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Abstract

Background: The causal relationship between certain immune cells and erectile dysfunction (ED) is still uncertain.

Aim: The study sought to investigate the causal effect of 731 types of immune cells on ED through Mendelian randomization (MR) using
genome-wide association studies (GWAS).

Methods: Genetic instruments for 731 immune cells were identified through GWAS, and ED data were obtained from the FinnGen database.
Univariable and multivariable bidirectional MR studies were conducted to explore potential causal relationships between these immune cells
and ED. The inverse-variance weighted method was primarily used, with Cochran’s Q test and MR-Egger intercept test assessing pleiotropy and
heterogeneity. Bayesian weighted Mendelian randomization (BWMR) was also employed.

Outcomes: Six immune cells were identified as related to ED. CD45 on Natural Killer (NK) cells, CD33dim HLA DR+ CD11b + Absolute Count,
CD19 on IgD- CD38dim B cells, and CD3 on CD39+ resting CD4 regulatory T cells were identified as risk factors, whereas CD20 on IgD+
CD38dim B cells and Activated & resting CD4 regulatory T cell %CD4+ T cells were protective factors. Further multivariable MR analysis
confirmed that 5 of these immune cells independently impacted ED, except for CD45 on NK cells. Reverse MR analysis indicated that ED
occurrence decreases certain immune cell counts, but BWMR found no causal relationship for CD20 on IgD+ CD38dim B cells.

Results: Our MR analysis confirmed a potential bidirectional causal relationship between immune cells and ED, providing new insights into
potential mechanisms and therapeutic strategies.

Clinical Translation: This study provides evidence for the impact of certain immune cells on the development of ED and suggests potential
therapeutic targets.

Strengths and Limitations: \We performed both univariable and multivariable MR to strengthen the causal relationship between exposures and
outcomes. However, the population in this study was limited to European ancestry.

Conclusion: Our MR analysis confirmed a potential bidirectional causal relationship between immune cells and ED. This provides new insights
into potential mechanisms of pathogenesis and subsequent therapeutic strategies.

Keywords: Mendelian randomization; erectile dysfunction; immune cells.

Introduction contributing factors, the prevalence and burden of ED are

Erectile dysfunction (ED) is defined as the inability of the
penis to achieve or maintain an erection sufficient to satisfy
sexual intercourse, representing a common disease that sig-
nificantly affects male sexual function, particularly in men
over 40." The prevalence of ED varies due to regional and
cultural differences but remains generally high. In Brazil, the
prevalence is reported at 37.2%, in Italy at 48.6%, and in
some Asian countries, it astonishingly reaches 63% among
men aged 50 to 80.2:3 With an aging population and other

anticipated to increase, underscoring the necessity for updated
and comprehensive epidemiological data to better understand
and address this growing health issue.

Although ED is not life-threatening, studies show it severely
impacts the psychological health of patients and significantly
affects their sexual partners, leading to substantial disruptions
in life, family, and work, thus posing a considerable societal
challenge. ED is increasingly recognized as a chronic vascular
inflammatory disease. As research deepens on the relationship
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Assumption 2

SNPs with p <5x10°° and 12 less than
0.001 within a 10,000kb clumping
window were extracted

b

Erectile dysfunction

Figure 1. Causal relationship model between immune cells and erectile dysfunction (ED).This figure illustrates the framework for investigating the causal
relationship between 731 immune cell types and ED using Mendelian randomization. SNPs were extracted with P <1 x 107° and r2 < 0.001 (left side)
and P <5 x 107% and r2 < 0.001 (right side) within a 10000 kb clumping window. The model includes assumptions that SNPs directly influence immune
cells (assumption 1), confounders may affect both immune cells and ED (assumption 2), and SNPs indirectly influence ED through immune cells
(assumption 3). Three Mendelian randomization methods are applied: 2-sample, multivariate, and Bayesian weighted.

between ED and inflammatory and immune status, the links
between ED and various chronic diseases such as cardio-
vascular diseases, diabetes, and metabolic syndrome become
more pronounced. These conditions indirectly affect erectile
function by impacting vascular and neural functions, thereby
increasing the risk of ED. Studies indicate elevated levels of
inflammatory markers in patients with ED, such as C-reactive
protein (CRP), interleukin-6 (IL-6), and von Willebrand fac-
tor, which correlate positively with the severity of ED.*°
Immune cells play roles through the regulation of inflamma-
tory responses, as seen in alternative therapies like immune
cell therapy replacing stem cell approaches, using autologous
in vitro peripheral blood mononuclear cell (PBMNC) concen-
trate for treating ED.® This also suggests new mechanisms and
targets for innovative therapeutic approaches to ED. In the
absence of randomized controlled trials, Mendelian random-
ization (MR) serves as a feasible alternative. Typically, single
nucleotide polymorphisms (SNPs) are used as instrumental
variables (IVs) to infer the causal effects of exposure variables
on outcome variables.” This study aims to answer the fol-
lowing questions: Which specific immune cell types causally
influence the risk of ED? Additionally, does the occurrence of
ED, in turn, lead to an increase or decrease in the numbers of
these immune cells?

