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Liquid Biopsy of Extracellular Microvesicles Predicts
Future Major Ischemic Events in Genetically Characterized
Familial Hypercholesterolemia Patients

Rosa Suades, Teresa Padrd, Javier Crespo, Alessandro Sionis, Rodrigo Alonso, Pedro Mata,
Lina Badimon

Objective—Circulating microvesicles (cMVs) exert regulatory roles in atherothrombosis. Patients with familial
hypercholesterolemia (FH) that are at high risk for premature cardiovascular events (CVEs) have previously shown high
levels of cMVs related to disease severity. However, much remains unknown about their value as markers of CVE. We
sought to investigate the prognostic cMV signature for future major CVE presentation in patients with FH.

Approach and Results—1Liquid biopsies from genetically characterized patients with FH from the SAFEHEART (Spanish
Familial Hypercholesterolemia Cohort Study)-cohort without clinical manifestation of disease at entry that were going
to suffer a CVE within a mean period of 3.3+2.6 years postsampling (CVE, N=92) and from age/cardiovascular risk
factor/treatment-matched patients with FH that did not suffer an event within the same time-period (non-CVE, N=48)
were investigated. cM Vs were phenotyped by flow cytometry to identify activated parental cells. Patients with CVE had
higher number of overall procoagulant annexin V*-cM Vs than non-CVE (P<0.05). Pan-leukocyte-derived and neutrophil-
derived cMVs, as well as activated platelet-derived cMVs, were significantly higher in patients with CVE. Baseline
number of cM Vs derived from lymphocytes, neutrophils, and activated platelets were positively associated with mortality
at follow-up (P<0.05). Patient-risk calculated by classical cardiovascular risk-factor scores did not correlate with cMVs.
Inclusion of the cMV signature into the SAFEHEART risk model for patients with FH for the prediction of ischemic
events increased the area under the curve from 0.603+0.050 to 0.768+0.042 (P<0.005).

Conclusions—Patients with FH who are going to suffer a CVE within a mean period of 3.3 years, despite being treated
according to guidelines, have ongoing innate immune cell and platelet activation. The proposed cMV signature is a
prognostic marker for accelerated atherosclerosis and clinical event presentation in patients with FH.

Visual Overview—An online visual overview is available for this article. (Arterioscler Thromb Vasc Biol. 2019;39:1172-

1181. DOI: 10.1161/ATVBAHA.119.312420.)
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Atherosclerosis is a multifactorial disease that is the lead-
ing cause of morbidity and mortality worldwide.! One
of the main challenges of cardiology is the identification of
individuals at risk of developing a major ischemic cardiovas-
cular event (CVE).> Specifically, heterozygous familial hy-
percholesterolemia (FH) patients, characterized by high LDL
(low-density lipoprotein)-cholesterol plasma levels, show pre-
mature development of atherothrombotic events.® Indeed, there
is an increased risk of acute CVE in patients with FH.*> Recent
efforts have aimed to investigate novel biomarkers to identify
those patients with the highest risk of developing a major CVE
(MACE). Presently, in the context of dyslipidemia, current
laboratory assessment of cardiovascular risk mainly relies on
lipoproteins.® Liquid biopsies try to identify cell markers of

disease that, in addition to the classical risk factors, may have
clinical utility to detect those patients who can suffer an unpre-
dictable CVE.” These findings in a CVE prone patient popula-
tion, as FH, may be later on extended to all patients who need
new predictive biomarkers to improve their management.®?
Although the atherosclerotic risk is 3- to 13-fold higher in
patients with FH than in those without this genetic disease,
the impact of acute ischemic events is highly variable among
patients with FH,'® implying the need for better biomarkers for
this heterogeneous high-risk population. Besides, FH remains
widely underdiagnosed and undertreated worldwide."' Thus,
FH offers a good clinical model to study new biomarkers de-
rived from cells directly involved in the disease process that
may accurately report on disease progression.
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Nonstandard Abbreviations and Acronyms
a-pMVs activated platelet-derived microvesicles
AUC area under the curve

AV annexin V

cMVs circulating microvesicles

CVE cardiovascular event

FH familial hypercholesterolemia

FRS Framingham risk score

hs-CRP high-sensitivity C-reactive protein
LDL low-density lipoprotein

LLT lipid-lowering therapy

1MVs lymphocyte-derived microvesicles
LMVs leukocyte-derived microvesicles
mMVs monocyte-derived microvesicles
nCVE non-CVE

nMVs neutrophil-derived microvesicles

PFP platelet-free plasma

pMVs platelet-derived microvesicles

ROC receiver operating characteristic
SAFEHEART Spanish Familial Hypercholesterolemia Cohort Study
TSP-1 thrombospondin-1

Circulating microvesicles (cMVs) are small phospholipid
extracellular vesicles shed by stressed, activated, senescence,
and apoptotic cells. cMVs play a pivotal role on atherosclerosis,
inflammation, and thrombosis by means of cell signaling and
intercellular crosstalk.'>'¢ Increased levels of cMVs have been
found in a wide variety of atherothrombotic disorders in associ-
ation with the disease severity.'”*° Patients with FH had previ-
ously shown to have high levels of phenotypically characterized
c¢MVs even when their LDL levels were controlled by lipid-
lowering therapy (LLT).?'*> However, their prognostic value as
markers of major cardiovascular disease remains poorly defined.

