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Abstract

It was hypothesized that mesenchymal stem cells (MSCs) could provide necessary trophic
factors when seeded onto the surfaces of commonly used nerve graft substitutes. We aimed
to determine the gene expression of MSCs when influenced by Avance® Nerve Grafts or
NeuraGen® Nerve Guides. Human adipose-derived MSCs were cultured and dynamically
seeded onto 30 Avance® Nerve Grafts and 30 NeuraGen® Nerve Guides for 12 hours. At six
time points after seeding, quantitative polymerase chain reaction analyses were performed
for five samples per group. Neurotrophic [nerve growth factor (NGF), glial cell line-derived
neurotrophic factor (GDNF), pleiotrophin (PTN), growth associated protein 43 (GAP43)

and brain-derived neurotrophic factor (BDNF)], myelination [peripheral myelin protein 22
(PMP22) and myelin protein zero (MPZ)], angiogenic [platelet endothelial cell adhesion
molecule 1 (PECAM1/CD31) and vascular endothelial cell growth factor alpha (VEGFA)],
extracellular matrix (ECM) [collagen type alpha | (COL1A1), collagen type alpha Il (COL3A1),
Fibulin 1 (FBLN1) and laminin subunit beta 2 (LAMB2)] and cell surface marker cluster of
differentiation 96 (CD96) gene expression was quantified. Unseeded Avance® Nerve Grafts
and NeuraGen® Nerve Guides were used to evaluate the baseline gene expression, and
unseeded MSCs provided the baseline gene expression of MSCs. The interaction of MSCs
with the Avance® Nerve Grafts led to a short-term upregulation of neurotrophic (NGF, GDNF
and BDNF), myelination (PMP22 and MPZ) and angiogenic genes (CD31 and VEGFA) and a
long-term upregulation of BDNF, VEGFA and COL1A1. The interaction between MSCs and
the NeuraGen® Nerve Guide led to short term upregulation of neurotrophic (NGF, GDNF
and BDNF) myelination (PMP22 and MPZ), angiogenic (CD31 and VEGFA), ECM (COL1A1) and
cell surface (CD96) genes and long-term upregulation of neurotrophic (GDNF and BDNF),
angiogenic (CD31 and VEGFA), ECM genes (COL1A1, COL3A1, and FBLN1) and cell surface
(CD96) genes. Analysis demonstrated MSCs seeded onto NeuraGen® Nerve Guides expressed
significantly higher levels of neurotrophic (PTN), angiogenic (VEGFA) and ECM (COL3A1,
FBLN1) genes in the long term period compared to MSCs seeded onto Avance® Nerve Grafts.
Overall, the interaction between human MSCs and both nerve graft substitutes resulted

in a significant upregulation of the expression of numerous genes important for nerve
regeneration over time. The in vitro interaction of MSCs with the NeuraGen® Nerve Guide
was more pronounced, particularly in the long term period (> 14 days after seeding). These
results suggest that MSC-seeding has potential to be applied in a clinical setting, which needs
to be confirmed in future in vitro and in vivo research.
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Introduction

Peripheral nerve injuries result in a major social and economic o ) _ _
burden by causing loss of function of target muscles (Landers ~and artificial guides can be used to bridge the gap. While
et al.,, 2018; Hong et al., 2019; Karsy et al., 2019). In order to  resulting in optimal recovery rates, autograft nerve options

restore nerve function when the nerve gap is not suitable for
direct end to end coaptation, (sensory) autografts, allografts
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are limited in diameter and length and associated with donor
side morbidity (IJpma et al., 2006). Avance® Nerve Grafts and
NeuraGen® Nerve Guides are commercially available nerve
substitutes, approved for clinical use and are theoretically
unlimited in supply. If their clinical outcome would be similar
to autografts, these nerve graft substitutes may supplant
autograft nerves.

Sensory nerve gaps (< 2.5 cm) can be effectively restored
by either nerve conduits or processed nerve allografts,
but their application in mixed or motor nerve defects with
greater defect length and larger diameters results in varying
outcomes (Moore et al., 2009; Brooks et al., 2012; Safa et al.,
2019, 2020). In daily clinical practice, processed nerve grafts
are described to only lead to good outcomes in mixed/motor
nerves with maximal gap lengths of 6 mm and diameters
between 3 and 7, but in cases that exceed these dimensions,
autograft nerves remain the gold standard by surpassing
the results of nerve conduits and allografts (Whitlock et al.,
2009; Lin et al., 2013). However, particularly in nerve injuries
with large gaps or multiple nerve injuries (i.e. brachial plexus
injuries), there are often not enough autologous nerve graft
sources to optimally reconstruct the defects (Gordon, 2009).

Seeding of mesenchymal stem cells (MSCs) on nerve graft
substitutes may potentially reduce the outcome differences
between nerve substitutes and nerve autografts. MSCs can
interact with the extracellular matrix (ECM) of the nerve graft
substitute to produce trophic factors necessary for tissue
regeneration that supplement endogenous trophic sources
(Salgado et al., 2010; Cao et al., 2015; Caplan, 2015; Caplan
and Hariri, 2015; Mathot et al., 2019). To benefit from these
trophic properties, dynamic seeding of MSCs is beneficial as it
permits atraumatic introduction of MSCs to the ECM of graft
substitutes prior to implantation while preventing damage to
both the cells and the graft substitutes.

In peripheral nerve injury, a defined process occurs
commencing from Wallerian degeneration to axonal
regeneration and muscle reinnervation. This includes a
nine step process from injury to regeneration: i) response
to stimulus (Schwann cells and neurons change their state
and become activated, 3—7 days), ii) regional inflammation
(macrophage infiltration, 3—7 days), iii) immune response (7
days), iv) cell proliferation (formation of Bunger bands, 3—7
days), v) cell migration (Schwann cell migration, 7-14 days),
vi) axon guidance (7-14 days), vii) myelination (initiated by
Schwann Cells, 14 days), viii) extracellular matrix (7—14 days),
ix) growth factor activity for axonal regeneration (3—14 days)
(Pan et al., 2017).