Materials and methods

Study design

We conducted a 2-sample MR study to explore the causal
relationships between 731 immune cell types and ED. This
study employed 2-sample MR, reverse MR, multivariable MR,
and BWMR analysis methods (Figure 1). The analysis was
based on 3 core assumptions: the relevance assumption, which
posited a connection with the risk factor; the independence
assumption, which ensured no common causes with the out-
come; and the exclusion restriction assumption, which held
that the influence on the outcome did not operate through
pathways other than the risk factor.3>?

Data source

New Data on ED were obtained from the FinnGen database
(https://www.finngen.fi/en/access_results), which includes
1154 cases and 94024 controls. In the FinnGen study, ED
cases were classified based on clinical diagnosis using specific

International Classification of Diseases, 10th Revision (ICD-
10) codes, ensuring standardized and consistent categoriza-
tion. Specifically, the ICD-10 code N52.9 was utilized to
identify ED cases. This code is part of the larger ICD-10
classification system used globally to ensure uniformity in
disease classification. Additionally, data on 731 immune cell
types were sourced from public GWAS databases, covering
IDs GCST90001391 to GCST90002121 based on a sample
of 3757 Europeans.'® The immune cell phenotypes were
classified into 4 main categories: absolute cell counts with
118 types, median fluorescence intensity representing surface
antigen levels with 389 types, relative cell counts with 192
types, and morphological parameters with 32 types. These
immune cells were further divided into 7 groups, including B
cells, conventional dendritic cells, mature T cells, monocytes,
myeloid cells, TBNK cells, and regulatory T cells (Treg
cells). All participants were of European descent to minimize
potential biases due to population heterogeneity. To eliminate
the potential issue of sample overlap, which could result
in false positives in 2-sample MR analyses, we rigorously
ensured that the exposure data, comprising 731 immune cell
types, were exclusively derived from an Italian population.
Furthermore, the outcome data for ED were sourced from
the FinnGen database, representing a distinct Finnish cohort.
By selecting data from entirely different national populations,
we completely eliminated any possibility of sample overlap in
our analysis, thereby ensuring the validity of our results and
mitigating the risk of bias. No additional ethical declarations
or consents were required for this study.

Selection of genetic instrumental variables

Under the assumptions of hypotheses 1, 2, and 3, for a
forward MR analysis, we used MR to screen for P-values
<1 x 1073 across the whole genome, SNPs were selected to
be independently distributed with an r threshold of <0.001,
ensuring a distance of up to 10 000 kb between each pair in
immune cells. For reverse MR, setting ED as the exposure and
finding insufficient SNPs at P < 5 x 10~8 necessitated setting
a more lenient P-value threshold of <5 x 107¢ to extract
more SNPs. The process further involved combining databases
of exposures and outcomes, removing incompatible alleles
and palindromic sequences, and calculating the final set of
IVs. Subsequently, we computed the F-statistic for each SNP
using the formula F = 82/se2, where B represented the effect
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of the SNP on the exposure and se was the standard error.
To ensure accuracy, SNPs with an F-statistic greater than 10
were typically selected as IVs to minimize bias due to weak
instruments.!!

Statistical methods

To establish causality, we employed 5 methods: MR Egger,
weighted median, IVW, simple mode, and weighted mode to
examine the causal relationship between immune cells and
ED. Among these, the IVW method is the primary approach
for MR analysis. It combines effect estimates from differ-
ent genetic variants to provide an overall estimate of the
causal effect, assigning more weight to estimates with smaller
variances. The other methods serve as auxiliary validation.
MR Egger Regression: Evaluates and adjusts for horizontal
pleiotropy by estimating the intercept term, ensuring the accu-
racy of causal estimates. Weighted Median Method: Provides
robust causal estimates even if some SNPs are biased, ensuring
the reliability of the results. Simple Mode Method: Estimates
causal effects using a simple linear regression model under the
assumption of no pleiotropy. Weighted Mode Method: Takes
pleiotropy into account by using a more complex weighting
method for causal effect estimation. All MR analyses were
conducted using R version 4.3.1, with the TwoSampleMR
package version 0.6.1 and MR-PRESSO version 1.0.?

Heterogeneity and pleiotropy analysis

This study utilized Cochran’s Q statistic,c, MR-Egger, and
a method used to detect pleiotropy between samples and
remove outlier SNPs (MR-PRESSO) methods. Cochran’s Q
Statistic: Used to assess heterogeneity among different SNPs.
By calculating the deviation of each SNP from the overall
effect, Cochran’s Q test can determine if there is significant
heterogeneity. A significant Q statistic indicates substantial
differences among SNPs, suggesting that some SNPs may have
effects that differ from others, necessitating further inspection
and adjustment. MR-Egger Regression: Besides estimating
causal effects, MR-Egger regression uses its intercept term to
evaluate horizontal pleiotropy. Horizontal pleiotropy occurs
when an SNP influences the outcome variable through mul-
tiple pathways, not just through the exposure variable. A
significant intercept term in MR-Egger indicates the presence
of pleiotropy, which can bias causal effect estimates. By adjust-
ing for pleiotropy, MR-Egger provides more accurate causal
relationship assessments. MR-PRESSO Method: Specifically
designed to detect and correct for outlier SNPs. This method
improves the accuracy and robustness of causal estimates by
identifying and removing outlier SNPs, thus reducing their
influence on the causal estimate. MR-PRESSO also adjusts for
pleiotropy, further ensuring the reliability of causal relation-
ship assessments.

