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Objective: Emerging evidence supports a bidirectional phe-
notypic association between stress-related disorders and au-
toimmune disease. However, the biological underpinnings
remain unclear. Here, the authors examined whether and
how shared genetics contribute to the observed phenotypic
associations.

Methods: Based on data from4,123,631 individuals identified
from Swedish nationwide registers, familial coaggregation of
stress-related disorders (any disorder or posttraumatic stress
disorder [PTSD]) and autoimmune disease were initially es-
timated in seven cohorts with different degrees of kinship.
Polygenic risk score (PRS) analyseswere thenperformedwith
individual-level genotyping data from 376,871 participants in
the UK Biobank study. Finally, genetic correlation analyses
and enrichment analyses were performed with genome-
wide association study (GWAS) summary statistics.

Results: Familial coaggregation analyses revealed de-
creasing odds of concurrence of stress-related disorders
and autoimmune disease with descending kinship or ge-
netic relatedness between pairs of relatives; adjusted odds

ratioswere1.51 (95%CI51.09–2.07), 1.28 (95%CI50.97–1.68),
1.16 (95% CI51.14–1.18), and 1.01 (95% CI50.98–1.03) for
monozygotic twins, dizygotic twins, full siblings, and half
cousins, respectively. Statistically significant positive asso-
ciations were observed between PRSs of stress-related
disorders and autoimmune disease, as well as between
PRSs of autoimmune disease and stress-related disorders.
GWAS summary statistics revealed a genetic correlation
of 0.26 (95% CI50.14–0.38) between these two pheno-
types and identified 10 common genes and five shared
functional modules, including one module related to
G-protein–coupled receptor pathways. Similar analyses
performed for PTSD and specific autoimmune diseases
(e.g., autoimmune thyroid disease) largely recapitulated the
results of the main analyses.

Conclusions: This study demonstrated familial coaggre-
gation, genetic correlation, and common biological path-
ways between stress-related disorders and autoimmune
disease.
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The evidence for a bidirectional phenotypic association be-
tween stress-related disorders, including posttraumatic
stress disorder (PTSD), and autoimmune disease has accu-
mulated over recent decades (1–3). Epidemiological studies
based on large-scale prospective cohorts suggest that indi-
viduals suffering severe stress reactions, such as those who
have experienced trauma and patients with a diagnosis of a
stress-related disorder (3–5), might have an increased sub-
sequent risk of developing various autoimmune diseases,
such as Addison’s disease, Guillain-Barré syndrome, and IgA
nephropathy (1, 2, 6, 7). Likewise, individuals with autoim-
mune disease show a higher susceptibility to psychological
stress (8) and psychiatric disorders such as depression and
PTSD than those without such conditions (9–11). This psy-
chological distress can in turn lead to disease exacerbation,
demonstrated as, for instance, delayed lesion clearance in

patients with psoriasis (12). Therefore, understanding the
role of shared risk factors contributing to the bidirectional
phenotypic associations between stress-related disorders
and autoimmune disease is important for understanding the
etiologies of both diseases and for developing novel inter-
ventions to improve outcomes among these patient groups.

Stress-related disorders are associated with disruption of
the hypothalamic-pituitary-adrenal axis (13) that might be
accompanied by immune dysfunction, such as amplified
proinflammatory cytokine production (3). The exact tem-
poral relationships are, however, unknown due to the com-
plex interactions among these events. In addition, abnormal
inflammatory responses have been observed in many auto-
immune diseases, such as rheumatoid arthritis and systemic
lupus erythematosus (14, 15), which might be induced by
chronic activation of innate and adaptive immunity (14).
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These findings suggest that
stress-related disorders and
autoimmune disease might
involve common biological
pathways. Although scarce,
the existing literature pro-
vides suggestive data for a
role of genetic factors for
psychiatric disorders in the
development of autoimmune
disease. Genome-wide asso-
ciation studies (GWASs) have
found evidence of genetic
pleiotropy between PTSD
and rheumatoid arthritis and
psoriasis (16). In addition, at
the level of gene expression,
schizophrenia (a psychiatric
disorder with high genetic
overlap with PTSD [17]) was
found to cluster with immu-
nological diseases using en-
richment correlation analyses
(18). There remains, however,
a clear need to advance current understanding of the mecha-
nisms linking stress-related disorders and autoimmune disease.

Leveraging population-based family data from Sweden,
individual genotyping data from the UK Biobank study,
and GWAS summary statistics, we aimed to perform, for the
first time, a comprehensive assessment of genetic associa-
tions of stress-related disorders with autoimmune disease to
identify specific pathways linking these two phenotypes.
Specifically, we examined associations with stress-related
disorders as a single category of disorders related to
trauma and stressful life events and examined associations
with PTSD—the most severe and clearly defined phenotype
among stress-related disorders—separately.

