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RESUMEN (en espafiol)

En las Ultimas décadas, los avances en la medicina intensiva han logrado mejorar
significativamente la supervivencia del paciente critico. Sin embargo, aunque los resultados a
corto plazo en estos pacientes han mejorado, los supervivientes hacen frente a una serie de
secuelas graves que condicionan su calidad de vida y tienen un gran impacto social y
econdmico. Estas secuelas, que incluyen complicaciones fisicas, cognitivas y emocionales, se
engloban bajo el término de sindrome post-UCI (PICS, “Post Intensive Care Syndrome”). Esta
realidad plantea un nuevo desafio para la medicina intensiva, que ahora busca no solo
aumentar la supervivencia de los pacientes en la UCI, si no también reducir la morbimortalidad
relacionada con el PICS.

El estudio de los mecanismos patogenéticos responsables de este cuadro es esencial para el
desarrollo de nuevos tratamientos que vayan dirigidos al sindrome en su totalidad, en lugar de
abordar las complicaciones de manera aislada. Aunque la respuesta inflamatoria es uno de los
mecanismos involucrados en el PICS, los tratamientos antiinflamatorios no han demostrado
beneficios significativos, dado que este mecanismo desempefia un papel fundamental en la
reparacion del tejido. La senescencia se define como un estado celular caracterizado por la
detencién permanente del ciclo celular en respuesta a distintos estimulos, acompafiado por un
cambio en el secretoma conocido como fenotipo secretor asociado a senescencia (SASP,
“Senescence-associated secretory phenotype”). Existen multiples mecanismos que pueden
desencadenar la respuesta senescente en el paciente critico, ya sea debido a propia
enfermedad del paciente o a los tratamientos que estos reciben.

Esta tesis doctoral incluye cuatro trabajos que buscan estudiar el papel de la senescencia en la
patologia critica y sus consecuencias a largo plazo. El primer trabajo, consiste en una revision
gue tiene como objetivo identificar los mecanismos moleculares que llevan al PICS y explorar
nuevos tratamientos para prevenirlos. Este trabajo considera la senescencia como un
mecanismo potencial en el desarrollo de este sindrome, proponiéndola como una posible diana
terapéutica sobre la que actuar. EIl segundo trabajo muestra que el dafio pulmonar agudo
puede activar un programa de senescencia que a corto plazo previene la disfuncién del tejido
pulmonar. Asimismo, los resultados indican que esta respuesta puede manipularse mediante el
uso de lopinavir/ritonavir para incrementar sus beneficios. El tercer trabajo describe cémo el
estiramiento mecanico puede activar por si mismo un programa de senescencia y contribuir al
desarrollo de una fibrosis mediante la liberacion del SASP. Ademds, sefiala que el uso de la
digoxina, un farmaco con propiedades senoliticas, podria limitar el desarrollo de esta
enfermedad. Finalmente, el cuarto y Gltimo trabajo explora los mecanismos basicos de la
senescencia, sus consecuencias en el paciente critico, y considera la posibilidad de utilizar
farmacos senoliticos y senomoérficos en estos pacientes. Esta revision refuerza los resultados
de los articulos cientificos de esta tesis doctoral.

En definitiva, estos trabajos revelan la pleiotropia antagonica de la senescencia en la patologia
critica y sugieren la posibilidad de implementar una intervencion terapéutica personalizada en
cada momento de la enfermedad mediante la modulacion de la respuesta senescente.
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RESUMEN (en Inglés)

In recent decades, advances in intensive care medicine have significantly improved the survival
rates of critically ill patients. However, although short-term outcomes for these patients have
improved, survivors face a range of severe sequelae that affect their quality of life and have a
substantial social and economic impact. These sequelae, which include physical, cognitive and
emotional complications, are collectively referred to a post-intensive care syndrome (PICS).
This reality presents a new challenge for intensive care medicine, which now aims not only to
increase patient survival in the ICU but also to reduce the morbidity and mortality associated
with PICS.

Studying the pathogenetic mechanisms responsible for this condition is essential for developing
new treatments that target the syndrome as a whole, rather than addressing complications
individually. While the inflammatory response is one of the mechanisms involved in PICS, anti-
inflammatory treatments have shown not significant benefits, as this mechanism plays a crucial
role in tissue repair. Senescence is defined as a cellular state characterized by permanent cell
cycle arrest in response to various stimuli, accompanied by a change in the secretome known
as the senescence-associated secretory phenotype (SASP). Multiple mechanisms can trigger
the senescent response in critically ill patients, whether due to the patient’s underlying condition
or the treatments they receive.

This doctoral thesis includes four studies that aim to explore the role of senescence in critical
illness and its long-term consequences. The first study is a review that aims to identify the
molecular mechanisms leading to the development of PICS and explore new treatments to
prevent them. This study considers senescence as a potential mechanism in the development
of this syndrome, proposing it as a possible therapeutic target. The second study shows that
acute lung injury can activate a senescence program that, in the short term, prevents lung
tissue dysfunction. The results also indicate that this response can be manipulated using
lopinavir/ritonavir to enhance its benefits. The third study describes how mechanical stretching
can independently activate a senescence program and contribute to the development of fibrosis
through the release of the SASP. Additionally, it reveals that the use of digoxin, a drug with
senolytic properties, could limit the development of this disease. Finally, the fourth study
explores the basic mechanisms of senescence, its consequences in critically ill patients, and
considers the possibility of using senolytic and senomorphic drugs in these patients. This review
reinforces the findings of the scientific articles included in this doctoral thesis.

Overall, these studies reveal the antagonistic pleiotropy of senescence in critical illness and
suggest the possibility of implementing personalized therapeutic interventions at different stages
of the disease through modulation of the senescent response.

SR. PRESIDENTE DE LA COMISION ACADEMICA DEL PROGRAMA DE DOCTORADO
EN BIOMEDICINA Y ONCOLOGIA MOLECULAR
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RESUMEN

En las ultimas décadas, los avances en la medicina intensiva han
logrado mejorar significativamente la supervivencia del paciente critico.
Sin embargo, aunque los resultados a corto plazo en estos pacientes han
mejorado, los supervivientes hacen frente a una serie de secuelas graves
que condicionan su calidad de vida y tienen un gran impacto social y
econdmico. Estas secuelas, que incluyen complicaciones fisicas, cognitivas
y emocionales, se engloban bajo el término de sindrome post-UCI (PICS,
“Post Intensive Care Syndrome”). Esta realidad plantea un nuevo desafio
para la medicina intensiva, que ahora busca no solo aumentar la
supervivencia de los pacientes en la UCI, si no también reducir la

morbimortalidad relacionada con el PICS.

El estudio de los mecanismos patogenéticos responsables de este
cuadro es esencial para el desarrollo de nuevos tratamientos que vayan
dirigidos al sindrome en su totalidad, en lugar de abordar las
complicaciones de manera aislada. Aunque la respuesta inflamatoria es
uno de los mecanismos involucrados en el PICS, los tratamientos
antiinflamatorios no han demostrado beneficios significativos, dado que
este mecanismo desempefia un papel fundamental en la reparacion del
tejido. La senescencia se define como un estado celular caracterizado por
la detencién permanente del ciclo celular en respuesta a distintos
estimulos, acompafado por un cambio en el secretoma conocido como
fenotipo secretor asociado a senescencia (SASP, “Senescence-associated
secretory phenotype”). Existen multiples mecanismos que pueden
desencadenar la respuesta senescente en el paciente critico, ya sea debido

a propia enfermedad del paciente o a los tratamientos que estos reciben.



RESUMEN

Esta tesis doctoral incluye cuatro trabajos que buscan estudiar el
papel de la senescencia en la patologia critica y sus consecuencias a largo
plazo. El primer trabajo, consiste en una revisién que tiene como objetivo
identificar los mecanismos moleculares que llevan al PICS y explorar
nuevos tratamientos para prevenirlos. Este trabajo considera Ila
senescencia como un mecanismo potencial en el desarrollo de este
sindrome, proponiéndola como una posible diana terapéutica sobre la que
actuar. El segundo trabajo muestra que el dafio pulmonar agudo puede
activar un programa de senescencia que a corto plazo previene la
disfuncidn del tejido pulmonar. Asimismo, los resultados indican que esta
respuesta puede manipularse mediante el uso de lopinavir/ritonavir para
incrementar sus beneficios. El tercer trabajo describe cémo el estiramiento
mecanico puede activar por si mismo un programa de senescencia y
contribuir al desarrollo de una fibrosis mediante la liberacién del SASP.
Ademas, senala que el uso de la digoxina, un farmaco con propiedades
senoliticas, podria limitar el desarrollo de esta enfermedad. Finalmente, el
cuarto y ultimo trabajo explora los mecanismos basicos de la senescencia,
sus consecuencias en el paciente critico, y considera la posibilidad de
utilizar farmacos senoliticos y senomorficos en estos pacientes. Esta
revision refuerza los resultados de los articulos cientificos de esta tesis

doctoral.

En definitiva, estos trabajos revelan la pleiotropia antagonica de la
senescencia en la patologia critica y sugieren la posibilidad de implementar
una intervencion terapéutica personalizada en cada momento de la

enfermedad mediante la modulacion de la respuesta senescente.



ABSTRACT

In recent decades, advances in intensive care medicine have
significantly improved the survival rates of critically ill patients. However,
although short-term outcomes for these patients have improved, survivors
face a range of severe sequelae that affect their quality of life and have a
substantial social and economic impact. These sequelae, which include
physical, cognitive and emotional complications, are collectively referred
to a post-intensive care syndrome (PICS). This reality presents a new
challenge for intensive care medicine, which now aims not only to increase
patient survival in the ICU but also to reduce the morbidity and mortality

associated with PICS.

Studying the pathogenetic mechanisms responsible for this
condition is essential for developing new treatments that target the
syndrome as a whole, rather than addressing complications individually.
While the inflammatory response is one of the mechanisms involved in
PICS, anti-inflammatory treatments have shown not significant benefits, as
this mechanism plays a crucial role in tissue repair. Senescence is defined
as a cellular state characterized by permanent cell cycle arrest in response
to various stimuli, accompanied by a change in the secretome known as the
senescence-associated secretory phenotype (SASP). Multiple mechanisms
can trigger the senescent response in critically ill patients, whether due to

the patient’s underlying condition or the treatments they receive.

This doctoral thesis includes four studies that aim to explore the role
of senescence in critical illness and its long-term consequences. The first
study is a review that aims to identify the molecular mechanisms leading
to the development of PICS and explore new treatments to prevent them.

This study considers senescence as a potential mechanism in the



ABSTRACT

development of this syndrome, proposing it as a possible therapeutic
target. The second study shows that acute lung injury can activate a
senescence program that, in the short term, prevents lung tissue
dysfunction. The results also indicate that this response can be
manipulated using lopinavir/ritonavir to enhance its benefits. The third
study describes how mechanical stretching can independently activate a
senescence program and contribute to the development of fibrosis through
the release of the SASP. Additionally, it reveals that the use of digoxin, a
drug with senolytic properties, could limit the development of this disease.
Finally, the fourth study explores the basic mechanisms of senescence, its
consequences in critically ill patients, and considers the possibility of using
senolytic and senomorphic drugs in these patients. This review reinforces

the findings of the scientific articles included in this doctoral thesis.

Overall, these studies reveal the antagonistic pleiotropy of
senescence in critical illness and suggest the possibility of implementing
personalized therapeutic interventions at different stages of the disease

through modulation of the senescent response.
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CARS
DAMPs
DDR
EV

FPI
HSC
ICUAW
LADs
LINC
MDSCs
PAMPs

PARs

ROS
SADS

SAHF
SASP
SA-Bgal

SDRA
SIRS

SNC
UCI
VILI

ABREVIATURAS

Compensatory Anti-inflammatory Response Syndrome -
Sindrome de respuesta antiinflamatoria compensatoria
Damage-Associated Molecular Patterns - Patrones
moleculares asociados a dafio

DNA damage response - Respuesta al dafio en el ADN
Extracellular vesicles - Vesiculas extracelulares

Fibrosis Pulmonar Idiopatica

Hematopoietic  Stem  Cells - Células madre
hematopoyéticas

Intensive Care Unit Acquiered weakness - Debilidad
muscular adquirida en la unidad de cuidados intensivos
Lamin-Associated Domains - Dominios asociados a la
lamina

Linker of Nucleoskeleton and Cytoskeleton - Complejo de
union del nucleosqueleto y citoesqueleto

Myeloid-derived suppressor cells - Células supresoras
mieloides

Pathogen-Associated Molecular Patterns - Patrones
moleculares asociados a patégenos

Protease Activated Receptors - Receptores activados por
proteasas

Reactive Oxygen Species - Especies reactivas de oxigeno
Senescence associated distension of satellites - Distension
de satélites asociada a senescencia

Senescence-Associated Secretory Phenotype - Focos de
Heterocromatina Asociados a Senescencia

Senescence Associated Secretory Phenotype - Fenotipo
secretor asociado a senescencia

Senescence-Associated  Beta-Galactosidase -  Beta
galactosidasa asociada a senescencia

Sindrome de Dificultad Respiratoria Aguda

Systemic Inflammatory Response Syndrome - Sindrome de
respuesta inflamatoria sistémica

Sistema Nervioso Central

Unidad de Cuidados Intensivos

Ventilator Induced Lung Injury - Lesion pulmonar
inducida por ventilacion

11
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INTRODUCCION

SINDROME POST-UCI (PICS)

La disminucién en las tasas de mortalidad en la unidad de cuidados
intensivos (UCI), junto con el aumento de la demanda de atencidn critica,
ha intensificado la preocupacién por el estado de salud a largo plazo de los
sobrevivientes de la UCI. Los pacientes que superan la enfermedad critica
se enfrentan a complicaciones a largo plazo englobadas en el sindrome
post-cuidados intensivos (PICS, post-intensive care syndrome). Este
sindrome abarca limitaciones fisicas, cognitivas y emocionales que
persisten mas alla de la hospitalizacién (1). Los aspectos mas estudiados
del PICS incluyen la disfuncién pulmonar croénica (2), el deterioro cognitivo
(3) y la debilidad muscular adquirida (4) en UCI (ICUAW, Intensive care
unit-acquired weakness). Sin embargo, es fundamental subrayar que el
término se encuentra en constante evolucion. Nuevas propuestas como la
pérdida Osea acelerada, trastornos de deglucién y trastornos endocrinos,

emergen como componentes adicionales de PICS (5).

En comparacion con otras estancias hospitalarias, el espectro de
morbimortalidad es mas amplio después de una estancia en la UCI (6). Las
repercusiones del PICS no solo afectan a la salud y mortalidad del paciente,
sino que también generan implicaciones econdémicas a nivel individual,
familiar y social. Este impacto econdmico intensifica aun mas la gran
necesidad de investigar y comprender mejor las implicaciones a largo

plazo de la enfermedad critica y el PICS (7).
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Disfunciéon pulmonar crénica

La necesidad de soporte ventilatorio es uno de los principales
motivos de ingreso en la UCI, ya sea debido a una lesién pulmonar o a un
fallo ventilatorio. Esta estrategia, implica la aplicaciéon de presiones
positivas en el pulmoén de aquellos pacientes que no pueden mantener de
forma adecuada un intercambio gaseoso, siendo por lo tanto esencial para
su supervivencia. Sin embargo, estas presiones también pueden ocasionar
una lesion en el parénquima pulmonar que, sumada a la enfermedad
pulmonar subyacente del paciente puede desencadenar una serie de
mecanismos patoldgicos que conllevan a la transiciéon desde una lesién
pulmonar aguda hacia una enfermedad pulmonar cronica. Muchos de los
pacientes con lesion pulmonar aguda y necesidad de ventilacién mecanica
van a desarrollar una funcién respiratoria anémala, con fibrosis pulmonar

cicatricial (2,8).

En este contexto, la inflamacién y la remodelacion de la matriz,
inicialmente encaminados a la resolucién de la lesion pulmonar aguda,
pueden desempefiar un papel patogenético relevante en enfermedades
pulmonares crénicas (9). Durante la lesion pulmonar aguda se liberan un
conjunto de moléculas profibroticas que conllevan al remodelado de la
matriz extracelular, dando lugar al desarrollo de fibrosis. Paralelamente,
existe una respuesta inflamatoria local que desencadena la disfuncion de
la barrera epitelial y la modificacion de la composicidn celular, lo que, a su
vez, contribuye a la activacion de mecanismos de transicién epitelio-
mesénquima. Este proceso, que implica la transformacion de células

epiteliales en células con caracteristicas mesenquimales, favorece la

16



INTRODUCCION

acumulacion de tejido fibroso, afectando a la compliancia pulmonar y al

intercambio gaseoso (10-12).

Otro mecanismo patogenético activado durante la lesion pulmonar
aguda que se ha vinculado con la disfunciéon pulmonar crénica es la
activacion de la cascada de la coagulaciéon y el depésito de fibrina. Se ha
demostrado que los pacientes con enfermedades pulmonares intersticiales
presentan una expresion aumentada de factores procoagulantes dentro del
pulmon, entre los que se encuentran algunas proteasas como la trombina,
tripsina y catepsinas. Estas activan los receptores activados por proteasas
(PARs), desencadenando una serie de eventos de seflalizacién que incluyen
la expresion de factores de crecimiento profibréticos y liberacion de

citocinas proinflamatorias que conducen al desarrollo de la fibrosis (13).

Por dltimo, durante la enfermedad pulmonar crénica, se observa un
agotamiento progresivo de las células madre. Este fendmeno se relaciona
con un incremento del dafio en el ADN y la consecuente activacion de la
senescencia celular. Las células madre senescentes tienen una capacidad
regenerativa reducida y una secrecion aumentada de moléculas
inflamatorias y remodeladoras de la matriz que perpetuan la enfermedad

pulmonar crénica (14).
Deterioro cognitivo

El sistema nervioso central (SNC) recibe sefiales de aferencias
neurales y sustancias circulantes que atraviesan la barrera

hematoencefalica. La via principal para estas sefiales ascendentes se

vehiculiza a través del nervio vago, cuyas fibras aferentes se originan en los

17
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organos periféricos. Diferentes estructuras sensitivas del nervio vago
responden a factores como el estiramiento (15) y la inflamacién (16,17),
desencadenando complejas vias multisinapticas en el SNC. Por ejemplo, el
estiramiento pulmonar activa receptores pulmonares que, a través del
nervio vago, influyen en la sefalizacion del cerebro y desencadenan la

apoptosis en neuronas del hipocampo.

Durante la enfermedad critica también existe una traslocacion de
moléculas y células circulantes al cerebro. Se ha evidenciado que algunas
moléculas como los fragmentos de heparan-sulfato (3), liberados durante
la sepsis, o citoquinas proinflamatorias como IL-1f e IL-6 (18) pueden
llegar al cerebro e intensificar el dafio cerebral. Es importante sefialar que
este proceso se agrava con la respuesta inflamatoria sistémica, la cual

reduce la permeabilidad de la barrera hematoencefalica.

Varios estudios preclinicos han identificado algunos de los
mecanismos por los cuales la lesion aguda y la ventilacion mecanica
influyen en el deterioro cognitivo a largo plazo (19,20). En el ambito
clinico, se han constatado mayores marcadores de neuroinflamacién y
lesion cerebral, asi como puntuaciones cognitivas mas bajas, en sujetos con
duraciones prolongadas de ventilacién mecanica. Ademas, se ha observado
que el delirio en pacientes con ventilacién mecanica puede asociarse con
un deterioro cognitivo a largo plazo. Sin embargo, hacen falta mas estudios
para establecer el vinculo causal entre la ventilacion mecanica, disfuncién
cognitiva y lesién cerebral, los cuales permitirian desarrollar

intervenciones clinicas mas efectivas (21).

18
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Debilidad muscular adquirida

La ICUAW es una alteracion neuromuscular bilateral y simétrica que
afecta a pacientes ingresados en la unidad de cuidados intensivos, siendo
muy comun en aquellos que reciben ventilacion mecanica (22). Estos
pacientes experimentan atrofia muscular, que comienza poco después de
la admision en la UCI (23). Factores como la inflamacién sistémica, la
gravedad de la enfermedad subyacente, el uso de relajantes musculares y
la ventilacion mecdanica contribuyen al desarrollo de la atrofia muscular
(24-26). A pesar de que las herramientas de evaluacion disponibles no
pueden distinguir con precision entre las causas especificas de la debilidad
muscular, el termino de ICUAW se utiliza para describir este sintoma

independientemente de su origen (27).

La inflamacion sistémica supone uno de los mecanismos moleculares
cruciales en el desarrollo de esta secuela. Este proceso se manifiesta a
través de la accion de citocinas inflamatorias, siendo TNFa e IL-13 dos de
las moléculas implicadas (24). En las fases agudas de la enfermedad critica,
estas citocinas desencadenan una respuesta inflamatoria que va mas alla
de su funcion homeostatica habitual. El TNFa estimula el catabolismo
muscular al interactuar con su receptor y activar el factor nuclear-«B, que
induce la expresion de enzimas proteoliticas, resultando en la reduccion de
proteinas musculares y la pérdida especifica de la cadena pesada de
miosina (28). Ademas, la IL-1[3, cuyos niveles suelen estar elevados en el
suero de los pacientes criticos, se vincula con la perdida proteica y la atrofia
muscular, impactando tanto en la sintesis como en la degradacion de

proteinas musculares (29,30). Este proceso inflamatorio no solo se limita
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a la fase aguda, sino que también puede afectar la capacidad de
regeneracion muscular a largo plazo. Se ha observado en biopsias
musculares de pacientes criticos que el fracaso en la regeneracion del

tejido esta asociada con el posible agotamiento de las células madre (4).

Ademas de la inflamacion y el agotamiento de las células madre,
existen otros mecanismos que contribuyen a la debilidad muscular
persistente en estos pacientes. Se observa que estos presentan dafio
sensitivomotor distal atribuido a una despolarizacion de la membrana y
una disfuncién de los canales idnicos de las neuronas motoras. Asimismo,
se evidencia una alteracién en la homeostasis del calcio (31). El calcio es
un regulador clave en varias funciones metabdlicas, incluyendo la sintesis
proteica y los procesos mitocondriales. Por lo tanto, cualquier alteracion
en su metabolismo puede afectar negativamente tanto al balance
energético celular como al equilibrio proteico del tejido muscular. La
regulacion anormal de la autofagia, que desempefia un papel fundamental
en la eliminacidon de componentes celulares dafiados y en la preservacion
de la estructura y funcién muscular, también puede influir en la debilidad

muscular persistente (32).
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MECANISMOS MOLECULARES DEL PICS

Las diferentes manifestaciones del PICS comparten una serie de
factores predisponentes comunes entre los que se incluye, como ya se ha
comentado, la gravedad de la lesion inicial, el tratamiento y soporte
organico recibido, y la estancia prolongada en la UCI (5). Esta coincidencia
sugiere la posibilidad de que la afectacién multiorganica en el PICS
responda a una serie de mecanismos sistémicos comunes. Las estrategias
actuales abordan las secuelas de manera fragmentada, centrandose en
organos especificos y no considerando el sindrome en su totalidad. Un
enfoque mas complejo que tome en cuenta la interaccion entre los distintos
organos proporcionaria una base mas sélida para identificar tratamientos

mas efectivos en estos pacientes (33).

Hasta la fecha, no se han encontrado mecanismos causales claros
sobre los que actuar. La investigacion centrada en estos mecanismos
biolégicos podria ofrecer la posibilidad de prevenir todo el espectro del
PICS al intervenir en reguladores ubicados en las etapas iniciales de estos
procesos desde el inicio de la fase aguda de la enfermedad. En otras
palabras, al comprender y actuar en los reguladores primarios de estos
mecanismos, se abriria la puerta a estrategias preventivas mas efectivas
para mitigar las secuelas a largo plazo en los pacientes criticos (34). En este
contexto se exploran tres posibles mecanismos moleculares subyacente al
PICS: la inflamacion, la mecanotransduccién y la senescencia celular. Este

ultimo se abordara con mas detalle en el siguiente capitulo.
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Inflamacion sistémica

La inflamaciéon es una reaccion normal a una herida, lesion o
infeccién. Esta agresion desencadena la sintesis y liberacién de sustancias
quimicas que producen una respuesta inmunitaria para combatir la
infeccién o sanar el tejido daflado y termina una vez que se cura la herida

o la infeccion (35).

La agresion tisular resulta en la liberacion de los denominados
patrones moleculares asociados al dafio (DAMPs, “Damage-associated
molecular patterns”) o patrones moleculares asociados a patogenos
(PAMPs, “Pathogen-associated molecular patterns”). La interaccion de
estas familias de moléculas con sus receptores desencadena una respuesta
inflamatoria sistémica, denominada sindrome de respuesta inflamatoria
sistémica (SIRS, systemic inflammatory response syndrome), caracterizada
por una liberacion de mediadores pro-inflamatorios como factores de
crecimiento (G/GM-CSF, FltL) y citocinas (IL-1, IL-6, IL-7), ademas de
células inmunes y mesenquimales (36). Simultaneamente, existe una
respuesta anti-inflamatoria compensatoria denominada sindrome de
respuesta antiinflamatoria compensatoria (CARS, compensatory anti-
inflammatory response syndrome), llevada a cabo principalmente por
células supresoras mieloides (MDSCs, “Mieloid-derived suppressor cells”)
que liberan citocinas anti-inflamatorias como IL-10 y TGF[3 y antagonistas
de citocinas que disminuyen la inflamacion como IL-1ra y sTNFRI (37).
Estas dos respuestas trabajan en conjunto para mantener el equilibrio

homeostatico en el sistema inmunoldgico (38).
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Durante las enfermedades graves, como por ejemplo la sepsis, la
liberacion continua de DAMPs y PAMPs mantiene una respuesta
inflamatoria sostenida que supera el equilibrio entre SIRS y CARS. Los
granulocitos liberados desde la médula 6sea se desplazan a los sitios de la
lesion. Una vez alli, no solo participan en la respuesta inmune directa, sino
que ademas liberan factores inflamatorios estimulantes de células madre
hematopoyéticas (HSC, “Hematopoietic stem cells”). Las HSC, que
normalmente son quiescentes, se activan en respuesta al estrés inducido
por la situacion critica. Esto da lugar a la mielopoyesis de emergencia, un
proceso en el que las HSC se diferencian preferentemente hacia lineas
mieloides. Como resultado, se observa un aumento de granulocitos,
macréfagos y células dendriticas, y una supresion de linfopoyesis y

eritropoyesis (39).

La activacion redundante y sostenida de las HSC resulta en la
creacion de poblaciones mieloides inmaduras. Entre estas poblaciones,
destacan las MDSC, las cuales se caracterizan por infiltrar en tejidos
linfoides y reticuloendoteliales y suprimir principalmente la funcién de
células del sistema inmune adaptativo. Tanto la mielopoyesis de
emergencia como la formacion de MDSC son componentes normales de la
respuesta inmune, destinados a controlar la inflamacidn y prevenir el dafio
tisular excesivo. Sin embargo, su regulacion se vuelve disfuncional en
condiciones de inflamacion crénica, y pueden contribuir a la coexistencia
de una inmunosupresion sostenida y un mantenimiento de este estado
inflamatorio. Esta situacién crea un entorno propicio para las infecciones
nosocomiales, reactivaciones virales y la necesidad continua de

intervenciones intensivas, lo que aumenta aiun mas este estado de
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inflamacién persistente (40). Los efectos resultantes son numerosos,
incluyendo el establecimiento de un entorno inmunolégico similar al de
una persona de edad avanzada, denominado inmunosenescencia. Se
observan cambios en la poblacién de linfocitos, con apoptosis celular de
células Ty B efectoras, asi como cambios en la funcidn de células mieloides

y dendriticas (41,42).

Asimismo, la coexistencia de una actividad proinflamatoria y su
inmunosupresiéon acompafiante pueden alterar la regulaciéon de los
procesos metabolicos, lo que se manifiesta en un aumento del catabolismo
y, como consecuencia, a la pérdida de tejido muscular esquelético. La
liberacion de citocinas proinflamatorias como TNFa, IL-1 e IL-6 esta
asociada con la activacion de la glicdlisis, lipolisis y proteélisis. Durante
situaciones de estrés, este aumento del catabolismo es necesario para la
obtencion de energia adicional para hacer frente a las demandas. Las
reservas hepaticas de glucdgeno se consumen rapidamente para mantener
los niveles de glucosa en sangre y suministrar energia a los érganos vitales,
especialmente al sistema nervioso central. La glucosa no es suficiente para
satisfacer esta alta demanda de energia, por lo que simultaneamente se
recurre a la lipolisis y la protedlisis, principalmente en el musculo
esquelético, para liberar lipidos y aminoacidos, que actdan como fuentes
de energia alternativas. Como consecuencia, estos pacientes experimentan
una pérdida de tejido muscular esquelético, como se comento

anteriormente, asi como una disminucién de peso corporal (43,44).

Todo lo anteriormente expuesto sugiere que es probable que se
requiera una combinacion de terapias, que incluya agentes

antiinflamatorios, adyuvantes inmunolégicos, apoyo nutricional y fisico en
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los pacientes criticos (37), con el fin de bloquear, revertir o atenuar las

respuestas no adaptativas a la agresion.

Mecanotransduccion

Como se ha mencionado previamente, la ventilacion mecanica es una

estrategia de soporte vital que, mediante la aplicacién de presiones

positivas en el pulmén, favorece el intercambio gaseoso. La aplicacion de

estas presiones en el parénquima pulmonar puede generar un dafio

conocido como lesién pulmonar inducida por ventilacion (VILI, ventilator-

induced lung injury). La ventilacion mecanica puede provocar dafio en el

parénquima pulmonar a través de tres mecanismos fundamentales (45):

Barotrauma/Volutrauma: La ventilacion con volumenes o presiones
elevadas al final de la inspiracion puede provocar rotura alveolar,
fugas de aire y edema pulmonar debido a la sobredistension regional.
Atelectrauma: La ventilacion con volimenes o presiones bajas al
final de la espiracion también conlleva la apertura y cierre
repetitivos de alveolos y pequefas vias aéreas, generando hipoxia
regional, deterioro de la funcién del surfactante y formacion de
membranas hialinas.

