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Bjarni J. Vilhjálmsson, John J. McGrath

Correspondence
z.zhu.ncrr@au.dk (Z.Z.),
j.mcgrath@uq.edu.au (J.J.M.)

In brief

The innate immune system has been

linked to schizophrenia and autoimmune

disorders. We examined neonatal

circulating C3 and C4 protein

concentrations in 68,768 neonates and

the risk of six mental disorders. We found

no associations between C4

concentration and mental disorders, but

C3 concentration was associated with a

reduced risk of schizophrenia in females.
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SUMMARY
Complement components have been linked to schizophrenia and autoimmune disorders. We examined the
association between neonatal circulating C3 andC4 protein concentrations in 68,768 neonates and the risk of
six mental disorders. We completed genome-wide association studies (GWASs) for C3 and C4 and applied
the summary statistics in Mendelian randomization and phenome-wide association studies related to mental
and autoimmune disorders. The GWASs for C3 and C4 protein concentrations identified 15 and 36 indepen-
dent loci, respectively. We found no associations between neonatal C3 and C4 concentrations and mental
disorders in the total sample (both sexes combined); however, post-hoc analyses found that a higher C3 con-
centration was associated with a reduced risk of schizophrenia in females. Mendelian randomization based
on C4 summary statistics found an altered risk of five types of autoimmune disorders. Our study adds to our
understanding of the associations between C3 and C4 concentrations and subsequent mental and autoim-
mune disorders.
Cell Genomics 3, 100457, December 13, 2023 ª 2023 The Author(s). 1
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INTRODUCTION

The complement systems are an integral part of the innate im-

mune response.1–3 These phylogenetically ancient systems

involve complex and interlinked amplification cascades, which

can be triggered to protect the body from pathogens. Elements

of the system are also involved in a range of additional physiolog-

ical functions. For example, a growing body of evidence links

elements of the complement systems (e.g., complement compo-

nent 4; C4) to brain development, which could subsequently

have implications for the risk of mental disorders.4–7

The coding gene (C4 gene) of C4 is located within the major

histocompatibility complex (MHC). It has two homologous iso-

forms (C4A and C4B), each of which can vary according to an

insertion of a human endogenous retrovirus (HERV) transposon,

and which can vary between one and three genocopies per

haplotype.8 Sekar et al.9 reported a suite of coordinated studies

that implicate an increased C4A copy number as a causal risk

factor for schizophrenia. These studies include postmortem

brain analyses (C4A mRNA expression was found to be higher

in postmortem brain samples in schizophrenia versus control),

genetic studies (fine-mapping, conditional-association, and

allelic-series analyses based on Psychiatric Genomics Con-

sortium Schizophrenia samples implicated C4A as a risk factor

for schizophrenia), and experimental animal studies (mecha-

nisms related to C4 and C3 were implicated in synaptic pruning).

A subsequent study by Kamitaki et al.10 extended these C4A

findings and reported sex-related biases for both schizophrenia

(associated with higher C4A copy number) and autoimmune dis-

orders (in particular, systemic lupus erythematous [SLE] associ-

ated with lower C4A copy number). These findings are of interest

with regard to neurodevelopmental disorders such as schizo-

phrenia (SCZ), given evidence that C4 and related members of

the complement systems (e.g., C1q, C3) are involved in synaptic

pruning during brain development.11–15

While the (premortem) measurement of brain C4 protein con-

centration is clearly not feasible in epidemiological studies, ac-

cess to stored blood samples in biobanks provides a window

into the association between circulating C4 concentration and

the risk of a range of subsequent adverse health outcomes.

We are aware of only one study that has measured neonatal

C4 protein concentration in an SCZ case-control study (75 cases

and 644 controls).16 This study found evidence that an increased

concentration of one of the two measured peptides within the

protein encoded by C4A was associated with an increased risk

of subsequent SCZ. There is a need for studies that examine

both the underlying C4-related genetic variants associated

with SCZ and measure the end product of these variants, such

as circulating neonatal C4 protein concentration. Furthermore,

in light of the shared genetic architecture among different types

ofmental disorders,17 it is feasible that C4-relatedmeasuresmay

also be associated with the risk of a wider range of mental disor-

ders in addition to SCZ. We are not aware of studies that have

previously examined this research question.

Apart from C4, there is evidence that complement compo-

nent C3 (encoded by the C3 gene) is also involved in synaptic

pruning,11–15 and both C4 and C3 protein concentrations are

often used in the monitoring of autoimmune disorders.18 It is
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thus of interest to measure additional members of this cascade

(e.g., C3 is immediately downstream of C4). A study based on

induced pluripotent stem cells found an association between

C4A copy number and neuronal C3 complement deposition.15

Measuring C3 and C4 protein concentration in a large geno-

typed sample allows for genome-wide association study

(GWAS) analyses, extending the previously published GWASs

of serum complement components C3 and C4 (studies based

on 3,495 Han Chinese men19). This information is required for

post-GWAS analyses based on summary statistics (e.g., Men-

delian randomization and phenome-wide association studies).

Access to this information can also be used to explore other

C4-related disease outcomes, in particular the link between

increased C4A copy number with a decreased risk of autoim-

mune disorders.10,20 Finally, we imputed C4A copy number,

C4 haplotypes, and brain C4A mRNA expression to examine

the association between these variables and the (1) observed

neonatal C4 protein concentration and (2) risk of six types of

mental disorders. A summary of the overall methods is shown

in Figure 1.

RESULTS

The iPSYCH2012 study, a population-based case-cohort study,

was designed to investigate the genetic and environmental fac-

tors of six mental disorders (Table S1): SCZ, bipolar disorder

(BIP), depression (DEP), autism spectrum disorder (ASD), atten-

tion deficit/hyperactivity disorder (ADHD), and anorexia nervosa

(AN). The study included 80,873 individuals of multiple ances-

tries; 75,764 European individuals were retained by principal

components projection (Figure S1). The following analyses in

our study were based on the European ancestry individuals.

We imputed C4 haplotypes using the reference data9,10

(Table S2). Eight common C4 haplotypes were imputed with

allele frequency (AF) R0.01 (Table S3). Their frequencies were

respectively BS (12%), AL (4%), AL-BS (23%), AL-BL (43%),

AL-BS-BS (2%), AL-AL (11%), AL-AL-BS (3%), and AL-AL-BL

(2%), consistent with the published studies.10,21 We counted

the copy numbers of the three types of C4 alleles (C4A, C4B,

and HERV, Figure S2). The copy numbers (i.e., count) for the

different types of C4 alleles were correlated. C4A count was

negatively correlated with C4B count (r = �0.52, p < 1.0 3

10�100). HERV count was positively correlated with C4A count

(r = 0.73, p < 1.0 3 10�100) but negatively correlated with C4B

count (r = �0.17, p < 1.0 3 10�100).

There were 68,768 participants of European ancestry with

measures of C3 and C4 protein concentrations. The distributions

of the observed neonatal C3 and C4 protein concentrations were

right skewed, withmean,median, SD, and interquartile range be-

ing respectively 7.1, 6.7, 3.6, and 5.1–9.2 mg/L for C3 protein

concentration and 6.9, 6.5, 3.3, and 4.9–9.0 mg/L for C4 protein

concentration (Table S4). Significant differences were observed

in the protein concentrations between males and females (C3

protein concentration: difference = �0.32, SE = 0.03, p =

6.5 3 10�32; C4 protein concentration: difference = �0.30,

SE = 0.03, p = 2.7 3 10�33). While the variance captured by

sex was small (R2 = 0.19% for C3 protein concentration and

0.20% for C4 protein concentration), we fitted sex as a covariate



Figure 1. Concise summary of methods

(1) iPSYCH 2012 case-cohort study: N (protein concentration) = 68,768; N (genotype) = 75,764. (2) iPSYCH 2015 expanded sample provided additional gen-

otyped samples: N� 56,000 samples. (3)C4A andC4B isotypes with or without HERV insertions were imputed (long and short, respectively) results in four alleles

(AL, AS, BL, BS). See Tables S2 and S3. (4) Based on the imputed C4A, C4B, and HERV allele count, copy numbers were estimated. See Figure 3. (5) Based on

Sekar et al.,9 brain C4A expression was estimated based on imputed C4 haplotypes. (6) We examined the association between variants associated with C4 and

C3 protein concentration andmRNA expression in GTEx datasets, using summary-data-basedMendelian randomization (SMR). See Tables S12 and S16. (7) We

examined the bidirectional association between variants associated with C4 and C3 protein concentration and summary statistics for a range of outcomes (see

below) using generalized summary-data-based Mendelian randomization (GSMR). See Tables S22–S26. (8) We examined the association between variants

associated with C4 and C3 protein concentration and a range of phenotypes identified in the UK Biobank. See Tables S27 and S28, and Figures S39 and S40. (9)

The eight mental and neurological disorders were schizophrenia (SCZ), depression (DEP), bipolar disorder (BIP), autism spectrum disorder (ASD), attention

deficit/hyperactivity disorder (ADHD), anorexia nervosa (AN), Alzheimer’s disease (ALZ), and amyotrophic lateral sclerosis (ALS). (10) The six autoimmune dis-

orders were multiple sclerosis (MS), type 1 diabetes (T1D), Crohn’s disease (CD), ulcerative colitis (UC), rheumatoid arthritis (RhA), and systemic lupus ery-

thematosus (SLE).
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in the following analyses. To account for the influence of duration

of storage (Figure S3) and between-protein assay plate variation,

we regressed the concentrations of the plates using a linear

mixed model (LMM) approach. The residuals were standardized

(mean 0, variance 1) using rank-based inverse normal transfor-

mation. After standardization, the concentrations of C3 and C4

were positively correlated: rP = 0.65 (p < 1 3 10�100, Figure S4).

With respect to the 5,109 individuals of non-European

ancestry, we were able to infer 101 individuals of South Asian

ancestry and 159 individuals of African ancestry. The remaining

individuals of non-European ancestry could not be confidently

allocated to any specific ancestry group, which is consistent

with an earlier, separate analysis based on this same iPSYCH

sample.22 We imputed the C4 haplotypes and counted the three

C4 alleles (C4A, C4B, and HERV) in the two additional ancestry

groups using the samemethod as used for European individuals.

