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ABSTRACT

Aging is characterized by a progressive decline in tissue function and integrity and an overall decline in
regenerative potential. This reduction can be attributed to stem cell intrinsic dysfunctions and alterations
in the local and systemic environments, including age-related immune dysfunction. The skeletal muscle
is a paradigmatic model to study age-associated loss of regenerative capacity. Muscle repair depends
on the precise coordination between myogenesis and the immune response and relies on the balance

between pro- and anti-inflammatory signalling.

Mesencephalic Astrocyte-derived Neurotrophic Factor (MANF) is an evolutionarily conserved protein
with immunomodulatory and tissue repair functions. MANF is widely expressed in the body and was
found to be transiently induced during skeletal muscle regeneration, particularly by pro-repair
macrophages. However, its levels are downregulated during aging, which is associated with

impairments in muscle regeneration and immune responses.

In the present study, we intend to investigate the role of MANF in the process of immune modulation
during skeletal muscle regeneration. Here, we demonstrate that organismal MANF loss results in a
severe regenerative failure with accumulation of necrotic fibres and failure in myofibers formation.
Ubiquitous loss of MANF disrupts the immune response to damage, affecting myeloid accumulation,
macrophages transition towards a pro-repair state, bone marrow emergency hematopoiesis and the
numbers of circulating monocytes. We further explore the specific role of MANF on macrophages,
identifying a potential autocrine function in the phenotypic transition of macrophage subpopulations. In
addition, we uncover intrinsic alterations in pro-repair macrophages with MANF ablation that can be

associated with defective digestion of cellular debris.

This work demonstrates how a systemic immune modulator can regulate the immune response to tissue
damage at multiple levels, including in the production of myeloid cells and locally during the regenerative

process.

Keywords: MANF, Immunomodulation, Regeneration, Skeletal muscle, Aging, Macrophages
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RESUMO

O envelhecimento é caracterizado pela reducéo progressiva da integridade fisioldgica e por um declinio
da capacidade regenerativa dos tecidos. Este fenébmeno esta associado a limitagdes intrinsecas das
células estaminais e a alteracBes sistémicas e do nicho onde se inserem, incluindo alteracbes da
resposta imune. O musculo esquelético € um modelo classico utilizado no estudo da redugédo da
capacidade regenerativa associada ao envelhecimento. A sua regeneracdo depende de interagcfes
altamente reguladas entre as células estaminais musculares e as células imunes e de um equilibrio

entre os sinais pro- e anti-inflamatérios.

O Fator Neurotrofico derivado de Astrécitos Mesencefalicos (MANF) é uma proteina conservada,
expressa por varios tipos celulares, com fun¢des imunomoduladoras e de reparacao tecidual. Durante
a regeneracdo muscular, o MANF é transitoriamente expresso, particularmente por macréfagos anti-
inflamatérios. Porém, durante o envelhecimento, os seus niveis estdo reduzidos o que se associa ao

comprometimento da regeneracao e da resposta imune.

Neste estudo temos como objetivo investigar o papel do MANF na regulagéo da resposta imune durante
aregeneracao muscular. Assim, demonstramos que a auséncia completa de MANF resulta num severo
comprometimento da regeneracao, com acumulacéo de fibras necroéticas e falha na formacao de novas
fibras. A perda ubiqua de MANF provoca uma falha da resposta imune, afetando a acumulagéo de
células mieloides, a transicdo fenotipica dos macrofagos, o processo hematopoiético de emergéncia e
a constituicdo celular do sangue. Exploramos também o papel especifico do MANF nos macréfagos,
identificando um possivel mecanismo autdcrino na transicdo fenotipica dos macréfagos. Por fim,
identificamos alteracdes estruturais nos macréfagos pro-regenerativos com delecdo de MANF,

potencialmente associadas a falhas na digestdo de material celular.

Assim, este trabalho demonstra como um modulador imune sistémico pode regular a resposta
imunolégica ao dano tecidual a varios niveis, incluindo na produgéo de células mieloides e localmente

durante o processo regenerativo.

Palavras-chave: MANF, Modulacdo imune, Regeneracdo, Musculo Esquelético, Envelhecimento,

Macréfagos
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INTRODUCTION

1.1 Aging

World’s population aging is a worldwide phenomenon that reflects, in large part, the advances in public
health and scientific, technological, and socioeconomic development®2. In 2019, approximately 703
million people were 65 years old or more and the elderly population is expected to more than double in

the next 30 years, reaching more than 1.5 billion in 20501,

Nowadays, all societies are experiencing an increment in life expectancy. This, associated with the
decline of fertility, contributes to an increasing elderly population at a faster pace than before. This
ongoing fast demographic shift is accompanied by socioeconomic and health challenges since aging
represents a major risk factor for debilitating and life-threatening diseases, all of which are increasing in

prevalencel?

At a biological level, aging is a complex process characterized by a progressive decline of integrity and
function of most tissues, which leads to increased cell and tissue damage and vulnerability to
diseases?®4. Despite being an extremely heterogeneous process, that depends on genetic inheritance
and physical and social environments, aging is associated with many conditions including chronic,
degenerative, metabolic,  cardiovascular,  pulmonary, immune, and  musculoskeletal
diseases/disorders®®. Moreover, older people are more likely to experience comorbidities and geriatric

syndromes®.

Therefore, a better understanding of the aging process and its role in such diseases is crucial to prevent

disease development and progression and to improve the quality of life of the elderly.

1.1.1 Hallmarks of Aging

A series of interrelated processes, known as hallmarks of aging, are considered the fundamental
mechanisms underlying aging. These hallmarks may have different contributions to cellular and tissue
damage among different people, so collectively, they define the aging phenotype3. They can be divided
into different categories. Processes that can be direct causes of damage are considered primary
hallmarks and include genomic instability (accumulation of mutations throughout life), epigenetic
changes, telomeric attrition and loss of proteostasis. On the other hand, mitochondrial dysfunction,

senescence, and deregulation of nutrient sensing are recognized as antagonistic hallmarks since, at



low levels, they are positive responses to damage but over time, when exacerbated, become detrimental
and damaging. Lastly, integrative hallmarks arise from accumulated damage induced by the previous
hallmarks and are ultimately responsible for the phenotype. These include stem cell exhaustion

(reduction and dysfunction) and alterations in intercellular communicationss®.

Taken all together, these hallmarks contribute to one of the most evident characteristics of aging: the

decline of the overall regenerative capacity of the organism3.

1.1.2 Inflammaging and Immunosenescence

An important age-related alteration at the intercellular communication level is known as inflammaging.
This is described as a chronic, sterile, and low-grade state of inflammation that progresses with age?®
and is characterized by increased basal levels of pro-inflammatory markers, including interleukin 1 beta
(IL-1B), interleukin 6 (IL-6), tumor necrosis factor-a (TNFa) and C-reactive protein. Inflammaging has
been associated with the etiology and progression of numerous age-related diseases and with increased

vulnerability, morbidity, and mortality in the elderly”’.

This persistent inflammatory state can have multiple causes?® involving the exacerbation of pro-
inflammatory signalling. The diversity of stimuli triggering inflammaging usually converges on a few
mechanisms and pathways such as overactivation of the nuclear factor kappa B (NFkB) signalling and

activation of NLRP3 inflammasome3.7:8,

Accumulation of cellular debris due to increased production and/or deficient clearance, mitochondrial
dysfunction and dysfunctional autophagic responses may lead to this aged-associated phenotype347.
Moreover, the accumulation of senescent cells associated with aging can contribute to inflammaging.
These cells exhibit severe alterations in their secretome, described as senescence-associated secretory
phenotype (SASP) that is characterized by the enrichment of pro-inflammatory cytokines, chemokines,

and extracellular matrix (ECM) metalloproteinases®?.

Notably, during chronological aging, the immune system also undergoes remarkable alterations that
lead to impaired immune responses, which contribute to inflammaging’. This is described as
immunosenescence and affects both innate and adaptive immunity. This process results in increased

vulnerability to infections and diseases and may result in chronic systemic inflammation®?,

The impact of aging on adaptive immunity has been well studied and it is established that its function
declines with age”:8. On the other hand, innate immunity alterations due to aging have been associated
with a defective and dysregulated response, with either loss or gain of function (hyperactivity)”°. For
instance, old monocytes/macrophages remain in a chronically activated state, with more and persistent
expression of inflammatory molecules’®. These cells have a dysfunctional activity, exhibiting an impaired

phagocytic capacity®11.



As further explained in the next sections, healthy macrophages have a crucial role in inflammatory
initiation and resolution, being able to switch from pro-inflammatory to anti-inflammatory phenotypes.

This event may also be impaired with aging213.

Taken together, these age-related immune alterations result in an imbalance between anti-inflammatory
and pro-inflammatory signalling/responses*, which contributes to tissue dysfunction and frailty and may
be associated with deficient regenerative capacity”!*.

1.1.3 Regenerative Capacity and Aging

Regeneration refers to the ability to replace and reconstitute lost/damaged cells, tissues, and structures.
This comprises tissue turnover and responses to injuries. All organisms have some regenerative
potential, which is essential for survival. However, this capacity varies greatly among species and
tissues and throughout life1415,

Contrasting with other organisms, mammals have a very limited regenerative capacity, which relies on
tissue-resident stem cells'>16, The healing process after an injury in mammals differs, depending on the

nature and the extent of the injury and on the regenerative potential of the tissue involved416,

Tissues with high regenerative ability, like skeletal muscle, liver and skin, can completely regenerate
after an injury. These tissues can restore the normal and functional structure of the tissue by proliferation
and differentiation of local stem cells. However, most tissues are incapable of complete regeneration,
often leading to scar formation at the expense of tissue structure and function. Notably, very severe
tissue damage often results in incomplete restoration and fibrotic scarring, even in tissues with high

regenerative potentiall416.

During aging, the regenerative potential declines, which is associated with tissue loss of function and
structure and correlates with the general organismal decay'®. Given the central role of stem cells in the
regeneration process throughout life, aged-associated alterations in these cells, which are considered
a hallmark of aging, contribute to compromised tissue maintenance and regeneration*15, Alterations in
stem cells include loss of self-renewal ability, functional and potency decline and alterations in

proliferative behaviour315,

In addition to intrinsic alterations in stem cells, changes in extrinsic factors during aging can also
contribute to this age-related regenerative decay. These include alterations in the stem cell niche (where
they reside) and in the systemic environment, for instance, in the immune system#15. It is known that
successful regeneration requires an effective biphasic immune response, that involves a first wave of
pro-inflammatory signalling and a second wave of anti-inflammatory and pro-repair activity!”. This
response is precisely coordinated with stem cell activity and function, optimizing tissue clearance and

remodelling. The balance between pro-inflammatory and anti-inflammatory signalling can affect the



regeneration outcome, which is particularly relevant during aging, as this process is characterized by

inflammaging and immunosenescence, as previously mentioned?®.

Addressing the factors and mechanisms underlying the age-related regenerative decline provides
insights into major roadblocks to effective tissue regeneration, which has potential high clinical
relevance, especially, for regenerative medicine. This branch of medicine aims to develop therapies that
restore and rejuvenate tissues using endogenous stem cells or exogenous cells derived from
stem/progenitor cells. However, these interventions require a good understanding of the limitations
imposed by the aging environment. Considering the collective role of intrinsic and extrinsic factors on
regeneration potential, new approaches targeting them are emerging to improve stem cell-based

therapies in old organs #1115,

1.2 The Skeletal Muscle

A paradigmatic example of regeneration capacity is the skeletal muscle.

Skeletal muscle is considered one of the most abundant tissues in the body!® and represents
approximately 40% of total body mass!920, This tissue is controlled by the somatic nervous system and
is essential for several different and vital functions, namely voluntary and reflex movement, postural
support, breathing, etc. It also controls thermogenesis2°2! and energy demands by regulating hormones
and energy reserves?%22, This tissue is characterized by high plasticity and adaptive capacity to
physiological demands. It has a remarkable regeneration potential, allowing the formation of new fibres

and tissue repair after severe injuries?°.23,

In addition to the striking regenerative and plasticity capacity, skeletal muscle is a very accessible tissue
and there is a diversity of experimental models that could be used to compromise the muscle tissue and
induce a regenerative pressure. This way, skeletal muscle is a classic and excellent model to study

tissue regeneration?2,

Importantly, the regenerative capacity of skeletal muscle also undergoes marked decay with age,

highlighting the importance of this tissue in regenerative and aging studies?”.

1.2.1 Skeletal Muscle Anatomy/Physiology

Skeletal muscle is composed of cylindrical and multinucleated fibres, known as myofibers, surrounded
by connective tissue mainly composed of collagen fibrils. The entire muscle is encircled by an outer
layer of dense connective tissue denominated epimysium. This layer is connected to the tendon, or in
some cases, directly to the periosteum of bones, allowing muscle contraction while maintaining its
structural integrity?2. Within the muscle, myofibers are arranged in parallel bundles called fascicles, each
one involved in another connective tissue layer designated perimysium. Inside each fascicle, myofibers

are surrounded by a thin layer named endomysium. This whole connective tissue network provides
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support to the muscle and allows vascularization and innervation necessary to the tissue20:21.24, Besides
the endomysium, myofibers are encircled, more internally, by a basal lamina and a plasma membrane
called sarcolemma. Each myofiber is a long contractile cell that has a high-protein synthesis demand.
Within each cell, proteins are organized in myofibrils composed of myofilaments, namely, actin and
myosin. These, alongside other regulatory and structural proteins, are highly arranged in groups,

forming the sarcomeres, which are considered the basic functional/contractile unit of skeletal muscle?.

Importantly, several different cell types reside in the skeletal muscle allowing its maintenance throughout
life, including muscle stem cells (MuSCs), mesenchymal stem cells, fibroblasts, and resident immune
cells?0.

1.3 Regeneration of Skeletal Muscle

Skeletal muscle is prone to different injuries throughout life, including mechanical trauma, myotoxic
agents, degenerative diseases, ischemia, exposure to hot or cold temperatures, etc. These injuries

disrupt myofibers integrity triggering a regenerative process2526,

The high regenerative potential of this tissue is, in large part, mediated by muscle stem cells (MuSCs),
also known as satellite cells, that are able to engage the myogenic program and give rise to new
myofibers. Nonetheless, the regulation of this process involves the cooperation of numerous other cell

types and molecular components, being a tightly coordinated process?¢.

Thus, the regeneration process is characterized by a sequence of interlinked events that include
necrosis of injured myofibers, inflammation, MuSCs proliferation/differentiation, maturation of the newly
formed fibres and remodelling of the restored tissue!423. The regeneration phases are similar following
different causes of injury, though the kinetics and amplitude of each may vary depending on the nature
and extent of the injury?’. The immune response and myogenesis are precisely coordinated, highlighting

the pivotal role of both responses in muscle tissue regeneration428,

1.3.1 Muscle Stem cells

MuSCs lie underneath the basal lamina, along the entire length of muscle fibres and in close proximity
to them?223, They represent 2.5%—6% of nuclei of a given muscle fibre, however, the proportion of
MuSCs depends on several factors including muscle type, age, and species?. Like other stem cells
found in adult tissues, MuSCs are characterized by their self-renewal and multipotency capacity. Thus,
these cells can both replicate themselves, ensuring the stem cell pool maintenance, and generate

progeny of committed progenitors capable of generating myofibers and restoring the damaged tissue?.

Considering that skeletal muscle is a low turn-over tissue with reduced homeostatic renewal, MuSCs

aren’t constantly active throughout life. Instead, MuSCs remain in a quiescent state and become



activated upon a regenerative pressurell. They express different surface and nuclear markers such as

a7-integrin and paired box transcription factor 7 (Pax7)2°.

MuSCs reside in a niche, which is considered any cell population, tissue, or ECM in direct contact or
close to the MuSCs, influencing their activity and function. MuSCs activity and fate depend on dynamic

interactions between non-myogenic cells (immune and stromal cells) and ECM components?.