Differential expression levels of cell-specific cMVs may
lead to improve our understanding of pathophysiological mech-
anisms related to clinical outcomes and help us to predict its
occurrence. Profiling of cMVs shed by injured cardiovascular
cells may provide information on ongoing disease and, hence,
be markers of future adverse ischemic CVE. To the best of our
knowledge, no previous studies have addressed whether there is
a specific cMV signature in patients with FH at high cardiovas-
cular risk of developing a MACE. This study aims to investi-
gate whether MV level and phenotype in asymptomatic patients
with FH are able to predict an adverse cardiovascular outcome.

Materials and Methods

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Study Design and Population

The present study comprised patients with clinical and genetic diag-
nosis of heterozygous FH from the SAFEHEART (Spanish Familial
Hypercholesterolemia Cohort Study),?'* a multicenter, nationwide,
long-term, prospective cohort study of a molecularly defined patients
with heterozygous FH. None of the patients with FH participating
in the present study (N=140) had suffered a clinical event before
entering the SAFEHEART cohort. Sixty-six percent of the patients
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with FH presented a MACE such as unstable angina, acute myocar-
dial infarction, sudden death, or ischemic stroke (CVE, N=92) within
a mean period of 3.31+2.6 years postsampling as compared to FH
patients without a CVE within the same follow-up period of time
(8 years; non-CVE [nCVE], N=48; Table I in the online-only Data
Supplement). The Coordinating Center was responsible for managing
the patient follow-up, and patients were contacted annually by tel-
ephone by trained staff using a standardized phone call protocol.

The CVE and nCVE groups were matched by age, sex, and dem-
ographics as well as LLT and cardiovascular comorbidities (Table I
in the online-only Data Supplement, Graphic Abstract [the Graphic
Abstract shows the schematic overview of the study design]). Clinical
data (sociodemographic, lifestyle, medical, and therapeutic) were
obtained from all subjects using a standardized report form at the
inclusion (Table I in the online-only Data Supplement). Data related
to LLT included statin type, dose, time, and compliance. All selected
subjects had been prescribed an LLT according to current guide-
lines.*?*2¢ Maximum statin dose (simvastatin 40 mg/d, fluvastatin 80
mg/d, atorvastatin 80 mg/d, and rosuvastatin 20-40 mg/d), as well
as maximum combined therapy, and maximum LLT were defined as
previously reported.””-?® Adherence to LLT was assessed by an indi-
rect method with a single question.?”” No patient presented pregnancy
or had past history of cancer because these conditions are known to
independently impair cMV number.

The study was approved by the Local Ethics Committee of the
Investigacion Clinica Fundacién Jimenez Diaz (protocol’s number:
01/09) was conducted according to the Declaration of Helsinki, and
a written informed consent was obtained from all participants before
the study. The results of the study are presented in accordance with the
Strengthening the Reporting of Observational Studies in Epidemiology
guidelines® as well as Transparent Reporting of a Multivariable
Prediction Model for Individual Prognosis or Diagnosis statement.’!

Blood Sampling, Laboratory Measurements,
Genetic Analysis, and cMYV Isolation

Venous blood samples were collected after a 10 to 14 hours of fasting
from the cubital vein without tourniquet using a 20-gauge needle into
serum, EDTA, and 3.8% sodium citrate tubes, for biochemical, geno-
typing, and microvesicle analysis, respectively.’> All samples were
processed identically and within the first 2 hours after extraction. For
lipid profile, total cholesterol, triglycerides, and HDL (high-density
lipoprotein)-cholesterol were measured by standardized enzymatic
methods; serum LDL-cholesterol concentration was calculated using
the Friedewild formula®; and lipoprotein (a) levels were measured
using a turbidimetric method. Genetic diagnosis of FH was made
using a DNA-microarray (LIPOCHIP).** Mutations were classified as
receptor negative or receptor defective, depending on their functional
class. Platelet-free plasma (PFP) for analysis of the cMV fraction was
prepared by 2-step high-speed centrifugation (1258xg, 20 minutes at
room temperature) to ensure the complete removal of cells, as pre-
viously described.”> PFP samples were tested with a cell counter for
the absence of residual cells. PFP aliquots were snap-frozen in liquid
nitrogen and immediately stored, for an identical time interval, at
—80°C until flow cytometric studies.®

cMYV Isolation

Frozen PFP aliquots (250 pL) were thawed on melting ice for 1
hour and centrifuged at 20000xg 30 minutes to pellet cMVs. The
cMV-enriched pellets were washed once with citrate-PBS solution
(citrate-PBS; 1.4 mmol/L phosphate, 154 NaCl, 10.9 mmol/L triso-
dium citrate, and pH 7.4) before a second equal centrifugation step
was made. Finally, the remaining cMV pellets were resuspended in
citrate-PBS to a final volume of 100 pL.