METHODS

Study Design
The study contained two main parts (Figure 1). First, to
answer the question of whether stress-related disorders (any
disorder or PTSD) share genetic liability with autoimmune
disease,weperformeda familial coaggregationanalysis, using
family data from Swedish national registers; we examined
how the odds of having the two diseases in a pair of relatives
variedwith familial relatedness. Then, using individual-level
genotypingdata fromapproximately0.5millionUKBiobank
study participants, we measured the genetic associations be-
tween stress-related disorders and autoimmune disease (any
disease and the six most common subtypes) by polygenic risk
score (PRS) analysis; we tested whether genetic predisposition
to stress-related disorders was associated with the risk of
autoimmune disease and vice versa. Second, we aimed to
identify common genes or pathways potentially underlying

the susceptibility to both stress-related disorders (any dis-
order or PTSD) and autoimmune disease. We used gene
mapping, annotation, and enrichment analyses based on
GWASsummary statistics for these twophenotypes. Summary
statistics for stress-related disorders as a whole and for PTSD
specifically were released by the Lundbeck Foundation Ini-
tiative for Integrative Psychiatric Research (iPSYCH) (19) and
the Psychiatric Genomics Consortium (20), respectively (see
Table S1 in the online supplement). However, because no
GWAS has considered all autoimmune diseases as a single
phenotypic category, we used genotyping data from the UK
Biobank study to generate the summary statistics. We vali-
dated the UK Biobank–based analysis by using the publicly
available GWAS summary statistics for several specific auto-
immune diseases (see Table S1 in the online supplement).
Detailed information about the data sources is presented in
the SupplementaryMethods section in the online supplement.
This study was approved by the regional ethics review board
in Stockholm (Dnr 2013/862-31/5), the NHS National Re-
search Ethics Service (16/NW/0274), and the biomedical re-
search ethics committee of West China Hospital (2019-1171).

Statistical Analysis
Familial coaggregation analyses using family data from
Swedish registers.Weincludedall individuals born inSweden
between 1953 and 1993 according to Swedish Population and
Housing censuses. Individual follow-up data through De-
cember 31, 2013, were obtained through cross-linkage to
the Swedish National Patient Register, the Causes of Death
Register, and the Migration Register. Among 4,423,174
Swedes, we excluded individuals who died or emigrated
before the age of 20 and those whose biological parents were

FIGURE 1. Components of the study designa
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•  Gene mapping—Identify shared risk genes

•  Enrichment analyses—Identify common mechanisms
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predisposition to stress-related disorders with autoimmune 

disease risk, and vice versa

Component 1: Shared genetic liability between stress-related disorders and autoimmune disease

Component 2: Common genes or pathways potentially underlying susceptibility to both stress-related 

disorders and autoimmune disease

a The study includes two components: using data from registers to determine shared genetic liability between
stress-related disorders and autoimmune disease risk and using genome-wide association study (GWAS)
summary statistics to identify common genes or pathways.
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unidentifiable, leaving 4,123,631 eligible individuals; we
compiled seven kinship cohorts according to relatedness
among these individuals, namely, monozygotic twins, dizy-
gotic twins, normal full siblings, maternal half siblings, pa-
ternal half siblings, cousins, andhalf cousins, according to the
Swedish Multi-Generation Register and the Twin Register
(see Figure S1 in the online supplement).

We defined stress-related disorders by clinical diagnoses
of PTSD, acute stress disorder, adjustment disorder, and
other stress reactions, according to the Swedish editions of
ICD-9 and ICD-10 (codes 308 and 309 in ICD-9 and code F43
in ICD-10) (seeTableS2 in theonline supplement); thesedata
were obtained from the National Patient Register, which
includes data on inpatient (since 1987) and specialized out-
patient (since 2001) hospital visits in Sweden. The data on
autoimmune diseases were also from the National Patient
Register;we considered 36 specific autoimmunediseases (21)
by using their corresponding ICD codes (see Table S2 in the
online supplement), as in our previous study (6). Sex and
birth year, obtained from the Multi-Generation Register,
were used as covariates in these analyses.

We used logistic regression models to measure associa-
tions between stress-related disorders (any disorder or
PTSD) and autoimmune disease in the individual-level and
within-relative-pair analyses, adjusting for sexandbirth year.
In the individual-level analyses, we compared the odds of
having an autoimmune disease among individuals with any
stress-related disorders or PTSD compared with the odds
among individuals without such a condition. The within-
relative-pair analyses were performed for the seven types of
kinships mentioned above; we estimated odds ratios (with
95% confidence intervals) of having an autoimmune disease
by comparing individuals who had a relative with any stress-
related disorder or PTSD with individuals who did not
have a relative with any stress-related disorder or PTSD.
The genetic relatedness of the relatives was considered in
descending order: monozygotic twins are genetically iden-
tical, dizygotic twins and full siblings share on average 50%
of their segregating alleles, and half siblings, cousins, and half
cousins share on average 25%, 12.5%, and 6.25% of their
segregating alleles, respectively.

Phenotypic association analyses with the UK Biobank data.
After exclusion of participants who had withdrawn from the
UK Biobank (N519), 502,488 eligible individuals were in-
cluded in the analyses to estimate phenotypic associations
between stress-related disorders and autoimmune disease
(see Figure S2 in the online supplement).

We identified stress-related disorders (any disorder or
PTSD) by diagnoses in the UK Biobank inpatient hospital
data (using ICD codes) and primary care data (using Read
v2/v3 codes) (see Table S3 in the online supplement); the
presence of autoimmune disease was based on the UK
Biobank inpatient hospital data (using ICD codes). We
studied 36 specific autoimmune diseases, as in the above
familial coaggregation analyses (see Table S2 in the online

supplement). Covariates, including sex, birth year, socio-
demographic factors (race/ethnicity, Townsend depriva-
tion index, educational attainment, and annual household
income), and lifestyle factors (body mass index, drinking
status, and smoking status), were collected at baseline
through questionnaires.

