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Resumo
O potencial do ABT-263 como agente terapéutico na patologia periférica associada a
les6es da medula espinhal

Lesbes na medula espinhal (LME) sdo alteragbes neurologicas severas,
caracterizadas por défices motores e sensitivos, que estdo frequentemente associados a
inducao de alteracdes periféricas secundarias. Duas principais causas responsaveis por esta
patologia periférica sdo: a interrup¢gdo mecanica da inervagédo do Sistema Nervoso Simpatico
€ 0 seu controlo supra-espinhal; e a resposta inflamatoéria sistémica associada. A eliminacao
de células senescentes induzidas por LME, através do uso do senolitico ABT-263, é
responsavel por uma melhoria significativa da fungdo motora, sensitiva e da bexiga. Estas
estdo também associadas a redugao de citoquinas, quimiocinas e de fatores do fendtipo
secretor associado a senescéncia (SASP). No nosso estudo, colocamos a hipétese de que a
acumulacao dos fatores SASP na medula espinhal poderia ser responsavel pela sua difusdo
sistémica e, desta forma, a inducdo de senescéncia, SASP, e consequentemente patologia
nos 6rgaos periféricos. Como o ABT-263 foi benéfico na medula espinhal, quisemos avaliar se
o seu efeito se mantinha na periferia, atenuando as condi¢des secundarias.

Avaliamos o perfil de citoquinas da medula espinhal, figado e bexiga de murganhos
com LME ao nivel da T9, tratados com veiculo ou ABT-263 em diferentes dias pos-leséo (dpl).
Para além disto, a histopatologia e o perfil de senescéncia foram avaliados usando H&E, e
outras coloragdes, incluindo o SA-B-gal, respetivamente, bem como imunohistoquimica. A
analise de imagem e respetivas quantificagdes foram realizadas usando o QuPath.

Os nossos resultados demonstraram a indugéo cronica aos 30 dpl na medula espinhal
de fatores pro-inflamatérios e uma perda de eficacia do ABT-263 comparado com os 15 dpl.
No figado, aos 15 dpl observou-se a indugdo de citoquinas inflamatdrias e fatores pro-
fibréticos. No entanto, o ABT-263 ndo conseguiu diminuir a expressdo destes fatores. Ao
mesmo tempo, houve um aumento do niumero de células senescentes no grupo tratado com
ABT-263, sugerindo hepatoxicidade. Isto foi confirmado pela indugéo de fatores pro-fibréticos
e pro-inflamatdrios no figado dos animais tratados com ABT-263 aos 30dpl. Nao obstante,
aos 15 dpl ndo havia alteragdes histopatolégicas significativas. O bago nao parece ser afetado
por lesao a este nivel. A bexiga também revelou um microambiente e fendétipo inflamatério e
pro-fibrotico. Todavia, os efeitos benéficos do ABT-263 apenas foram observados aos 30 dpl,
sugerindo uma possivel modulagao intermédia entre os 15 e os 30 dpl.

Concluindo, neste momento ainda nao foi possivel de forma irrefutavel demonstrar a
existéncia de um SASP sistémico, responsavel pela indugcdo de senescéncia e pela patologia
periférica ja descrita. Mais estudos s&o necessarios.

Palavras-chave: Lesdo na medula espinhal; Sindrome da Disfungdo em Mudltiplos Orgaos;

Senescéncia; Fendtipo secretor induzido por senescéncia; ABT-263.



Abstract
The potential of ABT-263 as a therapeutic agent in spinal cord injury-induced
peripheral pathology

Spinal cord injury (SCI) is a serious neurological condition characterized by motor and
sensory impairments, often associated with the induction of peripheral secondary conditions.
There are two main causes identified for this peripheral pathology: the severance of the
sympathetic nervous system and its supraspinal control; and a systemic and chronic
inflammatory response. The elimination of SCl-induced senescent cells using the senolytic
ABT-263 is responsible for significant motor, sensory and bladder improvements. These are
also correlated with the reduction of detrimental cytokines, chemokines and senescent-
associated secretory phenotype (SASP) factors. In our study, we hypothesized that the
accumulation of SASP factors in the injured spinal cord could be responsible for its systemic
spread and induction of senescence, SASP and, consequently, pathology in peripheral
organs. As ABT-263 is beneficial for spinal cord repair outcome, we wanted to address if its
effect was sustained in the periphery, and, therefore, attenuate secondary conditions.

We evaluated the cytokine profile of the spinal cord, liver and bladder from T9 SCI
mice taken from vehicle- and ABT-263-treated animals at different days post-injury (dpi). In
addition to this, the histopathology and senescence profile were evaluated using H&E, and
other special stainings, including SA-B-gal, respectively, as well as immunohistochemistry to
assess inflammation. Image analysis and quantifications were done using QuPath.

Our results showed a chronic induction of pro-inflammatory factors in the spinal cord
at 30 dpi and a loss of effectiveness of ABT-263 compared with the 15 dpi. In the liver at 15
dpi, inflammatory cytokines and pro-fibrotic factors were upregulated with SCI, however,
ABT-263 was not successful in decreasing their expression. At the same time, an increase in
the number of senescent cells was observed in the animals treated with ABT-263 suggesting
some degree of hepatotoxicity. This was confirmed by an upregulation of pro-fibrotic and pro-
inflammatory factors in the liver of ABT-263-treated animals at 30 dpi. Notwithstanding, at 15
dpi histopathology did not yet show significant pathological alterations. The spleen appeared
to not be affected at this injury level. The bladder also revealed a chronic inflammatory and
pro-fibrotic microenvironment and phenotype. However, the beneficial effects of ABT-263
were only observed at 30 dpi, suggesting an intermediate modulation by ABT-263 between
15 and 30 dpi.

In conclusion, there is no irrefutable evidence that SASP becomes systemic and is
responsible for the induction of senescence and pathology in other organs after SCI, at least
at 15 dpi. Further studies are warranted.

Keywords: Spinal Cord Injury; Multiple Organ Dysfunction Syndrome; Cellular Senescence;

Senescence-associated Secretory Phenotype; ABT-263.



Resumo alargado
O potencial do ABT-263 como agente terapéutico na patologia periférica associada a
les6es da medula espinhal

Lesbes na medula espinhal (LME) s&o alteragcbes neuroldgicas graves, caracterizadas
por défices motores e sensitivos, que estdo frequentemente associados a inducdo de
alteracOes periféricas secundarias.

Etiologicamente, as LME podem dividir-se em traumaticas ou ndo traumaticas, sendo
que nos humanos as lesbes mais comuns sido as traumaticas. As LME traumaticas sao
caracterizadas por uma lesao primaria, onde ocorre uma disrupcdo mecanica que danifica
vias ascendentes e descendentes da medula espinhal, seguida pelo desenvolvimento de uma
lesdo secundaria causada por uma grande resposta inflamatéria local, isquemia e
excitotoxicidade. Numa fase crénica, esta resposta diminui de intensidade e ha a formacao de
uma cicatriz glial que constitui uma barreira fisica entre o tecido saudavel e o danificado. Isso
impede a propagacao da lesdo, mas também n&o permite uma regeneragio total da medula
espinhal, pois impossibilita ou dificulta a regeneragao axonal.

Para além da perda parcial ou completa de funcdo motora e sensorial, os 6rgaos
periféricos também podem ser afetados. As principais causas associadas ao desenvolvimento
desta patologia periférica incluem a interrup¢gdo mecéanica da inervagdo do Sistema Nervoso
Simpatico e o0 seu controlo supra-espinhal; e a resposta inflamatéria sistémica associada.
Essas alteracbes serdo responsaveis, por exemplo, por aterosclerose, atrofia muscular e
osteoporose, depressao e dor cronica, entre outras. No figado, a bibliografia também
descreve o desenvolvimento de esteatose e esteatohepatite, que com o tempo pode evoluir
para cirrose e, até mesmo, carcinoma hepatocelular. No bago, o desenvolvimento de
disreflexia autondmica pode condicionar o aparecimento da sindrome de imunodepressao
associada a LME, que se caracteriza por atrofia esplénica. J& na bexiga, a perda de controlo
supra-espinhal leva ao desenvolvimento de hiperreflexia do musculo detrusor, que com a falta
de relaxamento do esfincter uretral externo, provoca uma acumulagao de urina e distensao da
bexiga. Estes acontecimentos tém também impacto a nivel do urotélio com o desenvolvimento
de ulceras, ndo sO provocadas pelas elevadas pressdes intra-vesicais, mas também pela
libertacdo de norepinefrina e outras hormonas do stress que causam disrup¢cdo do mesmo.
Estas alteragdes levam ao desenvolvimento de cistite hemorragica e cronica.

Até ao momento, ha falta de terapéuticas eficazes para o tratamento de LME e as que
existem sao principalmente sintomaticas. Recentemente, Paramos-de-Carvalho, Martins, et
al. (2021) observaram que a eliminacdo de células senescentes induzidas por LME, através
do uso do senolitico ABT-263, & responsavel por uma melhoria significativa da fungédo motora,
sensitiva e da bexiga. Estas células senescentes sdo células que se encontram num estado

de paragem do seu ciclo celular e podem ser induzidas por varios estimulos, nomeadamente
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o envelhecimento, mas também danos tecidulares, como é o caso nas LME. A senescéncia é
responsavel por varias alteragdes fenotipicas nestas células, como o aumento da atividade da
enzima p-galactosidase associada a senescéncia (SA-pB-gal) e a produgédo de fatores do
fendtipo secretor associado a senescéncia (SASP). O SASP, por sua vez, consegue modular
0 microambiente celular envolvente e induzir senescéncia paracrina e autdcrina. Tanto a SA-
B-gal como o SASP foram utilizados como marcadores de células senescentes neste estudo.

Considerando isto, no nosso estudo, colocamos a hipotese de que a acumulagao dos
fatores SASP na medula espinhal poderia ser responsavel pela sua difusao sistémica e, desta
forma, a indugdo de senescéncia, SASP, e consequentemente patologia nos 6rgaos
periféricos. Como o ABT-263 foi benéfico na medula espinhal, quisemos avaliar se o seu
efeito se mantinha na periferia, atenuando possiveis alteragdes nos 6rgaos induzidas pela
LME. Para dar resposta a estas hipéteses, comegamos por avaliar o perfil de citoquinas da
medula espinhal aos 30 dias pés-leséo (dpl), seguido do figado e bexiga aos 15 e 30 dpl de
ratinhos com LME ao nivel da T9, tratados com veiculo ou ABT-263. A fim de avaliar o perfil
de citoquinas e quimiocinas, foi utilizado um kit que avalia 111 deste tipo de proteinas de
ratinho. Para além disso, a histopatologia e o perfil de senescéncia foram também
caracterizados nos mesmos grupos experimentais, usando H&E e SA-B-gal, respetivamente,
e comparados com os perfis de citoquinas. Outras coloracdes especiais foram utilizadas para
realcar e/ou confirmar certos aspetos da histopatologia. A analise de imagem e respetivas
quantificagdes foram realizadas usando o programa QuPath.

Os nossos resultados demonstraram que na espinhal medula aos 30 dpl houve uma
diminuicdo do numero de fatores aumentados apds LME, com apenas 9 fatores a aparecerem
significativamente aumentados nos animais lesionados comparando com os 35 fatores
previamente observados aos 15 dpl. Isto sugere o aparecimento de uma tempestade de
citoquinas em estadios agudos que esmorece progressivamente com o tempo. Para além
disso, a reducdo na proporgdo de fatores modulados pelo ABT-263 também sugere uma
perda de atividade do senolitico. Dos 9 fatores aumentados aos 30 dpl nos animais
lesionados, 3 fatores, que ja foram descritos como SASP, ja se encontravam aumentados aos
15 dpl. Este achado corrobora a acumulacio cronica de células senescentes previamente
observada pelo grupo. Ao mesmo tempo, também confirma a perda de eficacia do senolitico,
dado que nenhum destes fatores € modulado pelo mesmo.

No figado, aos 15 dpl observou-se a indugdo de citoquinas inflamatérias, fatores pro-
fibroticos e outros. Apesar de 3 destes fatores estarem descritos como SASP, o facto de
nenhum deles ser modulado pelo ABT-263 aos 15 dpl, possivelmente indica que esses
fatores ndo estdo a ser produzidos por células senescentes. De facto, a quantificacdo de
células senescentes ndo acompanha o aumento destes fatores no grupo tratado com veiculo.

Pelo contrario, ha um aumento do numero destas células no grupo tratado com ABT-263, o
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que sugere algum grau de hepatotoxicidade do composto, ja observada em humanos tratados
com este farmaco. As células senescentes identificadas sdo pequenas e localizam-se nos
sinusdides do figado e nos infiltrados inflamatdrios, por isso consideramos que podiam ser
células de Kupffer, de Ito, linfocitos T ou até células endoteliais. Ja 30 dpl, encontramos 30
fatores especificamente aumentados no grupo tratado com ABT-263. Esses fatores tém
fungdes pro-fibréticas, inflamatérias e foram também associados ao desenvolvimento de
figado gordo e esteatohepatite. Desta forma, este aumento pode ser possivelmente justificado
pelo aumento concomitante, no mesmo grupo experimental, de células senescentes aos 15
dpl. Essas podem estar a produzir direta ou indiretamente esses fatores. De facto, as fungdes
desses fatores relacionam-se com o tipo de células identificadas como senescentes.
Histopatologicamente, as alteragdes aos 15 dpl sdo pouco significativas. Observou-se apenas
deplecao de glicogénio nos animais com LME e alguns infiltrados inflamatérios que se podem
correlacionar com os aumentos observados em alguns dos fatores.

O bago ndo apresentou alteragdes histopatolégicas e da quantificagdo de células
senescentes significativas, possivelmente porque a lesdo era muito caudal.

A bexiga apresentou tanto aos 15 como aos 30 dpl a indugao de fatores tipicos de um
microambiente pro-inflamatorio, pro-fibrético e pro-tumoral nos animais com LME tratados
com veiculo. Aos 15 dpl, observou-se um aumento de 14 fatores no grupo com LME e tratado
com veiculo. Destes, apenas um dos fatores foi modulado pelo ABT-263. A falta de
modulagdo desses fatores pelo ABT-263 sugere que estes ndo estdo a ser produzidos por
células senescentes e, de facto, ndo ha um aumento concomitante no numero de células
senescentes nos animais com LME, tratados com veiculo. A histopatologia observada
relaciona-se com o perfil de citoquinas identificado, demonstrando alteracbes compativeis
com cistite e hiperplasia simples do urotélio. Aos 30 dpl, ha um aumento do numero de fatores
induzidos pela LME. A modulagdo pelo ABT-263 também é proporcionalmente maior.
Contrariamente ao que esperavamos, o numero de fatores modulados pelo ABT-263 nao
diminui com a provavel perda de eficacia do ABT-263 aos 30 dpl, sugerindo uma possivel
modulacdo intermédia destes fatores entre os 15 e os 30 dpl.

Para além disto, as citoquinas IL-28 A e B foram encontradas aumentadas na medula
espinhal, no figado e na bexiga aos 30 dpl. Estes dois interferdes pertencem a terceira familia
de interferbes e, para além das suas fungdes imunomoduladoras, também induzem uma
paragem do ciclo celular em G1, caracteristica de estados de senescéncia. Apesar de isto
nao implicar necessariamente o desenvolvimento de um fenétipo de senescéncia, faz com
que o IL-28 seja um potencial candidato a SASP. O facto de se encontrar aumentado nestes
orgaos e de ser modulado pelo ABT-263 tanto a nivel da medula como da bexiga, reforga esta

ideia e que possa estar a ser produzido centralmente e a tornar-se sistémico.
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Concluindo, até ao momento ainda nao foi possivel de forma irrefutavel demonstrar a
existéncia de um SASP sistémico, responsavel pela indugcdo de senescéncia e pela patologia
periférica ja descrita. O ABT-263 demonstrou uma perda de eficacia na modulagdo do
microambiente da espinhal medula aos 30 dpl, enquanto na bexiga o seu efeito aumentou dos
15 para os 30 dpl. No entanto, o figado revelou sinais de hepatoxicidade aos 30 dpl. Mais
estudos sdo necessarios para determinar a evolugao da patologia ao longo do tempo e como
esta se relaciona com a senescéncia, bem como determinar o verdadeiro potencial do ABT-
263.

Palavras-chave: Lesdo na medula espinhal; Sindrome da Disfungdo em Multiplos Orgéos;

Senescéncia; Fendtipo secretor induzido por senescéncia; ABT-263.
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1. Internship report

The final curricular internship to conclude the degree Integrated Master's in
Veterinary Medicine (MIMV) by the Faculty of Veterinary Medicine (FMV), University of
Lisbon, took place in LSaude Lab at Instituto de Medicina Molecular — Jodo Lobo Antunes
(IMM-JLA), from 27" Sept 2022 to the 2" Sept 2023, completing a total of 2064 hours.

At IMM, the student was under the guidance of Professor Leonor Saude (PhD) and
Doctor Isaura Martins (PhD). During this time the student learned and performed a variety of
laboratory, histochemical and laboratory animal handling/procedures. In addition to this,
executed histopathological evaluations of the liver, spleen and bladder of mice used in the
study, with the supervision of Professor Jorge Correia (DVM, PhD).

Having previously acquired the post-graduation degrees of Laboratory Animal
Science, both theoretical and practical, from the Faculty of Pharmacy, University of Lisbon,
which conferred certification FELASA B, the student was able to perform and consolidate
various laboratory animal procedures during the internship.

The internship included the participation and assistance in the performance of
contusion spinal cord injuries, performed at the level of the 9™ thoracic vertebrae (T9) in mice
with 9/10 weeks of age. The student directly executed the handling, fixed anesthetization,
through intraperitoneal administration (IP), surgical camp preparation and sutured the animal
at the end of the procedure. In addition to this, had the opportunity to observe the surgical
procedure, which included the identification of the T9 vertebrae through anatomical
landmarks, laminectomy, preparation and positioning of the animal for the contusion injury,
performed by an IH impactor with a set force. Following the surgery, the student participated
in post-operative care. This included fluid therapy in the first few days after surgery given
subcutaneously and manual voiding of the bladders twice daily for the duration of the
experiments. During this time, the student learned and participated in different behavioural
tests, including open-field locomotor behaviour assessment using the Basso Mouse Scale
(BMS) (Basso et al. 2006), horizontal ladder test and thermal nociceptive evaluation (hot and
cold) using an IITC’s incremental thermal plate. Furthermore, performed drug administrations
in the animals through oral gavage and learned to identify signs of pain and discomfort in
these animals.

The pathology and histochemical part of the internship included animal sacrifice using
the volatile anaesthetic isoflurane and, then, transcardially perfused with 0.9% sodium
chloride. The student also had the opportunity to do intracardiac blood collections in these
animals. Following these procedures, the student did the necropsies, organ collection (liver,
spleen and bladder), sample preservation for different methods, fixation, embedding in OCT
and freezing, and learnt how to cryosection the tissues. All stainings and

immunohistochemistry protocols were performed by the student with the help and instruction



of the IMM’s Comparative pathology unit and the histotechnician Raquel Quitéria. The
histopathological evaluation was done by the student and supported by Professor Jorge
Correia and Doctor Tania Carvalho. During this time, the student also learnt how to use
different image analysis software, such as QuPath and Image J/Fiji, with the support of IMM’s
Bioimaging unit.

The laboratory techniques performed by the student were the quantification of ALT
enzyme activity and protein using spectrophotometry; and the use of a membrane-based
antibody array (Proteome Profiler Mouse XL Cytokine array kit) to quantify the relative
expression of mouse cytokines and chemokines of organ homogenates.

All in all, the internship proved an invaluable learning experience, which allowed the
student to consolidate and develop self-sufficiency and critical thinking skills in
histopathology and in the laboratory environment, along with working on time management
and organizational skills. The student also gained a good basis of laboratory animal handling

and procedures.

2. Introduction

Spinal cord injury (SCI) is a serious neurological condition characterized by damage
to the spinal cord that most of the time permanently alters its function (Ahuja et al. 2017).
Beyond the motor and sensory impairments that it can cause, SCI often comes hand in hand
with secondary conditions characterized by multiple organ dysfunction that greatly impact the
quality of life and longevity of the afflicted (Sun et al. 2016; Goodus and McTigue 2020).
Aetiologically, SCls can be divided into traumatic and non-traumatic. Traumatic SClIs are the
most common and occur acutely due to an external mechanic impact such as falls and motor
vehicle accidents (World Health Organization et al. 2013; Ahuja et al. 2017). Non-traumatic
SCls tend to appear in older populations. They can have an acute or chronic onset and are
associated with tumour development, degenerative disc disease, among others (Ahuja et al.
2017). Due to their importance, frequency and relevance to this thesis's theme, our revision
will focus on traumatic SCls and its peripheral secondary effects, while introducing the

concept of senescence and how it can play a role in SCI pathology.