To determine the exact potential of MSC-seeding in clinical
practice and to understand its mode of action within the
described regeneration process, it is essential to elucidate the
interaction between human MSCs and the ECM of clinically
available nerve substitutes. The purpose of this study was to
examine this interaction by measuring expression of mRNA
biomarkers for myelination, neurotrophic and angiogenic
processes, ECM deposition and immune responses in human
MSCs as a function of time after dynamic seeding onto
Avance® Nerve Grafts and NeuraGen® Nerve Guides.

Materials and Methods

Study design

Human adipose derived MSCs were cultured and seeded onto
30 Avance® Nerve Grafts and 30 NeuraGen® Nerve Guides. At
six time points after seeding, quantitative polymerase chain
reaction (qPCR) analyses were performed (five samples per
group). Five additional unseeded Avance® Nerve Grafts and
five unseeded NeuraGen® Nerve Guides provided the baseline
gene expression of the nerve substitutes; five samples of
unseeded MSCs provided the reference gene expression of
MSCs.

Human MSCs

The Mayo Clinical Human Cellular Therapy laboratory
(Rochester, MN, USA) provided the human MSCs used in this
experiment. These MSCs were obtained from a fat biopsy
from a male donor with approval of local institutional review
boards (IRB #07-008842). They complied with the criteria
defined by the International Society for Cellular Therapy
(Dominici et al., 2006). Multi-lineage potential, presence of
cell surface markers (CD73, CD90, CD105, CD44, CD14, and
CD45) and RNA-sequence transcriptome profiles have all
been tested previously (Dudakovic et al., 2014). MSCs were
cultured in growth media composed of Advanced MEM
(a-MEM, 1x; Gibco by Life TechnologiesTM, Grand Island, NY,
USA, Cat# 12492013), 5% platelet lysate (PLTMax®; Mill Creek
Life Sciences, Rochester, MN, USA), 1% penicillin/streptomycin
(Penicillin-Streptomycin (10.000 U/mL); Gibco by Life
Technologies™ Cat# 15140148), 1% GlutaMAX (GlutaMAX™
Supplement 100x; Gibco by Life Technologies, Cat# 35050061)
and 0.2% heparin (heparin sodium injection, USP, 1.000
USP units per mL, NovaPlus®, Fresenius Kabi, IL, USA). The
MSCs were cultured in an incubator at 37°C (5% CO,), growth
medium was changed every 72 hours and cells were split
at 80% confluence. Passage 5 MSCs were used in this study
(Crespo-Diaz et al., 2011; Mader et al., 2013; Mahmoudifar
and Doran, 2013).

Nerve allografts and guides

Avance® Nerve Grafts are human nerve allografts that
have been decellularized and irradiated to obtain non-
immunogenic, sterile human nerves with remaining
ultrastructure. The NeuraGen® Nerve Guides are composed
of purified bovine type | collagen and are empty conduits that
do not contain any ultrastructure in the central portion of the
guide (Meek and Coert, 2008). Both the Avance® Nerve Graft
and the NeuraGen® Nerve Guide have been approved by the
USA Food and Drug Administration for human clinical use
since 2007 and 2001, respectively.

A total of 35 Avance® Nerve Grafts and 35 NeuraGen® Nerve
Guides of 15 mm in length were voluntarily provided by
Axogen® (AxoGen, Inc., Alachua, FL, USA) and Integra (Integra
LifeSciences Corporation, Princeton, NJ, USA) respectively. Five
samples of each group were used to determine the baseline
gene expression and 30 of each group were used to study the
interaction with MSCs over time.

MSC seeding

To seed MSCs on nerve substitutes in a non-traumatic
manner, a previously described seeding strategy was applied
(Dietz et al., 2017; Rbia et al., 2018). Previous studies have
demonstrated a 66% and 94% seeding efficiency for the
Avance® Nerve Grafts and the NeuraGen® Nerve Guides,
respectively (Mathot et al., 2020b). Prior to seeding, the
Avance® Nerve Grafts and the NeuraGen® Nerve Guides were
soaked in a-MEM to restore the salt balance and to remove
any harmful detergents. The nerve substitutes were placed
in conical tubes containing 1 x 10° MSCs in 10 mL growth
medium. The conical tubes were rotated for 12 consecutive
hours on a bioreactor (Revolver™ Adjustable lab rotator,
Labnet International, Edison, NJ, USA) placed in a 37°C
incubator.

Quantitative PCR analysis

Quantitative PCR analysis was performed on five duplicates
per group before seeding (n = 5 per group, baseline gene
expression) and at six time points: directly after seeding, 1, 3, 7,
14 and 21 days (n = 5 per group per time point) after seeding.
Between seeding and gPCR analysis, the samples were placed
in wells containing growth media. To determine the baseline
gene expression of the MSCs, qPCR analysis was performed on
five samples of MSCs only.
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At each time point, the seeded nerve substitutes were
removed from the wells, placed in Qiazol Lysis Reagent
(Qiagen, Valencia, CA, USA) and frozen at —80°C. The seeded
nerve substitutes were minced with a sterile needle to
ensure the DNA of the MSCs was dissolved in the fluid.
Ribonucleic acid (RNA) extraction took place according to the
manufacturer’s protocol (Direct-zol™ RNA MiniPrep Kit; Zymo
Research, Irvine, CA, USA). RNA concentration was measured
with the NanoDrop™ 2000/2000c Spectrophotometer
(ThermoFisher Scientific, Waltham, MA, USA). Subsequently,
complementary deoxyribonucleic acid (cDNA) was obtained
(SuperScript Ill, Invitrogen, Carlsbad, CA, USA; 3 minutes at
65°C, 90 minutes at 37°C and 5 minutes at 95°C) and diluted
to establish a concentration of 10 ng/uL. The obtained cDNA
was combined with the selected primers (all manufactured
by Sigma-Aldrich, St. Louis, MO, USA, Table 1) and real time-
gPCR master mix (Qiagen, Valencia, CA, USA) and amplified by
real time-gPCR using a thermocycler (Bio-Rad Laboratories,
Inc., Hercules, CA, USA) under the following parameters: 15
minutes at 95°C, followed by 50 cycles of 95°C for 20 seconds,
60°C for 35 seconds and 72°C for 35 seconds. This provided
the mRNA expression levels of the investigated genes.

