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Introduccio

1.- Marc conceptual: malaltia pulmonar obstructiva cronica (MPOC) i
hipertensio pulmonar (HP)

La malaltia pulmonar obstructiva cronica (MPOC) es caracteritza per la
progressiva limitacié al flux aeri, que no és completament reversible amb
broncodilatadors, dispnea, tos cronica i produccié de moc!. Estudis recents descriuen
la MPOC com la tercera causa de mort arreu del mén?. El tractament pot millorar els
simptomes i minimitzar els futurs danys, pero no altera la progressio de la malaltia. La
principal causa de la MPOC és I'exposicio activa al fum de tabac3*. Factors com I'edat
d’inici i el nombre de paquets/any sén determinants en el desenvolupament de la
malaltia®. Tot i aix0, existeixen altres factors de risc importants en I'aparicié de la
MPOC; com factors genétics (déficit de I’enzim a-1-antitripsina)®, I'exposicié a la
contaminacié ambiental i a I'inhalacié de particules i gasos nocius’, aixi com I’'exposicio
a la pol-lucié de l'aire derivat de la biomassa cremada®. Es calcula que entre un 25-50%
dels pacients amb MPOC en estadis GOLD 3 i 4 presenten també hipertensid pulmonar
associada®10,

La hipertensié pulmonar (HP) és un trastorn hemodinamic definit per I'augment
anomal de la pressio arterial pulmonar mitjana (PAPm) > 25mmHg en repos, avaluada
mitjancant cateterisme cardiac dret'! . Els principals simptomes sén la dispnea, fatiga,
debilitat i angina. Normalment, aquests simptomes van acompanyats d’una
progressiva disfunciéd del ventricle dret!l. La classificacid clinica de la HP intenta
categoritzar multiples condicions cliniques en 5 grups segons la seva presentacio

clinica, la patologia, les caracteristiques hemodinamiques i el tractament (Taula 1).

Taula 1. Nomenclatura i classificacié de la HP

1. Hipertensio arterial pulmonar (HAP)

1.1 Idiopatica

1.2 Hereditaria
1.2.1 Mutacioé de BMPR2
1.2.2 Altres mutacions

1.3 Induida per toxines i drogues

1.4 Associada a:
1.4.1 Malalties del teixit connectiu
1.4.2 Infeccié per VIH
1.4.3 Hipertensié portal
1.4.4 Malalties cardiaques congénites



Introduccio

1.4.5 Esquistosomiasis
1’. Malaltia pulmonar veno-oclusiva i/o hemangiomatosi capil-lar pulmonar
1’.1 Idiopatica
1’.2 Hereditaria
1’.2.1 Mutacio de EIF2AK4
1’.2.2 Altres mutacions
1’.3 Induida per toxines, drogues i radiacions
1’.4 Associada a:
1’.4.1 Malalties del teixit connectiu
1’.4.2 Infeccid per VIH
1”. Hipertensidé pulmonar persistent del nounat
2. Hipertensié pulmonar associada a malaltia cardiaca esquerra
2.1 Disfuncié sistolica ventricular esquerra
2.2 Disfuncié diastolica ventricular esquerra
2.3 Malaltia valvular
2.4 Obstruccié congénita/adquirida del cor esquerre i cardiomiopaties
congenites
2.5 Estenosi congenita/adquirida de les venes pulmonars
3. Hipertensio pulmonar associada a malalties respiratories i/o hipoxia
3.1 Malaltia pulmonar obstructiva cronica
3.2 Malaltia pulmonar intersticial
3.3 Altres malalties pulmonars amb patré restrictiu i obstructiu
3.4 Desordres respiratoris de la son
3.5 Desordres de la hipoventilacio alveolar
3.6 Exposicid cronica a grans alcades
3.7 Anormalitats del desenvolupament
4. Hipertensio pulmonar tromboembolica cronica i altres obstruccions de I’artéria
pulmonar
4.1 Hipertensio pulmonar tromboembolica cronica
4.2 Altres obstruccions de I'arteria pulmonar
4.2.1 Angiosarcoma
4.2.2 Altres tumors intravasculars
4.2.3 Arteritis
4.2.4 Estenosi congenita de les artéries pulmonars
4.2.4 Parasits
5. Hipertensié pulmonar de causa poc clara i/o mecanismes multifactorials
5.1 Trastorns hematologics: aneémia hemolitica cronica, desordres
mieloproliferatius i esplenectomia.
5.2 Desordres sistémics: sarcoidosis, histiocitosi pulmonar,
limfangioleiomiomatosis i neurofibromatosis.
5.3 Desordres metabolics: Malaltia de 'emmagatzematge del glicogen, malaltia
de Gaucher i desordres de tiroides.
5.4 Altres: microangiopatia trombotica tumoral pulmonar, mediastinitis
fibrotica, fallada renal cronica (amb/sense dialisi) i hipertensié pulmonar
segmentaria.

Adaptacié de: 2015 ESC/ERS Guidelines for the diagnosis and treatment of pulmonary hipertension??.
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L'informacio sobre I'incidéncia de la HP a nivell mundial és pobre. Al Regne Unit
es va calcular una prevalenca de 97 casos per milid i una proporcié de dones:homes de
1.8!%, La causa més comu de HP sdn les malalties cardiaques esquerres i en segon lloc
les malalties respiratories croniques. Avui dia es disposa de tractament farmacologic
per la HAP, el qual, pot ajudar a reduir els simptomes i reduir la progressio de la

malaltia, perd no la cura®?.

La preséncia de HP associada a la MPOC és una complicacid greu que es
presenta en alguns pacients amb MPOC en estadi avancat. En la MPOC, la

supervivéncia es relaciona inversament amb el valor de la PAP*3 (Figura 1).

<)
=100 —-
o - "'L*__ Ppa < 20 mm Hg
=80 = T
N
...... I
3 %07 ., T .
B 40 .. L~ Ppa>20mmHg NS
c : Land<dommHg
’g 2 Ppa > 40 mm Hg P<0.01
S | e “
g 0 T T T : T T T 1
(3 0 12 24 36 48 60 72 84 96 108 120

Temps (mesos)

Figura 1. index de supervivéncia segons el valor de pressié arterial pulmonar (PAP)®.

1.1.- Alteracions vasculars de la circulacio pulmonar en la MPOC i la HP

Durant molts anys, la via aeria en les malalties respiratories ha estat el centre
d’atencié en la clinica. Amb el temps, s’ha vist I'importancia de les alteracions
vasculars en el trastorn de l'intercanvi de gasos o afectacions cardiaques secundaries.
En aquesta linea, les principals alteracions vasculars de la circulacié pulmonar en la

MPOC i la HP son el remodelat vascular i la disfuncié endotelial.
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1.1.1.- Remodelat vascular

El remodelat vascular és un procés actiu en el que s’altera I'estructura dels
vasos del sistema vascular, el qual, esta format principalment per artéries i venes. Les
artéries sén conductes membranosos i elastics encarregades de distribuir la sang per

I'organisme. Cada artéria muscular consta de 3 capes (Figura 2):

Capa interna o intima: esta en contacte directe amb la sang del lumen.

Constituida per I'endoteli (cél-lules endotelials i pericits), una capa subendotelial i la
lamina elastica interna.

Capa media o mitja: formada majoritariament per fibres musculars llises

disposades de forma concéntrica, fibres elastiques, fibres de col-lagen i la lamina
elastica externa. La proporcio d’aquestes fibres depen del tipus de vas.

Capa externa o adventicia: constituida per teixit conjuntiu laxe, fibroblasts i

col-lagen.

Cél-lules endotelials

Capa subendotelial CAPA INTIMA

Lamina elastica interna

Cél-lules musculars llises

CAPA MEDIA

Lamina elastica externa

Teixit conjuntiu

CAPA ADVENTICIA

Fibroblast

Figura 2. Estructura de les artéries musculars. Figura adapatada del llibre Harrison. Principios de
Medicina Interna. Kasper et al.,*.
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L'alteracid d’aquesta estructura es porta a terme mitjancant el creixement,
mort, proliferacié i migracid cel-lular aixi com la produccié o degradacié de la matriu
extracel-lular. Tots aquests processos venen regulats dinamicament per l'interaccié de
diversos factors de creixement, substancies vasoactives i estimuls hemodinamics®>7.
Aguesta alteracio pot afectar a qualsevol tipus de vas i organ, tot i que en aquesta Tesi

Doctoral ens centrarem en el remodelat vascular pulmonar.

El remodelat vascular pulmonar és un procés patologic caracteritzat per un
engruiximent de la capa intima, media i/o adventicia de les artéries i arterioles, reduint
el diametre del lumen i, conseqiientment, augmentant la resisténcia al flux sanguini®-
20 (Figura 3). Aquest engruiximent és degut a la hipertrofia (creixement cel-lular) i la
hiperplasia (proliferacié) de les cél-lules predominants de cada capa aixi com a un

increment de I'acumulacié de components de la matriu extracel-lular2.

Lamina elastica externa
Capa media
Lamina elastica intema] Capa

Endoteli intima

Remodelat de la Remodelat de la Remodelat de la
capa intima capa media capa adventicia

/87 Cellula endotelial
a5 — Cellula muscular llisa
- Fibroblast

Figura 3. Tall transversal d’'una artéria normal i les 3 formes de remodelat vascular.
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Estudis previs del nostre grup van demostrar que I'engruiximent de la capa
intima de les artéries pulmonars és un dels trets més caracteristics en el remodelat
vascular pulmonar dels malalts amb MPOC?!. Aquest engruiximent de la capa intima és
degut a una proliferacio de cél-lules musculars llises (CML) dediferenciades (a-

actina*/desmina’) o ceél-lules miofibroblastiques, aixi com a I’'acumulacié de proteines

de la matriu extracel-lular (Figura 4).

Figura 4. Tall transversal d’una artéria pulmonar remodelada d’un pacient amb MPOC. A) Immunotincié
amb anticés monoclonal contra a-actina de muscul llis (marcatge positiu), B) immunotincié amb anticés
monoclonal contra desmina (marcatge negatiu) i C) tincié d’orceina que revela I"acumulacié de fibres
elastiques de la capa intima.

A part de la proliferacido de les CMLs, les arteries dels pacients amb algunes
formes de HP també pateixen lesions plexiformes formades per una excessiva
proliferacié de cél-lules endotelials (CEs) que oclueixen la llum vascular'®?2, A més,
també s’ha vist que les cel-lules progenitores endotelials (CPEs) disfuncionals poden
estar implicades en processos de remodelat vascular?®. En aquest sentit, estudis previs
del nostre grup han demostrat la presencia de CPEs derivades del moll de I'os en les
arteries pulmonars de pacients amb MPOC, les quals, semblen contribuir tant a la

reparacio endotelial com a la patogénesi del remodelat vascular pulmonar?*.

El remodelat de les arteries vasculars pulmonars no és un fet exclusiu dels
pacients amb MPOC i/o HP. Estudis del nostre grup han posat de manifest I'hiperplasia
de la capa intima i muscularitzacié de petites arteries pulmonars en fumadors amb

funcié pulmonar normal?™.

Diferents estudis han demostrat que durant el remodelat vascular pulmonar
s’alliberen diversos factors de creixement i citocines que poden contribuir a Ia

patogénesi del remodelat vascular®?®. Aquests estudis han evidenciat el procés
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d’angiogénesi com l'iniciador del remodelat vascular, contribuint aixi a la progressio de

malalties respiratories croniques com la MPOC i la HP.

1.1.1.1.- Principals factors de creixement i citocines implicats en el remodelat

vascular pulmonar

Actualment els factors de creixement angiogénics i citocines més relacionats

amb el remodelat vascular sén els seglients:

1.1.1.1.1.- Sistema angiopoietines (ANGPTSs) - Tie2: Es coneixen 4 proteines d’ANGPTs,

(ANGPT-1 fins la ANGPT-4), totes elles tenen una estructura similar pero es secreten
per diferents tipus cel-lulars i tenen diferents funcions dins la vasculatura?’. El receptor
de les ANGPTSs és el Tie-2 (també conegut com TEK), el qual, pertany a la familia dels
receptors tirosin quinasa?®.

L’ANGPT-1 és sintetitzada i secretada de manera constitutiva per les CMLs, els
pericits que envolten i suporten les CEs, fibroblasts i cél-lules tumorals?’. La unié de
'ANGPT-1 amb el receptor Tie-2 a la superficie de les CEs indueix |'activacid de la via
de senyalitzacio PI3K-AKT, la qual, promou la migracid, supervivencia, formacio de tubs
de les CEs i el manteniment de les unions cel-lulars, prevenint aixi la permeabilitat
endotelial?® (Figura 5). A més, aquesta unid indueix a les CEs a reclutar fibroblasts i/o
CMLs, promovent l'estabilitat i I'estat quiescent dels vasos®°. Estudis en ratolins
deficients en ANGPT-1 i/o Tie-2 moren durant la gestacié degut a problemes
d’integritat vascular3!, mentre que la sobreexpressié d’ANGPT-1 en ratolins provoca un
augment del diametres dels vasos, els quals, contenen un major nombre de CEs i estan
excessivament recoberts per pericits32.

L'’ANGPT-2 és sintetitzada per les CEs i emmagatzemada als cossos de Weibel-
Palade que alliberen 'ANGPT-2 en resposta a diferents estimuls, com inflamacié i/o
hipoxia33 (Figura 5). En la literatura hi ha certes discrepancies sobre si ’ANGPT-2 actua
com agonista del receptor Tie-2 o com antagonista. Donada aquesta situacid, es va
concloure el paper dual de 'ANGPT-2 com agonista/antagonista depenent del tipus
cel-lular i el teixit examinat. Per tant, TANGPT-2 es comporta com agonista parcial del
receptor Tie-2, induint els mateixos processos biologics que I'’ANGPT-1 perd en un

nivell molt més reduit, i es comporta com un antagonista parcial del Tie-2 bloquejant la
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seva uni6 amb 'ANGPT-134, El paper de 'ANGPT-2 en la vasculatura esta relacionat
amb el remodelat vascular postnatal®>, desenvolupament limfatic i com a agent pro-
inflamatori3®. En el remodelat vascular postnatal, TANGPT-2 afavoreix la dissociacid
dels pericits dels vasos amb el conseqilent increment de la permeabilitat vascular,
facilitant aixi I'infiltracié de proteases i citocines. Linfiltracié d’aquestes molecules
desestabilitza I'estat quiescent de la vasculatura donant lloc a I'inici de I'angiogenesi en
preséncia de factors de creixement com per exemple el VEGF-A?°. I’ANGPT-2, en
resposta a TNFa, també promou el reclutament de leucocits mitjancant un augment de

I’expressiod de les molécules d’adhesié ICAM-1 i VCAM-1 a les CEs®’ (Figura 6).

ANGPT-1 ) ( ANGPT-Z)
. - e Inflamacié

N f ° pan
o Hipoxia

Receptor

() Tiea

<
PI3K/AKT o

- 9 00008 Cossos de
© 9~ Weibel-Palade
Supervivéncia Estat
cel-lular Estabilitzacié quiescent
vascular

Cél-lula endotelial

O O Pericits

Cel-lula muscular llisa

Figura 5. Representacié esquematica de les funcions de 'ANGPT-1i ’ANGPT-2.

Els ratolins deficients en ANGPT-2 es desenvolupen fins I'edat adulta, tot i que
tenen defectes vasculars i limfatics persistents i poca resposta inflamatoria3®.
Contrariament, la sobreexpressié embridonica sistemica d’ANGPT-2 causa letalitat

embridnica®.
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Per tant, els nivells d’ANGPT-1 i d’ANGPT-2 representen [I'equilibri entre
I'endoteli vascular en repos i activat/inflamat (Figura 6). L’alteracié d’aquest equilibri

pot donar lloc a malalties croniques inflamatories com la MPOC i la HP.

Estat quiescent

Figura 6. Representacio de I'equilibri entre I’ANGPT-1i ’ANGPT-2 i la relaci6 amb el VEGF i el TNFa.

L’ANGPT-3 i L’ANGPT-4 no sén tan conegudes com I"’ANGPT-1 i 'ANGPT-2. En
ratoli, TANGPT-3 esta expressada de manera elevada a cor, ronyd i testicles, mentre
gue en huma, '’ANGPT-4 esta expressada als pulmons. Estudis in vitro, demostren que

I’ANGPT-3 i 'ANGPT-4 indueixen supervivéncia i migracié de les CEs*.

1.1.1.1.2.- Familia del factor de creixement endotelial vascular (VEGF): Es coneixen 7

molécules de VEGF (VEGF-A fins VEGF-E i PIGF-1 i PIGF-2).

Aquesta familia és la principal reguladora de I'angiogenesi i limfagiogenesi
durant el desenvolupament vascular i la neovascularitzacio en adults*'. El VEGF actua
sobre diferents tipus cel-lulars, pero sobretot a les CEs. La unié del VEGF amb el seu
receptor VEGF-R2 indueix la formacié de nous vasos, regula la permeabilitat vascular i
indueix la migracio, proliferacid i supervivéncia de les CEs***2, S’han observat nivells
elevats de VEGF durant el desenvolupament embrionari, on conjuntament amb altres
factors de creixement, controlen la formacié de nous vasos. Per exemple, el VEGF
treballa conjuntament amb I'ANGPT-2. En presencia de VEGF, 'ANGPT-2 promou
I'angiogenesi mentre que en abséncia de VEGF, 'ANGPT-2 déna lloc a regressid
vascular*2, Com a consequéncia, la inhibicié del VEGF en ratolins augmenta la letalitat

embrionaria degut a problemes circulatoris®?. L’expressi6 de VEGF disminueix
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significativament després de neixer, pero s’observen nivells elevats en teixits que

pateixen dany i remodelat vascular®!.

1.1.1.1.3.- Familia del factor transformant de creixement B-1 (TGF-B1): estudis previs

del nostre grup han posat de manifest el paper del TGF-B1 i el seu receptor TGF-BR2 en
la maduracié dels vasos sanguinis mitjancant la inhibicié de la proliferacié de les CEs i
induint la diferenciacié de les CMLs i I'acumulacid de components de la matriu
extracel-lular®®. El TGF-B1 també té un paper clau en la induccié de I’epithelial to
mesenchymal transition (EnMT)**. En aquest sentit, estudis in vitro del nostre grup®,
van demostrar que la via del TGF-B1 juga un paper clau en la migracié i diferenciacio
de les CPEs a CML-like contribuint al remodelat vascular®. També s’ha observat el
paper dual del TGF-B1: per una banda activa l'accié de diferents metaloproteinases de
la matriu (MMPs; MMP1, MMP2 i MMP9) afavorint la migracid i la invasié de la matriu
extracel-lular de les CEs*, perd per altra banda, també esta implicat en la formacié

dels filaments intermedis i la reorganitzacié del citoesquelet?’.

1.1.1.1.4.- Familia del factor de creixement dels fibroblasts (FGF): els FGFs estan

implicats en la regulacié de la proliferacié, migracid i diferenciacié cel-lular durant el
desenvolupament embrionari*®. En I’adult, els FGFs actuen com a factors homeostatics
i contribueixen a la reparacié tissular®. Perd els FGFs també estan relacionats amb la
proteolisi de components de la matriu extracel-lular i la induccié de la sintesi de
col-lagen, fibronectina i proteoglicans per part de les CEs, demostrant aixi els seus
efectes en el remodelat durant I'angiogénesi*. A més a més, s’ha observat que els

FGFs promouen la produccié endogena de VEGF°.

1.1.1.1.5.- Factor de necrosis tumoral alpha (TNFa): el TNFa és una citocina important

en la modulacié de la resposta immune. Esta implicada en l'increment de la
permeabilitat vascular, la proliferaci6 de fibroblasts, regulacié de [I'inflamacié,
angiogénesi i remodelat tissular, entre d’altres®!. Diferents estudis han descrit nivells
incrementats de TNFa en diferents malalties inflamatories pulmonars com MPOC,
dany agut pulmonar, fibrosis pulmonar intersticial i sindrome de distrés respiratori
agut®?>>3, Tot i que el TNFa juga un paper important en la patogénesi de la MPOC, els

antagonistes de TNFa han mostrat una eficacia clinica limitada®®.
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1.1.1.1.6.- El paper de la matriu extracel-lular en el remodelat vascular pulmonar

La proteolisi i reorganitzacio de la matriu extracel-lular és un procés important
en el remodelat vascular. Les metaloproteinases de la matriu (MMPs) sén una familia
de proteases que degraden la matriu extracel-lular i proteines del teixit connectiu®.
L'efecte proteolitic de les MMPs juga un paper important en el remodelat vascular,
migracié cel-lular i angiogénesi®®. En condicions fisiologiques, els inhibidors de les
MMPs anomentats TIMPs proporcionen un mecanisme d’equilibri per prevenir una
degradacio excessiva de la matriu extracel-lular. Alteracions d’aquest equilibri poden
donar lloc a un increment de I'activitat de les MMPs donant lloc a canvis estructurals
patologics dels vasos associats a malalties vasculars®’. S’ha vist que factors que
promouen el remodelat dels vasos incrementan |’activitat de les MMPs>’. També s’ha
descrit el paper de les MMPs en I'angiogénesi; afavorint la separacio dels pericits dels
vassos mitjancant l'alliberacid de factors de creixement continguts a la matriu
extracel-lular (com VEGF, FGF o TGF-B1) i la desestabilitzacié de les adhesions
cel-lulars®®. Els nivells plasmatics i I'activitat de les MMP-2, MMP-9 i el receptor TIMP-1

s’han trobat incrementats en pacients hipertensos®2.

1.1.2.- Disfuncio endotelial

La disfuncié endotelial és un dels trets més caracteristics dels pacients amb
MPOC i HP>>%!, ’endoteli pulmonar té un paper clau en ’homeostasi vascular a
I'alliberar agents vasodilatadors (com I’0xid nitric o la prostaciclina) i vasoconstrictors
(com I’endotelina-1 o l'angiotensina)®?. La disfuncié endotelial s’entén com un
desequilibri de la sintesi o alliberacié d’aquests agents. Perd a més, també un
desequilibri en els nivells d’altres mediadors com activadors de la proliferacié de CMLs
versus inhibidors, senyals pro-inflamatories versus anti-inflamatories i substancies pro-
trombotiques versus anti-trombotiques, donant lloc a un excés de vasoconstriccio,
hiperplasia de les CMLs i remodelat vascular pulmonar®® (Figura 7). L’hipoxémia, el
tabac, I'inflamacié i I'estrés mecanic son els factors més involucrats en l'induccié de

canvis en el fenotip de les CEs® (Figura 7).
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Figura 7. Fisiopatologia de la disfuncié endotelial.

Dinh-Xuan et al., van ser els primers en demostrar que I'endoteli de les arteries
pulmonars de pacients amb MPOC eren disfuncionants®. Estudis del nostre grup
també han posat de manifest la disfuncié endotelial pulmonar en pacients amb MPOC
moderada que no estan hipoxémics®®, aixi com una disminucié de I'expressié de
I'enzim oxid nitric sintasa endotelial (eNOS) en les arteries pulmonars de subjectes
fumadors amb funcié pulmonar normal®®. Recentment, el nostre grup també ha
demostrat que, tant els malalts amb MPOC com els subjectes fumadors, pateixen
disfuncié vascular®®. A més, els pacients amb MPOC amb sospita de HP tenen una
vasodilatacié depenent de I'endoteli més baixa que aquells sense HP®?, De fet, s’ha
descrit una reduccid de I'expressi6 d’eNOS®” i un increment de I'expressid

d’endotelina-1 en les artéries pulmonars de pacients amb HP.
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2.- Necessitat de biomarcadors a la MPOC i la HP

La severitat de la MPOC es determina d’acord amb el grau d’obstruccié al flux
aeri, el qual, es mesura mitjancant el volum d’aire en el primer segon de |'expiracié
forcada (FEV1). No obstant, existeixen diferents limitacions en I'Us d’aquesta técnica
per avaluar la condicié diaria i la progressié de la malaltia de pacients amb MPOC. En
primer lloc, la sensibilitat del FEV1 en I'avaluacié de la condicié fisica diaria no és molt
alta®. En segon lloc, encara que tant I'exacerbacid freqiient com I'hiperreactivitat
bronquial s’associen amb un rapida disminucié del FEV1, el FEV1 no reflecteix aquestes
condicions®. En tercer lloc, en pacients amb MPOC les manifestacions cliniques i les
observacions radiologiques sén variables, fins i tot quan el grau d’obstruccio al flux aeri
és el mateix’?. Finalment, el FEV; no reflecteix d’'una manera directa I'alteracié de
I'endoteli pulmonar.

En el cas de la HP, el cateterisme cardiac dret és el métode per excel-léncia en
el diagnostic de la malaltia?. No obstant, és un métode invasiu.

Per totes aquestes raons, en els Ultims anys s’esta treballant en la busqueda de
nous biomarcadors per la MPOC i la HP”. Uns dels biomarcadors que més s’estan
estudiant son els biomarcadors cel-lulars. El principal avantatge de mesurar aquests
biomarcadors de la funciéd endotelial és que proporcionen una visié directa de la
condiciéd de I’endoteli. A diferéncia dels marcadors bioquimics, que poden no ser
especifics de I’endoteli, els biomarcadors cel-lulars procedeixen directament de
I'endoteli, com per exemple les cél-lules progenitores endotelials (CPEs) i les
microparticules endotelials (EMPs) i, per tant, sén millors representants de I'estat
endotelial. Mitjancant la combinacié d’aquests biomarcadors cel-lulars es pot avaluar
no només l'estat del dany endotelial (mitjancant els nivells d’EMPs) siné també la
capacitat de reparacié (mitjancant els nivells de CPEs). Es creu que aquesta combinacié
de marcadors pot ser un bon parametre per reflectir I'estat de “competéncia
vascular”’?73, Per tant, 'avaluacié de biomarcadors cel-lulars circulants pot revelar
mecanismes de la patologia endotelial, aixi com proporcionar informacié sobre I'estat
funcional de I'endoteli, sense deixar de ser minimament invasiva. En aquesta Tesi
Doctoral ens centrarem en l'estudi dels nivells de les cel-lules progenitores i les

microparticules endotelials.
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2.1.- Cél-lules progenitores endotelials (CPEs)

Les cél-lules progenitores endotelials (CPEs) sén una poblacié de cél-lules mare
adultes derivades del moll de I'os que circulen per la sang amb la capacitat de
proliferar i diferenciar-se a cél-lules endotelials madures i funcionals’. En condicions
fisiologiques, les CPEs representen només un 0.0001-0.01% de les cel-lules
mononuclears sanguinees’>. Al 1997, Asahara et al., van ser els primers en descriure
I'existéncia en sang periférica d’'una poblaciéd mononuclear de cel-lules CD34* derivades
del moll de I'os capaces de diferenciar-se a CEs madures in vitro i també en descriure el
paper en la vasculogénesi durant el procés de neovascularitzacié postnatal’®.

El principal problema és que no hi ha una definicid estandaritzada de la
definici6 de CPE i quina és la millor metodologia pel seu aillament’’. A més, la
superposicié funcional i fenotipica de les CPEs, de les cel-lules progenitores
hematopoeéetiques (HSC) i de les CEs madures dificulten aquesta tasca. Es considera que
les CPEs han de: 1) residir al moll de I'os i poder ser mobilitzades per factors de
creixement o altres senyals a llocs de dany vascular o creixement tumoral’®; 2)
expressar marcadors de superficie tant del llinatge endotelial com hematopoiétic’’; 3)
poder ser distinguides de les CEs madures’® i 4) poder integrar-se a 'endoteli a llocs de

reparacio vascular o angiogénesi’®.

