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Regenerating the Injured Spinal Cord at the Chronic Phase
by Engineered iPSCs-Derived 3D Neuronal Networks

Lior Wertheim, Reuven Edri, Yona Goldshmit, Tomer Kagan, Nadav Noor, Angela Ruban,
Assaf Shapira, Irit Gat-Viks, Yaniv Assaf, and Tal Dvir*

Cell therapy using induced pluripotent stem cell-derived neurons is
considered a promising approach to regenerate the injured spinal cord (SC).
However, the scar formed at the chronic phase is not a permissive
microenvironment for cell or biomaterial engraftment or for tissue assembly.
Engineering of a functional human neuronal network is now reported by
mimicking the embryonic development of the SC in a 3D dynamic
biomaterial-based microenvironment. Throughout the in vitro cultivation
stage, the system’s components have a synergistic effect, providing
appropriate cues for SC neurogenesis. While the initial biomaterial supported
efficient cell differentiation in 3D, the cells remodeled it to provide an
inductive microenvironment for the assembly of functional SC implants. The
engineered tissues are characterized for morphology and function, and their
therapeutic potential is investigated, revealing improved structural and
functional outcomes after acute and chronic SC injuries. Such technology is
envisioned to be translated to the clinic to rewire human injured SC.

1. Introduction

Traumatic spinal cord injury (SCI) has an immediate and catas-
trophic impact on movement control and on all aspects of the
patient’s health and quality of life. The primary trauma injury
causes direct damage, which often leads to death of cells, dis-
ruption to blood-SC barrier, and degradation of the extracellular
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matrix (ECM). These processes initiate a
secondary proinflammatory injury cascade,
which leads to a progressive tissue damage
resulting in the formation of a glial scar. Al-
though the healthy neural tissue surround-
ing the injury site contains cues that may
promote tissue repair,[1] the lack of a per-
missive microenvironment for cell growth
in the scar, along with the absence of ECM-
secreted axonal guidance molecules such as
netrins and slits, results in very poor intrin-
sic regeneration potential and permanent
neural dysfunction.[2,3]

Furthermore, with time, the injured area
expands, further challenging the ability for
natural or intervened regeneration.[4]

Aiming to rewire the injured spinal
cord (SC), researchers have suggested a
variety of approaches including transplan-
tation of different cell types or bioma-
terials into the injury site in the acute

phase.[5–8] The implantation of Schwann cells,[9] neural stem cells
(NSCs) or neural progenitor cells (NPCs),[10,11] or mesenchymal
stem cells[12] has been investigated as a potential therapy for SC
injury. However, two issues may jeopardize the success of the
treatment, namely the immune response to allogenic or xeno-
geneic cells, which may promote cell rejection, and implantation
of dissociated cells, not organized into a functional network.
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To overcome the risk of rejection, induced pluripotent stem
cells (iPSCs) may be used. In this approach, somatic cells from
the patient are reprogrammed to become pluripotent and then
differentiated to the desired cell lineage.[13] The most common
strategy in regeneration of the injured SC is not the direct ap-
plication of the undifferentiated cells, but rather the transplanta-
tion of various iPSCs-derived cell lines. Lu et al. inserted disso-
ciated iPSC-derived NSCs in a fibrin matrix two weeks after SCI
induction. The cells were able to differentiate and interact with
the host’s neurons to form axons that extended through long dis-
tances of the white matter of the injured SC.[14] In another work,
iPSCs-derived neurospheres were injected into the SC 9 days post
SCI. Transplanted cells, which had differentiated in vivo into the
three neural lineages without forming teratomas, participated in
remyelination and improved locomotion.[15] Although such a cell
source may be relevant for regenerating the injured SC, injection
of the cells into the injured area is not ideal. Once the dissociated
cells in suspension or within biomaterial-based carriers are in-
jected into the injury site, energy is invested to form cell-cell and
cell-matrix interactions for tissue formation and differentiation,
and for integration with the healthy part of the SC.[16] As the scar
tissue, which is formed in the natural course of the pathophysiol-
ogy, does not provide a supporting microenvironment for tissue
assembly, massive cell death may occur. Therefore, insertion of a
pre-formed 3D neuronal network into the injury site and instead
of the scar tissue may reduce the time required for regeneration
and improve the efficacy of the treatment. However, the condi-
tions for engineering functional 3D neural networks are still not
fully known.[17]

We hypothesized that mimicking the embryonic development
by applying a specific SC motor neuron differentiation protocol
in a 3D dynamic microenvironment would provide the cells not
only with differentiation cues, but also signals for appropriate tis-
sue formation with natural hallmarks. We further hypothesized
that assembling a functional neuronal network prior to implan-
tation would increase the chances of functional engraftment.

