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Summary

Venous thromboembolism (VTE) is the third most common cardiovascular disease.
Clonal haematopoiesis (CH) is linked to cardiovascular disease risk, but its potential
association with VTE remains poorly understood. We assessed the prevalence of CH
in patients with recurrent VTE (n=107; median age [IQR] 57 [48-63] years, 44.9%
female) and matched healthy controls (n=127; median age [IQR] 53 [45-60] years,
51.2% female) to investigate a putative association of CH with VTE risk. We detected
12 CH-associated mutations in 11 (10.3%) VTE cases and six mutations in 5 (3.9%)
controls. Thus, patients with recurrent VTE tended to have higher odds of presenting
with CH compared to controls (OR: 2.74, 95% CI: 0.95-9.16). Moreover, the odds of
detecting CH were significantly higher in VTE cases in the subgroup of individuals
without thrombophilia (OR: 4.58, 95% CI: 1.48-15.99). VTE cases with CH showed
elevated platelet counts compared to cases and controls without CH (median [IQR]:
292 [254-298], 223 [198-260] and 220 [185-259] x 10°/L; both p<0.01). Fibrinogen,
sP-selectin, D-dimer and hsCRP levels did not differ according to CH status. Overall,
we identified a trend for an association between CH and recurrent VTE, particularly
in individuals without underlying thrombophilia, warranting further research in
this patient group.
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INTRODUCTION

Venous thromboembolism (VTE), a disease entity compris-
ing deep vein thrombosis and pulmonary embolism (PE),
has an estimated incidence of 100-200 per 100000 person-
years in Europe,' making it the third most common cardio-
vascular disease (CVD). The disease burden of VTE is high
due to increased morbidity, functional limitations, working
disability and health-care utilization.”

VTErisk factors can be categorized as transient or chronic
as well as major or minor.” Genetic or acquired factors can
cause abnormalities in the coagulation system, resulting

in an increased risk of thrombosis, collectively referred to
as thrombophilia. In clinical practice, about 60% of VTE
patients have identifiable risk factors (e.g. cancer, immobi-
lization), but this is not the case in 40%, defining these as
unprovoked VTE." Unprovoked VTE has a high recurrence
risk, significantly impacting quality of life and increasing
bleeding risk due to the indefinite anticoagulant treatment
recommended in guidelines to prevent recurrence.’

Clonal haematopoiesis (CH) involves the expansion
of haematopoietic stem cells due to acquired mutations
that provide a proliferative or survival advantage. CH is
prevalent in the ageing population and has been linked to
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increased all-cause mortality and CVD such as coronary ar-
tery disease, peripheral artery disease and stroke.”” "' This is
likely due to an altered inflammatory profile mediated by
CH-associated mutations in immune cells, especially mac-
rophages.'>"? Platelet and endothelial cell activation, leading
to increased P-selectin expression, may also play a role in
CH affecting CVD."* Similar to their role in arterial disease,
these mechanisms in general are also involved in venous
thrombus formation."* Therefore, an implication of CH in
VTE might exist, particularly as CH prevalence increases
with advancing age, the latter representing a modifying fac-
tor for VTE risk."'® Moreover, previous studies have reported
an increased prevalence of CH in patients with unprovoked
VTE compared to the general population,™'® with recent
UK Biobank data supporting an association between CH
and VTE." These studies were in part limited by either low
sample size, absence of matched controls or lack of detailed
clinical information of the included patients. Furthermore,
reported CH frequencies are heterogeneous between studies
and the use of different detection methods impedes direct
comparisons.

Our aim was to assess CH prevalence in patients with re-
current VTE, with at least one unprovoked event, in com-
parison with age- and sex-matched controls and to explore
potential associations between CH and inflammatory and
haemostatic biomarkers as well as biomarkers of biological
ageing.

