+\
INE

=

UNIVERSITATo:
BARCELONA

Implicacioé de la via purinérgica en la fisiopatologia
de la Malaltia Pulmonar Obstructiva Cronica

Ester Cuevas Sales

ADVERTIMENT. La consulta d’aquesta tesi queda condicionada a I'acceptacié de les segiients condicions d'Us: La difusié
d’aquesta tesi per mitja del servei TDX (www.tdx.cat) i a través del Dipdsit Digital de la UB (diposit.ub.edu) ha estat
autoritzada pels titulars dels drets de propietat intel-lectual unicament per a usos privats emmarcats en activitats
d’investigacio i docéncia. No s’autoritza la seva reproduccié amb finalitats de lucre ni la seva difusié i posada a disposicio
des d’un lloc alié al servei TDX ni al Diposit Digital de la UB. No s’autoritza la presentacié del seu contingut en una finestra
o marc alie a TDX o al Diposit Digital de la UB (framing). Aquesta reserva de drets afecta tant al resum de presentacié de
la tesi com als seus continguts. En la utilitzacié o cita de parts de la tesi és obligat indicar el nom de la persona autora.

ADVERTENCIA. La consulta de esta tesis queda condicionada a la aceptacion de las siguientes condiciones de uso: La
difusién de esta tesis por medio del servicio TDR (www.tdx.cat) y a través del Repositorio Digital de la UB (diposit.ub.edu)
ha sido autorizada por los titulares de los derechos de propiedad intelectual inicamente para usos privados enmarcados en
actividades de investigacion y docencia. No se autoriza su reproduccién con finalidades de lucro ni su difusion y puesta a
disposicion desde un sitio ajeno al servicio TDR o al Repositorio Digital de la UB. No se autoriza la presentaciéon de su
contenido en una ventana o marco ajeno a TDR o al Repositorio Digital de la UB (framing). Esta reserva de derechos afecta
tanto al resumen de presentacion de la tesis como a sus contenidos. En la utilizacién o cita de partes de la tesis es obligado
indicar el nombre de la persona autora.

WARNING. On having consulted this thesis you're accepting the following use conditions: Spreading this thesis by the TDX
(www.tdx.cat) service and by the UB Digital Repository (diposit.ub.edu) has been authorized by the titular of the intellectual
property rights only for private uses placed in investigation and teaching activities. Reproduction with lucrative aims is not
authorized nor its spreading and availability from a site foreign to the TDX service or to the UB Digital Repository. Introducing
its content in a window or frame foreign to the TDX service or to the UB Digital Repository is not authorized (framing). Those
rights affect to the presentation summary of the thesis as well as to its contents. In the using or citation of parts of the thesis
it's obliged to indicate the name of the author.




Tesi Doctoral

MECANISMES D’INFLAMACIO |
SENYALITZACIO PURINERGICA EN LA
MALALTIA PULMONAR OBSTRUCTIVA

CRONICA

Programa de Doctorat Medicina i Recerca translacional

Facultat de Medicina i Ciencies de la Salut, Universitat de Barcelona

Memoria presentada per Ester Cuevas Sales per optar al grau de Doctora en

Medicina per la Universitat de Barcelona

Directora i tutora de Tesi: Salud Santos Pérez, Cap de Servei de Pneumologia de
I'Hospital Universitari de Bellvitge i Professora titular de la Universitat de Barcelona

Barcelona 2025

S22 UNIVERSITATo: iIDI © |H“ BBHVIT e
ii+- BARCELONA BELL Hospital Unwersﬂan






A tu, Maia, que res aturi les teves
ganes de descobrir el mdn.






Agraiments






Agrair, del llati gratire, que expressa el sentiment de qui esta agrait. Quelcom
aparentment senzill, perd alhora, al meu parer, complex quan parlem del llarg cami

recorregut fins a arribar a I'elaboracié d’una tesi doctoral, en aquest cas, la meva.

Dificil també determinar per on comencar a agrair sense oblidar-se de cap dels moments
ni de les persones que han contribuit directament o indirectament en aquest procés.
Demano disculpes per avangat si em deixo de mencionar a algu i li agraeixo la seva

contribucié en aquest procés.

En primer lloc, vull agrair-li profundament a la Salud, la directora, el fet de proposar-li a
una R4 com jo, un projecte d’investigacié sobre la via purinérgica en I'MPOC. Per sort,
malgrat sonar-me una mica a xinés tot allo de la via purinérgica, vaig decidir acceptar i
tirar endavant. Sens dubte, sense ella aix0 no hauria estat possible. Gracies per confiar
en mi. De la Salud m’emporto el positivisme que treu de qualsevol cosa, tot és facil i tot
és possible. Es una gran ‘coach’ a més d’una gran pneumologa, investigadora, persona
i companya. Gracies pel teu afecte i suport, tant en I'ambit professional com personal

durant tots aquests anys.

Voldria fer també una especial mencid a [I'Elisabet, part fonamental per al
desenvolupament d’aquesta tesi. Per ensenyar-me i descobrir-me el seu moén i passié a
la poiata. Gracies també per la paciéncia que has tingut al laboratori ensenyant-me les

diferents receptes de cuina pas a pas.

Gracies a la UFOC, a tu Montse, per ser com ets i pel suport durant aquests anys. També
a la Maria José, en aquell moment infermera referent de la Unitat. A la Marta, primer
tutora i ara companya, gracies per la teva disposicio i recolzament durant el procés. A
la Mariana, una tot terreny, sempre a punt i disposada a donar un cop de ma. També al

Danii a la Raquel.



A tots els coautors i coautores que han col-laborat en I'elaboracié d’aquesta tesi. | a tu
Paula, per donar-li color. Gracies també a tots els pacients que han acceptat participar

en els diferents estudis, sense ells, els avengos en medicina no serien possibles.

Gracies a tot I'staff del Servei de pneumologia, heu contribuit a la meva formacié
professional des de resident, passant per una pandémia que sens dubte ens ha deixat
empremta i, hi contribuiu dia a dia amb el vostre coneixement i companyerisme. També

als residents que aneu passant any rere any.

Al Guille, la Lupe, el Pere, el Mikel i la Yoli, per totes les estones a la caseta magica i sota

les pergoles.

A tota la Unitat d’hospitalitzacio, per fer el dia a dia més facil i facilitar I'empenta final

a aquesta tesi.

A la Laura, Mar, Pilar i la Marta, les de tota la vida, i a tu també Alex, casi casi com de
tota la vida. Per ser-hi ara i des de sempre tot i que costi de veure’s sovint, continuem
creixent junts i ara ho fem també amb els petits, I'Heura, el Felix, la Maia i els que

vinguin.

A la Carla, la Berta i la Lurdes, pels anys de residéncia amb vosaltres i per tots els

moments de després que espero continuar sumant.
A la Ruth, I'Helena, I’Ari i la Irene, amigues i ara co-mares.

A totes les companyes i amigues mares, la meva especial admiracié, per demostrar que
és possible créixer en el mén laboral compaginant la maternitat en una societat que, tot
i en vies de millora, no facilita maternar ni la conciliacio familiar. Estic segura que hi ha
hagut alguns moments que no han estat gens facils. Espero, ser capag de seguir creixent

com a professional i com a mare com ho feu vosaltres.



Als meus pares, en Josep Maria i la Silvia, per confiar i recolzar a una adolescent que no
sabia de qué anava la vida quan un dia qualsevol, els va dir que volia ser metgessa, aixi
sense més. Gracies per confiar sempre en mi i per 'esfor¢c que ha suposat per vosaltres

que a dia d’avui, sigui Pneumologa i estigui defensant aquesta tesi doctoral.

A tota la meva familia, per ser-hi i fer-me sempre costat, gracies.

| per dltim, i no per aixd menys important, a tu Victor, company en aquest cami. Gracies
per estar sempre al meu costat i continuar compartint junts projectes de vida, pero

sobretot, gracies per creuar la linia. La Maia té molta sort de tenir-te com a pare.

A totes i tots, gracies i espero que us agradi el meu ‘llibre’.






Financament

Instituto de Salud Carlos Il (ISCIII)
- PI20/00777
- PI16/00977
Societat Espanyola de Pneumologia i Cirurgia toracica (SEPAR)
- SEPAR 088/2016,
- SEPAR 888/2019
- SEPAR 1116/2020
Fundacidé Catalana de Pneumologia (FUCAP)-2017.
Hospital Universitari de Bellvitge: Beca post-MIR Comité de Recerca 2019-2020 - IDIBELL

Beca Menarini






[ndex de continguts

TINAEX A FIGUIES ...ttt ettt ettt e s st st et ess e stenens 21
ADBreviatures i @CIONTMS .........ocoiiiiiiiiii ettt sttt e e be e sbe e saeesaee e 23
ATHICIES ...t ettt et s e bt e s e e e ab e e s be e s bee e sareeeneeas 25
INEFOAUCCIO.......coniiiiiie ettt ettt e e st e et e e sate e sabe e e sabeesabeesneeesabeesneeas 27
I. La Malaltia Pulmonar obstructiva cronica. Generalitats...............coccovieieiininiiniennen, 29
Il. Les aguditzacions de 'MPOC (AMPOC) ...........cooooiiiiiiiiee ettt e e e etee e e 33
IIl.I Paper dels broncodilatadors en el control i la prevencié de les aguditzacions de I'MPOC
............................................................................................................................................. 36
IL.Il Paper dels corticoides inhalats en el control de les aguditzacions en 'MPOC............. 37
ILII1 L"Us dels macrolids en la prevencio de les AMPOC.........cooociiiiiiiieee e 39
I1l. La via de senyalitzacid pUriN@riCa ..........ccvvveiiiiiiiieeee e e 42
1T GENEIAITALS. cueveeetieeie ettt ettt e s bt e e sabe e sabeessabeesabeeesaneeas 42
[1.11 Patologia respiratoria @gUAa .......cueeeieciiiieeeciiee e e e e et e e et e e e eaa e e e eaaaeee s 44
1.1l Patologia respiratoria CrONICA. ...cuueeieciieeeeciiieeeectee e e et e e e e e e e eear e e e e eaba e e e seasaeeeennaeeeas 45
LIV Implicacié de la via purinérgica en 'MPOC i I'emfisema. ......ccceevveeieiiieeeeiiieececinen, 48
1.V Via purinergica en 1a inflamacio T1 i T2. .ccoccuiiiiiiiiie et nee e 50

lIL.VI Interaccid de la via purinergica amb altres vies implicades en la fisiopatologia de
I'MPOC. La via de senyalitzacio de I'OXid NITriC. ....cueeeeeiuiieeeieee e 52
HIpOtESi i ODJECLIUS.......oeeiiiiiiiiee e s 55
HIPOTESI ....ccoovtnimiaritieese sttt 57
OBUECTIUS ...ttt e e e e et e e e e e e e bbbt e eee e e e e s nnrebeeeeeeeeeannrebeeeaeeeeannnnee 59
Material, MEtOAES i FESUITALS ...........oooviiiiiiiiiiiiiiiiieieeeeeeeeeeeeeeeee ettt ettt e e et e e eeeeeeeeeeeeeseeeeeeseeeeees 61

Article 1: Imbalance in the Expression of Genes Associated with Purinergic Signalling in the
Lung and Systemic Arteries of COPD Patients..............ccccveeiiiiiieiiiiiee e 63

Article 2: Effect of a soluble guanylate cyclase stimulator on the purinergic pathway in an
animal model of emphysema induced by cigarette smoke..............ccccccooviiiiiiiiiiiiicieeenns 75

Article 3. Expression of CD73 ectonicleotidase and inflammatory profile by clinical

PRENOLYPES INCOPD..........eeeeeeeeeee e e e e e e e e e e e s e st et e e e e e e esesnnteaaeaaeeeennnnnes 95

Article 4: Systemic and functional effects of continuous azithromycin treatment in patients

with severe chronic pulmonary disease and frequent exacerbations. ..............c..ccceeeennen. 115
DESCUSSIO.......couteeieeiieiiit ettt ettt sttt ettt s e s ae e et e et et e e s beesbe e saeesabe e bt e b e e abeenmeeemeeenneenneen 127
CONCIUSIONS ...ttt e sttt e sttt e e s st e e e s sabeeeessbeeeesaabeaeesanseaeesaseeeesanseenesanes 143

BiblIOZrafia.......cccviiiieeeee et e e e e aae e e e e ata e e e e abaeaeenaaaaas 147






[ndex de figures

Figura 1. La malaltia pulmonar obstructiva cronica. Extret de Brightling et al. 2019 (4)

Figura 2. Inflamacié neutrofilica (esquerra) i eosinofilica (dreta) de ’'MPOC . Extret de

Barnes et al. 2019 (21)

Figura 3. Cascada de senyalitzacié de la via purinérgica. Extret de Reichert K et al. 2021

(95)

Figura 4. Senyalitzacié purinérgica en la inflamacié pulmonar cronica. Adaptacio de Le

et al. 2019 (101)

Figura 5. Senyalitzacid i alliberacié extracel-lular dels nucleotids durant la inflamacid.

Extret de Yuan et al. 2021 (126)

21






Abreviatures i acronims

ADA. Adenosina deaminasa

AMP: adenosina 5-monofosfat

AMPOC: aguditzacio de la malaltia pulmonar obstructiva cronica
ARN: acid ribonucleic

ATP: adenosina 5- trifosfat

BAL: rentat broncoalveolar

Cl: corticoide inhalat

CXCLS: lligand de quimiocina 8 CXC

COVID19: Malaltia per Coronavirus 2019

ELISA: tecnica enzyme-linked immunosorbent

FEV1: volum espiratori forcat durant el primer segon

FVC: capacitat vital forcada

GM-CSF: factor estimulant de colonies de granulocits i macrofags
GOLD: Global Initiative for Chronic Obstructive lung disease
IC: Insuficiencia cardiaca

IL: interleucina

JNK: quinasa c-Jun N-terminal

LABA: beta-2 agonista d’accio llarga

LAMA: antagonista muscarinic d’accié llarga

LPS: lipopolisacarid

MPOC: malaltia pulmonar obstructiva cronica

MUCS5AC: glicoproteina secretora Mucina-5AC

23



NTPDase1/CD39: nucleosid trifosfat difosfohidrolasa-1
NT5E/CD73: ecto - 5'- nucleotidasa

ROS: espécies reactives d’oxigen

SDRA: sindrome de distrés respiratori agut

sGC: guanilat ciclasa soluble

T1: inflamacié tipusl

T2: inflamacio tipus 2

TNF-a : factor de necrosi tumoral alfa

TNFR2: receptor 2 del factor de necrosi tumoral

VRS: Virus respiratori sincitial

24



Articles

Tesi en format compendi d’articles.

La tesi consta d’1 objectiu general, 5 d’especifics i 4 articles.

1. Oriol Careta, Ester Cuevas, Mariana Mufioz-Esquerre, Marta Lépez-Sanchez, Yuliana
Pascual-Gonzdlez, Jordi Dorca, Elisabet Aliagas, Salud Santos. Imbalance in the
expression of genes associated with the purinergic signalling in the lung and systemic
arteries of COPD patients. Sci Rep 2019 Feb 26;9(1):2796. 9 pagines Factor d’'impacte
4.576, Q1.

2. Ester Cuevas, Elisabet Aliagas, Tanja Paul, Yuliana Pascual-Gonzalez, Marta Lépez-
Sanchez, Joan Albert Barbera, Victor Ivo Peinado, Salud Santos. Effect of a soluble
guanylate cyclase stimulator on the purinergic pathway in an animal model of
emphysema induced by cigarette smoke. Purinergic Signalling, 2024 (under review).

Factor d’Impacte 3.0, Q2.

3. Ester Cuevas, Elisabet Aliagas, Paula Camps, Carmen Lores, Mariana Mufioz-Esquerre,
Marta Lopez-Sanchez, Sara Marti-Marti, Salud Santos. Expression of CD73

ectonicleotidase and inflammatory profile by clinical phenotypes in COPD. [Submitted].

4. Ester Cuevas, Daniel Huertas, Concepcién Montdn, Alicia Marin, Anna Carreras-
Salinas, Xavier Pomares, Marian Garcia-Nufiez, Sara Marti, Salud Santos. Systemic and
funcional effects of continuous azithromycin treatment in patients with severe chronic
pulmonaty disease and frequent exacerbations. Front Med (Lausanne) 2023 Jul

4:10:1229463. 10 pagines. Volum. Factor d’impacte: 5.1, Q1.

25






Introduccio






l. La Malaltia Pulmonar obstructiva cronica. Generalitats

La Malaltia Pulmonar Obstructiva Cronica (MPOC) és una de les malalties
croniques més prevalents, situant-se com la tercera causa de mort al mén I'any 2020. A
Espanya, la prevalenca se situa al voltant del 10% en adults majors de 45 anys (1).
L’'MPOC es defineix com a una malaltia pulmonar heterogenia que es caracteritza per
simptomes respiratoris (dispnea, tos, expectoracié i/o aguditzacions) deguts a
anomalies de la via aéria (bronquitis) i/o alveols (emfisema) que provoquen una
obstruccid persistent i progressiva de la via aeria (2). La malaltia és el resultat d’una
combinacid entre factors genétics i de I'exposicié ambiental a noxes pulmonars com el
tabaquisme o la inhalacié de particules i gasos toxics (figural). El diagnostic de I’'MPOC,
es basa en un index FEV1/FVC < 70% post broncodilatador, mesurat per espirometria
(2,3). Els simptomes principals que es presenten a la malaltia son la dispnea, la tos amb
expectoracio, la limitacié a l'esfor¢ i I'empitjorament d’aquests simptomes en forma

d’aguditzacions.

La progressid de la malaltia, i per tant la progressié de la limitacié al flux, esta
produida principalment per la remodelacio i I'estretament de la via aéria petita i per la
destruccié del parénquima pulmonar produint aixi I'emfisema. Els canvis en el
remodelat en 'MPQC, inclouen la disrupcié i perdua de les cel-lules ciliades epitelials, la
metaplasia escamosa de |'epiteli respiratori, la hiperplasia de les cél-lules caliciformes i
de les glandules mucoses, la hipertrofia del muscul llis bronquiolar, la fibrosi de la paret
de les vies aéries i la infiltracié de cel-lules inflamatories (4). Aquests canvis sén
conseqliencia de la inflamacié cronica pulmonar caracteristica de I’'MPOC (5). Aquesta
inflamacid cronica, no només s’observa a nivell pulmonar sind que els pacients amb
MPOC també presenten inflamacié sistémica, sobretot a mesura que avanca la malaltia,
fet que comporta un empitjorament de les comorbiditats que s’associen a I'MPOC.
Alguns estudis han associat la inflamacioé cronica de I'MPOC amb un augment del risc de
2 a 4 cops de patir malaltia cardiovascular, diabetis, cancer de pulmé i pneumonia (6). A
més, els pacients amb inflamacid sistémica persistent, tenen un major risc de presentar

aguditzacions i una major mortalitat. Aquesta inflamacié cronica sistemica, la qual es
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troba augmentada en context de les aguditzacions, podria a més, accelerar el
deteriorament de la funcié pulmonar (7). Per tant, els criteris actuals de I'MPOC

mitjangant el FEV1, no reflecteixen la complexitat i heterogeneitat de la malaltia.

Figura 1. La malaltia pulmonar obstructiva cronica. Extret de Brightling et al (4).
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El patrd caracteristic de la inflamacié pulmonar en I’'MPOC, es defineix per la
resposta de tipus T1 o neutrofilica que resulta de I'activacié i I'augment de macrofags i
neutrofils a la via aeria (5,8) aixi com de limfocits-T. La inflamacié involucra tant a la
resposta immune innata (neutrofils, macrofags, eosinofils, cél-lules dendritiques...) com
I’adaptativa (limfocits T i B). Aquestes cel-lules, juntament amb les cél-lules epitelials,
endotelials i fibroblasts, secreten mediadors proinflamatoris (citocines, quimiocines,
factors de creixement...) que generen la inflamacid caracteristica de la malaltia. El fum
del tabac i d’altres contaminants, activen diferents mediadors inflamatoris, com per
exemple el factor de necrosi tumoral alfa (TNFa), lligand de quimiocina 8 CXC (CXCL8) i

diferents interleucines (IL) com la IL-33. La IL-33 s’incrementa en els macrofags en
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resposta a I’exposicié al fum, el que provoca I'activacié d’una cascada inflamatoria que
produiria el dany a la via respiratoria. Aquest dany de la via aéria, altera la seva funcié
de barrera pulmonar i predisposa a les infeccions bacterianes i a la disbiosi bacteriana
que, al seu torn, amplificarien la resposta T1 (4,5). El patré inflamatori de tipus
neutrofilic es troba també en els fumadors sense MPOC, tot i que, un cop desenvolupada
la malaltia, la inflamacié és major i mantinguda i augmenta encara més durant les
aguditzacions. Es coneix que en la via aéria dels pacients amb MPOC, es troben nivells
elevats de macrofags i neutrofils i que existeix una correlacié d’ambdds amb la gravetat
de la malaltia (5). A més, la neutrofilia es relaciona amb la hipersecrecié de moc (9), un
simptoma present en alguns dels pacients amb MPOC. La inflamacié de la via aéria
produida pel fum del tabac i d’altres contaminants, es manté fins i tot després de

I’'abandonament de I’habit tabaquic (10).

Tot i que la majoria dels pacients amb MPOC tenen un patré inflamatori de tipus
neutrofilic (T1), en alguns, la inflamacid eosinofilica (T2) és el patré inflamatori
predominant (figura2). S’ha descrit que, d’'un 30 a un 50% de les aguditzacions, cursen
amb nivells elevats d’eosinofils (11) suggerint que, en alguns pacients, els eosinofils
tindrien un paper més rellevant en la fisiopatologia i curs de la seva malaltia. D’altres
estudis, indiquen que fins a un terg dels pacients amb MPOC tenen eosinofilia i que
aquesta augmenta en els periodes d’aguditzacions (12,13). Els eosinofils sén granulocits
derivats de la medul-la 0ssia els quals expressen CD38 i CD125 i es troben en baix
nombre a la sang periférica de subjectes sans. La seva diferenciacié té lloc a través de IL-
3, IL-5 i GM-CSF (factor estimulant de colonies de granulocits i macrofags) (14,15). Un
cop en estat de maduracio, els eosinofils entren als diferents teixits (glandula mamaria,
teixit adipds, uter, pulma i tracte digestiu) mantenint la integritat de I'drgan i promovent
les funcions immunes de les cél-lules B i T (16—20). En les malalties inflamatories de
tipus 2, l'eosinopoiesi a la medul-la dssia augmenta, donant lloc a un augment del
nombre d'eosinofils madurs alliberats a la circulacid. Des de la sang, els eosinofils poden

migrar a multiples teixits i 0rgans tant en condicions fisiologiques com patologiques (20).
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Figura 2. Inflamacié neutrofilica-T1 (esquerra) i eosinofilica-T2 (dreta) de

I'MPOC. Extret de Barnes, 2019 (21)
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Estudis observacionals realitzats pel grup de Vedel-Krogh et al. suggereix que els
pacients amb més eosinofilia en sang periférica tindrien un major risc d’aguditzacions
(22). D’altres, com ECLIPSE i el realitzat per Zysman et al. no van trobar augment de les
aguditzacions en relacié amb I'eosinofilia (23,24), aixi com tampoc van associar
I’eosinofilia a un major nombre d’aguditzacions en I'estudi Casanova et al (25). Una altra
associacid que s’ha trobat en alguns estudis, és que els pacients amb eosinofilia
presentarien una millor funcié pulmonar, una millor qualitat de vida (23,26) i fins i tot
una reduccié de la mortalitat. Davant el fet que alguns pacients amb MPOC, el perfil
inflamatori és I'eosinofilic, en els darrers anys, aquestes cel-lules, han despertat un gran
interés i s’han proposat inclids com a possible biomarcador (27,28). Tot i aixo0, el paper
dels eosinofils en la fisiopatologia de 'MPOC no queda clar i requereix més investigacio

sobre la seva implicacié en aquesta malaltia.
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Il. Les aguditzacions de I'MPOC (AMPQC)

Les aguditzacions en I’'MPOC suposen un problema de salut rellevant i son més
freqlients a mesura que la malaltia avanga suposant un deteriorament clinic i funcional
molt important. A més, tenen un impacte en la historia natural de la malaltia aixi com
en la qualitat de vida dels pacients, el nombre d’hospitalitzacions i la mortalitat (1).
S’estima que cada any entre 22-40% dels pacients amb MPOC, experimenten 1
aguditzacié moderada o severa, i que entre 9 - 16% en tindran més d’una (11). Tot i que
les aguditzacions s’associen a major gravetat de la malaltia, no tots els pacients amb
MPOC presenten aguditzacions freqlients, per tant, aquest fet podria indicar |'existéncia
d’un fenotip de pacients aguditzadors amb caracteristiques diferents (21,29). Les
aguditzacions sén situacions cliniques que es caracteritzen per I'empitjorament dels
simptomes respiratoris de menys de 14 dies d’evolucid, que poden anar acompanyats
de dispnea i/o taquicardia. Aquestes s’acompanyen també d’una inflamacio sistémica
(30) i requereix un tractament addicional. Els simptomes que es presenten durant les
aguditzacions no sén especifics de I’'MPOC i, per tant, és important realitzar un
diagnostic diferencial tenint en compte la pneumonia, la insuficiencia cardiaca o

I’embolia pulmonar.

La principal etiologia de I’AMPOC, és la infeccié del tracte respiratori, sigui de
causa bacteriana o viral. L'aillament microbiologic en els cultius d’esput durant les
aguditzacions s’obté fins a un 50% dels casos, tot i que també s’obtenen aillaments
bacterians en la fase estable (>25%) i, per tant, no quedaria clar quin seria el mecanisme
pel qual produirien I'aguditzacid (11). S’ha descrit un augment de la carrega bacteriana
durant les aguditzacions comparat amb la situacié estable (31). Contrariament, altres
estudis no han evidenciat aquesta diferéncia de carrega bacteriana entre I'aguditzacid i
I'estabilitat de I’'MPOC (32) en els germens potencialment patogenics de I'MPOC
(Haemophilus influenzae, Bramanella catarrhalis i Streptococcus pneumoniae). Altres
estudis suggereixen que, el ‘trigger’ en I'aguditzacio, podria ser I'adquisicié d’una nova
soca bacteriana, sobretot quan es tracta de noves soques de H. influenzae, B. catarrhalis

i S. pneumoniae (33).
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Un altre possible mecanisme que pot actuar com a ‘trigger’ o desencadenant
d’'una AMPOC és la infeccid virica, que moltes vegades es troba infradiagnosticada en la
practica clinica habitual per I'abséncia de tests diagnostics sistematics (34—36). S’ha
descrit que fins a un 30% de les aguditzacions estarien causades per virus sent els virus
més freqlientment aillats el rhinhovirus, influenza i virus respiratori sincitial (VRS) (11).
La preséncia de virus s’ha associat a més simptomes, pitjor evolucié i més lenta
recuperacié durant les aguditzacions (37,38). A més, s’ha observat en diversos estudis,

el sobrecreixement bacteria després d’una infeccié virica (34-36).

Les aguditzacions sén heterogénies i els seus mecanismes de resposta en funcio
del desencadenant de I’aguditzacid son diferents. Malauradament, en un 1/3 dels casos
d’AMPOC no s'arriba a coneixer I'etiologia tot i que la més freqiient que, com ja s’ha
esmentat anteriorment, és la infeccid virica o bacteriana (39). En aquests casos, les
alteracions cardiovasculars podrien jugar un paper important, ja sigui com a causa de
I'aguditzacié o com a comorbiditat, ja que aquestes es troben estretament associades a
I'MPOC. Se sap que I'MPOC associa canvis vasculars tant a artéries pulmonars com
sistémiques i esta ben establert que, en etapes avancades de I’'MPOC, els pacients poden
desenvolupar hipertensié pulmonar per remodelacié vascular, emfisema i hipoxémia

cronica (40,41).

