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Purpose: We compared 2 commercially available nerve conduits—the Axoguard Nerve Connector, made
of porcine small intestine submucosa (SIS), and the NeuraGen Nerve Guide, made of cross-linked bovine
type I collagen (Col)—using a rodent model at 4 weeks, specifically focusing on subchronic host re-
sponses to the implants.

Methods: A unilateral 5-mm sciatic nerve defect was created in 18 male Lewis rats and was repaired with
SIS or Col conduits. After 4 weeks, histological evaluations of morphology, collagen content, macrophage
polarization, vascularization, axonal regeneration, and myelination were conducted. To achieve a blinded
examination, an independent qualified pathologist evaluated the images that were stained with
hematoxylin-eosin, a-smooth muscle actin, and Masson trichrome stains.

Results: The results showed a dominant macrophage type 2 (M2) response in the SIS group and a
dominant macrophage type 1 (M1) response in the Col group. The SIS group showed deeper implant
vascularization and fibroblast ingrowth than the Col group. Collagen deposition was higher within the
lumen of the Col group than the SIS group. All Col conduits were surrounded by a colocalized staining of
Masson trichrome and a-smooth muscle actin, forming a capsule-like structure.

Conclusion: Distinctive histological features were identified for each conduit at the cellular level. The SIS
conduits had a significantly higher number of host macrophages expressing M2 surface marker CD163,
and the Col conduits showed a predominance of host macrophages expressing the M1 surface marker
CD80. Data suggest that promoting the M2 response for tissue engineering and regenerative medicine is
associated with a remodeling response. In addition, an independent analysis revealed an encapsulation-
like appearance around all Col conduits, which is similar to what is seen in breast implant capsules.
Clinical relevance: The biomaterial choice for conduit material can play an important role in the host
tissue response, with the potential to impact adverse events and patient outcomes.
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Conduits used in peripheral nerve repair provide an off-the-
shelf alternative to an autologous nerve graft for short-nerve gaps
and prevent ischemia and poor functional outcomes resulting from
direct repairs under tension.! The disadvantages of autologous
nerve grafting are the limited supply of donor nerves, need for an
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additional surgical site, potential complications at surgical sites,
and potential size mismatches.”™> The United States has several
commercially available nerve conduits made from porcine small
intestine submucosa (SIS) or cross-linked bovine collagen type I
(Col).5"8

The SIS is a processed extracellular matrix (ECM) scaffold that
retains the features of native tissue. Extracellular matrix scaffolds
are remodeled as they are replaced by infiltrating host cells through
the deposition and assembly of a new, host-derived ECM matrix,
which can be advantageous in regenerative medicine. Extracellular
matrix scaffold-based biomaterials can be variable because of the
biological nature of the source.” However, this process can typically
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be controlled during manufacturing.'® Purified collagen is another
biomaterial used in nerve conduits. The collagen in Col biomaterials
is dehydrated and cross-linked with agents such as N,N’-carbon-
yldiimidazole, isocyanate, formaldehyde, or glutaraldehyde.
Although cross-linking is advantageous for improving mechanical
strength and controlling degradation rate, it is also associated with
some disadvantages such as the potential for cytotoxicity, calcifi-
cation, and foreign body response.'! "1’

Studies performed by Badylak et al'® reported the effects of
cross-linking SIS and showed that cross-linked SIS is associated
with a proinflammatory macrophage type 1 (M1) response, long-
term inflammation, and the formation of scar tissue. Non—cross-
linked SIS was associated with a prorepair macrophage type 2 (M2)
response with organized, site-appropriate tissue remodeling and
an absence of persisting inflammation.'® In addition, these studies
showed that M1 produces proinflammatory cytokines, whereas M2
excretes immunomodulatory cytokines. Both types of macrophages
are critical in the process of tissue repair.'® The a-smooth muscle
actin (a-SMA)—positive myofibroblasts cells are another key player
during peripheral nerve repair. High expression of a-SMA can be
beneficial for wound contraction and closure; however, it may
affect axonal growth and maturation and may contribute to
neuropathic pain."”

