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The efficacy of cell therapy is limited by low retention and survival of transplanted cells in the target tissues. In this work, we
hypothesize that pharmacological preconditioning with celastrol, a natural potent antioxidant, could improve the viability and
functions of mesenchymal stromal cells (MSC) encapsulated within an injectable scaffold. Bone marrow MSCs from rat (rMSC)
and human (hMSC) origin were preconditioned for 1 hour with celastrol 1 μM or vehicle (DMSO 0.1% v/v), then encapsulated
within a chitosan-based thermosensitive hydrogel. Cell viability was compared by alamarBlue and live/dead assay. Paracrine
function was studied first by quantifying the proangiogenic growth factors released, followed by assessing scratched HUVEC
culture wound closure velocity and proliferation of HUVEC when cocultured with encapsulated hMSC. In vivo, the
proangiogenic activity was studied by evaluating the neovessel density around the subcutaneously injected hydrogel after one
week in rats. Preconditioning strongly enhanced the viability of rMSC and hMSC compared to vehicle-treated cells, with 90%
and 75% survival versus 36% and 58% survival, respectively, after 7 days in complete media and 80% versus 64% survival for
hMSC after 4 days in low serum media (p < 0:05). Celastrol-treated cells increased quantities of proangiogenic cytokines
compared to vehicle-pretreated cells, with a significant 3.0-fold and 1.8-fold increase of VEGFa and SDF-1α, respectively
(p < 0:05). The enhanced paracrine function of preconditioned MSC was demonstrated by accelerated growth and wound
closure velocity of injured HUVEC monolayer (p < 0:05) in vitro. Moreover, celastrol-treated cells, but not vehicle-treated cells,
led to a significant increase of neovessel density in the peri-implant region after one week in vivo compared to the control
(blank hydrogel). These results suggest that combining cell pretreatment with celastrol and encapsulation in hydrogel could
potentiate MSC therapy for many diseases, benefiting particularly ischemic diseases.

1. Introduction

Cardiovascular disease (CVD) is a leading cause of mortality,
and of these deaths, 85% are due to ischemic events [1, 2].
Clinical management includes fibrinolytic therapy, primary
percutaneous coronary intervention, or bypass graft surgery

to restore blood flow [3–7]. However, these interventions
cannot regenerate dead cells and scar tissues.

Mesenchymal stromal cell (MSC) therapy is a promising
treatment for various degenerative diseases by triggering
neovascularization and stimulating tissue regeneration [8–
13]. MSCs, which are abundant and only weakly
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immunogenic, are readily used in several clinical trials in
regenerative medicine for the treatment of ischemic diseases
such as hind limb ischemia [14, 15] and ischemic heart dis-
eases [8, 16]. These cells are able to secrete proangiogenic,
chemoattractant, and antiapoptotic mediators useful for
the recovery of ischemic tissue [17–19]. However, the effi-
cacy of cell therapy remains limited due to the poor reten-
tion, diminished survival, and poor functionality of cells,
especially when transplanted in such ischemic, inflamma-
tory, and oxidative microenvironments [16, 17]. In this
context, injectable scaffolds have been proposed to localize,
anchor, and protect cells in the target tissues [20–24]. Our
laboratory has developed scaffolds composed of thermo-
sensitive hydrogels based on chitosan, a natural biocom-
patible and biodegradable polymer obtained by
deacetylation of chitin [25]. Particularities of our hydrogels
include physiological pH and low viscosity at room tem-
perature which enables easy cell loading and injectability
through small needles and rapid gelation at body temper-
ature with desirable mechanical properties and cytocom-
patibility [26, 27]. However, the hydrogel does not
prevent and may even exacerbate the lack of oxygen and
nutrients reaching the cells, which can negatively affect
their viability and therapeutic effects. We therefore pro-
pose to combine encapsulation with cell preconditioning
to improve cell retention, survival, and function.

Preconditioning consists in activating cytoprotective
pathways by either exposing cells to a sublethal environment
[28, 29], by transfection of cell survival genes [30, 31], or by
conditioning cells with pharmacological molecules to acti-
vate functional and protective cellular pathways [32–36].
Pharmacological preconditioning with certain natural classes
of antioxidants could be particularly interesting. Celastrol is a
natural potent antioxidant extracted from the bark of the
roots of Tripterygium wilfordii plant used in traditional ori-
ental medicine for many pathologies such as autoimmune
inflammation [37] and chronic diseases [38]. Our team
showed that a short burst treatment with celastrol protects
cells against hypoxia and oxidative damage as found in ische-
mic tissues and increases cell paracrine competence with the
enhanced expression and secretion of many potent bioactive
factors [33, 34, 39].

