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Abstract

Skeletal muscle is essential in voluntary movement and other major vital functions. Muscle injuries are important in clinical practice
and, despite skeletal muscle’s good regenerative ability, severe tissue loss impairs complete myofibre regeneration, limiting
structural and functional recovery of the affected muscle, eventually leading to the development of non-contractile fibrous scar.
The intrinsic healing mechanisms rely in great extent on the residing progenitor population but significant drawbacks to their
practical application in regenerative strategies boosted the search for alternative cell sources, such as extra-fetal mesenchymal stem
cells (MSCs). MSCs have demonstrated to positively influence the regeneration of different disease models. When severe
volumetric muscle tissue loss occurs, the body is seldom capable of replacing the lost portions with fully functional tissue. A
rational strategy to aid the healing of such situations is the application of biomaterial implants that provide a structural matrix for
the ingrowth of regenerating muscle fibres. Both synthetic and natural biomaterials have been hypothesized for this purpose and
some have reached as far clinical cases applications. Obvious improvements are observed in most cases, but reaction to some
biomaterials and functional recovery are still a challenge. The addition of MSCs to the biomaterials seems to improve the systems’
performance in the overall regenerative milieu. This strategies promote scaffold’s vascularization and integration, as well as
accelerated tissue ingrowth and reduces scar formation, resulting in improved recovery rates at both structural and functional levels.
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Nomenclature

MSCs Mesenchymal stem cells

ECM Extra-cellular matrix

SC Satellite cells

DPSCs Dental pulp stem cells

VML Volumetric muscle loss

BM-MSCs Bone-marrow derived mesenchymal stem cells

AT-MSCs Adipose tissue derived mesenchymal stem cells

UC-MSCs Umbilical cord stroma/Wharton’s jelly derived mesenchymal stem cells
CM Conditioned medium

1. Introduction

Skeletal muscle is one of the major contributors to our body mass [1] and given its distribution and function is
particularly prone to injury. Traumatic muscle affections are rather frequent in sports practice, as well as in more
dramatic situations, such as accidents and war sceneries [2-5].

In order to develop optimized treatment strategies for such injuries, one must keep in mind the basic structure of
skeletal muscle tissue, as well as its intrinsic response to events of insult.

Skeletal muscle results from a combination of muscle specific cells, nerves, blood vessels, and connective tissue
support matrix. This tissue specific cells are multinucleated structures named myofibres that host a complex and highly
organized contraction machinery within its sarcolemma. According to their contractile properties, myofibres can be
classified into three types, and their relative content relates to each muscle specific function and training. Type 1
myofibres are slow contracting and fatigue-resistant, type 2A myofibres are fast contracting and have intermediate
resistance to fatigue, and type 2B myofibres are fast contracting and have poor fatigue resistance. These contractile
cells are supported by a complex extra-cellular matrix (ECM) [3]. The myofibres are further enclosed by connective
tissue sheaths (the endomysium, perimysium and epimysium) associating them at three upscaling levels from
involving a single myofibre to the whole muscle belly [6].

1.1. Skeletal muscle intrinsic regenerative mechanisms

The tissue response following skeletal muscle insult is classically divided into three inter-related and time-
dependent phases, conveying the destruction, repair and remodeling of the affected tissue.

The first phase (destruction phase) consists on the rupture and necrosis and degeneration of the myofibres and
associated neuro-vascular structures and ECM, and the formation of a haematoma (between the damaged/ruptured and
retracted muscle cells), and the initiation of the inflammatory-cell response [3, 6]. The inflammatory phase peaks in
approximately 3 days , and is characterized by the phagocytosis of the debris on site and the release of a cascade of
inflammatory cytokines, mediated by a sequential influx of neutrophils and macrophages [3, 7]. The repair phase
concludes the ‘cleaning process’ and initiates the regeneration of the myofibres, production of a connective-tissue scar
by migrating fibroblasts and neuro-vascular re-growth [6]. In the final remodeling phase [8], the regenerated tissue
matures and the formed fibrous connective tissue reorganizes and contracts [6]. Especially after severe tissue loss, the
initial haemoderived matrix requires extensive remodeling [9], and an unbalanced process may derive in persistent
fibrosis, impairing the muscle regeneration process and full functional recovery [10].

