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Secretoma de Células Estaminais Mesenquimatosas Encapsulado em Hidrogel StarPEG-

GAG como uma Nova Terapia para a Regeneracao de Lesoes Vertebro-medulares.

Resumo

As lesdes medulares tém sido descritas como "uma doenca nao tratavel" desde os tempos do antigo
Egipto. Esta & uma condicao que afeta milhdes de pessoas em todo o0 mundo, comprometendo tanto as
funcdes motoras como sensoriais do corpo humano, impactando negativamente a qualidade de vida dos
pacientes a nivel fisico, psicologico e econémico. Varias terapias foram testadas em ensaios clinicos
demonstrando capacidade de melhoria das funcdes motoras e sensoriais, no entanto nao foram eficazes
a chegar a clinica por promoverem diversas reacdes adversas. Nesta tese, o nosso objetivo foi
desenvolver um sistema de libertacdo controlada baseado num hidrogel para libertar o secretoma de
células estaminais derivadas do tecido adiposo (ASC) promovendo processos regenerativos, como
crescimento axonal, reducdo da inflamacdo, aumento da sobrevivéncia celular e remodelacéo vascular,
levando a recuperacao motora. No entanto, embora a via sistémica (por exemplo, i.v. (intravenosa)) possa
causar efeitos colaterais em diferentes 6rgdos, a administracédo local tem baixa eficiéncia devido a rapida
difusdo por fluidos corporais. O sistema de libertacdo baseia-se num hidrogel formado por
poli(etilenoglicol) (starPEG) e o glicosaminoglicano (GAG) heparina (Hep) com cargas aniénicas que
promovem uma elevada afinidade para fatores de crescimento, citocinas, e quimiocinas devido a
interacoes eletrostaticas. Demonstramos que o hidrogel é adequado para libertacdo continua de factores
pro-regenerativos, tais como interleucina (IL)-4, I1L-6, fator neurotréfico derivado do cérebro (BDNF), fator
neurotréfico de células glial (GDNF), e fator de crescimento beta-nervoso (-NGF) durante dez dias. A
rapida libertacdo apds dois dias, esta relacionada com a libertacao de fatores neuroinflamatérios e
angiogénicos, enquanto a libertacdo continua e prolongada até dez dias & maioritariamente impulsionada
por fatores de crescimento neuroreguladores. O secretoma libertado promoveu a diferenciacao de células
progenitoras neurais humanas (hNPCs) e o crescimento de neurites em fatias organotipicas da medula
espinal. Finalmente, no modelo de transcecao T8 em rato, a libertacdo de secretoma levou a melhorias
motoras significativas comparado com animais lesionados ou tratados com secretoma localmente. As
melhorias motoras sdo promovidas essencialmente pela reducao da percentagem de microglia ameboide
e niveis sistémicos elevados de citocinas anti-inflamatérias, tais como a IL-10. A libertacdo de secretoma
de ASC do hidrogel starPEG-Hep pode oferecer opcdes sem precedentes para a terapia regenerativa de
lesdes medulares

Palavras-chave: lesées medulares, hidrogel, secretoma, sistemas de libertacéo, starPEG, heparina



Mesenchymal Stem Cell Secretome Loaded StarPEG-GAG Hydrogels as a New Route to

Induce Spinal Cord Injury Regeneration

Abstract

SCI has been described as "an ailment not to be treated" since ancient Egyptian times. Every year,
millions of people worldwide are affected by this condition, which affects both motor and sensory functions
of the human body with a negative impact on the quality of life of patients who are afflicted not only
physically but also psychologically and economically. Several therapies have reached clinical trials and
shown to be effective in promoting motor and sensorial improvements in patients. However, severe side
effects or problems with route of administration have left those therapies on the way to clinic. We aimed
to develop a release system based on a biohybrid hydrogel to deliver the secretome of adipose tissue-
derived stem cells (ASCs) locally and in a time-dependent manner, which has been shown to promote
several regenerative mechanisms, including inducing axonal growth, reducing inflammation, promoting
cell survival, and vascular remodeling, ultimately leading to functional recovery. However, while systemic
delivery (e.g., /v. (intravenous)) may cause off-target effects in different organs, the local administration
has low efficiency due to fast clearance by body fluids. We started by developing the release system,
which is based on a hydrogel formed of star-shaped poly (ethylene glycol) (starPEG) and the
glycosaminoglycan (GAG) heparin (Hep) with anionic charges resulting in high affinity for a broad range
of growth factors, cytokines, and chemokines due to electrostatic interactions. Due to this particularity,
we have shown that the hydrogel is suitable to continuously release pro-regenerative signaling mediators
such as interleukin (IL)-4, IL-6, brain-derived neurotrophic factor (BDNF), glial-cell neurotrophic factor
(GDNF), and beta-nerve growth factor (5-NGF) over ten days. A burst release was observed after two days,
mainly related to the release of neuroinflammatory and angiogenic factors, while the continuous and
prolonged release until ten days is driven mainly by neuroregulatory growth factors. The released
secretome was shown to significantly induce differentiation of human neural progenitor cells (nNPCs) and
neurite outgrowth in organotypic spinal cord slices. Finally, in the /n vivo complete transection SCI rat
model, the secretome-loaded hydrogel significantly improved motor function in comparison to lesioned or
secretome locally treated animals. Motor improvements were mainly supported by reducing the
percentage of ameboid microglia and systemically elevated levels of anti-inflammatory cytokines, such as
IL-10. Delivery of ASC-derived secretome from starPEG-Hep hydrogels may therefore offer unprecedented
options for regenerative therapy of SCI.

Keywords: spinal cord injury, hydrogels, secretome, delivery systems, starPEG, heparin
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Thesis aims and Layout

The primary goal of this thesis was to create a drug delivery system that could load the secretome of
human adipose tissue derived stem cells and promote their extended release in order to induce spinal

cord injury regeneration.

As a result, this thesis is divided into four chapters:

The anatomy of the spinal cord and SCI pathophysiology are covered in Chapter 1. An overview of current
clinical practice and pipeline therapeutic strategies, including drugs used and cell-based therapy
approaches, is provided. Furthermore, an overview of current biomaterials approaches used in the field
was made, with a focus on the key characteristics to consider when developing efficient drug delivery

systems.

The development of the hydrogel release system is presented in Chapter Il. StarPEG-Hep hydrogels
were chosen for the purpose because of their high affinity for growth factors and cytokines, which are the
most abundant molecules in the secretome. These hydrogels are mechanically suitable for implantation.
In vitro studies also show that they have the ability to release a secretome over a 10-day period that can

induce neuronal differentiation in hNPCs and neurite outgrowth in spinal cord slices.

In Chapter Ill, the therapeutic potential of the starPEG-Hep+secretome is assessed in a thoracic
transection rat model. Locomotor functional recovery and histological analysis of spinal cord tissue were
carried out. Hydrogel loading secretome treatment has been shown to improve motor recovery and reduce

inflammation following injury.

Chapter IV is a general discussion that incorporates all of the previous chapters' findings. It also goes
over the limitations and clinical relevance of these treatments in the clinic. Future work and perspectives
were discussed, with the primary goal of improving the findings of this work as a potential combination

of different strategies aimed at improving the patients' condition.
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CHAPTERI

Introduction

This chapter is based on the published work in an international peer reviewed journal:

Hydrogels as delivery systems for spinal cord injury regeneration

Deolinda Silva, Rui A. Sousa, Antonio J. Salgado

Article published in Materials Today Bio, January 2021
DOI: 10.1016/j.mtbio.2021.100093
Link: https://doi.org/10.1016/j.mthio.2021.100093



https://doi.org/10.1016/j.mtbio.2021.100093
https://doi.org/10.1016/j.mtbio.2021.100093

1. Nervous system and spinal cord organization

Central Nervous System (CNS) is the structure that controls all functions in the human body. It is
responsible for controlling all voluntary and involuntary movements caused by internal or external stimuli.
The CNS is divided into two parts: the Brain and the Spinal Cord (SC). The general anatomy of the SC is
divided into five categories of segments: cervical (eight segments), thoracic (twelve segments), lumbar
(five segments), sacral (five segments) and coccygeal (one segment). This organization can differ between
species. The fact that each segment is composed of a pair of roots, dorsal corresponding to sensorial
fibers and ventral associated to motor fibers, is shared by all. The dural sleeve and neural foramina allow
these roots to enter the SC [1]. Cervical and lumbar regions have higher concentration of motor neuros,
which are responsible for finely tuned movements, which explains the enlargement in these regions [1].
Furthermore, SC is made up of the central canal, which is filled with cerebrospinal fluid (CSF) and
surrounded by glial cells. The grey matter (nuclei) encloses this structure, and the ascending and
descending tracts, white matter, enfold both structures, as shown in Figure I. 1A [2]. All structures are
protected by the Blood Spinal Cord Barrier (BSCB), which is made up dura, arachnoid and pia,
responsible to maintain SC homeostasis by mediating molecular exchange between the blood and SC
[3].

SC has been described as a relay between brain and the peripheral organs, acting as a conduit for neural
information to be transmitted from brain to all peripheral nervous system and vice-versa. The SC is a
center for some reflexes and has the ability to maintain homeostasis. For example, it oversees
coordinating sympathetic and parasympathetic reflexes (Figure I. 1B) [4]. The sympathetic division's cells
bodies are located at T1-L2/L3, while for parasympathetic division cell bodies are located at S2-S4 region
[b]. Both divisions have the ability to act antagonistically, independently or synergistically. While the
sympathetic nervous system is in charge of responses in times of danger, such as controlling arterial
pressure, the parasympathetic system controls functions during rest, such as digestion and energy
conservation. Both systems, which perform opposing functions, innervate the heart, bronchi, stomach
and bladder. Blood vessels, and brown adipose tissue, found in newborn humans and animals, are only
innervated by sympathetic nervous system or ciliary muscle, and the nasopharyngeal glands are only
controlled by parasympathetic system [6].

Furthermore, neuroscientist have demonstrated in recent years that the SC is a key structure in controlling
peripheral functions due to the presence of central pattern generators (CPGs). These are neuronal

networks that can be instructed to move. CPGs controlling ejaculation, defection and micturition, for



example, are found in the lumbar and sacral segments of animal models. CPGs involved in locomotion
have also been identified in animals and humans [4,7].

Based on these facts, any injury to the SC could jeopardize the body’s normal function. The impact of a
mechanical insult in SC will be described in the following sections, as well as the consequences and

potential therapies to restore functions.
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Figure 1. 1 Organization of Spinal Cord. A - neural pathway to transmit neuronal information, and

organization of spinal cord section. B — Sympathetic and parasympathetic enervation of different organs.

2. Spinal Cord Injury historical perspective

Spinal cord injury (SCI) was firstly described by Edwin Smith in an ancient Egyptian papyrus [8]. At that
time, it was possible to study injuries in the central nervous system (CNS) due to the high number of
accidents caused by construction of Egyptian pyramids. In this document they describe SCI as a loss of
function and sensitivity below the level of injury. Moreover, they described it as “an ailment not to be
treated” [9]. Later on, Hippocrates associated other complications to this condition, like constipation,
dysuria, skin problems and edema, which could lead to patient’'s death [9].

The first big improvement in SCI patient care came as consequence of the drastically high numbers of
deaths caused by SCI during World War |, due to low level of palliative cares provided to patients. As a
consequence, a significant effort was made to establish multidisciplinary care centers and recruiting
specialist to treat and follow civilians and military in the World War 1l [3, 4]. As a result, an improvement

in life expectancy of SCI patients in the last decades was achieved, disclosing levels slightly lower than



the average rate for non-SCl individuals. However, there are some facts than can influence life expectancy,
namely severity of injury, age, gender and also the fact that low income countries have higher mortality

rates due to the lack of economic resources available for medical care [12,13].

2.1. Epidemiology

In a study performed by the Global Burden of Diseases (GBD) in 2016 the incidence of new SCI cases
was 0.93 millions with a prevalence of 27 millions, being higher in high income countries (0.29 millions)
as USA or Canada, compared with low income (0.08 millions) like Zimbabwe, and Mozambique [14].
Curiously, the incidence of SCl is also different among genders in these regions. In high income men are
slightly more affected than women, specially between 20-40 years old, while in low income there is a high
incidence of men affected, mainly because most of women stay at home to take care of family [13,14].
This is also related with the direct causes of SCI, which mostly are falls, traffic accidents, sport activities.
In some regions of North Africa and Middle East terrorism and violence are the main cause of traumatic
injuries [14,15]. Regarding non-traumatic injuries, the principal causes are associated with cord
infarction, transverse myelitis, spinal abscess, or spinal canal stenosis [16]. SCI can also affect different
functions of the body, depending on the region it occurs. Among all, around 50% of injuries occur at
cervical level with an impact in respiratory functions, movement of arms and all functions below the neck.
Overall, these are the most severe and also the worst regarding survival and life expectancy. Injuries at
thoracic, lumbar or sacral regions are less frequent with a better prognosis of survival. Normally, these
kind of injuries compromise the control of abdominal muscles, loss of bladder and bowel control as well
as sexual function, hips and legs movement [17]. Both can be complete, with a total loss of function
below the injury, or incomplete, where only one part of the spinal cord is affected, in which some function
bellow the injury level can happen [18].

The visible image of a patient with a SCI is a wheelchair-dependent person, however, there are far more
than motor and physiological consequences. For instance, SCI patients are prone to have depression,
anxiety, sleep disturbances and autonomic dysreflexia [19], which frequently lead to an increase in suicide

among SCI people [20].



2.2. Pathophysiology and barriers for regeneration

Pathophysiology of SCI comprises three phases, the primary injury caused by a mechanical insult of the
bone, followed by the secondary injury and then the onset of the chronic phase (Figure |. 2). Primary
injury starts when Spinal Cord (SC) is compressed, contused, lacerated or transected. Immediately upon
injury occurs the disruption of ascending and descending pathways, beginning secondary phase, which
leads to permanent neuronal damage. Additionally, with the disruption of the blood spinal cord barrier
(BSCB) there is the massive infiltration of inflammatory cells [21], that lead to a release of pro-
inflammatory cytokines like TNF-a, IL-1 and IL-1a [22] to the extracellular milieu. Further, the damage
of spinal neurons, axons and astrocytes leads to a massive release of glutamate that will bind to NMDA
receptors promoting their overactivation allowing higher flow of calcium that triggers cell death and
consequently death of healthy neurons [23]. Additionally, T cells may play a role in activation of NADPH
oxidase, a protein complex that is involved in the production of reactive oxygen species (ROS), enhancing
the inflammatory response and impacting in the clearance of myelin debris [24]. On top of this, the death
of oligodendrocyte precursors cells (OPC), responsible for myelination of axons, will not allow the
myelination of sprouting axons [25]. Thenceforth a chronic phase is established, with demyelination of
white matter and dissolution of grey matter, formation of cystic cavity due to enhancement of astrogliosis
and surrounded by reactive astrocytes, microglia/ macrophages and components of the ECM, particularly

chondroitin sulphate proteoglycans (CSPG) [26].
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Later on, a chronic state is established, and the extremely inhibitory environment hinders tissue

regeneration.

2.3. Current Clinical approaches

2.3.1. Surgical decompression

When an injured patient first arrives to the hospital there are a number of protocols that can be followed
in order to minimize tissue degeneration and ameliorate the patient’s condition. Such protocol starts right
on the injury place, where proper immobilization is performed. This step alone has shown to reduce
neurological deficits in 25% of the patients [27]. Once in the hospital, and after performing imaging to
understand the level of injury, a surgical decompression is performed to mitigate secondary injury by
ameliorating the mechanical pressure caused by hemorrhage and edema [28]. The timing to perform
surgery in SCI patients remains controversial. While some studies defend that early surgery could improve
neuronal outcomes as well as improve the score on the ASIA (American Spinal Injury Association)
Impairment Scale (AIS) [29] others indicate that late surgery will allow better diagnose and detection of
possible other fractures and will not promote more damage to the spine [30]. Therefore, it is also
important to establish a reasonable time for early and late surgery. However, it is important to notice that
this could be dependent of the time that patients take to arrive to hospital, and also the kind of injury that
could lead to different outcomes. A study performed by Kim et a/, show that 48h is the most likely time
for stabilization of the patient to go into early surgery. They also compare the early and late surgery
improvements after 6 months. They show that SCI patients, regardless the region that was affected, tend

to benefit with surgery within the first 48h after injury, either if it is a complete or incomplete lesion. [31].

2.3.2. Rehabilitation

Rehabilitation of SCI is a challenging process. Nowadays rehabilitation centers are specialized in non-
invasive approaches, focusing in motor training using ladder walking, treadmill, swimming, bicycling,
electrostimulation or even robot-assisted training. In fact, training after injury can activate or modulate
some pathways that lead to motor recovery, namely through neuro-plasticity triggered phenomena [32].
In 2008, Beaumont ef a/. conducted a study where they compare the recovery of lesioned rats with or
without training. The training was performed between day 7 and 28 post-injury daily in their cages. They

found out an increase in level of endogenous BDNF in trained animals and also a preservation of tibial
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motoneurons, which are important to preserve the integrity of spinal cord [33]. Moreover, body weight-
supported locomotor training in individuals with chronic incomplete SCI could improve body
function/structure with better sitting and standing capability after 120 sessions with a small gain of
bladder, bowel and sexual function. Importantly, the acquired function persisted for up to 12 months,
which supports the effectiveness of locomotor training for patients [34]. In recent years robot-assisted
treadmill training has been introduced in rehabilitation programs mainly because it can increase the
training intensity and specificity, simplify the measurement of motor improvements and automatization
[35]. Incomplete SCI patients following robot-assisted training programs for 6 weeks showed an
improvement in motor function, cardiovascular rate, mainly systo-diastolic function, reduced inflammation
[36] and improve respiratory function by muscle activation [37]. Furthermore, the introduction of epidural
stimulation relies on the possibility of combining it with locomotor training to restore some of the function
below the level of injury. For instance, patients with cervical or thoracic complete SCI were subjected to
intensive training for 9 weeks, without positive outcomes. After that, electrodes were implanted epidurally
and training sessions were performed with stimulation. The patients were able to walk over ground or
accomplish independent stepping with weight support, using an assisted device [38]. The mechanism
behind recovery after training is attributed to the natural plasticity of the CNS after injury, however other
authors suggest a reorganization of spinal circuits with memory from interrupted neuronal signals [39].
Additionally, innervation of serotoninergic and dopaminergic fibers were increased, oligodendrogenesis
was promoted [40], as also endogenous neuronal differentiation and reconnection of some neuronal
tracts [41].

Overall, rehabilitation programs have shown to be essential in motor performance recovery, despite

patients are not able to walk without assistance.

2.4. Clinical trials

Animal studies have shown promising results to translate therapies from bench to clinic. The strategies
are focused in reducing or inhibiting secondary injury events by neuroprotection, promoting the protection
of injured tissue as well as stop the inflammation to spread, or neuroregenerative approaches of

endogenous tissue (Figure 1.3).



2.4.1. Neuroprotection

2.4.1.1. Methylprednisolone

Methylprednisolone (MPSS) was the first drug to show promising results in promoting recovery after injury.
MPSS is a glucocorticoid which act on cytoplasmic receptors upregulating anti-inflammatory factors and
modulating the action of proinflammatory cytokines [28]. Beside the promising results in first clinical trial
(the National Acute Spinal Cord injury Study, NASCIS 1) the dose administration of MPSS was still
controversial so in NASCIS Il was tested an higher dose (30mg per kilogram) by bolus injection followed
by a dose of 5.4mg per kilogram per hour in the following 23h. They also compared the impact of
administration within 8h post-injury or later. It was observed an improvement in motor function, pinprick
and touch 6 week and 6 months after injury, respectively. It was also reported that the drug was more
effective if administered within the first 8h [42]. However, concerns were raised about side effects, as the
administration of high doses of MPSS caused gastrointestinal hemorrhage (GIH), respiratory, urinary and
wound infections, sepsis, deep vein thrombosis/pulmonary embolism and can lead to death [43].
Moreover, severity of side effects do not offset motor gains, which is a disadvantage for patients [44].
Due to this situation, the recent guidelines from the Congress of Neurological Surgeons/American

Association of Neurological Surgeons go against the MPSS administration in SCI patients [45].

2.4.1.2. Riluzole

Riluzole is a benzothiazole anticonvulsant approved by the U.S. Food and Drug Administration (FDA) and
is used to treat amyotrophic lateral sclerosis (ALS) [46]. In SCI it can modulate excitatory
neurotransmitters by blocking the excess release of glutamate and sodium [47,48]. Preclinical trials
deeply support the positive effects in neuronal preservation and functional recovery [49]. In Phase |
clinical trials, riluzole was administered orally or by nasogastric tube every 12h. With this treatment there
was improvement in motor performance after 90 days. Moreover, there were no related side effects
associated, only an increase in bilirubin levels, that return to normal after some time [50]. This drug is
now recruiting to proceed to Phase IlI/lll (Riluzole in Acute Spinal Cord Injury Study (RISCIS)—
NCT01597518).



2.4.1.3. Minocycline

Minocycline (MH) is a synthetic tetracycline, used for the treatment of acne [51]. The efficacy in SCI is
related with inhibition of microglial activation and proliferation, reduce excitotoxicity, reduce neuronal and
oligodendroglial apoptosis and neutralization of oxygen radicals [52]. In Phase Il MH was intravenously
administered in two different doses, 200mg two-times daily and 800mg in a rate of 100mg every 12h
until reach 400mg and then maintained till day 7. Despite no differences were observed between placebo
and minocycline treated groups, there was a recovery of motor and sensory functions that plateau after
3 months, as assessed by ASIA scores. Regarding side effects, it was reported an increase in liver
enzymes, stabilizing with the ending of drug administration [53]. Minocycline is now on Phase llI

(Minocycline in Acute Spinal Cord Injury (MASC)—NCT01828203)

2.4.1.4.Granulocyte Colony-stimulating Factor (G-CSF)

G-CSF factor is a hematopoiesis-stimulating cytokine that is involved in survival, proliferation and
differentiation of cells, and also the maturation of Bone Marrow Stem Cells (BMSCs) into neutrophils [54].
In SCI, studies in animal models revealed that it administration enhanced autophagy and reduced
apoptosis of neurons [55]. In Phase Il study, a random cohort of SCI patients were treated with 300 ug
G-CSF administered subcutaneously daily up to 7 days. Patients were able to recover motor functions in
ASIA scores and also improve touch, pinprick, walking, bladder and bowel control. Side effects like
neuropathic pain, headache, nausea and vomiting, fever, transient itching and skin rash and upper

quadrant pain were reported [56].

2.4.1.5. Hepatocyte growth factor (HGF)

There is an increased interest in using growth factors in preclinical therapies for SCI, because they can
modulate cellular functions such as intracellular communication, cell adhesion differentiation and
migration [57]. HGF was administered intrathecally in a replication-incompetent herpes simplex virus-1
(HSV-1) vector (rhHGF) in a contusion thoracic rat model. The results show that HGF could reduce the
levels of cleavage of caspase-3 in neurons and oligodendrocytes, promoting their survival and induce the
regrowth of 5-HT positive fibers [58]. Considering these promising results, a Phase /Il clinical trial was
conducted in Japan between June 2014 and May 2018 (Phase I/l Study of PK-100IT in Acute Spinal
Cord Injury - NCT02193334) where patients were treated with a dose of 0.6mg of rhHGF intrathecally



72h after injury 5 times a week at lumbar level. The motor recovery and adverse effects, namely

production of autoantibodies against rhHGF are still under analysis [59].

