A new three dimensional biomimetic hydrogel to deliver factors
secreted by human mesenchymal stem cells in spinal cord injury
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ABSTRACT

Stem cell therapy with human mesenchymal stem cells (hMSCs) represents a promising strategy in
spinal cord injury (SCI). However, both systemic and parenchymal hMSCs administrations show signif-
icant drawbacks as a limited number and viability of stem cells in situ. Biomaterials able to encapsulate
and sustain hMSCs represent a viable approach to overcome these limitations potentially improving the
stem cell therapy. In this study, we evaluate a new agarose/carbomer based hydrogel which combines
different strategies to optimize hMSCs viability, density and delivery of paracrine factors. Specifically, we
evaluate a new loading procedure on a lyophilized scaffold (soaked up effect) that reduces mechanical
stress in encapsulating hMSCs into the hydrogel. In addition, we combine arginine—glycine—aspartic acid
(RGD) tripeptide and 3D extracellular matrix deposition to increase the capacity to attach and maintain
healthy hMSCs within the hydrogel over time. Furthermore, the fluidic diffusion from the hydrogel to-
ward the injury site is improved by using a cling film that oriented efficaciously the delivery of paracrine
factors in vivo. Finally, we demonstrate that an improved combination as here proposed of hMSCs and
biomimetic hydrogel is able to immunomodulate significantly the pro-inflammatory environment in a
SCI mouse model, increasing M2 macrophagic population and promoting a pro-regenerative environ-
ment in situ.

1. Introduction

Many treatments (neuroprotective and/or neuroregenerative)
have been proposed to counteract the neuropathological evolution
of spinal cord injury (SCI) [1-5]. Among these, stem cell therapy
represents a promising strategy [6—8] and accumulating data show
that human mesenchymal stem cells (hMSCs) could be a real
therapeutic approach in tissue repair after SCI [9—11]. Indeed,
coherently with a multi-faceted SCI neuropathology, hMSCs are

potentially able to counteract many harmful events and to sustain
regeneration through several processes [10]. Different therapeutic
effects have been proposed for hMSCs, but it is now well known
that a paracrine effect [12], instead of a potential differentiation or
transdifferentiation into neuronal or glial cells [13,14], is the most
promising approach to exploit the therapeutic efficacy of the
hMSCs [12,15,16]. In fact, hMSCs can act therapeutically by releasing
exogenous trophic factors [17,18] and/or by modulating, through
several factors, the immune system response [19—21]. However,
different limitations are still to be overcome in using hMSCs as
therapeutic opportunity in SCI. Specifically, cell therapy delivered
systemically (intravenous injections) could lead to a limited efficacy
due to the unfeasibility of the cells to cross the blood brain barrier


http://crossmark.crossref.org/dialog/?doi=10.1016/j.biomaterials.2015.10.024&domain=pdf

(BBB) and reach the injured site where they could be more useful
[22—24]. Furthermore, a cellular systemic administration may give
rise to potential side effects (pulmonary embolus) [25] that should
not be underestimated. On the other side, an intrathecal injection
could cause the loss of many cells in the intrathecal space or in the
cerebrospinal fluid [24,26] or could stress and damage cells through
mechanical forces [27], thwarting the effort to treat directly the
injured site. Another proposed approach is a direct injection in the
parenchyma, however, this could lead to a limited viability of stem
cells due to both ischemia [28,29] and adverse environment in the
injured site that follow SCI [29,30]. In order to overcome these
drawbacks, new delivery strategies have been proposed by using
original biomaterials [30—32]. Particularly, hydrogels offer the
possibility to load and sustain both in vitro and in vivo hMSCs
creating an optimal niche close to the injured site, but preserving
them from the hostile tissue [30,33]. A variety of hydrogels (natural
or synthetic) has been proposed as scaffolds able to allocate
different stem cells [32,34—36]. Nevertheless, these scaffolds have
been evaluated only for their own capacity to maintain the cell
viability for a short time in vitro [37,38] and very few attempts have
been proposed for an in vivo treatment [39,40]. However, an opti-
mized scaffold able to act as a reservoir of neuroprotective factors
secreted by hMSCs has not been developed and investigated yet.
There are some concerns in using these scaffolds as potential
reservoir in vivo. One relevant limit in the maintenance of stem cells
allocated in a scaffold is the loss of adhesion due to the scaffold
structural properties that do not represent appropriately a biolog-
ical niche. In particular, a specific cell death (anoikis) occurred
when hMSCs are not able to adhere to a biologic supportive niche
such as an appropriate extracellular matrix (ECM) [6,41]. ECM has
been demonstrated to be a crucial element to sustain hMSCs
adhesion, trophic support and survival [42—44], maintaining and
preserving also their stemness [45]. So far, only a few studies have
been performed to mimic a sustainable ECM for hMSCs in 3D
scaffolds. But just one single molecule at time (e.g. fibrin, laminin,
collagen, fibronectin or arginine—glycine—aspartic acid (RGD)
peptide) has been proposed and characterized [35,46—48]. How-
ever, these approaches could not be able to favor appropriately
hMSCs adhesion to the scaffold since they do not mimic native ECM
that is a combination of several proteins, cytokines and growth
factors [49]. Thus, an alternative supporting strategy able to
improve the adhesion and viability of the stem cells into the
hydrogel is needed. In this study, we propose a new biomaterial
coated with 3D ECM, with the aim to create a more optimized niche
able to better sustain hMSCs viability and healthy.

2. Materials and methods
2.1. Hydrogels synthesis

Hydrogels were prepared by batch reaction in a phosphate
buffered saline solution (PBS, Sigma—Aldrich) at about 80 °C in
which a polymeric solution was achieved by stirring polymers:
carbomer 974p (branched polyacrylic acid, MW = 1 MDa, Fagron),
agarose (MW = 300 kDa, Invitrogen) and polyethylene glycol (PEG,
MW = 2000 Da, Sigma—Aldrich). The composition is: 9 mL PBS,
50 mg carbomer 974p, 300 mg PEG and 50 mg agarose [50]. The
reaction pH was indeed kept neutral with NaOH 1 N. The effective
gelation and reticulation were achieved by means of electromag-
netic stimulation (500 W power irradiated) for 15 s per 5 mL of
polymeric solution. The mixing reactor was kept closed to avoid any
eventual loss of solvent vapors, and the gelation was then achieved
in a 48 multiwell cell culture plate (0.25 mL each with the cylinder
diameter of 1.1 cm) in which the gelling solution was poured during
cooling.

