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Preface to ”Enhancing Mesenchymal Stem Cells

(MSCs) for Therapeutic Purposes”

The regenerative and immunomodulatory properties of mesenchymal stem cells (MSCs) have

made these cells the focus of multiple pre-clinical studies and clinical trials. While the results

from these clinical studies have established that MSCs are safe, the efficacy of these cells is

not as well-established. In this regard, there have been increased efforts towards generating

potentiated/activated MSCs with enhanced therapeutic efficacy. Research on the mechanisms for

enhancing MSC potency and efficacy is an area of active study with great potential for translation

into clinical settings. The purpose of this book is to bring together recent research from a broad range

of topics relating to potentiation strategies for enhancing MSC therapeutic efficacy, including growth

factor pre-conditioning, hypoxia, and 3D culture. The research compiled in this book increases the

basic understanding of MSC culture techniques and describes some MSC preparations for potential

novel therapeutic applications. This book should provide valuable information to scientists and

clinicians studying MSCs and update anyone interested in transitioning MSCs to clinics on this

area of study. This book was edited by Dr. Joni H. Ylostalo, an Associate Professor of Biology at

the University of Mary Hardin-Baylor, and Dr. Nisha Durand, the Principal Research Technologist

and Operations Manager at the Human Cellular Therapy Lab—Center for Regenerative Medicine at

the Mayo Clinic Florida. We want to acknowledge the journal “Cells”, MDPI, and specifically the

Associate Publisher Dolly Wang for making this book possible.

Joni H. Ylostalo and Nisha C. Durand

Editors
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Priming with a Combination of FGF2 and HGF Restores the
Impaired Osteogenic Differentiation of Adipose-Derived
Stem Cells

Jeong Seop Park 1, Doyoung Kim 1 and Hyun Sook Hong 1,2,3,*

1 Department of Biomedical Science and Technology, Graduate School, Kyung Hee University,
Seoul 02447, Korea; godjs@khu.ac.kr (J.S.P.); a0az515@khu.ac.kr (D.K.)

2 East-West Medical Research Institute, Kyung Hee University, Seoul 02447, Korea
3 Kyung Hee Institute of Regenerative Medicine (KIRM), Medical Science Research Institute,

Kyung Hee University Medical Center, Seoul 02447, Korea
* Correspondence: hshong@khu.ac.kr; Tel.: +82-2-958-1828

Abstract: Classical aging-associated diseases include osteoporosis, diabetes, hypertension, and arthri-
tis. Osteoporosis causes the bone to become brittle, increasing fracture risk. Among the various treat-
ments for fractures, stem cell transplantation is currently in the spotlight. Poor paracrine/differentiation
capacity, owing to donor age or clinical history, limits efficacy. Lower levels of fibroblast growth
factor 2 (FGF2) and hepatocyte growth factor (HGF) are involved in cell repopulation, angiogenesis,
and bone formation in the elderly ADSCs (ADSC-E) than in the young ADSCs (ADSC-Y). Here,
we study the effect of FGF2/HGF priming on the osteogenic potential of ADSC-E, determined by
calcium deposition in vitro and ectopic bone formation in vivo. Age-induced FGF2/HGF deficiency
was confirmed in ADSCs, and their supplementation enhanced the osteogenic differentiation ability
of ADSC-E. Priming with FGF2/HGF caused an early shift of expression of osteogenic markers,
including Runt-related transcription factor 2 (Runx-2), osterix, and alkaline phosphatase (ALP) during
osteogenic differentiation. FGF2/HGF priming also created an environment favorable to osteogenesis
by facilitating the secretion of bone morphogenetic protein 2 (BMP-2) and vascular endothelial growth
factor (VEGF). Bone tissue of ADSC-E origin was observed in mice transplanted with FGF/HGF-
primed ADSC-E. Collectively, FGF2/HGF priming could enhance the bone-forming capacity in
ADSC-E. Therefore, growth factor-mediated cellular priming can enhance ADSC differentiation in
bone diseases and thus contributes to the increased efficacy in vivo.

Keywords: adipose-derived stem cell; paracrine potential; osteogenic differentiation; hepatocyte
growth factor; fibroblast growth factor 2

1. Introduction

Fractures are one of the leading causes of disability and death, incurring enormous
socio-economic costs [1]. In Korea, the 1-year cumulative mortality rate in patients aged
≥50 years after hip fractures was 16.0% (4547/28,426) [2]. Globally, more than nine million
people suffer from bone fractures every year, and the incidence tends to increase with
age [1–3]. Particularly, underlying conditions such as osteoporosis can aggravate the
pathogenesis in skeletal tissue. Osteoporotic fractures were reported to elevate subsequent
fracture risk [3–5]. Hence, therapeutic strategies to prevent fatality due to bone loss and
fracture are undoubtedly required for an aging society. Clinical treatment of fractures
employs surgical immobilization, ultrasound therapy, and bone grafts, but these are limited
by their underwhelming regeneration capacity, risk of infection, and side effects [6–9].
Therefore, the development of novel therapies for bone regeneration is the need of the hour.

Currently, stem cell therapy has emerged as an attractive choice for bone regener-
ation [10]. Stem cells possess the ability of self-renewal with multi-differentiation and
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paracrine potential [11–13]. Plenty of clinical research has attempted to apply stem cell
therapy to incurable diseases and has proved its therapeutic effect in vivo. The applica-
tion of stem cells for bone disorders has been attempted by the transplantation of stem
cells supplemented with scaffold or growth factors [13–15], confirming stem cell-mediated
bone-forming capacity.

Adult stem cells available for transplantation reside in various tissues, including bone
marrow, adipose tissue, umbilical cord blood, and dental tissues. Bone marrow stem cell
(BMSC) is regarded as the primitive stem cell [15–17]. Notably, the osteogenic potential of
BMSCs was attested in many studies [18–20], which motivated BMSC utilization to alleviate
skeletal defects in the clinic. However, the efficacy of BMSCs is considerably influenced
by disease conditions and the donor age [21,22]. BMSCs from aged patients showed low
cellular activity and survival during ex vivo culture [23]; therefore, it is challenging to use
the patient’s BMSCs for autologous transplantation. Nowadays, an adipose-derived stem
cell (ADSC) commands attention as an alternative to BMSCs. ADSCs are easily isolated
from adipose tissue with low donor-site morbidity and are free from ethical controversy
and immunogenic problems [24,25]. Importantly, the cellular activity of ADSCs is reported
to be rarely altered by the disease condition compared to BMSCs [26]. These merits place
ADSCs in the spotlight of pharmacological and clinical developments.

Various preclinical studies have induced ADSC differentiation into bone tissue [27–29].
Nevertheless, it should be noted that ADSC activity could be affected by age or disease,
even though its impact is less than in BMSCs [30–33]. In practice, ADSCs from the elderly
show relatively low differentiation potential, slow proliferation, insufficient paracrine
ability, and rapid senescence compared to the young [30,33,34]. These data suggest that the
autologous application of ADSCs the elderly requires a confident strategy to improve the
cellular activity of ADSCs before transplantation. If not, transplanted ADSCs would have a
diminished therapeutic impact with undesired effects in vivo. To enhance the therapeutic
capability of ADSCs, several methods, such as pre-conditioning by cytokines, genetic
manipulation, physical stimuli, extracellular vesicle, and cultures with three-dimensional
aggregates have been employed so far [35–39]. However, the problems of biodegradability,
anxiety about genetic manipulation, side effects, and unsatisfactory therapeutic impact are
still significant challenges [40–42].

To improve the differentiation activity of ADSCs that is impaired by age or disease,
reversal of the secretory deficiency is expected to restore its cellular activity fundamentally.
Cellular differentiation occurs through the interplay of cytokine/growth factors in an
autocrine/paracrine manner. For enhanced differentiation, ADSCs should mount an
appropriate cellular response to extracellular stimuli to activate differentiation. However,
aging/senescence impairs paracrine potential and receptor occupancy of ADSC, creating a
deficiency of essential secretory factors [33,43]. Accordingly, the modulation of the secretory
condition of ADSCs is surmised to be decisive for its differentiation potential.

Primary molecular regulators for osteogenesis are fibroblast growth factor 2 (FGF2),
transforming growth factor beta-1 (TGF-β1), bone morphogenic protein-2 (BMP-2), and
vascular endothelial growth factor (VEGF) [44–46] and they are spontaneously produced
in ADSCs and activate specific signaling pathways upon osteogenic stimulation. Of these,
FGF2 is a pleiotropic signaling molecule involved in angiogenesis, cell growth, and tissue
repair [44,47]. Additionally, FGF2 was found to promote bone formation, accompanied
by the enhanced secretion of VEGF [48] and BMP-2 [49]. Importantly, FGF-2 expression is
reduced with aging in various tissues [50,51]. TGF-β1 and VEGF have also been reported
to enhance bone formation, but their levels are relatively unaffected by aging [33,52,53].

The hepatocyte growth factor (HGF) is a versatile growth factor controlling organo-
genesis, tissue repair, and bone remodeling via phosphorylation of C-met [54]. HGF is
reported to improve bone regeneration via the production of BMP-2 [55,56]. Moreover, HGF
induces VEGF expression, aiding bone formation through its angiogenic properties [57].
The secretion of HGF is also reduced by cellular senescence, disease, or donor age [33].
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Based on the insufficient secretion induced by age, minimal manipulation of ADSCs
with growth factors is estimated to improve osteogenesis. In this study, ADSC-E and ADSC-
Y were cultured ex vivo, and their levels of paracrine factors related to osteogenesis were
quantitatively compared. Then, a method to restore the osteogenic potential of ADSC-E
was established by supplementation of growth factors. The effect of growth factor-priming
on ADSCs was determined by early osteogenic marker expression, calcium production
in vitro, and bone-forming capacity in vivo.

2. Materials and Methods

2.1. Cell Culture

The elderly’s adipose tissues were provided by the Kyung Hee University Medical
Center [Seoul, Korea; (IRB# 2016-12-022, donor: 8, 2021-01-011, donor: 20)] with the
written agreement of the donors. Adipose tissues immediately harvested from donors
aged 50–70 were washed in PBS with 5% Penicillin/streptomycin (Welgene, Daegu, Korea).
After washing, the tissues were enzymatically digested using 1% collagenase I for 1 h at
37 ◦C. The digestion was stopped by adding the same volume of FBS. After centrifugation,
the stromal vascular fraction was filtered through a cell strainer (70 µm, Corning, NY,
USA) to remove debris and centrifuged at 1500 rpm for 5 min at 4 ◦C to obtain ADSC
pellets. Collected ADSCs were resuspended in α-MEM with 10% FBS and 1% penicillin
and streptomycin. ADSCs from healthy young individuals were purchased from ScienCell
Research Laboratories (Carlsbad, CA, age: 20–29 years) and cultured. All ADSCs were
cultured in a 37 ◦C, 5% CO2 incubator, and the culture medium was changed every other
day. During all experiments, ADSCs between passages 3–5 was used.

2.2. Osteogenic Induction and Growth Factor Treatment

The ADSCs were seeded into 6-well plates (5 × 104 cells/ well). When cell confluency
was approximately 80–90%, the culture media was replaced with Stempro osteogenesis
differentiation media (Gibco, Grand Island, NY, USA) and cultured for 20 days. During
osteogenic induction, the ADSCs were primed with 1 or 5 ng/mL of FGF2 (R&D systems,
Minneapolis, MN, USA) or 10 or 50 ng/mL HGF (R&D systems, Minneapolis, MN, USA)
or their combination for 1, 3, or 6 days after osteogenic induction. After completion of
priming of FGF2 and/or HGF, the ADSCs were maintained in osteogenesis differentiation
media for 20 days. On the 20th day after osteogenic induction, cells were fixed with 3.7%
formaldehyde (Sigma-Aldrich, ST. Louis, MO, USA) and stained with 2% Alizarin red S
solution (Sigma-Aldrich, ST. Louis, MO, USA) for 10 min to visualize calcium deposition.
Alizarin red S was eluted using 10% cetylpyridinium chloride solution (Sigma-Aldrich,
ST. Louis, MO, USA), and calcium deposition was quantified as the absorbance value at a
wavelength of 560 nm (Molecular Devices, Sunnyvale, CA, USA).

2.3. Western Blot

ADSCs at 0, 1, 3, and 6 days after osteogenic induction were washed with PBS and
lysed with 1X lysis buffer (Cell Signaling Technology, Danvers, MA, USA). The supernatants
were collected by centrifugation at 12,000 rpm for 20 min at 4 ◦C. The protein concentra-
tion was determined by the bicinchoninic acid (BCA) assay (Thermo Fisher, Rockford, IL,
USA). The lysates were denatured and electrophoresed using SDS-PAGE and transferred
to a nitrocellulose membrane. After blocking with 5% skim milk, the membranes were
incubated with the primary antibodies for C-Met and P-Met, FGF2, Runx-2 (Cell Signaling
Technology, Danvers, MA, USA), fibroblast growth factor receptor 2 (FGFR2), Osterix,
alkaline phosphatase (ALP), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
(Abcam, Cambridge, UK), followed by anti-IgG horseradish peroxidase-conjugated sec-
ondary antibody (Bio-rad, Hercules, CA, USA). The blots were developed by adding ECL
(Dogen Bio, Seoul, Korea); chemiluminescence was visualized with an Amersham imager
600 (GE Healthcare, Buckinghamshire, UK). The expression level was quantified using the
ImageJ program (Version 1.53e, National Institutes of Health, Bethesda, MD, USA).
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2.4. Animals Model

Six-week-old Balb/c nude mice (20–22 g, male) were purchased from Daehan Bio Link
(Seoul, Korea). The mice were housed under a 12 h light/dark illumination cycle in an
experimental animal room and permitted to adapt for 7 d before the commencement of the
experiments. All animals received standard chow and water ad libitum, and this study was
approved by the Ethical Committees for Experimental Animals of Kyung Hee University
Hospital with the approval number KHMC-IACUC-20-008-01, 02.

2.5. Ectopic Bone Formation and Histological Analysis

The ADSCs were primed for 3 and 6 days under osteogenic induction with FGF2,
HGF, and FGF2/HGF, respectively, and then, 2 × 106 ADSCs were mixed with 40 mg of
hydroxyapatite/beta-tricalcium phosphate (HA/β-TCP) ceramic powder (Biomatlante,
Vigneux-de-Bretagne, France). The ADSC-HA/β-TCP mixture was incubated at 37 ◦C for
2 h and implanted subcutaneously into the dorsal region of Balb/c nude mice. 12 weeks
later, the implants were harvested and fixed in 3.7% formaldehyde. The samples were
decalcified in 0.2 M EDTA (PH 7.2~7.4) for 2 weeks and embedded in paraffin.

The paraffin-embedded sample was sectioned to a 5-µm thickness. After deparaffiniza-
tion and hydration, hematoxylin and eosin (H&E) staining was performed. To detect the
transplanted human ADSCs, samples were treated with an antibody for human osteocalcin
and incubated with a biotin-conjugated secondary antibody. Enzyme-substrate reaction
was carried out with ABC reagent solution. The stained area was visualized with Nova
RED (Vector Laboratories, Burlingame, CA, USA), and counterstaining was completed
with hematoxylin.

2.6. Statistical Analysis

All data are presented as the mean ± standard deviation. Statistical analyses were
performed using GraphPad Prism (GraphPad Software, version 5.01, San Diego, CA, USA).
Differences were considered statistically significant at p < 0.05 and were interpreted as
follows: * p < 0.05, ** p < 0.01, *** p < 0.001. Statistical analysis was performed using an
unpaired two-tailed Student’s t-test.

3. Results

3.1. ADSCs with Weak Osteogenic Potential Is Deficient in Paracrine Factors under Normal
Physiological Conditions

For comparative analysis of the cellular activity of young ADSCs (ADSC-Y) and
elderly ADSCs (ADSC-E), ADSCs were isolated and cultured from the young and elderly,
respectively. Differences in cellular morphology (Figure 1A) and surface maker expression
(Table S1) between ADSC-Y and ADSC-E were rarely observed. However, ADSC-Y had a
doubling time of approximately 30 h, whereas ADSC-E had doubled in 50 h (Figure 1B).
ADSCs were cultured in osteoinductive media for 20 days to evaluate the osteogenic
potential, after which alizarin Red S staining was performed to examine calcium deposition
(Figure 1C,D). ADSC-Y could differentiate into osteoblasts with high calcium deposition,
whereas ADSC-E seldom differentiated into osteoblasts under osteoinductive conditions
(Figure 1D,E). This result is consistent with previous studies [33].

Osteogenic differentiation progresses via the activation of Runx-2, a major transcrip-
tional regulator of early osteogenesis. Runx-2 expression was lower in ADSC-E than
ADSC-Y during the early phase of osteogenic induction (Figure 1F,G). A higher level of
ALP expression was also detected in ADSC-Y (Figure 1F–H). This phenomenon might be
related to the loss of osteogenic potential of ADSC-E.
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Figure 1. Effect of age on the osteogenic/paracrine potential of ADSCs.(A) Comparison of cellular
morphology of ADSC-Y and ADSC-E. Scale bar, 100 µm. (B) Population doubling time was analyzed.
(C) Experimental scheme for comparative analysis of osteogenesis in ADSC-Y and ADSC-E. (D) Rep-
resentative images for Alizarin Red S staining of ADSC-Y and ADSC-E after osteogenic induction
for 20 days. Scale bar, 100 µm. (E) Alizarin Red was quantified with 10% (w/v) cetylpyridinium
chloride. (F) ADSC was lysed at 0, 1, 3, and 6 days after osteogenic induction to analyze osteogenic
markers. (G,H) Expression of Runx-2 and ALP was confirmed by western blot. (I–L) The level of
BMP-2, VEGF, TGF-β1, and HGF in the conditioned medium of ADSC-Y and ADSC-E was quantified
by ELISA. (M) Protein level of FGF-2 was determined by western blot and quantified by ImageJ.
Results are shown as the mean ± SD of three replicate wells for each group. * p < 0.05, ** p < 0.01, and
*** p < 0.001.

Runx-2 activation involves signaling molecules such as TGF-β, FGF, and BMP-2 [46,47,49].
Next, to check the paracrine potential of ADSC-Y and ADSC-E, the secretion of osteogenesis-
enhancing growth factors, including BMP-2, VEGF, TGF-β1, and HGF, was evaluated. The
levels of BMP-2 and VEGF were significantly higher in ADSC-Y than in ADSC-E (Figure 1I,J).
Unexpectedly, the production of TGF-β1 in ADSCs was not affected by age and osteogenic
capacity (Figure 1K). The difference in HGF secretion was considerable between ADSC-Y
and ADSC-E, suggesting that secretion of HGF may be deeply related to the osteogenic
potential of ADSCs (Figure 1L). The levels of FGF-2, a representative factor that promotes
bone formation, has been reported to decrease in the skin and muscle with age [50,51],
which is also observed in ADSCs. ADSC-E had a low expression level of FGF2 compared
to ADSC-Y (Figure 1M).
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This result suggests that age affects cell repopulation rate and differentiation potential,
which may be attributed to the alteration of paracrine factors.

3.2. ADSCs with the Deficient Osteogenic Potential Shows Impaired Paracrine Action in Response
to Osteogenic Stimulus

To ascertain the relation between osteogenic potential and paracrine factors, the
kinetics of osteogenesis-related paracrine factors during osteogenic induction was examined
in ADSC-Y and ADSC-E, respectively.

As shown in Figure 1I, osteogenic stimuli elevated BMP-2 concentration in ADSC-E,
similar to that of ADSC-Y (Figure 2A). Therefore, osteogenic stimuli could resolve the
deficiency of BMP-2 in ADSC-E. The level of TGF-β1 was sustained in a similar pattern
in both ADSC-Y and ADSC-E in osteogenic conditions (Figure 2B). VEGF secretion was
gradually elevated in ADSC-Y, while its level almost remained unchanged in ADSC-E
for six days (Figure 2C). HGF levels were constantly elevated post osteogenic induction,
but HGF in ADSC-E was too low to be detected (Figure 2D). This phenomenon was
repeatedly observed by cytokine array (Figure S1). HGF binds to the receptor c-Met and
autophosphorylates it to transduce various signaling pathways (5). As predicted, ADSC-Y
with active HGF secretion showed higher phosphorylation levels of C-Met, compared to
ADSC-E (Figure 2E–G). The comparative analysis revealed that FGF2 and FGF2R expression
is maintained higher in ADSC-Y than in ADSC-E, indicating a possible dynamic response
of FGF2 signaling in ADSC-Y rather than ADSC-E (Figure 2H–J).

β

Figure 2. The analysis of the expression pattern of osteogenic factors in ADSC-Y and ADSC-E under
osteogenic induction. ADSC-Y and ADSC-E were cultured in osteogenic media, respectively, and its

6



Cells 2022, 11, 2042

conditioned medium was collected at 0, 1, 3, and 6 days after osteogenic induction. (A–D) Levels of
BMP-2, TGF-β1, VEGF, and HGF levels in a conditioned medium were examined by ELISA. (E–G) P-
Met and C-Met expression levels in ADSCs were analyzed by western blot and quantified relatively
to C-Met or GAPDH. (H–J) FGFR2 and FGF2 proteins in ADSCs were determined by western blotting
and quantified relatively. Results are shown as the mean ± SD of three replicate wells for each group.
*** p < 0.001, ## p < 0.01, ### p < 0.001 vs. Day 3 of ADSC-Y and $ p < 0.05, $$ p < 0.01, $$$ p < 0.001 vs.
Day 6 of ADSC-Y.

Considering the difference in paracrine potentials from ADSC-Y and ADSC-E during
the initial stage of osteoinduction, BMP-2 or TGF-β is not anticipated to be directly related
to the loss of osteogenic potential of ADSC-E because of the non-significant difference
between ADSC-Y and ADSC-E. It can be surmised that the scarcity of HGF, FGF2, or VEGF
directly impinges on the impaired osteogenic potential of ADSC-E.

3.3. FGF2/HGF Priming Promotes Osteogenic Differentiation of ADSCs

This study discovered that VEGF, HGF, and FGF2 are insufficient in ADSCs with low
osteogenic activity. To improve the differentiation ability of ADSC-E, the deficient growth
factor would need to be restored in ADSC-E. Thus, VEGF, HGF, and FGF2 were considered
potential candidates to enhance the osteogenic activity of ADSC-E (Figure 2).

FGF2 and HGF can elevate BMP-2 and VEGF in diverse cell types [48,55–57], and thus,
FGF2 or HGF treatment was anticipated to create a VEGF-enriched condition in ADSC-E. It
was ultimately examined whether supplementation of FGF2 and/or HGF in ADSC-E can
restore osteogenic potential or not.

Modulating the early osteogenic protein expression, including Runx-2 and ALP, is
expected to be decisive for osteogenic potential. However, the earliest time window to
promote osteogenic protein expression during osteogenic induction is unknown and the
development of stem cells to pre-osteoblast with increased Runx-2 was merely known to
take 6–7 days in vitro [58].

To clarify the optimal time to stimulate the differentiation of ADSC-E, ADSC-E was
treated with FGF2 and/or HGF (FGF2: 1 or 5 ng/mL; HGF: 10 or 50 ng/mL) for 3 or 6 days
after osteogenic induction. Thereafter, ADSCs were maintained in osteogenic condition
without FGF2 and/or HGF until 20 days (Figure 3A).

FGF2 or HGF priming for six days distinctly enhanced the osteogenic potential of
ADSC-E (Figure 3B). Notably, the effect of FGF-2 was rarely observed in ADSC-Y, but a
prominent effect was shown in ADSC-E (Figure S2), indicating the significance of FGF2
supplementation for osteogenic potential. FGF2/HGF combination could considerably
recover the osteogenic activity of ADSC-E, similar to ADSC-Y (Figures 3 and S3). To
determine the precise effect of each condition, Alizarin Red S corresponding to calcium
deposition was quantified. A remarkable improvement was observed when primed with a
combination of FGF2 and HGF, rather than FGF2 or HGF alone (Figure 3C). The effect of
FGF2 or HGF was also determined to be the most effective in 5 ng/mL FGF2 and 50 ng/mL
HGF. This dose was used for further experiments.

Treatment with FGF2 and/or HGF for three days post osteogenic induction was not
enough to restore ADSC-E’s osteogenic activity despite the obvious effect of FGF2 and/or
HGF (Figure S4).

These results demonstrated that the initial supplementation of FGF2 and/or HGF for
six days could enhance the osteogenic capacity of ADSC-E.
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Figure 3. FGF-2/HGF priming enhances the osteogenic potential of ADSC-E. (A) Experimental
schedule to treat ADSC-E with FGF2 and/or HGF during the osteo-inductive condition. (B,C) Repre-
sentative images of Alizarin Red S staining of ADSC-E in each condition and the quantification of
calcium deposition. Scale bar, 100 µm. Results are shown as the mean ± SD of four replicate wells for
each group. *** p < 0.001. FGF2L: 1 ng/mL, FGF2H: 5 ng/mL, HGFL: 10 ng/mL, HGFH: 50 ng/mL.

3.4. FGF2/HGF Priming-Mediated Osteogenic Improvement Occurs by Modulation of Early
Osteogenic Gene Expression

Stimulation of ADSC-E with FGF2 and/or HGF for six days suitably enhanced os-
teogenic differentiation of ADSC-E, suggesting the importance of the cellular event that
occurred for six days in the presence of FGF2 and/or HGF. Next, osteogenic induction was
applied to ADSC-E, and the expression pattern of the representative osteogenic proteins
was monitored at 1, 3, and 6 days after osteogenic induction (Figure 4A).

Under the osteogenic condition, the expression of FGFR2 increased in a time-dependent
manner, which was pronounced in FGF2 or a combination of FGF2/HGF (Figure 4B,C).
Runx-2 showed a time-dependent increase in the non-treated control group, consistent with
previous reports [58]. However, FGF2 and/or HGF treatment facilitated Runx-2 expression
and shifted its peak to day three. The expression level of Runx-2 was highest when in a
combination of FGF2/HGF treatment (Figure 4B,D). Osterix and ALP expressions were
slightly changed by FGF2 and/or HGF compared to the control (Figure 4B,E,F). Based
on the protein expression profile, FGF2 and/or HGF were predicted to make ADSC-E
enter the phase of immature pre-osteoblast from ADSC-E earlier compared to non-treated
ADSC-E control.

Among secretory factors with differing basal levels in ADSC-E and ADSC-Y, BMP-2
and VEGF were evaluated. Compared to the control, BMP-2 was sustained at a higher level
in the presence of FGF2 and HGF. FGF2 or HGF treatment could not make a significant
difference among groups. The combination of FGF2/HGF showed the highest concentration
from day one post-treatment (Figure 4G). VEGF secretion was elevated in osteoinduction,
and its concentration was exceedingly not affected by FGF2 or HGF priming. However, a
combination of FGF2/HGF unambiguously enriched VEGF in ADSC-E (Figure 4H).
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Figure 4. FGF-2 and HGF priming regulate the expression of early osteogenic markers in ADSC-E
under osteogenic conditions. (A) Experimental scheme for analyzing the effect of FGF-2 and/or
HGF priming on osteogenic markers on ADSC-E. (B–F) FGFR2, Runx-2, Osterix, and ALP levels in
ADSC-E were examined by western blot. (G,H) Quantification of BMP-2 and VEGF in a conditioned
medium was performed by ELISA. Results are shown as the mean ± SD of five replicate wells for
each group. & p < 0.05, && p < 0.01, &&& p < 0.001 vs. Day 3 of control, ΩΩ p < 0.01 vs. Day 3 of
HGF-primed ADSC-E, *** p < 0.001 vs. Day 6 of control, ### p < 0.001 vs. Day 6 of FGF2-primed
ADSC-E, $$$ p < 0.001 vs. Day 6 of HGF-primed ADSC-E.

FGF2/HGF priming for six days under osteogenic induction promoted osteogenic
protein expression, accompanied by osteogenesis-favored paracrine condition. This envi-
ronment is expected to provide the cellular environment to improve the osteogenic potential
in ADSC-E during an early phase of the osteogenic induction.

3.5. FGF2/HGF Priming Enhances the Bone-Forming Capacity of ADSCs In Vivo

To evaluate the osteogenic capacity of FGF2 and/or HGF-primed ADSCs in vivo,
ADSC-E was cultured in the presence of FGF2 and/or HGF in osteogenic media. Three or
six days later, ADSC-E was mixed with HA/β-TCP and then transplanted into nude mice
to allow in vivo differentiation (Figure 5A). H&E staining showed the formation of osteoid
and newly formed bone. FGF2 and/or HGF priming could enhance bone-forming capacity
compared to non-treated control, and the combination of FGF2/HGF was superior to FGF2-
or HGF-primed cells for both day 3 and day 6. The most osteogenic ability was observed
when primed with a combination of FGF2/HGF for 6 days (Figure 5B,C).
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Figure 5. FGF-2 and HGF priming improve the bone forming capacity of ADSC-E in vivo. (A) Exper-
imental design for cell transplantation of FGF-2 and/or HGF-primed ADSC-E. (B,C) H&E staining
for the complex of transplanted cells and bone particles. Scale bar, 200 µm. (D,E) Human osteocalcin
stained immunohistochemically was quantified with ImageJ. Scale bar, 200 µm. Results are shown as
the mean ± SD of three replicate wells for each group. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. Day 3
of control, ### p < 0.001 vs. Day 3 of HGF-primed ADSC-E, $ p < 0.05, $$ p < 0.01, $$$ p < 0.001 vs.
Day 6 of control, &&& p < 0.001 vs. Day 6 of HGF-primed ADSC-E and ΩΩΩ p < 0.001 vs Day 3 of
FGF2/HGF-primed ADSC-E.

Osteocalcin is synthesized by osteoblast and is a major bone formation marker. To
track bone tissue of human origin, human-specific osteocalcin expression was determined
by immunohistochemistry. A small area positive for osteocalcin was observed in the control
group; its level increased upon FGF2 and/or HGF priming (Figure 5D). Quantification of
the osteocalcin-stained area proves that a considerable expression of osteocalcin is observed
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upon priming with a combination of FGF2/HGF for 6 days only. That is, the combination
of FGF2/HGF works best for ADSC-E and could facilitate the differentiation into osteoblast
in vivo.

Collectively, these results corroborate that early priming of combination of FGF2/HGF
is required for the improvement of osteogenic potential of ADSC-E in vivo.

4. Discussion

The need for novel treatments for bone regeneration of the elderly has become a major
challenge in the clinical field. To address this issue, tissue engineering with stem cells has
been attempted, where ADSCs or BMSCs are mainly employed as the reparative cellular
source. The therapeutic ability of BMSCs is affected by donor disease or age. BMSCs show
a low paracrine/differentiation potential in cases of the elderly with the disease [23,59]. In
contrast to BMSCs, the application of ADSCs has advantages, including similar features
to BMSCs, easy access to the tissue, and rapid proliferation rate in vitro. Thus, many
clinical/non-clinical studies conducted with ADSCs prove the efficacy of ADSCs in critical
diseases such as bone, skin, or cartilage defects. However, aged patients primarily need
stem cell transplantation: age substantially affects ADSC activity, leading to increased
doubling time, insufficient paracrine factors, and decreased differentiation potential. Thus,
the functional restoration of ADSCs from the aged was expected to be required before the
transplantation, and the optimized strategy to improve ADSC activity would contribute to
the better efficacy in vivo.

In this study, the osteogenic potential was comparatively evaluated in ADSC-Y and
ADSC-E, showing that ADSC-E has poor osteogenic differentiation potential. Therefore,
ADSCs from elderly patients may have low bone-forming capacity when applied autolo-
gously. The differentiation process occurs via the binding of soluble growth factors on its
receptor, emphasizing the need for sufficient growth factors and their receptors in ADSCs
for the differentiation process. In other words, the paracrine potential will have implications
on the extent of osteogenic differentiation.

Many growth factors/cytokines that promote osteogenesis have been reported in
previous studies. Comparing the generation of soluble factors relating to osteogenesis in
ADSC-Y and ADSC-E revealed that FGF2, HGF, and VEGF have a high correlation with
age and osteogenic potential, not BMP-2 and TGF-β1. We gleaned that FGF2, HGF, and
VEGF could be supplementary factors for ADSC-E. Previous research investigated the
interactive action of FGF2, HGF, and VEGF in diverse cell types and ascertain that FGF2
or HGF could promote VEGF secretion [48,57]. Thus, this study has employed FGF2 and
HGF as supplementary factors to improve the osteogenic activity of ADSC-E.

Under an osteogenic stimulus, the expression of FGF2 and HGF was extremely low
in ADSC-E compared to ADSC-Y. The FGF2 receptor expression was rarely detected in
ADSC-E during the osteogenic process. ADSC-Y could have active cellular signaling for
FGF2 or HGF, whereas ADSC-E had an inadequate signaling response due to the lack of
ligands and receptor proteins. Indeed, the levels of Runx-2, activated by FGF2 or HGF,
were rapidly elevated upon osteogenic stimulus in ADSC-Y, but osteogenic growth was
slowed down in ADSC-E. This difference in Runx-2 expression is related to the osteogenic
potential. This result hints that the supplementation of FGF2 and HGF could be a clue to
the weak differentiation potential of ADSC-E, possibly by creating osteogenesis-favored
intracellular conditions.

To examine the enhanced osteogenic potential of ADSC-E by FGF-2 and/or HGF
priming, ADSC-E was stimulated with FGF2 and/or HGF under osteogenic conditions
for 6 days and then cultured for 14 days in osteogenic media. Early enrichment of FGF2
and/or HGF in ADSC-E enhanced osteogenic potential with sufficient calcium deposition.
Notably, the effect of a combination of FGF2 and HGF was much better than FGF2 or HGF
treatment. Priming ADSC-E with FGF2 and/or HGF for three days facilitated osteogenesis,
compared to non-priming control, but its effect was less than for six days. FGF2 and/or
HGF priming provoked the early shift of Runx-2 expression in ADSC-E, which might
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promote the osteogenic process. Additionally, the combination of FGF2 and HGF could
increase the protein level of the FGF2 receptor, causing cellular status with dynamic
signaling for exogenously added FGF2 and accelerating the secretion of VEGF in ADSC-E.
These multiplicative effects of FGF2 and HGF are assumed to contribute to improving the
osteogenic potential of ADSC-E.

Despite the apparent effect of FGF2 and/or HGF priming on differentiation of ADSC-
E in vitro, transplantation time for osteogenesis in vivo was not determined because the
success of bone formation in vivo depends on the commitment of transplanted cells. Ad-
ditionally, in vitro and in vivo conditions are different. The criteria to determine the ideal
cellular condition for transplantation are lubricous, and its result varies depending on
the research. ADSC-E was surmised to fail bone formation due to the lack of osteogenic
commitment signal, and mature osteoblast is challenging to incorporate into host tissue
due to its fully differentiated state. Immature osteoblast is estimated to be appropriate for
transplantation, but it is difficult to decide the status of immature osteoblast in osteoinduc-
tive conditions.

Runx-2 expression has been used as the initial factor to modulate osteogenesis. Under
osteogenic induction in vitro, Runx-2 expression peaks within several days post osteogenic
induction and is maintained for the proliferation of osteoblast later.

ADSC-E with FGF2 and/or HGF priming for 3 or 6 days that may correspond to
immature osteoblast was transplanted, and ectopic bone-forming capacity was examined.
Histological analysis corroborates that the effect of a combination of FGF2 and HGF for
6 days are unequal in aspects of new bone structure and human osteocalcin expression.
ADSCs with FGF2 or HGF treatment also could form ectopic bone, but its impact was
weaker than the combination of FGF2 and HGF. The result from in vivo ectopic bone
formation is consistent with the in vitro data in this study.

This study uncovers the distinct difference in paracrine potential of ADSC-Y and
ADSC-E. The alteration of secretory factors is closely correlated with impaired differen-
tiation potential of stem cells. The early priming of stem cells with FGF2 and HGF for
supplementation of paracrine potential was enough to recover osteogenic potential, which
occurred via the promotion of Runx-2 expression and BMP-2/VEGF secretion. Thus, ex
vivo culture of ADSCs with poor cellular activity for transplantation might need extra
growth factors, through which a dramatic efficacy would be achieved post-transplantation.

This study primarily focused on ADSCs from the young and elderly. ADSCs with low
osteogenic activity can be shown in various pathological situations, including acute/chronic
inflammatory disease and aging. Thus, growth factor priming is expected to be broadly
used to enhance the differentiation of ADSCs with low osteogenic potential and paracrine
activity. Next, the efficacy of FGF2/HGF priming on the osteogenic potential of ADSCs
from donors with chronic diseases will be widely evaluated, and its effect on bone defects
will be confirmed using a non-clinical osteoporosis model.
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Abstract: Changes in the structure and function of blood vessels are important factors that play
a primary role in regeneration of injured organs. WKYMVm has been reported as a therapeutic
factor that promotes the migration and proliferation of angiogenic cells. Additionally, we previously
demonstrated that placenta-derived mesenchymal stem cells (PD-MSCs) induce hepatic regeneration
in hepatic failure via antifibrotic effects. Therefore, our objectives were to analyze the combination
effect of PD-MSCs and WKYMVm in a rat model with bile duct ligation (BDL) and evaluate their
therapeutic mechanism. To analyze the anti-fibrotic and angiogenic effects on liver regeneration, it
was analyzed using ELISA, qRT-PCR, Western blot, immunofluorescence, and immunohistochemistry.
Collagen accumulation was significantly decreased in PD-MSCs with the WKYMVm combination
(Tx+WK) group compared with the nontransplantation (NTx) and PD-MSC-transplanted (Tx) group
(p < 0.05). Furthermore, the combination of PD-MSCs with WKYMVm significantly promoted hepatic
function by increasing hepatocyte proliferation and albumin as well as angiogenesis by activated
FPR2 signaling (p < 0.05). The combination therapy of PD-MSCs with WKYMVm could be an
efficient treatment in hepatic diseases via vascular remodeling. Therefore, the combination therapy
of PD-MSCs with WKYMVm could be a new therapeutic strategy in degenerative medicine.

Keywords: liver cirrhosis; placenta-derived mesenchymal stem cells; WKYMVm; combination therapy

1. Introduction

Angiogenesis is essential in many biological processes, including development and
wound repair [1]. Progressive hepatic vascular pressure due to repetitive hepatic damage
is the major cause of liver cirrhosis [2]. Abnormal hepatocyte–endothelium crosstalk
in the injured liver delays regeneration by promoting fibrogenesis and the formation of
scar tissues [3]. Additionally, the irregular vascular system not only indicates the fibrotic
pathophysiology but also inhibits metabolism in the liver [4]. The hepatic vascular niche,
which is mainly composed of liver sinusoidal endothelial cells (LSECs), secretes angiocrine
factors such as vascular endothelial growth factor (VEGF), hepatic growth factor (HGF),
Wnt, and endoglin (CD105) to promote hepatic regeneration [5,6]. Increased expression of
VEGF leads to hepatic regeneration following partial hepatectomy or drug intoxication,
and VEGF is a strong modulator of vascular regeneration due to its effects on endothelial
cell proliferation and survival [7,8]. Additionally, the secretion of HGF in endothelial cells
inhibited the activation of fibroblasts and functioned as a key molecule to prevent fibrosis in
a mouse model of liver fibrosis [9]. In endothelial cells, Wnt/β-catenin pathway activation
by Wnt ligands can induce cell cycle progression through transcriptional activation of
cyclin D1 and regulate endothelial permeability [10,11].
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Mesenchymal stem cell (MSC) therapy is a promising strategy for treatment of hepatic
diseases through overexpression of HGF or matrix metalloproteinases (MMPs) and a reduc-
tion in collagen levels [12,13]. Among MSCs, human placenta-derived MSCs (PD-MSCs),
obtained from fetal tissue, have various advantages, such as strong immunosuppressive
abilities, multipotent differentiation, and self-renewal properties [14–17]. Previously, we
reported that PD-MSCs have therapeutic effects in a carbon tetrachloride (CCl4)-injured
rat model via an autophagic mechanism and IL-6/gp130/signal transducer and activator
of transcription 3 (STAT3) pathway [18,19]. Additionally, we demonstrated that PD-MSCs
enhance hepatic regeneration via restoration of hepatic lipid metabolism and vascular
regeneration by microRNAs (miRNAs) in a rat model of bile duct ligation (BDL) [20,21].

The synthetic peptide WKYMVm, which is composed of Trp-Lys-Tyr-Met-Val-D-Met,
is a potent agonist of formyl peptide receptor 2 (FPR2), which belongs to the G-protein
coupled receptor family [22,23]. FPR2 promotes vessel growth and cell proliferation [23,24].
The therapeutic effects of WKYMVm have been demonstrated in various degenerative
diseases. In ischemic hind limb and myocardial diseases, WKYMVm promoted neovas-
cularization and tissue repair through migration and proliferation of endothelial colony-
forming cells (ECFCs) or circulating angiogenic cells (CACs) [25,26]. Topical application of
WKYMVm intensified cutaneous wound healing in streptozotocin (STZ)-induced diabetes
via the remodeling of von Willebrand factor (vWF)-positive vessels [27]. For treatment of
bronchopulmonary dysplasia (BPD), a chronic lung disease, WKYMVm was administered
through intraperitoneal injection [28]. Additionally, polylactic-co-glycolic acid (PLGA)
could form microspheres encapsulating WKYMVm and consistently released peptides
following administration to ischemic hind limbs, extending angiogenic stimulation [29].

However, the effects of combined PD-MSCs and WKYMVm in liver cirrhosis have not
been elucidated. Therefore, our objectives were to analyze the effects of PD-MSCs with
WKYMVm on hepatic regeneration via vascular regeneration in a BDL-injured rat model
of hepatic fibrosis. We investigated the mechanism underlying the therapeutic effects in a
liver injury model.

2. Materials and Methods

2.1. Materials

The structure of the WKYMVm peptide was reported by Choi et al. [30]. The syn-
thetic peptide WKYMVm was synthesized at ANYGEN (Kwangju, Korea). The purity of
synthesized WKYMVm was >98%.

2.2. Cell Culture

Collection of placental samples from healthy women (≥37 gestational weeks) for
research purposes was approved by the Institutional Review Board of CHA Gangnam
Medical Center, Seoul, Korea (IRB 07-18). PD-MSCs were isolated and maintained as
described previously [31]. A rat hepatocyte-like epithelial cell line, WB-F344, and rat T-
HSC/Cl-6 cells, rat hepatic stellate cells (HSCs) transformed with simian virus 40, were
maintained in α-MEM supplemented with 10% fetal bovine serum (FBS; Gibco, Langley,
OK, USA, 16000-044), and 100 U/mL penicillin–streptomycin (Pen-Strep, P/S; Gibco,
15-140-122). Additionally, human umbilical vein endothelial cells (HUVECs) were cultured
in endothelial cell medium (ECM; ScienCell, Carlsbad, CA, USA, 1001) under 5% CO2 at
37 ◦C. Furthermore, WB-F344, T-HSC/Cl-6, and HUVECs were treated with lithocholic
acid (LCA; 100 µM; Sigma, Burlington, MA, USA, L6250), transforming growth factor-beta
(TGF-β; 2 ng/mL; PeproTech, Rocky Hill, NJ, USA, 100-21C), and 5-fluorouracil (5-FU,
1 µg/mL, Sigma, F6627) for 24, 48, and 48 h, respectively. The WKYMVm peptide was
administered at a concentration of 1 mM in vitro.

2.3. Animals

Seven-week-old male Sprague Dawley (SD) rats (Orient Bio, Inc., Seongnam, Korea)
were maintained in an air-conditioned facility. The common bile duct was ligated. Addi-
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tionally, detailed protocol is described in Supplemental Figure S1. All animal experimental
processes were approved by the protocol consistent with the Institutional Review Board
of CHA General Hospital, Seoul, Korea. The experimental protocols were approved by
the Institutional Animal Care and Use Committee of CHA University, Seongnam, Korea
(IACUC-180023).

2.4. Biochemical Analysis

The harvested serum was examined for aspartate aminotransferase (AST), alanine
aminotransferase (ALT), total bilirubin, and albumin (ALB) by Southeast Medi-Chem
Institute (Busan, Korea). The experiment was performed in triplicate.

2.5. Cell Proliferation Assay

To confirm the proliferative effects of WKYMVm on PD-MSCs, HUVECs, and WB-
F344, we incubated Cell Counting Kit-8 (CCK-8; Dojindo Molecular Technologies, Inc.,
Rockville, MD, USA, CK04) solution with cells at 37 ◦C for 2 h. The absorbance at 450 nm
for CCK-8 solution was measured with an epoch microplate spectrophotometer (BioTek,
Winooski, VT, USA). All reactions were performed in triplicate.

2.6. Senescence-Associated β-Galactosidase (SA-β Gal) Assay

SA-β-gal activity was analyzed using an SA-β-gal staining kit (Cell Signaling, Danvers,
MA, USA, 9860S) according to the manufacturer’s instructions. The intensity of SA-β-gal
was analyzed with a microscope via a high-magnification digital camera (Nikon Instrument,
Nikon, Inc., Melville, NY, USA) and the ImageJ program (NIH).

