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ARTICLE INFO ABSTRACT

Handling Editor: Y Renaudineau Backgroud: Autoimmune diseases (AIDs) have been associated with various cardiovascular diseases (CVDs) in
observational data. However, the causality of these associations remains uncertain. Therefore, a systematic
assessment of the impact of AIDS on cardiovascular risk is required.

Results: We assessed the impact of 19 common AIDs on 14 CVDs using bidirectional Mendelian randomization
(MR). Celiac disease (odds ratio [OR] = 2.949, 95 % confidence interval [CI]: 1.111-7.827, P = 0.030) and type
1 diabetes mellitus (T1DM) (OR = 1.044, 95 % CI: 1.021-1.068, P = 1.82e-4) were associated with an increased
risk of peripheral arterial disease (PAD). Additionally, celiac disease was linked to an increased risk of
arrhythmia (OR = 1.008, 95 % CI: 1.002-1.013, P = 0.004), multiple sclerosis to venous thromboembolism (OR
=1.001, 95 % CI: 1.000-1.001, P = 0.010), and psoriasis to heart failure (OR = 1.048, 95 % CI: 1.021-1.077, P
= 0.001). Sensitivity analyses were conducted to enhance the robustness of these findings. Predominantly, im-
mune response and inflammation-related pathways were enriched in the aforementioned associations. Mediation
analysis identified human leukocyte antigen-DR positive myeloid dendritic cells as partially mediating the effect
of TIDM on PAD, with a mediated proportion of 16.61 % (P = 0.028). Potential therapeutic agents, such as
tumor necrosis factor-alpha inhibitors and interferon, may have efficacy in treating AID-related CVDs.
Conclusions: This study presents genetic evidence of certain AIDs impacting specific CVDs and identifies potential
mediators and drugs.
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1. Introduction

Autoimmune disorders (AIDs) impact around 10 % of the worldwide
population [1]. Certain AIDs are associated with elevated cardiovascular
morbidity and mortality [2]. Current guidelines provide only limited
recommendations for preventing cardiovascular diseases (CVDs) in pa-
tients with AIDs [3]. These guidelines mainly focus on more prevalent
autoimmune disorders such as systemic lupus erythematosus (SLE), in-
flammatory bowel disease (IBD), psoriasis, and rheumatoid arthritis
(RA), and their impact on coronary heart disease and stroke [4]. A recent
observational study indicated that patients with AIDs face a 1.4- to
3.6-fold higher risk of developing CVDs than those without AIDs [5].
These AIDs encompass not only common conditions, such as RA, SLE,
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and psoriasis, but also 16 other AIDs. The cardiovascular adverse events
include not only typical atherosclerotic diseases but also
infection-related heart diseases, cardiac inflammation, thromboembo-
lism, and degenerative heart diseases. Nevertheless, patients with AIDs
may have various CVDs risk and the study did not examine the rela-
tionship between each AID and CVD separately [6]. Moreover, obser-
vational studies are vulnerable to confounding factors and reverse
causality, leaving the causal relationship between AIDs and CVDs un-
certain. Further research is needed to determine the potential causality
and the impact of AIDs on CVDs.

Mendelian randomization (MR) represents an effective method for
exploring the impact of AIDs on cardiovascular risk. In recent years,
extensive genome-wide association studies (GWAS) have uncovered
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numerous genetic variants linked to AIDs and CVDs, rendering MR de-
signs feasible [7]. MR can evaluate the potentially causal relationship
between exposures and outcomes by using genetic variations as instru-
mental variables (IVs). Since genetic variants are randomly allocated to
offspring at conception and are independent of factors such as
self-adopted lifestyle and environmental confounding, MR minimizes
bias from confounding factors [8]. Furthermore, MR reduces the impact
of reverse causality because genetic variations are fixed throughout an
individual’s lifetime and cannot be influenced by disease onset or pro-
gression [7]. Additionally, MR presents a strategy to overcome the
time-consuming demands, considerable expenses, and ethical consid-
erations typically associated with randomized controlled trials [7].
Previous MR studies have investigated the association of RA [9], SLE
[10], ankylosing spondylitis (AS) [11], and multiple sclerosis (MS) [12]
with a subset of CVDs. However, these studies did not utilize more
robust methodologies to investigate the impact of AIDs on cardiovas-
cular risk in a comprehensive manner.

This study is the first to separately investigate the causal relation-
ships between a wide range of AIDs and CVDs utilizing extensive GWAS
data and bidirectional, two-sample MR analysis. Moreover, the study
aimed to provide genetic evidence indicating that AIDs contribute to the
development of CVDs, thereby guiding the development of more
comprehensive preventive approaches.

2. Methods

2.1. Study design

The MR design is depicted in Fig. 1. This research is a bidirectional
two-sample MR study, based on three fundamental assumptions [13]:
(1) the selected genetic variants are strongly linked to the exposure
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(association assumption). (2) the selected genetic variants are not
affected by potential confounding factors (independence assumption).
(3) the impact of the selected genetic variants on the outcome is
exclusively mediated by the exposure (exclusivity assumption). In the
forward MR analysis, AIDs are considered the exposure and CVDs the
outcome, aiming to explore the effect of AIDs on CVD risk. In the reverse
MR analysis, the roles are reversed. The datasets utilized in this research
were acquired from publicly available databases and had obtained
ethical approval before their use. Thus, no further ethical approval was
necessary for this study. The study was conducted following the
Strengthening the Reporting of Observational Studies in Epidemiology
using MR (STROBE-MR) guidelines [14] (Table S9).

