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1. INTRODUCTION:

Peripheral nerve damage is a challenging complication of combat-related orthopaedic trauma. Given the severity 
of the orthopaedic injuries sustained during battlefield trauma, an acceptable donor nerve is often not available 
to serve as an autograft, particularly for patients with injuries in multiple extremities or traumatic amputations, 
and currently available nerve guide devices are often insufficient. We propose the use of a novel stem-cell 
activated nerve conduit graft with an aligned nanofiber scaffold and neurotrophic enhancement using cells 
clinically available at the site of surgery. Upon completion, these proposed studies will provide sufficient 
information to move to MPC-NC technology to testing in a large, clinically relevant animal model, which will 
be designed after consultation with the FDA. Favorable outcomes will form the basis for future clinical trials. 
The technologies described here are tailored for a “point-of-care” approach that could lead to improvements in 
overall functional recovery, minimized disability, and increased quality of life for our wounded warriors.  

2. KEYWORDS:

Stem Cell, Nerve Conduit, Peripheral Nerve Regeneration, Nanofiber, Neurotrophic Factor, Tissue Engineering, 
Multifunctional 

3. ACCOMPLISHMENTS:

What were the major goals of the project? 

Aim 1: Optimization of the neurotrophic bioactivity of MPC-based nanofibrous scaffold 

§ Task 1: Produce nanofibrous scaffolds of controlled thickness comprised of laminated woven and
aligned nanofibrous sheets

• Milestone 1: Formation of bi-layered nanofibrous scaffolds (9/30/16, 100%)
§ Task 2: Optimize the neurotrophic activity of MPC-seeded nanofibrous scaffolds

• Milestone 2: Validation of a cell-seeded nanofibrous scaffold with neurotrophic activity in vitro
(12/30/16, 100%)

Aim 2: Fabrication of MPC-impregnated nerve conduit (MPC-NC) 
§ Task 3: Construction of devices to assist in MPC-NC preparation

• Milestone 3: Design and production of devices that aid in the preparation of MPC-NC that
accommodate specific conduit dimensions (09/30/16, 100%)

§ Task 4: Biomechanical and biological testing of final cell-laden MPC-NC
• Milestone 4: An assembled cell-laden MPC-NC that promotes neurite outgrowth in vitro

(5/30/17, 100%)
Aim 3: Perform proof-of-concept functional test of the MPC-NC constructs in small animal models 

(rat/rabbit) of sciatic nerve repair 
§ Task 5: Proof-of-concept functional test of the MPC-NC constructs in rats

• Milestone 5: Demonstration of nerve repair in vivo using cell-laden MPC-NC (9/30/17, 80%)
§ Task 6: Proof-of-concept functional test of the MPC-NC constructs in rabbits

• Milestone 6: Demonstration of nerve repair in vivo using cell-laden MPC-NC prepared in a
point-of-care single-step procedure (9/30/18, 40%)
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What was accomplished under these goals? 

Task 1: Produce nanofibrous scaffolds of controlled thickness comprised of laminated woven and aligned 
nanofibrous sheets (All objectives completed) 

Specific objective 1: Purchase chemicals and polymeric materials for nanofibrous scaffold 
Specific objective 2: Purchase electrospinner instrumentation with custom-designed specifications and 

components (Figure 1) 
Specific objective 3: Fabricate sheath/tube constructs (months 4-8) of various PCL/PEO ratios 
Specific objective 4: Mechanical testing of the nanofibrous constructs: Tensile testing and suture retention 
assays 
Specific objective 5: Imaging of nanofibrous constructs (SEM): Ensure uniform alignment, fiber size, and 
porosity 
Specific objective 6: Optimize the spinning conditions as needed. 

Task 2: Optimize the neurotrophic activity of MPC-seeded nanofibrous scaffolds (All objectives 
completed) 

Specific objective 7: Acquire MPCs, iMPs, iPSCs, ECs and MSCs (control cell type) 
Specific objective 8: Generation and verification of neurotrophically activated cell types and conditioned media 
(via RT-PCR and ELISA of neurotrophic factors), followed by cell storage 
Specific objective 9: Purchase reagents and materials for methacrylation of ECM hydrogel 
Specific objective 10: Create photocrosslinkable hydrogel mixtures 
Specific objective 11: Acquire embryonated chick eggs, dorsal root ganglia (DRG) and PC-12 cells. 
Specific objective 12: Test the ability of the hydrogel-encapsulated MSCs adherent to the random fiber side of 
scaffold mats of different porosities to enhance neurite outgrowth on the aligned nanofibers in vitro. 

• War-traumatized MPCs (Figures 2-4)
• iPSCs (Figures 5-7)
• Adipose-derived MSCs (Figures 8-13)

Specific objective 13: Test the effect of ECM coating, using clean or conditioned media as solvent, on neurite 
outgrowth (PC-12/DRG neurite extension assays) in 2D culture (using scaffold mats and ECM coating on the 
aligned fiber surface) 
Specific objective 14: Test the effect of EC cell co-encapsulation with MPCs within hydrogels in clean or 
conditioned medium-fabricated hydrogels 

Task 3: Construction of devices to assist in MPC-NC preparation (All objectives completed) 

Specific objective 15: Design and fabricate device to assist in the formation of MPC-NC assembly 
Specific objective 16: Test and optimize devices to assist in the formation of components of the MPC-NC 
assembly. 
Specific objective 17: Optimize devices to assist in the formation of the full MPC-NC 

Task 4: Biomechanical and biological testing of final cell-laden MPC-NC (All objectives completed) 

Specific objective 18: Preparation of completed acellular and cell-laden MPC-NC 
• Complete. (Figure 8).

Specific objective 19: Scanning electron microscopy to assess structural uniformity
• Complete. (Figure 9).

Specific objective 20: Tensile testing and suture retention assays
• Complete. (Figure 10).

Specific objective 21: Assess biodegradation of the scaffold (mass and volume)
• Complete. (Figure 11).
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Specific objective 22: Cell viability assay for biocompatibility 
• Complete. (Figure 12).

Specific objective 23: Immunohistochemistry for biopermeability (with respect to neurotrophic factors) 
• Complete. (Figure 13).

Specific objective 24: Neurotrophic activity assay (PC-12/DRG neurite extension) 
• Complete. (Figure 14)

Task 5: Proof-of-concept functional test of the MPC-NC constructs in rats (All objectives completed) 

Specific objective 25: Local IRB/IACUC approval for rat model and ACURO approval. 
Specific objective 26: Acquisition of Thy1-GFP rats. Non-transgenic Lewis rats were obtained.  
Specific objective 27: Optimization of implant technique using cadaveric samples.  
Specific objective 28: RFP Lenti-viral transduction of MPC. DiI labeling and use of transgenic GFP Lewis rat 
used instead of RFP Lenti-viral transduction. 
Specific objective 29: Characterization of MPCs (Figure 15) and implantation of MPC-NC scaffold variants in 
sciatic nerve defects. (Figure 16) 
Specific objective 30: Functional testing of nerve repair at experimental day 3 and the experimental end point 
Specific objective 31: Harvest of samples. 6-week and 16-week time points 
Specific objective 32: Testing and analysis of samples at 6 weeks for: 

a. macroscopic (Figure 17)
b. Histological/immunohistochemistry (Figure 18-23A) and
c. functional assessment at 12 weeks only (Figure 23b)

Task 6: Proof-of-concept functional test of the MPC-NC construct in rabbits: (to be carried out in F 
Specific objective 33: Local IRB/IACUC approval for rabbit model and ACURO approval. 

New IACUC approved, currently under ACURO review 
Specific objective 34: Optimization of implant technique using cadaveric samples (Specific objective 
completed).  
Specific objective 35: Implantation of nerve conduits in iatrogenic nerve defects (delayed due to protocol, 
renewal, animal facilities restrictions and COVID-19 pandemic) 
Specific objective 36: Harvest of samples at 6 month time point.  
Specific objective 37: Macroscopic, histological and immunohistochemical assessment of nerve repair. At the 
6-month time point
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3. Results and Figures:

Figure 1: IME Medical Electrospinning, is a leader in the field of electrospun nanofiber-based medical devices, 
tissue engineering products, and drug delivery solutions. Utilizing its fully automated MediSpin technology 
platform (depicted in GLP/GMP form), production of electrospun fibers is both consistent, reproducible and 
scalable. Importantly, the MediSpin platform, protected by seven patent families, meets the guidelines described 
in the first ASTM standard for fiber-based medical scaffolds (F3510-21), which IME Medical Electrospinning 
(now VIVOLTA) co-authored.  
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A. MPCs from war-traumatized muscle tissue enhances neurite outgrowth.

As reported in:  Zupanc HRH, Alexander PG, Tuan RS. Neurotrophic support by traumatized muscle-derived 
multipotent progenitor cells: Role of endothelial cells and Vascular Endothelial Growth Factor-A. Stem Cell 
Res Ther. 2017 Oct 13;8(1):226. doi: 10.1186/s13287-017-0665-4. PMID: 29029631; PMCID: PMC5640955. 

Adult mesenchymal stem cells (MSCs) have been shown to increase nerve regeneration in animal models 
of nerve injury. Traumatized muscle-derived multipotent progenitor cells (MPCs) share important 
characteristics with MSCs and are isolated from severely damaged muscle tissue following surgical 
debridement. Previous investigations have shown that MPCs may be induced to increase production of several 
neurotrophic factors, suggesting the possible utility of autologous MPCs in peripheral nerve regeneration 
following injury. Recent findings have also shown that components of the vascular niche, including endothelial 
cells (ECs) and vascular endothelial growth factor (VEGF)-A, regulate neural progenitor cells and sensory 
neurons. The results of this study suggested that the potential of MPCs to encourage nerve growth via a VEGF-
A-dependent action, and the use of MPC-CM or a combination of MPC and CM from ECs for peripheral nerve 
repair in conjunction with NFs in a nerve guide conduit. Due to the ease of use, application of bioactive agents 
derived from cultured cells to enhance neurotrophic support presents a promising line of research into 
peripheral nerve repair. 

Figure 1: Neurite extension of dorsal root ganglia (DRGs) seeded on tissue culture plastic 
and cultured in the presence of conditioned medium (CM) from multipotent progenitor 
cells (MPCs) and/or endothelial cells (ECs). An increase in DRG neurite extension was 
detected as a synergistic effect of the mixed (1:1) CM derived from neurotrophically-induced 
MPCs (nMPC) and EC over the basal DRG media acellular control (Acell. control). n = 6; 
Tukey’s. Indicated p value applies to that condition versus all other conditions 
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Figure 2: Neurite extensions of dorsal root ganglia (DRGs) seeded on nanofiber NF scaffold 
upon coculture with multipotent progenitor cells (MPCs) or combination of MPCs/endothelial 
cells (ECs) (1:1). The presence of MPCs, particularly after their neurotrophic induction, increased 
the length of DRG neurite extensions (a) over DRG control (acellular (Acell.) control/basal 
medium) cultures (b). EC coculture (c) slightly but not significantly increased DRG neurite 
extension length. MPC and neurotrophically-induced MPC (nMPC) coculture significantly 
increased neurite extension length when compared to the control. For xMPC-DRG coculture, EC 
coculture slightly but insignificantly increased neurite extension length. DRGs cocultured with both 
nMPC and EC (nMPC-EC-DRG cocultures; d) exhibited significantly longer neurite extensions 
than MPC-DRG or MPC-EC-DRG cocultures. a n = 4; Sidak’s p values as indicated. b–d Scale 
bars= 400 μm for representative NEFH-stained images 
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Figure 3: Expression and production of neurotrophically induced MPCs (nMPC) and 
endothelial cells (EC) cultured on tissue culture plastic (TCP) and nanofiber constructs (NF). 
a,c NF-cultured growth factor and neurotrophic marker gene expression, assayed by RT-PCR and 
normalized to TCP cultures: secreted brain-derived neurotrophic factor (BDNF) (b) or vascular 
endothelial growth factor (VEGF) (d) levels from cells seeded on TCP or NF as measured by 
ELISA. nMPC (a) and EC (c) neurotrophic gene expression was mildly or significantly increased 
by NF culture in almost all cases. CM from cultures on NF contained lower levels of secreted 
growth factors than conditioned medium (CM) from TCP-cultured cells (b,d). Noninduced 
multipotent progenitor cells (MPCs) secreted more VEGF than nMPCs (b,d). n = 6; Student’s t test 
*p < 0.05, **p < 0.01, versus controls (a,c) or indicated groups (b,d). CNTF ciliary neurotrophic
factor, GNDF glial cell-derived neurotrophic factor, NGF nerve growth factor
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B. Neurotrophically induced mesenchymal progenitor cells derived from induced pluripotent stem cells
enhance neuritogenesis

As reported in: Brick RM, Sun AX, Tuan RS. Neurotrophically Induced Mesenchymal Progenitor Cells 
Derived from Induced Pluripotent Stem Cells Enhance Neuritogenesis via Neurotrophin and Cytokine 
Production. Stem Cells Transl Med. 2018 Jan;7(1):45-58. doi: 10.1002/sctm.17-0108. Epub 2017 Dec 7. PMID: 
29215199; PMCID: PMC5746147. 

While neurotrophically induced-MSCs (NI-MSCs) are capable of producing many of the same neurotrophic 
factors (NTFs) as Schwann cells, they have finite expansion capacity, and require invasive techniques to 
acquire, for example, bone marrow aspiration. Induced pluripotent stem cells (iPSCs), derived by 
reprogramming adult somatic cells, including MSCs, that exhibit embryonic stem cell (ESC)-like pluripotency, 
represent a potential cell source that can overcome this drawback. iPSCs are produced by reprogramming with 
four transcription factors and have a virtually unlimited expansion capacity. We have shown that after 
expansion, the iPSCs can be differentiated into MSC-like cells, which we have termed induced mesenchymal 
progenitor cells (MiMPCs) [6]. In this manner, this technology has the potential to yield an almost unlimited 
supply of MiMPCs. In this study, we aim to test if these MiMPCs, originally derived from MSCs, have the 
same ability to support neuronal regeneration as the parent MSC. With this capacity, MiMPCs may represent a 
potentially infinitely renewable cell source for the support of nerve regeneration and cell therapy. Our results 
reported here show that MiMPCs can secrete NTFs after neuroinductive treatment, and can produce factors to 
improve neurite outgrowth in vitro in a chick embryonic dorsal root ganglion (DRG) model. These findings 
suggest that neurotrophically induced- MiMPCs (NI-MiMPCs) may be considered a suitable substitute cell 
type to support nerve growth. 
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Figure 4: Morphology of induced mesenchymal progenitor cells (MiMPCs) and mesenchymal stem cells 
(MSCs) examined by phase contrast microscopy. (A): Undifferentiated colonies of human induced 
pluripotent stem cells (iPSCs) reprogrammed from human bone marrow MSCs [6]. Cells grew to confluent 
colonies on Matrigel, in feeder-free culture. (B): Confluent MiMPC cultures differentiated from iPSCs. All 
MiMPC cultures resembled MSCs in morphology, with no remaining iPSC morphology. (C): Confluent 
control MSCs isolated from human bone marrow (passage 5). Each cell type (n>5) was cultured over the 
course of all experiments performed in this study. Cells in (A–C) were imaged at 34 magnification (Bar5560 
lm.) (D, E): MiMPCs were fixed and immunofluorescently stained on the third day of differentiation; colonies 
of confluent iPSCs served as controls. Cells were stained for MSC markers (CD44, CD73, and CD105), 
Schwann cell markers (GFAP, p75/NGFR, and S100B), and pluripotency stem cells markers (Sox2, SSEA4, 
and Oct3/4). All cells were counterstained with 40 ,6-diamidino-2-phenylindole dihydrochloride. (D) iPSCs 
were negative for MSC and Schwann cell markers, but stained positively for pluripotency markers, indicating 
the maintenance of stemness throughout culture and passaging. (E) MiMPCs cells were strongly positive for 
CD44 and CD105, and weakly positive for CD73. MiMPCs also stained positive for all Schwann cell markers, 
positive for Sox2, weakly positive for Oct3/4, and negative for SSEA4, showing their transition and 
demonstrating the need for long differentiation period. Cells in (D, E) were imaged at 310 magnification 
(Bar5220 lm). Abbreviation: GFAP, glial fibrillary acidic protein. 
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Figure 5: Production of neurotrophic factors by NI-MiMPCs and MSCs, quantified via ELISA. MiMPCs 
and MSCs were cultured in neurotrophic induction medium or growth medium. Conditioned media taken from 
days 3 and 7 of induction culture, and basal conditioned medium taken from cultures 48 hours post-induction 
(48-hour BCM). The conditioned media assayed include those from MiMPCs (induced, NIMiMPCs; 
uninduced, GM-MiMPCs), and from MSCs (induced, MI-MSCs; uninduced, GM-MSCs), as well as basal 
medium (controls). Medium was assayed for levels of (A) BDNF, (B) Osteopontin, (C) IL-6, (D) LIF, (E) 
osteonectin, and (F) clusterin. All ELISA results are expressed in pg/ml or ng/ml produced per million cells. 
Medium taken from NI-MiMPC cultures contained high levels of all assayed factors compared with 
GMMiMPCs, NI-MSCs, and GM-MSCs. BDNF, IL-6, osteonectin, and clusterin exhibited relatively constant 
secretion levels, while osteopontin and LIF showed decreased expression levels during induction treatment and 
the 48-hour post-induction period. *, p<.05, compared with GM controls, n 3 for all assays. Abbreviations: 
BDNF, brain-derived neurotrophic factor; ELISA, enzyme-linked immunosorbent assay; IL-6, interleukin-6; 
LIF, leukemia inhibitory factor; MSCs, mesenchymal stem cells; NI-MiMPCs, neurotrophically induced-
MiMPCs. 
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Figure 6. Morphological effect of MiMPCs and MSCs on neurite outgrowth in DRGs grown on 
electrospun nanofibrous scaffolds via image analysis and measurements by NIH ImageJ. (A): DRGs 
were cultured on aligned nanofibrous scaffolds prepared as described in Materials and Methods, using 
media conditioned by induced (NI) and noninduced (GM) MiMPCs and MSCs, with or without 
cotreatment with the pan Trkreceptor inhibitor, GNF5837 (24 nM), or the Jak/Stat inhibitor, cucurbitacin-
I (60 nM). No observable difference in neurite extension lengths was seen, compared with cultures 
without GNF5837 cotreatment. On the other hand, cucurbitacin-I cotreatment resulted in substantial 
decrease in in neurite extension length, compared with controls or any other group. Neurite extension 
lengths were measured with ImageJ. Bar5800 lm. (B): Neurite extension outgrowth was traced using NIH 
ImageJ. DRGs were cultured on aligned scaffolds with conditioned media collected from NI- and GM- 
MiMPCs and MSCs. Results on neurite outgrowth lengths indicate that exposure to NI- and GM- MiMPC 
and MSC conditioned media improved neurite outgrowth compared with controls, and the addition of 
Trk-receptor inhibitor (1GNF5837) did not impede length of neurite extension. *, p<.05, denotes 
statistically significant difference compared with both controls. At least 10 axons were measured per 
group over an n53. Abbreviations: GM, growth medium; MiMPCs, induced mesenchymal progenitor 
cells; MSCs, mesenchymal stem cells; NIM, neurotrophic induction medium. 
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C: Adipose tissue-derived MSCs enhance neurite outgrowth and fundtional nerve repair in a rat sciatic 
nerve repair model.  

As reported in: Sun AX, Prest TA, Fowler JR, Brick RM, Gloss KM, Li X, DeHart M, Shen H, Yang G, 
Brown BN, Alexander PG, Tuan RS. Conduits harnessing spatially controlled cell-secreted neurotrophic factors 
improve peripheral nerve regeneration. Biomaterials. 2019 May;203:86-95. doi: 
10.1016/j.biomaterials.2019.01.038. Epub 2019 Feb 19. PMID: 30857644. 

Peripheral nerve injury (PNI) affects over 300,000 people each year in the United States and is a 
significant cause of morbidity and lifelong disability despite surgical intervention. Through a variety of 
traumatic or disease-based mechanisms, such as high-speed motor vehicle collisions or schwannomas, 
peripheral nerves function is drastically altered or decreased. Warfighters, in particular, are exposed to higher 
incidences of PNI due to battlefield injuries, and PNI morbidity leads to reduced military preparedness, early 
discharge, poor reintegration into civilian life, and has been implicated in higher rates of depression and suicide 
among these veterans.  

The best treatment option for nerve defects currently is tensionless end-to-end repair given its 
predictable positive outcomes, but many times this is not an option due to the various conditions that must be 
met: repair immediately after injury, minimal gap < 2.5mm in length, good blood supply and soft-tissue 
coverage, and exact alignment of the opposing ends. Alternative options such as autografting and allografting 
exist, but are limited by donor site morbidity (with a chance for neuroma formation at both sites), availability, 
and immune autografting. Another promising regenerative route, the use of a biomaterial nerve conduit, 
demonstrates potential due to reduced neuroma formation, lack of axonal escape, and lack of donor-site 
morbidity, but is constrained by range (≤3 cm) and low functional recovery rates Thus, the ability to provide an 
efficient and effective method towards bridging the gap in nerve regeneration would be a huge step forward in 
the care of peripheral nerve injuries. 

In the pursuit of an effective nerve conduit, many physical and biological strategies have been employed 
during fabrication. On the physical side, electrospun nanofibers hold great promise due to their ability to be 
fabricated with aligned arrangements closely resembling native nerve ECM, and they have demonstrated the 
ability to guide neurite extensions. On the biological side, neurotrophic factors (NTFs), such as brain derived 
neurotrophic factor (BDNF) and vascular endothelial growth factor (VEGF), have been shown to play an 
important role in facilitating axonal growth, guidance, and survival. In addition, chemokine gradients are 
essential in driving Schwann cell migration into the regenerating nerve bridge and axon elongation. Current 
methods of sustained delivery of growth factors by microparticles, along with other technologies, have 
demonstrated utility in experimental models of nerve repair, but these technologies have not yet addressed the 
dynamic time course of growth factor production, the use of anti-inflammatory cytokines, or the capability to 
supply a multitude of growth factors simultaneously or separately. 

A potential route toward addressing these issues lies in the use of stem cells. Adult mesenchymal stem 
cells (MSCs) are multipotent cells that have the ability to differentiate into many lineages, including neural-like 
lineages. Early transplantation experiments involving these stem cells demonstrated that they supported nerve 
regeneration (originally believed to be due to transdifferentiation to neural lineages but more recently thought to 
be through production of NTFs), and they have also been shown to possess immunoregulatory functions, which 
could potentially decrease scar tissue infiltration into conduits and neuroma formation. Studies utilizing nerve 
conduits seeded with MSCs reported both larger axons as well as greater amounts of myelination per axon. 
Additionally, studies including functional assays generally showed enhanced function compared to non-cellular 
controls, with some demonstrating function comparable to the gold standard autograft. Along with MSCs, other 
cell types such as neural stem cells, embryonic stem cells, and Schwann cells have also been applied to 
successfully support nerve regrowth with efficacies rivaling or exceeding those of MSCs. 

While cell support demonstrates distinct benefits in conduit-mediated nerve regeneration, cell-seeding 
protocols typically either involve cell attachment in culture after fabrication, which can be lengthy (clinically 
undesirable) and potentially result in cell detachment in vivo, or injection into the lumen of the conduit, which 
is susceptible to leakage. In addition, these methods do not allow for precise control of cell seeding number or 
cellular distribution within the conduit due to the random nature of cell attachment and injection, and the seeded 
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cells are known to migrate out of the conduit, further confounding the dose- and location-dependent effect of 
the cells. There do exist gel-based systems that allow for encapsulation of cells within gels, which address the 
cell density challenges and immediate cell seeding, but they have not yet been effectively applied for cell 
distribution in conduits. Overall, these limitations have led to the inability to effectively produce and harness 
cell-secreted neurotrophic gradients. 

Figure 7 (2): Phalloidin and Calcein-AM staining of cells demonstrating morphology and distribution 
within scaffold. (A) Simplified view of constructed conduit without concentric layers showing location of aligned 
and randomly oriented cells. (B-D) Phalloidin/DAPI staining of cells within an unraveled conduit showing cells 
with randomly oriented processes, cells with aligned processes, and cells trapped in gelatin with retracted 
processes, respectively. (E) Calcein-AM live cell staining of cross-section of constructed scaffold demonstrating 
concentric distribution of cells. 

Figure 8 (3): Suture Retention and Tensile Strength. Nerve conduit withstood up to 10N of tensile force 
applied with suture before elongating and failing. This is well above the necessary force for the application of a 
nerve conduit.   

A B

C D

E
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Figure 9 (4): SEM images of composite GelMA / PCL electrospun scaffolds. SEM images of (A) aligned 
composite scaffold, (B) aligned scaffold with GelMA removed, (C) random composite scaffold, and (D) 
random scaffold without GelMA. 

Figure 10 (5): Degradation of 3D nerve conduit over 28 days. Mass of conduit measured over a 28 day span. 
As expected, the gelatin component degrades relatively quickly with the hydrophobic polycaprolactone 
component remaining behind for structural stability. All conduits maintained structural stability over this 
period. 
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Figure 11 (6):. MTS assay for cellular metabolism within 3D nerve conduits over a 28 day period. 
Metabolism of cells within conduit significantly increases over a 28 day period, indicating cellular proliferation 
and biocompatibility of this nerve conduit system.  

Figure 12 (7): Growth factor release from 3D nerve conduits.  (Top) Secretion of BDNF and VEGF from 
non-induced and neurotrophically-induced MSCs seeded in 3D nerve conduits. (Left) VEGF measured in 
medium after bolus loading during conduit fabrication. (Right) Cumulative VEGF release from conduit over a 9 
day period. Permeability of growth factors and slow release are observed, as expected due to the slow release 
capabilities of methacrylated gelatin.  
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Figure 13 (8): Cell-seeded scaffolds significantly enhance nanofiber-guided neurite extensions from 
cultured Dorsal Root Ganglia (DRGs). (Top-Left) Average of 10 longest neurite extensions from 4 DRGs in 
each group. (Top-Right) Image of negative control - DRG on non-cell seeded scaffold.  (Bottom) Image of 
DRG from I_BMSC group. Note remarkably increased neurite extension lengths in the cell-seeded groups. **, 
p<0.001 with respect to negative control. BMSC=Bone Marrow Stem Cell, MIMP = Induced Mesenchymal 
Progenitor, I_ = Neurotrophically Induced. Control- = Cultured on Non-Cell Seeded. Control+=10 ng/mL FGF, 
EGF, NGF supplementation. Top Scale Bar = 250 um. Bottom Scale Bar = 800 um. 

Figure 14 (9): DiI tracking of seeded 
cells within 3D nerve conduits. Day 0 
(left column), day 7 (middle column), 
and day 14 (right column) macroscopic 
and longitudinal sections of conduits with 
accompanying fluorescent images of DiI 
labeled cells. As seen from the images, 
cells that are encapsulated within the 
walls of the conduit tend to stay within the 
location they are seeded at day 0 over a 14 
day course. This allows spatial control of 
cell seeding for in vivo conduits which 
utilize cells seeded in the middle of the 
conduit to provide a neurotrophic gradient 
for growing axons. 
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Figure 15 (10): Verification of multipotency of isolated rat MSCs. Rat adipose stem cells were isolated and 
underwent a differentiation protocol to demonstrate multipotency. Here, osteogenic, chondrogenic, and 
adipogenic differentiation are shown in the left, center, and right wells, respectively along with their 
corresponding scores (0-3+) on the left hand side. 

Figure 16 (11):. Surgical implantation of scaffold within rats and macroscopic conduit view after 6 weeks. 
Removal of 1cm sciatic nerve followed by implantation of scaffold into the defect site (Top panels). Images of 
conduit during harvest after 6 weeks (Bottom panels). As seen from the conduits at harvest, structural integrity 
is maintained and there is no foreign body reaction to the conduit itself.  
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Figure 17 (12): S100 staining of tranverse sections at midpoint of conduit after 6 weeks. 
Immunohistochemistry for S100 schwann cell staining was used to observe schwann cell infiltration into the 
growing nerve. As seen from the staining, control conduits (with no encapsulated cells or hydrogel lumen filler) 
yielded spotty staining with little organization. In contrast, cell-seeded and hydrogel scaffolds displayed dense 
S100 staining with fascicular distribution – especially cell-seeded groups. 

Figure 18 (13): Longitudinal S100 staining of conduit after 6 weeks. Immunohistochemistry for S100 
schwann cell staining was used to observe schwann cell infiltration into the growing nerve. As seen from the 
staining, cell-seeded conduits exhibit a remarkable ability to allow for S100 schwann cell migration into the 
growing nerve with complete continuity after only 6 weeks. This was not observed in either hydrogel or control 
conduits (not shown due to imaging equipment malfunction).  
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Figure 19 (14):. Longitudinal Masson Trichrome staining of conduit after 6 weeks. Masson trichrome 
staining was used to analyze longitudinal sections after 6 weeks growth (proximal oriented towards top and 
distal towards bottom). Pink is cellular cytoplasm while blue is presence of collagen. (Top) Strikingly, cell-
seeded conduits display strong collagen staining (indicative of axon formation) in full continuity throughout the 
conduit – even at the distal end. This is in contrast to control and hydrogel-only conduits, which display weak 
staining at the distal portions. Hydrogel-only groups seem to promote cellular infiltration into the conduit 
without concurrent schwann cell migration or axon regrowth. In addition, blue staining is seen on the outer 
walls of the conduits, indicating cellular infiltration into only the random layers of the conduit while allowing 
nutrient perfusion through all layers as desired. (Bottom) Magnified view of distal portion of control and cell 
conduits demonstrating strong collagen staining in the cell group with weak blue staining in the control. 
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Figure 20 (15):. Transverse Masson Trichrome staining at midpoint of conduit after 6 weeks. Masson 
trichrome staining was used to analyze longitudinal sections after 6 weeks growth. Pink is cellular cytoplasm 
while blue is presence of collagen. (Top) The same observations hold true in these transverse sections as seen in 
the longitudinal sections in Figure 14. The cell-containing groups demonstrate dense collagenous stainin in the 
middle of the conduits (indicative of axon formation). In addition, cell-containing groups have much higher 
collagen deposition within the walls of the conduit – likely contributing to the structural stability of the conduit 
itself. (Bottom) Magnified views of the central portion of the conduits to better demonstrate the increased 
organization and collagen content in the cell based groups. 



