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INTRODUCCION

1. EL PANCREAS

El término “pancreas” proviene del griego “pan” (todo) y “kreas” (carne), acufiado
por primera vez por Rufo de Efeso, médico de la Antigua Grecia, para hacer referencia a

un érgano presente en la anatomia humana sin tejido cartilaginoso ni dseo.

Figura 1. Localizacién anatémica del pancreas en relacién a otros organos de la cavidad
abdominal (199).

1.1 Anatomia pancreatica

El pancreas es una glandula digestiva mixta de tono rosaceo —amarillento localizada
en el cuadrante superior izquierdo de la cavidad retroperitoneal del abdomen, por
detras del estomago y del colén transversal (1). En los humanos adultos tiene una
medida de aproximadamente 15 cm de largo, 2 a 9 cm de ancho y unos 3 cm de grosor,

con un peso de entre 70 — 110 gramos (2).

Es un drgano de apariencia lobulada dividido en cuatro regiones principales: la
cabeza, el cuello, el cuerpo y la cola. La cabeza es la porcién mas amplia situada en la
curvatura del duodeno préxima al piloro y orientada ligeramente hacia delante y a la

derecha. En su parte baja y hacia el extremo izquierdo, la cabeza se curva formando el

3
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llamado “pancreas de Winslow”, el proceso unciforme, que estd atravesado por la vena
mesentérica superior (3). A continuacion, el pancreas se estrecha constituyendo el
cuello o istmo del pancreas, que une la cabeza con el cuerpo de la glandula. Este se va
alargando hacia la parte lateral superior izquierda, y, finalmente, termina en la cola del
pancreas, que limita con el hilio del bazo (4). En la cola del pancreas esta ubicado el
origen del conducto pancreatico principal o de Wirsung que se extiende hasta la cabeza
terminando, junto con el colédoco, en la ampolla hepatopancreatica o de Vater que se
introduce en la papila mayor duodenal rodeada por una capa de musculo liso, que
constituye el esfinter de la papila o de Oddi (5). El conducto pancredtico accesorio o de
Santorini se separa del conducto pancredtico principal a nivel de la cabeza y se dirige
hacia el duodeno donde drena por la papila menor duodenal, localizada por encima de

la papila mayor (5).
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Figura 2. Estructura anatdmica e histoldgica del pancreas (200).

Debido a su caracter de glandula mixta, el pancreas esta constituido por una parte

endocrina y otra exocrina. La glandula de secrecidn exocrina esta representada por los



INTRODUCCION

acinos glandulares, en cuyo centro se localiza un conducto excretor, mientras que la
glandula de secrecion endocrina la constituyen los islotes pancreaticos o de Langerhans,
situados entre los acinos y extensamente vascularizados (3). Los vasos arteriales que
irrigan el pancreas proceden principalmente de la ramificacidn de la arteria mesentérica
superior y del tronco celiaco originados desde la arteria aorta abdominal (6). Desde la
vena porta, se ramifican las venas que acompafian a las arterias en su recorrido
alrededor del pancreas para asegurar una correcta irrigacion, siendo las principales la

vena mesentérica superior, las venas pancreaticoduodenales y la vena esplénica (3).

El sistema linfatico del pancreas esta distribuido en cuatro zonas marcadas,
dividiendo los ganglios en: ganglios pancredticos superiores, ganglios pancredticos
inferiores, ganglios esplénicos y ganglios pancreatoduodenales (3). El sistema de nodos
linfaticos del pancreas cubre cada una de sus regiones (cabeza, cuello, cuerpo y cola)

asegurando la recogida local de liquido intersticial (7).

El pancreas es un érgano inervado tanto por el sistema nervioso simpatico como por
el sistema nervioso parasimpatico (3). El sistema nervioso simpatico, cuya excitacién se
distribuye por este 6rgano por el nervio esplacnico y sus ramificaciones, tiene un efecto
difuso sobre las funciones pancreaticas. Su estimulacidon influye sobre todo en la presion
y el flujo sanguineos. La excitacion nerviosa que provoca la secrecidén pancreatica tanto

exocrina como endocrina procede, en mayor medida, de la estimulacién del nervio vago

(8).

1.2 Histologia pancreatica

El pancreas presenta dos tipos de tejido: exocrino y endocrino, cada uno con una
conformacion caracteristica, rodeados por una delgada capa de tejido conjuntivo que
divide el parénquima formando septos (9). La parte exocrina esta representada
principalmente por las células acinares que constituyen entre un 80 — 85% de la masa
total del pancreas, un 10 — 15% corresponde a la matriz extracelular, los vasos y las
células ductales, y tan sdlo alrededor de un 2% esta representado por las células

endocrinas (10).
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1.2.1 PANCREAS EXOCRINO

Es una estructura tubuloacinosa dividida en Iébulos formados por los septos
de tejido conjuntivo laxo (9). Se distingue, por lo tanto, una unidad funcional
basica que es el I6bulo pancredtico y un sistema ductal ramificado. El Iébulo
pancredtico estd constituido por numerosos acinos formados por un conjunto
de células dispuestas alrededor de una luz acinar en la que se localizan los
conductos intralobulares que convergen en los conductos interlobulares, los
cuales desembocan finalmente en los conductos pancreaticos principales: el de

Wirsung y el de Santorini (10).

En el pancreas exocrino podemos encontrar tres tipos celulares: células
secretoras acinares, células centroacinares y células ductales. Las células que
conforman los acinos propiamente dichos son las células secretoras acinares,
las que rodean la luz del acino y se encargan de secretar enzimas digestivos. Son
células epiteliales con forma piramidal y polarizadas que presentan el ntcleo en
posicion basal y, en el citoplasma, un reticulo endoplasmatico rugoso (RER)
bastante desarrollado que les confiere un caracter baséfilo (10). También
muestran polirribosomas y un gran niumero de mitocondrias (10). En la zona
apical de las células acinares se localiza el aparato de Golgi, también bastante
desarrollado, y los granulos acidéfilos secretores de zimdgeno, en cuyo interior
se encuentran las enzimas pancreaticas: proteasas, lipasa, amilasa y nucleasas,
gue constituyen la secrecidon pancredtica (9). Comunicando los acinos con los
conductos se encuentran las células centroacinares, que marcan el comienzo del
conducto intercalar. Las células centroacinares son mds aplanadas, cuboideas,
no presentan granulos de zimdégeno y tienen un aparato de Golgi y un reticulo
endoplasmatico rugoso menos desarrollado. Por otro lado, los conductos que
constituyen el sistema ductal estan revestidos por las células ductales, cuyos
organulos presentan caracteristicas similares a los de las células centroacinares

(10).
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A parte de una funcién de revestimiento epitelial, estas células también

secretan sustancias como agua y electrolitos (10).

Figura 3. Histologia del pancreas exocrino, de izquierda a derecha: acinos pancreaticos,
células acinares pancredticas y granulos de zimégeno (201).

1.2.2 PANCREAS ENDOCRINO

El péncreas endocrino estd representado por wunas estructuras
redondeadas denominadas islotes de Langerhans. Estas estructuras quedan
rodeadas por los acinos pancredticos, contienen abundantes vasos sanguineos
y estan separadas entre ellas por fibras de reticulina (9). Se localizan
esencialmente en la cola del pancreas y cada uno de ellos estd formado por
cientos de células endocrinas, aunque solo ocupen un 2% del volumen total
pancredtico (11).

Las células endocrinas que conforman los islotes de Langerhans se dividen
en células B, localizadas en el centro del islote constituyendo cerca de un 60%
de su masa total, y células a, que forman un 30% de la estructura, células §,
células e y células polipéptido-pancreaticas (PP) que representan un 10% del
volumen del islote y forman un manto a su alrededor (12).

Cada una de las células endocrinas se encarga de producir y secretar un
tipo diferente de hormonas. Las células a producen glucagén, las células B son
las responsables de segregar insulina, las células §, somatostatina, las células €
liberan grelina, y las células PP segregan el polipéptido pancreatico (13). Todas
ellas se encuentran polarizadas, situandose los granulos secretores en la zona

apical por donde discurren capilares fenestrados y, al igual que las células
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acinares exocrinas, presentan un RER y un aparato de Golgi muy desarrollados,

caracteristica tipica de cualquier célula secretora de proteinas (9).

1.3 Desarrollo embrionario histoldgico y funcional del pancreas

El desarrollo del pancreas comienza a partir de la quinta semana de gestacién. Se
originan dos brotes: uno dorsal, a partir del endodermo intestinal anteriory otro ventral,
desde el diverticulo hepatovesicular. A partir del esbozo dorsal se forma el cuello, el
cuerpo y la cola del pancreas, asi como la mayor parte del sistema ductal mientras que
desde el esbozo ventral se origina la cabeza del pancreas, el proceso unciformey la parte
terminal del conducto pancredtico (14). Durante el desarrollo embrionario, el esbozo
pancredtico ventral rota hacia la posiciéon dorso-medial fusionandose con la yema dorsal
e integrandose con el conducto biliar, futuro colédoco, y el duodeno (15).

Ambos esbozos, dorsal y ventral, estan formados por una serie de conductos o
cordones primitivos. En el esbozo dorsal, a partir de estos conductos, se desarrolla una
red luminal que da lugar a los futuros acinos y sistema ductal (14). Los islotes de
Langerhans se forman a partir del desarrollo de células epiteliales de los conductos
pancreaticos primitivos que se van agrupando y separando y se disponen rodeando los
acinos (9). El conducto pancreatico principal o de Wirsung se origina por anastomosis
entre el segmento terminal de la yema ventral y el conducto de la yema dorsal. Una
parte de este conducto puede continuar como conducto accesorio dando lugar al

conducto de Santorini (9).

1.4 Secreciones pancreaticas exocrinas

La parte exocrina del pancreas secreta un jugo pancreatico constituido por dos tipos
de secreciones: enzimatica e hidroelectrolitica. La primera, producida por las células
acinares, es la encargada de digerir las proteinas, lipidos y glucidos contenidos en los
alimentos, mientras que la hidroelectrolitica, secretada por las células centroacinares y
ductales, sirve de transporte a las enzimas digestivas pancreaticas y neutraliza la acidez

del quimo procedente del estdmago, necesario para que estas enzimas actuen (16).
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1.4.1 SECRECION HIDROELECTROLITICA

Estd compuesta principalmente por agua, en un 98%, y por iones bicarbonato,
cloro, potasio y sodio. En menor proporcién podemos encontrar iones de magnesio
y calcio (17). Esta secrecion es importante porque garantiza el transporte de las
enzimas digestivas pancreaticas desde los acinos y conductos hasta el duodeno. Una
vez en el duodeno, las enzimas pueden llevar a cabo su accién gracias al pH
ligeramente alcalino proporcionado por esta soluciéon acuosa de iones. Adema3s, esta
solucidn, permite la formacién de micelas necesarias para la absorcion de las grasas

y protege la mucosa duodenal de la aparicién de Ulceras.

1.4.2 SECRECION ENZIMATICA

En las células acinares pancreaticas se produce la mayor parte de la sintesis
proteica. Gracias al considerable desarrollo de su RER se sintetiza una gran cantidad
de enzimas que son transportadas en vesiculas hasta el aparato de Golgi (18). El RER
también proporciona almacén de calcio intracelular que colabora como regulador
de la secrecidon de enzimas almacenadas en el sistema ductal (19). Desde el aparato
de Golgi, las enzimas son transportadas hacia los granulos de zimdgeno que se
dirigen a la membrana apical de las células para secretar las enzimas pancreaticas
al lumen del acino mediante un proceso de exocitosis (10). Este proceso de
exocitosis engloba tres pasos principales: el desplazamiento de los granulos de
zimégeno hacia la zona apical de la célula, el reconocimiento de un lugar especifico

para la fusion con la membrana apical y la fusiéon con la misma (18).

Los distintos tipos de enzimas digestivas pancredticas son sintetizadas y
secretadas como proenzimas inactivas para evitar la autodigestidon del pancreas,
activandose tras alcanzar la luz intestinal. Ademas, su almacenamiento en los
granulos de zimoégeno con ambiente acido impide su activacion hasta ser liberadas
al llegar a la membrana apical de las células acinares (20). Otro mecanismo que
impide la activaciéon temprana de las proenzimas digestivas es la secrecién del
péptido inhibidor de tripsina (PIT) desde las células glandulares del pancreas (10).

Distinguimos cuatro grupos principales de enzimas, dependiendo de la naturaleza
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de las biomoléculas que se encarguen de degradar: proteoliticas, glucoliticas,

lipoliticas y nucleoliticas (21).

Las enzimas proteoliticas son las mds abundantes y pueden dividirse en dos
tipos: endopeptidasas, que hidrolizan enlaces peptidicos internos, y exopeptidasas,
cuya accién se dirige a romper los enlaces situados en los extremos de las cadenas
peptidicas. Las enzimas endopeptidasas son la tripsina, la quimotripsina y la
elastasa, cuyas formas inactivas son el tripsinégeno, el quimotripsindégeno vy la
proelastasa. Llegadas a la mucosa duodenal, el tripsindgeno se transforma en
tripsina por la accion de otra enzima presente en las criptas de Lieberkiihn del
duodeno, la enterocinasa o enteropeptidasa, que se secreta cuando el quimo
alcanza esta zona (10). Al transformarse el tripsindgeno en tripsina, se produce una
cascada de activacion del resto de endopeptidasas a partir de esta tripsina. Las
enzimas exopeptidasas son las carboxipeptidasas A y B, cuyas formas inactivas son
las procarboxipeptidasas A y B, que deben este nombre a su accién de hidrolizar

extremos carboxilos de las cadenas peptidicas (18).

Dentro de las enzimas glucoliticas cabe destacar la amilasa, encargada de la

degradacion de polisacaridos, como el glucégeno y el almiddén (22).

Las enzimas lipoliticas se ocupan de la digestién de los lipidos. Entre ellas, la
principal es la lipasa, que requiere de los acidos biliares y de la unién a la colipasa
para poder ejercer su accién digestiva, permitiendo la degradacién de
triacilglicéridos a acidos grasos y monoglicéridos. La tripsina interviene
indirectamente en la activacion de la lipasa debido a que produce la activacién de
la procolipasa, forma inactiva de la colipasa (10). Otras enzimas lipoliticas son la
colesterolesterasa, que hidroliza los ésteres de colesterol y retinol, y la fosfolipasa

A; que produce la degradacién de los acidos grasos en fosfolipidos (22).

Por ultimo, las enzimas pancreaticas encargadas de degradar los Aacidos
nucleicos son las ribonucleasas y desoxirribonucleasas, que hidrolizan los enlaces

fosfodiésteres del acido ribonucléico y desoxirribonucléico, respectivamente (10).
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1.4.3 REGULACION DE LA SECRECION

En la regulacién de la secreciéon pancreatica se combinan estimulos
hormonales y neurales, junto con otros que provocan una retroalimentacidon
enzimdtica y mecanismos intracelulares. Existe, ademds, un efecto potenciador
de unos estimulos sobre otros cuando actuan todos al mismo tiempo. La
secrecidon pancredtica se produce, por lo tanto, de la interaccién de varios de

estos estimulos (22).

1.4.3.1 HORMONAS Y AGENTES PARACRINOS

El control hormonal de la secrecién pancreatica viene dado, esencialmente
por la secrecidén de secretina, colecistoquinina (CCK) y gastrina por parte de las

células de la mucosa del duodeno, del yeyuno y del antro del estémago.

La secretina es el regulador principal de la secrecidon hidroelectrolitica que
se activa cuando se produce un descenso en el pH del duodeno con la llegada
del quimo 4cido. La secretina neutraliza esta acidez creando un medio
basico/neutro favorable a la secrecion enzimatica, que esta controlada por la
liberacién de CCK (23). La gastrina es una hormona con una estructura similar a

la CCK que ejerce un efecto estimulador mas débil (23).

Otra hormona que tiene un efecto sobre la secrecién enzimdtica exocrina es
el polipéptido pancreatico, que parece tener un efecto inhibitorio en respuesta

ala CCKyalasecretina, asi como a la presencia de alimento en el duodeno (24).

Las hormonas de la parte endocrina del pancreas, insulina y glucagodn,
también tienen efectos sobre la secrecién exocrina pancredtica. La insulina
estimula la secrecién de CCK y de secretina, por lo tanto, favorece la secrecién
enzimatica e hidroelectrolitica, mientras que el glucagdén las inhibe (25). La
somatostatina se ha descrito también como otro inhibidor de esta secrecion,

pues impide la liberacidon de secretina desde las células duodenales (26).

1.4.3.2 NERVIOS, NEUROTRANSMISORES Y NEUROPEPTIDOS

Debido a la extensa irrigacién nerviosa, simpadatica y parasimpatica, del

pancreas, es légico pensar que existird una regulacion de la secrecidn
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pancreatica en la que intervengan estas conexiones neurales. Las fibras
parasimpaticas estimulan la secrecidn exocrina mediante la modulacién de la
secrecion de CCK y secretina (27). Los nervios del sistema simpdtico inhiben la
secrecion pancreatica indirectamente causando una vasoconstriccion que
disminuye el flujo sanguineo debido a la liberacidon de norepinefrina estimulada

desde el sistema nervioso central (28).

Sin embargo, el estimulo neural mas importante en la regulaciéon de la
secreciéon pancredtica es la liberacion de acetilcolina (ACh). Este
neurotransmisor tiene un efecto estimulante sobre la secrecién de las células
acinares pancredticas. La secrecién hidroelectrolitica también estd estimulada
positivamente bajo la accion de este neurotransmisor, pero en menor medida

(22).

1.4.3.3 RETROALIMENTACION ENZIMATICA

Parte de la regulacién de la secrecidon pancredatica puede deberse también a
una retroalimentacion negativa de determinadas enzimas y hormonas. La
tripsina duodenal inhibe el incremento de CCK vy, por lo tanto, de la secrecion

enzimatica después de las ingestas (29).

A nivel del pdancreas endocrino, también existe un mecanismo de
retroalimentacidon negativa que actuan sobre las células PP de los islotes de
Langerhans, inhibiendo la liberaciéon de ACh y, con ello, la secrecién pancreatica

exocrina (30).

1.4.3.4 MECANISMOS INTRACELULARES

Enlainduccién de los granulos de zimdgeno también participan mecanismos
de regulacioén intracelulares dependientes de la liberacién de Ca?* extracelular
y de la presencia de adenosin-monofosfato ciclico (AMPc) citosélico. El aumento
del AMPc en el citosol produce una activacién de la adenilato ciclasa en las

células acinares que estimula la secrecién granular por parte de estas (31).

El papel del ion Ca?* como regulador intracelular de las secreciones

pancreaticas ha sido ampliamente estudiado desde que se describid por primera
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vez su relacién con el pancreas exocrino en unos estudios de Hokin en 1966 (32).
La activacion por parte de la CCK y la ACh de otra protein-quinasa, la protein-
quinasa C, regula la liberacion de Ca?* necesaria para el mantenimiento de la
secrecién de enzimas pancredticas desde los canales idnicos de las células

acinares (33).

2. PATOLOGIAS PANCREATICAS EXOCRINAS

Son muchas las patologias que pueden afectar a la zona exocrina del pancreas, desde
aquellas que presentan un componente hereditario, como la fibrosis quistica, hasta
deformaciones congénitas, neoplasias o cancer, asi como distintos desdrdenes
inflamatorios, como la pancreatitis aguda y la crénica. Cada una de ellas engloba un
conjunto de eventos fisioldgicos que acaba provocando la insuficiencia funcional de la

glandula.

2.1 Pancreatitis aguda

La primera acepcidn nosoldgica de la pancreatitis aguda fue elaborada en 1889 por
el patélogo Reginald H. Fitz, que, ademas, inquirié en la importancia del estudio y

caracterizacion de esta afeccion, pues era mucho mas frecuente de lo que se creia (34).

La pancreatitis aguda (PA) es un proceso inflamatorio del pancreas, generalmente
leve, pero en aproximadamente un tercio de los pacientes esta asociado a la aparicion
de complicaciones locales y sistémicas que, frecuentemente, resultan en una disfuncién
orgdnica sistémica (35). La reincidencia de episodios de PA a lo largo del tiempo
relacionada con determinados factores de riesgo, especialmente el abuso de alcohol y
el tabaco, puede dar paso a una pancreatitis créonica (PC) en la que se produce un
deterioro del parénquima pancreatico, apareciendo una fibrosis que se extiende por

todo el tejido con la pérdida de la funcionalidad de las células acinares (36), (37).

La PA se caracteriza, principalmente, por una activacidn prematura de las enzimas
pancredticas digestivas en las células acinares lo que lleva a la autodigestion de Ia

glandula desencadenando la activacidén de un gran nimero de monocitos, diferenciados
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en macrdfagos, que inducen citoquinas proinflamatorias (38). En la clinica estd
caracterizada por la aparicién de fuertes dolores abdominales y una elevacién de los

niveles de enzimas pancreaticas en suero (39).

1.2.3 EPIDEMIOLOGIA

La PA es la principal causa de los ingresos hospitalarios relacionados con
enfermedades gastrointestinales (40) presentando una elevada incidencia en
Estados Unidos, varias regiones del oeste del Pacificoy el Norte y Este de Europa
(41). El indice de hospitalizaciones debidas a este trastorno ha ido aumentando,
sélo durante el 2009 se produjeron 275.000 ingresos, mas del doble que en 1988
(40). Este incremento en la incidencia de la PA se debe, indirectamente, al
aumento de la obesidad en la poblacién que facilita la formacion de calculos
biliares, una de las principales causas de la aparicion de esta enfermedad
inflamatoria (40). En Espafia, entre los afios 2008 y 2018, se identificaron 72
casos de cada 100.000 personas que ingresaban con PA, la mayoria debida a esta

aparicion de calculos en la vesicula biliar (42).

A nivel global, los casos de PA se elevan a 34 de cada 100.000 habitantes por
afio, sin que existan unas diferencias determinantes entre hombres y mujeres,
pero si por edad, siendo mas comun entre la poblacion de mediana y tercera
edad (43). Si bien es cierto que la letalidad asociada a este trastorno ha
descendido, la ratio de mortalidad de 1.16 casos de cada 100.000 por afio se
mantiene constante (43). Un dato curioso relacionado con la mortalidad
asociada a esta enfermedad es que tras el primer episodio de PA, la mortalidad
desciende. Se cree que puede deberse a que el dafio sufrido en el parénquima
pancredtico tras el primer episodio aumenta la respuesta inflamatoria del
pancreas (44). Existe, por tanto, una menor mortalidad entre los pacientes que
ingresan con una PA recurrente, de los cuales cerca de un 36% evolucionardn a
una PC, siendo mas susceptibles aquellos que desarrollaron una PA alcohdlica

(45).

El indice de mortalidad de la PA es similar en cada una de las etiologias

asociadas a ella (46). El fallo multiorgdnico persistente, principalmente el que
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afecta a los pulmones, es la mayor causa de muerte asociada a la PA, junto con
otros factores que pueden incrementar el riesgo como la diabetes mellitus (47),

la infeccidn hospitalaria (48) o la edad avanzada (= 70 afios) (49).

1.2.4 ETIOLOGIA

La PA es un proceso inflamatorio que lleva asociada una extensa etiologia,
siendo la causa mds frecuente la obstruccién del conducto pancreatico o
colelitiasis, que ocupa un 40% de los casos, seguida del consumo excesivo y

prolongado de alcohol, que abarca hasta un 30% (50).

En los ultimos diez afios se han estudiado un gran nimero de estimulos que
pueden producir la inflamacidon pancredtica: metabdlicos, anormalidades
anatémicas vy funcionales, distintas drogas, traumas, infecciones vy
predisposicidon genética. Los casos de PA que se registran debidos a estas causas
se agrupan en un porcentaje de alrededor de un 15 — 20% (51). Sin embargo,
sigue existiendo alrededor de un 10 — 15% de casos cuya causa no ha sido

claramente identificada y se clasifican como PA idiopaticas (52).

1.2.4.1 CAUSAS OBSTRUCTIVAS

El desarrollo mds comun de PA es por obstruccion del conducto pancredtico
o colelitiasis ocasionada por la presencia de un calculo a nivel de la papila de
Vater o bien por la aparicién de un edema papilar transitorio o por relajacién

del orificio de la papila que permite el reflujo duodenopancreatico (46).

La activacion del tripsinégeno ha sido tradicionalmente considerada como el
evento patogénico central de la pancreatitis. La obstruccién del conducto
pancredtico provoca la acumulacidon de granulos de zimégenos en las células
apicales y activacién del tripsinégeno en tripsina, produciéndose Ia
autodigestion pancredtica y desencadenando una respuesta inflamatoria en el
parénquima. Sin embargo, la evidencia experimental apunta al papel de la
activacion de la tripsina en el dafio temprano de las células acinares (53) pero
no en la respuesta inflamatoria de la PA, que recientemente se ha demostrado

gue es inducida por la activacién del nuclear factor kappa B (NFkB) (54).
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Otro tipo de obstruccidon puede deberse a la aparicion de pdlipos por la
regiéon periampular (alrededor de la papila de Vater), o por diverticulos
duodenales intraluminales que obstruyen el duodeno y pueden provocar la
entrada del quimo al conducto pancredtico (53). El carcinoma pancredtico, el
pancreas anular o una disfuncién en el esfinter de Oddi pueden ocasionar
también una obstruccion que desarrolle una PA (46). De hecho, se ha estimado
gque aproximadamente el 5 - 14% de los pacientes con tumores
pancreatobiliares benignos o malignos son diagnosticados inicialmente como PA

idiopatica.

1.2.4.2 CAUSAS TOXICAS

El abuso en el consumo de alcohol tiene un efecto téxico sobre las células
acinares pancreaticas. No estd estimada la cantidad exacta que ha de ingerirse
para desarrollar una PA, puesto que parecen intervenir también otros factores

ambientales y genéticos (55).

La ingesta de alcohol produce un aumento del numero de enzimas digestivos
y lisosomales, facilitando su activacién y contribuyendo al proceso de
autodigestion del pancreas. El metabolismo del alcohol genera radicales libres
que producen un estrés oxidativo en el interior de las células acinares, donde
también aumenta los niveles de Ca?* produciendo una disfuncién mitocondrial

(56).

Otras drogas como el tabaco o determinados medicamentos también se han
establecido como posibles factores de riesgo de esta enfermedad inflamatoria
(55). Existen diversos estudios sobre el efecto potenciador del consumo de
tabaco en los casos de PA alcohdlica en los que se observé como la nicotina
presente en los cigarrillos afectaba directamente tanto a las células acinares

pancredticas como a las ductales (57).

1.2.4.3 OTRAS CAUSAS

En un conjunto mds amplio de causas menos frecuentes se pueden englobar

las mutaciones genéticas, determinados desérdenes metabdlicos como la
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hiperlipemia o hipercalcemia o problemas vasculares que suelen acompanar a

una PA idiopatica (46).

1.2.5 CLASIFICACION

La clasificacion de la PA siempre ha sido un tema complicado de abordar por
la gran variabilidad que presenta en su diagnéstico clinico. Desde la antigliedad,
cuando a todas las inflamaciones del pancreas se las englobaba dentro del
término “cirrosis pancreaticas”, hasta nuestros dias, pancreatélogos y médicos
e investigadores especializados han establecido varias clasificaciones, tanto

clinicas como patoldgicas (58).

El Simposio Internacional de Atlanta de 1992 establecié una clasificacion
basada en la clinica en la que dividieron la pancreatitis en: PA, leve y severa, y
PC (58). En el 2013, se realizé una revision de esta clasificacién teniendo en
cuenta las mejoras en las técnicas de diagndstico clinico y los nuevos conceptos
que habian ido surgiendo en los Ultimos afios. La clasificacion se basé
principalmente en discriminar la severidad de las distintas formas de PA y definir
los conceptos de fallo organico y complicaciones locales (59). De esta forma se

dividieron dos tipos de PA:

1.2.5.1 PANCREATITIS AGUDA EDEMATOSA INTERSTICIAL (PAEI)

Engloba el 80 — 90% de los casos clinicos de PAy es considerada la forma mas
leve de esta enfermedad inflamatoria que suele resolverse en la primera semana

(60). Sus caracteristicas histolégicas principales son:

e Aparicion de edema intersticial.

e Colecciones peripancredticas de fluido con paredes poco
definidas.

e Inflamacién del parénquima pancredtico y peripancreatico.

e Ausencia de tejido necrético observable.
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1.2.5.2 PANCREATITIS AGUDA NECROTIZANTE (PAN)

Alrededor del 20% de los pacientes con PA desarrollan PAN, la forma mds
agresiva de la enfermedad que lleva asociado un elevado indice de mortalidad

(61). Se caracteriza por presentar:

e Necrosis en el parénquima pancreatico y/o en el tejido graso
peripancreatico, ademds de la caracteristica inflamacion.

e Pseudoquistes y abscesos pancreaticos.

e Aparicion de colecciones necréticas agudas.

e Posible hemorragia intrapancreatica.

La PAN puede presentarse a su vez como infecciosa o estéril, basandose en
el diagndstico de la aparicion de sepsis y evaluando el tejido necrético
pancreatico y peripancreatico en el que puede aparecer necrosis infectada. Este
tipo de PAN suele presentarse tras una intervencion quirurgica y eleva el riesgo

de mortalidad (60).

La revisidon de Atlanta también elabord una clasificacion de la severidad de
este trastorno basada en la evaluacidn clinica, en la cual establecio tres grados

principales de severidad:

» PAleve: no existe fallo organico ni aparecen complicaciones locales
y/o sistémicas.

» PA moderadamente severa: fallo organico transitorio que suele
resolverse en menos de 48 horas y pueden aparecer complicaciones
locales o sistémicas.

» PA severa: persistencia del fallo organico, miltiple o simple, por

encima de las primeras 48 horas.

