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Essentials
e von Willebrand factor (VWF) and ADAMTS13 form a pivotal axis that regulates
hemostasis

e The role of VWF-ADAMTS13 axis in the risk of future venous thromboembolism

(VTE) is unknown

e Low ADAMTS13 levels and increased VWF/ADAMTS13 ratio are associated with

increased risk of VTE

e VWF-ADAMTS13 axis may be involved in the pathogenesis of VTE



Summary

Background: von Willebrand factor (VWF) and its cleaving protease, ADAMTS13, form a
pivotal axis that regulates hemostasis. However, the role of the VWF-ADAMTS13 axis in the
risk of future venous thromboembolism (VTE) is unknown.

Objectives: To investigate whether plasma ADAMTS13 levels and an imbalance with VWF
levels, assessed as VWF/ADAMTS13 ratio, are associated with risk of future VTE.
Patients/Methods: A population-based nested case-control study, comprising 383 incident
VTE cases and 780 age- and sex-matched controls, was derived from the Tromsg study cohort
(1994-2007). Antigen levels of ADAMTS13 and VWF were measured in plasma samples
obtained at cohort baseline. Odds ratios (OR) with 95% confidence intervals (CI) were
estimated according to quartiles cutoffs of ADAMTS13 and VWF/ADAMTS13 ratio
determined in controls.

Results: In age- and sex-adjusted analysis, ADAMTS13 levels were inversely associated with
VTE risk, with an OR of 1.40 (95% CI 0.99-1.99) for the lowest versus highest quartile. The
VWF/ADAMTS13 ratio was linearly associated with VTE risk (p for trend=0.001), with an
OR of 1.70 (95% CI 1.19-2.43) for the highest versus lowest quartile, and the association was
particularly pronounced for unprovoked VTE (OR 2.81, 95% CI 1.65-4.81). The ORs were
only slightly attenuated after additional adjustments for body mass index and C-reactive
protein.

Conclusions: Lowered ADAMTS13 levels and an imbalance between ADAMTS13 and VWF
levels, reflected by an increased VWF/ADAMTS13 ratio, were associated with increased risk
of future VTE. Our findings suggest that the VWF-ADAMTS13 axis is involved in the
pathogenesis of VTE.
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Introduction
Venous thromboembolism (VTE), encompassing deep vein thrombosis (DVT) and pulmonary
embolism (PE), is a common disease and a major cause of morbidity and mortality
worldwide.'? Despite intensified efforts to improve awareness and prevention of VTE, time-
trend studies have shown a slight increase in the incidence of the disease over the last
decades.>* Major knowledge gaps still exist concerning risk factors and mechanisms that
drive venous thrombus formation. Understanding the underpinnings of the pathophysiological
mechanisms of VTE may reveal novel biomarkers that could help identify individuals at
increased VTE risk and provide potential targets for disease prevention and treatment.

Growing evidence suggests that von Willebrand factor (VWF) is involved in the
pathogenesis of VTE.>” VWF is a large multimeric glycoprotein that plays critical roles in
hemostasis by interacting with platelets to promote platelet plug formation,® and by serving as
a plasma carrier for coagulation factor V111.° Deficiency of VWF is the cause of von
Willebrand disease, characterized by a bleeding tendency,® while elevated VWF levels are
associated with increased risk of arterial cardiovascular disease (CVD)!'*? and VTE 1314

The multimeric size and subsequent hemostatic function of VWF is regulated by a
disintegrin and metalloprotease with thrombospondin type 1 motif, member 13
(ADAMTS13), through the cleavage of platelet-hyperadhesive ultra-large VWF (ULVWF)
multimers.t>!® Severe deficiency of ADAMTS13, either congenital or acquired, can result in
an excess of ULVWEF and cause thrombotic thrombocytopenic purpura (TTP), a rare and
potentially fatal disease characterized by VWF-mediated platelet-rich thrombi in the
microcirculation.®” Notably, it has been shown that the contribution of ADAMTS13 to
thrombogenesis expands beyond the microcirculation, as even slightly to moderately reduced
ADAMTS13 levels were found to be associated with increased risk of arterial CVD (e.g.

myocardial infarction and ischemic stroke).'82° For VTE, the existing data on ADAMTS13 is



limited to cancer patients,?*"23 or to relatively small case-control studies,?*?” which have an
inherent susceptibility to reverse causation due to the lack of temporality between exposure
and outcome in the case-control design. Of note, because ADAMTS13 and VWF are
functionally linked to each other, forming a pivotal axis that regulates hemostasis, the
assessment of an imbalance of their plasma levels may provide further insights into VTE
pathogenesis. A useful metric to evaluate such imbalance is the VWF/ADAMTS13 ratio,
where an increased ratio may reflect a prothrombotic state. Indeed, an increased
VWF/ADAMTS13 ratio in patients with arterial CVD has been consistently associated with
cardiovascular complications, including recurrent thrombosis and death.?3! However, it
remains unknown whether plasma ADAMTS13 and an imbalance with VWEF affect the risk of
a future VTE.