2.2. GWAS data for AIDs and CVDs

We included 19 of the most prevalent AIDs [5], including: AS,
Addison’s disease, polymyalgia rheumatica, RA, SLE, systemic sclerosis,
Sjogren’s syndrome, celiac disease, type 1 diabetes mellitus (T1DM),
Graves® disease, Hashimoto’s thyroiditis, IBD, MS, myasthenia gravis,
psoriasis, primary biliary cirrhosis (PBC), pernicious anemia, vasculitis
and vitiligo. To characterize the broad spectrum of CVDs [5], we
included GWAS data on 14 CVDs: aortic aneurysm, atrial fibrillation and
flutter, unspecified arrhythmias, conduction system disease, endo-
carditis, heart failure (HF), ischemic heart disease (IHD), myocarditis,
peripheral arterial disease (PAD), pericarditis, all-cause stroke, valve
disorders, venous thromboembolism (VTE), and pulmonary embolism
(PE). Comprehensive details regarding the sources of the GWAS data are
included in Table 1.
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Table 1

Characteristics of the GWAS included in the MR study.
Phenotype Sery ID Sample size (ncase/ncontrol) Ethnicity Year of publication PMID
Cardiovascular disease
Aortic aneurysm GCST90018783 479194 (3230/475964) 73.3 % European 2021 34594039
Atrial fibrillation and flutter GCST90043977 456348 (8404/447944) European 2021 34737426
Arrhythmia GCST90038611 484598 (7207/477391) European 2021 33959723
Conduction system disease ukb-d-I9_ CONDUCTIO 361194 (1055/360139) European 2018 30305743
Heart failure HERMES 977323 (47309/930014) European 2020 31919418
Ischaemic heart disease CARDIoGRAMplusC4D 1165690 (181522/984168) European 2022 36474045
Myocarditis GCST90018882 427911 (633/427278) 73.3 % European 2021 34594039
Pericarditis GCST90018896 455165 (1795/453370) 73.3 % European 2021 34594039
Peripheral artery disease GCST90018890 483078 (7114/475964) 73.3 % European 2021 34594039
Endocarditis ieu-b-4972 486484 (1080/485404) European 2021 30305743
Stroke MEGASTROKE 446696 (40585/406111) European 2018 29531354
Valve disorders GCST90038612 484598 (3742/480856) European 2021 33959723
Venous thromboembolism GCST90038607 484598 (12240/472358) European 2021 33959723
Pulmonary embolism GCST90038614 484598 (3940/480658) European 2021 33959723
Autoimmune disease
Ankylosing spondylitis finn-b-M13_ANKYLOSPON 166144 (1462/164682) European 2021 36653562
Polymyalgia rheumatica finn-b-M13_POLYMYALGIA 214668 (1523/213145) European 2021 36653562
Rheumatoid arthritis GCST90132223 97173 (22350/74823) European 2022 36333501
Sjogren’s syndrome finn-b-M13_SJOGREN 214435 (1290/213145) European 2023 36653562
Systemic lupus erythematosus GCST003156 14267 (5201/9066) European 2015 26502338
Systemic sclerosis finn-b-M13_SYSTSLCE 213447 (302/213145) European 2023 36653562
Vasculitis finn-b-L12_VASCULITISNAS 207744 (262/207482) European 2023 36653562
Addison’s disease GCST90011871 5320 (1223/4097) European 2021 33574239
Coeliac disease GCST90014443 325334 (1260/324074) European 2021 34278373
Type 1 diabetes finn-b-T1D 185258 (2685/182573) European 2023 36653562
Graves’ disease finn-b-E4 THYTOXGOITDIF 190034 (2350/187684) European 2023 36653562
Hashimoto’s thyroiditis finn-b-E4_THYROIDITAUTOIM 187928 (244/187684) European 2023 36653562
Inflammatory bowel disease GCST90225550 335453 (4859/330594) European 2022 36446896
Multiple sclerosis MSGC 115803 (47429/68374) European 2019 31604244
Myasthenia gravis finn-b-G6_MYASTHENIA 217288 (232/217056) European 2023 36653562
Pernicious anaemia GCST90014451 324497 (423/324074) European 2021 34278373
Primary biliary cirrhosis GCST90061440 24510 (8021/16489) European 2021 34033851
Psoriasis finn-b-L12_PSORIASIS 216752 (4510/212242) European 2023 36653562
Vitiligo GCST004785 40258 (2853/37405) European 2016 27723757

2.3. Selection

Stringent filtering steps were conducted to ensure the quality of IVs,
guided by three fundamental assumptions: (1) The genome-wide asso-
ciation significance threshold was set to a P-value < 5e-8 and considered
independent with a linkage disequilibrium (LD) threshold of r? < 0.001
within a 10,000 kilobase (kb) window. If the MR analysis included fewer
than four SNPs, the thresholds were adjusted to a P-value < 5e-6 and r?
< 0.01. (2) For palindromic SNPs with intermediate allele frequencies,
strand alignment was attempted to ensure accurate analysis. (3) The
LDtrait tool (https://ldlink.nih.gov/?tab=Idtrait) was used to assess all
known phenotypes related to the genetic instruments and to exclude
SNPs associated with potential confounders at a genome-wide signifi-
cance level (P-value < 5e-8), thereby minimizing the effect of con-
founders. (4) For each SNP, an F-statistic >10 was considered indicative
of sufficient strength for the selected IVs. The instrument’s strength was
determined by calculating the F-statistic utilizing specified formulas:

_R®N-2) 2 _ 2xbeta® xeaf x(1—eaf)
F= (1732) and R = 2xbeta 2 xeaf x (1—eaf)+2xNxeaf x (1—eaf) xse?’

represents the frequency of the effect allele, beta denotes the estimated
impact of the genetic effect on the outcome, and N represents the sample
size of the GWAS data [15]. (5) The outlier (MR pleiotropy residual sum
and outlier [MR-PRESSO]) test was employed to identify and remove
potential outlier SNPs. The IVs obtained through the 5 rigorous selection
steps mentioned above are presented in Table S4.