2.1.1.- Mobilitzacid i alliberament de CPEs

La mobilitzacié de les CPEs des del moll de I'os és un procés complexe regulat
per diversos enzims, factors de creixement i els seus receptors®. El pas inicial per
I'alliberament de CPEs per part del moll de I'os és I'activacié de la MMP-9. Aquesta
activacié provoca la transformacié del Iligant Kit unit a la membrana a Kit soluble, amb
el consequient alliberament de cél-lules c-kit* a la circulacié sanguinea®!. Alguns autors
anomenen aquestes cel-lules hemangioblast i es consideren les possibles precursores

de les CPEs (Figura 8).
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Figura 8. Mobilitzacid, reclutament i diferenciacié de les CPEs derivades del moll de I'0s®.

2.1.2.- Identificacio de les CPEs

Normalment, les CPEs s’obtenen de mostres de sang venosa periférica®. Pero
també hi han estudis que han aillat CPEs del cordé umbilical o del fetge fetal®?. Els
metodes més utilitzats per poder aillar les CPEs sén la citometria de flux i 'assaig de
formacié de colonies in vitro.

Citometria de flux

Aquesta tecnica es basa en l'especificitat de les proteines de la superficie
cel-lular i els corresponents anticossos que s’utilitzen per identificar-les. La técnica és
molt sensible i proporciona una avaluacié de gran nombre de cel-lules d’una manera
rapida i acurada.

Assaig de formacio de colonies in vitro

Aquest assaig no només mesura el nimero absolut de CPEs, sino també la seva
capacitat proliferativa, reflectint aixi la capacitat de reparacié endotelial. Via cultiu,
s’obtenen dos principals subtipus de CPEs.

CPEs tempranes (Early EPCs o angiogenic EPCs): sén cel-lules

arrodonides amb els voltants en forma de fus que apareixen en els
primers 4-7 dies de cultiu de cel-lules mononuclears de sang. Aquestes
cél-lules deriven de les unitats formadores de colonies (UFC) de CPEs

(assaig de colonies estandaritzat descobert per Hill et al., en el 2003)3
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(Figura 9A). L'aparicié de UFC de CPEs es pot detectar visualment, pero
es pot confirmar mitjancant la seva capacitat de captar LDL (Low Density
Lipoprotein)-acetilat o la seva capacitat d’unir-se a la lectina UEA (Ulex
Europaeus Agglutinin)-13¢. Les CPEs tempranes presenten algunes
caracteristiques de cel-lules endotelials aixi com també de monocits.
Tenen una baixa capacitat proliferativa i d’adheréncia perd en canvi
secreten factors angiogénics®. Els marcadors que expressen son CD34,

CD133, VEGFR2, CD14 i CD45 (Figura 8).

CPEs tardanes (Late EPCs o outgrowth EPCs): sén cel-lules més

allargades que apareixen aproximadament després de 14 dies de
cultiu®®®’ (Figura 9B). Tenen una alta capacitat proliferativa i d’adhesid i
expressen marcadors endotelials, perd no marcadors hematopoiétics o
de monocits®. Per tant, aquestes cél-lules son fenotipicament similars a
les CEs i s’ha vist que poden formar vasos tant in vivo com in vitro®’. De
fet, aquestes cel-lules son capaces de mantenir, generar i reemplagar
cél-lules diferenciades terminals dins d’un teixit especific com a
consequiéncia del recanvi cel-lular fisiologic o degut a dany tisular®. Els

marcadors que expressen son eNOS, VE-caderina, CD34, KDR, CD31 i

von Willebrand factor (Figura 8).

Figura 9. Cél-lules progenitores endotelials derivades de sang humana. A) Unitat
formadora de colonies de CPEs tempranes, de les quals, s’aprecia la tipica forma
arrodonida amb els voltants en fus i B) CPEs tardanes obtingudes després de gairebé dues
setmanes de cultiu, amb morfologia més allargada i semblant a les CEs.
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2.1.3.- Marcadors per detectar les CPEs

La nomenclatura per poder definir una CPE és encara ambigua i existeixen
discrepancies entre els diferents estudis, agrupant diferentes subtipus cel-lulars sota el
terme de CPE. A dia d’avui, la combinacié més utilitzada per identificar les CPEs
circulants en sang periférica és CD34*CD133*KDR* #°. S’ha de tenir en compte que a
mesura que les CPEs van migrant per la circulacio sistémica, van perdent de manera
gradual els marcadors de tipus progenitor i van expressant marcadors de CEs com VE-
caderina, von Willebrand factor o eNOS.

CD34: és un marcador hematopoietic que també es pot trobar en altres
cel-lules mare derivades del moll de I'os. De fet, les CPEs representen una petita fraccié
del total de cél-lules CD34* 0, Les CEs madures també expressen CD34, per tant, CD34
s’ha d’utilitzar en combinacid amb altres marcadors que identifiquin una poblacié
cel-lular més especifica.

CD133 (també conegut com AC133): és un marcador hematopoietic amb
caracteristiques de progenitor que s’expressa en les CPEs pero no en les CEs madures.
La seva expressio es perd rapidament en el procés de diferenciacid. Aquesta pérdua
del marcador CD133 reflecteix el primer pas de transformacié de les CPEs a les CEs
maduresL.

KDR (Kinase insert Domain Receptor) ; també conegut com VEGFR2 (Vascular
Endothelial Growth Factor Receptor 2): marcador expressat en les CEs. Per tant, I'Us
del KDR es fa en combinacié amb marcadors de cel-lula mare per assegurar-se |'origen

progenitor de les ceél-lules®?.

A part d’aquests 3 marcadors, hi ha estudis que també identifiquen les CPEs en
combinaci6 amb el CD45. El CD45 és un marcador hematopoiétic que s’expressa
sobretot en leucocits. Per aquest motiu, les CPEs no es consideren CD45* sino CD45%m
92

Quan es considera el CD45* es parla més aviat de cel-lules progenitores

angiogéniques o hematopoiétiques®3.

2.1.4.- Funcions de les CPEs

Les CPEs tenen un paper clau en el manteniment de lI'endoteli i en la

restauracié de la funcié normal, reemplacant la perdua de céel-lules diferenciades com
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a consequéncia del recanvi cel-lular fisiologic o de dany tissular degut a una lesid. En
aquest sentit, diversos estudis han demostrat el paper de les CPEs en la reparacid de
vasos danyats en diverses alteracions vasculars®*9>. No obstant, també s’ha observat el
possible paper de les CPEs en la progressié del remodelat vascular?*°¢, Per tant,
aquest possible paper dual de les CPEs s’ha de tenir en compte a I’hora d’utilitzar les

CPEs com a possible terapia cel-lular.

2.1.5.- CPEs en condicions fisiologiques

Les CPEs estan presents en la circulacié sanguinea de subjectes sans en nivells

baixos assegurant el correcte funcionament de I'endoteli®’.

2.1.6.- CPEs en diferents situacions cliniques
2.1.6.1- CPEs i disfuncio endotelial

En pacients amb disfuncié endotelial, s’ha vist que una reduccié dels nivells de
CPEs s’associa amb un major risc cardiovascular®®®. De fet, estudis previs del nostre

grup han descrit una correlacié inversa entre els nivells de CPEs i la funcié endotelial®®.

2.1.6.2- CPEs i tabac

Hi han certes discrepancies sobre I'efecte del tabac en els nivells de CPEs.
Mentre que alguns estudis han descrit nivells reduits de CPEs amb el tabac que
incrementen rapidament després de deixar de fumar®0? altres estudis han descrit
nivells incrementats després d’una segona exposicid al fum de tabac'®?, després de

103 o inclds després de fumar només un cigarret®,

I'incubacioé in vitro amb nicotina
Tant el nostre grup com el grup de Janssen et al., hem descrit nivells de CPEs similars
entre els subjectes sans no fumadors i els fumadors, suggerint que en abséncia d’altres
factors cardiovasculars, el tabac no altera de manera significativa els nivells de
CPEs®%93, De totes maneres, el treball de Michaud et al., descriu que les CPEs de
subjectes fumadors tenen una baixa capacitat proliferativa, migratoria i

d’adheréncial®. Per tant, futurs estudis avaluant la relacié tabac-CPEs sén necessaris

per tal de poder aclarir aquestes discrepancies.
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2.1.6.3- CPEs i MPOC

Diversos estudis han avaluat els nivells de CPEs a la MPOC. Recentment, el
nostre grup ha descrit nivells reduits de CPs en la MPOC®?, seguint la mateixa linea que
la majoria d’estudis®®!% 111 mentre que altres no han trobat diferéncies
significatives'®®11? Aquesta reduccid dels nivells de CPEs en els malalts amb MPOC pot
donar lloc a una baixa capacitat reparadora i, conseqiientment, a una alteracié de la

funcio vascular!3,

2.1.6.4- CPEs i HP

Actualment existeixen discrepancies sobre els nivells de CPEs en la HP. Mentre
que alguns estudis descriuen nivells elevats de CPEs en pacients amb HP23114-117

106,118-120 o fins i tot, no diferéncies entre controls i

d’altres troben nivells reduits
pacients amb HP2!, Aquestes diferéncies poden ser degudes al tipus de pacients
reclutats, el tractament que reben, els marcadors utilitzats per detectar les CPEs, el

tipus de HP aixi com la severitat de la malaltia.

2.2.- Microparticules

Les microparticules (MPs) formen part de la familia de les vesicules
extracel-lulars. Hi han tres tipus de vesicules extracel-lulars que es distingeixen
principalment per la mida: exosomes (40-100 nm), MPs (0,1-1,0 um) i cossos
apoptotics (1-3 um) (Figura 10).

Vesicules extracel-lulars 40-1000m 0,1-10pm 15 ym 8-12um

<€ ><€ ><€ ><€

§ Cossos apoptotics Cellula apoptotica Agregats

proteics v

Virus Bacteris Plaquetes

5000 600
%%

Microparticules

Cellula en repds o activada Exosomes Microparticules Cossos apoptotics Céllula

Figura 10. Representacié esquematica dels diferents tipus de vesicules extracel-lulars i la seva mida.
Adaptacié de Gyérgy et al., 201122,

21

v




Introduccio

Perd a part de la mida, també existeixen tota una série de caracteristiques que

diferencien les vesicules extracel-lulars entre elles. La seglient taula recull les principals

caracteristiques de cada tipus de vesicula extracel-lular.

Taula 2. Diferéncies entre els tres principals tipus de vesicules extracel-lulars.

Exosomes Microparticules Cossos apoptotics
Rang de mida 40-100 nm 0.1-1 um 1-5um
Mecanisme de Per exocitosi dels Per gemmacié dela | Per alliberament
generacio COSSOS membrana de vesicules de
multivesiculars plasmatica cél-lules sotmeses
(CMV) a apoptosi
Aillament Centrifugacié Centrifugacié Falta de protocols
diferencial i diferencial estandaritzats
ultracentrifugacié en
gradient de sacarosa
Deteccio Microscopia Citometria de flux | Citometria de flux
electronica de i/o microscopia i/o microscopia
transmissio, electronica electronica
espectrometria de
masses i/o citometria
de flux
Millors fonts Tumors i cel-lules Plaguetes, CEs i Linees cel-lulars
cel-lulars immunes cél-lules vermelles
caracteritzades de la sang
Composicid Proteines, ARN i Proteines, ARN i Proteines, ARN,
miARNs miARNs miARNSs,
organuls cel-lulars
i ADN.
Marcadors CD63, CD81, CD9, Marcadors Contingut d’ADN i
CD107a, TSG101 i especifics de cada Annexina V
Annexina V linea cel-lulari
Annexina V

Les MPs van ser descrites per primera vegada al 1946 per Chargaff i West com

un factor precipitable en el plasma lliure de plaguetes amb el potencial de generar
trombinal?3.

Les MPs sén estructures de 0,1-1,0 um de diametre envoltades d'una bicapa
fosfolipidica que sén alliberades per les ceél-lules en condicions d’estrés i/o dany
cel-lular aixi com per activacié/inflamacié’>*?*. Les MPs poden ser alliberades per
plaguetes, CEs, monocits, granulocits, eritrocits i cél-lules tumorals. Contenen

proteines de superficie cel-lular i material citoplasmatic (mARN, miARN i factors de
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transcripcid, entre d’altres) provinents de les cél-lules de les quals deriven?412> E|
component proteic de les MPs pot variar segons el fenotip de les MPs i el estimul que
ddna lloc a la seva produccié®?®. Degut a que les MPs circulen per la vasculatura, no
només actuen al seu entorn local, sino també a llocs diferents del seu origen. Aixi, les

MPs tenen un paper important en la comunicacio cél-lula- cél-lula'?’.

2.2.1.- Formacio de les MPs

Els mecanismes que condueixen a la formacié de MPs no estan completament
clars, pero la reorganitzacié del citoesquelet cel-lular i alteracions en la simetria dels
fosfolipids sén passos essencials en la seva formacié. Diversos estudis proporcionen
evidencia que la formacié de MPs es porta a terme mitjancant activacio cel-lular (tant

fisica com i/o quimica) o com a resposta a un dany cel-lular (apoptosi)*?® (Figura 11).

2.2.1.1.- Formacié de MPs com a resposta a activacio cel-lular

L'activacio cel-lular degut a l'accié de diferents agonistes desencadena una
afluencia de calci extracel-lular que s'associa amb una proteodlisi calci-depenent de les
proteines del citoesquelet a través de I'activacié de la calpaina®?®. L'elevacio sostinguda
de la concentracié de calci citosolic també produeix 'activacié de les quinases i la
inhibicié de les fosfatases, contribuint aixi a la disrupcié del citoesquelet i la
consequent formacié de MPs'? (Figura 11).

Aquesta perdua de I'asimetria de la membrana cel-lular també pot ser resultat
de I'exposicié de la fosfatidilserina a la cara externa de la bicapa de fosfolipids. La
fosfatidilserina és un aminofosfolipid amb carrega negativa que en cel-lules en repos es
troba a la cara interna de la membrana plasmatica. L'exposicié de la fosfatidilserina a la
cara externa de la membrana plasmatica contribueix a un excés de carrega negativa a
la superficie cel-lular que podria ser la causa de la seva desestabilitzacié i la formacid
de MPs. De totes maneres, diferents estudis han observat que no totes les MPs
expressen fosfatidilserina a la part externa de la membrana plasmatica!?®13% i, per tant,

futurs estudis son necessaris per discernir aquestes discrepancies.

2.2.1.2.- Formacio de MPs com a resposta a dany cel-lular (apoptosi)

Durant I'apoptosi, la formacié de MPs s'associa a |'activacio de la caspasa-3 i de

ROCK I. Aquestes activacions tenen com a resultat final la disrupcio del citoesquelet i la
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consequent formacié de MPs*?° (Figura 11). Altres estudis han trobat que TRAIL (TNFa-
related apoptosis-inducing ligand) i el seu receptor TRAIL-R2 també estan implicats en
la via de senyalitzacid de l|'apoptosi, promovent l'alliberament de MPs d’origen
endotelial mitjancant l'inici de la contraccié de proteines adaptadores i I'activacio del

factor nuclear Kappa B (NF-kB) 13! (Figura 11).

Activacié cel-lular Apoptosi

Caspasa-3

N 1

Activacié de les quinases |
la inhibici6 de les fosfatases

; Y/ TRAIL
./Z?% Calpaina \\ / ,ﬂ
0% " 78,
%47,/ 190y ra gﬁ?‘" |

“// 2/, ;//l/,/ /z,’ /‘,. ) Disrupci6 del ﬁ
‘é‘/“’ y‘/‘/://?//’m wa (,8)’ cvtoesquelet‘ r[ P”[\ &'.ﬂﬁrﬁ% ]ﬂ% 1““‘%%
i A
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»— Fosfatidilserina &\
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9 Receptors :3‘:'

Y4y MRNA i miRNA 9‘

Figura 11. Representacié esquematica basica dels diferents pasos que tenen lloc en la formacio de

MPs. Adaptacié de Martinez et al.,**2.

2.2.2.- Identificacio de MPs

La majoria d’estudis determinen els nivells de MPs a partir de mostres de
plasma pobre en plaquetes (PPP), el qual, s’obté a partir d’'una série de centrifugacions
diferencials de la sang recolectada en vacutainers amb citrat sodic!33. EI PPP
normalment conté MPs d’origen endotelial, plaquetari, leucocitari i eritrocitari, tot i
que aproximadament un 60-70% de les MPs sén d’origen plaquetari'®2. A part de

134 esput!®, rentat

plasma, altres estudis també han aillat MPs d’orina
broncoalveolar!®, fluid sinovial*®’ i saliva3®. Tot i que es creu que en els teixits també
hi ha una formacid activa de MPs, actualment no existeix cap métode fiable per poder

aillar i caracteritzar les MPs a partir de teixits.
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El métode més ampliament utilitzat per la deteccid de MPs degut a la seva
senzillesa i a la quantitat d’informacié que es pot extreure de la poblacié que s’esta
estudiant és la citometria de flux. Tot i aix0, existeixen alternatives com per exemple
els assajos ELISA i els assajos funcionals'3®. En aquests ultims, es quantifica les MPs

mitjancant la mesura de la seva activitat procoagulant i protrombinasa®4°.

El principal problema en la deteccié de les MPs és que no hi ha un protocol
estandaritzat i, per tant, a vegades es troben inconsistencies entre els estudis degudes
a diferéncies entre la sensibilitat dels diferents citometres, aixi com diferéncies en les

centrifugacions®*!.

2.2.3.- Funcions de les MPs

Les funcions de les MPs depenen del tipus cel-lular que les origina i del seu
contingut. Durant els ultims anys s’ha descrit el paper de les MPs en processos de
coagulacié!®?, angiogénesi'*?, disfuncié endotelial'**, inflamacié'*>, modulacié
inmunitariat®® i transferéncia horitzontal de molécules bioactives com ARNs, miARNSs,
factors de creixement i el seus receptors!?’, entre d’altres'®’ (Figura 12). Aquesta
transmissio d’informacio és independent del nimero de MPs pero si que depen de la
composicid i I'origen de les MPs'#8, La comunicacid intercel-lular associada a les MPs
pot tenir lloc de diferents maneres: a) les MPs poden directament interaccionar amb
els lligands presents a la superfice de les cél-lules dianes i activar la cascada de
senyalitzacio, o b) transferir proteines, ARNm i/o miARN per fusid o internalitzacid. Per
aquest ultim mecanisme, les cél-lules dianes adquireixen nous antigens de membrana

i, per tant, noves propietats biologiques.

1

B /

Modulacié

-— Disfunci6

immunitaria - :
endotelial

Rigidesa Comunicacio
vascular l cel-lula-cél-lula

Inflamacio

Figura 12. Representacio esquematica de les principals funcions de les MPs.
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2.2.4.- MPs d’origen endotelial (EMPs)

149
, el

Tot i que aproximadament el 60-70% de les MPs sén d’origen plaquetari
seglient tipus de MPs en abundancia correspon a les EMPs® i sén en les que ens

centrarem en aquesta Tesi Doctoral.

2.2.4.1.- Marcadors per detectar les EMPs

L'identificaci6 de MPs d’origen endotelial es basa en I'Us de marcadors
especifics que es detecten per citometria de flux. Desafortunadament, tret de les VE
(vascular endothelial)-caderines i les selectines, la resta de marcadors no s’expressen
de manera exclusiva a les CEs. Per aquesta rad s’estableixen diferents combinacions de
multiples marcadors per tal d’evitar una possible contaminacié de MPs d’altres origens
(sobretot plaquetari) i aixi avaluar de manera acurada les EMPs.

Els marcadors més utilitzats en els diferents estudis publicats estan resumits en la

seglent taula (Taula 3):

Taula 3: Marcadors endotelials utilitzats per detectar EMPs.

Cel:-lules que ho Localitzacio en les Tipus d’expressio
expressen CEs en les CEs
VE-caderines: CEs Unions Constitutiva
CD144 d’adherencia
PECAM-1: CD31 CEs, plaquetes, Unions Constitutiva
neutrofils i intercel-lulars
monaocits.
MCAM: CD146 CEs i altres tipus Unions Constitutiva
cel-lulars sota intercel-lulars
condicions
patologiques
E-selectina: CD62E CEs activades Superficie cel-lular Induible

VE-caderina

La VE-caderina (també coneguda com CD144) és la principal molecula d’adhesié
cel-lular®!, S’expressa només en CEs i esta local-litzada especificament a les unions
d’adheréncia®®? (Figura 13). Canvis en la local-litzacié de la VE-caderina estan associats
amb la migracié de neutrofils i increment de la permeabilitat vascular®>3. Per tant,

I'increment d’EMPs CD144+ reflecteix més una possible destruccid estructural de
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I'endoteli pulmonar que no pas una inflamacid. Tot i que aquest marcador s’ha

proposat com un dels més especifics per detectar EMPs, és dels menys sensibles!>*.

PECAM-1

Les PECAM-1 (Platelet Endothelial Cell Adhesion Molecule), també conegudes
com CD31, sén moléecules que s’expressen a les unions de CEs perd també en la
superficie de plaquetes, neutrofils, monocits i alguns tipus de limfocits'>. A diferéncia
de les VE-caderines, les PECAM es localitzen fora de les unions d’adheréncia de les
CEs'®® (Figura 13). Com que les PECAM no sén només especifiques de les CEs,
s’utilitzen en combinacid amb marcadors especifics de plaquetes (CD41 o CD42b), per
tal de poder distingir MPs CD31+ d’origen endotelial d’aquelles d’origen plaquetari.
Per tant, les EMPs poden ser definides com CD31+CD41- o CD31+CD42b-'*’. Les
PECAM tenen un paper important en la regulacid de les funcions plaquetaries,
activacio de cél-lules B i T, permeabilitat de cél-lules endotelials i migracié cel-lular a

través de I'endoteli 1°°.

Unions d'adherencia

Ceél-lula en repos VE-cadherina Cel-lula activada

Figura 13. Localitzacié dels marcadors d’EMPs a les cél-lules endotelials. Adaptacié de Takahashi et

al.,*>.

MCAM

Les MCAM (Melanoma Cell Adhesion Molecule), també conegudes com CD146,
son molécules d’adhesié que es troben en les CEs i estan implicades en processos de
permeabilitat i migracid cel-lular, transduccié de senyals, angiogenesi i resposta

immunolodgica'®. Les MCAM es localitzen fora de les unions d’adheréncia i s’expressen
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a la part apical de les CEs (Figura 13). Aquestes molécules, tot i que s’expressen
sobretot en el llinatge endotelial, també s’expressen en altres tipus cel-lulars en

condicions patologiques?®°.

E-selectina

Les E-selectines (també conegudes com CD62E) sén molécules d’adhesio
cel-lular expressades només en CEs activades (Figura 13). La seva expressio és
rapidament induible sota un estimul inflamatori, a diferencia de les molécules VE-
caderines, PECAM i MCAM que s’expressen de manera constitutiva’®l. La seva principal

162

funcio és el reclutament de leucocits a llocs de dany deguts a inflamacié*®“. Per tant, la

presencia d’EMPs CD62E pot reflexar el grau d’inflamacid en curs.

2.2.4.2.- EMPs en condicions fisiologiques

Sota condicions normals, 'homeostasi dels vasos esta assegurada per les
propietats antiinflamatories i antitrombotiques de la monocapa de CEs!®3. La seva
integritat funcional es manté per una baixa regeneracido cel-lular continua i la
incorporacio de les CPEs. L'activacié endotelial és local, de baix grau i reversible.
Consequentment, els nivells circulants d’'EMPs en plasma de persones sanes son
baixos, reflectint una renovacié endotelial normal'®*. Per la seva banda, I'activitat
protectora pro-coagulant de baix grau es manté per les EMPs que expressen proteines

anti-trombotiques a la seva superficie i per MPs derivades de plaquetes?®®®.

2.2.4.3.- EMPs en diferents situacions cliniques

2.2.4.3.1.- EMPs i disfuncié endotelial

Diversos estudis han evidenciat que els nivells d’'EMPs circulants en pacients
amb disfuncié endotelial correlacionen de manera inversa amb I'amplitud de la
dilataciéo mediada per flux!®®1%9 Estudis ex vivo demostren que les MPs aillades de
sang de pacients amb sindrome coronaria aguda poden causar disfuncié endotelial en
les aortes de rates mitjancant I'alteracié de la via de transduccié de la eNO'°.
Aguestes observacions demostren que nivells elevats d’EMPs circulants estan
relacionats amb la vasodilatacié depenent de I'endoteli, proporcionant a les EMPs un

possible paper com a marcadors de disfuncié endotelial.
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2.2.4.3.2.- EMPs i tabac

Com s’ha comentat anteriorment, el tabac és el factor de risc més important en
la MPOC. Diferents estudis demostren que fumar incrementa els nivells circulants
d’EMPs. Takahashi et al., van demostrar in vitro que I'incubacié de CEs microvasculars
del pulmdé o de CEs de l'aorta amb fum de tabac induia I'alliberament d’EMPs
CD31*CD41 i CD146%°. Heiss et al., van observar l'alliberacié d’EMPs CD144* a les

poques hores de I'exposicié al fum de tabac'®.

Posteriorment, Gordon et al., va
observar un increment dels nivells circulant d’EMPs CD31*CD42b" en fumadors actius
sans i encara un increment més accentuat en fumadors actius amb enfisema®®’.
Mobarrez et al., van descriure que només amb un cigarret ja es produeix un augment
significatiu dels nivells d’'EMPs CD144%104 Recentment, el grup de Serban et al., va
descriure que I'exposicio al fum de tabac era suficient per incrementar in vivo els

nivells circulants d’EMPs tant en el plasma d’humans com de ratolins, aixi com en el

sobrenedant de CEs de cultivades in vitro’™.

2.2.4.3.3.- EMPs i MPOC

El paper de les EMPs com a possible efector patologic i/o marcador prognostic
en la MPOC i enfisema també ha estat estudiat. Thomashow et al., van trobar nivells
incrementats d’EMPs CD31* en pacients amb MPOC moderada i nivells incrementats
d’EMPs CD62E* en pacients amb MPOC greu'’?. A més, els nivells d’EMPs apoptotiques
correlacionaven de manera positiva amb el grau d’enfisema i de manera negativa amb
la perfusié microvascular pulmonar. Per la seva banda, en I'estudi de Takahashi et al.,
van trobar nivells elevats tant d’EMPs d’origen activat com apoptotic en malalts amb
MPOC amb exacerbacions comparat amb pacients amb MPOC estables!’3. A més,
I'estudi suggereix que les EMPs CD62E* podrien predir la susceptibilitat a patir
exacerbacions. En un estudi posterior del mateix grup, van trobar una correlacié entre
els nivells basals d’'EMPs CD62E* i el FEV1, nivells alts d'EMPs prediuen una disminucié
més accentuada del FEV:’4. Per tant, I'inflamacié i I'activacié endotelial persistent
podrien jugar un paper clau en la disminucié funcional dels malalts amb MPOC.
Recentment, I'estudi de Strulovici-Barel et al., també va trobar nivells elevats d’EMPs

CD31*CD42b" en malats amb MPOC>.
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2.2.4.3.4.-EMPs i HP

Diferents estudis han avaluat els nivells d’EMPs circulants en pacients amb
HPp140,148,176-178  Amabile et al., i Bakouloula et al., van observar un increment dels
nivells d’EMPs en pacients amb HAP, sent els seus nivells altament predictius de la
gravetat hemodinamica'*®1’¢, També s’ha demostrat que nivells basals d’EMPs CD62E*
(mesurades abans d’iniciar terapia especifica) poden predir I'ocurrencia d’episodis
adversos en una poblacié de HP amb etiologies variades?’”. De fet, I'etiologia de la
malaltia també sembla influir en els nivells d’EMPS circulants, els pacients amb HAP
tenen nivells d’EMPs més elevats comparats amb el pacients amb HPTEC’®. Perd
curiosament, nivells del subtipus d’EMPs CD62* estan més incrementats en pacients
amb HPTECY78,

Finalment, s’ha vist que MPs circulants aillades de rates amb HP induida per hipoxia

poden afectar al to de la vasculatura®®®.
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Hipotesis

La present Tesi Doctoral es fonamenta en les seglients hipotesis:

1.- El remodelat vascular pulmonar és una de les principals alteracions vasculars de la
circulacié pulmonar dels malalts amb MPOC. Previ al remodelat vascular, s’evidencien
processos angiogenics que podrien actuar com iniciadors dels canvis de la paret dels
vasos, sovint induits per inflamacié cronica. Per tant, hipotetitzem que I'alliberacié de
diferents factors de creixement i citocines podrien constituir un microambient

angiogenic caracteristic de la malaltia.