1.3.2 Myogenesis

Under normal resting conditions, MuSCs are in a quiescent state and are characterized by the high and
continuous expression of the Pax7, that is essential for their maintenance. In this state, MuSCs are in a

GO phase, exhibiting a reduced metabolism rate20.23.30,

After an injury and tissue damage, several different extracellular signals such as growth factors and pro-
inflammatory cytokines are released and stimulate the MuSCs’ reentry into the cell cycle and therefore,
its activation20:23.31, Activated MuSCs proliferate and migrate to the site of injury, originating myogenic
progenitors, or myoblasts, that are characterized by the expression of the early myogenic commitment
markers: myogenic regulatory factor 5 (Myf5) and/or myogenic differentiation protein 1 (MyoD)23. These,
together with myogenin and myogenic regulatory factor 4 (MRF4), are myogenic regulatory factors that

are sequentially expressed to control the myogenic programs3?,

MyoD plays a key role in the proliferation and subsequent differentiation phase of myoblasts. It facilitates
the cell cycle’s exit through the induction of cell cycle inhibitors and enables the transition to the
differentiation phase through the upregulation of myogenin. This last is an important differentiation factor
since it activates genes implicated in contractility such as myosin heavy chain and troponin. MRF4 also

plays an important role in late differentiation20-31,

Once myoblasts start to differentiate, they become myocytes with an elongated shape?® and begin to
fuse with each other giving rise to new multinucleated fibres (myotubes), or fuse with the damaged fibres
to repair them2031, Newly formed myofibers, then, need to mature and develop all the proteins and
organelles necessary to become completely functional. Thereafter, the function and structure of muscle

tissue can be fully repaired?°.

It is important to mention that a subgroup of MuSCs withstand this myogenic process through the

downregulation of MyoD, to maintain the MuSCs pool?3.

Myogenesis (Figure 1.1) can be characterized and identified by a series of morphological/histological

alterations in skeletal muscle tissue. New myofibers are identified by their small calibre and centrally



located nuclei. They are also characterized by the expression of embryonic myosin heavy chain (eMHC),

a protein that otherwise would only be present during embryonic development23:31,
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Figure 1.1 - Myogenic process during skeletal muscle regeneration

Upon an injury, quiescent muscle stem cells (MuSCs) become activated and proliferate originating myoblasts,
that differentiate into elongated myocytes. These cells then fuse and mature, giving rise to new myofibers. During
this process, MuSCs also sustain the maintenance of the stem cell pool producing undifferentiated progeny (self-
renewal). Myogenic cells express different key modulators during the different stages of myogenesis. Quiescent
and activated MuSCs express the paired box transcription factor 7 (Pax7). Myoblasts are characterized by the
expression of myogenic regulatory factor 5 (Myf5) and/or myogenic differentiation protein 1 (MyoD). During
differentiation, myocytes express myogenin and myogenic regulatory factor 4 (MRF4). New fibres express
embryonic myosin heavy chain (eMHC). Adapted from reference %.

1.3.3 Cells supporting myogenesis

The muscle regeneration process is supported not only by MuSCs but also by other resident and
infiltrating cell types, that play important regulatory functions3232, Immune cells, endothelial/vascular
cells and fibro-adipogenic progenitors (FAPs) are among the non-myogenic cells that contribute to

effective muscle repair.

FAPs are a bipotent mesenchymal cell type present in the interstitial space of the myofibers that can
differentiate into fibroblasts and adipocytes and are characterized by the expression of platelet-derived
growth factor receptor-a (PDGFRa) and stem cells antigen-1 (Scal)?332:33, Upon an injury, FAPs also
became activated, having an important role in supporting myogenesis®?. These cells secrete different
proteins and molecules such as growth factors and cytokines that remodel the ECM and contribute to
MuSCs commitment and differentiation. For instance, these undifferentiated FAPs can secrete
molecules like IL-6, Insulin-like growth factor 1 (IGF-1) and Wntl that stimulate the differentiation of
myoblasts32:33,

During regeneration, vascular cells also dynamically interact with MuSCs, which is essential for
revascularization but also for MuSCs regulation. Particularly, endothelial cells promote MuSCs growth

by secreting a diversity of growth factors including IGF-1, platelet-derived growth factor (PDGF) and



vascular endothelial growth factor (VEGF). Endothelial cells also secrete cytokines that promote the

recruitment of immune cells to the injury site 28.29,

1.3.4 Immune response during skeletal muscle regeneration

The immune system plays a crucial and complex role in tissue repair since the immune cells are involved
in multiple stages of the regeneration process and interact dynamically with other cells, which ultimately
determines the fate of the damaged tissue. Whether immune activation leads to complete regeneration
and reconstitution of functional tissue or to scarring and fibrosis is determined by numerous factors
including age, species, availability and status of the stem-cell pool®4. Importantly, muscle healing

outcome also depends on the balance between pro-inflammatory and anti-inflammatory signalling?”.

Upon severe injury and consequent tissue damage, a complex inflammatory response is triggered. This
response is characterized by two main phases: a pro-inflammatory one, where leukocytes infiltrate the
lesion site and contribute to the inflammatory state, and an anti-inflammatory or restorative phase,
during which the tissue is reconstituted, and the inflammation is resolved. This shift in the immune

response is mandatory for muscle healing3.

1.3.4.1 Myeloid Cells and the immune response to injury

The innate immune system is considered one of the first lines of defence of the organism and is the
most conserved component of immunity across species, even though the complexity differs significantly.
Innate immune activity is readily activated in response to trauma or infection, being rapid but fairly non-
specific®. Components of innate immunity perform essential functions during the regeneration process,

and this involves both resident and infiltrating immune cells2°.

Tissue-resident immune cells, located within the interstitial space of the muscle, include resident
macrophages, dendritic cells, mast cells, a subset of patrolling monocytes, among others. These cells

act as sentinels, patrolling and sensing any alteration in tissue homeostasis20-3,

Upon an injury, the sarcolemma of myofibers becomes compromised and cellular components are
released into the extracellular space, triggering an immune response. This tissue-resident immune cells
became readily activated, in particular, by damaged-associated molecular patterns (DAMPSs) released
by the necrotic myofibers. These DAMPs comprise nucleic acids, proteins, lipids, and other metabolites.
Resident activated leukocytes, then, release a burst of cytokines and chemokines that facilitates the

infiltration of circulating immune cells into the lesion site?.

The first non-resident cells to be recruited within 1-3 hours after injury, are granulocytes, especially,
neutrophils (Figure 1.2). These cells respond to DAMPs and chemotactic signals such as CC-chemokine
ligand 2 (CCL2) and CXC-chemokine ligand 1 (CXCL1), secreted by resident cells.
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Figure 1.2 - Timeline of the inflammatory response triggered after an injury and the myogenic phase
associated.

Upon an injury, a complex immune response is initiated, and neutrophils are the first non-resident cells to invade
the tissue, reaching a maximum at 12-24h post-injury. Subsequently, circulating monocytes invade the tissue and
differentiate into pro-inflammatory macrophages, peaking around 2 days post-injury. In this pro-inflammatory
phase, factors secreted by the immune cells influence the myogenic process and stimulate the activation and
proliferation of the muscle stem cells. Then, macrophages transit towards an anti-inflammatory pro-repair state.
Consequently, the number of pro-inflammatory macrophages declines while the number of anti-inflammatory
increases. This anti-inflammatory phase occurs within 4-8 days post-injury and facilitates the differentiation of the
myogenic cells and the fusion and maturation of the myofibers. Original image, based on reference3®.

Neutrophils are essential for the initial removal of necrotic debris and further recruitment of more immune
cells since they have a high phagocytic capacity and release several pro-inflammatory cytokines,
chemokines, and enzymes/proteases!#3’. Their large contribution to the pro-inflammatory
microenvironment also influences the myogenic process?. During their activity, however, neutrophils
produce large amounts of Reactive Oxygen Species (ROS) and oxidative byproducts37. Although ROS
may activate important signalling pathways for muscle repair, overproduction and consequent excessive
oxidative stress can contribute to further tissue damage?537:38. Therefore, early invasion of neutrophils
is an indispensable response to muscle damage, but their activity must be limited36-38, Neutrophil
excessive recruitment and accumulation may exacerbate damage. In mice, these cells are typically
identified by the expression of lymphocyte antigen 6 complex, locus G (Ly6G) and high levels of integrin
alpha-M (CD11b)3.

The infiltration of neutrophils peaks around 12-24h post-injury and decreases over a period of 2-4

days'436. Following neutrophils, circulating monocytes are recruited to the site of injury.

In mice, two subpopulations of circulating monocytes can be distinguished based on the expression
levels of lymphocyte antigen 6 complex, locus C (Ly6C), C-C chemokine receptor type 2 (CCR2) and
Chemokine C-X3-C motif receptor 1 (CX3CR1)3°. The non-classical monocytes have low expression of
Ly6C (Ly6Ctow) and CCR2 and high levels of CX3CR1 and are known as patrolling monocytes. On the



other hand, the classical inflammatory monocytes are identified by the high expression of Ly6C
(Ly6CHigh) and CCR2 and low levels of CX3CR114:39, Also in humans, monocytes can be divided into
different categories. These subsets are identified according to the expression level of CD14 and CD16
and resemble, to some extent, the previously mentioned monocyte groups in mice. Mouse
Ly6CHigh monocytes are correlated with the human CD14Mish / CD16Ne9 monocytes whereas mouse

Ly6Co" monocytes correspond, at some level, to human CD14ew / CD16High 40,

Among the two subpopulations of mice’s monocytes, Ly6CHish monocytes are the ones recruited to the
injured muscle, in a process mainly dependent on CCL2/CCR?2 interaction, and once in the tissue, they

differentiate into Ly6CHig" macrophages3940,

Macrophages are a highly heterogenic population with high phenotypic plasticity, which means these
cells can adapt and adjust their phenotype and function accordingly to tissue necessities. Therefore,
they have crucial roles in homeostasis and tissue repair. These cells are considered central players in
the complex tissue response to injury, acting like both orchestrators and effectors of immune

responses!+26,

One of the major functions of macrophages is phagocytosis, which is essential for efficient muscle repair.
These cells accumulate in the damaged site within a few days after an injury and remove necrotic
myofibers and debris by phagocytosis. According to the literature, when the influx of macrophages to
the injury site is blocked, debris accumulates in the tissue, which contributes to an impaired regeneration
process*l. Moreover, macrophages are also capable of neutrophils’ clearance, which may contribute to
the resolution of the pro-inflammatory phase and accelerate the transition to an anti-inflammatory stage.
Clearance of cellular debris avoids continuous deleterious effects and chronic activation of

inflammation2841,

Besides being responsible for clearance and phagocytosis, macrophages mediate inflammation,
angiogenesis, remodelling of the ECM, fibrosis and regulate MuSCs activity through secretion of

cytokines, growth factors and other molecules!#.

Macrophages express the surface marker F4/80 and two main subpopulations can be discriminated by
the Ly6C expression levels. Ly6CHig" macrophages exhibit a pro-inflammatory phenotype while the

Ly6CLow population express higher levels of anti-inflammatory cytokines!+26,

In the initial phase of the immune response, Ly6CHigh monocytes/macrophages clear the injury site

through phagocytosis and release pro-inflammatory cytokines such as TNFa and IL-1B. These support
MuSCs activation and proliferation and delay the differentiation phase!*42. This pro-inflammatory phase

has a peak around 2 days post-injury (dpi)3e.

Then, as the inflammatory response proceeds, macrophages undergo a phenotypic transition towards

an anti-inflammatory state, altering their cytokine profile. Macrophages reduce the secretion of pro-
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inflammatory cytokines and enhance the expression of anti-inflammatory molecules. During this

phenotypic switch, macrophages decrease their levels of Ly6C and start to express CX3CR114.26,

These Ly6CLow Cx3Cr1High macrophages, originated from the Ly6CHish population, secrete high levels of
anti-inflammatory cytokines such as Transforming growth factor B (TGFB) and Interleukin 10 (IL-10)
allowing immune resolution. These cells support the myogenic commitment, differentiation of MuSCs,
fusion and maturation of myofibers. For that reason, this population of macrophages is also described

as pro-repair macrophages!*. This phase occurs within 4-8 days after injury?36.

The crucial role of macrophage subsets in the regulation of MuSCs and myoblasts during myogenesis

had been highlighted/validated by several in vitro and in vivo studies*243,

The phenotypic transition and the consequent immune resolution are essential for effective regeneration
and restoration of the muscle tissue structure and function. The immune response is tightly orchestrated,
both timely and spatially. If the pro-inflammatory signalling persists or the anti-inflammatory phase
begins prematurely, the regeneration process becomes impaired and muscle tissue may not be fully

recovered444,

Importantly, tissue-resident and recruited macrophages play important but fairly distinct roles in skeletal
muscle following injury. Local macrophages act as primary sensors, whereas recruited macrophages
intensify and regulate the inflammatory response. Furthermore, these can be developmentally distinct.
Macrophages originate, as mentioned, from circulating monocytes produced in the bone marrow but
tissue-resident macrophages may also self-proliferate in situ from macrophages early developed during

embryogenesis?8:37,

1.3.4.2 Origin of immune cells: Hematopoiesis

Following an injury, resident and infiltrating immune populations are recruited to the injured site and
contribute to the immune response. Nonetheless, the vast majority of immune cells that accumulate
within the damaged muscle are originated and recruited from the bone marrow (BM) and do not result

from the proliferation of resident populations.

Thus, during a muscular regenerative pressure, circulating immune cells that are produced in the BM of
adult mammals through a process known as hematopoiesis adhere to the blood vessels and migrate to

the injured muscle, invading the damaged tissue 2845,

Hematopoiesis is responsible for the generation of all blood cells and is a highly regulated process that
can be influenced by a diversity of signals, enabling adaptation to body requirements (which is essential
for an efficient immune response)*®47. Models of hematopoiesis have changed over the years and are
constantly being revised as new discoveries emerge6. However, it is established that this process is

initiated from hematopoietic stem cells (HSCs), that are characterized by their high self-renewal and
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multipotency capacity*648. These cells can produce all types of blood cells including cells from myeloid
and lymphoid lineages (Figure 1.3). Currently, HSCs are considered a highly heterogenic population
with different behaviours and lineage biases*® and can be divided into long-term (LT-HSC) and short-
term (ST-HSC). LT-HSC are a rare and generally quiescent population, with high self-renewal potential,
with only a small role in the homeostatic generation of blood cells#¢48. They can differentiate into ST-
HSCs, which are more transient, and that, subsequently, give rise to multipotent progenitors (MPPs)?.
In adult mice, all these cells are considered Lin-Scal+cKit+ (LSK cells), meaning that they express the
molecular markers Sca-1 and c-kit but lack lineage markers (Lin) present in mature lymphoid and

myeloid cells*®.

MPPs maintain high lineage differentiation potential but have a restrict or non-detectable self-renewal
ability®%51, This population is also extremely heterogeneous regarding lineage bias and fates,
immunophenotype, cell cycle state and bone marrow frequency and can be divided into four categories:
MPP1, MPP2, MPP3 and MPP44%50, The first group share similarities with ST-HSC and are likely to give
rise to the other MPPs#°. These last ones lack self-renewal capability and are more proliferative and

lineage-bias 4950,

MPP2/3 are myeloid biased, even though MPP2 produces higher levels of platelets being a
megakaryocyte/erythroid-biased subset. Both are functionally different from MPP4, which are primed
to lymphoid lineage. Although they exhibit this lineage tendency, MPP fate is not fixed and can be
redirected under particular circumstances and signals®%52, Moreover, it is known that MPP2/3 produce
low levels of lymphocytes and MPP4 generates low levels of myeloid cells®®. MPPs sustain
hematopoiesis and originate lineage-restricted progenitors, including common myeloid progenitors
(CMPs) and common lymphoid progenitors (CLPs). CMPs further give rise to bipotent granulocyte-
macrophage progenitors (GMPs) and megakaryocyte-erythrocyte progenitors (MEPS). Subsequently,
GMPs generate granulocytes and monocytes, MEPs originate megakaryocytes/erythrocytes and CLPs

give rise to lymphocytes B and T, Natural Killer cells and dendritic cells50-53,

All these populations of cells, in distinct differentiation states, co-exist in the bone marrow niche with
other non-hematopoietic cells that support this process. These cells include endothelial cells, fibroblast,
osteoblast and adipocytes, among others. Given the multicellular complexity of this microenvironment,
the BM is highly vascularized and innervated, which allows continuous communication between the

bloodstream and peripheral tissues?6.

