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Background Epidemiological evidence has linked circulating cytokines to venous
thromboembolism (VTE). However, it remains uncertain whether these associations
are causal due to confounding factors or reverse causality. We aim to explore the
causality between circulating cytokines and VTE, encompassing deep vein thrombosis
(DVT) and pulmonary embolism (PE).

Methods In the current bidirectional Mendelian randomization (MR) study, instrumental
variables of 41 circulating cytokines were obtained from the genome-wide association
study meta-analyses (8,293 individuals). Summary statistics for the association of VTE
(17,048 cases and 325,451 controls), DVT (8,077 cases and 295,014 controls), and PE
(8,170 cases and 333,487 controls) were extracted from the FinnGen Study. A multivariable
MR study was conducted to adjust for potential confounders. The inverse-variance
weighted method was employed as the main analysis, and comprehensive sensitivity
analyses were conducted in the supplementary analyses.

Results The MR analysis indicated stromal cell-derived factor-1a was suggestively associat-
ed with a reduced risk of VTE (odds ratio [OR]: 0.90; 95% confidence interval [Cl]: 0.81-0.99;
p=0.033) and DVT (OR: 0.85; 95% ClI: 0.75-0.97; p=0.015). In addition, suggestive
association of granulocyte colony-stimulating factor with PE (OR: 1.20; 95% Cl: 1.06-1.37;
p=0.005) was observed. Multivariable MR analysis showed that the effect of cytokines on
VTE was partly mediated through hemoglobin Alc and systolic blood pressure. Reverse MR
analysis revealed that VTE was linked to decreased levels of several cytokines.

Conclusion We provide suggestive genetic evidence supporting the bidirectional
causal effect between circulating cytokines and VTE, highlighting the importance of
targeting circulating cytokines to reduce the incidence of VTE.
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Visual summary. Bidirectional causality between circulating cytokines and venous thromboembolism.
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Introduction

Venous thromboembolism (VTE), a common global health
concern associated with substantial morbidity and mortality,
encompasses the deep vein thrombosis (DVT) and pulmo-
nary embolism (PE)."? Among cardiovascular causes of
death, VTE ranks as the third most prevalent worldwide,
following coronary heart disease and ischemic stroke, with
an annual incidence rate ranging from 1 to 4 per 1,000
adults>* A growing body of evidence reveals chronic
inflammation plays a pivotal role in the progression of
thrombosis.>*®

Circulating cytokines play a crucial role in the regulation
of the inflammatory response, contributing to hypercoagu-
lability, endothelial dysfunction, and hemodynamic altera-
tions (stasis and turbulence) during the pathogenesis of
venous thrombosis.” Extensive epidemiological studies
have reported associations between cytokines and VTE,
including DVT and PE.2 For example, several studies have
shown an association between plasma levels of interleukin-6
(IL-6) and VTE.>'® However, a large population-based study
did not find any association between the levels of IL-1f, IL-6,
IL-8 and tumor necrosis factor-alpha and the risk of VTE.!!
Therefore, the causal relationship between circulating cyto-
kine levels and venous thrombosis remains under debate,
due to confounding factors or potential reverse causation in
traditional observational studies.

Mendelian randomization (MR) analysis is an epidemio-
logical analytical approach to infer the causal association of

Thrombosis and Haemostasis © 2023. The Author(s).

an exposure on an outcome using genetic variations.'? MR
analysis effectively reduces the impact of environmental
confounders and reverse causation, as genetic variants are
randomly assigned during conception.'® Here, we employed
a two-sample bidirectional MR analysis to systematically
investigate the causal relationships between genetic liability
to 41 circulating cytokines and the risk of venous VTE,
encompassing DVT and PE.