2.- La disfuncié endotelial pot tenir un paper important en l'inici i evolucié de malalties
com la MPOC i la HP i és una de les dianes clau en el tractament actual de la HAP. Tot i
aixi, el diagnostic d’ambdues malalties no reflexa de forma directa la funcié endotelial.
No obstant aix0 hipotetitzem que l'analisi de I'estat endotelial podria ser un bon
biomarcador de l'evolucié d’aquestes malalties. L'estat endotelial pot evaluar-se
mitjancant I’analisi dels nivells circulants de cel-lules progenitores (CPs), com index de
reparacio vascular, i les microparticules endotelials (EMPs), com index de dany
vascular.
2.1.- Hipotetitzem que el dany vascular dels malalts amb HAP o HPTEC de nou
diagnostic i, per tant, sense tractament especific previ per la HP produira una
alteracié dels nivells circulants de CPs respecte als controls. En aquest sentit
hipotetitzem que el tractament dirigit a millorar la funcié endotelial mitjangant
I'alliberacié de mediadors endotelials es veura reflexat en un canvi dels nivells
de CPs dels malalts, possiblement assolint valors similars als dels controls.
2.2.- Hipotetitzem que el dany endotelial dels malalts amb MPOC produira una
alteracié de l'equilibiri dels nivells d’EMPs i CPs i, per tant, de la relacio
dany/reparacid vascular (competéncia vascular). Per tant, pensem que factors
associats a la disfuncié endotelial com el consum de tabac i la preséncia
d’hipertensié pulmonar associada a la MPOC, pero també factors poblacionals
(com el sexe, edat, risc cardiovascular, etc) podrien tenir efectes sobre els

nivells d’ambdds biomarcadors.
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Objectius

Objectiu general:

D’acord amb les hipotesis esmentades, I'objectiu global d’aquesta Tesi Doctoral
és I'estudi de factors angiogénics, cel-lules progenitores i microparticules endotelials

circulants com a marcadors de malaltia vascular pulmonar.

Amb aquest objectiu general s’han dut a terme 3 estudis diferents que

fomenten aquesta Tesi Doctoral, els objectius dels quals han estat:

1.- Objectiu del primer estudi: Perfil d’expressié génica de factors angiogénics en

arteries pulmonars de pacients amb MPOC: relacié amb el remodelat vascular.

Estudiar el perfil d’expressié genica de gens relacionats amb el procés
d’angiogénesi i/o relacionats amb la proliferaci6 de CMLs en artéries pulmonars
aillades de subjectes no fumadors, fumadors i malalts amb MPOC, i relacionar-ho amb

el grau de remodelat vascular.

2.- Objectiu_del segon estudi: Efecte de la terapia especifica sobre els nivells de

cel-lules progenitores circulants en la hipertensié pulmonar precapilar.

Estudiar si els pacients amb HAP o HPTEC de nou diagnostic i, per tant encara
no tractats, tenen nivells circulants de CPs alterats respecte els controls i estudiar el

possible efecte de la terapia especifica de la HAP sobre els nivells circulants de les CPs.

3.- Objectiu del tercer estudi: Analisi de la competéncia vascular a la MPOC

Estudiar si els pacients amb MPOC tenen una alteracié de la competéncia

vascular avaluada mitjangant els nivells circulants d’"EMPs i CPs.
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PUBLICACIONS
A continuacid es presenten els articles publicats i en revisié que fonamenten la present

Tesi Doctoral i dels quals la doctoranda n’és primera autora:

Primer article:

Garcia-Lucio J, Argemi G, Tura-Ceide O, Diez M, Paul T, Bonjoch C, Coll-Bonfill
N, Blanco |, Barbera JA, Musri MM, Peinado VI.

Gene expression profile of angiogenic factors in pulmonary arteries in COPD:

relationship with vascular remodeling. Am J Physiol Lung Cell Mol Physiol. 2016 Apr

1;310(7):L583-92. doi: 10.1152/ajplung.00261.2015. Epub 2016 Jan 22.
Factor d’impacte: 4,721

Segon article:

Garcia-Lucio J, Tura-Ceide O, Del Pozo R, Blanco |, Pizarro S, Ferrer E, Diez M, Coll-
Bonfill N, Piccari L, Peinado VI, Barbera JA.

Effect of targeted therapy on circulating progenitor cells in precapillary pulmonary
hypertension. Int J Cardiol. 2017 Feb 1;228:238-243. doi: 10.1016/j.ijcard.2016.11.175.
Epub 2016 Nov 9.

Factor d’impacte: 6,189

Tercer article:

Garcia-Lucio J, Peinado VI, de Jover LI, del Pozo R, Blanco I, Bonjoch C, Coll-Bonfill N,
Paul T, Tura-Ceide O, Barbera JA
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Objectiu general:

Estudiar el perfil d’expressid genica de gens relacionats amb el procés
d’angiogénesi i/o relacionats amb la proliferaci6 de CMLs en artéries pulmonars
aillades de subjectes no fumadors, fumadors i malalts amb MPQOC, i relacionar-ho amb

el grau de remodelat vascular.

Objectius especifics:

1. Caracteritzar el microambient angiogénic de les arteries pulmonars, tant les
obtingudes quirdrgicament com les obtingudes mitjancant microdisseccié laser,
durant el procés de remodelat vascular mitjancant I'estudi de I'expressié génica
dels principals factors de creixement, receptors i metaloproteinases en les
artéries pulmonars dels pacients amb MPOC.

2. Estudiar els nivells plasmatics del/s factor/s de creixement i/o citocines que els
resultats revelin importants en una altra cohort de pacients amb MPOC, amb o

sense HP associada.

Resum de la metodologia:

De 29 subjectes candidats a lobectomia o pneumonectomia degut a carcinoma
(9 subjectes no fumadors, 9 fumadors i 11 malalts amb MPOC) es van aillar segments
de les artéries pulmonars (1-2 mm de diametre) de regions llunyanes de tumors.
D’aquestes arteries pulmonars es van realitzar estudis de morfometria,
immunohistoquimica i d’expressié génica mitjancant TLDAs (TagMan low-density
arrays).

A partir de I'estudi de morfometria, es va obtenir un valor de remodelat
vascular per cada subjecte que va permetre la classificacié dels 29 subjectes en tercils
segons els gruix de la capa intima de les artéries pulmonars: grup R1 (subjectes amb el
grau de remodelat més baix), grup R2 (subjectes amb grau de remodelat mig) i grup R3
(subjectes amb el grau de remodelat més alt)

Les arteries intrapulmonars de 0,25-0,5 mm de diametre es van aillar a partir de
teixit pulmonar mitjangant microdisseccié laser.

Els factors de creixement i/o citoquines que les TLDAs van revelar importants

en el remodelat vascular es van avaluar mitjancant I'assaig ELISA en una altra cohort
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de pacients amb MPOC (n=62; 17 fumadors actius i 45 ex-fumadors) i controls (n= 48;
27 no fumadors i 21 fumadors actius). Els pacients amb MPOC es van subdividir en 2
subgrups més: MPOC amb HP (n= 16; 2 fumadors actius i 14 ex-fumadors) i MPOC

sense HP (n=46; 14 fumadors actius i 32 ex-fumadors).

Resultats principals:

Dels 46 gens estudiats mitjancant les TLDAs, només |’expressid genica d’ANGPT-
2 estava incrementada de manera significativa en les arteries pulmonars dels grups R2
i R3 (arteéries pulmonars amb grau de remodelat mig i molt remodelades,
respectivament) comparat amb les artéries del grup R1 (poc remodelades). Es a dir, a
major grau de remodelat vascular, major expressié génica d’ANGPT-2. No es van

observar diferéncies significatives en la resta dels gens estudiats.

L'expressié génica d’ANGPT-2 de les artéries pulmonars de tamany mitja
obtingudes quirdrgicament correlacionava amb I'expressio genica d’ANGPT-2 de les
artéries pulmonars de petit tamany obtingudes mitjancant microdisseccio laser,

reflectint concordancia en els diferents segments arterials.

Les artéries pulmonars dels grups R2 i R3 tenien una major expressid proteica
d’ANGPT-2 en les cel-lules que conformen la capa intima comparat amb les arteries
menys remodelades R1. Aquesta expressidé protéica d’ANGPT-2 correlacionava
positivament amb el grau de remodelat, corroborant aixi els resultats obtinguts amb

les TLDAs.

L’analisi multivariant va demostrar que la combinacié de 10 dels 46 gens
estudiats pot classificar les artéries pulmonars dels subjectes segons els grau de
remodelat amb una eficiencia del 96.6%. D’aquests 10 gens, 5 gens (ANGPT-2, MMP-2,
VEGF, TEK i CTNNB-1) mostraven correlacié multiple entre ells i expliquen el 52% de la
variabilitat de I'engruiximent de la capa intima. A més, I'analisi de la xarxa génica va
mostrar una connexid entre I'engruiximent de la capa intima i la MMP-2, indicant

I'influencia de MMP-2 en el vascular remodelat.
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En una altra poblacié de subjectes, els nivells plasmatics d’ANGPT-2 estaven
incrementats en pacients amb MPOC comparat amb els controls no fumadors. En
I"analisi fet només amb els malalts amb MPOC, els malalts amb MPOC fumadors o amb
HP associada tenien nivells plasmatics d’ANGPT-2 incrementats respecte els malalts
amb MPOC no fumadors o sense HP, respectivament. A més, els nivells d’ANGPT-2

correlacionaven amb la carga tabaquica.
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Garcia-Lucio J, Argemi G, Tura-Ceide O, Diez M, Paul T,
Bonjoch C, Coll-Bonfill N, Blanco I, Barbera JA, Musri MM,
Peinado VI. Gene expression profile of angiogenic factors in pulmo-
nary arteries in COPD: relationship with vascular remodeling. Am J
Physiol Lung Cell Mol Physiol 310: L583-L592, 2016. First pub-
lished January 22, 2016; doi:10.1152/ajplung.00261.2015.—Pulmo-
nary vessel remodeling in chronic obstructive pulmonary disease
(COPD) involves changes in smooth muscle cell proliferation, which
are highly dependent on the coordinated interaction of angiogenic-
related growth factors. The purpose of the study was to investigate, in
isolated pulmonary arteries (PA) from patients with COPD, the gene
expression of 46 genes known to be modulators of the angiogenic
process and/or involved in smooth muscle cell proliferation and to
relate it to vascular remodeling. PA segments were isolated from 29
patients and classified into tertiles, according to intimal thickness.
After RNA extraction, the gene expression was assessed by RT-PCR
using TagMan low-density arrays. The univariate analysis only
showed upregulation of angiopoietin-2 (ANGPT-2) in remodeled PA
(P < 0.05). The immunohistochemical expression of ANGPT-2
correlated with intimal enlargement (r = 0.42, P < 0.05). However,
a combination of 10 factors in a multivariate discriminant analysis
model explained up to 96% of the classification of the arteries. A
network analysis of 46 genes showed major decentralization. In this
network, the metalloproteinase-2 (MMP-2) was shown to be the
bridge between intimal enlargement and fibrogenic factors. In COPD
patients, plasma levels of ANGPT-2 were higher in current smokers or
those with pulmonary hypertension. We conclude that an imbalance in
ANGPT-2, combined with related factors such as VEGF, (-catenin,
and MMP-2, may partially explain the structural derangements of the
arterial wall. MMP-2 may act as a bridge channeling actions from the
main fibrogenic factors.

angiopoietin; pulmonary artery; COPD; vascular remodeling; gene
expression profile

PULMONARY VASCULAR REMODELING is a frequent feature in smok-
ers and patients with chronic obstructive pulmonary disease
(COPD), mainly consisting of thickening of the intimal coat of
pulmonary muscular arteries (3). Vascular remodeling is a
dynamic process involving cellular and molecular changes,

* M. M. Musri and V. I. Peinado contributed equally as senior authors.

Address for reprint requests and other correspondence: V. I. Peinado; Cellex
P2A, Facultad de Medicina, Casanova 143, 08036 Barcelona, Spain (e-mail:
vpeinado@clinic.ub.es).

such as cell proliferation, cell migration, apoptosis, and
changes in the synthesis or degradation of the extracellular
matrix (21), which disturb both endothelial and smooth muscle
cell homeostasis. These processes are highly dependent on the
coordinated interaction of numerous growth factors and their
corresponding receptors, which may be locally released or
expressed in response to diverse stimuli, such as injury, hyp-
oxia, or shear stress (11). In addition, there is evidence that
bone marrow-derived circulating progenitor cells may be re-
cruited at sites of vascular lesions and may take part in
angiogenesis or tissue repair (26, 27). Progenitor cell fate is
highly dependent on the microenvironment and, therefore, on
the release of cytokines and growth factors. The signaling
pathways of this phenomenon remain undetermined. Several
data suggest that vascular remodeling may be the result of an
angiogenic process often induced by chronic inflammation (4).
Vascular endothelial growth factor (VEGF) is one of the key
signaling molecules regulating the recruitment, proliferation,
and migration of progenitor and/or endothelial cells and acts
through specific receptors (19). Several other signaling systems
are also involved in the regulation of the main steps during
vessel formation and/or remodeling of preexisting vessels. For
instance, matrix metalloproteinases (MMPs) influence angio-
genesis by degrading matrix molecules and by activating or
releasing growth factors sequestered within the extracellular
matrix, such as VEGF, basic fibroblast growth factor (FGF),
and insulin growth factor-1 (29). For its part, the formation of
the vascular wall is an important step in vessel stabilization and
maturation (21). Signaling platelet-derived growth factor sys-
tem (PDGFB/PDGFRf), as well as angiopoietins (ANGPT-1,
ANGPT-2, and their receptor TEK, also called Tie2) are
involved in recruiting mural cells (pericytes and smooth mus-
cle cells) (7, 37). The transforming growth factor (TGF)-f3
superfamily, which includes the bone morphogenetic proteins,
has also been shown to be a critical regulator of pulmonary
vascular remodeling in both secondary and idiopathic pulmo-
nary hypertension (PH) (8, 28). Many of these factors may
have effects on the proliferation and apoptosis of endothelial
and/or smooth muscle cells. Taken together, the combination
of factors/receptors involved in vascular remodeling remains a
puzzling question.

Identification of the key molecules involved in the regulation
of angiogenesis may provide new possibilities for the devel-

http://www.ajplung.org 1040-0605/16 Copyright © 2016 the American Physiological Society L583

/T0Z ‘2 1snbny uo #°'£g'022 0T Aq /610 ABojoisAyd-6un|dfe;/:dny wouy papeojumod



mailto:vpeinado@clinic.ub.es
http://ajplung.physiology.org/

L584

opment of suitable drugs for angiogenesis inhibition or stimu-
lation in respiratory diseases, such as PH and emphysema. The
aim of the present study was to examine the gene expression
profile of 46 main growth factors, receptors, and key metallo-
proteinases in muscular pulmonary arteries obtained from lung
resected specimens and to relate their expression with the
degree of wall remodeling. A univariate analysis showed that
remodeling of muscular pulmonary arteries was exclusively
associated with higher expression of ANGPT-2. Nevertheless,
a multivariate analysis showed that ANGPT-2 gene expression
balanced with the expression of VEGF, MMP-2, and 3-catenin
(CTNNB-1) could partially explain the structural derangements
of the arterial wall.

MATERIALS AND METHODS
Tissue Specimens

Surgical lung specimens were obtained from 29 subjects who
underwent lobectomy or pneumonectomy for localization of a solitary
pulmonary nodule. Subjects had normal lung function (n = 18) or
criteria for COPD (n = 11), defined as a forced expiratory volume in
1 s (FEV,) < 80% and a FEV,-to-forced vital capacity ratio < 0.7.
Patients with large-sized tumors were excluded from the study. The
study was approved by our institution’s Committee on Human Re-
search, and all subjects gave written, informed consent.

After lung resection, pulmonary arteries were selected from regions
distal to the tumors to ensure that there was not an infiltration of
cancer cells in the tissue sample. Pulmonary arteries adjacent to the
membranous bronchioles, measuring ~2 cm long and with an external
diameter within 1-2 mm (distributing arteries), corresponding to a
fourth or a fifth segment, were carefully dissected under microscope
and cleaned of surrounding parenchyma and connective tissue. The
histology of these pulmonary segments revealed the presence of an
internal elastic lamina and an artery wall composed mainly of smooth
muscle cells (Fig. 1). Two 3-mm-long rings were fixed in 4%
paraformaldehyde, cryo-embedded in OCT, and frozen at —80°C for
immunohistochemical purposes. The rest of the pulmonary segments
were preserved in RNA later solution (Ambion) and frozen at —20°C.

Validation cohort. Additionally, plasma aliquots were obtained
from a different set of subjects diagnosed with COPD (n = 62), with
or without criteria for PH, and from healthy subjects (n = 48). Plasma
was frozen and stored at —80°C until analysis.

Assessment of Vascular Remodeling

Morphometric characteristics of pulmonary muscular arteries were
analyzed in formalin-fixed, paraffin-embedded lung tissue sections
processed with elastic orcein stain. At least 10 arteries from each
subject with complete elastic laminas were evaluated using a com-
puterized image analysis system (Leica Qwin), as previously de-
scribed (5). External and internal elastic laminas and the inner aspect
of the intima were outlined. The areas occupied by the muscular layer,
the intimal layer, and the lumen were expressed as percentages of the
total area. A mean value of intimal thickening was obtained for each
subject and used as a value of vascular remodeling.

Grouping Variables

According to the intimal thickening of pulmonary arteries, subjects
were classified into tertiles: first tertile correspond to subjects with the
“lowest degree of remodeling,” group R1; second tertile correspond to
subjects with “medium degree of remodeling,” group R2; third tertile
correspond to subjects with the “greatest degree of remodeling,”
group R3.

ANGIOGENIC FACTORS IN PULMONARY VASCULAR REMODELING

RNA Extraction

Total RNA was extracted from arterial segments or lung tissues
(~10 mg of tissue) using Trizol Reagent (Life Technologies,
GIBCO BRL, Gaithersburg, MD), in accordance with the manu-
facturer’s instructions. RNA quality was checked with the LabChip
Test kit using the Agilent 2100 bioanalyzer (Agilent Technologies,
Palo Alto, CA).

Gene Selection and Quantitative RT-PCR

Forty-six genes known to be modulators of the angiogenic process
and/or involved in smooth muscle cell proliferation were studied. A
list of the genes, grouped by families, is shown in Supplemental Table
S1. (Supplemental material for this article is available online at the
journal website.) Human {3-actin and GAPDH were used as endoge-
nous controls.

Specific TagMan Gene Expression assays for each gene were
selected from the manufacturer’s database (Applied BioSystems,
Foster City, CA), and gene expression was determined by quantitative
real-time PCR (qRT-PCR) with TagMan low-density arrays (TLDA;
Applied BioSystems).

TLDA

Each TLDA was configured with 48 genes by duplicate for four
samples. Briefly, 2 ng of DNase-treated RNA from each sample were
used for reverse transcription into 100 pl of cDNA. For each sample,
40 pl of synthesized cDNA were mixed with 210 pl of TagMan
universal PCR master mix (PE Applied Biosystems, New Jersey, NJ)
and 170 pl of PCR water to form the reaction mix. Four hundred
microliters of this mix were inserted on the microfluidic cards into
mini-wells containing primers and probes of genes in duplicate. For
each 384-well card, two matched cDNA samples were included at the
same time for qRT-PCR reaction and analysis. qRT-PCR reaction and
laser scanning were performed on an ABI 7900HT genotyper with
SDS2.1 software. Expression level of each gene was analyzed from
the mean of its duplicates, and genes with reproducible amplification
curves of both duplicates were analyzed and presented.

Array Validation by gRT-PCR

Selected genes underwent qRT-PCR for independent confirmation
of relative expression levels in a Chromo 4 Real Time PCR detector
(Bio-Rad, Hercules, CA) using the sensiMix dt kit (Quantace, San
Mateo, CA) based on the DNA double-strand-specific SYBR green I
dye for detection. Results were normalized to the means of both
GAPDH and -actin expression levels, and relative gene expression
was analyzed by the 272ACt (cycle threshold) method. Primers were
designed in accordance with human sequence database (Genome
Browser).

Laser-Assisted Microdissection and Gene Amplification

Intrapulmonary arteries with diameters of 250—500 wm adjacent to
the respiratory bronchioles were selected from lung tissue (n = 18)
cryo-sections (16 pm thick) mounted on glass slides, and microdis-
sected under optical control using a Laser Microbeam System
(LEICA, Wetzlar, Germany). Briefly, after hemalaun staining for 45 s,
the sections were immersed in 70% and 96% ethanol and stored in
100% ethanol until use. No more than 10 sections were prepared at
once to reduce the storage time. Fifty arteries from each subject were
identified and extracted. The external elastic lamina was outlined, and
the arteries were then transferred into a reaction tube containing 65 .l
of cold RNA lysis buffer.

Total RNA from microdissected arteries was purified using the
RNeasy Micro Kit (Applied Biosystems), quantified with ND-2000
(Nanodrop), and qualified with 2100 bioanalyzer Agilent (xip picco).
RNA was then reverse-transcribed using 0.25 pl of random primers in
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R3-a-SMA

R1-NEG "R3-NEG

20 pl of final volume reaction. Ten nanograms of cDNA were
preamplified according to commercial guidelines using the Taq-
Man Gene Expression Assay Kit (Applied Biosystems) and the
ANGPT-2 primer designed by TagMan (Hs01048042_m1, Applied
Byosystems). After 14 cycles of preamplification, the resulting
product was diluted in Tris-EDTA buffer (1:20). PCR was per-
formed with 2.5 pl of cDNA mixed with 0.5 pl of PCR Primers
(20X) and 10 pl of TagMan gene expression master mix. PCR was
performed with 2.5 nl of ¢cDNA in a GeneAmp 7900TH PCR
cycler (Applied Biosystems).

Immunohistochemistry

Serial 2-pwm-thick sections were cut from formalin-fixed OCT-
embedded tissue blocks containing pulmonary artery rings. One slide
from each series was stained with hematoxylin-eosin for light micro-
scopic examination and artery location.

Sections were immunostained with different monoclonal antibodies
using the avidin-biotin complex/horseradish peroxidase (HRP)

L585

Fig. 1. Immunohistochemical staining of transverse sec-
tions of pulmonary arteries >1 mm obtained surgically
from a patient with low remodeled arteries (R1; A, C, E,
and G) and a patient with highly remodeled walls (R3; B,
D, F, and H). A and B: pulmonary artery showing intense
immunoreactivity to angiopoietin-2 (ANGPT-2). C and D:
transverse sections stained with a-smooth muscle actin
(SMA). E and F: immunohistochemistry against CD31
localized in the endothelium. G and H: negative controls.

method (K355; Dako, Glostrup, Denmark). Briefly, to inhibit perox-
idase activity, sections were incubated with 0.5% hydrogen peroxide
in methanol. After three washouts with phosphate-buffered saline
(PBS), nonspecific binding was suppressed with normal goat serum
followed by incubation of the following primary monoclonal antibod-
ies: anti-human ANGPT-2 (R&D Systems), anti-smooth muscle a-ac-
tin (Dako), and anti-CD31 (Dako). After three washouts in PBS,
sections were incubated with biotinylated rabbit anti-mouse immuno-
globulin (E0354; Dako) followed by treatment with the avidin-biotin
complex/HRP. Negative controls were done with nonimmune serum.
Immunopositive cells were visualized by a solution of diaminobenzi-
dine and hydrogen peroxide (Dako). The positive area and the inten-
sity were evaluated by an analysis software (Image-Pro, Media Cy-
bernetics, Buckinghamshire, UK) on 20 randomly selected fields of
each subject (n = 29). The stained areas for each individual were
normalized by the total area. An “Integrated Intensity Value” was
calculated by multiplying the percentage of stained area by their
intensity value in each image.
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ANGPT-2 Plasma Levels in COPD Patients

ANGPT-2 was assessed by sandwich ELISA (DuoSet, R&D Sys-
tems, Abingdon, UK) in plasma obtained from a cohort of patients
diagnosed with COPD (n = 62; 17 current smokers and 45 former
smokers) and compared with healthy controls (n = 48; 27 nonsmokers
and 21 current smokers). Patients with COPD were subsequently
divided in two subgroups: COPD with PH [COPD-PH(+); n = 16, 2
current smokers and 14 former smokers] and COPD without PH
[COPD-PH(—); n = 46, 14 current smokers and 32 former smokers].
Briefly, R&D ELISA plates were incubated overnight with 100 pl of
diluted capture antibody for ANGPT-2 in PBS (pH 7.2). This was
followed by three washes with buffer (PBS, pH 7.2 and 0.05% Tween
20). Antigen blocking was done by 1% bovine serum albumin in PBS
for 1 h. Recombinant proteins were serially diluted as recommended,
to obtain a seven-point standard curve. All of the samples were diluted
1:2 in reagent diluent (R&D Systems). Samples and standards were
incubated for 1 h at room temperature on a shaker at 500 rpm,
followed by washing and addition of detection antibodies, which were
incubated for 1 h. After four washes, streptavidin-HRP was added and
incubated for 20 min. The substrate tetramethylbenzidine/H>O» (Ban-
galore, Genie, India) was added, and plates were incubated at room
temperature in the dark for 20 min. Fifty microliters of stop solution
(2N H>SO.) were then added to each well, and optical density was
assessed at 450 nm.

Statistics

Data analysis was performed using Real-Time StatMiner software
from Integromics (https://www.integromics.com). Relative quantifi-
cation (RQ) was based on the comparative Ct method using GAPDH
and B-actin as endogenous controls. For differential expression analysis
between groups, a limma modified #-test (33) was used to calculate AACt
quantities [AACt = mean ACt value (target samples) — mean ACt value
(control samples)]. RQ values were calculated from these AACt quanti-
ties (RQ = 2744€Y) and used for fold-change computations. In parallel to
this analysis, conventional statistical assessments of the data (RQ values)
were also conducted for statistical tests by means of Sigmaplot (version
11.0; Systat Software, Chicago, IL) and SPSS (version 13.0; SPSS,
Chicago, IL) packages.

Univariate analysis. Data are expressed as means = SD for
normally distributed data or as medians and interquartile range for
skewed distribution (Kolmogorov-Smirnov test). Statistical differ-
ences for each gene were assessed using the Kruskal-Wallis analysis
of variance, and post hoc comparisons between groups were per-
formed with the Dunn test.

Correlations. Correlations between variables were analyzed with
Pearson’s coefficient. Probability values lower than 0.05 were con-
sidered as significant.

Multivariate analysis. DISCRIMINANT ANALYSIS. A linear discrim-
inant function analysis with cross-validation was used to determine
which variables best discriminate between groups. We assumed the
degree of remodeling as the categorical variable, obtained by classi-
fying pulmonary arteries into three groups according to the intimal
thickness using the tertiles as cutoff values. The performance of the
analysis was evaluated by leave-one-out cross-validations. Post hoc,
the relative strength of selected variables in this analysis was checked
by multiple linear regression analysis.

Multiple linear regression. We performed a regression analysis
using as explanatory variables the —Ct values of genes resulting from
the previous discriminant analysis variables and the percentage of
intima as the independent variable. In this analysis, each gene was
previously evaluated for outliers and removed before running the test.

After the multiple regression analysis of genes selected from
discriminant analysis, the explanatory variables (genes) used were
evaluated for multicollinearity using the variance inflation factor and
removed from the equation if they were above 4. Lastly, no significant
variables (P > 0.05) on the model were removed from the equation.