L'MPOC coexisteix sovint amb altres malalties que poden tenir una gran
repercussio en el curs de la malaltia. Entre les comorbiditats associades a I’'MPOC, les
malalties cardiovasculars son les més freqlients (2). Els pacients amb MPOC, tenen de 2-
4 vegades més risc de desenvolupar cardiopatia isquémica, insuficiéncia cardiaca (IC),
arritmies o vasculopatia periférica, ja que comparteixen alguns mecanismes patogeéenics
(42). A més, els esdeveniments cardiovasculars, suposen la primera causa
d’hospitalitzacié en pacients amb MPOC arribant fins a un 50% en pacients fumadors
amb MPOC lleu/moderada (43,44). Durant les aguditzacions dels pacients amb MPOC,

es produeix un augment de la demanda cardiocirculatoria i, per tant, la insuficieéncia
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cardiaca associada a I'aguditzacié respiratoria no és infreqiient, fet que augmenta la
morbimortalitat (42). Per tant, les guies cliniques actuals aconsellen una correcta
avaluacié i control de les comorbiditats cardiovasculars, tant en una situacid

d’aguditzacié com en situacid d’estabilitat clinica.

Avui en dia, es disposa de diferents estratégies per a la prevencid de les

aguditzacions dels pacients amb MPOC (45):

1) Mesures no farmacologiques que inclouen I'abandonament de I’habit
tabaquic aixi com I'exercici fisic i la rehabilitacié respiratoria o la vacunacio
davant microorganismes causants d’aguditzacions com la grip, el VRS, el
pneumococ i la COVID-19.

2) Mesures farmacologiques les quals inclouen els broncodilatadors, els

corticoides inhalats (Cl) i inhibidors de la fosfodiesterasa 4 entre d’altres.

L'objectiu principal del tractament i control de les aguditzacions és minimitzar
I'impacte negatiu que tenen sobre la progressid de I'MPOC i evitar el desenvolupament
de futures aguditzacions. En funcid de la gravetat de 'aguditzacié i de la gravetat de la
malaltia de base, les aguditzacions es podran controlar de forma ambulatoria o amb el
pacient ingressat. Més del 80% de les aguditzacions, es podran controlar de manera
ambulatoria amb tractament farmacologic incloent els broncodilatadors, els corticoides

i els antibiotics (2).

Tot i aix0, d’'un 25 a un 30% dels pacients amb MPOC continuen patint
aguditzacions el que indica que, aquestes mesures no sén suficients per prevenir

aguditzacions en tots els pacients amb MPOC (46).
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II.I Paper dels broncodilatadors en el control i la prevencio de les
aguditzacions de I'MPOC

La terapia inhalada de manteniment és la base del tractament en ’'MPOC i té un
paper fonamental en la prevencid de les aguditzacions. Disposem de dos tipus de
broncodilatadors, els agonistes beta-2 d’accié prolongada (LABA) i els antimuscarinics
d’accio prolongada (LAMA). Tots dos han demostrat millorar el FEV1 i la hiperinsuflacio
i, per tant, millorar la dispnea, el simptoma cardinal de I’'MPOC (47,48). Tant els LABA
com els LAMA en monoterapia redueixen la freqliéncia de les aguditzacions, incloses les
hospitalitzacions, en comparacié amb el placebo (47). Quan es comparen, els LAMA
tenen un efecte més gran que els LABA en la reduccié de les aguditzacions (47,49,50).
Les combinacions LABA/LAMA sén més efectives que els LAMA en la reduccié de les
aguditzacions, tal com es va demostrar en I'estudi SPARK amb indacaterol/glicopirroni

(51).

L'optimitzacié del tractament broncodilatador de manteniment, juntament amb
la revisié de la técnica inhalatoria després d’una aguditzacié i durant el seguiment dels
pacients amb MPOC, és essencial de cara reduir el risc de progressié de la malaltia, les

futures aguditzacions i la mortalitat (2,52).

En una aguditzacio, I’Us de broncodilatadors beta-2 agonistes de curta accio, amb
anticolinergics o sense, sén el tractament inicial de les aguditzacions en I’'MPOC. Es
poden administrar tant amb sistema MDI com amb nebulitzacié ja que no s’han trobat
diferencies significatives sobre la millora del FEV1 entre ambdues vies d’administracio,

sent potser la nebulitzacié, millor tolerada pel pacient en la situacio aguda (2).
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II.1l Paper dels corticoides inhalats en el control de les aguditzacions en
I"'MPOC

L’4s dels corticoides inhalats amb I'MPOC ha estat ampliament en discussid
durant els darrers anys. Fins ara, a la literatura s’ha evidenciat que els pacients MPOC
amb més eosinofilia en sang tenen una millor resposta al tractament amb Cl prevenint
aixi I'esdeveniment de futures aguditzacions. Diversos estudis donen suport aquesta
millor resposta al tractament amb Cl en pacients amb eosinofilia on s’observa que els
pacients que rebien tractament amb Cl (juntament amb LABA) reduien el nombre
d’aguditzacions en comparacid amb el tractament amb tiotropi i placebo (53). A I’estudi
WISDOM en la mateixa linia, es va observar que els pacients amb eosinofilia periféerica
als quals se’ls retirava el tractament amb Cl presentaven més aguditzacions (54) i, per

tant, que el tractament amb Cl era beneficids en els pacients amb eosinofilia.

Estudis com el FLAME, un estudi de no-inferioritat, randomitzat i doble cec, no
van trobar associacié entre la resposta al tractament amb Cl i I'eosinofilia periférica. La
reduccid de les aguditzacions es va observar en grau més alt en els pacients amb
tractament amb doble broncodilatador (LAMA i LABA) en comparacié amb els pacients
qgue rebien Cl i LABA (55). Models predictius de futures aguditzacions basades en
I’eosinofilia basal realitzats amb fluticasona/vilanterol i formoterol/beclometasona
suggereixen una relacié entre el nivell basal d’eosinofilia i el risc d’aguditzacions en

pacients amb historia d’una aguditzacié durant I'any previ (56).

Tot i existir discrepancies sobre els efectes dels Cl en la reduccié d’aguditzacions
en pacients amb MPOC i eosinofilia periférica entre alguns dels estudis, en general a la
literatura, s’accepta que els pacients amb eosinofilia >300 cél/uL si que responen millor
al tractament amb Cl, reduint el nombre d’aguditzacions i, per tant, els Cl haurien de ser
part del seu tractament habitual. Per altra banda, existeix evidéncia d’un risc més elevat
de pneumonia amb el tractament amb Cl en els pacients amb MPQOC i, en conseqiéncia,
s’hauria de tenir en compte el risc i benefici d’aquest tractament en els pacients. En un

una revisié de Tashkin i Welchester sobre el paper que tenen els eosinofils en 'MPOC,
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proposen un nou algoritme d’optimitzacié de tractament tenint en compte I’eosinofilia
en sang periférica i la historia de pneumonies que ha tingut el pacient. Aquest algoritme
proposa que els pacients amb eosinofilia i sense historia de pneumonies tindria un gran
benefici del tractament amb CI, mentre que els pacients sense eosinofilia,
independentment de la historia de pneumonies prévies, no se’n beneficiarien. En els
casos amb eosinofilia i historia de pneumonies s’hauria d’avaluar sempre el risc/benefici

de I'Gs de ClI de forma individual (57).

Segons la guia GOLD actuals, en I'algoritme de tractament esta indicat I'ds de Cl
en pacients amb aguditzacions freqiients i molt simptomatics ( GOLD E) juntament amb
el tractament broncodilatador (LABA i LAMA) (2). En aquests pacients, I'eficacia de la
triple terapia ha demostrat un benefici en el control de las aguditzacions ja sigui en un
sol dispositiu o utilitzant diferents dispositius combinats. Estudis com el FORWARD o el
SPARK que utilitzen dispositius combinats per la triple terapia i d’altres com el TRIBUTE,
el IMPACT i el ETHOS que utilitzen un unic dispositiu, han demostrat una reduccié en el
nombre d’aguditzacions (58). En quant als diferents dispositius disponibles, |’evidéncia
suggereix que I’Us d’un Unic dispositiu millora I'adheréncia i milloraria també simptomes

i qualitat de vida (59,60).

Pel que fa al tractament de les aguditzacions, alguns grups com el de Bafhadel
et al. proposen els corticoides sistémics com a tractament en les exacerbacions dels
pacients amb eosinofilia periférica, ja que presentarien també una millor resposta que

els pacients sense eosinofilia (61,62).

Més recentment, en pacients aguditzadors amb eosinofilia s’ha descrit un
benefici en el control de aguditzacions amb I'is de tractaments biologics com el
dupilumab o el mepolizumab que s’inclouran en un futur proxim en les guies cliniques
(63). L’ update de la guia GOLD 2024-2025 ja inclou el dupilumab com a tractament per
a ’'MPOC.
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[1.11l L’Us dels macrolids en la prevencio de les AMPOC

Una estratégia utilitzada en el tractament dels pacients amb MPOC que
continuen presentant aguditzacions tot i les diferents mesures de prevencio
esmentades préviament, és I’Us de tractament antibiotic profilactic amb macrolids, amb
I'objectiu de prevenir les aguditzacions reduint la carrega bacteriana i/o prevenint
I'adquisici6 de noves soques, a més de mecanismes antiinflamatoris i

immunomoduladors.

Els macrolids pertanyen a una gran familia d’antibiotics caracteritzats per la
preséncia d’'un anell macrociclic de lactona (64) els quals exerceixen els seus efectes a
través de la unié a ARN ribosomal 50s i tenen un ampli espectre d’activitat enfront de
multiples microorganismes (65). A més dels efectes antimicrobians, es coneix que els

macrolids tenen efectes antiinflamatoris i immunomoduladors (66).

Respecte als efectes no antimicrobians dels macrolids trobem:

1. Efectes sobre la secrecid de la via aéria: el volum i les caracteristiques biofisiques

del moc, juguen un paper important en la regulacié del drenatge mucociliar i, la
hipersecrecio, és una caracteristica de la inflamacié cronica de la via aéria la qual
pot produir limitacié al flux aeri, disfuncié del transport mucociliar i infeccions
de repeticié. Estudis in vitro i in vivo en models animals (67,68), han demostrat
gue els macrolids tindrien un efecte sobre els canals de clor fet que, podria
inhibir la produccié d’aigua. A més, es coneix que els macrolids sén capacos de
modular I'expressio genica de diferents mucines, sobretot MUC5AC (69-71). En
models in vivo de ratoli, s’ha observat disminucié de la produccié de moc després

d’una infeccio per P. aeruginosa (72).
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Efectes antiinflamatoris: s’"ha observat, que els macrolids tindrien un paper en la

supressid de citocines proinflamatories disminuint aixi un estat inflamatori el
qual és perjudicial per a I'hoste (73,74). La IL-8, és una interleucina reguladora
del sistema immune, la qual té un paper important en la quimiotaxi dels
neutrofils. Estudis in vitro amb macrolids, han demostrat la inhibicid de la
transcripcié i alliberacié de la IL-8 per part de les cel-lules epitelials, tant en
persones sanes com en pacients amb inflamacié cronica de la via aéria (75).
D’altra banda, el TNF-a, una altra citocina important dins del sistema immune,
produeix activacio de I'’endoteli vascular, alliberacio d’oxid nitric i augment de la
permeabilitat, tot aixd, produeix un reclutament de cel-lules inflamatories,
immunoglobulines i del complement. El grup de Tsai et al. va demostrar en un
model animal muri estimulat amb Pseudomones, que |’azitromicina disminuia
significativament els nivells pulmonars de TNF-a, fet que produia una inhibicid
en el reclutament de neutrofils pulmonars (76). També s'ha demostrat que
I'azitromicina inhibeix la produccié d'IL-8 induida pel TNFa mitjangant la via de
senyalitzacié quinasa c-Jun N-terminal (JNK) (74). La inhibicié del reclutament
dels eosinofils, la modulacié de cél-lules dendritiques mitjancant la inhibicié de
IL-6 i I'estimulacio d’IL-10, o la inhibicié de I'expressié de diferents gens induits
per IL-13 (via inflamatoria T2), sén d’altres efectes immunomoduladors dels

macrolids que han estat estudiats (77-79).

L'Gs de diferents macrolids s’ha avaluat en diferents malalties respiratories

essent I'azitromicina el més estudiat i el macrolid que ha demostrat ser més efica¢ a

I’hora de reduir el risc d’aguditzacions. Diferents estudis randomitzats i controlats han

demostrat que el tractament profilactic amb azitromicina és eficag per a la reduccié de

les aguditzacions en els pacients amb MPOC com és el cas del grup d’Albert et al. que

va demostrar que el tractament amb azitromicina 250 mg al dia durant un any,

incrementava el temps entre aguditzacions en comparacié amb placebo (266 vs. 174

dies respectivament) aixi com, disminuia la freqliencia d’aguditzacions d’1.83 a 1.48 per

pacient i any (80). En la mateixa cohort, Han et al. Va observar que I'azitromicina era

més efectiva en pacients de major edat i amb menor gravetat de la malaltia (81). Per
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altra banda, I'eficacia d’aquest tractament es va veure disminuida en fumadors actius.
Un altre estudi, I'estudi COLOMBUS, realitzat en pacients aguditzadors (3 o més
aguditzacions a I'any), va demostrar que 500 mg d’azitromicina 3 cops per setmana
reduia de forma significativa (un 42%) la taxa d’aguditzacions en comparacié amb el
placebo (82). Les dosis d’azitromicina utilitzades per a la prevencio de les aguditzacions
en I’'MPOC, ha estat diversa en els diferents estudis en literatura. Un estudi recent
compara l'eficacia de les dosis de tractament continu amb azitromicina 500 mg vs. 250
mg durant un any, en el que observaren que I'efecte de I'azitromicina a baixes dosis (250
mg al dia 3 cops per setmana) era similar al de dosis altes (500 mg al dia tres cops per
setmana) (83) i, per tant, I'Us de 250 mg d’azitromicina profilactica, seria efica¢ per
prevenir AMPOC en pacients amb aguditzacions freqlients. Arran d’aquests i d’altres
estudis, diferents guies i publicacions (2,84,85), recomanen I'Us d’azitromicina per al
control de les AMPOC en aquell subgrup de pacients amb aguditzacions freqlients i que

tinguin un correcte compliment del tractament.
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[1l. La via de senyalitzacio purinergica

[Il.] Generalitats.

La via purinérgica va ser descrita per primera vegada I'any 1929 per Dury i Szent-
Gyorgyi quan van observar que un compost d'adenina causava un bloqueig cardiac
transitori al ser injectat per via intravenosa en un model animal (86). Aquesta via de
senyalitzacio, és I'encarregada de la degradacio de I'adenosina extracel-lular 5 trifosfat
(ATP) extracel-lular a adenosina i esta estretament implicada en la resposta immune
intervenint tant en la secrecio de citocines, quimiocines i antigens de superficie, com en
I’eliminacié de patogens intracel-lulars i la generacié d’espécies reactives d’oxigen (ROS)
(87). LATP i I'adenosina, s’alliberen a I'espai extracel-lular en resposta a diferents
agressions i modulen la resposta immunitaria mitjancant diferents receptors (88,89).
Els receptors P1 i P2, expressats a la superficie de cél-lules immunitaries, s'activen
mitjancant I'adenosina i I'ATP, respectivament, i regulen els efectes immunomoduladors
de les purines. S’han descrit 4 receptors acoblats a proteines G d’adenosina (P1) i dues

subfamilies de receptors d’ATP (P2X i P2Y) (90).

En els mamifers, els nivells d’ATP extracel-lulars, estan controlats per les
ectonucleotidases (91). El nucleodsid trifosfat difosfohidrolasa-1 (NTPDasal; també
coneguda com a CD39) és l'ecto-enzim purinérgic més expressat en I'epiteli alveolar i
bronquial huma, les glandules submucoses i els fibroblasts (92). L’ NTPDasal/CD39
també es troba a l'endoteli vascular, on regula I'nomeostasi i és essencial per a
I'angiogénesi i la vasculogenesi (93). Les seves funcions inclouen: 1) la regulacid de la
senyalitzacid dels receptors P2 mediada per I'ATP; 2) hidrolitzar seqiiencialment
ATP/adenosina 5-difosfat (ADP) a adenosina 5-monofosfat (AMP). L’AMP obtingut sera
després metabolitzat per I'ecto-5'-nucleotidasa (NT5E)/CD73 a adenosina (Ado) (94)
(Figura 3). El paper de CD73, una proteina transmembrana que converteix AMP en
adenosina (87), és menys conegut encarregant-se del segon pas en la degradacid de

I’ATP.
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Figura 3. Cascada de senyalitzacié la via purinérgica. Extret de Reichert K, et al 2021 (95).
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Segons el context fisiopatologic davant el qual ens trobem, I'expressio i activitat
de CD39 i CD73 varia i, desequilibris en aquests enzims i els seus productes, poden
modular el curs en diferents patologies com ho serien infeccions, malalties
autoimmunes o cancer entre d’altres. Un cop degradat I’ATP a adenosina, aquesta
ultima té una implicacio rellevant en la resposta a la hipoxia cel-lular. De fet, davant de
situacions agudes d’adversitat (isquémia, inflamacié aguda o fins i tot fibrosi) s’activen
mecanismes de senyalitzacié a través de I'adenosina que promourien una adaptacié
tissular davant la hipoxia. Diversos estudis preclinics demostren que la cascada de
senyalitzacié que activa 'adenosina a través dels seus receptors és beneficiosa davant
del dany agut pulmonar, renal, cardiac, gastrointestinal i hepatic (96). Contrariament,
nivells elevats i mantinguts d’adenosina després d’'un dany agut, activarien mecanismes
proinflamatoris que produirien fibrosi en diferents organs com el pulmd, ronyd, fetge o

pell.
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Aixi doncs, CD39 i CD73, sén els principals enzims encarregats de metabolitzar
els nucleotids (ATP, ADP i AMP) que regulen la immunitat i la inflamacié (97). D’alguna
manera, podriem dir que CD39 i CD73 serien els responsables de passar d’un estat
cel-lular proinflamatori produit per 'ATP a un estat cel-lular antiinflamatori o
d’adaptacid al dany tissular agut mitjancant I'activacié de I'adenosina. Tot i aix0, un estat
inflamatori mantingut i nivells alts d’adenosina de forma persistent, podria alterar I’axis
CD39/CD73 provocant un efecte contrari afavorint un estat d’inflamacid cronica. Per
tant, entendre la cascada de senyalitzacio purinérgica, tant a nivell d’expressié genica i
proteica dels enzims, receptors i els seus metabolits, aixi com congixer els seus efectes
davant de situacions agudes i croniques, és d’especial interés de cara a la recerca de

nous marcadors o dianes terapeutiques en malalties de base inflamatoria.

.1l Patologia respiratoria aguda

En patologia respiratoria, s’ha descrit una implicacié de la via purinérgica en la
modulacié de la inflamacid i de les cél-lules que hi intervenen. Com s’ha esmentat
préviament, els efectes antiinflamatoris o proinflamatoris de la via purinergica depenen
de la situacié davant la qual ens trobem, és a dir, aquesta cascada de senyalitzacio té

uns efectes diferents davant un dany agut en comparacié amb un dany cronic.

Sota condicions d’inflamacio i hipoxia agudes, com per exemple la sindrome de
distrés respiratori agut (SDRA) o la isquémia, els nivells d’ATP/ADP es troben augmentats
i através de CD39i CD73, es produeix una elevacio extracel-lular dels nivells d’adenosina
(98). L'adenosina té efectes sobre els processos d’inflamacid, reparacié i remodelacio i
podrien ser tant protectors com causants de dany cel-lular (96,99,100). Sobretot a través
dels receptors A2A i A2B, I'adenosina tindria un paper protector i antiinflamatori en el
dany pulmonar agut (96). Els efectes protectors de I'adenosina, inclourien la disminucié
de la inflamacié, la millora de la tolerancia tissular a la isquémia i el restabliment d’una

oxigenacié normal (101).
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En models animals de ratolins amb supressi6 de CD39 i CD73 (knockout),
I'administraciéo de lipopolisacarid (LPS) via intratraqueal com a estimul del SDRA
presentaven major mortalitat. En aquests estudis de ratolins knockout, els nivells de
CD73 es trobaven elevats en les cel-lules T durant el dany pulmonar, suggerint que CD73
tindria un paper important en |'efecte immunosupressor de les cel-lules T i en la
resolucié de la inflamacié pulmonar aguda (102). A 'estudi de Reutershan et al. van
demostrar també en un model animal knockout per CD39 i CD73, que es produia un
augment dels nivells de neutrofils a nivell pulmonar a més d’alteracions en la
permeabilitat de la barrera alveolocapil-lar després de I'administracié de LPS (103). El
mateix grup, va mostrar, com I'administracié d’apyrase (un enzim que degrada I'ATP i
analeg de CD39) disminuia I'acumulacié de neutrofils y edema produits per LPS. D’altra
banda, la ventilaci6 mecanica invasiva també s’ha associat a dany pulmonar agut
trobant-se nivells elevats de CD39 i CD73 i, aquests nivells es trobaven encara més
augmentats en animals amb déficit de CD73. Aquest resultats suggereixen un efecte
protector de CD39 i CD73 davant el dany pulmonar agut a través de la degradacié de

I’ATP a adenosina.

[II.1Il Patologia respiratoria cronica.

En malalties pulmonars croniques com I’'MPOC, I'asma i la fibrosi pulmonar
idiopatica (FPI) els nivells d’ATP extracel-lular es troben elevats contribuint al
desenvolupament i progressio de la malaltia (figura 4). Contrariament al que succeia en
situacions de dany agut, en la malaltia cronica, els nivells elevats d’adenosina es troben

implicats en el desenvolupament i la progressié d’aquestes malalties croniques (104).

En I'asma, I'administracié d’al-lergens, augmenta nivells d’ATP a la via aéria tant
en models animals com humans. L'administracié d’apyrase o el bloqueig dels receptors
P2 en ratolins, ha mostrat una disminucié de la inflamacié eosinofilica, de la produccié
de citocines implicades enlavia T2 i en la hiperreactivitat de la via aéria (105). En models

de fibrosi pulmonar (FP) induida per bleomicina, també s’han observat nivells elevats
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d’ATP a més d’un augment de I'expressidé del receptor P2Y2. Les cél-lules epitelials
secreten ATP extracel-lular en resposta al dany pulmonar produit per la bleomicina i a
través del receptor P2X(7) es produiria la inflamacié pulmonar. La supressié d’aquest
receptor en un model animal, disminuia la inflamacié i la fibrosi després de |’exposicié a
bleomicina (106). L'estudi de Miiller et al. va demostrar que la supressié de P2Y2 en un
altre model animal, disminuia el grau de fibrosi a través d’una disminucié del

reclutament de neutrofils, fibroblasts i interleucina-6 (IL-6) (107).

Figura 4. Senyalitzacio purinérgica en la inflamacié pulmonar aguda i cronica. Adaptacié

de Le et al (101)
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El paper dels enzims CD39 i CD73 en les malalties pulmonars croniques és més
controvertit que en situacions de dany pulmonar agut. Models animals en ratolins amb
deficit de CD73 presenten menys hiperresposta a metacolina i també menys infiltracio
d’eosinofils i mastocits tissulars comparat amb un grup control de ratolins sense déficit,
suggerint un paper important de CD73 en la via aéria (108). L'MPOC i la FPI presenten
una activitat de CD73 augmentada i nivells més elevats d’adenosina. Per altra banda,
CD39i CD73 també s’han relacionat amb la gravetat de la hipertensid arterial pulmonar
en pacients amb FPIl i, en concret, CD73 potenciaria la fibrosi pulmonar induida per

radiacio (101).
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A diferéncia del paper antiinflamatori de I'adenosina en situacions de dany
pulmonar agut, nivells elevats d’adenosina de forma continuada produeixen dany
tissular i fibrosi. Publicacions recents, han demostrat que I'activacio del receptor A2B
per part de I'adenosina, seria el mecanisme que mediaria la produccié de molécules
proinflamatories i profibrotiques, com la IL-6, conduint al desenvolupament de malalties
pulmonars croniques (101). En asma, nivells elevats d’adenosina s’han trobat tant en el
rentat broncoalveolar (BAL) com en condensat d’alé exhalat en pacients asmatics aixi
com també nivells elevats després d’exposicid a al-lérgens (109-112). També s’ha descrit
qgue l'adenosina, podria produir broncoconstriccié tant en pacients asmatics com en
MPOC (113,114). En models animals de FPI, s’han objectivat nivells elevats d’adenosina,
fins i tot, I'administracié de dipyridamol (un inhibidor de transportador de nucleosid)
afavoriria I'aguditzacié de la fibrosi. A més, s’han associat nivells elevats d’adenosina

amb IL-6 i IL-17, mediadors pro-fibrotics en FPI (115).

En resum, la regulacié de la via purinérgica en una situacié de dany pulmonar
agut, conduiria a un efecte de disminucio, resolucié i adaptacio a la inflamacié i, per
tant tindria un efecte protector mentre que, davant un estat inflamatori mantingut,
com succeeix en diferents malalties pulmonars croniques, la via purinérgica perdria
aquesta capacitat protectora i pot contribuir al manteniment de la inflamacié i a la

progressio de la malaltia pulmonar.
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1.1V Implicacié de la via purinergica en I’'MPOC i I'emfisema.

Especificament en I'MPOC, nombrosos estudis en les darreres decades, han
demostrat que I’ATP, estaria involucrada en la seva patogeénesi (116). El fum del tabac,
estimularia I'alliberacié de I'ATP dels neutrofils, el qual tindria un paper crucial en
I'alliberament de la quimiocina CXC18 que és, en gran part, responsable del reclutament
dels neutrofils a les zones d’inflamacid, i de I'elastasa, que condueix a la destruccié de
teixit pulmonar (117). En condicions homeostatiques, els nivells extracel-lulars d’ATP
son bastant baixos degut a un equilibri entre I'alliberament de I’ATP i |la seva rapida
degradacid per part de les ectonucleotidases. En canvi, davant de situacions com la
infeccio, la inflamacio, la hipoxémia i la mort per apoptosis cel-lular, I'ATP és alliberat
des de dins de les cél-lules arribant a concentracions extracel-lulars prou altes per poder
ser detectats per les cél-lules circumdants que expressen receptors de la via purinergica

(118).

Com ja s’ha esmentat, I’ATP és degradat per les ectonucleotidases CD39, la més
expressada en teixits humans, i després per CD73. El paper de CD73 tant en I’'MPOC com
en la resta de patologies és menys conegut, ja que és el segon pas de la hidrolitzacié
d'ATP, tot i que també té una implicacio rellevant com a productor d’adenosina en el

desenvolupament de malalties croniques.

En models animals amb ratolins, s'han trobat nivells més elevats d'ATP pulmonar
amb inflamacié pulmonar aguda i emfisema després de |'exposicio a fum de tabac (119).
També en models animals, s'ha observat que, neutralitzant els nivells d'ATP
intrapulmonar o bloquejant receptors especifics d'ATP, s'inhibeix la inflamacié pulmonar
induida pel fum, i protegiria enfront del desenvolupament d'emfisema (119). D'altra
banda, en pacients amb MPOC s'ha vist que I'acumulacié d'ATP estimula el reclutament
i l'activacié de neutrofils i macrofags pulmonars, augmentant aixi, I'alliberament de
mediadors inflamatoris (120). Recentment, s’ha observat que la deficiéncia de CD39 en

un model animal d'emfisema en ratolins, empitjorava I'emfisema i la inflamacié després
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de la inhalacié de fum i, que I'administracié d'un analeg de CD39 (apyrase) limitava el
desenvolupament d'emfisema (121). El mateix grup va analitzar i va comparar el rentat
broncoalveolar (BAL) i I'esput de pacients amb MPOC, fumadors sense MPOC i mai
fumadors observant una major activitat de CD39 en el grup amb MPOC fins i tot, després
de I'abandonament de I'habit tabaquic. També, s'ha comparat I'expressié de CD39 en
sang periférica entre pacients amb MPOC aguditzats amb pacients MPOC estables i sans,
trobant una major expressié sistemica de CD39 en pacients amb MPOC. Aquestes
troballes recolzen la idea que l'augment de CD39 actuaria com un mecanisme
compensatori en el dany pulmonar agut (122). En aquesta linia, Aliagas et al. ha
demostrat que hi ha una disminucid de I'expressié i activitat pulmonar de CD39 en les
etapes inicials de I’'MPOC, el que afavoriria la inflamacié pulmonar i podria contribuir a

la progressio de la malaltia (123).

