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1 INTRODUCTION

1.1 Definition and concept of thrombosis

Thrombosis is a severe medical condition resulting from the formation of a blood clot in the
lumen of the venous or arterial blood vessels, which hinders the normal blood flow process
within the circulatory system and might lead to life-threatening illnesses (1,2). It is the principal
cause of cardiovascular disease (CVD) related morbidity and mortality, which shares about 25%
of all deaths globally (3-6). Based on the type of blood vessels involved, thrombosis is broadly
classified into arterial and venous thrombosis (5,6). Arterial thrombosis is the formation of clots
within the arterial blood vessels (5), whereas venous thrombosis (VT) is the result of clots
formation in the venous blood vessels (1,5,7,8). A clot formed in the venous and arterial vessels
results in life-threatening complications such as pulmonary embolism (PE) (9-12), stroke (13—
15), and heart attack (1,16,17), respectively. .

1.2 VT presentation

VT is usually presented as venous thromboembolism (VTE), which encompasses deep venous
thrombosis (DVT) (1,7,18) and PE (1,7,9-11,18). DVT occurs when clotting blood forms in the
large veins, mainly in the leg, thigh, and pelvis veins (18). Swelling, discoloration of the
affected area, pain, and dilated superficial veins are the most common clinical features of DVT
(12,19,20). It is mainly diagnosed using vascular Doppler ultrasound (1,18); however,
computed tomography venography (CTV) is the best and most sensitive diagnostic method (7).
Unresolved DVT results in PE due to the migration of the thrombus into the pulmonary arteries,
which results in the occlusion of blood flow into the lung (9-12) and leads to severe medical
conditions such as death (21,22).

1.3 VTE incidence

VTE is one of the three principal causes of cardiovascular disease-related mortality with a
significant genetic predisposition (23-25). An overall estimated VTE incidence rate among
people of European ancestry ranges from 104 to 183 per 100,000 person-years (26-31), with
higher incidence (65% higher crude incidence rates per 1,000 persons-years) in African-
Americans (32-36) and lower in Asians (36-38). African-Americans are more frequently
diagnosed with PE than DVT (36) compared to Caucasians ancestry; 60% of VTE cases were
present with DVT (29). In European ancestry, DVT is more prevalent among the young, while

PE is frequent among the elderly (30).



1.4 VT burden globally and European context

VT is a multifactorial trait that contributes to the burden of CVD worldwide (29,39-41).
Although the overall CVD-related morbidity is decreasing in Europe, mortality is substantially
high. CVD is the principal cause of mortality in Europe and is attributed to over 3.9 million
deaths annually (42—44). Furthermore, approximately 60 million premature deaths (death<70
years) occurred in Europe as a result of CVD (44). VT is a major health problem with a
significant incidence (7.62/100,000) and mortality (3.70/100,000) annually (45).

A higher burden of CVD-related mortality was reported in central and eastern European
countries (42,46). Hungary shares the highest proportion of this mortality, and CVD remains
the prominent cause of death in Hungary (42,47). As of 2014, approximately 35,000 women
and 27,000 men died of CVD, accounting for 55% and 45% of all deaths for women and men,
respectively (47). The age-standardized death rate from CVD in Hungary is beyond twice the
European Union (EU) average reported in 2014 (47). The availability of prophylaxis could
significantly avert this burden by early addressing highly vulnerable subjects for the treatments
(45,48).

1.5 VT pathogenesis

According to Rudolf Virchow's triad explanation (49), thrombosis is the result of three main
factors: stasis of blood flow (50,51), endothelial injury (52-54), and hypercoagulability (55).
The heritable prothrombotic factors influence the VT risk via the coagulation process (55,56),
whereas the non-heritable risk factors result in VT risk either through stasis or endothelial injury
(57,58). Various studies have established the impact of heritable factors on VT risk (59-61).
The incidence of hospitalization due to VT was two-fold higher for persons with affected

families than for the general population (23-25).
1.6 Heritable VT risk factors and their ancestry distribution

Although abundant single nucleotide polymorphisms (SNPs) provoke the susceptibility of an
individual to VT (62-65), it seems that the most strongly associated SNPs: rs6025 (Leiden
mutation ) in the F5 gene, rs1799963 (prothrombin G20210A) in the coagulation factor two
gene (F2), rs8176719 (non-O blood type) in the ABO gene, rs2036914 in the coagulation factor
eleven gene (F11), rs2066865 in the fibrinogen gamma gene (FGG), and the rs121909567
(ATBp3 mutation ) in the SERPINCL1 gene, which play the prominent role in the determination

of VT incidence and recurrence in genetically vulnerable individuals (63,66—68).
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The Leiden mutation is one of the most dominant heritable VT risk factors that increase the
burden of VT in genetically vulnerable individuals (69-71). The prevalence of Leiden mutation
[F5 is highest in European descent populations (3-15%) (69) followed by Caucasian Americans
(5.2%). However, it is rare in African-Americans (1.2%) and Asian-Americans (0.45%) (69),
and is not present at all in African populations (72,73). Likewise, prothrombin gene mutation /
F2, often known as the G20210A mutation , is the second most common heritable VT risk in
Caucasian ancestry (3-17%), particularly in European ancestry (4%) and Caucasian Americans
(2%). However, it is less frequent in African Americans, which is approximately 0.4% (1 in
250), and extremely rare in African and Asian ancestry (74).

Often, due to their joint presence and their possible gene-gene interaction, the prothrombin gene
mutation (rs1799963) and Leiden mutation (rs6025) SNPs were studied together (75).
Furthermore, studies have shown that the ancestry distribution of coagulation Factor 11
(rs2036914) is similar in both Caucasian ancestry and African American ancestry (76,77).
Studies have indicated that O blood type individuals are at lower risk of VT disease than other
non-O blood type individuals (78,79); whereas the possibility of VT disease is higher among
non-O blood type subjects (80-83). In addition, Fang et al. reported that the risk of venous
thromboembolism (VTE) is higher for the African American ancestry and non-O blood type
individuals than the Caucasian ancestry and O blood type individuals (84). Moreover, studies
indicated that FGG (rs2066865) is more prevalent in Caucasian ancestry than African American
ancestry (85,86).

Furthermore, studies have found that antithrombin deficiency plays a vital role in the
pathogenesis of VTE. Antithrombin is an essential inhibitor of blood coagulation proteases;
individuals with hereditary AT deficiency have elevated thrombotic risk (87—89). Studies have
revealed that the mutation profile of the AT gene (SERPINCL) is heterozygous (90-93).
Formerly, it found that the prevalence of ATBp3 mutation was relatively high in the Roma

population but not in the general Hungarian population (66).



1.7 Genetic risk score (GRS) and VT risk

Being a carrier for multiple variants increases the vulnerability to VT disease. Studies indicated
that the combination of strongly associated VT SNPs [rs6025(F5), rs1799963 (F2), rs8176719
(ABO), rs2036914 (F11), and rs2066865 (FGG)] poses a greater risk of VT than that risk
occurring by an individual SNP (63,94). The genetic risk score (GRS) of strongly associated
VT variants results in the highest risk compared with several SNP combinations. Haan et al.
showed that the VT risk prediction of the 5-SNP score is equivalent to that of the 31-SNP risk
score (63).

1.8 Non-heritable VT risk factors

Different studies conducted elsewhere indicated that genetic and non-heritable VT risk factors
have increased the susceptibility of an individual to VT diseases (39,63). Aging and obesity are
well-known non-heritable VT risk factors that hasten the occurrence of VT (63). As a result of
multiple anatomical and pathophysiological changes, elderly individuals are prone to age-
related cardiovascular morbidity and mortality (95-97). Aging plays a principal role in the
higher incidence of VT risk (1%) in elderly individuals (53,95-98). The diminished efficiency
of the calf muscle pump due to aging could lead to reflux and stasis of peripheral blood that
lead to thrombosis formation (95). Furthermore, age-related endothelial dysfunction also
contributed to the higher incidence of VT in the elderly compared to younger individuals (53).
Valve thickness, muscle fiber atrophy, and reduced anticoagulant properties of the endothelium
are some pathophysiological changes that increase the risk of VT among elderly individuals
(95,96).

Correspondingly, obese individuals were at higher risk of VT than normal-weight individuals.
Formerly conducted studies showed that the risk of VT was 2-6-fold higher in obese individuals
than in normal-weight individuals (BMI 20 to 24.9 kg/m?) (99—103). A study indicated that the
risk of VT was higher among aged (>50 years old) and obese individuals (102). Furthermore,
the existence of other comorbidities such as cancer, diabetes mellitus (DM), chronic kidney
diseases (CKD), and coronary artery diseases (CAD) increased the likelihood of VT (104-108).
Furthermore, other personal and environmental risk factors such as migraine (109-111),
smoking cigarettes, depression, and high levels of lipoprotein are also increasing the VT risk.
VT risk is 1.3 to 1.7 times higher among current cigarette smokers than non-smokers (112—
114). Harmoniously, smoking cigarettes related to an absolute risk increases of 24.3 VT cases
per 100,000 person-years (114).



Studies indicated that depression is a plausible risk factor for VT (115-117); A cohort study
conducted by Lee et al. revealed that the risk of VT was 1.38 times higher among depressive
individuals than among non-depressive (115). Another systematic review and meta-analysis
study showed that the risk of VT was 1.3 times higher among depressed subjects than non-
depressed (116).

In addition, a high level of low-density lipoprotein cholesterol (LDL-C) contributes to the
development of VTE. Gonzalez-Ordoiiez et al. reported that the risk of VTE was 2-fold higher
among individuals with a high level of LDL-C compared to subjects with a normal level of
LDL-C (118). A meta-analysis study of randomized control trials (RCTs) indicated that VTE
risk reduced among patients who received statin treatment for a high level of LDL-C (117).
Moreover, a cohort study showed a statistically significant association between lipoproteins
(TG and LDL-C) and VTE risk in bivariate analysis; however, the association disappeared after
controlling for possible confounders (119).