ANGIOGENIC FACTORS IN PULMONARY VASCULAR REMODELING

Network analysis. A network was constructed using the gene expres-
sion matrix correlation obtained after a Pearson analysis between each
pair of genes. The network generated was compiled in simple interaction
format amenable to Cytoscape for further topological analysis (32). In
this network, nodes represent the genes, and the network edges (connect-
ing lines) are depicted when P denotes a significant correlation (P <
0.05) with each other. The size of nodes is proportional to the between-
ness centrality, whereas the thickness of edges is constructed from the
edge betweenness value between each pair of genes. The betweenness
centrality of a node reflects the amount of control that this node exerts
over the interactions of other nodes in the network, while edge centrality
represents a bridge-like connector between two parts of a network, the
removal of which may affect the communication between many pairs of
nodes through the shortest paths between them.

RESULTS
Subjects

Eleven patients with COPD and 18 subjects with normal lung
function (9 nonsmokers and 9 smokers) were enrolled in the study
(Table 1). Patients with COPD had significantly lower FEV|,
forced vital capacity-to-FEV, ratio, and diffusing capacity for
carbon monoxide than healthy controls. Groups formed according
to their degree of remodeling were matched for subjects with
COPD and subjects with normal lung function. There were no
differences in respiratory variables between groups.

The histology of these pulmonary segments revealed the
presence of an internal elastic lamina and an artery wall
composed mainly of smooth muscle cells (Fig. 1).

After RNA extraction, we studied the expression profile of 46
genes, including growth factors, their receptors, MMPs, and
cytokines in 29 subjects, according to the degree of remodeling by
means of TLDAs, which were run in parallel to the 48 qPCRs.
After normalization of gene expression, we performed several
bioinformatics approaches to analyze the data in relation to the
degree of pulmonary vascular remodeling by grouping the sub-
jects into tertiles, according to their intimal thickness.

Univariate Analysis

Table 2 shows the fold change in all genes studied according
to their degree of remodeling. Results of the TLDAs showed
that ANGPT-2 gene expression increased significantly in both
group R2 and R3 pulmonary arteries compared with the ones

Table 1. General characteristics of the population
(nonsmokers, smokers, and COPD)

Nonsmokers Smokers COPD
n 9 9 11
Age, yr 66 =7 64 =8 62 x5
Tobacco, packs/yr 0 63 £ 327F 66 + 327
Smoking status (current/former) N/A 6/3 8/3
FEV,, %predicted 100 = 15 92 = 11 66 £ 12%f
FEV./FVC, % T4 x5 77 x5 56 = 8*f
DLco, %predicted 92 £ 14 77 = 18 74 £ 12%
Pao,, mmHg 88 * 15 88 9 75*9
Intimal thickness, %total area 196 24 =17 23 £9
R1/R2/R3 distribution 4/2/3 2/4/3 3/4/4

Values are means = SDj; n, no. of subjects. COPD, chronic obstructive
pulmonary disease; FEV, forced expiratory volume in 1 s; FVC, forced vital
capacity; DLco, diffusing capacity for carbon monoxide; Pao,, arterial O»
partial pressure; R1, R2, and R3: subjects with the lowest, medium, and
greatest degree of remodeling, respectively; N/A, nonapplicable. *P < 0.05 vs.
nonsmokers. TP < 0.05 vs. smokers.
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Table 2. Univariate analysis:
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differential expressions for the main pairwise comparisons

L587

R2-R1 R3-R1
Gene P value Fold change (logl0 RQ) Gene P value Fold change (logl0 RQ)
ANGPT-2 0.0153 0.47 ANGPT-2 0.0247 0.43
TEK 0.0810 —0.16 MMP2 0.0650 0.29
MMPI2 0.1114 0.79 TEK 0.1447 —0.13
CTNNBI 0.1634 —0.06 MMP7 0.1550 —0.47
FBLNS 0.1997 —0.07 CASP3 0.2690 0.15
MMP2 0.2028 0.20 ACVRLI 0.2936 —0.12
BMPRIA 0.2758 0.06 EDNRA 0.3458 0.10
EDNRA 0.2809 0.12 MMPI2 0.3767 0.43
BMPR?2 0.2811 —0.05 BMPRIB 0.4409 —0.06
PDGFRB 0.3087 0.08 IGF1 0.4551 0.10

RQ, relative quantification.

with low remodeling (group RI). TEK gene expression was
lower and MMP-2 gene expression was higher in remodeled
arteries, although the differences were not statistically signif-
icant (Table 2). Immunohistochemistry results also showed
that in both R3 and R2, ANGPT-2 expression was significantly
higher in cells lying in the intima and within the endothelium
of pulmonary artery rings (Fig. 1) than in the RI1 group
(integrated intensity value for R3: 3,593 = 940; R2: 3,291 =
1,617; R1: 1,713 = 887; ANOVA, P = 0.01).

Correlations

Protein expression of ANGPT-2 assessed by immunohisto-
chemistry correlated directly with the degree of remodeling
assessed by planimetry (Fig. 2A). Moreover, gene expression
of ANGPT-2 in arteries of middle size (1- to 2-mm diameter)
obtained surgically correlated directly with those narrower

arteries (0.2- to 0.5-mm diameter) obtained by laser microdis-
section, thus reflecting a concordance in two different size
segments of the pulmonary vascular tree (Fig. 2, B and C).
Gene expression of ANGPT-2, in both middle- and small-sized
arteries, also correlated with the intimal enlargement (» = 0.54
and r = 0.49, respectively; P < 0.05).

Multivariate Analysis

Discriminant analysis. We used discriminant analysis to
study the specific distribution pattern of 46 growth factors and
receptors, according to the degree of remodeling of the pul-
monary arteries. The analysis revealed three distinct clusters of
growth factor distribution: less remodeled (R1), medium re-
modeled (R2), and highly remodeled (R3) pulmonary arteries
(Fig. 3). Figure 3A shows the coefficients of 10 genes in the
two canonical functions generated by the analysis: ANGPT-2,

50 5 oM
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p<0.05 o 5 g p<0.05
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ANGPT-2, mRNA expression (1/DCt)
Pulmonary arteries of 2mm diameter

Fig. 2. A: relationship between the integrated
intensity value of ANGPT-2 and the intimal
thickness (n = 29). B: relationship between
gene expression of ANGPT-2 from greatest
arteries (>1 mm) obtained surgically and
smallest muscular arteries (0.2- to 0.5-mm
diameter) obtained by laser capture micros-
copy (LCM; n = 18; Pearson correlation).
Ct, cycle threshold. C: microphotographs of
LCM process in a typical muscular artery
(Art) close to their bronchiole (Br). Scale
bar: 250 pm.
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sentation of the discriminant functions 1 and 2. o PDGFRB 7944 613
The values for discriminant functions 1 and 2 o o TEK 1723 1906
(D1 in X-axis; D2 in Y-axis) for each individual TGFBR1 2:551 :140
were obtained as a linear function of 10 vari- -3 TIMP4 2,819 1367
ables [ANGPT-2, CASP3 (caspase-3), CTNNB-1 o VEGF 1,009 1,220
(B-catenin), EDNRB (endothelin receptor B), 4 - (Constant) -13,708 | -1,090
MMP-2 (metalloproteinase-2), PDGFRB (plate- Unstandardized coefficients
let-derived growth factor receptor B), TEK, ) T T T T T T T
TGFBR-1 (transforming growth factor B recep- -8 -6 4 2 0 2 4 6
tor-1), TIMP4 (tissue inhibitor of metalloprotei- Function 1

nase-4), and VEGF (vascular endothelial growth
factor)], where D = u1 X1 + u2Xo + ... + u10Xi0. B
The coordinates of centroid’s group are calcu-

lated, resolving the equations with the mean

values of each variable in each group. B: table
with leave-one-out, cross-validation values. R2,

group with medium degree of remodeling.

Classification Results °°
Predicted Group Membership
Groups 1 2 3 Total
Original Count R1 9 0 0 9
R2 0 10 0 10
R3 0 0 10 10
% R1 100 0 0 100
R2 0 100 0 100
R3 0 0 100 100
Cross-validated @ Count R1 9 0 0 9
R2 0 10 0 10
R3 1 0 9 10
% R1 100 0 0 100
R2 0 100 0 100
R3 10 0 90 100
a. Cross validation is done only for those cases in the analysis. In cross validation,
each case is classified by the functions derived from all cases other than that case.
b. 100% of original grouped cases correctly classified.
c. 96.6% of cross-validated grouped cases correctly classified.

CASP3 (caspase-3), CTNNB-1, EDNRB (endothelin receptor
B), MMP-2, PDGFRB (platelet-derived growth factor receptor
B), TEK, TGFBR-1 (transforming growth factor B receptor-1),
TIMP4 (tissue inhibitor of metalloproteinase-4), and VEGF.
Figure 3B shows the leave-one-out cross-validation, which
gives 96.6% accuracy for cases classified by the degree of
remodeling. In this cross-validation, the cluster of highly re-
modeled arteries (group R3) was less reliable. In particular, one
case of group R3 was misclassified and was assessed as group
RI. The causes of the misclassification may require further
investigation. As shown in Fig. 3B, the total rate of correct
classification was 96.6%, indicating that 96.6% of total sub-
jects were classified into the correct groups (100% correct for
less remodeled, 100% for medium remodeled, and 96.6% for
highly remodeled).

Multiple linear regression analysis. A multiple linear regres-
sion analysis was performed using the data obtained in the
discriminant analysis. After a first round, independent variables
with P > 0.05 were removed from the equation. The test with

significant variables was then run again. The subsequent anal-
ysis did not show multicollinearity among significant indepen-
dent variables, and the residuals did not indicate any unusual
patterns. In this model, ANGPT-2, MMP-2, VEGF, TEK, and
CTNNB-1 explained 52.0% of the variability of the intimal
thickness (R?> = 0.520), showing a significant improvement
over smaller linear models. The regression coefficient for the
independent variable CTNNB-1 represented the greatest con-
tribution in the equation (Table 3).

Network Analysis

To better understand the underlying mechanism of intimal
thickening, a gene network was built using the matrix corre-
lation of gene expression for each pair of genes. This network
inference and its simple parameters are shown in Fig. 4. The
network constructed from 46 genes showed substantial decen-
tralization. However, the notable edge betweenness (propor-
tional to the edge thickness) connecting the intimal enlarge-
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Table 3. Multiple regression analysis of genes selected from discriminant analysis

% INT. = 47.269 + (2.290 X ANGPT2) + (2.607 X MMP2) + (18.799 X CINNBI) — (6.342 X TEK) — (3.984 X VEGFA)

N = 30, R = 0.772, R?> = 0.595, adjusted R*> = 0.511, standard error of estimate = 6.200

Coefficient Standard Error t P Variance Inflation Factor
Constant 47.269 9.525 4.963 <0.001
ANGPT2 2.290 0.820 —2.792 0.010 1.264
MMP2 2.607 1.117 —2.334 0.028 1.283
CTNNBI 18.799 5.263 —3.572 0.002 3.424
TEK —6.342 2.187 2.900 0.008 2.043
VEGFA —3.984 1.452 2.744 0.011 2.247

All independent variables appear to contribute to predicting percent intimal thickness (% INT), as % total area. (P < 0.05).

ment and MMP-2 indicates the influence of the latter on
vascular remodeling.

Determination of ANGPT-2 Plasma Levels

Analysis of ANGPT-2 plasma levels in another cohort of
patients with COPD revealed higher values in this group than
in nonsmokers (Table 4). In the COPD group, current smokers
showed increased levels of ANGPT-2 than former smokers
(Fig. 5A). Interestingly, in a subsequent analysis, COPD pa-
tients with PH showed higher values of ANGPT-2 (P < 0.05)
than those without (Fig. 5, B and C). Moreover, in COPD
patients without PH, plasma levels of current smokers were
higher than those of former smokers (Fig. 5C). In addition, we
found a significant correlation of ANGPT-2 plasma levels and
the number of packs/year (Fig. 5D).

DISCUSSION

In this study, we evaluated the gene expression profile of a
selected family of growth factors and receptors in muscular
pulmonary artery segments obtained from lung resected spec-
imens. We related their expression with the degree of vessel
wall remodeling.

The univariate analysis revealed few changes in the gene
expression pattern of growth factors in remodeled and nonre-
modeled arteries. The most significant change observed was in
ANGPT-2, whose level of expression increased almost three-
fold in the medium and highly remodeled arteries. The precise
role of increased ANGPT-2 in the remodeled arteries in these
subjects is unknown. Usually, this protein is considered as an
antagonist of the angiogenic factor, ANGPT-1, acting as a
stabilizer of the endothelium (11, 34). Therefore, the effects
observed in remodeled vessels may be due to a deficit of
ANGPT-1 rather than a direct effect of ANGPT-2. The in vivo
effects of elevated ANGPT-2 have been studied in animal
models (10, 24). In these studies, when ANGPT-2 was over-
expressed, a reversion of vasculature was observed toward a
more plastic state, providing stabilization signals to promote
sprouting and remodeling (24, 35). These signals may loosen
the vessel structures, reducing endothelial cell contacts with
the extracellular matrix (31) and disassociating the peri-endo-
thelial support cells. Interestingly, these findings are in accor-
dance with the instability of the endothelium and proliferating
intimas observed in PA of subjects with COPD (27, 30), as
well as in advanced atherosclerotic lesions in coronary arteries
(9). However, in addition to the inhibition of ANGPT-1-
dependent responses in endothelial cells, ANGPT-2 may act as
a real agonist in smooth muscle cells mediated by the same

TEK receptor. Pulmonary artery smooth muscle cell treated in
vitro with ANGPT-2 showed an increase in the expression of
a-actin and greater survival of these cells in accordance with a
greater muscularization of pulmonary arteries (data not
shown). Also, Yuan et al. (38) demonstrated in vitro that
ANGPT-2 is able to induce phosphorylation of TEK, causing
downstream effects in endothelial cell, although these effects
may be weaker than those produced by ANGPT-1.

The multivariate analysis demonstrated that a combination
of 10 factors explained up to 96% of the classification of
arteries, according to the degree of vascular remodeling. Of
these 10 factors, five showed a multiple correlation between
them, ANGPT-2, MMP-2, VEGF, TEK, and CTNNB-I ex-
plained 52.0% of the variability of the intimal thickness, and
B-catenin was the factor with the most weight in the equation.
Although individually these factors have been related in some
way with vascular remodeling, the combination of several
factors may be of greater physiological relevance for revealing
potential synergistic actions. For instance, it has been sug-
gested that the loss of vessel structures might make endothelial
cells more accessible and responsive toward the angiogenic
inducer VEGF (and probably to other inducers as well) (18). It
is possible then that endothelial cells in the presence of VEGF
(or another angiogenesis inducer) may become activated to
migrate and proliferate, producing new capillary sprouts and
tubule structures. The continuous presence of ANGPT-1 could
allow a shift in the local balance of ANGPT-1/ANGPT-2 back
in favor of ANGPT-1, affecting the maturation and stabiliza-
tion of the newly formed vessels. There appears to be a
collaboration between VEGF, ANGPT-2, and ANGPT-1 to
elicit angiogenesis (35). In contrast, vascular regression is
associated with higher levels of ANGPT-2 expression in the
absence of the activating (survival) signal from VEGF, which
presumably overwhelm the ANGPT-1 signal and thus produce
a catastrophic detachment from the matrix and supporting
cells, likely resulting in cellular apoptosis. This assumption has
been tested in experimental studies of endothelial cell cultures
and explanted veins (31) in which exogenous ANGPT-2
caused endothelial cell detachment. Interestingly, in our study,
the multiple linear regression analysis revealed an interrela-
tionship between ANGPT-2, VEGF, and TEK, which was
suggestive of this scenario. In this model, the increase in
ANGPT-2 expression seems to run in parallel to the reduction
of TEK and VEGF expression, a situation that suggests inhi-
bition of ANGPT-1. On the other hand, little is known about
the potential synergism of angiopoietin and MMP-2. It is
recognized that MMPs play a role in the regulation of cyto-
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Fig. 4. A: network analysis of 46 genes and the ceghie
percentage of intima. The edge between vari- EGF LEF1
ables denotes P < 0.05. The size of nodes
(variables) is proportional to the betweenness PTCH1 sueris - BMP4
centrality, whereas the thickness of the edges ) BMPR2
is proportional to the edge centrality. The pic- o S D o
ture was generated by Cytoscape software o : BMP2
(32). B: table showing the simple parameters
compared with random networks (Erdos-Renyi PRG-I
and Barabasi-Albert models; generated by ran- s
dom networks, a plugin in Cytoscape).
B
Clustering coefficient 0.606 Number of nodes 47
Connected components 1 Network density 0.385
Network diameter 4 Network heterogeneity 0.517
Network radius 0.302 Isolated nodes 0
Shortest paths 2162 (100%) | Number of self-loops 0
Characteristic path length 1710 Multi-edge node pairs 0
Av. number of neighbors 17.702

kines, chemokines, and growth factors (4, 17). MMP-2 has
been implicated in tissue remodeling, and the present results
suggest a positive relationship between these two proteins. The
expression of MMP-2 showed a positive correlation with the
enlargement of the intima, stressing the importance of this
association in vascular remodeling. Network analysis also
revealed that the expression of MMP-2 was directly linked to
the expression of main fibrogenic growth factors, such as FGF,
hepatocyte growth factor, and bone morphogenetic protein-2,
indicating that this node represents an important bridge in the
signaling cascade during vascular remodeling.

sclerotic plaques revealed high levels of cell proliferation and
active B-catenin in disrupted plaques compared with stable
plaques, suggesting a role for B-catenin signaling in smooth
muscle cell proliferation within atherosclerotic plaques (6). In
our study, B-catenin is an important node in the signaling
network connecting with multiple growth factors regulating
cell proliferation, with FGF2 presenting the strongest associ-

Table 4. Plasma ANGPT-2 levels in COPD

VEGF-mediated disruption of cell-cell interactions has been Nonsmokers ~ Smokers COPD
attributed to the dissociation of (B-catenin from VE-cadherin » 27 21 62
(36). Interestingly, this effect may be opposed by ANGPT-1, as  Age, yr 57+38 55 %7 60 = 6%
it specifically counteracts the ability of VEGF to induce the Tobacco, packs/yr 3x2 3l x24% 64 £ 28%f

hosphorylation-dependent  redistribution of VE-cadherin, oroking status (current/former) 0/8s 2110 17745
phosphorylation-dep ! _ : » FEV), %predicted 106+ 14 101 = 12 45 = 21%%
thereby rescuing the endothelial barrier function (15). In fact, Fgv,/FvC, % 78 =5 77+ 5 41 = 14%%
the expression of (-catenin was related directly to the expres-  Dico, %predicted 91 =15 84+9 53 = 19%f

sion of TEK receptor. The potential involvement of the Wnt/
[B-catenin pathway has also been highlighted in atherosclerosis
(13). Interestingly, the analysis of human carotid artery athero-

ANGPT-2, ng/ml 804 =362 1,036 =533 1,174 = 706*

Values are means = SD; n, no. of subjects. £19 Nonsmokers have never
smoked. *P < 0.05 vs. nonsmokers. TP < 0.05 vs. smokers.
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Fig. 5. Values of ANGPT-2 in plasma. A:
determination in a cohort of chronic obstruc-
tive pulmonary disease (COPD) patients ac-
cording to their smoking status and com-
pared with nonsmokers (NS) and current
smokers with normal lung function. B: pa-
tients grouped according to a trans-tricuspid
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COPD-PH (+) systolic pressure gradient suggestive of pul-
monary hypertension (PH; >31 mmHg), as-
sessed by Doppler echocardiography. +,
With PH; —, without PH. C: COPD patients
grouped according to their smoking status.

The box represents the interquartile range.
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ation. FGF2 has also been associated with intimal hyperplasia
in atherosclerosis (20).

The majority of arteries used in this study were obtained from
heavy smokers, and previous studies have associated cigarette
smoke exposure with greater remodeling in COPD (30). Also,
several studies have shown that COPD is associated with oxida-
tive stress, activation of circulating inflammatory cells, and in-
creased levels of proinflammatory cytokines (1, 2, 5). Interest-
ingly, ANGPT-2 expression was upregulated in skeletal muscles
of COPD patients, likely due to oxidative stress (25). In accor-
dance with this, plasma levels of ANGPT-2 in COPD former
smokers vs. current smokers showed increased values in the latter,
also suggestive of a potential effect of oxidative.

Several studies have related circulating angiopoietins to the
outcome and severity of various illnesses and have suggested that
they may be prognostic biomarkers for survival. In patients with
sepsis and septic shock, ANGPT-2 levels in plasma increased and
correlated with disease severity, whereas ANGPT-1 levels fell
(16). ANGPT-2 concentrations increase in acute coronary Syn-
dromes (12), congestive heart failure (22), and cardiogenic shock
(23). Since ANGPT-2 was increased in remodeled pulmonary
arteries, we hypothesized that ANGPT-2 could be related to PH in
COPD, because this condition is associated with the enlargement
of the pulmonary arterial wall. We, therefore, analyzed the plasma
levels of ANGPT-2 in a cohort of COPD patients previously
diagnosed with PH by echocardiography. The analysis showed a

Packsl/year

significantly higher level of this cytokine in patients diag-
nosed with PH. Taking into account our results, the in-
creased level of this protein may be related to a higher
degree of pulmonary vascular remodeling, which might
recognize ANGPT-2 as a novel biomarker. Interestingly, the
increase in ANGPT-2 in PH associated with COPD contrasts
with the high levels of ANGPT-1 found in nonfamilial
pulmonary artery hypertension and suggests that different
mechanisms occur in each condition (14). This finding
indicates the need for longitudinal studies evaluating circu-
lating levels of ANGPT-2 before and after treatment of
COPD.

In summary, our findings show that pulmonary vascular
remodeling is associated with increased expression of
ANGPT-2. Higher plasma levels of ANGPT-2 were associated
with PH in COPD and with cigarette smoke. An imbalance of
ANGPT-2 with related factors, such as VEGF, CTNNB-1, and
MMP-2, may partially explain the structural derangements of
the arterial wall. MMP-2 may act as a bridge, channeling
actions from the main fibrogenic factors.
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Supplemental material

Table S1. Summary of proteins involved in the angiogenic process and/or in

smooth muscle cell proliferation

Name

Main Functions

Source

Growth factors

Angiopoietin-1 (ANGPT1)

Promotes vessel integrity, inhibits vascular
leakage and inflammation, stimulates migration
and proliferation and prevents endothelial
death.

Widely expressed and present in peri-
endothelial ~ cells in  quiescent
vasculature.

Angiopoietin-2 (ANGPT2)

Cell activation, proliferation and migration of
endothelial cells.

Expressed in areas of endothelial
activation and angiogenesis.

Transforming growth factor
beta 1 (TGFB1)

Antiproliferative, induce differentiation, matrix
formation, apoptosis and plays an important
role in controlling the immune system.

Proliferative and hypertrophic zones
and immune system.

Transforming growth
factor-beta 2 (TGFB2)

Embryonic development and suppressor of the
effects of interleukin dependent
T-cell tumors.

Alveolar macrophages, epithelial cells
and smooth muscle cells of vessels
and bronchi of normal lungs and
lungs with both inflammatory and
fibrotic changes.

Hepatocyte growth factor
(HGF)

Stimulates mitogenesis, cell motility, and
matrix invasion giving it a central role
in angiogenesis, tumorogenesis, organ
regeneration and wound healing.

Secreted by mesenchymal cells and
acts upon epithelial and endothelial
cells, but also acts on haemopoietic
progenitor cells.

Insulin-like growth factor 1

Childhood growth and anabolic effects in

Liver as an endocrine hormone as

growth factor (VEGF)

(IGFl) adults. Promotes angiogenesis and | well as in target tissues in a
vasorelaxation. paracrine/autocrine fashion
Vascular endothelial Increases vascular permeability, | Mostly on cells of the

inducing angiogenesis, vasculogenesis and
endothelial ~ cell  growth,  promoting cell
migration and inhibiting apoptosis.

vascular endothelium

Platelet-derived growth
factor subunit B (PDGFB)

Mitogenic factor for cells of mesenchymal

origin. Embryonic  development, cell
proliferation, migration, survival and
chemotaxis

The synthesis is often increased in response to
external stimuli, such as exposure to low
oxygen, or stimulation with various growth
factors and cytokines.

Different types of cells like
fibroblasts, vascular smooth muscle
cells and vascular endothelial cells.

Endothelin 1 (EDN1)

Stimulates vasoconstriction and maintenance of
vascular tone.

Vascular endothelial cells.

Epidermal growth factor
(EGF)

Stimulates cell
differentiation.

growth, proliferation and

Different types of cells like platelets
or macrophages.

Stromal cell-derived factor
1 (SDF1)

Stimulates chemotaxis for different types of
leukocytes. In early B cell precursors, induces
in vitro migration.

Produced by bone marrow stromal
cells in areas of inflammatory bone
destruction.

protein 2 (BMP2)

Stem Cell Factor (SCFl) Hematopoiesis, spermatogenesis and | Sites where hematopoiesis takes place
melanogenesis. (fetal liver and bone marrow).
Fibroblasts and endothelial cells.
Bone morphogenetic Development of bone and cartilage and | Osteoblasts.

involved in epithelial to mesenchymal
transition, cardiac cell differentiation, TGF beta
signaling pathway and hedgehog pathway.

Bone morphogenetic
protein 4 (BMP4)

Muscle development, bone mineralization, and
inhibition of tumor angiogenesis.

Early embryonic development in the
ventral marginal zone and in the eye,
heart blood and otic vesicle.

Fibroblast growth factor
(FGF2)

Stimulates angiogenesis and proliferation of
fibroblasts. Important role in the regulation of
cell survival, cell division, cell differentiation
and cell migration.

In the bone, transcripts are found in
mesenchymal cells and osteoblasts.
Also in basement membranes and in
the sub endothelial extracellular
matrix of blood vessels.
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Fibroblast growth factor 10
(FGF10)

Chemoattractive effect to direct lung distal
epithelial buds to their destination.

Mitogenic activity, cell survival activities and
involved in epithelial to mesenchymal
transition.

Expressed  dynamically in the
mesenchyme adjacent to the distal
buds from the earliest stages of lung
development.

Receptors

Kinase insert domain
receptor (KDR)

Promotes proliferation, survival, migration and
differentiation of endothelial cells, playing an
essential role in the regulation of angiogenesis,
vascular development, vascular permeability,
and embryonic hematopoiesis.

Endothelial cells.

Activin receptor-like kinase
1 (ACVRL1)

Regulator of normal blood vessel development
modulating TGFB1signalling in the regulation
of angiogenesis.

Required for the differentiation and recruitment
of vascular smooth muscle cells.

Blood vessels.

Endothelin receptor A
(ENDRA)

Mediates endothelin-SMC contraction and cell
proliferation. Is associated with hypertension
and pulmonary artery hypertension

Identified in SMC of many blood
vessels with substantial effects in the
systemic, renal, pulmonary, coronary
and cerebral circulation

Endothelin receptor B
(ENDRB)

Mediates the release of relaxing factors such as
nitric oxide, prostacyclin and endothelium-
derived hyperpolarizing factor, and could also
play arole in ET-1 clearance

Identified in SMC of many blood
vessels with substantial effects in the
systemic, renal, pulmonary, coronary
and cerebral circulation

Transforming growth
factor, beta receptor |
(TGFpR1)

Signals triggered through the TGFp receptor
complex prompt various responses by the cell,
proliferation, differentiation, motility and
apoptosis.

Suppressor of the formation of tumors.

Embryonic tissues and stem cells.

Bone morphogenetic
protein receptor, type 1A
(BMPR1A)

Role in cell differentiation, apoptosis,
adipocyte development and extracellular
matrix deposition by osteoblasts.

