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ARTICLE INFO ABSTRACT
Keywords: Background: Candidate biomarkers to improve venous thromboembolism (VTE) risk prediction in patients with
Multiple myeloma newly diagnosed multiple myeloma (MM) undergoing anti-myeloma therapy include tissue factor-bearing
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microvesicles (MV-TF), procoagulant phospholipids (procoag-PPL), and D-dimer.

Objective: We aimed to determine the levels of MV-TF, procoag-PPL, and D-dimer at baseline and during initial
anti-myeloma therapy and their association with the risk of VTE.

Methods: This prospective, longitudinal, observational study included 71 patients with newly diagnosed MM who
were eligible for anti-myeloma therapy. Circulating MV-TF levels were measured using a functional method
adapted from the Chapel Hill TF-dependent Factor Xa generation assay, and PPL and D-dimer levels with
commercially available assays. The three biomarkers were measured at baseline and throughout treatment.
Results: Baseline and on-treatment MV-TF levels were higher in patients who developed VTE compared to those
who did not (4.25 versus 2.75 fM at baseline, p = 0.047 and 6.5 versus 1.5 fM during treatment, p = 0.001).
Baseline and on-treatment Procoag-PPL clotting times did not differ between the groups. Baseline D-dimer levels
tended to be higher in patients who developed VTE than in those who did not (1.38 versus 0.7 pg/mL, p = 0.08).
During treatment, D-dimer levels were significantly higher in the VTE group than in the non-VTE group (1.08
versus 0.44 pg/mL, p = 0.008).

Conclusion: Our results suggest that MV-TF and D-dimer levels may help to refine VTE risk prediction in nMM
patients undergoing anti-myeloma therapy. Adequately sized studies including patients receiving new MM
therapies are needed to confirm this hypothesis.

1. Introduction thromboembolism (VTE) of any hematological malignancy [1] with
most events occurring within the first six months after diagnosis [2,3].
Multiple myeloma (MM) is associated with the highest risk of venous The risk of VTE is even higher in MM patients receiving
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immunomodulatory drugs (IMiDs), especially in combination with
dexamethasone or multi-agent treatment [4]. In patients with newly
diagnosed MM (nMM), early VTE is associated with decreased survival
rates [5]. Current guidelines state that all patients with nMM should be
assessed for VTE risk and offered thromboprophylaxis with aspirin, low-
molecular-weight heparin (LMWH), or direct oral anticoagulants
(DOACs) based on VTE risk stratification [6,7]. Clinical risk assessment
models (RAMs) such as the SAVED, IMPEDE VTE, and PRISM scores,
have been developed to stratify nMM patients according to the risk for
VTE, but their performance remains limited in external validation co-
horts [3,8,9]. Thus, tailored thromboprophylaxis in MM patients re-
mains an unmet clinical need.

Biomarkers may help to improve VTE risk stratification. Thrombo-
genesis in MM is multifactorial and patients with MM appear to display a
coagulable phenotype with many potential contributory factors
including raised von Willebrand factor (VWF) and factor VIII plasma
levels and impaired fibrinolysis [10-14]. Whether or not abnormal
thrombin generation is present and what are the best condition for its
analysis are still debated, also raising the following question: if there is
the hypercoagulable state would not be strongly linked to thrombosis in
MM, what about an increase in initiators of coagulation [12,15,16]?
Extracellular vesicles (EVs), i.e. exosomes, microvesicles (MVs), and
apoptotic bodies, small and large EVs are cell-derived membranous
structures [17,18] that are involved in numerous physiological and
pathological processes. The potential role of EVs in various aspects of
MM, including metastatic dissemination [19], intercellular communi-
cation [20,21], and angiogenesis [22] has recently been highlighted.
EVs carry procoagulant activities, supported by tissue factor (TF) and
procoagulant phospholipids (PPL), and can promote thrombosis in
various conditions such as cardiovascular diseases and cancer [23,24].
TF-bearing microvesicles (MV-TF) activity levels have been reported to
be associated with the risk of VTE in cancer patients [25]. TF, which is
the main activator of coagulation in vivo, is thus thought to be the key
determinant of the hypercoagulable state in patients with solid tumors.
Nevertheless, studies evaluating MV-TF activity in MM patients are
scarce. Nielsen et al. reported that, compared to healthy controls, pa-
tients with nMM have increased circulating levels of large EVs exerting
procoagulant activities [26]. However, their study could not evaluate
the association between MV-TF or PPL and the risk of VTE, as none of the
included patients developed VTE. Furthermore, the accuracy of most
assays used for circulating TF has been highly debated [27,28].