Biotrauma: Las fuerzas fisicas aplicadas durante la ventilacion
mecanica pueden desencadenar, a través de procesos de
mecanotransduccion, una respuesta bioquimica en el pulmén que

puede tener implicaciones tanto a nivel local como a nivel sistémico.
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Se entiende por mecanotransduccion la capacidad de las células para
transformar estimulos mecanicos en sefiales bioquimicas. El epitelio
respiratorio esta expuesto a presiones positivas en cada ciclo ventilatorio,
por lo que en condiciones basales, este proceso constituye un mecanismo
de adaptacion celular al entorno, desempefiando un papel clave en la
regulacion de la estructura, funciéon y metabolismo pulmonar (46). En el
caso del pulmén sometido a ventilacibn mecanica, este mecanismo es
particularmente importante, ya que las presiones positivas aplicadas
durante la ventilacion pueden activar distintas respuestas celulares
patolégicas, como inflamacion (47), apoptosis (48) o remodelado de la

matriz extracelular (49).

La deteccién del estimulo mecdnico puede ocurrir a través de
distintas vias. Existe una variedad de elementos mecanosensibles en la
membrana celular, como receptores de factores de crecimiento,
incluyendo receptores tipo tirosina-quinasa y receptores acoplados a
proteinas G, asi como canales iénicos de Ca2+, incluyendo los canales Piezo
(50), que, una vez que detectan el estimulo mecanico, activan cascadas
quimicas de sefalizacion. Estas sefiales se transmiten por difusion quimica

o translocacion hasta llegar al nucleo.

Adicionalmente, existe otra via de transduccion de sefales mucho
mas rapida, en la cual las fuerzas mecanicas aplicadas en la superficie
celular promueven reorganizaciones estructurales en profundidad en el
citoplasma y el nucleo (46). Las células estdn unidas a la matriz
extracelular mediante integrinas y cadherinas ancladas a la membrana
plasmatica, y conectan con el citoplasma a través de toda una red de

proteinas filamentosas del citoesqueleto, siendo la actina, los microtibulos
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y filamentos intermedios los mas relevantes. Estos se unen al complejo de
union del nucleoesqueleto y citoesqueleto (LINC, “Linker of nucleoskeleton
and cytoskeleton”), que representa el enlace del citoesqueleto con el
nucleoesqueleto. Este complejo se une a las laminas, filamentos
intermedios que forman una red estructural en la cara interna de la
membrana nuclear. La lamina nuclear se une a la cromatina a través de
interacciones con dominios especificos, llamados dominios asociados a la
lamina (LADs, lamin-associated domains) (51). Esta union regula la
actividad transcripcional de la célula al influir en la posicion y

compactacion de la cromatina.

Las alteraciones en cualquiera de los componentes de este proceso
bioldgico, que es esencial para la regulacion de la expresiéon génica, podrian
contribuir al desarrollo de diversas patologias. Por ejemplo, las integrinas
(52) o proteinas encargadas en la regulacion del citoesqueleto de actina,
como las ROCK quinasas (53), se han visto implicadas en la progresion
tumoral. Asimismo, una regulacion inadecuada de los factores de
transcripcion YAP/TAZ (50), también involucrados en esta via, pueden
conducir a una sobreproduccién de matriz extracelular y una activaciéon
excesiva de fibroblastos, ademas de interferir en la reparacion tisular,
contribuyendo todo ello al desarrollo de la fibrosis. Por lo tanto, la
comprension detallada de sus interacciones moleculares y estructurales es

fundamental para avanzar en el desarrollo de terapias mas precisas.

Los mecanismos de mecanotransduccion en el contexto de la
ventilacion mecanica pueden tener relevancia en diferentes situaciones
patoldgicas. La transmision de la presidn positiva a nivel alveolar aumenta

la rigidez nuclear, activando la apoptosis del epitelio. En relacién con esta
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observacion, el bloqueo de la mecanotransduccién nuclear interfiriendo
con la lamina nuclear logra preservar la integridad celular en modelos de

dafio pulmonar agudo (54).

También se ha explorado el impacto de la ventilacion mecanica en
tumores pulmonares. El estrés mecanico durante la ventilacion aumenta la
invasividad de las células cancerosas al reducir el colesterol intracelular. El
colesterol juega un papel crucial aumentando la rigidez celular, lo que
limita la capacidad de las células para migrar. Por lo tanto, su disminucion
bajo condiciones de estrés mecdnico promueve la migracion celular. En
contraste, la intervencién terapeutica sobre uno de los componentes del
metabolismo del colesterol, PCSK9, revierte el incremento en la
invasividad por el estrés mecanico. Esto pone de manifiesto la importancia
del metabolismo del colesterol en la respuesta mecanotransductora,

sefialandolo como una posible opcion terapéutica en este contexto (55).

Estos estudios resaltan la importancia de utilizar este mecanismo
como una posible diana para el tratamiento de enfermedades asociadas al
uso de la ventilacion mecanica. En este contexto, varias rutas de
sefalizacion relacionadas con la mecanotransduccion como Rho/ROCK,
TGFB/Smad, JAK/STAT y Wnt/[3, podrian ofrecer multiples oportunidades
terapéuticas (50). Sin embargo, estas rutas estan interconectadas y
estrechamente reguladas en condiciones normales, manteniendo asi la
homeostasis celular. Asimismo, al tener multiples dianas celulares, su
manipulacién puede ser inapropiada, resultando en respuestas no
deseadas y ocasionando efectos sistémicos. Todo esto pone de manifiesto
la importancia en el desarrollo de terapias dirigidas a procesos mas

especificos cuya accién terapéutica se limite a la region de interés. En este
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contexto, una alternativa seria utilizar como diana terapéutica las
respuestas celulares que se originan como consecuencia de los cambios en
la mecanotransduccién, las cuales podrian derivar en consecuencias
patolégicas a largo plazo. Estudios recientes muestran una conexién entre
la mecanotransduccidn y la posterior induccién de la respuesta senescente
(56). Esta asociacién establece la posibilidad de utilizar este proceso
biolégico como posible diana terapéutica. Es importante destacar que este
mecanismo también puede estar desencadenado por un aumento de la
inflamacién, que como se menciond anteriormente es de gran relevancia
en el paciente critico, lo cual hace aun mas interesante estudiar la

senescencia en este contexto.
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SENESCENCIA CELULAR

Se define senescencia como un estado celular en el que existe una
detencion permanente del ciclo celular acompanado de alteraciones
transcriptomicas y cambios morfoldgicos, metabdlicos y epigenéticos,
unidos a la secrecion de una serie de factores caracteristicos, denominado
fenotipo secretor asociado a senescencia (SASP) (57). El concepto de
senescencia fue definido inicialmente por Leonard Hayflick y Paul
Moorhead (58), a partir de experimentos realizados en condiciones
controladas de cultivo utilizando fibroblastos humanos normales. El
objetivo de estos estudios era determinar si las células normales eran
inmortales bajo las condiciones adecuadas, como se consideraba en esa
época. Sin embargo, los resultados de estos experimentos mostraron que
los fibroblastos se duplicaban un numero finito de veces antes de dejar de
dividirse. Este hallazgo supuso un cambio de paradigma en la comprension
de la replicacion celular y dio lugar a la introduccion del término “Limite
de Hayflick” (59), que establecia que las células normales solo podian

dividirse un nimero limitado de veces.

Después de estos descubrimientos, las investigaciones se centraron
en buscar el mecanismo por el cual estas células dejaban de dividirse. Los
teldmeros son extremos de ADN lineal que no se pueden copiar
completamente durante la replicacidon celular. Esta caracteristica llevo a
considerar a los telomeros como elementos cruciales para explicar la
limitada capacidad replicativa de las células normales (60). El

descubrimiento posterior de la telomerasa, una enzima que alarga los
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telémeros, proporcioné una solucion a este problema. Mientras que el
acortamiento de los teldmeros desencadenaba la senescencia celular, la

introduccién de la telomerasa permitia superar esta limitacion (61).

Desde el hallazgo de Leonard Hayflick y Paul Moorhead, son muchos
los estudios que han revelado que este proceso celular puede estar
desencadenado por una gran variedad de estimulos tanto intrinsecos y
extrinsecos y que la senescencia inducida por el acortamiento de los
telémeros es solo un subtipo de senescencia. Entre estos estimulos se
encuentran la radiacion ionizante (62) o el uso de agentes
quimioterapéuticos como la doxorrubicina (63), que causa roturas de
doble cadena en el ADN, la disfuncién mitocondrial (64) y la consiguiente
induccién de especies reactivas de oxigeno (ROS, “Reactive oxygen
species”) o la activacion de oncoproteinas (65) que llevan a patrones de
replicacion aberrantes, inflamacion y/o sefiales de dafio tisular. Por otro
lado, la senescencia es un componente fundamental para el desarrollo, ya
que esta contribuye a la eliminacion de estructuras embrionarias

transitorias o la sustitucion de una poblacién celular por otra (66).

Por lo tanto, podriamos decir que existen tres tipos de senescencia
en funcion del estimulo desencadenante: senescencia replicativa
dependiente de telémeros (58), senescencia prematura (67) inducida por

estrés no telomérico o senescencia programada (68).
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Mecanismos bioquimicos de la senescencia

Como ya se ha definido, las células senescentes se caracterizan por la
parada del ciclo celular, la liberacién de un secretoma caracteristico y
cambios estructurales y metabolicos. Los mecanismos moleculares
implicados en cada uno de estos fendmenos son complejos, y en ocasiones

se interrelacionan entre si.

1. Dafio en el ADN y parada de ciclo

Uno de los principales desencadenantes de una respuesta senescente
es el dafio en el ADN y la activacion de una respuesta caracteristica (DDR,
DNA damage response). La rotura de la doble hélice de ADN da lugar al
reclutamiento de la quinasa ATM al sitio de dafio, impulsando la
fosforilacion de la histona H2AX y facilitando la formacion de complejos de
reparacion de dafio en el ADN. Esta activacion de la DDR va acompafiada
de modificaciones epigenéticas, como la metilacion de la histona H3 en su
residuo K9, que facilita la unién de la quinasa ATM al sitio de dafio y se
revierte justo después de que se produzca esta union. Posteriormente ATM
fosforila diferentes sustratos, incluyendo las quinasas CHK1 y CHKZ2. Estas
quinasas son puntos de control del ciclo celular, ya que al activarse lo
detienen temporalmente, facilitando la reparacion del ADN (69). Si la DDR
es persistente, la proteina p53 es fosforilada y como consecuencia las

células evolucionan hacia un estado apoptotico o senescente.

El destino celular dependera de distintos factores como la naturaleza

y severidad del dafio, la programacion especifica del tipo celular, el
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equilibrio entre las vias pro-senescentes y pro-apoptoticas, y de la
sefializacion de otras vias como PTEN-PI3K-AKT-mTOR. Esta via
desempefia un papel muy importante en el control del crecimiento y la
supervivencia celular. Mientras que, en condiciones normales, hay una
expresion normal de la fosfatasa PTEN que permite la progresion del ciclo
celular, en condiciones de estrés, como puede ser la falta de nutrientes,
PTEN es activada para inhibir la actividad de PI3K y por lo tanto reducir la
activacion de AKT y mTOR. La inhibicidn de estas proteinas da lugar a una
parada del ciclo celular y en algunos casos apoptosis. Sin embargo, en
ciertas situaciones de estrés celular donde hay una acumulacion excesiva
de ROS, se puede producir una desregulacién de la via. Las ROS pueden
inactivar PTEN de manera permanente, lo que resulta en una activacion

persistente de mTOR, desencadenando la senescencia celular (70).

En las células comprometidas con una respuesta senescente, p53
activa el inhibidor de quinasa dependiente de ciclina p21. Esta proteina de
21kDa, codificada por el gen CDKN1A, inhibe la formacion de complejos
ciclina D-quinasa dependiente de ciclinas 4 y 6. Como resultado, la proteina
RB permanece defosforilada, lo que le permite asociarse con el factor E2F
y formar el complejo RB-E2F que inhibe la transcripcion de los genes del
ciclo celular. Asimismo, la activacién de p21, inhibe otros complejos
ciclina-quinasas dependientes de ciclinas y facilita la formaciéon del
complejo DREAM, que reprime los genes del ciclo celular al unirse a su
region homologa (71,72). Por lo tanto, ambos son complejos represores de
la expresion génica del ciclo celular. Mientras que el complejo RB/E2F
regula la entrada y salida de las células en el ciclo celular al suprimir la

expresion de genes necesarios para la replicacién del ADN y la entrada en
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la fase S, el complejo DREAM regula la expresion de genes especificos
durante varias fases del ciclo, incluyendo fase G1, Sy G2 (73,74). Por lo
tanto, p21, através de la regulacién de estos complejos, es capaz de inducir
un arresto del ciclo celular en cualquier etapa del ciclo. Ademas, la
expresion de p21 no persiste en las células senescentes ya que

simplemente se requiere para la induccién de la senescencia (75).

Cabe destacar también que el control transcripcional de p21 puede
darse por mecanismos independientes de p53 y ademas puede estar
regulada al igual que p53 a nivel postraduccional. La fosforilacién de p21
en residuos diferentes a los regulados por p53 puede modular su
interaccion con otras proteinas y cambiar su ubicacion subcelular,
alterando su funcién como regulador del ciclo celular. Cuando p21 esta
presente en el nucleo, inhibe la progresion del ciclo celular, mientras que
al ser fosforilado en residuos diferentes alos que lo hace p53, hace que esta
proteina se transporte al citoplasma donde funciona como una proteina

antiapoptotica (76).

2. Parada de ciclo independiente de DDR

La senescencia puede estar inducida por sefiales independientes a la
DDR mediante la activacién de la via p16/pRB. Esta via, se activa
fundamentalmente por alteraciones epigenéticas y, a diferencia de p21,
precisa de una activacion sostenida para mantener el estado senescente.
P16 es una proteina de 16kDa, codificado por el gen CDKNZ2A, que
interactua e inactiva complejos ciclina/CDK, evitando la fosforilacién de

pRB y promoviendo por lo tanto la formacién del complejo represor
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RB/E2F. Cabe destacar que esta proteina solo se une y desactiva
especificamente a CDK4 y CDK®6, induciendo un arresto del ciclo celular

especifico en fase GO/G1(77-79).

Los mecanismos bioquimicos de senescencia celular inducidos por la
activacion de la DDR y por sefiales independientes ala DDR se muestran en

la Figura 1.
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Figura 1. Mecanismos bioquimicos de senescencia celular.

Por ultimo, hay que mencionar que existen otros inhibidores de
quinasas dependientes de ciclinas, como p27 y pl5, que también

desempefian funciones criticas en la regulacion del ciclo celular y
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senescencia. P15 pertenece a la misma familia de CDKIs que p16 e inhibe a
CDK4/6, mientras que p27 pertenece a la misma familia p21 y por lo tanto
interactia con varios complejos de CDKs, contribuyendo de esta forma a la
detencion del ciclo celular. Aunque estas quinasas pueden ser utilizados
como marcadores de senescencia, su participacion en el programa no esta

claramente definida ni es tan generalizada (57,80).

3. Fenotipo secretor asociado a senescencia

Las células senescentes secretan un conjunto de moléculas
bioactivas que incluye citocinas, quimiocinas, factores de crecimiento,
proteasas y lipidos al medio extracelular. Este conjunto de moléculas se
conoce como SASP, siendo este el principal causante de los efectos
pleiotrépicos de la senescencia. Cuando se produce una lesion, las células
del tejido dafnado experimentan dafio en el ADN y como consecuencia
activan la DDR. Como parte de esta respuesta, algunas células se vuelven
senescentes y liberan un SASP que permite el reclutamiento del sistema
inmune a sitios de lesion, promoviendo asi la reparacion del tejido. Sin
embargo, en un contexto patologico, donde las células no son eliminadas
correctamente, se produce un incremento de sus componentes que puede

tener consecuencias patogenéticas (80).

Un SASP excesivo esta asociado con una inflamacion descontrolada
que puede contribuir al desarrollo de distintas alteraciones como la
fibrosis, al promover una activacion de fibroblastos, o la progresion

tumoral, al promover un aumento de la angiogénesis. Ademas, algunos de
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sus componentes pueden interferir en la capacidad regenerativa de las

células, comprometiendo el mantenimiento de la homeostasis tisular (81).

Asimismo, el SASP puede inducir y reforzar la senescencia mediante
sefializacion autocrina y paracrina. Las sefiales del SASP confieren
resistencia a las células senescentes a ser eliminadas por el sistema
inmune. Por ejemplo, las citocinas proinflamatorias del SASP, pueden
llevar a un aumento en la expresion de ligandos como el HLA-E, que pueden
interferir con la funcién de las células T CD8+ y las NKs, inhibiendo las
respuestas inmunes contra las células senescentes (82). Ademas, el SASP
tiene la capacidad de inducir senescencia en otras células del entorno, lo
que se conoce como senescencia paracrina. Como resultado se establece un

bucle de retroalimentacion positiva que perpetua la senescencia (66).

El SASP se regula a diferentes niveles. A nivel transcripcional, este
evento es mediado por distintos factores de transcripcion como GATA4,
CEBPB y NF-kB. Este ultimo, cuya activacion se desencadena
principalmente por el DDR, es de especial importancia al ser necesario para
la expresion de numerosos genes proinflamatorios. Ademas de estos
factores de transcripcion, p53 también desempeiia un papel crucial en el
desarrollo del SASP al modular la expresion de muchos de sus genes e

interactuar y coordinar otras vias asociadas como NF-kB (83,84).

La transcripcion de genes del SASP también pueden depender de
cambios epigenéticos. Durante la senescencia se produce una disminucion
de la marca represiva H3K9me2 en los promotores de los genes IL-6 e IL-
8, lo que promueve su expresion (85). Asimismo, existe un aumento de la

acetilacion en estos mismos promotores, causado por la disminucion de la
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histona deacetilasa SIRT1, que también estimula la activaciéon de la
expresion (86). Otras proteinas como macroH2A1 (87) o la HMGB2 (88)
también son importantes en la regulacion epigenética puesto que
contribuyen al mantenimiento de la estructura tridimensional de la

cromatina para la expresion adecuada de los genes del SASP.

A nivel postranscripcional, mTOR juega un papel fundamental al
promover la traduccién de IL1A, activando asi los factores de transcripcion
NF-xB y CEBPf3, que a su vez estimulan la expresion de genes asociados con
el SASP (89). Ademas, mTOR inhibe indirectamente a la proteina ZFP36L1,
encargada de la degradaciéon del ARNm que codifica factores del SASP,

prolongando de esta forma la respuesta (90).

Por ultimo, hay que destacar que la composicion del SASP es
altamente variable, dindmica y depende del tipo de célula, tejido y contexto
ambiental en el que se encuentre. Por este motivo, establecer un tnico
SASP como marcador confiable de senescencia supone un gran desafio.
Aunque la hipersecrecion puede ser un indicador util de senescencia, las
investigaciones actuales se centran en conocer los factores especificos que
cada tipo de célula secreta para poder caracterizar los distintos programas

de senescencia en funcién del contexto biologico en el que se encuentre.

4. Aumento del contenido lisosomal

Durante la senescencia, se produce una sobreexpresion de diversas
proteinas lisosomales acompafada de un aumento en el contenido
lisosomal. Este fendmeno puede atribuirse tanto a la acumulacion de

lisosomas antiguos por alteraciones en el proceso de eliminacion,

38



INTRODUCCION

evidenciado por la presencia de cuerpos residuales o lipofuscinas, como al
aumento en la formaciéon de nuevos lisosomas, aunque los estudios que

respalden esta idea atiin son contradictorios.

Este incremento del contenido lisosomal puede determinarse
mediante la identificacion de la enzima lisosomal [3-galactosidasa asociada
a senescencia (SA-Bgal, Senescence-associated beta-galactosidase). En
condiciones normales, la 3gal actda a un pH mas alto que durante la
senescencia, donde hay una acidificacion de los lisosomas, siendo la SA-
Bgal activa a pH mas bajo. Esta caracteristica es esencial para diferenciar

entre células senescentes y no senescentes (91,92).

Aunque esta enzima es ampliamente utilizada para la determinacion
de la senescencia, no se puede utilizar como Unico marcador puesto que
también puede encontrarse en otros contextos. Ademas, no se puede
utilizar ni en tejidos embebidos en parafina ni en células vivas debido a las
restricciones asociadas al pH requerido para la deteccidon de su actividad

(93).

5. Remodelacion de la cromatina

Las células senescentes experimentan cambios adicionales en su
estructura, siendo uno de ellos la remodelaciéon de la cromatina. Estos
cambios desempefian un papel crucial en la configuracién del perfil

transcriptomico de estas células (80).

Entre estos cambios se destaca la formacion de los denominados

focos de heterocromatina asociados a senescencia (SAHF, Senescence-
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associated heterochromatin foci). Estas regiones estdn enriquecidas con
marcas epigenéticas represoras, como H3K9me3 y HP1y (94,95), que se
utilizan cominmente como marcadores de senescencia. La pérdida de
lamina B1 se ha correlacionado con la formaciéon de SAHF (96), al permitir
la redistribucion y la reubicacion de marcas de histonas represoras desde
la periferia nuclear hacia estos lugares. Sin embargo, cabe destacar que no

es el inico determinante para la formacién de estas estructuras.

La funcion de los SAHF es aun algo incierta. Inicialmente se pensaba
que estaban involucradas en la represion de genes asociados con la
proliferacién celular, sin embargo, actualmente se ha indicado que su
funcion puede ser mas compleja. Se ha sugerido que los SAHF pueden estar
involucrados en la preservacién de la estabilidad del genoma de las células
senescentes al limitar la sefializacion del dafio en el ADN. Esto podria
prevenir que las células senescentes con altos niveles de dafio en el ADN

entren en apoptosis, preservando asi su viabilidad (97).

Otro de los cambios observados en la cromatina que precede a la
formacion de SAHFs es la distensidon de satélites asociada a senescencia
(SADS, “Senescence-associated distension of satellites”). Este fendmeno
implica una descondensacion de la heterocromatina constitutiva en las
secuencias satélite pericentroméricas. A diferencia de los SAHFs, estas
regiones conservan marcas epigenéticas canoénicas y no estan
directamente desencadenadas por vias de sefializacion molecular
asociadas a la senescencia celular, lo que indica que se puede dar en otros

contextos (98).
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6. Cambios metabolicos

Las células senescentes son metabdlicamente muy activas. Este
estado esta regulado por diversos factores como AMPK, un sensor
energético que se activa cuando los niveles de energia de la célula son
bajos, desencadenando en las células distintos procesos para generar
energia. A su vez, existen otros factores como la disfuncion mitocondrial,
mTOR y proteinas como RB y p53 que tienen también un papel importante
en el mantenimiento del estado metabdlico activo de las células

senescentes (80).

7. Resistencia a la apoptosis

Otra de las caracteristicas de las células senescentes es que estas son
resistentes a la apoptosis. Estas células aumentan la expresion de proteinas
anti-apoptoticas como BCL2 o modulan factores de supervivencia como
eNOS o PTEN/PI3/AKT. Otros miembros como FOX04, p21 y HSP90

también contribuyen a la supervivencia de las células senescentes (70,99).

Ademas de estos mecanismos, existen multitud de procesos
adicionales que varian segun el tipo celular y el contexto bioldgico. A esto
hay que anadir que aun no se ha encontrado un marcador universal y
especifico de senescencia, ya que todos los mecanismos descritos
previamente se pueden dar en otros contextos biologicos. Todo ello hace

necesario la utilizacion de un conjunto de marcadores para poder
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identificar y cuantificar la senescencia de manera mas precisa, lo que
supone una limitacion para la identificacion de tratamientos en base a este

proceso.

Senescencia en el paciente critico

1. Inductores de la senescencia en el paciente critico

De acuerdo con la definicidn de la Sociedad Americana de Medicina
Intensiva, un paciente critico es aquel que se encuentra fisiolégicamente
inestable, y requiere soporte vital avanzado y una evaluacion clinica
estrecha con ajustes continuos de terapia segun evolucion (100). Estos
pacientes son, por lo tanto, especialmente vulnerables a desarrollar
respuestas fisiopatolégicas complejas no solo por los mecanismos de dafio
desencadenados por la enfermedad subyacente, sino también a

consecuencia de los tratamientos que reciben.

La respuesta senescente, una de las respuestas fisiopatologicas
implicadas, puede estar desencadenada por diversos mecanismos en el
paciente critico, siendo el estrés oxidativo uno de ellos. La generacion de
ROS puede ocasionar dafo en el ADN, activando de esta forma la DDR, que
como ya vimos, constituye uno de los mecanismos mas relevantes en la
induccion de la respuesta senescente. Diversas situaciones contribuyen a
la activacién del estrés oxidativo, destacando la lesiéon por isquemia
/reperfusion (101), situaciones de hiperoxia (102) o el empleo de la

ventilacion mecanica (103).
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La inflamacién es otro de los desencadenantes de la respuesta
senescente. En el paciente critico, ésta toma un papel fundamental puesto
que no solo ocurre debido a la condicion patologica del paciente, como
podria ser una infecciéon (104), sino que también se puede dar como
respuesta al tratamiento que este recibe, como es el caso de la inflamacién

generada por el uso de la ventilacion mecanica (47).

2. Dualidad de la senescencia en el paciente critico

En determinados contextos, la senescencia se considera como una
respuesta homeostatica esencial tanto para el desarrollo normal de los
tejidos como para su reparacién tras el dafio. Existen tres procesos
secuenciales que caracterizan la senescencia programada: primero, la
parada del ciclo celular; segundo, una secrecion de factores que reclutan
células inmunes, como linfocitos T y macrofagos; y tercero, la movilizacion
de células progenitoras cercanas para repoblar el tejido (Figura 2). Este
modelo es fundamental para el desarrollo, donde se pueden eliminar
estructuras embrionarias transitorias o cambiar una poblacidn celular por

otra (57).
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Figura 2. Procesos secuenciales de senescencia celular en la regeneracién y disfuncion

tisular. Tomado de Nat Rev Mol Cell Biol. 2014 Jul;15(7):482-96.

En situaciones de daio tisular en adultos, el modelo de induccion de
senescencia, eliminacion de células dafiadas y regeneracion permite la
restauracion completa del tejido. En el contexto especifico del paciente
critico, donde el dafio tisular es habitual, ya sea debido a la enfermedad
subyacente o a las intervenciones médicas, la senescencia puede

desempenar en algunos casos un papel protector.

La exposicion a niveles elevados de oxigeno y la aplicacion de
ventilacibn mecanica son practicas clinicas comunes en pacientes
ingresados en la UCI. Se ha demostrado que la hiperoxia conlleva a un
aumento de p21 (102) y que este aumento esta asociado al mantenimiento
de la integridad del ADN durante la fase de reparacion celular (105).
Asimismo, la modulacion de la mecanosensacion asociada a la senescencia
reduce el dafio en el tejido pulmonar tras la ventilacion mecanica, ademas

de aumentar los niveles de p21 en la fase de reparacion pulmonar (54).
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Estos hallazgos sugieren que la activacién de la senescencia es un
mecanismo protector frente al dafo por hipoxia y VILI en el paciente

critico.

En el contexto de la lesion renal, una complicacién comun en el
paciente critico, se ha observado que la activacién de la respuesta
senescente limita la proliferacion celular excesiva y la inflamacién, lo que
asuvezayuda a prevenir el desarrollo de la fibrosis (106). De igual manera,
en el ambito de las infecciones virales agudas, se observa que en algunos
casos puede tener un papel beneficioso al mejorar la defensa del huésped
mediante el reclutamiento de las células inmunes a través de la liberacion
del SASP. Estos hallazgos sugieren que la senescencia a priori podria

desempeiiar un papel protector en el contexto de la UCI (107).

Sin embargo, puede ocurrir que los procesos secuenciales que
coordinan la senescencia celular no se completen, y que esta, en vez de
actuar como un mecanismo homeostatico, intensifique ain mas la
condicion patoldgica del paciente. Este caracter dual de la senescencia se
considera un ejemplo de pleiotropia antagonica. El equilibrio entre los
efectos beneficiosos y perjudiciales depende de si las células senescentes
son de naturaleza transitoria o si se acumulan con el tiempo (57). Distintos
factores pueden hacer que la senescencia pase de tener un efecto

beneficioso, a contribuir a la cronificacion de la enfermedad aguda.

La duracion del estimulo es muy importante en este contexto. En
condiciones fisiologicas, durante la lesion pulmonar aguda, las células
alveolares tipo 2 (ATII) tienen la capacidad de diferenciarse a células

alveolares tipo 1 (ATI), lo que favorece la reparacion del tejido (108). Sin
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embargo, cuando el dafio es persistente, estas células pueden evolucionar
hacia un estado transicional senescente. Este proceso afecta
negativamente a la capacidad de regeneraciéon del tejido y promueve la
creacién de un entorno profibrético a través de la liberacién de su SASP, lo

que impulsa el desarrollo de la fibrosis pulmonar (109).

Otro factor que puede contribuir a la cronificaciéon de la enfermedad
es la capacidad del sistema inmune para eliminar las células senescentes.
Los pacientes vulnerables como las personas mayores o aquellas con
comorbilidades, son mas susceptibles a acumular células senescentes
debido al deterioro o envejecimiento del sistema inmune, lo que se conoce
como “inflammaging” (110). De hecho, en muchas ocasiones este deterioro
del sistema inmune puede darse por el efecto de la senescencia per se,
estableciéndose por lo tanto un bucle de retroalimentacion positiva. Por
ejemplo, se ha observado que la infeccion por el virus SARS-CoV-2
favorece, en algunos casos, la acumulacion de células senescentes por
encima del umbral considerado beneficioso. Esto conlleva a una
produccion excesiva de factores del SASP, lo que desencadena respuestas
inmunolégicas dafiinas y dificulta la eliminacion de células senescentes,
contribuyendo a la exacerbacion de la patologia (42). También puede
ocurrir que las células senescentes, mediante la liberacion de distintos
componentes del SASP, induzcan mutagénesis en el virus SARS-CoV-2,
aumentando asi su variabilidad genética y confiriéndole capacidad para
evadir el sistema inmune del huésped, contribuyendo a la persistencia de

la infecciéon (111).

