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A B S T R A C T   

C-reactive protein (CRP) tends to be elevated in individuals with psychiatric disorders. Recent findings have 
suggested a protective effect of the genetic liability to elevated CRP on schizophrenia risk and a causative effect 
on depression despite weak genetic correlations, while causal relationships with bipolar disorder were incon-
clusive. We investigated the shared genetic underpinnings of psychiatric disorders and variation in CRP levels. 
Genome-wide association studies for CRP (n = 575,531), bipolar disorder (n = 413,466), depression (n =
480,359), and schizophrenia (n = 130,644) were used in causal mixture models to compare CRP with psychiatric 
disorders based on polygenicity, discoverability, and genome-wide genetic overlap. The conjunctional false 
discovery rate method was used to identify specific shared genetic loci. Shared variants were mapped to putative 
causal genes, which were tested for overrepresentation among gene ontology gene-sets. CRP was six to ten times 
less polygenic (n = 1400 vs 8600–14,500 variants) and had a discoverability one to two orders of magnitude 
higher than psychiatric disorders. Most CRP-associated variants were overlapping with psychiatric disorders. We 
identified 401 genetic loci jointly associated with CRP and psychiatric disorders with mixed effect directions. 
Gene-set enrichment analyses identified predominantly CNS-related gene sets for CRP and each of depression and 
schizophrenia, and basic cellular processes for CRP and bipolar disorder. In conclusion, CRP has a markedly 
different genetic architecture to psychiatric disorders, but the majority of CRP associated variants are also 
implicated in psychiatric disorders. Shared genetic loci implicated CNS-related processes to a greater extent than 
immune processes, which may have implications for how we conceptualise causal relationships between CRP and 
psychiatric disorders.   
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1. Introduction 

Major psychiatric disorders, such as bipolar disorder (BIP), major 
depression (DEP), and schizophrenia (SCZ) are leading causes of 
morbidity and mortality worldwide (Whiteford et al., 2013). While 
biomedical research has advanced our understanding of many complex 
human disorders (Cífková et al., 2010; Foukakis et al., 2011), people 
with psychiatric disorders are yet to experience the same benefits. 
Strikingly, individuals with severe psychiatric disorders die on average 
10–20 years earlier than the general population and recent evidence 
suggests this gap is not narrowing (Hjorthøj et al., 2017; Plana-Ripoll 
et al., 2019). There is therefore an urgent need for progress in mecha-
nistic understanding and therapeutics. 

Converging lines of evidence suggest that inflammation may play a 
causative role in psychiatric disorders (Goldsmith et al., 2016). Firstly, 
genome-wide association studies (GWASs) have implicated multiple 
immune-related loci and genes in DEP and SCZ (Howard et al., 2019; 
Pardiñas et al., 2018), including the major histocompatibility complex, 
which is the most significantly associated locus in SCZ, and the 
inflammation linked LIN28B gene in DEP. In vivo imaging studies have 
also indicated increased neuroinflammation in patients with DEP and 
SCZ compared to controls (Marques et al., 2019; Setiawan et al., 2018). 
Furthermore, alterations in the level of circulating inflammatory cyto-
kines have been reported in the blood and cerebrospinal fluid of in-
dividuals with BIP, DEP, and SCZ in drug-naïve patients and persist 
during asymptomatic periods (Goldsmith et al., 2016; Leffa et al., 2019). 
The “inflammatory hypothesis” therefore represents a plausible avenue 
towards novel, targeted interventions that may provide a significant 
breakthrough in the treatment of major psychiatric disorders. None-
theless, debate remains whether these associations are causal or not 
(Konsman, 2019). 

Among inflammatory biomarkers associated with psychiatric disor-
ders, C-reactive protein (CRP) is an acute phase protein synthesised by 
the liver and used as a biomarker for both acute and chronic inflam-
mation (Pepys, 1995). Elevated CRP levels have consistently been re-
ported in people with BIP, DEP, and SCZ and further increase during 
acute manic, depressive and psychotic episodes (Chang et al., 2020; 
Fernandes et al., 2016). Given that BIP, DEP, and SCZ are heritable, with 
SNP-based heritability estimated between 7% and 23% (Howard et al., 
2019; Mullins et al., 2021; Trubetskoy et al., 2022), several recent 
studies have therefore applied statistical genetics tools to investigate 
causal relationships between CRP levels (hereafter CRP) and psychiatric 
disorders. These have revealed a potentially protective effect of genet-
ically determined CRP on SCZ risk using mendelian randomisation 
(Prins et al., 2016; Said et al., 2022) and a putative risk-increasing effect 
of genetically determined CRP on DEP risk using latent causal variable 
models (Reay et al., 2022). However, there is currently no statistical 
genetic evidence of a causal relationship between CRP and BIP. 

