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Abstract

Mesenchymal stem cells (MSCs) have considerable translational potential in a wide variety of 

clinical disciplines and are the cellular foundation of individualized treatments of auto-immune, 

cardiac, neurologic and musculoskeletal diseases and disorders. While the cellular mechanisms by 

which MSCs exert their biological effects remain to be ascertained, it has been hypothesized that 

MSCs are supportive of local tissue repair through secretion of essential growth factors. 

Therapeutic applications of MSCs in peripheral nerve repair have recently been reported. This 

review focuses on how MSCs can promote nerve regeneration by conversion into Schwann-like 

cells, and discusses differentiation methods including delivery and dosing of naive or 

differentiated MSCs, as well as in vitro and in vivo outcomes. While MSC-based therapies for 

nerve repair are still in early stages of development, current progress in the field provides 

encouragement that MSCs may have utility in the treatment of patients with peripheral nerve 

injury.
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INTRODUCTION

To achieve successful repair of peripheral nerve segmental defects, nerve autografts still 

supersede the results of all commercially available nerve graft substitutes (bioabsorbable 

conduits, vessels or processed allografts).(1) Nerve autografts are limited in availability and 

their harvest from patients automatically generates donor side morbidity. The application of 

MSCs has been actively considered for in vitro and in vivo studies seeking to improve 
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outcomes of peripheral nerve reconstruction. MSCs potentially provide the necessary 

biological support for nerve substitutes to equate results obtained by autografts.(2, 3) Prior 

studies have also evaluated the application of Schwann cells to nerve graft substitutes and 

have demonstrated active expression of neurotrophic factors with encouraging outcomes. (4) 

However, clinical application of this technology is impractical, as it would require harvest of 

autologous nerve tissue to obtain autologous Schwann cells and extensive time to culture 

and grow the requisite number of Schwann cells for adequate seeding of the nerve graft 

substitutes. Alternatives to autologous Schwann cells would be the differentiation of 

autologous MSCs from the patient into Schwann-like cells. In vitro targeted stimulation of 

autologous MSCs has resulted in differentiation into Schwann-like cells without having to 

sacrifice autologous nerves.(4, 5) Hence, autologous MSCs can be harvested from the 

patient, differentiated into Schwann- like cells and be delivered to the site of nerve repair or 

seeded onto nerve graft substitutes to improve the regenerative environment. Important 

topics addressed in this review include methods for how to differentiate MSCs into 

Schwann-like cells, how to deliver naive or differentiated MSCs and the regenerative 

potential of differentiated MSCs compared to undifferentiated MSCs.

MESENCHYMAL STEM CELLS

MSCs can be isolated from a variety of tissues from the stromal vascular fraction that are 

extrinsic to blood vessels. They are most frequently obtained from either bone marrow or 

adipose tissue. Multiple studies have compared bone marrow and adipose MSCs and both 

sources yield viable MSCs that comply with minimal criteria for MSCs as defined in 2006 

by the International Society for Cellular Therapy.(6) Key properties of MSCs include that 

they are plastic adherent, multi-potent and express canonical mesenchymal stem cell 

markers (CD44 and CD90), while other markers are absent (CD34 and CD45).(6, 7) In 

contrast to bone marrow, adipose tissue is more easily accessible and requires only 

minimally invasive methods (liposuction vs bone marrow harvest) to obtain adequate 

quantities of MSCs, while having a similar effect on nerve regeneration.(8, 9) MSCs that are 

derived from the stromal vascular fraction of adipose tissue are easily expanded and 

differentiated.(10, 11) These properties render adipose derived MSCs of particular interest 

for clinical applications compared to less accessible bone marrow derived MSCs.