Bayesian weighted Mendelian randomization

Bayesian weighted Mendelian randomization (BWMR) sig-
nificantly enhanced the accuracy of causal inference by inte-
grating Bayesian statistics with MR. It effectively used genetic
variation as an IV to accurately assess the causal effects
of high-volume exposure on outcomes. BWMR not only
addressed the weak instrument variable problem inherent in
traditional methods but also incorporated prior knowledge
and updated posterior distributions to provide more reliable

effect estimates. This ensured the robustness and reliability of
causal relationships in complex settings.'3

Results
Forward MR: Screening results for immune
phenotypes associated with ED risk

In our MR analysis, we primarily utilized the IVW method.
To identify immune cells with a stronger association with
ED, we set a P-value threshold of <.01. We identified causal
relationships between 7 immune cells and ED. MR-Egger
regression was conducted to assess horizontal pleiotropy,
and all immune cells had P-values >0.05, suggesting no
pleiotropy. Cochran’s Q test was used to evaluate the het-
erogeneity of SNPs, with P-values for both IVW and MR-
Egger >.05, indicating no heterogeneity. Except for HLA-
DR on B cells, when MR-PRESSO was used to remove all
outlying SNPs, the result remained <0.05 (Table 1, Figure 2).
This indicates the presence of aberrant SNPs in this specific
immune cell. Due to this finding, HLA-DR on B cells was
excluded from further analysis, as MR-PRESSO indicated
potential pleiotropy. As a result, only 6 immune cells were
found to have causal relationships with ED. The immune
cells acting as protective factors (odds ratio [OR] < 1) were
Activated & Resting CD4 Regulatory T cells %CD4+ T cells
(IVW P-value =.0088, OR: 0.812-0.970) and CD20 on IgD+
CD38dim B cells (IVW P-value =.002, OR: 0.783-0.946). The
immune cells acting as risk factors (OR > 1) were CD33dim
HLA DR+ CD11b + Absolute Count (IVW P-value =.0085,
OR: 1.031-1.232), CD19 on IgD- CD38dim B cells (IVW
P-value=.0033, OR: 1.047-1.263), CD3 on CD39+ Resting
CD4 Regulatory T cells (IVW P-value=.0078, OR: 1.034-
1.247), and CD45 on Natural Killer (NK) cells (IVW P-
value =.004, OR: 1.045-1.263). Further multivariable analy-
sis identified which immune cells independently influence the
risk of ED. Including all 6 immune cells as exposures, with
ED as the outcome, it was found that apart from CD45 on
NK cells, the other 5 immune cells still had an independent
impact on the risk of ED (Table 1, Figure 2). To ensure the
accuracy of the results, we also carried out Bayes weighted
Mendelian verification. The findings were consistent with
previous results, except for CD20 on IgD+ CD38dim B cells,
which did not show statistical significance (P-value >.05)
in the BWMR analysis (Supplementary Material), while the
other immune cells met the criteria for Bayesian-weighted ver-
ification. The results of the other Bayes-weighted methods are
included in the Supplementary Material. Except for CD20 on
IgD+ CD38dim B cells, the Bayes-weighted P-values for each
immune cell were also <.03, indicating they passed BWMR
verification.

Reverse MR: Causal effects of ED on immune
phenotypes

To explore the causal impact of ED on immune phenotypes,
we conducted a 2-sample MR analysis using the IVW method
as the primary analytical approach. We set a P-value threshold
of <.01. The results indicate that the onset of ED reduces
the number of CCR2 on CD14+ CD16+ monocytes(IVW P-
value = .003, OR: 0.851-0.967), SSC-A on monocytes(IVW
P-value =.007 OR: 0.842-0.973), SSC-A on CD14+ mono-
cytes(IVW P-value =.002, OR: 0.837-0.962), SSC-A on HLA



