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Abstract

Injuries within the peripheral nervous system (PNS) lead to sensory and motor deficits, as well as neuropathic pain,
which strongly impair the life quality of patients. Although most current PNS injury treatment approaches focus on
using growth factors/small molecules to stimulate the regrowth of the injured nerves, these methods neglect another
important factor that strongly hinders axon regeneration—the presence of axonal inhibitory molecules. Therefore, this
work sought to explore the potential of pathway inhibition in promoting sciatic nerve regeneration. Additionally, the
therapeutic window for using pathway inhibitors was uncovered so as to achieve the desired regeneration outcomes.
Specifically, we explored the role of Wnt signaling inhibition on PNS regeneration by delivering Wnt inhibitors, sFRP2
and WIFI, after sciatic nerve transection and sciatic nerve crush injuries. Our results demonstrate that WIF| promoted
nerve regeneration (p <0.05) after sciatic nerve crush injury. More importantly, we revealed the therapeutic window
for the treatment of Wnt inhibitors, which is | week post sciatic nerve crush when the non-canonical receptor tyrosine
kinase (Ryk) is significantly upregulated.
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Introduction

Many pathways are dysregulated after sciatic nerve inju- 'School of Chemical and Biomedical Engineering, Nanyang

ries!? and the dysregulation of certain pathways may lead to
nerve growth inhibition,** among which the Wnt signaling
pathway is one of the most common pathways.>® However,
studies on PNS repair have paid minimal attention to explore
the roles of pathway inhibition on nerve regeneration. Hence,
in this work, instead of using growth factors to promote the
regeneration of injured sciatic nerves, we focused on modu-
lating Wnt signaling. In addition, we explored the potential
time points at which the inhibition of this pathway would
provide the most effective treatment outcomes, a considera-
tion that is important but often neglected.

Wnt signaling pathways are essential during early and
late nervous system development. These pathways modu-
late axon branching, axon outgrowth, as well as growth
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Figure |. Schematic diagrams. (a) Illustration of the procedures of sciatic nerve transection and nerve guidance conduit
implantation. (b) Two conditions of experimental settings. Condition | is that the rats underwent sciatic nerve crush and received
immediate treatment. Condition 2 is that the rats received a delayed treatment for 7 days from sciatic nerve crush. Schematic
diagram of sciatic nerve crush and the administration of drug loaded PLGA microspheres.

cone and synapse formation.” The exact biological effects
of Wnt ligands, however, is complex and largely depend-
ent on the Wnt receptors to which these ligands bind. For
instance, Wnt ligands that activate the canonical Wnt sign-
aling generally promote axonal growth,® whereas Wnt
ligands that activate the non-canonical Wnt-Ryk pathways
inhibit axonal growth.>*!%! Correspondingly, the pres-
ence of repulsive non-canonical Wnt ligands contributed
to axon growth inhibition and nerve retraction within the
injured central nervous system (CNS). Conversely, block-
ing the non-canonical Wnt signaling promoted axonal
growth and functional recovery.®!?

Although the above findings reveal that the activation of
Wnt-Ryk signaling pathway leads to nerve retraction in the
CNS, the roles of Wnt-Ryk signaling and whether the addi-
tion of Wnt inhibitors could promote nerve regeneration in
the PNS remains unknown. Here, we hypothesize that the
activation of the repulsive Wnt signaling (i.e. Wnt-Ryk
signaling) could result in the inhibition of nerve regenera-
tion after sciatic nerve injury. Hence, by inhibiting the repul-
sive Wnt signaling using Wnt signaling inhibitors, nerve
regeneration after sciatic nerve injury could be promoted.

Specifically, we incorporated two Wnt inhibitors (i.e.
sFRP2 and WIF1) and investigated their effects on nerve
regeneration after sciatic nerve injuries. In order to overcome

the short lifespan of such protein-based therapeutics, bioma-
terials-based delivery platforms (e.g. electrospun fibers'>-"°
and polymeric microspheres?’??) were utilized for controlled
delivery so as to prolong the availability of these proteins.
Due to the drastic difference in signaling pathway changes
between sciatic nerve transection versus crush injury,>2> as
well as the severity of the injuries, the two delivery platforms
were analyzed in this study to investigate how Wnt signaling
inhibition affects nerve regeneration outcomes. In the case of
nerve transection injuries, these two Wnt inhibitors were
encapsulated within nerve guidance conduits that consisted
of aligned electrospun fibers. On the other hand, to treat
crushed sciatic nerves, the two Wnt inhibitors were encapsu-
lated into polylactic-co-glycolic acid (PLGA) microspheres
that were injected distally to the injury sites (Figure 1).

Materials and methods

Materials

Polycaprolactone (PCL, molecular weight 45-80kDa),
2,2 2-trifluoroethanol (TFE, =99.0%), (Poly(ethylene gly-
col), PEG, Mn 400), Poly(D,L-lactide-co-glycolide) lactide:
glycolide (50:50), PLGA, molecular weight 30k—60k,
Span® 80 (S6760), Poly(vinyl alcohol) (PVA, molecular
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weight 9k—10k), poly-D-Lysine (PDL) (P0899), and Bovine
serum albumin (BSA ~66kDa molecular weight) were pur-
chased from Sigma-Aldrich, USA. Alexa-Fluor 488 goat
anti-Chicken, Alexa-Fluor 555 goat anti-Rabbit, 555 goat
anti-Mouse, DAPI (4',6-diamidino-2-phenylindole), para-
formaldehyde (PFA, 7,230,681), 10X phosphate buffered
saline (PBS; pH=7.4), goat serum, laminin (23,017,015),
neurobasal medium, B-27 supplement, Glutamax supple-
ment, Fluoromount-G™ (00-4958-02), and Pierce™ BCA
Protein Assay Kit (23,225) were obtained from Life
Technologies, USA. Mouse anti-BIII Tubulin (Tujl)
(801,202) and Chicken anti-Neurofilament 200 (NF200)
(822,601) were purchased from Biolegend. Recombinant
Human WIF-1 Protein (1341-WF) and Recombinant
Human sFRP2 Protein (6838-FR) were obtained from R&D
System. Nerve growth factor (NGF) was purchased from
PeproTech. Fetal Bovine Serum (FBS) was acquired from
Research Instruments.