2.7. Differentiation of WKYMVm-Treated PD-MSCs

To evaluate the potential for differentiation, we seeded PD-MSCs at a density of
2 × 104 cells/35 mm plate and maintained them in α-MEM supplemented with 10% FBS,
100 U/mL of Pen/Strep, 25 ng/mL of FGF4 (PeproTech, AF-100-31), and 1 µg/mL of
heparin (Sigma, H3149) until they reached 60% confluency. Then, 1 mM of WKYMVm
peptide was added to PD-MSCs for 24 h. Adipogenic and osteogenic differentiation was
induced by media from the following: StemPro Adipogenesis Differentiation Kit (Gibco)
and StemPro Osteogenesis Differentiation Kit (Gibco), respectively. The differentiation
media were replaced every 3 days until day 21.

2.8. Tube Formation Assay

For analysis of the angiogenic ability of endothelial cells, HUVECs were stained with
Alexa Fluor 488 Ac-LDL (Invitrogen, L23380). HUVECs (5 × 104 cells/well) were precoated
with Matrigel (Corning Inc., Corning, New York, NY, USA, 354248) in 24-well culture plates,
seeded, and cultured with or without 5-FU and 1 mM of WKYMVm and co-cultivated with
PD-MSCs at 37 ◦C in a 5% CO2 incubator. The sprouted tube length was measured and
quantified using the ImageJ program. All experiments were conducted in triplicate.

2.9. Dextran Permeability Assay

HUVECs were seeded in the upper chamber of a 24-well transwell system and cul-
tured for 24 h to allow growth of a confluent monolayer. Monolayers were treated with
100 µg/mL of 5-FU. After 72 h, monolayers were administered with 1 mM of WKYMVm
peptide and co-cultivated with PD-MSCs for 24 h. Dextran permeability was tested by
adding 10 µL of 10 mg/mL fluorescein isothiocyanate (FITC)-dextran (Sigma) to the upper
chamber for 30 min. After 30 min, 100 µL of conditioned medium in the lower chamber
was transferred to a 96-well plate (BD Biosciences, Bedford, MA, USA) and read at exci-
tation and emission wavelengths of 490 and 525 nm, respectively. The experiments were
performed in triplicate.
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2.10. Histological Analysis

The liver tissues were fixed in 10% (v/v) neutral buffered formalin (NBF; BBC Bio-
chemical, Mount Vernon, WA, USA), embedded in paraffin, cut into 5 µm sections and
stained with hematoxylin and eosin (H&E) and Sirius Red. The diameter of the hepatic
portal vein and collagen deposition area were measured by ImageJ software through H&E
and Sirius Red staining, respectively.

2.11. Immunohistochemistry

To analyze hepatocyte proliferation in tissues following injection with PD-MSCs and
WKYMVm or nontransplantation, we examined the expression of proliferating cell nuclear
antigen (PCNA) localized in the nucleus. The sectioned slides were incubated in 3% H2O2
in methanol to block endogenous peroxidase. After antigen retrieval through microwaving,
the slides were reacted with an anti-PCNA antibody (Santa Cruz Biotechnology, Dallas,
TX, USA, sc-56) and diluted with antibody diluent (Dako, Santa Clara, CA, USA, S3022)
at 4 ◦C overnight, followed by 30 min with biotinylated secondary anti-rabbit antibody at
room temperature (RT). Incubation with horseradish peroxidase-conjugated streptavidin–
biotin complex (Dako, K1015) and 3,3-diaminobenzidine (Dako, K1015) was used to in-
duce chromatic signals. The slides were counterstained with Mayer’s hematoxylin (Dako,
S-3099). Images were detected using a digital slide scanner (3DHISTECH, Ltd., Budapest,
Hungary). Finally, the percentage of PCNA-positive hepatocytes was measured in all
sections at 400× magnification.

2.12. Immunofluorescence

For analysis of the localization of vWF, α-SMA, active β-catenin, and FPR2 in vivo or
in vitro, primary antibodies against vWF (1:200, Abcam, Cambridge, MA, USA, ab6994), α-
SMA (1:200; Dako, M0851), active β-catenin (1:100; Cell Signaling Technology, Danvers, MA,
USA, 8814S), and FPR2 (1:100; Novus, St. Louis, MO, USA, NLS1878) was added to antibody
diluent (Dako, S3022) and reacted with slides at 4 ◦C overnight. The secondary antibody
Alexa Fluor 488 and 594 (1:400; Invitrogen, Camarillo, CA, USA, A21206 and A11012) was
added for 1 h. The slides were counterstained with 4,6-diamidino-2-phenylindole (DAPI;
Invitrogen, D3571). The images were observed with a confocal microscope (LSM 700; Zeiss,
Oberkochen, Germany). The observed images were analyzed with ZEN blue software
(Zeiss). The experiments were performed in triplicate.

2.13. Enzyme-Linked Immunosorbent Assay (ELISA)

The concentrations of VEGF, HGF, and TGF-β were analyzed by ELISAs. Their
concentrations were measured using human VEGF (Abcam, ab100662), rat VEGF (Abcam,
ab100786), human HGF (R&D Systems, DHG00B), rat HGF (R&D Systems, MHG00), and
human TGF-β (Abcam, ab100647) ELISA kits in strict accordance with the manufacturer’s
instructions and detected using a microplate reader (BioTek, Winooski, VT, USA) at 450 nm.

2.14. Western Blot

Protein lysates were subjected to dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE), transferred to polyvinylidene difluoride membranes (PVDF; Bio-Rad Labora-
tories), and then blocked-in blocking buffer for 1 h. The membranes were subsequently
incubated with rabbit anti-vimentin (1:2000; Sigma, v4630), anti-Col I (1:1000; Abcam,
ab34710), anti-GAPDH (1:3000; Abfrontier, Seoul, Korea, LF-PA0018), anti-ALB (1:1000;
Novus, NBP1-32458), anti-cyclin D1 (1:1000; Abfrontier, LF-MA0325), anti-gp130 (1:1000;
Abcam, ab202850) anti-pSTAT3 (1:1000; Cell Signaling Technology, 9134s), mouse anti-E-
cadherin (1:1000; Cell Signaling Technology, 14472s), anti-α-SMA (1:1000; Dako, M0851),
anti-IL-6 (1:1000; Abcam, ab6672), and anti-tSTAT3 (1:1000; Cell Signaling Technology,
9139s) antibodies at 4 ◦C overnight. After the reaction, the membranes were treated with
anti-rabbit IgG, HRP-linked antibody (1:10,000; Cell Signaling Technology, 7074P2), anti-
mouse IgG, or HRP-linked antibody (1:5000; Cell Signaling Technology, 7076s)-conjugated
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secondary antibody or for 1 h at RT. The bands were detected using a Clarity Western ECL
kit (Bio-Rad Laboratories, 1705061). Western blotting was performed in triplicate.

2.15. Quantitative Reverse Transcription-Polymerase Chain Reaction (qRT-PCR)

Total RNA was extracted from rat liver tissues and TRIzol-treated cells (Ambion,
Austin, TX, USA, 16696018). Reverse transcription was performed with 250 ng of total RNA
and Superscript III reverse transcriptase (Invitrogen). Complementary DNA (cDNA) was
synthesized by PCR. Real-time PCR was performed using SYBR Green Master Mix (Roche,
Mannheim, Germany) and a CFX Connect Real-Time System (Bio-Rad Laboratories). The
PCR conditions were as follows: denaturation at 95 ◦C for 15 min and 20 s, followed by
40 cycles of 95 ◦C for 30 s and annealing at 55~60 ◦C for 40 s. Extension at 70 ◦C for 15 min
and a final extension at 72 ◦C for 7 min were performed. Gene expression was normalized
to that of GAPDH. The primer sequences are shown in Supplemental Table S1. All reactions
were performed in at least triplicate.

2.16. Gelatin Zymography

The expression of MMP-2/9 was detected by gelatin zymography. Supernatants
from PD-MSCs or HSCs were collected and separated on 12% SDS polyacrylamide gels
supplemented with 1 mg/mL of gelatin. The separated gels were washed twice for 40
min with renaturation buffer (Bio-Rad Laboratories, Hercules, CA, USA, AB102-401) and
incubated overnight at 37 ◦C in developing buffer containing 50 mM of Tris-HCl (pH 7.4),
0.2 M of NaCl, 5 mM of CaCl2, and 1% Triton X-100. The next day, the gels were stained
with 10% acetic acid 40% methanol containing 0.5% Coomassie Brilliant Blue R-250 (Bio-Rad
Laboratories, 1610406) for 3 h and destained with destaining buffer containing 10% acetic
acid 40% methanol. The density of unstained bands was used to detect enzyme expression.
The intensity of the gel bands was measured using the ImageJ software program. All
experiments were performed in triplicate.

2.17. Statistical Analysis

Data are presented as the mean ± standard error of the mean. Differences between
different regions of SBEM were analyzed with GraphPad Prism software, and the statistical
methods were used for comparisons between pairs. In summary, datasets with more than
two groups were analyzed with one-way ANOVA. Datasets with two groups were analyzed
with Student’s t test. Significance was defined as p < 0.05.

3. Results

3.1. Characterization of PD-MSCs Combined with WKYMVm

To confirm the PD-MSC characteristics after WKYMVm treatment, we analyzed the
morphology and proliferative capacity of PD-MSCs and the expression of stemness-related
markers (e.g., octamer-binding transcription factor 4 (Oct4), sex-determining region Y-box 2,
(Sox2), and Nanog), germ lineage markers (e.g., neurofilament-68 (NF-68) and alpha
fetoprotein (AFP)) and the human leukocyte antigen g (HLA-G). The WKYMVm-treated
PD-MSCs exhibited an elongated, spindle-shaped morphology similar to that of untreated
PD-MSCs (Figure 1A). The proliferative capacity of the WKYMVm-treated PD-MSCs was
significantly increased compared to that of the untreated PD-MSCs, as shown by CCK-8
assays (p < 0.05, Figure 1B). Additionally, there was no difference in the expression levels of
stemness markers between the two groups (Figure 1C). To confirm the immunophenotypes
of the PD-MSCs treated with WKYMVm, we analyzed the cell surface markers by flow
cytometry. The WKYMVm-treated PD-MSCs were positive for the expression of MSC
markers such as CD13, CD90, CD105, HLA-ABC, and HLA-G. However, they were negative
for hematopoietic lineage markers such as CD34, CD45, and HLA-DR (Figure 1D).
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Figure 1. WKYMVm treatment maintains and enhances PD-MSC characteristics and effects.
(A) Morphology of the PD-MSCs and WKYMVm-treated PD-MSCs. Scale bar = 100 µm. (B) Via-
bility of the PD-MSCs and WKYMVm-treated PD-MSCs shown by CCK-8 assays. (C) Expression
of stemness-related markers in the WKYMVm-treated PD-MSCs shown by RT-PCR. (D) MSC sur-
face markers (e.g., hematopoietic, nonhematopoietic, and HLA family) in the WKYMVm-treated
PD-MSCs using FACS analysis. (E) Lipid droplets in PD-MSCs differentiated into adipocytes shown
by Oil Red O staining. Scale bar = 10 µm. Expression of adipogenic-specific markers such as CFD
(F) and PPARG (G) shown by qRT-PCR. (H) Calcium deposition of PD-MSCs differentiated into
osteocytes shown by von Kossa staining. Scale bar = 40 µm. Expression of osteogenic-specific
markers, including BGLAP (I) and COL1A1 (J), shown through qRT-PCR. (K) Expression of FPR2
in PD-MSCs using immunofluorescence. Scale bar = 25 µm. (L) Quantification of the fluorescence
intensity of FPR2 through immunofluorescence. Expression of VEGF (M), HGF (N), and TGFB1 (O) in
the WKYMVm-treated PD-MSC culture supernatants shown by ELISAs. (P) The activity of MMP9 in
the WKYMVm-treated PD-MSC culture supernatant shown using gelatin zymography. Mean ± SD,
* p < 0.05 by t tests. si-FPR2, siRNA-FPR2-transfected PD-MSCs; +WK, WKYMVm-treated PD-MSCs.

To investigate the differentiation potential of PD-MSCs with WKYMVm, we main-
tained the cells in adipogenic or osteogenic induction media for 21 days. Lipid droplets
stained with Oil Red O and adipogenic markers (e.g., adipsin, CFD; peroxisome proliferator-
activated receptor gamma, PPARG) were highly expressed at the mRNA level in the dif-
ferentiated WKYMVm-treated PD-MSCs (p < 0.05, Figure 1E–G). Additionally, calcium
deposition stained by von Kossa staining was observed in the WKYMVm-treated PD-MSCs
and untreated PD-MSCs (Figure 1H). The levels of osteogenic markers (e.g., osteocal-
cin, BGLAP; collagen type I, COL1A1) were dramatically increased in the differentiated
WKYMVm-treated PD-MSCs versus the undifferentiated PD-MSCs (Figure 1I,J). These data
suggest that the WKYMVm-treated PD-MSCs maintain characteristics similar to those of
naïve PD-MSCs.

3.2. WKYMVm Enhances the Effects of PD-MSCs

To identify whether PD-MSCs express FPR2, which is the major receptor of the
WKYMVm ligand, we analyzed the expression of FPR2 in PD-MSCs by immunofluores-
cence. As shown in Figure 1L, FPR2 was expressed in naïve PD-MSCs and was decreased
by siRNA-FPR2 transfection, while it was significantly increased by WKYMVm treatment
of PD-MSCs (p < 0.05, Figure 1K,L). To investigate the effect of WKYMVm on PD-MSCs,
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we performed ELISA and gelatin zymography with PD-MSC culture supernatant. The
expression of VEGF and hepatocyte growth factor (HGF) were significantly upregulated
in the WKYMVm-treated PD-MSCs compared to the untreated PD-MSCs and the siRNA-
FPR2-transfected PD-MSCs (p < 0.05, Figure 1M,N). However, transforming growth factor
(TGF)-β was significantly decreased, while the activity of MMP-9 was increased in the
WKYMVm-treated PD-MSC group (p < 0.05, Figure 1O,P). Therefore, these data demon-
strate that WKYMVm enhanced the proangiogenic, regenerative, or antifibrotic effects of
PD-MSCs via FPR2.

3.3. PD-MSCs Combined with WKYMVm Enhance Hepatic Function in the BDL Rat Model

For analysis of the therapeutic effect of PD-MSCs combined with WKYMVm in a liver-
injured rat model, we determined the serum levels of hepatic function markers (e.g., AST,
ALT, total bilirubin, and ALB). The BDL rat group (NTx) had significantly increased levels
of AST, ALT, and total bilirubin compared to the control. However, PD-MSC transplantation
(Tx) slightly reduced the levels of ALT, AST, and total bilirubin. Interestingly, the levels in
the PD-MSCs combined with the WKYMVm (Tx+WK) group were evidently lower than
those in the NTx and Tx groups (p < 0.05, Supplemental Figure S2A–C). Additionally, the
serum level of ALB was significantly upregulated in the Tx+WK group compared with the
NTx and Tx groups (p < 0.05, Supplemental Figure S2D). Therefore, these results suggest
that the combined transplantation of PD-MSCs with WKYMVm improves hepatic function
in the BDL rat model.

3.4. PD-MSCs Combined with WKYMVm Promote Vascular Regeneration in the BDL Rat Liver

To evaluate the effect of PD-MSCs combined with WKYMVm on hepatic angiogenesis,
we analyzed histological changes in portal tracks in liver tissues by H&E staining and the
expression levels of angiogenic factors. As shown in Figure 2A, the liver tissues from the
NTx group exhibited irregular portal tracts and an increased diameter of the portal vein
compared with those of the control group. In contrast, the Tx+WK group showed recovery
of the shape of the portal tracts and a decrease in the diameter of the portal vein compared
with the NTx and Tx groups (p < 0.05, Figure 2A,B). The concentration of VEGF was lower
in the NTx group than in the control but significantly increased in the Tx+WK group, which
had a much higher level than the Tx group (p < 0.05, Figure 2C). The mRNA expression of
VEGF in the Tx+WK group was dramatically increased compared to that in the NTx group
(p < 0.05, Figure 2D). The levels of VEGFR1 and VEGFR2 showed an increasing tendency in
the Tx and Tx+WK groups compared to the NTx group (p < 0.05, Figure 2E,F).

Additionally, the level of endoglin was significantly upregulated in the Tx+WK group
compared to the NTx group (p < 0.05, Figure 2G). Furthermore, we examined the expression
of the fibrotic marker alpha-smooth muscle actin (α-SMA) and the vascular marker vWF
in liver sections using an immunofluorescence assay at 2 weeks after transplantation.
Compared with the NTx and Tx groups, the Tx+WK group showed substantially decreased
expression of α-SMA and increased vWF expression (p < 0.05, Figure 2H–J). These data
indicate that PD-MSCs combined with WKYMVm promote vascular regeneration through
activation of angiogenic factors in the BDL rat model.

3.5. PD-MSCs Combined with WKYMVm Promote Angiogenic Activity in HUVECs

To further determine the angiogenic effect of PD-MSCs combined with WKYMVm
in vitro, we used 5-FU as a functional inhibitor of endothelial cells and cocultured the cells
with PD-MSCs and WKYMVm, as shown in Figure 3A. The viability of the 5-FU-treated
HUVECs was strongly decreased compared with that of the control, whereas the cells co-
cultured with PD-MSCs alone or PD-MSCs with WKYMVm showed a significant increase
(p < 0.05, Figure 3B). The concentration of VEGF secreted by HUVECs was dramatically in-
creased in the cells cocultured with PD-MSCs and WKYMVm compared to the 5-FU-treated
HUVECs and those cocultured with PD-MSCs. Moreover, the VEGF level showed an in-
crease greater than that of the control (p < 0.05, Figure 3C). Previous studies have shown
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that the canonical Wnt/β-catenin signaling pathway plays a regulatory role in vascular
regeneration [32]. Thus, we examined whether PD-MSCs and WKYMVm affect the expres-
sion of β-catenin in HUVECs. Immunofluorescence showed that reduced active β-catenin
expression in the 5-FU-treated HUVECs was significantly enhanced by PD-MSCs and
WKYMVm compared with the control (p < 0.05, Figure 3D,E).
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Figure 2. PD-MSCs combined with WKYMVm promoted vascular regeneration in the BDL rat liver.
(A) Histological phenotype of BDL rat liver by H&E staining. Scale bar = 50 µm. (B) Quantification of
portal vein diameter in BDL rat liver through H&E staining. (C) VEGF level in BDL rat serum shown
by ELISAs. mRNA expression of VEGF (D), VEGFR1 (E), VEGFR2 (F), and CD105 (G) shown by qRT-
PCR. (H) Expression of α-SMA and vWF in BDL rat livers by immunofluorescence. Scale bar = 10 µm.
Quantified fluorescence intensity of α-SMA (I) and vWF (J) through immunofluorescence. n = 3 rats
per group, mean ± SD, * p < 0.05 by one-way ANOVA. Con, control; NTx, nontransplantation group;
Tx, PD-MSC transplantation group; Tx+WK, PD-MSCs with WKYMVm combined transplantation
group; wk, week.

Additionally, the protein level of β-catenin in the nucleus was significantly upregulated
in the 5-FU-treated HUVECs cocultured with PD-MSCs and WKYMVm versus the HUVECs
with only 5-FU treatment (p < 0.05, Figure 3F). Tube formation by HUVECs was significantly
increased by PD-MSCs and WKYMVm treatment (p < 0.05, Figure 3G,H). However, the
expression of TGF-β, which is the key factor of endothelial–mesenchymal transition (End-
MT), was significantly decreased by PD-MSCs and WKYMVm compared to that of the
HUVECs with 5-FU treatment alone (p < 0.05, Figure 3I). To examine the effect of PD-
MSCs and WKYMVm on endothelial permeability, we performed a dextran permeability
assay, as shown in Figure 3J. PD-MSCs alone and PD-MSCs combined with WKYMVm
induced a significant decrease in the dextran permeability of the 5-FU-treated HUVECs
(p < 0.05, Figure 3K). Taken together, these results suggest that coculture with PD-MSCs
and WKYMVm promotes angiogenic activities of ECs by upregulating the expression of
VEGF and β-catenin.
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Figure 3. PD-MSCs combined with WKYMVm promote angiogenic activity in HUVECs. (A) In vitro
scheme in HUVECs. (B) Cell viability in the 5-FU-treated HUVECs determined by CCK-8 as-
says. (C) VEGF level in the culture supernatant of HUVECs treated with 5-FU shown by ELISAs.
(D) Localization and expression of active β-catenin through immunofluorescence. Scale bar = 50 µm.
(E) Quantification of active β-catenin-positive HUVECs versus total HUVECs using immunofluores-
cence. (F) The protein expression of active β-catenin in the nucleus of HUVECs. (G) Tube formation
of HUVECs injured by 5-FU. Scale bar = 100 µm. (H) Quantification of total tube length through tube
formation assays. (I) TGF-β levels in the culture supernatant of HUVECs treated with 5-FU shown
by ELISAs. (J) Schematic figure of the dextran permeability assay in the HUVECs treated with 5-FU.
(K) Dextran permeability of the HUVECs injured by 5-FU. n = 3 per group, mean ± SD, * p < 0.05 by
t tests.

3.6. PD-MSCs Combined with WKYMVm Attenuate Hepatic Fibrosis in the BDL Rat Liver

The effect of PD-MSCs combined with WKYMVm against BDL-induced hepatic fi-
brosis was evaluated through Sirius Red. As shown in Figure 4A, extensive accumulation
of collagen was observed in the liver tissues of the NTx group. In contrast, accumulated
collagen was shown to decrease in the Tx group. Additionally, collagen deposition was
evidently reduced in the Tx+WK group compared to the NTx group (p < 0.05, Figure 4A,B).
To verify the antifibrotic effect of the Tx and Tx+WK groups, we examined the expression
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levels of epithelial markers (e.g., E-cadherin) and mesenchymal and fibrogenic markers
(e.g., vimentin, Col I, and α-SMA) at the protein level. As shown by E-cadherin expression,
the control maintained basal levels. However, in the Tx and Tx+WK groups, the level of
E-cadherin was dramatically increased compared with that in the NTx group (p < 0.05,
Figure 4C).
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Figure 4. PD-MSCs combined with WKYMVm attenuated hepatic fibrosis in the BDL rat liver.
(A) Collagen deposition in BDL rat liver shown by Sirius Red staining. Scale bar = 200 µm.
(B) Quantification of the Sirius Red-positive area in BDL rat livers through Sirius red staining.
Protein expression of E-cadherin (C), vimentin (D), Col I (E), and α-SMA (F) in BDL rat livers shown
by Western blots. Protein expression was normalized to GAPDH expression through Western blot
bands. n = 3 rats per group, mean ± SD, * p < 0.05 by one-way ANOVA. Con, control; NTx, nontrans-
plantation group; Tx, PD-MSC transplantation group; Tx+WK, PD-MSCs with WKYMVm combined
transplantation group; wk, week.

In contrast to the expression of E-cadherin, the expression of vimentin and α-SMA
showed a decreasing tendency in the Tx group and a significant decrease in the Tx+WK
group (p < 0.05, Figure 4D,F). In particular, Col I was evidently downregulated in the
Tx+WK group compared to the NTx and Tx groups (p < 0.05, Figure 4E). These results
indicate that administration of PD-MSCs combined with WKYMVm alleviates hepatic
fibrosis by upregulating the expression of epithelial markers and inhibiting the expression
of mesenchymal markers in a BDL rat model.

3.7. PD-MSCs Combined with WKYMVm Inhibit HSC Activation In Vitro

To further investigate the antifibrotic effect of PD-MSCs and WKYMVm on hepatic
stellate cells (HSCs), we cocultured HSCs activated by TGF-β treatment with PD-MSCs and
WKYMVm, as shown in a Figure 5A. The mRNA and protein levels of Col I and α-SMA in
the TGF-β-treated HSCs were substantially upregulated compared to those of the control,
whereas these levels were significantly downregulated by cotreatment with PD-MSCs alone
or PD-MSCs and WKYMVm, and PD-MSCs and WKYMVm had greater inhibitory effects
(p < 0.05, Figure 5B–E). In addition, immunofluorescence data showed that cotreatment
with PD-MSCs and WKYMVm significantly reduced α-SMA expression compared to the
other treatments (p < 0.05, Figure 5F,G). Matrix metalloproteinases (MMPs) play crucial
roles in the regulation of hepatic fibrosis and regeneration. MMP2 and MMP9 specialize in
degrading extracellular matrices secreted from activated HSCs [33]. Through gelatin zymog-
raphy, the activities of MMP2 and MMP9 were shown to be reduced in the TGF-β-treated
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HSCs compared to the control, but the activities were elevated by cotreatment of PD-MSCs
and WKYMVm (p < 0.05, Figure 5H,I). These results suggest that treatment with PD-MSCs
combined with WKYMVm inhibits fibrogenesis of activated HSCs.
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Figure 5. PD-MSCs combined with WKYMVm inhibit HSC activation in vitro. (A) Schematic figure
of HSC in vitro modeling. mRNA expression of Col I (B) and α-SMA (C) in HSCs treated with TGF-β
shown by qRT-PCR. Protein levels of Col I (D) and α-SMA (E) shown by Western blots. (F) α-SMA
expression in HSCs treated with TGF-β, as determined by immunofluorescence. Scale bar = 100 µm.
(G) Fluorescence intensity of α-SMA, as determined by immunofluorescence. Enzyme activity of
MMP-2 (H) and MMP-9 (I) in the culture supernatant of HSCs treated with TGF-β shown by gelatin
zymography. n = 3 per group, mean ± SD, * p < 0.05 by t tests.

3.8. PD-MSCs Combined with WKYMVm Improve Hepatic Regeneration in the BDL Rat Model

Hepatocyte nuclear factor 1 alpha (HNF1α) is a transcription factor that regulates the
expression of several liver-specific genes [34]. The mRNA level of HNF1α was slightly
increased in the Tx and Tx+WK groups compared with the NTx group (Figure 6A). The
mRNA and protein levels of ALB were significantly increased in the Tx+WK group com-
pared with the NTx and Tx groups (p < 0.05, Figure 6B,E). Additionally, the receptors of
the WKYMVm peptide are FPR2 and HGF receptors (HGFR; tyrosine-protein kinase Met,
c-Met) [35]. The mRNA levels of FPR2 and HGFR in rat liver were maintained at basal
levels. In the NTx group, their expression levels showed a decreasing tendency compared
with those of the control. However, PD-MSCs with WKYMVm resulted in significantly
increased expression compared to that in the NTx group (p < 0.05, Figure 6C,D).

Hepatic regeneration is initiated by several growth factors and the IL-6/gp130/STAT3
signaling pathway. To determine whether the combination therapy of PD-MSCs with
WKYMVm alleviates hepatic damage in the BDL model, we analyzed the expression of
factors related to liver regeneration using Western blotting. We examined the protein
levels of IL-6, gp130 and the phosphorylated form of STAT3 in the BDL rat liver. Their
expression levels were decreased in the NTx group but gradually increased in the Tx and
Tx+WK groups (Figure 6E). The serum level of HGF was also significantly increased in the
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Tx+WK group compared to the NTx group (p < 0.05, Figure 6H). To further examine the
effect of the combination therapy of PD-MSCs with WKYMVm on hepatocyte proliferation,
we assessed PCNA expression in liver tissues by immunohistochemistry and cyclin D1
expression by Western blot. Few PCNA-positive hepatocytes were observed in the NTx
group, while a significant increase in PCNA-positive cells was found in the Tx+WK group
compared to the NTx and Tx groups (p < 0.05, Figure 6F,G). Additionally, the level of cyclin
D1 was upregulated in the Tx+WK group (p < 0.05, Figure 6E). These findings suggest that
combination therapy with PD-MSCs and WKYMVm in the rats with BDL promotes hepatic
regeneration through induction of hepatocyte-specific proteins and the IL-6/gp130/STAT3
signaling pathway.
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Figure 6. PD-MSCs combined with WKYMVm enhance hepatic regeneration in the BDL rat model.
mRNA expression of HNF1α (A), ALB (B), FPR2 (C), and HGFR (D) in BDL rat liver shown by
qRT-PCR. (E) Protein levels of ALB, cyclin D1, gp130, IL-6, p/tSTAT3, and GAPDH in BDL rat livers
shown by Western blots. (F) Expression of PCNA in BDL rat liver shown by immunohistochem-
istry. Scale bar = 25 µm. (G) Quantification of the PCNA-positive area in BDL rat livers through
immunohistochemistry. (H) Secreted HGF level in BDL rat serum shown by ELISAs. n = 3 rats per
group, mean ± SD, * p < 0.05 by one-way ANOVA. Con, control; NTx, nontransplantation group;
Tx, PD-MSC transplantation group; Tx+WK, PD-MSCs with WKYMVm combined transplantation
group; wk, week.

3.9. PD-MSCs Combined with WKYMVm Can Regenerate Damaged Hepatocytes In Vitro

To further analyze their mode of action in vitro, we performed a coculture experiment
of LCA-treated WB-F344 rat liver epithelial cells with PD-MSCs and WKYMVm, as shown
in Figure 7A. Cell proliferation was measured using a CCK-8 assay. The CCK-8 assay
demonstrated that treatment of WB-F344 cells with PD-MSCs and WKYMVm significantly
increased proliferation (p < 0.05, Figure 7B). Treatment of the LCA-treated WB-F344 cells
with PD-MSCs and WKYMVm strongly enhanced the protein expression of ALB and
HNF1α, as shown by Western blot, compared to that of the LCA-treated group (p < 0.05,
Figure 7C,D). Moreover, immunofluorescence data showed downregulated HNF1α ex-
pression in the LCA-treated WB-F344. However, HNF1α expression was significantly
upregulated by treatment with PD-MSCs and WKYMVm, similar to the control (p < 0.05,
Figure 7E,F). These data indicate that cotreatment with PD-MSCs and WKYMVm may
promote the repair and regeneration of injured hepatocytes.
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Figure 7. PD-MSCs combined with WKYMVm can regenerate damaged hepatocytes in vitro.
(A) Schematic figure of WB-F344s cell in vitro modeling. (B) Cell viability of the LCA-treated
WB-F344s cells shown by CCK-8 assays. Protein expression of ALB (C) and HNF1α (D) shown
using Western blots. Protein expression was normalized to GAPDH expression through Western
blot bands. (E) Localization and expression of translocated HNF1α in the nucleus shown through
immunofluorescence. (F) Quantification of translocated HNF1α-positive WB-F344s versus total
WB-F344s using immunofluorescence. n = 3 per group, mean ± SD, * p < 0.05 by t tests.

4. Discussion

A disruption in angiogenesis contributes to numerous ischemic, inflammatory, im-
mune, and malignant disorders [36]. Upon injury to cells or tissues, inflammation or
hypoxia results in the generation of angiogenic mediators that regulate the migration of
vascular precursor cells from their niche to the site of injury [37]. In our study, we first
demonstrated that the combination of PD-MSCs and WKYMVm has proangiogenic and
antifibrotic effects and therapeutic effectiveness in a BDL-injured rat model. PD-MSCs and
WKYMVm decreased the levels of AST, ALT, and total bilirubin while increasing ALB and
hepatokines levels, which are important indices of hepatic function (p < 0.05, Supplemental
Figure S2A–D). Additionally, PD-MSCs with WKYMVm improved hepatic architectural
distortion and collagen deposition in fibrotic liver tissues (p < 0.05, Figures 2A and 4A).

During hepatic injury, HSCs activated by TGF-β upregulate the expression of Col I
and α-SMA. The NTx group showed dramatically activated HSCs, as demonstrated by the
increased expression of vimentin, Col I, and α-SMA in Western blots, while the Tx and
Tx+WK groups displayed significantly downregulated expression levels of these molecules
(p < 0.05, Figure 4D–F). In vitro, PD-MSCs and WKYMVm repressed the expression of α-
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SMA and Col I in the rat HSCs, which underwent trans-differentiation by TGF-β (p < 0.05,
Figure 5B–G). Our in vivo and in vitro studies showed that the combination therapy of
PD-MSCs and WKYMVm has an antifibrotic effect in the liver.

In hepatic regeneration, vascular remodeling plays an important role in many phys-
iological and pathological events [38,39]. HSCs and ECs can promote physiological an-
giogenesis by expressing a variety of angiogenic factors [40]. VEGF is a key regulator of
angiogenesis and vascular regeneration and is also known as an essential element for EC
viability. In partial hepatectomy or acute hepatic failure, VEGF is evidently increased,
and sinusoidal reconstruction is improved during liver regeneration [5,41]. Yang and his
colleagues found that VEGF has a dual and opposing role in fibrogenesis and resolution
of fibrosis through critical effects of VEGF on vascular permeability [8]. In ischemic heart
disease, WKYMVm had proangiogenic effects via VEGF signaling [26]. Additionally, in
our study, PD-MSCs with WKYMVm significantly induced vascular regeneration in vivo
and in vitro, as demonstrated by the increased expression of angiogenic factors and tube
formation and decreased dextran permeability (p < 0.05, Figures 2 and 3).

Recently, ECs were shown to differentiate into myofibroblasts through EndMT in
the lung, kidney, and heart [42–44]. Ribera and his colleagues showed the mesenchy-
mal phenotype of ECs in CCl4-induced liver cirrhosis via bone morphogenic protein-7
(BMP-7)/TGF-β signaling [45]. Dufton et al. showed that the ETS-related gene (ERG), a
transcription factor in the endothelial lineage, repressed EndMT in a CCl4-injured cirrhotic
mouse model. Additionally, ERG attenuated endothelial-dependent hepatic fibrosis by
inhibiting SMAD2/3 signaling while maintaining hepatic homeostasis by inducing the
SMAD1 pathway [46]. We also demonstrated that the levels of mesenchymal markers, such
as vimentin, Col I, and α-SMA, were dramatically decreased in the PD-MSC-transplanted
group and in the group treated with PD-MSCs and WKYMVm in cirrhotic rats with BDL
(p < 0.05, Figure 4).

Park et al. reported that WKYMVm decreases dermal thickness and inhibits sclero-
derma fibrosis in bleomycin-induced mice by repressing vimentin and phosphorylated
SMAD3 expression in myofibroblasts [47]. Additionally, the peptide was demonstrated
to inhibit osteoclastogenesis by decreasing the levels of inflammatory cytokines such as
IL-1β and tumor necrosis factor-alpha (TNF-α) via the CD9/gp130/STAT3 pathway [48].
However, WKYMVm has a short half-life. Park et al. reported that the anti-inflammatory
effect of peptides is constrained since high levels are required for therapeutic efficacy [49].
Therefore, other studies sought to address the limitation of WKYMVm. Additionally, PLGA
microspheres were used to overcome the short half-life of WKYMVm [29]. To extend the
short elimination half-life of WKYMVm, we developed a combination therapy of PD-MSCs
with WKYMVm. For therapy using MSCs, other medications or functional genes have been
used to enhance the function of MSCs.

5. Conclusions

The administration of PD-MSCs with WKYMVm peptide improves vascular regenera-
tion by activated FPR2 signaling while attenuating hepatic fibrosis in a rat model of liver
cirrhosis. Furthermore, liver regeneration is promoted by PD-MSCs with WKYMVm by
increasing the expression of hepatic function markers. Therefore, this study suggests the
strong therapeutic efficacy of PD-MSCs combined with WKYMVm as a regulator of hepatic
function as well as vascular regeneration in hepatic failure.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cells11020232/s1, Figure S1: Animal experimental scheme, Figure S2: PD-MSCs combined
with WKYMVm enhance hepatic function in the BDL rat model, Table S1: Primer sequences using
quantitative real time polymerase chain reaction.
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Abstract: Human mesenchymal stromal/stem cells (hMSCs) show great promise in cell therapy due to
their immunomodulatory properties. The overall immunomodulatory response of hMSCs resembles the
resolution of inflammation, in which lipid mediators and regulatory macrophages (Mregs) play key roles.
We investigated the effect of hMSC cell-cell contact and secretome on macrophages polarized and activated
toward Mreg phenotype. Moreover, we studied the effect of supplemented polyunsaturated fatty acids
(PUFAs): docosahexaenoic acid (DHA) and arachidonic acid, the precursors of lipid mediators, on hMSC
immunomodulation. Our results show that unlike hMSC cell-cell contact, the hMSC secretome markedly
increased the CD206 expression in both Mreg-polarized and Mreg-activated macrophages. Moreover,
the secretome enhanced the expression of programmed death-ligand 1 on Mreg-polarized macrophages
and Mer receptor tyrosine kinase on Mreg-activated macrophages. Remarkably, these changes were
translated into improved Candida albicans phagocytosis activity of macrophages. Taken together,
these results demonstrate that the hMSC secretome promotes the immunoregulatory and proresolving
phenotype of Mregs. Intriguingly, DHA supplementation to hMSCs resulted in a more potentiated
immunomodulation with increased CD163 expression and decreased gene expression of matrix
metalloproteinase 2 in Mreg-polarized macrophages. These findings highlight the potential of PUFA
supplementations as an easy and safe method to improve the hMSC therapeutic potential.

Keywords: cell therapy; immunomodulation; polyunsaturated fatty acid; CD206; phagocytosis

1. Introduction

Mesenchymal stromal/stem cells (MSCs) show great promise in cell therapy, such as in the treatment
of graft-versus-host disease [1,2] and Crohn’s disease [3,4]. MSCs have diverse immunomodulatory
effects, which are mediated via cell-cell contact and secreted paracrine factors, such as extracellular
vesicles (EVs), tryptophan-degrading enzyme indoleamine-2,3-dioxygenase and lipid mediator
prostaglandin E2 (PGE2) [5–7]. MSCs are able to, e.g., inhibit the proliferation of T cells and promote
the generation of regulatory T cells [5,8]. Moreover, MSCs polarize macrophages toward a more
anti-inflammatory phenotype by increasing the expression of multiple cell surface markers, such as
CD206, and by enhancing their phagocytosis activity [9–12].
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A tight classification of macrophages into different subtypes is redundant due to their plastic
and rapidly changing phenotype giving rise to a heterogeneous population [13]. Yet for simplicity,
macrophages are typically classified into classically activated, proinflammatory M1 phenotype and
to wound healing, anti-inflammatory M2 phenotype. Regulatory macrophages (Mregs) represent an
immunoregulatory phenotype that produce anti-inflammatory cytokines, such as interleukin (IL)-10
and transforming growth factor β1 (TGF-β1), potently suppress T-cell function and promote regulatory
T-cell phenotype [14,15]. Interestingly, Mregs are also investigated as a potential adjunct therapy in
renal transplantations (clinicaltrials.gov: NCT02085629). Although the effects of MSCs on monocytes
and type M1 and M2 macrophages have been intensively studied, less is known about the effects
of MSCs on Mregs. In our previous study, we observed that human bone marrow-derived MSCs
(hBMSCs) and hBMSC-derived EVs (hBMSC-EVs) enhanced the anti-inflammatory phenotype of
Mregs [16]. Both hBMSC cell-cell contact and EVs decreased the production of IL-23 and IL-22,
which are up-regulated in inflammation and promote T helper 17 cell maintenance and proliferation,
respectively. The hBMSCs and EVs also increased the production of PGE2 [16], which is an essential
lipid mediator in MSC function and induces the MSC-mediated skewing of macrophages toward an
anti-inflammatory phenotype [11,17].

EVs are small (majority < 300 nm) lipid-bilayered particles secreted by cells through exocytosis
and membrane budding. EVs carry intracellular messages by transporting lipids, proteins, nucleic
acids, carbohydrates or their metabolites and can mediate immunological effects [18]. Intriguingly,
MSC-EVs are able to mediate the therapeutic response of MSCs and have been investigated in various
in vivo models, such as acute kidney injury [19], stroke [20,21] and sepsis [22]. Thus, MSC-EVs have
emerged as a cell-free therapeutic option for MSCs.

The immunomodulatory response of MSCs resembles the resolution of inflammation, the active
dampening phase of inflammation [23]. Lipid mediators, especially the specialized proresolving mediators
(SPMs) promote the resolution of inflammation [24] by, e.g., reducing neutrophil trafficking, increasing
macrophage polarization toward anti-inflammatory phenotype and macrophage efferocytosis of
apoptotic neutrophils. Polyunsaturated fatty acids (PUFAs), such as n-3 docosahexaenoic acid (DHA),
eicosapentaenoic acid (EPA) and n-6 arachidonic acid (AA) are precursors to lipid mediators [25].
DHA is a precursor to resolution-phase SPMs such as D-series resolvins, maresins and protectins and
EPA to E-series resolvins. AA is a precursor to proresolving lipoxins, but also for prostaglandins (PGs),
thromboxanes and leukotrienes with mainly proinflammatory functions.

We have previously demonstrated that the phospholipid, fatty acid and, importantly, lipid mediator
profiles of hBMSCs can be modified with the supplementation of PUFAs [26,27]. hBMSCs cannot
efficiently synthetize these long-chained PUFAs from n-6 and n-3 precursors rendering the PUFA
supplementation into the culture medium essential to ensure a sufficient level of precursors for lipid
mediator biosynthesis [26]. Interestingly, we also observed that PUFA supplementation to hBMSCs
caused the subsequent remodeling of the phospholipid membrane of hBMSC-EVs [27]. Furthermore,
EPA and DHA supplementation to murine MSCs increases their immunomodulatory capacity in
allergic asthma [28] and sepsis [29,30] models, highlighting the importance of PUFA modifications on
MSC immunomodulation.

In this study, we investigated the effect of hBMSC cell-cell contact and secretome on polarized
and activated Mregs. Moreover, we investigated the immunomodulatory effect of hBMSCs on
Mregs after DHA or AA supplementations, which alter the downstream lipid mediator profile of
hBMSCs. Our results demonstrate that the hBMSC secretome skewed macrophages toward a more
anti-inflammatory and proresolving phenotype. This effect was even more pronounced by the secretome
of DHA-modified hBMSCs. Strikingly, we show for the first time that the hBMSC secretome enhanced
the Candida albicans phagocytosis activity of macrophages by increasing the CD206 expression.

36



Cells 2020, 9, 2142

2. Materials and Methods

2.1. hBMSC Culture and PUFA Supplementation

The patient protocols of the hBMSC isolation were approved by the Ethical Committee of Northern
Ostrobothnia Hospital District (ethical approval number: Oulu University hospital EETTMK 21/2011).
The hBMSCs were collected from upper femur metaphysis of adult patients after receiving a written
informed consent and characterized as described previously [31]. The cells have been characterized
according to the guidelines of the International Society of Cell & Gene Therapy [32]. The cells
expressed typical MSC markers and lacked the expression of hematopoietic stem cell markers, and the
differentiation toward osteoblasts and adipocytes was also tested (data not shown). hBMSCs derived
from three donors were inspected in this study.

The cells were thawed, cultured [27] and PUFAs supplemented [26] as described previously.
In brief, the hBMSCs at confluence of 80–90% were supplemented with ethanol (purity ≥99.5%,
Altia Industrial, Rajamäki, Finland) as a control, DHA or AA (Cayman Chemical, Ann Arbor, MI,
USA) as bovine serum albumin (BSA, Merck, Darmstadt, Germany) conjugates. Prior to the PUFA
supplementation, the medium was changed to medium containing only 5% fetal bovine serum (FBS,
Thermo Fisher Scientific, Waltham, MA, USA) in contrast to 10% FBS in the proliferation medium.
The PUFAs dissolved in ethanol were added into 1.5 mM BSA-Dulbecco’s phosphate buffered saline
(DPBS, Thermo Fisher Scientific) solution, vortexed and immediately added to the cell culture medium.
The final PUFA concentration supplemented to the cells was 50 µM. After 24 h, hBMSCs were detached
and 50,000 cells/well were added into Mreg polarization assay.

2.2. Mreg Polarization Assay

The use of anonymized peripheral blood mononuclear cells (PBMCs) from blood donors in
research is in accordance with the rules of the Finnish Supervisory Authority for Welfare and Health
(Valvira, Helsinki, Finland). The layout of the assay is described in Figure 1 and macrophages derived
from six different donors were used in the assay. The Mregs were cultured as described in [16] with
certain changes. In brief, 2 × 106–4 × 106 PBMCs were plated on 12-well plates (Corning™ Costar™ flat
bottom, Thermo Fisher Scientific), incubated for 1–2 h and washed with DPBS. The attached monocytes
were incubated in 1.5 mL RPMI-1640 medium (Thermo Fisher Scientific) with 10% FBS (Merck),
GlutaMAX™ supplement (Thermo Fisher Scientific) and 5 ng/mL macrophage colony-stimulating
factor (M-CSF, PromoCell, Heidelberg, Germany) for 6 days at 37 ◦C, 5% CO2. This medium is referred
as polarization medium and macrophages obtained in these conditions are referred as Mreg-polarized
macrophages from here onwards. At day 6, the medium was changed into the polarization or activation
medium [polarization medium with 25 ng/mL interferon (IFN)-γ and 10 ng/mL lipopolysaccharide (LPS,
both from Merck)]. Macrophages cultured in the activation medium are referred as Mreg-activated
macrophages. The next day, 50,000 control-hBMSCs, DHA-hBMSCs or AA-hBMSCs were added to the
bottom of wells (referred as hBMSC cell-cell contact) or to inserts (Corning™ Transwell™, pore size
0.4 µm, Thermo Fisher Scientific) (referred as the hBMSC secretome).