2.2. RGD hydrogel synthesis

RGD functionalized hydrogels (HG RGD) were prepared as pre-
sented in previous work [51]. Briefly, the peptide was synthesized
manually using the stepwise solid phase Fmoc method and then
functionalized with azide group (RGD-azide). Polyacrylic acid (PAA,
MW = 130 kDa) with propargyl group was synthesized and dia-
lyzed (PAA-propargyl). RGD-azide (25 mg) was suspended in THF
(5 mL) and PAA-propargyl (78 mg) was dissolved in distilled water
(10 mL). Two solutions were blended together and added copper
iodide (2.2 mg, 0.0116 mmol) and sodium ascorbate (2.2 mg,
0.0111 mmol). The reaction mixture was allowed to stir for 24 h at
60 °C. Subsequently, it was cooled at 25 °C and dialyzed against acid
solution consisting of distilled water (2000 mL), sodium chloride
(11.2 g) and HCI 37% w/w to reach pH = 5; dialysis occurred for
three days, with daily replacement of dialysis solution. Finally, the
mixture was frozen at —20 °C and then lyophilized and stored for
further use. PAA functionalized is blended in PBS at room temper-
ature, until complete dissolution together with branched PAA
(carbomer 974p). PEG is subsequently added and the system kept
stirred for 45 min; then the mixing is left to settle. The composition
is: 9 mL PBS, 40 mg carbomer 974p, 10 mg PAA-RGD, 300 mg PEG,
50 mg agarose. NaOH 1 N is then added to adjust pH to 7.4 and then,
after the addition of agarose powder which is not soluble at room
temperature, the system is subjected to electromagnetic stimula-
tion (500 W irradiated power), heating up to 70—80 °C to induce
condensation reactions, through interconnections of hydroxyl
groups. PAA carboxyl groups constitute crosslinking sites to be
reacted with hydroxyl groups from agarose and PEG, forming ester
bonds and altogether giving rise to the three dimensional matrix.
Mixing reactor was kept closed to avoid any eventual loss of solvent
vapors and the gelation was then achieved in a 48 multiwell cell
culture plate (0.25 mL each and with the cylinder diameter of
1.1 cm) where the gelling solution was poured during cooling. In
order to obtain lyophilized scaffolds, hydrogels were frozen on dry
ice for 5 min, transferred at —80 °C over night and then dried in the
following conditions: 1 mbar and —45 °C. The lyophilized gels were
sterilized for at least 3 h by UV illumination before cells seeding.
Obtained freeze-dried hydrogels resemble a sponge and for this
reason here after they are indicated as sponge-like hydrogels.

2.3. Cord blood human mesenchymal stem cells culture

Umbilical cord blood was collected from normal deliveries, after
written informed consent, in a multiple system bag (Macho-
pharma) containing 29 mL of citrate phosphate dextrose as anti-
coagulant. Briefly, whole blood was centrifuged at 1900 rpm for
15 min, the plasma subsequently discarded and the buffy coat with
a portion of red blood cells collected was immunodepleted of
CD3+, CD14+, CD38+, CD19+, glycophorin A and CD66b+ using a
commercial kit RosetteSep® (StemCell Technologies), according to
manufacturer's instructions. In summary, the sample was incu-
bated with 50 pL/mL RosetteSep MSC enrichment cocktail for
20 min at room temperature to isolate MSC precursors.

The buffy coat was then diluted 1:2 with phosphate buffered
saline (PBS; Gibco), ethylenediaminetetraacetic acid (EDTA; Sig-
ma—Aldrich) and human serum albumin (HAS; Kedrion), and
separated under standard density gradient conditions (Ficoll Paque
Plus 1.077 + 0.001 g/L; GE Healthcare). After, mononuclear cells
were then plated at 1 x 10° cells/cm? in standard medium:
alphaMEM-GlutaMAX (Invitrogen) supplemented with 20% fetal
bovine serum (FBS, Life Technologies).

Cultures were maintained at 37 °C in a humidified atmosphere
containing 5% CO,. After 48 h, non-adherent cells were removed
and fresh medium was added. At 80% confluence, the cells were



harvested using 25% TrypLE Select 1x (Gibco) and subcultured at a
concentration of 4 x 10> cells/cm? until passage 3 [52]. From pas-
sage 3, when the cell population was homogenous with no he-
matopoietic contamination, human mesenchymal stem cells
(hMSCs) were used for in vitro and in vivo experiments. hMSCs
populations derived from ten umbilical cord blood unit, already
established and fully characterized for optimal growth properties
and defined as long living (LL)-CBMSCs [52], were used for this
study. hMSCs identity definition is presented as supplementary
information (Fig. S1). All experiments have been conducted ac-
cording to the principles expressed in the declaration of Helsinki.

2.4. Classic loading

hMSCs were harvested and suspended at a density of
5 x 10° cells/mL in growth medium supplemented with 2x FBS.
Hydrogels were prepared as described above by mixing polymer
powders in PBS. The hydrogel was heated at 80 °C to start gelation.
When hydrogel solution temperature fell below 40 °C, a 1:1 solution
of cells and hydrogel was prepared (20 pL cells and 20 pL hydrogel).
Cells and hydrogel were mixed together and the final solution was
pipetted into polystyrene cylinders (5 mm diameter) and let it
polymerize for 30 min in incubator at 37 °C. After polymerization,
growth medium was added to polymerized hydrogels containing
cells. Each hydrogel contained approximately 100,000 cells.

2.5. Sponge-like loading

hMSCs were harvested and suspended at a density of
1.25 x 10° cells/mL in growth medium. 80 pL of cells were added
directly onto the sponge-like hydrogel (40 pL for each side).
Hydrogels were let to swell for 30 min in incubator at 37 °C and
then 1 mL of growth medium was added. Each hydrogel contained
approximately 100,000 cells.

