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Summary

Background—When direct nerve coaptation is impossible after peripheral nerve injury,
autografts, processed allografts, or conduits are used to bridge the nerve gap. The purpose of this
study was to examine if human adipose-derived Mesenchymal Stromal/Stem Cells (MSCs) could
be introduced to commercially available nerve graft substitutes and to determine cell distribution
and the seeding efficiency of a dynamic seeding strategy.

Methods—MTS assays examined the viability of human MSCs after introduction to the
Avance® Nerve Graft and the NeuraGen® Nerve Guide. MSCs were dynamically seeded on nerve
substitutes for either 6, 12, or 24 h. Cell counts, live/dead stains, Hoechst stains, and Scanning
Electron Microscopy (SEM) revealed the seeding efficiency and the distribution of MSCs after
seeding.

Results—The viability of MSCs was not affected by nerve substitutes. Dynamic seeding led to
uniformly distributed MSCs over the surface of both nerve substitutes and revealed MSCs on the
inner surface of the NeuraGen® Nerve Guides. The maximal seeding efficiency of NeuraGen®
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Nerve Guides (94%), obtained after 12 h was significantly higher than that of Avance® Nerve
Grafts (66%) (p=0.010).

Conclusion—Human MSCs can be dynamically seeded on Avance® Nerve Grafts and
NeuraGen® Nerve Guides. The optimal seeding duration was 12 h. MSCs were distributed in a
uniform fashion on exposed surfaces. This study demonstrates that human MSCs can be
effectively and efficiently seeded onto commercially available nerve autograft substitutes in a
timely fashion and sets the stage for the clinical application of MSC-seeded nerve graft substitutes
clinically.
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INTRODUCTION

Peripheral nerve discontinuities that cannot be restored by direct end-to-end coaptation of
nerve ends remain a clinical challenge. Despite many efforts to find an equivalent
replacement, the autologous nerve graft, which results in donor site morbidity, remains the
gold standard in peripheral nerve reconstruction. To minimize donor site morbidity, increase
the number of reconstructive options and improve the outcomes of peripheral nerve repair,
further improvement of the commercially available “off-the-shelf” nerve graft substitutes is
essential.

Two commercially available nerve autograft substitutes are the NeuraGen® Nerve Guide
(approved by the Food and Drug Administration in 2001) and the Avance® Nerve Graft
(approved by the FDA in 2007). The NeuraGen® Nerve Guide is an artificial bioabsorbable
hollow conduit made of purified bovine type | collagen. It has demonstrated effective nerve
regeneration in a small diameter, short (<3 cm) sensory nerve defects, but evidence for its
effective use in sensory nerve defects of longer size and/or larger diameter, or in motor nerve
defects, remains scarce and inconsistent. (1-3)

The Avance® Nerve Graft is a decellularized human nerve allograft that has been processed
to remove cellular debris. This process includes decellularization with chondroitinase and
gamma irradiation, leading to a natural human product with a remaining ultrastructure that
does not necessitate the use of immunosuppression. While clinical outcomes have been
mostly with case reports and series (1, 4-6), there has been a lack of prospective clinical
trials and valid comparisons to autografts. Their application in large motor-nerve defects
remains controversial. (1, 4, 7, 8)

The hypothesis that the addition of cells that improve growth factors at the nerve
regeneration site could result in enhanced nerve regeneration has been confirmed by studies
reporting a synergistic effect of mesenchymal stromal/stem cells (MSCs) added to a nerve
conduit, leading to improved functional outcomes in various types of nerve gaps. (9-14)
Similarly, the enhancing effect of added MSCs or Schwann cells to processed nerve
allografts has also been demonstrated on a gene expression and functional outcome level.
(15-20)
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A variety of nonvalidated delivery methods have been reported. Microinjection has been
extensively described to deliver the MSCs. Acute microinjection is known to be traumatic to
MSCs even though cells remain metabolically active. (21) Microinjection also damages the
ultrastructure of the allograft and when placed in the center of a hollow conduit, leakage
occurs, which may alter the effective dose of MSCs in an unpredictable manner. (22-27)
Dynamic seeding is a novel, recently described delivery method that successfully adheres
MSCs in a uniform matter on the surface of processed nerve grafts. (27, 28)

Application and validation of this dynamic seeding strategy when applied to commercially
available products like the Avance® Nerve Graft and the NeuraGen® Nerve Guide could
enhance the clinical applicability of the described method and would enable a valid
comparison of the two products and their capability to enhance nerve regeneration when
supported by MSCs.