Analysis of mMRNA biomarkers

In relation to the described Wallerian degeneration and
axon regeneration process, the neurotrophic effects of
the interaction between MSCs and nerve substitutes were
measured by assessing a panel of mRNA biomarkers, including
nerve growth factor (NGF), glial cell line-derived neurotrophic
factor (GDNF), pleiotrophin (PTN), growth associated protein
43 (GAP43) and brain-derived neurotrophic factor (BDNF).
The expression of myelination marker genes peripheral myelin
protein 22 (PMP22) and myelin protein zero (MPZ) were
measured. The angiogenic potential of the seeded MSCs was
measured by the gene expression of platelet endothelial cell
adhesion molecule 1 (PECAM1/CD31) and vascular endothelial
cell growth factor alpha (VEGFA). Establishment of the ECM
was assessed by monitoring expression of collagen type
alpha | (COL1A1), collagen type alpha Ill (COL3A1), Fibulin 1
(FBLN1) and laminin subunit beta 2 (LAMB2). Immunoglobulin
expression was determined by quantification of cluster of
differentiation 96 (CD96), a cell surface marker.

Both glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
and AKT serine/threonine kinase 1 (AKT1) were used
as reference genes. Expression of the AKT1 gene was

Table 1 | mRNA primer sequences

determined to be more stable and considered the most
optimal housekeeping gene based on BestKeeper analysis and
therefore was used as reference gene in the analysis (Pfaffl
et al., 2004). The 27" method was used to calculate the
mMRNA levels which were expressed as a ratio of AKT1 (Livak
and Schmittgen, 2001; Dudakovic et al., 2014; Jesuraj et al.,
2014). Primer sequences for the genes that were analyzed are
displayed in Table 2.

Statistical analysis

The mRNA levels of the seeded MSCs on both nerve
substitutes were expressed as a ratio of the average mRNA
levels of unseeded MSCs (= reference group) which resulted
in a gene expression ratio. Gene expression ratios of MSCs
seeded onto Avance® Nerve Grafts were compared to gene
expression ratios of MSCs seeded onto NeuraGen® Nerve
Guides over time and were analyzed using two-way repeated
measures analysis of variance with post hoc Bonferroni
correction. This analysis provided insight in the effects of the
type of nerve substitute and the time passed after seeding. All
results are expressed as the mean + SEM. A P-value of < 0.05
was considered statistically significant.

Results

Control experiments with nerve substitutes

The presence of RNA was examined in unseeded Avance®
Nerve Grafts (n = 5) and NeuraGen® Nerve Guides (n = 5) and
no RNA was detected.

Neurotrophic gene expression

Gene expressions of five neurotrophic factors (NGF, GDNF,
PTN, GAP43 and BDNF) were measured by gqPCR to assess
whether nerve substitutes can induce neurotrophic factors in
MSCs (Figure 1).

NGF

NGF is endogenously produced by cells like neurons and
Schwann cells and is crucial for neuroplasticity since it
promotes neuron maturation and can induce cell repair
and apoptosis (Aarao et al., 2018; Manni et al., 2013). The
factor time solely had a significant effect on NGF expression
(P < 0.001), while the type of nerve substitute did not (P =
0.228). Directly after seeding, MSCs on Avance® Nerve Grafts
expressed significantly increased levels of NGF compared to
MSCs on NeuraGen® Nerve Guides (5.304 + 0.731 vs. 2.530

Gene ID  Definition Biology Forward primer (5'-3') Reverse primer (5'-3')
NGF Nerve growth factor Neurotrophic marker ATA CAG GCG GAA CCACACTCA G ATA CAG GCG GAA CCACACTCA G
GDNF ]E—ilial cell line-derived neurotrophic  Neurotrophic marker CAC CAG ATA AAC AAATGG CAG TGC  CAC CAG ATA AAC AAA TGG CAG TGC
actor
PTN Pleiotrophin Neurotrophic marker ACT GGA AGT CTG AAG CGA GC CTTCTTCTTAGATTCTGCTTGAGG T
GAP43 Growth associated protein 43 Neurotrophic marker GTC CACTTT CCT CTC TATTTC TGT TCATTC CAT CAC ATT GA
BDNF Brain-derived neurotrophic factor ~ Neurotrophic marker AGA GGCTTG ACATCATTG GCT G CAA AGG CAC TTG ACT ACT GAG CAT C
PMP22  Peripheral myelin protein 22 Myelination marker GTT AAA GGG AAC GCCAGG A AGT TTC TGC AGC CCA AAG GA
MPZ Myelin protein zero Myelination marker GAG GAG GCT CAG TGC TAT GG GCCCGCTAACCG CTATTTCT
VEGFA Vascular endothelial cell growth Angiogenic marker ATC TGC ATG GTG ATG TTG GA GGG CAG AAT CAT CAC GAAG
factor alpha
PECAMY/  Platelet endothelial cell adhesion  Angiogenic marker AAC AGT GTT GAC ATG AAG AGC C AAC AGT GTT GAC ATG AAG AGC C
CD31 molecule 1
COL1A1  Collagen type alpha l Extracellular matrix protein ~ GTA ACA GCG GTG AAC CTG G CCT CGCTTT CCT TCC TCT CC
COL3A1  Collagen type alpha lll Extracellular matrix protein ~ TTG AAG GAG GAT GTT CCCATC T ACA GACACATAT TTG GCATGG TT
FBLN1 Fibulin 1 Extracellular matrix protein ~ AGA GCT GCG AGT ACAGCCT CGA CAT CCA AAT CTC CGG TCT
LAMB2  Laminin beta 2 subunit Extracellular matrix protein ~ ACA CGC AAG CGA GTG TAT GA AAT CAC AGG GCA GGCATT CA
CD96 Cluster of differentiation 96 Cell surface marker/ AGA TTG TGT GAT GAA GGA CAT GG AGA TTG TGT GAT GAA GGA CAT GG
immunoglobulin
AKT1 Threonine kinase 1 Household gene ATG GCG CTG AGATTG TGT CA CCC GGT ACACCACGTTCT TC
GAPDH  Glyceraldehyde-3-phosphate Household gene CCC GGT ACACCACGTTCTTC TGT GGT CAT GAG TCC TTC CA

dehydrogenase
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+0.419, P < 0.001), while MSCs on NeuraGen® Nerve Guides
expressed significantly increased NGF expression ratio 1 day
after seeding (1.226 + 0.187 vs. 3.868 + 1.379, P = 0.002).
During 1-3 days after seeding, the NGF expression of MSCs in
both groups was comparable to the expression in unseeded
MSCs. Thus, NGF expression is transiently elevated in MSCs
seeded onto nerve substitutes shortly after seeding and
subsides over time.