2.6. ECM quantification

After 1, 7,14 and 21 days after hMSCs seeding on sponge-like HG
RGD, the ECM deposition was quantified by Sirius Red staining.
Sirius Red is a method for collagen staining and it allows the
evaluation of the ECM deposition overtime [53,54]. In particular,
hydrogels were decellularized with an ammonium hydroxide
buffer containing Triton X-100, in order to remove cells but pre-
serving ECM deposition, as reported by Prewitz et al. [55] Briefly,
hydrogels were immersed in a warm solution containing 0.5% of
Triton X-100 and 20 mM of ammonium hydroxide in PBS in fast
agitation for 10 min. After 3 washes in PBS, the ECM was stained by
picro Sirius Red solution composed of 1% of Sirius Red (Direct Red
80, Sigma—Aldrich) in a saturated aqueous solution of picric acid
(Sigma—Aldrich) that was added to the hydrogels and maintained
for 30 min at room temperature. Then the excess of staining was
eliminated by 3 washes with acidified water (0.5% of acetic acid in
distilled water). To quantify the ECM staining, the Sirius Red dye
was extracted from the hydrogel through a solution of 0.05 M NaOH
and methanol [1:1], in which hydrogels were immersed for 1 h. The
obtained solution was evaluated by a spectrophotometer (Infinite
M200, TECAN) at an absorbance of 540 nm.

2.7. Extracellular matrix (ECM) deposition

hMSCs were let to grow for 14 days on sponge-like HG RGD.
Then all the liquids around hydrogel were removed and the
hydrogels were frozen on dry ice for 5 min and then transferred
at —80 °C overnight. The lyophilization procedure was conducted as
reported above.

2.8. Cellular density and viability analyses in vitro

hMSC density and survival were determined by analyzing
confocal images of live cells stained with calcein AM (1:1000,
Invitrogen). Calcein AM is a non-fluorescent cell-permeant dye that
is converted to a green-fluorescent calcein after acetoxymethyl
ester hydrolysis by intracellular esterases. It was added to the well
containing hydrogels for 30 min at 37 °C. Then the medium was
removed and substituted with fresh growth medium. hMSCs
within the scaffold were stained with Calcein AM and acquired by
confocal microscope (Olympus Fv1000) equipped with Laser 488.
Three optical sections of the hydrogels spaced of 80 pum were ac-
quired at 10x magnification. The number of calcein AM positive
cells was measured using a “surface detection” tool of Imaris soft-
ware (Bitplane). The number of cells was evaluated as cellular
density (cells/mm?).

2.9. Scanning Electron Microscopy (SEM)

SEM analysis was performed in sponge-like HG RGD and HG
RGD + ECM after 1 day from hMSCs seeding. Each hydrogel was
fixed overnight in a buffer containing 1.5% of glutaraldehyde in
0.1 M of sodium cacodylate. Then hydrogels were dehydrated in an
increasing scale of alcohols and frozen at —80 °C overnight. Before
SEM analysis hydrogels were dried and gold coated and then
analyzed at 10 kV with Evo 50 EP Instrumentation (Zeiss).

2.10. Cellular differentiation assays

hMSC differentiation after encapsulation in HG RGD + ECM was
assessed by Real Time PCR. The gene expression for the three main
mesodermal lineage differentiation (osteogenic, chondrogenic and
adipogenic) was performed. Sponge-like HG RGD + ECM containing
hMSCs cultured for 21 days in growth medium were analyzed. As
positive control, hMSCs cultured in HG RGD for 21 days and treated
with differentiation media were analyzed. In particular, to promote
adipogenesis, osteogenesis and chondrogenesis, commercial media
(Lonza S.p.A.) were used, and the manufacturer's protocols were
followed or slightly modified [52]. For information about differen-
tiation media full composition please refer to www.lonza.com. Data
are expressed as fold change compared to steady-state undifferen-
tiated hMSCs (negative control). Hydrogels were homogenized and
RNA was extracted using RNeasy mini kit (Qiagen), according to
manufacturer's instructions. Briefly, hydrogels containing cells were
suspended in QIAzol Lysis Reagent and homogenized with a tissue
grinder. Chloroform was added to the homogenate and a phase
extraction performed. 0.3 mL of the aqueous phase were added to
450 pL of ethanol and loaded onto an RNeasy column. The column
was washed and RNA eluted in 50 pL of RNAse free water. RNA was
quantified by a spectrophotometer (Infinite M200, TECAN) at
260 nm for all samples, frozen at —20 °C and stored until use.

Reverse transcription was carried out using iScriptTM cDNA
Synthesis Kit (Bio-Rad Laboratories Ltd). Real time PCR was per-
formed on a CFX96 Real Time System using Sso FastEva Green Super
mix (Bio-Rad), according to the manufacturer's instructions. The
expression of the following genes was evaluated: alkaline phos-
phatase (ALP), runt-related transcription factor 2 (RUNX2) and
osterix are genes involved in various stages of osteogenic differ-
entiation [56]; aggrecan (ACAN) and type 10 collagen alpha 1
(COLLX) are genes correlated to the late phase of chondrogenic
differentiation [57]; adipsin and fatty acid binding-protein 4
(FABP4) are genes actively expressed during the late phase of adi-
pogenic differentiation [58]. Ribosomal protein large PO (RPLPO)
gene expression was used as control [59]. Specific primers used are
listed below:
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o adipsin (Fw: GACACCATCGACCACGA; Rev: CACGTCGCAGAGA
GTTC);

o FABP4 (Fw: AAAGAGAAAACGAGAGGATGA; Rev: AACGTCCCTTG
GCTTATG);

« RUNX2 (Fw: AAGGCTGCAAGCAGTATTTACAA; Rev: CTCGGATCCC
AAAAGAAGTTTTGCT);

o osterix (Fw: CCTGCTTGAGGAGGAAGTTCA; Rev: AGAGTTGTTGA
GTCCCGCAG);

o ALP (Fw: TACAAGGTGGTGGGCGGTGAACGA; Rev: TGGCGCAGGG
GCACAGCAGAC);

o ACAN (Fw: TCGCCAGGTGTGTGGGACTGA; Rev: ACTCAGCGAGT
TGTCATGGTCTGA);

e COLLX (Fw: ACTCCCAGCACGCAGAATCCA; Rev: TGGGCCTTTTAT
GCCTGTGGGC);

e RPLPO (Fw: TGTGGGCTCCAAGCAGATGCA; Rev: GCAGCAGTTTC
TCCAGAGCTGGG).