METHODS
Patient cohort

This case-control study was conducted at the Medical
University of Vienna (Vienna, Austria) and details have been
described previously."®'* In brief, consecutive unrelated pa-
tients with a history of recurrent VTE, including at least one
unprovoked event, referred to the outpatient department
for an assessment of thrombosis risk factors were recruited
and provided written informed consent for study inclu-
sion. Unprovoked VTE which was objectively verified was
defined as VTE not occurring in the context of a triggering
condition such as surgery, trauma causing immobilization,
pregnancy, delivery, malignancy, hospital stay or bed-ridden
period due to illness, hormone replacement therapy or oral
contraception.”® Established risk factors for VTE leading to
thrombophilia (protein C-, protein S- or antithrombin de-
ficiency; lupus anticoagulant; elevated homocysteine levels;
factor V Leiden and prothrombin G20210A variation) were
routinely evaluated in all study participants (cases and con-
trols). Whole-group—not pairwise—age- and sex-matched
healthy controls were selected from the same ethnic and geo-
graphic background. Healthy controls were either spouses or
acquaintances of patients, hospital staff or friends or relatives
of hospital staff but were unrelated to patients and had no
history of VTE or arterial thromboembolic events, as de-
scribed previously.”” The study was approved by the local

ethics committee. We analysed 116 cases and 128 controls
with available whole-blood samples, of which nine cases and
one control had to be excluded from analyses due to insuf-
ficient read coverage in the sequencing analysis.

Sample preparation and biomarker
measurements

DNA was isolated from patients' peripheral blood sam-
ples, which were collected >3 months after the most recent
VTE event as described previously,”® using the Maxwell®
RSC Blood DNA Kit on a Maxwell® RSC Instrument (all
Promega, Vienna, Austria). Furthermore, routine laboratory
parameters were measured centrally at the Department of
Laboratory Medicine of the Medical University of Vienna
and biomarkers were measured as described previously.'®

Targeted resequencing

Library preparation for targeted resequencing of selected
genomic regions including hotspots for CH-associated
mutations was performed as previously described,”’ ex-
panded to include screening of selected DNA damage re-
pair genes. In brief, genomic regions of interest involving
the genes DNMT3A, TET2, ASXLI, JAK2, PPM1D, CHEK2
and TP53 were amplified using a Multiplex-PCR approach.
Individual patient samples were subsequently indexed using
the Nextera XT Index Kit v2 (Illumina, San Diego, CA)
and purified using a solid-phase reversible immobilization
(SPRI) approach using Agencourt AmPure XP magnetic
beads (Beckman Coulter, Indianapolis, IN). Finally, library
pools of up to 384 uniquely tagged samples were sequenced
on an MiSeq instrument (MiSeq Reagent Kit v3 in 2 x 300 bp
paired-end, all Illumina, San Diego, CA). Demultiplexing
and subsequent somatic variant calling were performed
using the Local Run Manager v2 software of the MiSeq in-
strument. Briefly, reads were aligned to the human reference
genome version hgl9 using the Burrows-Wheeler Aligner
(BWA) implementation of the Local Run Manager. A custom
manifest file containing the amplicon regions of interest was
used. Somatic variants were called from a variant allele fre-
quency of 0.01 at a minimum variant site depth of 10. Indel
Realignment was switched on. All patient samples included
in the study underwent targeted resequencing in a screen-
ing run. Samples carrying positively selected variants were
subjected to a validation run, which involved a second round
of sequencing subsequent to a separate library preparation
under identical conditions.

Variant annotation and filtering
For variant annotation, RefSeq was selected. Variants were fil-

tered as previously described.”! In brief, the following inclusion
criteria were used: variant site depth >100, variant reported
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as somatic in COSMIC,* population allele frequency <0.01%
in gnomAD databases,” protein-coding, non-synonymous,
variant allele frequency (VAF) between 2%-40% or 60%-90%
(except for JAK2V*'F mutations, where all VAF >2% was ac-
cepted). For variants passing filters applied on the screening
run, samples were re-run to confirm validity at adjusted filter
settings (inclusion criteria for validation run: variant site depth
>200, VAF >1%). While variants not passing the validation cri-
teria were removed, variant call characteristics including VAFs
for validated variants were exported from the screening run.

