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The microenvironment that cells experience during in vitro culture can often be far removed from the native
environment they are exposed to in vivo. To recreate the physiological environment that developing neurites
experience in vivo, we combine a well-established model of human neurite development with, functionalisation

fhal, scar of both 2D and 3D growth substrates with specific extracellular matrix (ECM) derived motifs displayed on
aminin . . . N . . . . . .
¥-27632 engineered scaffold proteins. Functionalisation of growth substrates provides biochemical signals more remi-
Neuritogenesis niscent of the in vivo environment and the combination of this technology with 3D cell culture techniques, further

recapitulates the native cellular environment by providing a more physiologically relevant geometry for neurites
to develop. This biomaterials approach was used to study interactions between the ECM and developing neurites,
along with the identification of specific motifs able to enhance neuritogenesis within this model. Furthermore,
this technology was employed to study the process of neurite inhibition that has a detrimental effect on neuronal
connectivity following injury to the central nervous system (CNS). Growth substrates were functionalised with
inhibitory peptides released from damaged myelin within the injured spinal cord (Nogo & OMgp). This model
was then utilised to study the underlying molecular mechanisms that govern neurite inhibition in addition to

potential mechanisms of recovery.

1. Introduction

Neuritogenesis is a developmental process that involves the exten-
sion of long cytoskeletal processes from the cell body of the developing
neuron and is integral to the proper formation of neuronal connections
in the central nervous system (CNS) [1,2]. As with other biological
processes, neuritogenesis is highly dependent upon the local microen-
vironment and many environmental factors influence this process,
including, soluble factors, local geometry and extracellular matrix
(ECM) interactions [3-5]. Although cell culture in vitro, is commonly
used to study cellular behavior and to generate model systems, it may
not always be representative of the in vivo environment, resulting in
aberrant cellular behavior [6-9]. For this reason, many attempts have
been made to mimic the in vivo microenvironment to provide a more
physiologically representative in vitro environment that better recreates
aspects of the native cellular environment.

Developing neurites in vivo receive biochemical cues from the ECM
that may either promote, inhibit or guide their extension [5,10-15].

Common ECM constituents such as laminin are known to promote
neuritogenesis and are often used as standard in vitro coatings in many
neurite outgrowth models [16-20]. Specific laminin motifs such as
“IKVAV” [21-26] and “RNAIAEIIKDI” [27] have been demonstrated to
have particular neurite enhancing properties. Extracellular components
such as laminin act through integrin receptors to transmit signals inside
the cell. In the case of neurite promoting signals, this pathway includes
inhibition of Rho A and ROCK, which promotes actin polymerisation
and growth cone advancements [5,28-31]. Many of the factors that
control neurite development, impact Rho A signaling which exists as a
balance, the result of which is thought to be the driving force responsible
for neurite dynamics [5].

However, other ECM components such as chondroitin sulphate
proteoglycans (CSPGs) and inhibitory molecules released from myelin
debris from damaged neurons are inhibitory to neurite generation
[32-35]. Following injury to the CNS, such as spinal cord injury (SCI) a
sequence of cellular and molecular events occur, initiated by the release
of inhibitory CSPGs from reactive astrocytes, along with inhibitory
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molecules such as oligodendrocyte myelin glycoprotein (OMgp), myelin
associated glycoprotein (MAG) and Nogo, released from myelin debris
[32-35]. This inhibitory environment that arises post-injury is known as
the glial scar and inhibitory molecules such as OMgp, MAG and Nogo are
thought to bind to the Nogo receptor (NgR) which in turn leads to Rho A
activation, ROCK activation, stabilization of actin filaments, growth
cone collapse and neurite retraction [36-49].

Most in vitro models rely upon direct adsorption of ECM proteins to
culture vessels to mimic the in vivo biochemical environment. This has
several disadvantages: denaturation; lack of control over the orientation
of molecules; and formation of multiple layers of molecules rather than a
single monolayer [50]. This can result in some active sites being hidden
from cells reducing the functionality and reproducibility of the coating.
The cellular impact of ECM-derived molecules is often due to short
peptide sequences and immobilising, specific, short active sequences to
growth substrates in a controllable manner can be advantageous. Pre-
viously, we have demonstrated that peptide motifs can be presented to
cells, by use of an engineered variant of outer membrane protein A
(OmpA) as a scaffold protein for anchoring the motifs in a structurally
intact, correctly orientated and highly functional manner as self-
assembled monolayers (SAMs) [51,52]. This “ORLASurf®” technology
has been used to generate biomimetic surfaces that can be used in cell
culture applications, and have previously been shown to promote neural
differentiation [53,54] and cellular adhesion [55], depending upon the
ECM-derived motif presented to cells.