Methods

In vitro scaffold fabrication for the culture of dorsal root gan-
glion explants. The fabrication of the in vitro aligned fiber
scaffolds were carried out following our published proto-
cols.'*2° Briefly, 50mg of PCL (molecular weight 45kDa)
was melted at 60°C before being cooled down to room
temperature. The resulting block of PCL polymer was then
cut into pieces of 2cm X 1cm X0.5cm before they were
sectioned into 20 um thin strips using a cryostat (Lecia
CM1950) (Final dimension: 1cm X0.5cm X0.002cm).
Thereafter, the sterilized 20 pm PCL sheets were placed on
glass coverslips (diameter: 18 mm) and heated at 50°C to
generate a 1 cm X 1 cm cell seeding area before six of these
coverslips were placed on the rotating wheel for the collec-
tion of electrospun fibers. A lower molecular weight PCL
(45kDa) was used instead of the 80kDa PCL because the
former melts faster and is easier to section into thin slices
with the cryostat.

For electrospinning, the homogenous solution (80kDa
PCL, 14wt%) was loaded into a syringe connected with a
21-gauge needle and dispensed at a fixed rate of 1.0mL/h
using a syringe pump. Positive 4kV and negative 4kV were
then applied to the polymer solution and the rotating collec-
tor, respectively. The syringe and the collector (speed:
2400rpm) were separated at 11 cm apart. Electrospun fibers
were then collected and secured on the coverslips using
inert silicone glue to prevent the fibers from detaching.

The morphology of the aligned fiber substrates was
evaluated by scanning electron microscopy (SEM) (JEOL,
JSM-6390LA, Japan) under an accelerating voltage of
10kV after sputter-coating with platinum for 100s at
10mA. The average fiber diameters and alignment of the
fibers were then quantified by measuring 50 fibers from
high magnification images (2500x) using Image J software
(NIH, USA, Supplemental Figure S1).

In vitro culture of dissociated DRG neurons and DRG
explants. The isolation of DRG neurons from rat pups was
approved by the Institutional Animal Care and Use Com-
mittee (IACUC) at Nanyang Technological University
(Protocol number: A333). Dissociated DRG neurons were
obtained from pups (postnatal day 2—-3). The DRGs were
harvested and the membrane was removed to minimize the
contamination of other cells before they were digested
with 1 mL of collagenase (10mg/mL) at 37°C for 90 min,
followed by 0.25% trypsin at 37°C for 15 min. After being
homogenized, the cell suspension was passed through a
70 um cell strainer (BD, Bioscience, USA) and the cells
were seeded onto PDL (100 pg/mL) and laminin (10 pg/
mL) coated 24-well plates at a density of 15,000 cells per
well. Cultures were maintained in Neurobasal media con-
taining 50ng/mL of NGF, 10% FBS, 2% B-27 Supple-
ment, Penicillin-Streptomycin  (10pg/mL), and 1%
GlutaMAX. To test the effects of sSFRP2 and WIF1 and
identify the optimal drug concentrations for neurite out-
growth, serial dilution was performed. Specifically, the
drugs were firstly reconstituted at 500 ug/mL in sterile,
1 X PBS containing 0.1% BSA as per recommended. The
drugs were then further diluted in the culture medium and
the final concentrations were set as follows: 10, 25, 50, 75,
100ng/mL of sFRP2 or WIF1. The concentrations of
sFRP2 and WIF1 tested here are based on the literature
where similar concentrations were evaluated on dopamin-
ergic neuron?’ and other cells,?® respectively. The drugs
were administrated 1 day after cell seeding. The cells were
fixed with 4% PFA for 20 min 2 days after the treatment.

On the other hand, the culture of DRG explants were
referred from our previous work.?® Briefly, the DRGs were
harvested and the membranes on the DRGs were removed.
Thereafter, the DRGs were washed once with 1 X PBS and
seeded directly on PDL and laminin coated aligned fiber
scaffolds. Detachment of the DRG explants was prevented
by adding in the culture medium gently. One day after
seeding, the DRG explants were treated with 10, 50, 100,
200, 250, 500ng/mL and 1 pg/mL of sFRP2 or WIF1. The
DRGs were then fixed with 4% PFA for 20 min 2 days after
the treatment.

Fabrication and characterizations of nerve guidance conduits

PCL film. The fabrication of drug loaded nerve guid-
ance conduit was referred from our previous work.?
Briefly, 70mg of PCL pellets (molecular weight 45 kDa)
were placed in between two pieces of metal sheets
(15cm X 25cm) and pressed into a 50 um thin PCL film
using a heat press machine (Carver, Model 4128) at 80°C
and 0.2 GPa. The resulting PCL film was cut into strips
(i.e. 34cm in length and 1 cm in width) before they were
fixed around a rotating collector.