To determine the clinical potential of dynamic seeding of MSCs, this study was designed to
examine the interaction between MSCs and two commercially available nerve graft
substitutes; the Avance® Nerve Graft and the NeuraGen® Nerve Guide. The purpose of this
study was to determine (1) if the interaction of human adipose-derived MSCs with the
NeuraGen® Nerve Guide and the Avance® Nerve Graft influences cell viability, (I1) if
human adipose-derived MSCs can be dynamically seeded and distributed uniformly onto
these nerve substitutes, and (111) if dynamic seeding and optimized timing improves the
efficiency of MSC seeding.

METHODS

General design

Two experiments were designed to ascertain the interaction of the nerve graft substitutes
with human adipose-derived MSCs and to determine the optimal seeding times,
survivability, and the distribution of MSCs.

Adipose-Derived Mesenchymal Stem Cell Collection and Preparation

Passage five human MSCs, isolated from abdominal lipoaspirates of a male donor were used
in this experiment. Cells were provided by the Mayo Clinical Human Cellular Therapy
Laboratory (Rochester, Minnesota, USA). These MSCs have been tested extensively for
multilineage potential, cell surface markers (CD73, CD90, CD105, CD44, CD14, and
CD45), and RNA-sequence transcriptome profiles previously. (23-25) For MSC culture,
growth media consisting of a-MEM (Advanced MEM (1x); Gibco by Life TechnologiesTM,
Cat #12492013), 5% platelet lysate (PLTMax®; Mill Creek Life Sciences), 1% penicillin/
streptomycin (Penicillin-Streptomycin (10.000 U/mL); Gibco by Life TechnologiesTM Cat
#15140148), 1% GlutaMAX (GlutaMAXTM Supplement 100X; Gibco by Life
Technologies, Cat #35050061) and 0.2% heparin (Heparin Sodium Injection, USP, 1.000
USP units per mL; NOVAPLUS®) was used and media was changed every 72 h. (29-31)
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Experimental Design and Measurement of Mesenchymal Stem Cell Viability

To test whether the chemical products used during processing of the Avance® Nerve Graft
and the NeuraGen® Nerve Guide are harmful to MSCs, cell metabolic activity was
measured using (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium) (MTS) assays that were performed according to the
manufacturer’s protocol (Cell Titer 96® AQueous One Solution Cell Proliferation Assay,
Promega®). Twenty-four 2 mm segments of the Avance® Nerve Graft and the NeuraGen®
Nerve Guide were soaked in a-MEM for 2 h prior to the MTS assay. The soaked nerve
substitute segments and 5,000 MSCs dissolved in 100 puL growth medium were placed into
wells, which were coated with pHEMA (Poly 2-hydroxyethyl methacrylate; Sigma Cat #
P3932) to prevent the migration of MSCs to the plastic well. Any influence of the pHEMA
coating on cell viability was eliminated by measuring the viability of two extra groups
(MSCs + Avance® Nerve Graft and MSCs + NeuraGen® Nerve Guide) at each time point.
After 1, 2, 3, and 7 days of incubation at 37°C, the metabolic activity of three samples of
each group were measured with the Infinite® 200 Pro TECAN Reader (Tecan Trading AG,
Switzerland) at an absorbance wavelength of 490 nm. The metabolic activity of group |
(PHEMA + MSCs + Avance® Nerve Graft) and group Il (p(HEMA + MSCs + NeuraGen®
Nerve Guide) were expressed as a ratio of the metabolic activity of the control group
(PHEMA + MSCs) and compared to each other.