Flow Cytometry Analysis

Triple-label flow cytometric analysis was performed as previously
described.!*?22% Briefly, washed cMV suspensions were incubated
with combinations of AV (annexin V) with 2 cell surface-specific
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monoclonal antibodies, or the isotype-matched control antibodies (Table
I in the online-only Data Supplement). Samples were diluted before
being immediately analyzed on a FACSCantoll Becton Dickinson flow
cytometer. Acquisition was performed for 1 minute per sample at low-
flow rate. cMVs were identified and quantified based on their FSC/SSC
(forward scatter/side scatter) characteristics (obtained with gain settings
in the logarithmic scale) according to their size, binding to AV, and reac-
tivity to cell-specific monoclonal antibody. Gate limits were established
as previously described using a Flow-Check Size Range Calibration Kit
(Polysciences) and an in vitro platelet-derived microvesicle population
as positive control (Figure I in the online-only Data Supplement). The
lower detection limit was placed as a threshold above the electronic
background noise of the flow cytometer and a threshold was set at SSC
parameter. Data were analyzed with FACSDiva software (version 6.1.3,
Becton Dickinson). The concentration (number of cMVs per pL of
plasma) was determined according to Nieuwland procedure,'*?'?2 based
on sample’s volume, flow cytometer’s flow rate, and the number of flu-
orescence-positive events. Intraassay cardiovascular of cMV counts was
3.1%, while interassay cardiovascular was 5.4%.

Statistical Analysis

Results are reported as mediantinterquartile range except for contin-
uous variables of patient characteristics that are given as mean (+SEM).
Normal sample distribution was determined via Kolmogorov-Smirnov
test. Statistical analysis was performed by the nonparametric Mann-
Whitney. P values were adjusted by the false discovery rate using the
graphically sharpened method described by Benjamin and Hochberg.”’
The new calculated adjusted Q values (false discovery rate adjusted)
indicate the probability of false positives for variables considered to
be significant. In the present study, it refers to Q values <0.05, which
represents >95% truly positives for differentially expressed cMV
subtypes. Strength of the association between continuous variables
was calculated by Spearman correlation. Risk estimations based
on the Framingham Risk Score (FRS),* Systematic Coronary Risk
Evaluation,® Registre Gironi del Cor,* and SAFEHEART-CVEs risk
estimator® equations were performed for each individual. Binary lo-
gistic regression models were performed to estimate predicted prob-
abilities for CVE with combination of cM Vs, as well as cardiovascular
risk factor models. To avoid overfitting in the multivariable model, we
combined cMV biomarkers by using binary logistic regression as a
single score. Cox proportional hazards regression (time-to-event) anal-
ysis was performed using the predicted probabilities for combination of
c¢MVs and individual values for the CVD risk scores. The performance
of the models was evaluated with respect to their discrimination and
calibration ability on the basis of the Hosmer-Lemeshow type %> good-
ness of fit statistic test. An associated receiver operating characteristic
(ROC) curve analysis was calculated to evaluate cM Vs as independent
prognostic biomarkers. Then, the areas under the dependent ROC
curves (AUC) from each model were compared using the DeLong
method.* StatView 5.0.1 (Abacus Concepts) and SPSS statistics 22.0.0
(SPSS) were used for all statistical tests. A P<0.05 was considered sta-
tistically significant and all reported P values were 2-tailed.

Results

Characteristics of the Patient Population

Baseline clinical characteristics of the studied population are
given in Table I in the online-only Data Supplement. Between
CVE and nCVE groups, there were no significant differences in
the clinical, sociodemographic, and laboratory characteristics, as
well as in cardiovascular risks factors. The mean age of patients
without CVE was 60, whereas the mean age was 58 in patients
with CVE. There were more men than women in both CVE
and nCVE groups, specifically, 70% and 58%, respectively. All
patients were at high cardiovascular risk because they presented
genetically identified and clinically diagnosed heterozygous FH.
All patients were under LLT according to current guidelines at

the moment of inclusion,***2¢ and there was no significant dif-
ference on either the type or the duration of the treatment be-
tween CVE and nCVE groups. There were also no differences in
the usage of other cardiovascular drugs. Patients with CVE had
a nonsignificant trend to higher ApoB levels and clinical pre-
sentation of xanthomas compared with patients without CVE.
Patients with CVE predominantly presented an AMI (N=41,
45%) while unstable angina occurred in 21 patients (23%), sud-
den death in 16 (17%), and ischemic stroke in 14 (15%) during
follow-up. Only the first event during follow-up was considered.

