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Introduction: Manny evidence indicates that numerous immune cells are linked to the onset and progression of VTE, though the
causal relationship remains unclear. To determine the association between immune cells and VTE, we performed a bidirectional two-
sample Mendelian randomization (MR) study.

Methods: A comprehensive MR analysis was conducted to ascertain the causal relationship between immune cell signatures and
VTE. Leveraging publicly available genetic data, we examined the causal associations between 731 immune cell signatures and the
risk of VTE. The analysis encompassed four types of immune signatures, namely median fluorescence intensities, relative cell counts,
absolute cell counts, and morphological parameters. We employed the two-sample MR analysis, used the inverse variance-weighted
(IVW) approach as the primary analytical method. Rigorous sensitivity analyses were employed to validate the robustness, hetero-
geneity, and presence of horizontal pleiotropy in the results. Furthermore, the reverse MR analysis was implemented to confirm the
existence of reverse causal relationships.

Results: Eighteen immune cell signatures were found to have nominally significant associations with VTE according to the IVW
method. The level of CD14 expression on CD14+ CD16+ monocytes (OR 0.95) and ten other phenotypes were identified as protective
factors against VTE. Conversely, the percentage of HLA DR+ T cells among lymphocytes (OR 1.03) and six other phenotypes were
identified as risk factors associated with an increased likelihood of VTE. The expression level of CX3CR1 on CD14- CD16+
monocytes showed a potential bidirectional causal relationship.

Conclusion: Our study identified 18 types of immune cell signatures that could impact VTE development, offering novel insights for
future mechanistic and clinical studies in this field. Further studies to prospectively validate our findings are needed.
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Introduction
Venous thromboembolism (VTE), which includes deep vein thrombosis and pulmonary embolism, is the third most prevalent
vascular disease and third leading cause of death worldwide, affecting approximately 10 million people annually.'-*

Over recent years, the incidence of VTE has shown a steady increase along with the increase in VTE risk factors,
such as aging populations, obesity, heart failure, and cancer.

VTE is strongly associated with a poor prognosis and compromised quality of life;* 20% of patients with pulmonary
embolism die either before diagnosis or shortly thereafter,® 30% of patients with VTE experience recurrence within a 10-
year timeframe,* and 20-50% of patients with deep vein thrombosis experience post-thrombotic syndrome, leading to
diminished quality of life and potential disability.” Moreover, VTE imposes a considerable annual economic burden,
estimated at €1.5-3.3 billion in Europe and $7-10 billion in the United States.*’
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While Virchow’s triad of factors, namely, abnormalities in blood flow, blood components, and vessel walls, are the
cornerstone of VTE-related pathophysiology, the underlying pathophysiological processes that lead to thrombosis are not
fully understood, leaving a substantial gap in terms of VTE prevention and treatment. Inflammation and immune cells are
key contributors to the pathogenesis of thrombosis, but the exact mechanisms remain elusive in human populations, and
further elucidating their role may contribute to an enhanced understanding of the pathogenesis of VTE and advance
prevention and treatment strategies. Current data have been primarily obtained from experimental models, and the
relationship between immune cells and VTE in humans is not well established. Therefore, conducting a genetic-level
study is pertinent. At present, a large amount of evidence has indicated the role of the innate immune system in the
pathogenesis of VTE. However, we still do not understand the exact mechanisms involved.® Khorana AA discussed the
complexity of immune responses in cancer-associated VTE, pointing out that while there is significant immune
activation, the direct causal pathways between immune cells and thrombosis are not well-defined in human populations
Therefore, conducting a genetic-level study is pertinent.'” Mendelian randomization (MR) is a genetic epidemiological
method that utilizes single nucleotide polymorphisms (SNPs) as instrumental variables (IVs) to infer the causal relation-
ship between exposure and outcomes.'' This method can be viewed as a “natural” randomized controlled trial because
alleles are assigned randomly during meiosis. MR may reduce both traditional confounding variables and reverse
causation, thereby offering more robust evidence of causal inference.'> Therefore, we conducted this bidirectional two-
sample MR analysis of summary Genome-Wide Association Studies (GWAS) data to evaluate the causal relationship
between VTE and immune cells. We aimed to provide insights for the development of new research directions and
treatment strategies for VTE. MR by using genetic variants as proxies for immune cell traits, MR can avoid the
confounding and reverse causality issues that plague traditional observational studies. This approach is particularly
important given the complex, multi-dimensional nature of immune responses, where immune cells might influence VTE
through several interconnected pathways, making it difficult to establish direct causality without the proper genetic tools.