A well-established method to derive MSCs from adipose tissue consists of mechanically 

disrupted and enzymatically digested tissues. The fat tissue obtained by liposuction is 

minced and enzymatically digested using collagenase type I. The undigested tissue is 

removed by filtration and the filtered solution is suspended in standard culture media 

containing a-MEM. For clinical applications, this media is supplemented with platelet lysate 

(PL) to obtain zoonotic free clinical grade MSCs. We note that although Fetal Bovine Serum 

(FBS) suffices for research applications, the cell populations that emerge upon proliferative 

expansion in PL versus FBS may differ in their molecular properties and these differences 

may result in functional differences in cell therapy applications. Upon centrifugation, low 

density adipocytes emerge at the top of the tube, while stromal cells from the vasculature of 

fat tissue are collected as a pellet. The pellet can be re-suspended in MEM containing 

growth supplements (e.g., PL or FBS) and antibiotics (e.g., penicillin/streptomycin solution) 

for subsequent culture as adherent MSCs.(7, 11) Overall, deriving MSCs from adipose tissue 
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is well-described and technically simple to perform making it advantageous for clinical 

applications.

MECHANISM OF ACTION

There are two major hypotheses on how MSCs establish tissue regeneration. The first 

proposes that the exogenously administered MSCs have a structural function in tissue injury 

and thus differentiate in vivo into tissue that requires repair. Growth factors and other 

paracrine molecules produced by the surrounding tissue stimulate the MSCs to differentiate 

into the requisite cell type. Supportive studies at best only infer this mechanism. Orbay and 

colleagues labeled undifferentiated MSCs and reported that they were still detected after 3 

months and expressed Schwann cell proteins in a rat-model.(12) Tomita and colleagues 

reported in a rat-model that a small fraction of their GFP-labeled MSCs were still present 

after 8 weeks and expressed myelin protein, suggesting that some trans-differentiation into 

Schwann cells occurred.(4) In this model, MSCs may be able to both repair and replace 

injured tissue. However, to date this model for MSC function remains largely untested. 

While there is no question that cellular differentiation is required for neuronal development, 

it is not clear whether therapies relying on MSCs replicate the normal differentiation of 

Schwann cells.

The second hypothesis for MSCs has more recently emerged and this concept poses that 

MSCs have trophic functions that are important for extracellular matrix remodeling and 

tissue regeneration.(13) At least a subset of MSCs are derived from pericytes, which are 

released upon tissue damage or disease. The proteins and molecules produced by the MSCs 

can enhance angiogenesis, inhibit scar formation and stimulate tissue regeneration.(14) In 

addition to maximizing the intrinsic regenerative capacity of the tissue, MSCs have key 

immunomodulatory roles. After the initial immunologic response to injury, pro-

inflammatory cytokines produced by NK cells and T lymphocytes ‘activate’ the MSCs. 

MSCs subsequently prevent the inappropriate and overaggressive activation of T 

lymphocytes and decrease the cytotoxic activity of NK cells through feedback loops.(15, 16) 

This ‘trophic’ concept has been corroborated by findings in multiple in vitro and in vivo 

studies of enhanced gene expression and growth factor production after the introduction of 

MSCs to damaged tissue.(17, 18) Overall, MSCs most likely have a trophic function and 

their role in enhancing nerve regeneration is to maximize the intrinsic regenerative capacity 

of the nerve and minimize the inappropriate inflammatory response after nerve-injury. A 

dual function, in which a small fraction of the MSCs has a structural function by replacing 

injured tissue-cells, while the remaining part of the MSCs maximizes the intrinsic 

regenerative capacity of the injured tissue by producing growth factors and cytokines, is not 

inconceivable. The described different functions of MSCs are shown in Figure 1.

In light of the hypotheses for the mechanisms of action of MSCs, several key questions need 

to be addressed prior to clinical implementation. These include the role of differentiation of 

MSCs prior to administration, the optimal dosing and time frame of application of 

differentiated versus undifferentiated MSCs and how MSCs need to be administered 

regardless of differentiation status.
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APPLICATION OF MSCS

An important aspect for the clinical application of MSCs is that outside factors like local 

anesthetics or contrast medium can influence the viability of MSCs and should be taken into 

account in studies on the potential of MSCs for clinical applications. (19, 20) Although the 

outcomes of preclinical and clinical research on the use of MSCs have been promising in a 

wide variety of clinical disciplines, further research to determine the optimal doses and time 

points of implantation, the long-term risks and the long-term efficacy are needed to optimize 

outcomes of MSC- supported tissue regeneration.(21, 22)