In this study, we demonstrate that combining both cell
encapsulation and pharmacological preconditioning
enhances the viability and the proangiogenic paracrine func-
tion of MSC in vitro and in vivo and could be used to
improve the outcomes of cell therapy for ischemic diseases.

2. Materials and Methods

2.1. Hydrogel Preparation. The chitosan thermosensitive
hydrogel is prepared by mixing an acidic solution of chitosan
and a gelling agent solution [26], which were prepared as fol-
lows (Figure S1). Chitosan (Kitomer, PSN 326-501, Premium
Quality, Mw 250 kDa, DDA 94%; Marinard Biotech) was
purified [26] and solubilized at an initial concentration of
3.33% (m/v) in 0.1N hydrochloric acid for 3 hours at 500-
700 rpm (Heidolph RZR 2021). The chitosan solution was

then autoclaved at 121°C for 20min and stored at 4°C until
experiments.

The gelling agent (GA) solution is a combination of two
weak bases, namely, sodium hydrogen carbonate (SHC,
Solon, OH, USA) and phosphate buffer (PB) [26]. PB solu-
tion was prepared at 0.2M and pH8 by mixing sodium phos-
phate dibasic (SDP, Sigma-Aldrich, ON, CA) and monobasic
(SPM, Sigma-Aldrich, ON, CA) with volume ratio
0.932/0.068 in Milli-Q water. Then, SHC was solubilized in
a PB solution and vortexed until complete solubilization.
The GA solution (PB 0.2M-SHC 0.375M) was then sterilized
by filtration through a 0.22μm filter (Corning incorporated,
NY, USA) and stored at 4°C until experiments.

2.2. Cell Culture. The isolated bone marrow-derived rMSCs
frommale Sprague Dawley [40] (Charles River, QC, Canada)
were cultured with alpha minimum essential medium
(MEM, Gibco, USA) supplemented with 10% Fetal Bovine
Serum (FBS, Gibco, USA), while bone marrow-derived
hMSCs (Lonza Inc., ON, Canada) were cultured with NutriS-
tem XF (Biological Industries, Israel) supplemented with
0.6% MSC NutriStem XF Suppl. Cells were seeded at
6,600/cm2 density and cultured up to 90% confluence before
experiments. Human umbilical vein endothelial cells
(HUVEC: ATCC, ON, CA) were cultured with endothelial
growth medium 200 (EGM) and 5% FBS, supplemented with
2% low serum growth supplement (LSGS, Life Technologies)
at 9,000/cm2 density. Before seeding of HUVEC, dishes were
coated with porcine gelatin-type A (Sigma-Aldrich, Oakville,
ON, Canada) diluted in sterile phosphate buffer saline
(PBS1X, Sigma-Aldrich) for 2 hours. All experiments were
carried out only with alpha MEM. Cells were used within
passages 2 and 8 for experiments.

2.3. Pharmacological Preconditioning of Cells. Cell precondi-
tioning, also called pharmacooptimisation [34] was carried
out with celastrol (Cayman Chemical, Ann Arbor, MI,
USA), according to the previously described method [39].
Briefly, adhered cells (at 90% of the confluence) were stimu-
lated for 1 hour with celastrol 1μM (dissolved in DMSO 0.1%
v/v) or vehicle (DMSO 0.1% (v/v)) at 37°C, 5% CO2 in alpha
MEM 1% FBS. This concentration of celastrol was chosen
following preliminary optimization assay performed on non-
encapsulated cells coated by a 3mm layer of hydrogel, as
described in supplemental data. Cells were rinsed three times
with alpha MEM 1% FBS and left to recover for 4 hours at
37°C and 5% CO2 in alpha MEM 10% FBS, before encapsula-
tion in the hydrogel.

2.4. Preparation of MSC-Loaded Hydrogel. Hydrogel prepa-
ration for cell encapsulation consisted of mixing a CH solu-
tion, GA solution, and cell suspension at the volume ratio
0.6, 0.2, and 0.2, respectively. The mixing was made in 2 con-
secutive steps: first, mixing was done by 15 consecutive
plunger shuffles of syringes from CH and GA solutions [26,
41]. The preformed gel (still liquid at room temperature)
was immediately mixed 15 times with the cell suspension.
The final composition of the hydrogel was CH 2% (w/v
)-SHC 0.075M-PB 0.04M.
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For in vitro studies, a volume of 200μL of hydrogel (con-
taining 7 × 105 cells) was deposited in 48-well plates and left
to gel for 3 minutes at 37°C, 5% CO2. Then, 500μL of com-
plete alpha MEM was added on the top of the gel and the
plates were further incubated at 37°C. The alpha MEM was
renewed on day 4. As described below, cell viability and para-
crine factor release were first studied. The proangiogenic
properties were then directly assessed using a wounded
HUVEC monolayer assay (“scratch test”) and coculture of
HUVEC with encapsulated hMSC. All results were normal-
ized to the vehicle-treated cells.