Experimental Design and Measurement of Cell distribution, Migration, and Seeding
Efficiency

In total, 20 Avance® Nerve Grafts and 20 NeuraGen® Nerve Guides of 10 mm in length
were used in this experiment.

Eighteen samples per group were dynamically seeded according to the dynamic seeding
strategy described by Rbia and colleagues. (27) Prior to seeding, all nerve substitute
segments were soaked in a-MEM for 2 h as an equilibration step to restore the salt balance.
Conical tubes containing nerve samples and one million MSCs per nerve sample in growth
medium were rotated in a bioreactor placed in an incubator (37°C) for 6, 12, and 24 h (n=6
per group per seeding duration).

The viability of adherent MSCs was evaluated by live/dead Cell Viability Assays
(Invitrogen, Life Technologies Corporation, NY, USA) after each of the different seeding
durations. Hoechst staining was performed according to standard protocols (Hoechst stain
solution; Sigma-Aldrich Corp., MO, USA) on the surface of the nerve substitutes to show
the distribution and migration of cells after dynamic seeding. Both Live/Dead and Hoechst
stains were performed on three samples per group per seeding duration and were visualized
directly after seeding with a confocal microscope (Zeiss LSM 780 confocal microscope).

To study cell distribution, Scanning Electron Microscopy (SEM) (n=3 per group per seeding
duration) was performed. Samples were fixed in 2% Trump’s fixative solution (37%
formaldehyde and 25% glutaraldehyde) directly after seeding. After 24 h, samples were
washed with phosphate buffer, rinsed in water, processed through graded series of ethanol
(final 100% ethanol), critical point dried with carbon and mounted on an aluminum stub.
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After sputter-coating for 60 s using gold-palladium, sample images were taken with a
Hitachi S-4700 cold field emission SEM (Hitachi High Technologies America, Inc., IL,
USA) at 5 kV accelerating voltage. After obtaining images of the graft surface, samples
were cut longitudinally and imaged to reveal cell distribution on the inside of nerve
substitutes.

To reinforce the SEM findings, two extra 10 mm samples per group were seeded with 1
million MSCs according to the estimated optimal seeding duration, fixed in 10% formalin
and processed and embedded in paraffin. Three sections of 5 uM of the proximal and mid-
nerve substitutes were taken and Hoechst stained to evaluate for cells that migrated inside
the nerve substitute (i.e., within the nerve allograft or nerve conduit material itself). The
cells were visualized with a confocal microscope (Zeiss LSM 780 confocal microscope;
Zeiss, Germany).

To quantify seeding efficiency, cell counts of the cell supernatant after the rotation duration
was completed, provided the number of MSCs that remained free floating in the media. This
indirectly led to the number and percentages of MSCs that were attached to the nerve
sample, in this manuscript expressed as seeding efficiency. (32)

In addition to cell counts in the supernatant, seeding efficiency of MSCs after the various
seeding durations was further evaluated by Hoechst fluorescence staining of the seeded
nerve substitutes using the Infinite® 200 Pro TECAN Reader (Tecan Trading AG,
Switzerland) at an absorbance wavelength of 340/458 nm.

Statistical analysis

Cell counts were performed in triplicate per sample and are expressed as the mean
percentage + standard deviation. The different measurements were analyzed using a two-
way ANOVA. When ANOVA indicated a significant interaction, both within and between
group comparisons were analyzed with the Kruskal-Wallis test, followed by pairwise
comparisons using Wilcoxon rank-sum tests with Bonferroni correction. Significance was
set at a<0.05.

RESULTS

Cell Viability upon interaction of MSCs with Nerve Graft Substitute:

Analysis revealed no significant effect on cell viability of the pHEMA coating that was used
in this experiment. The viability of MSCs when in the presence of Avance® Nerve Graft or
the NeuraGen® Nerve Guide, expressed as a ratio of the viability of MSCs without either of
the nerve substitutes in figure 1, was not affected by the presence of both nerve substitutes
indicating that there was no detrimental interaction of the manufacturing process to MSCs.
There were no significant differences in cell viability between and within the two groups
over time as well (p=0.450).