Otro aspecto a tomar en cuenta es la eficiencia en la regeneracion

celular, que como se ha mencionado anteriormente, es fundamental para
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que la senescencia resulte beneficiosa. En algunas ocasiones, como por
ejemplo durante el envejecimiento, se observa un agotamiento de las
células madre, lo que puede resultar en una regeneracion menos efectiva
y, en consecuencia, intensificar los efectos perjudiciales de la senescencia

(57).

No solo en enfermedades pulmonares, pero también en otras
enfermedades como en la lesion renal aguda, se observa qué, aunque a
priori la senescencia puede tener un papel protector, a largo plazo esta

puede ser perjudicial (112).

Senescencia y fibrosis

En los ultimos afios se ha avanzado de manera significativa en la
comprension de la fibrosis pulmonar, un término que engloba a un grupo
de enfermedades pulmonares croénicas, caracterizadas por un depdsito
progresivo de fibras de colageno en los pulmones. La fibrosis pulmonar,
que puede ser primaria o secundaria a otras patologias, compromete la
capacidad de los pulmones para funcionar adecuadamente y en muchos
casos, provoca la muerte. La falta de tratamientos efectivos hasta la fecha
refleja la necesidad de explorar los mecanismos subyacentes a la
enfermedad para de esta forma desarrollar nuevas estrategias de

intervencion (113).
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La senescencia, junto con la secrecion del SASP, han emergido
recientemente como mecanismos esenciales en el desarrollo de la fibrosis
pulmonar. Se ha evidenciado que en enfermedades fibroticas pulmonares
cronicas hay una mayor acumulacion de células senescentes que
contribuyen a la progresion de la fibrosis (114). Varios estudios muestran
que pacientes con fibrosis idiopatica tienen marcadores aumentados de
senescencia celular o mutaciones en genes responsables del
mantenimiento de la proliferacion celular (115). Ademas, se ha sugerido
que los niveles de biomarcadores senescentes presentes en la circulacion
sanguinea podrian proporcionar informacién relevante sobre el estado de

la enfermedad (116).

Adicionalmente, el paradigma de la patogénesis de la fibrosis
pulmonar idiopatica (FPI) ha cambiado, pasando de considerarse una
enfermedad causada principalmente por los fibroblastos a una
enfermedad originada en el epitelio (117), siendo las células alveolares
senescentes, especialmente las ATII, las que desempefian un papel
fundamental en el desarrollo de la misma (118-120). Después de una
lesion en el parénquima pulmonar las ATII dafiadas pueden adquirir un
fenotipo senescente (121,122). En una fase temprana, la senescencia de las
ATII, conduce a la secrecion de distintos componentes del SASP que
pueden participar en la regeneracion del tejido (123). Sin embargo, si el
dafo es persistente, la activacion sostenida de la senescencia en el epitelio
pulmonar conduce a la secrecidon de distintos componentes del SASP que
promueven una comunicacion aberrante epitelio-mesénquima. Esta
caracteristica junto con le perdida de la capacidad de regeneracion y

diferenciacion de las ATII senescentes en células ATI, provoca una
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tendencia hacia la fibrosis en detrimento de la regeneracion del tejido

(124).

Las poblaciones celulares senescentes presentes en la FPI liberan
distintos componentes del SASP como los factores de crecimiento TGFf3 y
PDGF, las citocinas TNFa y MIC-1, las metaloproteinasas MMP10 y MMP12,
ademas de otros componentes que promueven la progresion de la fibrosis
(125). Un componente interesante en este contexto es el inhibidor del
activador del plasminégeno-1 (PAI-1, “Plasminogen activator inhibitor-1),
que parece estar involucrado en distintos procesos relacionados con la
progresion de la fibrosis, como en la sintesis de proteinas de la matriz, la
transicion epitelio-mesénquima o la activacion de macroéfagos (126).
Asimismo, los distintos factores del SASP también pueden promover
senescencia secundaria en otras células ATII y en fibroblastos mediante la
generacion de estrés oxidativo, inflamacién croénica y activacion de

distintas vias de sefalizacion de manera paracrina (127).

Las células fibrogénicas senescentes, a su vez, mediante la liberacion
de distintos componentes del SASP, también pueden ser un importante
promotor de la fibrosis pulmonar, al inducir la activacién de fibroblastos,
inflamacién y acumulacién de la matriz extracelular (128). Asimismo, estas
células pueden promover una senescencia celular secundaria en otras
poblaciones celulares. Recientemente se ha observado que las vesiculas
extracelulares (EV, “Extracellular vesicles”) toman un papel relevante en
este contexto. Las EV liberadas por los fibroblastos transportan miRNAs
(miR-23n-3p y miR-494-3p) y son capaces de inducir dafio mitocondrial,
activacion de la respuesta al dafio en el ADN y la subsiguiente senescencia

en células epiteliales (129,130).
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Todos estos factores generan un bucle de retroalimentacién positiva

entre senescencia primaria, senescencia secundaria y fibrosis.

En el caso del paciente critico, como ya se mencion6 previamente,
diversos factores como la hiperoxia, la lesion por isquemia/reperfusion o
enfermedades respiratorias, como la infeccién por el SARS-CoV-2, pueden
inducir una respuesta senescente. Asimismo, se ha observado que estos
factores también pueden contribuir al desarrollo de la fibrosis
(101,131,132). Esta coincidencia sugiere la posibilidad de que el desarrollo
de la fibrosis pulmonar en el paciente critico pueda estar asociado con la

activacion de procesos de senescencia celular.

De hecho, estudios recientes indican que la acumulaciéon de hierro
desempefia un papel clave en la activacion de la senescencia y el desarrollo
de la fibrosis. Esto puede ser muy relevante en el paciente critico, dado que
en ciertas situaciones criticas, como la sepsis o algunas enfermedades

respiratorias, se observa un aumento de los niveles de hierro (133).

Senoterapias

Como ya se ha comentado en apartados anteriores, las células
senescentes muestran una alta heterogeneidad tanto en su biologia
molecular como en su funcioén fisiologica. Esta diversidad no solo amplia
las posibles dianas terapéuticas, sino que también destaca la necesidad de
desarrollar estrategias dirigidas que idealmente preserven las células
senescentes en contextos beneficiosos mientras eliminen los efectos

perjudiciales.
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Los agentes senoterapéuticos pueden estar dirigidos o bien a inducir
la apoptosis de las células senescentes (farmacos senoliticos), o bien
actuando sobre su fenotipo secretor, modificando el SASP (farmacos

senomorfos) (134).

1. Senoliticos de primera generacion

Las células senescentes dependen de la activacion de vias de
supervivencia y antiapoptoticas como mecanismo para evitar la muerte
celular. Esta caracteristica ha conllevado a que el desarrollo de senoliticos
se enfocara inicialmente en esta estrategia. Entre los senoliticos inductores
de apoptosis se encuentran aquellos que tienen como diana BCL-2, una
proteina involucrada en la prevencion de la muerte celular. Ejemplos de
estos farmacos son el navitoclax o ABT-263, venetoclax y flavonoides como
la quercetina y la fisetina (135). Algunos de estos farmacos han
demostrado ser efectivos en la eliminacion de células senescentes,
incluidos los fibroblastos activados, en modelos preclinicos de fibrosis
pulmonar. Asimismo, se ha observado que ABT-263 tiene un efector
protector frente ala infeccién por SARS-CoV-2, al eliminar parcialmente las
células senescentes en hamsteres infectados, disminuyendo la carga viral

y la gravedad de la enfermedad pulmonar (136).

La quercetina también ha demostrado tener resultados
prometedores. Un estudio realizado en ratones ha determinado que la
administracién intratraqueal de este farmaco reduce la inflamacion, el

nivel de citoquinas proinflamatorias y la actividad de la MMP-9, sugiriendo
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un potencial terapéutico en condiciones como el sindrome de distrés

respiratoria aguda (SDRA) (115).

Algunos inhibidores de tirosinas quinasas, como el dasatinib, tienen
un efecto senolitico. En un modelo de SDRA en ratones, se observé que este
farmaco disminuia la gravedad de la lesion pulmonar y la respuesta
inflamatoria (137). También, se han observado resultados similares en
modelos de sepsis. Sin embargo, hay que tomar en cuenta que el control
preciso de las dosis de este farmaco es fundamental puesto que la
utilizacién de dosis altas puede generar efectos perjudiciales, al inhibir

otras quinasas y proteinas necesarias para la respuesta inmune (138).

Otra diana terapéutica es la HSP-90, una chaperona molecular
involucrada en la estabilizacion y plegamiento de AKT, necesaria para la
activacion de diversas sefiales antiapoptdticas. Las células senescentes
dependen mas de la funcidon de AKT para su supervivencia que las células
normales, por eso el impacto de farmacos dirigidos a esta proteina, como
la geldanamicina, ansamicina y el resorcinol, promueven la apoptosis

celular, mayoritariamente en células senescentes (139,140).

Cabe destacar que algunas vias de supervivencia son redundantes,
por lo que en muchas ocasiones son necesarias combinaciones de farmacos

senoliticos para conseguir un efecto adecuado (141).

2. Senoliticos de segunda generacion

Ademas de la inhibicion de vias moleculares de supervivencia,

existen senoliticos que se enfocan en otras caracteristicas de las células
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senescentes. Estas incluyen marcadores de superficie Uinicos, adaptaciones

bioquimicas y cambios estructurales.

Un ejemplo son los glicosidos cardiacos, que han demostrado
recientemente su eficacia como senoliticos de amplio espectro. La digoxina,
en particular, tiene un efecto senolitico al unirse a la bomba Na+/K+
ATPasay provocar una despolarizacién en la membrana celular. Las células
senescentes estan ligeramente despolarizadas, y la despolarizacion
adicional causada por la digoxina puede superar el umbral critico para la
supervivencia de estas células, pero no para las células normales. Esta
caracteristica distintiva hace que este farmaco sea efectivo para la
eliminacion selectiva de las células senescentes (142). Este farmaco ha
resultado ser beneficioso al reducir el crecimiento tumoral y la fibrosis

inducida por células senescentes en experimentos realizados en ratones

(143).

Otro ejemplo son aquellos farmacos que se basan en el aumento de
la masa lisosomal y la actividad de la SA-Bgal. Se estan desarrollando
nanoparticulas unidas a galacto-oligosacaridos que pueden interactuar con
la SA-Bgal Estas nanoparticulas estan cargadas con farmacos inactivos que
se activan en presencia de la SA-gal y desencadenan la muerte selectiva

de células senescentes (144,145).

Otros farmacos senoliticos se basan en inhibir los sistemas de
equilibrio acido-base, como el metabolismo de la glutamina, necesario para
la supervivencia de algunas células senescentes. En algunos casos, estas
células pueden tener un pH mas acido debido a la liberacién del contenido

lisosomal al citoplasma. Para contrarrestar esta acidificacion, algunas
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células senescentes dependen de estos sistemas de regulacion para

sobrevivir (146).

También se estan desarrollando fArmacos que se basan en el uso de
células CAR-T conjugadas con anticuerpos dirigidos a proteinas

sobreexpresadas en la superficie celular de células senescentes (147).

Es importante sefialar que, aunque todas las estrategias senoliticas
pueden provocar efectos fuera del objetivo o interferir con poblaciones
beneficiosas, estos a menudo pueden limitarse, ya que la mayoria de los
tratamientos son susceptibles a estrategias de administraciéon intermitente
(148). Estas estrategias son eficaces puesto que las células senescentes

tardan alrededor de los siete dias en acumularse y desarrollar el SASP.

3. Senomorfos

Otro grupo de farmacos que juegan un papel importante en el
contexto de la senescencia son los senomorfos. Estos farmacos suprimen el
SASP mediante la inhibicion del factor de transcripcién NF-kf3 (149), la via
de transduccion de senales JAK-STAT (150), la proteina quinasa mTOR
(151), objetivos relacionados con el complejo mitocondrial (152) u otras

vias involucradas en la induccion y mantenimiento del SASP.

La metformina, utilizado cominmente para el tratamiento de la
diabetes, también puede tener un efecto senomorfo al modular algunos
genes del SASP. Este farmaco ha resultado ser beneficioso en distintos
modelos experimentales en animales de lesion pulmonar inducida por

ventilacion mecanica (153) y de fibrosis pulmonar (154). Ademas, ha
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demostrado reducir la mortalidad en pacientes sépticos con diabetes

mellitus (155).

Otros farmacos que podrian tener un efecto senomorfo son las
estatinas. En un modelo de fibrosis pulmonar en ratones y cultivos de
fibroblastos MRC5, se ha observado que la atorvastatina tiene un efecto
beneficioso en la fibrosis pulmonar al inhibir la diferenciacion de
miofibroblastos, inducir su apoptosis y reducir la acumulacién de colageno
(156). Ademas, la simvastatina se ha propuesto como una posible opcién
para el tratamiento del SDRA. Un estudio reciente muestra como este

farmaco reduce la mortalidad en pacientes con esta enfermedad (157).

Finalmente, cabe destacar que, aunque el desarrollo de Ila
senoterapia haya evolucionado considerablemente en los ultimos afios,
demostrando sus beneficios en algunos contextos, ain no se ha observado
que su efectividad este claramente vinculada al efecto de estos sobre la
senescencia. Esto se debe a que estos farmacos, participan en la
modulacién de multiples vias biolégicas que no son especificas de las
células senescentes. A esto hay que afiadirle que se necesitan herramientas
mas precisas para detectar la senescencia en pacientes. Estos dos aspectos,
resaltan la necesidad de ampliar la investigacion en este campo para

maximizar la efectividad de las terapias.
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HIPOTESIS

La hipotesis de la presente tesis doctoral es que el fallo respiratorio
agudo y la ventilacién mecanica asociada al mismo activan un programa de
senescencia celular en el tejido pulmonar, que puede diseminarse a otros
tejidos. Aunque este mecanismo pueda ser beneficioso a corto plazo,
limitando la muerte celular, también puede estar asociado a la aparicion de

las secuelas caracteristicas del enfermo critico.

El objetivo general se basa en caracterizar el papel de la senescencia
en la patologia critica. Para el cumplimiento del objetivo general se

plantearon los siguientes objetivos especificos:

- Identificar respuestas senescentes mediante el uso de
transcriptomas disponibles de tejido pulmonar en modelos animales
de lesién pulmonar aguda y ventilacién mecdanica, y en muestras de
pacientes.

- Caracterizar los mecanismos moleculares responsables de la
respuesta senescente en el paciente critico mediante el empleo de
modelos animales de lesién pulmonar y ventilacion mecanica, y
modelos celulares de estiramiento mecanico.

- Estudiar el potencial de los senoliticos para disminuir las secuelas a

largo plazo en el paciente critico.
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RESULTADOS

I. Revision sobre los mecanismos moleculares del sindrome post-
cuidados intensivos.

Los avances en la medicina intensiva han aumentado la tasa de
supervivencia de los pacientes criticos en las ultimas décadas. Esta
situacién ha evidenciado la presencia de secuelas fisicas, cognitivas y
emocionales a las que se enfrentan estos pacientes al salir de la UCI y que
se engloban bajo el termino de PICS. Esta realidad, ha supuesto un cambio
de paradigma en la medicina intensiva, donde el objetivo no solo se limita
a garantizar la supervivencia del paciente, sino también a prevenir que
estos desarrollen el PICS, mejorando asi su calidad de vida. Hasta ahora los
estudios se han centrado en estudiar las secuelas de manera aislada. Sin
embargo, las secuelas a largo plazo del PICS podrian derivar de
mecanismos sistémicos comunes activados por enfermedades graves, que
resultan en una disfuncién multiorganica. El objetivo de esta revision es,
por lo tanto, describir los mecanismos moleculares que se desencadenan al
inicio de la enfermedad critica y que pueden suponer un objetivo
terapéutico preventivo para la patologia critica, al abordar el sindrome en
su totalidad. Entre otros, esta revision apunta a que la senescencia podria
ser un mecanismo potencial y se podria utilizar como diana terapéutica

para el tratamiento de esta enfermedad.

Articulo 1. Martin-Vicente P, Lopez-Martinez C, Lopez-Alonso I,
Lopez-Aguilar ], Albaiceta GM, Amado-Rodriguez L. Molecular mechanisms

of postintensive care syndrome. Intensive Care Med Exp. 2021 Dec

3;9(1):58.
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Aportacion personal al trabajo.

Fui una de las responsables principales de la elaboracion de este
manuscrito sobre los mecanismos moleculares involucrados en la
patologia critica. La recopilaciéon de la informacion me sirvié para evaluar
los posibles mecanismos moleculares que se manifiestan al principio de la
enfermedad y que podrian estar asociados al desarrollo a largo plazo de las
secuelas post-UCI. Para ello participé en la busqueda bibliografica,

organizacion y escritura del manuscrito.
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Effectiveness of intensive care must be evaluated not only by short-term survival after a
critical lliness, but also by the recovery to an adequate quality of life. The increased evi-
dence of long-term functional disabilities in intensive care survivors led to the definition
of post-intensive care syndrome (PICS) [1]. Early diagnosis and effective treatments for
these newly recognized conditions are warranted. However, most of the initial efforts
to limit long-term sequelae have not yielded satisfactory results [2]. The objective of
this review is to identify the molecular mechanisms that lead to organ dysfunction after
Intensive care and to summarize them into several plausible unifying hypotheses. From
these mechanisms, novel therapeutic targets with the potential to prevent PICS may
arise [3], allowing for earlier interventions during acute organ failure aimed to improve
the quality of life of intensive care unit (ICU) survivors. Cost-effective strategies based
on growing pathogenetic evidence on PICS would hence allocate research efforts and
funding to implement preventive treatments, to impede pathogenetic mechanisms trig-
gered during ICU stay, rather than exclusively rehabilitate bong-term sequelae when they
are already established.

The spectrum of postintensive care syndrome

The improvement of mortality rates in the ICU has evidenced that survivors to a critical
iliness face a number of long-term severe complications and sequelae that can impair
their quality of life 4], Several factors, including the population aging along with the
emergence of invasive therapies that may improve the outcomes, have increased the
interest in these long-term conditions [5]. An expert panel in 2012 defined PICS as
the “new or worsening impairments in physical, cognitive or mental health status aris-
ing after critical illness and persisting beyond acute care hospitalization® [1]. It must
be noted that this definitton provides a framework to improve awareness, research and
diagnostic and therapeutic approaches, rather to define a classical syndrome (6],

PICS covers several dimensions, including physical, cognitive and emotional
aspects (Fig. 1), for many of which there is no standard definition or diagnostic cri-
teria. Long-term respiratory sequelae include impairments in lung volumes, ventila-
tory dynamics and diffusion [7]. Although some studies report a mild impairment

© The Authoriy) 2007 . Open Access This armicie 5 Scersad under a Sestive Cormmons Amriburon 40 incemagsony License, which perriey
Vi, g, acbctnon, i acn and roeoductan 0 My mecium o St an 0Ng 8 Yo G AErTpnate Cuct 10 the ol
AR ) The s e, P & ek 20 10 Crontive COommdn ond e, A0 miiude 7 canges v rracle The s, o ot Bhaad
Porty maseds 0 g annce pe induded n e arvde’ Cearve Commons foence unless Indicmed omernsise n 3 Odt ine 10 the mone
sl ¥ ratenwl o 1ot excudedd 0 the ok Crostve Comymons loeece st your riended s 5 not peedited Dy SSsti ooy wasston or
O T Pt g une wour ol reend 10 RS Sy rinon S Ty Py e Copana e ke T wiow 2 GO0y oF UV lercn vt ey
OO Y Or s ed Woarae sy Dy i)’

65



Martin-Vicente et al. Intenseve Care Mediamne Experimental (2021) 958 Page2of 17

ST o
L}r.‘-mv: el oyl

A

FAg. 1 Spoctrum of postintensive cane syndhome. Many of the long-term conditions that constitute the

posantenuve care syndeome have boen sefated 10 specfic syndiomes that appear during soute cere

However, it s not known if this relstionship reflects 2 common prmary cause, & pathogenetic a5socation o
| smply an asociation due 10 underhing confounders

in most of the cases, the recent COVID-19 pandemic has highlighted the relevance
of the long-term, post-acute respiratory distress syndrome (ARDS) respiratory
sequelae [8], Musculoskeletal impairments are included under the concept of “ICU-
acquired weakness” (ICUAW), defined as a “diffuse, symmetric, generalized muscle
weakness, detected by physical examination and meeting specific strength related
criteria) that develops after the onset of critical illness without other identifiable
cause”. ICUAW may result in a severe limitation of daily activities and a significant
worsening in quality of life. Although some improvements may occur during the first
vear after ICU discharge, weakness is persistent in a significant proportion of cascs
[9]. Finally, neuropsychological alterations regarding cognitive declines in ICU sur-
vivors have been also described by several authors. Up to 80% of critically ill patients
experience delirium while in the ICU, and a significant number of ICU survivors
show signs of moderate cognitive impairment or other neurological, emotional and
mental health conditions related to PICS include depression, anxiety, post-traumatic
stress disorder and cognitive impairment [10, 11], Again, these disarrangements may
persist well above the first year and cause a severe limitation of patients’ activities,

Several ICU-related risk factors and short-term complications have been related to
these long-term outcomes (highlighted in Fig. 1). However, as pathogenetic factors
are mostly unknown, it is not clear if these short- and long-term symptoms are time-
dependent manifestations of a common disease, independent diseases with shared
ctiologies or independent sequelae caused by the systemic response to a severe
injury.
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Mechanisms of chronic lung dysfunction

The need of respiratory support is one of the main reasons for ICU admission, either due
to lung injury or ventilatory failure. These critically ill patients often require mechanical
ventilation. Previous organ damage, along with the use of ventilation, may lead to the
development or worsening of lung injury [12], which involves epithelial barrier dysfunc-
tion, inflammation and matrix remodelling. In this context, failure to correctly resolve
these processes might be involved in the development of long-term sequelae. However,
the specific mechanisms by which acute lung damage becomes chronic are yet to be
fully elucidated. Most of the knowledge on this topic comes from research on prevalent
chronic lung diseases, such as idiopathic pulmonary fibrosis, which may hint to underly-
ing pathogenetic mechanisms. These same processes may play a role in the development
of chronic lung dysfunction in the context of post-ICU sequelae (Fig. 2).

Inflammation and matrix remodelling are well described processes involved in the
resolution of acute lung injury [13]. However, their perpetuation ¢an be a relevant
pathogenetic mechanism of many chronic lung discases [14). Persistence of the local
inflammatory response has been linked to the development of fibrosis, as released Th2
cytokines (I1.-4, -5, -13) have a well-known pro-fibrotic effect and may recruit fibrocytes
from the systemic circulation. Moreover, other pro-inflammatory mediators such as
IL1b or IL-6 may promote collagen deposition mediated by 1L-17 [15].

In this setting, alveolar macrophages, inflammatory cells and fibroblasts release
profibrotic molecules during acute injury, such as transforming growth factor-§
(TGFP), Insulin-like growth factor (IGF-1), platelet derived growth factor (PDGF)
or connective tissue growth factor (CTGF) among others [16-19]. TGE activates
intracellular SMAD complexes via binding to serine/threonine kinase heterodi-
mers in the cell surface. Activated SMAD complexes enter the nucleus and act as
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transcription factors regulating a wide range of cellular processes, In fibrosis, these
pathways include extracellular matrix deposition and fibroblast division and differ-
entiation into myofibroblasts [20]. These cells, characterized by an increase in the
intracellular content of a-smooth muscle actin (a-SMA), modify the matrix com-
position by increasing deposition of collagen and disorganizing elastin, generating
scar-like lesions [21],

Activation of coagulation and fibrin deposition is another pathogenetic mecha-
nism activated during acute lung injury that has been linked to long-term sequels. It
has been shown that patients with lung interstitial diseases have an increased expres-
sion of procoagulant factors within the lung, including tissue factor or thrombin, or
a decrease in protein C. Activation of proteinase-activated receptors (PARs) by the
proteinases from the coagulation cascade (thrombin, trypsin, cathepsins...) provides
the mechanistic link between coagulation and fibrosis. Downstream signaling fol-
lowing PAR1 activation results in the expression of several profibrotic growth fac-
tors (CTFG, PDGF) and perpetuates the local release of proinflammatory cytokines
and TGFp [22].

Epithelial-Mesenchymal Transition (EMT) has also gained relevance in this sce-
nario, where massive tissue remodeling takes place. EMT is a process in which a
polarized epithelial cell acquires a mesenchymal phenotype, that includes synthesis
of extracellular matrix components [23]. During EMT, epithelial cells lose part of the
epithelial characteristics, such as expression of E-cadherin and cytokeratin, and gain
mesenchymal markers including N-cadherin, vimentin or a-smooth muscle actin
[24]. At a physiological level, all these processes favour the accumulation of exces-
sive fibrous tissue, decreasing lung compliance and impairing ventilatory dynamics
and diffusion. In vivo models of lung injury and mechanical ventilation have shown
the activation of EMT, possibly by a Wit-dependent mechanism [25], suggesting a
relationship between EMT-like processes and the later development of pulmonary
fibrosis [26].

Another common feature in these chronic conditions is epithelial barrier dysfunc-
tion, characterized by altered cell composition of the pseudostratified respiratory
epithelium with basal and goblet cell hyperplasia and metaplasia [27, 28], In addi-
tion, after the initial lung insult, persistence of epithelial dysfunction is associated
with a proinflammatory secretory phenotype due to the activation of airway epithe-
lial cells, dendritic cells and type 2 Innate Lymphoid Cells, and release of epithelial
derived cytokines, including thymic stromal lymphopoietin {TSLP), interleukin (IL)-
25, and 1L- 33 [29]. The resulting sustained inflammation and shift in cellular com-
position could play an important role in post-1CU lung dysfunction.

Finally, cell renewal is a key feature of chronic lung diseases. Excessive stem
cell activation leads to accumulation of DNA damage and cell senescence [30]. In
patients with idiopathic pulmonary fibrosis, epithelial cells show an increase expres-
sion of senescence markers, such as P16 or P21 and a proinflammatory phenotype
[31]). Recently, we have shown the activation of this pathway in response to acute
lung injury [32]. These senescent cells have been related to stem cell exhaustion with
an impaired regenerative capacity [33] and an Increased secretion of inflammatory
and matrix remodeling molecules, which in turn may perpetuate fibrosis.
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Molecular mechanisms of cognitive impairment

There are several mechanisms that may lead to brain injury in critically ill patients [34].
The central nervous system (CNS) receives signals from neural afferences and circulat-
ing factors and cells. Regarding the former, the vagus nerve constitutes the main ascend-
ent pathway from peripheral organs. Distal vagal sensors are responsive to a variety of
stimuli, including stretch (via transient receptor potential cation channel, subfamily V,
member 4 [TRPV4] and Piezo receptors) [35], or inflammation (via toll-like receptor
(TLR)-4, ILIR or tumor necrosis factor [TNF|-receptor present in vagal sensory neu-
rons) (36, 37]. Once these signals reach the brain stem, multisynaptic pathways along
the CNS are activated [38, 39]. For instance, lung stretch activates alveolar TRPV4 and
purinergic receptors, that, in a vagus-dependent manner, increase dopaminergic sign-
aling and triggers hippocampal apoptosis [40]. Blockade of triggering receptors in dis-
tal organs or circulating mediators could decrease the risk of long-term impainment.
In animal models, inhibition of peripheral mechanosensation with TRPV4 antagonists,
unspecific blockade of nerve conduction with lidocaine or inhibition of type 2 dopamine
receptors have decreased hippocampal apoptosis [35].

Circulating molecules and cells may also reach the brain during critical illness. The sys-
temic inflammatory response decreases blood-brain barrier permeability [41] and facili-
tates the translocation of circulating mediators and/or cells that further promote brain
injury. Heparan sulfate fragments released from the endothelial glicocalix during sepsis
may translocate to the hippocampus and inhibit brain-derived neurotrophic factor sign-
aling, that results in memory impairment in mice [42), Circulating IL-6 may also play a
role in this setting, as peripheral blockade of 1L-6 with a monoclonal antibody prevented
ventilator-induced brain injury [43]. In line with these findings, intratracheal instillation
of lipopolysaccharide increases the expression of proinflammatory cytokines /116 and /6
in the brain stem [44]. Interestingly, only the increase in /11b expression was abolished
after vagotomy, suggesting the simultaneous activation of different mechanisms,

The link between these brain responses and functional outcomes has also been
assessed. In a large animal model of prolonged protective mechanical ventilation, hip-
pocampal damage was demonstrated [45]. Acute lung damage and mechanical ventila-
tion in mice caused brain inflammation, hippocampal injury and memory impairments,
in an steroid-preventable manner [41]. Similarly, conditioning responses, a surrogate
marker of memory in mice, were absent 3 days after mechanical ventilation, but not in
anesthetized, non-ventilated controls [46]. Although translation of these experimen-
tal results into clinical evidence is challenging and remains elusive, this model of brain
injury in response to systemic insults (summarized in Fig. 3) provides a frumework for
prevention, diagnosis and treatment of long-term cognitive dysfunction in critically ill
patients.

Mechanisms of ICU-acquired weakness

ICUAW is a bilateral and symmetrical neuromuscular involvement, common in
critically ill mechanically ventilated patients. Clinical studies in critical care settings
involving electrophysiological tests and muscle histopathology suggest that both
polyneuropathy and myopathy may coexist in ICU patients, being myopathy more

69



Martin-Vicente et ol Intensive Care Mediome Experimento! (2021) 958 Page 6ol 17

Stretch recectons. be. Cytchare releas (o L-10 L8
THEVA, Perot) CNC )
Purnenpo seceptons Iefamoranony ool MY
C R macrophages, netroghis )
Ocpami~w release a°C
DAL actvason Locw! L8 espression

Fg. 3 Machunisms of brain demece after critical liness, Neura! and cliculatng signa®s reach the beain guring
IOl liness o0d 11Qoey several DANOOENCTC responses, INCiudng neveonal apoptosts, cell scthation and
armylond deposition, that could explan the long term sequelae experienced by ICU surehvors

frequently identified as the cause of weakness [47]. Critical illness neuropathy has
been described as a distal axonal sensory-motor polyneuropathy affecting limb and
respiratory muscles. Some evidence suggests that weakness recovery could be wors-
ened and/or delayed when neuropathy accompanies myopathy, being persisting dis-
ability associated with polyneuropathy and myopathy coexistence [48, 49]. Because
nerve conduction studies and needle electromyography do not accurately discern
between both entities, and given the sufficiently relevant clinical problem of muscle
weakness in these patients [50], the term ICUAW emerged regardless of its causa-
tive nature, Although physical disability related to ICUAW is highly prevalent among
ICU survivors, its clinical spectrum varies not only in severity but also in recovery
trajectories [51]. Muscle atrophy in the critically-ill has been demonstrated to begin
within the first hours after ICU admission in mechanically ventilated patients |52]
and its development has been related to several factors, such as systemic inflamma-
tion, severity of the underlying disease, use of neuromuscular blockers or mechanical
ventilation itself (49, 53, 54].