2.1. Traumatic spinal cord injury

2.1.1. Pathophysiology

Traumatic SCls are pathophysiologically characterized by a primary injury followed by
the development of a secondary injury. Chronologically, in humans, this secondary injury is
divided into acute (less than 48 hours), subacute (48 hours to 14 days), intermediate (14

days to 6 months) and chronic phases (more than 6 months) (Ahuja et al. 2017).



The primary injury is defined by the initial traumatic event in which there is a
mechanical disruption of the spinal cord (Ahuja et al. 2017). This is caused by bone
fragments, disc materials and ligaments that became displaced. Usually, these do not
completely sever the spinal cord, but compress it (Alizadeh et al. 2019).

The mechanical forces of the primary injury damage ascending and descending
pathways in the spinal cord, and disrupt the blood-spinal cord barrier (BSCB) and blood
vessels, causing ischemia, injury to the neuronal and glial cell membranes, ionic
dysregulation and proapoptotic signalling (Ahuja et al. 2017; Alizadeh et al. 2019; Badhiwala
et al. 2019). Eventually, this prompts a secondary injury cascade, defined as a “series of
cellular, molecular and biochemical phenomena that can continue to self-destruct spinal cord
tissue and impede neurological recovery following SCI” (Alizadeh et al. 2019).

In the acute phase of this secondary injury, haemorrhage and disruption of the BSCB
exposes the spinal cord to the influx of inflammatory cells (neutrophils, monocytes (later
macrophages) and lymphocytes), cytokines (Tumour Necrosis Factor-a (TNF-a.), Interleukin-
1B (IL-1B)) and vasoactive peptides (Ahuja et al. 2017; Y. Zhang et al. 2021). There is also
the activation of astrocytes, part of the BSCB, which play an important immunomodulatory
role (Alizadeh et al. 2019) (Fig.1). This great inflammatory response combined with the
disruption of the BSCB progressively contributes to the swelling of the spinal cord.
Eventually, it can lead to further mechanical compression and extension of the injury to

multiple spinal cord segments (Ahuja et al. 2017).

a Blood-spinal Mechanical Compromised
cord barrier injury vascular supply
disruption Haemorrhage Release
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Figure 1 - Acute phase of the secondary injury cascade after a spinal cord injury. Characterized
by oedema, haemorrhage, ischaemia, inflammatory cell infiltration, the release of cytotoxic products and cell
death. Adapted from Ahuja et al. (2017).

In the transition between the acute and subacute phases, there is a loss of

intracellular and extracellular ionic homeostasis provoked by ischemia and excitotoxicity



(Ahuja et al. 2017). Excitotoxicity, in turn, results from cyclic overactivation of NMDA (N-
methyl-D-aspartate), AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid) and
kainite receptors by excitatory neurotransmitters, such as glutamate and aspartate, released
from dying neurons and astrocytes (Ahuja et al. 2017; Y. Zhang et al. 2021). The resultant
calcium influx, in neurons and glia, activates Calpains, which lead to mitochondrial
dysfunction, ionic imbalance (increase in intracellular sodium, calcium, hydrogen, chlorine
ions and water) and finally cell death (Ahuja et al. 2017). Ongoing necrosis of these cells
releases Adenosine Triphosphate (ATP), Deoxyribonucleic Acid (DNA) and potassium,
activating microglial cells. Following the neutrophil invasion, microglia and monocyte-derived
macrophages infiltrate the injury site, further propagating the inflammatory response and
contributing to the apoptosis of neurons and oligodendrocytes (Ahuja et al. 2017). These
phagocytic cells are a double-edged sword, as they promote the clearance of damaged cells
and myelin debris yet can also cause further damage through the release of free radicals,
responsible for lipid peroxidation, DNA oxidative damage and protein oxidation (Ahuja et al.
2017). The spinal cord’s microenvironment influences the polarization of phagocytic cells,
which can either acquire a pro-inflammatory (M1) or pro-repair (M2) phenotype. However,
similarly to the detrimental effects of prolonged M1 macrophage activity, M2 macrophages,
when in excess, also contribute to fibrotic scar formation (David and Kroner 2011; Alizadeh
et al. 2019). Lymphocytes also infiltrate the injured spinal cord in the first-week post injury
and persist chronically (Fig. 2) (Sroga et al. 2003; Alizadeh et al. 2019). These immune cells,
similarly to macrophages, can play both detrimental and pro-repair roles in the injured spinal
cord (Jones 2014).

b Vessel Cystic Inflammatory Release of
thrombosis cavitation cellinfiltration oxygen free radicals
Axonal Fibroblast Haematoma
dieback infiltration

Inhibitory
proteoglycan
Microglial Ongoing deposition Further Vasospasm
infiltration oedema Astrogliosis demyelination

Figure 2 - Subacute phase of the secondary injury cascade after a spinal cord injury. Ischaemia
continues due to ongoing oedema, thrombosis and vasospasm. There is also persistent inflammatory cell
infiltration with cell death. Astrocytes proliferate and deposit extracellular matrix components in the perilesional
area. Adapted from Ahuja et al. (2017).



In the intermediate-chronic phase of injury, the acute inflammatory response wanes
and there is an attempt at remyelination, vascular reorganization and neuronal plasticity with
changes in the extracellular matrix (ECM) (Ahuja et al. 2017). In humans and rats, but not in
mice, the elevated cell volume loss promotes the formation of cystic cavities, that coalesce
with time (Ahuja et al. 2017). Surrounding these cavities, reactive hypertrophic astrocytes
proliferate and interweave (astrogliosis), condensing with secreted ECM (such as
Chondroitin Sulphate Proteoglycans (CSPGs) and Tenascin) to form a glial scar (Fig. 3)
(Ahuja et al. 2017; Alizadeh et al. 2019).

c Wallerian Inhibitory  Perilesional Coalescence Restricted regenerative
degeneration proteoglycan scar astrogliosis of cystic cell migration
cavitation

Limited Restricted
Limited oligodendrocyte ~ Schwann cell axonal Plasticity of injured
remyelination remyelination regrowth and uninjured neurons

Figure 3 - Intermediate and chronic phases of the secondary injury cascade after a spinal cord
injury. Wallerian degeneration, maturation of the astrocytic scar, becoming a potent inhibitor of axonal
regeneration, and cystic cavity coalescence characterizes these phases. Adapted from Ahuja et al. (2017).

Resident and infiltrating inflammatory cells contribute to the formation of this glial scar
by producing cytokines (such as IL-13 and IL-6), chemokines and enzymes which activate
glial cells, namely astrocytes, oligodendrocyte precursor cells (OPCs) and microglia
(Alizadeh et al. 2019). Astrocytes are activated by damage-associated molecular patterns
(DAMPs), cytokines and chemokines. They function as a spatial barrier between damaged/
fibrotic and healthy tissue. Later, a second overlapping population of astrocytes help
maintain this structure (scar-forming astrocytes) (Bradbury and Burnside 2019). OPCs can
both contribute to remyelination or increase the expression of NG2, a proteoglycan
connected to neuronal entrapment (Bradbury and Burnside 2019). Fibroblasts are also
present and contribute to the production of Fibronectin, Collagen and Laminin in the ECM of
the spinal cord (Alizadeh et al. 2019; Bradbury and Burnside 2019). In addition to this, they
are a source of axon-repulsing molecules like Semaphorins (Alizadeh et al. 2019). Pericytes,
in conjunction with fibroblasts, are able to detach from blood vessels and migrate to the injury

site and form a fibrotic core, which matures within 2 weeks post-injury (Alizadeh et al. 2019;



Bradbury and Burnside 2019). In addition to this, the reactive cellular responses also
continue in the spared tissue, mainly due to Wallerian degeneration of susceptible
demyelinated axons (Ahuja et al. 2017; Bradbury and Burnside 2019). In the mature glial
scar, activated microglia/macrophages occupy the innermost part and are surrounded by
OPCs, while reactive astrocytes are in the outer layer and form a cellular barrier (Alizadeh et
al. 2019).

The inhibitory effect of ECM on axonal growth and the resultant glial scar is a potent
physical and biochemical hindrance to axonal regeneration and anatomical plasticity through
neurite outgrowth. Nonetheless, this glial scar has also an important beneficial role in limiting
the spread of cytotoxic molecules and inflammatory cells to the surrounding uninjured tissue,

isolating the injury site (Bradbury and Burnside 2019).

2.1.2. Clinical manifestations and peripheral pathology

SClIs often result in partial or complete loss of sensorimotor function (Ahuja et al.
2017). The degree of loss will depend on the location and type of injury and, consequently,
which tracts and nuclei are affected, with motor dysfunction, for example, resulting both from
the severance of supraspinal tracts, demyelination and death of motor neurons (Grumbles
and Thomas 2017). In addition to the disruption of sensorimotor function, peripheric organs
can also be affected, because of the induced disruption of the sympathetic nervous system
(SNS), and its supraspinal control (Henke et al. 2022), and by a systemic inflammatory
response that often persists as chronic low-grade inflammation (Anthony and Couch 2014;
Sun et al. 2016; Bloom et al. 2020; Goodus and McTigue 2020; Jeffries and Tom 2021). In

the context of this revision only hepatic, splenic and bladder pathology will be covered.

2.1.2.1 Systemic inflammatory response

The inflammatory microenvironment in a SCI has been proven to be responsible for
an immediate inflammatory systemic response driven by the liver (Anthony and Couch 2014;
Goodus and McTigue 2020).

Inflammatory cytokines produced locally at the injury site of the spinal cord, such as
TNF-a, IL-1a, IL-1B and IL-6, pass through the disrupted or intact BSCB, enter the
bloodstream and reach the liver (Banks et al. 1995; Pan and Kastin 2008; Kwon et al. 2009;
Siegel and Zalcman 2009; Mukhamedshina et al. 2017; Goodus and McTigue 2020).
Rapidly, the liver initiates an acute phase response (APR), producing Acute Phase Proteins
(APPs), which amplify the inflammatory and immune responses (Fleming et al. 2012; Goodus
and McTigue 2020). Primarily, these APPs, which include chemokines such as Cytokine-
Induced Neutrophil Chemoattractant 1 (CINC-1), Monocyte Chemoattractant Protein-1 (MCP-
1/CCL2) and C-X-C motif chemokine ligand 1 (CXCL-1), have the purpose of promoting a



return to homeostasis through the recognition and elimination of pathogens, the clearance of
necrotic and apoptotic cells, the increase in adhesion and chemotaxis of phagocytic cells and
lymphocytes, and protection against reactive oxygen species (ROS) within the damaged
spinal cord (Goodus and McTigue 2020). Other APPs are also elevated in the blood post-
SCI, such as C-Reactive Protein (CRP), Serum Amyloid A, Serum Amyloid P, Haptoglobin,
a1- Antichymotrypsin, and Fibrogen (Goodus and McTigue 2020). However, this response
often becomes disproportionate, leading to a systemic inflammatory response syndrome
(SIRS), in which multiple organs are reversibly or irreversibly affected (Chakraborty and
Burns 2022).

Chronically, this inflammation is also maintained by other mechanisms. The reduction
in lean mass with the proportional increase of fat mass and obesity play a role in this
maintenance, as adipose tissue produces pro-inflammatory cytokines such as IL-6 and TNF-
o (Da Silva Alves et al. 2013). In addition to this, immunosuppression caused by splenic
dysfunction and hypothalamic-pituitary-adrenal axis overactivation leads to recurrent
infections that further contribute to the systemic inflammatory state (Allison and Ditor 2015;
Jeffries and Tom 2021). Gut dysbiosis and increased permeability of the intestinal wall also
contribute to the overall systemic inflammation and hepatic inflammation, through the
translocation of bacteria (Kigerl et al. 2016; Goodus and McTigue 2020).

This systemic inflammation will be responsible for the pathology seen in many organs,
including the cardiovascular system (associated with the development of atherosclerosis),
the musculoskeletal system (muscle atrophy and osteoporosis), the nervous system
(depression and chronic pain), the hepatobiliary system (non-alcoholic fatty liver disease
(NAFLD), non-alcoholic steatohepatitis (NASH) and metabolic syndrome), among others
(Sun et al. 2016; Bloom et al. 2020; Bigford and Garshick 2022).

2.1.2.2 Liver
2.1.2.2.1. Liver pathology after spinal cord injury

After SCI, and subsequent APR, the liver starts to show signs of inflammation, with an
increase in Kupffer cells (KCs) (Sauerbeck et al. 2015; Goodus and McTigue 2020).
Cytokines and chemokines also increase significantly in the liver, namely IL-1a, IL-1p, CXCL-
1 and CCL2 (Campbell et al. 2005; Goodus and McTigue 2020). This liver inflammation and
KC activity will contribute to leukocyte recruitment, namely neutrophils and monocytes, to the
injured spinal cord (Campbell et al. 2008). In addition to the circulating cytokines from the
injury site that initiate the APR of the liver and promote its initial inflammation, other factors
also contribute to and sustain this inflammation, namely the increase in permeability of the
intestinal wall, allowing the translocation of gut bacteria that enter the bloodstream activating
KCs (Liu et al. 2004, Kigerl et al. 2018; Goodus and McTigue 2020). These cells will produce



a range of factors such as TNF-a, IL-1, IL-6, IL-10, IL-18, CXCL-1, CXCL-2, CXCL-8, CCL2,
CCL5, Macrophage Inflammatory Protein (MIP)-1ac (CCL3), MIP-13 (CCL4), ROS and
Prostaglandins, which will stimulate bone-marrow-derived monocytes and neutrophils to
infiltrate the inflamed liver (Kazankov et al. 2019; Goodus and McTigue 2020; Hwang et al.
2021; Huby and Gautier 2022). KCs can also recruit T lymphocytes, through IL-1 and IL-18
(Wang and Zhang 2019).

In the first week after injury, there is also an accumulation of lipids in the liver of
cervical and midthoracic spinal cord injured rats (Sauerbeck et al. 2015). One of the reasons
behind this accumulation might be explained by the elevated circulation of fatty acids that
exceed the liver's oxidative capacities and thus are stored in the form of triglycerides in the
hepatocytes (Goodus and McTigue 2020). This excess circulation of fatty acids might be
explained by bouts of sympathetic overactivity, that have been described after SCI, which
lead to spikes of adipose tissue lipolysis (Goodus and McTigue 2020). Another possible
reason for lipid accumulation is de novo lipogenesis in the liver through the significant
increase of precursors and mature Ceramides, which are potent lipid signalling molecules
and regulators of inflammation and apoptosis (Chang et al. 2011; Sauerbeck et al. 2015).
Their production may be stimulated by endotoxins coming from the intestine (Chang et al.
2011). In the liver, these Ceramides can induce Insulin resistance, oxidative stress and
inflammation (Pagadala et al. 2012). Systemically, they can be responsible for central
nervous system (CNS) toxicity (Goodus and McTigue 2020). Hepatic Ceramide production
can have a second spike, rising again at chronic time points (Sauerbeck et al. 2015). In
addition to this, TNF-a, which is acutely elevated in the liver, can also stimulate lipogenesis
genes and the production of ceramides, and when released into circulation will induce
adipocyte lipolysis and a subsequent increase in fatty acids (Sauerbeck et al. 2015; Goodus
and McTigue 2020).

Inflammation and hepatic steatosis has been shown to persist chronically after SCI in
humans and rats (Sauerbeck et al. 2015; Goodus et al. 2018; Goodus and McTigue 2020;
Goodus et al. 2021). In mice, long-term changes in the permeabilization of the intestinal
epithelia and gut dysbiosis have been described, derived from immunosuppression and
impaired intestinal motility following SCI (Balzan et al. 2007; Kigerl et al. 2016; Kigerl et al.
2018). This might be one of the explanations for the chronic maintenance of liver
inflammation after SCI. Hepatocyte and KC sensitization to gut-derived Lipopolysaccharides
(LPS) can also play a part in the non-resolving inflammation (Goodus and McTigue 2020).
Other two factors contributing to the liver's chronic inflammation are local iron sequestration
and anti-inflammatory medication part of the SCI patient therapeutic (Sauerbeck et al. 2013;
Goodus and McTigue 2020). Iron sequestration often comes hand-in-hand with iron

deficiency anaemia, common in patients with SCI (Sauerbeck et al. 2013). This happens due



to toll-like receptor 4 (TLR4) signalling Hepcidin secretion by the liver, which binds to hepatic
cells and degrades hepatic Ferroportin, impairing iron exportation (Sauerbeck et al. 2013).
The same happens in the basolateral membrane of enterocytes, leading, overall, to systemic
iron depletion.

Chronic hepatic steatosis is characteristic of NAFLD. When this steatosis is
associated with inflammation we enter in a more advanced stage of liver disease called
NASH (lkura 2014). If left untreated, the continuous inflammation in NASH precipitates the
development of cirrhosis or hepatocellular carcinoma (HCC); both situations are common in
SCI patients (Goodus and McTigue 2020; Peiseler and Tacke 2021).

In addition to the factors discussed above, lesions at the level of T7 or above disrupt
the supraspinal control of the sympathetic innervation to the liver and lead to an aberrant
intraspinal plasticity, which leads to reflex sympathetic overactivation (Zhang et al. 2013;
Ueno et al. 2016; Gaudet et al. 2018). This overactivation reduces hepatic blood flow and
increases TNF-a production and other inflammatory cytokines through the activation of a-
adrenergic receptors in the KCs (Goodus and McTigue 2020). The pro-steatosis function of
TNF-a and the activation of B-adrenergic receptors in the hepatocytes increase the liver's
lipid content, contributing to steatosis (Goodus and McTigue 2020).

The SCl-induced liver inflammation and steatosis described above are likely
associated with the disruption of systemic insulin function, glucose and lipid homeostasis
(Goodus & McTigue, 2020). Possible mediators of this situation are TNF-o and ceramides,
which impair insulin signaling (De Alvaro et al. 2004; Jelenik et al. 2017).

It is still poorly understood if SCl-induced liver pathology is responsible for metabolic
dysfunction or vice-versa (Goodus and McTigue 2020). However, studies point that steatosis
and inflammation precede the development of metabolic dysfunction (Sauerbeck et al. 2015;
Goodus et al. 2018).

2.1.2.3. Spleen
2.1.2.3.1. Spinal cord injury and spleen pathology

The spleen is directly innervated by the sympathetic nervous system. The nerve fibres
in the spleen regulate intrasplenic blood pressure (Andrew and Kaufman 2001) and
communicate with leukocytes, which possess neurotransmitter receptors (Noble et al. 2018).

In rodents, the greatest density of sympathetic preganglionic neurons (SPNs) that
innervate the spleen are located between thoracic spinal levels T4 and T9 (Ueno et al. 2016;
Noble et al. 2018). Therefore, the level at which SCI occurs will have a different impact on

spleen pathology (Zhang et al. 2013).



After an upper thoracic or cervical SCI, a normal innocuous stimulus below the level
of injury, such as colon distension or full bladder, initiates an exaggerated reflex reaction that
activates SPNs (Zhang et al. 2013). This leads to vasoconstriction and, overall, an increase
in systemic blood pressure. The baroreceptors located in the aortic arch relay this
information to the brain and brainstem, which in turn activate the parasympathetic system to
slow down heart rate, and inhibit SPNs to stop vasoconstriction, therefore trying to resolve
high blood pressure (Zhang et al. 2013; Eldahan and Rabchevsky 2018). However, injuries
above T6 disrupt supraspinal control over the sympathetic system, leading to an
overactivation of the sympathetic nervous system below the level of injury (Noble et al.
2018). In this case, we have the foundations of autonomic dysreflexia (AD), characterized by
hypertension and a low heart rate (Zhang et al. 2013; Eldahan and Rabchevsky 2018).
During each round of AD activated by normal splanchnic stimuli, the uncontrolled
depolarization of SPNs causes high levels of norepinephrine to accumulate in the spleen
(Zhang et al. 2013). With time, this uncontrolled reflex activation aggravates, due to the
development of complex neuronal networks which will integrate the splenic-sympathetic
circuitry throughout the thoracic, lumbar and sacral spinal cord (Ueno et al. 2016). This is not
only responsible for splenic pathology, but also for systemic pathology, including the
gastrointestinal tract, liver pathology and immune suppression (Sauerbeck et al. 2015;
Brommer et al. 2016; Kigerl et al. 2016; Kigerl et al. 2018).