MSCS IN PERIPHERAL NERVE REPAIR

Differentiation of MSCs into Schwann-like cells

The neural induction of MSCs by chemicals combined with growth factors is the most 

established method to obtain Schwann cell-like differentiation. The induction protocol by 

Kingham and colleagues is widely used and includes two preparation steps with ß-

mercaptoethanol (for 24 hours) and all-trans-retinoic acid (for 72 hours). Subsequently the 

cells are placed in growth medium enriched with a differentiation cocktail containing 

Platelet-derived growth factor (PDGF-AA), basis fibroblast growth factor (bFGF), Forskolin 

and a member of the Neuregulin family (Neuregulin-1 ß1, Glial growth factor-2 or 

Heregulin- ß1). After 2 weeks in differentiation medium, the morphology of MSCs is altered 

into an elongated spindle shape, characteristic of Schwann cells. Immunohistochemistry and 

Western blot analysis after differentiation has revealed expression of several phenotype-

specific surface markers, including GFAP, S100 and p75-NTR. (2, 4, 5, 11, 17, 23–25) 

Studies have demonstrated this protocol is also suitable for human MSCs and that the 

function of those differentiated cells is analogous to Schwann cells. (4, 26) Regardless of the 

fact that the effect of differentiated MSCs needs to be further examined and confirmed, these 

findings imply that research on targeted stimulation of MSCs could be applied in humans in 

the future and therefore has a serious clinical relevancy. The additional timing and cost of 

differentiation need to be justified prior to human trials.

The components of Kingham’s induction protocol each have specific biological functions. 

Forskolin activates adenylyl cyclase which increases the level of intracellular cyclic 

adenosine monophosphate (cAMP). cAMP causes an increase in the mitogenic responses of 

Schwann cells(27), in response to the mitogenic actions of the growth factors PDGF and 

bFGF/FGF2.(28) The neuregulin-1 family plays a crucial role in the actual development and 

evolution of Schwann cells. Their presence activates cascades promoting Schwann cell 

differentiation and expansion. The level of Neuregulin-1 (NRG1) determines differentiation 

of Schwann cells into myelinating or non-myelinating cells that are responsible for the 

development of group C nerve fibers. NRG1 levels determines axon size, which enables the 

myelinating Schwann cells to optimize myelin sheath thickness.(29, 30) Kingham’s protocol 

is currently the preferred method to obtain Schwann-like cells from adipose derived MSCs. 

The effect of altering the dosages of the different components of the differentiation protocol 

on the ultimate function of the Schwann-like cells is an interesting prospect for future 

research.
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As targeted neurogenic stimulation to induce differentiation of MSCs is an expensive, time-

consuming and inefficient process requiring several weeks of laboratory-based preparation 

time, efforts have been made to find alternative approaches. Safford and colleagues used a 

chemical induction medium with butylated hydroxyanisole, potassium chloride, valproic 

acid, Forskolin, hydrocortisone and insulin to differentiate murine and human MSCs. Within 

5–6 hours following neuronal induction, they observed dramatic cell morphological changes 

in cytoskeletal organization and membrane appearance in MSC cultures which persisted up 

to 5 days. Beyond 5 days however, the differentiated MSCs lost viability and perished within 

14 days of culture.(10) The induction protocol of Anghileri involves the culturing of MSCs 

for 72 hours in growth medium with exogenous bFGF (FGF2) and human epithelial growth 

factor as mitogenic factors to facilitate formation of cellular spheres. The spheres were 

induced to differentiate in media containing BDNF and all-trans-retinoic acid. After four 

weeks of culture, only half of the MSCs demonstrated the characteristic neuronal 

morphology, which expressed nestin and neuronal markers MAP-2 and NeuN, but lacked the 

expression of glial markers S100 and GFAP.(31) Ahmadi and colleagues compared the 

method of Anghileri to the chemical induction protocol of Woodburry and colleagues. 