Despite these reports, there is limited understanding of the shared 
genetic architecture between CRP and psychiatric disorders. A recent 
large-scale GWAS of CRP reported nonsignificant genetic correlations 
with BIP, DEP, and SCZ (Said et al., 2022). Nevertheless, we have 
recently demonstrated extensive polygenic overlap between genetically 
uncorrelated traits (Bahrami et al., 2021; Hindley et al., 2021). Since 
genetic correlation summarises the proportion of shared variants and 
the distribution of effect sizes, minimal genetic correlation can result 
from a mixture of shared loci with concordant and discordant effects 
(Andreassen et al., 2023; Smeland et al., 2020), suggesting value in 
investigating the genetic overlap between CRP and psychiatric disorders 
beyond genetic correlation. 

Furthermore, an improved understanding of specific genetic loci 
shared between CRP and psychiatric disorders may help to identify 
molecular mechanisms underlying their clinical associations and pro-
vide opportunities for improved disease classification and treatment. 
While two previous cross-GWAS analyses failed to identify any loci 
jointly associated between psychiatric disorders and CRP (Pouget et al., 

2019; Tylee et al., 2018), a more recent study reported five genetic loci 
significantly associated with SCZ and CRP at genome-wide significance 
(Reay et al., 2022). However, this approach does not leverage the 
additional statistical power that can be derived from genetic overlap 
across traits (Smeland et al., 2019). In contrast, the conjunctional false 
discovery rate (FDR) method uses a Bayesian framework to directly 
compute the FDR of the joint association between two phenotypes 
beyond genome-wide significance without the same family-wise error 
rate penalty incurred by correcting for multiple testing (Andreassen 
et al., 2013; Smeland et al., 2019). 

Given evidence of causal relationships between CRP and psychiatric 
disorders but minimal genetic correlation, we aimed to investigate the 
polygenic architecture of CRP and psychiatric disorders and estimate 
their total genetic overlap beyond genetic correlation to provide a more 
comprehensive understanding of their shared genetic architecture. We 
next aimed to leverage the putative polygenic overlap to identify loci 
jointly associated with each phenotype and characterise shared molec-
ular mechanisms with functional annotation tools. 

2. Material and methods 

2.1. Samples 

2.1.1. UK Biobank 
We obtained data on CRP and psychiatric disorders from 502,413 

participants aged 40–69 years in the UK Biobank (Sudlow et al., 2015). 
Details on measurements and phenotype definitions are given in Sup-
plementary materials 1.1. 

2.1.2. GWAS summary statistics 
We obtained GWAS summary statistics from meta-analyses on CRP 

(575,531 participants of from the Cohorts for Heart and Aging Research 
in Genomic Epidemiology Inflammation Working Group (Ligthart et al., 
2018) and the UK Biobank) (Said et al., 2022), BIP (41,917 cases and 
371,549 controls from the Psychiatric Genomics Consortium (PGC)) 
(Mullins et al., 2021), DEP (135,458 cases and 344,901 controls from the 
PGC and 23andMe, Inc) (Wray et al., 2018), and SCZ (53,386 cases and 
77,258 controls from the PGC) (Trubetskoy et al., 2022). Most partici-
pants in the sub-studies were of European ancestry. Further details are 
described in the original studies (Mullins et al., 2021; Said et al., 2022; 
Trubetskoy et al., 2022; Wray et al., 2018) and Supplementary methods 
1.2. 

2.2. Data analysis 

2.2.1. Genetic architecture 
We applied univariate and bivariate Gaussian mixture models (Frei 

et al., 2019; Holland et al., 2020) incorporated in MiXeR v1.3 (https://gi 
thub.com/precimed/mixer) to GWAS summary statistics from all phe-
notypes. The models were used to estimate polygenicity (number of 
‘causal’ SNPs explaining 90% of SNP-heritability), discoverability (ef-
fect size of ‘causal’ SNPs), SNP-heritability (h2

SNP), proportion of ’causal’ 
SNPs shared between two phenotypes and unique to each phenotype, 
and genetic correlation between two phenotypes. Further details are 
provided in Supplementary methods 2.2. H2

SNP estimates for psychiatric 
disorders were converted from the observed scale to the liability scale 
using population prevalence estimates as applied in the primary GWAS 
(SCZ = 0.01, BIP = 0.02, DEP = 0.30) (Mullins et al., 2021; Trubetskoy 
et al., 2022; Wray et al., 2018). 

2.2.2. Locus discovery 
The conditional false discovery rate (condFDR) is defined as the 

posterior probability that a SNP is null for the first phenotype given that 
the p-values for associations with both phenotypes are as small or 
smaller than their observed p-values. The conjunctional false discovery 
rate (conjFDR) is the maximum of two condFDR values (first phenotype 
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conditioned on the second and vice versa). ConjFDR is defined as the 
posterior probability that a SNP is null for one or both phenotypes given 
that the p-values for associations with both phenotypes are as small or 
smaller than their observed p-values. Further details about the method 
and genomic loci definition are described in Supplementary materials 
2.3 (Smeland et al., 2019). 