Methods

Study Design

A two-sample bidirectional MR analysis was performed to
explore the causal association between genetic liability to
circulating cytokines and the risk of VTE (including DVT and
PE). Furthermore, a multivariate MR analysis was conducted
to adjust for well-established risk factors associated with
VTE. The conceptual diagram depicting the current MR study
is illustrated in =Fig. 1. The single nucleotide polymor-
phisms (SNPs) chosen as instrumental variables (IVs) are
based on three core assumptions of MR analysis: (1) IVs
should be strongly associated with the exposure, (2) IVs
should be independent of any potential confounders, and (3)
IVs should only be linked to outcome through the exposure.'?

Genetic Instrument Selection

The summary statistics and IVs for circulating levels of
circulating cytokines were derived from a meta-analysis of
genome-wide association study (GWAS), encompassing
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Fig. 1 Design of the current two-sample bidirectional Mendelian randomization study. Three core assumptions were as follows: (a) Relevance
assumption; (B) independence assumption; (y) exclusion restriction. IVs, instrumental variables.

8,293 individuals with European ancestry (~Table 1).'%1°

Similarly, the 1Vs for VTE, DVT, and PE were obtained from
FinnGen study FinnGen consortium (Release 8, https://finn-
gen.gitbook.io/documentation/v/r8/data-download). To se-
lect robust IVs, we initially identified SNPs that strongly
predicted cytokines levels at a genome-wide significance
(p<5x107%). However, due to the majority of cytokines
having no or limited (<3) SNPs at this threshold, a more
lenient significance threshold (p <5 x 107°) was employed
to select 1Vs. Then, we conducted linkage disequilibrium
tests among SNPs utilizing the European 1000 Genomes
Project reference panel (r><0.001 and clump distance
> 10,000 kb). If SNPs were in linkage disequilibrium, the
SNP with higher p-value would be excluded from further
analysis. Palindromic SNPs with a minor allele frequency
greater than 0.42 were considered uninferrable and re-
moved. Furthermore, to assess the robustness of the genetic
instruments, we calculated both the variance explained (1?)
and F-statistic for each genetic variant in relation to levels of
circulating cytokines. The F-statistic exceeding 10 indicated
relatively strong estimated effects of the IVs in the MR
analyses, while IVs with an F-statistic below 10 were
excluded. Finally, the SNPs that were significantly associated
with the outcomes or confounding factors were manually
excluded using PhenoScanner (http://www.phenoscanner.
medschl.cam.ac.uk/).

Data Sources

The summary-level statistics for the associations of venous
thromboembolic diseases were obtained from a publicly
available GWAS conducted by the FinnGen consortium

(Release 8, https://finngen.gitbook.io/documentation/v/r8/
data-download, ~Table 1).'® A total of 17,048 cases and
325,451 controls for VTE (Phenocode: 19_VTE), 8,077 cases
and 295,014 controls for DVT (Phenocode: 19_PHLETH-
ROMBDVTLOW), and 8,170 cases and 333,487 controls for
PE (Phenocode: 19_PULMEMB) were included in this GWAS.
The FinnGen consortium comprised 342,499 individuals and
a total of 16,962,023 variants were analyzed using a mixed-
model logistic regression model that was adjusted for age,
sex, 10 principal components, and genotyping batch.'® The
definitions of VTE, DVT, and PE were based on the Interna-
tional Classification of Diseases revision 9.

We further obtained genetic summary statistics for body
mass index (BMI), hemoglobin Alc (HbAlc), moderate to
vigorous physical activity (MVPA), systolic blood pressure
(SBP), and sedentary behavior (time spent watching televi-
sion) from the corresponding consortium (~Table 1).7~2

All studies included in our analysis have obtained relevant
ethical review approvals from the respective ethical review
committees, and all participants involved in the original
studies have provided written informed consent.

