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Abstract
Infections and mental disorders are two of the major global disease burdens. While correlations between mental
disorders and infections have been reported, the possible genetic links between them have not been assessed in
large-scale studies. Moreover, the genetic basis of susceptibility to infection is largely unknown, as large-scale genome-
wide association studies of susceptibility to infection have been lacking. We utilized a large Danish population-based
sample (N= 65,534) linked to nationwide population-based registers to investigate the genetic architecture of
susceptibility to infection (heritability estimation, polygenic risk analysis, and a genome-wide association study
(GWAS)) and examined its association with mental disorders (comorbidity analysis and genetic correlation). We found
strong links between having at least one psychiatric diagnosis and the occurrence of infection (P= 2.16 × 10−208, OR
= 1.72). The SNP heritability of susceptibility to infection ranged from ~2 to ~7% in samples of differing psychiatric
diagnosis statuses (suggesting the environment as a major contributor to susceptibility), and polygenic risk scores
moderately but significantly explained infection status in an independent sample. We observed a genetic correlation
of 0.496 (P= 2.17 × 10−17) between a diagnosis of infection and a psychiatric diagnosis. While our GWAS did not
identify genome-wide significant associations, we found 90 suggestive (P ≤ 10−5) associations for susceptibility to
infection. Our findings suggest a genetic component in susceptibility to infection and indicate that the occurrence of
infections in individuals with mental illness may be in part genetically driven.

Introduction
Infections are one of the major disease burdens and the

second leading cause of death worldwide1. Infections and
inflammation have also been linked to the development of
other diseases: autoimmune diseases, cancer, and neu-
ropsychiatric disorders such as schizophrenia and
depression2–6. Inter-individual differences influence the

susceptibility to infection, which is likely to depend on
environmental and social factors, vulnerable periods, such
as psychological stress or immunocompromised condi-
tions, and the host’s genetic profile7,8. Twin and adoption
studies as well as epidemiological studies have indicated
that hosts’ genetic makeups influence infectious disease
occurrences and outcomes of interactions between
infectious pathogens and hosts7–10. However, the genetic
architecture of susceptibility to infection is largely
unknown, and knowledge of the genetic composition of
infections may help elucidate the mechanism of human
complex diseases8,11.
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Genome-wide association studies (GWAS) have
improved our understanding of the genetic basis of
common diseases and been used to discover and replicate
associations between thousands of genomic variants and
hundreds of human diseases12. Only a few large-scale
studies of the genetics of susceptibility to infection have
been conducted, with the largest study being on self-
reported common infections and infection-associated
procedures11. A recent meta-analysis of pooled respira-
tory infection GWAS (including studies on tuberculosis,
influenza, respiratory syncytial virus, SARS-Coronavirus
and pneumonia) found only one significant single-
nucleotide polymorphism (SNP), in the IL4 gene7. Pre-
vious studies have often provided conflicting results and
been hampered by low power, differences in study
designs, and/or high risk of publication bias7. Recently,
acknowledging the potential links between psychiatric
disorders and infection, studies looking into the genetic of
specific infections have been performed, including a study
of infection (Toxoplasma gondii, Herpes simplex virus 1,
Cytomegalovirus and Human herpesvirus 6) and inflam-
mation in individuals with schizophrenia and bipolar
disorder13, and a study of Toxoplasma gondii in indivi-
duals with schizophrenia14 highlighted several genes and/
or pathways.
In this largest genetic study of infections requiring

hospital contact (hereafter: infections), we utilize a
population-based Danish cohort of 65,534 genotyped
individuals to conduct a genetic study of overall infection
(i.e. a phenotype comprising multiple infection categories,
see Methods) from birth to the end of follow-up. The
cohort was sampled through the Integrative Psychiatric
Research (iPSYCH) initiative15, with individuals selected
for having a at least one of: autism spectrum disorder
(ASD), attention deficit hyperactivity disorder (ADHD),
schizophrenia, depression, bipolar disorder and anorexia,
as well as a random population sample. We investigate the
genetic architecture of susceptibility to infection and
examine the link between infections and mental disorders.

Methods
Data sources
Data were obtained by linking Danish population-based

registers using the unique personal identification number
employed in Denmark since 196816. The Danish Neonatal
Screening Biobank stores dried blood spots taken
4−7 days after birth from nearly all infants born in
Denmark after 198116,17. Information about infections
was obtained from the Danish National Hospital Registry,
which, since 1977, contains records of all inpatients
treated in Danish nonpsychiatric hospitals, and, since
1995, contains information regarding outpatient and
emergency room contacts18. The Psychiatric Central
Research Register covers all psychiatric inpatient facilities

since 1969 and outpatient contacts since 199519. Diag-
nostic information was based on the Eighth Revision of
the International Classification of Diseases (ICD-8)20 from
1977 to 1993, and ICD-10 from 199421.