1.9 Hungarian Roma population and CVDs risk

Some populations are susceptible to cardiovascular disease due to the coexistence of genetic
and environmental risk factors. The Roma population is the most marginalized ethnic group in
Central-Eastern European countries, with an estimated population of 8 to 12 million. They
experience social exclusion; which intensely affects their health (120). A higher burden of
disease, low life expectancy, low socioeconomic status, low education, and hazardous practices
are common among Roma minorities (121-125). Subsequently, cardiovascular risk factors are
prevalent in the Roma population (126,127). On the other hand, due to the restriction of health-
related data collection by ethnicity in the Hungarian Roma population (128), there are no data
related to the incidence or prevalence of VT for this population. However, recent studies
indicate that the Roma population is at higher risk of VT due to an elevated prevalence of

metabolic syndrome (129) and several heritable risk factors (130).

1.10 Significance of our study

Our previous research concluded that the Roma population seems to have increased genetic
susceptibility to VT and suggested further study to compare the gene-environmental interaction
(GxE) for VTE risk in the general Hungarian and Roma populations (130). Understanding how
genetic and environmental risk factors interact provides insight for the early identification of
risk groups within populations, allowing appropriate preventive and therapeutic measures to be
taken (131,132).



To our knowledge, scant evidence compares gene and environmental risk factors associated
with venous thrombosis among the general Hungarian and Roma populations. Thus, the main
aim of the current study was to explore the interaction of environmental risk factors with six
selected prothrombotic SNPs [(rs121909567 (SERPINCL1), rs1799963 (F2), rs2036914 (F11),
rs2066865 (FGG), rs6025 (F5), and rs8176719 (ABO)] (63,66,130). In addition, we aimed to
investigate the distribution of the rs121909567 (ATBp3) mutation (Antithrombin Budapest 3
mutation ) in the SERPINC1 gene in the Hungarian population, which contributes to the vast
majority of antithrombin (AT) deficiencies in the Hungarian Roma population due to its founder
effect (133).

Moreover, the stratification of higher-risk individuals based on their genetic profiling for
thromboprophylaxis is essential for efficient and effective utilization of available resources
(63). Even though the 5-SNPs’ [rs6025 (F5 Leiden), rs2066865 (FGG), rs2036914 (F11),
rs8176719 (ABO), and rs1799963 (F2)] impact on venous thrombosis risk is high, the
association and risk prediction models are seldom establish by using only those SNPs. To our
knowledge, there is a lack of studies investigating the VT risk prediction ability of the combined
five strongly associated prothrombotic SNPs in clinically confirmed VT subjects in the

Hungarian population.



2 OBJECTIVES

2.1 General objective

The main aim of this study is: to investigate the status of selected genetic and environmental
risk factors and the combined VT risk predictability of the five prothrombotic single

nucleotide polymorphisms in the Hungarian population.

2.2 Specific Objectives:

+ To assess VT prevalence in the Roma and general Hungarian populations

+ To identify and compare the gene-environmental interactions and venous
thromboembolism risk in the Roma and general Hungarian populations

+ To explore the heritable VT risk in the Hungarian population

+ To determine the VT risk predictability of the combined five prothrombotic single
nucleotide polymorphisms and conventional VT risk factors in the Hungarian
population.



3  Methods and Materials

3.1 Study design, sample size, and data source

In this study, we used a comparative cross-sectional (study 1) and case-control study design
(study 2). Intotal, 1532 subjects were identified to participate in this study (832 for comparative
study and 700 for case-control study). However, due to incomplete data: 31 subjects (20 Roma
and 11 subjects from the general Hungarian population) were excluded from the final analyses
of the first study. Only those subjects who had complete genotype and covariate data (395 Roma
and 406 general Hungarian subjects; totally 801 subjects) were involved in this study
(Flowchart 1A). Data management was similar in study 2, i.e., two subjects were excluded due
to missed genotype and covariate data. Finally, 698 (298 clinically confirmed VT cases and 400

healthy controls) participants were involved in the second study (Flowchart 1B).

The two counties found in northeast Hungary namely Szabolcs-Szatmar-Bereg and Hajdu-Bihar
were taken as the source population. The population where the Hungarian Roma predominantly
resided and the segregated Roma colonies located are taken as the study population. All the
study populations involved in both studies (a comparative cross-sectional (1% study) and control
group of a case-control (2" study)/except the 298 cases were taken from a comprehensive health
survey database collected for a cardio-metabolic comparative study among the Roma and
general Hungarian population. A comprehensive health survey database has 1000 study
participants (500 general Hungarian and 500 Roma population) who met the selection criteria
(Age 20-64 years old and residence of the indicated location). The study subjects who met the
selection criteria were randomly selected from each household of the identified colony. In total,
25 colonies were randomly selected and 20 households from each colony were randomly

identified for the study. One eligible individual was involved in the study from each household.

Data collection was made using structured questionnaires, physical examinations, and
laboratory-based investigations from each study unit. The questionnaire-based data were
collected through face-to-face interviews with data collectors who previously had data
collection experience. Data collection related to physical examination and blood samples was
done by general practitioners (GPs), and the whole data collection process was supervised by
public health coordinators daily. The details of data collection and subject recruitment process
were published by Adany et al (2020) (134).



The case-control study design was conducted among 400 healthy control and 298 clinically
confirmed VT cases to explore the heritable VT risk and to estimate the VT risk predictability
of the combined strongly associated five SNPs (rs6025 (F5 Leiden), rs2066865 (FGG),
rs2036914 (F11), rs8176719 (ABO), and rs1799963 (F2) and well-known non-heritable VT risk
factors (age, obesity, and sex) in the Hungarian population. The control subjects were recruited
from a comprehensive health survey database (134), whereas, the VT cases were recruited by
the Division of Clinical Laboratory Science (DCLS), Department of Laboratory Medicine,
Faculty of Medicine, University of Debrecen for one year. Color Doppler ultrasound or
phlebography was used to diagnose the VT cases at the Department of Internal Medicine,

Faculty of Medicine, University of Debrecen.



832 subjects identified from
comprehensive health survey database

[ 415 Roma subjects [ 417 general Hungarian
subjects
“ 20 SUbJ'Ie(étSdVl/ere ] 395 subjects were S n
exclude articipated in the -
P Etu dy 11 subjects were 406 subjects were
excluded participated in the study

801 subjects participated Iin

the comparative cross
sectional study

*Subjects were excluded from the study due to incomplete genotype and covariate data

Flowchart 1 A: Sample size and sampling procedure of comparative cross sectional study in general Hungarian and Roma population.
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2 VT cases were
excluded**
300 VT cases
(recruited by
700 subjects enrolled DCLS)* 298 VT cases 698 subjects
) participated in particpated in case-
In a case-control study 400 control the study | control study

participated in
the study***

Flowchart 1 B: Sample size and sampling procedure of case-control study in the Hungarian population.

*Clinically confirmed VT cases were recruited by Division of Clinical Laboratory Science, Department of Laboratory Medicine, Faculty of

Medicine, University of Debrecen, Hungary. **VT cases were excluded due to incomplete genotype data.

*** Extracted from Comprehensive health survey database
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3.2 Personal and environmental risk factors for comparative study in the
general Hungarian and Roma population

For a comparative cross sectional study, the environmental, and personal risk factors data that
affect the VTE risk of an individual (104,105,108,116,135-137) were extracted from a

comprehensive health survey database (134). Generally, the following data were included:

i) Chronic diseases such as cancer, DM, CAD, and CKD
if) Lipid parameters (TC, LDL-C, HDL-C, and TG),
iii) Lifestyle factors and anthropometric data such as smoking status, BMI, and WC

were collected from the comprehensive health survey database (134).

Data regarding the VT status of an individual and chronic disease (cancer, DM, CAD, and CKD)
that has proven as potential VTE risk factors (104,108,138) were collected via a self-reported
survey. As a result, those subjects who replied “Yes” to relevant survey questions were
considered positive for that specific disease and those who replied “No” were considered
negative for that specific disease. The smoking status also assesses their current smoking status;

so, if they replied as currently smoking, consider them as smokers if not non-smokers.

Likewise, based on the following three questions, the VTE status of the study participants was
also assessed: (i) Did you have a thrombosis in the last 12 months? (ii) Have you been diagnosed
with thrombosis? And (iii) Have you received hospital treatment for thrombosis? Consequently,
if the respondents replied "Yes" to either of those questions we considered them as "VTE cases"

while others who said, "No" as "non-cases.

3.3 Personal and environmental risk factors for case-control study

For a case-control study survey, we only considered the genotypic data and the well-known
conventional VT risk factors such as age, obesity, and sex for comparing the VT risk
distribution among VT cases and control subjects in the Hungarian population. To verify the
risk of VT among elderly and obese subjects, we used age >60 years, and BMI >30 kg/m? as
cut-off values during the data analysis and we used ages below 60 years and BMI below 30

kg/m? as reference.
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3.4 Genotyping Process

3.4.1 DNA Extraction
DNA was extracted from peripheral blood samples using the MagNA Pure LC system
(Roche Diagnostics, Basel, Switzerland) and the MagNA Pure LC DNA Isolation Kit—Large
Volume. The extraction process was carried out following the manufacturer's instructions,
ensuring high yield and purity. The extracted DNA was then eluted in 200 pl of the elution
buffer provided with the MagNA Pure LC DNA Isolation Kit—Large Volume.

3.4.2 Assay Design and Genotyping
The design of the genotyping assays and the actual genotyping were carried out at the
Mutation Analysis Core Facility (MAF) of the Karolinska University Hospital, Stockholm,
Sweden. The genotyping was performed using the MassARRAY platform (Sequenom, CA,
USA) with iPLEX Gold chemistry.