Beside a recent nested case-control study reported that D-dimer, a
fibrin-related marker, measured prior to any antimyeloma therapy,
improved VTE prediction in nMM patients. Several teams have reported
that an increase in D-dimer is associated with VTE in MM patients
[29,30].

In the present study, we analyzed for the first time in the MM setting,
a recently well-validated MV-TF assay, along with PPL, and D-dimer
levels at baseline and during therapy of nMM and we evaluated the
association between those biomarkers and the risk of VTE as well as the
impact of antimyeloma therapy.

2. Patients, materials, and methods
2.1. Study population

We used the biobank of the prospective, observational, longitudinal,
multicenter METRO study (ClinicalTrials.gov number NCT01508416).
Full details of the study have been previously reported [15]. Briefly,
consecutive adult patients with nMM according to the International
Myeloma Working Group (IMWG) criteria were prospectively enrolled
at the time of MM diagnosis prior to initiation of any anti-myeloma
treatment. Patients were eligible if they were scheduled to receive
first-line treatment with bortezomib, thalidomide and dexamethasone
(VTD) or bortezomib, melphalan and prednisone (VMP) or melphalan,
prednisone, and thalidomide (MPT) or bortezomib and dexamethasone
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(VD) or bortezomib, cyclophosphamide and dexamethasone (VCD) or
lenalidomide, bortezomib and dexamethasone (LVD). The choice of
first-line antimyeloma therapy and thromboprophylaxis regimen was
left at the discretion of the treating physician. Participants were
excluded if they had severe renal failure requiring hemodialysis,
ongoing anticoagulant therapy for any indications other than throm-
boprophylaxis in the nMM setting, life expectancy of less than six
months, or if they withdrew consent. As soon as a VTE event occurred,
the patient was removed from the study. The inclusion period spanned
from December 2011 to May 2015. All patients were followed-up until
the first day of the fourth cycle of antimyeloma therapy.

The METRO study was conducted in accordance with the Declaration
of Helsinki and approved by the local ethics committee (EudraCT 2011-
A01529-32, IRBN892023/CHUSTE). All patients gave written informed
consent to participate in the study.

2.2. Sample collection and MVs isolation

Blood samples were collected at inclusion prior to initiation of any
antimyeloma therapy and any anti-thromboprophylaxy therapy and
during treatment (i.e., the day before the second or third cycles and at
least 24 h after any LMWH injection). All blood samples were obtained
by clean venipuncture from a peripheral arm vein that had not been
previously catheterized in 0.106 M tri-sodium citrate tube.

Samples were centrifuged twice at 2500 xg for 15 min at room
temperature according to the ISTH and ISEV guidelines [31] to obtain
platelet-depleted plasma. Plasma samples were stored at —80 °C at the
core laboratory of the SAINBIOSE U1059 INSERM unit (University of
Saint-Etienne, France) until analysis (12 years maximum before
analysis).

Plasma samples were first (250 pL) diluted 1:3 with a HEPES solution
(500 pL, 150 mM NacCl, 20 mM HEPES and 0.1 % NaNs, pH 7.4, 0.22 pm
filtrated) and centrifuged at 24,000 xg for 1 h at 20 °C (temperature
controlled with a thermostat) without brake (Megafuge 16R, Thermo-
Fisher Scientific, Courtaboeuf, France). The supernatant was then dis-
carded, leaving 50 pL of plasma. For washing, 1 mL of HEPES solution
was added. The liquid was withdrawn and resuspended twice using a
micropipette before a second centrifugation at 24,000 xg for 1 h at
20 °C. The supernatant was discarded avoiding disturbing the pellet, and
125 pL of HEPES solution was added. The liquid was again withdrawn
and resuspended in 125 pL of HEPES twice.