Statistical Analysis

The inverse-variance weighted (IVW) method was utilized as
the main statistical model to evaluate the associations of
genetic liability to circulating cytokines with VTE, DVT, and
PE. This method could yield the most reliable causal esti-
mates, but it would be relatively susceptible to pleiotropy
and outliers.?? Therefore, the Weighted Median method,
MR-Egger method, and MR Pleiotropy Residual Sum and
Outlier (MR-PRESSO) method were employed in the

Thrombosis and Haemostasis © 2023. The Author(s).


https://finngen.gitbook.io/documentation/v/r8/data-download
https://finngen.gitbook.io/documentation/v/r8/data-download
http://www.phenoscanner.medschl.cam.ac.uk/
http://www.phenoscanner.medschl.cam.ac.uk/
https://finngen.gitbook.io/documentation/v/r8/data-download
https://finngen.gitbook.io/documentation/v/r8/data-download

Circulating Cytokines and Venous Thromboembolism Hu et al.

"Apn3s Uo[IeIDOSSE IPIM-dLIOUID ‘SYAND 1UOIIRIADIqQY

syuauodwod |eddpuld diwouab
01 354y ‘diyd> buidAjouab “xas ‘aby

A13seoue ueadoing

s|enpialpul £88°LEY

Jueqolq N

loineyaq Alejuapas

Jueqoiq NN
pUE S3IpN3S UOIIRID0SSY dPIM

N 10} 3|qelien Jo3edipul Aleulq s|enpiAlpul 9WOU3N-3INSsald poolg
B pue ‘xapui ssew Apoq ‘abe ‘xas A13sedue ueadoling L09°/S/ JO WN[310SU0) [eUOIIRUIAIU| ainssaid poojq 21j03sAS
syuauodwod |edduid d1wouab S|enpIAIpul
01 354y ‘diyd> buidAjouab ‘xas ‘aby A13sadue ueadoiny yETLLE yueqoig N | A3anoe jeaisAyd snolobia 03 ajesapoy
wniJosuo)
S|enpialpul S}ed] paiejaJ-ulnsu|
pauoiuaw JoN A13s9oue ueadoiny %0/ 91¥°18C pue 3502n|D Jo sisAjeuy-e31aN J1V uiqojbowsH

sjusuodwod jedpund
01 pue ‘saydieq buidAjouab
193U JUAWINIDAL X3S Dby

A13s9oue ueadoung

S|enpIAIpUL 000°00L~

win|30suod
s3ied] du3RwodolyINy
J0 uonebiisanu| d3dULN

X9pul ssew Apog

Juaunisnipy

yoieq buidAjousb pue

‘syuauodwod [edpund | ‘xas ‘9by A13saoue ueadoung S|0J3U0D /8Y CEE pPUB S9SBD 0/ ‘8 uanuul4 wsijoquwia Areuouwl|nd
yojeq buidAjouab pue
‘syjusuodwod |edpund | ‘xs ‘9by A1ysadue ueadoiny S|043U0D {1 0°G6C PUB S9SBD //0‘8 uanuui4 sisoquiolyl utan dasq
yoieq buidAjouab pue
‘syusuodwod |edpund Q| ‘xas ‘9by An3sadue ueadoing | S|0JJUOD [ GHGZE PUB S9SBD 810°/ L uanuul4 wis|joquIa0quI0Iy} SNOUIA
9wo0d3no/ainsodx3
00T MSIYNI4
L6611 MSIYNI4

sjuauodwod jedpund
o132uab | 3541y 9yl pue xas ‘9by

A13saoue ueadoung

S|eNPIAIPUL €67°8

Apnis suul4 bunoj
u1 sty Jejnaseaolpled ay |

saupj03Ad Alojewiwepyu)

QW 0d3N0/a1nsodx3

SYMD 3y3 ul syuawiysnipy

A13saduy

9z1s a|dwes

921n0S

adAjousyqd

sasAjeue Y|\ 10} BIEP JO SDISLIdIdRIRYD) | d|qeL

© 2023. The Author(s).

