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Novas estratégias farmacologicas para reduzir os principais desencadeadores inflamatorios
de lesoes de orgaos em doencgas cardiovasculares

GUSTAVO FERREIRA ALVES

RESUMO

Doengas cardiovasculares estdo entre as principais causa de morte em todo o mundo e dois dos um
dos principais problemas de saude publica incluem sepse e choque hemorragico (CH). Sao
condigdes clinicas com risco de vida que sd3o acompanhadas por desequilibrio inflamatério
sist€émico que levam a faléncia de multiplos 6rgaos (FMO) e atualmente nao héa intervencgdes
farmacolodgicas especificas que impecam o aparecimento de FMO associado a tais condigdes.
Recentemente, algumas quinases, incluindo, “focal adhesion kinase (FAK), proline-rich tyrosine
kinase 2 (PyK2) Bruton’s tyrosine kinase (BTK) e the Janus kinase (JAK), assim como
imunomoduladores, macrophage migration inhibitory factor (MIF) e Inducible T cell co-stimulator
ligand (ICOSL)” estdo entre os mecanismos moleculares envolvidos recentemente descobertos no
desenvolvimento de respostas inflamatdrias excessivas em varios cenarios clinicos. No entanto,
até o momento, o papel de tais mediadores no contexto da sepse e do CH tem sido pouco
investigado. Portanto, a presente tese teve como objetivo investigar o papel desses alvos bioldgicos
na patogé€nese da sepse/CS e testar em modelos in vivo de sepse ¢ CH os potenciais efeitos
benéficos de sua modulaciao por meio da administragdo de ferramentas farmacoldgicas seletivas.
Curiosamente, alguns dos farmacos aqui testados ja foram aprovados para tratar outros disturbios
relacionados a inflamagdo. Para isso, ratos ou camundongos adultos foram submetidos a cirurgia
Cecal ligation and puncture (CLP) para induzir sepse polimicrobiana ou o sangue foi
retirado/reperfundido para simular a lesdo de CH. Apos os procedimentos cirirgicos, os animais
foram aleatoriamente designados para receber veiculo ou os compostos seletivos as cascatas
mencionadas acima (PF562271, Ibrutinib, Acalabrutinib, Fenebrutinib, Baricibinib, ISO-1 e
ICOS-Fc para interagir farmacologicamente com FAK-PyK2, BTK, JAKI1 /2, MIF e ICOS-
ICOSL, respectivamente). Orgios e plasma foram coletados 4 e/ou 24 horas apds a cirurgia para
andlises. Os resultados aqui relatados mostraram que as quinases testadas (FAK, PyK2, BTK e
JAK) e os componentes imunologicos (ICOSL e MIF) realmente desempenham um papel central
na patogénese da sepse e da HS, demonstrando um papel fundamental dos diferentes mediadores
na ativacao do eixo NFkB-MAPK-NLRP3, que resulta em inflamagao sistémica (tempestade de
citocinas) e local (hepatica, renal, cardiaca), levando, em ultima andlise, a lesdo de multiplos
orgdos. Mais notavelmente, mostramos de forma convincente que os tratamentos farmacologicos
protegeram efetivamente contra sepse/CH, reduzindo a inflamagao sistémica/local e, portanto, a
disfuncdo de 6rgados relacionados. Em geral, o presente projeto de doutorado leva a identificagdo
de alvos farmacologicos inovadores para o tratamento de sepse ¢ CH, destacando o potencial de
redirecionamento de farmacos aprovados pela EMA e pela FDA nessas condi¢des clinicas
especificas.

Palavras-chave: Sepse, choque hemorragico, disfun¢do cardiovascular, inflamagdo, quinases,
imunomodulagao, redirecionamento de farmacos.



New pharmacological strategies to counteract the major inflammatory triggers of organ
injury in cardiovascular diseases

GUSTAVO FERREIRA ALVES

Department of Neurosciences "Rita Levi Montalcini"/Department of Pharmacology

University of Turin (Turin, Italy)/Federal University of Santa Catarina (Florian6polis, Brazil)

ABSTRACT

Cardiovascular diseases are the leading cause of death worldwide and two of the major public
health concerns that manifest cardiovascular dysfunction include sepsis and haemorrhagic shock
(HS). Sepsis and HS are life-threatening clinical conditions that are accompanied by systemic
inflammatory imbalance that ultimately leads to multiple organ failure (MOF) and currently there
are no specific pharmacological interventions that prevent the onset of MOF associated with these
clinical conditions. Few kinases, such as the focal adhesion kinase (FAK), the proline-rich tyrosine
kinase 2 (PyK2), the Bruton’s tyrosine kinase (BTK) and the Janus kinase (JAK) as well as
immunomodulatory mediators such as macrophage migration inhibitory factor (MIF) and
Inducible T cell co-stimulator ligand (ICOSL) are among the most recently discovered molecular
mechanisms involved in the development of an excessive inflammatory response in several clinical
settings. However, so far, their role in the context of sepsis and HS has been poorly investigated.
Therefore, the present thesis aimed to investigate the role of these key targets in the pathogenesis
of sepsis/HS and to test in in vivo models of sepsis and HS the potential beneficial effects of their
modulation by administering selective pharmacological tools. Interestingly some of the drugs here
tested have been already approved to treat other inflammatory-related disorders. Adult rats or mice
underwent caecal ligation and puncture (CLP) surgery to induce polymicrobial sepsis or blood
withdrawn/reperfusion to mimic the HS injury. After the surgical procedure, the animals were
randomly assigned to receive either vehicle or the compounds targeting the above-mentioned
cascades (PF562271, Ibrutinib, Acalabrutinib, Fenebrutinib, Baricibinib, ISO-1 and ICOS-Fc for
targeting FAK-PyK2, BTK, JAK1/2, MIF and ICOS-ICOSL, respectively). Organs and plasma
were collected 4 and/or 24 h after surgery for analyses. The results here reported showed that the
tested kinases (FAK, PyK2, BTK and JAK) and immune components (ICOSL and MIF) do indeed
play a central role in the pathogenesis of sepsis and HS, demonstrating a key role of the distinct
mediators in the activation of the NFkB-MAPK-NLRP3 axis, which results in systemic (cytokine
storm) and local (hepatic, renal, cardiac) inflammation, leading ultimately to multiorgan injury.
Most notably, we convincingly showed that the pharmacological targeting of these key proteins
effectively protected against sepsis/HS by reducing systemic/local inflammation and hence
related-organ dysfunction. Overall, the present PhD project leads to the identification of innovative
pharmacological targets for the treatment of sepsis and HS, highlighting the potential for EMA -
and FDA-approved drugs to be repurposed in these specific clinical settings.

Keywords: Sepsis, haemorrhagic shock, cardiovascular derangements, inflammation, kinases,
immunomodulation, drug repurposing



RESUMO EXPANDIDO

New pharmacological strategies to counteract the major inflammatory triggers of organ
injury in cardiovascular diseases

Novas estratégias farmacologicas para reduzir os principais desencadeadores
inflamatorios de lesdes de orgaos em doencas cardiovasculares

Candidato: GUSTAVO FERREIRA ALVES
RESUMO

A presente tese demonstra o papel deletério das vias inflamatorias FAK, PyK2, BTK, JAK, MIF
e ICOS-ICOSL durante a sepse ou choque hemorrdgico e que a modulacdo farmacoldgica e
genética dessas vias exibe protecdo ao neutralizar a inflamagdo e, portanto, faléncia multipla de
orgaos induzidas pela sepse/CH experimental. Ressaltamos que o principal mecanismo molecular
por tras da protecdo de orgdos independentemente do tratamento farmacoldgico ¢ através da
atenuacdo das vias inflamatorias NFkB e do inflamassoma NLRP3. Enfatizamos também a
relevancia clinica da abordagem de redirecionamento de farmacos, mostrando que farmacos ja
aprovados e presentes no mercado, tais como Ibrutinibe, Acalabrutinibe, Fenebrutinibe e
Baricitinibe, podem atuar como potenciais candidatos a serem reposicionados para sepse/choque
hemorragico.

1 INTRODUCAO

Globalmente, doencas cardiovasculares (DCVs) estdo entre as principais causas de morte.
Segundo a Organizacdo Mundial da Satde (OMS), cerca de 18 milhdes de pessoas morrem todos
os anos de DCVs, representando 31% de todas as mortes em todo o mundo [1]. Em vista disso,
dois grandes problemas de saude publica que manifestam disfuncdo cardiovascular incluem sepse
e choque hemorragico (HS), que por sua vez, os sobreviventes t€m mostrado um alto risco de
desenvolver distirbios cardiovasculares a longo prazo, juntamente com sequelas associadas [2].
Os dados mais atuais sobre a carga global de sepse relatam 48,9 milhdes de casos incidentes e 11,0
milhdes de mortes relacionadas a sepse, correspondendo a quase 20% de todas as mortes em todo
o mundo [3]. Por outro lado, a cada ano, ocorrem aproximadamente 6 milhdes de mortes
associadas ao trauma, das quais quase 40% sao devidas a hemorragias associadas ao trauma [4].

Sepse e choque hemorragico (CH) sdo condi¢des clinicas com risco de morte que sdo
acompanhadas por faléncia de multiplos 6rgaos (MOF) [5] e atualmente ndo ha intervengdes
farmacoldgicas especificas que impegam o aparecimento de MOF associado a sepse ou CH. De
acordo com as ultimas diretrizes da “Surviving Sepsis Campaign”, o manejo de pacientes sépticos
consiste principalmente em antibioticoterapia, suplementacao de fluidos, suporte de oxigénio e
agentes vasopressores [6]. Da mesma forma, o manejo do choque hemorragico traumatico na fase
aguda consiste na contensao do sangramento, seguida da administra¢do de fluidos de ressuscitagao,
drogas vasoativas e transfusdo de sangue [7]. Embora o nimero de mortes precoces pos-
lesdo/sepse tenha diminuido nos ultimos anos devido & melhoria dos cuidados no ambito



hospitalar, o prognostico de pacientes sépticos e/ou traumatizados ainda permanecem
notavelmente ruins, reforcando a necessidade urgente de novas terapias especificas para pacientes
severamente doentes.

A fim de encontrar um caminho entrelagado entre as duas condigdes clinicas, a presente tese teve
aprofundado os principais aspectos fisiopatologicos comuns entre elas. Apesar da sepse e da HS
terem etiologias distintas, os estdgios iniciais de ambas as condi¢cdes médicas compartilham
algumas semelhangas em relacdo a sua patogénese, como, por exemplo, o desequilibrio
inflamatério apds o inicio dessas complicagdes. Numerosos fatores desencadeantes contribuem
para essa desregulagdo, incluindo citocinas proé e anti-inflamatérias, quimiocinas, padroes
moleculares associados a patogenos (do inglés, PAMPs), como exotoxinas e endotoxinas
bacterianas, micotoxinas e padrdes moleculares associados a danos (do inglés, DAMPs) liberados
por células lesadas. Assim, enquanto na sepse ha um efeito sinérgico de PAMPs e DAMPs [8], na
HS ha um efeito predominante de DAMPs do extenso dano tecidual e lesdo de isquemia-reperfusao
(I/R) [9]. Essa interagdo complexa envolvendo essas substancias pode levar a uma ativagdo
aberrante do sistema imunoldgico, levando a chamada “tempestade de citocinas” devido a
liberagdo macica de citocinas, podendo entdo causar lesdo e disfungdo de 6rgaos [10].

Evidéncias solidas relatam o envolvimento de vias inflamatorias seletivas, como o inflamassoma
NLRP3 e NFkB no desenvolvimento da tempestade de citocinas e, portanto, levando a MOF
associado a sepse/CH [11][12].

Assim, uma vez que a inflamacao desempenha um papel central na patogénese da sepse e do CH,
sugere-se que o redirecionamento de farmacos seletivos para componentes-chave de cascatas
inflamatorias pode ser uma abordagem terapéutica promissora no desfecho da sepse/CH. Diante
disso, a presente tese teve como objetivo testar os efeitos de duas diversas abordagens
farmacologicas: (a) inibir seletivamente quinases e (b) modular imunocomponentes que sao
fortemente relacionados a vias inflamatorias, a fim de prevenir o desarranjo inflamatério induzido
por sepse/HS e MOF .

2 OBJETIVOS

O objetivo geral da presente tese foi modular farmacologicamente vias inflamatoérias seletivas que
levam a disfun¢do de multiplos 6érgaos em doengas cardiovasculares, usando modelos de roedores
de sepse e choque hemorragico.

3 METODOLOGIA

Os estudos contidos nesta tese foram realizados através de modelos experimentais de sepse e
choque hemorragico publicados em seis diferentes artigos cientificos. Resumidamente, ratos ou
camundongos adultos foram submetidos a cirurgia cecal ligation and puncture (CLP) para induzir
sepse polimicrobiana ou o sangue foi retirado/reperfundido para simular a lesdo de CH. Apds as
cirurgias, camundongos ou ratos receberam moduladores farmacoldgicos seletivos por diferentes
vias de administracdo. Todos os parametros avaliados incluem analise in vivo, ex vivo e in vitro
em avaliacdo aguda e de longo prazo. Uma visao geral dos estudos ¢ apresentada na Tabela 1.



Tabela 1: Resumo dos estudos incluidos na tese

Design do estudo Tempo fi ¢ Ao biolégico Intervenciio farmacolégica
avaliacio

Artigo 1 CLP em 53 camundongos

(Sepse) machos C57BL/G 24/120 h FAK-PyK2 PF562271
Artigo 11 CLP em 44 camundongos CBA 24 h BTK Deficiéncia genética do

(Sepse) e CBA/CaHN-Btk*/] (Xid) gene BTK ou Ibrutinib
A?égﬁ)lll CH cm 92 ratos machos Wistar 4/24 h BTK Acalabrutinib/Fenebrutinib
Ar(t(lng(;)IV CH cm 40 ratos machos Wistar 4h JAK1/2 Baricitinib
A?é%))v CH cm 70 ratos machos Wistar 2/24 h MIF ISO-1
Artigo VI CLP em 72 camundongos

(Sepse) machos C57BL/6 24h ICOSL ICOS-Fe

Seis artigos foram incluidos na tese, compreendendo 3 estudos de sepse (CLP) e 3 estudos de choque hemorrdgico
(HS). Os estudos foram realizados usando camundongos ou ratos, seguindo avaliagbes em pontos de tempo
estabelecidos (4, 24 e 120 h). Cada estudo enfocou uma intervengdo farmacolégica seletiva para um alvo biolégico
especifico. CLP — cecal ligation and puncture;, HS — haemorrhagic shock; FAK — Focal adhesion kinase; PyK2 —
Proline-rich tyrosine kinase 2; BTK — Bruton’s tyrosine kinase;, JAK — Janus kinase; MIF — Macrophage migration
inhibitory factor;, ICOSL — Inducible T cell co-stimulator ligand.

4 RESULTADOS

Modulando quinases e imunocomponentes como estratégias farmacologicas para neutralizar
a disfunciio de miultiplos orgaos na sepse e no choque hemorragico

Representativamente, no primeiro desenho experimental (artigo I), mostramos efeitos protetores
de PF271 em um modelo murino de sepse. A inibi¢do seletiva das proteinas FAK e PyK2 atenuou
os danos hepaticos e renais induzidos pela sepse, conforme documentado por niveis sistémicos
reduzidos dos marcadores bioquimicos AST, ALT (les@o hepatica) e creatinina (disfungdo renal)
(Figura 1).

150 100 * 2.0
* oy *
80 %‘l 1.5 (o]
= 100 ) E
=] S 60 ~
= = g 10
7)) - 40 ‘= o7 -]
1 30 < = o
20 @ 05 o0
ptrs e S — o®
) %%, 0 5., %
Sham CLP CLP+PF271 Sham CLP CLP+PF271 Sham CLP CLP+PF271

Figura 1: Efeito da administracdo de PF271 nos niveis sistémicos de biomarcadores de danos
aos orgdos durante a sepse experimental. Camundongos foram selecionados aleatoriamente para
passar pela cirurgia Sham ou CLP. Uma hora mais tarde, camundongos CLP foram tratados uma



vez com veiculo ou PF271 (25 mg/kg s.c.). Vinte e quatro horas apos o procedimento Sham ou
CLP, o sangue dos animais foi coletado e os niveis plasmaticos de aspartato transaminase (AST)
[A], alanina transaminase (ALT) [B] e creatinina [C] foram determinados. Os dados sdo expressos
como dot-plot para cada animal e como média + desvio padrdo de 5-10 camundongos por grupo.
A andlise estatistica foi realizada por ANOVA de uma via seguida pelo teste post hoc de
Bonferroni. *p < 0,05 CLP vs Sham/CLP+PF271.

Tais resultados podem ser extrapolados para os demais estudos de sepse e de choque hemorragico
realizados na presente tese, onde foi observado nos nossos achados um padrao bem estabelecido
de dano de orgaos, representado por marcadores bioquimicos plasmaticos. Além disso, a
modulagdo farmacoldgica das vias inflamatorias consecutivas (quinases especificas - FAK, PyK2,
BTK e JAK) e de (imunocomponentes - ICOSL e MIF) potencialmente protegeram os animais do
dano causado pela sepse e/ou choque hemorragico experimental.

E bem estabelecido que durante a sepse e/ou CH ha uma tempestade de citocinas pro-inflamatérias,
que por sua vez, desencadeia uma cascata de eventos moleculares responsaveis pelo dano de
orgaos. Assim, representativamente, no artigo II, como apresentado abaixo, avaliamos os niveis
sist€émicos de citocinas durante a sepse relacionadas a atividade de BTK. Pudemos demonstrar
neste estudo a capacidade da deficiéncia/inibicdo de BTK em reduzir a carga de citocinas pro-
inflamatérias (TNF-a, IL-6 e IL-1B) causada pela sepse, sem efeitos adicionais (nem benéficos
nem nocivos) induzidos por Ibrutinib em camundongos CLP-Xid (Figura 2).
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Figura 2: Camundongos Xid ndo apresentam inflamacdo sistémica apds sepse polimicrobiana.
Camundongos foram submetidos a cirurgia SHAM ou CLP, 24 horas depois, as citocinas foram
avaliadas no plasma. [A] TNF-o. (pg/ml), [B] IL-6 (pg/ml) e [C] IL-1f (pg/ml). WT sham (n = 5),
Xid sham (n = 5), WT-CLP (n = 10), Xid-CLP (n = 10), WT-CLP + ibrutinib (n = 8) e Xid-CLP
+ ibrutinib (n = 6) foram estudados. Os dados sdo expressos como média + SEM e analisados por
ANOVA de uma via com um teste post hoc de Bonferroni. *P < 0,05, ***P < 0,001 e ****P <
0,0001 vs. WT-CLP.

Novamente, por se tratar uma condicdo comum inflamatéria nos dois contextos clinicos, tais
resultados podem ser extrapolados para os demais estudos de sepse e de choque hemorragico.
Tivemos observado também uma tempestade de citocinas pro- e anti-inflamatdria induzida pela
sepse e/ou CH e a modulacdo farmacoldgica das consecutivas vias inflamatorias (quinases
especificas - FAK, PyK2, BTK e JAK) e de (imunocomponentes - ICOSL e MIF) potencialmente
protegeram os animais da inflamacao excessiva causado pela sepse e/ou CH experimental.

Vi



Utilizando representativamente o artigo IV, através do modelo experimental de choque
hemorragico, exploramos a atividade da via JAK2-STAT3 usando a técnica de western blot nos
orgdos (rim e figado) de ratos que sofreram o insulto de CH. Curiosamente, observamos que o
insulto CH levou a uma superativagio de JAK2 (fosforilagdo de Tyr!%7-198) ¢ consequentemente,
uma superativacio de seu componente downstream STAT3 (fosforilagdo de Tyr’%) em ambos os
orgaos de ratos CH. Esses achados intrigantes corroboram o que foi encontrado em pacientes com
trauma. Curiosamente, o tratamento com baricitinib em ratos CH reduziu a ativagdo de seu alvo
(JAK2) para niveis semelhantes aos observados no grupo Sham e, como consequéncia, a atividade
de STAT3 também foi reduzida em ratos HS tratados com baricitinib (painéis A-D, Figura 3).
Neste contexto, sabe-se que STAT3 prolonga a retengao nuclear de NFkB através de um
mecanismo de acetilagdo de RelA mediado por acetiltransferase p300, potencializando assim as
respostas pro-inflamatodrias de NFxB. Assim, como esperado, nds mostramos que ratos CH tiveram
uma translocacdo citosolico-nuclear p65 (NFxB) maior em comparagdo com ratos Sham, no
entanto, o inibidor de JAK1/2 Baricitinib reduziu o aumento da transloca¢ao induzida pelo insulto
CH (painéis E-F, Figura 3).

Vii
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Figura 3: Baricitinib atenua a ativagdo de JAK2/STAT3 e reduz a translocacdo de NFxB
duranto o insulto de CH. [A-B] A fosforilacio de JAK2 em Tyr!%719% [C-D] a fosforilacéo de
STAT3 em Tyr’, [E-F] a translocacdo citosélica-nuclear da subunidade p65 de veiculo e/ou
ratos tratados com BAR (baricitinib) foram determinados por western blot no figado e rim. A
expressdo da proteina foi medida como densidade optica relativa (0O.D.) e normalizada para com
banda controle. Os dados sdo expressos como média = SEM de 4-5 animais por grupo. A andlise



estatistica foi realizada usando ANOVA de uma via seguida de um teste post-hoc de Bonferroni.
*n<0,05 denota significancia estatistica.

Na presente tese, apresentamos analises moleculares de cada estudo onde exploramos o nivel de
ativacao dos alvos farmacologicos e os potenciais efeitos protetores induzidos por cada tratamento
utilizado. Por se tratar de vias inflamatérias comuns para ambas as condigdes clinicas, nossos
achados podem ser extrapolados para os demais estudos de sepse e de choque hemorragico.
Observamos exacerbada ativacdo de vias tais como NFkB, NLRP3, iNOS induzidas pelo dano de
sepse e/ou CH. Além disso, mostramos que a modulagdo farmacoldgica das consecutivas vias
inflamatoérias (quinases especificas - FAK, PyK2, BTK e JAK) e de (imunocomponentes - ICOSL
e MIF) potencialmente reduzem a ativagdo excessiva de tais vias inflamatorias, assim protegendo
animais da inflamagdo excessiva causado pela sepse e/ou CH experimental.

5 DISCUSSAO

Os choques séptico ¢ hemorragico compartilham varios mecanismos patoldgicos no inicio da
disfungdo de oOrgdos, incluindo a liberacdo excessiva de citocinas inflamatorias, causando a
sindrome da resposta inflamatdria sist€émica. A resposta inflamatoria sistémica pode ser
desencadeada por PAMPs que sdo expressos e/ou liberados por microrganismos invasores durante
a infec¢do ou por DAMPs que sdo liberados das células hospedeiras durante o dano tecidual [8].
Enquanto na sepse hd acdo mutua dos PAMPs e DAMPs, no choque hemorragico (inflamagao
estéril) predomina a acdo dos DAMPs. No entanto, tanto os PAMPs quanto os DAMPs endogenos
sao reconhecidos pelas células imunes através de receptores de reconhecimento padrao (PRRs),
incluindo receptores toll-like (TLRs), receptores de produtos finais de glicagdo avangada
(RAGES), receptores scavenger e receptores do complemento [13]. Apos a ligagao dos receptores,
diversas vias de sinalizagdo sao ativadas, levando a produgdo de mediadores inflamatorios como
citocinas, quimiocinas e peptideos vasoativos [14]. Nesse contexto, destaco aqui as principais
conclusdes da presente tese.

Em primeiro lugar, elucidamos melhor o papel crucial do eixo NFkB-MAPK-NLRP3 na
fisiopatologia da sepse/CH e descrevemos um cross-talk complexo entre mediadores distintos na
ativacdo desse eixo. Especificamente, documentamos o papel de quinases especificas (FAK,
PyK2, BTK e JAK) e imunocomponentes (ICOSL e MIF) na ativagdao do eixo NFkB-MAPK-
NLRP3. Mais notavelmente, mostramos de forma convincente que a modulagdo farmacologica
dessas proteinas-chave protege efetivamente contra a inflamacao sistémica induzida por sepse/CH
e a disfunc¢do de 6rgdos relacionados.

Nesse quadro, considerando que a ativagdo/regulagdo dessas vias inflamatdrias se baseia
principalmente de maneira dependente de fosforilagdo [15], destacamos o papel desses potenciais
alvos farmacolégicos em doencas inflamatorias. As quinases estdo entre os alvos de drogas de
maior sucesso, desde que comecgaram a ser estudadas na década de 1980 [16], onde, até o momento,
mais de 100 agentes moduladores de quinases, incluindo 72 inibidores de quinase aprovados pela
FDA dos EUA, juntamente com ~ 500 inibidores em ensaios clinicos foram explorados/usados em
todo o mundo. Assim, esta tese destaca o potencial uso de inibidores de quinase como abordagem
farmacologica promissora para neutralizar distirbios inflamatorios relacionados a sepse/CH. Além
disso, mostramos aqui a eficacia de trés inibidores de quinase aprovados (Ibrutinib, Acalabrutinib
como inibidores de BTK), (Baricitinib como inibidor de JAK) e (PF562271 como inibidor de
FAK-PyK2), este Gltimo j4 sendo testado em um ensaio clinico de fase 1 [17] em modelos
experimentais de sepse e choque hemorragico. Destaco também que o tratamento baseado em
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inibidores de quinases utilizado em nossos trials constitui outra questdo fundamental abordada na
minha tese, que delimitou o conceito de reaproveitamento/reposicionamento de farmacos
(identificar, desenvolver e propor novos usos para farmacos ja aprovados) como uma estratégia
promissora [18], dada a necessidade urgente de novas abordagens terap€uticas para prevenir a
disfun¢do multipla de 6rgaos associada a sepse e ao trauma/choque hemorragico.

6 CONCLUSOES

O presente trabalho destaca que vias inflamatorias, tais como, FAK, PyK2, BTK, JAK, MIF e
ICOS-ICOSL desempenham, de fato, um papel prejudicial na patogénese da sepse e/ou choque
hemorragico e a modulagdo farmacologica e genética dessas vias resultam em protecao ao reduzir
a tempestade de citocinas e, portanto, faléncia de multiplos 6rgdos. Portanto, a presente tese de
doutorado leva a identifica¢dao de alvos farmacoldgicos inovadores para o tratamento de sepse e
CH, destacando o potencial de redirecionamento de farmacos ja aprovados pela EMA e pelo FDA
para essas condi¢des clinicas especificas.
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1 INTRODUCTION

Globally, cardiovascular diseases (CVDs) are the leading cause of death. According to the World
Health Organization (WHO), nearly 18 million people die every year from CVDs, accounting for
31% of all deaths worldwide [1]. In view of this, two major public health concerns that manifest
cardiovascular dysfunction include sepsis and haemorrhagic shock (HS), which in turn, survivors
have shown a high risk of developing long-term cardiovascular disorders, along with other
sequelae [2][3]. The most current data on the global sepsis burden reported 48.9 million incident
cases and 11.0 million sepsis-related deaths, corresponding to nearly 20% of all deaths worldwide
[4]. On the other hand, each year, there are approximately 6 million trauma-associated mortalities,
of which almost 40% are due to trauma-associated haemorrhage [5][6].

Sepsis and HS are life-threatening clinical conditions that are ultimately accompanied by multiple
organ failure (MOF) [7] and there are currently no specific pharmacological interventions that
prevent the onset of MOF associated with sepsis or HS. According to the latest Surviving Sepsis
Campaign guidelines, the management of septic patients consists primarily of antibiotic therapy,
fluid supplementation, oxygen support and vasopressor agents [8]. Likewise, the management of
traumatic haemorrhagic shock in the acute phase consists of stopping the bleeding, followed by
the administration of resuscitation fluid, vasoactive drugs, and blood transfusion [9]. Whilst the
number of early post-injury/sepsis deaths has declined in recent years secondary to improved care
in the hospital settings, the prognosis in septic and/or trauma patients remains remarkably poor,
reinforcing the urgent need for new target-specific therapies for critically ill patients.

In order to find an intertwined path between the two clinical conditions, the present research has
been deepened into their common pathophysiological aspects. Despite sepsis and HS have distinct
aetiologies, the early stages of both medical conditions share some similarities regarding their
pathogenesis, for instance the inflammatory imbalance after the onset of these complications.
Numerous triggering factors contribute to this dysregulation, including pro- and anti-inflammatory
cytokines, chemokines, pathogen-associated molecular patterns (PAMPs) such as bacterial
exotoxins and endotoxins, mycotoxins, and damage-associated molecular patterns (DAMPs)
released by injured cells. Thus, while in sepsis there is a synergistic effect of PAMPs and DAMPs
[10], in HS there is a predominant effect of DAMPs from the extensive tissue damage and
ischaemia-reperfusion (I/R) injury [11][12]. This complex interplay involving such substances can
lead to an aberrant immune system activation, leading to the so-called “cytokine storm” due to
massive cytokine release, which ultimately can cause organ injury and dysfunction [13][14].

Solid evidence reports the involvement of selective inflammatory pathways, such as NFkB and
NLRP3 inflammasome in the development of cytokine storm and hence, MOF associated with
sepsis/HS [15][16][17].

Thus, since inflammation plays a central role in the pathogenesis of sepsis and HS, it is suggestive
that pharmacological targeting of key components in the inflammatory cascade may be a
promising therapeutic approach in the outcome of sepsis/HS. In light of this, this thesis aimed to
test the effects of two different pharmacological approaches: targeting (a) kinases and (b)
immunocomponents which are tightly liked to such inflammatory pathways, in order to prevent
sepsis/HS-induced inflammatory derangement and MOF.
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2 OBJECTIVES

The overall aim of the thesis was to pharmacologically target selective inflammatory pathways
that drive multiorgan dysfunction in cardiovascular diseases by using rodent models of sepsis and
haemorrhagic shock.

The specific objectives were:

a) Targeting kinases as pharmacological strategy to counteract multiorgan dysfunction in
sepsis and haemorrhagic shock (articles L, IL, IIT and 1IV).

b) Targeting immune system components as innovative pharmacological approach to
counteract multiorgan failure in sepsis and haemorrhagic shock (articles V and VI)

The experiments here reported were conducted in the laboratory of cardiometabolic pharmacology
in the Department of Neurosciences "Rita Levi Montalcini" (University of Turin, Italy), under the
supervision of Professor Massimo Collino and at LabCARE in the Department of Pharmacology
(Federal University of Santa Catarina, Brazil) under the supervision of Professor Daniel
Fernandes.



3 BACKGROUND

3.1 Organ failure and inflammation

In the intensive care unit (ICU), critically ill patients undergo the Sequential Organ Failure
Assessment (SOFA) score, either to measure the severity of organ dysfunction [18], or as a
diagnostic criterion [7]. Multiple organ failure is the common outcome of septic and trauma
patients with a poor prognosis that ends up leading to death, which in parallel, it has been shown
that the greater the number of affected organs, the greater the mortality [19]. In brief, many of the
mechanisms underlying organ dysfunction are similar for all organs in sepsis and trauma-
associated haemorrhage and include a combination of hemodynamic and cellular changes that
develop as a result of the effects of various inflammatory mediators which are involved in the host
response to infection (sepsis) or cell injury (sterile inflammation — haemorrhagic shock).

In sepsis, upon infection, the invading pathogen is recognized by host innate immune system cells
through pattern recognition receptors (PRRs). Such receptors recognize conserved structures of
the microorganism, named pathogen-associated molecular patterns (PAMPs). In addition, PRRs
can also recognize multiple cell-derived mediators, termed damage-associated molecular patterns
(DAMPs) that are released from tissue/cell injury during inflammation, as occurs primarily in
haemorrhagic shock in response to a significant loss of intravascular volume, which leads to
reduced tissue perfusion and hence hypoxia [20]. Although many PAMPs have been described,
the main pathogens’ structures that trigger selective intracellular pathways are: lipoteichoic acid
and peptidoglycans, from gram-positive bacteria (exotoxins); lipopolysaccharide (LPS), from
gram-negative bacteria as the most widely studied endotoxin; and O-linked mannosides, which are
polysaccharides found in yeast (Candida spp) membranes [21]. On the other hand, the main
DAMPs released during sepsis/HS injury include high mobility group protein B (HMGB1), heat
shock proteins, S100 proteins, mitochondrial DNA and metabolic molecules, such as ATP. In these
circumstances, DAMPs can activate the same sequence of events as PAMPs, thus amplifying the
initial host response [22]. In addition to PAMPs and DAMPs, other elements are continuously
produced/released during the inflammatory imbalance seen in sepsis/HS injury which in turn can
potentiate cell damage. These components include proteolytic enzymes, reactive oxygen species
(ROS) and neutrophil extracellular traps (NETs; which are web-like structures released by
activated neutrophils consisting of nuclear DNA decorated with histones, antimicrobial peptides
and proteases) [23][24].

Successively, upon activation of PRRs, various downstream inflammatory pathways are triggered.
To date, several categories of PRRs have been identified, however notably Toll-like receptors
(TLRs) and nucleotide oligomerization domain (NOD)-like receptors (NLRs) are widely
investigated in sepsis/HS. For instance, once TLRs recognize PAMPs and DAMPs, several
intracellular mediators are recruited, resulting in an overactivation of key inflammatory pathways
such as NFkB (Nuclear Factor kappa B), thus leading to the transcription of target genes, which
ultimately induces the production of an arsenal of pro-inflammatory mediators/cytokines,
including tumor necrosis factor-a (TNF-a), Interleukin-1B (IL-1p), IL-6, among others [25].
Alongside, PAMPs and DAMPs can lead to the activation of a class of NLRs, specifically the
pyrin domain-containing 3 (NLRP3) inflammasome, which is a protein macromolecular complex



that regulates the activation of caspase-1 and the production/secretion of potent pro-inflammatory
cytokines such as IL-1B and IL-18 [26]. Therefore, the overactivation of these inflammatory
pathways during sepsis and HS results in the excessive cytokine release, characterizing the so-
called “cytokine storm”, which sequentially contributes to increased leukocyte infiltration,
activation of the complement system, thus ultimately leading to cell death and tissue damage.
Overall, all this complex inflammatory interplay designates the main molecular mechanisms
behind multiorgan failure associated with sepsis/HS.

3.2 Potential pharmacological targets

In the overview of molecular mechanisms in organ failure, a complex crosstalk involving a
multitude of inflammatory and immunological components takes place, which prompt us to
consider two main pharmacological strategies to counteract the major inflammatory disorders
observed in sepsis and HS: targeting pivotal kinases and immune system components which are
potentially key-players in the development of MOF associated with these two clinical conditions.

3.2.1 Targeting key-kinases

Given the urgent need for new pharmacological strategies to prevent sepsis/HS-related multiorgan
dysfunction, the concept of drug repurposing [27] stands out within the class of kinase inhibitors,
considering that wupstream the aforementioned inflammatory pathways are mainly
activated/regulated by posttranslational modifications, such as kinase-mediated covalent
phosphorilation [28][29].

In this scenario, approximately 700 kinases are encoded in the human genome [30], and although
they were once perceived as undruggable targets, nowadays, kinases are among the most
successful drug targets worldwide, accounting for over 100 kinase-targeting agents, including 72
US FDA-approved small molecule kinase inhibitors (SMKIs), along with other ~500 SMKIs in
clinical trials [31]. Thus far, the role of kinases has been widely explored in several diseases
contexts, reaching a vast number of publications in the last two years (more than 50,000), as shown
in panels A-B, Figure 1. However, interest of kinases in the pathogenesis of sepsis and HS have
grown over the years, according to an exponential increase in publications in the last two decades
(Figure 1, panels A-B). Furthermore, considering that even if only about ~3.5% of sepsis studies
and ~2.5% HS studies in the last two years correlate the role of kinases in the course of these
clinical conditions, there is still much to be explored/uncovered, making kinases even more
attractive as potential pharmacological targets due to the wide range of SMKIs currently available.
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Figure 1. Number of publications related to sepsis, haemorrhagic shock and kinases over the
years. Data were obtained from Pubmed using the word combinations illustrated in the graphs.

In the following subsections, key kinases widely explored in distinct inflammatory clinical
conditions will be described, bringing them into the context of sepsis and HS and their
consequently drugability.

3.2.1.1 Focal adhesin kinase (FAK) and Proline-rich tyrosine kinase-2 (Pyk2)

FAK and Pyk2 are two non-receptor proteins tyrosine kinase, belonging to the FAK family, that
are activated by a variety of extracellular stimuli. FAK and Pyk2 share the same three-domain
organization, with two non-catalytic domains, the band 4.1, ezrin, radixin and moesin (FERM)
domain and the focal adhesion targeting (FAT) domain, linked by a central kinase domain, where
the highest sequence identity (~60%) is shared among them [32]. Although FAK and Pyk2 possess
similar structure, their cell/tissue expression differ. While FAK is ubiquitously expressed, Pyk2
exhibits a more restricted tissue distribution, such as endothelial cells, hematopoietic lineage cells
and in the central nervous system. Interestingly, FAK and Pyk2 can synergistically orchestrate
downstream signals and despite their homology, the signalling events that lead to kinase activation
also differ, while FAK is mainly activated by integrins, growth factor receptors and cytokine
receptors, Pyk2 has the unique ability to sense calcium ions (Ca2”) [33][34].

The role of FAK-Pyk2 axis has been widely documented as new key players in several
inflammatory responses involved in the pathogenesis of endometriosis [35], atherosclerosis [36]
and asthma [37] as well as in tumorigenesis and metastasis formation [38][39]. Particularly, FAK
has been demonstrated to highly stimulate TNF-o production through the activation of the NF-xB
pathway [40]. On the other hand, Pyk2 has been shown to be upregulated following LPS
stimulation, thereby inducing monocyte chemotactic protein-1 (MCP-1) production through a p38-
MAPK pathway dependent mechanism [41]. In addition, selective inhibition of FAK by using
PF573228 reduces abdominal aortic aneurysm (AAA) progression in mice by regulating
macrophages polarization [42].

Intriguingly, recent findings have shown that when FAK activity is selectively suppressed
(following pharmacological or genetic inhibition), there is a compensatory upregulation in Pyk2
levels [43][44]. These curious findings have suggested that selective inhibition of both proteins



may represent a potential pharmacological approach to counteract FAK-Pyk2-mediated
inflammation. Indeed, some interesting studies, both in vitro and in vivo using selective FAK-Pyk2
dual inhibitor have been shown promising results in metastasis and tumour volume remission of
osteosarcomas [45], as well as in the efficacy of reducing IL-1B secretion and also reducing
neutrophil and macrophage infiltration in an animal model of monosodium urate (MSU)-induced
peritonitis [46]. Additionally, these data corroborate the study designed by Murphy and
collaborators (2019), where the authors show that double inhibition of FAK-Pyk2 more efficiently
reduces the expression of adhesion molecules after stimulation of TNF-a or IL-1p when compared
to selective inhibition of FAK [47]. Figure 2 summarizes the crosstalk between the FAK-PyK2
axis and potential inflammatory pathways.

Overall, so far, there are no clear experimental data reporting the role of FAK-PyK?2 axis in the
pathogenesis of sepsis or HS, neither potential effect of their pharmacological modulation in these
clinical contexts. However, for instance, there are few evidence showing that LPS-induced
endotoxemia evokes FAK activation, which contribute to exacerbate the inflammatory response,
leading to organ damage and increased mortality [48][49]. Taken together, targeting this axis may
represent a promising pharmacological approach in the field of sepsis/HS. In the light of this, a
potential canditate for the inhibition of the FAK-PyK2 axis has emerged. PF562271 an ATP-
competitive, reversible inhibitor for both FAK and Pyk2 with ICso of 1.5 nmol/L and 13 nmol/L,
respectively has been demonstrated effective and safe in several disease contexts [50]. Therefore,
PF562271 might be a potential candidate to be repurposed to sepsis/HS since it has successfully
completed a phase I clinical trial (NCT00666926) in patients with advanced solid tumors [51][52].
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Figure 2: Overall role of FAK and PyK2 in inflammation. Upon inflammatory stimuli,
transmembrane receptors such as (Integrins, TLR, TNFR) activate intracellular FAK and PykK2,
leading to activation of NF-kB and MAPK pathways, thus increasing the expression of
inflammatory genes that ultimately amplify the inflammatory environment. (Modified from source:
Takasuke Harada et al. Macrophage Behavior, (2016) [42]).



3.2.1.2 Bruton’s tyrosine kinase (BTK)

In mid-1993, mutations in BTK were first described and correlated to the immunodeficiency
disease X-linked agammaglobulinemia (XLA) in humans, which leads to impaired maturation of
pre-B cells into mature peripheral B cells [53]. BTK is a cytoplasmatic non-receptor protein
tyrosine kinase belonging to the Tec family. In addition, BTK activity is essential in B-cell receptor
(BCR)-mediated activation, thus playing a critical role in adaptive immunity. At first, BTK was
thought to be expressed only in B cells, nonetheless, its expression comprises all hematopoietic
cells (particularly B-lymphocytes) except for plasma cells, natural killer cells and T-lymphocytes
[54].

It has been well-described that the aberrant BTK activation in B cells plays a pivotal role in the
pathogenesis of B-cell malignancies, autoimmune diseases and inflammation [55][56]. Indeed,
great success has been achieved in the development of covalent irreversible BTK inhibitors for the
treatment of hematological malignancies, for instance Ibrutinib, a first-generation of BTK
inhibitors approved by the FDA in 2013 to control a variety of B-cell tumors [55]. Later on, in
2017, a second-generation irreversible BTK inhibitior, Acalabrutinib, more selective (IC50 of 3
nM) compared to Ibrutinib, has been approved by the FDA for mantle cell lymphoma (MCL)
therapy [57]. In these circumstances, driven by the COVID-19 pandemic, Ibrutinib and
Acalabrunitib have been extensively evaluated to treat the inflammatory burden triggered by the
SARS-CoV-2 infection [58], revealing them as promising candidates to be repurposed to sepsis
and HS.

In light of this, a number of BTK inhibitors have shown efficacy in several preclinical models of
inflammatory response. For instance, Ibrutinib and Acalabrutinib have already been demonstrated
to be proctive against the systemic inflammation and related organ dysfunction in a murine model
of sepsis [59]. These findings corroborate consistent data showing that BTK signals downstream
TLR4 signaling, in which it binds to its intracellular signaling domain and the adaptor molecules
MyD88 (myeloid differentiation primary response 88) and MAL (MyD88-adaptor-like), which,
ultimately leads to NF-xB activation [60]. Besides, BTK overactivation contributes to
activation/assembly of the NLRP3 inflammasome by directly interacting with its cytoplasmic
sensor and adaptor ASC (apoptosis-associated speck like protein containing a caspase recruitment
domain) thus, leading to increased caspase-1 activation, which in turn cleaves the pro-IL-1f and
pro-IL-18 into their mature conformation [61]. In addition, recently, Fenebrutinib, a highly
selective and reversible BTK inhibitor has been shown to be well-tolerated in Phase I clinical
studies [62], along with high efficacy in reducing pro-inflammatory cytokines in patients with
active rheumatoid arthritis [63]. Taken together, since NF-kB pathway and NLRP3 inflammasome
complex play a pivotal role in sepsis and HS, and that BTK inhibitors have attenuated activation
of those pathways, along with reducing systemic inflammation in diseases involving excessive
inflammation, BTK inhibitors may represent potential candidates to be repurposed for sepsis and
HS. Figure 3 summarizes the potential crosstalk between BTK and selective inflammatory
pathways.



Antigen

} q
\ 17 PI =~
D A
( B, ) B 1p ¢
| B-CELL “\ | 8A8) (7)) ca l
\ Y
\. AN ,L
. / —— o
S : F-k@r—{.w,
A Proliferation SALTuL =I= l
N Blymphocyte survival (NF-xB) 1= '/
P = 116 |
/ m\
B
Macrophages
Myeloid cells e ) e /
AR N\ / potamtion Cytok]ne
Neutrophils R} T e ) yroxn
\ )/
A 7

Figure 3: Role of BTK in inflammatory cells. BTK is a critical mediator of downstream B cell
receptor (BCR) signalling, however its role in myeloid cells (macrophages and neutrophils) has
been extensively described. Following inflammatory signals (PAMPs and DAMPs) in immune
cells, PRRs induce BTK activation, leading to activation of NF-kB and NLRP3 pathways, which
then contribute to an overproduction of pro-inflammatory mediators, which ultimately leads to
cytokine storm. (Modified from source: Weber A, et al. Frontiers in Immunology. (2017) [64]).

3.2.1.3 Janus kinase/Signal transducer and activator of transcription (JAK/STAT) pathway

Consistent with the cytokine storm seen in sepsis and haemorrhagic shock, targeting signalling
pathway downstream cytokine receptors represents an optimistic pharmacological strategy on
these clinical disorders. In accordance with this, most cytokines (more than 50) have been
identified to signal downstream through the JAK/STAT pathway, except for those mediators
which signal through alternative molecular pathways, including TNF-o, IL-1 family members,
TGF-B and chemokines [65].

The JAK family is composed of four non-receptor tyrosine protein kinases, named JAK1, JAK2,
JAK3, and tyrosin kinase 2 (TYK?2), which selectively bind different receptor chains. Whereas
seven STAT family members have been identified (STAT1, STAT2, STAT3, STAT4, STATS5a,
STATSb and STAT6). Briefly, upon binding of pro-inflammatory mediators to cell surface
receptors, JAKs become activated, leading to the recruitment and phosphorylation of STAT
proteins, resulting in their dimerization. Then, dimerized STATs translocate to the nucleus across
the nuclear membrane to regulate the expression of related genes [66]. Overall, JAK/STAT
signalling pathway is related to various body functions and in some important biological processes,
including cell proliferation, differentiation, apoptosis, immune regulation, and haematopoiesis,
which in turn plays a crucial role in inflammatory, autoimmune, and myeloproliferative diseases
[67]. Notably, JAK/STAT signalling has been shown to be linked to NF-kB [68] and NLRP3
inflammasome pathways during inflammation, thus further propagating pro-inflammatory signals
[69][70].