2.3. Tissue factor bearing-microvesicles - functional assay (MV-TF)

MV-TF was measured with commercial kit (CY-QUANT MV-TF,
Stago, Asnieres-sur-Seine, France) using a functional method adapted
from the Chapel Hill TF-dependent Factor Xa generation assay [32]. MV
suspensions prepared as described above were added to individual wells
of a 96-well plate and incubated for 30 min at 37 °C with either an
inhibitory anti-TF antibody (10 pg/mL final, clone SBTF-1, BioCytex,
Marseille, France) or irrelevant antibody (10 pg/mL, clone a-DNP
2H11—2H12, BioCytex, Marseille, France). Subsequently, a mixture of
Factor VII (FVII), Factor X (FX), and CaCl, was added. During a 2-h
incubation at 37 °C, FX was cleaved into activated FX (FXa) by the
TF/activated FVII (FVIIa) complex. The reaction was stopped by the
addition of ethylenediaminetetraacetic acid (EDTA). The FXa generation
kinetics was monitored over 15 min by absorbance at 405 nm using a
Multiskan Ascent Microplate Reader 354 (ThermoFisher Scientific,
ThermoFisher, Courtaboeuf, France).

MV-TF was calculated based on FXa generation, with a calibration
using liposome-associated recombinant TF. This calibration range
enabled the conversion of values into femtomolar (fM) concentrations of
MV-TF. Plasma levels were obtained by dividing the measured level of
active MV-TF in the final volume of the resuspending medium with the
concentration factor. Calibration curves were performed with very good
reproducibility, as exemplified in Supplemental Fig. 1.


http://ClinicalTrials.gov

S. Charles et al.
2.4. Procoagulant phospholipids (PPL)

The STA®-Procoag-PPL assay (Stago, Asniéres-sur-Seine, France)
was used on a STA-R Max coagulation analyzer (Stago, Asnieres, France)
according to the manufacturer’s instructions to measure the PPL activity
in plasma samples. Briefly, the assay is based on the clotting time of a
plasma sample diluted with PPL-depleted normal plasma after addition
of factor Xa and CaCl,. All coagulation factors are supplied at physio-
logical levels by the reagent PPL-depleted plasma except PPL, which is
supplied by the plasma sample being tested. The clotting time (in sec-
onds) is inversely proportional to PPL activity, a shorter clotting time
indicating increased PPL. Standard pool plasma (SPP) with buffer only
(blank) was measured several times to establish a reference range for the
PPL clotting time.

2.5. D-dimer

D-dimer levels were measured using the quantitative latex STA®-
Liatest® D-Di assay (Stago, Asnieres, France) according to the manu-
facturer’s instructions on an STA-R Max coagulation analyzer (Stago,
Asnieres, France).

2.6. Statistical analysis

All statistical analyses were performed using GraphPad Prism soft-
ware version 8.0 (GraphPad Software, San Diego, CA, USA). Continuous
variables were expressed as medians and interquartile ranges (IQR), and
categorical variables were expressed as numbers and percentages.
Continuous variables were compared using the nonparametric Man-
n-Whitney U test or the Wilcoxon test, as appropriate. Correlations
between continuous variables were analyzed by calculating Spearman’s
rank correlation coefficient. All tests were 2-sided, and a p-value <0.05
was considered statistically significant.

3. Results

The characteristics of the included 71 patients with nMM scheduled
to receive first-line antimyeloma therapy are summarized in Table 1.
The median age was 67 years (IQR, 59-73) and 32 (45 %) patients were
male. Thirty-one patients received VID, 17 VMP, 14 MPT, 5 VD, 2 VCD
and 2 LVD. Thromboprophylaxis with aspirin, LMWH, unfractionated
heparin (UFH) or fondaparinux was administered in 54 (76 %) of 71
patients (Table 1). During a mean follow-up of 133 + 46 days, eight
patients developed symptomatic VTE (deep vein thrombosis: 6; pulmo-
nary embolism: 2). The median time to VTE was 47 days (range, 1-122
days). At the time of VTE, six of eight patients were receiving throm-
boprophylaxis (aspirin: 4; and LMWH: 2). VTE occurred before the time
of the second blood collection in three of eight patients.

MV-TF, PPL and D-dimer were analyzed in 58, 58 and 56 patients
with available plasma samples, respectively (see Fig. 1 for more details).