3.4.2.1 MassARRAY Platform and iPLEX Gold Chemistry
The MassARRAY platform is a highly sensitive and accurate system for detecting genetic
variations, including single nucleotide polymorphisms (SNPs) and insertions/deletions

(indels). The iIPLEX Gold chemistry utilized in this platform involves several key steps:

34.21.1 PCR Amplification
Target regions containing the genetic variants of interest are amplified using polymerase
chain reaction (PCR). This step ensures that there is sufficient DNA to work with in

subsequent steps.

3.4.2.1.2 Shrimp Alkaline Phosphatase (SAP) Treatment
The amplified PCR products are treated with SAP to dephosphorylate any unincorporated
nucleotides. This step is crucial to prevent interference in the subsequent single base

extension reaction.

3.4.2.1.3 Single Base Extension (SBE) Reaction
In this step, a primer that anneals just upstream of the SNP site is extended by a single base
using a mixture of mass-modified terminators. Each terminator has a distinct mass, allowing

for the identification of the specific nucleotide present at the variant site.

34214 MALDI-TOF Mass Spectrometry
The extended primers are then analyzed using Matrix-Assisted Laser Desorption/lonization

Time-of-Flight (MALDI-TOF) mass spectrometry. The mass of the extended primer

13



indicates which nucleotide was incorporated, thereby identifying the genotype at each

variant site.

3.4.3 Quality Control and Validation
Quality control, validation, and concordance analysis were rigorously conducted by the

MAF to ensure the accuracy and reliability of the genotyping results.
The quality control process includes several measures:-

3.4.3.1 Replicate Testing
A subset of samples is genotyped in duplicate to assess reproducibility and consistency of

the results.

3.4.3.2 Known Controls
Samples with known genotypes are included in each batch to serve as controls, ensuring

that the genotyping process is functioning correctly.

3.4.3.3 Concordance Analysis
The genotyping results are compared with previously obtained data (if available) or with

results from an alternative genotyping method to confirm their accuracy.

3.4.3.4 Call Rate and Quality Scores
The platform provides call rates and quality scores for each SNP, and only those with high-

quality scores and high call rates are included in the final analysis.

This comprehensive approach to genotyping, combined with stringent quality control
measures, ensures that the genetic data used in this study are both accurate and reliable,

forming a solid foundation for subsequent analyses of genetic factors and their effects.

3.5 SNPs selection

For both studies, the five strongly associated and influential prothrombotic SNPs: rs1799963
(F2), rs6025 (F5, Leiden), rs2066865 (FGG), rs2036914 (F11), and rs8176719 (ABO) were
considered due to their large effect size on the GWA (64,139,140) studies and strong
relationships with the higher incidence and recurrence rate of VT risk in the formerly conducted
studies (63,130). In addition, due to the indicative result of previous studies (66,133), which
identified SERPINC1 (rs121909567)/ Antithrombin Budapest3 (ATBp3 mutation ;
p.Leul31Phe) as the common cause of the antithrombin (AT) deficiency in Hungary;

particularly the Roma population we consider it in our comparative cross-sectional study.
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3.6 Genetic risk score (GRS) computations

To establish the pooled effect of the included prothrombotic SNPs: rs6025 (F5 Leiden),
rs2066865 (FGG), rs2036914 (F11), rs8176719 (ABO), and rs1799963 (F2) on VT risk we also
computed weighted (WGRS) and unweighted (UnGRS) genetic risk score. In the genetic risk
score (GRS), the individuals were assigned a score based on the number of risk alleles they
carried. Accordingly, “0”, “1”, and “2” codes were given for the absence of risk alleles,
heterozygous, and homozygous for risk alleles, respectively. When the risk allele was found
protective, the coding for the homozygous risk allele becomes “0”, while “2” for the other
homozygous allele (130). Unweighted-GRS (unGRS) was simply computed by adding all risk
alleles in the loci by assuming that all alleles have the same effect. Whereas, weighted genetic
risk score (WGRS) was computed with the assumption that, SNPs with larger effects contributed
more to the GRS. Weights were derived from the risk coefficient for each allele depending on
the odds ratio (OR) reported in the former genetics associations study (63). For this study, only
those SNPs who had an effect size in the previously conducted study were included for
computing WGRS. Median values of WGRS and unGRS were used to compare the association

between genetics risk score and VTE risk factors in the study populations.

3.7 Statistical Analysis used

3.7.1 Comparative cross sectional study (study 1)

Statistical tests were computed using IBM SPSS Version 26 statistical software. The Shapiro-
Wilk normality test was used to test the distribution of quantitative variables. Non-normally
distributed variables were transformed using a two-step transforming approach proposed by
Templeton (141). The presence of Hardy-Weinberg Equilibrium (HWE) and allele frequency
differences of all included SNPs between the two study populations was evaluated by using
PLINK statistical software Version 1.9. Logistic regression analysis was used to determine the
associations between individual SNPs, environmental risk factors, and VTE. A multivariable
linear regression analysis with 95% CI, was used to test the impact of GXE on VTE risk after
interaction terms between 6 SNPs and environmental risk factors were generated. An interaction
term was created between each SNP and environmental risk factor to assess the combined effect
of them on VTE risk (142,143).

Three categories of odds ratios (ORs) were defined based on the GXE assumption models:
subjects who were unexposed to environmental risk factors and free from risk variants (also

known as wild type) (E=G=0), were used as reference groups (ORoo); OR11 represented subjects
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with both genetic and environmental risk factor exposure (E=G=1); OR1o = subjects were
exposed to environmental risk factors but not with genetic risk (E=1, G=0); and ORo1 = subjects
were with only genetic exposure but not environmental risk exposure (E=0, G=1). Thus, under
the multiplicative interaction model, if OR11= ORo1xORy0, there was no interaction between
genetic and environmental risk factors; however, if OR11#ORo1XOR1o, there was a
multiplicative interaction between the given environmental risk factors and genetic risk factors,
which was either a synergistic interaction (OR11> OR01XOR10) or an antagonistic interaction, if
OR11< OR01xOR10 (143). For the additive model, no interaction was concluded based on the
null hypothesis (Ho) of OR11= ORo1+ OR10-1; however, the interaction would be considered
synergistic when OR11> ORo1+ OR10-1 or antagonistic if OR11< ORo1+ OR10-1 (143).

During the analysis, the Hungarian general and Roma population samples were combined and
ethnicity was included as a variable in the model to differentiate the effect on VTE risk. For this
study, the Hungarian general population was used as a reference population to make a
comparison of GXE interaction and VTE risk in the two populations. All analyses were adjusted
for age and reported p-values were two-sided, and a level of 0.05 was used to define statistical

significance.

3.7.2 Case-control study (study 2)

Statistical tests were computed using PLINK (version 1.9) and IBM SPSS (version 26.0)
statistical software. The Mann—Whitney U test was used to compare the age, BMI, and GRS
distribution in the study populations. The Shapiro—Wilk normality test was used to test the
distribution of quantitative variables. The presence of Hardy-Weinberg equilibrium (HWE) and
risk allele frequency differences between VT cases and controls were estimated using the X?
test. The association between the five SNPs and VT disease risk was assessed by the odds ratio
(ORs) with their respective 95% confidence interval (Cl) under all genetic models: the
multiplicative model, the additive model, the dominant model, and the recessive, and genotypic
model. Likewise, logistic regression analysis was also used to compute the OR with 95% of

individual SNPs, genetic, non-heritable, and combined VT risk factors.

In addition, the receiver-operating characteristic (ROC) curve was determined to assess how
well its score classifies venous thrombosis patients and control subjects. In general, the AUC
ranges from 0.5 (no discrimination between VT patients and control subjects) to 1.0 (perfect
discrimination). To determine which SNP is more influential in their discriminatory accuracy
of the area under the receiver operating characteristics curve (AUC), we added each SNP one-

by-one into a model. Therefore, we started with the SNP with the highest odds ratio (OR), i.e.,
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the Leiden mutation (rs6025) in the F5 gene, and assessed whether including more additional
SNPs into a model could improve the AUC value. We continued adding all other SNPs into a
model until we verified that the addition of more SNPs into a model could not reveal any more

significant change in discriminatory accuracy.

We compared the AUCs of genetic, non-heritable, and combined risk models. We included each
non-heritable risk factor and their combination with genetic VT risk factors into a model to
verify the difference in AUC value and their VT risk predictability in the study population. A
logistic regression model was used to generate a combined risk score of genetic and non-
heritable VT risk factors. SPSS version 26.0 was used to calculate ROC curves and AUCs.
Bonferroni multiple testing was employed to prevent the problem associated with multiple

comparisons (0.05/5= p<0.01). Statistical significance was accepted at 5% level.

3.8 Ethical approval

The committee of the Hungarian Scientific Council on Health Research approved the protocol
(61327-2017/EKU). Written informed consent was obtained from all study subjects.
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4 Results

4.1 Characteristics of the study participants

In total, 1499 subjects (406= general Hungarian, 395=Roma population, 400= Healthy control,
and 298=clinically confirmed VT cases) who had complete genotype and covariate data were
included in both studies. In the first study, the female proportion was higher and statistically
significant in the Roma population than the general Hungarian (73.9% vs. 55.4%; p<0.001)
(Table 1).