Thrombosis and Haemostasis



Circulating Cytokines and Venous Thromboembolism Hu et al.

following sensitivity analyses to evaluate the robustness of
associations and potential pleiotropy. Specifically, the
Weighted Median method can yield consistent causal esti-
mates even when half of the weight is derived from invalid
instruments.?> The MR-Egger regression is capable of detect-
ing potential pleiotropy between associations through inter-
cept tests, while also providing more accurate estimates with
correction for pleiotropy.24 However, this approach would
result in a reduction of statistical power for analyses. The
MR-PRESSO method could provide relatively unbiased causal
estimates by detecting and removing potential outliers.?®

Leave-one-out analyses and scatter plots depicting the
associations of genetically determined levels of circulating
cytokines with VTE, DVT, and PE were also conducted. The
multivariable IVW method was employed as the primary
approach to assess whether potential confounders, such as
BMI, HbA1c, MVPA, SBP, and sedentary behavior, could
influence the association between inflammatory cytokines
and VTE, DVT, and PE. Cochran Q-derived p-value and P
statistic were employed to evaluate the heterogeneity in IVW
analysis (p <0.05 or I*>50% as significant heterogeneity),
while the p-value for the MR-Egger intercept was utilized to
assess potential horizontal pleiotropy (p < 0.05).2%%7 If plei-
otropy was detected by the MR-Egger intercept test, MR-
Egger regression would be employed as the primary analy-
sis.?® The Bonferroni correction was applied to account for
multiple testing in examining the association between expo-
sures and outcomes. Associations with a p-value <1.2 x 1073
(0.05/41 exposures) were deemed statistically significant
after adjusting for multiple testing, while associations with
p-values ranging from 1.2 x 10~> to 0.05 were considered
suggestive. We considered our results as causal associations
only if they exhibited consistent directionality and achieved
statistical significance in at least two sensitivity analyses. In
the present study, we conducted statistical analyses utilizing
R software (version 4.3.0; R Foundation for Statistical Com-
puting, Vienna, Austria) and the TwoSampleMR R package
(https://github.com/MRCIEU/TwoSampleMR), in conjunc-
tion with MR-PRESSO (https://github.com/rondolab/MR-
PRESSO).

Results

Atotal 0of 430 SNPs for 41 systemic circulating cytokines were
identified as IVs to investigate the causal relationship among
circulating cytokines in VTE, including DVT and PE. The
variance explained by SNPs for each circulating cytokines
ranged from 2 to 14%, and with all F-statistic values exceed-
ing 10, indicating a low likelihood of significant weak instru-
ment bias (~Supplementary Tables S1, available in the
online version). Additionally, 17 SNPs were employed as
IVs for VTE, 10 SNPs for DVT, and 5 SNPs for PE in reverse
MR analysis (=~Supplementary Tables S2, available in the
online version).

The causal associations between genetically predicted
levels of circulating cytokines and the risk of VTE, DVT,
and PE are depicted in =Figs 2 to 4, while detailed informa-
tion can be found in =Supplementary Tables S3 to S5

(available in the online version). The IVW analysis indicated
that an increase of 1 standard deviation (SD) in stromal cell-
derived factor-1 alpha (SDF1a) concentrations was sugges-
tively associated with a lower risk of VTE (odds ratio [OR]:
0.90; 95% confidence interval [CI]: 0.81-0.99; p=0.033) and
DVT (OR: 0.85; 95% CI: 0.75-0.97; p=0.015; =Figs. 2 and 3
and =Supplementary Tables S3 and S4, available in the
online version). Similarly, suggestive evidence was found
for the causal associations between IL-6 with the lower
risk of VTE (OR: 0.88; 95% CI: 0.77-1.00; p=0.049) and
DVT (OR: 0.83; 95% CI: 0.70-0.98; p=0.031; =Figs. 2
and 3 and =~Supplementary Tables S3 and S4, available in
the online version). Conversely, 1 SD increased in the con-
centrations of beta nerve growth factor (BNGF) was sugges-
tively linked to an increased risk of VTE (OR: 1.13; 95% CI:
1.00-1.28; p=0.043) and PE (OR: 1.16; 95% CI: 1.00-1.34;
p=0.044; ~Fig. 4 and ~Supplementary Table S5, available in
the online version). In addition, we also observed a sugges-
tive causal relationship between an increase of 1 SD in
genetic liability to IL-18 with a decreased risk of DVT (OR:
0.91; 95% CI: 0.83-0.99; p=0.030) and granulocyte colony-
stimulating factor (G-CSF; OR: 1.20; 95% CI: 1.06-1.37;
p=0.005) with an elevated risk of PE (~Figs. 3 and 4 and
=Supplementary Tables S4 and S5, available in the online
version). No significant relationships were found with ge-
netic liability to other circulating cytokines with VTE, DVT,
and PE (=Figs. 2-34 and =Supplementary Tables S3-S5,
available in the online version).