En el desarrollo de la PA se pueden distinguir dos fases: una temprana que
puede alcanzar hasta las dos semanas de duracidn, a lo largo de la cual pueden
desarrollarse complicaciones sistémicas y/o el sindrome de respuesta
compensatoria antiinflamatoria. Si cualquiera de ellas, o ambas, persisten en el

tiempo, esta fase puede desembocar en un fallo organico. La segunda fase, la
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fase tardia, puede extenderse hasta meses de duracién, se caracteriza porque
el fallo orgdnico, o multiorgdnico, se vuelve persistente, acompafado de

complicaciones tanto locales como sistémicas (60).

1.2.6 COMPLICACIONES LOCALES Y SISTEMICAS

A partir de la clasificacion actualizada de Atlanta, se definieron los distintos
tipos de colecciones que podian aparecer asociadas a la PA. Estas representan
las complicaciones locales mas comunes asociadas a esta enfermedad
pancredtica junto con el edema intersticial, caracteristico de la PAEIl, y la

necrosis del tejido en la PAN:

» Colecciones liquidas peripancredticas agudas (CLPA): homogéneas,
presentan liqguido en su interior, pero no se distingue inflamacién
en las paredes ni necrosis. Aparecen adyacentes al pancreas y se
desarrollan durante la primera semana (61).

» Pseudoquistes peripancredticos: colecciones de fluido mas definidas
gue las CLPA, en las aparece inflamaciéon en las paredes, pero sin
signos de necrosis (61).

» Colecciones necrdticas agudas (CNA): aparte del contenido liquido,
presentan tejido necrotico y ciertos componentes sélidos
otorgandoles un aspecto mds heterogéneo (60). Pueden formarse
tanto intrapancredticas como extrapancredticas y son complicadas
de distinguir de las CLPA durante la primera fase de la PA pues la
necrosis comienza a definirse mas clara a partir de la segunda
semana (61).

» Necrosis pancredtica encapsulada: presentan una pared
inflamatoria bien definida con necrosis pancredtica y
peripancreatica. Aparecen a partir de las cuatro semanas desde el
inicio de la PAN y se puede observar en su interior liquido
heterogéneo con restos necréticos (61). Mds del 80% de las muertes

por PA se atribuyen a la aparicién de este tipo de colecciones (38).
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» Edema intersticial: inflamacién aguda del parénquima pancredtico y
peripancreatico sin necrosis (53). La formacién de edema es una
caracteristica tipica de los procesos inflamatorios que se produce
debido a la liberacién de mediadores inflamatorios que aumentan
la permeabilidad de los vasos y disminuyen la tensién superficial de

las membranas celulares (62).

Otras complicaciones locales asociadas a la PA son trombosis de la vena
esplénica o porta manifestada por la apariciéon de ascitis, hemorragia
pancredtica o retroperitoneal, aneurismas en la arteria y fistulas pancreaticas

(63).

En las complicaciones locales, la respuesta inflamatoria se concentra en el
area pancreatica y es controlada por el sistema inmune del huésped. Sin
embargo, en los casos mas graves de PA, los mediadores inflamatorios son
liberados a la circulacidon sanguinea vy, a través de ella, alcanzan otros drganos,
desarrollandose el llamado sindrome de respuesta inflamatoria sistémica (SRIS)
(64). El fallo multiorganico es una de las complicaciones sistémicas mas
comunes, afectando, sobre todo, a los rifnones y a los pulmones por |la extensa
red de capilares sanguineos que rodea a estos d6rganos, asi como al sistema
cardiovascular (60). En ocasiones, la respuesta antiinflamatoria del organismo
puede sobrecompensar y se produce el sindrome de respuesta antiinflamatoria
compensatoria (SRAC) que puede ocasionar el desarrollo de una sepsis

multiorgdnica en la fase tardia de la PA (64).

3. RESPUESTA INFLAMATORIA ASOCIADA A LA PANCREATITIS AGUDA

El dafio pancreatico comienza con la activacién del tripsindgeno en el interior de las
células acinares produciendo una respuesta inflamatoria por parte de estas. En este
proceso, se desencadena la secrecidn de determinadas citoquinas proinflamatorias que

provocan la migracion de neutréfilos hacia el tejido dafiado. Si la respuesta inflamatoria
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se mantiene y/o intensifica, la migracion de neutrdéfilos puede extenderse hacia otros

organos favoreciendo la progresion de la PA hacia la forma mas severa (65).

3.1 Citoquinas y quimioquinas

En la primera fase o fase temprana de la PA las células acinares pancreaticas
expresan citoquinas y quimioquinas en respuesta a la activacién prematura de las
enzimas pancreadticas. Estas moléculas proinflamatorias van a promover el desarrollo de
la PA, activando y atrayendo hacia el tejido dafiado a las células inflamatorias
circulantes, los polimorfonucleares (PMN) (66). Las citoquinas y quimioquinas
proinflamatorias también promueven la adherencia y extravasaciéon de neutréfilos
aumentando la permeabilidad capilar y, de esta manera, pueden agravar el dafio

pancreatico (67).

1.2.7 FACTOR DE NECROSIS TUMORAL — ALPHA

El factor de necrosis tumoral — a (TNF-a) es una citoquina pleiotrépica
proinflamatoria secretada por macréfagos y células acinares pancreaticas que
promueve la expresion de otras citoquinas. Presenta dos receptores de membrana: TNF-
R1 o p-55 y TNF-R2 o p-75, a los cuales se une para desencadenar la regulacion
inflamatoria (67). Durante la PA, la concentracion de esta citoquina aumenta tanto en
el interior del pancreas como en los pulmones y en el higado, por lo que se podria decir
gue contribuye a aumentar la respuesta inflamatoria local y el progreso hacia la
respuesta sistémica relacionada con esta enfermedad (68). En los pulmones, el TNF-a
activa los macrofagos alveolares y promueve la infiltracion de neutréfilos. Los factores
que facilitan esta infiltracidn, tanto en tejido pulmonar como pancreatico, son el
aumento de la permeabilidad vascular y la liberacidon de mediadores moleculares como
el éxido nitrico (NO), la fosfolipasa A-2, los radicales libres de oxigeno (RLO) y el factor

activador de plaquetas (68).

Esta citoquina también aparece relacionada con el estrés oxidativo producido en las
células en respuesta a estimulos inflamatorios. Unos mayores niveles de TNF-a
colaboran en la oxidacion de xantina deshidrogenasa (XAD) a xantina oxidasa (XAO),

enzima que presenta la capacidad de producir especies reactivas de oxigeno (ERO) que
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provocan cambios en la membrana endotelial perdiendo la permeabilidad selectiva

caracteristica (69).

La union de TNF-a a su receptor transmembrana TNF-R1 desencadena el proceso de
muerte celular programada por apoptosis, por necroptosis o dafio inflamatorio (70).
Tras el ensamblaje entre TNF-a y TNF-R1 se forma un primer complejo molecular,
complejo |, que activa la via de NFkB desencadenando, posteriormente, la liberaciéon de
otras citoquinas y quimioquinas proinflamatorias (70). El complejo | presenta en su
estructura un receptor que interactia con proteinas (RIP-1) y que puede sufrir
desubiquitinizacion por medio de la enzima CYLD (71). De esta manera, el complejo |
pasa a convertirse en otro complejo, complejo I, que puede seguir dos vias dependiendo
de la activacion o inhibicion de la caspasa-8. Cuando esta caspasa se activa, se produce
la ruptura proteolitica de dos moléculas de la familia de las RIPs, RIPK-1 y RIPK-3,
provocando su silenciamiento y llevando a la célula a un estado de apoptosis producido
por la activacion de la caspasa-3 (72).

Por otro lado, la inhibicion de la caspasa-8 permite que RIPK-1y RIPK-3 permanezcan
ensambladas, provocando su fosforilacion y la formacion de una nueva estructura
denominada necrosoma (73). Este nuevo complejo origina el reclutamiento y
fosforilacién de la proteina tipo dominio quinasa de linaje mixto (MLKL) que forma
tetrdmeros que atraviesan la membrana plasmatica e inicia el flujo de Ca?* hacia el
exterior celular (74). En estas condiciones, RIPK-3 produce la liberacién de ERO desde el
interior mitocondrial hacia el citoplasma provocando, finalmente, la ruptura de la

membrana plasmatica e iniciando el proceso de necroptosis (71).
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Figura 4. Via de sefializaciéon de TNF-a durante la PA.

1.2.8 INTERLEUQUINA — 6

La interleuquina — 6 (IL-6) es una citoquina pleiotrépica proinflamatoria sintetizada
en fibroblastos, monocitos, macréfagos, células T y endoteliales (75). La secrecién de
esta citoquina es inducida por la estimulacién de receptores Toll — 4 (TLR-4) por la
llegada de toxinas como el lipopolisacarido, o por la secrecién de otras citoquinas como
TNF-a o interleuquina— 1 (IL-1) (76). IL-6 media la secrecién de proteinas de fase aguda,
moléculas antiinflamatorias implicadas en el inicio de la respuesta inmune del

organismo, y también regula el paso hacia procesos inflamatorios crénicos (77).
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Los niveles de esta citoquina aumentan considerablemente en suero durante la PA,
por lo que se le ha relacionado como un buen biomarcador para evaluar la severidad de
este proceso inflamatorio, contando con un rango de sensibilidad de hasta el 90%
durante las primeras 24 horas (77). Ademas, IL-6 promueve la secrecién de otros
mediadores moleculares asociados a severidad de la respuesta inflamatoria, como son
el NO, moléculas de adhesién, y otras citoquinas (78). Un prolongado incremento de IL-
6 puede llevar asociada la aparicion de una respuesta inflamatoria sistémica con

afectacién pulmonar (79).

Esta citoquina puede seguir dos vias de activaciéon dependiendo de la presencia o no
del receptor de membrana de IL-6. Si este receptor no esta presente en la membrana
celular, IL-6 se une a su receptor soluble (IL-6Rs). El ensamblaje de IL-6 con su receptor
forma un complejo que se une a una glucoproteina de membrana (gp130) (80). Este
complejo produce la activacién de la via Janus quinasa/sefial de activadores y
transductores (JAK/STAT) (81). A través de la fosforilacion de JAK se pueden inducir tres
vias de activacidén de quinasas: STAT3, fosfatidilinositol-3-quinasa (PI3K) y las proteinas
guinasas activadoras por mitogenos (MAPK) (91). La fosforilacion de STAT3, que es un
mediador de apoptosis, angiogénesis, inflamacion y respuesta de fase aguda, contribuye
al desarrollo de complicaciones sistémicas. STAT3 induce la expresién génica de
citoquinas y quimioquinas proinflamatorias (82). La via de PI3K representa una
proteccién celular frente a la apoptosis asociada a procesos inflamatorios, en la cual en
ultimo lugar se produce la translocacién de NFkB al nucleo. La activacion de la cascada
de MAPKs regula la expresion de determinados genes en el nucleo que desencadenan
sefiales de supervivencia y proliferacion celular (83). La activacién de gp130 al formar el
complejo con el receptor de IL-6 induce la uniéon de dos proteinas, proteina Shc y
receptor de factor de crecimiento unido a proteina 2 (Grb2), que activan la proteina
guanosin-trifosfatasa de unién a membrana (Ras), desencadenando la fosforilacién de

las MAPKs (84).
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Figura 5. Via de sefializacion de IL-6 durante la PA.

3.1.3 INTERLEUQUINA — 1B

Interleuquina — 1 B (IL-1B) es una citoquina proinflamatoria integrada en la familia
de IL-1, junto con otras citoquinas como interleuquina — 33 (IL-33) e interleuquina — 1
alpha (IL-1a). Esta ultima comparte receptor con IL-1B, ambas se unen al receptor de
membrana IL-1R. Sin embargo, IL-1B presenta una mayor afinidad por la parte soluble
de este receptor, IL-1R2 (85). IL-1B se libera, principalmente, en monocitos, macréfagos
y células dendriticas, activada por la llegada de patrones moleculares asociados a

patégenos (PAMPs) o asociados a dafio (DAMPs) también llamados “alarminas” (86).
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Para que IL-1B sea secretada se requiere la protedlisis de la enzima, procaspasa-1,
asociada al inflamosoma NLRP3, un complejo multiproteico de reciente nomenclatura,
responsable de la activacion de procesos inflamatorios como parte del sistema inmune
innato. El inflamosoma NLRP3 estd constituido por tres dominios proteicos: un dominio
central, NACHT, un extremo carboxi-terminal rico en leucina, LRR, y un dominio de
pirina, PYD (87). El ensamblaje del inflamasoma NLRP3 provoca la activacion de la
procaspasa-1 en caspasa-1, que actua sobre la procitoquina IL-1B (prolL-1B) induciendo

la transformacién en su forma madura IL-13, que sera secretada al exterior celular (88).

La llegada a la célula de un estimulo externo a través de receptores de
reconocimiento de patrones (PRRs) como TLR-4 puede activar factores de transcripcién
de genes relacionados con la respuesta inflamatoria del organismo. Una de las
principales familias de factores de transcripcién es la de NFkB. La fosforilacién de una
de las proteinas de NFkB, IkB, localizada en el citoplasma por medio de la IkB quinasa
(IKB) desencadena la traslocacién al nucleo de las subunidades de NFkB, p-50 y p-65.
Estas son las que estimularan la produccion de prolL1-B induciendo la transcripcion de
genes implicados en inflamacion (89). La secrecion de IL-1B es otro marcador de la
inflamacion pancreatica. Esta citoquina aparece sobreexpresada en los primeros
estadios de la PA, estando relacionada no solo con la inflamacion local sino también con
el desarrollo de complicaciones sistémicas asociadas, tales como dafio hepdtico y
pulmonar (90). Los niveles de IL-1B en suero provocan la activacion de la tripsina en
tripsinégeno y el descenso de la viabilidad de las células acinares pancreaticas
estimulando la autofagia celular. También induce procesos de estrés en el reticulo
endoplasmatico al producirse la liberacién de Ca?* al citosol por la activacién de IL-1B,

gue altera la homeostasis intracelular de este ion (91).
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Figura 6. Via de seiializacion de IL1-B e inflamosoma NLRP3 durante la PA.

3.1.4 QUIMIOQUINA DEL LIGANDO 2

Las quimioquinas son una familia de pequefas citoquinas que promueven la

atraccién quimiotdctica de los monocitos y neutrdfilos a los tejidos dafiados.

La quimioquina del ligando 2 (CXCL-2) es producida en las células acinares
pancredticas durante la fase temprana de la PA actuando como inductora de la cascada
inflamatoria al atraer neutrdfilos hacia el tejido pancreatico (92). La sefial de
transcripcién de esta quimioquina llega a través de la activacion de los TLRs por la

presencia de DAMPs.

CXCL-2 presenta un receptor en la membrana de los neutréfilos, CXCR-2, cuya unidn

permite la extravasacion leucocitaria (93). Ademas, recientemente, se ha implicado esta
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unién entre CXCL-2 y su receptor transmembrana con la activacion del inflamosoma

NLRP3 en el interior de los macréfagos (94).

CXCL-2 juega un papel importante en la progresién de la inflamacién al estar
relacionada con procesos de migracion celular (95). Los efectos de esta quimioquina se

han estudiado en diversos modelos experimentales de enfermedades inflamatorias (96).

La liberacion de las citoquinas y quimioquinas es necesaria para atraer las células
inmunes (monocitos, macrofagos, neutroéfilos y linfocitos) hacia las células acinares del

pancreas donde se activa la respuesta inflamatoria.

3.2 Moléculas de adhesidn

En el proceso de activacion de la respuesta inflamatoria tienen un papel
fundamental las moléculas de adhesidn, glicoproteinas de la membrana celular, que
permiten la migracion celular, la proliferacién y la transduccion de la sefial inflamatoria

(97).

Las moléculas de adhesién intervienen en el mantenimiento de la homeostasis y de
la estructura celular. Su funcién principal es la adhesién de los leucocitos y su
“rodamiento” a través del endotelio de los vasos sanguineos (98). Entre las principales
moléculas de adhesidn que intervienen en procesos inflamatorios estan las selectinas y

las moléculas de adhesion intercelulares (ICAMs).

Las selectinas pueden ser de tres tipos dependiendo de célula en la que se expresen:
endoteliales (E-selectinas), leucocitarias (L-selectinas) y plaquetarias (P-selectinas). Las
E-selectinas y las P-selectinas participan en el desarrollo de la necrosis celular en la PA.
La P-selectina en concreto ha sido relacionada en multiples estudios con el dafio

pulmonar asociado a la PA (99).

Las ICAMs promueven la unién entre leucocitos y células endoteliales para iniciar la
migracion transendotelial. Estan relacionadas con la aparicién de necrosis en el tejido
pancreatico, aunque no permiten diferenciar entre una necrosis infectada o estéril (97).

También estan involucradas en la progresion del dafio pulmonar asociado a la PA (99).



INTRODUCCION

3.2.1 P—SELECTINA

La P-selectina es una molécula de adhesién que transloca a la membrana de
las células endoteliales bajo un estimulo inflamatorio. Esta glicoproteina se
encuentra almacenada en los granulos a de las plaquetas y en los cuerpos de
Weibel-Palade de las células endoteliales. Cuando estas células se activan por la
presencia de mediadores como la histamina o la trombina, la P-selectina se
redistribuye a lo largo de la superficie celular (100) y se inicia el proceso de
adhesién leucocitaria (101). La P-selectina se une a su ligando y esta interaccion

media el inicio del reclutamiento y rodamiento leucocitario (102).

Si la activacidon del endotelio vascular se mantiene puede desencadenarse
una sobreexpresion de esta molécula de adhesiény, por lo tanto, un incremento
de la extravasacidon de leucocitos y de la presencia de estos en el tejido afectado

(103).

La sobreexpresion de la P-selectina, al estar relacionada con la persistencia
de la respuesta inflamatoria, la convierte en una posible diana terapéutica para
paliar las complicaciones asociadas a las enfermedades inflamatorias. También
se ha estudiado como un posible biomarcador de inflamacion para una
deteccion precoz que permita administrar un tratamiento adecuado para

mejorar la morbilidad y mortalidad del paciente (101).
3.2.2 ICAM -1

La ICAM-1 es una glicoproteina transmembrana de la superfamilia de las
inmunoglobulinas que actia como molécula de adhesién expresandose en la
membrana de varios tipos celulares, entre ellos los leucocitos y las células

endoteliales (104).

Existen numerosos estudios que han investigado su funcién en la migracidn
transendotelial, asi como su participacidn en la sinapsis inmunolégica, la unién
entre las células presentadoras de antigenos y las células T (104). Estas dos
funciones se desencadenan a raiz de la interaccién entre ICAM-1 y su principal

ligando, el antigeno asociado con la funcidn de linfocitos (LFA-1) (105).
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ICAM-1 tiene un importante papel en la respuesta inmune tanto innata como
adaptativa. Por este motivo, terapias que inhiban la sobreexpresidon de esta
glicoproteina podrian evitar la propagaciéon de la respuesta inflamatoria,
limitando las complicaciones sistémicas. Ademas, ICAM-1 presenta una forma
soluble en el plasma cuyos niveles aumentan de manera proporcional a la
severidad de la enfermedad, constituyendo su medicién como una posible

herramienta de diagndstico clinico (106).

Figura 7. Proceso de extravasacion leucocitaria en el que intervienen las moléculas de
adhesidn p-selectina e ICAM-1. 1: Neutrdfilo e integrinas. 2: Captacidn del neutrofilo por
atraccién de las moléculas de adhesidon y rodamiento. 3: Adhesién del neutroéfilo al
endotelio. 4: Extravasacion del neutrodfilo hacia el tejido dafiado.

3.3 Muerte celular inducida por inflamacion

Tanto la necrosis como la apoptosis son formas de muerte celular que han sido
relacionadas con la inflamacidon pancreatica. Las células necréticas producen la
liberacion de DAMPs y otras moléculas que activan la respuesta inflamatoria, mientras
que la apoptosis desarrolla su papel inmunolégico formando compartimentos en el
interior celular que se degradan por autofagia, aunque también pueden participar en la

liberacion de estos DAMPs (107).

3.3.1 NECROSIS

El proceso de necrosis celular corresponde a una autodigestion de la propia célula
por medio de sus enzimas que produce una inflamacién, una ruptura de la membrana
celular y la consecuente liberacién del contenido intracelular al espacio intersticial
dafiando a las células vecinas (108). Este proceso siempre se habia descrito como un
suceso descontrolado que se desencadena en las células debido a la presencia de un

determinado estimulo. Sin embargo, recientemente, se ha descrito un proceso celular
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necrético “programado” Ilamado necroptosis. Los estudios que han secundado esta
nueva forma de “necrosis regulada” se basan en la presencia de receptores de muerte
celulares que activan distintas vias de sefializacion y que estan regulados por genes (109)
(71). Los primeros receptores implicados en este tipo de muerte celular son RIPK-1y
RIPK-3, los cuales, como se ha descrito anteriormente, forman un complejo denominado
necrosoma que se encarga de fosforilar la enzima MLKL, que actia como efector en este
proceso de muerte celular. Una vez fosforilada, MLKL transloca a la membrana celular
provocando un desequilibrio osmético al influir sobre el intercambio iénico (110). A
parte de este evento, durante la necroptosis también tiene lugar la produccién de ERO
(111). La necrosis en las células acinares pancreaticas es una de las complicaciones mas

serias de la PA, relacionada con la forma mas severa de esta enfermedad.

3.3.2 APOPTOSIS

La apoptosis es un proceso de muerte celular programada que depende de
receptores intracelulares y extracelulares. Morfolégicamente, durante la apoptosis las
células sufren un encogimiento, se produce una condensacién de su cromatina y
fragmentacion del ADN, y se forman los caracteristicos cuerpos apoptdticos (112).
Existen dos vias apoptodticas principales: una extrinseca en la que se desencadena una
cascada de activacion de caspasas por medio de la induccién inicial de un receptor
celular de la caspasa-8. A partir de esta, se comienzan a activar otras caspasas, como la
caspasa-3 que rompe residuos proteicos (112). La otra via apoptética, intrinseca a la
célula, se inicia con la activacién de determinados factores que regulan la
permeabilizacién de la membrana mitocondrial, como la familia de las proteinas BCL-2.
Cuando la integridad de la membrana mitocondrial se pierde, se produce la liberacién al
citosol de factores pro-apoptéticos, como el citocromo C, que forma un complejo
llamado apoptosoma junto con la procaspasa-9 y con el factor de activacion de la
proteasa-1 (Apaf-1), activando la caspasa-9 (112). Dentro de la familia de las proteinas
BCL-2, también existen bloqueadores que impiden la liberacidn del citocromo C porque
bloquean el proceso de permeabilizacidon (113). Estos son algunos de los principales
efectores apoptéticos que ejercen un papel protector al inducirse en las células acinares
pancreaticas. El lipopolisacdrido (LPS), la ceruleina y varias citoquinas proinflamatorias

inducen vias de sefializacion apoptoéticas en la PA (107).
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Durante los procesos de necrosis y apoptosis se dan lugar en la célula diferentes
eventos que promueven la activacién de la respuesta inflamatoria (114). Una de las
caracteristicas de la apoptosis celular es la creacion de una inmunotolerancia,
desencadendndose procesos antiinflamatorios en la célula mientras que en la necrosis
se activan vias proinflamatorias que producen la activacion de una respuesta
autoinmune (115). Existe, por lo tanto, un enlace entre las vias de muerte celular e
inflamaciéon. Dentro de la ruta extrinseca apoptdtica, la caspasa-8, al igual que la
caspasa-1, puede activar el complejo del inflamosoma NLRP3 para inducir la muerte por
apoptosis. Asimismo, a través de la ruta necroptética de fosforilacion de la MLKL se
puede inducir la activacion de NLRP3 (116). MLKL activa transloca a la membrana celular
y provoca un flujo de potasio, desequilibrando la homeostasis celular y permitiendo el
ensamblaje de NLRP3. Otro estimulo activador de este inflamasoma es la unién de RIPK-
1 y RIPK-3 durante la necroptosis celular (117). La formacién de este complejo
desencadena la activacion de la caspasa-1 y, en respuesta a estimulos infecciosos,
induce NLRP3 a través de las ERO liberadas desde la mitocondria (118). La disrupcion en
la membrana celular producida durante el proceso de necroptosis también facilita la

liberacion de IL-1PB, otro indicador principal de inflamacién (119).

3.4 Exosomas

Como ya se ha descrito anteriormente, los pulmones son uno de los érganos
gue aparece dafiado mas frecuentemente cuando se produce el SRIS. De hecho,
cerca del 60% de las muertes asociadas a la PA que aparecen durante la primera
semana de ingreso son debidas a una disfunciéon pulmonar grave (120).
Recientemente, se ha descrito la relacidon de los exosomas con esta complicacion

pulmonar asociada a la PA (121).

Los exosomas son nanovesiculas extracelulares con una membrana formada
por una bicapa lipidica, de origen endocitico, y en su interior contienen
biomoléculas de diversa naturaleza. Estas nanovesiculas son secretadas por
varios tipos celulares tanto en situaciones fisiolégicas normales como

patoldgicas (122).
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Durante la PA, las células pancredticas liberan exosomas al medio
extracelular. Por un lado, estos exosomas se acumulan en el liquido ascitico y
una parte de ellos se degrada por hidrélisis enzimdtica, mientras que la otra
llega al higado a través del sistema porta, donde se encuentran el resto de
exosomas procedentes del pancreas (123). Los exosomas son retenidos en el
tejido hepdatico que actua como un filtro, pero no presentan afinidad por ninguin
6rgano especifico. Este hecho puede estar mds relacionado con la distribucion
del flujo sanguineo local y la posicién anatémica del pancreas respecto al higado
(121). Las células hepaticas, respondiendo a este estimulo, también son capaces
de generar exosomas que se liberan al sistema circulatorio para alcanzar los
compartimentos alveolares de los pulmones, junto con aquellos de origen
pancreatico que no hayan sido filtrados (123). Estos exosomas son capaces de
atravesar la barrera endotelial alveolar para ser captados por los macréfagos.
Bajo este estimulo provocado por la captacién de los exosomas, los macréfagos
alveolares responden activandose y produciendo citoquinas proinflamatorias
que causan danos en el tejido pulmonar (124). Este es uno de los hechos que
confirmé la participacion de los macréfagos alveolares en el progresode laPAy

sus complicaciones sistémicas (125).

La liberacion de exosomas durante la PA es capaz de activar los macréfagos
alveolares y estos generan mediadores que forman parte de la respuesta
inflamatoria asociada a esta enfermedad. De esta manera, se ha confirmado la
participaciéon de los exosomas en enfermedades inflamatorias como la PA y su

influencia en la propagacion sistémica de la misma.
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Figura 8. Liberacién y transporte sistémico de los exosomas desde las células acinares
pancredticas hasta los alveolos pulmonares donde inducen una respuesta inflamatoria
al producir la activacion de macrdéfagos alveolares.

4. MANEJO Y DIAGNOSTICO CLINICO

El diagnodstico preciso de la PA es crucial durante las primeras 48 — 72 horas
para asignar un tratamiento acorde a la severidad de ésta y evitar, en la medida
de lo posible, una evolucion mas grave, asi como la aparicion de posibles

recidivas.

4.1 Técnicas de diagndstico y evaluacién de la severidad de la pancreatitis
aguda

El diagndstico clinico de este proceso inflamatorio se realiza cuando se
cumplen al menos dos de los siguientes criterios: dolor abdominal en la regidn
periumbilical y/o epigdstrica que irradia hacia la espalda, niveles en suero tres
veces superiores al normal de las enzimas pancreaticas, lipasa y amilasa, siendo
especialmente determinante la lipasa, y el estudio de imagenes de la seccidn
transversal del abdomen, en las que pueden aparecer reflejadas complicaciones,

tanto locales como sistémicas, caracteristicas de la PA (64).
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La sintomatologia caracteristica de ingreso de los pacientes con PA se inicia
con un fuerte dolor abdominal que aparece subitamente y que puede llevar
asociado otros sintomas fisicos como vdomitos, nduseas, fiebre, equimosis,
hipotensién, taquicardias o taquipnea (126). En los primeros estadios puede
ayudar al diagndstico la evaluacidon de la presencia o no de determinados
factores de riesgo como la edad, el historial de consumo periédico de alcohol,
la obesidad y/o enfermedades comodrbidas (cancer, infartos, enfermedades

crdnicas en higado o rifidn) (127).

Alrededor de un 15 — 20% de casos clinicos de PA evolucionan con
complicaciones severas y un elevado indice de mortalidad, por lo que es de
extrema importancia la evaluacién del grado de severidad de la PA en los
primeros estadios (128). Para ello se usan distintos sistemas de puntuacién que
ayudan al prondstico. El criterio de Ranson fue el primero en utilizarse, pero no
permite evaluar determinadas medidas antes de las 48 horas del ingreso
hospitalario. Actualmente, dos de los sistemas mas utilizados son el “Sequential
Organ Failure Assessment” (SOFA) y el “Acute Physiology and Chronic Health

Ill

Examination II” (APACHE Il). Ambos son buenos predictores de la mortalidad

asociada a la PA permitiendo un monitoreo constante (129).

Unidas a estas escalas de graduacién de la severidad de la PA, se utilizan
técnicas de imagenes que permiten confirmar el diagndstico previo con mayor
fidelidad, asi como detectar posibles complicaciones locales y/o sistémicas. En
los ultimos afios se han ampliado y mejorado permitiendo también una
clasificacion clinica mds ajustada de este trastorno. Las modalidades
tradicionales incluyen la radiologia simple, la ecografia abdominal, la tomografia
computarizada (TC), la colangiopancreatografia retrégrada endoscépica, y las
mds actuales son la ecografia endoscdépica y la colangiopancreatografia por
resonancia magnética (130). Ademas del diagndstico por imdgenes, también
puede ayudar a la evaluaciéon de la severidad de la PA el anadlisis de otros
biomarcadores. La determinacién de la amilasa y la lipasa son las pruebas de
laboratorio por excelencia. Otros parametros que pueden analizarse y ayudar a

los médicos en la diagnosis de la posible necrosis pancreatica son los niveles de
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hematocrito, la presencia de nitrégeno en sangre y la presencia de la proteina C
reactiva. Sin embargo, la medicidn de estos pardmetros moleculares no
determina un diagndstico preciso por ellos solos, han de ir acompafiados de la

observacion de imagenes, generalmente por TC (126).

