set showed enrichment for IQ (beta=0.29, p=0.010; α = 

0.05 / 2 = 0.025 after bonferroni correction for the two phenotypes tested). By comparison, 

no enrichment was observed using the SZ data (beta=-0.07, p=0.26). Following up the 

complement gene-set analysis with a gene-based association analysis, 32 of the 90 genes 

included showed nominal association for the phenotype of IQ, with 12 of these genes 

surviving correction for multiple testing, using bonferroni correction for 90 genes ( α = 0.05 / 

90= 0.00055) of which SERPING1 was the highest associated (see Table 1).  

 

*Insert Table 1 here* 

PGS analysis: Clinical and demographic information 

Demographic and clinical information for all participants included in the PGS 

analysis is outlined in table 2. No association between complement PGS and either age, 

gender, or years of education were observed, see supplementary table 2. Similarly, based on a 

principle components analysis described previously by the group (O’gráda et al., 2009), no 

association was found between complement PGS and positive or negative symptom factor 

scores. No association between medication dosage and complement PGS was observed.  
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*Insert table 2 here* 

 

Association between complement-based polygenic score (PGS) and IQ  

As the complement pathway was enriched for IQ-associated genes based on GWAS summary 

statistics (Savage et al., 2018), polygenic scores were created for the complement gene-set to 

test for an association with cognition in an independent sample of cases and healthy 

participants. Based on a regression analysis on the total sample (cases and healthy 

participants combined), complement PGS significantly predicted variation in measures of 

Premorbid IQ and verbal IQ (see table 3). The observed direction of effect was that increased 

complement-based PGS was associated with an increase in IQ in the sample. These findings 

remained significant when gender was covaried for (premorbid IQ: F change=5.938; Std 

Beta=0.087, df = 2,772; p = 0.015; verbal IQ: F change=4.037, Std Beta=0.067, df=2,903; 

p=0.045). If corrected for 3 domains of cognition analysed, however, premorbid IQ only 

survives multiple testing correction (α = 0.05 / 3= 0.016). When the sample was sub-divided 

into patients and control groups (considered separately) as a post-hoc analysis, the association 

between complement PGS and IQ was no longer significant in cases. However, complement 

PGS was found to influence Full Scale IQ scores in healthy controls only (F change=4.195; 

Std Beta= 0.147, df = 2,182; p =0.042). Notably, a significant difference in complement PGS 

between patients and healthy participants was observed, such that patients had lower PGS 

than healthy participants (F=1.82, df 1,953; p=0.018). No significant associations were 

observed between complement PGS and memory scores (see table 3).  

To determine whether the association between complement PGS and IQ remained 

significant once variations in the reported C4A structural haplotype were accounted for, we 

re-ran the analysis by including predicted C4A RNA expression scores as a covariate (score 

previously used by group (Donohoe et al., 2018), seen to impact on cognition). After the 
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effects of C4A had been accounted for in this way, complement PGS continued to 

significantly predict variation in Premorbid IQ (F change=6.057; Std Beta= 0.088, df = 3,771; 

p = 0.014), and Verbal IQ (F change=4.016, Std Beta= 0.067, df=3,902; p=0.045). For 

healthy controls only, complement PGS continued to predict variation in full scale IQ scores 

(F change=4.153; Std Beta= 0.147, df = 3,181; p = 0.043).  

 

*Insert table 3 here 

 

Discussion  

The purpose of this study was to characterise the association between genetic variation within 

the complement system and performance on measures of cognitive function related to 

disability in SZ. Following earlier studies from our group and others, demonstrating that 

multiple individual loci within complement, including C4A, are associated with cognition, we 

sought to determine whether variation in the complement gene-set as a whole was associated 

with cognitive performance. To do this, we carried out a series of enrichment analyses, and 

PGS analysis in independent datasets. We found that (1) the complement gene-set was 

enriched for association with cognitive function (as measured by IQ) but not SZ risk, with 

multiple individual genes being associated with IQ, of which SERPING1 was the strongest 

associated. We further found, based on independent samples of patients and controls, that (2) 

a complement-based polygenic score for IQ predicted variation on multiple IQ measures, 

even when the effects of C4A was accounted for. Importantly, (3) these cognitive effects did 

not appear to differ between patient and healthy participant samples, but in post-hoc analysis 

of healthy controls only the complement PGS still affected full scale IQ.  

Collectively, these findings suggest that whereas individual genetic components of the 

complement pathway (including C4A as analysed in (Donohoe et al., 2018) and closely 
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related gene CSMD1 (Donohoe et al., 2013) maybe associated with SZ risk, the complement 

pathway as a whole is associated with neurodevelopmental processes related to cognition. 