25 

\ 

Figure 21 (16): Cells are retained longer in vivo with wall-encapsulation compared to lumen injection. (A) 
Representative images of DiI labeled cells in conduits over 6 weeks. Red channel is DiI label while green is 
scaffold autofluorescence. (B) Total DiI-labeled cell intensity across 6 weeks for wall-encapsulated vs. cell 
groups showing trends within groups. (C) Total DiI-labeled cell intensity across 6 weeks comparing between 
groups at each week. *, p<0.05. **, p<0.005. Scale bar = 5 mm. 
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Figure 22 (17): Conduits with centrally located wall-encapsulated ASCs drive directional Schwann cell 
migration. (A) Schematic of locations sectioned along explanted nerve conduits (4 mm out from the center 
proximally and distally) from 1 cm rat sciatic nerve transection model. Scale bar = 1 mm. (B,C) Representative 
pictures of localization of Schwann cells and DiI-labeled wall-encapsulated or lumen-injected cells, 
respectively. Green channel equals Schwann cells while red channel equals ASCs. Scale bar = 500 μm. (D,E) 
ASC intensity along the length of explanted conduits in wall-encapsulation vs injection, respectively. Wall-
encapsulated ASCs fit a Gaussian distribution while lumen-injected ASCs fit a quadratic distribution. (F,G) 
Schwann cell intensity along the length of the explanted conduit at two weeks and four weeks, respectively. 
Schwann cells possess a stronger inwards migration at two weeks in wall-encapsulation groups and by four 
weeks resemble a single peaked distribution near the center of the conduit as opposed to lumen injection, which 
possess no clear distribution pattern. #, p<0.005 between distributions (Gaussian, fit probability = 84.74% and 
r2 = 0.4463. Quadratic, fit probability = 91.17% and r2 = 0.3280). &, p<0.05 between distributions.    
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Figure 23 (18): Conduits with centrally located wall-encapsulated ASCs improve functional return. (A) 
Image of Schwann cells bridging the nerve conduit with wall-encapsulated ASCs at 6 weeks in a rat 1 cm 
sciatic nerve transection model. (B) Schwann cell-positive area in cross-section of center of conduits in cell-free 
control, wall-encapsulated and lumen injected cell groups. (C) Sciatic functional index at 16 weeks for cell-free 
control (control), nerve conduits with ECM hydrogel lumen filler (hydrogel), nerve conduit with wall-
encapsulated cells (cell), or nerve conduit with wall-encapsulated cells plus ECM hydrogel lumen filler groups 
(combo). *, p<0.05. ***, p<0.001 compared to Control.  

What opportunities for training and professional development has the project provided?   

The following graduate students benefitted from the transfer of knowledge, skills and abilities in the course of 
this project:  

1. Heidi Hofer
2. Kelsey Gloss
3. Rachel Brick
4. Aaron Sun

Other undergradutes with training opportunities: 
1. Shannon Gorman
2. Michael DeHart
3. Xixuan Li

How were the results disseminated to communities of interest?    

The work by Dr Hofer, Brick and Sun have been published in prestigious peer-reviewed journal: 
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1. Hofer HR, Tuan RS. Secreted trophic factors of mesenchymal stem cells support neurovascular and
musculoskeletal therapies. Stem Cell Res Ther. 2016 Sep 9;7(1):131. doi: 10.1186/s13287-016-0394-0.
PMID: 27612948; PMCID: PMC5016979.

2. Zupanc HRH, Alexander PG, Tuan RS. Neurotrophic support by traumatized muscle-derived
multipotent progenitor cells: Role of endothelial cells and Vascular Endothelial Growth Factor-A. Stem
Cell Res Ther. 2017 Oct 13;8(1):226. doi: 10.1186/s13287-017-0665-4. PMID: 29029631; PMCID:
PMC5640955.

3. Brick RM, Sun AX, Tuan RS. Neurotrophically Induced Mesenchymal Progenitor Cells Derived from
Induced Pluripotent Stem Cells Enhance Neuritogenesis via Neurotrophin and Cytokine Production.
Stem Cells Transl Med. 2018 Jan;7(1):45-58. doi: 10.1002/sctm.17-0108. Epub 2017 Dec 7. PMID:
29215199; PMCID: PMC5746147.

4. Sun AX, Prest TA, Fowler JR, Brick RM, Gloss KM, Li X, DeHart M, Shen H, Yang G, Brown BN,
Alexander PG, Tuan RS. Conduits harnessing spatially controlled cell-secreted neurotrophic factors
improve peripheral nerve regeneration. Biomaterials. 2019 May;203:86-95. doi:
10.1016/j.biomaterials.2019.01.038. Epub 2019 Feb 19. PMID: 30857644.

The work was also presented at annual meetings of the Orthopaedic Rezearch Society, Military Health Sciences 
Research Symposium, the Biomedical Engineering Society and the International Society for Stem Cell 
Research, among others:  

What do you plan to do during the next reporting period to accomplish the goals?  

Final Report, Nothing to Report 

4. IMPACT: This component is used to describe ways in which the work, findings, and specific products of
the project have had an impact during this reporting period.  Describe distinctive contributions, major
accomplishments, innovations, successes, or any change in practice or behavior that has come about as a result
of the project relative to:

• the development of the principal discipline(s) of the project;
• other disciplines;
• technology transfer; or
• society beyond science and technology.

What was the impact on the development of the principal discipline(s) of the project?   

The biology of mesenchymal stomal (stem) cells: Adult mesenchymal stem cells (MSCs) remain a subject of 
intense experimental and biomedical interest. Among the growth factors we have shown produced by MSCs 
that contribute to nerve out-growth and tissue repair are: VEGF, CNTF, GDNF, TGF-β, interleukins (IL-1β, IL-
6, and IL-8), and C-C ligands (CCL-2, CCL-5, and CCL-23), serving as paracrine control molecules secreted or 
packaged into extracellular vesicles, or exosomes. Further work has shown: 

a. The importance of MSCs in both nerve outgrowth (recapitulating a function of the Bunger fibers) and
b. the formation and maintenance of blood vessels in early angiogenesis

The use of MSCs derived from wound margins: 

Use of MSCs in Tissue engineering: Here were have contributed to use of MSCs in a novel neurotrophic nerve 
repair conduit: The neurotrophic abilities are largely mediated by secreted factors. The neurotrophic potential of 
MSCs to encourage nerve growth via a VEGF-A-dependent action is mediated by microparticles and as 
paracrine factors. These can be harnessed in conditioned medium, the use of the cells themselves or a 
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combination thereof. Due to the ease of use, application of bioactive agents derived from cultured cells to 
enhance neurotrophic support presents a promising line of research into peripheral nerve repair. 

Use of photocrosslinked gelatin in a nerve repair conduit: The use of photopolymerized gelatin to encapsulate 
cells as a long-term, self-regulating source of neurotrophic factors. We have demonstrated the utility of the 
incorporation of MSCs and photopolymerizable gelatin within a novel nano-fibrous scaffold to support nerve 
repair in a rat model of sciatic nerve injury. Specifically we are demonstrating the capacity of MSCs to 
orchestrate repair via their secretome – a facility now being accepted by the MSCs community as a whole. 

What was the impact on other disciplines?    
The peer-reviewed publications have been cited a total of 24 times in the following fields: 

a. Neuroscience: Schwann cell biology and engineering; use of the secretome in embryonic neural tube
defect repair, adult CNS and spinal disease, and invitro brain model development.

b. Inflammation: Nerve repair and the control of inflammation and the extracellular environment (i.e.
matrix) and MSC secretome characterization

c. Cell signaling (NGF, STAT 3 signaling)

What was the impact on technology transfer?    

Nothing to Report. The University of Pittsburgh was unwilling to support a patent on the nerve assembly device 

What was the impact on society beyond science and technology? 

Nothing to report. 

5. CHANGES/PROBLEMS: 

Changes in approach and reasons for change 

The neurotrophic abilities of MSCs derived from blast-traumatized muscle were initially used in the 
characterization of MSC neurotrophic capacities.  

Endothelial cells were not used in co-culture with MSCs in vitro because culture conditions necessary for 
survival of ECs would confound the results of neurite extension given the vast number of growth factors 
necessary to sustain EC viability in vitro. In addition, from a point-of-care translatability aspect the use of two 
cell types – especially difficult to isolate ECs – would greatly reduce its applicability. 

A 2D equivalent (mats) representative of the 3D conduit were used in neurite extension assays due to problems 
with imaging a DRG inside of the nerve conduit. We found that the results of this in vitro assay was still 
correlative with results demonstrated in vivo. 

In the in vivo repair study, we made several changes: 
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1. We utilized allograft adipose tisseu-derived MSCs because they are (1) readily available and easy to
isolate, (2) have immediate clinical translation. This change was approved.

2. Thy-1 GFP rats were not used due to cost and difficulty in obtaining them. In addition, from a scientific
standpoint there are plenty of immunohistochemical labels that can identify host axons and nerves
without needing a Thy-1 transgenic GFP rat.

3. Instead of using a Lenti-viral construct to label cells, we chose a higher efficiency labeling method (DiI).
In addition, with this membrane label there is minimal concern of altering the secretome of the MSC that
a lenti-viral approach might do.

4. Given the very promising results we saw in vivo at the 6 week mark, we chose to do earlier time points
as well in order to track cells and parse out the activity of these cells in the early nerve regeneration
response.

5. Functional testing was not completed at 8 weeks because full functional capacity after a sciatic nerve
defect returns at 16 weeks. Thus, fcntional recovery was assessed at 4 months.

Actual or anticipated problems or delays and actions or plans to resolve them 

1. We experienced several challenges/problems to completing the final Aim of this study. The initial
problem was that space for the in vivo study of nerve repair in the rabbit was not immediately. A no-cost
extension was requested and approved for that

2. Then, COVID19 pandemic severely restricted research activity. The impact of this cannot be overstated.
The University and facilities experience shut-downs and/or severe restrictions. Most importantly, it
inhibited travel between aEurope and the United States for extended periods of time. This prevented the
repair of the electrospinner by experienced personnel. Work was postponed until the facility and
University could support all functionality.

3. Although the rabbit study was not completed, We realized that gait analysis for rabbit is not established.
Discussion with neurology department concluded in the request that electrophysiology replace gait
analysis in the rabbit. This change was approved.

Changes that had a significant impact on expenditures 

The inability to complete the rabbit study resulted in a remainder of $80,987 that is being return to the DoD. 

Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or select agents 

Nothing to report. 

6. PRODUCTS:  

• Publications, conference papers, and presentations
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Journal publications.   

5. Hofer HR, Tuan RS. Secreted trophic factors of mesenchymal stem cells support neurovascular and
musculoskeletal therapies. Stem Cell Res Ther. 2016 Sep 9;7(1):131. doi: 10.1186/s13287-016-0394-0.
PMID: 27612948; PMCID: PMC5016979.

6. Zupanc HRH, Alexander PG, Tuan RS. Neurotrophic support by traumatized muscle-derived
multipotent progenitor cells: Role of endothelial cells and Vascular Endothelial Growth Factor-A. Stem
Cell Res Ther. 2017 Oct 13;8(1):226. doi: 10.1186/s13287-017-0665-4. PMID: 29029631; PMCID:
PMC5640955.

7. Brick RM, Sun AX, Tuan RS. Neurotrophically Induced Mesenchymal Progenitor Cells Derived from
Induced Pluripotent Stem Cells Enhance Neuritogenesis via Neurotrophin and Cytokine Production.
Stem Cells Transl Med. 2018 Jan;7(1):45-58. doi: 10.1002/sctm.17-0108. Epub 2017 Dec 7. PMID:
29215199; PMCID: PMC5746147.

8. Sun AX, Prest TA, Fowler JR, Brick RM, Gloss KM, Li X, DeHart M, Shen H, Yang G, Brown BN,
Alexander PG, Tuan RS. Conduits harnessing spatially controlled cell-secreted neurotrophic factors
improve peripheral nerve regeneration. Biomaterials. 2019 May;203:86-95. doi:
10.1016/j.biomaterials.2019.01.038. Epub 2019 Feb 19. PMID: 30857644.

• Website(s) or other Internet site(s)

The results of this work were featured on the websites for CCME and the McGowan Institute for
Regenerative Medicine

• Technologies or techniques

The technique to create a stem cell-seeded nerve conduit that allows for immediate incorporation during
fabrication as well as spatially controllable cell distribution within the walls of the conduit has been
described in this reporting period. This technique will be disseminated to the research community
through conferences and future publications. A JOVE article is inpreparation.

• Inventions, patent applications, and/or licenses

Nothing to report.

• Other Products

Nothing to report.

7. PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS 
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Nothing to Report 

What individuals have worked on the project? 

Name: 
Project Role: 
Researcher ID 
Nearest person month worked: 
Contribution to Project: 

Funding Support: 

Name: 
Project Role: 
Researcher ID 
Nearest person month worked: 
Contribution to Project: 

Funding Support: 

Peter Alexander 
Principle Investigator 
University Employee ID# 124097 
22% effort  ( 2.5 Person Months) 
Dr. Alexander’s responsibilities will include cell isolation, 
propagation, activation, biomaterial scaffold fabrication, 
histological, biochemical and histological analyses, and animal 
surgeries. He is also responsible for experimental design, data 
analysis, and the training of graduate students and residents. He 
will also be involved in data analysis, and presentation of research 
findings in manuscripts and at scientific meetings.    
N/A 

Rocky S Tuan 
Principle Investigator 
University Employee ID# 124200 
5.0 % effort  ( 0.6 Person Months)  
Dr. Tuan’s responsibilities will include data analysis, and 
presentation of research findings in manuscripts and at scientific 
meetings.    
N/A 
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Name: 
Project Role: 
Research Identifier: 
Nearest person month worked: 
Contribution to Project: 

Funding Support: 

Name: 
Project Role: 
Research Identifier: 
Nearest person month worked: 
Contribution to Project: 

Funding Support: 

Name: 
Project Role: 
Research Identifier: 
Nearest person month worked: 
Contribution to Project: 

Funding Support: 

Name: 
Project Role: 
Research Identifier: 
Nearest person month worked: 
Contribution to Project: 

Funding Support: 

Name: 
Project Role: 
Research Identifier: 
Nearest person month worked: 
Contribution to Project: 

Jian Tan 
Research Specialist 
University Employee ID#  124708 
 25.0 % effort  ( 3.0 Person Months)  
Jian will assist in the execution of the experiments in this project 
for all the proposed tasks.  Jian will be trained by Dr. Alexander, 
and will be supervised directly by Dr. Tuan and Dr. Alexander in 
all of her research activities, including experimental design, 
assays, and data analyses. Jian will also be responsible for safety 
requirement, material acquisition, protocol development, and 
handle reporting duties according to Department of Defense 
protocols. 
N/A 

John Fowler 
Co-Investigator 
University Employee ID# 150464 
5% effort  (0.60 Person Months) 
Dr. Fowler participates in the animal surgery aspects of this 
project, as well as in research design, outcome analysis, 
manuscript preparation, and preparation for future large animal 
trials. 
N/A 

MaCalus Hogan 
Co-Investigator 
University Employee ID# 152173 
5% effort (0.60 Person Months) 
Dr. Hogan participats in the animal surgery aspects of this project, 
as well as in research design, outcome analysis, manuscript 
preparation, and preparation for future large animal trials. 
N/A 

Alessandro Pirosa 
Postdoctoral Associate 
University Employee ID# 160892 
56% effort (6.72 Person Months) 
Alessandro responsibilities will include cell isolation and culture, 
nanofiber scaffold fabrication, histological and 
immunohistochemical evaluation of tissue and cell phenotype, 
ELISA, tissue imaging, and production of the MPC-NC constructs. 
N/A 

Heidi Hofer 
Graduate Student Researcher 
University Employee ID# 138267 
83.33% effort (10.00 Person Months – Left University on 8/1/17) 
Heidi’s responsibilities included cell isolation and culture (of 
traumatized muscle-derived MSCs and chick dorsal root ganglia, 
histological and immunohistochemical evaluation of tissue and cell 
phenotype, gene expression analysis by RT-PCR, ELISA, tissue 
imaging, and in vitro functional testing of the MPC-seeded 
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Funding Support: 

Name: 
Project Role: 
Researcher Identifier 
Nearest person month worked: 
Contribution to Project: 

Funding Support: 

Name:  
Project Role: 
Researcher Identifier 
Nearest person month worked: 
Contribution to Project: 

Funding Support: 

Name: 
Project Role: 
Researcher Identifier 
Nearest person month worked: 

Contribution to Project: 

Funding Support: 

nanofibrous constructs. She was supervised by Dr Alexander and 
Dr Tuan (thesis advisor)  
N/A 

Rachel Brick 
Graduate Student Researcher 
University Employee ID# 138267 
83.33% effort (10.00 Person Months – Left University on 8/1/17) 
Rachel’s responsibilities included cell isolation and culture of 
induced peluripotent stem cells,  histological and 
immunohistochemical evaluation of tissue and cell 
phenotype, gene expression analysis by RT-PCR, ELISA, tissue 
imaging, and in vitro functional testing of iPSC-seeded 
nanofibrous constructs. She was closely supervised by 
Dr. Tuan and Dr. Alexander. 
N/A 

Aaron Sun 
Graduate Student Researcher 
University Employee ID# 170453 
83.33% effort (10.00 Person Months – Left University on 8/1/18) 
Rachel’s responsibilities included cell isolation and culture of 
induced peluripotent stem cells,  histological and 
immunohistochemical evaluation of tissue and cell 
phenotype, gene expression analysis by RT-PCR, ELISA, tissue 
imaging, and in vitro functional testing of iPSC-seeded 
nanofibrous constructs. She was closely supervised by 
Dr. Tuan and Dr. Alexander. 
N/A 

Kelsey Gloss 
Graduate Student Researcher 
University Employee ID# 171537 
100% effort (12.00 Person Months – Left University on 10/1/16, 
employed for 4 months only) 
Kelsey’s responsibilities will be involved in general laboratory 
protocol development and optimization, preparation of research 
reports, presentations and manuscripts. She will work under close 
supervision 
N/A 

What other organizations were involved as partners?   
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8. SPECIAL REPORTING REQUIREMENTS:
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Adult Stem Cell-Based Neurotrophic Conduit Enhancement of 
Peripheral Nerve Repair 
Log Number: OR140390
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PI: Peter G Alexander Org:  University of Pittsburgh  Award Amount: $1,557,090

Project Aims
The goal of this study is to develop a synthetic nerve conduit (NC) 
enhanced with bioactivated matrix and neuro-potentiating 
autologous stem cells (MPCs).  The following aims are proposed: 
1. Produce bi-layered nanofibrous scaffolds (NFS)
2. Optimize the neurotrophic (NT) activity of MPC-seeded NFS
3. Design and construct device for PoC NT-MPC-NC preparation
4. Biomechanical and biochemical testing of final NT-MPC-NC
5.Test NT-MPC-NC in small animal models (rat and rabbit)
6. Prepare and submit an IDE clinical trial protocol to FDA

Approach
A bilaminar scaffold comprised of (1) inner aligned nanofibers for 
contact-guidance axonal migration and (2) outer randomized fibers 
for tensile strength and suture retention filled with HA/gelatin or 
similar hydrogel (if efficacious) activated with conditioned medium 
from NT-MPCs conditioned medium and coated externally with 
MPCs to provide extended, physiologic release of neurotrophic, 
immuno-modulatory cytokines to enhance nerve regeneration.

Goals/Milestones
CY16 Goals
☑ Optimize biomaterial structure and composition of nerve conduit
CY17 Goals:
☑ Determine optimal neuroconductive ECM for nerve conduit.
☑ Construct device for point-of-care NT-MPC NC preparation
☑ Biomechanical and biological testing of MPC-NC.
CY18 Goals:
☑ Test biological activity of MPC-NC in a rat model
CY 20 Goals:
⎕Test surgical and regenerative activity of MPC-NC in a rabbit model
⎕ Prepare and submit IDE protocol to the FDA

Comments/Challenges/Issues/Concerns: protocol resubmission asnd
COVID-19 closure/precautions

Budget Expenditure to Date:
Projected Expenditure: $1,557,090;   Actual Expenditure: $1,476,112.93

Fig. 1: (A) Step-wise production of the NFS-NC; 
(B) NFS layer schematic; (C) Conduit fabrication
device; (D) Final Conduit; (E) Flexibility

Fig. 2: SFI 12 wks after 
repair using empty, 
hydrogel lumen, cell-laden 
walls or combo product

Fig. 3: IHC 12 wks after implant: NF-1 (green), myelin (red) and nuclei (blue)

Current status
Total Cost: $1,557KUpdated: August 26, 2019;

Timeline and Cost
Activities  FY  16  17  18  19  20  21 

Produce bi-layered NFS.
Optimize NT-MPC-seeded NFS.
NT-MPC NFS-NC device.
Biomech. biochem testing

Test NT-MPC-NC in rat 
and rabbit
Submit IDE clinical trial to FDA

Expediture/budget ($K)         311   585    344   76  87 60 

Past time-line; Projected time-line; Completed;
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Secreted trophic factors of mesenchymal
stem cells support neurovascular and
musculoskeletal therapies
Heidi R. Hofer and Rocky S. Tuan*

Abstract

Adult mesenchymal stem cells (MSCs) represent a subject of intense experimental and biomedical interest. Recently,
trophic activities of MSCs have become the topic of a number of revealing studies that span both basic and clinical
fields. In this review, we focus on recent investigations that have elucidated trophic mechanisms and shed light on
MSC clinical efficacy relevant to musculoskeletal applications. Innate differences due to MSC sourcing may play a
role in the clinical utility of isolated MSCs. Pain management, osteochondral, nerve, or blood vessel support by
MSCs derived from both autologous and allogeneic sources have been examined. Recent mechanistic insights into
the trophic activities of these cells point to ultimate regulation by nitric oxide, nuclear factor-kB, and indoleamine,
among other signaling pathways. Classic growth factors and cytokines—such as VEGF, CNTF, GDNF, TGF-β,
interleukins (IL-1β, IL-6, and IL-8), and C-C ligands (CCL-2, CCL-5, and CCL-23)—serve as paracrine control molecules
secreted or packaged into extracellular vesicles, or exosomes, by MSCs. Recent studies have also implicated
signaling by microRNAs contained in MSC-derived exosomes. The response of target cells is further regulated by
their microenvironment, involving the extracellular matrix, which may be modified by MSC-produced matrix
metalloproteinases (MMPs) and tissue inhibitor of MMPs. Trophic activities of MSCs, either resident or introduced
exogenously, are thus intricately controlled, and may be further fine-tuned via implant material modifications. MSCs
are actively being investigated for the repair and regeneration of both osteochondral and other musculoskeletal
tissues, such as tendon/ligament and meniscus. Future rational and effective MSC-based musculoskeletal therapies
will benefit from better mechanistic understanding of MSC trophic activities, for example using analytical “-omics”
profiling approaches.

Keywords: Arthritis, Mesenchymal stem cells, Extracellular vesicles, Endothelial cells, Endothelial cell–mesenchymal
stem cell interactions, Neurotrophic activity, Muscle-derived stem cells

Abbreviations: AD-MSC, Adipose-derived mesenchymal stem cell; AGN, Aggrecan; Ang, Angiopoietin; BDNF, Brain-
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Background
From a research, medical, and business standpoint, mes-
enchymal stem cell (MSC)-based therapies are fascinating.
Sales for stem cell products (e.g., as a subset of osteobiolo-
gics) were projected to top $600,000,000 by 2015 [1, 2],
and a recent Scopus search for musculoskeletal and stem
cells resulted in over 3000 documents, with more than a
third being reviews. We have limited this review to
highlighting noteworthy findings and concepts concerned
with the understanding of and challenges with MSC mus-
culoskeletal therapies.
MSCs were discovered in the 1960s [3], named in the

early 1990s [4], and purportedly defined by the mid-
2000s [5]. Despite the proposed criteria, the functional
definition within the literature varies widely. MSCs can
be defined by their ability to adhere to tissue culture
plastic, their expression of several cell surface molecular
epitopes—cluster of differentiation CD73, CD90, and
CD105, and others—as well as their lack of several sur-
face markers, including CD45 [6]. Some previously ex-
cluded markers are debated within certain circles, such
as CD34 and CD146 [7–9]. MSCs can be isolated from a
range of tissues, but the most commonly cited sources
are bone marrow (BM), adipose tissue, muscle, bone,
and perinatal tissues (e.g., Wharton’s Jelly, umbilical
vein/cord blood (UV/UCB), and amnion).
While they were originally utilized clinically in hopes

of harnessing their differentiation and proliferation po-
tential, MSCs are increasingly thought to also influence,
in addition to participating in, tissue function [10, 11],
especially within osteochondral spaces [12]. These MSC
influences can range from relatively rare activities that
require cell contact, such as mitochondrial transfer and
cell fusion, to relatively common paracrine MSC actions
through extracellular microvesicles or secreted factors.
MSCs may modulate the immune response, angiogen-
esis, apoptosis, oxidation level, migration, and/or differ-
entiation/stimulation of surrounding cells [13]. Because
of this alternative use of MSCs, Caplan and Sorell [14]

suggested a renaming of MSCs to medicinal signaling cells
to suggest a new era of MSC clinical relevance due to their
immunomodulatory properties. While acknowledging
progress in the other areas mentioned, this work will focus
on the current debates concerning sourcing, MSC alter-
ations of angiogenesis, cell differentiation/stimulation, and
strategies to improve MSC differentiation.

Sourcing
Sourcing of MSCs has become an area of debate due to
well-recognized potential differences in differentiation
abilities and trophic activities of the derived MSCs. Al-
ternatively sourced MSCs may have different differenti-
ation potentials as BM-MSCs, and they may require
additional supplementation to achieve robust or similar
differentiation. However, while relative abundance and
ease of isolation of MSCs may allow their use for suc-
cessful musculoskeletal interventions [15], there are con-
cerns that diminished numbers of MSCs may be present
in BM as patients age or succumb to disease [16]. One
study found that mouse MSCs from four common
sources (BM, adipose tissue, skeletal muscle, and
myocardium) equally supported endothelial cell (EC)
network formation in vitro and blood vessel forma-
tion in vivo [17]. Muscle-derived stem cells (MDSCs)
and satellite cells are thought to contribute to repair
of skeletal muscle and bone [18–20]. Although the
exact mechanisms remain to be elucidated, cartilage
and muscle health has been provocatively linked with
changes in or lack of multipotent cell activity, includ-
ing diseases such as osteoarthritis (OA, cartilage), sarco-
penia (muscle), and related muscle and motor neuron
diseases [21].
In one study attempting to address the most useful

source of MSCs for angiogenesis through a hindlimb
ischemia model, Bortolotti et al. examined adipose-derived
MSCs (AD-MSCs) and BM-MSCs (along with a subpopu-
lation of CD11-depleted BM-MSCs). They found, as have
many others, that MSCs were not incorporated into the
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healing wound but that wounds, particularly those in mus-
cles, healed more rapidly when exposed to BM-MSCs (re-
gardless of MSC sorting) [22]. Classic proangiogenic,
chemotactic, and remodeling molecules were identified as
being expressed by MSCs, with several factors appearing
prominently in the also effective conditioned medium
(CM) (platelet-derived growth factor-B (PDGFB), trans-
forming growth factor beta (TGF-β), stromal-derived
factor-1 (SDF1), angiopoietin-1 (Ang1), regulator of G-
protein signaling-5 (Rgs5), matrix metalloproteinase-9
(MMP-9), chemokine (C-X-C) ligand-10 (CXCL10), che-
mokine (C-C) ligand (CCL5)) [22].
Work with 5–6-week-old human embryonic BM-

MSCs and MDSCs suggests that MSCs have innate pro-
pensities for adipogenic and myogenic differentiation, re-
spectively, which ultimately affects the organization of
the engineered tissues [16, 23]. MSCs sourced from
older tissue might overcome these propensities depend-
ing on the implantation culture environment [24]. Tak-
ing a cue from the successful use of stem cells from
birth-associated tissues [25], one group recently investi-
gated the angiogenic activity of endometrium/men-
strual blood-sourced multipotent cells, showing that
they support the recruitment of ECs, blood vessels,
and, potentially, the proliferation of hematopoietic stem
cells [26].
An encouraging finding is that the number of MSCs

required to exert trophic action may be far less than ori-
ginally calculated as necessary for tissue replacement,
because a prospective study of BM-MSC vs mixed BM-
MSC + lipoaspirate therapy for OA found no difference
in patient-reported outcomes between the two groups
[27]. Interestingly, increasing body mass index (BMI)
appeared to correlate with patient-reported improve-
ment of function, a link that should be explored in the
future [28].

MSC musculoskeletal clinical use
Evidence for an altered view of MSC efficacy follows re-
sults from clinical trials, several of which have recently
begun to yield data about long-term MSC efficacy in dis-
ease treatment. A large area of MSC-based musculoskel-
etal research has been directed towards the degenerative
joint disease OA, which currently affects approximately
20 million Americans and is projected to affect 20 % of
American adults by 2030 [29]. OA is characterized by
the degeneration of articular cartilage and synovial in-
flammation, which alters associated soft tissue and sub-
chondral bone, resulting in bony lesion and osteophyte
formation. These degenerative events cause pain and
loss of joint mobility and function. Because cartilage has
a lower regenerative capacity than other, more vascular-
ized tissues in the body, arthritis and joint degeneration
are growing targets of MSC-based therapies.