Methods

Study Design

MR leverages genetic variations as proxies for risk factors, necessitating the use of valid IVs that adhere to three crucial

assumptions for reliable causal inference: (1) direct association of genetic variation with exposure, (2) absence of

association between genetic variation and potential confounders in the relationship between exposure and outcome, and

(3) assurance that genetic variation does not exert influence on the outcome through pathways unrelated to the exposure.'?
We performed an extensive assessment of the causal relationship between 731 immune cell signatures, categorized

into seven groups, and VTE using bidirectional two-sample MR analysis. The timeframe from the FinnGen study were

collected and analyzed from 2015 to 2022, while the immune cell trait data were extracted from the GWAS Catalog in

2023. The comprehensive design is presented in Figure 1.

Study Setting
This study utilized publicly available summary-level genetic data from the FinnGen Study and the GWAS Catalog. The
FinnGen data is derived from a large cohort of European individuals, with cases of VTE identified using International
Classification of Diseases codes. The analyses were conducted using these publicly accessible datasets.

Study Population-The study population for this MR analysis includes 19,372 patients and 357,905 controls from the
FinnGen study, primarily consisting of individuals of European descent. The immune cell trait data were derived from
a separate GWAS involving 3757 European individuals.

Ethical Approval

According to the Measures for Ethical Review of Life Science and Medical Research Involving Human Subjects (China),
as the data used in this study were de-identified and publicly available, ethical approval was not required. The studies
incorporated into our analysis received approval from all the respective institutional review boards, and all participants in
these studies granted informed consent.
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Figure | A detailed overview of the Mendelian randomization design.
Abbreviations: GWAS, Genome-Wide Association Studies; MR, Mendelian randomization; SNP, Single nucleotide polymorphism.

Sample Size
This study utilized data from large-scale GWAS cohorts, so no sample size calculation was required. The large sample sizes
of these datasets provide sufficient statistical power to detect causal associations between immune cell signatures and VTE.

Data Sources

GWAS Data Sources for VTE

The most recent FinnGen GWAS results were the source of summary-level statistical data for VTE (available at https:/r9.
ﬁnngen.ﬁ/).14 Venous thromboembolism (VTE) is defined as the obstruction of a vein or veins (embolism) by a blood clot
(thrombus) in the bloodstream. It also refers to the occlusion of the lumen of a vein by a thrombus that has migrated from a distal
site via the bloodstream. Phenotypic codes for VTE cases were labeled as “I19 VTE”. The analysis, adjusted for age, sex, genetic
relatedness, genotyping batch, and the first 10 principal components, involved 19,372 patients and 357,905 controls.

Immunity-Wide GWAS Data Sources

Publicly accessible summary statistics for each immune trait in the GWAS data can be found in the GWAS catalog,
spanning the accession numbers GCST0001391 to GCST0002121."> A comprehensive set of 731 immunophenotypes
were examined, consisting of absolute cell counts (n = 118), median fluorescence intensities indicative of surface antigen
levels (n = 389), morphological parameters (n = 32), and relative cell counts (n = 192). Specifically, the median
fluorescence intensities, absolute cell counts, and relative cell counts encompassed B cells, conventional dendritic cells
(cDCs), mature T cells, monocytes, myeloid cells, TBNK (T cells, B cells, and natural killer [NK] cells), and Treg panels.
The morphological parameters involved cDCs and TBNK panels. The initial GWAS on immune traits utilized data from
3757 European individuals, ensuring non-overlapping cohorts. Imputation of almost 22 million genotyped SNPs was
performed using high-density arrays and a Sardinian sequence-based reference panel. Associations were assessed
following adjustments for covariates such as sex and age.'®