Satellite cells (SCs) are one of the main characters in the repays phase [11], since they form a population of muscle
specific paired-box 7 (Pax7) positive myogenically committed, but yet undifferentiated, cells that reside between the
basal lamina and the muscle fibre, holding functions of maintenance of tissue homeostasis and regeneration [12]. Upon
injury, SCs are activated and undergo one of two faiths: differentiation into myogenic cells or ‘stem-like’ division,
maintaining the pool of available cells for intervention in future events of injury [13]. Other populations with stem-
cells’ characteristics co-inhabit within the muscle tissue, such as mesangioblasts and PICs (PW17/Pax7" interstitial
cells). More detailed discussions on the topics above are available elsewhere [14-18].
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When unharmed, skeletal muscle regenerative cells remain in a quiescent state, devoid of active stimulatory or
differentiating factors [19]. Upon insult however, the course of the regenerative response is strongly dependent on a
delicate sequence of events which is mediated by and in turn mediates a cascade of modulatory and signaling
biomolecules [18, 20-22]. These factors are released into the surrounding microenvironment, modulating resident (or
delivered) populations [19], by triggering cell-type-specific programs [12], being essential for the timely activation of
myogenic cells, re-vascularization and re-innervation of the lesion site and ECM deposition and remodeling.

These growth factors are mainly provided by the remaining tissue but also by the invading immune cells,
participating in inflammatory response. Some of these molecules act as chemoattractant to additional inflammatory
infiltration to the lesion site, such as MCP-1, IL-17, TNFa and TGFf, amongst many others (a comprehensive table
on the normalized nomenclature for some growth factors and cytokines is available as supplementary material on [23])
[24]. Other molecules such as TNFa, INFy, IL-4 and IL-10 are essential at this stage of events [24, 25].

The evolution of the regenerative process relies on the compliance with specific patterns of interaction between
these cytokines and growth factors play a crucial role in the outcome of the regenerative process [26]. Families of
growth factors such as HGF, VEGFs, FGFs, TGFs, and IGFs are critical for this process, and detailed analysis on the
specific functions and interactions of each can be found in [18, 20, 21], as well as in [27].

A separate mention to TGF-B1 is noteworthy [28], given its mainly detrimental role in the skeletal muscle
regeneration process, contributing to exacerbated fibrosis and loss of contractile properties [10].

2. Extra-fetal tissue derived MSCs as alternatives to Muscle derived cells

When investigating cellular-based therapeutic strategies, the first thought generally goes to resident tissue
populations. In the skeletal muscle, satellite cells and other ‘alike’ populations have been explored towards improving
the regeneration process [29], but some obstacles to their effective application have arisen. They are present in limited
numbers in the healthy skeletal muscle, which would require the harvest of large volumes of healthy tissue [9, 30]. To
counterpart this one could advocate in vitro expansion prior to implantation, but this process is known to harm these
cells regenerative potential, even in short term expansion [31]. Given these limitations, alternative sources of pro-
myogenic agents gained relevance such as non-muscular MSCs.

MSCs are present in virtually all the body tissues, and are characterized by their clonogenic and proliferative
capacities and multilineage differentiation abilities [32], into various mesodermal, ectodermal and endodermal cell
types [33]. In order to gather some consensus the Mesenchymal and Tissue Stem Cell Committee, of the International
Society for Cellular Therapy (ISCT) stated a series of recommendations regarding the acceptable criteria for the
definition of ‘Mesenchymal stem cell” populations. Briefly, MSCs population must: i) have plastic adherent ability;
i) be absent of definitive hematopoietic lineage markers (such as CD45, CD34, CD14, CD11b, CD79a, CD19 and
HLA-DR), while expressing nonspecific markers CD105, CD90 and CD73; iii) have ability to differentiate into
mesodermal lineage cells, osteocytes, chondrocytes and adipocytes [34].

In addition to the multi-lineage differentiation capacity, MSCs are considered immunologically privileged, mainly
due to their lack of HLA-II expression [35], which widens the range of donor-recipient matching possibilities [36] as
well as enabling the use of human MSCs in non-immunosupressed diseased models [37, 38] that more closely replicate
clinical observations [39]. Besides, MSCs can also modulate immune responses, at both local [38] and systemic levels
(benefiting cases of severe immunological disturbances)[39].