Recent investigations into MSC treatment of OA have
begun to include formal, controlled clinical trials [30] in
addition to many uncontrolled trials by private entities.
Several international companies, including Cartistem,
Regenexx, Regeneus, BioHeart, and Mesoblast, are carry-
ing out phase I and II clinical trials for the treatment of
degenerative joint diseases with allogeneic or autologous,
multipotent cell types that are capable of mesenchymal
differentiation, usually derived from BM or adipose ori-
gin [15, 31, 32]. Several other companies have chosen to
facilitate MSC isolation within the clinic by constructing
machines that quickly sort stem cells from the mixed
populations present in surgically isolated tissue [33]. Al-
though published data have been relatively scarce for
completed trials, adverse events such as tumors, infec-
tions, or premature trial closures have rarely been re-
ported, suggesting safety of MSC-based therapies [34, 35].
The majority of reviewed studies utilize either dissociated
cells injected into the joint space or cells delivered via
seeding in various biocompatible and/or biodegradable
materials.
A recent review details results of nine OA articular

cartilage (knee) clinical trials which utilized cultured
BM-MSCs, noncultured BM concentrate, peripheral
blood-derived stem cells, or cells from the adipose stro-
mal vascular fraction [36]. Some cells were immobilized
with hyaluronan, collagen, platelet gel, and/or fibrin
glue. Others were injected into the joint or at a defect
using only saline. Regardless of cell origin, intra-articular
injection of cells (vs hydrogel or flap immobilization
through open surgery) resulted in improved clinical
function over untreated controls in some studies as long
as 5 years post treatment [36]. Pain relief with minor
return of function was noted in most studies.
Noting the ameliorative effect of MSCs on joint pain,

chronic lower back pain has recently become a target of
MSC therapy. Autologous, scaffold-less BM-MSC injec-
tion into patients with spinal cord injury in a Brazilian
clinical trial suggested clinically meaningful pain relief
and possible improvement in cartilage structure after
6 months and as long as 2 years post treatment, although
the high number of MSCs utilized coupled with the high
cost of the procedure were identified as potential areas for
improvement [37]. In a Spanish study, 7 of 12 patients
showed mild return of function after 6 months when en-
rolled in a phase I safety and efficacy study for BM-MSC
injection for long-term (>6 months) spinal cord injury
[38]; although positive in terms of apparent MSC effect,
the study faced almost immediate criticism from other
researchers due to the small sample size and lack of
appropriate controls [39]. A study by Mesoblast reported
decreased lower back pain in 48 % of allogeneic BM-
MSC-treated patients vs 13 % in placebo controls up to
2 years post injection [40].
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A portion of these analgesic effects could be due to
the anti-inflammatory activity of MSCs. Evidence that a
decrease in granulocyte macrophage colony-stimulating
factor (GM-CSF) resulted from MSC treatment and may
decrease disease severity after 4 months comes from a
rheumatoid arthritis (RA) clinical trial that used MOR103
antibodies to deplete serum GM-CSF [41]. In an excellent
and very recent review of MSC applications to RA, De
Bari described how immunomodulation could play a role
in RA-specific joint degeneration. Immunoregulators,
including interferon gamma (IFN-γ) and tumor necrosis
factor alpha (TNF-α), which are regulated through indo-
leamine 2,3-dioxygenase (IDO) or nitric oxide (NO), and
MSC effects on forkhead box p3+ (Foxp3+) Tregs or CD4+

Th17 cells have been suggested [42]. Interestingly, the
“transformation hypothesis” proposes that MSCs may be-
come transformed by interplay with chronic inflammatory
processes in the joint, resulting in a more aggressive cell
type with abilities to either invade the articular cartilage
and/or circulate, spreading arthritis to unaffected joints
[43, 44]. UV-MSCs may help to relieve the severity of RA
symptoms when combined with disease-modifying anti-
rheumatic treatments [45].
Recent exploration of immunomodulation showed that

AD-MSC surface-bound glycoprotein A repetitions predo-
main/leucine-rich repeat containing-32 (GARP/LRRC32),
found on CD4+/Foxp3+ Tregs, megakaryocytes, and plate-
lets, binds to membrane-bound TGF-β1, holding it in an
inactivated but readily-accessible state. GARP silencing re-
sults in increased secretion and activation of TGF-β1 and
impaired proliferation of AD-MSC as well as activation of
T cells [46]. Immunosuppressive effects of membrane-
bound TGF-β1, especially when bound to extracellular
vesicles (EVs), have also been reported for other MSC
types [47–49].

Mechanisms of MSC trophic activity
Insight into the mechanisms of MSC trophic activity is
advancing across multiple fields (Table 1). Within the
joint space, the MSC secretome is thought to influence
the anabolic tendencies of chondrocytes, chondrocyte
progenitor cells (CPCs), cartilage-derived stem/pro-
genitor cells (CSPCs), synovium-resident multipotent
progenitor cells, osteoblasts/osteoclasts/resident MSCs
within the subchondral bone (especially after microfrac-
ture), and chondrogenic cells within the infrapatellar fat
pad [36, 50, 51]. The MSC secretome can be modified
through permanent or temporary alterations. Several stud-
ies have found that the exposure of MSCs to proinflam-
matory factors, sometimes for as little as a few hours, can
alter the gene and protein expression of MSCs for days
afterwards [52]. Factors known to be secreted or bound to
MSC membranes with anti-inflammatory activities (acti-
vation of Tregs/tolerogenic dendritic cell phenotype; pro-

resolving/M2 macrophage activation; inhibition or proa-
poptosis of T cells, B cells, NK cells, or dendritic cells;
decreasing cytokine production) include: purines, bone
morphogenetic proteins (BMPs, specifically BMP-4),
CD274, CCL2, Connexin 43, cyclooxygenase (COX)/pros-
taglandin (PG), CD95/CD95 ligand, galectins, heme
oxygenase-1, human leukocyte antigen-G (HLA-G), IDO/
kynurenine, interleukin-6 (IL-6), leukemia inhibitory fac-
tor (LIF), NO, TGF-β, tumor necrosis factor-inducible
gene-6 (TSG6), and vascular endothelial growth factor
(VEGF) [53].
In addition to some of the classic chemotactic growth

factors and molecules already mentioned (HGF, PDGF,
and bFGF), MSCs are strongly influenced by the binding
of CXCL12 (SDF1) to CXCR4 [54]. Embryonic muscle
growth and adult muscle repair are thought to be heavily
influenced by MMP-10-regulated CXCL12 stimulation
of MSC migration [55, 56]. Additionally, MSCs express a
variety of receptors, including various integrins and
selectins, that allow extravasation at repair sites [57].
Clues to the mechanisms of MSC trophic activities

(Fig. 1) can also be found in the extensive work done in
other fields, particularly exploration of the stem cell
secretome in the cardiac field [58]. Identified factors
include adrenomedullin, angiogenin, fibroblast growth
factor-2 (FGF2), CXCL12, cistatin C, cysteine-rich angio-
genic inducer 61 (Cyr61), Dickkopf-related proteins (Dkk),
hepatocyte growth factor (HGF), insulin-like growth factor
(IGF), IL-1, IL-6, pigmented epithelium-derived factor
(PEDF), placental growth factor (PLGF), SDF1, TSG6,
VEGF, MMP-2, tissue inhibitor of metalloproteinase-1
(TIMP-1), TIMP-2, secreted frizzled related protein-2
(SFRP-2), thrombospondin-1, and tenascin C [58]. Belying
their osseous origin, CM of BM-MSC appears enriched in
molecules typically secreted by or influencing osteoblasts,
including decorin, osteoprotegerin, Dkk-3, receptor activa-
tor of nuclear factor-kB (RANK), osteopontin, and CCL5;
inflammatory factors maximally produced by BM-MSCs
include CCL2, TIMP-2, IL-6, IL-7, IL-3, MMP-7, chemo-
kine (C-X-C) receptor-16 (CXCR16), and MMP-10. CCL2
and CCL7 produced by BM-MSCs appear to strongly in-
fluence nascent bone formation [59, 60]. Recent work also
suggests that AD-MSC, BM-MSC, and dental pulp stem
cell-secreted CXCL14 and CCL2 help to recruit CXCR4+

cells and chemokine (C-C) receptor-2+ (CCR2+) vessel-
associated cells, without inducing proliferation [61]. Be-
sides these influential but potentially short-lived proteins,
some MSCs secrete EVs which may contain any number
of influential molecules, protected from systemic degrad-
ation by virtue of their natural, membrane-bound pack-
aging [62–65].
In many cell types, EVs of varying sizes, including

ectosomes/exosomes and microvesicles/microparticles,
were derived from either cytoplasmic protrusions or
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Table 1 MSC trophic activities relevant to musculoskeletal therapy: mechanistic insights from in-vitro and host tissue studies

System and
reference

In vitro/
host

Cell sources Observed trophic activity Mechanistic insights

Angiogenesis [84] IV Human BM-MSCs; UCB-ECs MSCs encouraged EC migration,
proliferation, and tubule formation

GHK (osteonectin peptide) induces
MSC-VEGF secretion

Angiogenesis [81] IV Human BM-MSCs (commercial);
microvascular ECs

MSC culture on stiff, fibronectin-
coated surfaces encouraged EC
spreading/tubule formation

Actomyosin contractility increased
MSC expression of proangiogenic
factors (angiogenin, VEGF, and IGF)

Angiogenesis [105] IV Human BM-MSCs (commercial);
UV-ECs

EC-MSC coculture increased MSC-
myogenic and EC-PLAU, EC-FGF, and
EC-NF-kB-regulated gene expression

• MSC IL-1β and IL-6 regulate EC
NF-kB target genes, including
P-selectin, CCL23, and CXCL2/3

• EC TGF-β1/3 may regulate MSC
myogenic differentiation

Angiogenesis [107] IV/mouse Human BM-MSCs (commercial);
UV-ECs

• IV: EC-MSC (vs EC) cultures on de-
gradable scaffolds expressed higher
perivascular markers

IV: cocultures upregulated VEGF and
ANG1 while downregulating ANG2

• Host angiogenic and perivascular
markers, except vessel diameter
and density, were equivalent
between EC/MSC-EC implants

Angiogenesis [73] IV/mouse Human iMSCs (medium change of
iPSCs); UV-ECs

• iMSC exosomes promoted EC
migration, proliferation, and dose-
dependent tubule formation (IV)

iMSCs induced EC expression of
proangiogenic molecules, including
VEGF, TGF-β1, and ANG1

• Exosome treatment correlated with
modest functional improvement,
better perfusion and tissue damage
scores, increased CD31/CD34+ cells

Angiogenesis
(hindlimb ischemia)
[22]

Mouse Mouse AD-MSCs (plastic adherence);
BM-MSCs (plastic adherence);
BM-iMSCs (immunodepletion)

• BM-MSCs maximally decreased
inflammatory cell invasion

IV: BM-MSCs expressed the highest
levels of tested chemokines, vessel
stabilizing, and matrix-remodeling
factors• MSCs were associated with smaller

lesions, more mature
neovascularization, and increased
perfusion

Neurovascular
system (fibrin
conduit, resection)
[116]

Rat Human AD-MSCs (plastic adherence);
DRG; UV-EC

• Medium cocktail-stimulated MSCs
enhanced DRG neurite extension
and EC-tubule formation

Stimulated MSCs produced increased
VEGF, ANG1, NGF, BDNF, and GDNF

• Stimulated and unstimulated MSCs
encouraged neurite extension

Neurogenesis [167] IV Rat BM-MSCs (plastic adherence) Spinal cord tissue–MSC coculture
supported neurite outgrowth

Cocultured MSCs produced NGF,
BDNF, and GDNF, maximally
supporting neurite extension

Neurogenesis
(spinal nerve
ligation) [123]

Rat Rat BM-MSCs (commercial) MSC-treated rats displayed
decreased hyperalgesia and
increased pain threshold

TUBB3–, GFAP–, and αSMA– and
STRO1+ MSCs engrafted into DRGs

Neurogenesis
(sciatic crush) [124]

Mouse Human AD-MSCs and AM-MSCs
(commercial)

• AM-MSC-treated groups exhibited
higher recovery, coordination, and
perfusion scores (4 weeks)

Nerves injected with AM-MSCs
versus AD-MSCs or PBS produced
more ANG1, FGF1, IGF1, and VEGFA

• MSCs localized in the epineurium
and perivascular area

Distraction
Osteogenesis (DO)
[59]

Mouse Human BM-MSCs (commercial) • MSC and MSC-CM accelerated DO
healing

• IV: IL-3/IL-6/CCL5/SDF1 recruited
mononuclear cells, contributed to
enhanced mineralization

• MSC-CM recruited more vessels
• MCP1/MCP3 but not SDF1 were
critical for SC-CM osteogenic activity

Osteogenesis [168] Mouse Human AD-MSCs and BM-MSCs;
UCB-ECs

• MSC-EC cotransplantation increased
MSC engraftment

PDGFBB/PDGFRβ receptor activity
regulates MSC engraftment and
differentiation in the presence of ECs

• Cotransplantation restricted MSC
multipotency, enhanced MSC source-
related differentiation abilities, and
maintained MSC proliferation capacity
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Table 1 MSC trophic activities relevant to musculoskeletal therapy: mechanistic insights from in-vitro and host tissue studies
(Continued)

Osteoporosis (lupus
associated) [60]

Mouse Human BM-MSCs and DP-MSCs • MSC injections improved
osteoporosis-related bone scores

IL-17 removal following MSC
injection maintains osteoclast
immaturity

• MSCs lowered osteoclast
differentiation (IV)

Osteogenesis [169] Rat Rat BM-MSCs (centrifugation and
plastic adherence)

Fibrin-loaded MSC recruited host
macrophages to fill long bone defect
by 4 weeks

Implanted MSCs increased early
expression of VEGF and decreased
later expression of CD45, IL-6, IL-1β,
TNF-α, and IL-10

Osteogenesis,
chondrogenesis,
angiogenesis [170]

IV Human BM-MSCs (density gradient)
and human embryonic stem cell
MSCs (medium/substrate changes);
human aortic ECs

MSC-EC cocultures proliferated and
exhibited higher expression of
mesenchymal differentiation
transcription factors

EC-produced ET1 activates MSC AKT,
driving osteogenic and
chondrogenic capacities

Chondrogenesis [95] IV Human BM-MSCs (density gradient) • MSCs and/or chondrocytes in fibrin
gels exhibited superior mechanical
properties to those cultured with
OA cartilage explants

IL-1β and IL-6 decreased COL
production versus control cultures,
except in chondrogenic cultures at
longer culture times (4 weeks)

• COLI/II/III production reduced in
OA cartilage–MSC or chondrocyte–
MSC cocultures

Chondrogenesis [93] IV Human BM-MSCs; Human OA
primary chondrocytes; bovine
primary chondrocytes

FGF1 caused chondrocyte
proliferation

• FGF1 was concentrated in places
where MSCs contacted
chondrocytes

Tenogenesis
(enzymatic lesion)
[152]

Horse Horse AD-MSCs Lesions were smaller, more
vascularized, and less cellular when
treated with platelet concentrate-
injected MSCs

• Greater amount of RNA was
recovered from the MSC-treated
group

• No difference in anabolic and
tendon-specific gene expression
observed

Musculogenesis
(dystrophin/
utrophin) [135]

IV Mouse quickly and slowly adhering
MSCs (non-myogenic nmMSCs and
MPCs), dKO)

• dKO-MPC-dKO-nmMSC co-culture
decreased global myogenic
markers

Soluble frizzled-related protein-1
and active β-catenin encouraged
nonmyogenic differentiation of
dKO-nmMSCs in gastrocnemius
tissues• dKO vs. WT-nmMSCs differentiated

more efficiently along osteogenic
and adipogenic lines with donor
age

Musculogenesis
(myofibroblast
proliferation) [138]

IV Human AD-MSCs and BM-MSCs
(commercial); Dupuytren’s disease-
derived myofibroblast (DDMF)

• AD-MSCs (similar to normal
skin-derived fibroblasts) decreased
while BM-MSCs increased DDMF
co-culture contractility

AD-MSC/myofibroblast cocultures
exhibited decreased COLI and αSMA

• AD-/BM-MSCs inhibited
myofibroblast proliferation

• AD-MSC effects were strongest
with direct or indirect contact

Musculogenesis
(dystrophin) [160]

Mouse Human (STRO1+) DP-MSCs; human
(c-Kit+) amniotic fluid MSCs

• MSCs differentiated in the presence
of C2C12-formed myotubes (IV)

Demethylation was critical for IV
myogenic differentiation

• MSCs differentiated most efficiently
with C2C12-CM

• All differentiated MSCs engrafted
and improved muscle histology

Musculogenesis
[137]

IV Mouse BM-MSCs (centrifugation and
plastic adherence)

MSC-CM stimulated myoblast and
satellite cell proliferation and
migration, activated satellite cells,
inhibited myofibroblast
differentiation

MSC MMP-2/9 and TIMP-1/2 support
myogenic differentiation

AD, adipose-derived, AM amniotic membrane, BM, bone marrow, CM conditioned medium, dKO double knockout, DP dental pulp, DRG dorsal root ganglia, EC
endothelial cell, iMSCs MSCs generated from induced pluripotent stem cell (iPSC) lines via medium change, IV in vitro, MMP matrix metalloproteinase, MPC multipotent
cell, MSC mesenchymal stem cell, SC stem cell, TIMP tissue inhibitor of metalloproteinase, UCB umbilical cord blood, UV umbilical vein
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lipid raft internalization and subsequent endosomal fu-
sion with the plasma membrane [66–69]. These 30 nm–
1 μm vesicles may be studded with multiple proteins,
usually tetraspanins, and filled with a combination of
proteins, lipids, and copious amounts of mRNA and
microRNA (miRNA), particularly miR22 and miR-19a
[58]. EC and cancer cell-derived microparticles may po-
tently increase MSC NF-kB activity, stimulating local
trophic support [70]. Gap junctions, formed via connex-
ins, are another avenue allowing direct cell–cell com-
munication, with strong evidence for membrane and (to
a lesser extent) cytoplasmic exchange between MSCs
and ECs [71].
Likely mediated through EC-stimulated VEGF produc-

tion, CXCR4-enriched exosomes derived from MSCs
generated from induced pluripotent stem cell (iPSC)
lines via medium change (iMSCs) improved recovery
from myocardial infarction [72]. In work addressing
hindlimb ischemia in mice, iMSC exosomes were associ-
ated with a higher number of CD31+ and CD34+ cells in
damaged muscle tissue as well as increased EC secretion
of VEGF, TGF-β1, and angiogenin, suggesting enhanced
vascular recruitment by vesicles alone [73]. Another
group generated iMSCs through TGF-β-pathway in-
hibition and medium changes; those iMSCs, surpris-
ingly, did less to promote cancer than BM-MSCs,
appearing to express and produce lower amounts of

several of the inflammatory and differentiation factors
(particularly TGF-β receptor-2 and, interestingly, hya-
luronan (HA)) when cultured with various types of
cancer cells [74].
In a recent study, Baglio et al. [75] characterized the

RNA contents of exosomes obtained through ultracen-
trifugation, and found that exosomes were enriched for
tRNA, in particular tRNA CTC. Their work further sug-
gested that the differentiation state of a MSC might be
deduced by the content of its exosomes, particularly the
presence of full-length tRNA and tRNA long fragments,
consistent with a stem-like state of the cells [76]. miRNA
loading within vesicles is not random, as dexamethasone
treatment of both C2C12 cells and diabetic rats in-
creased the concentration of miR-23a and miR-182 in
collected microvesicles and urine, respectively [77], thus
providing MSCs with a dynamic way to influence and
respond to their microenvironment. Microvesicles may
also suppress the infiltration of macrophages into dam-
aged tissues [75]. However, the relevance of vesicles/
microvesicles to classical and clinically approved MSCs
is questionable, because a different group noted that
MSCs produced much fewer vesicles than immortalized
ESC-derived MSCs [78]. The group offered an immor-
talization strategy that would maximize the yield of MSC-
produced vesicles, should they prove effective in the
clinic.

Fig. 1 MSC trophic mechanisms depend on MSC interactions with and modification of the local environment. MSC trophic functions can be
both achieved and altered through dynamic ECM–cytoskeletal interactions, cell–cell contacts, and soluble and transcription factor signaling. ECM
extracellular matrix, miRNA microRNA, MMP matrix metalloproteinase, MSC mesenchymal stem cell, TIMP tissue inhibitor of metalloproteinase
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Altering MSC activity prior to bone or cartilage
implantation
Because “plain” MSC implantation has faced such varied
success in the clinic, the next generation of MSC-based
strategies seeks to harness and direct MSC trophic activ-
ities. It was observed that substrate composition and
stiffness, sensed through various integrins, could influ-
ence the expression of myogenic factors [79]. Substrate
stiffness, known to affect the differentiation of MSCs,
acting possibly through regulation of alpha-smooth
muscle actin (αSMA), could also play a role in the even-
tual differentiation capacity of culture-expanded MSCs
[80]. Substrate stiffness, in turn, affects MSC trophic
properties; stiff (40 kPA) polyacrylamide gels coated with
fibronectin induced proangiogenic factor secretion by
BM-MSCs [81]. Through internalization and recycling of
focal adhesions and receptors, caveolins play an intri-
guing role in MSC sensing of both substrate stiffness
and surrounding soluble signals, particularly in vascular,
muscular, and osteogenic settings [82]. Alternatively,
hydrogels made from autologous plasma may also help
to temporarily concentrate either AD-MSCs or AD-MSC-
CM at the injury site [83].
The ability of MSCs to self-generate abundant collage-

nous extracellular matrix (ECM) may partially explain
some of the positive effects witnessed in some joint
degeneration trials involving MSCs [27]. Medium sup-
plements or additional modifications to the substrate to
mimic other ECM molecules or bioactive factors, such
as osteonectin, may further increase MSC secretion of
bioactive molecules (FGF2, CCL5, and VEGF), supporting
native cell migration and differentiation [84].
The milieu present in culture serum appears to

strongly influence the fate of cultured cells, more so
than any single exogenous supplement [85]. One method
to both encourage MSC trophic activity as well as ease
immunological concerns in the clinic could be to utilize
autologously derived cell culture supplements such as
platelet lysate for autologous MSC expansion and cul-
ture [86]. Platelet-rich plasma, for example, may protect
cartilage from injury by enhancing collagen II (COLII)/
aggrecan (AGN) expression and suppressing MMP-3,
COX2, iNOS, and associated NO and PGE2 production
[87]. Once established in vitro, however, the role of
serum becomes less clear; while serum content affects
MSC gene expression and growth rate, inherent multi-
potency and stem cell marker surface expression do not
appear to be affected by the absence of serum [88]. For
that reason, MSC-CM concentration and injection may
sidestep issues of autophagy [89] or apoptosis of MSCs
upon in-vitro expansion [13].
Culture under hypoxia is another attractive method to

increase initial MSC production of trophic factors.
Under hypoxia, hypoxia inducible factor-1 alpha (HIF1α)

expression increases, driving VEGF and other proangio-
genic, antiapoptotic, and antioxidant molecules [90].
Under certain circumstances, hypoxic MSCs may serve
to prevent harmful fibrosis through HGF production,
TGF-β1/COLII, and IL-1β downregulation, and fibro-
nectin expression [91]. Work in vitro with chondrocytes
has specifically identified HGF as an antifibrotic agent
released by AD-MSCs [92]. Furthermore, FGF1 secreted
by MSCs in contact with chondrocytes may stimulate
the proliferation of and help to preserve the function of
chondrocytes [93, 94].
In-vitro evidence suggests that the addition of BM-

MSCs to OA cartilage may initially increase IL-1β and
IL-8 production but ultimately reduce the amount of
soluble glycosaminoglycan (GAG) released by the cartil-
age over time, making the exact influence of MSCs on
cartilage structure unclear [95].
Reported pain relief associated with the introduction

of MSCs may be the result of immunomodulation but
was by no means universal [36]. In-vitro studies suggest
that exposure of MSCs to chondrocytes may induce
expression of MSC major histocompatibility complex
(MHC) I/II and other costimulatory molecules [96].
Pretreatment of MSCs, especially with IFN-γ to prime

their immunosuppressive activity, may result in decreased
MSC-associated tissue degradation [97]. Possibly in re-
sponse to IL-1α, MSCs exposed to platelet lysate have the
capacity to encourage a proinflammatory/M1 or proresol-
ving/M2 macrophage phenotype through GM-CSF and
PGE2 activity, respectively [53, 98]. Growing evidence sug-
gests that the native, inflamed cartilage environment may
both trigger the release and limit the effectiveness of
MSC-anti-inflammatory PGE2 [99]. MSCs may recruit
CD4+ T cells, which can also play a role in increasing local
osteogenic activity [100]. Care must be taken with exten-
sive culture, because MSCs may gain genetic abnormal-
ities and lose some ability to differentiate, promoting
senescence [88].

Vascular/inflammation regulation
Several key targets of regenerative medicine therapies,
including restored nerve and muscle function and the
previously discussed bone repair, rely heavily on the
influence of vascular cells [101]. Consequently, MSC
effects on blood vessel cells have long fascinated re-
searchers. Recent work has begun to elucidate mechanisms
by which MSCs may affect blood vessel morphology and
function. Chen et al. [102] reported that MSC-produced
HGF, upon interaction with ECs in coculture and, to a
lesser extent, via paracrine signaling, caused an increase in
EC cadherin and F-actin remodeling, thereby decreasing
EC permeability [90, 103, 104]. This and earlier work with
ECs suggests that MSC–EC interactions may temporarily
restrict both the physical clearance of MSCs and the
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invasion of inflammatory cells. Once in the bloodstream,
MSC inhibition of NF-kB, perhaps through IL-10 or other
factors, may decrease the binding of monocytes to the
endothelium, further decreasing inflammation at wound/
MSC injection sites [45]. This temporary pause in the
battle with chronic inflammation may explain some of the
positive results seen with MSCs.
Following a more classical approach focused on EC

motility and activity, VEGF, ANG, and NF-kB pathways
have all been implicated in regulating angiogenesis. Re-
cent work suggests that, in the short term, the NF-kB
pathway may control EC response through BM-MSC-
produced IL-6 and IL-1β; following this NF-kB activa-
tion, ECs activate P-selectin, producing CCL23, CXCL2,
and CXCL3. In turn, MSCs showed signs of early differ-
entiation towards a smooth muscle phenotype in cocul-
ture, influenced by TGF-β1 and TGF-β3 [105]. BM-MSC
production of VEGF may be stimulated by IL-8, either
through paracrine or autocrine mechanisms [106]. In turn,
BM-MSCs may stabilize ECs by upregulating ANG1,
thereby downregulating EC proliferation [107]. Con-
versely, the interaction of MSCs with ECs, particularly
through endothelin 1 (ET1) and PDGFB, may prime cells
to survive transplantation and differentiate more easily
upon reimplantation [108].

Neural support
MSCs have long been known to support nerve growth
through the support of Schwann cells, secretion of
neurovascular factors (including FGF2 and VEGF-A),
and, possibly, transdifferentiation into Schwann-like
cells. Combined with varying types of biocompatible and
bioactive materials, such as poly-lactic acid (PLA), poly-
caprolactone (PCL), polyurethane (PU), polyethylene
(PE), and silicone (for strength) and COLI, HA, and so
forth (for bioactivity), several groups have observed en-
hanced nerve extension and functional improvements in
a range of animal models [109, 110]. The most recent
work refines previous findings that guidance fibers of
particular spacing and architecture may aid MSCs in fur-
ther accelerating the nerve healing process [111–113].
AD-MSCs, at sufficient density, secrete brain-derived
neurotrophic factor (BDNF) in response to autocrine
IFN-β [114]. Stimulating cocktails that increase cyclic-
adenosine monophosphate (cAMP) and include retinoic
acid (pretreatment), FGF2, PDGFAA, and different forms
of neuregulin have been shown to increase neurite out-
growth in vitro and nerve extension after injury in vivo
[115]. In addition to neurotrophic BDNF, nerve growth
factor (NGF), and glial cell line-derived neurotrophic fac-
tor (GDNF), as well as angiogenic VEGF and ANG1 iden-
tified in many other experiments, recent work identified
the antiapoptotic activity of AD-MSCs, possibly by de-
creasing neuronal c-jun [116]. As mentioned in previous

sections, such pretreatment is relatively common in non-
clinical work, and may become de rigeur as new progeni-
tor cell sources are explored for musculoskeletal therapies
[117]. Crucially, it appears that MSCs should not be dir-
ectly injected intrathecally for early spinal cord repair, as
the subsequent inflammation seemed to prevent MSC mi-
gration to neuronal injury sites [118]; later injection may
prove beneficial [119].
Ciliary neurotrophic factor (CNTF) is a particularly

well known neuroprotective factor produced by MSCs.
While the factor has potent therapeutic effects on nerve
apoptosis, neuroinflammation, and neuronal prolifera-
tion, it has been linked with altered metabolism (due to
neurogenesis in the hypothalamus as well as direct ac-
tion on adipocytes) when administered systemically and
may negatively affect osteoblast differentiation and
mineralization [120–122]. GDNF, another potent neuro-
trophic molecule often produced by MSCs, may help to
ease allodynia and hyperalgesia experienced in dorsal
root ganglia sensory nerves [123]. Amniotic membrane-
derived MSCs expressed more ANG1, FGF1, IGF1, and
VEGFA (but not FGF2) than AD-MSCs in a mouse
sciatic nerve injury trial [124].
While CM from cells treated under hypoxic and

normoxic conditions both increased the observed num-
ber of differentiating neurons in vitro, hypoxia-cultured
Wharton’s Jelly (WJ)-derived MSCs upregulated thymo-
sin B and eukaryotic elongation factor (EF2) and may
have contributed to a slight increase in total neuron ma-
turity [125]. WJ-MSCs under normoxic conditions were
shown to produce PDGFAA, HGF, TGF-β2, IL-6, IL-8,
IL-1ra, CCL5, CCL2, and CXCL10 at much larger con-
centrations than BM-MSCs and AD-MSCs [126]. What-
ever the mechanism for neural support, tissue response
to neurological directives is critical to the ultimate utility
of the repaired nerve.