Liquid Biopsies: cMV Profile in

Patients With and Without CVE

Cell origin and cell activation markers were analyzed to identify
the cMV signature of patients with CVE at follow-up. Figure 1
illustrates the pattern of cMVs according to their parental cell
marker. The total number of AV-positive cMVs (AV*-cMVs)
was significantly higher in patients with CVE than in patients
without CVE (P<0.05, Figure 1A). While levels of total cir-
culating endothelial-derived (CD62E*-eMVs; Figure 1C), red
blood cell-derived (CD235a*-erythrocyte-derived microves-
icles; Figure 1D), and platelet-derived microvesicles (CD61*-
and CD41*-pMVs; Figure 1E) as well as bearing tissue factor
(CD142*; Figure 1F) did not significantly change, there were
significant increases in white cell type-derived (Figure 1B) and
activated platelet-derived cMVs (Figure 1E) between patients
with and without CVE. Indeed, pan-leukocyte-derived cMVs
(CD45*-LMVs) were significantly higher in patients with CVE
as compared to patients without CVE. About leukocyte-specific
subsets of the innate immunity cell-derived cM Vs, patients with
CVE presented higher numbers of neutrophil-derived cMVs
(CD15*-nMVs), while no alteration in lymphocyte-derived
(CD3*-IMVs) and monocyte-derived (CD14*-mMVs) cMVs
(Figure 1B). These derangements of white blood cell-derived
cMVs suggest a proinflammatory profile in patients prone to de-
velop a MACE. Numbers of activated monocytes (CD14+/11b*-
a-mMVs) cMVs were significantly reduced in patients with
CVE as compared to patients without CVE. Furthermore, cM Vs
carrying platelet activation epitopes (activated o3, [PAC1],
thrombospondin 1 [TSP1*] and P-selectin [CD62P*]-a-pMVs)
were significantly increased in patients with CVE suggesting
a higher level of platelet reactivity despite of similar levels of
total pM Vs between both groups (Figure 1E). When we stratify
our population by sex, there is a similar cMV profile associated
to CVE (Table III in the online-only Data Supplement). Among
patients with CVE, a correlation was found between type of mu-
tation (null/defective) and pMVs bearing TSP-1 (thrombospon-
din-1; Figure II in the online-only Data Supplement), showing
that those patients with a lifetime null LDL-receptor function
have higher platelet activation.

c¢MVs and Mortality in Patients With High-Risk FH
Specific populations of cMVs were related to mortality at fol-
low-up in the high-risk FH patient population. Similar to the
CVE-driven cMV signature, cMVs derived from white blood
cells (Figure 2A) and activated platelets (Figure 2B) were asso-
ciated with mortality at follow-up. Concerning cMVs derived
from leukocyte lineage cells, baseline numbers of cM Vs derived
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Figure 1. Changes in total, white blood cell, red blood cell, endothelial cell, and platelet-derived circulating microvesicles (cMVs) between cardiovascular event
(CVE) and non-CVE (nCVE) high-risk familial hypercholesterolemic (FH) patients. Box and whisker plots showing levels (per uL of platelet-free plasma [PFP])

of (A) total annexin V-positive (phosphatidylserine-rich [PS]*), (B) specific white blood cell-derived cMVs from leukocytes (LMVs), neutrophils (hMVs), lympho-
cytes (IMVs), monocytes (mMVs), and activated monocytes (a-mMVs), (C) endothelial cell-derived microvesicles (eMVs), (D) erythrocyte-derived microvesicles
(ErMVs), (E) platelet-derived microvesicles (pMVs) bearing parental cell markers (PECAM-1 [CD31+], glycoprotein llla [CD61+], and glycoprotein llb/llla [CD41a*])
and platelet activation (a-pMVs) epitopes (activated o, .3, [PAC1+], P-Selectin [CD62P*] and thrombospondin-1 [TSP-1+]), and (F) cMVs bearing tissue factor
[CD142] (TF*-cMVs) in patients with CVE (N=92) compared with patients with nCVE (N=48). Data are expressed as median (interquartile range). *P<0.05 and
**P<0.01 for difference using Mann-Whitney U nonparametric test. §Q value <0.05 and §§Q value <0.01 after false discovery rate (FDR)-adjustment.

from lymphocytes (CD3*-IMVs) and neutrophils (CD15*-
nMVs) were positively associated with mortality at follow-up
(Figure 2A; P<0.05), while low levels of mM Vs (CD14*-mMVs)
were significantly found in patients who died at follow-up.
Besides, numbers of survivors and nonsurvivors at follow-up
also directly correlated with activated platelet-derived cMVs
bearing TSP-1 epitope (TSP1*-a-pMVs, P<0.05; Figure 2B).
Interestingly, white blood cell- and activated platelet-derived
cMVs were also associated with mortality at follow-up in both
sexes (Table III in the online-only Data Supplement). Altogether

these data indicate a higher proinflammatory and prothrombotic
state in those patients prone to die within 3 years.