Cell distribution, migration, and seeding efficiency of MSCs on Nerve Graft Substitute

Live/dead staining and nuclear staining using Hoechst dye revealed a uniform distribution of
viable MSCs over the entire surface of both nerve substitutes after all seeding durations.
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Figures 2 and 3 demonstrate example images after 12 h of seeding of live/dead staining and
Hoechst staining, respectively. Hoechst fluorescent measurements demonstrated increased
fluorescence as seeding duration time increases (Figure 4) (p=0.001), but there were no
significant differences in Hoechst fluorescence between groups.

Despite the different compositions of the surfaces of the Avance® Nerve Graft and the
NeuraGen® Nerve Guide, SEM images revealed a similar distribution of cells among their
surface (Figure 5). Manual quantification could not be carried out reliably due to cell
aggregation, but the assessment of samples showed a marked increase in the cell coverage of
both nerve substitutes between 6 and 12 h of seeding. Between 12 and 24 h of dynamic
seeding, there were no appreciable differences in cell coverage. The morphology of cells did
not change over time. SEM images of longitudinally cut segments of the Avance® Nerve
Graft did not show any MSCs in the inner ultrastructure of the graft after 6, 12, and 24 h of
seeding (Figure 6, left side). MSCs were present throughout the inner surface of the
NeuraGen® Nerve Guides after 6, 12, and 24 h, although the coverage of MSCs was clearly
less than on the outside of the Nerve Guide (Figure 6, right side). Additionally, the MSC did
not migrate into the substrate of the NeuraGen® Nerve Guides.

These findings were confirmed by Hoechst staining of cross-sectional images of both groups
that revealed no staining of nuclei in cells inside of the Avance® Nerve Grafts but detectable
nuclear staining of cells within the NeuraGen® Nerve Guides (Figure 7).

Seeding efficiency

With the Avance® Nerve Graft, a seeding efficiency of 18.23% (x 28.12) was obtained after
6 h, reaching a maximum of 66.46% (+ 16.01) after 12 h that was sustained at 59.90% (+
28.81) after 24 h of dynamic seeding. With the NeuraGen® Nerve Guide, the seeding
efficiency increased from 52.08% (+ 14.81) after 6 h to 94.17% (£ 4.03) after 12 h but
decreased to 52.50% (+ 19.27) after 24 h.

Two-way ANOVA showed a significant interaction between seeding duration, the different
groups, and the seeding efficiency (p=0.004). Kruskal-Wallis analysis of within-group
differences for the Avance® Nerve Grafts was significant (p=0.007). Pairwise comparisons
showed that the increase in seeding efficiency between the first (6 h) and second (12 h) time
points was statistically significant (p=0.006), but that the decrease between the second (12 h)
and third (24 h) time points was not (p=0.589). The Kruskal-Wallis analysis of within-group
differences of the NeuraGen® Nerve Guide showed a significant interaction (p=0.024).
Pairwise comparisons revealed a significant increase in seeding efficiency between time
points 1 and 2 (p=0.029) and a significant decrease between time points 2 and 3 (P=0.029).
Seeding efficiencies obtained with the NeuraGen® Nerve Guide were significantly higher
than the seeding efficiencies obtained with the Avance® Nerve Graft after 12 h of seeding
(p=0.010). No significant differences were found at time point 1 (p=0.055) and time point 3
(p=0.522). The seeding efficiency over time for both groups is depicted in Figure 8.
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DISCUSSION

We examined the clinical potential of dynamic seeding of MSCs onto commercially
available nerve graft substitutes by testing whether (I) the NeuraGen® Nerve Guide and the
Avance® Nerve Graft affect the viability of human MSCs, (1) human MSCs can be
dynamically seeded and distributed uniformly onto these nerve substitutes, and (I11) dynamic
seeding and optimized timing improve the efficiency of MSC seeding.