Table 1: Demographic and Anthropometric characteristics of the study participants (studyl)

Ge_neral Hungarian Roma (N=395)
Variables (N=406) p-value
(Mean, 95%Cl) (Mean, 95%Cl)
Age (years) 443 (43.1 -45.5) 43.5(42.2 - 44.7) 0.35
Female (%) 55.4 73.9 <0.001
BMI (kg/m?) 27.2 (26.7-27.7) 27.5 (26.8-28.2) 0.48
WC (cm) 96.0 (94.5-97.5) 95.0 (93.3-96.7) 0.38

BMI =Body mass index, WC= waist circumference

Table 2: Mean value distribution of lipoproteins and fasting blood glucose of the study

participants (study 1)

gerlelg)zzl Hungarian Roma (N=395)
Variables (N=406) p-value
(0)
(Mean, 95%CI) (Mean, 95%Cl)

Cholesterol (mmol/l) 5.0 (4.9-5.1) 4.9 (4.8-5.0) 0.45
LDL-C (mmol/l) 3.1(3.0-3.2) 3.1(3.0-3.2) 0.31
HDL-C (mmol/l) 1.4 (1.3-1.4) 1.3 (1.2-1.3) <0.001
TG (mmol/l) 1.6 (1.5-1.7) 1.7 (1.6-1.9) 0.29
FBG (mmol/l) 5.3 (5.1-5.5) 5.2 (5.0-5.4) 0.51

LDL-C= Low-density lipoprotein cholesterol, HDL-C = High density lipoprotein cholesterol, TG=
Triglycerides, FBG= Fasting blood glucose

However, in study 2; the elderly (Figure 1) and male (Figure 2) subjects were highly prevalent
in the cases group than in the control group. The observed differences were statistically
significant. The mean age of the VT cases subjects was higher than that of the control group

(63.4+16.4 years vs. 43.8+12.6 years, p<0.001), respectively.
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Figure 1: Age distribution of VT patients and the control group of the Hungarian population
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Figure 2: VT case distribution by sex in the study populations.

4.2 VTE morbidity in the study populations
In study 1, only 6 (1.5%) and 12 (3.0%) of the general Hungarian and Roma populations

reported VTE during the survey, respectively. The proportion of VTE cases was higher among
the Roma population; in particular, the VTE risk was higher among female subjects (Table 3).
However, in the case-control study, the VT cases were higher among the male participants than

the female participants (Figure 2).
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Table 3: Distribution of VTE cases by population and sex among the study subjects

general Hungarian (N=406) Roma (N=395)
Sex Yes (%) No (%) Yes (%) No (%)
Male 4 (2.2) 177 (97.8) 4 (3.9) 99 (96.1)
Female 2 (0.9) 223 (99.1) 8(2.7) 284 (97.3)
Total 6 (1.5) 400 (98.5) 12 (3.0) 383 (97.0)

4.3 Risk allele frequency comparison in the study population

Table 4 presents the risk allele frequencies comparison of the six prothrombotic SNPs: rs6025
(F5), rs2066865 (FGG), rs2036914 (F11), rs1799963 (F2), rs8176719 (ABO), and rs121909567
(SERPINC1 included in both studies (comparative cross section study and case-control study).
Genotype results were available for 801 subjects (406 general Hungarian and 395 Roma
population in the comparative study and 698 (298VT cases and 400 healthy control) for the
case-control study. All included SNPs were tested to determine whether the observed allele

frequencies were in accordance with HWE; no significant deviation from HWE was detected.

Instudy 1, only the allele frequency of the SERPINC1 SNP (rs121909567) remains significantly
distinct in the study populations after multiple correction testing. The SERPINC1
(rs121909567) SNP is only present in the Roma population and does not occur in the general
population (Table 4). In the case-control study (study 2), the risk allele frequencies of the rs6025
(Leiden mutation), rs2036914 (F11), and the rs8176719 (ABO) were higher in the case group
than in the control group, and the differences remained statistically significant after multiple
correction testing (p<0.01) (Table 4). Nevertheless, before the multiple correction testing except
for F2 or Prothrombin mutation (rs1799963) the allele frequencies of the remaining four SNPs:
rs6025 (F5), rs2066865 (FGG), rs2036914 (F11), rs8176719 (ABO) were significantly distinct

(p<0.05) among cases and control group (Table 4).
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Table 4: Risk allele frequency distribution comparison in the comparative cross-sectional and case-control studies.

Gene SNPs Risk Comparative cross-sectional study Case-control study
allele (N=801) (N=698)
general Roma p-value VT cases Control p-value
Hungarian (N=395) (N=298) (N=400)
(N=406), Frequency Frequency (%) | Frequency (%)
Frequency (%)
(%)
F5 rs6025 T 0.07 (7%) 0.09 (9%) | 0.2 0.20 (20.3%) | 0.07 (6.75%) | <0.001*
FGG rs2066865 A 0.23 (23%) 0.28 (28%) | 0.05 0.28 (28.36%) 0.23 (23.12%) 0.03
F11 rs2036914 C 0.54 (54%) 0.51 (51%) | 0.2 0.62(61.91%) | 0.54 (54.12%) 0.003*
ABO rs8176719 G 0.47 (47%) 0.48 (48%) | 0.6 0.40 (40.44%) 0.47 (47.38%) 0.001*
F2 rs1799963 A 0.02 (2%) 0.01 (1%) |0.04 0.03 (3.02%) 0.02 (2%) 0.22
SERPINC1 | rs121909567 | A 0 (0%0) 0.01 (1%0) <0.001* | NA NA NA

*p<0.01 considered significant after multiple correction testing, NA= not applicable (this SNP is not included in the case-control study)
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4.4 Associations between SNPs and VT risk in the study populations

4.4.1Comparative cross-sectional study (study 1)

4.4.1.1 Associations of individual SNPs with VTE

As shown in Table 5, only the Leiden mutation (rs6025) and the Fibrinogen gamma gene
(FGG) (rs2066865) were significantly associated with VTE risk and found to be nominally
significant for the Roma population but not for the general population. Study subjects who have
homozygous risk alleles for the FGG gene were 5.9 times more at risk for VTE than subjects
without a risk allele (OR=5.9; 95% CI: [1.23,28.4]). Furthermore, people with the heterozygous
risk allele of the Leiden mutation (rs6025) were 3.8 times more likely to develop VTE than

individuals without the risk allele, and the risk was higher for the Hungarian Roma population.

However, this significance disappeared (p>0.0083) after adjustment to Bonferroni multiple
correction test. Furthermore, our study reveals that some individuals who had VTE were
carriers for homozygous risk variants of multiple SNPs. In our study, three Roma subjects who
had VTE were carriers of the homozygous risk variant rs2036914 (F11), and another 3
individuals carried the homozygous variant of rs2066865 (FGG), as depicted in Table5.
However, 2 out of the six Roma subjects who had VTE and were carriers for homozygous risk
variants of rs2036914 (F11) and rs2066865 (FGG) also carried homozygous risk variants of
both SNPs.
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Table 5: Comparisons of associations between individual SNPs and VTE in general Hungarian and Roma populations

Gene(SNPs) Genotype VTE Cases
general Hungarian Roma
Yes No OR (95%¢Cl) Yes No OR (95%Cl)
SERPENC1 GG 6 (1.5) | 400 (98.5) NAL 12 (3.1) |372(96.9) 1.00
(rs121909567) GA 0(0.0) |0(0.0) 0 (0.0) 11 (100) 2.2E-8
GG 6 (1.5) | 384 (98.5) 1.00 12 (3.1) | 377 (96.9) 1.00
F2 (rs1799963)
GA 0(0.0) |16 (100) 4.4E-8 0 (0.0 6 (100.0) 2.9E-8
TT 1(1.2) |83(98.8) 1.00 3(3.0) 97 (97.0) 1.00
F11 (rs2036914) [CT 4(2.0) [201(98.0) |1.4(0.13,13.9) 6(3.2) |184(96.8) 0.96 (0.22,4.2)
CC 1(0.9) [116(99.1) | 0.49 (0.03,9.5) 3(2.9) [102(97.1) 1.15 (0.21,6.4)
GG 2(0.9) [233(99.1) [1.00 5(2.4) |201(97.6) 1.00
FGG (rs2066865) | G A 3(2.0) |149(98.0) |2.5(0.39,16.2) 4(2.5) | 156 (97.5) 0.95 (0.24,3.8)
AA 1(5.3) |18(94.7) 5.6 (0.43,73.9) 3(10.3) |26 (89.7) 5.9 (1.23,28.4)*
ccC 4(1.1) |347(98.9) |1.00 8(2.4) |323(97.6) 1.00
F5 (rs6025) CT 2(3.7) |52(96.3) 3.5 (0.57,21.3) 4(6.7) |56 (93.3) 3.8 (1.01,14.2)*
TT 0(0.0) |1 (100) 1.1E-7 0(0.0) |4 (100.0) 1.1E-8
ccC 5(4.2) |114(95.8) |1.00 5(4.7) | 101 (95.3) 1.00
ABO (rs8176719) | C DEL 1(0.5) [193(99.5) |0.11(0.01,0.9) 5(2.5) | 192 (97.5) 0.49 (0.133,1.9)
DELDEL |0(0.0) |93(100.0) |1.6E-8 2(22) |90(97.8) 0.43 (0.08,2.5)

#=no risk allele found in the Hungarian general for rs121909567 SNP, *=p<0.05. Significant differences are highlighted
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4.4.1.2 Gene-environmental interaction (GxE) and VTE risk

The multivariate linear regression analysis was used to calculate the standardized beta value of
GxE and VTE risk. We found several statistically significant multiplicative interactions on
VTE risk for the majority of the included SNPs, such as rs2036914 (F11), rs2066865 (FGG),
rs6025 (F5, Leiden), and rs8176719 (ABO). Since the ATBp3 mutation was not present in the
general population, regression analysis was only performed for the Roma population. Although
the trend of their relationships indicated the possibility of higher VTE risk, the multiplicative
interaction was not statistically significant for the SERPINC1 (rs121909567) and F2
(rs1799963) genes (p-value for interaction >0.05). The regression coefficient of the
multivariate linear regression analysis indicates that the likelihood of VTE was higher among
the study subjects who had cancer, DM, CAD, and CKD, experienced migraine and depression
in addition to their genetic susceptibility to VTE. Furthermore, cigarette smoking, a high level
of LDL-C, and obesity increased the VTE risk for the study subjects.

Figure 3 shows that the standardized beta (p) values of the GXE and VTE risk from the linear
regression analyses were significant in both study populations. The observed multiplicative
interaction and VTE risk were bidirectional: a positive beta (B) value indicated a VTE risk
increment as a result of GXE (red color), whereas a negative beta () value indicated the reverse

(risk decrements) (green color).