The overactive sympathetic reflexes and the increase in stress hormone
concentrations cause leukopenia, splenic atrophy and leukocyte dysfunction, characteristics
common to SCl-induced immune depression syndrome (SCI-IDS) (Lucin et al. 2007; Zhang
et al. 2013). The norepinephrine released in the spleen interacts with B.-adrenergic receptors
of splenic macrophages and lymphocytes and inhibits the transcription of pro-inflammatory
cytokines TNF-a and IL-1p (Noble et al. 2018). The signalling pathway behind this is further
amplified by serum glucocorticoids, which upregulate the target receptors, increasing
lymphocyte sensitivity to norepinephrine (Lucin et al. 2009). The overactivation of these .-
adrenergic receptors will ultimately cause apoptosis of multiple splenic leukocyte populations
and, therefore, splenic atrophy (Lucin et al. 2009). There is a reduction in the numbers of
CD11b* macrophages, MHCII-positive antigen-presenting cells, circulating monocytes,
splenic and circulating cytotoxic (CD8") and helper (CD4*) T cells and mature follicular and
marginal zone (MZ) B cells, with immature B cells not being able to repopulate the spleen
(Popovich et al. 2001; Noble et al. 2018). SCI and high levels of cytokines are further related
to reduced leukocyte expression of cell adhesion molecules and macrophage phagocytic
ability (Noble et al. 2018). All in all, splenic leukopenia is going to limit the capacity for
antigen recognition, phagocytosis, antibody production and lysis (via complement) of
pathogens (Lucin et al. 2007; Noble et al. 2018).
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The resultant SCI-IDS is going to increase the incidence of infections, namely
pneumonia and inferior urinary tract infections (Brommer et al. 2016).

In mid-thoracic lesions, such as in T9, although the supraspinal control of the spleen
is mostly preserved and, thus, the leukocyte splenic populations will react normally to stimuli,
the sympathetic pre-ganglionic innervation to the bone marrow is not, as it lies between T8
and lumbar vertebra 1 (L1) (Lucin et al. 2007; Blomster et al. 2013; Noble et al. 2018).
Therefore, T9 lesions will mostly or completely ablate sympathetic control of the bone
marrow (Lucin et al. 2007), making the spleen the main source of monocyte-derived

macrophages that infiltrate the spinal cord after an injury (Blomster et al., 2013).

2.1.2.4. Bladder
2.1.2.4.1. Spinal cord injury and bladder pathology

In a normal bladder, precise sensory information must be conveyed to the CNS to
control micturition (Holstege and Collewijn 2009). This is done through afferent fibres from
the bladder wall to the sacral spinal cord (Holstege and Collewijn 2009). Mechanoreceptors
in the muscle wall relay information through myelinated (A-3) fibres and unmyelinated C-
fibres (Holstege and Collewijn 2009). The latter are only activated by high filling pressures.
The information from C-fibres is then sent to higher centres, both in the brainstem,
hypothalamus and thalamus and, eventually, from the thalamus to the cortex (Holstege and
Collewijn 2009) (Fig. 4). Not all information becomes conscious, only C-fibres contribute to
alert the individual of high bladder pressure and the need to urinate (Holstege and Collewijn
2009).

Motor innervation of the bladder and sphincters is both done by the autonomic
nervous system (ANS) and the somatic nervous system. The sympathetic nervous system,
located between T10 and L2 is responsible for decreasing bladder pressure during the filling
phase. The parasympathetic nervous system, located between sacral vertebrae 2 (S2) and
S4, on the other hand, is responsible for detrusor muscle contraction and bladder emptying
(Holstege and Collewijn 2009; Perez et al. 2022). The external urethral sphincter is
innervated by the somatic system as the sphincter is composed of striated muscle (Holstege
and Collewijn 2009). The motoneurons behind its control continuously contract this sphincter.
Therefore, inhibition of these neurons has to occur for micturition to happen (Holstege and
Collewijn 2009).

The periaqueductal grey (PAG), the central grey matter of the midbrain, receives
information relayed from both A-8 fibres and C-fibers (Holstege and Collewijn 2009). This
structure decides when micturition is going to take place, on the basis of information from

more rostral structures (Holstege and Collewijn 2009; Perez et al. 2022). The PAG is going
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Figure 4 - Control of micturition. The PMC,
activated by the PAG (blue), is going to excite the
detrusor muscle and inhibit the internal urethral
sphincter through the activation of parasympathetic
preganglionic nuclei (green). At the same time, the
PMC is going to inhibit the sympathetic (Hypogastric

nerve) and pudendal (somatic) outflow to the

the detrusor muscle and voiding will be external urethral sphincter (red). This diagram does
e L. not show the generation of conscious bladder
maintained by sacral reflex arc activation (Perez  sensations, nor the mechanisms behind the switch

from storage to voiding, both of which may involve
cerebral circuits above the PAG. Source from
Fowler et al. (2008)

et al. 2022).

Considering the information above, it is
now possible to understand that a traumatic SCI is going to cause a range of pathological
events in the bladder. Most of the deficits are caused by the disruption of supraspinal control
of the bladder (Herrera et al. 2010). By preventing communication between the PMC and the
sacral reflex arc, there will be no inhibition of the reflex arc activation, leading to detrusor
muscle hyperreflexia and, as the external urethral sphincter cannot be inhibited, no sphincter
relaxation. Overall, this causes the so-called detrusor-sphincter dyssynergia (Perez et al.
2022). Accumulation of urine leads to overdistension of the bladder and the constant high
intravesical pressures have repercussions in the upper urinary tract and can lead to
hypertrophy of the smooth muscle mass (Herrera et al. 2010; Perez et al. 2022).

Common to the SCI population is a sustained ulceration of the uroepithelium, leaving
the bladder vulnerable to chronic and haemorrhagic cystitis and an increased risk of bladder
cancer (Perez et al. 2022). Bladder afferents to the detrusor muscle are also known to be

found in the uroepithelium. After injury, these afferents release norepinephrine that, together
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with other systemic stress hormones, will disrupt tight junctions, leading to uroepithelium
disruption and haematuria (Perez et al. 2022). Consequently, allowing urine to cross the
uroepithelial barrier, leads to inflammatory cell infiltration that in turn can further contribute to

tight junction disruption (Apodaca et al. 2003; Perez et al. 2022).

2.1.3. Medical management and treatment

In the acute phase of a SCI, the first medical procedure is haemodynamic control
(Ahuja et al. 2017). This is important to avoid systemic hypotension and spinal cord
hypoperfusion. Furthermore, early decompression of the spinal cord is important to avoid
further ischaemia and, therefore, the worst secondary injury responses (Ahuja et al. 2017).
The acute use of steroids is also a gold standard procedure after SCI. Methylprednisolone, a
potent synthetic glucocorticoid, upregulates anti-inflammatory cytokine release and reduces
oxidative stress, enhancing neural cell survival (Ahuja et al. 2017). Chronic management
entails symptomatic management and rehabilitation. This involves an interdisciplinary
approach to ameliorate the quality of life and combat the associated secondary conditions
(Ahuja et al. 2017).

It is evident that new approaches are needed, with new drugs and treatments being
studied and tested to improve neuroprotection and avoid neurodegeneration.

A new breakthrough was achieved recently by Paramos-de-Carvalho, Martins, et al.
(2021), where a persistent accumulation of senescent cells was described in injured spinal
cords in a non-regenerative mammalian model, the mouse. When senescent cells were
eliminated, through the use of senolytic drugs (ABT-263), there was a significant
improvement in the motor, sensory and bladder functions of the injured animals. This
improvement was associated with a significant reduction in detrimental cytokines,
chemokines and senescent-associated secretory phenotype (SASP) factors. This makes
senolytics promising new drugs for the treatment of SCls, in particular in the control of
inflammation (Paramos-de-Carvalho, Martins, et al. 2021).

ABT-263, in particular, is an oral bioavailable drug with senolytic and anti-neoplasic
functions (Tse et al. 2008; Zhu et al. 2016). It acts by inhibiting anti-apoptotic Bcl-2 family
proteins, thus, promoting apoptosis of senescent cells, where these proteins are often
upregulated (Zhu et al. 2016). The pharmacokinetic profile of ABT-263 is characterized by a
low volume of distribution, a bioavailability of 50%, when administered in a lipid-based
formulation, and in the dog a half-life of 8.9 hours. In mice treated with a 50 mg/kg dose the
maximum plasma concentration (Cmax) was 5.4umol/L and the area under the curve (AUC)
54umol/L (Tse et al. 2008). Nevertheless, there is still lack of information about this drug,
namely, exactly how its metabolized and the extent of its adverse effects, with studies

highlighting gastrointestinal problems, thrombocytopenia and neutropenia as common
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toxicities (Wilson et al. 2010). At the moment the drug is being tested and studied in phase |

and phase Il trials.

2.2. Senescence

In order to better understand the objectives of this work, it is important to introduce
senescence and how it could underlie the pathology seen in different organs after SCI.

Cellular senescence is a form of stable cell cycle arrest of diploid cells, which limits
their proliferative lifespan (Calcinotto et al. 2019). Senescent cells accumulate with age as
telomeres get shorter, but can also be induced by a variety of stimuli, e.g., oncogene
activation, DNA damage, oxidative stress and tissue damage. Even though often associated
with ageing and deleterious effects, these cells also play important and beneficial roles, such
as wound healing, tissue repair, cellular reprogramming and embryonic development
(Mufoz-Espin and Serrano 2014; Rhinn et al. 2019).

When trying to identify senescent cells it is important to use at least three hallmarks of
senescence (Fig. 5). These include: activity of senescent-associated B-galactosidase (SA-B-

6'Nk4a p21CP1 and p53; altered cell size; senescence-

gal); cell cycle inhibitors such as p1
associated heterochromatin foci; accumulation of lipofuscin; DNA damage foci; loss of Lamin
B1; upregulation of some microRNAs; among others. In addition, these metabolic active cells
will secrete a SASP rich in chemokines, cytokines, growth factors, proteases, and matrix
components, which will influence the surrounding microenvironment (Calcinotto et al. 2019;
Paramos-de-Carvalho, Jacinto, et al. 2021).
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Figure 5 - Hallmarks of senescence. Different stimuli can induce cellular senescence (red). These lead to
permanent cell cycle arrest and the cell gains certain features. Namely, the upregulation of key cell cycle
inhibitors (p16, p21, p53, p15, p14, p27), anti-apoptotic pathways BCL-2 and P13K/AKT, SA-B-gal activity, SASP,
among others depicted in the image. There are also phenotypic alterations such as cellular enlargement,
lipofuscin accumulation and mitochondrial and lysosomal expansion. The SASP secreted can induce paracrine
senescence and reinforce the senescent program in an autocrine manner. The factors in bold are the most
common associated with senescence. Source from Paramos-de-Carvalho, Jacinto, et al. (2021).
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SASP is also responsible for paracrine senescence, in which senescence induces
senescence, through a variety of factors such as ROS, Interferon Gamma (IFN-y),
Transforming Growth Factor B (TGF-B), IL-1a, VEGF, CCL2 and CCL20 (Calcinotto et al.
2019). This paracrine senescence has been related to the promotion of tumorigenesis,
ageing and lack of regeneration. Autocrine senescence also occurs, with some factors
reinforcing the senescence program (Calcinotto et al. 2019).

SASP effects on the microenvironment can be beneficial or detrimental depending on
the time from the beginning of senescence and the associated SASP (Fig. 6). A transient
SASP is often correlated with beneficial effects, anti-fibrotic and anti-inflammatory effects and
immune clearance of the senescent cell to avoid their accumulation and persistence (Fig. 6).
Contrastingly, a persistent SASP, maintained and promoted by paracrine senescence is
detrimental by promoting pro-fibrotic and pro-inflammatory effects on the microenvironment
(Fig. 6) (Paramos-de-Carvalho, Jacinto, et al. 2021).
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Figure 6 - Transient versus persistent effects of the SASP. Schematic representation of the beneficial
and detrimental effects of the SASP in function of their time persistence. Source from Paramos-de-Carvalho,
Jacinto, et al. (2021).

In the liver, senescence has been associated with a variety of chronic liver diseases.
Senescent hepatocytes have been linked to NAFLD (Aravinthan and Alexander 2016;
Ogrodnik et al. 2017) and their accumulation with the progression of the disease (Aravinthan
et al. 2013; Aravinthan and Alexander 2016; Papatheodoridi et al. 2020). Insulin resistance
has also been associated with hepatocyte senescence (Aravinthan et al. 2013; Aravinthan et
al. 2015). Cholangiocyte senescence has been demonstrated in advanced stages of chronic
parenchymal liver disease, such as NAFLD (Aravinthan and Alexander 2016). These
senescent cholangiocytes impair biliary function, promoting paracrine senescence in

hepatocytes and blunt liver regeneration (Ferreira-Gonzalez et al. 2018). Other liver cells,
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such as hepatic stellate cells (HSCs), are often activated by hepatocyte and biliary damage
and senescence, therefore, promoting fibrosis by the deposition of ECM components (Huda
et al. 2019). After an acute insult, these cells eventually become senescent and are cleared
as a homeostatic mechanism to impede further fibrosis (Krizhanovsky et al. 2008). However,
when the insult persists, as is the case in NAFLD, these cells accumulate and promote
further inflammation, advancing fibrosis and even tumorigenesis (Krizhanovsky et al. 2008;
Fujita and Narumiya 2016).

In the spleen, a senescent microenvironment, which develops with age, has been
described (El-naseery et al. 2020; Budamagunta et al. 2021). This, associated with changes
in splenic microarchitecture, is related to changes in immune cell localization and function,
being responsible for an altered immune function and higher susceptibility to infections and
cancer (El-naseery et al. 2020; Budamagunta et al. 2021).

Finally, in the bladder, senescence has been associated in the urothelium with the
loss of barrier function, altered signalling and sensation of bladder fullness, leading to
symptoms of frequency and urgency (Klee et al. 2018). Senescence in the bladder has also
been associated with the progression of bladder cancer, although in some instances was

shown to limit further tumour development (Santin et al. 2020).

2.3. Aims and objectives

Paramos-de-Carvalho, Martins, et al. (2021) showed that the sub-acute pro-
inflammatory and pro-fibrotic microenvironment detected in the spinal cord after an injury is
successfully modulated by the administration of the senolytic drug ABT-263. This molecular
modulation also translated into histopathological, motor, sensory and bladder function
improvements. Thus, the non-regenerative microenvironment observed in the spinal cord
after an injury might be explained by the accumulation of senescent cells and their SASP.

Knowing that SASP contains factors that can induce paracrine senescence in
neighbouring cells, we hypothesized that a chronic accumulation of senescent cells in the
spinal cord will produce enough SASP factors, which by becoming systemic, will induce
senescence and SASP in peripheral organs. These peripheral induced senescent cells would
then be responsible for the multiple organ dysfunction observed, mainly in the liver, spleen
and bladder. As ABT-263 was shown to be effective in improving spinal cord pathology we
wanted to know if it could also have a beneficial effect in these peripheral organs by
eliminating senescent cells.

To answer these hypothesis, firstly, we wanted to characterize the proteomic profile of
the spinal cord at 30 dpi to verify if the 15 dpi pro-inflammatory and pro-fibrotic profile
continued chronically, and if the effect of ABT-263 treatment would persist at chronic stages.

After verifying the chronic persistence of the SASP and other cytokines and chemokines, we
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characterized the proteomic profile of peripheral organs, with and without ABT-263
treatment.

This study also sought to compare the proteomic profile with the histopathology, with
and without senolytic treatment, for detection of potential correlations. Finally, we wanted to
see how the proteomic profile and the histopathology correlated with fluctuations in the
number of senescent cells. In other words, could a deleterious microenvironment and related

pathology be associated with increased numbers of senescent cells in these organs.

3. Material and methods

3.1. Ethical statement

All handling, surgical and post-operative care were approved by the Instituto de
Medicina Molecular - Jodo Lobo Antunes (IMM-JLA) internal animal welfare responsible
committee (Organizagao Responsavel pelo Bem-Estar Animal - ORBEA) and the Portuguese
competent authority (Direcdo Geral de Alimentagéo e Veterinaria - DGAV), complying with
the European Directive 2010/63/EC and with the Portuguese Law on animal care that
transposes the Directive (DL 113/2013). All efforts were made to minimize the number of

animals used as well as any suffering.

3.2. Sample characterization and experimental groups

The samples used in this study were collected during the study of Paramos-de-
Carvalho, Martins, et al. (2021). All the details from the animals used, husbandry, SCI
operatory and post-operatory care, drug treatment, behavioural tests and sample collection
can be found in this paper.

In brief, the samples used were collected from SCI animals with a moderate-to-severe
(force: 75 Kdyne; displacement: 550-750 mm) contusion at the level of T9, done using the
Infinite Horizon Impactor (Precision Systems and Instrumentation, LLC.) (Scheff et al. 2003).
The mean applied force and tissue displacement were equal between the experimental
groups.

Only animals with certain biomechanical and behavioural injury criteria (displacement
between 550-750 mm and BMS average score of <0.5 across both hindlimbs at 1 dpi,
respectively) were included in the study. Considering these parameters, a total of 27 mice
were used in the study. 9 of these animals were used to perform a
histopathological/immunohistochemical analysis and the remaining 18 for a molecular

analysis through cytokine array.
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After performing SCI, animals were randomly assigned to each experimental group
and end-point. Considering the above SCI animals, two experimental groups were created:
the ABT-263-treated group and the vehicle-treated group.

ABT-263-treated animals were given a senolytic drug ABT-263 (Selleckchem, S1001,
50mg/kg/day), which eliminates senescent cells, once daily by oral gavage (PO) between 5
to 15 dpi, while the BSCB was still disrupted.

At the same time, vehicle-treated animals were given corn oil PO (Corn oil, Sigma,
C8267) during the same period.

In SCI animals, bladders were manually voided twice daily for the duration of the
study.

Shame-injured animals were subjected to laminectomy at the same level of the SCI
serving as controls.

The researchers were blinded for the duration of the study and data analysis.

In the selection of endpoints, it was taken into consideration the phases of injury
evolution, 15 dpi (subacute), where 18 animals were used, and 30 dpi (chronic), using 9

animals, in the mouse contusion model (Ahuja et al. 2017).

3.3. Histopathological and imunohistochemical analysis

3.3.1. End-points
Three animals from each experimental group (ABT-263, Vehicle, and Sham) were

randomly selected at 15 dpi for histological analysis.

3.3.2. Tissue processing

Mice were anaesthetized with a ketamine/xylazine mix (120mg/kg +16mg/kg, IP) and
transcardially perfused with 0.9% sodium chloride followed by 4% PFA perfusion for 10
minutes. A post-mortem anatomical assessment of the spinal cord was carried out to confirm
the place of contusion.

The liver, spleen and bladder were collected and put in 10% neutral buffered formalin.

3.3.2.1. Liver

The right lobe of the liver was separated from the rest of the lobes, divided in 3 equal
parts (internal, medial and external) and embedded in OCT for cryosectioning. This was
done by snap freezing the blocks in isopentane cooled to -70°C to -80°C in liquid nitrogen.
The blocks were stored at -80°C until sectioning.

The right lobe was sectioned transversally at 10um using a cryostat (Leica CM

30508S) at -18°C. Five sets of 10 slides each were sectioned from each block.
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Slides were stored at -20°C until needed. Every block, as well as every slide, was
coded until the end of each analysis.
The left lobe of the liver was also separated from the remaining lobes, embedded in

paraffin and sectioned at 5um using a microtome (Leica RM 2245).

3.3.2.2. Spleen and Bladder

The entire organ was divided into 2 segments across its longest axis, embedded in
OCT and snap frozen as described above. The sections were obtained transversally from the
midline of the organ to either side.

The blocks were cryosectioned at S5um.

Slides were stored and identified as described in 3.3.2.1.
3.3.3. Stainings and immunohistochemistry

3.3.3.1. Stainings

All organs collected were routinely stained with Haematoxylin & Eosin (H&E). Other
special stainings were used in the case of the liver to highlight and quantify specific
characteristics. Therefore, it was used Oil Red O (to quantify lipid accumulation) (Sigma
00625), Acid Fushin Orange G (AFOG) (to quantify collagen deposition, fibrosis and protein
accumulation) (Aniline Blue (Riedel-de Haen ref.32703), Orange G (Sigma 07252-25G),
Acid Fuchsin (Chroma-Gesellschaft ref.10765, 11505)), Periodic Acid-Schiff (PAS) (to
quantify glycogen deposition) (Sigma 395B-1KT) and Perls Prussian Blue (to quantify iron
sequestration/accumulation) (Sigma HT20-1KT)).