Preparation of PCL-PEG solution for the fabrication of
nerve guidance conduit. The PCL-PEG solution was
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prepared and the volume ratio of PCL to PEG was §:2.
Briefly, PCL (molecular weight 80kDa) was dissolved
in TFE to obtain a 14 wt% solution. Thereafter, PEG (i.e.
30wt%) was dissolved in PBS and loaded with either
40 pg of sFRP2 or 40 pg of WIF1 containing 0.1% BSA.
The homogenous solution (i.e. PCL and PEG) was then
loaded into a syringe connected with a 21-gauge needle
and dispensed at a fixed rate of 1.0 mL/h using a syringe
pump. Positive 8 kV and negative 4kV were then applied
to the tip of the syringe and the rotating collector, respec-
tively. The syringe and the collector were separated at
11 cm apart. The electrospun fibers were then collected
on the PCL strip, which was fixed around a rotating col-
lector (speed: 1200 rpm) during the electrospinning pro-
cess. Thereafter, the PCL strip with aligned fibers was
cut into small strips that were 17 mm in length before
they were rolled into a conduit using a glass capillary
with an outer diameter of 2mm. This 34 cm PCL strip
can be used to make twenty 17 mm nerve conduits and
the theatrical loading of drug was 2 pg each. Based on
our own experience in spinal cord injury treatment, 2 pg
of miR therapeutics is sufficient to achieve a biologi-
cal effect such as enhanced myelination after spinal cord
hemi-incision injury'* or enhanced axon regeneration
after spinal cord transection injury.'? Lastly, the edge of
the conduit was sealed with 14 wt% PCL polymer solu-
tion. The nerve guidance conduits were then stored at
—20°C for future usage.

The blank and drug-loaded nerve guidance conduits
were cut in liquid nitrogen so as to preserve their cross-
sectional structures. Part of the nerve conduit was cut open
to expose the inner fiber surface. Both the cross-sectioned
nerve guidance conduits along with their corresponding
inner fiber surface were viewed under SEM. For inner fib-
ers, 10 regions-of-interest (ROIs) were imaged and the
average fiber diameter and fiber alignment were obtained
by quantifying 50 individual fibers using ImageJ software
(NIH, USA).

Sciatic nerve transection and nerve guidance conduit
implantation. All the animal experiments were approved
by the Institutional Animal Care and Use Committee
(IACUC) at Nanyang Technological University (Pro-
tocol number: A0334). Female Sprague-Dawley rats
(12 weeks, 250-300 g) were obtained from In Vivos Pte
Ltd (Singapore) and divided into three groups, receiv-
ing either blank nerve conduits (n=4), sFRP2 (n=4),
or WIF1 (n=4) encapsulated nerve guidance conduits.
The schematic diagram of the surgical procedures is
shown in Figure 1(a) and the experimental descriptions
can be found in Supplemental Table Sla. Briefly, rats

Loading efficiency (%)=

Mass of BSA in the washing buffer + Mass of BSA released from the PLGA particles o

were anesthetized with an intraperitoneal injection of
ketamine (73 mg/kg) and xylazine (7.3 mg/kg). All ani-
mals were injected with buprenorphine subcutancously
(0.05mg/kg) before surgery. The surgical field was
shaved and cleaned with 70% ethanol and treated with
betadine. Under the surgery microscope, the right sciatic
nerve was exposed through a posterior thigh muscle-
splitting incision and 5mm of the nerve was resected.
A 17mm nerve conduit was then sutured to the proxi-
mal stump and distal stump for about 1 mm respectively
using a 11-0 nylon monofilament (Ethicon Inc) suture so
as to bridge a 15 mm nerve lesion gap. The nerve guid-
ance conduit was placed in parallel with the main trunk
of the sciatic nerve. All nerve conduits were filled with
10 uLL of PBS prior to implantation. Lastly, the muscles
and skin were closed.

Fabrication and characterizations of drug loaded PLGA
microspheres. The drug loaded PLGA microspheres were
fabricated using double emulsion method. Briefly, 10 mg
of PLGA powder was dissolved in chloroform containing
1% of Span80 (v/v). Next, 50 ug of sFRP2 or WIF was
dissolved in 25 pL of 1 X PBS containing 0.1% BSA and
added into the PLGA solution and homogenized using
a homogenizer. Following that, the homogenized emul-
sion was added into 2% PVA solution and homogenized
again. The resulting emulsion was covered with a piece
of parafilm and stirred on a headplate at 37°C for 4h
to evaporate the organic solvent. The leftover emulsion
was spun down and washed with washing buffer (i.e.
1 X PBS) for three times before they were lyophilized
for future usage. A model protein, BSA was loaded into
PLGA microspheres to mimic the drugs for characteriza-
tion purposes using the same fabrication protocol. The
washing buffer was kept so as to measure the amount
of BSA inside. Firstly, the morphology of PLGA micro-
spheres was obtained under scanning electron micros-
copy (SEM). The size of the particle was calculated by
measuring 100 individual microspheres using Image J
software.