Recently, we developed iPSCs-derived human tissue implants
with the potential to perfectly match the immunological and cel-
lular profile of a patient.[18] In principle, in this approach, a small
piece of fatty tissue biopsy is extracted from a patient and the cel-
lular and acellular materials are separated. While the cells are re-
programmed to become iPSCs, the ECM is processed to become
a personalized hydrogel.[19] In this concept, following the encap-
sulation of patient-specific iPSCs in the personalized hydrogel,
efficient differentiation in a 3D permissive microenvironment is
fostered, mimicking the embryonic development of the SC. The
obtained functional SC implants may be introduced into the in-
jury site to regain locomotion (Figure 1a). Here, as a proof-of-
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Figure 1. Schematics. a) The concept. Omental tissue is extracted from
the patient. Then, cells and ECM are separated. While the cells are repro-
grammed to become iPSCs, the ECM is processed into a thermorespon-
sive hydrogel. The iPSCs are then encapsulated within the omentum-based
hydrogel, to create stem cell implants. The implants are subjected to a 30-
day differentiation process, which mimics the embryonic SC development.
The obtained SC neuron implants which are completely autologous, can
then be implanted back into the patient. b) Study schematics. The differ-
entiated SC motor neuron implants were first characterized in vitro. Next.
the therapeutic potential of these implants was evaluated in hemisection
acute and chronic SCI models. The molecular, behavioral, and anatomical
aspects were investigated.

concept, a porcine omentum-based hydrogel was mixed with hu-
man iPSCs, the cells were specifically differentiated to SC motor
neurons and SC implants were generated. The obtained implants
were characterized for tissue morphology and function and their
therapeutic potential was evaluated in both acute and chronic SC
injury models in mice (Figure 1b).

2. Results and Discussion

2.1. Engineering Functional Spinal Cord Implants

Porcine omental tissue was decellularized while preserving the
extracellular matrix (ECM) (Figure 2a,b and Figure S1, Support-
ing Information). The omentum is a fatty tissue enriched with
blood vessels and sulfated glycosaminoglycans, and its ECM
serves as a depot for stem cells in the body.[20] These hallmarks
endow this tissue with remarkable regenerative capabilities.[21]

The decellularized tissue was further processed into a thermore-
sponsive hydrogel (Figure 2c), which showed weak mechanical
properties at room temperature, and physically crosslinked un-
der physiological conditions (Figure 2c,d).

During natural embryonic development, at the blastocyst
stage, the fibers of the ECM create niches, which support stem
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Figure 2. Generation and characterization of SC implants. a) Native omentum. b) Decellularized omentum. c) Omentum-based hydrogel. d) Rheolog-
ical properties of omentum-based hydrogel. e) SEM imaging of acellular hydrogel. Scale bar = 2 μm. f) SEM imaging of iPSCs encapsulated within
the hydrogel. Scale bar = 5 μm. g) Flow cytometry analysis of undifferentiated iPSCs (TRA-1-60, SSEA-4) cultured for 3 days within the hydrogel. h)
Immunofluorescence imaging of undifferentiated iPSCs cultured for 3 days within the omentum hydrogel and stained for Collagen (red), OCT4 (green),
and KI67 (blue)I. Scale bar = 50 μm. i) SEM imaging of differentiated implants (day 30). Scale bar = 10 μm. j) Immunofluorescence of differentiated
implants on day 30. Cells express a motoneuron specific marker (HB9; blue), a neuronal marker (TUJ1; green), and a dendritic marker (MAP2; red).
Scale bar = 50 μm. k) Immunofluorescence of differentiated implants on day 30. Cells express markers for synapses (SYP; blue), neuronal intermediate
filaments (NFM; green), and dendritic (MAP2; red). Scale bar = 50 μm. l) A heatmap of RNA-seq expression Z-scores computed for days 0, 20, and 30
of differentiation.

cell renewal, differentiation, and morphogenesis.[22,23] Scan-
ning electron microscopy (SEM) images of the hydrogel re-
vealed its fibrous structure, with an average fiber diameter of
91.7±33 nm (Figure 2e and Figure S2, Supporting Information).
During embryonic development, pluripotent stem cells prolifer-
ate in a confined microenvironment prior to differentiation. To
mimic this physiological process, human iPSCs colonies were
mixed within an omentum hydrogel at a low concentration (Fig-
ure 2f). The cells expressed high pluripotency (TRA-1-60, SSEA4,
OCT4) and proliferation (KI67) markers within the hydrogel (Fig-
ure 2g,h), and were allowed to proliferate and fill its volume.

Then, to mimic the physiological process of neurogenesis, the
iPSCs implants were subjected to a 30-day SC motor neuron dif-
ferentiation protocol within the 3D microenvironment. On day
30, the cells formed a high-density 3D network within the en-
tire implant (Figure 2i), expressing general and mid-late neuronal
markers, such as TUJ1 and MAP2, as well as the specific motor
neuron marker HB9 (Figure 2j). Synapses and dendrites, as well
as neurofilament formation within the implants, indicated the
maturation and functionality of neuronal tissue (Figure 2k). Flow
cytometry analyses indicated that more than 85% of the cells ex-
pressed the neuronal marker TUJ1, and more than 60% were also
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positive for HB9 (Figure S3, Supporting Information). Moreover,
RNA sequencing at 3 different time points along the differentia-
tion process (day 0, day 20, and day 30) revealed downregulation
of pluripotency-associated genes, and upregulation of neuronal
and specifically SC motor neuron genes (Figure 2l). Multiple syn-
ergistic genes associated with the functions of neuronal activity
and maturation were significantly enriched (Figure S4, Support-
ing Information).