To evaluate and quantify the number of senescent cells a SA-B-gal staining kit (Cell
Signalling, #9860, optimal pH 5.9-6.1) was used. This assay determines SA-B-gal activity in
cells, one of the many hallmarks of senescence (Paramos-de-Carvalho, Jacinto, et al. 2021).

The stainings used in each case are described in more detail in Table 1.

Table 1 - Stainings specificities by organ

Organ Embedding Staining

Liver Paraffin (Left lobe) HE; PAS; Perls Prussian Blue

OCT - Frozen (Right lobe) Oil Red O; AFOG; SA-B-gal

Spleen OCT - Frozen HE; SA-B-gal

Bladder OCT - Frozen HE; SA-B-gal
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3.3.3.2. Inmunohistochemistry

T Cells and liver resident macrophages (Kupffer cells) were identified using anti-CD3
(1:500, Abcam, ab5690) and anti-Clec4f (1:200, Thermo Fisher, PA5 — 47396), respectively.

Clec4f is a specific marker of murine KCs and helps distinguish, in association with
other markers, these resident macrophages from monocyte-derived macrophages (Scott et
al. 2016).

For this particular immunohistochemistry, antigen retrieval was performed at pH 6 and
95°C using PT Link (Pre-treatment module for tissue specimens, Leica Biosystems) for 1
hour. Sections were then incubated for 30 minutes with 3% hydrogen peroxide in methanol,
washed (EnVision Flex Wash Buffer, Dako, K8007), and blocked for 40 minutes at room
temperature (RT) (Protein Block Serum-free, Dako, X0909). Following this, the sections were
incubated for 1 hour at RT with the primary antibody, washed and further incubated with the
secondary antibody. The sections incubated with anti-CD3 were then incubated with a ready-
to-use a-rabbit conjugated with HRP secondary antibody (EnVision Flex conjugated with
HRP (a-rabbit), Dako, K4010) for 30 minutes at RT. The sections incubated with anti-Clec4f
were incubated with a donkey anti-goat conjugated with HRP secondary antibody (1:2000,
Thermo Fisher, PA1-28664) for 30 minutes at RT. The sections were once more washed,
revealed with DAB (Dako, K3468) for 2 to 5 minutes and counterstained with Harris
Haematoxylin (Bio-optica, 05-06004E).

3.3.4. Histopathological analysis

All the organs collected were blindly analysed using a brightfield optical microscope
(DM2500, Leica Biosystems). A histopathological exam was performed. Some of the
histopathological characteristics observed with H&E were corroborated by special stainings,

as described above.

3.3.5. Imaging

All the images used and presented in this work were either acquired using a
NanoZoomer-SQ digital slide scanner (Hamamatsu) or a brightfield microscope (Leica
DM2500) using 10x, 20x (both HC PL FLUOTAR) and 40x and 100x (both HCX PL
FLUOTAR) with a colour camera (Leica DFC450).

3.3.5.1. Quantification of inflammatory cells
The number of inflammatory infiltrates was manually counted in the H&E slides and

normalized for the area of tissue using QuPath (Bankhead et al. 2017).
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KCs were quantified using positive pixel detection for DAB colouration by threshold
definition with QuPath (Bankhead et al. 2017). The measurements of KCs were expressed
as a percentage of the total cross-sectional area of tissue.

T lymphocytes were manually quantified using the QuPath cell counter and
normalized for the area of tissue (Bankhead et al. 2017).

The averages of each group were calculated.

3.3.5.2. Quantification of lipid accumulation

Oil Red O stained slides were quantified for lipid accumulation using positive pixel
quantification by the definition of a colour threshold with QuPath and normalized for the area
of tissue (Bankhead et al. 2017). The measurements of Oil Red O positive cells were

expressed as a percentage of the tissue cross-sectional area.

3.3.5.3. Quantification of SA-B3-gal positive cells

A complete set of 10 slides of each organ for each animal was stained for SA-B-gal
and scanned using NanoZoomer-SQ digital slide scanner. TIFF images of each section of
the slide were taken using NDP-viewer (Hamamatsu) and given a code. All the images
acquired were quantified for blue-marked SA-B-gal® cells using image analysis software
(QuPath) (Bankhead et al. 2017). The number of SA-B-gal” cells was automatically counted

after the definition of a colour threshold and normalized for the area of tissue.

3.4. Cytokine arrays

The molecular analysis of cytokine and chemokine expression in the spinal cord, liver
and bladder homogenates at 15 dpi and 30 dpi was performed using a Proteome Profiler
Mouse XL Cytokine Array (ARY028; R&D Systems, Minneapolis, MN, USA), which detects
simultaneously 111 mouse cytokines.

The homogenates were prepared by homogenizing the organs in lysis buffer
(PBS/1% Triton X-100/protease) and phosphatase inhibitors - cOmplete™, EDTA-free
Protease Inhibitor Cocktail (Roche, 11873580001). Protein concentration was determined by
DC Protein Assay (BioRad, 5000111) and read using a microplate reader (Tecan Infinite
M200). For the spinal cord 200 mg of protein was used for the cytokine array, while for the
remaining organs 300 mg of protein was used. In summary, nitrocellulose membranes were
blocked for 1 hour; then, the specific amount of protein content was added and incubated
overnight in a rocking platform at 4°C. The following day, the membranes were washed and
incubated with streptavidin-HRP for 30 minutes and after being washed again, spot detection

was enhanced by the addition of a chemiluminescence reagent. The membranes were read
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on Amersham 680 (GE Healthcare) and dots density was quantified using Image Studio Lite

software.

The factors of interest were then grouped according to their known roles, although

some of them can have other functions and their action can be different according to the

organ where they were identified. See Table 2 for factors and their functions.

Table 2 — Cytokine array factors and respective functions.

Factor

Function

Reference

Angiopoietin-1

Angiogenic factor (SC; Bladder). Liver
fibrosis and HSCs activation (Liver).

Taura et al. 2008; Ritz et al.
2012; Karlsson et al. 2021; The
Human Protein Atlas 2022d

C Reactive Protein

Inflammatory factor (Bladder).
Associated with bladder cancer.

Chuang et al. 2010; Karlsson et
al. 2021; O’Brian et al. 2021; The
Human Protein Atlas 2022d

Liver fibrosis and HSCs activation;

Degré et al. 2012; Ehling et al.

CCL-2 Inflammatory factor (Liver). 38;411 Chen et al. 2018; Xi et al.
Coppé et al. 2010; Karlsson et al.
CCL-3/4 Inflammatory factors (Bladder). 2021; The Human Protein Atlas
2022d
CCL-6 Inflammatory factor (Liver). ggzezn etal. 2018; Poulsen et al.
Paramos-de-Carvalho, Jacinto, et
CCL-11 Inflammatory factor (SC). al. 2021; Paramos-de-Carvalho,
Martins, et al. 2021
CCL-12 Pro-inflammatory factor (SC; Liver). 28 :%f_l Sgi:é;gz;a?hzeonzgt al.
CCL-17 Inflammatory factor (Bladder). g?éi?r?r/lﬁ; :"éggi]? The Human
Complement Karlsson et al. 2021; The Human
components C5/C5a Inflammatory factors (Bladder). Protein Atlas 2022d
Complement Factor D Inflammatory factor (Liver; Bladder). gfgl{i?:;ﬁ;:légg%; The Human

Liver fibrosis and HSCs activation

Wasmuth et al. 2009; Sahin et al.
2012; Gonzalez et al. 2014; Chen

CXCL-9 (Liver). Inflammatory factor (Bladder). | etal. 2018; Guo et al. 2018;
Associated with bladder cancer. Nazari et al. 2020; Li et al. 2021;
Poulsen et al. 2022
Cystatin C Tumoral marker (Bladder). Tokarzewicz et al. 2018
Endoglin Angiogenesis promotor and regulator | Karlsson et al. 2021; The Human

(Bladder).

Protein Atlas 2022d

Epidermal Growth
Factor (EGF)

Growth Factor; Mitogen and tumour
promotor (Bladder).

Cheng et al. 2002; Coppé et al.
2010; Kuo 2014; Lin et al. 2022

Fibroblast Growth
Factor (FGF) acidic

Anti-steatotic and anti-fibrotic factor
(Liver).

Karlsson et al. 2021; The Human
Protein Atlas 2022d

Karlsson et al. 2021; Salgado et

FGF-21 Growth factor (Bladder). al. 2021; The Human Protein
Atlas 2022d
Gas6 Liver fibrosis and HSCs activation; Barcena et al. 2015; Smirne et al.

NAFLD and NASH progression (Liver).

2019; Tutusaus et al. 2020

Granulocyte Colony -
Stimulating Factor (G-
CSF)

Growth and inflammatory factor
(Bladder). Associated with bladder
cancer.

Karlsson et al. 2021; The Human
Protein Atlas 2022d

Granulocyte
macrophage Colony -

Growth factor (Bladder).

Karlsson et al. 2021; The Human
Protein Atlas 2022d
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Stimulating Factor
(GM-CSF)

Growth/Differentiation
Factor — 15 (GDF-15)

Anti-inflammatory factor (Bladder).

Coppé et al. 2010; Wischhusen et
al. 2020

Hepatocyte Growth

Growth factor (Bladder).

Coppé et al. 2010; Karlsson et al.
2021; The Human Protein Atlas

Factor (HGF) 20224
Helbig et al. 2004; Paramos-de-
I-TAC Inflammatory factor (SC; Liver). Liver | Carvalho, Jacinto, et al. 2021;
fibrosis and HSCs activation (Liver). Paramos-de-Carvalho, Martins, et
al. 2021
. , . o Knight et al. 2007; Coppé et al.
L|\_/er fibrosis and HSCs actlve?tlon. 2010; Luo et al. 2013; Karlsson et
IFN-y (Liver). Inflammatory factor (Liver;

al. 2021; The Human Protein

Bladder). Atlas 2022d
Insulin Growth Factor Karlsson et al. 2021; The Human
Binding Protein Growth factor (Bladder). Protein Atlas 2022d
1(IGFBP-1)
IGFBP-2 Tumour suppression factor (Bladder). ggfge etal. 2010; Tang et al.
Coppé et al. 2010; Karlsson et al.
IGFBP-3 Growth factor (Bladder). 2021; The Human Protein Atlas
2022d
Coppé et al. 2010; Karlsson et al.
IL-1a Inflammatory factor (Bladder). 2021; The Human Protein Atlas
2022d
Fibrosis and HSCs activation (Liver). | Reiman et al. 2006; Lee et al.
IL-5 Inflammatory factor (Bladder). 2013; Karlsson et al. 2021; The
Associated with bladder cancer. Human Protein Atlas 2022d
Calcinotto et al. 2019; Karlsson et
IL-6 Pro-inflammatory factor (Liver). al. 2021; The Human Protein
Atlas 2022b
IL-7 Pro-inflammatory factor (SC; Liver) Bao et al. 2018
. Karlsson et al. 2021; The Human
IL-10 Anti-inflammatory factor (Bladder). Protein Atlas 20224
Fibrosis and HSCs activation; NAFLD | Wu et al. 2013; Widjaja et al.
IL-11 and NASH progression (Liver). 2019; Karlsson et al. 2021; Dong
Inflammatory factor (Liver; Bladder). et al. 2021; The Human Protein
Associated with bladder cancer. Atlas 2022d; Fung et al. 2022
Kalin’ski et al. 2001; Walter et al.
2001; Cooper and Khader 2007;
IL-12p40 Inflammatory factor (Bladder). Tyagi et al. 2010; Karlsson et al.
2021; The Human Protein Atlas
2022d
Coppé et al. 2010; Karlsson et al.
IL-13 Anti-inflammatory factor (Bladder). 2021; The Human Protein Atlas
2022d
IL-27p28 Fibrosis and HSCs activation (Liver). | Mitra et al. 2014; Kourko et al.
Inflammatory factor (Liver; Bladder). 2019; Min et al. 2021
IL-28 A/B Pro-inflammarory factor (SC; Bladder). | Manivasagam et al. 2022
Kochiashvili and Kochiashvili
2014; Weiskirchen and Tacke
2017; Saito et al. 2020;
Inflammatory factor (SC; Liver; Yamagishi et al. 2022; Jensen et
IL-33 Bladder). Fibrosis and HSCs activation | al. 2018; Tan et al. 2018; Yazdani

(Liver).

et al. 2018; Paramos-de-
Carvalho, Jacinto, et al. 2021;
Paramos-de-Carvalho, Martins, et
al. 2021
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Leptin

Inflammatory and fibrogenic factor
(Liver).

Martinez-Ufia et al. 2020;
Petrescu et al. 2022

Leukaemia Inhibitory
Factor (LIF)

Induction of APP production,
fibrogenesis, cell adhesion, attenuation
of hepatic steatosis and insulin
resistance (Liver).

Moran et al. 1997; Hisaka et al.
2004; Karlsson et al. 2021; The
Human Protein Atlas 2022c;
Yuan et al. 2022

Fibrosis and HSCs activation (Liver).

Moschen et al. 2017; Chen et al.

Lipocalin-2 Inflammatory factor (Bladder). 2020; Ahn et al. 2021
Matrix Fibrosis and HSCs activation (Liver). Naim et al. 2017; Karlsson et al.
Metalloproteinases-2 Angiogenesis promoter and regulator | 2021; The Human Protein Atlas
(MMP-2) (Bladder). 2022d
. ; Coppé et al. 2010; Karlsson et al.
MMP-3 Extracellular matrix and wound healing 2021: The Human Protein Atlas

factors (Bladder).

2022d

Osteopontin

Fibrosis and HSCs activation;
Inflammatory factor (Liver).

Wen et al. 2016

Pentraxin 3 Pro-inflammatory factor (Liver). Feder et al. 2020
Pro-fibrotic factor (Liver). Extracellular | Sugiyama et al. 2016; Kumar et
Periostin matrix and wound healing factor; cell | al. 2018; Karlsson et al. 2021;

adhesion factor (Bladder).

The Human Protein Atlas 2022d

Pigment Epithelium-

Neuroinflammatory and neurotrophic

Takanohashi et al. 2005; Stevens

derived factor (PEDF) factor (SC). et al. 2019; He et al. 2022
Platelet-derived Growth factor. Tumoral marker Sawase et al. 1998; Shimabukuro
endotelial cell growth (Blédder) et al. 2005; Karlsson et al. 2021;

factor (PD-ECGF)

The Human Protein Atlas 2022d

Fibrosis and HSCs activation (Liver).

Karlsson et al. 2021; The Human

Pref-1 Growth factor (Bladder). Protein Atlas 2022d
Proliferin Growth factor; vascular modulation Karlsson et al. 2021; The Human
factor (Bladder). Protein Atlas 2022d
RAGE Inflammatory factor; NAFLD and NASH | Pusterla et al. 2013; Asadipooya
progression (Liver). et al. 2019; Weinhage et al. 2020
Chen et al. 2019; Karlsson et al.
Reg3G Inflammatory factor (Liver). 2021; The Human Protein Atlas

2022d

Retinol Binding
Protein 4 (RBP4)

NAFLD and NASH progression (Liver).

Huang and Xu 2022

Thrombopoietin

Haemostatic and Neurotrophic

Yang et al. 2016

(Thpo) functions (SC).
TNF-o. Inflammatory factor; NAFLD and NASH | Tiegs and Horst 2022
progression (Liver).
Vascular Cell Furuta et al. 2021
Adhesion Molecule 1 | NAFLD and NASH progression (Liver).
(VCAM-1)

Vascular Endothelial
Growth Factor (VEGF)

Growth Factor; Fibrosis and HSCs
activation (Liver). Associated with
endothelial cell proliferation and
migration, apoptosis inhibition and
permeabilization of blood vessels.

Calcinotto et al. 2019; Martinez-
Una et al. 2020; Karlsson et al.
2021; The Human Protein Atlas
2022a; Darmadi et al. 2022; Lin
et al. 2022

WNT-1-inducible-
signalling pathway
protein 1 (WISP-1)

NAFLD and NASH progression (Liver).
Extracellular matrix and wound healing
factor; cell adhesion factor (Bladder).

Karlsson et al. 2021; Pivovarova-
Ramich et al. 2021; The Human
Protein Atlas 2022d

3.5. Statistical analysis

GraphPad Prism 9 was used for data visualization and statistical analysis. All

statistical analysis was done using one-way ANOVA with multiple comparisons, followed by
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Bonferroni’s post hoc test. All data was expressed as mean + standard error of the mean

(SEM), with statistical significance determined at p-values < 0.05.

4. Results

4.1. Cytokine and chemokine profile characterisation in different organs
4.1.1. Spinal Cord

4.1.1.1. Chronic induction of pro-inflammatory cytokines in the spinal cord is

observed in injured animals and is partially reverted by the senolytic treatment

Considering that Paramos-de-Carvalho et al. (2021) observed a chronic accumulation
of senescent cells until 60 dpi, it was paramount to start by evaluating if the accumulation of
these senescent cells at the injury site correlated with the perpetuation of a detrimental local
microenvironment at 30 dpi, as it was described at 15 dpi. To shed some light on the matter,
tissue homogenates of the experimental groups (laminectomized (sham), vehicle- and ABT-
263-treated injured animals) were evaluated using a proteome XL mouse cytokine array.
Measurements were performed on the spinal cord at a later time-point (30 dpi). For the

complete list of factors see Annex 1 Supplementary Table 1.

A 15 dpi B 30 dpi

[ ABT-263 modulation
(downregulated factors)

[ ABT-263 no modulation

Total of factors upregulated after a spinal cord injury =35 Total of factors upregulated after a spinal cord injury =9

Figure 7 - Evolution of downregulated factors by ABT-263 treatment between 15 and 30 days
post-injury. In blue, factors downregulated by ABT-263. In grey, factors where no effect by ABT-263 was
observed. (A) At 15 dpi, 35 factors were upregulated after SCI and from those, 27 were downregulated by ABT-
263. (B) At 30 dpi, 9 factors were upregulated after SCI and only 3 were downregulated by ABT-263.

At 30 dpi, we found only 9 factors upregulated after injury, in contrast with the 35
factors found at 15 dpi (Fig. 7). Of these 9 factors only 33% were decreased by ABT-263
treatment. A considerable reduction of ABT-263 modulation, when compared with the 77% of
factors that were downregulated with the treatment at 15 dpi in the spinal cord (Fig. 7).

Our data showed a significant increase in the levels of the pro-inflammatory
interferons IL-28A/B in the spinal cord of vehicle-treated SCI animals compared to the
controls (sham) at 30 dpi. These returned to control levels in animals treated with ABT-263
(Fig. 8). The same behaviour happened to Pigment Epithelium-derived Factor (PEDF) and to
Thrombopoietin (Thpo) (Fig. 8). PEDF has known neuroinflammatory and neurotrophic
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functions and Thpo has haemostatic and neurotrophic functions (Takanohashi et al. 2005;
Yang et al. 2016; Stevens et al. 2019; He et al. 2022; Manivasagam et al. 2022).
Interestingly, these factors are specific for the 30 dpi, as these were not increased at 15 dpi
(Paramos-de-Carvalho, Martins, et al. 2021).

I:I Sham injured animals (control)
:] Vehicle-treated animals
[ ] ABT-263- treated animals

Inflammation Miscellaneous
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300000 - .
%’ % 40000 - 5
@ c c 30000
[T [} Q
Q 200000 - . ©
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g é 20000 g .
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IL-28A/B PEDF Thrombopoietin

Figure 8 - ABT-263 treatment reduces inflammatory factors induced after spinal cord injury in
the spinal cord at 30 days post-injury. Cytokine and chemokine expression was measured in spinal cord
homogenates from sham (grey), vehicle (white), and ABT-263 treated (yellow) spinal cord injured animals at 30
days post-injury (dpi). These factors were significantly increased after SCI in the vehicle-treated animals
compared to controls and the treatment with ABT-263 was effective in decreasing these factors to basal sham
injured levels. Factors were divided into different groups regarding their role: Inflammation and Miscellaneous.
(n=2/3) Data is presented as mean density and expressed as mean + SEM. *p<0.05, **p<0.01, sham versus
vehicle; #p<0.05, ##p<0.01, vehicle versus ABT-263.