We hypothesized that reduced ADAMTS13 levels and high VWF/ADAMTS13 ratio
would be associated with increased VTE risk. Therefore, we set out to investigate the
association of plasma ADAMTS13 levels and VWF/ADAMTS13 ratio with risk of future

incident VTE in a population-based nested case-control study.

Methods

Study population and design

The Tromsg Study is a cohort consisting of repeated health surveys of the inhabitants in
Tromsg, Norway.>? The present study was derived from the fourth survey of the Tromsg
Study (Tromsg 4), conducted in 1994-95. All inhabitants aged 25 years or older were invited,
and 77% (27,158) took part. Participants were followed until incident VTE, death, migration,
or end of follow-up (September 1%, 2007). A total of 462 study participants suffered a VTE
event during follow-up. To conceive the nested case-control study, for each VTE case, two

age- and sex-matched controls (n=924), who were alive at the index date of the corresponding



VTE case, were selected randomly from the parent cohort, as previously described.'* Seventy-
nine cases and 144 controls were excluded from the analyses because plasma samples were
not available (64 cases and 115 controls) or were of insufficient quality due to hemolysis (15
cases and 29 controls), leaving 383 cases and 780 controls in the final analytic sample
(Figurel). It is important to address that in the nested case-control design, the temporal
sequence between exposure and outcome is preserved, as blood samples to measure
ADAMTS13 and VWF were collected at cohort baseline. The regional committee for medical
and health research ethics approved the study, and informed written consent was obtained

from all participants.

VTE registry

As previously described,® we identified all first lifetime VTE events by searching the
discharge diagnosis registry, radiology procedure registry and autopsy registry from the
University Hospital of North Norway (UNN), which is the only hospital in the study area.
Events were adjudicated and recorded when 1) a VTE diagnosis was stated in the medical
record, 2) signs and symptoms consistent with DVT and/or PE were present, 3) objective
radiological confirmation was attained, and 4) treatment was implemented (unless
contraindications were specified). For cases obtained from the autopsy registry, an event was
recorded when PE was indicated as the cause of death, or a condition significantly
contributing to death. All VTE events were further classified as DVT or PE and provoked or
unprovoked. If DVT and PE were present simultaneously, the event was classified as a PE.
An event was considered provoked if it was closely preceded by one or more of the following
provoking factors; trauma, surgery or acute medical conditions (infectious diseases,
myocardial infarction or ischemic stroke) within 8 weeks prior to the event, marked

immobilization (wheelchair confinement or >3 days bed rest within the last 8 weeks, or long-



distance travel >4 hours within the last 14 days), and active cancer. If a treating physician
specified another cause for VTE (e.g., venous catheters), the event was also classified as

provoked.

Baseline measurements and blood sampling

Questionnaires, physical examination and blood samples were used to acquire baseline
information from all participants at inclusion in the parent cohort (1994/95). Weight and
height were measured with participants wearing light clothing and no shoes, and body mass
index (BMI) was calculated as weight in kilograms divided by the square of height in meters.
Self-administered questionnaires were used to obtain information on history of cancer and
arterial CVD (including stroke, angina pectoris or myocardial infarction).

Non-fasting blood samples were collected from an antecubital vein into 5-mL
vacutainers (Becton Dickinson, Le Pont-de-Claix, France) containing EDTA as an
anticoagulant (40 pL Kz-EDTA, 0.37 mol/L per tube). Platelet-poor plasma (PPP) was
prepared by centrifugation at 3000g for 10 minutes at room temperature. The supernatant was
transferred into cryovials (Greiner Laboratechnik, Nurtringen, Germany) in 1-mL aliquots,

and then stored at -80°C until further analysis.

Laboratory analyses
Measurement of ADAMTS13, VWEF, and C-reactive protein (CRP) was performed at the
Research Institute of Internal Medicine at Oslo University Hospital, Rikshospitalet. Before
laboratory analyses, PPP samples were thawed for 5 minutes in a water bath at 37°C and
centrifuged at 13500 g for 2 minutes to obtain platelet-free plasma (PFP).