In this study, we combine Alvetex® 3D cell culture matrix, a porous
polystyrene scaffold, and growth surface functionalisation with Orla-
SURF® technology to produce 3D biomimetic surfaces. A well-
established and characterised, human pluripotent stem cell-derived
model of neuritogenesis [56] was applied to these 3D biomimetic sur-
faces to study the impact of the ECM and extracellular signaling, on
neurite development and inhibition. Specific neurite promoting ECM-
derived motifs including those that belong to laminin were identified.
Biomimetic and 3D technologies were used to study the process of
neurite inhibition that occurs in the glial scar. 2D and 3D growth sub-
strates functionalised with Nogo-66 and OMgp were used to investigate
the molecular signaling events that underpin myelin-induced inhibition
in the glial scar. Y-27632 a selective ROCK inhibitor and ibuprofen a
non-steroidal anti-inflammatory drug (NSAID) inhibitor of Rho A, have
both been used to promote neurite outgrowth and functional recovery
following SCI, despite the inhibitory environment that forms following
injury [57-64]. In this study we use Y-27632 and ibuprofen along with
an antagonist of the NgR [65,66] to promote recovery of neurite
outgrowth on these inhibitory, biomimetic growth substrates and pro-
vide insight into the molecular signaling events involved in glial scar
inhibition.

2. Materials & methods
2.1. Cell culture

2.1.1. Maintenance of human pluripotent stem cells

The TERA2.cl.SP12 embryonal carcinoma (EC) pluripotent stem cell
line was maintained in Dulbecco's modified Eagle's medium with high
glucose (DMEM-HG, ThermoFisher Scientific, Cramlington, UK) sup-
plemented with 10 % heat-treated foetal bovine serum (HT-FBS, Ther-
moFisher Scientific), 2 mM t-glutamine (ThermoFisher Scientific) and
20 active units of penicillin and streptomycin (ThermoFisher Scientific).
Cells were maintained at 37 °C and 5 % COs in a humidified environ-
ment in 75 cm? culture flasks (BD Falcon, Erembodegem, Belgium) at
high confluence to ensure their pluripotent phenotype. Cells were
passaged every 3-4 days using acid washed glass beads (ThermoFisher
Scientific) to mechanically dislodge cells and subsequently split in a 1:3
ratio and seeded into further 75 cm? culture flasks.
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2.1.2. Neurosphere formation and induction of neurite outgrowth

EC cells were cultured in suspension as cellular aggregates and
differentiated with 0.01 uM EC23 (ReproCELL Europe Ltd., Sedgefield,
UK) for 21 days, as described previously [56]. Mature neurospheres
were seeded onto biomimetic 2D and 3D surfaces for a further 10-day
incubation, during which neurites begin to develop from the neuro-
sphere. Functionalised Alvetex® scaffold 6-well format inserts
(ReproCELL Europe Ltd) were prepared by washing for 10 s in 70 %
ethanol, followed by two washes in phosphate buffered saline (PBS)
(Sigma-Aldrich, Dorset, UK). This rendered the 3D scaffold, hydrophilic,
promoting the perfusion of growth medium throughout the culture.
Neurospheres were cultured on 2D and 3D surfaces with maintenance
medium supplemented with mitotic inhibitors: 1 pM cytosine arabino-
side (Sigma-Aldrich), 10 pM 5'fluoro2’deoxyuridine (Sigma-Aldrich)
and 10 pM uridine (Sigma-Aldrich). Following the 10-day neurite
outgrowth phase of culture, models were fixed in 4 % paraformaldehyde
(PFA) (Sigma-Aldrich) prior to immunofluorescence analysis. A range of
functionalised 2D and 3D growth substrates were used throughout this
study, the details of which can be found in Table 1.

2.1.3. Culture medium supplementation

Throughout this study, a number of small molecules were added to
2D and 3D neurite outgrowth cultures based on inhibitory growth sub-
strates. These molecules were added to cultures during the 10-day
neurite outgrowth phase of culture and include: Y-27632 (p160 ROCK
inhibitor) (TOCRIS, Bristol, UK), NEP 1-40 (Nogo receptor antagonist)
(Sigma-Aldrich) and ibuprofen (NSAID and Rho A inhibitor) (Sigma-
Aldrich).

2.2. OrlaSURF® protein engineering, production and surface
functionalisation

2.2.1. Orla protein engineering and production

OrlaSURF® proteins were engineered and produced as previously
described [36]. Briefly, for small motifs, annealed oligonucleotides
encoding the ECM motifs of interest were ligated into an extended loop
structure of the engineered OmpA scaffold. For the larger domains such
as OMgp, a synthetic gene encoding the domain of interested was ligated
to the gene encoding the engineered OmpA scaffold at one of the
termini. All the proteins also possess an N-terminal 6xhistidine tag. The
fusion proteins were expressed in E. coli as inclusion bodies and purified
under denaturing conditions using immobilized metal affinity chroma-
tography. The proteins were refolded by dilution in vitro and analyzed by
SDS PAGE and CD Spectroscopy, see below.