En una malaltia com I'MPOC, que conviu amb altres patologies croniques
freqlients com la insuficiencia cardiaca o la cardiopatia isquémica, és interessant
destacar que la via de senyalitzacié purinérgica es troba implicada en aquestes
comorbiditats i fins i tot s’ha descrit com una possible diana amb potencial terapeutic
(124). Se suggereix un efecte protector de I'adenosina en determinades patologies
cardiaques a través de diferents receptors (A1, A2, A3) presents a les cél-lules cardiaques
(fibroblasts, cel-lules endotelials, cél-lules musculars). Entre aquests efectes protectors,
es produiria una inhibicid de la produccié de citocines, inhibici6 de l|'agregacio
plaquetaria, disminucié de l|'efecte inotropic o actuaria davant de la proliferacio

fibroblastica (125).

Tot i aixo, tant en les fases d’estabilitat de I'MPOC com en les fases
d'aguditzacié, una situacié que comporta un augment dels nivells d’inflamacio
pulmonar i sistémica i que marquen evolucié i pronostic, no es coneixen bé els

mecanismes reguladors en |'expressié d'aquests enzims i els seus metabolits.
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[1l.V Via purinergica en la inflamacio T1i T2.

Sabem que una resposta inflamatoria adequada és essencial de cara a resoldre
situacions de dany tissular o infeccions. No obstant aix0, una situacié d’inflamacié
cronica o no resolta, pot conduir a perpetuar lesions tissulars o contribuir al
desenvolupament fisiopatologic i progressié en algunes malalties (126). El control de la
inflamacié involucra diferents vies i cascades de senyalitzacid, essent la via purinérgica
una de les que podria tenir un paper més rellevant. Diferents estudis i revisions mostren
com la via purinergica té una implicacié directa en els mecanismes de control de la
inflamacié a través de diferents receptors. Per exemple, en la inflamacié de la mucosa i
de malalties intestinals inflamatories, diversos estudis, proposen que els receptors
d’adenosina A2A i A3, iels enzims CD39i CD73 tenen un gran potencial terapéutic (figura

5).

Figura 5. Senyalitzacié i alliberacié extracel-lular dels nucleotids durant la

inflamacié. Extret de Yuan et al (126)
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Pel que fa a la inflamacié pulmonar, I'adenosina sembla tenir un paper important
en la relacié hipoxia/inflamacié. La hipoxia activaria la cascada de senyalitzacid
d'adenosina a través de la induccié del receptor A2A i, com s’ha esmentat préviament,
proporcionaria proteccio en la SDRA, tot i que, d’altra banda, nivells elevats i mantinguts
promourien un estat d’inflamacié que perpetuaria les lesions tissulars derivades de la
hipoxia/inflamacié en les malalties pulmonars croniques. A més, la via de senyalitzacio
purinergica modula les funcions de les cel-lules immunitaries, afectant les respostes
inflamatories tant dels eosinofils com dels neutrofils els quals, com ja s’ha esmentat,

estan implicats en I’'MPOC (118).

1. Via purinérgica i els neutrofils: Els neutrofils son cél-lules efectores del

sistema immune innat encarregades de la defensa contra infeccions
bacterianes, sent el ‘trigger’ d’activaci6 de diferents mecanismes
antibacterians (127,128). Esta descrit que tant I’ATP com I’adenosina
regularien les funcions del neutrofil tenint efectes oposats (129). Per una
banda, I’ATP augmentaria I'activitat dels neutrofils i, per contra, 'adenosina
I'inhibiria, evitant el possible dany tissular derivat d’una resposta
inflamatoria mantinguda (130,131). L’enzim CD39 s’expressa ampliament en
els neutrofils i també ho fa CD73, tot i que en menor grau (132,133). Tots dos
enzims estan implicats en la regulacio de I'activitat dels neutrofils; de fet, una
disfuncié de I'eix CD39/CD73 s’ha associat amb una activitat desmesurada
dels neutrofils produint una activitat quimiotactica i una adhesié a I’endoteli

vascular augmentades (87).

2. Via purinergica i els eosinofils. A banda de la deteccidé d’activadors del

sistema immune (quimiocines, citocines, etc..), els eosinofils son capacos
també de detectar nucleodtids que poden amplificar les respostes induides
per altres estimuls (118). Aixi doncs, els nucleotids extracel-lulars
contribuirien a la inflamacié i dany tissular eosinofilic tant en models animals

com en models humans (98). A més, els eosinofils, sén capacos de secretar
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ATP, el qual estimularia [lalliberament de diferents mediadors
proinflamatoris mitjancant I’activacio de receptors purinergics (134). Daltra
banda, els eosinofils expressen una amplia gamma de receptors purinergics i
I'activacié d’aquests receptors, s'associa amb el reclutament d'eosinofils al
teixit inflamat i I'alliberament de citocines proinflamatories (118). De fet,
estudis en ratolins transgénics suggereixen que I'adenosina contribuiria en la
remodelacié pulmonar produida per 'activacié de la via T2 (sobretot a través
de IL-13 i IL-4) (99). Per tant, la inhibicié d’alguns receptors purinergics dels
eosinofils amb nous farmacs podria reduir la resposta inflamatoria i el dany

tissular.

En resum, aquesta evidéncia cientifica que s’ha esmentat en aquests apartats
sobre la via purinérgica posa de manifest el paper rellevant que té aquesta via en la
modulacié de la resposta immune i de mediadors inflamatoris en les malalties
pulmonars respiratories i obre nous punts de mira de cara a identificar nous
biomarcadors i desenvolupar possibles nous tractaments. Tot i aix0, existeixen certes
controversies sobre els mecanismes d’accio tant de les purines com dels enzims que les
degraden i dels seus receptors tant en la malaltia pulmonar aguda, com en la cronica.
Per tant, és necessari aprofundir en el coneixement sobre aquests mecanismes d’accié
i aixi poder conéixer quan i com la via puriergica té un paper protector i quan un paper
proinflamatori per poder potenciar o inhibir, respectivament, aquests efectes en les

diferents situacions de dany pulmonar.

[1l.VI Interaccio de la via purinergica amb altres vies implicades en la
fisiopatologia de I'MPOC. La via de senyalitzacié de I'0xid nitric.

L’oxid nitric (NO) és un potent vasodilatador que es produeix a partir de L-
arginina a través de 3 isoformes de la NO sintetasa (NOS): NOS neuronal (nNOS), NOS
endotelial (eNOS) i NOS induible (iNOS) (135). En condicions, normals, I'NO es troba

implicat en diversos processos biologics incloent el manteniment de la funcié de la

52



barrera pulmonar o I'homeostasi. No obstant aix0, tant la seva deficiéncia com el seu
excés, especialment en combinacié amb ROS, poden provocar alteracions patologiques
i contribuir a la patogénesi de malalties pulmonars (136). Al pulmd, en condicions
normals, I’'NO té un efecte homeostatic broncoprotector. En les malalties pulmonars
obstructives, el NO pot ser també beneficiés pel seu efecte broncodilatador, perd també

pot tenir un efecte contrari a través de la formacié de peroxinitrit (135).

La disfuncié endotelial en 'MPOC, es deu a I'alteracié en I'expressid i I'alliberacid
de diferents mediadors vasoactius derivats de I'endoteli, on I’'NO hi tindria un paper clau
(137). La metilacié i proteolisi dels residus de L-arginina (ADMA i SDMA) inhibiria la
funcié de NO sintetasa. Aquests residus es troben augmentats en I’'MPOC i ho estan
encara més durant les aguditzacions (138). De fet, la concentracié serica d’un d’ells,
I’ADMA, és un factor de risc independent de mortalitat a llarg termini per qualsevol

causa i es troba relacionat amb I'augment de resistencia de la via aeria (137).

El guanilat ciclasa soluble (sCG), és un enzim que actua com a receptor
intracel-lular de NO i en grau més baix de CO. La seva activacié produeix cGMP que
produiria broncodilatacio i vasodilatacié (135). Tot i que els pulmons dels pacients amb
MPOC tenen alts nivells de NO, el to de la via aéria es troba augmentat (139). S’ha
demostrat, que els pacients amb MPOC tenen menor expressid pulmonar proteica i
d’mRNA de la sGC, el qual esta correlacionat amb la gravetat de la malaltia. Es per aixo
gue alguns estudis han comencat a investigar I'Gs de farmacs que estimulen la produccio
de sGC en I’'MPOC (140). Alguns d’ells han suggerit que el tractament amb sCG podria

ser un possible tractament per pacients amb MPOC (141,142).

Alguns estudis, descriuen una interaccido entre I’0xid nitric i I'ATP, els seus
metabolits i receptors (143,144), pero es desconeixen els mecanismes que interactuen o
comparteixen aquestes dues vies de senyalitzacié implicades tant en la fisiopatologia

com en el desenvolupament de 'MPOC i I'emfisema.
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En resum, la progressié de 'MPOC, es deu principalment als canvis estructurals
causats per la inflamacio cronica que, també es manifesta en I'ambit sistémic i s’associa
a un major risc de comorbiditats i aguditzacions, accelerant el deteriorament de la funcié
pulmonar. Tot i que la inflamacio de tipus | o neutrofilica és la més habitual i important

en I’'MPOC, el paper dels eosinofils té un creixent interés i encara no és ben conegut.

Desafortunadament, no existeix cap terapia farmacologica eficag capag de frenar
la progressio de 'MPOC o de millorar-ne la supervivéncia. Per tant, resulta necessari
buscar nous marcadors i/o noves dianes terapéutiques que combatin o previnguin la

progressio de la malaltia.

La via de senyalitzacié purinergica és I'encarregada de la degradacié de I'ATP i
nombrosos estudis recents, han demostrat que estaria involucrada en la patogénesi de
I'MPOC tot i que el seu mecanisme d’accié no és del tot conegut. L’evidencia actual
mostra certes controversies sobre els mecanismes d’accié tant de les purines com dels
enzims que les degraden i dels receptors tant en la malaltia pulmonar aguda com en la

cronica.

Aprofundir en el coneixement de la via purinérgica i en els mecanismes
inflamatoris que es produeixen en I’'MPOC és crucial i podria obrir el cami cap a nous
biomarcadors o noves dianes terapéutiques per aquesta malaltia respiratoria tan

complexa i heterogeénia.
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Hipotesi i Objectius






HIPOTESI

En els pacients amb MPOC, els enzims de la via purinérgica que degraden I'ATP
extracel-lular es troben alterats a nivell pulmonar i sistéemic, afavorint aixi un entorn

proinflamatori que podria condicionar I’evolucid i el pronostic de la malaltia.

La inflamacié cronica de I’'MPOC, tant en fase d’aguditzacid com en situacio d’estabilitat
i la desregulacié de la via purinergica, estan interrelacionades i aquesta pot modificar-

se en funcid de determinats tractaments.
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OBJECTIUS

L'objectiu general d’aquesta tesi és aprofundir en el coneixement dels mecanismes que
controlen la inflamacid, analitzant el perfil inflamatori especific i els enzims reguladors
de la via purinérgica en pacients amb Malaltia Pulmonar Obstructiva Cronica en

diferents nivells de gravetat tant en la fase estable com en les aguditzacions.

Per tal d’assolir aquest objectiu, s’han realitzat els diferents estudis inclosos en aquesta

tesi, amb els seglients objectius especifics:

1) Analitzar I'expressié dels gens involucrats en la via purinergica i de la inflamacié, en
teixit pulmonar i artéries sistemiques en pacients amb Malaltia Pulmonar Obstructiva
Cronica estable, comparats amb mai fumadors i fumadors sense obstruccié mitjangant

Real Time-Polymerasa Chain Reactions arrays.

2) Avaluar I'expressié génica i proteica pulmonar dels principals enzims que regulen la
via purineérgica (gen ENTPD1/CD39 i gen NT5E/CD73) i el potencial efecte del tractament
amb un estimulador de la guanilat ciclasa soluble en un model animal de conillet d’indies

amb emfisema induit per fum de tabac.

3) Estudiar I'expressio proteica pulmonar i sistemica dels enzims purinérgics en pacients
amb Malaltia Pulmonar Obstructiva Cronica amb diferents fenotips clinics i gravetat i

analitzar aquesta expressié en fase estable i durant I'aguditzacio.

4) Analitzar la relacié entre el perfil inflamatori sanguini (eosinofilic o no eosinofilic) i
I'expressié dels enzims purinérgic en pacients amb Malaltia Pulmonar Obstructiva

Cronica.
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5) Analitzar els canvis funcionals i sistémics associats amb la Malaltia Pulmonar
Obstructiva Cronica greu en pacients amb aguditzacions freqlients després del
tractament continu amb azitromicina i la possible participacié de mecanismes

inflamatoris i immunomoduladors.

60



Material, métodes i
resultats






Article 1: Imbalance in the Expression of Genes Associated with Purinergic Signalling in

the Lung and Systemic Arteries of COPD Patients

Oriol Careta, Ester Cuevas, Mariana Mufoz-Esquerre, Marta Lépez-Sdnchez, Yuliana
Pascual-Gonzalez, Jordi Dorca, Elisabet Aliagas, Salud Santos

Resum: L’evidéncia actual indica que la via purinérgica esta implicada en la patogénesi
de la malaltia pulmonar obstructiva cronica (MPOC) i en el remodelat vascular;
tanmateix, no es coneix del tot el seu paper en els canvis vasculars inicials de I’'MPOC.
La nostra hipotesi va ser que I'expressié de gens que regulen els nivells d’ATP i adenosina
extracel-lulars estaria alterada en les arteries pulmonars i sistemiques dels pacients amb
MPOC.

Meétodes: Es va realitzar una PCR quantitativa en temps real per analitzar I'expressié
relativa de 17 gens associats a la senyalitzacié purinérgica i la inflamacié en pulmons i
artéries intercostals de mai fumadors (NS) (n = 16), fumadors sense obstruccid (NOS) (n
= 17) i pacients amb MPOC (n = 21). L'expressié génica dels enzims que degraden I'ATP
va disminuir en ambdds teixits dels pacients amb NOS i MPOC en comparacié amb els
NS.

Resultats: L'expressido NT5E (transcripcid genetica d’'una ectonucleotidasa hidrolitzant
AMP) va augmentar en ambdds teixits en NOS en comparacié amb els altres grups. Els
receptors P1 i P2 no van mostrar canvis en la seva expressid. L'expressié de gens
associats a la inflamacid (interleucina-13) només va augmentar en teixit pulmonar de
pacients amb MPOC.

Consulsions: Aquestes troballes suggereixen que l'expressid de diferents enzims
extracel-lulars que degraden I’ATP s’altera en els fumadors (pacients amb NOS i MPQOC),
la qual cosa afavoreix la inflamacié. No obstant aix0, I'expressio elevada de NT5E que es

troba només a NOS podria compensar aquest entorn inflamatori.
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Imbalance in the Expression of
Genes Associated with Purinergic
‘Signalling in the Lung and Systemic
s Arteries of COPD Patients

. Oriol Caretal?3, Ester Cuevas(®%3, Mariana Mufioz-Esquerre®23, Marta Lépez-Sanchez'%3,
© Yuliana Pascual-Gonzalez'%3, Jordi Dorcal?3, Elisabet Aliagas'?3 & Salud Santos®23*

Growing evidence indicates that purinergic signalling is involved in the pathogenesis of chronic
obstructive pulmonary disease (COPD) and in the vascular remodelling that occurs in other disorders;
however, its role in initial vascular changes of COPD is not entirely known. We hypothesised that
expression of genes regulating extracellular ATP and adenosine levels would be altered in the lung and
systemic arteries of COPD patients. Quantitative real-time PCR was performed to analyse the relative
expression of 17 genes associated with purinergic signalling and inflammation in lungs and intercostal

. arteries of never smokers (NS) (n=16), non-obstructed smokers (NOS) (n =17) and COPD patients

© (n=21). Gene expression of ATP-degrading enzymes was decreased in both tissues of NOS and COPD

. patients compared to NS. NT5E expression (gene transcribing for an AMP hydrolyzing ectonucleotidase)

. wasincreased in both tissues in NOS compared to the other groups. P1 and P2 receptors did not

. show changes in expression. Expression of genes associated with inflammation (interleukin-13) was
upregulated only in lung tissues of COPD. These findings suggest that the expression of different
extracellular ATP-degrading enzymes is altered in smokers (NOS and COPD patients), promoting
inflammation. However, the high NT5E expression found only in NOS could compensate this
inflammatory environment.

Chronic obstructive pulmonary disease (COPD) is a highly prevalent chronic respiratory disease and a major

cause of mortality and morbidity worldwide'. Smoking has long been recognised as the main risk factor?, but not

all smokers develop the disease. The factors that determine the development of COPD in susceptible smokers

are complex and may involve genetic and epigenetic factors, altered immune regulation, and abnormal repair

mechanisms>*.
: COPD is associated with vascular alterations in both pulmonary and systemic arteries®. In advanced stages of
. the disease, the risk of developing pulmonary hypertension increases due to the loss of pulmonary vessels caused
. by emphysema, pulmonary vascular remodelling, and chronic hypoxaemia®. However, in the pulmonary arteries
: of patients with moderate COPD, an association between endothelial dysfunction®, structural changes’, and the
: presence of an inflammatory infiltrate in the adventitial layer® has been also described.

Recently, morphometric studies carried out on the systemic and pulmonary arteries of patients with

. mild-moderate COPD have demonstrated a significant correlation between the initial changes that occur in the
. walls of both systemic and pulmonary arteries. These systemic and pulmonary changes are characterised by a
: thickening of the intima and a decrease in the vascular lumen, which are observed to a greater degree in COPD
. patients than in smokers without airflow obstruction’. To date, the mediators involved in these processes are not
. well known.
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Figure 1. Gene expression analyses in the lung. Changes in the mRNA expression of genes for: NOS vs. NS
and COPD vs. NS. Results are expressed as fold change (log,) relative to NS. Bar plots represent median + log,
of RQmax and log, of RQmin. (A) The expression of ENTPD1, ENTPD2, ADA and DPP4 was downregulated
in NOS and COPD patients. ENPP1 expression was upregulated in NOS and COPD patients while NT5E
expression was upregulated in NOS and unchanged in COPD. No changes were found in ENTPD3 expression.
(B) P2RX2, P2RX7 and P2RY2 expression was downregulated in COPD patients and NOS as well as the
expression of ADORAI in COPD patients. ADORA2A and ADORAZ2B expression levels were similar to NS

in both groups. ADORA3 expression in NOS and COPD patients along with ADORA2A expression in COPD
patients was upregulated. No changes were found in ADORA1 expression in NOS. (C) IL-13 expression was
upregulated whereas CCL18 expression was downregulated in NOS and COPD patients. No expression of IL-4
was found. *Significantly different from NS (p < 0.05).

Numerous studies have indicated that purinergic signalling plays a major role in the development of COPD!%-!?
and in the vascular remodelling that occurs in other disorders like idiopathic pulmonary fibrosis'®. Purinergic
signalling involves purines (ATP and its hydrolysis products) and pyrimidines (mainly UTP) that act as extracel-
lular ligands for the widely-expressed purinergic receptors, P2 (activated by nucleoside tri-/diphosphates among
others) and P1 (activated by adenosine and others)'*. It is well known that ATP and adenosine levels are increased
in the lungs of COPD patients'>'¢, which could be associated with COPD development. Extracellular levels of
ATP and adenosine are controlled by membrane proteins called ectonucleotidases, which include four families:
the ectonucleoside triphosphate diphosphohydrolase (ENTPDase) family, the ectonucleotide pyrophosphatase/
phosphodiesterase (ENPP) family, the alkaline phosphatase (AP) family, and the 5'-nucleotidase family, of which
only one member (NT5E/CD73) is expressed on the membrane'’.

The present study explored the expression of the genes involved in purinergic signalling and inflammation in
the lung and vascular systemic tissues of never smokers (NS), non-obstructed smokers (NOS) and stable COPD
patients. We performed quantitative real-time PCR on peripheral lung tissue and intercostal arteries (represent-
ative systemic vascular tissue) to examine the expression of 17 genes of interest.

Results

Gene expression studies in the lungs of NOS and COPD patients compared to NS.  Gene expres-
sion of ATP-degrading enzymes and DPP4. The gene expression of ATP-degrading enzymes and DPP4, which
binds adenosine deaminase (ADA), is shown in Fig. 1A. All the ATP-degrading enzymes studied (ENTPDI,
ENTPD2 and ENTPD3) showed a similar expression pattern in both NOS and COPD patients, with decreases
in ENTPDI and ENTPD?2 expression and no changes in ENTPD3 expression. ENPP] expression was upregu-
lated, while the gene expression of the adenosine-producing enzyme NT5E/CD73 was up to one-fold higher in
NOS, but unchanged in COPD patients. ADA and DPP4 expression was downregulated in both NOS and COPD
patients.

Gene expression of P1 and P2 receptors. 'The gene expression of the purinergic P1 and P2 receptors is shown in
Fig. 1B. In the lungs of NOS and COPD patients, gene expression of all the ATP receptors studied (P2RX2, P2RX7
and P2RY2) was downregulated. In the case of adenosine receptors, ADORAI expression was downregulated
only in COPD patients, while ADORA3 expression was upregulated in both groups. ADORA2A and ADORA2B
expression in NOS and COPD patients was similar to that in NS.

Expression of the genes associated with inflammation. Among the three genes encoding inflammatory mole-
cules (IL-13, IL-4 and CCL18) that were analysed in pulmonary tissue (Fig. 1C), only IL-13 expression showed
significant changes, as expected, with increases observed in both NOS and COPD patients. IL-4 expression was
not amplified probably due to the lack of tissue expression. CCL18 expression was decreased in NOS and COPD
patients compared to NS.

Gene expression studies in the intercostal arteries of NOS and COPD patients compared
to NS. Gene expression of ATP-degrading enzymes and DPP4. Similar patterns of gene expression of the
ATP-degrading enzymes were found in the intercostal arteries compared to pulmonary tissue (Fig. 2A). ENTPDI,
ENTPD2 and ENTPD3 expression was downregulated in NOS, while ENTPD2 and ENTPD3 expression was also
reduced in COPD patients. As observed in the lung samples, ENPP1 expression was upregulated in the intercostal
arteries of both NOS and COPD patients. NT5E expression in the intercostal arteries was upregulated in NOS, as
also seen in the lung tissue, but was reduced by up to one-fold in the intercostal arteries of COPD patients, which
differed to that observed in the lungs. ADA and DPP4 expression was upregulated in the intercostal arteries of
both groups, which was opposite to that observed in the lungs.
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Figure 2. Gene expression studies in the intercostal arteries. Changes in the mRNA expression of genes for:
NOS vs. NS and COPD vs. NS. Results are expressed as fold change (log,) relative to NS. Bar plots represent
median + log, of RQmax and log, of RQmin. (A) ENTPD2 and ENTPD3 expression was downregulated in
NOS and COPD patients, as well as ENTPD1 in NOS and NT5E in COPD patients. ENPP1, ADA and DPP4
expression levels were increased in both groups. ENTPDI expression in COPD patients and NT5E expression
in NOS were also upregulated. (B) P2RX2, ADORA2A and ADORAZ2B expression was downregulated in NOS.
P2RX7 expression was also downregulated in both groups. P2RY2, ADORAI and ADORA3 expression in NOS
and COPD patients and P2RX2 and ADORA2B expression in COPD patients were also upregulated. No changes
were found in ADORAZ2A expression in COPD patients. (C) No expression of IL-13 or IL-4 was found. CCL18
expression was upregulated in NOS and downregulated in COPD patients. *Significantly different from NS
(p<0.05).

Pulmonary Tissue Intercostal Arte

ENTPD1/CD39 ENTPD1/CD39

ENTPD2 ENTPD2
ENTPD3 ENTPD3

ENPP1 - ENPP1-

Log2 (RQ)

NTSE/CD73 - NTSE/CD73 -
ADA ADA-
w wn
[} [
$  DPP4/CD26 g DPP4/CD26
0] U]
P2RX2 P2RX2
P2RX7 P2RX7
P2RY2 P2RY2
ADORA1 ADORA1
ADORA2A ADORA2A
ADORA2B ADORA2B
ADORA3 ADORA3
1L13 1L13-
L4- Ld-
] g ]
NOs COPD NOS COPD
Biogroups Biogroups

Figure 3. Schematic of the genes associated with purinergic signalling that were analysed. Heat map of the
genes over- or underexpressed (log, of RQ) in NOS and COPD patients compared to NS. Genes that promote or
reduce inflammation are highlighted (red for promotion and green for reduction).

Gene expression of P1 and P2 receptors.  'The expression patterns of the P1 and P2 receptors differed between the
intercostal arteries and pulmonary tissue (Fig. 2B). In the intercostal arteries, P2ZRX2 expression was upregulated
in COPD patients and downregulated in NOS (P2RX2 expression was downregulated in the lung tissues of both
groups). P2RX7 expression also differed between the tissues in both groups. Unlike in lung tissue, P2RY2 expres-
sion was upregulated in the intercostal arteries of both groups. Whereas ADORAI expression was downregulated
in the lung samples of COPD patients, it was upregulated by up to one-fold in the intercostal arteries of both
groups, this being significant for the COPD patients when compared to NS. There were no major differences in
the expression levels of ADORA2A, ADORA2B and ADORA3 between the tissues.

Expression of the genes associated with inflammation. IL-13 and IL-4 expression was not amplified in the inter-
costal arteries, probably due to a lack of expression in these tissues (Fig. 2C). In NOS, CCL18 expression differed
between the intercostal arteries and lung tissue, being upregulated by up to one-fold in the intercostal arteries
(Fig. 2C).

Figure 3 summarises the main and most interesting results in the format of a heat map. To facilitate the under-
standing of our findings regarding the enzymes associated with purinergic signalling and their relationship with
inflammation, we have highlighted the genes that promote or reduce inflammation.
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Pulmonary tissue IC arteries

Fold change (log,) | p-value | Fold change (log,) | p-value
Membrane purinergic degrading enzymes
ENTPDI1/CD39 —0.366 0.458 0.332 0.608
ENTPD2 —0.129 0.861 0.116 0.902
ENTPD3 —0.009 0.987 0.253 0.627
ENPPI —0.295 0.705 —0.032 0.906
NT5E/CD73 —0.671 0.386 —1.561 0.139
Soluble purinergic degrading enzyme
ADA [0472 (0330 [-0.268 0595
ADA receptor
DPP4/CD26 | —0.103 (0850 [-0.137 [0745
P2 receptors
P2RX2 —0.597 0.288 0.938 0.404
P2RX7 —0.472 0.461 0.093 0.884
P2RY2 0.374 0.366 0.010 0.983
P1 receptors
ADORAI —0.881 0.136 0.366 0.702
ADORA2A 0.429 0.129 0.471 0.487
ADORA2B 0.452 0.314 0.397 0.818
ADORA3 —0.211 0.739 —0.056 0.920
Inflammatory genes
IL-13 0.684 0.356 — —
1L-4 — — — —
CCL18 —0.474 0.539 —1.365 0.121

Table 1. Changes in gene expression in COPD patients compared to NOS.

No significant differences were found in the expression of the purinergic pathway genes in lung or intercostal
artery after adjusting for sex and diabetes. Furthermore, to analyse potential susceptibility according to gender,
independently of tobacco consumption, we compared the gene expression specifically in the non-smoker group
and found no significant differences (p > 0.05) in the expression of purinergic pathway genes.

Comparison of gene expression levels in the lung and intercostal arteries between COPD
patients and NOS. Changes in the gene expression levels in pulmonary tissue and intercostal arteries in
COPD patients compared to NOS are shown in Table 1. All the ATP-degrading enzymes studied were downreg-
ulated in the lung, but upregulated or unaffected in the intercostal arteries of COPD patients compared to NOS.
NT5E expression was downregulated in both tissues, while ADA expression was upregulated in the lung and
downregulated in the intercostal arteries.

In the lung, P2RX2, P2RX7, ADORA1 and ADORA3 expression levels were downregulated, while P2RY2,
ADORA2A and ADORA2B expression was upregulated. In the intercostal arteries, all the genes for the P1 and P2
receptors, except ADORA3, were upregulated. Regarding the genes associated with inflammation, IL-13 expres-
sion was upregulated in pulmonary tissue, but not expressed in the intercostal arteries. IL-4 expression was not
observed in the lung or intercostal arteries. CCL18 expression was downregulated in both tissues.