During embryonic development, the dynamic ECM plays a
pivotal role in cell identity differentiation, maintaining tissue-
specific functions and tissue assembly. In addition to the initial
matrix proteins, which were provided by the fabricated hydrogel
throughout the SC differentiation and maturation, the cells se-
creted additional specific ECM components and soluble factors,
which interacted with the existing matrix. This remodeling of
the ECM composition during development and differentiation
provides a new microenvironment, which is essential to sup-
port cell migration and promotes axonal growth/guidance and
synaptogenesis. To investigate the new extracellular microenvi-
ronment generated during the differentiation process, we looked
for the expression of neuronal ECM-associated genes. Out of the
500 most elevated genes, the cells expressed 17 genes related
to the production of essential ECM proteins that were not ex-
pressed by the undifferentiated cells (Figure 3a). Further analysis
revealed that functions that were enriched within the top increas-
ing 500 genes are associated with neuronal tissue formation and
function, including neuronal differentiation and development,
guidance of axons, neuritogenesis and branching, neuronal mi-
gration, and neurotransmission. Such developmental and cellu-
lar processes must be regulated and guided by different ECM
molecules.[24,25] Indeed, these functions were also unequivocally
enriched within the 17 ECM genes (Figure 3b and Figure S5, Sup-
porting Information). These functions are essential for the ap-
propriate formation of the SC during embryonic development.[24]

Successful recapitulation of these cellular secretions and expres-
sion patterns suggests that the supplied microenvironment and
the cells mutually affect each other to generate the appropriate
3D neuronal network. While on 2D surfaces most of the solu-
ble proteins are secreted to the medium, in the hydrogel they
are spatiotemporally accumulated within the 3D microenviron-
ment, allowing them to interact with the initial ECM and to affect
the encapsulated cells. To assess protein secretion and accumu-
lation within the 3D microenvironment, cells differentiated on
Matrigel, undifferentiated implants, and 30-day implants were
stained for the representative ECM proteins SLIT1 and NTN1,
which play a key role in axon guidance and are extremely im-
portant for SC positioning.[26] SLIT1 proteins prevent migration
of the motor neurons towards the ventral floorplate thereby al-
lowing them to stay in their correct columns.[22] Netrins, on the
other hand, are part of the larger laminin gene family and play an
important role in guiding axons to the midline.[27,28] As shown,
while the proteins were not detected within the day 0 implants
nor on 2D Matrigel surfaces, they were highly expressed around
cells within the hydrogel (Figure 3c–e). Synthesis and presenta-
tion of ECM proteins affect the function of the developing tissue.
However, their accumulation within the 3D hydrogel also altered
the microenvironment’s mechanical properties. While the com-
plex viscosity of acellular implants was not changed over time, the
change in ECM protein type and amount significantly altered its

biochemical content, increasing the complex viscosity (Figure 3f
and Figure S6, Supporting Information).

Interaction between implants, or between implants and the
healthy part of the tissue, is extremely important for efficient en-
graftment and for initiating regenerative processes in any neu-
ral tissue.[29] To assess the ability of the implants to interact
with their surrounding environment, implants were plated on a
thin layer of Matrigel, and neurite outgrowth was observed (Fig-
ure 3g). Furthermore, when several implants were positioned at
a distance of ≈1 mm from each other, a branched network was
formed between them within 3 days (Figure 3h). After confirm-
ing the formation of the 3D neuronal network and the presence
of dendrites and synapses, the implants’ neuronal electrical ac-
tivity was monitored using calcium imaging. KCl is known to
reliably depolarize neurons membranes leading to calcium ions
influx into the cells. As shown, KCl stimulation revealed a signifi-
cant increase in fluorescence, indicating the chemically-induced
effect (Figure 3i). Furthermore, the excitatory neurotransmitter
glutamate known to activate SC motor neurons was able to in-
duce a significant increase in calcium release (Figure 3j).