Similarly, the following factors were only upregulated at 30 dpi in the spinal cord. The
angiogenic factor, Angiopoietin-1, and another two pro-inflammatory factors (CCL-12 and IL-
7) were also upregulated in the vehicle-treated injured animals compared to controls at 30
dpi, but were not modulated by ABT-263 (data not shown). These factors seem to be
specifically induced at later time-points, as these were not upregulated in vehicle-treated
injured animals at 15 dpi (Paramos-de-Carvalho, Martins, et al. 2021). IL-7 is also considered
a SASP factor (Coppé et al. 2010).

There were three inflammatory cytokines (IL-33, CCL-11 and Interferon-inducible T
cell Alpha Chemoattractant (I-TAC)) (Table 2), known SASP factors, whose expression
increased with the injury (vehicle-treated injured animals) both at 15 dpi (Paramos-de-
Carvalho, Martins, et al. 2021) and 30 dpi (Fig. 9). However, these were not significantly
modulated by treatment with ABT-263 at 30 dpi, contrary to what happened at 15 dpi

(Paramos-de-Carvalho, Martins, et al. 2021).
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Overall, a pro-inflammatory profile is clearly present at 30 dpi in the spinal cord with
factors that were already activated at 15 dpi and new ones that seem to be activated only at

later time-points.

I:I Sham injured animals (control)
[:] Vehicle-treated animals
|:] ABT-263 - treated animals
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Figure 9 - Inflammatory cytokines IL-33, CCL11 and I-TAC increase after a spinal cord lesion at
30 days post-injury. Cytokine and chemokine expression was measured in spinal cord homogenates from
sham injured control (grey), vehicle (white), and ABT-263 treated (yellow) spinal cord injured animals at 30 dpi. IL-
33, CCL11 and I-TAC are also known SASP factors. ABT-263 did not decrease the levels of these cytokines.
Data is presented as mean density and expressed as mean + SEM. (n=3) *p<0.05, **p<0.01, sham versus
vehicle.

4.1.2. Liver

4.1.2.1. Pro-inflammatory cytokines and growth factors are induced in the liver
15 days after a spinal cord injury

Considering our hypothesis that the spinal cord pro-inflammatory and pro-fibrotic
profile can become systemic, we measured the cytokine and chemokine expression in liver
homogenates from sham, vehicle- and ABT-263-treated injured animals at 15 dpi.

At 15 dpi the cytokine arrays revealed a statistically significant increase in the levels
of inflammatory factors (Leptin, IL-6, Reg3G, Complement Factor D), fibrosis factor
(Periostin), growth factor (VEGF), Leukaemia Inhibitory Factor (LIF) and anti-steatotic and
anti-fibrotic factor (FGF acidic) in the liver. The 8 factors found upregulated in the liver after
SCI were not successfully decreased by ABT-263 treatment (Fig. 10) (Supplementary Table
2 — Annex 1). For the complete list of factors see Annex 1 Supplementary Table 2.

Even though it is possible to observe a decrease in Leptin levels in the ABT-263-
treated injured animals compared to the vehicle-treated animals, this is not statistically
significant (Fig. 10). This adipokine can act as an inflammatory and fibrogenic factor in the
liver (Petrescu et al. 2022).
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VEGF, a known SASP factor, only showed a small tendency for reduction in ABT-
263-treated spinal cord injured animals (Fig. 10). Leptin is known to induce VEGF, which is
associated with endothelial cell proliferation, cell migration, apoptosis inhibition and
permeabilization of blood vessels, contributing to liver pathology (Martinez-Ufia et al. 2020;
Karlsson et al. 2021; The Human Protein Atlas 2022a).

IL-6 showed similar behaviour to Leptin and VEGF (Fig. 10). This cytokine is another
known SASP factor and pro-inflammatory cytokine. (Calcinotto et al. 2019; The Human
Protein Atlas 2022b).

Leukaemia Inhibitory Factor (LIF), also a SASP factor, belongs to the IL- 6 family and
showed similar behaviour in this study to the factors described above (Fig.10). It is known to
be upregulated during tissue injury and in the liver has been associated with a variety of
functions, ranging from APP production induction in hepatocytes, fibrogenesis and cell
adhesion, to attenuation of hepatic steatosis and insulin resistance (Moran et al. 1997;
Hisaka et al. 2004; Karlsson et al. 2021; The Human Protein Atlas 2022c; Yuan et al. 2022).
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Figure 10 - Leptin, Periostin, and senescence-associated secretory phenotype (SASP) pro-
inflammatory cytokine IL-6, VEGF and LIF increase in the liver after a spinal cord lesion at 15
days post-injury. Cytokine and chemokine expression was measured in liver homogenates from sham (grey),
vehicle (white), and ABT-263 treated (yellow) spinal cord injured animals at 15 dpi. Factors were divided into
different groups regarding their role: Inflammation, Fibrosis, Growth Factors and Miscellaneous. IL-6, VEGF and
LIF are known SASP factors. (n=3) Data is presented as mean density and expressed as mean + SEM. *p<0.05,
**p<0.01, sham versus vehicle.
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4.1.2.2. At 30 days post-injury, ABT-263 treatment causes the upregulation of

several factors in the liver

Cytokine and chemokine expression was also measured in liver homogenates from
sham injured controls, vehicle- and ABT-263-treated spinal cord injured animals at 30 dpi.

At 30 dpi the only two factors upregulated in the vehicle-treated injured animals were
the pro-inflammatory factor Pentraxin 3, and the pro-fibrotic factor Periostin (Fig. 11) (Table
2). The treatment with ABT-263 was successful in reducing the levels of these factors (Fig.
11). Periostin levels remained elevated from 15 dpi through to 30 dpi in vehicle-treated
injured animals (Fig.10 & 11).

In addition to this, 30 factors were found to be specifically induced by ABT-263 (Fig.
12). These factors have been implicated in liver fibrosis and HSCs activation, as well as, liver
inflammation and the progression of NASH. Indeed, Angiopoietin-1; CCL2; CXCL9; I-TAC;
Gas 6; IFN-y; IL-5; IL-11; IL-27p28; IL-33; Lipocalin-2; MMP-2; Osteopontin; Pref-1;
VEGF have been associated with liver fibrosis and HSCs activation; CCL2; CCL6; CCL-12;
I-TAC; IFN-y; IL-7; IL-11; IL-28A/B; IL-33; Osteopontin; Leptin; RAGE; TNF-a with liver
inflammation; and RAGE; Retinol Binding Protein 4 (RBP4); Gas6; IL-11; Vascular Cell
Adhesion Molecule 1 (VCAM-1); WISP-1) with NAFLD and the progression of NASH (Table

2). For the complete list of factors see Annex 1 Supplementary Table 2.
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Figure 11 - ABT-263 treatment reduces Pentraxin 3 and Periostin induced after spinal cord
injury in the liver at 30 days post-injury. Cytokine and chemokine expression was measured in liver
homogenates from sham (grey), vehicle (white), and ABT-263 treated (yellow) spinal cord injured animals at 30
dpi. Both factors were significantly increased after SCI (vehicle-treated animals) compared to controls and the
treatment with ABT-263 was effective in decreasing these factors to basal sham injured levels. Factors were
divided into different groups regarding their role: Inflammation and Fibrosis. (n=3) Data is presented as mean
density and expressed as mean + SEM. *p<0.05, ***p<0.001, sham versus vehicle; ##p<0.01, vehicle versus
ABT-263.
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I:I Sham injured animals (control)
|:| Vehicle-treated animals
[ ] ABT-263-treated animais

Figure 12 — ABT-263 treatment induces the upregulation of factors associated with liver
inflammation, fibrosis and NAFLD and the progression of NASH. Cytokine and chemokine expression
was measured in liver homogenates from sham (grey), vehicle (white), and ABT-263 treated (yellow) spinal cord
injured animals at 30 dpi. Factors were divided into different groups regarding their role: Inflammation, Fibrosis
and NAFLD & NASH. (n=3/4) Data is presented as mean density and expressed as mean + SEM. ***p<0.001,
sham versus vehicle; #p<0.05, ##p<0.01, vehicle versus ABT-263; ap<0.05.
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4.1.3. Bladder

4.1.3.1. Senolytic treatment reduces the expression of pro-tumorigenic
Epidermal Growth Factor in the bladder of spinal cord injured animals at 15
days post-injury

Cytokine and chemokine expression was also measured in bladder homogenates
from sham injured controls, vehicle- and ABT-263-treated spinal cord injured animals at 15
dpi.

Epidermal Growth Factor (EGF) was increased in vehicle-treated injured animals
compared to sham (non-injured) at 15 dpi in the bladder (Fig. 13). At the same time, there
was a reduction of EGF in the ABT-263-treated injured animals, returning to non-injured
(sham) levels (Fig. 13). This factor is a potent mitogen and tumour promoter, and it is also a
known SASP factor (Cheng et al. 2002; Coppé et al. 2010) (Table 2).
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Figure 13 - ABT-263 treatment reduces bladder Epidermal Growth Factor (EGF) levels after
spinal cord injury at 15 days post-injury. Cytokine and chemokine expression was measured in bladder
homogenates from sham (grey), vehicle- (white), and ABT-263-treated (yellow) spinal cord injured animals at 15
dpi. EGF is a growth factor associated with bladder tumorigenesis and cancer progression. This factor is also part
of the senescence-associated secretory phenotype (SASP). (n=3) Data is presented as mean density and
expressed as mean + SEM. *p<0.05, sham versus vehicle; #p<0.05, vehicle versus ABT-263.

4.1.3.2. Pro-inflammatory factors are induced in the bladder after a spinal cord
injury

We observed that SCI (vehicle-treated animals) induced a significant increase in
several pro-inflammatory cytokines and chemokines, and tumor factors when compared with
non-injured animals (sham) (Fig. 14). However, ABT-263 was not successful in modulating
this response (Fig. 14). In fact, some factors (CCL-3/4; CXCL9; IL-11; IL-12p40; IL-33;
C5/C5ha; Cystatin C; Insulin-Growth Factor Binding Protein — 2 (IGFBP-2) and Granulocyte
Colony Stimulating Factor (G-CSF)) remained elevated in the ABT-263-treated group (Fig.
14). These factors can be divided into groups based on their function: Inflammation (CCL-3,
CCL-4, CXCL9, IL-5, IL-11, 1L12p40, IL-33, complement component C5/C5a, CRP,
Complement Factor D) (Fig. 14A); tumoral markers (Cystatin C and Platelet-derived
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endothelial cell growth factor (PD-ECGF)) (Fig. 14B); tumour suppression factor (IGFBP-2)
(Fig. 14B); and growth factor (G-CSF) (Fig. 14C) (Table 2). Of these, CCL-3 and IGFBP-2
are known SASP factors (Coppé et al. 2010). For the complete list of factors see Annex 1

Supplementary Table 3.
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Figure 14 - Many pro-inflammatory and tumour-related factors are increased in the bladder of
injured animals, independently of treatment at 15 days post-injury. Cytokine and chemokine
expression was measured in bladder homogenates from sham (grey), vehicle- (white), and ABT-263-treated
(yellow) spinal cord injured animals at 15 dpi. The factors were divided into several groups regarding their role:
(A) inflammation, (B) tumoral factors and (C) growth factors. Some factors, such as CCL-3 and IGFBP-2, have
been previously described as senescence-associated secretory phenotype (SASP) factors. (n=3) Data is
presented as mean density and expressed as mean + SEM. *p<0.05, **p<0.01, sham versus vehicle; #p<0.05,
vehicle versus ABT-263; ap<0.05, a.ap<0.01, aaap<0.001, control versus ABT-263.
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4.1.3.3. Senolytic treatment decreases bladder levels of pro-inflammatory
factors and growth factors induced after a spinal cord injury at 30 days post-
injury

Cytokine and chemokine expression was also measured in bladder homogenates
from sham (non-injured), vehicle- and ABT-263-treated spinal cord injured animals at 30 dpi.
For the complete list of factors see Annex 1 Supplementary Table 3.

Several inflammatory factors, Growth/Differentiation Factor — 15 (GDF-15), IL-5, IL-
11, Lipocalin-2, IL-12p40, IL-27p28, IL-28 A/B, IL-13 (Fig. 15A), as well as the growth factors
IGFBP-1, PD-ECGF, Pref-1 and Proliferin (Fig. 15B) were increased in the bladder after a
SCI (vehicle) at 30 dpi when compared to controls (Fig. 15). ABT-263 was successful in
modulating these factors by reducing their levels (Fig. 15). GDF-15 and IL-13 are also known
SASP factors (Coppé et al. 2010). The pro-inflammatory factors IL-5, IL-11, IL-12p40 and the
growth factor PD-ECGF were also elevated after a SCI in the bladder of 15 dpi-vehicle-
treated animals (Fig.14A). Complement components C5/C5a, CRP, IL-33 and IGFBP-2
(SASP factors) were also, similarly to what was observed at 15 dpi (Fig. 14A), induced at 30
dpi in the bladder of vehicle-treated animals after the lesion (not shown) with no effect of
ABT-263.

In addition to these, other proteins such as inflammatory factors (CCL17, IFN-y, IL-
1a), angiogenesis promoters/regulators (Angiopoietin-1, Endoglin, Matrix Metalloproteinases
-2 (MMP-2)), growth factors (Fibroblast Growth Factor 21 (FGF-21), Granulocyte
macrophage - Colony Stimulating Factor (GM-CSF), Hepatocyte Growth Factor (HGF),
IGFBP-3), and extracellular matrix and wound healing factors (MMP-3, Periostin, WNT-1-
inducible-signalling pathway protein 1 (WISP-1)) were also significantly elevated in the
bladders of vehicle-treated animals at 30 dpi when compared to non-injured animals (sham)
(not shown). Nevertheless, ABT-263 treatment did not have an effect in reducing their levels.
HGF, IFN-y, IGFBP-3, IL-1a. and MMP-3 are also SASP factors (Coppé et al. 2010).
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Figure 15 - ABT-263 treatment reduced several pro-inflammatory factors and growth factors
induced after spinal cord injury in the bladder at 30 days post-injury. Cytokine and chemokine
expression was measured in bladder homogenates from sham (grey), vehicle- (white), and ABT-263-treated
(yellow) spinal cord injured animals at 30 dpi. The factors were divided into two groups regarding their role: (A)
inflammation and (B) growth factors. Some factors, such as GDF-15 and IL-13, have been previously described
as known senescence-associated secretory phenotype (SASP) factors. (n=2/3) Data is presented as mean
density and expressed as mean + SEM. *p<0.05, **p<0.01, sham versus vehicle; #p<0.05, ##p<0.01, vehicle
versus ABT-263.

All'in all, considering our data we observed a total of 14 factors that were upregulated
in vehicle-treated injured animals at 15 dpi, with only EGF being successfully decreased by
ABT-263-treatment (Supplementary Table 3 — Annex 1). Indeed, 9 of these factors kept
significantly elevated even with ABT-263 administration. Interestingly, ABT-263 treatment

elevated the expression of IL-10 an anti-inflammatory factor (not shown) and of IL-12p40

(Fig. 14A). These values contrast with those observed at 30 dpi, where the number of



upregulated factors in vehicle-treated injured animals increased to 31 and where 15 of which

were decreased by ABT-263 (Fig.16) (Supplementary Table 3 — Annex 1).
A 15 dpi B 30 dpi

I ABT-263 modulation (downregulated factors)
[J. ABT-263 no modulation

Total of factors upregulated after a spinal cord injury=14 Total of factors upregulated after a spinal cord injury=31

Figure 16 — Modulation by ABT-263 of bladder cytokine and chemokine expression between 15
and 30 days post-injury. (A) At 15 dpi 14 factors were upregulated after spinal cord injury (SCI), and only 1
was downregulated by ABT-263 treatment. (B) At 30 dpi 31 factors were upregulated after injury and, from those,
15 were downregulated by ABT-263. In blue, factors downregulated by ABT-263. In grey, factors where no effect
by ABT-263 was observed.

4.2. Histopathological and immunohistochemistry analysis of peripheral
organs of spinal cord injured animals treated and non-treated with ABT-263
After analysing the proteomic microenvironment, we evaluated the organ

histopathology in the different experimental groups.

4.2.1. Liver
4.2.1.1. A spinal cord injury induces a slight increase in inflammatory infiltrates
at 15 days post-injury, which is not reverted by ABT-263 treatment

Overall, both experimental groups presented a normal liver parenchymal architecture.
The vehicle- and ABT-263-treated injured animals revealed a depletion of glycogen from the
hepatocytes (Fig. 17B’-C’). These cells presented minimal occasional vacuolation and a
dense cytoplasm (Fig. 17B-C), compared to the controls (sham). The controls presented
hepatocytes with irregular and poorly defined clear spaces in the cytoplasm (“feathery
cytoplasm”) and a central nucleus, characteristic of glycogen accumulation (Fig. 17A). This
background finding is commonly found in the liver of animals not fasted previously to
sacrifice (Thoolen et al. 2010). The content of the vacuoles was confirmed using PAS
staining, with positive glycogen accumulation marked in bright magenta (Fig. 17A’, B’ and
C).
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ABT-263

Figure 17 - Glycogen depletion of spinal cord-injured animals (vehicle-treated and ABT-263
treated) in comparison with the controls (sham injured animals). (A) Sham injured animal presenting
hepatocytes with vacuolated cytoplasm. (A’) Periodic-acid Schiff (PAS) staining shows a great accumulation of
glycogen in bright magenta. (n=3) (B) & (C) Vehicle and ABT-263 treated spinal cord injured animals presenting
hepatocytes with a none to minimally vacuolated cytoplasm. (n=6) (B) Extramedullary haematopoiesis
(arrowhead). (B’) & (C’) Some cells display deposition of glycogen in bright magenta (arrows). (A), (B) & (C)
Haematoxylin and Eosin (H&E) staining. (A’), (B’) & (C’) PAS staining. 400x. Scale bars = 100um.

In addition to the cytoplasmatic differences described above, most lesions consisted
of minimal multifocal spots of extramedullary haematopoiesis (EMH), mainly located in the
portal tracts (zone 1), and few in the sinusoids in the midzonal area (zone 2) and around the
central vein (zone 3) (Fig. 18E and E’). Furthermore, minimal multifocal inflammatory cell

infiltrates were also present in the three zones of the liver (Fig. 18). These foci varied
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between mixed cell infiltrates (neutrophils and mononuclear cells) and mononuclear cell
infiltrates (macrophages, monocytes, lymphocytes and few plasma cells). The former were
most often associated with small foci of necrosis (Fig. 18A and B). The latter were commonly
located in zone 1 of the liver in the portal tracts surrounding the biliary duct (Fig.18D). When
in small numbers and if not increased compared to controls, these findings are common in

the liver of mice and are considered background lesions (Thoolen et al. 2010).

2 . -
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Figure 18 — Representative images of background lesions present in the liver across all
experimental groups. (A) Necrosis, hepatocytes, multifocal, minimal (arrows). Inflammatory infiltrate, mixed,
multifocal, minimal (arrowhead). The former shows some inflammatory cell infiltrates. The latter is also associated
with necrosis. It is possible to identify polymorphonuclear neutrophils and mononuclear cells. The necrotic
hepatocytes show a pale cytoplasm, karyorrhexis and karyolysis with nuclear dissolution. (B) Inflammatory
infiltrate, mixed, multifocal, minimal. It is possible to identify neutrophils and other mononuclear cells, such as
macrophages, plasma cells and lymphocytes. There is necrosis associated with this inflammatory infiltrate, with
the presence of karyorrhexis (arrowhead). (C) Inflammatory infiltrate, mononuclear, multifocal, minimal. There are
also some neutrophils present in this infiltrate. However, the main cells present are mononuclear cells. (D) Cell
infiltrate, mononuclear, centrilobular, multifocal, minimal (arrowhead). (E) Extramedullary haematopoiesis,
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midzonal, focal, minimal. (E’) Close-up of E. H&E staining. (n=3) (A), (B), (D) and (E) 400x. (C) and (E’) 1000x.
Scale bars = 100um.

Nonetheless, to objectively evaluate if there was an increase in inflammation,
represented by more inflammatory infiltrates, these foci of inflammation were manually
counted and plotted to identify if there were statistically significant differences between the

groups (Fig. 19).

|:] Sham injured animals (control)
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Figure 19 - Spinal cord injury suggests an increase in the number of inflammatory infiltrates.
Inflammatory infiltrates were manually counted in sham (grey), vehicle- (white) and ABT-263-treated (yellow)
spinal cord injured animals. (n=3). Data is expressed by the number of cellular infiltrates per um? of tissue area
and expressed as mean + SEM

As the graph above shows, there seems to exist an increase in the number of
inflammatory infiltrates in both spinal cord injured animals (vehicle and ABT-263) compared
to the sham controls (non-injured). However, this difference is not statistically significant.