GDNF

GDNF is described to have a crucial role in neuronal migration,
proliferation and synaptogenesis (Yamada et al., 2004;
Paratcha and Ledda, 2008). Enhanced GDNF delivery has
demonstrated to result in earlier regeneration after nerve
crush injuries (Magill et al., 2010) and its expression decreases
coincidentally with the ingrowth of regenerating axons
(Yamada et al., 2004). The GDNF expression ratio of seeded
MSCs was significantly affected by culture duration after
seeding (P < 0.001); the expression slowly diminished over time
with the exception of GDNF expression after 21 days in MSCs
seeded onto Avance® Nerve Grafts. No significant differences
were found in GDNF expression between both groups. The
GDNF expression curves of both groups approximated the
unseeded MSC expression from 1 day onwards.

PTN

PTN expression was measured as it is involved in neurite
outgrowth and synaptogenesis after peripheral nerve injury
(Blondet et al., 2005; Jin et al., 2009). The expression ratio of
PTN was modulated in MSCs by the type of nerve substitute
(P < 0.001) and by the time after seeding (P = 0.001). PTN
expression decreased up to 7 days after seeding for both
groups, after which particularly the PTN expression of MSCs
seeded on NeuraGen® Nerve Guides increased again up to
21 days after seeding. The MSCs on the NeuraGen® Nerve
Guide expressed a significant higher PTN ratio than MSCs
on Avance® Nerve Grafts after 14 (0.590 + 0.151 vs. 0.174
+0.037, P =0.011) and 21 days (0.718 + 0.29 vs. 0.116 +
0.050, P < 0.001). Although the PTN expression of MSCs on
NeuraGen® Nerve Guides approximated the baseline gene
expression of unseeded MSCs after 21 days, measures at all
the other time points demonstrated downregulation of the
baseline expression.

GAP43

GAP43 expression increases after axotomy, eventually leading
to enhanced axon density in regenerating nerve fibers (Ceber
et al., 2015). The GAP43 expression of seeded MSCs was
significantly affected by the time after seeding (P = 0.008)
and the type of nerve substitute (P = 0.046). The GAP43
expression of MSCs on both nerve substitutes increased
over time, of which the expression of MSCs on Avance®
Nerve Grafts most evenly increased over time. There were
no significant differences in GAP43 expression between
both nerve substitutes. All measured expression ratios were
below 1, implicating downregulation of the baseline GAP43
expression.

BDNF

BDNF induces neuronal cell survival and differentiation
and accelerates axonal outgrowth (Vogelin et al., 2006),
but also is involved in synapse formation (Sendtner et al.,
1992; Zagrebelsky and Korte, 2014). The BDNF expression
ratio of seeded MSCs was significantly affected by the time
passed after seeding (P < 0.001). The BDNF expression in
MSCs seeded on Avance® Nerve Grafts (3.846 + 0.636) was
significantly higher after 14 days compared to the expression
in MSCs on NeuraGen® Nerve Guides (1.720 + 0.164; P =
0.020). The expression ratio in both groups approximated 1
directly after seeding, and increased up to 4 (i.e., a fourfold of
the baseline BDNF expression in unseeded MSCs) on various

time points in later phases (1 and 21 days after seeding for the
NeuraGen® Nerve Guide, 7, 14 and 21 days after seeding for
the Avance® Nerve Grafts).

Myelination gene expression

PMP22

The PMP22 gene is mainly expressed in Schwann cells and
encodes a relatively minor but crucial component of the
myelin sheeth (Scherer and Wrabetz, 2008). Duplication or
deletion of PMP22 leads to demyelination and axon loss,
resulting in common demyelinating neuropathies (Hui-Chou
et al., 2011; Taioli et al., 2011). PMP22 expression ratio was
significantly affected by the time after seeding (P = 0.0.26),
but not by the type of nerve substitute (P = 0.542) on which
the MSCs were seeded. The expression ratio started high for
both groups (1.90 + 0.231 for Avance® Nerve Grafts, 1.78 +
0.663 for NeuraGen® Nerve Guides) and decreased to a level
comparable to unseeded MSCs after 21 days (0.716 + 0.278
for Avance® Nerve Grafts, 0.928 + 0.102 for NeuraGen® Nerve
Guides). There were no significant differences between groups
over time (Figure 2).

MPZ

MPZ is also expressed by Schwann cells and is the main
protein of (compact) myelin. Reduced expression of MPZ
results in instable myelination, leading to neuropathies and
axonal loss. MPZ is therefore pivotal in successful nerve
regeneration (Scherer and Wrabetz, 2008). The MPZ gene
expression ratio was not significantly affected by type of nerve
substitute (P = 0.936), nor by the time passed after seeding
(P = 0.650). Compared to the baseline MPZ expression in
unseeded MSCs, the expression ratio in both groups was
increased both at the beginning (up to 3 days after seeding)
and at the end (21 days) of the experiment. There were no
significant differences in MPZ expression over time between
groups (Figure 2).