Multiple molecular mechanisms, either independent or interacting, are involved in
muscle wasting and evolve over time, from the onset of critical illness till the long-
term recovery phase around 6 months after ICU discharge [55] (Fig. 4). Muscle
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wasting results from an increased proteolysis triggered in the acute phase, over-
whelming the regenerative capacity of the injured tissue [52, 56). Early activation of
proteolytic pathways, however, is not sustained over time, but instead it may alter
muscle biology resulting in an impaired muscle regrowth [57].

Inflammatory cytokines have been suggested to play a relevant role in the develop-
ment of ICUAW. TNFa has been widely studied in this setting. In differentiated myo-
tubes, TNFa stimulates catabolism by binding to TNF receptor subtype | and activating
nuclear factor-kB. This transcriptional factor is essential for TNFa-induced reduction in
muscle protein and loss of adult myosin heavy chain content [58), which is specifically
found in critically ill patients [59]. This pathway is also sensitive to reactive oxygen spe-
cles, which appear to function as second messengers for TNFa in skeletal muscle [58].
TNFa/nuclear factor-kB signaling is also involved in the differentiation process, repre-
senting a mechanism that could be responsible for satellite cells activation and skeletal
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muscle recovery following the acute phase [60-62]. TNFa binding to its receptor also
stimulates apoptosis and Jun-N-terminal kinases and mitogen-activated protein kinases
(MAPKSs) in differentiated myotubes. In muscle cells, these signaling events stimulate
the expression of genes related to the ubiquitin-proteasome pathway (63, 64], triggering
massive intracellular proteolysis [65]. Finally, TNFa is also known to affect the force of
muscle contraction even in the absence of atrophy [66] via TNFR1 and mediated by an
increased cytosolic oxidant activity [67, 68,

Elevated levels of IL-1 are commonly found in critically ill patients’ serum and repre-
sent a potential stimulus for protein loss and muscle atrophy. The suggested underlying
mechanisms are related to both protein synthesis and degradation (69, 70]. Interestingly,
IL-6 has been proven to drive the systemic compensatory anti-inflammatory response
syndrome, by inhibiting TNFa release and stimulating IL-10 [71], In skeletal muscle,
IL-6 is involved in myogenesis, lipid metabolism, glucose uptake and both protein syn-
thesis and degradation [72-74]. Skeletal muscle cellular niche has been recognized itself
as a myokine secretor organ and even a potential regulator of immune system [75]. In
mechanically ventilated patients who developed myopathy, the inflammation-induced
acute phase response resulted in a marked increase in 1L-6 production in skeletal muscle
|76].

Histologic and molecular analyses performed in skeletal muscle biopsies of critically
ill patients suggest that recovery failure may be associated with satellite/progenitor cells
loss and fibrosis [57], but it is unclear which are the underlying mechanisms leading to
the satellite cell depletion or what is the role of the whole skeletal muscle cell niche, In
other scenarios, where muscle injury may occur, muscle tissue repair is a complex bio-
logical process that necessarily involves activation of stem cells. Myogenic stem cells,
so-called satellite cells, reside beneath the basal lamina of muscle fibers [77] and express
both NCAM/CD36 and early myogenic cell markers, such as M-cadherin, PAX7, and
MYF5 [78]. Satellite cells remain quiescent in skeletal muscle, but they can proliferate
and further differentiate into myoblasts in response to activating signals, achieving mus-
cle regeneration [79]. Activated satellite cells may interact with macrophages recruited
at the site of muscle regeneration and receive mitogenic signals from these immune
cells, mediated by the release of different soluble factors [80]. Myoblasts, and to a higher
extent myotubes, also receive cell-contact-mediated pro-survival signals from mac-
rophages [81].

Similarly, the microvascular niche seems to be another partner of satellite cells, Chris-
tov et al. have suggested quiescent satellite cells to easily interplay with endothelial cells
upon activation to set up coordinated angio-myogenesis in a functional manner [82].
Indeed, anglogenesis and myogenesis could share regulatory factors such as vascular
endothelial growth factor (VEGF) [83] or insulin-like growth factor type 1 (IGF1) [84]
that reciprocally signal both processes pivotally involved in muscle regeneration.

Apart from inflammation and stem cell depletion, several other mechanisms may be
involved in the development of persistent muscle weakness in survivors of critical illness.
Distal axonal sensory-motor damage/dysfunction has also been described in ICUAW,
being attributable to a reduced membrane excitability resulting from membrane depo-
larization and lon channel dysfunction [R5, 86), together with an altered calcium homeo-
stasis [87]. In critically-ill patients with demonstrated polyneuropathy, motor axons are
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depolarized, Chronic membrane depolarization could be related to tissue hypoperfusion
or to increased extracellular potassium in patients with kidney failure, and may lead to
muscle atrophy {88]. Reduced compound motor action potentials are present in neu-
ropathy and myopathy. In addition, there have been described fibrillation potentials or
positive sharp waves that could be explained by denervation or by muscle sodium chan-
nel dysfunction [89]. Mitochondrial dysfunction could be a contributing defect involved
in energy-dependent processes [90], and a dysregulation in autophagy [91] has also been
described to play a role in muscle repair.

In critically ill patients, the limited sample size of the muscle specimens precludes
the identification of different mechanism-specific subphenotypes of muscle weakness,
with different histopathological findings and driven by different mechanisms, though
leading to the wide dinical spectrum of long-term functional disability. These different
pathogenetic subphenotypes could explain the heterogencous recovery observed among
survivors of critical illness. For instance, the activated pathways could be promoting pro-
liferation of satellite cells in some patients while related to fibrotic repair and satellite cell
depletion in others. Understanding these mechanisms is crucial to identify therapeutic
targets that, interfered at the beginning of the process, could modify the dinical course
of ICUAW before the 6-month plateau has been achieved, either at the acute phase or
during recovery.

Unifying hypotheses

Long-term sequelac included in the PICS framework may be the consequence of organ-
specific mechanisms, as described in the previous sections. However, the variety of
symptoms included in PICS in response to common triggers (the critical disease and
its managements) and the observed links and correlations amongst the different dimen-
sions of the syndrome [92] raise the hypothesis that PICS is the long-term result of
underlying mechanisms activated by severe diseases, that become systemic and lead to
different degrees of multi-organ dysfunction. There are several stercotypical biological
responses and mechanisms that could be involved in the development of PICS, Identifi-
cation of these shared mechanisms could help to identify patients at risk of developing
sequelae. Moreover, this knowledge could lead to novel therapeutic interventions that
might prevent the whole spectrum of PICS by interfering with upstream regulators.

Systemic inflammation

The most characterized and studied mechanism in this setting is the inflammatory
response. Inflammation is a physiological response necessary to fight against infections
or injury and, therefore, restore homeostasis, During the acute phase of the inflam-
matory response, the presence of damage or pathogen-associated molecular patterns
(DAMPs and PAMPs respectively) induces an initial systemic inflammatory response,
mediated by the release of pro-inflimmatory mediators, such as growth factors (ie, G/
GM-CSF, FltL) and cytokines (Le., IL-1, IL-6, 1L-17) as well as through mesenchymal or
immune cells [93]. This coexists with a compensatory anti-inflammatory response syn-
drome, which is mainly carried out by myeloid suppressor cells (MDSCs) that secrete
anti-inflammatory cytokines (e.g. IL-10 and TGFpP) and cytokine antagonists (¢.g.
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IL-1ra and sTNFRI) and decrease inflammation without dliminating all protective innate
immunity [94].

During chronic inflammation. an unbalance between pro- and anti-inflammatory
mediators makes homeostasis Impossible to restore. The persistence of stimuli that
modify the inflammatory response, either directly or indirectly, may perpetuate the
release of inflammatory mediators not only to the lung but also to the systemic compart-
ment, as the increased alveolo-capillary permeability facilitates their translocation. This
persistent inflammation has been demonstrated in ARDS survivors even after clinical
improvement or recover and related to worse physical recovery [95).

Senescence

Other potential mechanism which might be involved in PICS is related to the activation
and spread of senescent responses. Cell senescence is defined as the cell cycle arrest in
response to a stimulus, and a shift towards a specific phenotype characterized by the
loss of several cell functions and the paracrine release of a variety of molecules (termed
senescence-associated secretory phenotype—SASP), including proinflammatory media-
tors and senescence inductors (thus activating a positive feedback) [96]. There are several
molecular pathways that lead to senescence in response to injury (including oxidative
stress, release of DAMPs, proinflammatory cytokines, such as TNFa or IL-1a), most
of which depend on the activation of P53, P21 and their downstream factors [97]. In a
model of acute lung injury, we demonstrated that activation of these pathways results in
short-term protection against apoptosis (as senescent cells have an inherent resistance
to programmed cell death) (32, 98). However, the resulting senescent state could lead
to long-term sequelae, both locally and in distant organs (in response to SASP). Several
of the previously described mechanisms of organ-specific PICS could be manifestation
of these senescent responses. Senescence is an emerging pathogenetic pathway in idio-
pathic lung fibrosis [31], but their involvement in secondary fibrosis is unknown. Several
forms of acute lung injury can trigger senescence in response to DNA damage. The pre-
viously described satellite cell exhaustion in ICUAW could be also a manifestation of the
systemic release of pro-senescent factors. Recently, it has been described the deposition
of brain amyloid fibers, a known trigger of neuronal senescence, in response to critical
illness [99].

Of note, there is a positive feedback between inflammation and senescence. Inflam-
mation causes activation of senescence through several mediators, such as 1L-6, [n turn,
SASP includes the release of proinflammatory molecules, thus promoting a sustained
response [100].

Integrated stress response

A third mechanism potentially involved in the development of PICS is the so-called
integrated stress response (ISR). ISR is a conserved cell response to different patho-
logical conditions that results in a general decrease in protein synthesis and expression
of a specific gene signature. Its activation is necessary to maintain cell homeostasis in
the presence of different stress signals [101]. This response may be activated by four
stress-sensing kinases (protein kinase R [PKR], Eukaryotic translation initiation factor
2-alpha kinase 4 [EIF2AK4], heme-regulated inhibitor [HRI] and PKR-like endoplasmic

74



Martin-Vicente et al Intensive Cave Medicine Expenmental (2021) 258 Page 110f17

reticulum kinase [PERK]) that phosphorylate the cukaryotic initiation factor ¢lF2a,
which ultimately leads to a decrease in protein synthesis and the induction of sclected
genes (such as ATF4 and CHOP) that eventually take part in the cellular response to
stress.

ISR plays an important role during acute lung injury or mechanical ventilation. Alveo-
lar overdistension induced by mechanical ventilation results in PERK phosphorylation
and subsequent phosphorylation of the factor ¢lF2a. This alters epithelial permeability,
induces proinflimmatory cytokine release and cell death [102), ISR may have a dual role
deciding cell fate, Although its main function is maintaining cell survival, exposure to
a continuous stress could lead to cell death [103]. In this context, the stress-inducible
phosphatase GADD34 dephosphorylates elF2a and induces a negative feedback mech-
anism, ceasing the activation of ISR [104]. However, in pathological conditions, ISR is
activated but GADD34 expression is attenuated, thus preserving phosphorylated elF2a
[105] and perpetuating this response [106] due to the lack of negative feedback.

From common triggers to cellular and tissue dysfunction

Finally, all these pathways converge in a reduced number of cell responses that medi-
ate tissue dysfunction. The most studied response is apoptosis, There is substantial evi-
dence showing disseminated apoptosis during the acute response to critical illness [107],
This programmed cell death is activated by binding of extracellular signaling molecules
(i.e,, TNFa) to membrane receptors or intracellular release of cytochrome ¢ from injured
mitochondria (Le., after oxidative stress). These pathways converge in the activation of
caspases, that lead to DNA fragmentation and cell death. Although apoptosis is a major
pathogenetic mechanism in acute organ failure, and anti-apoptotic drugs may prevent
organ damage in this setting, the relationship of acute apoptosis and development of
PICS remains to be fully elucidated. Animal models have shown a correfation between
apoptosis and later development of pulmonary fibrosis [108] and neurological deficits
|146], but human data is scarce. Patients with ICUAW show activation of proapoptotic
pathways in peripheral muscles [109].

Activation of senescence, that render cells resistant to apoptosis [110], may be a com-
pensatory mechanism in this setting, but at the price of the promoting persistence of
senescent, dysfunctional cells, Senolytics, a heterogencous family of compounds that
inhibit pro-survival kinases in senescent cells (such as BCL2 or tyrosine-kinases), may
promote the selective death of these cells, facilitating a delayed repair [111]. Although
promising, these pathways have not been explored in critically {1l patients.

Emerging PICS domains
Rather than a settled syndromic condition, PICS s an evolving concept that cov-
ers a large variety of symptoms and conditions experienced by ICU survivors. Clinical
research in this topic may help to better identify, characterize and manage the long-term
consequences of critical illness from the early onset of acute illnesses. The main com-
ponents of PICS have been covered in the previous sections, but the systemic nature of
acute severe diseases may cause other organ injuries,

Critical illness may increase the risk of cardiovascular events after ICU and hospital
discharge. Greater rates of atrial fibrillation, heart failure, and myocardial infarction
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have been described after sepsis [112], However, no clear organ-specific mechanisms
have been identified to date [113]. Systemic persistent inflammation is a major driver
of cardiovascular disease, but a clear causative link is missing [114]. Recently, the role of
stress-triggered senescence has been highlighted in this setting [115].

Similarly, there is Increasing evidence of long-term impaired kidney function after
critical care, even in patients without acute renal failure [116]. The development of kid-
ney fibrosis during the repair phase has been proposed as a major pathogenctic mech-
anism [117]. In addition, cell cycle arrest, a hallmark of senescence, promotes fibrosis
during kidney repair [118]. The previously described cardiovascular impairment could
contribute to further deteriorate kidney function.

Finally, transgenerational effects of critical illness, requiring modification of the
genome or epigenome of germline cells, have barely been explored. It has been shown
that experimental sepsis changes the sperm methylome, mainly in intergenic regions
or development-related genes [119], Both systemic and local inflammation can modify
the expression of methyltransferases and thus facilitate cell reprogramming. The conse-
quences of these changes in offspring, however, are controversial [120]. Besides, mater-
nal prenatal exposures in human studies have focused on pregnancy, rarely assessing
long term effects of exposures of maternal non-pregnant progenitor in later offspring
[121].

Conclusions

The objectives of intensive care must go well beyond ICU survival and aim to provide
critically ill patients with the best achievable quality of life. This includes prevention,
treatment and/or palliation of the long-term sequels derived from their ICU stay. ‘The
complex organ crosstalk and the pleiotropic effects of most of the responses triggered
by critical illness make difficult to find treatments that translate into a clinical benefit. In
this difficult scenario, knowledge of the underlying biological mechanisms may allow cli-
nicians and researchers to identify novel biomarkers, therapeutic targets and strategies
that ultimately will facilitate the identification and treatment of these long-term sequelae
even at early and acute stages, thus contributing to improve long-term outcomes.
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RESULTADOS

II. La activacion de p21 limita la lesion pulmonar aguda e induce
senescencia temprana tras la aspiracion de acido clorhidrico y la
ventilacion mecanica.

La lesion pulmonar aguda y su forma mas grave, el SDRA, son
condiciones comunes en el paciente critico que se caracterizan por estar
asociadas a una inflamacién severa y a una acumulacién de liquido en los
alveolos, lo que compromete la capacidad de los pulmones para oxigenar
la sangre. Como resultado, estos pacientes necesitan de ventilacion
mecanica, lo cual puede agravar mas su situacion. La via p53/p21 se ha
visto implicada en la enfermedad pulmonar crénica. Sin embargo, su papel
en la lesién pulmonar aguda no se ha explorado de manera exhaustiva. El
anadlisis sistematico de datos transcriptoémicos de modelos animales de
lesion pulmonar mostraron un enriquecimiento de firmas génicas
especificas dependientes de p53 y p21 y un perfil validado de senescencia.
Es mas, el modelo de ratén de aspiracion de acido clorhidrico y ventilacion
mecanica utilizado en el estudio, mostré cambios en la envoltura nuclear,
la cromatina subyacente, dafio en el ADN y activacion de la via p53/p21.
Ademas, la ausencia de Cdknla se asoci6 con una disminucion de los
marcadores asociados a senescencia y un empeoramiento de la lesiéon
pulmonar debido a un aumento de la apoptosis. En cambio, el tratamiento
con lopinavir/ritonavir condujo a la sobrexpresion de Cdknla,
disminuyendo la apoptosis celular y mejorando la lesion pulmonar.
Finalmente, las muestras de autopsias de pulmones de pacientes con SDRA
utilizadas en este estudio revelaron un aumento en los focos de
heterocromatina asociados a senescencia. En conjunto, estos resultados

sugieren que la activacion de la via p53/p21 tiene un papel antiapoptdtico
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en la lesion pulmonar aguda, estando a su vez implicado en la activacion de
un programa de senescencia, lo que podria tener consecuencias

perjudiciales en el desarrollo de la enfermedad a largo plazo.

Articulo 2. Blazquez-Prieto ], Huidobro C, Lépez-Alonso I, Amado-
Rodriguez L, Martin-Vicente P, Lopez-Martinez C, Crespo I, Pantoja C,
Fernandez-Marcos PJ, Serrano M, Sznajder ]I, Albaiceta GM. Activation of
p21 limits acute lung injury and induces early senescence after acid

aspiration and mechanical ventilation. Transl Res. 2021 Jul;233:104-116.
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Me incorpore a este proyecto desde mi llegada al laboratorio, en el
cual dedique la mayor parte de mi tiempo, hasta su publicaciéon. Realicé la
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histolégicos y andlisis de los resultados correspondientes. También
contribui en la elaboracion del manuscrito, elaboracion de figuras, y en el

analisis estadistico.
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Activation of p21 limits acute lung injury and o)
induces early senescence after acid
aspiration and mechanical ventilation

JORGE BLAZQUEZ-PRIETO, COVADONGA HUIDOBRO, INES LOPEZ-ALONSO,

LAURA AMADO-RODRIGUEZ, PAULA MARTIN-VICENTE, CECILIA LOPEZ-MARTINEZ,

IRENE CRESPO, CRISTINA PANTOJA, PABLO J FERNANDEZ-MARCOS, MANUEL SERRANO,
JACOB | SZNAJDER, and GUILLERMO M ALBAICETA

SPAIN: AND CHICAGO, ILUNOIS

The p53/p21 pothway is activated in response to cell stress. However, its role in
acule lung injury has nol been elucidated. Acule lung injury is associated with dis-
ruption of the civeolo-capiliary barrier leading 1o acute respiratory distress syn-
drome (ARDS). Mechanical ventiation may be necessary fo support gas exchange
In patients with ARDS, however, high positive alrway pressures can cause reglonal
overdistension of civeolar units and oggravate lung injury. Here, we report that
acute lung Injury and alveolar overstreiching activate the pS3/p21 pathway to
maintain homeostasis and avold massive cell apoptosls. A systematic pooling of
transcriptomic data from animal models of lung injury demonstrates the envichment
of specific p53- and p21-dependent gene signatures and a validated senescence
profile. In a clinically relevant, murine model of acid aspiration and mechanical
ventilation, we observed changes in the nuclear envelope and the underlying chro-
matin, DNA damage and activation of the Tp53/p21 pathway. Absence of Cdknla
decreased the senescent response, but worsened lung injury due fo increased cell
apoplosis. Conversely, treatment with lopinavir and/or ritonavir led to Cdknla over-
expression and ameliorated cell apoplosis and lung injury. The aclivation of these
mechanisms was associated with early markers of senescence, including oxpres-
sion of senescence-related genes and increases in senescence-associated helero-
chromatin foci in alveolar cells. Autopsy samples from lungs of patients with ARDS
revealed increased senescence-associated heterochromatin foci. Collectively,
these results suggest that acute lung injury activates p53/p21 as an antiopoplotic
mechanism lo omeliorate domage, but with the side effec! of induction of senes-
cence. (Translational Research 2021; 233:104  116)
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Abbreviations: ANOVA = anaclyils of tha variance; ARDS = acute respratony distrass syndrome;
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INTRODUCTION

The lungs have a stereotypic response o acule
injury, which is preserved among species and many eti-
ological agents, Once damage is inflicted, lung cells
trigger a host response which can include inflamma-
tion, matrix remodeling and different forms of cell
death, including apoptosis.” Although a limited host
response may help 1o clear the injurious agent and pro-
mote lung tissue repair,” an overexuberant host
response can lead to severe injury and gas exchange
worsening. Therefore, therapeutic strategies aimed to
Timit lung damage and interference with lung repair are
important.

Lungs are exposed to mechanical load during every
breath. In pathologic conditions, gencration of higher-
pressure gradients necessary for adequate ventilation
may cause excessive cell stretch.” This is especially
relevant during mechanical ventilation with high pres-
sures, which can lead o the so-called ventilator-
induced lung injury (VILD.*" In mechanically venti-
lated patients, a strategy aimed o limit VILI decreased
moetality in patients with the acute respiratory distress
syndrome (ARDS).”

88

Mechanotransduction is thought 10 regulate the
molecular steps in VILI pathogenesis.” The nuclear
envelope has been reported as an important cell mecha-
nosensor and signal transducer.” Mechanical stretch
appears to increase Lamin-A in the nuclear envelope,
leading to nuclear stiffening. These changes in the
nuclear envelope can also activate pS3-dependent path-
ways. Wildtype pS53 is a master regulator of cell
homeostasis amd fate, and its activation may lead to a
variety of responses, ranging from apoptosis to cell
cycle arrest, Inhibition of this response has been shown
to increase p2l (Cdknla) expression and decrease
VILI in an experimental model.” pS3 and its down-
stream factor p21 are triggers of senescence,’” a cell
response characterized by an stable arrest of the cell
cychke and a switch towards a sencscence-associated
secretory phenotype (SASP). It has been proposed that
senescence facilitates the clearance of damaged cells
and is required for tissue repair. ' Interestingly, some
of the molecules have a significant overlap with the
proinflammatory response associated with VILL

We hypothesized that pS3-dependent pathways play
a role 1 the maintenance of lung homeostasis during
acute injury, and that senescence could be a side effect
of their activation, To test this hypothesis, we devel-
oped a climcally relevant model of lung injury caused
by acid aspiration and VILI 1o assess the activation of
p53 and its downstream factors,

MATERIAL AND METHODS

Meta-analysis of ranscriptomic data. To explore the
main hypothesis, a pooled analysis of published tran-
scriptomic data was performed, using a previously vali-
dated 55-gene expression signature of sencscence'” as
main endpoint. Datasets reporting lung gene expression
in mouse models of acute lung injury and mechanical
ventilation were obtained from public repositorics
(Gene Omnibus Expression -hitps:/www ncbinlm nih
gov/geo/- and AmayExpress - httpsi//www.ebiac.uk/
wrayexpress/<) using the following terms; “Stretch,”
“Cyclic strain,” “Mechanical  Ventilation,” “Lung,”
and “Alveolar,” Fifty-one datasets were manually
reviewed, Studies lacking a control group with intact,
spontancously breathing animals and those reporting
less than 40 genes from the endpoint signature were
excluded, so 9 datasets were finally used (Supplemen-
tary Table 1), When available, raw data was down-
loaded and normalized using the Robust Multarray
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Average method (for Affymetrix microarrays) or nor-
mal-exponential background cosrection followed by
quantile normalization (all the other platforms),

Nomualized datasets were pooled using the Combat-
Co-normalization wsing controls (COCONUT) algo-
rithm.”' This method normalizes gene expression of
the different datasets using an empirical Bayes fitting,
but applied only to control samples (in this case, spon-
tancously breathing animals with intact lungs). Then
the obtained normalization paramelers are applied 10
the cases (i¢, those with lung injury) (Supplementary
Fig 1). Three different signatures were studied, corre-
sponding to 116 genes upregulated by pS3, 14 genes
downregulated by p21'* and a set of S0 genes consis-
tently up- and down-regulated in senescence.” A
meta-score was computed for each sample as the geo-
metric mean of the upregulated genes minus the geo-
metric mean of the downregulated genes in the
signature."’ Meta-scores were finally compared among
controls and animals with lung injury and/or mechani-
cal ventilation.

Animal models. Male, 12-weck-old C57BI/6 mice,
kept under pathogen-free comnditions with free access to
food and water, were used in all experiments. The Ani-
mal Research Committee of the Universidad de Oviedo
eviluated and approved the stdy.,

A 2-hit lung injury model, based on chlorhydrnic acid
instillation and mechanical ventilation, was studied.
Animals were anesthetized with intraperitoneal keta-
mine and xylazine and orotracheally intubated using a
200 catheter, through which 50 ;L of chlochydric acid
(0.IN, pH = 1.5) were instilled. Two hours after instl-
lation, mice were randomly assigned 10 receive
mechanical venulation or not, Mice were ventilated
with a pressure-controlled mode (peak inspiratory pres-
sure 17 em H,O, PEEP 2 em H,0, respiratory rate 100
breath</min) for 120 minutes.

Three additional series of experiments were per-
formed. Mice lacking Tp53 or Cdknla (p21, an endog-
cnous inhibitor of cyclin-dependent Kinases involved
in the senescent response triggered by TpS3) and their
wildtype littermates were subjected to the same model
of injury, including acid instillation and mechanical
ventilation. Genotypes were confirmed by PCR. In sep-
arate experiments, wildtype animals were treated with
o single dose (200050 mg/Kg) of lopinavir/ritonavir (a
protease inhibitor that inhibits Zmpste24 and disrupts
Lamin-A nuclear scaffolding. activating senescence
pathways) or saline, administered intraperitoncally
immediately after acid instillation, and then ventilated
with the parameters described above,

Tissue harvest. Mice were studied in 3 different conds-
tions: baseline, 4 hours after chloshydric acid instilla-
tion without mechanical ventilation and 4 hours after
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acid instillation including 2 hours of mechanical venti-
lation. Lungs were removed after exsanguination of
anesthetized animals. A laparotomy was performed,
the renal artery sectioned, the thorax opened and the
heart-lungs removed in bloc. The left lung was instilled
with 250 microliters of 4% phosphate-buffered parafor-
maldehyde, immersed in the sume fixative for 24 hours,
and then stored in S0%% ethanol. The night lung
was immediately frozen at ~80°C for biochemical
analyses,

Patient samples. Paraffin-embedded lung tissve from
autopsies of patients were oblained from the tissue
bunk wt Hospital Universitario Central de Asturias,
after signed consent from patients” next of kin, ARDS
was defined using the Kigali modification of the Berlin
definition, ” 1o include patients with lung injury but
without mechanical ventlation and those without an
arterial line. Thineen samples were recovered (Supple-
mentary Table 2),

Histological studies. Afler fixation, tissucs were
embedded in paraffin and 3 slices with at least Imm of
separation between them were cut and stained with
hematoxylin and cosin. A pathologist blinded 10 the
expenmental settings evaluated the degree und exten-
sion of lung damage using a predefined histological
“m‘."v
Additional lung sections were processed as previ-
ously described'” for detection of myeloperoxidase-
and Ki-67-positive cells, using specific antibodies (See
Supplementary Table 3 for references). Images from 3
random fields (x200) were taken and then number of
positive cells averaged,

For immunofluorescence studies, slides were depar-
affinated and antigens retrieved in citrate buffer 0.1M
(pH =9). The avtofluorescence of the tissue was dimin-
ished using a Sudan black B solution and sections were
permeabilized (0.1% Triton X-100 in PBS for IS
minutes), blocked (1% BSA in PBS) and incubated
overnight at °C with the primary antibody (Supple-
mentary Table 3). After 24 hours, the slices were incu-
bated with the corresponding secondary fluorescent
antibody at room temperature for 1 hour. Images were
taken using a confocal microscopy (Leica SP8) at 400x
and 630x. The number of pasitive and negative nuclei
were automatically quantified wsing Image) software
(NIH, Bethesda, Maryland, USA).

Apoptotic cells in lung shices were detected by ter-
minal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) as previously described.” Images
from 3 random fields were acquired in a Leica SPS con-
focal microscope and the positive nuclet were counted
and expressed as percentage of the total nucler count.

Western blot. Nuchei were extracted from fresh lung
tssues and subsequently homogenized as described
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before.” The total amount of protein from nuclear
extracts was quantified (BCA Protein Assay Kit,
Pierce) and 154g of cach sample was loaded in SDS-
polyscrylamide gels, electrophoresed at 120mV and
electrotransferred onto PVDEF membranes. After block-
ade with 5% non-fat dry milk, the membranes were
incubated with prmary antibehies agnst Caspase-9,
Lamin-AJ/C, Lamin-B1, yH2AX, HPla or H3 (Supple-
memtary Table 3) in 3% ponfat dry milk overnight at
4°C. After 24 hours, the membranes were incubated
with the corresponding peroxidase-conjugated second-
ary antibodies in 2.5% non-fat dry milk. Proteins were
detected by chemiluminescence in @ LAS-4000 Tmag-
ing system, The intensity of each protein band was
quantified using Image) software (NIH),

Quontitative PCR. Lung fragments (2 mm x 2 mm)
were homogenized with TRIZOL (Sigma, Poole, UK)
and RNA precipitated by overnight incubation in iso-
propanol at —20°C. After 24 hours, samples were
washed with ethanol and the RNA resuspended in
RNAse-free water and quantified. One pg of total
RNA was retrotranscribed into complementary ¢cDNA
using an RT-PCR kit (High-capacity ¢DNA n Kit,
Applicd Biosystems). Quantitative PCRs were carnied
out in triplicate of cach sample using 40 ng of cDNA
per well, Expression of PIk3, Gdnf, Meisl, 116, Tp53,
Cdknla (p21), Cdkn2a (pi6), Rb, and Gupdh was
quantified using Sybr-green Power up, (Fisher Scien-
tific) and 10uM of the corresponding primers (Supple-
mentary Table 4), The relative expression of each gene
was calculated as 2 ACTigene of imerev) Aﬂ(GAmll.