The main findings remained consistent for SDFla in
relation to VTE and DVT, as well as G-CSF in relation to PE,
based on the results of subsequent sensitivity analyses
(=Supplementary Tables $3-S5, available in the online ver-
sion). The scatterplots illustrating the aforementioned asso-
ciations are presented in =Supplementary Figs. S1 to S3.
However, the suggestive associations of BNGF with VTE and
PE, as well as IL-6 and IL-18 with DVT did not persist in
sensitivity analyses (~Supplementary Tables S3-S5, avail-
able in the online version). Therefore, we considered these
associations to be statistically unstable. Meanwhile, several
outliers of IL-6 were identified in the MR-PRESSO analyses of
VTE, and the significance of results did not remain after
removing outliers (=~Supplementary Table S3, available in
the online version). Multivariable MR analyses indicated that
the association pattern of SDF1a in VTE remained consistent
after adjusting for BMI, MVPA, and sedentary behavior
(=Fig. 5 and =Supplementary Table S6, available in the
online version). Similarly, the association pattern of SDFla
in DVT remained unchanged following adjustment for MVPA
and sedentary behavior (=Fig. 5 and =Supplementary
Table S6, available in the online version). However, only after
adjusting for MVPA, did the association pattern of SCGF in PE
remain unaltered (=Fig. 5 and =Supplementary Table S6,
available in the online version).

Furthermore, to explore the potential reverse causality, a
reverse-direction MR analysis was conducted. After consid-
ering the results of the sensitivity analysis, the reverse MR
analysis results suggested that genetic liability to VTE was
associated with decreased levels of multiple cytokines,

Thrombosis and Haemostasis © 2023. The Author(s).
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Fig. 2 Bidirectional associations between genetic liability to circulating cytokines and venous thromboembolism. (A) Effect of circulating
cytokines on VTE; (B) effect of VTE on circulating cytokines. PNGF, beta nerve growth factor; CTACK, cutaneous T cell-attracting chemokine;
FGFBasic, basic fibroblast growth factor; G-CSF, granulocyte colony-stimulating factor; GROa, growth-regulated oncogene-a; HGF, hepatocyte
growth factor; IFNy, interferon gamma; IL, interleukin; IP10, interferon gamma-induced protein 10; MCP1, monocyte chemotactic protein 1;
MCP3, monocyte-specific chemokine 3; MCSF, macrophage colony-stimulating factor; MIF, macrophage migration inhibitory factor; MIG,
monokine induced by interferon gamma; MIP1a, macrophage inflammatory protein-1a; MIP1B, macrophage inflammatory protein-1b; OR, odds
ratio; PDGFbb, platelet-derived growth factor BB; RANTES, regulated upon activation normal T cell expressed and secreted factor; SCF, stem
cell factor; SCGF, stem cell growth factor beta; SDF1a, stromal cell-derived factor-1 alpha; SNPs, single-nucleotide polymorphisms; TNFa,
tumor necrosis factor alpha; TNFB, tumor necrosis factor beta; TRAIL, TNF-related apoptosis-inducing ligand; VEGF, vascular endothelial growth

factor.