2.11. Surgery

Procedures involving animals and their care were conducted in
accordance with institutional guidelines at the IRCCS — Institute
for Pharmacological Research “Mario Negri” in compliance with
national (Decreto Legge nr.116/92, Gazzetta Ufficiale, supplement
40, February 18, 1992; Circolare nr. 8, Gazzetta Ufficiale, July 14,
1994) and international laws and policies (EEC Council Directive 86/
609, OJL 358, 1, Dec. 12, 1987; Guide for the Care and Use of Labo-
ratory Animals, US National Research Council, 8th edition, 2011).

Adult C57BL/6] female mice (23—30 g) were anesthetized by
intraperitoneal injection of ketamine hydrochloride (IMALGENE,
100 mg/kg) and medetomidine hydrochloride (DOMITOR, 1 mg/kg).
Before surgery, animals received an antibiotic and analgesic subcu-
taneous treatment with Ampicillin (50 mg/kg) and Buprenorfin
(0.15 mg/kg), respectively. The back of the animals was shaved at the
dorsal level and a cutaneous incision was made to expose the
backbone. Animals were placed on a Cunningam Spinal Cord Adaptor
(Stoelting) mounted on a stereotaxic frame. A laminectomy at the
T12 level was done to uncover the lumbar spinal cord. A moderate
compression of the spinal cord was obtained using an aneurysm clip
(30 g compressive force for 60 s) as described previously [50].

2.12. Cellular staining for in vivo tracking

Before the seeding in the scaffold, hMSCs were stained with the
marker of cellular viability 5-6-Carboxyfluorescein diacetate N-
succinimidyl ester (CFDA-SE, Sigma—Aldrich), a cell-permeant
fluorescent based tracer for long-term viable cell labeling. In
particular, suspended cells were incubated for 30 min at 37 °C with
pre-warmed CFDA-SE solution in PBS (final concentration 5 uM).
Then, 5 times the original staining volume of medium was added in
order to remove any free dye remaining in the solution. Cells were
then incubated for 5 min at 37 °C. Finally, cells were centrifuged at
300 g for 10 min, resuspended in pre-warmed complete culture
medium and deposited in sponge-like HG RGD + ECM.

2.13. In vivo positioning of hMSC in HG RGD + ECM

hMSCs were encapsulated for 1 day in sponge-like HG
RGD + ECM. Then, hMSCs loaded HG RGD + ECM (a total of
25,000 cells/animal) was positioned in correspondence to the
injury level. The hMSC loaded hydrogel was secured by applying a
cling film on the top, sealed at the edges with a tissue adhesive (3M
Vetbond). Dorsal muscles were then juxtaposed using absorbable
sutures and the skin was sutured. After the surgery, the animals
were kept on a warm pad for 30 min and then placed in separated

cages with facilitated access to food and water for recovery.

As controls for subsequent analyses, other groups of animals
were taken into consideration: animals treated with hMSCs directly
injected in the parenchyma, animals treated with conditioned
medium (CM) directly injected in the parenchyma, animals treated
with HG RGD + ECM loaded only with CM. hMSCs and CM were
injected as follows: hMSCs were suspended at a concentration of
50,000 cells/uL and, using a 30G needle associated to the stereo-
taxic, they were injected (0.5 pL/site) very close to the epicenter of
the lesion (rostral edge) with a flow rate of 0.25 uL/min. The needle
was positioned at the midline, then it was deepened into the pa-
renchyma to 0.6 mm below the pia mater. For the other groups, CM
was obtained after 1 day culture of hMSCs in culture plates. Using
the same protocol adopted for hMSCs seeding, CM was loaded into
the HG RGD + ECM. Briefly, 80 pL of CM were added directly onto
the sponge-like hydrogel (40 uL for each side). Then, hydrogels
were let to swell for 30 min in incubator at 37 °C.

2.14. hMSCs in vivo tracking

In vivo tracking of viable hMSCs stained with CFDA-SE was ob-
tained using a stereomicroscope (Olympus SZX10). Animals with
the backbone and the hydrogel exposed were evaluated by a ste-
reomicroscope and a series of images of the entire hydrogel were
acquired at 1.6x. Hydrogels acquisitions were made the same day
of the positioning (day 0) and at 3 or 9 days after the positioning.
CFDA-SE positive cells were counted using the “spots detection”
tool of Imaris software (Bitplane). The number of stem cells
detected in each hydrogel at day 0 was considered as 100% of sur-
vival. The number of cells detected in the same hydrogels at 3 or 9
days was then reported as a percentage of survival in respect to the
same hydrogel at day 0.

2.15. In vivo positioning of Hoechst hydrogels

After the spinal cord compression, sponge-like HG RGD was
loaded with 20 pL of 0.7 mg/mL Hoechst 33258 pentahydrate (bis-
benzimide) (Life technologies) and positioned at the injury level.
The animals were then divided in 2 groups, one with only the
positioning of Hoechst-loaded hydrogels onto the injury site, the
other where Hoechst-loaded hydrogel was secured by applying a
cling film on the top, sealed at the edges with a tissue adhesive (3M
Vetbond). Dorsal muscles were then juxtaposed and the skin was
sutured. After the surgery, the animals were kept on a warm pad for
30 min and then placed in separated cages with facilitated access to
food and water for recovery.

2.16. Spinal cord transcardiac perfusion

For histological evaluations, after 9 days from the Hoechst
hydrogels positioning, mice were deeply anesthetized with keta-
mine hydrochloride (IMALGENE, 100 mg/kg) and medetomidine
hydrochloride (DOMITOR, 1 mg/kg) and transcardially perfused
with 40 mL of sodium phosphate buffered (PBS) 0.1 M, pH 7.4,
followed by 50 mL of 4% paraformaldehyde solution in PBS. Spinal
cords were then removed, postfixed overnight in the same fixative
and then transferred to 30% sucrose in PBS at 4 °C overnight for
cryopreservation and stored at 4 °C until use. The spinal cord was
embedded in OCT compound, frozen by immersion in N pentane at
45 °C for 3 min and then stored at 80 °C. Frozen tissues were
sectioned at 50 um on a cryostat at —20 °C. Starting from the rostral
edge (about 6 mm rostral to the epicenter), one section every 10
was mounted on slides for a total of 24 sections (about 12 mm
sectioned) and coverslipped with a 50% glycerol solution in PBS
before to proceed with acquisition at 10x magnification by confocal



microscopy (Olympus Fv1000, Laser 405).
2.17. Hoechst distribution analysis

The quantification of the Hoechst distribution and penetration
into tissue was performed using the free software Image], making a
threshold based on signal intensity. The thresholded area was then
quantified and showed as total Hoechst delivery area evaluated in
the tissue. Furthermore, an evaluation of the Hoechst signal in each
slice sampled (each 10 sections) in a spinal cord region of 12 mm
was performed. Four animals per group were analyzed.