The risk of VTE was significantly higher (B= 0.819, p= 0.02) among depressive Roma
individuals with the rs2036914 risk variant, but not for general Hungarian individuals (p=
0.343, p= 0.33). The presence of high levels of LDL-C and the rs2066865 (FGG) risk variant
makes Roma subjects to be at higher risk of VTE (B= 0.389, p= 0.002); however, the joint
presence of those risk factors did not increase the VTE risk in the general subjects (=0.048,
p=0.70). The existence of a multiplicative interaction between CAD and rs2036914 (F11)
increases the VTE risk among both populations: for the Roma population f= 0.280 (p= 0.001)
and for the general Hungarian population = 0.423 (p= 0.001)

As a result of the multiplicative interaction between rs2066865 (FGG) and CAD, VTE risk
was higher for the Roma population (p= 0.143, p= 0.046) but not for the general Hungarian
population (B=-0.329, p <0.001). Nonetheless, the interaction between this particular SNP and
depression was not positively related to VTE risk (f=-0.160, p= 0.046) for the Roma or general
Hungarian population (= -0.119, p= 0.11). The interaction between rs6025 (F5, Leiden) and
smoking (B=0.172, p=0.008) as well as Leiden and LDL-C (= 0.368, p=0.001) increased the
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risk of VTE for the general population only but not for the Roma population (f= -0.014, p=
0.86 and p=-0.150, p= 0.55, respectively).

Our study also identifies the higher risk of VTE as a result of a multiplicative interaction
between rs8176719 (ABO) and cancer, and the risk was higher for the Roma population
(B=0.370, p<0.001) than for the general Hungarian population (=-0.042, p=0.6). Nevertheless,
the interaction of rs8176719 (ABO) with CAD, (p= 0.197, p= 0.009), migraine (= 0.287, p=
0.001), and depression (= 0.342, p <0.001) significantly increased VTE risk only for the
general population. The risk of VTE was higher for general Hungarian subjects (f= 0.194, p
<0.01) who had diabetes mellitus and non O blood type but not for the Roma subjects (p=-
0.039, p=0.63) (Figure 3).
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Figure 3: Comparison of GXE on the VTE risk among Roma population (A) and general
Hungarian (B) based on standardized linear regression coefficients from multivariate linear
regression analysis after interaction terms included between genes and VVTE risk factors. **p-
Low-density lipoprotein cholesterol, TC=Total
cholesterol, TG= Triglyceride, CAD=Coronary Artery Disease, DM=Diabetes Mellitus, CKD=

value <0.05, *p-value>0.05, LDL-C =

Chronic kidney disease
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4.4.2 Case-control study (study 2)

4.4.2.1 Associations between SNPs and VT risk in the study population using genetic
association models

The strengths of association regarding VT risk using complete genetic association models
[multiplicative, additive, dominant, recessive, and genotypic model] were estimated. Only the
Leiden mutation (rs6025) and F11 (rs2036914) remained significant after multiple testing
adjustments (p<0.01). In particular, the Leiden mutation variant strongly influenced the VT
disease risk in the Hungarian population (p<0.001): the odds of VT disease risk among VT
cases due to the Leiden mutation ranged from 3.25 (heterozygous genotypic for risk variant
(OR=3.25, 95% CI: 2.22, 4.76) to 19.67 (OR=19.67, 95% CI: 2.57, 150.4) in the recessive

model/homozygous for risk variant.

The rs8176719 (ABO) remained statistically significant only in the multiplicative (OR=1.33,
95% CI: 1.07, 1.64) and genotypic models (OR=1.77, 95% ClI: 1.14, 2.73); nevertheless, it lost
its significance in other models after multiple testing adjustments. Similarly, the protective
variant of rs8176719 (ABO) remained statistically significant only in multiplicative (OR=0.75,
95% CI: 0.61, 0.93). Additionally, the FGG (rs2066865) expressed a significant association
with VT risk in the multiplicative, additive, and dominant models before multiple testing;
however, it lost its significance after adjustment was performed. Conversely, the F2
(rs1799963) did not show any statistically significant association with VT directly with any of
the used models (Table 6).
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Table 6: Genetic association test results in the VT cases and control groups of the study population: implication to determine the heritable venous

thrombosis disease risk factors in the Hungarian population.

Model Gene F5 FGG F11 ABO F2

SNP rs6025 rs2066865 rs2036914 rs8176719 rs1799963

p <0.001 0.026 0.004 0.001 0.221
Multiplicative | X2 57.21 4.94 8.47 6.66 1.50

OR (95% CI) | 3.52(2.50,4.95) | 1.32(1.03,1.68) | 1.38 (1.11,1.71) | 1.33(1.07,1.64) | 1.53(0.77,3.02)

p <0.001 0.02302 0.003 0.011 0.216
Additive X2 54.35 5.17 8.59 6.50 1.53

OR (95% CI) | 3.52(2.50,4.95) | 1.32(1.03,1.68) | 1.38 (1.11,1.71) | 1.33 (1.07,1.64) | 1.53(0.77,3.02)

D <0.001 0.038 0.017 0.03 0.215
Dominant X2 49.61 4.32 5.71 4.88 1.53

OR (95% CI) | 3.67 (2.52,5.33) | 1.38(1.02,1.86) | 1.64 (1.09;,2.47) | 1.54 (1.04,2.26) | 1.543

p <0.001 0.147 0.017 0.047 NA
Recessive X? 16.07 2.1 5.72 3.96

OR (95% CI) | 19.67 (2.57,150.4) | 1.61(0.84,3.08) | 1.47 (1.07,2.03) | 1.39(1.00,1.91)

p <0.001 0.075 0.013 0.01 0.215
Genotypic X2 54.35 5.18 8.64 6.60 1.534

OR (95% CI) | 3.25(2.22,4.76)* | 1.81(0.94,3.51) | 1.96 (1.24,3.08) | 1.77 (1.14,2.73) | 1.54(0.77,3.07)

*CT (heterozygous for a risk variant), NA= the value of one cell is 0 i.e. <5 hence, the X2 test is not applicable
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4.5 Comparison of genetic risk scores and risk of VT in study populations

4.5.1 Comparative cross-sectional study

In this study, wGRS was computed only using 5 SNPs (Table 7) which showed a strong
association with VTE from previously conducted studies (63,130). Due to the absence of a
published external weight (144) for rs121909567 (ATBp3 mutation ), the wGRS
computation did not consider this particular SNP. The wGRS ranges from 0.0 to 4.7 and 0.0
to 4.6 for the general Hungarian and Roma populations, respectively. The mean wGRS was
1.8 £0.8;95% CI [1.7, 1.9] for the general Hungarian and 1.9 + 0.76; 95% CI [1.8, 1.9] for
the Roma population (Figure 4). The unweighted GRS was calculated for 6 SNPs, and
ranges from 0.0 to 7.0 for both study populations, with a mean of 2.7 £ 1.2; 95% CI [2.6,
2.8] for the general Hungarian and 2.8 + 1.2; 95% CI [2.7, 2.9] for the Roma population
(Figure 5).
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Figure 4: Distribution of WGRS in the Hungarian general and Roma population (The error bars

indicate the standard error of the mean)
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Figure 5: Distribution of unweighted genetics risk scores in the Hungarian general and Roma

population (the error bars indicate the standard error of the mean)

Although, the risk of VTE was not significant based on the joint effect of a prothrombotic risk
allele, it was higher only for Roma subjects who had >3 wGRS (OR=4.74; 95% CI [0.45, 50.3])

compared to individuals with 0-1 wGRS value, but not for the general Hungarian (OR=3.1x10"

8 p > 0.05). Additionally, the risk of VTE was 6.6 times higher in Roma population who had

>3 risk allele compared to individuals with 0-1 risk allele, and the risk was much higher for the

Roma population (OR=6.6; p > 0.05) than the Hungarian general population (OR=1.5; p > 0.05).

Table 7: SNPs and related genes used in the weighted GRS computation, and weighting

numbers with the original publication they were adopted from.

Gene | SNPs Risk Allele | OR | Weighting Number (InOR) Reference
F2 rs1799963 A 2.78 1.02

F11 rs2036914 C 1.32 0.28

FGG | rs2066865 A 1.56 0.44

F5 rs6025 T 3.79 1.33

ABO | rs8176719 G 1.85 0.62 (63)
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4.5.2 Case-control study (study 2)
The unGRS and WGRS for 5 SNPs were computed for 298 VT patients and 400 healthy

controls. The unGRS ranged from 0 to 6 (3.46+1.31) and 0 to 7(2.77+1.28) for VT patients and
healthy controls, respectively (Figure 6A). The WGRS ranged from 0 to 4.6 (1.93+0.97) for VT
patients and 0 to 4.7 (1.37+0.78) for healthy controls (Figure 6B).
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Figure 6: Unweighted (A) and weighted (B) GRS distribution comparison among VT cases

and the control group of the Hungarian population

4.5.2.1 Associations of GRS with VT risk
The distributions of other covariates including GRS were significantly distinct (p<0.001)

between study groups (Table 8). The test revealed significant differences (cases vs. control) in
age (median=65; 44, p<0.001), BMI (median=28.72; 26.75, p<0.001), unGRS (median=3; 3,
p<0.001), and WGRS (median=1.79; 1.34, p<0.001). Although the median values of unGRS for
the VT patients and healthy controls were the same, a higher value of unGRS (3) was more

frequent in the cases than in the healthy controls.



Table 8: Mann—Whitney U test of non-normally distributed covariate variables of the study
population.

Median
Variables Cases (n=298) Controls (n=400) p value
Age 65 44 <0.001
BMI 28.72 26.75 <0.001
unGRS' 3 3 <0.001
WGRS 1.79 1.34 <0.001

Skewed data with high proportion of the same median value (3) for both groups; however, the
distribution is still higher for cases (35.5%) than control group (29.3%).