3.1. MV-TF

Compared to baseline, circulating MV-TF significantly decreased
during treatment (median, 3 fM; IQR, 1.5-4.5 versus 2 fM; IQR, 1-3.5; p
= 0.02; Fig. 2A). Patients who developed VTE had significantly higher
baseline MV-TF compared to those who did not (median, 4.25 fM; IQR,
2.75-6.125 versus 2.75 fM; IQR, 1.5-4.50; p = 0.047; Fig. 2B). Those
who developed VTE during treatment had significantly higher circu-
lating MV-TF on-treatment compared to those who did not (median, 6.5
fM; IQR, 3.5-11.5 versus 1.5 fM; IQR, 1.0-3.0; p = 0.001; Fig. 2C).

3.2. Plasma procoagulant phospholipids (Procoag-PPL)

Compared to baseline, Procoag-PPL significantly decreased during
treatment (median clotting times, 58.5 s; IQR, 49.00-71.25 versus 75.5 s;
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Table 1
Baseline demographic and clinical characteristics of the whole METRO study
population.

No. of patients n = 71 (%)

General characteristics

Age (years) Median 67
IQR 59-73
Males (N) 32
Body mass index MI (kg/m2) Median 26
IQR 22-29
BMI > 30 kg/m? 7
Creatinine (pmol/L) Median 77
IQR 66-100
Platelets (10°/L) Median 235
IQR 194-283
Prothrombin time (activity Median 92
expressed as %) IQR 83-98
Medical history Venous thromboembolism 4
- Including pulmonary embolism 2
Cardiovascular 45
- hypertension 32
Including: diabetes
coronary artery 3
disease
Familial medical history Venous thromboembolism 6
Multiple myeloma characteristics
International staging system I 16
I 24
III 22
Serum monoclonal component 18G 40
IgA 19
IgD
Light chain 9
Treatments
MM therapy regimens Bortezomib + dexamethasone + 31
thalidomide (VTD)
Bortezomib + melphalan + 17
prednisone (VMP)
Melphalan + prednisone + 14

thalidomide (MPT)
Bortezomib + dexamethasone (VD) 5

Bortezomib + dexamethasone + 2
cyclophosphamide (VCD)
Bortezomib + lenalidomide + 2
dexamethasone (LVD)
IMiDs containing regimens 47
Steroids Dexamethasone 40
Prednisone 31
Hematopoietic growth factors Erythropoietin stimulating agents 7
Pharmacological Prophylaxis (all indication 54
thromboprophylaxis including)
Prophylaxis because of multiple 50
myeloma

Type (possible sequential or
concomitant use):

Low molecular weight heparin 32
Aspirin 24
Unfractionated heparin 5
Fondaparinux 2

IMPEDE VTE score

Score VTE risk within 6 Without VTE (n = With VTE (n =
months 63) 8)
Median 5 3
IQR 1-8 1-8

<3 Low 30 4

>4 and Intermediate 15 2

<7
>8 High 18 2
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METRO Study, nMM n=71, VTE=8
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CAT
n=71, VTE=8

Chalayer, et gl. RTPH, 2018

MV-TF, n=58, VTE=8 ProcoagPPL, n=58, VTE=8 D-dimers, n=56 , VTE=8

Post hoc study
I
IMiDs-containing regimens Other regimens
(n=38) (n=20)
MPT (n=12) || VTD (n=25) || VRD(n=1)| | VD(n=4) || vCD(n=2) || VMP (n=14)

No prophylaxis (n=0) No prophylaxis (n=16)
Aspirin (n=15) Aspirin (n=2)
Heparin: UFH (n=0) Heparin: UFH (n=1)

LMWH (n=22) LMWH (n=1)
Fondaparinux (n=1)

Thromboembolic events (n=3)
No prophylaxis (n=2)
Aspirin (n=1)

Thromboembolic events (n=5)
Aspirin (n=3)
Heparin: LMWH (n=2)

B ‘ C ‘
Before treatment During treatment

(n VTE afterwards= 8) (n VTE afterwards= 5)

Fig. 1. Plasma samples collected within the framework of the METRO study that could be assayed for the biomarkers.
VTD: Bortezomib, thalidomide, dexamethasone, VMP: Bertezomib, melphalan, prednisone; MPT: Melphalan, prednisone, thalidomide; VD: Bortezomib, dexa-
methasone; VCD: Bortezomib, dexamethasone cyclophosphamide; VRD: Bortezomib, Revlimid (lenalidomide), dexamethasone.
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Fig. 2. Circulating tissue factor-bearing microvesicles levels (MV-TF) of patients with MM before and during treatment.