4.2 Tratamiento y terapias actuales

Una vez diagnosticada la etiologia y severidad de la PA se inicia un
tratamiento basico en la sala de emergencia en el que se prevé de analgesia,
soporte nutricional y reemplazo intravenoso de liquidos (61). Los pacientes que
presentan SRIS en la fase temprana o fallo multiorganico ingresan directamente
en la unidad de cuidados intensivos (UCI). El reemplazamiento adecuado de
fluidos durante las primeras 72 horas es determinante para evitar este ingreso
durante la fase tardia y estd relacionado con un descenso de la mortalidad
asociada a la PA (127). Para mitigar los dafios producidos durante un SRIS se
puede realizar una administracién intravenosa de inhibidor de proteasas o

hemofiltraciéon (128).

El control del dolor abdominal con analgésicos es esencial desde el inicio del
ingreso y también el aporte nutricional, preferiblemente por via enteral al ser
una técnica menos invasiva (53). La administracion de nutricion enteral es
recomendada antes de que transcurran las primeras 48 horas tras la
hospitalizacién y estd relacionada con un menor riesgo de desarrollo de fallo
multiorgdnico e infecciones (129). Si aparecen complicaciones que agravan la
fisiopatologia de la PA relacionadas con SRIS o una intolerancia a la via oral es

posible pasar a una nutricién parenteral (127).

El uso de antibidticos en el tratamiento de la PA viene indicado
exclusivamente para los casos en los que aparecen infecciones locales o
sistémicas, por lo que es conveniente confirmar la presencia de estas a través
de una TC que pueda mostrar tejido pancredtico o peripancredtico necrdético

infectado (131).
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En las PA causadas por una obstruccidn biliar, es recomendable la realizacién
de una endoscopia para disminuir el riesgo de una posible recaida (38). La
intervencién quirudrgica estd indicada para aquellos casos en los que la PA se
produce por la presencia de calculos biliares, o la existencia de una necrosis
infectada que no remite con el tratamiento de antibidticos durante mas de

cuatro semanas (132).

El diagndstico y el tratamiento de la PA contindan siendo retos clinicos
importantes debido, en parte, al aumento de ingresos hospitalarios en las
ultimas décadas (133) y a la gran variabilidad de formas clinicas que puede
presentar (127). El avance en la comprensidn fisiopatoldgica de este trastornoy
en la investigacion biomédica son pilares basicos para ampliar y mejorar la

diagnosis y prognosis e intervencion clinica.

5. POLIETILENGLICOLES

5.1 Estructura, nomenclatura y propiedades fisicobioquimicas

Los polietilenglicoles (PEGs) son compuestos liquidos o sdlidos de bajo punto de
fusién formados por la polimerizacidn de “n” unidades de etilenglicol, también conocido
como 6xido de etileno, cuya estructura quimica es HO-(CH;-CH,-0-)n-H. Pueden formar
estructuras lineales y tridimensionales, sin carga eléctrica (134). Dependiendo de sus
distintos pesos moleculares, variaran las propiedades fisicas que presenten estos

polimeros y su estructura quimica definird también su actividad biolégica (135).

Los PEGs son compuestos solubles en agua y en disolventes organicos debido a la
presencia de moléculas de agua en su estructura que forman enlaces de hidrégeno, lo
cual les confiere biocompatibilidad y procesabilidad (136). La formacion de estos
enlaces, unida a la flexibilidad y movilidad que presentan las cadenas de etilenglicol,

puede impedir la adsorcidn de proteinas a las membranas celulares (137).
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Figura 9. Estructura y tipos de PEGs.

Los PEGs presentan la capacidad de establecer enlaces covalentes con
biomacromoléculas, proceso conocido como PEGilacién. Esta union les confiere mayor
estabilidad fisica y térmica, aumento de la solubilidad, reduccién del aclaramiento
plasmatico, reduccion de la inmunogenicidad y de la antigenicidad y mejoria del perfil
de toxicidad (138). Ademads, son facilmente desechables por el organismo a través del

rifidn o del higado, dependiendo de su peso molecular (139).

Desde que se describié por primera vez en 1977 la propiedad de PEGilacién, se ha
considerado que los PEGs carecen de inmunogenicidad y antigenicidad (140).
Recientemente, esta propiedad asociada a los PEGs se ha puesto en duda en algunos
estudios en los que se habla de la formacidn de anticuerpos frente a esta familia de
polimeros (141). Sin embargo, no se ha llegado a un consenso claro sobre estos estudios
de antigenicidad, pues en la literatura cientifica podemos encontrar cierta controversia

al respecto (142).
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5.2. Efectos de los PEGs en condiciones fisiopatoldgicas

El uso de los PEGs se ha estudiado en las ultimas décadas en varios modelos

experimentales asociados a diferentes patologias.

En los procesos inflamatorios, la liberacidon de citoquinas afecta a la estructura del
glicocdlix, exudado que rodea la membrana celular compuesto por glicoproteinas y
glicolipidos que contribuye a la comunicacion intercelular. También tiene efectos sobre
las propias células inflamatorias, macrofagos y neutrdfilos, que segregan enzimas y ERO
que desestabilizan las membranas. Estos mediadores inflamatorios permiten la unién
de los neutréfilos a moléculas de adhesion produciéndose la extravasacion leucocitaria
a través de la membrana endotelial dafiada (143). La permeabilidad de la membrana,
gue regula el flujo de agua y proteinas entre el interior del vaso y el intersticio, se ve
alterada produciéndose un desequilibrio osmético debido a los cambios en las presiones
hidrostatica y oncdtica que da lugar a la acumulacién de liquido intersticial, llamado

edema (144).

Por su estructura y su naturaleza quimica los PEGs presentan la capacidad de formar
coloides (145). Estas estructuras coloidales aumentan la presidon oncética y evitan la
desestabilizacion del glicocalix. De esta manera, los PEGs limitan los efectos deletéreos
del edema que aparece como una complicacién asociada a los procesos de preservacion

de érganos para trasplantes (146).

Los PEGs, al interactuar con los glicerofosfolipidos de las membranas celulares, son
capaces de “enmascarar” determinados receptores evitando la unién con sus ligandos
(136). Con la apariciéon de complicaciones inflamatorias locales y sistémicas en el
organismo, el glicocalix pierde su funciéon al desestructurarse (143). La interaccién con
la membrana celular les confiere a estos polimeros un efecto citoprotector al ayudar a

preservar su integridad (147).
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Figura 10. Estructura del glicocdlix. Arriba: estructura de la
membrana celular con la bicapa lipidica y el glicocdlix.
Abajo: llegada de un estimulo inflamatorio que
desestabiliza la estructura y unién de las moléculas de PEG
gue enmascaran receptores transmembrana y reorganizan
el glicocdlix.

Una de las consecuencias de la isquemia-reperfusion (I-R) organica es la alteracion
del glicocalix endotelial, que se asocia con la formacidon de edema, la adhesion de
neutrdfilos y una pérdida de la respuesta vascular, todos ellos eventos caracteristicos de
la respuesta inflamatoria del organismo (148), (149). Los PEGs pueden recuperar la
integridad de la membrana para que pueda ejercer su efecto citoprotector y también
contribuyen al inmunocamuflaje celular enmascarando lugares de unidn a antigenos

mediante enlaces covalentes con la membrana lipidica (150).
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Otro de los efectos que tienen estos polimeros es la prevencion de la generacidn de
ERO, evitando el daio celular por estrés oxidativo caracteristico de las condiciones de

hipoxia-reoxigenacion a las que se someten las células en procesos de isquemia (151).

El efecto antiinflamatorio de los PEGs ha sido probado en varios modelos
experimentales en los que se utilizaron soluciones de polietilenglicol de distintos pesos
moleculares. En un modelo experimental de colitis en ratas, PEG de 4000 Da fue
administrado via oral para reforzar la barrera epitelial y disminuir la respuesta
inflamatoria en el coléon (152). En otro estudio de un modelo experimental de
inflamacién postraumatica, el PEG fue usado para recubrir la superficie peritoneal de las
ratas y, de esta manera, reducir la presencia de leucocitos (153). Asimismo, el PEG de
8000 Da administrado con la dieta, en un modelo experimental de cancer de coldn en
ratas, inhibia la formacién de tumores debido a su efecto antiinflamatorio en el tejido

coldnico (154).

En concreto, nuestro grupo de investigacién ha explorado los beneficios del PEG de
35 kDa (PEG35) en diferentes modelos experimentales de I-R fria y caliente en ratas. La
adiccidn de PEG35 a la solucidn de preservacion de érganos reduce la vulnerabilidad del
injerto hepatico al dafio por isquemia-reperfusién, evitando la autofagia (155). Por otro
lado, nuestro grupo de investigacion también evalud la administracion profilactica
intravenosa de PEG35 en un modelo experimental de I-R hepdatica en ratas. El PEG35
mantenia la funcién mitocondrial, proporcionaba proteccion al citoesqueleto e inducia

vias de sefalizacion citoprotectoras (146).

5.3 Aplicaciones de los PEGs

Una de las caracteristicas que hace a los PEGs mas interesantes desde el punto de
vista del desarrollo de aplicaciones bioldgicas es que son compuestos de baja toxicidad,
cuyo uso ha sido aceptado por la “Food and Drug Administration” (FDA) en sectores
como la industria alimentaria, farmacéutica y cosmética (156). De esta manera, pueden

aparecer como componentes de distintos productos comerciales, tales como:

= Surfactantes, agentes de limpieza, dispersantes y solventes dentro de la

industria quimica (157).
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= Cremas, dentifricos y lubricantes.

= |mpermeabilizantes de objetos y/o superficies.

En cuanto a sus usos farmacéuticos, los PEGs son importantes agentes de
revestimiento de pastillas, utilizados en farmacos de liberacion controlada, y buenos
excipientes en formulaciones orales, tépicas, oftalmoldgicas y rectales. También esta

extendido su uso como supositorios y laxantes (158).

En medicina, estos polimeros, bajo su estructura de hidrogeles, pueden formar
adhesivos para el cierre y tratamiento de heridas. En técnicas mdas complejas e
innovadoras de medicina regenerativa, como es la ingenieria tisular, se han utilizado
para la formacién de aloinjertos. Hoffman et al. (159) disefiaron un periostio utilizando
hidrogeles de PEGs hidroliticamente degradables para trasplantar y localizar células
madre mesenquimales en las superficies del aloinjerto. El tratamiento con PEG aumentd

la vascularizacion del injerto y la capacidad de formacién de tejido dseo endocondral.

Por otro lado, debido a su capacidad de formar matrices y cubiertas, los hidrogeles
de PEGs también se han utilizado en cultivos celulares formando superficies de soporte
para el crecimiento de las células cultivadas (160). En un modelo experimental in vitro
de produccién de magnetosomas se probaron los efectos de la adiccion de PEG de varios
pesos moleculares (200, 6000, 20000 y 500000 Da) al medio de cultivo. La proliferacién
de estos magnetosomas, estructuras que presentan importantes aplicaciones en
biotecnologia y nanotecnologia, aumentaba un 24% con la agregacion de PEG200. La
presencia de este polimero mejoraba la sintesis de los magnetosomas, por lo que podria
presentarse como un avance interesante para la produccion en masa de estas
estructuras en biorreactores (161). Otra aplicacidon reciente de esos polimeros en
técnicas de investigacion es su utilizacion en un nuevo protocolo de tratamiento de
muestras para microscopia confocal, el Clear™. La inmersidon de las muestras en
soluciones de concentraciones crecientes de PEG permite mantener la integridad y
estabilidad de las particulas marcadas con fluorescencia, favoreciendo la duracién de

esta (162).

Asimismo, mas relacionado con su propiedad de “PEGilaciéon”, se usan como

vehiculo transmembranal de otras moléculas (liposomas, nanoparticulas, micelas,
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dendrimeros) en tratamientos farmacolégicos, pues aumentan el tiempo de circulacién

y la estabilidad de estas (163).

Dentro de las aplicaciones clinicas de los PEGs, estos se han empleado como aditivos
en soluciones de preservaciéon orgdnica debido a su capacidad para atenuar el dafio
asociado a la I-R fria durante los trasplantes de rifidn, pancreas e higado. Por su efecto
oncotico, anteriormente mencionado, limitan la aparicion de edema celular y permiten
aumentar los tiempos de isquemia, como se ha podido apreciar en diversos modelos
experimentales de trasplante en animales (164), (165), (166), (167). Concretamente en
trasplante hepatico, se ha comprobado que durante el tiempo de preservacién en frio
promueve la activacion de vias protectoras de sefializacién celular y aumenta los niveles

de dxido nitrico, como respuesta del érgano a la privacion de oxigeno (168).

En un estudio retrospectivo realizado en Europa, a lo largo de 10 afios, evaluando
diversos higados trasplantados, se compard la solucién de preservacion con PEG35 vy
otra solucion de la Universidad de Wisconsin sin coloides en su composicion. Se observd
un mayor porcentaje de supervivencia entre los injertos preservados con una solucién
gue contiene PEG35 (169) en comparacion con los injertos preservados en la solucién
Wisconsin, considerada la solucién de preservacion “gold standard” para la mayoria de
los drganos trasplantados. Ademas, otros estudios experimentales observaron que esta
soluciéon de preservacién producia un aumento en mediadores moleculares que

promueven la regeneracion hepdtica (170).

En relacion con el trasplante de pancreas, la preservacion orgdnica en la solucién con
PEG35 permite aumentar el tiempo de isquemia de 13 a 17 horas. En cinco pancreas
humanos preservados bajo estas condiciones, se observé que no existia pérdida del

injerto por rechazo o trombosis e independiente de insulina exdgena (171).

Finalmente, en industria alimentaria, se utilizan en el procesamiento de alimentos
para prevenir la espumosidad y, recientemente, se estudian como posibles materiales

para el envasado (163).
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A pesar de las extensas investigaciones durante las Ultimas décadas, la PA continua
siendo un reto para el manejo clinico, con una importante carga de morbilidad,
mortalidad y coste, cuando la enfermedad desencadena la disfuncién de drganos vy
sistemas distantes. Por ello, cualquier tratamiento para reducir la severidad de la

enfermedad podria mejorar el prondstico de los pacientes.

En este sentido, la presente Tesis Doctoral se ha centrado en la busqueda de nuevas

estrategias terapéuticas para la proteccién del 6rgano pancreatico.

El objetivo principal de esta Tesis Doctoral es estudiar el efecto protector del PEG35
en distintos modelos experimentales in vivo e in vitro de inflamacién pancreatica y, mas

concretamente:

1. Caracterizar los mecanismos de proteccion del PEG35 en un modelo

experimental de pancreatitis aguda necrotizante en rata.

2. Analizar los efectos de la administracion de PEG35 en un modelo

experimental de pancreatitis aguda edematosa intersticial en rata.

3. Evaluar la respuesta del PEG35 frente a la inflamacién y la muerte celular en

células acinares pancreaticas.

4. Analizar el efecto del PEG35 en la modulacién de la inflamacién mediada por

exosomas.
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ESTUDIO 1. EFECTOS PROTECTORES DEL PEG35 EN UN MODELO EXPERIMENTAL DE
PANCREATITS AGUDA NECROTIZANTE

En este estudio, evaluamos el efecto de la administracion profilactica y terapéutica
del PEG35 en la reduccién de la severidad de la PAN y el dafio pulmonar asociado a esta

enfermedad.

Para ello, inducimos una pancreatitis aguda necrotizante en ratas siguiendo un
modelo experimental basado en la inyeccidon de una solucién de taurocolato sédico al
5% a través del conducto biliopancreatico. Esta concentracion induce una PA que
desarrolla una lesién pulmonar a las 3 horas de la induccién, provocando la muerte del
animal en el 100% de los casos. El PEG35 se administrd, tanto de manera profilactica
como terapéutica, via intravenosa en una Unica dosis. Pasadas tres horas de la induccién

de la PAN, se recogieron las muestras para su posterior analisis.

Evaluamos indicadores de dafio tisular pancredtico y pulmonar, asi como distintos

marcadores de inflamacién y muerte celular.

Los resultados obtenidos de este estudio nos permiten elucidar el papel protector
del PEG35 frente al proceso inflamatorio sistémico asociado a la pancreatitis aguda
necrotizante y presentarlo como un potencial tratamiento para las complicaciones

letales que presenta esta enfermedad.
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Abstract: Acute pancreatitis is an inflammatory disorder of the pancreas. Its presentation ranges
from self-limiting disease to acute necrotizing pancreatitis (ANP) with multiorgan failure and a
high mortality. Polyethylene glycols (PEGs) are non-immunogenic, non-toxic and water-soluble
chemicals composed of repeating units of ethylene glycol. The present article explores the effect
of PEG35 administration on reducing the severity of ANP and associated lung injury. ANP was
induced by injection of 5% sodium taurocholate into the biliopancreatic duct. PEG35 was
administered intravenously either prophylactically or therapeutically. Three hours after ANP
induction, pancreas and lung tissue samples and blood were collected and ANP severity was
assessed. To evaluate the inflammatory response, gene expression of pro-inflammatory
cytokines and chemokine and the changes in the presence of myeloperoxidase and adhesion
molecule levels were determined in both the pancreas and the lung. To evaluate cell death, LDH
activity and apoptotic cleaved caspase-3 localization were determined in plasma and in both the
pancreatic and lung tissue respectively. ANP-associated local and systemic inflammatory
processes were reduced when PEG35 was administered prophylactically. PEG35 pre-treatment
also protected against acute pancreatitis-associated cell death. Notably, therapeutic
administration of PEG35 significantly decreased associated lung injury, even when the
pancreatic lesion was equivalent to that in the untreated ANP-induced group. Our results
support a protective role of PEG35 against the ANP-associated inflammatory process and
identify PEG35 as a promising tool for the treatment of the potentially lethal complications of
the disease.

Keywords: inflammation; pulmonary injury; polyethylene glycols; cytokines; neutrophil
infiltration.
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1. Introduction

Acute pancreatitis, an inflammatory disorder of the pancreas, is the main cause of
hospitalizations related to gastrointestinal diseases and the fifth most common cause of death in
hospitals [1]. This disease entity can be divided into two morphological subtypes [2]: interstitial
edematous pancreatitis, and necrotizing pancreatitis. Interstitial edematous acute pancreatitis
represents 80-90% of cases and the clinical symptoms usually resolve within the first week.
However, up to 20% of patients develop acute necrotizing pancreatitis (ANP), the more severe
form, which is associated with high rates of morbidity and mortality; lung failure is the main
contributing factor to early death within the first week after admission [3]. At present, there is no
specific medical treatment for ANP; the management of the disease is mainly supportive and
targeted to prevent and treat systemic complications.

Polyethylene glycols (PEGs) are non-immunogenic, non-toxic and water-soluble polymers
composed of repeating units of ethylene glycol [4]. One of their most positive characteristics is
their low toxicity regardless of the route of administration [5]. In fact, PEGs are currently the only
water-soluble polymers that are widely accepted and approved by the Food and Drug
Administration for use in food, cosmetics and pharmaceuticals [6]. In clinical settings, PEGs are
used as additives to organ preservation solutions to attenuate the damage associated with cold
ischemia-reperfusion of kidney, pancreas and liver transplantation [7].

In recent years, several experimental studies have focused on the protective effects of PEGs.
In lung endothelial cells, treatment with 15-20 kDa molecular weight PEG (PEG 15-20) was found
to enhance cell function by activating endothelial cell-barrier signal transduction pathways and
by contributing to cytoskeleton reorganization [8]. In addition, pre-treatment with PEG 15-20 in
cultured ventricular myocytes subjected to hypoxia-reoxygenation reduced oxidative stress and
apoptosis and increased cell survival [9]. The protective effects of PEGs have also been reported
in in vivo models, although reports of its use in the context of inflammatory processes are scarce.
In a murine model of lethal gut-derived sepsis, therapeutic administration of low molecular
weight PEG provided protection against bacterial infections and reduced mortality [10].
Likewise, prophylactic oral administration of 4-kDa molecular weight PEG in experimental colitis
strengthened the epithelial barrier and reduced inflammation of the colon [11]. Another study
found that coating the peritoneal surfaces of the rat with PEG was a highly effective measure to
limit the number of leukocytes in a model of post-traumatic inflammation [12]. Lastly, in colon
carcinogenesis, animals receiving a diet with 8-kDa molecular weight PEG presented reduced
colonic inflammation [13].

In previous work, our group explored the benefits of using 35-kDa molecular weight PEG
(PEG35) in experimental models of cold and warm liver ischemia-reperfusion in the rat, finding
that the addition of PEG35 to the organ preservation solution decreased liver graft vulnerability
to cold ischemia-reperfusion injury [14]. Furthermore, prophylactic intravenous administration
of PEG35 to rats reduced the ischemia-reperfusion-induced hepatic injury associated with the
preservation of the mitochondrial status, cytoskeleton protection, and the induction of cyto-
protective signaling pathways [15]. Intravital microscopy studies demonstrated the location of
PEG35 adsorbed in the liver vascular bed after ischemia-reperfusion.

Given the numerous benefits of PEGs just described, and in view of the fact that they are
water-soluble and above all non-toxic, the objective of this paper was to study the potentially
protective effects of PEG35 in an experimental model of ANP. Our results suggest that PEG35
strongly reduces ANP severity and improves the associated inflammatory process in the lung.
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2. Results
2.1. Effects of PEG35 on plasma lipase levels

Sodium taurocholate-induced ANP in rats was associated with significant increases in the
plasma levels of lipase reflecting the degree of pancreatic injury in this experimental model
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(Figure 1). This increase was significantly reduced in the rats pretreated with 10mg/kg of PEG35.
In contrast, therapeutic PEG35 administration had no effect on the pancreatic injury associated
with ANP.

Figure 1. Effect of PEG35 treatment on plasma lipase activity in sodium
taurocholate-induced ANP. Plasma lipase levels in U/L. Bars represent mean values
of each group + SEM. *P < 0.05 versus Control, +P < 0.05 versus ANP. ANP, Acute
Necrotizing Pancreatitis. PEG35, Polyethylene glycol 35. Each determination was
carried out in triplicate.

2.2 Prophylactic and therapeutic PEG35 reduced systemic tissue damage associated with ANP

Intraductal administration of 5% sodium taurocholate in the rats produced a severe
hemorrhagic pancreatitis with large areas of interstitial edema, necrosis and neutrophil
infiltration in the pancreas (Figure 2A and Table 1). In the PEG35-treated groups, only when the
animals were treated prophylactically were there consistent reductions in pancreatic interstitial
edema, leukocyte infiltration and acinar cell necrosis. Histological evaluation of the lungs showed
significant edema, leukocyte infiltration and alveolar septal thickening (Figure 2B) associated
with ANP. However, these findings were less marked when the animals were treated either
prophylactically or therapeutically with PEG35.
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Figure 2. Effect of PEG35 treatment on histological changes in experimental acute
necrotizing pancreatitis and associated acute lung injury. A) Representative images
of hematoxylin and eosin-stained pancreatic sections for each experimental group.
Control group showed normal pancreas structure. ANP and ANP+PEG35 groups
presented large areas of necrosis (under area), infiltrated polymorphonuclear
neutrophils (indicated by empty arrows) and interstitial edema (indicated by an
asterisk). Prophylactic administration of PEG35 significantly reduced these features. B)
Representative images of hematoxylin and eosin-stained lung sections for each
experimental group. Control group showed normal alveolar structure. In the ANP
group, a marked alveolar septal thickening (indicated by an asterisk) with infiltrated
neutrophils, and the presence of vessel neutrophils (under area) were seen. Both
prophylactic and therapeutic PEG35 treatment normalized alveolar septal thickening
and neutrophils infiltration. ANP, Acute Necrotizing Pancreatitis. PEG35, Polyethylene
glycol 35. Scale bar, 100, 50 and 20 pM.

Table 1. Pancreatic and pulmonary lesions in all experimental groups

Pancreas Lung

Edema Inflammation Necrosis  Alveolar wall Infiltrated Vessel
thickening  neutrophils neutrophils

Control +/- - - +/- +/- +/-
ANP A+ -+ - - -+ -+
PEG35+ANP +/- + +/- +/- +/- +
ANP+PEG35 +++ +++ +++ + + +++

Abbreviations: ANP, Acute Necrotizing Pancreatitis. PEG35, Polyethylene glycol 35.
2.3. PEG35 abrogated ANP-induced Interleukin 6 (IL6) expression in plasma

IL6 is an important multifunctional cytokine with many roles in inflammation, and its serum
levels reflect the magnitude of the inflammatory response. This cytokine has been reported to
have prognostic value for acute pancreatitis upon admission [16, 17]. We therefore measured its
levels in plasma and, as expected, a significant increase was detected after ANP induction (Figure
3A). Prophylactic and therapeutic treatment with PEG35 resulted in a significant reduction in
systemic IL6 levels.
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Figure 3. Role of PEG35 on the modulation of pro-inflammatory cytokines and chemokines
expression in sodium taurocholate acute necrotizing pancreatitis and associated acute lung
injury. A) IL6 expression levels in plasma. B) Pancreatic tissue gene expression of IL6, IL1f5,
CXCL2 and TNFa by real-time qRT-PCR. C) Lung tissue gene expression of IL6, IL18, CXCL2
and TNFa by real-time qRT-PCR. In all cases, mRNA induction levels were normalized to
GAPDH mRNA expression. Bars represent mean values of each group + SEM. *P < 0.05 versus
Control, +P <0.05 versus ANP. ANP, Acute Necrotizing Pancreatitis. PEG35, Polyethylene glycol
35. Each determination was carried out in triplicate.

2.4. Prophylactic and therapeutic PEG35 improved ANP-induced expression of pro-inflammatory
cytokines in the lung

Next, we explored whether PEG35 administration might improve inflammatory response
after ANP induction. To do so, we measured the gene expression of pro-inflammatory markers
IL6, Interleukin 13 (IL1f), Tumor Necrosis Factor a (TNFa) and chemokine (C-X-C motif) ligand
2 (CXCL2) in both pancreas and lung. Pancreatic tissue levels of these mediators rose markedly
three hours after ANP induction compared with control animals (Figure 3B), except for TNFa.
As expected, only prophylactic treatment with PEG35 was able to significantly reduce the ANP-
induced increases in these cytokines. Regarding the inflammatory process in the lung, ANP
induction raised expression levels of IL6, IL13, TNFa and CXCL2 (Figure 3C). PEG35
administration prior to the induction of ANP significantly reduced IL6, IL13 and TNFa levels,
and therapeutic administration significantly reduced the levels of IL6 and TNFa in the lung.
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2.5. PEG35 abrogated ANP-related adhesion molecules expression in the lung

The recruitment of leukocytes is a hallmark of inflammation. The process is controlled by
complex interactions between surface receptors on neutrophils and their corresponding
endothelial cell ligands [18]. To further study the protective function of PEG35 in ANP, we
focused on the expression of two of the main adhesion molecules involved in this inflammatory
disease: P-selectin and Intercellular Adhesion Molecule-1 (ICAM-1) [19]. A significant up-
regulation in both adhesion molecules was evident in the pancreas and lung three hours after
ANP induction compared to control-operated mice (Figure 4A and B). Prophylactic
administration of PEG35 helped to reduce the gene expression of P-selectin and ICAM-1
expression in both these tissues, while its therapeutic administration significantly reduced their
expression only in the lung. Accordingly, immunoblot assay of ICAM-1 protein confirmed that
PEG35 abrogates the inflammatory process in the lung when is administered either
prophylactically or therapeutically (Figure 4C and D).
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Figure 4. Effects of PEG35 administration on the expression of adhesion molecules in
acute necrotizing pancreatitis and associated acute lung injury. A) Pancreatic tissue gene
expression of P-selectin and ICAM-1 by real-time qRT-PCR. B) Lung tissue gene
expression of P-selectin and ICAM-1 by real-time qRT-PCR. In all cases, mRNA induction
levels were normalized to GAPDH mRNA expression. C) Pancreatic and pulmonar
protein expression of ICAM-1 assessed by Western Blot analysis. B-actin expression was
used as loading control. Data shown are representative blots for each group. D)
Densitometry quantification of Western blot for ICAM-1 in pancreatic and lung tissue. Bars
represent mean values of each group + SEM. *P < 0.05 versus Control, *P < 0.05 versus
Control, +P < 0.05 versus ANP. C, Control. ANP, Acute Necrotizing Pancreatitis. PEG35,
Polyethylene glycol 35. Each determination was carried out in triplicate.

2.6. Prophylactic and therapeutic administration of PEG35 reduced the pulmonary neutrophil
infiltration associated with ANP

Increased numbers of neutrophils in both pancreas (Figure 5A) and lung (Figure 5B) marked
the inflammatory response following ANP induction. Additionally, areas of intense cell
infiltration with extravasation of leukocytes to the interacinar space were found. Pretreatment
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with PEG35 significantly attenuated the infiltration of leukocytes into the pancreas. In addition
to local pancreatic neutrophil recruitment, a significant increase in myeloperoxidase (MPO)
positive cells in the lung was noted in the ANP-induced animals compared to sham-operated
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mice. By contrast, both prophylactic and therapeutic intravenous administration of PEG35
lessened pulmonary neutrophil recruitment and extravasation.