Study sample
All singletons born in Denmark between May 1, 1981

and December 31, 2005 who were residents of Denmark
on their first birthday and have a known mother (N=
1,472,762) were considered. From this group, 86,189
individuals were included in the iPSYCH2012 sample.
Before quality control (QC) our sample included
78,050 successfully genotyped individuals. Following QC,
65,534 individuals remained: 19,645 individuals with no
hospital contacts for psychiatric diagnoses (none of ICD-
10: F00−F99), and 45,889 individuals with one or more of
the following mental disorders: ASD (F84.0-1, F84.5,
F84.8-9; N= 12,331), ADHD (F90.0; N= 14,397), schi-
zophrenia (F20; N= 2401), bipolar disorder (F30−F31; N
= 1391), single and recurrent depressive disorder (F32
−F33; N= 18,511) and anorexia nervosa (F50.0; N=
2551). These diagnoses are based on data from the Danish
Psychiatric Central Research Register only. A minority of
these individuals (N= 1993) have been diagnosed with
other psychiatric disorders (other codes in F00−F99) and
originally included as part of the random population
sample. Individual-based data were available until emi-
gration, death, or 31 December 2012 of a given individual.
Three subsets were used across the analyses in this study:
only the individuals without psychiatric diagnosis (no F00
−F99 diagnosis), only the individuals with psychiatric
diagnosis (primary or secondary iPSYCH diagnosis of F00
−F99), or a combined sample with a covariate for having a
psychiatric diagnosis. More details are given in the rele-
vant sections. With regards to the infection diagnoses,
Supplementary Table S1 includes sample sizes for all
infection categories. All hospital contacts for infections
(both in- and outpatient hospital contacts) were included
with ICD-8 and ICD-10 codes listed in Supplementary
Table S2, as used in previous studies4,22,23, and each
person may have a history of more than one infection. We
omitted all diagnoses listed as “suspected” or “not found”.
Controls for infections were defined as having none of the
infection diagnoses in Table S1, and controls for psy-
chiatric disorders were defined as not having any ICD-10
diagnosis of F00−F99 in the Danish Psychiatric Central
Research Register, unless stated otherwise.

Genetic markers, quality control for markers and samples,
and imputation
Samples were genotyped on the Illumina Psych chip.

Before QC, there were 78,050 samples genotyped in 23 of
the original 25 waves. A full description of the procedure
of the sample and SNP QC is provided elsewhere24.
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Briefly, a principal component analysis (PCA) was per-
formed using the iPSYCH sample with 1000 Genomes
Project samples as a reference panel to compute the initial
principal component space. Individuals whose parents
and grandparents were born in Denmark were used as a
reference in removing individuals who were a certain
distance from the multivariate mean of the joint dis-
tribution of the first ten PCs. This was then repeated using
only the iPSYCH sample to identify subtler within-
population differences. Samples were also removed
based on genotype missingness, abnormal heterozygosity
or ambiguous sex, based on genetic markers. Samples that
were identified as duplicates were also removed. Lastly,
samples that were found to be related to other samples
(first and second degree) were removed, whereby the
cases and then samples with a higher genotype call rate
were prioritized. Following this, a new PCA was per-
formed to obtain principal components for downstream
analyses. For the imputation, only autosomal SNPs were
used, and SNPs were removed based on low minor allele
frequency (<0.01), Hardy−Weinberg equilibrium P value
(<10−6), having more than two alleles, or being indels.
Genotypes were phased with SHAPEIT325 and imputed
with IMPUTE226. Imputed markers were removed if they
had an INFO score below 0.2, a MAF below 0.001, best-
guess genotypes missing in >10% of subjects, HWE P <
1 × 10−6 (in controls) or a highest probability for a gen-
otype of less than 0.9. Markers were also removed if they
were significantly associated with the genotyping wave.
Two marker datasets were used: in the GWAS, all post-
QC dosage data were used. This dataset included
11,600,722 markers. For the heritability, genetic correla-
tion and PRS analyses, which are based on an aggregation
of SNPs, the above dataset was filtered, resulting in a
dataset of high-confidence imputations (best-guess gen-
otypes), with markers having an INFO score of at least 0.8
and MAF of at least 0.01. This dataset included 7,071,055
markers. Positions throughout this paper are in hg19.

Exome-sequencing data
A subset of the iPSYCH sample was exome-sequenced

(with an average depth of 20×). Sequencing libraries were
produced using a custom adaptation of the Illumina Rapid
Target Kit (Illumina ICE Broad Exome) and sequenced on
Illumina Hiseqs. The raw reads were mapped using bwa
aln (v5.9)27 with the parameters -q 5 -l 32 -k 2 to GRCh37,
including unplaced and unlocalized contigs and Epstein
−Barr (NC_007605.1). PCR duplicates were removed
using picard MarkDuplicates, combined per sample, and
realigned across indels using GATK IndelRealigner28.
Variant-calling was performed using GATK’s Haplotype-
Caller. Variant filtration was performed using GATK’s
variant quality score recalibration modules and the variant
annotation was performed using SnpEff29. For the

analyses that used the exome-sequencing data only, given
that we looked only at mutations that may alter the
protein coding sequence, we utilized samples even if they
were excluded earlier based on relatedness and ancestry, if
they passed the other QC measures (N= 18,819).

Statistical analyses
Correlation between psychiatric diagnoses and infections
To examine differences in overall infection rates among

psychiatric cases and controls, chi-squared statistics were
calculated in R30. ORs and confidence intervals were
calculated using the DescTools package in R31. Following
this, we performed logistic regressions of the psychiatric
diagnosis on the infection diagnosis only in QC-passing
individuals from the random population sample, to avoid
potential bias resulting from the majority of the sample
having been selected for psychiatric disorders. This sec-
ond analysis used covariates for sex, age and age-squared
(to account for nonlinearity with age). The plot for this
analysis was exported from Excel with Daniel’s XL
Toolbox32.

SNP heritability
GCTA33 (v1.24.7 used with the control subset; v1.91.1

beta otherwise) was used to compute the SNP herit-
abilities for having any infectious disease. Genetic rela-
tionship matrices were calculated for each autosomal
chromosome separately with –make-grm and merged
with –mgrm. A GREML analysis was then performed with
covariates for age, age-squared, sex and the first ten PCs.
The analysis was done either with psychiatric controls,
psychiatric cases, or the entire sample with an added
covariate for having a psychiatric diagnosis.