Reverse MR

The data source for reverse MR was identical to that of the forward MR. In this case, we considered VTE as the exposure
and extracted SNPs closely related to VTE (p < 10™®). A process akin to forward MR was employed, involving the
removal of linkage disequilibrium (LD) and IVs with an F-statistic < 10. The genera identified as significant in the
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forward MR analysis were utilized as the outcome, and we conducted a two-sample MR analysis to elucidate the causal
relationship between VTE and immune cells.

Selection of Vs

We evaluated 731 immunophenotypes using MR analysis. We identified SNPs related to immune cell signatures and
utilized them as IVs. To guarantee the authenticity and precision of the inferred causality between immune cell
composition and VTE, we employed the following rigorous criteria to select our IVs: (i) SNPs with phenotypic
associations were prioritized at p < 1x10>. This threshold was selected because GWAS-identified loci for immune
cells seldom attain the conventional genome-wide significance level (p < 5x10°®), allowing the inclusion of a broader
spectrum of genetic variations potentially relevant to immunophenotypes.'’ (ii) The reference panel for our study
consisted of European samples of the 1000 Genomes Project; therefore, we computed the LD among the identified
SNPs. SNPs with R* <0.001 within a clumping window of 10,000 kb that exhibited the smallest p-values were retained.
(ii1) SNPs presenting a minor allele frequency of < 0.01 were systematically discarded. In cases where palindromic SNPs
were detected, we inferred the alleles on the forward strand based on allele frequency data. The robustness of each SNP
was evaluated using the F-statistic: F' = R*/(1-R?) x (N-K-1)/K, where R? indicates the fraction of the variance in the
exposure accounted for by the genetic variants, N represents the sample size, and K denotes the number of IVs.
Instruments were deemed strong with an F-statistic > 10."®'® Conversely, those with F-statistics < 10 were categorized
as weak instruments and excluded from the analyses.”® Additionally, to ensure the quality of our selected SNPs, we
utilized the webpage (http://www.phenoscanner.medschl.cam.ac.uk) to authenticate the extracted SNPs and eliminate

potential confounding SNPs that may have a causal relationship with VTE.?!

Statistical Analysis

MR Analysis

In this study, we sought to elucidate the causal relationship between immune cells and VTE utilizing MR methodologies,
namely, an inverse-variance weighted (IVW) test, weighted mode, MR-Egger regression, weighted median estimator, and
simple mode. When dealing with multiple IVs, most of our results were shaped using the IVW method."****?* To account
for multiple testing, the false discovery rate (FDR) method was applied to adjust the p-values. To evaluate the
heterogeneity and potential outliers in our initial observations, we utilized scatter plots, funnel plots, and leave-one-
out plots. Additional methodologies provided depth and breadth, ensuring a comprehensive evaluation of the hypotheses.

Sensitivity Analysis
Considering biases may be involved when using an IVW test, a sensitivity analysis, encompassing tests for heterogeneity,
pleiotropy, and leave-one-out sensitivity, was conducted to evaluate the reliability and stability of the MR results. Within the
framework of two-sample MR, we addressed instrument heterogeneity using Cochran’s Q statistics. A significant Q statistic
emerging either from a value surpassing the count of instruments reduced by one or a p-value < 0.05 signaled potential
instrument heterogeneity. Addressing such heterogeneity is essential, as it ensures the reliability of MR estimates and prevents
potential biases. We utilized the MR-PRESSO method to identify horizontal pleiotropy, which is a potential bias in MR
studies.>**> This approach juxtaposes the observed distances of SNPs to the regression line with the distances anticipated
under a null hypothesis devoid of horizontal pleiotropy. When data indicated horizontal pleiotropy, outlier-corrected estimates
were provided. To verify the validity of our conclusions, a leave-one-out sensitivity analysis was performed. This enabled us to
determine whether a specific SNP was disproportionately influencing the causal interpretation.?®’

All computational tasks were conducted using R software (version 4.3.1). MR analyses were supported and
streamlined using the Two-Sample MR package software (version 0.5.7).