Thereafter, the BSA loaded PLGA microspheres were
suspended in 500 uLL of PBS and placed at 37°C to obtain
the drug release profile. At each time point, the micro-
spheres were spun down and the supernatant was collected
and equal volume of fresh PBS was added in. MicroBCA
assay was utilized to obtain the amount of BSA in the
supernatant at each time point. Three months later, the
PLGA microspheres degraded completely and the super-
natant was collected to obtain the amount of the remaining
BCA. The drug loading efficiency was then calculated
using the following equation:

100

Total mass of BSA loaded
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Sciatic nerve crush and the administration of drug loaded
PLGA  microspheres. Female  Sprague-Dawley rats
(12weeks, 250-300¢g) were obtained from In Vivos Pte
Ltd (Singapore) and divided into three groups, receiving
blank PLGA microspheres (blank PLGA, n=6), sFRP2
loaded PLGA microspheres (PLGA-sFRP2, n=6), and
WIF1 loaded PLGA microspheres (PLGA-WIF1, n=6).
The schematic diagram of the surgical procedures is shown
in Figure 1(b) the experimental descriptions can be found
in Supplemental Table S1b-c. Briefly, rats were anesthe-
tized and the right sciatic nerves were exposed and crushed
using a surgical clip for three times (15s each) with a 10s
interval. Thereafter, the PLGA microspheres containing
2ng of drugs was reconstituted in 15puL of PBS and
injected distally to the crushed nerves using a microinjec-
tor (Nanoliter 2010 with MICRO4 Controller, WPI). In
one batch of the rat, their sciatic nerves were crushed and
the injured nerves were administered with drug-loaded
PLGA microspheres immediately. These rats were kept for
1 week before being sacrificed. In another batch of rats, the
sciatic nerves were crushed and the rats were kept for
1 week before the injured nerves were administered with
drug-loaded PLGA microspheres. One week later, the rats
were sacrificed and the sciatic nerves were retrieved.

The sciatic nerves of the third batch of rats were exposed
and crushed the same as described above. At predeter-
mined time points, the rats were sacrificed and the crushed
nerves were retrieved (i.e. 0.5-12h, 3, 7, 14, 21 days post

injury).

Immunostaining

In vitro. Briefly, the fixed dissociated DRG neurons and
DRG explants were washed with 1 X PBS for three times
(5min each). The cells were then permeabilized in 0.1%
Triton X-100 in 1 X PBS for 15 min. Thereafter, the DRGs
were incubated in non-specific blocking solution (5% goat
serum) for 1h at room temperature, followed by incuba-
tion with primary antibody, mouse-anti I1I-Tubulin (Tuj1,
1:1000) for overnight at 4°C. Following that, the DRG
neurons were washed for three times with 1 X PBS and
detected with Alexa Fluor 555 goat anti-mouse secondary
antibody (1:500) at room temperature for 2h followed by
DAPI for 10min. The cells were washed for three time
with 1 X PBS and mounted with Fluoromount-G™.

For dissociated DRG neurons, at least 30 neurons per
group were imaged from three glass coverslips. These
stitched images have a very high resolution and can be
zoomed in till individual neurites were discernible
(Supplemental Figure S2). Brightfield images of these
explants were not analyzed because it was not possible to
differentiate the neurites from the background electrospun
PCL microfibers. The total neurite length, as well as the
length of the longest neurite were then quantified. For
DRG explants, stitched images of at least three DRGs
were taken per group. The average length of top 10 longest

neurite as well as the longest neurite length were then
quantified. All images were taken under Lecia fluorescent
microscope (Leica DMi8) and all the quantifications were
done using Imagel] software (NIH).

In vivo. The nerve guidance conduits and sciatic nerves
were retrieved and post-fixed for overnight. Thereafter, the
nerve conduits and the sciatic nerves were transferred to
15% sucrose for 24 h followed by 30% sucrose at 4°C until
they were cryosectioned. Sciatic nerves as well as nerve
conduits were sectioned into 20 um thick horizontal sec-
tions and directly mounted onto the glass slides. For nerve
guidance conduits and sciatic nerves, the frozen sections
were washed three times with 1 X PBS. The samples were
then permeabilized with 0.1% Triton X-100 in 1 X PBS for
15 min and blocked with 10% goat serum for 1 h before they
were stained with primary antibody, chicken anti-NF200
(1:1000). Samples were subsequently washed three times
with 1 X PBS and incubated with the following secondary
antibody: Alexa Fluor 488 goat anti-Chicken secondary anti-
body (1:500) for 2h followed by DAPI (1:1000) for 10 min
at room temperature. The samples were washed for three
time with 1 X PBS and mounted with Fluormount-G™.

Stitched images were taken under 10x magnification
using a fluorescent microscope (Leica DMi8). Similarly,
they have a very high resolution and can be zoomed in till
individual neurites were discernible (Supplemental
Figure S3). For nerve ingrowth measurements inside the
nerve guidance conduits, three sections were quantified
for each animal. The distance of nerve ingrowth was cal-
culated from the proximal end of the nerve conduits.
Besides that, the number of nerve fibers that passed
through a certain distance was also quantified using
Image] software (NIH).

Another set of frozen sections (i.e. crushed sciatic nerves
as well as nerves that were crushed at different time points)
were washed three time with 1 X PBS. The samples were
permeabilized with 0.1% Triton X-100 in 1 XPBS for
15min and blocked with 10% goat serum for 1h before
they were stained with primary antibody, rabbit anti-SCG10
(1:1000). Samples were subsequently washed three times
with 1 X PBS and incubated with the following secondary
antibody: Alexa Fluor 555 goat anti-Rabbit secondary anti-
body (1:500) for 2h followed by DAPI (1:1000) for 10 min
at room temperature. The samples were washed for three
time with 1 X PBS and mounted with Fluormount-G™.

Both injured area and uninjured area were taken under
confocal microscope (Zeiss LSM 800) at 20x magnifica-
tion. Three sciatic nerve sections were imaged and the
fluorescent pixel numbers of both injured and uninjured
area were quantified using ImageJ software.

