
A

M

N
e

G
E
J
J

a

b

c

d

e

f

g

N
h

i

j

k

R

T
d

h
0
a

ARTICLE IN PRESS+Model
RTERI-733; No. of Pages 13

Clinica e Investigacion en Arteriosclerosis xxx (xxxx) xxx---xxx

www.elsevier.es/arterio

ETHODOLOGICAL NOTES

ovel  protocol  for the transcriptomic  analysis  of
ndothelial extracellular  vesicles  in atherosclerosis

oren Saenz-Pipaona,b, Ana Cenarroc,d,e, Jon Zazpeb,f, Miriam Goñi-Olorizb,g,
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Abstract
Introduction:  Despite  the  key  role  of  the  endothelium  in  atherosclerosis,  there  are  no  direct
techniques  for  its  analysis.  The  study  of  extracellular  vesicles  of  endothelial  origin  (EEVs),  might
lead to  the  identification  of  molecular  signatures  and  early  biomarkers  of  atherosclerosis.  The
aim of  this  work  was  to  set  up  the  methods  for  EEVs  separation  and  transcriptomic  analysis.
Methods:  We  adapted  an  antibody-magnetic-bead  based  immunocapture  protocol  for  plasma
EEVs separation  from  control  (G1),  subclinical  atherosclerosis  (G2)  and  peripheral  artery  dis-
ease subjects  (PAD)  (G3),  and  modified  an  ultra-low  input  RNASeq  method  (n  =  5/group).  By

bioinformatics  analysis  we  compared  the  transcriptome  of  plasma  EEVs  with  that  of  human  aor-
tic endothelial  cells  (TeloHAECs),  and  then,  searched  for  differentially  expressed  genes  (DEG)
among EEVs  of  G1,  G2  and  G3.  From  those  DEG,  UCP2  was  selected  for  further  validation  in
plasma EVs  (qPCR),  and  in  vitro,  in  stimulated  TeloHAECs  (IL-1�,  TNF�, oxLDL  and  hypoxia).

Abbreviations: CVDs, cardiovascular diseases; EVs, extracellular vesicles; EEVs, endothelial extracellular vesicles; ECs, endothelial cells;

eloHAECs, immortalized human aortic endothelial cells; mcSCRBseq, molecular crowding single-cell RNA sequencing; PAD, peripheral artery
isease; PFP, platelet-free plasma.
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Results:  The  RNASeq  analysis  of  plasma  EEVs  rendered  1667  genes  enriched  in  transcripts
expressed  by  TeloHAECs  (NES:  1.93,  p  adjust  =  1.4e−73).  One  hundred  seventy  DEGs  were  iden-
tified between  G2  vs  G1,  and  180  between  G3  vs  G1,  of  which  17  were  similarly  expressed  in
G2 and  G3  vs  control,  including  UCP2.  IL-1�  and  TNF� (10  ng/mL,  p  <  0.05),  hypoxia  (1%  O2,
p =  0.05)  and  oxLDL  (100  �g/mL,  p  =  0.055)  reduced  UCP2  expression  in  TeloHAECs.
Conclusions:  We  set  up  a  protocol  for  EEVs  separation  and  sequencing  that  might  be  useful  for
the identification  of  early  markers  of  endothelial  dysfunction  in  atherosclerosis.
© 2024  The  Authors.  Published  by  Elsevier  España,  S.L.U.  on  behalf  of  Sociedad  Española
de Arteriosclerosis.  This  is  an  open  access  article  under  the  CC  BY-NC-ND  license  (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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Nuevo  protocolo  para  el  análisis  transcriptómico  de  las  vesículas  extracelulares
endoteliales  en  aterosclerosis

Resumen
Introducción:  A  pesar  del  papel  clave  del  endotelio  en  la  aterosclerosis,  no  existen  técnicas
directas para  su  análisis.  El  estudio  de  las  vesículas  extracelulares  de  origen  endotelial  (EEV)
podría facilitar  la  identificación  de  firmas  moleculares  y  biomarcadores  tempranos  de  ateroscle-
rosis. El  objetivo  de  este  trabajo  fue  establecer  los  métodos  para  la  separación  de  EEV  y  su
análisis transcriptómico.
Métodos:  Adaptamos  un  protocolo  de  inmunocaptura  con  anticuerpos  y  microesferas  mag-
néticas para  la  separación  de  las  EEV  del  plasma  de  sujetos  control  (G1),  con  aterosclerosis
subclínica  (G2)  y  con  enfermedad  arterial  periférica  (G3),  y  modificamos  un  método  de  RNASeq
para su  análisis  transcriptómico  (n  =  5/grupo).  Comparamos  el  transcriptoma  de  las  EEV  plas-
máticas con  el  de  células  endoteliales  de  aorta  humana  (TeloHAEC)  e  identificamos  genes
diferencialmente  expresados  (DEG)  entre  los  grupos  de  pacientes,  incluyendo  UCP2,  validado
en EV  plasmáticas  (qPCR)  e  in  vitro,  en  TeloHAECs  tratadas  con  IL-1�,  TNF-�,  oxLDL  e  hipoxia.
Resultados:  El  RNASeq  de  las  EEV  plasmáticas  detectó  1.667  genes  enriquecidos  en  transcritos
expresados  por  las  TeloHAECs  (NES:  1,93,  ajuste  p  =  1,4e−73).  Se  identificaron  170  DEG  entre  los
grupos G2  vs.  G1  y  180  entre  G3  vs.  G1,  de  los  cuales  17  se  expresaron  de  forma  similar  en  G2  y
G3 vs.  control,  incluyendo  UCP2.  El  tratamiento  con  IL-1�  y  TNF-�  (10  ng/ml,  p  <  0,05),  hipoxia
(1% O2,  p  =  0,05)  y  oxLDL  (100  �g/ml,  p  =  0,055)  redujo  la  expresión  de  UCP2  en  las  TeloHAEC.
Conclusiones:  Hemos  puesto  a  punto  un  protocolo  para  la  separación  y  la  secuenciación  de  EEV
que podría  ser  útil  para  la  identificación  de  marcadores  tempranos  de  disfunción  endotelial  en
aterosclerosis.
© 2024  Los  Autores.  Publicado  por  Elsevier  España,  S.L.U.  a  nombre  de  Sociedad  Española
de Arteriosclerosis.  Este  es  un  art́ıculo  Open  Access  bajo  la  CC  BY-NC-ND  licencia  (http://
creativecommons.org/licencias/by-nc-nd/4.0/).
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ardiovascular  diseases  (CVDs)  are  the  leading  cause  of  mor-
idity  and  mortality  in  developed  countries,  contributing
o  17.3  million  deaths  per  year  worldwide  with  a  growth
xpectation  beyond  23.6  million  by  2030  due  to  lifestyle
hanges  and  aging.1 Atherosclerosis,  the  main  aetiology
ehind  CVDs,  begins  early  in  life  affecting  large  and  medium
ize  arteries.  It  progresses  silently  from  its  subclinical  form
o  clinical  symptoms  according  to  genetic  factors  and  to  the
xposure  to  environmental  elements,  increasing  the  risk  of
schemic  complications  and  death.1---4 The  timely  recognition
f  subclinical  atherosclerosis  might  slow  down  its  progres-

ion  and  delay  the  development  of  associated  CVDs.  In  this
egard,  the  study  of  the  endothelial  monolayer,  the  first
o  be  activated  in  response  to  inflammatory  and  athero-
enic  stimuli,5 could  give  invaluable  insights  into  the  arterial

c
p
c
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hanges  related  to  this  process.  However,  its  inaccessibility
nd  diffuse  nature  hinders  this  possibility.  In  this  context,
xtracellular  vesicles  (EVs)  might  represent  an  opportunity
o  study  endothelial  cells  (ECs).6

EVs  are  lipid  nanoparticles  released  into  the  bloodstream
y  all  cell  types,  including  ECs,  carrying  nucleic  acids  (DNA,
RNA,  microRNA),  proteins  and  lipids  from  the  cells  of  ori-

in.  Their  cargo  is  specific  to  the  stimulus  triggering  their
ormation  and  release,  and  it  is  protected  by  the  lipid
ilayer  from  degradation  by  the  nucleases  and  the  pro-
einases  present  in  body  fluids.7 EVs  have  been  proposed
s  fundamental  components  of  liquid  biopsy,  participating
n  the  crosstalk  between  vascular  and  circulating  cells,  in
ell  to  cell  communication  processes,  and  as  biomarkers  of

ellular  activation.6 Additionally,  EVs  directly  shed  from  the
lasma  membrane,  or  microvesicles,  can  bring  markers  spe-
ific  to  the  parental  cell,  enabling  their  categorization  by
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ellular  origin.8 Based  on  the  latter,  the  separation  of  cir-
ulating  EVs  of  endothelial  origin  (EEVs)  would  constitute  a
on-invasive  opportunity  to  study  their  content  in  different
athophysiological  conditions.