≥

γ

 

Figure 1. The layout of macrophage polarization assay. Mreg, regulatory macrophage; hBMSC, human bone
marrow-derived mesenchymal stromal cell; DHA, docosahexaenoic acid; AA, arachidonic acid; M-CSF,
macrophage colony-stimulating factor; IFN, interferon; LPS, lipopolysaccharide.
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At day 10, the medium was centrifuged at 300× g for 15 min and the supernatant was snap frozen
and stored at −80 ◦C. The cells were washed with DPBS and either detached for flow cytometry with
0.75 µL 4 ◦C Macrophage Detachment Solution DFX (PromoCell) or scraped into 600 µL RLT lysis
buffer (Qiagen, Hilden, Germany) for quantitative polymerase chain reaction (QPCR). The RLT samples
were snap frozen and stored at −80 ◦C.

2.3. Determination of Cytokine Production

The medium samples were thawed on ice and analyzed with human tumor necrosis factor
(TNF)-α, IL-10 and IL-23 DuoSet enzyme-linked immunosorbent assays (ELISA) (all from R&D
Systems, Minneapolis, MN, USA) according to the manufacturer’s protocol. The absorbance was
measured with CLARIOstar® microplate reader (BMG Labtech, Ortenberg, Germany).

2.4. Macrophage Phenotyping with Real-Time Quantitative PCR

Only the macrophages with hBMSC secretome samples (hBMSCs cultured on an insert) were analyzed
with real-time QPCR, because cell-cell contact samples included both macrophages and hBMSCs. The RNA
was extracted using RNeasy Mini Kit (Qiagen) according to the manufacturer’s protocol. The concentration
and purity of RNA was measured with NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific).
RNA was converted to complementary DNA with High Capacity cDNA RT Kit (Thermo Fisher
Scientific). The gene expression was analyzed with real-time QPCR (CFX96™ Real-Time Systems and
C1000™ Thermal Cycler, Bio-Rad, Hercules, CA, USA) using TaqMan® Gene Expression assays and
TaqMan® Universal Master Mix II (Thermo Fisher Scientific). The following genes were analyzed:
TGFB1 (ID: Hs00998133_m1), MMP2 (ID: Hs01548727_m1), DHRS9 (ID: Hs00608375_m1), STAT3 (ID:
Hs00374280_m1) and STAT1 (ID: Hs01013996_m1). HPRT1 was used as the reference gene. Samples
were analyzed as duplicates and the results were analyzed with CFX Manager™ 3.0 (Bio-Rad) and
with the 2−∆∆Ct method using HPRT1 as the reference gene [33]. The relative gene expression levels are
expressed as log2 fold change relative to the Mreg-polarized or Mreg-activated macrophages cultured
without hBMSCs.

2.5. Macrophage Phenotyping with Flow Cytometry

The antibody staining was performed as described in Hyvärinen et al. (2018) using anti-human
antibodies PE-CF594-CD86 (clone 2331 FUN-1), APC-CD206 (clone 19.2), BV421-CD163 (clone GHI/61),
PerCP-Cy™5.5-CD90 (clone 5E10) (from BD Biosciences, San Diego, CA, USA), FITC-HLA-DR
(clone L243), BV 510™-CD274 (PD-L1, B7-H1, clone 29E.2A3), PE/Cy7-CD120b (TNFR2, clone 3G7A02)
(from BioLegend, San Diego, CA, USA) and PE-MERTK (clone HMER5DS, Thermo Fisher Scientific).
Cell viability was determined with LIVE/DEAD™ Fixable Near-IR Dead Cell Stain Kit (Thermo
Fisher Scientific). Data was acquired with BD FACSAria IIU (BD Biosciences) flow cytometer using
FACSDiva™ (v8.0.1, BD Biosciences) and analyzed with FlowJo® (v10, BD Biosciences). Gating strategy
and doublet discrimination is depicted in Figure S1. Fluorescence positive cells were determined by
using isotype controls and CD90 positive cells were excluded from the analysis (Figure S1). The results
are presented as median fluorescence intensity (MFI) and frequency of positive cells and as their
log2 fold change values relative to the Mreg-polarized or Mreg-activated macrophages cultured
without hBMSCs.

2.6. Yeast Heat-Inactivation and CFSE-Staining

Lyophilized C. albicans pellets (ATCC® 10231™, Microbiologics, Saint Cloud, MN, USA) were dissolved
in 1 mL NaCl Peptone Broth solution (Merck) for 30 min at 37 ◦C according to the manufacturer’s protocol.
The yeast solution was incubated for 1 h in 80 ◦C to kill the cells [34]. Yeast solution (1 × 107 cells/mL) was
stained with 2 µM carboxyfluorescein succinimidyl ester (CFSE, Thermo Fisher Scientific) for 15 min
at 37 ◦C. The stained yeast cells were washed with RPMI 1640 and centrifuged at 1000× g for 5 min.
The pellet was suspended with polarization medium at concentration of 5 × 106 cells/mL and filtered.
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The CFSE-stained C. albicans were stored o/n at 4 ◦C. The staining was verified with imaging flow
cytometry (Amnis® ImageStream®X Mark II, Luminex Corporation, Austin, TX, USA). The viability
of heat-killed yeast was tested by the absence of growth on agar plates after 48 h incubation at 37 ◦C.

2.7. Phagocytosis Assay with Imaging Flow Cytometry

Polarized macrophages were cultured with control-hBMSCs on inserts as described above.
Macrophages derived from five different donors were employed in the phagocytosis assay. On day
10, the hBMSC inserts were removed and the medium was replaced with 1 mL polarization medium
containing heat-killed CFSE-stained C. albicans at low (5 × 105 cells/well) or high (1.25 × 106 cells/well)
concentration. The plates were centrifuged at 30× g for 1 min to synchronize the phagocytosis in all
wells and incubated for 45 min at 37 ◦C, 5% CO2. The cells were washed with DPBS, detached, stained
with PE-CF594-CD86 and APC-CD206 and analyzed with imaging flow cytometry.

Amnis® ImageStream®X Mark II 12-channel imaging flow cytometer with the software INSPIRE®

(Luminex Corporation) was used for data collection and analysis. Acquisition settings were as follows:
Excitation lasers 405 (off), 488 (15 mW), 642 (150 mW) and 785 (6.75 mW) were applied for the excitation
of fluorochromes and laser Channels (Ch) 01 and Ch09 (bright field, BF), Ch06 (scattering channel,
SSC), plus fluorescence channels Ch02, Ch04 and Ch11 were activated for signal detection.

All acquisition settings were the same in all experiments. Single cells were separated from debris
and aggregates in the BF channel using the IDEAS features aspect ratio and area. Samples were
acquired at 60×magnification with low flow rate/high sensitivity. At least 2000 events of gated single
cells for each sample were collected. Single color controls were used to create a compensation matrix.
Unlabeled cells and isotype control samples were used to determine the auto fluorescence and the
non-specific background.

Compensated data files were analyzed using algorithms available in the IDEAS® analysis software
(v6.2.188.0). Positive events were gated based on cell morphology and the intensity values of each
fluorescence channel and cell BF images (Figure S2). Gating and compensation values were used as
analysis template for all experimental files. This batch processing of all files assured the comparisons
of each experiment with the other.

2.8. Statistical Analysis

Non-parametric tests were performed due to the non-normal distribution of parameters.
The results are expressed as medians with interquartile ranges (IQR). Pairwise statistical testing was
conducted with Wilcoxon signed rank test. Groupwise statistical testing was conducted with Kruskal-
Wallis rank sum test and post hoc pairwise comparisons using Dunn’s test for multiple comparisons
with Mreg-polarized or Mreg-activated macrophages cultured without hBMSCs. All statistical tests
were conducted with R version 3.5.1 and the PMCMR package [35,36] and p-value < 0.05 was
considered significant.

3. Results

3.1. Phenotype of Polarized and Activated Macrophages

The phenotypes of macrophages were determined by flow cytometry using markers for T-cell
activation costimulatory molecule CD86, major histocompatibility complex class II cell surface receptor
human leukocyte antigen (HLA)-DR, mannose receptor CD206, scavenger receptor CD163, programmed
death-ligand 1 (PD-L1, also known as CD274), tumor necrosis factor receptor 2 (TNFR2) and Mer
receptor tyrosine kinase (MerTK) (Tables S1 and S2). hBMSCs were excluded using CD90 labeling
and were detectable only in the samples with hBMSC cell-cell contact (Figure S1). The median
frequency of dead cells of Mreg-polarized macrophages was 1.6% (IQR 2.5) and 1.9% (IQR 5.4) for
Mreg-activated macrophages.
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The phenotype of Mreg-polarized macrophages is shown in Tables S1 and S2. We observed
considerable donor-specific variation in response to Mreg polarization conditions and subsequently
in the expression of phenotype markers between different buffy coat donors. Approximately, 78% of
these macrophages were positive for CD86, 99.7% for HLA-DR, 35% for CD206, 6% for CD163, 59% for
PD-L1 and <1% for both TNFR2 and MerTK. The phenotype of Mreg-activated macrophages (mature
Mregs) was similar to that of Mreg-polarized macrophages (Tables S1 and S2). Approximately 97% of
the activated macrophages were positive for CD86, 99.9% for HLA-DR, 23% for CD206, <1% for CD163,
92% for PD-L1, negative for TNFR2 and <1% for MerTK. In general, the expression levels of phenotype
markers were similar between the two macrophage types, but the Mreg-activated macrophages had a
higher frequency of CD86+ (pairwise Wilcoxon signed rank test, p = 0.031) and PD-L1+ cells (p = 0.031)
than Mreg-polarized macrophages.

Both macrophage types produced TNF-α and IL-10 (Table 1). The production of TNF-α increased
in Mreg-activated macrophages compared with Mreg-polarized macrophages (pairwise Wilcoxon
signed rank test, p = 0.031) while the production of IL-10 remained at similar levels. The production of
IL-23 was negligible. The donor-specific variation was high in the cytokine production.

Both Mreg-polarized and Mreg-activated macrophages expressed TGF-β1, matrix metalloproteinase
(MMP)-2, human Mreg marker dehydrogenase/reductase 9 (DHRS9) [15], signal transducer and
activator of transcription (STAT)3 and STAT1, determined with QPCR. There were no statistically
significant differences in gene expression between the two macrophage types (not shown). Expression
was, again, variable depending on the donor.

3.2. hBMSC Secretome Skews Mreg-Polarized and Mreg-Activated Macrophages toward an Anti-Inflammatory
and Proresolving Phenotype

The phenotype of both Mreg-polarized and Mreg-activated macrophages was modified especially
by the hBMSCs secretome. The effect of hBMSC cell-cell contact and secretome on the cell surface
protein expression of Mreg-polarized macrophages is shown in Figure 2 and Tables S1 and S2. Strikingly,
the hBMSC secretome increased the log2 fold change of both CD206 MFI (Kruskal-Wallis test with all
hBMSC conditions, p < 0.001; post hoc test p-values are described in Figure 2) and frequency of CD206+
cells (p = 0.002) regardless of the PUFA supplementation. The secretome of control- and DHA-hBMSCs
elevated also the log2 fold change of PD-L1 MFI (p < 0.001) and DHA-hBMSCs the log2 fold change of
CD163 MFI (p = 0.039), but the effect was donor-dependent. Interestingly, hBMSC cell-cell contact with
all PUFA modifications decreased the log2 fold change of HLA-DR MFI (p = 0.001).

The effect of hBMSC cell-cell contact and secretome on the cell surface protein expression of
Mreg-activated macrophages is shown in Figure 3 and Tables S1 and S2. Similar to Mreg-polarized
macrophages, the log2 fold change of CD206 MFI and the frequency of CD206+ cells increased in the
Mreg-activated macrophages by the secretome of hBMSCs with all PUFA modifications (Kruskal-Wallis
test of all hBMSC conditions p < 0.001; post hoc test p-values are described in Figure 3) and with AA
supplementation (p < 0.001), respectively. Moreover, the secretome elevated the log2 fold change
frequency of MerTK+ cells regardless of the PUFA supplementation (p = 0.014). The expression was
still low (<15% positive cells) and the increase was variable between donors. The cell-cell contact had
an effect on only the log2 fold change frequency of HLA-DR+ cells, which was slightly decreased
regardless of the PUFA modification (p < 0.001). The most drastic change in both Mreg-polarized
and Mreg-activated macrophages was the elevated CD206 expression, which is depicted in Figure 4
(presenting the CD206 data in more detail without the log2 fold change values).
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Figure 4. The secretome of hBMSCs increases the expression of CD206. (A) The upper panel describes
the results of Mreg-polarized macrophages and (B) the lower panel the results of Mreg-activated
macrophages. The median fluorescence intensities (MFI, left panel) and frequencies of positive cells
(middle panel) were determined with flow cytometry. The representative histograms are presented
on the right. The differences among groups were determined with Kruskal-Wallis rank sum test and
post hoc using Dunn’s test. These results are also described as log2 fold changes in Figures 2 and 3.
The results are expressed as medians with interquartile ranges; n = 6 biological replicates. Ctrl, control;
DHA, docosahexaenoic acid; AA, arachidonic acid.

The hBMSCs had no effect on the cytokine production in this experimental setting (Table 1). In the
coculture with Mreg-polarized macrophages, the production of IL-23 increased in by the cell-cell
contact of control-hBMSCs (Kruskal-Wallis test p = 0.015; post hoc Dunn’s test, p = 0.002); however,
the production of IL-23 was at the detection limit and this result should be interpreted with caution.
The expression of most genes investigated remained unaltered by the hBMSC secretome (Figure 5).
Nevertheless, DHA-hBMSCs resulted in a decreased MMP-2 gene expression in the Mreg-polarized
macrophages (Kruskal-Wallis test p = 0.031; post hoc Dunn’s test, p = 0.007) and AA-hBMSCs caused a
similar trend. There was also a trend of increased gene expression of the Mreg marker DHRS9 in DHA
and AA-hBMSCs coculture.

3.3. Phagocytosis Assay

The C. albicans phagocytosis activity of Mreg-polarized macrophages was assessed with/without
hBMSCs secretome and the results analyzed with imaging flow cytometry (Figure 6). The macrophages
elicited a donor-dependent CD86 and CD206 expression. In contrast to the previous results, hBMSC
secretome did not increase the CD206 expression in all of the macrophages derived from different
PBMC donors (non-responders n = 2, Figure S3). However, in three cases, the CD206 increased by 1.9
to 4.2 fold when compared with the non-responders, which elicited a 0.7 to 0.8-fold decrease in the
CD206 expression. The results of the CD206 responders are reported in Figure 6. In the responders,
the phagocytosis of low concentration (5 × 105 cells/well) C. albicans increased by 1.6 to 5.8 fold in
the hBMSC secretome group when compared with Mreg-polarized macrophages alone. In general,
the levels of ingested C. albicans were higher in the high concentration (1.25 × 106 cells/well) group and
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the phagocytosis increased by 1.2 to 3.1-fold in the hBMSC secretome group when compared with
Mreg-polarized macrophages alone.

 

Figure 5. The effect of hBMSC secretome on the gene expression of Mreg-polarized and Mreg-activated
macrophages. The gene expression of macrophage phenotype markers was investigated with QPCR.
The effect of hBMSCs on (A) Mreg-polarized and (B) Mreg-activated macrophages is visualized with
log2 fold changes calculated against macrophages cultured without hBMSCs (represented by the zero
line) for each individual donor. The differences among groups were determined with Kruskal-Wallis
rank sum test and post hoc using Dunn’s test. The results are expressed as medians with interquartile
ranges; n = 4 biological replicates. Ctrl, control; DHA, docosahexaenoic acid; AA, arachidonic acid.
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Figure 6. hBMSC secretome improves the C. albicans phagocytosis activity of Mreg-polarized
macrophages in a CD206-mediated manner. (A) The frequency of CD86 and CD206 positive cells and
the phagocytosis of CFSE-stained C. albicans were determined with imaging flow cytometry, n = 3
biological replicates. (B) A representative imaging flow cytometry image of a macrophage that has
phagocytosed C. albicans. Low C. albicans concentration, 5 × 105 cells/well; high C. albicans concentration,
1.25 × 106 cells/well; CFSE, CFSE-stained C. albicans.

4. Discussion

We investigated the effect of hBMSC cell-cell contact and secretome to the phenotype of
immunoregulatory macrophages, which were either polarized (Mreg-polarized) or polarized and
activated (Mreg-activated) toward Mreg phenotype. Moreover, we supplemented hBMSCs with
PUFAs DHA or AA prior to the macrophage coculture to elucidate if PUFAs induced changes in
the immunomodulatory capacity of hBMSCs. The hBMSC secretome increased the expression of
anti-inflammatory and proresolving phenotype markers in both macrophage types with all hBMSC
modifications (control, DHA and AA). In particular, we observed a substantial increase in the CD206
expression. Furthermore, the hBMSC secretome increased donor-dependently the phagocytosis activity
of Mreg-polarized macrophages in C. albicans phagocytosis assay, a result which was associated with
the increased CD206 expression. Intriguingly, the DHA-supplemented hBMSCs induced the most
prominent anti-inflammatory changes in Mreg-polarized macrophages while AA supplementation
had only a slight effect.

Our aim was to study macrophages both in a more naïve stage (Mreg-polarized macrophages)
and as mature Mregs (Mreg-activated macrophages) [37] in order to elucidate the effect of hBMSCs on
macrophages at different polarization stages. The phenotypes of these two macrophage types were
similar, but the Mreg-activated macrophages manifested a more classically activated phenotype with
increased expression of CD86 and PD-L1. Moreover, the Mreg-activated macrophages produced more
TNF-α than Mreg-polarized macrophages as expected due to Toll-like receptor engagement by LPS.

Previously, we demonstrated that hBMSC cell-cell contact and hBMSC-EVs enhanced the
anti-inflammatory properties of mature Mregs by decreasing the production of IL-23 and IL-22
and increasing the PGE2 production [16]. In the current study, we did not detect a decrease in
the IL-23 production, which was very low when measured with ELISA (previously analyzed with
ProcartaPlex Immunoassay), but we observed other anti-inflammatory effects of hBMSCs on these
immunoregulatory macrophages. Additionally, the experimental setup and the markers investigated
of these two studies were slightly different.
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The hBMSC secretome enhanced the anti-inflammatory properties of both Mreg-polarized and
Mreg-activated macrophages especially by increasing the CD206 expression. CD206, also known as
mannose receptor, is a pattern recognition receptor, which binds to the glycan structures on microbes [38].
Previous studies have shown that human MSC cell-cell contact or secretome can increase the expression
of CD206 and overall anti-inflammatory properties of monocytes or M1 macrophages [9,11]. Moreover,
human MSC-derived EVs can increase the CD206 and anti-inflammatory properties of murine
macrophages [39]. The secretome consists of secreted cytokines, lipid mediators and other molecules
and also includes EVs. Thus, our results with macrophages polarized toward Mregs are in agreement
with previous studies investigating monocytes or other macrophage subtypes and CD206 expression.
In our preceding study with Mregs, we did not observe an increase in the CD206 expression with
hBMSC-EV addition [16]; however, the experimental settings of our two studies are not directly
comparable. Previously, the EVs added to Mregs were derived from unstimulated hBMSCs and given
in two doses. In the current study, the hBMSCs produced the EVs and additional soluble factors
constantly in a stimulated environment with macrophage coculture.

Next, we investigated if the increased CD206 expression translated to an increased phagocytosis
activity of yeast C. albicans by Mreg-polarized macrophages in the presence of hBMSC secretome.
The cell surface of C. albicans is covered in terminal mannose residues that are recognized by CD206 of
macrophages [38,40]. Interestingly, when the hBMSC secretome increased the CD206 expression in the
responder macrophages, the phagocytosis of C. albicans was also increased indicating an association
between these two hBMSC secretome-mediated phenomena. The effect was PBMC donor-dependent,
because the donors responded to the polarization and hBMSC secretome differently. Both human and
murine MSCs have been shown to induce the phagocytosis of macrophages in various assays [10,12,41]
but to our knowledge this is the first study showing that MSCs induce the phagocytosis of C. albicans.
One of the key aspects in the resolution of inflammation is the clearance of pathogens and apoptotic
cells via phagocytosis and efferocytosis [24]. Phagocytosing macrophages become more prevalent
during resolution of inflammation when the cell debris and microbes are cleared away in order to
achieve homeostasis [24] emphasizing the ability of hBMSC secretome to promote the proresolving
phenotype of macrophages.

In addition to CD206, the PD-L1 expression increased by the hBMSC secretome in Mreg-polarized
macrophages. When PD-L1 binds to its receptor, a co-inhibitory receptor programmed death 1 (PD-1),
T-cell activation and proliferation are inhibited and the immune response is attenuated [42]. PD-L1 is
expressed on the surface of proresolving macrophages [43], which indicates that the hBMSC secretome
skews the macrophage phenotype in an anti-inflammatory direction. Supporting our results, MSCs have
been shown to increase the PD-L1 expression in M2-type macrophages [10].

Strikingly, in Mreg-activated macrophages, the hBMSC secretome increased the expression of
MerTK, which was generally negative in the cells. The different PBMC donors; however, responded
in a different manner. MerTK is a marker of anti-fibrotic M2c macrophages [44], it is important in
the clearance of apoptotic cells [45] and induces SPM production in macrophages [46]. Interestingly,
EVs from cardiosphere-derived cells are able to increase the MerTK expression of macrophages via the
transfer of microRNA-26a [47], which may indicate that the EVs in the hBMSC secretome are mediating
the increased MerTK expression. It has been well established that EVs mediate a large proportion of
the immunomodulatory effects of MSCs [48]. Although we did not examine the effect of EVs alone,
we can hypothesize that observed anti-inflammatory and proresolving effects of hBMSC secretome
were at least in part mediated by the EV fraction.

The secretome of hBMSCs had a larger impact on the phenotype of macrophages than the hBMSC
cell-cell contact. Mainly, the cell-cell contact lowered the HLA-DR expression of Mreg-polarized and,
to a certain extent, Mreg-activated macrophages. HLA-DR is a proinflammatory marker and is involved
in the T-cell activation via antigen presentation. In agreement with our result, human MSCs can
diminish the HLA-DR expression of macrophages and monocytes [49,50] indicating that the hBMSC
cell-cell contact also rendered the macrophage phenotype more anti-inflammatory.
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The PUFA supplementation of hBMSCs prior the coculture with macrophages resulted in a
more pronounced anti-inflammatory phenotype of Mregs. In particular, the secretome of DHA-
hBMSCs increased the CD163 expression and decreased the gene expression of gelatinase MMP-2 in
Mreg-polarized macrophages while control- or AA-hBMSCs had no effect. CD163 is a hemoglobin
scavenger receptor inducing an anti-inflammatory response and its increased expression is one
of the major changes in the macrophage switch to alternatively activated phenotype [51]. On the
other hand, M1 macrophages secrete MMP-2 to induce the degradation of extracellular matrix and
recruitment of inflammatory cells to the site of tissue injury [52]. Previous studies have shown that
MSCs are able to decrease the gene expression of MMP-2 of macrophages in vitro [53] and in vivo [54]
corroborating with our results. The secretome of AA-hBMSCs did not have a significant effect on
the PD-L1 expression in Mreg-polarized macrophages while control and DHA-hBMSCs increased
this expression. This result hints that AA supplementation could lower the immunosuppressive
properties of hBMSCs, because PD-L1 is important in suppressing the T-cell mediated immune
response [42]. Contrastingly, the increase in CD206 expression in Mreg-activated macrophages was the
most prominent with AA-hBMSC secretome.

Previous in vivo studies have reported that EPA-supplemented murine MSCs had superior
therapeutic potential when compared with control MSCs [28,30]. Moreover, DHA-supplemented
murine MSCs increased the survival in an in vivo sepsis model when compared with AA-supplemented
MSCs [29]. In this study, we observed more prominent anti-inflammatory changes in Mregs with
DHA-hBMSCs than with control or AA-hBMSCs; however, the effect was visible in only two phenotype
markers. The lack of a substantial effect of PUFA supplementation to hBMSC immunomodulation in
this in vitro assay may be due to different reasons. Firstly, the PUFA remodeling of hBMSC membranes
takes place relatively quickly, beginning already after 2 h after PUFA supplementation and leading
into prominent remodeling after 24 h [27]. In the current in vitro setting, the medium in the 3-day
macrophage-hBMSC culture contained 10% FBS. Even though this FBS most likely has modified the
cell membranes of hBMSCs and lowered the PUFA content of the membranes, we hypothesized that
the initial modifications in the hBMSC membranes would suffice to induce profound changes already
at the beginning of the coculture. This hypothesis is supported by the studies, where the EPA- and
DHA-supplemented MSCs demonstrated improved therapeutic potential [28–30], even though the cell
membranes of these cells would most likely be remodeled in vivo.

Additionally, our in vitro setting focused on changes in polarized and activated Mregs and
DHA and AA supplementation. Although limited in this experimental setting, PUFA modifications
could still have an impact in hBMSC immunomodulatory properties in other immunological settings.
Moreover, EPA supplementation has been shown to be beneficial for MSC immunomodulation [28,30].
EPA is the precursor to PGE3, which is less proinflammatory than PGE2 [55] and could be one of the
underlying reasons for the pronounced effect of EPA supplementation to MSC immunomodulation.
Thus, the effects of PUFA-modified hBMSCs call for further investigations. If PUFA supplementations
of MSCs prove out to be beneficial, these supplementations represent an easy and safe way to improve
the therapeutic response of MSCs.

The macrophage assays were conducted with primary human PBMCs from individual donors.
We acknowledge the challenges of using primary PBMC-derived macrophages as a model due to their
high plasticity and variability in responding to cytokines and activation. However, by employing
primary human cells, we achieve a more realistic setting than by the use of cell lines, representing
a more physiologically accurate situation and acknowledging the varying responses of the patients
in the clinic. Indeed, the magnitude of the response to different assay conditions and subsequently,
the phenotypes of macrophages derived from individual donors were variable. The hBMSC secretome
induced prominent differences in Mreg-polarized and Mreg-activated macrophages. Some of the
changes in phenotype markers, as in CD206, were clear in all individual donors by the hBMSC
secretome highlighting the significance of this finding. It is also noteworthy that although some of
the effects were small, all of the changes skewed macrophages toward an anti-inflammatory and
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proresolving direction. Moreover, we investigated the effects of hBMSCs derived from three different
donors to multiple buffy coat derived PBMCs, which enhances the robustness of our findings.

To conclude, our results demonstrate that the hBMSC secretome can modify macrophages toward
immunoregulatory and proresolving phenotype, especially by increasing CD206, PD-L1 and MerTK
expression. Moreover, by increasing the CD206 expression, the secretome increased the C. albicans

phagocytosis activity of Mreg-polarized macrophages. According to our hypothesis, hBMSCs skew
macrophages toward a proresolving phenotype that facilitate wound healing and restore homeostasis.
Interestingly, DHA-hBMSCs also increased the expression of CD163 and decreased the gene expression
of MMP-2 in Mreg-polarized macrophages indicating that the DHA modifications have an impact
on the immunomodulatory properties of hBMSCs. These findings highlight the potential of PUFA
supplementations as an easy and safe method to improve the hBMSC therapeutic potential.
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secretome on the median fluorescence intensity of phenotype markers on Mreg-polarized and Mreg-activated
macrophages, Table S2: Effect of hBMSC cell-cell contact and secretome on the frequency of positive cells of
phenotype markers on Mreg-polarized and Mreg-activated macrophages.

Author Contributions: Conceptualization, M.H., S.L. and E.K.; Data curation, M.H. and U.I.; Formal analysis,
M.H. and U.I.; Funding acquisition, M.H. and S.L.; Investigation, M.H., S.L. and E.L.; Methodology, U.I.; Resources,
P.L. and S.L.; Supervision, S.L. and E.K.; Visualization, M.H.; Writing—original draft, M.H.; Writing—review &
editing, M.H., U.I., P.L, S.L. and E.K. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by Finnish Cultural Foundation (M.H.) and Clinical State Research Funding
[EVO/ VTR grant, Finland] (M.H.).

Acknowledgments: We thank Kati Hyvärinen, Lindsay Davies and Kaarina Lähteenmäki for helpful advice in
designing the experiments. We also thank Birgitta Rantala, Lotta Andersson and Lotta Sankkila for excellent
technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Salmenniemi, U.; Itälä-Remes, M.; Nystedt, J.; Putkonen, M.; Niittyvuopio, R.; Vettenranta, K.; Korhonen, M.
Good responses but high TRM in adult patients after MSC therapy for GvHD. Bone Marrow Transplant. 2017,
52, 606–608. [CrossRef] [PubMed]

2. Kurtzberg, J.; Abdel-Azim, H.; Carpenter, P.; Chaudhury, S.; Horn, B.; Mahadeo, K.; Nemecek, E.; Neudorf, S.;
Prasad, V.; Prockop, S.; et al. A Phase 3, single-arm, prospective study of Remestemcel-L, ex vivo
culture-expanded adult human mesenchymal stromal cells for the treatment of pediatric patients who failed
to respond to steroid treatment for acute graft-versus-host disease. Biol. Blood Marrow Transplant. 2020, 26,
845–854. [CrossRef]

3. Herreros, M.D.; Garcia-Arranz, M.; Guadalajara, H.; De-La-Quintana, P.; Garcia-Olmo, D. Autologous
expanded adipose-derived stem cells for the treatment of complex cryptoglandular perianal fistulas: A phase
III randomized clinical trial (FATT 1: Fistula advanced therapy trial 1) and long-term evaluation. Dis. Colon

Rectum 2012, 55, 762–772. [CrossRef] [PubMed]
4. Panés, J.; García-Olmo, D.; Van Assche, G.; Colombel, J.F.; Reinisch, W.; Baumgart, D.C.; Dignass, A.;

Nachury, M.; Ferrante, M.; Kazemi-Shirazi, L.; et al. Expanded allogeneic adipose-derived mesenchymal
stem cells (Cx601) for complex perianal fistulas in Crohn’s disease: A phase 3 randomised, double-blind
controlled trial. Lancet 2016, 388, 1281–1290. [CrossRef]

5. Aggarwal, S.; Pittenger, M.F. Human mesenchymal stem cells modulate allogeneic immune cell responses.
Transplantation 2005, 105, 1815–1822. [CrossRef] [PubMed]

6. Meisel, R.; Zibert, A.; Laryea, M.; Göbel, U.; Däubener, W.; Dilloo, D. Human bone marrow stromal cells
inhibit allogeneic T-cell responses by indoleamine 2,3-dioxygenase–mediated tryptophan degradation. Blood

2004, 103, 4619–4621. [CrossRef]
7. Zhang, B.; Yin, Y.; Lai, R.C.; Tan, S.S.; Choo, A.B.H.; Lim, S.K. Mesenchymal stem cells secrete immunologically

active exosomes. Stem Cells Dev. 2014, 23, 1233–1244. [CrossRef]

49



Cells 2020, 9, 2142

8. Di Nicola, M.; Carlo-Stella, C.; Magni, M.; Milanesi, M.; Longoni, P.D.; Grisanti, S.; Gianni, A.M.; Matteucci, P.;
Di Nicola, M.; Carlo-Stella, C.; et al. Human bone marrow stromal cells suppress T-lymphocyte proliferation
induced by cellular or nonspecific mitogenic stimuli. Blood 2002, 99, 3838–3843. [CrossRef]

9. Kim, J.; Hematti, P. Mesenchymal stem cell-educated macrophages: A novel type of alternatively activated
macrophages. Exp. Hematol. 2009, 37, 1445–1453. [CrossRef]

10. Abumaree, M.H.; Al Jumah, M.A.; Kalionis, B.; Jawdat, D.; Al Khaldi, A.; Abomaray, F.M.; Fatani, A.S.;
Chamley, L.W.; Knawy, B.A. Human placental mesenchymal stem cells (pMSCs) play a role as immune
suppressive cells by shifting macrophage differentiation from inflammatory M1 to anti-inflammatory M2
Macrophages. Stem Cell Rev. Rep. 2013, 9, 620–641. [CrossRef]

11. Chiossone, L.; Conte, R.; Spaggiari, G.M.; Serra, M.; Romei, C.; Bellora, F.; Becchetti, F.; Andaloro, A.;
Moretta, L.; Bottino, C. Mesenchymal stromal cells induce peculiar alternatively activated macrophages
capable of dampening both innate and adaptive immune responses. Stem Cells 2016, 34, 1909–1921. [CrossRef]
[PubMed]

12. Jackson, M.V.; Morrison, T.J.; Doherty, D.F.; McAuley, D.F.; Matthay, M.A.; Kissenpfennig, A.; O’Kane, C.M.;
Krasnodembskaya, A.D. Mitochondrial transfer via tunneling nanotubes is an important mechanism by
which mesenchymal stem cells enhance macrophage phagocytosis in the in vitro and in vivo models of
ARDS. Stem Cells 2016, 34, 2210–2223. [CrossRef] [PubMed]

13. Murray, P.J.; Allen, J.E.; Biswas, S.K.; Fisher, E.A.; Gilroy, D.W.; Goerdt, S.; Gordon, S.; Hamilton, J.A.;
Ivashkiv, L.B.; Lawrence, T.; et al. Macrophage activation and polarization: Nomenclature and experimental
guidelines. Immunity 2014, 41, 14–20. [CrossRef]

14. Broichhausen, C.; Riquelme, P.; Geissler, E.K.; Hutchinson, J.A. Regulatory macrophages as therapeutic
targets and therapeutic agents in solid organ transplantation. Curr. Opin. Organ Transplant. 2012, 17, 332–342.
[CrossRef]

15. Riquelme, P.; Amodio, G.; Macedo, C.; Moreau, A.; Obermajer, N.; Brochhausen, C.; Ahrens, N.; Kekarainen, T.;
Fändrich, F.; Cuturi, C.; et al. DHRS9 is a stable marker of human regulatory macrophages. Transplantation

2017, 101, 2731–2738. [CrossRef]
16. Hyvärinen, K.; Holopainen, M.; Skirdenko, V.; Ruhanen, H.; Lehenkari, P.; Korhonen, M.; Käkelä, R.;

Laitinen, S.; Kerkelä, E. Mesenchymal stromal cells and their extracellular vesicles enhance the
anti-inflammatory phenotype of regulatory macrophages by downregulating the production of interleukin
(IL)-23 and IL-22. Front. Immunol. 2018, 9, 771. [CrossRef] [PubMed]

17. Ylöstalo, J.H.; Bartosh, T.J.; Coble, K.; Prockop, D.J. Human mesenchymal stem/stromal cells cultured
as spheroids are self-activated to produce prostaglandin E2 that directs stimulated macrophages into an
anti-inflammatory phenotype. Stem Cells 2012, 30, 2283–2296. [CrossRef] [PubMed]

18. Van Niel, G.; D’Angelo, G.; Raposo, G. Shedding light on the cell biology of extracellular vesicles. Nat. Rev.

Mol. Cell Biol. 2018, 19, 213–228. [CrossRef] [PubMed]
19. Bruno, S.; Grange, C.; Deregibus, M.C.; Calogero, R.A.; Saviozzi, S.; Collino, F.; Morando, L.; Busca, A.;

Falda, M.; Bussolati, B.; et al. Mesenchymal stem cell-derived microvesicles protect against acute tubular
injury. J. Am. Soc. Nephrol. 2009, 20, 1053–1067. [CrossRef] [PubMed]

20. Xin, H.; Li, Y.; Cui, Y.; Yang, J.J.; Zhang, Z.G.; Chopp, M. Systemic administration of exosomes released from
mesenchymal stromal cells promote functional recovery and neurovascular plasticity after stroke in rats.
J. Cereb. Blood Flow Metab. 2013, 33, 1711–1715. [CrossRef]

21. Doeppner, T.R.; Herz, J.; Görgens, A.; Schlechter, J.; Ludwig, A.-K.; Radtke, S.; De Miroschedji, K.; Horn, P.A.;
Giebel, B.; Hermann, D.M. Extracellular vesicles improve post-stroke neuroregeneration and prevent
postischemic immunosuppression. Stem Cells Transl. Med. 2015, 4, 1131–1143. [CrossRef] [PubMed]

22. Wang, X.; Gu, H.; Qin, D.; Yang, L.; Huang, W.; Essandoh, K.; Wang, Y.; Caldwell, C.C.; Peng, T.; Zingarelli, B.;
et al. Exosomal miR-223 contributes to mesenchymal stem cell-elicited cardioprotection in polymicrobial
sepsis. Sci. Rep. 2015, 5, 13721. [CrossRef] [PubMed]

23. English, K. Mechanisms of mesenchymal stromal cell immunomodulation. Immunol. Cell Biol. 2013, 91,
19–26. [CrossRef] [PubMed]

24. Buckley, C.D.; Gilroy, D.W.; Serhan, C.N. Proresolving lipid mediators and mechanisms in the resolution of
acute inflammation. Immunity 2014, 40, 315–327. [CrossRef] [PubMed]

25. Serhan, C.N.; Petasis, N.A. Resolvins and protectins in inflammation resolution. Chem. Rev. 2011, 111,
5922–5943. [CrossRef] [PubMed]

50



Cells 2020, 9, 2142

26. Tigistu-Sahle, F.; Lampinen, M.; Kilpinen, L.; Holopainen, M.; Lehenkari, P.; Laitinen, S.; Käkelä, R.
Metabolism and phospholipid assembly of polyunsaturated fatty acids in human bone marrow mesenchymal
stromal cells. J. Lipid Res. 2017, 58, 92–110. [CrossRef]

27. Holopainen, M.; Colas, R.A.; Valkonen, S.; Tigistu-sahle, F.; Hyvärinen, K.; Mazzacuva, F.; Lehenkari, P.;
Käkelä, R.; Dalli, J.; Kerkelä, E.; et al. Polyunsaturated fatty acids modify the extracellular vesicle membranes
and increase the production of proresolving lipid mediators of human mesenchymal stromal cells. BBA Mol.

Cell Biol. Lipids 2019, 1864, 1350–1362. [CrossRef]
28. Abreu, S.C.; Lopes-Pacheco, M.; Silva, A.L.; Xisto, D.G.; Oliveira, T.B.; Kitoko, J.Z.; Castro, L.L.; Amorim, N.R.;

Martins, V.; Silva, L.H.A.; et al. Eicosapentaenoic acid enhances the effects of mesenchymal stromal cell
therapy in experimental allergic asthma. Front. Immunol. 2018, 9, 1147. [CrossRef]

29. Tsoyi, K.; Hall, S.R.R.; Dalli, J.; Colas, R.A.; Ghanta, S.; Ith, B.; Coronata, A.; Fredenburgh, L.E.; Baron, R.M.;
Choi, A.M.K.; et al. Carbon monoxide improves efficacy of mesenchymal stromal cells during sepsis by
production of specialized proresolving lipid mediators. Crit. Care Med. 2016, 44, e1236–e1245. [CrossRef]

30. Silva, J.D.; Lopes-Pacheco, M.; De Castro, L.L.; Kitoko, J.Z.; Trivelin, S.A.; Amorim, N.R.; Capelozzi, V.L.;
Morales, M.M.; Gutfilen, B.; De Souza, S.A.L.; et al. Eicosapentaenoic acid potentiates the therapeutic effects
of adipose tissue-derived mesenchymal stromal cells on lung and distal organ injury in experimental sepsis.
Stem Cell Res. Ther. 2019, 10, 264. [CrossRef]

31. Leskelä, H.V.; Risteli, J.; Niskanen, S.; Koivunen, J.; Ivaska, K.K.; Lehenkari, P. Osteoblast recruitment from
stem cells does not decrease by age at late adulthood. Biochem. Biophys. Res. Commun. 2003, 311, 1008–1013.
[CrossRef] [PubMed]

32. Dominici, M.; Le Blanc, K.; Mueller, I.; Slaper-Cortenbach, I.; Marini, F.C.; Krause, D.S.; Deans, R.J.;
Keating, A.; Prockop, D.J.; Horwitz, E.M. Minimal criteria for defining multipotent mesenchymal stromal
cells. The International Society for Cellular Therapy position statement. Cytotherapy 2006, 8, 315–317.
[CrossRef] [PubMed]

33. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and
the 2-∆∆CT method. Methods 2001, 25, 402–408. [CrossRef] [PubMed]

34. Diez-Orejas, R.; Feito, M.J.; Cicuéndez, M.; Rojo, J.M.; Portolés, M.T. Differential effects of graphene oxide
nanosheets on Candida albicans phagocytosis by murine peritoneal macrophages. J. Colloid Interface Sci.

2018, 512, 665–673. [CrossRef] [PubMed]
35. Pohlert, T. The Pairwise Multiple Comparison of Mean Ranks Package (PMCMR). Available online: https:

//CRAN.R-project.org/package=PMCMR (accessed on 21 September 2020).
36. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing:

Vienna, Austria, 2018.
37. Hutchinson, J.A.; Riquelme, P.; Geissler, E.K.; Fändrich, F. Human regulatory macrophages. Methods Mol. Biol.

2011, 677, 181–192.
38. Stahl, P.D.; Ezekowitz, R.A.B. The mannose receptor is a pattern recognition receptor involved in host defense.

Curr. Opin. Immunol. 1998, 10, 50–55. [CrossRef]
39. Lo Sicco, C.; Reverberi, D.; Balbi, C.; Ulivi, V.; Princepi, E.; Pascucci, L.; Berherini, P.; Bosco, M.C.; Varesio, L.;

Franzin, C.; et al. Mesenchymal stem cell-derived extracellular vesicles as mediators of anti-inflammatory
effects: Endorsement of macrophage polarization. Stem Cells Transl. Med. 2017, 6, 1018–1028. [CrossRef]

40. Maródi, L.; Korchak, H.M.; Johnston, R.B., Jr. Mechanisms of host defense against Candida species.
Phagocytosis by monocytes and monocyte-derived macrophage. J. Immunol. 1991, 146, 2783–2789.

41. Deng, W.; Chen, W.; Zhang, Z.; Huang, S.; Kong, W.; Sun, Y.; Tang, X.; Yao, G.; Feng, X.; Chen, W.J.; et al.
Mesenchymal stem cells promote CD206 expression and phagocytic activity of macrophages through IL-6 in
systemic lupus erythematosus. Clin. Immunol. 2015, 161, 209–216. [CrossRef]

42. Sun, C.; Mezzadra, R.; Schumacher, T.N. Regulation and function of the PD-L1 checkpoint. Immunity 2018,
48, 434–452. [CrossRef]

43. Shouval, D.S.; Biswas, A.; Goettel, J.A.; McCann, K.; Conaway, E.; Redhu, N.S.; Mascanfroni, I.D.; AlAdham, Z.;
Lavoie, S.; Ibourk, M.; et al. Interleukin-10 receptor signaling in innate immune cells regulates mucosal
immune tolerance and anti-inflammatory macrophage function. Immunity 2014, 40, 706–719. [CrossRef]
[PubMed]

51



Cells 2020, 9, 2142

44. Zizzo, G.; Hilliard, B.A.; Monestier, M.; Cohen, P.L. Efficient clearance of early apoptotic cells by human
macrophages requires “M2c” polarization and MerTK induction. J. Immunol. 2012, 189, 3508–3520. [CrossRef]
[PubMed]

45. Scott, R.S.; McMahon, E.J.; Pop, S.M.; Reap, E.A.; Caricchio, R.; Cohen, P.L.; Shelton Earp, H.; Matsushima, G.K.
Phagocytosis and clearance of apoptotic cells is mediated by MER. Nature 2001, 411, 207–211. [CrossRef]

46. Cai, B.; Thorp, E.B.; Doran, A.C.; Subramanian, M.; Sansbury, B.E.; Lin, C.S.; Spite, M.; Fredman, G.; Tabas, I.
MerTK cleavage limits proresolving mediator biosynthesis and exacerbates tissue inflammation. Proc. Natl.

Acad. Sci. USA 2016, 113, 6526–6531. [CrossRef] [PubMed]
47. De Couto, G.; Jaghatspanyan, E.; Deberge, M.; Liu, W.; Luther, K.; Wang, Y.; Tang, J.; Thorp, E.B.; Marbán, E.

Mechanism of enhanced MerTK-Dependent macrophage efferocytosis by extracellular vesicles. Arterioscler.

Thromb. Vasc. Biol. 2019, 39, 2082–2096. [CrossRef] [PubMed]
48. Giebel, B.; Kordelas, L.; Börger, V. Clinical potential of mesenchymal stem/stromal cell-derived extracellular

vesicles. Stem Cell Investig. 2017, 4, 84. [CrossRef]
49. Hanson, S.E.; King, S.N.; Kim, J.; Chen, X.; Thibeault, S.L.; Hematti, P. The effect of mesenchymal stromal

cell-hyaluronic acid hydrogel constructs on immunophenotype of macrophages. Tissue Eng. Part A 2011, 17,
2463–2471. [CrossRef]

50. Wise, A.F.; Williams, T.M.; Rudd, S.; Wells, C.A.; Kerr, P.G.; Ricardo, S.D. Human mesenchymal stem cells alter
the gene profile of monocytes from patients with Type 2 diabetes and end-stage renal disease. Regen. Med.