Statistical considerations

Statistical analyses were performed using SPSS (version 28.0,
IBM SPSS Statistics, Chicago, IL, USA) and R Studio (ver-
sion 4.2.3, Vienna, Austria). Standard statistical summary
modes were used to depict patient characteristics (absolute
and relative frequencies, median, interquartile range [IQR]).
Between-group differences of clinical characteristics, labo-
ratory parameters and biomarker levels were assessed with a
chi-square test or a Mann-Whitney U-test as appropriate.
When the expected frequencies in the contingency table cells
were below 5, a Fisher exact test was conducted. Odds ratios
(OR) were calculated based on a 2x2 contingency table with
corresponding 95% confidence intervals (CI) to assess the as-
sociation between CH and prevalent VTE and a p-value was
calculated using a chi-square test. A logistic regression model
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was used to investigate the interaction between CH and throm-
bophilia on recurrent VTE which included only the interaction
term. An OR for the interaction term was estimated along with
its 95% confidence interval (CI). The alpha level was set at 0.05.

RESULTS
Patient characteristics

In this study, 107 patients with recurrent VTE (median age
[IQR] 57 [48-63] years, 44.9% female) and 127 healthy con-
trols (median age [IQR] 53 [45-60] years, 51.2% female) were
included. Detailed patient characteristics are summarized in
Table 1. Details on the type and location of VTE events that
have occurred in cases are depicted in Table S1.

Detection of CH-associated mutations

Overall, we detected 18 somatic mutations in 16 individu-
als (6.8%). In 107 VTE cases, 12 variants were detected in
11 patients (10.3%), whereas six variants were detected in
five controls (3.9%). Overall, the most commonly mutated
gene was JAK2 (n=7, 38.8%) followed by DNMT3A (n=5,
27.8%), whereas no mutations were found in TP53, PPM1D
or CHEK?2 (Figure 1A). In patients with recurrent VTE, five
JAK2 (41.6%), three DNMT3A (25.0%), two TET2 (16.7%)

TABLE 1 Patient characteristics of patients with recurrent VTE (cases, n=107) and matched healthy controls (n=127).

Cases

Controls

n of available

data n (%)/median (IQR) n of available data n (%)/median (IQR) p-value
Female 107 48 (44.9) 127 65 (51.2) 0.34
Age 107 57 (48-63) 127 53 (45-60) 0.02
BMI 106 27.4 (24.8-29.1) 127 25.8 (23.6-29.4) 0.06
Comorbidities
Hypertension 99 27 (27.3) 122 23 (18.1) 0.14
Thrombophilia 102 45 (44.1) 127 15 (11.8) <0.001
High risk® 15 (14.7) 1(0.8)
Low risk” 30 (29.4) 14 (11.0)
Metabolic syndrome* 102 35 (35.5) 127 26 (20.5) 0.005
Blood group
A 106 58 (54.7) 127 59 (46.5) 0.06
AB 12 (11.3) 13 (10.2)
B 21 (19.8) 18 (14.2)
0 15 (14.2) 37 (29.1)
Current or prior smoking exposure 106 27 (25.5) 127 28 (22.0) 0.54

“Including individuals with heterozygous FV: R50Q60 or FII: G20210A mutation.

®Including individuals with homozygous FV: R50Q60 or FII: G20210A mutation, Protein C or S deficiency, antithrombin deficiency, lupus anticoagulant or a combined

heterozygous FV: R50Q60 and FII: G20210A mutation.

“Any three of the following five criteria constituted a diagnosis of metabolic syndrome: elevated waist circumference, elevated triglycerides, reduced HDL-C, elevated blood

pressure, elevated fasting glucose."’
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and two ASXL1 (16.7%) mutations were detected (Figure 1B).
In healthy controls, two JAK2 (33.3%), two DNMT3A (33.3%),
one TET2 (16.7%) and one ASXLI (16.7%) mutation(s) were
found (Figure 1C). All mutations represented single nucleo-
tide variants and the overall majority were predicted to be
missense mutations (83.3%, Figure 1D). Mutations detected
in JAK2 were all missense mutations resulting in JAK2VOVE,
The age distribution of CH frequencies differed between
cases and controls (Figure 1E).