Woodburry included an optimization step in which MSCs are initially induced by addition of 

ß-mercaptoethanol (BME) for 24 hours followed by induction of neural differentiation using 

dimethylsulfoxide (DMSO), BME and butylated hydroxyanisole for 1 to 5 days. Ahmadi 

noted the differentiation protocol of Anghileri significantly improved MSC survival and 

increased MSC viability, indicating the use of potentially toxic substances (e.g., DMSO and 

BME) may not be necessary and could be avoided for MSC differentiation.(32, 33) Thaler 

and colleagues confirmed the toxic effect of DMSO by demonstrating DMSO can initiate 

epigenetic changes which increased cell apoptosis.(34) Despite the attempts to equal the 

efficiency of Kingham’s differentiation protocol by alternative chemical induction methods, 

none have resulted in high percentages of viable Schwann-like cells. In an ideal scenario, 

MSCs can be differentiated by natural, non-toxic compounds that are largely available, cost-

effective and which do not influence the viability of MSCs.

In an effort to find a method meeting the requirements listed above, studies have been 

performed on the effect of nerve tissue/nerve leachate to cell cultures, co-culture of MSCs 

with Schwann cells and the electrical stimulation of MSCs. The induction culture medium of 

Liu and colleagues consisted of 1cm fragments of rat sciatic nerves soaked in normal growth 

medium (i.e., DMEM and 10% FBS). After 2 days, nerve fragments were removed and 

adipose tissue derived MSCs were further cultured in the sciatic nerve leachate for another 3 

days. Cells adopted a spindle-shape within 48 hours and reflected by expression of S100 and 

GFAP proteins as was confirmed by immunohistochemistry and western blot analysis, but 

the nerve autografts required for this protocol would not create a clinically viable therapeutic 

solution.(18) Liao compared three methods to induce adipose tissue derived MSCs, 

including (I) neural induction with chemicals only (i.e., media with 2% DMSO for 5 hours), 

(II) neural induction by chemicals combined with growth factors (i.e., NGF, bFGF/FGF2 

and BDNF, as well as the cAMP-related drug Forskolin) for 2 weeks, and (III) neural 

induction by co-culture of MSCs with Schwann cells. Immunohistochemistry and gene 

expression analysis showed higher mRNA levels for S100, nestin and GFAP in method II 

and III compared to method I. Similar to Liu and others, autologous Schwann cells would 
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pose a practical problem for the clinical implementation of method III.(35) Das and 

colleagues differentiated MSC into Schwann-like cells by electrical stimulation to alter 

cellular membrane potential. The majority of electrically induced MSCs (>80%) showed 

Schwann cell markers S100 and p75 and enhanced secretion of NGF compared to 

chemically induced MSCs or undifferentiated MSCs.(36) Although electrical differentiation 

is promising and may mimic aspects of normal neuronal cell differentiation, physical 

methods for differentiation have remained largely unexplored and it remains unclear whether 

electrical stimulation will have practical benefits compared to differentiation with growth 

factors.

Methods of administration and cell dosage

The desired method of cell delivery depends on the intended mechanism of action of MSCs. 

MSCs need to be delivered within the ultrastructure of nerves to fulfill a structural function 

or need to be able to migrate to the site of injury. Micro-injection of the MSCs has been 

described, but the consequences of injection to cell viability and the resulting ultrastructural 

trauma to the nerve are potential concerns. Jesuraj and colleagues reported the pressure 

build-up in the syringe and needle during injection reduces viability of cells after needle 

passage. (46) In contrast, Onishi and colleagues reported that adipose derived MSCs were 

fairly robust within a range of fluid pressures within the syringe upon expulsion. (37, 38) 