Results

IV Selection and Characteristics
Based on IV-related selection criteria, a comprehensive set of 14,456 SNPs were used as IVs for 731 distinct
immunophenotypes. An elaborate breakdown of these chosen IVs can be found in the Supplementary Table 1.
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Identification of Potential Causal Immunophenotypes

In our exploration of the causal impact of VTE on immunophenotypes, we utilized a two-sample MR analysis, with the
IVW method as the primary analytical tool. Following multiple test adjustments through the false discovery rate (FDR)
method, no immune traits reached significance at a level of 0.05. These included B cells, cDCs, maturation stages of T cells,
monocytes, myeloid cells, and TBNK cells. In total, 308 SNPs were designated as significant IVs for these genera and are
listed in Supplementary Table 2. A comprehensive epidemiological study, using an exhaustive literature survey, identified
specific SNPs as potential confounding factors, such as SNP rs115307086 for cancer, SNP rs35583090 for hematological
neoplasms, SNP rs10155782 for a previous history of thrombosis, SNP rs111747460 for trauma or immobility, and SNP
rs148381451 for hemorrhage. All confounding SNP information is shown in Supplementary Table 3.

Main MR Results

In accordance with the STROBE-MR guidelines, the results are presented as odds ratios (OR) with corresponding 95%
confidence intervals (CI). A cumulative assessment of these findings is presented in Figure 2 and Supplementary Table 4.

Eighteen immune cell types exhibited significant associations, and the definitive MR results are listed in Supplementary
Table 5. Based on IVW analyses, the level of CD14 expression on CD14+ CD16+ monocytes ([OR] 0.95, 95% [CI]
0.906-0.992; p = 0.022), the level of CD19 expression on IgD- CD38+ B cells (OR 0.95, 95% CI 0.914-0.988; p =
0.011), the level of CD45RA expression on terminally differentiated CD8+ T cells (OR 0.96, 95% CI 0.915-0.999; p =
0.044), the level of FSC-A expression on human leukocyte antigen (HLA) DR+ NK cells (OR 0.96, 95% CI
0.942-0.986; p = 0.001), the percentage of CD62L- plasmacytoid dendritic cells among dendritic cells (OR 0.97, 95%
CI 0.942-0.989, p = 0.004), the percentage of CD4-CD8- NK T cells among lymphocytes (OR 0.97, 95% CI
0.933-0.999; p = 0.043), the level of FSC-A expression on granulocytes (OR 0.97, 95% CI 0.948-0.994; p = 0.016),
the level of herpes virus entry mediator (HVEM) expression on naive CD4+ T cells (OR 0.97, 95% CI 0.950-0.994; p =
0.013), the level of CD40 expression on CD14+ CDI16- monocytes (OR 0.97, 95% CI 0.948-0.999; p = 0.040), the
percentage of effector memory CD8+ T cells among T cells (OR 0.97, 95% CI 0.952-0.997; p = 0.024), and the absolute
count of memory B cells (OR 0.98, 95% CI 0.960-0.992; p = 0.003) were found to act as protective factors against VTE.
Conversely, the percentage of HLA DR+ T cells among lymphocytes (OR 1.03, 95% CI 1.006—1.048; p = 0.013), the
percentage of basophils among CD33dim HLA DR- CD66b- cells (OR 1.03, 95% CI 1.004-1.055; p = 0.025), the
percentage of naive CD4+ T cells among CD4+ T cells (OR 1.03, 95% CI 1.004—-1.062; p = 0.025), the level of CD20
expression on IgD- CD38- B cells (OR 1.04, 95% CI 1.004—1.071, P = 0.027), the absolute count of CD66b++ myeloid
cells (OR = 1.04, 95% CI 1.008-1.069; p = 0.013), the level of CX3CR1 expression on CD14- CD16+ monocytes (OR
1.05, 95% CI 1.012-1.085; p = 0.009), and the absolute count of NK cells (OR 1.05, 95% CI 1.003—1.096; p = 0.036)
were identified as risk factors for VTE. The results described above are visualized in Figure 3. Following adjustment for
multiple tests using the FDR method, none of the immune traits reached a significance level of 0.05.

