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Editorial

Clinical translation of tissue-engineered constructs for severe leg 
injuries
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An important component of critical traumatic injuries is 
severe limb damage. Bone repair, vascular supply integrity 
and wounds closure are immediate concerns but the 
prognosis for long-term functional recovery is largely 
conditioned by inadequate soft tissue regeneration, and in 
particular skeletal muscles (1). Skeletal muscles account for 
more than 40% of the body’s mass and are central element 
of limbs. Among muscle damage, those accompanied 
by significant loss of tissue volume lead to important 
functional problems. Loss of muscle tissue can occur at the 
time of injury itself or be the result of diseases or surgical 
debridement of necrotic or damaged areas. Extensive muscle 
tissue destruction leads to a painful and disabling condition 
termed volumetric muscle loss (VML) that impairs normal 
muscular functions. Though muscles can often recover 
functionality through exercise-induced hyperplasia and 
satellite (stem) cells activation, regeneration does not occur 
in VML because the damage is too extensive.

Muscle tissue loss results in functional deficits that 
require costly and complex care from multiple specialties. 
Despite intense physiotherapy regimens, functional 
recovery can often be disappointing (1). Surgical options 
have been developed to correct these deficits. They rely 
on transplantation techniques of muscle flaps alone or 
combined with surrounding tissues (skin, fascia and muscle). 
These surgical approaches are dependent on the availability 
of a healthy donor site, compatible with the lesion, and are 
associated with a significant morbidity at the harvested site. 
As a result, there has been a growing interest in alternatives 
that could be delivered by regenerative medicine 
approaches, in particular the replacement of bulk tissue with 
biocompatible materials (1,2). If the use of biomaterials has 

already entered clinical practice for numerous orthopedic 
applications (bone, ligament, cartilage), there is currently 
no therapeutic solution for skeletal muscle regenerations.

In a study by a team led by Stephen Badylak from the 
University of Pittsburgh, Sicari and colleagues propose 
a technique of tissue engineering published in Science 
Translational Medicine (3) to induce muscle regeneration in 
VML patients using xenogenic extracellular matrix (ECM).

What is tissue engineering?

If you ask this question to scientists, engineers or clinicians, 
you might have a variety of answers. The term “tissue-
engineering” was originally coined by YC Fung to refer 
to an engineering approach to the analysis of native tissue, 
but it was rapidly used to describe the on-going efforts to 
produce living tissues from cultured human cells. Pioneers 
like Howard Green and Eugene Bell developed cutaneous 
constructs that were rapidly translated to clinical use in the 
80’s and remain to this day arguably the most successful 
tissue-engineered products. In the 90’s, the use of synthetic 
polymers as a delivery scaffolds for cells became an 
ubiquitous strategy as the field was enthusiastically adopted 
by chemical engineers and materials scientists. Since then, 
the terms “cell-based therapy” and “regenerative medicine” 
have also surfaced to describe rapidly expanding, and often 
overlapping fields. Regardless of the terminology, only 
a few non-cutaneous products have managed to reach 
commercialization in the US or EU despite the massive 
research efforts over the last 20 years. This is in part due 
to a heavy-handed regulatory process and a hefty quality 
control burden that hinders progress and challenges the 
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economical feasibility of such products. In Europe, such 
products are known as advanced therapy medicinal product 
(ATMP) and are composed of cells or tissues that may 
be viable or non-viable. It may also contain additional 
substances, such as cellular products, biomolecules, 
biomaterials, chemical substances, or scaffolds. For example, 
ChondroCelect® is a suspension of cultured autologous 
cartilage cells for repairing single symptomatic cartilage 
defects of the femoral condyle of the knee in adults (based 
on a technology developed in the 90’s). MACI®, is next 
generation cartilage repair product composed of autologous 
cartilage cells cultivated on a collagen membrane. A fibrin 
sealant, made from blood clotting proteins, is used to 
hold MACI® in place on the cartilage (4). More ambitious 
products such as tissue-engineered blood vessels and 
bladders have shown great promise in clinical trials but have 
struggled with development costs and regulatory issues (5,6). 
On the other hand, decellularized tissues such as the one 
used by Sicari et al., either from human or animal origins, 
follow a less complex regulatory pathway and quality 
control burden.