2.2. Treatment at the Acute Phase of the Injury

After efficiently mimicking the embryonic SC development and
engineering functional tissue implants, we sought to evaluate
their therapeutic potential. Initially, as a proof of concept, an
acute injury model in mice was chosen. Here, a complete left side
hemisection at vertebrate T10 was performed with the right side
of the SC remaining intact (Figure 4a). Then, saline (untreated),
2D-differentiated cell suspension in saline (cells), hydrogel with-
out cells or the full implants (Figure 4b) were immediately in-
serted into the injury site and their ability to reduce inflamma-
tion and glial scar formation, promote neuroprotection and ax-
onal regeneration and improve mice locomotion, were assessed.
To compare between the engraftment of dissociated cells and that
of the full implant, the cells were first pre-labeled with a fluo-
rescent dye. One week after treatment, the cells within the im-
plant group were clearly detected at the lesion site, while cells
that were applied in suspension were hardly observed, empha-
sizing the importance of a supporting microenvironment (Fig-
ure 4c and Figure S7, Supporting Information). After disrup-
tion of the blood-SC barrier and hemorrhage, a secondary dam-
age occurs and immune cells from the periphery or microglia
from within the tissue migrate towards the injury site. This pro-
inflammatory environment results in additional neuronal death
and massive accumulation of reactive astrocytes forming a glial
scar. This process prevents further damage expansion; however,
it inhibits spontaneous regeneration and propagates overall neu-
ronal tissue degeneration.[30] To assess the effect of the implants
on the inflammatory process and progression within the injury
site, the SC was extracted on day 7 post-treatment, sectioned, and
stained for microrglia (Iba1) and astrocytes (GFAP) markers. As
shown, both the hydrogel and the implants significantly reduced
the accumulation of both cell types (Figure 4c–g and Figure S8,
Supporting Information) at the injury site. Moreover, the astro-
cytes detected within these groups were less reactive as observed
by decreased GFAP protein expression, as well as lower expres-
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Figure 3. Engineered tissue ECM content and cell function. a) A heatmap of RNA-seq expression Z-scores computed for 17 secreted ECM proteins on
days 0, 20, and 30 of differentiation. b) Bar chart showing the enriched functions on day 30 of differentiation (for the top elevated 500 genes), related
to the 17 ECM genes in (a) as shown in Figure S5, Supporting Information. c–e) Expression of ECM-associated proteins (NTN1 and SLIT1). TUJ1 is
used to identify neurons. Scale bars = 50 μm. (c) iPSCs implants before differentiation. (d) iPSCs-derived SC neurons, differentiated for 30 days on
Matrigel. (e) iPSCs-derived SC implants on day 30 of differentiation. f) Rheological properties of acellular hydrogel and implants on days 0, 15, and 30
of differentiation. g) Neurite outgrowth from day-30 implant, cultured on a Matrigel-coated surface for 72 h. Scale bar = 50 μm. h) Neurite-branched
network formed between 3 implants after 72 h. Scale bar = 500 μm. i) Calcium response of implants to depolarization by KCl. j) Calcium response of
implants to stimulation by glutamate.
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Figure 4. Acute SCI model. a) Schematics of the study. Mice were hemisected at T10, leaving the left hindlimb paralyzed. Treatment was administered
immediately after the injury was induced. Mice were kept alive for 3 months, during which scar analyses, Catwalk gait analysis, and anterograde tracing
were performed. Two weeks post tracing, the mice were transcardially perfused and the cords were extracted for analysis. b) Treatments administered: 3
control groups designated “Untreated”- animals treated with saline; “Cells”- animals treated with iPSCs-derived SC neurons in suspension; “Hydrogel”-
animals treated with acellular omentum-based hydrogel; and an experimental group designated “Implants”- animals treated with iPSCs-derived SC neuro
implants. c–g) Cellular analysis of lesion site 7 days post-treatment. (c) Engraftment of implants 7 days post-implantation. Prior to implantation, the
cells were labeled with CytoPainter (red). (d) Representative image of microglia (IBA1) expression in the “Implants” group. (e) Quantification of IBA1
density in the different groups. (f) Representative image of astrocytes (GFAP) in implants group. (g) Quantification of GFAP expression in the different
groups. h–j) Cellular analysis of the lesion site 12 weeks post-treatment. (h) Representative image of neural stem cells (NESTIN) and neurons (TUJ1) in
the “Implants” group. (i) Quantification of TUJ1 density in the different groups. (j) Quantification of NESTIN density in the different groups. k) Montage
of anterograde tracing of the “Implants” group. Yellow arrows indicate axons that were observed caudal to lesion site. l) Quantification of axons at
different distances from the lesion, as labeled by anterograde tracing. m,n) Catwalk gait analysis parameters 12 weeks post-treatment. (m) Degree of
normal step sequence patterns- regularity index. (n) Maximum pressure (left hind max intensity mean) exerted by the left hind paw. o) Weight of mice
12 weeks post-treatment. Untreated n = 7, cells n = 7, hydrogel n = 10, and implants n = 10. All scale bars = 100 μm.
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sion of Ki67 within astrocytes (Figure S9, Supporting Informa-
tion).

The lower level of inflammation observed on day 7 was trans-
lated to a more permissive environment with a significantly
higher number of neurons (TUJ1) and neural progenitor cells
(NESTIN) detected on week 12 in animals treated with the im-
plants (Figure 4h–j and Figure S10, Supporting Information).
The latter are cells with a capacity to differentiate to neurons or
glial cells.[31] Overall, within the implant group, the cells at the
lesion site were organized in the direction of the SC tracts, bridg-
ing over the injury (Figure 4h). Such an organization of cells and
essential ECM proteins may promote rewiring and regeneration
across and within the injured SC.[32]

One important aspect of SC motor regeneration is the ability
to transfer chemo-electrical signals in axons crossing the injury
site. To evaluate the potential of the implant to transfer a signal
through the lesion site, mice were injected with an anterograde
tracer molecule (TMRD) at the cervical level ipsilateral to the in-
jury. Mice were kept for additional 2 weeks to allow the tracer to
transport downstream through active neuronal axons. As shown,
implants-treated mice had a significantly higher number of axons
that had reached and passed the lesion site, allowing new growth
through the scar, whereas lower numbers of axons crossed the
lesion in hydrogel-treated mice, and none passed the lesion site
in the other treatments (Figure 4k,l and Figure S11, Supporting
Information).