Table 9 shows the results of multivariate logistic regression analysis of covariate variables
adjusted for sex and age. Among the well-known non-heritable risk factors for VT, age and
obesity were found to be significantly associated with VT risk in the study population, with a
higher risk observed in the case group compared to the control group (Table 9). The risk of VT
among elderly subjects aged >60 years old was 12.8 times higher than that of subjects aged
below 60 years (AOR=12.83, 95%CI: 8.38, 19.63). Likewise, the VT risk was 2.3 times higher
for obese subjects (BMI1>30 kg/m?) than for normal-weight subjects (AOR=2.28, 95%Cl: 1.51,
3.42). Furthermore, the wGRS remained statistically significant after adjusting for both sex and
age [AOR=2.69, 95%CI: 1.74, 4.19 and AOR=2.24, 95% CI. 1.51, 3.32], respectively.
However, the unGRS lost its statistical significance (AOR=0.88, 95% CI: 0.65, 1.18) in the

multivariate regression analyses model (Table 9).

Table 9: Association of covariates with VT risk in the Hungarian population (study 2).

VT risk? VT risk®
Variables R pvalue | COR (95% CI) | AOR (95% CI)f AOR (95% CI)'
Sex (Male)™* | 0.271 | 0.077 | 1.31 (0.97,..77) 1.16 (0.84,1.61)
Age>60 yrs 2.468 | <0.001 | 11.79 (7.96,17.49) | 12.83 (3.38,19.63)*
BMI (330 kg/m?) | 0.850 | <0.001 | 2.34 (1.50,3.45) | 1.41 (0.88,2.26) 2.28 (L51,3.42)
UNGRS 0.412 | <0.001 | 151 (L34L.71) | 0.88 (0.65.1.18) 0.94 (0.72,1.21)
WGRS 0.729 | <0.001 | 2.07 (L.72,250) | 2.69 (L.74.4.19)* | 2.24 (L51,3.32)*

*** Female is a reference, a=crude odds ratio (COR), b=adjusted odds ratio (AOR), fadjusted for sex,
YTadjusted for age, **p value<0.0001.
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4.5.2.2 Venous thrombosis risk prediction in a study population
For a case-control study, we calculated the receiver operating characteristic curve (ROC) to

assess how well the score classified venous thrombosis in patients and control subjects. The
AUC value of the included SNPs ranges from 0.51 [95%CI: 0.47, 0.55, p-value 0.64]
for rs1799963 in F2 up to 0.62 [95%CI: 0.57, 0.66, p value<0.001] for rs6025 in F5. The
discriminative accuracy of the model improved with the addition of each SNP (Figure 7Figure).
We started addition with the Leiden mutation (rs6025), which had the highest effect size, and
ended with rs2036914 (F11), which had the lowest effect size among the included 5 SNPs. The
addition of each SNP increases the AUC value after F2 (rs1799963).
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Figure 7: The change in the discriminatory accuracy of the AUC of the genetic risk score after

the addition of each SNP into a model.

The AUC for the weighted 5-SNP risk score had an AUC of 0.68 [95% CI: 0.64; 0.72], i.e.,
there is a 68% probability that a randomly selected patient will have a higher score than a
randomly chosen control subject. The wGRS was a better predictor than the unGRS [AUC=
0.65, 95% CI: 0.60; 0.69].

The proportions of variability explained by the Leiden mutation (rs6025) was higher than that
of the 5-SNP risk score (8% vs. 7%). Furthermore, approximately 39% of the observed
variability is related to the combination of genetic and non-heritable risk factors, which is higher

than those factors independently (Table 10).
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Table 10: Venous thrombosis risk predictability of the Leiden mutation, genetic risk, non-

heritable risk, and combined model in the Hungarian population.

Variables r2 N=698

AUC (95% CI) p value
Leiden mutation risk model” | 0.08 0.62 (0.57,0.66) <0.0001
Genetic risk model" 0.09 0.68 (0.64, 0.72) <0.0001
Non-heritable risk model® 0.31 0.85 (0.82, 0.88) <0.0001
Combined model® 0.39 0.89 (0.86,0.91) <0.0001
Difference™ - 0.039 (0.02, 0.06) <0.0001

Note: CI: Confidence interval; AUC: Area under curve, r% variability explained by each variable
“Leiden mutation; the most prevalent heritable VT risk variant in the study population

"Genetic risk model: weighted GRS computed from 5 SNPs (rs6025, rs2066865, rs2036914, rs8176719,
and rs1799963)

$Non-heritable risk model: age (5-year interval, sex, and BMI (<25kg/m?, 25-30kg/m?, and >30kg/m?)
SCombined risk model: genetic risk model plus non-heritable risk model

““difference between the combined and non-heritable risk models

There was a difference between the discriminative accuracy of the 5-SNP risk score in men
[AUC=0.68, 95% CI: 0.62; 0.74, p-value <0.001] and women [AUC=0.61: 95% CI: 0.55; 0.67,
p-value <0.001]. Moreover, the AUC of wGRS of 5-SNPs was significantly higher for men
[AUC=0.71, 95% ClI: 0.65; 0.76, p-value <0.001] than women [AUC=0.63, 95% CI: 0.57; 0.69,
p-value<0.001].

45221 Risk prediction based on a combination of genetic and non-heritable risk
factors

We also evaluated the discriminative accuracy of well-known non-heritable VT risk factors
such as age, sex, and obesity to explore their independent and combined VT risk predictability
in the study subjects. The independent AUCs of age and obesity were 0.84 (p value<0.0001)
and 0.59 (p value<0.001), respectively. The combination of all well-known VT risk factors
changes the discriminative accuracy of the AUC in to 0.85, p value<0.0001. Likewise, when
we added the non-heritable risk factors into the genetic risk factors, the AUC significantly
projected to 0.89 [95% CI:0.86;0.91] compared to genetic (AUC=0.68) or non-heritable risk
factor predictability (AUC=0.85; p<0.0001) (Figure 8). The AUC difference of the combined
and non-heritable risk factors was significant (AUC=0.039, 95% CI: 0.02; 0.059, p
value<0.0001). There was no significant difference in the AUC value between men and women
in the non-heritable [men: AUC=0.81, 95% CI: 0.76; 0.86 vs. women: AUC=0.82, 95% CI:
0.78; 0.87] and combined risk score [men: AUC=0.87, 95% CI: 0.83; 0.91 vs. women:
AUC=0.86, 95% CI: 0.82; 0.90] models.
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Figure 8: Hlustration of the ROC curves value comparison for the independent VT risk factors
[genetics (5 prothrombotic SNPs) and non-heritable s (age, sex, BMI)] and their combination

to verify their VT risk predictability in the Hungarian population.
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5 Discussion

Overview of the studies

In our present study, a total of 1499 subjects have participated in a comparative cross-sectional
(801) and a case-control study (698) to investigate the genetic and environmental VT risk in the
Hungarian population. In a comparative study, 406 general Hungarian and 395 Roma indviduals
have participated. We assessed the gene-environmental interaction and VTE risk in the general
Hungarian and Roma populations using six prothrombotic SNP: rs6025 (F5 Leiden), rs2066865
(FGG), rs2036914 (F11), rs8176719 (ABO), rs1799963 (F2), and rs121909567 (SERPINC1)
and proven environmental VTE risk factors such as smoking, DM, CAD, CKD, obesity,
depression, and high level of LDL-C. The former research highlighted Roma population is
highly vulnerable to CVD due to the prevalent of both heritable and non-heritable VT risk
factors. Consequently, we investigate and compare GXE and VTE risk in the general Hungarian
and Roma population to establish the VTE risk in the Hungarian population. Our study is the
first to explore and compare gene-environmental interaction (GxXE) and VTE risk in this
population. The present study revealed evidence that the Roma population was at higher risk
of VTE due to dual exposure and the possibility of the synergistic interaction of heritable and

non-heritable VTE risk factors.
Multiplicative interaction and VTE risk

Our study explored the interaction between the genetic and environmental risk factors, which
are divergent in both populations. A significant multiplicative interaction was observed between
the rs8176719 (ABO) gene and diabetes mellitus, migraine, depression, and CAD for the general
Hungarian population but only with cancer for the Roma population. The regression coefficient
of multiplicative interactions of DM and rs8176719 (ABO) was synergistic and significant. The
finding demonstrated that non-O blood group diabetes subjects in the general Hungarian were
more likely to have higher VTE risk than O blood group subjects. Our study is consistent with
a systematic review and meta-analysis of cohort study results revealed the risk of VTE is 1.4
times higher among diabetes mellitus individuals compared to non-diabetic individuals (145).
However, another systematic review of the case-control studies results shows the absence of
significant differences in VTE risk among diabetes mellitus and non-diabetes mellitus subjects
(146). This inconsistency might be attributable to the study design and sample size they

considered for analysis.
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We verified that subjects experiencing migraine and non-O blood types were at higher risk of
developing VTE. This finding corresponds to studies results which designated that the presence
of migraine increases VTE risk by 1.3 (110),1.5(109,111), and 2.5 (147) fold. The present study
also revealed the risk of VTE is higher for depressive Roma subjects who carry a risk variant
of coagulation factors eleven (rs2036914) and non-O-blood group (rs8176719) carrier general
Hungarian subjects. The result is compliant with a former investigation which indicates
depression raises VTE risks (115,116). Likewise, the risk of developing VTE was 6 to 7 times
higher in cancer patients (29,148,149). This result is along with our study findings that reveal

the VTE risk is higher for the Roma subjects who had cancer.

The risk of VTE is higher among Roma subjects who had cancer and non-O blood group. Our
present work findings also support former related studies’ results which demonstrated the
existence of cancer increases the likelihood of VTE (106,150). Further studies on cancer and
prothrombotic genotypes highlight VTE risk increased by 11-12 fold due to the concurrent
presence of cancer and rs8176719 (ABO) risk variant (151), (152). The authors also found that
39% (151) and 30% (152) of VTE risk was attributed to the joint presence of the non-O-blood

group and cancer.