All in all, at this time point (subacute-to-chronic stage of SCI) the H&E staining
revealed a depletion of glycogen and apparently increased inflammatory infiltrates after

injury. ABT-263 did not have any apparent effect on these findings.

4.2.1.2. Spinal cord injury did not alter the number of T lymphocytes and
Kupffer Cells in the liver

In order to further evaluate the inflammatory state of the liver at 15 dpi, in particular,
the number of KCs and T lymphocytes, Clec4df and CD3 immunohistochemistry was
performed, respectively.

The gross evaluation of the immunohistochemistry images did not reveal any
apparent difference in the number of cells between experimental groups. KCs were evenly
dispersed in the sinusoids of the liver (Fig. 20A’, B’, and C’). Similarly, tissue-resident T
lymphocytes were also present in the sinusoids and the parenchyma of the liver (Fig. 20A, B,
and C). In addition to this, these cells were also present in the portal tracts (typical location of

resident memory T lymphocytes) (Fig. 20E) and in the inflammatory infiltrates, already
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described above (Fig. 20D). Some of the mononuclear inflammatory infiltrates observed with

H&E can also be described as granulomas.
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Figure 20 - CD3 and Clec4f immunohistochemistry did not reveal any apparent difference in the
number of T lymphocytes and Kupffer cells, respectively, between experimental groups. 1. (A),
(B) and (C) representative transversal sections showing hepatic CD3 immunoreactivity in brown in sham, vehicle-
and ABT-263-treated injured animals. 200x. (A’), (B’) and (C’) representative transversal sections showing hepatic
Clec4f immunoreactivity in brown in sham, vehicle-and ABT-263-treated injured animals. 200X. 2. (D) Detail
showing T lymphocytes, in brown in the outer layer of a microgranuloma. 200x. (E) Detail showing the presence
of T lymphocytes in a portal tract. (n=3) 100X. Scale bar = 100uym
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The number of KCs was quantified as the area of tissue positive for Clec4f. There
was no difference observed between the injured (vehicle- and ABT-263-treated) and non-

injured animals (sham) (Fig. 21). The values were all very similar and close to 15%.
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Figure 21 - Spinal cord injury does not affect the number of Kupffer cells in the liver at 15 days
post-injury. The percentage of positive Clec4f area of liver tissue of each animal was automatically calculated
using positive pixel detection in QuPath. This calculation was performed in sham (controls) in grey, vehicle-
treated animals in white and ABT-263- treated animals in yellow. (n=3) Data is presented in percentage of Clec4f
positive area of the tissue and expressed as mean + SEM.

The quantification of CD3" cells was made by manually counting the number of cells
and normalizing for the area of liver tissue. Similarly to Clec4f, there was no difference

between the experimental groups (Fig. 22).
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Figure 22 - Spinal cord injury does not affect the number of liver T lymphocytes. CD3 positive
cells were manually counted and their number was divided by the area of liver tissue calculated using QuPath.
This calculation was performed in sham animals in grey, vehicle-treated animals in white and ABT-263-treated
animals in yellow. (n=3). Data is presented as CD3 positive cells per um? of tissue and expressed as mean *
SEM.

SCI does not alter the number of KCs and T lymphocytes in the liver when compared

to controls at 15 days after injury. The location and morphology of the cells were also normal.

4.2.1.3. Spinal cord injury induces a small increase in the liver’s lipidic content

at 15 days post-injury
After a SCI there is lipid accumulation, which in turn can lead to steatosis, the main

characteristic of NAFLD (Goodus et al. 2021). Thus, to better evaluate the degree of lipid
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accumulation in our samples we performed the special staining Oil Red O, which stains lipids
in red.

Staining revealed small, but few, droplets of lipids in the cytoplasm of the hepatocytes
without nucleus displacement, predominantly located in zone 2 of the lobule (Fig. 23).
Histologically, vehicle- and ABT-263-treated spinal cord injured animals appeared to have a
greater lipidic content than controls (sham) (Fig. 23B and C). Analysis of the positive
percentage of Oil Red O was quantified using QuPath image analysis software (Fig. 24). This
quantification did not reveal statistically significant differences between experimental groups
(Fig. 24).

Vehicle Sham

ABT-263

Figure 23 - Spinal cord injury appears to induce a slight histopathological increase in lipid
content of the hepatocytes at 15 days post-injury, however, it is not significant. Representative
liver transversal sections showing diffuse lipid accumulation in red of sham animals (A), vehicle (B) and ABT-263-
treated (C) spinal cord injured animals. 200x. Scale bars = 100um. (A’), (B’) and (C’) respective images showing
small lipid droplets in the cytoplasm of the hepatocytes without nuclear displacement. 800x. Scale bars = 50um.
(n=3) Oil Red O staining.
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Figure 24 — Spinal cord injury does not alter the liver’s lipidic content at 15 days post-injury.
The percentage of Oil Red O positive area was automatically quantified using QuPath. This calculation was
performed in sham controls (grey), vehicle-treated animals (white) and ABT-263- treated animals (yellow). (n=3).
Data is presented as a percentage of Oil Red O positive area and expressed as mean + SEM.

4.2.1.4. Spinal cord injury does not induce liver fibrosis at 15 days post-injury

Even though, there were no signs of fibrosis in the H&E slides, a set of slides was
stained with AFOG to confirm the lack of fibrosis in the analysed groups.

Both controls (sham injured) and SCI animals, irrespective of treatment, revealed no
signs of fibrosis (Fig. 25). The blue collagen-rich areas were normally located, mainly in the
portal tracts and in less quantity surrounding the central veins and in the capsule of the liver
(Fig. 25).
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Figure 25 - Spinal cord injury did not cause liver fibrosis at 15 days post-injury. Sham (A), vehicle
(B) and ABT-263 (C) representative transversal sections showing in blue collagen fibres (arrows) and in red
hepatocytes rich in protein (highlighted in C’). (A’) and (C’) hepatocytes, details. (D) Detail of portal tract showing
abundant normal collagen deposition in blue. AFOG staining. (n=3). (A), (B) and (C) 100x. Scale bars = 100um
(A’) and (C’) 800x. Scale bars=50um (D) 200x.

4.2.1.5. Spinal cord injury does not induce iron sequestration in the liver at 15
days post-injury

Iron sequestration has also been described post-SCI in rats (Goodus et al. 2018) and
in NAFLD/NASH (Hamada and Hirano 2022). Therefore, to evaluate iron sequestration in the
liver, Perls Prussian Blue staining was performed, staining iron deposition in blue.

At 15 dpi, we observed little to no iron accumulation in the liver (Fig. 26). The few
Perls Prussian Blue positive cells seemed to be located in the sinusoids of the liver and most

probably corresponded to KCs (Fig. 26).
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Figure 26 - Spinal cord injury does not induce iron sequestration in the liver at 15 days post-
injury. (A), (B) and (C) representative transversal sections of hepatic Perls Prussian Blue stained sections from
sham (A), vehicle- (B & B’) and ABT-263-treated (C) injured animals, respectively. There is litle to no
accumulation of iron in the liver. Non-heme iron stains blue (arrows). Perls Prussian Blue staining. (A), (B) and (C)
400x. (B’) 700x. (n=3). Scale bars=100pm.

4.2.2. Spleen

4221 T9 spinal cord injury does not cause apparent spleen
pathology/alterations at 15 days post-injury

Histologically, vehicle- and ABT-263-treated spinal cord injured animals were very
similar to controls (sham). Nevertheless, it appeared to exist a minimal decrease in white
pulp cellularity in the injured groups compared to controls (Fig. 27). Extramedullary
haematopoiesis of all cellular lines (myeloid, erythroid, and megakaryocytic) was present,

however, there were no apparent differences between groups.
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Figure 27 - Spinal cord injury does not cause apparent spleen pathology at 15 days post-injury.
Representative longitudinal sections of the spleen of sham (A), vehicle- (B), and ABT-263-treated (C) spinal cord
injured animals. RP - Red pulp; WP - White pulp; MZ - Marginal zone; F - follicle; GC - Germinal center;
Arrowhead - central arteriole; Arrows - haemossiderin; Asterisk - Subcapsular monocyte pool. Haematoxylin &
Eosin. (n=3). (A), (B), (C) 50x. (A’) 100x. (D) 400x. (E) 100x. Scale bars = 100um

In an attempt to better evaluate differences in white pulp between experimental
groups, QuPath was used to quantify both white pulp and red pulp. This revealed no
statistically significant difference between groups in both red pulp and white pulp areas (Fig.

28).
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Figure 28 - Spinal cord injury does not affect spleen’s red or white pulp area. The percentage of
area of red and white pulp was automatically measured using QuPath and normalized for the area of tissue
analysed. This calculation was performed in sham (control) (grey), vehicle- (white), and ABT-263-treated animals
(yellow). (n=3). Data is presented as the percentage of area and expressed as mean + SEM.

4.2.3. Bladder

4.2.3.1 ABT-263 decreases the bladder’s inflammatory state observed after a
spinal cord injury at 15 days post-injury

Overall, the bladders of the spinal cord injured animals (vehicle- and ABT-263-
treated) presented a visible abnormal distension (Fig. 29B and 29C), compared to controls
(sham) which presented the normal folds of an empty bladder (Fig. 29A).

Considering the urothelium, the vehicle-treated animals presented a simple focal
minimal-to-mild urothelium hyperplasia and minimal urothelium erosion (Fig. 30A), compared
to controls (Fig. 29A and 29A’1). In one of the vehicle-treated animals it was also possible to
identify apoptotic bodies (Fig. 30A). In comparison to the vehicle-treated injured animals, the
ABT-263 treated animals had almost non-existent hyperplasia and epithelial erosion (Fig.
29C and 29C’1). All experimental groups presented normal eosinophilic inclusions in the
cytoplasm of umbrella cells (Fig. 29 and detail shown by arrowhead in figure 30A).

Now considering the submucosa, compared to controls (Fig. 29A’2), the vehicle-
treated animals had multiple inflammation hallmarks (Fig. 29B’2). The submucosa presented
diffuse-to-multifocal, mild-to-moderate mixed inflammatory infiltrates, mainly composed of
mononuclear cells, such as lymphocytes, plasma cells, monocytes and macrophages and
few polymorphonuclear neutrophils (PMNs) (Fig. 30C). In addition to this, these animals also
presented multifocal mild oedema, mild-to-moderate haemorrhage with the presence of
macrophages with haemosiderin granules and mild fibrosis that extended to the muscle
layers of the bladder (detrusor muscle) (Fig. 29B’2 and 30D). The ABT-263 treated animals,

on the other hand, had a reduction of these inflammatory parameters (Fig. 29C’2). The
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number and size of the mixed inflammatory infiltrates decreased, as well as, the oedema,
with only one animal presenting mild haemorrhage and fibrosis.

The muscularis propria or detrusor muscle in the vehicle-treated animals compared to
the controls presented minimal mixed inflammatory infiltrates (PMNs and mononuclear
infiltrates) along with minimal multifocal fibrosis (infiltrating from the submucosa) and
necrosis (Fig. 29B'3 and 30E). Contrarily, the ABT-263-treated had an almost normal
muscular layer, very similar to controls (Fig. 29C and 29C’3).

The adventitia, the most outer layer of the bladder, composed by loose connective
tissue and adipose tissue presented some alterations in the vehicle- and ABT-263-treated
animals compared to the controls (Fig. 29B’4). The adipose tissue of the vehicle-treated
animals presented a moderate mixed inflammatory infiltrate (PMNs and mononuclear cells)
and necrosis (Fig. 30F and G). In addition to this, the connective tissue presented the same
type of inflammatory infiltrate, although mild, and minimal haemorrhage (Fig. 30F and G).
Conversely, the ABT-263 treated injured animals also had the same type of inflammatory
infiltrates, however, these were mild.

All'in all, the histopathological analysis shows that SCI appears to induce a subacute
to chronic-active inflammation of the bladder wall with foci of simple hyperplasia and erosion
of the urothelium, compatible with interstitial cystitis. The bladder also appears to have lost
its ability to contract due to the abnormal distension and lack of folds compared to controls.
The ABT-263-treated group appears to be able to modulate the bladder’s inflammation as
animals also show the same inflammatory signs, although to a lesser extent. Nonetheless, at

15 dpi these bladders continue abnormally distended compared to controls.
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Figure 29 - Spinal cord injury induces bladder inflammation when compared to controls
(Sham). ABT-263 appears to reduce the state of inflammation. (A) Sham injured animals presenting a
normal voided bladder structure. (A’) Close up of image A highlighting the different layers of the bladder. All layers
are normal. (B) Vehicle treated SCI animals with an abnormally distended voided bladder. The dotted rectangle
highlights an area that has lost the natural folding of an empty bladder and the abnormal tissue bellow the
urothelium. (B’) Magnification of image B. (1) Simple hyperplasia of the urothelium. (2) Increase in thickness of
the submucosa with the presence of mixed inflammatory infiltrates (mononuclear and polymorphonuclear
neutrophils) (arrows) and haemorrhage (asterisk). (3) Presence of mixed inflammatory infiltrates between the
smooth muscle spindles (arrows). (C) ABT-263 treated SCI animals with an abnormally distended voided bladder.
(C’) Close up of image C. There is a reduction of the histological inflammatory characteristics compared to the
Vehicle-treated animals. (n=3). (1) mucosa/urothelium (pseudostratified transition epithelium); (2) submucosa (3)
detrusor muscle (3 layers); (4) adventitia; (Arrowhead) Serosa. H&E staining. 5um. (A; B; C) 50x. (A’; B’; C’) 100x.
Scale bars = 100um.
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Figure 30 — Bladder representative images of spinal cord injury induced changes. (A) Urothelium
Hyperplasia, simple, multifocal, mild. (arrowheads) Eosinophilic inclusions, umbrella cells, in the image noticeable
by the stronger eosinophilic coloration of the umbrella cells. (arrow) Apoptotic body. (B) Urothelium erosion,
multifocal, mild. (C) (arrowhead) Haemorrhage, multifocal, moderate. (arrows) Mixed inflammatory infiltrate
(neutrophils and mononuclear cells such as macrophages, monocyte and plasma cells), multifocal, moderate. (D)
(arrow) Mixed inflammatory infiltrate, multifocal, mild. Macrophages with haemosiderin pigment. (arrowhead)
Haemorrhage, multifocal, mild. (plus signs) Oedema, multifocal, mild. (asterisks) Fibrosis, multifocal, mild.
Extending from the submucosa to the muscularis propria, between the muscle bundles. (E) Mixed inflammatory
infiltrates, mainly composed of mononuclear cells (lymphocytes, macrophages, monocytes) in the connective
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tissue between muscle bundles, mild. (F) Mixed inflammatory infiltrates of the fat and connective tissue of the
adventitia, diffuse, moderate. (G) Mixed inflammatory infiltrates of the fat and connective tissue of the adventitia,
diffuse, moderate. (G’) Detail. (long arrow) macrophage with phagocytized apoptotic bodies. (short arrow)
lymphocyte. (arrowhead) monocyte. (asterisk) two neutrophils. (n=3). H&E. (A, B, C, E, G) 400x. (D, F) 200x. (G’)
1000x. Scale bars = 100pum

4.3. Peripheral senescent cells after spinal cord injury

We used the SA-B-galactosidase enzyme activity, a marker of senescence, to
measure senescence in the liver, spleen and bladder of sham, vehicle- and ABT-263-treated
spinal cord injured animals using a SA-B-gal kit. Senescent cells appear in blue.

Quantification was done using QuPath.

4.3.1. Liver

4.3.1.1. ABT-263-treated animals present a higher number of senescent cells in
the liver at 15 days post-injury compared to controls and vehicle-treated

animals

All experimental groups showed a diffuse distribution of senescent cells, which
appeared to be predominantly located in zone 2 of the lobule (Fig. 31). These cells were
small and mainly located in the sinusoids, consistent with cells such as HSCs, KCs and
endothelial cells (Fig. 31). Moreover, the inflammatory cell foci in the liver's parenchyma also
presented SA-B-gal positive cells (Fig. 31C”).

Both histopathological and quantification analysis revealed a significant increase in
the number of senescent cells in ABT-263-treated animals compared to controls and vehicle-
treated animals (Fig. 31C, 31C’and 32). In addition, SCI did not induce a statistically

significant increase in senescent cells compared to controls (Fig. 32).
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Figure 31 - ABT-263 animals appear to present a higher number of senescent cells at 15 days
post-injury. 1- (A), (B) and (C) representative liver transversal sections showing a diffuse distribution of
senescent cells (blue) in sham-, vehicle- and ABT-263-treated spinal cord injured animals. 100x. Scale bars =
100um. 2- (A’), (C’) and (C”) details showing that the main location of senescent cells, which is in the sinusoids
(arrows) and in inflammatory cell infiltrates (C”). (n=3). 800x. Scale bars = 50um. SA-B-gal staining.

- Sham injured animals (control)
Vehicle-treated animals !
I:] 1x1 0-3 - #

- ABT-263 - treated animals

Q

8x104
6x10-

4x10 -

2x10™

N° cells/um? of tissue area
L]

o_
Figure 32 - ABT-263 treatment induces an increase in senescent cells in the liver. The number of
senescent cells was automatically counted using QuPath and normalized for the area of tissue analysed. This
calculation was performed in sham (grey), vehicle- (white) and ABT-263-treated animals (yellow). (n=3). Data is
presented as the number of cells per um? of tissue area and expressed as mean + SEM. #p<0.05, vehicle versus
ABT-263; ap<0.05, sham versus ABT-263.
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4.3.2. Spleen

4.3.2.1. Spinal cord injury appears to induce an increase in spleen’s

senescence at 15 days post-injury

All experimental groups showed a multifocal distribution of senescent cells
predominantly located in the red pulp of the spleen (Fig. 33). The detected SA-B-gal positive
senescent cells are most probably erythrocytes/macrophages (Fig. 33C’). We also observed
an apparent increase in the number of senescent cells in the vehicle- and ABT-263-treated
spinal cord injured animals when compared to controls (Fig. 33). Upon quantification, these
microscopic findings corresponded to a slight increase, although not statistically significant,

in the number of senescent cells in the SCI cohorts (Fig. 34).
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Figure 33 - Spinal cord injury appears to induce senescence in the spleen. (A), (B) and (C)
representative spleen transversal sections showing a diffuse distribution of senescent cells (blue) in sham-,
vehicle- and ABT-263-treated spinal cord injured animals, respectively. 100x. (C’) detail showing the main location
of senescent cells, which is in the red pulp of the spleen. (n=3). 400x. Scale bars = 100um. SA-B-gal staining.
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Figure 34 - Spinal cord injury appears to induce a slight increase in the number of senescent
cells. The number of senescent cells was automatically counted using QuPath and normalized for the area of
tissue analysed. This calculation was performed in sham (grey), vehicle- (white) and ABT-263-treated animals
(yellow). (n=3). Data is presented as the number of cells per um? of tissue area and expressed as mean + SEM.

4.3.3. Bladder

4.3.3.1. Spinal cord injury does not induce an increase in senescence in the
bladder at 15 days post-injury

All experimental groups showed a multifocal distribution of SA-B-gal positive cells,
mostly in the outermost layer of the bladder's transitional epithelium, the umbrella cells (Fig.
35B’). Upon quantification with Qupath, we did not observe any statistical differences

between groups (Fig. 36).
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Figure 35 - Spinal cord injury does not induce senescence in the bladder. (A), (B) and (C)
representative bladder longitudinal sections showing a diffuse distribution of senescent cells (blue) mainly located
in the outer layer of transitional epithelium of the bladder (umbrella cells) of sham, vehicle- and ABT-263-treated
spinal cord injured animals, respectively. 100x. (B’) detail showing senescent umbrella cell. (n=3). 400x. Scale
bars = 100um. SA-B-gal staining.