including basic fibroblast growth factor (FGFBasic), interfer-
on-y (IFNy), and IL-17 (beta, —0.098; 95% CI: —0.171 to
—0.026; p=0.008; beta, —0.134; 95% CI: —0.206 to —0.062;
p=2.61E-04; beta, —0.151; 95% CI: —0.252 to -0.049;
p=0.004, ~Fig. 2 and ~Supplementary Table S7, available
in the online version). Genetically predicted DVT was found
to be suggestively associated with reduced levels of IFNy
(beta, —0.086; 95% CI: —0.155 to —0.016; p=0.016, ~Fig. 3
and =Supplementary Table S8, available in the online ver-
sion). Additionally, genetic predisposition to PE was ob-
served to be suggestively linked with reduced levels of
hepatocyte growth factor (HGF; beta, —0.091; 95% CI:
—-0.163 to —0.018; p=0.014, ~Fig. 4 and ~Supplementary
Table S9, available in the online version).

The P statistic and corresponding p-value revealed a
modest level of heterogeneity in our principal analyses
(=Supplementary Tables S10 and S11, available in the online
versio). However, the MR-Egger intercept analyses provided
limited evidence of heterogeneity for the associations be-

Thrombosis and Haemostasis © 2023. The Author(s).

tween circulating cytokines and VTE, DVT, as well as PE
(=Supplementary Tables $10 and S11, available in the online
version). The leave-one-out sensitivity analyses revealed
that no individual SNP had a significant impact on the causal
association in our primary analysis (~Supplementary Figs.
$4-S6, available in the online version).

Discussion

In the present comprehensive MR analysis, genetic data
obtained from GWAS were utilized to assess potential bidi-
rectional causal associations between genetic predisposition
to levels of 41 circulating cytokines and the risk of VTE, DVT,
and PE. Our findings provided suggestive evidence support-
ing a causal relationship between genetically predicted
elevated levels of SDFla and a reduced risk of VTE and
DVT. Besides, a potential association of genetic liability to
G-CSF with PE was found. Furthermore, suggestive evidence
was found supporting the reverse causal effect of VTE on the
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Fig. 3 Bidirectional associations between genetic liability to circulating cytokines and deep vein thrombosis. (A) Effect of circulating
cytokines on DVT; (B) effect of DVT on circulating cytokines. BNGF, beta nerve growth factor; CTACK, cutaneous T cell-attracting chemokine;
FGFBasic, basic fibroblast growth factor; G-CSF, granulocyte colony-stimulating factor; GROa, growth-regulated oncogene-a; HGF, hepatocyte
growth factor; IFNy, interferon gamma; IL, interleukin; IP10, interferon gamma-induced protein 10; MCP1, monocyte chemotactic protein 1;
MCP3, monocyte-specific chemokine 3; MCSF, macrophage colony-stimulating factor; MIF, macrophage migration inhibitory factor; MIG,
monokine induced by interferon gamma; MIP1a, macrophage inflammatory protein-1a; MIP1B, macrophage inflammatory protein-1b; OR, odds
ratio; PDGFbb, platelet-derived growth factor BB; RANTES, regulated upon activation normal T cell expressed and secreted factor; SCF, stem
cell factor; SCGFB, stem cell growth factor beta; SDF1a, stromal cell-derived factor-1 alpha; SNPs, single-nucleotide polymorphisms; TNFa,
tumor necrosis factor alpha; TNFB, tumor necrosis factor beta; TRAIL, TNF-related apoptosis-inducing ligand; VEGF, vascular endothelial growth

factor.

levels of several cytokines. Those association patterns per-
sisted in the subsequent supplementary analyses.