We  hypothesize  that  the  molecular  study  of  circulat-
ng  EEVs  will  lead  to  the  identification  of  early  biomarkers
f  atherosclerosis  and  potential  therapeutic  targets.  To
est  our  hypothesis,  first,  we  adapted  an  immunocapture
rotocol  for  EEVs  based  on  magnetic  beads.9 Second,  we
odified  an  ultra-low  input  RNASeq  method  for  the  tran-

criptomic  analysis,  and  third,  we  applied  these  methods  to
lood  samples  of:  controls  without  atherosclerosis  (group  1),
ubclinical  atherosclerosis  subjects  (group  2),  and  patients
ith  symptomatic  lower  extremity  peripheral  artery  dis-
ase  (PAD,  group  3).  Finally,  we  studied  the  expression  of

 selected  candidate  gene  in  ECs  subjected  to  proinflamma-
ory  and  atherogenic  stimuli  in  vitro.

aterials and methods

linical  samples

ontrol  (G1,  n  =  12)  and  subclinical  atherosclerosis  subjects
G2,  subclinical  atherosclerosis  in  more  than  two  arterial
eds,  n  =  12)  were  selected  from  de  Lipid  Unit  of  the  Hospi-
al  Universitario  Miguel  Servet,  Zaragoza,  Spain.10 Patients
ith  symptomatic  lower  extremity  PAD  (G3,  n  =  12)  were
nrolled  at  the  vascular  surgery  department  of  the  Hospital
niversitario  de  Navarra,  Spain.11 The  demographic  and  clin-

cal  parameters  of  these  subjects  are  listed  in  Supplemental
able  1.

As  previously  described,12 blood  collected  in  citrated
ubes  (VACUETTE  tube  3.5  mL  9NC  Coagulation  sodium  cit-
ate  3.2%,  Greiner  Bio-one)  was  centrifuged  at  1800  g  for
5  min  at  4 ◦C  (swinging  bucket  rotor,  model  SX4250,  Alle-
ra  X-22  centrifuge,  Beckman  Coulter)  to  obtained  platelet
ich  plasma,  that  was  then  centrifuged  (fixed  angle  rotor,
adius  92  mm,  Mikro  22R,  Hettich  Zentrifugen)  at  14,000  g
or  2  min  to  obtain  platelet-free  plasma  (PFP),  which
as  frozen  at  −80 ◦C.  No  purity  assessment  of  PFP  was
erformed.

The  study  was  approved  by  the  Institutional  Review
oards  of  the  CEICA  (3.0.20/2017)  and  the  CEI  (2021.197)
ccording  to  the  standards  of  the  Declaration  of  Helsinki
n  medical  research,  and  written  informed  consent  was
btained  from  all  patients  who  were  enrolled  in  this
tudy.

ndothelial  cell  culture

ndothelial  EVs  separation
mmortalized  human  aortic  endothelial  cells  (TeloHAEC,
TCC® CRL-4052TM)  were  grown  in  175  cm2 flasks  in  com-
lete  medium  [vascular  cell  basal  medium  (PCS-100-030,
TCC  primary  cell  solution)  supplemented  with  the  endothe-
ial  cell  growth  kit-VEGF  (PCS-100-041,  ATCC  primary  cell
olution)  and  1%  penicillin/streptomycin  (PS,  100  U/mL  and

00  �g/mL  respectively,  Sigma-Aldrich)]  at  37 ◦C  in  5%  CO2

ntil  confluency.  Confluent  cells  were  washed  and  changed
o  serum  free  medium  (human  endothelial  SFM,  11111-044,
ibco;  100  nM  P/S  at  37 ◦C  in  5%  CO2)  in  the  absence  or
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resence  of  5  ng/mL  recombinant  human  TNF� (Merck)  for
4  h.  The  conditioned  medium  was  collected  and  centrifuged
wice  to  eliminate  cellular  debris  (1×  300  g,  5  min  at  4 ◦C,
ollowed  by  2500  g,  10  min  at  4 ◦C)  and  stored  at  −20 ◦C  for
Vs  separation  (TeloHAEC-EVs  and  TeloHAEC-TNF�-EVs).

NASeq
 ×  105 TeloHAEC/well  were  seeded  on  6 well/plates  in
omplete  medium  until  confluence.  Confluent  cells  were
hanged  to  serum  free  medium  for  16  h  and  collected  in
ysis  buffer  (1.1  �L  Phusion® HF  Buffer  5X  (NEB),  27.5  �L
roteinase  K  (20  mg/mL,  Thermo  Fisher  Scientific),  1.1  �L
NaseIN  (Promega),  4.4  �L 10%  Triton  X100  (ThermoFisher),
p  to  440  �L  RNase  free  H2O  (Invitrogen))  for  RNASeq  anal-
sis.

ene  expression  analysis
ixty-five  thousand  TeloHAECs/well  were  seeded  on
4  well/plates  in  complete  medium  until  confluency,
hanged  to  SFM  for  16  h  and  stimulated  with  10  ng/mL
L-1�  (IL038,  Millipore),  10  ng/mL  TNF� (GF023,  Millipore),
00  �g/mL  oxidized-LDL  (LDLO13-N-1,  Alpha  Diagnostic
nternational)  or  hypoxia  (1%  O2).  Cells  were  harvested  in
00  �L  of  homogenization  buffer  (Maxwell  RSC  simplyRNA
issue  kit,  Promega)  at  baseline,  6,  12  and  24  h  after
timulation  and  stored  at  −80 ◦C  for  RNA  isolation.

low  cytometry

 ×  105 TeloHAECs  were  stained  with  a  PE  anti-CD146
ntibody  (1:70  dilution,  #5050-B100T,  Biocytex)  in  100  �L
f  FACS  buffer  (5%  FBS,  2 mM  EDTA  in  PBS)  for  20  min
t  RT.  One  milliliter  of  FACS  buffer  was  added  and
ells  were  centrifuged  at  400  g  for  5  min.  The  cellu-
ar  pellet  was  resuspended  in  200  �L  of  FACS  buffer
or  flow  cytometry  (CytoFlex,  Beckman  coulter).  Results
ere  analysed  with  CytExpert  2.5  software  (Beckman
oulter).

eloHAEC-EVs  and  total  plasma  EVs  separation
y centrifugation

orty  milliliters  of  conditioned  medium  from  TeloHAECs  or
00  �L  of  PFP  were  thawed  at  RT  and  centrifuged  at  20,000  g
or  70  min  at  4 ◦C  (ROTOR  30.50  Ti,  Avanti  J-30I  centrifuge,
eckman  Coulter  for  conditioned  medium,  and  Mikro  22R,
ettich  Zentrifugen  for  PFP).  The  obtained  EVs  pellet  was
ashed  in  1  mL  of  wash  buffer  (10  mM  HEPES,  0.9%  NaCl,
H  =  7.4,  filtered  twice  through  0.22  �m  filters)  and  cen-
rifuged  (Mikro  22R,  Hettich  Zentrifugen)  at  20,000  g  for
0  min  at  4 ◦C.  Resulting  pelleted  EVs  were  resuspended  in
ash  buffer  (100  �L for  TeloHAEC-EVs  and  50  �L  for  PFP-EVs)
nd  stored  at  −80 ◦C.