Implantation of a xenogenic non-muscle ECM for 
VML

The approach tested by Sicari et al. in five male patients, 
relies on the administration of a biological scaffold made 
of xenogeneic decellularized ECM from porcine urinary 
bladder, to stimulate and support regeneration. Native 
ECM is present in every tissue and is a mixture of proteins, 
glycosaminoglycans (GAGs), and growth factors that 
constitute the optimal microenvironment, or niche, for the 
differentiation, function and proliferation of specific cell types. 
The team of S. Badylak has been working extensively on 
the use of xenogeneic ECM for tissue repair for decades (7).  
The clinical use of these matrices is already widely established 
in human for applications such as rotator cuff repair, hernia 
repair, and the treatment of skin ulcers. Their success relies 
on both their role as physical support and their ability to 
create a microenvironment for the recruitment of cells 
capable of repopulating injured tissue. This trophic effect 
may be due to the presence of growth factors or angiogenic 
factors released during the degradation of the matrix by the 
host (8). The GAGs present in the ECM appear to play an 
important role in their ability to bind growth factors and 
induce cell signaling via receptors on the surface of recruited 
cells. This group has previously published the use of acellular 
ECM for treating VML in animal models (9,10).

The most widely used ECM material is prepared 
from the submucosa of small intestine (SIS) of the pig, a 
connective tissue layer rich in collagen and with low cell 
density. However, in VLM models, these matrices are 
not sufficiently resorbed by the host, give rise to a fibro-
inflammatory response, and lead to a poorly organized tissue 
and a lack of muscle regeneration (9). On the contrary, 
non-crosslinked, but decellularized ECM matrices induce 
a macrophage polarization towards an anti-inflammatory 
phenotype (so-called “M2 phenotype”) and the matrix is 
gradually resorbed to allow the development of muscle 
tissue (11). A preclinical study in a model of muscle damage 
in dogs has shown that this technique is transposable to 
large animals, however histology indicated modest results  
6 months after transplantation, and islets of bone or cartilage 
tissue within the matrix near bones were observed (12).

In their most recent publication, the researchers from 
Badylak’s team first conducted with decellularized porcine 
ECM, preclinical trials in mice that had sections of their 
quadriceps removed (3). Two weeks after implantation, 
they noticed perivascular stem cells near blood vessels in 
the region of the implant as well as in the progressively 
resorbed ECM. After 6 months, the regenerated muscle 
in treated mice was innervated and vascularized whereas 
there was no evidence of muscle repair in untreated mice. 
This approach was then translated to humans in 5 VML 
patients (including 3 military personnel) with a severely 
injured leg muscle (quadriceps or tibial), whose volumetric 
muscle tissue loss ranged from 58% to 90%, and who had 
undergone multiple surgeries and extensive physical therapy 
with limited improvement. Patients received a scaffold 
consisting of the ECM of porcine urinary bladder that was 
placed in the injured muscle close to the remaining living 
tissue. All patients followed a physical therapy program 
for post-surgical rehabilitation. At 6-8 months post-
implantation, biopsies revealed the presence of muscle fibers 
of variable diameters, suggesting signs of regeneration. 
Blood vessels were found in the vicinity of the muscle cells. 
From a functional aspect, most patients (3 out of 5) showed 
a significant increase in force production (up to 220%) and 
improvements in tasks performance and balance.

This study represents an important step in the clinical 
translation for the field of tissue regeneration based on 
decellularized bioscaffolds. This clinical trial combined 
bioengineering with an intense physical therapy regiment 
to spur endogenous circulating stem cells that can target the 
site of injury and orchestrate a better tissue regeneration. 
The technique probably would work better after a recent 
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injury but researchers chose to start with old injuries where 
physical therapy alone could not trigger significant muscle 
regrowth. Though the number of patients examined in this 
study is very small, the results are very encouraging and call 
for further studies.

One key limitation of the repairs observed in animals 
or humans is that, if differentiated muscle tissue is 
demonstrated histologically, it is composed of isolated 
muscle fibers, or small islands of fibers, separated by 
connective tissue and without functional organization. 
While some functional improvements have been reported in 
various rodent models, they have been variable and, because 
of the variety of quantification methods used, difficult to 
interpret (13). Moreover, the simple bridging effect of 
the injured area for transmitting power independently of 
any contractile activity may contribute significantly to the 
reported functional improvements. In the clinical study, 2 
patients out of 5 showed no functional improvement despite 
the presence of differentiated muscle cells. Although, these 
studies clearly show the potential of acellular ECM in the 
treatment of muscle damage with VML, these inconsistent 
outcomes highlight that further research is needed to 
understand the mechanism of the regeneration process.