Statistical analysis. Outlier analysis was performed to
exclude the outliers using GraphPad QuickCalcs soft-
ware. One-way ANOVA and Tukey post hoc tests were
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Figure 2. The treatment of WIFI and sFRP2 promoted the neurite outgrowth of DRG explants. (a) Representative fluorescent
images of Tuj-1 staining in DRG explants treated with sFRP2. (b and c) Quantification analysis of top 10 longest neurite length and
the longest neurite length of DRG explants that are treated with sFRP2. (d) Representative fluorescent images of DRG explants
treated with WIFI. (e and f) Quantification analysis of top 10 longest neurite length and the longest neurite length of DRG explants
that are treated with WIFI. Data represented as mean = SD. Shapiro-Wilk normality test followed by Kruskal-Wallis test and

Mann-Whitney post hoc test.

used when data were normally distributed and had equal
variances. For data that was not normally distributed or
had unequal variances, the Kruskal-Wallis and Mann—
Whitney U tests were used for comparison when more
than two groups were included. For comparison between
two groups, Student’s z-test was used. Statistical analysis
was done using SPSS software. All values were repre-
sented as mean = SD.

Results

The treatment of WIFI and sFRP2 promoted
the neurite outgrowth of DRG explants

Figure 2(a) and (d) show the representative fluorescent
images of Tujl stained DRG explants after the treatment
of sFRP2 and WIF1, respectively. Quantification analy-
sis of the average neurite length of top 10 longest neur-
ite, as well as the longest neurite, indicated that treatment
of sFRP2 (Figure 2(b) and (c)) could significantly pro-
mote the neurite outgrowth of DRG explants when the
concentrations of the drug were around 100-250ng/mL.
Additionally, treatment of WIF1 also enhanced the neu-
rite outgrowth of DRG explants when the concentration
of WIF1 was around 100ng/mL (Figure 2(e) and (f)).
The same experiments were also carried out using dis-
sociated DRG neurons with lower drug concentrations,
as the dissociated DRG neuron were less tolerant than
DRG explants. However, no significant enhancement in

terms of neurite length was detected (Supplemental
Figure S4).

The administration of WIFI and sFRP2
exhibited little effects on promoting nerve
regeneration dfter sciatic nerve transection

Figure 3(a) shows the SEM images of the nerve guidance
conduit (cross-sectional view), where the lumen of the
nerve conduit can be clearly seen. By quantifying the fiber
diameter and the fiber angle, we observed that the encap-
sulation of sFRP2 and WIF1 did not alter the fiber diame-
ter and alignment (Supplemental Figure S5a and b).
Figure 3(b) shows the representative fluorescent images
of NF200 stained nerve guidance conduits 3 weeks after
implantation. We observed that the regenerated nerve
extended into the nerve guidance conduit from the proxi-
mal end and the aligned nerve guidance conduit could
direct the regrowth of the nerve toward its distal end.
Quantification of the distance of nerve ingrowth from the
proximal end indicated that treatment of sFRP2 led to the
longest length of nerve regeneration (7548 = 663.5 um)
whereas the untreated samples (6504 = 568.7 um) and the
WIF1 treated samples (6223 = 837.7 um) were relatively
worse (Figure 3(c)). Besides that, the number of nerve fib-
ers which passed through 2, 4, 6mm from the proximal
end was also calculated. Results show that there were sig-
nificantly more nerve fibers that passed through the 6 mm



Zhang et al.

(a)

| Untreated

ntreated

Distance of nerve
extending into scaffold

Untreated
o NS = sFRP2
= WIF1

-3
o

8

Number of nerve fibers
b

Figure 3. The administration of WIF| and sFRP2 showed little

effects on promoting nerve regeneration after sciatic nerve

transection. (a) SEM images of the nerve guidance conduit (cross-sectional view) and the inner fiber morphology of plain fibers
and fibers encapsulated with sFRP2 and WIFI. The inserts in the upper right corner are the enlarged images of individual fiber. (b)
Representative fluorescent images of NF200 staining in untreated and sFRP2- and WIF|-treated rats. (c) Quantification analysis of

the length of nerve regrowth calculated from the proximal end.

(d) Quantification analysis of the number of nerve fibers that passed
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Figure 4. Characterizations of drug loaded PLGA microspheres. (a) SEM image of BSA-loaded PLGA microspheres. (b) Size
distribution of the BSA-loaded PLGA microspheres. (c) The release profile of BSA from the PLGA microspheres.

distance from the proximal end in sFRP2-treated samples
(Figure 3(d)).

Protein-based therapeutics were successfully
loaded in the PLGA microspheres with a high
loading efficiency

Figure 4(a) shows the SEM image of the BSA-loaded
PLGA microspheres. The measurement of the particle size
based on the SEM images showed that the average diam-
eter was 1.42 = 0.41 um (Figure 4(b)). Following an initial
rapid release within the first 24 h, PLGA microspheres pro-
vided a sustained release of BSA. About 30% of BSA was

released from the PLGA microspheres at Day 16 and the
drug loading efficiency was around 68.4% (Figure 4(c)).
Considering that BSA has comparable molecular weight to
sFRP2 and WIF1, we expect similar loading and release
kinetics of these therapeutic proteins following PLGA
microspheres encapsulation.