The presence of functional axons along the SC tracts is essen-
tial for proper motor function. Therefore, we next sought to as-
sess the ability of the implants to improve the locomotion of the
treated mice by Catwalk gait analysis. As shown, all animals re-
gained partial motor function, probably due to their ability to use
the central pattern generator[33] or due to spared contralateral mo-
tor fibers. However, the recovery was significantly improved in
animals that were treated with the implants (Figure 4m,n and
Movies S1–S4, Supporting Information). Compared to the un-
treated group, only animals treated with the implant showed a
significantly better coordination, as judged by the higher regu-
larity index (Figure 4m). Similarly, left hind maximal intensity,
which indicates the ability of the animal to apply pressure to the
injured foot, was significantly higher only in animals treated with
the implant (Figure 4n). These improved behavioral parameters
may be attributed to the synergistic effect of decreased inflam-
mation and the presence of neurons in the lesion site, which are
essential for regeneration. This recovery was also translated to a
significantly higher gain in weight (Figure 4o), showing another
aspect of the overall improved condition.

2.3. Treatment at the Chronic Phase of the Injury

Having demonstrated the ability of the implants to recover the in-
jured SC in the acute phase, we moved on to assess their ability
to regenerate the tissue in a more clinically relevant model. Im-
mediately after the initial trauma, a secondary cascade of events,
including bleeding and edema, takes place. These processes are
temporary and their effect may be reversible.[34] Therefore, treat-
ing patients at this stage, when the damage to the SC itself and its
severity are still not clear, is irrelevant. Moreover, the process of
engineering the implant may take several weeks, and it is highly

unlikely that the injury will be treated immediately. Therefore, we
sought to assess the potential of the implant to treat the injured
SC once the damage has reached the chronic phase, where the
scar is fully developed, and spontaneous behavioral recovery has
reached its plateau.

For this purpose, we performed a complete hemisection as de-
scribed for the acute phase. Six weeks after the initial SCI, the scar
was ablated from the SC, and the same treatments were applied
in the cavity (Figure 4b). Subsequently, the structural, biochemi-
cal, cellular, and behavioral parameters were assessed (Figure 5a).

As shown, the complete hemisection could be easily detected
by T2-weighted MRI prior to scar resection (Figure 5b). To vi-
sualize the repair process of the SC tracts, we performed MRI
utilizing diffusion tensor imaging (DTI) at 1- and 4-weeks post-
treatment. The fractional anisotropy, extracted from DTI which
provides valuable information on white matter integrity in gen-
eral and of the SC in particular, is determined both by the axonal
structural orientation and the state of myelin.[35] The diffusion
tensor in each voxel of an MRI image is represented by the princi-
pal eigenvector, indicating the fibers main orientation within the
voxel.[36,37] As shown, one week after scar resection, the main dif-
fusion orientation was random, rather than aligned along the SC
axis (Figure S12, Supporting Information), which may indicate a
severe injury.[38,39] However, at this stage of injury, it is likely that
some of the detected damage was caused by edema after the scar
resection, which could be completely or partially reversible.[40,41]

Analysis at 4-weeks after treatment revealed a major improve-
ment in animals treated with the implants, as judged by the main
diffusion orientation (indicated by their blue color) (Figure 5c).
This improvement may be attributed to the integration of the im-
plant and its ability to bridge between healthy axons above and
below the lesion site. Streamline tractography was then used to
visualize white matter fibers, their structural integrity, and the
damage to the fiber bundle.[36,37,42] Reconstructed neuronal tracts
showed pathological changes in the SC at the lesion site for all an-
imals (Figure 5d). However, tractography of untreated animals or
animals treated with cells in suspension revealed higher displace-
ment, deformation, and disruption in lesions. In these animals,
only a few tissues or axons passing across the injured site were re-
vealed, along with gradual Wallerian degeneration above the level
of scar resection. In contrast, animals treated with the implants
exhibited better preservation or restoration of the injured tracts,
as judged by the number of tracts passing the lesion site (Fig-
ure 5d, Figure S13 and Movies S5–S8, Supporting Information).
We next quantified the amount of ipsilateral nerve fibers crossing
the injury site, and compared it to the fibers on the same levels
on the healthy side. As shown, implants-treated mice had signif-
icantly higher survival and/or regrowth of axons through the le-
sion, compared to untreated and cell-treated animals (Figure 5e).
We next analyzed the fractional anisotropy, which depends on the
water diffusivity in the extracellular space along the axons.[36,37]

Compared to all other treatments, animals treated with implants
revealed significantly higher values at the lesion site (Figure 5f),
indicating stronger anisotropy and a higher number of complete
nerve fibers.