Genetic correlation
A bivariate genetic correlation analysis between having

any infection and having any psychiatric diagnosis was
run with GCTA v1.91.1 beta, with –reml-bivar and cov-
ariates for age, age-squared, sex and the first ten PCs. A
Wald test was used to obtain a P value for the correlation
(assuming no correlation as the null). This was performed
in the large sample as well as only with individuals from
the random population sample. Additionally, LD score
regression v1.0.0 (from August 10 2018)34,35 was also used
to confirm the genetic correlation, since it is robust to
sample overlap35. For this purpose, two GWAS were
performed using the same SNP dataset as used with
GCTA: one GWAS for having any infection (without a
covariate for having any psychiatric diagnosis) and
another GWAS for having any psychiatric diagnosis (F00
−F99 in ICD-10). The above covariates were included in
both GWAS. LD scores were calculated with the same
SNP dataset using QC-passing samples from the random
population sample and a 1 cm window, and a genetic map
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from 1000 Genomes phase 3. The summary statistics
from the two GWAS were QCed with the LD score
regression package, after which the genetic correlation
was computed.

Genome-wide association study
Dosage data were used with PLINK36 v1.90b3.34 in a

logistic regression model with covariates for age, age-
squared, sex, any psychiatric diagnosis, and the first ten
PCs. The phenotype used in the GWAS was having any
infection.

Polygenic risk scores
PRSice37 v1.25 was used to calculate polygenic risk

scores (PRS). Given that we observe psychiatric patients
have a higher incidence of infections, the two variables are
not independent23. Also, the direction of causality is
unknown. To avoid creating PRS that could misrepresent
the genetic effects on infection risk (i.e., predicts psy-
chiatric outcomes, which, in turn, predict infection as an
environmental exposure) we develop our PRS for infec-
tions from a GWAS of infections in patients without
psychiatric outcomes (N= 19,645). We used the summary
statistics from this GWAS as the training dataset, and the
subset of psychiatric cases as the target sample (N=
45,889). As the PRS was trained in a nonpsychiatric
population, any PRS−infection correlations are not likely
to be mediated by the current expression of psychiatric
outcomes. Furthermore, any confounding between psy-
chiatric diagnoses and infection within the psychiatric
population should be independent of the infection PRS by
construction and should only contribute to residual var-
iation. In this context, our target sample (the psychiatric
cases) will have slightly less power to detect a reduced
effect of the PRS relative to a healthy population sample,
but the confound should not increase false positives. We

used an r2 threshold of 0.1 in a window of 250 kbp for
clumping. As both the training sample and target sample
used the same SNP dataset, there was a full overlap
between both samples in terms of marker data availability.
We ran PRSice with P value thresholds of 0.01−1 with
intervals of 0.01, and the regression included covariates
for age, age-squared, sex and the first ten PCs. From this,
we chose the optimal P value threshold for downstream
analysis.

Results
In the sample of 65,534 Danish unrelated individuals

born after 1981, a total of 28,472 individuals had infec-
tions during the study period from birth to end of follow-
up. Among the 45,889 individuals with mental disorders,
the number was 21,728, and, among the 19,645 indivi-
duals with no psychiatric diagnosis, it was 6744.

Epidemiological correlations
We observed a highly significant correlation between

having a psychiatric diagnosis and having an infection (P
= 2.16 × 10−208, OR= 1.72), including highly significant
individual correlations between the specific psychiatric
diagnoses and infection status (Table 1). To investigate
this link further and to account for age and sex, we per-
formed logistic regressions in the random population
sample; this avoids potential biases resulting from the
selection of cases for the iPSYCH cohort. As can be seen
in Fig. 1, the ORs and confidence intervals were greater
than 1 for all individual psychiatric disorders and for
having any psychiatric diagnosis. All P values were <0.05,
and all apart from the association with anorexia remained
significant after Bonferroni correction. With regards to
the individual psychiatric conditions, using controls who
do not have any other psychiatric diagnosis in addition to
the one in question may lead to biased estimates; we have

Table 1 Incidences of psychiatric diagnosis and infection status in our sample

Psychiatric diagnosis Total number of

individuals

Individuals with

infections

Individuals without

infections

P value Odds ratio (95%CI)

Any psychiatric diagnosis 45,889 21,728 24,161 2.16 × 10−208 1.72 (1.66−1.78)

ASD 12,331 5354 6977 7.96 × 10−60 1.47 (1.40−1.54)

ADHD 14,397 6730 7667 1.7 × 10−118 1.68 (1.61−1.75)

Schizophrenia 2401 1232 1169 4.53 × 10−60 2.02 (1.85−2.2)

Bipolar disorder 1391 699 692 3.48 × 10−33 1.93 (1.73−2.16)

Depression 18,511 9410 9101 2.83 × 10−233 1.98 (1.90−2.06)

Anorexia 2551 1094 1457 1.8 × 10−17 1.44 (1.32−1.56)

No psychiatric diagnosis

(reference)

19,645 6744 12,901 NA 1.00
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therefore examined if this is the case here, but the
observed effects obtained when defining controls as not
having only the diagnosis in question are very similar, as
shown in Fig. S1 (the OR for any psychiatric diagnosis is
included again as a reference).

Heritability analysis
We estimated the SNP heritability for overall sus-

ceptibility to infection to be 4% (P= 0.0018, SE= 0.015)
on the observed scale among individuals with no psy-
chiatric diagnosis, and it was 3.5% (P= 4.6 × 10−8, SE=
0.007) among individuals with a psychiatric diagnosis.
These estimates are not significantly different from each
other, as can be shown through a Z test38 (Z= 0.358,
two-sided P= 0.72). The heritability was estimated to be
3.2% (P= 1.3 × 10−12, SE= 0.005) in the combined
sample. To transform the observed heritabilities to
liability-scale heritabilities39, we adjusted for the pro-
portion of infection cases in the different groups as well
as for different values of the lifetime prevalence, k (the
iPSYCH individuals are too young to estimate the true
value of k), which allowed us to provide the maximal
bound for the heritabilities, given the proportions of
cases in our sample. The maximal values of the herit-
ability on the liability scale are around 7% in psychiatric
controls, 5.5% in psychiatric cases and 5% in the com-
bined sample (Fig. 2), suggesting a modest genetic
component for susceptibility to infection. Figure 2 also
shows the heritabilities for a k equal to the prevalence in
the QC-passing random population sample, which is the
minimal lifetime prevalence in our study.