The allele frequencies in African ancestry individuals were

consistent with the study by Kamitaki et al.10 (Tables S3C and

S3D). The C3 and C4 neonatal protein concentrations were

measured in 94 South Asian ancestry and 150 African ancestry

individuals. The distributions of the two protein concentrations

in the two additional ancestry groups were comparable to those

found in individuals of European ancestry (Table S4B).
Heritability of C3 and C4 protein concentrations
The h2 of C4 by Zaitlen’smethod23was 40% (SE = 0.03, p = 2.73

10�44, Table S5) while the h2SNP was 26% (SE = 0.006, p <1.03

10�100). For C3, h2 was 21% (SE = 0.03, p = 1.13 10�11) and the

h2SNPwas4% (SE=0.005, p=3.2310�14). The highgenetic vari-

ance of C4 concentration was confirmed by BayesR24,25—the

h2SNP was 24% for C4 (SE = 0.004, p = 1.0 3 10�100) and 6%

for C3 (SE = 0.005, p = 4.4 3 10�39). These results indicate that

both C3 and C4 concentrations were heritable traits. Moreover,

we found that SNPs on the chromosome where the coding

gene is located (cis-chr SNPs) explained a higher genetic vari-

ance than those on the remaining chromosomes (trans-chr

SNPs) (Data S1 and Table S5). Especially for C4, using

GREML,9,16 h2cis-chr = 14% (SE = 0.005, p < 1.0 3 10�100) and

h2trans-chr = 4% (SE = 0.006, p = 9.4 3 10�13). This indicates

that SNPs positioned in the C4 gene accounted for a substantial

proportion of the genetic variance of C4 concentration.

The genetic correlation (rg) between the two concentrations

based on BOLT-REML26 was 0.38 (Table S6, SE = 0.03, p =

1.9 3 10�35), smaller than the phenotypic correlation (0.65).

Given the large genetic effects at the coding genes for C3 and

C4, we then estimated rg using SNPs other than chromosomes

6 or 19 (related to the location of C4 and C3 genes, respectively)
Cell Genomics 3, 100457, December 13, 2023 3
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to further investigate whether the correlation was driven by cis-

chr SNPs, rg = 0.82 (SE = 0.05, p = 4.83 10�65). The high corre-

lation was confirmed by Haseman-Elston regression27 (rg = 0.78,

SE = 0.19, p = 4.1 3 10�5) using trans-chr SNPs. These results

indicated that C3 and C4 were genetically correlated, and this

genetic correlation was not only driven by SNPs in or near their

respective encoding genes.

We did not find that the SNP-based h2 of C3/4 protein concen-

tration differed between males and females (Data S2 and

Table S5). The between-sex genetic correlation of C3/4 protein

concentration (Table S6B) was, for C3 protein concentration,

0.74 (SE = 0.21, p[H0 rg = 1] = 0.13), and for C4 protein concen-

tration 0.97 (SE = 0.03, p[H0 rg = 1] = 0.16). The findings from

these analyses do not support the hypothesis that the genetic

variation of C3/4 protein concentration differs between males

and females.

GWASsofC3 andC4protein concentrationswith a focus
in cis- and trans-protein quantitative trait loci
We used fastGWA28 to conduct the GWAS analysis based on

68,768 participants of European ancestry and using 5,327,833

common SNPs, 5,201,724 in autosomes and 126,109 on the X

chromosome (Figure 2). We conducted a Genome-wide Com-

plex Trait Conditional and Joint Analysis (GCTA-COJO29) to

help identify putative independent SNPs. For C4 protein concen-

tration, 34 autosomal SNPs were identified as genome-wide sig-

nificant (Table S7) and all were autosomal. For C3 protein con-

centration, 14 significant SNPs were identified, and again all

were autosomal (Table S8).

Of the 34SNPssignificantly associatedwithC4protein concen-

tration, 30 (88.2%, 30/34) were found on chromosome 6. Of

these, 29 were in the MHC region and 27 (79.4%, 27/34) SNPs

were positionedwithin 2Mbof theC4gene (chr6, 31.9Mb). These

27 SNPs explained 16.7% of phenotypic variance in C4 concen-

tration, which is consistent with the estimated h2cis-chr. SNP

rs113720465 (32,005,355 bp, �1 kb away from C4B-AS1

[32,000–32,004 kb]) having the largest effect size (the A allele

was associated with an increase of 0.76 SD units of C4 protein

concentration); however, SNP rs3117579 had the smallest p value

(within an exon of GPANK1). Given this large effect size, it is

possible that SNPs in linkage disequilibrium (LD) at R2 < 0.01

(the COJO threshold of independence) could also be reported

as genome-wide significant through correlation. Thus, we con-

ductedaGWASfitting theCOJOSNPs inandnear theMHCregion

as fixed effects (Figure 2). We identified eight significant loci by

COJO, six of which were significant from a GWAS of unadjusted

C4protein concentration. The twoadditional lociwereonchromo-

somes 9 (rs6477754) and X (rs12012736). Interestingly, nearly all

the eight COJO SNPs were annotated to the genes biologically

related to complement-related pathways (Figures S5–S11). For

example, C4BPA (rs12057769) encodes a binding protein of C4.

The IL6 gene (rs2066992) encodes a cytokine stimulated in

response to infections and injuries. C1S (7.1 Mb on chr12) and

C1R (7.2 Mb on chr12), the nearest genes of rs11064501, are

the protein-coding genes of two C1 subcomponents.

With respect to C3 protein concentration, seven COJO SNPs

werepositionedwithin2Mbof theC3gene (chr19, 6.7Mb)—these

loci explained 3% of phenotypic variance in C3 concentration.
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After fitting these seven COJO SNPs as covariates, eight signifi-

cant COJO SNPs were identified (Figures S12–S19). We found a

SNP within the ABO gene, which has recently been identified as

a ‘‘master regulator’’ of plasma protein concentration.30,31 The

gene annotations of the remaining SNPs encode proteins which

involve immune- and/or C3-related pathways: (1) FCGR2B

(rs844), which encodes an inhibitory receptor for the Fc region

of immunoglobulin gamma (IgG); (2) CFH (rs558103 and

rs11580821), which encodes complement factor H, a key factor

that inhibits the alternative pathway and the amplification loop

downstream of C3; (3) STK19 gene (rs114492815), which is close

to the C4A gene; and (4) FAM117A (rs12949906), which has

enhanced gene expressions in dendritic cells (i.e., antigen-pre-

senting cells) involved in the immune system.32

We then explored potential differences in effect sizes of SNPs

on C3 and C4 protein concentrations between males and fe-

males. All the SNPs from the unadjusted GWASs were used in

the analysis. No significant between-sex differences were found

for these SNPs (p < 5.0 3 10�8).

For bothGWASs of C3 andC4 protein concentration, we found

no evidence of potential ascertainment bias related to the

enrichment of cases with mental disorders in the iPSYCH2012

case-cohort study (Figures S20–S22). Therefore, the following

post-GWAS analyses were based on the results from the full iP-

SYCH2012 sample.

C4 haplotypes are associated with C4 protein
concentration
Both h2SNP and GWAS results indicated strong effects of the

SNPs in the MHC region for both C4 and C3 protein concentra-

tions. Due to the complex LD structure in this region, we used

the imputed C4 haplotypes to investigate phenotypic associa-

tions of these genetic variants. We first examined the associa-

tions between the imputed C4 haplotypes with the observed C4

protein concentration using an LMM approach. As expected,

more copies of C4 allele (either C4A, C4B, with or without

HERV) were strongly associated with higher C4 protein concen-

tration (Figure 3). The C4A copy number (bC4A) had a greater

effect than C4B (bC4B) and HERV (bHERV): bC4A = 0.3 (Table S9,

SE = 0.01, p < 1.0 3 10�100), bC4B = 0.2 (SE = 0.01, p < 1.0 3

10�100), and bHERV = 0.2 (SE = 0.004, p < 1.0 3 10�100). The C4

copy numbers were correlated. Therefore, we fitted all three

gene copy numbers in a regressionmodel to estimate the joint ef-

fects. TheC4A copy number had an effect nearly identical to that

of C4B copy number, bC4A = 0.6 (SE = 0.01, p < 1.0 3 10�100),

bC4B = 0.6 (SE= 0.01, p < 1.03 10�100). The beta estimates asso-

ciated with the HERV copy number were less than the compara-

ble estimates for C4A and C4B and were negatively associated

with C4 protein concentration, bHERV = �0.08 (SE = 0.005, p =

5.0 3 10�51). This may reflect the strong correlation with C4A

(r = 0.73) and negative correlation withC4B (r =�0.17). The result

suggestedonemorecopyofC4AorC4B is likely to have1.6mg/L

(�0.63 SD unit) higher C4 protein concentration given the same

amount ofHERV.Wecalculated the captured variance (R2 = s2b2)

that was comparable between the C4 copy numbers. In the for-

mula, s2 was variance of C4 copy number, analogous to variance

of allele count. Of interest, the s2 of C4A count was greater than

C4B count (Table S3, s2 = 0.55 for C4A and 0.31 for C4B).



Figure 2. GWASs of neonatal C4 and C3 protein concentrations

(A) Unadjusted C4 protein concentration, (B) C4 protein concentration adjusted for the cis-pQTLs from COJO (fitted as covariates in the regression model),

(C) unadjusted C3 protein concentration, and (D) C3 protein concentration adjusted for the cis-pQTLs from COJO. The COJO SNPs fitted as covariates in GWAS

of adjusted protein concentration (B and D) were identified from GCTA-COJO of unadjusted protein concentration. The COJO SNPs are highlighted with red

triangles. The location of the C3 (on chromosome 19) and C4 (on chromosome 6) genes are highlighted in the relevant panels. The top-associated SNPs were

annotated with their overlapped or nearest genes. The GWAS threshold was 5.0 3 10�8.
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Figure 3. Plot of C4 copy number versus C4 protein concentration

The center line shows the median value, and the lower and upper edges of the box shows the 25th and 75th quantiles respectively. The upper and lower whiskers

extend 1.5 times the interquartile range from the top and bottom of the box. Individual outliers are shown as dots. There were three C4 alleles: (A) C4A, (B) C4B,

and (C) C4L/HERV. The colors represent C4 allele counts.
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Therefore,C4A count had a larger contribution toC4 protein con-

centration than the C4B count (R2 = 23% for C4A and 11% for

C4B). In total, both counts captured 17.3%of variance in C4 pro-

tein concentration, accounting for the negative correlation be-

tween the twoallele counts (r=�0.52). The capturedgenetic vari-

ancewas in linewithh2cis-chr, and thegenetic varianceat theMHC

SNPs. In summary, the imputed counts of both C4A and C4B

were associated with the observed C4 protein concentration,

and theC4A count hadagreater contribution than theC4B count.