To date, several EMA and/or FDA-approved JAK inhibitors to treat rheumatoid arthritis, psoriatic
arthritis, atopic dermatitis, and ulcerative colitis have been clinically used [71]. Among them, a
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potential candidate to be repurposed in sepsis and/or HS context is Baricitinib, a powerful
JAK1/JAK2 reversible inhibitor (IC50 5.9 and 5.7 nM, respectively) which is an EMA/FDA-
approved first-generation small molecule currently used for the treatment of rheumatoid arthritis
and atopic dermatitis [72]. In addition, currently, Baricitinib appears to effectively lower systemic
inflammation in several ongoing clinical trials in patients with COVID-19.

Besides, Baricitinib has been demonstrated to be protective in other inflammatory conditions. For
instance, Collotta et al. (2020), recently showed that JAK/STAT inhibition with Baricitinib
counteracts metaflammation, thereby protecting against metabolic abnormalities in mice fed a
high-fat diet [73]. Additionally, Lee and collaborators (2021), reported that baricitinib effectively
attenuates autoimmune features including renal inflammation in a murine model of systemic lupus
erythematosus [74]. In addition to these findings, depending on the ligand and receptor, different
combinations of JAK1 and JAK2 are activated with a high degree of specificity. Theses
combinations signals through several cytokines/growth factors, including IL-2, -3, -4, -5, -6, -7, -
9,-10,-11,-12,-13, -15, -19, -20, -21 -22, -23, -26 IFN-a, -B, -y, G-CSF, GM-CSF, EPO and TPO
[75] (Figure 4), making baricitinib even more attractive for attenuating the cytokine storm due to
its similar pattern of potency against JAK1 and JAK2, which in turn amplifies its spectrum of
action on inherent cytokine responses.

1L-2, 114, IL-7, No 1L-10, 1119, EPO, TPO, G-CSE i
IL-g, IL-15 activated IL-20, 1L-22 GM-CSF, GH, leptin, g
and IL-21 I1-3 and IL-5 and I-13

receptor and IL-26

Cytoplasm

Nucleus

Figure 4: The JAK/STAT pathway. Cytokines and growth factors bind to their corresponding
receptors, leading to receptor dimerization and recruitment of related JAKs, then JAK activation
leads to tyrosine phosphorylation of receptors and formation of docking sites for STAT. STATs are
phosphorylated by tyrosine, which in turn dissociates from the receptor to form homodimers or
heterodimers. Ultimately, STAT dimers enter the nucleus, bind to DNA, and regulate transcription
(most pro-inflammatory transcripts). (Modified from source: Salas A, et al. Nature Reviews
Gastroenterology & Hepatology (2020)[76]).



3.2.2 Targeting immune cell components

Considering the relevant crosstalk between the immune system and inflammation, particularly the
cytokine storm shown during sepsis and HS, which in turn plays a role in the massive recruitment
of leukocytes to inflamed tissues, and thus contributing to MOF, alternatives and promising
pharmacological strategies to counteract hyper-inflammation-associated MOF will be discussed
in the next subsections: targeting immune cell components as a novel and potential approach to be
considered in the context of sepsis and HS.

3.2.2.1 Macrophage migration inhibitory factor (MIF)

In line with the development of the cytokine storm and hence MOF during sepsis and HS, a
pleiotropic cytokine so-called macrophage migration inhibitory factor (MIF) takes place. MIF is a
homo-trimeric protein and has been identified as an inflammatory response potentiator due to its
pro-inflammatory and chemokine-like properties [77][78]. Three decades ago, human MIF has
been cloned, which contributed to the characterization of its biological activity [79]. To date, MIF
has been documented to be secreted/expressed in a wide range of cell-types, including cells of the
immune and nervous systems, endothelial cells, epithelial cells, endocrine cells, and macrophages
[80][81]. MIF is a ligand for four transmembrane receptors, named Cluster of differentiation 74
(CD74), Chemokine (CXC motif) receptor (CXCR) 2, CXCR4, and CXCR7) which can bind to a
single receptor or a complex of receptors thus, jointly activating downstream signalling pathways
such as, NF-xB, MAPK and AKT (Figure 5) [82].

In inflammatory conditions, it has been shown that MIF is rapidly expressed and secreted from
both immune and non-immune cells in response to several stimuli, including LPS [83], TNF-a
[84] and angiotensin-II [85]. In response, MIF increases leukocyte infiltration to the site of
infection and/or injury which in turn further contributes to tissue damage [86][87]. When it comes
to sepsis, increased plasma levels of MIF have been found in septic patients [88], which appears
to be detrimental in the septic context. Indeed, when a recombinant murine form of MIF was given
to endotoxemic mice, MIF substantially enhanced the lethality of LPS-mice [89]. In contrast,
administration of an anti-MIF antibody to neutralize MIF levels in a murine model of sepsis
showed protective results by reducing TNF-a production and neutrophil accumulation [90]. On
the contrary, the role of MIF has been poorly investigated in the HS context, however, few
evidence have shown elevated plasma levels of MIF in trauma patients [91], and curiously, these
high levels are further increased in trauma patients who present MOF [92].

Collectively, pharmacological inhibition of MIF activity represents a potential strategy to be
repurposed in the context of HS. In light of this, ISO-1, the most extensively studied MIF inhibitor
has emerged as a strong candidate [93]. Recently, ISO-1 has been shown to be protective in several
inflammatory diseases, for instance, treatment with ISO-1 attenuates acute kidney injury by
reducing activation of the NLRP3 inflammasome complex [94]. Similarly, ISO-1 protected mice
from ischemic stroke by reducing neuronal apoptosis [95] Finally, ISO-1 protected septic mice
from pro-inflammatory abnormalities and increased mice survival in severe sepsis [96]. Taken all
together, ISO-1 potentially could be considered for the treatment of HS.
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Figure 5: Functional diversity of MIF according to different MIF receptors and receptor
complexes. MIF interacts with different MIF receptors and receptor complexes, which in turn
determine the functional diversity of MIF. NF-kB and MAPK are among the main pathways
associated with increased expression of pro-inflammatory mediators through CD74 receptors.
MIF can also act as a chemotactic cytokine by binding to CXCR2 or CXCR4 receptors. (Modified
from source: Sumaiya K, et al. Pharmacology & Therapeutics (2022) [97]).

3.2.2.2 Inducible T cell co-stimulator (ICOS) and ICOS ligand (ICOSL)

The immune checkpoint ICOS, also known as CD278, belongs to the CD28 family of co-
stimulatory immunoreceptors. It is a type I transmembrane glycoprotein rapidly induced after T
cell receptor (TCR) engagement to deliver a positive co-stimulatory signal [98]. ICOS signalling
1s initiated upon engagement by its unique ligand (ICOSL, also known as D275, B7-H2, B7h,
B7RP-1) which belongs to the B7 family and is expressed on antigen-presenting cells (APCs) and
non-hematopoietic cells under inflammatory conditions [99][100]. Over the years, the ICOS-
ICOSL axis has been extensively investigated in the immune response as a potential target for the
development of cancer immunotherapy.

To date, it is well described that the ICOS-ICOSL axis may display bidirectional effects. On the
one hand, ICOS triggering substantially contributes to the differentiation and survival of T
regulatory (Treg) cells, which play a key role in immunosuppression by inducing lymphocyte
apoptosis [101][102]. On the other hand, ICOSL has been described to interact not only with ICOS,
but also with another mediator named osteopontin (OPN). OPN is well known as an inflammatory
mediator implicated in the pathogenesis of a variety of disease [103]. However, recently OPN has
been identified as a ligand for ICOSL in which OPN binds to ICOSL in a different domain from
that used by ICOS, and this interaction is characterized by the opposite effects induced by binding
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to ICOS: while ICOS induces anti-inflammatory properties, OPN promotes inflammatory
responses, such as increased cell migration [104].

Recent findings have shown that a soluble recombinant form of ICOS (ICOS-Fc) inhibits the
adhesion of polymorphonuclear cells to umbilical vascular endothelial cells under IL-1B
stimulation [105]. Furthermore, ICOSL triggering by ICOS-Fc has been documented to exert anti-
inflammatory effects, such as modulating the maturation and migration of monocyte-derived
dendritic cells, due to a rearrangement of inflammatory cytokine secretion [106]. In addition,
through a colon carcinoma cell line, ICOS-Fc treatment has been reported to reduce the activation
of inflammatory pathways, such as the p38 and ERK (MAPK) signalling pathways [105].

Although the ICOS-ICOSL axis has been extensively explored in the immune response, when it
comes to sepsis, its pathological role has been poorly investigated. However, a few evidence have
suggested a strict crosstalk between the immunological component and inflammation in septic
context. For instance, ICOSL has been shown to be overexpressed in vascular endothelial cell
under IL-1f stimuli [ 105]. On the contrary, septic patients show reduced ICOS expression in whole
blood [107], and that reduced ICOS levels are strongly associated with organ dysfunction [108].
In line with these findings, septic patients also display increased serum levels of OPN [109]. On
the other hand, in addition to these inflammatory abnormalities, it is suggestive that ICOS
triggering may play a role also in the septic immunosuppressive status, where both animals and
septic patients have an increased percentage of circulating Treg cells [110][111][112] and
consequently, lymphopenia (reduced CD4+ and CD8+ immunocompetent T cells) [113][114].
Figure 6 summarizes the bidirectional effects of ICOS-ICOSL interaction.

Collectively, this evidence supports the hypothesis that pharmacologically modulating the ICOS-
ICOSL axis might be an innovative strategy to simultaneously counteract inflammation and
immunosuppression states during sepsis. In view of the complex interplay on the ICOS-ICOSL
pathway, a soluble recombinant form of ICOS (ICOS-Fc) has emerged as an immunomodulatory
drug that acts as antagonist of ICOS and OPN and as agonist of ICOSL. ICOS-Fc¢ has been
designed by fusing a cloned extracellular portion of human or mouse ICOS with an Fc IgG1
portion and this molecule has been shown to trigger ICOSL thus promoting downstream responses
[115].
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Figure 6: Bidirectional effects of ICOS-ICOSL interaction. While ICOS is expressed on
activated T cells, its unique ligand, ICOSL, is either expressed on antigen-presenting cells and in
non-haematopoietic cells. ICOS interacts with ICOSL leading to bidirectional effects. On the one
hand, this interaction leads to immunosuppression by reducing the lymphocytes population, on the
other hand it has been shown to induce anti-inflammatory responses (reduction of cell migration
and expression of pro-inflammatory genes). OPN, a pro-inflammatory cytokine, also interacts with
ICOSL, however binding to an alternative domain to that used by ICOS, which in turn leads to
opposite effects from those triggered by ICOS. (Modified from source: Sharpe A, et al. Nature
Reviews Immunology (2002) [116]).
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4 METHODS

4.1 Hypothesis and research strategy

In the overview of the scientific evidence, there is a complex crosstalk involving a multitude of
inflammatory and immunological components involved in the molecular mechanisms associated
with organ failure in sepsis and haemorrhagic shock. The most relevant pathways whose key role
has been suggested by recent findings include FAK, PyK2, BTK, JAK, MIF and ICOS-ICOSL.
Thus, the central hypothesis of the present thesis is that pharmacological intervention on these key
targets may represent potential treatments to counteract the cytokine storm and related multiorgan
dysfunction in sepsis and/or HS.

The research strategies used in this thesis were through rodent models of sepsis and haemorrhagic
shock. After the surgeries, mice or rats received selective pharmacological drugs by different
routes of administration. All parameters evaluated include in vivo, ex vivo and in vitro analysis in
acute and long-term evaluation. An overview of the studies is presented in Table 1.

4.2 Study designs

Table 1: Overview of the studies included in the thesis

Study design Foll.ow-up Target Ph.armacol(fglcal
time intervention
Article I . .
. CLP in 53 male C57BL/6 mice 24/120 h FAK-PyK2 PF562271
(Sepsis)
Article I1 CLP in 44 male CBA and 24t BTK Genetic deficiency of the
(Sepsis) CBA/CaHN-Btk"/J (Xid) mice BTK gene/Ibrutinib
Arg-cIlSe)III HS in 92 male Wistar rats 4/24 h BTK Acalabrutinib/Fenebrutinib
Arg;lse)IV HS in 40 male Wistar rats 4h JAK1/2 Baricitinib
Ar(t‘HCé; v HS in 70 male Wistar rats 2/24 h MIF 1SO-1
Article VI 0y b i1 72 male CS7BL/6 mice 24h ICOSL ICOS-Fc
(Sepsis)

Six articles were included in the thesis, comprising 3 sepsis studies (CLP) and 3 haemorrhagic shock studies (HS).
Studies were performed using mice or rats, following assessments at established time points (4, 24 and 120 h)
evaluations. Each study focused on a selective pharmacological intervention to a specific biological target. CLP —
cecal ligation and puncture; HS — haemorrhagic shock; FAK — Focal adhesion kinase; PyK2 — Proline-rich tyrosine
kinase 2; BTK — Bruton’s tyrosine kinase; JAK — Janus kinase; MIF — Macrophage migration inhibitory factor;, ICOSL
— Inducible T cell co-stimulator ligand.
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4.2.1 Animals and ethical statement

While mice were used to perform sepsis trials, rats were used to carry out haemorrhagic shock
model. Thus, male Wild-type (WT, C57BL/6) mice, CBA mice, CBA/CaHN-BTK*'Y/] (Xid) mice
and Wistar rats were purchased from Envigo laboratories, (IT) and The Jackson Laboratory (Bar
Harbor, ME, USA). Mice and rats were housed under standard laboratory conditions, including
room temperature (25 + 2°C) and light-controlled with free access to water and rodent chow for
four weeks prior starting the experimental procedures. All animal protocols reported in this study
followed the ARRIVE guidelines [117] and the recommendations for preclinical studies of sepsis
provided by the MQTiPSS [118]. The procedures were approved by the University’s Institutional
Ethics Committee as well as the National Authorities (Ethical license numbers: 420/2016-PR,
7936220321, PCF29685, P144E44F2, 7396250219, 312/10 and 855/2021). Details on each ethical
statement can be found in the articles included in this thesis.

4.2.2 Polymicrobial sepsis-induced multiple organ failure (MOF)

Articles I, IT and VI were based on the septic context. Through pharmacological and/or genetic
approaches, these studies were designed to investigate the role of key inflammatory targets
potentially related to MOF induction. Briefly, polymicrobial sepsis was induced in male, wild-
type or Xid mice by the caecal ligation and puncture (CLP) model. Mice were initially anesthetised
in an induction chamber at (3% isoflurane delivered in oxygen 0.4 L/min), then kept under
anaesthesia throughout surgery via nosecone at (2% isoflurane delivered in oxygen 0.4 L/min).
Mice’s body temperature was maintained at 37°C with a homeothermic blanket and continuously
monitored with a rectal thermometer. The abdomen was opened via a mid-line incision (~1.0 cm)
and the cecum was externalized. The cecum was ligated just below the ileocecal valve and
punctured in a single through-and-through manner. Afterwards, a small amount (droplet ~3 mm)
of faecal matter was extruded from both ends and the cecum was placed back in its anatomical
position, then the musculature and skin were sutured. Sham-operated mice underwent identical
surgical procedure, but without CLP (Figure 7). Immediately after surgery, both resuscitation fluid
(0.9% NaCl, 50 mL/kg) at 37°C and analgesic agents (Carprofen 5 mg/kg) were given
subcutaneously to all mice. Mice were constantly monitored post-surgical and then placed back
into fresh clean cages. One hour after CLP or Sham-operation, mice received either
pharmacological treatment or vehicle according to each experimental protocol (see details in the
Table 2 and Figure 8).
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Figure 7: Experimental model of sepsis: caecal ligation and puncture (CLP). (Modified firom
source: Buras, Jon A et al. Nature reviews. Drug discovery (2005)[119]). Sepsis was induced by
CLP surgery in mice. Briefly, the cecum was externalized and ligated just below the ileocaecal
valve, then a single through-and-through puncture was performed to squeeze out a small amount
of faecal contents to induce local and hence, systemic infection.

At 24 h, body temperature and a clinical score for monitoring the health of experimental mice were
blindly recorded to evaluate the symptoms consistent with murine sepsis. The maximum score of
6 comprised the presence of the following signs: lethargy, piloerection, tremors, periorbital
exudates, respiratory distress, and diarrhoea. An observed clinical score >3 was considered as
severe sepsis, while a score between 3 and 1 was considered as moderate sepsis. Details on the
clinical score are reported in the article I as supplementary material.

Table 2: Treatment schemes (sepsis studies)

Frequency and

Groups Target Drug (dose) Vehicle (dose) Route of
administration
Sham 5% DMSQO:; 40%
. PF562271 PEG 300; 5% Once
Article I glillz PF71 FAK-PyK2 (25 mg/kg) Tween 80; 50%  (subcutaneously)
ddH>O (5 uL/g)
Sham WT
Sham Xid BTK o
Article TI CLPWT (Genetic Ibrutinib 95 5/00/D$£1 S(errs Once
CLP Xid deficiency of (30 mg/kg) Eac tatge (intravenous)
CLP WT+Ibrutinib the BTK gene)
CLP Xid+]Ibrutinib
Sham
ICOS-Fc or
. CLP _ F1198 _ PBS Once
Article VI CLP + ICOS-Fc ICOS-ICOSL ICOS-Fe (100 pL/mouse) (intravenous)

CLP + F119SICO8_FC (100 ug eaCh)

Mice were randomly divided into SHAM (false operated) or CLP (septic) groups, then CLP mice were subdivided in
groups to receive either vehicle or the drug treatmment (intravenous or subcutaneously). DMSO - Dimethyl sulfoxide;
PEG - Polyethylene glycol; ddH O - double-distilled water; PBS - Phosphate-buffered saline.
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4.2.2.1 Survival rate

In article I, to evaluate the potential long-term protection by PF271 treatment on sepsis, a survival
study was performed at the Federal University of Santa Catarina (Brazil) according to the
following protocol: Twenty-eight mice were subjected to CLP-induced sepsis following the same
conditions previous described, and then mice were randomly allocated into two groups: CLP +
Vehicle (n=14) or CLP + PF271 (received 1 hour after CLP, once subcutaneously, 25 mg/kg)
(n=14). Survival rate was assessed every 12 hours over the subsequent 5 days.

—— Article I (FAK-PyK2)
PF271 (25 mg/kg) — Aticle II (BTK)

or Vehicle —— Article VI (ICOS-ICOSL)
once subcutaneously
T Severity score

o Body temperature
WT and Xid mice = Plasma and tissue analysis

Analgesic agent and :
l o resuscitation fluid l g Survival
study |
Septic |
insult *® 120 h
Drug treatment \ Sacrifice and analysis Sk
Oh Lh fytinib (30 mg/kg) or Vehicle
1 —— t once intravenous ,
FI1195 s ﬁfj @ :
CLP or Sham ICOS-Fc,""**ICOS-Fc or Vehicle . /J g j}
(100 pg each/mouse) 8. .
once intravenous N B |

Figure 8. Timeline of the experimental design in sepsis studies. (Created with biorender.com)
sepsis. Wild-type (WT) mice and/or Xid (X-linked immune deficiency) mice were randomly selected
to undergo either Sham or CLP surgery. One hour later, mice received once either Vehicle or drug
treatment (PF562271 25 mg/kg, Ibrutinib 30 mg/kg, ICOS-Fc 100 ug/mouse or "''*SICOS-Fc 100
ug/mouse), intravenously or subcutaneously. At 24 h all parameters were analysed. In article I,
an additional protocol has been performed following the same initial approach, however, lasting
120 h for mortality rate analysis.

4.2.3 Haemorrhagic shock-induced multiple organ failure

Articles II1, IV and V were based on the haemorrhagic shock context. Through pharmacological
approaches, these studies were designed to investigate the role of key inflammatory targets
potentially related to MOF induction. Briefly, rats were anesthetized with sodium thiopentone (120
mg/kg 1.p. initially and 10 mg/kg i.v. for maintenance as needed). Cannulation with polyethylene
catheters (Smiths Medical International Ltd., Kent, UK) of the trachea for facilitation of
spontaneous breathing (internal diameter [ID] 1.67 mm), left femoral artery for blood withdrawal
and for recording the mean arterial pressure (MAP) (ID 0.40 mm) and left femoral vein for either
shed blood or drug administration (ID 0.40 mm) were performed. To prevent tissue desiccation,
swabs moistened with PBS were placed over the surgery incision sites. Rats’ body temperature
was maintained at 37°C with a homeothermic blanket and continuously monitored by a rectal
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thermometer. Upon the completion of surgery, the MAP was allowed to stabilize for 15 min. Blood
was then withdrawn (up to 1 mL/min into heparinized syringes containing 100 IU/mL heparin
mixed with normal saline) through the cannula inserted in the left femoral artery in order to achieve
a fall in MAP to 35 + 5 mmHg, which was recorded with a pressure transducer (attached to the
femoral artery cannula, 844-31 Memscap, Durham, USA) and coupled to a PowerLab 8/30 data
acquisition system (AD Instruments Pty Ltd., Castle Hill, Australia). Thereafter, MAP was
maintained at 35 + 5 mmHg for a period of 90 min either by further withdrawal of blood during
the compensation phase or administration of the shed blood during the decompensation phase. At
90 min after initiation of haemorrhage (or when 25% of the shed blood had to be re-injected to
sustain MAP at 35 £ 5 mmHg), resuscitation was performed with the remaining shed blood (mixed
with 100 IU/mL heparinized saline) through the left femoral vein over a period of 5 min plus a
volume of Ringer’s lactate identical to the volume of shed blood (Figure 9). Right after the
resuscitation step, drug treatment or vehicle was administered either intravenously or
intraperitoneally according to each experimental protocol (see details in the Table 3 and Figure
10). One hour after resuscitation, an infusion of Ringer’s lactate (1.5 mL/kg/h) was started as fluid
replacement therapy, and it was maintained throughout the experiment for a total of 3 h. Sham-
operated rats underwent the same surgical procedures, but without haemorrhage or resuscitation.

PowerLab

ADInstruments
LabChart Software
Recording
125 Resuscitation
Blood pressure
transducer S 100
Y I
@) E
= =0 E s
g &
= 50
Blood withdrawal Drug treatment
A ' by 25 —_—
c /
Femora] F T T T T T T T T T T T
AI‘IEI‘}’ 0 3 60 90 120 150 180 210 240 270 300 330
Vein 0
‘. W /
\ Route of administration:
\'\ Shed blood, fluid and/or
"k drug treatment Hemorrhage

Figure 9: Experimental model of haemorrhagic shock (HS). (Created with biorender.com) Rats
underwent femoral cannulation (artery and vein) to induce haemorrhage by blood withdrawal
(duration 90 min) followed by resuscitation (administration of the shed blood). Right after
resuscitation, HS-rats received Vehicle or drug treatment by intravenous injection. Femoral
arterial access was used to monitor blood pressure throughout the 5 h 30 min procedure.
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Table 3: Treatment schemes (haemorrhagic-shock studies)

Frequency and

Groups Target Drug (dose) Vehicle (dose) Route of
administration
Sham o
Article  HS prc Acalbrutinib/Fencbrutinb 2o o0 ! Once
111 HS + ACA (3 mg/kg each) o RINg (intravenously)
HS + FEN Lactate
Sham o,
Article  Sham + BAR Baricitinib 3% DMSO + Once
JAK1,2 95% Ringer’s . .
v HS (1 mg/kg) (intraperitoneally)
HS + BAR Lactate
Sham o
) Sham + 1SO-1 1SO-1 3% DMSO + Once
Article V HS MIF 95% Ringer’s .
(25 mg/kg) Lactate (intravenously)
HS +1SO-1

Rats were randomly divided into SHAM (false operated) or HS (Haemorrhage) groups, then IS mice were subdivided
in groups to receive either vehicle or the drug treatment (intravenous or intraperitoneally). S — Haemorrhagic shock;
DMSO - Dimethyl sulfoxide; ACA — Acalabrutinib; FEN — Fenebrutinib; BAR — Baricitinib; JAK — Janus kinase; MIF
— Macrophage migration inhibitory factor; 1SO-1 [(S,R)-3-(4- hydroxyphenyl)-4,5-dihydro-5-isoxazole acetic acid
methyl ester].

L — Article ITI (BTEK)
i " — Article IV (JAK)
i m % —— Article V (MIF)
z || -
E n
oL /
F A
5 - ACA or _T\: |:-'§ ":_J_"'f.g [<H |_'||:| ar v |_'||i:|-‘:
once intravenously
'y G \ \ once intravenously o
! 6 @ o o A 18 e ; /".. .,
i / BAR (1 mg/kg) ar vehicle i G "-I
i V4 _ once intraperitoneally N /
r-:/ —
v_.__H
- 45 min 0 min 1k 30 min - 150-1 (25 mg/kg) or vehicle 5 h 30 min
. once intravenously .

HS or Sham Hemorrhage Resuscitation End point
Surgery: Bleed 1 mL/min to 20 min after hemorrhage or when 25% of shed Sample collection 4 h
Trachea, achieve a MAP of blood is reinjected with remaining shed blood after resuscitation
Femoral 35+5 mmHg and Ringer's lactate (1.v) plus drug treatment or
artery/vein its vehicle

Figure 10. Timeline of the experimental design in haemorrhagic shock studies. (Created with
biorender.com) sepsis. Wistar rats were randomly selected to undergo either Sham or
Haemorrhagic shock (HS) protocol. Immediately after resuscitation step, rats received once either
Vehicle or drug treatment (Acalabrutinib (ACA) 3 mg/kg, Fenebrutinib (FEN) 3 mg/kg, Baricitinib
(BAR) 1 mg/kg or 1SO-1 25 mg/kg), intravenously or intraperitoneally. At 4 h post-resuscitation,
all parameters were analysed.
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4.2.4 Overall pharmacological aspects of the drugs used in the trials

All trials were designed using potent and selective drugs, for instance PF271 as a potent inhibitor
of FAK and PyK2 (ICso of 1.5 and 13 nM, respectively) has been evaluated in a number of kinase
screens and panels (cell-free assay), displaying >100 selectivity against all tested enzymes (Table
4) [120]. When it comes to BTK inhibitors, the three drugs tested (Ibrutinib, Acalabrutinib and
Fenebrutinib) have similar potency (ICso of 2.4, 10.4 and 5.3 nM, respectively). Curiously,
although Ibrutinib shows slightly greater potency compared to Acalabrunitib and Fenebrutinib, it
has a lower selectivity profile as shown in Table 4. Acalabrutinib and Fenebrutinib exhibit a
selectivity range of 100-1000 x higher against TEC, ITK, BMX, JAK3 and EGFR, while Ibrutinib
reaches a selectivity range of 0.5 — 38 x higher for the same kinases [121].

As determined by isolated enzyme assays, Baricitinib inhibits JAK1 and JAK2 almost to an
equivalent degree, with I1Cso values of 5.9 nM and 5.7 nM, respectively. Baricitinib inhibits the
JAK3 and TYK2 isoforms to a much lower extent, with ICso values of >500 nM and 53 nM,
respectively. The rationale for developing a selective JAK1/2 inhibitor that does not inhibit JAK3
activity was to lower the immunosuppressive effects linked to pan-JAK inhibition [122]. Among
the small molecule MIF inhibitors, the best characterized (ISO-1) competitively inhibits
tautomerase activity at ICso of 7 uM [93], which has shown similar potency to newly synthesized
compounds belonging to the same chemical class, such as Alam-4b (ICso of 7.3 uM) [123] and
ISO-66 (ICso of 4.5 uM) [124]. Furthermore, as ISO-1 is still poorly understood in terms of
selectivity, an addition group (Sham treated with ISO-1) has been included in the article V, in
order to avoid false-positive outcomes or toxic effects induced by the dose used in the trial. In the
article VI, although there is limited information on pharmacodynamic aspects of ICOS-Fc, the
dissociation constant for ICOS-Fc (Kd of 24 nM) has been reported [125], suggesting aspects of
high affinity by its target. Besides, as no insights into the selectivity of ICOS-Fc has been reported
so far, a mutated form of ICOS-Fc has been used at the same dose as ICOS-Fc (100 pg) to
overcome potential treatment-induced off-target effects (Table 4).
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Table 4: Potency and selectivity aspects of the drugs used in the studies included in the thesis

Primary target (s) Other targets
Compound (ICso or Kd in cell-free assay) (ICso in cell-free assay) Reference
ABL >1 uM
AuroraA 145 nM
PF-562271 IF)AII((Z 135;11314 c-SRC 797 nM [120]
y CDK2/CyclinA 227 nM
CDKS5/p35 120 nM
TEC 37.2nM
ITK 91.9 nM
Ibrutinib BTK 2.4 nM BMX 1.2 nM [121]
JAK3 51.8 nM
EGFR 30.2 nM
TEC 142.1 nM
ITK >1 uM
Acalabrutinib BTK 10.4 nM BMX 91.6 nM [121]
JAK3 >1 uM
EGFR >1 uM
TEC >1 uM
ITK >1 uM
Fenebrutinib BTK 5.3 nM BMX 351 nM [121]
JAK3 >1 uM
EGFR >1 uM
e s JAK1 5.9 nM JAK3 560 nM
Baricitinib JAK2  57n0M TYK2 53 nM [126]
ISO-1 MIF 7 uM - - [93]
ICOS-Fc¢ ICOSL Kd* 24 nM - - [125]

Potency and selectivity aspects of the inhibitors are listed as ICsovalues performed in cell-free assays. Kd* represents
equilibrium dissociation constant for ICOS-Fc. ABL - Tyrosine-protein kinase (Abelson murine leukemia virus), cSRC
- Proto-oncogene tyrosine-protein kinase Src; CDK2/5 - Cyclin-dependent kinase 2/5; TEC — tyrosine kinase
expressed in hepatocellular carcinoma; ITK - interleukin-2-inducible T-cell kinase; BMX - bone marrow tyrosine
kinase on chromosome X; EGFR - Epidermal growth factor receptors; TYK2 - Tyrosine Kinase 2

4.2.5 Blood collection and organ harvesting

Under deep anaesthesia, mice (24 h post-surgical procedure - sepsis) and rats (4 h post-
resuscitation step - HS) were euthanized by exsanguination. Whole blood was withdrawn into vials
containing (EDTA 17.1 uM/mL) and plasma content was obtained after centrifugation (13,000 x
g, 10 min at R.T.). Organs samples (heart, kidneys, liver, and lungs) were quickly harvested and
snap frozen in liquid nitrogen, then storage at in freezer at -80 °C. T. Ex vivo experiments were
then carried out in a blinded fashion.
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4.3 Cardiovascular evaluation

In article II, septic mice were submitted to cardiac function assessment in vivo 24 h after CLP.
Briefly, mice were first anesthetised (3% isoflurane delivered in oxygen 0.4 L/min), then kept
under anaesthesia throughout procedure via nosecone at (2% isoflurane delivered in oxygen 0.4
L/min). Body temperature was monitored/maintained at 37 °C. Cardiac function was assessed by
M-mode and B-mode echocardiography using the VisualSonics Vevo 3100 echocardiographic
system and a MX550D transducer. Ejection fraction and fractional shortening were recorded. On
the other hand, in article III, mean arterial pressure (MAP) was recorded in rats that underwent
HS insult. Through the femoral artery, a cannula was inserted and then connected to a disposable
pressure transducer coupled to the PowerLab 8/30 (AD Instruments Pty Ltd., Castle Hill,
Australia). Baseline values of MAP, in mmHg, were recorded in a software (LabChart7®) 4 h after
the resuscitation step.

4.4 Measurement of biochemical markers of organ injury

Plasma samples from mice (sepsis) and rats (HS) were used to determine the levels of the
transaminase - aspartate aminotransferase (AST) and alanine aminotransferase (ALT) (as
biomarkers of liver injury), creatinine (as biomarker of kidney dysfunction), amylase (as
biomarker of pancreatic damage) and creatine kinase (CK) (as biomarker of muscle injury).
Biochemical markers were measured using commercially available colorimetric clinical assay kits
(FAR Diagnostics, Verona, Italy) according to the manufacturer's instructions or samples were
sent to an independent veterinary testing laboratory (MRC Harwell Institute, Oxford, UK) to be
determined.

4.5 Systemic inflammation determination

In articles I, I and VI, systemic cytokine levels were determined in plasma samples using the
Luminex suspension bead-based multiplexed Bio-Plex Pro™ Mouse Cytokine. In articles I and
VI a 6-Plex Th17 panel assay (#M6000007NY) was used to measure the following cytokines (IL-
b, IL-6, TNF-a, IFN-g, IL-17 and IL-10), while in article II, a Bio-Plex Pro™ Mouse chemokine
31-Plex panel assay (Bio-Rad, Kabelsketal, Germany) was used to measure the following
cytokines (IL-1pB, -2, -4, -6, —10, —16, CCL1,-2, -3, —4, =5, -7, -11, =12, —-17, —19, =20, —22,
—24, 27, IFN-g, TNF-a and the chemokines CX3CL1, CXCL1, -2, -5, -10,—11,—-12,—-13, 16,
and the growth factor GM-CSF). The assay was performed in both panels according to the
manufacturer's instructions. However, in the present thesis, only some representative inflammatory
cytokines were included, such as TNF-a, IL-1p, IL-6, IL-17 and IL-10.

Briefly, the technique comprises a method for simultaneously detecting multiple biological
markers using microspheres (also named as beads) that are dyed with different fluorescent colors.
Each color corresponds to a different marker, allowing for up to 50 markers to be distinguished
within a single sample. The Bio-plex principle is similar to the traditional ELISA, however based
on the fluorescent beads. Capture antibodies directed against the desired biomarker are covalently
coupled to the beads. Coupled beads react with the sample containing biomarker of interest. After
a series of washes to remove unbound protein, a biotinylated detection antibody is added to create
a sandwich complex. The final complex is formed with the addition of streptavidin-phycoerythrin
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(SA-PE) conjugate, as a fluorescent indicator. Binding of SA-PE conjugate allows the detection
of a fluorescent signal, whose intensity is proportional to the amount of analyte of interest present.
The results of the analysis are acquired with the Bio-Plex 200 reader, which allows simultaneous
identification of a red laser (at 635 nm) emitted from the beads and of a green laser (at 532 nm) of
the fluorescent signal from the phycoerythrin. The concentration of the markers in the samples,
expressed in pg/mL, is proportional to the intensity of the signal detected.

In addition, in article V, MIF levels was determined in plasma samples from HS-rats. MIF levels
were detected by commercially available ELISAs according to the manufacturer's instructions
(Cusabio Biotech, Wuhan, China). Detection was read at 450 nm and 540 nm using iMark®
microplate absorbance reader (BioRad).

4.6 Western blot analysis
Western blot technique was applied to all six articles included in the present thesis.
4.6.1 Sample extraction/preparation

Fifty mg of tissue (heart, liver, kidney) from either mice or rats were homogenized in microtubes
containing 500 pL of lysis buffer solution (NaCl 150 mM; Tris-HCI 50 mM pH7.5; EGTA 1 mM,;
Sodium Deoxycholate 0.25%; NP-40-IGEPAL 1%; Milli-q Water (quantum sufficit) + a cocktail
of protease inhibitors), on ice using a Potter-Elvehjem homogenizer. Subsequently, homogenates
were centrifuged (10,000 RPM; 25 min; 4 °C) to obtain a total protein extraction. Total proteins
were quantified using Bicinchoninic acid (BCA) Pierce™ assay following the manufacturer’s
instructions. Homogenates were then stored at -80 °C.

Once total protein extractions were prepared and quantified, 50 ug of proteins were prepared to be
separated by electrophoresis. Samples were prepared in microtubes (kept in ice) by adding 50 pg
of proteins, 4 uL of sample buffer solution (sample buffer 4x + Dithiothreitol - DTT) and Milli-q
water (quantum sufficit to reach 15 pL). Samples were heated at 60°C for 10 minutes and then
loaded into dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) (5% stacking gel)
and a (8%, 10% or 12% running gel).

4.6.1 Electrophoresis, electro-transfer and immunodetection

After loading 50 pg of proteins into the gels, electrophoresis was performed using (Mini-
PROTEAN® Tetra Vertical Electrophoresis Cell, Bio-Rad Laboratories Inc, Hercules, CA, United
States), containing running buffer and constant voltage at 200 V, for approximately 35 min (R.T.).
At the end of the electrophoresis, proteins from the gels were transferred to a polyvinylidene
fluoride (PVDF) membrane (0.45 uM) through an electro-transfer at constant voltage of 100 V for
70 min. Then, membranes were stained with Ponceau solution in order to certify the correct protein
transference. The red staining was then removed from the membranes by 3 consecutive washes (5
min each), under agitation, with TBS-T solution (a tris buffered saline 1 x Tween (0,1%) solution).
Afterwards, non-specific binding sites on the membranes were blocked with 10% non-fat dry milk
(w/v) in TBS-T, for 1 h, at R.T. under agitation. After this step, membranes were quickly washed
with TBS-T solution to remove excess blocking solution.
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Following the blocking step, membranes were incubated with primary antibodies specific for the
targeted protein at the dilution 1:1000 overnight, at 4°C, under agitation. The primary antibodies
were prepared by diluting them in TBS 1x solution (TBS 10 x diluted in Milli-Q water) containing
NaN; as a preservative. The primary antibodies used were: rabbit anti-Thr!®/anti-Tyr!'®? p38;
rabbit anti-total p38; rabbit anti-Caspase-1; rabbit anti-Tyr**’ FAK; rabbit anti-total FAK; mouse
anti-Tyr**? PyK?2; rabbit anti-NF-kB; mouse anti-Ser’?*¢ IkBa; mouse anti-total IxBa,; rabbit anti-
Tyr!®07-1008 JAK?2; rabbit anti-total JAK2; rabbit anti-Tyr’% Stat3; mouse anti-total Stat3; rabbit
anti-Ser!7¥180 [KKo/B; rabbit anti-IKKp; rabbit anti-Tyr*>*> BTK, rabbit anti-total BTK (all
purchased from Cell Signaling); mouse anti-NRLP3 (Adipogen); mouse anti-total PyK?2 (Santa
Cruz). In the following day, membranes were then incubated with a secondary antibody conjugated
with horseradish peroxidase (HRP) at the dilution 1:10000 for 1 h at R.T. (anti-mouse or anti-
rabbit, purchased from Cell Signaling). Afterwards, the membranes were stripped and incubated
with rabbit anti-b-actin (Cell Signaling). Immune complexes were developed using the ECL
detection system and visualized by chemiluminescence. Densitometric analysis was performed
using Bio-Rad Image Lab Software 6.0.1. Results were normalized to sham bands.

4.7 Immunohistochemical staining

The immunopositivity of iNOS (article I) and CD68 (article IV) were analysed by
immunohistochemistry on 10 pum frozen tissue sections of liver and kidney samples. Slides were
fixed (10 min) in acetone post-sectioning. After, endogenous peroxidase activity was blocked
using H2020.3% (diluted in PBS, 2 min). Then, bovine serum albumin (BSA) 3% (Sigma Aldrich,
St. Louis, MO, USA) diluted in PBS was used to block non-specific binding sites per 30 min.
While liver and kidney sections (article I) were incubated over 2 hours with primary antibodies at
room temperature (NOS-2, Santa Cruz, #sc-651, dilution 1:50), renal sections (article IV) were
incubated with anti-CD68 (1:500; abcam, Cambridge, United Kingdom) in 1% BSA in PBS
overnight at 4°C. Subsequently, sections were incubated with HRP-conjugated secondary
antibodies or biotinylated anti-rabbit IgG (dilution 1:200; Vector Laboratories, Burlingame, CA,
USA) for 1 h. The chromogenic detection was obtained by adding 3,3’-diaminobenzidine (DAB;
Vector Laboratories, Burlingame, CA, USA) substrate (2 min of exposition). Finally, the nucleus
was counterstained with haematoxylin (10 minutes) and washed in tap water for 7 min. Slides were
then immersed in different grades of alcohol for the dehydration: Ethanol 75%, Ethanol 95%,
Ethanol 100% (3 min each) and then in Xylol I and Xylol II for 1 minute each. Afterwards, slides
were mounted for imaging by using 3-4 drops of the medium (DPX Mountant histology) to attach
a cover glass. CD68 staining was quantified by counting positive caskets of a grid (10 x 10) in 20
adjacent cortical areas per section (40x magnification). Images were taken using a KEYENCE BZ-
X800 microscope and BZ-X800 viewer after performing white balance and auto exposure.

4.8 Myeloperoxidase (MPO) activity assay

About 100 mg of liver, kidney and lungs samples were homogenised (1:5 w-v) in ice-cold 20 mM
sodium phosphate buffer (pH 7.4), and then centrifuged (13,000 g, 10 min, 4 °C). The supernatants
were discarded, and the pellets were recovered. Afterward, 500 pL of
hexadecyltrimethylammonium bromide buffer (0.5% HTAB in 50 mM sodium phosphate buffer,
pH 6.0) was added and the pellets were resuspended. There was an additional step for kidney
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tissues, where samples were heated at 60 °C for 2 h in order to remove interfering peroxidases
[127]. A second centrifugation (13,000 g, 10 min, 4 °C) for any sort of tissues was again
performed. The supernatants (30 plL) were then assessed for myeloperoxidase activity by
measuring the H>O»-dependent oxidation of 3,3’,5,5'-tetramethylbenzidine (TMB), in which 180
uL of H20: (final concentration 0.3 mM) diluted in 0.08 M sodium phosphate buffer, pH 5.4, and
20 uL of TMB (final concentration 1.6 mM) dissolved in Milli-q H>O. In its oxidised form, TMB
has a blue colour, which was measured spectrophotometrically. The 96-well plate was incubated
for 10 min at 37 °C and the optical density (O.D. 650 nm) was measured every two min. The final
supernatant was also used to quantify the protein content, which was determined using a BCA
protein assay (Pierce Biotechnology Inc., Rockford, IL, USA) following the manufacturer’s
instructions. A 5 min incubation time was used, and MPO activity was expressed as optical density
at 650 nm per mg of protein.

4.9 (Re)analysis of gene expression in whole blood from critically ill patients

Published datasets were reanalysed on septic and trauma whole blood for targeted genes. In article
II, BTK gene expression in whole human blood of septic and healthy patients were reanalysed.
Original data was obtained from the Gene Expression Omnibus (GEO) under dataset number
GDS4971 which was published by Parnell et al [128]. RNA was extracted from whole blood of
patients confirmed with sepsis (and healthy participants) over a 5 day time course and analyzed
for gene expression via microarray [llumina GenomeStudio V2010.3. Three groups were collected,
healthy participants (n = 18), septic survivors (n = 26), and septic non-survivors (n =9). Besides,
in articles III and IV, original data were obtained under Gene Expression Omnibus (GEO)
accession GSE36809, published by Xiao and colleagues [129]. RNA was extracted from whole
blood leukocytes of severe blunt trauma patients (n = 167) over the course of 28 days and healthy
controls (n = 37) and hybridized onto an HU133 Plus 2.0 GeneChip (Affymetrix) according to the
manufacturer’s recommendations. The datasets were reanalysed for BTK (article IIT), JAK2 and
STAT3 (article IV) gene expression.

4.10 Statistical analysis and data presentation

Statistical analysis is briefly described in this section and detailed in the legends of each figure.
Power analysis for the study design through G-Power 3.1™ software [130]. Data were expressed
as dot-plots for each animal and as mean + SD/SEM or median with range of n observations, where
n represents the number of animals/experiments/subjects studied. The standard distribution of data
was verified by Shapiro-Wilk normality test and the homogeneity of variances by Bartlett test. The
statistical analysis was performed by one/two-way ANOVA, followed by Bonferroni’s post-hoc
test. Data that were not normally distributed, non-parametric statistical analysis was applied
through Kruskal-Wallis followed by Dunn’s post hoc-test. Differences in the survival study were
determined with a logrank (Mantel-Cox) test. A P value <0.05 was considered significant.
Statistical analysis was performed using GraphPad Prism® software version 7.05 (San Diego,
California, USA).
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S RESULTS AND DISCUSSION

In order to achieve the first aim of the present thesis, selective kinases were pharmacologically
targeted in both rodent models of sepsis and haemorrhagic shock.

5.1 Targeting kinases as pharmacological strategies to counteract multiorgan dysfunction in
sepsis and haemorrhagic shock

FAK and Pyk2, two non-receptor proteins tyrosine kinase, that are activated by a variety of
extracellular stimuli, thereby mediating a series of inflammatory cascades, were investigated in
the context of sepsis. Through a potent dual inhibitor PF562271, selective inflammatory pathways
were analysed as well as the long-term effects of FAK-PyK2 inhibition.

5.1.1 Pharmacological inhibition of the FAK-PyK2 pathway with PF562271 confers organ
protection in sepsis by counteracting hyperinflammatory state

The first study design (article I), we have shown protective effects of PF271 in a murine model
of sepsis. Selective inhibition of FAK and PyK2 proteins attenuated sepsis-induced liver and
kidney damage as reported by reduced systemic levels of the biochemical markers AST, ALT
(hepatic injury) and creatinine (renal dysfunction) (Figure 11).
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Figure 11: Effect of PF271 Administration on systemic levels of organ damage biomarkers
during experimental sepsis. Mice were randomly selected to undergo Sham or CLP surgery. One
hour later, CLP mice were treated once with either vehicle or PI271 (25 mg/kg s.c.). Twenty-four
hours after Sham or CLP procedure, the animals’ blood was collected and plasma levels of
aspartate transaminase (AST) [A], alanine transaminase (ALT) [B] and creatinine [C] were
determined. Data are expressed as dot plots for each animal and as mean + SD of 5-10 mice per
group. Statistical analysis was performed by one-way ANOVA followed by Bonferroni’s post hoc
test. *p < 0.05 CLP vs Sham/CLP+PF271.