Genetic correlation
The genetic correlation, rg, between having any infec-

tion diagnosis and having any psychiatric diagnosis was
0.496 (P= 2.17 × 10−17, SE= 0.058), where the separate
heritabilities (on the observed scale) as estimated in this

analysis were 3.8% (SE= 0.005) for infection, and 12.3%
(SE= 0.006) for psychiatric diagnosis. Since both pheno-
types were derived from the same sample, and to avoid
any potential ascertainment bias due to the high corre-
lation between them (and given that most individuals in
the sample were selected for having a psychiatric diag-
nosis), the genetic correlation analysis was repeated using
only QC-passing samples selected as part of the random
population sample (N= 21,706: 1062 individuals with
both phenotypes; 6693 individuals with only infections;
1113 individuals with only psychiatric diagnoses; 12,838
individuals with neither phenotype). While this analysis
had a reduced sample size due to the lower number of
psychiatric cases in particular, the observed correlation
was similar (rg= 0.518, SE= 0.208). Additionally, we
confirmed the genetic correlation using LD score regres-
sion, which is robust to sample overlap. The rg obtained
from this analysis was 0.407 (P= 9.1 × 10−5, SE= 0.104).
It is lower than the estimate obtained with GCTA (the
latter being potentially biased by the sample overlap), but
it is still quite large and significant.

PRS for infection and predictive value for acquiring
infections
The PRS for infection explained a small proportion of

the variance in the target sample. We used 100 P value
thresholds (pT) from the discovery GWAS (0.01−1).
After Bonferroni correction, all Nagelkerke R2’s resulting
from P value thresholds of 0.04 or higher remain sig-
nificant at an overall 5% level. The best-fit PRS was with
pT= 0.26, resulting in a Nagelkerke R2 of ~0.9% (P=
2.55 × 10−8). We additionally examined the change in the
proportion of infection cases across PRS deciles with the
best-fit PRS. We found that there was an overall trend of

Fig. 1 Logistic regressions of psychiatric disorders on infection status

Fig. 2 Transformation of the observed heritability of acquiring
infection as a function of the lifetime prevalence, k. Color coding
is blue for iPSYCH psychiatric controls, green for iPSYCH psychiatric
cases, and red for the combined sample (with a covariate for any
psychiatric diagnosis). Dashed lines show the heritability as estimated
using the prevalence in each group when k is estimated from the
random population sample
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an increased proportion of cases, with the difference
between the first and tenth deciles being ~5% (Fig. 3).

GWAS and exome-sequencing
No loci reached genome-wide significance (Fig. 4).

Supplementary Figure S2 is the accompanying QQ plot.
Overall, there were 90 suggestive associations with P ≤
10−5 (Supplementary Table S3), and the top SNP was
rs6447952 (P= 2.98 × 10−7, OR= 0.94 relative to the A
allele), which is an intronic SNP in the SLIT2 gene. Given

this gene’s role in both immunity and neurodevelopment
and recent findings from several studies concerning
disease-risk genes harboring both rare and common var-
iants influencing disease-related traits40, we screened a
subset of our sample which was exome-sequenced, for
potentially deleterious mutations in this gene. We con-
sidered frameshift indels, splice-site-, missense- and
nonsense-variants (hereafter referred to simply as muta-
tions). We identified 891 SLIT2 mutation carriers, of
whom 426 had at least one infection diagnosis (47.8%).

Fig. 3 Proportion of cases of infectious diseases at best-fit PRS

Fig. 4 Manhattan plot for the GWAS for overall infection in the combined sample. The red line on the Manhattan plot represents the genome-
wide significance threshold (5 × 10−8), and the blue line represents the suggestive association threshold (10−5). The plot was generated with the
“qqman” R script by Stephen Turner and Daniel Capurso
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17,928 individuals did not carry a mutation in SLIT2, and
8214 of those had at least one infection diagnosis (45.8%).
A hypergeometric test did not find a significant enrich-
ment of individuals with infections among mutation car-
riers (P= 0.117).

Discussion
In this population-based study we investigated the

genetic architecture of susceptibility to infection among
65,534 unrelated Danish individuals. Psychiatric diagnoses
were strongly linked with the occurrence of infections, an
effect which was observed also in regression models which
used a random sample of the Danish population. We
found that common genetic variation significantly
explained risk of susceptibility to overall infection, to
varying degrees, based on psychiatric diagnosis status. In a
recent study of the iPSYCH sample, most iPSYCH dis-
orders as well as a cross-disorder phenotype showed sig-
nificant heritabilities24. Given this and the observed
heritability for infection, we also examined the genetic
correlation between having an infection diagnosis and
having a psychiatric diagnosis. We found a strong genetic
correlation between the two. Additionally, the phenotype
captured by infection requiring hospitalizations showed a
polygenic pattern that significantly explained some of the
risk for overall infection in an independent sample, albeit
to a modest degree.
Differences in host genetics likely influence the host’s