In this study, we examine the tissue remodeling and host
macrophage response of 2 conduits in a rodent model of sciatic
nerve repair at 4 weeks after surgery. We hypothesize that the SIS
would be more biocompatible than the Col.

Materials and Methods
Conduit materials

Two commercially available, US Food and Drug
Administration—cleared (510[k]) medical device (nerve conduit)
implants were used in this study. The Axoguard Nerve Connector
is an acellular, non—cross-linked SIS used for the repair of pe-
ripheral nerve discontinuities. It is manufactured by Cook Biotech
and is distributed by Axogen Corporation. NeuraGen Nerve Guide
is a cross-linked bovine Col implant used for the repair of pe-
ripheral nerve discontinuities. It is manufactured by Integra
LifeSciences Corporation. Both medical devices were implanted
in accordance with their instructions for use.

Surgical procedures

A total of 18 male Lewis rats (271—303 g; Envigo) underwent
unilateral sciatic nerve transection with a 5-mm gap and conduit
repair. The repairs were performed using the SIS nerve conduit (n =
9) or the Col nerve conduit (n = 9). The sample size was chosen
based on prior similar experiments. Surgical procedures and animal
care conformed to National Institutes of Health guidelines, and the
use of laboratory animals was approved by the University of Florida
Institutional Animal Care and Use Committee. As described by
Badylak et al,'® the switch between M1 and M2 occurs between 2
and 4 weeks, and the changes are less prominent after the 4-week
mark; thus, the 4-week mark was chosen. The 5-mm gap is a
noncritical gap. In the rat sciatic nerve model, axonal regeneration
is expected at the 5-week mark, and a complete bridge of the gap is
anticipated at this time period. The goal was to observe the host
response remodeling of the implant material, which occurs by 28
days.>?° The a-SMA—positive tissue deposition can be observed as
early as 4 weeks. After 4 weeks, nerve tissues were explanted and
processed for histological evaluation. Functional testing was not
included because the time point was too short for meaningful re-
covery in a transection model.

Histology

Transverse 5-um paraffin-embedded sections were collected at
5 levels (L1—-L5): the proximal nerve stump within the conduit (L1),
the nerve gap area (L2—L4), and the distal nerve stump within the
conduit (L5). Hematoxylin-eosin and Masson trichrome (MT)
staining were performed using standard methods. For immuno-
histochemistry, antibodies against neurofilament-heavy poly-
peptide (NF; 1:500), Myelin Basic Protein (MBP; 1:100), a-SMA
(1:1000), macrophages M2 (CD163; 1:100), macrophages M1
(CD80; 1:100), and phagocytic cells (CD68; 1:500; Abcam) were
used. Gross evaluation included assessments for adhesions, local
hematomas/seromas, and inflammation at the implant site. The
degree of soft-tissue attachments (Table E1, available on the
Journal’s website at www.jhsgo.org) was scored as described pre-
viously.?! In addition, an independent, blinded pathologist exam-
ined the slides stained with hematoxylin-eosin, MT, and a-SMA.

M1 and M2 macrophage polarization and the M2:M1 ratio were
determined using immunohistochemistry as described previ-
ously.'® A qualitative analysis of the fibroblast/vasculature depth of
ingrowth was performed using a scoring system described in
Table E2 (available on the Journal’s website at www.jhsgo.org).

Collagen deposition/fibrosis was evaluated using MT staining.
An image analysis was performed using manual color thresholding
and area measurement functions of Image]J software (FIJI). Axonal
regeneration and myelination were characterized using antibodies
against NF and MBP, respectively. NF- and MBP-positive staining
were quantified at 4 different levels of the nerve repair site: the
proximal stump (L1) and 3 levels within the nerve gap (L2—L4).
Data are presented as mean =+ standard deviation of the percentage
area.