Though the association between the joint presence of Leiden mutation and cancer in our
present study is not significant; our finding was in accordance with an earlier study (148) which
found the existence of cancer and Leiden mutation (rs6025) variant increases the VTE risk by
2-fold among dual exposed subjects. The absence of significance might be due to the small
number of individuals with cancer and VTE, the study design, and the relatively small sample

size in our cases.

Furthermore, our study revealed a synergistic and statistically significant association between
cigarette smoking and the Leiden mutation (rs6025) variant carrier which increases the risk of
VTE in those subjects. The risk of VTE is higher among general Hungarian subjects who carry
the risk variant for Leiden mutation (rs6025) and smokers. Prior studies also showed that the
combined effect of rs6025 (F5) and smoking increased the risk of VTE (153,154). A large
population-based case-control study also supported our finding, where the joint effect of rs6025
(F5) and current smoking resulted in a 5 fold increased VTE risk (155). Another cohort study
revealed that the concurrent existence of smoking other than rs6025 (F5) increased the VTE
risk by 51% and 10% at 10 years for homozygous and heterozygous risk variants, respectively
(156). Crous-Bou et al. also found an additive interaction between prothrombotic SNPs and
smoking that increased VTE risk (136).
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Likewise, individuals with coronary artery diseases and rs2036914 (F11) or rs8176719 (ABO)
were at higher risk of VTE than individuals without CAD and those variants. The existence of
an interaction between rs2036914 (F11) and CAD increased the VTE risk among general
Hungarian and Roma populations who carry the risk variant for coagulation factors eleven
(rs2036914) and rs8176719 (ABO). Our finding was also consistent with a study that found that
myocardial infarction patients with >1 risk allele at rs2036914 (F11) had a 1.8-fold higher risk
of pulmonary embolism than non-carriers (157). Besides, the risk of VTE was 1.5-fold higher

among individuals with non-O blood type and myocardial infarction (157).
Additive interaction and VTE risk

Our study also explores an additive interaction between a high level of LDL-C, migraine,
current cigarette smoking, and >3 wGRS values. The risk of VTE increased by 3.2-fold for the
Roma subjects with a high level of LDL-C and >3 risk alleles. This result was consistent with
a GWAS (64), which revealed one standard deviation (SD) of elevated LDL-C was associated
with an increased risk of VTE. The finding of current cigarette smoking was in agreement with
the study of Crous-Bou et al., in which the relationships between current smoking and VTE
genetic factors were additive (136). In our study, individuals who had experience migraine in
addition to a wGRS value >3 had a 3.9 times higher risk for VTE than individuals with either a
WGRS >3 or migraine. This finding was in harmony with a study by Peng et al., which revealed
that migraine headaches increased the risk of VTE (147).

The SERPINC1 and prothrombin mutation synergistic interaction, and VTE

risk

Even if the multiplicative interaction between the SERPINC1 (rs121909567), prothrombin
mutation / coagulation factors two (rs1799963) (F2), and VTE risk factors were not statistically
significant, their regression coefficient designated the likelihood of higher VTE risk among
individuals which had dual exposures to those variants and comorbid diseases such as CAD,
CKD, cancer, DM, depression, migraine, and obesity. Interestingly, rs121909567 (SERPINC1)
(ATBp3 mutation) multiplicatively interacted with CAD, CKD, cancer, DM, depression,
migraine, and obesity. Even though their relationships were not significant, the trend of
interaction showed the probability of VTE risk increment among the Roma population. The
lack of statistical significance between GXE and VTE risk for rs121909567 (SERPINC1) and
rs1799963 (F2) might be due to the very small number of VTE cases. Our finding is in line with

the formerly conducted studies which showed the prevalence of cardiovascular risk factors was
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higher in the Roma population (126,127), and we found that in addition to environmental

factors, genetic susceptibility contributes to high cardiovascular mortality/morbidity (158).

In a relatively isolated population such as the Roma, the consanguinity rate is high (159);
consequently, it was assumed that a founder mutation had an impact on the development of
thrombotic diseases (66). A recent study also identified a high prevalence (2.74%) of ATBp3
mutation in the Roma population; however, no ATBp3 mutation was found in the general
Hungarian population (133). This finding was in-line with our study results, which revealed
that ATBp3 mutation s were found only in the Roma population but not in the general

Hungarian population.

Altogether, our comparative study among general Hungarian and Roma populations
demonstrated the simultaneous presence of comorbidity such as CAD, DM, cancer, migraine,
depression and cigarette smoking and genetic risk factors increased the VTE risk among
individuals with either heterozygous or homozygous variants of rs6025 (F5, Leiden), rs2066865
(FGG), rs2036914 (F11), and rs8176719 (ABO). For general Hungarian population the
rs8176719 (ABO), rs2036914 (F11), and rs6025 (F5, Leiden), played a great role in increasing
the risk of VTE among those subjects who had CAD, DM, migraine, depression, and cigarette
smoking; whereas, for the Roma population, rs121909567 (SERPINC1), rs1799963 (F2),
rs2066865 (FGG), rs2036914 (F11), and rs8176719 (ABO) interact with VTE risk factors
which increased the burden of VTE for individuals who had genetics as well as environmental

risk factors.

Furthermore, our study confirmed that the rs121909567 (SERPINC1, ATBp3) is a founder
mutation among the Roma population but not for the general Hungarian population. Although
the findings were subjected to selection and observation biases due to the small number of cases
and the study design, our study reveals some clues about the burden of the joint presence of
genetic and environmental risk factors on VTE risk. Due to higher genetic load and gene-
environmental interactions, this minority Roma population is at higher risk of VTE than the

general Hungarian population.

Thus, our results suggest that an intensive search for the rs121909567 (SERPINC1; ATBp3)
founder mutation might be an important factor for the assessment of thrombotic disease
susceptibility among the Roma population. In addition, we strongly recommend further studies
among a large number of VTE cases to explore the more precise impact of genetic and

environmental risk factors on VTE in the study populations.
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Results of strongly associated SNPs and VT risk determination

Based on the findings of our first study, we further conduct a case-control study using 298
clinically confirmed VT cases and 400 healthy control to explore the genetic background of VT
risk in the Hungarian population and to determine the combined VT risk predictability of
strongly associated SNPs: rs6025 (F5 Leiden), rs2066865 (FGG), rs2036914 (F11), rs8176719
(ABO), and rs1799963 (F2) and well-known conventional VT risk factors (Age, Sex, and
Obesity) in the population.

Though numerous SNPs provoke VT events in genetically vulnerable individuals, the
contributions of the five strongly associated SNPs to VT risk are enormously high (63,67,68).
Besides, previously conducted studies demonstrated the importance of those five prothrombotic
SNPs in the reoccurrence of heritable VT diseases (63,67,68). Consequently, we aimed to
explore the combined genetic risk predictability of strongly associated VT SNPs and well-
known non-heritable VT risk factors in the Hungarian population. In the present study, only
three SNPs: rs6025 (F5), rs2036914 (F11), and rs8176719 (ABO) remained statistically
significant after adjustment for multiple testing (p<0.01). The highest VT risk was detected
among Leiden mutation carriers/rs6025 (OR=3.52, 95% CI: 2.50; 4.95). Its allele frequency
was approximately 3-fold higher in VT cases (20%) than in control (6.8%) groups. Our findings
are consistent with previously conducted studies that indicated the odds of VT risk are 3.5 (62)

and 4.38 times higher for rs6025(F5) variant carriers than for noncarriers (160).

Moreover, several studies suggest that the Leiden mutation is vastly prevalent in Caucasian
ancestry, particularly in European descent. It is one of the most influential heritable VT risk
factors that increase the burden of VT in genetically vulnerable individuals (69-71). Our finding
is consistent with these findings where F5 is highly prevalent among cases (20%) in the present
study. Furthermore, it was strongly associated with the trait in all genetic association models.
This highlights the fact that the Leiden mutation is an independent predictor of venous
thrombosis risk (62,70,161), and its contribution to the burden of VT disease is remarkable

(161), particularly for genetically susceptible individuals and Caucasian ancestry (69).

Likewise, the risk allele frequency and VT risk for rs2036914 (F11) and rs8176719 (ABO) were
higher for cases even after adjustment for multiple testing. A previously conducted study
revealed that F11 (rs2036914) is an independent predictor of VT (162), which is compatible

with our finding where the VT risk was 1.38 times higher for cases that of controls. Different
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studies have shown that VT risk distribution due to F11 (rs2036914) is similar in Caucasians
and African Americans (76,77). The allele frequency of the ABO SNP (rs8176719) was more
prevalent in the control group (47.4% vs. 40.4%). Additionally, the risk of VT was lower (OR=
0.75, 95% CI: 0.61; 0.93) among subjects with the rs8176719 variant. Furthermore, the VT risk
was 1.33 times higher for risk variant carriers. Several studies have indicated that individuals
with the O-blood type are at the lowest risk of VT compared with individuals without the O-
blood type (78,79).

On the other hand, numerous studies have shown that non-O blood type subjects (A, AB, and
B) were at higher risk of developing venous thrombosis compared to O-blood type subjects
(80-83). Our study findings are also consistent with those of previously conducted studies.
Fang et al. reported that the risk of VTE is higher for the African American race and non-O

blood type individuals than the Caucasian race and O blood type individuals (84).

Although the risk allele frequencies and VT disease risk were not distinct in the case of
prothrombin mutation (rs1799963), it was the second most prevalent risk variant in the
Hungarian population. The lack of statistical significance despite the large odds ratio (OR)
might attributed to the limited number of VT cases in our present study compared to previously
conducted studies. Our study finding is consistent with previous studies' findings, which
revealed that rs1799963 is more prevalent in European ancestry than other ancestries.
(American, African American, Asian, and African) (57). Several studies have shown that
approximately 2-4-fold venous thrombosis risk was attributed to a hypercoagulability state that
resulted from a mutation in the prothrombin gene/rs1799963 (70,163,164).

