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ABSTRACT

Background: Bullous pemphigoid (BP) and atopic dermatitis (AD) are currently thought to be tightly related, yet studies of the
mechanisms of co-morbidities are lacking.

Methods: We obtained GWAS data for BP (N=376,274) and AD (N=796,661) from the Finnish Genetic Research Program
dataset and the UK Biobank, separately. Then, the following four analyses were performed: (1) cross-trait linkage disequilib-
rium score regression (LDSC) to assess the genetic correlation between BP and AD, (2) cross-phenotype association analysis
(CPASSOC) to identify multiple effector loci shared by BP and AD, (3) transcriptome-wide association study (TWAS) to deter-
mine whether their cross-organizational expression patterns share genes with a common biological mechanism of relevance, and
(4) bidirectional Mendelian randomization (MR) analysis to assess bidirectional causal effects of BP and AD.

Results: We found a positive genetic association between BP and AD (rg =0.5476, p=0.0495) as well as identified four pleiotropic
loci and 59 common genes affecting BP and AD. Bidirectional MR analysis suggested that BP promotes the risk of AD.
Conclusions: We revealed a genetic link between BP and AD, which is associated with biological pleiotropy and causality.
Awareness of the association between BP and AD helps dermatologists manage patients with these illnesses.

Abbreviations: AD, atopic dermatitis; BP, bullous pemphigoid; CPASSOC, cross-phenotype association analysis; eQTL, expression quantitative trait loci; GTEx, Genotype-Tissue Expression
Project; GWAS, genome-wide association study; HSV-1, herpes simplex virus 1; I'Vs, instrumental variables; IVW, inverse variance weighting; LD, linkage disequilibrium; LDSC, linkage

disequilibrium score regression; MR, Mendelian randomization; MR-PRESSO, MR pleiotropy residual sum and outlier; RCTs, randomized controlled trials; SMR, summary-based Mendelian
randomization; TWAS, transcriptome-wide association study.
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1 | Introduction

Bullous pemphigoid (BP) is the most common autoimmune bul-
lous skin disease, presenting as pruritic, tense blisters on an er-
ythematous base or normal skin (Bagcl et al. 2017). Commonly
found in the elderly population, BP has considerable morbidity
and mortality (Persson et al. 2022). The occurrence of BP is as-
sociated with autoimmunity, genetic susceptibility, and external
triggers, with BP180 and dystonin-e as target antigens (Bagc1
et al. 2017; Moro et al. 2020). Patients with BP may have raised
serum total IgE levels and increased peripheral eosinophilia
(Yayli et al. 2011).

Atopic dermatitis (AD) is an inflammatory skin disease, with a
prevalence of 15 to 20% among children and up to 10% among
adults, as well as the highest disease burden among skin dis-
eases (Laughter et al. 2021). The pathogenesis of AD is related
to genetics, environmental factors, immune dysregulation,
skin barrier function, and skin inflammation and its interac-
tions (Stdander 2021). AD is presented clinically as skin dryness,
chronic and recurrent eczema, and severe itching, and one
of the main features of AD is elevated serum total IgE levels
(Kasperkiewicz et al. 2018).

Currently, it is considered that there is a close relationship be-
tween BP and AD, both of which are disorders in which the T-
helper cell (Th2) response predominates, and the patients both
have elevated serum IgE levels and Thymic stromal lympho-
poietin (Hu and Zhang 2022). Zhang et al. (2018) found that
the mice that lacked BP180 function developed spontaneous
skin inflammation, similar to AD skin inflammation. Wu
et al. (2023) observed that patients with both BP and AD have
higher rates of co-morbid cardiovascular risk factors, neuro-
psychiatric disorders, and autoimmune connective tissue dis-
eases. This needs to be brought to the attention of clinicians.
Yet, there is a lack of research on the co-morbid relationship
between BP and AD.

For this study, we aim to extend previous findings by a large-
scale genome-wide cross-trait analysis. First, we analyzed the
overall genetic correlation between BP and AD, then cross-trait
meta-analysis was adopted to screen potential functional genes
shared by both, meanwhile transcriptome association studies
(TWAS) were utilized to search for common underlying biolog-
ical mechanisms. Last, Mendelian randomization (MR) was ap-
plied to analyze whether there is a causal relationship between
BP and AD.