Based on the effects of C4 allele counts, we then examined

the association between the commonly observed C4 haplotypes

and C4 protein concentration. For this analysis, we used the BS

haplotype as the reference category because of (1) the positive

associationbetweenC4allele count andC4protein concentration

and (2) the greater contribution of C4A count to C4 protein con-

centration. All the remaining seven common haplotypes were

associated with increased C4 protein concentration. Due to their

higher frequencies, AL-BS and AL-BL haplotypes captured

greater variance of C4 protein concentration (Table S10, R2 =

7.6% for AL-BS and 7.1% for AL-BL).

We then examined C3 protein concentration. In keeping with

expectations, we did not identify any significant associations be-

tween either C4 copy number or C4 haplotype versus C3 protein

concentration. However, we found the AL-BS haplotype was

nominally significantly associated with C3 protein concentration

(bAL-BS = 0.23, SE = 0.03, p = 5.43 10�3). From the GWAS of C3

concentration, there was a COJO SNP positioned within the

MHC region (rs114492815). While this SNP was in very weak as-

sociation with each of the C4 allele counts (R2 < 0.005 for C4A

count and C4B count, 0.01 for C4L/HERV count), there was a

moderate association with AL-BS (R2 = 0.11). Therefore, we

ran the analysis again, fitting rs114492815 as an additional co-

variate. After this adjustment, none of the haplotypes were asso-

ciated with the C3 concentration (Table S10). In general, C3 con-

centration was independent of C4 alleles.

With respect to the associations in the individuals of non-Euro-

pean ancestry, we found a nominally significant association be-

tween a higher number of C4B allele copies and increased C4
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protein concentration in African ancestry individuals (Table S9B,

b = 0.43, SE = 0.14, p = 3 3 10�3). The imputation accuracy of

C4 haplotypes in individuals of African ancestry is lower than in

European ancestry individuals.10

Functional mapping of GWAS findings
Having found the significant SNPs from the GWASs, we

explored the genes associated with both concentrations using

Multi-marker Analysis of GenoMic Annotation33 nested in Func-

tional Mapping and Annotation of Genome-wide Association

Studies34 (FUMA/MAGMA) and Summary-data-based Mende-

lian Randomization (SMR). The majority of the identified genes

associated with C4 concentration were on chromosome 6,

FUMA/MAGMA (257/263, Table S11), and SMR (55/56, Table

S12) (Data S3). Interestingly, SMR found strong genetic corre-

lates between higher brain C4A gene expressions in GTEx and

neonatal C4 protein concentration in eight brain tissues (the

mean of bXY = 0.73). Subsequent analyses confirmed the asso-

ciations between C4A expression in 15 brain-related tissues

and neonatal circulating C4 protein concentration (Data S4;

Tables S13 and S14; Figure S23). Overall, the findings indicate

strong associations between genes in the MHC region and C4

protein concentration, and the C4A gene was likely to have a

causal effect on C4 protein concentration in brain tissues. For

C3 protein concentration, we identified 19 genes by FUMA/

MAGMA (Table S15) and the DXO gene (chr6: 31.9 Mb) by

SMR (Table S16). These significant genes associated with C3

and C4 protein concentrations were enriched with the Kyoto

Encyclopedia of Genes and Genomes gene sets of SLE and

complement systems (Figure S24).

Associations betweenC3andC4protein concentrations
with mental disorders within the iPSYCH case-cohort
study
In the models that accounted for the strong correlation be-

tween C3 and C4 concentration, we found no significant asso-

ciation between C3 concentration and any of the six mental

disorders based on the entire sample (i.e., males and females
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combined); however, post-hoc analyses found that higher C3

concentration was associated with a reduced risk of SCZ in fe-

males only (hazard ratio [HR] = 0.74, 95% confidence interval

[CI] = 0.63–0.87, p = 2.36 3 10�4) (Table S17). With respect

to C4 concentration, we did not detect any association be-

tween any of the six mental disorders in analyses based on

the entire sample or in post-hoc analyses stratified by sex

(Table S17).

Associations between C3- and C4-related genotypes
with mental disorders within the iPSYCH case-cohort
study
We did not identify significant associations between C4A, C4B,

or HERV copy numbers (Table S18) or C4-related haplotypes

(Table S19) and any of the six mental disorders. Based on the

formula between imputed C4 haplotypes and observed C4

gene expression (i.e., RNA concentration) in postmortem brain

tissue,9 we found no significant associations between these

estimates and any of the six mental disorders (Table S20). How-

ever, we note that while the association betweenC4A copy num-

ber and SCZ was non-significant (HR = 1.27, 95% CI = 0.95–

1.69, p = 0.11), the effect size was comparable to that reported

by the larger sample in Sekar et al.9 As a post-hoc analysis, we

had access to the expanded iPSYCH2015 sample, which al-

lowed us to re-examine this association with a larger sample

size (original iPSYCH2012 sample cases = 2,515, controls =

51,751; expanded iPSYCH2015 sample cases = 4,398, con-

trols = 77,368; these individuals were genetically unrelated).

Additional methods and results based on the expanded sample

can be found in Tables S18–S20). In the expanded sample, a

nominally significant association was found (HR = 1.19, 95%

CI = 1.06–1.35, p = 4.63 3 10�3; the Bonferroni-corrected

threshold is 2.8 3 10�3, 0.05/[3 3 6]). None of the other mental

disorders were associated with any of the C4-related genetic

scores. Based on the sample sizes of cases and controls in iP-

SYCH2012, for each of the six mental disorders, we calculated

the smallest detectable HRs of predicted brain C4A/B expres-

sion and C4 concentration (Table S21). For example, with

respect to SCZ, we had sufficient power to detect an HR of brain

C4A expression R1.60 and HR of C4 protein concentration

R1.29. Larger sample sizes would be required to confidently

detect small to medium-sized effects for several of the mental

disorders included in this study.

We explored the associations between C4-related genotypes

and six mental disorders in males and females. Due to the insuf-

ficient power in the iPSYCH2012 sample, we conducted the as-

sociations between copy numbers of threeC4 alleles (C4A,C4B,

and HERV) versus six mental disorders in the iPSYCH2015

extension study. We found a nominally significant association

between C4A copy number and SCZ in males (Table S18E,

HR = 1.33, 95%CI = 1.11–1.59, p = 1.73 10�3). The association

was not significant in females (HR = 1.09, 95% CI = 0.93–1.29,

p = 0.28).

While the iPSYCH case-cohort sample lacked power to under-

take stand-alone GWASs for the six mental disorders included in

the sample (see Figures S25–S36 for the GWAS analyses based

on iPSYCH2012 and iPSYCH2015), we explored the findings

from the most recent Psychiatric Genetics Consortium (PGC)
for SCZ, BIP, and DEP. We inspected locus plots for the

extended MHC region (Chr6, 23–38 Mb) for (1) the results of

our C4 protein concentration GWAS (only available on the iP-

SYCH2012 sample), (2) PGC SCZ, (3) PGC BIP, and (4) PGC

DEP. The findings of these three mental disorders were from

the most recent GWAS35 (Figure 4).
GSMR relationships with candidate neuropsychiatric
and autoimmune disorders
WeconductedMendelian randomization analyses to examine re-

lationships between the two protein concentrations (C3 and C4)

and neuropsychiatric and autoimmune disorders (Figure 5 and

Table S22). In the unadjusted forward analyses (i.e., all loci

including theMHC region,with andwithoutHEIDI filtering), higher

C4 protein concentration was found to be associated with three

mental disorders (Figure S37 and Table S23; SCZ, DEP, and

BIP). The odds ratios (ORs) for these three findings were small

(1.05 or less). We found that the majority of SNP instruments

used in these generalized summary-data-based Mendelian

randomization (GSMR) analyseswere in andnear theMHC region

(e.g., for SCZandBIP126out of 130SNPs, and forDEP103out of

107 SNPs). Because of the strong LD in the MHC region, HEIDI-

outlier methods designed to identify potential pleiotropic/con-

founding SNPs as outliers are unreliable (see Data S5). These

three disorders also had significant findings in the unadjusted

reverse analyses when using all variants (Table S25), which

suggests the presence of pleiotropy from circulating C4 protein

concentration to the three mental disorders. We advise caution

in the interpretation of these GSMR findings.

We found protective effects of C4 concentration for several

autoimmune disorders (Figure 5). In the unadjusted analyses,

higher C4 concentration was associated with lower risks of mul-

tiple sclerosis (MS), type 1 diabetes (T1D), rheumatoid arthritis,

and SLE. The effects were very large, especially for T1D (OR =

0.54, 95% CI = 0.50–0.58, NSNP = 47) and SLE (OR = 0.37,

95% CI = 0.34–0.42, NSNP = 103) (Figure S38 and Table S23).

We identified that higher C4 concentration increased the risk of

Crohn’s disease (CD) (OR = 1.26, 95% CI = 1.19–1.34, NSNP =

86). The strong association between neonatal C4 protein con-

centration and these autoimmune disorders was not indentified

in reverse analyses (i.e., the association is unidirectional)

(Table S24). When we examined the relationships adjusted for

the MHC region SNPs, the significant association with SLE per-

sisted. The effect size was comparable to that found using unad-

justed C4 GWAS (with adjustment, OR = 0.24, 95% CI = 0.12–

0.47, NSNP = 7; without adjustment, OR = 0.37, 95% CI = 0.34–

0.42,NSNP = 103). Overall, these findings support the hypothesis

that higher C4 protein concentration is causally related to a

reduced risk of SLE—it is predicted that an increase of

2.46 mg/L (1 SD unit) of C4 concentration would be associated

with a 76% reduced risk (1–0.24) of SLE.