Muscles and miscellany
Intriguing results suggest that MSCs derived from less
traditional sources could one day be utilized therapeutic-
ally. One readily available source for MSCs could be
skeletal muscles. Our research group has worked exten-
sively with blast-traumatized muscle-derived multipotent
cells [127–129]. This particular type of muscle-derived
multipotent cells is especially attractive therapeutically
due to its relative abundance and ease of isolation [130]
as well as neurotrophic activity [131]. MDSCs should be
used cautiously when attempting to rebuild musculo-
skeletal tissues, because several groups have identified
populations that seem predisposed to mineralize ectopi-
cally [132–134], especially in the presence of muscular
genetic abnormalities [135]. Growth factor coinjection
might attenuate this ectopic bone formation, as growth
hormone–insulin-like growth factor-1 (GH-IGF1) activity
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promotes muscle cell proliferation, regulates muscle fiber
size and type, controls osteoblast proliferation and differ-
entiation, inhibits osteoclast activity, stimulates renal con-
version of 25-OH-vitamin D3, and controls phosphate
reabsorption [136]. By contrast, this matrix-modifying
MSC activity may help to attenuate disease severity and
ultimately contribute to useful muscle mass [137]. Harm-
ful proliferation and contraction of myofibroblasts, as oc-
curs in Dupuytren's contracture, may be attenuated in the
presence of the CM of both AD-MSCs or BM-MSCs as
well as the physical presence of AD-MSCs (but not
BM-MSCs) [138]. BM-MSCs appear to contribute to
pathological myofibroblast proliferation while AD-
MSCs appear to inhibit the activity slightly [138].
MMP-2 and MMP-9 are required for efficient skeletal
muscle regeneration and are enhanced by mouse BM-
MSCs/MSC-CM along with reduced TIMP-1/2 levels.
Muscle cell motility may also be encouraged by BM-MSC-
secreted MMP-2 [139].
Aside from their ECM-modifying properties, the

immunomodulatory properties of MSCs are intriguing
from a therapeutic standpoint but must be used carefully,
because MSC treatment, concurrent with a Staphylococcus
aureus infection, was shown to increase the severity of
bone loss, despite increased MSC proinflammatory cyto-
kine expression, in an osteomyelitis model [140]. Con-
versely, encouraging results were recently published from
a small idiopathic osteonecrosis trial in Japan, where BM-
MSCs were isolated, cultured for 2 weeks, and returned to
osteonecrotic patients along with tricalcium phosphate
chips (Osferion) and tricortical iliac crest bone [141]; after
a 12-week rehabilitation program, all patients reported
reduced pain and increased physical function with no
serious adverse events reported in the study [142]. The
likelihood of MSC engraftment being the cause for the
recovery is low, however, as MSCs have been found to
migrate towards apoptotic cells, via HGF signaling, but
not HGF produced in the presence of necrotic cells [143].
Evidence of MSC trophic efficacy has generated in-

tense excitement in clinically focused research. This ex-
citement is evident in the increasing number of reviews
examining MSC trophic properties. Marked therapeutic
successes will likely hinge on technological and computa-
tional advancements that allow dynamic, high-resolution,
and quantitative observation of MSC–ECM, MSC–para-
crine, and MSC–cellular interactions to better define the
appropriate perspective on the true activity of MSCs.

Conclusions
The application of allogeneic and autologous MSC ther-
apies for the treatment of diseases and dysfunctions of
multiple musculoskeletal tissues has received increasing
attention. Exciting in-vitro and in-vivo investigations on
tendon [117, 144, 145], meniscus [146–148], and ligaments

[149, 150] have been reported, along with the use of
autologous products such as platelet-rich plasma/plasma
lysate [151]. Studies using larger, clinically relevant animal
models are both underway and necessary before human
clinical trials can be developed [152].
This review has primarily explored secreted trophic

factors produced by MSCs. A whole host of therapies
are dedicated to engineering or modifying the physical
environment and ECM of MSCs to affect their therapeutic
potential. A recently developed approach attempts to an-
chor cells to the collagenous tissue matrix by engineering
collagen anchors [153], to promote local action of MSCs
and minimize their systemic loss to the lungs, liver, and
spleen. Changes in substrate composition (especially the
presence of collagen) and stiffness may expand the po-
tential applications of MSC therapies to include muscle
volume loss through stimulation of muscle-resident pro-
genitor cells [134, 154, 155]. Local ECM modifications are
known to affect MSC differentiation potential [156, 157]
and are beyond the scope of this review. Through con-
tinuing advancements in genetic engineering, MSCs may
eventually be used to treat genetic musculoskeletal
conditions, including osteogenesis imperfect [158] and
Duchenne’s muscular dystrophy [159, 160]. Careful se-
lection of the therapeutic cells, taking into account
subtle tissue source-related differences, may be the
key to successful clinical dystrophy therapies [35]. To
prove their efficacy in the clinic, these potential treat-
ments will need to be tested in well-controlled studies
to assess physical functions for an extended period of
time [27].
New or more precise modes of MSC trophic activity

may be discovered by adopting contemporary analytical
technologies to evaluate and compare genomic, tran-
scriptomic, proteomic, metabolomic, and secretomic
profiles, exemplified by the great strides that have been
made in genetic and metabolic diseases [161–164]. Les-
sons learned from previous iterations of MSC therapies
and clinical drug trials should overcome some of the regu-
latory and therapeutic hurdles to MSC use [2, 32, 33]. It is
also noteworthy that while genetic engineering of iPSCs
may hold the answer to unlimited numbers of perfectly-
tuned stem cells, managing the safety concerns of iPSCs
and negotiating the patent landscape of this saturated
market will be highly challenging [165]. Another major
challenge is the uncertainty in terms of biological respon-
siveness of the diseased tissue, because evidence in several
fields suggests that ischemic tissue may be incapable of
responding to MSCs [166]. Finally, each of these ave-
nues should be explored while juggling the needs for
rigorous science, proven therapeutic efficacy, regula-
tory approval (e.g., by the Food and Drug Agency)
(and thus reproducibility) of a final therapy, and cost/
benefit for the patient.
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Secreted trophic factors of mesenchymal
stem cells support neurovascular and
musculoskeletal therapies
Heidi R. Hofer and Rocky S. Tuan*

Abstract

Adult mesenchymal stem cells (MSCs) represent a subject of intense experimental and biomedical interest. Recently,
trophic activities of MSCs have become the topic of a number of revealing studies that span both basic and clinical
fields. In this review, we focus on recent investigations that have elucidated trophic mechanisms and shed light on
MSC clinical efficacy relevant to musculoskeletal applications. Innate differences due to MSC sourcing may play a
role in the clinical utility of isolated MSCs. Pain management, osteochondral, nerve, or blood vessel support by
MSCs derived from both autologous and allogeneic sources have been examined. Recent mechanistic insights into
the trophic activities of these cells point to ultimate regulation by nitric oxide, nuclear factor-kB, and indoleamine,
among other signaling pathways. Classic growth factors and cytokines—such as VEGF, CNTF, GDNF, TGF-β,
interleukins (IL-1β, IL-6, and IL-8), and C-C ligands (CCL-2, CCL-5, and CCL-23)—serve as paracrine control molecules
secreted or packaged into extracellular vesicles, or exosomes, by MSCs. Recent studies have also implicated
signaling by microRNAs contained in MSC-derived exosomes. The response of target cells is further regulated by
their microenvironment, involving the extracellular matrix, which may be modified by MSC-produced matrix
metalloproteinases (MMPs) and tissue inhibitor of MMPs. Trophic activities of MSCs, either resident or introduced
exogenously, are thus intricately controlled, and may be further fine-tuned via implant material modifications. MSCs
are actively being investigated for the repair and regeneration of both osteochondral and other musculoskeletal
tissues, such as tendon/ligament and meniscus. Future rational and effective MSC-based musculoskeletal therapies
will benefit from better mechanistic understanding of MSC trophic activities, for example using analytical “-omics”
profiling approaches.

Keywords: Arthritis, Mesenchymal stem cells, Extracellular vesicles, Endothelial cells, Endothelial cell–mesenchymal
stem cell interactions, Neurotrophic activity, Muscle-derived stem cells

Abbreviations: AD-MSC, Adipose-derived mesenchymal stem cell; AGN, Aggrecan; Ang, Angiopoietin; BDNF, Brain-
derived neurotrophic factor; BM, Bone marrow; BMI, Body mass index; BMP, Bone morphogenetic protein; cAMP, Cyclic
adenosine monophosphate; CCR/L, Chemokine (C-C) receptor/ligand; CD, Cluster of differentiation; CM, Conditioned
medium; CNTF, Ciliary neurotrophic factor; COL, Collagen; COX, Cyclooxygenase; CPC, Chondrocyte progenitor cell;
CSPC, Cartilage-derived stem/progenitor cell; CXCR/L, Chemokine (C-X-C) receptor/ligand; Cyr61, Cysteine-rich
angiogenic inducer 61; Dkk, Dickkopf-related proteins; EC, Endothelial cell; ECM, Extracellular matrix; EF2, Eukaryotic
elongation factor; ET, Endothelin; EV, Extracellular vesicle; FGF, Fibroblast growth factor; Foxp3, Forkhead box p3;
GAG, Glycosaminoglycan; GARP, Glycoprotein A repetitions predomain; GDNF, Glial cell line-derived neurotrophic
factor; GH-IGF, Growth hormone-insulin-like growth factor; GM-CSF, Granulocyte macrophage colony-stimulating factor;
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HA, Hyaluronan; HGF, Hepatocyte growth factor; HIF, Hypoxia inducible factor; HLA, Human leukocyte antigen;
IDO, Indoleamine 2,3-dioxygenase; IFN, Interferon; IGF, Insulin-like growth factor; IL, Interleukin; iMSC, MSC generated
from induced pluripotent stem cell (iPSC) lines via medium change; iNOS, Nitric oxide synthase; LIF, Leukemia inhibitory
factor; LRRC32, Leucine-rich repeat containing-32; MDSC, Muscle-derived stem cell; MHC, Major histocompatibility
complex; miRNA, MicroRNA; MMP, Matrix metalloproteinase; mRNA, Messenger RNA; MSC, Mesenchymal stem cell;
NF-κB, Nuclear factor-kappa B; NGF, Nerve growth factor; NO, Nitric oxide; OA, Osteoarthritis; PCL, Polycaprolactone;
PDGF, Platelet-derived growth factor; PE, Polyethylene; PEDF, Pigment epithelium-derived factor; PG, Prostaglandin;
PLA, Poly-lactic acid; PLGF, Placental growth factor; PU, Polyurethane; RA, Rheumatoid arthritis; RANK, Receptor activator
of nuclear factor-κB; Rgs, Regulator of G-protein signaling; SDF, Stromal-derived factor; SFRP, Secreted frizzled related
protein; TGF, Transforming growth factor; TIMP, Tissue inhibitor of metalloproteinase; TNF, Tumor necrosis factor;
TSG, Tumor necrosis factor-inducible gene; UCB, Umbilical cord blood; UV, Umbilical vein; VEGF, Vascular endothelial
growth factor; WJ, Wharton’s jelly; αSMA, Alpha smooth muscle actin

Background
From a research, medical, and business standpoint, mes-
enchymal stem cell (MSC)-based therapies are fascinating.
Sales for stem cell products (e.g., as a subset of osteobiolo-
gics) were projected to top $600,000,000 by 2015 [1, 2],
and a recent Scopus search for musculoskeletal and stem
cells resulted in over 3000 documents, with more than a
third being reviews. We have limited this review to
highlighting noteworthy findings and concepts concerned
with the understanding of and challenges with MSC mus-
culoskeletal therapies.
MSCs were discovered in the 1960s [3], named in the

early 1990s [4], and purportedly defined by the mid-
2000s [5]. Despite the proposed criteria, the functional
definition within the literature varies widely. MSCs can
be defined by their ability to adhere to tissue culture
plastic, their expression of several cell surface molecular
epitopes—cluster of differentiation CD73, CD90, and
CD105, and others—as well as their lack of several sur-
face markers, including CD45 [6]. Some previously ex-
cluded markers are debated within certain circles, such
as CD34 and CD146 [7–9]. MSCs can be isolated from a
range of tissues, but the most commonly cited sources
are bone marrow (BM), adipose tissue, muscle, bone,
and perinatal tissues (e.g., Wharton’s Jelly, umbilical
vein/cord blood (UV/UCB), and amnion).
While they were originally utilized clinically in hopes

of harnessing their differentiation and proliferation po-
tential, MSCs are increasingly thought to also influence,
in addition to participating in, tissue function [10, 11],
especially within osteochondral spaces [12]. These MSC
influences can range from relatively rare activities that
require cell contact, such as mitochondrial transfer and
cell fusion, to relatively common paracrine MSC actions
through extracellular microvesicles or secreted factors.
MSCs may modulate the immune response, angiogen-
esis, apoptosis, oxidation level, migration, and/or differ-
entiation/stimulation of surrounding cells [13]. Because
of this alternative use of MSCs, Caplan and Sorell [14]

suggested a renaming of MSCs to medicinal signaling cells
to suggest a new era of MSC clinical relevance due to their
immunomodulatory properties. While acknowledging
progress in the other areas mentioned, this work will focus
on the current debates concerning sourcing, MSC alter-
ations of angiogenesis, cell differentiation/stimulation, and
strategies to improve MSC differentiation.

Sourcing
Sourcing of MSCs has become an area of debate due to
well-recognized potential differences in differentiation
abilities and trophic activities of the derived MSCs. Al-
ternatively sourced MSCs may have different differenti-
ation potentials as BM-MSCs, and they may require
additional supplementation to achieve robust or similar
differentiation. However, while relative abundance and
ease of isolation of MSCs may allow their use for suc-
cessful musculoskeletal interventions [15], there are con-
cerns that diminished numbers of MSCs may be present
in BM as patients age or succumb to disease [16]. One
study found that mouse MSCs from four common
sources (BM, adipose tissue, skeletal muscle, and
myocardium) equally supported endothelial cell (EC)
network formation in vitro and blood vessel forma-
tion in vivo [17]. Muscle-derived stem cells (MDSCs)
and satellite cells are thought to contribute to repair
of skeletal muscle and bone [18–20]. Although the
exact mechanisms remain to be elucidated, cartilage
and muscle health has been provocatively linked with
changes in or lack of multipotent cell activity, includ-
ing diseases such as osteoarthritis (OA, cartilage), sarco-
penia (muscle), and related muscle and motor neuron
diseases [21].
In one study attempting to address the most useful

source of MSCs for angiogenesis through a hindlimb
ischemia model, Bortolotti et al. examined adipose-derived
MSCs (AD-MSCs) and BM-MSCs (along with a subpopu-
lation of CD11-depleted BM-MSCs). They found, as have
many others, that MSCs were not incorporated into the
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healing wound but that wounds, particularly those in mus-
cles, healed more rapidly when exposed to BM-MSCs (re-
gardless of MSC sorting) [22]. Classic proangiogenic,
chemotactic, and remodeling molecules were identified as
being expressed by MSCs, with several factors appearing
prominently in the also effective conditioned medium
(CM) (platelet-derived growth factor-B (PDGFB), trans-
forming growth factor beta (TGF-β), stromal-derived
factor-1 (SDF1), angiopoietin-1 (Ang1), regulator of G-
protein signaling-5 (Rgs5), matrix metalloproteinase-9
(MMP-9), chemokine (C-X-C) ligand-10 (CXCL10), che-
mokine (C-C) ligand (CCL5)) [22].
Work with 5–6-week-old human embryonic BM-

MSCs and MDSCs suggests that MSCs have innate pro-
pensities for adipogenic and myogenic differentiation, re-
spectively, which ultimately affects the organization of
the engineered tissues [16, 23]. MSCs sourced from
older tissue might overcome these propensities depend-
ing on the implantation culture environment [24]. Tak-
ing a cue from the successful use of stem cells from
birth-associated tissues [25], one group recently investi-
gated the angiogenic activity of endometrium/men-
strual blood-sourced multipotent cells, showing that
they support the recruitment of ECs, blood vessels,
and, potentially, the proliferation of hematopoietic stem
cells [26].
An encouraging finding is that the number of MSCs

required to exert trophic action may be far less than ori-
ginally calculated as necessary for tissue replacement,
because a prospective study of BM-MSC vs mixed BM-
MSC + lipoaspirate therapy for OA found no difference
in patient-reported outcomes between the two groups
[27]. Interestingly, increasing body mass index (BMI)
appeared to correlate with patient-reported improve-
ment of function, a link that should be explored in the
future [28].

MSC musculoskeletal clinical use
Evidence for an altered view of MSC efficacy follows re-
sults from clinical trials, several of which have recently
begun to yield data about long-term MSC efficacy in dis-
ease treatment. A large area of MSC-based musculoskel-
etal research has been directed towards the degenerative
joint disease OA, which currently affects approximately
20 million Americans and is projected to affect 20 % of
American adults by 2030 [29]. OA is characterized by
the degeneration of articular cartilage and synovial in-
flammation, which alters associated soft tissue and sub-
chondral bone, resulting in bony lesion and osteophyte
formation. These degenerative events cause pain and
loss of joint mobility and function. Because cartilage has
a lower regenerative capacity than other, more vascular-
ized tissues in the body, arthritis and joint degeneration
are growing targets of MSC-based therapies.

Recent investigations into MSC treatment of OA have
begun to include formal, controlled clinical trials [30] in
addition to many uncontrolled trials by private entities.
Several international companies, including Cartistem,
Regenexx, Regeneus, BioHeart, and Mesoblast, are carry-
ing out phase I and II clinical trials for the treatment of
degenerative joint diseases with allogeneic or autologous,
multipotent cell types that are capable of mesenchymal
differentiation, usually derived from BM or adipose ori-
gin [15, 31, 32]. Several other companies have chosen to
facilitate MSC isolation within the clinic by constructing
machines that quickly sort stem cells from the mixed
populations present in surgically isolated tissue [33]. Al-
though published data have been relatively scarce for
completed trials, adverse events such as tumors, infec-
tions, or premature trial closures have rarely been re-
ported, suggesting safety of MSC-based therapies [34, 35].
The majority of reviewed studies utilize either dissociated
cells injected into the joint space or cells delivered via
seeding in various biocompatible and/or biodegradable
materials.
A recent review details results of nine OA articular

cartilage (knee) clinical trials which utilized cultured
BM-MSCs, noncultured BM concentrate, peripheral
blood-derived stem cells, or cells from the adipose stro-
mal vascular fraction [36]. Some cells were immobilized
with hyaluronan, collagen, platelet gel, and/or fibrin
glue. Others were injected into the joint or at a defect
using only saline. Regardless of cell origin, intra-articular
injection of cells (vs hydrogel or flap immobilization
through open surgery) resulted in improved clinical
function over untreated controls in some studies as long
as 5 years post treatment [36]. Pain relief with minor
return of function was noted in most studies.
Noting the ameliorative effect of MSCs on joint pain,

chronic lower back pain has recently become a target of
MSC therapy. Autologous, scaffold-less BM-MSC injec-
tion into patients with spinal cord injury in a Brazilian
clinical trial suggested clinically meaningful pain relief
and possible improvement in cartilage structure after
6 months and as long as 2 years post treatment, although
the high number of MSCs utilized coupled with the high
cost of the procedure were identified as potential areas for
improvement [37]. In a Spanish study, 7 of 12 patients
showed mild return of function after 6 months when en-
rolled in a phase I safety and efficacy study for BM-MSC
injection for long-term (>6 months) spinal cord injury
[38]; although positive in terms of apparent MSC effect,
the study faced almost immediate criticism from other
researchers due to the small sample size and lack of
appropriate controls [39]. A study by Mesoblast reported
decreased lower back pain in 48 % of allogeneic BM-
MSC-treated patients vs 13 % in placebo controls up to
2 years post injection [40].
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A portion of these analgesic effects could be due to
the anti-inflammatory activity of MSCs. Evidence that a
decrease in granulocyte macrophage colony-stimulating
factor (GM-CSF) resulted from MSC treatment and may
decrease disease severity after 4 months comes from a
rheumatoid arthritis (RA) clinical trial that used MOR103
antibodies to deplete serum GM-CSF [41]. In an excellent
and very recent review of MSC applications to RA, De
Bari described how immunomodulation could play a role
in RA-specific joint degeneration. Immunoregulators,
including interferon gamma (IFN-γ) and tumor necrosis
factor alpha (TNF-α), which are regulated through indo-
leamine 2,3-dioxygenase (IDO) or nitric oxide (NO), and
MSC effects on forkhead box p3+ (Foxp3+) Tregs or CD4+

Th17 cells have been suggested [42]. Interestingly, the
“transformation hypothesis” proposes that MSCs may be-
come transformed by interplay with chronic inflammatory
processes in the joint, resulting in a more aggressive cell
type with abilities to either invade the articular cartilage
and/or circulate, spreading arthritis to unaffected joints
[43, 44]. UV-MSCs may help to relieve the severity of RA
symptoms when combined with disease-modifying anti-
rheumatic treatments [45].
Recent exploration of immunomodulation showed that

AD-MSC surface-bound glycoprotein A repetitions predo-
main/leucine-rich repeat containing-32 (GARP/LRRC32),
found on CD4+/Foxp3+ Tregs, megakaryocytes, and plate-
lets, binds to membrane-bound TGF-β1, holding it in an
inactivated but readily-accessible state. GARP silencing re-
sults in increased secretion and activation of TGF-β1 and
impaired proliferation of AD-MSC as well as activation of
T cells [46]. Immunosuppressive effects of membrane-
bound TGF-β1, especially when bound to extracellular
vesicles (EVs), have also been reported for other MSC
types [47–49].

Mechanisms of MSC trophic activity
Insight into the mechanisms of MSC trophic activity is
advancing across multiple fields (Table 1). Within the
joint space, the MSC secretome is thought to influence
the anabolic tendencies of chondrocytes, chondrocyte
progenitor cells (CPCs), cartilage-derived stem/pro-
genitor cells (CSPCs), synovium-resident multipotent
progenitor cells, osteoblasts/osteoclasts/resident MSCs
within the subchondral bone (especially after microfrac-
ture), and chondrogenic cells within the infrapatellar fat
pad [36, 50, 51]. The MSC secretome can be modified
through permanent or temporary alterations. Several stud-
ies have found that the exposure of MSCs to proinflam-
matory factors, sometimes for as little as a few hours, can
alter the gene and protein expression of MSCs for days
afterwards [52]. Factors known to be secreted or bound to
MSC membranes with anti-inflammatory activities (acti-
vation of Tregs/tolerogenic dendritic cell phenotype; pro-

resolving/M2 macrophage activation; inhibition or proa-
poptosis of T cells, B cells, NK cells, or dendritic cells;
decreasing cytokine production) include: purines, bone
morphogenetic proteins (BMPs, specifically BMP-4),
CD274, CCL2, Connexin 43, cyclooxygenase (COX)/pros-
taglandin (PG), CD95/CD95 ligand, galectins, heme
oxygenase-1, human leukocyte antigen-G (HLA-G), IDO/
kynurenine, interleukin-6 (IL-6), leukemia inhibitory fac-
tor (LIF), NO, TGF-β, tumor necrosis factor-inducible
gene-6 (TSG6), and vascular endothelial growth factor
(VEGF) [53].
In addition to some of the classic chemotactic growth

factors and molecules already mentioned (HGF, PDGF,
and bFGF), MSCs are strongly influenced by the binding
of CXCL12 (SDF1) to CXCR4 [54]. Embryonic muscle
growth and adult muscle repair are thought to be heavily
influenced by MMP-10-regulated CXCL12 stimulation
of MSC migration [55, 56]. Additionally, MSCs express a
variety of receptors, including various integrins and
selectins, that allow extravasation at repair sites [57].
Clues to the mechanisms of MSC trophic activities

(Fig. 1) can also be found in the extensive work done in
other fields, particularly exploration of the stem cell
secretome in the cardiac field [58]. Identified factors
include adrenomedullin, angiogenin, fibroblast growth
factor-2 (FGF2), CXCL12, cistatin C, cysteine-rich angio-
genic inducer 61 (Cyr61), Dickkopf-related proteins (Dkk),
hepatocyte growth factor (HGF), insulin-like growth factor
(IGF), IL-1, IL-6, pigmented epithelium-derived factor
(PEDF), placental growth factor (PLGF), SDF1, TSG6,
VEGF, MMP-2, tissue inhibitor of metalloproteinase-1
(TIMP-1), TIMP-2, secreted frizzled related protein-2
(SFRP-2), thrombospondin-1, and tenascin C [58]. Belying
their osseous origin, CM of BM-MSC appears enriched in
molecules typically secreted by or influencing osteoblasts,
including decorin, osteoprotegerin, Dkk-3, receptor activa-
tor of nuclear factor-kB (RANK), osteopontin, and CCL5;
inflammatory factors maximally produced by BM-MSCs
include CCL2, TIMP-2, IL-6, IL-7, IL-3, MMP-7, chemo-
kine (C-X-C) receptor-16 (CXCR16), and MMP-10. CCL2
and CCL7 produced by BM-MSCs appear to strongly in-
fluence nascent bone formation [59, 60]. Recent work also
suggests that AD-MSC, BM-MSC, and dental pulp stem
cell-secreted CXCL14 and CCL2 help to recruit CXCR4+

cells and chemokine (C-C) receptor-2+ (CCR2+) vessel-
associated cells, without inducing proliferation [61]. Be-
sides these influential but potentially short-lived proteins,
some MSCs secrete EVs which may contain any number
of influential molecules, protected from systemic degrad-
ation by virtue of their natural, membrane-bound pack-
aging [62–65].
In many cell types, EVs of varying sizes, including

ectosomes/exosomes and microvesicles/microparticles,
were derived from either cytoplasmic protrusions or
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Table 1 MSC trophic activities relevant to musculoskeletal therapy: mechanistic insights from in-vitro and host tissue studies

System and
reference

In vitro/
host

Cell sources Observed trophic activity Mechanistic insights

Angiogenesis [84] IV Human BM-MSCs; UCB-ECs MSCs encouraged EC migration,
proliferation, and tubule formation

GHK (osteonectin peptide) induces
MSC-VEGF secretion

Angiogenesis [81] IV Human BM-MSCs (commercial);
microvascular ECs

MSC culture on stiff, fibronectin-
coated surfaces encouraged EC
spreading/tubule formation

Actomyosin contractility increased
MSC expression of proangiogenic
factors (angiogenin, VEGF, and IGF)

Angiogenesis [105] IV Human BM-MSCs (commercial);
UV-ECs

EC-MSC coculture increased MSC-
myogenic and EC-PLAU, EC-FGF, and
EC-NF-kB-regulated gene expression

• MSC IL-1β and IL-6 regulate EC
NF-kB target genes, including
P-selectin, CCL23, and CXCL2/3

• EC TGF-β1/3 may regulate MSC
myogenic differentiation

Angiogenesis [107] IV/mouse Human BM-MSCs (commercial);
UV-ECs

• IV: EC-MSC (vs EC) cultures on de-
gradable scaffolds expressed higher
perivascular markers

IV: cocultures upregulated VEGF and
ANG1 while downregulating ANG2

• Host angiogenic and perivascular
markers, except vessel diameter
and density, were equivalent
between EC/MSC-EC implants

Angiogenesis [73] IV/mouse Human iMSCs (medium change of
iPSCs); UV-ECs

• iMSC exosomes promoted EC
migration, proliferation, and dose-
dependent tubule formation (IV)

iMSCs induced EC expression of
proangiogenic molecules, including
VEGF, TGF-β1, and ANG1

• Exosome treatment correlated with
modest functional improvement,
better perfusion and tissue damage
scores, increased CD31/CD34+ cells

Angiogenesis
(hindlimb ischemia)
[22]

Mouse Mouse AD-MSCs (plastic adherence);
BM-MSCs (plastic adherence);
BM-iMSCs (immunodepletion)

• BM-MSCs maximally decreased
inflammatory cell invasion

IV: BM-MSCs expressed the highest
levels of tested chemokines, vessel
stabilizing, and matrix-remodeling
factors• MSCs were associated with smaller

lesions, more mature
neovascularization, and increased
perfusion

Neurovascular
system (fibrin
conduit, resection)
[116]

Rat Human AD-MSCs (plastic adherence);
DRG; UV-EC

• Medium cocktail-stimulated MSCs
enhanced DRG neurite extension
and EC-tubule formation

Stimulated MSCs produced increased
VEGF, ANG1, NGF, BDNF, and GDNF

• Stimulated and unstimulated MSCs
encouraged neurite extension

Neurogenesis [167] IV Rat BM-MSCs (plastic adherence) Spinal cord tissue–MSC coculture
supported neurite outgrowth

Cocultured MSCs produced NGF,
BDNF, and GDNF, maximally
supporting neurite extension

Neurogenesis
(spinal nerve
ligation) [123]

Rat Rat BM-MSCs (commercial) MSC-treated rats displayed
decreased hyperalgesia and
increased pain threshold

TUBB3–, GFAP–, and αSMA– and
STRO1+ MSCs engrafted into DRGs

Neurogenesis
(sciatic crush) [124]

Mouse Human AD-MSCs and AM-MSCs
(commercial)

• AM-MSC-treated groups exhibited
higher recovery, coordination, and
perfusion scores (4 weeks)

Nerves injected with AM-MSCs
versus AD-MSCs or PBS produced
more ANG1, FGF1, IGF1, and VEGFA

• MSCs localized in the epineurium
and perivascular area

Distraction
Osteogenesis (DO)
[59]

Mouse Human BM-MSCs (commercial) • MSC and MSC-CM accelerated DO
healing

• IV: IL-3/IL-6/CCL5/SDF1 recruited
mononuclear cells, contributed to
enhanced mineralization

• MSC-CM recruited more vessels
• MCP1/MCP3 but not SDF1 were
critical for SC-CM osteogenic activity

Osteogenesis [168] Mouse Human AD-MSCs and BM-MSCs;
UCB-ECs

• MSC-EC cotransplantation increased
MSC engraftment

PDGFBB/PDGFRβ receptor activity
regulates MSC engraftment and
differentiation in the presence of ECs

• Cotransplantation restricted MSC
multipotency, enhanced MSC source-
related differentiation abilities, and
maintained MSC proliferation capacity

Hofer and Tuan Stem Cell Research & Therapy  (2016) 7:131 Page 5 of 14



Table 1 MSC trophic activities relevant to musculoskeletal therapy: mechanistic insights from in-vitro and host tissue studies
(Continued)

Osteoporosis (lupus
associated) [60]

Mouse Human BM-MSCs and DP-MSCs • MSC injections improved
osteoporosis-related bone scores

IL-17 removal following MSC
injection maintains osteoclast
immaturity

• MSCs lowered osteoclast
differentiation (IV)

Osteogenesis [169] Rat Rat BM-MSCs (centrifugation and
plastic adherence)

Fibrin-loaded MSC recruited host
macrophages to fill long bone defect
by 4 weeks

Implanted MSCs increased early
expression of VEGF and decreased
later expression of CD45, IL-6, IL-1β,
TNF-α, and IL-10

Osteogenesis,
chondrogenesis,
angiogenesis [170]

IV Human BM-MSCs (density gradient)
and human embryonic stem cell
MSCs (medium/substrate changes);
human aortic ECs

MSC-EC cocultures proliferated and
exhibited higher expression of
mesenchymal differentiation
transcription factors

EC-produced ET1 activates MSC AKT,
driving osteogenic and
chondrogenic capacities

Chondrogenesis [95] IV Human BM-MSCs (density gradient) • MSCs and/or chondrocytes in fibrin
gels exhibited superior mechanical
properties to those cultured with
OA cartilage explants