Angiogenic gene expression

VEGFA

Neoangiogenesis occurs from 2 days onwards after nerve
injury and facilitates the delivery of trophic factors at the
nerve stump and guides Schwann cells in the right direction
(Cutting and McCarthy, 1983; Parrinello et al., 2010; Caillaud
et al., 2019). Enhanced expression and production of VEGFA
induces local angiogenesis, playing an important role in
the peripheral nerve regeneration process (Nishida et al.,
2018). The type of nerve substitute had no significant effect
on the VEGFA expression of seeded MSCs (P = 0.107). Time
passing did have a significant effect on the VEGFA expression
of seeded MSCs (P < 0.001). The VEGFA expression in both
groups was high (4 to 12 fold of the baseline expression) in the
first 24 hours after seeding, equal to unseeded MSCs around
3 to 7 days after seeding and then increased again (3 to 8 fold
of the baseline expression) up to 21 days after seeding. The
VEGFA expression was significantly higher in the MSCs seeded
on NeuraGen® Nerve Guides directly after seeding (11.006 +
0.33 vs. 6.698 = 1.502, P = 0.020) and 21 days after seeding
(8.690 £ 2.062 vs. 4.118 £ 1.847, P =0.011; Figure 3).

PECAM-1/CD31

CD31 regulates endothelial cell adhesion, being crucial in the
process of angiogenesis (Delisser et al., 1997). The factor time
significantly influenced the CD31 expression ratio (P < 0.001),
but the type of nerve substitute did not have a significant
impact (P = 0.77). When comparing groups over time, MSCs
seeded onto NeuraGen® Nerve Guides had a significant
higher CD31 expression ratio compared to MSCs seeded onto
Avance® Nerve Grafts directly after seeding (3.016 + 0.364
vs. 1.096 + 0.13, P = 0.025) and 21 days after seeding (2.254
+ 0.815 vs. 0.244 + 0.123, P = 0.017). The expression in the
NeuraGen® Nerve Guide group was significantly lower than in
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the Avance® Nerve Graft group 1 day after seeding (P < 0.001).
With the exception of directly, 1 and 21 days after seeding, all
other time points demonstrated significant downregulation of
the baseline CD31 expression of unseeded MSCs (Figure 3).

Extracellular matrix gene expression

COL1A1

The COL1A1 gene encodes for the main component of type
1 collagen. This ECM-component regulates Schwann cell
proliferation and differentiation, but overexpression of COL1A1
could impede axon sprouting by inducing scarring (Koopmans
et al., 2009). The time passed after seeding (P = 0.014) and
the type of nerve substitute (P = 0.033) both had a significant
effect on the COL1A1 gene expression ratio. Directly after
seeding, MSCs on NeuraGen® Nerve Guides (2.468 + 0.064)
had a significant higher COL1A1 expression ratio than MSCs
on Avance® Nerve Grafts (1.152 + 0.332; P = 0.008). Aside
from increased COL1A1 expression directly (NeuraGen® Nerve
Guide), 14 (Avance® Nerve Graft) and 21 days (NeuraGen®
Nerve Guides) after seeding, the COLIA1 expression in
the NeuraGen® Nerve Guide group was comparable to the
baseline COL1A1 expression of unseeded MSCs (Figure 4).

COL3A1

Just like type 1, collagenase type 3 is a fibril forming collagen
and an ECM component in the peripheral nervous system,
regulating Schwann cell differentiation and axonal guidance
(Hubert et al., 2009; Koopmans et al., 2009). The COL3A1
gene expression ratio was significantly affected by time after
seeding (P < 0.001) and the type of nerve substitute (P =
0.014). The expression curve of both groups was u-shaped
and approximated a ratio of 1 (i.e., comparable to baseline
COL3A1 expression), with a significant higher expression ratio
of MSCs seeded onto NeuraGen® Nerve Guides after 21 days
(1.696 £ 0.132 vs. 0.664 + 0.192, P < 0.001; Figure 4).

FBLN1

FBLN-1 expression was assessed as it is a component of
the perineurium of peripheral nerves and fulfills a axonal
guiding and supporting function (Miosge et al., 1996). Time
after seeding (P < 0.001) and type of nerve substitute (P =
0.002) both significantly affected the FBLN-1 expression ratio.
When comparing groups over time, the MSCs seeded onto
NeuraGen® Nerve Guides had a significantly higher FBLN-1
expression ratio after 14 (0.760 + 0.193 vs. 0.236 + 0.079, P =
0.037) and 21 days (1.962 + 0.318 vs. 0.340 + 0.183, P < 0.001).
The expression in the Avance® Nerve Graft group remained
low over time, while the expression in the NeuraGen®
Nerve Guide group seemed to arise from 7 days onwards,
demonstrating significant upregulation of the baseline FBLN1
expression (Figure 4).

LAMB2

LAMB?2 is a basis laminin protein that is essential in proper
synaptogenesis at neuromuscular junctions (Maselli et al.,
2012). There was no significant effect of either the time
passed after seeding (P = 0.247) nor the type of nerve
substitute (P = 0.354). No significant differences between
groups occurred over time, while the expression in both
groups remained lower than the expression in unseeded MSCs
(Figure 4).

Immunoglobulin expression

CD96

CD96 is an immunoglobulin family member that interferes
in the adhesive interactions between cells, in the late phase
immune response (Georgiev et al., 2018). Only the factor time
significantly affected the CD96 expression rate (P = 0.011).
21 days after seeding, the expression in MSCs seeded onto
NeuraGen® Nerve Guides (2.226 + 0.443) was significantly
higher than the expression in MSCs seeded onto Avance®

Nerve Grafts (1.326 + 0.097, P = 0.030). The expression curve
of the NeuraGen® Nerve Guide group seemed to increase
on the long term, while the expression curve of the Avance®
Nerve Graft group remained stable on the long term. The
obtained CD96 expression demonstrated a slight upregulation
in comparison to baseline gene expression of unseeded MSCs
at most time points (Figure 5).

A summary of the described gene expression trends and
differences is displayed in Table 2.

Discussion

Secondary to their regenerative ability, MSCs are of broad
biomedical relevance (Koga et al., 2008; Hare et al., 2012,
2017; Mushtaq et al., 2014; Shen et al., 2015; Sutton et al.,
2016, 2017). While differentiation of MSCs into specific cell
types (i.e., differentiation into Schwann type cells) has been
described as one mode of action (Orbay et al., 2011; Tomita et
al., 2013), secretion of essential trophic factors is a functionally
different and possible more plausible explanation for their
regenerative capacities (Ma et al., 2014; Caplan, 2015; Caplan
and Hariri, 2015; Castro-Manrreza and Montesinos, 2015).
This putative tissue-specific trophic expression of MSCs occurs
in response to cues from their microenvironment (Liu et al.,
2013; Kingham et al., 2014; Mathot et al., 2019).