Logistic regression models were used to estimate phe-
notypic associations between any stress-related disorder or
PTSD and autoimmune disease (any disease, as well as the
six most common types, including autoimmune thyroid
disease, rheumatoid arthritis, ulcerative colitis, psoriasis,
insulin-dependent diabetes mellitus, and giant cell arteri-
tis), adjusting for the covariates mentioned above. The
analysis was repeated with data obtained from White
British UK Biobank participants alone (N5409,601).

PRS analyses with the UKBiobank data.Before polygenic risk
profiling, we first performed a standard GWAS quality
control procedure on genotyping data from 408,885 White
British participants (22), leaving 376,871 participants for
further analyses (see the Supplementary Methods section in
the online supplement).

To generate PRSs for stress-related disorders, we re-
stricted the analysis to single-nucleotide polymorphisms
(SNPs) available in both the base data set (i.e., GWAS sum-
mary statistics of stress-related disorders from iPSYCH [19])
and the target data set (i.e., UK Biobank genotyping data
that passed thequality control assessment) (seeFigure S3 in
the online supplement).We further excluded variants with
ambiguous strands and those meeting a linkage disequilib-
rium (LD) threshold of r2.0.1 in the 250-kb window, leaving
196,130 SNPs with relative independence for the PRS cal-
culation. PRSs were computed as the sum of SNP dosages
weighted by the allele effect across all SNPs in the target data
set under p thresholds of 5310–8, 1310–6, 1310–4, 1310–3,
0.01, 0.05, 0.1, 0.2, 0.3, 0.4, and 0.5. PLINK (version 1.9) was
used for the polygenic risk profiling. In a validation step, we
observed statistically significant associations between stan-
dardized PRSs for stress-related disorders and clinical
diagnoses of stress-related disorders in the UK Biobank
population using logistic regressionmodels (see Table S4 in
the online supplement), adjusting for sex, birth year, gen-
otyping array, and the first five principal components. The
calculation of PRSs for PTSDwas not feasible because there
were no publicly available data from awell-poweredGWAS
for PTSD using independent European-ancestry samples
(i.e., without UK Biobank participants) (20).

To perform a GWAS and generate PRSs for autoimmune
disease as a single group (i.e., any autoimmune disease), the
available genotyping data from the UK Biobank study were
randomly split into a base data set (N5184,028) and a target
data set (N5192,843) (see Figure S3 in the online supple-
ment). To avoid the influence of the phenotypic association
(i.e., the association between stress-related disorders and
autoimmune disease) on the identification of genetic profiles
related to autoimmune disease, individualswith stress-related
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disorderswere excluded in the generation of GWAS summary
statistics for autoimmune disease. The PRS calculation was
based on 293,355 SNPs with relative independence and was
performed following steps similar to those described above
(see Table S5 in the online supplement).

We then tested the associations between the calculated
PRSs for stress-related disorders and risk of autoimmune
disease and vice versa by using logistic regressionmodels inR
(version 3.4.3), adjusting for sex, birth year, genotyping array,
and the first five principal components. The estimates de-
rived from themodel with the highest R-squared value (i.e., a
measurement of the largest variance explained by another
trait) are reported (see Figure S4 in the online supplement).

We repeated the same steps (i.e.,GWASandPRSanalyses)
for the six most common autoimmune diseases (see Figures
S5–S7 and Tables S6–S11 in the online supplement). Satis-
factory agreement was shown between our GWAS results
(based on theUKBiobank data) and publicly available GWAS
summary statistics for these diseases (e.g., autoimmune
thyroid disease [23], rheumatoid arthritis [24], ulcerative
colitis [25], and insulin-dependentdiabetesmellitus [26]) (see
Table S1 in the online supplement) based on LD score re-
gression (27) (see details in the Supplementary Methods
section in the online supplement) and based on a comparison
of the top SNPs (see Figure S8 in the online supplement),
with genetic correlations (rg) ranging from 0.52 to 1.11, and
overlap in the topSNPs,which ranged from10.00%to60.34%
(see Tables S12–S15 in the online supplement).

Genemappingand enrichment analyses usingGWASsummary
statistics. First, LD score regression was applied to verify the
existence of genetic correlations between stress-related dis-
orders (any disorder or PTSD) and autoimmune disease based
on aggregate-level genetic data (i.e., summary statistics). By

using the sameGWAS summary statistics as thosementioned
above, we identified lead SNPs and mapped risk genes for
stress-related disorders (p thresholds,1310–5, LD r2,0.1),
PTSD (p thresholds ,1310–5, LD r2,0.1), and autoimmune
disease (p thresholds,5310–8, LD r2,0.1) separately, using
FUMA (http://fuma.ctglab.nl/) (28). The strategies for gene
mapping included positional mapping, expression quantita-
tive trait locimapping based on theGTEx v8Project (29), and
chromatin interaction mapping (30, 31). The common risk
genes for any stress-related disorder and autoimmune
disease and those for PTSD and autoimmune disease were
identified and annotated with a short description of func-
tional relevance, based on the Gene Ontology database.
Statistical significance of the number of shared genes was
tested using a hypergeometric test. The genetic overlap of
these two phenotypes at the level of pathways was subse-
quently explored using the protein-protein interaction
(PPI) network analysis in Metascape, a web-based bio-
informatics resource for comprehensive gene annotation
and analysis (https://metascape.org/) (32). In addition to
using GWAS summary statistics based on UK Biobank for
any autoimmune disease, we performed similar analyses
using published GWAS summary statistics for autoimmune
thyroid disease (the most common type of autoimmune
disease in the UK Biobank) (20, 23).