This is evident in the effects of PGS on IQ in the healthy control population for full scale IQ, 

and in the whole group irrespective of diagnosis. At a gene-set level, this may suggest that the 

wider complement pathway is more strongly associated with neurodevelopmental processes 

important to global cognitive development than with illness processes per se. In the context 

of the present study and previous studies on individual complement genes carried out by our 

group (Donohoe et al., 2018, Donohoe et al., 2013), while the role of an individual gene in 

neurodevelopment may make it particularly important for illness risk (e.g. C4A and SZ), the 

pathway’s broader neurodevelopmental role is largely independent of SZ risk.  

 

Enrichment analysis of complement genes  

In addition to observing enrichment to the overall complement pathway for IQ, we found that 

32 of the available 90 genes listed in the complement pathway showed gene-based 

association with IQ. 12 of these genes remained significant after correction for multiple 

testing, with SERPING1 the highest associated. SERPING1, also known as C1 inhibitor, has 

been suggested to participate in neuronal stem cell proliferation, and play a role in the three 

activation arms of the complement system (Gorelik et al., 2017). Knockdown of circulating 

C1 inhibitor induces neurovascular impairment, glial cell activation, neuroinflammation, and 

behavioral deficits (Farfara et al., 2019). Using a shRNA mediated knock-out of SERPING1 

to silence the gene expression, a recent study suggests knock-out of this gene impairs 

neuronal migration and affects brain development (Gorelik et al., 2017). Preliminary 

evidence in a study of complement genes in twins with SZ implicated peripheral expression 

of C5 and SERPING1 to be associated with cortical thinning in the superior frontal region 

(Allswede et al., 2018); SERPING1 has also been found to be overexpressed in the amygdala 
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of patients with SZ (Chang et al., 2017). In animal studies, C1 inhibitor created by 

SERPING1 attenuated acute neurobehavioral deficits, ischemic volume, and 

neurodegeneration (Longhi et al., 2009). Therefore, SERPING1 is a gene pivotal to 

inflammatory response regulation, neural development, and a key contributor to complement 

cascade activation.  

PGS analysis of complement gene-set 

In regression analysis in a sample of 1000 individuals with psychosis and healthy controls, 

increased PGS (i.e. carrying a higher proportion of IQ-associated alleles)  was associated 

with increased scores across several IQ measures (Pre-morbid IQ as measured by the WTAR, 

Verbal and Full-scale IQ from the WAIS) in the whole sample and healthy controls only. 

However, we did not have a specific hypothesis around this aspect of cognitive performance, 

and instead interpret the data to indicate a broad association with each of the measures 

available, depending of the sensitivity of each measure used. The direction of this association 

is interesting given multiple previous reports citing upregulation of complement genes 

(theoretically driving increased neuroinflammation and synaptic pruning) to be associated 

with cognitive decline (Gigante et al., 2011, Heyer et al., 2013, Shi et al., 2015, Song et al., 

2014). In enrichment analysis, genes related to the phenotype of IQ (SERPING1, CD46) 

tended to be regulators of the complement system, thus our PGS may represent regulatory 

activities of the complement cascade, inhibiting inappropriate activation of complement and 

inflammatory processes (Farfara et al., 2019; Cardone et al., 2011; Winston et al.,2019). This 

finding was in the overall sample of healthy participants and patients, showing an association 

between complement and cognition irrespective of diagnosis. This is consistent with 

MAGMA analysis, as complement genes were enriched for the phenotype of IQ in a GWAS 

of healthy participants, but no enrichment of these genes for the phenotype of SZ was 

observed. When taking cases and healthy controls separately, effects on these measures of IQ 
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were no longer significant, but full scale IQ was found to be affected, explaining 2% of 

variance, a higher proportion than initial findings in patients.  

The complement pathway, neurodevelopment, and cognition 

The current results are consistent with several studies linking genetic variation within 

complement to cognitive processes. In human studies of complement genes, CFH- a gene 

significantly enriched for IQ in MAGMA analysis- has been seen to influence cognitive 

decline in several different cohorts, including healthy controls, patients with SZ (Zhang et al., 

2017), patients with AD (Gezen-Ak et al., 2013), and post-operative patients with heart 

conditions (Gigante et al., 2011, Heyer et al., 2013). In another study of post-operative 

cognitive decline, the complement gene CD59 (which was also significantly enriched for IQ 

in our analysis) was found to be upregulated in patients with neurocognitive decline as 

measured by assessments of memory, executive function, attention, language, and global 

cognition (Ramlawi et al., 2007), suggesting that several elements of the complement system 

influence this cognitive phenotype. Again, this cognitive decline may be the result of 

upregulated neural inflammation, attributed to various complement components. 