In our study cohort, neither cases nor controls with CH
were significantly older than the respective counterparts

without CH (Figure 2A). Individuals with CH were not more
likely to have current or prior smoking exposure or comorbid-
ities such as hypertension or the metabolic syndrome'® (CH
vs. no CH [p value]: 6.7% vs. 24.8% smoker [0.20], 20.0% vs.
4.1% hypertension [0.74], 0% vs. 4.1% metabolic syndrome
[0.99]). No individual with ASXL1 mutation had current or
prior smoking exposure. Cases with CH were equally likely
to have post-thrombotic syndrome, or PE as index event as
those without CH mutation (CH vs. no CH [p value]: 27.3%
vs. 46.9% post-thrombotic syndrome [0.72], 36.3% vs. 38.5%
PE as index event [0.71]).
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FIGURE 1

Controls with CH = Controls without CH

Characteristics of clonal haematopoiesis (CH) mutations detected in cases and controls. (A) Absolute frequency of genes affected by a

CH mutation in all included individuals. (B) Absolute frequency of genes affected by a CH mutation in cases. (C) Absolute frequency of genes affected
by a CH mutation in controls. (D) Types of mutations detected in individual genes. (E) Percent and absolute numbers of included individuals with and
without CH carrier status, stratified according to age groups and case/control status.
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FIGURE 2 Age (A) and laboratory parameters (B-F) in cases and controls stratified according to CH carrier status. CH—clonal haematopoiesis,
*p<0.05, *p<0.01, **p<0.001.

Clonal haematopoiesis and its association with

recurrent VTE

The frequency of CH was 10.3% in patients with recurrent
in the matched control individuals.

VTE and 3.9%

Therefore, the odds of having CH were higher in patients
with VTE compared to healthy controls (OR: 2.74, 95% CI:
0.95-9.16). A total of 39 patients had two unprovoked VTE
events, of which three exhibited CH (7.7%). Thus, the odds
of having CH tended to be also higher in the subgroup of
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patients with two unprovoked VTE events compared to
controls (OR: 3.44, 95% CI: 0.60-20.78). When focusing on
individuals without thrombophilia (cases and controls),
CH was detected in 9 (15.8%) of 57 VTE cases without
any thrombophilia, whereas 4 (3.6%) of 112 controls
without thrombophilia exhibited CH. Thus, we observed
a more pronounced association between VTE and CH in
individuals without thrombophilia (OR: 4.58, 95% CI:
1.48-15.99). An additional analysis revealed no strong
evidence of an interaction between CH and thrombophilia
regarding the outcome recurrent VTE (OR: 2.42, 95% CI:
0.22-27.05). Details on the presence of specific types of
thrombophilia and CH are summarized in Table S2 and
details on the location of VTE events in cases with CH
mutation is depicted in Table S3.

Clonal haematopoiesis and its association with
laboratory parameters

While haemoglobin levels and leucocyte counts did not dif-
fer between groups (Figure 2B,C), cases with CH showed
higher platelet counts compared to both cases and controls
without CH (median [IQR]: 292 [254-298] vs. 223 [198-260]
vs. 220 [185-259] x 10°/L; p<0.01 for both direct compari-
sons, Figure 2D). Individuals (merged cases and controls)
with JAK2 mutation had higher platelet counts compared to
individuals with DNMT3A or no mutation (median [IQR]:
298 [294-302] vs. 229 [188-265] vs. 221 [190-260] x 10°/L,
respectively; p=0.03; Figure 2E). Serum levels of high sen-
sitivity (hs)CRP were higher in cases without CH compared
to controls without CH, but did not differ within cases or
controls according to CH status (Figure 2F).