This way, BM cell populations, including HSCs, progenitor cells and non-hematopoietic cells from the
niche, can sense/detect several environmental cues including inflammatory signals and adjust
accordingly, increasing proliferation, lineage skewing and immune cell production, and, ultimately,

contributing to an efficient inflammatory response*6.54,

12



Stem Cells and Multipotent Progenitors Committed Progenitors

GMP
MPP2 Granulocyt
Y ranu €S
| —»
- \ cMp @ Monocytes
./""\.
LT-HSC ST-HSC MPP3 / @ MEP
T 4D Platelets
—> —» MPPs [ —» () { | —»
O < . Erythrocytes
MPP4 CLP
\*P F A Lymphocytes
) —> ( _
\-"' ) NK cells

Figure 1.3 - Schematic illustration of the hematopoietic process in the bone marrow.

Long-term hematopoietic stem cells (LT-HSCs) have high self-renewal potential and can differentiate into short-
term hematopoietic stem cells (ST-HSCs), with less self-renewal ability. These, in turn, differentiate into multipotent
progenitors (MPPs) with very restricted renewal ability. MPP can be divided into the lineage-biased MPP2, 3 and
4. MPP2 and MPP3 are myeloid-biased originating higher levels of common myeloid progenitors (CMPs) and
MPP4 are lymphoid-biased, giving rise to common lymphoid progenitors (CLPs). However, MPPs can originate
cells from both lineages. CMP and CLP are committed progenitors. CMP can generate granulocyte-macrophage
progenitors (GMPs) and megakaryocyte-erythrocyte progenitors (MEPs). GMPs give rise to granulocytes and
monocytes (and further macrophages), MEPs differentiate into megakaryocytes/platelets and erythrocytes and
CLPs originate lymphocytes and NK cells. Cells generated in the bone marrow are then released into the
bloodstream. Original image, based on reference 0.

1.4 Skeletal Muscle Aging

1.4.1 Sarcopenia

Skeletal muscle is a paradigmatic model to study regeneration but also tissue aging. With increased
age, skeletal muscle undergoes several structural and functional alterations, that ultimately lead to
sarcopenia, an aged-associated condition characterized by a generalized and progressive loss of
skeletal muscle mass and function. This muscle atrophy and loss of strength that define sarcopenia are
associated with increased vulnerability, physical disabilities, falls and fractures, poor quality of life and
even mortality?. In addition, sarcopenia has been associated with other age-related diseases such as
dementia, diabetes mellitus, obesity, and cardiovascular and respiratory diseases, being extremely
common in individuals with these conditions!%5556, Thus, sarcopenia represents a public health problem

of the elderly, and its prevalence is expected to rise, as a result of the world’s population aging?.

The gradual loss of mass characteristic of skeletal muscle aging and sarcopenia is mainly attributed to
the reduction in the number and size of myofibers. In addition, skeletal muscle aging is also
characterized by accumulation of intermuscular adipocytes, enhanced fibrosis, and muscle stiffness.
With advanced age, there is also gradual loss of innervating motor neurons and vessels in the skeletal

muscle, which, altogether, contribute to progressive loss of power and endurance557,
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During aging, skeletal muscle also undergoes a significant reduction in the regenerative potential, which
may be associated with sarcopenia. The failure to replace damaged fibres and restore the muscle tissue

may contribute to gradual loss of mass and strength®8.

Skeletal muscle aging phenotype is influenced by intrinsic and extrinsic factors such as immune and

metabolic alterations, hormonal imbalances and diet and nutrition>8.

1.4.2 Impact of aging on MuSCs

During aging, the regenerative potential of skeletal muscle declines and this is largely associated with

an age-related reduction in MuSCs functionality and number.

Aged-linked defects in MuSCs occur due to cell-autonomous and environmental alterations that
influence their behaviour!’. As a consequence, aged MuSCs have a reduced capacity for activation and
proliferation upon an injury, producing insufficient progeny to sustain the regeneration process.
Moreover, the MuSCs progeny show limited differentiation capacity and lineage skewing. Aged MuSCs
also reveal a reduced ability to self-renew and replenish the stem cell pool, which partly explains the

substantial decrease of MuSCs numbers in aged musclel?58,

Quiescent MuSCs undergo intrinsic age-associated alterations that compromised their responses to
regenerative cues. Altered proteostasis, deficient protein quality control mechanisms, mitochondrial
dysfunction, altered autophagic response, telomeric attrition, changes in metabolic pathways, and
consequent, epigenetic alterations are all mechanisms that can drive MuSCs’ decline of function1.58,
Furthermore, resting MuSCs become irreversibly pre-senescent, losing their quiescent reversible state,
as demonstrated in geriatric mice. This state leads to complete senescence upon a regenerative

pressure®®.

MuSCs aging is also driven by alterations in the systemic and local environments. These include
modifications in the inflammatory signals, growth factors and extracellular matrix. Signals from

circulation can influence MuSCs directly or induce changes in the niche?”.

The importance of the systemic factors is supported by heterochronic parabiosis studies, where the
circulatory systems of young and old mice are joint, allowing the exchange of circulating factors and
cells. These experimental interventions had shown that impaired regenerative capacity found in old
muscles can be reversed after exposure to a young systemic environment. On the other hand, the
MuSCs function and regenerative capacity of young skeletal muscle are worsened after exposure to an

old systemic milieu8°-62,

These studies highlight that the modulation of circulating factors in the elderly has an important effect
on regenerative capacity and the identification of such factors can be clinically important for rejuvenating

strategies in regenerative medicine. Evidence from this type of studies suggests that molecules
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implicated in immune modulation may be within the factors that contribute to tissues’ altered

regenerative potentialll,

Given the immune system’s role in muscle regeneration, aged-related alterations in immune cells may
contribute to a disrupted inflammatory signalling in old muscle, impairing MuSCs and myoblasts’
function?’. Bone marrow transplantations between young and old mice demonstrate that transplanted
BM cells from old donors were sufficient to impair MuSCs function in young mice and promoted
conversion towards a fibrogenic phenotype, highlighting the influence of the immune system on muscle

aging®s.

Multiple interventions have been suggested in the literature to restore the regenerative potential of aged
skeletal muscle. Considering the synergistic effects of intrinsic and extrinsic factors on the aged MuSCs
function, rejuvenating strategies are likely to depend on approaches that target both!?. Therefore,
potential interventions include stem cell-based therapies (involving ex vivo stem-cell approaches and
transplantation), niche-specific strategies, and systemic approaches!?-%4, Taking into account the
negative impact of immune dysregulation (characteristic of aging) on MuSCs function, immune
modulation has been considered a potential strategy to counteract or limit the regenerative capacity

decay!164,

1.5 Mesencephalic astrocyte-derived neurotrophic factor

Mesencephalic astrocyte-derived neurotrophic factor (MANF) is a highly evolutionarily conserved
protein found not only in vertebrates but also in invertebrate species such as Drosophila melanogaster
and Caenorhabditis elegans®5-67,

This protein was initially identified as a selectively protective factor for dopaminergic neurons in an
astrocyte-conditioned medium and, for that reason, classified as a neurotrophic factor (NTF)%8. NTFs
are essential secreted proteins expressed in the nervous system that promote neuronal differentiation,
growth, survival, and plasticity®. However, despite its neuroprotective activities, MANF protein is
structurally different from the classical NTFs. Moreover, it has a largely unknown signalling mechanism

and receptor, and its physiological functions are not limited to the nervous system?66.69,

MANF is widely expressed by most tissues in the human and mouse body®°7°. High levels of MANF
have been especially detected in secretory tissues, including salivary gland and pancreatic endocrine
beta cells and exocrine acinar cells, which may suggest an important role of MANF in cells with high
rates of protein synthesis and secretion. Low levels of MANF were detected in homeostatic skeletal

muscle. This protein has also been detected in human blood®9.71.72,

Manf gene has 4 exons and is located on mouse chromosome 9 and human chromosome 37374, MANF

is a highly soluble 18 kilodalton (kDa) protein with a dual functional location. Its primary protein sequence
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contains an N-terminal signal peptide targeting the intracellular MANF to the endoplasmic reticulum
(ER), where it acts as an ER-stress response protein®”6°, Thus, MANF expression and secretion are
induced and enhanced by ER stress®’. When the signal peptide is cleaved, MANF can be released in

the extracellular space and execute their extracellular functions67:6°,

1.5.1 MANF and Immune responses

Cytoprotective MANF activities have been demonstrated in several studies, not only in neurological and
neurodegenerative conditions, such as Parkinson’s disease and cerebral ischemia but also in pancreatic
b-cells, cardiomyocytes, and retinal cells’275-"7, Besides this biological function, recent studies have
suggested an important role of MANF in the regulation of immune responses. MANF protein is
expressed in immune cells and, although the mechanism involved remains relatively unexplored,
several studies have supported the idea that its activity is associated with negative regulation of
inflammation”67879, MANF acts as an immunomodulator in an autocrine manner, inhibiting pro-

inflammatory signalling/phenotype86.76.79,

This MANF role was particularly demonstrated in the context of retinal tissue damage in flies and mice.
In response to damage, MANF was transiently induced in immune cells (hemocytes in flies and
macrophages in mice) and this was found to be essential for tissue repair. Moreover, in this study, MANF
supplementation was sufficient to delay retinal degeneration, highlighting its conserved neuroprotective
function. In this study, MANF proved to be essential for its neuroprotective and tissue repair promoting
activities in the retina’®.

In another study, that used a rabbit model of arthritis, MANF was found particularly expressed by
fibroblast-like synoviocytes, one of the main inflammatory cell types in the synovium tissue, and its

functions were also associated with the inhibition of inflammatory signalling?®.

Heterozygous carriers of the Manf null allele mice, that exhibit half levels of MANF in circulation and
tissues, revealed signs of chronic inflammation with increased expression of pro-inflammatory cytokines

and accumulation of activated macrophages in several organs’®.

Thereby, MANF proved to have cytoprotective and immunomodulatory functions, which, synergistically,

may contribute to more efficient tissue recovery and regeneration®®.

1.5.2 MANF and Aging

MANF expression is altered by aging. Systemic MANF levels decrease with age in flies, mice, and

humans, which contributes to loss of tissue homeostasis, at least, in mice and flies?8.

A 2019 heterochronic parabiosis study suggested that MANF may be one of the factors in young blood

that contributes to the rejuvenating effects of these interventions in old animals. In this study, old wild-

16



type mice were exposed to the circulatory system of young heterozygous carriers of the MANF null allele
mice. The rejuvenating effects of heterochronic parabiosis were significantly impaired, indicating that
MANF is essential for complete liver rejuvenation. Moreover, MANF supplementation in old mice was
sufficient to ameliorate age-related inflammation and reduce age-associated tissue damage in the

liver’s,

These experiments support the notion that MANF is a systemic factor important for immune regulation
in the context of aging and tissue homeostasis.

1.5.3 MANF and skeletal muscle regeneration

As previously mentioned, MANF proved to be an immunomodulator whose effects improved immune
homeostasis in old animals, limited liver tissue damage and promoted retinal tissue repair. However, it

has been suggested that these beneficial effects of MANF are not limited to these tissues’s.

In a previously study from the group, it was demonstrated that MANF expression is transiently induced
during skeletal muscle regeneration in young mice, peaking at 3-4 days post-injury and progressively
declining afterwards. This expression is particularly induced in anti-inflammatory/pro-repair
macrophages. However, MANF production upon injury is affected by aging, since aged muscles did not
reveal a significant induction of MANF after injury®°.

In addition, old animals exhibit a blunted myeloid recruitment and an impairment/delay in the phenotypic
transition from pro-inflammatory to pro-repair macrophages, during the regenerative process. This was
associated with the decline in regenerative capacity and may be related to the reduction in MANF

expression.

Interestingly, a mouse model with conditional ablation of MANF in anti-inflammatory macrophages, that
mimics the age-related decline in MANF production, was able to recapitulate several phenotypes seen
in aged animals, including the defects in immune response during a regenerative pressure and the
impairment in skeletal muscle regeneration. MANF loss of function in anti-inflammatory macrophages

leads to an inflammatory crisis, formation of smaller myofibers and reduced MuSCs number®0.

This study supports the hypothesis that MANF expression is involved in the muscle regeneration
process, in particular, in the regulation of the macrophages’ phenotypic transition towards an anti-
inflammatory profile. Moreover, it suggests that aged-related MANF decline in macrophages is

associated with a reduction in regenerative capacity®.

Ultimately, this work highlights the relevance of MANF in immune modulation and skeletal muscle
regeneration and introduces this protein as a potential candidate for rejuvenating strategies for skeletal
muscle regeneration. However, the precise mechanism underlying MANF activity during the immune

response to injury remains unclear. Additionally, considering MANF’s widespread expression, it is not
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clear whether MANF originated from other cell types are compensating the MANF knockdown in pro-
repair macrophages, which is a limitation to fully evaluate the consequence of MANF loss for

regenerative success.

1.6 Aims of the project

In this project, we aim to expand the studies on the immunomodulatory functions of MANF during
skeletal muscle regeneration, characterizing the consequences of its ubiquitous loss for skeletal muscle
regenerative response. Additionally, we will explore the specific role of MANF in macrophages and its
association with the modulation of immune phenotypes during skeletal muscle regeneration. Thus, the

particular goals of this project are to:

= Characterize the consequences of ubiquitous MANF loss for regenerative efficiency (short and
long-term effects) and for the immune responses associated with muscle recovery.

= Characterize the consequences of ubiquitous MANF loss for the different cell populations
involved in skeletal muscle regeneration.

= Uncover the mechanism causing immune dysfunction in conditions of MANF loss of function.

= |dentify intrinsic defects in the MANF-deficient pro-repair population of macrophages
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2

MATERIALS AND METHODS

2.1 Animal Models

In this project, three different genetic mouse models with MANF knockout in distinct cell populations
were used. All animals were housed and bred in an accredited rodent facility at Instituto de Medicina
Molecular (iIMM). The experimental protocols and procedures were conducted accordingly to European
animal welfare policies and guidelines/regulations and approved by the iMM Animal Care and Ethical
Committees (iIMM-ORBEA).

For this study, a genetic mouse model with inducible and ubiquitous MANF knockout, identified as
Rosa26CREERT#Manf was generated. Mice carrying the Rosa26°RE-ERT gllele were purchased from
The Jackson Laboratory (004847). These mice have a tamoxifen (tam) inducible Cre-recombinase
sequence fused to a modified version of the mouse estrogen receptor ligand binding domain, located in
the GT(ROSA)26Sor locus, that is ubiquitously expressed. Manf mice were previously described. In
the Rosa26CREERT+Manfi Cre recombinase expressed in all cells upon tamoxifen induction recognizes

the locus of X-over P1 (loxP) sites that flank the Manf gene, allowing MANF ablation in all cells.

This project also includes experiments on the Cx3cr1CREER* Manf"! mouse model, whose generation
was formerly described’. In this model, the Cre recombinase gene is fused to an estrogen receptor
ligand binding domain placed in exon 1 of the Cx3crl locus. This way, this model allows the conditional
ablation of MANF in Cx3CR1 positive macrophages upon tamoxifen induction, enabling a temporal
control of the loxP-flanked Manf gene expression. Cx3cr1CREER* were purchased from The Jackson
Laboratory (021160).