where eaf

2.4. Forward MR analysis

Three analytical methods were utilized: random-effects inverse
variance weighted (IVW), weighted median, and MR-Egger methods.
The IVW is regarded as the most robust MR approach because it pre-
sumes all genetic variants are valid and adheres strictly to the three

fundamental assumptions [16]. The weighted median method requires
that the genetic variants contributing at least half of the weight are
valid. The MR-Egger method operates under the assumption that over
half of the genetic variants are invalid, making it more applicable to
scenarios where horizontal pleiotropy is widespread. Consequently, the
IVW was employed as the principal analytical approach. If the outcome
of the IVW method is statistically significant, it can be considered a
positive result, even if the outcomes of other methods are not statisti-
cally significant, provided that the beta values of the other methods
align in the same direction. Given the strong pleiotropy of SNPs in the
MHC region, we performed a secondary analysis excluding SNPs in the
MHC region (CRCh37 coordinates, chr6: 28,477,797-33,448,354) [17]
and repeated the MR analysis on the significant results from the previous
forward MR analysis.

Multiple sensitivity analyses were performed in our study to confirm
the reliability of the results: (1) The intercepts of MR-Egger and MR-
PRESSO were utilized to evaluate the presence of uncorrelated hori-
zontal pleiotropy. (2) MR-PRESSO was supplemented with leave-one-
out analysis to detect outlier SNPs. If outliers were present, they were
excluded and re-analyzed using MR analysis. (3) Cochran’s Q test for
MR-Egger and IVW were used to detect heterogeneity, and a funnel plot
was utilized as a visual aid to assess heterogeneity. (4) Although MR-
Egger and MR-PRESSO can address uncorrelated pleiotropy (where
horizontal effects on the outcome are not related to effects on the
exposure), correlated pleiotropy (where horizontal effects on the
outcome are linked with effects on the exposure) can still produce many
false-positive results [18]. Therefore, the causal analysis using summary
effect estimates (CAUSE) approach was employed to detect correlated
pleiotropy and minimize false-positive results when examining causal
relationships. This method incorporates information from all variants
and calculates the discrepancy in the expected log pointwise posterior
density (AELPD) to evaluate the fit of the sharing and the causal model


https://ldlink.nih.gov/?tab=ldtrait
pmid:34594039
pmid:34737426
pmid:33959723
pmid:30305743
pmid:31919418
pmid:36474045
pmid:34594039
pmid:34594039
pmid:34594039
pmid:30305743
pmid:29531354
pmid:33959723
pmid:33959723
pmid:33959723
pmid:36653562
pmid:36653562
pmid:36333501
pmid:36653562
pmid:26502338
pmid:36653562
pmid:36653562
pmid:33574239
pmid:34278373
pmid:36653562
pmid:36653562
pmid:36653562
pmid:36446896
pmid:31604244
pmid:36653562
pmid:34278373
pmid:34033851
pmid:36653562
pmid:27723757

Y. Bao et al.
[18].
2.5. Reverse MR analysis

Although MR is less susceptible to bias from reverse causation, recent
studies have suggested that it cannot be entirely immune to such bias
[19]. Reverse causation can still influence MR analyses in three ways:
the strength of genetic association between the genetic variant and
exposure or outcome, the presence of a feedback loop between genetic
variant, exposure, and outcome, and the cross-generational effects [19].
Moreover, if both forward and reverse MR analyses found causality at
the same time, the results of this bidirectional MR may reflect the
possible presence of a common etiological pathway between the expo-
sure and outcome, rather than a true causal effect in both directions [20,
21]. To eliminate the interference of reverse causality on the previously
obtained significant results, we performed reverse MR analyses using the
IVW method, treating CVD as the exposure and AID as the outcome.
Additionally, we applied the weighted median and MR-Egger methods.

2.6. Pathway and gene enrichment analysis

To perform the enrichment analysis and explore the function of IVs,
we identify potential genes within a 100 kb range around the SNP, we
used the "vaultils" package (version 0.1.0) in R, referencing Human
Genome version 19. The genes corresponding to the SNPs were enriched
using Metascape (https://metascape.org/). The results of the Gene
Ontology (GO) analysis were visualized in semantic space by REVIGO
(http://revigo.irb.hr/) as clustered representations, illustrating the
remaining terms after reducing redundancy.

2.7. Mediation analysis

To further elucidate the mediating effects within the statistically
significant causal relationships identified, we performed mediation an-
alyses. The "total" effect of the exposure on the outcome encompasses
both the "direct" effect and any "indirect" effects mediated by one or
more mediators. Specifically, the effect of the exposure on the mediator
is represented as p1, while the effect of the mediator on the outcome is
denoted as p2. The mediating effect is quantified as p1 x f2. In this
study, the total effect (3) was obtained through standard MR analysis.
The proportion of the total effect mediated by mediators was calculated
by dividing product of the mediating effect (1 x 2) by the total effect
(B3). The confidence interval (CI) and standard error (SE) for this pro-
portion were estimated using the bootstrap method.

2.8. Processing and analysing data from single-cell RNA sequencing
(scRNA-seq)

Peripheral blood scRNA-seq data from patients with TIDM were
obtained from public datasets (Synapse accession code: syn53641849).
We used the "Seurat" package (version 4.3.0) in R for subsequent pro-
cessing. After integrating the data, we extracted dendritic cells (DCs)
and presented the expression of myeloid dendritic cell (mDC) markers
(C-type lectin domain containing 9A [CLEC9A] and cell adhesion
molecule 1 [CADM1]) in both TIDM and healthy groups using the
"Dotplot(2)" function. Then, the mDCs were extracted separately, and
the expression of human leukocyte antigen-DR (HLA-DR) molecules was
compared between the two groups using the "VInplot(2)" function.