RESULTS

Analyses Using Swedish Family Data
Individuals with any stress-related disorder were at higher
risk of autoimmune disease compared with individuals
without a stress-related disorder (odds ratio51.66, 95%
CI51.63–1.69) (Figure 2). In the familial coaggregation
analysis, the odds of having both diseases in a pair of relatives

FIGURE 2. Phenotypic associations between stress-related disorders (any disorder or posttraumatic stress disorder) and autoimmune
disease, based on family data in Swedena

 Stress-Related Posttraumatic 
 Disorders Stress Disorder

Type of Cohort Odds Ratio (95% CI) Odds Ratio (95% CI)

Within individuals 1.66 (1.63–1.69) 1.78 (1.70–1.87)

Monozygotic twins 1.51 (1.09–2.07) 1.48 (0.58–3.83)

Dizygotic twins 1.28 (0.97–1.68) 1.21 (0.52–2.83)

Full siblings 1.16 (1.14–1.18) 1.20 (1.14–1.26)

Maternal half siblings 1.05 (1.02–1.09) 1.04 (0.95–1.15)

Paternal half siblings 1.06 (1.03–1.10) 1.05 (0.95–1.15)

Cousins 1.05 (1.04–1.06) 1.05 (1.02–1.08)

Half cousins 1.01 (0.98–1.03) 1.02 (0.95–1.10)

0.5 1.0 1.25 2.251.5 2.0 2.5

Odds Ratio (95% CI)

Stress-related disorders

Posttraumatic stress disorder

aOdds ratiosand95%confidence intervalswereobtained fromthe individual-level analysisperformedamongall eligibleparticipantsand fromthewithin-
relative-pair analysis performed in the cohorts of different kinships, adjusted for birth year and sex. The numbers of observations for each cohort are
as follows: 4,123,631 in the within-individual analysis; 12,718 in the analysis of monozygotic twins; 20,374 in the analysis of dizygotic twins; 5,246,854
in the analysis of full siblings; 700,488 in the analysis ofmaternal half siblings; 879,724 in the analysis of paternal half siblings; 17,371,852 in the analysis of
cousins; and 1,811,878 in the analysis of half cousins.
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decreased with descending kinship or genetic relatedness
of the pair (Figure 2). The highest odds ratio, 1.51 (95%
CI51.09–2.07)was found formonozygotic twins, followedby
1.28 (95% CI50.97–1.68) for dizygotic twins and 1.16 (95%
CI51.14–1.18) for full siblings. There was no excess risk for
half cousins (odds ratio51.01, 95% CI50.98–1.03). Although
there was a smaller number of PTSD patients (i.e., thosewith
PTSD accounted for 6.2% of all individuals with a stress-
related disorder based on the Swedish National Patient
Register) (see Table S16 in the online supplement) and
thereby limited statistical power, we obtained an identical
pattern of results in the analyses for PTSD and autoimmune
disease (Figure 2).

Analyses Using the UK Biobank Data
We found odds ratios of 1.28 (95% CI51.22–1.35) and 2.13
(95% CI51.85–2.45) for autoimmune disease among indi-
viduals with a diagnosis of any stress-related disorder
(Figure 3) and with an inpatient diagnosis of any stress-
related disorder (see Figure S9 in the online supplement).
The corresponding odds ratios for individualswith anyPTSD
and inpatient PTSD were 1.79 (95% CI51.52–2.11) (Figure 3)
and 2.35 (95% CI51.90–2.91) (see Figure S9 in the online
supplement), respectively. We obtained comparable esti-
mates across autoimmune diseases, and these estimates

remained largely identicalwhen theanalysiswas restricted to
White British participants (Figure 3; see Figure S9 in the
online supplement).

The PRS analyses demonstrated a contribution of genetic
components to the observed phenotypic association: there
was an association between the PRS for stress-related dis-
orders and the risk of autoimmune disease (at pthreshold,0.3,
odds ratio51.05, 95% CI51.04–1.06, p53.23310–24), as well
as associations between the PRS for autoimmune disease
and the risk of a diagnosis of any stress-related disorder
(at pthreshold,0.3, odds ratio51.06, 95% CI51.04–1.08,
p55.36310–8) andan inpatient diagnosis of any stress-related
disorder (odds ratio51.13, 95% CI51.05–1.21, p52.88310–3)
(Table 1). In the analyses of specific autoimmune diseases,
although we obtained consistently statistically significant
odds ratios for the associations between PRSs for stress-
related disorders and risk of autoimmune disease (ranging
from 1.03 [95%CI51.00–1.07] to 1.08 [95%CI51.04–1.12])
(Table 1), the associations between PRSs for specific
autoimmune diseases and the risk of stress-related dis-
orders were somewhat attenuated. We obtained similar
patterns of results when the PRSs of specific autoimmune
diseases were calculated based on publicly available
GWAS summary statistics (see Table S17 in the online
supplement).