Figure 5. Effects of PEG35 treatment on acute necrotizing pancreatitis-induced
myeloperoxidase expression. A) Top, Representative images of pancreatic sections stained
with anti-MPO antibody (brown). Bottom, Pancreas MPO immunostaining quantification
represented as the average number of positive cells per field. B) Top, Representative images
of lung sections stained with anti-MPO antibody (brown). Bottom, Pulmonary MPO
immunostaining quantification represented as the average number of positive cells per field.
ANP, Acute Necrotizing Pancreatitis. PEG35, Polyethylene glycol 35. Scale bar, 50 and 20 uM.

2.7 Effect of PEG35 treatment on inflammation-induced cell death

To further explore the potential protective effects of PEG35 on pancreas and lung, cell
necrosis and apoptosis were determined through LDH release and caspase 3 activity respectively.
As illustrated in Figure 6A, a significant increase in LDH activity in plasma occurred three hours
after ANP induction. Similarly, cleaved caspase-3 levels were markedly higher following ANP
induction both in the pancreas and in the lung, compared with the control group (Figure 6B and

60
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C). Levels of both necrotic and apoptotic cell markers were significantly reduced under
conditions of prophylactic administration with PEG35 in both these tissues. Therapeutic
administration of PEG35 significantly lessened LDH levels as well as cleaved caspase-3
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expression in the lung. Taken together, these results suggest that PEG35 exerts both anti-necrotic
and anti-apoptotic effects, protecting against inflammation-induced cell death following ANP.

Figure 6. Effects of PEG35 treatment on ANP-induced cell death. A) Plasma lactate
dehydrogenase activity three hours after acute necrotizing pancreatitis induction
expressed as mU/mL. B) Top: Representative images of pancreatic sections stained with
anti-cleaved caspase-3 antibody (brown). Bottom: Pancreas cleaved caspase-3
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immunostaining quantification represented as the percentage of marked surface per
field. C) Top: Representative images of lung sections stained with anti-cleaved caspase-
3 antibody (brown). Bottom: Pulmonary cleaved caspase-3 immunostaining
quantification represented as the average number of positive cells per field. Bars
represent mean values of each group + SEM. *P < (.05 versus Control, *P < 0.05 versus
Control, +P < 0.05 versus ANP. ANP, Acute Necrotizing Pancreatitis. PEG35,
Polyethylene glycol 35. Each determination was carried out in triplicate.

3. Discussion

Despite extensive research in recent decades, ANP continues to present a significant burden
in terms of morbidity, mortality and financial cost, and its management remains a major
challenge. Increases in the annual incidence of this disease have been observed in most recent
studies and no pharmacological therapies are as yet available to improve the disease course,
especially in patients who develop a systemic inflammatory response syndrome.

Many studies have reported the beneficial effects of PEGs in tissue injury [8, 9, 11], but the
role of these polymers in acute pancreatitis has not yet been elucidated. The present paper aims
to establish whether the intravenous administration of a 35-kDa molecular weight PEG in a single
non-toxic dose of 10mg/kg could protect pancreatic and lung tissue against the deleterious effects
of ANP. In the study, the prophylactic administration of PEG35 significantly abrogated the
severity of acute pancreatitis in sodium taurocholate-treated rats, as indicated by the decreased
activity of lipase in plasma. Histopathologic evaluation of the pancreas and systemic lung also
revealed a marked reduction in overall histopathology score in the PEG35 pre-treated animals.
Surprisingly, the therapeutic administration of PEG35 significantly reduced lung injury, even
when the pancreatic lesion was equivalent to that of the untreated ANP-induced group.

Serum levels of pro-inflammatory cytokines and chemokines rise over the course of ANP.
IL6 is an important inflammatory mediator of the acute-phase response that has been
experimentally associated with distant organ complications [20]. In addition, in the clinical
setting, it is considered a reliable early marker for predicting the severity of acute pancreatitis [21,
22]. We found that both prophylactic and therapeutic use of PEG35 was able to significantly
abrogate the up-regulated levels of systemic IL6 following ANP induction. Similar results were
found regarding the presence of pro-inflammatory cytokines and chemokines locally in the
pancreas and in the lung. The gene expressions of IL6, IL13, and CXCL2 (though not TNFa) were
found to be significantly elevated in the pancreas three hours after ANP induction, and
prophylactic PEG35 administration abrogated these up-regulated cytokines and chemokine
levels. As expected, therapeutic administration of PEG35 did not have any protective effect on
the injured pancreas; in ANP, once the pro-inflammatory cascade is triggered, the process is
exceedingly difficult to reverse. With regard to the inflammatory process in the lung, the
induction of ANP increased the levels of expression of IL1p3, TNFa and CXCL2 compared with
the control-operated group. PEG35 administration prior to the induction of ANP significantly
reduced IL6, IL13 and TNFa mRNA levels. Interestingly, the therapeutic administration of
PEG35 was able to downregulate IL6 and TNFaq, the main pro-inflammatory cytokines involved
in ANP.

Endothelial P-selectin and ICAM-1 are major adhesion molecules that are highly
overexpressed during acute pancreatic inflammation and their blockade has been associated with
reductions in pancreatic and lung damage [23, 24]. In the present study, levels of P-selectin and
ICAM-1 expression rose significantly in the pancreas and in the lung three hours after ANP
induction. As expected, pre-treatment of rats with PEG35 abrogated the increased levels of those



PUBLICACIONES

adhesion molecules in both tissues. Therapeutic administration of PEG35 was unable to reverse
the inflammatory process in the pancreas, but was able to do so in the lung.

These changes in pro-inflammatory processes brought about by PEG35 administration were
further emphasized by the marked reduction in neutrophil recruitment and extravasation both
in the pancreas and in the lung when PEG35 was administered previously to ANP. As measured
by the presence of MPO, PEG35 pre-treatment reduced the number of MPO positive cells in both
tissues while (as in the case of the histological score) therapeutic administration of PEG35 only
reduced the levels of MPO positive cells in the Iung. In fact, neutrophils were found in high
numbers within the lung endothelial vessels even though they did not extravasate into the
surrounding tissue. In this regard, PEG35 may exert at least part of its protective function through
the endothelial cell coating, which may stop neutrophils in the microcirculation entering the
interstitium and infiltrating the lung tissue.

Furthermore, both prophylactic and therapeutic use of PEG35 reduced cell death by
lowering plasmatic LDH activity and tissue cleaved-caspase-3 expression both in the pancreas
and in the lung. These findings are consistent with those of a previous study which found that
PEGs protected against apoptosis when administered intravenously in an animal model of spinal
cord injury (25). PEG 15-20 also has a potent protective antiapoptotic effect in cardiac myocytes
exposed to ischemia-reperfusion injury (9). Additionally, different molecular weight PEGs have
been found to protect renal cells against cold-induced cellular necrosis (26), PEG35 being the most
effective. All these findings demonstrate that PEG35 may notably alleviate the severity of ANP
and protect against inflammation-induced cell death.

By the time of presentation of ANP, pancreatic necrosis is already non-reversible, so the aim
is to minimize the systemic inflammatory response syndrome in order to reduce rates of organ
failure, morbidity, and mortality. PEG compounds with different molecular weights have been
applied topically, orally, and systemically with notable efficacy in a variety of experimental
models. Our data highlight the potential therapeutic use of PEG35 to modulate the progression
of ANP towards a lethal outcome. We have demonstrated that prophylactic PEG35 improves the
inflammatory response in the lung as a direct consequence of attenuating the initial pancreatic
injury. In addition, PEG35 exerts a substantial anti-inflammatory role by directly lowering the
lung inflammatory response subsequent to acute pancreatitis when administered therapeutically.
This feature is particularly relevant in the clinical setting where new therapeutic treatments are
urgently required.

4. Materials and Methods

4.1. Experimental animals

Male Wistar rats weighting 200-250 g were housed in a controlled environment with free access
to standard laboratory pelleted formula (A04; Panlab, Barcelona, Spain) and tap water. A period of
one week was allowed for animals to acclimatize before any experimentation. All procedures were
conducted in accordance with European Union regulatory standards for animal experimentation
(Directive 2010/63/EU on the protection of animals used for scientific purposes). The Ethical
Committee for Animal Experimentation (CEEA, Directive 396/12, University of Barcelona)
approved the animal experiments.

4.1.1. Animal model of ANP

The rats were anesthetized with an intraperitoneal injection of pentobarbital at a dose of
50mg/kg. After a midline laparotomy, a polyethylene catheter connected to an infusion pump was
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inserted through the duodenum, via the Ampulla of Vater, and 3-4 mm into the biliopancreatic
duct. A bulldog clamp was applied to the proximal biliopancreatic duct (near the liver) to prevent
infusion into the liver. The experimental model of ANP was induced in the rats (n=8) by retrograde
injection of 5% sodium taurocholate in saline solution at 1mL/Kg/1min for 5 min. using an infusion
pump (Harvard Instruments, Edenbridge, UK). Control animals (n=8) received saline solution
(NaCl 0.9%). This model represents the reference standard of biliary acute pancreatitis, the most
common cause of ANP in humans. As previously reported by our group, the infusion of this bile
salt at 5% results in lung injury after 3 hours of induction. This lung failure is the main contributing
factor to early death in patients with ANP [25]. PEG35 was administered intravenously through the
penile vein in a single dose of 10mg/kg either prophylactically (10 minutes before ANP induction)
or therapeutically (10 minutes after ANP induction) (n=8 for each group). PEG35 was selected based
on the literature review. PEG polymers of high molecular weight (4000 Da) have been reported to
be suitable as potential therapeutic agents. In addition, our group has wide experience in the study
of the protective role of PEG35, which is a high molecular weight PEG currently added to
preservation solutions for pancreas, liver and kidney transplantation with optimal results for
protecting the tissue from ischemia-reperfusion injury. Buprenorphine (0.05 mg/Kg) was
intravenously administered as an analgesic immediately before surgery. Three hours after ANP
induction, animals were euthanized and blood was collected in heparinized syringes from the vena
cava. Harvested blood was centrifuged, the plasma removed and stored at -80°C. Three tissue
samples from each animal were taken from the head of the pancreas and from the lung. One portion
of each tissue was fixed in 10% phosphate-buffered formalin for histological analysis, another
portion was frozen and immediately stored at -80°C for western blot analysis and the last portion
was stored in RNAlater solution for real-time PCR analysis.

4.2. Histopathological examination

Pancreatic and lung tissue were fixed in 10% phosphate-buffered formalin and embedded in
paraffin. Sections of 3um thickness were mounted on glass slides. Slides were dewaxed and
rehydrated before staining with hematoxylin and eosin. Then, a pathologist examined multiple
randomly chosen microscopic fields from each experimental group in a blinded manner. Sections
of pancreas tissue were scored for the severity of pancreatitis based on edema, leukocyte infiltration
and necrosis graded on a semi-quantitative scale from no lesion to intense lesion. Lung injury was
assessed histologically using a semi-quantitative scale from no lesion to intense lesion for interstitial
and intra-alveolar leukocyte infiltration and alveolar septal thickening. The semi-quantitative scale
was the mean of the lesions in each group: -, no lesion; +, slight lesion; +/-, slight lesion in some
sections; ++, moderate lesion; +++, intense lesion.

4.3. Biochemical determinations

4.3.1. Lipase activity

Plasma lipase activity were determined using a commercial turbidimetric assay kit from
Randox (County Antrim, UK), according to the supplier’s specifications. Briefly, the degradation of
triolein by the pancreatic lipase results in decreased turbidity, which was measured in the sample
at 340 nm using an automated microplate reader (iIEMS Reader MF; Labsystems, Helsinki, Finland).
The activity of the samples was obtained in U/L. All samples were run in duplicate.

4.3.2. IL6 immunoassay

Interleukin-6 (IL6) in plasma was measured using a commercially available ELISA Kit (R&D
Systems, Minneapolis, MN, USA) in accordance with the manufacturer's instructions. Briefly,
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standards, control, and samples reacted with a specific antibody against IL6 immobilized in a
microplate. Another antibody specific for rat IL6 was then added to the wells. After washing, a
substrate solution was added, yielding a yellow product. The intensity of the color measured is in
proportion to the amount of IL6. The optical density was measured at 450 nm using an automated
microplate reader (iIEMS Reader MF; Labsystems, Helsinki, Finland). IL6 levels were obtained in
pg/mL. All samples were run in duplicate.

4.3.3. Lactate dehydrogenase activity

Lactate dehydrogenase (LDH) is a soluble cytosolic enzyme present in most eukaryotic cells,
and is released upon cell death due to damage to the plasma membrane. LDH activity was
measured in samples of plasma using the Lactate Dehydrogenase Assay Kit (Abcam; Cambridge,
UK). In this assay, LDH reduces NAD to NADH which then interacts with a specific probe to
produce color. Changes in absorbance due to NADH formation were recorded at 450 nm at 37 °C
using an automated microplate reader (iEMS Reader MF; Labsystems, Helsinki, Finland). The
activity of the samples was expressed in milliunits per milliliter (mU/mL). All samples were run in
duplicate. The lower limit of detection for ELISA ranged from 14 to 36 mU/mL.

4.3.4. Real-time gRT-PCR

Total RNA from the pancreas and lungs was extracted with TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s protocol. RNA concentration and quality were
measured with the OD A260/A280 ratio and OD A260/A230 ratio respectively, and the integrity of
18S and 285 ribosomal bands for all RNA preparations was verified by running a 1% agarose gel
electrophoresis. Reverse transcription was conducted on a 1 ug RNA sample using the iScript
c¢DNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA, USA). Subsequent PCR amplification
was conducted using SsoAdvanced™ Universal SYBR® Green Supermix (Bio-Rad Laboratories,
Hercules, CA, USA) on a CFX Real-Time PCR Detection System (Bio-Rad Laboratories, Hercules,
CA, USA) using 10uL of amplification mixtures containing 50 ng of reverse-transcribed RNA and
250nM of the corresponding forward and reverse primers. PCR primers for the detection of
Interleukin 6 (IL6), Interleukin 1p (IL1B8) and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) were experimentally validated primers from BioRad (Hercules, CA, USA). PCR primers
for Chemokine (C-X-C motif) ligand 2 (CXCL2), Tumor necrosis factor a (TNFa), P-selectin and
Intercellular adhesion molecule-1 (ICAM-1) were designed with Primer3.0 plus [26]. The sequences
were as follows: CXCL2 forward, 5-TGCTCAAGACTCCAACCACTC-3' and reverse 5-
CACAACAACCCCTGTACCCTG-3; TNFa forward, 5- ATGGGCTCCCTCTCATCAGT-3" and

reverse 5-GCTTGGTGGTTTGCTACGAC-3; P-Selectin forward, 5-
TCTCCTGCAACGAGGAGTTT-3 and reverse 5-GGTGTCGACAGGACATTGTG-3’; and ICAM-
1 forward, 5-GAGCGACATTGGGGAAGACA-3 and reverse 5-

CACTCGCTCTGGGAACGAATA-3'. The specificity of the amplicons was determined by melting
curve analysis. Reactions were carried out in duplicate and threshold cycle values were normalized
to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene expression. The ratio of the relative
expression of target genes to GAPDH was calculated by the DCt formula.

4.3.5. Immunohistochemistry

Pancreatic and lung tissue were fixed and embedded in paraffin slices. Sections of 3um
thickness were then deparaffinized in xylene, rehydrated with graded ethanol, and washed in Tris-
buffered saline. After quenching endogenous peroxidase activity and blocking non-specific
binding, antigen retrieval was conducted by incubating samples with 10 mM sodium citrate buffer
(pH 6.0). Then, the tissue sections were incubated overnight with the myeloperoxidase antibody
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(1:100 dilution; reference ab9535 Abcam; Cambridge, UK) and the rabbit cleaved caspase-3 (Asp175)
antibody (1:800 dilution, reference #9661 Cell signaling, Leiden, The Netherlands). Sections were
then incubated with the appropriate dilution of the corresponding biotinylated secondary antibody
for 1h at room temperature. After further washing with Tris-buffered saline, sections were
incubated with Vectastain Elite ABC Reagent (Dako, Inc., USA) for 30 min at room temperature.
Chromogenic immunolocalization was conducted using 0.05% 3,3'-diaminobenzidine (DAB). All
sections were counterstained with hematoxylin, dehydrated and mounted. Negative controls were
included by replacing the primary antibody with non-immune serum. Images were taken with a
Nikon Eclipse E1000 microscope (Nikon, Amsterdam, Netherlands) and analyzed using cellSens
imaging software (Olympus, Hamburg, Germany). The mean number of peroxidase-positive cells
was counted in six randomly chosen microscopic high-power fields (20X) per animal in a blinded
fashion. For pancreatic cleaved caspase-3 analysis, the percentage of the thresholded area occupied
by DAB staining was measured using the Image ] program.

4.3.6. Western Blot

Pancreas and lung tissue were homogenized in ice-cold RIPA buffer (50mM Tris-HCl, 150mM
NadCl, 0.05% Triton X-100, ImM EDTA, 1mM DTT, ImM PMSF, 1 mM NaF, ImM Na3VO4, 1ug/mL
Aprotinin, 1pug/mL Leupeptin; pH 7.4). Lysates were then centrifuged at 15,000 g for 20 min at 4°C,
and the supernatants were collected. Protein concentration of the supernatants was determined by
the Bradford protein assay (Bio-Rad Laboratories, Hercules, CA, USA). SDS-PAGE was performed
on a 10% gel on which 40 ug of total protein per well was loaded. After SDS-PAGE, the proteins
were transferred to a polyvinylidene difluoride membrane. Immunoblotting was performed using
the mouse monoclonal ICAM-1 antibody conjugated to HRP (dilution 1:100, Santa Cruz
Biotechnology, sc-8439 HRP) and B-actin-HRP conjugated (dilution 1:20000, Sigma, A3854). The
bound antibody was detected using enhanced chemiluminescence (ECL) detection (Bio-Rad
Laboratories, Hercules, CA, USA), and the bands were analyzed using ChemiDoc™ Touch Imaging
System (Bio-Rad Laboratories, Hercules, CA, USA). For quantification, protein expression of ICAM-
1 was normalized to [3-actin.

4.4. Statistical analysis

All data were exported into Graph Pad Prism 4 (GraphPad Software, Inc.) and were presented
as means + SEM. Statistical analyses were carried out by one-way analysis of variance (ANOVA),
followed by Tukey’s multiple comparison test to determine the significance between pairs. The
minimal level of significance was considered at P <0.05.
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TNFa Tumor Necrosis Factor a
1IL1B Interleukin 18

CXCL2 Chemokine (C-X-C motif) ligand 2
ICAM-1  Intercellular Adhesion Molecule -1
LDH Lactate Dehydrogenase
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ESTUDIO 2. PAPEL DEL PEG35 FRENTE AL DANO PANCREATICO ASOCIADO A LA
PANCREATITIS AGUDA INDUCIDA POR CERULEINA EN MODELOS EXPERIMENTALES /N
VIVO E IN VITRO

En un segundo estudio, analizamos el efecto del tratamiento con PEG35 en modelos

experimentales in vivo e in vitro de inflamaciéon pancredtica.

La administracion de dosis supramdaximas de ceruleina, analogo de la CCK, es una
practica comun para la reproduccion experimental de un modelo de PA leve
caracterizado por la formacién de edema, que lleva asociada también la activacién de
distintos procesos inflamatorios y necrdticos en las células pancredticas. Este modelo, al
igual que sucede con la PAEI en humanos, sigue un curso leve y autolimitado. Asi,
utilizando este modelo experimental en rata, evaluamos el efecto de la administracién

profilactica via intravenosa de PEG35.

Los resultados obtenidos in vivo fueron corroborados in vitro en células acinares

pancredticas (AR42J) bajo diferentes estimulos: TNF- a, ceruleina y estaurosporina.
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Abstract

BACKGROUND

Acute pancreatitis (AP) is an inflammatory process of the pancreas that may also
involve surrounding tissues and/or remote organs. Inflammation and parenchymal cell
death are common pathological features of this condition and determinants of disease
severity. Polyethylene glycols (PEGs) are non-immunogenic, non-toxic and water-
soluble polymers widely used in biological, chemical, clinical and pharmaceutical

settings.

AIM
To evaluate the protective effect of PEG35 on the pancreatic damage associated to

cerulein-induced acute pancreatitis in vivo and in vitro.

METHODS

Wistar rats were randomly assigned to a control group, a cerulein-induced AP group
and a PEG35 treatment group. AP was induced by five hourly intraperitoneal injections
of cerulein (50 pg/kg/bw) while the control animals received saline solution. PEG35 was
administered intraperitoneally 10 minutes before each cerulein injection in a dose of
10mg/kg. After AP induction, samples of pancreatic tissue and blood were collected for
analysis. AR42] pancreatic acinar cells were treated with increasing concentrations of
PEGS35 prior to exposure with TNFa, staurosporine or cerulein. The severity of AP was
assessed on the basis of plasma levels of lipase, lactate dehydrogenase activity and
pancreatic edema. To evaluate the extent of the inflammatory response, the gene
expression of inflammation-associated markers was determined in the pancreas and in
AR42]-treated cells. Inflammation-induced cell death was also measured in both the in

vivo and the in vitro models of pancreatic damage.

RESULTS

Administration of PEG35 significantly improved pancreatic damage through
reduction on lipase levels and tissue edema in cerulein-induced AP rats. The increased
associated inflammatory response caused by cerulein administration was attenuated by
means of a decrease in inflammation-related cytokines and iNOS enzyme gene
expression in the pancreas. By contrast, pancreatic tissue mRNA expression of IL10 was
markedly increased. PEG35 treatment also protected against inflammation-induced cell
death by attenuating lactate dehydrogenase activity and modulating the pancreatic
levels of apoptosis regulator proteins, caspase-3 and BCL-2 in cerulein hyperstimulated
rats. Furthermore, the activation of pro-inflammatory markers and inflammation-
induced cell death in TNFa, cerulein or staurosporine-treated pancreatic acinar cells was

significantly regulated under PEG35 treatment in a dose-dependent manner.
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CONCLUSIONS

PEG35 ameliorated pancreatic damage in cerulein-induced AP and AR42]J-treated
cells through the attenuation of the inflammatory response and associated cell death.
PEG35 may be a valuable option in the management of AP.

Key words: acute pancreatitis, inflammation, polyethylene glycols, cytokines, AR42]
cells, cell death.

Core tip: Acute pancreatitis (AP) is an acute inflammatory condition of the pancreas
with variable involvement of peri-pancreatic tissues and/or remote organ systems. This
disease is a major clinical challenge since currently no specific pharmacological therapy
exists. The manuscript describes the protective role of PEG35 on cerulein-induced AP.
PEG35 treatment was able to lessen the inflammatory process in the pancreas and
associated cell death in both cerulein-induced AP in vivo and in vitro models of pancreatic

damage.

INTRODUCTION

Acute pancreatitis (AP) is an inflammatory disease of the exocrine pancreas
characterized by abnormal intracellular activation of proteolytic enzymes. The
parenchymal injury, pancreatic acinar cells death and an intense inflammatory
reaction are common pathological features of this condition and determine the
severity of the disease!!l. A majority of patients presenting with AP have the mild
form of the disease; this is mostly self-limited and consists of the appearance of
edema and inflammation of the pancreas!. In this group, organ failure and local
complications are generally not observed and the disease usually resolves in the
first week. Conversely, between 20% and 30% develop a severe form requiring
intensive care unit admission, which is often associated with local and systemic
complications and, in some occasions, leads to the death of the patient®®. Up to
date, there is no drug to prevent or treat the condition and the improved clinical
outcomes are mostly due to continuous advancement of various supportive
treatments.

Although pancreatic inflammation may be firstly triggered by intra-acinar
events such as trypsinogen activation, it ultimately depends on the subsequent

activation of components of the innate immune system. The initial acinar cell
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damage triggers the release of pro-inflammatory cytokines and chemokines
leading to increase of microvascular permeability and subsequent formation of
interstitial edemal®. Then, activation of inflammatory cells provokes the
production of additional cytokines and other mediators that initiate the
inflammatory response. These mediators recruit different types of leukocytes
(neutrophils, and then macrophages, monocytes, and lymphocytes) to the
pancreas. In parallel to the pro-inflammatory response, an anti-inflammatory
response is also releasedP. If the anti-inflammatory response is adequate, the
local inflammation resolves at this stage. However, in some cases, an
overwhelming pro-inflammatory response drives the migration of inflammatory
mediators into systemic circulation leading to distant organ dysfunction!®l.

Polyethylene glycols (PEGs) are hydrophilic polymers composed of
repeating ethylene glycol units”l. PEGs have several physicochemical properties
that make it useful in various biological, chemical and pharmaceutical settings,
especially in view of its low toxicity. For instance, these polymers have been
found to exert beneficial effects in several in vivo and in vitro models of cell and
tissue injury®-1°

There are very few studies linking PEGs of different molecular weight with
an anti-inflammatory activity. In a model of traumatic inflammation, the
intraperitoneal administration of PEG of 4 kDa prevented the formation of initial
adhesions and reduced the leukocytes number in the peritoneal cavity as a
consequence of an inflammatory peritoneal reaction!!'l. The prophylactic oral
administration of 4-kDa molecular weight PEG in experimental colitis reinforced
the epithelial barrier function and reduced inflammation in the colon!*.
Likewise, in two different models of gut-derived sepsis, therapeutic
administration of low molecular weight PEG reduced inflammatory cytokine
expression and activation of neutrophils!®®. Additionally, our group has recently
demonstrated an anti-inflammatory role for PEG35 in an experimental model of

severe necrotizing AP. In this sense, the therapeutic administration of PEG35
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notably alleviated the severity of AP and protected against the associated lung
inflammatory responsel.

Taking into account the protective features of PEGs, in this paper we
evaluated the effect of PEG35 in experimental models of pancreatic damage in

vivo and in vitro.

MATERIALS AND METHODS

Experimental animals and model of cerulein-induced AP

All experimental animals” procedures were conducted in accordance with
European Union regulatory standards for animal experimentation (Directive
2010/63/EU on the protection of animals used for scientific purposes). The Ethical
Committee for Animal Experimentation (CEEA, ethic approval number: 211/18,
University of Barcelona, 11/04/2018) approved the animal experiments.

The protocol was designed to minimize pain or discomfort to the animals.
Male Wistar rats weighting 200-250 g were purchased from Charles River
(Boston, MA, USA). They were then housed in a controlled environment with
free access to standard laboratory pelleted formula (A04; Panlab, Barcelona,
Spain) and tap water. The rats were kept in a climate-controlled environment
with 12-h light/12-h dark cycle for a one-week period and then were fasted for 12
h with free access to drinking water prior to the induction of AP.

The rats were randomly divided into three equal experimental groups:
saline-treated control rats (Control, n=7), rats with cerulein-induced AP (Cer-AP,
n=7) and rats pretreated with PEG35 before and during induction of AP by
cerulein administration (PEG35+Cer-AP, n=7). Buprenorphine (0.05 mg/Kg) was
intravenously administered as an analgesic immediately before first cerulein
injection. Cerulein (Sigma-Aldrich, St. Louis, MO) was dissolved with
phosphate-buffered saline and administered intraperitoneally at a supramaximal
stimulating concentration of 50 pug/kg/bw at 1-hour intervals (total of 5 injections)

while control animals received intraperitoneal saline solution. The use of this
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supramaximal doses of cerulein induce a transient form of interstitial edematous
AP characterized by marked hyperamylasemia, pancreatic edema, and
neutrophil infiltration within the pancreas and pancreatic acinar cell
vacuolization and necrosis!®l.

PEG35 was administered intraperitoneally in a dose of 10mg/kg, 10 minutes
before each cerulein injection. Immediately after the last injection of cerulein or
saline, animals were euthanized by intravenous injection of sodium
pentobarbital and blood was collected in heparinized syringes from the vena
cava. Harvested blood was centrifuged, the plasma removed and stored at -80°C
for analysis. Tissue samples from each animal were taken from the head of the
pancreas and appropriately stored until further analysis. A sample of tissue was
immediately weighted and oven dried for the wet-to-dry weight ratio

calculation.

Cell lines and treatments

Rat pancreatic acinar AR42] cell line was obtained from Sigma (St. Louis, M1,
USA). The cells were grown at 37°C in RPMI medium supplemented with 100
mL/L fetal bovine serum, penicillin (100 U/ml) and streptomycin (100 pg/mL) in
a humidified atmosphere of 50 mL/L CO:. The acinar cells were plated at a
density of 3x10%/well in 12-well culture plates or at a density of 2x10*/well in 96-
well plates and allowed to attach for 24 or 48 hours. The cells were pretreated
with PEG35 diluted in PBS, at a concentration of 0.5, 1, 2, 4, and 6% for 30 minutes
prior to the treatment of appropriate stimuli: two and 4 uM staurosporine, 100
ng/ml TNFa or 10 nM cerulein. All three reagents were purchased from Sigma-
Aldrich (St. Louis, MO, USA). The time points of stimulation were 3 hours for

TNFa treatment and 24 hours for the rest of stimuli.
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Lipase activity

Plasma lipase activity was determined using a commercial turbidimetric
assay kit from Randox (County Antrim, Crumlin, UK), according to the
supplier’s specifications. Briefly, the degradation of triolein by the pancreatic
lipase results in decreased turbidity, which was measured in the sample at 340
nm using an automated microplate reader (iEMS Reader MF; Labsystems,
Helsinki, Finland). The activity of the samples was obtained in U/L. All samples

were run in duplicate.

Pancreas wet-to-dry weight ratio

Pancreatic edema was evaluated by measuring the wet-to-dry weight ratio. A
segment of the pancreas was weighed. The water content was determined by
calculating the wet-to-dry weight ratio from the initial weight (wet weight) and

its weight after incubation in an oven at 60 °C for 48 h (dry weight).