susceptibility to infection. However, the combined results
of the heritability estimates, the PRS analysis, and the chi-
squared and regression analyses showing significant dif-
ferences in the rate of infection among psychiatric cases
and controls may suggest that the environmental com-
ponent may play a bigger role in acquiring infections. The
observed modest genetic contribution to infection indi-
cates that it is primarily nongenetic influences at work,
which is not surprising, as infections are most often
transient and are transmitted from one person to another.
Nonetheless, we found that the polygenic risk score for
infection could explain a small proportion of the variance
in terms of the risk of having an infection in an inde-
pendent sample, which is a novel finding.
The heritability estimate for overall infection in the

combined sample was lower and more significant than in
the two separate groups of psychiatric cases and controls.
Thus, adding psychiatric cases to the analysis (while
introducing a covariate for having a psychiatric diagnosis)
increased the sample size but reduced the heritability
estimate. In the individual groups, the heritability was
higher among psychiatric controls than among psychiatric
cases. This could suggest that, in individuals with a psy-
chiatric diagnosis, the environment may play a bigger role
in susceptibility to infection and/or that there are G × E
interactions driving this difference. Similarly, there could

be a special burden of infection-psychiatric pleiotropic
variants in psychiatric cases. It should above all be
emphasized that the observed-scale heritability in the two
groups did not differ significantly in our study, and, while
the question of what is behind this difference is extremely
interesting, this study cannot make an authoritative
statement on the subject in its current design. It should
also be noted that, given the individuals may be diagnosed
with infections later on, the lifetime risk estimate k,
employed in the transformation to the liability scale
(calculated from the random population sample), may
change, and, as our phenotype encompasses many ICD-10
codes, there are no past epidemiological studies providing
an estimate of lifetime risk. As we have examined the
heritability for several values of k, we believe our results
provide a sensible range for the heritability to suscept-
ibility to infection. However, as the true proportion of
cases may also change, as the sample ages, these figures
could change as well. That said, the SNP heritability
estimates we found were comparable to those reported for
common infections and infection-associated procedures
in a recent study relying on self-reported data11.
We observed an increased prevalence of infections

among individuals with mental disorders in our random
population sample, as well as a high degree of genetic
correlation between the two phenotypes, suggesting that,
at least, to some degree, this epidemiological observation
could be explained by considering the contribution from
shared polygenic factors. However, we have shown in a
previous study that the robust PRS for schizophrenia does
not predict the risk of acquiring infections23. The
observed genetic correlation could indicate a causal
overlap and an etiological role for infections in subgroups
of mental disorders. It might also be the case that infec-
tions and immune responses could have a triggering role
in the development of some mental disorders, with long-
lasting subsequent immune alterations in individuals with
mental disorders, as is suspected in autoimmune diseases,
where infections and susceptibility genes are considered
the main risk factors41. Moreover, socioeconomic and
educational factors might prove important, together with
periods of psychological stress or altered behavior, in
making the individual more susceptible to acquiring
infections. The genetic correlation between overall
infection and mental illness, together with the difference
in the heritabilities of the two traits, may suggest that the
same risk-inducing variants may have a bigger effect on
mental illness than on susceptibility to infection.
The GWAS did not identify genome-wide significant

SNPs; however, there were 90 suggestive SNPs. The top
SNP was rs6447952, an intronic SNP within SLIT2. Inter-
estingly, this gene has been reported to be involved in
immune response, namely, the SLIT2 protein inhibited
leukocyte chemotaxis42. Furthermore, this gene is also
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involved in brain development through neuronal migra-
tion43. As our GWAS controlled for psychiatric diagnosis,
this could be an interesting illustration of a complex genetic
factor, perhaps exhibiting pleiotropic effects and/or inter-
actions with other factors. More recently, this gene has been
highlighted in studies of schizophrenia and specific infec-
tions: Cytomegalovirus and Toxoplasma gondii, although
the associations with SNPs in this gene were not genome-
wide significant14,44. Thus, while no single SNP reached
genome-wide significance in our study, possibly due to
small effect sizes and a not-large-enough sample size, our
results might still be informative regarding potential can-
didate genes for infection, and for studying the genetic
overlaps between infection and mental disorders. However,
further studies and functional work are required to support
SLIT2 as a candidate gene for infection, given its only-
suggestive association in this study.
The connection between the immune system and psy-

chiatric disorders has been described in many studies; in
the case of the iPSYCH sample, a recent study found links
between ASD and intellectual disability and some HLA
alleles, while also investigating associations with the main
disorders represented in the cohort45 (see this study for an
outline of previous studies investigating these links).
Recently, a study of genetic correlation between auto-
immune and infection-related phenotypes and psychiatric
disorders reported interesting findings; while only one
infection category (childhood ear infection) was included,
it was significantly positively correlated with ADHD and
neuroticism and showed nominal association with
depression and angry temperament46. Another recent
study suggested that risky sexual behavior and schizo-
phrenia risk might have overlapping genetic bases, thus
explaining some of the epidemiological correlation
between schizophrenia and HIV infection47. These results
together with our study suggest a complex genetic picture
in relation to the link between infection, immunity and
psychiatric/behavioral phenotypes.