Initially ~ expressed in cartilage
condensations, but later decreased
within cartilage elements.

Bone morphogenetic
protein receptor type-1B
(BMPR1B)

Role in regulating bone and cartilage formation
and embryogenesis.

Expressed within all cartilages.

Bone morphogenetic
protein receptor type Il
(BMPR2)

Stimulates  osteogenesis, cell
differentiation and apoptosis.
Mutations in that gene cause pulmonary arterial
hypertension.

proliferation,

Expressed at low levels in the nasal
septum and prenasal cartilage and at
higher levels in other craniofacial
cartilages.

Fibroblast growth factor
receptor 1 (FGFR1)

Stimulates organ development, cell
proliferation, migration, maturation, formation
of blood wvessels, wound healing, and
embryonic development.

Detected in astrocytoma,
neuroblastoma and adrenal cortex cell
lines. A splice variant is expressed in
human lung fibroblasts and several
other human cell lines.

Fibroblast growth factor
receptor 2 (FGFR2)

Functions as potent mitogen in vitro and
regulator of cell proliferation, differentiation,
migration, apoptosis and regulation of
embryonic development.

Expressed in hepatocellular
carcinoma cells, granulosa and
cumulus cells.

5-hydroxytryptamine
(serotonin) receptor 22
(HTR2A)

Role in intestinal smooth muscle contraction
and in arterial vasoconstriction.

Highly expressed in platelets and
many cell types of the cardiovascular
system.

5-hydroxytryptamine
receptor 2B (HTR2B)

Role in the adaptation of pulmonary arteries to
chronic  hypoxia and in  pulmonary
vasoconstriction.

Ubiquitous but specially detected in
liver, kidney, heart, pulmonary artery
and intestine.

Tyrosine-Protein Kinase
Receptor (TEK)

Receptor for ANGPT1, ANGPT2 and ANGPT4
that regulates angiogenesis, endothelial cell
survival, proliferation, migration, adhesion, cell
spreading, reorganization of the actin
cytoskeleton, but also maintenance of vascular
quiescence.

After birth, activates or inhibits angiogenesis,
depending on the context. Inhibits angiogenesis
and promotes vascular stability in quiescent
vessels, where endothelial cells have tight
contacts.

Predominantly expressed in
endothelial cells and their progenitors,
the angioblasts.

Also detected in umbilical vein
endothelial cells, placenta and lung,
with a lower level in umbilical vein
endothelial cells, brain and kidney.

Beta-type platelet-derived
growth factor receptor

Role in blood vessel development by promoting
proliferation, migration and recruitment of
pericytes and smooth muscle cells to

Some cells display only one of the
PDGFR isoforms while other cells
express both isoforms, simultaneously
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(PDGFRB)

endothelial cells.

or separately.

Apoptosis-related proteins

Caspase-3 (CASP3)

Role in the activation cascade of caspases
responsible for apoptosis execution. Moreover,
plays a role in embryonic and hematopoietic
stem cell differentiation.

Highly expressed in lung, spleen,
heart, liver, kidney and in cells of the
immune system.

BAX

Accelerates programmed cell death. Promotes
activation of CASP3 and thereby apoptosis.

Expressed in a wide variety of tissues.
Isoform Alphais expressed in lung
and other tissues.
Isoform Sigma is expressed in lung
and other tissues.

B-cell lymphoma 2 (BCL2)

Suppresses apoptosis in a variety of cell
systems inhibiting caspase activity.

Expressed in a variety of tissues.

Metalloproteinases

Matrix metallopeptidase 2
(MMP2)

Degradation of proteins in extracellular matrix,
also involved in remodeling of the vasculature,
angiogenesis, tissue repair, tumor invasion,
inflammation and atherosclerotic  plaque
rupture.  Role in  mesenchymal cell
differentiation with inflammatory phenotype,
epithelial cell migration and conversion of
vasodilator to vasoconstrictor.

Produced by normal skin fibroblasts.

Matrix metallopeptidase
7 (MMP7)

Breakdown of extracellular matrix, involved in
vasocontriction and cell growth, adipocyte
differentiation and pro-inflammation.

Commonly expressed in epithelial
cells and highly expressed in the
luminal surface of dysplastic glands
in human colorectal cancers.

Matrix metallopeptidase 9
(MMP9)

Role in local proteolysis of the extracellular
matrix and in leukocyte migration. Required for
the recruitment of endothelial stem cells, a
critical component of angiogenesis and
neovascularization. Greatly upregulated during
human respiratory epithelial healing.

Produced by normal alveolar
macrophages and granulocytes.

Matrix metallopeptidase 12
(MMP12)

Involved in tissue injury and remodeling.

Found in alveolar macrophages but
not in peripheral blood monocytes.

TIMP metallopeptidase
inhibitor 2 (TIMP2)

Metastasis  suppressor and inhibitor of
proliferation of endothelial cells and matrix
metalloproteinases.

Connective tissue, epithelial cells

Metalloproteinase inhibitor
4 (TIMP4)

Inhibitor of matrix metalloproteinases, involved
in regulation of platelet aggregation and
endometrial tissue remodeling.

Abundant in heart and present at low
levels in many other tissues.

Miscellanea

Fibulin-5 (FBLN5)

Adhesion of endothelial cells and involved in
vascular development and remodeling.

Developing arteries, injured vessels
and atherosclerotic lesions, notably in
intimal vascular smooth muscle cells
and endothelial cells.

Secreted phosphoprotein 1
(SPP1)

Bone remodeling, inflammation and immune
functions.

Bone and other tissues, activated
immune cells, vascular smooth
muscle cells, endothelial cells and
other cell types.

Cell division control
protein 42 (CDC42)

Cell migration, cytokinesis, phagocytosis, small
GTPase involved in functions  as
morphogenesis, chemotaxis and cell fate
determination.

Isoform 1 is expressed ubiquitously,
whereas the isoform 2 is restricted to
the brain.

Hepatocyte nuclear factor 1
homeobox A (HNF1A)

Transcription factor that regulates the tissue
specific expression of multiple genes,
especially in pancreatic islet cells and in liver.

Highly expressed in liver cells.

Beta-catenin (CTNNBL)

Morphogenic change in epithelial cells,

Expressed in several hair follicles cell

inducing them to abandon their tight adhesion | types, in colon and in cortical
and assume a more mobile and loosely | neurons.
associated mesenchymal phenotype.

Lymphoid enhancer- Mediates the proliferation, survival and | Highly expressed in colon cancer

binding factor 1 (LEF1)

differentiation of granulocyte progenitor cells.
Involved in reducing cellular aggregation,
increasing cell migration of pancreatic cancer
cells and enhancing proliferation of pancreatic
tumor cells.

biopsies and colon cancer cell lines,
also expressed in pre-B and T cells.
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Protein patched homolog 1
(PTCHY)

Role in formation of embryonic structures,
tumor suppressor and receptor for sonic
hedgehog.

In the adult, in lung and other tissues.
In the embryo, found in all major
target tissues of sonic hedgehog.

Housekeeping

B-ACTIN Highly conserved protein that is involved in | Constitutively expressed at high
various types of cell motility, structure and | levelsin most tissues and cells.
integrity.

GAPDH Playing a role in glycolysis and nuclear | Stably and constitutively expressed at

functions.

high levels in most tissues and cells.
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Resultats

Objectiu general:

Estudiar si els pacients amb HAP o HPTEC de nou diagnostic i, per tant encara
no tractats, tenen nivells circulants de CPs alterats respecte els controls i estudiar el

possible efecte de la terapia especifica de la HAP sobre els nivells circulants de les CPs.

Objectius especifics:

1. Caracteritzar els nivells circulants basals de CPs en pacients amb HAP o HPTEC
de nou diagnostic, sense tractament previ.

2. Avaluar després d’un periode de 6 a 12 mesos, I'efecte de la terapia especifica
de la HAP sobre els nivells circulants de les CPs en pacients amb HAP o HPTEC.

3. Estudiar les relacions entre els nivells circulants de les CPs i els parametres

clinics i/o hemodinamics de la malaltia.

Resum de la metodologia:

Els nivells de CPs van ser determinats en 30 subjectes control, 33 malalts amb
HAP i 11 malalts amb HPTEC, ambdds grups de malalts sense tractament previ.
Després d’'un periode de 6 a 12 mesos de tractament, es van tornar a reavaluar els
nivells de CPs de 18 malalts amb HAP i 9 malalts amb HPTEC.

Les CPs es van mesurar per citometria de flux a partir de les cél-lules
mononuclears sanguinees obtingudes a partir del gradient de Ficoll de la sang venosa
periferica dels subjectes. Les CPs es van definir com cel-lules CD45*CD34* i

CD45'CD34*CD133".

Resultats principals:

Estudi transversal:
Els pacients amb HAP de nou diagnostic sense tractament previ especific per la
HAP presentaven nivells significativament més reduits de CPs, definides com

CD45*CD34*i CD45"CD34*CD133", respecte els controls.

Per contra, els pacients amb HPTEC de nou diagnostic sense tractament previ
no presentaven diferéncies significatives en els nivells circulants de cap de les dues

combinacions de CPs, ni comparat amb els controls ni amb els malalts amb HAP.

o1



Resultats

Estudi longitudinal:

Després d’un periode de 6 a 12 mesos de tractament especific per la HAP, els
nivells de BNP tendien a disminuir tant en els malalts amb HAP com en els malalts amb
HPTEC. Paral-lelament es va observar una reduccidé significativa de la resisténcia

vascular pulmonar i un augment de I'index cardiac.

Amb el tractament, els malalts amb HAP presentaven un increment significatiu
dels nivells circulants d’ambdues combinacions de CPs comparat amb els
corresponents nivells basals. Aquest increment dels nivells circulants de CPs després
del periode de tractament va ocasionar que els malalts amb HAP assolissin nivells

circulants de CPs similars als dels controls.

En canvi, el tractament no va provocar cap alteracié significativa en els nivells
circulants de CPs en els malalts amb HPTEC. Per tant, els nivells d’ambdues
combinacions de CPs en els malalts amb HPTEC no presentaven diferéncies
significatives amb els nivells de CPs ni dels controls ni dels malalts amb HAP, ni abans

ni després del tractament.

Relacid dels nivells circulants de cél-lules progenitores amb I'estat clinic

Els malalts amb HAP o HPTEC sense tractament amb una millor prova de
distancia recorreguda durant 6 minuts, presentaven nivells més elevats de CPs
comparat amb els que caminaven per sota la mitjana. Es a dir, contra més metres
caminats, més CPs presenten.

Per contra, no es va trobar cap correlacié entre els canvis en els nivells
circulants de CPs i els canvis en els parametres clinics i hemodinamics de la HP, ni

abans ni després del tractament.
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ABSTRACT

Background: Endothelial dysfunction is key in the development of pulmonary hypertension (PH) and is associat-
ed with reduced number of circulating progenitor cells. Studies to date evaluating levels of circulating progenitor
cells in PH have provided conflicting results. Current treatment of pulmonary arterial hypertension (PAH) and
medical treatment of chronic thromboembolic pulmonary hypertension (CTEPH) targets endothelium depen-
dent signalling pathways. The effect of PAH-targeted therapy on circulating progenitor cells has not been clearly
established.
Objectives: To investigate whether levels of circulating progenitor cells in treatment-naive patients with PAH or
CTEPH differ from healthy subjects and to assess the effect of PAH-targeted therapy on the circulating levels of
these progenitors.
Methods: Thirty controls, 33 PAH and 11 CTEPH treatment-naive patients were studied. Eighteen patients with
PAH and 9 with CTEPH were re-evaluated 6-12 months after starting PAH-targeted therapy. Levels of progenitors
were measured by flow cytometry as CD45%CD34 " and CD45" CD34 " CD133 ™ cells.
Results: Compared with controls, the number of circulating progenitor cells was reduced in PAH but not in CTEPH.
After 6-12 months of treatment, levels of circulating progenitors increased in PAH and remained unchanged in
CTEPH. Patients with lower exercise tolerance presented lower levels of circulating progenitors. No other relation
was found between levels of progenitors and clinical or hemodynamic parameters.
Conclusions: Patients with PAH, but not those with CTEPH, present reduced levels of circulating progenitor cells.
PAH-targeted therapy increases levels of progenitors in PAH but not in CTEPH, suggesting different involvement
of progenitor cells in the pathobiology of these pulmonary hypertensive disorders.

© 2016 Elsevier Ireland Ltd. All rights reserved.

1. Background

Circulating progenitor cells are immature precursor cells derived
from the bone marrow that are mobilized into the circulation in re-

Despite advances in our understanding of the pathophysiology and
pathogenesis of pulmonary hypertension (PH), patients with PH contin-
ue to demonstrate high morbidity and mortality [1]. Endothelial dys-
function plays a relevant role in the development of PH and is a major
target of current therapy [2]. However, the present evaluation of PH se-
verity and response to treatment does not focus on endothelial function
[1,2], probably because of the lack of adequate tools for its assessment.

¥ All authors take responsibility for all aspects of the reliability and freedom from bias of
the data presented and their discussed interpretation.
* Corresponding author at: Department of Pulmonary Medicine, Hospital Clinic,
Villarroel, 170, Barcelona 08036, Spain.
E-mail address: tura@clinic.ub.es (O. Tura-Ceide).

http://dx.doi.org/10.1016/j.ijcard.2016.11.175
0167-5273/© 2016 Elsevier Ireland Ltd. All rights reserved.

sponse to vascular injury [3]. It is considered that numbers of circulating
progenitor cells reflect the ability of the organism to repair the endothe-
lium [3-5], although it is possible that they could participate in the pro-
gression of vascular remodeling [6-9]. Therefore, circulating progenitor
cells could act as a potential biological marker of vascular dysfunction.
Their presence in peripheral circulation offers the opportunity to mon-
itor their number as a marker of disease state, and importantly, as a
marker of response to therapy [10]. Reduced numbers of circulating
progenitor cells have been established as an independent prognostic
risk factor associated with endothelial dysfunction and increased car-
diovascular risk [11-17].

In PH, studies to date have provided conflicting results. While some
investigators have observed increased numbers of circulating progeni-
tor cells [18-22], others have found a reduced number [23-25] or no
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differences [26], when compared with controls. Differences in patient
selection, underlying treatment, markers used to detect progenitor
cells, type of PH, and disease severity may account for the differences
observed between studies [27-30].

In the present study, we hypothesized that the number of circulating
progenitor cells is altered in treatment-naive patients with precapillary
PH, either pulmonary arterial hypertension (PAH) or chronic thrombo-
embolic pulmonary hypertension (CTEPH ), compared with healthy con-
trol subjects. We also hypothesized that improvement in endothelium-
derived mediator imbalance with PAH-targeted therapy would be asso-
ciated with changes in the number of circulating progenitor cells. Ac-
cordingly, the present study was addressed to evaluate the number of
circulating progenitor cells in treatment-naive patients with PAH or
CTEPH, as compared with healthy control subjects, and assess the effects
of targeted-PAH therapy on circulating progenitor cell numbers.

2. Methods
2.1. Subjects

In the cross-sectional study, thirty-three treatment-naive patients with PAH, 11 with
CTEPH not candidates to pulmonary endarterectomy, and 30 healthy control subjects
were evaluated. Characteristics of subjects are shown in Tables 1 and 2. The study was ap-
proved by the ethics committee on clinical research of Hospital Clinic (RE2008/4467) and
all subjects gave written informed consent. The study protocol conforms to the ethical
guidelines of the 1975 Declaration of Helsinki. Importantly, all patients were included in
the study before starting PAH-targeted therapy and 27 (18 PAH, 9 CTEPH) of them were
revaluated after a follow-up period of 6-12 months of initiating treatment. PAH treatment
was established by the attending physicians according to international guidelines [2] and
it was not influenced by participation in the study. Subjects with secondary forms of PH,
left heart disease or respiratory disorders were excluded. Patients were treated with calci-
um channel blockers, phosphodiesterase-5 inhibitors, endothelin receptor antagonists or
prostanoids (Table 3).

In control subjects, the absence of lung diseases was confirmed by clinical evaluation
and lung function tests. Heart diseases were also ruled out by clinical history and
electrocardiogram.

Table 1
Clinical and hemodynamic characteristics.
Control PAH CTEPH
n =30 n=33 n=11
Age, years 51 + 14 50 £ 15 59 + 14
Gender: Women, n (%) 19 (63) 23 (70) 7 (64)
Body mass index, (kg/m?) 25+ 4 26+ 6 27+ 6
Functional class-NYHA I/11/11I/IV
n 30/0/0/0 0/14/19/0 0/2/9/0
(%) 100/0/0/0 0/42/58/0 0/18/82/0
BNP, pg/mL 19 £ 16 220 + 322 383 + 365"
6MWD, m ND 404 + 125 341 4+ 174
Pulmonary function
FVC, % predicted 98 + 10 86 + 16" 86 + 21"
FEV,_ % predicted 103 + 9 81 + 19" 83 + 20"
FEV;/FVC ratio 1.1 £ 0.1 0.95 + 0.1 0.96 + 0.1
TLC, % predicted 100 + 14 94 + 15 98 + 23
DLCO, % predicted 88 & 12 59 + 22 63 + 24"
Pa0,, mm Hg 93 + 11 72 + 14" 60 + 14'#
Pulmonary hemodynamics
mPAP, mm Hg ND 41+ 10 51 + 9%
PAWP, mm Hg ND 103 + 103 9.2 + 38
RAP, mm Hg ND 84 £+ 5.5 99 £ 53
Cardiac index, L/min/m? ND 24 + 0.7 1.6 + 0.3%
PVR, dyn-seg-cm™> ND 754 + 450 1252 + 535%

Data are shown as mean =+ SD.
PAH: pulmonary arterial hypertension; CTEPH: chronic thromboembolic pulmonary hy-
pertension; NYHA: New York Heart Association; BNP: brain natriuretic peptide; 6MWD:
6 min walk distance; FVC: forced vital capacity; FEV;: forced expiratory volume in 1 s;
TLC: total lung capacity; DLCO: diffusing capacity for carbon monoxide; PaO,: arterial par-
tial oxygen pressure; mPAP: mean pulmonary arterial pressure; PAWP: pulmonary artery
wedge pressure; RAP: right atrial pressure; PVR: pulmonary vascular resistance; ND: not
determined.

# p<0.05 compared with patients with PAH.

* p<0.05 compared with controls.

Table 2

Distribution of patients with pulmonary arterial hypertension (PAH) by etiology.
PAH subgroup n (%)
Idiopathic 11 (33)
Hereditary 3(9)
Associated with connective tissue disease 11 (33)
HIV infection 4(13)
Congenital heart disease 2(6)
Portal hypertension 1(3)
Schistosomiasis 1(3)

HIV: human immunodeficiency virus.

2.2. Measurements

At baseline, subjects underwent standard evaluation by means of medical history,
clinical examination, electrocardiogram and lung function tests. Pulmonary hypertension
was diagnosed by right heart catheterization and defined by a mean pulmonary arterial
pressure >25 mm Hg, pulmonary artery wedge pressure <15 mm Hg and pulmonary vas-
cular resistance >250 dyn-s-cm™°. Patients with PH were also evaluated by means of
functional class, six minute walk distance (6MWD) and brain natriuretic peptide (BNP).
These measurements were assessed at baseline and at follow-up. In 14 patients (7 PAH,
7 CTEPH) follow-up measurements also included right heart catheterization.

2.3. Evaluation of circulating progenitor cells

Venous blood samples were obtained after fasting overnight by peripheral venipunc-
ture into tubes with EDTA. Methodology for the assessment of circulating progenitor cells
has been previously described [31]. Briefly, circulating progenitor cells were isolated from
peripheral blood by Ficoll density gradient separation, washed once with phosphate buff-
ered saline supplemented with 2% of fetal calf serum and resuspended at 2 x 10° cells
(control tube) and at 4 x 10° cells (sample tube). Cells were stained and analyzed by
flow cytometry for phenotypic expression of surface markers using pre-conjugated anti-
human monoclonal antibodies anti-CD45-FITC (pan-leukocyte marker), anti-CD34-
PECy7 (mature and progenitor endothelial marker) and anti-CD133-PE (sub-population
of hematopoietic stem cell marker) [30]. The fluorescence minus one technique was
employed to provide negative controls [32]. After 45 min of incubation, cells were washed,
resuspended into 500 pL of phosphate buffered saline supplemented with 2% of fetal calf
serum and proceeded to flow cytometry analysis. A total of 75,000 events were run
through the flow cytometer and analyzed by Cytomation Summit software. Circulating
progenitor cells were defined as CD45*CD34" and CD45*CD34*CD133" cells and
were corrected by the total number of lymphomonocytes.

2.4. Statistical analysis

Data are expressed as mean 4 SD for normally distributed data or as median and in-
terquartile range for skewed distributions. Group comparisons were performed using t-
student test or one way ANOVA and post-hoc pairwise comparisons using the Student
Newman-Keuls test for normally distributed variables, or Mann-Whitney Rank Sum
Test and Kruskal-Wallis One Way Analysis of Variance on Ranks test for non-normally dis-
tributed variables. Before and after comparisons were assessed by Paired t-test for normal-
ly distributed variables and Signed Test for non-normally distributed variables. A p value
<0.05 was considered statistically significant.

3. Results
3.1. Study population

PAH, CTEPH and control groups were matched for age, gender and
body mass index (Table 1). Sixteen of the patients with PH (36%)
were in functional class Il and 28 (64%) in functional class III. Patients
with PAH and CTEPH had lower forced vital capacity, forced expiratory
volume in the first second and diffusing capacity for carbon monoxide;

Table 3

Drugs used in patients evaluated before and after starting PAH-targeted therapy.
Treatment, n (%) PAH (n = 18) CTEPH (n = 9)
PDE-5 inhibitors 8 (44) 5(56)
ERAs 5(28) 3(33)
Prostanoids 2(11) 0(0)
Combination therapy 2(11) 1(11)
Calcium channel blockers 1(6) 0(0)

PAH: pulmonary arterial hypertension; CTEPH: chronic thromboembolic pulmonary hy-
pertension; PDE-5: phosphodiesterase type 5 and ERA: endothelin receptor antagonist.



240 J. Garcia-Lucio et al. / International Journal of Cardiology 228 (2017) 238-243

and higher levels of BNP than control subjects (Table 1). Other baseline
characteristics are shown in Table 1. Distribution of patients with PAH
by etiology is shown in Table 2.

3.2. Baseline measurements

Circulating progenitor cells, defined as CD45" CD34™ cells, were sig-
nificantly reduced in treatment-naive patients with PAH as compared
with healthy control subjects (0.08% (0.07-0.12) vs 0.13% (0.08-0.17),
respectively; p < 0.05) (Fig. 1A). Levels of CD45" CD34" in patients
with CTEPH did not differ neither from control subjects nor from PAH
patients (0.10% (0.07-0.14)) (Fig. 1A). Similarly, levels of CD45™" -
CD34%CD133" circulating progenitor cells were significantly reduced
in patients with PAH compared with control subjects (0.06% (0.03-
0.07) vs 0.08% (0.05-0.12), respectively; p < 0.05). No significant differ-
ences were found in the levels of these progenitor cells between pa-
tients with CTEPH and healthy subjects or patients with PAH (0.06%
(0.03-0.09)) (Fig. 1B).

3.3. Follow-up measurements

Twenty-seven patients (18 PAH, 9 CTEPH) underwent a second as-
sessment 6-12 months after initiating treatment. At follow-up, BNP de-
creased, although not significantly, in both groups. Similarly, patients
with PAH tended to cover longer distance in the six-minute walk test
than at baseline (Table 4). Hemodynamic measurements were repeated
in 14 patients, showing a significant increase in cardiac index and a re-
duction of pulmonary vascular resistance (Table 4).

In patients with PAH, the levels of CD45" (D34 and CD45"
(D347 CD133™ cells increased significantly after starting treatment, as
compared with baseline levels (13% and 41% of increase, respectively)
(Fig. 2A and B). In contrast, in patients with CTEPH, no significant differ-
ences were observed in the levels of progenitor cells after the treatment
period (Fig. 2C and D). Thus, after receiving PAH-targeted therapy, pa-
tients with PAH reached levels of CD45"CD34" and CD45% CD34™
CD133™ circulating progenitor cells similar to healthy control subjects
(0.11% (0.08-0.16) vs 0.13% (0.08-0.17, respectively) (Fig. 3A) and
0.07% (0.05-0.12) vs 0.08% (0.05-0.11) (Fig. 3B), respectively). Levels
of both circulating progenitor cells in patients with CTEPH did not differ
from healthy controls neither before treatment nor after treatment
(Fig. 3A and B).
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3.4. Relationship between circulating progenitor cells and disease severity

Treatment-naive patients with PAH and with CTEPH who walked
longer in the six-minute walk test showed greater numbers of
CD45% CD34"CD133" progenitor cells compared with those who
walked below the median value (Fig. 4).

Other changes in clinical and hemodynamic assessments, before and
after treatment, did not correlate with changes in circulating progenitor
cell number.

4. Discussion

Results of the present study showed that treatment-naive patients
with PAH have reduced levels of circulating progenitor cells
(CD45%7CD34" and CD45"CD34"CD133" cells) compared with
healthy control subjects, whereas levels of circulating progenitor cells
in CTEPH patients did not differ from controls. We further analyzed
the effect of PAH-targeted therapy on the levels of circulating progenitor
cells in both PAH and CTEPH patients. Our results indicate that, after 6-
12 months receiving PAH-targeted therapy, the number of progenitor
cells in PAH increased, reaching values similar to healthy controls. In
CTEPH the number of progenitor cells remained unaltered.

Previous studies investigating the numbers of progenitor cells in
PAH, showed conflicting results [18-26]. Whereas some studies have
shown reduced numbers of circulating progenitor cells in PAH com-
pared with healthy controls [23-25], others have shown no differences
[26] or even increased numbers [ 18-22]. The origin of these divergences
is unclear, but could be explained by variations in PAH-treatment re-
ceived, patient selection, sample size, and in the methodology and
markers used to identify and quantify progenitor cells [27-30]. One of
the strengths of this study is that we excluded subjects that were previ-
ously treated with PAH-targeted therapy to identify whether PAH or
CTEPH itself were associated with variations in the numbers of circulat-
ing progenitor cells, eliminating possible confounding treatment effects
on circulating progenitor cell levels.

It has been shown that low progenitor cell levels correlate with
worse prognosis in some cardiovascular disorders such as coronary ar-
tery disease and diabetes [11-17]. In our series, treatment-naive pa-
tients with PAH showed reduced levels of circulating progenitor cells
when compared with healthy control subjects, potentially contributing
to endothelial dysfunction and disease progression. Our findings are in

B

p<0.05

o o © o o
) N w w N
o o S a (=
1 1 1 1 1

©
.
o
1

T

o

-

o
1

0.05+ _l_ I%l

CcD45*CcD34*CD133% % Lymphomonocytes

ol
0.00 - -
Control Naive Na |v
n=30 PAH CT PH
n=33 =11

Fig. 1. Number of circulating progenitor cells in control subjects, treatment-naive patients with (PAH) and (CTEPH). Number of (A) CD45"CD34" and (B) CD45" CD34" CD133™ labelled
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percentiles. Kruskal-Wallis One Way Analysis of Variance on Ranks.
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Table 4
Measurements at baseline and at follow-up.
PAH (n = 18) CTEPH (n = 9)
Baseline Follow-up Baseline Follow-up
BNP, pg/mL 232 £363 104 +£ 113 354 + 313 304 + 219
6MWD, m 383 £ 142 422 £ 156 374 £ 149 378 + 145
Hemodynamics
(n = 14)*
mPAP, mm Hg 50 £ 55 45 + 10 56 + 6.3 51 + 8.02"
PAWP, mm Hg 6.6 + 24 57 £35 79 + 39 9.8 + 4.1
mRAP, mm Hg 79 +£ 45 54 + 4.1 106 £ 59 109 + 36
Cardiac index, 1.76 + 055 2.02 + 055" 1.62 + 031 2.02 + 0.39"
L/min/m?