Studies that examined the viability of bone marrow derived MSCs post-injection have 

various conclusions ranging from no viability changes to a temporarily affected viability, to 

a reduced viability. (39–41) Increasing the needle gauge may intuitively reduce cell damage, 

but inserting a larger needle in a processed nerve graft is practically almost impossible and 

can easily cause tearing of the epineurium. In addition, uncontrolled micro-injection leads to 

a non-uniform distribution of cells and may result in local accumulation of clusters of MSCs 

that potentially block the ingrowth of the regenerating nerve rather than enhancing it.(38) 

The calibers of myelinated axon fibers (2 to 22μm) in proportion to the average diameter of 

MSCs (17.9 − 30.4μm) also may be problematic when MSCs are injected in the nerve 

allograft.(42–44) In case of using hollow nerve conduits, injection of MSCs will not harm 

the conduit itself, but it can still cause decreased viability of the cells and might obstruct 

axonal ingrowth. Furthermore, leakage of cells out of the nerve substitute is a recognized 

problem; the study by Jesuraj and colleagues showed only 10% of cells were successfully 

transferred after one million cells were injected.(38) The injection of MSCs in nerve 

substitutes is not clinically applicable due to low and uncontrollable delivery efficiencies and 

the potential damage to the cells and the nerves. Hence, future studies may consider 

alternative delivery methods for both differentiated and undifferentiated MSCs.

Intravenous injection of MSCs has been investigated as an alternative to MSC-injection that 

prevents nerve-damage and cell-leakage and focuses on the more likely trophic function of 

MSCs. Although the vasculature potentially delivers a subset of MSCs to the area of injury, 

the cells may not accumulate to a critical mass to enhance nerve regeneration. In addition, 

the relatively large size of MSCs causes entrapment in capillaries.(45) MSCs can also be 

administered by intramuscular injection which delivers cells locally with preservation of the 

nerve. Intramuscular injection of MSCs in the gastrocnemius muscle resulted in a 

significantly improved functional recovery and neuro- conduction velocity compared to 
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intravenous injection of MSCs or sham injection.(46) It has been reported that intramuscular 

injection of MSCs leads to enhanced nerve regeneration.(47) Even though these findings are 

promising, the described techniques still require injection of cells which potentially 

decreases the viability of the cells. The enhanced outcomes after intravenous and 

intramuscular injection of MSCs, do confirm the previously suggested trophic function of 

MSCs.

Soaking nerve grafts in MSC-solutions is another described method of cell delivery. 

Thompson and colleagues compared the injection of cells to a soaking technique in which 

the nerve samples were pretreated with a micro- needle roller. Injection led to a higher 

number of cells in the inner and middle zones of the nerves, while soaking delivered a higher 

number of cells in the outer zone.(48) Dynamic seeding has been successful in vascular 

tissue engineering and resulted in a more efficient and uniform distribution of cells 

compared to static seeding with seeding efficiencies ranging from 38% to 90%.(49) This 

strategy was applied to a nerve-model by Rbia and colleagues. They non-traumatically 

seeded MSCs on the surface of a processed nerve allograft with the use of a bioreactor. This 

resulted in a uniform distribution of MSCs that were adhered to the nerve graft.(50) The 

cells did not migrate into the nerve allograft and the interaction between the MSCs and the 

nerve surface resulted in an upregulation of neurotrophic factors that potentially enhance 

nerve regeneration within the nerve graft.(50) Overall, dynamic seeding results in a uniform 

distribution of MSCs on nerve allografts that enables the cells to interact with the nerve 

ultrastructure with a high efficiency without harming the cells nor the nerve ultrastructure. 

To date, this is the most promising delivery method of MSCs to allograft nerves and might 

form the bridge towards individualized peripheral nerve repair in clinical practice.