cMVs and CRP in Patients With High-Risk FH

To further investigate whether systemic inflammation of patients
with high-risk FH was related to cMV phenotype, cMV data
were analyzed according to the level of hs-CRP (high-sensitiv-
ity C-reactive protein; below and above 1.5 mg/L). Although
levels of hs-CRP in patients with CVE (2.68 mg/L) and patients
without CVE (1.90 mg/L) were nonsignificantly (Table I in the
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Figure 2. Specific circulating microvesicles (cMVs) associate with exitus. Box and whisker plots showing levels (per pL of platelet-free plasma [PFP]) of (A)
white blood cell-derived cMVs from lymphocytes (IMVs), monocytes (mMVs), and neutrophils (nMVs), and (B) microvesicles derived from activated platelets
(a-pMVs) carrying thrombospondin-1 [TSP-1+] marker in non-exitus (N=102) and exitus (N=38) patients. Data are expressed as median (interquartile range).
AV indicates Annexin V. *P<0.05 and **P<0.01 for difference using Mann-Whitney U nonparametric test. §Q value <0.05 and §§Q value <0.01 after false dis-

covery rate (FDR)-adjustment.
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Figure 3. Circulating microvesicles (cMVs) and hs-CRP (high-sensitivity
C-reactive protein). Box and whisker plots showing levels (per pL of platelet-
free plasma [PFP]) of (A) neutrophil-derived microvesicles (hMVs) and (B)
microvesicles derived from activated platelets (a-pMVs) carrying thrombo-
spondin-1 [TSP-1*] marker in patients classified by low (N=73) and high
(N=62) hs-CRP levels. Data are expressed as median (interquartile range). AV
indicates Annexin V. *P<0.05 for difference using Mann-Whitney U nonpara-
metric test. §Q value <0.05 after false discovery rate (FDR)-adjustment.

online-only Data Supplement), in those patients with higher
levels of hs-CRP there were positive and significant correlations
with the degree of cell activation and cMV shedding (Figure 3)
likely reflecting the proinflammatory state of high-risk FH pa-
tient population. In line with previous data, cMVs derived from
neutrophils (CD15*-nMVs; Figure 3A) and cMVs carrying the
platelet activation marker TSP-1 (TSP1*-a-pMVs; Figure 3B)
were higher in patients with higher levels of hs-CRP (P<0.05).
This trend was also found when sex was taken into account
(Table III in the online-only Data Supplement).

Cardiovascular Risk Scores Are Poor Predictors

of Future CVE in Patients With High-Risk FH

Using ROC curve analysis distinct models of cardiovascular risk
score estimators were investigated for their accuracy in identify-
ing those patients prone to develop a MACE. FRS for coronary
heart disease (% of risk at 10 years) was calculated using the high-
risk Framingham Heart Study equations of the NCEP (National
Cholesterol Education Program).* Patients were stratified accord-
ing to their FRS and there was no significant difference between
patients with and without CVE. Total numbers of AV*-cM Vs did
not show a significant correlation with FRS (Figure 4A). In a
similar fashion, primary prevention cardiovascular risk estima-
tors Systematic Coronary Risk Evaluation (SCORE; Figure 4B)
and Registre Gironi del Cor (Regicor; Figure 4C) showed also
poor discriminatory power for future CVE presentation. As ex-
pected, both SAFEHEART-CVE risk estimator at 5- and 10-year
showed a predictive value for future MACE in our population
slightly below the significance threshold (Figure 4D), suggesting
that other contributing factors such as cMVs might help to im-
prove the prediction of CVE in these patients.

Prognostic Value of Liquid Biopsy

c¢MVs in Patients With FH

ROC curve analysis was also used to assess the accuracy of al-
tered cMV signature in predicting future MACE in the high-risk
FH patient cohort. C statistics analysis for combined predicted