Strengths and limitations
The strengths of this study include the prospective

design and the population-based nationwide registers in
Denmark, ensuring a large study population where all
exposures were recorded independently of the outcome
and therefore were not subject to selection or recall bias,
with the Danish government health-care system being
free of charge. Additionally, studies have shown high
validity of both diagnoses with infections and mental
disorders in the Danish Registers48,49. Our infection
phenotype may be considered heterogeneous, when each
infection category or even each ICD-10 code could be
studied individually. However, in this study we chose to
investigate the general genetic pathways for susceptibility
to any type of infection, and defining the phenotype as

such allowed us to do so while at the same time increasing
the power of our analyses, as most of the infection cate-
gories include a small number of cases.
One limitation of our study is that the age groups

represented in this study are relatively young, and,
therefore, the lifetime prevalence of acquiring an infection
could not be determined. In the same vein, it is also
possible that the genetic factors that manifest suscept-
ibility to infection in later stages of life were not captured
here. As our dataset included diagnoses of only psychia-
tric/neurological conditions, infections, and autoimmune
diseases (which are correlated with psychiatric condi-
tions)50, we did not have an appropriate third category of
diseases within which we could examine the incidence of
infections. Furthermore, we could include only individuals
with hospital contact for infection; hence, the less severe
cases of infections were not included. However, this could
also be advantageous, as the investigated phenotypes have
been so severe as to require a hospital contact, meaning
that they may represent a more defined group. None-
theless, the potential impact of misclassification in the
individuals not recorded with infections could result in
the genetic associations in our study representing the
severity of infection rather than susceptibility to infection.
It should also be noted that our models do not incorpo-
rate the temporal component of the association between
infections and psychiatric disorders; as our phenotypes
were complex, and as they may represent more than one
infection and/or psychiatric disorder diagnosed in a given
individual, our study does not answer questions pertain-
ing to the directionality of this association. Moreover, the
genetic contribution might have been greater if studying
individuals with severe infections, where genetic sus-
ceptibility to infection might play a larger role. Even
though this is the largest GWAS to date on infections
requiring hospital contact, the included heterogeneous
groups of infections might warrant an even larger sample
to display the underlying genetic architecture of the sus-
ceptibility to infection using GWAS. Lastly, while using a
large sample from a homogenous population is advanta-
geous in that it eliminates certain confounders, especially
in terms of genetic variation, the results could prove to be
specific to the Danish population, as genetic associations
across populations can differ based on the presence of the
variant in one population but not others, difference in
allele frequencies when it is present in more than one
population, as well as differences in disease prevalence
and variant effect sizes across populations51.
In conclusion, we identified a polygenic architecture for

susceptibility to infection, with the PRS significantly
explaining some of the risk in an independent sample, and
found a modest heritability for susceptibility to infection
across independent samples. This study confirms the
presence of a genetic risk for acquiring infections and a
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genetic correlation with mental disorders, as well as the
high degree of comorbidity between the two. To this
effect, we propose that individuals presenting with psy-
chiatric pathology should also be screened for possible
infections. Larger-scale studies are warranted both in
relation to more precise infection phenotypes and sample
size, which could help elucidate the genetic architecture
of infectious diseases further.

Acknowledgements
All personal information from the registers is anonymized when used for
research purposes and the project was approved by the Danish Data
Protection Agency; hence, according to Danish legislation, informed consent
from participants was not required. This study was funded by The Lundbeck
Foundation, Denmark (grant numbers R268-2016-3925, R102-A9118 and R155-
2014-1724), the Independent Research Fund Denmark (grant number 7025-
00078B), the Mental Health Services Capital Region of Denmark, University of
Copenhagen, Aarhus University and the University Hospital in Aarhus. The
genotyping of the iPSYCH samples was supported by grants from the
Lundbeck Foundation, the Stanley Foundation, the Simons Foundation (SFARI
311789), and NIMH (5U01MH094432-02). This research has been conducted
using the Danish National Biobank resource supported by the Novo Nordisk
Foundation. IPSYCH data were stored and analyzed at the Computerome HPC
Facility (http://www.computerome.dtu.dk/), with the support of the HPC team
led by Dr. Ali Syed. iPSYCH data are stored in a national HPC facility in
Denmark. The iPSYCH initiative is committed to providing access to these data
to the scientific community, in accordance with Danish law. Researchers may
be granted access upon request to the iPSYCH management. Summary
statistics for the GWAS for the PRS and the GWAS with the combined sample
are available from the corresponding author.

Author details
1Institute of Biological Psychiatry, Mental Health Centre Sct. Hans, Mental
Health Services Copenhagen, Roskilde, Denmark. 2iPSYCH, The Lundbeck
Foundation Initiative for Integrative Psychiatric Research, Aarhus V, Denmark.
3Norwegian Centre for Mental Disorders Research, KG Jebsen Centre for
Psychosis Research, Division of Mental Health and Addiction, Oslo University
Hospital, Oslo, Norway. 4National Center for Register-Based Research, Aarhus
University, Aarhus, Denmark. 5CIRRAU—Center for Integrated Register-based
Research, Aarhus University, Aarhus, Denmark. 6Center for Neonatal Screening,
Department for Congenital Disorders, Statens Serum Institut, Copenhagen,
Denmark. 7Department of Biomedicine, Aarhus University and Centre for
Integrative Sequencing, iSEQ, Aarhus, Denmark. 8Aarhus Genome Center,
Aarhus, Denmark. 9Stanley Center for Psychiatric Research, Broad Institute of
Harvard and MIT, Cambridge, MA, USA. 10Psychosis Research Unit, Aarhus
University Hospital, Risskov, Denmark. 11Department of Clinical Medicine,
Faculty of Health and Medical Sciences, University of Copenhagen,
Copenhagen, Denmark. 12Mental Health Centre Copenhagen, Copenhagen
University Hospital, Copenhagen, Denmark. 13Department of Family Medicine
and Public Health, Division of Biostatistics, University of California, San Diego,
CA, USA

Authors’ contributions
R.N. designed the experiments, performed the genetic and statistical analyses,
analyzed and interpreted the results, wrote the paper; M.E.B. conceived the
study, supervised the experiments, analyzed and interpreted the results, wrote
the paper; V.A. and A.J.S. performed the imputation and quality control
procedures on genetic data and samples; V.A. and J.B.-G. prepared and
processed the exome data and/or performed the variant-calling; J.B.-G.
oversaw sample preparation; E.A. was in charge of data acquisition for registry
data for infections; Y.W., A.J.S., T.W., M.N., A.B. and W.K.T. made intellectual
contributions to the interpretation of the results and/or to the design of the
experiments. A.D.B., M.J.D., M.N., O.M., D.M.H., P.B.M., T.W. are principal
investigators in groups participating in iPSYCH who conceptualized the iPSYCH
consortium, contributed to the acquisition and processing of the Danish
registry data and/or to the generation of the genetic data.