2.2.2. Circular dichroism (CD) spectroscopy

The proteins were diluted to 0.5 mg/mL in ROG-8 Buffer (50 mM
TrisHCL, 1 % (w/v) n-octylglucoside, 0.1 mM EDTA, pH 8.0). CD spec-
troscopy was carried out using 0.02 cm pathlength demountable cu-
vettes in a Jasco J-810 spectropolarimeter. CD was scanned ten times at
25 °C from 250 nm to 180 nm at 20 nm/min scanning speed, averaged,
and a buffer blank was subtracted. The data were processed to account
for path-length and protein concentration using built-in analysis soft-
ware (Jasco) and expressed as molar CD (MolCD).

2.2.3. OrlaSURF® protein coating of culture surfaces

Proteins were adsorbed onto polystyrene 6 well plates (Corning) and
6-well format Alvetex® discs. 6 well plates were treated with 3 mL of
0.1 pM protein solution in PBS for 16 h at 4 °C, then washed three times
with 3 mL deionized water. Alvetex® discs were treated with 2 mL 0.1
pM protein solution in PBS for 16 h at 4 °C, then washed three times with
2 mL deionized water. 0.1 pM protein solution was used, as this is 100-
times greater than the concentration required for saturation of poly-
styrene (1 nM), to ensure saturation level of coating is consistently
reached (Supplementary Fig. 1).
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Table 1
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Extracellular matrix protein-derived motifs used to create biomimetic 2D and 3D growth substrates.

Sequence Molecule Product code
MNYYSNS Collagen IV ORLA165
RGDS Fibronectin ORLA153
YIGSR Laminin p1 ORLA163
IKVAV Laminin ol ORLA162
IKVSV Laminin o2 ORLA189
VRWGMQQIQLVV Laminin a5 ORLA230
DITYVRLKF Laminin y1 ORLA236
RNAIAEIIKDI Laminin y1 ORLA239
ITHLNLSYNHFTDLHNQLTQYTNLRTLDISNNRLESLPAHLPRSLWNMSAANNNIKLLDKSD OMgp ORLA52

TAYQWNLKYLDVSKNMLEKVVLIKNTLRSLEVLNLSSNKLWTVPTNMPSKLHIVDLSNN

SLTQILPGTLINLTNLTHLYLHNNKFTFIPDQSFDQLFQLQEITLYNNRW
RIYKGVIQAIQKSDEGHPFRAYLESEVAISEELVQKYSNSALGHVNSTIKELRRLFL Nogo-66 ORLAS51

VDDLVDSLK

A table containing details of each ECM protein-derived motif used in this study to investigate the role of extracellular signals in neurite development and inhibition.

2.3. Immunofluorescence analysis of 2D and 3D neurite outgrowth
models

Fixed, 2D and 3D neurite outgrowth models were permeabilized in
0.1 % Triton X-100 (Sigma-Aldrich) 3D for 20 min and 2D for 10 min. 3D
scaffolds were then blocked for 30 min and 2D cultures blocked for 60
min in a blocking solution consisting of: 1 % normal goat serum (NGS,
Sigma-Aldrich) and 0.01 % Tween (Sigma-Aldrich) in PBS. Cultures
were incubated with the primary antibody (anti- f-III-tubulin (Cam-
bridge Bioscience, Cambridge, UK)) diluted in blocking buffer for 1 (2D)
or 2 (3D) hours at room temperature. Both 2D and 3D samples were then
washed three times for 10 min in blocking buffer and incubated with the
secondary antibody (Alexafluor® anti-rabbit 488 (ThermoFisher))
diluted in blocking buffer with the addition of the nuclear dye Hoechst
33342 (ThermoFisher Scientific) for 1 h at room temperature. Samples
were then washed 3 times for 10 min in blocking buffer and 3D scaffolds
were mounted on microscope slides with Vectashield anti-fade
mounting medium (Vector Laboratories, Peterbrough, UK), whilst 2D
samples were stored in PBS prior to imaging. Confocal images were
obtained using the Zeiss 880 confocal microscope with Zen software.