We then explored the relationships between C3 concentration

and neuropsychiatric and autoimmune disorders by bidirectional

GSMR (Tables S25 and S26). Mindful that analyses based on

fewer instruments may be underpowered to detect small effects,

no significant associations were identified with pleiotropic SNPs

removed. Our findings provide no support for the hypothesis that
Cell Genomics 3, 100457, December 13, 2023 7



Figure 4. Locus plots for GWASs of C4 protein concentration and three mental disorders

The four panels show the differences in locations and distributions of the top-associated GWAS SNPs in the MHC region between C4 protein concentration

(A) and three mental disorders, SCZ (B), BIP (C), and DEP (D). The y axis in the plots are squared Z scores from GWASs of (A) C4 protein concentration in iP-

SYCH2012, and�log10(p values) fromGWASs of (B) SCZ,35 (C) BIP,36 and (D) DEP.37 TheGWAS summary statistics of these threemental disorderswere from the

(legend continued on next page)
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C3 protein concentration is related to the risk of the neuropsychi-

atric or autoimmune disorders examined in this study.

GSMR relationships between C3 and C4
Finally, we usedMendelian randomization analyses to explore the

inter-relationships between C3 and C4 concentrations. Using all

significant SNPs, we found bidirectional effects (C4/C3, b =

0.03, 95% CI = 0.02–0.05, p = 1.4 3 10�4, NSNP = 125; C3/C4,

b = 0.03, 95% CI = 0.09–0.20, p = 1.4 3 10�6, NSNP = 10). The

HEIDI-outliermethod identified four potentially pleiotropic variants

near the C4 gene. When these were excluded, the C3/C4 find-

ings were no longer significant (b = �0.03, 95% CI = �0.09–

0.04, p = 0.43, NSNP = 6); however the C4/C3 findings remained

significant (b = 0.03, 95% CI = 0.02–0.05, p = 8.63 10�5, NSNP =

119). These unidirectional findings are consistentwith the concen-

tration of C3 being influenced by the ‘‘upstream’’ concentration of

C4 (but not vice versa).

C3 and C4 phenome-wide association studies in the UK
Biobank
We conducted phenome-wide association study (PheWAS)

analysis in the UK Biobank, based on the polygenic scores

(PGSs), which were predicted from SNPs across the whole

genome. With respect to C4 protein concentration, we found

35 significant associations (Table S27 and Figure S39). Many of

these were related to autoimmunity (Data S6). One of the top as-

sociations was SLE (ICD10 = M32, OR = 0.74, 95% CI = 0.69–

0.80). There were no significant findings between C4 and any

neuropsychiatric disorders (ICD10 F codes). No significant differ-

ences were found between the pattern of PheWAS findings be-

tween males and females. Overall, these findings lend weight

to the hypotheses that neonatal C4 protein concentration is

associated with an altered risk of autoimmune disorders, in

particular SLE. There were no significant associations between

C3 and any of the 1,148 phenotypes, which was in line with our

GSMR findings (Table S28 and Figure S40).

DISCUSSION

Our findings provide new insights into the relationship between

complement and the risks of mental and autoimmune disorders.

First, we found associations between C4-related copy number

and brain C4A expression versus measured circulating C4 pro-

tein concentration, which is consistent with the evidence from

transgenic mouse experiments38 and human observational

studies.19,39 The biologically plausible loci/genes identified in

the C3 and C4 GWASs lend weight to the validity of our protein

assays. Second, we found no association between neonatal

circulating C4 protein concentration and risk of any of the mental

disorders included in the case-cohort sample. In an expanded

sample, we found support for a link between an increased C4A

copy number and an increased risk of SCZ (Ncases = 4,398, Ncon-
latest meta-analysis. The p values from GWAS of C4 protein at the cis-SNPs we

significance at SNPs. The GWAS threshold was 53 10�8, and the equivalent squ

with red triangles. The quasi-independent SNPs from GWAS of C4 were conduc

mental disorders were based on those reported in the related publications.35–37
trols = 77,368, HR = 1.19, 95% CI = 1.06–1.35, p = 4.63 3 10�3),

which is broadly consistent with the findings from Sekar et al.9

(Ncases = 28,799, Ncontrols = 35,986). However, we found no link

between the major C4-related haplotypes or imputed brain C4A

RNA expression with risk of SCZ. Furthermore, there were no as-

sociations between these C4-related variables and any of the

other five iPSYCH target psychiatric disorders. We also note

that the PheWAS study found no significant associations be-

tween the summary statistics of C4 protein concentration and

the UK Biobank-measured brain volumes (N = 28,613).

The relationship between C3-related measures and both psy-

chiatric and autoimmune disorders was uniformly null, apart

from a single post-hoc finding that higher circulating C3 protein

concentration was associated with a decreased risk of schizo-

phrenia in females only. C3 has been implicated in synaptic prun-

ing,11–15 and evidence suggests that estrogen may influence

C3-related activation of microglia and subsequent phagocytosis

of synapsis.40 We hope that this finding can guide future hypoth-

esis-driven research.
The genetic architecture of C3 and C4
The neonatal protein concentrations of both C3 and C4 were

highly heritable. Both pedigree-based and SNP-based h2 esti-

mates (SE) were appreciable for C4: 0.40 (0.03) and 0.26

(0.006), respectively. The same estimates for C3 were smaller:

0.21 (0.03) and 0.04 (0.005), respectively. As expected, cis-pro-

tein quantitative trait loci (pQTLs) contributed tomore than half of

the genetic variance of their related proteins. Our sample sizes

for C3 and C4 concentration GWASs were nearly 20 times larger

than the only published GWAS for these proteins.19 In the C4

GWAS, 30 quasi-independent hits were on chromosome 6,

within theMHC region. Six additional loci were found on chromo-

somes 1, 7, 9, 12, 14, and X, and, reassuringly, several of these

loci are linked to the complement system. We identified a locus

on chromosome 1 within C4BPA, which encodes C4 binding

protein (closely involved in C4 protein regulation). The locus on

chromosome 12 (rs11064501) is adjacent to two genes that

encode proteins involved in complement cascade initiation

(C1s, C1R). Interestingly, a locus (rs12012736) was identified

on the X chromosome. This locus may be one of the factors

that contributed to the small sex differences found for the C3

and C4 protein concentrations and to the known sex differences

in the risk of autoimmune disorders.41

With respect to C3 protein concentration, apart from loci within

the C3 gene (seven quasi-independent loci within this gene on

chromosome19),we founda locuswithinFCGR2B (Fcgammare-

ceptor IIb),whichencodesa receptor for theFc regionof IgGcom-

plexes. The IgG complex forms part of themachinery required for

the phagocytosis of immune complexes. One locus in the MHC

complex was identified, which is adjacent to the C4A gene. In

keeping with the prior GWAS,19 we identified two loci within

CFH, the gene that encodes complement factor H. This protein
re extremely small. Squared Z scores (i.e., Z = b/SE) were used to show the

ared Z-score threshold was 29.8. The quasi-independent SNPs are highlighted

ted from COJO (Table S7). The quasi-independent SNPs for the three types of

The red dashed line represents the position of C4 gene.

Cell Genomics 3, 100457, December 13, 2023 9



Figure 5. Forward GSMR results of C4 protein concentration
The GSMR analyses examined the relationships between circulating C4 protein concentration versus psychiatric disorders (A and B) and autoimmune disorders

(C and D), using the unadjusted C4 GWAS. The pleiotropic SNPs identified by HEIDI-outlier were excluded in (A) and (C). All genome-wide significant SNPs were

used in (B) and (D). The dot symbols show the estimates, and 95% confidence intervals are provided. The red dots represent the significant results with p value of

GSMR <1.8 3 10�3, the Bonferroni-corrected threshold.
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is involved in complement regulation and has been linked to

several disease phenotypes (most notably with age-related mac-

ular degeneration).42 CHF specifically regulates C3, which slows

the downstream complement activation. We also found a locus

within ABO, which was identified as having associations with

over 50 other protein concentrations30,31; thus, variants in this

gene could directly or indirectly influence generic protein meta-

bolic pathways (e.g., upstreammetabolic steps and downstream

protein degradation and excretion). In summary, our study has
10 Cell Genomics 3, 100457, December 13, 2023
highlighted how genetic variants within several components of

the complement cascades (i.e., at the systems level) could influ-

ence the concentration of key circulation proteins such as C3

and C4. We have summarized these findings in Figure 6.

Findings linking C4 with autoimmune disorders
We found convergent evidence linking higher C4 protein concen-

tration and an altered risk of autoimmune disorders. Based on

Mendelian randomization analyses, there was robust evidence



Figure 6. Summary of the results from GWASs of neonatal C3 and C4 protein concentrations displayed within the complement cascade

For significant loci identified from COJO, proteins encoded by annotated genes are highlighted in red.
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with respect to a lower risk of SLE.Reassuringly, theUKBiobank-

based PheWASs found that variants associated with increased

neonatal C4 protein concentration were associated with (1)

reduced risks of a wide range of disorders (including celiac dis-

ease, thyrotoxicosis, hypothyroidism, T1D, sarcoidosis, SLE,

nephrotic syndrome, andMS;Sjögren’s syndromewasnominally

significant) and (2) increased risks of several disorders (including

psoriasis, ankylosing spondylitis, and iridocyclitis; CDwas nomi-

nally significant). Our findings are consistentwith ameta-analysis

based on 16 case-control studies, where lowC4 gene copy num-

ber (<4)was associatedwith an increased risk of any typeof auto-

immune disorder, including SLE.20 A study based on large-scale

genetic and transcriptomic datasets by Kim et al.43 suggested

that C4A-related gene expression was not associated with risk

of SCZ-related synaptic gene expression but was associated

with disorders including inflammatory bowel disease, RA, and

SLE. Our findings also support stronger associations of C4A

with immune disorders compared to SCZ. Variants in C4A and

C4B, whichwere thought to increase the risk for SCZ, are protec-

tive for two autoimmune disorders (SLE and Sjögren’s syn-

drome).10 The mechanisms of action underpinning the links be-

tween C4 and both increased and decreased risk of different

autoimmune disorders remain poorly understood.44–46

Strengths and limitations of the study
Our study has several strengths. Our sample was nearly 20 times

larger than other publishedGWASs of C3 and C4.19With respect
to the hypothesis linking complement to brain development, our

complement assays were collected from neonatal samples

(versus adult samples). Because the onset of mental disorders

such as SCZ is often in the second and third decade of life,

our samples are unlikely to be impacted by reverse causation

(e.g., smoking may be linked to complement gene expression

in the brain43), and medication effects may impact on

postmortem gene expression studies.47 Sager et al.13 examined

C4mRNA expression and C4 protein expression in human brain

tissue from neonatal to young adult age points. These authors

note that C4 mRNA and C4 protein brain expression are both

more prominent in early life compared to adolescence/young

adulthood. A recent study from Hernandez et al.48 reported

good agreement between imputed C4A andC4BmRNA expres-

sion as published by Sekar et al.9 (based on adult brain tissue)

versus C4A expression in EUR PsychENCODE in samples

aged between 5 and 15 years. It would be of interest to examine

whether our findings based on adult brain mRNA expression

were consistent with fetal brain tissue. There is evidence from

animal experiments (mouse pups at postnatal days 5 and

10)38,49 suggesting that C4-related processes impact on syn-

apse elimination during this early postnatal phase.