Lactate dehydrogenase activity

Lactate dehydrogenase (LDH) is a soluble cytosolic enzyme present in most
eukaryotic cells, and is released upon cell death due to damage to the plasma
membrane. LDH activity was measured in samples of plasma using the Lactate
Dehydrogenase Assay Kit (Abcam; Cambridge, UK). In this assay, LDH reduces
NAD to NADH, which then interacts with a specific probe to produce color.
Changes in absorbance due to NADH formation were recorded at 450 nm at 37
°C using an automated microplate reader (iEMS Reader MF; Labsystems,
Helsinki, Finland). The activity of the samples was expressed in milliunits per
milliliter (mU/mL). All samples were run in duplicate. The lower limit of

detection for ELISA ranged from 14 to 36 mU/mL.
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MTT cell proliferation assay

The cell proliferation was determined by measuring cellular metabolic
activity through the reduction of the tetrazolium dye MTT (3-(4, 5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) to its insoluble
formazan. AR42] cells were seeded in triplicates in 96-well plates at a density of
2x10* cells/well in 100 pL of culture medium with or without compounds to be
tested. The cells were cultured in a CO: incubator at 37°C for 24 hours. MTT
reagent was added to each well and incubated for 2 h at 37°C. Then, the formazan
produced in the cells appeared as dark crystals in the bottom of the wells. The
culture medium from each well was aspirated and crystal-dissolving solution
was added to dissolve the formazan crystals. The absorbance of each sample was
quantified at 570 nm using an automated microplate reader (iEMS Reader MF;
Labsystems, Helsinki, Finland). All samples were run in duplicate. The
absorbance intensity was proportional to the number of viable cells.

Real-time gRT-PCR

Total RNA from the pancreas and cultured cells was extracted with TRIzol
reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
protocol. RNA concentration and quality were measured with the OD A260/A280
ratio and OD A260/A230 ratio respectively, and the integrity of 185 and 285
ribosomal bands for all RNA preparations was verified by running an agarose
gel electrophoresis. Reverse transcription was conducted on a 1 ug RNA sample
using the iScript cONA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA, USA).
Subsequent PCR amplification was conducted using SsoAdvanced™ Universal
SYBR® Green Supermix (Bio-Rad Laboratories, Hercules, CA, USA) on a CFX
Real-Time PCR Detection System (Bio-Rad Laboratories, Hercules, CA, USA)
using 10uL of amplification mixtures containing 50 ng of reverse-transcribed
RNA and 250 nM of the corresponding forward and reverse primers.

PCR primers for the detection of Interleukin 6 (IL6), Interleukin 1B (IL13)

and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were experimentally
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validated primers from BioRad (Hercules, CA, USA). PCR primers for Tumor
necrosis factor a (TNFa) were designed with Primer3.0 plus®. The sequences
were as follows: TNFa forward, 5- ATGGGCTCCCTCTCATCAGT-3 and
reverse 5 -GCTTGGTGGTTTGCTACGAC-3'. The specificity of the amplicons
was determined by melting curve analysis. Reactions were carried out in
duplicate and threshold cycle values were normalized to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) gene expression. The ratio of the relative

expression of target genes to GAPDH was calculated by the DCt formula.

Western Blot

Pancreatic tissue was homogenized in ice-cold RIPA buffer (50mM Tris-HCl,
150mM NaC(l, 0.5 mL/L Triton X-100, ImM Ethylenediamine Tetraacetic Acid, 1
mM Dithiothreitol, ImM Phenylmethylsulfonyl fluoride, 1 mM NaF, 1mM
Na3VO4, 1 ug/mL Aprotinin, 1 ug/mL Leupeptin; pH 7.4). Lysates were then
centrifuged at 15,000 g for 20 min at 4 °C, and the supernatants were collected.
Protein concentration of the supernatants was determined by the Bradford
protein assay (Bio-Rad Laboratories, Hercules, CA, USA). SDS-PAGE was
performed on a 10% gel on which 40 pg of total protein per well was loaded.
After SDS-PAGE, the proteins were transferred to a polyvinylidene difluoride
membrane.

Immunoblotting was performed using the following antibodies: rabbit
polyclonal cleaved caspase-3 (Asp175) antibody (1:800 dilution, reference #9661)
from Cell Signaling, rabbit polyclonal BCL-2 (1:500 dilution, reference #59348)
from Abcam (Cambridge, UK) and p-actin-HRP conjugated (1:20000 dilution,
reference A3854) from Sigma (Sigma-Aldrich, St. Louis, MO). The bound
antibody was detected using enhanced chemiluminescence (ECL) detection (Bio-
Rad Laboratories, Hercules, CA, USA), and the bands were analyzed using
ChemiDoc™ Touch Imaging System (Bio-Rad Laboratories, Hercules, CA, USA).
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For quantification, protein expression of cleaved caspase-3 and BCL-2 were

normalized to [-actin.

Statistical analysis

All data were exported into Graph Pad Prism 4 (GraphPad Software, Inc.) and
were presented as means + SEM. Statistical analyses were carried out by one-way
analysis of variance (ANOVA), followed by Tukey’s multiple comparison test to
determine the significance between pairs. The minimal level of statistical

significance was considered at 2<0.05.

RESULTS

PEG35 reduced the release of lipase associated with cerulein-induced AP

Cerulein-induced AP in rats was associated with significant increases in the
plasma levels of lipase, compared with the control group, reflecting the degree
of pancreatic injury (Figure 1A). This increase was significantly reduced in the

rats treated with intravenous PEG35 at 10mg/kg.

PEG35 abrogated pancreatic edema following cerulein-induced AP

As cerulein-induced pancreatitis is characterized by a progressive interstitial
edema development, we analyzed the pancreas wet-to-dry weight ratio (Figure
1B). In control-treated rats, the wet-to-dry weight ratio was 2.76 +0.28. After AP
induction with cerulein a significant increase in the pancreas wet-to-dry weight
ratio to 7.865 + 0.86 was observed. Treatment with PEG35 resulted in a significant

reduction in the wet-to-dry weight ratio to 3.8 +0.85.

PEG35 ameliorated the expression of inflammatory markers in cerulein-
induced AP and AR42]-treated cells
Next, we explored whether PEG35 administration might improve

inflammatory response after cerulein hyperstimulation in rats by measuring the
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gene expression of inflammatory mediators in the pancreas. Pancreatic tissue
levels of IL6, IL1p, TNFa, IL10 and iNOS had risen markedly after AP induction
compared with control animals (Figure 2). Treatment with PEG35 was able to
significantly reduce the AP-induced increases in IL1B, IL6, and iNOS. No
significant effect on TNFa was observed, although there was a tendency toward
a decrease in expression. In accordance with the anti-inflammatory role for IL10,
this cytokine did not reduce its gene expression in PEG35-treated animals.
Furthermore, a direct anti-inflammatory effect of PEG35 was observed in
cultured AR42] cells. Using an in vitro model of cerulein-induced inflammation
in the acinar cells, PEG35 was able to attenuate the gene expression of pro-
inflammatory IL13 and TNFa in a dose-dependent manner (Figure 3A).
Additionally, TNFa-treated cells induced the production of TNFa itself and
iNOS which both were markedly reduced after the treatment with increasing

concentrations of PEG35 (Figure 3B).

PEG35 lessened inflammation-associated cell death in cerulein-induced AP

To investigate the potential protective effects of PEG35 on the pancreas, cell
death was determined through LDH release and expression of apoptosis-related
proteins BCL-2 and cleaved-caspase-3 by Western blot. As illustrated in Figure
4A, a significant increase in LDH activity in plasma occurred in cerulein AP-
induced animals. Levels of this necrotic marker were significantly reduced under
conditions of PEG35 treatment.

In addition, pancreatic levels of BCL-2 were markedly higher following
cerulein-induced AP compared with the control group while the increase in pro-
apoptotic cleaved-caspase-3 failed to reach statistical significance (Figure 4B and
C). The administration of PEG35 promoted a further increase in the levels of anti-

apoptotic BCL-2 as compared with cerulein hyperstimulated rats.
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PEG35 reduced inflammation-associated cell death in models of pancreatic
damage in vitro

AR42] cells are well-established cell model for studying intracellular
mechanisms involved in the cell death and inflammatory responses of acute
pancreatitis. Thus, the effect of PEG35 on the cell viability of AR42] cells was
examined in the presence of the pro-inflammatory stimulus TNFa (Figure 4D).
In this sense, TNFa-induced cell death was reduced by PEG35 in a dose-
dependent manner. As well, PEG35 markedly prevented the AR42] apoptotic cell
death process induced by staurosporine dose-dependently (Figure 4E). These
results suggest that PEG35 exerts a protective role against inflammation-induced

cell death in vitro and in vivo.

DISCUSSION

Acute pancreatitis (AP) is an inflammatory disease that can have a mild to
severe course. We have recently reported an anti-inflammatory role for PEG35 in
a severe necrotizing AP experimental model. To further investigate the effect of
this polymer in a milder form of the disease, we used a model of cerulein-induced
mild edematous pancreatitis mainly characterized by a dysregulation of the
production and secretion of digestive enzymes, interstitial edema formation,
infiltration of neutrophil and mononuclear cells within the pancreas and
cytoplasmic vacuolization and the death of acinar cells!"”.. Our findings were that
PEG35 reduced the course of cerulein-induced AP by inhibiting the
inflammatory response as well as inflammation-induced cell death. In the study,
the administration of PEG35 significantly abrogated the severity of cerulein AP,
as indicated by the decreased activity of lipase in plasma and edema formation
in the PEG35-treated animals.

A sudden inflammatory response in the pancreas contributes to the
development of AP, primarily through the release of inflammatory cytokines.

TNFa has long been considered as one of the initial triggers of the inflammatory
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cascade in experimental pancreatitis!’®l. In this setting, stimulation of pancreatic
acinar cells by TNFa have been reported to cause a direct activation of pancreatic
enzymes contributing to premature protease activation and cell necrosis .
Increased accumulation of TNFa promotes the production of other inflammatory
cytokines, including IL13 and IL6, which result in the activation of an
inflammatory cascade leading to widespread tissue damage in multiple tissues
and organs. Indeed, the levels of TNFa, IL1$3 and IL6 have been correlated with
the severity of AP, In the current study, the treatment with PEG35 was able
to significantly reduce the AP-induced increases in pro-inflammatory IL13 and
IL6. However, no significant effect on TNFa was observed. This fact could be
explained by the levels of IL10 found in PEG35-treated animals, which were
similar to that found in cerulein-induced rats. Since IL10 plays an important role
in the attenuation of the cytokine response during acute inflammation, the
significant increase of IL10 found in hyperstimulated rats may contribute to slow
TNFa production, observing a tendency toward a decrease in its expression.
Indeed, in an experimental model of cerulein-AP intraperitoneal IL10
administration attenuated TNFa production, which was associated with
dramatically lessened pancreatitis severity and mortality>.

Furthermore, a direct anti-inflammatory effect of PEG35 was observed in
cultured AR42] cells. In an in vitro model of cerulein-induced inflammation,
PEG35 was able to attenuate the gene expression of pro-inflammatory IL1$3 and
TNFa in a dose-dependent manner. Moreover, PEG35 reduced the levels of
TNFa in AR42] cells stimulated with TNFa.

Pro-inflammatory cytokines are known to activate the inducible isoform of
NOS (iNOS) and the subsequent production of nitric oxide thus contributing to
the pathophysiology of AP. In fact, the degree of pancreatic inflammation and
tissue injury of cerulein-induced AP has been found to be markedly reduced in
iNOS-deficient mice®®!. In our study, we observed an increased mRNA

expression of iNOS following cerulein hyperstimulation in rats and a significant
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reduction after PEG35 treatment. Likewise, PEG35 was able to abrogate TNFa-
induced iNOS expression in acinar cells in a dose-dependent manner. Altogether,
these results suggested that PEG35 treatment reduced pancreatic inflammation
in pancreatitis by suppressing the expression of pro-inflammatory mediators.

These changes in inflammatory processes brought about by PEG35
administration were further emphasized by a reduction in pancreatic cell death.
The treatment with PEG35 reduced cell death by lowering plasmatic LDH
activity. In addition, the increased release of LDH observed in TNFa-treated
acinar cells in vitro was reverted upon incubation with increasing concentrations
of PEG35.

In the pancreas, inflammation is associated with injured acinar cells that can
go through necrosis or apoptosis. Thus, we measured the apoptosis index in
pancreatic tissue following cerulein-induced AP. Injured pancreatic tissue
induced the increase in caspase-3 and BCL2 apoptotic proteins compared to
respective controls although caspase-3 did not reach significance. Following
treatment with PEG35, anti-apoptotic BCL-2 further increased as compared with
cerulein-treated animals. Collectively, these findings suggested that PEG35 has
anti-apoptotic and anti-necrotic properties for cerulein-induced pancreatitis.

In conclusion, results from this study supported that PEG35 exerts anti-
inflammatory effects to alleviate experimental cerulein-induced AP by inhibiting
the inflammatory response as well as inflammation-induced cell death. Because
of the low toxicity and its proved biocompatibility, PEG35 could be used as a new

therapeutic strategy to resolve the cellular damage associated to mild AP.
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Figure 1. Effect of PEG35 treatment on plasma lipase activity and
pancreatic edema in cerulein-induced AP. A: Plasma lipase levels in U/L; B:
Pancreatic wet-to-dry weight ratio. Bars represent mean values of each group
+ SEM. *P < 0.05 versus Control, +P < 0.05 versus Cer-AP. Cer-AP, Cerulein-
induced Acute Pancreatitis. PEG35, Polyethylene glycol 35. Each

determination was carried out in triplicate.
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Figure 2. Role of PEG35 on the modulation of inflammation-associated
cytokines and iNOS enzyme expression in cerulein-induced AP. Pancreatic
tissue gene expression of TNFa, IL1p3, IL6, iNOS and IL10 by real-time qRT-
PCR. Bars represent mean values of each group + SEM. *P < 0.05 versus
Control, +P < 0.05 versus Cer-AP. Cer-AP, Cerulein-induced Acute
Pancreatitis. PEG35, Polyethylene glycol 35. Each determination was carried

out in triplicate.
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Figure 3. Gene expression of inflammatory markers in AR42]-treated
cells. A: Gene expression by real-time qRT-PCR of TNFa and IL1{3 in cerulein-
treated AR42] cells subjected to increasing concentrations of PEG35; B: Gene
expression by real-time qRT-PCR of TNFa and iNOS in TNFa-treated AR42]
cells subjected to increasing concentrations of PEG35. In both cases, mRNA
induction levels were normalized to GAPDH mRNA expression. Bars
represent mean values of each group + SEM. *P < 0.05 versus Control, +P <
0.05 versus Cer or TNFa. Cer, Cerulein. PEG35, Polyethylene glycol 35. TNFq,

Tumor Necrosis Factor a. Each determination was carried out in triplicate.
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Figure 4. Effect of PEG35 on inflammation-induced cell death in
cerulein-induced AP and cultured pancreatic acinar AR42] cells. A: Plasma
LDH activity after cerulein-induced AP expressed as mU/mL; B: Pancreatic
protein expression of cleaved caspase-3 and BCL-2 assessed by Western Blot
analysis. [-actin expression was used as loading control. Data shown are
representative blots for each group; C: Densitometry quantification of
Western blot for cleaved caspase-3 and BCL-2 in pancreatic tissue; D: Cell
death rate measured through LDH activity. AR42] cells pre-treated with
increasing concentrations of PEG35 (0. 5, 1, 2, 4, and 6%) for 30 minutes and
then co-incubated with or without 100ng/mL of TNFa for another 2.5 hours;
E: Cell viability rate determined by MTT assay. AR42] cells were pre-treated
with increasing concentrations of PEG35 (0. 5, 1, 2, 4, and 6%) for 30 minutes
and then co-incubated with or without 2 and 4uM staurosporine for another
24 hours. The values shown represent the mean + SEM. *P < 0.05 versus
Control, +P < 0.05 versus Cer-AP, TNFa or ST. Cer-AP, Cerulein-induced
Acute Pancreatitis. PEG35, Polyethylene glycol 35. TNFa, Tumor Necrosis

Factor a. ST, Staurosporine. Each determination was carried out in triplicate.
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ESTUDIO 3. INFLAMOSOMA NLRP3 EN EL PROCESO INFLAMATORIO ASOCIADO A LA
PANCREATITIS AGUDA

Recientemente se ha descrito el concepto de inflamosoma como un complejo
citosolico multiproteico responsable de la activacidon de procesos inflamatorios como
parte del sistema inmune innato. El mas caracterizado de todos ellos es el inflamosoma

NLRP3, cuya activacion se ha relacionado con diversas enfermedades inflamatorias.

Esta revisién presenta una actualizacién en el progreso de la investigaciéon del

mecanismo de accién del inflamosoma NLRP3 en la inflamacién aguda del pancreas.

La activacion de este inflamosoma esta estrechamente ligada a la regulacion de la
secrecién de citoquinas de la familia IL-1, que intervienen en el desarrollo de las

complicaciones sistémicas que aparecen como consecuencia del progreso de la PA.

La relacion del ensamblaje de este complejo proteico con la estimulacion de la
inflamacién pancreaticay el estudio de sus inhibidores, puede abrir una puerta al control

de la respuesta inflamatoria asociada esta enfermedad.
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Abstract: The discovery of inflammasomes has enriched our knowledge in the pathogenesis of
multiple inflammatory diseases. The NLR pyrin domain-containing protein 3 (NLRP3) has
emerged as the most versatile and well-characterized inflammasome, consisting of an
intracellular multi-protein complex that acts as a central driver of inflammation. Its activation
depends on a tightly regulated two-step process, which includes a wide variety of unrelated
stimuli. It is therefore not surprising that the specific regulatory mechanisms of NLRP3
inflammasome activation remain unclear. Inflammasome-mediated inflammation has become
increasingly important in acute pancreatitis, an inflammatory disorder of the pancreas that is
one of the fatal diseases of the gastrointestinal tract. This review presents an update on the
progress of research into the contribution of the NLRP3 inflammasome to acute pancreatic
injury, examining the mechanisms of NLRP3 activation by multiple signaling events, the
downstream interleukin 1 family of cytokines involved and the current state of the literature on
NLRP3 inflammasome-specific inhibitors.

Keywords: inflammation; inflammasome; pancreatitis; immune system; interleukins; DAMPs;
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1. Acute pancreatitis: initiating events and disease progression

Acute pancreatitis (AP), a sudden inflammatory condition of the pancreas, is one of the
leading causes of hospital admission for digestive diseases [1]. Nowadays, the most commonly
used classification system for AP is the 2012 revision of the Atlanta classification, with definitions
based on international consensus. This classification defines three degrees of severity: mild,
moderately severe, and severe AP [2]. The mild form of pancreatitis is identified by the absence
of organ failure. When organ failure is present within the first 24 hours but resolves within 48
hours the patient is classified as having moderately severe AP. If the patient develops persistent
organ failure, they are classified as having severe AP. In such cases, acute lung injury is the most
serious complication associated, since it accounts for the majority of deaths in untreated patients
and in hospitalized patients who die within a week of the onset of AP [3]. Currently, apart from
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the supportive care, there is still no specific pharmacological therapy against this severe form of
the disease.

Although the etiology of AP is complex, almost all cases are due to a sterile factor that
initiates pancreatic damage. The presence of gallstones obstructing the outflow of pancreatic fluid
and excessive ethanol consumption causes of AP in over 80% of cases regardless of the
geographical distribution of the population [4]. Whatever the causative factor, in response to a
predisposing insult the pancreatic acinar cell undergoes a series of alterations that begin with the
premature activation of pancreatic proteolytic enzymes, leading to cell damage and gland self-
digestion. Injured acinar cells trigger an inflammatory process by releasing inflammatory
cytokines and chemokines that mediate the recruitment and activation of circulating neutrophils
and macrophages. The activated neutrophils release high concentrations of oxidants and
cytotoxic agents, which further worsen the local pancreatic damage. As inflammation continues,
neutrophils transmigrate across endothelial cells and cause the local inflammation to evolve into
what is known as the systemic inflammatory response syndrome (SIRS), leading to a dysfunction
of vital organs and, in some occasions, to organ failure and death [5].

These tissue-infiltrating neutrophils are the main producers of pro-inflammatory cytokines
and chemokines, which are important mediators in the function of the innate immune system. As
a major driver of the inflammatory response in AP, nuclear factor-kappa B (NF-kB) is a central
transcription factor that regulates the expression of a large array of genes involved in
inflammation. Among them, the cytokines interleukins (IL) 1f3, 6, 8, 18 and tumor necrosis factor
alpha (TNFa) or its soluble receptor, have been studied as markers of severity of AP [6]. Unlike
other cytokines, cellular IL13 and IL18 are synthesized as precursor proteins and need to be
cleaved to generate their biologically active forms. This process is dependent upon the assembly
of a multi-protein signaling platform: the inflammasome.

1.1. Pattern recognition receptors contributing to inflammation in acute pancreatitis

The innate immune and inflammatory cells express specialized receptors known as Pattern
Recognition Receptors (PRRs), capable of recognizing molecules frequently found in pathogens
(known as Pathogen-Associated Molecular Patterns—PAMPs), and endogenous molecules
released from damaged cells, named Damage-Associated Molecular Patterns (DAMPs) [7]. Five
different types of PRR have been identified to date expressed on the cell surface or in intracellular
compartments, but they can be secreted into the blood stream and tissue fluids as well [8].
Transmembrane proteins toll-like receptors (TLRs) and C-type lectin receptors (CLRs) induce
inflammatory responses through the recognition of their extracellular ligands. By contrast,
cytoplasmic proteins including retinoic acid-inducible gene (RIG)-I-like receptors (RLRs),
absence in melanoma 2 (AIM2)-like receptors (ALRs), and nucleotide-binding oligomerization
domain (NOD)-like receptors (NLRs) recognize intracellular ligands. Following ligand
recognition or cellular disruption, these receptors activate downstream signaling pathways
resulting in the upregulation of pro-inflammatory cytokines and chemokines which are
important in inflammatory and antimicrobial responses. Both ALRs and NLRs induce an
inflammatory response starting with the formation of the inflammasome complex.

TLRs and NLRs are major contributors to inflammation in AP. The deficiency of toll-like
receptor 4 (TLR4) in mice has demonstrated the key role of this receptor for full tissue injury in
AP, while its involvement in AP-associated acute lung injury appears to be important only when
the disease is worsened by sepsis [9-11]. Toll-like receptor 9 (TLR9Y) also promotes the
development of pancreatic injury, since TLR9-deficient mice had lower rates of edema, leukocyte
infiltration and IL1{3 gene expression in the pancreas after cerulein-administration. In the same
study, mice treated with an antagonist of TLR9 after AP induction through taurolithocholic acid
3-sulphate (a more severe model of AP) reduced serum amylase, pancreatic necrosis and
inflammatory cell infiltration in the systemic lungs [12]. Evaluating the role of the NLR
nucleotide-binding oligomerization domain-containing protein 1 (NODI1) in pancreatitis
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pathogenesis, Tsuji and colleagues found that this signaling is essential to the development of
pancreatitis; more interestingly, they showed that the activation of NODI1 stimulated by
translocated commensal organisms is an indispensable element in sustaining and widening the
inflammatory process in the pancreas [13]. More recently, the receptor for advanced glycation
end-products (RAGE) has been recognized. RAGE was initially characterized and named for its
ability to bind to advanced glycation end-products whose concentrations are known to increase
in conditions such as diabetes, as well as during ageing. However, it is now widely accepted that
RAGE functions as a PRR, since it binds with numerous PAMPS and DAMPS ligands. The
interaction between RAGE and its ligands mainly results in a pro-inflammatory response, and
can lead to stress events often favoring mitochondrial dysfunction or cellular senescence. In this
regard, Kang et al. has provided evidence that RAGE mediates the nucleosome-induced AIM?2
inflammasome activation in macrophages [14]. In addition, genetic deletion of RAGE protects
against local and systemic lung injury in L-arginine-induced AP in mice.

Hence, pancreatic inflammation can activate these sensing components, TLR4, TLR9, RAGE
and NOD1 expressed in pancreatic acinar, ductal and/or immune cells [10, 11]. These components
sense DAMPs and PAMPs as the first signals in the cells of the affected pancreas, inducing the
formation of the nuclear factor-kappa B (NF-kB) complex and its activation, which stimulates the
expression of pro-IL13 and pro-IL18 [15]. The second signal that is activated by sensing
components causes the assembly of inflammasome complex and effectors. Taken together, there
is no doubt that while pancreatic inflammation may be initially triggered by intra-acinar events
such as trypsinogen activation, it ultimately depends on the subsequent immune responses
induced by the activation of components of the innate immune system.

2. Inflammasomes

In the early 2000s, Tschopp and colleagues introduced the concept of the inflammasome, a
group of cytosolic multi-protein complexes expressed in myeloid cells responsible for activation
of inflammatory processes as part of the innate immune system [15]. Inflammasomes consist of
an upstream sensor protein (belonging to the NLR or the ALR family), and an adaptor protein —
the apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC). ASC
serves as a bridge, connecting the sensor to the downstream effector, the cysteine protease
caspase-1 (formerly known as IL13 converting enzyme, ICE) [12]. Active caspase-1 cleaves the
precursor cytokines pro-IL1(3 and pro-IL18, generating their biologically active forms (IL1f3 and
IL18 respectively). Active caspase-1 is also able to induce an inflammatory form of cell death
known as pyroptosis, which involves cell swelling, membrane rupture, and release of the
cytoplasmic content into the extracellular space [16]. This pathway is known today as the
canonical inflammasome. By contrast, more recently, Kayagaki et al. described a new non-
canonical inflammasome pathway that is independent of caspase-1 [17].

2.1. The NLRP3 inflammasome

Since the discovery of the founding member of the NLR family, NOD1, 22 distinct NLR
proteins have been identified in humans and 34 in mice [18]. To date, the best characterized NLR
inflammasome is the NLR pyrin domain-containing protein 3 (NLRP3), also known as cryopyrin
or NALP3. NLRP3 is a cytosolic receptor expressed in monocytes, neutrophils, dendritic cells,
lymphocytes, osteoblasts and epithelial cells [19]. It is composed by three domains: a carboxy-
terminal leucine-rich-repeat (LRR), a central nucleotide-binding and oligomerization (NACHT)
domain, and an amino terminal pyrin domain (PYD). This last domain allows the joining to the
pyrin domain of ASC through PYD-PYD interactions, and then the assembly with pro-caspase-1
by the caspase activation and recruitment domain (CARD)-CARD interactions, whose active
form caspase-1 initiates the activation of proinflammatory cytokines IL1f3 and IL18 [16]. The ASC
domain acts as a cell-to-cell communication signal and so can intensify the inflammasome
response, processing IL1( in the extracellular space and sending a danger signal. Every domain
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has a function inside the inflammasome assembly: LRR triggers the danger signal response and
the autoregulation of the inflammasome, the PYD domain recruits the adaptor molecule ASC,
and NACHT carries out oligomerization and hydrolyses the ATP binding to it. This domain has
ATPase activity, which is important for regulating the activation of inflammasome [20].

The NLRP3 inflammasome is considered a general sensor of cellular damage that responds
to both PAMPS and DAMPs. However, it is the recognition of DAMPS that confers particular
importance on NLRP3 in the context of the sterile inflammatory responses observed in many
human diseases such as AP. Here, we present a comprehensive review of current developments
in the study of the mechanism of action of the NLRP3 inflammasome in acute inflammation of
the pancreas.

2.2. Signals of action of the NLRP3 inflammasome in the immune response

Canonical NLRP3 inflammasome is activated in two parallel and independent steps:
priming, and activation. The first step is regulated by innate immune signaling in which a
stimulus joins to TLR, NLR or cytokine receptors stimulating NF-kB activation, and this produces
the upregulation of the mRNA and protein expression of NLRP3 and pro-IL1{ [21]. Toll-like
receptor (TLR)-adaptor molecules myeloid differentiation primary response 88 (MyD88) and
toll/IL1 receptor homology-domain-containing adaptor-inducing interferon-f3 (TRIF) mediates
this step in response to TLRs receptors. All TLRs except TLR3 can activate the MyD88-dependent
pathway which results in the transcription of pro-inflammatory genes through the activation of
NF-kB. Priming signal upregulates the expression of NLRP3, which is thought to exist at
concentrations that are inadequate for initiating inflammasome activation under resting
conditions, and pro-IL1{3, which is not constitutively expressed. In contrast, priming signals do
not appear to affect the expression levels of ASC, pro-caspase-1, or pro-IL18.

Recently, several studies have provided strong evidence that the priming step is not limited
to the transcriptional upregulation of NLRP3, since post-translational modifications
(ubiquitination and phosphorylation, sumoylation and ribosylation) of NLRP3 protein also play
significant roles in NLRP3 inflammasome regulation [22-25]. After priming, canonical NLRP3
inflammasome activation requires a second signal (activation signal) that results in NLRP3
inflammasome oligomerization, leading to caspase-1 activation and, in turn, IL1 and IL18
processing and release. This step depends on different stimuli: re-localization of NLRP3 to the
mitochondria, releasing of mitochondrial (mt) reactive oxygen species (ROS) or DNA (mtDNA)
or cardiolipin into the cytosol, increasing potassium efflux, the release of cathepsin from
damaged lysosomal membranes, extracellular ATP, pore-forming particulate matter, pathogen-
associated RNA and bacterial and fungal toxins and components [26]. Independently of IL13
maturation, caspase-1 activation also promotes pyroptosis through the cleavage of the pore-
forming protein gasdermin-D (GSDM-D). Pyroptosis then promotes the release of additional
cytosolic proteins, such as high mobility group box 1 (HMGB1), a pro-inflammatory mediator
that plays a significant role in the pathogenesis of several inflammatory diseases such as AP [27].