Mature axons did not reflect the effects of

sFRP2 and WIFI at Day 7 and Day 14 post

crush injury

Figure 5(a) shows the representative stitched images of
NF200 staining in blank PLGA-, PLGA-sFRP2-, and
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Figure 5. Mature axons do not reflect the effects of sFRP2 and WIFI| at Day 7 and Day 14 post injury. (a) Representative
fluorescent images of NF200 staining in various groups under the condition of sciatic nerve crush and immediate treatment.

(b) Confocal images of high magnification images of NF200 staining in the injured and distal uninjured area. (c) Representative
fluorescent images of NF200 staining in various groups under the condition 2 (i.e. treatment was done | week post sciatic nerve

crush).

PLGA-WIF1-treated rats under the condition of sciatic
nerve crush and immediate treatment. The enlarged images
of NF2007 staining in Figure 5(b) showed that there was
no clear difference in terms of mature axon regeneration
between injured and distal uninjured regions. Figure 5(c)
shows the representative stitched image of NF200 staining
in blank PLGA-, PLGA-sFRP2-, and PLGA-WIF1-treated
rats under the condition that sciatic nerve was crushed
1 week before the drug-loaded PLGA microspheres were
administered. Under both conditions, the injured nerves
were shown to regenerate well and there was no notable
difference between injured and distal uninjured regions.

Under the condition that the treatments
were given | week after sciatic nerve crush,
the administration of WIF | accelerated the
regeneration of sciatic nerve

Next, we proceeded to evaluate the expression of SCG10,
a marker which stains for regenerating axons?%3° after sci-
atic nerve injuries. Besides that, the temporal expression of
SCG10 at different time points (i.e. from 0.5h to 21 days)
were also uncovered (Supplemental Figure S6). As can be
seen from Supplemental Figure S6a, SCG10 expression
was completely absent in a normal uninjured sciatic nerve.
On the contrary, the expression of SCG10 increased sig-
nificantly in the injured region after sciatic nerve crush.
Supplemental Figure S6b shows the enlarged images of
SCGI10 staining in both injured and distal uninjured

regions (i.e. 1 mm below the injured region) at different
time points. We revealed that there was almost no SCG10
expression in the distal uninjured area at 0.5 h after crush.
As time went by, the expression of SCG10 in the distal
uninjured area increased notably at day 3 and day 7 post
crush (Supplemental Figure S6b). These findings suggest
that, as the nerves regenerated, the expression of SCG10
also elongated along the regenerating nerves.

The ratio of fluorescent pixels of SCG10 expression in
injury area versus distal uninjured area was then quantified
and shown in Supplemental Figure S6c¢. Specifically, at 0.5h
post sciatic nerve crush, the expression of SCG10 in the
injury region was quite high and the ratio of fluorescent pix-
els in the injured site versus distal uninjured area was around
32 (Supplemental Figure S6c). As the nerves regenerated,
the expression of SCG10 increased in the distal uninjured
region and hence the ratio of SCG10 fluorescent pixels in
injured versus distal uninjured area started to decrease. We
observed that for a normal uninjured nerve, there is no
expression of SCG10, so the ratio of SCG10 fluorescent pix-
els in injured versus distal uninjured area tends to be 1. At
21days post injury, the expression of SCG10 in the injured
area versus distal uninjured nerve tends to be equal and
hence the ratio of SCG10 fluorescent pixels is close to 1,
suggesting that when an injured nerve completes its regen-
eration, the expression of SCG10 tends to return to normalcy
in the regenerated regions. Therefore, the low expression of
SCG10 indicated an accomplished nerve regeneration at Day
7 after sciatic nerve crush injury onwards.
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Figure 6. Under the condition that the treatments were given | week after sciatic nerve crush, the administration of WIFI
accelerated the regeneration of sciatic nerve. (a—c) Representative fluorescent images of SCG10 staining in both injured and
distal uninjured area in in blank PLGA-, PLGA-sFRP2-, and PLGA-WIF|-treated samples. (d) Quantification analysis of the ratio
of fluorescent pixel between injured and distal uninjured area in different treatment groups. Data represented as mean * SD,
*p < 0.05, Shapiro-Wilk normality test followed by Kruskal-Wallis test and Mann-Whitney post hoc test.

Figure 6(a) to (c) show the representative fluorescent
images of SCGI10 staining in both injured versus distal
uninjured region in blank PLGA-, PLGA-sFRP2-, and
PLGA-WIF1-treated samples. By quantifying the ratio of
SCG10 fluorescent pixels in the injured versus distal unin-
jured area, we observed that in PLGA-WIF1-treated sam-
ples, the ratio was significantly lower as compared to
untreated and PLGA-sFRP2-treated sciatic nerves (Figure
6(d)). This suggests that nerve regeneration in the injured
region was faster in PLGA-WIF1-treated samples, as com-
pared to PLGA-sFRP2-treated samples. Therefore, the
treatment of WIF1 accelerated the regeneration of sciatic
nerve after crush injury. On the other hand, under the condi-
tion that the treatment was given immediately after sciatic
nerve crush, Wnt inhibitors did not promote the regenera-
tion of the injured axons (Supplemental Figure S7).

Discussion

Injuries to the PNS are not fatal.3! However, post injury
symptoms, such as sensory and motor deficits*? as well as
neuropathic pain,®® strongly impair patients’ quality of
life.3* Therefore, exploring potential therapeutics that pro-
mote the regeneration of the injured sciatic nerve is of
great necessity. Growth factors have been widely utilized
to stimulate the regrowth of injured sciatic nerves.’>=’
However, growth factors-based treatment may be less
effective in cases where the expression of their receptors
on the neuronal surface is low.*® While many studies
looked into enhancing/overexpressing growth promoting
factors to improve axon regeneration,>®*! it is also essen-
tial to look at the other side of the coin, which is to block/
downregulate the growth inhibitory factors that hinder
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nerve regeneration. Therefore, in this work, we focused on
looking at pathway inhibition/silencing approach by which
the nerve growth inhibitors can be downregulated, and
investigated the potential of this approach in enhancing
nerve regeneration following sciatic nerve injuries.