Conflict of interest
T.W. states that he has acted as a lecturer and scientific counselor to H.
Lundbeck A/S. The other authors declare that they have no conflict of interests.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary Information accompanies this paper at (https://doi.org/
10.1038/s41398-019-0622-3).

Received: 5 August 2019 Revised: 6 September 2019 Accepted: 3 October
2019

References
1. World Health Organization. The Global Burden of Disease: 2004 Update (Geneva,

2004).
2. Nielsen, P. R., Kragstrup, T. W., Deleuran, B. W. & Benros, M. E. Infections as risk

factor for autoimmune diseases—a nationwide study. J. Autoimmun. 74,
176–181 (2016).

3. Benros, M. E. et al. Autoimmune diseases and severe infections as risk factors
for schizophrenia: a 30-year population-based register study. Am. J. Psychiatry
168, 1303–1310 (2011).

4. Benros, M. E. et al. Autoimmune diseases and severe infections as risk factors
for mood disorders: a nationwide study. JAMA Psychiatry 70, 812–820 (2013).

5. Rose, N. R. The role of infection in the pathogenesis of autoimmune disease.
Semin. Immunol. 10, 5–13 (1998).

6. Schetter, A. J., Heegaard, N. H. & Harris, C. C. Inflammation and cancer: inter-
weaving microRNA, free radical, cytokine and p53 pathways. Carcinogenesis
31, 37–49 (2010).

7. Patarcic, I. et al. The role of host genetic factors in respiratory tract infectious
diseases: systematic review, meta-analyses and field synopsis. Sci. Rep. 5, 16119
(2015).

8. Chapman, S. J. & Hill, A. V. Human genetic susceptibility to infectious disease.
Nat. Rev. Genet. 13, 175–188 (2012).

9. Albright, F. S. et al. Evidence for a heritable predisposition to death due to
influenza. J. Infect. Dis. 197, 18–24 (2008).

10. Sørensen, T. I., Nielsen, G. G., Andersen, P. K. & Teasdale, T. W. Genetic and
environmental influences on premature death in adult adoptees. N. Engl. J.
Med. 318, 727–732 (1988).

11. Tian, C. et al. Genome-wide association and HLA region fine-mapping studies
identify susceptibility loci for multiple common infections. Nat. Commun. 8,
599 (2017).

12. MacArthur, J. et al. The new NHGRI-EBI Catalog of published genome-wide
association studies (GWAS Catalog). Nucleic Acids Res. 45, D896–D901 (2017).

13. Avramopoulos, D. et al. Infection and inflammation in schizophrenia and
bipolar disorder: a genome wide study for interactions with genetic variation.
PLoS ONE 10, e0116696 (2015).

14. Wang, A. W. et al. Genome-wide association study in two populations to
determine genetic variants associated with Toxoplasma gondii infection and
relationship to schizophrenia risk. Prog. Neuro-Psychopharmacol. Biol. Psychiatry
92, 133–147 (2019).

15. Pedersen, C. B. et al. The iPSYCH2012 case-cohort sample: new directions for
unravelling genetic and environmental architectures of severe mental dis-
orders. Mol. Psychiatry 23, 6–14 (2018).

16. Pedersen, C. B. The Danish Civil Registration System. Scand. J. Public Health 39
(7 Suppl), 22–25 (2011).

17. Norgaard-Pedersen, B. & Hougaard, D. M. Storage policies and use of the
Danish Newborn Screening Biobank. J. Inherit. Metab. Dis. 30, 530–536 (2007).

18. Andersen, T. F. et al. The Danish National Hospital Register. A valuable source
of data for modern health sciences. Dan. Med. Bull. 46, 263–268 (1999).

19. Mors, O., Perto, G. P. & Mortensen, P. B. The Danish Psychiatric Central Research
Register. Scand. J. Public Health 39(7 Suppl), 54–57 (2011).

20. World Health Organization. Klassifikation Af Sygdomme; Udvidet Dansk-Latinsk
Udgave Af Verdenssundhedsorganisationens Internationale Klassifikation Af Syg-
domme. 8 Revision, 1965 [Classification of Diseases: Extended Danish-Latin

Nudel et al. Translational Psychiatry           (2019) 9:283 Page 9 of 10

http://www.computerome.dtu.dk/
https://doi.org/10.1038/s41398-019-0622-3
https://doi.org/10.1038/s41398-019-0622-3


Version of the World Health Organization International Classification of Diseases]
(Copenhagen, 1971).

21. World Health Organization. WHO ICD-10: Psykiske Lidelser Og Adfærdsmæssige
Forstyrelser. Klassifikation Og Diagnosekriterier [WHO ICD-10: Mental and Beha-
vioural Disorders. Classification and Diagnostic Criteria] (Copenhagen, 1994).

22. Benros, M. E. et al. The association between infections and general cognitive
ability in young men—a nationwide study. PLoS ONE 10, e0124005 (2015).

23. Benros, M. E. et al. Influence of polygenic risk scores on the association
between infections and schizophrenia. Biol. Psychiatry 80, 609–616 (2016).

24. Schork, A. J. et al. A genome-wide association study of shared risk across
psychiatric disorders implicates gene regulation during fetal neurodevelop-
ment. Nat. Neurosci. 22, 353–361 (2019).