IL-1β and IL-6 decreased COL
production versus control cultures,
except in chondrogenic cultures at
longer culture times (4 weeks)

• COLI/II/III production reduced in
OA cartilage–MSC or chondrocyte–
MSC cocultures

Chondrogenesis [93] IV Human BM-MSCs; Human OA
primary chondrocytes; bovine
primary chondrocytes

FGF1 caused chondrocyte
proliferation

• FGF1 was concentrated in places
where MSCs contacted
chondrocytes

Tenogenesis
(enzymatic lesion)
[152]

Horse Horse AD-MSCs Lesions were smaller, more
vascularized, and less cellular when
treated with platelet concentrate-
injected MSCs

• Greater amount of RNA was
recovered from the MSC-treated
group

• No difference in anabolic and
tendon-specific gene expression
observed

Musculogenesis
(dystrophin/
utrophin) [135]

IV Mouse quickly and slowly adhering
MSCs (non-myogenic nmMSCs and
MPCs), dKO)

• dKO-MPC-dKO-nmMSC co-culture
decreased global myogenic
markers

Soluble frizzled-related protein-1
and active β-catenin encouraged
nonmyogenic differentiation of
dKO-nmMSCs in gastrocnemius
tissues• dKO vs. WT-nmMSCs differentiated

more efficiently along osteogenic
and adipogenic lines with donor
age

Musculogenesis
(myofibroblast
proliferation) [138]

IV Human AD-MSCs and BM-MSCs
(commercial); Dupuytren’s disease-
derived myofibroblast (DDMF)

• AD-MSCs (similar to normal
skin-derived fibroblasts) decreased
while BM-MSCs increased DDMF
co-culture contractility

AD-MSC/myofibroblast cocultures
exhibited decreased COLI and αSMA

• AD-/BM-MSCs inhibited
myofibroblast proliferation

• AD-MSC effects were strongest
with direct or indirect contact

Musculogenesis
(dystrophin) [160]

Mouse Human (STRO1+) DP-MSCs; human
(c-Kit+) amniotic fluid MSCs

• MSCs differentiated in the presence
of C2C12-formed myotubes (IV)

Demethylation was critical for IV
myogenic differentiation

• MSCs differentiated most efficiently
with C2C12-CM

• All differentiated MSCs engrafted
and improved muscle histology

Musculogenesis
[137]

IV Mouse BM-MSCs (centrifugation and
plastic adherence)

MSC-CM stimulated myoblast and
satellite cell proliferation and
migration, activated satellite cells,
inhibited myofibroblast
differentiation

MSC MMP-2/9 and TIMP-1/2 support
myogenic differentiation

AD, adipose-derived, AM amniotic membrane, BM, bone marrow, CM conditioned medium, dKO double knockout, DP dental pulp, DRG dorsal root ganglia, EC
endothelial cell, iMSCs MSCs generated from induced pluripotent stem cell (iPSC) lines via medium change, IV in vitro, MMP matrix metalloproteinase, MPC multipotent
cell, MSC mesenchymal stem cell, SC stem cell, TIMP tissue inhibitor of metalloproteinase, UCB umbilical cord blood, UV umbilical vein
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lipid raft internalization and subsequent endosomal fu-
sion with the plasma membrane [66–69]. These 30 nm–
1 μm vesicles may be studded with multiple proteins,
usually tetraspanins, and filled with a combination of
proteins, lipids, and copious amounts of mRNA and
microRNA (miRNA), particularly miR22 and miR-19a
[58]. EC and cancer cell-derived microparticles may po-
tently increase MSC NF-kB activity, stimulating local
trophic support [70]. Gap junctions, formed via connex-
ins, are another avenue allowing direct cell–cell com-
munication, with strong evidence for membrane and (to
a lesser extent) cytoplasmic exchange between MSCs
and ECs [71].
Likely mediated through EC-stimulated VEGF produc-

tion, CXCR4-enriched exosomes derived from MSCs
generated from induced pluripotent stem cell (iPSC)
lines via medium change (iMSCs) improved recovery
from myocardial infarction [72]. In work addressing
hindlimb ischemia in mice, iMSC exosomes were associ-
ated with a higher number of CD31+ and CD34+ cells in
damaged muscle tissue as well as increased EC secretion
of VEGF, TGF-β1, and angiogenin, suggesting enhanced
vascular recruitment by vesicles alone [73]. Another
group generated iMSCs through TGF-β-pathway in-
hibition and medium changes; those iMSCs, surpris-
ingly, did less to promote cancer than BM-MSCs,
appearing to express and produce lower amounts of

several of the inflammatory and differentiation factors
(particularly TGF-β receptor-2 and, interestingly, hya-
luronan (HA)) when cultured with various types of
cancer cells [74].
In a recent study, Baglio et al. [75] characterized the

RNA contents of exosomes obtained through ultracen-
trifugation, and found that exosomes were enriched for
tRNA, in particular tRNA CTC. Their work further sug-
gested that the differentiation state of a MSC might be
deduced by the content of its exosomes, particularly the
presence of full-length tRNA and tRNA long fragments,
consistent with a stem-like state of the cells [76]. miRNA
loading within vesicles is not random, as dexamethasone
treatment of both C2C12 cells and diabetic rats in-
creased the concentration of miR-23a and miR-182 in
collected microvesicles and urine, respectively [77], thus
providing MSCs with a dynamic way to influence and
respond to their microenvironment. Microvesicles may
also suppress the infiltration of macrophages into dam-
aged tissues [75]. However, the relevance of vesicles/
microvesicles to classical and clinically approved MSCs
is questionable, because a different group noted that
MSCs produced much fewer vesicles than immortalized
ESC-derived MSCs [78]. The group offered an immor-
talization strategy that would maximize the yield of MSC-
produced vesicles, should they prove effective in the
clinic.

Fig. 1 MSC trophic mechanisms depend on MSC interactions with and modification of the local environment. MSC trophic functions can be
both achieved and altered through dynamic ECM–cytoskeletal interactions, cell–cell contacts, and soluble and transcription factor signaling. ECM
extracellular matrix, miRNA microRNA, MMP matrix metalloproteinase, MSC mesenchymal stem cell, TIMP tissue inhibitor of metalloproteinase
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Altering MSC activity prior to bone or cartilage
implantation
Because “plain” MSC implantation has faced such varied
success in the clinic, the next generation of MSC-based
strategies seeks to harness and direct MSC trophic activ-
ities. It was observed that substrate composition and
stiffness, sensed through various integrins, could influ-
ence the expression of myogenic factors [79]. Substrate
stiffness, known to affect the differentiation of MSCs,
acting possibly through regulation of alpha-smooth
muscle actin (αSMA), could also play a role in the even-
tual differentiation capacity of culture-expanded MSCs
[80]. Substrate stiffness, in turn, affects MSC trophic
properties; stiff (40 kPA) polyacrylamide gels coated with
fibronectin induced proangiogenic factor secretion by
BM-MSCs [81]. Through internalization and recycling of
focal adhesions and receptors, caveolins play an intri-
guing role in MSC sensing of both substrate stiffness
and surrounding soluble signals, particularly in vascular,
muscular, and osteogenic settings [82]. Alternatively,
hydrogels made from autologous plasma may also help
to temporarily concentrate either AD-MSCs or AD-MSC-
CM at the injury site [83].
The ability of MSCs to self-generate abundant collage-

nous extracellular matrix (ECM) may partially explain
some of the positive effects witnessed in some joint
degeneration trials involving MSCs [27]. Medium sup-
plements or additional modifications to the substrate to
mimic other ECM molecules or bioactive factors, such
as osteonectin, may further increase MSC secretion of
bioactive molecules (FGF2, CCL5, and VEGF), supporting
native cell migration and differentiation [84].
The milieu present in culture serum appears to

strongly influence the fate of cultured cells, more so
than any single exogenous supplement [85]. One method
to both encourage MSC trophic activity as well as ease
immunological concerns in the clinic could be to utilize
autologously derived cell culture supplements such as
platelet lysate for autologous MSC expansion and cul-
ture [86]. Platelet-rich plasma, for example, may protect
cartilage from injury by enhancing collagen II (COLII)/
aggrecan (AGN) expression and suppressing MMP-3,
COX2, iNOS, and associated NO and PGE2 production
[87]. Once established in vitro, however, the role of
serum becomes less clear; while serum content affects
MSC gene expression and growth rate, inherent multi-
potency and stem cell marker surface expression do not
appear to be affected by the absence of serum [88]. For
that reason, MSC-CM concentration and injection may
sidestep issues of autophagy [89] or apoptosis of MSCs
upon in-vitro expansion [13].
Culture under hypoxia is another attractive method to

increase initial MSC production of trophic factors.
Under hypoxia, hypoxia inducible factor-1 alpha (HIF1α)

expression increases, driving VEGF and other proangio-
genic, antiapoptotic, and antioxidant molecules [90].
Under certain circumstances, hypoxic MSCs may serve
to prevent harmful fibrosis through HGF production,
TGF-β1/COLII, and IL-1β downregulation, and fibro-
nectin expression [91]. Work in vitro with chondrocytes
has specifically identified HGF as an antifibrotic agent
released by AD-MSCs [92]. Furthermore, FGF1 secreted
by MSCs in contact with chondrocytes may stimulate
the proliferation of and help to preserve the function of
chondrocytes [93, 94].
In-vitro evidence suggests that the addition of BM-

MSCs to OA cartilage may initially increase IL-1β and
IL-8 production but ultimately reduce the amount of
soluble glycosaminoglycan (GAG) released by the cartil-
age over time, making the exact influence of MSCs on
cartilage structure unclear [95].
Reported pain relief associated with the introduction

of MSCs may be the result of immunomodulation but
was by no means universal [36]. In-vitro studies suggest
that exposure of MSCs to chondrocytes may induce
expression of MSC major histocompatibility complex
(MHC) I/II and other costimulatory molecules [96].
Pretreatment of MSCs, especially with IFN-γ to prime

their immunosuppressive activity, may result in decreased
MSC-associated tissue degradation [97]. Possibly in re-
sponse to IL-1α, MSCs exposed to platelet lysate have the
capacity to encourage a proinflammatory/M1 or proresol-
ving/M2 macrophage phenotype through GM-CSF and
PGE2 activity, respectively [53, 98]. Growing evidence sug-
gests that the native, inflamed cartilage environment may
both trigger the release and limit the effectiveness of
MSC-anti-inflammatory PGE2 [99]. MSCs may recruit
CD4+ T cells, which can also play a role in increasing local
osteogenic activity [100]. Care must be taken with exten-
sive culture, because MSCs may gain genetic abnormal-
ities and lose some ability to differentiate, promoting
senescence [88].

Vascular/inflammation regulation
Several key targets of regenerative medicine therapies,
including restored nerve and muscle function and the
previously discussed bone repair, rely heavily on the
influence of vascular cells [101]. Consequently, MSC
effects on blood vessel cells have long fascinated re-
searchers. Recent work has begun to elucidate mechanisms
by which MSCs may affect blood vessel morphology and
function. Chen et al. [102] reported that MSC-produced
HGF, upon interaction with ECs in coculture and, to a
lesser extent, via paracrine signaling, caused an increase in
EC cadherin and F-actin remodeling, thereby decreasing
EC permeability [90, 103, 104]. This and earlier work with
ECs suggests that MSC–EC interactions may temporarily
restrict both the physical clearance of MSCs and the
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invasion of inflammatory cells. Once in the bloodstream,
MSC inhibition of NF-kB, perhaps through IL-10 or other
factors, may decrease the binding of monocytes to the
endothelium, further decreasing inflammation at wound/
MSC injection sites [45]. This temporary pause in the
battle with chronic inflammation may explain some of the
positive results seen with MSCs.
Following a more classical approach focused on EC

motility and activity, VEGF, ANG, and NF-kB pathways
have all been implicated in regulating angiogenesis. Re-
cent work suggests that, in the short term, the NF-kB
pathway may control EC response through BM-MSC-
produced IL-6 and IL-1β; following this NF-kB activa-
tion, ECs activate P-selectin, producing CCL23, CXCL2,
and CXCL3. In turn, MSCs showed signs of early differ-
entiation towards a smooth muscle phenotype in cocul-
ture, influenced by TGF-β1 and TGF-β3 [105]. BM-MSC
production of VEGF may be stimulated by IL-8, either
through paracrine or autocrine mechanisms [106]. In turn,
BM-MSCs may stabilize ECs by upregulating ANG1,
thereby downregulating EC proliferation [107]. Con-
versely, the interaction of MSCs with ECs, particularly
through endothelin 1 (ET1) and PDGFB, may prime cells
to survive transplantation and differentiate more easily
upon reimplantation [108].

Neural support
MSCs have long been known to support nerve growth
through the support of Schwann cells, secretion of
neurovascular factors (including FGF2 and VEGF-A),
and, possibly, transdifferentiation into Schwann-like
cells. Combined with varying types of biocompatible and
bioactive materials, such as poly-lactic acid (PLA), poly-
caprolactone (PCL), polyurethane (PU), polyethylene
(PE), and silicone (for strength) and COLI, HA, and so
forth (for bioactivity), several groups have observed en-
hanced nerve extension and functional improvements in
a range of animal models [109, 110]. The most recent
work refines previous findings that guidance fibers of
particular spacing and architecture may aid MSCs in fur-
ther accelerating the nerve healing process [111–113].
AD-MSCs, at sufficient density, secrete brain-derived
neurotrophic factor (BDNF) in response to autocrine
IFN-β [114]. Stimulating cocktails that increase cyclic-
adenosine monophosphate (cAMP) and include retinoic
acid (pretreatment), FGF2, PDGFAA, and different forms
of neuregulin have been shown to increase neurite out-
growth in vitro and nerve extension after injury in vivo
[115]. In addition to neurotrophic BDNF, nerve growth
factor (NGF), and glial cell line-derived neurotrophic fac-
tor (GDNF), as well as angiogenic VEGF and ANG1 iden-
tified in many other experiments, recent work identified
the antiapoptotic activity of AD-MSCs, possibly by de-
creasing neuronal c-jun [116]. As mentioned in previous

sections, such pretreatment is relatively common in non-
clinical work, and may become de rigeur as new progeni-
tor cell sources are explored for musculoskeletal therapies
[117]. Crucially, it appears that MSCs should not be dir-
ectly injected intrathecally for early spinal cord repair, as
the subsequent inflammation seemed to prevent MSC mi-
gration to neuronal injury sites [118]; later injection may
prove beneficial [119].
Ciliary neurotrophic factor (CNTF) is a particularly

well known neuroprotective factor produced by MSCs.
While the factor has potent therapeutic effects on nerve
apoptosis, neuroinflammation, and neuronal prolifera-
tion, it has been linked with altered metabolism (due to
neurogenesis in the hypothalamus as well as direct ac-
tion on adipocytes) when administered systemically and
may negatively affect osteoblast differentiation and
mineralization [120–122]. GDNF, another potent neuro-
trophic molecule often produced by MSCs, may help to
ease allodynia and hyperalgesia experienced in dorsal
root ganglia sensory nerves [123]. Amniotic membrane-
derived MSCs expressed more ANG1, FGF1, IGF1, and
VEGFA (but not FGF2) than AD-MSCs in a mouse
sciatic nerve injury trial [124].
While CM from cells treated under hypoxic and

normoxic conditions both increased the observed num-
ber of differentiating neurons in vitro, hypoxia-cultured
Wharton’s Jelly (WJ)-derived MSCs upregulated thymo-
sin B and eukaryotic elongation factor (EF2) and may
have contributed to a slight increase in total neuron ma-
turity [125]. WJ-MSCs under normoxic conditions were
shown to produce PDGFAA, HGF, TGF-β2, IL-6, IL-8,
IL-1ra, CCL5, CCL2, and CXCL10 at much larger con-
centrations than BM-MSCs and AD-MSCs [126]. What-
ever the mechanism for neural support, tissue response
to neurological directives is critical to the ultimate utility
of the repaired nerve.

Muscles and miscellany
Intriguing results suggest that MSCs derived from less
traditional sources could one day be utilized therapeutic-
ally. One readily available source for MSCs could be
skeletal muscles. Our research group has worked exten-
sively with blast-traumatized muscle-derived multipotent
cells [127–129]. This particular type of muscle-derived
multipotent cells is especially attractive therapeutically
due to its relative abundance and ease of isolation [130]
as well as neurotrophic activity [131]. MDSCs should be
used cautiously when attempting to rebuild musculo-
skeletal tissues, because several groups have identified
populations that seem predisposed to mineralize ectopi-
cally [132–134], especially in the presence of muscular
genetic abnormalities [135]. Growth factor coinjection
might attenuate this ectopic bone formation, as growth
hormone–insulin-like growth factor-1 (GH-IGF1) activity
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promotes muscle cell proliferation, regulates muscle fiber
size and type, controls osteoblast proliferation and differ-
entiation, inhibits osteoclast activity, stimulates renal con-
version of 25-OH-vitamin D3, and controls phosphate
reabsorption [136]. By contrast, this matrix-modifying
MSC activity may help to attenuate disease severity and
ultimately contribute to useful muscle mass [137]. Harm-
ful proliferation and contraction of myofibroblasts, as oc-
curs in Dupuytren's contracture, may be attenuated in the
presence of the CM of both AD-MSCs or BM-MSCs as
well as the physical presence of AD-MSCs (but not
BM-MSCs) [138]. BM-MSCs appear to contribute to
pathological myofibroblast proliferation while AD-
MSCs appear to inhibit the activity slightly [138].
MMP-2 and MMP-9 are required for efficient skeletal
muscle regeneration and are enhanced by mouse BM-
MSCs/MSC-CM along with reduced TIMP-1/2 levels.
Muscle cell motility may also be encouraged by BM-MSC-
secreted MMP-2 [139].
Aside from their ECM-modifying properties, the

immunomodulatory properties of MSCs are intriguing
from a therapeutic standpoint but must be used carefully,
because MSC treatment, concurrent with a Staphylococcus
aureus infection, was shown to increase the severity of
bone loss, despite increased MSC proinflammatory cyto-
kine expression, in an osteomyelitis model [140]. Con-
versely, encouraging results were recently published from
a small idiopathic osteonecrosis trial in Japan, where BM-
MSCs were isolated, cultured for 2 weeks, and returned to
osteonecrotic patients along with tricalcium phosphate
chips (Osferion) and tricortical iliac crest bone [141]; after
a 12-week rehabilitation program, all patients reported
reduced pain and increased physical function with no
serious adverse events reported in the study [142]. The
likelihood of MSC engraftment being the cause for the
recovery is low, however, as MSCs have been found to
migrate towards apoptotic cells, via HGF signaling, but
not HGF produced in the presence of necrotic cells [143].
Evidence of MSC trophic efficacy has generated in-

tense excitement in clinically focused research. This ex-
citement is evident in the increasing number of reviews
examining MSC trophic properties. Marked therapeutic
successes will likely hinge on technological and computa-
tional advancements that allow dynamic, high-resolution,
and quantitative observation of MSC–ECM, MSC–para-
crine, and MSC–cellular interactions to better define the
appropriate perspective on the true activity of MSCs.

Conclusions
The application of allogeneic and autologous MSC ther-
apies for the treatment of diseases and dysfunctions of
multiple musculoskeletal tissues has received increasing
attention. Exciting in-vitro and in-vivo investigations on
tendon [117, 144, 145], meniscus [146–148], and ligaments

[149, 150] have been reported, along with the use of
autologous products such as platelet-rich plasma/plasma
lysate [151]. Studies using larger, clinically relevant animal
models are both underway and necessary before human
clinical trials can be developed [152].
This review has primarily explored secreted trophic

factors produced by MSCs. A whole host of therapies
are dedicated to engineering or modifying the physical
environment and ECM of MSCs to affect their therapeutic
potential. A recently developed approach attempts to an-
chor cells to the collagenous tissue matrix by engineering
collagen anchors [153], to promote local action of MSCs
and minimize their systemic loss to the lungs, liver, and
spleen. Changes in substrate composition (especially the
presence of collagen) and stiffness may expand the po-
tential applications of MSC therapies to include muscle
volume loss through stimulation of muscle-resident pro-
genitor cells [134, 154, 155]. Local ECM modifications are
known to affect MSC differentiation potential [156, 157]
and are beyond the scope of this review. Through con-
tinuing advancements in genetic engineering, MSCs may
eventually be used to treat genetic musculoskeletal
conditions, including osteogenesis imperfect [158] and
Duchenne’s muscular dystrophy [159, 160]. Careful se-
lection of the therapeutic cells, taking into account
subtle tissue source-related differences, may be the
key to successful clinical dystrophy therapies [35]. To
prove their efficacy in the clinic, these potential treat-
ments will need to be tested in well-controlled studies
to assess physical functions for an extended period of
time [27].
New or more precise modes of MSC trophic activity

may be discovered by adopting contemporary analytical
technologies to evaluate and compare genomic, tran-
scriptomic, proteomic, metabolomic, and secretomic
profiles, exemplified by the great strides that have been
made in genetic and metabolic diseases [161–164]. Les-
sons learned from previous iterations of MSC therapies
and clinical drug trials should overcome some of the regu-
latory and therapeutic hurdles to MSC use [2, 32, 33]. It is
also noteworthy that while genetic engineering of iPSCs
may hold the answer to unlimited numbers of perfectly-
tuned stem cells, managing the safety concerns of iPSCs
and negotiating the patent landscape of this saturated
market will be highly challenging [165]. Another major
challenge is the uncertainty in terms of biological respon-
siveness of the diseased tissue, because evidence in several
fields suggests that ischemic tissue may be incapable of
responding to MSCs [166]. Finally, each of these ave-
nues should be explored while juggling the needs for
rigorous science, proven therapeutic efficacy, regula-
tory approval (e.g., by the Food and Drug Agency)
(and thus reproducibility) of a final therapy, and cost/
benefit for the patient.
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ABSTRACT

Adult tissue-derived mesenchymal stem cells (MSCs) are known to produce a number of bioactive
factors, including neurotrophic growth factors, capable of supporting and improving nerve regener-
ation. However, with a finite culture expansion capacity, MSCs are inherently limited in their life-
span and use. We examined here the potential utility of an alternative, mesenchymal-like cell
source, derived from induced pluripotent stem cells, termed induced mesenchymal progenitor cells
(MiMPCs). We found that several genes were upregulated and proteins were produced in MiMPCs
that matched those previously reported for MSCs. Like MSCs, the MiMPCs secreted various neuro-
trophic and neuroprotective factors, including brain-derived neurotrophic factor (BDNF),
interleukin-6 (IL-6), leukemia inhibitory factor (LIF), osteopontin, and osteonectin, and promoted
neurite outgrowth in chick embryonic dorsal root ganglia (DRG) cultures compared with control
cultures. Cotreatment with a pharmacological Trk-receptor inhibitor did not result in significant
decrease in MiMPC-induced neurite outgrowth, which was however inhibited upon Jak/STAT3
blockade. These findings suggest that the MiMPC induction of DRG neurite outgrowth is unlikely to
be solely dependent on BDNF, but instead Jak/STAT3 activation by IL-6 and/or LIF is likely to be crit-
ical neurotrophic signaling pathways of the MiMPC secretome. Taken together, these findings sug-
gest MiMPCs as a renewable, candidate source of therapeutic cells and a potential alternative to
MSCs for peripheral nerve repair, in view of their ability to promote nerve growth by producing
many of the same growth factors and cytokines as Schwann cells and signaling through critical
neurotrophic pathways. STEM CELLS TRANSLATIONAL MEDICINE 2018;7:45–58

SIGNIFICANCE STATEMENT

Using human induced pluripotent stem cells, progenitor cells that resemble adult tissue-derived
mesenchymal stem cells, which are currently considered to be a promising cell type for regener-
ative therapies, have been derived. In addition to exhibiting similar surface markers and mor-
phology, these cells secrete factors into their conditioned medium that are capable of
promoting neurite sprouting and axon elongation in an embryonic dorsal root ganglion explant
culture model. Given the indefinite life span of induced pluripotent stem cells, the findings of
this study strongly suggest their utility as a source of neurotrophic cells that may be applied for
nerve regeneration and repair.

INTRODUCTION

Peripheral nerve damage often accompanies and
complicates limb injuries. Proper healing of nerve
damage can be quite challenging, especially as the
success of nerve regeneration is dependent upon
the rate and quality of axon growth and myelina-
tion to bridge the gap across the injured area.
Regeneration is mediated by Schwann cells, which
secrete neurotrophic factors and migrate to form
Bands of B€ungner, a longitudinal tunnel that both

guides the regenerating neuron toward its target
and secretes neurotrophic factors to encourage
nerve regrowth. However, this process is error-
prone, and can often result in formation of painful
neuromas. Currently, the gold standard treatment
for peripheral nerve repair is a direct end-to-end
suture. In the case of longer gaps where tension-
less end-to-end sutures cannot be achieved, auto-
logous nerve graft surgery at the sacrifice of other
nerves from a donor site deemed less important
is carried out [1]. However, the best treatment is
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still limited, that is, even with multiple surgeries and meticulous
care to align fascicles and match graft and host nerve sizes, com-
plete motor function is often never fully regained, and may also
leave the donor site at least partially deinnervated [2].

An alternative to the autologous nerve graft is an autologous
Schwann cell transplant to the injured site. While this method
does not sacrifice a healthy nerve, it still risks damage to the nerve
at the Schwann cell donor site. The patient thus risks similar donor
site morbidities as those seen in autologous nerve grafts. Alloge-
neic Schwann cell transplants have also been attempted, but due
to the immunogenic nature of Schwann cells, these transplants
are quickly rejected by the host [3]. Because of these limitations, a
more practical approach is needed. To address this need, several
studies have shown that bone marrow-derived mesenchymal
stem cells (MSCs) have the ability to act as Schwann-like cells,
given the proper induction environment, and can support nerve
regeneration by secreting neurotrophic factors (NTFs) [4, 5].

While neurotrophically induced-MSCs (NI-MSCs) are capable
of producing many of the same NTFs as Schwann cells, they have
finite expansion capacity, and require invasive techniques to
acquire, for example, bone marrow aspiration. Induced pluripo-
tent stem cells (iPSCs), derived by reprogramming adult somatic
cells, including MSCs, that exhibit embryonic stem cell (ESC)-like
pluripotency, represent a potential cell source that can overcome
this drawback. iPSCs are produced by reprogramming with four
transcription factors and have a virtually unlimited expansion
capacity. We have shown that after expansion, the iPSCs can be
differentiated into MSC-like cells, which we have termed induced
mesenchymal progenitor cells (MiMPCs) [6]. In this manner, this
technology has the potential to yield an almost unlimited supply
of MiMPCs. In this study, we aim to test if these MiMPCs, origi-
nally derived from MSCs, have the same ability to support neuro-
nal regeneration as the parent MSC. With this capacity, MiMPCs
may represent a potentially infinitely renewable cell source for
the support of nerve regeneration and cell therapy. Our results
reported here show that MiMPCs can secrete NTFs after neuroin-
ductive treatment, and can produce factors to improve neurite
outgrowth in vitro in a chick embryonic dorsal root ganglion (DRG)
model. These findings suggest that neurotrophically induced-
MiMPCs (NI-MiMPCs) may be considered a suitable substitute cell
type to support nerve growth.

MATERIALS AND METHODS

Generation of MiMPCs from iPSCs

A previously reported human iPSC line derived from reprogram-
ming of human adult bone marrow MSCs was used [6]. Feeder-
free, undifferentiated iPSCs colonies were grown to confluency in
six-well plates coated with Matrigel (Corning, Corning, NY), using
mTesR1 media (Stem Cell Technologies, Vancouver, Canada).
Confluent iPSC colonies are switched from mTeSR1 media to MSC
growth medium (GM), consisting of a-MEM (ThermoFisher, Wal-
tham, MA), supplemented with 10% fetal bovine serum (FBS;
ThermoFisher), 1 ng/ml fibroblast growth factor-2 (FGF2; RayBio-
tech, Norcross, GA), and antibiotic-antimycotic (penicillin-strepto-
mycin/fungizone [PSF]; ThermoFisher). The iPSCs are maintained
in the MSC growth medium for 7 days with medium changes
every 2 to 3 days. After 1 week, cells are trypsinized and seeded
into gelatin (Stem Cell Technologies, Vancouver, Canada) coated
flasks for continued culture.

Neurotrophic Induction and Preparation of
Conditioned Media

MiMPCs and control MSCs were plated at approximately 3,000
cells per cm2 on gelatin-coated flasks and maintained in MSC GM
until the cultures reached 70% confluency. Prior to culture in neu-
rotrophic induction medium (NIM), cells were pretreated for a
total of 72 hours: the first 24 hours with pretreatment medium
consisting of a-MEM supplemented with 10% FBS, 1 mM b-
mercaptoethanol (Sigma-Aldrich, St. Louis, MO), and PSF, and the
following 48 hours of pretreatment included 35 ng/ml retinoic
acid (RA; Sigma-Aldrich) in the pretreatment medium. For 7 days
following pretreatment, MiMPCs and control MSCs were treated
with NIM, consisting of Dulbecco’s MEM (DMEM)/Ham’s F-12
medium (ThermoFisher) supplemented with 5% FBS, 0.5 mM 3-
isobutyl-1-methylxanthine (Sigma-Aldrich), 5 ng/ml platelet-
derived growth factor (Peprotech, Rocky Hill, NJ), 50 ng/ml
recombinant human neuregulin (hNRG1; R&D Systems, Minneap-
olis, MN), 10 ng/ml FGF2, 20 ng/ml epidermal growth factor (EGF;
Peprotech), 6 lg/ml RA, 10 ng/ml IL-1b, and 2% vol/vol B-27 Sup-
plement (ThermoFisher). The MiMPCs and MSCs remained in NIM
medium for 7 days, with one intermittent medium change after 3
days in culture. After the 7-day induction in NIM, the MiMPCs and
MSCs were cultured in a basal medium (DMEM-F12, 5% FBS,
insulin-transferrin-selenium-X [ITS-X], penicillin-streptomycin [PS];
all reagents obtained from ThermoFisher) for 48 hours, at which
point the medium samples were collected, filtered, and desig-
nated as 48-hour basal conditioned medium (48 hours BCM) for
use in functional bioassay DRG culture experiments (see below).