Plasma ADAMTS13 antigen (ADAMTS13:Ag) was measured in duplicates by an

enzyme immunoassay (EI1A) with matched antibodies from R&D Systems (Minneapolis, MN,



USA) in a 384 format using a combination of a SELMA (Jena, Germany) pipetting robot and
a Biotek (Winooski, VT, USA) dispenser/washer. Absorption was read at 450 nm with
wavelength correction set to 540 nm using an ELISA plate reader (Bio-Rad, Hercules, CA,
USA). ADAMTS13:Ag intra- and inter-assay coefficients of variation were 9.8% and 8.8%,
respectively. The mean value of ADAMTS13:Ag in the control population was set to 100%,
and all other values were adjusted accordingly and expressed in percentage. EIAs with
antibodies from Dako (Glostrup, Denmark) were applied to measure plasma VWF antigen
(VWF:Ag) in duplicates.!* A polyclonal antibody (A0082) was used for coat, and a
horseradish peroxidase-conjugated antibody (P02256) for detection. Parallel-diluted pooled
human plasma from 20 healthy individuals was used as standard, and the intra- and inter-
assay coefficients of variation were 2.6% and 10.8%, respectively. As for ADATMTSL13, the
mean value of VWF:Ag in the control population was set to 100%, and all other values were
adjusted accordingly and expressed in percentage. C-reactive protein (CRP) was measured

with a high sensitive technique (“hsCRP”) by EIA, as previously described in detail.*

Statistical analyses

STATA version 16.0 (Stata Corporation, College Station, Texas, USA) and R version 4 (The
R Foundation for Statistical Computing, Vienna, Austria) were used to perform the statistical
analyses. Among controls, ADAMTS13:Ag raw values had a mean of 242 ng/mL (standard
deviation [SD]: + 84 ng/mL) and a median of 228 ng/mL (Percentile 25": 186 ng/mL -
Percentile 75™: 278 ng/mL). After expressing the raw values as a percentage of the control
population mean (set to 100%), ADAMTS13:Ag levels were categorized according to the
following quartile cutoffs determined in controls: <77%, 77-94%, 94-115%, >115%.
VWF/ADAMTS13 ratio was calculated for each participant as VWF:Ag divided by

ADAMTS13:Ag, and then quartiles cutoffs were determined among controls (<0.42, 0.42-



0.74, 0.74-1.40, >1.40). Baseline characteristics stratified on ADAMTS13 and
VWF/ADAMTS13 ratio quartiles were analyzed using descriptive statistics, and expressed as
percentages (frequency) for categorical variables and as mean (£ SD) or median (interquartile
range) for continuous variables.

Unconditional logistic regression was performed to estimate odds ratios (OR) with
95% confidence intervals (CI) for VTE according to quartiles of ADAMTS13 levels and
VWF/ADAMTS13 ratio. The highest quartile was set as the reference category for
ADAMTS13 levels, while the lowest quartile served as the reference for the
VWF/ADAMTS13 ratio. The P value for linear trend of VTE risk was estimated across
quartiles of ADAMTS13 levels and VWF/ADAMTS13 ratio. Associations were adjusted for
the matching factors (i.e. age and sex)*® in Model 1, with addition of BMI and CRP to Model
2 in order to assess potential confounding by obesity-related mechanisms or inflammation.
Analyses were performed for overall VTE and VTE subtypes (DVT, PE, provoked,
unprovoked) as the outcomes of interest. As ADAMTS13 levels have been shown to be
associated with arterial CVD,*®?° which in turn is found to increase the risk of VTE,%3" we
performed sensitivity analyses for overall VTE excluding participants with a history of
arterial CVD at baseline. In all analyses, plasma ADAMTS13 levels and VWF/ADAMTS13
ratio were also entered into the logistic regression models as continuous variables. To this
end, we calculated the mean and SD of ADAMTS13 levels and VWF/ADAMTS13 ratio
based on the distribution of the control population. The ORs for VTE were investigated by
1SD decrease for ADAMTS13 levels and by 1SD increase for the VWF/ADAMTS13 ratio.
Because the VWF/ADAMTS13 ratio values were not normally distributed, natural logarithm
transformation was applied to calculate the SD.

As the follow-up time in the source cohort was long, the results based on baseline

ADAMTS13 and VWF measurements could be influenced by regression dilution.®® To



investigate this, we took into account the time elapsed between blood sampling at cohort
baseline in Tromsg 4 (i.e. when samples to measure ADAMTS13 and VWF were drawn) and
the occurrence of VTE events. We performed analyses that restricted the maximum time from
blood sampling in Tromsg 4 to the VTE events, while keeping all controls in the analyses.
The logistic regression analyses on time restrictions were set to require at least 10 VTE
events, and ORs were estimated at every time point a new VTE event occurred and were

plotted as a function of this maximum time, with adjustment for age, sex, BMI, and CRP.