We then speculated which might be the possible molecular mechanisms involved in sepsis-induced
organ damage. Although consistent evidence suggests a key role of FAK-PyK2 in inflammation
[131][132], the role of these two kinases in the septic context remains unclear. We deepened our
analyses at the local level (hepatic and renal tissue) and, to be best of our knowledge, we reported
here for the first time that, FAK-PyK2 does indeed play a role in the pathogenesis of sepsis, by
showing increased phosphorylation of Tyr’**” on FAK (panels A-B) and Tyr*’*> on PyK2 (panels C-
D), suggesting an increased enzyme activation during the septic insult. Furthermore, we confirmed
the ability of PF271 to effectively interfere with its pharmacological targets, showed by reduced
activation of both FAK and PyK2 in septic mice (Figure 12). Additionally, in septic mice tissues
we showed an overactivation of a member of the MAPK pathway (p38) which signals downstream
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the FAK-PyK2 pathway (panels E-F, Figure 12). Its activation represents one of the major
contributors to a pro-inflammatory status in sepsis, due to an excessive transcription of cytokines
[131][133].
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Figure 12: Effect of PF271 on tissue activation of FAK-PyK2 pathway during experimental
sepsis. Mice were randomly selected to undergo Sham or CLP surgery. One hour later, CLP mice
were treated once with either Vehicle or PF271 (25 mg/kg s.c.). Twenty-four hours after Sham or
CLP procedure, liver and kidney were harvested, and the total protein was extracted from them.
Western blotting analysis for phosphorylation of Tyr**” on FAK in the liver [A] and kidney [B]
were normalized to total FAK; Phosphorylation of Tyr**? on PyK2 in the liver [C] and kidney [D]
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were normalized to total PyK2; Phosphorylation of Thr'%/Tyr'%? on p38 in the liver [E] and kidney
[F] were normalized to total p38. Densitometric analysis of the bands is expressed as relative
optical density (O.D.). Data are expressed as dot plots for each animal and as mean + SD of 4-5
mice per group. Statistical analysis was performed by one-way ANOVA followed by Bonferroni’s
post hoc test. *p < 0.05 CLP vs Sham/CLP+PF271.

Indeed, we have confirmed in our experimental model of sepsis a systemically excessive release
of several pro-inflammatory cytokines thus, leading to the so-called “cytokine storm”, which is
one of the main drivers of organ dysfunction associated to sepsis [134]. Interestingly, inhibition of
the FAK-PyK2 pathway lowered sepsis-induced cytokines release, revealing a possible central
organ protection mechanism triggered by PF271 (Figure 13).

[A] [B]

(5]
[=]
[=]
[=1]
(=]
:
*

=y
o
o
1
B
o
1

TNF-o. (pg/mL)
IL-1B {pg/mL)
N
(=]

o
o
1

m&mén&m o] o s

T T T T T T
Sham CLP CLP+PF271 Sham CLP CLP+PF271

(=]
L

r—
o
—
r—
o
—

*
4000+ * 800+
o
(o] —
T 3000 =1 600
= £
= B
2 2000 £ a00
© =
= 1000 Q Y 2004
04 <Airo- % 0 erte 20550

Sham  CLP CLP+PF271 Sham CLP CLP+PF271

Figure 13: Effect of PF271 on systemic cytokines during experimental sepsis. Mice were
randomly selected to undergo Sham or CLP surgery. One hour later, CLP mice were treated once
with either Vehicle or PF271 (25 mg/kg s.c.). Twenty-four hours after Sham or CLP procedure,
the animals’ blood was collected. Plasma levels of TNF-a [A], IL-1p [B], 1L-6 [C] and I1.-17 [D]
were determined. Data are expressed as dot plots for each animal and as mean = SD of 5-10 mice
per group. TNF-a, IL-17, and IL-6 were statistically analyzed by one-way ANOVA followed by
Bonferroni’s post hoc-test, while IL-1p was analyzed by Kruskal-Wallis followed by Dunn’s post
hoc-test. *p < 0.05 CLP and/or CLP+PF271 vs Sham.

In line with the detrimental inflammatory markers in sepsis, we have reported an aberrant increase
in INOS expression (Figure 14). Both septic shock and PF271 treatment affected the renal and
hepatic expression of iNOS. Interestingly, iNOS expression has been demonstrated to be induced
either via the p38 MAPK pathway following LPS stimulation [135] and via FAK and/or PyK2
pathway [136][137], thus suggesting an intriguing cross-talk mechanism linking the
FAK/PyK2/p38 axis in inducing iNOS expression during sepsis. This excessive expression of
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iNOS in the context of sepsis represents a harmful mediator in the pathogenesis of the disease,
being responsible for producing high levels of nitric oxide (NO), which in its excessive
concentration, it is directly associated with hypotension and hyporeactivity to vasoconstrictors
[138][139], along with events related to cytotoxicity [140]. However, based on these primary
findings, such aspects linking the protective effects of PF271 (reduced iNOS expression) and
hyporeactivity to vasoconstrictors in sepsis should be deepened considering the relevance of this
clinical complication.
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Figure 14: Effect of PF271 on tissue expression of iNOS during experimental sepsis. Mice were
randomly selected to undergo Sham or CLP surgery. One hour later, CLP mice were treated once
with either Vehicle or PF271 (25 mg/kg s.c.). Twenty-four hours after Sham or CLP procedure,
liver and kidney were harvested. Tissue sections were prepared to identify iNOS expression
through immunohistochemistry assay in liver [A] and kidney [B]. Representative
photomicrographs at 10x and 20x magnification were recorded of 5 animals per group.
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The most relevant outcome of this study from a translational point of view is that PF271 confers
not solely acute but also long-term protection, demonstrated by the prolonged survival of septic
mice treated with FP271 (Figure 15), which provides an opportunity for the repurposing of this
small molecule for use in patients with sepsis, since PF271 has already been tested in a phase I
clinical trial in oncology (NCT00666926) [51][52].
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Figure 15: Effect of PF271 on the survival of septic mice. Mice were randomly selected to
undergo Sham or CLP surgery. One hour later, CLP mice were treated once with either Vehicle
or PF271 (25 mg/kg s.c.). The mortality rate was recorded over a 5-day period. A log-rank test
was used for the comparison of the survival curves (n = 14 mice per group). *p < 0.05 CLP vs
CLP+PF271.

We next investigated the role of Bruton’s tyrosine kinase (BTK), a well-known protein kinase
critical for the B-cell antigen receptor (BCR) signalling pathway in the septic context. BTK which
is also involved in the activation of the TLR signalling pathways and the NLRP3 inflammasome
were here investigated through a genetic deficiency of the BTK gene alone in Xid mice.

Accordingly, this key protein kinase (BTK), known to be linked with inflammatory disorders has
raised wide attention as a potential target in sepsis. Indeed, it has recently been documented that
BTK inhibition with Ibrutinib attenuates systemic inflammation and MOF in septic mice [141].
Ibrutinib is an approved drug for the treatment of several diseases, such as chronic lymphatic
leukaemia, mantle cell lymphoma, Waldenstrom macroglobulinemia, and graft vs. host disease
[142]. However, targeting kinases with selective small molecules has always been a challenge,
which in turn, despite the protective effects observed in the previously mentioned study [141],
perhaps some of them possibly are due to the well-known off-target effects of Ibrutinib, as it
strongly inhibits other kinases, such as Bmx, ErbB4, RIPK2 and TEC. Therefore, the next study
(article IT) has been designed to elucidate these issues.

5.1.2 Selective BTK inhibition protects septic mice from cardiac dysfunction

Firstly, in the present study (article II) we have reinforced the relevance of BTK in humans with
sepsis, by revealing an impressive increase in BTK expression in whole-blood from non-survivors
septic patients, which was not observed in survivors participants (Figure 16). These data strengthen
the hypothesis that pharmacological intervention in this pathway during sepsis may be suitable.
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Figure 16: Time course of BTK expression in whole human blood of septic and healthy patients.
Original data was obtained from the gene expression omnibus under dataset number GDS4971
which was published by Parnell et al. [128]. Whole blood of patients confirmed with sepsis (and
healthy participants) over a 5 day time course. RNA was extracted from whole blood and analyzed
for gene expression via microarray lllumina GenomeStudio V2010.3. Three groups were collected,
healthy participants, septic survivors, and septic non-survivors. Significance was determined by
one-way ANOVA followed by Bonferroni post hoc-test. Data are expressed as mean + SEM.

Then, in order to elucidate the role of BTK in sepsis, this study has been conducted through a
model of sepsis using X-linked Immunodeficient (Xid) mice, (mice with a missense mutation in
the BTK gene, resulting in impaired functional BTK).

As the development of cardiac dysfunction affects 40% of septic patients [143], leading to an
increased mortality rate of 70-90% in comparison to 20% mortality in patients who do not present
cardiac dysfunction [144], here we focused our investigation on the cardiac system as it plays a
pivotal role in the pathogenesis of sepsis. We showed that WT-CLP mice developed severe systolic
cardiac dysfunction by reducing the ejection fraction (EF, panel B) and fractional shortening (FS,
panel C) (Figure 17). Interestingly, when compared with WT-CLP mice, the degree of cardiac
dysfunction (EF and FS) measured in CLP-Xid mice, WT-CLP mice + Ibrutinib or CLP-Xid mice
+ Ibrutinib were significantly lower following the genetic or pharmacological interventions. In
contrast, administration of Ibrutinib to CLP-Xid mice had no additional effects on cardiac function,
indicating that the beneficial effects of Ibrutinib are not due to off-targets effects of the drug.
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Figure 17: Xid mice are protected from sepsis-induced cardiac dysfunction. WT and Xid mice
were randomly selected to undergo sham or CLP surgery, 1 h later ibrutinib (30 mg/kg) was
administered intravenously. At 24 h after CLP, cardiac function was assessed by
echocardiography. [A] Representative m-mode images, [B] Ejection Fraction (%) and [C]
Fractional shortening (%). The following groups were studied WT sham (n = 5), Xid sham (n =
5), WI-CLP (n = 10), Xid-CLP (n = 10), WT-CLP + ibrutinib (n = 8), and Xid-CLP + ibrutinib
(n = 6). Data were expressed as mean + SEM and analyzed by one-way ANOVA with a Bonferroni
post hoc-test. *P < (.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 vs. WT-CLP.

We then speculate what could be the possible molecular mechanisms behind BTK inhibition in
cardiac protection. We decided to explore the NLRP3 inflammasome, as its activation has been
widely reported as a key player in the pathophysiology of sepsis and septic cardiomyopathy [145].
In addition, several evidence has shown strong involvement of BTK in the activation of NLRP3
complex [141][146][147]. To elucidate these issues, we performed western blot experiments in
cardiac tissues from septic mice and reported that experimental sepsis does increase cardiac BTK
activation (phosphorylation on Tyr’*) leading to an overactivation/expression of the NLRP3
complex and hence, an increase in activated-caspase-1. Impressively, CLP-mice carrying a BTK
deficiency were protected from these sepsis-induced abnormalities (Figure 18). This dataset
confirms that BTK inhibition contributes to reduced sepsis-related inflammation and organ
dysfunction.
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Figure 18: BTK and NLRP3 inflammasome are not activated in Xid mice after experimental
sepsis. Mice underwent sham-operated or CLP surgery and 24 h later signaling pathways in the
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cardiac tissue were assessed. Densitometric analysis of the bands is expressed as relative optical
density (0.D.) of [A] phosphorylation of BTK on Tyr223 corrected for the corresponding total
BTK and normalized using the related sham bands, [B] NLRP3 activation, corrected against
tubulin and normalized using the sham related bands and [C] Pro-caspase-1 against activated
caspase-1 and normalized using the sham related bands. The following groups were studied WT
sham, Xid sham, WT-CLP and Xid-CLP (n = 4 per group). Data are expressed as mean = SEM
and analyzed by one-way ANOVA with a Bonferroni post hoc-test. ***P < 0.001 and ****P <
0.0001 vs. WT-CLP.

Considering the most relevant inflammatory pathways related to BTK activity, we were also able
to demonstrate the ability of BTK deficiency/inhibition in reducing the burden of pro-
inflammatory cytokines (TNF-a, IL-6 and IL-1B) caused by sepsis, with no additional effects
(neither beneficial nor harmful) induced by Ibrutinib in CLP-Xid mice (Figure 19).
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Figure 19: Xid mice do not present with systemic inflammation after polymicrobial sepsis. Mice
underwent sham or CLP surgery, 24 h later cytokines were assessed in serum. [A] TNF-a (pg/ml),
[B] IL-6 (pg/ml) and [C] IL-1B (pg/ml). WT sham (n = 5), Xid sham (n = 5), WT-CLP (n = 10),
Xid-CLP (n = 10), WT-CLP + ibrutinib (n = 8), and Xid-CLP + ibrutinib (n = 6) were studied.
Data are expressed as mean + SEM and analyzed by one-way ANOVA with a Bonferroni post hoc-
test. *P < 0.05, ***P < 0.001, and ****P < 0.0001 vs. WT-CLP.

In line with these findings, once we have seen the beneficial effects of BTK inhibition in
counteracting systemic inflammation in sepsis [141], as well as in other disease contexts [146],
BTK inhibitors have emerged as a potential pharmacological strategy to be repurposed for
COVID-19 patients, as BTK activity has been found to be increased in whole blood of patients
with SARS-CoV-2 infection, who also present systemic cytokine storm [148]. Thus, given the
evident protective effects of BTK inhibitors in several inflammatory disease contexts, the next
study design (article III) has been conducted in an animal model of haemorrhagic shock to explore
the potential of repurposing BTK inhibitors in trauma-haemorrhage.

5.1.3 Pharmacological inhibition of BTK activity attenuates haemorrhagic-shock-induced
multiple organ dysfunction in rats

To date, the role of BTK in trauma has been poorly investigated, with limited information available
[149]. Thus, we start this study (article IIT) providing the clinical relevance of BTK in trauma
patients, by reanalysing a dataset already published by Xiao and Colleagues [129]. We showed
that BTK expression is elevated in whole blood (leukocytes) of trauma patients, when compared
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to healthy controls (Figure 20). This increase starts at Day 1 and remains high until the Day 28.
Therefore, suggesting and strengthen BTK as a potential target for new therapeutic strategies in
trauma.

2log of BTK

Figure 20: BTK gene expression is elevated in trauma patients. Original data was obtained from
the Gene Expression Omnibus under dataset accession number GSE36809. RNA was extracted
from whole blood leukocytes over a 28-day time course from trauma patients (n = 167) and
matched healthy controls (n = 37). Data were reanalyzed for BTK gene expression. Data are
expressed as mean + SEM. Statistical analysis was performed using one-way ANOVA followed by
a Bonferroni’s post- hoc test. * p < 0.05 vs Healthy patients.

Thus, using a reverse translational approach, we investigated whether pharmacological
intervention with two BTK inhibitors would attenuate HS-induced systemic inflammation and
organ dysfunction in a rat trial. In this study we used Acalabrutinib (ACA) as a second generation
irreversible BTK inhibitor (more selective compared to Ibrutinib — first generation) and
Fenebrutinib (FEN) as a reversible BTK inhibitor.

Interestingly, the changes in BTK expression seen in trauma patients corroborate our findings in
our animal model of HS. We showed that HS led to an overactivation of BTK (phosphorylation
on Tyr ???) in the kidney of rats and that pharmacological inhibition of BTK with both ACA and
FEN drugs significantly abolished the increase induced by HS, with no statistical differences
between the two treatments (panel A, Figure 21). Then, as there are solid evidence showing that
BTK activates the NFkB pathway [150] and in trauma there is a high cytosol-nucleus translocation
of NFkB [151]-[153], we also investigate downstream BTK signaling in HS-rats. Thus, as
expected, HS led to an overactivation of NFkB pathway, composed by IKKa/p (phosphorylation
on Ser!7%1%%) TxkBa (phosphorylation on Ser*?*¢) and cytosol-nucleus translocation of p65 subunit.
Interestingly, inhibition of BTK activity with ACA or FEN equally attenuated NFkB activation in
the kidney of HS-rats (panels B-D, Figure 21).
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Figure 21: Treatment with BTK inhibitors (Acalabrutinib or Fenebrutinib) attenuates renal
BTK and NFkB activation in experimental HS. [A] The phosphorylation of BTK on Tyr*?, [B]
the phosphorylation of IKKa/B at Ser'’"'8 [C] the phosphorylation of IxBa at Ser’?% and [D]
the Cytosolic-nuclear translocation of p65 subunit of vehicle and BTKi treated (acalabrutinib,
ACA; fenebrutinib, FEN) rats were determined by western blotting in the kidney. Protein
expression was measured as relative optical density (O.D.) and normalized to the sham band. Data
are expressed as mean + SEM of five animals per group. Statistical analysis was performed using
one-way ANOVA followed by a Bonferroni's post-hoc test. *p<0.05 denoted statistical

significance.

NFkB activation starts with pro-inflammatory mediators upstream of its signalling pathway, which
then induces the transcription of several pro- and anti-inflammatory cytokines and other
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inflammatory mediators [154]. As a result, it functions as a positive feedback loop, further
amplifying and perpetuating inflammatory responses, leading to increased endothelial
permeability, tissue hypoperfusion/hypoxia, tissue injury, and ultimately organ dysfunction [155].
Thus, as the two BTK inhibitors reduced NFxB activation in HS-rats, we wondered whether the
treatments protected against trauma-associated organ dysfunction. Indeed, both drugs improved
HS-induced circulatory failure, showing a significantly higher MAP over time post resuscitation
when compared to vehicle-treated HS-rats (panels A-B, Figure 22). Simultaneously, HS-rats
treated with BTK inhibitors also had attenuated levels of organ damage biomarkers which had
been elevated by haemorrhage (ALT, indicating hepatic injury), (Creatinine, indicating renal
dysfunction) and (CK, indicating muscular injury) (Figure 23). Collectively, these data suggest
that BTK inhibition protects against HS-induced multiorgan dysfunction by reducing the
inflammatory burden, with identical efficacy between Acalabrutinib and Fenebrutinib.
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Figure 22: Treatment with BTK inhibitors improves HS-induced circulatory failure. [A] Mean
arterial pressure (MAP) was measured from the completion of surgery to the termination of the
experiment for vehicle and BTK inhibitors treated (Acalabrutinib, ACA; Fenebrutinib, FEN) rats.
[B] MAP values at the end of the resuscitation period (330 min). Data are expressed as mean +
SEM of 8-10 rats per group. Statistical analysis was performed using two-way ANOVA followed
by a Bonferroni's post-hoc test. *p<0.05 Sham + vehicle vs. HS + vehicle; #p<0.05 HS + vehicle
vs. HS + BTK inhibitors (ACA or FEN).
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Figure 23: Treatment with BTK inhibitors attenuates HS-induced organ dysfunction. Rats were
subjected to haemorrhagic shock (HS) and 4 h after resuscitation, levels of serum [A] alanine
aminotransferase (ALT), [B] creatinine and [E] creatine kinase (CK) were determined in vehicle
and BTK inhibitors treated (Acalabrutinib, ACA,; Fenebrutinib, FEN) rats. Sham-operated rats
were used as control. Data are expressed as mean £ SEM of 8-10 rats per group. Statistical
analysis was performed using one-way ANOVA followed by a Bonferroni's post-hoc test. *p<0.05
denoted statistical significance.

So far, we have shown that both sepsis and haemorrhagic shock trigger an exacerbated
inflammatory burden with excessive release of pro-inflammatory cytokines/mediators, which are
key drivers of organ dysfunction. Thus, we designed our next animal trial (article IV) using a
small molecule that targets kinases that directly signal downstream cytokine receptors, thereby
seeking for a reduction in the amplification and perpetuation of inflammatory disorders.

JAK-STAT 1is a well-known intracellular pathway that signals downstream cell-surface
cytokine/growth factor receptors, mediating various inflammatory disorders [156], hence, is
considered a potential master regulator of many inflammatory signalling processes. However,
there is limited information about the role of JAK-STAT pathway in trauma.

5.1.4 Pharmacological inhibition of JAK-STAT pathway reduces multiple organ dysfunction
caused by haemorrhagic-shock in rats

Similar to the previous discussed study (article III), here (article IV) we re-analysed the same
dataset already published by Xiao and collaborators [129], where they compared genome-wide
gene expression in whole-blood from trauma patients vs matched healthy controls. For the present
study, the dataset was re-analysed for JAK2 and STAT3 expression. As shown in Figure 24, both
JAK?2 and STATS3 expression are increased in leukocytes from trauma patients when compared to
healthy controls. The increase begins with an initial peak at 12 h for both biomarkers and remains
high through Day 28. These datasets highlight that the JAK2-STAT3 pathway may trigger a central
role in the pathogenesis of trauma, suggestive of a potential pharmacological target in trauma.
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Figure 24: JAK2 and STAT3 gene expression is elevated in trauma patients. Original data was
obtained from the Gene Expression Omnibus under dataset accession number GSE36809. RNA
was extracted from whole blood leukocytes over a 28-day time course from trauma patients (n =
167) and matched healthy controls (n = 37). Data were reanalyzed for [A] JAK2 and [B] STAT3
gene expression in trauma patients. Data are expressed as mean £ SEM. Statistical analysis was
performed using one-way or two-way ANOVA followed by a Bonferroni's post-hoc test. *p<0.05
denoted statistical significance.

Again, using a reverse translational approach, we decided to carry out a rat trial using the animal
model of haemorrhagic-shock and targeting JAK-STAT pathway with Baricitinib, a selective
JAK1/JAK?2 inhibitor. Baricitinib is an approved drug for the treatment of inflammatory diseases,
including rheumatoid arthritis [157] and atopic dermatitis [158]. Moreover, we have recently
demonstrated that JAK-STAT inhibition with Baricitinib ameliorates diet-related
metabolic/inflammatory derangements and associated organ damage in a murine model of chronic
low-grade inflammation induced by high fat diet [73]. In addition, Baricitinib has gained wide
visibility due to its potential inflammation-reducing effects, prompting several clinical trials to
investigate the impact of its repurposing for COVID-19 patients (ClinicalTrials.gov Identifier:
NCT04320277, NCT04321993, NCT04346147, NCT04381936, NCT04390464, NCT04399798,
NCT04640168, NCT04693026, NCT04832880, NCT04890626, NCT04891133, NCT04970719,
NCT05056558, NCT05082714, NCT05074420, NCT04393051).

When it comes to an animal model of HS, we have explored the activity of the JAK2-STAT3 using
the western blot technique in the kidney and liver of rats that underwent the HS insult.
Interestingly, we observed that HS insult led to an overactivation of JAK2 (phosphorylation on
Tyr!%07-109%) “and, consequently, an overactivation of its downstream component STAT3
(phosphorylation on Tyr’%) in both organs of HS-rats. These intriguing findings corroborate what
has been found in trauma patients. Interestingly, Baricitinib treatment in HS-rats reduced
activation of its target (JAK2) to levels similar to those observed in the Sham group and, as a
consequence, STAT3 activity was also reduced in HS-rats treated with Baricitinib (panels A-D,
Figure 25). We have previously shown that NFkB is highly activated during haemorrhage
[151][152]. Curiously, it has been reported that STAT3 prolongs NFkB nuclear retention through
an acetyltransferase p300-mediated RelA acetylation mechanism, thereby potentiating NFkB pro-
inflammatory responses [159]. Thus, as expected, we showed that HS-rats had a higher p65
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(NFxB) cytosolic-nuclear translocation compared to Sham-rats, however, the JAK1/2 inhibitor
Baricitinib reduced the increased translocation induced by the HS insult (panels E-F, Figure 25).
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Figure 25: Baricitinib attenuates JAK2/STAT3 and NFxB translocation in HS. [A-B] The
phosphorylation of JAK2 on Tyr'?7-1%%8  [C-D] the phosphorylation of STAT3 on Tyr’?, [E-F] the
cytosolic-nuclear translocation of p65 subunit of vehicle and BAR (baricitinib) treated rats were
determined by western blot in the liver and kidney. Protein expression was measured as relative
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optical density (O.D.) and normalized to the sham band. Data are expressed as mean = SEM of 4-
5 animals per group. Statistical analysis was performed using one-way ANOVA followed by a
Bonferroni's post-hoc test. *p<0.05 denoted statistical significance.

The sterile inflammation, as occurs in HS, drives the recruitment of inflammatory cells into tissues
to propagate an inflammatory environment, which then contributes to the development of MOF
[160][161][162]. In the light of this, endothelial cells play a key role in this mechanism, expressing
high levels of adhesion molecules in an NFkB-dependent manner [163]. We then measured CD68
as a biomarker of macrophage infiltration [164]. In our analysis, as shown in Figure 26, CD68
immunopositivity was found to be increased in the kidney of HS-rats treated with vehicle.
Specifically, CD68 expression was increased mainly in the renal corpuscles. Interestingly,
Baricitinib treatment resulted in substantial reduction in CD68 expression in the kidney of HS-
rats, suggesting that pharmacological inhibition of the JAK/STAT pathway prevents macrophage
infiltration.
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Figure 26: Baricitinib reduces renal macrophage infiltration in experimental HS. Rats were
subjected to hemorrhagic shock (HS) and 4 h after resuscitation, [A] relative CD68 expression in
renal tissue of vehicle and BAR (baricitinib) treated rats. [B] Representative images of CD68
staining (40x magnification) are shown. Black arrows highlight [B] sites of positive CD68
staining. Data are expressed as mean = SEM of eight rats per group. Statistical analysis was
performed using [A] one-way ANOVA followed by a Bonferroni's post-hoc test. *p<0.05 denoted
statistical significance.

Sequentially, we have reported, as a result of a reduced inflammation mediated by inhibition of
the JAK/STAT pathway with Baricitinib during haemorrhagic shock, a protection against multi-
organ failure, including hepatic damage (ALT), renal dysfunction (Creatinine), pancreatic injury
(Amylase) and neuromuscular injury (CK) (Figure 27).
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Figure 27: Baricitinib attenuates HS-induced organ injury/dysfunction in HS. Rats were
subjected to haemorrhagic shock (HS) and 4 h after resuscitation, levels of serum [A] alanine
aminotransferase (ALT), [B] creatinine, [C] amylase and [D] creatine kinase (CK) were
determined in vehicle and BAR (baricitinib) treated rats. Sham-operated rats were used as control.
Data are expressed as mean + SEM of 9-11 rats per group. Statistical analysis was performed
using one-way ANOVA followed by a Bonferroni's post-hoc test. *p<0.05 denoted statistical
significance.

Taken together, we have provided consistent data suggesting that JAK inhibitors, such as
Baricitinib, may be repurposed to counteract hyperinflammation and associated organ dysfunction
induced by haemorrhagic in patients with trauma.

Up to this point, we have seen many determinant molecular aspects/mechanisms that intersect in
the pathophysiology of organ dysfunction induced either by trauma or sepsis, and pharmacological
strategies targeting kinases have been effective. However, we also have comprehended that the
complex interplay between immune system cells and biological tissues represents a key axis in the
pathogenesis of inflammatory disorders. We, therefore, decided to target key elements belonging
to the immune system to assess whether this innovative pharmacological approach would protect
organs from the hyperinflammatory response caused by haemorrhage or sepsis.
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5.2 Targeting immune system components as innovative pharmacological approach to
counteract multiorgan failure in sepsis and haemorrhagic shock

Macrophage migration inhibitory factor (MIF), a pro-inflammatory cytokine that possesses
chemokine-like properties by promoting the expression or production of several pro-inflammatory
mediators including IL-1f, IL-2, IL-6, IL-8, IL-12, IFN-g, nitric oxide, TNF-a, cyclooxygenase 2
and matrix metalloproteinases [165]. Consequently, further leukocytes are directed to the site of
injury and/or infection [90]. The role of MIF in sepsis and several other inflammatory diseases
have already been explored, however its role in haemorrhagic shock has been poorly investigated.

5.2.1 Pharmacological inhibition of macrophage migration inhibitory factor (MIF) activity
with ISO-1 confers organ protection in experimental haemorrhagic-shock

As previously discussed, leukocyte recruitment to inflamed tissues is mediated, at least in part, by
the NFkB pathway and its transcriptional products, including pro-inflammatory cytokines and
chemokines, which in turn contribute to organ dysfunction [166][162]. Among them, MIF,
considered the first cytokine activity to be reported [167], a pleiotropic cytokine, with chemokine-
like properties, thus promoting the expression of a multitude of pro-inflammatory mediators and
therefore intensifying additional leukocytes into inflamed tissues [168]. Interestingly, systemic
levels of MIF have been found increased in plasma from trauma patients [169]. Thus, based on
this evidence, this study has been designed (article V) to investigate the beneficial effects of
pharmacological inhibition of MIF activity in a rodent model of haemorrhagic shock.

We report here in our experimental conditions that rats subjected to HS insult showed increased
serum levels of MIF (Figure 28), corresponding to what has been found in trauma patients.
Interestingly, rats treated with MIF inhibitor (ISO-1) [(S,R)-3-(4- hydroxyphenyl)-4,5-dihydro-5-
1soxazole acetic acid methyl ester] significantly reduced MIF levels increased by the HS insult
(Figure 28). The reduced MIF levels in HS-rats treated with ISO-1 were associated with
multiorgan protection, represented by the biochemical markers of organ damage (ALT, Creatinine,
Amylase and CK) (Figure 29).
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Figure 28: Serum MIF levels are elevated in HS-rats. Serum MIF levels were detected by ELISA
in vehicle or ISO-1 treated rats. Data are expressed as median with range of ten rats per group.
Statistical analysis was performed using one-way ANOVA followed by a Bonferroni’s post-hoc
test. *p < 0.05 vs. HS + vehicle.

42



500+ 1L = 3 1 - g 240+ L = ] L - i
L) LI ) 1 1) LI 1
= 2004
4004 =
[=]
= £ 160
< 300- =
3 -] 120-
5 £
T 200+ JITA £ 801
a4
100+ “la 3 40+
0 g\ -y 0 | r l [ T I r r
. v r : Py 4 Y
N N ® N & o’ & 1
¢ F &L & F & ®
i ) o xqﬁ' ‘9" x & fgu Q-"
& & 2 A & N x
é‘\ﬁ 6'(‘ R é(\ L)
c D
1250+ ! - | — 10000+ | A | —_
10004 & 80004
5
o 7507 -T- ‘TA S 60004
§ ol (i1 oL £l =
> 5001 |o2e S 4000+
E 1
2504 20004 i
0 . ' [y —_ _ E ' I
& N A& N & M e N
R o O o $ o o o
& b & B & & & o
x & x x & x )
A " & e S

Figure 29: Treatment with ISO-1 attenuates HS-induced organ damage. Rats were subjected to
haemorrhagic shock (HS) and 4 h after resuscitation, levels of serum [A] alanine aminotransferase
(ALT), [B] creatinine, [C] amylase and [D] creatine kinase (CK) were determined. Sham-operated
rats were used as control. Data are expressed as median with range of ten rats per group.
Statistical analysis was performed using one-way ANOVA followed by a Bonferroni’s post-hoc
test. *p < 0.05 denoted statistical significance.

Then, in order to uncover the molecular mechanism behind organ protection triggered by ISO-1,
we evaluated NLRP3 inflammasome pathway. MIF has been attributed to induce assembly and
hence activation of the NLRP3 inflammasome in inflammatory disorders [170][171]. We
demonstrated that HS insult led to an increased NLRP3 expression and therefore elevated
activated-caspase-1 levels in the liver and kidney, which were prevented by ISO-1 treatment in
HS-rats (Figure 30).
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Figure 30: Treatment with ISO-1 attenuates NLRP3 activation in an acute HS model. [A, B]
The activation of NLRP3 and [C, D] the cleavage of pro-caspase 1 of vehicle and ISO-1 treated
rats were determined by Western blotting in the liver and kidney. Protein expression was measured
as relative optical density (0O.D.) and normalized to the sham band. Data are expressed as box
and whiskers blotted from min to max of four to five animals per group. Statistical analysis was
performed using one-way ANOVA followed by a Bonferroni's post-hoc test. *p<0.05 HS + vehicle
vs sham + vehicle or vs. HS + ISO-1.

In line with these findings, MIF has been demonstrated to increase TLR4 expression, which then
potentiates activation of the NFkB pathway, thereby increasing the transcription of inflammatory
mediators, including pro-inflammatory cytokines and the NLRP3 components [172]. Furthermore,
MIF, along with NFkB-dependent cytokines and NLRP3-dependent IL-1B/IL-18 create a vicious
loop, intensifying an inflammatory environment, massively attracting inflammatory cells to
damaged tissues. Indeed, our observations reveal that HS-rats had an impressive increase on MPO
activity into the lungs and liver, suggesting increased leukocyte infiltration (Figure 31).
Intriguingly, treatment with ISO-1 abolished the HS-induced MPO activity. This complex
inflammatory interplay may suggest that ISO-1 counteract the inflammatory burden by acting
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directly to key targets related to NFkB and NLRP3 pathways, thus reducing local inflammation
and hence leukocyte recruitment. Therefore, proposing ISO-1 as a potential therapeutic approach
for the prevention of MOF after trauma and/or haemorrhage.
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Figure 31: ISO-1 treatment attenuates pulmonary and hepatic MPO activity during
experimental HS. Myeloperoxidase activity was determined in [A] lungs and [B] liver for vehicle
and ISO-1 treated rats. Data are expressed as mean = SEM of n animals per group. Sham + vehicle
(n=6); HS + vehicle (n=12); HS + 1SO-1 (n=12). Statistical analysis was performed using one-
way ANOVA followed by a Bonferroni's post-hoc test. *p<0.05 was considered statistically

significant.

Despite the pivotal role of hyperinflammation in the onset of organ injury in sepsis, the
inflammatory response during the early stages appears to be dynamically more complex, as an
immunosuppressive response occurs simultaneously, leading to an inflammatory imbalance which
then contributes to late deaths and recurrent infections [173]. Accordingly, we wondered how we
could concomitantly target hyperinflammation and immunosuppression in sepsis. We went back
into the literature and recent findings demonstrate ICOS-ICOSL pathway in mediating several
immune responses [174][175].

The two transmembrane proteins which are extensively investigated in the immune response. The
immune checkpoint proteins, named as Inducible T cell co-stimulator (ICOS) which is expressed
on activated T cells and its unique ligand, ICOSL, which is either expressed on antigen-presenting
cells and also in non-haematopoietic cells. ICOS interacts with ICOSL leading to bidirectional
effects, where on the one hand it has been shown to induce immunosuppression by reducing
lymphocytes population, on the other hand it has been shown to induce anti-inflammatory
responses.

ICOS-ICOSL pathway has been poorly investigated in the septic context. Thus, in the next animal
trial (article VI), we have pharmacologically targeted this immune pathway in CLP-mice to
investigate the pathological role of the ICOS-ICOSL axis in the context of sepsis and the potential
protective effects of its immunomodulation by administering ICOS-Fc¢, which is a soluble
recombinant form of ICOS that can act as an immunomodulatory drug as both antagonist of ICOS
and agonist of ICOSL, modulating cytokine release and cell migration to inflamed tissues.
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5.2.2 ICOS-Fc as innovative immunomodulatory strategy to neutralize sepsis-induced
inflammation and organ dysfunction

Little information is known about the role of ICOS-ICOSL interaction in sepsis. Nevertheless,
recent findings reported that ICOS expression is reduced in whole blood of septic patients [107],
and that reduced ICOS levels are strongly associated with organ dysfunction [108]. Indeed, we
have shown in our experimental model of polymicrobial sepsis that the administration of
exogenous ICOS (ICOS-Fc) to septic mice counteracts systemic inflammation, showed by reduced
levels of IL-1P, IL-6, TNF-a and IL-10 increased by sepsis (Figure 32). These findings have been
confirmed when septic mice were treated with a mutated form carrying a phenylalanine-to-serine
substitution at position 119, therefore unable to bind ICOSL. The observed attenuation in the
cytokine storm have been lost in septic mice treated with F!'*SICOS-Fc.
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Figure 32: Effect of ICOS-ICOSL axis immunomodulation on systemic cytokines during
experimental sepsis. Wild-type mice were randomly selected to undergo either Sham or CLP
surgery. One hour later, mice received once either Vehicle (PBS, 100 uL), ICOS-Fc or "'"*SICOS-
Fc (100 ug each) intravenously. At 24 h, blood samples were withdrawn from each mouse and
plasma levels of IL-1b [A], IL-6 [B], TNF-a [C] and IL-10 [F] were determined. Data are
expressed as dot plots (for each animal) and as mean £ S.E.M of 9 mice per group. Statistical
analysis was performed by one-way ANOVA followed by Bonferroni’s post hoc test. *p<0.05 vs
Sham; #p<0.05 vs CLP + Vehicle.
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Sepsis-induced unbalanced systemic inflammation triggered augmented leukocyte infiltration into
the liver and kidney, represented by increased MPO activity (Figure 33). Intriguingly, treatment
of septic mice with ICOS-Fc was able to reduce MPO levels in the kidney. This effect, on the other
hand, was absent in the liver of septic mice regardless the drug administration (Figure 33).
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Figure 33: Effects of ICOS-ICOSL axis immunomodulation on sepsis-induced neutrophil
(MPO activity) infiltration. Wild-type mice were randomly selected to undergo either Sham or
CLP surgery. One hour later, mice received once either Vehicle (PBS, 100 uL), ICOS-Fc or
FISICOS-Fe (100 ug each) intravenously. At 24 h, liver and kidney samples were harvested.
Through an in vitro assay, myeloperoxidase (MPQO) activity was measured in liver [A] and kidney
[B]. Data are expressed as dot plots (for each animal) and as mean + S.E.M of 6 mice per group.
Statistical analysis was performed by one-way ANOVA followed by Bonferroni’s post hoc test.
*p<0.05 vs Sham,; #p<0.05 vs CLP + Vehicle.

Reinforcing again our previous findings that the cytokine burden, along with leukocyte infiltration
play a part in organ injury, we have shown that septic mice had hepatic and renal damage by raised
plasma levels of ALT and Creatinine, which were attenuated in septic mice treated with ICOS-Fc,
suggesting then hepatic and renal protection. The protective effects on sepsis-induced organ injury
have been further confirmed when the mutated form of ICOS-Fc was given to CLP-mice (Figure
34). However, these divergent outcomes seen in liver and kidney (MPO activity vs biomarkers of
organ injury) may be the result of varying levels of tissue-dependent ICOSL expression, as it has
been reported that hepatocytes did not express ICOSL protein when compared to other tissues,
such as the kidney [176]. Furthermore, despite ICOS-Fc has been documented to attenuate
leukocyte infiltration into inflamed tissues [177], we hypothesized that the hepatic protection
observed in septic mice treated with ICOS-Fc is mainly due to a local and systemic resolution of
inflammation rather than an attenuation in leukocytes infiltration.
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Figure 34: Effect of ICOS-ICOSL axis immunomodulation on sepsis-induced organ damage
biomarkers. Wild-type mice were randomly selected to undergo either Sham or CLP surgery. One
hour later, mice received once either Vehicle (PBS, 100 uL), ICOS-Fc or FI9SICOS-Fe (100 ug
each) intravenously. At 24 h, blood samples were withdrawn from each mouse and plasma levels
of alanine transaminase (ALT) [A], creatinine [B] were determined. Data are expressed as dot
plots (for each animal) and as mean = S.E.M of 9 mice per group. Statistical analysis was
performed by one-way ANOVA followed by Bonferroni’s post hoc test. *p<0.05 vs Sham,; #p<0.05
vs CLP + Vehicle.

Sequentially, we then decided to go deeper into the molecular mechanisms behind ICOS-Fc-
induced organ protection during sepsis. Our starting point was guided by data in the literature
demonstrating that tumour cells treated with exogenous ICOS had reduced activation of FAK
protein [178]. Besides, as we have previously demonstrated that FAK pathway has a deleterious
role in sepsis (article I). We, therefore, provide consistent evidence for the first time that sepsis
led indeed to an overactivation of the FAK pathway which in turn, led to activation of the
downstream p38 MAPK mediator in both organs (liver and kidney) and interestingly, septic mice
treated with ICOS-Fc showed significantly reduced activation of FAK-p38 axis in both organs
during experimental sepsis (Figure 35).
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Figure 35: Effects of ICOS-ICOSL axis immunomodulation on tissue inflammatory pathways
during experimental sepsis. Wild-type mice were randomly selected to undergo either Sham or
CLP surgery. One hour later, mice received once either Vehicle (PBS, 100 ul) or ICOS-Fc (100
ug) intravenously. At 24 h, liver and kidney samples were harvested, and total proteins were
extracted from them. Western blotting analysis for phosphorylation of Tyr397 on FAK in the liver
[A] and kidney [B] were normalized to total FAK; Phosphorylation of Thri80/Tyri82 on p38 in
the liver [C] and kidney [D] were normalized to total p38, then corrected against f-actin and
normalized using the Sham related bands. Densitometric analysis of the bands are expressed as
relative optical density (O.D.). Data are expressed as dot plots (for each animal) and as mean +
S.E.M of 4-5 mice per group. Statistical analysis was performed by one-way ANOVA followed by
Bonferroni’s post hoc test. *p<0.05 vs Sham + Vehicle; #p<0.05 vs CLP + Vehicle.

We then further explored the NLRP3 inflammasome pathway and we have shown that sepsis
induced an overactivation of NLRP3 pathway represented by increased expression of NLRP3 and
cleaved caspase-1 and that the treatment with exogenous ICOS was able to reduce their expression
in both liver and kidney (Figure 36). These findings further confirmed the systemic plasma levels
of IL-1pB, which were changed by the septic insult and thus counteracted with ICOS-Fc¢ treatment.
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Figure 36: Effects of ICOS-ICOSL axis immunomodulation on sepsis-induced NLRP3
inflammasome activation. Wild-type mice were randomly selected to undergo either Sham or CLP
surgery. One hour later, mice received once either Vehicle (PBS, 100 ul) or ICOS-Fc (100 ug)
intravenously. At 24 h, liver and kidney samples were harvested, and total proteins were extracted
from them. Western blotting analysis for NLRP3 expression in the liver [A] and kidney [B] were
corrected against b-actin and normalized using the Sham related bands; Cleaved caspase-1
expression in the liver [C] and kidney [D] were corrected against p-actin and normalized using
the Sham related bands. Densitometric analysis of the bands are expressed as relative optical
density (O.D.). Data are expressed as dot plots (for each animal) and as mean = S.E.M of 4-5 mice
per group. Statistical analysis was performed by one-way ANOVA followed by Bonferroni’s post
hoc test. *p<<0.05 vs Sham ~+ Vehicle; #p<0.05 vs CLP + Vehicle.

In summary, we have shown here that ICOS-ICOSL pathway plays a detrimental role in sepsis. In
addition to this, we provide a proof of concept that targeting this pathway with ICOS-Fc represents
a powerful immunomodulatory approach for counteracting inflammation and organ injury in
sepsis. Moreover, encouraging the development of alternative selective drugs (small molecules)
to target ICOS-ICOSL axis to then be repurposed in inflammatory disorders. Furthermore, we are
aware that our study has some limitations. Where we believe that the beneficial effects of I[COS-
Fc in the septic context do not solely depend on the reduction of the hyper-inflammatory state, but
also due to the prevention of the immunosuppressive state, although these aspects still need be
uncovered in further studies.
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6 GENERAL DISCUSSION

Septic and hemorrhagic shock share several pathological mechanisms in the onset of organ
dysfunction, including excessive release of inflammatory cytokines, causing systemic
inflammatory response syndrom. Systemic inflammation response can be triggered by PAMPs that
are expressed and/or released by invading microorganisms during infection or by DAMPs that are
released from host cells during tissue damage [10][179]. While in sepsis there is a mutual action
of PAMPs and DAMPs, in hemorrhagic shock (sterile inflammation) the action of DAMPs
predominates. However, both PAMPs and endogenous DAMPs are recognized by immune cells
through the PRRs, including TLRs receptors, receptors of advanced glycation end products
(RAGESs), scavenger receptors and complement receptors [180][181]. After binding the receptors,
several signaling pathways are activated, leading to the production of inflammatory mediators such
as cytokines, chemokines and vasoactive peptides [10][182]. Within this context, here I highlight
the main findings of the present thesis.

First of all, we better elucidated the crucial role of the NFkB-MAPK-NLRP3 axis in the
physiopathology of sepsis/HS, and we described a complex cross-talk between distinct mediators
in the activation of this axis. Specifically, we documented the role of specific kinases (FAK, PyK2,
BTK and JAK) and immunocomponents (ICOSL and MIF) in activation of the NFkB-MAPK-
NLRP3 axis. Most notably, we convingly showed that the pharmacological targeting of these key
proteins effectively proctect against sepsis/HS-induced systemic inflammation and related-organ
dysfunction. An illutrative immage (Figure 37) summarizes this complex interplay we documented
in our experimental settings. In adittion to these findings, we carried out another study targeting a
key kinase in the context of sepsis (data not yet published). We have explored the role of casein
kinase 2 (CK2) in septic mice and we observed that CK2 contributes to the activation of the NFkB
and NLRP3 pathways. Additionally, the overactivation of CK2 in sepsis, leads to increased
expression of NOS-2, thus producing high levels of NO, which in turn contributes to vascular
hyporeactivity to vasoconstrictors (phenylephrine and norepinephrine). Interestingly, the
pharmacological inhibition of CK2 attenuated all abdornormalities induced by sepsis. We have
also recently demonstrated the deteleterious role of a membrane channel protein (Aquaporin-9,
AQP9) in the pathogenesis of sepsis, again showing the complex involvement of NFkB-NLRP3
axis, and that the pharmacological inhibion of AQP9 protects septic mice from inflammatory
abdormalities (this article has not been included in the thesis) [183].