2.5. In Vitro Cell Viability. Cell viability was measured on
days 1 and 7 on cells loaded in hydrogel (7 × 105/200μL of
the hydrogel) and incubated in complete culture media
(rMSC, hMSC). Cell viability in low serum culture media
(alphaMEM 0.2% FBS) was also assessed, after 24 h of encap-
sulation as described above. For this, culture media were
changed to low serum media culture (500μL of alpha MEM
0.2% FBS) and cells were further incubated at 37°C,
5%CO2, for 3 days. All results were normalized to the
vehicle-treated cells as 100%. Cell viability was first quanti-
fied by measuring the metabolic activity using alamarBlue
assay (Biotium Inc., Fremont, CA, USA). Resazurin (10%
(v/v)) was diluted in complete medium and incubated for
3 h before measurement of fluorescence emission at 560-
590nm (BioTek Instruments Inc., Synergy 4, USA). Viability
was also confirmed with live/dead assay (Life Technologies,
ON, CA). Cells were incubated with serum-free alpha
MEM containing 2μM calcein AM and 5.5μM homodimer
ethidium at 37°C, 5% CO2, for 45 minutes. Pictures were
taken with a fluorescence inverted microscope (Leica
DMIRB) at 50x magnification.

2.6. Paracrine Activity Assessment of Hydrogel-Encapsulated
Cells. To assess paracrine release, conditioned media were
obtained by incubating the hydrogel loaded with cells in
low serum culture media (alpha MEM 0.2% FBS). For this,
culture media were changed to low serum medium culture
(500μL of alpha MEM 0.2% FBS) and the cell-loaded hydro-
gel was further incubated at 37°C, 5% CO2, for 3 days. Para-
crine activity assessment was carried out with ProcartaPlex
multiplex immunoassay (ThermoFisher Scientific Inc., MA,
USA) by measuring quantitatively proangiogenic protein

concentrations (VEGFa, FGF2, and SDF-1α) in the condi-
tioned media. Cell viability in low serum media was also
assessed, as described above.

2.7. Scratch Test or Wound Healing Assessment. To perform
the scratch test, adhered HUVEC (15,000/well) were cultured
overnight in 96-well plates (Essen BioScience, Inc.) previ-
ously coated with gelatin 1% for 2 hours. The next day, the
HUVEC monolayer was scratched with a Woundmaker™
(Figure 1(a); Essen BioScience, Inc.). Plates were washed with
PBS 1X. Conditioned media (alpha MEM0.2% FBS) from
hydrogel-loaded MSC were centrifuged for 15min at
1,300 rpm (to remove particles of hydrogel) and diluted at
50% (with a fresh alpha MEM 0.2% FBS). A volume of
50μL of conditioned media was added in each well. Plates
were incubated at 37°C, 5%CO2, and images were taken every
2 hours for 24 hours with IncuCyte™ ZOOM software (Essen
BioScience, Inc.). The rate of wound closure of HUVEC incu-
bated in conditioned media from celastrol-pretreated hMSC
was compared with conditioned media from vehicle-
pretreated cells. Complete EGM200 was used as positive con-
trol while alpha MEM 0.2% served as negative control.

2.8. Coculture of HUVEC with Encapsulated hMSC. Cocul-
ture of HUVEC with hMSC-loaded hydrogel was performed
using Boyden chambers (Figure 1(b), Corning Inc., NY,
USA). HUVEC (15,000/well; approximately 60% of the con-
fluence) were left to adhere overnight in gelatin-coated 24-
well plates. The next day, hMSCs were treated with celastrol
or vehicle and incorporated into the hydrogel solution (as
described above). A volume of 200μL of hydrogel was intro-
duced within Boyden chambers and left to gel for 5 minutes
at 37°C. The Boyden chambers were then transferred into
the 24-well plates, and 2mL of alpha MEM 0.2% FBS was
added before further incubation at 37°C, 5%CO2. HUVEC
growth was evaluated by comparing cell metabolic activity
at 0 h, 24 h, and 48h using resazurin. HUVEC incubated with
complete EGM and alpha MEM 0.2% (in the presence of
hydrogel without cells as hydrogel blanks) were used as pos-
itive and negative controls, respectively.

2.9. In Vivo Paracrine Functions. A pilot in vivo study was
carried out in compliance with guidelines from the Institu-
tional Animal Protection Committee of the CRCHUM. First,

(a)

Boyden chamber

Secreted proteins
HUVEC monolayer

Hydrogel
encapsulated hMSC.