Table 1. Summary of genetic associations with erectile dysfunction (ED).
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Main exposure Method nSNP P- value or_lci95 or_uci95 Heterogeneity MR-Egger MR-PRESSO
test P intercept P
ebi-a-GCST90001500 MR Egger 25 .0749 0.8884 0.7845  1.006 772
Activated & resting ~ Weighted median 25 .0634 0.8914 0.7895 1.0064
CD4 regulatory T cell
%CD4+ T cell
Inverse-variance weighted 25 .0088 0.888  0.8125 0.9706 816 .99 0.84
Simple mode 25 8172 0.9756 0.7927 1.2006
Weighted mode 25 .094 0.8957 0.7914  1.0137
MVMR 23 <.01 0.8527 0.7883  0.9224
ebi-a-GCST90001525 MR Egger 27 .0128 1.2148 1.0538  1.4003  .163
CD33dim HLA DR+ Weighted median 27 .0047 1.1834 1.0528  1.33
CD11b + Absolute
Count
Inverse-variance weighted 27 .0085 1.1275 1.0311 1.2328 134 2 0.148
Simple mode 27 382 1.0978 0.8938 1.3483
Weighted mode 27 .0151 1.1808 1.0419  1.3383
MVMR 23 .0005 1.1339 1.056 1.2176
ebi-a-GCST90001735 MR Egger 28 .0142 1.2113 1.0499 13975  .788
CD19 on IgD- Weighted median 28 .0077 1.2056 1.0506  1.3835
CD38dim B cell
Inverse-variance weighted 28 .0033 1.1506 1.0477 1.2636 789 .36 0.806
Simple mode 28 5664 1.0774 0.8377  1.3857
Weighted mode 28 .0232 1.1876 1.0324  1.366
MVMR 18 .0032 1.1422  1.0457 1.2477
ebi-a-GCST90001752 MR Egger 29 .0016 0.7658 0.6596  0.8892  .948
CD20 on IgD+ Weighted median 29 0122 0.8334 0.7227  0.961
CD38dim B cell
Inverse-variance weighted 29 .002 0.8616 0.7839 0.9469 .856 .06 0.812
Simple mode 29 3323 0.8821 0.6876 1.1317
Weighted mode 29 0092 0.8263 0.7229  0.9445
MVMR 24 0375 0.9128 0.8376  0.9948
ebi-a-GCST90001852 MR Egger 19 0225 1.195 1.0398 1.3734 942
CD3 on CD39+ Weighted median 19 0357 1.1463 1.0092  1.302
resting CD4
regulatory T cell
Inverse-variance weighted 19 .0078 1.1359 1.0342 1.2476 936 35 0.932
Simple mode 19 334 1.1087 0.9044  1.3591
Weighted mode 19 .0574 1.1529 1.0049  1.3227
MVMR 18 .0089 1.1105 1.0266  1.2013
ebi-a-GCST90001911 MR Egger 27 1054 1.1286 0.98 1.2997 438
CD45 on Natural Weighted median 27 .0276 1.1762 1.018 1.359
Killer
Inverse-variance weighted 27 .004 1.1494 1.0455 1.2637 488 .73 0.535
Simple mode 27 .3918 1.1188 0.869 1.4405
Weighted mode 27 .0848 1.1406 0.9877  1.3171
MVMR 20 2618 1.0485 0.9652  1.1391
ebi-a-GCST90002116 MR Egger 21 3173879 0.9169 0.777048 1.081998 .033
HLA DR on B cell Weighted median 21 .0041353 0.8394 0.74472 0.946092
Inverse-variance weighted 21 .0080939 0.8695 0.783952 0.964305 .03S5 43 0.038
Simple mode 21 .001629 0.6956 0.572119 0.845749
Weighted mode 21 .003373 0.8289 0.742052 0.925821

This table presents the results of genetic association studies investigating the relationship between various genetic markers and ED. Each row corresponds
to a specific genetic marker and includes the method used for analysis, the number of SNPs (nSNP) involved, the P-value indicating the significance of the
association, the odds ratio (OR) with its 95% confidence interval (CI), and additional statistical tests for heterogeneity and pleiotropy. Significant associations
(P <.05) are highlighted, suggesting a potential causal link between the genetic markers and ED.

DR+ T cells(IVW P-value =0.002, OR: 0.837-0.963), and
SSC-A on NK T cells(IVW P-value =.008, OR: 0.849-0.976).
Table 2 contains all the results from the reverse MR analysis,
and the tests for pleiotropy and heterogeneity were both
>0.05, indicating no pleiotropy or heterogeneity.

Discussion

Utilizing extensive publicly available GWAS genetic data, we
examined the causal relationships between 731 immune cells
and ED. To our knowledge, this is the first analysis and dis-
cussion to explore such relationships with a comprehensive set
of 731 immune cells. Applying a stringent P-value threshold,
we identified 7 immune cells associated with both risk and

protective factors for ED. After excluding one cell due to
pleiotropy, 6 cells remained. Further multivariable analysis
showed that 5 of these cells still exhibited strong correla-
tions. Additionally, treating ED as the exposure and immune
cells as the outcome revealed no evidence of bidirectional
causal relationships among these 6 immune cells. But the
CD20+ CD38dim on IgD B cell did not pass the BWMR
test and verification. A stricter P-value (<.01) used in reverse
analyses also demonstrated causal relationships between the
onset of ED and changes in 5 immune cells.