PVR, dyn-seg-cm™> 1237 + 458 940 + 230" 1455 + 498 1012 + 391"

Data are shown as mean =+ SD.
PAH: pulmonary arterial hypertension; CTEPH: chronic thromboembolic pulmonary hy-
pertension; BNP: brain natriuretic peptide; 6MWD: 6 min walk distance; mPAP: mean
pulmonary arterial pressure; PAWP: pulmonary artery wedge pressure; mRAP: mean
right atrial pressure; PVR: pulmonary vascular resistance.

* p<0.05 compared to baseline.

4 PAH:n=7;CTEPH: n = 7.

agreement with previous reports showing reduced levels of circulating
progenitor cells in patients with PAH [23-25]. The mechanisms by
which circulating progenitor cells might be reduced in PAH are not ap-
parent. Low levels of circulating progenitor cells could be a consequence
of depletion of progenitor cells derived from the bone marrow [15,33],
or result from an enhanced homing and recruitment of these cells to
damaged pulmonary vessels [19,21,34,35]. In this line, Toshner et al.
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[19] demonstrated an up-regulation of progenitor cells markers in plex-
iform lesions of remodeled arteries from patients with PAH [19]. Other
studies have described mobilization of bone marrow-derived progeni-
tor cells and recruitment of endogenous cells in the lung and pulmonary
vasculature in experimental hypoxia-induced PH [22,34]. Our group has
previously described the presence of progenitor cells in pulmonary ar-
teries of patients with chronic obstructive pulmonary disease as a re-
sponse of tissue damage [6]. Therefore, circulating progenitor cells in
PAH could be released from the bone marrow upon an endothelial dam-
age and could be mobilized to the lung vasculature acquiring endothe-
lial or smooth muscle like cell phenotypes. This could explain the
depletion of circulating progenitors in peripheral blood.

The levels of progenitor cells in treatment-naive patients with
CTEPH did not differ from either control healthy subjects or patients
with PAH. Although PAH and CTEPH may share potential common
mechanisms, including endothelial cell dysfunction and distal pulmo-
nary artery remodeling, they entail two different determinants of in-
creased PAP and that does not imply that the two disorders are
associated with the same degree of pulmonary endothelial dysfunction.
Interestingly, our results indicate that in CTEPH, circulating progenitor
cells might not have the same repair/mobilization capacity reflected
by the levels of circulating progenitor cells in circulation. It is also im-
portant to note that in our study, patients with CTEPH had significant
worse hemodynamic parameters compared to patients with PAH. Ac-
cordingly, high pulmonary pressure is not the single triggering factor re-
sponsible to increase progenitor cell tissue recruitment and reduction of
circulating progenitor cell numbers. A recent study published by Smatja
et al. [26] suggested that compared to controls, circulating endothelial
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cell numbers were significantly increased in PAH but not in CTEPH con-
cluding that PAH but not CTEPH is associated with markers of vascular
injury [26]. It is important to highlight that, compared to subjects of
the study by Smatja et al. [26] in which patients were under treatment,
in our series, patients were treatment-naive.

Treatment with specific PAH-targeted therapy increased the levels
of circulating progenitor cells in patients with PAH. This result is in ac-
cordance with the findings by Diller et al. [24] that patients with PAH
treated with the phosphodiesterase-5 inhibitor sildenafil exhibited a se-
lective and dose-dependent increase in circulating progenitor cells. This
increase was not observed when patients were treated with bosentan or
prostacyclin analogues [24]. Foresta et al. [36] also found that sildenafil
increased circulating progenitor cell number and the ability to generate
colonies in vitro [36]. One could then speculate that restoration of endo-
thelial mediator imbalance is associated with less progenitor cell mobi-
lization/recruitment at the sites of injury, and hence increase the
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Fig. 4. Relationship between the number of circulating CD45" CD34+CD133™" labelled
cells and 6MWD. Patients with PAH and CTEPH grouped according to 6MWD above or
below the corresponding median value. The box represents the interquartile range and
the solid line indicates the median. The whiskers extend from the box to the 90th and
10th percentiles. Mann-Whitney Rank Sum Test.

number of circulating progenitor cells. Although, further studies are re-
quired to understand the therapeutic implications of PAH-targeted
therapy in the number and function of circulating progenitor cells, mea-
surement of circulating biomarkers could be a potential non-invasive
tool to assess treatment effect on vascular injury.

In patients with CTEPH no changes were observed in levels of circu-
lating progenitor cells after receiving PAH-targeted therapy. This study
was conducted before riociguat was approved for the treatment of
CTEPH [37] and therefore the effects of riociguat on circulating levels
of progenitor cells could not be investigated. Nevertheless, the lack of
differences on the number of circulating progenitor cells before starting
treatment as compared with controls, and the lack of changes with
treatment suggest that the role of bone marrow-derived progenitor
cells in CTEPH is different to PAH [26,38].

Patients with precapillary PH with lower exercise tolerance, as
assessed by the 6MWD, presented lower levels of circulating
(D457 (D341 (D133 cells. The same relationship between progenitor
cells and 6MWD was observed by Junhui et al. [25], while Diller et al.
[24] did not find any correlation between progenitor cells and 6MWD in
idiopathic PAH. No other relationship between levels of circulating
progenitor cells and hemodynamic or clinical parameters could be
established. Such lack of relationship between circulating progenitor
cells and clinical or hemodynamic parameters could be explained because
the latter are more likely related to changes in cardiac function, whereas
progenitor cells could be associated to changes in microcirculation.

5. Study limitations

This study has limitations. Firstly, the group of patients diagnosed
with CTEPH has a small size. Secondly, some patients were lost for
follow-up on the time frame of 6-12 months and only 27 out of the
46 patients with PH were reevaluated after starting treatment. Finally,
the reduced sample size precluded a detailed analysis of potential differ-
ences between drugs in the effects on circulating progenitors.

6. Conclusions

In conclusion, treatment-naive patients with PAH, but not CTEPH pa-
tients, show reduced levels of circulating progenitor cells, appearing to
be disease specific. Treatment with PAH-targeted therapy increases
the number of circulating progenitor cells in PAH but not in CTEPH.
This increase equates levels of circulating progenitor cells to the levels
of healthy control subjects, reflecting increased repair potential of
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vascular damage. These results highlight that although PAH and nonsur-
gical CTEPH share similarities in terms of hemodynamic impairment, in-
volvement of progenitor cells in the pathobiology of increased
pulmonary vascular resistance might be different.
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Objectiu general:

Estudiar si els pacients amb MPOC tenen una alteracié de la competéncia

vascular avaluada mitjancant els nivells circulants d’EMPs i CPs.

Objectius especifics:

1. Estudiar si els nivells circulants individuals d’EMPs i CPs, aixi com la relacid
EMPs/CPs en pacients amb MPOC difereixen respecte els controls.

2. Estudiar I'efecte del tabac sobre els nivells circulants d’EMPs, CPs i la relacid
EMPs/CPs en subjectes amb o sense MPOC.

3. Estudiar I'efecte de I'hipertensié pulmonar associada a la MPOC sobre els
nivells circulants d’EMPs, CPs i la relacié EMPs/CPs.

4. Estudiar el possible efecte de les variables confusores amb rellevancia biologica
(sexe, edat, risc cardiovascular, etc) sobre els nivells circulants d’EMPs i CPs.

5. Estudiar les relacions entre els nivells circulants d’EMPs, CPs i la relacio

EMPs/CPs i els parametres clinics de la malaltia.

Resum de la metodologia:

Els nivells d’EMPs i CPs circulants van ser determinats en 27 subjectes control
no fumadors, 20 fumadors i 61 malalts amb MPOC. Les EMPs es van determinar per
citometria de flux a partir de mostres de plasma pobre en plaquetes obtingudes
després d’una série de centrifugacions sequencials de la sang venosa periférica
obtinguda dels subjectes. La identificacié de les EMPs es va fer segons I'expressid
d’antigens especifics de membrana: CD31+CD42b- per les EMPs totals, CD31+CD42b-
Annexin V+ per les EMPs d’origen apoptotic i CD31+CD42b-CD62E+ per les EMPs
d’origen activat.

Les CPs també es van mesurar per citometria de flux a partir de les cél-lules
mononuclears sanguinees obtingudes a partir del gradient de Ficoll de la sang venosa
periférica dels subjectes. Les CPs es van definir com cél-lules CD34+CD45+CD133+.

Degut a que tant el recompte d’EMPs com de CPs segueix una distribucié
esbiaixada, els valors van ser transformats a In per millorar la normalitat. Es van
utilitzar models de regressid lineal per ajustar les dades per les possibles variables

biologiques confusores bansant-se en la plausibilitat biologica.
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Resultats principals:

Nivells circulants de microparticules endotelials

Els malalts amb MPOC presentaven nivells circulants d’EMPs totals
(CD31*CD42b’) i EMPs derivades de cél-lules endotelials en apoptosi (CD31*CD42b-
Annexina-V*) significativament més elevats que el grup control de no fumadors, tant
en I'analisi ajustat per les variables confusores com el no ajustat.

El grup de fumadors sense MPOC va presentar nivells d’EMPs totals i
apoptotiques en una posicié intermitja entre el grup dels controls no fumadors i els
malalts amb MPOC. En el cas de l'analisi estadistic no ajustat per les covaribles
confusores, I'increment dels nivells d’ambdues combinacions d’EMPs va ser significatiu
respecte els controls no fumadors. Per contra, quan es van corretgir les dades per les
variables confusores, tot i que es mantenia la tendencia a l'increment, es perd la
significancia. En ambdés tests estadistics no es van trobar diferéncies significatives
entre els fumadors sense MPOC i els malalts amb MPOC.

En els nivells d’EMPs derivades de ceél-lules endotelials activades/inflamades
(CD31*CD42b"CD62E*) no s’observaven diferencies significatives entre els diferents

grups amb cap dels dos métodes estadistics.

Nivells circulants de cél-lules progenitores

L’analisi de covariancies va revelar I'efecte del genere en els nivells circulants
de CPs (CD34*CD133*CD45"*). Les dones presentaven nivells basals de CPs més baixos
que els homes.

En I'analisi no ajustat per les variables confusores, els nivells de CPs estaven
reduits de manera significativa en les dones amb MPOC comparat amb els grups de
dones control no fumadores i fumadores. A més, les dones amb MPOC també
presentaven nivells de CPs més baixos que els homes amb MPOC. Per la seva banda,
els nivells circulants de CPs en els homes no presentaven diferéncies significatives
entre els diferents grups.

En I'analisi ajustat per les variables confusores, ambdds géneres presentaven la
mateixa dinamica: els malalts amb MPOC tenien nivells reduits de CPs comparat amb

els fumadors.

56



Resultats

Avaluacié de la relacié EMPs/CPs

Els malalts amb MPOC presentaven una major relacié EMPs/PCs comparat amb
els controls no fumadors, mentre que el grup de fumadors ocupava una posicid
intermitja que no diferia significativament ni dels controls ni dels malalts amb MPOC.
En I'analisi posterior per génere, les dones amb MPOC presentaven un major quocient
EMPs/PCs comparat amb els grups controls, mentre que no s’observaven diferéncies

significatives en els homes.

Efecte del tabac en els nivells d’EMPs, CPs i la relacié EMPs/CPs

Els malalts amb MPOC, independentment de si eren fumadors o no,
presentaven nivells d’EMPS totals i apoptotiques incrementats respecte els controls.

En gquant als nivells de CPs, I'analisi inicial va mostrar que els malalts amb MPOC
gue seguien fumant tenien nivells reduits de CPs comparat amb la resta de grups.
Quan I'analisi es va fer per génere, les dones amb MPQOC presentaven nivells reduits de
CPs independentment del tabac; mentre que en homes no s’observaven diferéncies
clares.

La relacié EMPs/PCs es va trobar incrementada en els malalts amb MPOC, tant
si seguien fumant com si ho havien deixat, comparat amb els controls no fumadors.
Resultats similiars s’observaven en les dones amb MPOC, mentre que el homes només
presentaven un augment significatiu del quocient en el grup de malalts amb MPOC que

seguien fumant, respecte els controls no fumadors.

Relacio dels nivells d’EMPs, CPs i el quocient EMPs/CPs amb la funcié pulmonar i
marcadors plasmatics vasculars

Els nivells circulants d’EMPs i CPs no correlacionaven entre si, ni tampoc amb
els nivells de marcadors plasmatics, ni la preséncia/abséncia d’hipertensié pulmonar
associada a la MPOC. Pero en dones, la relaci6 EMPs/CPs estava associada amb la
funcié pulmonar, tenint un quocient més elevat aquelles dones amb valors baixos de

DLcoi FEV1.

57






Thorax

Thorax

Imbalance between endothelial damage and repair capacity
in chronic obstructive pulmonary disease

Journal:

Thorax

Manuscript ID

thoraxjnl-2017-211209

Article Type:

Original Article

Date Submitted by the Author:

24-0Oct-2017

Complete List of Authors:

Garcia-Lucio, Jéssica ; Hospital Clinic de Barcelona, Pulmonary Medicine
Peinado, Victor; Hospital Clinic de Barcelona, Pulmonary Medicine; Centro
de Investigacién Biomédica en Red de Enfermedades Respiratorias
(CIBERES)

de Jover, Lluis; Biostatistics Unit, University of Barcelona, Department of
Public Health,

Del Pozo, Roberto; Hospital Clinic de Barcelona, Pulmonary Medicine
Blanco, Isabel; Hospital Clinic de Barcelona, Pulmonary Medicine; Centro
de Investigacion Biomédica en Red de Enfermedades Respiratorias
(CIBERES)

Bonjoch, Cristina; Hospital Clinic de Barcelona, Pulmonary Medicine
Coll-Bonfill, Nuria; Hospital Clinic de Barcelona, Pulmonary Medicine

Paul, Tanja; Hospital Clinic de Barcelona, Pulmonary Medicine

Tura-Ceide, Olga; Hospital Clinic de Barcelona, Pulmonary Medicine; Centro
de Investigacion Biomédica en Red de Enfermedades Respiratorias
(CIBERES)

Barbera, Joan; Hospital Clinic de Barcelona, Pulmonary Medicine; Centro de
Investigacion Biomédica en Red de Enfermedades Respiratorias (CIBERES)

Keywords:

COPD Pathology, Lung Physiology

ARONE"

https://mc.manuscriptcentral.com/thorax




Page 1 of 38 Thorax

Imbalance between endothelial damage and repair capacity in chronic obstructive pulmonary

disease

©CoO~NOUTA,WNPE

Jéssica Garcia-Lucio®, Victor I. Peinado™?, Lluis de Jover®, Roberto del Pozo?, Isabel Blanco'?, Cristina

Bonjoch®, Nuria Coll-Bonfill', Tanja Paul*?, Olga Tura-Ceide’” * and Joan Albert Barbera*

* Both authors contributed equally to this work.

20 'Department of Pulmonary Medicine, Hospital Clinic-Institut d’Investigacions Biomeédiques August Pi i
22 Sunyer (IDIBAPS), University of Barcelona; Spain. “Centro de Investigacion Biomédica en Red de
24 Enfermedades Respiratorias (CIBERES); Spain. *Biostatistics Unit, Department of Public Health, School

26 of Medicine, University of Barcelona; Spain

Corresponding author: Joan Albert Barbera. Servei de Pneumologia. Hospital Clinic. Villarroel, 170.

33 Barcelona 08036. Spain. Phone 34-93-227-5747; FAX 34-93-227-5455; E-mail: jbarbera@clinic.ub.es.

37 Word count: 3020

https://mc.manuscriptcentral.com/thorax



©CoO~NOUTA,WNPE

Thorax

KEYWORDS
Endothelial microparticles; endothelial progenitor cells; endothelial dysfunction; cigarette smoking;

pulmonary hypertension.

https://mc.manuscriptcentral.com/thorax

Page 2 of 38



Page 3 of 38

©CoO~NOUTA,WNPE

Thorax

ABSTRACT

Circulating endothelial microparticles (EMPs) and progenitor cells (PCs) are biological markers of
endothelial function and endogenous repair capacity.

The study was aimed to investigate whether COPD patients have an imbalance between EMPs to PCs
compared to controls and to evaluate the effect of cigarette smoke on these circulating markers.
Circulating EMPs and PCs were determined in 27 nonsmokers, 20 smokers and 61 COPD patients. We
compared total EMPs (CD31°CD42b’), apoptotic if they co-expressed Annexin-V' or activated if they
co-expressed CD62E", circulating PCs (CD34'CD133CD45%) and the EMPs/PCs ratio between groups.
COPD patients presented increased levels of total and apoptotic circulating EMPs, and an increased
EMPs/PCs ratio, compared with nonsmokers. Women had less circulating PCs than men through all
groups and those with COPD showed lower levels of PCs than both control groups. In smokers,
circulating EMPs and PCs did not differ from nonsmokers, being the EMPs/PCs ratio in an
intermediate position between COPD and nonsmokers.

We conclude that COPD patients present an imbalance between endothelial damage and repair
capacity that might explain the frequent concurrence of cardiovascular disorders. Factors related to
the disease itself and gender, rather than cigarette smoking, may account for this imbalance.

Word count: 194 (max 200)
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INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is a life-threatening lung disease with systemic impact
[1]. The primary cause of COPD is cigarette smoking, which is known to also produce endothelial
dysfunction [2]. Previously, we demonstrated that COPD patients show endothelial impairment in
both the pulmonary and the systemic circulation that may predispose to pulmonary hypertension
(PH) and/or cardiovascular events [3-5]. Circulating biomarkers have emerged as promising non-
invasive surrogates which may provide insights on endothelial function status and reveal
mechanisms of endothelial derangement. Cellular biomarkers such as endothelial microparticles and
progenitor cells have recently been related to endothelial health [6].

Circulating endothelial microparticles (EMPs) are small membrane-bound vesicles (0.1-1pm
diameter) shed from the endothelium in response to cell activation, injury and/or apoptosis [6-8]. As
they circulate in the vasculature, they not only act on their local environment but also on sites far
from their origin, serving as a cell-to-cell communication network [9]. In plasma of healthy subjects,
EMPs are present at low levels, reflecting normal endothelial turnover [10]. Increased levels of EMPs
have been reported in a variety of vascular-related disorders [7] and their levels are inversely
correlated with endothelial function [11]. Cigarette smoke may alter the levels of circulating EMPs
[12-15]. In COPD, elevated EMPs levels have been reported [16,17]. Higher EMPs levels with
activated phenotype may denote COPD patients susceptible to an exacerbation episode [18], and to
be predictive of rapid FEV; decline [19]. Recently, a negative correlation between EMPs in sputum
and FEV; has been described in COPD [20].

Circulating progenitor cells (PCs) are adult stem cells derived from the bone marrow that are
mobilized into the circulation in response to vascular injury [21]. They are involved in maintenance of
the endothelium and restoration of its normal function [21]. However, it has also been reported that
PCs could participate in the progression of pre-existing lesions [22]. In a recent study, we showed
that COPD patients have lower levels of circulating PCs which appear to be a consequence of the

disease itself and not related to smoking habit [5]. In this line, other studies also showed lower PCs
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levels in COPD [23-28], while others did not find significant differences [29,30]. Decreasing number
of circulating PCs has been established as an independent prognostic risk factor associated with
endothelial dysfunction and higher cardiovascular risk [31].

As the magnitude of endothelial damage may result from an imbalance between injury and repair
capacity, the combined assessment of circulating EMP and PC levels may be used to evaluate the
status of vascular health in different disorders [32—34].

Based on this background, we hypothesized that in COPD, alterations of endothelial function are
associated with changes in the number of circulating EMPs and PCs. Accordingly, the present study
aims to investigate whether COPD patients have an imbalance between EMPs to PCs compared to

nonsmokers and current smokers, and the relationship with COPD severity and the presence of PH.

METHODS

Study population

Sixty-one patients with COPD and 47 control subjects (27 nonsmokers and 20 current smokers) with
normal lung function were enrolled in the study. Patients were recruited from the outpatient clinic
and nonsmokers and current smokers were volunteers. The study was approved by the internal
review board and all subjects gave written informed consent.

All subjects underwent standard evaluation by means of medical history, clinical examination, lung
function tests and electrocardiogram. COPD was defined by compatible symptoms and airflow
obstruction on forced spirometry (post-bronchodilator forced expiratory volume in the first second
(FEV;)/forced vital capacity (FVC) <70%). COPD patients underwent additional diagnostics for the
assessment of associated PH; defined on the basis of right heart catheterization (mean pulmonary
arterial pressure =25 mmHg and pulmonary artery occlusion pressure <15 mmHg) or by Doppler

echocardiography (tricuspid regurgitation velocity >2.8 m/s).

Blood sampling and measurements

Venous blood samples were obtained after fasting overnight by peripheral venipuncture and

https://mc.manuscriptcentral.com/thorax
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collected in vacutainers to measure circulating EMPs, PCs and inflammatory and vascular markers.
Two of the tubes were centrifuged immediately 10 min (800g, 4°C) and, after centrifugation, plasma
was aliquoted and stored at -80°C until analysis. Plasma markers were determined by ELISA using

commercially available kits.

Assessment of circulating endothelial microparticles

Preparation of EMP samples and measurements using flow cytometry were performed as previously
described [12] and as detailed in the supplementary material. Total circulating EMPs were assessed
as CD31" (normally found on endothelial cells) and CD42b™ (platelet surface membrane glycoprotein)
(Figures S1A-S1B) [12,13,15]. To evaluate whether EMPs were derived from apoptotic or activated
endothelial cells, EMPs were also assessed by annexin-V staining (apoptotic cells) (Figure S1C) [8,12]
and CD62E (E-selectin; expressed on cells activated by cytokines ) staining (Figure S1D) [8,16],

respectively.

Assessment of circulating progenitor cells

Preparation of PCs samples and measurements were performed as previously described [5] and as
detailed in the supplementary material. The number of circulating PCs was evaluated by flow
cytometry using antibodies against CD45 (pan-leukocyte marker), CD133 (subpopulation of

hematopoietic stem cells) and CD34 (mature and progenitor endothelial cells) (Figures S2A-S2D).

Statistical Analysis

In the non-adjusted analysis, data are expressed as meantSD for normally distributed data or as
median with interquartile range for skewed distributions. Group comparisons were performed using
one or two way ANOVA and post hoc pairwise comparisons using the Student Newman-Keuls test for
normally distributed variables or the Dunn’s test for non-normally distributed variables. Correlations
between variables were analyzed with Pearson’s or Spearman’s coefficient depending on data

distribution.
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In the statistical adjusted model, as EMP and PC counts were skewed in distribution, values were In-
transformed to improve normality. Linear regression models were used to adjust for potential
confounders, which were selected based on biologic plausibility such as age, gender, body mass
index (BMI) and Framingham risk score [35] .

A p-value <0.05 was considered statistically significant.

RESULTS

Population characteristics

Anthropometric, clinical and functional characteristics of subjects are shown in Table 1. Nonsmokers
and current smokers were matched for age, gender and BMI. COPD patients were older and with a
higher proportion of men. All healthy smokers and 26% of COPD patients were current smokers. The
COPD group had higher Framingham risk score compared with the other groups. Three patients with
COPD (5%) were in spirometric GOLD stage 1, 17 (28%) in stage 2, 18 (29%) in stage 3, and 23 (38%)
in stage 4. Patients with COPD had moderate to severe airflow obstruction, air trapping, reduction of
CO diffusing capacity and mild to moderate hypoxemia (Table 1). Characteristics of subjects by

gender are shown in Table S1.

Table 1. Clinical characteristics, lung function, cardiovascular and laboratory measurements

Nonsmokers Current smokers COPD
(n=27) (n=20) patients
(n=61)
Age, years 56 +8 54+8 63 + 7*"
Male gender, n (%) 12 (44) 9 (45) 51 (84)**
BMI, kg/m’ 27+3 27+5 27+4
Smoking status
Current smokers, n (%) 0(0) 20 (100)* 16 (26)**
Former-smokers, n (%) 0(0) 0(0) 45 (74)**
Smoking history, pack-years 0 30 +24* 64 + 28*"
Framingham risk score £ 5+5 7+6 11+ 6**
Spirometric GOLD stage 1/2/3/4
n NA NA 3/17 /18 /23
(%) 5/28 /29 /38
FEV, % predicted 107 £12 103+£10 44 + 19**
FVC % predicted 106 £+ 11 104 £ 12 79 + 19%*

https://mc.manuscriptcentral.com/thorax
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FEV,/FVC 0.78 £0.05 0.77 £0.05 0.41+ 0.14**
TLC, % predicted 105+8 106 +9 115 + 20**
RV, % predicted 108 £ 18 110+ 23 184 + 58**
DLco, % predicted 92+15 8519 53 + 20 **
PaO, mmHg NA NA 70+ 11
PaCO, mmHg NA NA 44+ 8
Systolic blood pressure, mmHg 124 + 18 123 +16 131+20
Diastolic blood pressure, mmHg 759 73+8 76 £ 11
Total Cholesterol, mg/dL 205 + 26 218 £ 39 195 + 34*
HDL, mg/dL 57+14 68 £ 15* 58 +18
LDL, mg/dL 129+ 22 132+32 113 + 30**
Mellitus diabetes, n (%) 1(4) 0(0) 7 (11) **
Lymphomonocytes, x10°events 88+14 9.2+25 84+25

Data are shown as meant SD.

COPD: chronic obstructive pulmonary disease; BMI: body mass index, GOLD: global initiative for
chronic obstructive lung disease, FEV,: forced expiratory volume in the first second; FVC: forced vital
capacity; TLC: total lung capacity; RV: residual volume; DLco: diffusing capacity of the lung for carbon
monoxide; Pa0,: arterial partial oxygen pressure; PaCO,: arterial partial carbon dioxide pressure;
HDL: high-density lipoprotein; LDL: low-density lipoprotein and NA: not applicable.

fThe Framingham risk score can range from -6 to 19, with higher scores indicating greater
cardiovascular risk.

* p< 0.05 compared with control nonsmokers; * p< 0.05 compared with current smokers.

Circulating EMPs levels

In the non-adjusted model, the number of total circulating EMPs was significantly increased in COPD
patients and current smokers compared with nonsmokers (Table 2 and Figure 1A). In the adjusted
model, where levels of EMPs were corrected by age, gender, BMI and Framingham risk score, COPD
patients also showed significantly increased levels of total circulating EMPs compared with
nonsmokers. However, while in current smokers, adjusted levels of EMPs were also higher than in
nonsmokers, differences did not reach statistical significance (Table 2). Similarly, levels of EMPs
derived from apoptotic origin were increased in both COPD patients and smokers compared with
nonsmokers in the non-adjusted analysis (Table 2 and figure S3A). In the adjusted model, only
patients with COPD showed significantly higher number of these EMPs compared to nonsmokers. No
statistical differences were found in the levels of EMPs derived from activated endothelial cells

between groups, either using the non-adjusted or the adjusted models (Table 2 and figure S3B).
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Table 2. Circulating endothelial microparticles counts

Nonsmokers Current smokers COPD
(n=27) (n=20) (n=61)
CD31'CD42b” EMPs/pL PPP
Non-adjusted model 410 622* 668*
Mean, (95% Cl) (330-490) (442 - 801) (552 - 785)
Adjusted model’ 357 526 549 *
Predicted mean, (95% Cl) (284 - 448) (404 - 686) (471-639)
CD31°CD42b Annexin V*
EMPs/uL PPP
Non-adjusted model 290 448* 535%*
Mean, (95% Cl) (230-351) (311-584) (430 - 640)
Adjusted model" 242 365 414*
Predicted mean, (95% Cl) (186-317) (268 - 498) (346 —494)
CD31°CD42b CD62E"
EMPs/uL PPP
Non-adjusted model 14 17 9
Mean, (95% Cl) (6-21) (8-26) (5-14)
Adjusted model’ 5 7 5
Predicted mean, (95% Cl) (3-8) (4-13) (3-7)

* p<0.05 compared to nonsmokers

T Model adjusted for age, gender, BMI and Framingham risk score. Values are expressed as the anti-
In.