We next sought to analyze the cellular content at the injury
site after a longer recovery period. The extensive damage caused
by the removal of the scar tissue, with no further insertion of a
supporting material, left a substantial cavity in several of the un-
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Figure 5. Chronic SCI model. a) Schematics of the study. Mice were hemisected at T10, leaving the left hindlimb paralyzed. Six weeks later, the lesion site
was re-exposed, scar was resected, and treatments were administered into the cavity. Mice were kept alive for additional 8 weeks post-treatment, during
which MRI and behavioral studies were performed. Eight weeks post-treatment, the cords were extracted for histological analysis. b) Coronal T2W MRI
of SC 5 weeks post initial SCI (1 week prior to scar resection). Yellow arrow indicates the complete hemisection performed on the left side of the SC. c–f)
Diffusion tensor imaging at 4 weeks post-treatment. (c) Glyph-based visualization of diffusion tensor shown on the background of axial diffusion tensor
images. Blue indicates fibers in the rostral-caudal axis, red indicates right and left orientation both medial and lateral, while green indicates anterior to
posterior orientation. (d) Fiber tractography reconstructed in the axial plane. Red fibers are ipsilateral to the initial hemisection, and green fibers are
contralateral (unharmed). Left panel of each treatment: front view; right panel: side view. (e) Percentage of fibers passing through the lesion, normalized
to the healthy side. (f) Fraction anisotropy (FA) measurements. g–j) Quantification of protein expression at the lesion site 8 weeks post-treatment:
(g) GFAP expression density. (h) IBA1 expression density. (i) TUJ1 expression density. (j) Number of GAP43 positive cells. k–m) Behavioral studies
performed throughout the recovery period (post-treatment). (k) Catwalk step sequence regularity index. (l) Maximum pressure exerted by left hindlimb.
(m) Grid walk test: correct steps on the injured foot, out of all attempted steps. *p<0.05 was detected only between implants and untreated groups.
**p<0.05 was detected between implants and all control groups. Untreated n = 4, cells n = 4, hydrogel n = 5, and implants n = 5.
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treated animals. These SCs could not be extracted and processed
in one piece, preventing quantification of the cellular content at
the injury site of these animals and reliable analysis of this group.
Comparison between the cells, hydrogel, and implant treatments
revealed a significantly reduced chronic inflammation in animals
treated with the implants, as evident by the lower density of re-
active GFAP-positive astrocytes (Figure 5g and Figure S14, Sup-
porting Information). Microglia presence was also significantly
reduced by both the hydrogel and implant treatments compared
to the cells only group (Figure 5h and Figure S14, Supporting In-
formation). As shown, significantly higher numbers of neurons
were found both in hydrogel and implants-treated mice (Figure 5i
and Figure S14, Supporting Information). However, higher ex-
pression of GAP43, a marker associated with sprouting of axons
in the development and regeneration of the SC, was only detected
in the implant-treated animals (Figure 5j and Figure S14, Sup-
porting Information). This may suggest active axonal sprouting
at the lesion site, which may gap the healthy axons on both sides
of the lesion.

The potential of the implants to promote functional recov-
ery was validated by sensorimotor function. During the experi-
ment, mice were subjected to behavioral studies including Cat-
walk gate analysis and grid walk test. The coordination of mice,
represented by step sequence regularity index, improved over
time and reached its full potential 6 weeks after treatment (Fig-
ure 5k). Furthermore, higher pressure placed on the injured foot
was detected already at one-week post-implantation in implant-
treated animals and was maintained throughout the experiment
(Figure 5l). Finally, motoric and sensory recovery was observed
in these animals, as indicated by less missed steps on the injured
foot in grid walk analysis (Figure 5m). The significant recovery in
the implant group, detected in the sensorimotor tests already on
week 4 post-treatment (Figure S15, Supporting Information) is
in agreement with the results of the DTI obtained on that week,
revealing intact fibers crossing the injury site (Figure 5d).

3. Summary and Conclusions

In summary, we report a new tissue engineering technology to
treat the injured SC at the chronic stage. In this approach, the
embryonic development of the SC was recapitulated by using an
ECM-based hydrogel, providing initial support material for iPSCs
culture and expansion. Throughout the in vitro cultivation stage,
the cells and the hydrogel showed a synergistic effect, mimick-
ing the process of SC formation in the embryo. The processed
hydrogel supported the efficient human iPSCs differentiation in
3D by providing the cells with an adequate microenvironment.
Subsequently, during the differentiation, cells at different devel-
opmental stages continuously remodeled the hydrogel by secret-
ing specific neuronal ECM proteins, providing an inductive mi-
croenvironment for cell-cell and cell-matrix interactions. Overall,
this dynamic microenvironment, supplying different biochem-
ical cues for the distinct developmental stages promoted func-
tional SC implants assembly.

After assessing the morphology and function of the engi-
neered tissues in vitro, their therapeutic effect was studied in
vivo, first in the acute phase of SC injury. The implants enriched
the hindered region with biochemical and mechanical cues to
attract progenitor cells, supported cell survival and engraftment

and reduced inflammation and gliosis at the lesion site, and over-
all improved the locomotion of the treated animal. The potential
of the implants to treat the injured SC in the chronic phase, a
more clinically relevant timeline, was then investigated. At this
stage, the scar is fully developed and spontaneous behavioral re-
covery has reached its plateau. After scar tissue resection and in-
sertion of the implants, the anatomy and tissue morphology were
evaluated by MRI, indicating strong anisotropy and a high num-
ber of complete nerve fibers in the SC. Analysis of the cellular
content within the lesion site indicated reduced inflammation
levels and a higher number of neurons with elevated expression
of markers associated with sprouting of axons during develop-
ment and regeneration. These results were translated into a sig-
nificantly higher level of behavioral functional recovery, as judged
by the sensorimotor functional analyses.