In this study, gene expression profiles of human MSCs seeded
onto Avance® Nerve Grafts and NeuraGen® Nerve Guides
were examined over time to provide mechanistic insight in the
interaction of MSCs seeded on nerve substitutes. Expression
curves of a select panel of prominent neurotrophic,
myelination, angiogenic, ECM and cell surface marker/
immunoglobulin genes have been analyzed.

The displayed gene expressions of seeded MSCs are all
expressed as a ratio of the gene expression in unseeded MSCs,
the reference group. Considering a gene expression ratio of 1.0
meaning that the interaction between MSCs and the nerve
substitutes did not result in changes in gene expression, one
could argue that the interaction of MSCs with the Avance®
Nerve Grafts leads to a clear upregulation in the first hours
to days after seeding of neurotrophic genes NGF, GDNF and
BDNF, myelination markers PMP22, MPZ and angiogenic genes
CD31 and VEGFA. In the long term, the interaction between
MSCs and the Avance® Nerve Grafts causes an upregulation
of BDNF, VEGFA and COL1A1. The interaction between MSCs
and the NeuraGen® Nerve Guide led on the short term to an
upregulation of neurotrophic genes NGF, GDNF and BDNF,
myelination markers PMP22 and MPZ, angiogenic genes CD31
and VEGFA, ECM gene COL1A1 and cell surface marker CD96.
In the long term, the expression of neurotrophic genes GDNF
and BDNF, angiogenic genes CD31 and VEGFA, ECM genes
COL1A1, COL3A1 and FBLN1 and cell surface marker CD96
were all upregulated by the interaction between the MSCs and
the NeuraGen® Nerve Guide. Genes of which the expression
was downregulated for both groups were PTN, GAP43 and
LAMB?2.

The described steps of Wallerian degeneration and axon
regeneration in which the evaluated genes are hypothetically
involved are illustrated in Figure 6. It displays the proposed
mechanism of MSC-seeding; MSCs are seeded on the outer
surface, gene expression of the MSCs is changed by the ECM,
resulting in production of trophic factors that are involved
in Wallerian degeneration and axon regeneration inside the
nerve substitutes.

As described, NGF, GDNF, PTN, GAP43 and BDNF play a part
in the stimulation of axonal outgrowth and the proliferation of
neurons and Schwann cells (steps 4 and 9, Figure 6; Boyd and
Gordon, 2003; Hoyng et al., 2014; Zhang and Rosen, 2018).
Previous in vivo research in a rat model demonstrated that
particularly NGF is expressed in a significant higher manner in
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Figure 1 | Gene expression curves of human MSCs seeded onto Avance® Nerve Grafts and NeuraGen® Nerve Guides concerning neurotrophic genes NGF,

GDNF, PTN, GAP43 and BDNF at six time points after seeding.

The curves demonstrate the mRNA levels of the seeded MSCs on both nerve substitutes as a ratio of the average mRNA levels of unseeded MSCs (= reference
group). n = 5 per group per timepoint. Comparisons between groups (MSCs seeded onto Avance® Nerve Grafts versus MSCs seeded onto NeuraGen® Nerve
Guides) over time were obtained using two-way repeated measures analysis of variance with post hoc Bonferroni correction. Significant differences between
groups are indicated by an *. *P < 0.05, **P < 0.01, ***P < 0.001. Error bars = Standard error of the mean. BDNF: Brain-derived neurotrophic factor; GAP43:
growth associated protein 43; GDNF: glial cell line-derived neurotrophic factor; MSC: mesenchymal stem cell; NGF: nerve growth factor; PTN: pleiotrophin.
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Figure 2 | Gene expression curves of MSCs seeded onto Avance® Nerve
Grafts and NeuraGen® Nerve Guides concerning myelination genes PMP22
and MPZ at six different time points after seeding.

The curves demonstrate the mRNA levels of the seeded MSCs on both

nerve substitutes as a ratio of the average mRNA levels of unseeded MSCs

(= reference group). n = 5 per group per timepoint. Comparisons between
groups (MSCs seeded onto Avance® Nerve Grafts versus MSCs seeded onto
NeuraGen® Nerve Guides) over time were obtained using two-way repeated
measures analysis of variance with post hoc Bonferroni correction. Error bars
= Standard error of the mean. MSC: Mesenchymal stem cell; MPZ: myelin
protein zero; PMP22: peripheral myelin protein 22.
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Figure 3 | Gene expression curves of MSCs seeded onto Avance® Nerve
Grafts and NeuraGen® Nerve Guides concerning angiogenic genes VEGFA
and CD31 at six different time points after seeding.

The curves demonstrate the mRNA levels of the seeded MSCs on both
nerve substitutes as a ratio of the average mRNA levels of unseeded MSCs
(= reference group). n =5 per group per timepoint. Comparisons between
groups (MSCs seeded onto Avance® Nerve Grafts versus MSCs seeded onto
NeuraGen® Nerve Guides) over time were obtained using two-way repeated
measures analysis of variance with post hoc Bonferroni correction. Significant
differences between groups are indicated by an *. *P < 0.05. Error bars =
Standard error of the mean. MSC: Mesenchymal stem cell; VEGFA: vascular
endothelial cell growth factor alpha.
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Figure 4 | Gene expression curves of MSCs seeded onto Avance® Nerve Grafts and NeuraGen® Nerve Guides concerning extracellular matrix genes
COL1A1, COL3A1, FBLN1 and LAMB2 at six different time points after seeding.