MTS assays demonstrated that both the Avance® Nerve Graft and the NeuraGen® Nerve
Guide did not affect the metabolic activity or survivability of human adipose-derived MSCs.
The human MSCs were able to adhere in a uniform manner of the surfaces of both nerve
substitutes, with an optimal dynamic seeding duration of 12 h. The significantly better
seeding efficiency of NeuraGen® Nerve Guides after 12 h of seeding is most likely due to
their hollow conduit configuration, enabling MSCs to adhere to the outer and inner surfaces
of the conduit. The MSCs did not migrate inside the Avance® Nerve Graft or into the
substrate of the NeuraGen® Nerve Guides. It is hypothesized that the decrease in seeding
efficiency after 12 h of dynamic seeding is related to cell damage due to the rotational forces
of the seeding process, leading to a decreased ability of cells to adhere to the surfaces of the
nerve substitutes.

The concept that MSCs inside a nerve substitute support the regeneration of axons is
relevant for the applicability of the dynamic seeding strategy. MSCs used in peripheral nerve
repair potentially differentiate into Schwann cells in vivo, and may have a structural function
by replacing injured tissue. However, studies supporting that MSCs need to be delivered
inside nerve substitutes are limited and most papers show that only a fraction of the added
MSC:s are differentiated into actual Schwann cells and survive in the long term.(33, 34)
Other studies reported trophic effects of MSCs, producing proteins and molecules that
stimulate tissue regeneration, form extracellular matrix components, enhance angiogenesis,
inhibit scar formation, and attenuate inflammation without the MSCs actually being
physically integrated into the regenerating tissue. (35-39) The robust expression of secreted
proteins, including growth factors and morphogens by MSCs, when introduced to injured
tissues supports the concept that MSCs may be more effective as tissue repair catalysts
rather than architectural participants. (40, 41)

The trophic concept forms the basis for the proposed delivery method of MSCs. Considering
the shown mismatch in size between the axon fascicules and the MSCs (Figure 6), the
delivery of MSCs inside a graft may block the ingrowth of regenerating axons. As MSCs do
not need to be delivered inside the nerve graft to produce growth factors and cytokines that
support nerve regeneration, it is preferred that MSCs are added in a simple, efficient and
systematic manner that is nontraumatic and avoids damage to the nerve substitute. In
contrast to microinjection and soaking methods, the dynamic seeding strategy of Rbia and
colleagues meets these requirements. (22, 26-28) This strategy has demonstrated to enhance
the neuroregenerative gene expression in the MSCs (19, 20) and revealed an in vivo survival
of the MSCs up to 29 days. (42) The absence of MSCs on the inner surface of the Avance®
Nerve Graft, therefore does not implicate that this combination by definition results in less
nerve regeneration enhancement of the combination of MSCs and the NeuraGen® Nerve
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Guide. In vivo studies using the described techniques should indicate whether MSC-seeding
location (inner or outer surface) has implications for their effect on nerve regeneration.

Seeding efficiency was indirectly determined by cell counts in the supernatant after the
seeding duration time passed. Although multiple cell counts were performed with small
standard errors and subjective assessment of the obtained live/dead and Hoechst images
imply high seeding efficiencies, seeding efficiency could theoretically be overestimated by
this indirect strategy, as MSCs might have attached to the conical tube or have clumped
together. (32) Group sizes were limited due to the costs associated with the use of various
products. Another limitation is that we did not test our chimeric cell/graft models yet in
animal models.

Despite the limitations, this study is a preliminary but essential step toward considering the
use of dynamic seeding in a clinical setting. This study clearly demonstrates that MSCs can
be seeded on the Avance® Nerve Graft and the NeuraGen® Nerve Guide. MSCs more
efficiently adhered to the inner and outer surface of the NeuraGen® Nerve Guide than to the
Avance® Nerve Graft, MSCs are evenly distributed on the surface and do not migrate into
the nerve or substrate.