2 | Materials and Methods

2.1 | GWAS Data Sources for Bullous Pemphigoid
and Atopic Dermatitis

GWAS statistics for BP are summarized from the FinnGen
research project, a dataset consisting of 507 patients with BP
and 375,767 control participants of European ancestry. We ac-
quired GWAS data for AD from the UK Biobank, which in-
cluded 22,474 European ancestry cases and 774,187 European
ancestry controls. Most importantly, the diagnosis of BP and
AD follows the 10th edition of ICD codes (Kurki et al. 2023).
We obtained indexed SNPs from GWAS and summarized
the statistics. In addition, we used all genetic analyses that
were in contrast to the human reference genome build 37 (or
hg19). The detailed research steps in this paper are shown in
Figure 1.

2.2 | Genetic Correlation Analysis

In the current study, we analyzed the overall genetic correlation
between BP and AD using the linked disequilibrium score re-
gression (LDSC) (Bulik-Sullivan et al. 2015), which yielded esti-
mates ranging between —1 and 1, such that 1 denotes a complete
positive genetic correlation, as opposed to —1, which indicates a
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complete negative genetic correlation. In this study, we utilized
pre-calculated linkage disequilibrium (LD) scores acquired
from the common SNP of European origin represented in the
HapMap3 reference panel, which are usually recognized as
SNPs with high quality.

2.3 | Cross-Trait Meta-Analysis

We performed a cross-trait meta-analysis on the single SNP
level by cross-phenotype association analysis (CPASSOC),
which integrates a summary of GWAS statistics for multiple
correlated traits (Zhu et al. 2015). CPASSOC provides two test
statistics, Sy, and S;;... Here, we applied paired S, which
is an expansion of S, with greater capability in the presence
of multiple genetic effects and which is more commonly used
(Liu et al. 2022). We also obtained individual SNPs utilizing the
PLINK clumping function that was parameterized to clump-p
0.99, clump-r2 0.2, and clump-kb 500 (Purcell et al. 2007). The
major pleiotropic SNPs were necessary to achieve genome-wide
conspicuousness in paired traits (pp,gsoc < 5% 1078) and single
traits (pSingle wrait <1X1073). Moreover, we performed specific
functional annotations via the dbSNP database.

Het

2.4 | Transcriptome-Wide Association Study
(TWAS)

CPASSOC does not take into account gene expression or tissue
specificity, however, many genetic variants affect complex traits
by regulating gene expression levels (Gusev et al. 2016). Thus, we
performed a TWAS by utilizing Summary-based MR software
that identifies relevant genes whose cross-tissue expression pat-
terns indicate the occurrence of a shared biological mechanism.
At first, we obtained summary-level data on blood expression
quantitative trait loci (¢QTL) provided by the eQTLGen consor-
tium, as well as skin datasets published by the Genotype-Tissue
Expression Project (GTEx) Publishes Final Dataset (V8), which
were combined to perform single-trait TWAS analyses. Then,
the above TWAS results were cross-tabulated to test whether
they were commensurable across traits. The Reactome knowl-
edgebase contains signal transduction, transporter, DNA rep-
lication, metabolism, etc. Finally, we analyzed the intersecting
genes of BP and AD by the Reactome knowledgebase.

2.5 | Bidirectional MR

In this study, we assessed the causal relationship between BP
and AD via bidirectional MR analysis. The inverse variance
weighting (IVW) technique was used, which assumes that all
instrumental variables (IVs) are useful since biased results re-
sulteven from an ineffective instrument (Burgess, Butterworth,
and Thompson 2013). Moreover, we conducted sensitivity anal-
yses such as the MR Egger, the weighted median, the simple
model, and the weighted models. We calculated Cochran's Q-
value for assessing IV heterogeneity. Besides, we used the MR
pleiotropy residual sum and outlier (MR-PRESSO) framework.
Crucially, to account for pleiotropy, the outlier test eliminates
outliers in the global test for pleiotropy detection between
1Vs, if noteworthy (Verbanck et al. 2018). We conducted a

leave-one-out analysis, which repeatedly eliminated each SNP
and used the remaining SNPs for the IVW approach, to inves-
tigate if causality estimates were caused by specific SNPs. To
ascertain if BP is impacted by AD genetic predisposition, we
conducted bidirectional MR in the meantime. Overall, BP and
AD were intersected for exposure and outcome for MR analy-
sis. This section involves MR analyses which were run in the
“Two-Sample MR” and “MR-PRESSO” packages in R software
(version 4.3.0).

3 | Results
3.1 | Overall Genetic Correlation

The LDSC is a tool that uses summary statistics to estimate
global correlation (Finucane et al. 2015). We used LDSC to per-
form preliminary analyses of genetic relationships for the BP
and AD data. Significantly, we found a positive correlation be-
tween BP and AD (rg=0.5476, p=0.0495).