53



I:I Sham injured animals (control) -5
5%x10~
I:I Vehicle-treated animals

-5
|:] ABT-263 - treated animals 4x10

3x10°5

21075

M
L]
0

Figure 36 — Spinal cord injury does not alter the number of senescent cells in the bladder at 15
dpi. The number of senescent cells was automatically counted using QuPath and normalized for the area of
tissue analysed. This calculation was performed in sham (grey), vehicle- (white) and ABT-263-treated animals
(yellow). (n=3). Data is presented as the number of cells per um? of tissue area and expressed as mean + SEM.
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5. Discussion

SCI causes devastating motor and sensory disability below the level of injury, but is
also the main culprit of other less-discussed secondary conditions observed in these patients
(Ahuja et al. 2017). The peripheric organ pathology seen after a SCI is most often associated
with AD, respiratory, bowel and bladder dysfunction, osteoporosis, metabolic syndrome and
immunodeficiency, among others (Bloom et al. 2020; Goodus and McTigue 2020). These
conditions are a consequence of the severance of ANS tracts and its supraspinal control,
and from the systemic and chronic inflammation (Teasell et al. 2000; Anthony and Couch
2014; Sun et al. 2016; Ahuja et al. 2017; Bloom et al. 2020).

Paramos-de-Carvalho, Martins, et al. (2021) have shown that senescent cells are
induced in the spinal cord after an injury and create a pro-inflammatory and pro-fibrotic
environment that can be reverted by the treatment with the senolytic drug ABT-263. As
senescent cells produce SASP factors that can induce senescence in neighbouring tissues,
we hypothesized that the pathology described in peripheral organs could be partially
mediated by the induction of senescent cells in these organs, in the context of a SCI, and
that it could also be ameliorated by the same senolytic treatment.

The organs were chosen in function of their importance. The liver due to its influence
on the overall metabolism and main role in the systemic inflammatory response, thus
contributing to the multiple organ dysfunction induced after SCI (Goodus and McTigue 2020).
The spleen, as it is a lymphoid organ with important functions in immunity and blood filtration
(Noble et al. 2018). And the bladder, control of which becomes extremely affected after a SCI
(Herrera et al. 2010; Wu et al. 2022).
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5.1. An inflammatory state in the spinal cord is observed at 30 days post-injury
and is not efficiently modulated by ABT-263 administration during sub-acute

phase

We started by evaluating the proteomic content of spinal cord homogenates at 30 dpi,
and compared it with data obtained from 15 dpi (Paramos-de-Carvalho, Martins, et al. 2021)
(Annex 1). At 30 dpi, we found a decrease in the number of factors being injury-induced, only
9, in contrast with the 35 factors detected at 15 dpi (Fig. 7). This result suggests the surge of
a cytokine storm at early time-points after the injury (sub-acute phase), well documented in
the literature (Hellenbrand et al. 2021). At 30 dpi, from the 9 factors upregulated only 3 were
already present at 15 dpi, and were interestingly identified as potential SASP factors (Fig. 9).
Thus reinforcing the previously described persistence over time of senescent cells in the
spinal cord after injury (Paramos-de-Carvalho, Martins, et al. 2021).

Our analysis showed that there are 3 factors (IL-28A/B, PEDF and Thrombopoietin)
(Fig. 8) specifically induced in the spinal cord at 30 dpi that are significantly modulated by
ABT-263; 3 factors (Angiopoietin-1, CCL12 and IL-7) that are specifically induced in the
spinal cord at 30 dpi but are not modulated by ABT-263; and, finally, 3 factors (IL-33, CCL11
and I-TAC) (Fig. 9) that were still elevated at 30 dpi but lost their regulation by ABT-263.

IL-28A/B, also known, respectively, as IFN-A2 and IFN-43, belong to the third family
of interferons (IFNs) (Roselli et al. 2018). Classically, IFNs have been associated with
autocrine and paracrine factors secreted by many cells in response to viral infections.
However, recently it was shown that they also possess other immunomodulatory functions
(Roselli et al. 2018). IFNs were identified as potential therapeutic targets due to their pro-
inflammatory role in the CNS (Manivasagam et al. 2022). They act through signalling of
myeloid cells that, in turn, lead to Th1 cell maintenance of neuroinflammation, with continued
inflammatory cytokine production (Manivasagam et al. 2022). Th1 cells secrete cytokines
such as IFN-y and TNF-a (Raphael et al. 2015). IFN-y activates macrophages and dendritic
cells, and is considered a SASP factor along with TNF-a (Raphael et al. 2015; Calcinotto et
al. 2019; Paramos-de-Carvalho, Jacinto, et al. 2021). In addition to this, IL-28A/B also
induces G1 cell cycle arrest via induction of the cell cycle inhibitor p21 (Witte et al. 2010),
which is characteristic of a senescent state. Although this does not directly imply the
development of a senescent phenotype, it makes IL-28A/B a SASP candidate. Considering
our data, the increase in IL-28A/B observed is probably contributing for continuing
inflammation in the spinal cord and senescence induction. The fact that ABT-263 treatment
reduced the levels of IL-28A/B further strengthens its SASP potential.

PEDF, is a neurotrophic protein and a potent angiogenic inhibitor (He et al. 2015;
Winokur et al. 2017), detected in a variety of tissues including the CNS (Yabe et al. 2010).
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The induction of PEDF observed might be associated with the attempt at axonal regeneration
and neuronal plasticity that happens during this phase. In fact, it has been shown that PEDF
is an important mediator of axonal regeneration in adult mammalian regenerative injury
paradigms. PEDF does this by promoting neurite outgrowth and neuronal survival of dorsal
root ganglion neurons through the NF-kB pathway and Trk-dependent neurotrophic factors
(Stevens et al. 2019). This has also been observed in vitro in spinal cord motor neurons in
embryonic avian cultures (Houenou et al. 1999). Interestingly, in a non-regenerative
paradigm, like our study, Stevens et al. (2019) identified 3 genes of the PEDF pathway that
were upregulated (ccl2, ccl5, and ccl6) and are known to be associated with axonal
regeneration (Kwon et al. 2015). In our study, the activation of PEDF occurred only at a
chronic time-point where a mature glial scar has already been formed. As this scar is known
to partially restrict axonal regrowth, we anticipate that although activated, PEDF will not be
able to promote axonal repair (Ahuja et al. 2017; Bradbury and Burnside 2019). In addition,
PEDF seems to inhibit angiogenesis in the spinal cord (Menezes et al. 2020). Furthermore,
PEDF has been shown to induce pro-inflammatory cytokine secretion in microglia cells
(Sanagi et al. 2005; Takanohashi et al. 2005), thus contributing to the inflammatory
microenvironment of the spinal cord. As the ABT-263 treatment reduced the levels of PEDF,
it is possible that it is produced by senescent cells or induced by an upstream factor secreted
by senescent cells. Thus, this beneficial effect of ABT-263 might help ameliorate the
inflammatory state in the spinal cord at 30 dpi.

Thpo is a cytokine produced by the kidney and liver, classically involved in the
proliferation and late-stage maturation of megakaryocytes, thus promoting haemostasis
(Kaushansky 2003). The need to control haemorrhage caused by the injury might justify the
increase of Thpo levels in vehicle-treated injured animals. However, at 30 dpi this control
becomes less needed because this stage corresponds to a late stage of the injury. More
recently, Thpo and its receptor (Mpl) were detected in the CNS and it is believed that Thpo is
produced in neural tissues, as its molecular weight does not allow it to cross the blood-brain
barrier (lvanova et al. 2010). A potential role of Thpo in a neural context has been
demonstrated in a neonatal rat model of ischemia injury, with this factor playing a
neuroprotective role. In addition to this, it is also hypothesized that Thpo may have similar
mechanisms of neural protection as erythropoietin (Yang et al. 2016; Li et al. 2020).
Interestingly, the chronic inflammation present in the spinal cord may be responsible for the
induction of Thpo levels locally (lvanova et al. 2010). Supporting this possibility is the
induction of Thpo by IL-6 signalling in the liver (Kaushansky 2005), and the fact that patients
with meningitis show elevated levels of Thpo (Ilvanova et al. 2010). Even though Thpo role
might be beneficial, or at least not detrimental to the spinal cord, the treatment with ABT-263

leads to the reduction of Thpo levels. This might be an indirect consequence of reducing
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inflammation in the spinal cord that would then lead to lower levels of inflammation-induced
Thpo.

IL-7 becomes upregulated only at 30 dpi. This cytokine is a SASP factor, has strong
chemotactic properties for macrophages, promotes neuronal apoptosis and limits functional
recovery (Bao et al. 2018; Yuan et al. 2019). CCL12, a member of the CCL2 family, is also
specifically increased at 30 dpi. It is a pro-inflammatory factor and acts on the same receptor
as CCL2. CCL2 is increased in the spinal cord at 15 dpi and is a known SASP factor, with
important functions in the chemotaxis of macrophages, senescent cell clearance and
paracrine senescence (Eggert et al. 2016; Gonzalez-Meljem et al. 2018; Paramos-de-
Carvalho, Jacinto, et al. 2021). Finally, Angiopoietin-1, an angiogenic factor, is also
upregulated at 30 dpi, possibly involved in vascular remodelling (Ritz et al. 2012; Yao et al.
2021). These factors are, therefore, contributing to the pro-inflammatory microenvironment of
the spinal cord, characteristic of the chronic inflammatory state of this time-point. ABT-263
did not modulate these factors and for that reason we would suggest that these are not
produced by senescent cells and are indeed markers of the perpetuation of inflammation that
is sustained by the increased infiltration by several immune cells. Another possibility is that
ABT-263 is no longer efficient in modulating these particular inflammatory pathways at this
later time-point, since its administration was only performed during the sub-acute phase.

IL-33, CCL11 and I-TAC (also known as CXCL11), are inflammatory cytokines that
continue elevated at 30 dpi (Fig. 9). These three cytokines are also known SASP factors
(Saito et al. 2020; Paramos-de-Carvalho, Jacinto, et al. 2021; Paramos-de-Carvalho,
Martins, et al. 2021; Yamagishi et al. 2022). IL-33 has been shown to be upregulated in the
nuclei of astrocytes in the spinal cord of mice with contusive SCI at least for 42 dpi
(Pomeshchik et al. 2015). This type of expression is associated with the suppression of the
transcription factor NF-kB and, thus, a reduction of the pro-inflammatory NF-kB-triggered
genes (Ali et al. 2011; Liu et al. 2017). As suggested by Pomeshchik et al. (2015), this can
be a compensatory mechanism to inhibit an excessive inflammatory response. Nonetheless,
both pro- and anti-inflammatory functions have been attributed to this cytokine depending on
the specific situation, often being considered an alarm mediator released from damaged cells
(Lamkanfi and Dixit 2009; Milovanovic et al. 2012; Sattler et al. 2013). The induction of this
factor at 15 and 30 dpi after SCI is thus explained. Its modulation by ABT-263 at 15 dpi
probably translates the pro-inflammatory improvement observed. The loss of modulation at
30 dpi, on the other hand, is probably justified by a reduction in effectiveness of ABT-263 and
the slow reappearance of senescent cells. Counteracting any possible anti-inflammatory
effect of IL-33 are the cytokines CCL11 and I-TAC, also upregulated. These are a good
example of a deleterious pro-inflammatory SASP, contributing to a chronic inflammatory

environment in the spinal cord.
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These cytokines are SASP factors that were maintained over time in the spinal cord
from 15 dpi to 30 dpi. This correlates with the chronic accumulation of senescent cells
observed by Paramos-de Carvalho, Martins, et al. (2021). Moreover, we should draw
attention to IL-7, a SASP factor absent at 15 dpi and only induced at 30 dpi. This situation
reveals the dynamic nature of the senescence/SASP profile, which might change over time.
Moreover, the fact that ABT-263 regulates these SASP factors at 15 dpi but not at 30 dpi,
strongly suggests the loss of ABT-263 activity and the induction of new senescent cells that
over time start to increase again and may have changed their inflammatory profile.
Contributing to this idea, is the lower proportion of upregulated factors that were
downregulated by ABT-263 at 30 dpi, only 33%, compared with the 77% at 15 dpi. Thus, with
the loss of ABT-263 effectiveness soon after the end of its administration, the regulation of
IL-28 A/B, PEDF and Thpo by ABT-263 that we see at 30 dpi might be explained by the
indirect induction of these factors (a possibility described above) and, consequently, an
earlier modulation by ABT-263 of their inductors, which translates into the significant

decrease seen at 30 dpi.

5.2. ABT-263 appears to induce hepatotoxicity in the liver and the
histopathology induced by spinal-cord injury is mild at 15 days post-injury

At 15 dpi the cytokine arrays revealed a statistically significant increase in the levels
of inflammatory factors (Leptin, IL-6, Reg3G and Complement Factor D), fibrosis factor
(Periostin), growth factor (VEGF), LIF and FGF acidic in the liver (Fig.10) (Table 2). The 8
factors found upregulated in the liver after SCI were not successfully decreased by ABT-263
treatment. Even though 3 of these cytokines are known SASP factors, the fact that the
senolytic had no effect at this time-point, probably indicates that these factors were not being
produced by senescent hepatic cells. Furthermore, the upregulation of these factors does not
match with the increase of senescent cells seen in ABT-263-treated injured animals (Fig. 32).

The increase in the number of senescent cells in the ABT-263-treated spinal cord
injured animals at 15 dpi is most probably due to ABT-263 hepatotoxicity. Indeed, an
increase in ALT levels (a marker of hepatocellular injury) has been identified after ABT-263
treatment in humans (Wilson et al. 2010; McGill 2016). These phenotypic alterations in the
senescent profile at 15 dpi are most probably one of the reasons behind the increase in the
number of factors (30) that are upregulated at 30 dpi in ABT-263-treated animals (Fig. 12).
The majority of these factors are implicated in liver fibrosis and HSCs activation
(Angiopoietin-1; CCL2; CXCL9; I-TAC; Gas 6; IFN-y; IL-5; IL-11; IL-27p28; IL-33;
Lipocalin-2; MMP-2; Osteopontin; Pref-1; VEGF); followed by factors associated with liver
inflammation (CCL2; CCL6; CCL-12; I-TAC; IFN-y; IL-7; IL-11; IL-28A/B; IL-33;
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Osteopontin; Leptin; RAGE; TNF-a); and, even, factors associated with NAFLD and the
progression of NASH (RAGE; Retinol Binding Protein 4 (RBP4); Gas6; IL-11; Vascular
Cell Adhesion Molecule 1 (VCAM-1); WISP-1) (Table 2). Thus, these observations indicate
chronic liver dysfunction at 30 dpi probably caused by ABT-263. Nonetheless, two factors,
Periostin (pro-fibrogenic, pro-senescence) (Kumar et al., 2018) and Pentraxin 3 (implicated
in liver inflammation) (Feder et al., 2020) were upregulated in vehicle-treated injured animals
and were successfully decreased with the ABT-263 treatment (Fig. 11). Even though ABT-
263 probably no longer has any senolytic effect by 30 dpi, this modulation possibly happens
due to events initiated at earlier time-points, either indirectly by induction and modulation of
an upstream factor or directly by an earlier modulation of the factor, between the 15 and the
30 dpi. For example, Periostin, was also upregulated in vehicle-treated injured animals at 15
dpi, but is only decreased by ABT-263 at 30 dpi.

An increase in Leptin in the context of SCI has been associated with the disruption of
sympathetic innervation of the white adipose tissue (the main source of Leptin), the increase
over time of fat mass compared to lean mass, the larger cross-sectional area of fat tissue, as
well as, systemic inflammation and hyperinsulinemia (Fried et al. 2000; Lu and Li 2000;
Rayner and Trayhurn 2001; Jeon et al. 2003; Gorgey et al. 2014; Pérez-Pérez et al. 2020).
Glucocorticoids and proinflammatory factors (TNF-a, IL-1 and IL-6) are known to increase
the secretion of Leptin (Lee and Fried 2009; Tsubai et al. 2017; Pérez-Pérez et al. 2020).
Systemic chronic inflammation, described after SCI, is also responsible for hypothalamic
Leptin resistance, which further aggravates the problem by preventing the negative feedback
loop of Leptin secretion (Pérez-Pérez et al. 2020). Leptin is increased in the spinal cord at 15
dpi (personal communication). As TNF-a and IL-1 are also elevated in the spinal cord at this
time point (Paramos-de-Carvalho, Martins, et al. 2021), this contributes to the idea of a
systemic effect of these cytokines (SASP) in the elevation of Leptin in the liver. IL-6, elevated
in the liver, can also contribute to the increase of Leptin levels in SCI animals. Leptin can
also be the main culprit for the elevation of the VEGF levels observed in the liver, by inducing
its production in HSCs (Martinez-Ufia et al. 2020).

When considering the histopathology and senescence profile of the liver at 15 dpi it is
possible to find similarities with the proteomic profile discussed above.

The liver H&E staining revealed glycogen depletion in SCI samples (vehicle- and
ABT-treated) compared to controls (Fig. 17). Glycogen is a polymer of glucose, usually
stored in the liver and muscle. Under elevated energy expenditure, it is broken down and
released as glucose (Kanungo et al. 2018; Petersen and Shulman 2018).

One of the reasons for this glycogen depletion might be associated with a lower
intake of food by the paralyzed animals, associated with pain and discomfort from the oral

gavages being performed or due to mobility difficulties. Furthermore, SCI is correlated with
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metabolic syndrome, insulin resistance and diabetes type Il (Goodus and McTigue, 2020).
An increase in insulin resistance or deficient production of insulin would decrease glycogen
storage in the liver. On one hand, the decrease in insulin levels in these acute time points
can be explained by deficient vascularization of the B islets in the pancreas, with reduced
production of insulin. This situation has already been described in T10 contusion SCI mouse
model, from 7 to 14 dpi (Jing et al. 2018). On the other hand, the fast accumulation of fat in
the liver and hyperglycaemia associated with IL-6 inflammation in the liver after the SCI are
associated with whole-body insulin resistance (Schmidt-Arras and Rose-John 2016; Goodus
and McTigue 2020).

Leptin, which is upregulated in the liver, has also been connected to both the
promotion and the decrease of glycogen in liver hepatocytes (Kamohara et al. 1997;
Denroche et al. 2012; D’souza et al. 2017; Martinez-URa et al. 2020). These conflicting
findings are probably correlated with factors such as nutritional status, fed vs. fasting, diet,
adiposity, and physical exercise among others (D’souza et al. 2017). Considering this, we
cannot exclude a possible effect of leptin on the glycogen depletion that we observed.

The fact that glycogen depletion is still present in ABT-263-treated injured animals is
probably due to the lack of modulation of factors such as Leptin and IL-6 (Fig. 10) that
continue to contribute to the liver pathology.

H&E also revealed an increase in the number of inflammatory foci (Fig. 19), often
associated with necrosis in the SCI animals, suggesting the presence of an inflammatory
stimulus. This type of inflammation might be driven by an increase in intestinal permeability
and gut dysbiosis, with bacterial translocation to the blood arriving in the liver through the
portal tracts (Goodus & McTigue, 2020). This has been proven in mice with the exact same
injury as the one in our study (Kigerl et al. 2016). In fact, tight junction breakdown of epithelial

cells persists for 4 weeks after SCI in mice (Goodus & McTigue, 2020; Kigerl et al., 2018).

Leptin will probably contribute to this observation, because it can sensitize KCs causing a
hyper-inflammation response to gut-derived low-dose bacterial endotoxins (Martinez-Una et
al., 2020). Our cytokine arrays also revealed a significant elevation in the pro-inflammatory
cytokines and SASP factors IL-6 and LIF; Reg3G and Complement Factor D (Fig. 11). All
these factors are associated with inflammatory states in the liver and may be correlated with
this increase in inflammatory infiltrates (Norris et al. 2014; Schmidt-Arras and Rose-John
2016; Chen et al. 2019; Barratt and Weitz 2021; Yuan et al. 2022). The lack of reduction of
these inflammatory infiltrates in the ABT-263-treated animals, again, might be explained by
the also absent modulation of these upregulated factors.

To further evaluate the inflammatory status of our livers at 15 dpi, KCs and T

lymphocytes were quantified. The number of KCs kept constant across experimental groups
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and were close to 15% (Fig. 21). This value is described as a standard percentage of KCs in
the total liver cell population (Kolios et al. 2006). Previous reports showed statistically
significant increases in liver KCs at 23 and 42 dpi in T8 SCI rats (Goodus et al. 2018;
Goodus et al. 2021). The lack of an increase in our vehicle-treated injured animals might be
due to being too early to see this change. Although Sauerbeck et al. (2015) reported robust
liver inflammation right after thoracic SCI, demonstrated by an increase in cytokine and
CD68" (macrophage) mRNA; and the CD68" area, it is important to notice this is not a KC-
specific marker. Even though, in our case it is not possible to observe an increase in the area
of Clecaf” Kupffer cells, this does not mean that there is not activation of these cells at the
molecular level. For example, M2b-macrophages (induced by exposure to immune
complexes and agonists of TLRs or IL-1R, like LPS, which we hypothesized that are being
responsible for the increase in inflammatory infiltrates) express both pro- and anti-
inflammatory cytokines, namely TNF-a, IL-1, IL-6, IL-10™", and IL-12°". As we know IL-6 is
upregulated in our SCI livers. In addition, it is important to note that IL-6 is also produced by
M1-macrophages. Hepatocyte necrosis seen in some of our inflammatory foci also activates
KCs (Nguyen-Lefebvre and Horuzsko 2015). Thus, we can possibly infer that KC activation is
present.