Lastly, LysM®R¥*Manf a genetic model that allows the MANF ablation in macrophages in a
tamoxifen-independent manner was also used in this study. Manf mice were crossed with the LysMCRE
driver mice, that were purchased from The Jackson Laboratory (004781) and have a Cre recombinase
inserted in the lysozyme 2 gene expressed in myelomonocytic cells8:. Manf' mice littermates were

used as controls.
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2.2 Invivo procedures

2.2.1 Tamoxifen intra-peritoneal injections

Cre activity on both Rosa26CREERT+Manfifl and Cx3cr1CREERT+ Manf models was induced through
daily intra-peritoneal injections of tamoxifen (T5648-1G — Sigma) in sterile corn oil (20 mg/ml) at a dose
of 75mg/Kg of body weight. Control animals were littermates, with the same genotype, that received

the equivalent volume of only corn oil (sham injections) or Manf? mice that also received tamoxifen.

The tamoxifen/oil treatment began one day before the injury induction to allow MANF deletion before
the initiation of the regenerative process. The treatment continued the following days after injury to
ensure MANF ablation during this process. For survival analysis following muscle damage, tamoxifen

injections were given only before the injury.

2.2.2 Muscle injury

To stimulate the regeneration process, muscle injuries were conducted using a chemical method,
namely, barium chloride (BaClz) injections that induce myofibers degeneration. For this procedure, mice
were, firstly, anesthetized through isoflurane inhalation. Then, mice received intramuscular injections of
sterile 1.2% BaCl: (Sigma: 342920) in saline solution (0.9% NaCl, B. BRAUN) into one of the hindlimb
tibialis anterior (TA, 40ul) or quadriceps (QC, 50ul) muscle, depending on the experiment.

2.3 Genotyping

MANF deletion was confirmed by polymerase chain reaction (PCR) based genotyping. Primers

(Invitrogen) used permit de amplification of Manff allele and the sequences are listed in Table 2.1.

Table 2.1 - Sequences of the primers used for genotyping PCR.
The forward and reverse primers listed were used to amplify the Manf gene

Allele Forward Primer Reverse Primer

Manf ™ 5-TGAAGCAAGAGGCAAAGAGAATCGG-3" 5'- CCATGGTGATGCTGTAACTGTCACG -3

This MANF knockout confirmation method is based on the fact that the length of the amplicons obtained
by PCR differs depending on whether Manffl was excised or not. Cre recombinase, when active in cells,
induces recombination and excision between the LoxP sites that flank the gene exon 3. Therefore, intact
Manf lead to an amplicon with more than 1000 base pairs (bp), whereas excised Manf" results in an

amplicon of 786 bp.
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DNA used for PCR protocol was extracted from fractions of the mice ear, collected after mice sacrifice.
For genomic DNA extraction, 50ul of DNA extraction mix from Xpert direct Xtract PCR Kit (Grisp) were
added to each sample. This mix contains 10ul of Xpert directXtract Buffer A, 5ul of Xpert directXtract
Buffer B and 35pl of RNAse-free water. After guaranteeing that all tissue was submerged in the
extraction solution, samples were incubated at 75°C for 10 minutes to induce cell lysis and protein
denaturation. Then, samples were incubated for another 10 minutes at 95°C, for additional denaturation
and inactivation of the mix. Next, RNAse-free water was added to the extracted DNA at a 1:5 dilution.

DNA samples were kept at -20 °C until PCR analysis.

Each PCR reaction required a 25ul mixture containing 1ul of the extracted DNA, the forward and the
reverse primers in a final concentration of 0.4uM, RNAse-free water and 1x Xpert Fast Hotstart
Mastermix with dye (Grisp). This Mastermix comprises DNA polymerase, MgClz, and

deoxyribonucleotide triphosphates (ANTPs) necessary for each reaction.

PCR was carried out in a thermal cycler (C1000 Touch PCR thermal, BIO-RAD) according to the
conditions described below (Table 2.2). Then, the PCR products were analysed in 2% (w/v) agarose
gels prepared in 0.5x Tris-Acetate-Ethylenediaminetetraacetic acid (TAE; 20mM Tris, 10nM acetic acid
and 0.5mM Ethylenediaminetetraacetic acid (EDTA), pH 8.0). The nucleic acid stain GreenSafe
Premium (Nzytech) was added to the agarose solution (7ul/100ml solution) to enable the observation

of the PCR products during electrophoresis.

After gel polymerization, the molecular weight marker NZYDNA ladder V (Nzytech) and the PCR
products were loaded into the gel and run at 95 V for 45min, in 0.5x TAE solution. Electrophoresis was
performed in Wide Mini-Sub Cell GT Cell (Bio-rad) tanks using the PowerPac HC (Bio-rad) as the power

supply. Results were visualized using the ChemiDoc XRS and the Gel Imaging System (Bio-rad).

Table 2.2 - PCR program conditions for Manf” amplification

Time Temperature (°C) Number of cycles
5 min 94 -
15 sec 94 10X
30 sec 55-65* (*Reduction of
40 sec 72 1°C/cycle)
15 sec 94
30 sec 55 30x
40 sec 72
5 min 72 -
(0] 4 -
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2.4 Blood collection, processing, and analysis

2.4.1 Blood collection and processing

For blood collection, animals were lethally anesthetized, and blood was collected by heart puncture in
EDTA-coated tubes and kept on ice. Then, blood was transferred into a 15ml tube filled with 2 ml of 1x
Red Blood Cell (RBC) lysis buffer (Santa Cruz Biotechnology) and incubated for 15 minutes at room
temperature (RT) with periodic inversions. Samples were centrifuged for 5 minutes at 5009,
resuspended in 2 ml of 1x RBC lysis buffer and incubated once again for 15 minutes with regular
inversions. After a 5 minutes centrifugation at 500g, samples were resuspended in 1ml of Phosphate-
buffered saline (PBS) containing 2% Fetal Bovine Serum (FBS) and counted using a hemacytometer.

2.4.2 Blood cells Staining for Flow Cytometry and Gating Strategy

The characterization of blood cell populations was accomplished by flow cytometry (FC), which relies

on the presence of specific cell markers stained with fluorescent antibodies.

After cell counting, 500 000 blood cells from each animal were incubated in viability dye Zombie Aqua
(Biolegend) diluted at 1:1000 in PBS for 15 minutes on ice. After a 5 minutes centrifugation at 5009,
cells were incubated for another 15 minutes on ice with a Fc receptor block mix that consists of anti-
mouse CD16/32 FcyR (Biolegend) diluted at 1:250 in Brilliant Violet (BV) buffer. BV buffer is 1x Brilliant
Stain Buffer Plus (BD Biosciences) in PBS-2%FBS. CD16/CD32 are Fcy lll/Il receptors expressed on a
variety of immune cells including monocytes/macrophages, B cells, NK cells, and granulocytes, among
others®2. Therefore, this blocking step allowed saturation of these receptors prior to staining, avoiding
background or false positives in the following analysis. Subsequently, 50ul of BV Buffer containing the
antibodies mentioned in Table 2.3 were added to the blood cell solution and cells were incubated with

the antibodies for 30 minutes at 4°C, covered from the light.

Table 2.3 - Fluorochrome conjugated antibodies used for blood cell analysis by flow cytometry
Enumeration of the antibodies and associated fluorochromes, respective populations recognized, source
and dilution applied.

Antibodies and conjugated

Cell population identified Source Dilution

fluorochromes

PE anti-mouse F4/80 Macrophages Biolegend (123110) 1/50

APC anti-mouse Ly6C Monocytes/Macrophages eBioscience (17-5932-82) 1/200

FITC anti-mouse Ly6G Neutrophils Biolegend (127606) 1/400
APC-eFluor® 780 ) eBioscience

. Myeloid cells 1/200
anti-mouse CD11b (47-0112-82)

BV421 anti-mouse CD45R/B220 B cells Biolegend (103240) 1/20

BV785 anti-mouse CD3e T cells Biolegend (100355) 1/50
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After immunostaining, cold PBS was added, and the cell suspension was centrifuged for 5 minutes at
500g. Cells were fixed with intracellular (IC) Fixation buffer (Invitrogen) in PBS 2%FBS for at least 1h.
Then, cells were centrifuged at 5009 for 5 minutes, resuspended in PBS 2%FBS and filtered through a
5 ml Polystyrene Round-Bottom tube with a cell-strainer cap (Falcon) (herein named FACS tubes) for
FC analysis.
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Figure 2.1 - Flow cytometry gating strategy to analyse immune cell populations in mouse peripheral blood
A. Firstly, cells were selected by plotting the forward scatter (FSC) vs. side scatter (SSC), excluding cell debris.
FSC indicates relative differences in the cell size and SSC gives information about relative differences in cell
complexity or granularity. Front Scatter Width (FSC-W) vs. Area (FSC-A) plot was used to discriminate between
single cells and doublets. From the single cell population, the viable cells were selected. From here, the following
gates allowed the isolation of blood cells according to their specific markers. B. Discrimination between myeloid
cells (CD11bP°s) and non-myeloid cells (CD11bNe9) from the live cell population. C. Identification of T cells (CD3e"°%)
and B cells (CD45RP?%) from the CD11bNed population. D. Distinction between F4/80P° and F4/80N¢9 population
and E. selection of monocytes (Ly6CF°S) and neutrophils (Ly6GP°s) from the F4/80N®9 population.
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The gating strategy used is described in Figure 2.1. Initially, cell debris and doublets were excluded,
and viable cells were discriminated. From live single cells, myeloid cells were selected based on the
CD11b marker. Monocytes were identified as F4/80N¢Ly6GNedl y6CPos while neutrophils were selected
as F4/80Ned Ly6GPes. On the other hand, T and B cells were selected based on the expression of CD3e
and CD45R, respectively, from the CD11bNed gate. Importantly, all gates in FC experiments were defined
using single colours controls, which allowed the correction of spectral overlaps through the
compensation method. FC analysis was performed on the cell analyser LSRFortessa X-20 (BD
Bioscience), using the FACSDiva 8.0 software. FC data were further analysed using the FlowJo (BD

Biosciences) software.

2.5 Bone Marrow collection, Processing and Analysis

2.5.1 Bone Marrow harvesting and processing

To isolate BM, mice were euthanized through cervical dislocation and one leg of each mouse was
collected. The skin and the muscle attached were removed using a scalpel, and the femur was
individualized and kept on ice in sterile PBS. Then, each bone was placed on a plate with 2ml of PBS
2%FBS and both edges of the bone were cut. Subsequently, the bone marrow was flushed out onto a
plate using a 1ml syringe with a 26G needle filled with PBS 2%FBS. This process was repeated twice
on each side of the bone. Red blood cell clumps were mechanically disrupted using the syringe, and
the cell suspension was collected and filtered through a 70um filter. Then, the cell suspension was
centrifuged at 5009 for 5 minutes at 4°C, resuspended in 1 ml of 1x RBC lysis buffer and incubated at
RT for 5 minutes. Cells were centrifuged and washed with 5ml of PBS. After another centrifugation at

500g for 5 minutes, cells were resuspended in 5ml of PBS 2% FBS and counted using a hemacytometer.

2.5.2 Bone Marrow Cells Staining for Flow Cytometry and Gating Strategy

The characterization of BM cell populations was performed through FC. 5 000 000 cells were incubated
with the viability dye Zombie Aqua, as described. Upon a 500g centrifugation for 5 minutes, cells were
incubated for 15 minutes on ice with the block mix containing APC conjugated Anti-CD16/32 FcgR
(Biologend) (1:300) in BV buffer. Subsequently, BM cells were incubated in BV Buffer with the
fluorochrome-conjugated antibodies displayed in Table 2.4, at a density of 1x10° cells/100ul for 1h at
4°C, protected from the light. After the incubation period, the following steps were similar to the ones

mentioned in the blood protocol until FC analysis.

The gating strategy is explained in Figure 2.2. From live single cells, cells that lack specific lineage
markers (Lin"9) were selected, excluding erythrocytes, myeloid, T and B cells from the following
analysis. Then, LSK cells were selected as Lin"9 Sca-1r°s c-KitP°s and within this population, it was
possible to identify LT-HSCs, ST-HSCs and MPPs based on the differential expression of the
CD150(SLAM), CD48 and FIk2 surface markers. On the other hand, the CMPs, MEP and GMPs were
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isolated from the Lin"®9Sca-1"¢9c-KitP°s population according to the expression of CD34 and CD16/32.

FC data were analysed as previously mentioned.

Table 2.4 - Fluorochrome conjugated antibodies used for bone marrow cell population analysis by flow

cytometry.
Enumeration of the antibodies and fluorochromes associated, respective populations recognized, source and

dilution applied.

) : ; Cell population e
Antibodies and conjugated fluorochromes Source Dilution

identified

T cells and B cells

APC-Cy7 anti-mouse CD5 Biolegend (100650) 1/200
subset

APC-Cy7 anti-mouse CD4 T cells CD4+ Biolegend (100414) 1/40
APC-Cy7 anti-mouse CD8a T cells CD8+ Biolegend (100714) 1/40
APC-Cy7 anti-mouse CD3e T cells Biolegend (100330) 1/100
APC-Cy7 anti-mouse CD45R/B220 B cells Biolegend (103224) 1/200
APC-Cy7 anti-mouse Ter119 Erythroid cells Biolegend (116223) 1/200
APC-eFluo780 anti-mouse CD11b eBioscience™ (47-0112-82) 1/200

APC-Cy7 anti-mouse Myeloid Cells _
Biolegend (108424) 1/200

Gr-1(L6-6G/Ly-6C)
BV785 anti-mouse CD48 Biolegend (103449) 1/50
PE-Cy7 anti-mouse CD150 (SLAM) Biolegend (115914) 1/40
PE anti-mouse Sca-1 o Biolegend (108108) 1/50
Hematopoietic cells

PerCP anti-mouse c-Kit Biolegend (105822) 1/40
BV421 anti-mouse Flk-2(CD135) Biolegend (135315) 1/50
FITC anti-mouse CD34 BD Biosciences (553733) 3/25
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Figure 2.2 - Flow cytometry gating strategy to analyse bone marrow hematopoietic cell populations

A. Live single cells were initially selected as in the Figure 2.1. B. Selection of cells that lack lineage commitment markers
(Lin-cells), that is, negative selection of myeloid, erythroid, T and B cells, from the live single cells gate; C. Identification
of LSK cells (LinN®9ScalPoscKitP°s) and MPs (LinNe9ScalNedcKitPos), from the Lin- population, D. Identification of GMPs
(CD16/32P%s), CMPs (CD34P°sCD16/32N%9), and MEPs (CD34Ned CD16/32N¢9) from de MPs gate, E. Within the LSK
population, MPP4 are selected as CD150N9 Flk2P°s F. From the FIk2Ned gate, MPP2, MPP3, ST-HSC, and LT-HSC
were selected based on the expression of the markers CD150 and CD48. Myeloid progenitors (MPs); common myeloid
progenitors (CMPs), granulocyte-macrophage progenitors (GMPs); megakaryocyte-erythrocyte progenitors (MEPS);

Multipotent progenitors (MPP 2/3/4); long-term (LT-HSC) and short-term (ST-HSC) hematopoietic stem cells.
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2.6 Muscle collection, processing, and analysis

2.6.1 Muscle collection and storage

To study the skeletal muscle regeneration process, mice were euthanized at chosen timepoints after an
injury, as previously described, and tibialis anterior or quadricep muscles were dissected/collected.

Muscle tissue was harvested for different purposes including histological analysis, protein analysis and
cell population study by FC or fluorescent-activated cell sorting (FACS). For histology studies,
dissected muscles were positioned vertically in a 1% (w/v) tragacanth gum (G1128-100G- Sigma -
recipe in Appendix A.1) and frozen for 17 seconds in isopentane (VWR), previously cooled in liquid
nitrogen, to minimise ice crystals generation. Frozen tissue was, then, stored at -80°C and subsequently
cryosectioned on a cryostat (LEICA CM 3050S). Ten-um thickness cross-sectioned tissue was collected
in Superfrost microslides and again stored at -80°C until analysis. Muscles collected for protein
analysis were snap frozen in cryovials by immersing them in liquid nitrogen after dissection and stored
at -80°C. Injured muscles used for cell population analysis by FC or FACS were immediately

processed.