Distribution of microvesicle-associated tissue factor (MV-TF; functional test) levels before and during treatment. A: MV-TF levels before (n = 58) and during
treatment (n = 54; three VTE during treatment inception). B: comparison of the results before treatment of the VTE group (n = 8) and the non-VTE group (n = 50), C:
same comparison, results during treatment inception VTE (VTE group n = 5, non-VTE group n = 49). Red dots represent samples from patients who experienced VTE
during MM treatment. As soon as a VTE event occurred, the patient was removed from the study. Links were drawn between patients (n = 5) who experienced a VTE
event after T2. Changes in MV-TF were assessed with Wilcoxon test and levels were compared between the two patients’ groups (VTE or not): Mann-Whitney test.
Medians are shown as middle horizontal bar and interquartile ranges (IQR) as upper and lower horizontal bars. p > 0.05; *: p < 0.05; **: p < 0.01; ***: p < 0.001.and
**#%: p < 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

IQR, 64.9-81.45; p < 0.001; Fig. 3A). Patients who developed VTE had
similar baseline Procoag-PPL compared to those who did not (median
clotting time, 52.5 s; IQR, 40.8-64.5 versus 60 s; IQR, 50.0-72.0; p = ns;
Fig. 3B). Similarly, during treatment, no difference was observed in
Procoag-PPL between those who further developed VTE and those who
did not (median clotting time, 69.2 s; IQR: 60.15-73.45 versus 76.05 s;
IQR: 65.38-82.05; p = ns; Fig. 3C).

3.3. D-dimer levels

Compared to baseline, D-dimer levels significantly decreased during
treatment (median, 0.74 pg/mL; IQR, 0.3-1.6 versus 0.51 pg/mL; IQR,
0.24-0.7; p < 0.001; Fig. 4). The median time between sampling and
VTE for the measure before treatment was 46 days (9-100, n = 8) and
75 days (10-79, n = 5) for the measure during treatment. Patients who
developed VTE had higher baseline D-dimer levels than those who did
not (median, 1.38 pg/mL; IQR, 0.57-3.46 versus 0.7 pg/mL; IQR,
0.29-1.49; Fig. 4B) but the difference was not significant (p = 0.08).

In univariate analysis, the adjusted odds ratio (OR) for VTE was 9.5
(95 % CI 1.0-93.1) for those with baseline D-dimer >2.1 pg/mL (spec-
ificity 86 %, sensibility 50 %). During treatment, those who further
developed VTE had significantly higher D-dimer levels than those who
did not (median, 1.08 pg/mL; IQR, 0.46-1.41 versus 0.44 pg/mL; IQR,
0.22-0.63; p = 0.008; Fig. 4C).

3.4. Associations with antimyeloma therapy modalities

We evaluated the associations between IMiDs and dexamethasone as
part of the regimen and biomarker levels by comparing patients who
received the specific agent to those who did not (Supplemental Fig. 2).

MV-TF (median, 2 fM; IQR, 1.25-3.75 versus 2 fM; IQR, 1.125-3.375; p
= 0.345) and Procoag-PPL (median clotting time, 70.30 s; IQR,
64.70-81.60 versus 76.8 s; IQR, 66.35-82.03; p = 0.29) did not differ
between the IMIDs and the non-IMiDs groups. D-dimer levels were
significantly lower in the IMiDs group (median, 0.38 pg/mL; IQR,
0.21-0.62) compared to the non-IMiDs group (median, 0.61 pg/mL;
IQR, 0.39-0.73; p = 0.046). MV-TF (median, 2 fM: IQR, 1-3.5 versus
1.75 fM; IQR, 0.625-3.375; p = 0.5001), Procoag-PPL (median clotting
times, 73.40 s; IQR, 66.95-81.63 versus 76.20 s; IQR, 60.15-81.45;p =
0.37) and D-dimer levels (median, 0.48 pg/mL; IQR, 0.17-0.68 versus
0.51 pg/mL; IQR, 0.36-0.65; p = 0.31) did not differ between the
dexamethasone and the non-dexamethasone groups.