2.4. Image analysis

Image J software was used to quantify neurite outgrowth by cali-
brating the scale of the software and tracing individual neurites using
the freehand line tool. A sampling method described previously [56]
was used to quantify neurite outgrowth from 2D cultures. This involved
the use of grid overlay and the selection of 3 squares at random for
quantification. We have previously demonstrated this to be both an
efficient and accurate means of quantification that did not significantly
differ from measuring each individual neurite in turn [56]. Each neurite
was traced from the tip of the growth cone to the perikaryon, which in
this case, is located in the central neurosphere mass, providing an ac-
curate method of quantification with minimal branching and crossing.
To normalize to neurosphere size, we also present 2D neurite outgrowth
data as neurite density whereby the number of neurites per pm of neu-
rosphere circumference has been calculated by dividing the total num-
ber of neurites by the circumference of the neurosphere.

As for 3D cultures, scaffolds were prepared for wholemount micro-
scopy and immunostained for pan-neuronal marker TUJ-1, they were
then imaged from the underside to visualize neurite penetration. As
described previously [56], individual neurites were then able to be
counted using the multipoint tool in Image J software and expressed as
number of neurites penetrating the scaffold in each treatment condition.

2.5. Statistical analysis

GraphPad Prism v7 was used to assess the statistical significance of

results and in all cases an ANOVA was conducted to determine signifi-
cance, which is depicted graphically for each data set with * =p < 0.05,
** =p < 0.01, *** =p < 0.001, **** = p < 0.0001.

3. Results
3.1. Protein production and QA

Several types of functional protein motifs were engineered using
modified version of the E. coli protein OmpA and presented on the sur-
face of cell culture growth substrates in a manner optimal to their
structure, as depicted by the schematic illustration Fig. 1A. A range of
ECM associated motifs and domains were used throughout the study and
are specified in Table 1, including domains derived from laminins, col-
lagens and glial scar associated inhibitory molecules. The OrlaSURF®
fusion proteins described in this study were expressed in E. coli in 1 L
shaken flask cultures and purified as detailed in materials and methods.
SDS PAGE analysis showed that the proteins were > 95 % homogenous
(Supplementary Fig. 2) and a scaffold protein that is identical to the test
proteins but has a FLAG epitope was used as negative control.

The refolding of denatured proteins in vitro can result in large pop-
ulations of misfolded proteins. Normally such proteins tend to precipi-
tate and can be removed by centrifugation. However, there may be some
misfolded states that retain solubility but lack function. Circular di-
chroism (CD) spectroscopy can be employed to determine that the ma-
jority of the population has the expected secondary structure and is
routinely used as a Quality Assurance (QA) technique. To exemplify this,
Fig. 1B demonstrates the CD spectra of three of the proteins used in this
study. The engineered OmpA (ORLA154) is almost entirely a beta-barrel
structure and shows a typical trough at 215 nm (Fig. 1Bb). The small
motif insertions of laminin y do not impart significant structural dif-
ferences on the Omp molecule and the spectra are similar to the control.
The larger OMgp domain is predicted to have two short a-helices in its
structure and this is reflected in the different CD spectrum from the
ORLA52 (OMgp) protein. These data show that the majority of mole-
cules are refolded correctly in vitro, suggesting retention of functionality.

3.2. Application of 2D and 3D biomimetic surfaces to investigate the role
of ECM-derived motifs in neurite development

Neurospheres matured for 21 days were cultured on 2D (Fig. 2Aa-d)
and 3D (Fig. 2Ae-1) surfaces functionalised with: FLAG (epitope control),
MNYYSNS motif of collagen IV, RGDS motif of fibronectin or YIGSR
motif of laminin B1. In 2D cultures neurites radiate from the central
cellular mass. Few radiating neurites are visible from neurospheres
cultured on control FLAG surfaces, whereas denser neurite outgrowth is
visible from neurospheres cultured on surfaces functionalised with
ECM-derived motifs. Neurites that developed on Collagen IV MNYYSNS
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A

a b c

Fig. 1. Structure and characterization of engineered
proteins.

(A) Representation of the biologically active motifs and
domains (shown in blue). All of the proteins are based on
a modified version of the E. coli protein OmpA (Aa, shown
in yellow), functional motifs and domains have been
engineered into the protein in multiple ways allowing
optimum presentation of the active sequences to the cells.
Small motifs derived from collagen, fibronectin or laminin
were inserted into a large loop (Ab). Nogo-66 sequence
replaced the large loop (Ac). OMgp was created as an N-
terminal fusion (Ad). (Ba) The CD data from 190 to 250
; nm are plotted. Below 190 nm the high-tension voltage
\ (HT[V], Bb) is above 600 and indicates that the detector is
\ saturated, and data become unreliable. Key: ORLA52 —
: amino acids 57-228 (from Uniprot P23515) of OMgp
! fused to Omp N-terminus; ORLA236 — DITYRLKF motif of
human laminin y-1 in Omp loop; ORLA239 — RNIAEIIKDI
motif of mouse laminin y-1 in Omp loop; ORLA154 —

d control Omp with no fused effector motifs or domains.
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sequence are shorter than those on YIGSR, and neurite outgrowth on
RGDS appears to be less uniform than on the other conditions. These
visual observations are confirmed by quantification of neurite number,
density (normalized to neurosphere size) and length (Fig. 2B-D).
Fibronectin and laminin f1 motifs significantly enhance neurite number,
density and length compared with FLAG epitope control, with YIGSR of
Laminin p1 showing the greatest enhancement.