Discussion

The focus of our study was to characterise the expression patterns of the genes associated with purinergic sig-
nalling in the early phases of COPD. We also compared gene expression between pulmonary tissue and systemic
arteries from the same patients to identify the mechanisms that initiate and perpetuate this disease and detect
any potential molecules involved with the systemic vascular changes observed in COPD. This is the first study
to explore the expression of the genes associated with purinergic signalling in the lung and systemic arteries of
COPD patients using TagMan low-density arrays.

Our results suggest that the downregulation of ATP-degrading and adenosine-producing enzymes in the lung
and intercostal arteries could produce a pro-inflammatory state in COPD patients compared to NOS. Although
ATP-degrading enzymes are also downregulated in both tissues in NOS, adenosine-generating enzymes are
upregulated (Figs 1A and 2A), suggesting a compensatory mechanism that exists only in NOS. We found an
imbalance between the enzymes regulating extracellular ATP and adenosine levels in the early stages of COPD
that favoured ATP accumulation (acting as a pro-inflammatory molecule through the P2 receptors) and lowered
adenosine levels (acting as anti-inflammatory molecules through the P1 receptors), possibly causing the overall
pulmonary inflammation'®. This imbalance could be overcome in NOS by an enhanced expression of NT5E,
which encodes the main enzyme (CD73) regulating extracellular adenosine levels. Figure 4 summarizes all this
information and represents the possible molecular mechanism in which changes in the expression of purinergic
signalling genes favour the accumulation of extracellular ATP that may promote inflammation in COPD patients.
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Figure 4. Graphic image representation of the possible mechanisms of lung inflammation in COPD involving
purinergic signaling pathway. See text for details and further information (second paragraph of the discussion
section). Pro-inflammatory molecules: ATP and derivates (dark and light blue and pink circles). Anti-
inflammatory molecules: adenosine (yellow square). The figure was created using Servier Medical Art according
to a Creative Commons Attribution 3.0 Unported License guidelines 3.0 (https://creativecommons.org/licenses/
by/3.0/). Simplification and colour changes were made to the original cartoons.

By contrast, NOS balanced the levels of extracellular pro-and anti-inflammatory molecules through the increase
of NT5E/CD73 expression.

Previous studies have shown that tobacco induces an accumulation of extracellular ATP in the human res-
piratory tract, leading to high ATP concentrations in COPD patients, even after smoking cessation'®. By acti-
vating P2 receptors, ATP induces macrophages and neutrophils to secrete pro-inflammatory molecules and
the mediators of tissue degradation, thus contributing to the chronic inflammation characteristic of COPD'.
Extracellular adenosine levels are also increased in the lungs of patients with severe COPD. In accordance with
this, previous studies have shown that the enzymatic activity of NT5E/CD?73 is increased in the lung tissue of
patients with severe COPD compared to smokers with mild obstruction®. In addition, COPD patients with acute
exacerbations have decreased ADA enzymatic activity (inactivates adenosine), thus favouring its extracellular
accumulation?'. Adenosine has immunomodulatory functions; thus, its role may be important in COPD. In fact,
adenosine receptors have been proposed as possible therapeutic targets in the treatment of COPD?2. However,
all the studies to date have focused on the advanced stages of the disease (GOLD stages III and IV) to assess the
roles of ATP and adenosine in the pathophysiology of COPD. Given the dual role of adenosine depending on the
situation, i.e., acting as an anti-inflammatory molecule in processes associated with acute lung diseases**** or as a
pro-inflammatory agent with tissue remodeling functions in chronic lung diseases®, it is important to distinguish
between the early and late stages of COPD when determining the role of adenosine in this disease. Furthermore,
some adenosine receptors also act as anti- or pro-inflammatory molecules depending on the stages (acute or
chronic) of lung injury during which they are activated?.

As seen in Fig. 3, NOS expressed more genes favouring a non-inflammatory state than COPD patients in both
pulmonary and systemic tissues when compared to NS. The downregulated ectonucleotidases play a larger role in
inflammation secondary to tobacco in the lung than in the arterial tissue of the same patients. This observation
is in line with the previous studies of our group demonstrating an underexpression of ENTPDasel/CD39 in
the lungs of COPD patients?””. NT5E/CD73, which is expressed less in the lungs of COPD patients than NOS, is
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COPD (n=21)
Parameters NS (n=16) NOS (n=17) GOLD I/II/III: 14/5/2 | p-value
Gender, female/male 11/5 0/17 2/19 <0.0001
Age, years 61.7+12.1 61.6+11.1 62.8+8.5 0.928
BMI, kg/m* 27+4.2 27.8+4.4 25.7+4.6 0.342
Smoking history, pack/years | — 389+4.4 48+35 0.113
Current smokers, n (%) — 9(52.9) 5(23.8) 0.067
HTA, n (%) 4(25) 8 (47.1) 9(42.9) 0.384
DLP, n (%) 8(50) 9(52.9) 11(52.4) 0.984
DM, n (%) 0(0) 8 (47) 1(4.8) <0.0001
FVC, % predicted 113.8+21 99.4+16.6 89.8+14.1 <0.001
FEV, % predicted 110.14+20.3 95.4+14.5 67 +£15.7 <0.001
FEV,/FVC, % 77.4£5.6 76£5.1 56.2+11.4 <0.001
Dico» % predicted 93.6+18 87.2+17.3 69.5+14.7 <0.001
Fibrinogen, g/L 31+13 3241 32+09 0.937
Leukocytes, cells/mm?* 6.8+15 83+19 8.7+18 <0.05
Eosinophils, cells/mm? 1344454 84.1+42.7 1162473 0.056
CRP, mg/L 3.6+5 6.8+10.2 8+11.2 0.463
Cholesterol, mmol/L 4.7+1 44408 4.54+0.9 0.582

Table 2. Clinical parameters and lung function measurements of the subjects. Data are presented as mean + SD.
BMI, body mass index; HTA, arterial hypertension; DLP, dyslipidaemia; DM, diabetes mellitus; FVC, forced
vital capacity; FEV, forced expiratory volume in first second; D; ¢, diffusing capacity for carbon monoxide;
CRP, C-reactive protein.

markedly decreased in systemic arteries. NT5E/CD73 has been reported to play an important anti-inflammatory
role that is associated with anti-fibrotic activity and a reduced production of pro-inflammatory cytokines in the
aortic artery, most likely by activating adenosine A2a receptors?. This would be interesting to investigate further
in future studies assessing the role of CD73 in cardiovascular risk.

Classically, the inflammation leading to COPD has been described as a type I inflammation predominantly
involving neutrophils. In line with this, the inflammatory parameters analysed in our patients, such as C-reactive
protein (CRP) and leukocyte blood counts, were higher in COPD patients than NOS, even though these dif-
ferences were not significant (Table 2). However, new evidence has emerged that type 2 or eosinophilic inflam-
mation also plays a role in some COPD patients® . For this reason, we decided to analyse both IL-13 and IL-4
gene expression as they are involved in eosinophilic inflammation. Our results on IL-13 expression in lung tis-
sue provide a plausible explanation for why NOS show less inflammation than patients with moderate COPD
(Fig. 1C). We analysed IL-4 and IL-13 expression to determine the type of inflammatory response elicited in our
COPD patients. IL-13 expression was significantly elevated in the pulmonary tissues of NOS and COPD patients,
suggesting a Th2-derived inflammatory response (Fig. 1C). IL-13 was not expressed in the intercostal arteries of
NOS or COPD patients, suggesting that this type of inflammation is not relevant in the initial systemic vascular
changes in smokers and patients with moderate COPD. As for IL-4, we could not assess any amplification of this
gene in the lung or intercostal arteries (Figs 1C and 2C). We were not able to determine if this was because there
was no expression or whether this was due to methodological issues. CCL18, a chemokine involved in vascular
changes®!, showed reduced expression in the lungs and systemic arteries of COPD patients. Other studies have
shown a similar gene expression pattern of CCL18 in COPD patients and smokers?.

There were differences in purinergic signalling between patients with moderate COPD and NOS. However, other
studies have found some similarities in the expression profiles of other genes between patients with moderate COPD
and NOS, which have not been observed in patients with severe COPD*. For this reason, we believe that this study
should be complemented with future studies investigating pulmonary levels of ATP and adenosine and the genetic
expression of purinergic signalling enzymes in patients with severe COPD (GOLD stages III and IV) too.

This study had several strengths and limitations. Performing a genetic analysis on patients in the early stages
of COPD enabled us to check for disease-initiating mechanisms that are more difficult to detect at later stages
of the disease. Nevertheless, it has to be pointed out that this is an exploratory study to generate new hypotheses
about the pathophysiological changes that occur in the first steps of COPD. Almost none of the p-values of the
results comparing gene expression levels between the groups were statistically significant, probably because of
the exploratory nature of the study and/or the small number of patients included. The study population had pri-
mary treatable lung cancer and, therefore, lung cancer could have been a possible introduced bias. However, we
assumed that any bias introduced would have been the same for all the subjects. Moreover, this was the only way
of obtaining fresh tissue samples from the patients along with clinical and functional data.

In summary, this preliminary study suggests that the expression patterns of different extracellular
ATP-degrading enzymes are altered in a manner that promotes inflammation in both NOS and patients with early
COPD, with a compensatory mechanism possibly occurring only in NOS. ENTPDI, ENTPD2 and NT5E might be
relevant in the pathophysiology of COPD. Future studies are needed to confirm this hypothesis.
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Gene symbol ‘ Gene name Assay ID
Membrane purinergic degrading enzymes

ENTPDI/CD39 | Ectonucleoside triphosphate diphosphohydrolase 1 Hs00969559_m1
ENTPD2 Ectonucleoside triphosphate diphosphohydrolase 2 Hs00993193_g1
ENTPD3 Ectonucleoside triphosphate diphosphohydrolase 3 Hs00154325_m1
ENPP1 Ectonucleotide pyrophosphatase/phosphodiesterase 1 | Hs01054040_m1
NT5E/CD73 5'-nucleotidase ecto Hs04234687_m1
Soluble purinergic degrading enzyme

ADA ‘ Adenosine deaminase ‘ Hs01113256_g1
ADA receptor

DPP4/CD26 | Dipeptidyl peptidase 4 | Hs00897386_m1
P2 receptors

P2RX2 Purinergic receptor P2X2 Hs04176268_g1
P2RX7 Purinergic receptor P2X7 Hs00951607_m1
P2RY2 Purinergic receptor P2Y2 Hs04176264_s1
P1 receptors

ADORAI Adenosine Al receptor Hs00379752_m1
ADORA2A Adenosine A2a receptor Hs00169123_m1
ADORA2B Adenosine A2b receptor Hs00386497_m1
ADORA3 Adenosine A3 receptor Hs04194761_s1
Inflammatory genes

IL-13 Interleukin 13 Hs01124272_g1
IL-4 Interleukin 4 Hs00929862_m1
CCLI18 C-C motif chemokine ligand 18/PARC Hs00268113_m1

Table 3. List of genes analysed in the study.

Materials and Methods

Subjects.  Fifty-four patients who underwent a lobectomy or pneumonectomy of a solitary pulmonary nodule
at Bellvitge University Hospital were included in this study. Demographic, clinical and pre-operative pulmonary
function assessment (spirometry, lung volumes and carbon monoxide diffusing capacity) data were collected for all
the subjects before surgery. None of the patients presented severe systemic comorbidities, atelectasis or obstructive
pneumonitis. Moreover, they had not received chemotherapy or radiotherapy prior to surgery. According to their
previous smoking history and the results of the pulmonary function tests, subjects were classified as follows: 16
never smokers (NS), 17 non-obstructed smokers (NOS) and 21 stable COPD patients. COPD was diagnosed based
on current GOLD guidelines®. In the COPD group, most of the patients had early stages of disease (14 GOLD I
and five GOLD II). All the participants signed an informed consent in accordance with the principles outlined in
the Declaration of Helsinki. The study was approved by the local ethics committee (CEIC, ref. PR330/15). General
characteristics and lung function measurements of the three groups are summarised in Table 2.

Sample collection and processing. The samples used in this study were obtained and processed as previ-
ously described’. They have been used in previous studies published by our research group®?”!.

RNA processing. Total RNA was isolated and purified as previously described?”!.

TagMan low-density arrays. Gene expression analysis was performed by real-time PCR using Custom
TaqMan low-density arrays (TLDAs; Applied Biosystems, Foster City, CA, USA). The 17 genes analysed in this
study are listed in Table 3, classified by their functional groups. One pg of total RNA was retrotranscribed into
cDNA using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Before performing PCR,
cDNA was pre-amplified using Custom TagMan PreAmp Pools, following the manufacturer’s protocol (Applied
Biosystems). PCR reactions were prepared with the TagMan Gene Expression Master Mix, following the manu-
facturer’s protocol (Applied Biosystems), and samples were run in triplicate on an ABI Prism 7900HT Real-Time
PCR System (Applied Biosystems). Data were collected using SDS Software version 2.4 (Applied Biosystems) and
used for subsequent analysis.

Gene expression analysis. Data analysis was performed using the Relative Quantification applica-
tion module on the Thermo Fisher Cloud online software (https://www.thermofisher.com/es/es/home/cloud.
html). Relative quantification (RQ) was based on the comparative cycle threshold (Ct) method using GAPDH
(Hs99999905_m1) as an endogenous control. For differential expression analysis, a limma-modified t-test** was
used to calculate the AACt value [AACt=mean ACt value (target samples) - mean ACt value (control sam-
ples)]. RQ was calculated from these AACt values (RQ=2"22") and used for fold change calculations. Results
are expressed as fold changes in logarithms to base 2 (log,) of the RQ values.

Heat maps were created with the plotly and ggplot2 R packages version 3.5 (R Foundation for Statistical
Computing, Vienna, Austria; https://www.R-project.org/).
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Statistical analysis. Continuous variables were compared by Student’ t-test and expressed as mean = standard
deviation (SD). Qualitative variables were compared with the chi-square test. Comparisons between the groups were
evaluated by one-way analysis of variance (ANOVA) and an overall p-value was calculated. Adjusted analyses were
performed using unbalanced demographic variables (gender and diabetes). Statistical analysis was performed using
IBM SPSS version 19.0 (IBM Corp., Armonk, NY, USA). A p-value less than 0.05 indicated statistical significance.
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Article 2: Effect of a soluble guanylate cyclase stimulator on the purinergic pathway

in an animal model of emphysema induced by cigarette smoke

Ester Cuevas, Elisabet Aliagas, Tanja Paul, Yuliana Pascual-Gonzalez, Marta Ldépez-
Sanchez, Joan Albert Barbera, Victor Ivo Peinado, Salud Santos

Purinergic Pathway. Q3 (under review)

Resum: Les vies de senyalitzacié purinergica i de I'0xid nitric (NO) semblen estar
implicades en el desenvolupament de I'emfisema i la remodelacioé vascular de la malaltia
pulmonar obstructiva cronica (MPOC). Estudis previs han demostrat que I'administracié
d’un estimulador de la de guanilat ciclasa soluble (sGC) en un model animal prevé el

desenvolupament d’emfisema.

Metodes: S’avalua I'expressid genica i proteica d'ENTPD1/CD39 i NT5E/CD73, i I'efecte
d'un estimulador de sGC sobre la seva expressié en quaranta-dos conillets d'indies que
van ser exposats a placebo (SHAM) o al fum de tabac (CS) de tres a sis mesos. Es van
dividir en sis grups (exposicié placebo, fumadors o ex-fumadors) i es van tractar amb un
vehicle (VH) o BAY 41-2272 (estimulador GC) durant tres mesos. Es van realitzar assajos

d'immunohistoquimica, Western blot i gPCR en mostres de teixit pulmonar.

Resultats: La quantificacio relativa de I'expressié genica de ENTPD1 i NT5E respecte al
grup control (SHAM + VH) va mostrar una reduccié d’ambdéds enzims en el grup CS + VH
(140 vs. 0,78+0,51, p>0,05 i 140 vs. 0,45+ 0,27, p=0,027 respectivament). El tractament
amb BAY 41-2722 va augmentar I'expressié ENTPD1 i NT5E a 1,06+0,4 i 0,7110,35,
respectivament. No s'han trobat canvis significatius en el grup Ex-CS+BAY. L’analisi de

I’expressid proteica d’aquests enzims, va en linia amb aquestes troballes.

Conclusions: El tractament amb un estimulador de sGC va mostrar tendéncia a restaurar
I'expressié genica i proteica d'ENTPD1/CD39 i NT5E/CD73 en animals exposats al fum,
fet que suggeriria un potencial mecanisme d’accié de sGC a través de la via purinérgica

en aquest model i determina una interaccié entre ambdues vies de senyalitzacid.
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Abstract:

Purinergic and nitric oxide (NO) signaling pathways appear to be involved in the development of emphysema

and vascular remodeling of chronic obstructive pulmonary disease (COPD).

In an animal model, we evaluate the gene and protein expression of ENTPD1/CD39 and NT5E/CD73, and the
effect on this expression of a guanylate cyclase (GC) stimulator. Forty-two guinea pigs underwent sham
exposure (SHAM) or cigarette smoke (CS) exposure from three to six months. They were divided into six groups
(sham-exposed, smokers or former smokers) and treated with vehicle (VH) or BAY 41-2272 (GC stimulator) for

three months. Immunohistochemistry, western blot and qPCR assays were performed on lung tissue samples.

Compared to SHAM+VH, ENTPD1 and NT5E were downregulated in the CS+VH group (110 vs. 0.78+0.51, p >
0.05, and 1+0vs. 0.45+0.27, p = 0.027 respectively). Treatment with BAY 41-2722 increased ENTPD1 and NT5E
expression to 1.061£0.4 and 0.71+0.35, respectively. No changes in the Ex-CS+BAY group were found.

NT5E/CD73 was downregulated in the lungs of an animal model of emphysema.

Treatment with a soluble GC stimulator tended to restore the gene and protein expression of ENTPD1/CD39
and NT5E/CD73 in smoke-exposed animals, suggesting an interaction between both pathways and a new

prevention mechanism in the development of emphysema.

Keywords: COPD, purinergic signaling, nitric oxide signaling, vascular remodeling, inflammation.

1. Introduction

Chronic obstructive pulmonary disease (COPD) is characterized by chronic inflammation in the small
airways. It causes structural changes in the bronchus and vessels, as well as systemic manifestations, leading
to the development of comorbidities [1-3]. Exposure to cigarette smoke (CS) is the major risk factor, but host
genetic factors, immune dysregulation or alterations in repair mechanisms can also lead to the development

of COPD [4, 5].

Purinergic signaling appears to be involved in the pathogenesis of COPD, since extracellular ATP can
promote the chronic inflammation that characterizes the disease [6—11]. Different families of hydrolysing
enzymes, alone or acting sequentially, are responsible for hydrolysing ATP into adenosine diphosphate (ADP)
and adenosine monophosphate (AMP); the NTPDase1/CD39 ectoenzyme is the most frequently expressed in

human lungs [11]. Finally, Ecto-5’-NT/CD73 dephosphorylates AMP, generating adenosine [12].

An association has been observed between extracellular ATP levels in plasma samples and the patient’s

condition, quality of life and disease progression, suggesting that extracellular ATP could be a possible



diagnostic or prognostic biomarker [13]. Moreover, a previous study demonstrated that CD39 deficiency
induces the progression of emphysema and lung inflammation in mice, and that the administration of an
external functional NTPDasel/CD39 analogue (apyrase) can limit their development [14]. Furthermore,
reduced expression and activity of NTPDase1/CD39 and differences in the expression of genes in the purinergic
pathway have been described in the lung tissues of moderate-mild stable COPD patients compared to non-
smokers [15, 16], suggesting that this may be a mechanism that underlies the development of COPD. COPD is
associated with early vascular changes in pulmonary arteries. It is well established that patients can develop
pulmonary hypertension due to vascular remodeling, emphysema and chronic hypoxemia in the advanced
stages of COPD [17-20]. Nitric oxide (NO) signaling is involved in many physiological processes, such as vascular
homeostasis, through its ability to stimulate soluble guanylate cyclase (sGC) [21, 22]. NO signaling is altered in
COPD patients, with a downregulation of sGC expression in the lungs correlating with disease severity [23, 24].
Interestingly, chronic administration of the sGC stimulators BAY 41-2272 and BAY 63-2521 in guinea pigs (GP)
and mice respectively prevented vessel remodeling and emphysema [24]. Although additional studies
demonstrated that sGC stimulation in GPs prevented the oxidative stress induced by CS and attenuated
inflammatory responses in the lung [25], the molecular mechanisms underlying the reduction in emphysema
in this animal model were not fully clarified [26]. We hypothesized that one of the mechanisms involved in this

improvement might be related to the restoration of purinergic enzyme levels.

Accordingly, the aims of this study were to evaluate the gene and protein expression of ENTPD1/CD39
and NT5E/CD73, the main enzymes involved in purinergic signaling, in lung samples from our previous animal
model of CS-induced emphysema, and to analyse the potential effect of BAY 41-2272 (which stimulates sGC)

on their expression [26].

2. Materials and Methods
2.1 Animal model and samples

Lung samples from animals from our previously established animal model of emphysema induced by CS
were used in this study [26]. Briefly, Dunkin Hartley guinea pigs (GPs) were sham-exposed (control group) or
exposed to CS (smokers, or the CS group) for a total of six months, or exposed to CS for three months before
sham exposure for another three months (former smokers, or the Ex-CS group) (Figure 1). From the third to
the sixth month, animals were daily treated with a vehicle (VH) or BAY 41-2272 (an sGC stimulator) (at a dose
of 3 mg/kg administered by oral gavage) and divided into six groups: (1) sham-exposed treated with a vehicle
(SHAM + VH; n = 6); (2) sham-exposed treated with BAY 41-2272 (SHAM + BAY; n = 6); (3) former smokers
treated with a vehicle (Ex-CS + VH; n = 7); (4) former smokers treated with BAY 41-2272 (Ex-CS + BAY; n = 8);
(5) smokers treated with a vehicle (CS + VH; n = 8); and (6) smokers treated with BAY 41-2272 (CS + BAY; n =



7). At the end of the experiment, animals were euthanized and the lungs (n = 42) were removed and processed
for histological, protein and RNA studies following standard protocols. All procedures were approved by the

local ethics committee for animal experimentation of the University of Barcelona (registry: 2009/5026).

Figure 1. Study design and groups. CS, cigarette smoke; Ex-CS, former smoker; VH, vehicle. Adapted from

Paul et al. [26].
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2.2 Quantitative real-time polymerase chain reaction (qPCR) analysis of ENTPD1 and NT5E

Quantitative real-time polymerase chain reaction (QRT-PCR) was performed as previously described [15].
Custom TagMan gene expression assays (Thermo Fisher Scientific, Massachusetts, USA) for guinea pig ENTPD1
and NT5E were designed as follows: for ENTPD1 gene, forward primer, 5'-CTTCATCTGGGAACCCCATTCTT-3’,
reverse primer, 5’-GTTAATGTCTGCTTTTATGCTTGGATCTT-3’ and probe, 5-CAGGAATGCTGGTATTTAG-3’; and
for NT5E gene, forward primer, 5 -CTTCATCTGGGAACCCCATTCTT-3’; reverse primer, 5'-
GTTAATGTCTGCTTTTATGCTTGGATCTT3’ and probe, 5'-TCTAAATACCAGCATTCCTGAAGAT-3’. GAPDH
(Cp03755742_g1, Thermo Fisher Scientific) was used as endogenous control for normalization. Data are

expressed as a relative quantification (fold change ratio) of mRNA.
2.3 Western blot for NTPDase1/CD39 and Ecto-5’-NT/CD73

Briefly, 20-ug of protein was loaded onto pre-cast 4-20% Mini-Protean TGX stain free gels (Bio-Rad,
Hemel Hempstead, Great Britain) for electrophoresis and then transferred onto nitrocellulose membranes

(Bio-Rad). Membranes were blocked with 5% non-fat milk (Nestle, Vevey, Switzerland) in tris-buffered saline



(TBS) containing 0.1% Tween® 20 (TBS-T) at pH 7.4, for 1 hour at room temperature (RT). Anti-CD73 (ab175396)
or anti-CD39 (ab178572) primary antibodies (1/1000) were incubated overnight at 4°C. After 3 washes with
TBS-T, the appropriate secondary antibody horseradish peroxidase-conjugated goat anti-rabbit or anti-mouse
(1/8000; Sigma-Aldrich) was incubated at RT for 1 hour. Immunoreactive bands were detected using ECL
SelectTM Western Blotting Detection Reagent (GE Healthcare, Chicago, lllinois) and digitized using the
ChemiDocTM Touch Imaging System (Bio-Rad). Band density was quantified by densitometry using Image J

software 2.1 and normalized to B-actin levels (4970L, Cell Signalling).
2.4 Immunohistochemistry for NTPDase1/CD39 and Ecto-5’-NT/CD73

The procedure used for the immunohistochemistry was performed as previously described [16]. Briefly,
formalin-fixed, paraffin-embedded lung section were underwent dewaxing, dehydration, antigen retrieval, and
guenching of endogenous peroxidase activity. After three rinses in phosphate buffered saline (PBS), tissue
sections were pre-incubated for 1 hour at room temperature in 10% normal goat serum (Sigma-Aldrich, Sant
Louis, Missouri, MO, USA). The following primary antibodies were incubated overnight at 4°C: anti-CD39
antibody [IMG17B5F11] (ab178572) at 1:400 and anti-CD73 antibody (ab175396) at 1:50 (Abcam, Cambridge,
UK). Nuclei were counterstained with haematoxylin. Human lung tissue samples were used as positive control.
The intensity of the labeling in the samples from the parenchyma, bronchus and pulmonary arteries was semi-
guantitatively evaluated by two investigators blinded to study conditions following a visual scale previosly

defined as negative (=), weak (+), intermediate (++), or strongly positive (+++).
2.5 Lung morphometry and inflammatory cells

For the purposes of correlation only, in this study we used previously published data on emphysema and
inflammatory cells [26]. Emphysema was assessed by histological hematoxylin staining, measuring the mean
linear intercept (MLI). Inflammatory cells (intraseptal neutrophils and alveolar macrophages) were counted on
histological sections. The methodology used for lung histological assessments has been described elsewhere

[24].
2.6 Statistical analysis

Gene expression data are shown as means * standard deviations (SD) and were statistically analysed by
two-way analysis of variance (ANOVA), considering CS exposure and treatment with BAY 41-2272 as
independent factors. If necessary, the data were transformed to natural logarithm to achieve normal
distribution. Comparisons between the groups were evaluated by one-way ANOVA or the Kruskal-Wallis test,
as appropriate, and an overall p-value was calculated. Chi? test was used for qualitative variables. Spearman’s

correlation was also used to assess the relationship between morphometry, inflammatory cells in the lungs



and ENTPD1 and NT5E gene expression. Statistical analysis was performed using IBM SPSS version 19.0 (IBM

Corp., Armonk, NY, USA). A p-value < 0.05 was considered statistically significant.

3. Results
3.1 ENTPD1 and NT5E gene expression in lung samples

The relative expression (RQ) of ENTPD1 and NT5E per group is detailed in Table 1 and Figure 2. Compared
to the control group (SHAM + VH), only the expression of NT5E was downregulated in the group exposed to CS
for six months (CS + VH) (1 £ 0 vs. 0.45 £ 0.27, p = 0.027). In the CS + BAY group, after sGC stimulation, the
expression levels of NT5E increased to 0.71 + 0.35, bringing them closer to those of the control group. NT5E
gene expression trended to be also downregulated in the group of former smokers (1 + 0 vs. 0.66 + 0.25)
compared to the control group and did not change after treatment with BAY 41-2272 (0.63 + 0.33). ENTPD1
gene expression did not vary between the control and the Ex-CS + VH and CS + VH groups and its expression

remained stable after treatment with BAY 41-2272.

A significant decrease in the expression of NT5E in relation to tobacco was observed (two-way ANOVA,
p= 0.007). The expression of ENTPD1 was not significantly decreased by the tobacco factor (p= 0.35), but a
numerical trend was observed. The two-way ANOVA did not show a statistically significant effect of the BAY

treatment on the gene expression.

Table 1. Gene expression of ENTPD1 and NT5E in guinea pigs exposed to cigarette smoke or sham and
with or without treatment with BAY 41-2272, a stimulator of soluble guanylate cyclase. Relative expression

(RQ) compared to the control SHAM + VH group. *p < 0.05.