Jesuraj and colleagues used a concentration of 1 ×10^5 cells/5uL to inject and compared it 

to a concentration of 10^6 cells/5uL. Their analysis revealed an injection efficiency of 10% 

for the 1×10^6 cells (100.000 cells) and 40% for the 1×10^5 cells (40.000 cells) of which 

only the larger dose was trackable by in vivo fluorescence. (38) Thompson and colleagues 

also soaked or injected their 10mm allograft segments with 1×10^6 cells/5uL, but did not 

report a total efficiency. (48) Rbia and colleagues used 1×10^6 cells to dynamically seed 

their nerve segments and reported a seeding efficiency of 89.2%, suggesting that almost 

900.000 cells were attached to the surface of the 10mm nerve segment before in vivo 

implementation. (50) Wang and colleagues also used 1×10^6 MSCs, diluted in 1mL fluid, to 

inject in the gastrocnemius muscle.(46) Despite the wide variety of delivery efficiencies, 

there seems to be consensus that at least 1×10^6 MSCs need to be presented to the nerve 

graft to generate noticeable biological effects. However, no studies on the optimal dosing of 

MSCs have been reported. Dynamic seeding of MSCs appears to be a reliable, effective and 

well-studied delivery method (see table 1).

None of the methods of administration reported to date have been specifically tested on 

differentiated MSCs, so direct comparisons between undifferentiated and differentiated 

MSCs with respect to their delivery efficiency are lacking. This could be a potential decisive 

factor as it has been emphasized that differentiation of MSC may decrease their potential to 

attach to surfaces.(51) It is essential that delivery methods are tested on differentiated MSCs 
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as well as undifferentiated MSCs as the impact on clinical application is significant with 

respect to cost and time.

Differentiated MSCs versus undifferentiated MSCs In Vitro

The in vitro capabilities of differentiated MSCs in peripheral nerve repair have been 

extensively evaluated. Kingham and colleagues found that differentiated MSCs significantly 

extended the number and the length of formed neurites by motor neuron-like cells compared 

to undifferentiated MSCs.(11) In another study of Kingham, enhanced expression was 

observed for nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), glial 

cell-derived neurotrophic factor (GDNF), vascular endothelial growth factor-A (VEGF-A) 

and angiopoietin-1 in differentiated MSC compared to undifferentiated MSCs.(17) ELISA 

analysis demonstrated enhanced secretion of BDNF, GDNF, angiopoietin-1 and VEGF-A 

upon differentiation of MSCs. These increased levels of growth factors resulted in higher 

total neurite outgrowth, longer neurites and a better angiogenic potency after removal of the 

factors that stimulate differentiation from the growth medium.(17) Tomita found similar 

results and showed differentiated human MSCs produced higher levels of neurotrophic 

factors like BDNF, NGF and GDNF compared to undifferentiated MSCs. The secretion of 

these neurotrophic factors resulted in a significantly increased percentage of neuron-bearing 

neurites, and a significant increase in both neurite length and number of neurons.(4) Ladak 

also demonstrated that co-culture of differentiated MSCs with dorsal root ganglion neurons 

led to longer and more arborous neurite outgrowth than undifferentiated MSCs.(23) As 

described previously, the same result was found with differentiated human MSCs.(26) In 

vitro studies that examined the interaction between undifferentiated and differentiated MSCs 

with a processed nerve allograft showed persistent enhanced expression of neurotrophic 

genes that subsequently led to the secretion of neurotrophic growth factors.(52, 53) In 

general, differentiated MSCs enhance the expression of neurotrophic genes and the secretion 

of neurotrophic proteins, resulting in increased neurite outgrowth in vitro. These in vitro 

results are promising and support the hypothesis that differentiated MSCs have a trophic 

function in nerve regeneration. The remark needs to be made that any agent or growth factor 

added to the growth medium may become embedded in the extracellular matrix (ECM) and 

might not be completely washed out after removal of the differentiation media. Thus, the 

enhanced gene-expressions and the increased neurite outgrowth could still be the effect of 

direct stimulation by the added growth factors instead of being positively influenced by the 

differentiated MSCs. In vivo research could eliminate this discrepancy.