Statistical analysis. Data are shown as mean £ stan-
dard error of the mean. Differences between 2 groups
were studied using a T test. Differences among more
than 2 groups were assessed using an analysis of the
variance (ANOVA). For SAHF counts, 3 slides per ani-
mal were counted (considered as technical replicates)
and analyzed using a mixed-effects ANOVA. When
significant, pairwise comparisons were done using the
Tukey’s Honest Significant Difference test. A P valoe
lower than 0.05 was considered significant.

RESULTS

Transcriptomic signatures of pS3/p21 activation
and senescence in lung injury. To test the hypothesis
that the p53/p21 pathway is activated during acute lung
injury and 1o identify carly markers of a switch towards
a senescent phenotype, data from 9 datasets of mouse
lung injury and mechanical ventilation (Supplementary
Table 1) were pooled and gene expression analyzed
(Fig 1. A). Three different transeriptomic signatures
related to pS3-dependent upregulation (116 genes, 85
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available in the pooled data), p21-dependent down-
regulation (14 genes, 12 available)' and senes-
cence'” (55 genes, 44 available) were analyzed. A
meta-score of expression of these genes was com-
puted for each sample and compared to assess the
cffect of lung injury and mechanical ventilution.

Animals subjected to acid aspiration lung injury and
mechanical ventilation showed higher expression of
pS3-dependent genes (ANOVA p-value <0.001, Fig 1,
B). lower expression of p2l-downregulated genes
(ANOVA P value <0.001, g |, Crand a higher meta-
score (Fig 1, D) in the senescence signature than spon-
tuncously breathing  controls  (ANOVA P value
<0.001, Fig 1, D). The expression of cach gene of
these signatures is shown in Supplementary Fig 2.
These results support the notion that lung injury and
mechanical ventilation activate pS3/p21 pathways and
the molecular mechanisms of senescence in acutely
injured lungs.

Aclivation of the p53/p21 pathway in o clinicolly
relevant model. To explore the mechanisms involved in
the activation of pS53-dependent signals, an experi-
mental model of acid aspiration- and mechanical
ventilation induced lung injury was tested. Chlorhy-
dric acid instillation and mechanical ventilation
induced @ significant increase in lung damage and
inflammation,  assessed by histological  scores
(Fig 2, A), neutrophilic infiltrates (1'ig 2, B) and 116
expression (Fig 2, C). Lung damage increased the
proportion of both proliferating and apoptotic cells
in lung parenchyma (Iag 2, D and E and Supple-
mentary  Fig  3).  [mmunohistochemical  studies
revealed that TUNEL-positive staining was local-
ized in all the explored cell types, including type |
and 1l preumocytes, fibroblasts and endothelial cells
(Supplementary Fig 4). In line with these findings,
the abundance of cleaved caspase-9 in lung tissue
was increased with fung injury (Fig 2, F)

We then explored the putative activators of this
response (o acute injury. Lamins in the nuclear enve-
lope act as cell mechanosensors, regulating chromatin
organization in response to mechanical stress. We
observed that Lamin-A/Lamin-B ratio increased after
mechanical stretch (Fig 2, G). Immunofluorescence
studies confirmed the increase in Lamin-A in the
nuclear envelope after mechanical stretch, but not after
hydrochlonc acud instillation alone (Fig 2, H), These
changes in the nuclear envelope coexisted with an
icrease in YH2AX (Fig 2, 1) and HPla (Fig 2, )),
mirkers of DNA damage and chromatin remodeling
respectively, 1n nuclear extracts from ventilated ani-
mals, Panel 2K shows represemtative Western blots of
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Fig 1. Expression of geoe signasures, A, Overview of the analysis. Elever datascts (128 samples) reporting gone
exprossion s animal models of lung injury were pooled and analy 20d o calcalase differost Mela-sounes semima-
nang the exprasaon of genes schalked i speailic sgaatures. B, Motascone of a pS3-depondent signature for
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The expression of the canonical responders to DNA
damage Cdkn2a (p16) and Tp53 (pS53) and their corre-
sponding downstream factors Rb and Cdknla (p21)
was also assessed. There were no differences in the lev-
cls of Cdkn2a (Fig 2, L), whercas expression of Rb was
significantly  decreased (Fig 2, M), However, we
observed significant increases in TpS3 (I9g 2, N) and
Cdknla (Fig 2, O) expression with lung injury. The
increase in P21 protein was observed mainly in type-l
and type-11 alveolar epithelal cells (positive for Aqua-
porin-5 or Surfactant-protein C respectively), and not
in fibroblast or endothelial cells (positive for vimentin
or Von-Willebrand factor respectively) (Supplemen-
tary Fig 5).

Increased lung domoge in mice lacking p2l. To
address the role of p53 and p21 in acute lung damage,
TpS3 ", Cdknla ™" mice and their wildtype counter-
parts were subjected to acid instillation followed by
mechanical ventitation. In preliminary expenments,
absence of Tp53 did not modify lung injury (histologi-
cal score 2.4 £ 1.6 vs 2.3 £ 1.2, n=4/group. P =091,
Supplementary Fig 6), so we focused on the down-
stream factor p2l. In absence of p2l, the mice had
worse lung injury (Fig 3. A) and higher counts of apo-
plotic cells (Fig 3, B) and cheaved caspase-9 abundance
(Fig 3, €) compared to their wildtype counterparts,
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There were no differences in 116 or TpS3 expression
nor in abundance of yH2AX or HPler between geno-
types (Fig 3, D=G respectively).

Lopinavir increases p21 and decreases lung damage.
We have previously shown that HIV-protease inhibi-
tors modify the nueclear response to mechanical streich
and protect against VILL" an effect that could be due
to the inhibiion of the Lamin-A  protease
ZMPSTE24." In our double-hit model, treatment with
lopinavir and/or ritomavir impaired the structure of the
nuclear lamina, decreasing the abundance of Lamin-A
(Fig 4, A), and decreased lung injury (Fig 4, B), apo-
ptotic cell count (Fig 4, C) and cleaved caspase-9
(Fig 4, D). Although abundance of yH2Ax was not
modified by this treatmem (Fig 4, E), there was a
marked decrease in HPle (Fig 4, F). Panel 4G shows
representative blots of these measurements. Finally,
treatment with lopinavir andfor ritonavir caused an
increase in 116 expression (Fig 4, H), with no changes
in Tp53 expression (Fig 4, 1) but an increase in Cdknla
(p21. Fig 4, 1)

Ecrly markers of senaescence In acute lung Injury. Then,
we tried to identify early markers of senescence in our
acute model. Acid aspiration and mechanical ventila-
tion-induced Jung injury was associted  with an
ncrease in the number of nucler positive for Macro-
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H2A, & marker of senescence-associated heterochro-
maun foci (SAHE, g 5, A), and changes in PIK3
(Fig 5, B), Gdnf (Fig §, C), and Meis! (Fig 5, D), the
genes from the senescence signature with the highest
differential expression in the previous pooled analysis.
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These markers of senescence were modificd by
manipulation of the p21 pathway. Mutant animals lack-
ing Cdknla exhibited a decreased number of SAHF
after acid instillation and  mechanical  ventilation
(Fig 5, E) and in expression of the senescence-related
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Fig 3. Lung injury in wildtype sod Cdinla

T ammals, A, Hissodogical score of Tung damage in both peactypes

(scale bar: 100 4r), B, Percentags of apopiotic (TUNEL4) cells (scale har: 50 40). C, Abundance of cleaved cas-
pase-Y in lung bomogenates from both gesctypes. D<K, Expression of 16 (D) and TpS3 (E) is wildtype and
mecant mice, F-G, Abundance of YH2AX (F) aad HP 1 (G), with repeesentative wessern blots, in lung homo-
gonates. N=d- 0 smmals por group, Gray becs mark significant dficecoces among groegs (P < 005 in 1

esis).

gene PIK3 (Fig 5, F). In opposite, treatment with
lopinavir and/or nitonavir (that increased Cdknla
expression, Fig 4, J) was related o lower counts of
SAHF (Fig 5, G), but increased PIK3 expression
(Fig 5, H).

Finally, 1o confirm the incidence of SAHF in
patients, lung tisswe from autopsies of critically-ill
patients with and without lung injury and mechanical
ventilation (Supplementary Table 2) were stained with
antibodies against Macro-H2A. There were no differ-
ences in age between the 3 groups of patients (62 + 6,
61 4 11, and 54 £ 10 years for patients without ARDS
or mechanical ventilation, with ARDS but without
mechanical ventilution and ARDS wxd  ventilation
respectively, P = 0.17 in ANOVA). Similarly, to the
animal model, nuclear Macro-H2A increased in those
with severe lung injury and mechanical ventilation
(Fig 5, 1),

Collectively, these findings suggest that Jung
injury and mechanical stretch trigger the appearance
of carly markers of senescence. The severity of Jung
injury and the abundance of senescence markers
showed an inverse correlation after manipulation of
P21 levels.

93

DISCUSSION

We provide evidence that acute lung injury and s
treatment with mechanical ventilation alters the nuclear
envelope and causes DNA damage, activating the p53/
p21 pathway. Activation of p21 plays a homeostatic
role, limiting the extent of apoptosis in response o
injury, Moreover, this effect can be pharmacologically
activated to ameliorste lung injury in a clinical setting.
In spite of this beneficial effect, this pathway also leads
to the appearance of carly markers of senescence in
lung tissue, Fig 6 summarizes the findings of this work,

The p53/p21 axis In ocute injury. P53 and its down-
stream transcription factor p21 are major regulators of
cell homeostasis. It has been shown that p53 regulates
permeability in lung endothelial cells after an inflam-
matory insult. " Similarly, activation of this pathway in
response to hypertonic saline decreased lung injury and
inflammation in human airway epithelial cells,” How-
ever, our observations in TpS3 ' mice showed no dif-
ferences in lung injury, Given the pleiotropic effects of
pS3 in cell homeostasis, this could be due to the exis-
tence of both protective and pathogenctic mechanisms.

One of the main effects of the cyclin Kinase inhibitor
p21 is  the Dblockade of apoptosis.”  Several
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Fig 4. Effects of LopinavicRibonavie on lung injery. A, Lamin-A abasdance and staining in vehicle- and lopi-
navirfrbonavir treated anleals (scale bar: 25 ). B, Histodogical scove of lung damage (scale har: 100 ). C,
Apoptotic (TUNEL+) cell counts in both groups (scale bar: S0¢). D-F, Abeadance of Caspase-9 in tissue homo-
genates (D), yH2AX (E) and HPle (F), with representative western blots {G) in lung homogenaies. H--J,
Expression of 16 (H) TpS3 (1) and Cdknla (p21, J). N= 7~10 smimals per group. Gray lines mark significant
differemocs among groups (/* < 005 in T tests),
proapoptotic pathways are activated duning acute lung pressures and allowing expiratory collapse induces

injury,” as shown in our model. In this setting, p21
may have a compensatory role by avoiding the loss of
a large amount of epithelial cells. Our observation of
massive cell death in Cdknla™™ mice suggests this
homeostanc role. It has been proposed thut caspase-9 is
the downstream urgct responsible for the antiapoptotic
effects of p21.°" Overexpression of p2l increases the
resistance 10 apoptosis of alveolar epithelial cells,”
and the beneficial effects of lopinavir and/or ntonavir
in VILI could represent the effects of the overexpres-
sion of this gene and the observed decrease in caspase-
9. In contrast, absence of p2l was associated with
more severe lung injury and increased numbers of apo-
ptotic cells, as previously suggested.™

The role of mechonical strefch, Mechanical over-
stretch could be an importamt  pathogenic  factor
involved in pS3/p21 activation, The experimental
maodel using a ventilatory strategy within the limats of
protective ventilation (driving pressure 15 em H,0,
avoidance of zero end-expirtory pressure) was chosen
o increase the transhational significance of our work,
Although venulation with very high inspiratory
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severe lung damage in less than 1 hour, even in healthy
lungs, the clinical translation of these findings is less
straightforward,

Several mechanisms have linked the mechanical
load to a lung biological response, including oxidative
stress and MAPK activation.”™ We focused on the role
of the nuclear envelope as a critical structure regulating
both mechanosensing and sencscence. The mechanical
load is transmitted from the extracellular matnix to the
cytoskeleton and then to the nuclear membrane.” This
causes a change in the nuclear lamina, reorganization
of the underlying chromatin and DNA damage,” cither
mediated by MAPK activation™ or by a direct mechan-
ical effect. ™ DNA damage is onc of the triggers of the
pS3 pathway. In smooth muscle cells, stretch leads o
pS3  activation and upregulation of senescence
markers,' resembling our findings. Similarly, HIV
profease inhibitors, such as lopinavir and/or ntonavir,
inhibit ZMPSTE-24, a protease responsible for Lamin-
A mawration,”  preserving  nuclear  compliance,
increasing p21 expression and  decreasing  stretch
induced apoptosis and VILL"
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Fig 6. The role of p21 pathway on apoptosis and senescence after acute lung injury. A, Tn control mice, lung
inry aed enechanical sretch cause DNA damagpe and changes in the noclear emvelope, activiting the cell senes-
cence program, The amount of apoptotic cells depends ca the equilibrium hetwoen the activation of proapoplotic
resposscs triggered by injury itself and the antiapoptotic effects of the senescenco inducer Cdinla (p21). B, In
mece Lacking Cdknla, abseace of this antiapoptotic factor leads 80 an increase in apoeonis and a4 more severe
lung imgery. C, Treatment wigh Lopenayisiritosavir blocks the Lamin-A ssediated chromatin remodeling, rigger-
Ing & scecscence-like response thal imcreases pl1 expression, thas docreaing apoplonds and lung damage.

Our immunohistochemical studies  suggest  that
although apoptosis occurs in all the explored cell lines
(alveolar epithelium, endothelium and fibroblasts),
activation of p21 pathway tuke place in the alveolar
epithelium. Preexisting epithelial damage caused by
acid instillation could amplify the mechanical load
over the epithelium by increasing heterogeneity of the
lung parenchyma, Moreover, previous resulis in sub-
acute models of lung damage have shown the need for
2 synergic hits to induce lung senescence.

Senescence in lung diseases. One of the known con-
sequences of pS3 activation is the cell switch towards a
senescent phenotype. Lipopolysaccharide or bleomy-
cin-induced lung injury increases the number of SA-
f-galactosidase-positive cells and leads 1o cell cycle
arrest.”” It has been shown that this activation has no
detrimental effects in acute inflammation. However,
blockade of the cell cycle has been associated with
increased collagen deposition ™ and SASP may perpet-
uate lung inflammation.”” Therefore, main features of
abnormal lung repair after acute injury (limited cell
proliferation, chronic inflammation and fibrosis) could
be explained by a persistent senescent response.  Inhi-
bition of this response by selective deletion of TpS3 in
Club cells amclumned lung damage related to chronic
inflammation, ' suggesting a novel mechanism amena-
ble to treatment of lung discases,

The acute nature of our maxbel and 1ts short-lerm
lethality does not allow the identification of canonical
senescence markers such as  Senescence-associated
fA-galactosidase, as these require from days 10 weeks (o
be positive. However, we identified a set of early
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markers inchwding changes in chromatin structure and
gene expression. In a model of repair after VILL, lung
Cdknla expression remained elevated up to 2 days of
spontancous breathing after injury.” Although it is
unclear if these mechanisms may precipitate a full-
blown senescent response in the long term, our results
highlight the involvement of this molecular machinery
in the carly phase, and could be a therapeutic trget (o
avoid late consequences.

Clinical implications. Our findings have several impli-
cations regarding the pathogenesis of lung injury and
its long-term consequences. First, the described p2l
response may be beneficial in the acute phase, and
could be pharmacologically manipalated using lopina-
vir. In a recent clinical trial in patients with lung dis-
case caused by the SARS-CoV-2 coronavirus,
lopinavir did not reduce mortality, but decreased the
risk of ARDS development. ' However, the associated
senescent response could worsen lung repair and long-
term outcomes. Survivors after a prolonged ICU stay
may have deleterious and prolonged sequels, including
respiratory impairment.” neuropsychological distur-
bances™ and muscle atrophy,”’ particularly the
clderly.” The mechanisms responsible for these
sequels are largely unknown and no effective therapies
are currently available, Local activation of senescence
and its paracrine and/or systemic spread could contrib-
ule 10 the pathogenesis of these sequels.”’ As previ-
ously discussed, senescence may  contnbute to
disordered lung repair, The confirmation of this frame-
work could Jead 1o the use of senolyties ™ in critically
ill patients. However, due 1o the protective nature of



114 Bidequez-Prietc et ol

senescence in the ecarly phase.’’ these treatments
should be time-coordinated and modulated to optimize
their effectiveness.

CONCLUSIONS

We provide new evidence suggesting that acute lung
damage activites p21 to imit apoptosis, This response
appears 1o be trigged by the induction of DNA damage
and linked to chromatin changes caused by mechanical
oversirelch, Interaction with the nuclear lamina may
enhance this antiapoptotic response. Although p21 acti-
vation may be beneficial in the acute phase of lung
injury, the long-term effects must be taken into consid-
eration as they could explain some of the long-term
sequels of critically ill patients,

DATA STATEMENT

Raw data and R code used in this work are available
from the corresponding author (GMA) upon reasonable
request.

ACKNOWLEDGMENTS

Conflicts of Interest: All authors have read the jour-
nal’s policy on disclosure of potential conflicts of inter-
est and have none to declare,

Funding: Supported by grants from Centro de Inves-
tigacion Biomédica en Red (CIBER) and Instituto de
Salud Carlos HI (P120/01560, Co-funded by European
Regional Development Fund/European Social Fund),
LLAR. is the recipient of a grant from Instituto de
Salud Caros HI(CMI6/00128), C.H.F, is the recipient
of a grant from Instituto de Salud Carlos TH (CD 16/
00033). Instituto Universitario de Oncologia del Princi-
pado de Asturias is supported by a grant from
Fundacion Cajastur-Liberbank. Work in the laboratory
of PJFM. was funded by the IMDEA Food Institute,
by the AECC and Ramdn Areces Foundations and by
grants from the Spanish Minisitry of Science, Innova-
tion and Universitics, co-funded by the European
Regional Development Fund (ERDF) (SAF2017-
85766-R and RYC-2017-22335). Work in the labora-
tory of M.S, was funded by the IRB, by “La Caixa™
Foundation, and by grants from the Spanish Ministry
of Economy co-funded by the European Regional
Development Fund (ERDF) (SAF2017-82613-R) and
from the European Research Council (ERC-2014.
ADGAe69622), JLS, is supported by NIH grants HL
147070, HL-71643, and AG-49665,

Authors' contributions: 1LB.P., CHF,, LLA., and G,
M.A, designed the study. JB.P, CHEF, LLA., LA,

97

Transiational Research
Juiy 2021

R, PMV,CLM., LC, CP. and PJFM. performed
the experiments. G.M.A. did the bicinformatic analy-
sis. LB.P., LLA., CHF, LAR., PJFM., and GM.
A analyzed the results. CHF., LLA., LAR., PJFE
M. M.S. JLS. and G M.A. discussed the significance
of the results. LS., M.S., and GM.A. wrote the arti-
cle. GMA. is the responsible of the integrity of the
whole work.

SUPPLEMENTARY MATERIALS

Supplementary material associated with this anticle
can be found in the online version at doi: 101016/
trsd. 202 1.01,008.

I, Herold S, Gabriclli NM, Vadisz . Novel concepes of acuie lung
injery snd alveolarcapillary hamier dysfenctica. Am J Physéal
Lung Cell Mol Phywol 2015305:L665-81. bapidovorg/
10,11 52 ujplung 00232 2015,

. Blasguez-Prcto ), Lopez-Alonso |, Amado-Rodngeez L. et ol
Impacred lung repair during eeutropemia cam be reveried by
matrix metalloproteinase 9. Thorax 200873321300 Faps Ao
org/ 1011 36 hocan ol 2007210105,

3, Perlman CF, Bhattacharya 1. Alveolar expansion imaged by
optical sectioning microscopy. J Appl Physiod 207,103 1037~
44, rpaclidot.oep/ 101 1 S Gapplphysiol 001602007,

4. Shanky AS, Ranient VM. Vemtilator-indocod lung injury. N Engl
J Med 201 3.36%:2126-36, Natps:Aidonong/ 10,1054
NEIMra ] X707,

5. Corbradpe TC, Wod LD, Crawford GP, Chudoba M), Yasos J,
Senggder JL Advense effects of karge tdal volume and low PEEY
1 canioe ackd ssparation. Am Rev Resper Dis 1990, 142:311-5
hupsiidod ceg/ 10 | 164 Agncem/i42 2 31 )

6. The Avuie Respirstory Destress Syndoosoe Network, Ventslation
with Jower tidal volumes s compured wath trdioeal tided vol
umes foe noute luog iejury and (be acute respiratary distress syn
drome. N Engl ) Med 2000, 3213015

7. Specth PM, Rhaeh T, Gama De Abreu M, Bacelis A, Goetz AF,
Kiefomnn R. Mechanotransduction in the lungs. Minerva Anes-
tesiol 20142093341,

8. Swift ), Ivanovska IL, Buxboim A, ct al. Naclear lamin-A scales
with thswe stiffacss and cabances matnix-directed differentis-
oo, Sciemoe 2013:341: 1280104, hitpecdoorg/ 101 1 2600
oo, J 230104,

Y. Lopes-Aboeso 1. Bliaguez-Prcto ), Amado- Rodrigeez L. et al.
Preventing loss of mechanosensation by the nucker membranes
of alvealar cells reduces lung mjury in mice dunng mechunical
veatilation. Sc¢i Trams] Mod 2018 100eamT7S98. buips bl on g/
1011 Mvscitramaimed asn 7598,

10, Vaccla L Cadinancs 1, Pendas AM, of al Accelerated ageing in
mice deficiet in Zmpsse2d proscase s Bnked 10 pS3 spgnaliing
ascuvation, Natgee  2005:437:564-8,  hetps Ao ong/ 10,1038
naurcH019,

11, Munoz-Espia D, Serrano M, Cellular serescence: trom physiol-
ogy w0 pathology. Nat Rev Mol Call Biol 2014:15:482-96,
higpeidos ceg/ 1O HD38An580 3,

12, Hernsesdez-Segurs A, de Jong TV, Mdov S, Guryev V, Campes
J, Dematis M Usmeshang  mescriptioeal  heterogeneily  in

15



lroradotionc Reseach
Volune 233

senescent cells. Curr Biol CB 201727265260, htips Vo vey!
000165 cub 201 7.07 033 o8,

13, Sweeney TE, Woug HR, Khatri P. Robas classification of hacte
nostice.  Sci Transl Med 2016:8.  hutpec/tdoi org/ 1001126/
scitramsimed 2af7 165 J6e291.

14, Fischer M. Cemvas and evaluation of pS3 tarpet penes. Oacopone
201 7363356, hnpseiidal ong/ 10, 103800 2016.502,

15. Rivicllo ED, Kiviri W, Twagiramugabe T. ct al. Hospatal inci-
dence aad outcomes of the acule respiratory distress syndrome
wang the Kigali modiication of the erlin delimtion. Am )
Respir Crit Care Med 20160 193:52-9, Linnp Aok orgs 1011647
rovos 20150308830,

16 Blarques-Pricto 1, Lopes-Alnso 1 Amado Rodtigeer 1,
Ratalla-Sols E, Gonzales-Loper A, Albaiceta GM. Expoasre 10
mechunical ventilation promotes teleraece 10 ventilaos-induced
lemp injury by Celd dommesgelation, Am J Physiol Lesg Cell
Mol Physiol  2015309:1.847-86.  hups Jidotorgy 10,1 1527
ajplung N0193. 2015,

17. Gonzalez-Lopez A, Astedllo A, Garcla-Pricto E, et al, Inflaes.
matkon aed marrix remodeling during repair of veatilmor-
indaced lung injury. Am J Paysiol Lusg Cell Mol Physiol
200 1:200:1500-9. hopifdol ong/ 10,115 2aypdang 00010201 |

15 Coftimier C, Hedon SE. Farber EA, o al. HIV prolesse
whibitors block the zine metnlloproteimese ZMPSTE2L and
fead 1o an accumulation of peelamim A in cells. Proc Natl
Acad Sci U S A 2007 108: 134327, Mipac/fidot org/ 10,1073/
poas 704212104,

19. Barabutis N, Dimitroposdou C, Gregery B, Catravas 1D, Wil
type pS3 enhances endothelial barrier function by mediating
RAC! signalling ad RhoA inhibition. J Cell Mol Med
201822 1792-804, bayps:indod org/ 101111/ jcmm. 1 34640,

0. Gamboni F, Anderson C, Mitra 8, ¢t al. Hypertonic saline primes.
activation of the pS3-p2] sigmaling axis 30 human small airway
cpitbelial cells that peovents mllammation induced by pro-
wllammaory cywolines. ] Proscoese Res  2016:15:3513-26,
Bexpe Ao ong/ 10102 Hacs, | proocene, 6B00002,

21 Fiekler E von Zghnicka T, Jurk D The DNA damage conpomne
m seurenn: die by apoplosis of survive i 3 senswence-Ble
sate? J Alzbeimers Dis 200 7.60wppl 1) s Sidocoep/
OA2IVIAD- 161221 S107-S131,

22 Martin TR, Hagimoto N, Nakamura M, Manse-Rello G, Apo-
peosis and spithetial injury In the lumgs. Proc Am Theese Soc
2008221420

23, Sohn D, Essmann F, Schalze.Ostholf K, Janickes RU. p21 blocks
maduton-indaced apoptosis downstream of mitochondnia by
indubitios of cyclindependent kinase-medisted =t
vation. Capcer Res 2006680 1 125862, hups /ot oegs 1001 158/
UCS-SAT2LCAN OO | 509,

24 Inoshina | Kswano K. Hamada N et al. Indocten of CDK
whibitor p21 gene as o vew therapeotic sirategy agairst pulmo-
nary fibrosis. Am J Physiol Lang Cell Mol Physiod 2004;286:
L727-33. httpslihok e/ 10 | 152 jplung 00209 2005,

25 Yamasaki M, Kang H-R, Homer R), et al. P21 reguliates TGF-
betal-indecod pulmonary responses via a TNF-alpha-signaling
pathway. Am J Respir Cell Mol Biol 2008;38:346-53, hige //
dot o/ 101 16SAemb 2007-02760C,

26 Comca-Meyer E, Powe Lo Goerrero C, Semajder JL Cyelie
sreich activines ERKI/Z via G proesias and EGFR i alvealss
epubclial cells, Am ) Phiysiol Lasg Cell Mol Physiol M02:282:
L3859

27 Maurer M, Lanueending J. The deiving foece: noclenr mechano-
amdoction in cellwlar fesction, e, and discase. Aen Rev

98

28.

32,

33,

35,

.

38

42

Bldrquez-Prietoetal 115

Biomed Eng 20122044368 higps Sidocoeg/ 10,1 1 40dannurey
hloeng G 1305219,

Yang Z. Maciejowski 1. de Lange T. Nuclear envelope rupture is
erhanced by loss of pS3 or Rb. Mal Cancer Res 2017:15:1579.
R6, brpeciidoi ocg/ HLLESRASALTTRAMOR -1 7.0084,

. Upadhyay D, Correa-Meyer E. Sznaider J1, Kaump DW. FGF-10

prevents mechanical strotcheinduced alveolar cpathelial cell
DNA damage via MAPK activation. Am J Physiol Lung Ceil
Mol Physiol  DNG2BEL3SO-9,  Bupesidod org/10.1152/
aiplung 0161 2002,

Nava MM, Mireksakova YA Baggs LC, et al. Heterocheomatin-
driven nucloar sollening protects the genome against mechanical
stross-inducod damage. Cell 2000,181 800-17. fwips kot ong!
10,1010/ coll X2005 057 £22.

. Mayr M, Ha Y, Haimant H, Xu Q@ Mechanical stress-indoced

DNA dumape amd rac-pISMAPK sipnal patdrways esediate pS3-
dependent apoplosis in vascular smooth muscle cells, FASER )
2002; 16:1423-8, hugs ol oegs 1O, LOHAN D204 205,

Mostciro L. Pantoja C, Alcazar N, ef al. Tissse damape and
senescence peovide critical signals for celbular repeogramming in
vive, Sclence 016,384,  hupsetdooep/ 1011 20 clence.
middds,

Sagiv A, Bar-Shas A, Levi N, et 2l pS3 in broachial cleb cells
facihitates cheonic Jung inllsmmation by promotng senescene,
Cell Rep 2018:22:3468-79.  hinps:iidos cug/ 10, 10164 cel
rep 201803008,

. Waters DW, Blokland KEC, Pathisayake PS, et al. Fibooblas

senescence in the pathology of idiopathic pubmonary fibrosis,
Am J Physiol Lang Celi Mol Physiol 2018,315, setpe ol org/
101152 iplung 00037 L162-L172.

Kamar M. Secper W, Voswinckel R. Semescence-associated
secretory phenotype and its possible role in chronic obstructive
pulmeoary discasc. Am J Respir Cell Mol Bicl 2004:51:323-335,
htrpwc Aol oeg! 1O, 1 168 romb 201 3-0382P8S,

He Y. Themmun D, Zheag G, ot al. Cellulae seoowence and
radiativa-induced pulmsosary Gbrosss, Transl Res 2009209: 14
21, b ok oeg/ 1O, 101G 0l 201903 006,

Tominags T, Sumads R, Okads Y, Kawnmass T, Kibayasks K.
Senewcesce-assoctabed- S-palactosidise dainisg following trau-
matic brain knjury in the mouse cerehium, PRaS One 2019,14:
0213673, hingr:fidon o/ 10,137 1p0umal, pooe 0213673,

Cao B, Wang Y, Wen D, et al. A wrial of lopina-
vir~ritonavir in aduls hospitalized with severe covid-19, N
Engl J Med 2020:382:1787-99. houpssidoborg/ 10 104&y
NEIMoa2001252.