FIGURE 3. Associations between stress-related disorders (any disorder or posttraumatic stress disorder) and autoimmune diseasea

 Stress-Related Disorder Posttraumatic Stress Disorder

 Yes No Odds Ratio Yes No Odds Ratio

Disease (patient N / percent of sample) (95% CI) (patient N / percent of sample) (95% CI)

All UK Biobank participants (N=502,488)

Any autoimmune disease 1,896 / 16.35% 63,251 / 12.88% 1.28 (1.22–1.35) 190 / 20.99% 64,957 / 12.95% 1.79 (1.52–2.11)

Autoimmune thyroid disease  957 / 8.25% 28,778 / 5.86% 1.32 (1.23–1.41) 84 / 9.28% 29,651 / 5.91% 1.78 (1.41–2.24)

Rheumatoid arthritis 260 / 2.24% 8,847 / 1.80% 1.21 (1.07–1.37) 28 / 3.09% 9,079 / 1.81% 1.65 (1.13–2.42)

Ulcerative colitis  140 / 1.21% 4,936 / 1.01% 1.24 (1.05–1.47) 14 / 1.55% 5,062 / 1.01% 1.45 (0.85–2.46)

Psoriasis  157 / 1.35% 4,897 / 1.00% 1.35 (1.15–1.59) 18 / 1.99% 5,036 / 1.00% 1.63 (1.02–2.60)

Insulin-dependent diabetes mellitus 132 / 1.14% 4,552 / 0.93% 1.26 (1.06–1.50) 22 / 2.43% 4,662 / 0.93% 1.85 (1.20–2.84)

Giant cell arteritis/ 101 / 0.87% 4,185 / 0.85% 1.27 (1.04–1.55) 8 / 0.88% 4,278 / 0.85% 1.60 (0.79–3.22)
 polymyalgia rheumatica

White British UK Biobank participants (N=409,601)

Any autoimmune disease 1,576 / 16.47% 51,653 / 12.91% 1.28 (1.21–1.36) 136 / 20.64% 53,093 / 12.98% 1.74 (1.43–2.11)

Autoimmune thyroid disease  802 / 8.38% 23,501 / 5.87% 1.33 (1.24–1.44) 61 / 9.26% 24,242 / 5.93% 1.76 (1.34–2.31)

Rheumatoid arthritis 219 / 2.29% 7,182 / 1.80% 1.24 (1.08–1.42) 18 / 2.73% 7,383 / 1.81% 1.46 (0.91–2.34)

Ulcerative colitis  120 / 1.25% 3,983 / 1.00% 1.30 (1.08–1.56) 8 / 1.21% 4,095 / 1.00% 1.12 (0.56–2.26)

Psoriasis  133 / 1.39% 3,998 / 1.00% 1.38 (1.16–1.64) 15 / 2.28% 4,116 / 1.01% 1.79 (1.07–2.99)

Insulin-dependent diabetes mellitus 111 / 1.16% 3,489 / 0.87% 1.36 (1.12–1.65) 18 / 2.73% 3,582 / 0.88% 2.24 (1.39–3.61)

Giant cell arteritis/ 85 / 0.89% 3,605 / 0.90% 1.23 (0.99–1.54) 6 / 0.91% 3,684 / 0.90% 1.52 (0.68–3.42)
 polymyalgia rheumatica

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Stress-related disorders

Posttraumatic stress disorder

Odds Ratio (95% CI)

aOdds ratios and 95% confidence intervals were estimated by logistic regression model, adjusting for sex, birth year, sociodemographic factors (race/
ethnicity, Townsend deprivation index, educational attainment, and annual household income), and lifestyle factors (bodymass index, drinking status,
and smoking status). N5number of individuals (patients and those without a stress-related disorder) with the corresponding autoimmune disease.
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Identification of Shared Genes and Pathways
The degree of pleiotropy or genetic overlap between stress-
related disorders and autoimmune disease was estimated
using cross-trait LD score regression, and a coefficient (rg) of
0.26 (95% CI50.14–0.38, p51.30310–5) corroborated a
positive genetic correlation between the two phenotypes
(Figure 4A). We merged 635 FUMA-annotated risk genes
of stress-related disorders and 989 risk genes of auto-
immune disease and identified 10 common genes
(hypergeometric test: p54.51310–6) (Figure 4B) that
mainly included genes relevant to the regulation of a
variety of cytokine signaling–related biological processes
and immune-related disease. The PPI network analysis
detected five densely connected regions, that is, molec-
ular complex detection (MCODE) components, that were
assembled by both genes associated with stress-related
disorders and those associated with autoimmune disease
(Figure 4C). The five MCODE components were marked
as components relevant to pathways of “signaling by G
proteins/G protein coupled receptors (GPCRs),” “cilium
assembly,” “membrane trafficking,” “eukaryotic transla-
tion initiation,” and “cell cycle,” according to the putative
biological roles annotated by the functional enrichment
analysis applied to each complex (the top three enriched
pathways of each complex are shown in Table S18 in the
online supplement).