In 3D culture, neurospheres remain on top of the scaffold whilst
neurites penetrate through the depth of the 3D material (200 pm) and
are visible from the underside of the scaffold. Significant neurite
outgrowth can be observed from the bottom of scaffolds functionalised
with both RGDS and YIGSR but little outgrowth is visible on MNYYSNS
or FLAG functionalized scaffolds. Quantification of neurite outgrowth

from 3D scaffolds (Fig. 2E) revealed that fibronectin RGDS and laminin
B1 YIGS cause a significant enhancement compared to FLAG, uncoated
and MNYYSNS. Since the laminin p1 YIGSR motif was found to have the
greatest impact in both 2D and 3D neuritogenesis, the role of laminin in
neurite development was investigated further.

3.3. Use of 2D and 3D biomimetic surfaces to determine the role of
laminin in neurite development

In order to better understand the relationship between laminin and
neuritogenesis a dose response was performed, which in this case
investigated the effect of the surface density of a laminin-derived motif
on neurite outgrowth in 2D culture. The effect of differing surface
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Fig. 2. Cellular interaction with ECM components can induce neurite outgrowth in 2D and 3D culture.

Representative confocal images (A) of human pluripotent stem cell-derived neurospheres cultured on biomimetic 2D (Aa-d) or 3D (Ae-1) surfaces for 10 days. The
pan-neuronal marker TUJ-1 stained green highlights neurites, whereas, nuclei are stained by hoechst in blue. Neurospheres were cultured on surfaces coated with the
FLAG missense control peptide (Aa,e,i), the “MNYYSNS” motif of collagen IV (Ab,f,j), “RGDS” of fibronectin (Ac,g,k) or “YIGSR” of laminin (Ad,h,]). The number of
neurites per neurosphere (B) (data represent mean + SEM, n = 33-45) was quantified from 2D cultures and this was normalized to neurosphere size and expressed as
neurite density (C) (data represent mean + SEM, n = 33-45). The average neurite length (D) (data represent mean + SEM, n = 476-1340) was also quantified from
2D cultures and penetration of neurite (D) (data represent mean + SEM, n = 13-15) through the scaffold was measured from 3D cultures. Scale bars: 200 pm. * =p <
0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001.
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25% FLAG
75% YIGSR
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Fig. 3. The laminin “YIGSR” motif enhances neurite outgrowth in a dose dependent manner in 2D culture.

Representative confocal images (A) of neurospheres cultured on 2D surfaces functionalised with increasing “YIGSR” content mixed with the control peptide, FLAG.
Neurites are positive for TUJ-1 (green) and nuclei are stained blue. The number of neurites per neurosphere (B) (data represent mean + SEM, n = 18), neurite density
(C) (data represent mean + SEM, n = 18) and average length of neurites (D) (data represent mean + SEM, n = 224-419) were quantified from 2D neurite outgrowth
models. Scale bars: 200 ym. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001.

densities the laminin p1 YIGSR motif was investigated by measuring
neuritogenesis on 2D surfaces coated with mixtures of FLAG-control
protein and ORLA163 protein (YIGSR) in different ratios (Fig. 3A).
Neurite number, density and length increased with increasing YIGSR
content. 100 % YIGSR gave the most significant enhancement of neurite
outgrowth (Fig. 3B-D). These results suggest that the YIGSR laminin f$1-
derived motif enhances neurite outgrowth in a dose dependent manner.

Other laminin-derived motifs, IKVAV, IKVSV, RNAIAEIKDI,
VRWGMQQIQLVV and DITYVRLKF were tested on 2D (Fig. 4Aa-c, h-j)
and 3D (Fig. 4Ae-g, k-m) surfaces alongside YIGSR and the FLAG con-
trol. IKVAV, and YIGSR induced the growth of longer neurites in 2D
culture (Fig. 4B). Whereas growth on IKVAV, IKVSV, RNAIAEIKDI 3D
substrates resulted in greater neurite penetration through 3D scaffolds
and VRWGMQQIQLVV and DITYVRLKF did not perform better than
FLAG control (Fig. 4D).