2.18. Flow cytometry

After 9 days of treatment by hMSCs loaded HD RGD + ECM,
animals were decapitated and spinal cords were rapidly flushed out
by the column. The region around the epicenter of the lesion was
put on a cell strainer (40 pum nylon mesh) and a cell suspension was
obtained by pressing with the plunger of a 10 mL syringe. Then the
cell strainer was washed with 5 mL of GKN solution pH 7.4 (8.00 g/L
NaCl, 0.40 g/L KCl, 0.93 g/L NaH,PO4, 1.42 g/L Na;HPO,, 2.00 g/L p-
glucose, 0.02% BSA). For each sample, 1.5 mL of the cell suspension
obtained was centrifuged at 2000 rpm for 5 min and pellet cells
were resuspended in 500 pL of FACS blocking (1% BSA, 5% FBS in
PBS). After 20 min of incubation in FACS blocking at 4 °C, primary
antibodies CD11b-APC780 (ebioscience [1:100]) and CD45-PE
(BDbioscience [1:100]) were added and incubated for 20 min at
4 °C in the dark. Then, 1 mL of PBS was added and samples were
centrifuged at 2000 rpm for 5 min. Pellet cells were resuspended in
1 mL of FACS blocking before proceeding to FACS analysis. A specific
isotype antibody staining was performed as negative control.
Immunophenotyping analyses were performed on at least
1,500,000 cells for each sample by using MoFlo Astrios instruments
(Beckman Coulter) equipped with 488, 546 and 640 nm lasers.
Fluorescence pulses were detected using a band pass filter 671/20
for CD45, 795/70 for CD11b. Results were analyzed using Kaluza
software (Beckman Coulter). Data are expressed as percentage of
positive cells per gated event.

2.19. RNA analysis

After 9 days of treatment by hMSCs loaded HD RGD + ECM,
animals were decapitated and spinal cords were rapidly flushed out
by the column. The region around the epicenter of the lesion was
rapidly frozen on dry ice and stored at —80 °C until use. Total RNA
was obtained from tissues using RNeasy Mini Kit (Qiagen), as
already reported above. Samples of total RNA were treated with
DNAse (Applied Biosystems) and reverse-transcribed with random
hexamer primers using Multi-Scribe Reverse Transcriptase (Taq-
Man Reverse transcription reagents; Applied Biosystems). Real-
time RT-PCR was performed according to the manufacturer's in-
structions using 2 ng of cDNA, 200 nmol of each primer and SYBR
Green master mix (Applied Biosystems) in a total volume of 20 pL.
Levels of PCR product were measured using SYBR Green fluores-
cence collected during Real-Time RT-PCR on an Applied Biosystems
7300 system. The expression of the following genes was analyzed:

e YM1 (Fw: TCTGGTGAAGGAAATGCGTAAA; Rev: GCAGCCTTGGA
ATGTCTTTCTC);

e Arginase [ (Fw: CATGGGCAACCTGTGTCCTT; Rev: TCCTGGTACAT
CTGGGAACTTTC);

o IL-1B (Fw: AGTTGACGGACCCCAAAAGA; Rev: GGACAGCCCAG
GTCAAAGG);

e TNFo (Fw: AGACCCTCACACTCAGATCATCTTC; Rev: TTGCTACGAC
GTGGGCTACA);

o B-Actin (Fw: CGCGAGCACAGCTTCTTT; Rev: GCAGCGATATCGT
CATCCAT).

B-Actin was used as reference gene and relative gene expression
levels were determined according to the manufacturer's AACt
method (Applied Biosystems). Data are expressed as fold change
from untreated injured mice spinal cord samples.

2.20. Statistical analyses

Statistical analyses were performed by Prism software (Graph-
pad). Statistical tests applied were Mann—Whitney test, one-way
ANOVA or two-way ANOVA followed by Bonferroni's post hoc test,
as reported in figure legends. Data are presented as mean + SEM.

3. Results

3.1. Extracellular matrix improves hMSCs adhesion and survival in
biomimetic hydrogels

In order to optimize and evaluate the hMSCs adhesion and
viability several hydrogel compositions and different loading pro-
tocols were developed and tested. Specifically, we synthesized and
functionalized the following scaffolds: carbomer/agarose/poly-
ethylene glycol (PEG) based hydrogel incorporating RGD adhesive
peptide (HG RGD) or HG RGD with a 3D ECM deposition (HG
RGD + ECM) (Fig. 1 A). Furthermore, different loading protocols
have been tested: hMSCs were mixed with the hydrogel during its
polymerization (hereafter termed classic loading, Fig. 1 B a) or
fluidically loaded into lyophilized HG, the latter acting like a sponge
able to soak up cells together with the medium solution (hereafter
termed sponge-like loading, Fig. 1 B b). Cell survival, adhesion and
density within the scaffolds were evaluated by labeling live cells
with Calcein AM over time and expressed as number of positive
cells per mm?. To evaluate the different loading protocols proposed
we used a HD RGD scaffold demonstrating a significant increase of
hMSCs survival at both 14 and 21 days after a sponge-like loading
compared to the classic loading (Fig. S2 A, B). Moreover, a partial
spindle shape morphology was detected only in the sponge-like HG
RGD, but not in the classic loading HG RGD (Fig. S2 A, B), suggesting
that a reduced stress and a better adhesion were obtained when
hMSCs were loaded by fluidic diffusion into the hydrogel. In order
to further increase cell density and adhesion in the scaffold, we
developed a HG RGD containing a 3D deposition of ECM potentially
able to provide more anchorage for hMSCs and a better supporting
environment. We first seeded hMSCs into HG RGD and we
measured the ECM deposited over time. A progressive ECM depo-
sition was observed from 1 up to 14 days, where ECM deposition
reaches a “plateau” (Fig. S3). Thus, for a second hMSCs seeding, we
decided to deposit ECM up to 14 days and then we lyophilized the
HG RGD + ECM to allow a new encapsulation of hMSCs by a
sponge-like loading (see the Materials and methods section and
Fig. 1 A and B). Noteworthy, analyzing hMSCs within HG
RGD + ECM, we found a markedly increased cell adhesion to the
biomimetic substrate. Indeed, already at the first day after seeding,
HG RGD + ECM provided an anchorage for hMSCs. The almost to-
tality of hMSCs showed a healthy spindle shape morphology 1 day
after the encapsulation with a significantly higher long lasting cell
density (3 fold higher) compared to HG RGD (Fig. 2 a).