2.4.2. Neuroregeneration

2.4.2.1.Cethrin

BA-210, the commercial name for Cethrin, is an inactivator of Rho pathway that when activated can
inhibit axonal regrowth, and also reduce inflammation levels [60]. In a SCI preclinical model, BA-210
reduced lesion extension, and improved functional recovery [61]. In a Phase I/lla, Cethrin was
administered using a fibrin sealant placed on top of the dura mater of the spinal cord, both for thoracic
and cervical lesion. Most of the patients enrolled in this study were ASIA grade A and after treatment

recovered for ASIA grade C or D. Related side effects like urinary infections, were rarely reported [62].

2.4.2.2. Anti Nogo-A

The administration of antibodies gained interest when Schwab and colleagues developed a therapy to
deplete the effect of Nogo-A, a protein membrane that arrest the neurite growth. Antibodies strongly
neutralize the Nogo-A activity [63]. Furthermore, subdural administration in injured rats showed an
increase in cortical spinal tract (CST) sprouting of axons, as well as functional recovery [64]. With these
promising results, later on, in collaboration with Novartis (www.novartis.com) a human anti-human Nogo-
A antibody (ATl 355) was produced and started the Phase | clinical trial [65]. The antibody was delivered
intrathecally by continuous infusion by external pump or by bolus injection in patients with acute traumatic
paraplegia and tetraplegia. This first in-human study pointed the safety and absence of immunogenic
response of ATI355, minor adverse effects were reported and also some gain of neurological function
either motor or sensorial [66].

Additionally, another two more clinical trials are currently running to tackle Nogo-A activity. NISC — Nogo
Inhibition in Spinal Cord Injury (NISCI - NC NCT03935321) in Phase I/1l aims to test the efficacy of NG-
101 antibody by bolus injection in cervical acute SCI patients. AXER — 204 in Participants With Chronic
Spinal Cord Injury (RESET — NCT03989440) will test the effect of AXER-204, a human fusion protein that
rescue the activity of myelin-associated inhibitors of axonal growth [67], administered in a single dose in

Phase | and repeated doses in Phase Il in chronic cervical SCI patients.
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2.4.2.3. Stem Cells

Autologous transplantation of stem cells strives in the change of the microenvironment created after
lesion, assisting remyelination processes, or cell differentiation into new neurons to reconnect loss of
neuronal transmission [68]. Mesenchymal Stem Cells (MSCs) are multipotent Stem Cells that can be
isolated from different tissues, such as adipose tissue (Adipose Tissue Derived Stem Cells - ASCs) or
Bone Marrow (Bone Marrow Stem Cells - BMSCs), from bone marrow. These cells have the capability to
reduce inflammation, and differentiate in adipocytes, chondrocytes and osteoblasts [69]. Adipose Stem
Cells for Traumatic Spinal Cord Injury (CELLTOP — NCT03308565) Phase | trial treated cervical SCI
patients with auto transplantation of ASCs by intrathecal delivery. ASIA motor score was improved as also
the sensory functions after 18 months follow up. More important is the fact that patients noticed an
improve of their life quality [70].

Safety Study of Local Administration of Autologous Bone Marrow Stromal Cells in Chronic Paraplegia
(CME-LEM1 - NCT01909154) tested the effect of administering BMSCs in acute and chronic phase of
dorsal thoracic SCI patients. In general, was observed an improvement in neurophysiological functions,
namely bladder function [71].

Herein are shown some examples of Stem Cells in forefront of clinical trials, other trials with different
cells are currently ongoing (clinicaltrials.gov). However, some concerns remain controversial in this field,
like the source of cells which is best for autologous transplantation and some ethical issues in using cell

therapy.

2.4.2.4. Neuro-Spinal Scaffold (INSPIRE)

In the beginning of 2000, Teng and colleagues developed a scaffold with an inner and outer surface
composed of a blend of 50:50 PLGA and a block of PLGA-polylysine. Moreover, murine NSCs were seeded
in the scaffold and implanted in a thoracic hemisection injury rat model. Functional outcomes revealed
improvement of motor function with frequent-to-consistent plantar stepping and coordination, reduction
of glial scar with both the implant alone or seeded with cells [72]. Later on, the implantation of this
scaffold in a hemisection African green monkey model showed proof of safety, as well as some degree of
recovery and neural plasticity [73]. In 2016 the first in human implantation of a bioresorbable polymer
was reported. After a motocross accident, a patient was diagnosed with T11-12 dislocation fracture, and

after spinal decompression the Neuro-Spinal Scaffold was implanted. The patient was followed for 6
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months after which improvements in sensorimotor functions and reduction of neuropathic pain was
achieved. Additionally, this study showed the safety and feasibility of scaffold implantation in SCI patients
[74]. This study is now in process to recruit patients for clinical trials (INSPIRE 2 - NCT03762655)

[ Neuroprotection ] Neuroregeneration
Riluzole Cathrin
MPSS
SCl clinical Anti-
Minocycline \ Trials Nogo A
HGF |

Stem
G-CSF cells

Administration route

Intravenously Orally Mini-pump

Bolus injection Auto-transplantation

Neuropathic pain Severe side effects Cell migration

Haemorrhage Liver toxicity

Figure I. 3 Clinical trials in SCI, related administration routs and side effects.

3. Hydrogels as delivery systems in Spinal Cord Injury

Over the last decades there was an increased number of clinical trials conducted in SCI. However, a
considerable number failed to promote an effective recovery. Despite some promising results in promoting
gain function, most therapies presented upwards, such MPSS or MH, are not already in clinics due to the
high risk to trigger of severe side effects (Figure |. 3). For researchers it is quite a challenge to reduce
these effects because they are mainly due to the administration route that requires the use of high doses
to have a local effect, which became toxic for other organs, particularly liver [75]. On the other side, local
administration is also not an option due to fast clearance by fluids. In some cases, the administration is

done by mini pumps intrathecally, which is still an invasive method with some risk of infection [76,77].
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In an attempt to overcome these problems, biomaterials have flourished as a promising tool in SCI
therapeutic strategies. Particularly hydrogels, which are high water content crosslinking structures, with
a particularity of being similar to nervous tissue. They are known of being biocompatible, have the capacity
to fill the cystic cavity and support axonal growth or cell differentiation. Specifically they can be implanted
or injected at lesion site without promoting a further immune response [78]. These characteristics made
hydrogels very attractive to be used as DS of drugs, growth factors, to be injected locally in a minimally
invasive way for site oriented effect avoiding the use of high doses of therapeutic agents and consequent
adverse side effects [79]. Moreover, several preclinical trials have shown the accomplishment of using
hydrogels as DS (Table I. 1).

Although, cell transplantation is considered as a very promising approach, there is the concern of cell
migration for other regions of CNS, forming ectopic colonies or triggering abnormal tissue formation
[80,81]. Once more, hydrogels can be used as matrixes to retain cells locally. Furthermore, hydrogels
can be functionalized with peptides, such as fibronectin (GRGDS) or a laminin motifs (IKVAV), that support
cell adhesion and growth and have shown to improve recovery after lesion [78,82].

As previously referred, hydrogels appear as excellent and versatile platforms to be used in SCI therapies.
More than being used as depots for drugs, growth factors or increasing the potential effect of transplanted
cells they protect molecules from being degraded by enzymes or an adverse immune response as they
can support axonal growth, and promote tissue regeneration while they are degraded [83]. Another
advantage is that their formulation characteristics can be modulated in order to improve their
performance /n vivo, reducing further inflammatory responses as well as control drug delivery. An ideal
DS will promote a burst release in the first days, and a slow release for the maximum time possible. This
implies that a therapeutic agent has an immediate relief upon injection, normally in the first 2-3 days, but
with a prolonged effect with a continuous release, which will allow a continuous therapeutic effect without
needing to perform several administrations in time [84].

Below some important characteristic of hydrogels will be highlighted in order to improve the hydrogel

designing and consequently the deliver efficacy.

3.1. Hydrogels formulation methods and characterization techniques

Hydrogels can be obtained from natural, synthetic sources, or formed by both natural and synthetic
polymers forming a hybrid hydrogel [85]. While natural sources have the advantage of higher
biocompatibility and biodegradability, synthetic biomaterials have high water absorption, long life and

higher variety in chemistry which confers them strength and resistance [78,82]. Formulation of hydrogels
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is of extreme importance when considering their use in context of SCI, they require outstanding
improvements in order to enhance therapeutic effect and avoid additional surgical interventions. As an
alternative injection of /n situ forming hydrogels is a more reliable strategy. Upon injection the fast
transition from liquid to gel allows a better adaptation to the tissue at injury site, eliminating free spaces
and forming a template for tissue regeneration. Another advantage of this method is the easy formulation
of hydrogels with cells, growth factors or drugs in liquid state formerly injection [86]. In this sense, several
methods can be used to synthetize them, herein a brief introduction of the main processes used will be
presented (Figure |. 4).

Hydrogels can be physically or chemicaly crosslinked, depending if it is a non-covalent bond promoted by
ionic interations, hydrogen bounds or hydrophaobic interations, or if the covalent bond is formed by
irradiation or a chemical crosslinker, respectively. Comparing both methods physical hydrogels have a
reversible sol-gel transition and are formed by non-covalent cross-links, while chemical formulations have
the disadvantage of using a chemical crosslinker, which can be toxic and interfere in the integrity of
loading molecules [87]. However they do offer the advantage of an easy control over mechanical
properties and form irreversible ligations [88,89]. As an example of chemical crosslinking EDC/NHS
reaction is conducted to activate carboxyl groups of heparin for posterior formation of an amide bond
between them and the amine groups of Poloxamer. These hydrogels were formulated to deliver GDNF
orthotopically in a compression injury rat model [90].

A wide range of chemical coupling reactions are used to sinthetise hydrogels namely click reactions such
as Michael type addition, thiol-maleimide reaction and Diels-Alder chemistry. The term “click chemistry”
is used to characterize quick and versatile reactions, with high yield and highly selective resulting low
toxic bioproducts with well-defined spatiotemporally controlled chemical network structures [91,92].
Mentioned chemical reactions allow the formation of hydrogels in water solution at physiological pH and
formation of /n sifu hydrogels, which in context of SCI will help the hydrogels to better accommodate to
the lesion site. Briefly, a maleimide-KAFAK was covalently bonded to methylcellulose by thiol-maleimide
click chemistry for the delivery of BDNF improving neural behavior in a SCI rat model [93].

Among several other methods to formulate hydrogels, photopolymerization is used with intention to
induce /n situ polymerization controlled by photo-induced gelation by ultraviolet or visible light [86]. In
this process the photo-initiator react to form a covalent bond via reacting groups. The main concern with
this approach is cell viability that can be compromised by the radiation applied, mainly those with high
proliferation rate. In this sense it has to be done a compromise to have a fast light exposure that will

promote fast polymerization [94]. Piantino et a/. developed a PLA-PEG-PLA triblock copolymer that are
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assembled by photopolymerization of methacrylated groups of the macromers for delivery of NT-3. Upon
injection hydrogel was exposed to light for 60s, an adequate time to induce polymerization and prevent
dispersion of the hydrogel from the injection site [95].

Another interesting strategy is the use of self-assembly peptides. This strategy allows the formation of
micro-building blocks rationally and coherently into a tissue-like assembly, more likely synthetic
aminoacids based molecules that have a fast sol-gel transition at neutral pH. Moreover, self-assembly is
a natural phenomenon used to construct complex structures from simple building blocks. For instance
microgels can be induced by magnetic, acoustic, mechanical, capillary forces, surface tension or polarity
[94,96].

Considering hydrogel characterization, it is crucial to study their structure and functionality. For that
purpose, several microscopical techniques are the gold standard to explore hydrogel structure. Scanning
electron microscopy (SEM) is by far the most popular technique used to perform morphological
characterization of hydrogels. In this context SEM allows the identification of pore formation and size,
crosslinking status of a hydrogel and evaluate the effect of loading molecules in general structure of
matrices [97]. Although SEM is widely used it has a limitation capacity of generation two-dimensional
projections. To overcome this limitation Laser Scanning Confocal Microscopy (LSCM) has been introduced
in the field. Additionally, LSCM can be combined with fluorescent dyes, like fluorescent recovery after
bleaching (FRAP) to study the diffusivity from hydrogels, which will contribute to predict the release profile
in DS [97,98]. Spectroscopic methods include Fourier transforms infrared (FTIR) spectroscopy is an
analytical method used to study the bonding structure of atoms based on the interaction between infrared
(IR) irradiation with matter [99]. It can be used to characterize reactions between specific chemical groups

such as chitosan and (3-glycerophosphate [100].
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Figure 1. 4 Hydrogel classification, formulation methods and characterization techniques applied in the

context of DS.

3.2. Rheology

Mechanical properties of hydrogels are of the utmost importance when they are considered for
implantation. Rheology is a process where the hydrogel is subject to small deformation, normally small
amplitude oscillatory shear measurements, in a rheometer where is measured the deformation energy
stored during the shear process (G') also mentioned as elastic modulus or stiffness, and the energy
dissipated during the process (G") also referred as viscosity. Hydrogels are more elastic if G'> G” or are
more viscous if G” > G'[101]. In 2010 Lampe and co-workers investigated the effect of different
macroscopic properties of polyethylene glycol (PEG) hydrogels in the growth and differentiation of neural
progenitor cells (NPCs), in which by increasing the amount of polymer in solution, hydrogels ranging from
of 1kPa to 20kPa elastic modulus were obtained. In 3D models the increased stiffness hindered the
metabolic activity of cells leading to a higher apoptotic rate. Noteworthy, with increased polymer
concentration the access to nutrient could be hampered by the reduced mesh size, which could explain
cell apoptosis [102]. In line with this finding, hyaluronic acid (HA) hydrogels were modified with increased
methacrylate (MA) groups ratio in order to increase the hydrogel stiffness. Elastic modulus varied between
3kPa to 5kPa with increased MA substitution. Notably, neuronal differentiation was better supported by
soft hydrogels, in which more mature neurons and increased axonal length were detected. Surprisingly
no effect of mechanical properties was noticed in the morphology of astrocytes isolated from SC [103].

Later on, Schultz et a/. developed a DS using a very soft agarose hydrogel with approximately 1.5kPa. In
this work, they aimed the release of thyroid hormone 3,3’,5-triiodothy-ronine (T3) in order to tackle the

enhancement of oligodendrocytes (OL) at injury site favoring the myelination of sprouting axons [104].
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The release of T3 in a unilateral cervical contusion injury rat model increased the number of newly formed
mature OLs and consequent axonal myelination rostral to lesion site [105].

In a different approach, hydrogels can be used in a strategy to decrease the mechanical properties of
scaffolds. The combination of collagen in a scaffold of poly (propylene fumarate) (PPF), allow the
formation of a porous structure filled with collagen for the development of a DS. Furthermore, collagen
ameliorated the release of neurotrophin-3 (NT3), previously combined with collagen binding domain
(CBD) which binds to biomaterials and can retain high content of neurotrophic factors, for 7 days. In a
complete SC transection at thoracic level the scaffold surpasses organized axonal growth throughout the
porous structure. The incorporation of collagen improved the production of mature neurons and NT3
enhanced survival of endogenous NPCs [106].

Beyond elastic modulus, viscosity of hydrogels must also be considered. It is related with the capacity of
hydrogels to be injected through a needle and can diffuse prior to gelation [107]. Heparin poloxamer (HP)
was used to deliver bFGF at a thoracic SCI hemisection. The hydrogel viscosity ranged between 8 Pa-s to
10 Pa-s as the temperature change from 32 °C to 37 °C [108]. Imidazole-poly(organophophazenes)
polymer hydrogel (I-5), was implanted in a thoracic contusion injury rat model. This hydrogel has the
capacity to rapidly form a gel-like material with a viscosity of 50 Pa-s and in just 150s achieving a viscosity
of 600 Pa-s at body temperature. /7 vivo, its implantation almost eliminated cystic cavity and promote
neuron repair and motor recovery [109].

Accordingly, hydrogels to be used in SCI therapies should mimic the mechanical properties of host tissue
to allow the regenerative processes to take place. In agreement with literature the stiffness of SC could
range between 3kPa and 300kPa [110,111] which means that hydrogels have to be stiff enough to
assemble itself and soft enough to create an appropriate environment for cells to growth, adhere and
differentiate. Moreover, it was shown that soft hydrogels (< 1kPa) with low viscosity are suitable for SCI

implantation to favor tissue regeneration [112].

3.3. Mesh size

Hydrogels are polymer networks that form a gel when exposed to a polymerizing agent promoting the
crosslinking between polymer chains. The free space between two points is named as mesh or pore of a
hydrogel. Depending on the distance between the entangled points, hydrogels could be classified as
macro-porous, micro-porous or non-porous [113]. Mesh size can be modulated by polymer and

crosslinker concentration or external stimulus as pH or temperature. The porosity of hydrogels is crucial
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for delivery of therapeutic agents in injury because in most cases this process occurs by diffusion or by
interactions between polymer and loading agent. If the pores are smaller than the size of therapeutic
agent, it will be entrapped into the hydrogel and will not be released. On the other hand, if the hydrogel
pores and molecule size are similar the result will be a slow release. Contrarily if pores are higher than
the agent, small molecules will move freely in the network and release will occur by diffusion, release is
not directly correlated with mesh size [114]. Recent developments have been made to determine mesh
size. Among them FRAP bleaching is used to study the diffusivity of fluorescent molecules from hydrogels.
This technique has the advantage of being performed in a common confocal laser scanning microscope
with a fluorescent probe capable of photobleaching [98]. Fluorescence correlation spectroscopy (FCS) is
a complement to FRAP, once it correlates diffusivity coefficients from resident times of fluorescent
particles moving through a small, static illuminated volume, being ideal for microscale heterogeneities in
the hydrogel structure. This method has the advantage of using less powerful laser than FRAP as well as
low fluorophore concentrations [115].

Currently, the most effective technique to determine mesh size (€), is correlating with swelling data, a

theory of Canal and Pepas, equation 1 [116,117]

=
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§=¢ 3 (1_?)1 Co M, (Equation 1)

where, ¢ is polymer volume fraction, [ polymeric carbon-carbon bond length, C- is the polymer-specific
characteristic ratio for a chain of o repeating units, A polymer backbone bond factor, M.number of
average molecular weight between crosslinks in a polymer network and M. molecular weight of the
polymer repeating unit.

Porosity in network structure is also imperative for diffusion of nutrients within the lesion site or even to
allow the migration of cells or axons to growth through the implanted hydrogel. Chen et a/. developed a
macro-porous hydrogel based on 2-hydroxyethil methacrylate (HEMA) with MOETACL to deliver bFGF at
injury site. This network was favored by communicating pores with an average size of 80um. In a complete
thoracic transection, the implantation of this DS allowed the recovery or motor performance evidenced
by the increase ingrowth of axons and blood vessel in the hydrogel only 5 days after injury [118].

In the field of DS the possibility to modulate pore size is of extreme importance, considering also the
injectability of the matrix. In this sense the formulation of matrices as DS using an oil-in-water emulsion

at different ratios and surfactant concentrations allows the control over porous structure. Briefly
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conjugation of both methods allows /i sifu pore formation by incorporation of oil droplets within
crosslinkable precursor solution and polymerization induced by UV light, upon immersion in water the
diffusion of oil droplets results in pore formation. Pore size was of the oil droplet size, but with increasing
concentration of surfactant pore size diminish [119].

In a more simple and easy way, pore size can be tunable by controlling crosslinking degree, namely
increased crosslinking degree or hydrogel precursor content decrease mesh size in a matrix hydrogel

[120].

3.4. Swelling

Swelling behavior of the hydrogels is the process in which water molecules will enter in the structure of
the polymer promoting the expansion of mesh size which will allow more water molecules to enter. In this
process elasticity offset the extreme expansion of the network, avoiding it destruction. Thus, the
equilibrium is reached when there is a balance of these two forces, also known as swelling pressure (P-.),
is equal to zero. Generally speaking, swelling takes in account the increase in weight, volume or length

of a hydrogel, and can be measured as degree of swelling (D), equation 2 [121]

Dgyy = Mpy, /Mpq (Equation 2)

where mwand muw is the weight of wet and dry hydrogels, respectively. It could also be measured by the

diameter of swollen hydrogels, equation 3 [122]

Dsw = (dhw/dhd)3 (Equation 3)

where dw and dw are, respectively, diameter of hydrogels after and before swelling, which always assume
values D, = 1 [121].

After SCI there is an increased pressure in surrounding tissues responsible by the edema formation,
which causes cell death and tissue loss [107]. Considering this, hydrogels to be used in therapeutic
strategies should not hold a high degree of swelling in order to avoid more pressure in the site of

implantation [107]. Moreover, it is also important to control the swelling behavior in order to control the
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release of molecules. Hydrogel swelling is directly correlated with porous structure, so all strategies to
modulate mesh size mentioned ahead influence swelling behavior. Hydrogels with small pores will swell
very slowly while macroporous structures swell fast [123].

For instance the increase of crosslinking density of HA-tyramine conjugate by increasing the concentration
of H.0. will decrease the swelling ratio and therefore decrease the rate of protein release [124]. Besides,
swelling can also be controlled by the thiolation process of chitosan, that when modified with Traut’s
reagent immediately swell after chitosan and PEG precursors are mixed and form a gel, slightly shrinking.
Such approaches can reduce the likeliness of hydrogels to swell in the injury site, avoiding adverse
reactions such as inflammation [125].

Likewise, hydrogel swelling can be modulated by incorporation of thermoresponsive segments in a
hydrogel matrix. They have the particularity of being sensitive to thermal stimuli. Basically, these
segments are water soluble and at low temperatures they are hydrated due to interactions between water
molecules and hydrophilic domains extending polymer chains. On the other hand, high temperatures
promote their dehydration and polymer chains aggregate due to hydrophobic interactions. Briefly at low
temperature hydrogels swell while at high temperatures the swelling is slow, so hydrogel swelling can be
controlled by combining hydrophilic and hydrophobic components [126]. Such polymers are
poly(ethylene glycol)/ poly(propylene glycol), poly (glycidyl ethers) cellulose derivates, poly (N-substituted
acrylamide) [127-129]. The main advantage of this strategy for injectable hydrogels is that hydrogels will

polymerize upon injection normally at body temperature.

3.5. Degradation

Introduction of biomaterials in regenerative strategies for CNS imply that progressively after implantation
they will degrade as axons regenerate. This is extremely important to avoid inflammation or nerve
compression. Accordingly, despite some promising results with synthetic nondegradable materials, such
as silicone, polyacrylonitrile/polyvinylchloride (PAN/PVC), poly(tetrafluoro-ethylene) (PTEE), and poly (2-
hydroxyethyl methacrylate) (PHEMA), their use is not frequent due to their non-biodegradability. On the
other hand, most of degradable materials used are provided by natural sources or synthetic materials,
such as PLGA, PLA, PGA or PEG also used in medical devices [130].