25. O’Connell, J. et al. Haplotype estimation for biobank-scale data sets. Nat. Genet.
48, 817–820 (2016).

26. Howie, B. N., Donnelly, P. & Marchini, J. A flexible and accurate genotype
imputation method for the next generation of genome-wide association
studies. PLoS Genet. 5, e1000529 (2009).

27. Li, H. & Durbin, R. Fast and accurate short read alignment with Burrows
−Wheeler transform. Bioinformatics 25, 1754–1760 (2009).

28. McKenna, A. et al. The Genome Analysis Toolkit: a MapReduce framework for
analyzing next-generation DNA sequencing data. Genome Res. 20, 1297–1303
(2010).

29. Cingolani, P. et al. A program for annotating and predicting the effects of
single nucleotide polymorphisms, SnpEff: SNPs in the genome of Drosophila
melanogaster strain w1118; iso-2; iso-3. Fly 6, 80–92 (2012).

30. R Core Team. R: a language and environment for statistical computing (R
Foundation for Statistical Computing, Vienna, Austria, 2014).

31. Signorell, A. et al. DescTools: tools for descriptive statistics. R package version
0.99.26. 2018.

32. Kraus, D. Consolidated data analysis and presentation using an open-source
add-in for the Microsoft Excel® spreadsheet software. Med. Writ. 23, 25–28
(2014).

33. Yang, J., Lee, S. H., Goddard, M. E. & Visscher, P. M. GCTA: a tool for genome-
wide complex trait analysis. Am. J. Hum. Genet. 88, 76–82 (2011).

34. Bulik-Sullivan, B. K. et al. LD Score regression distinguishes confounding from
polygenicity in genome-wide association studies. Nat. Genet. 47, 291–295
(2015).

35. Bulik-Sullivan, B. et al. An atlas of genetic correlations across human diseases
and traits. Nat. Genet. 47, 1236–1241 (2015).

36. Purcell, S. et al. PLINK: a tool set for whole-genome association and
population-based linkage analyses. Am. J. Hum. Genet. 81, 559–575 (2007).

37. Euesden, J., Lewis, C. M. & O’Reilly, P. F. PRSice: Polygenic Risk Score software.
Bioinformatics 31, 1466–1468 (2015).

38. Gelman, A. & Stern, H. The difference between “significant” and “not
significant” is not itself statistically significant. Am. Statist. 60, 328–331
(2006).

39. Lee, S. H., Wray, N. R., Goddard, M. E. & Visscher, P. M. Estimating missing
heritability for disease from genome-wide association studies. Am. J. Hum.
Genet. 88, 294–305 (2011).

40. Wray, N. R. et al. Common disease is more complex than implied by the core
gene omnigenic model. Cell 173, 1573–1580 (2018).

41. Ji, Q., Perchellet, A. & Goverman, J. M. Viral infection triggers central nervous
system autoimmunity via activation of CD8+ T cells expressing dual TCRs. Nat.
Immunol. 11, 628–634 (2010).

42. Wu, J. Y. et al. The neuronal repellent Slit inhibits leukocyte chemotaxis
induced by chemotactic factors. Nature 410, 948–952 (2001).

43. Hu, H. Chemorepulsion of neuronal migration by Slit2 in the developing
mammalian forebrain. Neuron 23, 703–711 (1999).

44. Kuparinen, T. et al. Genome-wide association study does not reveal major
genetic determinants for anti-cytomegalovirus antibody response. Genes
Immun. 13, 184–190 (2012).

45. Nudel, R. et al. Immunity and mental illness: findings from a Danish
population-based immunogenetic study of seven psychiatric and neurode-
velopmental disorders. Eur. J. Hum. Genet. 27, 1445–1455 (2019).

46. Tylee, D. S. et al. Genetic correlations among psychiatric and immune-related
phenotypes based on genome-wide association data. Am. J. Med. Genet. Part
B, Neuropsychiatr. Genet. 177, 641–657 (2018).

47. Wang, Q. et al. Genetic factor common to schizophrenia and HIV infection is
associated with risky sexual behavior: antagonistic vs. synergistic pleiotropic
SNPs enriched for distinctly different biological functions. Hum. Genet. 136,
75–83 (2017).

48. Benfield, T., Jensen, J. S. & Nordestgaard, B. G. Influence of diabetes and
hyperglycaemia on infectious disease hospitalisation and outcome. Diabeto-
logia 50, 549–554 (2007).

49. Uggerby, P. et al. The validity of the schizophrenia diagnosis in the
Danish Psychiatric Central Research Register is good. Dan. Med. J. 60,
A4578 (2013).

50. Liu, X. et al. Genetic factors underlying the bidirectional relationship between
autoimmune and mental disorders—findings from a Danish population-
based study. bioRxiv 699462 (2019).

51. Rosenberg, N. A. et al. Genome-wide association studies in diverse popula-
tions. Nat. Rev. Genet. 11, 356–366 (2010).

Nudel et al. Translational Psychiatry           (2019) 9:283 Page 10 of 10


	A large-scale genomic investigation of susceptibility to infection and its association with mental disorders in the Danish population
	Introduction
	Methods
	Data sources
	Study sample
	Genetic markers, quality control for markers and samples, and imputation
	Exome-sequencing data
	Statistical analyses
	Correlation between psychiatric diagnoses and infections
	SNP heritability
	Genetic correlation
	Genome-wide association study
	Polygenic risk scores


	Results
	Epidemiological correlations
	Heritability analysis
	Genetic correlation
	PRS for infection and predictive value for acquiring infections
	GWAS and exome-sequencing

	Discussion
	Strengths and limitations

	ACKNOWLEDGMENTS