probabilities of LM Vs (CD45%), nMVs (CD15%), pMVs (CD31*
and CD41a*/61%), and a-pMVs (CD62P*) showed the high-
est AUC value: 0.745+0.043 (P<0.001; 95% CI, 0.661-0.830;
Figure 5A), indicating that clustering these cMV's provides a sig-
nificant prognostic value for future CVE in patients with high-
risk FH. We also tested the added predictive ability of cMVs
by examining the improvement in global AUC obtained when
adding the combined probability for the leukocyte- and activated
platelet-derived cMV (L/p-cMV) signature to the best cardio-
vascular risk factor models for our specific high-risk FH pop-
ulation: FRS for coronary heart disease (% of risk at 10 years)
and SAFEHEART-CVE 10-year risk estimator. To avoid over-
fitting in the multivariable model, the cMV biomarkers were
combined in a single score equation by using logistic regression
for binary outcome. Specifically, the Hosmer-Lemeshow type >
goodness of fit test was of x*(8)=6.28 (probability >y*=0.615)
for cMV model, ¥*(8)=4.49 (probability >%*=0.810) for FRS-
cMV model, of %*(8)=10.81 (probability >%*=0.213) for cMVs
and SAFEHEART 5-year risk model and of %*(8)=7.28 (prob-
ability >%*>=0.507) for cMVs and SAFEHEART 10-year risk
model. Interestingly, the inclusion of this cMV signature into
the FRS-CVFR-model for the prediction of major ischemic
events increased the AUC from 0.574+0.051 (P=0.150, [95%
CL 0.475-0.674]) with only classical risk factors-FRS model
to 0.760+0.042 (P<0.001, [95% CI, 0.677-0.843]; P<0.005,
Figure 5B). Similarly, the L/p-cMV signature enhanced sub-
stantially the discrimination power of the SAFEHEART 10-year
risk model for the prediction of CVE with an improvement in
AUC from 0.603+0.050 (P=0.045, [95% CI, 0.505-0.701])
to 0.771+0.042 (P<0.001, [95% CI, 0.688-0.853]; P<0.005;
Figure 5C). Results about the prognosis of patients based on
c¢MVs and FRS model as well as cMVs and SAFEHEART 5-
and 10-year CVE risk estimator models are shown in Table IV
in the online-only Data Supplement. Multiple linear regression
analysis was performed to rule out multicolinearity between
c¢MV variables (Table V in the online-only Data Supplement).
Similarly, the prognostic value of cMVs for future MACE was
also investigated in males and females. C statistics analyses for
the L/p-cMV signature showed significant and high AUC values
in both sexes (Figure III in the online-only Data Supplement).
Adding this cMV signature into the cardiovascular risk factor
models (FRS and SAFEHEART 10-year risk) for the prediction
of major ischemic events increased the AUCs in all cases. Of
note, the L/p-cMV signature enhanced substantially the discrim-
ination power of the cardiovascular risk factor models in the fe-
male subgroup (Figure I1IB in the online-only Data Supplement).

Discussion
FH is a monogenic disorder associated with lifelong ex-
posure to very-high LDL-cholesterol plasma levels and
increased risk (up to 20 times) of early atherothrombotic
disease.** Coronary artery disease is the main cause of
morbidity and mortality in individuals with FH.> We have
previously reported that patients with FH at high risk for
premature ischemic CVE have high levels of circulating
MVs related to atherosclerotic plaque burden (measured by
CMR) even when their LDL-cholesterol levels were con-
trolled by LLT.?"?> This is the first study to demonstrate
that cMVs are significant prognostic indicators of major
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Figure 4. Discriminatory performance of cardiovascular risk scores in the prediction of future major cardiovascular events (CVEs). A, Correlation between
total AV+- circulating microvesicles (cMVs) with individual Framingham Risk Score for each individual (N=140) by Spearman correlation nonparametric test.
A-D, Receiver operating characteristic (ROC) curve analyses (C statistics) of distinct cardiovascular risk factor models: Framingham Risk Score [FRS] (A),
Systematic Coronary Risk Evaluation (SCORE; B) and Registre Gironi del Cor (Regicor; C); SAFEHEART (Spanish Familial Hypercholesterolemia Cohort
Study) CVEs risk estimator (D), for the prediction of major CVE presentation in high cardiovascular risk familial hypercholesterolemic (FH) patients (N=140).
AV+-cMVs, annexin V-positive cMVs. AUC indicates area under the curve; and AV, Annexin V.

ischemic events and the combination of these cMV-based
biomarkers have a high predictive value in high-risk asymp-
tomatic patients with FH.

Interactions between blood and vascular cells are key
features in atherothrombosis progression. A growing body
of evidence suggests that blood cell-derived MVs might play
an important role in vascular function by means of intercel-
lular communication,*' predominantly on inflammatory,* and
thrombotic processes,* which are crucial in the development
of CVE. Accordingly, our findings strongly indicate that cMV
shedding directly relates to the progression of atherosclerotic
lesion leading to adverse cardiovascular outcomes in both men
and women. In particular, we described increased levels of
cMVs originated from pan-leukocytes, neutrophils, and acti-
vated platelets in a molecularly defined population of patients
with FH that are going to suffer a MACE within the next few
years. And, consistently, white blood cell- and platelet-derived
cMYV phenotype was also directly related to mortality at fol-
low-up. Few studies have addressed the potential link between
c¢MVs and CVE presentation in primary prevention and none
of them in asymptomatic high-risk patients with FH without
previous cardiovascular disease.