Network degradation plays an important role in controlling molecular release, this is, controlling hydrogel
degradation alter release of therapeutic agent. Piantino et a/. controlled the release of NT3 by modulating

the number of degradable units and macromer concentration in an acrylated PLA-b-PEG-b-PLA polymer.
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This hydrogel is formed by the addition of degradable lactic units of hydroxyl groups. NT3 had a burst
release in the first 24h, being slowly released thereafter for periods up to 2 weeks. This sustained release
in a thoracic SCI transection promoted recovery of motor function as plasticity of raphespinal tracts [95].
Hydrogel degradation can also be modulated by crosslinking with specific sequences that will be
recognized for endogenous or implanted enzymes. For instance, a HA hydrogel crosslinked with MMP-
sensitive peptide was tested in a thoracic compression injury rat model for BDNF delivery. When
implanted /7 wvivo, the endogenous cells secrete MMPs that degrade the sensitive peptides and
consequently promote the release of BDNF, which induce motor neuron regeneration and motor function
recovery [131]. Delivery of BDNF was also performed using a peptide amphiphilic (PA) hydrogel. In this
work, a hydrogel was functionalized with IKVAV. The particularity of this hydrogel is that when implanted
in vivo, it will assemble in nanofibers and BDNF release is controlled by electrostatic interactions.
However, ultimately the release is controlled by hydrogel degradation once nanofibers will get shorter and
mesh size will increase. This explains the release profile with a burst release in the first 3 days, followed
by a slow release until 21 days post-implantation. In a thoracic compression injury rat model, such

approach preserved axonal degeneration and diminish astrogliosis [132].

3.6. Gelation temperature

The gelation timing of a hydrogel to be used in DS is crucial to determine the therapeutic effect of loading
agent. The gelation temperature (GT) is determined when elastic modulus is the halfway for gel formation
[133]. Hydrogels can also be responsive to stimulus, in this case can gelate in response to temperature.
The ideal behavior is that hydrogels are liquid at room temperature, and gel at body temperature, in7 situ
gelation. This will ensure that hydrogel could be injected in the lesion site using a needle and, once there,
a fast gelation process will allow prolonged therapeutic effect avoiding wash away by CSF [134]. One
example of thermoresponsive hydrogels is poloxamers, that are composed of a triblock with a
central hydrophobic block of polyoxypropylene (PPO) flanked by two hydrophilic blocks of polyoxyethylene
(PEO) [135]. Liu and co-workers investigated the impact of polymer concentration on GT. They formulated
hydrogels with different ratios of PPO:PEQ, Pol-1(PEO:u-PPOe-PEQ:01) and Pol-2 (PEQs-PPO2-PEQxo), which
form a gel at 15°C and 50°C, respectively. Interactions between hydrophilic PEO and hydrophobic units
will determine the GT and nature of hydrogel. None of the created hydrogels were suited for implantation,
so they combine both and investigated the GT by varying their concentrations and found out that forming

a hydrogel with 5% (w/w) Pol-2 and 17,8% (w/w) Pol-1 the GT was around 39°C. GT was determined by
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varying G’ and G’ as function of temperature and heating rate of 1°C min. Furthermore, it was used to
deliver monosialoganglioside (GM1) in a T10 dorsal hemisection rat model. The loading of this molecule
decreased the GT for 36°C due to the presence of two long fatty acids, which reduce the ratio of
hydrophilic and hydrophobic units in the hydrogel. GM1 was released for 1 month and inhibited the
formation of glial scar enhancing neuron regeneration [136]. Poloxamer are also functionalized with
heparin to delivery bFGF. These hydrogels have the ability to undergo from liquid to gel transition in about
100s as the temperature increases to 34°C. More importantly, loading bF GF does not change the gelation
properties of hydrogel. In a T9 hemisection model induced axonal regeneration, apoptosis decrease and

recovery of motor function [108]

3.7. Surface Charge

The physical and mechanical properties of the hydrogel surface also influence cell adhesion or axonal
growth. The coating of surfaces with positive materials enhance cell adhesion and growth [137]. Hejc "I
et al. investigate the impact of HEMA hydrogels with different charges in thoracic hemisection injury rat
model. They designed HEMA hydrogels with negative charge (hydrogel crosslinking with methacrylic acid
in sodium salt (MA)), positive charge (crosslinking with MOETA*) and a neutral polymer with positive and
negative charges combined by crosslinking with both agents used before. The growing connective tissue
was favored by the positive charges with the pores of the hydrogel being filled by it with evident longer
neurites growing throughout the polymer with positive functional groups, which isn’t found in polymers
without charge. On the other hand, astrocyte ingrowth was only detected in the periphery of negatively
charge implant and also in uncharged polymer [138]. In order to overcome the negative effect of
negatively charge alginate hydrogels in cell adhesion or axonal growth, hydrogels can be coated with
positively charged poly-amino acids and laminin. /7 wiro, neurite growth was more pronounced in
hydrogels coated with poly-L-ornithine (PLO) /laminin and absent in uncoated hydrogels. In a cervical
hemisection rat model more neurites growth through the hydrogel in rostral zones and also more

infiltration of host cells [139].

4, Strategies for delivery control

4.1. Affinity-based systems

The efficacy of a therapeutic strategy relies on the targeted events and the time window in which it will
have the best regenerative influence. Having this in mind, besides controlling hydrogel network,
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establishing interactions between drug and polymer network could be crucial for sustained or on-demand
release. This led to the development of affinity-based systems, in which drugs are attached to the hydrogel
by covalent conjugation or through secondary bounds such as electrostatic interactions, taking advantage
of protein’s natural affinity for specific ligands [114]. HA methylcellulose (MC) hydrogels were modified
with a Src homology 3 domain (SH3) that were bound in the MC hydroxyl groups in order to improve
release of chondroitin ABC (ChABC) which has thermal instability [140]. SH3 peptide binds reversibly to
SH3 protein and once expressed slow the protein release. Moreover, by combining with ChABC the
release rate is controlled by the ratio between SH3 peptide and SH3 protein for an /n vitro release for 7
days [141]. In a compression injury rat model ChABC treated animals have a decrease in CSPG levels
and wide distribution of NPCs in the SC [142]. Following the affinity-based systems, the incorporation of
heparin in poloxamer hydrogels increases the affinity for proteins, growth factors, cytokines by binding to
hydrogels through -COOH or -OH and proteins with -SH groups in order to extend the release. Moreover,
these hydrogels are thermosensitive with a controlled sol-gel transition temperature with porous structure,
which favors the delivery. HP hydrogels were used to deliver aFGF in a compression injury rat model. The
release of aFGF was improved with heparin, being released about 55% after 28 days, while in hydrogel
without heparin the release was about 25% of loaded aFGF. This promoted protection of BSCB, improved
remyelination, reduced neuronal death contributing for motor recovery [143]. Besides enhancing drug
delivery HP hydrogels do not have the capacity to store or stabilize growth factors once they are released,
compromising it role in regeneration. To overcome this, hydrogels are combined with decellularized spinal
cord extracellular matrix (dscECM) that is crucial for cell adhesion, growth factors support, cell growing
and survival [144]. Xu et a/. incorporated dscECM loading bFGF in HP hydrogels. In this system, bFGF
was released by affinity from dscECM and then by diffusion through porous structure of HP, which
resulted in 25% of loaded bFGF still remained in hydrogel after 7 days. The implantation in an hemisection
injury rat model promoted a reduction in cell apoptosis, neuronal regeneration contributing to motor

function recovery [145].

4.2. Incorporation of nanoparticles

Furthermore, to protect a therapeutic agent from degradative enzymes or to enhance delivery, hydrogels
are combined with nanoparticles (NPs). This hybrid system aimed to recapitulate the specificity of bolus
injection with sustained release offered by mini pump or catheter but avoiding further tissue damage.

Nanoparticles are used as carry and delivery agents while hydrogel ensures they are localized in the injury
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site to promote regeneration [83]. PLGA NPs are widely used in SCI due to its good biodegradability, and
it incorporation in HAMC hydrogels allow the formulation to deliver NT-3 a modulator of maintenance,
proliferation and differentiation of neurons [146], in a thoracic compression model. NT-3 was released
for 28 days /n vivo, and the release is mediated by electrostatic or hydrophaobic interactions between NT-
3 and PLGA NPs. This resulted in an increased axonal density surrounding the injury site with a slightly
improved motor function [147]. A similar effect was observed when using the same system to co-deliver
NT-3 and anti-NogoA, for 28 days and 10 days, respectively. Moreover, the author suggest that co-delivery
of NT-3 can enhance Anti-NogoA effect resulting in both tissue and motor improvement [148]. Chitosan
is a natural positively charged polymer often used in the formulation of particles in SCI therapeutic
strategies due to its biocompatibility, biodegradability and low toxicity, antitumor activity and low
immunogenicity [149,150]. A regenerative effect was observed when chitosan particles loaded with NT-
3 were embedded in collagen hydrogel, and used in the treatment of thoracic hemisection monkey
model, where increased axonal growth and revascularization were observed at injury site [151].
Furthermore, chitosan can be used to form particles or self-assemble with other materials like dextran-
sulfate to deliver BDNF. In this context was observe a preservation of diaphragmatic function as well as
enhancing serotonergic enervation of phrenic motor neuros (PhMNs) [152].

Chitosan has the advantage of being a soft material, has a higher water content and viscoelasticity, which
recapitulate the mechanical properties of SC tissue. Moreover, structurally is similar to
glycosaminoglycans, one of the most abundant polysaccharides of ECM [153,154]. All these
characteristics made chitosan very attractive to use in SCI.

Other organic polymers, such as liposomes, have been also combined with hydrogel for co-delivery of
docetaxel (DTX), a microtubule-binding agent important for growth cone development [155], BDNF and
aFGF. Wang and colleagues developed a scar-homing liposome to load BDNF in the inner agueous phase
and DTX in lipid membrane modified with a tetrapeptide (cystine-alanine-glutamine-lysine) (CAQK) that
binds to CSPGs. The liposomes were embedded in HP hydrogels loading aFGF. Importantly, sol-gel
transition occurs at 24°C, still suitable for injection and polymerization /77 situ, and a porous sponge-like
structure with interconnected pores allow the diffusion of liposomes to release the loaded molecules at
injury site, being DTX, BDNF and aFGF sustainably released for 10 and 21 days, respectively. /7 vivo, in
a thoracic contusion SCI model, the combinatorial therapy contributed for mild SC lesions, increase of
molecules responsible for axonal remyelination, such as MBP, induced microtubule stabilization essential

for growth cone maintenance favoring axonal growth, leading to locomotion improvements [156].
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4.3. lon-mediated interactions

As mentioned above, MH is a promising candidate to treat SCI, however it administration is still a
challenge, for one hand systemic administration gives rise to multiple side effects, on the other side
loading into hydrogels is still difficult once MH is water soluble, which means it will be released very fast
and is also fast degradable in solution at body temperature [157]. The formulation of dextran sulfate (DS)-
MH complexes self-assembled by metal ion binding-mediated interaction allow sustained release of MH
[158] that were loaded in agarose hydrogels to ensure local delivery. Moreover, Mgz allow the formation
of insoluble complexes between DS and MH, being it release mediated by strong metal ion-mediated
interactions between DS and MH. This complex combination allows the modulation of MH release by
reducing the ratio of DS/MH and MG# concentration or by adding chitosan that compete with MH to bind
to DS and Mg>. In this way, MH has a high dose being released at acute phase to tackle the primary
inflammatory events, and a low dose sustainably released to hindering chronic inflammation and
oligodendrocytes death. Its administration in a unilateral cervical injury model was more effective than
intraperitoneal (IP) injection in reducing cystic cavity, was able to reduce inflammatory response and
contribute to motor recovery [159]. Likewise, MH delivery preserved diaphragm innervation of PhMNs
axons, protecting respiratory circuit from degeneration and hampered further inflammation by inhibiting

M1 polarization [160].

5. PEG hydrogels as delivery systems

Polyethylene glycol (PEG), is a linear polymer and synthetic material. The living anionic ring-opening
polymerization of ethylene oxide produces it. The molecular weight can vary between 0.4 to 100kDa
[161]. PEG hydrogels are appealing for regenerative medicine applications due to their aqueous nature
and porosity, which allows for easy uptake and diffusion of cells and molecules [162]. Implantation of
PEG hydrogels can promote motor recovery [163] reduce inflammation and inhibits nerve fiber
degeneration [164] and can modulate signaling pathways diminishing cell apoptosis or caspase-3 activity
[165].

More interestingly, PEG hydrogels can be used as drug or cell carriers, and due to their high versatility,
can be easily modified and their properties modulated in order to improve biological propetrties /in vivo.
However, PEG by itself may have a low loading capacity. To overcome this disadvantage, PEG can be
combined with nanoparticles not only to reduce nanoparticle clearance, but also to increase loading
capacity and target therapy, thereby improving cell viability [166]. Likewise, PEG can be coupled with
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other materials, such as poly(-L-lactic acid) (PLLA), to form biodegradable hydrogels with tunable pore
size, which can support nerve growth when combined with biomimetic scaffolds [167,168].

Zheng et al. also developed a thermosensitive hydrogel made of PEG and PLGA. At 35°C, this formulation
forms a hydrogel, allowing for the injection of liquid hydrogel at injury site, which then gels /n-situ.
Furthermore, loading baricitinib promotes functional recovery and reduces neural death. The main
disadvantage of this system is its rapid release, reaching 80% total release after 3 days [169]. The
development of a release system as the primary goal of extending the therapeutic effect for an extended
period of time without the need for additional intervention. To address this, PEG was combined with
glycosaminoglycans (GAGs), which promote protection and the sustained released of several growth
factors, cytokines and chemokines [170]. The attractiveness of these systems to formulate release
systems resides in Heparin characteristics. Heparin is a 15kDa molecular weight polysaccharide
component of the ECM. It is a linear structure composed of repeated units of 1—4 linked pyranosyluronic
acid and 2-amino-2-deoxyglucopyranose (glucosamine) residues. They also contain sulfate groups at the
N-, 2-0, and 6-O- positions [170]. This distribution confers to heparin the most negative charge density
of known molecules. Both negative charge and spatial distribution of sulfate units give rise to strong
electrostatic interactions between heparin and a wide range of positively charge biological mediators,
such as growth factors, cytokines, chemokines. In this manner, incorporating heparin in hydrogels make
possible to modulate the release, localization and activity of loading agents in tissues [171-173].
Moreover, a click reaction between end-functionalized star-shaped PEG (starPEG) and Heparin's
maleimide groups can form hybrid materials, 3D-network structures with tunable physical properties and
biomolecular functionalization. For example, varying the cross-linking degree alters physical
characteristic such as storage modulus, mesh size, and swelling while maintaining biomolecular
composition [174]. When functionalized with a variety of peptides, these materials can also act as cell-
instructive matrices, promoting cell growth, their adhesion and differentiation [175,176]. In this sense,
these hydrogels can drive dermal fibroblast differentiation i wiro by delivering TGFB for seven days
[177], as well as the sustainable release of IL-4 for 14 days, inducing the polarization of macrophages

into a more pro-regenerative state M2 [178].

6. Role of MSCs secretome in promoting regeneration in CNS

There has been a surge in interest in studying the role of cell-based therapies in the context of regenerative

medicine in recent years. Mesenchymal Stem Cells (MSCs) are currently the most promising for this
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purpose [179,180]. MSCs are found throughout the human body, including bone marrow, the umbilical
cord, the brain or even in adipose tissue. Furthermore, the isolation process is simple, and MSCs can be
easily identified by surface markers such as positive expression of CD105, CD73 and CD90 and negative
expression of CD34, CD45, HLA-DR, CD-14, CD19 [181] [182].

Adipose tissue-derived stem cells (ASCs) are a type of MSCs derived from the adipose tissue, a highly
available and abundant source. Several studies pointed their influence in providing protection, survival
and differentiation of neural cells and support neuroregeneration with their beneficial immunomodulatory
profile [183-185], as well as their relevance in promoting recovery after SCI [186]. The comparison of
the effect of BMSCs and ASCs populations was conducted by Zhou et al. in a bilateral dorsal SCI
laminectomy. Two cell dosages were administered, one caudal and one rostral to the lesion. When
compared to BMSC transplantation, the authors found that ASCs significantly increased angiogenesis,
axonal regeneration, reduced inflammatory cell infiltration, and promoted functional recovery [187]. Other
authors demonstrated their ability to improve functional recovery, reduce inflammation, and preserve
neural tissue in a contusion SCI model [188].Moreover, our group also showed that the transplantation
of a combination of ASCs and olfactory ensheathing cells (OECs) within a gellan gum hydrogel improved
motor function by reducing inflammatory cells in the lumbar [187] and thoracic hemisection SCI rat
model [188]. This approach was capable of increasing diaphragmatic activity and partially restoring
sensory function in cervical level 2 (C2) hemisection SCI in rats [189]. More interestingly, the role of ASCs
per se was demonstrated when no difference in motor recovery was demonstrated between groups
treated with cells alone or with cells plus growth factors such as granulocyte colony-stimulating factor
(GCSF)[192]. In a recent pilot study in SCI dogs, allogenic ASC transplantation was effective in reducing
urinary incontinence and improving neurological outcomes such as restoring normal proprioception
[190]. The role of cell transplantation in modulating regenerative processes has gained a lot of interest
from researchers, however this also poses some concerns for SCI application like the higher number of
cells needed for transplantation, the low survival and the possibility of migration from injury site. In line
with this, the attention has been refocused on their secreted bioactive molecules (secretome), due to their
neuroprotective, neuroregenerative, and immunomodulatory capabilities [68,183].

Remarkably, enormous efforts have been made to decipher all of the components of the secretome and
its mechanism of action. The secretome is divided into two parts: a protein fraction, which includes several
soluble growth factors, pro- and anti-inflammatory cytokines, extracellular matrix proteins and a vesicular
fraction, which includes mostly exosomes and microvesicles [191,192]. Pires et al. compared the

secretome of BMSCs, adipose tissue (ASCs) and umbilical cord perivascular cells (HUCPVCs),
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demonstrating that their secretory profile differ [193]. Only 134 of the 451 proteins found were shared
by all cell types. Some proteins involved in CNS processes were found to be expressed only in certain cell
types. Indeed, B1-4-galoctosyltransferase (B4Gal-T) was only found in ASCS, whereas Stromal-derived
factor-1a (SDF-1a) and Gelsolin were found in BMSCs, and Cyr61 and colony-stimulating factor (CSF-1)
were found in HUCPVs. Moreover, anti-oxidative and anti-apoptotic molecules CYPA and CYPB were found
to be upregulated in BMSCs. These results suggest that BMSCs may have higher anti-oxidative profile. In
addition, molecules involved in axonal growth, such as SEM7A and GDN, were found to be upregulated
in BMSCs and ASCs, indicating that these cells may play an important role in promoting neurite outgrowth.
When compared to the secretome of BMSCs, the secretome of ASCs was able to induce significantly
higher neurite outgrowth of dorsal root ganglia (DRGs) cultures [194]. Thus, ASCs-derived secretome has
been shown to protect pheochromocytoma (PC12) cells from glutamate excitotoxicity and apoptosis by
reducing the levels of cleaved-caspase-3 [184]. Regarding inflammation, the ASCs secretome is able to
reduce the release of pro-inflammatory tumor necrosis factor-a (TNF-a) after exposure to an inflammatory
stimulus, as well as to induce actively macrophages (M2) polarization and the secretion of anti-
inflammatory cytokines IL-10 and transforming growth factor (TGFB1) [195]. Furthermore, the ASCs
secretome was shown to be capable of promoting neuronal survival and differentiation [196,197], axonal
outgrowth in dorsal root ganglia (DRG) explants [188,194] and also tissue vascularization [198].
Moreover, after exposure to spinal cord injury conditioned medium, the secretome of ASCs can increase
MAP?2 positive neurons, while decreasing GFAP cells, acting primarily as a protective factor in cortical
neurons [199]. Exosomes or extracellular vesicles (EVs), in addition to proteins, make up the secretome.
These structures can be important in cell-to-cell communication as well as transporting other proteins,
mRNA, miRNA and organelles [200,201]. /n vitro, EVs can protect neurons from glutamate excitotoxicity.
Moreover, in a contusion SCI rat model they induce autophagy to reduce neural cell apoptosis,
inflammation and contribute to improved motor performance [202].

Because it can address a wide range of pathways involved in trauma or disease, the secretome has
emerged as a promising approach in SCI. The positive effects on neuroregeneration after SCI was
demonstrated for the first time by our group. The multiple systemic injections of ASCs secretome after a
contusion SCI in a mice model promoted functional recovery [203]. The beneficial effects have only been
observed by systemic administration in this study, whereas the action of local injection was greatly
diminished due to its quick clearance of the secretome from the target site. Furthermore, the authors
emphasized the importance of administering the secretome as a whole, including both vesicular and

protein fractions, after single administration did not significantly promote motor recovery.
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Overall, these studies demonstrated the feasibility of using ASCs secretome in SCI regenerative therapies.
These cells have the ability to release bioactive molecules that are involved in neuroprotective,
neuroregenerative and immunomodulatory pathways, which help to restore lost functions. Moreover,
using ASCs secretome overcomes concerns associated with cell transplantation, such as host rejection

or incorrect differentiation.
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Figure I. 5 Hydrogels have been applied in SCI as delivery systems to improve the therapeutic effect of
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performance when injected at injury site. Additionally, hydrogels can be combined with other molecules

to deliver agents at and extended time. Among all, growth factors, drugs, antibodies, hormones or
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enzymes are the most frequent therapeutic agents loaded in hydrogels in SCI. In preclinical models of

SCI these systems have shown promising impact in promoting tissue regeneration.

7. Conclusions and future perspective

Spinal cord injury affects both motor and sensorial functions of millions of people worldwide being a
serious social, economic and emotional problem. Despite the growing research in the field with
multidisciplinary approaches raising to promote regeneration there is still a lack of an effective therapy in
the clinic that could improve life quality of patients. Biomaterials can represent a good alternative to apply
as DS, overcoming side effects reported in several clinical trials. As discussed, it is possible to modulate
their designing characteristics to improve its performance at injury site and support regenerative events
promoted by delivered molecular therapies. In preclinical trials, the use of these systems has allowed
preservation of respiratory functions reduction of inflammation, enhanced axonal regeneration, reducing
cellular apoptosis leading to recovery of motor function (Figure 1. 5). While all reported strategies are
relevant when considering the design of effective DS some can be considered most favorable to further
explore, mainly due to easy chemistry used or simplest modulation of important characteristics. For
instance, it is clear that the modulation of characteristics such as stiffness, mesh size, swelling and
gelation temperature have in common alterations of crosslinking degree achieved by altering hydrogel
precursor content. In this context poloxamer hydrogels appear to easily modulate these characteristics.
Moreover, they have the advantage of being thermoresponsive hydrogels undergoing sol-gel transition at
body temperature. Additionally, the possibility of incorporating molecules for affinity-based release, like
heparin, is advantageous once is based on natural affinity for proteins or growth factors, prolonging the
release profile and taking also advantage of heparin being a glycosaminoglycan present in ECM.

Notwithstanding the promising results achieved in preclinical trials there is still a big question related to
biomaterials, that why so few of them have reached clinical trials. The long path from bench to clinics
comprehends the regulatory approval, which often tends to be quite challenging for strategies dealing
with scaffolds [204]. Moreover, production of biomaterials for human implantation has to ensure Good
Manufacturing Practices (GMP), as well as low batch to batch variability of natural or synthetic materials,
a fact that is also challenging when scaling up lab run processes to an industrial scale [84]. Upon

overcoming all mentioned problems, another concern is the injection method, which needs to be fast and
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low invasive, do not promote further damage as well as protecting all therapeutic agents within the
formulation.