In this framework, considering that the activation/regulation of such inflammatory pathways is
primarily based in a phosphorilation-dependent manner [28][29], we highlight the role of these
powerful pharmacological targets in inflammatory diseases. Kinases are among the most
successful drug targets, since they began to be studied in the 1980s [184], where, to date, more
than 100 kinase-targeting agents, including 72 US FDA-approved small molecule kinase inhibitors
(SMKIs), along with ~500 SMKIs in clinical trials have been explored/used worldwide. Thus, this
thesis stands out the powerful use of kinase inhibitors as promising pharmacologocial approach to
counteract sepsis/HS-related inflammatory disorders. Furthermore, we have shown here the
efficacy of three approved kinase inhibitors (Ibrutinib, Acalabrutinib as BTK inhibitors),
(Baricitinib as JAK inhibitor) and (PF562271 as FAK-PyK2 inhibitor), the latter being already
tested in a phase I clinical trial [51] in both experimental sepsis and haemorrhagic shock rodent
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models. I also highlight the SMKIs-based treatment used in our animal trials constitute another
fundamental issue addressed in my thesis, which delimited the concept of drug
repurposing/repositioning (identifying, developing and proposing new uses for existing drugs) as
a suitable strategy [27], given the urgent need for new therapeutical approches to prevent sepsis
and trauma/haemorrhagic shock-associated multiorgan dysfunction.
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Figure 37: Graphical abstract highlighting the complex molecular interplay displayed by sepsis
and/or traumatic injuries. Sepsis and/or haemorrhage triggers overactivation of the NFkB-
MAPK-NLRP3 axis through JAK-STAT, FAK, PyK2, BTK, ICOSL signaling pathways, which
leads to an exponential inflammatory response due to increased levels of pro-inflammatory
cytokines, including MIF, IL-1, TNF-a, IL-6. This cytokine storm leads to increased leukocyte
recruitment. Excessive systemic inflammation from the combination of cytokine release and innate
immune cell recruitment contributes to the onset of multiple organ dysfunct ion syndrome (MODS).
Treatment with kinases inhibitors such as baricitinib, PF562271, Acalabrutinib, Fenebrutinib,
Ibrutinib or immunomodulators such as ICOS-Fc or ISO-1 may attenuate sepsis/trauma-induced
inflammation and thus MODS to improve clinical outcomes and patient prognosis.
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7 CONCLUSIONS

The work in this thesis showed that:

The FAK, PyK2, BTK, JAK, MIF and ICOS-ICOSL pathways do indeed play a
detrimental role in the pathogenesis of sepsis and/or haemorrhagic shock and their
pharmacological and genetic inhibition exhibits protection by reducing the cytokine storm
and therefore multiple organ failure.

We highlight that the main molecular mechanism behind organ protection regardless of
drug treatment is the attenuation of the inflammatory pathways NFkB and NLRP3
inflammasome. Our findings further corroborate the role of NFkB and NLRP3 as central
inflammatory pathways in the development organ dysfunction in sepsis and haemorrhagic
shock.

We emphasize the clinical relevance of a drug repurposing approach, showing that drugs
already on the marker such as Ibrutinib, Acalabrutinib, Fenebrutinib and Baricitinib may
act as potential candidates to be repositioned for sepsis/haemorrhagic shock.
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8 LIMITATIONS AND FUTURE PERSPECTIVES

Limitations:

e Due to ethical reasons, long-term follow-up assessment was not performed in most studies,
which is an important outcome for the drug treatment.

e The studies were carried out only in male rodents, which perhaps some finding cannot be
directly extrapolated to females.

e The severity of sepsis and haemorrhagic shock depends also the presence of comorbidities,
however the studies were conducted in the absence of any of them, which can directly
impact development of these clinical conditions.

Future perspectives:

e New studies considering long-term follow-up assessment, gender and comorbidities would
be required to confirm and provide more insights into the research field.

e New potential pharmacological targets, either kinases or other key mediators, need to be
explored in the septic or haemorrhagic shock context.

e Considering the late diagnosis of sepsis, late treatment might be considered in order to
identify a treatment capable of reversing the already established organ damage.
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Sepsis and septic shock are associated with high mortality and are considered one of the
major public health concerns. The onset of sepsis is known as a hyper-inflammatory state
that contributes to organ failure and mortality. Recent findings suggest a potential role of
two non-receptor protein tyrosine kinases, namely Focal adhesion kinase (FAK) and
Proline-rich tyrosine kinase 2 (Pyk2), in the inflammation associated with endometriosis,
cancer, atherosclerosis and asthma. Here we investigate the role of FAK-Pyk2 in the
pathogenesis of sepsis and the potential beneficial effects of the pharmacological
modulation of this pathway by administering the potent reversible dual inhibitor of FAK
and Pyk2, PF562271 (PF271) in a murine model of cecal ligation and puncture (CLP)-
induced sepsis. Five-month-old male C57BL/6 mice underwent CLP or Sham surgery
and one hour after the surgical procedure, mice were randomly assigned to receive PF271
(25 mg/kg, s.c.) or vehicle. Twenty-four hours after surgery, organs and plasma were
collected for analyses. In another group of mice, survival rate was assessed every 12 h
over the subsequent 5 days. Experimental sepsis led to a systemic cytokine storm
resulting in the formation of excessive amounts of both pro-inflammatory cytokines (TNF-
o, IL-1B, IL-17 and IL-6) and the anti-inflammatory cytokine IL-10. The systemic
inflammatory response was accompanied by high plasma levels of ALT, AST (liver
injury), creatinine, (renal dysfunction) and lactate, as well as a high, clinical severity
score. All parameters were attenuated following PF271 administration. Experimental
sepsis induced an overactivation of FAK and Pyk2 in liver and kidney, which was
associated to p38 MAPK activation, leading to increased expression/activation of
several pro-inflammatory markers, including the NLRP3 inflammasome complex, the
adhesion molecules ICAM-1, VCAM-1 and E-selectin and the enzyme NOS-2 and
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myeloperoxidase. Treatment with PF271 inhibited FAK-Pyk2 activation, thus blunting the
inflammatory abnormalities orchestrated by sepsis. Finally, PF271 significantly prolonged
the survival of mice subjected to CLP-sepsis. Taken together, our data show for the first
time that the FAK-Pyk2 pathway contributes to sepsis-induced inflammation and organ
injury/dysfunction and that the pharmacological modulation of this pathway may
represents a new strategy for the treatment of sepsis.

Keywords: sepsis, NLRP3 inflammasome, inflammation, Focal adhesion kinase (FAK), proline-rich tyrosine kinase

2 (PYK2)

INTRODUCTION

Sepsis is a major public health concern, responsible for high
mortality and morbidity rates, followed by a reduced quality of
life for survivors (1-3). The latest data on the global sepsis
burden reported 48.9 million incident cases and 11.0 million
sepsis-related deaths, representing 19.7% of all deaths worldwide
(4). Despite the progress in clinical and basic research, the
prognosis of septic patients remains remarkably poor,
prompting the World Health Organization and World Health
Assembly to recognize sepsis as a global health priority and,
thus, adopting a resolution to improve the prevention, diagnosis
and management of sepsis (5). The morbidity and mortality in
sepsis are driven by organ dysfunction (6) and, among the
multitude of triggering mechanisms, acute hyperinflammation
has a substantial impact on host responses, which in turn
contributes to sepsis-related multiple organ failure (MOF) (7).
Very recently, two non-receptor proteins tyrosine kinase,
belonging to the Focal adhesion kinase (FAK) family, namely
FAK and Proline-rich tyrosine kinase 2 (Pyk2), have been
identified as new key players in mediating the inflammatory
response involved in the pathogenesis of endometriosis (8),
atherosclerosis (9) and asthma (10) as well as in tumorigenesis
and metastasis formation (11, 12). FAK and Pyk2 are
ubiquitously expressed and they share the same three-domain
organization, with two non-catalytic domains, the band 4.1,
ezrin, radixin and moesin (FERM) domain and the focal
adhesion targeting (FAT) domain, linked by a central kinase
domain (13). In addition to the kinase function, both FAK
and Pyk2 act as scaffold proteins and play a crucial role in
downstream integrin signaling (14, 15). Despite their homology,
the signaling events that lead to activation of these two kinases
differ. FAK is mainly activated by integrins, growth factor
receptors and cytokine receptors, leading to overproduction of
several pro-inflammatory mediators and cytokines (16). In
contrast, Pyk2 has the exclusive ability to sense calcium ions
and it can be overactivated under lipopolysaccharide (LPS)
stimulation resulting in overproduction of chemokines that
regulate migration and infiltration of monocytes/macrophages,
including monocyte chemotactic protein-1 (MCP-1), through a
p38-MAPK pathway dependent mechanism (17, 18). Besides, a
compensatory upregulation in Pyk2 levels has been documented
following pharmacological or genetic inhibition of FAK (19, 20).
Thus, the selective and simultaneous inhibition of both proteins
may represent an innovative pharmacological approach to

counteract FAK-Pyk2-mediated inflammatory response and
recently published papers have demonstrated the efficacy of a
FAK-Pyk2 dual inhibitor, PF562271 (PF271), to counteract
leukocyte infiltration and vascular inflammation in both
in vitro and in vivo conditions (21, 22). Despite few studies
have shown that LPS-induced endotoxemia evokes FAK
activation, which contributes to exacerbate the inflammatory
response, leading to organ damage and increased mortality (23,
24), so far, no experimental data have been reported on
the potential effects of pharmacological modulation of
the FAK-Pyk2 signaling pathway against sepsis. Thus, the
present study was designed to address this issue by
investigating the potential beneficial effects of a potent
reversible dual inhibitor of both FAK and Pyk2 (PF271) in a
murine model of polymicrobial sepsis.

PF271 is an ATP-competitive, reversible inhibitor for both
FAK and Pyk2 with ICs, of 1.5 nmol/L and 13 nmol/L,
respectively (25), which has completed a phase I clinical trial
(NCT00666926) in patients with advanced solid tumors (26, 27).

MATERIAL AND METHODS

Animals and Ethical Statement

Male, five-month-old C57BL/6 mice (from Envigo laboratories,
IT), weighing 30-35 g were used and kept under standard
laboratory conditions. The animals were housed in an
environment with temperature (25 + 2°C) and light/dark cycle
(12/12 h) automatically controlled, as well as ad libitum access to
food and water. The animals were kept under standard
laboratory conditions for four weeks before the start of the
experimental procedures. The animal protocols are reported in
compliance with the ARRIVE guidelines (28) and the MQTiPSS
recommendations for preclinical sepsis studies (29) and they
were approved by the local Animal Use and Care Committees as
well as the National Authorities (Ethical number approvals: 420/
2016-PR, Italy and 7936220321 Brazil).

Polymicrobial Sepsis

Sepsis was induced through the cecal ligation and puncture
(CLP) introduced by Wichterman and co-workers (1980)
(30) with slight modifications. Mice were anesthetized with 3%
isoflurane (IsoFlo, Abbott Laboratories) together with 0.4 L/min
oxygen in an anaesthesia chamber. Once mice were sedated,
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they were kept anesthetized by administration of 2% isoflurane
(via nosecone) together with 0.4 L/min oxygen throughout the
surgical procedure. Through a thermal blanket, the body
temperature was maintained at 37°C and constantly monitored
using a rectal thermometer. Mice were submitted to a mid-line
laparotomy of approximately 1.0 cm and, after location and
exposure, the cecum was ligated with a cotton thread right below
the ileocecal valve. A single through-and-through puncture of
the cecum was carried out with a sterile 21 G needle and the
cecum was lightly compressed to leak a small amount (droplet)
of feces. Then, the cecum was carefully relocated into peritoneal
cavity, which was sutured with silk thread. Sham-operated mice
underwent the same procedure, but without CLP. Immediately
after the surgical procedures, each mouse received an analgesic
agent (Carprofen, 5 mg/kg, s.c.) and resuscitation fluid (37°C,
0.9% NaCl, 50 mL/kg, s.c.) in order to support the hemodynamic
situation of the animals and to induce a hyperdynamic shock
phase (31, 32). Mice were left on a homeothermic blanket, being
constantly monitored until they recover from anesthesia and
then placed back into fresh clean cages.

Twenty-four hours post-CLP, the body temperature was
recorded, and a blinded assessment of a clinical score was
performed to evaluate the symptoms consistent with murine
sepsis. The 6 following signs were used to score the health of
experimental mice: lethargy, piloerection, tremors, periorbital
exudates, respiratory distress, and diarrhea. An observed clinical
score >3 was defined as developing severe sepsis, while a score <3
indicated the development of moderate sepsis (33). Details on the
clinical score are reported as supplementary material.

Drug Treatment

Twenty-five mice were randomly distributed into three groups
and subjected to either Sham or CLP procedure: Sham (Vehicle),
CLP (Vehicle) and CLP+PF271. One hour after surgeries, mice
received once either Vehicle (5 pl/g) (5% DMSO; 40% PEG 300;
5% Tween 80; 50% ddH20) or PF562271 (PF271) (#PF562271,
Selleck Chemicals, Sylvanfield Dr, Houston, USA)
subcutaneously at the dose of 25 mg/kg, based on previous in
vivo studies (21, 34).

Survival Study

To evaluate the potential therapeutic effect of PF271 on sepsis, 28
mice were subjected to CLP-induced sepsis and then randomly
allocated into two groups, receiving either Vehicle or PF271 (25
mg/kg) once subcutaneously, one hour after CLP; n = 14 for each
group. Survival rates were assessed every 12 h over the
subsequent 5 days.

Plasma and Organ Collection

Twenty-four hours after surgery, mice were anesthetized using
isoflurane and euthanized by cardiac exsanguination. Blood
samples were collected in microtubes containing EDTA (17.1
uM/mL of blood) and then centrifuged at 13,000 g at R.T. to
obtain plasma content. Liver and kidney samples were harvested
and conserved in cryotubes containing or not optimal cutting
temperature (OCT) compound and frozen in liquid nitrogen.

Samples were stored at -80°C until analysis, which were
performed blindly.

Biochemical Analysis

Plasma levels of aspartate aminotransferase (AST) (#7036),
Alanine aminotransferase (ALT) (#7018), creatinine (#7075),
urea (#7144) and lactate (#7170) were measured using
commercially available clinical assay kits (FAR Diagnostics,
Verona, Italy) following the manufacturer’s instructions.

Cytokine and Hormone Analysis

Cytokines were determined in plasma by using the Luminex
suspension bead-based multiplexed Bio-Plex Pro'" Mouse
Cytokine Th17 Panel A 6-Plex (#M6000007NY) assay (Bio-
Rad, Kabelsketal, Germany). The cytokines IFN-y, IL-1{, IL-6,
IL-10, IL-17 and TNF-o were measured according to the
manufacturer’s instructions. Plasma hormone levels of PAI-1
(#ab197752) and Resistin (#ab205574) were measured through
conventional enzyme-linked immunosorbent assays (ELISA)
according to the manufacturer’s instructions.

Myeloperoxidase (MPO) Activity Assay

MPO activity assay has been described previously (35). About
100 mg of liver and kidney samples were homogenized,
centrifuged and assayed for MPO activity by measuring the
H,0,-dependent oxidation of 3,3’,5,5'-tetramethylbenzidine
(TMB). MPO activity was expressed as optical density (O.D.)
at 650 nm per mg of protein.

Immunohistochemistry

MPO and NOS-2 immunopositivity were analyzed by
immunohistochemistry on 10 pum frozen tissue sections of liver
and kidney samples. Slides were fixed (10 min) in acetone post-
sectioning. Sections were incubated over 2 h with primary
antibodies at room temperature (MPO, Abcam, #ab9535,
dilution 1:25; iNOS, Santa Cruz, #sc-651, dilution 1:50) and
subsequently for 1 h with horseradish peroxidase (HRP)-
conjugated secondary antibodies (dilution 1:200). The
chromogenic detection was obtained by adding 3,3’-
diaminobenzidine (DAB) substrate (2 min of exposition). Finally,
the nucleus was counterstained with hematoxylin (10 min).

gRT-PCR

Total RNA was extracted from the liver (15 mg) and kidney (17
mg) using Animal Tissue RNA Purification Kit (#25700 Norgen
Biotek Corporation, Thorold, ON, Canada) according to
manufacturer’s instructions. The RNA concentration and purity
were measured using a nanodrop (Titertek-Berthold) machine
and 200 ng/pL (liver) or 120 ng/pL (kidney) were reverse
transcripted. cDNA was prepared using the SensiFAST ™
cDNA Synthesis Kit 50 reactions (#BI0O-65053 Meridian
Bioscience, USA) according to manufacturer’s instructions. Real
time qPCR was performed using 100 ng of cDNA (liver and
kidney) through the SensiFAST'" SYBR® No-ROX Kit (#BIO-
98005 Meridian Bioscience, USA) according to manufacturer’s
instructions. PCR reaction was carried out on the CFX Connect
Real-Time PCR Detection System (Bio-Rad). Relative gene
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expression was obtained after normalization to housekeeping
genes (B-actin and GAPDH) using the formula 27" as
previously described (36) and folds change was determined by
comparison to Sham group. The QuantiTect primers B-actin
(#QT00095242, Mm_Actb_1_SG), GAPDH (#QT01658692,
Mm_Gapdh_3_SG), ICAM1 (#QT00155078, Mm_Icaml_
1_SG), VCAM1 (#QT00128793, Mm_Vcaml_1_SG), E-Selectin
(#QT00114338, Mm_Sele_1_SG) used in this study were
purchased from QIAGEN (Germantown, MD, EUA).

Western Blot Analysis

About 50 mg of liver and kidney samples were homogenized and
centrifuged (13,000 g, 10 min, 4°C). Supernatants were collected
and the protein content was determined using a BCA protein
assay following the manufacturer’s instructions. 50 ug of total
proteins were loaded for immunoblot experiments. Proteins
were separated by either 8% or 10% sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred
to a polyvinylidene difluoride (PVDF) membrane, which was
then incubated with primary antibodies (dilution 1:1000). The
antibodies used were: rabbit anti-Thr'**/anti-Tyr'®* p38 (Cell
Signaling #9211); rabbit anti-total p38 (Cell Signaling #9212);
mouse anti-NRLP3 (Adipogen- AG-20B-0014-C100); rabbit
anti-Caspase-1 (Cell Signaling #24232); rabbit anti-Tyr**” FAK
(Cell Signaling #3283); rabbit anti-total FAK (Cell Signaling
#3285); mouse anti-Tyr"?> PyK2 (Cell Signaling #3291); mouse
anti-total PyK2 (Santa Cruz #sc-393181); rabbit anti-B-actin
(Cell Signaling #4970). Blots were then incubated with a
secondary antibody (Cell Signaling - anti-mouse #7076;
anti-rabbit #7074) conjugated with HRP (dilution 1:10000) and
developed using the ECL detection system. The immunoreactive
bands were analyzed by the Bio-Rad Image Lab SoftwareTM
6.0.1 and results were normalized to sham.

Statistical Analysis

Power analysis for the study design through G-Power 3™
software (37). Data are expressed as dot plots for each animal
and as mean + SD of 5-10 mice. The standard distribution of data
was verified by Shapiro-Wilk normality test and the
homogeneity of variances by Bartlett test. The statistical
analysis was performed by one-way ANOVA, followed by
Bonferroni’s post-hoc test. Data that were not normally
distributed, non-parametric statistical analysis was applied
through Kruskal-Wallis followed by Dunn’s post hoc-test.
Differences in the survival study were determined with a log-
rank (Mantel-Cox) test. A P value <0.05 was considered
significant. Statistical analysis was performed using GraphPad
Prism® software version 7.05 (San Diego, California, USA).

Materials

Unless otherwise stated, all reagents were purchased from the
Sigma-Aldrich Company Ltd. (St. Louis, Missouri, USA). The
BCA Protein Assay kit was from Pierce Biotechnology Inc.
(Rockford, IL, USA). Antibodies were from Cell-Signaling
Technology (Beverly, MA, USA).

RESULTS

PF271 Improves Severity Score and
Prolongs Survival of Septic Mice

Mice that underwent CLP surgery developed clinical signals of
severe sepsis (score >3) (Figure 1A) associated with hypothermia
(24.51 £ 0.24°C) at 24 h after the onset of experimental sepsis
(Figure 1B). Interestingly, treatment with PF271 demonstrated a
protective effect in septic mice, as the severity score (score=0)
and body temperature (36.0 £ 0.29°C) did not differ (P>0.05)
from those observed in the Sham group (Figures 1A, B). To
further determine the overall long-term effect of PF271
treatment, we performed a survival study in septic mice. As
shown in Figure 1C, the median survival was 24 h in the CLP-
mice treated with vehicle and 48 h in the CLP-mice treated with
PF271. PF271 significantly prolonged the survival time of septic
mice since 93% of the CLP+Vehicle mice died within 120 h,
while the CLP-mice treated with PF271 had significantly reduced
mortality of 64% (hazard ratio: 0.33; 95% confidence interval:
0.12-0.89; P < 0.05).

PF271 Administration Reduces Plasma
Levels of Biomarkers of Organ Damage in
CLP-Induced Sepsis

CLP-mice treated with vehicle exhibited a significant increase in
their plasma levels of lactate (74.91 + 6.31 mg/dL), AST (77.5 £
8.02 U/L), ALT (48.19 + 6.47 U/L) and creatinine (0.74 + 0.13
mg/dL) compared to Sham animals (42.86 + 4.55; 11.0 + 0.57;
9.09 + 0.48; 0.34 + 0.06, respectively), hence, suggesting poor
tissue perfusion (lactate), hepatic (AST and ALT) and renal
(creatinine) dysfunction. When plasma samples of septic mice
exposed to the FAK-PyK2 inhibitor were evaluated, the
concentrations of the same biomarkers were found at levels
similar to those detected in the sham group (49.04 + 5.49;
20.48 + 1.37; 12.3 + 0.86; 0.33 + 0.05, respectively)
(Figures 2A-D). Additionally, a slight increase in plasma urea
levels was recorded in septic mice (81.65 + 25.6), when compared
to Sham animals (53.48 £ 4.6), but not in the CLP+PF271 group
(35.5 + 8.7) (Figure 2E).

PF271 Administration Counteracts

the Cytokine Storm Evoked by
Experimental Sepsis

Twenty-four h after surgery, septic control mice developed a
systemic cytokine storm, with a massive increase in the levels of
pro-inflammatory cytokines, specifically TNF-o, IL-1B, IL-17,
IL-6, and the proteins PAI-1 and Resistin, when compared to
Sham animals. Most notably, treatment with PF271 completely
abolished the CLP-induced increase in these markers
(Figures 3A-D, G, H). Interestingly, sepsis also evoked a
robust increase in plasma level of the anti-inflammatory
cytokine IL-10, whose systemic concentration was not
significantly affected by PF271 treatment (Figure 3E). On the
contrary, neither the intervention (CLP) nor the PF271treatment
significantly affected the systemic levels of IFN-y (Figure 3F).

Frontiers in Immunology | www.frontiersin.org

February 2022 | Volume 13 | Article 837180



Alves et al. FAK-Pyk2 Inhibitor in Sepsis

>
w

. * G 407
- 0000 L o)
i N [P
@ 54 00000 s
o - 3()
8 44 o © *
2 3- S 25-
= £
: 2 2 204 ...l WA . ...
A 14 % 20.- .............. -% .....
o
0- om0 00000 m o-
Sham CLP  CLP+PF271 Sham  CLP CLP+PF271
c
— 100+ — CLP
. i CLP+PF271
= 801 ' o
2 T
S 60
= -
D a0
5 -
o 20+
S
5
o o
I T T T T T T T 1 T 1
0 24 48 72 % 120

Time (h)

FIGURE 1 | Effect of PF271 on severity and survival in experimental sepsis. Mice were randomly selected to undergo Sham or CLP surgery. One hour later, CLP mice were
treated once with either Vehicle or PF271 (25 mg/kg s.c.). Twenty-four hours after Sham or CLP procedure, severity score (A) and body temperature (B) were recorded.
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FIGURE 2 | Effect of PF271 on plasma CLP-induced organ damage markers. Mice were randomly selected to undergo Sham or CLP surgery. One hour later, CLP
mice were treated once with either vehicle or PF271 (25 mg/kg s.c.). Twenty-four hours after Sham or CLP procedure, the animals’ blood was collected. Plasma
levels of lactate (A), aspartate transaminase (AST) (B), alanine transaminase (ALT) (C), creatinine (D) and urea (E) were determined. Data are expressed as dot plots
for each animal and as mean + SD of 5-10 mice per group. Statistical analysis was performed by one-way ANOVA followed by Bonferroni’s post hoc test. *p < 0.05
CLP vs Sham/CLP+PF271.
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PF271 Reverses Local Neutrophil
Infiltration and Inflammation

Evoked by Sepsis

As PF271 displayed protective effects against CLP-induced liver
and kidney dysfunctions, we next investigated the possible
underlying mechanisms. CLP injury doubled MPO activity in
liver and kidney when compared to Sham mice, suggesting an
increase in local polymorphonuclear cells (mainly neutrophils)
infiltration. In contrast, the degree of MPO activity in CLP-mice
treated with PF271 was similar to those recorded in sham mice
(Figures 4A, B). The dramatic increase in MPO activity in
liver (0.445 + 0.02 vs 1.015 + 0.10) and kidney (0.487 + 0.02 vs
0.855 * 0.05) following CLP injury was confirmed by
immunohistochemistry analysis. While MPO immunopositivity
was widely detected in the liver (Figure 4C) the increase in
staining for MPO in the kidney was restricted to the renal
corpuscles (Figure 4D). Interestingly, in both organs,
treatment with PF271 abolished the increase in MPO-staining
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FIGURE 3 | Effect of PF271 on plasma cytokines/normones during experimental sepsis. Mice were randomly selected to undergo Sham or CLP surgery. One
hour later, CLP mice were treated once with either Vehicle or PF271 (25 mg/kg s.c.). Twenty-four hours after Sham or CLP procedure, the animals’ blood was
collected. Plasma levels of TNF-a (A), IL-1B (B), IL-17 (C), IL-6 (D) IL-10 (E), IFN-y (F), PAI-1 (G) and Resistin (H) were determined. Data are expressed as dot
plots for each animal and as mean + SD of 5-10 mice per group. TNF-q, IL-17, IL-6, IL-10 and Resistin and were statistically analyzed by one-way ANOVA
followed by Bonferroni’s post hoc-test, while IL-18, IFN-y and PAI-1 were analyzed by Kruskal-Wallis followed by Dunn’s post hoc-test. *p < 0.05 CLP and/or
CLP+PF271 vs Sham.

induced by experimental sepsis (Figures 4C, D). The increase in
MPO-activity/staining seen in animals with CLP-sepsis and the
prevention of this effect by PF271 treatment were mirrored by
similar effects of CLP and PF271 on iNOS expression. As shown
in Figure 5, iNOS immunopositivity was found to be increased
in both liver (panel A) and kidney (panel B) of septic mice.
Specifically, a high and wide expression/distribution of iNOS was
observed in liver, being predominant in the periphery of blood
vessels, whereas renal iINOS immunopositivity was increased
mainly in the renal corpuscles and in the cortical tubules.
Interestingly, PF271 treatment resulted in substantial reduction
of the iNOS expression in both liver and kidney of septic mice
(Figures 5A, B). The impact of the septic insult and the drug
treatment on local inflammation was also confirmed by the gene-
expression analysis of the adhesion molecules ICAM-1, VCAM-
1 and E-Selectin, whose levels were drastically increased
following the sepsis injury and significantly reduced by PF271
administration (Figures 6A-F).
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followed by Bonferroni’s post hoc-test. *p < 0.05 CLP vs Sham/CLP+PF271.

A LIVER B KIDNEY
20 * £15
s s *
% 1.5 ° 2 § o
g E’ § g) 1.0
SE10 SE o
oc oc 0.5 Oop=0
€2, gg 0 o,
a a
S 0.0 200
sham  CLP CLP+PF271 sham  CLP CLP+PF271
C LIVER
Sham CLp CLP+PF271
MPO 10x
MPO 20x
D  KIDNEY Sham cLp CLP+PF271
MPO 10x
MPO 20x

FIGURE 4 | Effect of PF271 on neutrophil tissue infiltration during experimental sepsis. Mice were randomly selected to undergo Sham or CLP surgery. One hour
later, CLP mice were treated once with either Vehicle or PF271 (25 mg/kg s.c.). Twenty-four hours after Sham or CLP procedure, liver and kidney were harvested.
Through an in vitro assay, myeloperoxidase (MPO) activity was measured in liver (A) and kidney (B). Tissue sections were prepared to identify MPO through
immunohistochemistry assay in liver (C) and kidney (D). Representative photomicrographs at 10x and 20x magnification were recorded of 5 animals per group. Data
are expressed as dot plots for each animal and as mean + SD of 5-10 mice per group for MPO activity. Statistical analysis was performed by one-way ANOVA

PF271 Reduces Local FAK-PyK2 Activity in
Septic Mice

To demonstrate that the above-mentioned effects were correlated
with modulation of the pharmacological targets, we evaluated the
local activation of FAK-PyK2 pathway. As shown in Figure 7, in
liver and kidney both the septic insult and the drug treatment did
not significantly modify the total expression of the FAK and
PyK2 proteins. However, tissue homogenates of mice that
underwent CLP exhibited a significant increase in both

phosphorylation of Tyr**” on FAK (panels A-B) and Tyr*** on
PyK2 (panels C-D), suggestive of increased enzyme activation.
Furthermore, an overactivation of the downstream p38 MAPK
protein triggered by FAK-PyK2 was also documented, as shown
by a robust increase in the phosphorylation of Thr'*’/Tyr'®* on
p38 MAPK in liver (Figure 7E) and kidney (Figure 7F) of septic
mice. As expected, mice treated with PF271 showed reduced
activation of either FAK-PyK2 and its downstream effector p38
MAPK, confirming the ability of PF271 to interfere with its
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FIGURE 5 | Effect of PF271 on tissue expression of INOS during experimental sepsis. Mice were randomly selected to undergo Sham or CLP surgery. One hour
later, CLP mice were treated once with either Vehicle or PF271 (25 mg/kg s.c.). Twenty-four hours after Sham or CLP procedure, liver and kidney were harvested.
Tissue sections were prepared to identify INOS expression through immunohistochemistry assay in liver (A) and kidney (B). Representative photomicrographs at

CLp CLP+PF271

CcLp CLP+PF271

pharmacological targets in our experimental conditions
(Figures 7A-F).

NLRP3 Inflammasome Expression and
Activity Are Attenuated by FAK-PyK2
Inhibition During Polymicrobial Sepsis

We and others (33, 38, 39) have previously documented a pivotal
role of the NLRP3 inflammasome pathway in mediating
deleterious effects in sepsis. We, therefore, explored a potential
cross-talk mechanism linking FAK-PyK2 inhibition to impaired
NLRP3 activity. As shown in Figure 8, experimental sepsis
evoked a robust increase in the assembly of the NLRP3
complex in liver and kidney, which was associated with a
subsequent increase in the cleavage of caspase-1, when
compared to animals in the Sham group. In contrast, mice
subjected to CLP and treated with PF271 showed a significant
reduction in the renal and hepatic expression and activation of the
NLRP3 inflammasome complex.

DISCUSSION

Preliminary in vitro and in vivo studies have previously suggested
arole of the FAK-Pyk2 pathways in inflammation and, ultimately,
organ damage caused by LPS (23, 24, 40, 41). Here we show, for
the first time, that administration of PF271, a selective dual
inhibitor of both FAK and Pyk2, ameliorates the severity score
and prolongs the survival in a murine model of CLP-sepsis. Mice
subjected to sepsis (and treated with vehicle) developed local and
systemic inflammation, severe organ injury/dysfunction and this
was associated with a high mortality. In contrast, administration
of the reversible inhibitor for both FAK and Pyk2, PF271,
counteracted all these abnormalities caused by sepsis and
resulted in long-term protection and improved survival. In this
study, we confirmed that sepsis does, indeed, lead to
phosphorylation and, hence, activation of both FAK and Pyk2
and we show that PF271 attenuates FAK-Pyk2 phosphorylation,
and thus activation, in septic mice. In addition, we explored the
molecular mechanisms involved in the deleterious effects
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attributed to FAK-Pyk2 overactivation during sepsis. In the liver
and kidney of septic mice, we documented that PF271 attenuated
the upregulation of the cellular adhesion molecules (CAMs)
VCAM-1, ICAM-1 and E-Selectin, which exert a pivotal role in
driving leukocyte infiltration and the following excessive
inflammatory response, which ultimately lead to the
development of MOF (42-44). We also documented that PF271
administration was associated with a significant reduction in local
(liver and kidney) expression and activity of either MPO, a well-
known biomarker of neutrophil infiltration (45), and iNOS, which
is detectable in neutrophils, leading to overproduction of nitric
oxide (NO) and the following generation of other reactive species
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FIGURE 6 | Effect of PF271 on tissue expression of adhesion molecules during experimental sepsis. Mice were randomly selected to undergo Sham or CLP surgery.
One hour later, CLP mice were treated once with either Vehicle or PF271 (25 mg/kg s.c.). Twenty-four hours after Sham or CLP procedure, liver and kidney were
harvested, and the total mRNA was extracted from them. Real time gPCR was performed for the following genes: ICAM-1 in liver (A) and kidney (B) extractions; VCAM-1
in liver (C) and kidney (D) extractions; E-Selectin in liver (E) and kidney (F) extractions. Relative gene expression was obtained after normalization to housekeeping genes
(B-actin and GAPDH) using the formula 2°44CT and folds change was determined by comparison to Sham group. Data are expressed as dot plots for each animal and as
mean + SD of 4-5 mice per group. Statistical analysis was performed by one-way ANOVA followed by Bonferroni’s post hoc test. *p < 0.05 CLP vs Sham/CLP+PF271.

(46). Our study does not allow the identification of the specific cell
types involved in PF271-mediated responses. Nevertheless, it is
well described that cells of the innate immune system and
endothelial cells are the most prominent type involved in the
exorbitant release of inflammatory cytokines, which in turn drives
septic inflammation (47) and the same cells express the FAK-
PyK2 cascade, whose role in the cellular production of
inflammatory mediators has been clearly demonstrated (17, 22,
40, 48-50). We may, thus, speculate that the beneficial effects of
PF271, including those related to the preservation of organ
function in sepsis, are due, at least in part, to a direct effect of
PF271 on both leukocytes and endothelial cells.
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One of the most relevant downstream signaling events
directly activated by FAK-Pyk2 is the MAPK p38-dependent
signaling pathway, which in turn activates the NF-xB
transcription factor, leading to cytokines overproduction and,
thus, the cytokine storm typical of the systemic inflammation
and organ dysfunction associated to sepsis (17, 40, 50, 51). Here
we confirmed a local overactivation of the p38 MAPK signaling
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FIGURE 7 | Effect of PF271 on tissue activation of FAK-PyK2 pathway during experimental sepsis. Mice were randomly selected to undergo Sham or CLP surgery.
One hour later, CLP mice were treated once with either Vehicle or PF271 (25 mg/kg s.c.). Twenty-four hours after Sham or CLP procedure, liver and kidney were
harvested, and the total protein was extracted from them. Western blotting analysis for phosphorylation of Tyr**” on FAK in the liver (A) and kidney (B) were
normalized to total FAK; Phosphorylation of Tyr*%? on PyK2 in the liver (C) and kidney (D) were normalized to total PyK2; Phosphorylation of Thr'8/Tyr'8? on p38 in
the liver (E) and kidney (F) were normalized to total p38. Densitometric analysis of the bands is expressed as relative optical density (O.D.). Data are expressed as
dot plots for each animal and as mean + SD of 4-5 mice per group. Statistical analysis was performed by one-way ANOVA followed by Bonferroni’s post hoc test.
*p < 0.05 CLP vs Sham/CLP+PF271.

during experimental sepsis, which was significantly reduced by
PF271 treatment. The sepsis-induced activation of p38 MAPK
was paralleled by a massive increase in the systemic levels of
proinflammatory cytokines, such as TNF-a, IL-13, IL-17 and IL-
6, as well as the anti-inflammatory cytokine IL-10. Most notably,
we report that all pro-inflammatory cytokines had an impressive
reduction when mice were treated with PF271, whereas high
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FIGURE 8 | Effect of PF271 on tissue activation of the NLRP3 inflammasome during experimental sepsis. Mice were randomly selected to undergo Sham or CLP
surgery. One hour later, CLP mice were treated once with either Vehicle or PF271 (25 mg/kg s.c.). Twenty-four hours after Sham or CLP procedure, liver and kidney
were harvested, and the total protein was extracted from them. Western blotting analysis for NLRP3 in the liver (A) and kidney (B) were corrected against -actin
and normalized using the Sham related bands; Cleaved caspase-1 in the liver (C) and kidney (D) were corrected against 3-actin and normalized using the Sham
related bands. Densitometric analysis of the bands is expressed as relative optical density (O.D.). Data are expressed as dot plots for each animal and as mean + SD
of 4-5 mice per group. Statistical analysis was performed by one-way ANOVA followed by Bonferroni’s post hoc test. *p < 0.05 CLP vs Sham/CLP+PF271.

levels of the anti-inflammatory cytokine IL-10 were unaffected by
treatment. In keeping with clinical studies (52, 53), we also
documented a significant sepsis-induced upregulation of the
recently discovered inflammatory cytokine resistin and, most
notably, we demonstrated here, for the first time, that its systemic
concentrations may be affected by the pharmacological
modulation of the FAK-Pyk2 pathway. The reduction in
resistin levels caused by PF271 in sepsis could contribute, at
least in part, to the prolonged survival of septic mice following
drug treatment, as recent findings have demonstrated that
resistin significantly impairs neutrophil killing of Gram-
positive and Gram-negative organisms, thus contributing to
the development of immunosuppression, which is central to
sepsis-related morbidity and mortality (54). However, further
studies are needed to support this hypothesis. One of the
cytokines showing a relevant modulation by either sepsis and
PF271 was IL-1P. IL-1f is primarily released from the activated
NLRP3 inflammasome, which plays a pivotal role in the
pathogenesis of sepsis (55). We thus evaluated the potential
impact of the FAK-Pyk2 pharmacological modulation on the

NLRP3 complex formation and activation showing that the
treatment with PF271 abolished the NLRP3 overexpression
and caspase-1 overactivation secondary to sepsis, which was
paralleled by systemic reduction in IL-1f. Our data strengthen
previously published experimental data demonstrating that Pyk2
directly phosphorylates monomeric apoptosis-associated speck-
like protein containing CARD (ASC) subunits of the NLRP3
inflammasome, bringing ASC into an oligomerization-
competent state to then activate caspase-1 and trigger IL-1§
secretion (21).

During experimental sepsis, we also documented a significant
overproduction of plasminogen activator inhibitor-1 (PAI-1),
the serum levels of which have been reported to rapidly increase
in the early stages of sepsis and are positively correlated to sepsis
severity in humans (56). PAI-1 overproduction may also
contribute to the FAK activation observed in our experimental
model as PAI-1 has been demonstrated to induce FAK
phosphorylation leading to processes of macrophage
infiltration (57). The slight reduction in PAI-1 levels observed
in septic mice following PF271 administration could be due, at
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least in part, to the reduced systemic concentrations of cytokines,
mainly IL-6, which has been reported to exert a key role in
regulating PAI-1 expression in vascular endothelial cells (58).
We also found high plasmatic levels of lactate, a marker of tissue
perfusion, during experimental sepsis and we reported the
treatment with PF271 brought its levels to values not different
from the control group. Plasma lactate is not only a marker of
tissue perfusion, but it is currently used as a diagnostic criterion
to determine whether a patient is in septic shock (1). Thus, our
findings also demonstrate the ability of PF271 to improve
hemodynamic factors during sepsis. However, we must
acknowledge that the lack of direct measurements of
hemodynamic parameters does not allow us to reach a solid
conclusion on this specific issue.

Our study has further limitations, including the lack of evidence
of any effects of PF271 on other important organs involved in
MOF associated with sepsis, such as the lungs and the heart, as
well as the use of only male mice, which does not allow to get a
better understanding of the role of gender dimorphism in the
effects of PF271. Although the experimental procedures reported
here are in keeping with most of the recommendations reported
in the MQTiPSS consensus guidelines (29), we did not consider
the use of repeated analgesic and antimicrobial treatments as
well as continuous fluid resuscitation. Furthermore, all efficacy
endpoints that we evaluated, and the overall survival were assessed
only at day 1 and day 5 post-CLP, respectively, and multiple
and longer kinetics are needed for a better understanding of
the overall efficacy of PF271 on the dynamic changes taking
place in sepsis. Thus, future studies are required to improve the
clinical relevance of our findings as well as to gain a better insight
into the safety profile of the proposed drug treatment.

CONCLUSIONS

This study shows for the first time that the development of organ
dysfunction induced by a clinically relevant polymicrobial sepsis
model is associated with activation of the FAK-Pyk2 pathway,
while the pharmacological inhibition of this pathway results in
protective effects and prolonged survival. This beneficial effect is
likely to be due to the prevention of leukocyte infiltration and
related excessive local inflammation through the modulation of
FAK-Pyk2 downstream inflammatory cascades, including p38-
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We previously reported the Bruton’s tyrosine kinase (BTK) inhibitors ibrutinib and
acalabrutinib improve outcomes in a mouse model of polymicrobial sepsis. Now we
show that genetic deficiency of the BTK gene alone in Xid mice confers protection
against cardiac, renal, and liver injury in polymicrobial sepsis and reduces hyperimmune
stimulation (“cytokine storm”) induced by an overwhelming bacterial infection. Protection
is due in part to enhanced bacterial phagocytosis in vivo, changes in lipid metabolism and
decreased activation of NF-kB and the NLRP3 inflammasome. The inactivation of BTK
leads to reduced innate immune cell recruitment and a phenotypic switch from M1 to M2
macrophages, aiding in the resolution of sepsis. We have also found that BTK expression
in humans is increased in the blood of septic non-survivors, while lower expression is
associated with survival from sepsis. Importantly no further reduction in organ damage,
cytokine production, or changes in plasma metabolites is seen in Xid mice treated with
the BTK inhibitor ibrutinib, demonstrating that the protective effects of BTK inhibitors in
polymicrobial sepsis are mediated solely by inhibition of BTK and not by off-target effects
of this class of drugs.

Keywords: X-linked immunodeficient mice, Bruton’s tyrosine kinase (BTK), sepsis, ibrutinib, cytokine storm,
phagocytosis, NF-kB, NLRP3 inflammasome

INTRODUCTION

Sepsis is a common and life-threatening condition caused by a dysregulated host response to an
infection, either bacterial, fungal, or viral (1). Sepsis is a major public health problem leading to
multiple organ dysfunction and death. Globally there are 50 million cases of sepsis resulting in
the death of 11 million people every year representing 20% of all deaths worldwide (2). Despite
intensive, supportive care, and current treatments (antibiotic therapy and fluid resuscitation), no
targeted therapies have proven effective at reducing mortality (3, 4). There is an urgent need for the
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development of pharmacological treatments for sepsis-induced
organ dysfunction (5).

Bruton’s tyrosine kinase (BTK) is well-known as a critical
component of the B-cell antigen receptor (BCR) signaling
pathway (6). BTK is also involved in the activation of the
toll-like receptor (TLR) signaling pathways (by binding to the
TIR domain of TLR4 and TLRs adaptor molecules MyD88,
and Mal) and the NLRP3 inflammasome (by binding to the
ASC component) (7-9). Activation of both the TLR signaling
pathway and the NLRP3 inflammasome play a pivotal role in
the pathophysiology of sepsis (10, 11). The expression of BTK
is not restricted to B cells, as BTK is also expressed in cells of
myeloid lineage, including macrophages and neutrophils (12, 13),
activation of which contributes to the pathophysiology of sepsis.

We have recently shown that the BTK inhibitors ibrutinib
(first generation) and acalabrutinib (more selective, second
generation) attenuate the systemic inflammation (“cytokine
storm”) and the multiple organ failure caused by sepsis in
mice (14). Ibrutinib is already approved for the use in chronic
lymphatic leukemia, mantle cell lymphoma, Waldenstrom
macroglobulinemia, and graft vs. host disease (15) and
acalabrutinib in mantle cell lymphoma (16). The recent COVID-
19 pandemic has driven the search for drugs that can be
repurposed to either reduce virus load and/or the cytokine storm
in patients with severe COVID-19 infections. It has been found
that BTK activation and IL-6 production is increased in COVID-
19 patients and the effects of acalabrutinib are currently being
evaluated in these patients (17). Roschewski et al. (17) showed
that some severe COVID-19 patients receiving acalabrutinib
had improved oxygenation and reduced CRP and plasma IL-6,
suggesting that BTK inhibitors could be repurposed for diseases
involving excessive inflammation.

Although we have proposed that the inhibition of BTK
is the key driver of the observed beneficial effects of BTK
inhibitors in sepsis, it is possible that some of the well-known
off-target effects of these compounds account for or, at least,
contribute to the beneficial effects observed (14). For instance, we
identified that both ibrutinib and acalabrutinib strongly inhibit
five different kinases: BTK, Bmx, ErbB4, RIPK2, and TEC. Our
discovery that acalabrutinib and ibrutinib reduce inflammation
and organ dysfunction in sepsis has triggered three important
questions: (1) Does inhibition of BTK activity alone account
for the observed beneficial effects? And (2) Does inhibition of
systemic inflammation reduce the host response to infection
and ultimately cause increased harm? (3) What effect does BTK
inactivation have on the metabolomic profile of septic mice?
Interest in metabolomic profiling is growing, as the metabolome
is the result of expression and function of a multitude of proteins
and, hence, has been suggested to be a sensitive readout of
drug responses (18, 19). The present study was designed to
address these questions by inducing polymicrobial sepsis in
mice with X-linked immunodeficiency (Xid). Xid mice have a
missense mutation within the BTK gene [arginine to cysteine
at position 28 (R28C)] in the N-terminally located pleckstrin
homology domain, resulting in expression of a BTK protein that
is functionally inactive (20, 21). Having developed a model of
sepsis in Xid mice (and wild-type mice, CBA background), we

have investigated the impact of impaired BTK function on organ
dysfunction, systemic inflammation (cytokine storm), changes in
plasma metabolites, and bacterial clearance.

METHODS

Ethical Statement

The Animal Welfare Ethics Review Boards of Queen Mary
University of London and The Dunn School of Pathology in the
University of Oxford approved all experiments in accordance
with the Home Office guidance on the operation of Animals
(Scientific Procedures Act 1986) published by Her Majesty’s
Stationery Office and the Guide for the Care and Use of
Laboratory Animals of the National Research Council. Work
was conducted under U.K. Home Office project license number
PCF29685 and P144E44F2.