Nozaki et al* reported that increased levels of CD144*-cMVs
were independent predictors of acute coronary syndromes and
cardiovascular death in a population with coronary artery di-
sease. Besides, Sinning et al*® found elevated levels of CD31%/
AV*-cMVs also in patients with stable coronary artery disease,
assessed by coronary angiography, which later develop a major
adverse CVE. Albeit risk stratification in patients with coronary
artery disease is highly relevant, the latter association was highly
influenced by diabetes mellitus, a condition known to present
high circulating levels of CD31*/AV*-MVs.* Interestingly, those
subjects from PREDIMED trial (Prevention With Mediterranean
Diet) who despite following a Mediterranean diet supplemented
with extra virgin olive oil still suffered a CVE during follow-up,
presented increased levels of IMV,* extending our previous find-
ings in which CD3*/CD45*-IMVs were able to accurately dif-
ferentiate between lipid-rich and fibrous atherosclerotic plaques
in asymptomatic patients with FH.*' Indeed, the prevalence
of subclinical atherosclerotic burden of patients with FH has
been shown by aortic magnetic resonance imaging®® and coro-
nary computed tomographic angiography.’ In secondary pre-
vention, contradictory results exist. In this regard, high levels
of CD14*/11b*-mMVs were shown to be predictors of future
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Figure 5. Circulating microvesicles (cMVs) as prognostic markers of future major cardiovascular events (CVEs). Discriminatory power of (A) cMV signature in
comparison with (B) Framingham Risk Score (FRS) and (C) SAFEHEART (Spanish Familial Hypercholesterolemia Cohort Study) CVEs risk estimator for the
prediction of major CVE presentation in high cardiovascular risk familial hypercholesterolemic (FH) patients (N=140). Prognostic value (*P<0.05) was deter-
mined by receiver operating characteristic (ROC) curve analyses (C statistics) and the comparison of the ROC-derived area under the curves (AUCs) by the
DelLong method. L/p-cMVs indicates leukocyte- and activated platelet-derived cMVs.

MACE in patients with ST-segment—elevation myocardial infarc-
tion.* However, low levels of CD11b*-LMVs were associated
with both high-risk atherosclerotic lesions and early recurrence
of CVE in patients with acute coronary syndromes after coro-
nary stenting.*® In agreement, in the present study, mMVs were
significantly decreased in patients with CVE and negatively as-
sociated to cardiovascular mortality. Analysis of CD14*-mMVs
might reflect the heterogeneity of blood monocytes and in-depth
analyses of the differential subset-specific mMV contribution to
atherothrombosis disease deserves further examination.

Our data reflects ongoing activation of proinflammatory
cells in the evolution of atherogenesis even in the absence of
overt systemic inflammation as measured by hs-CRP. High
numbers of cMVs originated from the white blood cell lin-
eage, specifically pan-leukocytes (CD45*-LMVs) and neu-
trophils (CD15*-nMVs), were associated with enhanced
cardiovascular complications in high-risk patients with FH.
Accordingly, LMVs were found to be the main pool of MVs
within atherosclerotic plaques™ and patients with high-grade
carotid stenosis!” and asymptomatic subjects with subclinical
atherosclerotic burden® presented also with high levels of
LMVs, reinforcing the idea of LMV contribution to atheroscle-
rotic plaque progression. Of note, an acute release of nMVs

occurs in the coronary circulation of acute coronary syndrome
patients after percutaneous coronary intervention.> Recently,
CD15*-MVs derived from neutrophils increased inflammatory
response and mortality in a mouse model of sepsis.** Indeed,
Lewis X Antigen (CD15) is known to act as an adhesive sub-
strate for endothelium, a monocyte activator as well as a signal-
ing initiator of proinflammatory effects in monocytes.>> nMVs
were previously shown to induce myeloperoxidase-mediated
damage of vascular endothelium.*® Similarly, nMVs showed
inflammatory and adhesive properties (specifically with mono-
cytes and ECs).” In addition, proteolytically active transmem-
brane proteases carried by nMVs promote accelerated risk of
human abdominal aortic aneurysm in smokers.>®

Here, in our study, nMVs were raised in those patients
with high hs-CRP levels, as a surrogate marker of systemic
inflammation in patients with FH. Consistently, it has been
found that low hs-CRP is associated with reduced risk of in-
cident stroke, coronary heart disease, and death in high cardi-
ovascular risk patients.”® Thus, altogether our results support
the relevance of the inflammatory process in the pathogenesis
of CVD. Although statins downregulate inflammatory media-
tors, as shown in the hallmark JUPITER trial (Justification
for the Use of Statins in Prevention: an Intervention Trial
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Evaluating Rosuvastatin),* patients with FH constitute a spe-
cial population with a lifetime exposure of the vasculature
to high LDL-cholesterol levels and, consequently, they are
characterized by chronic vascular cell activation and ensuing
inflammation, in line with the emerging concept of residual in-
flammatory risk as shown in the CANTOS trial (Canakinumab
Antiinflammatory Thrombosis Outcome Study).®!

Not only proinflammatory but also prothrombotic MVs
are found as bioeffectors of CVE in patients with FH. cMVs
from activated platelets (TSP1*- and CD62P*-a-pMVs) cor-
related with CVE presentation and mortality at follow-up as
well as with high levels of hs-CRP, suggesting that MV shed-
ding from activated platelets reflect a deleterious environment
in the vascular compartment of patients with FH predisposing
to adverse cardiovascular outcomes. Despite it is well known
that pMVs exert key roles in all pathophysiological stages
of atherothrombotic disease worsening and exacerbating its
progression,™ no previous study has pointed out circulating
PMVs as predictive markers of MACE.