Looking forward, after overcoming strict regulation chal-
lenges, the reported technology may be relevant for treating par-
alyzed human patients. In this concept, by taking a small biopsy
from the patient, a personalized hydrogel can be produced and
patient-specific iPSCs can be generated to obtain personalized
SC implants. The ability of the implants to replace the resected
scar tissue and rewire the injured SC of humans may represent
a novel personalized cell therapy approach.

4. Experimental Section
Omentum Hydrogel Formation: Pig omenta (Kibutz Lahav, Israel) were

washed with phosphate-buffered saline (PBS) and major blood vessels
were removed. The samples were then moved to a hypotonic buffer
(10 mm Tris, 5 mm ethylenediaminetetraacetic acid (EDTA), and 1 μm
phenylmethanesulfonyl-fluoride (PMSF), pH 8.0) for 1 h. Next, tissues
were frozen and thawed 3 times using the same buffer. The tissues were
washed gradually with 70% ethanol and 100% ethanol for 30 min each.
Lipids were extracted by three 30 min washes of 100% acetone, followed
by 24h incubation in a 60/40 (v/v) hexane: acetone solution (3 changes).
The defatted tissue was washed in 100% ethanol for 30 min and incu-
bated overnight at 4 °C in 70% ethanol. Then, the tissue was washed four
times with PBS (pH 7.4) and incubated in 0.25% Trypsin–EDTA (Biological
Industries, Beit HaEmek, Israel) overnight. The tissue was washed thor-
oughly with PBS and incubated with 1.5 m NaCl for 24 h (3 changes), fol-
lowed by washing in 50 mm Tris (pH 8.0), 1% triton-X100 (Sigma) solution
for 1 h. The decellularized tissue was washed in PBS followed by double
distilled water and then frozen (−20 °C) and lyophilized.

After lyophilization, decellularized omentum was ground into powder
(Wiley Mini–Mill, Thomas Scientific, Swedesboro, NJ)). Dry, milled omen-
tum was enzymatically digested for 96 h at room temperature in a 1 mg
mL−1 solution of pepsin (Sigma, 4000 U mg−1) in 0.1 m HCl, with stirring.
Subsequently, the pH was adjusted to 7.4 using either DMEM/F12×10 or
PBS X10 (Biological industries). The final concentration of decellularized
omentum in the titrated solution was 1.5% (w/v). At least 10 pigs omenta
were used.

Culturing Undifferentiated iPSCs: iPSCs were generated from omental
stromal cells and were a kind gift from Dr. Rivka Ofir, Ben Gurion Univer-
sity. The undifferentiated cells were cultivated on culture plates, pre-coated
with Matrigel (BD, New Jersey), diluted to 250 μg mL−1 in DMEM/F12
(Biological Industries), or cultured within the omentum hydrogel. All cells
were cultured at 37 °C with 5% CO2. Undifferentiated iPSCs were main-
tained in NutriStem medium containing 0.1% Penicillin/Streptomycin (Bi-
ological Industries). Medium was replaced daily and cells were passaged
weekly with 1 U mL−1 dispase (Stemcell Technologies, Vancouver, Canada)
followed by mechanical trituration. iPSCs were seeded in small colonies in
the presence of Y-27632 (10 μm; Tocris, UK).
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Spinal Cord Motor Neurons Implant Generation and Differentiation:
Dissociated iPSCs colonies were mixed with 1.5% omentum-based hydro-
gel at equal volumes. Droplets of 3 μL were generated using a pipette. The
implants were crosslinked at 37 °C on a damp towel for 30 min. Undiffer-
entiated cells were cultured in Nutristem that was replaced daily, until 90%
confluence was achieved. Cells were differentiated as previously described
(2). Briefly, after achieving ≈90% confluence, medium was changed to
Knockout/DMEM, supplemented with 15% Knockout Serum, 0.1% peni-
cillin/streptomycin, 0.5% l-glutamine, 1% non-essential amino acids (In-
vitrogen), 10 μm 𝛽-mercaptoethanol, 10 mm SB-431542 (Tocris), 1 μm
LDN-193189 (Tocris), and 3 μm CHIR-99021 and was gradually changed
every 3 days to DMEM/F12 supplemented with N2 (Day 3 was ¾ Knock-
out/DMED and ¼ DMEM/F12 with N2 supplemented for the F12 portion
only, day 6 was changed as ½ ½). On days 4 and 6, the motor neuron
medium was supplemented with 1 μm retinoic acid and 1 μm purmor-
phamine (Tocris). On day 8, DMEM F/12 supplemented with N2, 30 ng
mL−1 sonic hedgehog (R&D), and 1 μm retinoic acid was added to the
cells (⅓ of the final volume, without changing medium). After day 10, the
medium was changed to DMEM/F12 supplemented with N2, 0.1% P/S,
5 μg mL−1 BDNF (R&D), 200 μm ascorbic acid (Sigma), 1 μm purmor-
phamine (Tocris), and 1 μm retinoic acid. From day 15, 5 μm DAPT (Tocris)
was also added, and purmorphamine concentration was decreased to
500 nm. Medium was changed every 3 days until day 30.