2016, 11, 145–158. [CrossRef]
51. Etzerodt, A.; Moestrup, S.K. CD163 and inflammation: Biological, diagnostic, and therapeutic aspects.

Antioxidants Redox Signal. 2013, 18, 2352–2363. [CrossRef]
52. Parks, W.C.; Wilson, C.L.; López-Boado, Y.S. Matrix metalloproteinases as modulators of inflammation and

innate immunity. Nat. Rev. Immunol. 2004, 4, 617–629. [CrossRef]
53. Hashizume, R.; Yamawaki-Ogata, A.; Ueda, Y.; Wagner, W.R.; Narita, Y. Mesenchymal stem cells attenuate

angiotensin II-induced aortic aneurysm growth in apolipoprotein E-deficient mice. J. Vasc. Surg. 2011, 54,
1743–1752. [CrossRef] [PubMed]

54. Yamawaki-Ogata, A.; Fu, X.; Hashizume, R.; Fujimoto, K.L.; Araki, Y.; Oshima, H.; Narita, Y.; Usui, A.
Therapeutic potential of bone marrow-derived mesenchymal stem cells in formed aortic aneurysms of a
mouse model. Eur. J. Cardio Thorac. Surg. 2014, 45, 156–165. [CrossRef] [PubMed]

55. Schmitz, G.; Ecker, J. The opposing effects of n-3 and n-6 fatty acids. Prog. Lipid Res. 2008, 47, 147–155.
[CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

52



cells

Article

Vadadustat, a HIF Prolyl Hydroxylase Inhibitor,
Improves Immunomodulatory Properties of Human
Mesenchymal Stromal Cells

Katarzyna Zielniok 1 , Anna Burdzinska 1, Beata Kaleta 2 , Radoslaw Zagozdzon 1,2,3 and

Leszek Paczek 1,3,*

1 Department of Immunology, Transplantology and Internal Diseases, Medical University of Warsaw,
Nowogrodzka 59, 02-006 Warsaw, Poland; katarzyna.zielniok@wum.edu.pl (K.Z.);
anna.burdzinska@wum.edu.pl (A.B.); radoslaw.zagozdzon@wum.edu.pl (R.Z.)

2 Department of Clinical Immunology, Medical University of Warsaw, Nowogrodzka 59, 02-006 Warsaw,
Poland; beata.kaleta@wum.edu.pl

3 Department of Bioinformatics, Institute of Biochemistry and Biophysics, Polish Academy of Sciences,
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Abstract: The therapeutic potential of mesenchymal stromal cells (MSCs) is largely attributed to their
immunomodulatory properties, which can be further improved by hypoxia priming. In this study,
we investigated the immunomodulatory properties of MSCs preconditioned with hypoxia-mimetic
Vadadustat (AKB-6548, Akebia). Gene expression analysis of immunomodulatory factors was
performed by real-time polymerase chain reaction (real-time PCR) on RNA isolated from six human
bone-marrow derived MSCs populations preconditioned for 6 h with 40 µM Vadadustat compared
to control MSCs. The effect of Vadadustat preconditioning on MSCs secretome was determined
using Proteome Profiler and Luminex, while their immunomodulatory activity was assessed by
mixed lymphocyte reaction (MLR) and Culturex transwell migration assays. Real-time PCR revealed
that Vadadustat downregulated genes related to immune system: IL24, IL1B, CXCL8, PDCD1LG1,
PDCD1LG2, HIF1A, CCL2 and IL6, and upregulated IL17RD, CCL28 and LEP. Vadadustat caused a
marked decrease in the secretion of IL6 (by 51%), HGF (by 47%), CCL7 (MCP3) (by 42%) and CXCL8
(by 40%). Vadadustat potentiated the inhibitory effect of MSCs on the proliferation of alloactivated
human peripheral blood mononuclear cells (PBMCs), and reduced monocytes-enriched PBMCs
chemotaxis towards the MSCs secretome. Preconditioning with Vadadustat may constitute a valuable
approach to improve the therapeutic properties of MSCs.

Keywords: mesenchymal stem cells; Vadadustat; AKB-6548; preconditioning; priming;
immunomodulation; secretome; chemotaxis

1. Introduction

Human mesenchymal stromal cells (MSCs) therapy has shown a promising potential in the
treatment of diseases associated with immune-mediated disorders (reviewed in [1]). Despite the
lack of sufficient data explaining the native, physiological function of MSCs in the human body,
existing experimental results demonstrate their multipotency [2] and considerable paracrine-mediated
immunosuppressive and inflammation resolving activity (reviewed in [3]). As progenitor cells with
nonhematopoietic origin, MSCs are isolated from various adult tissues, but the most commonly used
source for preclinical and clinical studies is bone marrow, which constitutes the primary niche for this
population [4]. Once isolated, MSCs are readily expanded and differentiated in cell culture conditions
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into several different lineages. Recently, a fundamental shift was made from the initially proposed
paradigm of reparative function of MSCs, to the paradigm of MSCs modulating activity, manifested
by secretion of numerous bioactive compounds regulating immune response and contributing to
tissue regeneration. Encouraging issues favoring the use of MSCs in regenerative therapy are:
low immunogenicity, lack of ethical concerns regarding they isolation and use, and an overall minimal
risk of their malignant transformation. Moreover, the outstanding potential of MSCs lies in their
ability to home to the site of damage and crosstalk with other types of cell in order to limit cell death,
diminish an excessive inflammatory response and facilitate the intrinsic tissue regeneration capacity.
The therapeutic activity of MSCs seems to be strongly associated with the production of trophic and
immunomodulatory factors. A growing number of research indicates, that treatment with MSCs
secretome reveals a similar therapeutic effect to MSCs transplantation itself, avoiding the main risks
related to allogeneic cell transplantation (reviewed in [5]). Therefore, many attempts have been made
to optimize MSCs culture conditions to obtain their most preferred secretory profile. Oxygen tension
is one of the major factor closely related to the proliferation, differentiation and stemness of MSCs.
However, MSCs are routinely cultured under 21% oxygen pressure conditions that several times
exceeds the physiological level available in their natural niches (which ranges from 1% to 7% O2) [6–8].
There are several reports confirming the beneficial effect of hypoxia and hypoxic preconditioning
on migration, regenerative potential, proangiogenic activity and expanded survival of MSCs [9–14].
However, culturing cells under low oxygen conditions is demanding, has some limitations and
multiplies the costs of MSCs culture. Therefore, the opportunity of using hypoxia mimetic agents for
preconditioning of MSCs seems a highly promising approach. The concept is simple. It assumes the use
of a drug targeted at cellular hypoxia sensors, which by switching them off triggers cellular response
to hypoxia under normoxic conditions. This response is manifested in a number of transcriptional and
translational changes leading to regulation of metabolic, proliferation, transport and survival pathways.
Detection of oxygen availability occurs in cells mainly through the prolyl-hydroxylase domain family
of enzymes (PHDs), which require molecular oxygen to their biological activity. When enough
oxygen is present, PHDs are active and hydroxylate specific proline residues (Pro402 and Pro564) in
hypoxia inducible factors alpha (HIF-α)—a three isoforms of transcription factor responsible for the
expression of hypoxia adaptation genes, of which HIF-1α and HIF-2α are the most important [15].
Hydroxylation of HIF-α proline residues determines its inactivation, being a signal to its ubiquitination
and proteasomal degradation. When the oxygen supplies are low, PHDs are inactivated, which results
in stabilization of HIF-α and initiation of mechanisms that adapt cells to hypoxia. Several studies
have been made to examine the effects of preconditioning MSCs with PHDs inhibitors (reviewed
in [16]). To date, various PHDs inactivation strategies have been used in MSCs research (including
gene silencing), but only few studies have been performed using selective PHDs inhibitors. Here,
we report for the first time how treatment with Vadadustat—a selective HIF PHDs inhibitor—affects
paracrine functions and immunomodulatory properties of MSCs. Our findings reveal new aspects of
MSCs preconditioning with pharmacologically induced hypoxia, and we strongly believe that may
contribute to the improvement of MSCs-based therapies in the treatment of immune disorders.

2. Materials and Methods

2.1. Isolation and Culture of Human Bone Marrow-Derived Mesenchymal Stromal Cells (BM-MSCs)

BM-MSCs were isolated from bone marrow aspirates of patients without chronic diseases collected
during orthopedic surgery (the age and sex profile of donors is provided in Supplementary Table S1).
The procedure was performed in accordance with the approval of the Local Bioethics Committee
(number KB/115/2016) after receiving informed consent from each patient. Cells were isolated as
previously described [17,18]. Briefly, mechanically disassociated bone marrow samples were washed,
centrifuged, suspended and seeded on a plastic culture dish (BD Primaria™, BD Biosciences, San Jose,
CA, USA) in growth medium composed of low glucose DMEM (Biowest, Riverside, MO, USA)
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supplemented with 10% FBS (Biowest, Riverside, MO, USA) and antibiotic-antimycotic solution
(1% penicillin–streptomycin; 0.5% amphotericin B, Invitrogen, Thermo Fisher Scientific, Waltham,
MA, USA). The medium was replaced at day 4, when the first fibroblastic-like colonies of cells were
observed do be adhered on a dish. Cells were grown in 5% CO2/95% humidified air at 37 ◦C and
the medium was replaced every other day. All experiments were performed on at least 6 individual
populations (each population isolated from separate donor), between passage 4–6 and fulfilled currently
acknowledged criteria for identification of mesenchymal stromal cells (which we previously described
in [19]).

2.2. Human BM-MSCs Identification

2.2.1. Phenotyping of BM-MSCs by Flow Cytometry

BD Stemflow™ hMSC Analysis Kit (BD Biosciences, San Jose, CA, USA) was used to perform
BM-MSCs phenotypic characterization. For the purpose of MSCs characterization, cells at passage 4
were stained with antibodies of surface markers CD105 (PerCP-Cy™ 5.5), CD73 (APC), CD90 (FITC)
as well as negative expression markers CD45, CD34, CD11b, CD19, HLA-DR (PE) according to the
protocol provided by the manufacturer. Flow cytometry analysis was performed on BD FACS Canto II
using BD FACS Diva Software (BD Biosciences, San Jose, CA, USA).

2.2.2. Adipogenic Differentiation

To confirm the ability of isolated BM-MSCs to adipogenic differentiation, cells were grown
for 3 weeks in differentiating medium consisting of DMEM-high glucose (Biowest, Riverside, MO,
USA) supplemented with 10% FBS (Biowest, Riverside, MO, USA) and 1% penicillin–streptomycin
(Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA), 10 µg/mL insulin, 60 µM indomethacin,
1 µM dexamethasone and 500 µM 3-isobutyl-1-methylxanthine (IBMX) (all MilliporeSigma, St. Louis,
MO, USA). The differentiation medium was replaced every third day. Accumulation of lipid droplets
in cells was visualized under a light microscope after the Oil Red O (MilliporeSigma, St. Louis, MO,
USA) staining procedure previously described in [19]).

2.2.3. Osteogenic Differentiation

Confirmation of the osteogenic differentiation ability was achieved by culturing cells for three
weeks in an osteogenic medium containing DMEM-low glucose (Biowest, Riverside, MO, USA)
supplemented with 10% FBS (Biowest, Riverside, MO, USA) and 1% penicillin–streptomycin (Invitrogen,
Thermo Fisher Scientific, Waltham, MA, USA), with 100 nM dexamethasone, 10 mMβ-glycerophosphate,
50 µM L-ascorbic acid 2-phosphate (all MilliporeSigma, St. Louis, MO, USA). The medium was replaced
every third day. Osteogenic differentiation of cells was evaluated by the visualization of calcium
deposits by Alizarin Red staining on fixed with 4% paraformaldehyde cells under light microscope.
Additionally, the activity of alkaline phosphatase was evaluated using the colorimetric method as
previously described in [19].

2.2.4. Chondrogenic Differentiation

Chondrogenic differentiation was achieved in three-dimensional culture of pelleted cells
performed in a 15 mL Falcon tube. Chondrogenic medium was composed of DMEM-high glucose
(Biowest, Riverside, MO, USA) supplemented with 0.5% FBS (Biowest, Riverside, MO, USA) and
1% penicillin-streptomycin (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA), with 100 nM
dexamethasone, 1% insulin-transferrin-selenium solution (ITS), 10 ng/mL TGFβ2, 100 µM l-ascorbic
acid 2-phosphate and 100 µg/mL sodium pyruvate (all MilliporeSigma, St. Louis, MO, USA).
1 × 106 cells suspended in a chondrogenic medium was pelleted by centrifugation and incubated with
differentiation medium for three weeks. Until day two, a spheroid cell structure was observed at the
bottom of the tube. The medium was changed every third day. The chondrogenic differentiation was
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conducted for 3 weeks. Then, the microsphere was fixed with 4% paraformaldehyde and underwent a
standard histological procedure of paraffinizing, microtome cutting and hematoxilin and eosin as well
as Masson trichrome and toluidine blue staining.

2.3. Preconditioning of Human BM-MSCs with Vadadustat

In the presented study “pharmacological” hypoxia was achieved by culturing cells with the
selective PHDs inhibitor, Vadadustat (AKB-6548, Akebia, Cambridge, MA, USA). Based on preliminary
data (Western blot analysis of HIF-1α stabilization and the MTT test) we decided to select the Vadadustat
concentration of 40 µM for further studies. Vadadustat was dissolved and stored in −80 ◦C as 5 mM
stock solution in DMSO according to the manufacturer instruction. Notably, no more than 0.8% (v/v) of
DMSO was finally present in the culture medium, which did not cause any noticeable cytotoxic effect
(MTT analysis presented in Supplementary Figure S1). The control group of MSCs was incubated with
the same dose (0.8% v/v) of DMSO alone.

2.4. BM-MSCs RNA Isolation

For isolation of RNA, cells from 6 donors were cultured in 60 mm dishes until approximately
70% confluency was reached. MSCs were then exposed to experimental conditions. Both, control cells
and 40 µM Vadadustat-treated cells were incubated at an atmospheric O2 concentration. After 6 h
treatment all cells were washed and disrupted in 350 µL of RLT buffer from the Qiagen RNeasy Mini
Kit (Qiagen, Hilden, Germany). Samples were then stored in −80 ◦C until further use. RNeasy Mini
Kit was used for total RNA extraction from MSCs according to the manufacturer’s isolation protocol.
The concentration and integrity of collected RNA samples were determined spectrophotometrically
using NanoDrop 1000 (NanoDrop Technologies, Thermo Fischer Scientific, Waltham, MA, USA) and
Bioanalyzer Chip RNA 7500 series II (Agilent Technologies, Santa Clara, CA, USA).

2.5. Gene Expression Analysis by Real-Time PCR

Reverse transcription was performed using a High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, USA). A quantity of 2 µg of total RNA
was converted to cDNA according to producer’s instruction. Real-time PCR was conducted using
SYBR Select Master Mix (Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, USA) in a
7500 Real-Time PCR System (Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, USA). In each
20µL reaction 100 ng of cDNA template and 0.5µM forward and reverse primers was used. PCR reaction
was started with two initial steps at 50 ◦C and 95 ◦C each for 2 min, followed by 40 cycles of 95 ◦C for 15 s
and 60 ◦C for 1 min respectively. Standard curves were run on each plate to determine the amplification
efficiency. Primer pairs were purchased from the Laboratory of DNA Sequencing and Oligonucleotide
Synthesis, Institute of Biochemistry and Biophysics (IBB), Polish Academy of Sciences, Warsaw, Poland
(oligo.pl) and -MilliporeSigma, St. Louis, MO, USA). Primer pairs sequences of examined genes are:
IL1B FRD: 5′-CCACAGACCTTCCAGGAGAATG-3′, REV: 5′-GTGCAGTTCAGTGATCGTACAGG -3′;
IL24 FRD: 5′-CTTCTCTGGAGCCAGGTATCAG-3′, REV: 5′-GGCACTCGTGATGTTATCCTGAG-3′;
CCL28 FRD: 5′-CTGGAAAGAGTGAATATGTGTC-3′, REV: 5′-CTTGACATGAAGGATGACAG-3′;
ICAM1 FRD: 5′-ACCATCTACAGCTTTCCG-3′, REV: 5′-TCACACTTCACTGTCACC-3′; IL1R1 FRD:
5′-ATTTAAGCAGAAACTACCCG-3′, REV: 5′-TTGCAATCCTTATACCACTG-3′; LIFR FRD:
5′-AAGTTTATCCCCATACTCCTAC-3′, REV: 5′-CCTGGTAAATGCCAAGAAAG-3′; HIF1A FRD:
5′-GAAACTACTAGTGCCACATC-3′, REV: 5′-GGAACTGTAGTTCTTTGACTC-3′; IL6 FRD:
5′-GCAGAAAAAGGCAAAGAATC-3′, REV: 5′-CTACATTTGCCGAAGAGC-3′; CCL2 FRD:
5′-AGACTAACCCAGAAACATCC-3′, REV: 5′-ATTGATTGCATCTGGCTG-3′; TGFB3 FRD:
5′-TGTTGAGAAGAGAGTCCAAC-3′, REV: 5′-ATCACCTCGTGAATGTTTTC-3′; IL23A FRD:
5′-AGATAAATCTACCACCCCAG-3′, REV: 5′-CACATGTCAGTCAGTATTGG-3′; CXCL8 FRD:
5′-GTTTTTGAAGAGGGCTGAG-3′, REV: 5′-TTTGCTTGAAGTTTCACTGG-3′; IL17RD FRD:
5′-AGTAGCTTCAAAAGAACTGG-3′, REV: 5′-CTCGGGTTCTAAAGAAGAAAG-3′; PDCD1LG1 FRD:
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5′-GGCATCCAAGATACAAACTCAA -3′, REV: 5′-CAGAAGTTCCAATGCTGGATTA-3′; PDCD1LG2

FRD: 5′-GAGCTGTGGCAAGTCCTCAT-3′, REV: 5′-GCAATTCCAGGCTCAACATTA-3′; B2M FRD:
5′-TGGAGGCTATCCAGCGTACT-3′, REV: 5′-CGGATGGATGAAACCCAGAC-3′. Primer pairs for
LEP (Cat. no. qHsaCID0017538) and TNF (Cat. no. qHsaCED0037461) were purchased from Bio-Rad
Laboratories, Inc (Hercules, CA, USA). The relative quantification of a fold change in gene expression
was calculated using the Pffafl method based on ∆Ct and amplification efficiency of the transcripts
normalized to the B2M (β2-microglobulin) reference gene [20]. The expression of each gene in control
samples was appointed as 1. The analysis was performed in triplicate on cell populations from at least
6 BM-MSCs donors.

2.6. Analysis of BM-MSCs Cytokine Secretion by Antibody Array Proteome Profiler

The relative changes in secretory activity of Vadadustat treated BM-MSCs compared to control
cells were examined using the Proteome Profiler Human XL Cytokine Array (Cat. no. ARY022B,
R&D Systems, Bio-Techne, Minneapolis, MN, USA). The Proteome Profiler membrane-based antibody
array enables to simultaneously measure the relative level of 102 human cytokines in a single sample.
For the purpose of this assay, BM-MSCs from 6 donors were grown in a standard growth medium on a
6-well plates until approximately 80% confluency was achieved. 24 h before the start of the experiment,
all cells were primed with IFNγ (25 ng/mL, MilliporeSigma, St. Louis, MO, USA). Next day, cells were
washed and culture medium was replaced with OptiMEM Medium, no phenol red (Gibco, Thermo
Fischer Scientific, Waltham, MA, USA) with reduced FBS content to 4% and supplemented with
1.0% penicillin–streptomycin with/without Vadadustat 40 µM. Cells of each population were treated
in triplicate. After 24 h treatment cells supernatants were collected in an Eppendorf tube (1.5 mL),
centrifuged at 4500 rpm for 5 min, transferred to new tubes, mixed and divided into 200 µL aliquots
and frozen in −80 ◦C. Prior to the analysis, cell supernatants from 6 donors were thawed on ice and
pooled. The analysis was performed according to the manufacturer’s instruction. Chemiluminescence
of membranes was detected with ChemiDoc MP Imaging System (Bio-Rad Laboratories Inc., Hercules,
CA, USA) and the integrated optical density of each spot was measured and quantified using Image
Lab software (Bio-Rad Laboratories Inc., Hercules, CA, USA).

2.7. Quantitative Analysis of BM-MSCs Cytokine Secretion by Luminex Multiplex Immunoassay

The quantitative analysis of selected cytokines by the Luminex method was performed on cell
supernatants, the preparation of which was described above. Samples were not pooled in this analysis,
so supernatants from six populations were analyzed separately. The custom Luminex Multiplex kit
was purchased in R&D Systems (Bio-Techne, Minneapolis, MN, USA) and contained IL6, CXCL8, IL4,
IL10 and HGF analytes. The procedure was performed according to the manufacturer’s instructions.
The flow based magnetic beads reading was performed on Luminex LX-200 Instrument (Thermo Fisher
Scientific, Waltham, MA, USA). All samples were analyzed in duplicate.

2.8. Isolation and Identification of Peripheral Blood Mononuclear Cells (PBMCs)

Human PMBCs used in this study were freshly isolated from buffy coats each time. Buffy
coats were purchased at the Regional Blood Donation and Blood Treatment Centre in Warsaw as
medical waste from whole blood, which was centrifuged without a density gradient. The isolation
of PBMCs was performed within 4 h of collecting whole blood. Buffy coats were first diluted in
PBS (without calcium and magnesium) in 50 mL Falcon tubes, and then cells were separated by
density gradient centrifugation on Histopaque-1077 (MilliporeSigma, St. Louis, MO, USA). PBMCs
were collected from a plasma/Ficoll interface with a Pasteur pipette and transferred to a new 50 mL
falcon tube. Isolated PBMCs were then washed four times in PBS to rinse cells pellets and to reduce
platelet contamination. Finally, cells were suspended in growth medium composed of RPMI-1640
(Thermo Fischer Scientific, Waltham, MA, USA) with 10% human serum (Biowest, Riverside, MO,
USA) and 1% penicillin-streptomycin solution (Invitrogen, Thermo Fisher Scientific, Waltham, MA,
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USA) and counted. To obtain the monocyte-enriched population used in the migration assay, isolated
PBMCs were seeded on Primaria™ Tissue Culture Dishes at a density of 75 × 104/mL in RPMI-1640
(Biowest, Riverside, MO, USA) without serum. After two hours, the plates were vigorously washed
five times with PBS, then the adherent cells remaining on the dishes were scraped off and suspended
for further processing. The flow cytometric analyses of the PBMCs and monocyte-enriched were
performed by CD3 (PerCP Mouse anti Human Clone SP34-2), CD14 (FITC Mouse Anti-Human Clone
M5E2) and CD16 (PE-Cy™7 Mouse Anti-Human Clone 3G8) staining (all BD Biosciences, San Jose, CA,
USA) on BD FACS Canto II using BD FACS Diva Software (BD Biosciences, San Jose, CA, USA) and
analyzed by FCSExpress7 (De Novo Software, Glendale, CA, USA).

2.9. Mixed Lymphocyte Reaction (MLR) Assay

For the purpose of MLR assay human PBMCs were isolated from buffy coats from 6 healthy
blood donors. The assay was performed in three independent sets of experiments on two donors each.
Supernatants from 6 populations of IFNγ (25 ng/mL) primed BM-MSCs treated for 24 h with/without
Vadadustat 40 µM were used to determine the effect of Vadadustat pretreatment on immunomodulatory
activity of MSCs secretome. In this study, half of the isolated PBMCs were inactivated for 90 min with
γ-irradiation. Next, 1 × 105 both responder (active) and irradiated (stimulatory) PBMCs were seeded
into wells of 96-well plates in a combination of auto- (AAir, BBir) and allo- (ABir, BAir) stimulation.
Cells were maintained in RPMI-1640 (Thermo Fischer Scientific, Waltham, MA, USA) supplemented
with 10% FBS (Gibco, Thermo Fisher Scientific, Waltham, MA) and antibiotic–antimycotic solution
(1% penicillin-streptomycin; 0.5% amphotericin B, Invitrogen, Thermo Fisher Scientific, Waltham, MA).
The MLR assay were performed using 96-well plates. In the part of the wells where the direct effect of
Vadadustat on auto- and allostimulated PBMCs as well as its effect on the interaction between MSCs
and PBMCs were studied, 40 µM Vadadustat was added to the experimental wells daily as a stock
solution. Control wells were treated daily with equivalent volumes of DMSO. In the remaining wells, in
which the indirect effect of Vadadustat pre-conditioning on the interaction between MSCs and PBMCs
was studied, a 1:1 mixture of RPMI-1640 growth medium and supernatants from 24 h cell culture
of control or Vadadustat preconditioned MSCs was added once at the beginning of the experiment.
Plates were then cultured for 5 days at 37 ◦C in a humidified atmosphere with 5% CO2. After 5 days
of cell culture, PBMCs were pulsed with 1 µCi/well of 3H-thymidine (113 Ci/nmol, NEN) for the last
18 h of incubation and then harvested with an automated cell harvester (Skatron). The 3H-thymidine
incorporation into cells was measured based on the level of radioactivity reported as ‘Corrected Counts
per Minute’ (CCPM) using a scintillation counter (Wallac, PerkinElmer, Inc., Waltham, MA, USA).
All treatments were performed in triplicate.

2.10. Transwell Migration Assay

The effect of 40 µM Vadadustat preconditioning on the chemotactic properties of the BM-MSCs
secretome was investigated using a “96 Well Cell Migration Assay” reagent kit from Cultrex® (cat. no.
3465-096-K) (R&D Systems, Bio-Techne, Minneapolis, MN, USA), which utilize a simplified design of a
Boyden chamber with polyethylene terephthalate (PET) membrane with pores of 8 µm size. For the
migration test, we used monocyte-enriched PBMCs (n = 4) suspended in RPMI (Biowest, Riverside,
MO, USA) containing 0.5% human serum (Biowest, Riverside, MO, USA) at a density of 4 × 106/mL.
50 µL of cell suspension from each donor were applied to the upper chambers of the plate (2 × 104 cells
per well), each in duplicate. Quantities of 150 µL per well of growth medium (RPMI with 0.5% human
serum) or freshly thawed, pooled supernatants from cultures of 7 MSCs populations were applied to
the bottom chambers of the plate. Each of three treatments: growth medium alone, supernatants from
control MSCs and MSCs preconditioned with Vadadustat was applied in duplicate. Plates were then
incubated under standard conditions (37 ◦C, 5% CO2) for 48 h. After incubation, the upper chambers
were carefully aspirated and the cells that migrated to the bottom compartments of the plate were
detached using a cell dissociation solution with calcein acetomethylester (calcein-AM). Afterwards,
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plates were incubated at 37 ◦C for 30 min. During this time, cells internalized calcein-AM, and cellular
esterases then cleaved it into free calcein. Released calcein possess strong fluorescence, that was used
to estimate the number of migrated cells. After incubation, plates were disassembled and bottom
chambers were fluorescently read at 485 nm excitation and 520 nm emission on Perkin Elmer Victor X4
plate reader (PerkinElmer, Inc., Waltham, MA, USA). The degree of cell migration was assessed by
comparing fluorescence in the wells with MSCs culture supernatants to fluorescence in wells with
growth medium alone, and expressed as the ratio of migrating cells.

2.11. Statistical Analysis

The results were statistically analyzed using STATISTICA 13.1 software (Tibco, Palo Alto, CA, USA).
Shapiro-Wilk test was used to analyze the data distribution within groups. Wilcoxon matched-pairs
signed-rank test was used to determine statistical significance between two groups of related data with
abnormal distribution. Student’s t-test was used to evaluate significance between two groups of related
data with confirmed normal distribution. A p-value of < 0.05 (*) was considered statistically significant,
and p < 0.01 (**), or p < 0.001 (***) as highly significant. Graphs are presented as mean ± SEM (standard
error of the mean) unless otherwise indicated.

3. Results

3.1. Isolation and Characterization of Human BM-MSCs

MSCs isolated from bone marrow were identified according to the International Society for
Cell and Gene Therapy (ISCT) statement established in 2006 [21]. All isolated cell populations
were proven to form colonies and adhere to a plastic culture surface (a representative population
is shown in Figure 1b). The mean expression of surface markers from the 7 BM-MSCs population
was: CD73—99.5%, CD90—98.8%, CD105—99.4%, and no antigens CD45, CD34, CD11b, CD19 and
HLA-DR were detected on 97.6% cells (Supplementary Table S2). Figure 1a shows a representative
panel of BM-MSCs phenotyping results using flow cytometry (full panel in Supplementary Table S3).
Tri-lineage differentiation capability was confirmed as shown in Figure 1c–e.

 

Figure 1. Identification and morphology of human bone marrow-derived mesenchymal stromal cells
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(hBM-MSCs). (a) Flow cytometry analysis of representative MSCs population. MSCs were positive
for CD73, CD90, CD105 and negative for CD34, CD45, CD11b, CD19, HLA-DR. (b) Representative
image of undifferentiated BM-MSCs morphology cultured under standard growth condition (21%
O2 and 5% CO2). Light microscopy, image scale 200 µm (c) chondrogenic differentiation of
BM-MSCs. Hematoxylin-eosin (HE) and Toluidine blue staining of BM-MSCs microsphere section.
Light microscopy, HE staining scale 200 µm, Toluidine blue staining scale 20 µm. (d) Osteogenic
differentiation of BM-MSCs. Control and differentiated cells stained with Alizarin red. Light microscopy,
scale 50 µm. (e) Adipogenic differentiation of BM-MSCs. Oil Red O staining of control and differentiated
cells. Light microscopy, scale 20 µm.

3.2. Vadadustat Preconditioning of BM-MSCs Affected the Expression of Genes Associated with the Regulation
of Immune Responses

Due to our particular interest in the regulation of immune functions by MSCs, we analyzed the
expression of genes related to their immunomodulatory properties. The list of examined genes was
based on our previous study evaluating Vadadustat-induced changes in the MSCs transcriptome
obtained by RNA sequencing (currently under review). The list included genes encoding factors
secreted by MSCs in response to immune stimuli (CCL2, IL6, CXCL8 and TNF), proteins involved in
signaling pathways activated by cytokines (e.g., IL17RD, LIFR, IL6R and ICAM1) and other immune
regulatory molecules PDCD1L1, PDCD1L2 or LEP (genes listed in Figure 2). We performed real-time
PCR analysis of selected genes on the 6 BM-MSCs populations incubated for 6 h under standard grown
conditions (control) or with 40 µM Vadadustat (Figure 2).
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Figure 2. Relative expression of chosen immune system-related genes performed by real-time PCR on
6 bone marrow-derived mesenchymal stromal cells (BM-MSCs) populations incubated for 6 h with
Vadadustat or under standard culture conditions (control). Results are presented as fold change in gene
expression in MSCs cultured with Vadadustat versus control MSCs ± SEM (standard error of the mean),
calculated by the Pfafflmethod [20]. * indicates the statistically significant (p < 0.05), ** (p < 0.01) and
*** (p < 0.001) highly statistically significant differences obtained by Student’s paired t-test (for data with
normal distribution) or Wilcoxon matched-pairs signed rank test (for data with abnormal distribution)
of ∆Ct values of Vadadustat-treated samples in relation to ∆Ct of control samples.
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The results clearly demonstrate, that Vadadustat strongly down-regulated the expression of IL24

(−6.71), IL1B (−4.53), CXCL8 (−3.96) and slightly PDCD1LG1 (−2.35), PDCD1LG2 (−2.19), CCL2 (−2.03),
HIF1A (−1.83), ICAM1 (−1.61) and IL6 (−1.54), and up-regulated the expression of IL17RD (1.94), CCL28

(2.93) and LEP (4.86) compared with control cells. The results obtain for TNF (−1.05), IL23A (1.01),
IL1R1 (1.06), TGFB3 (1.21), IL6R (1.27), LIFR (1.39) did not differ significantly between control cells and
treated with Vadadustat.

3.3. Functional Activity of BM-MSCs Preconditioned with 40 µM Vadadustat

Genes expression analysis of Vadadustat-preconditioned BM-MSCs showed promising results
due to its potential influence on MSCs immunomodulatory properties. At the next stage, it was crucial
to determine whether these changes are reflected in the functional activity of MSCs. Several analyzes
related to MSCs activity were performed to determine whether this method of MSCs preconditioning
could enhance their immunosuppressive potential.

3.3.1. Preconditioning with Vadadustat Changed the Secretory Profile of BM-MSCs

The effect of Vadadustat preconditioning on BM-MSCs cytokine and chemokine secretion profile
was determined after 24 h cells treatment with 40 µM Vadadustat by the antibody based Proteome
profiler array (Figure 3a,b).

 

μ

Figure 3. Cont.
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Figure 3. Analysis of the secretome from 6 populations of human bone marrow-derived mesenchymal
stromal cells (hBM-MSCs) pretreated with Vadadustat for 24 h. (a,b) Proteome profiler analysis of
cytokines and chemokines whose secretion by MSCs: (a) increased or (b) decreased by at least 20% as a
result of 24 h pretreatment with 40 µM Vadadustat. Bars represent IOD (integrated optical density)
of antibodies-dots measured by chemiluminescent detection. The values above the bars show what
percentage of control MSCs secretion (indicated as 100%) are values obtained after incubation with
Vadadustat. Samples from 6 MSCs populations were pooled for the analysis. (c–g) Quantitative
evaluation of (c) IL6, (d) CXCL8, (e) HGF, (f) IL4 and (g) IL10 level in the secretome of 6 BM-MSCs
populations cultured under control conditions or preconditioned with Vadadustat, conducted using
Luminex assay. The samples were not pooled for analysis. Boxes show quartiles of secreted cytokine
amount in pg/mL with median, whiskers represent “min to max” values. * indicates the statistically
significant difference (p < 0.05) by Wilcoxon matched-pairs signed-rank test in the groups of related
data with abnormal distribution, and by Student’s t-test in the groups of related data with confirmed
normal distribution.

The analysis of cytokines and chemokines found in the pooled supernatants of 6 BM-MSCs
populations treated with Vadadustat showed a number of factors whose secretion changed when
compared to the control cell supernatants. The observed changes concerned both compounds whose
secretion increased (Figure 3a) as well as those whose secretion decreased (Figure 3b). Analysis of
the results indicated that among compounds whose secretion was downregulated by Vadadustat
treatment, the most prominent decrease was observed among the cytokines secreted in large quantities
by MSCs. The marked decrease in secretion was noted for myeloperoxidase (to 42% of the control
value), IL6 (to 49%) and CCL7 (to 58%). A decrease in secretion was also noted among compounds
secreted by MSCs in smaller amounts: lipocalin 2 to 51%, IL5 to 53%, LIF to 57%, Cripto1 to 59%,
CXCL8 to 60%, IL3 to 61% and IL24 to 64%. In addition, the level of five flagship cytokines related to
MSC immunomodulation: IL6, CXCL8, HGF, IL4, IL10 was measured in MSCs secretome using the
Luminex method. MSCs preconditioning with Vadadustat resulted in a reduction of IL6 secretion from
an average of 199 pg/mL to 103 pg/mL (49% decrease, Figure 3c). The CXCL8 secretion decreased on
average from 24.59 pg/mL in control cells to 15.46 pg/mL in those treated with Vadadustat (Figure 3d).
HGF secretion was reduced from an average of 128 pg/mL to 68 pg/mL (47% decrease, Figure 3e).
There were no statistically significant changes in the secretion of IL4 (14 ng/mL vs. 11 pg/mL, Figure 3f)
and IL10 (3.7 pg/mL vs. 3.1 pg/mL, Figure 3g) related to Vadadustat pretreatment.

3.3.2. Vadadustat Significantly Increased the Inhibitory Effect of MSCs on Proliferation of
Allostimulated PBMCs

A series of MLR assays were performed to evaluate the effect of Vadadustat preconditioning on the
inhibitory properties of BM-MSCs on PBMCs. The assays examined both the direct effect of Vadadustat
on the PBMCs and MSCs–PBMCs interaction as well as the indirect effect of incubating PBMCs
with supernatants from Vadadustat-preconditioned MSCs. PBMCs were obtained from 6 donors
and 6 BM-MSC populations were used. The results presented in Figure 4a clearly demonstrate that
Vadadustat enhanced an immunosuppressive activity of MSCs on PBMCs.
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Figure 4. Mixed lymphocyte reaction (MLR) assay. The effect of 40 µM Vadadustat on the allo- and
auto-responsiveness of leukocytes. (a,b) Assessment of peripheral blood mononuclear cells (PBMCs)
activation and proliferation capacity in response to direct and indirect effects of Vadadustat by MLR.
MLR was performed on freshly isolated PBMCs from 6 donors, 6 populations of bone marrow-derived
mesenchymal stromal cells (BM-MSCs) and supernatants pooled from the culture of 6 BM-MSCs
populations. The experiment was conducted for 5 days. Results are presented as: (a) Effect of
Vadadustat on PBMCs alloreactivity and PBMCs–MSCs interaction, and (b) effect of Vadadustat on
PBMCs autoreactivity. Both assessed by measuring radioactivity of 3H-thymidine-incorporated cells
and reported as mean ‘Corrected Counts per Minute’ (CCPM) ± SEM (standard error of the mean).
** indicates the statistically significant difference for p < 0.01, *** for p < 0.001, **** for p < 0.0001 by
Friedman test with Dunn’s multiple comparison of mean rank of each group with a mean rank of an
alloactivated PBMC (control) in the groups of related data with abnormal distribution. ## indicates
statistically significant (p < 0.01) and ### (p < 0.001) highly significant differences between the two
treatment groups analyzed by Wilcoxon matched-pairs signed-rank test in the groups of related data
with abnormal distribution, and by Student’s t-test in the groups of related data with confirmed
normal distribution.

The PBMCs co-culture with control MSCs resulted in a statistically highly significant 22% decrease
in PBMCs proliferation compared to the value of allostimulated PBMCs (control). Furthermore,
five-day treatment of PBMCs-MSCs culture with Vadadustat resulted in a greater, 28% decrease in
allostimulated PBMCs proliferation compared to control cells. When the same PBMCs were cultured
for 5 days with the MSCs secretome (1:1 mixture of MSCs supernatants and RPMI growth medium),
a significant inhibition of PBMCs proliferation was also noted. The secretome of control MSCs caused
a decrease in PBMCs alloreactivity by 9%, and of MSCs preconditioned with Vadadustat by 16%
compared to allostimulated PBMCs. However, in both direct and indirect Vadadustat treatments,
a similar percentage decrease in PBMCs proliferation between the MSCs alone and preconditioned with
Vadadustat was determined (6–7%). In both treatments, the effect of Vadadustat was statistically highly
significant. Due to the very short half-life of Vadadustat (4.5 h according to the manufacturer [22]) in
the collected secretome of Vadadustat preconditioned MSCs (24 h incubation) there should no longer be
an active inhibitor. We noted lack of HIF-1a stabilization after 24 h MSCs incubation with Vadadustat,
confirmed by Western blot analysis (data not shown). Thus, we argue that the observed suppressive
effect of secretome from Vadadustat preconditioned MSCs was related only to the secretory activity of
cells and not to Vadadustat itself. However, in some part Vadadustat possess the direct effect on PBMCs
proliferation as well. Treatment of allostimulated PBMCs with Vadadustat caused a 5% decrease in
their proliferation. A much larger decrease in proliferation resulting from Vadadustat was noted in
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autostimulated PBMCs (Figure 4b), which reached 18%. However, it should be noted that PBMCs
autoresponsiveness remained at a much lower level. To summarize, the observed suppressive effect of
Vadadustat on the reactivity of PBMCs was both, associated with the changes in MSCs activity as well
as the direct effect on PBMCs.

3.3.3. Secretome from Vadadustat Preconditioned MSCs Significantly Reduced PBMCs Migration

96 Well Cell Migration Assay was performed to assess the effect of Vadadustat preconditioning
on the chemotactic properties of BM-MSCs secretome. We quantified the degree of 5 donors’ PBMCs
migration through a 8 micron PET membrane in response to stimulating and/or inhibiting compounds
contained in pooled supernatants collected from 7 MSCs populations incubated for 24 h with Vadadustat,
under standard growth conditions or with growth medium alone. For the purpose of migration analysis,
we used PBMCs fraction with enriched monocyte content. We obtained the monocyte-enriched PBMCs
by pre-culturing the cells on plates for 2 h, and applying a 5× PBS wash to leave only adherent cells.
Phenotypic analysis of precultured PBMCs by flow cytometry showed that nearly 76% of the cells
used in the assay were monocytes (CD14+), of which 66.5% were activated monocytes (CD14+CD16+)
(Figure 5a).

 

 

Figure 5. Assessment of the chemotactic properties of the secretome of Vadadustat preconditioned bone
marrow-derived mesenchymal stromal cells (BM-MSCs). (a) Flow cytometric analysis of lymphocyte
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populations in peripheral blood mononuclear cells (PBMCs) isolated or precultured in plates based
on CD3 (PerCP), CD14 (FITC) and CD16 (PE-Cy7) staining. PBMCs were gated based on FSC and
SSC, percentages of monocytes (CD14+) and activated monocytes (CD14+CD16+) in PBMCs are shown
in quadrants. (b) The analysis of chemotactic properties of secretome from 6 BM-MSCs populations
cultured for 24 h under standard conditions (control) and with Vadadustat on the migration of
monocyte-enriched peripheral blood mononuclear cells (PBMCs) (precultured PBMCs). The rate
of cell migration is presented as the ratio of migrating cells ± SEM (standard error of the mean),
obtained by comparing the fluorescence of PBMCs migrated to the growth medium (denoted as 1)
with the fluorescence of PBMCs migrated into the secretome of control and Vadadustat pretreated
MSCs. * Indicates the statistically significant (p < 0.05) differences obtain by Wilcoxon matched-pairs
signed-rank test in the groups of related data with abnormal distribution, and by Student’s t-test in the
groups of related data with confirmed normal distribution.

Cell migration from the inserts to the basal compartment of plate wells was assessed after
48 h of monocyte-enriched PBMCs incubation. The results presented in Figure 5b show that
within 48 h of incubation there was a significant, 53% increase in PBMCs/monocytes migration
in wells containing secretome of control MSCs compared to wells with growth medium alone.
Conversely, there was a statistically significant 46% decrease in cell migration in wells with secretome
of Vadadustat-preconditioned MSCs compared to migration in wells with secretome of control MSCs.
Moreover, there was a slight (17%) decrease in cell migration by comparing Vadadustat supernatants
with the growth medium alone, although this effect was not statistically significant.