2.6.2 Histological analysis, imaging, and quantification methods

2.6.2.1 Hematoxylin and Eosin (H&E) staining and image acquisition
Cryosectioned muscle tissue was stained with Hematoxylin and Eosin (H&E) for histological
characterization. Hematoxylin exhibits a dark blue/purple colour and stains nucleic acids, while eosin
has a pink colour and stains proteins in a non-specifical manners.

Slides containing muscle cryosections were defrosted at RT for 10 minutes. Then, slides were immersed
in distilled water for 5 minutes, stained with Harris Hematoxylin (05-06004E — Enzifarma) for 3 minutes
and washed under running water for 5 minutes. Next, slides were dipped once on ethanol 70%, and four
times on Eosin Y (HT110132-1L- Sigma). After staining, the samples were gradually dehydrated. For
that, stain tissue was serially immersed in 70%, 95%, 100%, and again 100% ethanol for 30 seconds
each. Lastly, slides were left in xylene (Leica Microsystems) for at least 10 minutes and mounted with
microscope cover glass No. 1.5H (Marienfeld) using Micromount Mounting Medium (Leica
Microsystems). Digital images of the H&E-stained sections were obtained using a digital slide scanner
NanoZoomer SQ (HAMAMATSU) with an objective of 20x magnification.

2.6.2.2 Immunohistochemistry, imaging, and quantification methods

In this project, eMHC and necrotic myofibers immunohistochemistry were performed in the
cryosectioned muscle. Slides containing tissue cryosections were thawed at RT for 10 minutes and
permeabilized with 4% Paraformaldehyde (PFA) in PBS in a wet dark chamber for 10 minutes at RT.
Fixed tissue was then washed with PBS 0.1% Tween20 (PBS-T) and boiled in Citrate Buffer (10Mm

Citric Acid, 0.05%Tween20, ph 6.0) during 45 minutes for antigen retrieval. Slides were again washed
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with PBS-T for 10 minutes and incubated for 2h in a wet chamber with Mouse-on-Mouse Blocking
Reagent (R&D Systems) in PBS-T at a 3:100 dilution.

For eMHC immunostaining, samples were then rinsed in PBS-T and incubated overnight at 4°C in a
humidified chamber with non-diluted primary antibody against mouse eMHC (D.S.H.B). On the second
day, slides were washed 4 times with PBS-T for 10 minutes minimum and incubated with the secondary
antibody anti-mouse IgG alexa555 (Abcam) diluted at 1:400 in 10% Horse serum in PBS-T for 2h and
30 minutes in a humidified chamber at RT. Next, samples were washed 5 times with PBS-T for at least
10 minutes and stained with 300 nM 4',6-diamidino-2-phenylindole (DAPI) in PBS for 5 minutes,
protected from light. After rinsing in PBS, slides were mounted using microscope cover glass No. 1.5H

(Marienfeld) and mowiol mounting media.

For necrotic fibres immunostaining, after blocking, samples were incubated for 2h30min at RT in a
wet chamber directly with the secondary antibody anti-mouse 1gG coupled to Alexa-647 diluted at 1:400
in 10%HS in PBS-T, without the overnight incubation with primary antibody. The secondary antibody
was retained within the necrotic myofibers. Slides were washed 5 times with PBS-T for 10 minutes and
stained with DAPI in PBS for 5 minutes, protected from light. Slides were rinsed in PBS and mounted

as described.

Immunostained tissues were imaged using a motorized inverted fluorescence widefield microscope,
Zeiss Axiovert 200M, provided with a CCD camera (Photometrics CoolSNAP HQ CCD). For image
acquisition, the Metamorph 7.7.9.0 software was used. Images were obtained using a 20x objective and
different filter sets considering the immunostaining performed. DAPI was observed using a filterset that
enables excitation at 330-385nm and emission at > 397 nm; 1gG alexa555 (Rhodamine) using one with
excitation at 540-552 nm and emission at 575-640 nm; IgG alexa647 (FarRed) using a filterset with
excitation at 608-648 nm and emission around 672-712 nm. Complete sections were reconstructed with
a 10% image overlay. Images’ analysis and quantifications were performed using the ImageJ software,
after scale normalization. Total muscle section area and the number and cross-sectional area (CSA) of
eMHC-positive fibres were determined to evaluate muscle regeneration success. The number of

necrotic fibres in the whole muscle sections was quantified using the cell counter plugin of ImageJ.

2.6.3 Protein Analysis

2.6.3.1 Protein Extraction and Quantification
For protein analysis, whole protein extracts were obtained from the collected muscle. Half-frozen TA or
QC were fully submerged in immunoprecipitation buffer (150Mm NaCl, 50Mm Tris ph7.5, 5mM EDTA,
0.5%NP-40, 1% Triton, in Mili-Q Water) supplemented with proteinase inhibitors and phosphatase
inhibitors and maintained on ice. The muscle was disrupted into small pieces with scissors and further

disaggregated using a disruptor. Disaggregated samples were rotated for 45 minutes at 4°C and then
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centrifuged at 4°C for 15min at 12000g. The supernatant was recovered and used for further protein

analysis.

Protein quantification was performed using the Bradford assay. The necessary calibration curve was
obtained using the standard solution Bovine Serum Albumin (BSA; Pierce™ Bovine Serum Albumin
Standard Ampules, 2 mg/mL). Bradford Reagent (VWR) was used and absorbance at 595 mm was
measured with Microplate Reader TECAN INFINITE M200.

2.6.3.2 Western Blot

Protein Analysis was performed through western blotting. This technique involves protein separation
through Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE), membrane
transferring, blocking and immunodetection.

For sample preparation, the loading buffer 1x Laemmli sample buffer (Bio-Rad) was added to 30/50 ug
of protein from the protein extracts and then incubated for 5min at 95°C. Protein samples and molecular
weight marker PageRuler Prestained protein ladder were loaded in a 12% polyacrylamide gel composed
of a separation gel 12% and a stacking gel (recipes in Appendix A.1). Proteins were separated according
to the molecular size by electrophoresis at a 75-100mV of voltage for 1h and 30 minutes immersed in
running buffer (3.5 mM SDS, 25 mM Tris base (ph8.3), 192 mM glycine). This was performed using the
Mini-PROTEAN® Tetra System (Bio-rad) and PowerPac™ HC (Bio-rad).

After SDS-PAGE, proteins were transferred into a nitrocellulose membrane of 0.2um (Amersham) using
the Trans-Blot Turbo Transfer system (Bio-Rad), for 30 minutes at 25V (Standard protocol). Protein gel,
filter paper and nitrocellulose membrane were embedded in transfer buffer (25 mM Tris (pH 8.3), 221
mM glycine, 20% methanol) for semi-wet transfer conditions. Subsequently, membranes were washed
with Tris-buffered saline-0.1% Tween 20 (TBS-T). To validate the presence of equal amounts of protein
between samples, membranes were incubated for 10-20 minutes in Ponceau S solution (Sigma) and
washed twice with TBS-T to remove excess. Next, membranes were washed again with TBS-T to
remove all remains of Ponceau S solution and blocked for, at least, 1h at RT with 5% milk in TBS-T, to
prevent antibody unspecific binding. After washing with TBS-T, membranes were incubated overnight
with primary antibody against MANF (SAB3500384 -Sigma) at 4°C, diluted at 1:1000 in TBS-T 1% milk.

On the next day, membranes were washed with TBS -T four times for, at least, 10 min and incubated
for 1h with horseradish peroxidase (HRP)-conjugated anti-rabbit secondary antibody (1:10000; Abcam)
in TBS-T 1%milk. Membranes were again washed 5 times with TBS-T and twice with TBS for a minimum
of 10 minutes. Revelation was performed using Pierce ECL Western blotting substrate
(ThermoScientific) and the following chemiluminescence detection and image acquisition was achieved

using Amersham Imager 680 blot (Amersham).
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2.6.4 Muscle cell population analysis by FC or FACS
2.6.4.1 Muscle Cell Population Isolation

For isolation of muscle cell populations for FC or FACS, dissected muscles were processed into a single
cell suspension using the same protocaol. Initially, half or whole TA or QC was mechanically disrupted in
a petri dish using scissors and scalpels and then enzymatically digested in a 50 ml tube with 5ml of a
collagenase solution containing Dulbecco's Modified Eagle's Medium (DMEM; Corning®) media with
1% Penicillin-Streptomycin (P/S; Gibco), 0.2%(w/v) of collagenase B (Roche) and Calcium dichloride
(CaClz) 0.5 mM for 1h at 38°C, shaking it every 10 minutes. Then, the digested muscle was decanted
and filtered through a 70um cell strainer into a 50ml tube and washed twice with DMEM media containing
10% FBS and 1% P/S (complete media), and centrifuge at 670g for 10 minutes at 4°C to remove the
remains of collagenase. After centrifugation, cells were resuspended in 500ml of 1x RBC lysis buffer
and incubated on ice, covered from light for 10 minutes. Next, cells were washed with DMEM 1% P/S,
centrifuged at 6709 for 10min at 4°C and resuspended in 1ml of DMEM 10% FBS 1% P/S. Cells were
counted using a hemacytometer.

2.6.4.2 Muscle cells staining for Flow Cytometry and Fluorescence-
Assisted Cell Sorting Analysis and Gating Strategies

After cell counting, cells obtained from the previous protocol were incubated in PBS containing 5%
Horse Serum (HS) (FACS buffer) with specific antibodies at a density of 1x108 cells/100ul, for 30 minutes
at 4°C, protected from light. The antibodies used for two different analyses are listed in Table 2.5. After
the incubation period, cells were centrifuged for 5 minutes at 500g, resuspended in FACS buffer, and
filtered through the mentioned 5 ml FACS tubes for FACS and FC analyses.

In this project, different immune cells present in the regenerating muscle and MuSCs and other non-
myogenic cells were evaluated. The gating strategy used to analyse the MuSCs, infiltrating
hematopoietic cells, endothelial cells, and FAPS within the muscle is shown in Figure 2.3. Viable cells
were selected considering the signal from LIVE/DEAD. Infiltrating hematopoietic/immune cells and
endothelial cells were isolated from the viable population using the markers CD45 and CD31,
respectively. The cell surface markers a7-integrin and Sca-1 were used to identify the population of

MuSCs and FAPs, respectively, upon negative selection of the previous markers.

The gating strategies used for immune cell isolation/quantification are described in Figure 2.4. Two
different strategies were used, depending on the purpose of the experiment. In FC and FACS analysis,
the myeloid population was selected using the CD11b marker. The F4/80 and Ly6G marker were used
to distinguish the neutrophil population. Ly6C was used to select the different subpopulations of
macrophages. In some cases, only the Ly6CHigh and Ly6C°" populations were considered. For specific

analyses of macrophages phenotype, macrophages with intermediate levels of Ly6C were also isolated.
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Table 2.5 - Fluorochrome conjugated antibodies used for muscle cell population analysis by flow
cytometry.

Antibodies are grouped according to the different cell populations analyses performed. Enumeration of
the antibodies and fluorochromes associated and respective populations recognized, source and dilution.

Fluorophore conjugated Cell population

Dilution
Antibodies /Dyes identified
AF488 anti-mouse CD31 Endothelial Cells Biolegend (102513) 1/50
PE-Cy5 anti-mouse CD45 = Hematopoietic cells Biolegend (103109) 1/100
i Mesenchymal i
PE-Cy7 anti-mouse Sca-1 Biolegend (108113) 1/100
stem cells

MuSC and non-

. . . . Miltenyibiotec
myogenic cells = PE anti-mouse aZintegrin =~ Muscle stem cells 1/40
(130-120-812)

analysis
APC anti-mouse F4/80 Macrophages Biolegend (123115) 1/100
LIVE/DEAD™
FixableNear-IR Dead Cell Live/Dead cells Invitrogen (L34975A) 1/1000
StainLive
PE anti-mouse F4/80 Macrophages Biolegend (123110) 1/50
) Monocytes/ eBioscience
APC anti-mouse Ly6C 1/200
Immune cells Macrophages (17-5932-82)
analysis FITC anti-mouse Ly6G Neutrophils Biolegend (127606) 1/400
APC-eFluor® 780 anti- ) Bioscience
Myeloid cells 1/200
mouse CD11b (47-0112-82)
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Figure 2.3 - Flow cytometry gating strategy used to analyse the different populations involved in muscle
regeneration

A. Single live cells selection. Viable cells were identified based on the LIVE/DEAD stain. Within the viable cell
population, cells and single cells were selected. B. From the live single cells gate, infiltrating hematopoietic cells
(CD45P°s) and endothelial cells (CD31P°%) were isolated. C. From the population with negative signal for both these
markers (CD45"9CD31"¢9), FAPs (Sca-1P°%) and MuScs (a7-integrinP°s) were discriminated.
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Figure 2.4 - Flow cytometry and FACS gating strategies used to analyse and isolate the immune cell
populations in the regenerating skeletal muscle

A. Cells were selected by plotting the forward scatter (FSC) vs. side scatter (SSC), excluding cell debris. Single
cells were selected from the previous gate based on Front Scatter Width (FSC-W) vs. Area (FSC-A). From the
single cells, the myeloid population (CD11bP°) was isolated. From this gate, two different strategies were used,
considering the purpose of the experiment. B. Selection of pro-inflammatory (F4/80P°s/Ly6CHi"), and anti-
inflammatory macrophages (F4/80P°S/Ly6C-°%) and neutrophils (F4/80"¢9/Ly6GP°s). This strategy was used in FC
and FACS analysis. C. Selection of macrophages (F4/80°°%) with Low, Intermediate and High levels of Ly6C within
the myeloid cell population previously selected.

32



2.7 Ex-vivo macrophage analysis

Two days post-injury quadriceps from LysMCREManf and Manf® mice were isolated and processed
into a single cell suspension as formerly described. For each animal, 500 000 cells were collected at Oh
and other 500 000 cells were cultured in FACS tubes and collected after 16h. Cells were incubated in
suspension at 37°C in SF medium (Corning® SF Medium, with L-glutamine and 1 g/L BSA)
supplemented with 10% FBS and 1% P/S. To assess MANF supplementation effects, other 500 000
cells per animal were incubated in suspension for 16h with recombinant MANF (rMANF) (P-101-100,
Icosagene) at a concentration of 10pg/ml. Cells collected at Oh and 16h were immunostained for FC

analysis as described above for muscle immune cell populations.

2.8 Transmission Electron Microscopy analysis of macrophages

2.8.1.1 Macrophages isolation and samples processing

Pro-repair macrophages from Cx3cr1CRE-ER*Manf and Manfff mice were isolated by FACS as formerly
described. Sorted macrophages were plated on 12 mm sterile coverslips inserted in a 24-well plate with
complete media and incubated at 37°C for 2h allowing them to adhere. Cells were then fixed on ice for
45 minutes with 2% formaldehyde (FA) and 2.5% Glutaraldehyde in 0.1M phosphate buffer (PB) and
subsequently fixed overnight with 1% FA in PB at 4°C. The remaining processing and imaging protocols
were performed at the Electron Microscopy facility at Instituto Gulbenkian de Ciénca (Lisbon, Portugal).
Overnight fixed cells were washed twice on the following day with PB and post-fixed with 1% osmium
in PB for 1h on ice. Cells were again washed twice in PB and then in water and stained with 1% tannic
acid for 20 minutes on ice. Next, cells were washed 2x in water, stained with 0.5% in Uranyl acetate for
1h at RT and serial dehydrated in increasing concentrations of ethanol. Coverslips with cells were
mounted on top of EPON capsules and baked at 60°C overnight. Sections of 70 nm were obtained using
a UC7 Ultramicrotome (Leica), stained with uranyl acetate and lead citrate for 5 minutes each. Images
of single macrophages were acquired on a Tecnai G2 Spirit BioTWIN Transmission Electron Microscope

(TEM) from FEI operating at 120 keV and equipped with an Olympus-SIS Veleta CCD Camera.