Differentiated MSCs versus undifferentiated MSCs in vivo

When seeded on a conduit and transplanted in a rat-model, differentiated MSCs 

characterized by Kingham and colleagues increased the distance of axon regeneration and 

enhanced vascularity in nerve conduits compared to undifferentiated MSCs. These findings 

show that neurotrophic and angiogenic factors produced by differentiated MSCs interact 

with regenerative mechanisms that support repair of injured nerves by enhancing 

vascularization and improved nerve regeneration.(17) Ladak and colleagues found in vivo 

that differentiated MSCs seeded in a nerve conduit resulted in an equal number of 

regenerating axons across the nerve gap compared to seeded Schwann cells. However, the 

improved axon regeneration did not translate into improved electrodiagnostic parameters or 
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increased muscle weight.(23) Keilhoff and colleagues compared the outcomes of Schwann 

cells, undifferentiated MSCs and differentiated MSCs injected in a devitalized muscle. The 

authors found both Schwann cells and differentiated MSCs contribute to appropriate 

regeneration while undifferentiated MSCs did not exhibit the ability to improve nerve repair.

(47) Kappos showed in a rat sciatic nerve gap model that the addition of differentiated 

human MSCs to a nerve conduit led to functional outcomes (sciatic functional index and 

gastrocneumius muscle mass) that exceeded the results of undifferentiated human MSCs and 

Schwann cells.(54) In contrast, other studies showed low potential of the Schwann-like cells. 

Fox and colleagues demonstrated in a rat model that primary Schwann cells did not have a 

beneficial effect on nerve regeneration after 4 weeks when injected into nerve grafts.(55) 

Orbay and colleagues evaluated the effects of differentiated and undifferentiated MSCs 

when seeded in silicone tubes and compared the outcomes to empty silicone tubes and nerve 

grafts. Although the functional outcomes of both MSC- groups were significantly better than 

those of the other groups, there were no significant differences between differentiated or 

control MSCs.(24) Watanabe compared undifferentiated MSCs, differentiated MSCs and 

Schwann cells in a rat facial nerve gap model and came to similar conclusions in that all 

groups had a comparable amount of nerve regeneration and all cell based strategies gave 

functional results close to that of autografts.(56)

The advantages and disadvantages of differentiated versus undifferentiated MSCs in vitro 

and in vivo are presented in table 2. Although the majority of in vitro studies demonstrated a 

larger trophic potential of differentiated MSCs compared to undifferentiated MSCs, the in 

vivo outcomes were less unanimous. These conflicting results may be due to the embedded 

growth agents in the ECM that is generated in cell culture. Differences in differentiation 

methods, dosing and efficiency of cell delivery methods, and the composition of the nerve 

substitutes could affect the persistence of differentiation in vivo in the absence of the 

differentiation medium and could account for different outcomes. Further careful studies are 

required to confirm differentiated MSCs preserve their described enhanced trophic function 

in vivo.

CONCLUSION

Adipose derived MSCs are easy to access, derive and expand. Furthermore, these cells can 

be successfully differentiated into Schwann-like cells. Therefore, adipose derived MSCs, 

and in particular adipose derived MSCs differentiated into Schwann-like cells have been 

broadly studied in the effort to improve the outcomes of peripheral nerve repair/

reconstruction. The neural induction of MSCs by chemicals combined with growth factors 

(PDFG-AA, bFGF/FGF2, Forskolin, neuregulin-1/NRG1) remains the preferred method to 

obtain Schwann cell-like differentiation and has been validated for human MSCs 

differentiation. To obtain the putative trophic effect of MSCs, they should be delivered in a 

timely and non-traumatic method. Dynamic seeding of MSCs on nerve grafts meets these 

criteria. Despite the wide interest in the use of both differentiated and undifferentiated MSCs 

in peripheral nerve repair, the optimal delivery and dosing of differentiated MSCs is a rather 

under-explored research topic. The advantages of using undifferentiated versus differentiated 

MSCs remain to be further defined. In vitro studies have shown that differentiated MSCs 

permit enhanced expression of neurotrophic genes and the secretion of neurotrophic 
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proteins, resulting in increased neurite outgrowth when compared to undifferentiated MSCs. 