The curves demonstrate the mRNA levels of the seeded MSCs on both nerve substitutes as a ratio of the average mRNA levels of unseeded MSCs (= reference
group). n =5 per group per timepoint. Comparisons between groups (MSCs seeded onto Avance® Nerve Grafts versus MSCs seeded onto NeuraGen® Nerve
Guides) over time were obtained using two-way repeated measures analysis of variance with post hoc Bonferroni correction. Significant differences between
groups are indicated by an *. *P < 0.05, **P < 0.01, ***P < 0.001. Error bars = Standard error of the mean. COL1A1: Collagen type alpha I; COL3A1: collagen
type alpha Ill; FBLN1: Fibulin 1; LAMB2: laminin subunit beta 2; MSC: mesenchymal stem cell.

nerve autografts than in decellularized allografts (Rbia et al.,
2020). In our study, NGF and GDNF expression was enhanced
in the first 0—-24 hours after seeding and the GDNF expression
after 21 days seemed to increase again in the NeuraGen®
Nerve Guide group. BDNF expression was enhanced in both
groups among the entire follow-up period (up to 21 days), but
PTN and GAP43 expressions did not increase in comparison
to unseeded MSCs (ratio < 1.0). The long-term low expression
of PTN and GAP43 and the enhanced expression of BDNF
after seeding was correspondingly described in in vitro
research using human nerve allografts that were processed
with elastase and stored at 4°C. In the study of Rbia and
colleagues enhanced BDNF expression also led to enhanced
levels of BDNF growth factor production. In contradiction

to our findings, NGF and GDNF were not enhanced in that
particular study, which might be due to differences in the ECM
as a result of the different decellularization process (Rbia et
al., 2019). Our results suggests that the interaction between
MSCs and the ECM of nerve substitutes stimulates neural
proliferation or may enhance neural outgrowth, particularly
by upregulation of NGF, GDNF and BDNF.

MPZ and PMP22 are mainly expressed in Schwann cells, which
initiate axon myelination, occurring approximately 2 weeks
after injury (step 7; Figure 6) (Pan et al., 2017). The short-
term (first 24 hours) enhanced expression of PMP22 and
MPZ demonstrated in this study corresponds to previous in
vitro research using the same seeding strategy on different
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Figure 5 | Gene expression curve of MSCs seeded onto Avance® Nerve
Grafts and NeuraGen® Nerve Guides concerning the immunoglobulin
marker CD96 at six different time points after seeding.

The curves demonstrate the mRNA levels of the seeded MSCs on both
nerve substitutes as a ratio of the average mRNA levels of unseeded MSCs
(= reference group). n = 5 per group per timepoint. Comparisons between
groups (MSCs seeded onto Avance® Nerve Grafts versus MSCs seeded onto
NeuraGen® Nerve Guides) over time were obtained using two-way repeated
measures analysis of variance with post hoc Bonferroni correction. Significant
differences between groups are indicated by an *. *P < 0.05. Error bars

= Standard error of the mean. CD96: Cluster of differentiation 96; MSC:
mesenchymal stem cell.

Figure 6 | Proposed mechanism of MSC-seeding on nerve substitutes.
The interaction between MSCs and the nerve substitute results in changes
in gene expression profiles, leading to production of trophic factors that are
involved in Wallerian degeneration and axon regeneration. BDNF: Brain-
derived neurotrophic factor; CD96: cluster of differentiation 96; COL1A1:
collagen type alpha I; COL3A1: collagen type alpha Ill; ECM: extracellular
matrix; FBLN1: Fibulin 1; GAP43: growth associated protein 43; GDNF: glial
cell line-derived neurotrophic factor; GF: growth factor; LAMB2: laminin
subunit beta 2; MPZ: myelin protein zero; MSC: mesenchymal stem cell;
NGF: nerve growth factor; PECAM1/CD31: platelet endothelial cell adhesion
molecule 1; PMP22: peripheral myelin protein 22; PTN: pleiotrophin; VEGFA:
vascular endothelial cell growth factor alpha.

Table 2 | Summary of interaction-induced relative changes in gene expression of human mesenchymal stem cells on the short and long term

Short term (0-24 h)

Long term (14-21 d)

Gene ID Biology Avance® NeuraGen® Significance Avance® NeuraGen® Significance
NGF Neurotrophic marker ™~ ™~ Ak [k N % —/-
GDNF Neurotrophic marker ™~ ~ -/~ = ™~ -/ -
PTN Neurotrophic marker N2 N2 /- N2 = *fEEE
GAP43 Neurotrophic marker N2 N2 —/- N2 N2 -/~
BDNF Neurotrophic marker ™ ™ —/- ™~ ™~ */—
PMP22 Myelination marker ™ 0 -/~ = = -/-
MPZ Myelination marker ™ ™ —/- ™ ™ /-
VEGFA Angiogenic marker ™~ N */— ™~ NN —/*
PECAM/CD31 Angiogenic marker ™ 0 -/~ N% 0 -/-
COL1A1 Extracellular matrix protein = 0 /- ™ 0 -/~
COL3A1 Extracellular matrix protein = 0 /- = 0 —/***
FBLN1 Extracellular matrix protein N2 = —/- N2 0 *[REE
LAMB2 Extracellular matrix protein N2 N2 —/- N2 N2 /-
CD96 Cell surface marker/immunoglobulin ™ ™ ~/- = 0 -/-

The signs under significance display whether there were significant differences between the groups at the first two (directly and 24 hours after seeding,
separated by a forward slash) and the final two (14 days and 21 days after seeding, separated by a forward slash) time points. T = extreme enhancement;
M = moderate enhancement; |, |, = moderate reduction; P = slight enhancement; {, = slight reduction; = = no enhancement, no reduction; — = no
significant difference. *P < 0.05, **P < 0.01, ***P < 0.001. BDNF: Brain-derived neurotrophic factor; CD96: cluster of differentiation 96, COL1A1: collagen

type alpha I; COL3A1: collagen type alpha Ill; ECM: extracellular matrix; FBLN1: Fibulin 1; GAP43: growth associated protein 43; GDNF: glial cell line-derived
neurotrophic factor; LAMB2: laminin subunit beta 2; MPZ: myelin protein zero; NGF: nerve growth factor; PECAM1/CD31: platelet endothelial cell adhesion
molecule 1; PMP22: peripheral myelin protein 22; PTN: pleiotrophin; VEGFA: vascular endothelial cell growth factor alpha.

nerve allografts (Rbia et al., 2019). Since transdifferentiation
into Schwann-like cells is unlikely to have occurred in the
described time-span, the elevated level of PMP22 might be
subscribed to its role in the development of intercellular
junctions (Roux et al., 2004). The PMP22 and MPZ expression
was not significantly altered on the long term (from 7 days
onwards) by the interaction with the nerve substitutes in the
current study; this could be due to the absence of Schwann
cells in this in vitro setting. Previously, rat autograft nerves
did not express significantly different levels of PMP22 and
MPZ in vivo than unseeded processed allografts, which could
insinuate that these genes are not pivotal for improving nerve
regeneration in processed nerve allografts to a level equal to
autografts (Rbia et al., 2020).