Results
Baseline characteristics of study participants across quartiles of plasma ADAMTS13:Ag
levels are displayed in Table 1. The mean age and the proportion of subjects with self-
reported history of arterial CVD increased with decreasing levels of ADAMTS13. Median
CRP levels were 1.19 mg/L (interquartile range [IQR] 0.66-2.32) in quartile 4 and increased
to 1.46 (IQR 0.85-2.67) in quartile 1. VWF/ADAMTS13 ratio, as expected, increased with
decreasing ADAMTS13:Ag levels, while no substantial differences were seen for VWF:Ag
levels. When baseline characteristics were analyzed across quartiles of VWF/ADAMTS13
ratio (Supplemental Table 1), the mean age and the proportion of subjects with arterial CVD
increased with an increasing VWF/ADAMTS13 ratio. Predictably, plasma levels of VWF:Ag
increased whereas ADAMTS13:Ag levels decreased across quartiles of the ratio. The
characteristics of patients at the VTE event are shown in Table 2. The mean age at the time of
VTE was 68 years, 48.8% were men, and 59% of the events were provoked VTESs and 63.5%
were DVTs.

The ORs for overall VTE and subtypes (i.e., provoked and unprovoked VTEs, DVT
and PE) across quartiles of plasma ADAMTS13:Ag levels are shown in Table 3. ADAMTS13

levels were inversely associated with VTE risk, with an OR of 1.40 (95% CI 0.99-1.99) for
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the lowest versus highest quartile in analysis adjusted for age and sex. No significant trend in
risk estimates was seen across quartiles (P for trend=0.12), suggesting a threshold rather than
a linear relationship between ADAMTS13 levels and VTE risk. Further adjustment for BMI
and CRP had a negligible effect on the risk estimates. For VTE subtypes, the ORs were
essentially similar to those observed for overall VTE, with the highest ORs obtained for the
lowest versus highest quartile of ADAMTS13, with the exception of provoked VTE. When
ADAMTS13 was analyzed as a continuous variable (Supplemental Table 2), 1SD decrease in
ADAMTS13:Ag levels was associated with a 16% higher OR of VTE (OR 1.16, 95% ClI
1.03-1.30) in the age- and sex-adjusted model, with virtually no change in the risk estimate
with additional adjustment for BMI and CRP (OR 1.17, 95% CI 1.04-1.32). In line with the
quartile-based analysis, estimates for VTE subtypes did not substantially differ from those of
overall VTE.

The ORs for overall VTE and subtypes according to quartiles of plasma
VWF/ADAMTS13 ratio are shown in Table 4. A linear association was demonstrated for
overall VTE, unprovoked VTE and DVT (p for trend <0.001). An increasing
VWF/ADAMTS13 ratio was associated with increased risk of VTE, with an OR of 1.70 (95%
Cl 1.19-2.43) for the highest versus lowest quartile in age- and sex-adjusted analysis. The
association was most pronounced for DVT (OR 1.77, 95% CI 1.17-2.67) and especially for
unprovoked VTE (OR 2.81, 95% CI 1.65-4.81). Further subgroup analysis for unprovoked
DVT was conducted as the association between VWF/ADAMTS13 ratio and thrombosis risk
was strongest for unprovoked VTE and DVT, and revealed an OR of 4.75 (95% CI 2.27-9.95)
for the highest compared to the lowest quartile. Additional adjustment for BMI and CRP had
a minor impact on the risk estimates for overall VTE and subtypes. The thrombosis risk by
1SD increase in VWF/ADAMTS13 ratio was in agreement with the quartile-based analysis,

with the strongest association also observed for unprovoked VTE (Supplemental Table 3).
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Because VWF/ADAMTS13 ratio was consistently associated with VTE risk, we explored
whether this association could be driven by either high VWF or low ADAMTS13 plasma
levels. As depicted in Supplemental Table 4, the risk estimates from model 2 remained
essentially the same after additional adjustment for plasma VWF:Ag (model 3) or
ADAMTS13:Ag (model 4), respectively. Sensitivity analyses restricted to participants
without self-reported CVD at baseline provided similar risk estimates as the main analyses
and are reported in Supplemental Table 5.

To assess the possibility of underestimating the true association due to regression
dilution bias, we estimated ORs for overall VTE as a function of time between blood
sampling and the events (Figure 2). The ORs for VTE were somewhat higher with shortened
time between blood sampling and VTE events, both for ADAMTS13:Ag (OR for the lowest
versus highest quartile) and VWF/ADAMTS13 ratio (OR for the highest versus lowest

quartile), indicating a certain degree of regression dilution.