ED is considered a vascular disease resulting from endothe-
lial dysfunction and atherosclerosis [14]. Although not life-
threatening, the occurrence of ED significantly impacts
sexual and family life, work efficiency, and consequently
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Main.exposure Method nSNP  P.value OR(95%Cl) Heterogeneity.Test.P MR.Egger.Intercept.P MR.PRESSO.Global.Test.P
ebi-a-GCST9Y0001500 MR Egger 25 0.0749 * 0.8884(0.7845 to 1.0060) 0.7719
Activated & resting CD4 regulatory T cell %CD4+ T cell Weighted median 25 0.0634 -0: 0.8914(0.7895 to 1.0064)
Inverse variance weighted 25 0.0088 '.‘I 0.8880(0.8125 to 0.9706) 0.8158 0.9933 0.84
Simple mode 25 0.8172 "0'-' 0.9756(0.7927 to 1.2006)
Weighted mode 25 0.094 '0: 0.8957(0.7914 to 1.0137)
MVMR 23 <0.01 li: 0.8527(0.7883 to 0.9224)
ebi-a-GCST9Y0001525 MR Egger 27 0.0128 ==t 1.2148(1.0538 to 1.4003) 0.1628
|
CD33dim HLA DR+ CD11b+ Absolute Count Weighted median 27 0.0047 [laal 1.1834(1.0528 to 1.3300)
Inverse variance weighted 27 0.0085 Irﬂ 1.1275(1.0311 to 1.2328) 0.1344 0.2019 0.148
Simple mode 27 0.382 Ho—t 1.0978(0.8938 to 1.3483)
Weighted mode 27 0.0151 :-.-1 1.1808(1.0419 to 1.3383)
MVMR 23 0.0005 ot 1.1339(1.0560 to 1.2176)
ebi-a-GCST90001735 MR Egger 28 0.0142 :‘--' 1.2113(1.0499 to 1.3975) 0.7884
CD19 on IgD- CD38dim B cell Weighted median 28 0.0077 :'-0-' 1.2056(1.0506 to 1.3835)
Inverse variance weighted 28 0.0033 :’N 1.1506(1.0477 to 1.2636) 0.7892 0.3593 0.806
Simple mode 28 0.5664 o— 1.0774(0.8377 to 1.3857)
Weighted mode 28 0.0232 IFO-« 1.1876(1.0324 to 1.3660)
MVMR 18 0.0032 :m 1.1422(1.0457 to 1.2477)
ebi-a-GCST9Y0001752 MR Egger 29 0.0016 Lol : 0.7658(0.6596 to 0.8892) 0.9482
CD20 on IgD+ CD38dim B cell Weighted median 29 0.0122 ﬁ*: 0.8334(0.7227 to 0.9610)
Inverse variance weighted 29 0.002 "‘: 0.8616(0.7839 to 0.9469) 0.8561 0.056 0.812
Simple mode 29 0.3323 >—0r' 0.8821(0.6876 to 1.1317)
Weighted mode 29 0.0092 oy 0.8263(0.7229 to 0.9445)
MVMR 24 0.0375 “1' 0.9128(0.8376 to 0.9948)
ebi-a-GCST90001852 MR Egger 19 0.0225 :"H 1.1950(1.0398 to 1.3734) 0.9422
CD3 on CD39+ resting CD4 regulatory T cell Weighted median 19 0.0357 Ir'" 1.1463(1.0092 to 1.3020)
Inverse variance weighted 19 0.0078 :"‘ 1.1359(1.0342 to 1.2476) 0.9359 0.3467 0.932
Simple mode 19 0.334 ":0—' 1.1087(0.9044 to 1.3591)
Weighted mode 19 0.0574 }'ﬁ 1.1529(1.0049 to 1.3227)
MVMR 18 0.0089 }“ 1.1105(1.0266 to 1.2013)
ebi-a-GCST9Y0001911 MR Egger 27 0.1054 f"—‘ 1.1286(0.9800 to 1.2997) 0.4381
CD45 on Natural Killer Weighted median 27 0.0276 It-o-c 1.1762(1.0180 to 1.3590)
Inverse variance weighted 27 0.004 :'04 1.1494(1.0455 to 1.2637) 0.4876 0.7327 0.535
Simple mode 27 0.3918 ":'0—' 1.1188(0.8690 to 1.4405)
Weighted mode 27 0.0848 :'0" 1.1406(0.9877 to 1.3171)
MVMR 20 0.2618 - 1.0485(0.9652 to 1.1391)
P<0.05 was considered statistically significant L') ; 2 ;‘3 4‘1

protective factor risk factor

Figure 2. Mendelian randomization analysis of immune cell types and erectile dysfunction (ED). This figure shows the results of Mendelian
randomization (MR) analyses investigating the association between various immune cell types and ED. Each row represents a specific immune cell type,
analyzed using different MR methods (MR Egger, weighted median, inverse-variance weighted, simple mode, weighted mode, MVMR). The columns
include the number of SNPs used (nSNP), P-values, odds ratios (OR) with 95% confidence intervals (Cls), and heterogeneity and pleiotropy test

P-values. The forest plots illustrate the effect sizes, with statistically significant results (P < .05) indicating potential causal relationships.

Table 2. Mendelian randomization analysis results for immune cell types and erectile dysfunction (ED).