4. Discussion

In recent years, great efforts have been made to develop methods for obtaining more effective and
safer MSCs for use in cell therapy. Many studies were carried out to determine the role of MSCs in the
regulation of the immune system, showing that their immunomodulatory capacity is a very plastic
feature [23]. The plasticity of MSCs immunomodulation is associated with the ability to elicit markedly
different modulatory responses, which results from the current state of inflammatory mediators in their
microenvironment. Development of a chronic inflammatory microenvironment, resulted from loss of
peripheral immune tolerance and excessive stimulation of innate and adaptive immune responses,
is associated with the course of autoimmune diseases. MSCs can target such an inflammatory
microenvironment by paracrine actions, demonstrating broad immunosuppressive, anti-fibrogenic,
anti-apoptotic and pro-angiogenic effects [24]. Immunomodulation attributed to the therapeutic
activity of MSCs is related to their function to modulate the proliferation, differentiation, adhesion,
and migration of immune cells under disease conditions. Since the immunosuppressive nature of MSCs
activity is generally therapeutically desirable, many approaches have been developed to modulate the
culture conditions of MSCs in order to obtain their inflammatory-resolving phenotype. While a number
of MSCs preconditioning strategies are currently being investigated, cytokine priming and recently
hypoxic pretreatment appear to be the major approaches used to increase MSCs immunomodulatory
properties [25,26]. Moreover, recent findings indicate that hypoxia inducible factor-1α (HIF-1α) is a
major regulator of the immunomodulatory functions of MSCs [27,28]. Although the effect of HIF-1α
stabilization by hypoxia mimetic agents on MSCs properties has already been studied (cobalt chloride,
deferoxamine, ciclopirox olamine, N-acetylcysteine, FG-4497, AKB-4924 [29–33], we used for the first
time Vadadustat (AKB-6548)—a novel oral PHD2 inhibitor tested in phase III clinical trials that works
through the mechanism of active site iron chelation in the submicromolar range [15]. Our research has
shown that Vadadustat pretreatment enhances the immunosuppressive potential of MSCs. Vadadustat
significantly enhanced the suppressive effect of MSCs on PBMCs proliferation (MLR test), and this
effect was partially associated with the modulation of MSCs secretome. However, the suppressive
capacity of MSCs was higher in direct contact with PBMCs. This may indicate that changes in both,
compounds secreted by MSCs and presented on their surface are responsible for enhancing the
immunosuppressive effect of MSCs pretreated with Vadadustat. Moreover, Vadadustat significantly
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diminished the chemotactic properties of the MSCs secretome, as assessed by the monocyte-enriched
PBMCs migration assay. It is difficult to discuss all factors whose regulation may have an effect on the
immunosuppressive capacity of Vadadustat-preconditioned MSCs, but some of them are of particular
importance. First of all, Vadadustat significantly decreased the expression of IL6 and the level of
secreted IL6 in relation to control MSCs. Considering that the level of IL6 can raise many thousand-fold
in the course of inflammation and autoimmune diseases, we believe that MSCs preconditioning with
Vadadustat may appear to be a very promising approach for the use in therapy of autoimmune diseases.
Another immune-related factor that is highly regulated by Vadadustat is CXCL8 (IL8). Preconditioning
with Vadadustat significantly reduces expression and secretion of CXCL8 by MSCs, as demonstrated
by real-time -PCR, proteome profiler and Luminex analyzes. CXCL8 is a chemokine considered to be
proinflammatory and chemotactic, especially to neutrophils. They are the most abundant group of
leukocytes, constituting the indispensable line of innate immune defense against infectious diseases and
their role in regulating the immune response is recently increasingly emphasized. However, neutrophils
infiltration and released neutrophil extracellular traps (NETs) are also mentioned as contributing to the
development of autoimmune diseases [34], especially rheumatoid arthritis (RA) [35], ANCA-associated
vasculitis (AAV) and systemic lupus erythematosus (SLE) [36]. Other chemotactic factors negatively
regulated in MSCs by Vadadustat were CCL7 (MCP-3) and CCL2 (MCP-1), that are both a potent
monocyte-attracting chemokines. The decrease in their secretion may constitute one of the factors
responsible for inhibiting monocyte-enriched PBMCs migration in the chemotaxis assay, especially
when considered together with the HGF, CCL11 and CCL17. It appears that the inhibitory effect of
Vadadustat preconditioning on the chemotactic properties of MSCs secretome may be therapeutically
positive, as abnormal infiltration and activation of monocytes and macrophages are observed in many
autoimmune diseases (reviewed in [37]). Conversely, real-time -PCR analysis showed a significant
increase in the expression of another chemokine—CCL28 after Vadadustat pretreatment. While CCL28
is responsible for the recruitment of various immune cells (which express CCR10 and CCR3) for
mucosal tissue and inflammatory sites, some data indicate that it is responsible for recruiting Treg,
maintaining tolerance of self antigens and preventing autoimmune diseases [38]. While there is a study
demonstrating that MSCs do not express TNF [39], we have received its expression and increase of TNF
secretion level by 237% in the secretome of Vadadustat-preconditioned MSCs (however, signal intensity
indicates that this level is extremely low). It seems that such small amounts may be responsible for
maintaining the MSCs immunosuppressive phenotype rather than providing wider pro-inflammatory
signaling. It should also be noted that detecting such small amounts of secreted factors might give
false results. Due to differences in the amount of secreted factors between MSCs populations, analyzes
of pooled samples may not reflect the true trend, especially when it comes to factors secreted in small
quantities. As demonstrated by Luminex, IL4 and IL10 are secreted by MSCs in very small amounts.
What is more, their level decreases after Vadadustat treatment—rather than increases as the proteome
profiler analysis showed—however, not statistically significantly. Therefore, the regulation of IL4 and
IL10 secretion by Vadadustat pretreated MSCs, described by many authors as one of the mechanisms
of MSCs immunomodulation, in this case does not seems to play a major role. It should be mentioned,
however, that Vadadustat was shown to significantly reduce the secretion of another member of the
IL10 family—IL24. The results obtained by real-time PCR as well as the proteome profiler showed a
significant decrease in its expression and secretion. Although this cytokine is involved in the process
of wound healing, the overproduction of IL24 underlies pro-inflammatory autoimmune diseases such
as psoriasis, allergic contact dermatitis, atopic dermatitis, rheumatoid arthritis and inflammatory
bowel disease [40,41]. Therefore, a decrease in the secretion of IL24 by MSCs as a result of Vadadustat
treatment seems to be a beneficial effect when considering the use of Vadadustat preconditioned MSCs
in the treatment of patients with autoimmune diseases.

In addition to soluble factors, contact-dependent signals are also responsible for MSCs
immunosuppressive activity. Our results showed that Vadadustat pretreatment caused a decrease in
ICAM1 expression, while after 24 h increase in secretion of its soluble form was noted. ICAM1 is an
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adhesion molecule ligand for LFA-1, leukocyte integrin crucial for T cell trafficking, activation and
proliferation [42]. Binding of ICAM1 with LFA-1 is involved in leukocyte endothelial transmigration.
Soluble ICAM1 binding to LFA-1 was shown to inhibit lymphocyte attachment to endothelial cells
(Rieckmann et al., 1995), and anti-ICAM1 or LFA-1 antibodies inhibit autoreactive T cell proliferation [43].
Therefore, the downregulation of ICAM1 expression together with increase in secretion of soluble
ICAM1 after Vadadustat may constitute another mechanism for MSCs immunosuppressive activity,
particularly promising in the context of inhibiting T cell autoreactivity. A more equivocal result
was a Vadadustat-mediated decrease in gene expression of another cell surface molecules: PD-L1
(PDCD1LG1) and PD-L2 (PDCD1L2). Both PD-L1 and PD-L2 represent cell surface ligands for the PD-1
receptor (programmed cell death protein-1) expressed on T and B cells as an immunological checkpoint
molecule. PD-1 is critical for modulating adaptive immunity by negatively regulating T-cell activation
and preventing excessive or self-oriented immune responses. It is known that licensing of MSCs with
proinflammatory cytokines (IFNγ, TNFα) increases the expression of PD-L1 and PD-L2 on their cell
surfaces [44,45]. MSCs inhibition of T cell proliferation was reported to function through the contact
dependent interaction of PD-1/PD-L1 [46–48]. The role of PD1 pathway in the immunomodulatory
activity of MSCs is even more complex, since secretion of soluble PD-L1 and PD-L2 by BM-MSCs
has also been reported [45]. We observed that the secretome from Vadadustat preconditioned MSCs
inhibited the alloreactivity of PBMCs more than the secretome from control cells. Therefore, we suppose
that despite the decrease in gene expression for PD-L1 and PD-L2 after pretreatment with Vadadustat,
MSCs may increase the secretion of their soluble forms. However, further research is needed to define
the role of Vadadustat in the by PD-L1 and PD-L2-mediated immunomodulatory function of MSCs.

In this study, we demonstrated that HIF-1 prolyl hydroxylase inhibition by Vadadustat positively
affects the immunomodulatory properties of hMSCs. Preconditioning with Vadadustat has several
particularly valuable features when considering the use of MSCs or MSCs secretome in the treatment
of autoimmune diseases. Vadadustat, which is currently being tested for the maintenance treatment of
patients with anemia secondary to chronic kidney disease in Phase III clinical studies (NCT02648347,
NCT02680574, NCT04313153), aspires to become an effective tool enhancing the therapeutic activity of
MSCs in the field of cell therapies.
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Abstract: Induced pluripotent stem cell (iPSC) derived mesenchymal stem cells (iMSCs) represent a
promising source of progenitor cells for approaches in the field of bone regeneration. Bone formation
is a multi-step process in which osteogenesis and angiogenesis are both involved. Many reports show
that the secretome of mesenchymal stromal stem cells (MSCs) influences the microenvironment upon
injury, promoting cytoprotection, angiogenesis, and tissue repair of the damaged area. However,
the effects of iPSC-derived MSCs secretome on angiogenesis have seldom been investigated. In the
present study, the angiogenic properties of IFN-γ pre-conditioned iMSC secretomes were analyzed.
We detected a higher expression of the pro-angiogenic genes and proteins of iMSCs and their
secretome under IFN-γ and hypoxic stimulation (IFN-H). Tube formation and wound healing assays
revealed a higher angiogenic potential of HUVECs in the presence of IFN-γ conditioned iMSC
secretome. Sprouting assays demonstrated that within Coll/HA scaffolds, HUVECs spheroids
formed significantly more and longer sprouts in the presence of IFN-γ conditioned iMSC secretome.
Through gene expression analyses, pro-angiogenic genes (FLT-1, KDR, MET, TIMP-1, HIF-1α, IL-8,
and VCAM-1) in HUVECs showed a significant up-regulation and down-regulation of two anti-
angiogenic genes (TIMP-4 and IGFBP-1) compared to the data obtained in the other groups. Our
results demonstrate that the iMSC secretome, pre-conditioned under inflammatory and hypoxic
conditions, induced the highest angiogenic properties of HUVECs. We conclude that pre-activated
iMSCs enhance their efficacy and represent a suitable cell source for collagen/hydroxyapatite with
angiogenic properties.

Keywords: iPSC-derived MSCs; iMSC secretome; pre-conditioning; angiogenesis; IFN-γ; hypoxia;
potentiation of iMSC efficacy

1. Introduction

The reconstruction of large tissue defects is one of the main challenges in the field
of oral and maxillofacial surgery. Despite some significant limitations, including donor
site morbidity, restricted availability, and poor bone quality [1], autologous grafting has
remained the gold standard for bone over the years [2]. In order to overcome these
drawbacks, tissue engineering with stem cells, signal molecules, and scaffolds has attracted
attention in the area of regenerative medicine [3,4]. This therapeutic procedure benefits
from the regenerative capacity of the human body through the application of adult stem
cells in combination with optimized synthetic materials [5]. As oxygen and nutrient supply
is essential for survival within the graft, the use of suitable cells to promote angiogenesis
and to recruit endothelial cells has gained in importance.
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Mesenchymal stem cells (MSCs) have been shown to be a promising cell candidate
for cell-based therapy [6]. MSCs have attracted the interest of clinician-scientists not
only because of the low immunogenicity and tissue regenerative properties that could
enable their use in allogeneic settings [7], but also for their anti-tumorigenic, anti-fibrotic,
anti-apoptotic, anti-inflammatory, pro-angiogenic, neuro-protective, anti-bacterial, and
chemo-attractive effects [8–10]. Recently, it has become evident that the functional benefits
exerted by MSCs upon transplantation are due to the release of paracrine factors and
biologically relevant molecules to the neighboring diseased or injured tissue, referred to
as the MSCs secretome [11–13]. The secretome of MSCs influences the microenvironment
upon injury, promoting cytoprotection, angiogenesis, and tissue repair at the damaged
area [14].

MSCs differentiated from induced pluripotent stem cells (iPSCs), called induced
mesenchymal stem cell-like cells (iMSCs), represent an alternative to primary MSCs isolated
from different tissues [1]. Due to the limited availability, in vitro proliferation capacity,
and differentiation potential of primary MSCs, impeding their application in the clinical
routine [15], iMSCs have been identified as a promising source of transplantable donor
cells with similar capacities.

A variety of studies have demonstrated that MSCs and iMSCs have comparable
properties either in their morphology, marker expression, differentiation potential, or
immunomodulatory properties [16,17]. The advantages of the use of iMSCs are that
they have been characterized as rejuvenated MSCs [18–20] and that they show no risk of
tumor formation as they do not express oncogenic pluripotency-associated genes such as
OCT4 [21]. In addition, iMSCs outperformed native MSCs in the treatment of multiple
sclerosis in a rodent model [22]. Another animal study demonstrated that iMSCs could
successfully improve in vivo bone regeneration by their direct differentiation into bone
cells and by the recruitment of host cells in a radial defect model in mice [23].

In previous studies, our lab succeeded in the generation of iPSCs from jaw periosteal
cells (JPCs) and the resulting differentiation of iPSCs to iMSCs [24,25]. We provided
evidence for tri-lineage differentiation of generated iMSCs compared to that of the parental
JPCs by histologic staining and gene expression patterns. Furthermore, we gave information
about their morphology and telomere lengths, about their proliferative and mitochondrial
activities, and about cellular senescence compared to that detected in parental JPCs.

Angiogenesis and bone formation are coupled processes during skeletal development
and fracture healing [26]. New blood vessels bring oxygen and nutrients to the metaboli-
cally highly active regenerating callus, and serve as a route for inflammatory cells, cartilage,
and bone precursor cells to reach the injury site [27]. It has been suggested that the MSC
secretome induces angiogenesis [28].

To the best of our knowledge, the present study is the first study examining the
influence of iMSCs secretomes on angiogenesis. The aim of our study was to compare the
angiogenic potential of the secretome from differently pre-conditioned iMSCs in order to
find a suitable cell source with pro-angiogenic capacities for the generation of impactful
bone tissue engineering constructs.

2. Materials and Methods

2.1. Cell Culture

iMSCs derived from three donors were grown in hPL10-medium (DMEM/F12 (Gibco)
+ 10% human platelet lysate (hPL; PL BioScience GmbH, Aachen, Germany), 100 U/mL
penicillin-streptomycin (Pen-Strep; Lonza, Basel, Switzerland), and 2.5 µg/mL ampho-
tericin B (Biochrom, Berlin, Germany). Passages 5-6 iMSCs were used for this study [25].

2.2. iMSC Stimulation and Secretome Collection

First, 2.3 × 106 iMSCs were seeded into T-175 cell culture flasks (Greiner Bio-One
GmbH, Frickenhausen, Germany). For pro-inflammatory conditions (Figure 1), iMSCs were
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stimulated with IFN-γ (200 ng/mL, Sigma-Aldrich, St. Louis, MO, USA) for 5 days under
normoxia (21% O2, 5% CO2, IFN-N group) and hypoxia (5% O2, 5% CO2, IFN-H group).

γ (200 ng/mL, Sigma
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Figure 1. Timeline of IFN-γ stimulation and secretome collection: iMSCs were seeded into T-175 cell
culture flasks (d0) and were stimulated with IFN-γ under hypoxic condition for 5 days (d5). Cells
were washed and medium change to basal medium followed. After 24 h culture with basal medium,
iMSCs secretomes were collected at day 6 (d6).

As control groups, iMSCs were cultured only in both normoxic and hypoxic conditions
without IFN-γ stimulation. After 5 days, the medium was removed, the cells were washed
three times with 10 mL PBS and 10 mL basal medium (DMEM/F12, 100 U/mL penicillin-
streptomycin, and 2.5 µg/mL amphotericin B), then subsequently starved in 37 mL basal
medium without hPL supplementation. After 24 h, 37 mL of iMSCs secretome was collected
in 50 mL tubes (Greiner Bio-One GmbH, Frickenhausen, Germany). After centrifuging
these tubes at 600 g for 7 min to discard the cell debris, 34 mL of supernatant was recollected
in fresh 50 mL tubes. After rapid freezing in liquid nitrogen, the secretome was stored at
−80 ◦C in a freezer until the process of secretome enrichment.

2.3. Flow Cytometric Analyses of HLA-I and HLA-II Expression of iMSCs

As the parental JPCs were shown to be very sensitive to IFN-γ stimulation, we deter-
mined the optimal duration of IFN-γ treatment in pre-experiments. JPCs as well as other
MSCs respond to IFN-γ through the up-regulation of their HLA-II expression. We treated
iMSCs with IFN-γ for 3, 5, and 7 days, and detected the highest HLA-II response at day 5.
Therefore, IFN-γ stimulation for 5 days was chosen for all of the experiments performed
for this study. Stimulated iMSCs and cells from the control groups were collected for flow
cytometric analyses. Then, 2 × 105 cells per sample were incubated in 20 µL blocking
buffer (PBS, 0.1% BSA, 1 mg/mL sodium azide (Sigma-Aldrich) and 10% Gamunex (human
immune globulin solution, Talecris Biotherapeutics, Frankfurt, Germany) for 15 min on
ice. Then, the cells were incubated on ice with a FACS buffer (DPBS, 0.1% BSA, and 0.1%
sodium azide) as well as mouse APC-conjugated anti-HLA-I and anti-HLA-II antibodies
(MACS Miltenyi Biotec, Bergisch Gladbach, Germany) for 20 min in the dark. For the
isotype controls, APC-labeled IgG2a antibodies (Biolegend, San Diego, CA, USA) were
used. For the analysis of the iMSC and iPSC surface marker expression, the APC- and
PE-labeled antibodies listed in Table 1 were used. Representative histograms are shown
in Supplementary Figure S1. After two washing steps with a FACS buffer, the cell pellets
were resuspended in 200 µL FACS buffer and were analyzed by flow cytometry using the
Guava easyCyte 6HT-2L (Merck Millipore, Billerica, MA, USA). For data evaluation, the
guavaSoft 2.2.3 (InCyte 2.2.2, Luminex Corporation, Chicago, IL, USA) software was used.

Table 1. List of the antibodies used for the detection of MSC and iPSC marker expression on iMSCs;
* Biolegend, ** Miltenyi. Rec-recombinant.

PE-Labeled Antibodies Volume [µL] APC-Labeled Antibodies Volume [µL]

1 Rec. Tra-1–0 1 ** CD90 (IgG1) 5 *

2 Rec. Tra-1–81 1 ** CD73 (IgG1) 5 *

3 Rec. SSEA4 5 ** CD105 (IgG1) 5 *

4 CD44 (IgG1) 5 * CD326 (IgG2a *) 5 *

5 Rec.-PE (control) 5 * IgG2a-APC (control) 5 *

6 IgG1-PE (control) 5 ** IgG1-APC (control) 5 *
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2.4. Secretome Enrichment

According to the instruction of Vivaspin® 20 centrifugal concentrators (5 kDa cut
off, Sartorius, Goettingen, Germany), iMSC secretome was concentrated to 100-fold. First,
14 mL of iMSC supernatant was pipetted into the Vivaspin tubes and centrifuged at 6000× g
(6831 rpm). After ca. 2 h of centrifugation, the volume from the upper compartment of
the tube was checked and further volume was filled for secretome enrichment until the
total volume of the added supernatant reached 34 mL (14 mL + 10 mL + 10 mL). After a
total centrifugation time of 9 h, less than 340 µL of the concentrated iMSC secretome were
collected and filled to exactly 340 µL with basal medium (DMEM/F12, 100 U/mL penicillin-
streptomycin, and 2.5 µg/mL amphotericin B). After the enrichment of the secretomes from
three different donors, those obtained under the same condition were mixed completely in
order to minimize the interindividual variations and to obtain more reliability of the data.
The optimal iMSC secretome concentration was determined by dose response kinetics.
Therefore, tube formation assays were performed in the presence of 1×, 5×, and 10×
concentrated secretomes. As illustrated in Supplementary Figure S2, 10× secretomes
showed the highest angiogenic effect. Based on this result from the pre-experiments, all
other experiments were performed with mixed 10-fold concentrated iMSC secretomes.

2.5. Detection of IL-8 and VEGF-A Protein Concentrations in iMSC Secretomes by Enzyme-Linked
Immunosorbent Assay (ELISA)

The secretomes from different conditions were collected and IL-8 and VEGF-A pro-
tein secretions were quantified using the human IL-8 ELISA kit II (Invitrogen, Thermo
Fisher, Darmstadt, Germany) and the human VEGF ELISA kit (R&D Systems, Minneapolis,
USA) according to the manufacturer’s instructions. All measurements were performed in
duplicate. ELISA plates were read immediately with a microplate ELISA reader (BioTek,
Friedrichshall, Germany) at a wavelength of 450 nm. IL-8 and VEGF concentrations were
quantified using a standard curve of known concentrations. The lowest detection limit was
in the range of 9–15.63 pg/mL.

2.6. Cell Culture of Human Umbilical Vein Endothelial Cells

Human umbilical vein endothelial cells (HUVECs) were purchased from PromoCell
(Heidelberg, Germany) and cultured in endothelial cell growth medium 2 (EGM-2 kit,
PromoCell, Heidelberg, Germany) with 1% amphotericin B and penicillin/streptomycin
(Biochrom, Berlin, Germany) at 37 ◦C and 5% CO2. Cells of passages 5–7 were used for all
experiments and medium change was performed three times per week.

2.7. Endothelial Tube Formation

Tube formation assays were performed with HUVECs using a method adapted from
Wang and co-authors [29]. Briefly, 100 µL/well of GeltrexTM LDEV-free reduced growth
factor basement membrane matrix (Invitrogen/Thermo Fisher Scientific, Waltham, MA,
USA) was incubated in a 24 well plate for 45 min at 37 ◦C for matrix gel polymerization.
Then, 5 × 104 HUVECs were seeded onto GeltrexTM matrices and cultured for 8 h with
EGM-2 medium containing all the supplements (+GF, positive group) and EGM-2 medium
containing 10× secretome of different conditions (IFN-H, IFN-N, Co-H, and Co-N). EGM-2
medium without growth factors served as the negative control (-GF). After 8 h of cultivation,
1 µM calcein-AM dye (Invitrogen/Thermo Fisher Scientific, Waltham, MA, USA) was added
to the plate and incubated for 20 min. Fluorescence images were captured from at least
three wells per culture condition at a 1.25× magnification using the Axio Observer Z1
fluorescence microscope (Zeiss, Oberkochen, Germany). Network branches, meshes, and
nodes were counted from the collected images using the Image J software, in order to
quantify the angiogenic network formation.
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2.8. Detection of Wound Closure by Using the Endothelial Scratch Assay

An in vitro scratch assay was performed as described previously [30]. HUVECs were
seeded in 24-well plates at a density of 1 × 105. After incubation for 24 h, each colonialized
well was manually scratched with a 200 µL pipette tip, washed with PBS three times,
and incubated at 37 ◦C under different conditions (positive, IFN-H, IFN-N, Co-H, Co-
N, and negative groups). Three randomly selected views along the scraped line were
photographed from each well immediately after manual scratching and 8 h later with a
5× objective in a brightfield microscope. The area of the wound gap was calculated using
the ImageJ software:

% wound closure =
A(0)− A(t)

A(0)
× 100%

where A(t) is the wound area at 8 h and A(0) is its initial area. Cell migration was quantified
and expressed as the average percentage of closure of the scratch area [31].

2.9. Spheroid Sprouting Assay in Collagen/Hydroxyapatite Scaffolds

A spheroid sprouting assay was adapted from the method previously described by
Maracle and co-authors [32]. The principle of this assay is based on the sprout formation
originating from aggregated and gel-embedded HUVECs. In brief, methocel solution
was prepared by dissolving 6 g methylcellulose (Sigma-Aldrich, USA) in 500 mL EGM-2
medium (PromoCell, Heidelberg, Germany). The HUVECs were then harvested. A total
of 8 × 103 HUVECs were added to each well of a 96-well polypropylene plate (Corning,
Sigma-Aldrich, USA) in 200 µL EGM-2 medium containing 20% methocel. Spheroids
formed overnight at 37 ◦C. Then, 30 spheroids were resuspended in 300 µL of the solution
for the preparation of collagen/hydroxyapatite composites. After incubation at 37 ◦C
for 30 min for polymerization of the collagen/hydroxyapatite composites, 500 µL of the
different pre-conditioned iMSCs secretomes containing 10% FBS (IFN-H, IFN-N, CO-H,
and CO-N groups) were added to the wells. Sprout formation by the HUVEC spheroids
was detected after 48 h of incubation.

2.10. Fluorescence Staining

Different groups of collagen/hydroxyapatite scaffolds containing HUVEC spheroids
were washed three times with PBS and were fixed with 4% paraformaldehyde for 1 h. After
cell permeabilization with PBS + 1% Triton-X100 (Sigma), the cells were washed with PBS
and stained with Alexa488-Phalloidin (10 µg/mL in bovine serum albumin, Sigma-Aldrich,
USA) and Hoechst 33342 (1 µg/mL, Promocell, Heidelberg, Germany) at room temperature
for 1 h. After three wash steps with PBS, images were taken using an Axio Observer Z1
fluorescence microscope (Zeiss, Oberkochen, Germany) at 10× magnifications. Spheroids
were quantified using the ImageJ software in order to measure the length of the sprouts
and to calculate the cumulative sprout length (CSL). Data from at least 10 spheroids per
experimental group were calculated.

2.11. RNA Isolation and Quantitative Gene Expression Analyses in iMSCs and HUVECs

The total mRNA was isolated from HUVECs using the NucleoSpin RNA kit (Macherey-
Nagel, Hoerd, France) according to the manufacturer’s guidelines. After isolation, RNA
was quantified using a Nanodrop micro-volume spectrophotometer (Invitrogen/Thermo
Fisher Scientific, Waltham, MA, USA). Then, cDNA synthesis was performed using the
LunaScript® RT SuperMix kit according to the instructions of the manufacturer (New
England Biolabs, Ipswich, MA, USA). To quantify the mRNA expression levels, the Applied
Biosystems® QuantStudio® 5 Real-Time PCR System (Thermo Fisher Scientific, Waltham,
MA, USA) was used. For the PCR reactions, DEPC-treated water, Luna® Universal Probe
qPCR Master Mix (New England Biolabs, Ipswich, MA, USA), and primer kits (FLT-1, KDR,
HGF, MET, IL-8, HIF-1α, MMP-1, TIMP-1, TIMP-4, IGFBP-1, IGFBP-2, and VCAM-1) from
Thermo Fisher Scientific (Waltham, MA, USA) were used for 40 amplification cycles of the
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target cDNA following the manufacturer’s instructions. The target gene transcript levels
were normalized to those of the housekeeping gene GAPDH. X-fold induction values were
calculated by the quotient of the sample and the corresponding control. All cDNA samples
were analyzed in triplicate.

2.12. Statistical Analysis

The data of all measurements are expressed as means ± standard error of means (SEM).
All statistical analyses were carried out using the GraphPad Prism software (La Jolla, CA,
USA). The two-tailed Student’s t-test or one-way analysis of variance (ANOVA) for repeated
measurements followed by Tukey’s multiple comparisons tests were used. Values were
considered significant with a p-value < 0.05.

3. Results

3.1. HLA-I and HLA-II Expression by iMSCs Cultured under Pro-Inflammatory (IFN-γ) and
Hypoxic/Normoxic Condition

In a previous study, we provided evidence of tri-lineage differentiation, telomere
lengths, and proliferative and mitochondrial capacities of generated iMSCs, compared to
the functions of the parental JPCs [25]. The MSC and iPSC marker expressions of the iMSCs
used in this work are given in the Supplementary Figure S1.

To characterize the response of iMSCs to IFN-γ stimulation, the expression of HLA-I
and HLA-II surface markers was analyzed via flow cytometry. iMSCs derived from three
donors expressed high levels of HLA-I, under both hypoxic and normoxic conditions
(Figure 2A). After iMSC stimulation with IFN-γ for 5 days (IFN-γ), the expression of HLA-
II (Hypoxia: IFN-γ: 62.52 ± 25.21%; Normoxia: IFN-γ: 65.37 ± 19.79%) was significantly
upregulated compared to that of the untreated iMSCs (CO) (Normoxia: CO: 0.12 ± 0.01%;
Hypoxia: CO: 0.27 ± 0.09%) under both hypoxic and normoxic conditions (Figure 2B).

γ (IFN γ groups) for 5 days under hypoxic and normoxic conditions. (

γ) and Hypoxic/Normoxic Conditions

Figure 2. HLA-I and HLA-II expression of iMSCs of untreated (CO) and stimulated (with 200 ng/mL
IFN-γ (IFN-γ groups) for 5 days under hypoxic and normoxic conditions. (A) Representative
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histograms of the surface marker expression were detected by flow cytometry. Positive cells (red),
unstained control (green). (B) Amount of HLA-I and -II positive cells under the indicated conditions.
Differences in surface marker expression were compared using two-way ANOVA (n = 3 patients,
* p < 0.05).

3.2. Gene Expression of the Pro-Angiogenic Genes IL-8 and VEGF-A by iMSCs Cultured under
Pro-Inflammatory (IFN-γ) and Hypoxic/Normoxic Conditions

To investigate the angiogenic potential of the treated and untreated iMSCs, the
angiogenesis-related genes in iMSCs were analyzed. It is well known that interleukin-(IL-)-
8 and VEGF-A are critical regulators of angiogenesis [33,34]. In our present study, it was
evident that the IL-8 gene expression in iMSCs from the IFN-H group (IFN-H: 102.77 ± 1.89)
was significantly higher than in the other three groups (IFN-N group: 7.26 ± 0.24, CO-H
group: 1.36 ± 0.13 and CO-N group: 1 ± 0.25), and the expression of the IL-8 gene in
iMSCs from the IFN-N group was also significantly higher than the IL-8 levels from the
CO-H and CO-N groups (Figure 3A). Concerning the VEGF-A gene expression, the levels
in the IFN-H and IFN-N groups (IFN-H: 3.93 ± 0.12; IFN-N: 4.31 ± 0.11) were found to
be significantly higher compared to those detected in the CO-H and CO-N groups (CO-
H: 0.75 ± 0.25; CO-N: 1 ± 0.22). No significant differences were detected between the
stimulated and unstimulated groups (Figure 3B). In summary, these results indicate that
with IFN-γ pre-conditioned iMSCs possess a higher angiogenic potential compared to the
control iMSCs.

γ pre

γ under 
Figure 3. Expression of angiogenesis-related genes by iMSCs pre-conditioned with IFN-γ under
hypoxic and normoxic conditions. Gene expression levels of IL-8 (A) and VEGF-A (B) in iMSCs
were quantified using a Thermo Fisher Scientific PCR instrument, and ratios of the target mRNA
copy numbers related to copy numbers of the housekeeping gene (GAPDH) were calculated. Gene
expressions mean values ± SEM in iMSCs from the IFN-H, IFN-N, CO-H, and CO-N groups displayed
as x-fold induction values relative to the CO-N (control normoxic) group. Data were collected from
three independent experiments (*** p < 0.001; **** p < 0.0001).
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3.3. Examination of IL-8 and VEGF-A Protein Concentrations in Pre-Conditioned
iMSCs Secretomes

To quantify the IL-8 and VEGF protein release in secretomes from different pre-
conditioned iMSCs groups, we used human IL-8 and human VEGF ELISA kits. As shown in
Figure 4, VEGF secretion was significantly increased in both IFN-stimulated groups (IFN-H:
9.75 ± 0.22; IFN-N: 8.68 ± 0.50) compared to levels detected in the unstimulated groups
(CO-H: 3.51 ± 0.14; CO-N: 2.75 ± 0.11). After quantification of IL-8 protein secretion, a
significant upregulation was detected in the IFN-H group (IFN-H: 52.48 ± 0.30) compared
to the normoxic and untreated groups (IFN-N: 0.002 ± 0.001; CO-H: 0.01 ± 0.003; CO-N:
0.07 ± 0.004).

γ under hypoxic and normoxic condi

cells from the negative control group (−GF) and in 

Figure 4. Quantification of IL-8 (A) and VEGF (B) protein concentration in secretomes from iMSCs
pre-conditioned with IFN-γ under hypoxic and normoxic conditions. Values represent means ± SEM
values from three independent experiments (*** p < 0.001; **** p < 0.0001).

3.4. Tube Formation Assays with HUVECs Cultured in the Presence of Secretomes from
Pre-Conditioned iMSCs

In order to evaluate the angiogenic potential of the secretomes obtained from differ-
ently pre-conditioned iMSCs, endothelial tube formation assays were performed. After
imaging, different amounts of tube-like structures were formed. For the quantification
using the Image J software, we used three indicators to determine the angiogenic effects of
the different iMSC secretomes: the number of nodes, number of meshes, and the number
of branches. As illustrated in Figure 5, HUVECs from the positive group (+GF) formed
significantly more nodes, meshes, and branches (Figure 5B) than the cells from all other
groups, except the number of branches and nodes compared to HUVECs from the IFN-H
group. HUVECs from the IFN-H group formed significantly higher numbers of nodes,
branches, and meshes compared to the cells from the negative control group (−GF) and in
the tendency compared to all other groups, without reaching statistical significance.
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factors (−GF, negative control group). (

other groups (−GF: 19.68 ± 3.97%; IFN

tured in the absence of all growth factors (−GF).

Figure 5. Tube formation of HUVECs incubated with secretomes obtained from differently pre-
conditioned iMSCs. HUVECs seeded onto the Geltrex matrix in a medium containing secretomes
from differently pre-conditioned iMSCs, growth factors (+GF, positive control group), or without
growth factors (−GF, negative control group). (A) Representative images (1.25× magnification,
scale bar = 2000 µm) of tube formation were taken using fluorescent microscopy (calcein-AM green
staining), 8 h after cell seeding. (B) Number of branches, number of meshes, and number of nodes
were quantified with the ImageJ software. Values represent means ±SEM from three independent
experiments (*, **, ***, **** without bar indicates significant differences to the +GF group; * p < 0.05,
** p < 0.01, *** p < 0.001, **** p < 0.0001).

3.5. Wound Healing Assays with HUVECs Cultured in the Presence of Pre-Conditioned
iMSCs Secretomes

The migration capability of the endothelial cells represents the first step in the angio-
genesis process [35]. In order to evaluate the wound closure by the migration capacity of
HUVECs cultured in the presence of pre-conditioned iMSCs secretomes, wound healing
assays were performed. After imaging, the wound closure area in the different groups
was calculated by ImageJ. As shown in Figure 6, the wound closure percentage of the
positive cell group (+GF: 44.83 ± 1.77%) was significantly higher (Figure 6B) than in the
other groups (−GF: 19.68 ± 3.97%; IFN-H: 38.82 ± 3.50%; IFN-N: 28.54 ± 1.02%; CO-H:
32.31 ± 3.86%; CO-N: 29.27 ± 3.55%), except when compared to cells from the IFN-H group.
HUVECs from the IFN-H group showed the highest percentages of wound closure, which
reached statistical significance compared to the negative control group, which was cultured
in the absence of all growth factors (−GF).
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Figure 6. Wound healing assay of HUVECs incubated with differently pre-conditioned iMSCs secre-
tomes. HUVECs cultured with differently pre-conditioned iMSCs secretomes, growth factors (+GF,
positive group), or without growth factors (−GF, negative control group). (A) Representative images
(5× magnification, scale bar = 500 µm) of the scratched area were taken using brightfield microscopy
at 0 and 8 h after cell seeding. (B) Quantification of the wound closure by HUVECs cultured with pre-
conditioned iMSCs secretomes. Values represent means ± SEM from three independent experiments
(* p < 0.05, ** p < 0.01).

3.6. Gene Expression Analysis of Angiogenic Markers by HUVECs Cultured in the Presence of
Pre-Conditioned iMSC Secretomes

Further investigation of the biofunctionality of the differently pre-conditioned iMSCs
secretomes includes the analysis of their effects on the angiogenic gene expression in
HUVECs (Figure 6). HUVECs cultured in the presence of iMSC secretome from the IFN-γ
(for 5 days) stimulation under hypoxic condition group (IFN-H) showed an up-regulation
of seven pro-angiogenic genes (FLT-1, KDR, MET, TIMP-1, HIF-1α, IL-8, and VCAM-1) and
a down-regulation of two anti-angiogenic genes (TIMP-4 and IGFBP-1) when compared to
all other groups. The MMP-1 gene expression in the IFN-H HUVEC group was higher than
that detected in the IFN-N, CO-H, CO-N, and −GF groups and lower than that of the +GF
group, however, there was no significant difference among these groups (Figure 7E). The
gene expression of IGFBP-2 in the IFN-H, IFN-N, CO-H, and CO-N groups was higher than
in the −GF group and lower than that of the +GF HUVEC group (Figure 7J). Concerning
the expression of the HGF gene, higher mRNA levels were detected in the IFN-H group
compared to those detected in the +GF and -GF groups, but they were lower compared to
those of the IFN-N, CO-H, and CO-N groups. The statistical significances are illustrated in
Figure 7. The expression pattern of the 12 analyzed genes gives an overview of the iMSC
secretome with the highest angiogenic potential under hypoxic and pro-inflammatory
(IFN-γ) pre-treatment.
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fold induction values relative to the negative control group (−GF). Data were collected 

Figure 7. Expression of angiogenesis-related genes by HUVECs cultivated in the presence of pre-
conditioned iMSCs secretomes. Gene expression levels of FLT-1 (A), KDR (B), HGF (C), MET (D),
MMP-1 (E), TIMP-1 (F), TIMP-4 (G), HIF-1α (H), IGFBP-1 (I), IGFBP-2 (J), IL-8 (K), and VCAM-1
(L) in HUVECs cultivated in the presence of pre-conditioned iMSCs secretomes. Quantification of
mRNA levels was performed using a Thermo Fisher Scientific PCR instrument, and ratios of the
target mRNA copy numbers to copy numbers of the housekeeping gene (GAPDH) were calculated in
all samples. Mean values ± SEM in HUVECs from different iMSCs secretome groups are displayed
as x-fold induction values relative to the negative control group (−GF). Data were collected from
three independent experiments (*, **, ***, **** without bar indicates significant differences compared
to the IFN-H group, # indicates that the IFN-H group show significant differences to all other groups,
* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001).

3.7. Sprouting Assays by HUVEC Spheroids Seeded on 3D Collagen/Hydroxyapatite Composites
in the Presence of Pre-conditioned iMSC Secretomes

To evaluate the functionality of differently conditioned iMSCs secretomes also in
the 3D-culture, sprouting assays with HUVEC spheroids were performed within colla-
gen/hydroxyapatite (coll/HA) composite scaffolds. We described the generation of these
scaffolds in a previous work [36]. HUVEC spheroids were incorporated into coll/HA
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scaffolds and incubated in the presence of differently pre-conditioned iMSCs secretomes
(IFN-H, IFN-N, CO-H, and CO-N groups). Figure 8 gives an overview of the merged
images; the respective cytoplasmic and nuclear staining is illustrated in the Supplemen-
tary Figure S3. Sprout lengths were analyzed by ImageJ software after 48 h of incubation
(Figure 8A). By quantifying the cumulative sprout length (CSL), we detected a signifi-
cantly higher CSL in the IFN-H scaffold group (IFN-H: 2263.25 ± 228.68), compared to
the CSL detected for all other groups (+GF: 1347.29 ± 122.98; −GF: 342.35 ± 49.52; IFN-N:
1303.20 ± 122.75; CO-H: 584.57 ± 76.12; CO-N: 492.75 ± 57.85). The CSL calculated in the
scaffolds from the IFN-N and the +GF groups were significantly higher than those detected
in the scaffolds from the CO-H, CO-N, and −GF groups. (Figure 8B). The CSL calculated in
scaffolds from the CO-H and CO-N groups was higher than that calculated for the −GF
group; however, without statistical significance.

Figure 8. Sprout formation by 3D HUVEC spheroids cultured within coll/HA composites in the
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presence of iMSC secretomes for 48 h. (A) Representative confocal images (Alexa488-Phalloidin
staining) of HUVEC spheroids cultured within coll/HA composites in the presence of differently
pre-conditioned iMSCs secretomes in a 10× magnification (scale bar = 200 µm). (B) Quantification
of cumulative sprouts length (CSL) analyzed using the ImageJ software. Mean CSL was calculated
for at least 10 randomly selected spheroids per experimental group. Values represent means ± SEM
from three independent experiments (# indicates that the IFN-H HUVEC group showed significant
differences to all other groups, ** p < 0.01; *** p < 0.001; **** p < 0.0001).

4. Discussion

MSCs have been widely explored for cell-based therapy in the field of tissue regenera-
tion due to their remarkable immunosuppressive and immunomodulatory properties [37],
and their ability to enhance angiogenesis and accelerate tissue healing [38]. The simi-
larity of iMSCs to primary MSCs and their regenerative potential in vivo have already
been demonstrated in initial studies [39,40], but further investigation is needed. MSC-
derived secretomes contain many bioactive molecules, such as growth factors, cytokines,
chemokines, free nucleic acids, lipids, and extracellular vesicles, which carry proteins
and/or miRNAs to target cells [41–43]. Detailed transcriptome analysis of iMSCs showed
a rejuvenation-associated gene signature, as well as more genes in common with fetal
MSCs than with adult MSCs [20]. The same study demonstrated that protein composition
of iMSC secretomes is similar to that of both fetal and adult MSCs. However, the secre-
tome composition can be regulated by preconditioning strategies during the in vitro iMSC
culture [44]. The influence of different conditions has been investigated so far, including
hypoxic and inflammatory conditions, addition of pharmacological agents, and 3D culture
conditions [45]. A recent study investigated the influence of interferon-γ and hypoxia on
the proteome and metabolome of therapeutic adipose-derived mesenchymal stem cells [46].
Pro-inflammatory and hypoxic conditions coexist in settings of chronic diseases, acute
injury, and adipositas. The authors demonstrated that dual priming (IFN-γ/hypoxia) of
MSCs intensified their immunomodulatory capacity, promoted their own survival, pre-
vented them from clearance, and led to an anti-fibrotic MSC phenotype. Hypoxic conditions
switch MSCs to glycolysis, causing fast consumption of glucose and fast production of
lactate, which has inhibitory effects on T-cells. For the manufacturing of clinical-grade
MSCs, there is a need to develop standardized assays to prove their potency. Guan and
co-authors [47], detected after IFN exposure of MSCs, elevated expression levels of IDO and
PD-L1 (programmed death ligand 1), which correlated with their suppressive potential on
third-party T cell proliferation. The authors concluded that flow cytometric measurement
of intracellular IDO and cell surface protein PD-L1 represents a potential and rapid assay
for the assessment of their immunosuppressive potential.

Far less is known about the phenotype and features of iMSCs, as well as about their
therapeutic capacities. Our study shows for the first time the effects of a pro-inflammatory
IFN-γ activation under a hypoxic condition (5% O2) on the angiogenic potential of the
obtained iMSCs secretome. The obtained angiogenic potency was compared to that induced
by the normoxic (20% O2) and non-inflammatory environment of in vitro cultured iMSCs.

Pro-angiogenic proteins secreted by MSCs are mediated by growth factors (such as
VEGF) and chemokines (such as IL-8) [48]. Many studies report that MSC secretomes can
exert different effects in the context of angiogenesis, and many of these differences largely
depend on the preconditioning of MSC cultures [49]. By the results described in the present
study, we completely agree with this finding. Furthermore, the tissue origin seems to also
influence the angiogenic profile of the human MSC secretome [50]. The use of rejuvenated
iMSCs could bypass tissue- and age-related heterogeneities, which are associated with
primary MSCs. In our study, we demonstrate for the first time that pro-inflammatory and
hypoxic conditions enhance the angiogenic potency of the released iMSC secretome. As
IL-8 and VEGF are both potent regulators of angiogenesis [33,34], we analyzed the gene
and protein expression of both factors and detected the highest levels in the IFN-γ and
hypoxia pre-conditioned iMSC group.
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In recent years, priming approaches have been investigated to empower MSC efficacy.
Among them, preconditioning with IFN-γ under hypoxic conditions seems to enhance
the immunosuppressive properties of MSCs [45]. Under IFN-γ priming, MSCs increase
the expression of class II histocompatibility leukocyte antigen (HLA) molecules [51], and
MCSs preconditioning with IFN-γ and TNF-α in combination promoted angiogenesis
and accelerated tumor growth [52]. Under hypoxic conditions, MSCs have been shown to
possess a higher angiogenic and regenerative potential than under normoxic conditions [53].
This result is exactly in line with our obtained findings. Exosomes released by hypoxia-
treated adipose tissue derived MSCs have been shown to enhance angiogenesis through
the protein kinase A (PKA) signaling pathway in HUVECs [54]. Low oxygen tension is
thought to be an integral component of the endosteal niche microenvironment. As IL-8
secretion by human primary MSCs is clearly increased under hypoxic conditions and IL-8
in turn possesses strong pro-angiogenic and chemotactic abilities, MSCs can enhance their
migratory capacity in an autocrine manner [55] and promote osteogenesis at the same
time [56]. However, IFN-γ exposure alone led to the suppression of VEGF and IL-8 by
adipose-derived stromal cells. Conditioned medium of IFN-γ primed ASCs was not able to
activate in vivo vessel formation [57]. Dual primed MSCs downregulated thrombospondin
1 and 2 expression, both factors that inhibit angiogenesis [46]. We did not analyze the
thrombospondin expression, but its suppression might be a reason for the pro-angiogenic
effect of the iMSC secretome from the IFN-H group, in addition to the suppression of the
anti-angiogenic TIMP-4 and IGFBP-1, as described below.

Currently, we developed collagen/hydroxyapatite composites with good angiogenic
properties by incorporating VEGF-mimetic peptides [36]. However, a cell type with pro-
angiogenic properties could further support construct endothelialization in situ. Due to
the limited proliferation and differentiation capacity of the primary jaw periosteal cells we
usually work with, we found with iMSCs an alternative cell source that we derived from
reprogrammed JPCs. As this MSC-like cell type is new, we drew our attention to a detailed
analysis of its phenotype and functions, and demonstrated that iMSC priming with IFN-γ
under hypoxic conditions induced pro-angiogenic properties of their secretome.