. Heyland DK, Groll D, Caeser M, Sunivors of acuie nespermiony

distress symdrome: relationship berwees pulmonary dysfunction
wd long-ermm bealth related qualiny of Lfe. Crt Case Med
NS I 1549-50.

. Girard TD, Thompaon JL. Pandhanpande PP, et al. Clinical phe-

notypes of delirium dering critical iness aad severity of sabwe-
quest Jomg lerm cognitive impairmest: 3 prospective  cobon
study. Lancet Respir Med 2018:6:213-22. hetps A0long/
TOO16522 1 326000 150300626,

Das Samtos C, Hussain SNA, Mathur §, et al. Mochasssms of
chronic muscle wasting and dysfusction aftor an istensive care
unit stay. a pike sudy, Am J Repr Crit Care Med
016182130, Inttpsz/idiod oo/ 10,11 63rcem 200 51 2-23440C,
Heyland DK, Garland A, Bagshaw SM, ¢t al. Recovery aller
cntical ilness 1 pateats aged 80 years or obder: 8 mulii-cen-
e prosapective cbservalional cobont study. Intensave Care
Mod 200541 0911-20. epsSidor ocgd 10 10075001 34.01 5
402%.2,



Activation of p21 limits acute lung injury and induces early senescence after acid

aspiration and mechanical ventilation

Jorge Blazquez-Prieto, Covadonga Huidobro, Inés Lopez-Alonso, Laura Amado-
Rodriguez, Paula Martin-Vicente, Cecilia Lopez-Martinez, Irene Crespo, Cristina
Pantoja, Pablo | Fernandez-Marcos, Manuel Serrano, Jacob | Sznajder, Guillermo M

Albaiceta

Data supplement

99



Supplementary table 1. Datasets measuring gene expression in animal models of lang Injury and mechanical ventilation. MV: Mechanical
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Supplementary Table 2. Patients’ characteristics. ARDS: Acute respiratory distress
syndrome diagnosed according to the Kigali modification of the Berlin definition.
MV: Mechanical ventilation.

42 M Yes
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Supplementary Table 3. Antibodies used in the study.

(sc-1616, . ) ul

Western blotting

S Anti-rabbit IgG-HRP (sc-2004, Santa Cruz); dilution: 1710000
antibadies  Anti-mouse IgG-HRP (sc-2005, Santa Cruz); dilution: 1710000

Secondary  Ant-mouse [gG-HRP (PO44701-2, Dako)
antibodies  Anti-rabbit IgG-HRP (P044801-2, Daka)

Immuno-
histo-
chemistry

Anti-rabbit IgG-Alexa Fluor 594 (A-21207, Invitrogen); dilution:1/2000
Secondary  APt-Tabbit IgG-FITC (sc-2359, Santa Cruz): ilution 1/1000

antibodies  Anti-mouse IgG-FITC (sc-2010, Santa Cruz); dilution: 1/500
Anti-mouse IgG-CFL488 (sc-516176); dilution 1/1000
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Supplementary Table 4. Primers used for quantitative PCR (FW: Forward; RV:

Reverse).

Rb1 Mouse 5"-GCAGTCCAAGGATGGAGAAG-3'
5" ACAGGGCAAGGGAGGTAGAT-3'

RV 5 -TGCCATGGGTGGAATCATATTGGA-3'
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Supplementary figure 1. Gene expression histograms before (single-study
normalization) and after normalization with the COCONUT algorithm (conjoint
normalization). Controls were spontaneously breathing animals with healthy lungs.
Cases were all those with acute lung injury.
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Supplementary figure 2. Heatmaps showing pooled expression of genes included
in specific signatures regulated by p53 (A), p21 (B) or up- and down-regulated by
senescence (C, top and bottom panels respectively).
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Supplementary figure 3. Representative images of histological slides showing
MPO (A, scale bar: 100u), Ki-67 (B, scale bar: 100u) and TUNEL (C, scale bar: 50u)
positive cells.
A

HC! « VI

- e o9 F NSRS
® ) .A‘R WS E v
¢ ] é | ;. R ;-' r 1
- T " P | | ¥ P S
% ; { ; l y r "'-?
Owol ' $ 2 | | | gV
- ] + > ) “ A - . ARy
= , : et A AR
HCi ‘. » X '. T } { EROS D
Ventlaion - =~
8 . Baseine HCI HCl « VIU
Z | | e | |
o ’ | |
% + {» 5 { | | | :
» 1 iﬂ ! ; | ! {
; x 1 | ; ‘ ]
- |
% | - ? g | :
HO S » . b, -] = —J - -
Ventilation .
. -
E 4 -
»
~ 1
9
E x{®
M . o
Ventdaton .

106



Supplementary figure 4. Inmunohistochemical sections showing TUNEL staining
in different lung cell lines. Cells positive for TUNEL (arrowheads) were also positive
for Aquaporin-5 (marker of alveolar type | cells, A), surfactant protein C (marker of
alveolar type 1l cells, B), vimentin (fibroblasts, C) or Von-Willebrand factor positive
cells (endothelial cells, D). Scale bar: 50 .
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Supplementary figure 5. Inmunohistochemical sections showing P21 staining in
different lung cell lines. Cells positive for P21 were also positive for Aquaporin-5
(marker of alveolar type | cells, A) or surfactant protein C (marker of alveolar type
Il cells, B), but not in vimentin (C) or Von-Willebrand factor (D) positive cells
(fibroblasts and endothelial cells respectively). Scale bar: 50 u.
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Supplementary figure 6. Representative histological sections of Tp53*/* and Tp53-

/ mice after acid instillation and mechanical ventilation. There were no significant

differences in the severity of lung injury between genotypes. Scale bar: 50u.
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RESULTADOS

III. El estiramiento mecanico induce la senescencia de las células
pulmonares alveolares e impulsa la activacion de los fibroblastos por
mecanismos paracrinos.

La ventilacién mecdanica es una terapia de soporte vital necesaria
para la supervivencia de pacientes con dafio pulmonar severo que no
pueden respirar de manera auténoma. Esta, a su vez, puede activar
distintos mecanismos patogenéticos que agravan la disfunciéon pulmonar
del paciente. En este estudio se expusieron células epiteliales y fibroblastos
a estiramiento mecanico y se evalud la senescencia celular. Los fibroblastos
fueron también expuestos a medios condicionados por células epiteliales
senescentes para estudiar su activacion. Los resultados mostraron que el
estiramiento mecanico induce senescencia en las células pulmonares
epiteliales y que los fibroblastos se activan en respuesta al medio
condicionado por estas células senescentes. Asimismo, la sefializacién de
Notch fue identificada como una via clave en la interaccion entre el tejido
epitelial y mesenquimal. Finalmente, el tratamiento con digoxina redujo la
senescencia celular y mejoré la respuesta de los fibroblastos. Estos
resultados en conjunto muestran que la senescencia podria ser un
mecanismo importante en el desarrollo de la fibrosis secundaria al
tratamiento con ventilacion mecanica. Ademas, sugieren que la fibrosis
pulmonar puede ser mediada por los efectos paracrinos de las células
senescentes, un mecanismo que podria ser manipulado

farmacolégicamente para mejorar la reparacion pulmonar.
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RESULTADOS

Articulo 3. Martin-Vicente P, Lopez-Martinez C, Lopez-Alonso I,
Exojo-Ramirez SM, Duarte-Herrera ID, Amado-Rodriguez L, Ordofiez I,
Cuesta-Llavona E, Gomez ], Campo N, O'Kane CM, McAuley DF, Huidobro C,
Albaiceta GM. Mechanical Stretch Induces Senescence of Lung Epithelial
Cells and Drives Fibroblast Activation by Paracrine Mechanisms. Am ]

Respir Cell Mol Biol. 2024 Aug 12.
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RESULTADOS

Aportacion personal al trabajo.

Fui la responsable de la mayor parte de este trabajo. Disefie y
desarrolle los distintos modelos celulares. Procedi a la realizacién de los
ensayos bioquimicos, adquisicion de imagenes y analisis de resultados.
También estuve involucrada en el andlisis estadistico, elaboracion de

figuras y redaccion del manuscrito.
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Abstract

Severe lung injury requiring mechanical ventilation may lead to secondary fibrosis.

Senescence, a cell response characterized by cell cycle arrest and a shift towards a

proinflammatory/profibrotic phenotype, is one of the involved mechanisms. Here, we

explore the contribution of mechanical stretich as trigger of senescence of the

respiratory epithelium and its link with fibrosis. Human lung epithelial cells and

fibroblasts were exposed /i vifro to mechanical stretch, and senescence assessed. In

addition, fibroblasts were exposed to culture media preconditioned by senescent

epithelial cells and their activation was studied. Transcriptomic profiles from stretched,

senescent epithelial cells and activated fibroblasts were combined to identify potential

activated pathways. Finally, the senolytic effects of digoxin were tested in these

models. Mechanical stretch induced senescence in lung epithelial cells, but not in

fibroblasts. This stretch-induced senescence has specific features compared to

senescence induced by doxorubicin. Fibroblasts were activated after exposure to

supernatants conditioned by epithelial senescent cells. Transcriptomic analyses

revealed notch signaling as a potential responsible for the epithelial-mesenchymal

crosstalk, as blockade of this pathway inhibits fibroblast activation. Treatment with
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digoxin reduced the percentage of senescent cells after stretch and ameliorated the
fibroblast response to preconditioned media. These results suggest that lung fibrosis
in response to mechanical stretch may be caused by the paracrine effects of
senescent cells. This pathogenetic mechanism can be pharmacologically manipulated
to improve lung repair.

Keywords: Senescence; Cell strelch; Secondary lung fibrosis, epithelium-fibroblast

crosslalk.
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Severe lung damage, often included within the Acute Respiratory Distress Syndrome

(ARDS), activates pro-fibrotic programs (1). This secondary fibrosis has major short-

and long-term consequences on the outcome by worsening gas exchange and

increasing length of mechanical ventilation and mortality (2).

It has been hypothesized that mechanical forces can determine the progression of

acute lung injury to fibrosis. By activation of mechanodependent pathways, stretch

modulates cell survival, matrix remodeling and local and systemic inflammation (3), all

of which can promote collagen deposition (4). Currently, secondary fibrosis is

considered the result of the interaction between host factors (i.e. genotype and/or

endotype), the disease causing lung damage and the received treatment (5). The

specific contribution of this mechanical stress to fibrosis in later stages of the

syndrome has not been systematically explored, and no effective drugs have been

applied in the clinical practice.

Senescence is a cellular response characterized by cell cycle arrest and a swilch

towards a proinflammatory/profibrotic phenotype, fueled by the paracrine release of a

large number of mediators (known as Senescence-Associated Secretory Phenotype -

SASP-) (6). In chronic lung fibrotic conditions, such as idiopathic pulmonary fibrosis,
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epithelial senescence is one of the involved pathogenetic mechanisms (7, 8).

Moreover, it has been shown that senescence pathways are also activated during

experimental acid-induced lung injury (9). However, the consequences of this

activation and the specific contribution of mechanical stress in this setting have not

been elucidated.

Senescence may conslitute a therapeutic target, as several drugs can modulate this

response by selective killing of senescent cells (senolytics) or by blocking the

acquisition of the charactenistic proinflammatory and profibrotic phenotype

(senomorphics). Digoxin, an inhibitor of the Na*-K*-ATPase, has a senclytic effect by

impairing membrane potential and reducing intracellular pH up to levels senescent

cells cannot tolerate, selectively triggering apoptosis in this population (10). We have

shown that, in the context of acute lung injury, activation of senescence avoids the

massive loss of cells due to apoptosis, thus limiting damage (9). Therefore, blockade

of senescence at this stage may be detrimental, However, senotherapeutic drugs may

have a place to avoid the long-term sequels once the acute phase has been resolved.
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The objective of this work is to study the role of mechanical stress as a trigger of

senescence in lung cells, and explore the consequences of senescence activation on

fibrosis and its potential modulation using digoxin.

Methods

Cell culture experiments. Human lung adenocarcinoma (A549), human bronchial

epithelial, non-tumor (BEAS-2b) and human lung fibroblast (MRCS) cell lines were

cultured in elastic plates (Bioflex culture plates, Flexcell int, Burlington, NC) in DMEM

+ 10% FBS (A549 and MRCS cell lines) or Airway Epithelial Cell Basal Medium (BEAS-

2b cells) and standard culture conditions (37°C, 21% O3, 5% CO,). Cell lines were

authenticated by short tandem repeats profiling. Cells were exposed to cyclic stretch

(15% elongation, 15 cycles/min) for 24 hours. Non-stretched cells, cultured in the

same conditions or treated with doxorubicin (100 nM) for 24 hours were used as

negative and positive controls for senescence respectively. Afterwards, cells were

transferred to rigid plates (6 well cell culture plate, Costar, New York, NY) for 6 days.

The conditioned media was collected and cells were recovered with trypsin.
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Senescence-associated p-Galactosidase measurement. Although there are no

universal markers of senescence, we defined senescent cells as those positive for

Senescence-Associated B-galactosidase (SA-B-Gal) (11) . Stretched and non-

stretched cells were fixed at room temperature in 2% formaldehyde for 10 minutes,

washed and incubated with CellEvent Senescence Green Probe (Thermo Fisher

Scientific, Waltham, MA), a marker of SA-B-Gal. Data was acquired on a BD

FACSAria™ cell sorter. SA-B-Gal posilivity was established using predefined gating

areas in non-stained cells from the same experiment (Supplementary Figure 1). Cells

positive and negative for SA-B-Gal were sorted and RNA extracted (GeneMATRIX

Universal RNA Purification Kit, Eurx, Gdarnsk, Poland). Stretched and non-stretched

cells were also fixed at room temperature in 2% formaldehyde-0,2% glutaraldehyde

for 15 minutes, washed and incubated overnight with staining solution containing X-

gal substrate for B-Gal activity assays (Agilent, Santa Clara, CA). The next day, slides

were washed, and photos were taken with a Motic AE2000 inverted microscope with

a 10X objective.

Immunofiuorescence studies. Stretched and non-stretched A549 and MRCS cells

were recovered from culture plates, suspended and fixated with 4% paraformaldehyde
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on microscope slides (Superfrost Plus Adhesion, Thermo Fisher Scientific). Cells were

then incubated with 0.2% Triton X-100 for 10 mins, washed with PBS (phosphate-

buffered saline) and, after blockade of non-specific binding sites with albumin,

incubated overnight at 4°C with a primary antibody against HP1y (ab213167, Abcam,

Cambridge, UK), a marker of senescence-associated heterochromatin foci. The next

day, slides were washed and incubated with the corresponding secondary fluorescent

antibody (anti-rabbit AlexaFluor-594, Thermo Fisher Scientific). The slides were

mounted with SlowFade Diamond Mountant with DAPI (Invitrogen, Waltham, MA) and

scanned in a SP8 confocal microscope. Positive and negative nuclei were quantified

automatically using ImageJ software (NIH, Bethesda, Maryland, USA).

Cell cycle analysis. Stretched and non-stretched cells were collected 6 days after

stretching and fixed in 70% ethanol. Cells were treated with RNAse-A and stained with

propidium iodide. DNA content in these samples was assessed by flow cytometry, and

the percentage of cells in the G, S, and G;-M phases of the cell cycle quantified using

the flowPloidy package for R (12).

RNA sequencing. Stretched A549 cells were sorted according to SA-B-Gal positivity,

and RNA extracted and sequenced using the lon AmpliSeq Transcriptome Human
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Gene Expression Kit in a lon S5 System (Thermo Fisher Scientific). The obtained

sequences were pseudoaligned with Salmon v1.10.1, using a GRCh38 human

reference transcriptome and imported into R using &ximport (13). Differential

expression analysis was performed using DESeq2 (14). P-values were adjusted using

the Benjamin-Hochberg method for a false discovery rate of 5%. A transcriptomic

score of senescence was computed as the geometric mean of the expression of genes

included in a previously described signature of senescence (15). A Gene Set

Enrichment Analysis (GSEA) using all expressed genes ranked using the Wald

statistic (16), was performed using ClusterProfiler (17) to identify the gene sets with

significant differences in enrichment. The obtained normalized enrichment score

reflects the degree to which a gene set is overrepresented at the extremes (top or

bottom) of the entire ranked list. Gene ontologies with adjusted p-value lower than

0.05 were clustered according to their core enriched genes using a hierarchical binary

algorithm to synthelize redundant categories. All datasets are available in Gene

Expression Omnibus (accession number GSE267788,

https://www.ncbi.nim.nih.gov/geo/query/acc.cgi?acc=GSE267788).
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Preconditioning of MRCS5 fibroblasts. MRCS5 fibroblasts were cultured in rigid plates

(24 Well Cell Culture Plate, Costar) in DMEM + 10% FBS and standard culture

conditions (37°C, 21% O;, 5% CO;) and grown unlil confluence. Then, a series of

concentric scratches were made, floating cells were removed by washing with PBS

and conditioned culture medium from stretched and non-stretched A549 epithelial cells

was added. Cells were recovered after 6 hours for RNA sequencing (RNeasy Mini Kit,

Qiagen, Hilden, Germany) and after 24 hours for protein extraction (18). In additional

experiments, either the pan-integrin inhibitor GLPG-0187 (0.5ng/mL), or DAPT (75

uM), a y-secretase inhibitor that blocks notch signaling, were added and cells

incubated for 24 hours for protein extraction. These doses were selected after

preliminary experiments as the highest that do not induce cell death.

Wound healing assay. Human lung MRC5 fibroblasts and human lung

adenocarcinoma A549 cells were cultured in rigid plates (24 Well Cell Culture Plate,

Costar) in DMEM + 10% FBS and standard culture conditions, and grown until

confluence. After 24 hours, a scratch was made, floating cells were removed by

washing with PBS, and medium from previous experiments (preconditioned by A549

cells cultured after static conditions or stretch) was added. Then, images at regular
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time intervals were taken using a Zeiss AxioObserver Z1 microscope with a x10

objective. Wound closure was assessed by repeated quantification of the wounded

area using ImageJ (NIH).

Western blot. MRCS cells were cultured for 24 hours with conditioned medium from

stretched and non-stretched A549 cells and with or without inhibitors (see above), and

then treated with trypsin to obtain a single cell suspension. Cells were homogenized

and proteins extracted. The total amount of protein was measured (BCA Protein Assay

Kit, Thermo Fisher Scientific) and 15 pg of total protein for each sample were loaded

into SDS-polyacrylamide gels and electrophoresed. Proteins were then transferred to

PVDF membranes. After blockade with 5% non-fat dry milk to prevent non-specific

binding, these membranes were incubated overnight at 4°C with primary antibodies

targeting smocth muscle actin (a-SMA) and f-actin (as loading control). Then,

membranes were treated with the corresponding peroxidase-conjugated secondary

antibodies, revealed by adding a substrate (Luminata™ Forte HRP Substrate, Merck,

Burlington, MA) and bands visualized using chemiluminescence in LAS-4000 Imaging

System. The intensity of each protein band was quantified using ImageJ (NIH).
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ldentification of ligand-receptor networks. Differential expression data from

static/stretched A549 and control/preconditioned MRCS cells were combined to

identify potential crosstalk between populations. Using two databases of known ligand-

receptor-transcription factor interactions (CellCallEXT (19) and OmniPath(20)) we first

selected ligand-receptor pairs with differentially expressed ligands in stretched A549

cells and evidence of receptor expression in MRCS cells. Transcription factors present

downstream the resulting receptors and included in the core enrichment set of a gene

ontology category with significant enrichment in preconditioned MRCS5 fibroblasts were

identified, and the resulting ligand-receptor-transcription factor-ontology networks

were constructed.

Digoxin treatment. In separate experiments, A549 cells were stretched, transferred to

a nigid culture plate and treated with digoxin in DMEM + 10% FBS for 6 days. Vehicle-

treated cells (PBS) were used as control. The medium was collected for

preconditioning experiments as previously described.

Proteomnic analysis. Proteins from cell culture supernatants were precipitated with

trichloroacetic acid, collected by centrifugation at 20000g for 10 mins at 4°C and

resuspended in 1 mL of cold acetone. The samples were centrifugated again and the

131



pellet dried at room temperature. The obtained proteins were separated and quantified

using a liquid chromatography system (Evosep One, Evosep, Odense, Denmark) and

a high-resolution Q-TOF mass spectrophotometer (ZenoTOF 7600, Sciex,

Framingham, MA). Differences in protein abundance between groups were assessed

using limma (21).

Human samples. Gene expression from human lungs ventilated ex vivo was recovered

from a publicly available dataset (Gene Expression Omnibus, accession number

GSE234463). Briefly, human lungs not suitable for transplant were perfused ex vivo

and ventilated with continuous positive airway pressure (CPAP 5 cmH;0) or with a

tidal volume of 12 mL per Kg of predicted body weight without positive end-expiratory

pressure (to cause ventilator-induced lung injury, VILI). Data were imported to R using

ximport and normalized using the DESeq2 algorithm as previously described. A

transcriptomic score of senescence was calculated for each sample and compared

according to the ventilatory strategy.

Statistical analysis. Dala are shown as mean and standard deviation. Experimental

groups were compared using a Wilcoxon test. In wound closure assays, a repeated-

measurements linear model was fitted, including time and experimental group as
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within and between-groups factors respectively. Statistical analyses of differential

gene expression were previously described. All the calculations were done using R

software (22) with the packages ggp/lol2 (23), pheatmap (24) and tximport (13), in

addition to those previously cited.

Results

Mechanical stretch lriggers epithelial cell senescence

First, we assessed the induction of senescence by mechanical stretch. Compared to

cells cultured in static conditions, cyclic stretch increased the percentage of A549 cells

positive for SA-B-Gal (Figure 1A-C) and nuclear HP1y (Figure 1D-E). These senescent

cells showed a cell cycle arrest in G1 phase (Figure 1F). Similarly, stretch of BEAS-

2b cells led to a significant increase in the proportion of senescent cells and cell cycle

arrest (Supplementary Figure S2).

Senescent and non-senescent cells after stretch were sorted according to their SA-B-

Gal content, their RNA sequenced and differences in gene expression assessed. The

PCA plot including cells cultured in static conditions and stretched cells (senescent

and non-senescent) is shown in Supplementary figure S3A. There were 40
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differentially expressed genes (Figure 1G, Supplementary Figure S3B and

Supplementary table S1). GSEA revealed several functional features of these

senescent cells, including downregulation of nucleic acid metabolism and increased

inflammation (Figure 1H and Supplementary Table S2). There were no significant

differences in the expression of known inducers of senescence, such as CDANTA

(p21, Supplementary figure S3C) or 7P53 (Supplementary figure S3D). However, a

previously described senescence score (15) calculated using the expression of 9

genes in these cells was higher in the population of senescent cells (Figure 1),

suggesting an established senescent phenotype. Individual expression of the genes

included in this signature is shown in Supplementary Figure S3E. Finally, the same

score was calculated using publicly available data from ex vivo perfused and ventilated

human lungs. Mechanical ventilation with large tidal volumes increased the

senescence score compared to lungs kept on continuous positive airway pressure

(Figure 1J).

Specific features of stretch-induced senescence
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To better characterize stretch-induced senescent epithelial cells, their transcriptomic

profile was compared to senescent A549 cells obtained after doxorubicin treatment.

There were 1307 differentially expressed genes (using an adjusted p-value threshold

of 0.05, Figure 2A and Supplementary table S3). There were no significant differences

in the calculated transcriptomic senescence score (Figure 2B). A GSEA analysis

revealed 555 gene ontologies with an adjusted p-value lower than 0.05

(Supplementary Table S4). These categories were clustered (Figure 2C): compared

to doxorubicin-induced senescence, stretch-induced senescent cells showed a lower

expression of genes related to inflammation, cell migration, morphogenesis and ion

channel activity, and an increased expression of genes involved in RNA processing

and ATP metabolism.

Epithelial stretch-induced senescence adnves fibroblast activation.

We then studied the senescent response of cultured fibroblasts to stretch. Mechanical

stretch did not increase the percentage of SA-B-Gal positive cells (Figure 3A-B). HP1y

had a diffuse pattern in fibroblasts, with no clear foci in either condition (Figure 3C).
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There were no differences in cell cycle phases between groups (Supplementary Figure

S4).

To further explore the crosstalk between epithelial and mesenchymal cells under

stretch conditions, fibroblasts were grown in presence of preconditioned media

obtained from A549 cells cultured in static and stretch conditions. Conditioned media

from stretched cells increased fibroblast migration, assessed by a wound healing

assay (Figure 3D) and abundance of «-SMA (Figure 3E-F). This conditioned media

delayed wound closure in A549 cells (Supplementary Figure S5), thus discarding non-

specific effects of these media on cell growth.

RNA from these preconditioned fibroblasts was extracted and sequenced. Fibroblasts

cultured in presence of media from stretched epithelial cells showed significant

differences in the expression of 227 genes (Figure 3G and Supplementary Table S5).

Enrichment analysis using GSEA and clustering showed an increase in pathways

related with cell adhesion, autophagy, DNA repair and phospholipidic metabolism, and

a decrease in those related to cytoskeleton organization, oxidative phosphorylation

and peptide transport in this group (Figure 3H and Supplementary Table S6).
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Transcriptomic profiles from epithelial cells and fibroblasts were integrated in a

network comprising known ligand-receptor-transcription factor relationships, and the

downstream gene ontologies. The resulting network is depicted in Figure 4A. Seven

ligands overexpressed in epithelial cells interacted with 21 receptors expressed in

fibroblasts. We found 13 transcription factors linked to these receptors and to 30 gene

ontologies shown in Figure 2C. Collectively, these findings point to integrin signaling

aclivated by collagens and activation of Notch receptors as potential mechanisms that

may result in fibroblast reprogramming, triggering changes in proteostasis, autophagy,

mitochondrial activity and transmembrane transport mechanisms.

To experimentally test these /n silico findings, we added GLPG, a pan-integrin

inhibitor, or DAPT, a gamma-secretase inhibitor that blocks Nolch signaling, to MRCS

fibroblasts cultured with medium preconditioned by stretched A549 cells. Fibroblast

activation was assessed by quantifying «-SMA in cell lysates. Inhibition of integrin

signaling did not modify fibroblast activation, measured by a-SMA abundance

(Supplementary Figure S6). However, in line with the specific enrichment of the Notch

signaling pathway in fibroblasts cultured with medium preconditioned by stretched

A543 cells (Figure 5A) and the increased expression of JAGZin senescent A549 cells
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(Figure 5B), blockade of Notch signaling with DAPT decreased the abundance of «-

SMA (Figure 5C-D), despite no significant changes in the expression of Notch

receptors (Supplementary Figure S7).

Senolytic effects of digoxin

The senolytic effects of digoxin were studied to confirm that the observed pro-fibrotic

effects were caused by the senescent response and to identify potential therapeutic

strategies. A549 cells were stretched and cultured in the presence of digoxin or their

corresponding vehicle. Treatment with digoxin decreased the percentage of senescent

cells 1 week after strelch (Figure 6A) without decreasing the abundance of HP1y-

positive foci (Figure 6B). When fibroblasts were exposed to conditioned media from

these experiments, we observed that supernatants from digoxin-treated cells inhibited

fibroblast growth in wound healing assays (Figure 6C). However, addition of this drug

to conditioned media immediately before wounding did not modify closure rates.

Finally, we studied cell culture supermnatants from vehicle and digoxin-treated cells

using proteomics. Among 400 identified proteins, digoxin treatment induced changes

in 61 (Figure 6D-E).

138



Page 23 of 52

Discussion

Our results show thal mechanical stretch per se can lrigger senescence in lung

epithelial cells, and that these senescent cells activate fibroblasts by paracrine

mechanisms. Removal of epithelial senescent cells using digoxin reversed this SASP-

mediated induction of a profibrotic phenotype in fibroblasts. Collectively, these findings

link mechanical strelch with the subsequent development of fibrosis and offer novel

therapeutic alternatives.

Reduction of lung mechanical load is central in the management of mechanically

ventilated patients with acute hypoxemic respiratory failure (25, 26). There is

substantial evidence that reduced tidal volumes improve short-term survival (27).

However, the relationship between lung overdistension and development of fibrosis is

less clear. Some experimental studies have demonstrated that collagen increases

early after injurious ventilation (3), and that high tidal volume may activate several

profibrotic mechanisms, including epithelial-mesenchymal transition (28) , polarization

of macrophages towards a pro-fibrotic M2 phenotype (29) or release of profibrotic

factors (30). Furthermore, there is scarce clinical data linking fibrosis directly to
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mechanical ventilation and the exact causal relationship is difficult to determine due to

the observational nature of the clinical evidence (31). Our model was designed as a

proof of concept, aiming to induce a biological response in different cell types, as both

distal airways (32) and alveoli (33) can be submitted to significant strain during

ventilation. The stretch settings were based on previous results (34). However, the

anisotropic nature of bronchial (35) and alveolar (33) expansion during tidal ventilation

in lung injury makes difficult to extrapolate our experimental conditions to specific

ventilatory settings. Despite this, our results suggest that activation of senescence in

response to stretch is not limited to a single epithelial compartment.

Senescence is a cell response 1o a variety of stimuli. Several studies have identified

the activation of senescence in acute lung injury (36). As mechanical ventilation is an

essential supportive therapy in patients with acute hypoxemic respiratory failure, we

focused on mechanical stress as an activator of senescence. Mechanical forces are

transmitted from the extracellular matrix to the cytoplasm and are sensed by the

nuclear envelope, which may transmit this force to the underlying chromatin (37).

Additionally, these mechanical forces have been shown to induce DNA double-strand

breaks (38), oxidative stress (39) and abnormalities in the nuclear envelope (37) , all

140

Page 24 of 52



Page 25 of 52

of which contribute to the senescence phenotype. The resulting DNA modifications

activate the p53-p21 axis, a crucial signaling pathway that block cell cycle progression

and induces senescence (6). The transient nature of these triggers (40) explains the

lack of significant differences in 7P53 or COKN1A (p21) in our samples, 6 days after

the stimuli.