Vs  characterization
FSE  staining  and  flow  cytometry
hirty  microlitres  of  isolated  TeloHAEC-EVs  were  stained
ith  carboxyfluorescein  N-succinimidyl  ester  (CFSE,  Sigma)

o  a  final  concentration  of  200  �M  for  30  min  at  37 ◦C.
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o  remove  the  unbound  dye,  500  �L  of  2%  BSA  in  wash
uffer  was  added  and  samples  centrifuged  70  min  at
0,000  g  (Mikro  22R,  Hettich  Zentrifugen).  The  resulting  pel-
et  was  resuspended  in  50  �L wash  buffer  and  stored  at
80 ◦C.  25  �L  of  CFSE+  and  CFSE− (unstained)  TeloHAEC-EVs
ere  used  for  flow  cytometry  on  a  Cytoflex  cytome-

er  (Beckman  Coulter).  The  gating  strategy  was  defined
ith  calibrated  polystyrene  beads  of  0.25,  0.58,  0.79
nd  1.34  �m  (Spherotech)  using  the  violet  side  scatter
Violet-SSC)  against  the  regular  SSC  (488  nm)  to  trigger

 signal  to  discriminate  the  noise,  resulting  in  higher
article  resolution  compared  to  the  forward  side  scatter
FSC).  Results  were  analysed  with  CytExpert  2.5  software
Beckman  Coulter).

ano  particle  tracking  analysis  (NTA)
eloHAEC-EVs  size  distribution  was  measured  by  NTA  (n  =  4)
ollowing  the  manufacturer’s  instructions  (NanoSight  NS300,
alvern  Instruments  Limited).

estern  blot
o  assess  EVs  protein  markers,  20  �L  of  isolated  TeloHAEC-
Vs  were  lysed  by  thermal  shock  (3×  37 ◦C-liquid
2),  separated  by  SDS-PAGE  (4---20%  Mini-PROTEAN  TGX
tain-Free,  Bio-Rad)  and  transferred  onto  nitrocellulose
embrane  (iBLOT,  Invitrogen,  ThermoFisher).  Blots  were

ncubated  overnight  with  primary  antibodies:  Alix  (3A9)
ouse  monoclonal  antibody  (1:1000,  2171Cell  Signal-

ng  Bioscience),  EMMPRIN  (1  �g/mL  mouse  monoclonal
nti-human  EMMPRIN/CD147,  clone  IT10C5,  Immunotools)
ollowed  by  1  h  incubation  with  required  peroxidase-
onjugated  secondary  antibodies.  Peroxidase  activity  was
etected  with  a  chemiluminescent  substrate  (TMA-6,  Lumi-
en)  and  images  acquired  with  Chemidoc  MP  Imaging
ystem  (Bio-Rad).  Loading  was  verified  using  the  stain-free
el  images  generated  with  Chemidoc  MP  Imaging  system
Bio-Rad).

eparation  of  plasma  endothelial  EVs  (EEVs)
y indirect  immunocapture

he  protocol  for  immunocapture  of  EEVs  is  a  modification
f  the  method  described  by  Cointe  et  al.9 Briefly,  25  �L
f  CFSE+  TeloHAEC-EVs  or  400  �L  of  CFSE  stained  (200  �M
FSE,  30  min  at  37 ◦C)  or  unstained  PFP  were  incubated
vernight  with  an  anti-CD146  antibody  (1:70  dilution,  #5050-
100T,  Biocytex)  in  up  to  500  �L  of  isolation  buffer  (IB:  Ca2+

nd  Mg2+ free  PBS,  0.1%  BSA,  2  mM  EDTA,  pH  7.4)  at  4 ◦C
ith  rotation.  Prior  to  capture,  20  �L  of  immunomagnetic
eads  (Dynabeads® Goat  anti-Mouse  IgG,  11033,  Invitrogen)
ere  washed  three  times  in  500  �L  IB.  Washed  immunomag-
etic  beads  were  resuspended  in  500  �L  of  IB,  added  to
he  PFP  +  anti-CD146  mix  and  incubated  1  h  at  RT  with  rota-
ion.  After  incubation,  EVs-antibody-beads  complexes  were
ecovered  with  a  magnet  and  resuspended  in  IB  for  confocal

icroscopy,  or  in  lysis  buffer  (1.1  �L  Phusion® HF  Buffer  5X,

7.5  �L  Proteinase  K  (20  mg/mL,  1.1  �L  RNaseIN,  4.4  �L  10%
riton  X100,  up  to  440  �L  RNase  free  H2O)  for  RNASeq  library
reparation.
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onfocal  microscopy  of  EEVs-beads
mmunocomplexes

onfocal  microscopy
en  microlitres  of  beads-EEVs  complexes  (5  ×  104 beads)
ere  added  to  5  mm  diameter  chambers  (�-Slide  18  Well-
lat,  Ref.  81826,  Ibidi)  and  covered  with  10  �L  1.6%
gar-Agar  (Scharlau).  Samples  were  visualized  with  a  LSM
80  NLO  confocal  microscope  (Zeiss).

ibrary  preparation  for  RNA  sequencing
nd  bioinformatic  analysis

equencing  libraries  were  obtained  following  the  molec-
lar  crowding  single-cell  RNA  barcoding  and  sequencing
mcSCRBseq)  method  of  Bagnoli  et  al.  with  minor
odifications.13 Briefly,  samples  were  mixed  with  5  �L  of

ysis  buffer  and  incubated  on  ice  10  min,  then  at  50 ◦C
0  min,  and  at  80 ◦C  10  min.  RNA  was  then  captured  with
NA  XP  beads  and  annealed  to  a  custom  primer  containing  a
oly-(T)  tract,  a unique  molecule  identifier  (UMI),  and  a  sam-
le  barcode.  Retrotranscription  using  template-switching
ligonucleotides  (TSO)  was  then  used  to  synthetize  and
mplify  3′UTR  enriched  cDNA,  resulting  in  barcoded  cDNA
ragments.  Library  preparation  was  performed  using  the
extera  XT  library  preparation  protocol  which  introduces

5-P5  and  i7-P7  structure  for  massive  parallel  sequencing.
uality  control  was  performed  following  pre-amplification
T  and  library  preparation  to  ensure  quality  and  length  accu-
acy,  as  well  as  to  equilibrate  sample  pooling.  Libraries  were
hen  sequenced  using  a  NextSeq2000  sequencer  (Illumina).
ifty  million  pair-end  reads  were  sequenced  for  each  sam-
le.  EEVs  RNASeq  data  have  been  submitted  to  NCBI  GEO
epository,  study  number  GSE268116.

ioinformatics  analysis
he  analysis  of  the  transcriptome  was  performed  as
reviously  reported.12 Briefly,  quality  of  the  data  was
valuated  with  FastQC  software  and  the  reads  were
rocessed  with  Trimmomatic.14 The  resulting  reads  were
ligned  with  STAR15 using  GRCh38  human  assembly  and
encode  v38  as  genome  annotation  reference.16 Then,
uplicated  reads  were  removed  applying  UMI-tools  dedup
unction.17 Finally,  expression  levels  were  calculated  using
eatureCounts.18 The  obtained  gene  expression  data  was
ormalized  using  the  analysis  pipeline  available  in  LIMMA
ackage  (TMM  normalization  and  logCPM  calculation  using
oom  method).19,20 After  quality  assessment  and  outlier
etection  with  R/Bioconductor,21 a  filtering  process  was
erformed.  Genes  with  read  counts  lower  than  six  in  more
han  the  50%  of  all  the  studied  conditions  were  filtered
ut.  LIMMA  was  used  to  identify  the  genes  with  significant
ifferential  expression,  considering  the  age  and  sex  of  each
atient  in  the  linear  model.  The  selection  of  differentially
xpressed  genes  was  based  on  a  p-value  cut  off,  and
urther  functional  and  clustering  analyses  and  graphical
epresentations  were  performed  using  R/Bioconductor.