3.2. SEM analysis shows a high hMSC density with a spindle shape
morphology in HG RGD + ECM

In order to further characterize hMSC adhesion, morphology
and density within both HG RGD and HG RGD + ECM, we
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performed Scanning Electron Microscopy (SEM). SEM evaluation
showed an irregular surface among the network mesh, varying
from rough, in HG RGD, to smooth, in HG RGD + ECM, the latter
revealing the ECM deposition (Fig. 3). Furthermore, we observed
more clusterized and spindle shape hMSCs attached to the HG
RGD + ECM biomimetic scaffold compared to HG RGD, confirming a
healthy state and a higher cell adhesion within HG RGD + ECM
(Fig. 3).

3.3. HG RGD + ECM preserves hMSC stemness

In order to demonstrate that HG-RGD + ECM did not sponta-
neously induce any typical MSC differentiation thus preserving the
hMSC stemness for a long time, even when encapsulated, we
compared the gene expression profile of hMSCs encapsulated in

HG-RGD + ECM with the same hMSCs but differentiated towards
osteocytes, chondrocytes and adipocytes (Fig. 4 D). Genes evaluated
were alkaline phosphatase (ALP), Runt-related transcription factor
2 (RUNX2) and Osterix for osteocytes, Aggrecan (ACAN) and
collagen type X (COLLX) for chondrocytes, whereas Adipsin and
Fatty acid binding-protein 4 (FABP4) for adipocytes. The analysis
was conducted on hMSCs encapsulated within HG RGD + ECM for
21 days and subsequently isolated for PCR analysis. As positive
control we used hMSCs loaded within HG RGD and treated with
differentiating media up to 21 days. We observed a significantly
higher gene expression in positive controls compared to untreated
hMSCs loaded in HG-RGD + ECM for all genes tested (Fig. 4 A, 4 B
and 4 C) demonstrating that HG-RGD + ECM per se was not able to
stimulate any classical mesodermal differentiation preserving
stemness for a long time.



a CELL VIABILITY

400+ * %

*
*

viable cells/mm?

1004

500+ *%

300+ —— HG RGD

(sponge-like)
2004 —#— HG RGD+ECM
(sponge-like)

T T T

-

Time after seeding (days)

7 14 21

Calcein AM

HG RGD
(sponge-like)

HG RGD+ECM
(sponge-like)

Fig. 2. HG RGD + ECM shows a high hMSC viability with a spindle-shape morphology in vitro. (a) Graph representing viability of hMSCs loaded in sponge-like HG RGD or
sponge-like HG RGD + ECM scaffolds. Cell viability was evaluated over time by labeling live cells with Calcein AM. Already at the first day after seeding, HG RGD + ECM displays a
significantly higher viability and density of hMSCs compared to HG RGD. This high cellular density is preserved over time. In the graph the cell density within the hydrogels is
reported as number of calcein AM positive cells per mm?. Statistical analysis: Mann Whitney test for each time point. Mean + SEM is reported. (*) p < 0.05. (**) p < 0.01. n = 8 per
group. (b) Representative images showing hMSCs stained with Calcein AM in sponge-like HG RGD and sponge-like HG RGD + ECM scaffolds. Already at the first day after seeding
here represented, the almost totality of hMSCs within HG RGD + ECM shows a healthy spindle shape morphology. Differently, only a very few hMSCs in HG RGD show a partial

adhesion to the scaffold and a spindle shape morphology. Scale bar represents 200 pm.

-

Fig. 3. Morphological analysis of HG scaffolds by SEM. Representative SEM images of both sponge-like HG RGD (a) and sponge-like HG RGD + ECM (b) scaffolds. The ECM
deposition is represented by irregular surface among the networks mesh in HG RGD + ECM (arrowhead). A higher cellular density and a higher cell attachment to the substrate can

be observed in HG RGD + ECM. Scale bar represents 10 pm. 3000x.

3.4. hMSCs loaded within HG RGD + ECM preserve viability up to 9
days in vivo

Since HG RGD + ECM showed an optimized viability, a higher
cellular adhesion and a preserved stemness of hMSCs after a
sponge-like loading in vitro, we decided to evaluate the behavior of
hMCSs loaded in HG RGD + ECM also in vivo. To do that, after the
implantation in the injured site, we performed a longitudinal study
by means of intravital microscopy. Cell survival was evaluated over
time by labeling live stem cells with CFDA-SE (a vital fluorescent
staining) (Fig. 5 A and B a). Cell density within the hydrogel was
evaluated by counting the number of CFDA-SE positive cells that we
expressed as percentage, considering 100% of survival immediately
after the implantation. Analyzing intravital microscopy at 3 days
following positioning, the number of hMSCs in the HG RGD + ECM
decreased to about 40% of the initial number, that became 15% at 9
days after the positioning (Fig. 5 B b).

3.5. Oriented delivery optimizes the fluidic release of factors from
HG RGD + ECM in vivo

In order to demonstrate that a fluidic diffusion occurs from the
hydrogel after implantation in the injury site in vivo, we evaluated

the release profile of a fluorescent solution (Hoechst 33258)
delivered by HG RGD + ECM. After 9 days from the HG RGD + ECM
positioning in the lesion site, Hoechst 33258 fluorescence showed
an evident intense signal mostly distributed in the epicenter of the
injured site, whereas only few sections were stained outside the
epicenter of the lesion (Fig. 6 a). This was confirmed by examining
quantitatively the distribution of Hoechst 33258 staining in a
portion of the spinal cord encompassing 12 mm around the
epicenter of the injury (Fig. 6 a, d). In order to increase the fluidic
diffusion from the hydrogel toward the injury site, we applied and
tested an impermeable cling film that, sealing the hydrogel to the
spinal cord, optimizes the fluidic diffusion toward the injury site
(Fig. 6 b). Analyzing the Hoechst 33258 staining in spinal cord tis-
sue after an oriented delivery (Fig. 6 b), we found a dramatic in-
crease of fluorescent staining in both the epicenter and in regions
outside the lesion, compared to unsealed hydrogel (Fig. 6 a). This
was confirmed by evaluating quantitatively the distribution of the
Hoechst 33258 staining in the spinal cord segments around the
traumatized spinal cord (Fig. 6 c, d). These analyses demonstrated
that a more oriented diffusion from the hydrogel, obtained by using
a cling film, can potentially optimize a paracrine release of trophic
factors toward the injured site, potentially increasing the thera-
peutic effect.
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3.6. hMSCs loaded in HG RGD + ECM modulate inflammatory
response in vivo