Spinal Cord Hemisection: Hemisection was performed as previ-
ously described (5). Briefly, mice (20–30 g) were anesthetized with
intraperitoneally-injected ketamine (100 mg kg−1) and xylazine (16 mg
kg−1) in PBS. The SC was exposed at the low thoracic to high lumbar
area. After laminectomy, a complete left hemisection was made at T10 and
the overlying muscle and skin were sutured. In acute phase injury, mice
were immediately treated. The controls groups were: Untreated group
which was treated with 10 uL saline; Cells group, treated with dissociated
iPSCs-derived SC neurons (day 30 of differentiation) suspended in 10 μL
saline; and Hydrogel group that was treated with 0.75% pre-crosslinked
omentum-based hydrogel. The tested treatment was applied to the Im-
plants group which was treated with differentiated iPSCs-derived SC neu-
ron implants (day 30 of differentiation).

In chronic phase injury model, SCI was induced similarly to the acute
phase. Six weeks after the initial SCI, animals were re-anesthetized, and the
lesion area was re-opened. Scar was identified according to tissue color
and texture and carefully resected. Treatments were applied in the cav-
ity formed by the ablated scar. Mice were randomly assigned to the four
groups and allowed to survive for 1 week to 3 months post-injury.

All mice were treated according to the ethical regulations of Tel Aviv Uni-
versity. Permission was granted by the ethical committee, protocol number
04-19-047- “treatment of biological hydrogel and human neural cells on
neuronal regeneration after acute and chronic SC injury in mouse model”.

Catwalk Gait Analysis: Gait measurements were collected using the
CatWalk XT system (Noldus Information Technology, The Netherlands).
Data were transmitted to a computer and analyzed with the CatWalk
XT software (version 10.6, Noldus). Each mouse was located on one side
of the walkway and had to complete 3 compliant runs (variation < 60%;
time < 5 s) to the other side. The coordination (regularity index) and the
ability of the mouse to put pressure on the injured paw (left hind max in-
tensity mean) were tested. The parameters were calculated for every run
and the results were averaged for every time point per animal.

Grid Walk: The mice were tested walking through a horizontal grid
(1.2 × 1.2–cm grid spaces, 35 × 45–cm total area), one week prior to the
treatment and on weeks 1, 2, 4, 6, and 8 post-treatment. Each mouse was
allowed to walk freely on the grid for 3 min. When the left hindlimb paw
protruded entirely through the grid with all toes and heel, it was counted
as a misstep. The number of missteps and total number of steps taken
with the left hindlimb were both counted. The results were expressed as a
percentage of correct steps on left hind paw (6).

Magnetic Resonance Imaging (MRI): MRI was performed on weeks
1 and 4 post chronic scar resection by a Bruker Biospec 7T/30 Scanner
equipped with a 660mT/m gradient unit, using a cross coil configuration
of 86mm transmissive volume coil and 10mm loop coil as a receiver. For
untreated and cells groups N = 4, for hydrogel and implants groups N =

5. Animals were under 1–2% isoflurane in O2 anesthesia on a heating pad,
with breathing monitored and body temperature maintained at 37 °C.

MRI protocol included the following methods: T2 weighted (T2w) im-
ages that were acquired using the rapid acquisition with relaxation en-
hancement (RARE) sequence and Diffusion Tensor Imaging (DTI) acquisi-
tion with a Diffusion-Weighted Spin-Echo Echo-Planar-Imaging pulse se-
quence (DW-SE-EPI). T2w acquisition was performed with the following
parameters: TR = 8000 ms; effective TE: 30 ms, RARE factor 12 with 3 rep-
etitions. 32 axial slices, 0.45 mm thick (no gaps), with in-plane resolution
of 0.15 mm2 covering the entire cerebrum, for 4 min. For DTI, performed
for 5.5 min, the following parameters were used: TR/TE = 2500/19.2 ms,
Δ/𝛿 = 10/2.5 ms, 2 EPI segment, 30 gradient directions with b-value at
1000 s mm−2 and three B0 images, 30 axial slices, 0.45 mm thick (no
gaps), in-plane resolution was 0.30 mm2. The total MRI protocol acquisi-
tion took ≈20 min. ExploreDTI software was used for DTI calculations and
fiber tracking. The eigen-components decomposed from the tensors were
used for calculating fractional anisotropy maps. Regions of interest of the
SC were manually segmented in each slice. Fiber tracking was employed
for tract orientation with angle <30° and FA <0.15 and resolution of 2 2 2.

Statistical Analysis: All statistical analyses were performed using
GraphPad Prism 8.00 (GraphPad Software, Inc., USA). Data were shown
as mean ± SEM (Standard Error of the Mean). Data were analyzed us-
ing Student’s t-test or one-way analysis of variance (ANOVA) followed by
Tukey’s post-hoc test. The values were considered significantly different at
p < 0.05.
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