ENTPD1 NT5E

RQ +SD RQ+SD
SHAM + VH (n=6) 1+0 1+0
SHAM + BAY (n=6) 1.29+0.74 1.03+0.47
Ex-CS + VH (n=7) 0.9+0.35 0.66 +0.25
Ex-CS + BAY (n=8) 1.05+0.77 0.63+0.33
CS + VH (n=8) 0.78 £ 0.51 0.45+0.27%
CS + BAY (n=7) 1.06 0.4 0.71+0.35

Figure 2. Gene expression of ENTPD1 and NT5E in CS and Ex-CS guinea pigs with or without BAY 41-2272
treatment compared to the control group (SHAM + VH). Differences between groups were evaluated using the
Kruskal-Wallis test followed by Dunn's multiple comparison tests, in which six conditions were simultaneously

tested. P values were considered significant when the mean differed from control (SHAM+VH) group (*p <



0.05). Compared to the control group (SHAM + VH), only the expression of NT5E was downregulated in the
group exposed to CS for six months (CS + VH). Each box plot shows the median, upper and lower quartiles

(boxes) and the 1.5 x IQR (inter-quartile range) values (vertical lines) for each group.
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3.2 Western blot of NTPDase1/CD39 and Ecto-5’-NT/CD73 in GP lung samples

Western blot assays were performed in order to evaluate NTPDasel/CD39 and Ecto-5’-NT/CD73
expression in GP lung samples. The expression of CD39 and CD73 statistically did no differ between the group
exposed to CS for three and six months and the control group. After sGC stimulation, the expression levels of

CD73 increased bringing them closer to the control group and even higher for the CS+BAY group (figure 3).

Figure 3. Protein expression analysis of NTPDase1/CD39 and Ecto-5’-NT/CD73 in CS and Ex-CS guinea pigs
with or without BAY 41-2272 treatment compared to the control group (SHAM + VH) by western blot. Each
box plot shows the median, upper and lower quartiles (boxes) and the 1.5 x IQR (inter-quartile range) values

(vertical lines) for each group.
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3.3 Immunolabeling of NTPDase1/CD39 and Ecto-5’-NT/CD73 in GP lung samples

NTPDasel/CD39 and Ecto-5’-NT/CD73 were expressed in the lung parenchyma, bronchus and pulmonary
arteries. Both proteins were expressed in all the tunics of the pulmonary arteries (endothelial and muscular
cells), with no differences observed between them. Therefore, we used the immunoexpression in the muscular
layer for our analysis of pulmonary arteries (Table 2). Semiquantitative NTPDase1/CD39 analysis showed that
its expression was reduced in the parenchyma in the untreated CS and Ex-CS groups compared to the SHAM +
VH group, but not in the bronchus and pulmonary arteries. BAY 41-2272 treatment showed a tendency to raise

NTPDasel/CD39 expression in the parenchyma and bronchus of the CS and Ex-CS groups and in the pulmonary

arteries of the CS group.

Ecto-5’-NT/CD73 immunolabeling was weaker in the parenchyma, bronchus and pulmonary arteries of
the untreated CS and Ex-CS groups compared to the SHAM + VH group. In the control group, BAY 41-2272
treatment enhanced Ecto-5’-NT/CD73 expression in the pulmonary arteries. The lungs of the CS and Ex-CS
groups treated with BAY 41-2272 showed increased expression of Ecto-5’-NT/CD73 in all the structures

analysed (parenchyma, bronchus and pulmonary arteries) compared to the untreated groups.

No statistically significant differences were found in immunolabeling of NTPDase1/CD39 and Ecto-5'-
NT/CD73 in GP lung samples compared to the SHAM + VH group. Representative images of the CD39 and CD73

immunolabeling and the effect of BAY 41-2272 treatment are shown in Figure 4.



Table 2. NTPDase1/CD39 and Ecto-5’-NT/CD73 immunostaining intensity by groups. Data are expressed

as n (%). No statistical differences were found between groups (Chi2 test, p>0.05).



(%9'87) T (%52) T (%0) 0 (%eF1) 1 (%£91) 1 (%0) 0 + | (%8582 ¢ (%52) T (%0) 0 (%0) 0 (%eeee) T (%£991) T +
(%1729 ¥ (%£9) 6 (%2¢£) € (%1729 ¥ (%09) € ++ | (%8580 T (%S2) 9 (%G28) L (%98°Th) € (%eeee) T (9%£999) ¥ ++
(%e¥D) 1 (%eD T (%€9) S (%9°82) T (%ee8) ¢ (%0%) ¢ ++H (982h) € (%0) 0 (%sTD 1 (%98°2h) ¢ (%ge7¢e) T (%£9791) T +H
8=N 9=N 6=N 8=N 9=N
£=N 8=N L=N L=N 8=N £=N 9=N
AVd AVd HA AVd AVd
AV +SD HA+SD + SOXxd HA+SDXd + JVHS WVHS Ampe freuowmg | AVE+SD HA+SD + SOx3 HA+SOXd + WWVHS HA+WVHS | 4mdye Areuowng
(%) T - i
(%982) T (%) T (%0) 0 (%e¥D) 1 (%L91) 1 (%0) 0 + | (%6THD) 1 (%0) 0 (%0) 0 (6CFD T (%0) 0 (%0) 0 +
(%6'2h) € (%£9) 6 (%2£) € (%1729 ¥ (9%02) 1 ++ | (6D T (%S9 € (%g2D) 1 (%6TFD) T (%ee€e) T (%09) € ++
(%9'87) T (%en) 1T (%€9) S (%9'87) T (%g€8) & (%08) ¥ +++ | (%P1 S (%579 S (%G°28) £ (%€¥'12) § (%£999) ¥ (%09) € -+
8=N 9=N G=N 8=N 9=N
£=N 8=N £=N =N 8§=N =N 9=N
AVe AvVe HA AVe AVd
AVd +SD HA+SD + SOXd  HA+SDXd + INVHS WVHS snmpuorg | AVA+SD  HA+SD + SOxd HA+SOXd + WVHS HA+WVHS snydpuorg
(%e¥D) 1 (%52) T - (%S 1 -
(%EPD) 1 (%sD)c  (%sD) T (%EPD) 1 (%0) 0 (%0) 0 + | (%8580 T (%S20) ¢ (%0) 0 (%98°Ch) € (%09) € (%£9791) T +
(%9°82) T (%s)c  (%sD) T (%129 ¥ (%08) ¢ (%0%) ¢ ++ | (%8580 C (%579 S (%S2) 9 (%S8°2h) € (%ge7€e) T (%£9791) T ++
(%6TH) € (%s)c  (%09) ¥ (%9°82) T (%08) ¢ (%09) € ++ | (%98Th) € (%0) 0 (%52) ¢ (%6T¥%1) T (%£9791) T (%£9'99) ¥ +H+
8=N 9=N 6=N 8=N 9=N
L=N 8=N L=N L=N 8=N £=N 9=N
AVd AVd HA AVd AVd
AVL +SD HA+SD + SDxd HA+SDXd +  JNVHS WVHS vwfypuareg | AV+SD HA+SD + SOXd HA+SOXd + WVHS HA+JAVHS ewdypuare

€4dD LN-.S-014

6£dD/1esedd.IN




Figure 4. NTPDase1/CD39 (4A) and Ecto-5’-NT/CD73 (4B) immunostaining by groups in the
bronchus (upper panels) and pulmonary arteries (lower panels) (4A). In the parenchyma,
NTPDase1/CD39 expression was decreased in the untreated CS and ex-CS groups compared with
control group. Treatment with BAY 41-2272 increased the NTPDase1/CD39 expression in the
parenchyma and bronchus of the CS and Ex-Cs groups compared with the control group. In the
pulmonary arteries, NTPDase1/CD39 immunolabeling remained unchanged between groups.
(4B) Ecto-5’-NT/CD73 expression was weaker in all structures in untreated CS and Ex-CS groups
than in with controls; treatment with BAY 41-2272 showed increased expression of Ecto-5’-

NT/CD73 in parenchyma, bronchus and pulmonary arteries. Bar size is 100 um.
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3.4 Morphometry and inflammatory cells in lung samples

Data on lung morphometry and inflammatory infiltrates in this animal model have been
previously reported [25]. No significant correlation was found between inflammatory cell counts
(macrophages and neutrophils) and the gene expression of ENTPD1 and NT5E, based on the
analysis of individual data (data not shown).
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4. Discussion

The focus of the present study was to analyse the gene and protein expression of
ENTPD1/CD39 and NT5E/CD73 and the effect of BAY 41-2272, a stimulator of sGC, in lung tissue
in an animal model of emphysema. To the best of our knowledge, this is the first study to analyse
the effect of an sGC stimulator on the expression of genes and proteins associated with

purinergic signaling in experimental COPD.

In our animal model of emphysema, we demonstrated a lower gene expression of both
ENTPD1 and NT5E in the lungs of both smokers (CS group) and former smokers (Ex-CS group)
compared to the control group (SHAM group). Although our findings were not statistically
significant, except for NT5E in the CS + VH group, the results are in line with those of other
studies indicating that purinergic signaling is involved in the development of COPD. Differences
in the expression pattern of certain genes associated with the purinergic pathway have been
reported in the lung tissues of COPD patients and smokers without obstruction [15]. These

changes may be responsible for the pulmonary inflammation that characterizes this disease.

Our group previously observed reductions in lung expression and activity of CD39 in
patients in the initial stages of COPD [16]. Consistent with our findings, Kratzer et al. [27] found
a significant downregulation of CD39 in the lungs of rats with emphysema caused by CS
exposure. In contrast, other studies have reported an upregulation in CD39 in peripheral blood
samples from COPD patients with an acute exacerbation compared to patients with stable COPD
and healthy patients [28]. Lazar et al. also found increased cell levels of CD39 in BALF and sputum
cells from COPD patients compared to those from smokers and non-smokers [14]. These
contradictory findings may be attributable to the differences in the samples used in the studies,
or to the fact that patients were at different stages of the disease. The influence on CD39
expression of an acute condition such as a respiratory infection in the exacerbation of COPD or

active tobacco consumption may be different from that of chronic lung damage.

The role in COPD of CD73, another key enzyme in purinergic signaling, is still not well
understood. Its encoding gene, NT5E, seems to be overexpressed in the lungs of smokers
without obstruction but not in COPD patients, suggesting that adenosine generated by the
hydrolysis of AMP by CD73 may contribute to a decrease in the inflammatory environment in
the lungs [15]. These findings for NT5E/CD73 support the idea that the upregulation of
ENTPD1/CD39 and NT5E/CD73 could be a compensatory mechanism in acute lung damage

(active smoking and acute exacerbation) [15, 16].
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Treatment with an sGC stimulator tends to restore the expression of ENTPD1 in all groups,
including the control group (SHAM +VH vs SHAM+BAY), although our study not showed
statistically significant differences. Therefore, hypothesis that treatment with BAY 41-2272
could act by enhancing ENTPD1 expression and could revert the downregulation of ENTPD1 and
NT5E observed after CS exposure cannot be confirmed. On the other hand, the effect of BAY 41-
2272 treatment on the expression of NT5E remains unclear since its expression remained almost
unchanged in the SHAM and Ex-CS groups after treatment. In contrast, the expression of NT5E
was partially restored in the smoker group (CS+VH vs CS+BAY). These differences in NT5E may
be due to the length of exposure to CS (3 months in Ex-CS group vs 6 months in CS group). The
results of the protein expression analysed by immunohistochemistry and western blot were in
line with those of the gene expression studies, as the protein expression of NTPDase1/CD39 and

Ecto-5’-NT/CD73 increased after treatment with BAY 41-2272.

Treatment with a sGC stimulator has been previously studied in COPD, where it has been
shown to reduce oxidative stress and attenuate the inflammatory response in the lungs induced
by CS [24-26]. sGC stimulator treatment also has beneficial effects on lung vasculature, reducing
pulmonary arterial pressure and right ventricular hypertrophy. Our findings may suggest a new
beneficial effect of treatment with an sGC stimulator in COPD that upregulates ENTPD1/CD39
and NT5E/CD73 expression in lung tissues, thus reducing ATP levels and inflammation. However,

further studies of this issue are required.

Data on lung morphometry and inflammatory infiltrates in lung tissue from this animal
model have been reported previously [26]. In our study, we failed to find a significant correlation
between lung morphometry, inflammatory cell counts and the gene expression of ENTPD1 and
NT5E based on the analysis of individual data. However, Paul et al. [26] reported an increase in
inflammatory cells in the lung tissue of animals exposed to tobacco smoke which had developed

emphysema as well as an inhibitory effect of BAY 41-2272 on inflammatory cell infiltration.

Several studies have described an interaction between nitric oxide (NO) and ATP. For
example, Ruiz-Stewart et al. showed that NO and sGC are involved in ATP supply/demand as
mediators, with changes in ATP levels regulating NO signaling through sGC [29]. Moreover, ATP
and ADP have been shown to induce endothelial nitric oxide synthase (eNOS) via P2 receptors

(also involved in the purinergic pathway), increasing NO generation [30].

Although it is not well established how purinergic and NO signaling interact in modulating
ATP levels, or whether the two pathways share some signaling mechanisms, our findings suggest

that sGC stimulation could activate the purinergic pathway, thereby enhancing ENTDP1/CD39
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and NTE5/CD73 expression in lung tissues and consequently reducing ATP levels and leading to
a decreased inflammatory environment in COPD. Other ways of measuring ATP levels, such as
exhaled breath condensate, have been previously used, but no differences have been found
between healthy patients and COPD patients, suggesting that airway ATP levels are under the
complex control of multiple factors [31] More studies are required to shed more light on the

relationship between the purinergic and NO signaling pathways in COPD.

The main limitation of this study was the large number of groups, which meant that each
group produced only a limited number of samples. This made it difficult to draw conclusions
about the effect of BAY 41-2272 on the genes and proteins associated with purinergic signaling.
Secondly, we only analyzed the gene and protein expression of the main purinergic enzymes. In
future work it would be interesting to extend the study to other molecules of the purinergic
pathway, using new molecular techniques to better understand the interaction of this complex

signalling pathway.

In summary, this study showed a downregulation in the gene expression of NT5E/CD73 in
the lungs of an animal model of CS-induced emphysema, with a guanylate cyclase stimulator
that tends to upregulate the expression of ENTPD1 and NT5E, thereby partially reversing the
effects of CS. The findings suggest the involvement of a new mechanism in the prevention of
emphysema with this treatment. We observed, for the first time, an interaction between the
NO and purinergic signaling pathways in COPD. More studies are needed to better understand
how the NO and purinergic signaling pathways interact with ATP and inflammation in COPD

pathophysiology so as to identify new possible therapeutic strategies.
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Article 3. Expression of CD73 ectonicleotidase and inflammatory profile by clinical

phenotypes in COPD.

Ester Cuevas, Elisabet Aliagas, Paula Camps, Carmen Lores, Mariana Mufioz-Esquerre,
Marta Lopez-Sdnchez, Sara Marti Marti, Salud Santos

Sumbitted

Resum: L'ATP extracel-lular s'associa amb la persisténcia de la inflamacid cronica en
pacients amb MPOC, especialment en aguditzadors freqlients. L'objectiu va ser analitzar
I'expressié de |'ectonucleotidasa CD73 en pacients amb MPOC amb diferents fenotips
clinics definits per les aguditzacions i la seva relacié amb les principals cél-lules i citocines

inflamatories.

Metodes: Es tracta d'un estudi prospectiu i observacional que inclou pacients amb
MPOC estable classificats en: aguditzadors (>2 exacerbacions/any) i no aguditzadors. Es
van recollir mostres de sang i d'esput tant en condicions estables com durant episodis
d'aguditzacié (AMPQC). Es van analitzar citocines i marcadors inflamatoris (IL-6, IL-8, IL-
13, TNFa, fibrinogen i PCR) i es va determinar |'expressié proteica de CD73 mitjancant

ELISA.

Resultats: Es van incloure un total de 47 pacients (24 aguditzadorsi23 no aguditzadors).
Els nivells d’interleucines i de CD73 en sang i esput no va variar significativament entre
els dos grups. Durant I’AMPOC, el CD73 séric dels pacients va disminuir significativament
en comparacio amb els nivells basals en situacio d’estabilitat, perd només en els pacients
que no rebien tractament cronic amb azitromicina (n=17; p=0.013), mantenint-se sense

canvis significatius en aquells que si es trobaven sota aquest tractament (n=6).

Es va observar una correlacio positiva entre els nivells de CD73 en esput i I’eosinofilia
durant I’AMPOC. No es va observar correlacio entre CD73 i altres cel-lules o marcadors

inflamatoris.

Conclusions: El perfil inflamatori i els nivells de CD73, basat en el fenotip clinic per
aguditzacions, no mostra diferéncies significatives. Tanmateix, la correlacié positiva

entre I'enzim CD73 i l'eosinofilia podria indicar una potencial implicacié de la via
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purinérgica en la inflamacid eosinofilica d’aquests pacients. El tractament amb
azitromicina podria tenir un efecte immunomodulador en I'aguditzacié de I'MPOC

actuant a través de la via purinéergica.
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ABSTRACT

Extracellular ATP from the purinergic pathway is associated with the persistence of chronic
inflammation in certain clinical phenotypes of COPD, particularly in frequent exacerbators. The
aim of this study was to analyze the expression of the ectonucleotidase CD73 in COPD patients
with different clinical phenotypes defined by exacerbations and its relationship with key

inflammatory cells and cytokines.

This is a prospective and observational study involving stable COPD patients classified into:
exacerbators (=2 exacerbations/year) and non-exacerbators. Blood and sputum samples were
collected both during stable conditions and during exacerbation episodes (AECOPD). Cytokines
and inflammatory markers (IL-6, IL-8, IL-13, TNF-alpha, fibrinogen, and CRP) were analysed, and

CD73 protein expression was determined by ELISA.

A total of 24 exacerbators and 23 non-exacerbators COPD patients were included. CD73
expression in blood and sputum samples did not differ significantly between groups. During
AECOPD, serum CD73 decreased compared to the patient's baseline level during the stable
phase. There was a trend to higher CD73 expression in sputum at higher eosinophil levels. No
correlation was observed between CD73 and other inflammatory markers. A significant
decrease in serum CD73 levels during exacerbations was observed in patients without
azithromycin treatment compared with those under chronic treatment with azithromycin
(p<0.013). In sputum, a greater but not significant decrease in CD73 was observed in patients

under azithromycin treatment (p=0.064).

Our findings do not show differences in the inflammatory profile based on the exacerbator
phenotype. However, the positive correlation between CD73 and eosinophilia may indicate a
potential involvement of the purinergic pathway in eosinophilic inflammation in these patients.
Additionally, azithromycin as an immunomodulator treatment could play a role in modulating

the purinergic pathway.

Key words: CD73, purinergic signalling, inflammation, eosinophils, COPD, AECOPD.



INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is a systemic inflammatory disease in which
acute exacerbations have an effect in the natural history of the disease and also impact quality
of life and mortality rates [1]. Different interventions to prevent exacerbations are used
according to guidelines such as, non-pharmacological measures (quitting smoking, regular
exercise...) and pharmacological measures (bronchodilator, inhaled corticosteroid...) [2].
However, up to one third of patients with COPD still suffer AECOPD despite appropriate
treatment indicating the existence of different COPD phenotypes [3, 4]. Because of these, new
biomarkers and/or therapeutic strategies are needed to improve control and prevent

exacerbations in COPD patients.

Different inflammatory phenotypes and endotypes in COPD have been described. COPD
inflammation is usually due to neutrophil and macrophage cells [5] but up to 15% of patients
with COPD have elevated blood eosinophils [6, 7] and, eosinophilia in COPD seems to be
associated with more exacerbations [8]. The role of eosinophils in COPD is still not well
understood and therapies such as inhaled corticosteroids and anti-IL5, have minor or
insignificant effects in eosinophilic COPD patients compared to asthma patients [9, 10].
Different subpopulations of eosinophils have been described in asthma [11] and recently
distinguished between asthma and COPD [12]. These findings, could suggest that eosinophils
involved in COPD behave differently from those in asthma, which could explain the differences

in patient’s treatment responses.

Extracellular adenosine 5- triphosphate (ATP) is involved in the pathogenesis of COPD [13]. ATP
is hydrolysed by CD39 to adenosine 5-monophosphate (AMP), and subsequently to adenosine
by ecto-5'-nucleotidase / CD73 [14]. In COPD, ATP accumulation induces the recruitment and
activation of neutrophils and macrophages in the lung which in turn stimulates the release of
pro-inflammatory mediators promoting a pro-inflammatory environment and emphysema [13,
15-17]. An inflammatory environment in COPD, would activate the purinergic signalling
including CD39 and CD73, as a way to diminish inflammation. In the last decades, the purinergic
pathway has been widely studied in respiratory diseases and also in COPD but, the role of CD73

in COPD is less well known, as it is the second step of ATP hydrolysis [18].

The objective of this study is to analyse and compare the expression of CD73 enzyme in blood

and sputum samples in different phenotypes of COPD patients defined by the number of



exacerbations and its relationship with inflammatory cytokines. A secondary objective, is to
analyse the possible relationship of CD73 with the etiology of the exacerbation (infectious,
inflammatory, heart failure). The findings from this study may contribute to the identification of

novel biomarkers and improve the understanding of COPD heterogeneity.

MATERIALS AND METHODS

Study population and follow up

This is a prospective an observational study performed in severe COPD patients with different
clinical phenotypes based on their exacerbation history. The severity of COPD was defined
according to the GOLD guidelines as FEV1/FVC <70% and frequent exacerbations as 2 or more
in the last year [19]. Exacerbations were defined as increases in respiratory symptoms that
worsen within less than 14 days and may be accompanied by tachypnoea and/or tachycardia
and are often associated with increased local and systemic inflammation [20]. Patients were

divided into two groups: Exacerbator COPD and Non-Exacerbator COPD.

COPD patients were consequently included from a monographic outpatient clinic of a tertiary
hospital. Patients were classified as frequent exacerbators if they had two or more
exacerbations in the previous year, and non-frequent exacerbators if they had less than two
exacerbations. Blood and sputum samples as well as a functional study (spirometry and WT6m)
were performed on all of these patients. All socio-demographic and anthropometric data, COPD
history and symptoms test (CAT, mMRC), were assessed at all visits in both groups. In the
Exacerbator group, an additional visit during an exacerbation was performed, where sputum

and blood samples were also collected (figure 1).

All patients signed an informed consent form in accordance with the principles outlined in the
Declaration of Helsinki, and the study was approved by the local ethics committee (CEIC, ref.

PR036/18).



Figurel. Study design. COPD: Chronic Obstructive Pulmonary Disease
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Sample collection and processing.
Serum: venous blood samples were obtained. After 2 hours at room temperature, they were
centrifuged for 15 minutes at 1000. The supernatant was frozen at -80 °C until analysis.

Sputum collection and bacterial load detection: Sputum samples were obtained spontaneously

or induced during the exacerbation (AECOPD) before starting any antimicrobial treatment and
during a stable situation (in both groups, Exacerbator COPD and Non- Exacerbator COPD). Only
good-quality sputum samples were considered (i.e., with 25 leukocytes per low-power field)
following the microbiological routine [21]. Briefly, samples were homogenised with
dithiothreitol (Sputasol, Oxoid Ltd., Hants, United Kingdom), and plated onto blood agar,
chocolate agar, and MacConkey agar before overnight incubation at 37°C in a 5% CO2
atmosphere (blood and chocolate agar) or ambient air (MacConkey agar). Bacterial colonies
were sub-cultured for identification by matrix-assisted laser desorption/ionization time-off-light

mass spectrometry (Bruker Daltonik GmbH, Bremen, Germany)

CD73 analysis in serum and sputum.
To measure serum and sputum levels of CD73 commercial Enzyme-Linked Immunosorbent Assay

(ELISA) kits (ab213761) were used. These procedures were performed according to the



manufacturer’s instructions. Results were obtained with a spectrophotometer (length of 450

nm).

Inflammation quantification in serum and sputum samples

Analysis was performed by enzyme-linked immunosorbent assay (ELISA). Cytokine
concentrations (IL-4, IL-6, IL-13 and TNa) were measured in serum samples and supernatants of
sputum samples using a multiplex immune-bead assay (Milliplex MAP High Sensitivity Human T
cell panel Kit; Merck Millipore). All procedures were performed according to the manufacturer’s

instructions. Results were obtained with a spectrophotometer (length 450 nm).

Other serum inflammatory and cardiac parameters were obtained by the usual laboratory
analysis, including leucocytes, neutrophils, eosinophils, troponins, fibrinogen, N-terminal Pro-B

type natriuretic peptide (BNP), c reactive protein (CPR).

Statistical analysis

Data are expressed as means + standard deviation (SD) or medians [25th—75th percentile] for
continuous data and as frequencies (percentage) for categorical data. T-student for independent
and paired data (parametric), or Mann—Whitney (non-parametric) tests, applying the Bonferroni
method if the Kruskal-Wallis test found significant differences, were used to make comparisons.
Statistical analysis was performed using IBM SPSS version 22.0 (IBM Corp., Armonk, NY, USA). A

p-value < 0.05 was considered statistically significant.

RESULTS

Study population.

Forty-seven patients were included: 24 Exacerbator COPD patients, corresponding to group E of
the current GOLD classification and 23 non-Exacerbator COPD patients corresponding to groups
A-B of the current GOLD classification [19]. The mean age was 6818 years. Exacerbator COPD
phenotype had more airway obstruction (FEV;43.8 + 15.9% vs 61.4 + 18.8%, p = 0.001) and a
higher score in Modified Medical Research Council (MMRC) dyspnea symptom scale (2 [2-2] vs
1 [1-2] p = 0.007) than the Non-Exacerbator COPD phenotype. COPD patients with frequent
exacerbations had a severe respiratory disease and a higher risk of mortality than the non-
Exacerbator phenotype measured by the BODE (Body Mass Index, Airflow Obstruction,
Dyspnoea, and Exercise capacity) score (4 [3-5] vs 1 [1-3], p < 0.001) and had more exacerbations

per year than the Non- Exacerbator COPD phenotype (3 [2-3] vs 0 [0-0]; p < 0.001). At the time



of inclusion, inhaled corticosteroids (ICS) therapy was used in 22 patients (91.7%) in the
Exacerbator phenotype and only eight patients (34.8%) in Non-Exacerbator COPD phenotype.
PaCO2 was higher in Exacerbator COPD patients than in Non-Exacerbator COPD patients (44.57

+ 7.35 mmHg vs 40.3 £ 2.62 mmHg; p = 0.06). These results are shown in Table 1.

Table 1. Study population.

AGE*

MALE (%)

HYPERTENSION (%)

DYSLIPIDEMIA (%)

DIABETES MELLITUS (%)

ISCHEMIC HEART DISEASE (%)
BRONCHIECTASIS (%)

CHARLSON INDEX*

SMOKING (%)

PACK-YEAR INDEX*

BMI (kg/m2)*

FVC POST-BRONCHODILATOR (L)*
FVC POST-BRONCHODILATOR (%)*
FEV1 POST-BRONCHODILATOR (L)*
FEV1 POST-BRONCHODILATOR (%)*
FEV1/FVC (%)*

POSITIVE BRONCHODILATOR RESPONSE (%)*
TLC (%)*

RV (%)*

DLCO (%)*

KCO (%)*

DYSPNEA (mmRC)*

NUMBER OF EXACERBATIONS IN THE PAST
YEAR*
LAMA TREATMENT (%)

LABA TREATMENT (%)

INHALED CORTICOSTEROIDS TREATMENT (%)
AZITHROMYCIN TREATMENT (%)

HOME OXYGEN THERAPY (%)

DISTANCE 6MWT (m)*

PaCO2 (mmHg)*

Pa02 (mmHg)*

CARBOXYHEMOGLOBIN (%)*

*Data presented as mean + standard deviation.
p-value <0.05: statistically significant.