Statistical analysis

The statistical analysis was performed using Minitab 18.1
(Minitab, Inc). For comparisons between 2 sets, the Mann-Whitney
U test was used. For data sets with multiple comparisons, the
Friedman test was used with the level blocked (eg, comparison
between SIS and Col groups). If significant, post hoc testing was
performed with Mann-Whitney U test using Hochberg step-up
procedure for multiple comparisons correction. Statistical signifi-
cance was set at a P value < .05.

Results

During implantation, saturability was similar between the
conduits. The SIS conduit is semitransparent when hydrated, which
allowed for the visualization of nerve placement into the conduit
during implantation. The Col conduits remain opaque, even with
hydration.

Upon explant, the filmy, transparent, and avascular soft tissue
surrounding both conduits and the sciatic nerves was separated
using blunt dissection. The Col conduits retained their tubular form
with well-defined edges, and the SIS conduits conformed to the size
and shape of the nerves (Fig. 1). Within the Col conduit group, 2 of 9
animals had small hematomas and adhesions involving less than
25% of the device surface area at the distal coaptations (Fig. 1A,
black arrow). Adhesion formation may be related to factors
including suture irritation and the mobile implant edge. Hematoma
formation around the distal coaptation area may be related to the
fluid collection at the lowest point of the wound or a higher degree
of irritation because of motion. Hematoma formation may also
contribute to adhesion development. The residual conduit length
was measured in situ. From the time of the implants (4 weeks), Col
conduits increased in length by 3.89% and SIS conduits decreased
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Figure 1. Representative images of repair with both A Col and C SIS conduits at 4 weeks. Small hematomas (black arrow), adhesion (white arrow), and B petechial hemorrhages

(blue arrow) (magnification x400; scale bars, 50 pm).
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Figure 2. Representative photomicrographs of macrophages in the A—C Col repaired group and D—F SIS group. CD68 positive—stained cells represent both M1 and M2 phenotypes,
fibroblasts, and endothelial cells. CD80 positive—stained cells represent the M1 (proinflammatory) phenotype, whereas CD163 positive—stained cells represent the M2 (anti-in-
flammatory) phenotype. G The M2/M1 ratios were different between the groups (immunohistochemistry stain; magnification x400; scale bars, 50 pm).

by 6.67% on average. It has been observed that implants that have a
time-controlled degradation profile tend to swell and increase in
certain dimensions over several weeks after implantation until
remodeling occurs. Cross-linked bovine collagen type I conduits did
not have measurable remodeling at 4 weeks, whereas SIS conduits
were involved in remodeling, with some areas being replaced by
the host tissues. This observation has been described previously in
studies from Badylak et al'® and Gilbert et al.?®

There was a varying degree of petechial hemorrhaging on the
surfaces of all Col conduit implants (Fig. 1A). A study by Shimizu
et al’? showed that the friction between the walls of vessels and
surrounding tissues could cause petechial hemorrhages. Micro-
scopic evidence of petechial hemorrhages was also seen in the
outer and inner layers of Col conduits indicated by erythrocyte
infiltration (Fig. 1B). There were no petechial hemorrhages on the
SIS implants (Fig. 1C). Gastrocnemius muscle atrophy was evident
in the operated limbs of all animals. The wet muscle weight ratio
(ie, operated limb muscle weight/nonoperated limb muscle weight)
was 0.33 + 0.2 in both groups. Minimal recovery of gastrocnemius
muscle weight was an expected finding given the early time point
used in this study.