2.8.1.2 TEM Images Quantification

Quantifications of individual pro-repair macrophages from Cx3crlCREER+Manfif and Manf'f mice,
analysed by TEM were performed using the ImageJ software, after scale normalization. Intracellular
vesicles were manually surrounded, and the number and area were determined. In addition, the area of
each individual cell was calculated. The number and length of protrusions were also determined using

the freehand line tool of the software.
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2.9 Statistical Analysis

Data representation and statistical analysis were performed using the GraphPad 8.0.2 software.
Quantitative results are presented in the graphics as mean * standard error of the mean (SEM).

To determine statistical significance between two groups, the unpaired two-tailed Student’s t-test was
carried out, except for the ex vivo experiment with MANF supplementation comparison, where the paired
two-tailed Student’s t test was applied. For survival curves comparison, the log-rank (Mantel-cox) test

was used. P-values < 0.05 were considered statistically significant.
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3

RESULTS AND DISCUSSION

3.1 Consequences of organismal MANF loss on skeletal muscle
regenerative capacity

MANF protein was identified as an immunomodulator and has been associated with the phenotypic
transition of macrophages during an immune response to injury, likely contributing to effective tissue
repair’680, This protein was found to be transiently expressed during the skeletal muscle regeneration
process, particularly by pro-repair macrophages®. Nonetheless, MANF is expressed and secreted by
multiple cell types®®, other than macrophages, which possibly influences the regeneration process as

well.

During aging, MANF induction by pro-repair macrophages after an injury is impaired, which correlates
with defects in the associated immune response and regenerative capacity of aged muscle®®. However,
it is unclear if MANF from other cellular sources can influence the regenerative process while
counteracting the effects of MANF loss in this particular cell type. Moreover, the precise mechanism
underlying MANF activity during the immune response to injury remains unclear. So, in this project, we
aim to further investigate the consequences of MANF loss for muscle regeneration and the causes of

such effects.

To explore the consequences of impaired MANF signalling for muscle regeneration, we generated the
Rosa26°REERT*Manfl mouse model, which allows the inducible and ubiquitous MANF deletion in adult
mice upon tamoxifen administration. Tamoxifen allows the temporal control of MANF loss, enabling its
deletion only in adult life. In this case, this is extremely important since embryonic ubiquitous MANF

ablation is lethal’.

3.1.1 Model Validation

Rosa26CREERT*Manf! mouse model carries a copy of the inducible-Cre recombinase allele and two
copies of the Manff allele, which has loxP sequences flanking the exon 3 of the Manf gene. Upon
tamoxifen induction, Cre becomes active in all cell populations and induces recombination and excision
of the third exon of the Manf sequence. This results in the ubiquitous ablation of the functional Manf

gene.
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Thus, in the current study, tamoxifen injections in Rosa26C°RE-ERT+Manff mice were used to induce full
MANF deletion in adulthood. Control conditions were obtained using: (1) Rosa26C°REERT+Manfifl mice
that received sham injections with the vehicle corn ail; (2) tam-treated Manf mice that don’t carry any

copy of the inducible-Cre recombinase allele.

Confirmation of MANF deletion in the tam-injected Rosa26CRE-ERT+Manfif mice was performed by
genotyping PCR since the length of the Manff amplicons varies accordingly to the genotype and

treatment received.

A Rosa26CreERT+Manfii/i B
- R26Cre R26Cre

Oil Tam fifl - il fIAl fiffl

>1000 bp

786 bp

Figure 3.1 - Validation of MANF deletion on the Rosa26RE-ERT*Manff mouse model by PCR
Representative genotyping results after PCR reaction: A. Agarose gel of the PCR products from Rosa26°R&
ERTHManf?" mice that received oil or tamoxifen (Tam) injections. B. Agarose gel of the PCR products from tam-
treated Manf mice (herein identified as fl/fl) and tam-treated Rosa26°RE-ERT*Manf'! mice (here referred as R26Cre
flfl). Complete Manf" allele originates an amplicon with >1000 base pairs (bp) (upper band), whereas the amplicon
of excised Manf allele has 786bp (lower band).

Tam-treated Rosa26CRE-ERT+*Manff mice have an excised Manff allele, exhibiting a smaller amplicon,
with only 786 bp (lower band). On the other hand, oil-treated mice, that preserve the functional Manf
gene, revealed an amplicon with more than 1000bp (upper band) (Figure 3.1A). The same result was

seen in Manfi mice treated with tamoxifen (Figure 3.1B).

Moreover, to ensure MANF ablation in the regenerating tissue of the Rosa26CRE-ERT*Manf mice upon
tamoxifen injections, MANF protein levels were also analysed in the injured muscle at 3dpi by Western
blotting. Ponceau S staining was used as a loading control, to confirm the amount of protein within each
sample. This technique was applied since typical housekeeping genes, including B-actin, may differ
among different conditions, due to different cellular constitution of the tissue®. Results revealed that
tamoxifen treatment in Rosa26C°RE-ERT+Manff mice led to a complete loss of MANF protein in the muscle

tissue, whereas oil-treated mice maintained MANF protein expression (Figure 3.2).
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Figure 3.2 - MANF expression levels in injured muscles from Rosa26°REERT*Manf mouse model at 3dpi

Western blot analysis of MANF levels in protein extracts from Rosa26 REERT*Manff mice injected with Qil or Tam
at 3dpi. Ponceau S staining was performed to verify equivalent protein loading in each sample. MANF protein size
is 18 kilodalton (kDa). The molecular weight marker PageRuler Prestained protein ladder is shown.

These results ensured MANF deletion only in the tamoxifen-treated Rosa26CRE-ERT*Manf mice,
validating this mouse model to study the effects of total MANF loss.

3.1.2 Effects of organismal MANF loss on skeletal muscle regenerative efficiency

To assess the effects of organismal MANF loss on the muscle regeneration process, histological
analyses of injured muscle from tam-treated Rosa26°RE-ERT*Manf mice were performed. Both controls

previously described were used.

3.1.2.1 Overall effects on skeletal muscle regeneration

H&E staining of muscle cryosections provided an overview of the impact of MANF deletion during
regeneration. With this stain, nuclei exhibit a dark blue/purple colour whereas cytoplasm and ECM are
stained with different tones of pink.

At 4dpi, both tamoxifen-treated Manff mice and oil-treated Rosa26CRE-ERT*Manffl used as controls
revealed a high number of mononucleated inflammatory cells within the injured area and few damaged
myofibers, that weren’t yet eliminated. Moreover, it was possible to observe blank rounded spaces at
the injured site which indicates that necrotic myofibers are being cleared and eliminated by the immune
cells, leaving empty spots in their places (Figure 3.3A-B). These histological features are consistent with

the normal regeneration process described in the literature6:27,

On the other hand, analysis of injured muscles from tam-treated Rosa26CRE-ERT+*Manff mice revealed
defects in the muscle regeneration process (Figure 3.3C). At 4dpi, it was possible to observe an
accumulation of necrotic fibres within the injured muscle, which indicates impairments in debris

clearance. MANF knockout mice showed immune cells infiltration into the injured tissue. However,
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compared to controls, the immune response appears to be weaker, as indicated by a reduced number
of immune cells in the regenerating tissue.
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Figure 3.3 - Histological analysis of the impact of MANF loss in the regeneration process at 4 dpi by H&E

A-C. Representative images of H&E staining in cryosections of regenerating TA muscles from (A) tam-treated Manf™
mice, (B) oil-treated Rosa26°REERT*Manf mice and (C) tam-treated Rosa26C°REERT*Manf mice at 4dpi.
Representative necrotic fibres are indicated in each image (asterisks). Scale bar, 50um.

3.1.2.2 Effects on the clearance of necrotic debris

The persistence of necrotic fibres within the tissue was further evaluated through mouse IgG
immunohistochemistry in regenerating TA muscles. The staining of necrotic myofibers using I1gG as a
marker is based on the fact that myofibers become permeable during necrosis allowing the passive
uptake of IgG proteins, trapping thems®.
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Figure 3.4 - Impact of MANF loss on necrotic fibres clearance at 4 dpi

A-C. Representative images of muscle cryosections immunostained with mouse IgG of regenerating TA from (A)
tam-treated Manf'f mice, (B) oil-treated Rosa26°RE-ERT*Manfif mice and (C) tam-treated Rosa26CRE-ERT+Manf/f
mice at 4dpi. Representative necrotic fibres are indicated in each image (asterisks). Scale bar, 50um. D.
Quantification of the number of necrotic fibres per mm?2 of damage area in regenerating TA from tam-treated Manf®
(herein shown as fl/fl Tam) (n=4), oil-treated Rosa26CRE-ERT*Manff! (herein shown as R26Cre fl/fl Qil) (n=4) and
tam-treated Rosa26CRE-ERT+*Manff (herein shown as R26Cre fl/fl tam) (n=5) mice at 4dpi. Data is shown as meanz
SEM and each point represents one animal. *p<0.05

At 4dpi, it was possible to observe a high accumulation of degenerating myofibers in tam-treated
Rosa26°REERT+Manfil mouse muscle, while control animals visibly exhibited less necrotic fibres (Figure
3.4A-C). Quantification analysis of IgGPes fibres (Figure 3.4D) confirmed this persistence of necrotic
myofibers within the regenerating tissue of MANF deficient mice. The number of necrotic myofibers per
square millimetre of muscle tissue was significantly higher, more than doubling when compared to both
control conditions.

These results reinforce that MANF loss during muscle regeneration impairs debris elimination.
3.1.2.3 Effects on the myogenic process

Following skeletal muscle damage, MuSCs become activated and give rise to new myofibers, that are
small at the early stages and gradually increase in size as myoblasts fuse. Newly formed fibres are
valuable indicators of skeletal muscle regeneration success and are specially characterized by central

nuclei and the expression of eMHCZ3,

Thus, the impact of MANF deletion on regeneration was also evaluated through eMHC immunostaining

of skeletal injured muscle, which is a useful method to analyse the progression of the myogenic process.

At 4dpi, it was already possible to identify eMHC positive centrally nucleated myofibers in both controls
and in MANF deficiency conditions, which indicate recently regenerating myofibers (Figure 3.5A-C).
However, the density of nascent myofibers was significantly reduced in tam-treated Rosa26¢RE
ERT+Manf mice when compared to both controls (Figure 3.5D). Moreover, the cross-sectional area
(CSA) of new myofibers at 4dpi was significantly lower in MANF ablated muscles. (Figure 3.5E).
Considering the frequency distribution of new fibres’ CSA in each condition, more than 20% of total new
myofibers from tam-treated Rosa26C°RE-ERT+Manff mice were approximately 75um?2, whereas the area

of nascent fibres of control animals was more frequent around 275um? (Figure 3.5F).

These results indicate that MANF ablation impairs the myogenic process preventing normal myofiber

formation and leading to fewer and smaller fibres.
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Figure 3.5 - Impact of MANF loss on the formation of new myofibers (eMHCP®®) at 4 dpi

A-C. Representative images of eMHC (red) and DAPI (blue) staining in muscle cryosections of regenerating TA
from (A) tam-treated Manf? mice, (B) oil-treated Rosa26°RE-ERT*Manf! mice and (C) tam-treated Rosa26°R&
ERT+Manf mice at 4dpi. eMHC marker is used to identify newly formed fibres in the regenerating tissue and DAPI
is used for nuclei detection. Scale bar, 50um. D-E. Quantification of (D) the density of eMHCPs fibres per mm? of
damage area and (E) the average eMHCP®s cross sectional area (CSA; um?) within the whole damaged area for
tam-treated Manf" mice (herein shown as fl/fl Tam) (n=4), oil-treated Rosa26°RE-ERT*Manfl! mice (shown as
R26Cre fl/fl Qil) (n=4) and tam-treated Rosa26°REERT+*Manfl! mice (shown as R26Cre fl/fl Tam) (n=5) at 4dpi.
Results are represented as meant SEM and each point represents one animal. *p<0.05, **p<0.01 and
*+*n<0.0001. F. Relative frequency distribution (%) of eMHCPs fibres cross sectional area (CSA; um?) in each
condition.

Taken together, all referred histological analyses allowed the identification of important regenerative
failures when MANF is ubiquitously ablated. MANF loss impaired the clearance of damaged fibres and
affected myofiber formation resembling the phenotype observed in mice with MANF deletion in pro-
repair macrophages®. Importantly, the magnitude of the phenotype observed was much higher in this

model of ubiquitous MANF deletion.

These results support the notion that MANF is indeed an essential factor for muscle regeneration and
that MANF from different sources may influence the regeneration phenotype. This will be further

discussed in the next chapters.

Importantly, literature shows that defects in the phagocytic removal of cellular material are associated
with delayed regeneration3442, The necrotic myofibers that remain in the regenerating tissue may

influence the formation of new fibres by acting as physical barriers, preventing contact of myoblasts2841,
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Whether degenerating fibres also suppress myoblast growth by acting as atrophic factors remains

unclear.

Furthermore, both impaired processes are dependent on the immune response triggered after injury.
Debris clearance depends on the phagocytic activity of the myeloid cells promptly recruited to the injury
site, including neutrophils and macrophages?4. Several studies demonstrate that when the infiltration of
macrophages in the regenerating tissue is defective, cellular debris accumulates within the injured
muscle impairing the repair process®287. Moreover, the formation of new fibres and the multiple steps
of the myogenic process depend on a biphasic response of macrophages#2. Hence, since MANF is an
immunomodulator that had been already associated with the myeloid recruitment and macrophages
phenotypic transition, the regeneration defects here identified in its absence may be associated with

more severe alterations in immune responses.

The formation of myofibers also depends on the presence and activity of MuSCs at the injury site and
other non-myogenic cells such as FAPS and endothelial cells?8. So, alterations in these populations in

complete absence of MANF may also be related to the regenerative impairments seen.

3.1.3 Effects of organismal MANF loss on the different populations involved in
muscle regeneration

Taking into account the previous results, we evaluated the impact of MANF loss on the different
populations involved in the muscle regeneration process. Muscle cell populations were isolated from
QC and analysed by FC 3 days after injury. In this analysis, only oil-treated Rosa26CRE-ERT+Manffifl mice

were used as controls.

Muscle-resident and infiltrating cell populations can be identified by their distinct surface markers.
Infiltrating hematopoietic cells, endothelial, and mesenchymal progenitor cells such as FAPS, are
respectively CD45pos, CD31r%s, and CD45NedCD31Ne9Sca-1Pos, The identification of MuSCs by FC
depends on the exclusion of these cell populations and subsequent selection of the one positive for a7-

Integrin.

Animals treated with tamoxifen and with consequent MANF ablation displayed significantly reduced
numbers of MuSCs and CD45r°s immune cells compared to animals who received oil treatment. On the
other hand, no alterations in the populations of FAPs (CD45Ne9CD31NedSca-1r°s) and endothelial cells

(CD31ros) were detected (Figure 3.6).

Muscle regeneration is an extremely coordinated process that depends on dynamic interactions
between MuSCs and infiltrating immune cells and both populations showed to be reduced in the
absence of MANF. Impairments in MuSCs activation and proliferation may lead to reduced numbers of
MuSCs and consequently defects in myofibers formation and incomplete restoration of the muscle

tissue. The immune cells that accumulate within the tissue secrete important signals that modulate
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MuSCs activity and function3842, Thus, defects in immune cells recruitment and response may impact

MuSCs numbers and function and affect the outcome of muscle repair.
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Figure 3.6 - Effects of organismal MANF loss on the different populations involved in muscle regeneration
analysed by Flow Cytometry

Quantification by flow cytometry of (A) MuSCs, (B) CD45P°s immune cells (C) endothelial cells (CD31P°%) and (D)
FAPs (CD45Ne9CD31Ne9Sca-1P0s) in regenerating quadriceps (QC) of oil-treated Rosa26°RE-ERT*Manfi/f mice (n=3)
and tam-treated Rosa26CREERT*Manf mice (n=3) at 3dpi. Normalization was performed considering muscle
mass (mg). Data is shown as mean + SEM and each point represents one animal. *p<0.05, **p<0.01 and ns= not
significant.