2.9. Potential drug prediction

To more accurately annotate GWAS variants to genes and predict
potential drugs, we first used MAGMA [22] (Multi-marker Analysis of
GenoMic Annotation), which uses a multiple regression approach to
appropriately incorporate linkage disequilibrium between markers and
detect multi-marker effects. We then used 2 large pharmacogenetic
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databases, DGIdb [23] and PharmGKB [24], respectively, for deriving
drugs matching candidate genes and taking the intersection of the re-
sults obtained from both databases.

2.10. Statistical analysis

MR estimates were reported as f coefficients, odds ratios (OR), and
their corresponding 95 % CIs. To address multiple testing issues, we
implemented a Bonferroni-corrected significance threshold of P < 0.05/
(19 x 14) (P < 1.88e-4) for identifying significant causal relationships.
Meanwhile, P values between 1.88e-4 to 0.05 were considered to indi-
cate suggestive causal associations. In the CAUSE method, the P-value
threshold for statistical significance was set at 0.05. All analyses were
conducted using the "CAUSE" package (version 1.2.0.0335) and the
"TwoSampleMR" package (version 0.6.2) in R (version 4.3.1).

3. Results
3.1. Selection of IVs

After a series of rigorous screenings, we obtained the IVs for 19 AIDs
and 14 CVDs. Each individual IV exhibited an F-statistic over 10,
showing that they were not impacted by weak instrument bias. Addi-
tionally, outlier SNPs identified by the MR-PRESSO assay, as well as
SNPs potentially related to confounding factors, were excluded.
Comprehensive details on all IVs utilized for forward, secondary forward
and reverse MR analysis is available in Table 54.

3.2. Forward MR analysis unraveled the impact of AIDs on CVDs

The IVW method identified 38 causal associations (Fig. 2A). Subse-
quently, we excluded associations demonstrating horizontal pleiotropy,
as indicated by the Egger regression intercept or MR-PRESSO global test,
and those where the directional results of the other two MR methods
(weight median and MR-Egger) was not consistent. Finally, 29 signifi-
cant preliminary results were identified: 24 positive and 5 negative
(Fig. 2B and Table S5). This finding partially aligns with those of pre-
vious observational studies suggesting that AIDs elevate the risk of
CVDs.

In the context of PAD, the study found several AIDs that may
significantly increase the risk. These include celiac disease (OR = 2.949,
95 % CI: 1.111-7.827, P = 0.030), Hashimoto’s thyroiditis (OR = 1.048,
95 % CI: 1.014-1.084, P = 0.006), Sjogren’s syndrome (OR = 1.047, 95
% CI: 1.016-1.079, P = 0.003), vitiligo (OR = 1.038, 95 % CIL:
1.016-1.060, P = 0.001), and PBC (OR = 1.027, 95 % CI: 1.001-1.053,
P = 0.039). T1IDM (OR = 1.044, 95 % CI: 1.021-1.068, P = 1.82e-4)
shows a significant positive association with PAD. Conversely, AS
showed a suggestive negative association with the risk of PAD (OR =
0.974, 95 % CI: 0.951-0.996, P = 0.024).

Regarding IHD, RA (OR = 1.016, 95 % CI: 1.002-1.029, P = 0.022),
and T1DM (OR = 1.015, 95 % CI: 1.007-1.023, P = 2.27e-4) showed
suggestive positive associations. In contrast, Graves’ disease (OR =
0.986, 95 % CI: 0.975-0.998, P = 0.022) and Sjogren’s syndrome (OR =
0.989, 95 % CI: 0.977-1.000, P = 0.045) showed suggestive negative
associations.

For HF, Hashimoto’s thyroiditis (OR = 1.021, 95 % CI: 1.004-1.039,
P = 0.017), psoriasis (OR = 1.048, 95 % CI: 1.021-1.077, P = 0.001),
and RA (OR = 1.023, 95 % CI: 1.005-1.042, P = 0.012) are suggestive
associated with an increased risk.

Regarding pericarditis, AS (OR = 1.065, 95 % CI: 1.003-1.130, P =
0.039), RA (OR = 1.074, 95 % CI: 1.008-1.145, P = 0.028), and T1DM
(OR = 1.060, 95 % CI: 1.011-1.111, P = 0.015) showed suggestive
positive associations.

Celiac disease demonstrated a suggestive positive association with
the risk of arrhythmia (OR = 1.008, 95 % CI: 1.002-1.013, P = 0.004).
Vitiligo showed a suggestively positive association with aortic aneurysm
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Vitiligo Pulmonary_embolism 34 0.020 ¢ 1.000 (1.000 to 1.001) 0.759/0.232 0.225
Multiple_sclerosis Pulmonary_embolism 63 0.040 f 1.000 (1.000 to 1.001) 0.816/0.815 0.809
Addison_disease Pulmonary_embolism 13 0.017 7 1.000 (1.000 to 1.000) 0.138/0.421 0.296
Addison_disease Conduction_system_disease 14 0.036 L] 1.000 (1.000 to 1.000) 0.370/0.370 0.294
Graves_disease Conduction_system_disease 22 0.001 $ 1.000 (0.999 to 1.000) 0.998/0.901 0.891
Sjogren_syndrome Ischaemic_heart_disease 32 0.045 wll 0.989 (0.977 to 1.000) 0.970/0.185 0.168
Graves_disease Ischaemic_heart_disease 23 0.022 o4 0.986 (0.975t0 0.998) 0.591/0.624 0.574
Ankylosing_spondylitis Peripheral_artery_disease 17 0.024 n—o—c: 0.974 (0.951 t0 0.996) 0.114/0.436 0.403

Pleiotropy test: Egger Regression Intercept (pvalue) / MR PRESSO Global Test (pvalue)
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Heterogeneity test: Cochran’s Q Test (pvalue)

Fig. 2. Causal effects of 19 AIDs on 14 CVDs. A. Heatmap depicting 798 causal relationships obtained using three methods (IVW, weighted median, and MR-Egger).
B. Forest plot showing 29 potentially causal relationships.
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(OR = 1.037, 95 % CI: 1.000-1.075, P = 0.047).