Examination of Outliers and Heterogeneity

The results of scatter plots (Figures 4A-K and Figures 5SA—G), funnel plots (Figures 6 and 7), and leave-one-out plots
(Figures 8 and 9) did not show any outliers. Figure 10 presents the definitive results from the tests of heterogeneity, as
well as for horizontal pleiotropy evaluation and Steiger test results. In the MR-PRESSO global test, the p values for all
significant results were consistently > 0.05, indicating the absence of significant horizontal pleiotropy. The consistency in
the findings was further confirmed through MR-Egger regression, aligning with the results obtained from the MR-
PRESSO global test. Additionally, the outcomes of the Steiger test, featuring p-values significantly < 0.05, suggested
a robust association between the IVs and immune phenotypes. These results confirmed the correct directionality of the
causative effect, enhancing the reliability of MR insights into the causal linkage between immune cells and VTE.
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Figure 2 The circus plot presents the causal estimates and sensitivity analyses between Immune Cells and Venous Thromboembolism for the different MR methods.

Reverse MR Analysis

We performed a reverse MR analysis by utilizing the IVW method to explore the causal relationship between the 18
immune phenotypes and VTE. Following the removal of LD, 23 SNPs were strongly linked with VTE, each demonstrat-
ing an F-statistic > 10.

The results indicate that 17 out of the 18 immunophenotypes did not demonstrate a statistically significant inverse
relationship These included the level of CD14 expression in CD14+ CD16+ monocytes (p = 0.52), CD19 expression in IgD-
CD38+ B cells (p=0.62), CD45RA expression in terminally differentiated CD8+ T cells (p = 0.95), and FSC-A expression
in HLA-DR + NK cells (p = 0.70). Similarly, the percentage of CD62L- plasmacytoid dendritic cells among dendritic cells
(p = 0.24), the percentage of CD4-CD8- NK T cells among lymphocytes (p = 0.13), and FSC-A expression in granulocytes
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Figure 3 The bi-directional Mendelian randomization results between immunophenotypes and VTE for Protective factors.
Abbreviations: MR, Mendelian randomization; OR, Odds ratio.

(p = 0.99) were not statistically significant. Additionally, HVEM expression on naive CD4+ T cells (p = 0.39), CD40
expression on CD14+ CD16- monocytes (p = 0.44), the percentage of effector memory CD8+ T cells among T cells (p =
0.22), and the absolute count of memory B cells (p = 0.53) did not exhibit statistically significant associations. Furthermore,
the percentage of HLA DR+ T cells among lymphocytes (p = 0.37), the percentage of basophils among CD33dim HLA DR-
CD66b- cells (p = 0.60), the percentage of naive CD4+ T cells among CD4+ T cells (p = 0.72), the expression levels of
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median). The specific immune cell signature is shown above each subgraph (A-K).

CD20 on IgD- CD38- B cells (p = 0.76), the absolute count of CD66b++ myeloid cells (p = 0.72), and the absolute count of
NK cells (p = 0.98) did not show statistical significance. However, the expression level of CX3CR1 on CD14- CD16+
monocytes (p = 0.01) showed statistically significant associations, suggesting a potential bidirectional causal relationship.

The reverse MR results are shown in Figure 2 and Supplementary Table 6.