3.4. Application of 2D and 3D biomimetic surfaces to investigate nyelin-
induced neurite inhibition and methods of recovery

In order to study the molecular mecanisms that underpin myelin-
induced inhibitiron of neurite re-growth in the injured spinal cord, we
funtionalised both 2D and 3D growth substrates with sequences derived
from inhibitory molecules found in the glial scar including OMgp and
the 66 amino-acid effector loop of Nogo (Nogo-66). Fig. 5 demonstrates
the results of the neuritogenesis assay on surfaces coated with either
protein alone or a 50:50 mixture of Nogo-66 and OMgp compared to

surfaces coated with FLAG-epitope control. Both the OMgp and Nogo-66
are highly inhibitory compared to the control as indicated by the
reduced neurite density (Fig. 5B) and shorter neurite length (Fig. 5C)
when cultured in 2D (Fig. 5Aa-h) and reduced penetration through the
scaffold in 3D culture (Fig. 5Ai-p, D). The greatest inhibitory effect on
neurite length, density and penetration is seen on substrates function-
alized with a 50:50 mixture of OMgp and Nogo-66, suggesting an ad-
ditive effect.

Recovery of glial-scar induced neurite inhibition can be achieved by
blocking NgR and its downstream events, including Rho A and ROCK-
mediated signaling [58,64-69]. Here, we tested the ability of the NgR
antagonist peptide, NEP 1-40 and two small molecule inhibitors Y-
27632 and ibuprofen (inhibitors of ROCK and Rho A respectively) to
reverse the effects of OMgp and/or Nogo-66 (Fig. 6). Neurospheres were
cultured on 2D surfaces functionalised with either: FLAG-epitope, Nogo-
66, OMgp or a 50:50 OMgp:Nogo-66 mixture. The addition of 10 uM Y-
27632, 100 pM ibuprofen or 1 pM peptide NEP 1-40 to the culture
medium reversed the inhibitory effects of OMgp and Nogo-66 in our
model system, resulting in significant neurite outgrowth, with extremely
densely packed neurites and fascicles radiating from each neurosphere
despite the inhibitory stimulus (Fig. 6A). Ibuprofen and NEP 1-40
recovered neurite density to the level on FLAG-epitope surfaces
whereas Y-27632 treatment resulted in a significant increase (Fig. 6B)
indicating a stimulatory effect on neurite outgrowth. Although the an-
tagonists of the NgR/RhoA/ROCK signaling pathway reversed the
inhibitory effect of Nogo and OMgp on neurite number and density, their
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Fig. 4. Enhancement of neurite outgrowth in 2D and 3D culture by specific laminin-motifs.

Representative confocal images (A) of neurospheres cultured on 2D (Aa-c, h-j) and 3D (Ae-g, k-m) functionalised substrates coated with a range of laminin motifs. 3D
neurite outgrowth is visualized from neurite penetration through the bottom of the scaffold. Neurite outgrowth is highlighted by positive staining for TUJ-1 (green)
and nuclei are stained in blue. Quantification of neurite length (B) (data represent mean + SEM, n = 184-354) from 2D neurite outgrowth models and neurite
penetration through the scaffold (c) (data represent mean + SEM, n = 9) from 3D neurite outgrowth models. Scale bars: 2D images: 50 pm 3D images: 200 pm. * = p
< 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001.
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Fig. 5. 2D and 3D biomaterials functionalised with inhibitory molecules from the glial scar induce neurite inhibition.

Representative confocal images (A) of neurospheres cultured on 2D (Aa-h) and 3D (Ai-p) surfaces functionalised with a control peptide (Aa,b,i,j), OMgp (Ac,d,k,1),
Nogo (Ae,f,m,n) or a 50:50 mixture of Nogo and OMgp (Ag,h,0,p). Neurite outgrowth is highlighted in green through positive staining of the pan-neuronal marker
TUJ-1 and nuclei are stained blue. Quantification of neurite density (B) (data represent mean + SEM, n = 9) and length (C) (data represent mean + SEM, n =
118-492) describes 2D neurite outgrowth whilst neurite penetration (D) (data represent mean + SEM, n = 5-6) describes neurite outgrowth in 3D culture. Scale bars:
Aa,c,e,g,i-p: 200 pm Ab,d,f,h,: 50 pm. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001.

effect on neurite length was less marked (Fig. 6C). If anything, there
appears to be a slight inhibitory effect of these compounds when the
data on the FLAG-control surfaces is considered.

In 3D culture (Fig. 7A), very few neurites are visible from the un-
derside of scaffolds cultured on inhibitory 3D growth substrates in the
absence of medium supplementation. Supplementation of the culture
medium with Y-27632 resulted in significant neurite outgrowth and a
large interconnected network of neurites could be seen from the bottom
view of scaffolds. This stimulatory effect was also apparent on the
control FLAG-epitope surfaces. Ibuprofen overcame the inhibitory effect
on Nogo but not on OMgp surfaces whereas NEP 1-40 was able to reverse
inhibition on both Nogo and OMgp (Fig. 7B).