(b)

Figure 1: (a) Initial wound of HUVECmonolayer made by the Woundmaker. (b) Schematic representation of the coculture of HUVEC with
hydrogel-encapsulated hMSC seeded in a Boyden chamber. Both cells were incubated in alpha MEM 0.2% FBS.
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rMSCs were preconditioned as described in Section 2.3. Then,
cells were trypsinated and stained with Vybrant™ DID (1,1′
-dioctadecyl-3,3,3,3′-tetramethyl indodicarbocyanine-4-
chlorobenzene sulfonate salt) cell-labeling solution for
20min in serum-free media according to the manufacturer
protocol (Life Technologies). Cells preconditioned by celastrol
or vehicle were incorporated into the hydrogel solution as pre-
viously described (3 × 106/200μL of hydrogel), and both solu-
tions were subcutaneously injected in the dorsum of 8 female
Sprague Dawley rats (Charles Rivers) using a 23G needle. A
third injection consisted in the hydrogel without cells (control
group). Labeled cell in vivo signal was measured on days 0 and
7 by fluorescence imaging (eXplore Optix™MX2 system, ART
Advanced Research Technologies, Inc., Canada). The region
of interest (ROI) was scanned using an excitation source at
670nm with a spot size of 1.0mm.

On day 7, rats were euthanized, and gels were immedi-
ately excised, fixed in 10% formalin, and embedded in paraf-
fin. Histological sections of 6μm thickness were fixed on
charged glass slides. Immunohistochemical staining for von
Willebrand factor (vWF), and CD68 was carried out on
paraffin-embedded formalin-fixed samples using the auto-
mated Bond RX staining platform from Leica (Biosystems,
Australia). Sections were deparaffinised inside the immunos-
tainer. Antigen recovery was conducted using the specific
proprietary solution from Leica Biosystems: Heat-induced
Epitope Retrieval (ER) with ER1 low-pH buffer for CD68
or ER2 high-pH buffer for vWF as long as 20 minutes. Sec-
tions were then incubated with 150μLof each primary anti-
body, VWF (MilliporeAB7356; 1-200) and CD68 (Abcam
AB31630; 1-300), for 15min at room temperature. Detection
of specific signal was acquired by using Bond Polymer DAB
Refine kit (#DS9800, Leica Biosystems) according to pro-
viders’ recommendations. Slides were counterstained auto-
matically with hematoxylin included in the detection kit.
The thickness of the macrophage-rich layer (CD68+) was
blindly measured at 3 different locations in the inflammatory
area around the gels (large, medium, and small) with
NDPview software, and an average was calculated. The neo-
vessel density (vWF+ intensity) in the granulation tissue at
the perigel area was scored by a pathologist (FA) who was
blinded to experimental conditions. Scale spanned from +
to +++ and was then classified into 2 different groups. Sam-
ples scored as +++ were categorized as high response and
samples scored below +++ (+ and ++) were categorized as
low response.

2.10. Statistical Analysis. Each experiment was performed at
least in triplicate. N (number of repeated experiments) and
n (total sample number) are indicated in each figure caption.
All results are expressed in the mean ± standard error of the
mean (SEM). T-test and ANOVA (Statgraphics XVII) were
used to determine the statistical difference between groups,
with p values below 0.05 considered statistically significant.
The fisher (F) and Kolmogorov-Smirnov test were used to
compare the variances between groups and the normality of
the analyzed data, respectively. Student T-test analyses were
performed on data with a normal distribution, whereas a
nonparametric Mann-Whitney test was performed on data

that did not follow a normal distribution. Chi square (EZ
SPSS) was used to analyze the scores of neovessel density
between samples.

3. Results

3.1. Effect of Pharmacological Preconditioning on the Viability
of Hydrogel-Encapsulated MSC. The preliminary proof of
concept was performed with MSC (hMSC and rMSC) cul-
tured in 2D and covered by a 3mm thick hydrogel layer,
which limits nutrient diffusion. Preconditioning with celas-
trol enhanced hMSC viability in a dose-dependent manner
(see Figures 2S and 3S in supplemental data). A single dose
(1μM) was then chosen for further studies with cells
encapsulated in 3D in the hydrogel. The efficacy of cell
preconditioning was evaluated in complete and in low
serum medium, first with rMSCs which are readily available
and useful for preclinical studies. Results were then
confirmed with hMSC, since these are used for in vivo tests.