Discussion

We conducted a comprehensive assessment of the causal associations between 731 immune cell traits and VTE through
comparing large publicly available GWAS databases. To our knowledge, this is the first MR study to investigate the
relationship between immune cells and VTE.

In this bidirectional two-sample MR analysis, we observed that increased percentages of naive CD4+ T cells among
CD4+ T cells, CX3CR1 on CD14- CD16+ monocytes, HLA DR+ T cells among lymphocytes, and the absolute counts of
NK cells, CD66b++ myeloid cells, along with the percentage of CD33dim HLA DR- CD66b- among basophils were
associated with a heightened risk of VTE. Conversely, a higher genetically determined percentage of effector memory
CD8+ T cells among T cells, HVEM on naive CD4+ T cells, CD45RA on terminally differentiated CD8+ T cells, CD40
on CD14+ CDI16- monocytes, CD14 on CDI14+ CD16+ monocytes, percentage of CD4-CD8- NK T cells among
lymphocytes, FSC-A on HLA DR+ NK cells, the absolute count of memory B cells, CD19 on IgD- CD38+ B cells,
FSC-A on granulocytes, and the percentage of CD62L- plasmacytoid dendritic cells among dendritic cells were
associated with a reduced risk of VTE. Additionally, the reverse MR analysis indicated a significant association between
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Figure 5 The scatter plots of the association between seven exposure and outcome with 5 methods (IVW approach, MR-Egger, simple mode, weighted mode, weighted
median). The specific immune cell signature is shown above each subgraph (A-G).
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Figure 6 The funnel plots of the association between elven exposure and outcome. The specific immune cell signature is shown above each subgraph (A-K).
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Figure 7 The funnel plots of the association between seven exposures and outcome. The specific immune cell signature is shown above each subgraph (A-G).
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Figure 8 The leave-one-out analysis of the association between elven exposure and outcome. The specific immune cell signature is shown above each subgraph (A-K).
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Figure 9 The leave-one-out analysis of the association between seven exposure and outcome. The specific immune cell signature is shown above each subgraph (A-G).

Cochanran‘s  MRegger Steiger MRPRESSO
S Q TEST Pvalue Pvalie  GLOBAL Pvalue

CD66b++ myeloid cell Absolute Count 0813 0474 1.01E-71 0.845
Basophil % CD33dim HLA DR- CD66b- 0.353 0.23 1.98E-149 0.473
Naive CD4+ T cell %CD4+ T cell 0.459 0.065 2.93E-108 0.475

Effector Memory CD8+ T cell %T cell 0.224 0279 1.34E-71 0.298
Memory B cell Absolute Count 0.77 0.615 1.41E-66 0.847

HLA DR+ T cell%Ilymphocyte 0.21 0.104 5.68E-198 0.273
CD4-CD8- Natural Killer T %lymphocyte 0.237 0.103 3.35E-186 0.204
Natural Killer Absolute Count 0.092 0.821 5.82E-92 0.14

CD19 on IgD- CD38+ B cell 0.562 0.823 2.76E-72 0.617

CD20 on IgD- CD38- B cell 0912 0.92 2.97E-153 0914

HVEM on naive CD4+ T cell 0.28 0.981 8.26E-91 0.372

FSC-A on granulocyte 0.587 0.677 5.73E-135 0.578

FSC-A on HLA DR+ Natural Killer 0.881 0.805 2.65E-151 0.908

CD40 on CD14+ CD16- monocyte 0.58 0.64 1.00E-169 0.498

CD14 on CD14+ CD16+ monocyte 0.545 0.757 8.83E-76 0.562

CX3CR1 on CD14- CD16+ monocyte 0.573 0.458 2.41E-77 0.636
CD45RA on Terminally Differentiated CD8+ T cell 0.88 0.265 1.23E-66 0.843
CD62L- plasmacytoid Dendritic Cell % Dendritic Cell 0.959 0.616 7.24E-136 0.963

Figure 10 The results of sensitivity analyses.