Mice

This study was carried out on twenty-three 10 week-old, male
CBA mice (Charles River Laboratories UK Ltd., Kent, UK)
and twenty-one 10 week-old, male CBA/CaHN-Bik“/] (Xid)
mice (from Jackson laboratory), weighing 25-30g and kept
under standard laboratory conditions. Six mice were housed
together (in each cage) with access to a chow diet and water
ad libitum. They were subjected to a 12h light and dark cycle
with a temperature maintained at 19-23°C. Group sizes for each
experiment were calculated following power calculations based
on previous studies (14).

Polymicrobial Sepsis

Cecal ligation and puncture (CLP) was performed in 10 week-
old male CBA (wild type) or Xid mice as previously described
(14, 22). Mice were randomly assigned to undergo CLP or sham-
operated surgery, the surgeon was blinded to the genotype of
the mouse. Briefly, mice were anesthetised with isoflurane (2%
delivered in O;) and the cecum was fully ligated below the
ileocecal valve. A double puncture was made with a 18G needle
into the cecum and a small amount of feces was squeezed out
after which the cecum was returned to its anatomical position,
then the laparotomy was closed. All animals received fluids (5
ml/kg saline into abdomen before closure and 10 ml/kg saline
s.c., immediately after surgery), antibiotics (Imipenem/Cilastatin;
20 mg/kg dissolved in 7.5ml/kg of saline s.c.), and analgesics
(buprenorphine; 0.05mg/kg i.p.) at 6 and 18h after surgery.
Sham-operated mice underwent the same procedure, but without
CLP. At 1h after CLP, WT or Xid mice received 30 mg/kg
ibrutinib (Selleck Chemicals) intravenously.

A clinical score for monitoring the health of experimental
mice was used to evaluate the symptoms consistent with murine
sepsis. The maximum score of six comprised the presence of
the following signs: lethargy, piloerection, tremors, periorbital
exudates, respiratory distress, and diarrhea. Mice with a clinical
score >3 were defined as exhibiting severe sepsis, against a
moderate sepsis for a score <3. Animals were culled at 24 h after
the onset of sepsis (CLP).
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Assessment of Cardiac Function in vivo

At 24h post CLP, mice were anesthetised (0.5-2% isoflurane
in O3); body temperature was maintained at 37°C and heart
rate was maintained at 450 bpm. Then, cardiac function was
assessed by M-mode and B-mode echocardiography using
the VisualSonics Vevo 3100 echocardiographic system and a
MX550D transducer. The following parameters were measured:
left ventricular ejection fraction, fractional shortening, fractional
area change, cardiac output, stroke volume, and myocardial
performance index, as described previously (14).

Kidney Dysfunction and Hepatocellular
Injury

After 24 h, mice were sacrificed by terminal cardiac puncture,
where terminal blood samples were immediately decanted into
1.3 ml serum gel tubes (Sarstedt, Niirnbrecht, Germany). Blood
was allowed to coagulate for at least 10 min at room temperature,
then samples were centrifuged at 9,000 rpm for 3 min to separate
the serum. Then 100 pl of serum was snap frozen in liquid
nitrogen and sent to an independent veterinary testing laboratory
(MRC Harwell Institute, Oxford, UK) to evaluate the following
biomarkers in a blinded fashion: Urea and creatinine (as markers
of renal dysfunction), alanine aminotransferase (ALT), aspartate
transaminase (AST) (markers of hepatocellular injury), and
lactate dehydrogenase (LDH) (marker of cell injury).

Quantification of Immune Cells After

Peritoneal Lavage

Peritoneal lavage exudate was collected by injecting 5ml of
2mM of EDTA in PBS into the peritoneal cavity. After gentle
massaging, ~4 ml of exudate was removed with an 18G needle.
Cells were washed in FACS buffer (0.05 % BSA, 2mM EDTA in
PBS pH 7.4) and then blocked using anti-CD16/32 (Biolegend)
for 10 min at 4°C. Peritoneal cells were analyzed using anti-
CD45 (clone 30-F11; BioLegend), anti-CD11b (clone M1/70;
BioLegend), anti-F4/80 (clone BMS8; BioLegend), anti-Ly6G
(clone 1A8; BioLegend), anti-CD206 (clone C068C2; BioLegend),
and anti-MHCII (clone. M5/114.15.2; BioLegend) antibodies.
Absolute cell count was calculated by the addition of counting
beads (BioLegend). Data were acquired using BD LSR II Fortessa
(Becton Dickinson) and analyzed using Flow]Jo analysis software
(version 10.6, Treestar Inc.). The gating strategy is depicted in
Figure S1.

Cytokine Analysis

The principle of multiplex flow immunoassay technology has
been reviewed previously (23, 24). Cytokines, chemokines, and
a growth factor were determined in serum by Bio-Plex Pro
Mouse Chemokine 31-Plex panel assay (Bio-Rad, Kabelsketal,
Germany). The cytokines IL-18, —2, —4, —6, —10, —16, CCL1,
-2,-3,—4,-5,-7,-11, —-12, —-17, —19, =20, —22, —24, —27,
IFN-y, TNF-a and the chemokines CX3CL1, CXCL1, —2, —5,
—10, —11, —12, —13, —16, and the growth factor GM-CSF were
measured according to the manufacturer’s instructions.

Bacteria Counting

Accurate evaluation of the number of bacteria in peritoneal
lavage fluid and blood samples was performed by flow
cytometry using the SYTO BC bacteria counting kit (Thermo
Fischer Scientific).

Phagocytic Ability

Peritoneal lavage exudate containing neutrophils and
macrophages was obtained 24 h after CLP as described above.
pHrodoTM red E. Coli bioparticlesTM (Thermo Fischer Scientific)
were resuspended in live cell imagining solution (BioLegend) at
10 mg/ml and 10 pL of bioparticles were opsonised with 20 pL
of fresh serum for 1h at 37°C under gentle agitation, after which
they were washed and resuspended in 10 pL of live cell imagining
solution. 1 x 10° cells of peritoneal exudate were collected by
centrifugation (300g x 5min) and resuspended in 890 uL of
live cell imaging solution, after which 100 w1 of fresh serum
and 10 pL of optimized bioparticles were added and incubated
for 45min at 37°C under gentle agitation in the dark. Cells
were washed and then blocked using anti-CD16/32 (Biolegend)
for 10min at 4°C followed by staining with surface markers
anti-CD11b (clone M1/70; BioLegend), anti-Ly6G (clone
1A8; BioLegend), and anti-F4/80 (clone BMS8; BioLegend) for
30 min at 4°C. 10,000 CD11b* cells were collected by Amnis®
ImageStream®X Mk IT Imaging Flow Cytometer (Luminex) at a
magnification of x40 and analyzed by IDEAS software for each
experimental sample. Neutrophils were identified as (CD11b™,
Ly6G™, F4/807) and macrophages were identified as (CD11b™,
Ly6G~, F4/80™). This equated to ~7,000 neutrophils and 2,000
macrophages for both WT and Xid mice to undergo phagocytosis
analysis via IDEAS software. For WT mice the average number
of cells positive with pHrodo E. coli BioParticles were 4,200
neutrophils and 1,200 macrophages. For Xid mice the average
number of cells positive with pHrodo E. coli BioParticles were
neutrophils 5,600 and 1,200 macrophages.

Western Blots

Immunoblot analyses of cardiac tissue samples were carried out
using a semi-quantitative western blotting analysis. The antibody
used were: 1:1,000 rabbit anti-Ser!7¢/180-IKKo/B, 1:1,000 rabbit
anti-total IKKa/B, mouse anti-Ser>%/36-IxBa, mouse anti-total
IkBa, rabbit anti-Tyr?23-BTK, rabbit anti-total BTK, rabbit anti-
Tyr!'2!7 PLCy, rabbit anti-total PLCy (from Cell Signaling),
1:5,000 rabbit anti NLRP3 inflammasome (from Abcam), mouse
anti-caspase 1 (p20) (from Adipogen). The apex of the heart
was taken and homogenized. Proteins were then extracted as
previously described (25) and concentrations were quantified by
bicinchoninic acid (BCA) protein assay (Thermo Fisher Scientific
Rockford, IL). Proteins were separated by 8% sodium dodecyl
sulfate (SDS)-PAGE and transferred to polyvinylidene fluoride
membranes. Membranes were blocked in 10% milk solution
with TBS-Tween and then incubated with the primary antibody
overnight at 4°C. The next day the secondary antibody was
added for 30 min at room temperature and visualized using the
ECL detection system. Tubulin was used as loading control. The
immunoreactive bands were analyzed by the Bio-Rad Image Lab
Software™ 6.0.1 and results were normalized to the sham bands.
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BTK Gene Expression in Whole Human
Blood

Original data was obtained from the gene expression omnibus
under dataset number GDS4971 which was published by Parnell
et al. (26). RNA isolated from whole-blood samples of survivors
(n = 26) and non-survivors (n = 9) of sepsis as well as healthy
participants (n = 18) over the course of 5 days was assayed on
the Illumina HT-12 gene expression microarray consisting of
48,804 probes. The dataset was analyzed for expression of BTK
gene in these three groups. The figure was generated using R
software (ver 4.0.2), gene expression is quantile normalization
and log transformation of the data was applied. Significance was
determined by a one-way ANOVA followed by a Bonferroni
post hoc-test.

Metabolomic Analysis

Metabolites were analyzed by liquid chromatography coupled
to triple quadrupole mass spectrometry (LC-MS/MS) using
an ultra-high-performance liquid chromatography (UHPLC)
system (Nexera LC-40 series) and the triple quadrupole mass
spectrometer LCMS-8050, both from Shimadzu Deutschland
GmbH (Duisburg, Germany). Samples were analyzed with
a method for sphingosine-1-phosphate and sphingosine
and the supplied method packages “primary metabolites,”
“phospholipids,” and “lipid mediators” according to the
manufacturer’s protocols (Shimadzu Deutschland GmbH,
Duisburg, Germany) with the following modifications: 20
ML of serum sample were precipitated by addition of 200
nL of methanol (LCMS-grade) in vials. Prior to processing,
the methanol was spiked with internal standard (IS) solution
in a final concentration of 45.45nM. The supernatant was
taken for analysis after 4 days of incubation at —80°C and
subsequent centrifugation at 14,000 rcf for 10min at 4°C.
Primary metabolites were analyzed using the HPLC Column
Discovery® HS F5, 3 um, 150 x 2.1 mm from Sigma-Aldrich
Chemie GmbH (Munich, Germany). For phospholipids and
lipid mediators, the 2.1 x 150mm 2.6 um particle size C8
Kinetex LC Column (Phenomenex Inc., Torrance, USA)
was used. Sphingosine-1-phosphate and sphingosine were
separated using a MultoHigh 100 RP 18-3p 60 x 2 mm column
(Chromatographie Service GmbH, Langerwehe, Germany)
with intermittent runs for equilibration. Mass spectrometric
detection was performed by multiple reactions monitoring
(MRM) after injection of 10 ] sample, unless stated otherwise.
Further information on HPLC programs and solvents (Table S1),
LCMS-8050 settings (Table S2), and recorded mass transitions
of identified significantly changed analytes (Tables S3-S6)
are listed in the Supplement. Metabolome primary data were
analyzed and further processed with LabSolutions 5.91 and
LabSolutions Insight 3.10 (Shimadzu Deutschland GmbH,
Duisburg, Germany).

Statistics

Statistical differences were determined using a one-way ANOVA,
followed by Bonferroni post hoc-test or unpaired Student’s ¢-test
as appropriate (GraphPad Prism 8.0; significant when P < 0.05).

Results are expressed as mean + SEM of n observations, where n
represents the number of animals studied.

Metabolome data were determined by calculating area ratios
for each analyte by dividing peak area of each analyte by
peak area of the related IS. Data analysis for metabolome
data was performed as follows: Readings below detection level
were set to half of detection level for each analyte separately.
Metabolome data was log2 transformed and normalized by
subtracting median metabolite abundance per sample from all
abundances of each sample. Normalization was carried out
separately for primary metabolites, phospholipids, and lipid
mediators. Z scores were calculated using mean and standard
deviation of all samples. Contrasts were analyzed pairwise
between selected sample groups by unpaired ¢-tests. P-values
were Benjamini Hochberg adjusted (27). Analytes with adjusted
P-values below 0.05 were considered significantly different. For
a first exploratory overview a principal component analysis
(PCA) was carried out using the normalized and scaled
metabolome data. Data analysis was carried out using R version
3.4.4 (28).

RESULTS

Xid Mice Have 100% Predicted Survival
Rate

When compared to sham-operated mice, WT mice subjected
to cecal ligation and puncture (CLP) showed clinical signs of
severe sepsis (80%; score >3). In contrast, all Xid mice subjected
to CLP had a score of <3 indicating only moderate sepsis
(Figure 1A). All mice in the WT-CLP group which received
ibrutinib had a score of <3 indicating moderate sepsis and all
mice in the Xid-CLP + ibrutinib group had a score <3. When
compared to sham-operated mice, WT mice subjected to CLP
experienced hypothermia (a rectal temperature of <30°C) at 24 h
after the onset of CLP, whereas the rectal temperature of Xid-
CLP, WT-CLP + ibrutinib and Xid-CLP + ibrutinib remained
at 37°C (Figure 1B). A reduction in temperature to <30°C or
a change of 5°C over time in each animal has been reported to
predict death in mice with CLP (29). As mortality of animals
is not an acceptable routine endpoint in the UK, we used the
reduction in rectal temperature <30°C as a surrogate marker
for mortality. Using this surrogate marker, we would predict
the mortality of WT-CLP mice to be 90% (confirming that our
model is a model of severe sepsis), while the predicted mortality
of Xid-CLP mice would be 0% (e.g., 100% predicted survival;
Figure 1C). WT-CLP mice receiving ibrutinib had a predicted
mortality of 15%, whereas Xid-CLP mice receiving ibrutinib
had a predicted mortality of 0%. When compared to sham-
operated mice, WT mice subjected to CLP showed a decrease
in heart rate, whereas the heart rate of Xid-CLP remained
similar to that of sham-operated animals (Figure 1D). When
compared to WT-CLP mice, the administration of ibrutinib 1h
after CLP attenuated the decline in heart rate in WT mice.
Mice in the Xid-CLP + ibrutinib group had a similar heart
rate to mice in the Xid-CLP group. Xid-CLP mice receiving
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FIGURE 1 | Xid mice are protected from sepsis-induced multiple organ failure. WT and Xid mice were randomly selected to undergo sham or CLP surgery, 1 h later

ibrutinib (30 mg/kg) was administered intravenously. At 24 h after CLP, cardiac function was assessed by echocardiography and parameters of renal and liver function

were assessed in serum. (A) Severity Score 24 h after CLP. (B) Temperature 24 h after CLP (°C). (C) Predicted percentage of survival (%). (D) Heart rate 24 h after CLP
(Continued)
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****P < 0.0001 vs. WT-CLP.

FIGURE 1 | (omp). (E) Representative m-mode images. (F) Ejection Fraction (%). (G) Fractional shortening (%). (H) Fractional area change (%). (I) Cardiac output
(ml/min). (J) Stroke volume (nL). (K) Myocardial performance index (NFT). (L) Urea (mmol/L). (M) Creatinine (wmol/L). (N) Lactate dehydrogenase (U/L). (O) ATL (U/L).
(P) AST (U/L). The following groups were studied WT sham (n = 5), Xid sham (n = 5), WT-CLP (n = 10), Xid-CLP (n = 10), WT-CLP + ibrutinib (n = 8), and Xid-CLP +
ibrutinib (n = 6). Data are expressed as mean + SEM and analyzed by one-way ANOVA with a Bonferroni post hoc-test. “P < 0.05, “*P < 0.01, ***P < 0.001, and

ibrutinib had a higher heart rate than WT-CLP mice treated
with ibrutinib.

Xid Mice Are Protected From

Sepsis-Induced Cardiac Dysfunction

Cardiac function was assessed in vivo by echocardiography.
Figure 1E shows representative M-mode images in the short axis
in sham-operated mice, CLP mice, and CLP + ibrutinib mice of
both genotypes. When compared to sham-operated mice, WT
mice subjected to CLP showed a reduction in ejection fraction
(EF), fractional shortening (FS), fractional area change (FAC),
cardiac output (CO), stroke volume (SV), and an increase in
myocardial performance index (MPI), indicating severe global,
systolic cardiac dysfunction. In contrast, Xid mice subjected
to CLP had only a very minor cardiac dysfunction and all
indices of cardiac performance (EF, FS, FAC, CO, SV, and MPI)
were significantly improved from those measured in WT-CLP
(Figures 1F-K). Thus, the degree of cardiac dysfunction caused
by CLP in Xid mice is significantly reduced when compared
to that observed in WT-mice. When compared to WT-CLP
mice (CBA background) treatment of WT-mice with ibrutinib
1h after CLP attenuated the sepsis-induced cardiac dysfunction.
In contrast, administration of ibrutinib to Xid-CLP mice had
no effect on cardiac function (Figures 1F-K), indicating that
the addition of ibrutinib in Xid mice with CLP results in no
beneficial or deleterious effects due to off target actions of
the drug.

Xid Mice Are Protected From
Sepsis-Induced Kidney Dysfunction and

Hepatocellular Injury

Kidney dysfunction and hepatocellular injury was assessed by
measuring serum creatinine, urea, ALT, AST, and LDH. When
compared to sham-operated mice, WT mice subjected to CLP
had significant renal dysfunction (rise in urea and creatinine),
hepatocellular injury (rise in ALT and AST) and cell injury
(rise in LDH). In contrast, in Xid mice subjected to CLP, the
degree of kidney dysfunction, hepatocellular injury and cell
injury was significantly reduced when compared to WT-CLP
mice (Figures 1L-P). When compared to WT-CLP, treatment
of WT-CLP mice with ibrutinib (1h after CLP) significantly
attenuated the rise of plasma/serum urea, creatinine, ALT, AST,
and LDH. In contrast, administration of ibrutinib in Xid-CLP
mice had no significant effect on organ dysfunction (as this was
prevented in Xid-mice). No significant difference was observed
between WT-CLP + ibrutinib and Xid-CLP + ibrutinib for any
of the parameters of organ dysfunction measured.

Xid Mice Do Not Present With Systemic
Inflammation After Polymicrobial Sepsis

Using a multiplex array, we analyzed 31 cytokines and
chemokines in the serum of all animals. When compared to
sham-operated mice, WT mice subjected to CLP sepsis showed
a significant increase in the serum levels of pro-inflammatory
cytokines TNF-a, IL-6, and IL-1f, the anti-inflammatory
cytokine IL-10, neutrophils chemoattractant chemokines
(KC & ENA-78), monocyte chemoattractant chemokines
(MCP-1, MIP-1a, and MIP-18) and G-CSF. In contrast,
the levels of these cytokines and chemokines in the serum
of Xid-CLP were significantly reduced when compared to
WT-CLP mice (Figures2A-J). When compared to WT-CLP,
treatment of WT-CLP mice with ibrutinib (1h after CLP)
significantly attenuated the rise in cytokines and chemokines.
In contrast, administration of ibrutinib in Xid-CLP-mice
had no significant effect on the production of cytokines
and chemokines (as this was prevented in Xid-mice). No
significant difference was observed between WT-CLP +
ibrutinib and Xid-CLP + ibrutinib for any cytokines and
chemokines. The alterations of a further 21 cytokines and
chemokines can be seen in Figure 2K and absolute values in
Table S7.

Xid Mice Have Fewer Infiltrating Immune
Cells in the Peritoneum and Enhanced

Polarization to M2 Macrophages in Sepsis
We also evaluated the cell composition and phenotype in
the peritoneal exudates of all animals by flow cytometry
gating strategy seen in Figure S1. When compared to sham-
operated mice, WT mice subjected to CLP showed a significant
increase in neutrophils and macrophages into the peritoneum.
In contrast, Xid-CLP mice exhibited a significant reduction
in the number of infiltrating neutrophils and macrophages
when compared to WT-CLP mice (Figures 3A-C). Upon further
analysis of the subsets of macrophages, we found that the
macrophages obtained from WT-CLP mice are predominately of
the pro-inflammatory M1 phenotype (60% M1 and 40% M2),
while the macrophages of Xid-CLP are of the pro-resolving
(anti-inflammatory) M2 phenotype (40% M1 and 60% M2)
(Figures 3D,E).

Xid Mice Have Fewer Bacteria in
Peritoneum and Blood Due to Increased
Phagocytosis in Sepsis

In order to determine the mechanism that accounts for the

improved outcome of BTK deficient mice, we investigated
bacterial clearance in vivo in WT and Xid-mice at 24h after
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FIGURE 2 | Xid mice do not present with systemic inflammation after polymicrobial sepsis. Mice underwent sham or CLP surgery, 24 h later cytokines and
chemokines were assessed in serum. (A) TNF-a serum concentration (pg/ml). (B) IL-6 serum concentration (pg/ml). (C) IL-1B serum concentration (pg/ml). (D) IL-10
serum concentration (pg/ml). (E) KC/CXCL1 serum concentration (pg/ml). (F) ENA-78/CXCL5 serum concentration (pg/ml). (G) GM-CSF serum concentration (pg/ml).
(H) MCP-1/CCL2 serum concentration (pg/ml). (I) MIP-1a/CCL3 serum concentration (pg/ml). (J) MIP-18/CCL4 serum concentration (pg/ml). (K) Heat-map of 31
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*P < 0.05, P < 0.01, P < 0.001, and ***P < 0.0001 vs. WT-CLP.

the onset of CLP, as the survival of sepsis is dependent peritoneal and blood bacteria counts (Figures4A-D).
on the ability to clear bacteria. When compared to sham-  However, Xid-CLP mice had significantly fewer bacteria
operated mice, WT mice subjected to CLP exhibited elevated in the peritoneal cavity and blood than WT-CLP mice,
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showing that Xid-mice clear bacteria more efficiently than
WT mice.

Clearance of bacteria is secondary to phagocytosis of bacteria
in neutrophils and macrophages. Xid mice subjected to CLP

presented with a reduced number of infiltrating immune cells,
but also reduced bacterial counts at 24 h post CLP. This raises
the question as to how fewer infiltrating immune cells are able
to clear more bacteria? To address this question, we investigated
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FIGURE 4 | Xid mice result in enhanced bacterial clearance in peritoneum and blood due to increased phagocytosis in sepsis. Mice underwent sham or CLP surgery,
24 later peritoneal lavage fluid and blood were analyzed. Macrophages identified as (CD11b*, F4/80*, and Ly6G~) and neutrophils identified as (CD11b*, F4/80~,
and Ly6G™). (A) Representative images of peritoneal bacteria cell count. (B) Peritoneum bacteria cell count per ml. (C) Representative images of blood bacteria cell
count. (D) Blood bacteria cell count per ml. (E) Representative images of WT-CLP macrophages phagocytosis on the imagestream. (F) Representative images of
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FIGURE 5 | corrected for the corresponding total PLCy and normalized using the related sham bands. (C) Phosphorylation of IKKa/B at Ser'7®/189 corrected for the
corresponding total IKKa/g and normalized using the sham related bands. (D) Phosphorylation of lkBa at Ser®?/36 corrected for the corresponding total [kBa and
normalized using the related sham band. (E) NLRP3 activation, corrected against tubulin and normalized using the sham related bands. (F) Pro-caspase-1 against
activated caspase-1 and normalized using the sham related bands. The following groups were studied WT sham (n = 4), Xid sham (n = 4), WT-CLP (n = 4), and
Xid-CLP (n = 4). Data are expressed as mean + SEM and analyzed by one-way ANOVA with a Bonferroni post hoc-test. ***P < 0.001 and ****P < 0.0001 vs. WT-CLP.

whether Xid neutrophils and macrophages have increased
phagocytic ability in vivo. We found that the percentage of
neutrophils and macrophages, which are phagocytosing bacteria,
are similar in WT-CLP and Xid-CLP mice. However, neutrophils
and macrophages of Xid-CLP mice contain more bacteria per
immune cell than WT-CLP mice, showing a 100% increase
in phagocytic ability of both neutrophils and macrophages
(Figures 4E-L). Collectively, this data clearly demonstrates that
Xid mice with a deficiency in BTK show enhanced phagocytosis
in vivo resulting in improved clearance of bacteria during a
septic episode.

BTK, NF-kB, and NLRP3 Inflammasome
Are Not Activated in Xid Mice After

Polymicrobial Sepsis

To understand the signaling mechanism associated with the
observed cardiac dysfunction in CLP-sepsis, we investigated
the effect of BTK deficiency in Xid mice on the activation
of key signaling pathways of inflammation: BTK, NF-kB, and
NLRP3 inflammasome activation (Figure 5). When compared
to sham-operated mice, WT mice subjected to CLP showed
an increase of BTK activation as demonstrated by significant
increases in the phosphorylation of cardiac BTK at Tyr???
and the phosphorylation of PLCy at Tyr!?!”. No activation
of BTK was detected in Xid mice, even after CLP injury
and the phosphorylation of cardiac BTK at Tyr??* and the
phosphorylation of PLCy at Tyr'?!” in Xid-CLP mice were
similar to that of sham-operated animals (Figures 5A,B).

NE-kB activation plays a key role in the pathophysiology of
sepsis. When compared to sham-operated mice, WT-CLP mice
exhibit a significant increase in NF-kB activation as demonstrated
by significant increases in the phosphorylation of IKKa/f at
Ser!76/180 and the phosphorylation of IicBa at Ser’?/3¢. When
compared to WT-CLP mice, Xid-CLP mice the phosphorylation
of IKKa/B at Ser'7¢/180 and IkBa at Ser®*/3¢ was significantly
reduced, indicating that the degree of activation of NF-kB caused
by sepsis in the heart was significantly lower in Xid-mice than in
WT-mice (Figures 5C,D).

When compared to sham-operated mice, WT mice subjected
to CLP showed an increase in the activation of the NLRP3
inflammasome, demonstrated by an increase in the expression
of the NLRP3 inflammasome and cleavage of pro-caspase-
1 to caspase-1 in the heart (Figures5E,F) as well as an
increase the production of IL-1f in serum (Figure 2C). In
contrast, Xid-CLP mice showed reduced activation of NLRP3
inflammasome as demonstrated by a decrease in the expression of
the NLRP3 inflammasome, cleavage of pro-caspase-1 to caspase-
1 (Figures 5E,F) and IL-1f when compared to WT-CLP mice
(Figure 2C).

® WT Sham
® Xid Sham )
| ® WTCLP
o Xid OLP , ®
® WT CLP + Ibrutinib (O« o
Py Xid CLP + Ibrutinib
IS
o —
— @] °®
(‘\l’ o0 o®
O °
g ® o]
o ©
@
= ° ®e
1
[ ]
| [ | | I I |
-20 -15 10 -5 0 5 10

PC1 (36 %)

FIGURE 6 | Principal component analysis (PCA). Principal component analysis
(PCA) of the normalized and scaled metabolome data. Plot shows first two
principal components (PC), which account for almost half of the total variance
in the data set. Variance between replicates is far less than between different
experimental conditions. Contrasts between main experimental conditions are
visible in the shown PCs. Each dot represents a sample and each color
represents a mice group.

Xid Mice Show Lower Levels of

Sepsis-Dysregulated Metabolites

Using a targeted metabolomic approach, we detected 240 analytes
in murine plasma. A two-dimensional principal component
analysis (PCA) of all detected analytes (Figure 6), revealed a
clear distinction between the two sham-operated mice groups
(WT sham and Xid sham), the WT-CLP mice group and the
three treated and/or Xid CLP-induced mice groups (Xid CLP, WT
CLP + Ibrutinib, and Xid CLP + Ibrutinib). The first principal
component explained about 36% of total variation among the
six mice groups and separated the sham-operated mice from
the CLP-induced mice groups. The second principal component
explained about 13% of total variation of all metabolites and
achieved the same effect as PC2, but further it separated the
CLP-induced WT mice group from the three mice groups Xid
CLP, WT CLP + ibrutinib, and Xid CLP + ibrutinib. Significant
changes in analytes were identified and analyzed via hierarchical
clustered z score heatmaps and their significant log2-fold changes
of selected group comparisons were shown in log2-fold change
heatmaps (Figures $2-S5). The heatmaps illustrate 55 significant
primary metabolites (Figure S2), 138 significant phospholipids
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FIGURE 7 | Heatmap of significant restored metabolites in the groups XID CLP, WT CLP + Ibrutinib, and XID CLP + lorutinib. (A) Hierarchical clustered z score
heatmaps showed significantly changed analytes and (B) log2-fold change heatmaps showed their significant log2-fold changes for selected groupwise comparisons.
The heatmap shows analytes which, compared to the WT CLP group (n = 10), restored in all three groups [Xid-CLP (n = 10), WT-CLP + ibrutinib (n = 8), and
Xid-CLP + ibrutinib (n = 6)] to the level of the two sham groups [WT Sham (n = 5), Xid Sham (n = 5)]. Each column in a z score heatmap represented the mean value
of all animals in a group, each column in a log2-fold change heatmap represented a groupwise comparison and each row defined an analyte. Analytes were
hierarchically clustered using Ward’s minimum variance method (76) and an euclidian distance between log2-fold changes. Dendrograms provide information about
distances between clusters. AA, arachidonic acid; AEA, arachidonoylethanolamide; DHA, docosahexaenoic acid; DOPA, dihydroxyphenylalanine; EPA,
eicosapentaenoic acid; LPE, lysophosphatidylethanolamine; LPG, lysophosphatidylglycerol; LPS, lysophosphatidylserine; lyso-PAF, lyso-platelet activating factor;
OEA, oleoylethanolamine; PE, phosphatidylethanolamine; PI, phosphatidylinositol; PS, phosphatidylserine; TDCA, taurodeoxycholic acid.
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and their derivatives (Figures $3,S4), and 6 significant lipid
mediators (Figure S5).

Figure 7 shows a sorting of 24 analytes that were significantly
restored in the three mice groups Xid-CLP, WT-CLP +
ibrutinib, and Xid-CLP + ibrutinib to the initial levels of

both sham-operated groups compared to the WT-CLP mice
group. The ibrutinib treatment or the BTK inactivation or
the combination of both restored 7 significant decreased and
17 significant increased analytes in CLP-induced WT-mice.
The decreased analytes belonged predominantly to the lipid
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mediator’s docosahexaenoic acid (DHA), eicosapentaenoic
acid (EPA), lyso-platelet activating factor (lyso-PAF), and
oleoylethanolamine (OEA). The bile acid taurodeoxycholic
acid (TDCA), the phosphatidylinositol (PI) (34:2) and
the primary metabolite niacinamide were also reduced.
The increased analytes included five primary metabolites
(dihydroxyphenylalanine =~ (DOPA),  creatine,  carnosine,
nicotinic acid, cytosine), four lysophosphatidylserines, five
phosphatidylserines, one lysophosphatidylethanolamine, one
lysophaphatidylglycerol and one phosphytidylethanolamine.

Sorting by analytes that were only significantly restored
in Xid-CLP (Figure S6) showed five analytes. One analyte
was increased, the primary metabolite kynurenine, and
four analytes were decreased in the WT-CLP group and
this included the primary metabolite uridine and one the
phospholipids phosphatidylserine, phosphatidylethanolamine,
and phosphatidylinositol. Twenty-three analytes showed
the sorting by significantly restored analytes in the mice
groups Xid CLP and Xid CLP + Ibrutinib (Figure S7). The
levels of 10 analytes (cGMP, creatinine, ursodeoxycholic
acid (UDCA), deoxycholic acid (DCA), adenine, one
lysophosphatidylserine, one lysophosphatidylglycerol, three
lysophosphatidylethanolamines) were upregulated and 13
analytes (one sphingomyelin, six phosphatidylcholines,
three phosphatidylethanolamines, two phosphatidylserines,
one phosphatidylinositol) were downregulated in CLP-
induced wildtype mice. Analytes that were only restored
in the mice group WT-CLP + ibrutinib could not
be determined. The heatmap with analytes that were
significantly restored in the mice groups WT-CLP +
ibrutinib and Xid-CLP + ibrutinib (Figure S8) showed
one increased primary metabolite (cholesterol) and three
decreased phospholipids (two phosphatidylserines and one
lysophosphatidylserine).

Expression of BTK Is Increased in Whole

Human Blood of Septic Non-survivors
Parnell et al. (26) collected whole blood of patients confirmed
with sepsis (and healthy participants) over a 5 day time course
with the first day of collection being within the initial 24h
of admission to the ICU. RNA was extracted from whole
blood and gene expression was analyzed by microarray. Three
groups were collected, healthy participants, septic survivors
and septic non-survivors. Dataset is available on the gene
expression omnibus under GDS4791. We reanalysed this dataset
for BTK expression in these three groups and found that at
day 1 there is no significant differences in gene expression
between healthy, septic survivors, and septic non-survivors
(Figures 8A,B). However, over the course of 5 days BTK
expression increases in septic non-survivors and a significant
difference between non-survivors and healthy participants as well
as a significant difference between non-survivors and survivors
is observed at day 5 (Figure8C). There was no significant
difference in BTK expression between septic survivors and
healthy volunteers (Figures 8A-C).

DISCUSSION

Sepsis is the overwhelming host response to infection (bacterial,
fungal, or viral) leading to shock and multiple organ dysfunction.
We have previously reported that BTK inhibitors (ibrutinib,
acalabrutinib) significantly attenuate sepsis-induced cardiac
dysfunction and reduced inflammatory cytokine production,
but BTK inhibitors have many off target effects (14). In the
present study we investigated whether the beneficial effects are
exclusively due to inhibition of BTK and how a reduction in
systemic inflammation due to BTK loss of function mutation
affects bacterial clearance in vivo. We addressed these questions
by conducting a model of polymicrobial sepsis in Xid mice
(which have a missense mutation in the BTK gene, resulting
in BTK to be functionally impaired). We report here for the
first time that Xid mice are protected from sepsis-induced
multiple organ dysfunction (cardiac, renal, and hepatocellular)
due to increased bacterial clearance and suppression of
systemic inflammation (cytokine storm) (please see Figure 9 for
schematic diagram of the role of BTK in the pathophysiology
of sepsis).

BTK Inactivation Prevents Sepsis-Induced
Multiple Organ Dysfunction

Sepsis results in multiple organ failure including cardiac
dysfunction, renal dysfunction and hepatocellular injury. We
report here for the first time that Xid mice subjected to
sepsis are protected from developing cardiac dysfunction,
hepatocellular injury, and renal dysfunction. Most notably,
ibrutinib significantly reduced sepsis-induced multiple organ
failure in WT-mice but had no further beneficial effect in Xid-
mice subjected to CLP-indicating that the observed beneficial
effect of ibrutinib in WT-mice can solely be explained by
inhibition of BTK-activity. We have previously reported that
inhibition of BTK by ibrutinib or acalabrutinib attenuate sepsis-
induced cardiac and renal dysfunction in C57Bl/6 mice (14) and
additionally we have now shown that delayed administration
of ibrutinib in WT-CLP (CBA background) also attenuates
sepsis-induced cardiac dysfunction, renal dysfunction, and
hepatocellular injury, confirming that BTK inhibitors work in
two different genetic backgrounds of mice. Furthermore, in this
study we find that administration of ibrutinib (which inhibits
a significant number of kinases in addition to BTK, more
than acalabrutinib) in Xid-CLP mice neither results in further
beneficial effects nor any adverse effects on cardiac, renal, or
liver (dys)function. Inhibition of BTK reduces disease severity
in animal models of sepsis-induced lung injury (30, 31), warm
liver ischemia and reperfusion (32) and spontaneous lupus
nephritis (33). Thus, we here provide evidence that inhibition
of BTK alone is sufficient to prevent sepsis-induced multiple
organ injury.

BTK Inactivation Results in Enhanced
Bacterial Phagocytosis

We then investigated the mechanism(s) by which inactivation
of BTK protects mice against sepsis-induced multiple organ
failure. In septic patients, an essential treatment is early source
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FIGURE 8 | Expression of BTK is increased in whole human blood of septic non-survivor's Original data was obtained from the gene expression omnibus under
dataset number GDS4971 which was published by Parnell et al. (26). Whole blood of patients confirmed with sepsis (and healthy participants) over a 5 day time
course. RNA was extracted from whole blood and analyzed for gene expression via microarray lllumina GenomeStudio V2010.3. Three groups were collected, healthy
participants, septic survivors, and septic non-survivors. (A) Time course of BTK expression. (B) Day 1 BTK expression. (C) Day 5 BTK expression. Data was
reanalysed looking for expression of BTK gene in their dataset and generated the figure using the software R, gene expression was quantile normalization and log
transformation of the data was applied. Significance was determined by one-way ANOVA followed by Bonferroni post hoc-test and a value of *P < 0.05 and **P <
0.001 were considered significant. Data are expressed as mean + SEM. Day 1 healthy (n = 18), septic survivors (n = 26), septic non-survivors (n = 9). Day 2 septic
survivors (n = 24), septic non-survivors (n = 7). Day 3 septic survivors (n = 22), septic non-survivors (n = 7). Day 4 septic survivors (n = 13), septic non-survivors (n =
5). Day 5 healthy (n = 18), septic survivors (n = 11), septic non-survivors (n = 3).

control (removal of infection), which is associated with improved ~ and blood (at 24h after onset of CLP) when compared to
outcomes (34). We found that CLP in Xid mice results in =~ WT-CLP mice. This may well be due to an increase in
a reduction of the number of bacteria in both peritoneum  bacterial phagocytosis in Xid mice. Macrophages obtained from
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FIGURE 9 | Schematic diagram representing the role of Bruton’s tyrosine kinase (BTK) in the pathophysiology of sepsis. LPS is released from Gram-negative bacteria
which activate the TLR4 signaling pathway and the release of PepG from Gram-positive bacteria activate the TLR2 signaling pathway. BTK is involved in the activation
of TLR4 and TLR2 by binding to MyD88 and TRIF thus activating their representative signaling cascades. The activation of the MyD88 signaling pathway, leads to the
activation of NF-kB and the production of pro-inflammatory cytokines. Additionally, BTK activates the NLRP3 infllmmasome by binding to the ASC component of the
inflammasome. Once active the NLRP3 inflammasome cleaves pro-IL-1p to active IL-1B. The production of chemokines from NF-kB activation results in the
recruitment of neutrophils and macrophages. Excessive inflammation from the cytokine storm and innate immune cells results in multiple organ failure/injury. The use
of BTK inhibitors such as ibrutinib or acalabrutinib supress sepsis-induced inflammation and thus multiple-organ failure/injury.

Xid-mice do not show defects in in phagocytosis (35, 36)
and we found that the percentage of phagocytosing cells are
similar in both WT and Xid mice. We discovered, however,
that macrophages obtained from Xid-mice with sepsis had
taken up a significantly larger number of bacteria. This was
also true for neutrophils from Xid-mice. We believe that
the increase in phagocytosis by macrophages and neutrophils
from Xid-mice in vivo could explain the observed increase
in clearance of bacteria in peritoneum and blood. Beguem
et al. (37) found that monocytes from healthy volunteers
stimulated with LPS and treated with evobrutinib resulted
in an increased rate of phagocytosis in vitro due to a
switch of macrophages from the pro-inflammatory M1 to
the pro-resolving M2 phenotype and this was associated
with reduced secretion of TNF-a. In addition, Xid mice
infected with Francisella tularensis showed enhanced bacterial
clearance from the lung and spleen, which correlated with a
significant improvement of survival when compared to wild-type
controls (38).

This raises the question of the underlying mechanisms that
enables or drives increased phagocytosis in Xid-mice? Neither
inhibition of BTK activity with ibrutinib nor inactivation of
BTK in Xid mice affects monocyte FcyR-mediated phagocytosis,

but it does supress FcyR-mediated cytokine production. The
decrease of calcium flux due to BTK inhibition also does not
affect phagocytosis, but does decrease cytokine production (35).
BTK inhibition results in the polarization to M2 macrophages
[which have greater phagocytic ability (39)], demonstrated
by increased expression of CD206. CD206 is involved in
phagocytosis of a number of bacterial strains. For example,
monocyte-derived macrophages that express high levels of
CD206 phagocytosed 78% of E. coli, while monocyte-derived
macrophages that express low levels of CD206 only phagocytosed
30% of E. coli (40). Excessive activation of neutrophils is
known to decrease survival and enhance susceptibility to
subsequent bacterial infections (41). One mechanism that
may contribute to the pathology of sepsis is the release of
neutrophil extracellular traps as they contain the beneficial
antimicrobial nuclear proteins but also damaging citrullinated
histones, elastase, myeloperoxidase and MMP-3 (42, 43). The
release of neutrophil extracellular traps results in ineffective
phagocytosis (44). Florence et al. (31) showed that BTK was
increased in the lung neutrophils and inhibiting BTK protected
mice against lethal influenza by reducing the release of neutrophil
extracellular traps. The decrease of neutrophil extracellular
traps was also observed in human peripheral blood neutrophils
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incubated with influenza and BTK inhibitor (31). However, the
exact molecular mechanisms underlying this phenomenon are
yet to be elucidated. Future studies are required to increase
our understanding as to how Xid macrophages and neutrophils
phagocytose more bacteria per immune cell.

BTK Inactivation Results in Reduced
Infiltration of the Peritoneum With Innate

Immune Cells

BTK plays a fundamental role in signaling and function of B
cells, but BTK is also highly expressed in myeloid cells such as
macrophages and neutrophils (9) and inactivation of BTK results
in reduced cell-mediated inflammatory responses (45, 46). We
report here that Xid-CLP mice have reduced infiltrating innate
immune cells (macrophages and neutrophils) in the peritoneum
(site of infection). We propose that this may lead to a reduction of
the formation of cytokines/chemokines in the serum and, hence,
will prevent the cytokines storm.

BTK Inactivation Results in M2 Polarization
Macrophages play an important role in the two phases
of sepsis (early pro-inflammatory phase and the later anti-
inflammatory phase), as they can have either pro-inflammatory
or anti-inflammatory properties. Initially, M1 macrophages (pro-
inflammatory) activate inflammation by secreting TNF-a, IL-18,
IL-6, and IL-12 to promote the removal of the pathogen, then M2
macrophages repair tissue and resolve inflammation by secreting
cytokines including IL-10 (47, 48). If the M1 macrophage-driven
pro-inflammatory response cannot be controlled, the resultant
cytokine storm can be a key driver of the severity of sepsis
leading to organ failure and death (49). From our experiments
we conclude that a loss of function or inhibition of BTK drives
the switch from the pro-inflammatory M1 phenotype to pro-
resolving M2 phenotype in response to LPS (50). Here we
report that macrophages obtained from septic Xid-mice have
a pro-resolving M2 phenotype, whereas macrophages obtained
from septic WT-mice have the M1 phenotype. Most notably,
macrophages of the M2 phenotype have a greater phagocytotic
function resulting in increased clearance of apoptotic cells and an
acceleration of resolution (39). Indeed, M2 macrophages protect
against sepsis-induced lung injury (51) and sepsis-induced acute
kidney injury (52). Transplantation of M2 macrophages has been
suggested as a potential therapeutic approach for sepsis-induced
lung injury (51).

BTK Inactivation Reduces the Activation of
NF-«xB

BTK plays a pivotal role in the activation of TLRs and,
hence, the signaling steps leading to the activation of NF-«kB
(7), which plays a key role in the pathophysiology of septic
cardiomyopathy (53). Here we report that Xid mice subjected to
polymicrobial sepsis have a reduced activation of BTK and NF-
kB (measured as phosphorylation of IKKa/f and IkBa) in the
heart. We have previously reported that BTK inhibitors ibrutinib
or acalabrutinib reduce the activation of cardiac BTK and NF-
kB in mice subjected to sepsis (14). Furthermore, we have shown

that inhibition of NF-kB activation with an inhibitor of IKK also
attenuates the cardiac dysfunction associated with polymicrobial
sepsis (53). Purvis et al. (46) showed that ibrutinib treatment
attenuated the activation of NF-kB and gene expression of
cytokines in the diabetic kidney and liver. Thus, we propose
that an impairment in the activation of BTK in Xid mice leads
to reduced activation of NF-kB in the heart, which contributes
to or accounts for the observed reduction in organ injury and
dysfunction observed in Xid-mice with sepsis.

BTK Inactivation Prevents the Cytokine

Storm

Activation of NF-kB leads to an increase in the production
of cytokines and chemokines such as the pro-inflammatory
cytokines TNF-a, IL-6, IL-1B8, and the anti-inflammatory
cytokine IL-10, neutrophils chemoattractant chemokines (KC
& ENA-78), monocyte chemoattractant chemokines (MCP-1,
MIP-1a, and MIP-18) and G-CSE all of which contribute to
the systemic inflammation and organ dysfunction associated
with sepsis (54). Out of all these cytokines, the ones increased
most in our model of murine sepsis were IL-6, KC, and MCP-
1. The levels of IL-8 and monocyte chemoattractant protein-1
(MCP-1) are associated with early 48 h and 28 day mortality in
sepsis patients (55). Most notably, we report that in Xid-mice
subjected to CLP-sepsis, all of these cytokines and chemokines
are markedly reduced. WT-CLP mice treated with ibrutinib
also show reduced production of sepsis-associated cytokines and
chemokines and no difference is observed with the addition
of ibrutinib to Xid-CLP mice. Thus, an impairment of BTK
activation in Xid-mice prevents NF-kB and NLRP3-dependent,
systemic inflammation (cytokine storm) resulting in a reduction
in organ injury/dysfunction.