Another possible choice of ECM from muscle for 
VML

In theory, acellular ECM produced from muscle could 
provide a biomaterial whose composition would be more 
favorable to the development of muscle tissue by providing 
the optimal three-dimensional niche for the development 
of myocytes. Interestingly, Badylak’s team recently provided 
data demonstrating that ECM from different tissues can 
have different regenerative potentials (14). In this study, 
ECM from the brain and urinary bladder where show to 
have different molecular compositions and to differentially 
influence macrophage phenotype. Since significant 
numbers of macrophages and granulocytes are found at 
the implantation site, from the first weeks up to several 
months after implantation (15), it is not surprising to learn 
that these differences in phenotype resulted in different 
regenerative responses The approach of using ECM from 
muscle has been tested in murine models with lesions of 
the muscles of the abdominal wall, back or limbs (15-17). 
In these studies, the injury and the ECM implantation were 
performed during the same surgery. It is unlikely that the 
complex interplay between myogenesis and angiogenesis in 
this setting is representative of the regeneration process that 

occurs when the ECM is introduced after the acute injury 
phase. A better understanding of the mechanistic aspect 
of the regeneration in a more clinically relevant temporal 
setting will be needed to facilitate the clinical translation of 
this technology.

A more complex solution with the cellularization 
of ECM

Recently, the group of G Christ reported the effect of 
cell seeding on the regenerative potential of urinary 
bladder ECM in a murine VML model. The addition 
of a heterogeneous population of muscle-derived cells 
resulted in better functional recovery and a more organized 
histology, with abundant muscle fibers, when compared 
to ECM alone (18). It is tempting to hypothesize that 
combining cell therapy and muscle-derived ECM could 
lead to even better outcomes for VML but this approach 
has yet to be tested clinically. The general decellularization 
and recellularization-based approaches are also currently 
under development for generating several tissue-engineered 
organs such as lungs (19).

Conclusions

The use of a xenogeneic bioscaffold lacking cells, such as the 
one presented by Sicari and colleagues (3), obviates a series 
of technical, biological and regulatory problems typically 
associated with living tissue-engineered products: extraction 
and delivery of living cells to patients, cell survival and 
differentiation in the patient, reproducible cell production, 
high costs, etc. This scaffold, with its natural biological 
composition and tridimensional organization, appears to be 
sufficient to stimulate a significant regenerative response. 
These results support a growing trend toward exploring 
the transition of proven tissue-engineered constructs from 
cellularized towards non-living or from autologous towards 
allogeneic (20,21).

In contrast, numerous approaches under development 
rely on the convenience of synthetic scaffolds combined or 
not with cells. In light of the results from Badylak’s group, 
an hybrid approach that combines a cheap and versatile 
polymer with a natural ECM coating could provide an 
economical product. Indeed, medical devices integrating the 
mechanical properties of synthetic materials with the tissue 
remodeling properties of naturally occurring materials 
such as ECM or other biological materials (collagen, 
glycosaminoglycan, elastin, fibrin, silk, alginate…) can 
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have significant clinical applications. It is interesting to 
note that S. Badylak himself recently published a study 
to assess the effects of an ECM coating on the long-term 
host tissue response to polypropylene mesh in a rodent 
model of abdominal muscle injury (22). They found that an 
ECM hydrogel coating mitigated the chronic inflammatory 
response to a polypropylene mesh. We have also observed 
better integration of a polypropylene mesh when embedded 
in a polysaccharide hydrogel (23). However, the presence 
of a permanent synthetic scaffold may not be desirable in 
applications such as in muscle reconstruction in VML.

Clinical translation and commercialization are obviously 
less challenging for simpler products. While they may 
have a more limited potential for delivering therapeutic 
breakthroughs, they may, paradoxically, have a greater 
potential to generate a commercial product and reach a larger 
patient population. However, despite the initial financial 
investment, it may make more sense in the long run, to first 
find a complex solution that works, and to subsequently 
simplify it, than to try many simple solutions that are likely 
to fail. This may be particularly true for the most complex 
applications that will likey require complex solutions. We are 
still at the early stages of clinical translation in the relatively 
recent field of tissue engineering.
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