Additionally, some results exhibit suggestive causal relationships,
albeit with relatively modest ORs (Fig. 2B and Table S1). In the context
of VTE, Grave’s disease (P = 0.025), MS (P = 0.010), SLE (P = 0.041),
and vitiligo (P = 0.047) demonstrated suggestive positive associations.
For PE, Addison disease (P = 0.017), MS (P = 0.040), and vitiligo (P =
0.020) showed suggestive positive associations. For conduction system
disease, Addison disease (P = 0.036), and Grave’s disease (P = 0.001)
show suggestive negative associations. Sjogren’s syndrome is suggestive
associated with an increased risk of valve disorders (P = 0.023).

Most associations showed no heterogeneity according to Cochran’s Q
statistics, with exceptions observed for RA with IHD (P = 0.048), and
celiac disease with PAD (P = 0.044) (Fig. 2B). Funnel plots, forest plots,
scatter plots, and leave-one-out analyses illustrated the single SNP effect
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sizes, which are presented in Fig. S1 and Table S1.

The secondary MR reanalysis examined the 29 causal relationships
identified by the forward MR analysis after excluding SNPs in the MHC
region. Fourteen of the 29 significant results remained statistically sig-
nificant (Fig. S2 and Table S5). Details of all secondary MR results, as
well as the sensitivity analysis, are presented in Table S2.

3.3. Reverse MR analysis unraveled the impact of CVDs on AIDs

To mitigate the influence of reverse causality on our results, we
conducted the reverse MR analysis on 14 CVDs and 19 AIDs (Fig. S3).
Using the IVM method, after excluding instances with horizontal plei-
otropy that did not meet MR assumptions, we identified 20 potential
reverse causal pairs (Fig. 3A, Tables S3 and S5). Among the 29
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Peripheral_artery_disease Primary_biliary_cirrhosis 8 0.934 + 0.999 (0.981 to 1.018) 0.375/0.497 0.000
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Pleiotropy test: Egger Regression Intercept (pvalue) / MR PRESSO Global Test (pvalue)
Heterogeneity test: Cochran’s Q Test (pvalue)
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Fig. 3. Reverse causal effects of 14 CVDs on 19 AIDs. A. Heatmap illustrating 20 potential reverse causal pairs identified through reverse MR analysis. B. Forest plot

demonstrating whether 25 positive causal pairs are affected by reverse causality.
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significant forward causal pairs previously identified (Fig. 2B), only the
relationship between PAD and Sjogren’s syndrome showed evidence of
reverse causality (OR = 1.220, 95 % CL: 1.014-1.467, P = 0.035)
(Fig. 3B). Consequently, this pair was excluded from subsequent ana-
lyses to prevent bias from reverse causality.

3.4. Cause analysis

To avoid the influence of correlated horizontal pleiotropy and false
positives on the results ensuring more robust results, we performed the
CAUSE analysis (Table S6). By calculating the AELPD, we found that
among the 29 causal relationships examined, five were more consistent
with the causal models rather than the sharing models. These included
celiac disease with arrhythmia (AELPD = —4.781, P = 0.011) or PAD
(AELPD = —6.055, P = 0.001); TIDM with PAD (AELPD = —7.403,P =
6.74e-7); MS with VTE (AELPD = —4.242, P = 0.031); and psoriasis with
HF (AELPD = —3.743, P = 0.034) (Fig. 4).

3.5. Gene enrichment analysis

We annotated GWAS variants to genes by proximity and obtained a
total of 687 genes from 5 credible results as described above (Fig. S4).
We employed Metascape for gene enrichment analysis, followed by the
use of Revigo to analyze the semantics and hierarchy of the Metascape
results, presenting all these non-redundant terms (Fig. 5A). Based on the
dot plot weighted by p-values (Fig. 5B), we found the following results:
In the causal association between celiac disease and arrhythmia, path-
ways such as “MHC protein complex assembly”, “positive regulation of
immune response”, and “regulation of leukocyte proliferation” were
prioritized. In the association between celiac disease and PAD, “MHC
protein complex assembly”, “antigen processing and presentation”, and
“positive regulation of T cell activation” were prominent. For the asso-
ciation between T1DM and PAD, “antigen processing and presentation”
and “positive regulation of immune response” were significant. In the
association between MS and VTE, “lymphocyte activation”, “regulation

of adaptive immune response”, and “cellular response to cytokine

Outcome

Exposure

6.§\§Q) fb%@ §6
@ & Oofb‘
Ky

& 2
&
&

S

Journal of Translational Autoimmunity 9 (2024) 100259

stimulus” were prioritized. In the association between psoriasis and HF,
pathways like “regulation of leukocyte-mediated cytotoxicity” and
“MHC class I via ER pathway, TAP-independent” were prominent.
Considering the significant pathways across these five aforementioned
causal associations, we concluded that immune response and
inflammation-related pathways were enriched. Specific pathways can be
found in Table S7.