Discussion

In this population-based nested case-control study, we found that decreased plasma
ADAMTS13:Ag levels were associated with increased risk of future VTE in age- and sex-
adjusted analysis. In addition, an increasing VWF/ADAMTS13 ratio displayed a linear
association with VTE risk, where subjects in the highest quartile of VWF/ADAMTS13 ratio
had a 70% higher OR of VTE than those in the lowest quartile, and the association was
strongest for unprovoked VTE. The risk estimates were only slightly attenuated with further
adjustment for BMI and inflammation, assessed by CRP. In addition, the risk estimates for
VTE by ADAMTS13 levels and VWF/ADAMTS13 ratios were only moderately attenuated
by increasing time between blood sampling and the VTE events (regression dilution bias).

Our findings support that ADAMTS13, and the VWF/ADAMTS13 ratio in particular, may

12



serve as biomarkers for risk of future VTE and are involved in the pathogenesis of VTE.

Existing data on the association between ADAMTS13 and VTE has been restricted to
case-control studies involving highly selected study populations.?*?’ In accordance with
most?4?°, but not all?” previous case-control studies, Pagliari et al.?® recently found that
decreased ADAMTS13 activity was associated with increased risk of unprovoked DVT in a
study comprising 365 patients and 292 controls. Similarly, cohort studies exploring the
relationship between ADAMTS13 and VTE in cancer patients®:2® showed that decreased
ADAMTS13 levels were associated with VTE risk in most,?+?% but not all studies.??

To the best of our knowledge, this is the first study to assess the association between
plasma ADAMTS13 levels and VTE with a prospective time sequence between the exposure
and outcome (i.e., blood samples for assessment of ADAMTS13 were drawn before the VTES
occurred). We found that low ADAMTS13 levels were associated with a 1.4-fold increased
risk of VTE. The observed relationship between ADAMTS13 levels and VTE risk pointed
toward a threshold effect, as an increase in risk estimates became particularly apparent when
comparing the lowest versus highest quartile of ADAMTS13. This finding is in agreement
with previous studies on the association of ADAMTS13 with arterial CVD and VTE, in which
a threshold effect rather than a dose-response relationship was also suggested.'®?® The
association between ADAMTS13 levels and VTE risk was especially noticeable when
modelling the metalloprotease as a continuous variable, with the assessment of the thrombosis
risk by 1SD decrease in ADAMTS13 levels. Importantly, in the present study, the effect of
ADAMTS13 levels on VTE risk remained virtually the same after adjustment for high-
sensitivity CRP, implying that confounding by inflammation would be an unlikely
explanation for the potential link between ADAMTS13 and VTE. It is worth noting that rare
genetic variants in ADAMTS13 were associated with slightly reduced activity of ADAMTS13

and with increased DVT risk, implying that ADAMTS13 might be causally related to
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VTE.*** However, a recent Mendelian randomization study did not find an association
between genetically predicted ADAMTS13 activity levels and VTE risk,** suggesting that
further research from a causal perspective is warranted.

Growing evidence advocates for a pivotal role of the VWF-ADAMTS13 axis not only
in hemostasis but also in thrombosis. In the present study, an imbalance between plasma levels
of VWF and ADAMTS13, as reflected by an increased VWF/ADAMTS13 ratio, was dose-
dependently associated with increased risk of future VTE events. In patients with coronary
artery disease and ischemic stroke, a high VWF/ADAMTS13 ratio was consistently associated
with cardiovascular complications, including recurrent thrombosis and death.?®-3! Others
assessed the combined effect of high VWF levels and low ADAMTS13 levels on thrombosis
risk and found that the two risk factors displayed a synergistic effect on risk of both arterial and
venous thrombosis.?®4? Thus, our findings expand the existing knowledge on the association of
an imbalance between plasma VWF and ADAMTS13 levels with arterial thromboembolic
conditions to also embrace VTE. Moreover, although the ORs for VTE by increased
VWF/ADAMTS13 ratio were somewhat higher with shortened time between blood sampling
and VTE events (Figure 2), the component of regression dilution due to intra-individual
fluctuation of VWF/ADAMTS13 ratio over time was moderate at most. The stability of
VWF/ADAMTS13 ratio underscores its potential to serve as a reliable short- and long-term
biomarker of VTE risk.