We assessed by FACS analysis whether hMSCs loaded in HG
RGD + ECM sealed with cling film and implanted in the injured site
were able to modulate, through a paracrine effect, resident
microglia and recruited macrophages in the traumatized site, one
therapeutic effect proposed in literature [60]. To distinguish be-
tween the two cell populations we performed, according to the
literature [61—63], a double labeling with both CD11b and CD45
antibodies, identifying microglia by a CD11bP°5/CD45'°% signal and
recruited macrophages by a CD11bP°S/CD45"2" signal (see Fig. S4
for gating). The amount of CD11b/CD45 positive labeled cells was
evaluated in the injury epicenter. In response to SCI, resident
microglia and recruited macrophages increased very early, even at
1 day post injury (DPI), reaching a peak of microglia activation and
recruited macrophages migration in the damaged site at 7—9 DPI
(data not shown). Mice treated with hMSCs loaded in HG
RGD + ECM and analyzed at 9 DPI showed a significantly increased
amount of recruited macrophages in the injured site (hMSCs, Fig. 7
A, b) compared to untreated mice (injury, Fig. 7 A, a), as demon-
strated by dot plots (Fig. 7 A) and by quantitative analysis of
microglia/macrophages ratio (Fig. 7 B). No changes were detected
comparing FACS analysis of untreated injured mice (IN]) to injured
mice treated with conditioned medium loaded within HG
RGD + ECM (HG RGD + ECM + CM) or conditioned medium or
hMSCs injected into the parenchyma (CM injected and hMSCs

injected, respectively) (Fig. S5, A). These data demonstrated that
only hMSCs loaded within HG RGD + ECM recruit more macro-
phages in the injured site via a paracrine effect. Furthermore, to
investigate whether the proposed treatment was able to modulate
M1 and/or M2 phenotypes in the injured site we performed a gene
expression analysis to detect both M1 (IL-1 and TNFe.) or M2 (Arg-I
and YM1) phenotypes [60]. Analyzing both IL-18 and TNF&. mRNA
in the epicenter of the lesion in hMSCs loaded HG
RGD + ECM + cling film treated mice at 9 DPI (Fig. 7C; a, b), only
TNFo. mRNA was detected significantly increased in treated injured
mice (fold change of about 1.5) compared to the untreated injured
mice (Fig. 7C; a). However, evaluating M2 mRNA markers in hMSCs
loaded HG RGD + ECM -+ cling film treated mice, we demonstrated
asignificant increase of Arginase I M2-related transcript (Fig. 7C; d),
but not of YM1 (Fig. 7C; c), compared to untreated injured mice.
Noteworthy, Arginase I showed a mean fold change of about 10
compared to the untreated injured mice (Fig. 7C; d). No changes
were detected by mRNA analysis comparing untreated injured mice
(injury) to injured mice treated with either conditioned medium
(CM injected) or hMSCs (hMSCs injected) injected in the paren-
chyma (Fig. S5, B). However, the analysis of IL-1 expression
revealed higher levels of transcription in mice treated with condi-
tioned medium loaded in HG RGD + ECM (HG RGD + ECM + CM,
Fig. S4 B, b) compared to untreated mice (fold change of about 2.5),
suggesting a partial effect of HG RGD + ECM scaffold in eliciting a
polarization toward a pro-inflammatory M1 phenotype. Never-
theless, the treatment of mice with hMSCs loaded HG RGD + ECM
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Fig. 7. hMSCs loaded in HG RGD + ECM modulate inflammatory response increasing M2 macrophages in vivo. (A) Representative FACS dot plots of microglial cells (CD11bP%%/
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between microglia (CD11bP°/CD45'°%) and recruited macrophages (CD11bP°S/CD45"8") evaluated in untreated injured (injury) or hMSCs loaded within HG RGD + ECM treated
injured mice (hMSCs) at 9 DPI. Graph shows a lower microglia/macrophages ratio in hMSCs group, demonstrating an increase of macrophages recruitment. Mean + SEM is reported.
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pro-regenerative environment in hMSCs group. Mean + SEM is reported. Statistical analysis: Mann Whitney test. (**) p < 0.01. n = 10—14 mice per group.

was able to revert the increased IL-1p expression, suggesting a
further anti-inflammatory paracrine effect of hMSCs in vivo (Fig. 7C;
b).

4. Discussion

Engineered scaffolds are considered a promising approach to
create an optimal environment able to sustain a long lasting cell
viability of stem cells in situ with the ability to help the tissue in
terms of neuroprotection and neuroregeneration. These scaffolds
offer the opportunity to deliver cells appropriately into the injured
site optimizing the therapeutic effect of the treatment proposed.
However, different limits have been revealed when these hMSCs
have been encapsulated into biomaterials hampering their viability

and a long lasting effect of the treatment. This was mostly due to
the lack of an optimal combination of hMSCs, scaffold design and
supporting environment that has limited the capability to support
appropriate cell viability in vitro and in vivo [49]. It is well known
that stem cell viability, phenotype and stemness are modulated by
the interaction with the complex physicochemical composition of
the natural niche mostly composed of ECM [43,55,64,65]. There-
fore, the ECM could be considered a building block in sustaining
hMSCs within biomaterial for maintaining a high viability and a
high cellular density over time. In line with this idea, we here
demonstrate and confirm that an optimal combination of an orig-
inal hydrogel with a pre-constituted ECM deposited by hMSCs,
together with an efficient stem cell loading (sponge-like effect), is
an effective strategy to increase the viability and the cellular