EMPs: endothelial microparticles, COPD: chronic obstructive pulmonary disease, PPP: platelet poor
plasma, BMI: body mass index and Cl: confidence interval.

Circulating PCs levels

Initial analysis of circulating levels of CD34°CD133'CD45" PCs showed no significant differences
between the different groups (Figure 1B). However, analysis of covariates revealed that gender had a
significant effect on the levels of circulating PCs. Accordingly; the subsequent assessment of
circulating PC levels was performed dividing all groups by gender.

Among women, those with COPD showed significantly lower levels of circulating PCs than both
nonsmokers and smokers in the non-adjusted analysis (Table 3 and figure S3C). Similar findings were
observed using CD34+CD133+ and CD34+CD45+ combinations of PCs (data not shown). In men, no
significant differences were found in the number of PCs between groups (Table 3 and figure S3D). In

the adjusted model, levels of circulating PCs were reduced in COPD compared to smokers in both
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men and women (Table 3). No statistical differences were found between the nonsmoker and

smoker groups in the number of circulating PCs (Table 3).

Interestingly, women showed reduced levels of PCs compared to men throughout all groups,

primarily in COPD subjects (p=0.031) (Table 3).

Table 3. Circulating progenitor cell counts

Nonsmokers Current smokers COPD
(n=27) (n=20) (n=61)
Men Women Men Women Men Women
(n=12) (n=15) (n=9) (n=11) (n=51) (n=10)
CD34'CD133'CD45" %
lymphomonocytes
Non-adjusted model 0.050 0.044 0.062 0.053 0.048 0.017*%
Mean, (95% Cl) (0.035 - (0.032 - (0.028 - (0.029 - (0.039 - (0.011-
0.067) 0.056) 0.097) 0.078) 0.057) 0.023)
Adjusted model’ 0.062 0.038 0.076 0.047 0.045° 0.028"
Predicted mean, (95% Cl) (0.045 (0.029 (0.053 (0.034 (0.038 (0.020
-0.085) -0.050) -0.106) -0.063) -0.053) -0.038)

t Model adjusted for age, gender, BMI and Framingham risk score. Values are expressed as the anti-
In.

* p<0.05 compared with women nonsmokers; ° p<0.05 compared with men smokers; * p<0.05
compared with women smokers; * p<0.05 compared with men COPD.

COPD: chronic obstructive pulmonary disease, Cl: confidence interval and BMI: body mass index.

Assessment of EMPs/PCs ratio

We assessed the ratio of EMPs to PCs as a measure of the balance between endothelial damage and
repair capacity. In our series, the EMPs/PCs ratio was increased in COPD patients compared to
nonsmokers; being the smokers in an intermediate position that did not significantly differ neither
from the nonsmoker nor from the COPD groups (Figure 1C). Further analysis considering the gender,
revealed that women with COPD had greater EMPs/PCs ratio compared to control groups (Figure

S3E), while no significant differences were found in men (Figure S3F).

Effect of cigarette smoking on circulating EMP and PC levels

Within the COPD group there were both current and ex-smokers. To assess whether smoking status
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could influence the levels of circulating EMPs and PCs, group comparisons were re-analysed
according to smoking status. Our results show that levels of total and apoptotic circulating EMPs
were increased in COPD compared to nonsmokers irrespective of smoking status (Figures 2A and
S4A).

Regarding circulating PCs, COPD patients that were current smokers had less circulating PCs than the
other groups (Figure 2B). When we divided subjects by gender, women with COPD showed a
significant reduction of PC levels compared with the other groups, irrespective of the smoking status
(Figure S4B), whereas no differences were found in men (Figure S4C).

The EMPs/PCs ratio was higher in COPD patients compared to nonsmokers irrespective of the
smoking status (Figure 2C). Similar results were obtained in women (Figure S4D), while in men only
COPD patients that were current smokers showed higher EMPs/PCs ratio than nonsmokers (Figure

S4E).

Inflammatory and vascular markers

Compared with nonsmokers and smokers, COPD patients had higher plasma levels of hsPCR,
fibrinogen, HGF and siCAM. In the COPD group, VEGF was lower than in the nonsmokers and sTNFa
higher than in the smokers (Table 4). No relationship was found between plasma levels of the

different biomarkers and the severity of airflow obstruction.

Table 4. Vascular and systemic inflammatory markers in the study population

Nonsmokers Current smokers COPD
(n=27) (n=20) (n=161)

VEGF, % detectable 44 60 47
VEGF, pg/mL 47 (23 - 85) 13 (10-33) 17 (5-32)*
IL-6, pg/mL 1.7 (0,9-5.2) 2.5(0.9-8.0) 1.7 (0.8-3.1)
hsPCR, mg/dL 0.15 (0,05 -0.24) 0.09 (0.05-0.32) 0.38 (0.13 - 0.86) **
TGF-B, ng/ml 2.3(1,4-3.4) 2.1(1.5-5.6) 2.8(2.0-3.6)
BNP, pg/mL 13.7 (4,2 - 23.4) 12 (8.2 -27.7) 15.5(7.9-27.3)
Fibrinogen, g/L 3.4(3,1-3.7) 3.3(2.9-3.8) 3.9(3.3-4.8)**
HGF, pg/ml 274 ( 219 - 450) 257 (218 - 365) 338 (308 - 418)**
Leptine, ng/ml 11(8.5-17.1) 13.9 (6.6 —17.4) 11.9 (8.5-21.3)
Adiponectin, ng/ml 1046 (786 - 1517) 1118 (859 - 1628) 905 (689 — 1202)
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cGMP, nmol/ml 2.5(1.9-3.2) 2.2 (1.8-3.0) 2.3(1.8-321)
sTNFa, pg/ml 1039 (705 - 411) 897 (691 - 1159) 1185 (860 - 1441) "
sICAM, ng/ml 77 (59 - 95) 86 (67 - 145) 96 (81 - 203)*
SAXL, ng/ml 38(15-71) 42 (21-69) 37 (21 - 60)

Data are shown as median (interquartile range).

VEGF: vascular endothelial growth factor; IL-6: interleukin-6; hsCRP: high sensitive C-reactive protein;
TGF-B: transforming growth factor-f; BNP: brain natriuretic peptide; HGF: hepatocyte growth factor,
cGMP: cyclic guanosine monophosphate, sTNFa: soluble tumor necrosis factor a; sICAM: soluble
intracellular adhesion molecule-1 and sAXL: soluble AXL.

* p < 0.05 compared to nonsmokers; * p < 0.05 compared to smokers

Relationship among circulating EMPs and PCs vs lung function and cardiovascular parameters
There was no significant correlation between the number of circulating EMPs and PCs, in both the
whole population or when divided by gender (Figures S5A-S5C). Circulating EMPs, PCs and the
EMPs/PCs ratio were not related to the levels of inflammatory or vascular biomarkers. In the COPD
group, no differences in EMP and PC levels or the ratio were observed between those with and
without PH.

In women, the EMPs/PCs ratio was higher in those with CO diffusing capacity (DLco) (Figure 3A), and

those with forced expiratory volume in the first second (FEV,) below the median (Figure 3B).

DISCUSSION

In the present study we assessed comprehensively the balance between endothelium injury and
repair capacity, which is critical for the maintenance of vascular homeostasis, in patients with COPD.
Our results show elevated levels of circulating EMPs, an indicator of endothelial cell damage, and
reduced numbers of bone marrow-derived PCs able to maintain and repair the endothelium. The
ratio between these two factors was significantly disturbed in COPD suggesting a phenotype of
vascular incompetence in those patients [6,33]. Interestingly, while cigarette smoking was not
related to this vascular incompetence, gender appears to play a key role on endothelial repair

capacity.
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In our study the levels of total and apoptotic circulating EMPs were elevated in COPD patients, in
agreement with previous observations [16-18]. Since COPD patients showed increased
cardiovascular risk factors compared with the other groups, particularly systemic hypertension, and
increased cardiovascular risk is associated with greater numbers of circulating EMPs [36], we
analysed EMP levels by using an adjusted statistical model to compensate for potential confounding
factors. EMP levels in COPD remained significantly higher in the adjusted model, suggesting that
increased EMP levels are related to the disease itself rather than to other factors of cardiovascular
risk. Interestingly, smokers without COPD also showed significantly higher levels of circulating EMPs
than nonsmokers in the non-adjusted analysis but not in the adjusted model. Accordingly,
differences in circulating EMPs between smokers and nonsmokers appear to be related to other
influencers, i.e. cardiovascular risk factors, rather than to the smoking habit.

In our study, the number of circulating EMPs was not related to indices of COPD severity, suggesting
that endothelial damage might be associated with the presence of COPD rather than to its
progression. Our results concur with those of Thomashow et al [16] who showed increased numbers
of apoptotic EMPs in COPD patients that did not differ among a wide range of COPD severity.
Circulating EMPs may act as signalling elements capable of producing endothelial damage in systemic
vessels and explain, at least in part, the frequent association between COPD and cardiovascular
disease.

Bone marrow-derived circulating PCs are key to endothelial repair [21]. In a recent study, we showed
that COPD patients present reduced numbers of circulating PCs [5]. In the present study, COPD
patients showed numerically lower numbers of circulating PCs, but differences did not reach
statistical significance. Unlike some previous studies in which there was no matching for age and/or
gender between groups [24,28], we statistically corrected the data for confounder parameters. Our
results revealed that gender had an effect on the levels of circulating PCs in all groups, highlighting
the importance of gender matching in PCs studies. In the adjusted model, levels of circulating PCs

were reduced in both men and women with COPD. Interestingly, women showed reduced levels of
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PCs compared to men throughout all groups, primarily in COPD patients. Recent evidence suggests
gender-related differences in COPD patients [37]. Women develop more severe COPD at younger
ages than men and with lower levels of cigarette smoke exposure [37]. Accordingly, it has been
suggested that men and women may be phenotypically different in their response to cigarette smoke
[38]. Progenitor cells are actively involved in cardiovascular homeostasis and provide in basal
conditions a pool of circulating cells able to repair ongoing endothelial damage. We hypothesize that
reduced levels of circulating PCs in women, as compared to men, may result in lower repair capacity
and higher susceptibility to the effects of cigarette smoke. In recent years the concept of impaired
endothelial cell survival has emerged as a relevant factor in the pathogenesis of emphysema [39].
Although we did not assess the severity of emphysema, in our study a higher EMPs/PCs ratio was
associated with lower DLCO. Such impairment in the repair capacity of vascular endothelium might
explain the more rapid progression of emphysema observed in women [40]. Levels of PCs fluctuate
throughout lifetime in women and decline dramatically after menopause, coupled to hormonal
mechanisms and endometrial vascular turnover [41]. All women involved in this study were above 45
years old which could further explain the decline in circulating PCs. Other factors such as genetic
predisposition, anatomic, social or hormonal differences might also explain the influence of gender in
COPD development [38].

In our study, we did not find any relationship between the levels of circulating EMPs and PCs,
suggesting that both markers may reflect different but complementary physiologic cellular
mechanisms of action. However, both markers measured together may characterize a phenotype of
vascular competence [6,33]. Our study assesses for the first time such vascular competence in COPD
patients by the combined measurement of markers of vascular integrity and repair capacity in the
same subjects. Our results show a phenotype of disturbed vascular competence in COPD patients,
being smokers without COPD in an intermediate position between COPD and nonsmokers. Our
findings in COPD are in line with those reported in hypercholesterolemia, psoriasis or Sjogren

syndrome [32-34], suggesting a common background for the frequent development of

https://mc.manuscriptcentral.com/thorax 14
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cardiovascular disease in these different conditions. In our study, COPD patients with concomitant
pulmonary hypertension did not show differences in EMPs or PCs count, or in the EMPs/PCs ratio,
suggesting that such vascular incompetence is insufficient to produce pulmonary hypertension and

that additional factors may concur for its development.

Some studies have reported that cigarette smoke increases the levels of circulating MPs [12-15],
suggesting early development of emphysema in healthy smokers. The effect of cigarette smoke on
PCs is controversial [30,42]. We and others have reported similar numbers of circulating PCs in
current smokers and nonsmokers [5,25]. In the present study, there were no differences between
total and apoptotic circulating EMPs between former or current smokers. Since differences shown in
the present study in COPD patients in circulating levels of EMPs and PCs and in the EMPs/PCs ratio
were independent of the current smoking status, we consider that the impairment of vascular
competence in COPD appears to be a consequence of the disease itself rather than to an effect of

cigarette smoking.

In our study we did not find any relationship between circulating EMPs and PCs and any of the
plasmatic markers assessed. This is consistent with recent studies [24] and denotes the complex
interactions between markers of systemic inflammation and vascular impairment. In the same line,
most of the correlations of EMPs and PCs levels with conventional pulmonary function or

demographic parameters were weak or absent.

The study has some limitations. Firstly, as we sampled EMPs in peripheral venous blood we cannot
be certain that the elevation of EMPs is from pulmonary origin. Secondly, we did not perform CT
scans to assess pulmonary emphysema, therefore we were unable to relate the presence of
circulating apoptotic EMPs with emphysematous destruction of lung parenchyma. And thirdly, there

is no worldwide exclusive procedure to isolate and analyse circulating MPs and PCs from plasma.

In conclusion, COPD patients present disturbed vascular competence, as reflected by an imbalance

between increased endothelial damage and reduced repair capacity, which might explain the

https://mc.manuscriptcentral.com/thorax 15
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frequent concurrence of cardiovascular disorders. Factors related to the disease itself and gender,

rather than the smoking habit, may account for this imbalance.
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FIGURE LEGENDS

Figure 1

Number of circulating endothelial microparticles (EMPs), progenitor cells (PCs) and the ratio
EMPs/PCs in nonsmokers, current smokers, COPD patients. Number of (A) CD31°CD42b" EMPs
expressed per L of poor platelet plasma (PPP), (B) CD34'CD133"CD45" labelled cells expressed as
percent of lymphomonocytes and (C) CD31°CD42b” EMPs/ CD34°CD133'CD45" PCs expressed as the
In. The whiskers extend from the box to the 90" and 10" percentiles. Kruskal-Wallis One Way

Analysis of Variance on Ranks.

Figure 2

Number of circulating endothelial microparticles (EMPs), progenitor cells (PCs) and the ratio
EMPs/PCs in nonsmokers, current smokers, ex-smokers with COPD and current smokers with
COPD. Number of (A) CD31°CD42b” EMPs expressed per uL of poor platelet plasma (PPP), (B)
CD34'CD133"CD45" labelled cells expressed as percent of lymphomonocytes and (C) CD31°CD42b
EMPs/ CD34'CD133*CD45" PCs expressed as the In. The whiskers extend from the box to the 90" and

10™ percentiles. Kruskal-Wallis One Way Analysis of Variance on Ranks.

Figure 3

Relationship between the EMPs/PCs ratio and DLCO and FEV, in women. Subjects were grouped
according to (A) DLCO and (B) FEV; above or below the corresponding median value. The box
represents the interquartile range and the solid line indicates the median. The whiskers extend from
the box to the 90™ and 10™ percentiles. Ratio values are expressed as In. Mann-Whitney Rank Sum

Test.
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SUPPLEMENTARY MATERIAL

METHODS

Study population

Sixty-one patients with COPD and 47 control subjects (27 nonsmokers and 20 current smokers) with
normal lung functional test were enrolled in the study. Patients were recruited from the outpatient
clinic. The study was approved by the internal review board and all subjects gave written informed
consent. Patients with left ventricle dysfunction in echocardiography were excluded. Patients were
clinically stable at the time of the study without exacerbation episodes or oral steroid treatment for
the previous 4 months. All patients were on regular bronchodilator treatment and most of them
received inhaled corticosteroids. In control subjects, the absence of lung disease was confirmed by
clinical evaluation and lung function tests.

COPD was diagnosed according to current guidelines [1]. All subjects underwent standard evaluation
by means of medical history, clinical examination, lung function tests and electrocardiogram. COPD
was defined by clinical history compatible and evidence of chronic airflow limitation on spirometry
(post-bronchodilator forced expiratory volume in the first second (FEV:) / forced vital capacity (FVC)
< 70%). COPD patients underwent additional diagnostics for the assessment of associated PH;
defined on the basis of right heart catheterization (mean pulmonary arterial pressure 225 mmHg and
pulmonary artery occlusion pressure <15 mmHg) or by Doppler echocardiography (tricuspid

regurgitation velocity 2.8 m/s).

Blood sampling and measurements

Venous blood samples were obtained after fasting overnight peripheral venipuncture into two 4.5mL
sodium citrate tubes (Becton Dickinson, Plymouth, UK) to measure circulating EMPs, into two 4mL
tubes with EDTA (Becton Dickinson, Plymouth, UK) to measure circulating PCs and into two 4mL

tubes with EDTA for other biochemical determinations. The latter were centrifuged immediately
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10min (800g, 42C) and, after centrifugation, plasma was aliquoted and stored at -809C until analysis.
Plasma levels of vascular endothelial growth factor (VEGF), interleukin-6 (IL-6), ultra-sensible C-
reactive protein (hsCRP), transforming growth factor beta (TGF-B), brain natriuretic peptide (BNP),
fibrinogen, hepatocyte growth factor (HGF), letpine, adiponection, cyclic guanosine monophosphate
(cGMP), soluble tumor necrosis factor-a receptor type | (sTNFa-Rl), soluble intercellular adhesion
molecule-1 (sICAM-1) and soluble tyrosine kinase receptor Axl (sAXL) were determined by ELISA

using commercially available kits (DuoSet, R&D Systems, Abingdon, UK).

Assessment of circulating endothelial microparticles

Circulating EMPs were assessed by flow cytometry by the expression of the platelet endothelium
adhesion molecule-1 (PECAM-1) marker CD31 in the absence of the platelet-specific glycoprotein Ib
marker CD42b (Figures S1A-S1B) [2]. To further evaluate whether EMPs were derived from apoptotic
or activated endothelial cells, EMPs were also assessed by annexin V staining for the presence of
phosphatidylserine, a marker linked to apoptosis (Figure S1C) [2—4] or assessed by CD62E (E-selectin)
staining, a cell adhesion molecule expressed only on endothelial cells activated by cytokines (Figure
S1D) [3,5,6]. Briefly, peripheral blood was collected and within 1 hour was centrifuged 10 minutes
(800g, 429C) to prepare platelet rich plasma. Within 5 minutes, the supernatant was subsequently
centrifuged 10 minutes (300g, 232C) to discard cells, 10 minutes (2.000g, 232C) to discard dead cells
and finally 30 minutes (10.000g, 239C) to discard cell debris and to obtain platelet-poor plasma (PPP).
EMP phenotype analysis was performed based on size and fluorescence (Figure S1A). Events less
than 1 um were identified in forward (size) and side (density) light scatter plots using size calibration
microspheres (FluoSpheres®carboxylate-modified microspheres 1.0um, yellow-green fluorescent
(505/515), Invitrogen, Oregon, EEUU). MPs levels were assessed by comparison with calibrator beads
(Perfect Count Microspheres, Cytognos, Salamanca, Spain) with a known concentration, using 2.000
events beads-PE as a stop time. Then 100.000 MPs/uL for fluorescent minus one (FMO) tubes and
500.000 MPs/uL for each phenotype were stained 45 minutes at room temperature using pre-

conjugated anti-human monoclonal antibodies: anti-CD31-FITC (BD Pharmingen™, San Jose, CA),
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anti-CD42b-PE (BD Pharmingen™, San Jose, CA) and anti-CD62E-APC (BD Pharmingen™, San Jose,
CA) for the activated phenotype. For the apoptotic phenotype, MPs without anti-CD62E-APC were
addittionally labeled using annexin V-APC (BD Pharmingen™, San Jose, CA) in the presence of CaCl,
(25mM) according to manufacturer’s recommendation. The fluorescence minus one technique was
employed to provide negative controls [7]. Samples were analyzed by two- or three-color
fluorescence histograms as CD31*'CD42b" (Figure S1B), CD31'CD42b'AnnexinV* (Figure S1C) or
CD31'CD42b"CD62E* (Figure S1D) microparticles. Single antibody conjugates and compensation
fluorochrome beads were used for compensation assessment. Samples were acquired at band pass
filters: 530 nm (FITC), 585 nm (PE/PI), and 661 nm (APC) with FL4 option. EMPs were quantified by
flow cytometry using LRSFortessa (BD Bioscience, San Jose, CA) and 100.000 MPs/ events were

acquired. The data were analyzed using FACSDIVA (Tree Star, OR).

Assessment of circulating progenitor cells

The number of circulating progenitor cells was evaluated by flow cytometry using antibodies against
CD45 (pan-leukocyte marker), CD133 (sub-population of hematopoietic stem cells) and CD34 (mature
and progenitor endothelial cells) as previously described [8]. In brief, circulating progenitor cells were
isolated from fresh peripheral blood by Ficoll density gradient centrifugation, washed once with
phosphate buffered saline (PBS) supplemented with 2% of fetal calf serum (FCS) and ressuspended at
2x10° cells for FMO tubes and at 4x10° cells for sample tubes. Circulating PCs were stained and
analyzed by flow cytometry for phenotypic expression of surface markers using pre-conjugated anti-
human monoclonal antibodies anti-CD45-FITC (BD Pharmingen™, San Jose, CA), anti-CD34-PECy7
(eBiosciences, San Diego, CA) and anti-CD133-PE (MACS Miltenyi Biotec, Bergisch Gladbach,
Germany). The fluorescence minus one technique was employed to provide negative controls [7].
After 45 minutes of incubation, cells were washed, ressuspended into 500 uL of PBS + 2%FCS and
proceeded to flow cytometry analysis. A total of 750.000 CD45+ events were run through the

LRSFortessa (BD Bioscience, San Jose, CA). The data were analyzed using FACSDIVA (Tree Star, OR)
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following ISHAGE (International Society of Hematotherapy and Graft Engineering) gating strategy

(Figure S2) [9].

RESULTS

Population characteristics

Anthropometric, clinical and functional characteristics of subjects divided by sex are shown in Table
S1. Nonsmokers and current smokers were matched for age and BMI in both sexes, however both
subsets of COPD patients were older than the respectives control groups. All healthy smokers and

23% of men with COPD and 40% of women with COPD were current smokers. Men had higher

Thorax

Framingham risk score compared to women throughout all groups. (Table 1S).

Table S1. Clinical characteristics, lung function, cardiovascular and laboratory measurements by

gender
Nonsmokers Current smokers COPD
(n=27) (n=20) (n=61)
Men Women Men Women Men Women
(n=12) (n=15) (n=9) (n=11) (n=51) (n=10)
Age, years 577 56+9 56 +10 536 63 £ 7*8 62 + 5%
BMI, kg/m? 29+3 25+ 3* 28+5 26+6 28+4 25+ 4°
Smoking status
Current smokers, n (%) 0 (0) 0(0) 9(100)* | 11 (100)* | 12(23)*® 4 (40)#
Former-smokers, n (%) 0 (0) 0(0) 0(0) 0(0) 39 (77) *8 6 (60) ™
Smoking history, pack-years 0 0 41+30* | 21+15% | 63+26*° 68 + 39%
Framingham risk score % 9+6 2+£2% 13+4 2+28 12+6 3+2°
Spirometric GOLD stage 1/2/3/4
n NA NA NA NA 2/13/16/20 1/4/2/3
(%) 4/26/31/39 10/40/20/30
FEV1, % predicted 103+11 | 11012 100+ 9 104 + 12 41 + 18%*8 55 + 21#
FVC, % predicted 103+8 108 + 14 103+15 | 104+ 10 78 + 18%*8 88 + 24#
FEV1/FVC 774 79%5 755 79t4 40 + 14%*8 46 + 11%
TLC, % predicted 104+ 8 106+ 8 105+9 1079 115+ 19 120+ 23
RV, % predicted 104+19 | 111+18 100+23 | 118+21 | 185+ 57*¢ 180 + 68%
DLco, % predicted 99 + 15 86+ 13 89+11 83+6 53 + 20%*° 50 + 16*
PaO, mmHg NA NA NA NA 71+11 66+9
PaCO, mmHg NA NA NA NA 44 + 8 43+ 6
Systolic blood pressure, mmHg 127+15 | 121+20 | 131+16 | 116 %12 132+ 18 127 + 26
Diastolic blood pressure, mmHg 79+9 72+8 757 71+8 77 £ 11 74 + 13
Total Cholesterol, mg/dL 204 +£20 | 206 +31 214 +39 | 221 +39 190 + 32 217 £ 34
HDL, mg/dL 49+ 12 63 + 14* 65 + 18* 71+13 56 +17 67+ 17
LDL, mg/dL 133+20 | 126+23 129+38 | 134+ 28 111 + 29* 126 £ 30
Mellitus diabetes, n (%) 0(0) 1(7) 0(0) 0(0) 7 (14) 0(0)
Lymphomonocytes, x10%events 88+14 | 8714 | 89+1.1 | 95+£3.2 83123 89+33
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Data are shown as meanz SD.

COPD: chronic obstructive pulmonary disease; BMI: body mass index, GOLD: global initiative for
chronic obstructive lung disease, FEV1: forced expiratory volume in the first second; FVC: forced vital
capacity; TLC: total lung capacity; RV: residual volume; DLco: diffusing capacity of the lung for carbon
monoxide; PaO,: arterial partial oxygen pressure; PaCO,: arterial partial carbon dioxide pressure;
HDL: high-density lipoprotein; LDL: low-density lipoprotein and NA: not applicable.

©CoO~NOUTA,WNPE

¥The Framingham risk score can range from -6 to 19, with higher scores indicating greater
13 cardiovascular risk.

15 * p<0.05 compared with men nonsmokers
16 $ p<0.05 compared with men smokers

17 # p<0.05 compared with women nonsmokers
18 ¥ p<0.05 compared with women smokers
°p<0.05 compared with men COPD
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FIGURE LEGENDS

Figure S1

Gating strategy for endothelial microparticles (EMPs). A) MPs analysis based on size and
fluorescence; B) Sample analyzed by two-color fluorescence histograms as CD31+CD42b- (total
EMPs); C) Sample analyzed by three-color fluorescence histograms as CD31+CD42b-Annexin V+
(apoptotic EMPs) and D) Sample analyzed by three-color fluorescence histograms as CD31+CD42b-

CD62E+ (activated EMPs).

Figure S2

Gating strategy for progenitor cells (PCs). A) Peripheral blood mononuclear cells (PBMC) selection
based on forward and side; B) Singlet selection with no aggregates; C) Sample analyzed by two-color
fluorescence histograms as CD34+CD45+ cells and D) Sample analyzed by three-color fluorescence

histograms as CD34+CD45+CD133+ cells.

Figure S3

Number of circulating endothelial microparticles (EMPs), progenitor cells (PCs) and the ratio
EMPs/PCs in nonsmokers, current smokers and COPD patients. Number of (A) CD31*CD42b Annexin
V* and (B) CD31*CD42b CD62E* EMPs expressed per uL of poor platelet plasma (PPP). Number of
CD34*CD133*CDA45" labelled cells expressed as percent of lymphomonocytes (C) in women and (D) in
men. Number of CD31*CD42b" EMPs/ CD34*CD133*CD45* PCs expressed as the In (E) in women and
(F) in men. The whiskers extend from the box to the 90™ and 10" percentiles. Kruskal-Wallis One

Way Analysis of Variance on Ranks.