As mentioned, most of the strategies to test hydrogels are conducted in transection models, because of
the gap created by the lesion that will allow the hydrogel to fill the cavity without fostering pressure to
surrounding tissue. However, most human SCI are contusions/compressions, so another facing problem
for clinical translation is the injection of biomaterials in these conditions.

Upon several developments in SCI therapies, there is a strong know-how about its pathophysiology, which
is crucial when developing effective therapies. Taking this into consideration, the development of a therapy
will benefit from a multidisciplinary strategy of integrated knowledge of several areas, namely biology,
physics, medicine, engineering and bioengineering and material science to try to tackle all degenerative
events. Hydrogels can help with the adhesion of cells, their differentiation in neurons or uphold axonal
growth, while at the same time have the ability to release growth factors or drugs that will reduce
inflammation, induce axonal growth or decrease tissue damage. Likewise, materials with electrical
properties could be embedded in hydrogels as well as the combination with stimulation will favor tissue
regeneration and improve patient’s rehabilitation. Nonetheless, stem cell-based therapy has been shown
in numerous studies to be a promising option to tackle SCI condition. Their therapeutic potential has been
attributed primarily to secreted bioactive molecules that modulate neuroprotective, neuroregenerative,
and immunomodulatory processes, as well as promoting motor recovery following SCI. As a result, a new
era in cell-based therapy has begun with a better understanding of the key mechanisms modulated by
these factors, as well as the development of an efficient and feasible method to inject secretome. This
option may overcome the issues raised by cell transplantation. As a result, hydrogels could be a promising
vehicle for delivering the secretome to the site of injury. Altogether, overcoming these problems will

contribute to improve patient’s life quality.
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Table 1. 2 Current hydrogels delivery systems applied in SCI model and it potential to induce regeneration
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Abstract

Inducing tissue regeneration after a spinal cord injury (SCI) is critical for motor and sensory recovery. In
this regard, ASC transplantation has been demonstrated to be a promising tool in the field. Several studies
have revealed their role in promoting motor recovery, primarily by reducing the inflammatory response
following lesion. Most importantly, those effects are thought to be modulated through bioactive molecules
secreted by them. This shifted the spotlight on cell-free therapy for secretome. However, their
administration is a source of concern. Using starPEG-Hep hydrogels as delivery systems, we aimed to
develop a platform to load and release the hASCs secretome for an extended period of time at lesion site.
In the present work, we show that secretome is continuously released for 10 days. Furthermore, a wide
range of molecules were detected to be released in a time-dependent manner. Cytokines and angiogenic
factors were primarily released after 2 days, while neuroregulatory growth factors were released between
2 and 10 days. Additionally, the secretome released from starPEG-Hep hydrogels could promote higher
neuronal differentiation into immature (DCX) and mature (MAP2) neurons.

Finally, secretome released from hydrogels promoted robust neurite outgrowth in spinal cord slice
organotypic cultures. Overall, the data presented here strongly supports the use of hASCs secretome in
CNS injuries due to their ability to modulate regenerative processes. Local treatment can also be extended

and potentiated by using as drug delivery systems.

Keywords
Spinal cord injury
Hydrogels
Secretome
Delivery systems
StarPEG

Heparin
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1. Introduction

Central nervous system (CNS) has a low regenerative capacity. In spinal cord injury (SCI) axons fail to
regrow either by the inhibitory environment at lesion site [1] or the glial scar formation [2] that acts as a
barrier for regenerative processes. Furthermore, molecules released from the components of glial scar
or myelin debris create an inhibitory environment for growth cone formation and axonal elongation [3].
The major challenge in regenerative medicine is to develop therapies that could overcome these events
and induce tissue regeneration. In this sense, several approaches have been used as neurotrophic
factors. They have the ability to support survival, growth or induce neuronal differentiation [4]. Brain
derived neurotrophic factor (BDNF) has a critical role in promoting axonal growth and guidance [5].
Moreover, its overexpression in bone marrow stromal cells (BMSCs) promoted higher host axonal growth
in an SCI animal model [6]. GDNF can also have a neuroprotective role in decreasing dopaminergic loss
in Parkinson’s disease model [7]. Other strategies tried to induce regeneration by administering drugs
such as methylprednisolone (MPSS) which is an anti-inflammatory agent that could improve motor
outcomes in SCI patients [8]. Minocycline (MH) is also used due to their potential to inhibit microglia
activation, proliferation, reduce excitotoxicity and neuronal death [9].

However, several restrictions are raised in regarding to their administration. Due to the existence of blood
brain barrier (BBB), systemically administered molecules may have difficulty passing through this barrier
and acting in tissue, as the need of high dose may cause off-target systemic effects and fast diffusion to
other organs [10]. Indeed, some drugs that reach clinical trials, fail their progression to clinics due to
severe side effects caused [11]. In addition, molecules can have short half-life or be more prone to
enzymatic degradation. This has led to the development of different administration routes, namely as
intracerebral or intracranial [12] application using catheters or minipumps [13,14]. Nevertheless, these
approaches have also been demonstrated has being invasive and could promote further damage in the
tissue. Thus, with the advent of delivery strategies the design of biohybrid matrices has been shown to
be capable of slow and controlled target release inducing desired regenerative processes, with appropriate
dose. Therefore, biomaterials have emerged has suitable candidates to local deliver of therapeutic agents,
in particular hydrogels. They can be divided into natural or synthetic materials. Natural materials include
agarose [15], gellan gum [16], or alginate [17], which have the advantage of good biocompatibility and
degradability. However, in recent years the interest in synthetic materials, like polyethylene glycol (PEG)
[18], poloxamers [19] or HEMA [20], is concerned with the easy modulation of mechanical properties in
order to improve their use for biomedical implantation. Freudenberg et al., for example, developed a
hybrid material based on star-shaped poly (ethylene glycol) (starPEG) and heparin, which physical and
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bimolecular characteristics can be gradually and independently modulated [21]. The degree of
crosslinking during meshwork structure development can easily control mechanical stiffness, mesh size,
and swelling degree [22]. As heparin inclusion plays a vital role in delivery technigues, this opens up new
opportunities for the use of hydrogels as acceptable matrices for regenerative therapies. Heparin is a
linear structure containing sulfate groups at N-, 2-O-, 6-O- position, resulting in high density charges.
Spatial distribution of sulfate units gives rise to strong electrostatic interactions with molecular biological
molecules, modulating their localization and activity in living tissues [23,24]. Thus, heparin could form
these interactions with a wide range of positively charged molecules, including growth factors, cytokines,
and chemokines, through affinity-based interactions that control their release rate and exert a protective
effect. Affinity-based release systems have been demonstrated to be effective in releasing FGF-2 [21],
TGF-B[25], SDF-1 [26], GDNF [27] and IL-4 [28]. Following this concept, new strategies can be developed
in order to sustainably release adipose tissue derived stem cell (ASCs) secretome. ASCs secretome is
composed of a wide range of molecules such as growth factors, cytokines and chemokines [29,30] that
can exert beneficial effects in regenerative processes. For instance, can increase metabolic viability and
neuronal density in hippocampal neurons [31], induce differentiation of human neural progenitor cells
(hNPCs) [32], axonal growth in dorsal root ganglia (DRGs) explants [30,32,33] or protect PC12 cells from
excitotoxicity agents [34] and ultimately induce motor recovery after SCI [35]. Regenerative capacity of
hASCs secretome is mainly attributed to molecules such as BDNF, GDNF, VEGF, B-NGF, FGF-B and SCF
known for their potential role in favor those processes [36,37].

As a result, loading hASCs secretome in starPEG-Hep hydrogels could be a more holistic method to
successfully deliver hASCs secretome /n vivo. Herein we characterized the mechanical properties of
starPEG-Hep hydrogels and evaluate their potential in promoting controlled and prolonged release of
hASCs secretome. Additionally, /7 wifro experiments evaluated their potential in inducing neuronal
differentiation in hNPCs and neurite outgrowth in organotypic spinal cord slices. Altogether, data
presented here aims to evaluate the potential of this therapeutic approach for further /7 vivo inducing

regeneration in SCI animal models.
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2. Materials and Methods

2.1. Synthesis of hydrogel precursors, starPEG, heparin maleimide

Amine end-functionalized 4-arm starPEG (MW 10,000, USA), Heparin (MW 15,000, Merck, Germany)
were synthesized as previously described [21,22]. Hydrogel formation was obtained by dissolving the
maleimide functionalized heparin and thiol end-functionalized 4-arm starPEG in PBS on ice with an
appropriate molar ratio. Briefly, 1.5mM heparin dissolved in PBS was mixed with an equal volume of
starPEG solution in the concentration of 1.1mM to 2.2mM to produce hydrogels in the crosslinking range
of 0.75-1.5 (molar ratio of starPEG to heparin). Michael type click reaction between the maleimide
moieties of heparin with thiol-functionalized starPEG groups occurs within seconds of mixing the two
solutions. To adjust the polymerization time, the pH of starPEG buffer solution was slightly decreased and
adjusted between 5 and 7, to allow a polymerization time for at least 20s ensuring efficient mixing of all

hydrogel components.

2.2. Characterization of starPEG-GAG hydrogel properties

2.2.1. Rheological measurements

For rheological measurements, hydrogels with different molar ratio (0.75-1.5) were prepared. Briefly, 67
uL of hydrogel were prepared and allowed to polymerize between two hydrophobic Sigmacote coverslips
(Merck, Germany) of defined diameter (Dj = 9 mm). After polymerization, discs were hydrated in PBS.
Then, oscillating measurements on swollen gel disks were carried out on a rotational rheometer (ARES

LN2; TA Instruments, Germany), with plate-plate geometry (plate diameter 25 mm; gap width, 1.2-1.5

mm). Frequency sweeps were performed at 25°C with a shear frequency range of 101-102 rad s and
a strain amplitude of 2%. Mean values of the storage modulus were calculated. Experiments were
performed in triplicate. The gel volumetric swelling of the gels was determined by the following equation
1: where d, is the diameter of the unswollen gel disk and d is the diameter after swollen gel for 24 h in

PBS.
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d_, _
Q= d—) Equation 1
0

2.2.2. Mesh size

The mesh size of a hydrogel is defined as the distance between two entanglement points (§) and vary
with the different molar ratio in a hydrogel network [38]. It was calculated from the storage modulus G’
based on rubber elasticity theory [39] using following equation 2, where G’ is the storage modulus, N,

the Avogadro constant, R the molar gas constant, and T the temperature:

1

§= GNa\ ° Equation 2
RT

2.3. Secretome collection

2.3.1. Cell isolation and culture

The hASCs were obtained from lipoaspirates from consenting donors under a protocol approved and
reviewed by an institutional board of LaCell LLC. Cells were isolated according to the protocol described
by Dubois et al. [40] and maintained in culture, at 37 °C and 5% CO2, in o-MEM (Invitrogen, USA), with
10% Fetal Bovine Serum (FBS, Biochrom AG, Germany) and 1% antibiotic/antimycotic solution -
penicillin/streptomycin (pen/strep; Invitrogen, USA). Medium was changed every 2/3 days until reach

85% confluence, afterwards cells were enzymatically detached and seeded onto new cell culture flasks.

2.3.2. Secretome collection

For secretome collection, hASCs were seeded at a density of 4000 cells/cm? in cell culture flasks with
alpha minimum essential medium (a-MEM), as described above. The medium was harvested 72 hours
after culture and the cells were washed four times with PBS without Caz /Mg (Merk, Germany). The cells

were then placed 24 hours in Neurobasal medium (ThermoFisher, USA) with 1% pen/strep or Neurobasal
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A (ThermoFisher, USA) with 1% kanamycin, depending on which cultures the secretome will be applied.
It was further centrifuged (249g, Megafuge 1.0R, Heraeus, Germany) for 5 minutes to remove any cell
debris. Then, hASCs secretome was concentrated (100x) by centrifugation (3000g) using 5kDa cut-off

concentrator (Vivaspin, GE Healthcare, UK) and frozen at -80°C until used.

2.4. Loading of hASCs secretome in starPEG-GAG hydrogels

2.4.1. Characterization of secretome release by immunofluorescence

For fluorescence release experiments, secretome was previously labeled using a FluoReporter FITC
protein labeling Kit (ThermoFisher, USA). FITC (fluorescein isothiocyanate) dye will bind to primary amine
bonds of proteins forming a dye-protein conjugate, which is detected by fluorescence emission at 518nm,
respectively. Briefly, secretome was labeled according to manufacturer’s procedure at a labeling ratio 1:2
protein dye.

For gel formation, labeled secretome (10 pL) was mixed with heparin (5uL) and starPEG (bul) and
allowed to polymerize inside low protein binding tubes. Secretome was allowed to release from hydrogels
into PBS supplemented with BSA (1%, 300 uL). Samples from released secretome were collected at
defined intervals (0, 3hand 1, 2, 3, 4, 5, 6, 7, 10), and replaced by equal volume of fresh medium. The
release samples were stored at -80°C until analyzed by measuring fluorescence intensity on a Varioskan

flash plate reader (ThermoFisher).

2.4.2. Characterization of secretome release by multiplex assay

As for previous release assay, concentrated secretome (10 uL) was mixed with heparin (5 uL) and
starPEG (5 uL) and allowed to polymerize inside low protein binding tubes. Secretome was allowed to
release from hydrogels at room temperature into PBS supplemented with BSA (1%, 150uL). Samples
were collected at defined intervals (0, 3hand 1, 3, 5, 7, 10 days), and replaced by equal volume of fresh
medium. The release samples were stored at -80°C until analyzed by Human Premixed Multi-Analyte kit

(R&D Systems, Minneapolis, USA) according to manufacturer’s instructions.

2.4.3. Characterization of secretome release by array membranes
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To obtain samples for these experiments, secretome (15 L) was mixed with heparin (7.5 ulL) and then
loaded into starPEG (7.5 L) into 24-well plate. Secretome was allowed to release by adding Neurobasal
medium (1 mL, ThermoFisher, USA) supplemented with 1% penicillin/streptomycin (ThermoFisher, USA).
Samples were collected at defined time points (two and ten days) and replaced by an equal volume of
fresh medium. The released samples were stored at -80°C until analyzed by Human Neuro Discovery
Array C1 (C-Series RayBiotech, USA) and Human Cytokine Antibody Array C5 (C-Series RayBiotech, USA).
For secretome analysis, after blocking the membrane for 30 min at RT, released samples (1 mL) were
incubated in each well overnight at 4°C. After washing five times, the membranes were incubated with a
biotinylated antibody cocktail for 2 h at RT. Then membranes were incubated with HRP-Streptavidin for 2
h at RT and analyzed by chemiluminescence detection in Sapphire Biomolecular Imager (Azure
Biosystems, USA). Analysis of the membranes was performed in AzureSpot Analysis software (Azure
Biosystems, USA) where the relative intensity of each spot was measured. Afterward, quantification was

done by subtracting the background in each spot and normalizing it to positive control in each membrane.

2.5. Bioactivity of released secretome in /n vitro cultures

2.5.1. Neural progenitor cells (hnNPCs) growth and incubation with released secretome

To study the potential of secretome released from starPEG-Hep hydrogels in promoting neuronal
differentiation hNPCs were used. hNPCs were kindly gifted from Prof. Leo A. Behie (University of Calgary,
Canada). Cells were isolated from the telencephalon region of a 10 week post-conception fetus, as
described previously [41]. Ethical guidelines were previously established and approved by the Conjoint
Health Research Ethics Board (CHREB, University of Calgary, Canada; ID: E-18786). Cells were thawed
and cultured in suspension as neurospheres in Complete NeuroCult™ Proliferation Medium (Stem Cell
Technologies, California) for 3 days. After that, neurospheres were mechanically triturated using a 200
WL micropipette by pipetting up and down 50-100 times in a firm consistent rhythm until obtaining a
single cell suspension. At the end, viable cells were counted and cells seeded (density of 1x10¢ viable
cells/cm?) in fresh medium. hNPCs were maintained in culture for 10-14 days until obtain neurospheres
with approximately 100 um diameter, adding medium every two days as suggested in reference protocol
(StemCells Technologies, California). For differentiation assays, neurospheres were mechanically
dissociated as previously described and plated in 24-well plates in coverslips coated with poly-D-Lysine

(100 pg/mL; Merck, USA) and laminin (10 pg/mL; Merck, USA) using 60,000 cells per well. After seeding
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hNPCs on the bottom, hydrogels were prepared and pipetted onto the insert membrane as illustrated in
Figure 1I.1A. Briefly, concentrated secretome (15uL) collected in Neurobasal A was mixed with Heparin
(7.5uL) and starPEG (7.5uL) and pipetted per well. NbA supplemented with 1% kanamycin and 1 %
GlutaMAX (Gibco, USA) (basal medium) was added as negative control, and the same amount of loaded
secretome diluted in this medium added as a free condition. Additionally, NbA supplemented with B27
(2%, ThermoFisher, USA), FGF-2 (0.05%; R&D Systems, USA), kanamycin (1%) and GlutaMAX (1%) was

used as positive control. Cultures were maintained for 5 days.

2.5.2. Spinal cord slices isolation and incubation with released secretome

Organotypic spinal cord slice cultures were prepared from Wistar Han rats of postnatal day 7 (P7). Briefly,
pups were decapitated, the spinal cord exposed, and the thoracic segment removed and placed in ice-
cold high glucose (6mg/mL) Hanks' Balanced Salt Solution (HBSS) without Cazand Mg(ThermoFisher,
USA) with 1 % pen/strep for some time. Under sterile conditions, meninges and roots were removed to
ensure the cleaning of the tissue. Then spinal cord was sectioned in a Mcllwain Tissue Chopper
(Gomshall, UK), transversal segments with 350 um thickness and placed in cold HBSS. Rat tail type |
collagen (3.4 mg/mL, BD Biosciences, USA) was prepared by adding Basal Eagle’s medium (10x, Gibco,
USA) in a proportion of collagen (450ul) to basal medium (50uL) and sodium bicarbonate solution
(7.5%, 2uL) [42]. Single drops (30uL) were placed on 24-well plate and incubated at 37°C and 5% CO:.
for approximately 1h to promote collagen gel formation. Then, viable slices were deposited on top of
collagen drops. Additionally, drops of starPEG hydrogel loading secretome (30ulL) were allowed to
polymerized and release secretome in the same well as illustrated in Figure II.1B. Afterwards, Neurobasal
medium supplemented with B27 (2%, ThermoFisher, USA), glucose (2%, 300mg, Merck, USA), L-
Glutamine (1%, ThermoFisher, USA) and 1% pen/strep. A total of 200uL was added to each well and

medium changed after 2 days and the cultures maintained at 37°C and 5% CO..

2.5.3. Immunocytochemistry

hNPCs and Spinal Cord slices were fixed with 4% paraformaldehyde (PFA; Merck, Portugal) for 20 and
45 min at RT, respectively, to retain antigenicity of the target molecules and preserve cell morphology.
For hNPCs, permeabilization was performed using 0.3% Triton X-100 in PBS (PBS-T; Merck, USA) for five
min, followed by blocking of non-specific binding sites using PBS with newborn calf serum (10 %, NBCS,

Biochrom, Germany) or 1h. In case of spinal cord slices permeabilization and blocking were performed
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using phosphate-buffered saline (PBS) with Triton X-100 (0.5%, PBS-T, Merck, USA) NBCS (10%) for 1 h
at RT. hNPCs were incubated with the following primary antibodies: rabbit anti-doublecortin (DCX, , 1:300,
Abcam, UK) for immature neurons and anti-microtubule associated protein-2 (MAP-2, 1:500, Merck, USA)
for more mature neurons, diluted in PBS with NBCS (10%) for 1h at RT, while slices incubated with anti-
neurofilament (NF, 1:200; Merck, USA) in PBS-T 0.5% +10% NBCS for 48h at 4 °C. After washing 3x with
PBS with NBCS (0.5%), cells were incubated with secondary antibodies Alexa Fluor 488 goat anti-rabbit
(1:1000; Thermo) and Alexa Fluor 594 goat anti-mouse (1:1000; ThermoFisher, USA) for DCX and MAP-
2 detection, respectively, for 1 h 30 at RT. Spinal cord slices were incubated with Alexa Fluor 488 goat
anti-mouse (1:1000; ThermoFisher, USA) for 24h at 4 °C. Cell nuclei were stained with 4-6-diamidino-2-
phenylindoledhydrochloride (DAPI, 1:1000; ThermoFisher, California) for five and 30 min at RT, hNPCs
and spinal cord slices, respectively. Imaging was performed with a fluorescence microscope (BX61,
Olympus, Germany) for hNPCS and with a confocal point-scanning microscope Olympus FV1000 for

spinal cord slices.

2.5.4. Neuronal differentiation analysis

Cell counts were performed under blinded conditions using Image J (NIH) software for quantification. Ten
representative fields per condition were selected and analyzed. The number of positive cells for DCX and
MAP-2 were counted per field and normalized to a total number of cells in each field stained with DAPI.

Results are presented as a percentage of differentiated cells.

2.5.5. Neurite extension analysis

To quantify the area occupied by neurites, Fiji software was used. Firstly, the scale was defined, and the
total slice area was measured, using the proper drawing tools. Then applying the threshold contrast was
possible to emphasize the neurite identification. Using the function "Analyze particles," the total area
occupied by neurite was calculated. The results were then normalized to the total area of the slice and

presented as a percentage of neurite area.
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Figure Il. 1 Schematic representation of /n vifro cultures to evaluate the bioactivity of hASCs secretome
released from starPEG-Hep hydrogels. Capacity to promote differentiation of human Neural Progenitor
Cells (hNPCs) (A) and neurite outgrowth in organotypic spinal cord slices (B) were performed under

described conditions.

2.6. Statistical Analysis

Data regarding neurodifferentiation of hNPCs was analyzed using Mixed ANOVA to compare the mean
values of five groups. When evaluating the neurite outgrowth in spinal cord slices one-way ANOVA was
performed. A pairwise comparison between groups based on estimated marginal means using Turkey's
correction was performed. The significance value was set as p < 0.05 for all statistical tests and graphs
are presented as mean + SEM. For all data normality was assessed using Shapiro-Wilk statistical tests
and taking into account the measures of skewness and kurtosis. Moreover, is important to highlight that
for repeated measures ANOVA distribution can be approximately normal distributed [43]. IBM SPSSe
Statistics version 27 for 10S (IBM Co., USA) was used to perform all statistical analysis. For graphical

representations GraphPad Prism ver.8.4.3 (GraphPad Software, La Jolla, USA) was used.