The bone marrow has been the preferential cell source for therapy development in general and skeletal muscle in
particular, but its harvesting procedure is significantly harsh and the isolated cells’ numbers and quality variable [40],
which pushed the search for more easily accessible source tissues, as are the adipose tissue [30], the stromal tissue of
the umbilical cord [36] and the dental pulp [41]. MSCs from these sources have been demonstrated capable of
differentiating into myogenic lineages, and express transcription factor characteristic of skeletal muscle tissue
embryogenesis [12]. Also, significant evidence on their benefits of their sole application to in vivo skeletal muscle
regeneration in diverse models is available, as recently revised by the authors in [27].
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3. MSCs and Biomaterials systems for VML repair and regeneration

As mentioned in section 1.1 skeletal muscle is equipped with powerful intrinsic response mechanism, but these can
be exceeded by severe injuries consisting on the loss of significant volumes of muscle (volumetric muscle loss-
VML)[42]. Some surgical treatment options are available targeting these situations, but outcomes are generally least
satisfactory [43]. In the events of a VML, the support structures, blood vessels, nerves and regenerative cell
populations turn absent and complete regeneration of functional tissue is hampered, even after long healing periods
[2].

At this point, biomaterials appear as a possible path towards skeletal muscle tissue restoration, by providing a
physical and biochemical support and guidance to the regenerating myofibres [2]. In some instances the biomaterial
itself acts as such [44] or it can be functionalized with desired molecular cues [45].

The first category is dominated by ECM, which has been demonstrated to adequately fill a critical muscle defect,
and to benefit structural recovery, although functional improvement was lacking [2]. Other report of the application
of similar strategies revealed functional indexes recovery, but still insufficient to match undamaged muscles’ response
[46]. Using a larger pre-clinical canine model, these matrices provided slight functional recovery, and although no
exogenous cells were associated to the implants, these were capable of stimulating endogenous progenitors migration
into the regenerating area what possibly contributes to the outcomes [47]. In effective clinical applications, a ECM
products successfully aided the treatment of a war-associated volumetric muscle injury case. The implant successfully
restored the local body contour and promoted function improvement, as reported by the patient and confirmed by
kinematic analysis. But still, improvements did not match the undamaged limb indexes [5]. A broader study including
a larger group of patients also described functional recovery improvements, while only 2 out of the five patients were
deemed irresponsive to therapy. Nevertheless, all patients reported significant improvements in quality of life [46], as
did the one patient reported by Gentile et al [48].

Biomaterials other than ECM have also been described in skeletal muscle affections prospective treatment. Qazi et
al quite thoroughly revises the biomaterials currently under study and significant achievements in the field in [49]. As
an interesting example, a gelatin-poly(ethylene glycol)-tyramine (GPT) hydrogel successfully improved muscle
regeneration following a laceration injury. This in situ forming gel was loaded with a pro-survival growth factor (basic
Fibroblast Growth Factor — bFGF), sustaining controlled release for up to 3 weeks. In vivo, this significantly improved
contractile force of healing muscles after 4 weeks, reduced local fibrosis and increased multinucleated regenerating
myofibres and neurovascular structures on site, comparing to untreated controls [45].

Despite significant efforts, some key-points still remain challenging for optimal skeletal muscle regeneration,
especially following event affecting support as associated structures, namely the re-vascularization and re-innervation
of the regenerating tissue, as well as the attainment of proper myofibres alignment. All these factors are essential for
optimal structural and functional recovery.

Considering the essential role of active cell populations in tissue regenerations, the association of cellular systems
to these biomaterials was hypothesized to further boost their benefits and general performance. The first cell systems
to be considered were muscle-derived populations, which led to observable benefits [50, 51]. However, given the
challenges on the manipulation and application of such populations, other non-muscular cell sources came into
consideration: such as BM-MSCs [52], AT-MSCs [45, 53], UC-MSCs [38, 54, 55], amongst others.

The most relevant observations when these cells are applied regard notorious enhancement of both structural and
functional recovery, generally characterized by increased muscle tissue, blood vessels and nervous tissue ingrowth
into the defect [2, 52], the reduction of fibrosis [45] and also the modulation of the body’s reaction to the applied
materials [38, 55]. It was also proposed that the cellular component could rather accelerate the whole regenerative
process, rather than massively altering it [50].

4. MSCs Conditioned Medium — a new perspective for skeletal muscle regeneration

As earlier stated, MSCs therapeutic benefits to skeletal muscle tissue (and may other body tissues) regeneration
relies on their paracrine effects on the surrounding populations. These assumptions are supported by compelling
evidence that MSCs mostly remain in undifferentiated state at the lesion site or in its vicinity, or that are only
identifiable for limited periods of time [56].
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As such, it became of great interest to investigate what kind of paracrine factors were being secreted by those MSCs
that so significantly affected regenerative outcomes, commonly designated as the MSCs’ secretome, in which a wide
range of growth factors, cytokines, chemokines and extracellular matrix components have already been identified [23,
57-61].