Main outcome Method nSNP P-value  or or_lci95 or_uci95 Heterogeneity MR-Egger MR-PRESSO
test P intercept P
ebi-a-GCST90001992 MR Egger 11 0.1451  0.8794 0.7510 1.0298  .6013
CCR2 on CD14+ Weighted median 11 0.0468  0.9113 0.8315  0.9987
CD16+ monocyte
Inverse-variance weighted 11 0.0030  0.9074 0.8511  0.9676  .6750 6799 0.7240
Simple mode 11 0.2614  0.9178 0.7968  1.0571
Weighted mode 11 0.2027  0.9050 0.7840  1.0447
ebi-a-GCST90002073 MR Egger 11 0.0734  0.8342 0.7000 0.9941 4511
SSC-A on monocyte  Weighted median 11 0.0923 0.9179 0.8308 1.0142
Inverse-variance weighted 11 0.0070 0.9055 0.8424 0.9732 4528 3412 0.5120
Simple mode 11 0.3674  0.9278 0.7942  1.0840
Weighted mode 11 0.3934  0.9347 0.8057  1.0843
ebi-a-GCST90002074 MR Egger 11 0.1110  0.8595 0.7267 1.0167  .7866
SSC-A on CD14+ Weighted median 11 0.0041  0.8725 0.7949  0.9577
monocyte
Inverse-variance weighted 11 0.0023  0.8978 0.8377  0.9622  .8290 .5906 0.8410
Simple mode 11 0.0970  0.8627 0.7366  1.0105
Weighted mode 11 0.0860  0.8627 0.7411  1.0043
ebi-a-GCST90002083 MR Egger 11 0.2091  0.8897 0.7511 1.0539  .7527
SSC-A on HLA DR+ Weighted median 11 0.0360  0.9080 0.8296  0.9937
T cell
Inverse-variance weighted 11 0.0025  0.8981 0.8376  0.9630  .8247 9072 0.8430
Simple mode 11 0.2151  0.9059 0.7826  1.0487
Weighted mode 11 0.2135  0.9080 0.7876  1.0469
ebi-a-GCST90002084 MR Egger 11 0.6347  0.9584 0.8091 1.1353 9631
SSC-A on Natural Weighted median 11 0.0978  0.9266 0.8467  1.0141
Killer T
Inverse-variance weighted 11 0.0084 0.9104 0.8490 0.9762 9686 5302 0.9800
Simple mode 11 0.5663  0.9586 0.8336  1.1024
Weighted mode 11 0.4889  0.9518 0.8317  1.0892

This table shows the results of Mendelian randomization (MR) analyses exploring the association between various immune cell types and ED. It includes the
immune cell types analyzed (Main outcome), the MR methods used (Method), the number of SNPs (nSNP), P-values, odds ratios (OR) with 95% confidence
intervals (CI), and P-values for heterogeneity, MR-Egger intercept, and MR-PRESSO global tests. Statistically significant results (P <.05) are highlighted,
indicating potential causal relationships.



our overall well-being.!* Current treatments, including
sildenafil, tadalafil, and vardenafil, among other PDES
inhibitors, are not curative and provide only symptomatic
relief.}3-1¢ Moreover, these drugs may have potential side
effects that make them unsuitable for long-term use, such
as headaches, visual impairments, flushing, and persistent
ED following discontinuation.!”!? As research into ED
deepens, a significant link has been identified between ED
and the human immune system. For those unresponsive
to traditional oral PDES inhibitors and suffering from
intractable vasculogenic ED related to diabetes, new treatment
strategies like stem cell therapy are increasingly being
utilized.2%21 However, the effectiveness of stem cell therapy
may be affected by the immune response. Increasingly,
experimental evidence suggests that immunotherapy-based
approaches might be safer and more effective. Recent studies
are transitioning from traditional stem cell treatments to
therapies using ex vivo isolated PBMNC:s for treating ED, with
significant results.%+%2