TOTAL, STUDY
POPULATION
(N=47)
67.68 +7.94

36 (76.6)
28 (59.6)
20 (42.6)
13 (27.7)
11 (23.4)
23 (50)
3.61 +1.99
46 (97.9)
54.18 +25.36
27.99 +£5.12
2.72 +0.71
87.80 +20.09
1.30 +0.50
53.89 +18.72
47.87 £12.72
5 (10.6)
120.0 +21.54
176.7 +59.59
55.69 +18.50
65.68 +24.19
1.80 +0.69
1.61 +1.60

43 (91.5)
44 (93.6)
31 (66.0)

7 (14.9)
4(8.5)
372.45 +112.25
42.41 +5.86
81.95 +16.98
2.10 +1.66

NON-EXACERBATOR
COPD
(N=23)
66.87 £ 6.52

18 (78.26)
12 (52.17)
8 (34.78)
5(21.74)
5(21.74)
12 (52.17)
3.78 +2.35
22 (95.6)
56.72 £ 23.45
28.21+5.94
2.79 +0.68
91.44 +20.33
1.40 +0.49
61.39 + 18.81
51.44 +13.81
5(21.73)
119 + 25.84
163.0 + 53.66
63.89 + 18.17
73.83 £21.30
2.52+0.73
1.43 +1.47

21(91.3)
20 (86.95)
8 (34.78)
0
0
401.7 +107.23
403 +2.62
80.45 + 15.90
2+1.37

EXACERBATOR COPD
(STABLE PHASE)
(N=24)

68.46 £9.17

18 (75)

16 (66.7)
12 (50)
8(33.33)

6 (25)

11 (45.83)
3.71+2.05
24 (100)
51.9 + 26.63
27.58 +47.26
2.30+0.64
76.25+14.24
1.02 +0.45
43.79 +15.92
44.13 +10.16
2(8.33)
123.9+19.11
194.4 + 63.26
52.02 +14.28
61.89 +21.89
3.08+0.50
3.83 +1.13

22 (91.67)
24 (100)
22(91.67)
7(29.17)
4(16.67)
342.95+108.3
4457 +7.35
88.26 +21.23
2+1.91

p-VALUE

0.5

0.47
0.45
0.57

0.77
0.45
0.48
0.43
0.68
0.016
0.005
0.007
0.001
0.046

0.47

0.10

0.01
0.068
0.007
<0.001

0.11
0.008
0.009

0.11

0.38

0.06

0.66

0.98



Inflammation and CD73 expression.

Comparing the stable situation (Exacerbator COPD and Non-Exacerbator COPD phenotypes), a
significantly higher levels of troponins and fibrinogen in blood samples in Exacerbator-COPD
patients (22.5 + 20.47 vs 12.19 + 7.26, p = 0.036 and 3.86 + 0.85 vs 3.28 + 0.71; p = 0.017
respectively) was observed. No differences in the white cell count (leucocytes, neutrophils,
eosinophils) were observed during stable situation in both groups, but a higher number of total
eosinophils was found in the Non-Exacerbator group (238.6. +200.2 vs 157.7 + 127.5, p>0.05).

Inflammatory cytokines didn’t show statistically differences between phenotypes (table 2).

For paired data, comparing stable Exacerbator patients vs acute exacerbation, higher levels of
leucocytes and neutrophils in patients during the acute exacerbation (7882,61 + 2214,76
vs10691,67 + 4317, p= 0,04 and 5492 + 2079.19 vs 11908 * 16414.63, p= 0, 02 respectively)
were found (table 2). No differences in the other white cell count were found. Fibrinogen, CRP
and NT-proBNP, also had higher levels during AECOPS compared with stable Exacerbator COPD
(3,28 +0,71vs 4,97 £ 1,01, p<0.001; 5,04 + 8,24 vs 51,88 +54,1, p<0,001 and 191,48 + 291,46 vs
435,78 + 587,72, p=0,006, respectively). IL-6 was also significantly higher during the acute
exacerbation (13.45 + 16.91 vs 4.42 + 3.66; p=0.003).

In serum, CD73 expression was higher in Exacerbator COPD patients in both situations, during
the stable phase and during the acute exacerbation, compared with Non-Exacerbator patients
(table 2). However, a decrease in CD73 levels during an acute exacerbation compared with stable

Exacerbator patients was observed (2465.7 + 1625.8 vs 1985.6 + 1235.5; p>0.05).

In sputum, CD73 expression was higher in Exacerbator patients compared with the acute
exacerbation (955 + 815.7 vs 479.7 +444.5; p>0.05) and Non- Exacerbator patients (955 + 815.7
vs 650.27 + 510.8). Otherwise, CD73 expression was lower during the acute exacerbation

compared with Non- Exacerbator patients (479.7 +444.5 vs 650.27 + 510.8) (Table 2).

Table 2. Inflammatory markers and CD73 expression in stable COPD (Non-Exacerbator COPD vs

Exacerbator COPD phenotypes) and in an acute exacerbation (AECOPD).

CRP: C- reactive protein; NT-proBNP: N-terminal pro-B type natriuretic peptide



STABLE COPD

Non-Exacerbator Exacerbator COPD  p- value AECOPD p-value *
COPD

CD73 SERUM (PG/ML) 3311,2 £2714.5 2465,7 £ 1625,78 0,181 1985,6 +1235,48 0,296
CD73 SPUTUM (PG/ML) 650,10 £ 510,79 955,3 + 815,74 0,647 479,7 + 444,46 0,207
IL-4 (PG/ML) 19,10 £ 25,34 13,5+ 13,07 0,881 14,39 + 14,68 0,743
IL-6 (PG/ML) 6,4+5,74 4,42 + 3,66 0,384 13,45 +16,91 0,003
IL-13 (PG/ML) 7+13,48 5,85 18,07 0,373 5,73+6,18 0,750
TNF-A (PG/ML) 149+5,3 12,23 +5,27 0,817 15,82 + 6,82 0,935
LEUCOCYTES 8095,83 +2270,89  7882,61 +2214,76 0,75 10691,67 + 4317 0,004
(CEL/pL)

EOSINOPHILS (CEL/pL) 238,6 £ 200,2 157,7 £127,5 0,106 128,6 £ 93,47 0,622
NEUTROPHILS (CEL/pL) 5631 + 2850, 77 5492 +2073,19 0,752 11908 + 16414,63 0,02
FIBRINOGEN 3,86 + 0,85 3,28+0,71 0,016 4,97 £1,01 <0,001
CRP 8,45+ 12 5,04 + 8,24 0,26 51,88 +54,1 <0,001
NT-PROBNP 267,58 £ 411,78 191,48 + 291,46 0,62 435,78 + 587,72 0,006
TROPONIN 22,5+20,47 12,19+ 7,26 0,036 25,04 £ 21,09 0,37

* P-VALUE <0,005: STATISTICALLY SIGNIFICANT. T-TEST FOR INDEPENDENT GROUPS (STABLE COPD: NON-EXACERBATOR VS
EXACERBATOR COPD)
*P-VALUE: <0,005: STATISTICALLY SIGNIFICANT. PAIRED T-TEST (STABLE EXACERBATOR COPD VS AECOPD)

Correlation analysis between inflammation parameters and CD73 was completed. A trend
toward higher levels of eosinophils and increased CD73 expression in serum was observed
(p>0.05). This trend was also observed in sputum (figure 2). No correlation between CD73 and

cytokines, white cell count or inflammatory and cardiac parameters was observed (figure 3).

Figure 2. Correlation between sputum CD73 levels and blood eosinophilia in stable COPD (Non-

Exacerbator COPD and Exacerbator-COPD) and acute exacerbation (AECOPD).
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Exacerbator-COPD) and acute exacerbation (AECOPD).
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A sub analysis based on treatment with or without azithromycin was conducted in the

Exacerbator group during stable situation and during AECOPD. CD73 count was significantly

lower in serum during an exacerbation in patients without treatment with azithromycin

(2381,25 [1208,75-3310] vs 1742,5 [1254,38-2726,25], p <0.013) compared with patients under
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chronic treatment with azithromycin. In sputum, a higher decrease of CD73 was observed in
patients with chronic treatment with azithromycin (1311,11 + 918,72 vs 386 + 349,13; p=0,064)
compared with patients without chronic treatment with azithromycin (747,12 + 674,46 vs

510,13 £ 129,66, p =0.065).

Table 3. CD73 and inflammatory markers by treatment with or without azithromycin.

Azithromycin No azithromycin
N =6 N=17
EXACERBATOR COPD AECOPD p EXACERBATOR AECOPD p
(stable) stable COPD
CD73 serum 2773,75 £ 2409,63 2292,29 0,14 2381,25 [1208,75- 1742,5 [1254,38- 0,013
(pg/mL) 1859,13 3310] 2726,25]
CD73 sputum 1311,11 +£918,72 386 £349,13 0,064 747,12 £ 674,46 510,13 £ 129,66 0,65
(pg/mL)
IL-4 (pg/mL) 14,21 + 13,64 14,14 + 0,85 6,64 [2,7-23,8] 7,4 [3,7-21,43] 0,23
13,89
IL-6 (pg/mL) 5,87 +4,04 7,714,211 0,46 3,2 [1,06-6,81] 9,62 [5,17-19,83] 0,002
IL-13 (pg/mL) 2,69 [0,88-8,83] 4,92[2,99- 0,25 3,02 [0,86-6,73] 3,98 [0,11-5,93] 0,5
14,11]

TNF-a 14,63 + 3,54 16,35+5,33 0,29 14,55 [10,9-21,55] 13,92 [10,9-22,4] 0,89
(pg/mL)
NEUTROPHIL  4326,67 + 1831,62 5736,67 £ 0,73 5280 [4465-7060] 9300 [6785-10670] 0,001
S 2802,75
(cel/pL)
Eosinophils 221,68 £185,41 153,33 0,13 131,18 £ 92,73 119,41 + 87,84 0,58
(cel/pL) 139,81

Acute exacerbation characteristics in Exacerbator COPD.

Twenty-three patients were included with AECOPD. Data and complementary examinations
were collected according to the study protocol and were carried out by a pulmonologist from
the unit. All patients included in the study received systemic corticosteroid therapy and
empirical antibiotic treatment according to medical criteria. A total of 8.7% received diuretic
treatment for suspected concomitant heart failure. None of them required hospital admission.
Patients were re-evaluated 4 to 6 weeks after the exacerbation, at this time sputum samples

were also collected in addition to the examinations from visit 2 (spirometry, WT6m, analysis...).



Sputum was obtained from all patients in AECOPD. Twenty sputum cultures were obtained and
pathogenic microorganisms were isolated in 60% of them, with Haemophilus influenzae being
the most frequent bacteria isolated (58%) followed by Branhamella catarrhalis (16%). At
baseline, 16 sputum samples were obtained and pathogenic germs were isolated in only 4 of

them (16.6%).

AECOPD Stable-phase

Microorganism

. Haemophilus influenzae

. Streptococcus pnemoniae
Neisseria meningitidis

. Corynebacterium propinguum

. Moraxefla catarrhalis

Pseudomonas seruginosa

B =scresichia coti

. Stenotrophomonas maltophilia

Normal URT microbiota

e

DISCUSSION
This is a prospective observational study focused on characterising the clinical and biological
differences between severe COPD patients with frequent exacerbations (Exacerbator

phenotype) and those without frequent exacerbations (Non-exacerbator phenotype).

To our knowledge, this is the first study of the purinergic pathway in different phenotypes of
COPD and its correlation with the main inflammatory markers. We evaluate CD73 expression in
serum and sputum samples and its relationship with the main inflammatory markers in the
different phenotypes of COPD patients defined by the number of AECOPD: Non-exacerbators
(<2 AECOPD/year) vs Exacerbators (>2 AECOPD/year).

Our main result was a positive correlation between CD73 in sputum and the number of
eosinophils in serum suggesting a potential implication of the purinergic pathway in the
eosinophilic inflammation in COPD patients. It is known, that high levels of eosinophils in
sputum, in both, stable conditions and during exacerbations in COPD patients, exist [22] and
that eosinophils are able to secrete ATP and stimulate the secretion of pro-inflammatory

mediator by activating P2Y2 receptors [23]. The secretion of ATP produced by eosinophils would



activate the purinergic pathway in order to degrade ATP and this could explain the increased
levels of CD73 in sputum found in this study. Different subtypes of eosinophils in serum and
sputum could explain that we did not find correlation between CD73 in serum and eosinophils,

as it has been described before that different subtypes exist in COPD blood samples [12].

We could not find CD39 in serum or sputum even though we used different ELISA kits; however,
we were able to find CD73, as it had been previously isolated from serum and plasma [24]. CD73
is a transmembrane protein that converts AMP to adenosine [18]. Adenosine has pro- or anti-
inflammatory effect depending on the receptor where it acts [25] and on acute or chronic
disease states. In acute situations adenosine acts as a protective mechanism under acute stress
by diminishing inflammation [26]. By contrast, chronic high levels of adenosine can promote
tissue injury and fibrosis [27]. In COPD, Careta et al, showed an overexpression of NT5E (CD73
encoding gene) in the lungs of smokers without COPD, but not in COPD patients, suggesting that
the hydrolysis of AMP made by CD73, resulting in adenosine could help reduce the inflammatory
lung environment in these patients [28]. These findings for NT5E/CD73 support the idea that, in
acute lung damage (active smoking and acute exacerbation), the upregulation of ENTPD1/CD39

and NT5E/CD73 could be a compensatory mechanism [28, 29].

Our findings, show higher levels of CD73 in serum in Non-Exacerbator COPD patients than in
Exacerbator patients during stable conditions but (table 2), higher levels of CD73 were found in
sputum samples of stable Exacerbator patients compared to non-Exacerbator COPD patients
(p>0.05). In AECOPD, CD73 in serum and sputum decreased compared with those patients in
stable situation (p>0.05). These seemingly contradictory findings in CD73 isolation between
Non-Exacerbator and Exacerbator COPD patients and in AECOPD, could be explained by
different hypotheses: 1) the purinergic pathway may act in different ways depending on the
tissue studied (serum and sputum), 2) the exacerbator phenotype has a severe disease as they
have a lower FEV; (p <007) and the CD39/CD73 axis could be more dysfunctional; 3) the
purinergic pathway has a different role during the acute and chronic inflammation. These
apparently contrary findings in the purinergic pathway have been previously documented in
COPD. For example, Tan et al [30], showed enhanced expression of CD39 on circulating T-cell
subsets in patients with an exacerbation of COPD compared with patients with stable COPD. On
the other hand, other studies have shown decreased levels of CD39 in stable COPD patients in
lung tissues [29, 31]. These findings show the complexity of the role of purinergic pathway in

COPD.



We did not find differences in the inflammatory profile between Non-exacerbator COPD patients
and Exacerbator patients [34]. During AECOPD, as expected, leucocytes, neutrophils, fibrinogen,
CRP and NT-proBNP were enhanced compared with Exacerbator COPD in the stable phase. We
also found significantly higher levels of IL-6 during AECOPD (p<0,003). IL-6 has been widely
studied in COPD and seems to play an important role in maintaining chronic inflammation and

increasing the risk of death [32].

All AECOPD were treated with antibiotics because of a suspected respiratory infection and only
two patients received diuretic treatment for suspected heart failure. As expected, the most
frequently isolated microorganism during AECOPD was Haemophilus influenzae (58%) followed
by Moraxella catarrhalis (16%). Azithromycin is recommended in COPD patients with frequent
exacerbations [3, 33, 34] as it has immunomodulatory and anti-inflammatory effects that reduce
exacerbations and inflammatory markers [35—-37]. Since nearly 30% of Exacerbator COPD
patients in our study received chronic treatment with azithromycin we analysed the
inflammatory profile based on treatment with or without azithromycin. Interestingly, we found
that CD73 in serum was significantly lower during AECOPD (p<0,013) in patients without chronic
treatment with azithromycin compared with those under chronic treatment with azithromycin.
In sputum, a higher decrease of CD73 was observed in patients receiving chronic treatment with
azithromycin (p=0,064) compared with patients without chronic treatment with azithromycin.
These differences in the expression of CD73 in serum and sputum observed depending on the
treatment with azithromycin, could suggest that azithromycin could also act as an

immunomodulator on the purinergic pathway.

The main limitation of this study is that we only found CD73 in serum and sputum, despite using
different ELISA kits in an attempt to also find CD39 (Cusabio (CSB-ELO07690HU); LSBIO (LS-
F11376) and MYBIOSOURCE (MBS907317). We also tried to find ATP in serum unsuccessfully.
Another limitation is that, only a few sputum samples were obtained from Non-Exacerbator
patients, even though induced sputum was performed. This made it difficult to draw conclusions
on the implication of the purinergic findings in different COPD phenotypes and during an
exacerbation. Nevertheless, this study serves to generate new hypotheses about the role of the
purinergic pathway in COPD and encourages further investigation into eosinophils in COPD and
its relationship with the purinergic pathway as these cells seem to be more involved in chronic

pulmonary disease than has been traditionally thought.



CONCLUSIONS:

The inflammatory profile of patients with COPD does not show differences based on the
exacerbation phenotype. However, a positive correlation between CD73 in sputum and the
number of eosinophils suggests a potential implication of the purinergic pathway in the
eosinophilic inflammation in COPD patients. Treatment with azithromycin as immunomodulator

could have a role on the purinergic pathway.
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Article 4: Systemic and functional effects of continuous azithromycin treatment in

patients with severe chronic pulmonary disease and frequent exacerbations.

Ester Cuevas, Daniel Huertas, Concepcién Montdn, Alicia Marin, Anna Carreras-Salinas,
Xavier Pomares, Marian garcia-Nufiez, Sara Marti, Salud Santos

Resum: El tractament continu amb azitromicina pot disminuir les aguditzacions de la
malaltia pulmonar obstructiva cronica (AMPOC), perd es coneix poc el seu impacte a

nivell sistémic i funcional en pacients de vida real.

Meétodes: Es tracta d'un estudi observacional prospectiu multicéntric de pacients amb
MPOC greu que van iniciar tractament amb azitromicina. Diferents proves es van
realitzar previ a l'inici del tractament i després de 3 i 12 mesos de tractament. Aquestes
incloien proves de funcié pulmonar, un test de la marxa de 6 minuts (6MWT) i estudis
d’'immunoabsorcié enzimatica (ELISA) de marcadors sérics i d'esput, com les
interleucines (IL-6, IL-8, IL-13, IL-5), el receptor 2 del factor de necrosi tumoral (TNFR2) i
marcadors inflamatoris. Es van reportar les ratios d'incidéencia (IRR) i els seus intervals

de confianca del 95% (IC 95%).

Resultats: De 478 pacients amb MPOC sever, 42 van iniciar tractament amb azitromicina
i van experimentar disminucié de les AMPOC (IRR, 0,34; IC 95%, 0,26-0,45) i les
hospitalitzacions (IRR, 0,39; IC 95%, 0,28-0,49). El tractament també es va associar amb
una millora significativa de la pressio arterial parcial d'oxigen (9,2 mmHg, IC del 95% 1,4-
16,9) als 12 mesos. Mentre que TNFR2 va disminuir significativament tant en mostres
de serum com d'esput, IL-13 i IL-6 només es van reduir significativament en serum. A
més, un nivell elevat d'IL-8 séric i d'esput va predir una bona resposta clinica al

tractament de forma significativa.

Conclusions: El tractament continu amb azitromicina en una cohort de pacients amb
MPOC greu i aguditzacions freqlents pot reduir significativament el nombre i la gravetat
de les aguditzacions i millorar l'intercanvi de gasos. El tractament canvia el patré dels
aillats de microorganismes i disminueix la resposta inflamatoria. Cal destacar que la IL-8

pot tenir utilitat com a predictor de la resposta clinica al tractament amb azitromicina.
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Barcelona, Spain

Background: Continuous treatment with azithromycin may lead to fewer acute
exacerbations of chronic obstructive pulmonary disease (AECOPD), but little is
known of its impact on systemic and functional outcomes in real-life settings.

Methods: This was a multicenter prospective observational study of patients with
severe COPD who started treatment with azithromycin. Tests were compared at
baseline and after 3 and 12 months of treatment. These included lung function
tests, a 6-min walking test (6MWT), and enzyme-linked immunosorbent assays
of serum and sputum markers, such as interleukins (IL-6, IL-8, IL-13, IL-5), tumor
necrosis factor receptor 2 (TNFR2), and inflammatory markers. Incidence rate
ratios (IRR) and their 95% confidence intervals (95% Cl) are reported.

Results: Of the 478 eligible patients, the 42 who started azithromycin experienced
reductions in AECOPDs (IRR, 0.34; 95% CI, 0.26-0.45) and hospitalizations
(IRR, 0.39; 95% CI, 0.28-049). Treatment was also associated with significant
improvement in the partial arterial pressure of oxygen (9.2 mmHg, 95% CI 14—
16.9) at 12 months. While TNFR2 was reduced significantly in both serum and
sputum samples, IL-13 and IL-6 were only significantly reduced in serum samples.
Moreover, an elevated serum and sputum IL-8 level significantly predicted good
clinical response to treatment.

Conclusion: Continuous azithromycin treatment in a cohort of patients with
severe COPD and frequent exacerbations can significantly reduce the number
and severity of exacerbations and improve gas exchange. Treatment changes
the pattern of microorganism isolates and decreases the inflammatory response.
Of note, IL-8 may have utility as a predictor of clinical response to azithromycin
treatment.
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1. Introduction

Chronic obstructive pulmonary disease (COPD) is an inflammatory
and systemic disease that affects the airways. Acute exacerbations of
COPD (AECOPD) affect not only the natural history of the disease but
also quality of life, the number of hospitalizations, and mortality rates
(1). Exacerbations, which are frequently caused by respiratory viral or
bacterial infections, are events characterized by increases in respiratory
symptoms that worsen in <14 days, may be accompanied by tachypnea
and/or tachycardia, and are often associated with increased local and
systemic inflammation (2). Various interventions have been shown to
prevent AECOPDs, including both non-pharmacological measures
(e.g., quitting smoking, respiratory rehabilitation, and vaccines) and
pharmacological measures (e.g., bronchodilator and corticosteroid
inhalers) (3). Nevertheless, 25-30% of patients still experience
AECOPD, indicating that these measures do not prevent all cases (4).

Randomized controlled trials have demonstrated the efficacy of
prophylactic azithromycin in reducing AECOPDs, and as such,
current clinical guidelines recommend its use in patients with frequent
exacerbations despite optimal inhaled therapy (5-7). However, there
is limited evidence on the most appropriate time of administration or
the most effective dose needed to control exacerbations and minimize
side effects. Albert et al. compared the use of 250 mg of azithromycin
per day for 1year irrespective of COPD severity or frequency of
AECOPD. They showed both an increased time lag between
exacerbations and a decrease in the frequency of exacerbations
compared to placebo (5). The COLUMBUS trial also showed that
500mg of azithromycin three times a week for 1year significantly
reduced (42%) the exacerbation rate compared with placebo in
patients with three or more AECOPDs annually (6). Finally, a more
recent study found that doses of 250 mg and 500 mg three times a week
had comparable effectiveness at preventing exacerbations in patients
with severe COPD and frequent exacerbations, and that this could
minimize the potential side effects of a long-term antibiotic therapy (7).

Antibiotic prophylaxis in AECOPDs may increase the risk of
selection for resistant bacteria, facilitating the spread of antimicrobial
resistance. Even though azithromycin is usually well-tolerated drug,
undesirable side effects can still result from polypharmacy, advanced
age, and comorbidities in real-world settings. Moreover, the
therapeutic response can vary depending on the characteristics and
baseline statuses of patients. Investigating what factors predict a

Abbreviations: 6MWT, 6-min walking test; AECOPD, acute exacerbation of COPD;
AMI, Acute myocardial infarction; COPD, Chronic obstructive pulmonary disease;
CRP, C-reactive protein; ELISA, Enzyme-linked immunosorbent assay; HGTIP,
Hospital Germans Trias | Pujol; HPT, Hospital Parc Tauli; HUB, Hospital Universitari
de Bellvitge; ICS, inhaled corticosteroids; JNK, c-Jun N-terminal kinase; LABA,
long-acting p,-agonist; LAMA, long-acting muscarinic antagonist; MMP9, Matrix

metalloproteinase 9; MUC5AC, Mucin 5AC; URT, Upper respiratory tract.
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favorable response, both in the number of exacerbations and their
functional effects, is of particular clinical interest.

This study aimed to analyze the systemic and pulmonary functional
changes associated with severe COPD in patients with frequent
exacerbations after continuous azithromycin treatment, their effect on
microbiological isolates in residual exacerbations, and the potential
involvement of inflammatory and immunomodulatory mechanisms.

2. Methods
2.1. Study design

This was a multicenter, observational, and prospective study of
patients with severe COPD and frequent exacerbations who regularly
attended comprehensive care programs in the respiratory day hospitals
of three university hospitals in Barcelona. The participating hospitals
were Hospital Universitari de Bellvitge (HUB), Hospital Parc Tauli
(HPT), and Hospital Germans Trias i Pujol (HGTiP). All patients who
started treatment with azithromycin according to clinical guideline
recommendations and practice (8) were included consecutively
between January and December, 2017.

2.2. Patient selection

COPD was defined according to the GOLD recommendations: a
history of smoking (>10 pack-years) and an FEV1 (forced exhalation
volume in 1second) to FVC (forced vital capacity) ratio <70% (8). By
clinical consensus, and with the objective of homogenizing the
selection between the different centers, we included patients at the
maximum therapeutic step in the 6 months prior to inclusion if they
had frequent exacerbations, defined as >4 moderate AECOPDs in the
last year (>3 if two were severe), and had sputum cultures negative for
mycobacteria. Patients with contraindications to macrolide therapy
(allergy, long QT syndrome), different respiratory pathologies, lack of
suitability for macrolide treatment, according to the clinician’s criteria
(severe cardiovascular disease, hearing loss, use of co-therapies that
prolong the QT interval or drug interactions) and prior use of
azithromycin or inhaled colimycin (not concomitant initiation)
were excluded.

All patients signed an informed consent form in accordance with
the principles outlined in the Declaration of Helsinki, and the local
ethics committee approved the study (CEIC, ref. SSP-AZI-2016-01).

2.3. Visits and follow-up

All included patients started treatment with azithromycin 250 mg

three times per week for lyear. Sociodemographic data,

anthropometrics, COPD history, and symptom evaluations were
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collected in all patients. Symptom tests included the COPD Assessment
Test (CAT), London Chest Activity of Daily Living Scale (LCADL) (9),
and the modified Medical Research Council (mMRC) Dyspnea Scale.
In addition, participants underwent a 6-min walking test (6MWT),
respiratory functional test, and arterial blood gas analyzes at baseline
and after 3 and 12 months of follow-up. Blood and sputum samples
were collected at all visits for laboratory determinations. All moderate
and severe exacerbations were recorded and treated according to
appropriate criteria and guidelines. Exacerbations from the year before
starting treatment were also registered. An exacerbation was defined
as any event that caused a worsening of respiratory symptoms and that
required modification of the patient’s usual treatment.

2.4. Quantification of inflammatory
parameters in blood and sputum

Serum samples were obtained from venous blood. After allowing
the sample to stand at room temperature for 2 h, it was centrifuged for
15min at 1000 x g, and the supernatant was taken for analysis.

Sputum was separated from contaminating saliva by macroscopic
examination, before being weighed and homogenized with 4 volumes
of dithiothritol (Sputasol, Oxoid Ltd., Hants, United Kingdom). After
15 min at room temperature, the same volume of phosphate-buffered
saline was added and the whole mixture was filtered and centrifuged
at 600xg for 15min. The supernatant was stored at —80°C
for determinations.

Analysis was performed by enzyme-linked immunosorbent assay
(ELISA). Cytokine concentrations (IL-5, IL-6, IL-8, IL-13) were
measured in serum samples and supernatant sputum samples using a
multiplex immune-bead assay (Milliplex MAP High Sensitivity
Human T cell panel Kit; Merck Millipore). TNR2 was analyzed with
a Human soluble TNF Receptor 2 ELISA Kit (sSTNFRII; RAB0490).
All procedures were performed according to the manufacturer’s
instructions, centralized in one of the centers.

2.5. Sputum collection and bacterial load
detection

Sputum samples were obtained spontaneously at visits and during
AECOPD episodes before starting any antimicrobial treatment. Only
good quality sputum samples were considered (i.e., 25 leukocytes per
low-power field) following the microbiological routine (10). Briefly,
samples were homogenized with dithiothreitol (Sputasol, Oxoid Ltd.,
Hants, United Kingdom), and plated onto blood agar, chocolate agar,
and MacConkey agar before overnight incubation at 37°C in a 5% CO,
atmosphere (blood and chocolate agar) or ambient air atmosphere
(MacConkey agar). Bacterial colonies were sub-cultured for
identification by matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (Bruker Daltonik GmbH, Bremen, Germany).