Besides canonical NLRP3 inflammasome activation, a non-canonical caspase-11-dependent
NLRP3 activation has been characterized, mainly in relation to Gram-negative bacteria [28]. In
the first step, Gram-negative bacteria activate the TLR4-MyD88 and TRIF pathways, leading to
nuclear translocation of NF-kB, which in turn promotes the transcription of IL13, IL18, and
NLRP3 as well as interferon regulatory factor (IRF)-3 and IRF7 genes. Subsequently, the IRF3-
IRF7 complex leads to activation of the JAK/STAT pathway and the consequent transcription of
caspase-11 gene in mice (or its human analogues caspase-4 and caspase-5) [29]. Conversely, when
LPS is in abundance or has entered the cytosol through other processes, caspase-11 binds to this
intracellular LPS independently of TLR4 (the well-known extracellular receptor for LPS). Direct
interaction between the lipid A portion of LPS and the CARD domain of caspase-11 catalyzes the
oligomerization of the caspase-11-LPS complex. This complex induces pyroptosis through the
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cleavage of GSDM-D and leads to a leakage of its N-terminal domain, forming pores in the
plasma membrane through which IL18 and IL1{3 mature forms are released outside the cytosol.

Both processes of canonical and non-canonical NLRP3 inflammasome activation occur
independently. However, non-canonical caspase-11 enhances canonical caspase-1 processing and
IL1B/IL18 production in the presence of specific stimuli (e.g., cholerae toxin or E. coli) [30].
Additionally, another protease required in transcriptional priming and activation of canonical
and non-canonical NLRP3 inflammasome is caspase-8, best characterized as an initiator caspase
involved in death receptor-mediated apoptosis in response to external stimuli [31].

3. The NLRP3 inflammasome in the pathogenesis of acute pancreatitis and associated
lung injury

Patients with AP exhibit elevated serum levels of pro-inflammatory cytokines such as IL1{3,
TNFa, IL6 and IL18 [32, 33]. As we noted before, the precursor form of IL13 and IL18 cytokines
is converted into an active form via the NLRP3 inflammasome, and so the NLRP3 inflammasome
is likely to play an important role in AP. For that very reason, Hoque and Mehal elucidated the
molecular mechanisms of NLRP3 inflammasome contributing to the initial inflammation in AP
and progression [12]. They demonstrated that the NLRP3 inflammasome is notably activated
during AP and that components of this inflammasome are required for full pancreatic injury. In
an experimental model of cerulein-induced AP in mice, the absence of caspase-1, ASC or NLRP3
substantially reduced edema and inflammation. Furthermore, in a more severe model of AP in
mice, TLR9 inhibition decreased both pancreatic IL1 expression and lung inflammation.
Another study using NLRP3-deficient mice or the NLRP3 inhibitor INF-39 found suppression of
the maturation and release of IL1f3 and further prevention of the inflammatory cascade in a
cerulein plus LPS-induced AP model [34].

The involvement of TLR4 in the initiation of the disease was also demonstrated by Hoque
using the metabolic intermediate lactate to block this receptor [35]. In a mouse model of cerulein
plus LPS-induced AP, the administration of lactate reduced TLR4-mediated activation of NLRP3
inflammasome via Gi-protein-coupled receptor 81 signaling. This finding is concordant with
clinical studies showing an anti-inflammatory effect of Ringer’s lactate solution for fluid
resuscitation in patients with AP [36, 37]. Other TLR4 modulators (e.g., a natural activator of
cofactor NAD* or carbon monoxide) have been used as well, demonstrating a clear role of the
NLRP3 inflammasome in AP [38, 39].

Further definitive support for the involvement of NLRP3 inflammasome in the development
of lung injury secondary to pancreatitis comes from a recent study in exosome research. In that
study, the plasma-derived exosomes triggered NLRP3 inflammasome activation and pyroptosis
in alveolar macrophages, thus leading to pulmonary dysfunction in the progression of
pancreatitis [40]. This study is the first to describe the process of pyroptosis, an inflammasome-
induced programmed cell death, as a driver of AP-associated lung injury. Notably, depletion of
exosomes only partially abrogated the pyroptosis-inducing effect of AP-conditioned plasma
indicating that, besides exosomes, other components are probably needed to promote alveolar
macrophage pyroptosis in the progression of AP.

Until now, there has been little clinical information supporting the experimental results
regarding inflammasome activation in AP. A study from Algaba-Chueca et al. identified
increased levels of AIM2 and NLRP3 inflammasomes and derived IL1@ and IL18 in the early
course of AP [41]; furthermore, AIM2 expression was increased in patients who developed
moderate or severe AP. In a very recent study, a rise in free ASC and IL18 was found in parallel
with increased AP severity, suggesting a clear correlation between inflammasome activation and
the progression of systemic complications in patients suffering from this disease [42]. In this
elegant study, the authors propose a new model to understand the progression of inflammation
associated with AP in which both SIRS and compensatory anti-inflammatory response syndrome
(CARS) phases are initiated early during AP and progress in parallel. This proposal challenges
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the previously assumed sequential activation of SIRS and CARS. Interestingly, both pathways
are regulated by the NLRP3 inflammasome-derived IL18. This cytokine plays a pivotal role by
inducing a pro-inflammatory response of the innate immune system and acting as a Th2-cell
mediator for the adaptive immune system.

3.1. NLRP3 inflammasome activation in acute pancreatitis

3.1.1. Extracellular DAMPs

We have emphasized that, differently from other inflammasomes which only respond to few
specific PAMPs, NLRP3 Inflammasome is activated by a wide variety of stimuli. Among them,
DAMPs have attracted increased interest because of their impact in the pathogenesis of many
human diseases. Apart from immune cells, several types of non-immune cells, such as epithelial
cells, endothelial cells and fibroblasts, can be activated by DAMPs.

HMGB1 is s nuclear molecule constitutively expressed in nearly all cells. Its presence seems
indispensable for life since HMGB1-deficient animal die shortly after birth [43]. As a nuclear
protein, HMGB1 acts as a DNA chaperone and facilitates the binding of transcription factors to
DNA. Under a variety of stressful situations, however, HMGB1 translocate to the cytosol where
it sustains autophagy, and then it is released into the extracellular space. Outside the cell, HMGB1
may function as a DAMP with the ability to trigger inflammatory mediators [44].

Serum levels of HMGBL1 are elevated in several inflammatory diseases, including sepsis,
mechanical trauma, acute myocardial infarction, acute respiratory distress syndrome, hepatic
injury, rheumatoid arthritis and stroke [45]. During AP, damaged pancreatic acinar cells release
different intracellular contents, including DAMPs, which in turn promote NLRP3 inflammasome
activation and trigger the inflammatory response. The circulating HMGB1 levels in AP are
significantly increased and positively correlate with the severity of the disease both in humans
and in experimental animal models [46-49]. As well, the use of antibodies against HMGB1, the
pharmacological blockade or delayed therapeutic delivery confers protection against injury in
experimental AP [50-54].

Extracellular HMGB1 signaling induces and enhances sterile inflammatory responses
through TLR4 and TLR9 [55]. TLR4 is a well-known LPS-recognizing receptor, but responds to
several DAMPs as well. In this sense, HMGB1 activates the TLR4-mediated NF-kB signaling
pathway to induce pancreatic injury in AP while this pancreatic injury is significantly reduced in
TLR4-deficient mice [56]. Extracellular HMBGI1 it is also known to complex with nucleic acid
DAMPs released from necrotic cells and promote TLR9 recognition [57]. A role for TLRY as sensor
of DAMPs in AP has been established by Hoque et al. since TLR9 inhibition could decrease both
pancreatic IL13 expression and lung inflammation in experimental AP [12]. The potential
mechanism responsible for these phenomena is that the increased release of mitochondrial DNA
(mtDNA) and nuclear DNA (nDNA) during pancreatic injury activates TLR9 as well as NLRP3
inflammasome pathways. Conversely, a more recent study demonstrated that HMGBI is
involved in the activation of another inflammasome, the AIM2 inflammasome, mediated by the
receptor RAGE [14]. Thus, mice lacking RAGE did not develop an inflammatory response after
AP induced by L-arginine or cerulein.

Heat shock proteins (HSP) are highly conserved proteins found in all prokaryotes and
eukaryotes which intracellular levels markedly increase in front of a wide variety of stressful and
biological alterations [58, 59]. Heat shock protein 70 (HSP70) has been well characterized as an
intracellular molecular chaperone although, in the recent years, there has been a rise in its role as
a DAMP in the extracellular environment [60-61]. For instance, extracellular HSP70 (eHSP70) has
been found to modulate the immune response via the MyD88/IRAK/NF-«B signal transduction
pathway through TLRs and CD14 interaction [61-62].

The expression of HSP70 is upregulated in experimental AP and contributes in heat stress
induced protection [63]. Further evidence for the functional significance of HSP70 in the
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modulation of AP damage came from a clinical study that revealed that the HSP70.2 gene
polymorphism expression was linked to the severity of pancreatitis [64]. To date, a role for
eHSP70 in AP has been reported in one study where the administration of recombinant HSP70 in
mice aggravated cerulein-induced AP in a TLR4-dependent manner [65]. As well, a recent work
from Somensi et al. suggested that eHSP70 is able to induce NF-«B gene activation through RAGE
ligation and ERK signaling pathway in a lung carcinoma cell line [66]. In this context, it would be
interesting to evaluate if eHSP70 could also modulate AP-associated immune response via RAGE
interaction.

Although ATP is well recognized as a source of high energy phosphate bonds to support
cellular metabolism, once is released from cells following cellular damage, it acts as a DAMP
signal. Cellular necrosis and apoptosis trigger the release of ATP and other nucleotides into the
extracellular space. These can prompt pro-inflammatory immune responses via cell-surface P2X7
purinergic receptor [67, 68]. In a model of cerulein-induced AP in mice, extracellular ATP binds
to P2X7, one of the most potent activators of the NLRP3 inflammasome, and results in NLRP3
assembly, caspase-1 activation and IL1f secretion [12]. In addition, the neutralization or blockage
of P2X7 limited systemic injury but did not ameliorate the local pancreatic injury in different
experimental models of AP of varying severity [69].

3.1.2. Bacterial translocation

Infection and bacterial colonization of the inflamed pancreas occurs in severe forms of AP
being one of the most feared complications of the disease [70]. Bacterial translocation in AP is
supported by studies showing that antibiotic treatment reduces or prevents pancreatic
inflammation, infection, and mortality in various experimental pancreatitis models [13, 71-73]
and limiting gram-negative colonization of the digestive tract significantly reduce mortality in
humans with severe AP [74, 75].

TLR4 activation is one of the mechanisms by which bacterial translocation may account for
the development of severe experimental AP [9]. As in the case of TLR4, commensal organisms as
well as pathogens can induce NOD1 signaling. In this sense, the simultaneous administration of
low doses of cerulein with a NOD1 ligand (neither of which is able to induce pancreatitis on its
own) in mice demonstrated that NOD1 signaling is essential to the development of pancreatitis
[13]. Moreover, NOD1-deficient mice were almost completely resistant to cerulein-induced AP.
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Figure 1. Schematic diagram illustrating the mechanisms of NLRP3 inflammasome activation
during acute pancreatitis. DAMPs and gut bacteria have been recognized for their crucial role in
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the initial onset of pancreatic inflammation. Prototypical DAMPs derived from pancreatic injured
cells include the HMGB1, HSP70 and purine metabolites, such as ATP. HMGB1, HSP70 and the
translocation of intestinal bacteria can act through TLR4 in acute pancreatitis stimulating the NF-
kB activation, and further upregulation of the mRNA and protein expression of NLRP3, pro-IL1[3
and pro-IL18. As well, the stimulation of intracellular NOD1 by translocated bacteria is an
indispensable element to sustain the inflammatory process in the pancreas. Extracellular ATP,
released by damaged cells, interacts with P2X7 inducing mitochondrial dysfunction and
intracellular K*-depletion which results in NLRP3 assembly, caspase-1 activation, maturation of
pro-IL1p and pro-IL18 and IL1( and IL18 secretion. Some intracellular damage-associated events
have also been suggested to initiate NLRP3 inflammasome assembly in acute pancreatitis:
mitochondrial DNA directly binds to NLRP3, and ROS production detaches TXNIP from
thioredoxin and enables NLRP3 activation. Additionally, TLR9 senses intracellular HMGB1 and
mtDNA with subsequent activation of NF-kB. LPS, lipopolysaccharide; HSP70, heat shock
protein 70; HMGBI, high mobility group box 1; TLR4, toll like receptor 4 ; TLRY, toll like receptor
9; ROS, reactive oxygen species; ATP, adenosine triphosphate; NLRP3, NLR pyrin domain
containing protein 3; ASC, caspase recruitment domain; NOD1, nucleotide-binding
oligomerization domain 1; NF-kB, nuclear factor-kappa B; mtDNA, mitochondrial DNA.

3.2. The IL1 family of cytokines as effectors of the NLRP3 inflammasome: their role in acute pancreatitis

The IL1 superfamily of cytokines are important regulators of innate and adaptive immunity,
playing key roles in the host defense against infection, inflammation, injury, and stress. IL1a and
IL1p were the founding members of this family of cytokines which comprise eleven members,
the others being IL18, IL33, IL36c,  and vy, IL1 receptor (IL1R) agonist, IL36Ra, IL37, and IL38
[76]. This section highlights recent advances in the understanding of the molecular and cellular
mechanisms of AP associated with NLRP3 inflammasome-regulated IL1 cytokines, focusing
particularly on IL1, IL33, and IL18.

3.2.1.1L1B

Among all the IL1 cytokines, IL1p is the one that is most active in mediating inflammation
in processes of sterile necrosis, an important event in AP [77]. Indeed, the discovery of the
inflammasomes was an essential step in improving our understanding of the molecular
mechanisms of IL1[3-mediated inflammation, since this multi-protein complex plays a critical role
in the regulation of IL1(3 maturation.

It is widely recognized that the development of AP depends on pro-inflammatory cytokine
responses secreted by leukocytes accumulated in the inflamed pancreas [78]. TNFa and IL1p are
considered primary cytokines mediating early-phase inflammation and propagation to extra
pancreatic tissues during AP. As mentioned, there is significant evidence that inflammasomes
and IL1{ maturation are required for the induction of inflammation in AP [79]. IL1( is transcribed
by monocytes, macrophages, and dendritic cells following TLR activation by PAMPs or by the
cytokines TNFa, IL18, IL1a or IL1 itself. In fact, IL1@ self-induction is a part of the mechanism
of autoinflammation [80]. Thus, it is important to stress that activation of IL1@ can also occur via
alternative mechanisms independently of the inflammasomes. For instance, neutrophil-derived
serine proteases and pathogen-released enzymes can also process and activate IL1{3, and these
processes have important effects during inflammation and infection [81].

3.2.2.1L18

IL18 is best known for its capacity to induce Interferon y (IFNYy). It is expressed by
macrophages, epithelial cells and dendritic cells and is stored in the cytoplasm [82]. As occurs
with IL13, the NLRP3 inflammasome-caspase-1-dependent mechanism of IL18 maturation and
release is the most common, although some caspase-1-independent mechanisms of cleavage have
also been reported. IL18 functions by ligation of IL18 receptors (IL18R) a and {3, and the complex
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recruits MyD88. Then, MyD88-induced events result in the activation of NF-kB and mitogen-
activated protein kinase (MAPK) via association with the signal adaptors IL1R-associated kinase
(IRAK) 1-4 and tumor necrosis factor receptor-activated factor 6 (TRAF6) respectively [83].

In humans, serum levels of IL18 have been widely associated with the pathogenesis of AP
and are known to correlate with disease severity [6, 84-86]. Additionally, induced IL18 levels have
been reported in pancreas and lungs of rats with AP [87, 88]. These findings contrast with those
of study showing that genetic deficiency of IL18 in mice resulted in significantly exacerbated
pancreatic injury in a model of cerulein-induced AP [89]. The controversy could be due to
differences in the model and in the severity of the disease. Notably, IL18 plus IL.12 administration
is a well-characterized model of experimental pancreatitis in obese mice, emphasizing the
importance of IL18 in the pathophysiology of the disease [90].

The involvement of inflammasome-derived IL18 in AP was first indicated in a 2007 study in
which the therapeutic effects of caspase-1 inhibitors in acute lung injury associated with AP were
related with the inhibition of IL1{3 and IL18 [88]. Sendler and co-workers have completed the
picture in a very recent study which suggests a clear correlation of inflammasome activation and
AP severity [42]. IL18 deficiency in mice resulted in a complete absence of Th2 response and a
reduction of Th1 after the onset of AP. These findings underline the importance of IL18 for T-cell
activation during AP and challenges the notion of the sequential activation of SIRS and CARS,
proposing that both responses occur in parallel during severe AP.

3.2.3.1L33

IL33, the latest addition to the IL1 superfamily, was discovered over a decade ago and is
now clearly defined as a key component of innate and adaptive immune responses. IL33 is
constitutively expressed in epithelial and endothelial cells, and following translation is stored as
a biologically active molecule in the nucleus where it binds to chromatin [91]. When cells undergo
necrosis or are stressed, nuclear IL33 is immediately available to act as an early signal of damage.
Unlike other members of the IL1 family, IL33 does not require processing through an
inflammasome in order to achieve its biological activity and, in fact, it is inactivated by caspase
cleavage [92]. However, cleavage by neutrophil elastase and cathepsin G proteases, which are
found in the microenvironment during inflammation, can increase its potency [93]. Upon release
of IL33 by DAMPs and PAMPs, IL33 specifically binds to the ST2 receptor in target cells and
undergoes conformational changes resulting in the recruitment of IL1 receptor accessory protein
(IL1RAcP) forming a ternary complex. In most cell types, and similar to IL18, IL33 signaling
activates the MyD88/IRAK/TRAF6 axis resulting in the activation of downstream NF-kB and
MAPK signaling pathways [94].

Although several lines of evidence demonstrate a role for IL33 in fibrogenesis during chronic
pancreatitis [95], investigations into the potential function of IL33 in the pathogenesis of AP are
limited. As in IL1@ and IL18, serum levels of this cytokine are increased in patients at the early
stage of AP and correlate with AP severity. The same findings have been reported using
experimental animal models of AP [96-98]. Thus, in a bile duct ligation model of AP, exogenous
IL33 administration exacerbated pancreatic inflammation and mast cell degranulation [98].
Similarly, in experimental sodium taurocholate-induced AP, IL33/ST2 signaling was found to be
a major mediator of the disease through TNFa [96]. Conversely, data from other experimental
studies in IL33 receptor ST2 deficiency suggested a protective role of IL33 in AP [99-100].
Although the effects of IL33 have been shown to be either pro- or anti-inflammatory depending
on the disease and the model, many questions about its potential dual effect in AP remain to be
resolved. Further additional studies are clearly needed on this issue and also on the role of
inflammasome in IL33 processing and release during AP, which is not currently supported in the
literature.

4. Inhibitors of the NLRP3 inflammasome
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The association of the NLRP3 inflammasome with a myriad of human diseases has
encouraged researchers to search for effective inhibitors of this multi-protein complex. To date, a
wide variety of NLPR3 inflammasome inhibitors have been studied in experimental models of
human diseases, but clinical application of this knowledge remains limited.

4.1. The clinical application of NLRP3 inflammasome inhibitors: the IL1 antagonists

The currently available clinical treatment for NLRP3-related diseases involve the agents that
target IL1p3, including the recombinant IL1 receptor antagonist anakinra, the soluble decoy IL1
receptor rilonacept, and the neutralizing IL1p antibody canakinumab. The effectiveness of these
inhibitors in AP has been demonstrated in the case of anakinra which significantly decreased
cerulein-related pancreatic tissue injury and pancreatic apoptosis in rats [101].

Anakinra is a recombinant form of the IL1R antagonist approved for the treatment of
rheumatoid arthritis in 2001. However, its clinical indications were extended, in 2003, to other
conditions such as cryopyrin-associated periodic syndrome (CAPS), a group of rare inherited
autoinflammatory diseases generally caused by autosomal-dominant mutations in the NLRP3
gene [102]. Because of the safety and rapid onset of action, IL1 inhibition with anakinra occupies
an important position in IL1 therapeutics [103]. The development of Rilonacept was later
introduced in 2008. Rilonacept is a fusion protein that incorporates the extracellular domains of
the IL1R components required for IL1 signaling and the Fc portion of immunoglobulin G [104].
As anakinra, it was indicated for the treatment of CAPS caused by dysregulated IL1 production.

The third therapeutic option, canakinumab, is a humanized monoclonal antibody against
IL1p which does not cross react with other members of the IL1 family [105]. Canakinumab was
first authorized by the FDA in 2009 for the treatment of CAPS and active systemic juvenile
idiopathic arthritis [106]. In 2016, it received approval as first-line treatment for TNF receptor
associated periodic syndrome, familial Mediterranean fever and mevalonate kinase deficiency
which are also linked to the activation of the pyrin inflammasome.

All agents reduce or even resolve clinical symptoms, decrease the biochemical activity
markers associated and improve quality of life in CAPS patients [107]. In addition, they are
currently applied in other inflammatory disorders and as antitumor drugs — as one might expect,
given that inflammation is a hallmark of early tumorigenic events.

4.2. NLRP3 inflammasome inhibitors in acute pancreatitis

The evidence of NLRP3 inhibition in AP comes from experimental data since no clinical
studies have yet explored the benefits of the inhibition of IL13 or other inflammasome
components. Here, we present an overview of the inhibitors of the inflammasome pathway in
experimental AP reported to date (Table 1).

Table 1. Inhibitory compounds of NLRP3 inflammasome activation in acute pancreatitis.

Com Re
pound Type Target feresnce
Glyb NLRP3 (ATP-sensitive K*
uride Sulphonylurea channels) [109]
MCC Diarylsulphonylur NLRP3 (ASC [42
950 ea oligomerization) ]
Emo . [11
din Anthraquinone Nrf2/ NF-«xB/ NLRP3/ P2X7 6,117]
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Dans Phenolic acid NF-«B/ STAT3/ NLRP3 [12
hensu 1]
Fraxi Limonoid NLRP3 (CARD, caspase-1, [12
nellone IL1pB, IL18) 3]
With . [12
aferin A Alkaloid NF-xB/ NLRP3 7
futl Flavonoid NLRP3 (ASC, caspase-1) 9][12
Sulfo Isothiocyanate Nrf2/ NLRP3 (13
raphane 1]
Cf)rd Adenosine NF-«B/NLRP3 [13
ycepin analogue 7]
Indo COX-2 inhibitor NLRP3 (ASC, IL1p) [14
methacin 3]
 Isura COX-2 inhibitor NF-xB/ NLRP3 [14
timod 4]
Apoc NOX inhibitor NF-xB/ NLRP3 (14
ynin 5]
INT- Bile aCI(.‘.l receptor ROS/ NLRP3 [14
777 agonist 8]

NLRP3, NLR pyrin domain-containing protein 3; ASC, caspase recruitment domain; CARD,
caspase activation and recruitment domain; NF-kB, nuclear factor kappa B; Nrf2, nuclear factor
erythrocyte-2 associated factor-2; COX2, cyclo-oxygenase-2; NOX, NADPH oxidase; ROS,
reactive oxygen species.

4.2.1. Sulphonylureas drugs

Glyburide, also known as glibenclamide, is an NLRP3 inhibitor of the class of
sulphonylureas drugs widely used for the treatment of type 2 diabetes. Glyburide is not a direct
inhibitor of the NLRP3 inflammasome since it interferes with signaling events upstream of the
NLRP3 assembly. Specifically, it blocks ATP-sensitive potassium (K*) channels on the pancreatic
[ cell membrane preventing a cellular efflux of K*, a known danger signal for inflammasome
activation [108]. The administration of glyburide in a mouse model of cerulein AP significantly
reduced serum levels of IL6, lipase, and amylase and lowered the IL1{ release in cultured
peritoneal cells treated with LPS [109].

MCC950 is a diarylsulfonylurea-containing compound considered one of the most potent
and selective inhibitors of the NLRP3 inflammasome [110]. MCC950 functions by blocking both
canonical and non-canonical NLRP3 inflammasome activation by abrogating ASC
oligomerization instead of K+ efflux, Ca?* flux or NLRP3-ASC interactions. Notably, MCC950 had
no inhibitory effect on the activation of other inflammasomes complexes such as AIM2, NLRC4,
or NLRP1 [111]. MCC950 has previously been involved as a potential treatment in an increasing
number of inflammatory diseases, including atherosclerosis, nonalcoholic fatty liver disease,
Alzheimer's disease and myocardial infarction [112]. The study by Sendler et al. is the only one
to have assessed the use of MCC950 in experimental AP [42]. The therapeutic administration of
this small molecule lowered IL18 levels and significantly reduced disease severity and systemic
injury.
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4.2.2. Natural products from plants and fungi

A large number of compounds of plant origin, including polyphenols, terpenes, alkaloids,
glycosides, quinones and flavonoids, have been explored for the treatment of a variety of
pancreatic disorders including diabetes and pancreatitis. Here, we describe a large number of
NLRP3-blocking compounds that may be able to deal with the inflammatory challenge of AP.

Emodin is an anthraquinone derivative (1,3,8-trihydroxy-6-methyl-anthraquinone) that can
be isolated from rhubarb, buckthorn, and Japanese knotweed and has proven antitumoral, anti-
inflammatory and immunomodulatory effects [113]. Previous experimental studies have
confirmed that emodin alleviates lung injury associated to AP [114, 115], but the involvement of
NLRP3 inflammasome on the protective effects of emodin have been recently investigated. Zhang
et al. found that this natural compound delayed the progression of AP through P2X7/NLRP3
signaling pathway inhibition, thereby improving the associated systemic inflammation [116].
Moreover, in the same experimental model of severe AP, emodin exerted its protective effect by
inhibiting NLRP3 inflammasome activation via Nuclear factor erythrocyte-2 associated factor 2
(Nrf2) pathway [117].

Danshensu is a water-soluble ingredient of danshen, an active constituent of Salvia
miltiorrhiza generally known to exert cardioprotective function in myocardial ischemic injury
[118, 119]. Danshensu has been reported to attenuate LPS-induced inflammatory responses and
exhibit anti-oxidative effects in cultured macrophages [120]. In a mouse model of cerulein-
induced AP, Danshensu directly suppressed the pancreatic activation of the NLRP3
inflammasome and NF-kB and STATS3 signaling pathways [121].

Fraxinellone is a natural component isolated from the plant Dictamnus dasycarpus and has
been reported to exert anti-inflammatory activity through the suppression of NF-kB in
macrophages [122]. Its inhibitory effect on the activation of the NLRP3 inflammasome cascade
has been observed in three different experimental models of AP [123]. The treatment of mice with
fraxinellone significantly attenuated the severity of AP by inhibiting the pancreatic activation of
multiple inflammasome molecules such as NLRP3, PY-CARD, caspase-1, IL18, and IL1{.
Additionally, fraxinellone inhibited the infiltration of macrophages and neutrophils into the
pancreas through the suppression of inflammasome signaling.

Withaferin A is an alkaloid isolated from ginseng (Withania somnifera), with
pharmacological properties ranging from antitumoral to anti-diabetic and anti-inflammatory
effects [124-126]. Withaferin A effectively suppresses the sustained activation of endoplasmic
reticulum stress and inhibits NLRP3 inflammasome activation during cerulein-induced AP in
mice [127].

Rutin is a flavonoid found in certain vegetables and fruits. In an L-arginine-induced AP
model in mice, rutin decreased the pancreatic injury but also furthered catalase and superoxide
dismutase antioxidant activities [128]. Rutin treatment in rats with cerulein-induced AP and fed
on ethanol reduced pancreatic inflammation and modulated the NLRP3 inflammasome by
attenuating the expression of ASC, caspase-1 and IL1( [129].

Sulforaphane, a naturally occurring isothiocyanate, is mainly present in vegetables and plays
an important role in the maintenance of cellular redox balance [130]. Sulforaphane is the most
widely studied member of isothiocyanates, in both in vivo and in vitro models of different
diseases, (mainly diabetes and cancer). In a mouse model of cerulein-induced AP, sulforaphane
protected from pancreatic damage by exerting antioxidant and anti-inflammatory effects through
the Nrf2 pathway and the NLRP3 inflammasome, respectively [131]. Nevertheless, sulforaphane
is not specific to the NLRP3 inflammasome since it has shown inhibitory activity for the AIM2 or
NLRC4 inflammasome and NF-kB activation [132].

Cordycepin, a natural product derived from the medicinal fungus Cordyceps militaris,
possesses various pharmacological properties, including tumor inhibition, suppression of
inflammation and immunomodulation [133-135]. In a macrophage cell line, cordycepin notably
inhibited LPS-induced activation of the NLRP3 inflammasome and the ERK1/2 signaling
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pathway [136]. In cerulein- induced AP in mice, cordycepin protected against pancreatic
inflammatory processes by directly inhibiting NF-xB and NLRP3 inflammasome activation via
AMPK [137].

4.2.3. Non-steroidal anti-inflammatory drugs and other antioxidants

The detrimental effects of oxidative stress and excessive inflammatory cascade reaction in
the pathogenesis of AP have been extensively investigated [138]. Recent studies have suggested
that cyclo-oxygenase-2 (COX-2) inhibitors are potent modulators of the inflammatory response
and NLRP3 inflammasome activation [139]. Thus, the use of non-steroidal anti-inflammatory
drugs (NSAIDs) appears a viable option for inflammasome inhibition.

Indomethacin, one of the most common NSAIDs and COX-2 inhibitors, has an evident anti-
inflammatory effect and is widely used in rheumatoid arthritis and other diseases [140, 141].
Clinical experience with NSAIDS for treating AP has centered mostly on the prevention of post-
endoscopic retrograde cholangiopancreatography pancreatitis and has shown that patients who
received indomethacin were less likely to develop this form of pancreatitis [142]. In an
experimental AP model induced by cerulein combined with LPS in mice, indomethacin has
recently been found to protect against pancreatic damage through inhibition of the NLRP3
inflammasome components [143].