The pathology report revealed an overall higher number of
macrophages and lymphocytes present in the sites with SIS con-
duits, which is thought to be related to the initiation of remodeling
immediately after implantation. To better understand the host
tissue response, immunohistochemical methods were used to
determine the macrophage differentiation (Fig. 2). The Col conduit
group was associated with a dominant M1 response (Fig. 2B), with
10.77 + 2.71 cells stained with CD80 (M1 marker; Fig. 2B) and 2.57
+ 1.27 cells with CD163 (M2 marker; Fig. 2C) in 100,000 pm? of the
device. The SIS conduit group was associated with a dominant M2
response (Fig. 2F), with 26.00 + 8.16 cells stained with CD163 and
5.91 + 3.38 cells with CD80 (Fig. 2E) in 100,000 pm? of the device.
The M2:M1 ratios (Fig. 2G) of the SIS and Col conduit groups were
6.15 + 3.01 and 0.23 + 0.10, respectively (P < .001 using the Mann-
Whitney U Test).

The process of tissue remodeling following implantation has
been shown to be associated with a robust macrophage response
beginning as early as 2 days after implantation and continuing for
several months depending on the material and clinical application,
according to Brown et al.”> With non—cross-linked biomaterials
like SIS, which is nonautologous to the host, higher numbers of
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Figure 3. Representative photomicrographs showing fibroblast ingrowth in the 2 conduits: A the Col group and B the SIS group. C The depths of fibroblast ingrowth were different

between groups (hematoxylin-eosin stain; magnification x400; scale bars, 50 pm).

Table

Mann-Whitney U Test Scores
Fibroblast Ingrowth Score Marker Score = 0 Score = 1 Score = 2 Score = 3 Score = 4
Fibroblast ingrowth depth Cells not present Only at the interface Peripheral Localized deeper ingrowth Consistent throughout the implant
Neovascularization depth Not present Only at the interface Peripheral Localized deeper ingrowth Consistent throughout the implant

Revascularization Score

Figure 4. The o-SMA—immunohistochemistry staining showing revascularization in both A the Col group and B the SIS group. C The revascularization scores were significantly
different between groups (P < .001 using the Wilcoxon signed rank test) (¢-SMA—immunohistochemistry stain; magnification x200; scale bars, 100 pm).

mononuclear cells are expected due to cell access to the ECM. The
phenotypic differentiation of these mononuclear cells differenti-
ates between cytotoxic chronic inflammation and inflammation
related to constructive remodeling. Clinical and nonclinical studies
have demonstrated that the tissue cytokine and humoral response
to SIS-ECM was consistent with a T helper 2 type of lymphocytic
response and an M2 type of macrophage response; this resulted in
complete remodeling of the implants with the resolution of the
immune response over time. This observation was reported by
Badylak et al'® and Brown et al."®

The host fibroblast ingrowth depth in the conduits was evalu-
ated qualitatively using cross-sections taken from the middle levels
of the samples (L2—4) stained with hematoxylin-eosin (Fig. 3A, B).
The fibroblast ingrowth score was calculated based on the fibro-
blast ingrowth depth and neovascularization depth (Table). The SIS
conduit group (Fig. 3B) had an average score of 3.44 + 0.53. The Col
conduit group (Fig. 3A) had an average score of 2.22 + 0.44 (Fig. 3C;
P =.002 using the Mann-Whitney U test). In addition, the pathol-
ogy report revealed signs of conduit remodeling in 7 of 9 SIS sites
and 0 of 9 Col sites.

Vascularization was evaluated using a-SMA staining (Fig. 4).
Evidence of vascularization was seen in both conduits (Fig. 4B),
with an average score of 3.44 + 0.53 for the SIS conduit group and
that of 2.00 + 0.00 for the Col conduit group (Fig. 4A, C; P < .001
using the Wilcoxon signed rank test). The Mann-Whitney U test
could not be used on this data set because all the Col nerve conduit
scores were 2.

Collagen deposition in the conduit lumen/regenerating nerve
cable was evaluated using MT staining. A quantitative analysis
exhibited an average score of 18.85% + 4.29% for the Col group
versus 9.5% + 1.65% for the SIS group (Fig. 5; P < .001 using the
Mann-Whitney U test).