Here, two Wnt signaling inhibitors, WIF1 and sFRP2,
were utilized to block the repulsive Wnt signaling path-
way. Specifically, WIF1 is a secreted Wnt inhibitor, which
exerts its inhibitory effect on Wnt signaling by binding
directly to Wnt ligands and preventing the Wnt ligands
from binding to their receptors.*? sSFRP2 is a secreted friz-
zled-related protein, which suppresses the Wnt/B-catenin
signaling pathway.*® Their effects on neurite outgrowth
were firstly evaluated in vitro using DRG neurons.
Treatment of sFRP2 (250ng/mL) and WIF1 (100ng/mL)
induced significantly longer neurite extension (~3500—
3300 um respectively, Figure 2), which was about 1.47- to
1.56-fold enhancement as compared to untreated DRG
neurons. Growth factors and other small molecules were
also commonly used to promote neurite outgrowth in neu-
rons. For instance, the pain reliever Ibuprofen, which
inhibits the activation of RhoA (Ras homolog gene family,
member A GTPase where most of the glial growth inhibit-
ing factors converge), promoted neurite outgrowth in
human model neurons by about 1.4-fold.** Besides that,
anti-inflammatory cytokine, interleukin-10 (IL-10), which
provides neuroprotection in cerebral ischemia was shown
to enhance the neurite outgrowth by about 1.34-fold in cul-
tured cortical neurons.* Stem cell factor (SCF) and granu-
locyte colony-stimulating factor (G-CSF), which regulate
bone marrow stem cell proliferation and differentiation,
were reported to promote neurite outgrowth from cortical
neurons by about 1.4-fold when they were used as a cock-
tail.** Comparing these findings with ours, Wnt signaling
inhibitors, sFRP2 and WIF1, were quite prominent in pro-
moting neurite outgrowth in DRG neurons.

Due to the short lifespan of protein-based therapeutics,
biomaterials-based drug delivery approaches were adopted
to prolong the availability of the drugs.’*'° Engineered
nerve guidance conduits and/or polymeric microspheres
have been frequently applied in PNS applications.*”>°
Specifically, by encapsulating the therapeutics of interest
into electrospun nerve conduits, a sustained availability of
bioactive drugs can be achieved.'>!'* Besides that, the top-
ographical cues provided by aligned electrospun fibers
within the nerve guidance conduits can further direct and
enhance nerve regeneration (Figure 3(a) and Supplemental
Figure S3). Additionally, we further fashioned the exterior
with a dense and hydrophobic PCL film to prevent sur-
rounding cells such as fibroblast from infiltrating. On the
other hand, microspheres fabricated by polymers, such as
PLGA, were applied as drug loading vehicles due to their
biocompatibility and high drug loading efficiency.’'-*?
PLGA (PLA/PGA 50:50) was utilized for the fabrication
of drug-loaded microspheres due to its faster degradation

rate than PLGA 65:35.5 The fast degradation rate of PLGA
microspheres also facilitated a sustained release of the
therapeutics (Figure 4), which is suitable for long term
studies. The loading efficiency (~68.4%) was also compa-
rable with a similar study where bone morphogenetic pro-
tein 2 (BMP-2, similar molecular weight with Wnt
inhibitors) was encapsulated in PLGA microspheres.>*

PLGA has been widely used to encapsulate drugs,> %
peptides,*®®! proteins®?>® as well nucleic acids®”%® due to
their biocompatibility and biodegradability. In studies
which specifically utilized PLGA microspheres for protein
delivery (e.g. VEGF, FGF),%>%* there were no issues with
the stability of the encapsulated biologics and the bioactiv-
ity of the proteins was fully preserved. Some of these stud-
ies also obtained a similar release profile which included
an initial burst release followed by a sustained release over
time.>*>70267 Subsequently, the released materials, some
despite being pH sensitive, were able to induce biological
effects, demonstrating the retention of their bioactivity
throughout the encapsulation and release process. As the
drugs utilized in our study were proteinaceous in nature, it
is therefore very likely that they also remained stable and
retained their bioactivity throughout the fabrication and
release process. This was further supported by the signifi-
cant biological outcomes observed in our experiments
(Figure 6).