Immunofluorescence Labeling

The culture medium was aspirated from the MiMPC, MSC, and
Schwann cell control cultures (cell line sFN92.6, obtained from
ATCC, Manassas, VA), and cells were washed with phosphate buf-
fered saline (ThermoFisher). Cells were fixed with 4% paraformal-
dehyde (Electron Microscopy Sciences, Hatfield, PA) for 20
minutes, washed, and treated for 1 hour with hot 10 mm sodium
citrate (Sigma-Aldrich) in 10% ethanol for antigen retrieval. After
blocking with 5% FBS for at least 1 hour at room temperature, the
cultures were incubated with primary antibodies for at least 4
hours at room temperature, or overnight at 48C. Immunofluores-
cence was carried out to localize the following cell markers on
MiMPC, MSC, and Schwann cell cultures both before and after
neurotrophic induction treatment: Schwann markers—glial fibril-
lary acidic protein (GFAP) (chicken IgY; cat. ab4674), P75/NGFR
(rabbit IgG; cat. ab8874), S100B (rabbit monoclonal IgG; cat.
ab52642); pluripotency markers—Sox2 (rabbit IgG; cat. ab97959),
SSEA4 (mouse IgG; cat. 560307), and Oct3/4 (mouse IgG; cat.
560308); and MSC markers—CD44 (mouse monoclonal IgG; cat.
MAB7045), CD73 (mouse monoclonal IgG; cat. ab81720), and
CD105 (goat IgG; cat. AF1097). Primary antibodies were diluted in
block buffer per manufacturer’s instructions. Samples were incu-
bated with secondary antibodies, diluted in block buffer per man-
ufacturer’s instructions, for 1 hour at room temperature. All cells
were nuclear-counterstained with 40,6-diamidino-2-phenylindole
dihydrochloride (DAPI; ThermoFisher) for approximately 1 minute.
SSEA4 and Oct3/4 antibodies were obtained from BD Biosciences
(Franklin Lakes, NJ). CD44 and CD105 antibodies were obtained
from R&D Systems. All other antibodies were purchased from
abcam (Cambridge, MA). Secondary antibodies used were Alexa-
Fluor 488 conjugates from ThermoFisher (rabbit anti-goat IgG
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[cat. A27012], goat anti-mouse IgG [A10680], goat anti-chicken IgY
[A11039], donkey anti-rabbit IgG [A21206]).

ELISA

Neurotrophic induction was performed on MiMPC cultures as
described above. After induction treatment, conditioned media
were collected from the cultures and concentrations of brain-
derived neurotrophic factor (BDNF), ciliary NTFs (CNTF), glial cell-
derived neurotrophic factor, (GDNF), neurotrophin-3 (NT-3), and
nerve growth factor (NGF) were assayed via DuoSet ELISA kits
(R&D Systems) according to the manufacturer’s protocols.

Additional ELISAs for non-neurotrophins were also performed
on conditioned media, including interleukin-6 (IL-6), leukemia
inhibitory factor (LIF), tumor growth factor-b (TGF-b), interleukin-
10, neuregulin (NRG), and fibroblast growth factor 9 (DuoSet
ELISA kits from R&D Systems).

Gene Expression Assay

RNA was isolated from induced MiMPCs using RNeasy Plus Mini Kit
(Qiagen, Valencia, CA) according to manufacturer’s protocol. cDNA
was synthesized using Invitrogen’s SuperScript III First-Strand kit
(ThermoFisher). Real-time polymerase chain reaction (RT-PCR) was
performed using SYBR Green PCR Master Mix from Life Technologies
(ThermoFisher) and a StepOnePlus Real Time PCR machine (Thermo-
Fisher). All gene expression levels were normalized to that of 18S
rRNA as the control housekeeping gene. Primers for BDNF, GDNF,
CNTF, and 18S rRNA were obtained from Qiagen, and the primer for
NGF was obtained from Integrated DNATechnologies (Coralville, IA).

RT2 Profiler PCR Arrays (Qiagen) were used to assay for
expression of human neurotrophins and receptors, and inflamma-
tory cytokines and receptors. Arrays were run using RT2 SYBR
Green ROX qPCR Mastermix (Qiagen) as per manufacturer’s proto-
cols. PCR data analysis and heat map generation were done via
Qiagen’s online RT2 Profiler PCR Array Data Analysis (version 3.5;
http://pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php).

Dorsal Root Ganglia /MiMPC Coculture Assay

DRGs were harvested from day 9 chick embryos, using a previ-
ously described protocol [7]. The isolated DRGs were plated one
per well of a 12-well plate coated with poly-D-lysine and laminin
(both supplied by Sigma-Aldrich). Poly-D-lysine solution (100 ng/
ml) was prepared and dispensed into each well of a 12-well plate,
allowed to coat the plate for 3 days at 48C with gentle rocking.
Laminin (10 lg/ml) was prepared and applied as a supplemental
coating in the same manner as poly-D-lysine.

The DRGs were allowed to adhere to the substrate in medium
consisting of DMEM-F12 and 5% FBS, further supplemented with
10 ng/ml each of basic FGF-2, epithelial growth factor (EGF), and
NGF. After a 3-day settlement period, medium on DRGs was
exchanged for 48-hour basal conditioned medium (48-hour BCM)
collected from: (a) NI-MiMPCs, (b) GM-MiMPCs, (c) NI-MSCs, or
(d) GM-MSCs. Control DRGs were cultured in cell-free uncondi-
tioned basal medium consisting of DMEM-F12, 5% FBS, ITS-X, and
pen-strep. All DRGs were cultured for 5 days. Cultures were then
immunostained as outlined previously. Briefly, DRGs were fixed
with 4% paraformaldehyde, incubated in hot sodium citrate for
antigen retrieval, blocked in 5% FBS and incubated with chicken
IgY anti-heavy neurofilament primary antibody (abcam; cat.
ab4680) diluted to 1:10,000 overnight at 48C. AlexaFluor 488
conjugated secondary antibody (ThermoFisher; cat. A11039) was
allowed to incubate for 1 hour at room temperature at a 1:300

dilution with blocking buffer. Neurite outgrowth was quantita-
tively assessed (see below).

Trk Signaling Inhibition

To assess the involvement of Trk receptor-mediated neurotrophin
signaling, the Pan-Trk inhibitor, GNF-5837 (Sigma-Aldrich), was
used at a concentration of 24 nM, which exceeded IC50 values
(7–11 nM for TrkA, TrkB, and TrkC) reported in the literature [8].
GNF-5837 was supplemented to 48-hours BCM from neurotrophi-
cally induced MiMPCs (NI-MiMPCs) and control MiMPCs
(GM-MiMPCs), and neurotrophically induced MSCs (NI-MSCs) and
control MSCs (GM-MSCs), which were subsequently used to cul-
ture chick DRGs for 5 days. Cultures were paraformaldehyde-fixed
and immunostained for heavy neurofilament, and branching
complexity of neurite outgrowth was assessed (see below).

JAK/STAT3 Inhibition

To assess the involvement of JAK/STAT3-mediated signaling, cucurbi-
tacin I (Sigma-Aldrich), a selective inhibitor of the JAK/STAT3 signaling
pathway that suppresses the levels of tyrosine phosphorylated STAT3
[9], was used at a concentration of 60 nM. Cucurbitacin was supple-
mented to 48-hours BCM from NI-MiMPCs and control MiMPCs,
and NI-MSCs and control MSCs, which were subsequently used to
culture chick DRGs for 5 days. Cultures were paraformaldehyde-fixed
and immunostained for heavy neurofilament, and branching com-
plexity of neurite outgrowth was assessed (see below).

Immunofluorescence Staining of DRG

DRG cultures were fixed in buffered 4% paraformaldehyde and
permeabilized for antigen retrieval with hot 10 mM sodium
citrate for 1 hour, blocked with 5% FBS, and incubated with
mouse anti-human heavy neurofilament (1:500; abcam) in block
buffer overnight at 48C. After rinsing, cultures were then incu-
bated with fluorescently labeled secondary antibodies (1:300;
AlexaFluor 488 goat IgY [cat. A11039]; Invitrogen, Carlsbad, CA)
for 1 hour at room temperature.

Quantitation of Neurite Extension

Fluorescent DRG image tiles were processed with MetaMorph
(Molecular Devices, Sunnyvale, CA), and digitally stitched together
using open source software Fiji/NIH ImageJ [10]. All grayscale
images were thresholded to create binary bitmap images. Neurite
extension densities were measured using the Sholl analysis plugin
function within Fiji. The algorithm automatically retrieves data
from two-dimensional (2D) or three-dimensional (3D) images to
perform a regression analysis and generate the metrics for Sholl-
based dendrite arborization [11]. All images were taken at 34
magnification using an inverted microscope (Olympus IX81) with a
motorized stage controlled through MetaMorph, and the scale
used was 620 px5 1 mm.

Neurite extension lengths were quantified based on images of
DRGs cultured on 2D aligned nanofibrous poly-E-caprolactone
(PCL) scaffolds prepared by electrospinning (see below). All
images for scaffold cultures were taken at 310 using the inverted
Olympus scope (IX81). Tracings were converted from pixel length
into lmmeasurements using the scale of 1245 px5 800 lm.

Preparation and Photocrosslinking of Methacrylated
Gelatin (mGelatin)

mGelatin was prepared by reacting gelatin (type B) (Sigma-
Aldrich) with methacrylic anhydride using our recently published
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protocol [12]. Photocrosslinking was initiated using the visible-light
sensitive initiator lithium phenyl-2,4,6-trimethylbenzoylphosphinate
(LAP) [13].

Fabrication of Electrospun Scaffolds

A PCL-mGelatin composite scaffold was prepared using a modifi-
cation of our recently published procedure [14]. Two separate sol-
utions were prepared: (a) 14.0% wt/vol PCL (80 kDa; Sigma-
Aldrich) in 2,2,2-trifluoroethanol (Sigma-Aldrich); and (b) 18%
methacrylated-gelatin (mGelatin) in 95% 2,2,2-triflurorethanol in
water to generate a mGelatin:PCL (40:60) composite nanofibrous
scaffold. Two 10-ml syringes were separately filled with the PCL
and mGelatin electrospinning solution, and they were fitted with
a stainless steel 22G blunt-ended needle that served as a charged
spinneret, and directed at a single central rotating mandrel (sur-
face velocity of 10 m/s) in a custom-designed electrospinning
apparatus. The speed of the mandrel was sufficiently fast to align
the collected fibers in a single direction. A flow rate of 2 ml/hour
was maintained with a syringe pump (Harvard Apparatus,
Holliston, MA). A power supply (Gamma High Voltage Research,
Inc., Ormond Beach, FL) applied a 115–20 kV potential difference
between the needles and grounded mandrel to obtain a Taylor
cone for mGelatin and a 17–10 kV potential difference for PCL.
Additionally, two aluminum shields charged to 15kV were placed
perpendicular to and on either side of the mandrel to better direct
the electrospun fibers toward the grounded mandrel. The distance
between the mandrel and the needle was 15 cm for mGelatin
fibers and 15 cm for the PCL fibers. The composite electrospun
scaffold was generated to a final thickness of 100 lm. The proce-
dure was the same for creating randomly aligned scaffolds, except
that the mandrel surface velocity was 0.75 m/s.

Preparation of Aligned Scaffolds and Seeding of DRGs

A 8% wt/vol mGelatin solution in HBSS (480 mg in 6 ml) was pre-
pared, to which 1.8 mg of photoinitiator LAP was added to
achieve a 0.3% wt/vol concentration of the photoinitiator. A 3.0
3 5.5 cm sheet of composite scaffold consisting of either aligned
or random fibers prepared as described above was wetted with
540 ll of the mGelatin solution. Following this, each scaffold was
folded lengthwise (along the 5.5 cm side) into thirds. The remain-
ing 60 ll of the mGelatin solution was then evenly applied on top
of the folded random scaffold, on top of which the folded aligned
scaffold was placed. The six-layered construct was then exposed
to visible light for 3 minutes (1.5 minutes on each side) to photo-
polymerize the construct. After construction of the completed
multilayer scaffold, five cylinders of 8 mm diameter were punched
out with a punch biopsy.

All scaffolds were prepared on the same day as DRG isolations
and kept in basal medium (DMEM-F12, 5% FBS, ITS-X, and pen-
strep) until needed. DRGs were seeded as follows: (a) upon isola-
tion from the chick embryo, DRGs were individually pipetted, and
pipette tips were held above the scaffold and below the level of
medium in the well; and (b) to ensure more accurate placement
on the scaffolds, DRGs were allowed to descend out of the pipette
via gravity, rather than being actively pipetted.

Statistical Analysis

All data were expressed as mean6 standard deviation. Statistical
analysis was performed using one-way analysis of variance
(ANOVA) followed by Games-Howell post hoc testing for all experi-
ments except DRG neurite extensions, where Tukey’s HSD post

hoc was used. A threshold of p< .05 was used to determine sta-
tistical significance.

RESULTS

iPSCs Can Be Differentiated into Cells with

Neural Cell Phenotype

The iPSCs used in this study were obtained by lentiviral reprog-
ramming of adult human bone marrow MSCs as described previ-
ously [6]. Morphological examination and immunofluorescence
staining confirmed that these cells grew in colonies of small,
undifferentiated cells, and that through their usage and numerous
passages, they retained expression of pluripotency markers
SSEA4, Oct3/4, and Sox2 (Fig. 1A–1D).

Feeder-free iPSCs were subsequently grown to confluency
and differentiated into mesenchymal-lineage MiMPCs. On the
third day of the differentiation period, a group of MiMPCs were
set aside, paraformaldehyde-fixed and stained for mesenchymal,
Schwann, and pluripotency markers in order to chart their transi-
tion. On day 3, it was shown that MiMPCs expressed mesenchy-
mal markers CD44 and CD105, but was only weakly positive for
CD73. MiMPCs were positive for all Schwann cell markers, and
were positive for Sox2, faintly positive for Oct3/4, and negative
for SSEA4 (Fig. 1E). This prompted us to extend the differentiation
period in the protocol out to 7 days total, in order to give the cells
more time to fully differentiate into a mesenchymal-like cell. With
a 7-day differentiation protocol, cells were strongly positive for all
mesenchymal markers, and negative for all pluripotency markers
(Fig. 2).

These cells have been shown to be a distinct population of
cells that express mesenchymal cell markers, such as CD44, CD73
and CD105, and are capable of behaving similarly to MSCs in that
they can be differentiated along osteogenic, as well as adipogenic
and chondrogenic lineages [6]. Phase contrast microscopy showed
morphological changes examined indicating that while feeder-free
iPSCs grew in undifferentiated colonies (Fig. 1A), after differentia-
tion, MiMPCs (Fig. 1B) were morphologically similar to control
MSCs (Fig. 1C). Immunohistochemistry also showed that MiMPCs,
like MSCs and Schwann cell controls, expressed mesenchymal
markers (CD44, CD105, and CD73) and neurologically relevant cell
markers (GFAP, S100B, and p75-NGFR), the expression of which
was not affected upon neuroinductive treatment (NI-MiMPCs and
NI-MSCs). Similarly, noninduced MiMPCs and MSCs grown in
growth medium (GM-MiMPCs and GM-MSCs) were also positive
for mesenchymal and Schwann cell markers (Fig. 2).

MiMPCs and MSCs Maintain p75/NGFR
and GFAP Expression

MSCs and MiMPCs expressed glial fibrillary acidic protein (GFAP)
and low affinity p75 NGF receptor (p75/NGFR) both before and
after neuroinductive (NI) treatment (Fig. 2). GFAP is an intermedi-
ate filament and is a major component of the astrocyte cytoskele-
ton, and may also play a role in maintenance of myelination [15].
p75/NGFR is important for axonal growth and Schwann cell migra-
tion during development, with severe peripheral neuronal defects
resulting from its absence [16]. Presence of these neural markers
suggested that both MSCs and MiMPCs phenotypically resembled
Schwann cells regardless of whether or not the cells were treated
with NI medium.

48 iPSC-Derived Neurotrophic Mesenchymal Cells

Oc 2017 The Authors Stem Cells Translational Medicine published by
Wiley Periodicals, Inc. on behalf of AlphaMed Press

STEM CELLS TRANSLATIONAL MEDICINE



MiMPCs Produce BDNF as Well as Other Non-
Neurotrophic Factors After Neurotrophic Induction

Analysis of gene expression using PCR array panels for neurotro-
phins and inflammatory cytokines showed an upregulation in

genes relevant to nerve regeneration, including IL-6, LIF, IL-1B, and
osteopontin (SPP1) in NI-MiMPCs, compared with GM-MiMPCs
and to MSC groups (Supporting Information Fig. 1). ELISA results
confirmed that the upregulated genes correlated with increased,

Figure 1. Morphology of induced mesenchymal progenitor cells (MiMPCs) and mesenchymal stem cells (MSCs) examined by phase contrast
microscopy. (A): Undifferentiated colonies of human induced pluripotent stem cells (iPSCs) reprogrammed from human bone marrow MSCs [6]. Cells
grew to confluent colonies on Matrigel, in feeder-free culture. (B): Confluent MiMPC cultures differentiated from iPSCs. All MiMPC cultures
resembled MSCs in morphology, with no remaining iPSC morphology. (C): Confluent control MSCs isolated from human bone marrow (passage 5).
Each cell type (n> 5) was cultured over the course of all experiments performed in this study. Cells in (A–C) were imaged at 34 magnification
(Bar5 560 lm.) (D, E): MiMPCs were fixed and immunofluorescently stained on the third day of differentiation; colonies of confluent iPSCs served
as controls. Cells were stained for MSC markers (CD44, CD73, and CD105), Schwann cell markers (GFAP, p75/NGFR, and S100B), and pluripotency
stem cells markers (Sox2, SSEA4, and Oct3/4). All cells were counterstained with 40,6-diamidino-2-phenylindole dihydrochloride. (D) iPSCs were nega-
tive for MSC and Schwann cell markers, but stained positively for pluripotency markers, indicating the maintenance of stemness throughout culture
and passaging. (E) MiMPCs cells were strongly positive for CD44 and CD105, and weakly positive for CD73. MiMPCs also stained positive for all
Schwann cell markers, positive for Sox2, weakly positive for Oct3/4, and negative for SSEA4, showing their transition and demonstrating the need
for long differentiation period. Cells in (D, E) were imaged at 310 magnification (Bar5 220 lm). Abbreviation: GFAP, glial fibrillary acidic protein.
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corresponding protein levels in cell culture supernatant. We did
not conduct an ELISA to detect IL-1B, as 10 ng/ml of IL-1b was
included in the NI medium.

As there was only approximately a 40% correlation between
mRNA upregulation and protein production [17–19], we per-
formed ELISAs to confirm the production of each of the aforemen-
tioned factors. Our ELISA data show that under normal growth
medium conditions, control MSCs produced low levels of BDNF.
Following neurotrophic induction, NI-MSCs produced significantly
higher levels of BDNF. Although MiMPCs exhibited many of the
same characteristics seen in MSCs, our results showed that GM-
MiMPCs were able to produce small amounts of BDNF; in fact,
BDNF production levels from GM-MiMPCs were comparable to
those seen from induced MSCs. However, our ELISAs detected sig-
nificantly higher BDNF production from MiMPCs after treatment
with NI medium (Fig. 3).

BDNF production by MiMPCs was further enhanced when 10
ng/ml IL-1b was added to the NI medium. Conditioned medium
assayed by ELISA during and after the induction period showed a
consistent increase in BDNF concentrations compared with both

normal NI medium and growth controls. The most marked
increase in BDNF production by MiMPCs when IL-1b was present
occurred at day 7, with an approximately fivefold increase in
BDNF levels compared with that in MiMPCs cultured in NI-
medium without IL-1b. Although this enhanced production of
BDNF tapered off after the inductive medium was removed, con-
ditioned medium collected 48-hours after induction still showed a
twofold increase in BDNF concentration.While MSCs also showed
a significant increase in BDNF production at Day 7, the total con-
centration was well below the levels detected in the MiMPC con-
ditioned medium. The significant increase in BDNF production did
not persist in conditioned medium taken from either MiMPCs or
MSCs 48 hours after induction. However, at this time point, BDNF
concentration from MiMPCs induced with NI-medium supple-
mented with IL-1B still remained higher than MiMPCs induced
with normal NI-medium (Fig. 3). For this reason, we continued
supplementing our NI-medium with 10 ng/ml IL-1b.

Other cytokines have been shown previously to improve
nerve regeneration after injury, among them IL-6 [20, 21], LIF
[22, 23], osteopontin, clusterin [24], and osteonectin [25–27].

Figure 2. Expression of neurological and mesenchymal cell markers in MiMPCs and MSCs during neurotrophic induction examined by immuno-
fluorescence. MiMPCs and MSCs were cultured in NIM or growth medium (GM). Neurotrophically induced MiMPCs and MSCs were fixed and
stained with antibodies against MSC markers (CD44, CD73, CD105) and Schwann cell markers (GFAP, p75/NGFR, and S100B). Neurotrophically
induced and noninduced MiMPC and MSC cultures stained positive for all MSC and Schwann cell markers. Schwann cells were stained as a
control, and were positive for all markers. All cells were counterstained with 40,6-diamidino-2-phenylindole dihydrochloride. All images were taken
at 310 magnification and are representative of all fields. Bar5 220 lm, n 5 2. Abbreviations: GFAP, glial fibrillary acidic protein; GM, growth
medium; MiMPCs, induced mesenchymal progenitor cells; MSCs, mesenchymal stem cells; NIM, neurotrophic induction medium.
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Interestingly, the cytokine ELISA results on medium samples
conditioned by NI-MiMPCs and NI-MSCs also demonstrated
marked increases in the concentration of these factors (Fig. 4).

We assayed conditioned medium collected at days 3 and 7 of
the NI medium treatment, as well as basal medium conditioned
for 48-hours after the NI treatment period was over. The ELISA
data in Figure 4 show that BDNF, IL-6, and osteonectin production
remained relatively constant throughout and after the induction
period (Fig. 4A, 4C, 4E), but there was a significant decrease in
osteopontin and LIF production during and after the NI treatment
period (Fig. 4B, 4D). Since osteopontin and LIF concentration
levels were low in the NI-MiMPC conditioned basal medium, we
focused on BDNF, IL-6, and osteonectin for our next set of
experiments on the effects of MiMPCs and MSCs of neurite
extension in DRG cultures.

Neurotrophically Induced MiMPCs Enhance Dorsal
Root Ganglia Neurite Extension Complexity

We evaluated the effect of neurotrophically induced cells on
nerve growth by culturing DRGs with conditioned medium from
NI-MiMPCs and NI-MSCs (Fig. 5). All DRGs were dissected from
9-day-old chick embryos.

DRG neurite extension complexity was evaluated by Sholl
analysis [28] using ImageJ. A morphological examination of immu-
nofluorescence staining showed that DRGs cultured with both
conditioned medium from NI- and GM-MiMPCs appeared to have
significantly improved neurite outgrowth, compared with either
control cultures or those cultured with conditioned media from
NI-MSCs. DRGs cultured in conditioned medium from GM-MSCs
also exhibited significantly enhanced neurite outgrowth. This dem-
onstrated that MSCs and MiMPCs, particularly the latter, were
producing factors that enhanced nerve growth.

Our first objective was to determine if BDNF production by
these cells played a role in this improvement. The involvement of
BDNF was tested by examining the effect of inhibiting the action
of the neurotrophin Trk-receptor on DRG neurite outgrowth. The
pan-Trk receptor inhibitor drug, GNF5837 (24 nM), was co-

administered to the MiMPC conditioned medium treated DRGs.
As shown in Figure 5A, DRG growth appeared to be only slightly
reduced in complexity and size. The Sholl analysis results showed
that, upon GNF5837 cotreatment, all conditioned medium treated
groups, except for medium collected from NI-MiMPCs, experi-
enced a marked decrease in neurite extension density such that
they were no longer significantly different from controls, with
average number of intersections decreasing from 319 to 139 [GM-
MiMPC], 313 to 170 [GM-MSC], and increasing minimally from
173 to 215 [NI-MSC], as opposed to only a 10% decrease in meas-
ured branching density in cultures containing NI-MiMPC condi-
tioned medium (286–257) (Fig. 5B). Furthermore, as our cells did
not produce detectable levels of the neurotrophins, NGF, NT-3,
CNTF, or GDNF, with the latter two not acting through the Trk
receptors, this observation suggested that additional non-NTFs
were likely being produced by NI-MiMPCs that were capable
of initiating neurite extensions, acting independently of the Trk-
receptors.

As many published investigations have suggested a role for IL-
6 in nerve regeneration [20, 21, 29], and as our results suggested
that BDNF was unlikely to be the only factor involved in enhancing
neurite extension density, we sought to block the effects of IL-6 to
determine if neurite density would be affected. As IL-6 signals
through the Jak/STAT pathway, we targeted the inhibition of this
pathway with a pharmacological blocker, cucurbitacin-I [9]. Results
from the Sholl analysis showed that treatment with cucurbitacin-I
decreased neurite complexity to the extent that the effects of
the conditioned medium from noninduced cells was no longer
significantly different from that seen in control cultures, with
average numbers of intersections decreasing from 319 to 274
(GM-MiMPC), and 313 to 241 (GM-MSC). Although the average
number of intersections increased slightly upon the addition of
cucurbitacin-I in the NI-MiMPCs (286–425) and NI-MSCs (173–230)
groups, the extent of standard deviation prevented the data from
achieving statistical significance. However, conditioned medium
from NI-MSCs still enhanced complexity of DRG neurite extensions
compared with controls (Fig. 5B). The more pronounced effect of

Figure 3. Effect of IL-1b on BDNF production in MiMPCs and MSCs. MiMPCs and MSCs were cultured in NIM, GM, or NIM including 10 ng/
ml interleukin-1b (IL-1b). The presence (1) or absence (–) of NIM, GM, and/or IL-1b is as indicated. BDNF ELISA results showed that the pres-
ence of IL-1b in NIM significantly enhanced BDNF production by MiMPCs, particularly on day 7 (�5-fold increase). This effect was less pro-
nounced at 48-hours post-induction, although the level of BDNF in MiMPCs induced with NIM1 IL-1b was still �2-fold higher than in NIM
alone. *, p< .05 compared with GM controls, n> 3. Abbreviations: 48-hours BCM, 48-hour basal conditioned medium; BDNF, brain-derived
neurotrophic factor; ELISA, enzyme-linked immunosorbent assay; NIM, neurotrophic induction medium; GM, growth medium; IL-1b, interleu-
kin-1b; MiMPCs, induced mesenchymal progenitor cells; MSCs, mesenchymal stem cells.
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the addition of cucurbitacin-I to the DRG cultures, however, was
the decrease in extension length (see below).

Neurotrophically Induced MiMPCs Enhance Dorsal Root
Ganglia Neurite Extension Lengths

We next determined the influence of NI-MiMPCs on DRG neurite
length. This was carried out using embryonic chicken DRGs cul-
tured on electrospun 2D aligned nanofibrous PCL/gelatin scaf-
folds, which afforded more consistent and reliable measurements
of neurite length (Fig. 6), as the aligned fibers helped to better

organize neurite outgrowth, and allowed visualization and more
precise measurements of axonal distance covered.

In doing so, we found that culturing DRGs in conditioned
medium from any cell group significantly increased the length of
neurite extensions compared with controls, although there was no
difference between conditioned medium taken from any cell group
(maximum length achieved with conditioned medium was 2,650
lm, while control lengths averaged 1,389 lm, an increase of
47.6%). There was no difference in lengths measured between
induced and noninduced cells, or MiMPC and MSC groups (Fig. 6B).

Figure 4. Production of neurotrophic factors by NI-MiMPCs and MSCs, quantified via ELISA. MiMPCs and MSCs were cultured in neurotro-
phic induction medium or growth medium. Conditioned media taken from days 3 and 7 of induction culture, and basal conditioned medium
taken from cultures 48 hours post-induction (48-hour BCM). The conditioned media assayed include those from MiMPCs (induced, NI-
MiMPCs; uninduced, GM-MiMPCs), and from MSCs (induced, MI-MSCs; uninduced, GM-MSCs), as well as basal medium (controls). Medium
was assayed for levels of (A) BDNF, (B) Osteopontin, (C) IL-6, (D) LIF, (E) osteonectin, and (F) clusterin. All ELISA results are expressed in pg/ml
or ng/ml produced per million cells. Medium taken from NI-MiMPC cultures contained high levels of all assayed factors compared with GM-
MiMPCs, NI-MSCs, and GM-MSCs. BDNF, IL-6, osteonectin, and clusterin exhibited relatively constant secretion levels, while osteopontin and
LIF showed decreased expression levels during induction treatment and the 48-hour post-induction period. *, p< .05, compared with GM
controls, n� 3 for all assays. Abbreviations: BDNF, brain-derived neurotrophic factor; ELISA, enzyme-linked immunosorbent assay; IL-6, inter-
leukin-6; LIF, leukemia inhibitory factor; MSCs, mesenchymal stem cells; NI-MiMPCs, neurotrophically induced-MiMPCs.
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Again, we co-administered 24 nM of GNF5837 to determine if
any factor acting through the Trk receptors played a role in alter-
ing length of the extensions. It has been reported that BDNF, act-
ing through TrkB, is capable of activating STAT3, which is essential
in axon extension [30, 31]. However, the addition of the pharma-
cological blocker did not result in a difference in neurite extension
lengths (Fig. 6B). This led us to conclude that, as with neurite ini-
tiation, BDNF was unlikely to be the sole factor produced by the
NI- or GM-MiMPCs that contributed to neurite extension length,
suggesting the action of other signaling pathway(s).

IL-6 Produced by MiMPCs Contribute to DRG Neurite
Extension Length

Our results showed that GNF5837 inhibition of the Trk receptors
did not affect the enhancement of neurite extension length by
MiMPCs, as there was no observable or measurable difference in
lengths between cultures where GNF5837 was absent or present
(Fig. 6B). In view of the apparent difference in neurite extension
density between exposure to NI-MiMPCs and GM-MiMPCs in the
presence of the Trk-receptor inhibitor, we postulated that the
induced MiMPCs must produce some factors, besides BDNF, to
drive increased neurite extension density through non-Trk recep-
tor mediated signaling, particularly the Jak/STAT pathway. There-
fore, we looked to the presence of other secreted non-
neurotrophin factors. Our PCR and ELISA data confirmed that NI-
MiMPCs produced and maintained a high level of IL-6 compared
with uninduced cells (see Supporting Information Figs. 1, 4), so
our next set of experiments focused on the possible involvement
of IL-6 on neuritogenesis and neurite extension length.