The consistent finding of increased VTE risk by increasing VWF/ADAMTS13 ratios
suggests that the imbalance between VWF and ADAMTS13 plays an important role in the
pathogenesis of VTE. It is reasonable to speculate that in the presence of increased VWF
levels due to genetic or acquired factors,*>*S the proteolytic activity of ADAMTS13 towards
VWEF would be insufficient. The imbalance between the two proteins could also be a

consequence of slightly to moderately decreased ADAMTS13 levels due to acquired
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conditions (e.g. advancing age, pregnancy, and comorbidities, such as cancer, liver disease
and inflammatory disease)*®*® or genetic factors.>>4%49%0 |nterestingly, common genetic
variants were reported to account for up to 20% of the variability in ADAMTS13 antigen
levels.>® Of note, our results suggest that the association between the VWF/ADAMTS13 ratio
and VTE was not explained by either high levels of VWF or low levels of ADAMTS13, as
adjustment for these variables had a minor impact on the association. This implies that an
imbalance between circulating levels of the two proteins contributes to the VTE risk.
Irrespective of the primary cause for the imbalance in VWF and ADAMTS13 levels, the
regulation of the size of VWF multimers by ADAMTS13 would be disrupted and could result
in an excess of ULVWF multimers, which are more prone to bind platelets.*® The interaction
between VWF and platelets is well-known in the pathophysiology of arterial thrombosis* but
growing evidence from mouse models suggests that this interaction is also implicated in
venous thrombus formation.®” The interplay between ADAMTS13 and VWEF is a complex
and dynamic process in which shear stress has a key role.'® Therefore, studies are needed to
unravel how the VWF-ADAMTS13 axis contributes to venous thrombosis formation,
especially because ADAMTS13 has the potential to be a target for therapeutic intervention.
Indeed, previous experimental studies in mouse models showed that infusion of recombinant
human ADAMTS13 resulted in a reduction of both arterial®->® and venous®* thrombi.

The strengths of the present study include the nested case-control design, allowing
prospective assessment and insight into the temporal sequence of the associations. The VTE
cases and age- and sex-matched controls were recruited from the same unselected source
population, minimizing the likelihood of selection bias. Still, the study has some limitations
that require attention. In the quartile-based analysis on the association of ADAMTS13 and
VWF/ADAMTS13 ratio with thrombosis risk, the number of VTE events was low in some

subgroups, which resulted in limited statistical power, and consequently the need for a
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cautious interpretation of the findings, particularly for ADAMTS13. Nonetheless, when both
ADAMST13 and VWF/ADAMTS13 ratio were entered into the regression models as
continuous variables, the precision of the risk estimates was improved, as reflected by their
95% Cls. Although the number of plasma samples not available or of inadequate quality for
the assessment of ADAMTS13 antigen level was somewhat high, missing data on
ADAMTS13 was not related to the VTE status, occurring in 17% of the VTE cases and 16%
of the controls. Additionally, baseline characteristics of the study participants with and
without measurement of ADAMTS 13 were similar (data not shown). Thus, the missing data
on ADAMTS13 was presumably completely at random. Plasma samples were stored for more
than 20 years between baseline sampling and measurement of ADAMTS13 and VWF,
introducing a possibility for discrepancy between true and measured levels. In the present
study, ADAMTS13 mean (242 ng/mL) and median (228 ng/mL) antigen levels in controls
corresponded to about one third of the levels generally reported for this metalloprotease in a
healthy population.?#24255-57 However, because blood samples were stored in the same way
and for the same duration for cases and controls, any potential misclassification would be
non-differential with regards to VTE status, which could have led to an underestimation of the
true associations.®® Furthermore, previous studies have predominantly targeted ADAMTS13
activity, as it expresses both quantitative and qualitative alterations of the metalloprotease,
while in the present study only ADAMTS13 antigen levels were assessed as we only had
stored EDTA plasma samples available for this cohort. In some physiological and
pathological conditions (e.g. neonatal period, pregnancies of later maternal age, or cardiac
surgery), plasma levels of ADAMTS13 activity and antigen have been shown to not always
be well correlated.*” Nevertheless, our study population was comprised of adult individuals,
of whom the majority had no major comorbidities at the time of baseline blood sampling, with

existing data indicating a substantial correlation between ADAMTS13 antigen and activity
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levels both in healthy individuals and those with thrombotic disease.?®*’ Finally, VWF:Ag
assay allows quantitative assessment of VWF but does not evaluate its functional activity.
VWEF activity assays, which also reflect the protein multimeric size, such as VWF ristocetin-
cofactor (VWF:RCo) activity, might provide more accurate and biologically meaningful
results on the role of the imbalance between VWF and ADAMTS13 in the risk of VTE.
However, as already pointed out, since only stored EDTA plasma samples were available for
this study, unfortunately, the VWF activity could not be assessed.