Clonal haematopoiesis and its association with
haemostatic biomarkers

As we have reported previously, VTE cases without CH
exhibit the elevated levels of fibrinogen and soluble P-
selectin (sP-selectin) as compared to controls without CH
(Figure 3A,B)."® In our current study on the role of CH in

(A) (B)

700

@
3
3

VTE, within both cases and control groups, there was no
difference between CH carriers and non-carriers regarding
fibrinogen or sP-selectin levels. D-dimer levels did not differ
between cases and controls or depending on carrier status
(i.e. with and without CH) (Figure 3C). Furthermore, fibrin-
ogen, sP-selectin and D-dimer levels did not differ according
to different gene mutations (data not shown).

Clonal haematopoiesis and its association with
biomarkers of biological ageing

As we have recently reported, in our cohort patients with
VTE exhibited lower mtDNA levels compared to healthy
controls.** Our CH-centred analyses now revealed that the
presence of CH had no significant influence on mtDNA lev-
els (Figure 4A). Interestingly, on individual gene level, in-
dividuals with JAK2 mutation showed decreased mtDNA
levels compared to those with mutations in DNMT3A or
ASXLI (Figure 4B). Telomere length did not differ between
individuals with and without CH and was similar overall in
cases and controls (Figure 4C).

DISCUSSION

In summary, we assessed the prevalence of selected CH mu-
tations in a case—control study of patients with recurrent
VTE and matched healthy controls. We found a higher fre-
quency of CH mutations in recurrent VTE cases compared
to healthy controls and the association between CH and re-
current VTE was most pronounced in individuals without
established thrombophilia. Patient characteristics, labora-
tory parameters and haemostatic biomarkers did not differ
according to CH carrier status. However, individuals car-
rying JAK2"'7F showed altered platelet counts and mtDNA
levels.

As CH is highly prevalent in the ageing general popu-
lation, it has emerged as an aspiring research topic.'*!' CH
is associated with increased all-cause mortality and risk of
transformation to haematological malignancies, but it is most
strikingly linked to CVD-related morbidity and mortality
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FIGURE 4 Levels of biomarkers of biological aging in cases and controls stratified according to CH carrier status and to mutated gene. (A) Levels of
mtDNA according to case/control and CH carrier status, (B) mtDNA levels stratified by mutated gene, (C) telomere length according to case/control and

CH carrier status. CH—clonal haematopoiesis, *p <0.05, **p <0.01, ***p <0.001.

due to higher risk of, for example, coronary artery disease,
stroke and peripheral artery disease.” ' Most recently, a large
biobank-based study described an association between CH
and VTE as well."” Previously, two smaller studies screened for
CH-associated mutations in modest size patient cohorts with
unprovoked VTE.'>'® In one study, the authors reported a CH
prevalence of 20% using a VAF cut-off of 1% and of 6% with
a 2% VAF cut-off.'® The other study, reported as a conference
abstract, similarly described a CH frequency of 9% in patients
with unprovoked VTE."” However, both studies were lacking
a control group and detailed patient characteristics. Our study
involving patients with recurrent VTE and matched healthy
controls revealed increased odds of having CH in recurrent
VTE cases. Interestingly, as we had detailed clinical history
and clinical characteristics available, we discovered that the
association between CH and recurrent VIE was especially
pronounced in individuals without thrombophilia. This may
suggest that, in individuals with thrombophilia, the impact of
CH on recurrent VTE risk is masked, as they already possess
an elevated baseline risk, and thus, this impact is most clearly
visible in patients without thrombophilia.

In our cohort, mutations in JAK2 were most common in
the overall cohort, and in cases with recurrent VTE, align-
ing with previous studies."” In previous studies, an increased
VTE risk in JAK2-mutated subjects without overt myelop-
roliferative neoplasm (MPN) was observed.”>*® Specifically,
it was found that 25% of patients with JAK2 mutation had
a history of unprovoked VTE.*® Another study reported
an odds ratio of nearly 3 for prevalent VTE in individuals
with mutated JAK2.% Moreover, the recently published large
study, based on the UK biobank, reported an association of
overall CH with incident VTE at a small effect size, whereas
JAK2-driven CH resulted in a 6.5-fold higher risk for inci-
dent VTE." In agreement with that, our study now provides
additional clinical insights based on detailed patient infor-
mation which may help formulate hypotheses for mechanis-
tically investigating the link between CH and VTE.