2.2.3. Estimating local genetic correlations 
We utilized LAVA to estimate pairwise local rg (Werme et al., 2022). 

LAVA allows for the estimation of local rg across 2495 semi-independent 
genetic regions, each of approximately equal size (~1 Mb). To compute 
the local genetic covariance matrix for each region, LAVA utilizes the 
method of moments after estimating local h2

SNP for each trait. Sample 
overlap was controlled using LDSR and significance testing was con-
ducted using simulation-based p-values. To account for multiple testing, 
p values were adjusted using the false discovery rate (FDR) with a sig-
nificance threshold set at FDR< 0.05. 

2.2.4. Colocalization analysis 
We performed colocalization analysis using coloc (Giambartolomei 

et al., 2014). Briefly, coloc uses a Bayesian approach to estimate the 
posterior probability (PP) that a given genetic locus is not associated 
with either phenotype (H0), is uniquely associated with phenotype 1 
(H1) or phenotype 2 (H2), harbours two independent causal variants for 
each phenotype (H3), or harbours a shared causal variant (H4). PP > 0.9 
for H3 or H4 was considered strong evidence supporting each respective 
hypothesis. We subsequently used FUMA to identify blood and brain 
eQTLs from GTEx Consortium for all genetic loci with evidence of a 
shared causal SNP (GTEx Consortium et al., 2017). 

2.2.5. Functional annotation and gene mapping 
We functionally annotated all candidate SNPs using Functional 

Mapping and Annotation of GWAS (FUMA) and Open Targets variant to 
gene (V2G) tool to map lead SNPs to genes (Supplementary materials 
2.4) (Ghoussaini et al., 2021). Mapped genes were defined as the 
top-ranking gene for all lead variants, prior to merging of physically 
approximate loci. This was because physically approximate loci with 
independent lead variants are likely to represent distinct causal genes. 

We additionally estimated gene-level associations between the CRP 
gene and each psychiatric disorder using MAGMA as implemented in 
FUMA using standard settings. MAGMA computes the mean p-value for 
all SNPs residing within the borders of a given gene. 1000 genomes 
phase 3, European ancestry was used as the reference panel. 

2.2.6. Gene-set enrichment analysis 
We applied a hypergeometric test to investigate overrepresentation 

of mapped genes for each conjFDR pair-wise analysis within pre-defined 
gene-sets from the gene ontology resource using FUMA (Carbon et al., 
2021). Mapped genes from all discovered shared loci were included as 
opposed to novel loci alone in order to maximise statistical power for the 
discovery of significantly enriched gene-sets. To test the effect of 
different gene mapping strategies on our gene-set analysis, we repeated 
our analysis using the nearest gene to each lead SNP as opposed to genes 
mapped using the V2G tool. We additionally tested for over-
representation of mapped genes from loci with concordant and discor-
dant effects on CRP and each psychiatric disorder separately. All 
mapped genes within areas of complex LD (i.e., MHC and 8p23) were 
excluded due to biased gene mapping in these regions. P-values were 
corrected for multiple comparisons using the Benjamini-Hochberg 
method. 

3. Results 

3.1. The polygenic architecture of CRP and psychiatric disorders 

Through application of univariate MiXeR, CRP was found to be 

substantially less polygenic (1400 ‘causal’ variants accounting for 90% 
SNP-heritability, SD=200) than BIP (8600 ‘causal’ variants, SD=200), 
SCZ (9800 ‘causal’ variants, SD=300), and DEP (14,500 ‘causal’ vari-
ants, SD=700) (Fig. 1). The mean effect size of ‘causal’ SNPs (i.e. dis-
coverability) was one to two orders of magnitude higher for CRP (σ2

β 
=1.5 ×10-4, SD=1.9 ×10-5) as compared to SCZ (σ2

β =6.0 ×10-5, SD=1.6 
×10-6), BIP (σ2

β =3.4 ×10-5, SD=9.0 ×10-7), and DEP (σ2
β =7.4 ×10-6, 

SD=3.2 ×10-7). MiXeR-estimated h2
SNP varied amongst CRP (h2

SNP 0.14, 
SD=0.0027), SCZ (h2

SNP=0.22, SD=0.0028), BIP (h2
SNP=0.13, 

SD=0.0014), and DEP (h2
SNP=0.011, SD=0.0015). 