Sciatic nerve transection and nerve conduit implanta-
tion is a widely used injury model to evaluate the efficacy
of a therapeutic with the synergistic effects from both the
biochemical signaling and topographical guidance. It has
been reported previously that neurotrophic factors can
enhance nerve regeneration across short distances (up to
10mm).®"° This distance is achievable for axons to regen-
erate through nerve guidance conduits in the absence of
exogenous trophic support.”! However, as the nerve gaps
are often longer in clinical practice, a 15-mm critical nerve
defect gap was created here instead of the usual 10-mm
gap so as to induce a severe injury model for a more practi-
cal evaluation of nerve regrowth. The two Wnt signaling
inhibitors, sFRP2 and WIF1, were encapsulated in electro-
spun fiber conduits and implanted to the injured sciatic
nerve. Both of the drugs can competitively bind to Wnt
ligands, leading to the inhibition of Wnt binding to Ryk.*
The regrowth of neurofilament into the nerve conduit in
sFRP2-treated rats was up to ~7500 um, which is even
longer than axonal-promoting microRNAs (i.e. miR-132/
miR-222/miR-431)-treated samples (~6200 um) using the
same injury model at the same time point.?® Additionally,
in the work done by Kolar et al., when human dental mes-
enchymal stem cells (D-MSCs), demonstrated to secrete
BDNF, GDNF, NGF, and VEGFA, were encapsulated into
the nerve conduit for rat sciatic nerve implantation, the
rate of neurofilament regrowth was about 2.5 mm/week,”
which was comparable as what we obtained here using
Wnt signaling inhibitors (2.5mm/week). In this work,
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there is a trend that treatment of sFRP2 could enhance
nerve regeneration in contrast to the untreated samples
(1000 um longer than untreated samples, p=0.13, Figure
3(b) and (c)) but without statistical significance. One pos-
sible reason is that in the sciatic nerve transection model,
the non-canonical Wnt receptor Ryk might not have been
sufficiently upregulated for the inhibitors to take effect.
Alternatively, it could be that the axon-promoting canoni-
cal Wnt signaling®® was activated instead. More work
needs to be conducted in future to reveal the signaling
pathway changes after sciatic nerve transection injury.

As sciatic nerve crush injury is another common periph-
eral nerve injury in the clinic, it was also used in this work
to evaluate nerve regeneration after the inhibition of the Wnt
signaling pathway. After sciatic nerve crush, the distal stump
of the injured nerve undergoes Wallerian degeneration,”
which is indicated by tissue degeneration and myelin debris
clearance.”*” Therefore, the signaling pathways after crush
injury also undergo drastic changes. Specifically, the repul-
sive Wnt-Ryk signaling pathway was upregulated 1week
after sciatic nerve crush and led to nerve retraction.* In order
to find out if the inhibition of the repulsive Wnt-Ryk signal-
ing for nerve regeneration is time-dependent, the Wnt inhib-
itors were administered at two different time points (i.e.
immediately after crush and 1week after crush).

NF200 was firstly utilized to evaluate the nerve
regrowth. However, NF200 staining was unable to differ-
entiate the existing uninjured axons and the regenerating
axons (Figure 5). As such, we used SCG10, also known as
stathmin 2 (STMN2), as axonal SCG10 is dynamically
regulated upon nerve injury and is shown to be a selective
marker for regenerating sensory axons.>

As time goes by, the expression of SCG10 propagated
along the regenerating nerves (Supplemental Figure S6a—
¢), which is in good agreement with the study by Shin
et al.** In their work, the expression of SCG10 increased
consistently over time post injury.*® Another similar study
where growth associated protein 43 (GAP43) was utilized
for the evaluation of nerve regeneration after sciatic nerve
crush, Dubovy et al. demonstrated that after sciatic nerve
compression, the expression of GAP43 increased consist-
ently from Day 1 to Day 7 in the associated DRG neurons.
However, the expression of GAP43 decreased from Day 7
to Day 14, indicating a dynamic role of GAP43 expression
after sciatic nerve compression.”’ Linking back to our
findings where the expression of SCG10 in the injured
area decreased significantly at the evaluation time point, it
is reasonable to conclude that when the injured axons com-
pleted their regeneration, the expression of SCG10 reverted
to normalcy and is similar to an uninjured normal sciatic
nerve (Supplemental Figure S6). Hence, a low expression
of SCGI10 at the injured region suggested that the axons
there might have regenerated from Day 7 onwards.

In the current work, we demonstrated that when WIF1
was administered 1week after sciatic nerve crush, the

expression of SCG10 in the injured region decreased faster
(Figure 6(a)—(c)). The ratio of SCG10 expression between
the injured and distal uninjured region was significantly
lower as compared to the blank-PLGA- and PLGA-sFRP2-
treated samples (Figure 6(d)), indicating that the treatment
of WIF1 could accelerate axonal regeneration after crush
injury. One possible reason for this is WIF1 shares
sequence homology with the Wnt-binding domain of Ryk’®
and hence the inhibition of the repulsive Wnt-Ryk signal-
ing is more specific as compared to sFRP2 which targets
more on Wnt-Frizzled binding. However, when the drugs
were administered immediately after sciatic nerve crush,
the effects of WIF1 and sFRP2 were not apparent. An
important implication of this work is the utilization of
SCG10 staining to assess the regeneration of the injured
sciatic nerves, besides the conventional NF200 staining,
which is widely utilized but provide less insightful results.
One may miss out important conclusions by picking the
wrong marker. Besides that, future studies should include
electron microscopy images to further enhance the credi-
bility of the findings. Another important implication of this
finding is that Wnt inhibitors only exert positive effects on
nerve regeneration when non-canonical Ryk is significant
upregulated in the injured area. Within the PNS, the
expression of Ryk was upregulated significantly in the sci-
atic nerve 1 week after conditioning lesion.* The addition
of Wnt inhibitors at this time is the therapeutic window for
the Wnt inhibitors to take effect.

Conclusions

In this work, sciatic nerve transection and sciatic nerve
crush models were applied to thoroughly evaluate the
effects of Wnt inhibitors, WIF1 and sFRP2, in promoting
nerve regeneration. Our results demonstrated that WIF1,
could promote nerve regeneration after sciatic nerve crush
injury. More importantly, we revealed the therapeutic win-
dow of using Wnt inhibitors to enhance nerve regenera-
tion, which is under the circumstance that non-canonical
Ryk is significantly upregulated.
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