In addition to C4, other complement genes have been associated with variation in 

cognition via biological processes related to synaptic pruning. Chibnik et al. (Chibnik et al., 

2011) found an association between variation in the CR1 gene and age related changes in 

cognition. The CR1 gene is associated with general loss of cognitive function, and with the 

development of AD, possibly due to alternations in neural circuits via excessive synaptic 

pruning (Chibnik et al., 2011, Chung et al., 2014). In a sample of healthy controls only, CR1 

was also found to contribute to a reduction in entorhinal cortex volume (Bralten et al., 2011). 

This further supports a theory that complement gene expression plays a role in neural 

processes throughout development, such as synaptic pruning, which may be particularly 

disrupted in the development of SZ (Shatz, 2009).  
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Limitations 

The ‘complement’ gene-set which formed the basis of this study was curated by Birnbaum 

(Birnbaum et al., 2018), based on multiple independent publicly available databases (GO, 

KEGG, IMPORT, IPA, and IMMUNOME) combined with a complement gene-set curated by 

Qian et al (Qian et al., 2019). While this list is an empirically well validated, as with any list, 

some gene inclusions/exclusions will make it imperfect. For example, CSMD1, a regulator of 

C4 and a multiple-domain regulator of the complement system was not included in this gene-

set (Kraus et al., 2006). Genetic variation at a locus corresponding to CSMD1 has previously 

been associated with both increased SZ risk, cognitive performance (Donohoe et al., 2013), 

and variation in brain structure and function (Rose et al., 2013).  

Another limitation of the gene-set chosen is that some components of the complement 

pathway are neuroprotective, and others neurodegenerative, with very diverse functions. The 

effects of individual complement genes on cognition are likely to be both nuanced and 

interactive and this may be masked when viewed as a set. For instance, increased C5aR 

(which is expressed in neural stem cells) is said to increase neurogenesis (Hernandez et al., 

2017), whereas increased CR1 is said to eliminate neural connections (Chibnik et al., 2011). 

In other words, some aspects of the complement system may disrupt neural functioning when 

expressed at a high level, while others may disrupt outcomes when expressed at a low level. 

Therefore, having one score for complement components irrespective of direction of affects 

could cancel out the full extent that complement genes affect cognition. Assuming a linear 

relationship between genes in the PGS and cognition may be an oversight, as some biological 

processes could be non-linear, with too little or too much complement activity impairing 

outcome (Veerhuis et al., 2011). Evidence from proteomic profiling of blood plasma samples 

in children indicated that a majority of complement proteins were upregulated in those who 
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go on to develop psychotic disorders, although some downregulated complement proteins 

were also associated with disease (English et al., 2017). Further investigation will be  

required to understand the direction of the association observed here- for example, by 

subdividing variants into those associated with up-regulation or down-regulation of 

complement expression using proteomic analysis. More studies establishing the effect each 

individual gene has on cognition could shed light on the functional and phenotypic effects of 

up-regulation or down-regulation, and therefore future gene-sets could be weighted based on 

effect, or reversed scores could be used. A final potential limitation is that the complement 

PGS was created using weightings from a GWAS of IQ,  a phenotype whose genetic 

architecture is likely to differ from that of the memory phenotype used in our cognitive 

analysis. Using other, more refined GWAS information to create PGS for specific cognitive 

measures/domains will be important to shed further light on the specific role of complement 

in cognition.  

 

Future directions 

Given that an immune response is principally a response to environmental factors 

(infection, stress), the inclusion of environmental data relevant to immune function would 

enhance analysis of immune relevant genetic variation. The multi-factorial polygenic 

threshold model of SZ posits that a large number of genetic risk factors with distinct, 

aggregate, small effects and environmental factors that can interact with established genetic 

risk factors (Nimgaonkar et al., 2017). Similarly, we and others have shown that 

environmental processes associated with immune function have a significant impact on 

cognitive development (Rokita et al., 2018). Future studies of SZ risk, cognitive function, and 

genetic variation related to immune function may benefit from the inclusion of information 

about exposure to relevant environmental factors (maternal infection, early social adversity) 
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likely to mediate the relationship between these variables. Finally, structural and functional 

brain imaging studies of immune genetics related to SZ may also help shed light on how 

these immune and complement genetics affect neural structure and function. 

 

 

 

Conclusion 

This study contributes to the growing literature on the role of complement in brain function, 

SZ pathology and cognition. An association between a previously curated complement gene-

set and cognitive function was supported based on both enrichment analysis of GWAS data 

and polygenic score analysis. This was in the absence of a similar association between 

complement and SZ risk, despite some of the individual genes within this gene-set previously 

showing genome wide association with SZ. In terms of the broader genetic architecture of 

SZ, these findings suggest that while SZ risk variants are likely to be found at 

neurodevelopmentally relevant loci (genes involved in synaptogenesis). When complement 

gene-sets are taken as a whole, their relevance is to neurodevelopment, not illness. 
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