3.2 | Cross-Trait Meta-Analysis

Table 1 displays the results of our CPASSOC analysis, which
identified four distinct pleiotropic SNPs with genome-wide sig-
nificance in paired traits (ppsssoc < 5% 107®) and significance in
a single trait (pSingle wrait <1x1073). BP and AD shared four SNPs
(rs7746553, rs943451, rs968155, 1s28383305), in which rs943451
is present in both. Especially, none of these four SNPs have been
previously described with BP or AD. The most important shared
locus was 18968155 (Ppassoc = 6-67099 X 1077), and the second sig-
nificant shared locus was 128383305 (ppy gsoc =4-48776 X 104,
yet both are located in non-coding sequences. Besides, rs7746553,
(Pepassoc=4-90332x107%), was near C2, CYP21A2, and CFB.
As well as 15943451 (pppgsoc=28-8038%107%) is located near
PRKCQ and PRKCQ-ASL.

3.3 | Transcriptome-Wide Association Studies

We identified 1173 genes that were associated considerably
with AD (Table S1) and 908 genes that were strongly related
to BP (Table S2). Subsequent cross-analysis of the single-trait
TWAS data showed that 59 genes were common to both BP
and AD (Table S3). Analyzing the shared genes by Reactome
Knowledgebase revealed that the shared genes were mainly en-
riched in herpes simplex virus 1 (HSV-1) infection and ubiquitin-
mediated proteolysis.

3.4 | Bidirectional MR
3.4.1 | The Causal Effect of BP on AD

Table S4 shows that we found 2433 independent SNPs
with a median (minimum, maximum) F-statistic of
34.79(20.85,108.83) that were used as genetic instrumen-
tal factors for BP. BP was shown to increase the risk of AD
(OR 1.04, 95% CI 1.018-1.068) using the IVW technique, and
comparable results were achieved using other approaches
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Cross-trait meta-analysis of BPand AD.
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including weighted median (Figure S1A). By using MR-
PRESSO, we were unable to identify any possible outliers,
and the MR-Egger intercept (p=0.7338) did not provide any
indication of multiple effects. Cochran's Q test result (Q =2.56,
p=0.634) did not reveal any heterogeneity in any of the in-
strument estimations. The scatter plots demonstrate how each
MR method's overall impact and each SNP's specific impact
on each outcome are displayed (Figure S1B). According to the
leave-one-out plots, it seems improbable that a few extreme
SNPs are the source of the association (Figure S1C).

3.4.2 | The Causal Effect of AD on BP

Within our study, 4684 independent genetic variants were as-
sociated with AD at genome-wide significant levels (Table S5),
with a median F-statistic (minimum, maximum) of 28.09 (20.64,
195.17). The IVW analysis showed that the risk of BP was not
increased by AD as an exposure factor (OR 1.258, 95% CI 0.954,
1.658). The IVW results and the outcome of the analysis employ-
ing MR Egger, weighted median, simple mode, and weighted
mode were in agreement (Figure S2A). There was no discern-
ible heterogeneity, according to Cochran's Q statistic (Q =70.15,
p=0.174). The MR-Egger intercept test yielded no pleiotropy
(p=0.1862), while the MR-PRESSO global test revealed no ev-
idence of horizontal multidirectional outliers. The scatterplot
displays the composite impacts of each approach as well as the
individual SNP effects, as shown in Figure S2B. Furthermore,
leave-one-out plots indicated that certain extreme SNPs were
unlikely to be responsible for the correlation (Figure S2C).

4 | Discussion

In this study, the largest specific GWAS statistics to date were
applied to conduct a genome-wide cross-trait analysis study of
BP and AD, including the genetic correlations, shared gene loci,
and their potential causal relationships.

Overall, we discovered that BP and AD had a positive genetic
association. Using cross-trait meta-analysis, we found four in-
dependent pleiotropic SNPs in this study. The first novel SNP
we identified, rs7746553, is positioned close to C2, CYP21A2,
and CFB.C2, namely Complement C2. Ring et al. (1979) ex-
amined the sera of patients with AD and discovered that the
hemolytic activity of serum C2 was significantly decreased in
five patients. The skin has been shown to express CYP21A2
(Slominski, Ermak, and Mihm 1996). CYP21A2 is associated
with adrenal steroidogenesis, and the dysregulation of extra-
adrenal glucocorticoid secretion affects a variety of autoim-
mune diseases, including AD (Slominski et al. 2020). CFB,
known as Complement Factor B, is a protein-coding gene,
which has been demonstrated to be markedly lower than nor-
mal in children with AD before treatment (Gora et al. 2014).
Also, CFB can be detected in the basement membrane zone of
the skin in patients with BP (Nelson et al. 2006). The second
novel SNP, rs943451, is located near PRKCQ and PRKCQ-ASI.
PRKCQ, called Protein Kinase C Theta, is a protein-coding
gene, which is associated with Crohn's disease (Zhang
et al. 2019). PRKCQ-AS1 is an RNA gene belonging to the In-
cRNA class. There is no literature on PRKCQ or PRKCQ-AS1
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in association with AD or BP. Both the third and fourth SNPs,
rs968155 and rs28383305, are located in the non-coding zone,
which is likely the result of LD.