Besides evaluating the effect of iMSCs secretome on HUVEC tube formation, we also
investigated the angiogenic gene expression in HUVECs. The analyzed genes play an im-
portant role during angiogenesis. VEGFR-1 (FLT-1) and VEGFR-2 (KDR) are both receptors
of VEGF, representing principal initiators of the angiogenesis process [58]. For angiogenesis
amplification and vascular stabilization, other factors like IL-8, IGFBP-2, MMP-1, VCAM-1,
HIF-1α, HGF, and MET come into play [59–63]. Angiogenesis inhibitory factors like TIMP-
4, endostatin, angiostatin, or thrombospondin suppress vascular growth [64]. Although
several studies demonstrated that the inhibition of TIMP1 promotes angiogenesis [65],
there are also contradictory works reporting on enhanced tumor angiogenesis in the brain
metastasis of lung carcinoma associated with TIMP-1 overexpression [66]. In our study,
HUVECs cultured in the presence of IFN-γ and hypoxia pre-conditioned iMSCs secretome
showed an up-regulation of pro-angiogenic genes (FLT-1, KDR, MET, TIMP-1, HIF-1α, IL-8,
and VCAM-1) and a down-regulation of anti-angiogenic genes such as TIMP-4, IGFBP-1,
and IGFBP-2, compared to all other groups. Relatively little is actually known about the
function of TIMP-4 and its role in angiogenesis. However, TIMP-4 has been shown to
inhibit platelet aggregation and to decrease the migration and invasive potential of cancer
cell lines. Further studies could demonstrate the inhibitory effect of TIMP-4 on capillary
tube formation only in high doses and on capillary endothelial cell migration [67]. We
suggest that TIMP-4 inhibition in the HUVEC group cultivated with the pre-conditioned
(IFN-γ and hypoxia) iMSCs secretome was based on its anti-angiogenic effect. IGFBPs
usually inhibit the metabolic and proliferative actions of IGFs by binding them, prolong-
ing their half-lives, and altering their interactions with cell surface receptors. Hypoxia
induces IGFBP-1 hyperphosphorylation, leading to decreased IGF-I bioavailability in fetal
growth [68]. However, the interactions between IGFs and IGFBPs are mutual, resulting in
reciprocal regulation dependent on the cellular environment [66].
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Additionally, the HGF gene expression has been shown to be inversely proportional to
detected c-MET levels in the pre-conditioned iMSCs secretome HUVEC group, compared
to the other groups. HGF unfolds its angiogenic effect via tyrosine phosphorylation of
its specific receptor, c-Met, expressed on blood vessels including endothelial cells (ECs)
and vascular smooth muscle cells (VSMCs) [69]. Based on maximal c-MET transcription
levels detected in the IFN-H group, we suppose higher HGF-responsiveness in this group
compared to the other IFN-treated or untreated groups. The pre-conditioned iMSCs
secretome obtained upon IFN-γ and hypoxia treatment could also include TGF-beta [51],
which is able to inhibit the expression of HGF [70]. We suppose this might be the reason for
reduced HGF levels in the IFN-H group compared to the other three secretome groups.

Many studies have shown the relevance of VCAM-1 in angiogenesis [71], and the
chemokine interleukin-8 exerts potent pro-angiogenic effects through binding to the CXCR2
receptor of intestinal microvascular endothelial cells and downstream signaling by phos-
phorylation of the extracellular signal-regulated protein kinase 1/2 (ERK 1/2) [72]. As
IL-8 and VCAM-1 gene expressions have been shown to be strongly and significantly
upregulated in treated HUVECs, we suggest that these are key responder factors induced
by the strong pro-angiogenic effect starting from the IFN-γ/hypoxia pre-conditioned iMSC
secretome. We did not analyze the gene expression pattern of 3D-cultured HUVECs (as
shown in Figure 8), but sprout formation assays showed very clearly similar results to the
performed tube formation assays with 2D-cultured HUVECs (as shown in Figure 5). These
results showed that regardless of the cultivation approach in 2D on a standard growth-
factor reduced matrigel preparation composed of laminin I, type IV collagen, entactin, and
heparan sulfate proteoglycans (information from the company), or in 3D within the type I
collagen/hydroxyapatite constructs, HUVECs were able to be activated by the IFN-γ and
hypoxia pre-conditioned iMSCs secretome.

Taken together, in this study we provide insight into the excellent pro-angiogenic
functional capacity starting from IFN-γ and hypoxia pre-conditioned iMSCs secretome.

5. Conclusions

In this study, we present a cell-free approach for the development of collagen/
hydroxyapatite scaffolds exhibiting angiogenic properties. Secondly, we demonstrate that
dual priming with hypoxia and IFN-γ significantly improved the pro-angiogenic properties
of iMSCs. Based on this result, we conclude that iMSCs priming before clinical application
can activate neovascularization and improve the therapeutic efficacy of these stem cells.
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incubated with different concentrations of iMSCs secretome; Figure S3: Sprout formation by 3D
HUVEC spheroids cultured within coll/HA composites for 48 h.
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Abstract: To optimise the culture conditions for human Wharton’s jelly-derived mesenchymal stem
cells (hWJ-MSCs) intended for clinical use, we investigated ten different properties of these cells
cultured under 21% (atmospheric) and 5% (physiological normoxia) oxygen concentrations. The
obtained results indicate that 5% O2 has beneficial effects on the proliferation rate, clonogenicity, and
slowdown of senescence of hWJ-MSCs; however, the oxygen level did not have an influence on the
cell morphology, immunophenotype, or neuroprotective effect of the hWJ-MSCs. Nonetheless, the
potential to differentiate into adipocytes, osteocytes, and chondrocytes was comparable under both
oxygen conditions. However, spontaneous differentiation of hWJ-MSCs into neuronal lineages was
observed and enhanced under atmospheric oxygen conditions. The cells relied more on mitochondrial
respiration than glycolysis, regardless of the oxygen conditions. Based on these results, we can
conclude that hWJ-MSCs could be effectively cultured and prepared under both oxygen conditions for
cell-based therapy. However, the 5% oxygen level seemed to create a more balanced and appropriate
environment for hWJ-MSCs.

Keywords: Wharton’s jelly mesenchymal stem cells; umbilical cord; oxygen conditions; secretory
profile; neuroprotection

1. Introduction

Mesenchymal stromal/stem cells (MSCs) are promising tools in regenerative therapy
and other clinical applications. According to the position statement of the International
Society for Cellular Therapy [1], MSCs are characterised by (1) adherence to plastic under
standard culture conditions; (2) expression of the surface markers CD73, CD90, and CD105
in the absence of CD11b or CD14, CD19, CD34, CD45, CD79a, and HLA-DR; and (3)
the ability to differentiate into adipocytes, osteocytes, and chondrocytes in vitro. Other
key features of these cells are self-renewal; multipotency; high proliferative potential;
and immunomodulatory, paracrine, and anti-inflammatory properties [2,3]. MSCs can be
isolated from various types of adult tissue, namely, bone marrow, adipogenic tissue, and
dental pulp and foetal tissue, namely, umbilical cord, umbilical cord blood, amniotic fluid,
placenta, and Wharton’s jelly (WJ) [2,4–6]. The most common sources of mesenchymal
stem cells used for clinical application are bone marrow and adipogenic tissue, which have
some limitations [7–11]. For example, collection of these tissues is a painful and invasive
procedure. Moreover, the proliferation ability and differentiation potential of human bone
marrow-derived MSCs (hBM-MSCs) decrease with age [12,13].
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A relevant source of MSCs is the umbilical cord matrix, or Wharton’s jelly, which is
the embryonic mucous connective tissue between the amniotic epithelium and umbilical
vessels. hWJ-MSCs also show similar characteristics to adult MSCs, as determined by
the International Society for Cellular Therapy [1]. They exhibit a higher proliferation
rate and differentiation capabilities and lower immunogenicity than adult tissue-derived
MSCs [14–18]. hWJ-MSCs also have unique immunomodulatory effects [19]. Moreover,
the isolation of hWJ-MSCs is easy and noninvasive [20]. In contrast to bone marrow, the
umbilical cord is considered medical waste and is obtained/utilised with no harm to the
patient. The expression level of neural/neuronal markers (Nestin, NF-200, GFAP) is higher
in hWJ-MSCs than in hBM-MSCs [18], and mesenchymal stem cells derived from Wharton’s
jelly exhibit neuroprotective properties, which were defined after indirect coculture of
hWJ-MSCs with injured neuronal cells or tissue [21,22]. Due to these features of hWJ-MSCs,
there is a growing interest in using these cells in cell-based therapies. Therefore, it is
important to thoroughly investigate the properties of hWJ-MSCs.

Additionally, conventional in vitro cell cultures are carried out under atmospheric
oxygen conditions (21% O2), which do not correspond to the in vivo situation. In living
organisms, the average physiological oxygen concentration is much lower and varies from
2–9% O2 (“physiological normoxia”) [23–25] depending on the vascularization of tissue
and its metabolic activity [26]. The oxygen level can be a significant environmental factor
that may affect mesenchymal stem cell properties. Moreover, it has been hypothesised that
21% O2 culture conditions could lead to a reduction in MSCs’ therapeutic potential [27].
Therefore, it is important to determine the influence of different oxygen concentrations
on the biological activity of MSCs to optimise their culture conditions before clinical
application.

The role of different oxygen conditions in mesenchymal stem cell biology has been stud-
ied by other researchers, who investigated the influence of low oxygen tension (1–5%) on
mesenchymal stem cells derived from bone marrow [27–41], adipose tissue [28,35,36,42–49],
dental pulp [50–52], cord blood [53,54], the umbilical cord [45,55,56], and Wharton’s
jelly [3,34,40,57,58]. However, studies on the effect of low oxygen levels on human WJ-
MSCs were not comprehensive and have focused on a few cell properties. These works
also reported contradictive results; thus, the impact of oxygen conditions on hWJ-MSCs
has not been clarified.

The aim of the present work was to investigate and compare human Wharton’s jelly-
derived MSCs cultured under atmospheric (21% O2) and low (5% O2) oxygen conditions.
We analysed the different properties of hWJ-MSCs, such as the morphology, phenotype,
proliferation ability, clonogenicity, senescence, mesodermal differentiation potential, secre-
tory profile, metabolic activity, neural differentiation potential, and neuroprotective effects.
The results of this work highlight the need to determine optimal oxygen culture conditions
for the expansion of hWJ-MSCs intended for clinical application.

We would like to emphasise that the potential therapeutic application of MSCs re-
quires careful verification of their properties prior to their transplantation. Standard tests
based only on the expression of surface markers (CD73, CD90, CD105) and the capacity
for mesodermal differentiation are insufficient. Depending on their subsequent use for
treating specific neural disorders, the characteristics of mesenchymal stem cells should also
include neural differentiation potential, neuroprotective properties, or the ability to secrete
specific neurotrophins.

2. Materials and Methods

2.1. Isolation and Culture of Human WJ-MSCs

Umbilical cord (UC) fragments were collected from four human donors after caesarean
section or natural delivery with the consent of mothers and approval by the Bioethics
Committee. To minimise the risk of contamination, the umbilical cords were immediately
transferred to the laboratory in a sterile transportation container filled with transport liquid
consisting of 0.9% sodium chloride solution (Fresenius Kabi, Sevres, France) supplemented
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with antibiotic/antimycotic solution (Gibco, New York, NY, USA). After washing with
fresh sterile transport liquid, the umbilical cords were cut into approximately 3 cm pieces,
and the blood vessels were mechanically removed. Vessel-free Wharton’s jelly was sliced
into 1–2 mm3 scraps, which were placed into 525 cm2 (triple layers, Falcon, Oxnard, CA,
USA) culture flasks. The culture flasks were previously covered with MSC Attachment
Solution Xeno Free (Biological Industries, Beit Ilaemek, Israel). For this purpose, culture
surface of one culture flask was covered with 90 mL of attachment solution, prepared in a
ratio of 1:100 in CTS DPBS (Gibco, New York, NY, USA), and incubated at 37 ◦C under a
humidified atmosphere with 5% CO2 and 21% O2 for 30 min. After this time the culture
flasks were rinsed with 90 mL of CTS DPBS (Gibco, New York, NY, USA). The explants were
cultured with growth medium consisting of MSC NutriStem® XF basal medium (Biological
Industries, Beit Ilaemek, Israel) supplemented with MSC NutriStem® XF Supplement Mix
(Biological Industries, Beit Ilaemek, Israel) and 1% (v/v) antibiotic/antimycotic solution
(Gibco, New York, NY, USA) at 37 ◦C under a humidified atmosphere with 5% CO2 and 21%
O2. After up to 4 weeks (during this time culture medium was not exchange), the cultures
were analysed for the presence of adherent, fibroblast-like cells. If nonadherent cells
were present in the cultures, they were washed out. Subsequently, adherent cells isolated
from Wharton’s jelly were detached with TrypLE Express Enzyme (Gibco, Denmark) and
cryopreserved (passage 0) in 5% human serum albumin (CSL Behring, Margburg, Germany)
containing 10% DMSO (WAK-Chemie Medical, Steinbach, Germany).

For all experiments, cells derived from four human donors (WJ-MSCs (1), WJ-MSCs
(2), WJ-MSCs (3), and WJ-MSCs (4)) were used. First, the cells were thawed, centrifuged
(112× g, 3 min) and seeded into 75 cm2 culture flasks at an initial density of 2 × 103/cm2.
The culture medium consisted of Dulbecco’s modified Eagle’s medium (DMEM, Ma-
copharma, Mouvaux, France), 10% (v/v) human platelet lysate (Macopharma, Mouvaux,
France), 2 U/mL heparin (Sigma-Aldrich, St. Louis, MO, USA), 1 mg/mL glucose (Sigma-
Aldrich, St. Louis, MO, USA), and 1% (v/v) antibiotic/antimycotic solution (Gibco, New
York, NY, USA). Before collection for subsequent passages, the cells were cultured to 70%
confluence at 37 ◦C under atmospheric (21% O2 and 5% CO2) and “physiological normoxia”
(5% O2 and 5% CO2) conditions. Experiments were performed with the use of cells at
passages 1 to 5.

2.2. Flow Cytometry Analysis

An evaluation of the expression profile of surface markers was carried out using flow
cytometry analysis. The cell phenotype was determined using a Human MSC Analysis Kit
(Becton Dickinson, BD, Franklin Lakes, NJ, USA). For this purpose, the cells at passages
1–2 were detached with Accutase cell detachment solution (BD Bioscience, Franklin Lakes,
NJ, USA) and resuspended in cold stain buffer (BD Pharmingen, Franklin Lakes, NJ,
USA) at a minimal density of 1 × 106 cells/mL. The WJ-derived cells were incubated
with fluorochrome-conjugated (FITC, PerCP-Cy5.5, APC, PE) antibodies against CD105,
CD90, and CD73 (mesenchymal cell surface markers) and CD11b, CD19, CD34, CD45,
and HLA-DR (haematopoietic markers) for 30 min at room temperature in the dark. To
exclude nonspecific binding, corresponding isotype antibodies (IgG1/IgG2) were used
as a control. Cell analysis was performed using a FACSCalibur II flow cytometer and
FACSDiva software (Becton Dickinson, Franklin Lakes, USA). The results are presented as
the percentage of positive cells for suitable markers in relation to the isotype control.

2.3. Cell Proliferation Assays

The proliferation rate of the hWJ-MSCs was evaluated by a WST-1 assay (Roche,
Mannheim, Germany) and expression analysis of the proliferation marker Ki67 (Abcam,
Cambridge, MA, USA).
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2.3.1. WST-1 Assay

Quantitative analyses of cell proliferation were performed using a commercially
available WST-1 assay. The principle of this test is based on the reduction of colourless
tetrazolium salt to colourful formazan by cellular dehydrogenases. The amount of colourful
product was then colourimetrically measured and directly correlated to the viable cell
number. For this purpose, the cells at passages 3–5 were seeded into 96-well plates at a
density of 2 × 103 cells/cm2. For both analysed 7-day cultures (under 21% O2 and 5%
O2), WST-1 reagent was added every day to the appropriate wells of 96-well plates at a
volume ratio of 1:10 and incubated at 37 ◦C for 2 h. The absorbance was measured using
a multiwell plate reader (FLUOstar Omega, BMG LABTECH, Ortenberg, Germany) at a
wavelength of 420 nm. Based on the prepared standard curves, the obtained absorbance
values were converted to the number of viable, metabolically active cells.

2.3.2. Analysis of Ki67 Marker Expression

The proliferation ability of hWJ-MSCs cultured under 21% O2 and 5% O2 was evalu-
ated by analysing the expression of the proliferation marker Ki67. The Ki67 protein is a
nuclear antigen, and its expression is closely related to cell cycle activity. The expression
of the Ki67 marker was determined by immunofluorescence staining analysis. For experi-
ments, hWJ-MSCs at early (p1–p2) and late passages (p4–p5) were used. The cells were
seeded into plates previously covered with poly-L-lysine (Sigma-Aldrich, St. Louis, MO,
USA) coverslips placed in 24-well plates at a density of 2.5 × 103 cells/cm2. When the
cells reached 70% confluence, they were fixed with 4% paraformaldehyde solution (Sigma
Aldrich, St. Louis, MO, USA) for 20 min at room temperature. To permeabilise the cell
membrane, the cells were incubated with 0.1% Triton X-100 (Sigma Aldrich, St. Louis, MO,
USA) for 15 min at room temperature. The nonspecific reaction was blocked with 10% goat
serum (Sigma Aldrich, St. Louis, MO, USA) for 1 h at room temperature. The cells prepared
in this way were incubated overnight at 4 ◦C with the primary rabbit polyclonal antibody
anti-Ki67 (1:500, Abcam, Cambridge, MA, USA). Subsequently, the cells were incubated
with Alexa Fluor 488 secondary antibody (1:1000, Thermo Fisher Scientific, Waltham, MA,
USA) for 1 h at room temperature in the dark. Additionally, cell nuclei were stained with
Hoechst dye (Sigma-Aldrich, St. Louis, MO, USA). The expression of the proliferation
marker Ki67 was evaluated by microscopic observations. The labelled cells were counted
from at least 6 independent images (~800 cells per image). The proliferation ability of
hWJ-MSCs was expressed as the percentage of Ki67-positive cells to all cell nuclei.

2.4. Colony Forming Unit (CFU) Assay

For the colony forming unit assay, hWJ-MSCs at passage 2 were seeded into 6-well
plates at a density of 10 cells/well. The cells were cultured for 14 days in complete medium
under 21% O2 and 5% O2. To visualise the cell colonies, the cells were washed with PBS
(Gibco, Bleiswijk, The Netherlands), fixed with 4% paraformaldehyde solution (Sigma
Aldrich, St. Louis, MO, USA), and stained with 0.5% toluidine blue solution (Sigma-Aldrich,
St. Louis, MO, USA). Colony forming potency was defined as the percentage of the colony
number to the number of seeded cells.

2.5. Senescence-Associated β-Galactosidase Assay

A β-galactosidase assay was performed to evaluate cellular senescence. The activity
of the β-galactosidase enzyme (cellular senescence biomarker) was detected with the
use of a Senescence Cells Histochemical Staining Kit (Sigma-Aldrich, St. Louis, MO,
USA). For the experiment, hWJ-MSCs at passage 5 were used. The cells were seeded
into 6-well plates at a density of 2.5 × 103 cells/cm2 and cultured until they reached 70%
confluence. Subsequently, hWJ-MSCs were washed with PBS, fixed with fixation buffer,
and then stained with staining solution according to the manufacturers’ protocol. The cells
prepared in this way were incubated overnight at 37 ◦C, and then analysed by microscopic
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observations. The results of this study are presented as the percentage of blue-stained,
senescent cells to the general number of analysed cells.

2.6. Mesodermal Differentiation Ability of hWJ-MSCs

The potential of human WJ-MSCs for differentiation into adipogenic, osteogenic, and
chondrogenic lineages under 21% O2 and 5% O2 was evaluated. For the experiments,
the cells at passage 3 were used. In the case of adipogenic and osteogenic differentiation,
the cells were seeded into 24-well plates at an initial density of 2 × 103 cells/cm2 in
growth medium. After reaching 50–70% confluence, the growth medium was replaced
by appropriate differentiation medium. Differentiation into cartilage tissue cells was
performed by the hanging drop method (8 × 104 cells/drop). After 1 h of incubation at
37 ◦C, the obtained cell aggregates were transferred into 24-well plates with appropriate
differentiation medium.

Adipogenesis was induced by culturing hWJ-MSCs for 14 days in commercial adi-
pogenic differentiation medium (Gibco, New York, NY, USA). Differentiation was con-
firmed by the staining method with Oil Red O (Sigma-Aldrich, St. Louis, MO, USA). Briefly,
the cells were fixed with 4% paraformaldehyde solution (Sigma-Aldrich, St. Louis, MO,
USA) for 30 min, washed 2 times with distilled water, and then with 60% isopropanol for
5 min (Merck, Darmstad, Germany). Then, the cells were stained for 5 min with Oil Red O
(Sigma-Aldrich, St. Louis, MO, USA) to detect the presence of lipid droplets.

For the evaluation of osteogenesis, hWJ-MSCs were cultured for 21 days in commercial
osteogenic differentiation medium (Gibco, New York, NY, USA). To verify osteogenic
differentiation, the cells were fixed with 4% paraformaldehyde solution (Sigma-Aldrich,
St. Louis, MO, USA) for 30 min, washed 2 times with distilled water, and stained with 2%
Alizarin Red S (Sigma-Aldrich, St. Louis, MO, USA) for 3 min. Staining with Alizarin Red
S allowed observation of the formation of calcium deposits.

Chondrogenic differentiation was performed using a commercial chondrogenic differ-
entiation medium (Gibco, New York, NY, USA) for 14-day cultures. For verification of the
differentiation of hWJ-MSCs into chondrocytes, the cells were fixed with 4% paraformalde-
hyde solution (Sigma Aldrich, St. Louis, MO, USA) for 30 min, washed 2 times with
distilled water, and stained with 1% Alcian Blue (Sigma-Aldrich, St. Louis, MO, USA) for
30 min to observe protoglycans.

2.7. Analysis of hWJ-MSCs Secretome

Evaluation of the cytokine profile of Wharton’s jelly-derived MSCs cultured under
different oxygen conditions (21% O2 and 5% O2) was carried out using ELISA and Lu-
minex Multiplex assays (R&D Systems, Minneapolis, MN, USA). The secretion of the
following factors was analysed: BDNF, INF-γ, TNF-α, IL-4, IL-6, IL-8, IL-10, IL-13, IL-
17, VEGF, HGF, TGF-β, IGF-1, HLA-G, IDO, and PGE2. The following kits were used:
LXSAHM-10 (for BDNF, CXCL8/IL-8, HGF, IFN-γ, IL-10, IL-17A, IL-4, IL-6, TNF-α, VEGF-
A), DY6030-05 Human Indoleamine 2,3-dioxygenase/IDO DuoSet ELISA, DG100 Human
IGF-I Quantikine ELISA Kit, DB100B Human TGF-beta 1 Quantikine ELISA Kit, KGE004B
Prostaglandin E2 Parameter Assay Kit, D1300B Human IL-13 Quantikine ELISA Kit, and
NBP2-62174 Human HLA G ELISA Kit. Culture supernatants at passages 1 and 5 were
used for the experiment. When the cultures reached 70% confluence, the growth medium
was replaced with serum-free medium to eliminate factors present in the platelet lysate.
After the cells were incubated for 24 h with the new medium, the culture supernatants were
harvested, centrifuged and thickened using filtering-thickening columns (Vivaspin 20, 5000
MWCO, Sartorius, Merck, Gloucestershire, United Kingdom). Thickened supernatants
were cryopreserved at −80 ◦C until analysis. Quantitative analysis of TGF-β, IGF-1, IDO,
and PGE2 was performed by ELISA (R&D Systems, Minneapolis, MN, USA), while other
cytokines were analysed using a Luminex multiplex assay; both assays were performed ac-
cording to the manufacturers’ protocol. Based on the absorbance measurements of protein
quantity standards and tested samples (Bradford method), the obtained cytokine levels
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were calculated in relation to 1 µg of total protein. The results were expressed as pg/1 µg
of total protein.

2.8. Determination of the Oxygen Consumption Rate (OCR) and Extracellular Acidification
Rate (ECAR)

The metabolic potential of the hWJ-MSCs was evaluated using an Agilent Seahorse XF
Energy Cell Phenotype Test Kit (Agilent Technologies, Santa Clara, CA, USA). This method
allows one to simultaneously measure the two major energy-producing pathways of the
cell, namely, mitochondrial respiration (determination of oxygen consumption rate (OCR))
and glycolysis (determination of extracellular acidification rate (ECAR)), under basal and
induced stressed conditions. For this experiment, the cells at passage 2 were seeded into
8-well plates at a density of 5 × 103 cells/well and incubated overnight under 21% O2 and
5% O2. Subsequently, the growth medium was replaced with assay medium consisting
of Agilent Seahorse XF basal medium, 1 mM pyruvate, 2 mM glutamine, and 10 mM
glucose and incubated with the cells for 1 h at 37 ◦C without CO2. Then, the OCR and
ECAR were determined without the addition (baseline) and with the addition of electron
transfer chain inhibitors (stressed). To generate stress conditions, the cells were treated
with oligomycin (inhibitor of ATP synthase) and FCCP (mitochondrial uncoupling agent).
The cells prepared in this way were analysed using an Agilent Seahorse XFe/XF Analyzer
(Agilent Technologies, Santa Clara, CA, USA). Metabolic potential was expressed as the
percentage of stressed OCR to baseline OCR and stressed ECAR to baseline ECAR.

2.9. Neural Differentiation Ability of hWJ-MSCs

Evaluation of the spontaneous differentiation potential of hWJ-MSCs towards neural
progenitors (NG2, A2B5), glial (GFAP), and neuronal (β-tubIII, DCX, NF-200) cells was
performed by immunofluorescence staining. For the experiment, the cells at passage 2
were seeded on poly-L-lysine-coated 24-well plates at a density of 2.5 × 103 cells/cm2 and
cultured under different oxygen conditions (21% O2 and 5% O2). After 48 h, the cells were
fixed with 4% paraformaldehyde solution (Sigma Aldrich, St. Louis, MO, USA) for 20 min
at room temperature and incubated with 0.1% Triton X-100 (Sigma Aldrich, St. Louis, MO,
USA) for 15 min at room temperature to permeabilise cell membranes. The nonspecific
reaction was blocked with 10% goat serum (Sigma-Aldrich, St. Louis, MO, USA) for 1 h at
room temperature. The cells prepared in this way were incubated overnight at 4 ◦C with the
following primary antibodies: polyclonal rabbit anti-NG2 chondroitin sulfate proteoglycan
(1:300, Millipore, Burlington, MA, USA), mouse monoclonal anti-β-tubIII, IgG2b (1:1000,
Sigma-Aldrich, St. Louis, MO, USA), polyclonal rabbit anti glial fibrillary acidic protein
(GFAP, 1:500, Dako, Glostrup, Denmark), mouse monoclonal anti neurofilament 200, IgG1
(NF-200, 1:400, Sigma-Aldrich, St. Louis, MO, USA), mouse monoclonal anti A2B5, IgM
(1:500, Millipore, Burlington, MA, USA), and polyclonal rabbit anti-doublecortin (DCX,
1:500, Cell Signaling Technology, Danvers, MA, USA). Subsequently, the antibodies were
washed out and the cells were incubated with appropriate secondary antibodies conjugated
with Alexa Fluor 488 or Alexa Fluor 546 fluorochromes (1:1000, Thermo Fisher Scientific,
Waltham, MA, USA). Additionally, cell nuclei were stained with Hoechst dye (Sigma-
Aldrich, St. Louis, MO, USA). Then, the labelled cells were analysed by microscopic
observations.

2.10. Neuroprotective Properties of hWJ-MSCs

To analyse the neuroprotective abilities of hWJ-MSCs, coculture of human WJ-MSCs
with organotypic rat hippocampal slices (obtained from 7-day-old rat pups) subjected to the
transient oxygen-glucose deprivation (OGD) procedure was performed. Rat hippocampi
were cut into 400 µm slices using a tissue chopper (McIlwan, Stoelting, Wood Dale, IL,
USA) and placed onto the semipermeable membranes (Millicell CM, Millipore, Burlington,
MA, USA) located in 6-well plates. A total of 900 µL of culture medium was added in each
well. The composition of the medium was as follows: DMEM (Gibco, New York, NY, USA),
horse serum (25%; Sigma-Aldrich, St. Louis, MO, USA), HEPES-Buffered Hanks Balanced
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Salt Solution (HHBSS, 25%; Gibco, New York, NY, USA), 1 M HEPES (Gibco, New York,
NY, USA), 5 mg/mL glucose (Sigma-Aldrich, St. Louis, MO, USA), 1% amphotericin B,
and 0.4% penicillin–streptomycin (Gibco, New York, NY, USA). Organotypic hippocampal
slices were cultured at 35 ◦C. After 5 days of culture, when the concentration of the serum
was lowered until it achieved a serum-free medium consisting of DMEM (Gibco, New York,
NY, USA), HBSS (Gibco, New York, NY, USA), 1 M HEPES (Gibco, New York, NY, USA),
glucose (Sigma-Aldrich, St. Louis, MO, USA), and antibiotics (Gibco, New York, NY, USA),
the OGD procedure was performed. OGD causes early neuronal death in the CA1 region
of the hippocampus. To mimic an ischemic injury, hippocampal slices were kept for 40 min
at 35 ◦C in oxygen-free conditions that were prepared by placing the slices in an anaerobic
chamber and saturating with 95% N2 and 5% CO2. The neuroprotective effect induced
by hWJ-MSCs was determined as the ratio of neuronal death in the CA1 region of the
hippocampus after OGD to neuronal death in the CA1 region of OGD-treated hippocampal
slices after indirect coculture with hWJ-MSCs. For this purpose, human mesenchymal stem
cells at passages 2–3 cultured under both oxygen conditions were seeded into 6-well plates
and cocultured with OGD-treated hippocampal slices. After 24 h of coculture, the cells
from the hippocampus were stained with 1.4 µg/mL propidium iodide (Sigma-Aldrich, St.
Louis, MO, USA) to determine the number of dead cells in the CA1 region. Preparations
were evaluated by microscopic observations.

2.11. Microscopic Observations

Analysis of the cell morphology, cellular senescence, and mesodermal differentiation
potential of the hWJ-MSCs was carried out using a light microscope (Axio Vert. A1, Zeiss,
Oberkochen, Germany). The expression of the Ki67 marker was analysed using an inverted
fluorescence microscope (AxioVert 200, Zeiss, Oberkochen, Germany). All microscopes
were coupled with a CCD camera. The neural differentiation ability and neuroprotective
properties of the hWJ-MSCs were evaluated in the Laboratory of Advanced Microscopy
Techniques, Mossakowski Medical Research Centre, Polish Academy of Sciences using a
confocal microscope (LSM510, Zeiss, Oberkochen, Germany). For data acquisition and
analysis, ZEN 2.3 (Zeiss) image analysis software was used.

2.12. Statistical Analysis

Each experiment was repeated independently 3–12 times. All obtained data are
expressed as the mean ± standard deviation (SD). Statistical analyses were performed
using GraphPad Prism 8 software (GraphPad Software, San Diego, CA, USA) and assessed
using a one-way analysis of variance (ANOVA). Here, p-values of less than 0.05, 0.001,
0.0001, and 0.00001 were considered statistically significant.

3. Results

3.1. Morphology and Immunophenotype of hWJ-MSCs

Human mesenchymal stem cells derived from Wharton’s jelly cultured under 21% O2
and 5% O2 were characterised by the typical morphology of MSCs (Figure 1A). Differences
in morphology were not observed between the culture conditions or between passages and
donors. The cells formed an adherent heterogeneous cell population in terms of the size and
cytoplasm to nucleus ratio. They also exhibited fibroblast-like shapes during culture. The
hWJ-MSCs cultured under both analysed oxygen conditions were positive for mesenchymal
markers, such as CD105, CD90, and CD73, and negative for haematopoietic markers, such
as CD11b, CD19, CD34, CD45, and HLA-DR (Figure 1B). Significant immunophenotypic
differences were not observed between 21% O2 and 5% O2.
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Figure 1. Morphology of the human Wharton’s jelly-derived mesenchymal stem cells (hWJ-MSCs) cultured under 21% O2

and 5% O2 (passages 1 and 5). (A) Phase contrast images for hWJ-MSC (3) donors are presented as a representative (scale
bars: 100 µm). (B) Cell immunophenotype results are expressed as the mean ± SD of 4 investigated donors.

3.2. Cell Proliferation

The proliferation of hWJ-MSCs was evaluated by two different methods: WST-1
assay and expression analysis of the proliferation marker Ki67. The results of the WST-
1 assay (Figure 2A) showed that the number of cells cultured under different oxygen
conditions increased each day of the culture for each investigated passage. Moreover, the
cell proliferation rate was higher under 5% O2 than under 21% O2 for the cells at passages 4
and 5. At passage 3, a slightly higher cell number was observed under 5% O2 at days 5–7 of
the cultures. However, the differences between 21% O2 and 5% O2 were not significant. For
each following passage, the differences between the number of cells cultured under 21%
and 5% oxygen levels were higher. In the case of passages 4 and 5, the cell proliferation rate
was significantly higher under 5% O2 than under 21% O2 at days 3–7 of culture. At passage
5, the differences between the number of cells cultured under both oxygen conditions were
the highest. Expression analyses of the Ki67 proliferation marker (Figure 2B) indicated that
cells at passages 4 and 5 showed higher proliferation ability under 5% O2 than under 21%
O2. At these passages, a significantly higher percentage of Ki67-positive cells under 5% O2
was observed. At passages 1–2, the cells showed a similar ability to proliferate under both
investigated culture conditions.

Figure 2. Results of proliferation of the hWJ-MSCs cultured under 21% O2 and 5% O2: (A) WST-1 assay (passages 3–5)
and (B) expression of the Ki67 proliferation marker (passages 1–2 and 4–5). All results are expressed as the mean ± SD
of 4 investigated donors at 6 replications (n = 24). The asterisks denote significant differences (* p < 0.05, ** p < 0.001,
*** p < 0.0001, **** p < 0.00001) between 21% and 5% oxygen concentrations.
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3.3. Clonogenicity and Cellular Senescence of hWJ-MSCs

Analysis of the colony forming potency (Figure 3A) indicated that cells cultured
under 5% O2 exhibited higher clonogenic potential than cells cultured under 21% O2.
For three of the investigated donors (WJ-MSCs (1), WJ-MSCs (3), and WJ-MSCs (4)), the
differences between the two oxygen conditions were significant. In the case of one donor
(WJ-MSCs (2)), the results were not significantly different. To evaluate cellular senescence,
a β-galactosidase assay was performed. The results of this test are presented in Figure 3B
and indicated that the hWJ-MSCs showed slight signs of cellular senescence. Moreover,
the cultures under 5% O2 exhibited a significantly lower percentage of senescent cells than
the cultures under atmospheric oxygen conditions. The same dependency was observed
for all investigated cell donors.

Figure 3. Results of the (A) colony forming unit (CFU passage 2) and (B) β-galactosidase assays (passage 5) for hWJ-MSCs
cultured under 21% O2 and 5% O2. All results are expressed as the mean ± SD for the individual donors (n = 6 for the
CFU assay and n = 12 for the β-galactosidase assay). The asterisks denote significant differences (* p < 0.05, ** p < 0.001,
**** p < 0.00001) between the 21% and 5% oxygen concentrations.

3.4. Adipogenic, Osteogenic, and Chondrogenic Differentiation Potential of hWJ-MSCs

To evaluate the multilineage differentiation potential of hWJ-MSCs cultured under
different oxygen conditions, adipogenesis, osteogenesis, and chondrogenesis were induced.
The results (Figure 4) showed that the human mesenchymal stem cells derived from Whar-
ton’s jelly exhibited the ability to differentiate into adipocytes, osteocytes, and chondrocytes
under both 21% and 5% oxygen concentrations, and differences were not detected between
the two culture conditions. Staining with Oil Red O indicated the presence of intracellu-
lar lipid droplets, which confirmed adipogenic differentiation. Alizarin Red S staining
indicated the formation of calcium deposits, which are characteristic of osteocytes. Alcian
Blue staining indicated the occurrence of proteoglycans, which confirmed the ability of
the hWJ-MSCs to differentiate into chondrocytes. The same results were observed for all
investigated donors.
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Figure 4. Multilineage differentiation potential of hWJ-MSCs cultured under 21% O2 and 5% O2 (passage 3). Phase contrast
images of adipogenesis, osteogenesis, and chondrogenesis for WJ-MSC (1) donors are presented as representative (scale
bars: 100 µm).

3.5. Secretory Profile of hWJ-MSCs

The influence of different oxygen conditions on cytokine secretion by hWJ-MSCs
was also analysed. The analysis of the secretory profile, which is presented in Figure 5,
indicated that 5% O2 promoted an increase in IFN-γ, IL-4, IL-6, HGF, TGF-β, and PGE-2
secretion for all or most investigated donors. The augmented secretion of these cytokines
was observed for the cells at passage 1 as well as at passage 5. However, in the case of
BDNF, a decrease in secretion under 5% oxygen was detected. This relationship was similar
for most analysed donors and both investigated passages. For other analysed cytokines,
depending on the cell donor, both an increase and a decrease in their secretion under 5%
O2 were observed. However, due to large differences between donors, the dependence of
the secretory profile of the hWJ-MSCs on the oxygen conditions of the cell culture could
not be clarified. The results of the hWJ-MSC secretome also showed that cells isolated from
all investigated donors secreted predominantly cytokines, such as HGF, IDO, and IL-6. In
contrast, TNF-α, IL-10, IL-17, and VEGF secretion by hWJ-MSCs was at the lowest level.
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Figure 5. Secretory profile of hWJ-MSCs cultured under 21% O2 and 5% O2 (passages 1 and 5). The results are expressed as
the mean for the individual donors (n = 4). The colour scale illustrates the relative expression of the analysed cytokines.

3.6. Metabolic Potential of hWJ-MSCs

The analysis of the metabolic potential of the hWJ-MSCs cultured under 21% O2 and
5% O2 was based on the oxygen consumption rate (OCR) and extracellular acidification
rate (ECAR). The results (Figure 6) indicated a significantly higher oxygen consumption
rate than extracellular acidification rate under both oxygen conditions for most of the
investigated donors (except for WJ-MSCs (2) and WJ-MSCs (4) donors under 5% O2). A
higher OCR than ECAR suggests that the cells relied more on mitochondrial respiration
than on glycolysis. Moreover, mitochondrial respiration was slightly higher under 21% O2
than under 5% O2 for most of the investigated donors (in the case of WJ-MSCs donor (1),
the difference was significant). Opposite results were detected for glycolysis, which was
slightly enhanced under 5% O2 (for WJ-MSC donor (4), the difference was significant).
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Figure 6. Metabolic potential of the hWJ-MSCs cultured under 21% O2 and 5% O2 (passage 2). The
results are expressed as the mean ± SD for the individual donors (n = 4). The asterisks denote
significant differences (* p < 0.05, ** p < 0.001, *** p < 0.0001, **** p < 0.00001) between 21% and 5%
oxygen concentrations (black asterisks) as well as between stressed oxygen consumption rate (OCR)
and extracellular acidification rate (ECAR) (green asterisks).

3.7. Neural Differentiation Potential of hWJ-MSCs

The potential of human WJ-MSCs for differentiation into neural progenitors and glial
and neuronal cells was evaluated. The results (Figure 7) showed that human mesenchymal
stem cells derived from Wharton’s jelly expressed neural markers under both 21% and 5%
oxygen conditions. The cells expressed markers of neural progenitors (NG2, A2B5), glia
(GFAP), and neurons (β-tubIII, DCX, NF-200), which proves the ability of hWJ-MSCs to
spontaneously differentiate into neurons. An immunocytochemical analysis performed on
hWJ-MSCs isolated from four donors indicated a similar tendency to promote neuronal
lineage differentiation (enhanced expression of NF-200 and DCX) of the hWJ-MSCs under
atmospheric oxygen conditions. The expression of early neural progenitor markers (NG2
and A2B5) and glial marker (GFAP) was comparable under both oxygen conditions.

Figure 7. Neural differentiation potential of hWJ-MSCs cultured under 21% O2 and 5% O2 (passage 2). Fluorescent images
showing the expression of markers of neural progenitors (NG2, A2B5), glial (GFAP), and neuronal (β-tubIII, DCX, NF-200)
cells in Wharton’s jelly-derived human mesenchymal stem cells. Representative images of the cells isolated from WJ-MSC
(2) donor are presented (scale bars: 100 µm).
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3.8. Neuroprotective Effect of hWJ-MSCs

To evaluate the neuroprotective properties of hWJ-MSCs, they were co-cultured with
organotypic rat hippocampal slices subjected to the transient oxygen-glucose deprivation
(OGD) procedure. The analysis of the results, presented in Figure 8, indicated that the
hWJ-MSCs exhibited high protective potential in relation to OGD-treated nerve tissue. The
percentage of dead cells in the CA1 region was significantly lower in hippocampal slices
treated with OGD and cocultured with hWJ-MSCs than in hippocampal slices treated with
OGD procedure and cultured without WJ-derived mesenchymal stem cells. No significant
differences between the culture oxygen conditions were detected.

Figure 8. Neuroprotective effect of hWJ-MSCs cultured under 21% and 5% O2. (A) Confocal images of hippocampal slices
for 4 investigated groups: control (without OGD), after OGD, after OGD and coculture with hWJ-MSCs from 21% O2, after
OGD and coculture with hWJ-MSCs from 5% O2 (scale bars: 500 µm). The results for cells isolated from WJ-MSC (3) donor
are presented as representative. (B) Quantitative evaluation of neuronal death in the CA1 region. The results are expressed
as the mean ± SD of 4 investigated donors at 4 replications (n = 16). The asterisks denote significant differences (** p < 0.001,
**** p < 0.00001) between the investigated groups.

4. Discussion

Mesenchymal stromal/stem cells (MSCs) have regenerative properties and thus are
increasingly used in cell-based therapies. However, the most commonly used sources of
MSCs, such as bone marrow and adipogenic tissue, have some limitations [7,8]. MSCs
isolated from Wharton’s jelly, which is considered medical waste and obtained with no
harm to the patient, are becoming a popular source of cells for future applications in
regenerative medicine. Therefore, it is important to thoroughly investigate the properties
of these cells. Additionally, it is believed that oxygen conditions play an important role
in stem cell physiology. Standard in vitro cell cultures under 21% O2 do not refer to a
physiological stem cell niche. In vivo oxygen levels are much lower and range from 2% to
9%, thus representing ”physiological normoxia” [23–25]. In our study, we investigated and
evaluated human Wharton’s jelly-derived MSCs cultured in vitro under different oxygen
concentrations (21% O2 and 5% O2) and performed analysis of ten different hallmarks:
morphology, phenotype, proliferation ability, clonogenicity, senescence, mesodermal differ-
entiation potential, secretory profile, metabolic activity, neural differentiation potential, and
neuroprotective effect. Previous studies on human WJ-MSCs’ activity under atmospheric
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and low oxygen levels [3,34,40,57–66] considered only a few cell properties. Moreover, the
obtained results are often contradictory.

Similar to previous works, the results of our experiments showed that oxygen levels
do not influence the morphology [31,48,53,67] or phenotype of MSCs [27,34,35,42,46,48–54,
57,60,61,65], and these features did not differ between cells cultured under 21% O2 and 5%
O2. The hWJ-MSCs exhibited similar morphology and expressed surface antigens at similar
levels under both investigated oxygen levels. The cells were positive for mesenchymal
markers (CD105, CD90, CD73) and negative for haematopoietic markers (CD11b, CD19,
CD34, CD45, HLA-DR). However, changes in cell morphology [34,50,65] and surface
marker expression [62,67] in MSCs cultured under low oxygen concentrations have been
reported. Nekanti et al. [34] indicated that hWJ-MSCs at early and late passages showed
higher amounts of large and flattened cells under low oxygen relative to atmospheric
oxygen. They explained that enlarging the cell surface probably promotes an increase in
the oxygen diffusion rate to the cell. Different results were presented by Drela et al. [64],
where hWJ-MSCs cultured under 5% O2 were smaller in size, had a round shape, and
showed a tendency to form colonies compared to cells cultured under 21% O2. Similar
morphological changes were indicated by Ahmed et al. [50]. Kwon et al. [67] observed in
MSCs under 21% O2 enhanced expression of mesenchymal markers and reduced expression
of haematopoietic markers under low oxygen. On the other hand, Majumdar et al. [62]
detected reduced expression of mesenchymal markers under 21% O2.

Many studies proved the higher proliferation rate under low oxygen relative to
atmospheric oxygen for different types of mesenchymal stem cells derived from: bone
marrow (BM-MSCs) [31,36,38,62], adipose tissue (AD-MSCs) [36,44,45,48,49,68], cord
blood (CB-MSCs) [28,45,53–55], amniotic fluid (AF-MSCs) [28], and Wharton’s jelly (WJ-
MSCs) [3,34,40,58,60,65]. Our studies confirmed the previously reported results based
on WST-1 assays and expression analyses of the Ki67 marker. They showed that the
cell proliferation rate was significantly higher under 5% O2 than 21% O2 for the cells at
passages 4 and 5. For the cells at passage 3, the differences between 5% O2 and 21% O2 were
not significant. The analysis of the expression of the Ki67 proliferation marker indicated
similar results. At passages 4 and 5, a significantly higher percentage of Ki67-positive cells
(higher proliferation ability) was observed under 5% O2. In the case of early passages (1
and 2), the cells exhibited similar proliferative potential under both investigated culture
conditions. In contrast, several works reported a lower proliferation rate of MSCs under
low oxygen levels [35,42,44,46], while Roemeling-van Rhijn et al. reported that low oxygen
does not influence the proliferation of AD-MSCs [47]. Such differences could result from
the different concentrations of low oxygen and the duration of these conditions [23].