Bivariate MiXeR analysis estimated that 1300 out of 1400 causal CRP 
variants (93%) were shared with both BIP and SCZ. However, given the 
large differences in polygenicity between CRP and psychiatric disorders, 
this only represented 15% (1300/8600) and 14% (1300/9600) of BIP 
and SCZ ‘causal’ variants, respectively. There were fewer shared ‘causal’ 
variants estimated between DEP and CRP (900 ‘causal’ variants), but the 
absence of a clear minimum on the log-likelihood plot was indicative of 
unstable model fit suggesting that these results should be interpreted 
with caution (Fig. S1). MiXeR-estimated genetic correlations (Fig. 1, 
Table S1) were consistent with LDSR-based estimates (SCZ & CRP LDSR 
rg = − 0.05, SE = 0.018, p = 0.002; BIP & CRP LDSR rg = − 0.01, SE =
0.022, p = 0.675; DEP LDSR rg = 0.12, SE = 0.021, p = 4.60E-09). 
MiXeR-estimated proportion of shared variants with concordant effects 
was indicative of mixed effect directions, with 45% (SD = 1.2%) of 
shared variants for BIP and CRP predicted to have concordant effects, 
82% (SD = 11.5%) for DEP and CRP, and 48% (SD = 0.8%) for SCZ and 
CRP. 

3.2. Visualising cross-trait enrichment 

Conditional QQ plots showed evidence of cross-trait enrichment 
between CRP and BIP, DEP, and SCZ respectively. This is illustrated by 
stepwise increases in enrichment of SNP-associations with each psy-
chiatric disorder as the significance of association with CRP increased 
(Fig. 2a). The same trend was observed when conditioning SNP- 
associations with CRP on psychiatric disorders (Fig. 2b). 

3.3. Identifying loci jointly associated with CRP and psychiatric disorders 

We identified 302 genetic loci jointly associated with CRP and SCZ at 
conjFDR< 0.05, (Table S2), 111 loci jointly associated with BIP 
(Table S3), and 56 loci jointly associated with DEP (Table S4). When 
combining across all three analyses, these comprised a total of 401 
unique genetic loci (Table S5). Effect directions of lead SNPs within 
shared loci were consistent with weak positive genetic correlations for 
CRP and DEP and weaker negative genetic correlations for CRP and each 
of BIP and SCZ. 66% (37/56) of lead SNPs shared between CRP and DEP 
had concordant effects on each phenotype, compared to 41% (46/111) 
and 42% (127/302) for BIP and SCZ, respectively. 

3.4. Estimating local genetic correlations 

Using LAVA, we identified 62 semi-independent genetic regions with 
significant local genetic correlations between CRP and SCZ, 37 between 
CRP and BIP, and 36 between CRP and DEP (Fig. 4). Furthermore, the 
proportion of LAVA-identified positively correlated regions for SCZ and 
CRP (17/62, 28%), BIP and CRP (17/37, 48%), and DEP and CRP (24/ 
36, 67%) were similar to the proportion of conjFDR lead SNPs with 
concordant effects (41%, 42% and 66%, respectively). Furthermore, 30 
out of 62 locally correlated regions for SCZ and CRP were overlapping 
with conjFDR identified loci, compared to 11 out of 37 for BIP and CRP 
and four out of 36 for DEP and CRP. 

3.5. Colocalization analyses 

We used coloc to estimate the posterior probability that shared 

G. Hindley et al.                                                                                                                                                                                                                                



Psychoneuroendocrinology 157 (2023) 106368

4

genetic loci as identified using conjFDR harboured a shared causal 
variant. The analysis was insufficiently powered to differentiate be-
tween these two scenarios for the majority of loci. For the 34 shared loci 
for SCZ and CRP with sufficient statistical power (11.2% of all loci), 17 
loci displayed evidence of a shared causal variant (PP>0.9) and 17 loci 
displayed evidence of two independent causal variants (Table S6). For 
the 11 shared loci for BIP and CRP with sufficient statistical power (9.9% 

of all loci), five loci displayed evidence of a shared causal variant 
(PP>0.9) and six loci displayed evidence of independent causal variants 
(Table S7). Finally, for the 7 loci with sufficient statistical power for DEP 
and CRP (12.5% of all loci), four loci displayed evidence of a shared 
causal variant and three loci displayed evidence of independent causal 
variants (Table S8). We mapped blood and brain eQTLs from the GTEx to 
loci with evidence of a shared causal variant. Of 41 eQTLs for SCZ and 

Fig. 1. Polygenicity, genetic correlation, and 
genome-wide genetic overlap for CRP level 
(CRP, orange), bipolar disorder (BIP, blue), 
schizophrenia (SCZ, green), and depression 
(DEP, orange). Polygenicity of each trait is 
represented by the size of each circle. Number 
of ‘causal’ variants for each component is pre-
sented in thousands, with standard deviations 
in brackets. Shared ‘causal’ variants are repre-
sented by grey shading. MiXeR-estimated ge-
netic correlation (rg) is provided in the bar 
beneath the Venn diagrams, with blue shading 
representing negative correlations and red 
shading representing positive correlations. 
* Bivariate MiXeR model fit for CRP & DEP was 
sub-optimal as observed on the log likelihood 
plot (Fig. S1). These findings should be inter-

preted with caution.   