2.6. Statistical analyzes

Data are expressed as means * standard deviation (SD) or
medians [25th-75th percentile] for continuous data and as
frequencies data. Multiple

(percentage) for categorical

Frontiers in Medicine

10.3389/fmed.2023.1229463

comparisons were evaluated by chi-squared (categorical), student
t (parametric), or Mann-Whitney (nonparametric) tests, applying
the Bonferroni method if the Kruskal-Wallis test found significant
differences. A negative binomial regression model was used to
study the number of exacerbations after treatment, reporting the
incidence rate ratio (IRR) and 95% confidence interval (95%CI).
Different predictive statistical models were fitted for each
analytical or clinical variable of interest, adjusted by age and
Charlson index. A value of p of 0.05 was considered statistically
significant. IBM SPSS version 22 (IBM Corp., Armonk, NY,
United States) was used for all analyzes.

3. Results
3.1. Study subjects

Of the 478 eligible patients with severe COPD in three
respiratory day hospitals, we included 42 (8.8%) who started
azithromycin (Figure 1; mean age 72.2+7.09years). Fifty-eight
patients were already under treatment with long-term azithromycin
therapy and were excluded; therefore, 21% of patients in this cohort
were treated. At the time of inclusion, all patients were receiving
combined inhaled bronchodilator therapy, long-acting p,-agonists
(LABAs) and long-acting muscarinic antagonists (LAMAs), 39
(93%) inhaled corticosteroids (ICS) and nine (21%) long-term
oxygen therapy. Participants corresponded to group E of the current
GOLD classification (8), having severe airflow obstruction (mean
FEV, 44.5% + 13.8%), an average mMRC dyspnea symptom score
of 2, and a median of 5 (4-6) exacerbations during the previous year
(Table 1). Patient characteristics were comparable among the three
participating hospitals. Only 37 patients finished the study, with
patients withdrawn due to cardiac pathology (n=3; 1 acute
myocardial infarction, 2 QT prolongations), diarrhea (n=1), and
personal preference (n=1).

3.2. Clinical and functional effects after
continuous azithromycin treatment

A significant improvement in the partial arterial pressure of
oxygen (PaO,) was observed after treatment with azithromycin at 3
and 12 months compared with the baseline visit (9.21 mmHg increase
at 12months; 95%CI, 1.45-16.97). This was also associated with a
significant improvement in oxygen saturation both at rest and during
exercise. However, symptoms (except for a slight improvement in CAT
and LCADL scores), the 6SMWT distance, and lung function did not
differ significantly after 12 months (Table 2).

3.3. Inflammatory changes in serum and
sputum

Most serum and sputum inflammatory parameters improved after
treatment with azithromycin (Table 3). Of note, treatment significantly
lowered serum IL-13, IL-6, and TNFR2 levels, but only lowered
sputum TNFR?2 levels, with no significant correlation found between
serum and sputum levels (data not shown). The decreased
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58 were already under treatment
with azithromycin.

21% patients receive treatmen
with azithromycin.

Patients from respiratory day hospital
(HUB, HGTIP, HPT)

Total 478

V1 - Baseline

t] sl 42 patients included

V2 - 3 months of treatment

40 patients

V3 - 12 months of treatment

37 patients

Inclusion criteria:

o Treatment with the maximum therapeutic
step in the 6 months before inclusion.

* Frequent exacerbations in the previous year
(24 moderate or >3 if two were severe).

* Negative sputum culture to mycobacterium.

2 withdrawal:
¢ Patient's decision (n = 1).
e Death (AMI, n = 1).

3 withdrawal:
® Diarrhoea (n =1).
* QT prolongation (n = 2).

FIGURE 1
Patient flowchart. AMI, acute myocardial infarction; HUB, Hospital Universitari de Bellvitge; HGTiP, Hospital Germans Trias | Pujol; HPT, Hospital Parc
Tauli.
inflammatory response was more consistent in serial required hospitalization (mean, 74days; Table 4). Therefore,

serum determinations.

3.4. Predictors of clinical response in study
participants

After analyzing all serum markers and functional variables, an
increase in baseline IL-8 predicted a positive response to azithromycin
treatment and a reduction in exacerbations (Supplementary Table S1).
Among the sputum markers, a high IL-8 level was also independently
associated with good clinical response (Supplementary Table S2).

3.5. Effect of treatment with azithromycin
on COPD exacerbations

The 37 participants had 188 exacerbations (5.1+1.6 AECOPD/
patient) in the year before starting azithromycin compared with only
65 during treatment (1.8 + 1.4 AECOPD/patient; p <0.0001; Figure 2).
The IRR of AECOPD after treatment was 0.34 (95%CI, 0.26-0.45),
indicating that patients had an approximate 66% reduction in acute
(86%)
exacerbations were moderate and 26 (14%) were severe and required

exacerbations after treatment. Before treatment, 162

hospitalization (mean, 184 days in hospital). During treatment, 55
(84.6%) exacerbations were moderate and 10 (15%) were severe and
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hospitalizations fell by 61.5% at 12 months (IRR, 0.39; 95%CI, 0.28-
0.49). Although fewer patients required hospital admission, their
mean hospital stays tended to be longer (7.7 +3.7 vs. 12.3+ 14.7 days).

3.6. Microbiological effect of continuous
azithromycin treatment

A total of 95 microorganisms were obtained during the 188
AECOPD in the year before starting treatment with azithromycin,
which decreased to only 41 microorganisms during 65 AECOPD
throughout the follow-up period. There was a significant reduction in
frequent sputum isolates, such as Haemophilus influenzae (p=0.0128)
and Moraxella catarrhalis (p=0.0031) (Table 4), and a significant
increase in infrequent microorganisms, such as Stenotrophomonas
maltophilia (from 2.2 to 10.3%; p =0.0448). Microorganisms otherwise
increased in the upper respiratory tract, and sputum isolates of
Pseudomonas aeruginosa and Streptococcus pneumoniae did not change.

Opverall, the pattern of microbiological isolates changed with the
intensity of AECOPD from before to after azithromycin therapy
(Figure 3). In moderate AECOPD, M. catarrhalis decreased from 26.6
to 2.8% (p=0.0026) and S. maltophilia increased from 0 to 11.1%
(p=0.0026), with a reset observed in the usual upper respiratory tract
bacterial microbiota from 11.4 to 47.2% (p<0.0001). In severe
AECOPD, P, aeruginosa isolates increased from 1 to 3 (p=0.0075) and
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TABLE 1 Clinical and functional characteristics of study patients.

10.3389/fmed.2023.1229463

Age, years 722 (7.09) 71.5 (4.76) 722 (7.91) 73.1(8.7) 0.838
Male, n (%) 38(90.5) 13 (86.7) 12(92.3) 13 (92.9) 0.947
BMI, kg/m? 27 (5.31) 26.7 (4.48) 28.7 (5.01) 25.7 (6.2) 0.326
Charlson index 2[1-3] 1[1-2.75] 2.5 [1.75-4] 1[1-2] 0.074
Current smokers, 1 (%) 4(9.52) 0(0) 3(23.1) 1(7.14) 0.174
Pack-years 57.9 (28.9) 59.6 (24.5) 60 (44) 53.9(17.1) 0.865
FEV,, % reference 44.5 (13.8) 40 (7.2) 47.3 (14.3) 49.2 (23.9) 0.407
FEV,/FVC, % reference 45.4 (11.5) 39.5 (8.57) 54.7 (8.57) 39 (12) 0.003
RV, % reference 153 (43.5) 165 (46.5) 126 (36.9) 169.4 (30.3) 0.098
DLCO, % reference 45.6 (21) 46.8 (15.5) 54.5 (24.9) 28.8 (18) 0.092
6MWT, meters 341 (107) 326 (106) 371 (124) 333 (97) 0.562
PaO, 69.2 (17.07) 72.2 (9.28) 69.3 (28.8) 66.1 (66.1) 0.675
PaCO, 42.2 (8.39) 42.4 (6.69) 45.3 (11.3) 40.8 (6.6) 0.378
Dyspnea mMRC 2[2-2] 2[2-2] 2[1-2] 2[2-2.75] 0.007
CAT 16 [11-21] 16 [11.2-21] 14 [11-19] 17 [11.5-21] 0.749
LCADL 21 [17-29.5] 21 [17-24] 21.5 [18-24] 18 [14-30] 0.579
BQ index 4[1-6] 2[0-6.5] 2[0-7.5] 6[4.25-10.5] 0.061
Previous exacerbations 5[4-6] 6 [4-7.5] 4 [4-5] 5 [4.75-5.75] 0.135

Data are presented as mean (SD) or median [25th-75th percentile]. 6sMW'T, 6-min walking test; BMI, body mass index; BQ index, bronchiectasis index; CAT, COPD Assessment Test; DLCO,
diffusing lung capacity for carbon monoxide; Dyspnea mMRC, dyspnea scale modified Medical Research Council; FEV, forced expiratory volume in one second; FVC, forced vital capacity;
HUB, Hospital Universitari de Bellvitge; HGTiP, Hospital Germans Trias I Pujol; HPT, Hospital Parc Tauli; LCADL, London chest activity of daily living scale; PaO,, partial arterial pressure of
oxygen; PaCO,, partial arterial pressure of carbon dioxide; RV, residual volume; SD, standard deviation; *p < 0.05 significant.

TABLE 2 Clinical and functional effects of continuous azithromycin in
patients with severe COPD.

Parameters Baseline 3 months 12 months p-
value
Dyspnea mMRC,
1 (%) 0.697
1 7 (18.9) 7(18.9) 7 (19.4)
2 26 (70.3) 23 (62.2) 23 (63.9)
3 4(10.8) 7 (18.9) 6 (16.67)
CAT 16.2 (6.2) 14.5 (4.8) 13.9 (4.8) 0.059
LCADL 23.9 (12.7) 23.6 (12.4) 28.4 (12.7) 0.141
FEV,, % reference 38.3(14.3) 37 (14.5) 37 (13.8) 0.696
FVC, % reference  64.9 (17.2) 64.1(17.2) 60.1 (20.8) 0.292
PaO,, mmHg 69.2 (18.0) 74.7 (14.0) 79.2 (14.6) 0.008"
PaCO,, mmHg 43.2(8.7) 429 (6.5) 43.3(6.1) 0.944
6MWT
Meters 345 (105) 354 (79) 352 (83.9) 0.539
SatQ, initial,
% 92.2 (4.0) 93.1(3.5) 94.3 (1.9) 0.002*
SatO, end, % 87 (7.8) 87.1(8.6) 89.7 (5.5) 0.035%

Data are expressed as mean (SD). *p <0.05 significant (in bold). 6MW'T, 6-min walking test;
CAT, COPD Assessment Test; Dyspnea mMRC, dyspnea scale modified Medical Research
Council; COPD, chronic obstructive pulmonary disease; FEV, forced expiratory volume in
one second; FVC, forced vital capacity; LCADL, London Chest Activity of Daily Living scale;
PaCO,, partial arterial pressure of carbon dioxide; PaO,, partial arterial pressure of oxygen.
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S. pneumoniae isolates increased from 0 to 2 (p=0.0078) after
azithromycin therapy.

4. Discussion

This multicenter, prospective, observational study analyzed the
systemic and functional real-life effects of continuous treatment
with azithromycin in patients with severe COPD and frequent
exacerbations managed in respiratory day hospitals. In addition to
confirming that azithromycin effectively reduced the rate of
moderate to severe COPD exacerbations, we provide the first
evidence that treatment also improves gas exchange, both at rest
and during exercise, after 1year of treatment. Of the interleukin
profiles analyzed in this study, IL-8 and TNFR2 presented as the
major inflammatory mediators in the immunomodulatory response
to azithromycin in patients with COPD. Baseline elevations of
IL-8 in both blood and sputum samples predicted the therapeutic
response and may indicate its potential utility as a biomarker.
Changes were also observed in the microbial composition of
subsequent AECOPD episodes after treatment, with the
identification of potentially pathogenic microorganisms with
unusual patterns of intrinsic antibiotic resistance that required
treatment. This increases our knowledge about how azithromycin
treatment affects the inflammatory response and bacteria selection
in the airways, together with the implications for future
COPD exacerbations.
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TABLE 3 Inflammatory changes at baseline and after 3 and 12 months of treatment with azithromycin.

Parameters SERUM SPUTUM

Baseline 3 mo. 12 mo. p-value Baseline 3 mo. 12 mo.
Fibrinogen, mmol/L 4.53 (1.4) 3.85(0.8) 2.91(0.99) 0.168 - - - -
CRP, mg/L 15.9 (30.2) 9.42 (21) 5.46 (6.08) 0.142 - - - -
Leukocytes, cels/ pL 8,844 (3,128) 7,580 (1,830) | 7,000 (1,480) 0.051 - - - -
Eosinophils, cels/puL 188 (167) 200 (152) 223 (167) 0.801 - - - -
TNFR2, pg/mL 1,386 (476) 1,246 (535) 1,148 (419) 0.001% 1,590 (1,978) 1,073 (1,638) 624 (886) 0.005*
IL-13, pg/mL 6.53 (12.5) 5.33 (8.64) 221 (2.42) 0.021% 86.1 (83.6) 47.7 (44.1) 69.1(102) 0.339
IL-5, pg/mL 2.71 (7.69) 2.06 (3.25) 2.24 (1.71) 0.65 58.1(73.2) 61.8 (91.7) 94.5 (149) 0.124
IL-6, pg/mL 3.8 (4.70) 2,95 (2.81) 1.34 (3.14) 0.003* 1,993 (3,744) 1,653 (1,869) 1,664 (1,969) 0.568
IL-8, pg/mL 9.17 (5.04) 8.88 (3.95) 8.23 (3.26) 0.26 212,852 (648,466) o795 e 0.169

(70,014) (98,487)

Data are expressed as mean (SD). *p <0.05 significant (in bold). CRP, C-reactive protein; IL, interleukin; Mo., months; TNFR2, tumor necrosis factor receptor 2.

Patients (n)

0 1 2 3 4 5 6
Acute exacerbations (n)

FIGURE 2

treatment (red bars) and after 12 months of treatment (green bars).

7 8 9 10

Distribution of exacerbations per patient before and after treatment. Graph shows the number of exacerbations in the year before starting azithromycin

. Pre-treatment

|:| Post-treatment

As expected, continuous azithromycin treatment in patients with
severe COPD and frequent exacerbations led to fewer exacerbations
(up to 66%) after 1year of treatment, even using a dosage of 250 mg 3
times a week. From the limited published evidence available (only two
clinical trials (5, 6), both carried out in a different profile of COPD
patients) does not allow a categorical and unanimous recommendation
for the type of patient chosen and the dose to be administered (8). In
other chronic inflammatory respiratory diseases, such as
bronchiectasis, the dosage of 250 mg 3 times a week for 1year has been
used successfully, minimizing side effects. Moreover, in airways of
these patients, this dosage has demonstrated a significant reduction in
host neutrophilic inflammatory response (11). The high effectiveness
in the control of exacerbations achieved in this study and the few side

effects also support the use of this dosage in clinical practice in COPD
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patients. Previous studies have shown that patients with more severe
COPD and higher numbers of exacerbations during the previous year
had higher reductions in AECOPD with azithromycin treatment
(5-7). These results are consistent with the high effectiveness observed
in this study and support the need to identify candidates for preventive
therapy accurately and to avoid the use of azithromycin in patients
with less severe disease who may not benefit. However, it was notable
that neither baseline lung function nor the number of previous
exacerbations predicted treatment response in this cohort. Instead,
baseline elevations of IL-8 in both blood and sputum samples
predicted the therapeutic response, suggesting that this could be a
useful biomarker in clinical practice (12, 13).

Another novel finding was the improved arterial oxygenation
in patients after 12 months of treatment with azithromycin, both at
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TABLE 4 AECOPD characteristics before and after 1year of azithromycin treatment.

10.3389/fmed.2023.1229463

Pre-treatment Post-treatment p-value
Patients with AECOPD, n (%) 37 (100) 30 (81.1) 0.0054*
AECOPD cases (mean + SD) 188 (5.1+1.6) 65 (1.8+1.4) <0.0001°*
AECOPD intensity, n (%)
Severe 26 (13.8) 10 (15.4) 0.8370
Moderate 162 (86.2) 55 (84.6) 0.8370
Hospitalization, n (%) 26 (13.8) 10 (15.4) 0.8370
Days of hospital stay (mean + SD) 184 (7.7+3.7) 74 (12.3+14.7) 0.0709
Microbiology pattern AECOPD, n (%)
Cultured samples 91 (48.4) 39 (60.0) 0.1069
Uncultured samples** 97 (51.6) 26 (40.0) 0.1069
Potential pathogenic bacteria (%)*
Haemophilus influenzae 28 (30.8) 4(10.3) 0.0128*
Moraxella catarrhalis 22(24.2) 1(2.6) 0.0031°*
Pseudomonas aeruginosa 12 (13.2) 5(12.8) 0.9547
Streptococcus pneumoniae 6 (6.6) 5(12.8) 0.2424
Stenotrophomonas maltophilia 2(2.2) 4(10.3) 0.0448*
Achromobacter xylosoxidans 2(2.2) 2(5.1) 0.3753
Corynebacterium spp. 2(2.2) 2(5.1) 0.3753
Enterobacter spp. 2(2.2) 0(0) 0.3508
Escherichia coli 2(2.2) 0(0) 0.3508
Serratia marcescens 2(2.2) 0(0) 0.3508
Citrobacter freundii 1(1.1) 0(0) 0.5111
Klebsiella oxytoca 1(1.1) 0(0) 0.5111
Pasteurella multocida 1(1.1) 0(0) 0.5111
Haemophilus parainfluenzae 0(0) 1(2.6) 0.1252
Normal URT bacterial microbiota 12 (13.2) 17 (43.6) <0.0001*

#*Low quality sputum or no expectoration; #more than one microorganism was isolated in some samples; *p <0.05 significant (in bold). AECOPD, acute exacerbations of chronic obstructive

pulmonary disease; URT, upper respiratory tract.

rest and after exercise, which was associated with effective control
of AECOPD. To the best of our knowledge, gas exchange analysis
has not been evaluated in studies of azithromycin in patients with
COPD. Given that exercise tolerance and lung functional
parameters did not improve with azithromycin therapy, this
indicates a dissociation between systemic functional data and gas
exchange. There are some mechanisms through which azithromycin
may improve gas exchange in patients with COPD. The most
important is provided by the drug’s anti-inflammatory properties,
which reduce the chronic inflammatory response that occurs in the
lungs of COPD patients. The decrease in inflammatory markers in
blood and sputum after starting prolonged treatment with
azithromycin would indicate less airway inflammation and, as a
result, an improvement in the pulmonary ventilation-perfusion
ratios of treated patients, which presumably contributes to the
improvement of gas exchange. In addition, azithromycin can
modulate the immune response in the lungs, which may help reduce
inflammation; finally, by reducing the frequency and severity of
exacerbations, further lung damage can be prevented, leading to
more effective lung function.

Frontiers in Medicine 07

After analyzing the inflammatory parameters in serum and
sputum samples, we observed a numerical improvement in most
variables. This was particularly notable in the significant reductions of
serum IL-13 and IL-6, as well as serum and sputum TNFR?2, after
12 months of treatment. The decreased inflammatory response was
more consistent in serial serum determinations than in sputum
determinations. Moreover, our predictive models showed that high
inflammatory marker and IL-8 levels at baseline predicted a good
response to treatment. These immunomodulatory and anti-
inflammatory effects of macrolides are well described in the literature
(14, 15). Of the interleukin profiles analyzed in this study, IL-8 and
TNFR2 presented as the major inflammatory mediators in the
immunomodulatory response to azithromycin in patients with
COPD. Studies indicate that macrolides take part in proinflammatory
cytokine suppression (16-18) and inhibit the transcription and
liberation of IL-8, which is important to neutrophil chemotaxis (19).
Azithromycin has also been shown to inhibit TNFa-induced
production of IL-8 via the JNK signaling pathway and to inhibit
MUCS5AC production and MMP9. These factors combine to reduce
mucus production, which is beneficial for patients with COPD (18).
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AECOPD intensity

Severe

Overall

Pre-treatment

91 AECOPD - 32 patients

16 AECOPD - 10 patients

Moderate

Microorganism
. Haemophilus spp
. Moraxella catarrhalis

75 AECOPD - 30 patients . Pseudomonas aeruginosa

Post-treatment

39 AECOPD - 23 patients

FIGURE 3

Change of microbiology by AECOPD severity during long-term azithromycin therapy. The number inside each donut chart indicates the number of
bacterial isolates. Pre-treatment indicates the year before azithromycin treatment, and post-treatment indicates the first year of azithromycin

treatment.

5 AECOPD - 5 patients

Streptococcus pneumoniae
Stenotrophomonas maltophilia
4] Enterobacteria

- Other

. Normal URT microbiota

34 AECOPD - 21 patients

An animal model further showed that TNFa levels were reduced after
macrolide treatment, and that this was associated with inhibited
neutrophil recruitment in the lungs (12). Other effects of macrolides
on cytokines include the modulation of dendritic cells by inhibiting
IL-6 and stimulating IL-10 (13). In addition, a potential role of
azithromycin in the T helper 2 (Th2) inflammatory pathway has been
described, with evidence that it inhibits the expression of different
IL- 13-induced genes to reduce mucus expression (i.e., MUC5AC)
(20). Overall, our results therefore support previous findings, showing
a reduction in cytokine levels associated with neutrophil and
eosinophil inflammatory pathways. These help to resolve acute
infections and reduce exacerbations in patients with chronic
airway diseases.

Despite the significant reduction in exacerbations under
continuous azithromycin treatment, some patients still had further
AECOPD episodes.
hospitalizations, they required more days in hospital to treat severe
AECOPD. They also showed changes in the patterns of
microbiological isolates in sputum samples after continuous

Although these patients had fewer

azithromycin treatment, with fewer frequent (H. influenzae and
M. catarrhalis) and more potentially pathogenic microorganisms
with unusual patterns of intrinsic antibiotic resistance that
required treatment (e.g., S. maltophilia or Achromobacter
xylosoxidans in 15% of isolates). This has clear implications when
selecting empirical antibiotics for residual AECOPDs in patients
receiving continuous azithromycin. Viral infections usually act as
the trigger of the exacerbation, but no routine study of viral
infections was performed in our study. Further research is
therefore required.

Although it was not the scope of our study, many antibiotic
resistance mechanisms have been described among the common
microorganisms after continuous macrolide treatment (21-24).
Indeed, the antimicrobial properties of azithromycin seem to affect
the respiratory microbiota, and this may change the clinical evolution
of COPD. Future studies should therefore look at the impact of
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limiting the use of some antibiotics in future AECOPD episodes based
on the resistance mechanisms that develop after continuous
azithromycin therapy.

The main limitation of the present study is the small sample size
and absence of a control group. However, we did not want to
demonstrate the efficacy of the treatment with azithromycin in a
clinical trial. Instead, we wanted to analyze the effectiveness of
azithromycin in real-world settings among patients with severe COPD
(e.g., older, comorbidities, and frequent exacerbations), who clinical
trials might miss, and to study the role of azithromycin on
inflammation and bacterial isolates in these cases.

In conclusion, continuous azithromycin treatment for patients
with severe COPD, comorbidities, and frequent exacerbations not
only significantly reduces exacerbation and severity rates after 1year
of treatment but also improves gas exchange. Changes are also seen in
microorganism patterns and inflammatory responses after treatment.
Of note, high serum and sputum IL-8 levels at baseline also appear to
predict a good clinical response to azithromycin and may indicate its
potential utility as a biomarker. If proven, IL-8 as could be used to
improve patient selection and reduce microbial resistance in
clinical practice.
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La present tesi doctoral pretén ampliar el coneixement dels mecanismes
inflamatoris i de senyalitzacié purinérgica que regulen els canvis fisiopatologics que
caracteritzen la complexitat de I'MPOC. Per aix0, s’ha estudiat aquests mecanismes tant
en estadis inicials de la malaltia (fumadors sense obstruccid i obstruccié lleu), com en
estadis avancats, analitzant les diferents respostes cel-lulars (T1 i T2) i en diferents
situacions cliniques (estabilitat vs. aguditzacid). S’ha avaluat I'’expressio génica i proteica
dels principals enzims que hidrolitzen I’ATP extracel-lular i marcadors inflamatoris en
mostres de malalts amb MPOC (teixit pulmonar, artéries sistémiques, esput i serum) i
en un model animal d’emfisema induit pel fum del tabac. També s’ha estudiat I'efecte
que tenen certs farmacs sobre la inflamacié i I'expressié dels principals enzims de la via
purinergica. Els resultats de la present tesi obren la porta a desenvolupar noves linies
d’investigacid que permetrien, en el futur, avancar en I'analisi de les diferencies per
fenotip clinic en I'MPOC, identificar als pacients d’acord amb la seva resposta biologica
i buscar noves dianes terapeutiques, indispensable en una malaltia cronica sense

tractaments curatius disponibles.

Implicacié de la via purinérgica en 'MPOC

En les fases inicials de I’ MPOC (GOLD I-1l), hem caracteritzat per primera vegada
els patrons d’expressid dels principals gens involucrats en la via purinergica comparant,
en els mateixos pacients, la seva expressio en teixit pulmonar i en artéries intercostals,
per tal d’identificar els mecanismes que inicien i perpetuen els canvis patogéenics en
aquesta malaltia amb afectacid principalment pulmonar, perd també sistemica.
Utilitzant low-density TagMan arrays, hem trobat un desequilibri entre els enzims que
regulen els nivells extracel-lulars de I’ATP i d’adenosina, fet que afavoreix I'acumulacié

de I'ATP (la qual actua com a molécula proinflamatoria a través dels receptors P2), i
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nivells baixos d’adenosina (la qual actua com a molecula antiinflamatoria a través dels
receptors P1) i que, per tant, causarien un estat d’inflamacid mantinguda a escala

pulmonar en aquests pacients (145).

Els nostres resultats suggereixen que una disminucid de I'expressio dels enzims
que regulen la degradacié de I’ATP (CD39) i dels enzims productors d’adenosina (CD73)
al pulmd i a les arteries sistemiques, podria produir un estat proinflamatori en els
pacients amb MPOC en fases inicials. A diferéncia dels pacients amb MPOC, en fumadors
sense obstruccid, tot i que els enzims que degraden I’ATP es troben també disminuits,
els enzims que afavoreixen la produccié d’adenosina es troben augmentats, suggerint
un mecanisme compensatori en resposta al fum del tabac que no s’observa quan ja hi
ha una obstruccié pulmonar establerta. Per tant, en el cas dels fumadors sense
obstruccio, aquest desequilibri, es corregiria amb I'augment de I'expressié de NT5E, el
gen que codifica el principal enzim de la via purinérgica (NT5E/CD73) que regula la

produccié d’adenosina extracel-lular.

En les fases més avangades de I’'MPOC (GOLD llI-IV), hem analitzat per primer
cop, els enzims de la via purinérgica en fenotips definits pel nombre d’AMPOC: MPOC
no aguditzador (< 2 AMPOC/any) i MPOC amb aguditzacions frequents (>2AMPOC/any)

tant en mostres d’esput com en seérum en situacié d’estabilitat clinica.