In conclusion, decreased plasma ADAMTS13 levels and an imbalance between VWF
and ADAMTS13 levels, reflected by an increased VWF/ADAMTS13 ratio, were associated
with increased risk of future VTE. Our findings suggest that the VWF-ADAMTS13 axis
might be involved in VTE pathogenesis and serve as a biomarker for risk of future VTE.
Further research is needed to unravel the mechanisms by which the VWF-ADAMTS13 axis
may contribute to venous thrombus formation and to explore its potential as a therapeutic

target for VTE.
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Tables

Table 1. Distribution of baseline characteristics of study participants according to quartiles of

plasma levels of ADAMTS13

Plasma ADAMTS13:Ag (%)

Quartile 1 Quartile 2 Quartile 3 Quartile 4

<77 77-94 94 - 115 > 115
n 307 283 295 278
Age, years 62.9%14.2 61.2 £ 14.0 59.4+13.1 57.5+135
Sex, male 48.5 (149) 43.8 (124) 50.2 (148) 47.1 (131)
BMI, kg/m? 26.6 +4.5 25.8+3.8 26.5+4.2 26.6 +4.5
CRP, mg/L 1.46 (0.85-2.67) 1.30 (0.67-3.20) 1.38 (0.73-2.75) 1.19 (0.66-2.32)
Cancer T 3.9(12) 5.3 (15) 4.4 (13) 4.3 (12)
CVD t 19.9 (61) 17.3 (49) 13.9 (41) 11.2 (31)
VWF:Ag, % 90 (52-164) 70 (41-128) 75 (44-131) 83 (54-131)
VWF:Ag/ 1.42 (0.79-2.57) 0.84 (0.48-1.47) 0.73 (0.41-1.28) 0.55 (0.39-0.99)

ADAMTS13:Ag ratio

ADAMTS13, a disintegrin and metalloprotease with thrombospondin type 1 motif, member 13; BMI, body
mass index; CRP, C-reactive protein; CVD, cardiovascular disease; VWF, von Willebrand factor.
Continuous variables are shown as mean (£ standard deviation) or median (interquartile range).

Categorical variables are shown as percentages with numbers in brackets.

+ Self-reported history of cancer or arterial CVD (myocardial infarction, angina or stroke) at baseline.
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Table 2. Characteristics of the venous thromboembolism (VTE)
events (n=383)

Characteristics

Age at VTE, years 68 + 14

Sex, male 48.8 (187)
Deep vein thrombosis 63.5 (243)
Pulmonary embolism 36.6 (140)
Unprovoked VTE 41.0 (157)
Provoked VTE 59.0 (226)

Age is presented as mean + standard deviation.
Categorical variables are shown as percentages with numbers in brackets.
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Table 3. Odds ratios (OR) with 95% confidence intervals (ClI) for overall venous

thromboembolism (VTE) and subtypes across quartiles (Q) of plasma levels of ADAMTS13

Quiartiles of Controls Cases Model 1 Model 2
ADAMTS13:Ag OR (95% CI) OR (95% CI)
Overall VTE

Q1 (< 77%) 194 113 1.40 (0.99-1.99) 1.39 (0.98-1.99)
Q2 (77-94%) 195 88 1.09 (0.76-1.57) 1.13(0.78-1.63)
Q3 (94-115%) 194 101 1.26 (0.88-1.79) 1.23 (0.86-1.76)
Q4 (> 115%) 197 81 1 (reference) 1 (reference)

P for trend 0.12 0.11

Provoked VTE

Q1 (< 77%) 194 61 1.34 (0.86-2.08) 1.31 (0.84-2.04)
Q2 (77-94%) 195 61 1.35 (0.87-2.08) 1.37 (0.88-2.13)
Q3 (94-115%) 194 59 1.32 (0.85-2.04) 1.27 (0.82-1.98)
Q4 (= 115%) 197 45 1 (reference) 1 (reference)

P for trend 0.2 0.2

Unprovoked VTE

Q1 (< 77%) 194 52 1.48 (0.92-2.38) 1.49 (0.92-2.42)
Q2 (77-94%) 195 27 0.76 (0.44-1.31) 0.79 (0.46-1.36)
Q3 (94-115%) 194 42 1.18 (0.72-1.93) 1.14 (0.70-1.88)
Q4 (> 115%) 197 36 1 (reference) 1 (reference)

P for trend 0.2 0.2

Deep vein thrombosis

Q1 (< 77%) 194 68 1.29 (0.85-1.95) 1.29 (0.85-1.96)
Q2 (77-94%) 195 60 1.13(0.74-1.72)  1.15(0.75-1.76)
Q3 (94-115%) 194 61 1.15(0.76-1.75)  1.12 (0.74-1.71)
Q4 (> 115%) 197 54 1 (reference) 1 (reference)

P for trend 0.3 0.2

Pulmonary embolism

Q1 (< 77%) 194 45 1.63 (0.97-2.75) 1.59 (0.94-2.70)
Q2 (77-94%) 195 28 1.02 (0.58-1.80) 1.06 (0.59-1.88)
Q3 (94-115%) 194 40 1.48 (0.87-2.51) 1.41 (0.83-2.41)
Q4 (> 115%) 197 27 1 (reference) 1 (reference)

P for trend

0.2

0.2

ADAMTS13, a disintegrin and metalloprotease with thrombospondin type 1 motif, member 13.