Fig. 2. Cross-trait enrichment between C-reactive protein level (CRP) and bipolar disorder (BIP), depression (DEP) and schizophrenia (SCZ). A. Conditional Q-Q plots 
of nominal versus empirical -log10p values in BIP (i.), DEP (ii.) and SCZ (iii.) as a function of the significance of their association with CRP at the level of p < 0.1, 
p < 0.01 and p < 0.001, respectively. B. Conditional Q-Q plots of nominal versus empirical -log10p values in CRP as a function of the significance of their association 
with BIP (i.), DEP (ii.), and SCZ (iii.) at the level of p < 0.1, p < 0.01 and p < 0.001, respectively. 
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CRP, 11 were differentially expressed in the blood and 15 in brain tis-
sues, while 15 were differentially expressed in both blood and brain 
tissues. Similarly, for BIP and CRP there were four unique blood eQTLs, 
five unique brain tissue eQTLs, and 13 eQTLs in both blood and brain 
tissues. Finally for DEP and CRP there were three unique blood eQTLs, 
three unique brain tissue eQTLs, and five eQTLs in both blood and brain 
tissues. Among brain eQTLs there was a predominance of eQTLs in 
cerebellar tissues, basal ganglia, amygdala, and cortical tissues, in 

particular the anterior cingulate cortex (Table S9). 

3.6. Mapped genes and gene-set enrichment analysis 

Using open targets, we mapped a total of 355 genes to lead SNPs 
jointly associated with SCZ and CRP (Table S10), 128 genes for BIP and 
CRP (Table S11), and 57 genes for DEP and CRP (Table S12). MAGMA 
gene-level analysis revealed that the CRP gene was associated with SCZ, 

Fig. 3. Chromosomal distribution of shared genetic loci between C-reactive protein level (CRP) and A. bipolar disorder (BIP, blue), B. depression (DEP, orange), and 
C. schizophrenia (SCZ, green). -log10conjFDR values (y-axis) are plotted against chromosomal position (x-axis). The threshold for statistical significance (con-
jFDR<0.05) is represented by the dashed line. Lead SNPs are represented by large black-outlined circles, independent significant SNPs are represented by medium- 
sized coloured circles, and all other SNPs are represented by small circles. 
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although this did not survive Bonferroni correction for multiple testing 
when considering all genes (z = 2.24, p = 0.0126). BIP (z = − 0.83, 
p = 0.796) and DEP (z = − 1.76, p = 0.961) were not associated with 
the CRP gene at the gene level. 

Gene-set enrichment analysis of mapped genes identified 362 gene 
ontology biological processes which were overrepresented with mapped 
genes for SCZ and CRP, 68 cellular components, and 37 molecular 
functions (Table S13). Among both biological processes and cellular 
components there was a striking predominance of central nervous sys-
tem (CNS)-related gene-sets, with seven of the top ten biological pro-
cesses related to the CNS and eight out of the top ten cellular 
components implicated in neuronal structures. There were relatively 
few gene sets specifically related to immune system functioning. Besides 
basic nonspecific cellular processes which contribute to inflammatory 
processes such as “secretion”, only a few immune specific biological 
processes were identified and there were no significantly enriched im-
mune related cellular components or molecular functions. 

We next performed gene-set enrichment analysis on mapped genes 
from lead variants with concordant and discordant effects separately. A 
total of 120 gene-sets were enriched for concordant genes and 220 gene- 
sets for discordant genes, 57 of which were identified in both analyses 
(Table S14). When comparing gene-sets unique to each group there was 
a predominance of gene-sets related to metabolic processes (e.g. 
“regulation of lipid metabolic process”, padj = 1.60E-3), endocrine 
processes (e.g. “response to hormone”, padj = 9.43E-4) and trans-
membrane ion transport (e.g. “regulation of cation channel activity”, 
padj = 1.60E-3). In contrast, there was a predominance of gene-sets 
related to neurodevelopmental processes (e.g. “positive regulation of 
nervous system development”, padj = 5.77E-5), cell adhesion (e.g. 
“biological adhesion”, padj = 1.83E-3), and cell structure (“cytoskeletal 
organization”, padj = 1.83E-3) among gene-sets enriched for discordant 
mapped genes. 

A similar pattern was observed for shared DEP and CRP genes 
(Table S115). Of a total 35 biological processes enriched with mapped 
genes, 16 were directly related to the CNS, including five of the top ten 
most significantly enriched gene sets. Comparatively, only two gene sets 
were directly related to the immune system. When performing gene-set 
enrichment analysis on mapped genes derived from concordant and 
discordant lead variants separately, 17 gene-sets were enriched for 
concordant mapped genes and a single gene-set, “nucleoplasm part” 
(padj = 0.0264), was enriched for discordant mapped genes (Table S16). 
Among gene-sets enriched for concordant mapped genes, there was a 
predominance of gene-sets related to development and neuro-
development related gene-sets, in addition to “cognition” (padj =

0.0488) and “behaviour” (padj = 0.0490). 
Gene sets jointly identified for BIP and CRP were predominantly non- 

specific cellular functions with no CNS related or immune related gene 
sets (Table S17). There was a single gene-set enriched with genes 
mapped to concordant lead SNPs (“nuclear membrane”, padj = 0.0467) 
and no gene-sets enriched with genes mapped to discordant lead SNPs 
(Table S18). 