3.1.4 Effects of organismal MANF loss on the myeloid populations in the
regenerating muscle

One of the most immediate cellular responses triggered by muscle injury is the activation of innate
immunity and consequent infiltration of myeloid cells into the injured muscle3®. These cells have a
fundamental role in debris clearance and phagocytosis of dead fibres, a process that is impaired in the
absence of MANF. Moreover, these cells help modulate the myogenic process, which is also
compromised in this condition. This way, we focused our investigation on the myeloid response to

muscle injury.

Neutrophils and macrophages are among the main myeloid cells enriched in the regenerating muscle,
thus being analysed more closely in this study. The different populations were isolated based on the
expression of specific surface markers. Myeloid cells are positive for CD11b, and neutrophils are
F4/80m9 and Ly6GP°s. Macrophages are identified by the expression of F4/80 and their subpopulations
can be distinguished based on the expression levels of Ly6C. Pro-inflammatory and pro-repair

populations of macrophages are isolated as Ly6CHigh and Ly6CLo¥, respectively.

FC analysis showed that tam-treated Rosa26°REERT*Manf mice had a 66,5% reduction in the number
of CD11bres cells at 3dpi compared to the control condition, implying a defect in the myeloid cells’
accumulation at the injury site (Figure 3.7A). This reduction is associated with an 84% decline in the
number of pro-repair macrophages (F4/80r°sLy6CLo%) and a less pronounced decrease in the pro-
inflammatory population of macrophages, although not statistically significant (Figure 3.7B-C). No

significant differences were detected regarding the population of neutrophils (Figure 3.7D).
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The overall reduction in the macrophage population may be explained by the blunted accumulation of
myeloid cells following injury. However, there is an imbalance in macrophage subpopulations. While
anti-inflammatory pro-repair (Ly6Ct°%) macrophages have a striking reduction, the pro-inflammatory

population (Ly6CHigh) displayed a non-significant decrease.

These results might indicate that the pro-inflammatory macrophages are not transiting towards the anti-
inflammatory phenotype in the absence of MANF, accumulating at the expense of the Ly6C-ow
population. To better visualize this, we use the ratio Ly6CLo%/Ly6CHigh which represents the ratio
between pro-repair and pro-inflammatory macrophages (Figure 3.7E). Since Ly6C-" macrophages
arise in the regenerating muscle from the Ly6CHish population, this ratio increases as more transition
occurs and more pro-repair macrophages emerge. The ratios obtained for tam-treated mice were
significantly diminished compared to controls, reinforcing the idea that MANF ablation leads to

impairments in the phenotypic transition.

Thus, this analysis revealed that full MANF deletion results in an inflammatory crisis with defective

myeloid accumulation and impaired phenotypic transition.
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Figure 3.7 - Effects of organismal MANF loss on the myeloid populations involved in muscle regeneration
evaluated by Flow Cytometry.

A-D. Quantification by flow cytometry of (A) Myeloid Cells (CD11bP°s), (B) Ly6CHig" pro-inflammatory macrophages
(C) Ly6C" anti-inflammatory macrophages and (D) Neutrophils (F4/80-"Ly6GH9") in regenerating quadriceps
(QC) of oil-treated Rosa26°RE-ERT*Manf mice (n=5) and tam-treated Rosa26°RE-ERT*Manfi! mice (n=6) at 3dpi.
Normalization was performed considering muscle mass (mg). E. Ratio of pro-repair Ly6C-°% to pro-inflammatory
Ly6CHigh macrophages quantified by flow cytometry in single cells suspensions isolated from QC muscles. Data is
presented as mean + SEM and each point represents one animal. **p<0.01 and ns= not significant.
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The phenotype observed regarding myeloid cell numbers is possibly explained by impairments in their
recruitment to the damaged site shortly after the injury. This may be due to a defect in the recruitment
mechanism or alterations in the immune cell pool available in circulation. Alternatively, it is also possible
that cells are dying within the tissue. Hence, the cause of such a defect will be explored later in this
study.

MANF function has already been associated with the immune cells phenotypic shift towards an anti-
inflammatory state, acting in an autocrine manner’8. Moreover, previous results from the group have
demonstrated that MANF ablation in the pro-repair population resulted in less pronounced defects in
immune accumulation and macrophages’ transition during muscle regeneration, resembling the

phenotype observed in aging®.

Nevertheless, the increased severity of the regenerative and immune impairments in the full MANF
knockout mice observed in the present study highlights the impact of MANF secreted by other cell types
on the muscle regeneration phenotype. This suggests that, despite working in an autocrine manner,

other sources of MANF may impact the regeneration process.

MANF was found to be induced in skeletal muscle, particularly by pro-repair macrophages®. However,
MANF is widely expressed in the organism. One possible explanation for the presented results is that
MANF knockdown in pro-repair macrophages can result in a compensatory up-regulation of MANF in
other cell types limiting the effects observed in that condition. Thus, when MANF is fully ablated, the
other cell types cannot proceed with such a cellular compensatory mechanism resulting in a more severe

phenotype.

On the other hand, it is also possible that MANF expressed by other cells in the muscle, such as MuSCs,
influence the regeneration process in normal conditions. This hypothesis should be tested in the future,
for instance with conditional ablation of MANF in MuSCs.

3.1.5 Long-term effects of organismal MANF loss on regeneration and survival

Considering the defects identified in the regeneration process on the following days of the muscle injury,
we assessed if the MANF loss at the moment of the injury had long-term effects on the animals’ tissue

recovery.

For that, tam-injected Rosa26°REERT*Manff and Manf" mice were monitored for 14 days after an
injury. On the 14th day, animals that survived were euthanized, and subsequent H&E histological
analysis was performed on the cryosectioned muscles. Throughout the experiment, it was possible to
detect a high mortality rate of the Rosa26CREERT*Manfifl mice, so a survival analysis was also

performed.

The results obtained showed that only 25% of Rosa26CRE-ERT+*Manfi mice survived, while 80% of tam-

treated Manf®f mice were still alive after 14 days. Mice with MANF ablation appear to have an increased

44



tendency to die compared to animals that preserved MANF levels throughout the whole experiment
(Figure 3.8A), although not statistically significant.

Given the several functions of MANF described in the literature, it is possible that ubiquitous MANF
loss, at the organismal level, before an injury induces a systemic response that may be lethal to animals.
However, it would be important to increase the number of animals per condition in this study. Further

pathology analysis must be performed to better understand the causes of death.
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Figure 3.8 - Long-term effects of organismal MANF loss on survival and regeneration.
A. Kaplan-Meier survival curves of the tamoxifen-treated Rosa26¢*tRManf™ (n=16) and Manfi (n=5) mice for 14

days. B-C. Representative images of H&E staining in muscle cryosections of regenerating QC from (B) tam-treated
Manf' mice, and (C) tam-treated Rosa26CRE-ERT+*Manf'! mice at 14dpi. Representative new centrally nucleated
fibres (>), necrotic fibres (*), and mononucleated inflammatory cells (—) are indicated in the images Scale bar,
100pm.

Regarding tissue analysis after 14 days of injury, Rosa26CREERT*Manffl mice that survived revealed

unsuccessful tissue regeneration which is strikingly different from what is observed in the Manf/i mice.

Muscles at 14 dpi from tam-treated Manf (Figure 3.8B) exhibited a high density of big centrally

nucleated myofibers, homogenously organized in the whole muscle section, indicating effective
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myofibers formation. By day 14, immune cells were not detected indicating that inflammation was
resolved. These results are consistent with the normal regeneration process of skeletal following

intramuscular BaClz injury described in the literature?®.

On the other hand, tam-treated Rosa26CRE-ERT*Manff/i revealed an accumulation and persistence of
mononucleated inflammatory cells and necrotic myofibers. Few small centrally nucleated myofibers
could be identified (Figure 3.8C).

Thus, this descriptive analysis points to long-term defects in the repair process in the absence of MANF,
suggesting that, in these conditions, the immune response cannot be resolved, the myogenic process

cannot progress, and necrotic fibres accumulate, within 14 days.

The impaired recruitment and the disruption of a spatiotemporally regulated response of macrophages
are likely to contribute to these alterations. Macrophages’ activities are associated not only with debris
clearance but also with the regulation of both MuSCs and FAPs activity?®2?8. Thus, if the biphasic
response of macrophages becomes dysfunctional, these cells cannot properly regulate the myogenic

process.

Importantly, considering that alterations in the immune system may affect MuSC and stimulate a shift
towards a fibrogenic phenotype® and impact FAPs, it would be of great interest to analyse the fibrotic

tissue within the regenerating muscle through a specific technigue such as Masson’s Trichrome stain®8,

3.2 Causes of immune dysfunction during a regenerative pressure
upon MANF ablation

The previous results supported the notion that loss of MANF disrupts the immune response to muscle
damage, affecting the myeloid cells accumulation rapidly triggered after injury and the crucial phenotypic
transition of macrophages. These consequences are related to impaired tissue clearance and defective

myogenesis. However, the causes of such inflammatory defects remain unknown.

Therefore, we looked into the origin of the inflammatory crisis, exploring, initially the defects in myeloid

accumulation and then focusing on the effects of MANF loss specifically on macrophages.

3.2.1 Impact of MANF loss on blood circulating cells after skeletal muscle injury

Tam-treated Rosa26C°REERT+Manfff mice exhibit a blunted myeloid accumulation in response to skeletal
muscle injury. Most leukocytes present in the regenerating muscle are recruited from the
bloodstream?837, So, impairments in this process may impact the blood constitution or vice versa. The
origin of the recruitment defect is unclear, but it may be associated with the pool of cells in circulation

available to be recruited upon an injury.
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To better understand the defective accumulation of immune cells upon an injury when MANF is ablated,
blood circulating leukocytes from tam-treated Rosa26°RE-ERT*Manf mice were analysed by FC 3 days

after injury. Manf¥ mice that received tamoxifen injections were used as controls.

Live single cells were selected based on the viability dye Zombie Aqua. Myeloid cells are identified as
CD11bpres cells. Within this population, monocytes and neutrophils are distinguished within the F4/80"9
population based on the expression of Ly6C and Ly6G, respectively. In addition to the myeloid cells, T

and B cells were also quantified, using the corresponding surface markers CD3e and CD45R.

Compared to the control condition, MANF knockout mice displayed a significant 70% reduction in the
number of monocytes per microliter (ul) of blood (Figure 3.9B). The number of B cells per pl is also
significantly reduced in the MANF loss mouse model (Figure 3.9D). Although no significant differences
were detected regarding total myeloid cells, neutrophils, and T cells, these populations tend to be
decreased when MANF is deleted (Figure 3.9A,C,E).
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Figure 3.9 - Impact of organismal MANF loss on the blood cell populations analysed by Flow Cytometry.
A-E. Quantification by flow cytometry of (A) Myeloid (CD11bPs) cells, (B) Monocytes (F4/80N¢9Ly6CPs cells), (C)
Neutrophils (F4/80Ne9Ly6GPOs cells) (D) B cells (CD45RP°S) and (E) T cells (CD3eP°s) per microliter of blood collected
from tam-treated Manf! mice, here identified as fl/fl (n=5) and tam-treated Rosa26°RE-ERT+*Manf mice (n=4) at
3dpi. Data is shown as mean + SEM and each point represents one animal. *p<0.05, ****p<0.0001 and ns= not
significant.
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Usually, muscle damage induces a robust infiltration of blood-derived immune cells. However, in the
absence of MANF, this process is blunted/impaired, and fewer immune cells infiltrate the tissue. The
blood analysis demonstrated that cells are not accumulating in the blood but appear to be also reduced

in the bloodstream, in particular, monocytes, that are involved in the myeloid response, and B cells.

Usually, circulating Ly6Cheh monocytes infiltrate the injury site shortly after neutrophils and differentiate
into pro-inflammatory macrophages. Thus, the reduced number of monocytes in the blood may be

responsible for the altered levels of macrophages within the injured area.

These results suggest that the recruitment defect identified when MANF is lost may be associated with
changes in circulating immune cell numbers. One potential explanation is the existence of defects in the

production of immune cells in the bone marrow.

3.2.2 Impact of MANF loss on bone marrow populations after skeletal muscle

injury
The former results suggested an alteration in the circulating numbers of immune cells, particularly
monocytes and B cells. Given that immune cells are constantly produced in adult life in the bone marrow
and that the primary source of inflammatory cells in the regenerating muscle is the BM4%, defects in the

hematopoietic process may alter the cell numbers entering the blood and the muscle tissue following

injury.

This way, we focused our study on the hematopoietic process and, particularly on myeloid cells
production. To assess the effect of MANF deficiency on hematopoiesis, we identified and analysed the

bone marrow populations by FC 3 days after the injury.

LSK cells are considered the Sca-1r°sc-KitP°s hematopoietic progenitor cells that lack specific lineage
markers (Lin"e9) and, thus, are not yet fully committed to any blood cell line. These include LT-HSCs,
ST-HSCs and MPPs. Among these populations, only ST-HSCs cells were significantly elevated in tam-
treated Rosa26CREERT+Manff mice when compared to control Manfi mice. However, the numbers of

all LSK populations reveal a tendency to be increased when MANF was ablated (Figure 3.10A-F).

By contrast, all myeloid progenitors in bone marrow were significantly reduced in animals with MANF
deletion. In this analysis, MPs were considered the LinNed Sca-1Nedc-KitPos population and comprised the
common myeloid progenitors (CMP), megakaryocytic/erythroid progenitors (MEP) and
granulocyte/macrophage progenitors (GMP), all of which reduced in MANF loss conditions. We
observed that the CMPs from tam-treated Rosa26CRE-ERT*Manffl mice experienced an 83% reduction

and GMPs a 78% decline in their numbers, compared to control animals (Figure 3.10G-J).
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Importantly, the present results imply a defect in the hematopoietic process in conditions of MANF
deficiency. Early-stage multipotent cells, especially, ST-HSCs, appear to be accumulating at the
expense of the committed progenitors, leading to reduce numbers of the following CMPs, GMPs and
MEPs. The decline in myeloid progenitors correlates with the strikingly reduced numbers of monocytes
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Figure 3.10 - Impact of organismal MANF loss on the bone marrow cell populations analysed by Flow

Cytometry.

A-J. Quantification by flow cytometry of (A) overall LSK cells, including (B) LT-HSCs, (C) ST-HSCs and (D-F)
MPPs; and (G) overall committed myeloid progenitors, comprising (H) CMPs, (I) GMPs and (J) MEPs present in a
femur bone marrow from tam-treated Manf'" mice, here identified as fl/fl (n=5), and tam-treated Rosa26°R&
ERTA+Manf mice (n=4) at 3dpi. Data is shown as mean + SEM and each point represents one animal. *p<0.05,

**p<0.01 and ns= not significant.
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in the bloodstream since they are derived from GMPs. In turn, this may be associated with the defective

recruitment identified at the injury site.

Given that lymphocytes also appear to be reduced in the blood, it is not likely that hematopoietic cells
are skewing towards the lymphoid lineage, although this must be further confirmed looking into the CLPs

numbers.

Literature reported that after severe injury, the high demand for leukocytes and, particularly, myeloid
cells stimulates an emergency hematopoietic response®4. This process is associated with the expansion

of the HSCs, MPPs and higher numbers of myeloid skewed progenitors54:89,

However, in the absence of MANF, the BM does not seem able to respond effectively and generate
sufficient progeny necessary for a successful immune response to muscle damage. The current results
unveiled a potential correlation (direct or indirect) between MANF activity and the hematopoietic
process, at least during a regenerative pressure, and showed that its loss may originate defects in the
formation of immune cells. This potential role of MANF in hematopoiesis may be due to MANF in HSCs

or in the environment that controls these cells.