The gene mapping and PPI network analyses for autoim-
mune thyroid disease recapitulated the above findings; these
analyses showed a genetic correlation between stress-related
disorders and autoimmune thyroid disease (rg50.14, 95%
CI50.03–0.25, p50.01) (see Figure S10 in the online sup-
plement) and identified three of the aforementioned shared
MCODE components, including those relevant to “signaling
by G proteins/GPCRs,” “cilium assembly,” and “membrane
trafficking” (see Figure S10 and Table S19 in the online
supplement).

The analyses for PTSD, using the summary statistics from
the largest GWAS of PTSD (23,212 PTSD cases and 151,447
controls) (20), also recapitulated the above results; the an-
alyses demonstrated a similar genetic correlation in LD re-
gression (autoimmune disease: rg50.39, 95% CI50.24–0.54,
p52.79310–7; autoimmune thyroid disease: rg50.22, 95%
CI50.10–0.35, p55.00310–5) (see Figures S11–S12 in the
online supplement) and identified several identical shared
genes and pathways, including the “signaling by G proteins/
GPCRs” pathway, in genemapping and PPI network analyses
(see Figures S11–S12 and Tables S20–S23 in the online
supplement).

DISCUSSION

To our knowledge, this is thefirst comprehensive assessment
of the genetic associations between stress-related disorders
and autoimmune disease. The existence of genetic overlap
between stress-related disorders and autoimmune disease
was shown in both familial coaggregation analyses (i.e., a
decreasing concurrence of these diseases with descending
kinship or genetic relatedness of pairs of relatives) and PRS
analyses based on individual-level genotyping data (i.e., a
genetic association between these diseases). Furthermore,
using GWAS summary statistics, we identified 10 genes and
five functional modules shared between these two pheno-
types. Because all of these main findings were confirmed
when the analysis was focused on PTSD, which is the most
severe and well-defined subtype of stress-related disorders,
our results highlight potential biological mechanisms that
may partially explain the observed phenotypic associations
between stress-related disorders and autoimmune disease.

Epidemiological studies have consistently reported an
increased risk of autoimmune disease, any type and specific
types, among patients with stress-related disorders, partic-
ularly PTSD, using national register data (6) and cohort

TABLE 1. Genetic associations between stress-related disorders and autoimmune diseasea

PRS for Stress-RelatedDisorder and
Risk of Autoimmune Disease

PRS for Autoimmune Disease and
Risk of Any Stress-Related Disorder

PRS for Autoimmune Disease and
Risk of Inpatient Stress-Related

Disorder

Disease
Odds
Ratio 95% CI p

Odds
Ratio 95% CI p

Odds
Ratio 95% CI p

Autoimmune disease 1.05 1.04–1.06 3.23310–24 1.06 1.04–1.08 5.36310–8 1.13 1.05–1.21 2.88310–3

Specific disease types
Autoimmune thyroid

disease
1.05 1.03–1.06 1.37310–11 1.04 1.02–1.07 9.94310–5 1.1 1.02–1.17 9.11310–3

Rheumatoid arthritis 1.06 1.03–1.09 2.07310–6 1.04 1.02–1.06 8.71310–4 0.98 0.91–1.04 0.471
Ulcerative colitis 1.03 1.00–1.07 0.051 0.98 0.96–1.00 0.108 0.94 0.88–1.01 0.097
Psoriasis 1.06 1.02–1.09 1.07310–3 1.04 1.02–1.06 3.02310–4 1.02 0.96–1.10 0.49
Insulin-dependent

diabetes mellitus
1.08 1.04–1.12 1.52310–5 0.98 0.96–1.00 0.127 0.98 0.91–1.05 0.529

Giant cell arteritis 1.05 1.02–1.09 2.75310–3 1.02 1.00–1.05 0.038 0.97 0.90–1.04 0.352

a Polygenic risk score (PRS) for stress-related disorders was calculated based on genome-wide association study (GWAS) summary statistics from iPSYCH. PRS
for autoimmune disease was calculated based on GWAS summary statistics from a subset of UK Biobank participants. Odds ratios and 95% confidence intervals
(perone-standard-deviation increase in thecorrespondingPRS)wereestimatedby logistic regressionmodels, adjusted forage, sex,genotypingarray,andancestry
principal components.
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studies of veterans (7), female nurses (33), and traumatized
individuals (34). Moreover, in addition to the documented
association with disease onset, the role of stressful life

events in the exacerbation or relapse of autoimmune dis-
ease, such as ulcerative colitis (35), multiple sclerosis (36),
andGraves’disease (37), has also beendescribed in previous

FIGURE 4. Identification of genes and pathways shared by stress-related disorders and autoimmune diseasea

A. Genetic association and overlap between gene lists

B. Risk genes shared by stress-related disorders and autoimmune disease risk

C. Shared MCODE components identified in protein-protein interaction 
 network and the top pathways of the corresponding components
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• GPCR downstream 
 signaling

• Intraflagellar transport
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 maintenance
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• Membrane 
 trafficking
• Vesicle-mediated 
 transport