Although senescence may play a homeostatic role in the acute phase by limiting the

number of apoptotic cells, thus avoiding massive organ damage (9), it can also

facilitate the development of long-term sequelae. Secondary lung fibrosis after acute

lung damage is a well-known complication with higher incidence (up to 60%) in severe

and prolonged cases (41). Senescence has been identified as a key pathogenetic

mechanism in idiopathic lung fibrosis (7, 8). Interestingly, fibroblasts were resistant to

stretch-induced senescence. This resistance to mechanical stretch in fibroblasts,

which has been described before (42), can be explained by the higher nuclear stiffness

in MRCS (43), that modifies the transmission of mechanical stimuli to the cell nucleus

(37). Rather, fibroblast activation and secondary fibrosis after mechanical stretch could

be the result of the crosstalk between a senescent epithelium and the underlying

fibroblasts, that become activated in a paracrine manner.
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Our ligand-receptor analysis revealed signaling through Notch receptors as one of the

involved pathways. These receptors may impair alveolar regeneration (44), have

known profibrotic effects (45, 46), and are activated during mechanical stretch (47).

Senescent cell survival and homeostasis depend on a number of activated pathways

that can be pharmacologically manipulated to induce cell death or to limit the

development of a senescent phenotype. As previously discussed, digoxin has been

proposed as a potential senolytic, by triggering apoptosis of senescent cells. The

transcriptomic profile of stretch-induced senescent cells shows differences in the

expression of genes related to ion channels, suggesting these cells may be more

susceplible to blockers such as digoxin. Moreover, the proteome of culture media of

digoxin cells shows significant changes in several senescence-related factors,

including an increase in anti-senescent proteins such as S100A6 (48), cathepsins B

(49), C (50) and D (51), clusterin (52) or IGFBPE (53), and a decrease in pro-senescent

factors such as Serpin E1 (54), Apolipoprotein E (55) or Insulin-like growth factor-

binding protein 3 (IGFBP3) (56).

The major limitation of our study is derived from its in vitro nature, that precludes any

direct translation to the clinical practice. The cell lines used are not fully representative
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of the complexity of the lung cell composition. Moreover, we focused on the epithelium-

fibroblast crosstalk, but stretch of other mechanosensitive cells such as the

endothelium (57) or airway smooth muscle (58), or the impact of the secreted SASP

on other populations (59), may regulate these interactions. Rather, our results illustrate

that stretch is another potential inductor of senescence in different epithelial cell types,

opening the door o single cell analyses to characterize its effects in the whole organ.

In conclusion, these results suggest that stretch is a direct inducer of senescence in

the respiratory epithelium, and that the spread of this response can contribute to the

secondary fibrosis observed in ventilated patients. Moreover, this crosstalk between

epithelial celis and fibroblasts can be modulated by digoxin, offering novel therapeutic

approaches that could help to improve long-term outcomes in critically ill patients.
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Figure legends

Figure 1. Induction of senescence by stretch in A549 lung epithelial cells. A:

Senescence-associated--galactosidase (SA--Gal) positive cells in each condition.

B: Representative SA-B-Gal staining. C: Representative flow cytometry plots used to

identify SA-B-Gal positive cells. D: Percentage of cells with nuclear HP 1y-positive foci.

E: Representative fluorescence images showing HP 1y immunostaining. F: Analysis of

cell cycle in static and stretched cells. G: Volcano plot showing changes in gene

expression after stretch. H: Enriched Gene Ontology categories after stretch. Each

point represents a Gene Ontology category with significant (adjusted p-value lower

than 0.05) enrichment, and size proportional to the number of genes included. These

categories were grouped using a clustering algorithm (Y-axis). I: Senescence score

obtained from gene expression data in A549 cells sorted according to their SA-B-Gal

concentration. J: Senescence score obtained from gene expression in human lungs

ventilated and perfused ex vivo, either with continuous positive airway pressure

(CPAP) or with injurious tidal volume (VILI: Ventilator-induced lung injury).

Figure 2. Specific features of stretch-induced senescence in A549 lung epithelial cells.

A: Volcano plot showing differences in gene expression in A549 cells after induction
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of senescence with stretch or by doxorubicin treatment. B: Senescence score in each

condition. C: Enriched Gene Ontology categories in cells with stretch-induced

senescence. Each point represents a Gene Ontology category with significant

(adjusted p-value lower than 0.05) enrichment, and size proportional to the number of

genes included. These categories were grouped using a clustering algorithm (Y-axis).

Figure 3. Induction of senescence in stretched MRCS lung fibroblasts. A: Senescence-

associated-B-galactosidase (SA-B-Gal) positive cells in each condition. B:

Representative flow cytometry plots used to identify SA-B-Gal positive cells. C:

Immunostaining with antibodies against HP1y, showing a diffuse pattern in both

conditions. D: Results of the wound healing assay of fibroblasts exposed to culture

media from stretched and non-stretched epithelial cells. E-F: Quantification of a-

smooth muscle actin in each condition and representative western blot. G: Volcano

plot assessing differences in gene expression in fibroblasts exposed to preconditioned

media from stretched and static epithelial cells. H: Enriched Gene Ontology categories

after exposure to preconditioned medium. Each point represents a Gene Ontology

category with significant (adjusted p-value lower than 0.05) enrichment, and size
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proportional to the number of genes included. These categories were grouped using

a clustering algorithm (Y-axis).

Figure 4. Epithelium-fibroblast crosstalk. Network including known ligands with

differential expression in senescent A549 cells, receptors with evidence of expression

in MRCS5 fibroblasts, transcription factors regulated by these receptors with differential

expression in MRCS5 cells preconditioned by supernatants from stretched A549 cells,

and gene ontology categories with significant enrichment in fibroblasts. Position of

gene ontology categories in the Y axis corresponds to their enrichment score.

Figure 5. Notch signaling as a mediator of fibroblast activation. A: Gene Set Analysis

plot of the Notch signaling pathway in MRCS fibroblasts preconditioned by

supernatants from stretched A549 cells, with the normalized enrichment score (NES).

B: Expression of JAG2, an endogenous agonist of Notch receptors in stretched A549

cells. C: Abundance of a-smooth muscle actin (a -SMA) in preconditioned MRCS5 cells

treated with DAPT, a gamma-secretase inhibitor that blocks Notch signaling, or the

corresponding vehicle,

Figure 6. Effects of digoxin as senolytic. A: Percentage of senescent A549 cells after

cell stretch in control conditions and after adding digoxin to the culture medium. B:
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Percentage of cells with nuclear HP1y-positive foci after culture with vehicle or digoxin

25 nM. C: Wound closure curves from MRCS fibroblasts cultured in presence of

preconditioned medium from stretched AS549 cells in control conditions or after adding

digoxin (25 nM, after stretch or immediately before wounding). D: Volcano plot

showing differences in protein abundance between culture media from A549 cells with

or without digoxin. E: Heatmap showing proteins with significant differences in

abundance after adding digoxin to the culture medium.
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Mechanical stretch induces senescence of lung epithelial cells and paracrine
fibroblast activation
Paula Martin-Vicente, Cecilia Lopez-Martinez, Inés Lopez-Alonso, Sara M Exojo-Ramirez,
Israel David Duarte-Herrera, Laura Amado-Rodriguez, Irene Ordofiez, Elias Cuesta-
Llavena, Juan Gémez, Natalia Campo, Cecilia M O’<ane, Daniel F McAuley, Covadonga

Huidebro, Guillermo M Albaiceta
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Supplementary Figure S1. Representative examples of flow-cytometry analyses of A549,
and BEAS-2b cells acquired without X-gal staining to define positivity thresheolds.
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Supplementary figure S2. A: Percentage of BEAS-2b cells pesitive for senescence-
associated beta galactosidase (SA-b-GAL) cultured in static conditions or after mechanical
stretch. B: Representative flow cytometry plots from each experimental group. C: Cell
cycle analysis of BEAS-2b cells cultured in static conditions or after stretch.
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Supplementary figure S3. A: Principal component analysis of transcriptomes from
senescent and non-senescent AS49 cells after mechanical stretch, and cells cultured in
static conditions B: Heatmap showing expression of genes with significant differences in
senescent (positive for senescence-associated [3-galactosidase) and non-senescent
epithelial cells (AS49 cell line). C-D: Expression of CDKN1A (p21) and TPS3 in senescent
and non-senescent cells. E: Heatmap showing individual expression of genes included in
a transcriptomic signature of senescence.
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Supplementary figure S4. Cell cycle in MRCS fibroblasts cultured in static conditions or
after mechanical stretch
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Supplementary figure S5. Wound closure curves in epithelial cells (A549 cell line)
cultured with standard medium or preconditioned by stretch-induced epithelial
senescent cells. The p-value corresponds to the group factor of the repeated-
measurements ANOVA.
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Supplementary Figure S6. Inhibition of integrin signaling. MRCS fibroblasts were exposed
to culture medium from stretched AS49 cells to induce activation, and treated with GLPG,
a pan-integrin inhibitor or the corresponding vehicle. This treatment had no significant
effect on a-smooth muscle actin (a-SMA).
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Supplementary Figure S7: Expression of the genes of the different Notch receptors in
MRCS fibroblasts preconditioned with medium from senescent A549 cells,
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Supplementary tables

Supplementary table S1. Differences in gene expression in senescent and non-senescent
epithelial cells after mechanical stretch.

Supplementary table S2. Pathways with differential enrichment (according to GSEA) in
senescent and non-senescent epithelial cells after mechanical stretch.

Supplementary table S3. Differences in gene expression in cells with senescence induced
by stretch or doxorrubicin.

Supplementary table S4: Pathways with differential enrichment (according to GSEA) in
cells with senescence induced by stretch or doxotrubicin,

Supplementary table S5. Differences in gene expression in in fibroblasts cultured in
medium preconditioned with stretched and static epithelial cells,

Supplementary table S6: Pathways with differential enrichment {according to GSEA) in
fibroblasts cultured in medium preconditioned with stretched and static epithelial cells.
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RESULTADOS

IV. Revision sobre los mecanismos, consecuencias y oportunidades
terapéuticas de la activacion de la senescencia en el paciente critico.

La senescencia celular implica un arresto proliferativo irreversible
del ciclo en el cual las células permanecen metabdlicamente activas y
secretan una serie de factores proinflamatorios y profibroticos como parte
de su SASP. Este estado puede darse como consecuencia del
envejecimiento fisioldgico, pero también puede estar desencadenado por
otros estimulos. En esta revisidon se resumen los mecanismos principales
de la senescencia celular y su papel en la patologia critica. La evidencia
cientifica muestra que distintas situaciones criticas pueden activar un
programa de senescencia donde esta puede tener un papel beneficioso a
corto plazo, ya que ayuda a limitar la apoptosis celular y esta involucrado
en la reparacion del tejido, pero a largo plazo puede ser un mecanismo
patogenético importante en el desarrollo del PICS. Esta revision resalta la
importancia de profundizar en el estudio de la senescencia celular dado
que esta podria ser un objetivo terapéutico importante para mejorar la

salud a largo plazo del paciente critico.

Articulo 4. Martin-Vicente P, Lopez-Martinez C, Rioseras B,
Albaiceta GM. Activation of senescence in critically ill patients:

mechanisms, consequences and therapeutic opportunities. Ann Intensive

Care. 2024 Jan 5;14(1):2.
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Activation of senescence in critically
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ill patients: mechanisms, consequences
and therapeutic opportunities

Paula Martin-Vicente '#*, Cecilia Lopez-Martinez' %, Beatriz Rioseras® and Guillermo M, Albaiceta'**'®

Abstract

Whereas aging Is 3 whole-organism process, senescence Is 3 cell mechanism that can be triggered by several stmuli,
There is increasing evidence that critical conditions activate cell senescence programs irrespective of patient’s age, In
this reviewy, we briefly describe the basic senescence pathvways and the consequences of thelr activation n critically ill
patients, The available evidence suggests a paradigm In which activation of senescence can be beneficial in the short
term by rendering cells resistant 10 apoptosis, but also detrimemtal in 2 late phase by inducing a pro-inflammatory
and pro-fibrotic state Senescence can be a therapeutic target, The use of drugs that eliminate senescent cells
([senolytics) or the senescence-associated phenotype (senomorphics) will require monitoring of these cell responses
and identification of therapeutic windows to impeove the outcome of critically Il patients.

Keywords Senescence, Senotherapeutics, Apoptosis, DNA damage response, Post-ICU syndrome

Introduction

Critical illness is often characterized by a systemic
response beyond the primary site of injury. Severe insults
trigger a large variety of responses, evolutionarily opti-
mized and aimed to survive, that regulate essential cell
processes such as active cell death (programmed or not),
cell division, inflammation or regulation of metabolism
[1]. The development of supportive techniques that pre-
serve life despite massive injuries has improved early
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survival rates, but the persistent activation of those adap-
tative mechanisms turns them into pathogenetic, con-
tributing to late organ dysfunction and death [2]. This
dual nature of the response to aggression (tuned by evo-
lution but also pathogenetic) difficults the identification
of therapeutic targets that further improve the outcomes
of our severe patients,

Senescence is defined as a cell state characterized by a
stable arrest of cell cycle and a phenotypic change that
includes the release of paracrine factors that, among
other actions, promote inflammation and fibrosis [3].
Although senescence has often been linked to aging, it
must be noted that any challenge to cell integrity, includ-
ing DNA damage or breakdown, results in its activation
Irrespective of the age of the subject. Senescence is a par-
adigmatic example of a pro-survival mechanism, deeply
rooted in our biochemical machinery, that may also be
pathogenetic. In this review, we will discuss how a criti-
cal disease can promote accelerated aging by activating
senescence mechanisms,
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An overview of senescence mechanisms

The term senescence was first used to refer to the finite
proliferative capacity of primary fibroblasts observed
in vitro [4]. This cell cycle arrest is now known to be a
subtype of cellular senescence, termed replicative senes-
cence, and caused by telomere shortening.

Nowadays, hundreds of different stimuli have been
found to trigger a senescent response, and most of
them are directly or indirectly related to the develop-
ment of DNA damage and activation of the DNA dam-
age response (DDR). These Include ionizing radiation
that cause double strand breaks [3], telomere shortening
as consequence of multiple replication cycles [4], mito-
chondrial dysfunction and the consequent production of
reactive oxygen species (ROS) [5], or activation of onco-
proteins that lead to aberrant replication patterns [6).
Each one of these stimuli, either by direct activation of
the DDR or by action of other cellular stress responses,
lead to the activation of cyclin-dependent kinase inhibi-
tors [6]. P53 is a master regulator of diverse cellular
processes that becomes activated in response to these
damages, and plays a part in deciding the fate of the cell
towards apoptosis or senescence [7]. Following the senes-
cence path, P53 will activate the cyclin-dependent kinase
inhibitor p21, but other inhibitors such as p16, p27 or p15
can also participate in the cell cycle arrest. Due to this
inhibition activity, the RB protein will remain dephos-
phorylated, allowing its action as inhibitor of the E2F
transcription factor family and thus effectively arresting
the cell cycle [8).

However, cell cycle arrest is not the only characteris-
tic of senescent cells. The senescent phenotype involves
other changes such as secretion of several mediators,
increased lysosomal content, nuclear reorganization,
apoptosis resistance, endoplasmic reticulum  stress,
metabolic reprogramming, changes in membrane com-
ponents, or changes in cell size |9). It's important to high-
light that not all these characteristics are found in every
senescent cell, nor these processes are exclusive to senes-
cent cells, which makes identifying and studying this cel-
lular state a real challenge.

The development of a senescence-associated secre-
tory phenotype (SASP) is one of the most studied char-
acteristics of senescent cells because of its consequences
[10]. Senescent cells secrete cytokines, chemokines and
proteases that in a physiological state are aimed to pro-
mote tissue remodeling and attract immune cells that will
clear the tissue of unwanted cells, including the senescent
ones. However, in a pathological context in which there is
no clearance of the senescent cells, the SASP will produce
chronic inflammation and fibroblast activation leading
to development of fibrosis [3]. This secretory phenotype
is orchestrated by the transcription factors NF-xB and
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CEBPB, and includes the release of [L-6, IL-8, monocyte
chemoattractants, macrophage inflammatory proteins
and growth factors such as TGEp [11].

Another key characteristic of senescent cells is an
increase in lysosomal content and proteins, induding the
lysosomal enzyme (-galactosidase. Increases in the quan-
tity of this enzyme have been used as a surrogate marker
for this change in lysosomal activity, and the positive
assay of this enzyme at the suboptimal pH of 6.0 is con-
sidered a senescence marker, termed senescence-associ-
ated B-galactosidase [12, 13].

Changes in chromatin organization can also be
observed in sencscent phenotypes. Phosphorylation of
histone H2AX occurs in sites of DNA breaks and drives
the recruitment of DNA repair complexes. Also, hetero-
chromatin foci form as a mechanism to repress prolifer-
ation-promoting genes, for which HP1y is a marker [14,
15).

Of note, no specific marker of senescence has been val-
wated in patients and using routinely available samples,
‘This lack of biomarkers directly implies that identifica-
tion and quantification of the "senescent state” of a tissue
or individual in the dinical practice is an almost impossi-
ble task, and will have its consequences to identify thera-
peutic windows to manipulate senescence.

Activation of senescence in critical iliness

Critically ill patients face a series of challenges that arise
from both the underlying disease and the necessary
medical interventions for their treatment. This interac-
tion between pathology and therapy activates a set of
damage mechanisms that can lead to the development of
complex pathophysiological responses, including cellular
senescence.

There are different critical care scenarios where an
increase of the senescent response has been observed. A
widely studied trigger is ischemia/reperfusion injury [16],
which refers to the damage caused by a temporary lack
of blood supply followed by its restoration. This critical
situation commonly occurs in emergency surgery, organ
transplantation, and cardiovascular events. Hyperoxia
per se can also activate senescence mechanisms [17-20].
In both situations, the main underlying mechanism that
leads to cellular senescence is oxidative stress. In the case
of ischemia, cells face a decrease in the supply of oxygen
and essential nutrients. ‘This oxygen deprivation can trig-
ger the production of ROS. When blood is restored dur-
ing reperfusion, cells may experience a sudden increase
in the supply of oxygen and nutrients, that paradoxically,
can lead again to an increase in ROS due to the release
of stored free radicals during ischemia [21-23]. In the
case of hyperoxia, prolonged exposure to elevated oxy-
gen levels can increase ROS [24]. The production of
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reactive oxygen and nitrogen species can directly damage
nucleic acids, thereby triggering the DDR and the follow-
ing senescent response [25]. ‘This makes oxidative stress
a fundamental mechanism in the critically ill patient to
address senescence not only in these two contexts but
also across a wide range of scenarios.

Inflammation is another relevant mechanism. Systemic
inflammation is not only a common feature of critical
illnesses, such as viral infections [26], but can also arise
as a consequence of their treatment, including interven-
tions such as mechanical ventilation [27], Inflammation
initiates or intensifies cellular senescence through vari-
ous mediators, such as IL-6. Additionally, senescent cells
can contribute to systemic inflammation by their SASP,
which includes proinflammatory cytokines, growth fac-
tors and proteolytic enzymes, Consequently, a positive
feedback loop is established between inflammation and
senescence |28, 29],

Despite its supportive nature, mechanical ventilation
induces a large variety of lung responses, including oxi-
dative stress or inflammation that can promote senes-
cence, Morcover, mechanical stress itself can also directly
activate cell senescence mechanisms. Transmission of
mechanical forces from the extracellular matrix to the
cell nucleus can alter the nuclear envelope, leading to
changes in the mechanical properties of the nucleus and
regulating gene expression [30]. Different studies have
shown that abnormalities in the nuclear envelope make
cells prone to enter senescence [31]. When exposed to
high tidal volumes, alveolar cells change the mechanical
properties of the nuclear envelope, activate the P53/P21
axis and show markers of senescence.

Overall, the complex interplay between the underlying
pathology, medical interventions, and the mechanisms
they trigger in critically ill patients can lead to the acti-
vation of the senescent response. This cellular response
can have significant implications for the patients’ health
and contribute to additional complications. Understand-
ing these processes is essential for improving critical care
and developing strategies that minimize damage by tar-
geting these mechanisms therapeutically.,

The short- and long-term consequences

of senescence

Senescence must be viewed as a homeostatic response
rather than the sole consequence of aging. In fact, these
pathways play key roles in tissue development and repair.
Therefore, its activation during critical illness must be
expected as part of the normal response to severe inju-
ries, However, a dysregulated or persistent response may
have long term, negative consequences. Moreover, the
spread of SASP components can explain the systemic
involvement seen in the most severe patients. Recent
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rescarch has contributed to decipher the role of senes-
cence in different syndromes commonly observed in crit-
ical care.

Senescent responses during acute lung injury have been
widely characterized [32], An increase in P53-P21 signal-
ing has been described in experimental models of acute
inflammation and in humans with ARDS or receiving
mechanical ventilation [33]. Recent single-cell sequenc-
ing studies in necropsy samples show signs of DNA
damage and the overexpression of the main triggers of
senescence (TP53, CDKNIA) [34]. This COVID-induced
senescence is seen mainly in endothelial and epithelial
lung cells, although most cell types showed an increase
in expression of SASP-related genes [34], Interestingly,
there is some evidence that blockade of senescence dur-
ing the acute phase increases apoptosis and severity of
injury [33], illustrating its early beneficial effects. It has
been also proposed that the pro-inflammatory environ-
ment induced by the SASP reduces viral replication in
respiratory infections [35), However, there is also experi-
mental and clinical evidence showing that senescence is
a major plaver in lung fibrosis. In the context of acute
lung injury, persistent activation of senescence creates a
pro-fibratic environment, and acquisition of a senescent
phenotype by lung transitional or stem cells can result in
impaired repair [36]. Survivors of SARS-CoV-2 infections
with severe pulmonary damage show fibrotic changes
that are related to telomere length [37].

A similar pattern has been observed during acute kid-
ney injury. Renal ischemia, oxidative stress and systemic
inflammation activate senescence  programs, mainly
in tubular epithelial cells [38]. In the acute phase, these
senescent cells may promote wound repair, limit the pro-
liferation of damaged cells and avoid a large cell loss due
to apoptosis [39]. It has been shown that mutant mice
lacking key senescence triggers show more severe dam-
age in experimental models of kidney injury [40]. How-
ever, persistence of senescence results in activation of
pro-fibrotic pathways that may lead to chronic kidney
discase [41].

Endothelial dysfunction and injury have been described
in different critical syndromes, including sepsis or acute
lung. kidney or liver failure [42]. Senescent endothelial
cells increase their size and number of nucled, and release
SASP-related mediators [43]. These changes promote
atherosclerosis, thrombosis and vascular wall inflamma-
tion, and could explain the increased rate of cardiovascu-
lar events observed in sepsis survivors [44],

All this evidence fits into a model in which senescence
is activated carly as part of the acute phase response,
contributing to organ homeostasis and repair. Prolonged
or dysregulated senescent mechanisms can become inju-
rious [45], favoring a prolonged pro-inflammatory and
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pro-fibrotic state that can spread beyond the initial site of
injury (Fig. 1).

Immunosenescence in critically ill patients

Immunosenescence is characterized by alterations of
the innate and adaptative immune system producing an
impairment of their normal function (Fig. 2). The main
alterations involve the decrease of the repertoire diver-
sity of naive CD4+and CD8+T lymphocytes in favor
to an increment of highly differentiated phenotypes. T
lymphocytes with this terminally differentiated pheno-
type are exhausted memory lymphocytes with impaired
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proliferative and responsiveness capacities and a more
potent proinflammatory activity. One hallmark of immu-
nosenescence is inflammageing, described as a sterile,
non-resolving, low-grade, and chronic inflammation
that progressively increases with age. Inflammageing and
immunosenescence processes show mutual interaction
[46). Inflammageing is caused by the increased produc-
tion of pro-inflammatory cytokines mainly by innate
immune cells [47, 48], Although the underlying mecha-
nisms of inflammageing are still unclear, one of the most
studied causes is the 'Garb-aging’ theory. It is based on
the evidence that cellular debris accumulated over time

Senescencent .
cell clearance Ay

g ,# % Fibrosis
Homeostasis | .

Chronic inflammation

Fig. 1 Acthation of senpsconce and it consequonces. Craically ill patienits ase exponad to a variety of injusions stimud that may activate
senewcence mechanikms, in which P53, P21 and P16 play a hey rale. Serescent cells show several specific feanures including coli oycle amess,
changes in cell structure and release of a number of factors (knowm as Senewcence assochited secretary phenatype -SASH:) that reault in systennic
wpwead of the reipome and madulate infammaton and tistue semoadeling. Athough thhese mechanisms are amed at tissun sepalr and cleaance
of damaged and senescent ooy, ther persistence [eads 1o chronic Inflammation and finrass. Created with BloRander com
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due to cellular damage increment and progressive fail-
ure of reparation mechanisms triggers inflammation by
innate immunity activation through known signaling
pathways as the NF-kB transcription factor [49], There
are several circulating pro-inflammatory markers that are
known to be elevated during inflammageing, contribut-
ing to SASP, as proteins associated with macrophages
(sCD163, YKL-40, sCD14) and necutrophils (clastase,
PR3, 1L-8) and other pro-inflammatory molecules as
IL-6, TNF-a and C reactive protein. Many of them have
been associated to the increase of comorbidities, grater
frailty and a worse outcome of some diseases [50],
Although these senescence processes were described
in aging, promoted by the many contacts of the immune
system with different antigens throughout life, there were
also found in other situations as some chronic diseases
|51, 52]. Underlying discase, ICU conditions and inva-
sive treatments that are usually applied in critically ill
patients, are known to alter the immune system homeo-
stasis producing an immunosenescence phenotype (53,
54]. More specifically, infections, inflammation status
and tissuc damage associated to critical illness could be
some of the specific triggers of immunosenescence.
Infections and reactivation of chronic viruses are
some of the most frequent complications in criti-
cally ill patients and are known to be cdosely related

to immunosenescence development. This response is
instigated by the recognition of pathogen-associated
molecular patterns (PAMPs) by the immune system,
which are molecular signals derived from various
pathogens. Specifically, cytomegalovirus (CMV) reac-
tivation is the best-known exogen factor inductor of
immunosenescence [55]. Up to 36% of immunocom-
petent patients admitted to the ICU suffer latent CMV
reactivation during their stay. This is associated to an
adverse outcome [56, 57|. Each viral reactivation cvcle
generates a subset of CMV specific T lymphocytes,
with the consequent decrease of naive T-lymphocyte
repertoire and promoting a terminally differentiated
phenotype and the pro-inflammatory chronic state due
to the continuous immune stimulation [58, 59).

Tissue damage, also occurring due to underly-
ing pathology and invasive treatments in critically ill
patients, promotes the release of danger-associated
molecular patterns (DAMPs), consisting in products
from extracellular matrix and cytosol of damaged or
apoptotic cells. These PAMPs/DAMPs are recognized
by intracellular and extracellular toll-like receptors
(TLRs) present mainly in innate immune cells gen-
erating a pro-inflammatory response. The massive
release of DAMPs can also activate adaptative immune
responses favoring their immunosenescence phenotype
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and at the same time triggering autoimmunity pro-
cesses |46, 60).

Finally, immunosenescence might also be one of the
mechanisms driving the accumulation of senescent cells
in tissues both during critical illness and aging. These
changes in immune cell function might render them
unable to reach the local senescent cells and clear the tis-
sue from them, which will further exacerbate the cycle
of systemic inflammation [61, 62]. All these described
processes that frequently occur in critically ill patients,
would act as a positive feedback loop, perpetuating the
systemic inflammation which leads to a worse prognosis
of these patients.

Interaction between senescence and aging
Senescence is part of physiological aging, but, as previ-
ously discussed, can also be triggered by other stimuli.
This implies that, although correlated, senescence and
aging can be independent phenomena. The crosstalk
between senescence and aging is only partially known.

Activation of senescence molecular  mechanisms
and accumulation of senescent cells increase with age.
Repeated exposure to injurious stimuli and telomer
shortening due to cell replication are responsible for this
phenomenon along the lifespan. One of the consequences
of this activation is the persistence of a low intensity pro-
inflammatory response due to the concurrent SASP [63].
In old critically ill patients, this increased proinflamma-
tory milieu can impair tissue repair and recovery, thus
contributing to the poor outcome in this population
[64]. In addition, this increased activation of senescence
may modify the acute response to new injuries. Aged
animals show an attenuated inflammatory response in
experimental models of sepsis, with dysfunctional cell
populations and only minor changes in the expression
of proinflammatory genes [65]. It is unclear how these
two counteracting conditions (activation of senescence
in baseline conditions and decreased senescent response
after a new stimulus) modulate the pathogenesis of criti-
cal diseases,

Monitoring senescence in critically ill patients
Given the dual nature, adaptative and pathogenetic, of
the senescence response to acute injuries, monitoring
becomes a critical issue to identify therapeutic time win-
dows in which pharmacological manipulation achicves
the maximal benefit, This task is difficult due to the
lack of specific and universal markers. Moreover, all the
approaches based on monitoring of SASP components
[66] are invalid in critically ill patients, due to the massive
release of proinflammatory mediators triggered by the
underlying discasc.
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A more specific approach to systemic monitoring
of senescence could be achieved using multiparamet-
ric techniques. Sequencing RNA from circulating cells
allows the quantification of several proposed transcrip-
tomic signatures in peripheral blood [67, 68]. By quan-
tifying the expression of several genes, these signatures
can be synthetized in a single value. Recently, a detailed
proteomic analysis has been able to quantify aging (not
senescence) at an organ-specific level by measuring tissue
specific protein signatures [69]. Finally, flow cytometry
allows the identification and quantification of senescence
markers at a cell level [70]. However, the validity of these
approaches must be confirmed in a complex scenario
such as critical care.

Monitoring senescence could help to define optimal
windows of opportunity to treat patients with drugs
that modify the senescent response (see below). One
could speculate that this kind of drugs should be tested
in enriched dinical trials, in which only those patients
with a clear senescent phenotype should be included and
treated. This kind of precision medicine, that stems from
the underlying pathogenetic mechanisms and applies
phenotype-specific therapies, constitutes the future of
critical care [71).