Figure 2(a) presents the metabolic activity of rMSC,
treated with celastrol 1μM or the vehicle, encapsulated in
the hydrogel, and incubated in complete medium (10%
FBS), reported as the percentage of the fluorescence signal
measured for the vehicle group at day 1. While there was
no significant difference between the two groups at day 1,
the metabolic activity after 7 days was significantly higher
for the celastrol-treated cells, with about 90% versus 36% of
the initial value of the vehicle-treated cells at day 1
(Figure 2(a), p < 0:05). This suggests that pharmacological
preconditioning with celastrol 1μM had a strong effect on
maintaining viability of encapsulated rMSC. This was con-
firmed by live/dead assay at day 7 (Figure 2(b)). Results were
confirmed in hMSC with a maintenance of their metabolic
activity at 75% versus 58% for celastrol- and vehicle-treated
cells, respectively, on day 7 (Figure 2(c), p < 0:05). Live/dead
assay confirmed these results (Figure 2(d)).

To verify the benefits of pharmacooptimization in
hydrogel-encapsulated hMSC placed in a nutrient-deficient
environment, cells were incubated in low serum media
(0.2% FBS). Cell metabolic activity was then assessed at days
2 and 4. The metabolic activity of cells preconditioned with
celastrol 1μM was increased by 27% and 56% compared to
the vehicle-treated hMSC at days 2 and 4, respectively
(Figure 3(a), p < 0:05). Moreover, the comparison of cell met-
abolic activity at days 2 and 4 showed that about 80% of
celastrol-treated cells remained viable on day 4, compared
to 64% for the vehicle-treated cells. Live/dead staining con-
firmed these results, showing a clear increase in the number
of live cells in the celastrol group at day 4 (Figure 3(b)).

Regeneration of damaged tissues by MSC therapy does
require not only cell survival but also an efficient paracrine
activity in target tissues. Particularly, in ischemic tissues,
MSC paracrine activity is essential to promote neoangiogen-
esis and subsequent tissue reperfusion. Therefore, the condi-
tioned media from hydrogel encapsulated hMSC in low
serum were retrieved on day 4 and used to measure the con-
centration and bioactivity of 3 main cytokines involved in the
revascularization, cell migration, and proliferation, namely,
VEGFa, SDF-1α, and FGF-2 (Figure 4). The concentrations
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Figure 3: Celastrol increases the viability of encapsulatedMSC in low serummedia: (a) metabolic activity, at days 2 and 4, of hMSC pretreated
with 1 μM of celastrol or vehicle (DMSO 0.1% v/v), encapsulated in 200μL of hydrogel, and incubated in low serum media; mean ± SEM,
n = 7, N = 3 (∗p < 0:05 versus the vehicle at each time point); (b) live/dead pictures taken at day 4 (viable cells: green, dead cells: red; scale
bar = 200 μm).
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Figure 2: Celastrol increases viability of encapsulated MSC in normal medium: (a) metabolic activity at days 1 and 7 of rat MSC
preconditioned with celastrol 1 μM or vehicle (DMSO 0.1% v/v), mean ± SEM; b) live/dead pictures taken at day 7; n = 8, N = 3; (c)
metabolic activity at days 1 and 7 of human MSC preconditioned with celastrol 1μM or vehicle, mean ± SEM, n = 14, N = 5; (d) live/dead
pictures taken at day 7 (viable cells: green, dead cells: red, scale bar 200 μm); ∗p < 0:05 versus the vehicle at the same time point.
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of VEGFa and SDF-1α were significantly increased for
celastrol-pretreated hMSC, with a 3-fold (8885 ± 261 vs.
25479 ± 2331pg/mL, p < 0:01) and 1.8-fold increase
(1212 ± 116 vs. 2698 ± 276pg/mL, p < 0:05) compared to
the vehicle-treated cells, respectively. Despite a clear trend
for its increase, the difference for FGF-2 content between
the celastrol (68 ± 5:8pg/mL) and vehicle- (41 ± 8:3pg/mL)
pretreated hMSC groups did not reach statistical significance
(p = 0:26). Raw data of paracrine activities are found in sup-
plemental data (Figures 4S).

These data suggest that celastrol-treated hMSCs encapsu-
lated in the chitosan hydrogel have enhanced proangiogenic
bioactivity compared to the vehicle-treated controls. The
functional aspect of these results was validated in two
in vitro assays, namely, scratch test experiments and
HUVEC-hMSC coculture experiments.

3.2. Effect of Pharmacological Preconditioning on Paracrine
Activities of Hydrogel-Encapsulated hMSC. Figure 5(a) pre-
sents the growth of HUVEC when cocultured with
hydrogel-encapsulated hMSC, preconditioned with celastrol
or vehicle. Paracrine activity of hMSC had a clear effect on
HUVEC as shown by increased HUVEC growth compared
to the negative control (HUVEC in alpha MEM 0.2% FBS)

(p < 0:05, Figure 5(a)). This effect was further strengthened
by celastrol preconditioning, with 28% and 26% increase
compared to the vehicle-treated cells after 24 and 48 h
respectively (p < 0:05), and cell growth reached levels similar
to the positive control group of cells grown in complete
media supplemented with serum and endothelial growth fac-
tors (EGM), while a significant difference between vehicle-
treated cells and the positive control group was observed at
24 h and 48 h (p < 0:05).