3.5. Correlations between biomarkers

Before therapy initiation, no correlation was found between MV-TF
and PPL levels (r = —0.09, p = 0.245) or D-dimer levels (r = 0.07, p
= 0.315). Similarly, we observed no correlation between PPL and D-
dimer levels (r = —0.03, p = 0.422) (Fig. 5A, B, and C). During treat-
ment, we found no correlation between MV-TF and D-dimer levels (r =
0.09, p = 0.26) or between PPL and D-dimer levels (r = 0.10, p = 0.24)
(Fig. 5D and F). Nonetheless, we observed a weak but statistically sig-
nificant correlation between MV-TF and PPL levels (r = —0.35, p =
0.007) (Fig. 5E).

4. Discussion

The present study investigated the potential value of three bio-
markers, namely MV-TF, PPL, and D-dimer levels, for predicting VTE in
patients with nMM during the first 3 cycles of therapy, as well as their
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Fig. 3. Clotting times of the Procoag PPL assay of patients with MM before and during treatment.

A: Distribution of PPL coagulation times in MM patients before (n = 58) and during treatment (n = 52). B: Comparing the VTE group (n = 8) and the non-VTE group
(n = 50) before any MM treatment. C: Comparison between the VTE (n = 5) and non-VTE (n = 47) groups during treatment. Red dots represent samples from patients
who experienced VTE event during treatment. As soon as a VTE event occurred, the patient was removed from the study. Links were drawn between patients (n = 5)
who experienced a VTE event after T2. Changes were assessed using a Wilcoxon test and levels were compared between the two patients’ groups: Mann-Whitney test.
Medians are shown as middle horizontal bar and interquartile ranges (IQR) as upper and lower horizontal bars. p > 0.05; *: p < 0.05; **: p < 0.01; ***: p < 0.001.and

**%%: p < 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

changes during initial antimyeloma therapy. This is the first study
demonstrating a significant association between MV-TF levels and the
risk of VTE in patients with nMM. Indeed, the baseline MV-TF levels
were significantly higher in patients who experienced VTE than in those
who did not. MV-TF levels decreased during the initial therapy in both
groups, but the difference in MV-TF levels between patients who expe-
rienced VTE and those who did not remain statistically significant. The
decrease in MV-TF levels during initial antimyeloma therapy does not
appear to be directly related to neoplastic plasma cells decrease. TF
expression has been reported to be absent on plasma cells in MM pa-
tients [33]. In MM patients, MV-TF may originate from endothelial cells
and monocytes-derived EVs and promote coagulation [34,35]. The
decrease in MV-TF levels during initial antimyeloma therapy may rather
be due to the decreased inflammatory environment resulting from MM
treatment, which subsequently reduces endothelial cell activation.
Few studies have evaluated MV-TF in MM patients. Auwerda et al.
previously reported increased baseline MV-TF levels in a cohort of 122
nMM patients who were eligible for antimyeloma therapy compared to
healthy controls [36] with a 12 % incidence of VTE during the follow-
up. However, in contrast to our results, baseline MV-TF activity levels
did not differ between nMM patients who experienced VTE and those
who did, but they found a significant difference during treatment as in
our study. This difference may be due to cohort differences (median age
55 versus 67 years in ours, — in Auwerda’s study patients on thalidomide
received also received LMWH but not patients on doxorubicin). Nielsen
et al. reported elevated baseline MV-TF levels in 38 nMM patients
compared to healthy controls, but none of the included patients devel-
oped VTE [37]. In our study, MV-TF activities were low compared to
other cancers [38,39]. Nevertheless, our results suggest that circulating

MV-TF levels could potentially guide the choice of thromboprophylaxis
agent or the decision to continue or discontinue thromboprophylaxis
after initial treatment cycles. Nevertheless, further studies with large
sample sizes are warranted to confirm our findings.

VTE patients tended to have shorter baseline PPL clotting times
compared to non-VTE patients, but this trend was not statistically sig-
nificant. The small number of events may have limited statistical power.

Consistent with previous studies, we found a significant association
between D-dimer levels and VTE risk. Sanfilippo et al. recently proposed
the addition of D-dimer to the IMPEDE VTE score to improve its per-
formance [40].