3. Results

3.1. Physical characterization of in-situ forming hydrogels

Hydrogels were formed by desulfated heparin derivatives bearing six maleimide groups and thiol-
terminated starPEG. Hydrogels were characterized with respect to their physicochemical network
properties, such as stiffness, mesh size and swelling (Figure Il. 2 and Supplementary Table II. S1). The
physical properties of hydrogels can be modulated by the number of starPEG molecules reacting with
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heparin maleimide group, changing the degree of crosslinking, and by the solid content [22]. Increasing
the crosslinking degree from 0.75 to 1 and 1.5, hydrogels increase their storage modulus from 1.01 +
0.13t02.69+0.30to 7.14 + 0.97 kPa, respectively (Figure 11.2A), which range from soft to stiff materials.
On the other hand, mesh size and swelling degree decrease with increased solid content, or a higher
number of starPEG molecules in solution (Figure Il. 2B and C). To notice, the modulation of physical

properties is extremely important for further implantation /n vivo.
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Figure Il. 2 Physical characterization of starPEG-Hep hydrogels. At different crosslinking degrees
(starPEG/Hep molar ratio) hydrogels characteristics such as stiffness (A), mesh size (B) and swelling
degree (C) were measured. Hydrogels can vary from soft to stiff materials, decrease mesh size and
swelling degree with increased crosslinking degree. Measurements are plotted as mean + SEM,

corresponding to 9 replicates

3.2. Characterization of secretome released from starPEG-Hep hydrogels

In the context of SCI, administering a therapy is still a concern, considering the administration route and
associated problems, such as toxic side effects promoted by high doses or the rapid clearance by the
fluids at injury site. Moreover, the enzymatic degradation at the injury site can compromise the bioactivity

of drugs and molecules [44].
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To minimize these problems, starPEG-GAG hydrogels can be easily integrated at the lesion site and bind,
protect, and sustainably deliver the secretome of ASCs. As the secretome of ASCs has already been
characterized to be composed of a wide range of signaling factors [29,30,45], our approach capitalize
from the high number of binding sites within the starPEG-Hep hydrogels that allow for independent release
of multiple factors [46]. Several release assays were conducted to evaluate the release profile of the
hASCs secretome from starPEG-Hep hydrogels. In a first approach, the secretome was labeled with a
FITC dye that binds to amine groups of proteins, enabling their detection by fluorescence intensity. Then,
the labeled secretome was loaded into starPEG-Hep hydrogels with an efficiency of immobilization of
about 95% and incubated in phosphate buffered saline (PBS) with 1% bovine serum albumin (BSA). To
characterize the release of the secretome, samples from the supernatant that have been in contact with
the hydrogel were collected over ten days, revealing a controlled and prolonged release profile (Figure Il.
3A). Briefly, after a burst release during the first day (approximately 45%) the hydrogel showed a
cumulative release of the secretome until ten days, reaching approximately 70% of release at that time
point of the experiment. Over the following 9 days, a sustained release of the secretome was detected.

Regarding multiplex results, Gal-1 was detected to be continuously released for the entire time of the

experiment (Figure Il. 3B).
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Figure Il. 3 Cumulative release of hASCs secretome from starPEG-Hep hydrogels. A, Prior of loading in
starPEG-Hep hydrogels, secretome was labeled with a FITC dye and samples collected at 0 and 3h, 1, 2,
3, 4,5 6,7 and 10 days. Secretome was detected by fluorescence absorbance and percentage of
cumulative release calculated over time. B, For Multiplex assay, samples were collected at O, 3h,

1,3,5,7,10 days and Gal-1 was detected to be controlled and prolonged released over that time. Values
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are plotted as mean + SEM from 2 independent experiment white four replicates each (A), and one

independent experiment (B).

Though these results have shown the potential of the hydrogel as a good release system, secretome is
composed of a wide range of proteins, cytokines growth factors and other molecules [29]. In order to
decipher more closely which components of the secretome were being released from starPEG-Hep
hydrogels, membrane-based protein arrays were used (Figure Il 4A and B). For this purpose, samples of
released secretome were collected only at 2 and 10 days and evaluated separately using Human Neuro
Discovery Array C1 and Human Cytokine Antibody Array C5 (Figure Il. 4 A-D), allowing the detection of
known ASCs released neurotrophic factors and cytokines after two and ten days, respectively. Each dot
was quantified and normalized to the positive controls to determine the relative amount released at
different time points. The full array of molecules detected, and their relative expression can be found in
Supplementary Figures Il. S1 and S2. Membrane arrays revealed a different release profile of
neuroinflammatory and angiogenic factors (Figure Il. 4C) from neuroregulatory molecules (Figure Il. 4D).
In fact, cytokines that play a role in modulating the immune response such as IL-1a, IL-18, IL-2, IL.-3 and
IL-4, or factors involved in angiogenesis like angiogenin or VEGF had a burst release after two days.
Despite that, the cumulative release observed after ten days evidenced their continuous and extended
release. In contrast, growth factors that promote neuronal growth and survival like BDNF, B-NGF, HB-EGF
are mainly released from two to ten days, indicating overall an instant release of immune modulating
factors and slightly delayed but therefore more prolonged release of neuro-regulating factors. Moreover,
it was possible to detect a wide range of molecules present in the secretome of hASCs that were
continuously released from hydrogels such as FGF, TGF-B, HGF, NT-3, NT-4, IL-16 (Supplementary Figure
[I. S1 and S2). Altogether, these results support and explain the cumulative release profile presented in
Figure II. 3A. While Figure Il. 3A shows the total release of the secretome, membrane-based protein arrays
show which of these factors are released over time. The burst release results from high amounts of
neuroinflammatory and angiogenic factors released in the first days, while the continuous and prolonged

release until ten days is driven mainly by neuroregulatory growth factors.

66



A - Cytokine Antibody Array B - Neuro Discovery Array

.?, ees

starPEG-Hep_2D starPEG-Hep_10D . S
- starPEG-Hep_2D starPEG-Hep_10D

C - Neuroinflammatory and angiogenesis factors D - Neuroregulatory molecules

60—

60—
E’ 40— 2 40
7] ‘7
g 20— I g
= \? dn = I_ M | I ] = ?20—.-. [l - .
L S 104 @ X oo
B P~
i =
= =
) —
I | I 1
SR PP LI AS DD S o
& \\:‘ IR \\;"\v’ S FESE BDNF B-NGF GDNF HB-EGF TGF-p MMP-3 MCP-1 MIP-1a
N N < &\» «\\ ,\s% <~

I starPEG-Hep 2D Ml starPEG-Hep_10D
Figure Il. 4 Evaluation of hASCs secretome release profile from starPEG-Hep hydrogels using

membrane-based protein arrays. A and B show the membranes of Cytokines Antibody arrays and Neuro
Discovery arrays, respectively. €, Relative intensity of factors involved in neuroinflammatory and
angiogenesis, such as IL-4, tissue inhibitor of metalloproteinase (TIMP)-1, and VEGF, present a higher
release in the first two days. On the opposite neuroregulatory molecules (C) like BDNF, B-NGF, or TGF-3
are mainly released within two to ten days of release. Values are presented as relative intensity, in

percentage, for the positive control in each membrane.

3.3. hASCs secretome released from starPEG-Hep hydrogels promote differentiation of
hNPCs

Testing of the bioactivity of the developed hydrogel system then followed through the evaluation of the
differentiation of hNPCs. For this goal, hNPCs were seeded as a single monolayer of adherent cells on
precoated coverslips with poly-D-Lysin and laminin, after which secretome-loaded starPEG-Hep (starPEG-
Hep+sec) hydrogels were placed on an insert, above the cell layer. After 5 days in culture, differentiation
of hNPCs was assessed by immunocytochemistry analysis for doublecortin positive cells (DCX+) and
microtubule-associated protein positive cells (MAP2+), staining immature and mature neurons,
respectively. Fluorescence microscopy imagens showed hNPCs differentiation (Figure 1l. 5A). Statistical

analysis showed that there was an effect of factor treatment (F (4, 474) = 57.87, p<0.0001, n2w= 0.33),

67



and the differentiation condition (F (1, 474) = 153.66, p<0.0001, n%.= 0.25), and the interaction
between this two factors (F(4, 474) = 40.15, p<0.0001, 1n?%sw= 0.25). As shown in Figure II. 5B, hASCs
secretome released from starPEG-Hep hydrogels present significative higher percentage of DCX: cells
when compared with hydrogel loading the vehicle in which secretome was collected (Neurobasal A)
(starPEG-Hep+NbA) (n = 120; 25.47+17.90 vs n = 99; 9.08+ 12.66; p<0.0001) or the vehicle alone (n
= 80; 17.57+15.37; p<0.0001). No statistical differences were observed when comparing with control
(n =100; 24.77+13.87; p = 0.72) or free secretome (n = 80;28.78+9.97; p = 0.11), which was in
contact with cells for the entire experiment. The same tendency is observed regarding the staining for
mature neurons (MAP2). Cells treated with secretome released from starPEG-Hep hydrogels promoted a
higher differentiation for MAP2- cells (Figure Il. 5C) compared to cells treated with the vehicle released
from the hydrogel (n = 120;30.75+19.80 vs n = 99;10.43+13.23; p<0.0001) and cells treated only with
vehicle (n = 80; 17.95+15.01; p<0.0001). Significance was also observed when comparing with control
(n =100; 44.78+13.34; p<0.0001) or free secretome (n = 80; 36.72+11.74; p = 0.007). All statistical

values are presented in Supplementary Table Il. S2.
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Figure Il. 5 Effect of hASCs secretome released from starPEG-Hep hydrogels in hNPCs differentiation
/in vitro. A, Representative micrographs of hNPCs differentiation in immature (DCX) and mature (MAP2)
neurons when exposed to control, secretome or NbA released from starPEG-Hep hydrogels, free
secretome or NbA conditions. Nuclei are stained with DAPI and neurons with MAP2 and DCX. B-C,
Quantification of the percentage of DCX', MAP2: cells from total cells, respectively. Results represented
three independent experiments with 8/12 replicates in a total of ten representative fields per replicate.
Repeated measures ANOVA; ***p < 0.0001. Error bars represented mean + SEM. Scale bar: 50 pum.
MAP2 microtubule associated protein 2, DCX doublecortin, DAPI 4',6’-diamino-2-fenil-indol
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3.4. hASCs secretome promotes neurite outgrowth in organotypic cultures

Given the generally low regenerative capacity observed in the context of SCI, it is of the utmost importance
to develop therapies that can promote better regeneration. Bearing this in mind, organotypic spinal cord
slice cultures were used as a more representative assay to evaluate the potential of hASCs secretome in
promoting axonal or neurite outgrowth. After seven days in culture, the secretome effect was evaluated
by staining slices with neurofilament (NF) antibody (Figure I1.6). Quantification was performed by
normalizing the total area occupied by the neurite to the total slice area. Statistical analysis evidenced
the effect of the treatment (F (3.65) = 12.22, p<0.001). Indeed, as shown in Figure |l.6B the percentage
of relative neurofilament area was significantly higher in the presence of starPEG-Hep+sec when
compared with starPEG-Hep+Nb (n = 16; 25.70 + 12.04 vs n = 17; 18.04 + 8.47; p = 0.039). Statistical
significance was also detected when compared with control group (n=19; 12.73 + 2.58; p< 0.001) and

to free secretome (n=17; 10.71 £ 5.72; p< 0.001, Table Il. S3 Supplementary Information).
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Figure Il. 6 Effect of hASCs secretome released from starPEG-Hep hydrogels in promoting neurite
outgrowth in organotypic /7 wvitro cultures. A, Representative micrographs of spinal cord slices when
exposed to control, secretome- or vehicle in which secretome was collected (Nb)-loaded starPEG-Hep
hydrogels, free secretome conditions. Nuclei were stained with DAPI and neurites with anti-Neurofilament.
B, Quantification of the percentage of area occupied by neurofilament normalized to total slice area.
Results represented four independent experiments with 16/19 replicates. One-way ANOVA; * p< 0.05;
**p<0.001. Error bars represent mean + SEM. Scale bar: 100 um. DAPI 4’,6’-diamino-2-fenil-indol; NF

- Neurofilament

4. Discussion

Design a local therapy for SCI is still a challenge in the field. Local or systemic treatment have been
shown to be inefficient, either by rapid clearance or off-target effects [47,48]. In this sense, hydrogels
flourished as suitable platforms not only to locally promote a controlled and prolonged release, but also
to protect molecules from enzymatic degradation [49,50]. StarPEG-Hep hydrogels can act as affinity-
based systems, in which molecules establish electrostatic interactions with heparin and control their
dissociation rate and biological action [21,51]. Since cell-based therapy has gained a lot of attention
mainly because of the potential of secreted factors that modulate regenerative processes, withstand their
deliver to restore SC normal function appears as promising approach [29,36,52].

In this work, using starPEG-Hep hydrogels, our main goal was to promote a sustainable release of hASCs
secretome. StarPEG-GAG hydrogels are well characterized and have been presented as good matrices for
/n vivo implantation [21,53,54]. Herein we showed that mechanical properties of these materials can
easily be modulated by adjusting the number of starPEG molecules reacting with heparin, resulting in soft
to stiff materials, which was demonstrated previously [22,51]. This control over material stiffness is highly
important in SCI, where the material's mechanical properties should mimic the spinal cord's soft tissue
[55]. In this manner, the low stiffness hydrogels were selected to be used in this work, mainly due to its
similar stiffness to neuronal tissue and its ability to allow axons to grow throughout the material [56].
Furthermore, mesh size and swelling degree decrease with increased crosslinking degree (Figure 1l. 2B
and C, Table 11.S1 Supporting Information). The mesh size will allow the diffusion of molecules through
the material [57]. Hydrogels injected at the spinal cord may swell around twice the initial volume to avoid
additional pressure or lesion in the tissue [58,59]. In accordance, starPEG-Hep hydrogels have a low

swelling degree, between 1.2 to 1.5, which will ensure no damage to the tissue. Besides this, by
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incorporating heparin, these polymers can be used as drug delivery systems. The highly negative charge
of this glycosaminoglycan allows the formation of electrostatic interactions with positively charged
molecules, such as proteins, growth factors, cytokines, and chemokines [23,24]. Through this affinity-
based interactions, molecules are release throughout time, in a time-dependent release process. Actually,
several studies have shown that these hydrogels can effectively release a wide range of molecules such
as VEGF[54] and FGF-2 [60], IL-4 [28] and TGFB [25]. Secretome of ASCs has already been characterized
by our and other groups showing to be composed of growth factors, cytokines and chemokines
[29,30,45]. Due to the particular properties mentioned above, we hypothesized that starPEG-Hep
hydrogels could be a promising choice for delivering hASCs secretome within SCI sites. In fact, we have
shown a controlled and prolonged release of secretome over 10 days, in which Galectin-1(Gal-1) was
detected to be continuously released. Pires et al. already mentioned that hASCs secrete this molecule
that as a role in the anti-apoptotic processes [29] and have a neuroregenerative effect by binding to NRP-
1 and promote axonal growth [61]. Multiplex limiar detection reveals to be very low. To overcome this
issue, we used membrane-based protein arrays to reveal which secretome molecules were being
released.

Membrane-based protein arrays detect multiple protein levels with high sensitivity and specificity in a
single experiment. The technology is based on the sandwich immunoassay, in which each dot in the
membrane represents a single factor and signals are detected using chemiluminescence [62].For this
purpose, samples of released secretome were collected only at two an ten days and evaluated separately.
This allows to determine whether all factors are released after two days or if they are delayed until the
end of the experiment. This could also be useful in determining which processes are being addressed by
the protein release for biological purposes. Membrane arrays revealed that the burst release, presented
in Figure II. 3A, results from high amounts of neuroinflammatory and angiogenic factors released in the
first days, while the continuous and prolonged release until ten days is driven mainly by neuroregulatory
growth factors. This pattern may also indicate the different affinity of various proteins to heparin which
control the overall release characteristics [63]. This profile is in line with other approaches that used
hydrogels as affinity-based delivery systems incorporating heparin to deliver fibroblast growth factor (FGF-
2) [64,65], and was effective in promoting their prolonged release and improved functional recovery after
SCI in animal models.

Bioactivity of developed systems then followed, through the evaluation of the differentiation of hNPCs and
the capacity to induce neurite outgrowth in organotypic spinal cord slices. The results demonstrated that

secretome released from hydrogels can increase the percentage of DCX + (immature neurons) and MAP2-
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(mature neurons) cells (Figure Il. 5) when compared with hydrogel loading the vehicle or the vehicle
alone. Importantly, these levels are similar to free secretome, which was in contact with cells during 5
days of the experiment. In part, this showed that secretome is efficiently being released from hydrogels
and that it leads to similar differentiation levels of free secretome. With this, we have shown that starPEG-
Hep hydrogels are suitable for sustainably releasing a wide range of molecules, that are closely implicated
in regenerative processes such as BDNF and NGF, which are known to be involved in the survival,
proliferation and differentiation of hNPCs through the extracellular signal-regulated kinase (ERK)
pathway[66,67]. Additionally, TIMP-1, highly released by starPEG-Hep+sec hydrogels, is also involved in
the differentiation of oligodendrocyte progenitor cells (OPCs) by activating the protein kinase B (Akt)
pathway [68]. These results are also in line with our previous work, where we showed the effects of hASCs
secretome in inducing proliferation and metabolic activity of hippocampal neurons [69], promoting
differentiation of hNPCs and neurite outgrowth of DRG explants [32]. The secretome’s role in modulating
regenerative processes may rely on initial inflammatory activity created by the early release of pro-
inflammatory cytokines, such as IL-1¢, IL-15 or IL-2 (Figure Il. 4C), which are required to activate
elements of innate response and may be involved in the proliferation and differentiation of reparative cells
[70,71]. On the other hand, the time-dependent release of anti-inflammatory cytokines, 1L-10 and pro-
regenerative molecules such as BDNF, NGF or even TGF-£ (Figure Il. 4D) helps to restrict the immune
response while also triggering axonal sprouting and regeneration [72].

Accordingly, secretome released from starPEG-Hep hydrogels also promoted higher neurite area when
compared with hydrogel loading the vehicle, vehicle only or the free secretome in organotypic spinal cord
cultures (Figure 11.6). The observed effect can be attributed to the released signaling mediators, such as
BDNF, which induces outgrowth of cortical and hippocampal neurons [5] as well as supports axonal
growth [6]. Neurite extension in organotypic spinal cord slices could be caused by the growth factors
released during the first days, such as GDNF, FGF-2 and NT-3 supporting neurogenesis, axonal growth,
and cell metabolism [67,73,74]. However main effects may be most likely governed by factors released
from two to ten days, such as BDNF and NGF, as the medium was changed after 48 h, in an attempt to
recapitulate the rapid clearance by the fluid at the SCI lesion site [75]. Other highly released factors can
also influence these processes, such as IL-6, which can enhance sprouting and functional recovery, as
observed in lesioned hippocampal slices associated with a high level of growth associated protein (GAP)-
43 expression, a protein associated with axonal growth [76], or by activating mitogen-activated protein
kinase (MAPK) signaling pathway inducing regeneration [77]. Apart from specific well-known molecules

related to the beneficial effects of the secretome in /n vitro and /n vivo cultures, stomal cell-derived factor
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(SDF)-1, previously shown to be sustainably released from starPEG-Hep hydrogels [26], has been
associated with tissue protection, namely when mesenchymal stem cells (MSCs) overexpress this factor

after myocardial infarction leading to the preservation of cardiac tissue [78].

Altogether, these results emphasize the potential of starPEG-Hep hydrogels as a release system for a
broad spectrum of the neuroregenerative signaling mediators of the hASCs secretome that can induce
neural differentiation and neurite outgrowth. Furthermore, the promising avenue in promoting an
extended release of secretome from starPEG-Hep hydrogels holds up not only for the action of single
factors, but most likely for the balance between pro-inflammatory and pro-regenerative factors that are
being released in an optimal time-dependent frame that favor the processes of regeneration path, when

compared with free secretome condition.

5. Conclusions

As far as we know, this is the first time that an efficient hydrogel capable of loading and releasing hASCs
secretome for an extended period of time has been reported (10 days). Furthermore, starPEG-Hep have
been shown to have the ability to easily modulate mechanical properties such as stiffness in order to
optimize their /n vivo implantation. The cumulative release profile of hASCs secretome allows for the
detection of a diverse range of molecules such as cytokines (IL-4, IL-2) and growth factors (BDNF, B-NGF)
that are released at different rates over time. When compared to starPEG-Hep+NbA or NbA, the hASCs
secretome released from starPEG-Hep hydrogel promoted significant hNPC differentiation in immature
(DCX) and mature (MAP2) neurons in /n witro cultures. When organotypic spinal cord slices were treated
with starPEG-Hep+sec, neurite extension was also found to be greater. Similarly, demonstrating
secretome controlled and extended release can influence disease severity, aiding in motor and autonomic

recovery.
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Supplementary Information

Supplementary Table Il. S1 Characterization of starPEG-Hep hydrogels. Hydrogels with crosslinking

degree of 0.75, 1 and 1.5 were characterized in relation to their stiffness, mesh size and swelling degree.

Crosslinking degree
Characteristics
0.75 1 1.5
Stiffness (kPa) 1.01+0.13 2.69 +0.30 7.14 +0.97
Mesh size (nm) 16.02 + 0.72 11.55+0.42 8.36 + 0.38
Swelling degree (Q,) 1.54 +0.01 1.32 +0.01 1.21 +0.02
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Supplementary Figure Il. S1 Characterization of hASCs secretome released from starPEG-Hep
hydrogels at tow and twn days using Membrane-based protein array RayBio ® C-Series Human Neuro

Discovery array C1 Kit.
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Supplementary Figure Il. $2 Characterization of hASCs secretome released from StarPEG-Hep

hydrogels at 2 and 10 days using Membrane-based protein array RayBio ®C-Series Human Cytokine

Discovery array Cb Kit.

Supplementary Table Il. $2 Pairwise comparisons between groups using Tukey's correction for the

percentage of hNPCs differentiated in immature (DCX+) and mature (MAP2+) neurons.

NPCs differentiation

DCX
Comparison between groups Mean Difference SEM pValue
Positive Control vs starPEG-Hep+sec -0.70 1.96 0.72
Positive Control vs starPEG-Hep+NbA 15.68 2.05 <0.0001
Positive Control vs Secretome -4.00 2.17 0.066
Positive Control vs NbA 7.2 2.17 <0.001
starPEG-Hep+sec vs starPEG-Hep+NbA 16.38 1.97 <0.0001
starPEG-Hep+Sec vs Secretome -3.30 2.18 0.11
starPEG-Hep+Sec vs NbA 7.90 2.09 <0.0001
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starPEG-Hep+NbA vs Secretome -19.69 2.18 <0.0001

starPEG-Hep+NbA vs NbA -8.48 2.18 <0.0001
Secretome vs NbA 11.21 2.29 <0.0001
MAP2
Positive Control vs starPEG-Hep+secretome 13.94 2.06 <0.0001
Positive Control vs starPEG-Hep+NbA 34.29 2.16 <0.0001
Positive Control vs Secretome 7.96 2.29 <0.001
Positive Control vs NbA 26.74 2.29 <0.0001
starPEG-Hep+sec vs starPEG-Hep+NbA 20.32 2.07 <0.0001
starPEG-Hep+Sec vs Secretome -5.97 2.2 0.007
starPEG-Hep+Sec vs NbA 12.80 2.2 <0.0001
starPEG-Hep+NbA vs Secretome -26.29 2.29 <0.0001
starPEG-Hep+NbA vs NbA -7.52 2.29 0.001
Secretome vs NbA 18.77 2.41 <0.0001

Supplementary Table Il. $S3 Multiple comparisons between groups using Tukey's correction for the

percentage of neurofilament are in organotypic spinal cord slices cultures.