The a-SMA staining was also used to detect the presence of
myofibroblasts in peripheral nerve tissues.® Myofibroblasts are
involved in the inflammatory response to injury.>> They migrate to
the injury site and produce cytokines that enhance the inflamma-
tory response.”* Figure 6 shows a-SMA—positive staining in both
conduits. Figure 6A1—3 shows a Col conduit, and Figure 6B1-3
shows an SIS conduit. Layers of myofibroblast cells (dark brown)
were present around all Col conduits. A pathology analysis
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Figure 5. Histologic appearance of the regenerating nerve cable inside both A Col and B SIS conduits showing collagen fibers (blue). C The differences were significant between
groups (P < .001 using the Mann-Whitney U test) (MT stain; magnification, x400; scale bars, 50 pm).
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Figure 6. Representative photomicrographs of positive o-SMA with the A1—A3 Col and B1—B3 SIS conduits. The numbers seen in panels A and B represent the levels depicted in

A1-A3 and B1-B3, respectively (¢-SMA stain; magnification x200; scale bars, 100 um).

demonstrated colocalization of «-SMA and MT staining, which is a
sign of encapsulation similar to what has been reported in breast
implant capsules.”?

The NF staining density in the SIS conduit group at level 3
showed an average score of 28.4% + 3.4% versus 21.0% + 4% for the
Col conduit group (Fig. 7). At level 4, the NF staining density was
23.85% + 8.14% for the SIS conduit group (Fig. 7A, C) versus 15.77% +
5.02% for the Col conduit group (Fig. 7B, C). The differences between
the groups at both of these levels were significant (Fig. 7C; Fried-
man test, P <.001; Mann-Whitney U test used post hoc, both levels’
P values = .006 uncorrected). The MBP stain density was decreased
in the distal levels of the repaired nerve compared with the more
proximal levels in both groups (Fig. 7F). At level 3, the MBP stain
density in the central region of the regenerating cables was 18.14%
+ 8.39% for the SIS conduit group (Fig. 7E, F) versus 10.36% + 5.76%
for the Col conduit group (Fig. 7D, F). At level 4, the MBP stain
density was 11.62% + 6.9% in the SIS conduit group versus 4.61% +
43% in the Col conduit group. Levels 3 and 4 were trending toward
significance but were not significantly different (both P =.027 with
Mann-Whitney U post hoc). The threshold for 2 significant values
with Hochberg step-up procedure is a P value of .025.

Discussion

This study compared non—cross-linked SIS conduits with cross-
linked collagen nerve conduits using a rodent model at 4 weeks,
specifically focusing on the subchronic host responses to the im-
plants. Gross evaluation under magnification showed a varying
degree of petechial hemorrhages in the surrounding tissues of the

Col conduit group, confirmed by histopathology. The etiology of
petechial hemorrhage formation is not clear; however, it has been
reported that mild mechanical or chemical irritation may be the
cause.”” Friction between the vessel walls and the surrounding
tissues can cause petechial hemorrhages to occur in the brain tis-
sue, called “neurovascular friction.”24 Mild perivascular shear/
irritation at the interface between Col implants and the sur-
rounding tissues may have caused petechiae and punctate hema-
toma formation during normal animal movement. Further studies
are necessary to understand this phenomenon.

This study showed that SIS conduits elicited a higher overall
host macrophage response, with a significantly higher number of
host macrophages expressing prorepair M2 surface markers. M2
polarized macrophages are known to scavenge debris; produce
high levels of interleukin (IL) 10, tumor growth factor , and argi-
nase; and inhibit the release of proinflammatory cytokines.'s%°
They also promote angiogenesis and recruit cells involved in
constructive tissue remodeling.'®,?%,>” Our data showed a high
M2:M1 ratio in the SIS conduit group at level 3, which was
accompanied by deeper revascularization and host fibroblast
ingrowth throughout the whole thickness of the conduit. Macro-
phage differentiating was performed mid implant to eliminate re-
actions to suturing or other non—implant related responses. The
overall higher numbers of macrophages and lymphocytes present
in the SIS conduit group are consistent with the initiation of
remodeling immediately after implantation, whereas remodeling is
largely absent in the Col group. The Col group showed a predomi-
nance of host macrophages expressing the M1 marker CD80.
Proinflammatory M1 macrophage populations excrete large
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Figure 7. Representative images from level 4 of the axonal regeneration and myelination in repairs with the A, D Col and B, E SIS conduits (immunohistochemistry stain [NF and
MBP]; magnification x400; scale bars, 50 um). The regenerating nerve cable density was significantly different between groups at level 3 and level 4 (P =.006). C The NF staining
density was significantly different at level 4 for the SIS conduit group compared to the Col conduit group. D, F The stain density in the central region of the regenerating cable was
significantly different between groups at level 3 and level 4 (P =.027) (MBP stain; magnification x400; scale bars, 50 pm).