It remains unclear whether these findings are in some way related to the aged-associated defects in

myeloid recruitment following a muscle injury identified in old mice®°.

The aging process is known to affect the hematopoietic system, directly impacting on HSCs and the BM
niche. HSCs functionality is known to be reduced during aging, which leads to immune dysregulations
and intrinsic alterations in myeloid lineage cells®. In turn, the numbers of HSCs are increased in aging,
possibly to counteract their loss of function®l. Hematopoietic aging has also been associated with HSCs
and progenitors’ lineage skewing and differentiation towards the myeloid lineage, having less
differentiation potential to lymphoid cells in homeostasis®-%4. Nevertheless, the impact of aging in
hematopoiesis during a regenerative pressure remains unexplored. Thus, to our knowledge, it is not

described if aged BM is able to efficiently respond to the immune challenge imposed by muscle injury.

This way, it is imperative to further analyse the hematopoietic populations of young and old mice after
muscle injury. The characterization of young animals would facilitate the comprehension of the
emergency hematopoietic response following muscle injury, while the study of old animals’
hematopoiesis upon injury would clarify if the defects here identified in the absence of MANF have any

similarity to the aging phenotype.

3.2.3 Effects of MANF loss in the phenotypic transition of macrophages

Macrophages’ infiltration and their biphasic response within the damaged tissue are essential for
successful skeletal muscle restoration?®. These cells are a source of MANF after injury”68° and the loss

of this protein is associated with a defective myeloid infiltration and a delay in the phenotypic transition
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of macrophages after skeletal muscle injury. Thus, to better understand the causes of immune
dysfunction during regeneration upon MANF loss, we next focus our study on the role of this protein on

macrophages.

To assess the specific role of MANF in phenotypic transition, independently of the myeloid recruitment,
we developed an ex vivo experiment where we eliminate the recruitment confounding factor and follow

the phenotypic transition of macrophages.

In this assay, we used a different mouse model - LysMCRE#Manf mice - where MANF is ablated in all
populations of macrophages in a tamoxifen-independent manner. With this model, we focused on the
specific role of MANF in macrophages and the consequences of its particular loss. Similar to Rosa26
mice, this model exhibits myeloid alterations during the immune response to injury, having reduced
numbers of myeloid cells within the regenerating tissue and defects in the phenotypic transition
(unpublished data). Importantly, this model has the advantage over the Cx3cr1CREER*. Manf model of

eliminating the need to administer tamoxifen in culture to sustain MANF elimination in transitioning cells.

For this experiment, single-cell suspensions isolated from 2dpi muscles were cultured for 16h and the
distribution of the macrophage populations was determined by FC at Oh and 16h. Macrophages were
identified as F4/80r°s cells, and the different subsets were identified based on the expression levels of

Ly6C. Macrophages with high, intermediate, and low levels of Ly6C were evaluated.

Importantly, cultured control macrophages were able to maintain their phenotypic transition capacity,
recapitulating the phenotypic switch observed in vivo. Looking into the FC plots of Manf®f cells (Figure
3.11A), we observed the normal immune shift from Ly6CHigh pro-inflammatory macrophages to Ly6Cow
pro-repair macrophages after 16h. To better visualize this, we used the ratio Ly6CLowv/Ly6CHigh that

increases as more transition occurs (Figure 3.11C).

MANF deficient mice revealed a significant reduction in the emergent population of anti-inflammatory
Ly6Ctow cells when compared to the control mice (Figure 3.11B). The ratio Ly6CLow/Ly6cHish was
significantly lower when MANF was ablated in macrophages suggesting a defect in transition,

independently of the recruitment factor (Figure 3.11C).

These alterations seem to be related to defects in the early stages of the transition process since the
macrophages’ population with intermediate levels of Ly6C (Ly6C'™) also appeared to be reduced in the
MANF loss condition. The ratio Ly6C'"/Ly6CHigh after 16h tended to be lower when compared to controls,
while the transition between Ly6C' and Ly6C°" did not seem affected, seeming identical among both
conditions (Figure 3.11D-E).

Furthermore, the number of CD11bres cells in the total cells present in the culture remained relatively

constant, not being detected significant differences between the two timepoints in any of the conditions
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(Figure 3.11F). This suggests that the defects identified in the phenotypic transition are not attributed to
cell death happening during the process.
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Figure 3.11 - Impact of conditional MANF deletion on the phenotypic transition of cultured macrophages,
assessed by Flow Cytometry

A-B. Representative plots obtained by flow cytometry analysis of macrophage subsets at Oh and 16h after culture,
gated on the CD11bP°s population. Macrophages analysed are originated from cultured single cell suspensions
isolated from QC muscles of Manf'! and LysMC®eManf™ mice at 2dpi. C-F. Ratios of (C) pro-repair Ly6C-°" to pro-
inflammatory Ly6CH9" macrophages; (D) Ly6C™ to Ly6CHi9" macrophages and (E) Ly6C'*" to Ly6C™
macrophages and (F) percentage of myeloid CD11bP°s cells quantified by flow cytometry in single cells
suspensions isolated from QC muscles from Manf and LysMCeManf! mice cultured for Oh and 16h. Data is
presented as mean + SEM and each point represents one animal. *p<0.05, and ns= not significant
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Then, we accessed if the phenotypic transition process would be enhanced and restored by MANF
supplementation during the incubation time. In this experiment, cells from each LysMCRE+Manf mouse
were analysed at Oh, 16h and at 16h with rMANF addition to the culture media. The results obtained
showed a significant improvement in phenotypic transition since the ratios Ly6C-o%/Ly6c"ioh at 16 hours
were higher in samples where MANF was added (Figure 3.12).

Therefore, the defects previously detected could be ameliorated by recombinant MANF
supplementation, reinforcing the idea that extracellular MANF is involved in the macrophages’ shift

towards a pro-repair phenotype.

So, here we demonstrated that the absence of MANF in macrophages is sufficient to impair their
phenotypic switch and that supplementation with MANF rescue to some extent these defects. Thus,
MANF secreted by macrophages is crucial for the phenotypic transition of macrophages into the pro-
repair state. In a previous study, it was demonstrated that MANF is specifically induced by pro-repair
macrophages during muscle regeneration 80, Thus, the present results strengthen the hypothesis of a

feed-forward mechanism in which MANF induced by pro-repair macrophages facilitate the formation of

new ones.
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Figure 3.12 - Impact of MANF supplementation on the phenotypic transition of cultured MANF-deficient
macrophages analysed by Flow Cytometry

Ratios of pro-repair Ly6C°" to pro-inflammatory Ly6CHi9" macrophages quantified by flow cytometry in single cells
suspensions isolated from QC muscles from Manf" and LysMC®Manf" mice after Oh and 16h, with or without
recombinant MANF supplementation. Data is presented as mean + SEM and each point at a certain timepoint
represents one animal (n=8). *p<0.05

3.2.4 Pro-repair macrophages alterations upon MANF ablation

Macrophages have a central role in muscle regeneration, and MANF produced by these cells participate

in the regulation of their phenotypic transition.

To further investigate the specific role of this protein on macrophages, we tried to characterize the
intrinsic alterations of macrophages, zooming in on the pro-repair population, that is particularly
responsible for the MANF induction after muscle injury, through transmission electron microscopy
(TEM).

53



For that, we used the genetic mouse model Cx3cr1CREER* Manfif, that enables the conditional ablation
of MANF upon tamoxifen injection only in the pro-repair population of macrophages and whose
phenotype during regeneration has been already described®. This model reveals defects in immune

response and phenotypic transition®. Oil-treated mice were used as controls.
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Figure 3.13 - Impact of MANF ablation in pro-repair macrophages evaluated by TEM

A-B. Representative images of F4/80P°SLy6C-°% pro-repair macrophages isolated by FACS at 3dpi from QC
muscles of Cx3Cr1¢eERManf that received (A) oil and (B) tam injections and visualized by TEM. Scale bar (A) 1
um and (B) 2 um. C-G. Quantifications analyses of these images for independent cells (n=54 macrophages from
oil-treated Cx3Cr1CERManf and n=42 macrophages of tam-treated Cx3Cr1°ERManf'). Quantification of (C)
macrophage area (um?) (D), average area of intracellular vesicles (um?), (E) percentage of macrophages with at
least one vesicle larger than 5 um? and the (F) average number and (G) length (um) of macrophages protrusions
are shown. Data is represented as mean + SEM and each point represents one macrophage. ****<0.0001,
***p<0.001 and ns= not significant.
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F4/80rosLy6Co" macrophages were isolated from muscle at 3dpi by FACS and further analysed in detail

by transmission electron microscopy (TEM).

Comparing both conditions, it was possible to observe marked structural alterations in MANF-deficient
pro-repair macrophages. These cells appear to be bigger and exhibited a high number of large vesicular

structures, frequently filled with undigested cellular material (Figure 3.13A-B).

Quantification analysis confirmed the significantly increased size of macrophages with MANF ablation
(Figure 3.13C). The average area of the vesicular structures was also significantly higher in
macrophages from tam-treated mice (Figure 3.13D). In fact, control macrophages displayed on average
vesicles with 0.6 um?, while the average area in MANF deficient macrophages was 3,8 times bigger.
Moreover, 50% of MANF-deficient macrophages exhibited vesicles with more than 5um?2, while only
14% of control macrophages had these big vesicles (Figure 3.13E). Regarding the number and length

of macrophages’ protrusions, no significant differences were found (Figure 3.13F-G).

These alterations may be explained by defects in the phagocytic pathway in macrophages with MANF
deficiency, specifically in the digestion and intracellular processing of phagocytized cellular material.
Phagocytosis involves the engulfment and internalization of fragments of dead cells into phagosomes
that further mature and fuse with cellular endosomes and lysosomes®. These vesicular compartments
carry several proteases, DNases and lipases that allow the elimination of the internalized cellular
material®>%, Any alteration in this pathway may prevent debris digestion and impair the phagocytic

capacity of macrophages.

This idea of an altered phagocytic function correlates with the previous results that reveal an

accumulation of necrotic fibres and cell debris within the injury site when MANF is ablated®°.

Literature indicates that the elimination of cell debris by macrophages has immune regulatory roles, in
addition to eliminating physical obstacles for regeneration. Previous studies have shown that
phagocytosis of muscle debris contributes to macrophages' phenotypic transition and that inhibition of

that process prevented the phenotype shift, affecting the regeneration process*297,

In addition, the literature points out that phagocytosis by macrophages in aged mice is impaired®®.
Therefore, we hypothesize that MANF loss in the pro-repair population that is also seen in aged animals
may be associated with defective phagocytic function and consequent dysregulation of the phenotypic
transition. In turn, impairments in the transition towards an anti-inflammatory state impact regeneration

and are linked to unsuccessful muscle repair.

However, it is important to have in mind that the current analysis is just descriptive, and the phagocytic
pathway must be further examined, for instance, by gene expression changes analysis and/or specific

assays that allow quantification of debris ingestion and lysosomal digestion in macrophages.
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Macrophages from young and old animals should also be visualized, in the future, by TEM to evaluate

if they manifest similar phenotypes.
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4

CONCLUSIONS

In this project, we demonstrated that the organismal loss of MANF leads to a severe regenerative failure
of injured skeletal muscle (in short and long-term), characterized by dramatic accumulation of cellular
debris and failure in the myogenic process. Furthermore, the immune response to damage is
significantly impaired, regarding the myeloid infiltration after injury and the phenotypic transition of
macrophages towards an anti-inflammatory state. The elevated severity of the regenerative and
inflammatory impairments in the full MANF knockout mice, relative to the model of macrophage-specific
ablation previously reported, confirmed that MANF is a crucial factor for muscle regeneration and

indicates that MANF from other cellular sources may impact the regeneration process.

Organismal MANF loss also altered the number of circulating immune cells and disrupted the formation
of myeloid progenitors in the bone marrow, uncovering a potential role of MANF signalling in the
hematopoietic process during a muscular regenerative pressure and unveiling a possible reason for

the defective myeloid recruitment identified upon damage.

The current study also strengthens the idea of an autocrine mechanism of MANF in macrophages’
phenotypic transition. MANF conditional ablation in macrophages resulted in a defect in the
phenotypic shift, independently of the defects in cell recruitment during muscle regeneration. Moreover,

the transition process could be ameliorated by extracellular MANF supplementation.

Finally, our study points to intrinsic alterations in the macrophage pro-repair population when MANF is
absent, particularly in the digestion of engulfed material, which can be associated with the transition
defect identified.

Thus, this project demonstrates that the immune modulator MANF participates in the muscle
regeneration process through the regulation of the inflammatory response to damage at multiple
levels. Moreover, this study contributes to the identification of regenerative and inflammatory
dysfunctions that occur as a consequence of MANF loss, enlightening how the age-related decline of

MANF may impact the regenerative potential.
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4.1 Future Perspectives

In the future, further studies must be performed to assess the resemblance of the results obtained in
MANF deletion models to the defects occurring in the elderly. Bone marrow and blood cellular
compositions must be evaluated also in aged and young animals during a regenerative pressure to
clarify whether the defects that arise from systemic MANF deletion recapitulate (to some extent) defects
occurring in aging. In addition, we also intend to analyse the pro-repair population of macrophages from
old and young mice by TEM to verify if the intrinsic modifications detected in this study are also present

in the aged condition.

Moreover, additional studies must be carried out to understand the role of MANF in emergency
hematopoiesis. It would be of great interest to perform BM transplantation experiments. Transplantation
of bone marrow from wild-type animals into animals with MANF deletion and vice-versa would help
elucidate if the alteration of the bone marrow cells is sufficient to enhance or deteriorate, respectively,
the regenerative potential and the immune response. In addition, reintroducing recombinant MANF in
animals with MANF ablation would be important to understand if the defects identified in its absence

could be rescued.

Importantly, it is necessary to further investigate the MANF mechanism and signalling in immune cells,
particularly, in macrophages to comprehend the link between this protein and the regeneration process.
Gene expression analysis should be performed in macrophages with MANF deletion for the identification
of possible altered biological processes and pathways. Moreover, developing and establishing an in
vitro model of MANF deletion would be imperative. Bone marrow-derived macrophages from animals
with ubiquitous MANF deletion are potential candidates, so an effective protocol must be developed and
optimized. After that, it would be possible to study potential impaired pathways in MANF loss conditions,
including the phagocytic one. Phagocytic and digestion assays of necrotic and apoptotic material would

be of great interest.

All this future work is fundamental to better characterize the relevance of MANF in the immune response
during regeneration and its influence on the age-related decline in regenerative capacity. Understanding
all this is crucial to translate MANF activities into clinical practice to improve regenerative therapies.
Taking into account that immunomodulation has been considered a potential approach for improving
stem cell-based therapies, future work may also involve the study of the benefits of MANF administration
associated with MuSCs transplantation in the regenerative capacity. Thus, our study may contribute to

the identification of MANF as a new candidate to enhance muscle repair in the elderly.
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A

APPENDIX

A.1 Recipes

Tragacanth Gum: 5g of Tragacanth (Sigma-Aldrich), 50ml of Milli-Q® water, 500ul of 16%
(w/v) Formaldehyde solution Methanol free (Thermo Scientific).

Separating gel (12%): 3.2ml of Acrylamide 30%; 2.6ml Milli-Q® water; 2ml Tris 1.5M ph8.8;
80ul of sodium dodecyl sulfate (SDS) 10%; 80ul of Ammonium persulphate (APS) 10%; 8ul of
Tetramethylethylenediamine (TEMED).

Stacking gel (2 gels): 1ml of Acrylamide 30%; 2.6ml Milli-Q® water; 1.25ml Tris 0.5M ph6.8;
50ul SDS 10%, 50ul APS 10%, 5ul TEMED.
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