In the next experiment, a wound created on HUVEC
monolayer was incubated with conditioned media from
celastrol- or vehicle-treated hMSC in order to assess the
velocity of wound closure. Alpha MEM 0.2% FBS and EGM
were used as negative and positive controls, respectively.
Both conditioned media significantly increased wound clo-
sure compared to alpha MEM (Figure 5(b), p < 0:05). How-
ever, wound closure in the celastrol group was accelerated
compared to the vehicle group at each time point, and the
difference reached statistical significance for the time points
between 14h and 22 h (p < 0:05).

3.3. Paracrine Function Assessment In Vivo. After injection of
hydrogel-loaded cells in rats, the fluorescence intensity emit-
ted by the encapsulated, Vybrant-stained cells was measured
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Figure 4: Celastrol preconditioning increases the amount of angiogenic factors released by encapsulated hMSC: (a) VEGF-a
(mean ± SEM, n ≥ 6, N = 4); (b) SDF-1α (mean ± SEM, n ≥ 12, N = 4); and (c) FGF-2 (mean ± SEM, n = 6, N = 3) concentrations in
conditioned media of hydrogel-encapsulated hMSC on day 4 (∗∗p < 0:01 and ∗p < 0:05; no significant difference between groups with
FGF-2 (mean ± SEM, n = 6, N = 3).
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immediately following injections and after one week. Fluo-
rescence was expressed in percent of day 0 (Figure 6). From
day 0 to day 7, the signal emitting from the celastrol-treated
cell group is higher than that from the vehicle-treated cell
group, with a 2.4- and 1.4-fold increase respectively on day
7, without however reaching statistical significance.

Histology showed that at 7 days, chitosan gel was sur-
rounded by inflammatory infiltrate mainly containing
immune cells (polynuclear cells, lymphocytes) and granula-
tion tissue.

Figure 7 shows an immunomodulation effect of MSCs
with a reduced area of inflammatory cell presence in the

0
24 h

1000

2000

3000

M
et

ab
ol

ic
 ac

tiv
ity

 o
f H

U
V

EC
 (A

U
I) 4000

48 h

Negative control

Vehicle-MSC

Celastrol-MSC

Positive control

$

⁎⁎

⁎⁎

⁎

⁎

(a)

0
0 2 4 6 8 10 12 14 16 18 20

Time (h)
22 24

20

40

60

80

100

W
ou

nd
 cl

os
ur

e (
%

)

Positive control

⁎⁎⁎
⁎

⁎

Celastrol-MSC
Vehicle-MSC
Negative control

(b)

Figure 5: Celastrol preconditioning increases paracrine proangiogenic activity. (a) HUVEC growth when cocultured with hydrogel-encapsulated
hMSC. Alpha MEM 0.2% FBS and EGM were used as negative and positive controls, respectively (mean ± SEM, n ≥ 3, N ≥ 2); ∗p < 0:05 versus
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(∗p < 0:05 versus the vehicle group at each time point).
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Figure 6: (a) Celastrol-treated hydrogel-encapsulated Vybrant-stained MSCs display 2.4-fold higher retention compared to vehicle-treated
MSC at day 7 (mean ± SEM, n = 8, N = 2). (b) Representative fluorescence imaging of Vybrant-stained encapsulated MSC at 7 days; blank:
hydrogel alone containing no cells; skin: no hydrogel or cells.
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peri-implant region compared to the control group contain-
ing no cells. However, closer examination shows a trend of
increasing macrophage infiltration in the peri-implant region
by 8% and 21% with vehicle- and celastrol-pretreated MSCs,
respectively, compared to the control condition (blank
hydrogel).

Table 1 presents the scores of neovessel density evalu-
ated in the granulation tissue at the perigel area. The
scores were divided into low- and high-response group.
The score of neovessel density in the peri-implant region
of celastrol-treated MSC was highest (7 cases out of 8)
followed by the vehicle-treated MSC (5 cases out of 8)
and only 1 case out of 6 in the control group (gel without
cells). The difference between vehicle treatment and
celastrol-preconditioned cells did not reach statistical sig-
nificance; however, only the celastrol-pretreated hMSC
group showed significantly higher neovessel density com-
pared to the control group (p = 0:008). Figure 8 shows
an illustration of representative images of neovessel den-
sity in the peri-implant region. See the details of the scor-
ing in the supplementary data (Table 1 S).