• L13a-mediated translational silencing of
 ceruloplasmin expression
• GTP hydrolysis and joining of the 60S
 ribosomal subunit
• Cap-dependent translation initiation

• Centrosome maturation
• Recruitment of mitotic centrosome
 proteins and complexes
• Anchoring of the basal body to the
 plasma membrane

Signaling by G proteins/GPCR Cilium assembly Membrane

trafficking

Eukaryotic translation initiation Cell cycle

Disease

GWAS  

data 

source

Genetic association assessed 

by LD score regression

Statistics of input gene lists 

in PPI enrichment analysis

rg 

(95% CI) p

Number of

Entrez gene IDs Color

Autoimmune 

disease

UK  

Biobank 0.26  

(0.14–0.38)
1.30 × 10–5

989

Stress-related 

disorders
iPSYCH 635

Gene ID Gene Symbol Description Biological Process (GO) Related Disease

692215 SNORD112 small nucleolar RNA, C/D box 112 GO:0006396; RNA processing

343727 CYCSP42 CYCS pseudogene 42 Breast cancer; Crohn’s disease; inflammatory bowel disease;  

ulcerative colitis; chronic inflammatory diseases; autoimmune disease; 

chronic kidney disease; cardiovascular disease; hypothyroidism; 

asthma; autoimmune thyroid disease; Parkinson’s disease

100874190 SAMSN1-AS1 SAMSN1 antisense RNA 1

81025 GJA9 gap junction protein alpha 9 GO:0007267; cell-cell signaling Serum levels of protein SPINT1; blood protein levels

261735 TVP23CP2 TVP23C pseudogene 2

26781 SNORA67 small nucleolar RNA, H/ACA box 67 GO:0006396; RNA processing

26292 MYCBP MYC binding protein GO:0007283; spermatogenesis Blood protein levels; protein levels in obesity

Coronary atherosclerosis; blood protein levels; diffuse plaques64092 SAMSN1 SAM domain, SH3 domain and 

nuclear localization signals 1

GO:0050869; negative regulation of  

B cell activation

2013 EMP2 epithelial membrane protein 2 GO:2001046; positive regulation of 

integrin-mediated signaling pathway

Breast cancer; interferon gamma levels; attention deficit hyperactivity 

disorder; eating disorders

64121 RRAGC Ras related GTP binding C GO:1903432; regulation of TORC1 

signaling

Neutrophil count; white blood cell count; self-reported math ability; 

sex hormone-binding globulin levels

a Panel A shows the genetic associations and overlap between gene lists. Each candidate gene is assigned to one spot on the arc of the corresponding
gene lists.Darkorange represents thegenes that appear inboth lists and lightorange represents genes that areunique to that gene list. Purple curves link
identical genes, and blue curves link genes that have different identities but share an enriched pathway or process (i.e., they represent the functional
overlaps between gene lists). Panel B shows the risk genes shared by stress-related disorders and autoimmune disease. The short description for
identical geneswere annotated using theMetascape tool, and the related diseases are reported based on theGWASCatalog. Panel C shows the shared
MCODEcomponents identified inprotein-protein interactionnetworkand the toppathwaysof thecorrespondingcomponents.GWAS5genome-wide
association study; MCODE5Molecular Complex Detection algorithm; rg5genetic correlation.
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investigations. Nevertheless, there is limited knowledge about
the underlying mechanisms of the observed phenotypic as-
sociations. Previous studies have described alterations in
pathways of the neuroendocrine and immune systems, for
example, altered cortisol concentrations and dysregulation of
innate and adaptive immunity, in both stress-related disorders
(38) and autoimmune disease (14, 15, 39). In addition, based on
GWAS summary statistics, significant genetic correlations
havebeenobservedbetweenseveralpsychiatricdisorders (e.g.,
schizophrenia and major depression) and immune-related
phenotypes (40). Moreover, using whole-transcriptome RNA-
seqgeneexpressiondata,astudyof188U.S.Marinesfoundthata
discrete group of coregulated genes relevant to PTSD devel-
opment was enriched for functions of the innate immune re-
sponse and interferon signaling (41). Adding to the existing
literature, our results demonstrate the contribution of genetic
factors to phenotypic associations between stress-related dis-
ordersandautoimmunediseaseand identifypotential biological
pathways underlying such associations.