ene-set  enrichment  analysis  (GSEA)  was  conducted  using
dGSA  R  package  to  compared  the  molecular  profile  of  EEVs
ith  the  mRNA  content  of  TeoHAECs,  and  with  endothe-

ial  dataset  obtained  from  the  gene  expression  omnibus
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GEO)  database  (GSE163827  and  GSE138628).  Moreover,  a
ypergeometric  test  was  performed  to  assess  the  overlap
etween  the  mRNA  content  of  EEVs  and  the  molecular  pro-
le  categorized  as  endothelium-specific  in  the  protein  atlas
https://www.proteinatlas.org/humanproteome/celltype
vascular+cells#endothelialcells).

etrotranscription  and  quantitative  PCR  (RT-qPCR)

eloHAECs
otal  RNA  from  cell  lysates  was  extracted  using  the  semi-
utomated  Maxwell  RSC  simplyRNA  tissue  kit  (Promega)
ollowing  the  manufacturer’s  instructions.  One  microgram
f  total  RNA  was  reverse  transcribed  with  random  primers
nd  Moloney  murine  leukemia  virus  reverse  transcriptase
Thermo  Fisher  Scientific).  Quantitative  polymerase  chain
eactions  (qPCRs)  were  performed  on  a  QuantStudio  5  Real-
ime  PCR  System  (Thermo  Fisher  Scientific)  using  gene
xpression  assay  for  UCP2  (Hs01075227  m1,  Life  technolo-
ies)  and  GAPDH  (Hs.PT.39a.22214836,  IDT)  as  housekeeping
ene.

nsorted  (total)  plasma  EVs
rior  to  RNA  isolation,  EVs  underwent  a  pre-treatment  with
roteinase/RNase  to  eliminate  co-precipitated  free  RNA.
riefly,  100  �L of  isolated  EVs  were  incubated  with  3.5  ng/�L
roteinase  K  (Thermo  Fisher  Scientific)  for  10  min  at  37 ◦C.
he  reaction  was  stopped  by  the  incubation  of  the  mix
ith  17.6  �M  of  Proteinase  K  inhibitor  (Merk)  for  10  min  at
T.  Then,  1  ng/�L RNase  A  (Thermo  Fisher  Scientific)  was
dded  and  samples  incubated  20  min  at  37 ◦C.  The  reac-
ion  was  stopped  by  the  addition  of  1.5  U/�L  RNaseOUT
Thermo  Fisher  Scientific)  for  5  min  at  RT.  RNA  from  EVs
as  isolated  with  the  ReliaPrep  RNA  Tissue  Miniprep  System

Z6111,  Promega)  following  the  manufacturer’s  instruction,
luted  in  20  �L  of  RNase  free  water  and  stored  at  −80 ◦C.
ne  step  RT-qPCR  reaction  was  performed  for  multiple
ranscript  with  the  TaqPath  1-Step  Multiplex  Master  Mix
Applied  Biosystems)  on  a  QuantStudio  5  Real-Time  PCR  Sys-
em  (Thermo  Fisher  Scientific)  using  gene  expression  assay
or  UCP2  (Hs01075227  m1,  Life  technologies)  and  GAPDH
VIC,  NM  002046,  IDT).

tatistical  analysis

he  results  of  the  in  vitro  experiments  are  presented  as
edian  and  interquartile  range  (IQR).  Differences  between
ore  than  two  groups  were  assessed  by  Kruskal---Wallis  fol-

owed  by  Mann---Whitney  U  test.  Statistical  significance  was
stablished  as  p  <  0.05.  The  statistical  analysis  was  per-
ormed  with  SPSS  version  15.

esults

EVs  are  immunocaptured  by  magnetic  beads
rior  to  set  up  the  experimental  conditions  for  EEVs  immuno-
apture,  we  performed  flow  cytometry  on  immortalized
uman  aortic  endothelial  cells  (TeloHAEC)  to  test  the  anti-
D146  antibody,  observing  100%  of  immunolabelling  by  this
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echnique  (Fig.  1A).  To  check  whether  the  immunoreactivity
f  the  antibody  was  maintained  in  EVs,  we  obtained  EVs  from
onditioned  medium  of  TeloHAECs  and  characterized  them
y  NTA,  western  blot  and  flow  cytometry.  TeloHAEC-EVs  pre-
ented  a  mean  size  of  121  ±  2  nm,  carried  the  EVs  markers
lix  and  EMMPRIN,  and  were  able  to  uptake  and  process  the
FSE  dye  (Fig.  1B---D).  Moreover,  68%  of  TeloHAEC-EVs  were
ositive  for  CD146  by  flow  cytometry  (Fig.  1D),  indicating
he  presence  of  the  CD146  antigen  on  their  surface.

According  to  these  results,  we  proceeded  to  set  up  the
onditions  for  endothelial  EVs  separation  modifying  the  pro-
ocol  by  Cointe  et  al.,9 using  the  anti-CD146  antibody.  As
hown  in  Fig.  2A,  first,  we  set  up  the  immunocapture  pro-
ocol  with  TeloHAEC-EVs  obtained  from  control  or  TNF�
timulated  cells,  observing  their  binding  to  immunomagnetic
eads  by  confocal  microscopy,  and  second,  we  applied  this
ethod  to  CFSE-stained  human  platelet-free  plasma  (PFP),
etecting  EEVs  aggregates  bound  to  beads  (Fig.  2B)  which
nsures  the  utility  of  this  technique  for  EEVs  separation.

irculating  EEVs  display  endothelial  cell  gene
rofile

n  order  to  determine  the  transcriptional  content  of  EEVs,
e  applied  the  endothelial  EVs  separation  protocol  to
5  PFP  samples  followed  by  RNASeq.  We  included  healthy
ubjects  (mean  age  57  years,  60%  male,  group  1,  n  =  5),  sub-
ects  with  subclinical  atherosclerosis  in  ≥2  vascular  beds
mean  age  56  years,  60%  male,  group  2,  n  =  5),  and  patients
ith  symptomatic  peripheral  artery  disease  (mean  age  66
ears,  60%  male,  group  3,  n  =  5).

Gene  expression  analysis  by  RNASeq  detected  1667  tran-
cripts  in  EEVs  (Fig.  3A).  Data  were  analysed  to  understand
hether  EEVs  transcriptional  cargo  overlapped  with  that
f  ECs.  As  such,  we  compared  the  mRNA  content  of  EEVs
ith  that  of  unstimulated  TeloHAECs  in  culture.  As  shown

n  Fig.  3A,  more  than  80%  of  the  transcripts  present  in
EVs  were  expressed  in  TeloHAECs  (p  <  0.001).  Moreover,
ene-set  enrichment  analysis  (GSEA)  showed  a  positive  cor-
elation  between  the  expression  profile  of  those  overlapping
EVs  transcripts  and  the  ranked  list  of  genes  for  TeloHAECs
Fig.  3B).  Similar  results  were  obtained  when  performing
SEA  analysis  with  endothelial  datasets  obtained  from  the
ene  expression  omnibus  (GEO)  database  (GSE163827  and
SE138628,  Supplemental  Fig.  1).  Finally,  a  hypergeometric
est  was  run  to  assess  the  association  between  the  mRNA
ontent  of  EEVs  and  the  molecular  profile  categorized  as
ndothelium-specific  in  the  protein  atlas  containing  331  can-
idates,  identifying  a  significant  coincidence  in  15  common
enes  (SNAI1, PCDH17,  GIMAP4, COL15A1,  SPARC, TCF4,
NG11,  HIF3A, ADAMTS4,  SULT1C4,  PLEKHG1,  FAM107A,
LSCR4,  NPR1, HOXD1) supporting  the  endothelial  nature  of
he  immunocaptured  EVs  (Fig.  3C,  p  =  0.047).

ene  expression  profile  of  EEVs  in  control
nd atherosclerotic  patients
e  then  performed  differential  gene  expression  analyses  to
etermine  changes  in  the  EEVs  mRNA  profile  of  the  studied
atient  subgroups.