4. Discussion

Herein, we report that preconditioning MSC with celastrol
for 1 hour prior to encapsulation within a chitosan hydrogel
improves cell viability and proangiogenic paracrine activity
as demonstrated through the increase of GF release, HUVEC
proliferation, velocity of wound closure, and increase in neo-
vessel number in the peri-implant region in vivo.

These results are in line with our previous work on cells
without hydrogel, showing that a short burst treatment of
cells with celastrol protects against hypoxia and oxidative
stress-induced death [33, 39]. Protection was achieved by
activation of survival kinases including pAKT and pERK
and of heat shock and antioxidant response pathways with
HO-1 and HSP70 protein expression [34, 39]. Such rapid
(1 h) and simple in vitro pretreatment prior to cell transfer
could enhance the efficacy of various forms of cell therapies
for ischemic diseases such as hind limb ischemia.

Demonstration of the efficacy of celastrol on cells encap-
sulated in a 3D scaffold is interesting since scaffolds are
increasingly used to enhance the outcome of cell therapy.
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Figure 7: (a) Thickness of the macrophage-rich region around the implant on day 7. The control group was the hydrogel without cells.
(b) Representative images showing macrophage infiltrations in the peri-implant region for each treatment group; arrows (↔) illustrate
the thickness of the macrophage-rich region (brown, CD68 staining, scale bar 500μm), and arrows (⇔) illustrate the total immune cell
infiltrations in the peri-implant region.

Table 1: Score of neovessel density in the peri-implant region after 7 days.

Score results
Samples Low response (+, ++) High response (+++)

Control 5/6 (83%) 1/6 (17%)
∗p < 0:05Vehicle-MSC 3/8 (37%) 5/8 (63%)

Celastrol-MSC 1/8 (12%) 7/8 (88%)
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While simple cell injection with saline is known to lead to
rapid cell loss through both migration and death [20, 42,
43]. Combining cells with an injectable scaffold can enhance
cell retention and survival and shield cells from immune
attack [20, 21, 44]. The injectable thermosensitive chitosan
hydrogel used in this study combines several advantages for
cell therapy and tissue engineering applications. It is liquid
at room temperature and rapidly gels at body temperature
with desirable mechanical properties and cytocompatibility.
It has shown very promising results in vitro as local delivery
system of T lymphocytes for cancer immunotherapy [45] and
for MSC [26].

However, encapsulated cells can still suffer from the lack
of oxygen and nutrients or from oxidative stress in the target
tissues. In addition, in this hydrogel, as in most scaffolds, cell
survival can be impaired by several factors such as mechani-
cal stress during the encapsulation process, reduced diffusion
of nutrients and oxygen within the hydrogel [8], or limited
cell-scaffold interaction which could lead to anoikis [46].
Our results show that celastrol significantly protects encapsu-
lated bone marrow-derived MSC viability and further work
will be required to determine the mechanisms contributing
to this observation.

In addition to increased cell viability, this study showed
that preconditioning by celastrol also increases MSC para-
crine function. This key feature for effective cell therapy has
involved proangiogenic, anti-inflammatory, and antiapopto-
tic cytokines [17, 47]. In the case of ischemic diseases, proan-
giogenic paracrine activities contribute to wound healing by
initiating cell proliferation, migration, and maturation for
tissue revascularization [13, 48, 49]. Celastrol treatment was
shown to significantly increase VEGFa and SDF-1α release,
whereas the stimulated release of FGF-2 was also increased
by celastrol; however, the difference did not reach statistical
significance compared to the vehicle treatment group. It is
important to mention however that this trend for FGF2
should not equate to a lack of functional significance consid-
ering that these experimental observations were made at a
given time point, whereas in a translational situation, the
combination of increased cell lifetime and paracrine stimula-
tion over a sustained period of time may lead to significant
benefits.

VEGFa, SDF-1α, and FGF2 factors measured in the pres-
ent study are responsible for angiogenesis, proliferation,
migration, expressions of adhesion protein, and extracellular
matrix reconstruction [17, 18, 30, 50–52] and are involved in

initiating tissue repair and reperfusion following ischemia
[49, 53, 54]. The celastrol-stimulated increase in released fac-
tors observed in the present study may be partly due to the
enhanced cell viability within the hydrogel. However, the
higher level of VEGFa release (3.0-fold) compared to increase
in cell viability (1.6-fold) supports enhanced production
and/or release stimulated by celastrol and independently of
cell number maintenance. Further studies are required to elu-
cidate the important mechanism of enhanced paracrine fac-
tor production and release stimulated by celastrol.