4. Discussion

Biomimetic surfaces combined with 3D cell culture technology aim
to provide a more physiologically relevant in vitro microenvironment
than traditional tissue culture techniques, by recapitulating the
biochemical composition of the ECM along with the 3D cellular geom-
etry associated with cell and tissue development in vivo [3,4,6]. 2D and
3D functionalised growth substrates were used to identify specific ECM-
derived motifs capable of promoting neuritogenesis. Unsurprisingly, the
laminin “YIGSR” motif was found to promote neurite outgrowth in both
2D and 3D culture to a greater extent than collagen IV's “MINYYSNS” or
“RGDS” of fibronectin. “YIGSR” has previously been documented to
promote neuritogenesis and laminin has long since formed the basis of in
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Fig. 6. Inhibition of the Nogo receptor and its downstream signaling events, restore neurite outgrowth on 2D inhibitory surfaces.

Representative confocal images (A) of neurospheres cultured on inhibitory 2D surfaces functionalised with Nogo (Aa-d), OMgp (Ae-h) or a 50:50 mix of the two
peptides (Ai-1). Cultures also received medium supplementation with 15 pM Y-27632 (a selective ROCK inhibitor) (Ab,f,j), 500 pM ibuprofen (inhibitor of Rho A) (Ac,
g,k) or 1 pM NEP 1-40 (Nogo receptor antagonist peptide) (Ad,h,1). TUJ-1 expression (green) highlights neurite outgrowth and nuclei, stained blue, remain in the
central body of the neurosphere. Quantification of the neurite density (B) (data represent mean -+ SEM, n = 15) and neurite length (C) (data represent mean + SEM,
n = 45-391). Scale bars: 100 pm. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001.

vitro neuritogenesis models [70-72]. For this reason, the study focused
upon the neurite outgrowth promoting effects of laminin and deter-
mined specific laminin-derived motifs responsible for its neurite pro-
moting properties.

The “YIGSR” motif of laminin f1 enhanced neurite outgrowth in a
dose dependent manner, suggesting an active effect upon neurite
outgrowth, and further confirming that the motif is in fact responsible
for the enhancement of neurite outgrowth observed in vitro. Certain
laminin-derived motifs such as “IKVAV”, “IKVSV” and “YIGSR” were
found to enhance neuritogenesis in 2D and 3D culture. This is supported
by evidence previously described throughout the literature as “IKVAV”
and “IKVSV” have both been shown to induce neurite development in
several model systems, potentially through a 1 integrin dependent
mechanism [21-23,73-77]. The larger laminin-derived sequence
“VRWGMOQQIQLVV” from the o5 chain was found to inhibit certain
aspects of neurite outgrowth and have no effect upon others. This

sequence is derived from the LG4 domain of the a5 chain, which has
previously been shown to enhance neurite outgrowth in vitro [78].
However, the o5 chain is expressed at low levels in the adult brain and is
mostly expressed in other tissues including: bone marrow, pancreas,
lung and heart [79]. This could explain the lack of a5 involvement in
neuritogenesis and why the “VRWGMQQIQLVV” seemed to have little
impact upon neurite outgrowth in this system. Both “DITYVRLKF” and
“RNAIAEIIKDI” from the y1 laminin chain were also screened for their
ability to induce neuritogenesis. Both sequences had previously been
implicated in cell adhesion and neurite outgrowth in vitro [80], however,
“DITYVRLKF” was found to have little impact on neurite outgrowth but
“RNAIAEIIKDI” was found to enhance neurite outgrowth, particularly in
3D culture.

This method of presentation of ECM-derived motifs to cells within
the context of biomimetic surfaces offers several advantages over
traditional ECM adsorption coating including a reduction in the use of
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Fig. 7. Inhibition of the Nogo receptor and its downstream signaling events, restore neurite outgrowth on 3D inhibitory surfaces.