With respect to limitations, because our samples were based

on neonatal C3 and C4 protein concentrations, it remains to

be seen whether the genetic correlates we identified for

these proteins remain stable across the lifespan. Furthermore,

there is evidence from adult samples (N = 47) that the serum
Cell Genomics 3, 100457, December 13, 2023 11
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concentration of C4 protein is not correlated with that measured

in the cerebrospinal fluid.50 However, we examined the correla-

tion between the effect sizes for SNPs associated with (1) circu-

lating neonatal C4 protein concentration versus (2) the expres-

sion of C4A mRNA reported in brain tissue (using GTEx

data51). These findings lend weight to the hypothesis that there

are shared genetic influences on circulating neonatal C4 protein

concentration and brain C4A mRNA expression across the

lifespan.

Also,weusedanantibody that hasbeendemonstrated tomea-

sure total C4 (i.e., both C4A and C4B), so we are unable to isolate

the concentrations of the two isoforms. The C3 and C4 concen-

trations in our study were derived from circulating plasma pro-

teins, whereas the concentration of these proteins may vary be-

tween organs/tissues and in response to local tissue activation

pathways. Apart from the genetic factors influencing neonatal

circulating C3 and C4 protein concentration, it is feasible that

exposures such as prenatal infection and maternal immune acti-

vation,52,53 and obstetric complications (e.g., hypoxia),54 may

influence neonatal C3 and C4 protein concentration. We plan to

explore these issues in future studies.

The mental disorders examined in this study were based on

registers, which only cover inpatient, outpatient, and accident-

emergency sites. These registers do not include people who do

not seek help for their condition or who are treated only by their

general practitioners. While studies have reported good validity

for these register-based diagnoses (compared to research

criteria),55–60 it is known that Danish registers are biased, with

milder disorders (e.g., depression) being under-represented.61,62

Our sample may have been underpowered to confidently

detect small to medium-sized relationships between neonatal

circulating C4 protein concentration and the risk of the six mental

disorders. We estimate that our sample had sufficient power

(assuming 90% of power and significance level of 0.05) to confi-

dently detect an increased neonatal C4 protein concentration for

higher risks of our target mental disorders, which ranged be-

tween 11% for ASD to 66% for BIP (Table S21).

Conclusions
Our study provides new insights into the genetic and phenotypic

correlates of C3 and C4 protein concentration and helps unravel

the contribution of different C4-related copy numbers and haplo-

types to C4 protein concentration. We found no evidence that

either C3 or C4 neonatal protein concentration was associated

with any of the six mental disorders examined. However, we

found an association between increased C4A copy number

and an increased risk of SCZ, and evidence from Mendelian

randomization suggests that some genetic variants may be

pleiotropic for C4 and three mental disorders (i.e., SCZ, bipolar

disorder, and depression). We found convergent evidence link-

ing C4 protein concentration and an altered risk of autoimmune

disorders. Apart from a post-hoc finding between higher

neonatal circulating C3 concentration and a reduced risk of

schizophrenia in females, we found no other evidence linking

neonatal C3 protein concentration and risk of either mental or

autoimmune disorders. We hope that our findings can guide

future research related to the association between two comple-

ment components (C3 and C4) and health outcomes.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Antibodies of C3 and C4 Statens Serum Institut HYB030-07 (C3), HYB030-06 (C3), HYB162-04 (C4)

Antibodies of C4 Thermo Fisher RRID AB_923305

Deposited data

Neonatal C3 protein concentration This study https://www.ebi.ac.uk/gwas/ (GWAS Catalog: GCST90281041)

Neonatal C4 protein concentration This study https://www.ebi.ac.uk/gwas/ (GWAS Catalog: GCST90281042)

Schizophrenia Trubetskoy et al.35 https://www.med.unc.edu/pgc/download-results/

Major depression Howard et al.37 https://www.med.unc.edu/pgc/download-results/

Bipolar disorder Mullins et al.36 https://www.med.unc.edu/pgc/download-results/

Autism spectrum disorder Grove et al.64 https://www.med.unc.edu/pgc/download-results/

Attention deficit hyperactivity disorder Demontis et al.65 https://www.med.unc.edu/pgc/download-results/

Anorexia nervosa Watson et al.66 https://www.med.unc.edu/pgc/download-results/

Alzheimer’s disease Marioni et al.67 https://www.ebi.ac.uk/gwas/studies/GCST005921

Amyotrophic lateral sclerosis Van Rheenen et al.68 https://www.ebi.ac.uk/gwas/studies/GCST90027164

Multiple sclerosis International Multiple

Sclerosis Genetics69
https://imsgc.net/

Crohn’s disease de Lange et al.70 https://www.ebi.ac.uk/gwas/studies/GCST004132

Ulcerative colitis de Lange et al.70 https://www.ebi.ac.uk/gwas/studies/GCST004133

Type 1 diabetes Chiou et al.71 https://www.ebi.ac.uk/gwas/studies/GCST90014023

Rheumatoid arthritis Okada et al.72 http://plaza.umin.ac.jp/�yokada/datasource/software.htm

Systemic lupus erythematosus Julia et al.73 http://www.urr.cat/

Individual-level data from UK Biobank* UK Biobank74 https://biobank.ndph.ox.ac.uk/showcase/

GTEx version 8 GTEx Consortium51 https://gtexportal.org/home/datasets/;

https://www.ncbi.nlm.nih.gov/gap/ (dbGaP: phs000424)

The C4 haplotype imputation protocol& Sekar et al.9

Kamitaki et al.10
https://github.com/freeseek/imputec4/;

https://www.ncbi.nlm.nih.gov/gap/ (dbGaP: phs001992)

Software and algorithms

PLINK2 PLINK Working Group https://www.cog-genomics.org/plink/2.0/

GCTA Yang et al.75 https://yanglab.westlake.edu.cn/software/gcta/#Overview/

GCTB (BayesR) Zeng et al.25

Moser et al.24
https://cnsgenomics.com/software/gctb/#Overview/

BOLT-REML Loh et al.26 https://alkesgroup.broadinstitute.org/BOLT-LMM/

BOLT-LMM_manual.html

FUMA/MAGMA v1.50 Watanabe et al.34 https://fuma.ctglab.nl/

SMR Zhu et al.76 https://yanglab.westlake.edu.cn/software/smr/

Human Protein Atlas Uhlen et al.77 https://www.proteinatlas.org/

UCSC Genome Browser Kent et al.78 https://genome.ucsc.edu/

R 4.0.5 R core team79 https://www.R-project.org/

GSMR 1.09 Zhu et al.80 https://yanglab.westlake.edu.cn/software/gsmr/

* The UK Biobank data is an individual-level data. The remaining datasets are GWAS summary statistics that are publicly available.
&

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to and will be fulfilled by the corresponding author Prof. John

McGrath (j.mcgrath@uq.edu.au). The information and requests for resources can be also fulfilled by the first author Dr Zhihong

Zhu, email: z.zhu.ncrr@au.dk.

C4 haplotype imputation accessed via dbGAP: phs001992.
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Materials availability
This study did not generate new unique reagents.

Data and code availability
d The summary statistics from the GWAS for C3 and C4 will be made available via the GWAS Catalog https://www.ebi.ac.uk/

gwas/ (Study accession numbers, GWAS of C3 protein concentration, GWAS Catalog: GCST90281041, GWAS of C4 protein

concentration, GWAS Catalog: GCST90281042). All other GWAS summary data are publicly available and listed in the key re-

sources table.

d Owing to the sensitive nature of these data, individual level data can be accessed only through secure servers where download

of individual level information is prohibited. Each scientific project must be approved before initiation, and approval is granted

to a specific Danish research institution. International researchers may gain data access through collaboration with a Danish

research institution. More information about getting access to the iPSYCH data can be obtained at https://ipsych.dk/en.

d This study did not generate any unique datasets or code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

METHOD DETAILS

The iPSYCH2012 study
Key elements of this study were based on the Lundbeck Foundation Initiative for Integrative Psychiatric Research (iPSYCH) sam-

ple,81 a population-based case-cohort designed to study the genetic and environmental factors of SCZ, BIP, DEP, ASD and

ADHD. The original iPSYCH sample (known as iPSYCH2012) included information on case status complete through 31 December

2012. We also included 4,791 AN cases from the Anorexia Nervosa Genetics Initiative (ANGI-DK),82 which had the same design

as iPSYCH2012. Henceforth, we refer to iPSYCH2012 as the combined dataset with the ANGI samples. The iPSYCH2012 sample

is nested within the entire Danish population born between 1981 and 2005 (N=1,472,762). Diagnoses were identified in the Danish

Central Psychiatric Research Register,83,84 which includes all inpatient contacts in Danish psychiatric hospitals since 1969 and all

outpatient and emergency contacts since 1995. The ICD-10 codes used to classify the psychiatric disorder cases can be found in

Table S1. The phenotype information for the iPSYCH2012 participants was updated for the target mental disorders until December

2016. The case-cohort sample includes a population-based random sub-cohort85 (n = 30,000) with an inclusion probability of 2.04%

of the study base (30,000 / 1,472,762). This sub-cohort also includes some participants with the target mental disorders of interest.