density within an hydrogel for at least 21 days after seeding. In
particular, in this study we establish that a lyophilized gel could be
loaded through a soaked up effect preserving a higher cell viability
compared to hMSCs loaded during the solution/gel transition.
Reduced cell viability detected after a conventional loading pro-
cedure is likely due to the mechanical stress to which the cells are
exposed [66], that is dramatically reduced loading hMSCs by a
sponge-like effect. Furthermore, we demonstrate that RGD motif
together with the pre-deposited 3D ECM has increased strongly the
density of these cells within the hydrogel already at the first day
after seeding. Furthermore, the 3D RGD ECM scaffold as here pro-
posed significantly improves hMSCs maintenance showing a very
high cell density up to 21 days in vitro. This time of survival is quite
striking compared to other scaffolds proposed in literature where
cells viability was observed only up to 7—14 days [48,67,68].
Furthermore, we demonstrate that a 3D ECM optimizes a healthy
environment by converting hMSCs from a round shape to a spindle-
like morphology, representing healthy cells indistinguishable from
cells grown within a culture well. Differently, other groups reported
a lower stem cells survival with a round shape morphology of
hMSCs in the scaffold [48,67,68], suggesting that a spindle shape
morphology is indicative of a cellular wellness that can contribute
to the long term survival. We demonstrate also a preserved stem-
ness of hMSCs during the time of analysis, confirming that a po-
tential pleiotropic effect is maintained in this condition for a multi-
therapeutic approach in SCI. Altogether, these data confirm that a
3D ECM is a relevant support for the maintenance of hMSCs in this
scaffold. So far, only few attempts have been made to mimic the
physiological ECM directly within a biomaterial with the aim to
optimize hMSCs viability [46—48,55,68—72]. Several studies used
reconstituted monotypic ECM preparations in two dimensions to
examine cell-matrix interactions and survival of the cells [55,71,72].
However, this represents a platform that does not constitute an
optimal 3D native configuration, but only a 2D interactive structure
[55,71,72]. 1t is well known that cell is affected by the physical
environment in which it is grown. Indeed, in living tissue, cells
reside in 3D microenvironments and establish many interactions
with the surrounding matrix [73—75]. Moreover, cells in 3D culture
exhibit different gene expression compared to cells in 2D [73] and
provide different cell polarization, such as demonstrated in litera-
ture [73] and in our study. Indeed, a 3D framework provides more
contact for cell adhesion, which is necessary for protein—protein
ligation and cell-matrix signaling [73—75]. In addition, the archi-
tecture and conformation of the niche determines the mechanical
properties of the ECM which in turn control cell adhesion, prolif-
eration and differentiation [76]. For this reason, our 3D approach
represents an optimal condition for cell culture where ECM is
widely distributed in a 3D scaffold permitting a more appropriate
environment for cell—cell interaction and polarization, and creates
a more permissive environment similar to natural niche in which
hMSCs can survive properly. Our approach is different also from
previous studies whose attempts were to functionalize the scaffold
with one single ECM peptide, as laminin, fibrin or RGD peptide
[46—48,68,69], or to use a powdered ECM from porcine urinary
bladder [70]. Indeed, ECM is composed of proteins, proteoglycans
and factors able to establish a dynamic interaction with stem cells.
Simultaneously, stem cells remodel actively the ECM in relation to
their definite needs. Thus, only a few bioactive peptide sequences
incorporated in synthetic hydrogels could represent only a partial
support, but not an optimized environment to sustain hMSCs
[46—48,68,69]. Therefore, to the best of our knowledge, this is the
first study presenting a 3D natural ECM deposition able to increase
adherence and viability of loaded hMSCs. In vivo experiments
further demonstrate that a HG-RGD + ECM loaded with a fluores-
cent compound (Hoechst 33258) is efficiently implanted in the

spinal cord and is able to release efficiently this molecule showing a
sustainable delivery from the scaffold toward the injured site. To
improve this delivery, we propose the use of an impermeable cling
film that dramatically increases an oriented delivery toward the
damaged site. Thus, we expect that, once implanted, hMSCs loaded
HG-RGD + ECM + cling film will be able to release a higher con-
centration of factors in the injured spinal cord without any
obstruction to their paracrine effect. This is confirmed by FACS and
mRNA analyses demonstrating that a paracrine effect sustained by
viable hMSCs loaded within HG RGD + ECM in just a few days is
able to increase and/or convert efficaciously M2 macrophages
(immunomodulation) in the injured site, promoting a pro-
regenerative environment that represents a relevant outcome in
treating SCI [26,50,77,78]. Noteworthy, injecting the same number
of hMSCs directly in the parenchyma, a lack of efficacy is found in
terms of macrophages recruitment or M1/M2 polarization. So far,
the direct injection of hMSCs has been frequently proposed as pre-
clinical SCI treatment, sometimes demonstrating a protective effect
on histological or behavioral outcomes [13,79,80]. However,
although a direct injection of stem cells may represent an attractive
approach as clinical protocol, it shows deep concerns because very
often stem cells leave the zone of injection, as they are not confined
by any support. On the other hand, if injected stem cells remain in
situ, they could be exposed to a hostile environment due to the
tissue degeneration. Thus, a biomimetic scaffold, as proposed in
this study, able to maintain MSCs viable, undifferentiated and
confined within a 3D structure out of the degenerative environ-
ment is a forefront application. Moreover, the original scaffold
material here proposed maximizes hMSCs paracrine protective
effects, offering the possibility to reduce dramatically the cellular
efficacious dose. Indeed, a consistent higher number of hMSCs is
required when a direct injection is performed in situ to overcome
mechanical forces that could damage stem cells passing from the
needle [27] and concomitantly to preserve a sufficient number of
them to counteract an inflamed and adverse environment present
in the injured site [29,30].

In conclusion, we propose a new sustainable stem cell therapy
by using HG RGD + ECM derived from the combination of different
promising strategies such as: 1) a new loading procedure on a
lyophilized scaffold (soaked up effect) that reduces mechanical
stress and preserves hMSC viability when encapsulated into the
hydrogel, 2) a RGD motif that increases the capacity to entrap
hMSCs within the hydrogel after the seeding, 3) a 3D ECM depo-
sition able to maintain over time healthy hMSCs with an high
viability and density and 4) an oriented delivery of paracrine factors
for treating efficaciously the injured site. We believe that the
optimized scaffold as here proposed results to be a promising and
innovative approach that may represent a breakthrough in using
stem cells therapy supported by biomaterial with potential bene-
ficial impact on SCIL.
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