Neurite outgrowth in organotypic cultures

Comparison between groups Mean Difference SEM pValue
Control vs starPEG-Hep+sec -12.97 2.65 <0.001
Control vs starPEG-Hep+Nb -5.31 2.61 0.275

Control vs Secretome 2.03 2.61 1
starPEG-Hep+sec vs starPEG-Hep+Nb 7.66 2.72 0.039
starPEG-Hep+Sec vs Secretome 14.99 2.72 <0.001
starPEG-Hep+Nb vs Secretome 7.33 2.68 0.048
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CHAPTER 1l

hASCs Secretome Released from StarPEG-GAG Hydrogels Promotes Motor Improvements

after Complete Transection in Spinal Cord Injury Rat Model
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Abstract

Adipose tissue-derived stem cells (ASCs) have been trialed in cell transplantation to assist regenerative
processes, particularly those occurring at spinal sord injury (SCI). Their beneficial effects are mainly
attributed to intense paracrine activity (secretome) capable of inducing axonal growth, reducing
inflammation, promoting cell survival and vascular remodeling. Importantly also promote motor recovery
after SCI in animal models. However, when secretome is administered locally it has revealed a low
regenerative efficiency due to a an accelerated clearance from the injury site. Following previous results,
in the present report we evaluated if hASCs secretome loaded in starPEG-Hep hydrogels is able to
modulate the pathophysiology of SCI and induce motor gains, in a complete transection SCI rat model.
Secretome loaded hydrogels were able to significantly improve motor function by reducing the percentage
of ameboid microglia and systemically elevated levels of anti-inflammatory cytokines. Delivery of ASC-
derived secretome from starPEG-Hep hydrogels may therefore offer unprecedented options for

regenerative therapy of SCI.
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Spinal cord injury
Hydrogels
Secretome
Delivery systems
StarPEG
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1. Introduction

Spinal cord injury (SCI) have been known as “an ailment not to be treated” since ancient Egyptian times,
about 2500 years B.C.E [1]. However, even thousands of years later, no effective cure exists. SCI
incidence is approximately 54 cases per one million people, or about 17,700 new cases per year in the
United States alone [2]. As a severely disabling condition, SCI encompasses a detrimental impact on the
quality of life of patients afflicted. The disease affects both motor and sensory functions in the body.
Although physical disabilities are the major incapacitating alterations, patients are further burdened by
the emerging psychological and financial concerns [3,4].

SCI pathophysiology comprehends three main phases: the primary injury starts when a mechanical
impact compresses, contuses or lacerates the spinal sord, disrupting ascending and descending tracts
[5]. Massive amounts of inflammatory cells infiltrate the injured tissue, leading to the release of pro-
inflammatory cytokines initiating the second phase [6]. In addition, cell death and damage to spinal
neurons and axons also occur [5,7]. A chronic or third phase is then established, with a cystic cavity
formed and surrounded by reactive astrocytes. Furthermore, the demyelination of white matter together
with grey matter dissolution creates an inhibitory environment for the regenerative process [8]. The
complexity of these cascade of events makes developing regenerative approaches for SCI far more
complex when compared to other trauma-related injuries.

Cell based therapies have opened a window of new possible therapeutic approaches that have been
studied in both preclinical and clinical applications [9-12]. In particularly, adipose tissue-derived stem
cells (ASCc) can provide protection, survival an differentiation of neural cells and support
neuroregeneration with their beneficial immunomodulatory profile [13-15]. In addition, the implantation
of ASCs in a contusion mice model enhanced functional recovery, reduced inflammation, and preserved
neural tissue [10]. Moreover, our group showed that the transplantation of a combination of ASCs and
olfactory ensheathing cells (OECs) within a gellan gum hydrogel improved motor function by reducing
inflammatory cells in the lumbar [16] and thoracic hemisection SCI rat model [9]. Likewise, this approach
was capable of increasing diaphragmatic activity and partially restoring sensory function in C2
hemisection SCI in rats [17].

The impact of cell transplantation on regenerative processes is mainly conveyed through their secreted
bioactive molecules (secretome), including soluble proteins (cytokines, growth factors, and chemokines)
and a vesicular fraction (exosomes), both of which have neuroprotective, neuroregenerative and
immunomodulatory capabilities [13,18]. Thus, ASCs-derived secretome has been shown to protect
pheochromocytoma (PC12) cells from glutamate excitotoxicity and apoptosis by reducing the levels of
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cleaved-caspase-3 [14]. Regarding inflammation, the ASCs secretome is able to reduce the release of
pro-inflammatory tumor necrosis factor-a (TNF-a) after exposure to an inflammatory stimulus, as well as
to induce actively macrophages (M2) polarization and the secretion of anti-inflammatory cytokines IL-10
and transforming growth factor (TGFS1) [19]. Furthermore, the ASCs secretome was shown to be capable
of promoting neuronal survival and differentiation[20,21], axonal outgrowth in dorsal root ganglia (DRG)
explants [9,22] and also tissue vascularization [23].

Based on these positive effects on neuroregeneration, our group recently showed that ASCs secretome
can promote functional recovery in an SCI mice model by multiple systemic injections [24]. The beneficial
effects have only been observed by systemic administration in this study, whereas the action of local
injection was greatly diminished due to its quick clearance of the secretome from the target site. However,
systemic administration also presents some disadvantages, frequently associated with rapid diffusion
through the body and off-target effects [25]. Other strategies involve catheter implantation or mini pumps,
which come with the downside of the additional risk of infections at the delivery site [26,27].

Taking all of the previous into account, new methods of sustained administration must be developed,
such as hydrogels. Indeed, in recent years several studies have demonstrated the ability of hydrogels to
serve as delivery platforms for a variety of therapeutic agents for a plethora of disable conditions. In an
SCI rat model, elastic poly(sebacoyl diglyceride) coated with isoleucine-lysine-valine-alanine-valine-serine
(PSeD-IKVAV) hydrogel loading neural stem cells (NSCs) promoted improved motor function while
reducing inflammation and cell death [28]. Pan and coworkers also demonstrated that the release of
human periodontal ligament stem cells (hPDLSCs) from a thermosensitive hydrogel overexpressing
platelet-derived growth factor-BB (PDGF-BB) supported bone regeneration [29]. Hydrogels have also been
identified as promising candidates for chemotherapeutic drug delivery as an alternative to conventional
methods [30]. Overall, these findings strongly support the development and application of hydrogels as
delivery systems. In fact, the ability of hydrogels to act as release systems is directly related to their ability
to integrate at lesion sites, to support tissue regeneration, and to load and release a wide range of small
molecules or biological compounds [31-34]. In particular, the viscoelasticity, cell compatibility and
biofunctionalization of hydrogels can support the treatment of SCI [35].

Poly(ethylene glycol) (PEG) is a biocompatible synthetic polymer that has been widely used to design
hydrogels that allow axonal growth, vascularization, and infiltration of glial cells [36], promotes functional
recovery and reduced cystic cavity [37]. Moreover, these hydrogels can be easily functionalized with cell-
instructive peptides, such as Arg-Glys-Asp (RGD), to improve cell loading and survival [38]. The physical

and chemical characteristics of PEG-based hydrogels, such as their inert characteristics avoiding the
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interactions with proteins, are favorable to create a permissive environment to drive the diffusion of
molecules which confers an advantage of using them as encapsulating platforms [39]. For instance the
controlled delivery of brain-derived neurotrophic factor (BDNF) and glial-derived neurotrophic factor
(GDNF) from PEG-based hydrogels into the brain have been beneficial to reduce microglial response [40],
as the local delivery of neurotrophin-3 (NT-3) in SCI induced axonal growth and functional recovery [32].
However, hydrogels lacking affinity sites for cytokines and growth factors can hardly provide long term
release. To overcome this limitation, biohybrid hydrogels made of starPEG (star-shaped PEG) and the
glycosaminoglycan (GAG) heparin (Hep)have been produced and demonstrated to enable the sustained
release of various growth factors [41-43]. In this system the anionic charge arising from the high density
of sulfate moieties on heparin results in a high affinity for a broad range of growth factors, cytokines, and
chemokines mainly due to electrostatic interactions [44]. This effect has been previously utilized to
modulate the release of multiple growth factors such as FGF-2 and vascular endothelial growth factor
(VEGF) [45] or cytokines, such as IL-4 [46] in a controlled and sustained manner over weeks. Additionally,
these matrices can be applied as /n7 situ forming hydrogels, which allow for the injection in a liquid state
at the injury site, and posterior fast polymerization due to a Michael type reaction [47].

We have demonstrated in chapter |l that starPEG-Hep hydrogel is efficient in promoting controlled release
of hASCs secretome and its effective in modulate regenerative processes. Herein, we accessed the
potential of this release system in promoting regeneration after a complete transection in an SCl rat model
(Figure 111.1). Histological analysis was conducted in an attempt to decipher which molecular mechanisms
were underlying motor function. Moreover, the systemic inflammation was evaluated through a defined

panel of cytokines in three different stages of lesion (acute, intermediate and chronic).
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Figure Ill. 1 Schematic representation of our biomaterial concept and in vivo model that were used to
evaluate the bioactivity of human adipose-tissue derived stem cells (hASCs) secretome released from
starPEG-Hep hydrogels injected right before lesion. Recovery of thoracic (T8) level transected rats by

secretome-loaded starPEG-Hep hydrogels was analyzed.
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2. Materials and Methods

2.1. Secretome collection
2.1.1. Cell isolation and culture

The hASCs were obtained from lipoaspirates from consenting donors under a protocol approved and
reviewed by an institutional board of LaCell LLC. Cells were isolated according to the protocol described
by Dubois et al. [48] and maintained in culture, at 37 °C and 5% CO2, in o-MEM (Invitrogen, USA), with
10% Fetal Bovine Serum (FBS, Biochrom AG, Germany) and 1% antibiotic/antimycotic solution -
penicillin/ streptomycin (pen/strep; Invitrogen, USA). Medium was changed every 2/3 days until reach

85% confluence, afterwards cells were enzymatically detached and seeded onto new cell culture flasks.

2.1.2. Secretome collection

For secretome collection, hASCs were seeded at a density of 4000 cells/cmz in cell culture flasks with
alpha minimum essential medium (a-MEM), as described above. The medium was harvested 72 hours
after culture and the cells were washed four times with PBS without Caz/Mg (Merk, Germany). The cells
were then placed 24 hours in Neurobasal A medium (ThermoFisher, USA) with 1% kanamycin, being this
medium harvested at the end of that time (conditioned medium). It was further centrifuged (249g,
Megafuge 1.0R, Heraeus, Germany) for 5 minutes to remove any cell debris. Then, hASCs secretome
was concentrated (100x) by centrifugation (3000g) using 5kDa cut-off concentrator (Vivaspin, GE
Healthcare, UK) and frozen at -80°C until used.

2.2. In vivo proof of concept

2.2.1. Study Design

The goal of this study was to evaluate the capacity of a secretome release system, based on the use of
starPEG-Hep hydrogel in promoting regeneration in an SCI animal model. Thus, regenerative processes
were assessed by functional recovery and histological alterations. Animals were randomly treated and all
data collection (behavior and histology) was obtained in blinded conditions. All procedures were carried
out in accordance with EU directive 2010/63/EU and were approved by the ethical committee in life and

health sciences (ID: SECVS116/2016, University of Minho, Braga, Portugal).
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2.2.2. Animals and groups

In this /n vivo study, Wistar Han female rats (8-11 weeks old, weighing 170g-190g) were used. Animals
were kept in light and temperature-controlled cages and fed ad /ibitum with a standard diet. The handling
of the animals was carried out five days before the surgery. The animals were divided into five different
groups according to the treatment/procedure instituted: 1) Animals subjected to SCI that were injected
with starPEG-Hep loading secretome (starPEG-Hep+sec) (n = 7); 2) SCI animals treated with starPEG-
Hep hydrogel and vehicle (NbA) (starPEG-Hep+NbA)(n = 4); or 3) SCI animals treated with secretome
locally (n = 7); 4)SCI animals treated only with vehicle (NbA) (n = 6); and 5) Animals with laminectomy
only (SHAM) (n = 7).

2.2.3. Spinal Cord Injury Surgery

For surgery, animals were previously anesthetized with an intraperitoneal injection of a mixture (1:5:1) of
ketamine (100 mg/mL, Ketamidor/Richter Pharma, Austria) and medetomidine hydrochloride (1
mg/mL, Seedorm/ProdivetZN, Portugal). After anesthesia, the animals' fur was shaved and the skin
disinfected with 70% ethanol and chlorhexidine. The incision was made in the dorsal midline, between T7
and T13, with subsequent retraction of the paravertebral muscles. A laminectomy (removal of the spinous
processes to expose the spinal cord) was performed at T8 level and a total spinal cord transection was
performed at this level. After administering the respective treatment, the paravertebral muscles and the
skin were sutured with Vicryl sutures (Johnson and Johnson, USA). After surgery, all rats were kept under
heat lamps and received daily post-operative care, during the first week, of vitamins (10 mL/Kg,
Duphalyte,Pfizer, USA), 0.9% NaCl, the analgesic butorphanol (Butomidor, Richter Pharma AG, Austria),
the antibiotic enrofloxacin (5mg/mL, Baytril, Bayer, Germany) and atipamezole (5mg/mL, Tipafar,
ProdivetZN, Portugal) to reverse anesthesia (given on the first day only). In addition, manual bladder
emptying was performed twice a day. The animals were examined for symptoms of disease and urinary
infections detected during the eight weeks of study were treated with antibiotic enrofloxacin oral solution

(Baytril, Bayer, Germany) and evaluated potential adverse reactions to treatment.

2.2.4. Hydrogel preparation

Amine end-functionalized 4-arm starPEG (MW 10,000, USA), Heparin (MW 15,000, Merck, Germany)
and RGD (990 g/mol, Peptides International) were synthesized as previously described [41,47]. Hydrogel
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formation was obtained by dissolving the maleimide functionalized heparin and thiol end-functionalized
4-arm starPEG in PBS on ice with an appropriate molar ratio. Briefly, 1.5mM heparin dissolved in PBS
was mixed with an equal volume of starPEG solution in the concentration of 1.1mM to produce hydrogels
in the crosslinking of 0.75 (molar ratio of starPEG to heparin).

For /n vivo application heparin, starPEG and RGD were dissolved as previously described and filtered
using low protein binding 0.2 um filter (Acrodisc, PALL, USA) to ensure sterile conditions of the materials
prior to injecting. Briefly, hASCs secretome (5 uL collected in NbA) were mixed with an equal amount of

heparin/RGD and starPEG (2.5 uL).

2.2.5. Behavioral Analysis

2.2.5.1 Locomotor rating

The Basso, Beattie, Bresnahan Locomotor Rating Scale (BBB) [49] was employed to evaluate motor
behavior and recovery. The test was performed for four minutes for two blinded researchers starting three
days after surgery and performed 1, 2, 4, 6 weeks up to a total of eight weeks. Locomotion of the affected
hindlimbs was rated in a score of O if no movement was observed, 1 to 8 indicates some movement of
joints without weight support. From 9 to 20 animals are capable of weight support, have coordinated
steps and trunk stability and finally, a 21 score corresponds to a normal animal with perfect movements.
To attribute the final score to each animal the average score of both hindlimbs was made and plotted

over eight weeks of behavior analysis.

2.2.5.2. Motor Swimming test (MST)

Animals have a natural capability to swim and the buoyancy provided by the water enables rats to perform
locomotor movements without having to totally support their body weight. MST was performed once at 8
weeks post-injury where animals were placed in a quadrangular pool (water temperature 24-25°C) and
had to reach the platform to get out of the water. After a short training trial, all trials were recorded by a
video camera. To access locomotor activity, the velocity of the animals from one side of the pool to reach
the platform was measured by using 3 trials per animal. Values were extracted using Ethovision XT 13
software (Noldus, Wageningen, Netherlands) and values of 3 trials averaged for each animal. Animals
that weren’t capable to perform the test, either if they don’t have motivation to swim or needed more

than 3 min to perform all trials were excluded.
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2.2.5.3.Von Frey

Loss or gain of sensitivity in the hindlimbs of the lesioned animals were assessed through mechanical
allodynia that measures the evoked pain using Von Frey test. In this test monofilaments are applied in
the center of the hindlimbs by the up-down method [50]. Once at a time, animals are placed in the Von
Frey apparatus and left for some time undisturbed to be acquainted, then a monofilament (2.0g) is
applied to the hindlimb center, once at a time, for no more than 4s. If the animals reacted, withdrew the
paw, was considered a positive response and a monofilament of a lower force was applied; if no reaction
was observed negative response was considered and consequently a monofilament of a high force is
applied [51]. The test is finished if the extreme monofilament was reached or 4 measurements around
the turning point were obtained. The range of VF monofilaments used was the following: 0.4, 0.6, 1.0,
2.0, 4.0, 6.0, 8.0, 15.0g. The assessment was performed twice at 2- and 6-weeks post-injury.

The measurement used was the 50% threshold, that is an approximation of the monofilament that causes

pain or sensitivity, for that the following equation 1 was used:

(10Xf+K.6)

Equation 1
10000

50%g _treshold =

where Xf=value (in log units) of the final VF monofilament; K=tabular value corresponding to pattern of

positive and negative responses; d=mean difference (in log units) between stimuli (0.224).

2.2.6. Immunohistochemistry

2.2.6.1. Histological Analysis

Eight-weeks post-injury, rats were deeply anesthetized by an intraperitoneal injection of sodium
pentobarbital (200 mg/mL, Euthasol, Ecuphar, Spain) and perfused through the ascending aorta with
NaCl (0.9 %; 100mL) followed by PFA (4 %; 100mL). A rough dissection of the spine and spinal cord was
performed, centered on the site of transection and the tissues were fixed in 4 % PFA overnight at 4°C. A
more detailed dissection of the spinal cord was then done, and the tissues were carefully placed on a
solution of sucrose (30 % (w/v)) on the next day. Afterwards, 1.5 cm length of spinal cord tissues, centered

on the lesion, were involved in optimal cutting temperature compound (OCT, ThermoFisher, USA), frozen
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with liquid nitrogen and stored at -20 °C. Later, longitudinal sections of 20 um thickness were performed

using a Leica CM1900 cryostat.

2.2.6.2. Immunohistochemistry

Spinal cord longitudinal sections were initially permeabilized with PBS-T (0.2 % ) for 10 min. Then, the
slides were blocked with a solution of NBCS (5 %) in PBS-T (0,2% ) for 30 min. After that, the samples
were incubated overnight with the following primary antibodies: rabbit anti-rat GFAP for astrocytes (1:200,
Dako Denmark, Glostrup, Denmark), mouse anti-neurofilament (NF, 1:200, Merck, USA), rabbit anti-lba-
1 (1:1000, Wako, Japan), mouse anti-SMI-71 (1:200, Biolegend, USA). On the next day, samples were
incubated for 2 h with the respective secondary antibodies: Alexa Fluor 594 goat anti-rabbit for GFAP,
Alexa Fluor 488 goat anti-mouse for NF, Alexa Fluor 488 goat anti-rabbit for Iba-1, Alexa Fluor 594 goat
anti-mouse for SMI-71 (all from Invitrogen, USA). All samples were counterstained with DAPI (1:1000,
Life Technologies) for 10 min. Between steps, three washes with PBS were performed. Finally, the slides
were mounted in Immu-Mounte (ThermoFisher, USA) and observed at a fluorescence microscope,

Olympus Widefield Inverted Microscope IX81. All images were treated using Fiji software.

2.2.7. Immunofluorescence Analysis

For immunofluorescence analysis, images of the longitudinal section were obtained for each animal as a
mosaic of all tissue, 4-6 micrographs per animal. Then images were open with Fiji software and scale
was determined first. For GFAP and NF analysis the positive area for each marker was calculated. For
that a section of 2000um was delineated for rostral, epicenter and caudal part of the spinal cord.
Following, imagens were converted to 8 bits and processed in the command “make binary”. Finally, after
applying the threshold command, using the menu “analyze particles”, the program automatically
calculated the positive area occupied for each marker, using the dark background as contrast. The
positive area of each marker was normalized to the area of the tissue for each region. For Iba-1 the
immunofluorescence quantification was performed by measuring the total ameboid area and normalized
to the total area of the spinal cord segment. For SMI-71 analysis a 1500um region rostral and caudal to
the lesion were selected and vessels analyzed using Angio Tool software as previously described [52]

three parameters where selected, vessel area, vessel length, average vessel length.
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2.2.8. Serum collection and analysis by Neuro array membrane

Rat blood was collected directly from the tail vein at 48h and four weeks post-injury and from the heart
at sacrifice. Blood was allowed to coagulate for approximately 15min and centrifuged at 15330 g for
15min. Serum was collected and stored at -80°C until use. For each group a pool of serum was made
and analyzed using Rat Cytokine Array C2 (C-Series RayBiotech, USA) according to the manufacture’s
instructions. Analysis of the membranes was performed in AzureSpot Analysis software (Azure
Biosystems, USA) where the relative intensity of each spot was measured. Afterwards, to quantify the
relative intensity of each spot corresponding to a different protein, the background was subtracted, and

intensity normalized to positive controls.

2.3.Statistical Analysis

Data regarding BBB and Von Frey test were analyzed using Mixed ANOVA to compare the mean values
of five groups. When evaluating the velocity in MST, the ameboid area of Iba-1 and positive area of NF,
GFAP and SMI-71 one-way ANOVA was performed. A pairwise comparison between groups based on
estimated marginal means using Turkey's correction was performed. The significance value was set as p
< 0.05 for all statistical tests and graphs are presented as mean + SEM. For all data normality was
assessed using Shapiro-Wilk statistical tests and taking into account the measures of skewness and
kurtosis. Moreover, it is important to highlight that ANOVA distribution can be approximately normal
distributed [53]. IBM SPSSe Statistics version 27 for 10S (IBM Co., USA) was used to perform all statistical
analysis. For graphical representations GraphPad Prism ver.8.4.3 (GraphPad Software, La Jolla, USA)

was used.

3. Results

3.1. hASCs secretome released from starPEG-Hep hydrogels promotes motor recovery in

an SCI animal model.

The secretome of hASCs has previously been shown to induce regeneration after SCI in animal models
[24,54]. Herein we aimed to develop a hydrogel system capable of controlled and prolonged release of

secretome at the injury site in order to potentiate its effect. Considering the pro-regenerative capacity
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shown in /n vitro studies (Chapter l) we explored the potential of the released secretome in promoting
motor improvements after a complete transection in a rat model. Animals were divided into five groups:
SCI treated with starPEG-Hep hydrogel loading secretome (starPEG-Hep+sec; n = 7); SCI treated with
starPEG-Hep loading Neurobasal A (starPEG-Hep+NbA; n = 4); SCI treated with secretome locally
(Secretome; n = 7); SCI treated with Neurobasal A (NbA; n = 6); and non-injured animals (laminectomy
- SHAM; n = 7). Complete transection was performed at T8 level and animals were immediately treated
after lesion.

Motor recovery was evaluated every two weeks until eight weeks post-injury by BBB test. Animal treated
with starPEG-Hep+sec displayed improved motor outcomes compared with other groups, Figure lIl.2. In
addition, SHAM animals did not present motor deficits during that time. Statistical analysis revealed an
effect of factor time (weeks F (5, 130) = 33.54 p<0.0001, %= 0.56), and treatment F (4, 26) = 948.54
p<0.0001, %= 0.99) and the interaction between these two factors (F (20, 130) = 3.90 p<0.0001,
Nz=a= 0.38). In particular, the mean BBB score was significantly improved by starPEG-Hep+sec treatment
at two, six- and eight weeks post-injury (wpi). Moreover, at two and six wpi, animals treated with starPEG-
Hep+sec showed improved motor function when compared with animals treated with only secretome
(2wpi: 2 £ 2vs 0.71 +0.57; p = 0.032; 6wpi: 3.5 + 2.25vs 1.29 + 0.95; p = 0.004). Notably, at eight
wpi animals treated with starPEG-Hep+sec showed statistically significant improvements compared with
starPEG-Hep+NbA (4.07 + 2.24 vs 2.00 + 0.82; p = 0.012), animals treated with only secretome (1.86
+ 0.85, p = 0.002) and animals lesioned treated with vehicle (2.25 + 0.69; p = 0.013). Interestingly,
comparing the group treated with starPEG-Hep+sec with free secretome, a difference of approximately
two points in BBB scale was reported clearly showing a beneficial effect of the hydrogel-based release.