Tot i que no vam poder trobar CD39 ni en esput ni en sérum tot i utilitzar diferents
metodes, si vam poder analitzar CD73, el principal productor d’adenosina (146). Els
nostres resultats mostren nivells més alts de CD73 en sérum de pacients amb MPOC no
aguditzadors respecte els pacients aguditzadors en situacié d’estabilitat. Per contra,
vam observar nivells més alts de CD73 en esput en MPOC aguditzador estable que en
MPOC no aguditzador. No vam trobar correlacié entre els nivells de CD73 en sérum i en
esput en els diferents fenotips clinics. Per altra banda, al comparar la fase aguda vs.
I’estable en els pacients aguditzadors, vam observar nivells de CD73 en sérum i esput

disminuits en la situacié aguda respecte a |'estable. Aquests resultats aparentment
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contraris en I'aillament de CD73 entre pacients amb MPOC no aguditzador i aguditzador
i en AMPOC, podrien explicar-se per diferents hipotesis: 1) la via purinérgica podria
actuar de manera diferent depenent del teixit estudiat (serum i esput), 2) el fenotip
aguditzador té una malaltia més greu i I'eix CD39/CD73 podria estar més disfuncional;
3) la via purinérgica té un paper diferent durant la inflamacié aguda i cronica. Aquests
resultats van en linia amb les nostres troballes en les fases inicials de I’'MPOC en les que
es va observar un augment de I'expressido de NT5E (gen que codifica CD73) en teixit
pulmonar dels pacients fumadors sense obstruccié i no en el teixit d’arteries sistemiques
dels mateixos pacients i, també donen suport a la hipotesi que I'adenosina produida per
la hidrolisi de I’AMP per part de CD73, ajudaria a disminuir I’entorn inflamatori de la

malaltia tal com s’ha descrit préeviament a la literatura existent sobre la via purinérgica.

El tabac indueix I'acumulacié de I’ATP extracel-lular a la via respiratoria assolint
nivells alts d’ATP en pacients amb MPOC, fins i tot, quan s’ha abandonat I’habit tabaquic
(120). Mitjangant I'activacié dels receptors P2, I’ATP indueix als macrofags i neutrofils a
la secrecié de molécules proinflamatories i mediadors de degradacid tissular contribuint
aixi, a un estat d’inflamacié cronica en I’'MPOC (117). Per altra banda, I'adenosina té
funcions immunomoduladores, per tant, el seu paper pot ser important en I’'MPOC. De
fet, els receptors d’adenosina s’han proposat com a possibles dianes terapeutiques en
el tractament de 'MPOC (147). No obstant aix0, els estudis realitzats fins ara, s’han
centrat en etapes més avancades de la malaltia (estadis GOLD Il i IV) per avaluar el paper
de I'ATP i I'adenosina en la fisiopatologia de I'MPOC. Donat el doble paper de
I’adenosina segons la situacid, és a dir, actuant com a molecula antiinflamatoria en
processos associats amb malalties pulmonars agudes (148,149) o com a agent
proinflamatori amb funcions de remodelacid tissular en malalties pulmonars croniques
(150), és important distingir entre les etapes inicials i tardanes de I’'MPOC a I’hora de
determinar quin paper desenvolupa I'adenosina en aquesta malaltia. A més, alguns
receptors d’adenosina també actuen com a molécules anti o proinflamatories segons la

situacio de dany pulmonar agut o cronic davant la qual s’activen (151).

131



Altres estudis, realitzats tant en models animals com humans, recolzen els
nostres resultats, ja que, han evidenciat una disminucié en I'expressié de I'enzim CD39
pulmonar en fases inicials de 'MPOC (123,152). Per contra, en altres estudis, s’ha
observat una sobreexpressid de I'enzim CD39 en pacients amb MPOC en situacié
d’aguditzacié de I'MPOC en comparacié amb pacients amb situacié d’estabilitat i
pacients sans (122). El grup de Lazar et al. també ha trobat nivells elevats de CD39 en el
rentat broncoalveolar i en esputs de pacients amb MPOC comparant-los amb fumadors
i no fumadors (121). Aquests resultats, aparentment contradictoris, poden ser
atribuibles a que s’han utilitzat diferents mostres en els estudis o bé al fet, d’haver-se
realitzat en diferents situacions o fases de la malaltia. L'expressié de CD39iCD73 davant
d’una situacié aguda com una infeccid respiratoria en l'aguditzacido de 'MPOC o el
consum actiu de tabac pot ser diferent de I'expressié d’aquests enzims, en context de

dany cronic pulmonar.

Nosaltres hem observat que els pacients fumadors sense obstruccié expressen
més gens que afavoreixen un estat antiinflamatori que els pacients amb MPOC, tant en
teixit pulmonar com en arteéries sistemiques, comparat amb els no fumadors. Un cop
establerta 'MPOC, hem evidenciat que els pacients amb fenotip no aguditzador
presenten nivells més elevats de CD73 en seérum que els pacients amb fenotip
aguditzador. Aquestes troballes, tant en fases inicials com més avancades i en els
diferents fenotips, suggeririen una disfuncié de I’eix CD39/CD73 a mesura que avanga la

malaltia que conduiria a un estat d’inflamacié persistent.

Interaccié entre la via purinérgica i la via del NO

La via purinergica no és I’Unica via de senyalitzacié implicada en la fisiopatologia
de I’'MPQOC sind que n’hi intervenen d’altres, d’aqui el fet que I'MPOC sigui una malaltia
heterogénia i complexa. Segons estudis previs, la via de senyalitzacié de I'0xid nitric,

també es troba alterada en I’'MPOC a través d’una disminucio de I’expressié de guanilat-
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ciclasa soluble (sGC) (153,154) essent un dels mecanismes implicats en la gravetat de la
malaltia (140,155). De fet, s’ha observat que I'administracié d’estimuladors de la sGC
(BAY 41-2272 i BAY 63-2521) en conillets d’indies i ratolins, prevenen el remodelatge
vascular i el desenvolupament d’emfisema (155). Tot i que també s’ha demostrat que
I’estimulacié amb sGC també prevé I'estres oxidatiu induit pel fum del tabac i disminueix
la resposta inflamatoria pulmonar (141), els mecanismes moleculars que produeixen la
disminucio de I'emfisema no sén encara del tot coneguts (156). Diversos estudis han
descrit una interacciod entre I'0xid nitric (NO) i I'ATP. Per exemple, Ruiz-Stewart et al. van
mostrar que el NO i sGC estan involucrats en la demanda/subministrament d'ATP com a
mediadors, produint canvis en els nivells d'ATP i regulant la senyalitzacié de NO a través
de sGC (143). A més, s'ha demostrat que I'ATP i I'ADP indueixen la sintesi d'0xid nitric
endotelial (eNOS) a través dels receptors P2 (també involucrats en la via purinérgica),

augmentant la generacioé de NO (144).

Els resultats del nostre estudi sobre I'efecte del tractament d’un estimulador de
la sGC (BAY 41-2272) sobre la via purinérgica en un model animal d’emfisema en teixit
pulmonar, augmenten l'evidencia sobre la interaccié entre aquestes dues vies de
senyalitzacid i I'efecte d’aquest tractament sobre la via purinérgica. En el nostre estudi,
vam demostrar una menor expressio génica dels principals enzims de la via purinergica,
tant de ENTPD1 (gen que codifica CD39) com de NT5E (gen que codifica CD73) pulmonar
tant dels grups d’animals amb emfisema (fumadors i exfumadors) en comparaciéo amb
el grup control (animals no exposats al fum del tabac i sense emfisema). El tractament
amb un estimulador de la sGC, augmentava els nivells de ENTPD1 i NT5E en la majoria
dels grups (inclosos els controls), indicant un efecte d’aquest tractament sobre la via
purinergica. Tot i que els nostres resultats no van ser estadisticament significatius en la
majoria dels grups, en part al baix nombre de mostres per tractar-se d’'un model animal,
els resultats recolzen la hipotesi que la via purinérgica, a través dels seus principals
enzims, pot tenir un paper en la patogénesi de I’'MPOC i que, el tractament amb un
estimulador de la sGC té tendéncia a incrementar I'expressio génica d’aquests enzims,

el que apunta a una interaccié d’ambdues vies de senyalitzacid i a un potencial efecte
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terapéutic de la sGC a través de la via purinergica aplicable als pacients amb MPOC.
Aquests resultats estan en linia amb altres estudis que suggereixen que la via purinérgica
esta implicada en el desenvolupament de ’'MPOC i també amb els resultats que hem
obtingut sobre |’expressid genica descrits previament en el nostre estudi en pacients en
fases inicials i tardanes de I'MPOC, en els que observavem un desequilibri en I'expressié
geénica de ENTPD1 i NT5E i els enzims purinérgics (CD39 i CD73) promovent un estat

d’inflamacio cronica.

L’Gs d’un estimulador del guanilat ciclasa com a tractament de I’'MPOC, mostra
una tendéncia a restablir els nivells del gen ENTPD1 tant en el grup de conillets d’indies
fumador com I'exfumador, inclis també en el grup control. Tot i observar-se aquesta
tendencia a restablir els nivells de ENTPD1, la hipotesi que el tractament amb BAY 41-
2272 podria actuar augmentant 'expressio d'ENTPD1 i revertint la disminucié d'ENTPD1
i NT5E observada després de I'exposicié a fum de tabac no es pot confirmar amb el
nostre estudi, i seria necessari explorar en futurs estudis experimentals el paper que
podria jugar aquest tractament per prevenir i tractar 'emfisema. D'altra banda, |'efecte
del tractament amb BAY 41-2272 sobre I'expressié de NT5E va ser menys evident, ja
gue la seva expressié va romandre gairebé inalterada en els grups control i el grup de
conillets d’indies exfumador després del tractament. En canvi, I'expressié de NT5E es va
restaurar parcialment en el grup de fumadors. Aquestes diferéncies en NT5E poden
deure's a la durada de I'exposicié al fum del tabac (3 mesos en el grup exfumador vs. 6
mesos en el grup fumador). Els resultats de I'expressid proteica analitzats per
immunohistoquimica i western blot es corresponen amb els dels estudis d'expressid
génica, ja que l'expressid proteica de CD39 i CD73 va augmentar després del tractament

amb BAY 41-2272 en la majoria dels grups de I’estudi.

El tractament amb un estimulador de sGC ja s’ha avaluat préviament en I’'MPOC,
on s'ha demostrat que redueix |'estrés oxidatiu i atenua la resposta inflamatoria als
pulmons induida pel fum del tabac (141,142). El tractament amb |'estimulador de sGC

també té efectes beneficiosos sobre la vasculatura pulmonar, reduint la pressio arterial
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pulmonar i la hipertrofia ventricular dreta. Els nostres resultats suggereixen un nou
efecte beneficids del tractament amb un estimulador de sGC en 'MPOC que augmenta
I'expressié genica i proteica d'ENTPD1/CD39 i NT5E/CD73 en teixit pulmonar, reduint
aixi els nivells d'ATP extracel-lular i el conseglient estat d’inflamacid. Tot i que encara no
esta ben establert com la senyalitzacio purinérgica i NO interactuen en la modulacié dels
nivells d'ATP, o si les dues vies comparteixen alguns mecanismes de senyalitzacid, els
nostres resultats suggereixen que l'estimulacié de sGC podria activar la via purinérgica,
augmentant aixi I'expressiéo d'ENTDP1/CD39 i NT5E/CD73 en teixit pulmonar i reduint
conseqlientment els nivells d'ATP, disminuint aixi, I’entorn inflamatori en I'MPOC. Altres
maneres de mesurar els nivells d'ATP, com el condensat d'aire exhalat, s'han utilitzat
previament, perd no s'han trobat diferéncies entre pacients sans i pacients amb MPOC,
suggerint que els nivells d'ATP en les vies respiratories estan sota el control complex de
multiples factors (157). Davant d’aquests resultats, es necessiten més estudis per aclarir

més la relacié entre les vies de senyalitzacié purinérgica i NO en I’'MPOC.

Via purinérgica i inflamacié pulmonar i sistémica en I’'MPOC

Pel que fa als tipus d’inflamacid, tot i que classicament en 'MPOC sén tipus 1 o
neutrofilic (5,8), es coneix que en un percentatge no menyspreable (30-50%) de pacients
amb MPOC, la inflamacié de tipus 2 o eosinofilica té un paper més rellevant (11). Per
I'estudi dels diferents mecanismes inflamatoris implicats en 'MPOC, s’han analitzat
diferents marcadors tant d’inflamacido neutrofilica (IL-6, IL-8, PCR, TNFa...) com
d’inflamacio eosinofilica (IL-13, IL-4...) entre d’altres. A més, s’ha avaluat la inflamacio

tant a nivell pulmonar com sistémic.

En etapes inicials de I'MPOC, en mostres de teixit pulmonar i arteries
sistémiques hem trobat, com era esperable, que parametres inflamatoris com la PCR i
el recompte de leucocits i neutrofils en sang, eren més alts en pacients amb MPOC que
en fumadors sense obstruccié pulmonar tot i que no va ser estadisticament significatiu.

Per altra banda, hem trobat una expressid significativament més elevada d’IL-13 en
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pacients amb MPOC i en fumadors sense obstruccié en teixit pulmonar comparat amb
el grup control, suggerint una resposta inflamatoria tipus T2 provocada pel fum del
tabac. En canvi, no s’ha trobat expressio de IL-13 a les artéries intercostals en cap dels
dos grups fet que, podria suggerir que aquesta inflamacié T2 no és tan rellevant a nivell
vascular sistémic en etapes inicials de la malaltia. Tampoc hem trobat relacié entre la
IL-13 i el desequilibri dels enzims purinéergics (CD39/CD73). Pel que fa a IL-4, no vam
poder avaluar cap amplificacié d’aquest gen en el pulmé o les artéries intercostals ni
tampoc vam poder determinar si aixo era perque no hi havia expressié o si es devia a
problemes metodologics. També es va analitzar CCL18, una quimiocina involucrada en
els canvis vasculars (31), la qual va mostrar una expressio reduida en els pulmons i les
artéries sistemiques de pacients amb MPOC similar al que ja s’ha evidenciat previament
(158). Altres estudis han trobat algunes similituds en els perfils d’expressio d’altres gens
entre pacients amb MPOC moderada i fumadors sense obstruccié, que no s’han

observat en pacients amb MPOC severa (159).

En fases més avangades de la malaltia, la nostra principal troballa, ha estat una
correlacié positiva entre CD73 en esput i el nombre d’eosinofils en serum, suggerint una
possible implicacié de la via purinérgica en la inflamacié eosinofilica en pacients amb
MPOC. Es coneix que, tant en situacions d’estabilitat com en situacions d’aguditzacié de
I'MPQC, es troben nivells d’eosinofils elevats en I’esput (28) i que aquests eosinofils, sén
capacos de secretar ATP i estimular mediadors inflamatoris mitjangant I’activacié dels
receptors P2Y2 (134). La secrecid d'ATP produida pels eosinofils activaria la via
purinérgica per degradar ATP, explicant els nivells augmentats de CD73 en esput trobats
en aquest estudi. Diferents subtipus d'eosinofils en serum i esput podrien explicar que
no hagim trobat una correlacié entre CD73 en serum i eosinofils, ja que s’han descrit
diferents eosinofils (els eosinofils inflamatoris i els residents) en mostres de sang de
MPOC. L’expressié d’aquests diferents subtipus d’eosinofils, també és diferent en
I'MPOC i en I'asma (160), expressant-se més eosinofils de tipus inflamatoris en I'asma i
sent el paper de cadascun d’ells diferent en ambdues malalties respiratories. No vam
trobar diferencies en el perfil inflamatori entre pacients amb MPOC no aguditzador i

pacients aguditzador en fase estable. Durant 'AMPOC, com era d'esperar, els leucocits,
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neutrofils, fibrinogen, PCR i NT-proBNP es van incrementar en comparaciéo amb MPOC
aguditzador en fase estable. També vam trobar nivells significativament més alts d'IL-6
durant I'AMPOC. L'IL-6 s'ha estudiat ampliament en I'MPOC i sembla jugar un paper
important en el manteniment de la inflamacié cronica i en augmentar el risc de mort

(161).

Efectes del tractament amb macrolids sobre la inflamacié i la via de senyalitzacio

purinérgica

Una troballa rellevant d’aquesta tesi, és el fet que, elevacions basals de la IL-8
tant en mostres de sang com d'esput en pacients amb MPOC greu i aguditzadors
freqlients, prediuen la resposta terapéutica al tractament continu amb azitromicina i,
poden indicar la seva utilitat potencial com a biomarcador util en la practica clinica
(76,78). A més, dels perfils d'interleucines analitzat en aquest estudi (T1iT2), [a IL-8 i el
TNFR2 van ser els principals mediadors inflamatoris amb major resposta
immunomoduladora a I'azitromicina. Després d'analitzar els parametres inflamatoris en
mostres de serum i esput, vam observar una millora numérica en la majoria de les
variables. Aixd va ser particularment notable en IL-13 i IL-6 mostrant una reduccié
significativa de la seva expressio serica, i també ho va ser en |'expressiéo de TNFR2 en
serum i esput després de 12 mesos de tractament. La millora en la resposta inflamatoria,
va ser més consistent en les determinacions sériques seriades que en les determinacions
d'esput. A més, els nostres models predictius van mostrar que tenir nivells elevats dels
marcadors inflamatoris i de IL-8 en el moment basal, prediuen una bona resposta al
tractament. Aquests efectes immunomoduladors i antiinflamatoris dels macrolids han
estat ben descrits a la literatura (65,66). Els estudis indiquen que els macrolids participen
en la supressio de les citocines proinflamatories (73,74,162) i inhibeixen la transcripcio
i alliberament de la IL-8, que és important per a la quimiotaxi de neutrofils (19). També
s'ha demostrat que I'azitromicina inhibeix la produccié de IL-8 induida per TNFa a través
de la via de senyalitzacié JNK i inhibeix la produccié de MUC5AC i MMP9. Aquests factors

es combinen per reduir la produccid de moc, la qual cosa és beneficiosa per a pacients
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amb MPOC (74). Un model animal va mostrar a més que els nivells de TNFa es reduien
després del tractament amb macrolids i que aix0 s'associava amb la inhibicié del
reclutament de neutrofils als pulmons (76). Altres efectes dels macrolids sobre les
citocines inclouen la modulacié de cel-lules dendritiques inhibint la IL-6 i estimulant la
IL-10 (78). A més, s'ha descrit un paper potencial de I'azitromicina en la via inflamatoria
de les cel-lules T2, amb evidencia que inhibeix I'expressié de diferents gens induits per
la IL-13 per reduir I'expressié de moc (és a dir, MUC5AC) (79). En conjunt, els nostres
resultats donen suport a troballes previes que mostren una reduccié dels nivells de
citocines associades a les vies inflamatories de neutrofils i eosinofils. Aquestes
reduccions de citocines, ajuden a resoldre infeccions agudes i reduir les aguditzacions

en pacients amb malalties croniques de les vies respiratories.

Sorprenentment, tot i que no vam trobar diferencies en el perfil d’expressié de
marcadors inflamatoris en I'estudi de la via purinergica segons els diferents fenotips
d’'MPQOC, si vam evidenciar un efecte del tractament amb azitromicina sobre I'expressié
de CD73. En la fase estable, els pacients amb fenotip aguditzador que estaven en
tractament amb azitromicina, tenien nivells de CD73 més elevats que els pacients sense
tractament amb azitromicina. En canvi, de nou, els nivells de CD73 durant '’AMPOC
disminuien respecte a la situacié d’estabilitat sent més evident en els pacients sense
tractament amb azitromicina en serum. Aquestes troballes observades en I'expressio de
CD73, suggereixen un possible efecte de |'azitromicina sobre la via purinérgica que
augmentaria els nivells de CD73 i, per tant, ajudaria a disminuir I'estat inflamatori de la

malaltia.

Efectes del tractament amb macrolids sobre les aguditzacions en 'MPOC

En el nostre estudi, el tractament continu amb azitromicina en pacients amb
MPOC greu i aguditzacions freqlients va disminuir el nombre d’aguditzacions (fins a un
66%) després d'un any de tractament, fins i tot utilitzant una dosi de 250 mg 3 vegades

per setmana. La poca evidéncia cientifica disponible (només dos assaigs clinics (80,82),
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tots dos realitzats en un perfil diferent de pacients amb MPOC) no permeten una
recomanacié categorica i unanime per a qui indicar el tractament i a quina dosi
administrar-la (2). En altres malalties respiratories inflamatories croniques com les
bronquiéctasis, la dosi de 250 mg 3 vegades per setmana durant 1 any s'ha utilitzat amb
exit minimitzant els efectes secundaris del tractament amb macrolids. A més, en les vies
respiratories d'aquests pacients, aquesta dosi ha demostrat una reduccié significativa
en la resposta inflamatoria neutrofilica de I'hoste (163). L'alta efectivitat en el control
de les aguditzacions aconseguida en aquest estudi i els pocs efectes secundaris, també
donen suport a I'Us d'aquesta dosi en la practica clinica en pacients amb MPOC greu i
aguditzadors frequents. Els estudis anteriors han demostrat que els pacients amb MPOC
més greu i un nombre més alt d'aguditzacions durant I'any anterior tenien reduccions
més altes en AMPOC amb el tractament amb azitromicina (80,82,83). Aquests resultats
son coherents amb I'alta efectivitat observada en aquest estudi i donen suport a la
necessitat d'identificar amb precisio els candidats més adients per a aquesta terapia
preventiva i aixi, evitar |'Us d'azitromicina en pacients amb malalties menys greus que
no se’'n beneficiarien. No obstant aix0, cal destacar que, ni la funcié pulmonar basal ni
el nombre d'aguditzacions anteriors van predir la resposta al tractament en aquesta

cohort.

A banda de la reduccié en el niumero d’AMPOC, per primera vegada s’ha
evidenciat la millora de l'oxigenacié arterial en pacients després de 12 mesos de
tractament amb azitromicina, tan en rep0s com després de l'exercici, la qual cosa
s’associa amb un control efectiu de les AMPOC. Fins ara, |'analisi de l'intercanvi de gasos
no s'ha avaluat en estudis d'azitromicina en pacients amb MPOC. Donat que la tolerancia
al'exercicii els parametres funcionals pulmonars no van millorar amb el tractament amb
azitromicina, existiria una dissociacié entre les dades funcionals sistemiques i
I'intercanvi de gasds. Hi ha alguns mecanismes que explicarien com |'azitromicina podria
millorar l'intercanvi de gasos en pacients amb MPOC. El més important es deuria a les
propietats antiinflamatories del farmac, que redueixen la resposta inflamatoria cronica
gue es produeix als pulmons dels pacients amb MPOC. La disminucié dels marcadors

inflamatoris en sang i esput després d'iniciar el tractament prolongat amb azitromicina
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produiria menys inflamacioé de les vies respiratories i, com a resultat, una millora en les
ratios de ventilacié-perfusi6 pulmonar dels pacients tractats, la qual cosa
presumiblement contribueix a la millora de I'intercanvi de gasos. A més, l'azitromicina
pot modular la resposta immunitaria als pulmons, la qual cosa pot ajudar a reduir la
inflamacié; i finalment, reduint la freqiéncia i la gravetat de les aguditzacions, es pot
prevenir un dany pulmonar addicional, la qual cosa condueix a una funcié pulmonar més

efectiva.

Es ampliament conegut el paper de I'azitromicina com a antimicrobia i com és
evident, ha tingut efectes en el patré microbiologic de les aguditzacions en els pacients
sota tractament continu amb azitromicina en el nostre estudi. La present tesi doctoral
s’ha focalitzat en la resposta inflamatoria i I'efecte immunomodulador de I'azitromicina.
Els nostres resultats mostren un canvi en el patré microbiologic dels pacients amb
tractament continu amb azitromicina i, per tant, és necessari tenir en compte aquestes
modificacions i possibles mecanismes de resistencia a I’'hora de seleccionar un
tractament antibiotic en les aguditzacions d’aquests pacients sota tractament continu
amb azitromicina. Es cert que, la infeccié o colonitzacié d’alguns microorganismes en la
via aeéria, provoquen canvis en el microbioma i promouen la resposta inflamatoria
amplificant encara més la inflamacid propia de la malaltia i contribuint en la seva
progressio. Aquests resultats augmenten el coneixement sobre com el tractament amb
azitromicina afecta la resposta inflamatoria i la seleccié de bacteris al microbioma
respiratori. Es requereixen més investigacions sobre els mecanismes inflamatoris dels

microorganismes de I’'MPOC sobre el microbioma respiratori.

Fortaleses, limitacions i futur

La present tesi té com a principal fortalesa el vessant translacional dels diferents
estudis que la componen. Gracies a l'estudi de diferents poblacions cliniques amb
patologia pulmonar cronica, I’'MPOC, s’ha pogut aprofundir en la interaccié entre la

inflamacid i la via purinérgica en les diferents etapes de la malaltia, fet que ressalta la

140



complexitat de I'MPOC. A més, ha evidenciat un efecte tant del tractament amb sGC
com de l'azitromicina sobre la via purinergica, obrint la porta a possibles vies
d’investigacié en el desenvolupament de nous farmacs en aquesta malaltia. Es
important recalcar que, la combinacié d'experts clinics i basics en I'equip investigador,
ha estat essencial per dur a terme amb éxit una investigacié basica amb un clar objectiu

translacional.

Per altra banda, la principal limitacié és el nombre reduit de mostres/pacients i
grups en els diferents estudis, fet que dificulta extreure’n conclusions. En segon lloc,
només s’han analitzat els principals enzims i gens de la via purinérgica i no en tots els
estudis ha estat possible técnicament determinar-los tots. D’altres limitacions es troben
especificades en cadascun dels articles que conformen la tesi doctoral, alguns d’ells

també esmentats a la discussio.

No obstant aix0, la present tesi doctoral serveix per generar noves hipotesis
sobre el paper de la via purinérgica i els diferents marcadors inflamatoris en I'MPOC i
encoratja a continuar investigant en aquest cami. En futurs treballs seria interessant, per
exemple, analitzar el paper d’altres molecules de la via purinérgica com ho sén I'ATP i
I'adenosina i els diferents receptors purinérgics. Mitjancant I'Us de noves tecniques
moleculars es podria aprofundir en I'estudi de la via purinérgica en la patogenesi de

I'MPOC més alla de la present tesi.

També genera noves hipotesis sobre el paper dels eosinofils en I’'MPOC i la seva
implicacio en la via purinérgca, inclUs, el paper d’aquests en altres malalties respiratories
com en I'asma. Una altra linia d’investigacio que podria sortir arran de la present tesi,
seria la interaccidé entre les vies de senyalitzacié purinérgica i de I'0xid nitric que
permetria continuar ampliant el coneixement sobre els mecanismes fisiopatologics de
I’'MPOC, una malaltia complexa i heterogenia actualment sense tractament que freni la

seva progressio.
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Conclusions






1. Els patrons d’expressié dels diferents enzims que hidrolitzen i degraden de I’
adenosina 5-trifosfat extracel-lular es troben alterats en les fases inicials de la Malaltia
Pulmonar Obstructiva Cronica, potenciant una situacid pro-inflamatoria tant a nivell

pulmonar com sistemic.

2. La sobreexpressié del gen NT5E i I'enzim CD73 podria ser un mecanisme
compensatori davant la inflamacié produida per 'augment de I'adenosina 5-trifosfat
extracel-lular, sent més evident en fumadors que no han desenvolupat Malaltia

Pulmonar Obstructiva Cronica.

3. En un model animal d’emfisema, el tractament amb un estimulador del guanilat
ciclasa soluble restabliria I’expressiod génica i proteica de ENTDPD1/CD39 i NT5E/CD73
produida pel fum del tabac, suggerint un nou mecanisme d’accié en la prevencié de

I’'emfisema.

4. El perfil inflamatori en sang i esput dels pacients amb MPOC en situacié estable no
mostra diferéncies en funcié del fenotip clinic definit pel nombre d’aguditzacions.
Tanmateix, una correlacid positiva entre I'enzim CD73 en l'esput i el nombre
d'eosinofils suggereix una possible implicacié de la via purinéergica en la inflamacié

eosinofilica en pacients amb Malaltia Pulmonar Obstructiva Cronica.

5. El tractament continu amb azitromicina en pacients amb Malaltia Pulmonar
obstructiva Cronica greu amb comorbiditats i aguditzacions freqlients, no només
redueix significativament les taxes d'aguditzacido i gravetat després d'un any de
tractament, sind que també millora l'intercanvi de gasos i la majoria de parametres

inflamatoris a nivell pulmonar i sistémic.
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6. En aquests pacients, tenir nivells elevats d’interleucina 8 en serum i esput, sembla
predir una bona resposta clinica al tractament amb azitromicina, indicant que aquesta

interleucina pot tenir una potencial utilitat com a biomarcador.

7. El tractament amb azitromicina en malalts amb Malaltia Pulmonar Obstructiva
Cronica, augmenta els nivells de I’enzim CD73 en sang, el qual tindria un paper protector,

disminuint la inflamacié que caracteritza la malaltia.
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