CONCLUSION

The NeuraGen® Nerve Guide and the Avance® Nerve Graft do not negatively influence the
viability of human MSCs. After 12 h of dynamic seeding, 66% (Avance) to 94% (NeuraGen)
of the administered dose of MSCs adhered to the nerve substitutes, with a statistically
significant higher efficiency for the NeuraGen Nerve Guide. The vast majority of adhered
MSCs survived and were distributed in a uniform manner among the surface of both nerve
substitutes and did not migrate into the nerve or collagen material. Future human or animal
studies will permit the determination of effects of MSCs seeded on nerve graft substitutes on
motor regeneration or sensory reinnervation in large nerve deficits.
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Figure 1.
Cell viability over time of MSCs when combined with the Avance® Nerve Graft and the

NeuraGen® Nerve Guide (n=3 per group per time point). Viability of MSCs in the presence
of the Avance® Nerve Graft and the NeuraGen® Nerve Guide is expressed as a ratio of the
viability of MSCs without any of the nerve substitutes. pHEMA coating was used in all
groups presented in this figure. There were no significant differences between and within
groups in 7 days of follow-up. Error bars: SEM. SEM = standard error of the mean
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Figure 2.
Live/Dead stains of a seeded Avance® Nerve Graft (A) and a seeded NeuraGen® Nerve

Guide (B) after 12 h of seeding with MSCs, show mainly living cells (green) mixed with
only a few dead cells (red) on the surface of both nerve substitutes.
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Figure 3.
Hoechst-stained Avance® Nerve Graft (A) and NeuraGen® Nerve Guide (B) after 12 h of

dynamic seeding with MSCs show a uniform distribution of cell nuclei among both nerve
substitutes (10X). Cell nuclei are displayed in bright blue.
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Figure 4.
Hoechst fluorescence intensity of the Avance® Nerve Graft and the NeuraGen® Nerve

Guide when seeding with MSCs according to increasing seeding durations (n=3 per group
per time point). ANOVA analysis did not demonstrate a significant interaction between
seeding duration and Hoechst fluorescence (p=0.001) when merging groups, but within
groups analysis did not demonstrate any significant increases between time points (p>0.221
for the Avance® Nerve Grafts and p>0.083 for the NeuraGen® Nerve Guides).
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Figure 5.
Scanning electron microscopy images showing the cell coverage of the Avance® Nerve

Graft (A and C) and the NeuraGen® Nerve Guide (B and D) after being dynamically seeded
with human MSCs for 12 h. Images A and B display overview images with 150X
magnification. Images C and D display the areas that are encircled in red in images A and B,
500X magnification. Shown is a uniform distribution of partly aggregating MSCs on the
porous surface of both nerve substitutes. Examples of cell contours are displayed in red in C
and D.
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Figure 6.
Cross-sectional scanning electron microscopy images of the Avance® Nerve Graft (A and

C) and the NeuraGen® Nerve Guide (B and D) after 12 h of dynamic seeding with human
MSCs. Both nerve substitutes were cut longitudinally. The cross-section of the Avance®
Nerve Graft shows aligned fascicles without the presence of any cells. The cross-section of
the NeuraGen® Nerve Guide demonstrates the smooth inner surface of the hollow conduit,
with MSCs spread out among the entire length of the nerve guide.
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Figure 7.
Hoechst-stained cross-sectional segments of the Avance® Nerve Graft (A) and the

NeuraGen® Nerve Guide (B) after 12 h of dynamic seeding with human MSCs. Cell nuclei,
labeled in bright blue, are displayed among the outer surface of the Avance® Nerve Graft
(left) and on both the inner and outer surface of the NeuraGen® Nerve Guide (right).
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Figure 8.

Seeding efficiencies of the Avance® Nerve Graft and the NeuraGen® Nerve Guide after the
completion of 6, 12, and 24 h of dynamic seeding with human MSCs (n=6 per group per
time point). Both groups obtained an optimal seeding efficiency after 12 h of dynamic
seeding; the Avance® Nerve Graft reached a seeding efficiency of 66.46% (+ 16.01), the
NeuraGen® Nerve Guide reacheda seeding efficiency of 94.17% (% 4.03). Error bars: SEM.
* = significant difference, with a<0.05. SEM = standard error of the mean.
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