CX3CRI1 expression levels on CD14- CD16+ monocytes and VTE. These findings may lay the groundwork for future
strategies in the prevention, diagnosis, and treatment of VTE.

The interaction between coagulation and inflammation has been known for several decades. Activation of the
coagulation cascade and platelets can initiate immune responses including leukocyte recruitment, adhesion, extravasa-

tion, and activation. Simultaneously, the immune system influences the hemostatic system, a phenomenon known as
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immune thrombosis.”® Crosstalk between inflammation and hemostasis comprises intricate interactions involving proin-
flammatory cytokines, chemokines, adhesion molecules, tissue factor expression, and platelet and endothelial activation.
Inflammatory processes upregulate procoagulant factors while concurrently inhibiting natural anticoagulant pathways and
fibrinolytic activity, resulting in a prothrombotic tendency.”’

T-cell activation is crucial for VTE, as it orchestrates the recruitment of neutrophils and monocytes. This process
significantly impacts the formation and regression of thrombus neovascularization. Furthermore, CD4+ and CD8+ T cells
have a functional role in facilitating the resolution of VTE.*°

A study demonstrated an increased incidence of VTE in individuals infected with human immunodeficiency virus (HIV)
and exhibiting reduced CD4+ T cell counts. This finding suggests a potential association between heightened hypercoagul-
ability during progressive immunosuppression and the advancement of HIV disease.*' Our study discovered that the presence
of HVEM on naive CD4+ T cells serves as a protective factor against VTE. HVEM, located on the surface of various cell
types, both hematopoietic and non-hematopoietic, predominantly expresses in the spleen, thymus, bone marrow, lungs, and
intestines.*® It has been reported that HVEM influences a range of immune responses, not only on mucosal surfaces but also in
other parts of the body.>* However, the mechanisms underlying its association with thrombosis remain unclear.

Sustained interferon (IFN)-y production during VTE requires the presence of NK cells.** Some studies have
suggested that HLA-DR+ NK cells exhibit a superior capacity for IFN-y production upon cytokine stimulation when
compared to their HLA-DR— counterparts.®® This finding indicates that NK cells expressing HLA-DR can promote VTE
through IFN-y production similar to T cells. HLA-DR-expressing NK cells play a role in frontline defense, engaging in
crosstalk with the adaptive immune system through IFN-y production, amplifying inflammation, and participating in
cytotoxic responses, as well as the induction of T-cell activation. Our study found that FSC-A on HLA DR+ NK cells
plays an important role in hinderi ng VTE or promoting VTE ablation. Currently, no clear experimental results are
available to confirm whether NK cells influence VTE, and further studies are warranted.

The mechanism through which B cell affects VTE formation is unclear; however, Solveig et al suggested that
genetically determined B cell depletion is a causative factor in VTE. In JHT mice, B cell deficiency is associated with
systemic elevation of neutrophil and fibrinogen levels, indirectly contributing to thrombosis initiation.*>

Monocytes regulate the immune response and perform multiple essential functions.*® They can be categorized into
three subsets based on the expression of CD14 and CD16: classical monocytes (CD14+CD16-), intermediate monocytes
(CD14+CD16+), and non-classical monocytes (CD14-CD16+).>” Different monocyte subsets play diverse roles in
cardiovascular physiology and pathophysiology, although the underlying mechanisms are not well understood.
Monocytes are the primary leukocytes involved in VTE resolution.*®*° A mouse experiment showed that Ly6CLo
monocytes are not essential for thrombogenesis but are essential for normal VTE resolution;*® however, further research
on the contribution of monocyte subsets is required.