All statistical data is presented in Supplementary Table I11.S1.
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Figure IIl. 2 Evaluation of motor performance in SCl rats by BBB test for eight weeks post-injury. Animals
treated with secretome presented improved motor recovery eight weeks after treatment. Mixed ANOVA,;
(*) represented differences between starPEG-Hep+sec and Secretome, (#) differences between starPEG-
Hep+sec vs starPEG-Hep+NbA and NbA, and (&) differences between SHAM group and all other; * and
#p <0.05 **p <0.001 and &&& p < 0.0001. Error bars represented mean + SEM.

The BBB score of animals treated with starPEG-Hep+sec indicates that animals could perform extensive
movements of two joints (such as ankle, knee or hip), while animals treated with starPEG-Hep+NbA or
NbA were only able to perform extensive movement of one joint and slight movement of the third. Finally,
animals treated with secretome only performed slight movements of hindlimbs joints.

Other motor tests were performed for motor recovery or sensorial function after injury. Regarding the
MST, animals treated with starPEG-Hep+sec were able to perform the task at a higher velocity when
compared with animals treated with starPEG-Hep+NbA (9.68+3.85 vs 5.34+1.08), Secretome
(8.88+£1.97) or NbA (8.24+3.65), Figure Ill.3A. While animals treated with starPEG-Hep+NbA had the
lowest velocity. Nevertheless, no statistical significance was observed among groups and all were slower
than SHAM animals, as shown in Supplementary Table 111.S2.

Sensorial function was evaluated by performing Von Frey test, in which different force filaments were
applied to the hindlimbs. Then, results were evaluated as a 50% chance of being the final response
filament. For the left hindlimb animals treated with starPEG-Hep+sec showed slightly less sensitivity when
compared with starPEG-Hep+NbA (4.53+2.68 vs 3.75+2.26), secretome (4.45+4.86) or NbA (3.37+
1.49) at two wpi. However, a slight increase in sensitivity was observed at six wpi (4.08+4.43) when

compared with other groups (starPEGHep+NbA 6.90+ 5.87; Secretome 4.84+4.55, NbA 4.33+3.91) as
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shown in Figure IIl.3B. For right hindlimb, animals treated with starPEG-Hep+sec (4.53+3.38) also
showed less sensitivity at two wpi when compared with other groups (starPEG-Hep+NbA 2.30+0.98,
secretome 2.61+0.72, NbA 4.13+1.75). This tendency is maintained at six weeks after lesion (starPEG-
Hep+sec 6.42+6.01, starPEG-Hep+NbA 3.82+2.33, secretome 5.37+5.48, NbA 3.25 +£1.78) (Figure
[11.3C). Though, no statistical difference was observed among treated groups and all were statistical

different from SHAM animals (Supplementary Table [11.S3).
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Figure Ill. 3 Evaluation of motor recovery after SCI rat model. A, Average velocity in Motor swimming
test performed 8 weeks after lesion. Von Frey test evaluated sensorial recovery 2 and 6 weeks after lesion
in left (B) and right (C) hindlimb. A — ANOVA B-C Mixed Anova (*) represents differences between SHAM

group and all other; p < 0.001. Error bars represented mean + SEM
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3.2.hASCs secretome released from starPEG-Hep hydrogels decreases the inflammation

in an SCI model

Eight weeks after spinal cord transection, animals were sacrificed and the spinal cords processed for
histological analysis. Neuroinflammation in tissue was evaluated through immunostaining with Iba-1. In
this sense, area of ameboid microglia, a phenotype associated higher inflammation, was quantified Figure
[1.4. Statistical analysis showed that there was a significant effect in Iba-1 staining (F (4.30) = 96.90,
p<0.0001). Animals treated with starPEG-Hep+sec presented a significantly reduced area of ameboid
microglia (p = 0.019) when compared with animals treated with secretome only (n=7; 38.88 + 7.44 vs
n=7; 48.59 + 5.05) or NbA (n = 6; 49.28 + 4.32; p = 0.015; Figure 1l1.4C). On the other way, no
differences were reported regarding comparison with animals treated with starPEG-Hep+NbA (n = 4;
44.43 + 7.77, p = 0.49). All statistical comparisons between groups are presented in Supplementary
Table 111.54.

103



>

i3
L
o
1
-9
)
o
&)
[S3]
o
e
5
]
<<
=)
~
°E
[=9
L
o
]
m
o
=
s
7

Secretome

Rostral Caudal

&

o

=}
]

*

1

N
(=]
1

Percentage of ameboid area (%)

o

<3 >
8“’ Cs

D
K 5

Figure Ill. 4 Representative confocal microscopy images of longitudinal sections of spinal cord tissue
for Ibal staining. A, delineated ameboid area in animals treated with starPEG-Hep+sec, starPEG-
Hep+NbA, Secretome, NbA and SHAM eight weeks after lesion. B, Magnification of tissue stained with

anti-lbal and considered ameboid area. C, quantification of ameboid area in all groups. Ameboid area

104



was normalized to total area of the tissue and plotted as percentage. One-way ANOVA; * p < 0.05. Error

bars represented mean + SEM. Scale bar: 100 um.

Other markers were used to access astrocytes (glial fibrillary acidic protein (GFAP)) and axonal
regeneration/preservation (NF), which are displayed in Figure lll.5. A decrease in the percentage of GFAP
positive area at rostral, epicenter, and caudal regions was also observed in animals treated with starPEG-
Hep+sec compared with animals treated with secretome and NbA (Figure 111.5B). A similar trend occurs
for NF-positive area. While a slight increase in NF positive area in starPEG-Hep+sec is observed at the
epicenter region, a decrease is noticed at rostral and caudal regions with all other groups (Figure Il.5C).
Nevertheless, no significant differences were observed among treated animals for both markers
(Supplementary Table 111.S5)

SMI-71 is an antibody that allows to assess blood brain barrier integrity (BBB). In this study, we evaluated
the presence of vessels in rostral and caudal regions, right after and before lesion, respectively (Figure
[11.6). An increase in vessel area was observed in animals treated with starPEG-Hep+sec and secretome
(0.10 £ 0.02) when comparing with starPEG-Hep+NbA or NbA (Figure I1.6B). Regarding vessel length,
animals treated with starPEG-Hep+sec continue to have higher vessels in comparison to other treated
groups, as displayed in Figure IIl.6C. However, vessels are quite similar, among treated groups,
considering average vessel length (Figure 1I1.6C). Nonetheless, no statistical significance was observed in

all three referred parameters, (Supplementary Table 111.S6).

105



starPEG-Hep+sec starPEG-Hep+NbA Secretome SHAM
Rostral

|
Caudal

B — Quantification of GFAP* area
20—

15- I I

10+

GFAP area (%)

Il starPEG-Hep+sec
Bl starPEG-Hep+NbA

0_
B Secretome

Rostral Epicenter Caudal
C- Quantification of NF* NoA
- Quantirication o arca
Hl SHAM
20—
15+

NF area (%)
>
1
i
H
=

5=

. Rostral Epicenter Caudal
Figure Ill. 5 Representative confocal microscopy images of longitudinal sections of spinal cord tissue
for GFAP and NF staining. A, delineated selected areas at rostral, epicenter and caudal regions in animals
treated with starPEG-Hep+secretome, starPEG-Hep+NbA, Secretome, NbA and SHAM, 8 weeks after
lesion. B, Quantification of GFAP positive area in three different regions. €, Quantification of NF positive

area in three different regions. One-Way ANOVA, Error bars represented mean + SEM. Scale bar: 100

um. GFAP - Glial Fibrillary acidic protein, NF — Neurofilament, DAPI 4’,6’-diamino-2-fenil-indol

106



Caudal

Rostral

-4
— -4, T_ ", %o
N %
| = I~ &,
[ b, H %, %

0
g
\ '\ ‘ \
&
50

T
&
R
&
8@
C — Vessel lenght
‘ : \
&
é’*
D — Average vessel lenght

L3
< O,
e I~ %, ovo‘«
= e %, o, N
3 *%, %) % t-% %
o r T 1 % > T T T T 4. T 0.
2 d © © < ~ ) R > & 1y %
S @ e P S % % 2 < 3 ] %
> p pr = =] %, (wwi) JybBus) jassap %, e ° ° e “
| Vo ) (ww) yyBue| jossen abesory
” (zWw) eale |9sSap

| ~
o
—

 —

00s+doH-D JIels VAN+doH-DF dIers EIIGEIREIN

VAN IWVHS



Figure Ill. 6 SMI-71 quantification in SCI rat model eight weeks after lesion. A, Representative confocal
microscopy images of selected areas at rostral and caudal regions in animals treated with starPEG-
Hep+sec, starPEG-Hep+NbA, Secretome, NbA and SHAM eight weeks after lesion. B, Quantification of
SMI-71 vessel area, €, Quantification of SMI-71 vessel length, D, Quantification of SMI-71 average vessel
length. One-Way ANOVA, Error bars represented mean + SEM. Scale bar: 100 um.SMI-71 - Anti Blood
Brain Barrier, DAPI 4’,6’-diamino-2-fenil-indol

SCl is characterized by an exacerbation of inflammatory response, which could be one of the causes of
the massive damage to the tissue after lesion. After we observed an attenuation of inflammation
characterized by the reduction of ameboid microglia in the damage tissue of animals treated with hydrogel
and secretome, we evaluated if the same could be observed systemically. For this purpose, animal serum
was collected at three different time points (48h, four and eight wpi) and the expression of cytokines was
evaluated by a cytokine array. Molecular analyses of sera at 48h post-lesion are presented in Figure l1l.7B,
where the expression of a heatmap (Figure lll. 7A). Animals treated with starPEG-Hep+sec have an
increase in IL-10 compared with animals treated with hydrogel only, secretome or NbA, and a decrease
of inflammatory cytokine monocyte chemoattractant protein (MCP-1) compared with other groups.
Moreover, cluster of differentiation 89 (CD86), a classically (M1) marker, presented values similar to

SHAM animals at this time point.
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Figure lIl. 7 Molecular analysis of collected sera following SCI using Rat Cytokine Array C2 from

RayBiotech. A, Representative heat map at 48 h pi of the panel for the different groups was generated

using the BROAD Institute's R implementation of Morpheus with Euclidean distance hierarchical

clustering. B, Relative expression of selected pro-inflammatory and anti-inflammatory cytokines at 48 h

pi, C, 4 wpi and D, 8 wpi. Data are shown as mean Log? (fold change - FC) relative to the normalization

of each cytokine to the positive controls of each membrane. Error bars represented mean + SEM.
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After four weeks (Figure Ill. 7C and Supplementary Figure 111.S1), animals treated with starPEG-Hep+sec
continue to have a higher expression of IL.-10 when compared with animals treated with starPEG-
Hep+NbA, secretome or NbA, Figure IIl.7C. Interestingly, at this time point, a decrease in expression of
CD86 is observed compared with NbA treated animals. On the other hand, values of MCP-1 remained
similar to values obtained at 48h, with a decrease in groups treated with starPEG-Hep+NbA, secretome
or NbA.

Right before sacrifice (eight weeks, Figure Ill. 7D and Supplementary Figure 111.S1), sera analysis revealed
an increase in IL-10 levels in animals treated with starPEG-Hep+sec and secretome compared to other
groups, Figure lll. 7D. CD86, a marker of M1 phenotype [55], demonstrated a slight decrease from four
weeks post-injury and compared with animals treated with hydrogel and NbA at this time point. It is also
worth noting that animals treated with starPEG-Hep+sec have higher levels of VEGF expression than all

other groups at all time points.

4. Discussion

Cell-based therapy, particularly transplantation of ASCs has upraised therapeutical approaches to tackle
devastating conditions caused by SCI. Furthermore, several studies pointed that their beneficial effects
are mediated by their secretome, rather than its presence at injury site [9,17]. Along these lines, stem
cell secretome has been raised as a cell free-based therapy in the field of regenerative medicine [56,57].
However, administration methodology is an obstacle to foster their application. Local injection is
characterized by the rapid clearance at SCI, while multiple systemic administrations promote their fast
diffusion in the body, meaning higher dosage to have effect. Biomaterials, particularly hydrogels,
flourished as suitable platforms, not only by their singular characteristics but also their potential in
controlling drug delivery at injury site [32-34]. In accordance, in this work we aimed to develop a
combinatorial therapy in which hASCs secretome is loaded in starPEG-Hep hydrogels to promote a
controlled and prolonged release at SCI injury site. With this strategy, secretome effect can be locally
potentiated and regeneration favored.

From data presented in Chapter I, we have shown that starPEG-Hep hydrogels were effective in promoting
controlled and prolonged release of hASCs secretome, which was capable of inducing neural
differentiation and axonal growth. However, validation of this therapeutic approach in an /i vivo injury
mode was still lacking. Likewise, a complete transection at T8 level was performed in a rat model. These
results in a very severe lesion, when compared with hemisection or contusion models [58]. Animals were
immediately treated and motor recovery evaluated for eight weeks.
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Animals treated with starPEG-Hep+sec presented significant improved motor recovery at two-, six- and
eight-weeks post injury in BBB test. Interestingly, comparing the group treated with starPEG-Hep+sec with
free secretome, a difference in approximately two points in BBB scale was reported clearly showing a
beneficial effect of the hydrogel-based release. Despite these motor improvements, no differences were
observed on the swimming velocity in MST. Lesioned animals had no ability to move hindlimbs, but they
swim using forelimbs (videos not shown). This may explain the similarities among groups. On the other
hand, this behavioral test evaluates gross motor function where animals have no sensory input from water
similar to the stimulus, they experienced with direct contact with BBB table. Sensorial inputs are critical
to demand locomotion through activation of central pattern generators (CPGs). These circuitries receive
inputs from afferent neurons such as muscles or joints and shape locomotor outputs [59,60]. Additionally,
proprioceptive feedback and mechanoreceptive circuits are closely interconnected and may contribute
for motor recovery. They are known to be important as an alternative for transmission of afferent
information after lesion [61,62]. However, this is not the most likely pathway governing motor recovery
as evidenced by low sensorial recovery on Von Frey test.

Histological analysis has shown a reduced area occupied by ameboid microglia, a phenotype associated
with higher inflammation, in animals treated with starPEG-Hep+sec compared with local secretome or
NbA. Previous studies have shown that the starPEG-Hep hydrogels can reduce inflammation by
scavenging inflammatory mediators [63,64]. In line with those findings, a slight attenuation of Iba-1
expression was observed in animals treated with starPEG-Hep+NbA, which point to the anti-inflammatory
characteristics of the pure hydrogels with only the starPEG-Hep+sec effectively attenuating inflammation
in the SCI model.

In addition, no major differences were found in GFAP or NF quantification positive area. The integrity of
BBB was also evaluated by SMI-71 staining, but no statistical differences were observed regarding vessel
area or length. Altogether, these data indicate that motor recovery seems to be favored by a reduced
inflammatory response to treatment in local tissue. Furthermore, it has been previously demonstrated
that hASCs secretome promoted a reduced inflammatory response /i vivo, either by treatment with
secretome systemically in mice model [24], or the local cell transplantation [9,10]. Moreover, ASCs
secretome can induce M2 polarization, through mammalian target of rapamycin complex 1 (mTORC1)
and mTORC2 pathway [65]. Other authors also hypothesized that hASCs transplantation in a contusion
injury mice model could reduce neuroinflammation by reducing microglia/ macrophages at lesion site, as
well as inhibiting Jagged1/Notch pathway [66]. This pathway has been implicated in modulating the

immune response after lesion in central nervous system (CNS) by impacting cell fate decisions and
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endogenous neurogenesis [67]. On the other hand, interferon gamma (IFN-y), present in secretome and
released by hydrogels, may determine microglia's anti or pro-inflammatory state. Indeed a lower
concentration can induce a neuroprotective function [68,69].

Moving to sera analysis, animals treated with starPEG-Hep+sec show an increase in IL-10, an anti-
inflammatory cytokine, in all time points after lesion (48h, four and eight wpi). The release of IL-4 or IFN-
y by secretome-loaded hydrogels has been previously shown to induce IL-10 production by
microglia/ macrophages, leading to increased circulation levels [70,71]. Thus administration of IL-10 has
been shown to decrease the levels of pro-inflammatory cytokines and contributed to motor recovery after
lesion [72,73]. At the same time, as MCP-1 has been shown to play a critical role in mediating neuron-
macrophage interactions that contribute to axonal growth and M2 phenotype polarization, the moderate
levels of MCP-1 observed over time may down regulate the inflammatory response and endure the
regenerative process [74].

On the other hand, CD86, an M1 marker, is decreased at four and eight weeks after lesion, while MCP-
1 was low expressed in the acute phase (48h).

Together, the reported data demonstrate for the first time that a biohybrid hydrogel-based sustained
hASCs secretome release comprising pro-regenerative cytokines (IL-4, 1L-2) and growth factors (BDNF,
GDNF). Significant motor recovery in a complete SCI rat model further confirmed the robustness of the
delivery system, accompanied by a reduced ameboid microglia area, as well as increased levels of the

anti-inflammatory cytokine IL-10 in animal sera.

5. Conclusions

A starPEG-Hep hydrogel was successfully tuned for sustained hASCs secretome release over weeks as
well as for mechanical tissue stabilization to promote neural regeneration [75,76]. The system was
demonstrated to be effective in an SCI animal model in reducing inflammation management, reducing
ameboid microglia area, as well as increasing anti-inflammatory cytokine IL-10 in animal serum, and
initiating pro-regenerative processes. In perspective, the approach may offer unprecedented clinical

treatment modalities for SCI.
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Supplementary Information

Supplementary Table Ill. S1 Pairwise comparisons between groups using Tukey’s correction for

motor improvements evaluation using BBB test for 8 weeks post-injury.

BBB
3 Days pi
Comparison between groups Mean Difference SEM pValue
starPEG-Hep+sec vs starPEG-Hep+NbA 0 0 1
starPEG-Hep+secr vs Secretome 0 0 1
starPEG-Hep+sec vs NbA 0 0 1
starPEG-Hep+sec vs SHAM 21 0 <0.0001
starPEG-Hep+NbA vs secretome 0 0 1
starPEG-Hep+NbA vs NbA 0 0 1
starPEG-Hep+NbA vs SHAM 21 0 <0.0001
Secretome vs NbA 0 0 1
Secretome vs SHAM 21 0 <0.0001
NbA vs SHAM -21 0 <0.0001
1 WPI
starPEG-Hep+sec vs starPEG-Hep+NbA 0.36 0.29 0.24
starPEG-Hep+sec vs Secretome 0.21 0.25 0.4
starPEG-Hep+sec vs NbA 0.36 0.26 0.18
starPEG-Hep+sec vs SHAM -20.64 0.25 <0.0001
starPEG-Hep+NbA vs secretome -0.14 0.29 0.63
starPEG-Hep+NbA vs NbA 3.55E-15 0.30 1
starPEG-Hep+NbA vs SHAM 21 0.29 0.63
Secretome vs NbA 0.14 0.26 0.58
Secretome vs SHAM -20.86 0.25 <0.0001
NbA vs SHAM 21 0.26 <0.0001
2 WPI
starPEG-Hep+sec vs starPEG-Hep+NbA 1.13 0.67 0.10
starPEG-Hep+sec vs Secretome 1.29 0.57 0.03
starPEG-Hep+sec vs NbA 0.67 0.59 0.27
starPEG-Hep+sec vs SHAM -19 0.57 <0.0001
starPEG-Hep+NbA vs secretome 0.16 0.67 0.10
starPEG-Hep+NbA vs NbA -0.46 0.69 0.51
starPEG-Hep+NbA vs SHAM -20.13 0.69 <0.0001
Secretome vs NbA 0.62 0.59 0.30
Secretome vs SHAM -20.29 0.57 <0.0001
NbA vs SHAM -19.67 0.59 <0.0001
4 WPI
starPEG-Hep+sec vs starPEG-Hep+NbA 0.88 0.90 0.34
starPEG-Hep+sec vs Secretome 1.36 0.79 0.09
starPEG-Hep+sec vs NbA 1.17 0.82 0.16
starPEG-Hep+sec vs SHAM -18.5 0.79 <0.0001

121



starPEG-Hep+NbA vs secretome 0.48 0.90 0.60

starPEG-Hep+NbA vs NbA 0.29 0.93 0.76
starPEG-Hep+NbA vs SHAM -19.38 0.90 <0.0001
Secretome vs NbA 0.19 0.80 0.81
Secretome vs SHAM -19.86 0.79 <0.0001
NbA vs SHAM -19.67 0.80 <0.0001
6 WPI
starPEG-Hep+sec vs starPEG-Hep+NbA 1.38 0.82 0.10
starPEG-Hep+sec vs Secretome 2.21 0.70 0.004
starPEG-Hep+sec vs NbA 1 0.73 0.18
starPEG-Hep+sec vs SHAM -17.5 0.70 <0.0001
starPEG-Hep+NbA vs secretome 0.84 0.82 0.31
starPEG-Hep+NbA vs NbA -0.38 0.84 0.66
starPEG-Hep+NbA vs SHAM -18.88 0.82 <0.0001
Secretome vs NbA -1.21 0.73 0.10
Secretome vs SHAM -19.71 0.70 <0.0001
NbA vs SHAM -18.5 0.73 <0.0001
8 WPI
starPEG-Hep+sec vs starPEG-Hep+NbA 2.07 0.77 0.012
starPEG-Hep+sec vs Secretome 2.21 0.65 0.002
starPEG-Hep+sec vs NbA 1.82 0.68 0.013
starPEG-Hep+sec vs SHAM -16.93 0.66 <0.0001
starPEG-Hep+NbA vs secretome 0.14 0.77 0.85
starPEG-Hep+NbA vs NbA -0.25 0.79 0.75
starPEG-Hep+NbA vs SHAM -19 0.77 <0.0001
Secretome vs NbA -0.39 0.68 0.57
Secretome vs SHAM -19.14 0.65 <0.0001
NbA vs SHAM -18.75 0.68 <0.0001

Supplementary Table lll. $2 Pairwise comparisons between groups using Tukey’s correction for motor

improvements evaluation using MST test at eight weeks post-injury.

MST
Comparison between groups Mean Difference SEM pValue
starPEG-Hep+sec vs starPEG-Hep+Nba 4.35 2.36 0.38
starPEG-Hep+sec vs Secretome 0.81 2.21 1
starPEG-Hep+sec vs NbA 1.44 2.11 0.96
starPEG-Hep+sec vs SHAM -16.03 2.03 <0.0001
starPEG-Hep+NbA vs secretome -3.54 2.45 0.61
starPEG-Hep+NbA vs NbA -2.91 2.36 0.73
starPEG-Hep+NbA vs SHAM -20.38 2.29 <0.0001
Secretome vs NbA 0.63 2.21 1
Secretome vs SHAM -16.84 2.14 <0.0001
NbA vs SHAM -17.47 2.03 <0.0001
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Supplementary Table lll. $3 Pairwise comparisons between groups using Tukey's correction for

motor sensorial function using Von Frey test at tow and six weeks post-injury, in left and right hindlimbs.