The beneficial effect of differentiated MSCs has not yet been convincingly confirmed in in 

vivo studies. Future studies are needed to determine the ideal method of delivery and 

optimal dosages of differentiated and undifferentiated MSCs to nerve allografts to ascertain 

their regenerative potential for peripheral nerve reconstruction. These studies should 

consider the ultimate goal of clinical applications, as well as be cognizant of the time and 

cost issues of peripheral nerve reconstruction/repair.
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Abbreviations:

μl Microliter

a-MEM Minimum Essential Medium Eagle - Alpha Modification

BDNF Brain-Derived Neurotrophic Factor

bFGF Basis Fibroblast Growth Factor

BME ß-Mercaptoethanol

cAMP Cyclic Adenosine Monophosphate

CF Cystic Fibrosis

DMEM Dulbeccòs Modified Eagle Media

DMSO Dimethylsulfoxide

ECM Extracellular Matrix

FBS Fetal Bovine Serum

GDNF Glial Cell-Derived Neurotrophic Factor

GFP Green Fluorescent Protein

MAP-2 Microtubule-Associated Protein 2

MSC Mesenchymal Stem Cells

NeuN Neuronal Nuclei

NK Natural Killer Cells

NRG1 Neuregulin-1

PDGF-AA Platelet-Derived Growth Factor

PL Platelet Lysate
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VEGF-A Vascular Endothelial Growth Factor A
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Highlights

- To obtain Schwann cell differentiation, MSCs need to be exposed to growth factors.

- Differentiated MSCs express enhanced neurotrophic genes and proteins in vitro.

- Dynamic seeding is an efficient and non-traumatic delivery method for MSCs.

- Advantages of undifferentiated vs differentiated MSCs need to be further defined.

Mathot et al. Page 15

Gene. Author manuscript; available in PMC 2020 August 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Schematic overview of the (hypothesized) subset of functions of mesenchymal stromal cells.

Mathot et al. Page 16

Gene. Author manuscript; available in PMC 2020 August 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Mathot et al. Page 17

Table 1.

Overview of the pros and cons of the described delivery methods of MSCs.

Delivery method Efficiency Pros Cons

Injection into nerve grafts

10–40% - Delivers a high number of MSCs in the inner 
and middle nerve zones

- Reduced viability of MSCs
- Damage to the ultrastructure of the nerve
- Leakage of cells (conduits)
-Local accumulation of MSCs

Intravenous injection
100% - No damage to the ultrastructure of the nerve

- No cell leakage
- Reduced viability of cells
- Entrapment of MSCs in capillaries
- Low number of MSCs at regeneration site

Intramuscular injection
100% - Locally delivers MSCs

- No damage to the ultrastructure of the nerve
- No cell leakage

- Reduced viability of cells
- Low number of MSCs at regeneration site

Soaking Unknown - Delivers MSCs in the outer nerve zones
-Preserved viability of MSCs

- Damage to the nerve (micro-needle roller)

Seeding

89.2% - Uniform distribution of MSCs
-Preserved viability of MSCs
- No damage to the ultrastructure of the nerve
- No cell leakage

- Interaction between MSCs and extracellular 
matrix is required
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Table 2.

Overview of the pros and cons of the use of undifferentiated versus differentiated MSCs in vitro and in vivo 

for peripheral nerve repair.

Cell type
In vitro In vivo

Pros Cons Pros Cons

Undifferentiated MSCs

- No extended preparation time
- No extra preparation costs

- Less expression of 
neurotrophic genes
- Less production of 
neurotrophic growth 
factors

- No extended preparation 
time
- No extra preparation 
costs
- Functional outcomes 
comparable to 
differentiated MSCs

- Histologically less 
axon regeneration

Differentiated MSCs

- Enhanced expression of 
neurotrophic genes
- Enhanced production of 
neurotrophic growth factors
- Extended number and length 
of neurites
- Suitable for human MSCs

- Extended preparation 
time
- Extra preparation 
costs

- Increased axon 
regeneration distance
- Enhanced vascularity

- Inconsistency about 
functional outcomes
- Extended preparation 
time
- Extra preparation 
costs
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