https://www.proteinatlas.org/humanproteome/celltype/vascular+cells#endothelialcells
https://www.proteinatlas.org/humanproteome/celltype/vascular+cells#endothelialcells
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Figure  1  Flow  cytometry  for  anti-CD146  antibody  on  immortalized  human  aortic  endothelial  cells  (TeloHAECs)  and  their  derived
EVs. (A)  Left  panel:  gating  strategy  for  TeloHAECs.  Right  panel:  representative  dot-blot  for  unstained  (red)  and  CD146  +  TeloHAECs
(green). (B)  Representative  NTA  analysis  for  TeloHAEC-EVs.  (C)  Western  blot  for  the  EVs  markers  EMMPRIN  (≈55  kDa)  and  Alix
(≈95 kDa)  on  TeloHAEC-EVs.  MW:  molecular  weight.  (D)  Flow  cytometry  analysis  of  EVs.  Left  panel:  EVs  were  detected  using  the
violet side  scatter  (Violet-SSC)  against  the  regular  SSC.  The  working  gate  (violet  discontinuous  line)  was  defined  with  calibrated
beads of  0.25---1.34  �m.  Middle  panel:  representative  dot-plot  of  gated  unstained  (red)  and  CFSE  +  TeloHAEC-EVs  (FITC+,  green).
Right panel:  gated  unstained  TeloHAEC-EVs  (in  red)  and  CD146  +  TeloHAEC-EVs  (PE+,  green).
6
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Figure  2  Endothelial  extracellular  vesicles  (EEVs)  immunocapture  in  vitro  and  in  vivo. (A)  TeloHAEC-EVs  were  obtained  by  cen-
trifugation (20,000  ×  g,  70  min)  of  control  or  TNF�  stimulated  TeloHAECs  conditioned  medium  (CM).  After  CFSE  staining,  CFSE
positive TeloHAEC-EVs  or  TeloHAEC-TNF�-EVs  (in  green)  were  incubated  overnight  with  the  anti-CD146  antibody,  followed  by  con-
jugation with  immunomagnetic  beads  (in  red).  The  EVs-anti-CD146-beads  complexes  were  pool  down  with  a  magnet  and  taken  for
confocal microscopy.  On  the  upper  right-hand  panel,  a  representative  image  of  immunomagnetic  beads  (reddish  background)  alone
or and  bound  to  aggregates  of  TeloHAEC-EVs  (green).  On  the  lower  right-hand  panel,  the  immune-binding  of  TeloHAEC-TNF�-EVs.
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B) Immunomagnetic  separation  of  EEVs  from  platelet-free  plas
nti-CD146 antibody  and  then  conjugated  to  immunomagnetic  b
ith a  magnet  and  visualized  by  confocal  microscopy.  Scale  bar

The  subclinical  atherosclerosis  group  (G2)  presented  a
ifferential  expression  of  177  transcripts  compared  with
1  control  (Fig.  4A),  related  to  myeloid  cell  homeostasis,

ibonucleoprotein  biology,  mitochondrial  transport  or  coag-
lation  (Fig.  4B).  EEVs  of  PAD  patients  presented  188  DEG
ompared  with  controls  (Fig.  4C),  that  were  associated  to
rotein  translation  processes,  response  to  oxidative  stress,
ellular  homeostasis  or  apoptosis  (Fig.  4D).

Interestingly,  17  transcripts  were  found  similarly  deregu-
ated  in  G2  and  G3  EEVs  as  compared  with  G1  (Fig.  5A  and  B).
ene  ontology  analysis  for  these  17  genes  identified  them  as

elated  to  organelle  assembly,  mitochondrial  transport,  the
esponse  to  glucose  stimulus,  cell  division,  etc.  (Fig.  5C).

CP2  expression  in  circulating  EVs  and  in  ECs
n vitro

mong  the  differentially  expressed  genes,  the  transcript
ncoding  for  the  Uncoupling  Protein  2  (UCP2),  an  inner  mito-
hondrial  membrane  protein  with  antioxidant  activity  and
ssociated  to  atherosclerosis  development  in  vivo,22 dis-

layed  a  comparable  downregulation  in  G2  and  G3  EEVs
Fig.  5D),  and  was  selected  for  validation.

To  corroborate  the  expression  of  UCP2  mRNA  in  EVs,
e  obtained  total  EVs  by  centrifugation  of  PFP  of
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PFP)  stained  with  CFSE.  PFP  was  incubated  overnight  with  the
.  The  CFSE  +  EVs-anti-CD146-beads  complexes  were  pool  down

otes  10  �m.

ndependent  subjects/patients  belonging  to  the  same  groups
n  =  7/group).  By  RT-qPCR,  we  were  able  to  detect  the  UCP2
ranscript  in  62%  of  the  tested  EVs  samples  (13  out  of  21)  ren-
ering  a  mean  ±  SD  Ct  value  of  36.85  ±  1.24.  When  dividing
he  samples  by  clinical  characteristics,  UCP2  was  detected
n  43%  of  control  (G1)  and  PAD  (G3)  samples  (3  out  of  7
n  each  group),  and  on  100%  of  subclinical  atherosclero-
is  EVs  (G2),  with  a  mean  ±  SD  Ct  value  of  36.38  ±  1.03  for
ontrols  (n  =  3),  36.60  ±  1.39  for  subclinical  atherosclerosis
n  =  7)  and  37.92  ±  0.22  for  PAD  (n  =  3,  Fig.  5E).

Next,  we  performed  in  vitro  experiments  to  assess  the
xpression  of  UCP2  in  ECs  before  and  after  stimulation
ith  proinflammatory  and  atherogenic  stimuli  (TNF�, IL-1�,
xLDL  and  hypoxia).  As  shown  in  Fig.  6A  and  B,  UCP2  mRNA
radually  decreased  after  TNF� and  IL-1� treatment  being
ignificantly  lowest  at  12  h  (Fig.  6A  and  B,  p <  0.01).  A  similar
rend  was  observed  for  oxLDL  stimulation  and  hypoxia  expo-
ure,  rendering  lower  levels  of  UCP2  mRNA  at  24  h  (Fig.  6C
nd  D).

iscussion
n  the  current  study,  we  set  up  a  protocol  for  the  sep-
ration  and  RNA  sequencing  of  EEVs,  and  used  in  vitro
odels  and  human  plasma  to  test  its  applicability.  The
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Figure  3  The  transcriptional  profile  of  EEVs  overlapped  with  that  of  endothelial  cells.  (A)  Venn  diagram  showing  the  overlap
between the  transcriptional  profile  of  TeloHAECs  and  EEVs.  (B)  Gene-set  enrichment  analysis  (GSEA)  of  TeloHAECs.  The  curve
displays the  running  enrichment  score  (ES)  of  EEVs  relative  to  the  ranked  list  of  genes  in  TeloHAECs.  The  vertical  lines  in  the  middle
of the  figure  mark  the  position  of  the  corresponding  genes  in  the  ranked  list.  Genes  on  the  left  of  this  figure  present  a  positive
correlation with  the  expression  in  TeloHAECs  (log-fold  change).  The  normalized  enrichment  score  (NES)  quantifies  the  enrichment
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f genes  in  EEVs  relative  to  the  ranked  list  of  genes  in  TeloHAE
he coincident  genes  between  the  endothelial  signature  defined

uccessful  RNA  sequencing  of  EEVs  encouraged  us  to  per-
ormed  a  differential  expression  analysis  among  the  study
roups  (control,  subclinical  atherosclerosis  and  PAD),  and
he  posterior  in  vitro  validation  of  one  of  the  downregu-
ated  genes  in  atherosclerosis,  UCP2.  Our  in  vitro  and  in  vivo
esults,  even  if  preliminary,  point  towards  a  potential  util-
ty  of  the  developed  methodology  for  the  endothelial  liquid
iopsy.