Another selective COX-2 inhibitor, Iguratimod, has been reported to play an anti-
inflammatory role against cerulein plus LPS-induced AP in mice through inhibition of the NF-xB
signaling pathway and NLRP3 inflammasome activity [144].

The use of apocynin, an inhibitor of NADPH oxidase, mitigated AP-induced acute lung
injury as well as pancreatic injury [145]. The mechanism underlying these protective effects
includes the inhibition of the activation of NLRP3 inflammasome associated proteins NLRP3,
pro-caspase-1 and IL1p.

4.2.4. Bile acids

In addition to their role as metabolic regulators, bile acids are involved in the modulation of
inflammatory responses and the maintenance of immune homeostasis [146]. INT-777, a bile acid
receptor agonist, has a protective effect against many inflammatory diseases [147]. Recent studies
have found that INT-777 plays a regulatory role in the ROS/NLRP3 signaling. In the context of
AP, INT-777 effectively alleviated the inflammation and pancreatic acinar cell injury by
blockading the ROS/NLRP3 pathway [148].

4.2.5. Antibiotics

Dysfunctional intestinal homeostasis in the early stage of AP has been shown to enhance
intestinal bacterial translocation, subsequently exacerbating AP. A very recent publication by Jia
et al. revealed the beneficial effect of prophylactic antibiotic treatment on AP development [149].
In a mouse model of cerulein-induced AP, combinatorial antibiotic treatment reduced pancreatic
inflammation and decreased gut bacteria translocation to the pancreas through colonic
TLR4/NLRP3 inflammasome inhibition. This procedure improved pancreatic inflammation and
delayed the progression of AP into a systemic inflammatory response.

5. Concluding remarks and perspectives

In 1925, Lord Moynihan’s description of AP reflected its dramatic nature: “the most terrible
of all calamities that occurs in connection with the abdominal viscera. The suddenness of its onset,
the illimitable agony which accompanies it, and the mortality attendant upon it, all renders it the
most formidable of catastrophes”. Almost a century later, AP continues to be a devastating
gastrointestinal disease with high morbidity and mortality, relatively little scope for action, and
an often unpredictable outcome. Fundamental insights into the pathophysiology of AP have
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notably increased our knowledge of this disease in recent years, but there are still no effective
treatment options available. The definition of early disease management strategies would help to
mitigate the associated systemic complications, which are the main cause of death in these
patients.

No studies have explored the clinical benefits of NLRP3 inhibition in patients with AP. We
do know, however, that the levels of NLRP3 and AIM2 inflammasomes are increased in the early
course of AP [41]; therefore, clinical studies that investigate the ability of inflammasome
activation to influence AP development and progression are now urgently needed.

A role for IL13 in the inflammasome pathway has been clearly identified in a range of sterile
inflammatory human diseases. IL1{3 is regarded as the major driver of inflammasome-mediated
inflammation and so the currently available clinical treatment for NLRP3-related diseases use
agents that target this cytokine. The effectiveness of IL1R blockade firmly establishes the value of
using additional therapeutics that target the IL1 family of cytokines. Thus, it would be interesting
to determine whether addition of IL1 antagonists other than IL1p might prove beneficial in the
treatment of AP. In addition, as some cytokines have the ability to compensate the absence of
others, combining IL1{3 and IL18 blockades, for example, may be of interest in order to enhance
efficiency.

Inflammasome signaling can also affect biological processes other than inflammatory
cytokine production. Among the upstream mechanisms that trigger NLRP3 activation, HMGB1
is of particular interest. HMGB1-targeted therapy has proved highly successful in numerous
preclinical experimental models of inflammation but no clinical trials with HMGB1-specific
agents have yet been conducted. In severe AP, circulating HMGB1 levels broadly reflect the
severity of the disease. In addition, extracellular HMGB1 induces further local pancreatic and
systemic injury; therefore, targeting HMGB1 could be an interesting therapeutic approach for AP
and other sterile inflammatory conditions.

Moreover, the post-translational modifications of NLRP3 have emerged as important
mechanisms in the control of its assembly. Research on the identification of the unknown factors
controlling these modifications may help to identify novel pharmacological strategies for
inhibiting inflammasome activation.

Collectively, given the vital importance of the inflammatory response in AP, further in-depth
studies of the inflammasome are now needed with a view to developing treatments for this
disease. The fact that the NLRP3 inflammasome relies on numerous regulatory mechanisms may
open up a whole range of therapeutic possibilities.
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Abbreviations
AIM Absence in melanoma 2
ALRs Absence in melanoma 2-like receptors
AP Acute pancreatitis
ASC Caspase recruitment domain
CAPS Cryopyrin-associated periodic syndrome
CARD Caspase activation and recruitment domain
CARS Compensatory anti-inflammatory response syndrome

CLRs C-type lectin receptors
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COX-2 Cyclo-oxygenase-2

DAMPs Damage-Associated Molecular Patterns

GSDM- Gasdermin-D

HMGB1 High mobility group box 1

IL Interleukin

ILIR Interleukin 1 receptor

IRAK IL1R-associated kinase

IRF Interferon regulatory factor

LPS Lipopolysaccharide

MAPK Mitogen-activated protein kinase

MyD88 Myeloid differentiation primary response 88

NATCH Nucleotide-binding and oligomerization domain

NF-«B Nuclear factor-kappa B

NLRP3 NLR pyrin domain containing protein 3

NOD1 NLR nucleotide-binding oligomerization domain-
containing protein 1

Nrf2 Nuclear factor erythrocyte-2 associated factor 2

NSAIDS Non-steroidal anti-inflammatory drugs

PAMPs Pathogen-Associated Molecular Patterns

PRR Pattern recognition receptors

PYD Pyrin domain

RAGE Receptor for advanced glycation end-products

RLRs Retinoic acid-inducible gene (RIG)-I-like receptors

ROS Reactive oxygen species

SIRS Systemic inflammatory response syndrome

TLR Toll-like receptor

TNFa Tumor necrosis factor alpha

TRAF Tumor necrosis factor receptor-activated factor

TRIF TIR-domain-containing adaptor molecule inducing

interferon-beta
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ESTUDIO 4. EFECTO DEL PEG35 EN LA MODULACION DE LA INFLAMACION MEDIADA POR
EXOSOMAS

En este ultimo estudio, evaluamos la interaccidn entre el PEG35 y los exosomas en

células epiteliales y macrofagos.

Estas nanovesiculas son secretadas por diferentes tipos celulares e igualmente
captadas por distintas “células recipiente”. El conocimiento acerca de los exosomas se
ha ido ampliando a lo largo de los uUltimos anos, relaciondndolos con la progresion de

diversas enfermedades inflamatorias, como es el caso de la PA.

De esta manera, a partir de los resultados previos obtenidos sobre la funcién
antiinflamatoria del PEG35 en diferentes modelos de inflamaciéon pancreatica,
evaluamos la posibilidad de que el PEG35 ejerciera algun efecto tanto en el mecanismo
de captacion celular de los exosomas como en la respuesta inflamatoria modulada por

estos.

Asi, observamos que el PEG35 aumentaba la captacién celular de exosomas y
activaba una respuesta antiinflamatoria a través de la inhibicién de la via de NFkB. El
PEG35 también era capaz de disminuir la expresién de citoquinas proinflamatorias

inducida por la internalizacién de estas nanovesiculas.
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ABSTRACT

Background: Polyethylene glycols (PEGs) are neutral polymers widely used in
biomedical applications due to its hydrophilicity and biocompatibility. Exosomes are
small vesicles secreted by various cell types and are involved in many biological
functions. There is also significant evidence on critical role played by exosomes in many
diseases.

Objectives: To evaluate the potential role of PEG35 in the modulation of exosomes-
mediated inflammation in macrophages.

Methods: Human macrophage-like cells THP-1 and epithelial BICR-18 and CAPAN-2
cells were exposed to increasing concentrations of PEG35 (2, 4 and 6%) or 4% PEG35,
respectively, prior to incubation with exosomes of different cellular origin. Confocal
microscopy was used to evaluate exosomes internalization. In another set of experiments,
differentiated THP-1 cells were incubated with increasing concentrations of PEG35 for
30 min before the incubation with the appropriate stimuli: lipopolysaccharide, BICR-18
derived exosomes or exosomes from acute pancreatitis-induced rats. NFxB and STAT3
signaling pathways activation and expression levels of pro-inflammatory genes were
determined.

Results: PEG35 administration significantly enhanced internalization of exosomes in
both macrophages and epithelial cells lines in a dose-dependent manner. Further, PEG35
ameliorated the inflammatory response induced by acute pancreatitis-derived exosomes
by reducing the expression of pro-inflammatory genes and p65 nuclear translocation.

Conclusions: PEG35 promotes the cellular uptake of exosomes and modulates the pro-
inflammatory effect of acute pancreatitis-derived vesicles through the inhibition of NFkB.
Overall, our observations emphasize the potential value of PEG35 as an anti-
inflammatory agent for biomedical purposes.

Keywords: polyethylene glycol, exosomes, pancreatic inflammation, macrophages,
cytokines.
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INTRODUCTION

Polyethylene glycols (PEGs) are neutral polymers composed of repeated ethylene
glycol units with different chain lengths (1). PEGs are one of the best investigated
polymers with a large number of applications in different fields. The water-solubility and
hydrophilic properties of PEGs combined with a low intrinsic toxicity make the polymers
ideally suited for biological applications. Indeed, their use is approved by the Food and
Drugs Administration (FDA) and European Medicines Agency (EMEA) in several fields

such as pharmaceutical, cosmetic, packing, food and clinical (2).

Evidence from different experimental studies have suggested beneficial effects of
PEGs. PEGs have demonstrated membrane protective effects in a variety of cells or
organs against various insults. In this sense, PEGs reduce oxidative stress mainly through
the preservation of cell membrane integrity and protecting against reactive oxygen
species production during ischemia reperfusion injury (3). PEG ameliorated the early and
late effects of radiation in mice intestine through the stabilization and preservation of
lipid-raft signalling leading to the preservation of membrane integrity (4). PEG has also
been shown to reinforce epithelial barrier and reduce inflammation of the colon in
experimental colitis (5). The intravenous administration of PEG is effective in minimizing
myocardial ischemia-reperfusion injury and preserve the ventricular function through the
inhibition of apoptotic signalling and upregulation of cell survival signalling (6). The
potential role of PEG in organ preservation has been demonstrated in experimental kidney
(3), liver (7) and pancreatic (8) transplantation. The presence of PEG in the preservation
solution ameliorated the deleterious consequences of ischemia-reperfusion by triggering

protective cell signalling pathways.

However, there is much less information regarding the precise mechanisms
involved in the described beneficial effects of PEGs. In particular, little is known about
interactions between PEGs and the different biological processes mediated by
extracellular vesicles and, in concert, exosomes. Exosomes are the smallest subtype of
extracellular vesicles secreted constitutively by fundamentally all cells in physiological
conditions into the extracellular space (9). They have received increasing attention since
they were discovered to enclose functional proteins, lipids, DNA, mRNA, microRNA and
a large variety of other small noncoding RNA species (10,11). Such exosomal cargo can

be delivered into neighbouring and distal cell subpopulations to either confer pathogenic
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or therapeutic effects through modulation of immune responses. Moreover, exosomes can
be localized in many biological body fluids including blood, saliva, ascitic fluid,
cerebrospinal fluid and urine, thereby facilitating intercellular communication (12).

Over the past years, a number of studies have provided evidence of exosomes’
implication in physiological and pathological cellular events (13). It has been reported
that exosomes play relevant roles in processes as cancer, metastasis, neurological
disorders or inflammation. Previous studies of our group have determined the
involvement of exosomes in the lung damage associated with experimental acute
pancreatitis (AP). Circulating exosomes from AP-induced rats reached the alveolar
compartment and polarized macrophages to a pro-inflammatory phenotype (14). Hence,
exosomes are now recognized as promising targets in a large number of pathologies and
any agent with capability to modulate their function can be considered as a potential
therapeutic tool.

Interestingly, we have recently reported an anti-inflammatory role of 35-kDa
molecular weight PEG (PEG35) in experimental AP and associated lung injury (15).
Intravenous administration of PEG35 was able to reduce the severity of the inflammatory
damage and improved outcomes when administered following the initiation of AP-
associated systemic effects. These effects may be attributed to a direct anti-inflammatory
activity of PEG35, but a potential effect of this polymer on circulating exosomes could

also be hypothesized.

In the present paper, we aimed to explore the interaction between exosomes and
PEG35 in differentiated inflammatory cells in order to determine the potential role of

PEG35 on the regulation of exosomes function.
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MATERIALS AND METHODS

Cell culture

The human pro-monocytic THP-1 cell line was purchased from Sigma-Aldrich (St.
Louis, MO, USA). The cells were grown at 37°C in suspension in RPMI 1640 medium
GlutaMAX™ (Fisher Scientific; Madrid, Spain) supplemented with 10% fetal bovine
serum (FBS), 100 U/ml penicillin, and 100 pg/ml streptomycin. THP-1 cells were plated
at a density of 3x10° in 24-well culture plates and differentiated to macrophages through
a first incubation with 100 nM phorbol12-myristate13-acetate (PMA) (Sigma-Aldrich, St.
Louis, MO) for 24h. The PMA-containing media was discarded and replaced with fresh
media without PMA for a further 24h.

The human epithelial cell line BICR-18 (from larynx squamous cell carcinoma) and
CAPAN-2 (from pancreatic ductal adenocarcinoma) were obtained from American Type
Cell Collection (ATCC, Manassas, VA, USA) and maintained at 37°C in DMEM
GlutaMAX™ (Fisher Scientific; Madrid, Spain) supplemented with 10% FBS, 100 U/ml
penicillin, and 100 pg/ml streptomycin. Cultures were split every 3 days by trypsinization
with 0.1% trypsin in Ca®*/Mg?*-free phosphate-buffered saline (PBS) containing 0.9 mM
EDTA (Sigma-Aldrich; St. Louis, MO, USA).

All cells were cultured at 37 °C in humidified atmosphere of 95% air and 5% CO..
Experimental animals

Male Wistar rats weighting 200-250 g were housed in a controlled environment
with free access to standard laboratory pelleted formula (A04; Panlab, Barcelona, Spain)
and tap water. A period of one week was allowed for animals to acclimatize before any
experimentation. All procedures were conducted in accordance with European Union
regulatory standards for animal experimentation (Directive 2010/63/EU on the protection
of animals used for scientific purposes). The Ethical Committee for Animal
Experimentation (CEEA, Directive 396/12, University of Barcelona) approved the animal

experiments.
Exosomes isolation

In order to generate exosome-free medium, exosomes present in FBS were removed

by an overnight centrifugation at 100 000 xg followed by filtration through 0.2-um
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syringe-fitted filters (Millipore, Burlington, MA, USA). This exosome-depleted FBS was
used for cell culture (DMEM supplemented with 10% exosome-free FBS). For the
exosomes’ isolation, BICR-18 cell supernatants and plasma samples from AP-induced
rats, were collected and centrifuged at 2 000 xg and 10 000 xg for 10 and 30 min,
respectively, at 4°C. The last supernatant was filtered through a 0.22 pm syringe filter
(Millipore, Burlington, MA, USA) and ultracentrifuged at 120 000 xg for 70 min. After
that, the pelleted vesicles were washed with PBS and centrifuged again at 120 000 xg
(16).

Quality of exosomes preparations was verified by nanoparticle tracking analysis
and by determining the presence of exosomal marker TSG101 and the absence of calnexin
(CNX) by Western Blot (Figure 1). The number of exosomes obtained was also quantified
by measuring their protein content using a Bradford assay.

Exosomes and cell staining

For internalization assays, exosomes were isolated from BICR-18 cells (ExoB) or
from AP-induced rats (ExoAP) and labelled with the PKH26 red fluorescent cell linker
dye (Sigma-Aldrich, St. Louis, MO, USA) for 5 min. The staining reaction was stopped
with 3% BSA for 1 min. In order to remove the unbound dye, exosomes were washed
three times with PBS using 300 kDa Nanosep centrifugal devices (Pall Corporation, New
York, NY). Fixed cells were also stained with the DNA-specific blue fluorescent stain
4’ 6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich, St. Louis, MO, USA) for 1-5

min. at room temperature.
Cell treatments

To analyse the exosomes uptake in the presence of PEG35, differentiated THP-1
cells were incubated with increasing concentrations of PEG35 (1, 2, 4 and 6%) diluted in
PBS during 30 min prior to treatment with the appropriate stimuli: 10 pg/ml ExoB, 10
pg/ml ExoAP or 0.1 pg/ml LPS (Sigma-Aldrich, St. Louis, MO, USA) for 1.5h. As well,
epithelial BICR-18 and CAPAN-2 cells were incubated with 4% PEG35 during 30 min.
prior to treatment with ExoB for 1.5 h. The concentration of exosomes was selected
according to previous in vitro studies (17). Exosomes internalization was analysed by

confocal microscopy imaging.
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Nanoparticle tracking analysis

The size distribution and concentration of exosomes were measured using a
NanoSight LM10 machine (NanoSight, Salisbury, UK). All the parameters of the analysis
were set at the same values for all samples and three 1 min-long videos were recorded in

all cases. Background was measured by testing filtered PBS, which revealed no signal.
Animal model of AP

The rats were anesthetized with an intraperitoneal injection of pentobarbital at a
dose of 50mg/kg. After a midline laparotomy, a polyethylene catheter connected to an
infusion pump was inserted through the duodenum, via the Ampulla of Vater, and 3-4
mm into the biliopancreatic duct. A bulldog clamp was applied to the proximal
biliopancreatic duct (near the liver) to prevent infusion into the liver. The experimental
model of AP was induced in the rats by retrograde injection of 5% sodium taurocholate
in saline solution at 1mL/Kg for 1 min using an infusion pump (Harvard Instruments,
Edenbridge, UK). Buprenorphine (0.05 mg/Kg) was intravenously administered as an
analgesic immediately before surgery. Three hours after AP induction, animals were
euthanized and blood was collected in heparinized syringes from the vena cava for

exosome isolation.
Confocal microscopy

Cells were imaged using an inverted Nikon Eclipse Ti2-E microscope (Nikon
Instruments) attached to the spinning disk unit Andor Dragonfly. For all experiments an
oil-immersion objective (Plan Fluor 20x, numerical aperture (NA) 0.75, oil) was used.
Samples were excited with 405 nm, 488 nm and 561 nm laser diodes. The beam was
coupled into a multimode fibber going through the Andor Borealis unit reshaping the
beam from a Gaussian profile to a homogenous flat top. From there it was passed through
the 40 pm pinhole disk. Cells were imaged on a high resolution scientific complementary
metal oxide semiconductor (SCMOS) camera (Zyla 4.2, 2.0 Andor, Oxford Instruments
Company, Concord, MA, USA). Fusion software from Oxford Instruments Company was
used for acquisition of images. Image deconvolution was performed after acquisition.
Image processing and analysis was performed with Image J/Fiji open source software

using Image J Macro Language.
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SDS-PAGE and Western blot

Exosomal protein was extracted in ice-cold RIPA buffer (10 mM Tris pH 8.0,
140 mM NacCl, 1% Triton X-100, 1 mM EDTA and 0.1% SDS) in the presence of protease
inhibitors. Extracts were then centrifuged at 15 000 xg for 20 min at 4°C, and the
supernatants were collected. Cell lysates, used as a negative control, were obtained from
differentiated THP-1 cells. Protein concentration of the supernatants were determined by
the Bradford protein assay (Bio-Rad Laboratories, Hercules, CA, USA). SDS-PAGE was
performed on a 10% gel and proteins were transferred to a PVDF membrane for blotting
(Bio Rad, Hercules, CA, USA). Membranes were blocked for 1 h in 5% non-fat milk in
PBS, followed by overnight incubation at 4°C with the following antibodies from
Proteintech (Manchester, United Kingdom): TSG101 (1:1000 dilution, reference 14497-
1-AP) and Calnexin as negative control (1:1000 dilution, reference 10427-2-AP). Blots
were washed and incubated with the corresponding HRP-conjugated secondary antibody.
Bound antibodies were detected using enhanced chemiluminescence (ECL) (Bio-Rad
Laboratories, Hercules, CA, USA), and were analysed using ChemiDoc™ Touch

Imaging System (Bio-Rad Laboratories, Hercules, CA, USA).
Immunofluorescence

To determine Nuclear factor kB (NF«B) or Signal transducer and activator of
transcription 3 (STAT3) nuclear translocation, THP-1 macrophages were incubated in
coverslips overnight at 37 °C under 5% CO: in air. Cells were treated with 4% PEG35
for 30 min before the incubation with 10 pg/ml ExoAP or 0.1 pg/ml LPS for 45 min,
fixed with 3.5 % formaldehyde for 5 min at room temperature, and permeabilized with
Triton X-100. The cells were stained with the following antibodies from Santa Cruz
(Santa Cruz Biotechnology, Santa Cruz, CA, USA): anti-NFxB p65 (1:400 dilution,
reference sc-372) and anti-STAT3 antibody (1:400 dilution, reference sc-483). Alexa
Fluor 488-conjugated anti-goat antibody (Molecular Probes, Eugene, OR, USA) was used
as secondary antibody. Localization of NFkB and STAT3 was examined by Nikon eclipse
E1000 fluorescence microscopy (Nikon, Melville, New York, USA).

Real-time gRT-PCR

Total RNA from the cells was extracted with Nucleozol reagent ((Macherey-Nagel,

Dueren, Germany) according to the manufacturer’s protocol. RNA concentration and
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quality were measured with the OD A260/A280 ratio and OD A260/A230 ratio
respectively, and the integrity of 18S and 28S ribosomal bands for all RNA preparations
was verified by running a 1% agarose gel electrophoresis. Reverse transcription was
conducted on a 1 pg RNA sample using the iScript cDNA Synthesis Kit (Bio-Rad
Laboratories, Hercules, CA, USA). Subsequent PCR amplification was conducted using
SsoAdvanced™ Universal SYBR® Green Supermix (Bio-Rad Laboratories, Hercules,
CA, USA) on a CFX Real-Time PCR Detection System (Bio-Rad Laboratories, Hercules,
CA, USA) using 10pL of amplification mixtures containing 50 ng of reverse-transcribed
RNA and 250 nM of the corresponding forward and reverse primers. PCR primers for the
detection of Interleukin 1B (IL1p), Tumor necrosis factor (TNFa) and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), were designed with Primer3.0 plus (18). The
sequences were as follows: IL1B Forward: 5’-GGACAAGCTGAGGAAGATGC-3’
Reverse: 5’-TCGTTATCCCATGTGTCGAA-3’, TNFo forward: 5’-
AGCCCATGTTGTAGCAAACC-3>  Reverse: 5’- GGCACCACCAACTGGTTATC-
3’, and GAPDH Forward: 5’ -GATCATGAGCAATGCCTCCT-3* Reverse: 5’-
TGTGGTCATGAGTCGTTCCA-3’. The specificity of the amplicons was determined by
melting curve analysis. Reactions were carried out in duplicate and threshold cycle values
were normalized to GAPDH gene expression. The ratio of the relative expression of target

genes to GAPDH was calculated by the DCt formula.
Statistical analysis

All data were exported into Graph Pad Prism 4 (GraphPad Software, Inc.) and
presented as means = SEM. Statistical analyses were carried out by one-way analysis of
variance (ANOVA), followed by Tukey’s multiple comparison test to determine the
significance between pairs. The minimal level of statistical significance was considered
to be < 0.05.
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RESULTS

Biological characterization of isolated exosomes

After collection of ExoB and ExoAP, we confirmed their size by the NanoSight
particle tracking system (Figure 1A). The size of all the tested vesicles preparations
showed a peak between 100 and 200 nm, consistent with exosomes. Analysis by
immunoblotting confirmed the presence of exosome marker TSG101 and the absence of
Calnexin in both exosomes from BICR-18 and from acute pancreatitis plasma origin
(Figure 1B). Calnexin was readily detectable in the whole cell lysates.

PEG35 increased exosomes uptake in macrophages and epithelial cell lines

To determine the effect of PEG35 in exosome uptake, THP-1 macrophages were
incubated with PKH26-labelled ExoB in presence of increasing concentrations of PEG35.
As shown in Figure 2A and B, PEG35 enhanced the ExoB uptake capacity of
macrophages increased in a dose-dependent manner. Further, PEG35 also raised the
macrophages capacity to internalize exosomes from AP-induced rats (Figure 2C and D).
Tissue macrophages are known to express a wide range of surface, vacuole and cytosolic
molecules for recognition and uptake of host-derived and foreign particles by
phagocytosis, and for clearance of soluble molecules by endocytosis (19). Moreover,
exosomes are known to internalize more efficiently by phagocytic cells than non-
phagocytic cells (20). Hence, we also evaluated the effect of PEG35 in exosome uptake
in epithelial BICR-18 and CAPAN-2 cells. As occurs with macrophages, the presence of
4% PEG35 significantly increased ExoB cell internalization (Figure 3A and B).

Effect of PEG35 on the inflammatory activation of macrophages

Previous results of our group support a an anti-inflammatory role for PEG35 against
the AP-associated inflammation (15). Thus, we explored whether PEG35 might modulate
the inflammatory response induced by AP-derived exosomes in THP-1 macrophages. As
expected, treatment of macrophages with EXoAP results in the induction of expression of
inflammatory cytokines IL1f and TNFa (Figure 4A). The increase induced by exosomes
on these cytokines was inhibited by the presence of PEG35 in a dose-dependent manner,
confirming the anti-inflammatory role of PEG35. On the other hand, PEG35 showed a
concentration-dependent anti-inflammatory activity when administered to macrophages

activated with LPS (Figure 4B). Finally, we treated macrophages with increasing
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concentrations of exosomes from AP and observed an evident inflammatory response
through the induction of TNFa (Figure 4C).

PEG35 prevented LPS and ExoAP-induced pro-inflammatory response in

macrophages through NFkB inhibition

One of the important features of the anti-inflammatory effect of PEG35 is that it
counteracts the activation of genes encoding inflammatory mediators, such as TNFa,
IL1B or IL6. Because NFxB is highly active both in inflammatory cells, such as
macrophages, and in cells found in inflamed tissues, it is recognized as a key mediator of
inflammation. In addition to NFxB, STAT3 also plays a pivotal role in inflammatory
processes. Both factors are essential signalling molecules that coordinate inflammatory
response in several pathologies.

Given that the molecular mechanisms underlying the anti-inflammatory role of
PEG35 need to be elucidated, we examined the effect of PEG35 on these pathways in
macrophages. As shown in Figure 5, unstimulated THP-1 macrophages showed p65
subunit of NFkB staining localized in the cytosol. After LPS or ExoAP stimulation,
staining was mostly transferred to the nucleus, indicating the activation of this signalling
pathway. Pre-treatment of cells with 4% PEG35 inhibited p65 accumulating in the
nucleus. On the other hand, STAT3 was activated by LPS treatment but not by EXoAP
and the activation induced by LPS was not inhibited by PEG35.
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DISCUSSION

Over the last decade has been considerable interest in the study of PEG properties,
and their use has extended to different fields. Recently, our group has demonstrated the
anti-inflammatory effect of prophylactic administration of PEG35 in an experimental
model of acute necrotizing pancreatitis and besides, we have showed that the therapeutic
treatment with this polymer exerted a significant protection against acute lung
inflammation associated with this disease.

In the current study, we explored whether this protective action of PEG35 is
related with effects on the cellular uptake of exosomes. It is well known that these
nanovesicles are able to trigger the inflammatory response in a broad spectrum of
pathologies and, in particular, in the pancreatitis-associated inflammation. Since PEG has
the capability to bind biological membranes, it could be hypothesised that its presence
could impair the process of exosomes uptake, thus reducing the associated inflammatory
response triggered by these nanovesicles. Unexpectedly, our results indicate the opposite
mechanism and exosome uptake increased in a dose-dependent manner in the presence
of PEG35.

We then explored whether this mechanism was related to the high phagocytic
capacity of macrophages and evaluated the effect of PEG35 on different epithelial cell
lines. In all cases, the presence of 4% PEG35 increased exosomes uptake, thus pointing
out an unspecific mechanism, which probably involves the binding process between

exosomal and cell membranes.

Our group first clarified that exosomes are involved in AP and that circulating
exosomes transform alveolar macrophages into a pro-inflammatory phenotype. As
expected, in our investigation, the presence of exosomes from AP increased the
expression of pro-inflammatory IL1p and TNFo on THP-1 macrophages, revealing their
activation. Interestingly, PEG35 treatment succeeded in the inhibition of these
inflammatory cytokine’s expression. This fact indicates that, despite the increase in the
internalization of exosomes induced by PEG35, its anti-inflammatory effect is able to

prevent the activation induced by these nanovesicles.

Next, we determined the direct anti-inflammatory effect of PEG35 on the
activation of macrophages and confirmed that this polymer markedly prevented IL1J3

expression induced by LPS treatment in a concentration-dependent manner. This is
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consistent with the results obtained in a previous study, in which we demonstrated a direct
anti-inflammatory effect of PEG35 in pancreatic acinar AR42J cells (21). In this sense,
we found that the administration of this polymer attenuated the expression of pro-
inflammatory cytokines and associated cell death markers following TNFa or cerulein

treatment.

Given that activation of NFkB and STATS3 plays a crucial role in inflammatory
processes, it was conceivable that these signalling pathways could be involved in PEG35
inhibition of inflammation. Although triggered by different pathways, activated STATs
and NF«B translocate into the nucleus and function either individually or collaboratively
in regulating inflammatory gene expression. Our data indicated that macrophages
treatment with PEG35 caused a shift in the p65 nuclear localization observed under LPS
or EXoAP stimulation. However, STAT3 was not found to be a target for PEG35-
mediated attenuation of inflammation in LPS-treated macrophages.