In our sensitivity analysis using nearest genes to lead SNPs as 
opposed to V2G-mapped genes, we identified 378 enriched gene-sets for 
SCZ and CRP, 32 for DEP and CRP and 39 for BIP and CRP. Of these, 218 
were also identified in our primary analysis for SCZ and CRP (57.6%), 22 
for DEP and CRP (68.8%), and 4 for BIP and CRP (10.3%). 

3.7. Phenotypic associations 

Using data from 468,446 participants in the UK Biobank and con-
trolling for age, sex and BMI, we replicated previous associations be-
tween elevated CRP and diagnosis of SCZ (β = 0.33, SE=0.035, 
p = 1.95 ×10-21, n(cases)= 974, n(controls)= 460,405), BIP (β = 0.14, 
SE=0.027, p = 1.32 ×10-7, n(cases)= 1651, n(controls)= 459,728), and 
DEP (β = 0.17, SE=0.007, p = 2.05 ×10-18, n(cases)= 26,730, n(con-

trols)= 434,649) (Supplementary material, Table S19). 

4. Discussion 

In this cross-trait analysis, we found that the genetic architecture of 
CRP differs from psychiatric disorders in terms of lower polygenicity (i. 
e. number of ‘causal’ variants) and higher discoverability (i.e. the mean 
effect size of ‘causal’ variants). Despite weak to zero genetic correla-
tions, the majority of CRP-associated ‘causal’ variants were predicted to 
be shared with both SCZ and BIP. Fewer ‘causal’ variants were predicted 
to be shared with DEP. Using conjFDR, a total of 401 unique genomic 
loci were jointly associated with CRP and one or more psychiatric dis-
order. Gene mapping and gene set enrichment analyses indicated that 
loci shared between CRP and each of SCZ and DEP were predominantly 
implicated in CNS-related gene sets, while CRP and BIP genes were 
enriched in gene sets related to nonspecific cellular functions. There was 
no evidence of an association between the CRP gene itself and SCZ, BIP 
or DEP. 

A major finding of our study is that the genetic architecture of CRP 
differs from psychiatric disorders. The relatively low polygenicity and 
high discoverability of CRP aligns with the genetic architecture previ-
ously described for other biochemical traits and somatic disorders as 
compared to psychiatric disorders (Holland et al., 2020; Zhang et al., 
2018). Differences in genetic architecture between CRP and psychiatric 
disorders may reflect differences in complexity. Biochemical traits like 
CRP seems to involve fewer molecular mechanisms linking common 
genetic variation to the phenotype, resulting in fewer ‘causal’ variants 

Fig. 4. Volcano plots of LAVA local genetic correlation coefficients (rho, y-axis) against -log10-p values for each pairwise analysis per locus. Larger dots represent 
significantly correlated loci after FDR-correction. The colour of the dots represents the strength of the local correlation from − 1 (blue) to 1 (red). 
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with larger effect sizes (Cai et al., 2020; Smoller et al., 2019). On the 
other hand, psychiatric disorders are likely to have more heterogenous 
biology and the pathways from ‘causal’ variant to the phenotype are 
more complex. This may explain the larger polygenicity and smaller 
average effect size in psychiatric disorders. 

Differences in polygenicity contributed to the pattern of genome- 
wide genetic overlap observed using bivariate MiXeR. Given CRP’s 
low polygenicity compared to psychiatric disorders, only a minority of 
‘causal’ variants for psychiatric disorders were predicted to influence 
CRP. As a result, CRP associated SNPs are unlikely to contribute sub-
stantial proportions of genetic liability for psychiatric disorders. It is, 
however, tempting to speculate that such a pattern of overlap may be 
consistent with sub-groups of patients for which inflammation plays a 
more prominent pathoetiological role. This is supported by findings that 
alterations in inflammatory markers in patients with BIP, DEP and SCZ 
are often reported in subsets of patients (Elkjaer Greenwood Ormerod 
et al., 2022; North et al., 2022; Osimo et al., 2020; Sæther et al., 2022; 
Szabo et al., 2022; Tamouza et al., 2021). 