The five identified shared functional modules (i.e.,
MCODEcomponents), characterizedby their biological roles
in pathways as “signaling by G proteins/GPCRs,” “cilium
assembly,” “membrane trafficking,” “eukaryotic translation
initiation,” and “cell cycle,” represent novel targets for fur-
ther study. The first three modules were identified in the
analyses using both GWAS results generated from UK Bio-
bank (for any autoimmune disease) and publicly available
GWAS results for autoimmune thyroid disease, demon-
strating the reliability of the results and the significance of
these genes and their related pathways for the phenotypic
association between stress-related disorders and autoim-
mune disease in general. Indeed, existing evidence has
revealed the crucial role of GPCRs in inflammation and
multiple activities related to autoimmune disease (42). Bio-
logically, as transmembrane proteins, GPCRs respond to a
wide variety of extracellular signals and transduce such
signals to intracellular signaling pathways via coupling to G
proteins, which could regulate a wide range of immune re-
sponses (43), such as the regulation of T cell migration (44)
and cAMP-dependent protein kinases (45). Both GPCR
pathways and cAMP-dependent molecules have been asso-
ciated with the pathogenesis of multiple autoimmune dis-
eases, including rheumatoid arthritis (46, 47), multiple
sclerosis (48), systemic lupus erythematosus (49), and au-
toimmune thyroid disease (50). Likewise, experimental
studies have indicated that molecules in the GPCR pathway
could mediate stress responses, such as sustained high
anxiety- and depressive-like behaviors, after exposure to
trauma or severe stress (51). The activation of cGMP- or
cAMP-related neuroprotective molecules might also protect
mice against PTSD-like stress-induced traumatic injury (52,
53). Supportive data are also available for cilium-related
genes and signaling pathways, which have been suggested
to have an important role in autoimmune thyroid disease (54)
and major psychiatric disorders (55). Data on the other
identified functionalmodulesare limited.Nevertheless, these

findingsmight shed lighton thepotential genetic components
responsible for the co-occurrence of stress-related disorders
and autoimmune disease.

Notable study strengths include the combined use of
multiple data sources—population-based family data, indi-
vidual genotyping data, and summary GWAS data—which
enabled an assessment of the associations between stress-
related disorders and autoimmune disease from the pheno-
typic to the molecular level. The consistent results noted
across all analyses, including the familial coaggregation an-
alyses, PRS analyses, and LD score regression analyses, in-
dicate the validity of these findings.

Nevertheless, this study has several limitations. First, due
to the lack of GWAS summary statistics for autoimmune
disease, the UK Biobank data set was used for the GWAS
and subsequent PRS analysis of autoimmune disease. We
addressed the influence of dependent samples by randomly
splitting the UK Biobank population into base and test data
sets, and the exclusion of individuals with stress-related
disorders from the autoimmune disease GWAS (56) might
have led to a conservative estimation of polygenic risk asso-
ciation.Nevertheless,we still observed significant associations
between autoimmune PRSs and stress-related disorders,
providing strong support for the existence of their genetic
correlation. Second, it was not feasible to conduct separate
analyses for all individual autoimmune diseases, particularly
in theSwedishsample,wheresmallnumberof identifiedcases
were found in the kinship cohorts. Thus,we opted to consider
all autoimmune diseases together in the main analysis but
performed separate analyses for the six most common au-
toimmune diseases using the UK Biobank data. Further in-
vestigation of the genetic association between stress-related
disorders andotherautoimmunediseases iswarranted.Third,
because only a few genetic loci were identified for stress-
related disorders in previous GWASs (19), our exploration on
the shared genetic mechanisms between stress-related dis-
orders and autoimmune disease provides only suggestive
evidence. The importance of shared functional modules, in-
cluding the module characterized by GPCR pathways, as a
biological basis for the high co-occurrence of stress-related
disorders and autoimmune disease needs to be replicated in
independent samples and verified in functional studies. Fi-
nally, similar attempts with more powerful GWAS summary
data are needed to comprehensively identify the precise bi-
ological similarities between these two diseases.

In summary, using large population-based and diverse
phenotypic data with rich genetic information, our study
demonstrated a genetic overlap between stress-related dis-
orders and autoimmune disease, highlighting the importance
of the sharedgenes and functionalmodules, including theone
related to GPCR pathways, in the noted phenotypic associ-
ations between these disorders. These results have impli-
cations for an improved understanding of the common
biological mechanisms underlying these diseases and might
reveal opportunities for refined efforts in disease prevention
and intervention.
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Examination Questions for Genetic Associations Between Stress-Related Disorders 
and Autoimmune Disease

1. What methods and dataset were used to explore genetic associations between 

stress-related disorders and autoimmune disease in the study?

A. Familial co-aggregation analyses using family data from Swedish national registers

B. Polygenic risk score (PRS) analyses based on individual-level genotyping data of 

the UK Biobank

C. Genetic correlation analyses and enrichment analyses based on GWAS summary 

statistics

D. All of the above

2. Which of the following fi ndings was obtained from the familial co-aggregation 

analysis, indicating a genetic link between stress-related diseases and autoimmune 

diseases?

A. The study found a phenotypic association between any diagnosis of stress-related 

disorders and autoimmune disease with an odds ratio of 1.28

B. Research observed statistically signifi cant positive associations between PRS of 

stress-related disorders and autoimmune disease, as well as between PRS of 

autoimmune disease and stress-related disorders

C. The odds of having both diseases in a pair of relatives decreased with descending 

kinship or genetic relatedness of the pair

D. Research found a genetic correlation of 0.26 (0.14–0.38) between these two 

phenotypes, and identifi ed 10 common genes and 5 shared functional modules, 

including one module related to the pathways of G-protein coupled receptors

3. Which of the following shared functional modules were identifi ed in the analyses 

using both GWAS results generated from the UK Biobank (for any autoimmune 

disease) and publicly available GWAS results for autoimmune thyroid disease?

A. Only “signaling by G proteins/GPCR”

B. “Signaling by G proteins/GPCR,” “cilium assembly,” and “membrane traffi  cking”

C. “Eukaryotic translation initiation” and “cell cycle”

D. All of the above
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