EVs  are  released  to  the  circulation  by  all  vascular  cells,
nd  their  content  reflects  their  activation  state,  postulat-
ng  them  as  important  components  of  the  liquid  biopsy.23 In
his  regard,  the  transcriptomic  analysis  of  circulating  EEVs
endothelial  liquid  biopsy)  might  represent  a  novel  and  valu-
ble  method  for  the  study  of  the  molecular  changes  induced
y  the  atherogenic  process  in  the  endothelial  monolayer.  To
nswer  this  need,  we  set  up  the  experimental  conditions
or  EEVs  separation  adapting  a  protocol  of  EVs  immunocap-
ure  described  by  Cointe  et  al.,9 using  an  antibody  against
D146.  The  CD146  antigen  is  a  transmembrane  adhesion
olecule  mainly,  but  not  solely,  expressed  by  ECs,  that  has

een  shown  to  be  carried  by  EEVs,  and  accordingly  accepted
s  a  marker  of  both  ECs  and  their  derived  EVs.9,24,25 Despite
hese  previous  reports,  the  lack  of  specificity  of  this  anti-
en,  reported  to  be  expressed  also  by  other  cells  types  (e.g.:

c
e
u
w

8

dered  by  log-fold  change  (bottom).  (C)  Venn  diagram  showing
he  protein  atlas  and  EEVs  (p  =  0.047).

pithelial  cells,  smooth  muscle  cells,  mesenchymal  cells  or
ome  tumors  among  other),  lead  us  to  perform  some  experi-
ental  and  bioinformatics  controls.  Likewise,  we  carried  out
ow  cytometry  analysis  with  the  selected  anti-CD146  anti-
ody,  observing  a very  efficient  labelling  of  TeloHAECs  and
heir  derived  EVs.  In  addition,  and  to  further  corroborate
he  validity  of  the  designed  methodology,  once  EEVs  were
eparated  and  sequenced,  we  accomplished  several  bioin-
ormatics  tests  comparing  the  transcriptomic  content  of
EVs  with  that  of  ECs,  either  from  data  obtained  at  the  lab,
r  from  public  datasets.  By  these  analyses  we  observed  a  sig-
ificant  overlap  between  the  transcriptional  content  of  PFP
erived  EEVs  and  ECs  in  culture,  as  well  as  an  enrichment
n  genes  expressed  by  different  ECs  lines.  Moreover,  15  of
he  transcripts  detected  in  EEVs  belonged  to  the  molecular
ignature  identified  as  endothelium-specific  in  the  protein
tlas,  supporting  the  endothelial  nature  of  the  separated
EVs.  In  spite  of  this  promising  results,  considering  the  low
mount  of  EEVs  in  circulation  (5---15%  of  the  total  circulating
Vs  compared  to  other  subtypes,  e.g.:  platelet  or  erythro-

yte  derived,  50---80%  of  all  EVs),12 the  absence  of  some
ndothelial  markers  on  the  surface  of  certain  EEVs  subpop-
lations,  and  the  lack  of  specificity  of  the  CD146  antigen,
e  should  contemplate  the  use  of  other  ECs  markers,  for
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Figure  4  Differential  expression  analysis  of  EEVs  in  control  (G1),  subclinical  atherosclerosis  (G2)  and  PAD  patients  (G3).  (A)  Volcano
plot showing  the  differentially  expressed  genes  (DEG)  of  the  contrasts  performed  by  LimmaVoom  for  G2  vs  G1.  In  green  those  with
a fold-change  (log2FC)  lower  than  −1.5  and  in  red  the  ones  with  log2FC  higher  than  1.5  and  a  p-value  <0.05.  (B)  Gene  ontology
(GO) analysis  for  biological  processes  with  the  177  transcripts  differentially  expressed  in  G2  vs  G1.  (C)  Volcano  plot  for  the  contrasts
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erformed by  LimmaVoom  for  G1  vs  G3  to  identify  DEG.  In  gree
nd a  p-value  <0.05.  (D)  GO  analysis  for  biological  processes  wi

nstance  CD62E  or  CD144,25,26 or  the  combination  of  more
han  one  marker/antibody  to  enhance  the  yield  and  purity
f  the  recovered  EEVs.  Even  though  the  number  of  samples
er  group  was  low  (n  =  5),  the  differential  expression  analysis
f  EEVs  identified  17  genes  as  deregulated  between  control
nd  atherosclerotic  EEVs  (asymptomatic  +  symptomatic  sub-

ects),  suggesting  an  early  and  steady  deregulation  of  those
enes  in  atherosclerosis.  Despite  the  identification  of  this
olecular  signature  with  the  current  experimental  design,
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t

9

se  with  a  log2FC  <−1.5  and  in  red  the  ones  with  a  log2FC  >1.5
e  188  transcripts  differentially  expressed  in  G3  vs  G1.

e  should  expect,  that  increasing  the  cases/group  would
trengthen  the  biological  significance  of  the  data  and  aug-
ent  the  number  of  differentially  expressed  genes  among

he  clinical  groups.
Among  those  17  genes,  UCP2  was  consistently  decreased

n  atherosclerosis  vs  healthy  EEVs  and  was  selected  for  fur-

her  validation.  UCP2  is  an  anion  transporter  protein  of  the
nner  mitochondrial  membrane  with  antioxidant  activity,
hat  reduces  reactive  oxygen  species  (ROS)  accumulation,
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Figure  5  UCP2  expression  is  already  deregulated  in  EVs  of  subclinical  atherosclerosis  subjects.  A)  Venn  diagram  showing  the
number of  DEG  between  G2  (subclinical  atherosclerosis)  and  G1  (control)  on  the  left,  and  between  G3  (peripheral  artery  disease)
and G1  on  the  right.  Seventeen  DGEs  are  common  to  G2  and  G3  vs  G1.  (B)  Hierarchical  clustering  (Euclidean  distance)  and  heatmap
of those  17  DEG  (n  =  5/group).  Samples  are  arranged  in  columns  (G1  blue,  G2  orange,  G3  red)  and  genes  in  rows.  Up-regulated
expression is  shown  in  red  and  downregulated  expression  in  green.  The  heatmap  was  generated  using  counts  per  million  expression
values (CPM,  log2  transformed)  after  adjustment  for  sex  and  age.  (C)  GO  analysis  for  biological  processes  with  the  17  transcripts
differentially  expressed  in  G2  and  G3  vs  G1.  (D)  log2CPMs  for  UCP2  in  EEVs  of  G1,  G2  and  G3  patients  measured  by  RNASeq.  (E)  Ct
values for  UCP2  in  EVs  from  G1,  G2  and  G3  (n  =  7/group).  Undetected  UCP2  transcripts  were  assigned  a  Ct  of  40.
10
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Figure  6  Gene  expression  of  UCP2  on  endothelial  cells  in  response  to  proinflammatory  and  atherogenic  stimuli  in  vitro.  (A
and B)  TeloHAECs  UCP2  mRNA  levels  were  significantly  downregulated  12  h  after  stimulation  with  either  10  ng/mL  TNF�  (A)  or
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has  received  50%  co-financed  aid  from  the  European  Regional
Development  Fund  through  the  ERDF  2014-2020  Opera-
tional  Program  of  Navarra.  This  research  was  supported  by
0 ng/mL  IL-1�  (B)  (n  =  6/condition).  (C  and  D)  Endothelial  UCP2
n =  6/condition)  and  in  hypoxia  (1%  O2)  (n  =  3/condition).

aintains  the  integrity  of  the  mitochondria,  and  protects
embrane  lipids,  proteins  and  DNA  from  damage,  preserv-

ng  cellular  health.22 We  were  able  to  corroborate  UCP2
xpression  by  conventional  retrotranscription  and  qPCR  in
nsorted  plasma  EVs  of  the  same  clinical  groups  in  spite
f  the  scarce  quantity  of  mRNA  within  EVs,  and  in  vitro,
he  stimulation  of  ECs  with  proinflammatory  (TNF�, Il-
�),  and  atherogenic  stimuli  (oxLDL  and  hypoxia)  resulted
n  a  reduction  of  UCP2  expression.  Our  results  support
revious  observations  relating  a  decrease  in  UCP2,  with
ardiovascular  pathologies  and  endothelial  dysfunction.27,28

n  atherosclerotic  mice,  the  reduction  of  UCP2  activity
r  its  deficiency  was  associated  with  a  greater  number
f  plaques  with  a  more  unstable  phenotype29,30 and  in
umans,  the  −866  G/A  polymorphism  in  the  promoter  of
he  gene  was  associated  with  subclinical  atherosclerosis.31,32

ur  data  support  a  protective  role  of  UCP2  in  atheroscle-
osis,  although  more  extensive  studies  should  be  design  to
nravel  the  mechanism  leading  to  UCP2  deregulation  during

rterial  remodelling. C

11
ession  was  reduced  24  h  after  treatment  with  100  �g/mL  oxLDL

onclusions

ur  results  suggest  a  potential  utility  of  the  methods
escribed  in  this  paper  for  EEVs  transcriptomic  analysis
nd  for  the  identification  of  early  markers  of  endothelial
ysfunction  in  atherosclerosis,  and  indicate  an  early  dereg-
lation  of  UCP2  during  atherogenesis.
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Beca  FEA/SEA  2019  ---  Clínico  Epidemiológica  I);  Project
‘PI21/00622’’,  funded  by  Instituto  de  Salud  Carlos  III  (ISCIII)
nd  co-funded  by  the  European  Union.  The  8-2021  project
IBER  ---  Consorcio  Centro  de  Investigación  Biomédica  en  Red