The genotypes and C3 and C4 protein concentrations were measured in neonatal dried bloodspots (DBSs) taken as part of routine

screening at birth from all babies born in Denmark since 1981 and stored in the Danish Neonatal Screening Biobank.86 Dried blood

spot samples have been collected from practically all neonates born in Denmark since 1st May 1981 and stored at �20�C. Samples

are collected 4–7 days after birth. After the dried blood spots were retrieved from the biobank, samples were extracted in a PBSbuffer

and stored for further use at -80�C. Subsequently, DNA was extracted according to previously published methods.87 After storage

the protein extracts were assayed for C3 and C4 concentrations. Thus, all genotypes and C3/C4 protein concentration data origi-

nated from a single DBS extraction. Additional details related to blood spot extraction and storage are provided in Method S1. As

a post-hoc analysis, we had access to additional genotyped samples from the iPSYCH2015 extension study88 (n�56,000 samples,88

Method S2). We were not able to assess C3 or C4 protein concentration in these samples.

Ethical framework
Material from the Danish Neonatal Screening Biobank has been used primarily for screening for congenital disorders, but are also

stored for follow-up diagnostics, screening, quality control and research. According to Danish legislation, material from The Danish

Neonatal Screening Biobank can be used for research after approval from the Biobank, and the relevant Scientific Ethical Commit-

tee.89,90 There is also amechanism in place ensuring that one can opt out of having the stored material used for research. The Danish

Data Protection Agency and the Danish Health Data Authority approved this study. According to Danish law, informed consent is not

required for register-based studies. All data accessed were deidentified.

C3 and C4 protein concentrations
These methods have been described in a related study.91 Two 3.2 mm discs of DBS were punched into 96 well polymerase chain

reaction plates (72.1981.202, Sarstedt). The extracts were analyzed with amultiplex immunoassay (also measuring vitamin D binding

protein91) using U-plex plates (Meso-Scale Diagnostics (MSD), Maryland, US) employing antibodies specific for complement C3

(HYB030-07 and HYB030-06) and complement C4 (MA1-72520 (ThermoFisher Scientific) and HYB162-04). The antibodies were

purchased from SSI Antibodies (Copenhagen, Denmark) except if otherwise stated. Extracts were analyzed diluted 1:70 in diluent

101 (#R51AD, MSD). Capture antibodies (used at 10 mg/mL as input concentration) were biotinylated in-house using EZ-Link

Sulfo-NHS-LC-Biotin (#21327, Thermo Fisher Scientific) and detection antibodies were SULFO-tagged (#R91AO, MSD), both at a

challenge ratio of 20:1. As calibrators, we used complement components purified from human: C3: #PSP-109 (Nordic Biosite, Co-

penhagen, DK), C4: abx060108 (Abbexa, Cambridge, UK). Calibrators were diluted in diluent 101, detection antibodies (used at 1 mg/

mL) were diluted in diluent 3 (#R50AP, MSD). Controls weremade in-house from part of the calibrator solution in one batch, aliquoted
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in portions for each plate, and stored at -20�C until use. The samples were prepared on the plates as recommended by the manu-

facturer and were read on the QuickPlex SQ 120 (MSD) 4 min after adding 2x Read buffer T (#R92TC, MSD). Analyte concentrations

were calculated from the calibrator curves on each plate using 4PL logistic regression using the MSD Workbench software.

Intra-assay variations were calculated from 38measurements analyzed on the same plate of a pool of extract made from 304 sam-

ples. Inter-assay variations were calculated from controls analyzed in duplicate on each plate during the sample analysis, 1022 plates

in total. Lower limits of detections were calculated as 2.5 standard deviations from 40 replicate measurements of the zero calibrator.

The higher detection limit was defined as the highest calibrator concentration. The lower and upper detection limits for: (a) C3 were

95.4 mg/L and 79.8 mg/L respectively, and (b) C4 were 55.2mg/L and 79.8 mg/L respectively. The intra- and inter-assay coefficient of

variation (CV) for (a) C3 were 5.2% and 18.1% respectively; and for (b) C4 were 3.9% and 8.5% respectively. To validate the stability

of the samples during storage, we randomly selected 15-16 samples from five years (1984, 1992, 2000, 2008, and 2016; a total of 76

samples). After extracting the samples and adding them to an MSD plate, the rest of the extracts were frozen for 2 months, thawed

and measured as described above to imitate the freeze-thaw cycle of the samples in the study. The oldest samples (from 1984) re-

corded lower concentrations, most probably due to a change in the type of filter paper after 1989. In light of this artifact, we adjusted

all values by plate (the sequence of testing followed the date of birth of the sample). This is described below. Additional details related

to pre-analytic variation are provided in Method S1.

Imputation of genotypes
DNA genotyping was conducted at the Broad Institute (Boston, MA, USA) using the Infinium PsychChip v1.0 array (Illumina, San

Diego, CA, USA).92 We restricted the genotyped SNPs to 252,339 high-quality and common SNPs based on build hg19 (the

same human genome reference build was used throughout this study). Details of the filtering can be found elsewhere.93 Briefly,

we excluded SNPs with minor allele frequency (MAF) < 0.01, Hardy Weinberg Equilibrium (HWE) p-value < 1.0310-6 or non-SNP

alleles (i.e., insertions and deletions, INDELs). 245,328 autosomal and 7,011 X-chromosome (chrX) SNPs were retained and used

to impute SNPs using the Ricopili pipeline94 with the Haplotype Reference Consortium (HRC)95 as the imputation reference panel

(accession number: EGAD00001002729). 6,743,499 autosomal SNPs, 227,371 chrX SNPs for males and 184,517 chrX SNPs for

females were retained with missing rate < 0.02 and genotype call probability > 0.8. We further excluded the imputed SNPs with impu-

tation info score < 0.8, MAF < 0.01 or HWE p-value < 1.0310-6. 5,201,724 SNPs were retained in autosomes and 126,109 SNPs were

retained on chrX. We then used the common SNPs to infer the genetic ancestries of 80,873 participants in the iPSYCH2012 study,

75,764 individuals of European ancestry and 5,109 individuals of non-European ancestry. With respect to the individuals of non-Eu-

ropean ancestry, we identified 159 individuals of African ancestry and 101 individuals of South Asian ancestry. Details are provided in

Method S3.

Imputation of C4 haplotypes
C4 haplotypes were imputed from reference data9,10 (the database of Genotypes and Phenotypes [dbGaP]: phs001992) using the

genotyped SNPs in the iPSYCH2012 sample. The humanC4 haplotypes have various copy numbers, including two isotypic polymor-

phisms, C4A (A) and C4B (B). Each isotype has two length-polymorphisms due to a human endogenous retroviral (HERV) insertion,

long form (L, with HERV insertion) and short form (S, without HERV insertion). The isotypic and length polymorphisms lead to four

alleles in a C4 copy, AL, AS, BL and BS. Using the genotyped SNPs, the C4 haplotype reference was used to impute the C4 alleles

and the number of C4 copies (with a maximum copy number of 4). The C4 haplotype imputation panel comprised whole genome

sequencing data from 1,265 individuals of multiple ancestries, which enabled us to identify C4 alleles with high accuracy. We

used Beagle software96 for the imputation with the C4 haplotype reference. The imputation results provided the counts of alleles,

but were unable to confidently distinguish all combinations of variants, for example, between the haplotypes AS-BL and AL-BS.

We counted the two C4 alleles (C4A and C4B) with combination of HERV using a subset of the imputed result, where combinations

can be confidently distinguished (details are provided in Method S4). Both counts of C4 allele combinations and reported studies97

indicated that the C4A gene is more likely to carry HERV insertion than the C4B gene. Therefore, the C4 haplotype is assumed to be

AL-BS rather than AS-BL, consistent with methods described by Sekar et al.9 The imputed counts were converted to the C4 hap-

lotypes. Eight common C4 haplotypes (allele frequencies R 0.01) were imputed in the iPSYCH2012 study (Table S3). The allele fre-

quencies of the 8 haplotypes were consistent with other studies.10,21 We counted the copy numbers of the C4 alleles (Figure S2) for

each participant. 28 individuals (0.04%) carried 4 copies ofC4B and 35 individuals (0.05%) carried 6 copies ofHERV insertion. There-

fore, we excluded these individuals with very rare copy numbers. The C4A copy number is strongly correlated with C4B and HERV

copy numbers (Pearson correlation between C4A and C4B = -0.52; between C4A and HERV = 0.73). We imputed the C4 haplotypes

and theC4 copy numbers in the iPSYCH2015 extension study using the samemethod. The copy numbers ofC4 alleles were counted

from the imputed haplotypes. Details are provided in the Method S5. Since the C4 haplotype imputation reference data included in-

dividuals of multiple ancestries, we applied the same method that was used in the European cohort to impute C4 haplotypes in the

159 individuals of African ancestry and the 101 individuals of South Asian ancestry.

Quality control of the C3 and C4 protein concentrations
The C3 and C4 protein concentrations were measured in 78,268 iPSYCH2012 participants of multiple ancestries. We focused on

68,768 individuals of European ancestry with measures of C3 and C4 protein concentrations. The protein assay plates captured a
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substantial amount of variance (C3 = 49.4%, C4 = 45.3%). Therefore, we used a linear mixedmodel (LMM)98 approach to adjust pro-

tein concentrations, y = Zplateuplate + e, where y represents the C3/4 protein concentration; Zplate represents protein assay plate, a

random variable; uplate represents the random effect of protein assay plate; and e represents residual. The mixed model regression

was conducted by the R package of lme4.99 The rank-based inverse normal transformation (RINT)100 was applied to the residuals to

have mean 0 and variance 1. The standard deviations (SDs) adjusted for variance captured by protein assay plate were used for the

interpretation of results of C3 and C4 protein concentrations, for C3 protein concentration, 1 SD unit = 2.56 mg/L (3.60 mg/L3 O(1 -

0.49)), and for C4 protein concentration, 1 SD unit = 2.46mg/L (3.33mg/L3 O(1 - 0.45)). We then performed quality control analysis in

150 individuals of African ancestry and 94 individuals of South Asian ancestry. These individuals of non-European ancestries had the

measures of both C3 and C4 protein concentrations. Due to the small sample sizes, nearly all these neonatal blood samples were

separately measured on different protein assay plates. We were unable to use the LMM approach to adjust protein concentration

for protein assay plate. Therefore, we used a linear regression model where the protein assay plate was a fixed variable. After adjust-

ment, we applied RINT to standardize the residuals with mean 0 and variance 1.