BTK Inactivation Reduces the Activation of

the NLRP3 Inflammasome

BTK is also involved in the assembly/activation of the
NLRP3 inflammasome in both mice and humans (8, 56). The
activation of the NLRP3 inflammasome also plays a role in
the pathophysiology of sepsis and septic cardiomyopathy (57).
Pharmacological inhibition of NLRP3 activation with MCC950
(NLRP3 inflammasome inhibitor) reduced the neurological and
cognitive impairment in septic animals (58). It has also been
reported that genetic deficiency of NLRP3 promotes resolution
of inflammation in polymicrobial sepsis (59). We report here that
the activation of the NLRP3 inflammasome (measured as NLRP3
activation, caspase-1 activation and IL-1f release) was largely
reduced in Xid-mice subjected to CLP when compared to WT-
mice with sepsis. We previously reported that BTK inhibitors
(ibrutinib or acalabrutinib) inhibit the activation of the NLRP3
inflammasome and production of IL-1f in septic animals (14).
Purvis et al. (46) showed that ibrutinib treatment also attenuated
the activation NLRP3 inflammasome in the diabetic kidney and
liver. Thus, we propose that prevention of the activation of the
NLRP3 inflammasome secondary to reduced activation of BTK
importantly contributes to the reduction in inflammation and
organ dysfunction observed in septic Xid-mice.
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BTK Inactivation Restores Dysregulated

Metabolites

PCA showed that 49% of the total variance of all metabolites
formed three well separable clusters. The metabolomic profiles
of CLP-induced WT mice formed one cluster and was clearly
distinguishable from a second cluster (WT sham-operated and
Xid sham-operated) and a third cluster consisting of the three
groups Xid-CLP, WT-CLP + ibrutinib, and Xid-CLP + ibrutinib.
The common clustering of the latter three groups supports the
assumption that the inhibition of BTK alone is responsible for
the partial restoration of dysregulated metabolites in sepsis.

Host defense toward bacterial infection is a complex interplay
of several mechanisms including inflammation, coagulation,
immune activation, hypoxia, and metabolic reprogramming.
Specifically, the regulation and impact of the metabolic changes is
known to play an important role in the pathophysiology of sepsis
(60). We demonstrated in this study that deregulated members
of lipid mediators, phospholipids, primary metabolites and bile
acids in CLP-induced WT-mice were restored by ibrutinib
(in WT-mice) and/or by inactivation of the BTK gene (Xid-
mice). The elevated and reduced plasma levels of some restored
metabolites in the WT CLP group were already shown. For
example, an increased metabolism of the lipid mediators AA
and EPA could be found in plasma of sepsis patients (61). In
addition, two other lipid mediators, OEA and lyso-PAE, were
decreased in CLP-induced WT mice. Platelet-activating factor
(PAF) is a proinflammatory mediator in systemic inflammation
and its known to be upregulated in sepsis (62). Degradation
of the immediate precursor lyso-PAF is probably a result
of its increased transformation to PAF (63). The decreased
levels of the lipid-amide OEA are probably a compensatory
mechanism in sepsis-related weight loss and disturbed energy
balance, because OEA is a modulator in food consumption
and weight management and actually leads to satiation or
meal termination (64). Even the restoration of the reduced
bile acid TDCA and the elevated amino acid DOPA seems
to be a positive regulatory mechanism. TDCA ameliorates
systemic inflammation, normalizes blood pressure, prevents
kidney injury, and prolongs survival in a mouse sepsis model
(65). DOPA has anti-neuro inflammation effects and improved
neuroplasticity in septic mice (66). The plasma of the WT-
CLP group showed also increased levels of isoforms of the
phospholipids species lysophaphatidylserine and PS, probably
due to their procoagulant activity in sepsis (67, 68). Some
primary metabolites were also enhanced in septic mice and
restored by ibrutinib administration and BTK inactivation such
as the dysregulated precursors (cytosine, niacinamide, nicotinic
acid) of nucleotide or nicotinate and nicotinamide metabolism
(69, 70). The restoration also included the loss of carnosine to
plasma due to skeletal muscle wasting in sepsis (71) and the
elevated levels of creatine presumably because of the known
higher activity of creatine kinase to catalyze the urgently required
ATP in developing sepsis (72). This data of restored metabolites
demonstrates that Xid mice with a deficiency in BTK have a
similar metabolomic profile in sepsis than WT-CLP-mice treated
with ibrutinib.

In addition, the data in Figures S5,S6 reveal that Xid mice
restored metabolites 7 times more than ibrutinib-treated mice
(Figure S7). Many of the additionally restored metabolites in
Xid mice are known to be deregulated in sepsis such as adenine
(73) creatinine (74), and kynurenine (75). An explanation for
the different magnitude of restored metabolites in Xid mice in
comparison with ibrutinib-treated mice could be the different
number of inhibited kinases. Thus, the Xid mice seem to benefit
from the inhibition of only one kinase, namely BTK, which in
addition to reducing cytokine storm restores the sepsis-related
dysregulation of specific metabolites.

BTK Expression Is Increased in Whole

Human Blood of Septic Non-survivors
Currently the expression and/or activation of BTK in septic
patients has not been reported. There are datasets available on the
GEO and we reanalysed microarray data (GDS4971) of the time
course of gene expression in healthy, septic survivors, and septic
non-survivors published by Parnell et al. (26). Interestingly, our
analysis revealed an increase in expression of BTK in septic
non-survivors, whereas BTK expression in septic survivors does
not increase and is not different from healthy volunteers. Thus,
increases in BTK expression in septic patients correlate with
mortality, while lower levels of BTK expression are associated
with survival from sepsis. There were no clear differences
between cytokine expression of TNF-a, IL-6, MCP-1, CXCL1 in
the three groups, expression of BTK was a better predictor of
mortality rather than with the expression of any one cytokine.
We have previously shown in septic mouse hearts that activation
of BTK correlates with cardiac dysfunction (14). BTK activation
also increases in whole blood of COVID-19 patients which, like
septic patients, also present with excessive systemic inflammation
(cytokine storm) (17).

LIMITATIONS OF THE STUDY

We have shown that Xid-mice subjected to CLP have increased
bacterial clearance and reduced systemic inflammation
(secondary to reduced activation of the NLRP3 inflammasome
and NF-kB) and cardiac (organ) dysfunction. There is good
evidence that mortality of patients with sepsis increases with an
increase in the number of organs failing (SOFA scores). In the
UK survival studies in septic models are not routinely conducted
due to ethical reasons. Thus, we were unable to investigate the
survival of Xid mice undergoing sepsis. It has been reported that
a reduction in temperature <30°C or a change of temperature
of 5°C over time predicts mortality in animals with sepsis
(29). Using this more humane surrogate marker, we found that
Xid mice with sepsis have a predicted mortality of 0% (100%
survival), while WT-mice with sepsis would have a predicted
mortality of 90% (10% survival). We found that ibrutinib does
not affect predicted mortality in Xid-CLP resulting in a predicted
mortality of 0% (100% survival) and that delayed administration
of ibrutinib in WT-CLP mice led to a predicated mortality of
15% (85% survival). It would be useful to confirm the impact
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of an impairment in BTK function in Xid-mice on outcome
(mortality) in a more long-term sepsis model.

CONCLUSION

We report here for the first time that genetic inactivation of
BTK is responsible for conferring protection against multiple
organ failure in a clinically relevant model of sepsis. Most
importantly we have shown that the inactivation of BTK
in Xid mice results in an increase of bacterial phagocytosis
in macrophages and neutrophils, thus, increasing bacterial
clearance in both peritoneum and blood. Inactivation of BTK
also results in a phenotypic switch of macrophages from
M1 to the M2 phenotype, which aids in the resolution of
sepsis. The suppression of the immune system by inactivated
BTK leads to reduced activation of NF-kB and the NLRP3
inflammasome, therefore, preventing the induction of the
cytokine storm. Metabolomic analysis revealed a dysregulation
of metabolites in WT septic mice. Most notably, we found
that inactivation of BTK in Xid-mice or administration of
ibrutinib in WT mice is responsible for the (partial) restoration
of dysregulated metabolites in sepsis. As the administration of
ibrutinib to Xid-CLP mice did not result in any additional
(beneficial) effects on the alterations in organ dysfunction,
cytokine/chemokines formation and changes in metabolites
caused by sepsis, our data strongly suggest that BTK inactivation
is responsible for the observed effects of ibrutinib. Lastly,
we have found that BTK expression in humans is increased
in the blood of septic non-survivors, while lower expression
is associated with survival from sepsis. Taken together our
work suggests that BTK inhibitors maybe repurposed for the
use in sepsis (or other conditions associated with excessive
local or systemic inflammation including COVID-19) due to
their ability to reduce systemic inflammation (cytokine storm),
their ability to enhance the phagocytosis of macrophages and
switch macrophages from the pro-inflammatory M1 to the anti-
inflammatory M2 phenotype.
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Inhibition of Bruton’s Tyrosine Kinase Activity Attenuates
Hemorrhagic Shock-Induced Multiple Organ Dysfunction in Rats
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Objective: The aim of this study was to investigate (a) the potential of the
Bruton’s tyrosine kinase (BTK) inhibitors acalabrutinib and fenebrutinib
to reduce multiple organ dysfunction syndrome (MODS) in acute (short-
term and long-term follow-up) hemorrhagic shock (HS) rat models and
(b) whether treatment with either acalabrutinib or fenebrutinib attenu-
ates BTK, NF-kB and NLRP3 activation in HS.

Background: The MODS caused by an excessive systemic inflammatory
response following trauma is associated with a high morbidity and mor-
tality. The protein BTK is known to play a role in the activation of the
NLRP3 inflammasome, which is a key component of the innate inflam-
matory response. However, its role in trauma-hemorrhage is unknown.
Methods: Acute HS rat models were performed to determine the influence
of acalabrutinib or fenebrutinib on MODS. The activation of BTK, NF-
kB and NLRP3 pathways were analyzed by western blot in the kidney.
Results: We demonstrated that (a) HS caused organ injury and/or dys-
function and hypotension (post-resuscitation) in rats, while (b) treatment
of HS-rats with either acalabrutinib or fenebrutinib attenuated the organ
injury and dysfunction in acute HS models and (c) reduced the activation
of BTK, NF- kB and NLRP3 pathways in the kidney.

Conclusion: Our results point to a role of BTK in the pathophysiology of
organ injury and dysfunction caused by trauma/hemorrhage and indicate
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that BTK inhibitors may be repurposed as a potential therapeutic
approach for MODS after trauma and/or hemorrhage.

Keywords: acalabrutinib, Bruton’s tyrosine kinase, fenebrutinib
hemorrhagic shock, ischemia-reperfusion, multiple organ dysfunction
syndrome, trauma
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rauma is one of the leading causes of death and disability in

those aged under 44 and exceeds the number of deaths
caused by HIV, tuberculosis and malaria combined.! Globally
there are approximately 6 million trauma-related deaths each
year. Trauma-associated hemorrhage accounts for almost 40%
of all trauma mortalities’> and is a key driver of multiple organ
dysfunction (MODS).? The mechanisms contributing to MODS
include a) an excessive systemic inflammatory response secon-
dary to the release of damage-associated molecular patterns
from extensive tissue damage and b) ische-mia-reperfusion (I/R)
injury.* There are no specific pharmacological interventions that
prevent the onset of MODS associated with HS.

Bruton’s tyrosine kinase (BTK) is a cytoplasmic, non-
receptor protein tyrosine kinase first discovered in X-linked
agammaglobu-linemia.> All cells of hematopoietic origin except
plasma cells, natural killer cells and T-lymphocytes express
BTK.® Whilst BTK was initially known for its critical role in
B-lymphocyte development and, thus, adaptive immunity, more
recent studies point to a pivotal role for BTK in innate
immunity.”

Trauma leads to a so-called ‘genomic storm’ that results in
a change in >80% of cellular functions and pathways?® including
an increased expression of B-lymphocyte receptor signaling.
Inhibition of BTK activity reduces multiple organ injury/dys-
function, activation of NF-kB and NLRP3 inflammasome as
well as the release of cytokines and chemokines caused by
cecum-ligation and puncture (CLP).° Mice with inactive BTK
(X-Linked immunodeficient) are protected from sepsis-induced
MODS.!? Prevention of NF-kB activation reduces the MODS
and improves survival rate in rodent models of septic shock!!-12
and HS.13

Driven by the COVID-19 pandemic, there has been a sig-
nificant focus on repurposing strategies that dampen the cytokine
storm and pulmonary injury linked to severe acute respiratory syn-
drome corona-virus 2 (SARS-CoV-2). Interestingly, there is a pos-
itive correlation between disease severity and BTK activity following
SARS-CoV-2 infection.!#1¢ Thus, BTK inhibitors (BTKi) appear
to reduce systemic inflammation and ongoing clinical trials will
assess the potential impact of this repurposing strategy on outcome
in COVID-19 patients (ClinicalTrials.gov Identifier: NCT04382586,
NCT04665115, NCT04439006, NCT04375397, NCT04528667 and
NCT04440007).
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BTKi are commonly used in patients with B-lymphocyte
malignancies (chronic lymphocytic leukemia, mantle cell lym-
phoma) and have received approval by the FDA for patients
with marginal zone lymphoma, small lymphocytic lymphoma,
Waldenstrom’s macroglobulinemia and chronic graft versus host
disease.!” Given the evident protective effects of BTKi admin-
istration in sepsis and COVID-19, we wished to explore the
potential of repurposing BTKi in trauma-hemorrhage. Cur-
rently, there is limited information about the role of BTK in
trauma.!'8

METHODS

BTK Gene Expression in Human Whole Blood

Original data was obtained under Gene Expression
Omnibus (GEO) accession GSE36809, published by Xiao and
colleagues.® RNA was extracted from whole blood leukocytes of
severe blunt trauma patients (n = 167) over the course of 28 days
and healthy controls (n = 37) and hybridized onto an HU133
Plus 2.0 GeneChip (Affymetrix) according to the manufacturer’s
recommendations. The dataset was reanalyzed for BTK gene
expression.

Use of Experimental Animals - Ethical Statement

For the short-term follow-up acute HS model, all animal
procedures were approved by the Animal Welfare Ethics Review
Board of Queen Mary University of London and by the Home
Office (License number PC5F29685). For the long-term follow-
up acute HS model, all animal procedures were approved by the
Universidade Federal de Santa Catarina Institutional Commit-
tee for Animal Use in Research (License number 7396250219) in
accordance with the Brazilian Government Guidelines for Ani-
mal Use in Research.

Experimental Design

Male Wistar rats (for short-term follow-up acute model:
Charles River Laboratories Ltd., UK; for long-term follow-up
acute model: Universidade Federal de Santa Catarina, Brazil)
weighing 250-350 g were kept under standard laboratory con-
ditions and received a chow diet and water ad libitum. Acalab-
rutinib (3 mg/ kg; Insight Biotechnology, UK) and fenebrutinib
(3 mg/kg; Insight Biotechnology, UK) were separately diluted in
5% DMSO + 95% Ringer’s Lactate (vehicle) and rats were
treated (i.v. in short-term follow-up and i.p. in long-term follow-
up) upon resuscitation. Further information about acalabrutinib
and fenebrutinib can be found in the supplemental, http://links.
Iww.com/SLA/D600.

Acute Hemorrhagic Shock Model (Short-Term
Follow-up)

The short-term follow-up acute HS model was performed
as previously described in this journal.!® 2! Briefly, fifty-four rats
were anesthetized with sodium thiopentone (120 mg/kg i.p. ini-
tially and 10 mg/kg i.v. for maintenance as needed) and
randomized into six groups: Sham + vehicle (n = 9); Sham +
acalabrutinib (3 mg/kg; n = 8), Sham + fenebrutinib (3 mg/kg; n
= 8), HS + vehicle (n = 9); HS + acalabrutinib (3 mg/kg; n = 10);
HS + fenebrutinib (3 mg/kg; n = 10). Blood was withdrawn to
achieve a fall in mean arterial pressure (MAP) to 35 = 5 mmHg,
which was maintained for 90 minutes. At 90 minutes after ini-
tiation of hemorrhage (or when 25% of the shed blood had to be
reinjected to sustain MAP), resuscitation was performed. At
4 hours post-resuscitation, blood was collected for the

Copyright © 2021 The Author(s). Published by Wolters Kluwer Health, Inc.

measurement of biomarkers of organ injury/dysfunction (MRC
Harwell Institute, Oxfordshire, UK). Sham-operated rats were
used as control and underwent identical surgical procedures, but
without hemorrhage or resuscitation. Detailed description of the
short-term follow-up model can be found in the supplemental
(Supplemental Digital Content Figure 1A, http://links.lww.com/
SLA/D600).

Acute Hemorrhagic Shock Model (Long-Term
Follow-Up)

Thirty-eight rats were administered analgesia with tra-
madol (10 mg/kg i.p.) 15 minutes prior to anesthesia induction
with ketamine and xylazine (100 mg/kg and 10 mg/kg im.
respectively) and randomized into four groups: Sham + vehicle
(n =9); Sham + acalabrutinib (3 mg/kg; n = 10); HS + vehicle (n
= 10); HS + acalabrutinib (3 mg/kg; n = 9). Blood was with-
drawn to achieve a fall in MAP to 40 + 2 mm Hg, which was
maintained for 90 minutes. At 90 minutes after initiation of
hemorrhage (or when 25% of the shed blood had to be reinjected
to sustain MAP), resuscitation was performed. At 24 hours post-
resuscitation, blood was collected for the measurement of organ
injury/dysfunction parameters. Sham-operated rats were used as
control and underwent identical surgical procedures, but without
hemorrhage or resuscitation. Detailed description of the long-
term follow-up model can be found in the supplemental (Sup-
plemental Digital Content Figure 1B, http:/links.lww.com/SLA/
D600).

Western Blot Analysis

Semi-quantitative immunoblot analysis was carried out in
kidney samples as previously described.??> Detailed description of
the method can be found in the Supplemental Digital Content,
http://links.lww.com/SLA/D600.

Quantification of Myeloperoxidase Activity
Determination of myeloperoxidase activity in lung and
liver tissue samples was performed. Detailed description of the
method can be found in the Supplemental Digital Content,
http://link-s.Iww.com/SLA/D600.

Statistical Analysis

All figures are expressed as mean + SEM of n observa-
tions, where n represents the number of animals/experiments/
subjects studied. Measurements obtained from the patient
groups and vehicle and BTKi treated animal groups were ana-
lyzed by one-way ANOVA followed by a Bonferroni’s post-hoc
test on GraphPad Prism 8.0 (GraphPad Software, Inc., La Jolla,
CA). The distribution of the data was verified by Shapiro-Wilk
normality test, and the homogeneity of variances by Bartlett test.
When necessary, values were transformed into logarithmic val-
ues to achieve normality and homogeneity of variances. P <
0.05 was considered statistically significant.

RESULTS

BTK Gene Expression is Elevated in Trauma Patients

Xiao and colleagues® compared genome-wide expression
in leukocytes from trauma patients against matched healthy
controls. We reanalyzed this dataset for BTK expression. When
compared to healthy controls, BTK expression was significantly
elevated at all time points except 12 hours (P < 0.05; Supple-
mental Digital Content Figure 2, http://links.lww.com/SLA/
D600). An initial peak was observed at Day 1 followed by a
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gradual decrease, however, BTK expression remained elevated
at Day 28.

BTK Gene Expression does not Differ Between
Uncomplicated and Complicated Recovery Patient
Groups

Xiao and colleagues® also stratified their trauma
patient cohort into uncomplicated (recovery in <5 days) and
complicated (recovery after 14 days, no recovery by Day 28
or death) to further identify genotypic differences. We
reanalyzed this dataset for BTK expression using this strat-
ification. When comparing uncomplicated and complicated
patients, there were no significant differences at any of the
timepoints measured (P > 0.05; Supplemental Digital Con-
tent Figure 3, http://links.lww.com/SLA/D600).

Treatment with BTKi Improves HS-Induced
Circulatory Failure in a Short-Term Follow-Up Acute
HS Model

To investigate the effects of the BTK inhibitors (BTKi)
acalabrutinib and fenebrutinib on circulatory failure, MAP was
measured from the completion of surgery to the termination of
the experiment. Baseline MAP values were similar amongst all

€626 | www.annalsofsurgery.com

six groups. When compared to sham-operated rats, HS-rats
treated with vehicle exhibited a more pronounced decrease in
MAP over time post-resuscitation (Fig. 1A). The MAP of HS-
rats treated with either BTKi was significantly higher than that
of vehicle treated HS-rats at the end of the resuscitation period
(P < 0.05; Fig. 1B). No significant differences were observed
between HS-rats treated with either BTKi (P > 0.05; Fig. 1A).
Administration of either BTKi to sham-operated rats had no
significant effect on MAP (P > 0.05; Fig. 1A). Whilst there
were no statistically significant differences in MAP between
vehicle treated and BTKi treated sham-operated rats, the BTKi
treated sham rats presented with a slightly lower average pres-
sure throughout the experiment. We do not believe this is due to
BTKi administration (further information in the Supplement
Digital Content, http://links.lww.com/SLA/D600).

Treatment with BTKi Attenuates HS-Induced Organ
Damage in a Short-Term Follow-Up Acute HS Model
Here we explored whether pharmacological intervention
with BTKi attenuates the MODS associated with HS in rats.
When compared to sham-operated rats, rats subjected to HS and
treated with vehicle displayed increases in serum urea (P < 0.05;
Fig. 2A) and creatinine (P < 0.05; Fig. 2B); indicating the
development of renal dysfunction. When compared to sham-

Copyright © 2021 The Author(s). Published by Wolters Kluwer Health, Inc.



Annals of Surgery ¢ Volume 277, Number 3, March 2023 BTKi Attenuate HS-Induced MODS

-
(-]
M

-y

©

512-

w | Ss* s
g 84 P -

2

4.

A . B .
* - K *
(1] [ ]
360 - 1000 - .
S, 2701 S 750 o o
[ = . °
3 1804 @ o0° @ 500 oo Pay
® L 5 H
90 4 . o 2504 e ﬁ ® ° °
.
0 ol | 0 I I
& F & & ‘,o"' & ‘-\\c}" vd" Q@‘\ & & Q@‘\
& x x %X 42! x x 4@ gl 63(
x ,06\ Q@ x & b x @6\ Q@ x B S DS
& & & @ & & ®
S S
C D .
*
* I * * *
4500 - 1T 3600 1 I.I
[ I
3600 A . |
— o ®
£ 2700 4 5
= =
e < 1800 -
S 1800 - g
4064 900 -
E 0
40
& &
P &
E F

FIGURE 2. Treatment with BTKi attenuates HS-induced organ damage in a short-term follow-up acute HS model. Rats were
subjected to hemorrhagic shock (HS) and 4 h after resuscitation, levels of serum (A) urea, (B) creatinine, (C) alanine amino-
transferase (ALT), (D) aspartate aminotransferase (AST), (E) creatine kinase (CK) and (F) lactate dehydrogenase (LDH) were
determined in vehicle and BTKi treated (acalabrutinib, ACA;fenebrutinib, FEN) rats. Sham-operated rats were used as control. Data
are expressed as mean + SEM of 8-10 animals per group. Statistical analysis was performed using one-way ANOVA followed by a
Bonferroni’s post-hoc test. ‘P < 0.05 denoted statistical significance.
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FIGURE 3. Treatment with BTKi
attenuates BTK, NF-xB and NLRP3
activation in a short-term follow-up
acute HS model. (A) The phosphor-
ylation of BTK at Tyr?23, (B) the
phosphorylation of IKKa/p at Ser'7¢/
180 (C) the phosphorylation of IkBa at
Ser32/36 (D) the nuclear translocation
of p65, (E) the activation of NLRP3
and (F) the cleaved (activated) form of
caspase 1 of vehicle and BTKi treated
(acalabru-tinib, ACA; fenebrutinib,
FEN) rats were determined by western
blotting in the kidney. Protein expres-
sion was measured as relative optical
density (O.D.) and normalized to the
sham band. Data are expressed as
mean =+ SEM of five animals per
group. Statistical analysis was per-
formed using one-way ANOVA
followed by a Bon-ferroni’s post-hoc
test. "P<0.05 denoted statistical
significance.

operated rats, vehicle treated HS-rats exhibited significant
increases in ALT (P < 0.05; Fig. 2C) and AST (P < 0.05;
Fig. 2D) indicating the development of hepatic injury, while
the increases in CK (P < 0.05; Fig. 2E) and amylase (P < 0.05;
not shown) denote neuromuscular and pancreatic injury,
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respectively. The significant increase in LDH (P < 0.05; Fig. 2F)
in vehicle treated HS-rats confirms tissue injury. Treatment of
HS-rats with either BTKi significantly attenuated the renal
dysfunction, hepatic injury, neuro-muscular injury and general
tissue damage caused by HS as shown by the reduction in serum
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parameter values (all P < 0.05; Figs. 2A-F). Treatment with
either BTKi had no significant effect on pancreatic injury (P >
0.05; not shown). No significant differences were observed
between HS-rats treated with either BTKi (P > 0.05; Fig. 2).
Administration of either BTKi to sham-operated rats had no
significant effect on any of the parameters measured (P > 0.05;
Fig. 2).

Treatment with BTKi Abolishes Renal BTK Activation
in a Short-Term Follow-Up Acute HS Model

Using western blot analysis, we examined whether HS
leads to the activation of BTK in the kidney; given that treat-
ment with either BTKi significantly attenuated HS-associated
renal dysfunction. The activation of BTK and subsequent BTK-
associated signaling pathways consists of the phosphorylation of
BTK at Tyr??? as the initial stage of the BTK-signaling cascade.
When compared to sham-operated rats, HS-rats treated with
vehicle displayed significant increases in the phosphorylation of
BTK at Tyr???, indicating that BTK is activated in injured
kidneys (P < 0.05; Fig. 3A). Treatment with BTKi in HS-rats
significantly abolished these increases (P < 0.05; Fig. 3A). No
significant differences were observed between HS-rats treated
with either BTKi (P > 0.05; Fig. 3A). These data demonstrate
that both BTKi abolish the activation of BTK caused by HS.

Treatment with BTKi Abolishes Renal NF-xB
Activation in a Short-Term Follow-Up Acute HS
Model

The effect of BTK inhibition on the activation of the
signaling events leading to the activation of NF-xB, were
investigated in the kidney. When compared to sham-operated
rats, HS-rats treated with vehicle had significant increases in the
phosphorylation of IKKa/f at Ser!7¢18 (P < 0.05; Fig. 3B),
phosphorylation of IxBa at Ser3?3¢ (P < 0.05; Fig. 3C) and the
translocation of p65 to the nucleus (P < 0.05; Fig. 3D).
Treatment of HS-rats with either BTKi significantly abolished
these increases (P < 0.05; Figs. 3B-D). No significant differences
were observed between HS-rats treated with either BTKi (P >
0.05; Figs. 3B-D). These data illustrate that both BTKi abolish
the activation of NF-kB caused by HS.

Treatment with BTKi Abolishes Renal NLRP3 and
Caspase 1 Activation in a Short-Term Follow-Up
Acute HS Model

Having discovered that BTKi significantly reduced the
activation of NF-kB in the kidney of rats subjected to HS, we
next analyzed the potential involvement of the NLRP3 inflam-
masome complex. When compared to sham-operated rats, HS-
rats treated with vehicle exhibited a significantly increased
expression of the NLRP3 inflammasome (P < 0.05; Fig. 3E)
and of the cleaved (activated) form of caspase 1 (P < 0.05;
Fig. 3F). Treatment of HS-rats with either BTKi significantly
inhibited these increases (P < 0.05; Figs. 3E,F). No significant
differences were observed in the degree of expression of the
NLRP3 inflammasome and cleaved caspase 1 between HS-rats
treated with either BTKi (P > 0.05; Figs. 3E,F). These data
demonstrate that both BTKi abolish the activation of the
NLRP3 inflammasome and caspase 1 and the subsequent for-
mation of IL-1 .

Copyright © 2021 The Author(s). Published by Wolters Kluwer Health, Inc.

BTK Activation Correlates with Renal Dysfunction,
NF-kB and NLRP3 Activation in a Short-Term Follow-
Up Acute HS Model

Correlation analysis was performed to determine whether
the degree of activation of BTK correlates with changes in renal
function, NF-«xB and NLRP3 activation. Significant positive
correlations were found between BTK activation and all
parameters investigated (except urine creatinine; Supplemental
Digital Content Figure 4, http://links.lww.com/SLA/D600).

Treatment with Acalabrutinib Improves HS-Induced
Circulatory Failure in a Long-Term Follow-up Acute
HS Model

When comparing acalabrutinib and fenebrutinib, both
inhibitors were equally efficacious in the short-term follow-up
model but acalabrutinib has the advantage of being FDA
approved; hence was investigated in a long-term follow-up acute
HS model. Having demonstrated treatment with acalabrutinib
improved blood pressure in a short-term follow-up model, we
wished to determine whether acalabrutinib would still be effec-
tive in a model in which the resuscitation period is prolonged to
24hours. When compared to sham-operated rats, HS-rats treated
with vehicle had significantly lower MAP values recorded
24hours post-resuscitation (P < 0.05; Fig. 4A); highlighting that
either cardiac dysfunction or excessive hypotension®? was still
present. In contrast, MAP values of HS-rats treated with aca-
labrutinib upon resuscitation were significantly higher even at
24 hours post-resuscitation [when compared with those of vehicle
treated rats (P < 0.05; Fig. 4A]. Administration of acalabrutinib
to sham-operated rats had no significant effect on MAP (P >
0.05; Fig. 4A). There were no significant differences in HR
between any of the groups (P > 0.05; Fig. 4B).

Treatment with Acalabrutinib Attenuates
HS-Induced Organ Damage in a Long-term
Follow-up Acute HS Model

Having shown that treatment with acalabrutinib amelio-
rated the MODS associated with HS in a short-term follow-up
model, we examined whether this effect was sustained when the
resuscitation period was extended to 24hours. As with the short-
term follow-up model, when compared to sham-operated rats,
rats subjected to HS with long-term follow-up and treated with
vehicle displayed significant increases in serum urea (P < 0.05;
Fig. 5A) and creatinine (P < 0.05; Fig. 5B); indicating the
development of renal dysfunction. When compared to sham-
operated rats, vehicle treated HS-rats exhibited significant
increases in ALT (P < 0.05; Fig. 5C) and AST (P < 0.05;
Fig. 5D) indicating the development of hepatic injury, whilst the
significant increase in LDH (P < 0.05; Fig. SE) confirmed tissue
injury. Treatment of HS-rats with acalabrutinib significantly
attenuated the hepatic and general tissue injury caused by HS as
shown by the decrease in serum parameter values (P < 0.05;
Figs. SC-E). Treatment with acalabrutinib had no significant
effect on renal dysfunction (P > 0.05; Figs. 5A,B). Admin-
istration of acalabrutinib to sham-operated rats had no sig-
nificant effect on any of the parameters measured (P > 0.05;
Figs. 5SA-E).

Treatment with Acalabrutinib Reduces
Myeloperoxidase Activity in a Long-Term Follow-Up
Acute HS Model

We next determined myeloperoxidase (MPO) activity in
the lung and liver as an indicator of neutrophil infiltration. When
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FIGURE 4. Treatment with acalabrutinib improves HS-induced circulatory failure in a long-term follow-up acute HS model. (A)
Mean arterial pressure (MAP) and (B) heart rate (HR) were measured 24 h post resuscitation for vehicle and acalabrutinib (ACA)
treated rats. Sham-operated rats were used as control. Data are expressed as mean + SEM of 9-10 animals per group. Statistical
analysis was performed using one-way ANOVA followed by a Bonferroni's post-hoc test. *P < 0.05 denoted statistical significance.

compared to sham-operated rats, HS-rats treated with vehicle
showed a significant increase in MPO activity in the lung (P <
0.05; Fig. 5F) and liver (P < 0.05; Fig. 5G). Treatment with
acalabrutinib in HS-rats significantly attenuated these rises in
MPO activity (P < 0.05; Figs. 5F,G), suggesting reduced neu-
trophil recruitment and inflammation. Administration of aca-
labrutinib to sham-operated rats had no significant effect on
pulmonary and hepatic MPO activity (P > 0.05; Figs. 5F,G).

DISCUSSION

This study reports that inhibition of BTK activity
attenuates organ injury/dysfunction and circulatory failure in
acute short-term follow-up (Figs. 1 and 2) and long-term fol-
low-up (Figs. 4 and 5) rat models of HS. Having shown that
BTK gene expression is significantly elevated in leukocytes of
trauma patients (Supplemental Digital Content Figure 2, http://
links.lww.com/SLA/D600), we used a reverse translational
approach to investigate whether pharmacological intervention
with acalabrutinib or fenebrutinib ameliorates the MODS
associated with HS in a well-established rat model. Either
irreversible (acalabrutinib) or reversible (fenebrutinib) inhib-
ition of BTK activity significantly attenuated the fall in blood
pressure (Fig. 1 short-term follow-up and 4 long-term follow-
up) and, hence, the delayed vascular decompensation caused by
HS.?? Moreover, BTKi significantly attenuated the renal dys-
function, hepatic injury and neuromuscular injury caused by
HS (Fig. 2 short-term follow-up and 5 long-term follow-up).
Similarly, BTKi also reduce disease severity in animal models
of lupus nephritis,>*?° hepatic ischemia-reperfusion,?® acute
lung injury®’~2° and sepsis.’

What, then, are the mechanisms by which BTKi attenuate
HS-associated organ injury/dysfunction? HS resulted in a sig-
nificant increase in BTK activity in the kidney (Fig. 3), which
correlated with the rise in serum creatinine and urea (Supple-
mental Digital Content Figure 4, http://links.lww.com/SLA/
D600). Indeed, inhibition of BTK activity with acalabrutinib or
fenebrutinib in the kidney of HS-rats attenuated the renal
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dysfunction, suggesting that activation of BTK plays a pivotal
role in the pathophysiology. A positive correlation between BTK
expression and creatinine also occurs in patients with IgA
nephropathy® and diabetic nephropathy.3!

There is good evidence that BTK activation precedes the
activation of NF-kB through TLR signaling’> and trauma
results in elevated NF-xB translocation to the nucleus.!¥??
Inhibition of BTK activity with acalabrutinib or fenebrutinib
reduced NF-kB activation in the kidney of HS-rats (Fig. 3). We
also found a significant positive correlation between the activa-
tion of BTK and the phosphorylation of IKKa/p at Ser!7¢/180,
phosphorylation of IkBa at Ser’?3¢ and translocation of p65
(Supplemental Digital Content Figure 4, http://links.lww.com/
SLA/D600). This may suggest that inhibiting the activation of
NF-kB contributes to the observed beneficial effects of BTKi in
HS. Activation of NF-kB drives the formation of several pro-
and anti-inflammatory mediators which include cytokines, che-
mokines and enzymes.?® As part of a positive feedback loop,
these mediators can activate NF-kB and its upstream signaling
components, further amplifying and perpetuating the inflam-
matory responses mediated by NF-xB which can lead to
increased endothelial permeability, tissue hypoperfusion/hypo-
xia, tissue injury and ultimately MODS.!!

There is also good evidence that BTK activation influen-
ces the assembly and activation of the NLRP3 inflammasome in
rodents and humans.?3° NLRP3 inflammasome activation
drives the production of IL-1 p which plays a crucial role in the
systemic inflammation and/or organ dysfunction in trauma.??
Inhibition of BTK activity with acalabrutinib or fenebrutinib
reduced both the assembly and subsequent activation of the
NLRP3 inflammasome in the kidney (Fig. 3). We also dis-
covered a significant positive correlation between BTK activa-
tion and the activation of NLRP3 and caspase 1 (Supplemental
Digital Content Figure 4, http://links.lww.com/SLA/D600). This
may suggest that inhibiting the activation of the NLRP3
inflammasome contributes to the observed protective effects of
BTKi in HS by lowering the pro-inflammatory effects of IL-1§
and resulting tissue inflammation.3’

Copyright © 2021 The Author(s). Published by Wolters Kluwer Health, Inc.



Annals of Surgery ¢ Volume 277, Number 3, March 2023

BTKi Attenuate HS-Induced MODS

FIGURE 5. Treatment with acalabruti-
nib attenuates HS-induced organ dam-
age and myeloperoxidase activity in a
long-term follow-up acute HS model.
Rats were subjected to hemorrhagic
shock (HS) and 24 h after resuscitation,
levels of serum (A) urea, (B) creatinine,
(C) alanine aminotransferase (ALT), (D)
aspartate aminotransferase (AST) and
(E) lactate dehydrogenase (LDH) and
mye-loperoxidase (MPO) activity in the
(F) lung and (G) liver were determined
for vehicle and acalabrutinib (ACA)
treated rats. Sham-operated rats were
used as control. Data are expressed as
mean + SEM of 9-10 animals per group.
Statistical analysis was performed using
oneway ANOVA followed by a Bonferro-
ni’'s post-hoc test. P < 0.05 denoted
statistical significance.
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The sterile inflammation caused by HS drives leukocyte
recruitment to the tissues and is secondary to the activation of
NF-kB and NLRP3 and their transcriptional regulation of pro-
inflammatory cytokines.3®“4° Moreover, the expression of
adhesion molecules present on leukocytes and endothelial cells is

Copyright © 2021 The Author(s). Published by Wolters Kluwer Health, Inc.

regulated by NF-kB and permits leukocyte extravasation from
the circulation to the site of injury.*! As neutrophils play a key
role in HS-associated pulmonary and hepatic inflammation, we
evaluated the degree of neutrophil recruitment (measured as
MPO activity) in the lung and liver.*>* HS resulted in a
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FIGURE 6. Graphical abstract highlighting the role of Bruton’s tyrosine kinase (BTK) in the pathophysiology of traumatic injury.
Pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) are released following
trauma which activate signaling pathways leading to NF-kB activation and pro-inflammatory cytokine production. BTK also
activates the NLRP3 inflammasome which results in the cleavage of pro IL-1 § to IL-1 p and further pro-inflammatory cytokine
production. Leukocyte recruitment is stimulated by chemotactic cytokines. Excessive systemic inflammation from the combination
of cytokine release and innate immune cell recruitment contributes to the onset of multiple organ dysfunction syndrome (MODS).
Treatment with BTK inhibitors such as acalabrutinib and fenebrutinib can attenuate trauma-induced inflammation and thus MODS

to improve clinical outcomes.

significant increase in pulmonary and hepatic MPO activity
which was attenuated by BTKi in HS-rats (Fig. 5, see also
Supplement for an extended discussion, http://links.lww.com/
SLA/D600). A graphical abstract summarizing the protective
effects of BTKi following HS-induced MODS is shown in Fig. 6.
Please refer to the Supplement, http:/links.lww.com/SLA/ D600
for a discussion of the limitations of this study.

Our results and conclusions are supported by findings in
patient cohorts with either COVID-19 or sepsis where BTK has
been proposed to play a role in disease pathogenesis; both dis-
eases featuring the hallmarks of excessive systemic inflammation
similar to those seen in trauma-associated MODS.!># The
beneficial effects of acalabrutinib in COVID-19 patients, as
measured by the determination of biomark-ers of inflammation,
oxygenation and clinical status, imply that BTK activation plays
a role in the pathology.'> Whilst Parnell and colleagues did not
investigate pharmacological intervention with BTKi in patients
with sepsis, reanalysis of microarray data (GEO Dataset Num-
ber GDS4971) revealed an increased expression (in whole blood)
of BTK in septic non-survivors compared to septic survivors;
highlighting the potential for BTK to be a predictor of
mortality.1°

CONCLUSIONS

In conclusion, we report here for the first time that treat-
ment with either the irreversible BTKi acalabrutinib or the
reversible BTKi fenebrutinib reduces the organ injury/dysfunc-
tion and circulatory failure caused by severe hemorrhage in the
rat; highlighting a role of BTK in disease pathogenesis. More-
over, experimental trauma-hemorrhage results in a significant
upregulation of BTK in the kidney. Administration of either
BTKi subsequently attenuates the degree of BTK activation as
well as the activation of NF-kB and the NLRP3 inflammasome
(measured in the kidney), both of which are key drivers of local

€632 | www.annalsofsurgery.com

and systemic inflammation. Notably, no significant differences
were found between the two structurally and mechanistically
different inhibitors, suggesting that the observed beneficial
effects in experimental trauma-hemorrhage are most likely due
to a drug class related effect. Thus, we propose that BTKi may
be repurposed for the use in trauma patients to lower the organ
injury and inflammation caused by severe hemorrhage and
resuscitation.
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STRUCTURED ABSTRACT

Objective: The aim of this study was to investigate (a) the effects of the Janus kinase
(JAK)/signal transducer and activator of transcription (STAT) pathway inhibitor (baricitinib)
on the MODS in a rat model of hemorrhagic shock (HS) and (b) whether treatment with
baricitinib attenuates the activation of JAK/STAT, NF-xB and NLRP3 caused by HS.
Background: Post-traumatic MODS, which is in part due to excessive systemic
inflammation, is associated with high morbidity and mortality. The JAK/STAT pathway is a
regulator of numerous growth factor and cytokine receptors and, hence, is considered a
potential master regulator of many inflammatory signaling processes. However, its role in
trauma-hemorrhage is unknown.

Methods: An acute HS rat model was performed to determine the effect of baricitinib on
MODS. The activation of JAK/STAT, NF-«kB and NLRP3 pathways were analyzed by
western blotting in the kidney and liver.

Results: We demonstrate here for the first time that treatment with baricitinib (during
resuscitation following severe hemorrhage) attenuates the organ injury and dysfunction and
the activation of JAK/STAT, NF-kB and NLRP3 pathways caused by HS in the rat.
Conclusions: Our results point to a role of the JAK/STAT pathway in the pathophysiology of
the organ injury and dysfunction caused by trauma/hemorrhage and indicate that JAK
inhibitors, such as baricitinib, may be repurposed for the treatment of the MODS after trauma

and/or hemorrhage.

KEYWORDS: baricitinib; hemorrhagic shock; ischemia-reperfusion; Janus kinase;

multiorgan dysfunction syndrome; trauma



INTRODUCTION

Trauma is one of the major causes of mortality in those aged under 44 and the number of
patients dying from trauma surpasses those from tuberculosis, malaria and HIV/AIDS
combined'. Annually, there are approximately 6 million trauma-associated mortalities
worldwide. Trauma-associated hemorrhage accounts for almost 40% of all trauma deaths™™

6-11 .
. There is

and is a significant driver of multiple organ dysfunction syndrome (MODS)
good evidence that a) uncontrolled systemic inflammation secondary to the release of

damage-associated molecular patterns (DAMPs) from substantial tissue damage and b)
ischemia-reperfusion injury contribute to the onset of MODS'*. However, there are no

specific pharmacological interventions clinically used to prevent the onset of HS-induced

MODS.

Circulating pro-inflammatory mediators bind to cell-surface receptors and subsequently
signal through activation of intracellular protein tyrosine kinases, including the Janus kinase
(JAK) family. The JAK family is composed of JAKI, JAK2, JAK3 and tyrosine kinase 2
(TYK2) and these isoforms interact with the signal transducer and activator of transcription
(STAT) class of proteins'’. JAK inhibitors affect the JAK-STAT protein interaction and
disrupt the propagation of signals through the JAK/STAT pathway, thus modulating

inflammatory signaling processes.

We have recently shown that JAK/STAT inhibition reduced both the diet-related metabolic
derangements and the associated organ injury/dysfunction in a murine model of high-fat diet-
induced type 2 diabetes'*. Specifically, treatment with baricitinib, a JAK1/JAK?2 inhibitor,

resulted in improvements of diet-induced myosteatosis, mesangial expansion and associated



proteinuria in addition to reducing blood cytokine levels, renal dysfunction and skeletal

muscle damage.

Driven by the COVID-19 pandemic, strategies focusing on drug repurposing which dampen
the cytokine storm and pulmonary injury associated with severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) have been examined. Recent investigations have shown that
baricitinib, which is thought to possess anti-viral properties through its affinity for adaptor-
associated kinase-1 and the subsequent reduction in SARS-CoV-2 endocytosis, improves
clinical status in patients with COVID-19"""%°_ Thus, baricitinib appears to lower systemic
inflammation and several ongoing clinical trials are investigating the potential impact of this
repurposing approach on outcome in COVID-19 patients (ClinicalTrials.gov Identifier:
NCTO04320277, NCT04321993, NCT04346147, NCT04381936, NCT04390464,
NCT04399798, NCT04640168, NCT04693026, NCT04832880, NCT04890626,
NCT04891133, NCT04970719, NCT05056558, NCT05082714, NCT05074420,

NCT04393051).

Baricitinib is used in patients for the treatment of moderate-to-severe active rheumatoid
arthritis and atopic eczema/dermatitis, with the latter use approved by the NICE in 2021°°.
Given the evident beneficial effects of baricitinib administration in type 2 diabetes and
COVID-19, we wished to explore the potential of repurposing baricitinib in trauma-
hemorrhage. Currently, there is limited information about the role of JAK/STAT pathway in

31-33
trauma .



METHODS

JAK?2 and STAT3 gene expression in human whole blood

Original data were obtained under Gene Expression Omnibus (GEO) accession GSE36809,
published by Xiao and colleagues™”. RNA was extracted from whole blood leukocytes of
severe blunt trauma patients (n = 167) over the course of 28 days and healthy controls (n =
37) and hybridized onto an HU133 Plus 2.0 GeneChip (Affymetrix) according to the
manufacturer’s recommendations. The dataset was reanalyzed for JAK2 and STAT3 gene
expression. A further reanalysis was performed dividing the trauma patients into

uncomplicated (n = 55) and complicated (n =41) groups.

Use of Experimental Animals - Ethics Statement
All animal procedures were approved by the Animal Welfare Ethics Review Board of Queen

Mary University of London and by the Home Office (License number PC5F29685).

Experimental Design

Male Wistar rats (Charles River Laboratories Ltd., Kent, UK) weighing 260-310 g were kept
under standard laboratory conditions and received a chow diet and water ad libitum.
Baricitinib (Insight Biotechnology, UK) was diluted in 5 % DMSO + 95 % Ringer’s Lactate
(vehicle) and rats were treated (i.p.) upon resuscitation. A delayed application of baricitinib
was performed to simulate delayed clinical interventions. Further information about
baricitinib can be found in the supplemental, Supplemental Digital Content 1,

http://links.lww.com/SLA/E19.