An increasing body of evidence indicates the functional
interdependence between inflammation and thrombosis,
with circulating cytokines being suggested as significant
contributors to VTE.?*3? SDF-1a, a member of the CXC
chemokine family, is upregulated in injured tissue and
facilitates recruitment of innate immune cells that directly
and indirectly contribute to microvascular network
growth.3! Several studies have found that biomaterials based
on SDF-1a can expedite endothelialization, enhance anti-
coagulation, and modulate intimal regeneration, thereby
mitigating thrombosis in vascular scaffold.3>-34 Additionally,
numerous animal studies have demonstrated that upregu-
lation of SDF-1a confers anti-inflammatory and anti-apo-
ptotic effects under acute myocardial infarction setting,
thereby ultimately contributing to the improvement of car-
diac function.>>3® Furthermore, a clinical trial based on the
CASSINI study (a multicenter, randomized, double-blind,
placebo-controlled, parallel-group, phase 3b trial) demon-

strated a significant reduction of SDF-1 in cancer patients
without VTE and identified it as a potential biomarker for
cancer-associated VTE.3” However, to the best of our knowl-
edge, there has been limited investigation into the direct
association between SDFla and VTE in the general popula-
tion. Our MR results provided novel genetic insights into the
protective role of SDF1a against VTE and DVT.

The relationship between SDF1a and VTE is complex and
multifaceted, with the primary mechanism potentially in-
volving anti-inflammatory effects and endothelialization.*®
SDF1a has been demonstrated to exert an anti-inflammatory
effect in biomaterials by suppressing the expression of
inflammatory factors and recruiting anti-inflammatory
monocytes.>? The healthy endothelium exerts an inhibitory
effect on thrombosis by the secretion of a cascade of antico-
agulant molecules.*0 Several studies have reported that
nanofibrous vascular scaffolds fabricated using a miscible
polymer of heparin and SDF1a exhibit enhanced endotheli-
alization and reduced thrombogenicity.3>#' The statistical
significance of the causal relationship between SDF1a and

Thrombosis and Haemostasis © 2023. The Author(s).
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Fig. 4 Bidirectional associations between genetic liability to circulating cytokines and pulmonary embolism. (A) Effect of circulating cytokines
on PE; (B) effect of PE on circulating cytokines. BNGF, beta nerve growth factor; CTACK, cutaneous T cell-attracting chemokine; FGFBasic, basic
fibroblast growth factor; G-CSF, granulocyte colony-stimulating factor; GROa, growth-reqgulated oncogene-a; HGF, hepatocyte growth factor;
IFNy, interferon gamma; IL, interleukin; IP10, interferon gamma-induced protein 10; MCP1, monocyte chemotactic protein 1; MCP3, monocyte-
specific chemokine 3; MCSF, macrophage colony-stimulating factor; MIF, macrophage migration inhibitory factor; MIG, monokine induced by
interferon gamma; MIP1a, macrophage inflammatory protein-1a; MIP1B, macrophage inflammatory protein-1b; OR, odds ratio; PDGFbb,

platelet-derived growth factor BB; RANTES, requlated upon activation normal T cell expressed and secreted factor; SCF, stem cell factor; SCGFB,
stem cell growth factor beta; SDF1a, stromal cell-derived factor-1 alpha; SNPs, single-nucleotide polymorphisms; TNFa, tumor necrosis factor

alpha; TNFB, tumor necrosis factor beta; TRAIL, TNF-related apoptosis-inducing ligand; VEGF, vascular endothelial growth factor.

VTE disappeared after adjusting for HbA1c and SBP in the
present study, implying that a portion of the effect of SDF1a
on VTE may be mediated through HbA1c and SBP. In a nested
case-control study, it was observed that women with HbA1c
levels >7.0% exhibited a 36 to 55% increased relative risk of
VTE compared to those with HbA1c levels between 6.5 and
7.0%.*? Another MR study demonstrated a significant associ-
ation between genetically predicted SBP levels and a de-
creased risk of VTE.*? Therefore, it is imperative to take into
account the levels of HbA1c and SBP when interpreting our
MR findings.