Cytokines in the IL-6 cytokine superfamily signal through the
gp130 receptor to activate the Jak/STAT3 pathway, which has
been shown to be important in the growth of neurite extensions
and nerve regeneration [32, 33]. Our ELISA results (Fig. 4) showed
that NI-MiMPCs were able of producing some cytokines in this
family, including IL-6 and LIF, but not others, such as oncostatin-M
and ciliary NTFs (CNTF) (data not shown). We postulated that
these pro-inflammatory cytokines secreted into the conditioned
medium from NI-MiMPCs could act through the Jak/STAT3 path-
way to maintain improved neurite outgrowth, even when Trk-
receptors were blocked.

To test this possibility, we chose the drug cucurbitacin-I to
inhibit the Jak/STAT3 pathway [9]. Upon administration of
cucurbitacin-I (60 nM) to the conditioned media, a dramatic
decrease in neurite extension length and size of DRG cultures was
observed (Fig. 6A). DRGs treated with cucurbitacin-I appeared to
have stunted extension length while maintaining comparable
number of neurite extensions. Sholl analysis confirmed that neuri-
togenesis, and therefore, density of neurite extensions, appeared
unaffected (Fig. 6B). This indicated that while the actions of the
Jak/STAT3 pathway and, by implication, the action of IL-6, was crit-
ical to neurite length, it did not play a crucial role in
neuritogenesis.

To better measure neurite extension lengths in the presence
of a Jak/STAT3 pharmacological inhibitor, DRGs were cultured on
2D nanofiber scaffolds, and treated with conditioned media con-
taining 60 nM of cucurbitacin-I.We found that these DRG cultures
on 2D nanofibrous scaffolds did not produce neurite extensions at
all when grown in the presence of cucurbitacin-I, contrary to what
was observed in cultures maintained on tissue culture plastic.
Physical topography of cell culture substrate surfaces is well
known to influence cell growth [34–36]. Our observations

suggested that cucurbitacin-I could have affected the ability of the
outgrowing neurites in interacting with different substrate surfa-
ces, that is, tissue culture plastic versus nanofibers. Since there
were no observable extensions from the cucurbitacin-I treated
group, these measurements were not included in Figure 6B. As
the complex, aligned topography is likely to be more relevant to
tissue architecture in vivo, these results are consistent with an
important role of IL-6 signaling through the Jak/STAT pathway in
mediating the improvement of the length and complexity of neu-
rite extensions by the MSC/MiMPC conditioned media.

DISCUSSION

In this study, we have shown that MiMPCs are capable of support-
ing and enhancing neuritogenesis and axon length in DRG cul-
tures. Their neurotrophic effects are similar to those of MSCs, and
are enhanced with NI-medium treatment, although the latter
exhibit effective neurotrophic support even without NI-medium
treatment.

The goal of this study was to determine if NI-MiMPCs, which
are generated from iPSCs and are thus available without addi-
tional, invasive cell harvesting, are capable of providing the sup-
port necessary for nerve regeneration. Our ultimate objective is to
identify a candidate therapeutic cell type to support nerve growth
akin to that seen by Schwann cells or induced MSCs. Our results
suggest that MiMPCs may indeed be applicable for cell therapy
for nerve injuries as nerve outgrowth in the DRG is enhanced by
treatment with conditioned medium taken fromMiMPC cultures.

MiMPCs generated from iPSCs morphologically resemble typi-
cal MSCs, and differ substantially from the parent iPSCs. iPSC colo-
nies are negative for all mesenchymal and Schwann cell markers,
but are instead positive for the pluripotency markers, SSEA4,
Sox2, and Oct3/4. Our previous study demonstrated the pluripo-
tency nature of the bone marrow MSC-derived iPSC line used
here [6]. In contrast, characterization of MiMPCs showed positive
staining for many of the same cell surface markers as both MSCs
and Schwann cells, including CD44, CD73, CD105, GFAP, S100B,
and P75/NGFR.

It is noteworthy that MiMPCs show expression of p75/NGFR.
A study by Bentley and Lee [16] showed that the lack of p75/
NGFR was linked to a deficit in Schwann cell migration and cover-
age, as well as a substantial reduction in nerve bundle and axon
formation. Interestingly, there have also been reports stating the
negative effects of p75 after injury, and that it may have a role in
axon apoptosis and death signaling pathways [37, 38]. However,
the literature related to p75 is insufficient to confirm whether or
not the presence of p75 is helpful or harmful in terms of axon
regeneration after injury, though some data suggest that a p75
antagonist can have neuro-protective effects on retinal ganglion
[39]. In our study, MiMPC-conditioned medium was used to treat
DRG cultures. The functional involvement of p75/NGFR will be
tested in future studies by examining the effect of treatment with
p75/NGFR inhibitors, for example, EVT901 [40], on
neuritogenesis.

Our ELISA results show that NI-MiMPCs and NI-MSCs express
BDNF, detectable in the conditioned media, although NI-MiMPCs
are able to produce much higher levels of BDNF than NI-MSCs.
However, conditioned media from MiMPCs and MSCs show
comparable ability to encourage DRG neurite extension growth.
Neurite extensions are denser when DRGs are cultured with
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conditioned media taken from NI-MiMPCs and GM-MiMPCs, as
well as GM-MSCs, as shown by Sholl analysis. Our initial thought
was that the enhanced neurite growth resulted from the action of
the NTFs, particularly the well-characterized BDNF, produced by
the cells. We briefly investigated the effect of supplementing 20
ng/ml BDNF to basal medium and observed that the addition of

BDNF improved neurite extension lengths compared with controls
(data not shown). However, when the actions of BDNF were
blocked via the pan-Trk receptor inhibition drug GNF5837, neurite
extension outgrowth was not completely abolished, and in the
case of NI-MiMPC conditioned medium, were still significantly
denser than those found in DRG control growth cultures. This

Figure 5.
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finding strongly suggests that there may be another factor(s) pres-
ent in the secretome of the induced MiMPCs and MSCs that aids
neurite regeneration.

This unexpected result prompted us to investigate what other
factors are produced by the cells that could be mediating the neu-
rotrophic effect. Literature has shown that a varied host of cyto-
kines and growth factors appear to have a positive effect on nerve
regeneration [21, 24, 26, 27, 29, 41]. Our PCR array results show
upregulation of the expression of a number of relevant cytokines,
including IL-6, LIF, and osteopontin, the production of which is
confirmed with ELISA performed on the cell-conditioned medium.
We believe that aside from BDNF, these other cytokines may be
responsible for the MiMPC and MSC mediated improvement of
neurite growth observed in DRG cultures.

Osteonectin is a secreted matricellular protein that plays a
role in bone mineralization by binding calcium to collagen [42].
Previous studies have shown that osteonectin can also play a role
in promoting neural cell survival and initiating extension out-
growth [25, 26]. It has also been suggested that osteonectin and
BDNF may work synergistically to promote neurite outgrowth.
Although there is evidence to suggest that a specific receptor may
exist, mediating osteonectin binding to cell surfaces in other tis-
sues, such as smooth muscle cells and endothelial cells [25, 43,
44], this receptor has not yet been identified, and there is evi-
dence to suggest that osteonectin only partially functions through
the Trk receptors [27]. However, while both the MiMPCs and
MSCs are capable of producing BDNF and osteonectin whether or
not they have gone through neurotrophic induction, it seems that
the positive effects of cell-conditioned medium on DRG out-
growth can be lessened, but not completely abolished, with the
addition of GNF5837, a potent Trk-receptor inhibitor, for all condi-
tioned medium groups except NI-MiMPCs. It is possible that dos-
age of both BDNF and osteonectin are important, or that
osteonectin is operating through a yet unknown receptor path-
way, which is likely as a major osteonectin-mediated signaling
pathway has not yet been found [27]. Taking all this information
together, it is likely that osteonectin production by the NI-MiMPCs
is responsible for the increased neuritogenesis, and therefore,
higher neurite extension density compared with controls, even in
the presence of GNF5837. In our next studies, we plan to deplete
osteonectin from the conditioned medium to assess whether
osteonectin plays a synergistic role with BDNF in enhancing DRG
neurite growth.

Osteopontin, a cell adhesion molecule that is expressed in a
wide variety of cell types, has been implicated in cell survival and
inflammatory regulation [45, 46]. A limited number of studies
have suggested that osteopontin also plays a role in nerve regen-
eration, although the association is more likely to be with motor
neuron outgrowth rather than sensory DRG neuron outgrowth
[24, 46]. Clusterin is another commonly expressed glycoprotein
found in most tissues, and various functional roles for clusterin
have been implicated, including pathogenesis of Alzheimer’s, and
alleviation of peripheral neuropathy in rats [47, 48]. Interestingly,
mRNA levels of clusterin were reported to increase after periph-
eral nerve injury, and as clusterin is involved in lipid recycling, it
was suggested that the presence of this molecule at the site of
injury aids Wallerian degeneration and Schwann cell proliferation
[49, 50]. Meanwhile, clusterin may also signal through the megalin
receptor, a pathway which has been shown in the DRG to selec-
tively promote sensory neuron outgrowth [50, 51]. Although only
sensory neurite outgrowth is assayed in the in vitro DRG model
used here, the fact that the MiMPCs are capable of producing
osteopontin as well as clusterin, suggests the potential application
of MiMPCS for motor nerve injuries, further enhancing their clini-
cal relevance.

It is well established that cytokines found in the IL-6 superfam-
ily activate the Jak/STAT3 pathway, which is an important signaling
pathway in neurite axon extension [33, 52]. We observed that
upon pharmacologic blocking of Jak/STAT3 pathway activation,
using cucurbitacin-I, the MiMPC/MSC-conditioned medium could
not rescue the length of neurite extension, regardless of whether
the conditioned medium was taken from induced cells or not.
That only certain growth factors and cytokines, including IL-6, but
not LIF, maintained their higher concentrations during and after
the neuroinductive treatment period suggests that enhancement
of neurite extensions found in conditioned medium cultures is a
result of these cytokines, particularly IL-6, produced by the cells,
by activating STAT3. Naturally, the possibility exists that LIF, also a
potent cytokine, may exert a similar effect as IL-6 at a lower con-
centration [53]. However, as the equimolar potency of LIF versus
IL-6 has been compared only on microvascular and endothelial
cells [53], whether the two cytokines have similar effects on nerve
regeneration remains to be assessed.

Topographical cues have long been found to affect cell adhe-
sion, growth and differentiation [36, 54–56]. Multiple studies have
shown the advantages of culturing DRGs on aligned surfaces, with
improved adherence and axon elongation [34, 35, 56]. Therefore,

Figure 5. Immunofluorescent images and Sholl analysis of DRG neurite outgrowth upon treatment with conditioned media derived from
neurotrophically induced MiMPCs and MSCs. (A): Chick embryonic DRGs were cultured for 5 days in basal medium previously conditioned for
48 hours by NI-MiMPCs, NI-MSC, GM-MiMPCs, or GM-MSCs, or cultured in unconditioned basal medium (controls). For pan-Trk receptor inhi-
bition, the inhibitor GNF5837 (24 nM final concentration) was added to each conditioned medium group and used to culture DRGs. Jak/
STAT3 inhibition was achieved by the addition of the Jak/STAT3 inhibitor, cucurbitacin-I, at a final concentration of 60 nM, to each conditioned
medium group and used to culture DRGs. Cultures exposed to conditioned media show substantial increase in size and complexity of neurite
outgrowth compared with control groups. Cotreatment with GNF5837 did not result in apparent changes in neurite extension lengths.
Cucurbitacin-I treatment drastically decreased the neurite extension lengths. Bar5 560 lm. (B): Conditioned media from MiMPCs and MSCs
are derived from (left) uninduced cells, and (right) induced cells. Sholl analysis measures the highest value of number of intersections where
neurite branching is most dense (critical value). Controls consisted of basal medium alone that was not unconditioned by cells. Sholl analysis
was carried out on DRG cultures exposed to conditioned media alone (top row), or conditioned media in the presence of the pan-Trk inhibi-
tor, GNF5837 (24 nM final concentration) (middle row), or the Jak/STAT3 inhibitor, cucurbitacin-I (60 nM final concentration). Sholl analysis
showed that conditioned medium from uninduced MiMPCs and MSCs significantly increased DRG neurite branching complexity compared
with controls. Conditioned medium from NI-MiMPCs significantly increased DRG neurite branching complexity even in the presence of
GNF5837. Conditioned medium from induced MSCs were unable to enhance branching complexity, and could not rescue neuritogenesis in
the presence of GNF5837. The presence of cucurbitacin-I in conditioned medium decreased the number of neurite extensions in all
conditioned medium except for that collected from induced MSCs. *, p< .05, indicating significant differences in complexity, compared via
Games-Howell tests. At least 10 images per group were quantified via Sholl analysis. Abbreviations: DRG, dorsal root ganglia; GM-MiMPCs,
control MiMPCs; GM-MSCs, control MSCs; NI-MSCs, neurotrophically induced-MSCs; NI-MiMPCs, neurotrophically induced-MiMPCs.
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we chose such favorable environments consisting of an aligned
nanotopographical surface for DRG cultures to examine the
potential advantage of combining MiMPC/MSC conditioned
medium with scaffolds on neurite outgrowth. In Figure 6, length
measurements showed enhanced DRG axon elongation in

conditioned medium cultures compared with controls, although
there were no significant differences between the various condi-
tioned medium groups. This result could be due to the fact that
NI-treated MiMPCs did not proliferate as well as NI-MSCs. Thus,
while MiMPCs are capable of producing more neurotrophins and

Figure 6. Morphological effect of MiMPCs and MSCs on neurite outgrowth in DRGs grown on electrospun nanofibrous scaffolds via image
analysis and measurements by NIH ImageJ. (A): DRGs were cultured on aligned nanofibrous scaffolds prepared as described in Materials and
Methods, using media conditioned by induced (NI) and noninduced (GM) MiMPCs and MSCs, with or without cotreatment with the pan Trk-
receptor inhibitor, GNF5837 (24 nM), or the Jak/Stat inhibitor, cucurbitacin-I (60 nM). No observable difference in neurite extension lengths
was seen, compared with cultures without GNF5837 cotreatment. On the other hand, cucurbitacin-I cotreatment resulted in substantial
decrease in in neurite extension length, compared with controls or any other group. Neurite extension lengths were measured with ImageJ.
Bar5 800 lm. (B): Neurite extension outgrowth was traced using NIH ImageJ. DRGs were cultured on aligned scaffolds with conditioned
media collected from NI- and GM- MiMPCs and MSCs. Results on neurite outgrowth lengths indicate that exposure to NI- and GM- MiMPC
and MSC conditioned media improved neurite outgrowth compared with controls, and the addition of Trk-receptor inhibitor (1GNF5837)
did not impede length of neurite extension. *, p< .05, denotes statistically significant difference compared with both controls. At least 10
axons were measured per group over an n 5 3. Abbreviations: GM, growth medium; MiMPCs, induced mesenchymal progenitor cells; MSCs,
mesenchymal stem cells; NIM, neurotrophic induction medium.
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cytokines per cell, the overall reduced cell count compared with
that of MSCs results in a comparable level of neurotrophins pro-
duced per population of cells, and lack of significant difference in
axon length between the two groups. Another possibility is that a
saturated concentration of neurotrophins has already been
reached or exceeded in the experimental system, that is, a
“maximum” concentration of neurotrophins and cytokines at
which an observable increase in axon length occurs.

All experiments were performed with MiMPCs differentiated
from human MSC-derived iPSCs, and the results were compared
with those achieved by human MSCs. Sholl analysis on DRGs cul-
tured in conditioned medium on tissue culture plastic, and length
measurements taken from DRGs cultured on 2D aligned scaffolds
showed enhanced branching and length compared with controls.
Our findings show that MiMPCs can provide similar advantages as
MSCs, which makes MiMPCs clinically applicable, and can serve as a
less invasive and, more importantly, sustainable therapeutic method.

While our findings suggest the potential neurotrophic capabil-
ities of MiMPCs, there are a number of caveats. First, it is notewor-
thy that MiMPCs are less hardy than MSCs, namely, MiMPCs
showed lower viability in the serum-free, neuro-inductive medium.
In the literature, induction media treatments are achieved with a
0%–2% serum content [4, 5, 57], while in our investigation, serum
content of NIM for MiMPCs was elevated to 5%, which we believe
did not significantly compromise production of NTFs. Second, chick
embryonic DRGs were used as an in vitro model for functional
bioassay of NTFs production by NI-MiMPCs. While this is a
well-established system to study neurotrophic effects, it will be
necessary to assess NI-MiMPC NTF production and function using
mammalian, and preferably in vivo, system as well.

CONCLUSION

In this study, we have determined that MiMPCs support neurite
sprouting and axon elongation through the secretion of neurotro-
phic factors and are a viable alternative to MSCs for nerve regener-
ation. Our next work will focus on in vivo studies, designed to
determine if combining MiMPCs in a bioscaffold will be beneficial
for repairing traumatic sciatic nerve injury in a rat model. As both
length and branching pattern were similar upon exposure of DRGs
to NI-MiMPCs and GM-MiMPCs in vitro, our in vivo study will use
GM-MiMPCs for practicality and ease of cell preparation. Our

current research with MiMPCs have focused on differentiation and
potential cellular therapy candidates for nerve regeneration, how-
ever, in future studies, it may be beneficial to characterize in
greater detail the full scope of differences between MiMPCs and
MSCs or Schwann cells in terms of secretome and mechanisms
behind these differences. Our current experiments did not include
Schwann cells for the simple fact that our goal was not to replace
the patient’s native Schwann cell, but rather, to identify a possible
substitute for the MSC, which is by far more ubiquitous in regener-
ative medicine research, and likeness to the MSC will offer more
wide-reaching avenues of future studies. With these studies, we
hope to critically examine the applicability of MiMPCs as an alter-
native cell type to autologous Schwann cells or MSCs to aid the
healing of peripheral nerve injuries, particularly those resulting
from trauma.
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A R T I C L E I N F O
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A B S T R A C T

An essential structure in nerve regeneration within engineered conduits is the “nerve bridge” initiated by cen-
trally migrating Schwann cells in response to chemokine gradients. Introducing exogenous cells secreting neu-
rotrophic factors aims to augment this repair process, but conventional cell-seeding methods fail to produce a
directional chemokine gradient. We report a versatile method to encapsulate cells within conduit walls, allowing
for reproducible control of spatial distribution along the conduit. Conduits with stem cells encapsulated within
the central third possessed markedly different cell distribution and retention over 6 weeks in vivo, compared to
standard cell lumen injection. Such a construct promoted Schwann cell migration centrally, and at 16 weeks rats
presented with significantly enhanced function and axonal myelination. The method of utilizing a spatially
restricted cell secretome departs from traditional homogeneous cell loading, and presents new approaches for
studying and maximizing the potential of cell application in peripheral nerve repair.

1. Introduction

Peripheral nerve injury (PNI) affects over 300,000 people each year
in the United States and is a significant cause of morbidity and lifelong
disability despite surgical intervention [1]. Through a variety of trau-
matic or disease-based mechanisms, such as high-speed motor vehicle
collisions or schwannomas, peripheral nerves function is drastically
altered or decreased. Warfighters, in particular, are exposed to higher
incidences of PNI due to battlefield injuries, and PNI morbidity leads to
reduced military preparedness, early discharge, poor reintegration into
civilian life, and has been implicated in higher rates of depression and
suicide among these veterans [2,3]. Not only do PNIs cause loss of
function and major disability, but they are also a huge economic burden

for both the individual as well as society, costing the United States
approximately $150 billion annually in healthcare dollars [4].

While there exist innate healing mechanisms for the repair of da-
maged nerves, complete transection of axons as well as all supporting
tissues, termed neurotmesis, is associated with poor outcomes following
injury [5]. Currently, the best treatment option for nerve defects is
tensionless end-to-end repair given its predictable positive outcomes,
but many times this is not an option due to the various conditions that
must be met: repair immediately after injury, minimal gap<2.5mm in
length, good blood supply and soft-tissue coverage, and exact alignment
of the opposing ends [6–8]. Alternative options such as autografting
and allografting exist, but are limited by donor site morbidity (with a
chance for neuroma formation at both sites), availability, and immune
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rejection, with only a 40–50% success rate for the gold standard of
autografting. Another promising regenerative route, the use of a bio-
material nerve conduit, demonstrates potential due to reduced neuroma
formation, lack of axonal escape, and lack of donor-site morbidity, but
is constrained by range (≤3 cm) and low functional recovery rates [9].
Thus, the ability to provide an efficient and effective method towards
bridging the gap in nerve regeneration would be a huge step forward in
the care of peripheral nerve injuries.

In the pursuit of an effective nerve conduit, many physical and
biological strategies have been employed during fabrication [10–15].
On the physical side, electrospun nanofibers hold great promise due to
their ability to be fabricated with aligned arrangements closely re-
sembling native nerve ECM, and they have demonstrated the ability to
guide neurite extensions [15–18]. On the biological side, neurotrophic
factors (NTFs), such as brain derived neurotrophic factor (BDNF) and
vascular endothelial growth factor (VEGF), have been shown to play an
important role in facilitating axonal growth, guidance, and survival
[19–23]. In addition, chemokine gradients are essential in driving
Schwann cell migration into the regenerating nerve bridge and axon
elongation [24–33]. Current methods of sustained delivery of growth
factors by microparticles, along with other technologies, have demon-
strated utility in experimental models of nerve repair, but these tech-
nologies have not yet addressed the dynamic time course of growth
factor production, the use of anti-inflammatory cytokines, or the cap-
ability to supply a multitude of growth factors simultaneously or se-
parately [13,14,34,35].

A potential route toward addressing these issues lies in the use of
stem cells. Adult mesenchymal stem cells (MSCs) are multipotent cells
that have the ability to differentiate into many lineages, including
neural-like lineages [36,37]. Early transplantation experiments invol-
ving these stem cells demonstrated that they supported nerve re-
generation (originally believed to be due to transdifferentiation to
neural lineages but more recently thought to be through production of
NTFs), and they have also been shown to possess immunoregulatory
functions, which could potentially decrease scar tissue infiltration into
conduits and neuroma formation [12,38–40]. Indeed, studies utilizing
nerve conduits seeded with MSCs reported both larger axons as well as
greater amounts of myelination per axon [12]. Additionally, studies
including functional assays generally showed enhanced function com-
pared to non-cellular controls, with some demonstrating function
comparable to the gold standard autograft. Along with MSCs, other cell
types such as neural stem cells, embryonic stem cells, and Schwann
cells have also been applied to successfully support nerve regrowth with
efficacies rivaling or exceeding those of MSCs [12].

While cell support demonstrates distinct benefits in conduit-medi-
ated nerve regeneration, cell-seeding protocols typically either involve
cell attachment in culture after fabrication, which can be lengthy
(clinically undesirable) and potentially result in cell detachment in vivo,
or injection into the lumen of the conduit, which is susceptible to
leakage [12]. In addition, these methods do not allow for precise con-
trol of cell seeding number or cellular distribution within the conduit
due to the random nature of cell attachment and injection, and the
seeded cells are known to migrate out of the conduit, further con-
founding the dose- and location-dependent effect of the cells. There do
exist gel-based systems that allow for encapsulation of cells within gels,
which address the cell density challenges and immediate cell seeding,
but they have not yet been effectively applied for cell distribution in
conduits. Overall, these limitations have led to the inability to effec-
tively produce and harness cell-secreted neurotrophic gradients.

In this study, we aim to overcome these challenges in cell applica-
tion by allowing for control of spatial distribution and cell density
through direct wall-encapsulation of cells during fabrication. We tested
the efficacy of this encapsulation system in enhancing peripheral nerve
regeneration both in vitro and in vivo in a rat sciatic transection model.
Our in vivo results show that spatially restricted cell encapsulation in
the implanted engineered conduit leads to improved Schwann cell

migration into the nerve bridge and increased functional return com-
pared to controls.

2. Materials and methods

All chemicals were purchased from Sigma Aldrich (St. Louis, MO,
USA) unless otherwise specified. All procedures were performed ac-
cording to the guidelines of the Institutional Animal Care and Use
Committee at the University of Pittsburgh (Protocol No. 16036308).

2.1. Fabrication of cell-seeded PCL/GelMA nerve conduits

The composite PCL/GelMA scaffold was produced as previously
described [23]. Briefly, a dual-nozzle electrospinning setup with 14.0%
w/v PCL (80 kDa) in 2,2,2-trifluoroethanol and 18% methacrylated-
gelatin (GelMA) in 95% 2,2,2-triflurorethanol in water was used to
produce random and aligned scaffolds. A 2.0×5.5 cm sheet of aligned
scaffold and a 2.2× 5.5 cm sheet of random scaffold was cut for each
group, and subsequently exposed to UV irradiation for 30min to ster-
ilize. The aligned scaffold was then overlapped on top of the random
scaffold by 2mm, and approximately 20 μL of photoinitiator solution
(8% methacrylated gelatin, 0.3% photoinitiator lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) [41] in HBSS [Gibco, Waltham,
MA, USA]) was applied to the overlapped region. This area was then
irradiated with a visible light source supplying wavelengths of 395 nm
(7202UV395, LED Wholesalers) for 40 s to cure the gelatin and bond
the two sheets together. Following this, approximately 300 μL of pho-
tointiator solution was used to wet both scaffolds. 50 μL of photo-
initator solution was then used to resuspend 6 million cells, which were
then pipetted in three vertical stripes 1.2 cm apart and equidistant from
the horizontal edges of the scaffold. This completed sheet was then
rolled up around a hypodermic needle of 1.5mm diameter, and sub-
sequently photopolymerized with visible light for 2min while rotating
on the needle. The construct was then removed, and 0.95 cm was re-
moved from each end of the tube followed by cutting the remaining
3.6 cm into three 1.2 cm tubes such that the cell stripes fell into the
central third of each conduit (2 million cells/conduit). These wall-en-
capsulated cellular conduits were then placed in culture medium (10%
fetal bovine serum (FBS) [Invitrogen, Carlsbad, CA, USA], 1x PSF
[Gibco] in Dulbecco's Minimal Essential Medium (DMEM) [Thermo-
Fisher, Waltham, MA, USA]) until surgical implantation.

2.2. Cytoskeletal fluorescent staining and Calcein-AM live cell staining

Day 8 cell-seeded nerve conduits were carefully unrolled as to not
damage the seeded cells, and were washed in PBS, fixed in 4% paraf-
ormaldehyde, and incubated with 1% bovine serum albumin (BSA).
Subsequently, they were incubated with Alexa Fluor 488 phalloidin
(Life Technologies, Carlsbad, CA, USA) for 30min at room temperature.
Lastly, the construct was rinsed with PBS, nuclear counterstained with
DAPI (Life Technologies), and imaged using an Olympus inverted mi-
croscope (Olympus IX81, Center Valley, PA, USA).

Live/Dead viability/cytotoxicity kit (Invitrogen) was used to vi-
sualize live cells via Calcein-AM staining, according to the product
manual, following cell-seeded nerve conduit fabrication on Day 0. This
construct was imaged using an Olympus SZX16 microscope.

2.3. Culture of DRG-Seeded scaffolds on 2-D cell-seeded PCL/GelMA
multilayered constructs

The composite scaffold described above was utilized for the fol-
lowing procedure. A 2.0× 5.5 cm sheet of aligned scaffold and a
2.2×5.5 cm sheet of random scaffold was cut for each group.
Approximately 300 μL of photointiator solution was used to wet both
scaffolds. Following this, each scaffold was folded lengthwise (along the
5.5 cm side) into halves. The remaining 60 μL of solution was used to
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suspend 6 million cells, which was applied to the random and aligned
scaffolds before folding, and between the scaffolds before the folded
aligned scaffold was placed on top of the random one. The 4-layer
construct was then exposed to visible light radiation for 3min (1.5 min
on each side) to photocrosslink the construct. After construction of the
completed multilayer scaffold, three cylinders of 12mm diameter were
punched out with a punch biopsy to yield ∼2 million cells/scaffold.

DRGs were harvested from day 9 chick embryos using a previously
described protocol [42]. A single DRG was placed on the aligned side of
each circular scaffold and placed in a 12-well culture plate. The DRG
explant constructs were cultured in basal medium (5% FBS, 1x Pen-
Strep [ThermoFisher] in Basal Medium Eagle [ThermoFisher]). Medium
changes were performed on days 2 and 4 with 2mL per well in a 12-
well plate.

2.4. Immunohistochemistry of DRGs

Cultured DRG explants were rinsed with wash buffer (0.05% Tween
20 in PBS) and fixed in paraformaldehyde for 20min. After three ad-
ditional rinses with wash buffer, the constructs were placed in 80 °C
10mM citric acid with 10% ethanol for 1 h, followed by three washes
and subsequent blocking with 5% FBS for 1 h at room temperature or
overnight at 4 °C. After equilibration with wash buffer, anti-neurofila-
ment heavy polypeptide antibody (Abcam, cat. Ab4680, Cambridge,
MA, USA) was added at a 1:10,000 dilution overnight at 4 °C, followed
by 2–3 washes, and incubation with secondary antibody (goat anti-
chicken AlexaFluor 488 conjugated IgG, Invitrogen) at a dilution of
1:300 for 1 h. The constructs were thoroughly rinsed and then imaged
using an Olympus inverted microscope (Olympus IX81) equipped with
a motorized stage controlled through MetaMorph (Molecular Devices,
San Jose, CA, USA). Resultant mosaic images were stitched using Grid/
Collection Stitching (ImageJ, NIH); the 10 longest NEFH-positive
neurite extensions were measured from the surface of the original DRG
cluster, as previously described [23].

2.5. ECM hydrogel preparation

Peripheral nerve ECM was prepared from sciatic nerves collected
from market-weight pigs (Tissue Source; LLC, Lafayette, IN, USA). The
tissue was then frozen for at least 16 h at −80 °C. The tissue was
quartered longitudinally and cut into sections of< 5 cm.
Decellularization was performed as previously described [43]. Enzy-
matic degradation products were produced from solid ECM scaffold
material as previously described [43]. Enzymatic degradation products
were aliquoted and lyophilized. Immediately before use, lyophilized
degradation products were rehydrated using sterile water. Gelation was
then initiated by adjusting the pH to 7.4 and the solution to 0.5 x PBS
concentration through the addition of 0.2 N NaOH and 10 x PBS.