Hemorrhagic Shock Model

The acute hemorrhagic shock model was performed as previously described in this journal®>
%% Briefly, forty rats were anesthetized with sodium thiopentone (120 mg/kg i.p. initially and
10 mg/kg i.v. for maintenance as needed) and randomized into four groups: Sham + vehicle
(n = 10); Sham + baricitinib (1 mg/kg; n=9), HS + vehicle (n = 11); HS + baricitinib (1
mg/kg; n = 10). Blood was withdrawn to achieve a fall in mean arterial pressure (MAP) to 35
+ 5 mmHg, which was maintained for 90 min. At 90 min after initiation of hemorrhage (or
when 25% of the shed blood had to be reinjected to sustain MAP), resuscitation was
performed and either baricitinib (1 mg/kg) or vehicle was administered. At 4 h post-
resuscitation, blood was collected for the measurement of biomarkers of organ
injury/dysfunction (MRC Harwell Institute, Oxfordshire, UK). Sham-operated rats were used
as control and underwent identical surgical procedures, but without hemorrhage or
resuscitation. Detailed description of the model can be found in the supplemental

(Supplementary Figure 1, Supplemental Digital Content 1, http://links.lww.com/SLA/E19).

Western Blot Analysis
Semi-quantitative immunoblot analysis was carried out in liver and kidney tissue samples as
previously described™ . Detailed description of the method can be found in the

supplemental, Supplemental Digital Content 1, http://links.lww.com/SLA/E19.

CD68 immunohistochemical staining
Renal sections (2 um) were deparaffinized and hydrated as previously described® and stained
for CD68. Detailed description of the method can be found in the supplemental,

Supplemental Digital Content 1, http://links.lww.com/SLA/E19.



Periodic acid Schiff staining

Periodic acid Schiff (PAS) staining of renal sections (2 um) was performed using a PAS
staining kit (Carl Roth, Karlsruhe, Germany). Histomorphological changes were evaluated at
20x magnification using a scoring system as previously described®. Images were taken using
a KEYENCE BZ-X800 microscope and BZ-X800 viewer after performing white balance and

auto exposure.

Statistical Analysis

All data in text and figures are expressed as mean + SEM of n observations, where n
represents the number of animals/experiments/subjects studied. Measurements obtained from
the patient groups and vehicle and baricitinib treated animal groups were analyzed by one-
way/two-way ANOV A followed by Bonferroni's post-hoc test or Kruskal-Wallis test
followed by Dunn’s post-hoc test on GraphPad Prism 8.0 (GraphPad Software, Inc., La Jolla,
CA, USA). The distribution of the data was verified by Shapiro-Wilk normality test, and the
homogeneity of variances by Bartlett test. When necessary, values were transformed into
logarithmic values to achieve normality and homogeneity of variances. P<0.05 was

considered statistically significant.

RESULTS

JAK?2 and STAT3 gene expression is elevated in trauma patients

Xiao and colleagues’* compared genome-wide gene expression in leukocytes from trauma
patients against matched healthy controls. We reanalyzed this dataset for JAK2 and STAT3
expression, as STAT3 is the most commonly stimulated downstream STAT following JAK2
activation. When compared to healthy controls, JAK2 expression was significantly elevated

in patients with trauma at all time points (p<0.05; Figure 1A). An initial peak was noted at



Day 1 followed by a gradual decrease, however, JAK2 expression still remained elevated at
Day 28 after trauma. Similarly, STAT3 expression was significantly increased at all time
points (p<0.05; Figure 1B) and an initial peak was noted at 12 h followed by a gradual
decrease. However, STAT3 expression also still remained elevated at Day 28 after trauma.
When comparing trauma patients stratified into uncomplicated (recovery in <5 days) and
complicated (recovery after 14 days, no recovery by Day 28 or death) groups, JAK2
expression was significantly higher on Days 4 and 7 (p<0.05; Figure 1C) and STAT3
expression was significantly raised at 12 h (p<0.05; Figure 1D) in complicated patients when
compared to uncomplicated trauma patients. These data indicate that the JAK2/STAT3
pathway may play a role in the pathophysiology of trauma. Please note the y-axis intervals
for Figures 1C and 1D are 0.3 and 0.4 respectively which show the intergroup differences are

small (but still statistically significant).

Baricitinib attenuates HS-induced organ injury/dysfunction in HS

Here we explored whether pharmacological intervention with the JAK1/JAK?2 inhibitor
baricitinib administered upon resuscitation attenuates the MODS associated with HS in rats.
When compared to sham-operated rats, rats subjected to HS displayed significant increases in
serum urea (p<0.05; Figure 2A) and creatinine (p<0.05; Figure 2B); indicating the
development of renal dysfunction. When compared to sham-operated rats, vehicle treated
HS-rats exhibited significant increases in ALT (p<0.05; Figure 2C) and AST (p<0.05; Figure
2D) indicating the development of hepatic injury, while the increases in amylase (p<0.05;
Figure 2E) and CK (p<0.05; Figure 2F) denote pancreatic and neuromuscular injury,
respectively. The significant increase in LDH (p<0.05; Figure 2F) in vehicle treated HS-rats
confirmed tissue injury. Treatment of HS-rats with baricitinib significantly attenuated the

renal dysfunction, hepatic injury, pancreatic injury, neuromuscular injury and general tissue



damage caused by HS as shown by the reduction in serum parameter values (all p<0.05;
Figures 2A-G). Administration of baricitinib to sham-operated rats had no significant effect

on any of the parameters measured (p>0.05; Figure 2).

Baricitinib abolishes hepatic and renal JAK/STAT activation in HS

Using western blot analysis, we examined whether HS leads to the activation of the
JAK2/STAT3 pathway in the liver and kidney, given that treatment with baricitinib
significantly attenuated HS-associated hepatic injury and renal dysfunction. When compared
to sham-operated rats, vehicle treated HS-rats displayed significant increases in the
phosphorylation of hepatic and renal Jak2 at Tyr'*" "% (p<0.05; Figures 3A-B) and Stat3 at
Tyr'® (p<0.03; Figures 3C-D), indicating that the JAK2/STAT3 pathway is activated in the
injured liver and kidneys. Treatment of HS-rats with baricitinib significantly abolished these

increases in JAK2/STAT3 phosphorylation (p<0.05; Figures 3A-D).

Baricitinib abolishes hepatic and renal NF-kB activation in HS

The effect of JAK/STAT inhibition on the activation of NF-xB were investigated in liver and
kidney. When compared to sham-operated rats, vehicle treated HS-rats had significant
increases in the hepatic and renal phosphorylation of IxBa at Ser*2 (p<0.05; Figures 3E-F)
and the translocation of p65 to the nucleus (p<0.05; Figures 3G-H). Treatment of HS-rats

with baricitinib significantly abolished this activation of NF-xB (p<0.05; Figures 3E-H).

Baricitinib abolishes hepatic and renal NLRP3 and caspase 1 activation in HS
Having discovered that baricitinib significantly reduced NF-xB activation in the liver and
kidney of HS-rats, we next analyzed the potential involvement of the NLRP3 inflammasome

complex. When compared to sham-operated rats, vehicle treated HS-rats exhibited



significantly increased hepatic and renal expression of the NLRP3 inflammasome (p<0.05;
Figures 31-J) and cleaved (activated) form of caspase 1 (p<0.05; Figures 3K-L). Treatment of

HS-rats with baricitinib significantly inhibited these increases (p<0.05; Figures 31I-L).

JAK? activation correlates with hepatic injury, renal dysfunction, STAT3, NF-kB and NLRP3
activation in an acute HS model

Correlation analysis was performed to determine whether the degree of activation of JAK
correlates with changes in liver condition, renal function, STAT3, NF-kB and NLRP3
activation. Significant positive correlations were found between JAK2 activation and (with
the exception of AST) all parameters investigated (Supplementary Figure 2, Supplemental

Digital Content 1, http://links.lww.com/SLA/E19).

Baricitinib reduces renal macrophage invasion and tissue injury in HS

Having shown that baricitinib significantly attenuated the HS-induced renal dysfunction, we
investigated renal macrophage infiltration and tissue injury determined by CD68 and PAS
staining, respectively. When compared to sham-operated rats, vehicle treated HS-rats
exhibited a significantly increased expression of CD68 in the kidney (p<0.05; Figure 4A).
Treatment with baricitinib in HS-rats significantly reduced CD68 expression, indicating an
attenuation of renal macrophage invasion (p<0.05; Figure 4A). When compared to sham-
operated rats, vehicle treated HS-rats displayed a significantly raised renal PAS score
(p<0.05; Figure 4C). Treatment with baricitinib in HS-rats reduced this rise in PAS score
(albeit this change was not statistically significant), suggesting a tissue protective effect of

baricitinib in the kidney (Figure 4C).



Effect of baricitinib on HS-induced circulatory failure in HS

To investigate the effects of baricitinib on circulatory failure, MAP was measured from the
completion of surgery to the termination of the experiment. Baseline MAP values were
similar amongst all four groups. Rats subjected to HS demonstrated a decline in MAP which
was ameliorated by resuscitation, but MAP remained lower than that of sham-operated rats
during resuscitation (at the equivalent time points, Figure 5). The MAP of baricitinib treated
HS-rats was similar to those of vehicle treated HS-rats at the end of the resuscitation period
(Figure 5). Administration of baricitinib to sham-operated rats had no significant effect on

MAP (p>0.05; Figure 5).

DISCUSSION

This study reports that inhibition of JAK/STAT activity attenuates the organ
injury/dysfunction associated with HS (acute rat model; Figure 2). Having shown that JAK2
and STATS3 gene expression 1s significantly elevated in leukocytes of trauma patients
(Figures 1A-B) and, most notably, that the expression of JAK2 and STAT3 is higher in
trauma patients with a complicated recovery (Figures 1C-D), we used a reverse translational
approach to investigate whether pharmacological intervention with the JAK1/JAK2 inhibitor

baricitinib ameliorates the MODS associated with HS in a well-established rat model>> 2,

Baricitinib inhibits JAK1 and JAK?2 to an equal degree and is currently used in patients with
inflammatory diseases, including rheumatoid arthritis and atopic dermatitis*'.We report here
for the first time that baricitinib significantly attenuated the renal dysfunction, hepatic injury,

pancreatic injury and neuromuscular injury caused by HS (Figure 2). Similarly, JAK

e g e e . . . . . . . .. 4247
inhibition lowers disease severity in animal models of ischemia-reperfusion injury™~ ,
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sepsis , acute kidney injury”” and endotoxemia .



What, then, are the mechanisms by which baricitinib attenuates HS-associated organ
injury/dysfunction? HS resulted in a significant increase in JAK2/STAT3 activity in the liver
and kidneys (Figure 3) which correlated with the rises in ALT, creatinine and urea
(Supplementary Figure 2, Supplemental Digital Content 1, http://links.lww.com/SLA/E19).
Indeed, inhibition of JAK2/STATS3 activity with baricitinib in the liver and kidneys of HS-
rats decreased the hepatic injury and renal dysfunction, suggesting that activation of the
JAK2/STAT3 pathway plays a pivotal role in the pathophysiology of the MODS associated
with HS. Despite not finding a significant correlation between JAK activation and AST in our
study, genome-wide association study-prioritized genes and gene co-expression pattern
analysis revealed JAK/STAT signaling was linked to AST-specific gene sets which supports

the role of JAK/STAT in liver function®*.

A synergistic interaction between STAT and NF-xB occur on many levels: these include
physical interactions of the two molecules, cooperative binding at particular gene promoter
subsets to induce target gene expression and cytokine feedback loops, whereby cytokines
induced by STAT and NF-kB (e.g. IL-6) can further prolong the activation of both
molecules™. Trauma leads to increased nuclear translocation of NF-kB*>~*°® Inhibition of
JAK2/STAT3 activity with baricitinib decreased NF-xB activation in both the liver and
kidneys (Figure 3). We also found a significant positive correlation between the activation of

JAK?2 and the phosphorylation of IxBo at Ser**°

and translocation of p65 (Supplementary
Figure 2, Supplemental Digital Content 1, http://links.lww.com/SLA/E19). This may suggest
that blocking the activation of NF-kB contributes to the observed effects of baricitinib in HS.

Activation of NF-«xB drives the production of multiple pro- and anti-inflammatory mediators

including enzymes, cytokines and chemokines”’. As part of a positive feedback loop, these



mediators can activate NF-kB and its upstream signaling components, further amplifying and
sustaining the inflammatory responses mediated by NF-kB which can lead to greater
permeability of the endothelium, hypoperfused/hypoxic tissues, tissue injury and eventually

MODS™®.

The JAK/STAT pathway has also been shown to be linked to the NLRP3 inflammasome,
with pharmacological inhibition of JAK reducing the expression and activation of NLRP3

3960 NLRP3 inflammasome activation drives the formation of IL-

inflammasome components
1P which plays a key role in the systemic inflammation and/or organ dysfunction associated
with trauma®>*®. Inhibition of JAK2/STAT3 activity with baricitinib decreased the assembly
and successive activation of the NLRP3 inflammasome in the liver and kidneys (Figure 3).
We also discovered a significant positive correlation between JAK2 activation and the
activation of NLRP3 and caspase 1 (Supplementary Figure 2, Supplemental Digital Content
1, http://links.lww.com/SLA/E19). A recent phenotypic high-content, high-throughput screen
identified targeting JAK to inhibit NLRP3 inflammasome activation®'. This may suggest that
blocking the activation of the NLRP3 inflammasome contributes to the observed protective

effects of baricitinib in HS by reducing the pro-inflammatory effects of IL-1 and ensuing

tissue inflammation.

The sterile inflammation caused by HS drives the recruitment of leukocytes to the tissues and
is secondary to NF-kB and NLRP3 activation and their associated transcriptional regulation

of pro-inflammatory cytokines62_64

. Furthermore, leukocytes and endothelial cells express
adhesion molecules, and this is regulated by NF-«B to facilitate leukocyte extravasation from

the circulation to the site of darnage“. It has been shown that experimental injury induces a

transcriptomic shift in leukocytes 4 h post trauma and HS and several pathways related to



innate immunity were upregulated; including those involved in myeloid leukocyte activation
and differentiation®. We measured CD68 expression and PAS score in the kidney as markers
of macrophage infiltration and overall tissue injury, respectively67. HS resulted in a
significant rise in relative CD68 expression and PAS score in the kidney which was
attenuated by baricitinib treatment in HS-rats (Figure 4, see also Supplement for an extended
discussion, Supplemental Digital Content 1, http://links.lww.com/SLA/E19). A graphical
abstract summarizing the protective effects of baricitinib following HS-induced multiple

organ dysfunction is shown in Figure 6.

Our results and conclusions are supported by findings in COVID-19 patient cohorts where
the JAK/STAT pathway has been proposed to play a role in disease pathogenesis. The
beneficial effects of baricitinib in COVID-19 patients, as measured by the improved levels of
oxygenation, decreased need for mechanical ventilation (invasive and non-invasive), reduced
ICU admission and mortality indicate that JAK/STAT activation contributes to the disease
pathology68. Parallels can be drawn between COVID-19 and trauma-associated MODS, with

both displaying features of an excessive systemic inflammatory state.

LIMITATIONS OF THE STUDY

Although baricitinib demonstrated some striking, beneficial effects in the rat model of HS,
there are limitations which should be taken into consideration. An acute model of HS with a
single time point was used in this study, which results in systemic inflammation and MODS
within a few hours following resuscitation. At 4 h post resuscitation, there is organ injury and
dysfunction and significant activation of JAK/STAT, NF-xB and NLRP3. Despite the
effectiveness of baricitinib in this acute setting at the 4 h time point, we cannot conclude that

the same protective effects will be observed in animal models with a longer follow-up period,



since there are delayed consequences/outcomes of trauma and severe hemorrhage on organ
and immune function. Moreover, survival studies are needed to confirm that the observed
early reduction in MODS does, indeed, translate to improved outcome and ultimately a
decrease in mortality; all of which would strengthen the efficacy data of baricitinib in this
study and provide more robust evidence in favor of designing a clinical trial. Organ injury
and dysfunction were used as surrogate markers for mortality in our study (as the
determination of mortality is not allowed by our ethics and Home Office license). Thus,
caution should be taken when interpreting our pre-clinical results and extrapolating them to
the clinical scenario. In this study, gender differences were not investigated, as only male rats
were used to prevent any sex-dependent confounding effects (variations in female
reproductive hormones and X chromosome) and to represent the population usually most
affected by trauma (young males). Of note, the majority of trauma patients in our recent
TOP-ART clinical trial were male and aged under 30, so the use of male rats is clinically
appropriate69. Nevertheless, we acknowledge a considerable number of trauma patients are
female and the efficacy of baricitinib in female rats should be assessed. Further studies in
larger animals (e.g. pigs) and/or higher species may be useful to increase understanding of
both the mechanism of action (e.g. blood gas analysis and microcirculatory effects) and
verify efficacy of baricitinib in HS. We show that treatment with baricitinib upon
resuscitation had no significant effect on arterial blood pressure, suggesting that the
beneficial influence of baricitinib in HS may be independent of effects on blood pressure and,
hence, microvascular perfusion of the tissues/organs. This could potentially limit the
effectiveness of baricitinib treatment in HS, as alternative therapies may be required to
counteract the vascular decompensation associated with HS. Nonetheless, clinical studies
with large cohorts of trauma patients are required to robustly examine the relationship

between JAK activity and clinical outcomes in humans.



CONCLUSIONS

In conclusion, we report here for the first time that baricitinib reduces the organ
injury/dysfunction caused by severe hemorrhage in the rat, highlighting a role of the
JAK2/STAT3 pathway in disease pathogenesis. Additionally, experimental trauma-
hemorrhage results in a significant activation of the JAK2/STAT3 pathway in the liver and
kidneys. Administration of baricitinib during resuscitation after major hemorrhage abolished
the activation of JAK2/STAT?3 as well as the activation of NF-kB-and the NLRP3
inflammasome (liver and kidney); both of which are major drivers of local and systemic
inflammation. Therefore, we propose that JAK inhibitors, such as baricitinib, may be
repurposed to reduce the organ injury and inflammation caused by severe hemorrhage and

resuscitation in patients with trauma.
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Figure 1: JAK2 and STAT3 gene expression is elevated in trauma patients. Original data
was obtained from the Gene Expression Omnibus under dataset accession number GSE36809
which was published by Xiao and colleagues **. RNA was extracted from whole blood
leukocytes over a 28-day time course from trauma patients (n = 167) and matched healthy
controls (n = 37). Data were reanalyzed for (A) JAK2 and (B) STAT3 gene expression in
trauma patients and (C, D) uncomplicated vs. complicated trauma patient groups. Data are
expressed as mean + SEM. Statistical analysis was performed using one-way or two-way

ANOVA followed by a Bonferroni's post-hoc test. *p<0.05 denoted statistical significance.
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Figure 2: Baricitinib attenuates HS-induced organ injury/dysfunction in HS. Rats were
subjected to hemorrhagic shock (HS) and 4 h after resuscitation, levels of serum (A) urea, (B)
creatinine, (C) alanine aminotransferase (ALT), (D) aspartate aminotransferase (AST), (E)
amylase, (F) creatine kinase (CK) and (G) lactate dehydrogenase (LDH) were determined in
vehicle and BAR (baricitinib) treated rats. Sham-operated rats were used as control. Data are
expressed as mean + SEM of 9-11 animals per group. Statistical analysis was performed
using one-way ANOVA followed by a Bonferroni's post-hoc test. *p<0.05 denoted statistical

significance.
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Figure 3: Baricitinib abolishes JAK/STAT, NF-kB and NLRP3 activation in HS. (A-B)
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The phosphorylation of Jak2 at Tyr , (C-D) the phosphorylation of Stat3 at Tyr™, (E-

F) the phosphorylation of IxBo at Ser’>>°

, (G-H) the nuclear translocation of p65, (I-J) the
activation of NLRP3 and (K-L) the cleaved (activated) form of caspase 1 of vehicle and BAR
(baricitinib) treated rats were determined by western blotting in the liver and kidney. Protein
expression was measured as relative optical density (O.D.) and normalized to the sham band.
Data are expressed as mean + SEM of 4-5 animals per group. Statistical analysis was

performed using one-way ANOVA followed by a Bonferroni's post-hoc test. *p<0.05

denoted statistical significance.
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Figure 4: Baricitinib reduces renal macrophage invasion and tissue injury in HS. Rats
were subjected to hemorrhagic shock (HS) and 4 h after resuscitation, (A) relative CD68
expression and (C) Periodic acid Schiff (PAS) scores (Score 0: no damage, 1: <25%
damaged, 2: 25-50% damaged and 3: >50% damaged) were quantified in renal tissue of
vehicle and BAR (baricitinib) treated rats. Representative images of (B) CD68 staining (40x
magnification) and (D) PAS staining (20x magnification) are shown. Black arrows highlight
(B) sites of positive CD68 staining and (D) tubule dilatation (arrow A), detached cell material
(arrow B), flattened epithelial cells (arrow C) and beginning stages of tubular brush border
loss in proximal tubules (arrow D). Data are expressed as mean = SEM of eight animals per
group. Statistical analysis was performed using (A) one-way ANOVA followed by a
Bonferroni's post-hoc test and (C) Kruskal-Wallis test followed by a Dunn’s post-hoc test.

*p<0.05 denoted statistical significance.
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Figure 5: Effect of baricitinib on HS-induced circulatory failure in HS. Mean arterial
pressure (MAP) was measured from the completion of surgery to the termination of the
experiment for vehicle and BAR (baricitinib) treated rats. Data are expressed as mean + SEM
of 9-11 animals per group. Statistical analysis was performed using two-way ANOVA
followed by a Bonferroni's post-hoc test. *p<0.05 Sham + vehicle vs. HS + vehicle.
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Figure 6: Graphical abstract highlighting the role of Janus kinase (JAK)/signal
transducer and activator of transcription (STAT) in the pathophysiology of traumatic
injury. Cytokines are released following trauma which trigger signaling pathways leading to
JAK/STAT activation and target gene transcription. The activation of the NLRP3
inflammasome results in the cleavage of pro IL-1p to IL-1p and further pro-inflammatory
cytokine production. Leukocyte recruitment is also stimulated by cytokine release. Excessive
systemic inflammation from the combination of cytokine release and innate immune cell
recruitment contributes to the onset of multiple organ dysfunction syndrome (MODS).
Treatment with JAK inhibitors such as baricitinib can attenuate trauma-induced inflammation

and thus MODS to improve clinical outcomes and patient prognosis.
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Objective: The aim of this study was to investigate (a) macrophage migration inhibitory
factor (MIF) levels in polytrauma patients and rats after haemorrhagic shock (HS), (b) the
potential of the MIF inhibitor ISO-1 to reduce multiple organ dysfunction syndrome
(MODS) in acute (short-term and long-term follow-up) HS rat models and (c) whether
treatment with ISO-1 attenuates NF-kB and NLRP3 activation in HS.

Background: The MODS caused by an excessive systemic inflammatory response
following trauma is associated with a high morbidity and mortality. MIF is a pleiotropic
cytokine which can modulate the inflammatory response, however, its role in trauma is
unknown.

Methods: The MIF levels in plasma of polytrauma patients and serum of rats with HS were
measured by ELISA. Acute HS rat models were performed to determine the influence of
ISO-1 on MODS. The activation of NF-kB and NLRP3 pathways were analysed by
western blot in the kidney and liver.

Results: We demonstrated that (a) MIF levels are increased in polytrauma patients on
arrival to the emergency room and in rats after HS, (b) HS caused organ injury and/or
dysfunction and hypotension (post-resuscitation) in rats, while (c) treatment of HS-rats
with ISO-1 attenuated the organ injury and dysfunction in acute HS models and (d)
reduced the activation of NF-xB and NLRP3 pathways in the kidney and liver.
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Conclusion: Our results point to a role of MIF in the pathophysiology of trauma-induced
organ injury and dysfunction and indicate that MIF inhibitors may be used as a potential
therapeutic approach for MODS after trauma and/or haemorrhage.

Keywords: haemorrhagic shock, ischaemia-reperfusion, ISO-1, macrophage migration inhibitory factor, multiple

organ dysfunction syndrome, trauma

INTRODUCTION

Trauma is one of the leading causes of death and disability in young
people aged under 44 and exceeds the number of deaths caused by
HIV, tuberculosis and malaria combined (1). Globally, injuries are
responsible for over 9% of all mortalities and annually there are
approximately 6 million trauma-related deaths (I, 2). Trauma-
associated haemorrhage and haemorrhagic shock (HS) account
for nearly 40% of all trauma deaths and is a key driver of
multiple organ dysfunction (MODS) (3-7).

Whilst the number of early post-injury deaths have decreased in
recent years secondary to improved care in the pre-hospital setting,
there has been an accompanying increase in deaths attributed to
MODS during the late post-injury phase (4, 8, 9). The mechanisms
contributing to MODS include (a) an excessive systemic
inflammatory response secondary to the release of damage-
associated molecular patterns (DAMPs) from extensive tissue
damage and (b) ischaemia-reperfusion (I/R) injury (8, 10).

DAMPs activate the immune system, leading to the release of
cytokines which can cause organ injury and dysfunction (11).
Moreover, raised cytokine levels are linked to worse prognosis in
critically ill patients (12-14). One such cytokine is macrophage
migration inhibitory factor (MIF) which is pro-inflammatory and
possesses chemokine-like properties by promoting the expression or
production of several pro-inflammatory mediators including IL-1f3,
IL-2, IL-6, IL-8, IL-12, IFN-y, nitric oxide, TNF-a, cyclooxygenase 2
and matrix metalloproteinases (15-23). Consequently, further
leukocytes are directed to the site of injury and/or infection (24-
26). MIF also has a role in counter-regulating the immunosuppressive
and anti-inflammatory effects of glucocorticoids (27, 28).

It has previously been shown that MIF concentration in the
plasma/serum of trauma patients was higher than that of healthy
controls (29, 30) and serum MIF levels in blunt trauma patients
with MODS were significantly greater than patients without
MODS (31, 32). Currently, there are no specific pharmacological
treatments which prevent the onset of MODS associated with HS.
Therefore, the aim of this study was to investigate the effects of
blocking MIF activity with the inhibitor ISO-1 [(S,R)-3-(4-
hydroxyphenyl)-4,5-dihydro-5-isoxazole acetic acid methyl ester]
on the HS-induced MODS in rats.

METHODS

MIF Gene Expression in Human

Whole Blood

Original data was obtained under Gene Expression Omnibus
(GEO) accession GSE36809, published by Xiao and colleagues

(33). RNA was extracted from whole blood leukocytes of severe
blunt trauma patients (n = 167) over the course of 28 days and
healthy controls (n = 37) and hybridised onto an HU133 Plus 2.0
GeneChip (Affymetrix) according to the manufacturer’s
recommendations. The dataset was reanalysed for MIF
gene expression.

Ethical Statement

Blood samples of 208 patients were collected after written
informed consent was obtained from either the patient or a
nominated legally authorised representative. Samples were
collected between 2010-2014 from University Hospital
Frankfurt of Goethe-University and approved by an
institutional ethics committee (Number 312/10) in accordance
with the declaration of Helsinki and following STROBE-
guidelines (34).

For the short-term follow-up acute HS model, all animal
procedures were approved by the Animal Welfare Ethics Review
Board of Queen Mary University of London and by the Home
Office (Licence number PC5F29685). For the long-term follow-
up acute HS model, all animal procedures were approved by the
Universidade Federal de Santa Catarina Institutional Committee
for Animal Use in Research (Licence number 7396250219) in
accordance with the Brazilian Government Guidelines for
Animal Use in Research. All in vivo experiments are reported
in accordance to ARRIVE guidelines.

Patient Study Population and

Sample Collection

Blood samples from patients (18-80 years) with blunt or
penetrating trauma and ISS > 16 were obtained on Day 0
(arrival to the emergency room); Day 2; Day 5 and Day 7.
Exclusion criteria were patient death in the emergency room or
within 24 h of hospital admission, known pre-existing
immunological disorders, treatment with immunosuppressive
or anti-coagulant medication, burns, concomitant acute
myocardial infarction and thromboembolic events. Blood
samples were collected in pre-chilled ethylenediaminetetraacetic
acid tubes (BD vacutainer, Becton Dickinson Diagnostics, Aalst,
Belgium) and kept on ice. Blood was centrifuged at 2,000 g for
15 min at 4°C to separate serum and stored at —80°C for
further analysis.

Experimental Design

Male Wistar rats (for short-term follow-up acute model: Charles
River Laboratories Ltd., UK; for long-term follow-up acute
model: Universidade Federal de Santa Catarina, Brazil)
weighing 250-350 g were kept under standard laboratory
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conditions and received a chow diet and water ad libitum. 1SO-1
(25 mg/kg; Tocris, UK) was diluted in 5% DMSO + 95% Ringer’s
Lactate (vehicle) and rats were treated (i.v. in short-term follow-
up and i.p. in long-term follow-up) upon resuscitation.

Acute Haemorrhagic Shock Model
(Short-Term Follow-Up)

The pressure-controlled short-term follow-up acute HS model was
performed as previously described (35-38). Briefly, forty rats were
anaesthetised with sodium thiopentone (120 mg/kg i.p. initially
and 10 mg/kg i.v. for maintenance as needed and randomised into
four groups (n = 10 per group): Sham + vehicle; Sham + ISO-1 (25
mg/kg), HS + vehicle; HS + ISO-1 (25 mg/kg) using the GraphPad
online random number generator. The investigator was blinded to
the intervention (vehicle or ISO-1) and treatment group allocation
was revealed following data analysis. Analgesia was not
administered as the rats remain anaesthetised for the duration of
the experiment (non-recovery procedure) and as such do not
expect the animals to feel pain. Adequacy of anaesthesia was
ascertained throughout the experiment by testing the pedal
reflex. No animals died during the course of the study, thus all
data have been included. Blood was withdrawn to achieve a fall
in mean arterial pressure (MAP) to 35 + 5 mmHg, which
was maintained for 90 min. At 90 min after initiation of
haemorrhage (or when 25% of the shed blood had to be
reinjected to sustain MAP at 35 + 5 mmHg), resuscitation was
performed with the shed blood over a period of 5 min. At4 h post-
resuscitation, blood was collected for the measurement of
biomarkers of organ injury/dysfunction (MRC Harwell Institute,
Oxfordshire, UK) and organs for ex vivo analysis. Sham-operated
rats were used as control and underwent identical surgical
procedures, but without haemorrhage or resuscitation. Detailed
description of the short-term follow-up model can be found in the
supplemental (Supplemental Figure 1A).

Acute Haemorrhagic Shock Model
(Long-Term Follow-Up)

The pressure-controlled long-term follow-up acute HS model
was performed as previously described (36). Briefly, thirty rats
were administered analgesia with tramadol (10 mg/kg i.p.)
15 min prior to anaesthesia induction with ketamine and
xylazine (100 mg/kg and 10 mg/kg i.m. respectively) and
randomised into three groups: Sham + vehicle (n = 6); HS +
vehicle (n = 12); HS + ISO-1 (25 mg/kg; n = 12) using the
GraphPad online random number generator. The investigator
was blinded to the intervention (vehicle or ISO-1) and treatment
group allocation was revealed following data analysis. Adequacy
of anaesthesia throughout the experiment was ascertained by
testing the pedal reflex. No animals died during the course of the
study, thus all data have been included. Blood was withdrawn to
achieve a fall in MAP to 40 + 2 mmHg, which was maintained for
90 min. At 90 min after initiation of haemorrhage (or when 25%
of the shed blood had to be reinjected to sustain MAP at 40 + 2
mmHg), resuscitation was performed with the shed blood over a
period of 5min plus 1.5 mL/kg Ringer’s lactate. At 24 h post-
resuscitation, blood was collected for the measurement of

organ injury/dysfunction parameters (Hospital Universitario
Professor Polydoro Ernani de Sdo Thiago, Brazil) and organs
for ex vivo analysis. Sham-operated rats were used as control
and underwent identical surgical procedures, but without
haemorrhage or resuscitation. Detailed description of the long-
term follow-up model can be found in the supplemental
(Supplemental Figure 1B).

MIF ELISA

Human MIF plasma levels (R&D SYSTEMS Human MIF
DuoSet) and rat MIF serum levels from the acute HS (short-
term follow-up) model (Cusabio Biotech, Wuhan, China) were
detected by commercially available ELISAs according to the
manufacturer protocol. Detection occurred at 450 nm and 540
nm using iMark® microplate absorbance reader (BioRad).
Further details can be found in the Supplemental Table 1.

Western Blot Analysis

Semi-quantitative immunoblot analysis was carried out in kidney
and liver samples as previously described (36). Detailed
description of the method can be found in the supplemental.

CD68 Immunohistochemical Staining

Lung tissue sections were deparaffinised and hydrated and
stained for CD68. Detailed description of the method can be
found in the supplemental.

Quantification of Myeloperoxidase Activity
Determination of myeloperoxidase activity in lung and liver
tissue samples was performed as previously described (36).
Detailed description of the method can be found in
the supplemental.

Statistical Analysis

All figures are expressed as median with range of n observations,
where n represents the number of animals/experiments/subjects
studied. Measurements obtained from the vehicle and ISO-1
treated animal groups were analysed by one-way ANOVA
followed by a Bonferroni’s post-hoc test on GraphPad Prism
8.0 (GraphPad Software, Inc., La Jolla, CA, USA). The
distribution of the data was verified by Shapiro-Wilk normality
test, and the homogeneity of variances by Bartlett test. When
necessary, values were transformed into logarithmic values to
achieve normality and homogeneity of variances. To investigate
the relationship between the variables, Pearson correlation r was
performed. P<0.05 was considered statistically significant.

RESULTS

MIF Gene Expression Is Elevated in
Trauma Patients

Xiao and colleagues (33) compared genome-wide expression in
leukocytes from trauma patients against matched healthy
controls. We reanalysed this dataset for MIF expression. When
compared to healthy controls, MIF expression was significantly
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elevated at all time points except Day 1 (p<0.05; Supplemental
Figure 2). An initial increase was noted at 12 h followed by a
later peak at Day 7. MIF expression remained elevated at Day 28,
the latest timepoint measured.

MIF Gene Expression Does Not Differ
Between Uncomplicated and Complicated
Recovery Patient Groups

Xiao and colleagues (33) also stratified their trauma patient
cohort into uncomplicated (recovery in <5 days) and
complicated (recovery after 14 days, no recovery by Day 28 or
death) to further identify genotypic differences. We reanalysed
this dataset for MIF expression using this stratification. When
comparing uncomplicated and complicated patients, there were
no significant differences at any of the timepoints measured
(p>0.05; Supplemental Figure 3).

Plasma MIF Levels Are Elevated in
Polytrauma Patients and Associated With
Longer Stay in ICU and Hospital

To investigate the role of MIF in trauma, 208 patients were
included in the study. Detailed patient characteristics can be
found in Table 1. Polytrauma patients showed significantly
increased MIF levels on Day 0 (on arrival to the emergency
room, 12398 + 1262 pg/mL) compared to Day 2 (2866.9 +
377.8 pg/mL), Day 5 (2335.7 + 203.4 pg/mL) and Day 7 (2114.6 +
165.3 pg/mL) (all p<0.001; Figure 1A). Furthermore, we found a
weak positive correlation between MIF levels on Day 0 and both
hospital (r = 0.22, n = 199, p<0.01; Figure 1C) and ICU (r = 0.26,
n = 198, p<0.01; Figure 1D) stays. MIF levels on Day 0 were not
correlated with baseline characteristics such as age (r = -0.05,n =
200, p = 0.49) and sex (r = -0.07, n = 200, p = 0.3) and only weakly
correlated with ISS score (r = 0.15, n = 177, p<0.05) (Figure 1B).

MIF Levels Are Elevated in Serum of

Rats After Induction of Acute HS
(Short-Term Follow-Up)

Having found elevated plasma MIF levels in patients with
trauma-haemorrhage, we investigated whether haemorrhage
alone (in the absence of physical trauma) is sufficient to drive
increases in MIF. To address this question, we used a model of

TABLE 1 | Trauma patient clinical characteristics.

Trauma (n = 208)

Age (year) (IQR) 47.0 (31-60)
Male sex (%) 156 (75.0)
SOFA (points) (IQR) 5.00 (1.0-7.0)
APACHE Il (points) (IQR) 16.0 (6.0-22.0)
ISS score (points) (IQR) 23.0 (17.0-32.0)
LOS ICU (days) (IQR) 8.0 (4.0-15.0)
LOS In-hospital (days) (IQR) 19.0 (13.0-29.0)
MIF DO [pg/mi] (IQR) 6839 (3713-14205)
MIF D2 [pg/mi] (IQR) 1598.0 (1080.0-2555.5)
MIF D5 [pg/mi] (IQR) 1137.0 (650.0-1960.0)
MIF D7 [pg/mi] (IQR) 1331.9 (814.2-2158.5)

Data are presented as n (%) or median (IQR). D0/2/5/7: Day 0/2/5/7; ICU, intensive care
unit; IQR, interquartile ranges (Q1-Q3); LOS, length of stay.

severe haemorrhage followed by resuscitation in the rat. When
compared to sham-operated rats, haemorrhage followed by
resuscitation resulted in a significant increase in MIF levels
(p<0.001; Figure 2A). Although ISO-1 has been reported to
inhibit the effects, rather than the formation, of MIF in vivo, we
report here that treatment of HS rats with ISO-1 resulted in a
significantly lower MIF level when compared to HS rats treated
with vehicle (p<0.05; Figure 2A). Administration of ISO-1 to
sham-operated rats had no effect on MIF levels (p>0.05; Figure 2A).

Treatment With ISO-1 Improves HS-
Induced Circulatory Failure in Acute HS
(Short-Term Follow-Up)

To investigate the effects of ISO-1 on circulatory failure, MAP
was measured from the completion of surgery to the termination
of the experiment. Baseline MAP values were similar amongst all
four groups. Rats subjected to HS demonstrated a decline in
MAP which was ameliorated by resuscitation, but still remained
lower than that of sham-operated rats during resuscitation (at
the equivalent time points, Figure 2B). When compared to
sham-operated rats, HS-rats treated with vehicle exhibited a
more pronounced decrease in MAP over time post-
resuscitation. In contrast, MAP of HS-rats treated with ISO-1
was significantly higher than HS-rats treated with vehicle 4 h
post-resuscitation (p<0.001; Figure 2B).

Treatment With ISO-1 Attenuates HS-
Induced Organ Damage in Acute HS
(Short-Term Follow-Up)

Having demonstrated that treatment with ISO-1 improves HS-
induced circulatory failure, we next explored whether ISO-1
attenuates MODS associated with HS in rats. When compared to
sham-operated rats, rats subjected to HS and treated with vehicle
displayed increases in serum urea (p<0.001; Figure 3A) and
creatinine (p<0.001; Figure 3B) and a decrease in creatinine
clearance (p<0.001; Figure 3C) indicating the development of
renal dysfunction. When compared to sham-operated rats, vehicle
treated HS-rats exhibited significant increases in both ALT
(p<0.001; Figure 3D) and AST (p<0.001; Figure 3E) indicating
the development of hepatic injury, while the increases in amylase
(p<0.001; Figure 3F) and CK (p<0.001; Figure 3G) denote
pancreatic and neuromuscular injury, respectively. The significant
increase in LDH (p<0.001; Figure 3H) in HS-rats treated with
vehicle confirmed tissue injury whilst the increase in lactate
(p<0.001; Figure 3I) indicated decreased transport of oxygen to
the tissues developing from the state of hypoperfusion. Treatment of
HS-rats with ISO-1 significantly attenuated the renal dysfunction,
hepatic injury, pancreatic injury, neuromuscular injury and general
tissue damage caused by HS (all p<0.05; Figures 3A-I). As HS
causes macrophage infiltration into the lungs, we measured CD68"
positive cells as a marker for macrophage invasion. When compared
to sham-operated rats (21.75 + 2.29 per field), HS-rats treated with
vehicle displayed a significant increase in macrophage count
(47.33 + 8.75 per field, p<0.05). Treatment with ISO-1 in HS-rats
did not result in a significant decrease in macrophage count (35.90 +
4.30 per field; Supplemental Figure 4).
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FIGURE 1 | Plasma MIF levels are elevated in polytrauma patients and associated with longer stay in ICU and hospital. (A) Plasma MIF levels in trauma patients
(n = 208) at different time points: Day O (Emergency room), Day 2, Day 5 and Day 7. Data are expressed as median with range. (B) Heatmap for correlations between
MIF levels and baseline characteristics sex, age, SOFA, ISS and APACHE score. Scatter plot for Day O MIF levels against (C) hospital stay and (D) intensive care unit (ICU)

Serum MIF Levels Are Strongly Associated
With Clinical Chemistry and MAP in Acute
HS (Short-Term Follow-Up)

Having shown rats subjected to HS had elevated serum MIF levels,
we wished to elucidate whether this observed increase correlates
with clinical chemistry parameters (measured in serum collected 4 h
post-resuscitation) and MAP (measured at 4 h post-resuscitation
before sample collection). There was a positive correlation between
MIF and all clinical chemistry parameters (p<0.05; Supplemental
Figure 5 shown in blue, r values range from 0.64 - 0.77), with the
strongest correlations between AST (r = 0.77) and LDH (r = 0.72).
There was a negative correlation between MIF and MAP (p<0.05;
Supplemental Figure 5 shown in red, r = -0.66).

Treatment With ISO-1 Attenuates Hepatic
and Renal NF-xB Activation in Acute HS
(Short-Term Follow-Up)

The effect of MIF inhibition on the activation of the signalling
events leading to the activation of NF-«B, was investigated in the

kidney and liver. When compared to sham-operated rats, HS-
rats treated with vehicle had significant increases in the
phosphorylation of IKKo/B at Ser'”®'® (p<0.001; Figure 4A
and p<0.001; Figure 4B) and translocation of p65 to the nucleus
(p<0.001; Figure 4C and p<0.05; Figure 4D). Treatment with
ISO-1 significantly attenuated the increases in hepatic and renal
phosphorylation of IKKo/B at Ser'”®'® (p<0.001; Figure 4A
and p<0.001; Figure 4B) and the nuclear translocation of p65
(p<0.001; Figure 4C and p<0.05; Figure 4D).

Treatment With ISO-1 Attenuates Hepatic
and Renal NLRP3 Inflammasome
Activation in Acute HS (Short-Term
Follow-Up)

Having discovered treatment with ISO-1 significantly reduced
the activation of NF-kB in the kidney and liver of rats subjected
to HS, we next analysed the potential involvement of the NLRP3
inflammasome. When compared to sham-operated rats, HS-rats
treated with vehicle exhibited a significantly increased expression

Frontiers in Immunology | www.frontiersin.org

April 2022 | Volume 13 | Article 886421



Patel et al. ISO-1 Attenuates HS-Induced MODS

=+ Sham + vehicle
Sham + 1SO-1

~e~ HS + vehicle

= HS +1SO-1

MAP (kPa)

30 0 30 60 90 120 150 180 210 240 270 300 330
Time (mins)

FIGURE 2 | Serum MIF levels are elevated in HS-rats and ISO-1 improves HS-induced circulatory failure in a short-term follow-up acute HS model. (A) Serum MIF
levels were detected by ELISA in vehicle or ISO-1 treated rats. Data are expressed as median with range of ten animals per group. (B) Mean arterial pressure (MAP)
was measured from the completion of surgery to the termination of the experiment for all groups. Statistical analysis was performed using one-way ANOVA followed

by a Bonferroni’s post-hoc test. *p < 0.05 Sham + vehicle vs. HS + vehicle; *p < 0.05 HS + vehicle vs. HS + ISO-1.

of the NLRP3 inflammasome (p<0.001; Figure 4E and p<0.001;
Figure 4F) and cleavage of pro-caspase 1 to caspase 1 (p=0.008;
Figure 4G and p<0.001; Figure 4H). Treatment with ISO-1
significantly inhibited the hepatic and renal expression of NLRP3
(p<0.001; Figure 4E and p<0.001; Figure 4F) and cleavage of
pro-caspase 1 to caspase 1 (p=0.015; Figure 4G and
p<0.001; Figure 4H).

Treatment With ISO-1 Improves HS-
Induced Circulatory Failure in Acute HS
(Long-Term Follow-Up)

Having demonstrated treatment with ISO-1 improved blood
pressure in a short-term follow-up model, we wished to
determine whether ISO-1 would still be effective in a model in
which the resuscitation period is prolonged to 24 h. When
compared to sham-operated rats, HS-rats treated with vehicle
had significantly lower MAP values at 24 h post-resuscitation
(p<0.001; Figure 5A); highlighting that either cardiovascular
dysfunction or excessive hypotension was still present. In
contrast, MAP of HS-rats treated with ISO-1 was significantly
higher at 24 h than vehicle treated rats (p<0.05; Figure 5A).
There were no significant differences in HR between any of the
three groups investigated (p>0.05; Figure 5B).

Treatment With ISO-1 Attenuates HS-
Induced Organ Damage and
Myeloperoxidase Activity in Acute HS
(Long-Term Follow-Up)

Having shown that treatment with ISO-1 ameliorated the MODS
associated with HS in a short-term follow-up model, we
examined whether this effect was sustained when the
resuscitation period was extended to 24 h. As with the short-
term follow-up model, when compared to sham-operated rats,
rats subjected to HS with long-term follow-up and treated with
vehicle displayed significant increases in serum urea (p<0.05;
Figure 6A) and creatinine (p<0.001; Figure 6B) indicating the
development of renal dysfunction. When compared to sham-

operated rats, vehicle treated HS-rats exhibited significant
increases in ALT (p<0.001; Figure 6C), AST (p<0.001;
Figure 6D), lipase (p<0.05; Figure 6E) and LDH (p<0.05;
Figure 6F). Treatment of HS-rats with ISO-1 significantly
attenuated the renal dysfunction, hepatic injury and tissue
damage caused by HS (all p<0.05; Figures 6A-D, F). Having
demonstrated that treatment with ISO-1 reduced the cell
infiltration in the lung in a short-term follow-up acute HS
model, we measured myeloperoxidase (MPO) activity in the
lung and liver as an indicator of neutrophil infiltration. When
compared to sham-operated rats, HS-rats treated with vehicle
showed a significant increase in MPO activity in the lung
(p<0.001; Figure 6G) and liver (p<0.05; Figure 6H). Treatment
with ISO-1 in HS-rats significantly attenuated these rises in MPO
activity (p<0.001; Figure 6G and p<0.05; Figure 6H).