The number of T lymphocytes also kept constant across experimental groups (Fig.
22). The cells observed with immunohistochemistry had a normal distribution characteristic of
the resident T lymphocyte population in the liver (Fig. 20) (Wang and Zhang 2019). The
accumulation of these cells in the liver has been associated with obesity and metabolic
syndrome (Breuer et al. 2019; Herck et al. 2019). In the liver, although it has been observed
a slight increase in these cells 23 days after injury, this was only statistically significant with
prior SCI liver inflammation (Goodus et al., 2021). Thus, the lack of change in the number of
T lymphocytes is probably justified by the reason stated above and by the early time-point
(15 dpi).

Steatosis is another histopathological characteristic strongly associated with SCI,
having been identified in the liver of T8 SCI rats at 42 dpi (Sauerbeck et al. 2015; Goodus et
al. 2018; Goodus et al. 2021). In our study, H&E did not reveal steatosis, only some small
isolated cytoplasmatic vacuoles in a few hepatocytes; therefore, we performed an Oil Red O
staining to better evaluate the lipidic content of the liver. At 15 dpi, SCI seemed to
histologically induce a slight increase in the liver’s lipidic content compared to controls (Fig.
23). However, there were no statistically significant differences between experimental groups
(Fig. 24). Simultaneously, when comparing with Goodus et al. (2015) findings they also did
not see a statistically significant increase in the liver at 14 dpi. In fact, it only significantly
increased at 1 dpi and then at 21 dpi. After an acute response, this suggests a chronic

evolution of steatosis and that our time point was too early to see this type of pathology. In
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addition to this, at the proteomic level Leptin, LIF and FGF acidic, all anti-steatotic factors,
were significantly elevated and ABT-263 was unsuccessful in reducing their levels (Xu et al.
2020; O’brien et al. 2022; Yuan et al. 2022). Thus, this might justify the non-development of
steatosis at this time point. At chronic timepoints (30 dpi), the upregulation of these factors
stopped, which might translate into the development of steatosis in more chronic stages of
the injury.

Finally, at 15 dpi there was no SCl-induced increase in fibrosis or iron sequestration
(Fig. 25 and 26). Nonetheless, in the case of fibrosis, the cytokine arrays revealed the
upregulation of several pro-fibrotic cytokines, namely Leptin, Periostin and LIF (Hisaka et al.
2004; Kumar et al. 2018; Martinez-Ufia et al. 2020; Petrescu et al. 2022). Similarly, Leptin
and IL-6 are known to promote iron sequestration in the liver. Thus, there might exist a time
lag between the signalling and these phenotypic changes. Therefore, the follow-up of more
chronic time points is warranted.

Lastly, when considering the senescent profile, SA-B-gal* cells were small and
appeared to be in the sinusoids (Fig. 31). Considering this, they can be KCs, HSCs, T
lymphocytes, or even endothelial cells (Thoolen et al., 2010). They were also present in the
inflammatory infiltrates, probably accounting for hepatocytes or immune cells such as
neutrophils and mononuclear cells (macrophages, lymphocytes and monocytes).

Senescence of HSCs is often found in fibrotic livers as it plays an important
homeostatic mechanism to limit fibrosis (Krizhanovsky et al. 2008; M. Zhang et al. 2021).
Therefore, the localization of the SA-B-gal” cells and the microenvironment which suggests
the presence of active HSCs (upregulated Periostin and LIF) (Hisaka et al. 2004; Sugiyama
et al. 2016; Kumar et al. 2018), will probably imply the presence of senescent HSCs.
Nevertheless, this would not explain the increase of senescent HSCs in ABT-263 treated
animals, as this upregulation in pro-fibrotic factors is only present in vehicle-treated injured
animals, unless ABT-263 is toxic to the liver and actually promotes activation of HSCs in a
rate higher than the elimination of their senescent counterparts. Thus, more HSCs activation
translates into more HSCs senescence.

There is little information about liver sinusoidal endothelial cell (LSEC) senescence.
Nonetheless, LSEC senescence has been associated with pro-inflammatory SASPs (IL-6
included, which is upregulated in our study); liver fibrosis through the activation of HSCs and
hypoxia; and the loss of liver regenerative capacity (Duan et al. 2022; Wan et al. 2022). Both
a pro-inflammatory SASP and activation of HSCs are implied in our study, which might
indicate LSEC senescence.

Senescent KCs/macrophages have been associated in other disease models with
prolonged pro-inflammatory phenotypes, impaired phagocytosis, antigen-presenting failure,
among others (Lee et al. 2021; Sadhu et al. 2021; Sharma et al. 2022). The SASP of

62



senescent hepatic cells attracts macrophages and influences their polarization (M1/M2). This
is necessary for a successful removal of senescent cells, thus preventing their accumulation.
However, age, other external stressors and cellular senescence in other cell types can
induce macrophage senescence, leading to their dysfunction (Sharma et al., 2021). TNF-a
and IL-6 have been identified in the SASP of senescent macrophages (Sadhu et al., 2021;
Sharma et al., 2021). Nonetheless, when considering the possibility of induced senescent
cells being KCs/macrophages we cannot overlook the fact that SA-p-galactosidase can be
induced in non-senescent macrophages as part of a reversible response to physiological
stimuli (IL-4 and IL-13) (Hall et al. 2017). In Hall et al. (2017) study, they believe that
p16"“8/SA-B-gal" macrophages acquired this phenotype due to physiological reprogramming
to a M2-like phenotype. Considering this, we can now have a possible justification for the
significant increase in senescent cells in the ABT-263 treated animals compared to vehicle-
treated and sham-injured animals. ABT-263 could be promoting a M2-macrophage
phenotype by decreasing deleterious SASP factors, thus increasing the number of positive
SA-B-gal® KCs/macrophages. Indeed, it is known that the SASP can reduce the phagocytic
capacity of macrophages and inhibit M2-macrophage polarization (Campbell et al. 2021).
Activated HSCs have also been implicated in the M1 to M2 transformation (Chen et al.
2022). At the same time M2-macrophages can promote HSC activation (Roszer 2015).

Thus, the type of senescent cells present in the liver at this time-point is probably a
combination of these cells (HSCs, KCs and LSECs) because they constantly communicate
with each other, and for the fact that activated HSCs, which are most probably present in our
study, induce senescence in LSECs and are associated with M1 to M2 macrophage
transformation.

All in all, the proteomic profile partially correlated with the histopathology observed,
with possible incongruences being explained by time lags between the molecular expression
and the microscopic phenotypic activations, namely the striking differences between the pro-
fibrotic microenvironment and the lack of collagen deposition/fibrosis. Interestingly, SA-B-gal*
cells were increased in ABT-263 treated animals, most probably pointing towards some kind
of toxicity of the senolytic in the liver at 15 dpi, which later translates into the great
upregulation of pro-fibrotic and pro-inflammatory factors. Indeed, if the senescent cells
identified at 15 dpi are in fact HSCs, this would probably justify the great upregulation of pro-
fibrotic factors, and even pro-inflammatory factors, as these cells are also known to
participate in inflammation (Fujita and Narumiya 2016). With a greater number of activated

HSCs, the number of senescent HSCs would also increase.
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5.3. The spleen of T9 spinal cord injured mice does not reveal significant

pathological alterations at 15 days post-injury

Spleen histopathology was difficult to evaluate due to artefactual changes of the
frozen slides. Nevertheless, there were no statistically significant histopathological changes
in the spleens or differences between experimental groups (Fig. 27). This lack of significant
changes in the spleen may be explained by a lower level of injury (T9 - midthoracic) that
does not affect the spleen’s sympathetic supraspinal control (high thoracic) (Noble et al.
2018). Moreover, we could not detect any significant differences in the number of senescent
cells in the spleen after a SCI and/or ABT-263 treatment (Fig. 34). We could, however,
identify senescent cells particularly at the level of the red pulp. This is not unexpected as this
organ is physiologically responsible for the elimination of senescent erythrocytes (Boes and
Durham 2017; Willard-Mack et al. 2019).

5.4. There is a delayed effect of ABT-263 in the chronic pro-inflammatory
microenvironment of the bladder

At 15 dpi, the proteomic profile of the bladder revealed an upregulation of 14 factors
mainly associated with bladder inflammation and interstitial cystitis (CRP, CCL3, CXCL9, G-
CSF, IL-5, IL-11, IL-12p40, IL-33, Complement Component C5/C5a, Complement Factor
D) as well as, a few related to bladder cancer (CRP, G-CSF, EGF, Cystatin C, IGFBP-2,
PD-ECGF, CXCLY9, IL-5, IL-11) (Fig. 14) (Table 2). There was an overall lack of modulation
by ABT-263, with the majority of the 14 factors remaining elevated, and only EGF being
decreased (Fig. 13). Interestingly, IL-10, an anti-inflammatory factor (Karlsson et al. 2021;
The Human Protein Atlas 2022d), was significantly upregulated by the administration of ABT-
263 when compared with both the control and the vehicle-treated injured animals, suggesting
a beneficial modulation by the senolytic. The lack of modulation by ABT-263 in reducing the
levels of the remaining factors, suggests that they are not induced or produced by senescent
cells. Indeed, there is no accompanying increase in the number of senescent cells as would
be expected with the upregulation observed (Fig. 36). Both vehicle-treated and ABT-263-
treated spinal cord injured animals do not show an increase in the number of these cells
compared with the controls. The need to perform daily manual voiding of the bladders of the
SCI animals in both experimental groups might be masking the effects of ABT-263 in this
group. However, this procedure was done for the whole duration of the experiment. In
addition to this, the fact that half (15) of the 31 factors upregulated at 30 dpi are modulated
by ABT-263 contradicts the idea of manual voiding as a confounding factor.

At 30 dpi there is an upregulation of pro-inflammatory (CRP, IL-5, IL-33,
Complement Component C5/5a, IL-12p40, CCL17, IL-1a, IFN-y, IL-28A/B, and Lipocalin-
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2), anti-inflammatory (IL-10, IL-11, GDF-15, IL-13, IL-27p28) growth (IGFBP-1, -2, -3, PD-
ECGF, FGF-21, HGF), cell adhesion (WISP-1 and Periostin) and vascular modulation
factors (Endoglin, Angiopoeitin-1, MMP-2 and Proliferin) (Table 2). At 30 dpi we expected
a reduction of ABT-263 effectiveness, as it seemed to happen in the spinal cord and the liver.
Interestingly, however, we observe a modulation of the factors in the ABT-263-treated
groups. This suggests that between 15 dpi and 30 dpi ABT-263 was successful in modulating
these deleterious factors. This earlier modulation would, then, be responsible for the
decrease seen at 30 dpi, either directly by the elimination of senescent cells or indirectly by
the initiation of cascades which led to the reduction of these factors. Supporting this
intermediate modulation is the phenotypic improvement in bladder function in ABT-263
treated animals seen until 20 dpi in the Paramos-de-Carvalho, Martins, et al. (2021) study. In
addition to this, a possible anti-inflammatory effect of ABT-263 during this intermediate phase
might also be responsible by this level of reduction, as only one of the modulated factors is a
SASP factor (Hernandez-Silva et al. 2022).

From 15 dpi to 30 dpi other factors, such as vascular modulation factors (Endoglin,
Angipoietin-1, MMP-2 and Proliferin) and tissue remodelling factor (MMP-3) (Karlsson et al.
2021; The Human Protein Atlas 2022d), become upregulated suggesting some kind of tissue
remodelling in the bladder, probably an adaptation to the dysfunction caused by the SCI and
even by our daily manipulation. Endoglin, for example, is primarily expressed in proliferating
vascular endothelial and smooth muscle cells and is highly expressed in endothelial cells
during tumour angiogenesis and inflammation (Fujita et al. 2009). Indeed, these factors are
also often implicated in bladder cancer (Sakamoto et al. 2008).

Interestingly, some of the factors found upregulated in both time-points have also
been known to be increased in the urine of patients with kidney dysfunction, namely EGF,
Complement Factor D, Cystatin C, FGF-21, RBP4 and IGFBP-1 (Van Kleffens et al. 2001;
Conti et al. 2006; Worthmann et al. 2010; Domingos et al. 2016; Cortvrindt et al. 2022).
Therefore, we cannot disregard this situation as a possible cause for our observations.
Indeed, kidney dysfunction has been described after SCI and the elevated urine pressures
present in our animals can lead to kidney damage (Karin et al. 2008; Fischer et al. 2012;
Vaidyanathan, Soni, et al. 2012; Vaidyanathan, Selmi, et al. 2012). Supporting this
hypothesis, is the fact that our bladder homogenates were most certainly contaminated with
urine, as no cleaning procedure was performed.

EGF was the only factor modulated by ABT-263 at 15 dpi (Fig. 13). Beyond its
possible function as a biomarker for kidney disease, this factor is a potent mitogen and
tumour promotor, and it is associated with bladder cancer (Izumi et al. 2012). In fact, it
promotes cell proliferation, and reduces apoptosis and angiogenesis (Pache 2006). It is also

a known SASP factor (Aravinthan and Alexander 2016). This may explain the modulation
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ability of ABT-263. Thus, this might suggest that our ABT-263 treated animals have lower
probability of bladder tumorigenesis after SCI, a common comorbidity. The risk of bladder
cancer is 16 to 28 times higher in SCI patients than in the normal population, and it is
possibly correlated with chronic inflammation (Kalisvaart et al. 2010). In addition to this, this
factor has also been associated with uroepithelium hyperplasia (Cheng et al. 2002). This
pathology was in fact identified in our samples, as discussed below, and, similarly, to the
ABT-263 reduction of EGF, we also see a reduction in the degree of uroepithelium
hyperplasia.

When comparing the 15 dpi proteomic profile with the histopathology (Fig. 29 and 30),
it is possible to observe a tight correlation between the two, represented by the increase in
pro-inflammatory and specific factors associated with interstitial cystitis, namely CCL4,
CXCLY9, IL-12p40, IL-33 (Gonzalez et al. 2014; Kochiashvili and Kochiashvili 2014; Guo et al.
2018; Jensen et al. 2018). The H&E staining of the vehicle- and ABT-263-treated SCI
samples revealed chronic cystitis, with the typical histopathological characteristics of
urothelium desquamation (erosion), infiltration of the submucosa with mononuclear
inflammatory cells and a few neutrophils, a thickened connective tissue and hypertrophy of
the muscularis layer (Breshears and Confer 2017). In addition to this, there was simple
urothelium hyperplasia and the bladders were abnormally distended due to sustained
increased urine volume. These characteristics appeared to improve in the ABT-263-treated
injured group, except from the abnormal bladder distension. All in all, these changes can be
justified by detrusor-sphincter dyssynergia, which leads to constant high intravesical
pressure and promotes muscle hypertrophy, molecularly represented by the elevations in
IGFBP-2 observed in our experimental groups, and abnormal distension (Perez et al. 2022).
In addition to this, the release of neurotransmitters (norepinephrine) and other stress
hormones, lead to urothelium tight junction disruption, which in turn causes loss of
impermeability and inflammation. This inflammation further promotes the disruption of the
urothelium and is potentially responsible for the chronic cystitis observed (Perez et al. 2022).
The adventitia inflammation observed is probably due to the bladder's manual voiding
performed in all SCI animals. This voiding, which was done twice daily, might also contribute
to the cystitis observed and the haemorrhage seen in the bladder wall.

It was possible to identify SA-B-gal positive cells in the urothelium of the bladder (Fig.
35). Due to their location, in the superficial layer of the epithelium, and shape they most
probably correspond to senescent umbrella cells. There is a lack of variation in the number of
these cells as described previously, thus, what we observed was probably the physiologic
shedding of senescent umbrella cells, which are quickly replaced by new umbrella cells
coming from cells in the intermediate layer of the urothelium, in order to recover the barrier
(Lavelle et al. 2002).
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5.5. IL-28 A/B a possible systemic SASP factor inductor of peripheral pathology

IL-28A/B, already described in the spinal cord section, is an inflammatory factor,
capable of causing G1 cell cycle arrest via induction of the cell cycle inhibitor p21 (Witte et
al., 2010), which is characteristic of cellular senescence. Although this does not directly imply
the development of a senescent phenotype, it makes IL-28A/B a SASP candidate.
Considering that this factor is found in all the three organs at 30 dpi, possibly means it is
produced in the spinal cord after injury or by another organ. After which, it becomes systemic
and might contribute to the inflammatory profile observed not only in the spinal cord, but also
in the liver and bladder. The fact that ABT-263 treatment reduced the levels of IL-28A/B in
the spinal cord and bladder further strengthens its SASP potential, as this is translated in
phenotypic improvements observed by Paramos-de-Carvalho, Martins, et al. (2021) in both

organs.

5.6. Study Limitations

The main limitation of this study lies on the small number of animals used, which in
some cases impaired the capacity to attain statistically significant conclusions.

The lack of senescent cell quantification and the absence of histopathological
evaluation in peripheral organs at 30 dpi does not allow for a proper evaluation of the
progression of senescence and its possible correlation with pathology over time. The
characterization of the senescent profile also lacked the validation by a second or a third
hallmark of senescence. Nonetheless, the characterization using SA-B-gal allowed a general
characterization and enabled us to form an idea of the senescence profile in these peripheric
organs after a SCI, with and without treatment with the senolytic ABT-263.

In addition to this, in the histopathological observations there were some limitations in
the evaluation of the organs, as the sections had artefactual changes from being embedded
in OCT and frozen. Furthermore, it would be very informative if we could have analysed the

histology at later time points to allow the development of the pathology.

6. Final remarks

In the spinal cord, the factors that were decreased by ABT-263 at 15 dpi were no
longer modulated at 30 dpi, suggesting a shift in the spinal cord senescence profile and/or a
decrease in the effectiveness of ABT-263 for the specific 30 dpi proteomic spinal
microenvironment, a time-point crucial in the perpetuation of chronic inflammation.

The liver microenvironment at 15 dpi revealed a chronic pro-inflammatory and pro-
fibrotic microenvironment conducive of the liver pathology typically described after a SCI at

later stages. The increased number of SA-B-gal at 15 dpi and the upregulation of pro-
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inflammatory and pro-fibrotic factors at 30 dpi in ABT-263 treated animals suggest
hepatotoxicity of this senolytic drug.

The bladder also revealed chronic inflammation and a pro-fibrotic/pro-tumoral
microenvironment at 15 and 30 dpi. ABT-263 only reduced most of these factors at 30 dpi
suggesting that senescent cells might be induced and modulated between 15 and 30 dpi.

The spleen appeared to not be affected by the SCI at 15 dpi.

At this stage, we do not have evidence for the existence of a systemic SASP
originated in the spinal cord and responsible for the induction of senescent states at the
periphery, underlying its pathology. Nevertheless, our study has identified a new potential
factor, IL-28A/B, as a new possible systemic factor responsible for the multiorgan dysfunction
observed after SCI, and have demonstrated ABT-263 efficacy in modulating its induction,

both at central (spinal cord) and systemic (bladder) level.
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Annex 1

Supplementary Table 1 - Spinal Cord Proteomic Profile. Legend: 1 - upregulated in Vehicle or ABT-263

vs. Sham; 1* - upregulated in ABT-263 vs. vehicle; | - downregulated in ABT-263 vs. Vehicle; = - no regulation; v/
- SASP factors.
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Supplementary Table 2 — Liver Proteomic Profile. Legend: 1 - upregulated in Vehicle or ABT-263 vs.

Sham; 1* - upregulated in ABT-263 vs. vehicle; | - downregulated in ABT-263 vs. Vehicle; = - no regulation; v -
SASP factor.
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Supplementary Table 3 — Bladder Proteomic Profile. Legend: 1 - upregulated in Vehicle or ABT-263 vs.

Sham; 1* - upregulated in ABT-263 vs. vehicle; | - downregulated in ABT-263 vs. Vehicle; = - no regulation; v -
SASP factor.
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Upregulated ABT-263 Upregulated ABT-263
factors modulated factors modulated
Total factors factors
(downregulated) (downregulated)
14 1 31 15
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