Heritability and SNP-based heritability of the C3 and C4 protein concentrations
The iPSYCH2012 cohort had 75,764 participants of European ancestry. 19,113 participants who shared a genetic relatedness (entry

of genetic relationship matrix (GRM), rGRM)R 0.05 with at least one other individual were considered as relatives; 3,253 first degree

(rGRM R 0.4), 2,077 second degree relatives (0.2% rGRM < 0.4) and 13,783 third degree relatives (0.05% rGRM < 0.2). The cut-offs of

relatives reflect their the respective expectations (1/2, 1/4, and 1/8 for first, second, and third degree relatives,101 respectively),

because the pair-wise GRM-based coefficients between individuals were estimated from observed genetic variants, which resulted

inminor variations in the kinship coefficients.We jointly estimated both the heritability (h2) and the SNP-based h2 (h2SNP) of the C3 and

C4 protein concentrations by using themethod proposed by Zaitlen et al.23 Themethod requires twoGRMs, 1) the full GRMand 2) the

GRM with all entries below a threshold t (t = 0.05 in the study) set to 0. The first variance component provides the estimate of h2SNP
and the sumof two variance components provides the estimate of h2. This method assumes a normal distribution of SNP effect sizes.

The GWAS studies of protein concentrations31,102,103 observed that cis-pQTLs (significant SNPs in or near the coding genes) often

capture more phenotypic variance than the remaining SNPs (including trans-pQTLs). Therefore, we used two approaches to further

explore the h2SNP using genetically unrelated participants (no GRM entries > 0.05) (Data S1); 1) estimating it using all common SNPs

by BayesR,24 and 2) partitioning h2SNP into (a) h2cis-chr, explained by SNPs on the chromosomewhere the coding gene (cis-chr SNPs)

was positioned, and (b) h2trans-chr, explained by the remaining SNPs (trans-chr SNPs). This analysis was conducted by GREML.63 The

genetic relationship matrix used in the Zaitlen and GREML analyses were estimated from 5,201,724 common SNPs. Only the subset

of HapMap phase 3 (HM3) SNPswere included in the BayesR analyses because of the computation complexity (853,129 HM3SNP in

total. The Zaitlen method and GREML were implemented in Genome-wide Complex Trait Analysis (GCTA).75 BayesR was imple-

mented in Genome-wide Complex Trait Bayesian analysis25 (GCTB). The URLs for these programs are provided below.

We estimated the genetic correlation between C3 and C4 concentrations by BOLT-REML.26 To further examine if the genetic cor-

relation was primarily driven by the two protein-coding genes (i.e. C3 and C4), we conducted the BOLT-REML and Haseman-Elston

regression27 (implemented in GCTA) analyses using the trans-chr SNPs.

We conducted post-hoc sex-specific analyses of SNP-based h2 and between-sex genetic correlation in the 28,750 males and

22,436 females of European ancestry in iPSYCH2012 (Data S2). These individuals who had the measures of C3 and C4 protein con-

centrations were genetically unrelated.

GWAS of C3 and C4 protein concentrations
We performed the GWAS analysis of the C3 and C4 protein concentrations by fastGWA.28 The fastGWA is a LMMmethod which can

include all individuals of European ancestry regardless of relatedness. 5,201,724 imputed SNPswere analyzed in theGWAS. Since all

variants are included as random variables, fastGWA loses power for identification of candidatemarkers especially when those partic-

ular cis-pQTLs capture a large proportion of the total variance104— in the study, we defined cis-pQTLs as significant SNPs

within ±10Mb of the respective coding genes. Therefore, we excluded the SNPs in and near the coding gene for the required

GRM in the GWAS, C3: chr19, 4.67Mb – 8.74Mb, C4: chr6, 24.8Mb – 33.9Mb. For each GWAS, we fitted birthyear, sex, wave

(i.e., genotyping batch) and the first 20 PCs as covariates in the model. The PCs were estimated by FastPCA,105 excluding the

same SNPs as we did for the required GRM. We conducted the GWASs using all SNPs on autosomal and sex chromosomes.

SNPs on the X chromosome for males (coded as 0/2) were tested as diploid, assuming X chromosome of males has half dosage

compensation.106 We used GCTA-COJO75 to identify the SNPs which were independently associated with the two concentrations.

We randomly sampled 10,000 participants from the population-based sub-cohort of iPSYCH2012 as the LD reference cohort. The

GWAS significance threshold was 5.0310-8. To increase power for the identification of trans-pQTLs (which we defined as significant

SNPs other than chromosome 6 because of long-range LD inMHC region), we used fastGWA to perform theGWAS analysis of theC3

and C4 protein concentration adjusted for the respective cis-pQTLs. In themodel, the GRMswere the same as above. The covariates

included those we used in the unadjusted GWAS and the independent cis-pQTLs from the COJO analyses. The GWAS significance

threshold remained 5.0310-8. We used the unadjusted GWAS of C3 and C4 protein concentrations in the discovery of post-GWAS

analyses. The adjusted GWASs were only used in GSMR as planned sensitivity analyses.
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We performed post-hoc analyses, with sex-specific GWAS analyses of C3 and C4 protein concentrations, to explore potential

differences in effect sizes of SNPs on protein concentration between males and females. The GWAS analyses were conducted by

fastGWA. 32,361 males were included in the male-specific GWAS analysis and 36,407 females were included in the female-specific

GWAS analysis. All the individuals were of European ancestry. The requiredmale and female GRMswere subsets from the full matrix.

We fitted birthyear and the first 20 PCs as covariates in the model. All the SNPs from the unadjusted GWASwere included in the sex-

specific GWAS analyses. We then examined differences in effect sizes between males and females. The test statistic was estimated

from Tdifference = (bmale – bfemale)
2 / [var(bmale) + var(bfemale)]. All the statistics used in the formula (bmale, var(bmale), bfemale and var(bfe-

male)) were from the sex-specific GWAS analyses. We used the genome-wide significant threshold (5.0310-8) to identify SNPs that

have different effect sizes between the two sexes.

To explore if the enrichment of mental disorder cases in the iPSYCH2012 case-cohort could induce bias within the GWASs, we

conducted simulations with ascertained individuals and performed GWASs in the population-based sub-cohort (Method S6).

Associations between C4 haplotypes and protein concentrations
Weexamined the associations between the imputedC4 haplotypes and the two observed C3 and C4 protein concentrations.We first

examined the associations ofC4 copy numbers using a LMM approach, in matrix form, yprotein = xcopybcopy + Xcbc + Z-MHCu-MHC + e,

where yprotein was C3/4 protein concentration; xcopy was copy number of C4 allele, either C4A, C4B or HERV; bcopy represents effect

of copy number; Xc was covariate with bc being its effect; Both bcopy and bc were fixed effects. The covariates in the model were the

same as those fitted in the GWAS of C4 protein concentration. We fitted the SNPs outside the MHC region (Z-MHC) in the model with

U-MHC being their random effects. Fitting SNPs in theMHC region is likely to underestimate the effects ofC4 allele count due to multi-

collinearity. Therefore, these SNPs were excluded from themodel. In practice, the effect of copy number from the linear mixedmodel

could be estimated by generalized least squares (GLS) method, b = (XTV-1X)-1XTV-1yprotein, where X = {xcopy, Xc} and V was pheno-

typic covariancematrix of C3/4 protein concentration. It was implemented byGCTA-GREML. All the individuals of European ancestry

were included in the analysis. The three C4 allele counts were correlated. Therefore, we estimated the joint effects using the same

LMM approach as above, in matrix form, yprotein = xC4AbC4A + xC4BbC4B + xHERVbHERV + Xcbc + Z-MHCu-MHC + e. In the model, xC4A,

xC4B and xHERV represent respectively counts ofC4A,C4B andHERV. The remaining variables were defined as above. Secondly, we

further examined the associations of the imputed C4 haplotypes using the LMM approach. Previous studies have reported a strong

effect for the C4A gene,9 while the effect of C4B remains unclear.107 Therefore, we used ‘BS’ as the reference haplotype to estimate

joint effects of the remaining haplotypes. The regression model can be expressed as, in matrix form, yprotein = Xalleleballele + Xcbc +

Z-MHCu-MHC + e, where Xallele representsC4 haplotype. SevenC4 haplotypes were included in the model, except for BS. The remain-

ing parameters were defined as above. The estimated effect can be interpreted as the effect of theC4 haplotype compared to BS. All

the European participants in the iPSYCH2012 study were included in the analysis. The significance threshold for these analyses was

the same as the main GWAS significance threshold (i.e., 5.0 3 10�8).

To explore the associations in non-European ancestry cohorts, we examined the joint effect sizes of three copy numbers (i.e.,C4A,

C4B and HERV) on C4 protein concentration. The effect sizes were estimated using an LMM approach which was the same as we

used in the individuals of European ancestry. All the three copy numbers were jointly fitted in the model. In practice, the effect sizes

were estimated by GCTA-GREML and the GRMs were estimated in the respective ancestry cohorts.

FUMA/MAGMA and SMR
Weconducted gene-based analysis byMulti-marker Analysis of GenoMic Annotation33 nested in Functional Mapping andAnnotation

of Genome-Wide Association Studies34 (FUMA/MAGMA, v1.5.0). The genemappingwas conducted based on positions of SNPs and

genes using default parameters. There were 18,305 genes available for the gene-based analysis, thus the Bonferroni corrected

threshold was 1.4 3 10�6 (=0.05/(18,305 3 2)). We conducted Summary-data-based Mendelian Randomization (SMR)76 to identify

genes for C3 and C4 concentrations based on associations between estimated gene expressions and protein concentrations. The

SMR analysis requires summary-level statistics, including eQTL data (i.e., summary statistics from association analysis of gene

expressions) and GWAS of neonatal C3/4 protein concentration. In our study, the eQTL data was Genotype-Tissue Expression

version 8 (GTEx v8).51 The LD reference sample with 10,000 participants was the same as for the GCTA-COJO analysis. 22,338

gene-tagged probes within 49 tissues (200,144 probes in total) which had significant SNPs were included in the SMR analysis.