In conclusion, PEG35 facilitates exosomes internalization into cells and is able to
prevent the pro-inflammatory effect of acute pancreatitis-derived exosomes by targeting
NF«B signalling pathway. Nevertheless, our results indicate that the effects of PEG35
related to exosomes must be carefully considered. The increase in exosome uptake could
be attractive in situations that exosomes carry molecules of interest, as occurs in the anti-
inflammatory effects of exosomes released by mesenchymal stem cells (22). However, in
other pathological situations in which exosomes contribute to the pathogenic process, any
increase in exosome uptake could be detrimental. Obviously, further studies are required
in order to clarify both the potential and limitations of PEGs when using them in

pathologies in which exosomes play a relevant role.
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Figure 1. Characterization of extracellular vesicles. A) Size distribution curves,
evaluated by NanoSight, indicated that sizes are compatible with exosomes. B) Western
blot analysis was performed with whole cell lysates (CL) and pooled exosomes isolated
from plasmatic acute pancreatitis-induced rats and from epithelial cell line BICR-18 to
confirm the presence of classical exosome marker (TSG101) and the absence of
endoplasmic reticulum contamination (Calnexin, CNX). EXoAP, exosomes from plasma

of acute pancreatitis-induced rats; CL, Cell lysates; ExoB, Exosomes from BICR-18
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Figure 2. PEG35 enhanced uptake of exosomes in macrophages. A) Representative
images showing internalized ExoB in THP-1 macrophages cells at increasing
concentrations of PEG35. B) Fluorescence intensity analysis of the PKH26-labelled
exosomes from BICR-18 by Image J. C) Representative images showing internalized
exosomes from AP-induced rats in THP-1 macrophages incubated with 4%PEG35. D)
Fluorescence intensity analysis of the PKH26-labelled exosomes from AP by Image J.
Untreated and PEG35-treated cells were fixed and imaged with confocal microscopy

(original magnification 20x; blue, DAPI stained nuclei; red, PKH26 stained exosomes).
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The values shown represent the mean + SEM. *P < 0.05 versus ExoB. PEG35, 35-kDa
polyethylene glycol; ExoB, exosomes from BICR-18 cells; ExoAP, exosomes from AP-
induced rats.

BICR-18 CAPAN-2
Control 4%PEG35 Control 4%PEG35 B
2007 o 4%PEG35
%; 1754 +ExoB
& @150 I
£ S 4251 *
DAPI 8 21004
50
23 01
=l
E 254
0 n "
K s

Figure 3. PEG35 enhanced uptake of exosomes in epithelial cells. A) Representative
images showing internalized ExoB in epithelial BICR-18 and CAPAN-2 cells under
treatment with 4% PEG35. Untreated and PEG35-treated cells were fixed and imaged
with confocal microscopy (original magnification 20x; blue, DAPI stained nuclei; red,
PKH26 stained exosomes). B) Fluorescence intensity analysis of the PKH26-labelled
exosomes by Image J. The values shown represent the mean £ SEM. *P < 0.05 versus
ExoB. Data is representative of several repeated experiments. ExoB, exosomes from
BICR-18 cells; PEG35, 35-kDa polyethylene glycol.
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Figure 4. Gene expression of pro-inflammatory cytokines in THP-1-treated cells. A)
Gene expression by real-time gRT-PCR of IL1p and TNFa in ExoAP-treated THP-1 cells
subjected to increasing concentrations of PEG35. B) Gene expression by real-time gRT-
PCR of IL1p in LPS-treated THP-1 macrophages subjected to increasing concentrations
of PEG35. C) Gene expression by real-time gRT-PCR of IL1p in THP-1 macrophages
treated with increasing concentrations of ExXoAP. In all cases, mMRNA induction levels
were normalized to GAPDH mRNA expression. Bars represent mean values of each
group £ SEM. *P < 0.05 versus Control, +P < 0.05 versus ExoAP or LPS. Each
determination was carried out in triplicate. EX0AP, exosomes from acute-pancreatitis-
induced rats; PEG35, 35-kDa polyethylene glycol; IL1, interleukin 1B; TNFa, tumor

necrosis factor a.
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Control LPS PEG35+LPS ExoAP ExoAP+PEG35

Figure 5. 4%PEG35 suppressed p65 translocation to the nucleus, but not STATS3, in
LPS or ExoAP-stimulated macrophages. Representative images  of
immunofluorescence staining for subcellular localization of p65 subunit of NFxB and
STAT3 observed by confocal microscopy. Magnification 20X. Data is representative of
several repeated experiments. LPS, Lipopolysaccharide; ExoAP, exosomes from AP-
induced rats; PEG35, 35-kDa polyethylene glycol.
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Los PEGs son polimeros hidrosolubles y no toxicos ampliamente estudiados por las
caracteristicas fisicoquimicas beneficiosas que presentan al ser adicionados a diferentes

compuestos dentro de la industria farmacéutica, clinica, alimentaria y cosmética.

En la ultima década, el estudio de los efectos protectores presentados por estos
polimeros en diversos modelos experimentales, tanto in vivo como in vitro, ha ido

incrementando.

Dado los numerosos beneficios fisioldgicos que se relacionan con los PEGs de
distintos pesos moleculares, decidimos evaluar los efectos del PEG35 en la respuesta

inflamatoria asociada a la PA.

Para nuestros estudios nos basamos en varios modelos experimentales in vivo e in

vitro observando los siguientes resultados:

> En un modelo experimental de PAN en rata, la administracion profilactica de
PEG35 via intravenosa redujo la posterior inflamacién pancredtica y pulmonar.
Ademads, la administracién terapéutica por la misma via disminuyd las

complicaciones locales asociadas a la PAN.
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Figura 11. Esquema de los eventos fisiolégicos asociados a un modelo experimental de PAN. Efecto de la
administracion profilactica y terapéutica del PEG35 sobre ellos.
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» En un modelo experimental de PAEI en rata, la administracién profilactica de
PEG35 por via intravenosa redujo el proceso inflamatorio en el pancreas vy la

muerte celular asociada.

Edema y vacuolizacion
— PMN infiltrados
<SS Necrosis A

Citoquinas proinflamatorias
y antiinflamatorias I~
iINOS -

Lipasa " Profilactic /

LDH v

Figura 12. Esquema de las manifestaciones patoldgicas asociadas a un modelo experimental de PAEI. La
administracion de PEG35 antes de la induccidn de este modelo de inflamacién pancredatica conseguia
reducir el dafio inflamatorio.

> Enuna linea celular acinar pancreatica, AR42J, tratada con diferentes estimulos
proinflamatorios y proapoptdticos, observamos que el pretratamiento con

PEG35 atenua la inflamacion y la muerte celular asociada a estos estimulos.
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Figura 13. Esquema de modelos in vitro de inflamacién y muerte
celular. El pretratamiento con PEG35 disminuia el dafio celular
ocasionado por distintos estimulos.
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» En lineas celulares epiteliales de carcinoma de laringe, BICR-18, y de
adenocarcinoma del conducto pancreatico, CAPAN-2, asi como en una linea
celular promonocitica, THP-1, el PEG35 favorece la captacién de exosomas.
Asimismo, este polimero es también capaz de reducir el efecto proinflamatorio

de los exosomas procedentes del plasma de animales inducidos con una PA.
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Figura 14. Captacion de exosomas y efecto del PEG35. A) Esquema de
la internalizacion de exosomas en macréfagos. B) Esquema del
efecto del PEG35 en la respuesta inflamatoria mediada por la
captacion de exosomas.

Los resultados obtenidos esclarecen el papel del PEG35 en la modulacién de los

procesos inflamatorios asociados al pancreas.
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“Krat’eroi.”

Fueron las ultimas palabras que pronuncié Alejandro Magno antes de su misteriosa
muerte. Desde que esto sucediera en el afio 323 a.e.c, los enormes avances en
investigacion biomédica han permitido relacionar no solo este sino otros tantos casos
histéricos de enfermedades con lo que a dia de hoy conocemos como una PA (172),

(173).

Avanzando en la historia, la primera descripcion clinica de una PA fue publicada por
el médico italiano lacobo Auberto Vindone en 1579, en la que describe una necrosis del
tejido pancredtico en un paciente alcohdlico (174). Desde entonces, se ha recorrido un
largo camino en el que los avances en diagnosis y prognosis, de la mano con las
investigaciones clinicas en fisiopatologia pancreatica, han ido esclareciendo los inicios
biomoleculares de esta enfermedad y mejorando su tratamiento (175). Sin embargo,
examinando en retrospectiva, el progreso en el manejo clinico de la PA ha ido lento en
las ultimas décadas. Uno de los mayores cambios relacionados con el tratamiento es que
la intervencion quirdrgica ha pasado a reservarse para los casos en los que aparecen

complicaciones en los estadios mas tardios de esta enfermedad (176).

Debido al numero creciente de casos clinicos que han aparecido en las ultimas
décadas y al elevado indice de mortalidad asociada a la aparicién de complicaciones
sistémicas, con especial atencién en la afeccion pulmonar, esta enfermedad continda
siendo un reto en investigacion, mds aun sin la existencia de un tratamiento

farmacoldgico especifico.

Numerosos estudios han observado propiedades protectoras de los PEGs frente a
dafios tisulares por diversas vias de administracion (177), (178), (151), (179). La
naturaleza no toxica y su elevada solubilidad le confieren unas caracteristicas

interesantes para su uso en farmacologia.

Con estos antecedentes, se sentaron las bases de la investigacion llevada a cabo en

esta Tesis y de los experimentos que se han descrito en ella.

Enel se estudio el efecto protector de la administracion intravenosa

de PEG35 en un modelo de PAN en rata. Como se ha mencionado, la complicaciéon
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sistémica asociada a esta patologia pancreatica con un mayor porcentaje de mortalidad
es la disfuncién pulmonar. El objetivo principal que se seguia en estos experimentos era,

por tanto, reducir esta afectacidn sistémica con el uso de PEG35.

En este estudio se demostrd que, la unidosis de PEG35 administrada previamente a
la induccion de la PAN protegia el tejido pancreatico y pulmonar de los efectos
deletéreos de esta enfermedad. La primera sefial de esta proteccion se observé al medir
la actividad de la enzima lipasa en plasma, uno de los marcadores de dafo pancreatico
mas utilizados, junto con la amilasa, para el diagndstico de la PA. Asi, la administracién
profilactica de PEG 35 disminuia el dafio pancredtico al reducir significativamente los

elevados niveles asociados a la induccion de la PA.

En la evaluacion histopatolégica del pulmdn, observamos un descenso de los
principales marcadores de inflamacion y necrosis del tejido bajo el tratamiento de
PEG35, tanto profilactico como terapéutico. En cambio, en tejido pancreatico solo
disminuian estos marcadores con la administracion profilactica de este polimero. Esta
ultima observacion fue determinante para sugerir el efecto protector sistémico del

PEG35 al administrarlo posteriormente a la induccion de la PAN.

La PA, como enfermedad de base inflamatoria, desencadena una respuesta del
sistema inmune caracterizada por la activaciéon de varias vias de senalizacion que
desembocan en la liberacion de citoquinas pro y antiinflamatorias. La medicion de los
niveles de estas citoquinas refleja la lesion inflamatoria provocada por esta enfermedad.
Entre las principales citoquinas proinflamatorias, destaca la accién de IL-6, IL1-f y TNF-
a, y de quimioquinas como CXCL-2. En este sentido, el PEG35 administrado por via
profilactica fue capaz de reducir significativamente la elevada expresién génica en el
pancreas de IL-6, IL1-B y CXCL-2 bajo la induccién de PAN. Sin embargo, su
administracion terapéutica no fue capaz de revertir la respuesta inflamatoria en el
pancreas. Probablemente, el daifio pancreatico causado una vez se activa la cascada
proinflamatoria durante la PAN es extremadamente dificil de revertir. En relacion al
pulmén, la induccion de PAN aumentd los niveles de TNF-a, IL-6, IL1-B y CXCL-2
comparado con el grupo control. La administraciédn profilactica de PEG35 redujo

significativamente la expresién de IL-6, TNF-a e IL1-B mientras que la administracion
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terapéutica fue capaz de reducir los niveles de IL-6 y TNF-a, aun cuando la lesién

pancredtica era equivalente a la del grupo inducido con PA sin tratar.

Puesto que IL-6 se ha propuesto como un marcador de la severidad de la PA, asi
como un indicador del posible desarrollo de complicaciones sistémicas (160), (161)
determinamos los niveles de esta interleuquina en plasma. Tras la induccidn de la PAN,
los elevados niveles de IL-6 indicaban la gravedad de la lesidon pancredtica en este
modelo de pancreatitis. La administracion de PEG35, tanto profildctica como
terapéutica, produjo un descenso significativo de los niveles sistémicos de esta citoquina
en plasma, sugiriendo que la administracion de este polimero esta frenando la

progresion de la PAN y sus efectos sistémicos.

Tras analizar la respuesta inflamatoria caracteristica asociada a la PAN a través de
los niveles de las citoquinas y quimioquinas, se realizé una evaluacion de la expresion
de moléculas de adhesién implicadas en dafio pulmonar y pancreatico. La P-selectina 'y
la ICAM-1 son las principales moléculas de adhesion relacionadas con la inflamacion
aguda del pancreas e implicadas en la progresién sistémica de la PA debido a que median
la infiltracidn de neutrofilos desde el endotelio al tejido pancreatico y pulmonar (180),
(181), (182), (183). El analisis de los niveles de expresion de P-selectina e ICAM-1 mostrd
un aumento significativo tras la induccién de la PAN, tanto en pancreas como en
pulmén. Estos datos apoyaban la hipdtesis de que la sobreestimulaciéon de estas
moléculas de adhesion estd relacionada con la severidad de la PAN, como ya se habia
demostrado en otros estudios anteriores (184), (185). Como era de esperar, estos
niveles se reducian en ambos tejidos bajo el pretratamiento con PEG 35. Por otro lado,
aunque la administracion terapéutica de PEG 35 redujo significativamente la expresion
de P-selectina y de ICAM-1 en tejido pulmonar, no fue asi en el pancreas, demostrando
que el tratamiento terapéutico con PEG 35 ejerce un papel protector disminuyendo

significativamente la respuesta inflamatoria en el pulmén asociada a la PA.

El reclutamiento y la infiltracién de neutréfilos son unas de las principales sefiales
identificadas en procesos inflamatorios, ambas facilitadas por las moléculas de adhesion
P-selectina e ICAM-1. Esta caracteristica se midié observando la presencia de la enzima

mieloperoxidasa en el tejido pancreatico y pulmonar. Esta enzima esta almacenada en
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los granulos azurdfilos de los neutrdfilos por lo que su deteccidn en tejido es indicativa
de un proceso inflamatorio. Bajo la administracion profilactica de PEG35 habia una
menor presencia de neutrofilos infiltrados tanto en tejido pancredtico como pulmonar,
mientras que el tratamiento terapéutico solo reducia el numero de neutréfilos en el
pulmén. Estos datos nuevamente mostraban que la terapia con PEG35 estaba
ejerciendo un efecto antiinflamatorio sistémico, reduciendo la extravasacién de

neutrofilos desde las células endoteliales.

Enla PA, tanto a nivel experimental como en el curso de la enfermedad en pacientes,
son bien conocidos los procesos de muerte celular por los que pasan las células acinares
pancredticas: necrosis y apoptosis. La determinacién de la liberacion de LDH,
relacionada con la necrosis celular, nos permitid sugerir un efecto antinecrdtico del
PEG35 ya que, tanto la administracién profilactica como terapéutica redujo la actividad
plasmatica de esta enzima. Por otro lado, la caspasa-3 es una enzima que interviene en
procesos apoptoéticos celulares, por lo que la evaluacién de su presencia en tejido refiere
a la activacion de este tipo de muerte programada en las células. En tejido pancreatico
y pulmonar se observé un aumento de su expresion a las 3 horas de la induccion de la
PAN. Tanto el pretratamiento como el tratamiento de PEG35 redujo la presencia de la
caspasa-3, ejerciendo un efecto protector frente a la apoptosis celular. Estos resultados
son consistentes con los de un estudio previo en el que se demostré el papel
antiapoptoético del PEG 15-20 en miocitos expuestos a condiciones de isquemia —

reperfusion (151).

Tomando en conjunto todos estos resultados, pudimos demostrar un efecto
protector del PEG35 en este modelo experimental al reducir la severidad de la PAN y

proteger frente la muerte celular asociada a los procesos inflamatorios.

Teniendo en cuanta que la reversibilidad del dafio pancredtico es complicada de
abordar en la practica clinica, minimizar la respuesta inflamatoria sistémica es el
principal objetivo en el tratamiento de esta enfermedad, con el fin de revertir el fallo
multiorganico y la morbilidad y mortalidad asociadas. Nuestros resultados sugieren la
utilizacién de PEG35 como una potencial herramienta terapéutica para modular la

progresion de la PAN hacia la letalidad.
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Para el evaluamos la administracidn profilactica por via intravenosa
del PEG35 en un modelo experimental de PAEI en ratas. Las caracteristicas principales
de este modelo son la formacién de edema intersticial y la inflamacion local del

pancreas, que cursan con una clinica mas leve que en el caso de la PAN.

En primer lugar, medimos los niveles plasmaticos de la enzima lipasa y observamos
un aumento significativo de estos respecto a los grupos control. Tras la administracion
profilactica de PEG35, la actividad de la lipasa pancredtica se reducia hasta valores

significativos, lo que indica que este polimero estd ejerciendo un efecto protector local.

Para estudiar la formacion de edema caracteristica de esta patologia, se evalud una
ratio de peso fresco-peso seco del érgano pancreatico. Los resultados obtenidos
indicaron un descenso significativo del contenido de liquido con la administracion de
PEG35. El edema se presenta como un aumento del volumen tisular ocasionado por la
acumulacién de liquido intersticial. La formacién de edema puede deberse a un
aumento de la presién hidrostatica en el interior de los capilares sanguineos, que puede
ocasionar el flujo de agua hacia el espaciointersticial, un descenso de la presién oncdtica
capilar por la menor presencia de biomoléculas en el interior de los vasos que limita la
capacidad de reabsorcion de agua del espacio intersticial o bien un aumento de la
presion oncotica intersticial con una mayor presencia de proteinas en el intersticio. Este
desequilibrio entre presiones hidrostaticas y oncdticas es provocado por un aumento de
la permeabilidad capilar, que altera el intercambio de fluido entre las membranas
celulares. La hipovolemia provocada por el descenso en el volumen intravascular, asi
como la presencia de fluido intersticial, pueden terminar produciendo una
hipoperfusion y necrosis pancreaticas de no poder resolverse mediante reanimacion por

hidratacion (186), (187).

Existen diversos estudios que demuestran las propiedades oncéticas de los PEGs
debidas a su naturaleza hidrofilica, y su interacciéon con la bicapa de fosfolipidos que
constituye la membrana celular (188). Los efectos del PEG sobre el edema pueden
deducirse de su capacidad para aumentar la presién oncética en el interior del capilar,

al interactuar con la membrana de las células endoteliales y restaurar la barrera
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endotelial (189), asi como disminuir la presion oncética intersticial, pudiendo adherirse

a las proteinas presentes en el intersticio aumentando su solubilidad (190).

Se ha descrito como principal desencadenante de la PA la activacién prematura de
las enzimas pancredticas en las células acinares, con su consiguiente dafio tisular y el
desencadenamiento de una respuesta inflamatoria. Esta secrecién enzimatica conduce
también a un dafio microvascular alterando la permeabilidad de los capilares sanguineos

y a una liberacidn de citoquinas proinflamatorias (191).

El desencadenamiento de la respuesta inflamatoria comienza tras la activacién de
las vias de sefalizacidén que producen la liberacidon de las citoquinas proinflamatorias IL-
6, IL-1B y TNF-a, principalmente. En el modelo experimental de PAEI, se observd un
aumento significativo de los niveles de estas citoquinas en tejido pancredtico con
respecto a los grupos control. La administracion profilactica de PEG35 ejercid un efecto
protector frente a la inflamacidén local al reducir la expresién génica de las citoquinas
proinflamatorias. Ademads de estas citoquinas proinflamatorias, el aumento de la
actividad de la enzima éxido nitrico sintasa inducible (iNOS) también esta relacionado
con la presencia de inflamacidn tisular, por lo que sus niveles eran susceptibles de verse
afectados durante la PAEI. De esta manera, se examind la expresion génica de iNOS
viéndose un incremento significativo tras la induccién de la PA que disminuia con el
pretratamiento de PEG35. Ademds, se estudid la liberacion de factores
antiinflamatorios, como IL-10, expresados en pancreas y se observé como aumentaban
durante la PAEIl. Al administrar el PEG35 profilactico, los niveles de esta citoquina
permanecian elevados, pues la sefial de proteccion frente a la inflamacién persistia tras

la administracion de este polimero.

Este modelo de PA, caracterizado por la presencia de edema intersticial local,
también lleva asociados procesos de muerte celular que afectan a las células acinares
pancreaticas. Asi, observamos un aumento significativo en la liberacidon plasmatica de
LDH bajo la induccién de la PAEI. Los niveles plasmaticos de esta enzima descendieron
con la administracién profilactica de PEG35, corroborando su efecto local antinecrético.

La muerte celular por apoptosis esta también relacionada con la respuesta inflamatoria



DISCUSION

de las células acinares pancreaticas durante la PAEl. De esta manera, se evaluaron

indicadores apoptoticos como la caspasa-3 y la BCL-2 en el pancreas.

BCL-2 es un bloqueador de la liberacién de citocromo C. La presencia de este en el
citosol desencadena una cascada de sefializacidon apoptdtica que termina activando la
caspasa-3, una de las principales caspasas efectoras que inician los procesos de
degradacion de determinadas biomoléculas en el interior de la célula. Los niveles
elevados de BCL-2 impiden la salida del citocromo C, por lo que son una sefial de
proteccién frente a la apoptosis celular. En cambio, un incremento de la expresién de la
caspasa-3 indica que se estd activando una respuesta apoptdtica en las células. Durante
la PAEI, los niveles de la caspasa-3 aumentaron, como cabia esperar ya que la aparicién
de edema y la inflamacién celular estan estrechamente relacionadas con la apoptosis,
mientras que la expresion proteica de BCL-2 disminuyd. De este modo, con estos
resultados pudimos determinar que el PEG35 presenta un efecto antiapoptético, al
mantenerse elevada la expresion de BCL-2 y reducirse los niveles de caspasa-3 en tejido

pancreatico.

Para completar la investigacion de los efectos protectores del PEG35 frente a
patologias pancreaticas in vivo, se realizaron experimentos in vitro con células acinares

pancreaticas y macrofagos.

Asi, en el observamos los efectos del PEG35 en cultivos de células
acinares pancredticas de la linea AR42J bajo distintos estimulos de inflamacién y muerte

celular.

En uno de nuestros modelos experimentales en ratas se inyectaron sucesivas dosis
de ceruleina para inducir una PA leve. Este es un modelo ampliamente utilizado en
experimentacién animal que, sin embargo, no se habia estudiado mucho en cultivo
celular. En las dos ultimas décadas, comienza a aparecer bibliografia en la que se
describe la utilizacién de la ceruleina, compuesto andlogo a la CCK, en modelos

experimentales in vitro con células acinares pancredticas como las AR42J (192), (193).

La administracion de ceruleina produce una liberacion de citoquinas

proinflamatorias desde las células acinares del pancreas. De esta manera, se evalud la
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expresion génica de IL-1B y TNF-a en un modelo experimental con células AR42J en el
gue se administraron diferentes concentraciones de PEG35 previas al tratamiento con
ceruleina. Asi, se pudo observar un efecto de dosis-respuesta por parte del PEG35, pues
la respuesta inflamatoria correspondiente a los niveles de estas citoquinas disminuia a

medida que aumentaba la concentracién de este polimero.

Otro modelo experimental in vitro que desencadena una respuesta inflamatoria en
las células acinares pancreaticas es la administracién de TNF-a (194). El pretratamiento
de las AR42J con PEG35 disminuia los niveles de expresion de marcadores moleculares
proinflamatorios, como TNF-a e iNOS, de manera dosis-dependiente, reafirmando asi

los resultados obtenidos bajo la administracién de ceruleina.

Se ha descrito cdmo en los modelos experimentales in vivo de PA el PEG35 actua
también sobre las vias de senalizacion relacionadas con procesos de muerte celular que
tienen lugar durante el desarrollo de esta enfermedad pancreatica. El control de la
muerte celular puede limitar los efectos sistémicos de la PA, ya que se han relacionado

los procesos de apoptosis celular con una menor severidad (195).

Durante la PA, las células pancreaticas acinares activan vias apoptadticas y se liberan
patrones de dafio molecular (DAMPs). Estos suelen ser facilmente fagocitados por las
células, pero cuando la tasa de fagocitosis es superada por la apoptosis celular, los
DAMPs se pueden acumular en el interior de las células y llegar a agravar el dafio
pancreatico (196). Este es uno de los motivos por los que resulta interesante pensar en
estrategias de tratamiento contra la propagacion de la muerte celular asociada a la PA.
Para ello, se realizé un estudio de proliferacidn celular in vitro, en el cual se evalud el
efecto de la administracion de PEG35 en células AR42] tratadas con estaurosporina, un
alcaloide natural aislado de la Streptomyces staurosporeus y potente inductor de
apoptosis (197). Corroborando los datos sobre muerte celular obtenidos en los
experimentos in vivo, el pretratamiento con PEG35 mantenia la viabilidad de las células,

observandose un aumento en respuesta a concentraciones crecientes de PEG35.

Por ultimo, el efecto antinecrético del PEG35 se evalud de igual manera in vitro

mediante un examen de LDH en el sobrenadante celular, bajo tres tipos de estimulos



DISCUSION

proinflamatorios: ceruleina, TNF-a y LPS. La administracién de PEG35 reducia los niveles

de LDH de manera dosis-dependiente en cada uno de ellos.

Por ultimo, en el estudiamos el efecto del PEG35 en la respuesta
inflamatoria mediada por exosomas. Estas nanovesiculas se han relacionado con la
activacion de vias de sefializacion inflamatorias capaces de estimular a los TLRs de las

membranas celulares.

La incubaciéon de monocitos humanos THP-1 diferenciados a macréfagos, con
concentraciones crecientes de PEG35 y en presencia de exosomas aumentaba la
captacioén de estas nanovesiculas. Con la presencia de PEG35 en el medio de cultivo, los
macroéfagos eran capaces de incorporar un mayor nimero de exosomas en su interior.
Asimismo, debido a que los macréfagos internalizan exosomas con mayor eficiencia que
las células no fagociticas, corroboramos este efecto del PEG35 en lineas celulares

epiteliales, BICR-18 y CAPAN-2.

Teniendo en cuenta que los exosomas pueden desencadenar la activacion de
citoquinas proinflamatorias, estudiamos si este aumento en la captacién provocado por
el PEG35 venia acompafiado también de un incremento de la respuesta inflamatoria en
las células. Para ello, utilizamos exosomas extraidos del plasma procedente de ratas en
las que se habia inducido una PA y evaluamos los niveles de algunas de las principales
citoquinas proinflamatorias, IL1-B y TNF-a, en los macroéfagos incubados con estos
exosomas. De esta manera, determinamos que la incorporaciéon de PEG35 al medio de
cultivo disminuia la expresion de estas citoquinas. De acuerdo con lo que ya habiamos
observado en otros modelos experimentales, el PEG35 presentaba un efecto
antiinflamatorio que también era capaz de reducir la inflamacién inducida por los

exosomas.

Por otro lado, estudiamos la localizacién celular del PEG35 en macrdéfagos y pudimos
observar que laincubacién de estos con una mayor concentracién de PEG35, aumentaba
la presencia de este polimero en el citoplasma. Teniendo en cuenta una de las
caracteristicas del PEG35 destacadas anteriormente como es su capacidad de

interactuar con las membranas celulares es posible que ésta influya facilitando la
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internalizacidon de los exosomas, ya que estos presentan una estructura externa de

bicapa fosfolipidica, similar a la superficie celular (198).

En conclusidn, el PEG35 modula la respuesta inflamatoria mediada por los exosomas

y favorece su captacion.

Globalmente, los resultados obtenidos a lo largo de esta Tesis Doctoral nos llevan a
proponer un efecto protector del PEG35 frente a la inflamacién y la muerte celular
asociadas a la PA. Esto, unido a sus interesantes caracteristicas fisicoquimicas,
convierten a este polimero en una molécula biocompatible, cuyo estudio podria ofrecer
una nueva herramienta para el tratamiento clinico de patologias inflamatorias del
pancreas. De esta manera, el uso del PEG35 podria ser una nueva estrategia de terapia
para las complicaciones letales de la PAN, asi como para el tratamiento de la inflamacién

local asociada a la PAEI.
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Las conclusiones que se pueden deducir de los estudios que componen esta Tesis

Doctoral son las siguientes:

1. La administracioén profilactica de PEG35 reduce la inflamacidn local pancreatica
y pulmonar en un modelo de PAN en rata. El pretratamiento con PEG35 protege

también frente a la muerte celular asociada a la PAN.

2. La administracion terapéutica de PEG35 reduce la severidad del proceso
inflamatorio pulmonar asociado a la PAN, aun cuando la inflamacién pancreatica
es equivalente a la de una PA sin tratar. Asimismo, la muerte celular asociada al

proceso inflamatorio también se ve reducida.

3. EIPEG35 reduce lalesidon local pancreatica en un modelo de PAEIl en rata a través

de la disminucién del proceso inflamatorio y la muerte celular asociada.

4. El PEG35 protege frente al dafio celular en células acinares pancreaticas AR42)J

tratadas con estimulos inflamatorios y apoptadticos.

5. ELPEG35 aumenta la captacion celular de exosomas, tanto en células fagociticas,
como los macréfagos, como en lineas celulares epiteliales. Ademas, el PEG35

favorece su propia internalizacion en macréfagos.

6. EIPEG35 modula el proceso inflamatorio inducido por los exosomas procedentes

de una PA.
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