Our study suggests that CX3CR1 on non-classical (CD14-CD16+) monocytes may increase the risk of VTE.
CX3CRI is classified as a seven-transmembrane G-protein coupled receptor which is expressed in vascular endothelial
cells and monocytes/macrophages.*’ The primary function of CX3CR1 in immune cells is to detect and infiltrate
inflamed tissue, guided by the CX3CL1 gradient, thereby initiating an innate immune response.*> Thus, the interplay
between CX3CL1 and CX3CRI represents an initial phase in the host’s defense mechanism involving monocytes
crawling or “patrolling” within the blood vessel lumen. In patients with Wegener’s granulomatosis, the expression of
CX3CRI in peripheral blood mononuclear cells has been suggested to enhance inflammation by facilitating the migration
of leukocytes into inflammatory lesions.* Simultaneously, our results also revealed their inverse relationship. This may
be associated with the repeated stimulation and activation of CX3CR1 during inflammatory activation through the
formation of neurovascular unit loops. Considering the complex and close relationship between the immune system and
inflammation, this phenotype remains particularly noteworthy.

Plasmacytoid dendritic cells, a subset of dendritic cells, are highlighted for their significant role in innate immunity.
Functioning as innate immune sentinels, plasmacytoid dendritic cells play essential roles in both infection immunity and
autoimmunity. Their involvement in inflammation at specific sites includes the production of IFN-I and other mediators,
such as CXCL4.** In a study elucidating inflammation-induced thrombosis, findings indicated that platelets could incite
inflammation by activating dendritic cells, thereby instigating VTE.?® Additionally, Maitre et al demonstrated that blood-
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isolated dendritic cells exhibited a preferential removal of platelets situated at the periphery of a preformed thrombosis.*’
CD62L plays a pivotal role in regulating the recruitment of monocytes from the bloodstream to lymphoid tissues during
inflammation.*® Our study suggests that the percentage of CD62L- plasmacytoid dendritic cells among dendritic cells is
associated with a protective effect against VTE. However, additional evidence is warranted to substantiate this finding.

Previous studies have demonstrated that CD4+ T cells play a significant role in both thrombosis formation and
resolution. One study observed the presence of CD4+ T cells at various stages of thrombus formation and resolution.
Depletion of CD4+ T cells resulted in a reduction of macrophage numbers within the thrombus, decreased expression of
the fibrinolytic marker urokinase-type plasminogen activator (uPA), and diminished activity of matrix metalloproteinase-
9 (MMP-9). These findings suggest that CD4+ T cells have a functional role in the resolution phase of VTE.*7*%

Additionally, CD39, an ectonucleotidase expressed on endothelial cells, plays a crucial role in inhibiting platelet
function. Research indicates that CD39 hydrolyzes extracellular ATP and ADP, thereby reducing platelet activation and
aggregation, which suppresses thrombus formation.**->°

Part of our findings align with former studies, but additional research is essential to identify the precise pathways that
mediate these effects in humans.

It is important to note that the biological mechanisms underlying these associations are not fully understood. This study’s
findings should therefore be interpreted with caution. While MR methods help mitigate confounding, the lack of a clear
understanding of immune-mediated pathways in human thrombosis makes definitive causal conclusions challenging. Further
research is needed to clarify the biological mechanisms linking immune cells to VTE.

Our study had some limitations. First, due to the absence of individual information in the original data, only summary
statistics were evaluated, and a stratified analysis was not conducted. Second, only SNPs associated with known
confounders were excluded; thus, other unknown confounders may have influenced our results. Finally, the GWAS
data were derived from populations of European ethnicity, and caution should be exercised when generalizing our
findings to other ethnicities.

Conclusion
Our study identified 18 types of immune cell signatures that could impact VTE development, offering novel insights for
future mechanistic and clinical studies in this field. Further studies to prospectively validate our findings are needed.

Abbreviations

¢DCs, conventional dendritic cells; CI, confidence interval, FDR, false discovery rate; GWAS, Genome-Wide Association
Studies; HLA, human leukocyte antigen; HIV, human immunodeficiency virus; HVEM, herpes virus entry mediator; IFN,
interferon; IVs, instrumental variables; IVW, inverse variance-weighted; LD, linkage disequilibrium; MR, Mendelian
randomization; NK, natural killer; OR, odds ratio; SNPs, single nucleotide polymorphisms; VTE, venous thromboembolism.
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