DISCUSSION

This study reports that inhibition of MIF activity attenuates
organ injury/dysfunction and circulatory failure in acute short-
term follow-up (Figures 2, 3) and long-term follow-up
(Figures 5, 6) rat models of HS. Having shown that MIF gene
expression is significantly elevated in leukocytes of trauma
patients (Supplemental Figure 2) and plasma MIF levels are
raised in polytrauma patients (Figure 1), we used a reverse
translational approach to investigate whether pharmacological
intervention with ISO-1 ameliorates the MODS associated with
HS in a well-established rat model. Inhibition of MIF activity
significantly attenuated the fall in blood pressure (Figure 2
short-term follow-up and Figure 5 long-term follow-up) and,
hence, the delayed vascular decompensation caused by HS (39).
Moreover, ISO-1 significantly attenuated the renal dysfunction,
hepatic injury and neuromuscular injury caused by HS (Figure 3
short-term follow-up and Figure 6 long-term follow-up);
highlighting the drug efficacy at both timepoints. Similarly,
ISO-1 also reduces disease severity in animal models of sepsis
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(40), acute pancreatitis (41-46), pneumonia (47), asthma (48),
COPD (49), cystitis (50) and colitis (51).

We have illustrated that severe haemorrhage followed by
resuscitation in the rat caused a significant increase in serum
MIF levels, the magnitude of which was similar to the one seen in
trauma patients. This finding implies that haemorrhage (rather
than physical trauma) is the main driver for the observed
increase in MIF in rats and possibly also in humans. Whilst
the elevated plasma MIF levels in our cohort of polytrauma
patients do not necessarily indicate an increase in synthesis, the
increased gene expression measured by Xiao and colleagues (33)
does suggest an associated rise in MIF production.
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FIGURE 3 | Treatment with ISO-1 attenuates HS-induced organ damage in a short-term follow-up acute HS model. Rats were subjected to haemorrhagic shock (HS)
and 4 h after resuscitation, levels of serum (A) urea, (B) creatinine, (C) creatinine clearance (CCr), (D) alanine aminotransferase (ALT), (E) aspartate aminotransferase (AST),
(F) amylase, (G) creatine kinase (CK), (H) lactate dehydrogenase (LDH) and (1) lactate were determined. Sham-operated rats were used as control. Data are expressed as
median with range of ten animals per group. Statistical analysis was performed using one-way ANOVA followed by a Bonferroni’s post-hoc test. *p < 0.05 denoted
statistical significance.

Post-traumatic complications can result in prolonged stays in
ICU and in hospital. In the acute setting, there is a lack of
diagnostic or risk stratification tools which allow the
identification of the potential clinical outcome of trauma
patients. We determined a significant positive correlation
between elevated MIF levels in polytrauma patients and the
overall length of ICU and hospital stays. These findings indicate
that high plasma MIF levels at time of hospital admission are
strongly predictive for a longer stay in ICU and hospital. Indeed,
the human plasma MIF levels and gene expression data provide
evidence supporting the role of MIF in trauma, as both gene
expression and plasma levels increase following trauma. Most
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short-term follow-up acute HS model. (A, B) The phosphorylation of IKKa/B at

Ser'7®180 (€, D) nuclear translocation of p65, (E, F) activation of NLRP3 and (G, H) cleavage of pro-caspase 1 of vehicle and ISO-1 treated rats were determined
by western blot in the liver and kidney. Protein expression was measured as relative optical density (O.D.) and normalised to the sham band. Data are expressed as
median with range of 4-5 animals per group. Statistical analysis was performed using one-way ANOVA followed by a Bonferroni’s post-hoc test. *p < 0.05 denoted

notably, MIF was a better predictor of hospital stay than either
ISS or SOFA scores. For every further increase of MIF on
admission by 5000 pg/mL, the stay of patients in hospital is
prolonged by ~1.2 days. Similarly, Cho and colleagues showed
that trauma patients with elevated MIF levels had longer ICU
stays than patients with lower or normal MIF levels (52).

Nevertheless, we found a weak positive but significant
correlation between MIF levels on admission and ISS which
supports the findings of Chuang and colleagues’ study
illustrating higher MIF levels were associated with worse
clinical severity scores (APACHE II, RTS and TRISS) (30).
Although clinical severity scores cannot be measured in rats,
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we found significant positive correlations between serum MIF
levels and clinical chemistry parameters and a significant negative
correlation between MIF and MAP both of which can be considered
as indicators organ function (Supplementary Figure 5).

What, then, are the mechanisms by which ISO-1 attenuates
HS-associated organ injury/dysfunction? It is recognised that key
signalling pathways, such as those leading to NF-kB activation,
initiate the production of pro-inflammatory mediators such as
cytokines, chemokines and enzymes (53). As part of a positive
feedback mechanism, these inflammatory mediators can induce
activation of NF-kB and its upstream signalling machinery,
further amplifying and propagating the NF-«kB-mediated
inflammatory responses. This can result in a more permeable
endothelium, hypoxic/hypoperfused tissues, tissue injury and
ultimately MODS (54). Trauma has been shown to increase
the translocation of NF-kB to the nucleus (35-38). Inhibition of
MIF activity with ISO-1 reduced NF-xB activation in the kidney
and liver of HS-rats (Figure 4). This may suggest that inhibiting
NF-kB activation contributes to the observed protective effects of
ISO-1 in HS. It should be noted that MIF has been shown to
upregulate TLR4 expression, leading to increased translocation
of NF-kB into the nucleus (55) and interact with thioredoxin-
interacting protein to induce NF-kB activity (56).

Activation of the NLRP3 inflammasome stimulates IL-1[3
production which plays a crucial role in trauma-associated
systemic inflammation and organ dysfunction/injury (36).
Inhibition of MIF activity with ISO-1 reduced both the assembly
and subsequent activation of the NLRP3 inflammasome in the
kidney and liver of HS-rats (Figure 4). This may suggest that
inhibiting NLRP3 inflammasome activation contributes to the
observed beneficial effects of ISO-1 in HS by decreasing the pro-
inflammatory effects related to increased IL-1B production and
ensuing tissue inflammation (57). Of note, MIF has been proposed
to play a role in the activation of the NLRP3 inflammasome (58, 59).

The sterile inflammation caused by HS is associated with
increased recruitment of leukocytes to the tissues and is
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FIGURE 5 | Treatment with ISO-1 improves HS-induced cardiac dysfunction in a long-term follow-up acute HS model. (A) Mean arterial pressure (MAP) and (B)
heart rate (HR) were measured 24 h post resuscitation for vehicle and ISO-1 treated rats. Data are expressed as median with range. Sham + vehicle (n = 6), HS +
vehicle (n = 7) and HS + ISO-1 (n = 7). Statistical analysis was performed using one-way ANOVA followed by a Bonferroni’s post-hoc test. *p < 0.05 denoted

secondary to NF-kB and NLRP3 activation and their
transcriptional regulation of pro-inflammatory cytokines (60-62).
Furthermore, the leukocyte and endothelial cell surface expression
of adhesion molecules is regulated by NF-xB and promotes
leukocyte extravasation from the circulation to the injury site
(63). We found a significant increase in CD68" cells in the lung
(Supplementary Figure 4) and in pulmonary and hepatic MPO
activity (Figure 6), markers of macrophage and neutrophil
recruitment respectively, after induction of HS in rats. Treatment
of HS-rats with ISO-1 did not significantly reduce the number of
pulmonary CD68" cells and thus, macrophage infiltration into the
lung. In contrast, administration of ISO-1 to HS-rats attenuated the
rise in MPO activity related to increased neutrophil recruitment.
Taken together, these results could imply that ISO-1 attenuates
neutrophil, but not macrophage recruitment in HS. Indeed, an anti-
MIF antibody was shown to attenuate the LPS-induced migration
and accumulation of neutrophils in the lung (64). These
observations can be explained by the chemokine-like properties of
MIF, which facilitate the activation and recruitment of leukocytes
during immune surveillance and inflammation (65, 66). Initially,
MIF was eponymously described by its ability to inhibit random
macrophage migration in vitro (67, 68). However, it is now known
that MIF can mediate the recruitment of mononuclear cells in a
number of disease states (69-72). A possible explanation as to why
ISO-1 did not significantly reduce pulmonary macrophage invasion
is that the presence of other inflammatory mediators, such as IL-1f,
IL-6 and TNF-o, could have stimulated the migration of
macrophages, but we would need to measure these mediators to
confirm this theory.

LIMITATIONS

Although ISO-1 displayed some striking, beneficial effects in the
acute HS models, there are study limitations which should be
taken into consideration. In total, 208 patients were included in
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denoted statistical significance.
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FIGURE 6 | Treatment with ISO-1 attenuates HS-induced organ damage and myeloperoxidase activity in a long-term follow-up acute HS model. Rats were subjected to
haemorrhagic shock (HS) and 24 h after resuscitation, levels of serum (A) urea, (B) creatinine, (C) alanine aminotransferase, (ALT), (D) aspartate aminotransferase (AST),
(E) lipase and (F) LDH were determined were determined in vehicle and ISO-1 treated rats. Sham-operated rats were used as control. Sham + vehicle (n = 6), HS + vehicle (n
=12) and HS + ISO-1 (n = 12). Myeloperoxidase activity in (G) lung and (H) liver were determined for vehicle and ISO-1 treated rats. Sham + vehicle (n = 6), HS + vehicle (n = 8)
and HS +ISO-1 (n = 6). Data are expressed as median with range. Statistical analysis was performed using one-way ANOVA followed by a Bonferroni’s post-hoc test. *p<0.05

the study, however, in some instances there were insufficient
plasma volumes available for some of the measured timepoints.
Therefore, some correlation analyses were performed with a
reduced number of samples/patients. Following trauma, there

is an increased inflammatory response, and we were able to
measure elevated plasma MIF levels in polytrauma patients.
However, we cannot exclude the possibility that the increased
plasma levels are not exclusively associated with polytrauma. The
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animal models used in our study do not encompass all aspects of
trauma/HS and further long-term survival experiments are
needed to verify that the observed early reduction in MODS
does, indeed, translate to improved outcome and ultimately
reduced mortality. Hence, caution must be exercised when
interpreting the pre-clinical results and extrapolating to the
clinical scenario. Additionally, future studies in larger animals/
higher species may be useful to confirm efficacy and to further
examine the mechanism(s) of action (e.g. microcirculatory effects
and blood gas analysis) of ISO-1 in HS. It should be noted that
only healthy young male rats were used and, hence, age and
gender differences and the presence of co-morbidities were not
investigated (but may well impact outcome). Moreover, clinical
studies with larger cohorts of trauma patients are required to
robustly examine the relationship between MIF activity,
inhibition and clinical outcomes in humans. Whilst we did not
measure the long-term stability of MIF in the patient samples
collected between 2010-2014, we were able to demonstrate
significant and time-related elevations in MIF in the blood of
patients with trauma and haemorrhage. Indeed, the peak levels of
MIF observed in patients on admission to the hospital (measured
in samples that were several years old) were similar to the peak
levels measured in rats with severe haemorrhage (that we
measured within weeks of completing the experiments).
Nevertheless, we cannot, however, entirely rule out that the
levels of MIF in patients with trauma-haemorrhage would have
been even higher if the MIF determinations would have been
carried out earlier after the trauma occurred.

CONCLUSIONS

In conclusion, we demonstrate here for the first time that MIF
levels are elevated in polytrauma patients on arrival to the
emergency room and higher MIF levels are associated with
longer stays in ICU and hospital overall. The finding that HS
alone (in the absence of physical trauma) in rats resulted in a rise
in MIF levels similar to that seen in polytrauma patients supports
the view that haemorrhage is the main driver for the elevations in
MIF. Furthermore, treatment with ISO-1 reduces the organ
injury/dysfunction and circulatory failure caused by severe
haemorrhage in the rat, highlighting a role of MIF in disease
pathogenesis. Administration of ISO-1 attenuates the degree of
NF-kB and NLRP3 inflammasome activation (measured in the
kidney and liver), both of which are key drivers of local and
systemic inflammation. Thus, we propose that MIF inhibitors
may be used in trauma patients to lower the organ injury and
inflammation caused by severe haemorrhage and resuscitation.
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Inducible T cell co-stimulator (ICOS), an immune checkpoint protein expressed on
activated T cells and its unique ligand, ICOSL, which is expressed on antigen-
presenting cells and non-hematopoietic cells, have been extensively investigated in
the immune response. Recent findings showed that a soluble recombinant form of
ICOS (ICOS-Fc) can act as an innovative immunomodulatory drug as both
antagonist of ICOS and agonist of ICOSL, modulating cytokine release and cell
migration to inflamed tissues. Although the ICOS-ICOSL pathway has been poorly
investigated in the septic context, a few studies have reported that septic patients
have reduced ICOS expression in whole blood and increased serum levels of
osteopontin (OPN), that is another ligand of ICOSL. Thus, we investigated the
pathological role of the ICOS-ICOSL axis in the context of sepsis and the potential
protective effects of its immunomodulation by administering ICOS-Fc in a murine
model of sepsis. Polymicrobial sepsis was induced by cecal ligation and puncture
(CLP) in five-month-old male wild-type (WT) C57BL/6, ICOS™", ICOSL”" and
OPN™" mice. One hour after the surgical procedure, either CLP or Sham
(control) mice were randomly assigned to receive once ICOS-Fc, ™9°ICOS-Fc, a
mutated form uncapable to bind ICOSL, or vehicle intravenously. Organs and
plasma were collected 24 h after surgery for analyses. When compared to Sham
mice, WT mice that underwent CLP developed within 24 h a higher clinical severity
score, a reduced body temperature, an increase in plasma cytokines (TNF-a, IL-15,
IL-6, IFN-y and IL-10), liver injury (AST and ALT) and kidney (creatinine and urea)
dysfunction. Administration of ICOS-Fc to WT CLP mice reduced all of these
abnormalities caused by sepsis. Similar beneficial effects were not seen in CLP-mice
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treated with ™9%ICOS-Fc. Treatment of CLP-mice with ICOS-Fc also attenuated
the sepsis-induced local activation of FAK, P38 MAPK and NLRP3 inflammasome.
ICOS-Fc seemed to act at both sides of the ICOS-ICOSL interaction, as the
protective effect was lost in septic knockout mice for the ICOS or ICOSL genes,
whereas it was maintained in OPN knockout mice. Collectively, our data show the
beneficial effects of pharmacological modulation of the ICOS-ICOSL pathway in
counteracting the sepsis-induced inflammation and organ dysfunction.

KEYWORDS

sepsis, inflammation, ICOS (inducible co-stimulatory molecule), cecal ligation and
puncture, osteopontin (OPN)

Introduction

Sepsis is a life-threatening medical emergency characterized
by a complex interplay of pro- and anti-inflammatory host
responses, resulting in multiple organ dysfunction that can
ultimately lead to death (1). Currently, deaths from sepsis
correspond to nearly 20% of all deaths worldwide, and there is
still no specific treatment available (2). The inducible T cell co-
stimulator (ICOS, also known as CD278) belongs to the CD28
family of co-stimulatory immunoreceptors. It is a type I
transmembrane glycoprotein whose expression is rapidly
upregulated upon T cells activation (3). ICOS binds to its
unique ligand (ICOSL, also known as CD275 or B7h), a
member of the B7 family highly expressed on antigen-
presenting cells (APCs) and non-hematopoietic cells under
inflammatory stimuli (4-5). Thus far, the role of ICOS-ICOSL
interaction has been poorly investigated in sepsis, although
recent findings report that ICOS expression is reduced in
whole blood of septic patients (6), and that reduced ICOS
levels are strongly associated with organ dysfunction (7). To
date, it is very well documented that the ICOS-ICOSL axis may
display bidirectional effects. On the one hand, ICOS triggering
modulates cytokine production in activated T cells and
contributes to T regulatory (Treg) cells differentiation and
survival (8-9). Given the fact that both animals and septic
patients have an increased percentage of circulating Treg cells
(10-12), it is suggestive that ICOS triggering may play a role in
the septic immunosuppressive status. On the other hand, ICOSL
triggering by ICOS may exert anti-inflammatory effects via
responses, such as modulating the maturation and migration
of macrophage and dendritic cells and the endothelial cell
adhesiveness (13).

Recently, another ligand for ICOSL has been identified,
osteopontin (OPN), an inflammatory mediator that binds to
ICOSL in an alternative binding domain to that used by ICOS.
Intriguingly, ICOS and OPN exert different and often opposite
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effects upon ICOSL triggering since OPN stimulates, whereas
ICOS inhibits, migration of several cell types and tumor
angiogenesis (14-16). Conventionally, a soluble recombinant
form of ICOS (ICOS-Fc) has been designed by fusing a cloned
extracellular portion of human or mouse ICOS with an Fc IgG1
portion and this molecule has been shown to trigger ICOSL thus
promoting down-stream responses (17).

In vitro, ICOS-Fc inhibits adhesiveness of endothelial cells
toward polymorphonuclear cells and tumor cells and migration of
endothelial cells and tumor cells (15). These ICOS-Fc effects can also
be recorded in dendritic cells (DC), along with modulated cytokine
release and antigen cross-presentation in class I major
histocompatibility complex molecules (13), while in osteoclasts,
ICOS-Fc inhibits differentiation and function (18). In vivo, ICOS-
Fc inhibits tumor growth and metastasis, development of
osteoporosis, liver damage induced by acute inflammation
following treatment with CCl4, and it favors skin wound healing
(18-21). Nevertheless, little is known about the molecular
mechanism(s) involved in ICOSL-mediated inflammatory
response. The p38 MAPK, a well-known mediator that drives
inflammation through upregulation of several pro-inflammatory
cytokines such as TNF-o. and IL-6 (22), and the NOD-like
receptor protein 3 (NLRP3) inflammasome, able to induce the
release of IL-1B and IL-18 and promote cell death by pyroptosis
(23), are two of the most well characterized signaling pathways
involved in the activation of the cytokine storm that contributes to
organ dysfunction during sepsis. Furthermore, their
pharmacological or genetic inhibition has been shown to reduce
sepsis-related mortality (22-24). Finally, a non-receptor protein
kinase namely Focal adhesion kinase (FAK) has been recently
reported to signal inflammation downstream of the Toll-like
receptor 4 upon lipopolysaccharide (LPS) challenge in
macrophages and lung tissues (25). Therefore, here we
investigated, for the first time, the pathological role of ICOS-
ICOSL axis in the context of sepsis, its impact on selective
inflammatory pathways and the potential protective effects of its
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immunomodulation by administering ICOS-Fc in an experimental
model of sepsis.

Material and methods
Animals and ethical statement

Inbred wild-type (WT, C57BL/6) mice, ICOSL knockout
mice (ICOSL™", B6.129P2-IcosI™™%¥/J), ICOS knockout mice
(ICOS™", B6.129P2-Icos™™2¥/]) and OPN knockout mice
(OPN™", B6.129S6(Cg)-SppltmlBlh/]) were purchased from
Envigo laboratories, (IT) and The Jackson Laboratory (Bar
Harbor, ME, USA). Mice were housed under standard
laboratory conditions, such as room temperature (25 + 2°C)
and light-controlled with free access to water and rodent chow
for four weeks prior starting the experimental procedures. All
animal protocols reported in this study followed the ARRIVE
guidelines (26) and the recommendations for preclinical studies
of sepsis provided by the MQTiPSS (27) The procedures were
approved by the University’s Institutional Ethics Committee as
well as the National Authorities (Protocol number: 855/2021).

Cecal ligation and puncture (CLP)-
induced sepsis model

Polymicrobial sepsis was carried out by CLP surgery in male,
five-month-old mice. Mice were initially placed in an anesthetisia
chamber (3% isoflurane -IsoFlo, Abbott Laboratories — delivered in
oxygen 0.4 L/min), then kept under anaesthesia throughout surgery
with 2% isoflurane delivered in oxygen 0.4 L/min via a nosecone.
The body temperature was maintained at 37 °C through a
homoeothermic blanket and constantly monitored by a rectal
thermometer. Briefly, a mid-line laparotomy (~1.0 cm) was
performed in the abdomen, exposing the cecum. The cecum was
then totally ligated just below the ileocecal valve and a G-21 needle
was used to puncture the ligated cecum in a single through-and-
through manner. A small amount (droplet, ~3mm) of fecal content
was released from the cecum which was carefully relocated into the
peritoneum. Sham mice underwent the same surgical procedure, but
without CLP. All animals received Carprofen (5 mg/kg, s.c.) as an
analgesic agent and resuscitation fluid (0.9% NaCl, 50 mL/kg, s.c.) at
37°C. Mice were constantly monitored post-surgical and then placed
back into fresh clean cages.

At 24 h, body temperature and a clinical score to assess
symptoms consistent with murine sepsis were recorded blindly.
The following 6 criteria were used for the clinical score: lethargy,
piloerection, tremors, periorbital exudates, respiratory distress
and diarrhea. An observed clinical score >3 was considered as

Frontiers in Immunology

03

10.3389/fimmu.2022.992614

severe sepsis, while a score between 3 and 1 was considered as
moderate sepsis (28).

Study design

Seventy-two mice were randomized into eight groups (9 mice
per group): Sham + Vehicle, CLP + Vehicle, CLP + ICOS-Fc, CLP +
FI%ICOS-Fe, CLP ICOSL”” + Vehicle, CLP ICOS™ + Vehicle, CLP
ICOS”" + ICOS-Fc and OPN™" + Vehicle. Treatment was given once
one hour after surgery, where mice received either ICOS-Fc (100 pg
each), "SICOS-Fc (100 pg each) or Vehicle (PBS, pH 7.4, 100 pl
each) by intravenous injection (Figure 1).

Blood collection and organ harvesting

Twenty-four h after surgery all mice were anesthetized with
isoflurane (3%) delivered in oxygen (0.4 L/min) and euthanized
by cardiac exsanguination. Whole blood was withdrawn from
each mouse in vials (EDTA 17.1 uM/mL) and plasma content
was obtained after centrifugation (13,000 g, 10 min at R.T.).
Organ samples (liver and kidney) were harvested and placed in
cryotubes which were snap frozen in liquid nitrogen for storage
at freezer -80°C. The samples were then analyzed in a blinded
fashion (Figure 1).

Biomarkers of organ injury and
systemic inflammation

Plasma samples were used to measure systemic levels of
aspartate aminotransferase (AST) (#7036) and alanine
aminotransferase (ALT) (#7018) (as markers of hepatocellular
injury), creatinine (#7075) and urea (#7144) (as markers of renal
dysfunction) using colorimetric clinical assay kits (FAR
Diagnostics, Verona, Italy) according to the manufacturer’s
instructions. Systemic cytokine levels were determined in
plasma using the Luminex suspension bead-based multiplexed
Bio-Plex Pro'" Mouse Cytokine Th17 Panel A 6-Plex
(#M6000007NY) assay (Bio-Rad, Kabelsketal, Germany). The
cytokines (IL-1B, IL-6, TNF-o, IFN-y, IL-17 and IL-10) were
measured following the manufacturer’s instructions.

Myeloperoxidase (MPO) activity analysis
MPO activity analysis was carried out in liver and kidney
samples as previously described (29). Tissue samples (~100 mg)

were homogenized (1:5 w-v) in 20 mM PBS (pH 7.4) and then
centrifuged at 4°C (13,000 g, 10 min). Pellets were resuspended in
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FIGURE 1

Timeline of the experimental design to investigate the role of ICOS-Fc in sepsis. Wild-type mice and/or ICOSL, ICOS and OPN knockout mice were
randomly selected to undergo either Sham or CLP surgery. One hour later, mice received once either Vehicle (PBS, 100 pL), ICOS-Fc (100 ug) or

FI981COS-Fe (100 pg) intravenously. At 24 h all parameters were analyzed

500 pL of hexadecyltrimethylammonium bromide buffer (0.5%
HTAB in 50 mM PBS, pH 6.0). A second centrifugation at 4°C
(13,000 g, 10 min was performed and the supernatants (30 uL) were
assessed for MPO activity by measuring spectrophotometrically (650
nm) the H,0,-dependent oxidation of 3,3’,5,5'-
tetramethylbenzidine (TMB). Bicinchoninic acid (BCA) protein
assay (Pierce Biotechnology Inc., Rockford, IL, USA) was used to
quantify the protein content in the final supernatant. MPO activity
was expressed as optical density (O.D.) at 650 nm per mg of protein.

Western blot analysis

Semi-quantitative immunoblot technique was carried out in
hepatic and renal tissue samples as previously described (30).
Total proteins were extracted from 50 mg of each tissue and the
total content was quantified using BCA protein method
following the manufacturer’s instructions. Briefly, total
proteins (50 pg/well) were separated by 8 and 10% sodium
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to a polyvinylidene difluoride (PVDF)
membrane, which was then blocked with 5% non-fat dry milk
prepared in TBS-T buffer for 1 h at RT, followed by incubation
with primary antibodies at the dilution 1:1000., rabbit anti-
Thr'®/anti-Tyr'®* p38 (Cell Signaling #9211); rabbit anti-total
p38 (Cell Signaling #9212); mouse anti-NRLP3 (Adipogen- AG-
20B-0014-C100); rabbit anti-Caspase-1 (Cell Signaling #24232);
rabbit anti-Tyr**” FAK (Cell Signaling #3283); rabbit anti-total
FAK (Cell Signaling #3285). The membranes were then
incubated with a secondary antibody conjugated with

Frontiers in Immunology 04

horseradish peroxidase (HRP) at the dilution 1:10000 for 1 h
at RT (anti-mouse or anti-rabbit, Cell Signaling #7076 and
#7074, respectively). Afterwards, the membranes were stripped
and incubated with rabbit anti-B-actin (Cell Signaling #4970).
Immune complexes were visualized by chemiluminescence and
the densitometric analysis was performed using Bio-Rad Image
Lab Software 6.0.1. Results were normalized to sham bands.

Statistical analysis and data presentation

Sample size was determined on the basis of prior power
calculations using G-Power 3.1™ software (31). Data are
expressed as dot plots (for each mouse) and as mean + SEM
of 9 mice per group. Shapiro-Wilk and Bartlett tests were used to
verify data distribution and the homogeneity of variances,
respectively. The statistical analysis was performed by one-way
ANOVA, followed by Bonferroni’s post-hoc test. Data not
normally distributed, a non-parametric statistical analysis was
applied through Kruskal-Wallis followed by Dunn’s post hoc-test
as indicated in the figure legends. Statistical significance was set
at P < 0.05. Statistical analysis was performed using GraphPad
Prism® software version 7.05 (San Diego, California, USA).

Materials

Unless otherwise stated, all reagents were purchased from
the Sigma-Aldrich Company Ltd. (St. Louis, Missouri, USA).
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Results

ICOS-Fc-mediated immunomodulation
attenuates clinical status and organ
injury/dysfunction triggered by sepsis

Sepsis was induced by CLP in WT mice treated with vehicle,
ICOS-Fc or F1?SICOS-Fc (unable to bind ICOSL) and clinical
scores and body temperature were recorded after 24 h.
Moreover, sepsis was induced in mice deficient for ICOS,
ICOSL, or OPN to assess the role the endogenous molecules of
the ICOS/ICOSL/OPN system. Finally, a group of ICOS-
deficient mice received ICOS-Fc treatment to evaluate the
effect of the drug in the absence of the endogenous ICOS.

Results showed that, as expected, CLP-induced sepsis in WT
mice led to a higher clinical severity score (Figure 2A) when
compared to Sham WT mice, which was also associated with
lower body temperature (Figure 2B). Intriguingly, treatment
with ICOS-Fc improved both clinical score and hyphotermia
in WT septic mice, whereas treatment with FI9S1COS-Fc had no
effect (Figures 2A, B). Analysis of CLP knockout mice showed
that ICOS™" and ICOSL”" mice showed similar clinical scores
and decreased body temperatures as WT mice, whereas OPN 7"
mice developed milder sepsis, with lower clinical scores and
higher body temperature than WT mice. In ICOS”" mice,
treatment with ICOS-Fc induced similar positive effects as in
WT mice (Figures 2A, B).

To investigate organ injury or dysfunction, plasma levels of
ALT, AST, creatinine and urea were evaluated in these mice.
Figure 3 shows that results mirrored those shown in Fig.2: CLP-

Severity score
NN

°

10.3389/fimmu.2022.992614

induced sepsis caused striking increase of ALT, AST, creatinine
and urea levels in WT type mice, and these levels were decreased
by treatment with ICOS-Fc, but not "'*SICOS-Fc. Levels of
these markers were increased also in CLP ICOS”" and ICOSL™"
mice and urea levels were even higher in ICOS™ than in WT
mice. In CLP ICOS™" mice, treatment with ICOS-Fc significantly
decreased all these markers. In CLP OPN™" mice, levels of these
markers were significantly lower than in CLP WT mice.

ICOS-Fc administration modulates
experimental sepsis-induced
cytokine storm

The 6 cytokines were measured systemically in plasma
samples by using a multiplex array. Figure 4 shows that, in
WT mice, CLP-induced sepsis led to a cytokine storm with
significant increase of levels of IL-1f, IL-6, IL-10, TNF-o., IFN-y
and a slight not significant increase of IL-17 compared to Sham
mice. Administration of ICOS-Fc to WT CLP mice induced a
significant decrease of IL-13 and TNF-o, whereas FL9STCOS-Fc
had no effect. Levels of IL-1f, IL-6, IL-10, TNF-0., and IFN-y
were also increased in CLP ICOS™" and ICOSL”" mice at levels
similar to those observed in CLP WT mice. Moreover, CLP
ICOSL”" mice showed higher levels of IL-17 than Sham mice,
and CLP ICOS”" mice displayed higher levels of TNF-o. and,
especially, IL-10 than CLP WT mice. The CLP ICOS”" mice
treated with ICOS-Fc significantly decreased levels of IL-1f, IL-6
and IL-10 compared to the untreated counterparts. In CLP
OPN™" mice, the increase of these cytokines was in general

CLP

FIGURE 2

Role of the ICOS-ICOSL axis in the clinical status of experimental sepsis. Wild-type mice and/or ICOSL, ICOS and OPN knockout mice were
randomly selected to undergo either Sham or CLP surgery. One hour later, mice received once either Vehicle (PBS, 100 pL), ICOS-Fc (100 pg)
or F1951COS-Fc (100 pg) intravenously. At 24 h, severity score (A) and body temperature (B) were recorded. Data are expressed as dot plots (for
each animal) and as mean + S.E.M of 9 mice per group. Severity score was analyzed by a non-parametric test (Kruskal-Wallis) followed by
Dunn’s post hoc-test, whereas a parametric test (one-way ANOVA) followed by Bonferroni's post hoc-test was used for body temperature.
*p<0.05 vs Sham + Vehicle; #p<0.05 vs CLP + Vehicle; p<0.05 vs ICOS™" + Vehicle.
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Effect of ICOS-ICOSL axis immunomodulation on sepsis-induced organ damage biomarkers. Wild-type mice and/or ICOSL, ICOS and OPN knockout
mice were randomly selected to undergo either Sham or CLP surgery. One hour later, mice received once either Vehicle (PBS, 100 pL), ICOS-Fc (100 ug)
or 19ICOS-Fc (100 pg) intravenously. At 24 h, blood samples were withdrawn from each mouse and plasma levels of alanine transaminase (ALT) (A),
aspartate transaminase (AST) (B), creatinine (C) and urea (D) were determined. Data are expressed as dot plots (for each animal) and as mean + S.EM of 9
mice per group. Statistical analysis was performed by one-way ANOVA followed by Bonferroni's post hoc test. *p<0.05 vs Sham + Vehicle; #p<0.05 vs

CLP + Vehicle; ®p<0.05 vs ICOS™" + Vehicle.

moderate, with levels of IL-6, IL-10, TNF-o. and IFN-y higher
than in Sham mice, and levels of IL-1f and IL-6 lower than in
CLP WT mice.

ICOS-Fc treatment reduces sepsis-
induced increase in MPO activity
in the kidney

MPO activity was assessed in the liver and kidney, as an indirect
biomarker of leukocyte tissue infiltration (Figure 5). When
compared to Sham mice, CLP WT mice had increased MPO
activity in both liver and kidney samples, and MPO activity was
significanly decreased by ICOS-Fc (but not F''**ICOS-Fc
treatment) in the kidney, but not in the liver. In the liver, MPO
activity was similarly increased also in CLP ICOS”", ICOSL™", and
OPN™" mice, and it was not modified by ICOS-Fc treatment in CLP
ICOS™ mice. In the kidney, MPO activity was increased in CLP
ICOS™ and ICOSL”" mice, and treatment with ICOS-Fc decreased
MPO activity in CLP ICOS”" mice. By contrast, CLP OPN”" mice
showed lower MPO levels in the kidney than CLP WT mice.
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ICOS-Fc treatment reduces local FAK/
p38 signalling and NLRP3 inflammasome
activation in septic mice

In order to better elucidate the molecular mechanism
underlying the beneficial effects evoked by ICOS-Fc
administration, we focused on WT mice investigating the
changes in some signaling cascades, previously documented to
be affected by the ICOS-ICOSL axis and, at the same time,
known to exert key role in sepsis pathogenesis. Western blot
analysis showed that CLP mice showed significant increase of
the phosphorylation of FAK at Tyr**” and p38 MAPK at Thr'®"/
Tyr'® in both hepatic (Figures 6A, C) and renal (Figures 6B, D)
tissues, when compared to Sham mice. Interestingly, mice
treatment with ICOS-Fc significantly attenuated the degree of
phosphorylation of FAK/p38 axis in both tissues, thus suggesting
reduced activation of these signaling pathways (Figures 6A-D).

We then assessed the activation of the inflammasome, by
evaluating the expression of NLRP3 and cleaved caspase-1 in
both liver and kidney samples (Figures 6E-H). Results showed
that, in both tissues, CLP-induced sepsis significantly increased both
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Vehicle; ®p<0.05 vs ICOS™”" + Vehicle.
molecules, and the increase was inhibited by mice treatment with
ICOS-Fc (Figures 6E-H).
Discussion

Currently, most research on sepsis is focused on blocking

the initial hyperinflammation, which in turn has resulted in
promising outcomes. However, recent reports showed that
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both pro- and anti-inflammatory responses occur
immediately and simultaneously after the onset of sepsis and
most patients who survive this initial hyperinflammatory phase
develop an immunosuppressive phase that can progress to late
deaths (1, 32 and 33). Among the main causes of death in this
immunosuppressive phase, the failure to control a primary
infection and/or secondary hospital-acquired infections stands
out (34). In the present study we report for the first time
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that ICOS-ICOSL axis may play a role in regulation of
uncontrolled inflammation and organ injury induced by
sepsis and that treatment of septic mice with ICOS-Fc may
represent a novel immunomodulatory pharmacological
approach that can simultaneously counteract both sepsis-
induced hyperinflammation and immunosuppression.

These findings were obtained by evoking polymicrobial sepsis in
either WT mice and knockout mice for ICOS, ICOSL and OPN
genes. As expected, severe sepsis (score >3) was observed in vehicle-
treated septic mice, suggesting potential late deaths, since the clinical
scoring system is used as a surrogate marker of mortality. This
detrimental effect was also associated with low body temperature
(~27°C), as similarly, hypothermia is another surrogate marker of
mortality, as a 5°C decrease over time or <30°C has also been shown
to predict death in CLP-induced septic mice (35). Moreover, septic
mice showed liver and kidney damage, displayed by increase of
plasma AST/ALT and creatinine/urea levels, respectively, which is in
line with the notion that sepsis can cause multiple organ failure
including hepatocellular injury and renal dysfunction.

Intriguingly, treatment with ICOS-Fc substantially
ameliorated the clinical picture by significantly decreasing all
these parameters of sepsis. The effect was specific since no
protection was detected following administration of ****ICOS-
Fc (a mutated form of ICOS-Fc carrying a phenylalanine-to-
serine substitution at position 119).

Theoretically, the protective activity of ICOS-Fc might be
ascribed to a twofold mechanism, i.e. on the one hand to the
inhibition of the endogenous ICOS activity and, on the other
hand, to triggering of the endogenous ICOSL. However, the
effectiveness of ICOS-Fc not only in WT mice but also in ICOS™
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mice, lacking the endogenous ICOS, strongly suggest that the
main protective effect on sepsis is due to triggering of ICOSL,
which is in line with previous works showing that ICOSL
triggering by ICOS-Fc elicits several anti-inflammatory
activities both in vitro and in vivo (13, 15, 16, 19).

These results are in keeping also with recent findings
showing that ICOS-Fc protects against liver damage through a
shift of pro-inflammatory monocyte-derived macrophages to an
anti-inflammatory phenotype (20). In parallel, the direct
renoprotective effect triggered by ICOS-Fc treatment is
supported by a recent study showing a key role of ICOSL in
preventing early kidney disease, possibly through a selective
binding to podocyte owvf33 integrin, in which ICOSL serves as an
ovPB3-selective antagonist that maintains adequate glomerular
filtration (36).

The use of knockout mice highlighted that, in sepsis, a key
role may be played by OPN as all the above septic parameters
were significantly decreased in OPN”" mice, so that OPN
deficiency mirrored the effect of ICOS-Fc in WT mice. This
finding is in line with data showing that, in humans, OPN
levels are increased in sepsis (37) and OPN might be involved
in the sepsis pathogenesis, possibly by supporting IL-6
secretion (38). Moreover, several reports showed that ICOS-
Fc inhibits several proinflammatory activities of OPN in vitro
and in vivo (16, 37, 39 and 40). Our findings are in keeping
also with recent data showing that macrophage-derived OPN
promotes glomerular injury in an experimental model of
inflammatory and progressive kidney disease (41). OPN is
an heavily phosphorylated extracellular protein, expressed
and secreted by several cell types, including macrophages,
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Effect of ICOS-ICOSL axis immunomodulation on tissue inflammatory pathways during experimental sepsis. Wild-type mice and/or ICOSL, ICOS
and OPN knockout mice were randomly selected to undergo either Sham or CLP surgery. One hour later, mice received once either Vehicle
(PBS, 100 pL), ICOS-Fc (100 pg) or ™95ICOS-Fc (100 pg) intravenously. At 24 h, liver and kidney samples were harvested, and total proteins
were extracted from them. Western blotting analysis for phosphorylation of Tyr**” on FAK in the liver (A) and kidney (B) were normalized to total
FAK; Phosphorylation of Thr'®°/Tyr'®2 on p38 in the liver (C) and kidney (D) were normalized to total p38; NLRP3 expression in the liver (E) and
kidney (F) were corrected against B-actin and normalized using the Sham related bands; Cleaved caspase-1 expression in the liver (G) and
kidney (H) were corrected against B-actin and normalized using the Sham related bands. Densitometric analysis of the bands are expressed as
relative optical density (O.D.). Data are expressed as dot plots (for each animal) and as mean + S.E.M of 4-5 mice per group. Statistical analysis
was performed by one-way ANOVA followed by Bonferroni's post hoc test. *p<0.05 vs Sham + Vehicle; #p<0.05 vs CLP + Vehicle.
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endothelial cells, dendritic cells and T-cells. It can act as a
cytokine mediating several biological functions, including cell
migration, adhesion, activation of inflammatory cells, and
modulation of T cell activation supporting differentiation of
proinflammatory type 1 (Thl) and type 17 (Th17) Th
cells (42).

Analysis of plasmatic cytokines showed that, in all mouse
strains, sepsis was accompanied by increase of IL-1, IL-6, IL-
10, TNF-a and IFN-y. Moreover, increase of TNF-o and,
especially, IL-10 was particularly striking in ICOS”" mice,
which may point out that ICOS deficiency causes a
dysregulation of activation of M1 and M2 macrophages.
However, treatment with ICOS-Fc significantly decreased IL-
1B and TNF-a in WT mice and IL-1B, IL-6 and IL-10 in
ICOS™" mice indicating that ICOS-Fc substantially
downmodulates the cytokine storm in sepsis. In OPN™" mice,
increase of these cytokines was in general moderate, with a
significant decrease of IL-1B and IL-6, in line with the mild
sepsis developed by these mice.

Among the main inflammatory pathways activated during
sepsis, we report a local (liver and kidney) overactivation of
the FAK and p38 MAPK pathways in CLP mice. Previously,
we have shown that the FAK pathway mediates inflammation
through p38 MAPK and that this inflammatory axis plays a
role in exacerbating inflammation (28). Activation of this axis
promotes increased expression/secretion of pro-inflammatory
cytokines such as TNF-o,, IL-6, IL-1f3 and IL-17, which in turn
contribute to the cytokine storm and multiple organ failure
(MOF) associated with sepsis (43). Intriguingly, treatment of
septic mice with ICOS-Fc significantly attenuated FAK and
p38 MAPK phosphorylation, thus reducing their activation
during septic insult, with a following impact on the
development of the above-mentioned cytokine storm. These
findings are in accordance with previous studies focused on
tumor cell migration, whose treatment with ICOS-Fc reduces
FAK and p38 MAPK activation both in vitro and in vivo (15,
19). As we and other have recently shown, FAK activation may
also affect the overexpression and activation of another
peculiar inflammatory pathway, NLRP3 inflammasome
complex (28, 44). Thus, we wondered here whether ICOS-Fc
could also infer with this cross-talk mechanism linking FAK to
NLRP3 activation within the septic context. We report here
that experimental sepsis led to an overactivation of the NLRP3
complex and consequent activation of its downstream
mediator caspase-1, which were significantly reduced by
treatment with ICOS-Fc, thus leading to reduced systemic
release of IL-1B. In addition to the impact on the
aforementioned inflammatory pathways, ICOS-Fc
administration seems to directly affect leukocyte migration
in CLP mice, as documented by the changes in MPO activity, a
well-known biomarker of neutrophil infiltration, in both liver
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and kidney homogenates (45). Specifically, we documented
that the sepsis-induced increase in MPO activity in renal
tissues, was significantly counteracted by ICOS-Fc treatment.
This effect, on the other hand, was absent when CLP mice were
treated with "''?*ICOS-Fc. Intriguingly, increased MPO
activity was recorded in liver homogenates from septic mice,
regardless of drug treatment or genetic intervention, when
compared to Sham mice. Despite ICOS-Fc has been shown to
reduce the migration of polymorphonuclear cells into
inflamed tissues (15), these discrepant events observed in
liver and kidney tissue may be the result of different levels of
ICOSL expression. This finding corroborates a previous study
reporting that hepatocytes did not express ICOSL, when
compare to other organs, such as the kidney (46). Thus,
suggesting that the hepatic protection induced by ICOS-Fc
in septic mice is mainly due to a local and systemic resolution
of inflammation rather than a reduction in leukocyte
infiltration. A schematic representation summarizing the
role of ICOS-ICOSL axis in the pathogenesis of sepsis and
the protective effects of ICOS-Fc following sepsis-induced
multiple organ failure is shown in Figure 7.

Despite the originality of our findings, we are aware of
several limitations of our study, including the lack of extension
of these findings to other important functional organs related
to MOF during sepsis, such as the lungs and the cardiac tissue,
along with the lack of analysis suggestive of the direct effect of
ICOS-Fc treatment in preventing immunosuppression. Albeit
the in vivo protocol described here is in accordance with the
main recommendations provided by MQTiPSS consensus
guidelines (27), we are not authorized to perform a survival
study to assess the long-term effect of ICOS-Fc due to ethical
reasons. Thus, further studies are needed to extend the clinical
relevance of our findings as well as to gain a better insight into
the safety profile of the proposed drug treatment.

Conclusions

In conclusion, we demonstrate here, for the first time, that
the ICOS-ICOSL axis plays a crucial role in the development of
systemic inflammation and organ damage induced by a
clinically relevant sepsis model. These findings were
confirmed by an exacerbation of septic injury in mice
knockout for the ICOS and ICOSL genes. Interestingly, we
also documented its draggability by showing protection when
ICOS-Fc, a recombinant protein which act as an antagonist
of ICOS and an agonist of ICOSL, was administered during
sepsis. The beneficial effects of this innovative pharmacological
approach are likely due to a potential cross-talk mechanisms
involving the FAK-p38-NLRP3 inflammasome axis. A greater

frontiersin.org



Alves et al.

&EPTIC INSULT

1COSL-expressing cells 1COS-Fc T-cell

ICOSL-ICOS axis - bidirectional effects

/ 1COS
ICOSL
R
O OPN

10.3389/fimmu.2022.992614

IMMUNODEPRESSION

> Limphocyte apoptosis

ICOSL

N NLRP3

< inflammasome
(=g«
ransaiplorfaaors

Target gene transcription

) IL6 (
TNF-a

Organ injury/dysfunction

Cytokinestorm ,_g @
‘\
wip | g 5

|
IFN-y 2

Neutrophil recruitment

FIGURE 7

Schematic representation on the role of ICOS-ICOSL axis in the pathogenesis of sepsis. Septic insult results in an imbalance in the ICOS-ICOSL
axis, leading to bidirectional harmful effects, where, on the one hand, the triggering of ICOS can induce immunosuppression, while, on the
other hand, the signaling pathway downstream of the ICOSL protein leads to overactivation of FAK-p38-NLRP3 axis, promoting the transcription
of pro-inflammatory genes, as well as the cleavage of pro IL-1p into IL-1B and subsequent production of pro-inflammatory cytokines. Leukocyte
recruitment is also stimulated by the release of cytokines. Systemic hyperinflammation (cytokine storm), along with polymorphonuclear cell
recruitment, contributes to the onset of multiple organ failure. Treatment with ICOS-Fc can attenuate sepsis-induced hyperinflammation and

therefore MOF to improve clinical outcomes.

understanding of the molecular basis of ICOS-Fc-mediated
effects is needed to harness its actions as a potentially powerful
immunomodulatory tool for counteracting inflammation and
organ injury in sepsis.
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