 IN+Model
A

Cena

-
I
v

C

N

A

W
t
i
t
M
o

A

S
b
1

R

1

1

1

1

1

1

1

1

1

1

2

2

2

2

2

2

ARTICLERTERI-733; No. of Pages 13

G.  Saenz-Pipaon,  A.  

--  Cardiovascular  (CB16/11/00483  and  CB16/11/00451),
nstituto  de  Salud  Carlos  III,  Ministerio  de  Ciencia  e  Inno-
ación.

onflict of interests

one  to  declare.

cknowledgments

e  want  to  particularly  acknowledge  the  patients  and
he  Biobank  of  the  Aragon  Health  System  (PT20/00112)
ntegrated  in  the  Spanish  National  Biobanks  Network  for
heir  collaboration.  We  want  to  thank  Lara  Montori  and
iriam  Belzunce  for  their  technical  assistance  (Laboratory
f  Atherothrombosis,  Cima  Universidad  de  Navarra).

ppendix A. Supplementary data

upplementary  data  associated  with  this  article  can
e  found,  in  the  online  version,  at  https://doi.org/
0.1016/j.arteri.2024.08.003.

eferences

1. Roth GA, Johnson C, Abajobir A, Abd-Allah F, Abera SF, Abyu
G, et al. Global regional, and national burden of cardiovascu-
lar diseases for 10 causes, 1990 to 2015. J Am Coll Cardiol.
2017;70:1---25, http://dx.doi.org/10.1016/j.jacc.2017.04.052.

2. Bray F, Laversanne M, Cao B, Varghese C, Mikkelsen B, Wei-
derpass E, et al. Comparing cancer and cardiovascular disease
trends in 20 middle- or high-income countries 2000---19: a
pointer to national trajectories towards achieving Sustainable
Development goal target 3.4. Cancer Treat Rev. 2021;100,
http://dx.doi.org/10.1016/j.ctrv.2021.102290, 102290.

3. Libby P. The changing landscape of atherosclerosis.
Nature. 2021;592:524---33, http://dx.doi.org/10.1038/
s41586-021-03392-8.

4. Timmis A, Townsend N, Gale CP, Torbica A, Lettino M,
Petersen SE, et al. European society of cardiology: cardio-
vascular disease statistics 2019. Eur Heart J. 2020;41:12---85,
http://dx.doi.org/10.1093/eurheartj/ehz859.

5. Xu S, Ilyas I, Little PJ, Li H, Kamato D, Zheng X,
et al. Endothelial dysfunction in atherosclerotic cardiovascular
diseases and beyond: from mechanism to pharmacothera-
pies. Pharmacol Rev. 2021;73:924---67, http://dx.doi.org/10.
1124/PHARMREV.120.000096.

6. Martin-Ventura JL, Roncal C, Orbe J, Blanco-Colio LM. Role of
extracellular vesicles as potential diagnostic and/or therapeu-
tic biomarkers in chronic cardiovascular diseases. Front Cell Dev
Biol. 2022;10, http://dx.doi.org/10.3389/FCELL.2022.813885,
813885.

7. van Niel G, D’Angelo G, Raposo G. Shedding light on the
cell biology of extracellular vesicles. Nat Rev Mol Cell Biol.
2018;19:213---28, http://dx.doi.org/10.1038/nrm.2017.125.

8. Momen-Heravi F, Getting SJ, Moschos SA. Extracellular
vesicles and their nucleic acids for biomarker discovery.
Pharmacol Ther. 2018;192:170---87, http://dx.doi.org/10.1016/
j.pharmthera.2018.08.002.

9. Cointe S, Harti Souab K, Bouriche T, Vallier L, Boni-

fay A, Judicone C, et al. A new assay to evaluate
microvesicle plasmin generation capacity: validation in dis-
ease with fibrinolysis imbalance. J Extracell Vesicles. 2018;7,
http://dx.doi.org/10.1080/20013078.2018.1494482, 1494482.

2

12
 PRESS
rro,  J.  Zazpe  et  al.

0. Bea AM, Larrea-Sebal A, Marco-Benedi V, Uribe KB,
Galicia-Garcia U, Lamiquiz-Moneo I, et al. Contribution
of APOE genetic variants to dyslipidemia. Arterioscler
Thromb Vasc Biol. 2023;43:1066---77, http://dx.doi.org/10.
1161/ATVBAHA.123.318977.

1. Saenz-Pipaon G, Ravassa S, Larsen KL, Martinez-Aguilar E, Orbe
J, Rodriguez JA, et al. Lipocalin-2 and calprotectin poten-
tial prognosis biomarkers in peripheral arterial disease. Eur
J Vasc Endovasc Surg. 2022;63:648---56, http://dx.doi.org/10.
1016/j.ejvs.2022.01.012.

2. Saenz-Pipaon G, San Martín P, Planell N, Maillo A, Ravassa S,
Vilas-Zornoza A, et al. Functional and transcriptomic analysis of
extracellular vesicles identifies calprotectin as a new prognostic
marker in peripheral arterial disease (PAD). J Extracell Vesicles.
2020;9, http://dx.doi.org/10.1080/20013078.2020.1729646,
1729646.

3. Bagnoli JW,  Ziegenhain C, Janjic A, Wange LE, Vieth B,
Parekh S, et al. Sensitive and powerful single-cell RNA
sequencing using mcSCRB-seq. Nat Commun. 2018;9:2937,
http://dx.doi.org/10.1038/S41467-018-05347-6.

4. Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer
for Illumina sequence data. Bioinformatics. 2014;30:2114---20,
http://dx.doi.org/10.1093/BIOINFORMATICS/BTU170.

5. Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C,
Jha S, et al. STAR: ultrafast universal RNA-seq aligner.
Bioinformatics. 2013;29:15---21, http://dx.doi.org/10.1093
/bioinformatics/bts635.

6. Harrow J, Denoeud F, Frankish A, Reymond A, Chen C-K,
Chrast J, et al. GENCODE: producing a reference anno-
tation for ENCODE. Genome Biol. 2006;7 Suppl. 1:S4,
http://dx.doi.org/10.1186/GB-2006-7-S1-S4.

7. Smith T, Heger A, Sudbery I. UMI-tools: modeling sequencing
errors in Unique Molecular Identifiers to improve quantifica-
tion accuracy. Genome Res. 2017;27:491---9, http://dx.doi.org/
10.1101/gr.209601.116.

8. Liao Y, Smyth GK, Shi W. featureCounts: an efficient general
purpose program for assigning sequence reads to genomic fea-
tures. Bioinformatics. 2014;30:923---30, http://dx.doi.org/10.
1093/BIOINFORMATICS/BTT656.

9. Robinson MD, McCarthy DJ, Smyth GK. edgeR: a bio-
conductor package for differential expression analysis of
digital gene expression data. Bioinformatics. 2010;26:139---40,
http://dx.doi.org/10.1093/bioinformatics/btp616.

0. Gentleman RC, Carey VJ, Bates DM, Bolstad B, Dettling M,
Dudoit S, et al. Bioconductor: open software development
for computational biology and bioinformatics. Genome Biol.
2004;5:R80, http://dx.doi.org/10.1186/GB-2004-5-10-R80.

1. Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. Limma
powers differential expression analyses for RNA-sequencing
and microarray studies. Nucleic Acids Res. 2015;43:e47,
http://dx.doi.org/10.1093/nar/gkv007.

2. Tian XY, Ma S, Tse G, Wong WT, Huang Y. Uncoupling protein 2 in
cardiovascular health and disease. Front Physiol. 2018;9:1060,
http://dx.doi.org/10.3389/fphys.2018.01060.

3. Jeppesen DK, Zhang Q, Franklin JL, Coffey RJ. Extra-
cellular vesicles and nanoparticles: emerging complexi-
ties. Trends Cell Biol. 2023;33:667---81, http://dx.doi.org/10.
1016/j.tcb.2023.01.002.

4. Dignat-George F, Boulanger CM. The many faces of endothelial
microparticles. Arterioscler Thromb Vasc Biol. 2011;31:27---33,
http://dx.doi.org/10.1161/ATVBAHA.110.218123.

5. Leite AR, Borges-Canha M, Cardoso R, Neves JS, Castro-
Ferreira R, Leite-Moreira A. Novel biomarkers for evalua-
tion of endothelial dysfunction. Angiology. 2020;71:397---410,

http://dx.doi.org/10.1177/0003319720903586.

6. Abid Hussein MN, Meesters EW, Osmanovic N, Romijn FPHTM,
Nieuwland R, Sturk A. Antigenic characterization of endothe-
lial cell-derived microparticles and their detection ex vivo.

http://dx.doi.org/10.1016/j.arteri.2024.08.003
http://dx.doi.org/10.1016/j.arteri.2024.08.003
dx.doi.org/10.1016/j.jacc.2017.04.052
dx.doi.org/10.1016/j.ctrv.2021.102290
dx.doi.org/10.1038/s41586-021-03392-8
dx.doi.org/10.1038/s41586-021-03392-8
dx.doi.org/10.1093/eurheartj/ehz859
dx.doi.org/10.1124/PHARMREV.120.000096
dx.doi.org/10.1124/PHARMREV.120.000096
dx.doi.org/10.3389/FCELL.2022.813885
dx.doi.org/10.1038/nrm.2017.125
dx.doi.org/10.1016/j.pharmthera.2018.08.002
dx.doi.org/10.1016/j.pharmthera.2018.08.002
dx.doi.org/10.1080/20013078.2018.1494482
dx.doi.org/10.1161/ATVBAHA.123.318977
dx.doi.org/10.1161/ATVBAHA.123.318977
dx.doi.org/10.1016/j.ejvs.2022.01.012
dx.doi.org/10.1016/j.ejvs.2022.01.012
dx.doi.org/10.1080/20013078.2020.1729646
dx.doi.org/10.1038/S41467-018-05347-6
dx.doi.org/10.1093/BIOINFORMATICS/BTU170
dx.doi.org/10.1093/bioinformatics/bts635
dx.doi.org/10.1093/bioinformatics/bts635
dx.doi.org/10.1186/GB-2006-7-S1-S4
dx.doi.org/10.1101/gr.209601.116
dx.doi.org/10.1101/gr.209601.116
dx.doi.org/10.1093/BIOINFORMATICS/BTT656
dx.doi.org/10.1093/BIOINFORMATICS/BTT656
dx.doi.org/10.1093/bioinformatics/btp616
dx.doi.org/10.1186/GB-2004-5-10-R80
dx.doi.org/10.1093/nar/gkv007
dx.doi.org/10.3389/fphys.2018.01060
dx.doi.org/10.1016/j.tcb.2023.01.002
dx.doi.org/10.1016/j.tcb.2023.01.002
dx.doi.org/10.1161/ATVBAHA.110.218123
dx.doi.org/10.1177/0003319720903586


 IN+Model
A

erio

2

2

2

3

3

3

factor for systemic lupus erythematosus: association with
malondialdehyde levels and intima media thickness. Min-
erva Cardioangiol. 2020;68:609---18, http://dx.doi.org/10.
ARTICLERTERI-733; No. of Pages 13

Clinica  e  Investigacion  en  Art

J Thromb Haemost. 2003;1:2434---43, http://dx.doi.org/10
.1046/j.1538-7836.2003.00455.x.

7. Wang Q, Zhang M, Liang B, Shirwany N, Zhu Y, Zou
MH. Activation of AMP-activated protein kinase is required
for berberine-induced reduction of atherosclerosis in mice:
the role of uncoupling protein 2. PLoS One. 2011;6,
http://dx.doi.org/10.1371/JOURNAL.PONE.0025436, e25436.

8. Sun J, Pu Y, Wang P, Chen S, Zhao Y, Liu C, et al. TRPV1-mediated
UCP2 upregulation ameliorates hyperglycemia-induced
endothelial dysfunction. Cardiovasc Diabetol. 2013;12:69,
http://dx.doi.org/10.1186/1475-2840-12-69.

9. Luo JY, Cheng CK, He L, Pu Y, Zhang Y, Lin X, et al. Endothelial
UCP2 is a mechanosensitive suppressor of atheroscle-

rosis. Circ Res. 2022;131:424---41, http://dx.doi.org/10
.1161/CIRCRESAHA.122.321187.

0. Moukdar F, Robidoux J, Lyght O, Pi J, Daniel KW,
Collins S. Reduced antioxidant capacity and diet-induced

13
 PRESS
sclerosis  xxx  (xxxx)  xxx---xxx

atherosclerosis in uncoupling protein-2-deficient mice. J
Lipid Res. 2009;50:59---70, http://dx.doi.org/10.1194/jlr.
M800273-JLR200.

1. Oberkofler H, Iglseder B, Klein K, Unger J, Haltmayer M,
Krempler F, et al. Associations of the UCP2 gene locus
with asymptomatic carotid atherosclerosis in middle-aged
women. Arterioscler Thromb Vasc Biol. 2005;25:604---10,
http://dx.doi.org/10.1161/01.ATV.0000153141.42033.22.

2. Gambino CM, Accardi G, Aiello A, Caruso C, Carru C,
Gioia BG, et al. Uncoupling Protein 2 as genetic risk
23736/S0026-4725.20.05225-1.

dx.doi.org/10.1046/j.1538-7836.2003.00455.x
dx.doi.org/10.1046/j.1538-7836.2003.00455.x
dx.doi.org/10.1371/JOURNAL.PONE.0025436
dx.doi.org/10.1186/1475-2840-12-69
dx.doi.org/10.1161/CIRCRESAHA.122.321187
dx.doi.org/10.1161/CIRCRESAHA.122.321187
dx.doi.org/10.1194/jlr.M800273-JLR200
dx.doi.org/10.1194/jlr.M800273-JLR200
dx.doi.org/10.1161/01.ATV.0000153141.42033.22
dx.doi.org/10.23736/S0026-4725.20.05225-1
dx.doi.org/10.23736/S0026-4725.20.05225-1

	Novel protocol for the transcriptomic analysis of endothelial extracellular vesicles in atherosclerosis
	Introduction
	Materials and methods
	Clinical samples
	Endothelial cell culture
	Endothelial EVs separation
	RNASeq
	Gene expression analysis

	Flow cytometry
	TeloHAEC-EVs and total plasma EVs separation by centrifugation
	EVs characterization
	CFSE staining and flow cytometry
	Nano particle tracking analysis (NTA)
	Western blot

	Separation of plasma endothelial EVs (EEVs) by indirect immunocapture
	Confocal microscopy of EEVs-beads immunocomplexes
	Confocal microscopy

	Library preparation for RNA sequencing and bioinformatic analysis
	Bioinformatics analysis

	Retrotranscription and quantitative PCR (RT-qPCR)
	TeloHAECs
	Unsorted (total) plasma EVs

	Statistical analysis

	Results
	EEVs are immunocaptured by magnetic beads
	Circulating EEVs display endothelial cell gene profile
	Gene expression profile of EEVs in control and atherosclerotic patients
	UCP2 expression in circulating EVs and in ECs in vitro

	Discussion
	Conclusions
	Funding
	Conflict of interests
	Acknowledgments
	Appendix A Supplementary data
	References