In the secretome of MSCs from the umbilical cord stroma, bone marrow, amniotic fluid, and adipose tissue,
interesting levels of proliferative, chemotactic and immunomodulatory factors, such as TGF-fs, G-CSF, GM-CSF,
MCP-1, IL-6 and IL-8 [23, 62] as well as other vasculogenic factors [63, 64]. However, exposure to inflammatory
cytokines and other stimuli [65, 66], growth factors medium supplementation [66, 67] or unusual oxygen tension [63,
68] have been demonstrated to impact on MSCs activities. Hence the secretome composition of MSCs is not static
and is dependent on either the cell type in consideration as well as on extrinsic microenvironmental factors [69], and
its recognition may aid to understand variations observed in the regenerative response and to optimize therapies
application. Comparative secretome analysis is also an interesting approach that will aid us to identify the most
adequate MSCs source for each desired application. As an example, we have observed some clear differences between
Wharton's jelly and dental pulp MSCs secretion profiles (Figure 1), whilst the first seem to be richer is proliferative

and immunoregulatory factors, such as TGF-fs, G- and GM-CSF, DPSCs catch up to comparable secreted levels of
VEGF and RANTES (unpublished data).
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Fig. 1. Comparative secretome profile of UC-MSCs and DPSCs (passages 6-7) after 48 hours conditioning protocols in basal (no
serum supplementation) culture medium. NOTE: GRO, IL-8 and MCP-1 levels in UC-MSCs cultures exceeded the defined
maximum for the graphic representation (120,00 pg/mL), being represented by shortened bars accompanied by the real secreted
value (179,54 pg/mL, 149,77 pg/mL and 438,84 pg/mL, respectively).

It is also essential to bear in mind that bioactive factors are not the only, or even the major, part of the array of
molecules released by MSCs. A great variety of metabolic substrates is present in MSCs’ conditioned medium (CM),
most of which are involved in the synthetic activities of resident and delivered cell populations [23]. Amongst other
metabolic fractions, aminoacids assume a preponderant role, providing basic molecules for further growth factors
production by active cell populations, either native or delivered to the site.
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As we have ourselves observed, the inclusion of Wharton's jelly MSCs secretome in a biomaterial system eases
the local inflammatory tissue response, as denoted by reduced ISO 10993-6 scores, which regard cell infiltrate and
tissue reaction characteristics [38]. Recent work also demonstrated similar effects can be attributed to DPSCs’ CM,
which also contributed to the control of the short- to mid-term tissue response to a commercially available fibrin
matrix, as depicted in Figure 2 from a preliminary study (unpublished data).

(b) ISO 10993-6 scores
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Fig. 2. (a) Passage 3 DPSCs in standard adherent culture conditions, 100x magnification; (b) ISO 10993-6 scoring of local tissue response, at 15
days post implantation into a tibialis anterior VML model, as described in [38] using Fibrin Matrix alone (Fibrin: 3,33 points) and in addition to
DPSCs’ CM following 48 hours conditioning protocol (Fibrin + DPSCs’ CM: 2,19 points).

Remarkably, using both UC-MSCs and DPSCs, the CMs’ effect was superior to that of the cells themselves. As
we have also observed, besides the inflammatory response modulation, CM addition to the system also resulted in
improved signs of skeletal muscle regeneration efforts, with increased regenerating myofibres ingrowth into the
defect, as well as positively impacting on their alignment and orientation (unpublished data).

5. Final Remarks

In this brief overview on the state of the art regarding regenerative approaches to skeletal muscle cellular and
biomaterial systems association it is evident that there is still a long road to cover until definitive therapies are available
for ubiquitous application in clinical patients. Nevertheless, significant advances can be noted so far regarding
biomaterials development, cell sources innovation, as well as other fast expanding concepts, such as the application
of MSCs’ CM to the systems. Detailed investigation on the specific mechanisms related to the observed benefits of
the MSCs- biomaterials associations is ongoing, but holds promise to important breakthroughs in the field, by
combining the advantages of each system component towards optimized recovery of severe skeletal muscle injuries.
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