On the other hand, large proportions of ‘causal’ variants for CRP 
were predicted to overlap with psychiatric disorders, despite weak ge-
netic correlations. This indicates that the majority of common variants 
which influence CRP also influence risk for major psychiatric disorders, 
although the pattern of effect directions and effect sizes vary. If there is a 
balance of shared variants with concordant and discordant effects, as 
indicated by MiXeR and conjFDR findings, these cancel each other out 
resulting in minimal genetic correlation (Frei et al., 2019). This is 
intriguing given the evidence of a protective effect for genetically 
determined CRP (i.e. the genetic instrument used as a proxy for CRP in 
Mendelian randomization studies (Emdin et al., 2017)) on SCZ risk but 
increased CRP in patients with SCZ at the group level (Chang et al., 
2020; Fernandes et al., 2016; Reay et al., 2022; Said et al., 2022). Mixed 
effect directions may therefore be indicative of SCZ subgroups, one 
which is characterised by a higher load of CRP lowering genetic variants 
which play a causative role in the disorder, and another with a higher 
load of CRP increasing variants, which may contribute to the higher CRP 
observed among SCZ patients. 

A higher proportion of lead variants for DEP and CRP had concordant 
effects, consistent with MiXeR findings of weak positive genome-wide 
genetic correlation. Although MiXeR model fit was unstable for DEP 
and CRP, LDSR genetic correlation supported these findings. Since ge-
netic correlation is a genome-wide measure and CRP is substantially less 
polygenic than DEP, even weak positive genome-wide genetic correla-
tion may be indicative of a high degree of concordance among shared 
variants, demonstrating the advantages of estimating genetic overlap 
beyond genetic correlation. A high degree of concordance among shared 
variants indicates more closely aligned genetic effects which provide 
stronger evidence for the presence of shared molecular mechanisms with 
causal effects. This is particularly interesting in regard to the finding that 
genetically determined CRP may causatively increase risk of DEP (Reay 
et al., 2022; Said et al., 2022). Nevertheless, Pitharouli et al. found that 
the association between elevated CRP and DEP in UKB was largely 
driven by BMI, smoking and other environmental risk factors rather than 
shared genetic risk. Furthermore, the association between DEP PRS and 
CRP was mainly explained by BMI and smoking (Pitharouli et al., 2021). 
Similarly, Reay et al. found in multivariable Mendelian randomization 
analyses that genetically determined CRP conditioned on BMI was not 
associated with DEP. In contrast, the negative association between 
genetically determined CRP on SCZ remained significant after condi-
tioning CRP on BMI as well as the CRP upstream signalling factor 
interleukin-6 (Reay et al., 2022). 

One of the key advantages of our approach was a significant boost in 
genetic discovery compared to previous studies through the use of 
largest to date GWAS samples and the application of conjFDR (Reay 
et al., 2022; Tylee et al., 2018). The number of genetic loci identified by 
conjFDR is substantially smaller than the number of shared causal var-
iants estimated by MiXeR because MiXeR apply mathematical modelling 

to predict the number of shared causal variants once fully powered 
GWAS for each input trait have been achieved (Frei et al., 2019). On the 
other hand, the number of loci identified by conjFDR is dependent on the 
statistical power of the input GWAS. The number of conjFDR discovered 
loci will therefore increase as GWAS sample sizes increase, whereas 
MiXeR estimates will only increase the precision of the estimate. LAVA 
also supported the presence of regions with shared genetic effects be-
tween CRP and the three mental disorders with a similar pattern of 
directional effects. There was, however, variable overlap between 
LAVA-identified regions and conjFDR-identified loci. These discrep-
ancies may be explained by the fact that conjFDR functions on the level 
of individual SNPs, whereas LAVA requires consistent directional effects 
across a larger range of SNPs. This means that prioritised LAVA local 
genomic regions may not coincide with conjFDR identified loci given the 
different underlying assumptions of the two approaches (Smeland et al., 
2019; Werme et al., 2022). 

We additionally used coloc in an attempt to identify shared genetic 
loci with evidence of a shared causal variant as opposed to two inde-
pendent causal variants. Unfortunately, only a minority of loci had 
sufficient statistical power to differentiate these two scenarios. This is to 
somewhat expected since the conjFDR framework explicitly boosts sta-
tistical power to identify shared statistical associations beyond genome- 
wide significance, whereas coloc is dependent on the statistical power of 
the input GWAS (Giambartolomei et al., 2014; Smeland et al., 2019). 
Thus, the findings should be interpreted with caution. Still, within the 
sufficiently powered genetic loci the coloc results suggest that the shared 
loci with evidence of a shared causal variant were mapped to a mixture 
of unique blood eQTLs, unique brain eQTLs, and eQTLs in both blood 
and brain tissues. This may be consistent with a combination of pleio-
tropic mechanisms, brain specific mechanisms and immune mediated 
mechanisms. 