Representative confocal images (A) of neurite outgrowth from neurospheres cultured in 3D on top of Alvetex® scaffold functionalised with Nogo (Aa-d), OMgp (Ae-h)
or a 50:50 mixture of the two peptides (Ai-1). Culture medium was also supplemented with 15 pM Y-27632 (a selective ROCK inhibitor) (Ab,f,j), 500 pM ibuprofen
(inhibitor of Rho A) (Ac,g,k) or 1 uM NEP 1-40 (nogo receptor antagonist peptide) (Ad,h,l). TUJ-1 positive neurites (green) visibly penetrate the depth of the 3D
material, represented here as the bottom view of the scaffold. Quantification of the number of neurites that penetrate the 3D material (B) (data represent mean +
SEM, n = 9). Scale bars: 200 pm. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001.

animal-derived products, excellent reproducibility, good availability of mechanisms implicated in glial scar signaling, involves the binding of
active sites and precise orientation of motifs. In this study we have inhibitory molecules from myelin debris released from damaged neu-
demonstrated that functionalisation of growth substrates with specific rons, to receptors including the NgR. OMgp and Nogo-66 are myelin-
laminin-derived motifs displayed in an accessible orientation on a associated inhibitory molecules that bind to NgR, which acts through
scaffold protein can induce neuritogenesis in vitro. This has several ad- co-receptors (p75 [40,46,83], TROY [45,49] and LINGO-1 [42,49,84])
vantages such as providing a cost-effective, animal product free, stan- to induce growth cone collapse and neurite retraction through activation
dardized, reproducible growth surface suitable for industrial of downstream Rho A and ROCK.
applications including screening potential neurotoxic compounds. This study describes the use of functionalised 2D and 3D surfaces to
In addition to describing the role of the ECM in neurite promotion, elucidate the molecular signaling events that underpin myelin-induced
this study also examined the ability of 2D and 3D growth substrates neurite inhibition in the glial scar. We demonstrate that both 2D and
functionalised with inhibitory molecules from the glial scar, to induce 3D growth substrates functionalised with Nogo-66 and OMgp result in
neurite retraction and inhibition of growth. The glial scar forms neurite inhibition. This culture system models the process of myelin-
following SCI and many inhibitory mechanisms contribute the lack of induced neurite inhibition that is involved in the formation of the glial
neuronal regeneration within the glial scar and prevent functional re- scar. This has many applications including screening potential candi-

covery following injury [33-35,81,82]. One of the inhibitory dates that may be able to overcome this inhibitory response, along with
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supporting investigations into the underpinning molecular signaling
pathways involved in the inhibitory response.

OMgp and Nogo-66 are both known to activate the NgR which in
turn activates Rho A and ROCK resulting in growth cone collapse and
neurite inhibition [36-38,48]. For this reason, an antagonist of the NgR,
NEP 1-40 [65,66] was added to the culture medium of inhibition models
to intervene at the receptor stage of signaling. Inhibition models were
also supplemented with the selective ROCK inhibitor, Y-27632 and
ibuprofen, an inhibitor of Rho A, to intervene in signaling events
downstream of the NgR. All of these compounds have previously been
demonstrated to restore neurite growth in in vitro and in vivo models of
SCI [58,59,61-63,68,69,85-90]. NEP 1-40 mimics the first 40 amino
acids of Nogo-66 and blocks receptor-ligand binding [65,66]. In this
study NEP 1-40 was found to overcome inhibition in terms of neurite
density and 3D growth but not inhibition in neurite length mediated by
OMgp and Nogo-66. This suggests that OMgp and Nogo-66-mediated
inhibition in this system acts through the expected signaling channels,
depending upon NgR activation. However, NEP 1-40 did not restore
inhibition of neurite length, which may be impacted by another, un-
known mechanism of inhibition. Inhibition of ROCK by Y-27632
enhanced neurite outgrowth in many cases, with significant neurito-
genesis being observed in both 2D and 3D cultures. Supplementation
with this molecule rescued neurite density and 3D outgrowth, however,
had variable results upon neurite length. Similarly, inhibition of Rho A
by ibuprofen, was found to recover neurite number and density but have
variable results upon 3D neurite outgrowth and neurite length in 3D.
This may suggest that neurite length is controlled by a different mech-
anism independent of Rho A and ROCK, compared with neurite number
and density.

5. Conclusions

In this study we have combined OrlaSURF® protein surface tech-
nology and Alvetex® 3D cell culture technology to provide a more
physiologically relevant microenvironment to study a well-established
model of the human neuritogenesis developmental process. This has
allowed for the identification of specific motifs responsible for the pos-
itive effects of laminin upon neurite development. Furthermore, we have
also developed biomimetic non-permissive growth surfaces to model
myelin-induced inhibition, a process that inhibits neural regeneration
following SCI. This model can be used to further elucidate molecular
signaling involved in the induction of neurite inhibition or have appli-
cations in screening compounds for their ability to overcome myelin-
induced inhibition.

In conclusion, we present a novel application of OrlaSURF® protein
technology to better understand the microenvironmental influences that
underpin neurite outgrowth and inhibition within the CNS. The com-
bination of a biomimetic, functionalized growth substrate with 3D cell
culture technology provides a platform to better understand how
physical and chemical cues integrate to influence neurite growth dy-
namics in developmental and injured scenarios.
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