2.6. In vivo scaffold implantation

For 1–6 week experiments, nerve conduits for implantation were
either cell-free or wall-encapsulated with rat ASCs, which were DiI-la-
beled with Vibrant CM solution (Invitrogen) according to manufac-
turer's protocol. The sciatic nerves in Lewis rats were exposed and a
10mm segment was removed using microscissors. Nerve stumps were
sutured 1mm into each end of the 12mm conduit (for a gap of 10mm)
using 8-0 nylon suture. Following implantation, DiI labeled rat ASCs (2
million in 10 μL to mimic the number of cells used in the wall-en-
capsulation groups) were injected into cell-free conduits to represent
the cell injection groups, or ECM hydrogel was injected to fill the
conduit to represent groups that incorporate hydrogel. A total of n= 6
rats were used for each group for each time point.

2.7. Implant harvesting and immunohistochemical analysis

Implants were harvested at specified experimental time points (ei-
ther 1, 2, 4, 6, or 16 weeks). The harvested implants were then fixed in
10% buffered formalin phosphate for 2 days at 4 °C, and then processed
through a series of solutions: 10% sucrose for 4 h at room temperature,
20% sucrose overnight at 4 °C, and lastly 30% sucrose overnight at 4 °C.
After equilibration for 2 h in Optimal Cutting Temperature gel (OCT)
(Sakura Finetek USA, Torrance, CA, USA), 3 samples were transversely
cut through the middle of the conduit and frozen-embedded in new
OCT cut side down, while 3 other samples were embedded long-
itudinally in fresh OCT. All samples were stored at −80 °C until sec-
tioning. Transverse cryosections with a thickness of 16 μm were col-
lected at every millimeter starting from the center of the conduit, and
examined for cell distribution, while the longitudinally embedded
samples were sectioned sagittally to assess continuity of nerve growth.
See SI text for further details.

2.8. Rat sciatic functional index testing

Rats were placed in the Motorater System (TSE GmbH, Chesterfield,
MO, USA) and acclimated for two days prior to testing. Videos were
then recorded for rats walking across the length of the Motorater
System. Simi Motion 9.2.1 software (Simi Reality Motion Systems
GmbH, Unterschleissheim, Germany) was used to measure toe spread
distances from acquired videos. SFI measurements from 4 steps were
averaged for each rat.

2.9. Statistical analysis

All data were expressed as mean ± standard error of measurement
(SEM). Statistical analysis was carried out in Prism 7 (GraphPad,
Software, La Jolla, CA, USA). All analyses were performed using
ANOVA with Tukey's HSD post-hoc testing unless specified otherwise.
One-tailed Mann-Whitney testing was used to determine differences in
distributions, and non-linear fitting was used to determine Gaussian
and quadratic fitting. One-way ANOVA followed by Fishers LSD post-
hoc testing against wall or control was used for Week 6 Schwann and
myelin thickness/ratio, respectively. A threshold of p < 0.05 was used
to determine statistical significance.

3. Results

3.1. Multilayered nanofibrous nerve conduits possess suitable physical
properties for in vivo implantation

In order to achieve cell-friendly seeding during fabrication, we
employed the combination of electrospun composite nanofibrous mats
of co-spun polycaprolactone (PCL) and gelatin methacrylate (GelMA)
with both random and aligned fibers for suture retention and neurite
guidance, respectively (Fig. 1A, step 1). Note: all nerve conduits used in
this study utilize both aligned and random fibers as shown in this
figure. Gelatin, the denatured form of collagen, is derived from native
extracellular matrix, and GelMA has been widely used for the fabrica-
tion of hydrogels by virtue of its ability to be photopolymerized as well
as its excellent biocompatibility [44]. Despite the hydrophobicity of
PCL, the presence of GelMA within the nanofiber mat allowed it to
readily incorporate aqueous solutions, which instantly dissolved the
GelMA and allowed for immediate seeding of cells onto and between
the PCL fibers [45]. Of note, hydration of the composite scaffolds did
not change the underlying random versus aligned architecture (Fig. S1).
Using this technique, we created bonded tubular structures resistant to
delamination [45] with cells encapsulated within the walls and sepa-
rated from the lumen of the conduit by bonding the two layers, ap-
plying cells in a GelMA solution (shown here as homogenous but could
be in any spatial pattern), and rolling around a hypodermic needle of
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desired diameter (Fig. 1A, steps 2–4). The resulting structure was then
cured with visible light, to form a multilayered tube with cells localized
between every layer (Fig. 1B). Fig. 1C depicts a simple apparatus sui-
table for construction of this structure (Fig. 1D), with a more complex
but user-friendly design in Fig. S2. The conduit was elastic and flexible
(Fig. 1E) – shown at a radius of curvature of 15.8 mm, the smallest
radius experienced under physiological human conditions at the cubital
tunnel [46]– and after full compression of the lumen it retains patency
(Fig. 1E, inset). In addition, conduits possessed suitable mechanical
tensile suture retention strength (far exceeding the necessary 1.7 N
[47–49]), and experienced conduit elongation rather than suture pull-
through (Fig. S3). Lastly, as expected, the properties of the conduits
were consistent with the composition of a faster degrading GelMA
component and slower-degrading PCL component, to avoid conduit
collapse during the regeneration process (Fig. S4).

3.2. Nerve conduits with concentric wall-encapsulated cells possess
topographical cues, biological activity, and significantly enhance dorsal root
ganglion (DRG) extension in vitro

Having established the physical suitability of the conduit for sur-
gical manipulation and implantation, we sought to characterize the
biological capabilities of this scaffold. In order to determine the effect of
nanostructural cues, phalloidin staining was used to visualize the cy-
toskeletons of the seeded cells (Fig. 2A–D). Fig. 2A depicts the major
cell morphologies and their spatial distribution within the nerve con-
duit. Three distinct cell populations were apparent: cells with randomly
oriented processes, elongated aligned cytokeletons, and those with
short retracted processes (Fig. 2B–D, respectively). These cell
morphologies corresponded to three microarchitectures of the bioma-
terials in the scaffold: random fibers, aligned fibers, and thin hydrogel
between the PCL layers. Alignment was also quantified, demonstrating
that cell nuclei in random sections of scaffold displayed an average of
−20.45 ± 48.52° deviation from vertical as measured from the long
axis of the nucleus while aligned sections averaged −3.23 ± 18.26°
(Fig. S5). Upon live staining with Calcein AM (Fig. 2E), live cells were
observed to exhibit a concentric distribution, further confirmed by vi-
sualizing DiI-labeled cells in cross-sections of the construct, showing
their continuous concentric distribution between all layers (Fig. 2F and
G). Increased metabolic activity was also observed over the course of 28
days of culture, indicating cell proliferation and biomaterial bio-
compatibility (Fig. S6).

Fig. 1. Construction of nerve conduits with wall-encapsulated cells. (A) Stepwise representation of process. (1) Composite random and aligned PCL/GelMA
scaffolds are (2) overlaid and bonded with photointiator solution. (3) The rest of the scaffold is hydrated with photoinitiator solution, and cells are placed on the
scaffold (homogeneous seeding is shown here but other seeding approaches are also achievable). (4) The sheet is rolled around a hypodermic needle of desired
diameter and cured with visible light to bond layers. (B) Schematic of completed conduit – layers are removed in magnified view for clarity. (C) Prototype machine
used to construct scaffold consisting of a slow-rotating motor, a platform, and hypodermic needle. (D) Macroscopic view of 5.5 cm long conduit. (E) Flexibility of
conduit at 15.8 mm radius of curvature. Inset: conduit retains patency after full compression.

Fig. 2. Cells seeded in conduit respond to topographical cues and are
concentrically distributed. (A) Location of aligned and randomly oriented
cells in conduit. The following images in B and C were obtained through
random sampling within regions depicted in A that correspond to random and
aligned nanofibers. (B) Cells with randomly oriented processes on random fi-
bers. (C) Cells with aligned processes on aligned fibers. (D) Cells with short
retracted processes in thin hydrogel layer between fiber layers. These were
found in gelatinous patches in random locations due to unrolling process, but
presumably exist continuously in the thin gelatin layer between nanofibers. (E)
Live cells are found to be concentrically distributed in conduit by Calcein-AM
staining. (F) Transverse section of conduit demonstrating close adherence of
layers without the use of suture or additional bonding agents. (G) DiI-labeled
cells are clearly shown to reside between concentric fiber layers of sectioned
conduit in F. Scale bar: 50 μm (B–D), and 500 μm (E–G). N=3.
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In view of the importance of NTFs in nerve regeneration, we were
particularly interested in the neurotrophic capabilities of the nerve
conduit, particularly the effect of the conduit architecture on NTF
production. Our results showed robust gene expression of BDNF and
VEGF (two NTFs known to be produced by MSCs in abundance [19,23])
(Fig. S7), and that seeded cells produced neurotrophic factors that
permeated throughout the scaffold and were measureable by ELISA
(Fig. S8). To assess the effect of the conduit on neurite outgrowth in
vitro, chick embryonic DRG explants were cultured for 5 days on a 2-
dimensional equivalent of the 3-D conduit for easy visualization, and
neurite outgrowth was assessed by measuring and averaging the length
of the 10 longest neurite extensions measured from surface of the ori-
ginal DRG cluster (Fig. 3). Two different mesenchymal cell sources were
used for cell seeding, bone marrow MSCs (BMSCs) and induced me-
senchymal progenitor cells (iMPCs). iMPCs were derived from induced
pluripotent stem cells (iPS cells), as described previously [23], and were
included to demonstrate versatility in terms of cell sourcing and cell
incorporation into the nerve conduit using the procedure described
here. These two cell types were also exposed to well-defined neuro-
trophic induction protocols described by our lab and others to optimize
neurotrophic gene expression and inductive activity for neural-like
differentiation [23]. As seen in Fig. 3A, all groups with seeded cells
significantly increased DRG neurite extensions compared to cell-free
controls (p < 0.0001). In addition, neurotrophically induced BMSCs
(I_BMSCs) producing higher levels of BDNF (Fig. S8) significantly in-
creased neurite extension length over uninduced BMSCs (p < 0.005).
Fig. 3B–D depict representative images of control, I_BMSCs, and
I_iMPCs. These results correlate well with our previous observation that
neurotrophic factors found in the conditioned medium of cultured

BMSCs and iMPCs could significantly increase DRG neurite length [23].
Taken together, these findings showed that conduits with wall-en-
capsulated cells displayed spatially and topographically specific cues
and neurotrophic activity, indicated by significant enhancement of DRG
neurite extension in vitro.

3.3. Cell localization follows different distributions in wall-encapsulation vs
injection methods in vivo

Given the effectiveness of the conduit system in vitro, we sought to
test its in vivo characteristics – specifically its ability to control the
spatial distribution of seeded cells. In the in vivo studies, to minimize
xenogenic and allogeneic immune response, we chose to harvest and
use adipose stem cells, a readily harvested MSC type, from Lewis rats,
which were first analyzed and verified for their differentiation potential
and production of growth factors of interest, such as interleukin-6,
transforming growth factor-β (TGF-β), BDNF, and VEGF (Fig. S9). The
ASCs were DiI-labeled and used to assess the extent of cell migration,
first queried in vitro upon wall encapsulation within the central third of
the length of the nerve conduit. Over the course of two weeks, minimal
migration from the center was observed and cells were retained within
the walls of the conduit (Fig. S10). Conduits with the same design (DiI
labeled ASCs encapsulated within the central third of the conduit) were
then implanted allogeneically into Lewis rats in a 1 cm sciatic nerve
transection model (Fig. S11), along with another cohort of rats that
received cell-free conduits and a lumen injection of DiI labeled ASCs of
the same quantity. Over the course of 6 weeks, MSC retention was
found to be remarkably different (Fig. 4). Fig. 4A shows representative
longitudinal sections of resulting conduits at 1, 2, 4, and 6 weeks.
Quantitation of the DiI signal from these sections showed that in the
case of wall-encapsulation, ASCs were retained for up to 4 weeks, while
with injection the ASCs, cell abundance started to decline after just 1
week (Fig. 4B). Direct comparison for a period of 6 weeks revealed
significantly higher intensities at 2 and 4 weeks for wall-encapsulation
versus injection, with p < 0.05 and p < 0.005, respectively (Fig. 4C).
These findings strongly suggest that cells persisted in wall-encapsulated
conduits longer than those introduced via the conventinoal cell injec-
tion method.

Since there were significant differences seen at weeks 2 and 4, these
time points were assessed in terms of both DiI labeled ASC cell intensity
and Schwann cell intensity along the length of the conduit (Fig. 5). Of
note, implanted conduits did not elicit a foreign body reaction and they
limited fibrous infiltration through the walls of the conduit (Fig. S12).
Conduits were serially sectioned transversely 4mm proximally and
distally from their center, stained, and analyzed for Schwann cells and
ASCs (Fig. 5A). Fig. 5B demonstrates localization of seeded ASCs re-
lative to migrating Schwann cells in wall-encapsulated conduits, while
Fig. 5C portrays those in lumen injected conduits – note the localization
of ASCs to walls vs. lumen. Upon examination of ASC intensity along
the length of the conduits at Week 4, Fig. 5D and E top clearly showed
differing distributions. These are significantly different by Mann-
Whitney testing (p=0.0039). Upon fitting to either quadratic or
Gaussian distributions, wall-encapsulated conduits preferentially fit
Gaussian with 84.74% probability and r2= 0.4463 while injected
conduits preferentially fit quadratic with 91.17% probability and
r2= 0.3280 (Fig. 5D and E bottom). These profiles described a mi-
gration outward from the center of the conduit and migration inward
from ends of the conduit, respectively. Correlating these distributions
with Schwann cell intensity at 2 weeks, there was a significant trend
towards earlier Schwann cell migration into the center of the conduit in
the wall-encapsulation group in comparison to the injection group,
which showed very limited Schwann migration inwards (p=0.0457,
Mann-Whitney)(Fig. 5F). By 4 weeks, Schwann cells appeared to take
on a unimodal distribution located near the center of the conduit in
wall-encapsulated groups while they were more random in nature in
the injection groups (Fig. 5G). Finally, at 6 weeks, complete bridging of

Fig. 3. Wall-encapsulated cells significantly increase DRG neurite exten-
sion. (A) Average length of 10 longest DRG neurite extensions when cultured
on scaffolds containing various wall-encapsulated cells. Green stain corresponds
to Neurofilament Heavy. (B–D) Representative images of Control, I_BMSC, and
I_iMPC groups, respectively. Control, cell-free multilayer scaffold; BMSC,
human bone marrow stem cell; I_, neurotrophically induced; iMPC, mesench-
ymal progenitor cell derived from iPSCs. **, p < 0.005, and ****,
p < 0.0001, compared to Control. Scale bar: 500 μm. N = 4 per group. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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the nerve conduit with Schwann cells was observed in the wall-en-
capsulation group (Fig. 6A), and the Schwann cell area in the center of
the nerve conduit was significantly higher in the wall-encapsulated
group compared to both no-cell control and cell injection (Fig. 6B),
suggesting that Schwann cell migration was enhanced in wall-en-
capsulated groups. N= 3 per group.

3.4. Conduits with wall-encapsulated cells improve peripheral nerve
regeneration

To evaluate the significance of the ASC seeding dependent change in
Schwann cell distribution, the ability of the different nerve conduits to
effect functional recovery in a 10mm rat sciatic nerve transection
model was analyzed. This gap length was chosen due to its common
occurrence in literature as a model of critical-sized nerve transection
defect [12], but also because we did not want to miss a potential effect
in a smaller critical-sized gap before progressing to a larger gap in fu-
ture studies (such as 15 or 20mm).

Four groups were tested: conduits with or without wall-en-
capsulated cells in the central third of the conduit and with or without
hydrogel filler. Here, we utilized a hydrogel group to test our conduit
system against a commonly applied method of nerve regeneration
augmentation (hydrogel lumen filler). In particular, we chose to use a
hydrogel filler derived from decellularized peripheral nerve [43]. This
hydrogel has also been shown to modulate the Schwann response in
nerve regeneration, and we were interested in examining if our cell-
encapsulated conduit would synergistically act with this ECM hydrogel
by theoretically binding to ECM components within the hydrogel and
enhancing neurotrophic factor efficacy.

At 16 weeks post-surgery, the wall-encapsulated cell group (cell)
and combination of wall-encapsulated cells with hydrogel (combo) both
presented with significantly higher sciatic functional index (SFI) when
compared to control (p < 0.001) (Fig. 6C). In addition, the cell group
also significantly increased SFI compared to the no-cell with hydrogel
filler group (hydrogel) (p < 0.05). The hydrogel versus control and
combo versus hydrogel comparisons were both at the border of sig-
nificance (p=0.0627 and p= 0.0505, respectively). These results de-
monstrate that the presence of wall-encapsulated cells greatly enhanced
functional outcomes.

Lastly, axon myelination at 16 weeks was also assessed to correlate
with functional outcomes (Fig. 7). MSCs have previously been shown to
increase myelination when applied in nerve conduits [12]. Fig. 7A
depicts representative images of neurofilament, myelin, and DAPI
staining while Fig. 7B displays the same images with only the myelin
channel for better visualization. The conduit was examined both at the
center of the conduit, as well as at approximately 2mm from the distal
end of the transected nerve, given the known distal end of the nerve
location of Wallerian degeneration. The cell group was seen to possess
thicker axon myelination compared to control (p < 0.05)(Fig. 7C and
D). The hydrogel group also exhibited increased myelination compared
to control (p < 0.05)(Fig. 7C and D). The hydrogel group displayed a
significantly higher percentage of myelinated axons compared to con-
trol (p < 0.05)(Fig. 7E). The cell and combo group both had higher
average myelination than control, but failed to reach statistical sig-
nificance, likely due to lack of power (p=0.1361 and p=0.0896,
respectively)(Fig. 7E). Overall, nerve conduits with wall-encapsulated
cells were observed to significantly enhance functional return and axon
myelination in rats 16 weeks post-repair.

4. Discussion

In this study, we have examined the effect of nerve conduits har-
nessing cell-secreted neurotrophic gradients on the regenerative re-
sponse of peripheral nerves. To achieve this, a versatile conduit fabri-
cation method capable of incorporating cells in a spatially controlled
manner was designed and its biological and physical characteristics
were assessed in vitro for potential application in vivo. Using a 1 cm
sciatic nerve transection model in rats, implants with cells wall-en-
capsulated along the central third of the conduit length were seen to
direct a stronger migration of Schwann cells into the center of the
conduit compared to their counterparts consisting of lumen-injected
cells. This effect resulted in complete bridging of the conduit at 6 weeks
by Schwann cells, and a significantly higher area of Schwann cell lo-
calization in the center of the conduit compared to both cell-free con-
duits and conduits with lumen-injected cells. At 16 weeks, rats with
these wall-encapsulated cellular conduits presented with significantly
increased sciatic functional index and axon myelination over controls.
Taken together, these results strongly suggest that the use of spatially

Fig. 4. Cells are retained longer in vivo with wall-encapsulation compared to lumen injection. (A) Representative images of DiI labeled cells in conduits at 6
weeks. Red channel is DiI label while green is scaffold autofluorescence. (B) Total DiI-labeled cell intensity (A.U., arbitrary units) at 6 weeks for wall-encapsulated
versus lumen injected cell groups, showing trends within groups. (C) Total DiI-labeled cell intensity across 6 weeks comparing between groups at each week. *,
p < 0.05; **, p < 0.005. Scale bar: 5 mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this
article.)
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controlled cell seeding to produce neurotrophic gradients presents a
potentially powerful strategy for cell application in improving periph-
eral nerve regeneration.

Cell incorporation within conduits has been accomplished through a
variety of methods [12], but none thus far have allowed for the im-
mediate and controlled incorporation described here (Fig. 1). While
electrospun nanofibers have been utilized as conduits with beneficial
outcomes, techniques to incorporate cells within these fibers during
fabrication are lacking. This is likely due to the fact that nanofibers do
not accommodate compressive stress, which makes a cell-friendly fab-
rication more difficult as thicker conduit walls must be obtained
through longer spinning times to avoid conduit collapse in vivo. One
way around the poor compressive properties is the use of multiple
layers of nanofibers to improve conduit stability, as has been described
in various studies [11,15,50–52]. However, simply increasing the
number of layers and “sandwiching” cells between them is still not
suitable for cell seeding because delamination of the layers occurs [45].
The key to the technique described here is in the use of the sacrificial
GelMA fiber, which dissolves upon addition of an aqueous solution and
allows the solution to permeate between remaining fibers. In this way,
after solidifying the aqueous gel component by photocrosslinking, all
layers are tightly bonded together and resist delamination. This leads to
the cell morphologies and the concentric arrangement of cells observed

in the final conduit (Fig. 2). In addition, the gel component grants
elasticity to the overall structure, which is lacking in a purely nanofi-
brous construct (Fig. 1E).

This fabrication strategy was shown to significantly increase DRG
neurite extension in vitro (Fig. 3). We hypothesize that the increase in
length is attributable to paracrine neurotrophic factor secretion as
physical contact between the seeded cells and the DRG is lacking. Our
results correlate well with reported observations of increased growth
using conditioned medium derived from similar cells [23]. Further
support is that VEGF and BDNF, two growth factors produced at high
levels by these cell types, have been shown to significantly aid axonal
extension [19–23]. In addition, there have been many descriptions of
neurotrophic factors in the MSC secretome that enhance nerve growth
[12,53]. Thus, our observations are in accordance with previous find-
ings, and strongly suggest that wall-encapsulated cells exert their effects
through neurotrophic factor secretion rather than other processes such
as transdifferentiation [54].

Testing this cell encapsulation system against the standard cell in-
jection method, we found that cells were retained effectively with en-
capsulation for up to 4 weeks (Fig. 4). We hypothesize that the sudden
drop from 4 to 6 weeks is due to loss of the bulk of the GelMA com-
ponent (Fig. S4), allowing cells to migrate out of the walls of the con-
duit. On the other hand, the number of cells introduced by injection

Fig. 5. Conduits with centrally located wall-encapsulated ASCs drive directional Schwann cell migration. (A) Schematic of locations sectioned along ex-
planted nerve conduits (4 mm out from the center proximally and distally) from 1 cm rat sciatic nerve transection model. Scale bar: 1mm. (B,C) Representative
micrographs depicting localization of Schwann cells (green) and DiI-labeled (red) wall-encapsulated or lumen-injected ASCs, respectively. Scale bar: 500 μm. (D,E)
ASC spatial distribution along the length of explanted conduits in wall-encapsulation versus lumen injection at 4 weeks. Wall-encapsulated ASCs fit a Gaussian
distribution while lumen-injected ASCs fit a quadratic distribution. (F,G) Schwann cell localization and distribution along the length of the explanted conduit at two
weeks and four weeks, respectively. Schwann cells possess a stronger inward migration at two weeks in wall-encapsulation group, and by four weeks resemble a
single peaked distribution near the center of the conduit, as opposed to those in the lumen injection group, which possesses no clear distribution pattern. #,
p < 0.005 between distributions (Gaussian, fit probability= 84.74% and r2= 0.4463; Quadratic, fit probability= 91.17% and r2= 0.3280). &, p < 0.05 between
distributions. N=3 per group per timepoint. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this
article.)
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decreased steadily over the course of 6 weeks, which agrees with pre-
vious observations that live injected cells are largely absent in the
conduit site [55]. Utilizing cells located in the walls along only the
central third of the conduit, we sought to create a biomolecular gra-
dient [33] of cell-secreted NTFs with the highest concentration in the
center that decreased towards the ends of the conduit due to diffusion

of NTFs (Fig. 5). This method of cell seeding led to a Gaussian dis-
tribution pattern instead of the quadratic distribution pattern observed
with cell injection (Fig. 5D and E). Note: we recognize that we cannot
be certain that DiI label is not being detected in phagocytosing cells,
which is a limitation of this study and could potentially obscure the
intensity measurements for MSCs. Interestingly, we found that this

Fig. 6. Conduits with centrally located wall-en-
capsulated ASCs improve functional return. (A) Image of
Schwann cells bridging the nerve conduit with wall-en-
capsulated ASCs at 6 weeks in a rat 1 cm sciatic nerve
transection model. Bar: 1 mm. (B) Schwann cell-positive
area in cross-section of center of conduits in cell-free con-
trol, and wall-encapsulated and lumen injected cell groups.
(C) Sciatic functional index at 16 weeks for cell-free control
(control), nerve conduits with ECM hydrogel lumen filler
(hydrogel), nerve conduit with wall-encapsulated cells
(cell), or nerve conduit with wall-encapsulated cells plus
ECM hydrogel lumen filler groups (combo). *, p < 0.05,
and ***, p < 0.001, compared to Control. N = 3 per group
figure B. N = 3–5 per group figure C (full flexion con-
tractures were unable to be measured in the groups).

Fig. 7. Conduits with centrally located wall-encapsulated ASCs improve axon myelination. (A) Representative images of nuclear, axon, and myelin staining at
distal end of conduit for cell-free control (control), nerve conduit with ECM hydrogel lumen filler (hydrogel), nerve conduit with wall-encapsulated cells (cell), or
nerve conduit with wall-encapsulated cells plus ECM hydrogel lumen filler groups (combo). Green, NF-160; red, Fluoromyelin; and blue, DAPI. (B) Myelin staining
isolated from images in A for better visualization. (C) Myelin width at center of conduit. (D) Myelin width at distal end of conduit. (E) Percent myelinated axons in
distal end of conduit. *, p < 0.05, compared to Control. Scale bar: 15 μm. N = 3 per group. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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localization of cells and the associated, theoretical biomolecular gra-
dient was sufficient to drive Schwann cells into the center of the re-
generating nerve bridge as early as 2 weeks (Fig. 5F). Studies utilizing
carefully constructed growth factor gradients have also reported either
increased axonal extension or increased Schwann cell migration, sup-
porting our hypothesis that cell localization is capable of creating a cell-
secreted neurotrophic factor gradient [25–29,32]. By 6 weeks, full
bridging of the conduit with Schwann cells is observed (Fig. 6A), with
significantly higher Schwann cell-positive area in encapsulation versus
injection and non-cell seeded controls (Fig. 6B). Surprisingly, implanted
ASCs were found to be negative for BDNF, and uninduced ASCs are not
known to produce conventional Schwann chemotactic factors like
GDNF in appreciable quantity [26,35]. Our observations, however, can
be reconciled by the finding that TGF-β, which our implanted ASCs
secrete (Fig. S9C), drives Schwann cells into the regenerating nerve
bridge during the nerve repair process [24].

At week 16, conduits with wall-encapsulated cells displayed en-
hanced functional return and axon myelination even in the absence of a
lumen filler (Figs. 6C and 7). This increase in myelination is in ac-
cordance with observations that injected or seeded MSCs promote axon
myelination [12]. As reference, the myelin width of healthy nerve
controls in Sprague Dawley and Lewis rats have been reported with
some variability between 0.2 and 3.4 μm, with means from 1.46 μm
[56] to 1.65 (± 0.04) μm [57]. It is noteworthy that the presence of a
hydrogel lumen filler derived from decellularized peripheral nerve did
not synergistically add to the capabilities of the cellular conduit. We
hypothesize that this is because the hydrogel and cells both act through
neurotrophic factor enhancement of nerve regeneration, such that the
cell-secretome induced migration of Schwann cells is not further aug-
mented by the NTFs found in the hydrogel (Note: The hydrogel was
semi-solid in nature, and was thus unlikely acting as a ready medium
for migrating cells).

Among the findings in this study, one aspect we find particularly
interesting is the differing Schwann cell distributions at 2 and 4 weeks
between wall-encapsulated and injected cells (Fig. 5F and G). Despite
the lack of a lumen filler, at both 2 and 4 weeks Schwann cells seem to
be making their way to the center of the conduit in the wall-en-
capsulated groups. However, the distribution of Schwann cells in cell
injection groups at 4 weeks shows no clear pattern and seems to be
almost random in distribution, with the majority at least 2 mm away
from the center. The sudden increase in Schwann density over the
course of 2 weeks hints that although seeded-cells can provide direc-
tionality to migrating Schwann cells, the limiting factor in this lumen
filler-free conduit may be the formation of the fibrin network for the
Schwann cells to migrate through [9]. Future studies will assess the
capabilities of the wall-encapsulated cellular scaffold with an aligned
porous lumen filler to take advantage of the early Schwann cell mi-
gration towards the center of the conduit.

We have also shown here that a cell-seeded conduit using poly-
caprolactone and GelMA can be effective in enhancing the nerve re-
generative response. However, this conduit fabrication method is not
limited to these particular materials or cells. It is highly versatile, as
different nanofibers can be incorporated and different photo-poly-
merizable aqueous gels can be applied during fabrication as long as a
sacrificial nanofiber is present in the composite nanofiber scaffold. This
method can be used to modulate various attributes, such as increased
permissibility for Schwann cell attachment and migration (i.e. silk fi-
broin fibers [58]), inclusion of growth factors or microparticles within
the gel component for controlled factor release, or incorporation of
slower degrading hydrogel component to enhance cell retention.

Lastly, a discussion of the limitations of this study is warranted. The
major limitation in our study is the lack of the gold standard autograft
group – without it we cannot comment on the merit of this technique
compared to the gold standard, only against cell injection methods.
Related to this, with the limitation in number of animals we had, we
were unable to include cell injection control conduits for 16-week

functional assays and instead chose to demonstrate its efficacy given
our 6-week results demonstrating stronger Schwann response in wall-
encapsulated groups. Both of these avenues will be explored in future
studies. Another limitation in our studies involves the neurotrophic
gradients and the identity of cells that contribute to it. In this study we
did not verify for certain that neurotrophic gradients were found in vivo;
these gradients were based on theory. Along with this, a thorough
characterization of the state of implanted ASCs in vivo was not carried
out after explantation, nor were infiltrating cells characterized – all
points we look to fully address in future studies. Finally, the cells we
used here were rat ASCs, whose secretome differs from that of human
MSCs, which makes these results difficult to generally apply to use with
human MSCs. However, based on our observations in Fig. S9C that they
do not secrete certain neurotrophic factors like BDNF that humans
MSCs do, we are inclined to believe that there is the potential for
human MSCs to have an even greater effect than the one we see in this
study.

In designing this conduit fabrication strategy, we sought to harness
the neurotrophic capabilities of MSCs by introducing increased control
to the process of cell seeding with a versatile conduit fabrication
method. Our results demonstrate the efficacy of this method, and we
hypothesize that these MSCs enhance regeneration through paracrine
factor secretion rather than transdifferentiation. Overall, this method
presents a new approach for studying and maximizing the potential of
cell application in peripheral nerve repair.
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