3.6. Mediation analysis

To further explore how AIDs increase the risk of CVDs in the five
causal pairs described above, we performed the two-step mediation
analysis. Our above results suggest that inflammation and immune
response may play an important role in the development of AIDS-related
CVDs, and growing body of evidence indicating that inflammation plays
a key role in CVDs, we employed 731 immune cells [25] and 91 circu-
lating inflammatory proteins [26] as mediators in our analysis. Conse-
quently, we discovered that HLA-DR™ DCs (GCST90002106) (mediation
proportion = 17.95 %, P = 0.020) play a significant mediating role in
T1DM affecting PAD (Fig. 6A). The primary mediator was HLA-DR™
mDCs (GCST90002104) (mediation proportion = 16.61 %, P = 0.028)
(Fig. 6B), while no significant mediating effect was observed for
HLA-DR™ plasmacytoid DCs (Table S8). The remaining four significant
causal pairs were not mediated by the 822 factors. These IVs of TIDM
were primarily associated with antigen processing and presentation,
major histocompatibility complex (MHC) protein complex assembly,
and positive regulation of the immune response (Fig. 5B). We further
analyzed peripheral blood scRNA-seq data from T1DM and healthy
controls (Fig. 6C) [27]. By extracting DCs individually, we discovered
that the percentage of cells with high expression of mDC markers
(CLEC9A and CADM1) was higher in patients with TIDM than in healthy
individuals (Fig. 6D). Furthermore, the expression of HLA-DRA and
HLA-DRB1 in mDCs of T1DM was significantly higher compared to those
in healthy individuals (Fig. 6E). Taken together, these results suggest
that high levels of HLA-DR™ mDCs in T1DM increase the risk of PAD by
participating in antigen presentation. This cell type could be valuable for

Ankylosing spondylitis Results
AELPD <0, P<0.05
AELPD <0, P>0.05

AELPD >0

Polymyalgia rheumatica
Rheumatoid arthritis
Sjogren’s syndrome
Systemic lupus erythematosus
Systemic sclerosis
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Addison’s disease

Celiac disease

Type 1 diabetes
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Myasthenia gravis
Pernicious anaemia
Primary biliary cirrhosis
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Vitiligo

Fig. 4. CAUSE test for19 AIDs on 14 CVDs.
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predicting the development of PAD in patients with T1DM.

3.7. Druggability evaluation

In order to more accurately infer the genes corresponding to IVs, we
used MAGMA to find 66 genes (Fig. 7A). We then employed DGIdb and
PharmGKB to infer candidate drugs independently, taking the inter-
section of the two to identify 29 candidate drugs (Fig. 7B). We found that
these drugs mainly focus on TNF-a inhibitors (etanercept, infliximab and
adalimumab), nonsteroidal antiinflammatory drugs (NSAIDs) (aspirin
and acetaminophen), interferon p-la/b,and glatiramer. Some of these
drugs mentioned above have been initiated for the treatment of patients
with AIDs [28,29], and our evidence may support the expanded appli-
cation of these agents for the treatment of comorbid conditions associ-
ated with AIDS.

4. Discussion

To our knowledge, this is the first MR study to systematically explore
the impact of a variety of AIDs on the cardiovascular risk. This study
found that celiac disease and T1DM increase the risk of PAD, celiac
disease is associated with a higher risk of arrhythmia, MS increases the
risk of VTE, and psoriasis is linked to an increased risk of HF. Moreover,
we identified that HLA-DR™ mDCs might have a significant role in the
increased risk of PAD development in patients with T1DM.

The assumption that AIDs may increase the risk of CVD is under
increasing scrutiny, as numerous observational studies are investigating
this association. Our results validate or complement the findings of these
observational studies from a genetic perspective. A study indicated that

patients with celiac disease exhibit increased intima-media thickness
(IMT) and reduced endothelium-dependent dilatation [30]. These
findings suggest an elevated risk of early arteriosclerosis in these in-
dividuals. Additionally, patients with celiac disease exhibit significantly
higher QT dispersion values and Tp-e interval compared to healthy
controls [31]. A meta-analysis on T1DM indicated that patients with
T1DM exhibited higher IMT and pulse wave velocity than healthy con-
trols, suggesting a high risk of PAD [32]. A nationwide cohort research
showed that psoriasis is related to increased rates of HF, with a hazard
ratio (HR) of 1.53 (95 % CI: 1.34-1.74) for severe cases and 1.22 (95 %
CI: 1.16-1.29) for mild cases [33]. A cohort study found the risk of VTE
was higher in patients with MS (HR = 2.6, 95 % CI: 2.06-3.20),
compared to the comparison group [34]. Our findings, in conjunction
with those of previous observational studies, indicate that certain AIDs
may increase the likelihood of developing specific CVDs. Consequently,
it is imperative to incorporate strategies for reducing the risk of CVDs
into the standard management plan for patients diagnosed with the
aforementioned AIDs. Early intervention is crucial to improving the
patient’s prognosis.

Some findings from previous observational studies did not yield
causal evidence in this MR analysis. An observational study based on
Clinical Practice Research Datalink GOLD and Aurum datasets showed
that patients with AIDs exhibited a higher rate of cardiovascular
morbidity than patients without AIDs (HR = 1.56, 95 % CI: 1.52-1.59)
[5]. Nevertheless, the aforementioned study could not isolate the effect
of specific AIDs on the risk of specific CVDs, because the primary find-
ings were derived from a composite outcome that encompassed all these
diseases. A meta-analysis of demonstrated that SLE is linked to a higher
risk of stroke (relative risk [RR] = 2.30, 95 % CIL: 1.52-3.50), peripheral
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vascular disease (RR = 2.56, 95 % CI: 1.07-6.09), myocardial infarction
(RR = 2.66, 95 % CI: 1.97-3.59), and HF (RR = 2.89, 95 % CI:
1.63-5.13) [35]. For MS, the disease increases the risk of developing
overall stroke (incidence rate ratios [IRRs] = 1.96, 95 % CI: 1.42-2.71),
HF (IRR = 1.92, 95 % CIL: 1.27-2.90) [36]. Patients with Sjogren’s
syndrome exhibit higher IMT values (mean difference = 0.07 mm, 95 %
CI: 0.04-0.11) and ankle-brachial index (OR 5.78, 95 % CI:
2.23-14.99) [37], indicating a heightened susceptibility to PAD
compared to the healthy population. RA increases the risk of IHD (RR =
1.68, 95 % CI: 1.40-2.03) [38], atrial fibrillation (RR = 1.29, 95 % CI:
1.05-1.59) [39], all-cause stroke (RR = 1.91, 95 % CI: 1.73-2.12) [39],
and HF (HR = 1.22, 95 % CL: 1.09-1.37) [40]. Systemic sclerosis in-
creases the risk of CVD (HR = 2.12, 95 % CI: 1.36-3.30), stroke (HR =
1.64, 95 % CI: 1.35-2.01), PVD (HR = 5.23, 95 % CI: 4.25-6.45), and
VTE (HR = 2.75, 95 % CI: 1.7-4.28) [41]. IBD significantly increases the
risk of VTE (HR = 3.4, 95 % CI: 2.7-4.3) [42] and PE (HR = 6.4, 95 % CI:
2.0-20.3) [43]. TIDM increases the RR of HF to 4.29 (95 % CI:
3.54-5.19), stroke to 4.08 (95 % CI: 3.42-4.86), atrial fibrillation to 1.36
(95 % CI: 1.17-1.59), and IHD to 9.38 (95 % CI: 5.56-15.82) [44]. PBC