Given the number of loci discovered, we focused on gene set 
enrichment analysis rather than discovery of individual genes which 
individually contribute small proportions of heritability. This revealed 
that there was a predominance of CNS structure and function gene sets 
jointly associated with CRP and each of SCZ and DEP. Further, by 
dividing mapped genes according to the direction of effect of lead var-
iants we observed differences in the types of enriched gene-sets. In 
particular, neurodevelopmental gene-sets were predominantly enriched 
with discordant mapped genes for SCZ and CRP but concordant mapped 
genes for DEP and CRP. This suggests that genes influencing CRP level 
and liability for SCZ and DEP may both influence neurodevelopmental 
processes but with different directions of effect. Reay et al. have previ-
ously demonstrated that proteins whose expression is altered by genet-
ically determined CRP are overrepresented in neuronal pathways, 
including axon guidance, neurogenesis, and dopaminergic synapse. In 
their study, overrepresentation of proteins associated with genetically 
determined CRP in the dopaminergic synapse pathway was driven by 
the CRP-associated genes AKT1, AKT2, and AKT3 (Reay et al., 2022). 
These genes encode a serine/threonine-protein kinase complex which is 
related to dopamine transmission (Li et al., 2016) and reduced in the 
prefrontal cortex of patients with SCZ (Emamian, 2012). As such, CRP 
might have CNS-effects related to risk of psychiatric disorders inde-
pendently of inflammation. However, these findings could also be 
indicative of reverse causation, whereby genes which are implicated in 
primary CNS functions impact CRP level. This interpretation could be 
consistent with Pitharouli et al.’s findings in which the association be-
tween DEP PRS and CRP was no longer significant after controlling for 
behavioural phenotypes such as BMI and smoking (Pitharouli et al., 
2021). Alternatively, for SCZ and CRP, the CNS-related gene sets may 
indicate that the protective effect of genetically determined CRP previ-
ously identified using mendelian randomization analyses (Reay et al., 
2022) is a result of direct CNS effects of CRP-associated alleles rather 
than a causal effect of CRP. In contrast to the CNS specific gene set 
findings for the two mentioned psychiatric disorders and CRP, the BIP 
and CRP gene sets were predominantly related to basic cellular 
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functions. The lack of positive findings for CRP in BIP using either 
mendelian randomization or latent causal variables and the lack of 
stability of our gene-set analyses when using different gene-mapping 
strategies may indicate that genetic overlap between BIP and CRP is 
capturing less specific molecular mechanisms than for either DEP or 
SCZ. 

A limitation of the present study is that inflammation was only 
assessed by CRP, a non-specific marker of systemic inflammation, which 
has effects both in response to and resolution of inflammation (Del 
Giudice and Gangestad, 2018). We cannot exclude that some of the 
detected genetic overlap between the phenotypes could be explained by 
Berkson’s bias, e.g., that patients with psychiatric disorders and co-
morbid low-grade inflammation have a higher risk for contacting health 
services and thus be included in studies. Survival bias through lower 
inclusion of patients with comorbid psychiatric disorders and chronic 
inflammation due to premature death is another possible bias which 
could have had the opposite effect on our findings. GWASs are prone to 
confounding by population stratification that is previously demon-
strated in data from the UK Biobank which may not be sufficiently 
accounted for by adjustments for principal components (Haworth et al., 
2019). The lack of stability of CRP as a measure of chronic inflammation 
is likely to have increased noise in our analyses. Nonetheless, it is 
important to note that CRP is regarded as a relatively stable protein in 
the absence of infection displaying little diurnal (Meier-Ewert et al., 
2001) and postprandial (Blackburn et al., 2006) variation. Further, the 
primary CRP GWAS excluded participants with CRP > 4 SD from the 
mean, which should have reduced the impact of certain confounders like 
co-occurring infections and severe general inflammatory diseases. 
Finally, the GWAS samples used were also limited by their lack of 
ancestral diversity. 

In conclusion, we have demonstrated that CRP has a distinct genetic 
architecture to psychiatric disorders, with lower polygenicity and higher 
discoverability limiting their maximum possible genetic overlap. 
Nonetheless, despite weak to zero genetic correlations, we identify 
overlapping genetic loci with a mixture of concordant and discordant 
effect directions, suggesting different subgroups of psychiatric disorders. 
Furthermore, we identify potential molecular mechanisms underlying 
the shared genetic architecture, with a predominance of CNS-related 
gene sets present for CRP and both of DEP and SCZ. Further studies 
are needed to investigate the longitudinal effects of gene sets shared 
between inflammatory markers and psychiatric disorders (e.g., through 
developmental phases and in interaction with environmental factors like 
stress and infections) on CNS function and structure (e.g., by cerebro-
spinal fluid analyses and magnetic resonance imaging in genotyped 
samples). Still, the current findings provide novel insights into the mo-
lecular pathways which may underlie altered immune marker levels in 
psychiatric disorders. 
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Lin, H., Pool, R., Zhu, G., Macé, A., Sidore, C., Trompet, S., Mangino, M., Sabater- 
Lleal, M., Kemp, J.P., Abbasi, A., Kacprowski, T., Verweij, N., Smith, A.V., Huang, T., 
Marzi, C., Feitosa, M.F., Lohman, K.K., Kleber, M.E., Milaneschi, Y., Mueller, C., 
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