Some studies have indicated that pooled variants have more impact on VT risk determination
than a single variant (63,94); consequently, we computed the weighted and unweighted GRS to
determine the VT risk in the study. Our findings showed that the wGRS is an independent
predictor of VT risk in the study population, and 2.37 times higher among VT cases than
controls. This finding is also supported by studies conducted by Kujovich et al. (2011) and
Skille et al. (2020)(63,94).
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Non-heritable VT risk factors and their impact

The impact of non-heritable risk factors on VT risk is also considerable. Our study showed that
VT was more prevalent among elderly (> 60 years) subjects than their counterparts (58.1% vs.
10.5%; p<0.0001). Likewise, the odds of VT risk for elderly subjects were 12-fold higher than
those of aged <60 years. The risk of VT increases with age due to different factors, such as
anatomical (95), pathophysiological (95-98), and hormonal derangement (165). Consequently,
it hastens and increases the vulnerability of elderly individuals to VT risk and other CVD
(53,96-98). Furthermore, our findings show that the risk of VT is 2.28 times higher among
obese subjects than normal-weight subjects. This finding is similar to the results of previous
conducted studies elsewhere where obesity shows an independent predictor of VT risk (99—
103).

VT risk predictability: individual SNP, non-heritable, and their combination

in the Hungarian population

The ability to predict the risk of a certain event before its occurrence is important in clinical
epidemiology. Precise risk prediction helps to control an event at as early stage as possible
(166-169) and offers to use the available resources effectively and efficiently (166-169). We
used ROC curves to establish individual and combined VT risk predictability of the SNPs and

nonheritable VT risk factors to develop a risk stratification tool.

In our study, the highest AUC result was obtained for the Leiden mutation (AUC=0.62),
whereas the lowest AUC was obtained for prothrombin mutation /F2 (0.52). Generally, the
AUC value increases as more SNPs are added to the model in addition to F5. Our finding is
also consistent with studies done elsewhere, where the addition of more SNPs into the model

showed an increase in the AUC value to a certain extent (63,170).

We also found that the wGRS is a better predictor of VT risk than individual SNPs (0.68 vs.
0.62), and their combination with non-heritable risk factors yields a larger AUC value with
higher discriminatory accuracy (AUC=0.89). This finding is consistent with previously
conducted studies, which reveal the combination of clinical and genetic risk factors increases
the risk of VT 8 times more than the genetic or clinical model independently (171,172). Overall,
the Leiden mutation, F11, and ABO risk alleles are highly prevalent and strongly determine
venous thrombosis disease risk in the Hungarian population. The pooled genetic risk variants

are more influential than a single variant alone.
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The combined model is the best predictor of VT risk, so the stratification of highly vulnerable
individuals based on their genetic profiling and well-known nonmodifiable VT risk factors is
important for the effective and efficient utilization of preventive and control measures of VT
risk.

6  Strengths and limitations of our study

In our comparative study, we tried to verify the GxE and VTE risk in the highly vulnerable
Roma and the general Hungarian populations; in this study, we explore the fact that dual
exposure (genetic and other comorbidities) increases the likelihood of VTE in a given
population like the Roma population. It provides insight into the stratification of the subjects
based on their risk burden for VTE controlling measures. This study also confirmed that the
origin of the SERPNC1 mutation is the Roma population. Our present study is in line with the

findings of similar studies reported by other scholars.

The main limitation of this study was the smaller sample size, especially the VTE cases, and
the data collected were self-reported by respondents (not confirmed clinically); hence, it might
expose to social desirability and recall bias. Therefore, we further suggest research with
adequate sample size and clinically confirmed cases with better design to have strong evidence
of the VT risk background in the Hungarian population. Consequently, we used a case-control
study to distinguish the VT risk predictability of the five strongly associated VT SNPs and well-
known non-heritable VT risk factors in the Hungarian population. Our study explore the
possibility of efficiently and effectively utilizing the available resource for risk prediction in the
given population. However, our study lacked the comparison of formerly identified strongly
associated VT SNPs with the novel loci, which are strongly associated with VT risk as well
(140,173-175). As a result, we recommend further study that considers the comparison of VT
risk predictability in the Hungarian population using the novel and strongly associated VT SNPs
with the formerly identified VT SNPs.

7  Conclusions and Recommendations

Generally, both conducted studies provides an insight into the heritable and non-heritable VT
risk factors in the Hungarian and Roma populations. The Leiden mutation (rs6025), coagulation
factors 11 (rs2036914), and the ABO gene (rs8176719) of non-O-blood type determine the
heritable VTE risk in the Hungarian population.
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However, in the Roma population the SERPINC1 mutation (rs121909567) and FGG
(rs2066865), coagulation factors 11 (rs2036914), and the ABO gene (rs8176719) determine the
heritable VT risk in this particular study subject. The coexistence of heritable and co-morbidity
such as DM, CAD, and smoking affects the Hungarian population at large. However, cancer,

CAD, obesity, and LDL-C affect the Roma population at large.

In conclusion, the Hungarian population is at higher risk of VT due to aging and the presence
of heritable VT risks such as Leiden mutation, F11, and ABO. Particularly, the Leiden mutation
influences VT in the Hungarian population with the largest risk variants frequency. The Leiden
mutation is the most prevalent genetic VT risk in the Hungarian population. The pooled variant
predicts the VT risk in the Hungarian population. Moreover, the combination of non-modifiable
VT risk and the heritable risk increases the VT risk predictability accuracy of the model. The

difference between the heritable and non-heritable VT risk factors is statistically significant.

The stratification of highly vulnerable individuals based on their genetic profiling and well-
known non-modifiable VT risk factors is important for the effective and efficient utilization of
preventive and control measures for VT risk. Furthermore, we recommend further study that
considers the novel and strongly associated VT SNPs and the formerly identified SNPs and

their comparison on the VT risk predictability in the Hungarian population.
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8 Summary

Background: Venous thrombosis (VT) is one of the three principal causes of cardiovascular
disease (CVD) related mortality with a significant genetic predisposition. In Europe, although
overall CVD-related morbidity is decreasing, mortality is still high. Hungary shares the largest
proportion of this mortality, and CVD remains the prominent cause of death in Hungary. The
coexistence of heritable and non-heritable risk factors increases the burden of VT in dual-
exposed individuals. Formerly conducted studies revealed that the Roma population is at higher
risk of CVD due to heritable and non-heritable VT risk factors. Thus, we aimed to explore and
compare the gene-environmental interactions and VTE risk in general Hungarian and Roma
subjects. We further aimed to investigate the combined VT risk predictability of the five
strongly associated SNPs and well-known conventional VT risk factors in the Hungarian

population.

Methods: A comparative cross-sectional study design was employed among 406 general
Hungarian and 395 Roma subjects. Moreover, a case-control study was conducted among 298
clinically confirmed VT cases and 400 health controls to investigate the heritable background
of VT in the Hungarian population. Except for the 298 subjects data; which is collected by the
DCLS, Department of Laboratory Medicine, Faculty of Medicine, University of Debrecen, all
other included data were extracted from the comprehensive database. Plink 1.9 version and IMB

SPSS version 26 were used for the analysis.

Furthermore, the AUCs for genetic and non-heritable risk factors were estimated to explore
their VT risk predictability in the case-control study. An odds ratio (OR) with their respective

95% CI at 0.05 alpha value was used to declare any association between VT risk and its factors.

Results: In both studies, the risk allele frequencies of F5 (rs6025), F11 (rs2036914), and ABO
(rs8176719) are higher in the Hungarian population. However, in the comparative study, the
SERPINC1 (rs121909567) SNP risk allele is only present in the Roma population but not all in
the general Hungarian population, which confirmed that the Roma population is the origin of
this particular mutation. The coexistence of genetic and non-heritable risk factors increases the
likelihood of VT in double-exposed individuals. Due to the multiplicative interaction between
the genetic and non-heritable risk factors such as depression and rs2036914 risk variant
(B=0.819, p=0.02), high levels of LDL-C and rs2066865 (FGG) (= 0.389, p= 0.002),
rs8176719 (ABO/non-0 blood type and cancer ($=0.370, p<0.001), rs2066865 (FGG) and CAD
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(B=0.143, p=0.046) the risk of VTE is higher for the Roma subjects than the general Hungarian
subjects.

However, as a result of the synergistic interaction between cigarette smoking and Leiden
mutation (= 0.172, p= 0.008), diabetes mellitus and rs8176719 (ABO) (B= 0.194, p <0.01),
rs8176719 (ABO) and CAD, (B= 0.197, p= 0.009), migraine (B= 0.287, p= 0.001), and
depression (= 0.342, p <0.001) the risk of VTE significantly higher only for the general
Hungarian population but not for the Roma populations. Likewise, in a case-control study, the
risk allele frequencies of F5, F11, and ABO are higher among the VT cases than in the control
group. Specifically, the Leiden mutation risk allele is highly prevalent among VT cases. Its risk
allele frequency was 3.52-fold higher in the VT group than in the control group (AOR =3.52,
95% CI: 2.50; 4.95). The combined (genetic and non-heritable) (AUC=0.89, p<0.001) show
good discrimination between VT cases and control.

Conclusions: In general, our studies provide insight into VT background (heritable and non-
heritable VT risk factors) in the Hungarian population. The Leiden mutation (rs6025), F11
(rs2036914), and ABO (rs8176719) determine the genetic VT risk factors in the Hungarian
populations. The presence of other non-heritable VT risk factors such as aging, CAD, DM,
cancer, smoking, and obesity, increases the likelihood of VT risk in dual-exposed individuals
compared to their counterparts. The combined model predicts the risk of VT risk in the
Hungarian population.

Recommendations

Stratification of highly vulnerable individuals based on their genetic profiling and comorbidities
are of paramount importance for the efficient and effective utilization of scarcely available VT
risk controlling and preventive measures in the Hungarian population. Furthermore, we suggest
further study that considers the novel and strongly associated VT SNPs and the formerly

identified SNPs and their comparison on the VT risk predictability in the Hungarian population.
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