amounts of nitric oxide, other reactive oxygen intermediates, and
copious amounts of proinflammatory cytokines such as IL-12, IL-6,
and tumor necrosis factor o.'®6 These results were consistent with
previous studies by Badylak et al'® and Valentin et al*® in which
they demonstrated that the M2 response was associated with an
organized, site-appropriate tissue remodeling outcome and an
absence of persisting inflammation. Badylak et al18 suggest that
cross-linked scaffolds are associated with an M1 response, long-
term inflammation, and the formation of scar tissue.

The most reliable marker of myofibroblastic cells is considered
to be a-SMA.?° These cells are involved in the inflammatory
response to injury, and they migrate to the site of injury, where they
produce cytokines enhancing the inflammatory response.>> Myo-
fibroblasts are both morphologically and functionally different
from fibroblasts. High extracellular tension is a crucial stimulus for
fibroblasts to differentiate into proto-myofibroblasts.”® As
described by Tomasek et al,”° myofibroblast differentiation de-
pends both on the mechanical stress that develops within a given
tissue and on the local expression of growth factors such as tumor
growth factor B1. As tension develops, the collagen fibers and the
cells align parallel to the principal strain in the collagen lattice. The
maintenance of the proto-myofibroblast phenotype requires
continuous interaction between cell-generated stress and the re-
action of a substratum that is sufficiently stiff to resist this force.
Weng et al'® and Wang et al’’ demonstrated that mechanical
tension applied exogenously or generated endogenously can
regulate o-SMA expression. This generates contractile forces in
nonmuscle cells, which upregulate the contractile activity of fi-
broblasts.'%3!*? Weng et al'® concluded that the biological char-
acteristics of myofibroblasts (a-SMA) may “entrap” regenerated
nerve fibers and cause spontaneous pain. Baum and Duffy**
demonstrated fibroblast differentiation into myofibroblasts in cul-
ture by the exogenous addition of inflammatory mediators found in
the diseased heart, such as tumor growth factor § and IL-1. This
led to the hypothesis that the inflammatory response in the heart

may be a primary trigger for this phenotype switch.”> Substrate
rigidity can also directly activate macrophages and induce proin-
flammatory cytokine production.>® The persistence of myofibro-
blasts within the tissue results in stiffening and deformation.>* The
myofibroblast’s internal microfilaments form a contractile mecha-
nism with extracellular fibronectin. This contractile force is main-
tained over time and reinforced by the deposition of collagen.>®
Therefore, the increased expression of a-SMA seen in the collagen
conduit group may explain the higher level of collagen deposition
seen in this group.

Clinical relevance

It is important to understand biocompatibility in implanted
materials. The results of this study are in agreement with data from
the literature published by Badylak® and Badylak et al,'® indicating
that cross-linking is associated with proinflammatory macro-

phages, long-term inflammation, and the formation of scar tissue.

Limitations

This study’s limitation was that there was no benchtop com-
parison to characterize stiffness, elasticity, or myofibroblastic dif-
ferentiation in cell culture between the 2 materials. This study
demonstrated that the biomaterial choice for conduit material can
play an important role in the host tissue response, with the po-
tential to impact adverse events and patient outcomes.
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