may not increase the risk of stroke (HR = 0.98, 95 % CI: 0.73-1.31) or
myocardial infarction (HR = 1.04, 95 % CIL: 0.67-1.62) [45,46]. Psori-
asis increases the risk of IHD (OR = 1.5, 95 % CI: 1.2-1.9) and PAD (OR
= 1.5, 95 % CI: 1.2-1.8) [47]. Although certain findings from our MR
analysis exhibited statistical significance (Fig. 2A), such as RA, T1DM,
and psoriasis increasing the risk of IHD, RA was found to increase the
risk of HF, and Sjogren’s syndrome was linked to an increased risk of
PAD. However, these results did not yield robust evidence through the
CAUSE test or reverse MR analysis, suggesting that these causal re-
lationships might be influenced by correlated horizontal pleiotropy,
reverse causation, or confounding factors, resulting in false positive
results. Therefore, it is advisable to approach these findings with
caution. Some of the aforementioned results did not exhibit any
discernible relationships in our MR analysis. The discrepancy between
observational evidence and causal evidence can be explained by several
factors: First, the combined treatment of AIDs with multiple drugs is
often common [48]. In these observational studies, almost all patients
received medication (steroids, antirheumatic drugs, or non-steroidal
anti-inflammatory drugs), and variations in drug combinations and
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Fig. 7. Druggability evaluation. A. Circular dendrogram presenting all gene identified by MAGMA. B. Heatmap illustrating the candidate drug predicted by DGIdb
and PharmGKB. CD: celiac disease, PAD: peripheral arterial disease, MS: multiple sclerosis, VTE: venous thromboembolism, HF: heart failure.

treatment duration may have caused interference. Second, physical ac-
tivity, dietary intake, severe infections, and other adverse events can
confound the results of observational studies. Third, MR studies consider
lifelong effects from genetics rather than short-term effects. Fourth,
observational studies cannot rule out the impact of reverse causation. In
addition to the common AIDs involved in our study, other AIDs have also
been reported to potentially affect CVDs. For instance, antiphospholipid
syndrome (APS) is a rare autoimmune disease characterized by throm-
bosis in different locations and obstetric events related to the persistent
presence of antiphospholipid antibodies [49]. Paschalis et al. found that
patients with APS and antiphospholipid antibody-positive subjects have
an increased risk of subclinical atherosclerosis [50]. Stanley et al. re-
ported an increased risk of valvular heart disease in patients with APS
[51]. Currently, there is limited GWAS data with suitable conditions
available for rare AIDs [52]. To further explore the genetic evidence of
these rare AIDs on CVDs, more GWAS studies are needed.

Previous MR analyses have explored the impact of certain AIDs on
the risk of developing specific CVDs. Some of the causal relationships
they derived were broadly in line with our 29 preliminary results
(Fig. 2B). RA was linked to increased IHD risk (OR = 1.0006, 95 % CI:
1.000244-1.00104), independent of atrial fibrillation and arrhythmias
[53], which our results confirmed. Additionally, our research suggests
RA might be related to HF and pericarditis. SLE was shown to elevate the
risk of HF, VTE, and ischemic stroke [10], whereas SLE was found to
only slightly increase the risk of VTE (Fig. 1A), potentially due to
different study populations. Celiac disease has not been associated with
major CVDs [54], which is consistent with our findings. In addition,
celiac disease could increase arrhythmias and PAD risks. Hashimoto’s
thyroiditis has been found to increase the risk of IHD (OR = 1.07, 95 %
CI: 1.01-1.13) [55]. However, our study did not yield the similar
outcome, which may be due to the different data used. TIDM has been
linked to an increased risk of PAD (OR = 1.06, 95 % CI: 1.02-1.10),
consistent with our findings. Previous studies did not establish a sig-
nificant causal relationship between T1DM and HF, IHD, AF, MI, and
stroke [56]. However, our research suggests that TIDM may enhance
the risk of developing IHD, possibly due to differences in the selection of
exposure data or the smaller sample sizes used in earlier GWAS
compared to the larger CARDIoOGRAMplusC4D dataset we utilized,
which enhances reliability. Additionally, our study found the potential
impact of TIDM on pericarditis. IBD has not been associated with IHD or
stroke, consistent with our findings [57]. MS has been linked to an
increased risk of IHD, HF, and all-cause stroke [12]. However, we only
found that MS may increase the risk of VTE and PE. This discrepancy
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may be related to the screening threshold of instrumental variables
(IVs), differences in the outcome data selection, or the fact that they
used fixed-effect IVW [12], whereas we used random-effect IVW. No
causal relationship has been observed between MG and stroke, consis-
tent with our research findings [58]. Although the aforementioned re-
sults are roughly consistent with our preliminary results, some of the
CAUSE tests failed to achieve statistical significance, suggesting the
possibility of false positives. Therefore, we need to further expand our
datasets and increase sample sizes to validate the reliability of these
results.