Although CH is associated with advanced age, our study
did not find significant age differences among CH car-
riers, possibly due to low sample numbers as we observed
only one CH carrier younger than 40years and three CH

carriers younger than 50years. As we have previously re-
ported on an association between VTE and biological ageing
in our study,** we now had the possibility to assess a poten-
tial influence of CH on this observation. The results of our
analyses do not support a role of CH in this phenomenon.
Interestingly, JAK2-mutated individuals showed reduced
mtDNA levels compared to patients with mutations in
DNMT3A or ASXLI. mtDNA is a primary source of reac-
tive oxygen species (ROS), which can lead to mitochondrial
dysfunction and a subsequent decrease in mtDNA levels.
Previously, elevated ROS levels and oxidative stress in the
plasma of haematopoietic stem cells and in samples of pa-
tients with JAK2 mutation were found.?”*® Our observation
of decreased mtDNA levels in individuals with JAK2 mu-
tation might be the consequence of an increased oxidative
stress state and may warrant further exploration.

While haemoglobin levels and leucocyte counts did not
differ according to CH status, individuals with CH and espe-
cially with JAK2 mutation exhibited higher platelet counts.
This might indicate that we have included some cases of un-
diagnosed MPN in our cohort. However, while ruling out
MPN in population-based studies using ICD-10 codes is
hampered, we had access to detailed clinical histories and
blood counts at the time of study inclusion. At the time of
blood collection, there were no blood count abnormali-
ties or other clinical symptoms indicative of MPN present.
Clinically, it is of course important to think of MPN, espe-
cially when venous thrombosis manifests at unusual sites,
that is, in the splanchnic or cerebral venous system.

Elevated sP-selectin is linked to VTE risk, as P-selectin
plays an important role in thrombus formation as it facil-
itates leucocyte adhesion to stimulated endothelial cells
and platelets and triggers increased expression of tissue fac-
tor."*?*** The observation of increased P-selectin expres-
sion and elevated sP-selectin levels in TET2 knockout mice
supports a putative role of CH in VTE development.'* In
our study, however, we neither observed a difference in sP-
selectin levels between individuals with and without over-
all CH, nor between individuals with or without mutated
TET2. Generally, we did not observe any influence of CH
on haemostatic biomarkers in our study. Thus, the proposed
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enhanced inflammatory environment associated with CH
may have no detectable effect on haemostatic parameters.
While literature on potential correlations of CH status with
CRP levels as a downstream marker of inflammation is am-
biguous,”>*'™* our analyses did not reveal differences in
hsCRP levels according to CH status. Elevated hsCRP levels
in patients with VTE have been previously reported'*** and
our observed lack of correlation between hsCRP and recur-
rent VTE in CH carriers might be due to restricted statistical
power in this smaller subgroup.

There are some limitations that need to be acknowledged.
First, our analyses were limited by the overall number of in-
cluded individuals, which precluded a more detailed investi-
gation of individual CH-associated mutations on single-gene
level. However, detailed information on patient character-
istics, laboratory parameters and biomarkers were avail-
able for all included patients. Further studies with higher
sample size and power are needed to confirm our findings.
Second, as our analyses are based on a retrospective study
of recurrent VTE, we do not know whether CH was pres-
ent before or after the first VTE event. Third, our analyses
were restricted to mutational hotspots within selected genes,
potentially resulting in an underestimation of CH frequen-
cies. Nevertheless, the seven genes included in our screening
assay comprise the majority of mutated genes described in
previous pivotal studies of CH."

In conclusion, our study reveals an elevated CH fre-
quency in patients with recurrent VTE compared to healthy
controls reflected by an association between CH and recur-
rent VTE in the subgroup of individuals without underlying
thrombophilia. As thrombophilia might mask the effect of
CH-associated mutations, further studies in large VTE co-
horts with detailed patient characteristics available may be
suitable to expand on our findings.
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