B cells are a crucial component of the human immune sys-
tem and part of the adaptive immune response. They primarily
function in antibody production, antigen presentation, and
modulation of the immune response through the secretion of
various cytokines, playing a central role in immune regula-
tion.23>2* However, the role of immune cells in ED, a disease
often overlooked until recently, has begun to be recognized
as fundamentally an inflammatory vascular condition. The
importance of B cells has become increasingly apparent in this
context. Studies have shown that B cells significantly influence
the disease course through their antibody production, antigen
presentation, and cytokine secretion functions.2’ Additionally,
B cells play a role in vasculitis by regulating inflammatory
responses and promoting tissue repair and fibrosis.?® In the
context of ED, a vascular inflammatory disease, B cells play a
unique role. Our results suggest that CD19 on IgD- CD38dim
B cells is a risk factor for ED. CD19, a primary B cell surface
molecule, plays a critical role in B cell activation and signal
transduction. Research by Blair et al. indicated that CD19
enhances immune responses by modulating B cell receptor
signaling.?” Lin et al.’s research on IgG4-related disease found
that a significant increase in CD19+ CD24- CD38hi B cells
correlates with disease severity, highlighting the critical role
of specific CD194 B cell subsets in inflammatory diseases.”®
In the context of vasculitis, these CD19+ B cell subsets may
influence vascular wall stability and hemodynamics by pro-
moting inflammation or modulating immune responses, key
factors in the development of ED. Moreover, CD19’s signaling
pathway, particularly its role in regulating key pathways like
PI3-K and mitogen-activated protein kinase (MAPK) in B
cells, is especially significant.??>3° Upon activation, CD19 can
affect B cell function by promoting the activation of PI3-
K (phosphatidylinositol 3-kinase), whose activation produces
phosphatidylinositol (3,4,5)-trisphosphate (PIP3), a critical
secondary messenger that further activates Akt.3! Akt, a mul-
tifunctional kinase, participates in transmitting cell survival
signals, regulating the cell cycle and metabolic regulation. By
activating Akt, B cells receive anti-apoptotic signals, enhanc-
ing their survival and promoting the release of inflamma-
tory cytokines, which may have a significant impact on the
inflammatory state within blood vessels.’> CD19 can also
activate the MAPK pathway, a group of signal transduction
proteins essential for cell proliferation, differentiation, and
response to external stress. In B cells, the activation of the
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MAPK pathway can promote the production of inflammatory
cytokines such as IL-6 and TNF-a, key mediators in regulating
local and systemic inflammatory responses. Thus, CD19 sig-
naling might exacerbate or sustain the chronic inflammatory
environment, particularly in pathological states related to
vascular health such as atherosclerosis, potentially affecting
the development of ED. Conversely, CD20 on IgD+ CD38dim
B cells acts as a protective factor, possibly because CD19
is a co-stimulatory molecule in B cells that primarily pro-
motes B cell activation and proliferation by enhancing B cell
receptor signaling. This enhanced signaling may lead to an
overactive antigen response, especially in IgD- CD38dim B
cells, which are more active in inflammation and autoimmune
responses.>? In the context of ED, this might exacerbate
the inflammation in blood vessels and local tissues, thereby
increasing the risk of ED. In contrast, the expression of CD20
in IgD+ CD38dim B cells is associated with a protective role.
CD20’s primary function is as a regulator of B cell activation
and survival, especially in IgD+ CD38dim B cells, which
typically have a higher regulatory potential, possibly involving
immune suppression and anti-inflammatory actions. CD20
helps maintain B cells in a resting state by regulating their cal-
cium signaling, potentially preventing these cells from overre-
sponding to inflammatory stimuli.>* Therefore, in ED, CD20-
expressing regulatory B cells might help suppress excessive
immune activation and inflammation, thereby protecting vas-
cular function from damage. However, it did not pass val-
idation with Bayesian weighting. Possible reasons for this
include insufficient sample size, inadequate effect strength
of genetic variants, the influence of confounding factors,
and limitations of the method itself. Therefore, additional
clinical studies are needed to further verify whether there
is a causal relationship with ED. HLA DR on B cells also
acts as a protective factor because B cells with HLA-DR
molecules are involved in presenting antigenic peptides to
T cells, thereby activating them.>® Tabata et al. found that
this activation could induce an enhanced expression of the
IgM heavy chain gene associated with Syk activation without
leading to proliferation or apoptosis.>® This activation is cru-
cial for adaptive immune responses, especially in coordinating
effective targeted responses to specific pathogens or infected
cells. However, our findings indicate significant pleiotropy
in MR-PRESSO tests for HLA-DR on B cells, suggesting
that its role in disease may be more complex than initially
thought. According to a genome-wide association study, it
is associated with the risk of multiple diseases, including
chronic lymphocytic leukemia (CLL), Hodgkin lymphoma,
and multiple myeloma. These findings reveal a possible com-
mon genetic susceptibility role in multiple diseases, reflecting
its pleiotropic characteristics.>” This pleiotropy suggests that
genetic variations may affect various types of diseases through
one or more biological pathways.

T cells also play a crucial role in vasculitis, commonly
divided into CD4+ T cells and CD8+ T cells. CD4+ T cells,
known as helper T cells, primarily assist and regulate the
activity of other immune cells through cytokine secretion.’8
CD8+ T cells, also known as cytotoxic T cells, mainly func-
tion to directly kill virus-infected cells.>® Both CD4+ and
CD8+ T cells have been proven to play significant roles in var-
ious vasculitis diseases. Deliyanti and colleagues discovered
that tumor necrosis factor (TNF), interferon-gamma (IFNy ),
perforin, and granzyme A/B can be mediated by CD8+ T
cells in retinal vascular diseases. By inhibiting the chemokine
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receptor CXCR3, the number of CD8+ T cells in the retina
can be reduced, thereby mitigating pathological vasculitis.*”
In another study, Winchester et al. found that cytomegalovirus
infection enhances the activation of inflammatory CD8+ T
cells through the interaction of CD2 and its ligand LFA-3.
This activation leads CD8+ T cells to release more inflam-
matory cytokines, such as TNF and IFNy, in vasculitis, espe-
cially in atherosclerosis, exacerbating vascular inflammation,
and structural damage.*' Our results indicate that CD3 on
CD39+ resting CD4 regulatory T cells (Tregs) is a risk factor,
potentially because high expression of most Treg cells is
generally associated with worse clinical outcomes.*>>*3 CD39
is a crucial immunoregulatory molecule that plays a key role
in maintaining immune balance by hydrolyzing extracellular
ATP to produce adenosine, which has an immunosuppressive
effect.** Perry and colleagues found that CD39+ CD4+ T
cells might regulate inflammatory responses and suppress
excessive immune activity, and are associated with late-stage
disease and therapeutic intervention needs in CLL.****7 This
might be due to CD39’s ability to induce CD4+- cells indirectly
after exposure to ATP or upon B cell receptor binding. Con-
versely, the percentage of activated and resting CD4 regulatory
T cells (% CD4+ T cells) acts as a protective factor. We believe
this could be due to the bidirectional role of Tregs in ED. Tregs
help maintain immune homeostasis and suppress excessive
inflammatory responses, which is beneficial for protecting
vascular health, particularly in conditions like ED that are
closely linked to vascular function. However, in some types of
cancer and other chronic diseases, high expression of Tregs is
associated with poorer clinical prognosis, potentially because
high concentrations of Tregs in cancer may promote tumor
escape from immune surveillance, thus correlating with worse
survival rates. In this scenario, high expression of Tregs is not
a protective factor but rather a promoter of disease progres-
sion. Another study found that CD4+ T cells can exacerbate
tissue damage and disease progression through their pro-
inflammatory functions in transmission electron microscopy
cells, but the presence of regulatory T cells (Tregs) is crucial for
countering these effects and providing protection in vasculitis
diseases.*®