Our MR study also revealed that genetically determined
elevated levels of circulating G-CSF concentrations were
positively associated with an increased susceptibility to PE.
G-CSF, a hematopoietic growth factor, possesses the capacity
to mobilize cells from the bone marrow into the peripheral
blood circulation and promote granulocyte maturation.**
Currently, there is no direct evidence linking G-CSF to PE.
However, a study has reported the presence of pulmonary
micro-embolism in a healthy donor following the adminis-

Thrombosis and Haemostasis © 2023. The Author(s).

tration of G-CSF for mobilization of hemopoietic progenitor
cells.*> This may be attributed to the activation of endothelial
cells and coagulation system induced by G-CSF. Similarly, in
vitro studies have demonstrated that recombinant human G-
CSF induces platelet aggregation,46 corroborating our MR
study findings that G-CSF serves as a risk factor for PE.

The reverse MR analysis revealed that VTE and DVT were
negatively associated with the levels of IFNy. The cytokine
IFNY, primarily produced by natural killer cells, natural killer
Tcells, and Th1 CD4 and CD8 cytotoxic T lymphocytes, plays a
crucial role in enhancing immune surveillance during infec-
tion.*’ The presence of IFNy has been documented to be
linked with a decrease in neovascularization and collagen
degradation, thereby leading to a delay in thrombus resolu-
tion.*® The present study revealed a decrease in IFNy levels
following VTE and DVT, implying a potential depletion of this
cytokine during thrombosis. The levels of IL17 and FGFBasic
were observed to be decreased in patients with VTE in our
study. IL-17A has been reported to promote thrombus for-
mation by enhancing platelet activation, aggregation, and
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Fig. 5 Associations of circulating cytokines and venous thromboembolism after adjusting for potential confounders. BMI, body mass index;
DVT, deep vein thrombosis; G-CSF, granulocyte colony-stimulating factor; HbA1c, hemoglobin Alc; IVW, inverse-variance weighted; MVPA,
moderate to vigorous physical activity; OR, odds ratio; PE, pulmonary embolism; SBP, systolic blood pressure; SDF1a, stromal cell-derived factor-

1 alpha; VTE, venous thromboembolism.

activating endothelial cells.*® However, relevant studies
investigating the potential association between VTE and
FGFBasic remain scarce in the existing literature. The reverse
MR analysis suggested an inverse correlation between PE
and HGF. The observational study revealed a significant
association between PE and an elevated level of HGF, which
contrasts with our MR results.”® This discrepancy suggests
that potential confounding factors may have influenced the
findings of the observational study.

The present MR study possessed multiple notable
strengths. The major one was the MR design, which mitigat-
ed potential confounding and other biases that could have
influenced the observed associations. Moreover, our study
encompassed a comprehensive range of circulating cytokines
to investigate the bidirectional causal relationship between
cytokines and VTE, including DVT and PE. Additionally, the
high F-statistics (all F-statistics >10) provided robust evi-
dence of the strong predictive ability of the genetic instru-
ments for the exposures, thereby ensuring sufficient
statistical power in our study. Finally, a multivariable MR
method was employed to adjust for established risk factors.

Several limitations should be acknowledged when inter-
preting our findings. First, a relatively lenient threshold was

applied in our study to increase the number of instruments
for circulating cytokines, which may result in reduced sta-
tistical power. Second, the influence of potential pleiotropy
still could not be entirely ruled out, though weak evidence of
horizontal pleiotropy was found in the MR-Egger intercept
tests. Meanwhile, MR-PRESSO analyses were employed to
obtain more reliable associations before and after removing
identified outliers. Third, the absence of individual-level
genotyping data precluded the evaluation of the causal
association between circulating cytokines and VTE across
different age groups and genders. Finally, the population
included in the GWAS for this MR study was predominantly
of European descent, which minimized potential population
stratification bias, but at the same time limited the gener-
alizability of findings to other populations.

Conclusion

In conclusion, this MR study provides consistent evidence
supporting a bidirectional causal relationship between
genetically predicted levels of specific circulating cytokines
and the risk of VTE. Our findings suggest that strategies
targeting circulating cytokines may act as prevention
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approaches for VTE. Further research is necessary to vali-
date these findings and explore underlying biological
mechanisms.
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