The pathophysiologic mechanisms underlying CVDs induced by AIDs
are currently unclear. One of the most significant contributing factors
appears to be inflammation [2,59]. Systemic inflammatory factors, such
as cytokines, chemokines, proteases, autoantibodies, adhesion re-
ceptors, and pro-inflammatory lymphocytes and stromal cells produced
by AIDs, may increase the risk of CVDs by damaging the vasculature,
myocardium, or pericardium [60]. This is consistent with our findings.
Our enrichment analysis of IV-related genes also revealed a major focus
on Immune response and inflammation (Fig. 5A and B). To further
elucidate the inflammatory mechanisms through which AIDs increase
the risk of CVDs, we conducted mediation analyses using 731 immune
cells and 91 circulating inflammatory proteins. We found that only
HLA-DR" mDCs are significant in the association between T1DM and
PAD. Through scRNA-seq, we discovered that these cells are signifi-
cantly increased in the peripheral blood of patients with TIDM. Ac-
cording to previous studies [61], the percentage of mDCs in femoral
artery plaques is significantly higher than in controls. mDCs may be
recruited into atherosclerotic plaques. Close monitoring of changes in
the number of mDCs during the course of TIDM may assist in predicting
the risk of developing PAD in patients. For the other causal relationships
identified in our study where no mediator was found, it is possible that
inflammatory factors other than those mentioned above may play a
mediating role. Furthermore, other potential contributing factors, such
as metabolic disorders [62] and the gut microbiome [63], warrant
further investigation in future studies.

Several studies have shown that anti-inflammatory therapy can
reduce major adverse cardiovascular events and mortality. For example,
canakinumab (Interleukin-1 beta [IL-1f] antibody) [64], colchicine
[65], and adalimumab (tumor necrosis factor-alpha [TNF-a] antibody)
[66] have generally yielded favorable results. Our drug prediction
analysis identified several candidate drugs, including TNF-a antibodies
[29], NSAIDs [67], and interferon [68], that are already used in the
treatment of AIDs. Previous animal studies have shown that the TNF-a
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antibody, infliximab, inhibits JNK pathway activation, improves arterial
eNOS expression and vasorelaxation, and has potential therapeutic
significance in early vascular lesions in TIDM [69]. However, there is no
definitive clinical and future studies for their therapeutic potential on
AlDs related CVDs complications are still needed.

SNPs in the MHC region are associated with a complex LD structure,
which may lead to pleiotropy and introduce bias into the MR results
[70]. However, it may not be appropriate to directly exclude all SNPs in
the MHC region. MHC genes provide the strongest genetic contribution
to AIDs [71,72]. In most MR studies where AIDs are considered as ex-
posures, SNPs in the MHC region were not excluded [56,73,74]. To
examine the effects of the MHC region on the identified associations, we
conducted a secondary analysis excluding MHC SNPs. Among the 29
significant results from the forward MR analysis, only 14 remained
statistically significant. The remaining associations did not persist after
removing the genetic instruments in the MHC region, suggesting that
these associations may be partially driven by the shared pleiotropic ef-
fects of MHC genes on AIDs [75]. This suggests that AIDs and CVDs may
share a genetic etiology related to immune. Although this may violate
the third assumption of MR analysis, it may play a potential role in
explaining the mechanisms by which AIDs affect CVDs and suggesting
clinical complications [75]. Additionally, removing the MHC-related
region directly may lead to a significantly reduced variance explained
by the IVs, which could, in turn, result in insufficient power for the MR
analysis [75,76].

The present study exhibits several significant advantages. First,
compared with previous observational and MR studies, this is the first
study to provide a more comprehensive and systematic assessment of the
impact of AIDs on the cardiovascular risk. Second, this study employs
multiple MR analysis approaches, various sensitivity analysis methods,
and bidirectional MR analysis to minimize biases caused by confounding
factors and reverse causality, hence augmenting the dependability of the
findings. Third, we primarily utilized populations of European origin to
minimize demographic bias.

Nonetheless, our study has several limitations. Firstly, unrecognized
confounders may still exist [77], potentially biasing our results, despite
efforts to minimize horizontal pleiotropy in MR studies [56]. Secondly,
the results of this study should be cautiously interpreted, because the OR
values were relatively low. Thirdly, sample overlap bias may exist.
However, two-sample MR methods (except MR-Egger) can be confi-
dently utilized when overlapping samples originate from extensive
biobanks, and the robustness of IVs (i.e., the F statistic is considerably
larger than 10) is likely to minimize sample overlap bias [78]. Fourthly,
this study investigated the impact of AIDs on CVDs. However, the
reverse MR analysis revealed that some CVDs might affect AIDs. This
aspect of the study requires further investigation. Fifthly, some of the
associations were influenced by SNPs in the MHC region, which may be
affected by pleiotropy. However, this also indicates a shared genetic
etiology about immune and suggests potential clinical complications.
We set strict thresholds to minimize LD and conducted MR-Egger,
MR-PRESSO, and CAUSE to mitigate the impact of pleiotropy and to
ensure the robustness of our results. Sixth, the secondary MR analysis
excluding MHC SNPs may lack adequate power caused by a greatly
reduced variance.

5. Conclusion

This MR study comprehensively assessed the impact of AIDs on
cardiovascular risk separately. Our study suggests an increased risk of
PAD in patients with celiac disease or TIDM, a higher likelihood of
arrhythmia in those with celiac disease, an elevated risk of VTE in those
with MS, and an increased susceptibility to HF among those with pso-
riasis. Immune response and inflammation-related pathways were found
to be significant in the aforementioned pairs. HLA-DR" mDGs play a
crucial role in the induction of PAD by T1IDM. TNF-a inhibitors and
Interferon, among others, may have potential to treat certain
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cardiovascular comorbidities of AIDs. In the management of these pa-
tients, implementing early and close monitoring, as well as preventive
measures for CVDs, is crucial to enhancing their quality of life.
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