NK cells, integral to the innate immune system, play a
crucial role in the first line of defense, particularly in immune
surveillance against malignant transformations. CD435, a
transmembrane protein tyrosine phosphatase, is critical for
the regulation of NK cells. It modulates cytokines and through
multiple signaling pathways (such as activation of the Ly49D
promoter) balances NK cell production and cytotoxicity.*
CD4S5 also enhances NK cell activation by antagonizing
inhibitory signals and may play a vital role in NK cell
maturation and cellular homeostasis through key signal
phosphorylation.’?>’! CD45 on NK cells might indeed be
a protective factor against cancer or inflammation. However,
specific studies have shown that T cells targeting CD45,
when transplanted into mice with the same CD45 genotype,
can cause early graft-vs-host disease characterized mainly by
pulmonary vasculitis.’? This suggests that CD45 regulation
in NK cells may influence vascular inflammatory responses,
potentially linking it to certain types of vasculitis diseases.
We hypothesize that modulating immune cell functions could
consequently affect the inflammatory state of vessels. Given
that ED is a vasculitis disease, it would inevitably be impacted.
This aligns with the results from multivariate analysis in
MR, indicating that CD45 cannot independently exert its

protective effect on NK cells; its function is likely the result of
interaction with other factors. Therefore, further research on
CD45 in NK cells is warranted.

CD33dim HLA DR+ CD11b+ Absolute Count is a
composite marker identified as a risk factor, with potential
reasons being multifaceted. Although HLA DR alone, a cell
surface receptor part of the Class II Major Histocompat-
ibility Complex, is responsible for presenting exogenous
antigens to CD4+ helper T cells and correlates positively
with lymphocyte infiltration.’3 it serves as a favorable
prognostic indicator in colorectal cancer research and is
significantly beneficial for immunotherapy interventions.’®
However, as part of a complex, the mechanisms may shift.
Research has shown that in individuals with elevated serum
CRP, a marker of inflammation, there is an increase in
CD11b+/CD33+4/HLA-DR- myeloid cells.”” This might
imply a connection to inflammatory diseases. Another
study on melanoma found that CD33+ CD11b+ HLA-
DR- is highly expressed in myeloid-derived suppressor cells
(MDSCs), which aid in immune suppression.’® Thus, MDSCs
expressing CD33 + CD11b + HLA-DR- might suppress local
or systemic immune responses by releasing anti-inflammatory
and immunosuppressive molecules such as nitric oxide
and arginase, influencing the local inflammatory state.’’
Additionally, MDSCs may affect vascular function through
immunosuppressive mechanisms, similarly impacting penile
blood flow and erectile function, which could influence the
development of ED.?0

In the reverse MR results, we primarily observed changes
in the SSC-A parameter, showing declines in monocytes, Treg
cells, T cells, and NK cells. SSC-A reflects the internal com-
plexity and granularity of cells, generally associated with the
abundance and distribution of intracellular structures such
as granules and organelles. However, we found no direct
evidence linking ED to a decrease in SSC-A. We speculate
that this might be due to endothelial dysfunction related
to systemic vascular dysfunction associated with ED, which
could lead to increased inflammatory factors and oxidative
stress, altering the state of surrounding immune cells.®’-¢2
Long-term inflammation might induce changes in the internal
structure of immune cells, such as a reduction in internal
granules and organelles. Additionally, ED affects immune
regulation, including changes in hormone levels.®>:** Thus,
we hypothesize that reduced testosterone levels could impact
the activity and maturation of monocytes and other immune
cells, subsequently affecting their internal structure and SSC-
A expression. Immune regulation might also lead to further
programmed cell death. During apoptosis, internal cellular
structures change, such as the breakdown of organelles and
reduction of granules, which could appear as a decrease in
SSC-A in flow cytometry analyses. The decrease in CCR2 on
CD14+ CD16+ monocytes might be due to ED’s association
with cardiovascular diseases, diabetes, and metabolic syn-
drome, all involving inflammatory pathways.®® The expres-
sion of the chemokine receptor CCR2 on these cells is crucial
for their transport and functional responses in various physio-
logical and pathological contexts. Typically, CD14+ CD16+
monocytes exhibit lower CCR2 expression compared to other
subsets, reflecting their unique roles in immune response and
tissue homeostasis.’®

Our study also has limitations that might introduce bias
into our results. First, the number of SNPs is limited, insuf-
ficient for a comprehensive overview. Second, many results



were positive only with the IVW method, while other tests
were not. Third, the selected databases comprised entirely
of European populations, meaning the results might not be
directly applicable to other ethnic groups.

Conclusion

Our use of MR to investigate the causal relationships between
various immune cells and ED could offer new directions for
research into using immune cells as biomarkers for ED treat-
ment. However, to fully understand the relationship between
immune cell behavior and ED, it is essential to conduct fur-
ther high-quality clinical studies and explore the underlying
mechanisms. This comprehensive approach will help refine
the potential therapeutic role of immune cells in managing and
treating ED.
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