The Bonferroni significance threshold was 1.2310-6 (= 0.05 / (200,144 3 2)). The threshold of HEIDI to filter association caused

by LD between underlying causal variants was 0.01.

To further examine the association between brainC4A/B gene expression and circulating C4 protein concentration, we additionally

conducted three analyses, 1) the correlation between effect sizes of SNPs on brain C4A/B gene expression and effect sizes on C4

protein concentration, 2) the correlation between predicted C4 protein concentration in GTEx and brain C4A/B gene expression, 3)

the correlation between predicted C4A/B gene expression in iPSYCH2012 and circulating C4 protein concentration. In the first anal-

ysis, we used the effect sizes of SNPs on brain C4A/B gene expression in 15 brain-related tissues from GTEx v8. All provided GTEx

cis-eQTLs (dbGaP: phs000424) were used in this analysis. The effect sizes of SNPs on the neonatal circulating C4 protein concen-

tration were provided from the GWAS of C4 in the study. In the second analysis, we used BayesR24,25 to predict the polygenic score

(PGS) of C4 protein concentration in the GTEx data (dbGaP: phs000424). We examined the correlations with theC4A/B gene expres-

sion in 15 brain-related tissues. Details of the sample sizes were provided in Table S14. In the third analysis, we predicted the brain
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C4A/BmRNA expression in the iPSYCH2012 study using the formula provided from the Sekar et al. study.9 We included 50,881 un-

related individuals in examining the Pearson correlation coefficient between predicted C4A/B expression and standardized C4 pro-

tein concentration.

Associations between C4 haplotypes and mental disorders observed within the iPSYCH case-cohort study
Based on the associations with protein concentrations, we conducted the associations between C4 haplotypes and 6 iPSYCH disor-

ders (SCZ, BIP, DEP, ASD, ADHD and AN). We used three approaches to examine the relationships, 1) associations with C4 allele

counts, 2) associations with imputed C4 haplotypes, 3) associations with predicted C4 gene expression in the brain. Because the iP-

SYCH case-cohort study has person-level data on the age-at-first contact with psychiatric services, we were able to assess the risk of

mental disorders within the time-to-event framework, using Cox proportional hazards regression (Cox PH) to analyze the hazards ofC4

allele counts and haplotypeswith respect to themental disorder of interest. ForC4 allele count,we examined the joint effects due to their

correlations, h(t) = h0(t)exp(xC4AbC4A + xC4BbC4B + xHERVbHERV + Xcbc). In the model, h0(t) represents the baseline hazard while h(t) rep-

resents the hazard at time t between baseline and December 2016. The remaining variables were defined as above. ForC4 haplotypes,

we examined the joint effects using the Cox PH model, h(t) = h0(t)exp(Xalleleballele + Xcbc). All the variables were defined as above. In

addition to C4 haplotypes, we used the predicted C4A and C4B gene expressions as outlined in the postmortem brain study of Sekar

et al.9 The association was conducted with a Cox PH model, h(t) = h0(t)exp(xC4A_predictedbC4A_predicted + xC4B_predicted bC4B_predicted +

Xcbc), where xC4A_predicted and xC4B_predicted represent the predicted C4A and C4B gene expressions, respectively. We first conducted

the three analyses in the iPSYCH2012 study, and subsequently conducted additional post-hoc analyses based on the expanded iP-

SYCH2015 study. We included only unrelated individuals of European ancestry in all the analyses. In the time-to-event analysis, the

cases were the diagnosed participants by December 2016, and the non-cases are defined as the entire cohort excluding those individ-

uals with the disorder of interest. Therefore, we defined six psychiatric-disorder samples for the time-to-event analyses. The sample

sizes for cases and non-cases are shown in Table S1.

To optimize the power of the sex-specific associations between C4-related genotypes andmental disorders in males and females,

we conducted the time-to-event analysis in the iPSYCH2015 extension study. We used a joint model in the sex-specific analysis,

which fitted all the three copy numbers, C4A, C4B and HERV. This model was the same as we used in the iPSYCH2012 cohort.

The covariates fitted in the model were subsets from those we used in the primary analysis. The male and female individuals of

European ancestry included in the analysis were genetically unrelated.

Associations between protein concentrations and mental disorders observed within the iPSYCH2012 case-cohort
study
Based on the associations between C4 haplotypes and 1) the two protein concentrations (C3 and C4) and 2) six mental disorders, we

explored the associations between C3 and C4 protein concentrations and mental disorders observed in the iPSYCH2012 case-cohort

study, using Cox PH models. Due to the high correlation, we fitted both concentrations jointly, h(t) = h0(t)exp(xC3_proteinbC3_protein +

xC4_proteinbC4_protein + Xcbc), where xC3_protein and xC4_protein represent C3 and C4 concentration, respectively. The effect sizes of two

protein concentrations, bC3_protein and bC4_protein, were fixed effects. The remaining variables were defined as above. In the three ana-

lyses, we included only unrelated individuals of European ancestry in the iPSYCH2012 study. In the sex-specific association post-hoc

analysis between C3/4 protein concentration and mental disorders, we applied the same method as we used in the full iPSYCH2012

study. All the variables in the sex-specific model were subsets from the primary analysis.

Mendelian Randomization analysis based on summary statistics
We explored the relationships between protein concentrations and mental and autoimmune disorders using the generalized sum-

mary-data-based Mendelian Randomization (GSMR) method.80 Because of the possible link between C3 and C4 versus brain func-

tion,7 we also included two neurodegenerative disorders—Alzheimer’s disease, and amyotrophic lateral sclerosis in these analyses.

Thus, there were 8 broadly-defined neuropsychiatric disorders (i.e., SCZ,35 DEP,37 BIP,36 ASD,64 ADHD,65 AN,66 Alzheimer’s dis-

ease,67 and amyotrophic lateral sclerosis68), and 6 autoimmune disorders (i.e., MS,69 T1D,71 CD73, UC73, RhA,72 and SLE73). The

GWAS summary statistics for these disorders were publicly available (additional details provided in Table S22). Unfortunately,

detailed GWAS summary statistics for Sjögren’s syndrome were not available. The GSMR method was implemented in GCTA.

We used the GCTA-GSMR default settings to select SNPs from the unadjusted GWAS (i.e., independent SNPs from LD clumping,

P-value < 5.0310-8, LD r2 < 0.05, LD clumping widow size = 10Mb). The GSMRmethod includes options to exclude potentially pleo-

tropic SNPs (via the HEIDI-outlier method). The HEIDI-outlier identifies SNPs whose individual bzy/bzx deviates significantly from

other SNPs (assumed to be valid instruments). In theory, these pleiotropic loci may be associated with both the exposure (e.g.,

C4 protein concentration) and the outcome (e.g., mental disorders) via two independent pathways (i.e., ‘horizontal pleiotropy’). In

the study, we set HEIDI-outlier threshold at 0.01 to filter horizontal pleiotropy.

We then conducted reverse GSMR using the default settings. The comparison of the results from forward GSMR (e.g. C3/4 protein

concentration / mental and autoimmune disorders) and reverse GSMR (e.g., mental and autoimmune disorders / C3/4 protein

concentration) can help identify the presence of causality or the presence of pleiotropy. With respect to the forward GSMR (with

disease outcomes), we reported the log odds ratio (logOR) and 95% confidence intervals (CI). With respect to the reverse GSMR

(with continuous measures of protein concentrations), we report beta and SE. However, we only used the reverse GSMR results
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to examine the presence of reverse causation and pleiotropy. Therefore, we reported the GSMRestimates directly. As planned sensi-

tivity analyses, we repeated the GSMR analysis using the adjusted C4 GWAS summary statistics.

The LD reference sample required in GSMR included 10,000 participants, the same as we used in the GCTA-COJO analysis. The

GSMR Bonferroni corrected significance threshold was 1.9310-3 (= 0.05 / (2 3 13)).

PheWAS based on UK Biobank phenotypes
Based on the GSMR analysis results, we conducted phenome-wide association studies (PheWASs) to explore the relationships with

disorder outcomes in the UKBiobank (UKB) cohort,108 a large population cohort with 487,409 participants of multiple ancestries. The

PheWAS analyses were regressions of measured phenotypes on the PGS of C3 or C4 protein concentration. The PGS of protein con-

centration was predicted by BayesR using SNPs across the whole genome, including those inMHC. This method conducts Bayesian

posterior inference on effects of SNPs, where effects of null SNPs are shrunk toward zero. The genotypes were imputed to the HRC95

and UK10K109 reference panels by the UKB group. The quality controls were described in detail elsewhere,110 including genetic

ancestry determination, quality controls of imputed SNPs, and estimation of principal components. In the study, we included

1,130,559 HM3 SNPs on autosomal chromosomes, with MAF R 0.01, HWE P-value R 1.0 310�6, because only effects of HM3

SNPs were predicted by BayesR. The genetic relationship matrix was estimated by GCTA. 347,769 unrelated participants of Euro-

pean ancestry were retained with genetic relationship < 0.05. In the PheWAS analysis, we included 1,148 UKB phenotypes, 1) 1,027

disorders which were classified by ICD-10 codes, 2) 51 anthropometric measurements and brain imaging traits, and 3) 70 infectious

disease antigens. The quantitative traits were standardized by RINT to have mean 0 and variance 1. We then used the model to test

the associations, for quantitative traits, y = xprotein_prsbprotein_prs + Xcbc + e, where y represents quantitative trait in UKB; xprotein_prs
represents polygenic scores for neonatal C3/4 protein concentration predicted by BayesR; xc represent the covariate variables

including birth year, sex and 20 PCs. For dichotomous traits, logit(y) = xprotein_prsbprotein_prs + Xcbc + e, where y represents the dichot-

omous trait and definitions of the remaining variables were the same as above. In addition, we conducted the PheWAS analyses for

males and females separately using the same approach. Polygenic scores were predicted using GWASs in both sexes. The Bonfer-

roni corrected significance threshold was 7.3310-6 (= 0.05 / (1148 3 3 3 2)).
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