Therapeutic modulation of senescence:
senotherapeutics

Senescent cells depend on the activation of pro-survival
and anti-apoptotic pathways to aveid cell death, There-
fore, any drug that inhibits these biochemical routes will
trigger the selective apoptosis of senescent cells, Most
of these so-called senolytics target intracellular factors
involved in regulation of apoptosis. For instance, BCL-2
inhibitors, such as navitoclax or venetoclax, have been
widely used in experimental models to remove senes-
cent cells. This approach has shown beneficial results in
models of lung fibrosis [72]. Recently, it has been shown
that navitoclax decreases viral load, systemic inflamma-
tion and SASP markers in a model of COVID-19 in aged
hamsters, in line with its senolytic activity [73]. Other
pathways can be blocked using kinase inhibitors. Among
these, dasatinib, a non-selective inhibitor of tyrosin-
kinases and SRC-kinases, has been used in experimen-
tal models of sepsis and acute lung injury with favorable
results |74, 75]. However, these drugs have significant
toxicities, including peripheral blood cytopenias and
cardiovascular events that raise concerns on their use in
critically-ill patients, As an alternative, flavonoids may
have senolytic properties, at least in part due to their
effect as BCL2-inhibitors, and have a better safety pro-
file. Quercetin and fisetin have been used in models of
senescence, alone or combined with other drugs. There
are several reports on the use of flavonoids in critical

176



Martin-Vicente et al. Annals of ntensive Care (2624} 142

care [76, 77]. Targeting HSP-90, a pro-survival protein
involved in sepsis and acute lung injury, also promotes
apoptosis by facilitating the elimination of the pro-sur-
vival kinase AKT. Several drugs, such as geldanamycin,
ansamycin or resorcinol act at this level, and have shown
benefits in experimental models of acute lung injury or
sepsis [78, 79).

Other widely used drugs have been repurposed as
senolytics. Digoxin and other cardiac glucosides promote
the death of senescent cells [80, 81}, as these cannot cope
with the changes in intracellular concentrations of pH
and calcium triggered by the drug. This drug decreases
lung fibrosis after bleomycin administration by clear-
ance of senescent cells [81]. However, no clinical data are
available. It must be taken into account that these find-
ings are limited by the pletotropic nature of the tested
inhibitors and their targets, thus precluding any firm
conclusion regarding their specific effects on senescence.
In addition, there is no evidence of benefits in critical
care settings.

A different approach is the use of drugs to inhibit SASP.
These drugs are termed senomorphics. Most of the drugs
that block the inflammatory response, such as rapamycin
or NF-kB or JAK-STAT inhibitors, may fall in this cate-
gory. In critically ill patients, where a pro-inflammatory
response Is usually part of the pathogenesis of the dis-
case, these drugs may have potential benefits. However,
as in the case of senolytics, it is not clear that these ben-
cfits are linked to a specific effect on senescence.

Again, several drugs have senomorphic effects, Met-
formin, at least in part by their effects as blocker of the
NF-kB and Nrf2 pathways, decreases experimental lung
injury caused by endotoxin or alveolar overdistension
[82], and the development of fibrosis after bleomycin-
induced inflammation [83). Clinical observational data
has shown a reduction of mortality in patients with sepsis
and diabetes [84] or pneumonia, but, again, the link with
senescence has not been tested. Similarly, statins can
modulate SASP by upregulating several sirtuins, a family
of proteins that inhibit senescence. Several observational
studies and trials have addressed the use of statins in crit-
ically ill patients. Although some works report benefits
in survival and long-term sequels [85-87), randomized
trials have not supported their use in unselected popula-
tions in critically ill patients {88-90].

Given the previously proposed model of senescence
in critical illness, timing of these treatments is essential.
Early blockade of senescence may promote harm, as it
blocks a homeostatic mechanism. Most of the potential
benefits of senescence-targeting drugs are related the
avoidance of late sequels. Preclinical research has also
pointed to these benefits, usually in experimental mod-
els of chronic diseases such as lung or kidney secondary
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fibrosis [38). This highlights the need for animal models
of late sequels of critical illness to test the proposed ther-
apeutic approaches. In these experimental models, time
windows can be defined a priori. However, clear identi-
fication of the transition from carly to late phases of the
disease in patients may be difficult, and would probably
imply the use of systemic or local biomarkers, as previ-
ously proposed.

Conclusions

Despite the strong link between aging and senescence,
the latter is now understood as a cell mechanism acti-
vated in response to a variety of stimuli. Aging implies
the continued activation of the senescence machinery,
but in critically ill patients, senescence may be activated
irrespective of patients” age to play a key role in tis-
sue homeostasis by increasing cell resilience to injury,
decreasing apoptosis and promoting tissue remodeling
and clearance of injured cells, As virtually all the home-
ostatic mechanisms during critical illness, the contin-
ued, dysregulated activation of senescence favors tissue
damage, usually caused by persistent inflammation and
fibrosis, This raises the hypothesis that the so-called
Post-intensive care syndrome can be, at least in part, the
manifestation of accelerated aging [45], Knowledge of
these senescence pathways can allow their monitoring
and pharmacological manipulation, probably in specific
time windows, to improve the outcome of critical care
patients,
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Desde su definiciéon inicial, el concepto de senescencia ha
experimentado una evolucién constante no solo en cuanto a Ia
caracterizacion del fenotipo de las células senescentes, sino también en su
funcion celular, identificAndose distintos tipos de senescencia seguin el
contexto biologico en el que se encuentre. Son muchos los estudios que han
mostrado el papel dual de la senescencia tanto en la homeostasis, como en
el envejecimiento y la disfuncidn tisular. Los resultados expuestos en esta
tesis doctoral revelan el efecto pleiotrépico de la senescencia en el contexto
del paciente critico. Se observa que el dafio pulmonar agudo junto con el
uso de la ventilacion mecanica promueve la activacion de una respuesta
senescente que puede ser beneficiosa a corto plazo, ya que limita la
apoptosis y el dafo histolégico en el pulmon. Sin embargo, a largo plazo, el
estiramiento mecanico puede desencadenar un programa de senescencia
que contribuye al desarrollo de una fibrosis secundaria. Esto pone en
evidencia la implicacion de la senescencia tanto en la reparacion del tejido
pulmonar como en el desarrollo de las secuelas post-UCI, sugiriendo la
posibilidad de utilizar este mecanismo como diana terapéutica para

mejorar la salud a largo plazo de los pacientes criticos.

Activacion y modulacion de la via p53/p21 en la lesion pulmonar

aguda y su papel en la regulacion de la apoptosis

La lesion pulmonar aguda es una condicion critica que se presenta
con frecuencia en pacientes con enfermedades graves en la UCI. Esta
afeccion puede variar desde formas menos severas hasta el SDRA, asociado

con una alta mortalidad. Un mecanismo patogenético muy importante que
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contribuye a las formas mas severas de la enfermedad es la disrupcién de
la membrana alveolocapilar a consecuencia de la inflamacién. Esta
alteracion permite la filtracion de liquidos desde los capilares a los
alveolos, lo que afecta negativamente al intercambio gaseoso. Como
resultado, a menudo estos pacientes requieren de ventilacion mecanica, lo
que, a su vez, puede agravar la situacion (158). La via p53/p21 esta
implicada en la respuesta celular al estrés, pero su papel en el dafio

pulmonar agudo aun no ha sido esclarecido.

Los resultados expuestos en el segundo trabajo de esta tesis doctoral
muestran una activacién de la via p53/p21 en respuesta a la lesion
pulmonar aguda y el uso de la ventilacion mecanica en el compartimento
alveolar. Ademas, el analisis sistematico de datos transcriptémicos de
modelos animales de lesion pulmonar muestran un enriquecimiento de
firmas génicas especificas de p53 y p21 y un perfil validado de senescencia.
Esta coincidencia sugiere que la activacion de esta via en el contexto de la
lesion pulmonar aguda podria estar relacionada con el inicio de la

respuesta senescente.

Asimismo, la inhibicién de p21 se correlaciona con un aumento de la
apoptosis celular y el dafio histolégico. Distintos autores han identificado
la senescencia de las células alveolares como un mecanismo destinado a
evitar la apoptosis celular, previniendo de esta manera la disfuncion del
tejido (159,160). Las células epiteliales alveolares, ademas de ser vitales
para garantizar la eficiencia en el intercambio gaseoso, constituyen la
primera linea de exposicion a agentes dafiinos en el pulmoén y forman una
barrera fisica que protege a los tejidos subyacentes de patogenos y toxinas

(161). El control exhaustivo de la apoptosis en estas células es, por lo tanto,
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crucial para el mantenimiento de la integridad y funcionalidad del pulmén.
Una apoptosis excesiva de las células epiteliales alveolares esta
relacionada con el desarrollo de algunas enfermedades pulmonares. Estas
células pueden liberar un conjunto de factores, como moléculas
procoagulantes o agentes vasoconstrictores, que pueden participar en el

desarrollo de la fibrosis (162,163).

Para estudiar el papel de la senescencia en la lesién pulmonar aguda
se establecieron dos modelos animales de dafio. En el primero, el dafio se
inducia mediante la aspiracion de acido clorhidrico. En el segundo, ademas
de la aspiracion de acido clorhidrico, se utilizé la ventilacién mecanica para
agravar el dafio pulmonar. En ambos modelos se observo una activacion de
la via p53/p21, asi como un aumento de la apoptosis celular y el dafio
histoldgico. Para observar la relevancia de esta activacion, se inhibié p21y
p53. La inhibicion de p53 no mostré ningin cambio en cuanto a la
severidad del dafio pulmonar, posiblemente por el efecto pleiotropico de
p53. Sin embargo, la inhibicion de p21 resulté en una muerte celular
excesiva y un mayor aumento del dano histoldgico, indicando Ia

importancia de este gen en el mantenimiento de la homeostasis pulmonar.

Se ha descrito que p21 tiene un papel inhibitorio sobre la apoptosis
al suprimir la actividad de las CDKs, la cual interfiere con la activacion de
la caspasa-9, una proteina fundamental en la apoptosis celular (164).
Nuestros resultados evidencian que la inhibicion de p21 esta asociado a un
aumento en los niveles de esta proteina, lo que parece indicar que la
inhibicion de caspasa-9 es el mecanismo por el cual p21 protege a las

células frente a la apoptosis excesiva después del dafio pulmonar agudo.
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Asimismo, nuestro trabajo muestra que la ventilacién mecanica, en
combinacién con el acido clorhidrico, incrementa significativamente la
expresion de p21, asi como la apoptosis celular y el dafio histoldgico. Es
mas, la activacion de la via p53/p21 se correlacioné con cambios en las
laminas nucleares, en linea con hallazgos previos (54). Como se detall6 en
la introduccién, estas proteinas no solo proporcionan un soporte
estructural a las células, sino que también desempefian un papel vital
durante el estiramiento mecanico y en la regulacion de la
mecanotransducciéon (54). Basandonos en estos resultados y el hecho de
que el estrés mecanico se haya visto implicado en la activacion de la
respuesta senescente (165), cabria esperar que en nuestro modelo las
sefiales mecanicas estén activando un proceso de mecanotransduccion que
module la respuesta celular frente al estrés y, en consecuencia, active la via

p53/p21.

Para explorar el papel del estiramiento mecanico en la regulacion de
esta via, se utilizaron los inhibidores de proteasas ritonavir/lopinavir.
Estos farmacos, inhiben a la proteina ZMPSTE-24, una proteasa encargada
de la maduracion de la prelamina A a lamina A (166) y han demostrado
mantener la compliancia del nucleo celular en condiciones de estiramiento
mecanico, disminuyendo la apoptosis y dafio en el parénquima pulmonar
(54). El uso de estos farmacos se correlacion6 con la sobreexpresion del
gen p21, ademas de cambios en proteina HPla, implicada en la
organizacion y mantenimiento de la estructura de la cromatina, y una
disminucion del dafio histologico y la apoptosis celular, mostrando un

efecto protector del ritonavir/lopinavir frente al VILL.
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Ademas de las alteraciones observadas en la envoltura nuclear y la
estructura de la cromatina, el dano pulmonar agudo y el uso de la
ventilaciéon mecanica se asociaron con un incremento del dafio en el ADN,
que no parecia revertirse por el uso de ritonavir/lopinavir. Es mas, la
coincidencia de este evento con el aumento tanto de p21 como de la
caspasa-9, sugirié que el dafio en el material genético suponia una via
alternativa por la cual tanto el dafio pulmonar agudo como el estiramiento
mecanico estaban activando simultdneamente un programa de

senescencia y apoptosis celular.

En definitiva, la cantidad de células apoptdticas en nuestro modelo
depende del equilibrio entre la activacion de la respuesta apoptética por el
dafio en si mismo y los efectos antiapoptéticos del inductor senescente
p21, que van a estar regulados tanto por el dafio en el ADN como por la
remodelacion de la cromatina. El tratamiento con lopinavir/ritonavir
favorece la sobreexpresion de p21 y contribuye a reducir la lesion

pulmonar aguda (Figura 1).
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Figura 1. Esquema del papel de la via p21 en la apoptosis y la senescencia celular tras el
dafio pulmonar y el estiramiento mecdnico en ratones controles (A), ratones deficientes
en Cdknla (B) y ratones tratados con lopinavir/ritonavir (C). Transl Res. 2021
Jul;233:104-116.

Hacia una respuesta senescente estable en el dafio pulmonar agudo

La activacion de la via p53/p21 pueden llevar a las células a iniciar
un programa de senescencia celular. Para ello, las células detienen su ciclo
celular (167) y experimentan cambios profundos en su funcionamiento y
estructura, entre los que se encuentra la remodelacion de la cromatina.
Como ya se detallé en la introduccién, durante la senescencia se forman
estructuras conocidas como SAHF (97), que desempefian un papel muy
importante en el establecimiento del perfil transcriptomico de las células
senescentes. Ademas, estas estructuras marcan la transicion entre la
activacion de esta respuesta hacia un estado de senescencia mas avanzado

y estable (168).

Nuestros resultados mostraron que el dafio pulmonar y el uso de la

ventilacién mecanica estaba asociado a la expresion de algunos genes
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asociados con senescencia, ademas de a la formacion de los SAHF. Es mas,
lainhibicion de p21 o el uso de lopinavir/ritonavir estaba asociado con una
disminucioén de estas estructuras nucleares. Asimismo, en un contexto mas
clinico, se encontr6 un aumento de este marcador en autopsias de

pacientes con SDRA sometidos a ventilacién mecanica.

Estos resultados demuestran la activacién y desarrollo de una
respuesta senescente inducida por el dafio pulmonar agudo y el uso de la
ventilacion mecanica. Sin embargo, la imposibilidad para identificar un
programa de senescencia ya establecido impide determinar cédmo esta
respuesta podria influir a lo largo del tiempo. Para ello, seria necesaria la
identificacion de otros marcadores candnicos de senescencia como puede
ser la acumulacion de SA-fgal, el arresto del ciclo celular y el desarrollo de
un SASP (168) en un modelo que nos permita monitorizar la senescencia

con el tiempo.

Senescencia inducida por estiramiento mecanico y su papel en el

desarrollo de la fibrosis pulmonar

Segin muestran los resultados del tercer trabajo de esta tesis
doctoral, el estiramiento mecanico puede inducir directamente la
senescencia en las células epiteliales y estas, mediante la liberacion del

SASP, activar fibroblastos por mecanismos paracrinos.

Como se detall6o en la introduccidn, las células del parénquima
pulmonar estan constantemente sometidas a fuerzas mecanicas durante la
respiracion normal. Estas sefiales, se transmiten al nucleo y activan

diversas vias de sefalizaciéon intracelular que regulan la proliferacidn,
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diferenciacion y supervivencia celular (46). Durante la ventilacion
mecdanica, las células del parénquima pulmonar experimentan fuerzas
mecanicas que estan por encima de los umbrales observados durante la
respiracion espontanea. Sin embargo, hay situaciones donde las fuerzas
mecanicas aplicadas se mantienen dentro de los umbrales fisioldgicos. En
estos casos, estas sefiales permiten a las células adaptarse a cambios en su
entorno mecanico y por ejemplo, puede actuar como un estimulo de
reparacion, como se observé en el segundo trabajo de esta tesis doctoral,

contribuyendo a la homeostasis celular.

Sin embargo, cuando el estrés mecanico es excesivo o prolongado,
este puede inducir dafio pulmonar dando lugar a la activacion de distintos
mecanismos patogenéticos (2). Es por ello que la reduccién de la carga
mecanica en pacientes con fallo respiratorio agudo es esencial para
disminuir este dafno, y de hecho ha demostrado aumentar la supervivencia
en estos pacientes (169-171). Sin embargo, las diferentes estrategias
preventivas en el manejo del paciente referido al ajuste de los parametros
ventilatorios no son suficientes para evitar el desarrollo subsiguiente de
enfermedades a largo plazo de estos pacientes (172). Esto pone de relieve
la importancia de conocer los mecanismos moleculares que se activan por

el uso de la ventilacion mecanica, para evitar el desarrollo de PICS.

La doble naturaleza de la senescencia (57) nos hace plantearnos la
posibilidad de que este mecanismo, que como se ha demostrado
anteriormente tiene un papel importante en el mantenimiento de la
homeostasis pulmonar, también pueda estar asociado al desarrollo de las
secuelas a largo plazo en el paciente critico. Es por ello, que el modelo

utilizado en este tercer trabajo, se establecié con el objetivo de identificar
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los mecanismos moleculares que se activan a largo plazo en respuesta al

estiramiento mecanico.

Para ello, inicialmente el estudio se centré en la busqueda de
marcadores candnicos de senescencia, como la parada de ciclo celular, la
acumulacion de SA-Bgal o la formaciéon de SAHF, los cuales se manifiestan
en etapas posteriores a la induccion de la senescencia (168). La
identificacion de estos marcadores tras el estiramiento mecanico nos
permitio confirmar la activacion de un programa de senescencia y por lo
tanto nos abrié la posibilidad de estudiar como este fenémeno celular
podria contribuir a las complicaciones a largo plazo que pueden

desarrollar los pacientes criticos.

La senescencia se ha identificado con un mecanismo patogenético
clave en el desarrollo de la fibrosis pulmonar idiopatica (114,118).
Ademas, varios estudios han encontrado correlaciones entre el
estiramiento mecanico y la fibrosis (173-175). Aunque en un contexto
clinico no se ha podido vincular el uso de la ventilacion mecanica con el
desarrollo de la fibrosis secundaria debido al lapso temporal entre el
tratamiento de soporte vital y el desarrollo de la enfermedad (176), este
trabajo plantea la hipotesis de que la senescencia inducida por el
estiramiento mecanico podria ser un desencadenante de la fibrosis

secundaria.

El SASP representa un mecanismo fundamental por el cual las células
senescentes pueden influir en el desarrollo de la fibrosis (133,177).
Nuestro trabajo mostré una activacion de los fibroblastos por el efecto

paracrino de las células senescentes, lo que sugiere que la fibrosis
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secundaria después del estiramiento mecanico puede ser el resultado de la
comunicacién entre el epitelio senescente y el fibroblasto subyacente.
Ademas, se mostro que el estiramiento inducia senescencia en las células
epiteliales, pero no en fibroblastos, lo que sugiere que la respuesta es
especifica de tipo celular. La rigidez de la membrana celular puede afectar
a como el estiramiento se transduce a una respuesta biol6gica dentro de la
célula (54), por lo que es posible que las variaciones en esta caracteristica
entre los diferentes tipos celulares (178) esté afectando a la activacién de

los mecanismos que conducen a la senescencia.

Asimismo, los resultados mostraron que la via de los receptores de
Notch podria estar implicada en la comunicacidn epitelio-mesénquima. Se
ha descrito, que la activacion de estos receptores de superficie celular
afecta en la capacidad proliferativa de las células progenitoras alveolares,
influyendo asi en la capacidad regenerativa del tejido alveolar (179).
Ademas, estos pueden activarse en respuesta al estiramiento mecanico

(180) y dar lugar a la formacion de tejido fibroso (180-182).

Uso de senoliticos para la prevencion de la fibrosis pulmonar

secundaria en el paciente critico

Los resultados expuestos anteriormente sugieren que la eliminacion
de las células senescentes podria ser un objetivo terapéutico clave para
abordar la fibrosis pulmonar secundaria en respuesta al estrés mecanico.
Como se detalldé en la introduccién, los senoliticos son farmacos que

promueven la apoptosis de células senescentes (135). En concreto, la
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digoxina tiene un efecto senolitico al unirse a la bomba Na+/K+ ATPasa

(143).

Las diferencias encontradas en la expresion de genes relacionados
con canales ionicos en las células senescentes inducidas por estiramiento
sugieren que estas células pueden ser susceptibles a este farmaco. En
nuestro modelo, el uso de la digoxina tuvo el potencial de eliminar a las
células senescentes y reducir su efecto profibrético. Asimismo, se observo
un aumento en proteinas anti-senescencia como S100A6, catepsinas B, Cy
D, clusterina o IGFBP6, y una disminucién en factores pro-senescenia como
Serpina E1, Apolipoproteina E o la proteina transportadora 3 del factor de
crecimiento similar a la insulina (IGFBP3) en aquellas células tratadas con
digoxina. Estos cambios indican que la eliminacién de células senescentes
provoca una modificacion de su secretoma, lo cual reduce el efecto pro

fibrotico observado con el estiramiento.

La digoxina ha demostrado ser efectiva como senolitico en modelos
animales de fibrosis pulmonar (143) y se utiliza cominmente en clinica
para tratar afecciones cardiacas (183) por lo que tiene un perfil de
seguridad bien establecido en este contexto. Todo esto sugiere que podria
ser una opcién terapéutica prometedora para el tratamiento de la

prevencion de la fibrosis pulmonar secundaria.
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Limitaciones

Los resultados mostrados en esta tesis doctoral tienen ciertas
limitaciones. Aunque los trabajos muestran la activacion de la senescencia
en respuesta a distintas situaciones criticas y destacan la diferencia en
respuesta entre algunos tipos celulares, la naturaleza de los modelos y las
herramientas utilizadas para el estudio impiden representar todos los

tipos celulares presentes en el pulmon.

Por otro lado, la configuracion del estiramiento utilizado en nuestros
estudios no se puede trasladar a parametros ventilatorios determinados
en clinica. Los pardmetros ventilatorios utilizados en nuestro modelo
animales no son directamente extrapolables a la clinica debido a las
diferencias en el tamafo y anatomia pulmonar, las diferencias fisiologicas
entre especies y la duraciéon de los estudios. Ademas, en el modelo in vitro
utilizado, las células se expusieron a condiciones controladas de
estiramiento mecanico que no reflejan la complejidad tridimensional ni la
heterogeneidad de la expansion alveolar de los pulmones lesionados. Este
modelo solo buscaba provocar una respuesta bioldgica al estiramiento,
pero no replicar las condiciones fisioldgicas exactas que ocurren en el

pulmén humano durante la ventilaciéon mecanica.

Estos estudios podrian complementarse utilizando diferentes
técnicas como la secuenciacion de célula Unica, que permitiria una
comprension mas precisa de las diferencias en la activacién de la
senescencia entre las distintas poblaciones celulares del pulmén. También
podrian utilizarse otros modelos, como el modelo ex vivo de perfusién y

ventilaciéon pulmonar, que permitiria un control mas riguroso de las
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condiciones experimentales y una medicion mas detallada de los

parametros funcionales del pulmén.

El papel de la senescencia y el SASP en las secuelas post-UCI

Como se detall6é en la introduccion, el paciente critico se enfrenta a
una serie de situaciones durante su estancia en la UCI que conlleva, en
muchas ocasiones, al desarrollo de una serie de secuelas graves entre las
que se incluye la disfunciéon pulmonar cronica (2), la debilidad muscular
adquirida (4) y el deterioro cognitivo (3). Distintos estudios, revisados en
uno de los trabajos que integran la presente tesis doctoral, han identificado
varios mecanismos moleculares involucrados en la enfermedad, pero hasta
ahora, no se ha encontrado un tratamiento que pueda dirigirse con éxito a

esos procesos biologicos para mejorar la salud de los pacientes (37).

Durante esta tesis doctoral se han llevado a cabo distintos trabajos
con el objetivo de apoyar la hipétesis de que la senescencia celular supone
un mecanismo unificador entre la fase aguda de la lesién pulmonar y el
desarrollo de las secuelas a largo plazo experimentadas por los
supervivientes, en concreto en el desarrollo de una fibrosis secundaria al
uso de la ventilacion mecanica. El segundo trabajo de esta tesis doctoral
describe que la activacion de la respuesta senescente inducida por el dafio
pulmonar y el uso de la ventilacibn mecanica podria tener un papel
homeostatico en la fase aguda de la enfermedad. Es mas, nuestros
resultados muestran que esta respuesta puede ser manipulada
farmacolégicamente mediante el uso de lopinavir/ritonavir para

incrementar el papel beneficioso de la activacidon de p21. En cambio, los
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resultados del tercer trabajo de esta tesis doctoral sugieren que la
activacion de la senescencia en el epitelio respiratorio puede contribuir al
desarrollo de una fibrosis secundaria en pacientes ventilados mediante la
difusion del SASP. Ademas, propone que el efecto senolitico de la digoxina

podria contribuir a limitar el desarrollo de esta enfermedad.

Aunque los resultados de esta tesis doctoral se limitan a estudiar el
papel de la senescencia inducida por el estiramiento mecanico en el
desarrollo de la fibrosis pulmonar, distintos estudios sugieren que este
mecanismo puede ser un factor patogenético clave en el desarrollo de otras
secuelas post-UCI en diferentes situaciones criticas. Un estudio publicado
recientemente establece que la sepsis es un importante inductor de la
senescencia en el tejido muscular, la cual esta directamente relacionada
con la debilidad muscular resultante (184). La enfermedad renal crénica
también parece ser un importante inductor de la senescencia de las células
progenitoras musculares, dando como resultado una atrofia muscular.
Estas células liberan un SASP que da lugar a la produccidon de mediadores
inflamatorios y la subsiguiente perdida muscular (185). Ademas, en ambos
estudios, el tratamiento con senoliticos demostrd reducir la senescencia
celular y ayud6 a frenar la perdida muscular. La induccion de la
senescencia en la lesion cerebral también ha sido objeto de investigaciéon
en varios estudios. Se ha encontrado que tanto el traumatismo
craneoencefalico como la lesion por isquemia-reperfusion pueden activar
un programa de senescencia y el aumento subsiguiente del SASP, el cual
desempefia un papel significativo en el deterioro cognitivo (186,187).

Ademas, la eliminacién de la carga senescente mediante el uso de
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senoliticos también ha demostrado reducir los niveles de senescencia y

mejorar la funcién cerebral(187).

En todos estos estudios, el SASP mostro ser el principal responsable
de los efectos paracrinos asociados a la senescencia, tomando un papel
muy importante en el desarrollo de la debilidad muscular y el deterioro
cognitivo. Ademas, se ha comprobado que las moléculas secretadas por las
células senescentes pueden translocarse y, una vez en la circulacion, llegar
a tejidos distantes aumentando la inflamacién de estos y alterando su
microambiente (188). Es decir, el efecto del SASP no se limita inicamente
al tejido donde se activa el programa de senescencia, sino que también

puede tener implicaciones en tejidos distantes.

Los resultados de esta tesis doctoral vinculan el uso de la ventilacion
mecdanica con la induccion de la respuesta senescente y su implicaciéon en
la fibrosis pulmonar a través del SASP. Aunque aun no se haya estudiado si
la activacién de la senescencia por ventilacion mecanica esta involucrada
también en el desarrollo de otras secuelas, distintos estudios evidencian el
uso de la ventilacion mecanica con un aumento de la atrofia muscular (22)
y el deterioro cognitivo (189) a largo plazo en el paciente critico, siendo la

inflamacidn sistémica uno de los mecanismos patogenéticos involucrados

La coincidencia de que la inflamacién suponga uno de los
mecanismos moleculares cruciales en el desarrollo de estas secuelas, junto
con el hecho de que el SASP pueda contribuir a una inflamacion sistémica,
sugiere que la induccion de la senescencia por la ventilacion mecanica no
solo pueda estar afectando al tejido pulmonar a través de su SASP, sino que

también pueda llegar a otros tejidos, como el tejido cerebral y muscular, y
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pueda participar en el deterioro cognitivo y la debilidad muscular

desarrollada a largo plazo en el paciente critico.

Aunque hagan falta mas estudios para comprender todos los efectos
de la senescencia y el SASP en el paciente critico, estos resultados reflejan
que la senescencia desempefia un papel crucial en el desarrollo de las
secuelas post-UCI. En este contexto, la senescencia podria actuar como un
mecanismo patogenético comun a las diversas complicaciones observadas
en estos pacientes, lo que la convierte en un objetivo terapéutico potencial

para la prevencién del PICS.
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1. La activacion de la senescencia en el dafio pulmonar agudo limita la
apoptosis y el dafio histolégico del pulmén. Esta respuesta parece
estar causada por la induccidn del dafio en el ADN y cambios en la
cromatina causados por una sobredistension mecanica. La
interferencia con la lamina nuclear puede potenciar esta respuesta
antiapoptotica.

2. El estiramiento mecanico es un inductor directo de la senescencia en
el epitelio alveolar y la propagacién de esta respuesta puede
contribuir a la fibrosis a largo plazo observada en los pacientes que
reciben ventilaciéon mecanica.

3. La eliminacién de las células senescentes mediante el uso de la
digoxina modula la comunicacion entre células epiteliales y
fibroblastos, limitando la fibroproliferacion en respuesta al
secretoma liberado por las células senescentes. El efecto senolitico
de este farmaco ofrece una posibilidad terapéutica para el
tratamiento de la fibrosis secundaria en el paciente critico.

4. La senescencia supone un mecanismo patogenético clave en el
desarrollo de las secuelas post-UCI, lo que la convierte en un objetivo

terapéutico potencial para la prevencién del PICS.

201



CONCLUSIONS

1. The activation of senescence in acute lung injury limits apoptosis and
histological lung damage. This response seems to be caused by the
induction of DNA damage and chromatin changes due to mechanical
overdistension. Interference with the nuclear lamina can enhance
this anti-apoptotic response.

2. Mechanical stretch is a direct inducer of senescence in the alveolar
epithelium, and the spread of this response may contribute to the
long-term fibrosis observed in patients undergoing mechanical
ventilation.

3. The elimination of senescent cells using digoxin modulates the
communication between epithelial cells and fibroblasts, limiting
fibroproliferation in response to the secretome released by
senescent cells. The senolytic effect of this drug offers a therapeutic
possibility for the treatment of secondary fibrosis in critically ill
patients.

4. Senescence represents a key pathogenetic mechanism in the
development of post-ICU sequelae, making it a potential therapeutic

target for the prevention of PICS.
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