VEGFA functions particularly in axon regeneration and
guidance (steps 6 and 9, Figure 6) by stimulating formation
of blood vessels and enhancing Schwann cell and neuron
survival (Hobson et al., 2000; Hoyng et al., 2014). In vivo,
rat autograft nerves previously demonstrated to express

significantly higher levels of VEGFA than unseeded processed
nerve allografts (Rbia et al., 2020) The demonstrated
upregulation of VEGFA expression in this study in the first
24 hours and from two weeks onwards after seeding is in
accordance with the described nerve regeneration cascade
and with previous in vivo research, supporting the role that
MSCs can play in revascularization (Rbia et al., 2020). CD31 is
a platelet endothelial cell adhesion molecule (Pecam1) that is
required for the motility and organization of endothelial cells,
essential for angiogenesis (step 9, Figure 6) (Cao et al., 2002).
Autografts do not express significantly different levels of CD31
in vivo than processed nerve allografts (Rbia et al., 2020).
Our data describes enhanced CD31 expression directly after
seeding that diminishes after 1 to 3 days after seeding.

ECM components derived from genes like COL1A1,
COL3A1, FBLN1 and LAMB2 are essential for creating a pro-
regenerative environment in the early stages after nerve
injury and facilitate reinnervation in later stages by guiding
the growth cone in the right direction (Figure 6) (Allodi et
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al., 2012; Pan et al., 2017). Although autografts previously
demonstrated a trend of enhanced expression of these ECM
markers in vivo compared to unseeded allografts, none of the
differences were statistically significant (Rbia et al., 2020).
In the current study, MSCs seeded onto NeuraGen® Nerve
Guides demonstrated a U-shaped expression of COL1AI,
COL3A1 and FBLN1, corresponding to the described cascade
and previous in vitro studies (Rbia et al., 2019; Mathot et al.,
2020a). Considering the absence of detectable RNA levels
of unseeded Avance® Nerve Grafts and NeuraGen® Nerve
Guides, the influence of the material components of the nerve
substitutes on itself on the ECM gene expression is estimated
as negligibly small.

CD96 is a membrane protein that is involved in the late phase
immune response by interfering in adhesive interactions
between cells (step 3, Figure 6), which potentially explains
why its expression remains more or less stable over time
(Georgiev et al., 2018).

Study limitations

When studying the demonstrated expression curves, some
inconsistent expression ratios can be identified. Measures
were taken to minimize the vulnerabilities during the
obtainment of the mRNA levels like using five replicates
per time point, a stable reference gene and experienced
researchers. Besides, not all these inconsistent ratios differ
significantly from the measures before and after that specific
time point. Studying the demonstrated expression curves, we
identified four general trends; a linear decline (NGF, GDNF,
and CD31), a linear increase (PTN, GAP43, and BDNF), a
stable curve (PMP22, MPZ, COL1A1, LAMB2, and CD96) and
a U-shaped curve (VEGFA, COL3A1, and FBLN1). We believe
that those trends are more reliable and therefore a more
important finding than the individual expression ratios at each
of the time points.

The in vitro setting of our study does not provide the required
micro-environmental signals that are essential to mimic
the described regeneration cascade. Studying the effects
on gene expression that is solely caused by the interaction
between MSCs and nerve substitutes does demonstrate the
potential of MSCs to interfere in the previously mentioned
cascade steps when dynamically seeded on the outer
surface of clinically available nerve graft substitutes. It is
recognized that corroborating the mRNA expression changes
to protein expression changes could have contributed to
the described findings. However, measuring protein levels
is a costly technique, vulnerable to flaws and the absence
of environmental regenerative signals in vitro would have
resulted in outcomes that cannot per definition be related to
in vivo protein expression and would still need translation to
an in vivo model. Therefore, this study is used to demonstrate
that interaction between MSCs and the nerve substitutes
occurs, effects a wide range of genes and that it lasts on
the long term, while limiting the costs and still preventing
unnecessary sacrifices of extra animals in the future.

Although it was hypothesized that the biological composition
of the Avance® Nerve Grafts (i.e., neural tissue) would lead
to more expression of neurotrophic genes in MSCs, analysis
demonstrated that the MSCs seeded onto NeuraGen® Nerve
Guides expressed higher levels of neurotrophic (GDNF and
PTN), angiogenic (CD31 and VEGFA), ECM (COL3A1 and
FBLN1) and immunoglobulin (CD96) genes. Higher seeding
efficiency and a different composition of the guide may have
resulted in improved sustainability of the graft/MSCs in vitro
and better cell proliferation in the long-term, leading to the
described enhanced gene expressions. Most neurotrophic
factors mediate other processes that are not involved in nerve
regeneration which could explain enhanced gene expression
levels in the absence of any neural material in the NeuraGen®
Nerve Guide group (Gordon, 2009) .

While our data suggest that nerve autograft substitutes
could benefit from the addition of MSCs, future studies are
necessary to determine gene expression patterns and the
resulting trophic factor production of MSCs in the presence
of injured nerve tissue. Furthermore, the in vivo effects on
functional outcomes of the described interactions need to be
correlated and compared to determine the clinical relevance
of our findings.

Conclusion

When human MSCs are dynamically seeded onto the surfaces
of Avance® Nerve Grafts and NeuraGen® Nerve Guides, their
interactions with the ECM of these nerve substitutes result
in a change and mostly an upregulation of the expression of
numerous genes important for nerve regeneration over time.
The in vitro interaction of MSCs with the NeuraGen® Nerve
Guide is greater than the Avance® Nerve Grafts, particularly
in the long-term (> 14 days after seeding). Future studies
should focus on translation to an in vivo model to confirm the
potential of the described techniques and mRNA expression
changes for clinical application.
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