Many studies have successfully improved the paracrine
functions of MSC by exposing them to the sublethal environ-
mental stress [29, 55–58] or by modifying or transfecting cell
survival genes [30, 31]. Cell preconditioning with celastrol
has the advantage to trigger the synthesis pathways of proan-
giogenic and cytoprotective growth factors mimicking the
ischemic environment [33]. This might allow a rapid thera-
peutic effect when transplanted into ischemic tissue. The
benefit of celastrol on the proangiogenic activity of encapsu-
lated MSC was confirmed in the in vitro models herein. The
observed benefits were greater in the HUVEC growth model
probably due to the continuous stimulation of MSC in the
coculture model, while in the wound healing model, the
MSC-conditioned medium was harvested at a particular time
point and conserved prior to its addition to media that was
overlaid on the wounded HUVECmonolayer. Based on these
promising in vitro results, the MSC-loaded gel was also tested
in the rat subcutaneous model. An increase in neovessel den-
sity was observed in the periphery of the implant 7 days after
injection of the hydrogel containing celastrol-treated MSC
compared to the control (gel-only) condition. This said, sta-
tistical significance was not reached when comparing neoves-
sel density of the celastrol-treated MSC compared to vehicle-
treatedMSC possibly due to the limited number of animals in
each group and the single time point of observation at 7-day
postimplantation. Moreover, the number of neovessels
around the implanted hydrogel does not allow to conclude
about their ability to reperfuse ischemic tissues.

To ensure optimal cell viability and release of proangio-
genic factors and rapid vascularization of the implant in the
target tissue, the hydrogel can also be created under the form
of microbeads that ensure better diffusion of oxygen, nutri-
ents, and secreted factors, as recently demonstrated by our
team [59]. This format could also promote the formation of
a vascularized network. Several methods have been devel-
oped to optimize cell survival and function in scaffolds,

Control Vehicle-MSC Celastrol-MSC

Figure 8: Representative images showing the increase of neovessel density with MSC in the peri-implant region (granulation tissue).
Celastrol-treated MSCs display the highest neovessel density. Arrows indicate neovessels following vWF staining (brown); scale bar 100μm.
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including scaffold modification with extracellular matrix
proteins [21, 44, 60, 61] or addition of bioactive agents [41,
62]. Although interesting, these approaches could affect the
mechanical and physicochemical properties of the scaffold
[41]. The advantage of the present method is that it could
be applied on any scaffold and possibly on a variety of cell
types, as suggested by our previous work [34, 39]. Another
advantage is the short duration of the cell preconditioning
treatment is the possibility to completely wash out celastrol
before cell encapsulation in the prehydrogel solution.

5. Conclusion

In this study, we demonstrated that simple and rapid phar-
macological preconditioning of MSC with low doses of celas-
trol significantly enhances viability and paracrine function of
cells encapsulated in an injectable thermosensitive hydrogel.
This strategy could be applied using different kinds of scaf-
folds, cell types, conditioning molecules, and compound
combinations. Our next step will be to demonstrate the ben-
efit of cell preconditioning and encapsulation in cardiac and
hind limb ischemia/reperfusion injury preclinical models.
Altogether, combining cell encapsulation and pharmacologi-
cal preconditioning is a promising strategy to enhance MSC
survival, retention, and therapeutic function in order to
improve outcomes of cell therapy and regenerative medicine
applications.
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Supplementary Materials

Figure 1 S: schematic overview of hydrogel preparation. Fig-
ure 2 S: preliminary assay to determine the optimum celastrol
concentration for cell preconditioning: MSC cultured in 24-
well plates for 24 hours were treated with celastrol at various

concentrations (0, 1μM, and 10nM), coated with 500μL of
blank hydrogel (3mm thickness) and incubated with alpha
MEM for 48 hours. (a) Viability of hMSC preconditioned
with 10 nM (10-8) or 1μM (10-6) of celastrol and covered
with a 3mm hydrogel layer for 48 h. Mean ± SEM, n = 6, N
= 2 (∗p < 0:05); (b) live/dead pictures (viable cells: green,
dead cells: red), scale bar 200μm. Figure 3 S: (a) viability of
rMSC preconditioned with 10 nM (10-8) or 1μM (10-6) of
celastrol or vehicle (DMSO 0.1% v/v) and covered with a
3mm hydrogel layer for 48h. Mean ± SEM, n = 6, N = 2
(∗p < 0:05). (b) Live/dead pictures (viable cells: green, dead
cells: red), scale bar 200μm. Figure 4 S: celastrol precondi-
tioning increases the amount of angiogenic factors released
by encapsulated hMSC. (A) VEGF-a (mean ± SEM, n ≥ 6, N
= 4), (B) SDF-1α (mean ± SEM, n ≥ 12, N = 4), and (C)
FGF-2 (mean ± SEM, n = 6, N = 3) concentrations in condi-
tionedmedia of hydrogel encapsulated hMSC on day 4. Table
1S: raw data scores of neovessel density in the peri-implant
region. (Supplementary Materials)
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