We also investigated the clonogenicity and cellular senescence of hWJ-MSCs. Anal-
ysis of the colony forming unit (CFU) assay results indicated that cells cultured under
“physiological normoxia” exhibited higher clonogenic potential than cells cultured un-
der atmospheric conditions. Such dependency was revealed for hWJ-MSCs [40,61] and
for other mesenchymal stem cells [27,30,33,53,54,69]. However, Lee at el. [38] observed
reduced colony forming efficiency of hBM-MSCs under low oxygen concentration.

Ageing cells show β-galactosidase enzyme activity, which is regarded to be a biomarker
of cellular senescence [70,71]. Our results indicated that senescence (β-galactosidase ac-
tivity) was inhibited under “physiological normoxia”. We observed a significantly lower
percentage of senescent cells under 5% O2 in comparison to cultures under 21% O2, which
suggests that “physiological normoxia” prevents senescence of hWJ-MSCs. Other studies
on MSCs [53,67,72–76] confirmed our observations.

The multilineage differentiation potential of hWJ-MSCs is one of the reasons underlying
the use of these cells in regenerative medicine [2]. In previous works, several groups demon-
strated that low oxygen concentrations stimulated adipogenesis [27,40,43,45,47,63,77], osteo-
genesis [27,31,41,42,45,61,67,78], and chondrogenesis [30,39–41,46,49,61,69,79] of different
types of MSCs. In most of these studies, the influence of 5% O2 on the differentiation po-
tential of MSCs was investigated. Some of these works evaluated the differentiation ability

102



Cells 2021, 10, 717

of hWJ-MSCs under lower (e.g., 3%) oxygen conditions [40,61]. However, few studies
have presented opposite results in which low oxygen levels (1–3%) suppress the differen-
tiation of MSCs into adipogenic [37,49,79], osteogenic [37,40,46,49,61], and chondrogenic
cells [37,80]. Furthermore, in other works [29,34,39,57], no significant differences in efficient
mesodermal differentiation of MSCs between low (1–5%) and atmospheric oxygen levels
were found. Similar to these results, our work also showed that human mesenchymal
stem cells derived from Wharton’s jelly have comparable potential to differentiate into
adipogenic, osteogenic, and chondrogenic lineages. No impact of oxygen level on the dif-
ferentiation potential of the hWJ-MSCs was detected. Such heterogeneous results obtained
in the abovementioned studies could be caused by the application of various levels of low
oxygen (1–5%) tension and different exposure times to these conditions (72 h–30 days) [23].
It is worth noting the inconsistency across the publications in the terminology used to
indicate oxygen level conditions. While the term “hypoxia” should be applied to describe
oxygen concentrations lower than 1%, it also frequently refers to oxygen conditions, which
are termed “physiological normoxia” in our study [23].

The immunomodulatory properties of MSCs are one of the main factors for using
these cells in therapies [23]. MSCs secrete a variety of cytokines and growth factors that
can influence tissue homeostasis and repair. According to several researchers [31,33,62],
low oxygen increases the secretion level of several of these factors. Moreover, Teixeira
et al. [59] indicated that low oxygen conditions led to an increased secretion profile of
hWJ-MSCs compared to atmospheric conditions. They identified 104 factors for oxygen
levels under 21%, 166 proteins for oxygen levels under 5%, and 81 proteins that were
common for both oxygen conditions. In our work, we investigated the secretion of 16
factors. We demonstrated that 5% O2 promotes the growth of IFN-γ, IL-4, IL-6, HGF,
TGF-β, and PGE-2 secretion. In the case of BDNF, a decrease in secretion under 5% oxygen
was observed, which is similar to the work of Majumdar et al. [62]. In the work of Lech
et al. [81], the mRNA expression of BDNF in hWJ-MSCs cultured in 3D hydrogel scaffolds
was also decreased under 5% O2 in comparison to atmospheric conditions. However,
due to the large differences between investigated donors, the dependence of the secretion
of other factors on oxygen conditions could not be clarified. Detailed studies should be
performed to investigate the influence of individual factors on hWJ-MSC properties.

Stem cells in their physiological environment (low oxygen conditions) rely more on
glycolysis than on mitochondrial oxidative phosphorylation, although this relationship
changes in favour of oxidative phosphorylation during their differentiation [23,82–84].
However, oxygen conditions significantly influence the process of respiration. When hWJ-
MSCs were exposed to atmospheric oxygen conditions, glycolysis decreased in favour
of mitochondrial respiration. Our analysis of the metabolic activity of the hWJ-MSCs
confirmed that the cells cultured under 21% O2 relied more on mitochondrial respiration
than on glycolysis. Moreover, mitochondrial respiration was slightly higher under 21% O2
than under 5% O2 for most of the investigated donors. Opposite results were detected for
glycolysis, which was slightly enhanced under low oxygen concentrations. Lavrentieva
et al. [55] and Dos Santos et al. [38] also observed higher consumption of glucose by MSCs
under low oxygen than atmospheric conditions.

The spontaneous differentiation of hWJ-MSCs towards neural lineages observed in the
current study confirmed our previous findings [18,22,64,66,81]. Drela et al. [18] described
enhanced neuronal and glial differentiation of hWJ-MSCs as compared to hBM-MSCs
cultured under 21% O2. In the current study early neural (NG2, A2B5), neuronal (β-
Tubulin III, NF-200, DCX) and glial (GFAP) markers were expressed with no significant
differences between oxygen conditions. However, an enhanced tendency for neuronal
differentiation under 21% O2 was observed. This was in line with observed tendency
of hWJ-MSCs neuronal lineage commitment in 21% O2 and 3D hydrogel scaffolds, but
only at the protein level. The transcriptomic data previously obtained by our group [81]
proved that lowered oxygen together with 3D hydrogel scaffolds together enhance the
expression of neuronal markers. These results clearly show the importance of setting up
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appropriate in vitro biomimetic conditions (3D and oxygen tension) to obtain conclusive
results regarding hWJ-MSC differentiation potential.

This unique feature of spontaneous differentiation of mesenchymal stem cells derived
from afterbirth tissue towards neural cells favours the hypothesis about the regenerative
potential of hWJ-MSCs; however, the ability of MSCs to differentiate into fully mature
neurons and to functionally integrate with injured nerve tissue is still not proved.

The therapeutic effect of hWJ-MSCs is related mostly to their ability to secrete trophic
and protective factors [22,85]. In this work, we confirmed this effect via the indirect
(noncontact) coculture of these cells with damaged nervous tissue. Despite the lack of
cell–cell contact, hWJ-MSCs significantly reduced apoptosis of neurons in the hippocampal
CA1 region via secretion of neuroprotective factors in both tested oxygen conditions (21%
O2 and 5% O2). A similar neuroprotective effect independent of the oxygen concentration
was also observed by Lech et al. [81] for hWJ-MSCs cultured in 3D hydrogel scaffolds. Puig-
Pijuan et al. also proved potential neuroprotective and antioxidants effects of WJ-MSCs on
hippocampal cultures [86].

5. Conclusions

We characterised human mesenchymal stem cells derived from Wharton’s jelly (hWJ-
MSCs) and evaluated the influence of different oxygen conditions on their properties. The
results indicated that regardless of the oxygen level, hWJ-MSCs maintained the typical
morphology and phenotype of mesenchymal stem cells according to the position statement
of the International Society for Cellular Therapy [1]. Moreover, they have a higher pro-
liferation rate and clonogenic potential under 5% O2 than under atmospheric conditions.
The hWJ-MSCs displayed signs of cellular senescence during in vitro cultures; however,
this process was reduced under “physiological normoxia”. The investigated cells have a
similar ability to differentiate towards adipogenic, osteogenic, and chondrogenic lineages,
and they present similar neuroprotective effects under both oxygen culture conditions. The
ability of hWJ-MSCs to spontaneously differentiate into neuronal lineages was observed
under 21% and 5% O2. Furthermore, cells rely more on mitochondrial respiration than
on glycolysis under both oxygen conditions. However, the significance of these findings
should be confirmed in preclinical trials conducted under defined conditions.

Based on our results, we can conclude that hWJ-MSCs are suitable as a cell source
for application in regenerative medicine and display neuroprotective effect regardless of
oxygen culture conditions. However, “physiological normoxia” favourably influences
some regenerative properties of hWJ-MSCs and may enhance their therapeutic potential.
Therefore, preconditioning cells under 5% O2 before transplantation might be beneficial.
However, preclinical and clinical validation of our findings is required.
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Abstract: The aim of our work was to develop a protocol enabling a derivation of mesenchymal
stem/stromal cell (MSC) subpopulation with increased expression of pluripotent and neural genes.
For this purpose we used a 3D spheroid culture system optimal for neural stem cells propagation.
Although 2D culture conditions are typical and characteristic for MSC, under special treatment
these cells can be cultured for a short time in 3D conditions. We examined the effects of prolonged
3D spheroid culture on MSC in hope to select cells with primitive features. Wharton Jelly derived
MSC (WJ-MSC) were cultured in 3D neurosphere induction medium for about 20 days in vitro.
Then, cells were transported to 2D conditions and confront to the initial population and population
constantly cultured in 2D. 3D spheroids culture of WJ-MSC resulted in increased senescence, de-
creased stemness and proliferation. However long-termed 3D spheroid culture allowed for selection
of cells exhibiting increased expression of early neural and SSEA4 markers what might indicate the
survival of cell subpopulation with unique features.

Keywords: mesenchymal stem cells; mesenchymal stromal cells; 3D culture; neurospheres; spheroids;
pluripotency; neural; quiescence

1. Introduction

Mesenchymal stromal/stem cells (MSC) were discovered by Friedenstein in 1966 [1]
and since that time most of the researchers have used 2D culture condition to expand this
population. The adherence is listed as one of the criteria to revise cells as MSC [2]. Mono-
layer culture system allows MSC to attach to the surface just like in natural environment
and to expand in two dimensions. In spite of its widespread, this method has multiple
limitations, and it is discussed how close is to the natural cell environment of MSC [3,4].

Currently, cell cultures are cultivated more and more often in 3D conditions as
an alternative for 2D conditions. Spheroid culture, one from the multiple solutions,
provides cell-to-cell contacts and intercellular signaling what resembles the environment
of tissue [5]. Moreover, such a method of culture is also supposed to imitate the natural cell
niche with the stem cells preserved in it.

Spheroid is the floating aggregate of cells with visible changes across its structure.
The core consists of proliferating cells, whereas cells from external layer might differentiate
and migrate. In order to mimic the natural conditions, MSC has also started to be cultured
as 3D aggregates. MSC spheres are described to be formed by using different protocols
including low attachment surface [6,7], hanging drop culture [8,9], scaffolds [10], and even
the bioreactors [11]. Few research groups tested also neurosphere assay, proposed for
neural stem cells (NSC) [12,13] to achieve MSC spheroids. Culture media for neurospheres
contain epithelial growth factors (EGF) and basal fibroblast growth factor (bFGF) but
no serum.

Most of the experiments conducted with MSC-neurospheres were focused on acqui-
sition of neural phenotype. it was suggested that 3D culture condition could improve
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neural differentiation of MSC. In spite of improvement of neural differentiation under 3D
conditions, evidences of receiving fully functional neuronal cells from MSC populations
are limited. Still there is a demand for efficient protocol, which could be used in clinic.
Except analysis of neural phenotype, other aspects such as proliferation, senescence and
stemness were not so broadly taken into consideration during research. Moreover, major-
ity of MSC spheroids experiments were a short-term—3D cultured did not last up to seven
days in vitro of culture (div) [4] and results were obtained usually during first three div.
There were little evidences whether observed effects were transient or constant whether
how cells would react for prolonged 3D conditions. Even less is known about the influence
of 3D condition on stem cell niche: effect on surface markers expression, commitment of
specific type of MSC or interaction between cells. That would explain why some cells
survive in 3D conditions and how we could select with better properties.

In the present study, Wharton Jelly derived (WJ)-MSC were cultured in two different
culture conditions as the standard, monolayer 2D culture or as 3D culture. Both cultures
were conducted parallel for about 20 div—the time required to achieve three passages dur-
ing standard 2D MSC culture. Cells derived from spheroid culture were compared to those
cultured as monolayer regarding such properties as cell senescence, rate of proliferation,
capability to form the colonies, and pluripotent and neural gene expression.

2. Materials and Methods

2.1. WJ-MSC Isolation and Primary Culture

Human umbilical cords were acquired from full-term deliveries with the written
consent of mother according to the Ethics Committee of Warsaw Medical University
guideline (KB/213/2016). Cords (15–20 cm) transported in phosphate buffer saline (PBS)
solution (PBS; Sigma-Aldrich, Saint Louis, MO, USA) with mix of Penicillin-Streptomycin-
Amphotericin B (1:100, Gibco, Thermo Fisher Scientific, Waltham, MA, USA) were cut
with lancet to 2–3 mm in thickness slices. The cylindrical fragments of Wharton Jelly
(WJ) of 2–3 mm diameter were obtained from the slices of umbilical cord using the di-
ameter biopsy punch (Miltex, GmbH, Viernheim, Germany). Explants were transferred
to six well cultured plates and culture in the standard cell culture medium for WJ-MSC:
DMEM (Gibco), 10% human platelet cell lysate (Macopharma, Tourcoing, France), mix of
penicillin, streptomycin amphotericin B (1:100; Gibco, Thermo Fisher Scientific), 2 µg/mL
heparin (Sigma-Aldrich). Conditions for cell culture were following adherent surface,
37 ◦C temperature, 95% of humidity, 5% concentration of CO2, and 5% concentration of O2.
The culture medium was replaced every 2 days for 14 div. When the cells migrated out of
the explant and the culture reached semiconfluence, the cells were detached with Accutase
Cell Detachment Solution (Beckton Dickinson, Franklin Lakes, NJ, USA) and counted.

WJ-MSC were cultured in conditions described above until the end of 3 passage (initial
population of WJ-MSC). After the 3rd passage, cells were collected and divided into two
group—part of them was cultured as a spheroids (3D cultured WJ-MSC) and the rest
were continually cultured in previous cell culture conditions until the 7th passage (2D
cultured WJ-MSC).

2.2. Spheroid Culture

WJ-MSC from the 3rd passage were collected and seeded on anti-adhesive 6 well
plates (Nunclon Sphera, Thermo Fischer Scientific, Waltham, MA, USA) at the high den-
sity of 30 × 103/cm2 in 5% O2. Cells were cultured in medium DMEM/F12 (Gibco)
containing mix of penicillin, streptomycin, amphotericin B (1:100) (Gibco), L-Glutamine
200 mM (1:100) (Gibco), N2 supplement (1:100; Biotechne, Minneapolis, MN, USA) and
EGF (20 ng/mL; PeproTech, London, UK). In 3 div, Medium was replaced, and new
medium was started to use from this point of culture—Neurobasal Medium (Gibco,
Thermo Fischer Scientific) with mix of penicillin, streptomycin, amphotericin B (1:100;
Gibco, Thermo Fischer Scientific), L-Glutamine 200 mM (1:100; Gibco, Thermo Fischer
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Scientific), B27 supplement (1:50; Gibco, Thermo Fischer Scientific), EGF (20 ng/mL; Pe-
proTech) and bFGF (20 ng/mL; PeproTech).

WJ-MSC spheres were cultured in parallel to standard 2D culture—until the standard
culture acquire the 7th passage (about 20 div of culture). After that time spheroids were
dissociated to obtain single cells with Accutase Cell Detachment Solution (Becton Dickin-
son) and seeded again to the 2D culture in standard medium. Reseeded cells were used to
measure colony forming unit frequency (CFU-F), population doubling time (PDT), senes-
cence processes, gene expression level, and to perform immunocytochemistry staining.

2.3. Flow Cytometry Analysis

Cells were detached with Accutase Cell Detachment Solution (Beckton Dickinson) and
washed in PBS. Required cell number (1 × 106) was resuspend in cold Stain Buffer (Beckton
Dickinson) and used for further flow cytometry analysis. Cell markers were analyzed
with Human MSC Analysis Kit (Beckton Dickinson) containing antibodies conjugated
with fluorochrome against following antigens: CD73, CD90, CD105 (positive markers),
CD11b, CD19, CD34, CD45, and PE (negative markers) (Table 1). Cells were incubated
in diluted antibodies in the dark for 30 min. After incubation, cells were washed twice
with Stain Buffer (Beckton Dickinson) and resuspend in Stain Buffer. Resuspended cells
were analyzed using FACS Canto II (Beckton Dickinson) with FACSDiva Software (Beckton
Dickinson) and FlowJo 10 (Beckton Dickinson).

Table 1. List of antibodies used for flow cytometry—Human mesenchymal stem/stromal cell (MSC)
Analysis Kit (Beckton Dickinson) (cat. nr 562245).

Antigen Fluorochrome

Positive cocktail
CD73 APC
CD90 FITC
CD105 PerCP-Cy5.5

Negative cocktail

CD11b

PE
CD19
CD34
CD49

HLA-DR

In 3rd and 10th div of 3D culture, spheroids were dissociated and resuspended in
Stain Buffer. Before running the sample, cells were filtered through 30 µm filter (Miltenyi
Biotec, Bergisch Gladbach, Germany) to avoid dublets. Cells were analyzed to compare the
change in size with flow cytometry FACS Canto II (Beckton Dickinson) with FACSDiva
Software (Beckton Dickinson) and FlowJo 10 (Beckton Dickinson).

2.4. Live-Dead Staining

Aggregates were stained with mix of ethidium homodimer-1 (8 µM, EthD-1) and
Calcein AM (Cal-AM) (0.1 µM, Invitrogen, Thermo Fischer Scientific, Waltham, MA, USA)
to confirm the viability of cells in spheroids. Spheroids or single cells derived from
spheroids were incubated with staining mixture for 45 min in room temperature in a
darkness. Stained cells were observed in fluorescence microscope Axio Vert.A1 (Carl Zeiss,
Oberkochen, Germany).

2.5. CFU Assay

WJ-MSC from initial population, 2D culture and 3D culture were seeded on 6-well
plate in the amount of 100 cells per well. Cells were cultured for 10 div in standard
conditions. Then, cells were washed with PBS, fixed with 4% PFA for 15 min and again
washed with PBS. Fixed cells were stained with 0.5% toluidine blue for 20 min and washed
with distilled water after staining. The number of colonies containing 50 cells or more were
counted, and CFU-F was calculated as a percentage of seeded cells.
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2.6. Senescence Assay

The cells senescence was analyzed with Senescence Cells Histochemical Staining Kit
(Sigma-Aldrich) in initial population, 2D culture, and 3D culture of WJ-MSC. Cells from
2D cultures grew until the confluence reached 50–60% while the cells from dissociated
spheroids were cultured 48 h in standard conditions and then the assay was performed.

Cells were washed with 1×PBS and then fixed with Fixation Buffer (provided with
kit) for 6–7 min in room temperature. Then, cells were washed 3 times with 1×PBS.
After washing, cells were incubated overnight in 37 ◦C with Staining Solution (prepared
according to the protocol). Next day, total cell number was count as well as blue-stained
cell number. The percentage of β-galactosidase positive cells was calculated.

2.7. Proliferation Analysis

The cell proliferation was analyzed in the initial population, 2D culture, and 3D culture.
WJ-MSC were seeded at a density 2000 cells/cm2 and cultured in standard conditions until
the 80% confluence was reached. Then cells were collected, counted, and re-seeded again
at initial density. PDT and cumulative population doublings (cPD) were calculated for the
next 4 passages, based on total cell number at each passage. The PDT value was calculated
with the following formula:

PDT = ((t − t0) × log2)/(logN − logN0)

where N is the number of cells obtained at the end of the passage, N0 is the initial number
of seeded cells, and t − t0 is the duration of passage (counted in days).

2.8. Cryostat Sectioning

Spheroids were collected, fixed in 4% PFA for 15 min and washed twice with PBS.
Then, PBS was replaced with 7.5% sucrose solution and incubated overnight. Next day, solu-
tion was replaced with 15% sucrose solution and 30% sucrose solution. Then, spheroids were
embedded in medium for frozen tissue specimen (OCT Sakura Tissue-Tek, Sakura Finetek
Europe, Alphen aan den Rijn, The Netherlands) and moved to −80 ◦C. Spheroids were
cut with cryostat for the 20–30 µm thickness sections. Sections were collected on APTEX
(3-Aminopropyl) triethoxysilane) coated glass microscope slides, stored in −20 ◦C and used
for immunocytochemical staining.

2.9. Immunocytochemistry

Immunocytochemistry was performed to detect pluripotency and early neural markers
in initial population, 2D culture and 3D culture of WJ-MSC. WJ-MSC were washed with
PBS and fixed in 4% PFA for 15 min. Samples were permeabilized with 0.2% Triton X-100
(Sigma-Aldrich) for 15 min and then washed with PBS. After incubation with 10% Goat
Serum (Sigma-Aldrich) for 1 h primary antibodies were applied for 24 h in 4 ◦C (Table 2).
Next day, cells were washed with PBS and then incubated with the secondary antibodies
conjugated with fluorochrome for 1 h (Supplementary Table S1, Supplementary Figure S1).
Cell nuclei were stained with Hoechst 33342 dye (1 µg/mL; Sigma-Aldrich). The analysis
was performed using confocal microscope Zeiss LSM780 (Carl Zeiss).

Table 2. List of primary antibodies used for immunocytochemistry.

Antigen Source Isotype Dilution Company
Catalogue
Number

Nestin Mouse monoclonal IgG1 1:500 Merck Millipore MAB5326
β-III-Tubulin Mouse monoclonal IgG2B 1:500 Sigma-Aldrich T8660

Neurofilament 200 (NF-200) Mouse monoclonal IgG1 1:400 Merck Millipore N042
NeuN Mouse monoclonal IgG1 1:100 Merck Millipore MAB377
A2B5 Mouse monoclonal IgM 1:700 Merck Millipore MAB312R
Ki67 Rabbit polyclonal IgG(L+H) 1:1000 Abcam AB15580

SSEA4 Mouse monoclonal IgG3 1:400 Merck Millipore MAB4304

112



Cells 2021, 10, 719

2.10. Real Time-Quantitative Polymerase Chain Reaction (RT-qPCR)

Total RNA was isolated from initial, 2D populations, and 3D cultured population
using the following kits: Total RNA Mini Plus kit (A&A Biotechnology, Gdynia, Poland)
and Total RNA Mini Plus Concentrator (A&A Biotechnology) according to the manufac-
turer’s protocols.

RNA was eluted with 20 µL of RNase-free H2O (Sigma Aldrich). The quantity and
the quality of RNA were assessed using a NanoDrop 2000 spectrophotometer (Thermo
Scientific). The elimination of genomic DNA (gDNA) contamination in all RNA samples
was performed using a Clean up RNA Concentrator (A&A Biotechnology).

RNA samples were stored at −80 ◦C until were further used. A complementary strand
of DNA (cDNA) from RNA was generated using a High-Capacity RNA-to-cDNA™ Kit
(Applied Biosystems, Thermo Fischer Scientific, Waltham, MA, USA) according to the
manufacturer’s instructions. Following the reverse transcription, samples were diluted in
RNase-free water and stored at −20 ◦C until subsequent testing.

Quantitative polymerase chain reactions were performed using SYBR green Master
Mix (Applied Biosystems) and specific primers (Table 3) with the 7500 Real Time PCR
System (Applied Biosystems). The relative amount of RNA was calculated with the
comparative delta-delta Ct method (2−∆∆Ct) and gene expression was normalized using
β-actin (ACTB). Gene expression was compared with the mean level of the corresponding
gene expression in cells from initial population (3rd passage of WJ-MSC culture) and
expressed as n-fold ratio.

Table 3. List of primers used for Real Time-Quantitative Polymerase Chain Reaction (RT-qPCR).

Gene
NCBI Reference

Sequence
Product Size Primer Sequence (5′ -> 3′)

β-Actin NM_001101.5 250 bp F: CATGTACGTTGCTATCCAGGC
R: CTCCTTAATGTCACGCACGAT

Nestin1 NM_006617.2 64 bp F: GGGAAGAGGTGATGGAACCA
R: AAGCCCTGAACCCTCTTTGC

β-Tubulin III NM_001197181.2 126 bp F: GGAAGAGGGCGAGATGTACG
R: GGGTTTAGACACTGCTGGCT

MAP-2 NM_001375545.1 99 bp F: TTGGTGCCGAGTGAGAAGA
R: GTCTGGCAGTGGTTGGTTAA

GFAP NM_001363846.2 100 bp F: CCGACAGCAGGTCCATGT
R: GTTGCTGGACGCCATTG

Sox2 NM_003106.4 93 bp F: GTGGAAACTTTTGTCGGAGA
R: TTATAATCCGGGTGCTCCTT

Rex1 NM_001304358.2 107 bp F: GCTCCCTTGAATGTTCTTTG
R: GCCTGTCATGTACTCAGAAT

Nanog NM_024865.4 103 bp F: GAACCTCAGCTACAAACAGG
R: CGTCACACCATTGCTATTCT

Oct3/4
(Pou5F1) NM_001285986.2 331 bp F: CCTGAAGCAGAAGAGGATCACC

R: AAAGCGGCAGATGGTCGTTTGG

2.11. Statistics

Two-group comparisons were performed with Student’s test, whereas multiple groups
used one-way analysis of variance (ANOVA). The results are presented as mean values of
3 independent experiments ± SD (* < 0.05, ** < 0.01, *** < 0.001, **** < 0.0001), each experi-
ment was performed with cells obtained from one donor. Statistical analysis was conducted
with GraphPad Prism v. 7.00 software.

3. Results

3.1. Characteristics of WJ-MSC Cultured in 2D and 3D Conditions

WJ-MSC chosen for experiments exhibited characteristic features of MSC such as
morphology and expression of markers. Cells were adherent to the surface and presented
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spindle, fibroblast-like morphology. Flow cytometry analysis revealed that cells expressed
specific mesenchymal markers (CD73, CD90, and CD105). Less than 1% of WJ-MSC ex-
pressed negative markers for MSC (CD34, CD11b, CD19, CD45, and HLA-DR) (Figure 1A).
Above described features are accordant with the minimal criteria for MSC established by
The International Society for Cellular Therapy.

WJ-MSC were cultured until the third passage in the monolayer with standardly used
culture medium. Then, collected cells were divided into two groups: first group was cul-
tured constantly as monolayer (2D cultured), while the second—as spheroids (3D culture)
(Figure 1B). Both cultures were conducted for time required for three passages (about
20 div). Then spheroids were dissociated and seeded again to 2D conditions—to observe
changes of WJ-MSC. In further analysis, following populations were compared: initial
population—third passage of standard WJ-MSC culture; 2D culture—seventh passage of
standard WJ-MSC culture; and 3D culture—WJ-MSC cultured as spheroids for 20 div and
then reseeded to standard conditions.

Applied 3D method, slightly modified in our laboratory succeeded in sphere forma-
tion by WJ-MSC. WJ-MSC were cultured on anti-adhesive surface with the presence of
supplements and mitogens (EGF and bFGF)—similarly to the neurospheres formed by
NSC. Diameter of WJ-MSC spheroids varied from 20 µm to even 500 µm; however, aver-
age size oscillated between 40 and 120 µm. Spheres were cultured up to 20 div; however,
the best morphology was observed in the first five div of 3D culture—in later stages spheres
spontaneously disintegrated.

Flow cytometry analysis revealed the change in size of single cells—differences
were noticed during the cultivation time, as well as between 2D and 3D culture models
(Figure 1C). In young spheroids (three div) small, round cells predominated, compared to
parallelly cultured 2D cells, whereas in old spheroids (10 div) we could distinguish an in-
crease in the number of large cells. During 2D culture, the ratio of both cells subpopulations
(small and large) did not change remarkably.

Adherent properties in WJ-MSC were still detectable after long-term 3D. Although cell
morphology was similar to those acquired during standard culture, some differences oc-
curred more frequently (Figure 1D). After 3D culture, we distinguished three subpopulation
of cells—standard fibroblast-like cells similar to standard 2D culture; narrow and spindle
cells with improved neural potential; and very broad cells indicating senescent morphology.

Live-dead staining using EthD-1 and Cal AM revealed that most of the cells cul-
tured in monolayer were alive (98.91% ± 0.26) (Figure 2A), whereas spheroids contained
significantly more dead cells inside (Figure 2B,C). Number of alive cells was reduced to
55.9% ± 6.18 and 72.87% ± 5.29 in 3 and 10 div respectively (Figure 2C). The increase in
viability between early and late stage of spheroid culture was also significant.
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Figure 1. Morphology and phenotype of WJ-MSC cultured in monolayer and as spheroids. (A). Flow cytometry analysis.
Initial population of WJ-MSC used to experiments expressed specific MSC markers (CD73, CD90, and CD105) and less
than 1% of WJ-MSC expressed negative markers (CD11b, CD19, CD34, CD45, and HLA-DR). Red histogram—analyzed
marker, grey histogram—isotype control. (B). Morphology of 2D and 3D cultured WJ-MSC—monolayer culture of WJ-MSC
from 4th passage (up) and WJ-MSC 4 div after formed spheroids (down). (C). Flow cytometry—Forward scatter (FSC) and
Side scatter (SSC) analysis for 3D culture (spheroids) and 2D (monolayer). Three days in vitro (div) and 10 div after sphere
induction, there were differences in size of cells between 2D and 3D culture. (D). Different morphology of cells cultured as
spheroids after reseeding into 2D conditions. Right: WJ-MSC cultured constantly in 2D for 8 passages. Center and left:
WJ-MSC from 3D reseeded to 2D condition—visible two different types of morphology: narrow and small (center) and flat
and broad (left) cells. White scalebars represent 100 µm.
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Figure 2. Viability of 3D cultured WJ-MSC—Calcein AM (Cal AM) and Ethidium homodimer-1 (EthD-1) staining. Cal AM
stains live cells in green, while EthD-1 stains dead cells in red. Double stained cells are early apoptotic cells. (A) Initial
population of WJ-MSC contained live cells with almost no dead cells. Scale bars: 100 µm. (B) Viability of cells in spheroids—
after 3 and 10 div (day in vitro) of 3D culture. Observed darker shade in the contrast phase corresponds to dead cells visible.
Scale bars: 100 µm. (C) Analysis of live, dead, and early apoptotic cells in initial population and 3D cultured population for
3rd and 10th (div). The results are presented as mean values of 3 experiments ± SD, for * < 0.05, ** <0.01, **** < 0.0001.

3.2. Physiological Properties of WJ-MSC Cultured in 3D Conditions

Spheroids culture conditions change not only the morphology of WJ-MSC, but also
influence on the physiological features of the cells. We compared culture features such
as: doubling ratio of cells, induction of senescence process and content of stem fraction
in population. For this purpose, WJ-MSC spheroids were dissociated to the single cells
after 20 div of culture and reseeded to monolayer culture conditions. Results of assays
obtained from 3D cultured WJ-MSC were compared to those observed in the initial popu-
lation of WJ-MSC (from passage 3) and WJ-MSC continuously cultured in 2D conditions
(from passage 7).

WJ-MSC were monitored after reseeding to monolayer conditions to calculate Popula-
tion Doubling Time (PDT) required for each of next four passages. During first passage
after 3D cultured, cell proliferation decreased compared to cells constantly cultured in
monolayer (Figure 3A). In further passages, 3D cultured WJ-MSC restored the doubling
rate and divided in the same ratio as 2D cultured WJ-MSC (Supplementary Table S2).
There is a shift between passages of 2D and 3D cultured populations when cumulative
value is analyzed (Figure 3B).

To evaluate the effect of the culture method on cell senescence, the β-galactosidase
activity was measured. Spheroid-cultured WJ-MSC exhibited significantly higher activity
of β-galactosidase (49.04 ± 10.72) than initial population of WJ-MSC (1.24 ± 0.59) and
WJ-MSC continuously cultured as monolayer (1.84 ± 0.93) (Figure 3C).

ISCT recommends the Colony forming unit frequency assay (CFU-F) to confirm the
stemness of MSC and estimate the fraction of stem/progenitor cells in the population.
The values of CFU-F from initial population of WJ-MSC (19.63± 9.5) and 2D cultured WJ-
MSC (12.78 ± 5.02) does not differ significantly. However, 3D cultured WJ-MSC indicated
significantly reduced CFU-F than initial population (5.11 ± 6.95) (Figure 3D).
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Figure 3. Characteristic of WJ-MSC cultured in different conditions. (A) Population doubling time (PDT) for WJ-MSC
cultured in 2D and 3D. 3D cultured WJ-MSC divided more slowly than 2D cultured WJ-MSC during the first passage.
However, there are observed no differences in next 3 passages. (B) Cumulative Population Doublings calculation revealed
shift between 2D and 3D cultured populations. (C) Senescence process analysis. Number of cells expressing β-galactosidase
was significantly higher in 3D cultured WJ-MSC than in initial and 2D cultured populations. (D) Colony forming unit
(CFU) frequency reduced significantly during 3D culture of WJ-MSC. Following populations of WJ-MSC were used: from
3rd passage (initial populations), from 7th passage (2D culture) and cultured as spheroids (3D culture). The results are
presented as mean values of 3 experiments ± SD. For * < 0.05, ** <0.01, **** < 0.0001.

3.3. Neural and Pluripotent Markers Expression in 3D Cultured WJ-MSC

To find out whether 3D culture condition predisposes to increase expression of early
neural as well as pluripotent markers, immunocytochemical analysis was performed.
Staining of sectioned spheroids revealed the presence in the sphere the early neural markers:
Nestin and β-III-Tubulin, early oligodendrocyte marker A2B5 as well as pluripotent surface
marker SSEA4. However, we did not observe more mature markers as NF200 or NeuN
inside the sphere (Figure 4). Double staining for SSEA4 and Caspase-3 showed that most
of SSEA-4 positive cells remained alive (Supplementary Figure S2).

117



Cells 2021, 10, 719

Figure 4. Immunocytochemistry staining of neural and pluripotent markers in sectioned WJ-MSC spheroids in two different
magnifications. Early neural markers are also expressed inside the sphere, whereas more mature neural markers were not
detected. Spheroids were collected between 10 and 20 day in vitro of 3D culture. Scale bars: 100 µm.

3D population seeded again on the monolayer also displayed early neural and oligo-
dendrocyte markers—the expression was compared to initial population and 2D constantly
cultured WJ-MSC (Figure 5, Supplementary Table S3). Expression of Ki67—proliferation
marker—was decreased in 3D cultured WJ-MSC compared to initial and 2D cultures,
what confirms previously described PDT and CFU-F observations. Early neural markers—
Nestin and β-III-Tubulin—were presented more frequently in 3D cultured WJ-MSC than
in 2D cultured WJ-MSC. β-III-Tubulin expression in 3D WJ-MSC was even higher than
in initial population. However, 3D cell culture conditions did not increase the expression
of more mature markers NF-200 and NeuN. Changed culture condition did not affect the
expression of A2B5. Expression of SSEA4—pluripotent surface glycosphingolipid—was
increased in 3D cultured WJ-MSC, what may indicate that SSEA4-positive cells more
favorably survives during long-termed 3D culture.
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Figure 5. Immunocytochemistry staining of neural and pluripotent markers in WJ-MSC cultured in different conditions.
(A) 3D cultures changes the expression of some neural and pluripotent markers what is observed even after reseeding to 2D
culture. Scale bars: 100 µm. (B) Analysis of marker expression in WJ-MSC populations. Following populations of WJ-MSC
were used: cells from 3rd passage (initial populations), cells from 7th passage (2D culture) and cells cultured as spheroids
after reseeding to 2D (3D culture). The results are presented as mean values of 3 experiments ± SD. For * < 0.05, ** <0.01, ***
< 0.001, **** < 0.0001.

3D culture influence was also assessed by the expression changes in genes character-
istic for neural or pluripotent phenotype (Figure 6, Supplementary Table S4). Due to the
huge fluctuations between genetic material from different isolations we did not reported
significant changes upon a long-term 3D cells culture when it comes to early neural marker
Nestin and pluripotency genes Nanog, Sox2, Oct3/4, and Rex1. Tendency of increased
expression of Nestin and Nanog genes may indicate the maintenance of early undiffer-
entiated state of cells during 3D cell culture. Other analyzed markers—H3Tubulin (early
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neural marker), MAP2 (mature neural marker) and GFAP (astroglial marker) revealed
some changes between initial population and two methods of further culturing. 2D con-
ditions was more favorable for expression of MAP2 and GFAP. Results obtained from
gene expression and immunocytochemistry analysis are not fully consistence, however it
may be connected with differences between transcriptional and protein level of analyzed
markers. We also performed gene expression analysis for RNA isolated directly from 3D
spheroids—without reseeding to 2D (Figure S3). We observed the changes between two
timepoints of analysis—Nestin was expressed on higher level in 3D spheroids than 48 h
after reseeding to 2D culture. We observed this tendency also for other genes; however,
differences were not significantly important.

Figure 6. Relative gene expression level (fold change, mean ± SD) of neural and pluripotency phenotype in 2D and 3D
WJ-MSC cultures. Quantitation of these genes was determined relative to ACTB as a housekeeping gene by quantitative
real-time PCR. Changes in gene expression in WJ-MSC cells cultured in 2D and 3D conditions are shown relative to that in
cells grown in the initial population. Following populations of WJ-MSC were used: from 3rd passage (initial populations),
from 7th passage (2D culture), cultured as spheroids and transferred to 2D (3D culture). Results shown are the mean of
3 independent RNA isolations, for * < 0.05, ** <0.01, **** < 0.0001.

4. Discussion

Umbilical cord contains Wharton Jelly, which is commonly used source of MSC
in stem cell research [14,15]. Different factors and culture conditions are proposed to
improve either stemness properties or differentiation potential of WJ-MSC. Our group
is especially interested in establishment of protocol inducing differentiation of WJ-MSC
toward neural lineage—due to limited alternatives for regeneration of neural system.
Although neural differentiation of MSC is controversial, due to the lack functional evidence
in vivo, our group confirmed the presence of voltage-sensitive and ligand-gated channels in
differentiating neural stem-like cells derived from the nonhematopoietic fraction of human
umbilical cord blood [16]. As MSC populations is highly heterogenous [17], we assume
initial selection of pro-neural or undifferentiated cells would improve the effect of further
neural differentiation. We continued in targeting our research on WJ-MSC and looked
for the manner of increasing their neural/undifferentiated potential as we had reported
in WJ-MSC spontaneous expression of neuroglial markers such as β-III-Tubulin, GFAP,
NF-200 probably due to their premature origin [18]. Change of culture spatial structure
appeared to be promising factor that we would like to confront.

The present studies were focused on the effect of prolonged 3D culture system of MSC.
We tried to find out if applied culture conditions would result in obtaining population
with better proliferation potential, younger phenotype or increased clonogenic abilities
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like in the cell niche. What is more, we examined the influence on gene expression and
presence of markers responsible for neural or pluripotent phenotype—which direction
cells would follow after 3D culture. WJ-MSC were cultured as spheroids in long termed
culture for about 20 div to examine physiological changes. We compared features of 3D
cultured cells with initial population derived from early passage (third passage) as well
as population cultured constantly in monolayer up to the seventh passage. Clonogenicity,
proliferation potential, senescence, and expression of neural and pluripotency markers
were analyzed to confirm whether long-term 3D conditions are favorable for MSC.

We confirmed that despite their adherent properties, WJ-MSC can be directed to form
the spheres in culture medium dedicated for NSC formed neurospheres. Spheroids can be
generated also from other tissues containing MSC such as bone marrow [19], adipose tis-
sue [20], or dental pulp [21] as well as other [21–24]. Main purpose of 3D neurosphere
culture is to selectively isolate and culture the subpopulation of cells with higher neural
differentiation capacities.

WJ-MSC in spheroids still exhibited strong adhesive properties—even undissociated
spheres in standard culture medium settled down and attached to surface. 3D culture
also did not change expression of typical MSC markers (CD73, CD90, and CD105) and
multipotent differentiation into mesodermal lines [25,26]. Some research groups observed
even enhanced mesodermal differentiation after 3D culture [7,26]. Spheroid culture led
to morphology changes, visible especially during the first passage after reseeding on
2D [6,8,11,27]. Except WJ-MSC with characteristic fibroblast-like morphology, we ob-
served more small cells with round or spindle shape. Acquisition of round shape and
then elongation is typical for neural cell maturation from progenitors to immature neu-
rons [28]. Morphological changes were also observed in non-neural cells undergoing
neuronal differentiation [29]. Small size of cells after 3D culture could be also the effect
of cell reorganization in spheroids and decreased packing density [11,27]. Unfortunately,
we also noticed more large, flat cells connected with the loss of stemness state and higher
senescence process [30,31]. We speculate that 3D culture could promote the survival of
quiescent cell subpopulation.

3D cultured WJ-MSC significantly differed in cell division ratio than initial WJ-
MSC population and 2D cultured WJ-MSC. What is more, immunochemistry staining
for Ki67—proliferation marker—confirmed smaller fraction of dividing cells after 3D cul-
ture. Ki67 staining in AD-MSC neurospheres revealed that more than 80% of cells remains
in quiescent phase [32]. Reduced proliferation of cells in spheroids suggested arrest in
Go/G1 phase [7,8,26,33–35]. This observation could be connected with reduced CFU fre-
quency indicating smaller number of clonogenic cells presented in 3D cultured population.
However, many groups noticed better CFU frequency after transferring cells from spheres
to 2D conditions [6,36]. Bartosh and colleagues published observations similar to ours,
that CFU and population doubling values decreased directly after seeding cells derived
from spheres. However, in further passages those features were similar or even higher than
in a standard adherent culture [8]. Additionally, AD-MSC cultured as spheres expanded
more rapidly than 2D cultured cells, but the difference was visible after 42 div of 2D cul-
ture [10]. Some research group did not observe the differences in CFU frequency between
2D and 3D cell culture [7].

Senescence was more pronounced in 3D cultured WJ-MSC. Increased β-galactoside
activity was detected in almost a half of population just after changing the environment
from 2D to 3D. To the contrast, other research groups reported that population after 3D
culture contains less amount of senescent cells [6]. AD-MSC from spheroids contained
more senescent cells in longer 3D culture, but still less than cells cultured on monolayer [10].
Differences in senescent processes between the results may arise from the source of MSC.
In our experiments MSC were isolated from afterbirth tissue—part of umbilical cord.
The initial population of WJ-MSC contained small number of senescent cells (less than
1%) and senescence process did not increase with further passages (up to 5% of senescent
cells) [37], whereas for tissues from adult patients percentage of senescent cells was higher:
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for BM-MSC about 22,5% [6], for AD-MSC about 10% [10]. In our opinion, changing the cul-
ture conditions to less physiological for adherent cells (stress factor) accelerates senescence.
Despite that, the other subpopulation that remains in the culture over time—those cells
either have greater stress resistance or are developmentally younger and do not necessarily
require adhesion for proper function.

These observations are consistent with changes in cell survival. In the majority of
published experiments, 3D culture is a transient stage which last usually up to three div,
no longer than seven div—especially when it comes to the use of low-attachment surface [4]
among others because of poor MSC survival in 3D conditions. In our experiments 3D
culture also reduced cell viability. Calcein AM and Ethidium Homodimer-1 staining
pointed huge proportion of dead cells inside spheroid, which usually was placed in dark
core. We noticed huge fraction of double stained cells, which was counted as dead—
those cells were permeabilized with residual activity of esterases. Such situation was
reported in other publication, using propidium iodide which has the same properties and
emission spectrum as EthD-1 [38]. According to Peng, apoptosis rate in sphere reaches up
to 20% of cells [39]. The most visible shift we noticed between third and fourth div of 3D
culture. This change in viability was reported also by other research groups [8,32]. Even 3D
cultures performed with other method, such as hanging drop, underwent the reduction in
viability [8]. However, the spheroid culture contained more alive cells in 10 div of culture
than in 3 div. With the duration of 3D cell culture, cellular composition of spheres had to
change as the number of dead cells declined. This confirms our assumptions that during 3D
culture, spheroid is decomposed, while population is segregated spontaneously—survived
cells are more resistant to stress conditions, with slightly different properties than typical
adult mesenchymal cells. Decreased viability might be also connected with size and
insufficient transportation of nutrients and oxygen to all cells in bigger spheroids. For ESC
embryoid bodies, oxygen concentration in the center can vary depends on the structure’s
radius. In larger aggregates (400 µm radius) was lower than in smaller aggregates (200 µm
radius) [40]. For 100 µm sphere diameter, the concentration of glucose and glutamine is
36,38 and 1,33 mmol/L—those values are insufficient, and cells begin to die in spheres
core [41]. However, MSC spheroids are usually smaller. Hypoxic core, which could be
responsible for increased cell deaths, was observed only in large spheroids consisting of
250,000 cells or more [27]. In smaller spheres oxygen gradient varied less than 10% across
the aggregate layers. Decreased packing density might be the other mechanism that enable
penetration of nutrients and oxygen to sphere core [27]. Observed population of smaller
cells in 3D culture supported the evidence for change in cell densities and morphology
in spheroids. Despite that, caspase activity confirmed that viability of cells decrease with
sphere size [27]. Other used technique—thermal lifting in 3D culture was reported not only
to lower apoptosis processes but also ischemic stress which is another relevant factor [36].
Cells in 3D culture were characterized by metabolism changes such as lower glucose
consumption, lower L-lactase production [6,27], as well as changes in mitochondria [6].
Although lowered metabolism rate, there were observed higher level of mitochondrial
and total reactive oxide species [6], what might be responsible for lowered viability and
increased senescence during long-term 3D culture of MSC.