Model 1: Adjusted for age and sex.
Model 2: Model 1 + body mass index and C-reactive protein.
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Table 4. Odds ratios (OR) with 95% confidence intervals (CI) for overall venous

thromboembolism (VTE) and subtypes across quartiles (Q) of plasma VWF/ADAMTS13

ratio
VWF:Ag / Controls Cases Model 1 Model 2
ADAMTS13:Ag ratio OR (95% Cl) OR (95% Cl)
Overall VTE
Q1 (<0.42) 194 74 1 (reference) 1 (reference)
Q2 (0.42-0.74) 195 77 1.04 (0.71-1.51) 1.00 (0.68-1.47)
Q3 (0.74 - 1.40) 194 106 1.45 (1.01-2.08) 1.41 (0.97-2.03)
Q4 (= 1.40) 197 126 1.70 (1.19-2.43) 1.61 (1.12-2.31)
P for trend 0.001 0.002
Provoked VTE
Q1 (<0.42) 194 51 1 (reference) 1 (reference)
Q2 (0.42-0.74) 195 48 0.92 (0.59-1.44) 0.90 (0.58-1.41)
Q3 (0.74 - 1.40) 194 61 1.16 (0.76-1.79) 1.13 (0.74-1.75)
Q4 (= 1.40) 197 66 1.23 (0.80-1.89) 1.18 (0.76-1.81)
P for trend 0.2 0.3
Unprovoked VTE
Q1 (<0.42) 194 23 1 (reference) 1 (reference)
Q2 (0.42-0.74) 195 29 1.29 (0.72-2.32) 1.28 (0.71-2.31)
Q3 (0.74 - 1.40) 194 45 2.09 (1.21-3.63) 2.09 (1.20-3.64)
Q4 (= 1.40) 197 60 2.81 (1.65-4.81) 2.68 (1.56-4.61)
P for trend <0.001 <0.001
Deep vein thrombosis
Q1 (<0.42) 194 50 1 (reference) 1 (reference)
Q2 (0.42-0.74) 195 43 0.87 (0.55-1.37) 0.86 (0.54-1.36)
Q3 (0.74 - 1.40) 194 64 1.32 (0.86-2.03) 1.31 (0.85-2.00)
Q4 (> 1.40) 197 86 1.77 (1.17-2.67)  1.67 (1.10-2.53)
P for trend 0.001 0.003
Pulmonary embolism
Q1 (<0.42) 194 24 1 (reference) 1 (reference)
Q2 (0.42-0.74) 195 34 1.38 (0.78-2.41) 1.33 (0.75-2.35)
Q3 (0.74 - 1.40) 194 42 1.69 (0.97-2.94) 1.64 (0.94-2.87)
Q4 (= 1.40) 197 40 1.58 (0.90-2.76) 1.54 (0.87-2.70)
P for trend 0.09 0.11

VWEF, von Willebrand factor; ADAMTS13, a disintegrin and metalloprotease with thrombospondin
type 1 motif, member 13.

Model 1: Adjusted for age and sex.
Model 2: Model 1 + body mass index and C-reactive protein.
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Figure legends

Figure 1. Flowchart of the study population. The chart illustrates the nested case-control
design. Subjects (aged >25 years) were derived from Tromse 4 cohort. Cases and controls

were matched on age and sex. VTE, venous thromboembolism.

Figure 2. Plots of estimated odds ratios (ORs) for overall venous thromboembolism
(VTE) as a function of time between blood sampling in Tromsg 4 (T4, 1994-95) and
VTE events. Participants with plasma levels of ADAMTS13:Ag in the lowest quartile (Q1)
were compared with those with ADAMTS13:Ag in the highest quartile (Q4, reference) (panel
2A). Participants with plasma VWF:Ag/ADAMTS13:Ag ratio in the highest quartile (Q4)
were compared with those with VWF:Ag/ADAMTS13:Ag ratio in the lowest quartile (Q1,
reference) (panel 2B). ORs were adjusted for age, sex, body mass index and high-sensitivity
C-reactive protein. The large blue circles indicate ORs with P values <0.05. The number of
VTE events are shown above the plots. ADAMTS13, a disintegrin and metalloprotease with

thrombospondin type 1 motif, member 13; VWF, von Willebrand factor.
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