Figure S4
Number of circulating endothelial microparticles (EMPs), progenitor cells (PCs) and the ratio

EMPs/PCs in nonsmokers, current smokers, ex-smokers with COPD and current smokers with
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COPD. Number of (A) CD31*CD42b"Annexin V*and (B) CD31°CD42b"CD62E* EMPs expressed per pL of
poor platelet plasma (PPP). Number of CD34*CD133*CD45" labelled cells expressed as percent of
lymphomonocytes (C) in women and (D) in men. Number of CD31*CD42b” EMPs/ CD34*CD133*CD45*
PCs expressed as the In (E) in women and (F) in men. The whiskers extend from the box to the 90"

and 10* percentiles. Kruskal-Wallis One Way Analysis of Variance on Ranks.

Figure 5

Correlation between circulating endothelial microparticles (EMPs) and progenitor cells (PCs).
Correlation between EMPs and PCs (A) in the whole population, (B) in women and (C) in men.
Spearman Rank Order Correlation test. White squares represent nonsmokers, grey triangles

represent smokers and black dots represent COPD patients.
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Discussio

Durant molt de temps, les alteracions a la via aéria han sigut el component més
estudiat de la MPOC. Amb el temps, s’ha vist que les alteracions a la vasculatura
pulmonar també representen un component clau en aquesta malaltia i que tenien
certa similitud amb els canvis que es produeixen en malalties propies de la circulacié
pulmonar com és la hipertensié arterial pulmonar. Nombrosos estudis han evidenciat
el remodelat vascular pulmonar i la disfuncié endotelial com les principals alteracions
vasculars que pateixen els malalts amb MPOC i HP!62165179180 En gquest sentit,
estudis previs del nostre grup s’han centrat en investigar els mecanismes implicats en
ambdds processos. Per una banda, hem descrit el paper que juga el factor de
transcripcié Slug en la modulacié fenotipica de les CMLs*3, aixi com l'avaluacié de
possibles dianes terapéutiques per inhibir la proliferaci6 desmesurada de les CMLs
durant el remodelat vascular pulmonar mitjancant I’'Us d’inhibidors de les
fosfodiesterases'® o estimuladors de la guanilat ciclasa soluble'®?. Per altra banda,
també hem descrit la preséncia de dany endotelial, tant en la circulacié sistemica com

pulmonar®95¢ dels malalts amb MPOC.

Relacio de 'ANGPT-2 amb el remodelat vascular

L'interaccié coordinada de diversos factors de creixement i els seus receptors
tenen un paper clau en la regulacié dels processos que tenen lloc durant el remodelat
vascular; com canvis moleculars i cel-lulars (proliferacié, migracié i apoptosi) i canvis en
la sintesi i degradacié de la matriu extracel-lulart®. Es per aquest motiu que el primer
treball d’aquesta Tesi Doctoral es va centrar en descriure el perfil d’expressié génica de
factors de creixement i els seus receptors en artéries pulmonars de pacients candidats
a lobectomia pulmonar i estudiar quina relacié guardaven amb el remodelat vascular.
Els resultats obtinguts mostren que, dels 46 gens estudiats, ’ANGPT-2 és I'Unic que
mostra canvis significatius. Concretament, les artéries pulmonars més remodelades
sén les que presenten una major expressid, tant génica com protéica, d’ANGPT-2. Es a
dir, els nivells d’ANGPT-2 correlacionen amb I’engruiximent de I'intima i, per tant, amb
el remodelat vascular.

Aquests resultats concorden amb el que esta descrit fins ara a la literatura. En
1997, Maisonpierre et al., van ser un dels primers en descriure que la sobreexpressié

transgeénica d’ANGPT-2 en ratolins estava relacionada amb el remodelat vascular3®. En
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aquesta linea, Tabruyin et al., també van trobar nivells incrementats d’ANGPT-2
associats a remodelat vascular en les vies aéries de ratolins infectats amb Mycoplasma
pulmoniae'®3. Altres estudis in vivo també han trobat nivells incrementats d’ANGPT-2
en pulmons de xais de 3 dies amb malaltia cardiaca congénita'®4, en rates amb HAP
induida per monocrotalina® i en un model porqui amb un elevat flux sanguini

pulmonar?e®,

Paper de 'ANGPT-2 en la desestabilitzacié de I’endoteli

El paper que pot jugar l'increment dels nivells d’ANGPT-2 en les arteries
remodelades d’aquests subjectes no es coneix amb exactitut. Perd es creu que
I'increment d’ANGPT-2 produeix tota una série de senyals que afavoreixen la perdua
de I'estructura dels vasos, reduint els contactes cel-lulars amb la matriu extracel-lular
aixi com els contactes de les CEs amb els pericits. Aquesta perdua d’estabilitat fa que
les CEs siguin més accesibles i sensibles a diferentes estimuls3®187:188 Estudis previs del
nostre grup van posar de manifest aquesta inestabilitat endotelial i engruiximent de la
capa intima de les artéries pulmonars de malalts amb MPOC?%24,

De totes maneres, segons els resultats obtinguts en I’analisi discriminant, la
major part de la classificacio de les arteries pulmonars segons el grau de remodelat ve
determinada per 10 factors. Aquestes dades indiquen que, tot i que 'ANGPT-2 esta
relacionada de manera individual amb el remodelat vascular i té una gran importancia,
la combinacié amb diferents factors pot ser de més rellevancia fisioldgica. Corroborant
aixi que les senyals de desestibilitzacié vascular produides per ’ANGPT-2 requereixen
de la posterior intervencié de diferents factors i estimuls per poder contribuir de

manera conjunta al procés de remodelat vascular.

El que si que es coneix amb detall és que I'expressié d’ANGPT-2 s’indueix sota
certs estimuls com hipoxia, inflamacid, estrés mecanic i VEGF, entre d’altres!®-192,
Aguestes condicions representen un entorn cel-lular que encaixa perfectament amb un
context de MPOC i HP'%3, En aquest sentit, nivells incrementats d’ANGPT-2 s’han
descrit en condicions que estan associades amb inflamacié; com per exemple
artritis'9%1%> o sepsis!®®198, Estudis en ratolins amb peritonitis deficients en ANGPT-2
mostren una reduccid del reclutament de leucocits!®®. Aquesta sensibilitzacid de les

CEs als estimuls inflamatoris és revertida per ANGPT-1. Aquestes dades concorden
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amb els resultats obtinguts en el nostre analisi de regressio lineal multiple, el qual,
mostra una relacié entre ANGPT-2, VEGF i TEK que és sugestiva d’aquest escenari. Es a
dir, 'augment d’expressié d’ANGPT-2 es porta a terme junt amb una reduccié de
I'expressié de VEGF i TEK, suggerint una possible inhibici6 d’ANGPT-1. Aquests
resultats concorden amb diferents tipus de cancer, on diversos estudis han evidenciat

que un ratio elevat d’ANGPT-2/ANGPT-1 correlaciona amb una pitjor prognostict®9-202,

Contribucié de les MMPs i la B-catenina a la inestabilitat endotelial i el remodelat

vascular

Les MMPs també contribueixen a la inestabilitat vascular produida per 'ANGPT-
2, ja que estan implicades en l'alliberacié de factors de creixement i citoquines
contingudes a la matriu extracel-lular i també afavoreixen la desestabilitzacio de les
adhesions cel-lulars, facilitant aixi el contacte de les cel-lules del vas als diferents tipus
de factors de creixement i citocines alliberades?®3. En aquest sentit, 'analisi de xarxes
va mostrar una correlacio positiva entre la MMP-2 i I'engruiximent de I'intima, posant
de manifest la seva implicacié en el procés de remodelat vascular. A més a més, els
resultats obtinguts en I'analisi de regressio lineal multiple recolzen aquestes troballes.
Aguestes dades concorden amb altres estudis on s’observen nivells incrementats de
MMPs en pacients hipertensos amb engruiximent de la paret arterial®®2%, aixi com en

205

fumadors®® i en macrofags alveolars, problablement relacionat amb el remodelat

vascular pulmonar en el context de la sindrome de distrés respiratori agut2°.

Els nostres resultats també van posar de manifest I'importancia de la B-
catenina en el remodelat vascular. De fet, en I'analisi de regressio lineal multiple el gen
gue codifica la B-catenina, CTNNB, és el factor amb més pes a I'equacid. Perd a més a
més, també hem vist que és un node important en I'analisi de xarxes, conectant amb
diferents factors de creixement que regulen la proliferacié cel-lular. En aquesta linea,
diversos estudis han evidenciat el rol patologic de les vies de senyalitzacid de la B-
catenina en processos de remodelat vascular aixi com la seva implicacié en I'augment
de la proliferacié cel-lular??72%8, Aquestes dades suggerixen un possible paper de la
senyalitzacio de la B-catenina en la proliferacié de les CMLs, la qual cosa encaixa en un

context de remodelat vascular.
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Relacié de 'ANGPT-2 amb el tabac i la hipertensié pulmonar

Estudis previs del nostre grup van associar el tabac amb un major grau de
remodelat vascular?l. Per aquesta raé vam voler estudiar si el tabac també tenia
relacié amb I’ANGPT-2 i vam veure que els malalts amb MPOC fumadors mostraven
nivells plasmatics d’ANGPT-2 incrementats respecte els malalts amb MPOC que havien
deixat de fumar. A més a més, els nivells d’ANGPT-2 correlacionaven amb la quantitat
de tabac fumada. Per tant, aquestes dades concorden amb I'estudi previ publicat i
evidencia una relacid interessant entre tabac-ANGPT2-remodelat vascular. La causa
d’aquest increment d’ANGPT-2 podria ser un major estrés oxidatiu degut al consum de
tabac. De fet, s’ha vist que els nivells d’especies reactives d’oxigen (ROS) sén un factor
important implicat en la regulacié dels factors proangiogenics en pacients amb
MPOC?%, Curiosament, s’ha descrit que nivells elevats de ROS en el muscul esquelétic
de malalts amb MPOC estan relacionats amb un increment de I'expressio d’ANGPT-
2209'

Donat l'increment d’ANGPT-2 observat en les artéries pulmonars més
remodelades, vam evaluar els nivells plasmatics d’ANGPT-2 en aquells malalts amb HP
associada a la MPOC, ja que la HP és una malaltia associada a un engruiximent de la
paret arterial pulmonar. Els resultats van quadrar amb la nostra hipotesi; els malalts
amb HP tenien nivells incrementats d’ANGPT-2. Per tant, aquestes dades reforcen una

vegada més la relacié entre ANGPT-2 i remodelat vascular.

ANGPT-2 com a diana terapéutica?

Encara que és possible que I'’ANGPT-2 moduli I'angiogenesi actuant
directament sobre els receptors TEK de les CEs, podria ser que 'ANGPT-2 també reguli
I'angiogenesi mitjancant I'alliberacié d’altres factors angiogenics de la paret vascular.
Estudis futurs sén necessaris per poder identificar els mecanismes moleculars exactes
a través dels quals I'ANGPT-2 regula I'angiogénesi i el remodelat vascular en les
artéries pulmonars de malalts amb MPOC. La inhibicié d’ANGPT-2 podria ser una opcio
terapéutica interessant per poder evitar angiogénesi aberrants i l'inici i/o la progressio
del remodelat vascular. Estudis preclinics han demostrat cert éxit utilitzant anticossos
monoclonals contra ’ANGPT-2%10, D’altres estudis han obtat pels aptamers, que sén

acids nucleics de cadena senzilla i longitud curta que, segons les condicions en les que
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es troben, adopten estructures tridimensionals definides que permeten unir-se de
manera estable i especifica a les seves dianes?!212, Una altra aproximacio terapéutica
consisteix en I'Gs de RNAs d’interferéncia (siRNAs) continguts en nanoparticules?!3.
Perd tal i com hem comentat anteriorment, ’ANGPT-2 treballa conjuntament amb el
VEGF. Les CEs d’un vas inestable per la falta de pericits que les envoltin tenen dos
possibles destins: o moren en abséncia de VEGF, o migren i proliferen en preséncia de
VEGF2!4. Es per aquest motiu que un dels tractaments anti-angiogénics més populars al

mon té com a diana el VEGF?1>,

Necessitat de biomarcadors a la MPOC i la HP

A part del remodelat vascular, la disfuncido endotelial també és una alteracio
vascular que juga un paper important en el desenvolupament i progressio de la MPOC i
la HP>°=®1, No obstant aix0d, tant el diagnostic d’ambdues malalties com la resposta al
tractament no avaluen directament I'estat de I’endoteli. Es per aquesta rad que en els
ultims anys s’ha estat treballant en la cerca de biomarcadors que puguin reflectir d’una
manera directa i no invasiva |'estat endotelial. En aquest sentit, els nivells circulants de
cel-lules progenitores endotelials (CPEs) i microparticules endotelials (EMPs) han sigut

un d’aquests possibles biomarcadors que més interes ha suscitat.

Cél-lules progenitores a la HP

Estudis previs sobre els nivells circulants de CPEs a la HP han mostrat resultats
discrepants. Mentre que alguns investigadors han trobat nivells disminuits de

117 o fins i tot diferéncies no

CPEs106118-120 Hjtres han trobat nivells incrementats®3114-
significatives'?!, comparat amb els controls. L'origen d’aquestes diferéncies no estan
clares, pero poden ser degudes als criteris d’exclusid/inclusié dels pacients, del
tractament que reben, tipus de HP i severitat de la malaltia, aixi com al tipus de
marcador per detectar les CPEs.

El segon treball d’aquesta Tesi Doctoral descriu els nivells circulants de CPs
(definides com cel-lules CD45*CD34" i CD45*CD34*CD133*) en malalts amb hipertensié
arterial pulmonar (HAP) i hipertensié tromboembolica cronica (HPTEC) sense

tractament previ. Aixi com evaluar I'efecte de la terapia especifica de la HAP sobre els

nivells circulants de les CPs. Els resultats obtinguts mostren que els pacients amb HAP
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sense tractament previ presenten nivells més baixos de CPs comparat amb els
controls, mentre que els nivells de CPs en pacients amb HPTEC sense tractament no
difereixen ni dels controls ni dels malalts amb HAP.

Donat que en el nostre estudi els malalts sén de nou diagnostic i, per tant, no
rebien tractament especific previ per la HAP, suggerim que els nivells baixos de CPs
trobats a la HAP estan associats a la propia malaltia. Diversos estudis han evidenciat
qgue nivells reduits de CPs correlacionen amb un pitjor prognosi en diferents
alteracions cardiovasculars®®9°21¢ per tant, aquesta reduccid dels nivells circulants de
CPs pot contribuir a la progressié de la HAP. Els mecanismes implicats en la reduccié
dels nivells circulants de CPs no estan del tot clars. Perd0 es creu que pot ser
217

conseqliencia o bé d’un esgotament de CPs derivades del moll de I'os*!/, o bé d’un

23116 o |a combinacié dels

augment del reclutament d’aquestes CPs als vassos danyats
dos factors.

Cal destacar que, en el nostre estudi els malalts amb HPTEC, tot i tenir una
pitjor hemodinamica comparat amb els malalts amb HAP, no tenen nivells reduits de
CPs comparat amb els controls i els malalts amb HAP. Aquestes dades suggereixen que
I'augment de la pressido pulmonar no sembla ser un factor clau en la reduccié de la

mobilitzacid de CPs per part del moll de I'os i/o el reclutament de CPs en els teixits

danyats i que, per tant, altres mecanismes estan implicats.

Efecte de la terapia especifica de la HAP sobre els nivells de CPs

El nostre estudi demostra que després d’'un periode de 6 a 12 mesos amb
terapia especifica per la HAP, els nivells de CPs dels malalts amb HAP augmenten de
manera significativa comparat amb els nivells basals, assolint nivells similars als dels
controls. En aquesta linea, estudis previs han demostrat que el tractament amb
inhibidors de la fosfodiesterasa 5 incrementen els nivells circulants de CPs18218  per
tant, podem especular que en els malalts amb HAP la restauracié del desequilibri entre
mediadors endotelials esta associat a una menor mobilitzacio i/o reclutament de les
CPs als vassos danyats i, conseqiientment, amb un increment dels nivells circulants de
CPs.

Per la seva banda, els nivells de CPs en els malalts amb HPTEC no es veuen

alterats amb el tractament. Pero la manca de diferéncies en els nivells basals respecte
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als controls i als malalts amb HAP ja suggereix que tot i que la HAP i la HPTEC
comparteixen caracteristiques, com la disfuncié endotelial, el paper de les CPs és
diferent en ambdues malalties i, per tant, estudis futurs sdn necessaris per estudiar en

detall la relacié de les CPEs amb els diferents tipus d’hipertensié pulmonar.

Relacié de les CPs amb parametres clinics i hemodinamics de la HP

Els nostres resultats posen de manifest que els malalts amb HP que caminen
menys a la prova de marxa de 6 minuts (6MWT) presenten nivells més baixos de CPs.
Per tant, la combinacié d’ambdds fets podria contribuir a una possible mobilitzacié
insuficient de CPs per part del moll de I'os o a una regeneracid de |’endoteli
deteriorada. En aquesta linea, mentre que Zhu JunHui et al., van trobar la mateixa
relacié que en el nostre estudi entre la prova de 6MWT i els nivells de CPs, pero
utilitzant tota la poblacié (malalts i controls)!'?, I'estudi de Diller et al., no va trobar
relacié entre la tolerancia a I'esforg i els nivells de CPs'!8. De totes maneres, s’ha vist
qgue l'infusid intravenosa de cél-lules autologues en malalts amb HAP idiopatica esta
associada a una millora en la tolerancia a I'esfor¢?'®. Per tant, d’alguna manera
aquestes dades suggereixen que un increment dels nivells circulants de CPs podrien ser
beneficiosos i millorar la gravetat de la malaltia. De totes maneres, cal recordar el
possible paper dual de les CPs, ja que per una banda poden participar en la reparacio
vascular’9220221 perp també s’ha vist que poden contribuir al remodelat vascular?*°®,
Per tant, més estudis en aquest sentit sén necessaris per tal d’avaluar la seguretat
d’aquestes cel-lules.

A part d’aquesta associacio, no es va poder establir cap altra relacié entre els
nivells circulants de CPs i els parameters clinics i hemodinamics de la HP. Aixo pot ser
degut a que els canvis clinics trobats estan més lligats a canvis en la funcié cardiaca,
mentre que els canvis en els nivells circulants de les CPs estan més lligats a la

microcirculacio.

Cél-lules progenitores, microparticules endotelials i ratio EMPs/CPs a la MPOC

En els dltims anys, la major part dels estudis han evaluat de manera individual
el dany endotelial (nivells d’'EMPs) o la capacitat de reparacidé vascular (nivells de
CPEs)®0110.172174 " En el tercer treball d’aquesta Tesi Doctoral, a part d’avaluar de

manera individual aquests marcadors, hem volgut descriure per primera vegada en la
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MPOC, la combinacié d’ambdds parametres per tal d’avaluar I'estat de competencia
vascular d’aquests pacients. A més a més, també hem avaluat el possible efecte del
tabac i la preséncia de la HP associada a la MPOC sobre els nivells circulants d’aquests
marcadors. Els nostres resultats mostren que els malalts amb MPOC tenen major risc
cardiovascular, reflexat per un alt Framingham risk score comparat amb els controls.
Donat que el Framingham risk score recopila informacié sobre genere, edat, valors de
pressio sistolica, colesterol, HDL i tabac; i aquests sdn factors que poden influenciar
tant en la progressi6 de la malaltia com en els nivells circulants d’EMPs i
CPst04171,222,223 'yiam utilitzar dos métodes estadistics tenint en compte o no aquestes

variables confusores.

A l'igual que amb els nivells de CPEs en la HP, en la MPOC també hi han
resultats discrepants en quant als nivells circulants de CPEs%3100.106-112  Racentment el
nostre grup ha publicat nivells circulants baixos de CPs en malalts amb MPOC
comparat amb els controls®®. El valor afegit del present estudi és que a diferéncia
d’estudis previs en els que les dades no han sigut corretgides per génere, edat o risc
cardiovasculari®”199110 'an3lisi de covariancies que vam realitzar va posar de manifest
I'efecte del génere sobre els nivells circulants de CPs. Els resultats de I'analisi ajustat
mostren que els nivells de CPs estan reduits en malalts amb MPOC, tant en dones com
en homes. Pero, considerem rellevant que, les dones presenten nivells de CPs més
baixos que els homes en tots els grups. Aquest fet podria ser degut a que en les dones

els nivells de CPs estan associats al recanvi fisiologic vascular de I'endometri??*

,» per
tant, I'estat homonal de les dones fa que els seus nivells de CPs fluctuin durant la seva
vida, disminuint de manera drastica després de la menopausa??*. De fet, diversos
estudis han evidenciat que una menopausa prematura degut a causes naturals o
quirdrgiques esta associada a un augment del risc cardiovascular comparat amb una
menopausa que arriba al voltant dels 50 anys, suggerint I'efecte protector dels nivells
d’estrogens acumulats durant la vida de la dona??>%2%, Aquest efecte protector dels
estrogens sobre el sistema cardiovascular es creu que es du a terme possiblement a
través de la regulacio de la funcié endotelial, mitjancant 'alliberacié d’oxid nitric??’. De

fet, diversos estudis han demostrat I'efecte vasodilatador dels estrogens??822°, En

aquest sentit i, tal com s’ha comentat anteriorment, s’ha vist que el tractament amb
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inhibidors de la fosfodiesterasa 5 incrementen els nivells circulants de CPs''8218 fent
palés I'existéncia d’una relacié entre els nivells circulants de CPs, funcié endotelial i
estrogens. En el nostre estudi, totes les dones eren majors de 45 anys, és a dir, en el
rang d’edat de la menopausa. Per tant, aquesta podria ser la causa dels nivells de CPs
reduits comparat amb als homes. De fet, aquesta reduccié és encara més evident en el
grup de malalts amb MPOC. Donat que s’ha vist que els nivells baixos de CPs estan

230 podria ser que les dones, amb

associats a un major risc d’events cardiovasculars
una reduccié de la capacitat reparativa vascular, siguin més susceptibles a
desenvolupar complicacions vasculars associades a la MPOC.

En el nostre estudi, els malalts amb MPOC tenen nivells d’EMPs (totals i
apoptotiques) incrementats respecte els controls, reproduint els resultats préviament

172173175 Aquest increment es manté després de corretgir les dades per les

publicats
variables confusores, suggerint que I'augment d’EMPs circulants és degut a la propia
malaltia més que a altres factors de risc cardiovascular. Aquest dany endotelial en els
vasos dels malalts amb MPOC es pot produir tant a la vasculatura pulmonar com
sistemica. Tot i que en el nostre estudi no hem avaluat de manera especifica 'origen
pulmonar de les EMPs, diversos estudis suggereixen que I'augment dels nivells d’'EMPs
circulants a la MPOC majoritariament provenen de la vasculatura pulmonar®7:173,
Donat que els nivells d’'EMPs no estan relacionats amb cap index de severitat de la
MPOC, sembla que aquest dany endotelial esta més relacionat a I'inici de la MPOC més
que a la seva progressio.

Tot i que els nivells de CPs i EMPs no correlacionen entre si, suggerint que estan
reflectint processos fisiologics diferents perd complementaris, la seva avaluacio
conjunta pot caracteritzar un fenotip de competéncia vascular, ja que en un mateix
subjecte s’estudien marcadors de dany endotelial (EMPs) i reparacié vascular
(CPs)’3231 Els resultats obtinguts mostren un deteriorament de la competéncia
vascular en els malalts amb MPOC, és a dir, un desequilibri entre el dany endotelial i la
capacitat de reparacio de I'endoteli reflexat per un alt ratio EMPs/PCs comparat amb
els controls, mentre que els fumadors es mantenen un una posicid intermitja entre els
controls i els malalts amb MPOC. Donat que el balan¢ entre el dany endotelial i la

capacitat de reparacid vascular és critic pel manteniment de la homeostasi vascular,

I'augment dels nivells d’EMPs junt amb la reduccié dels nivells de CPs circulants poden
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jugar un paper sinérgic en la progressié de la malaltia. Resultats similars han estat
descrits en altres malalties com psoriasi, ateroesclerosi, diabetes tipus Il o polimialgia
reumatica’>?327234, En el subanalisi per génere, I'increment del ratio EMPs/CPs en
dones esta associat a una pitjor funcié pulmonar, és a dir, aquelles dones amb ratio
més elevat sén aquelles que presenten valors més baixos de DLco i FEV:. En aquest
sentit, estudis recents suggereixen diferéncies en els malalts amb MPOC degudes al
genere, les dones desenvolupen la malaltia de forma més greu i amb menys quantitat
d’exposicid a fum de tabac que els homes?®. Per contra, els malalts amb MPOC i HP
associada no van mostrar un augment del ratio EMPs/PCs suggerint que altres factors

estan implicats en el desenvolupament de la HP.

Efecte del tabac en els nivells de cél-lules progenitores, microparticules endotelials i la

relacié EMPs/CPs a la MPOC

La falta d’estudis que ajustin els controls i els malalts amb MPOC segons la
carga tabaquica fa que no es puguin extreure conclusions robustes sobre si la MPOC
esta associada a una reduccio de CPs circulants o si aguesta reduccio es deu als efectes
del tabac!®1%l, En canvi, diferents estudis descriuen que fumar incrementa els nivells
d’EMPs circulants02104150.157.171 F|s nostres resultats mostren nivells de CPs circulants
similars entre els controls i els fumadors, reproduint els resulalts previament
obtinguts®®. Per la seva banda, els nivells d’EMPs si que estan incrementats en els
fumadors respecte els controls, tot i que en en el model ajustat, es perd la
significancia. Per tant, aquestes dades suggereixen que el tabac per se és suficient per
produir dany vascular, pero que altres factors de risc cardiovasculars estan associats al
recompte d’EMPs.

En els malalts amb MPOC, tant la disminucié dels nivells de CPs com I'augment
d’EMPs totals i d’origen apoptotic és independent del tabac. De la mateixa manera, el
ratio EMPs/PCs es troba incrementat en els malalts amb MPOC independentment del
tabac. Per tant, aquesta incompeténcia vascular dels malalts amb MPOC sembla ser
una consequéncia de la propia malaltia més que un efecte directe del consum de

tabac.
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Conclusions

A partir dels resultats obtinguts en els estudis efectuats, les conclusions de la present

Tesi Doctoral son:

1.- El remodelat vascular pulmonar esta associat a un increment de I'expressié
d’ANGPT-2. Aquest increment, junt amb altres factors, com VEGF, CTNNB-1 i MMP-2
contribueixen a la inestabilitat endotelial i podrien explicar les alteracions estructurals

(remodelat) de la paret de les artéries musculars pulmonars.

2.- Els nivells plasmatics d’ANGPT-2 estan associats amb el consum de tabac i en els

pacients amb MPOC a la preséncia d’hipertensié pulmonar.

3.- Els malalts amb HAP de nou diagnostic, perod no els malalts amb HPTEC, presenten
nivells reduits de cél-lules progenitores comparat amb els subjectes control. Aquesta

reduccié de cel-lules progenitores és deguda a la propia malatia.

4.- Amb el tractament especific, els malalts amb HAP, pero no els malalts amb HPTEC,
presenten un increment dels nivells circulants de cél-lules progenitores, assolint nivells
similars als dels controls; la qual cosa podria reflectir una possible reparacié del dany

vascular.

5.- Tot i que la HAP i la HPTEC presenten similituds en la gravetat del trastorn
hemodinamic, el paper de les cel-lules progenitores en ambdds tipus d’hipertensio

pulmonar és diferent.

6.- Els malalts amb MPOC presenten incompetencia vascular, definida per I'increment
dels nivells dels marcadors de dany vascular (microparticules endotelials) i la reduccid

dels nivells dels marcadors de reparacié vascular (cél-lules progenitores).

7.- La incompetencia vascular dels malalts amb MPOC és atribuible a factors de la

propia malaltia i no pas a I'efecte del consum de tabac.

8.- El génere té efecte en la capacitat de reparacié vascular, ja que les dones tenen
menor capacitat reparadora que els homes. La menor competéncia vascular de les
dones s’associa a una pitjor funcid pulmonar i les pot fer més susceptibles a

complicacions cardiovasculars.
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