It is well known that lipid infiltration in the vessel wall
induces tissue factor release from vascular resident cells.
We and others have previously reported increased numbers of
TF-rich cMVs in patients with FH.?>¢* In this study, all patients
are FH and the numbers of TF*-cM Vs in those patients with FH
prone to develop a MACE are not significantly different from
those not suffering an event. Intriguingly, FH patients with a
similar degree of cardiovascular risk and atherosclerotic plaque
burden can evolve distinctly in terms of CVE presentation. Our
results seem to unveil a fine-tuning regulation of all cells present
in the vascular compartment in the atherosclerotic process.

Prevention strategies with state-of-the-art LLT and car-
diovascular risk factor control have shown to be effective in
reducing cardiovascular outcomes. However, a high number
of patients still suffer unexpectedly from CVE. Because of a
lack of genetic testing, FH remains underdiagnosed'! posting
asymptomatic FH population at the highest risk of major ad-
verse CVE. Current risk scores for primary prevention are not
appropriate for high-risk patients with FH and long-term ex-
posure to LDL-cholesterol plasma levels likely because cardi-
ovascular risk might be underestimated. Indeed, no risk score
achieved significance in the prediction of future CVE in our
patient group. Although a recent study has suggested that pool
cohort equations substantially overestimate atherosclerotic
cardiovascular risk in a middle-aged adult population,** bet-
ter existing risk prediction tools to accurately reclassify and
stratify patients in the clinical management of FH are urgently
needed. This is particularly important because of the new po-
tent therapeutic options now available to reduce LDL as the
PCSKO9 (proprotein convertase subtilisin/kexin 9) inhibitors.
Hence, we investigated the added value of detrimental cMV
signature on top of main cardiovascular risk scores for primary
prevention namely Systematic Coronary Risk Evaluation and
Registre Gironi del Cor and for high-risk patients including
FRS for hard coronary events and the SAFEHEART risk esti-
mator. As indicated by the C statistics, the COX Proportional
Hazards Regression Model combining cMVs profiles pro-
vides high discriminatory power between patients with and
without CVE. An important finding of the present study is that
L/p-cMV signature beyond being associated to cardiovascular
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outcomes improves risk stratification of the before mentioned
classical risk factor models by a substantial increase in the
AUC of ROC curve analysis, as indicative of the significant
and sensitive predictive ability of cMVs in this context.

There are well-described differences between men and
women in the clinical presentation, pathophysiology, and re-
sponse to treatment of CVD that might be explained by both
biological and environmental processes. This is also true for
patients with cardiovascular risk factors such as dyslipidemia.
Because women show a lower perception of cardiovascular
risk and are less keen to seek medical care when experiencing
symptoms, their prognosis is worse than in men. In addition,
sex differences in the field of cardiovascular risk prediction re-
main to be further elucidated. Thus, here, we have investigated
c¢MVs as prognostic factors of future MACE by stratifying our
data by sex and showing that sex condition does not influence
the cardiovascular risk based on cMV profile.

The current study has some caveats and limitations that
warrant discussion. The main caveats are that measurements
of circulating MVs in daily clinical practice are still limited
because of inherent complex technology needs and that there
is a lack of standardization. A second aspect is the relatively
small sample size that does not represent a more general pop-
ulation of patients with FH. However, the study evaluates a
highly detailed group of patients with molecularly confirmed
FH diagnosis and documented cardiovascular ischemic event
presentation, a rather unique characteristic that confers a re-
markable strength to a study in the field of circulating MVs,
usually centered on a case-control approach. Further larger
studies are warranted to assess the tentative extension of these
findings to patients without FH but also to wider asympto-
matic populations and contexts.

Taken together, our data shed light into a cMV-mediated
modulation of pathophysiological mechanisms in athero-
thrombosis progression indicating that leukocytes and plate-
lets are activated in some patients with FH, although treated
as per guidelines. A specific cMV signature directly predicts a
detrimental vascular milieu that will trigger CVE and cardio-
vascular death. Early prediction of vascular injury may allow
better risk stratification and improved prognosis.
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Highlights

e Qverall levels of circulating microvesicles that exert key regulatory roles in atherothrombosis are found to be significantly elevated in patients
with high-risk familial hypercholesterolemic 3 years before cardiovascular event onset.

e Pan-leukocyte-derived and activated neutrophil-derived circulating microvesicles as well as circulating microvesicles bearing markers of
platelet activation (P-selectin and thrombospondin-1) are significantly increased in patients about to suffer an ischemic event.

e Aleucocyte and platelet activation-based circulating microvesicle signature emerge as an accurate prognostic marker that is able to improve
the prediction of ischemic events in patients with asymptomatic high cardiovascular risk familial hypercholesterolemia.