Finally, we found no correlation between the levels of MV-TF, PPL,
and D-dimer level before antimyeloma treatment initiation. During
antimyeloma treatment, we observed a weak but significant correlation
between TF and PPL. PPL are involved in the MV-TF functional assay,
but only a part of them are required for TF and FVIIa being assembled
and active on FX. Conversely, the presence of active TF could shorten the
clotting time of the Procoag-PPL assay, but the addition of exogenous
FXa in the assay bypasses the first step of the coagulation cascade
making the PPL measurement almost independent from the TF content.
In addition, MV-TF measurements involve concentrated EVs, while PPL
measurements are performed in diluted plasma. Levels of D-dimer, the
final product of the coagulation process, are modulated by the fibrino-
lytic system status, which has been reported to be altered in MM patients
[41]. This highlights the complexity of coagulation imbalances in MM
patients and suggests that a single test may not fully capture their
coagulability status.

While IMiDs and dexamethasone are known to increase the risk of
VTE in MM patients, our results indicate that such treatment modalities
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Fig. 4. D-dimer levels before and during treatment.

A: Distribution of D-dimers levels in MM patients before (n = 56) and during treatment initiation (n = 52). B: Comparison between the VTE (n = 8) and non-VTE (n =
48) groups. C: Comparison between the VTE (n = 5) and non-VTE (n = 46) groups during treatment (of note, scaling is different). The red dots in B and C represent
samples from patients who experienced VTE during treatment. The patient was removed from the study as soon as a VTE event occurred. Links were drawn between
the patients (n = 5) who experienced a VTE event after T2. Blue and green dots in A represent IMiDs and not contagining IMiDs regimens of MM treatment,
respectively. Changes were assessed using the Wilcoxon test, and levels were compared between the two patient groups using the Mann-Whitney test. Medians are
shown as middle horizontal bar and interquartile ranges (IQR) as upper and lower horizontal bars. p > 0.05; *: p < 0.05; **: p < 0.01; ***: p < 0.001.and ****: p <
0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

did not significantly affect MV-TF, PPL, or D-dimer levels. This suggests
that the increased VTE risk associated with IMiDs and dexamethasone is
not reflected by those biomarkers. In a previous study, we showed that
IMiDs treatment increased thrombin generation [15]. Nielsen et al.
showed a different trend under VCD treatment regarding MV-TF. In our
study, only two patients received VCD, which is no longer a first-line
treatment in nMM [26].

Our study has several limitations. First, the sample size and the small
number of VTE events may have limited the statistical power. Due to the
study design as a post hoc analysis, a sample size was not calculated.
However, obtaining statistically significant results with such a popula-
tion size, small but quite similar to those of other MM studies, seems
very encouraging. A future prospective study will be conducted with a
sample size calculation based on the herein reported study, and will
specifically address the prediction potential of D-dimers at baseline.
Expanding the cohort size but also including current treatment protocols
will also improve the generalizability and applicability of our findings.
Moreover, as a multivariate analysis required at least 10 events per
variable, we were not able to conduct this analysis [42]. Second, we
focused only on active TF of large EVs (mainly MVs and apoptotic bodies
are harvested by the centrifugation preparative protocol) and we did not
evaluate TF of small EVs (exosomes). However, EVs are thought to be the
main source of procoagulant activity due to their phosphatidylserine
exposure [26]. Third, we did not differentiate EVs based on their cellular
origin. The implementation of an immunocapture method could over-
come this limitation in future studies [43]. Fourth, we found significant
variability in EVs preparation by high-speed centrifugation and pellet
drying (~20 % variation), which should be improved for routine use.

Finally, the study design does not allow comparison with normal values,
which are difficult to establish in age-matched non-MM controls, with
similar comorbidities. Nevertheless, our results provide valuable in-
sights into the pathogenesis of VTE in patients with nMM. D-dimer levels
remain a useful biomarker in routine practice and could potentially
improve prediction. Furthermore, our study suggests that MV-TF and D-
dimer levels could be used in future randomized trials to determine
whether thromboprophylaxis should be continued. Moreover, future
studies aiming at isolating and characterizing EVs from different cellular
origins, especially from tumor plasma cells, using advanced immuno-
capture and separation techniques are warranted.

In conclusion, baseline and on-treatment MV-TF and D-dimer levels
are elevated in patients with nMM who develop VTE. Inclusion of these
biomarkers in current RAMs for predicting the risk of VTE may improve
their performance.
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