Von Frey
2 WPI (left)
Comparison between groups Mean Difference SEM pValue
starPEG-Hep+sec vs starPEG-Hep+NbA -1.02 2.07 0.63
starPEG-Hep+sec vs Secretome -0.341 1.76 0.85
starPEG-Hep+sec vs NbA 0.45 1.83 0.81
starPEG-Hep+sec vs SHAM -6.91 1.76 0.001
starPEG-Hep+NbA vs secretome 0.68 2.07 0.75
starPEG-Hep+NbA vs NbA 1.47 2.13 0.50
starPEG-Hep+NbA vs SHAM -5.89 2.07 0.008
Secretome vs NbA 0.80 1.83 0.67
Secretome vs SHAM -6.57 1.76 0.001
NbA vs SHAM -7.37 1.83 <0.0001
6 WPI (left)
starPEG-Hep+sec vs starPEG-Hep+NbA 2.41 1.83 0.20
starPEG-Hep+sec vs Secretome 1.49 1.56 0.35
starPEG-Hep+sec vs NbA 1.79 1.63 0.28
starPEG-Hep+sec vs SHAM -6.45 1.56 <0.0001
starPEG-Hep+NbA vs secretome -0.92 1.83 0.62
starPEG-Hep+NbA vs NbA -0.63 1.89 0.74
starPEG-Hep+NbA vs SHAM -8.86 1.83 0.86
Secretome vs NbA 0.30 1.63 0.86
Secretome vs SHAM -7.93 1.56 <0.0001
NbA vs SHAM -8.23 1.63 <0.0001
2 WPI (Right)
starPEG-Hep+sec vs starPEG-Hep+NbA 1.51 1.89 0.43
starPEG-Hep+sec vs Secretome 1.01 1.61 0.54
starPEG-Hep+sec vs NbA 0.79 1.68 0.64
starPEG-Hep+sec vs SHAM -4.87 1.61 0.006
starPEG-Hep+NbA vs Secretome -0.51 1.89 0.79
starPEG-Hep+NbA vs NbA -0.73 1.95 0.71
starPEG-Hep+NbA vs SHAM -6.38 1.89 0.002
Secretome vs NbA -0.22 1.68 0.90
Secretome vs SHAM -5.87 1.61 0.001
NbA vs SHAM -5.65 1.68 0.002
6 WPI (Right)
starPEG-Hep+sec vs starPEG-Hep+NbA 0.12 2.47 0.96
starPEG-Hep+sec vs Secretome 0.14 2.11 0.95
starPEG-Hep+sec vs NbA 1.45 2.20 0.51
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starPEG-Hep+sec vs SHAM -8.49 2.11 <0.0001

starPEG-Hep+NbA vs Secretome 0.26 2.47 0.92
starPEG-Hep+NbA vs NbA 1.57 2.55 0.54
starPEG-Hep+NbA vs SHAM -8.38 2.47 0.002
Secretome vs NbA 1.31 2.20 0.56
Secretome vs SHAM -8.64 2.11 <0.0001
NbA vs SHAM -9.95 2.20 <0.0001

Supplementary Table Ill. $4 Multiple comparisons between groups using Tukey's correction for the

percentage of Ibal ameboid area in spinal cord longitudinal sections.

Ibal ameboid area

Comparison between groups Mean Difference SEM pValue
starPEG-Hep+sec vs starPEG-Hep+NbA -5.55 3.39 0.49
starPEG-Hep+sec vs Secretome 9.71 2.89 0.019
starPEG-Hep+sec vs NbA -10.40 3.01 0.015

starPEG-Hep+sec vs SHAM 38.49 2.89 <0.0001
starPEG-Hep+NbA vs Secretome -4.16 3.39 0.74
starPEG-Hep+NbA vs NbA -4.86 3.49 0.64

starPEG-Hep+NbA vs SHAM 44.04 3.39 <0.0001
Secretome vs NbA -0.70 3.01 0.99

Secretome vs SHAM 48.20 2.89 <0.0001

NbA vs SHAM 48.89 3.01 <0.0001

Supplementary Table lll. §5 Pairwise comparisons between groups using Tukey's correction for

positive area of GFAP and NF.

GFAP
Rostral
Comparison between groups Mean Difference SEM pValue
starPEG-Hep+secr vs starPEG-Hep+NbA -1.19 2.49 0.99
starPEG-Hep+sec vs Secretome -0.35 2.12 1
starPEG-Hep+sec vs NbA -1.36 2.21 0.97
starPEG-Hep+sec vs SHAM 4.37 2.12 0.27
starPEG-Hep+NbA vs secretome 0.83 2.49 0.99
starPEG-Hep+NbA vs NbA -0.18 2.56 1
starPEG-Hep+NbA vs SHAM 5.55 2.49 0.2
Secretome vs NbA -1.00 2.21 0.99
Secretome vs SHAM 472 2.12 0.20
NbA vs SHAM 5.73 2.21 0.10
Epicenter
starPEG-Hep+sec vs starPEG-Hep+NbA 0.03 1.79 1
starPEG-Hep+secvs Secretome -1.60 1.53 0.83
starPEG-Hep+sec vs NbA -1.2 1.59 0.94
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starPEG-Hep+sec vs SHAM -3.75 1.53 0.13
starPEG-Hep+NbA vs secretome -1.62 1.79 0.25
starPEG-Hep+NbA vs NbA -1.23 1.85 0.96
starPEG-Hep+NbA vs SHAM -3.77 1.79 0.25
Secretome vs NbA 0.39 1.59 0,99
Secretome vs SHAM -2.15 1.53 0.63
NbA vs SHAM -2.54 1.59 0.51
Caudal
starPEG-Hep+secr vs starPEG-Hep+Nba 0.83 2.27 0.99
starPEG-Hep+sec vs Secretome -2.20 1.94 0.79
starPEG-Hep+sec vs NbA -0.41 2.02 1
starPEG-Hep+sec vs SHAM 2.96 1.94 0.56
starPEG-Hep+NbA vs secretome -3.02 2.27 0.99
starPEG-Hep+NbA vs NbA -1.24 2.34 0.98
starPEG-Hep+NbA vs SHAM 2.14 2.27 0.88
Secretome vs NbA 1.79 2.02 0.89
Secretome vs SHAM 5.16 1.94 0.08
NbA vs SHAM 3.37 2.02 0.46
NF
Rostral
starPEG-Hep+sec vs starPEG-Hep+Nba 2.14 1.55 0.64
starPEG-Hep+sec vs Secretome -0.88 1.32 0.96
starPEG-Hep+sec vs NbA -2.49 1.38 0.39
starPEG-Hep+sec vs SHAM -0.80 1.32 0.97
starPEG-Hep+NbA vs secretome 1.26 1.55 0.92
starPEG-Hep+NbA vs NbA -0.34 1.60 0.99
starPEG-Hep+NbA vs SHAM 1.35 1.55 0.91
Secretome vs NbA -1.61 1.38 0.77
Secretome vs SHAM 0.085 1.32 1
NbA vs SHAM 1.69 1.38 0.74
Epicenter
starPEG-Hep+sec vs starPEG-Hep+NbA 1.50 1.48 0.85
starPEG-Hep+sec vs Secretome 0.68 1.26 0.98
starPEG-Hep+sec vs NbA 0.64 1.31 0.99
starPEG-Hep+sec vs SHAM 0.46 1.26 0.99
starPEG-Hep+NbA vs secretome -0.82 1.48 0.98
starPEG-Hep+NbA vs NbA -0.86 1.53 0.97
starPEG-Hep+NbA vs SHAM -1.04 1.48 0.95
Secretome vs NbA -0.04 1.31 1
Secretome vs SHAM -0.22 1.26 1
NbA vs SHAM -0.18 1.26 1
Caudal
starPEG-Hep+sec vs starPEG-Hep+NbA -1.63 1.30 0.72
starPEG-Hep+sec vs Secretome -1.22 1.11 0.80
starPEG-Hep+sec vs NbA -1.81 1.15 0.53
starPEG-Hep+sec vs SHAM -0.04 1.11 1
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starPEG-Hep+NbA vs secretome 0.40 1.30 0.99

starPEG-Hep+NDbA vs NbA -0.18 1.34 1
starPEG-Hep+NbA vs SHAM 1.59 1.30 0.74
Secretome vs NbA -0.58 1.15 0.99
Secretome vs SHAM 1.18 1.11 0.82
NbA vs SHAM 1.77 1.15 0.55

Supplementary Table lll. $6 Pairwise comparisons between groups using Tukey's correction for SMI-
71 quantification. Parameters such as Vessel Area, Vessel Length and Average Vessel Length in Angio

Tool software.

SMI
Vessel Area

Comparison between groups Mean Difference SEM pValue

starPEG-Hep+sec vs StarPEG-Hep+NbA 0.02 0.02 0.83
starPEG-Hep+sec vs Secretome 0.00 0.02 1

starPEG-Hep+sec vs NbA 0.01 0.02 0.96
starPEG-Hep+sec vs SHAM -0.02 0.02 0.83
starPEG-Hep+NbA vs Secretome -0.02 0.02 0.85
starPEG-Hep+NbA vs NbA -0.01 0.02 0.99
starPEG-Hep+NbA vs SHAM -0.04 0.02 0.31
Secretome vs NbA 0.01 0.02 0,97
Secretome vs SHAM -0.02 0.02 0.79
NbA vs SHAM -0.03 0.02 0.46

Vessel Length

starPEG-Hep+sec vs starPEG-Hep+NbA 1.03 1.01 0.84
starPEG-Hep+sec vs Secretome 0.47 0.86 0.98
starPEG-Hep+sec vs NbA 0.32 0.89 1
starPEG-Hep+sec vs SHAM -0.81 0.86 0.88
starPEG-Hep+NbA vs Secretome -0.56 1.01 0.98
starPEG-Hep+NbA vs NbA -0.71 1.04 0.96
starPEG-Hep+NbA vs SHAM -1.84 1.01 0.38
Secretome vs NbA -0.15 0.89 1
Secretome vs SHAM -1.28 0.86 0.58
NbA vs SHAM -1.13 0.89 0.71
Average vessel length
starPEG-Hep+sec vs starPEG-Hep+NbA -0.01 0.01 0.74
starPEG-Hep+sec vs Secretome 0.00 0.01 0.99
starPEG-Hep+sec vs NbA -0.00 0.01 0.94
starPEG-Hep+sec vs SHAM 0.01 0.01 0.88
starPEG-Hep+NbA vs Secretome 0.01 0.01 0.53
starPEG-Hep+NbA vs NbA 0.00 0.01 0.98
starPEG-Hep+NbA vs SHAM 0.01 0.01 0.29
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Supplementary Figure lll. S1 Molecular analysis of collected sera following SCI using Rat Cytokine
Array C2 from RayBiotech. Representative heat map of the panel for the different groups was generated
using the BROAD Institute's R implementation of Morpheus with Euclidean distance hierarchical clustering

at four wpi (A) and eight wpi (B).
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CHAPTER IV

Conclusions and Future Perspectives



General Discussion

Central Nervous System reveals as a fascinating structure that encompasses all functions in the body.
Injuries in each region totally disturb the overall normal function. Particularly, spinal cord injury (SCI) is
responsible for total or partial loss of both motor and sensorial functions below the level of injury. Both
have a huge impact on patient’s life quality at physical and psychological burdens. For scientists, SCI
remains a challenge either by its pathophysiological complexity or unknown processes that are
responsible for degeneration or regeneration. A cascade of events goes from acute to chronic phase
within seconds to months. After a mechanical insult, a myriad of events comprehends 1) vascular
disruption; 1) inflammation; 1ll) release of inflammatory cytokines; IV) excitotoxicity; V) apoptosis and VI)
axonal degeneration [1]. Ultimately, the establishment of the chronic phase is characterized by the glial
scar formation, which is composed of lesion core and border. In the lesion core, stromal-derived
fibroblasts and inflammatory immune cells fill all space, while the lesion border is formed by reactive
astrocytes. The scar acts as a barrier for axonal growth or tissue regeneration and at the same time
circumvents the injury locally, preventing its spread [2,3].

In the last years, we have witnessed a growth of multivariate fields in developing therapies to tackle SCI
regeneration. Drugs such as methylprednisolone (MPSS) were vastly used in an attempt to reduce
inflammation and promote recovery [4,5]. Although upon the report of severe side effects, such as liver
toxicity or hemorrhages, it was highly unadvised it use [6,7]. Other approaches in clinical trials try to
promote regeneration by administering growth factors [8,9] or even anti-bodies [10], promising
approaches to improve neurological outcomes. However, side effects or administration routes are still a
concern in their translation to the clinic. Other interesting approaches rely on the use of cell-based
therapy. The purpose is the repopulation of spinal cord tissue with new cells, that will migrate to injured
tissue and replace dead neuronal cells. In clinical trials, they were able to promote improvements in
sensory function [11] or bladder control [12] after transplantation. Our group has shown that adipose
tissue-derived stem cells (ASCs) were able to promote recovery after transplantation at injury site [13-
15]. However, their effects are mainly attributed to intense paracrine effects, their secretome. Secreted
molecules have been shown to play an important role in regenerative processes, such as axonal growth,
suporte cell survival, and differentiation [16-18] and ultimately lead to motor recovery after systemic
administration [19].

Considering all mentioned facts, in this work, we envisioned designing a more effective way to deliver
hASCs secretome at SCI injury site. The advantages include a more target and specific therapy, reduce

the dosage needed, protecting molecules from enzymatic degradation, and minimizing the risk of off-

129



target effects. For that, hydrogels have been revealed as a suitable platform to use. They are similar to
the extracelular matrix (ECM), have high water content and per se improve motor function in SCI animal
models as in the case of use poly(ethilene glycol) (PEG) hydrogels [20]. Freudenberg et al developed a
biohybrid hydrogel made of star-shaped PEG hydrogel starPEG) and the glycosaminoglycan (GAG)
Heparin (Hep) [21]. The rationale is based on affinity-based systems where, anionic charge arising from
the high density of sulfate moieties on heparin results in a high affinity for a broad range of growth factors,
cytokines, and chemokines mainly due to electrostatic interactions [22]. Remarkably, controlling their
release in a time-dependent manner. Importantly is the fact that these matrices can be injected in a liquid
state and by Michael type reaction form /n7 s/ifu polymerization hydrogels [23].

In chapter Il, we performed the mechanical characterization of starPEG-Hep hydrogels showing
modulation of stiffness, mesh size, and swelling degree. Those are important features not only for /n vivo
implantation but also for their use as delivery systems. Upon hASCS secretome loading in starPEG-Hep
hydrogels, a controlled and prolonged release was achieved for over 10 days. At that time point
approximately 70% of cumulative release, was demonstrated in fluorescence experiments. A similar
profile to other release systems of growth factors and cytokines [24,25]. Moreover, Gal-1 was found to
be released in a continuous and extended way in the multiplex assay. The sensitivity of the multiplex
assay was revealed to be very low, most probably by the low concentration of analytes in released
samples, which did not allow the identification of more molecules. To pursue this, membrane-based
protein arrays were used and released samples were collected at only two and ten days. The results
revealed a release profile in which cytokines or factors involved in angiogenesis processes were mainly
released after two days. The burst release in the first days, shown in fluorescence assays, was mainly
due to the high release of these molecules. On the other side, extended release is supported by
neuroregulatory growth factors that had a higher cumulative release from two to ten days. In studies in
which these molecules are independently loaded in these hydrogels, continuous release profile was
reported [26-28]. Despite the known role of heparin in affinity-based systems, is interesting to highlight
this release profile. The results suggest that molecules have a different interaction with heparin as well
as dissociation rate which impacts their release [29]. Another alternative is that the high amount of diverse
proteins was impacting individual interactions with heparin. It would be interesting to perform
electrophoretic techniques such as surface plasmon resonance [30], or /n silico calculations [31] to
decode affinity and kinetics of heparin-protein interactions.

Additionally, starPEG-Hep loading secretome could promote significant higher neuronal differentiation of

immature (DCX) and mature (MAP2) neurons, when compared with hydrogel loading vehicle. Also, higher
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neurite outgrowth was observed in organotypic spinal cord slices. In addition, we hypothesized that these
processes were mediated by molecules identified in membrane-based protein arrays, such as BDNF,
GDNF, B-NGF, previously shown to modulate those processes [32,33]. Subsequently, these results
corroborate the fact that starPEG-Hep hydrogels are continuously releasing secretome, once the
percentage of differentiated cells was similar to the levels of free secretome, which was in higher contact
with cells during the experiment. In the case of neurite outgrowth, starPEG-Hep+sec promoted a
significantly higher percentage of neurofilament area, in contrast to free secretome that was removed
after 48h.

The last question of this work (Chapter ll) was to evaluate the capacity of the developed release system
in promoting motor recovery in T8 transection SCI rat model. This results in a very severe lesion, when
compared with hemisection or contusion models [34]. This happens due to complete interruption of
neuronal transmission when cutting the spinal cord, resulting in total paralysis of the hindlimbs. Besides
this, the total transection model does not reproduce the most frequent lesions in human [35]. However,
in tissue engineering field, particularly with biomaterials, the advantage of this model is related with the
depot created upon lesion that is easily filled by the hydrogel (combined or not with a loading agent)
[34,36].

Motor recovery indicated that starPEG-Hep+sec led to a more robust motor recovery, traducing in
significance BBB score at two, and six and eight weeks in comparison treated groups. Interestingly, lower
motor recovery was observed in animals treated with local secretome, evidencing that local treatment
has a low potential to promote regeneration, probably due to fast clearance from injury site. These results
are in accordance with neurite outgrowth in spinal cord slices cultures (Chapter 1l) where the free
secretome condition had a lower neurite extension. Gross motor function or sensorial function were
evaluated, but no significant recovery was observed. Histological analysis revealed a significant reduction
of ameboid microglia, associated with a more active state, in animals treated with starPEG-Hep+sec in
comparison to free secretome or vehicle. Importantly, animals treated with only starPEG-Hep+NbA, did
not show further inflammation at injury site, which has disclosed the safety of the hydrogel. Other markers
for astrocytes (GFAP), axonal regeneration (NF), or blood brain barrier integrity (SMI-71) did not present
significant results. Regarding the SMI-71 results, it would be interesting to evaluate the vascular integrity
in early time points, once BSCB integrity is gradually restored until 14 days post-injury [37]. Coupling with
an assessment of BBB permeability with occludin, would clarify the revascularization process after lesion
[38]. Restoration of vasculature in SCI is crucial to restore nutrient diffusion and cellular maintenance

[39]. Altogether, these results reinforce the fact that hASCs secretome was mainly impacting as
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immunomodulatory agent locally. Systemic characterization of inflammatory levels was also performed
during three distinct phases of the condition (acute, intermediate and chronic). From acute to chronic
stage, starPEG-Hep+sec treated group promoted increased levels of IL-10, an anti-inflammatory cytokine.
At the same time, CD86 and MCP-1, have different expressions. CD86, a M1 marker, is highly expressed
at 48h and decrease in intermediate and chronic phase, compared with animals treated with vehicle. In
case of MCP-1, a decreased expression in acute phase is counteracted with increased expression in
chronic phase. All inflammatory processes could be mediated by pro- and anti-inflammatory cytokines
highly released in membrane-based protein arrays (Chapter Il). This includes IL-4 and IFN-y demonstrated
to be able of inducing IL-10 increase systemically [40,41] or VEGF that promote motor recovery by
reducing autophagy [42]. This could also point out that inflammatory stimulus could in some extent
contribute to regenerative favoring [43,44]. Remarkably, even though the treatment was applied locally,
it also has the capacity to modulate the systemic inflammatory response.

Despite some improvements that could be done in order to refine the use of starPEG-Hep+sec as delivery
systems, in this work we demonstrated for the first time that a biohybrid hydrogel was able to sustainably
release hASCs secretome. Several factors released were found to play a critical role in modulating
essential processes to foster regenerative processes, demonstrated by increase neuronal differentiation
and neurite outgrowth in /i vifro assays. SCI lesioned animals were capable of a significant motor
improvement when treated with starPEG-Hep+sec compared to other treated groups. We have shown
that modulating the inflammatory response after lesion is primarily responsible for this recovery.
Altogether, this data highly supports the use of starPEG-Hep+sec to trigger and modulate pro-regenerative

processes, which may offer an effective clinical approach to tackle SCI.
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Previous studies have highlighted the robust beneficial effects of ASCs secretome in modulating crucial
processes in SCI regenerative medicine. Herein, using a hydrogel as a release system, we showed the
controlled and prolonged release of ASCs secretome that is positively associated with regenerative events

/n vitro and /n vivo models.
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Future Perspectives and Concluding Remarks

Independently of the interesting results achieved in this work, there are important questions that should
be considered and addressed to improve the therapeutic approach herein presented. Herein we have
shown that starPEG-Hep loading secretome hydrogels where capable of promoting motor recovery mainly
by reducing the pro-inflammatory response local and systemically. It would be interesting to explore this
role in /n vitro cultures, either by evaluating the microglia response in primary cultures with neurons,
astrocytes and microglia interactions [45]. The next step would be the translation for a contusion SCI
animal model, if possible, in cervical regions (most frequent human injuries). To emphasize, the hydrogel
used is suitable for injection and /n sifu polymerization, which confers an advantage for its use. However,
for contusion injuries, it would be interesting if, upon injection, it could form a thin layer, like a sealant,
in @ manner to cover all lesioned area and release secretome at the same time. Looking at mechanical
characteristics it would not promote further compression due to low swelling degree. At the same time,
considering slightly increasing the secretome volume could also benefit the regenerative process. Lately,
the translation for other animal models such as dogs, pigs, or primates should be considered for clinical
translation. It is important to highlight that starPEG-Hep have been extensively used in the context of
wound healing in animal models with proven safety, but more than that, PEG is an FDA approved material
and already used in food, cosmetics, pharmaceuticals, and medical devices, which is an advantage for
the bench to bedside translation [46-48].

Despite of what is already known about hASCs secretome and their advantages when compared with cell
transplantation, it is important to pursue the knowledge of their components and their role in regenerative
processes. Moreover, genetic MSCs modification is a possible strategy to enhance beneficial effects of
growth factors, cytokines chemokines or even vesicles present in secretome [49]. In this way, processes
such as axonal regeneration, vascularization or even cell survival could be privileged. Also, the scalable
production of secretome to clinical translation using bioreactors in GMP conditions is an ongoing work
that will favor this therapy.

Overall, herein we present for the first time a hydrogel capable of efficiently loading and release hASCs
secretome for an extended period of time. In the field, this is a very important step in the development of
drug delivery systems locally. Thus, many important issues raised during clinical trials could be
surpassed.

During decades SCI field has witnessed major breakthroughs and only recently we could testify for the
first time clinical gains, with help of electrostimulation [50]. This is a turning point in the field and a hope
for people in the same condition. However, lost functions were not recovered permanently. The near
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future will challenge us in developing interconnected knowledge in diverse subjects not only biology,
chemistry, pharmacology but also physicians, doctors, engineers, informatics in a way to develop a robust
therapy in which all single potentials are linked. Pharmacology, cell free-based therapies, and biomaterials
could target the regeneration of biological processes in the acute phase, while electrostimulation or even
artificial intelligence (IA) could bypass the spinal cord injury and stimulate neural circuitries to induce
movement in more intermediate and chronic phases. All of those processes should be strongly connected

with rehabilitative processes in a way to recover the deleterious effects experienced after SCI lesions.
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