From the TWAS analysis, we identified a total of 61 shared
genes between BP and AD. Subjecting the above genes to
Reactome Knowledgebase, they were mainly enriched in
HSV-1 infection and ubiquitin-mediated protein hydrolysis.
The infection with HSV-1 may trigger severe skin infections
in some patients with AD and may even spread throughout
the body. The proteins of HSV-1, especially gD, could induce
significant T cell- and mast cell-driven skin inflammation in
a mouse model of AD (Novak et al. 2021). Mdckel et al. (2022)
demonstrate that HSV-1 can indeed penetrate and initiate in-
fection in AD skin. Viral coinfections are a potentially serious
complication in patients with autoimmune bullous disease
(Lehman and el-Azhary RA. 2016). Nakamura et al. (2016)
have reported an elderly female patient diagnosed with BP
who had a positive cerebrospinal fluid sample for HSV1-DNA
by PCR. Ubiquitin protein hydrolysis is involved in basic phys-
iological functions such as immunological and inflamma-
tory response control and cell cycle regulation (Ciechanover,
Orian, and Schwartz 2000). The current research related to
ubiquitin hydrolysis involves neurodegenerative diseases
(Layfield, Cavey, and Lowe 2003), whereas studies related to
immune skin diseases are lacking.

Recently, a population-based retrospective cohort study in
Israel found that patients with a pre-existing diagnosis of AD
were at increased odds of suffering from BP, as well as an in-
creased risk of subsequent AD in patients with BP (Kridin
et al. 2022). Besides, in a population-based case—control study
in Taiwan, the relationship between AD and BP was explored
by logistic regression analysis, it was observed that AD in-
creased the risk of BP by 76% (Wu et al. 2023). However, our
findings are not completely consistent with these conclusions.
With bidirectional MR analysis, we found that BP, as an expo-
sure factor, increases the risk of developing AD. Surprisingly,
AD, as an exposure factor, is not causally related to the devel-
opment of BP. This may be related to population differences
in inclusion.

This is the first MR investigation to examine the cause-and-
effect connection between BP and AD. MR bears similarities
to RCTs or randomized controlled trials, but RCTs may be in-
fluenced by other uncontrolled residual confounders, such as
lifestyle, socioeconomic status, and other factors that affect
the results. Compared to RCTs, MR is less impacted by a vari-
ety of confounding factors. The two-sample MR approach can
partially or totally avoid the aforementioned issues when com-
pared to RCTs, and the statistical reliability of the study can be
increased because the analysis in this study was based on the
GWAS study's summary statistics.

There are undoubtedly some limitations to this study. Since our
GWAS data sources are primarily limited to European popula-
tions, the findings may not always hold for other populations.
Following, other types of bullous skin diseases exist, such as
mucous membrane pemphigoid, linear IgA bullous dermatosis,
and epidermolysis bullosa acquisita (Baum et al. 2014). The BP
statistics used do not yet differentiate between the various types.

Besides, AD can be categorized as mild, moderate, and severe
(Stdnder 2021), and at present we have not studied the effect of
AD severity on BP. Lastly, although both AD and BP incidence
peaks are found in the elderly population (Bagci et al. 2017;
Laughter et al. 2021), there are variations in the incidence of the
disease in the different age groups. This research did not stratify
the age of the patients.

In conclusion, our research revealed a strong genetic correla-
tion between BP and AD, indicating a shared genetic founda-
tion. Then, we identified four pleiotropic SNPs. Meanwhile,
through single-trait TWAS results across traits, we found that
BP and AD share 61 genes. Ultimately, using two-sample MR
to examine the causative link between BP and AD, we found
that BP increases the risk of AD. The above reveals the exis-
tence of a common genetic background for BP and AD. The
newly identified SNPs in this study may provide new entry
points for the treatment of BP and AD. Moreover, the co-
morbid mechanisms of BP and AD deserve further in-depth
exploration, and clinical dermatologists need to focus on the
disease management of both.
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