Except the changes of cell morphology, physiology and viability, 3D culture stimulates
the acquisition of unique phenotype by cells. RNA-sequencing revealed the unique tran-
scriptional profile of UC-MSC neurospheres, containing the features of NSC and MSC [42].
In our experiments, immunocytochemistry staining confirmed increased presence of early
neural markers such as Nestin and β-III-Tubulin. 3D culture probably improve only the
early stages of acquiring neural phenotype—NF-200 and NeuN expression was weak and
did not changed between 2D and 3D culture. Yang and colleagues reported similar effect
of 3D culture—cells from neurospheres expressed more Nestin after exposition to neural
differentiation conditions, but any mature markers such as NeuN, MAP2, or glial marker
GFAP [32]. However, 3D culture stage effected on future neural differentiation. Neuro-
sphere culture of UC-MSC increased expression of neural [43] or both neural and glial [44]
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markers during neural differentiation. According to some reports, neurosphere culture
of MSC improved neural differentiation potential [44]. Especially, Feng and colleagues
claimed to have obtained even nerve-like cells with properties of astrocytes, neurons,
and oligodendrocytes [45]. 3D culture could be an initial step preceding the neural differ-
entiation under the specific differentiation conditions.

Stemness-related transcription factors (SRTF)—Sox2, Nanog, Rex1, Oct3/4, Klf4, are in-
volved in cell divisions during embryonic development. Pluripotency and differentiation
of MSC into all germ layers is broadly discussed. Oct3/4 was observed in WJ-MSC cultured
in 5% oxygen concentration [46]. Nanog was detected in AD-MSC and BM-MSC, but not
Sox-2 and Oct3/4 [47]. Although the discoveries of pluripotency genes in MSC, their ex-
pression is much weaker than in ESC [47] or iPSC [48]. 3D culture is proposed as a method
to increase the expression of pluripotent genes by MSC. However, we did not observe
the change of SRTF genes expression between 2D and 3D culture conditions what is not
consistent with observations from other research groups. Pluripotent marker expression in
MSC-neurospheres was observed by others in neurosphere-forming media [39,42,44] as
well as in other sphere-inducing conditions [6,9,10,33]. Except the increased expression of
SRTF, there were also observed epigenetic changes gene promotors and miRNAs responsi-
ble for pluripotency [9]. However, some research also did not report increased expression
of stem cell markers in MSC-neurospheres—Bonilla-Porras and colleagues observed lower
levels of Nanog, Oct4 and Sox2 in cells from WJ-MSC neurospheres than from 2D cultured
WJ-MSC [43]. Dromard and colleagues did not notice the significant differences in expres-
sion of Nanog and Oct3/4 between spheres and monolayer [7]. The differences in above
discussed results may be explained with the time of material collection. Cells in sphere did
not exhibit pluripotency during whole period of 3D culture—expression was the highest
between 3 and 5 div, after six div it drops [34]. We observed that even short time of adhe-
sion change the RNA expression (Supplementary materials). Other authors reported that
during 48 h after spheres return to 2D conditions, pluripotent expression decreases to the
level presented in cultured monolayer cells [34]. Unfortunately, expression of pluripotent
genes in MSC 3D still was significantly lower than in ESC [34].

It is discussed whether described effects are exaggerated by 3D conditions or could be
influence by source of MSC. The comparative analysis are limited. WJ-MSC and BM-MSC
generated secondary spheres after dissociation, while AD-MSC did not. What is more,
secretomes profile of spheres were different—WJ-MSC secreted more neurotrophic factors.
Protein level of neural markers inside sphere and under neural differentiation conditions
also varied between different tissues. According to these observations, authors strongly
suggested that WJ has better neurogenic potential than other sources [49]. In addition,
Peng and colleagues performed identical analysis on MSC-spheres derived from two
tissues—adipose and umbilical cord. The relative gene expression was similar, although the
time of increase in gene expression differed. For some genes, such as Sox2 or Olig2 for
UC-MSC spheres expression reached the maximum in second div, while for AD-MSC the
peak was in seventh div [39,42]. It indicates that choice of MSC source be relevant.

Immunostaining revealed increased presence of surface marker SSEA4—glycosphi-
ngolipid which is included as a one of pluripotency markers. SSEA4 and SSEA3—other
molecule from the same family—are characteristic for ESC cells [50]. SSEA3 is earlier in
development—SSEA3 expression is the highest between four and eight cell stages of em-
bryo, whereas SSEA4—morula and early blastocyst stages [51,52]. SSEA4 is also detected
in early neuroepithelium [53,54] SSEA4-positive NSC can form neurospheres and SSEA4
expression remains sustained during 3 passages of NSC cultures [55]. Role of SSEA4 in
NSC cells still remains unknown [51]. SSEA4 is also detected on MSC surface [18,56,57].
SSEA4 is presented during the MSC culture up to the ninth passage of WJ-MSC culture,
while expression of SSEA3 is the highest directly after isolation and is detected only up
to fifth passage [56]. SSEA4-positive BM-MSC population characterizes with better clono-
genity [57]. SSEA4 together with small cell size are proposed as prognostic markers to
distinguish young and old cells, which can be isolated with FACS [58]. SSEA4 expression
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may depend on cell culture conditions—it was correlated with medium serum concen-
tration [56]. SSEA4, even counted as pluripotency marker, does not always coexist with
other pluripotency genes what was shown on population of limbal stem cells (which
resembled MSC) [59]. Similar situation was observed in MSC—SSEA4-positive WJ-MSC
expressed SRTF genes on the same level as SSEA-4-negative cells [56]. Increased detec-
tion of SSEA4 in 3D cultured population might suggest acquiring this marker during
spheroids culture or better survival of SSEA4-positive cells. Double staining for SSEA4 and
Caspase-3 confirmed that apoptosis did occur only in a small fraction of SSEA-4-positive
cells (Supplementary Materials). We rather assume that SSEA4-positve cells are more
favorable to endure harsh conditions of neurosphere formation. The presence of SSEA4
positive cells could correspond with their undifferentiated state. According to Arrora and
colleagues, undifferentiated state of cells in unfavorable conditions could be connected
with quiescence [60]. Stress conditions such as loss of adhesion and high cell density lead
to the quiescent state of MSC. Described earlier hypoxia and oxidative stress linked with
sphere size [27] seems to be also responsible for cell persistent in a quiescent state in order
to be available for further tissue repair and regeneration in beneficial [61].

In accordance with suggested neuroectodermal origin of distinct subpopulation of
MSC [62], existing subpopulation of small cells and increased containment of early neural
markers Nestin and β-III-Tubulin indicate that prolonged 3D culture enable to select cells
with higher neural potential. Especially, very interesting for us was expression of Nestin,
which may indicate the other explanation. Even though, quiescent NSC are negative for
Nestin, active NSC express Nestin—importantly to mention, active NSC is the popula-
tion which forms neurospheres, whereas quiescent NSC do not [63]. When it comes to
MSC, Nestin may be the key explaining neurosphere formation—Nestin-negative cells
do not form spheroids [64,65]. Nestin expression and sphere-forming capacities suggest
neuroectodermal origin of this population [64]. Nestin-positive population derived from
rat bone marrow contains MSC and Neural Crest Stem Cells as well [66]. During devel-
opment, cells from neural crest which are not committed to glial lineage yet may migrate
along nerves to bone marrow and there reside for the rest of life [67]. Those cells create
a niche for hematopoietic stem cells (HSC) and remains quiescent in adulthood [64,65].
Under spheroids culture formed by magnetic levitation, increased Nestin expression is
explained as quiescent state of such cells [67]. Neural crest-derived cells occur not only
in bone marrow but also in other tissues containing MSC such as adipose [68,69]. Hu-
man umbilical cord blood contains neural crest-like progenitor cells which express Nestin,
form neurospheres and can differentiate into neuronal and glial lineages [70]. Interestingly,
we also reported more SSEA4-positive cells after long 3D cell culture. High content of
SSEA3 and SSEA4 was observed during cell progeny activated by antibody mimicking
Interferon-I [71]. Taking together, increased levels of Nestin and SSEA4 suggest quiescence
of cells which remained over 20 div of 3D culture. Quiescent state can be the factor that
enables survival of MSC during long-termed non-adherent conditions.

5. Conclusions

We confirmed that WJ-MSC can be cultured as spheroids on low-attachment surface
with culture medium dedicated for neurospheres for at least 20 div. This type of culture
characterizes with increased cell death after first three div, but then, viability stabilizes
in later stage. Long-termed 3D culture of WJ-MSC as spheroids did not improved the
cell condition. In fact, it reduced stemness and increased senescence process. However,
it improved the occurrence of early neural markers what might indicate the survival of cell
subpopulation with unique features, such as SSEA4 expression and possible quiescent state.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-440
9/10/4/719/s1, Table S1: List of secondary antibodies used for immunocytochemistry, Figure S1:
Secondary antibody staining controls for 2D and 3D conditions, Table S2: Population doubling time
values (days) for 2D and 3D cultured WJ-MSC, Table S3: Quantitative data of immunocytochemistry
staining analysis, Figure S2: Immunocytochemistry double staining for SSEA4 and Cleaved caspase-3
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in WJ-MSC spheroid, Table S4: Relative gene expression level quantitative data. Figure S3: Extended
analysis for relative gene expression level (fold change, mean ± SD) of neural and pluripotency
phenotype in 2D and 3D WJ-MSC. Table S5: Relative gene expression level quantitative data for RNA
collected directly from free floating spheroids.
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Abstract: A bone marrow-derived mesenchymal stromal cell (MSC) transplant and a bioengineered
nanofiber-hydrogel composite (NHC) have been shown to stimulate nervous tissue repair in the
contused spinal cord in rodent models. Here, these two modalities were combined to assess their
repair effects in the contused spinal cord in adult rats. Cohorts of contused rats were treated with
MSC in NHC (MSC-NHC), MSC in phosphate-buffered saline (MSC-PBS), NHC, or PBS injected into
the contusion site at 3 days post-injury. One week after injury, there were significantly fewer CD68+
cells in the contusion with MSC-NHC and NHC, but not MSC-PBS. The reduction in CD86+ cells in
the injury site with MSC-NHC was mainly attributed to NHC. One and eight weeks after injury, we
found a greater CD206+/CD86+ cell ratio with MSC-NHC or NHC, but not MSC-PBS, indicating a
shift from a pro-inflammatory towards an anti-inflammatory milieu in the injury site. Eight weeks
after injury, the injury size was significantly reduced with MSC-NHC, NHC, and MSC-PBS. At
this time, astrocyte, and axon presence in the injury site was greater with MSC-NHC compared
with MSC-PBS. We did not find a significant effect of NHC on MSC transplant survival, and hind
limb function was similar across all groups. However, we did find fewer macrophages at 1 week
post-injury, more macrophages polarized towards a pro-regenerative phenotype at 1 and 8 weeks
after injury, and reduced injury volume, more astrocytes, and more axons at 8 weeks after injury
in rats with MSC-NHC and NHC alone compared with MSC-PBS; these findings were especially
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significant between rats with MSC-NHC and MSC-PBS. The data support further study in the use of
an NHC-MSC combination transplant in the contused spinal cord.

Keywords: nanofiber-hydrogel composite; spinal cord injury; inflammation; macrophages; secondary
injury; astrocytes; axon growth

1. Introduction

The prevalent mechanism of spinal cord injury (SCI) in humans is a contusion, which
typically leads to nervous tissue damage and sensory and motor function loss [1,2]. The
limited endogenous repair of central nervous tissue and typically poor recovery of function
after a spinal cord contusion in humans motivates the ongoing search for reparative
treatments [1,3,4].

Studies in animal models of contusive SCI have shown that a transplant of bone
marrow-derived mesenchymal stromal cells (MSC) in the injury site elicited nervous tissue
repair and, albeit not in all cases, function improvements [5–11]. MSC secrete paracrine
factors [12–14] that can direct immunomodulatory effects [15–18], promote neuroprotec-
tion [12,13], and increase axon growth [19,20]. Transplanting MSC is considered a promising
strategy to treat SCI, but the overall effects of an MSC transplant on nervous tissue repair
in the injured spinal cord remain limited [6,9,21].

We demonstrated that an in situ forming, injectable nanofiber-hydrogel composite
(NHC) elicited nervous tissue repair in an adult rat model of contusive SCI [22]. The NHC
consists of poly(ε-caprolactone) (PCL) nanofibers interfacially bound to a hydrogel net-
work formed from thiolated hyaluronic acid (HA-SH) and poly(ethylene glycol) diacrylate
(PEGDA). The composite has a shear storage modulus similar to that of the nervous tissue
in the spinal cord [23,24] and provides a sufficiently high porosity to support host cell
infiltration and migration [22,25]. Importantly, we showed that NHC modulated the inflam-
matory response towards anti-inflammatory, pro-regenerative, macrophage phenotypes,
and facilitated tissue formation in the injury site [22].

In the present study, we combined two repair modalities by using the NHC as a
transplant matrix for MSC. We investigated the combination’s therapeutic potential in
the contused adult rat thoracic spinal cord. The repair was assessed by evaluating im-
munomodulation, neuroprotection, and hindlimb locomotor function.

2. Materials and Methods

2.1. Animals

Adult female Sprague Dawley rats (n = 68, 200–220 g, Charles Rivers Laboratory;
Wilmington, MA, USA) were used in this study. All animal procedures were performed
according to the guidelines of the National Institutes of Health and the United States
Department of Agriculture at the Miami Project to Cure Paralysis at the University of
Miami, Miami, FL, and approved by the local Institutional Animal Care and Use Committee.
The Assessment and Accreditation of Laboratory Animal Care accredited the animal facility
where the procedures were performed. Pairs of rats were housed under a 12-h light/dark
cycle with ad libitum access to food and water.

2.2. NHC Preparation

NHC was made following the protocol previously described [22]. Briefly, nanofibers
were electrospun from a PCL solution (16% w/w; Sigma-Aldrich, St. Louis, MO, USA) in
a mixture of dichloromethane (Sigma-Aldrich) and dimethylformamide (9/1, v/v; Sigma-
Aldrich). Poly(9,9-dioctylfluorene-alt-benzothiadiazole) (F8BT; Sigma-Aldrich), a green
fluorescent dye, was added to the PCL solution to enable fiber identification after injec-
tion [22]. Carboxyl groups were introduced to the surface of the fibers in a plasma cleaner
(expanded plasma cleaner; PDC-001; Harrick Plasma; Ithaca, NY, USA). These carboxyl
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groups were initiated by ethyl dimethylaminopropyl carbodiimide (Sigma-Aldrich) and
N-hydroxysuccinimide (Sigma-Aldrich) and then converted to maleimide (MAL) groups by
N-(2-aminoethyl) maleimide (Sigma-Aldrich). The MAL-modified fibers were cryogenically
milled, sterilized with 70% ethanol. All three components of NHC were stored individually
at −20 ◦C, and thawed 30 min prior to use. NHC was prepared by mixing MAL-modified
fibers (10 mg/mL) into a mix of HA-SH (4 mg/mL; ESI BIO, Alameda, CA) and PEGDA
(2 mg/mL; ESI BIO) in sterile phosphate-buffered saline (PBS) [22,25] on ice. We mixed
and injected NHC or MSC-NHC within 15 min after exposing the contused spinal cord (see
below Section 2.4). Once mixed, NHC can be kept on ice for 6 h for injections.

2.3. MSC Preparation

MSCs were harvested from bone marrow from femurs and tibias of adult female
Sprague Dawley rats (n = 6) following a previously described protocol [9,26]. MSCs were
cultured on poly-D-lysine-coated dishes in Dulbecco’s Modified Eagle Medium (DMEM;
Sigma-Aldrich) with 10% fetal bovine serum (Mediatech; Herndon, VA, USA), 0.03% L-
glutamine (Sigma-Aldrich), and 0.1% gentamycin (VWR; Radnor, PA, USA). The cells
were transduced with lentiviral vectors encoding for green fluorescent protein (GFP) at a
multiplicity of infection of 100, passaged 4 times, and then harvested for transplantation [9].
MSC remained on ice until mixing with freshly prepared NHC or sterile PBS prior to
injection into the epicenter of the spinal cord contusion.

2.4. Spinal Cord Contusion and Injection

Rats were anesthetized using an intraperitoneal injection of ketamine (50 mg/kg;
Zoetis; Parsippany, NJ, USA) and dexmedetomidine (0.5 mg/kg; Zoetis). In the absence of
corneal, hindlimb, and tail pinch reflexes, the rats were shaved and cleaned with Nolvasan®

skin and wound cleaner (Zoetis). Refresh® Lacri-Lube® eye ointment (Allergan; Madison,
NJ, USA) was applied to the eyes to prevent drying during surgery. The 9th thoracic spinal
cord segment was exposed and impacted onto its dorsal midline with a force of 175 kDyne
using the Infinite Horizon IH-0400 impactor (Precision Systems and Instrumentation LLC;
Versailles, KY, USA) [27] resulting in a bilateral injury, as previously described [9,10,28].
After rinsing the injury site with sterile lactated Ringers’ solution containing 0.1% gentam-
icin (VWR), the muscles were sutured, and the skin closed with Michel wound clips (Fine
Science Tools; Foster City, CA, USA). The rats received a subcutaneous injection of the α2-
adrenergic receptor antagonist, atipamezole (antisedan; 1.5 mg/kg; Zoetis) to reverse the
sedative and analgesic effects of dexmedetomidine. Laboratory personnel monitored the
rats until fully awake and applied after-surgery treatments as previously described [9,10].

At 3 days after injury, rats were anesthetized using an intraperitoneal injection of
ketamine (50 mg/kg; Zoetis) and dexmedetomidine (0.5 mg/kg; Zoetis). The contused
spinal cord was exposed and the injury epicenter was injected with a total volume of
5 µL with 500,000 MSC in NHC or PBS, or with NHC or PBS only at a rate of 1 µL/min
using a 10 µL Hamilton syringe, fitted with a pulled glass needle, fixed to a stereotaxic
device [6,9]. The internal diameter of the pulled glass needles was, on average, 120 µm; no
clogging of the needle was observed during the injections. The needle was kept in place
for 5 min after the injection was completed to prevent backflow. Possible leakage was
verified using a UV flashlight to detect green fluorescence on the spinal cord. Note that for
NHC, the individual components were mixed and injected within 15 min after exposing
the contused spinal cord. For MSC-NHC, the NHC was mixed first and then the MSC was
mixed into the NHC and injected within 15 min after exposing the contusion site. After the
injection was completed, the muscles were sutured, and the skin was closed with Michel
wound clips (Fine Science Tools). The rats received an intraperitoneal injection of antisedan
(1.5 mg/kg; Zoetis) to reverse the anesthesia. Laboratory personnel monitored the rats
until fully awake and applied after-surgery treatments as previously described [9,10]. Each
of the four experimental groups contained 15 rats, which survived for 1 week (n = 5) or
8 weeks (n = 10) after injury. The rats that survived for 1 week were fixed (see histological
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preparations) and their spinal cord was used for histological and anatomical assessments.
The rats that survived for 8 weeks were used to evaluate hind limb motor function during
survival (n = 10) and, after fixation (see histological preparations), for histological and
anatomical assessments (n = 5; randomly selected). Two rats died during surgery and
were replaced.

2.5. Assessment of Hind Limb Function

Hind limb overground walking was assessed weekly using the Basso, Bresnahan, Beat-
tie (BBB) open-field walking test [9,29]. Individual values were averaged per experimental
group per time point. In addition, we assessed hind limb sensorimotor function at 4 and
8 weeks after injury using the horizontal ladder test [9,30,31]. For this, personnel blinded
to the treatment used high-definition video recordings of the ladder crossings to enable
accurate quantification of foot and leg slips, which were qualified as medium or large slips,
respectively. The total sum of medium and large slips was expressed as a percentage of
the number of steps taken to cross the ladder and averaged per rat and per group for each
time point.

2.6. Histological Preparations

At 1 and 8 weeks after injury, rats were deeply anesthetized and transcardially perfused
with 300 mL of PBS followed by 400 mL of 4% paraformaldehyde in PBS [9]. We dissected
the spinal cord from the rats and kept them in the same fixative overnight, followed by
30% sucrose in PBS for 2 days. We then removed a 12 mm long segment centered on the
contusion of each spinal cord and embedded these in frozen section medium (NEG 50;
Richard-Allan Scientific, Thermo Fisher Scientific, Kalamazoo, MI, USA). The embedded
frozen segments were cut into twelve series of 20 µm thick horizontal sections on a cryostat
(CM 1950; Leica Biosystems; Buffalo Grove, IL, USA). Each series represented the width
of the spinal cord with sections at 240 µm intervals. The sections were collected on glass
slides and stored at −20 ◦C until staining.

2.7. Immunohistochemistry

For immunostaining, 20 µm thick tissue sections were rinsed for 5 min in PBS and
incubated in PBS with 5% normal goat serum and 0.3% Triton X-100 for 1 h at room
temperature to block non-specific antibody binding and permeabilize the tissue. Next, the
sections were incubated with primary antibodies (Table 1) mixed in PBS with 5% normal
goat serum and 0.3% Triton X-100 for 2 h at room temperature, followed by overnight at
4 ◦C. Subsequently, the sections were rinsed 3 times for 5 min in PBS and then incubated
with goat secondary antibodies (Alexa Fluor 488, Alexa Fluor 555, or Alexa Fluor 647; 1:500;
Invitrogen; Carlsbad, CA, USA) against the host of the primary antibody, mixed in PBS, for
2 h at room temperature. After this incubation, the sections were rinsed 3 times for 5 min
in PBS, counterstained for 3 min with the nuclear marker, 4′,6-diamidino-2-phenylindole
(DAPI; ThermoFisher Scientific; Waltham, MA, USA), rinsed 2 times for 5 min in PBS, and
then covered with a glass slip with fluorescence mounting medium (DAKO; Agilent; Santa
Clara, CA, USA). The 3 middle sections of the contusion site in a series were identified
and imaged using the Olympus VS120 slide scanner with 10× (UPISAPO, 0.4NA, Air) or
20× (UPISAPO, 0.75NA, Air) objectives and fitted with a Hamamatsu ORCA-Flash 4.0
camera (Hamamatsu; Bridgewater, NJ, USA). Autofocus was set on the DAPI channel for
cell quantification, and on the axon marker channel for axon quantification.

2.8. Injury Volume Assessment

For measuring the injury volume, we used the ImageJ measure function on sections
stained for glial fibrillary acidic protein (GFAP) at 1 and 8 weeks after injury. The injury site
was defined by the inner border of the surrounding GFAP+ scar. The injury site volume was
determined by taking the surface area of the injury site in the middle section, multiplied by
the known distance between sections, and adding up the surface area of the edge sections
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multiplied by 1/2 of the known distance between sections [22]. The individual injury
volumes were averaged per experimental groups.

Table 1. Source, catalog number, and dilution of the used primary antibodies.

Primary Antibody * Source Catalog Number Dilution **

Rabbit anti-GFP Millipore AB3080P 1:1000

Mouse anti-GFAP Sigma G3893 1:500

Rabbit anti-GFAP PhosphoSolutions 620-GFAP 1:1000

Mouse anti-ED1 (CD68) Millipore MAB1435 1:200

Rabbit anti-NeuN Millipore ABN78 1:500

Rabbit anti-CD206 Abcam Ab64693 1:500

Rabbit anti-CD86 Abcam Ab53004 1:500

Rabbit anti-NFh Millipore AB1991 1:500
* All antibodies are commercially available. Their source and catalog number are listed. ** Dilutions in PBS with
5% normal goat serum and 0.3% Triton X-100.

2.9. Automated Quantification

An ImageJ Find Maxima plugin (modified from [32]) was used for the automated
quantification of cells and axons. Images were corrected for the background by subtracting
a Gaussian filtered image, converted to 8-bit, and thresholded to create a count mask. For
CD86+ or CD206+ macrophages, two thresholded images from the general macrophage
marker, CD68, and from each of the polarization markers were used to create double count
masks, each overlaying the thresholded DAPI filter image. For GFP+ MSC, a thresholded
image from GFP was used to create a count mask to overlay the thresholded DAPI filter
image. Particles that were positive for both the count mask and DAPI were summed to
determine the total count of positive hits. The average particle size of ten randomly selected
nuclei for the specific cell of interest was used to create a multiplication factor to account
for multiple overlaying nuclei. Total counts were multiplied by the multiplication factor to
acquire standardized counts, which were averaged per rat and per experimental group.

2.10. Macrophage Quantification

We used automated quantification to evaluate CD68+, CD86+, and CD206+ macrophages
in the spinal cord at 1 and 8 weeks after injury. Quantification was performed in each of the
middle three sections of the contusion, in a 1.5 × 2 mm region of interest centered on the
midpoint of the injury. This selected 2 mm long and 1.5 mm wide region of interest covered
the injury site for 1 mm caudal and rostral from the midpoint of the contusion. CD68 is a
pan-macrophage marker, CD86 is a pro-inflammatory macrophage marker, and CD206 is an
anti-inflammatory macrophage marker. While recognizing the range of phenotypes among
macrophages within an injury site, we used CD86 to indicate a pro-inflammatory (M1-like)
macrophage phenotype and CD206 to indicate an anti-inflammatory (M2-like) macrophage
phenotype. We determined cell segmentation counts (DAPl+) residing within double-
positive (CD86+/CD68+ and CD206+/CD68+) masks. We standardized the counts by
dividing the average particle size by the average size of 10 nuclei of each of the macrophage
populations to create a multiplication factor to account for multiple overlaying nuclei. We
reported our particle counts multiplied by the multiplication factor as the standardized
average count, which were averaged per rat and then per group. We determined the total
number of macrophages and the CD206/CD86 ratio. Counts were averaged per rat and
per experimental group.

2.11. Astrocyte Presence Examination

Automated quantification was used to evaluate GFAP+ astrocytes in the injured spinal
cord at 1 and 8 weeks after injury. Quantification was performed in each of the middle
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three sections of the contusion, in a 2.5 × 4 mm region of interest centered on the midpoint
of the injury. This selected 4 mm long and 2.5 mm wide region of interest covered the
injury site and adjacent glia scar for 2 mm caudal and rostral from the midpoint of the
contusion. The total area and the percent area of GFAP were determined using the batch
threshold and measure function of ImageJ. Measurements were averaged per rat and per
experimental group.

2.12. Axon Presence

We used automated quantification to evaluate axons, recognized with antibodies
against neurofilament high molecular weight (NFh), in the contusion at 8 weeks after injury.
Quantification was performed in each of the middle three sections of the contusion, in a
1.5 × 2 mm region of interest centered on the midpoint of the injury. This selected 2 mm
long and 1.5 mm wide region of interest covered the injury site for 1 mm caudal and rostral
from the midpoint of the contusion. The total area and the percent area positive for NFh
were determined at 8 weeks after injury. Standardized ImageJ algorithms were used for
batch thresholding of all images, and all measurements were averaged per rat and per
experimental group.

2.13. Transplant Survival Assessment

Automated quantification was used to quantify GFP+ MSC in the contusion at 1 and
8 weeks after injury. Quantification was performed in each of the middle three sections
of the contusion, in a 2 × 2 mm region of interest centered on the midpoint of the injury.
This selected 2 mm long and 2 mm wide region of interest covered the injury site for
1 mm caudal and rostral from the midpoint of the contusion. Positive particles for the
GFP count mask and DAPI were quantified to determine the total number of positive hits.
We standardized the counts by dividing the average particle size by the average size of
10 nuclei of GFP+ MSC to create a multiplication factor to account for multiple overlaying
nuclei. We reported our particle counts multiplied by the multiplication factor as the
standardized average count, which were averaged per rat and per experimental group.

2.14. Statistical Analyses

Data were shown as means ± SEM (standard error of the mean). For statistical
analyses, we used IBM SPSS Statistics for Windows, version 24 (IBM; Armonk, NY, USA).
Data were analyzed by nonparametric ANOVA (independent-samples Kruskal–Wallis test)
or parametric (or nonparametric) repeated-measures ANOVA (Friedman’s test), followed
by Bonferroni post hoc correction, unless otherwise stated. Pearson’s correlation analysis
was used to determine the relationship between variables expressed by the coefficient
of determination (r2) and considered strong when r2 > 0.5. Differences were accepted as
statistically significant if p < 0.05.

3. Results

3.1. Inflammatory Response in the Injury Site

We assessed the number of macrophages in the injury site at 1 and 8 weeks after injury.
Macrophages were present in the injury site at both time points, irrespective of the treat-
ment. Figure 1 shows CD68+ macrophages in the injury site with MSC-NHC (Figure 1A),
MSC-PBS (Figure 1B), NHC (Figure 1C), or PBS (Figure 1D) at 1 week after injury. The
areas outlined in Figure 1A–D are enlarged in Figure 1A’–D’, respectively. We found
458 ± 75 (mean ± SEM) macrophages in the injury site with MSC-NHC, 1997 ± 174 with
MSC-PBS, 565 ± 94 with NHC, and 1699 ± 151 with PBS (Figure 1E). The 4.4-fold decrease
in total macrophage count with MSC-NHC compared with MSC-PBS (p < 0.05) and the
3.7-fold decrease in macrophages between MSC-NHC and PBS (p < 0.05) were significantly
different. The 3-fold decrease in macrophages with NHC compared with PBS (p < 0.05)
and the 3-fold decrease with NHC compared with MSC-PBS (p < 0.05) were significantly
different. At 8 weeks after injury, there were 833 ± 128 (average ± SEM) macrophages
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in the injury site with MSC-NHC, 684 ± 135 with MSC-PBS, 649 ± 60 with NHC, and
914 ± 114 with PBS (Figure 1F). The differences in CD68+ macrophage counts at 8 weeks
after injury were not significant. The data indicated that early macrophage infiltration in
the contusion was attenuated with MSC-NHC or NHC compared with MSC-PBS.

 

′

Figure 1. CD68 inflammatory response in the injury site. Photomicrographs showing macrophages
stained for CD68 (red), a pan-macrophage marker, and the nucleus marker, DAPI (blue), in the injury
site with MSC-NHC (A), MSC-PBS (B), NHC (C), or PBS (D) at 1 week after injury. Images in panels
(A’–D’) are enlargements of the outlined area in panels (A–D), respectively. Scale bar in (A,C,D) is
250 µm, and 200 µm in (B). The scale bar in (A’–D’) is 100 µm. In (A–D), the rostral (R) and caudal
(C) orientation of the horizontal sections are indicated. (E) Bar graph showing the average number of
CD68+ macrophages in the injury site of each group at 1 week after injury. There are significantly less
macrophages in the injury site with MSC-NHC and NHC only compared with MSC-PBS and PBS only.
(F) Bar graph showing the average number of CD68+ macrophages in the injury site of each group at
8 weeks after injury. The differences in numbers of CD68+ macrophages in the injury site of the four
groups were not statistically significant. In both graphs, the asterisks indicate p < 0.05, and the bars
represent SEM. Abbreviations: DAPI = 4′,6-diamidino-2-phenylindole; MSC = mesenchymal stromal
cells; NHC = nanofiber-hydrogel composite; PBS = phosphate-buffered saline; SEM = standard error
of the mean.

To assess the relative amount of CD206+ anti-inflammatory, pro-regenerative (M2-like)
macrophages vs. CD86+ pro-inflammatory (M1-like) macrophages, we quantified the
CD206+/CD86+ ratios at 1 and 8 weeks after injury by analyzing tissue sections stained
with antibodies against CD206/CD68 and CD86/CD68. CD206 and CD86 are mark-
ers for M2-like and M1-like macrophages, respectively. Figure 2 shows CD206+/CD68+
macrophages in the injury site with MSC-NHC (Figure 2A), MSC-PBS (Figure 2B), NHC
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(Figure 2C), or PBS (Figure 2D) at 8 weeks after injury. The areas outlined in Figure 2A–D
are enlarged in Figure 2A’–D’ and show CD206+/CD68+ macrophages, and Figure 2A”–D”
shows the same macrophages stained only for CD68. Moreso, shown are the CD86+/CD68+
macrophages in the injury site with MSC-NHC (Figure 2E), MSC-PBS (Figure 2F), NHC
(Figure 2G), or PBS (Figure 2H) at 8 weeks after injury. The areas outlined in Figure 2A–D
are enlarged in Figure 2A’–D’ and show CD206+/CD68+ macrophages, and Figure 2A”–D”
shows the same macrophages stained only for CD68. At 1 week after injury, we found that
the CD206+/CD86+ ratio was 1.72 ± 0.35 in the injury site with MSC-NHC, 0.57 ± 0.09 with
MSC-PBS, 1.29 ± 0.33 with NHC, and 0.24 ± 0.11 with PBS (Figure 2I). The CD206+/CD86+
ratio was significantly higher (p < 0.05) with MSC-NHC than with MSC-PBS and with PBS.
The CD206+/CD86+ ratio was significantly higher with NHC than with PBS (p < 0.05).
At 8 weeks after injury, the CD206+/CD86+ ratio was 4.96 ± 1.32 in the injury site with
MSC-MHC, 1.41 ± 0.97 with MSC-PBS, 3.34 ± 0.81 with NHC, and 0.79 ± 0.38 with PBS
(Figure 2J). At this time point, the CD206+/CD86+ ratio was significantly higher (p < 0.05)
with MSC-NHC than with MSC-PBS or PBS (p < 0.05). The results showed that treatment
with MSC-NHC compared with MSC-PBS facilitated the polarization of macrophages in
the injury site towards the pro-regenerative phenotype.

′

Figure 2. Inflammation polarization ratios in the injury site. Photomicrographs showing macrophages
stained for CD206 (white), an anti-inflammatory macrophage marker, CD68 (red), a pan-macrophage
marker, and the nucleus marker, DAPI (blue), in the injury site with MSC-NHC (A), MSC-PBS (B) NHC
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(C), or PBS (D) at 8 weeks after injury. Images in panels (A’–D’) (showing CD206, CD68, and DAPI)
and (A”–D”) (showing CD68 and DAPI) are enlargements of the outlined area in panels (A–D),
respectively. Scale bar in (A,C) is 250 µm, and 200 µm in (B,D). The scale bar in (A’/A”) and (D’/D”)
is 15 µm, and 25 µm in (B’/B”) and (C’/C”). In (A–D), the rostral (R) and caudal (C) orientation of
the horizontal sections are indicated. Photomicrographs showing macrophages stained for CD86
(white), a pro-inflammatory macrophage marker, CD68 (red), a pan-macrophage marker, and the
nucleus marker, DAPI (blue), in the injury with MSC-NHC (E), MSC-PBS (F) NHC (G), or PBS (H) at
8 weeks after injury. The scale bar in (E–H) is 250 µm. (I) Bar graph of the M2/M1 macrophage ratio
in the injury site of each group at 1 week after injury. The M2/M1 ratio was significantly higher with
MSC-NHC and NHC only than with MSC-PBS and PBS only. There was no statistically significant
difference in the M2/M1 ratio of MSC-PBS and NHC only. (J) Bar graph of the M2/M1 macrophage
ratio in the injury site of each group at 8 weeks after injury. The M2/M1 ratio was significantly
higher with MSC-NHC and NHC only than with MSC-PBS and PBS only. There was no statistically
significant difference in the M2/M1 ratio of MSC-PBS and NHC only. In both graphs, the asterisks
indicate p < 0.05, and the bars represent SEM. Abbreviations: DAPI = 4′,6-diamidino-2-phenylindole;
MSC = mesenchymal stromal cells; NHC = nanofiber-hydrogel composite; PBS = phosphate-buffered
saline; SEM = standard error of the mean.

3.2. Injury Site Volume

We measured the average volume of the injury site at 1 and 8 weeks after injury. In all
animals, an injury site surrounded by a GFAP+ astrocyte scar was discernable at both times
after injury. Figure 3 shows the injury site in rats treated with MSC-NHC (Figure 3A), MSC-
PBS (Figure 3B), NHC (Figure 3C), or PBS (Figure 3D) at 8 weeks after injury. The volume of
the injury site at 1 week after injury was 2.48 ± 0.40 mm3 (average ± SEM) with MSC-NHC,
2.72 ± 0.34 mm3 with MSC-PBS, 2.88 ± 0.24 mm3 with NHC, and 2.44 ± 0.31 mm3 with
PBS (Figure 3E). There were no statistical differences among these volumes. At 8 weeks after
injury, the volume of the injury site was 1.77 ± 0.28 mm3 (average ± SEM) with MSC-NHC,
2.58 ± 0.35 mm3 with MSC-PBS, 1.91 ± 0.28 mm3 with NHC, and 3.95 ± 0.30 mm3 with
PBS (Figure 3F). Thus, we found a 31 % decrease in injury size with MSC-NHC compared
with MSC-PBS (p < 0.05), a 55 % decrease in injury size with MSC-NHC compared with PBS
(p < 0.05), and a 51 % decrease in injury size with NHC compared with PBS (p < 0.05). These
results showed that MSC-NHC delivery did not result in a significant change in lesion size
at 1 week after injury (i.e., 4 days after treatment) over MSC-PBS, NHC, or PBS; however,
MSC-NHC and NHC only both limited the secondary injury and yielded a significantly
smaller injury compared with MSC-PBS and PBS at week 8.

3.3. Astrocytes in the Injury Site

The presence of GFAP+ astrocytes in the injury site was evaluated at 1 and 8 weeks
after injury. Figure 3 shows the GFAP-surrounded injury site in rats treated with MSC-NHC
(Figure 3A), MSC-PBS (Figure 3B), NHC (Figure 3C), or PBS (Figure 3D) at 8 weeks after
injury. At 1 week after injury, GFAP staining occupied 3.43 ± 0.66% (average ± SEM) of
the contused segment with MSC-NHC, 3.17 ± 0.73% with MSC-PBS, 4.21 ± 0.68% with
NHC, and 4.24 ± 0.75% with PBS (Figure 3G). There were no statistical differences among
these measurements. At 8 weeks after injury, GFAP staining occupied 10.46 ± 1.83%
(average ± SEM) of the contused segment with MSC-NHC, 5.08 ± 0.4 % with MSC-PBS,
8.59 ± 0.88% with NHC, and 5.36 ± 0.72% with PBS (Figure 3H). The 2.1-fold increase in
astrocytes within the injury site with MSC-NHC compared with MSC-PBS (p < 0.05) and
the 1.9-fold increase in astrocytes within the injury site with MSC-NHC compared with PBS
(p < 0.05) were statistically significant. The results indicated that treatment with MSC-NHC
compared with MSC-PBS resulted in a higher degree of astrocyte presence in the injury site.
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Figure 3. Injury size volume and astrocyte presence. Photomicrographs showing astrocytes stained
for GFAP (red) in the injury site with MSC-NHC (A), MSC-PBS (B), NHC (C), or PBS (D) at 8 weeks
after injury. The injury site was defined by the inner border of the GFAP+ scar. The scale bar in A is
600 µm, and 550 µm in (B–D). In (A–D), the rostral (R) and caudal (C) orientation of the horizontal
sections are indicated. (E) Bar graph showing the volume of the injury site at 1 week after injury.
There were no statistically significant differences between groups. (F) Bar graph showing the volume
of the injury site at 8 weeks after injury. The injury site was significantly smaller with MSC-NHC
compared with MSC-PBS or PBS only, with NHC compared with PBS, and with MSC-PBS compared
with PBS only. (G) Bar graph of the percentage area of the injury site positive for GFAP at 1 week
after injury. There were no statistically significant differences in astrocyte presence in the injury
site between the groups. (H) Bar graph of the percentage area of the injury site positive for GFAP
at 8 weeks after injury. There were significantly more astrocytes in the injury site with MSC-NHC
compared with MSC-PBS and PBS only. In all graphs, the asterisks indicate p < 0.05, and the bars
represent SEM. Abbreviations: GFAP = glial fibrillary acidic protein; MSC = mesenchymal stromal
cells; NHC = nanofiber-hydrogel composite; PBS = phosphate-buffered saline; SEM = standard error
of the mean.

3.4. Axons in the Injury Site

We quantified the presence of axons in the injury site at 8 weeks after injury. Figure 4
shows axons stained for NFh in the injury site treated with MSC-NHC (Figure 4A), MSC-
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PBS (Figure 4B), NHC (Figure 4C), or PBS (Figure 4D). The areas outlined in Figure 4A–D
are enlarged in Figure 4A’–D’, respectively. The NFh+ staining occupied 4.05 ± 0.29%
(average ± SEM) of the injury site area with MSC-NHC, 2.62 ± 0.28% with MSC-PBS,
3.07 ± 0.33% with NHC, and 1.28 ± 0.43% with PBS (Figure 4E). The 55% increase in
NFh+ axons within the injury site with MSC-NHC compared with MSC-PBS was statisti-
cally significant (p < 0.05). The 140% increase in NFh+ axons within the injury site with
NHC compared with PBS was statistically significant (p < 0.05). These results showed that
treatment with MSC-NHC compared with MSC-PBS resulted in an increased axon pres-
ence in the injury site. Pearson’s correlation analysis showed a strong positive association
between the axons and astrocytes (r2 = 0.56) in the injury site.

 

′

Figure 4. Axon presence in the injury site. Photomicrographs showing axons stained for NFh
(red) in the injury site with MSC-NHC (A), MSC-PBS (B), NHC (C), or PBS (D) at 8 weeks after
injury. Sections were counterstained with the nucleus marker, DAPI (blue). Images in panels (A’–D’)
are enlargements of the outlined area in panels (A–D), respectively. The scale bar in (A–D ) is
450 µm. Scale bar in (A’,C’) is 125 µm, and 115 µm in (B’,D’). In (A–D), the rostral (R) and caudal (C)
orientation of the horizontal sections are indicated. (E) Bar graph of the percentage area of injury
site positive for NFh at 8 weeks after injury. There were significantly more NFh+ axons in the injury
site with MSC-NHC compared with MSC-PBS and PBS only. Asterisks indicates p < 0.05. Bars in the
graph represent SEM. Abbreviations: DAPI = 4′,6-diamidino-2-phenylindole; MSC = mesenchymal
stromal cells; NFh = neurofilament high molecular weight; NHC = nanofiber-hydrogel composite;
PBS = phosphate-buffered saline; SEM = standard error of the mean.

3.5. MSC Transplant Survival

We examined transplanted MSC survival in the injury site at 1 and 8 weeks after injury.
GFP+ MSC were identified in the injury site at 1 week after injury (Figure 5A–D), but
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not at 8 weeks after injury. At 1 week after injury, the relative MSC survival, in reference
to the number of MSCs injected, was not significantly different between the group with
NHC (MSC-NHC; 41 ± 11%; average ± SEM) and the group without NHC (MSC-PBS;
29 ± 13%) (Figure 5E). Our data showed that mixing MSC into NHC compared with PBS
prior to injection into damaged nervous tissue in an adult rat contused spinal cord does
not significantly affect their survival.

′

Figure 5. MSC transplant survival and hindlimb function. (A) Photomicrograph showing MSC
(green), astrocytes (red, anti-GFAP), and cell nuclei (blue, DAPI) in the injury site with MSC-NHC at
1 week after injury. The scale bar in (A) is 180 µm. Scale bar in (B–D) is 550 µm. In (A), the rostral (R)
and caudal (C) orientation of the horizontal section are indicated. (E) Bar graph showing the number
of MSCs present in the injury site 1 week after injury. The difference in number between groups was
not significant. (F) Line graph showing the BBB scores of the experimental groups on day 1 (d1) after
injury and weekly thereafter. Differences between groups per time point were not statistically signifi-
cant. In both graphs, the bars represent SEM. (G) Bar graph showing the total slips as a percentage of
the total steps made by the rats to cross the horizontal ladder at 4 and 8 weeks after injury. Differences
between groups per time point were not statistically significant. In all graphs, the bars represent SEM.
Abbreviations: BBB = Basso, Beattie, Bresnahan; d = day; DAPI = 4′,6-diamidino-2-phenylindole;
GFAP = glial fibrillary acidic protein; MSC = mesenchymal stromal cells; NHC = nanofiber-hydrogel
composite; PBS = phosphate-buffered saline; SEM = standard error of the mean.

3.6. Hindlimb Locomotor Function

We assessed hindlimb motor function using an open-field (BBB) test [29] and hind limb
sensorimotor function using a horizontal ladder test [30]. Hindlimb function, as determined
by the BBB score, was similar across the groups after injury and after the subsequent
treatment. The average BBB score per experimental group at 1 day after injury was 0.1 ± 0.1
(average ± SEM) for rats with MSC-NHC, 0.0 ± 0.0 with MSC-PBS, 1.5 ± 0.5 with NHC,
and 1.0 ± 0.5 with PBS (Figure 5F). The average BBB scores gradually increased to reach
10.8 ± 0.1 in rats with MSC-NHC, 10.9 ± 0.1 with MSC-PBS, 11.0 ± 0.1 with NHC, and
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10.6 ± 0.2 with PBS (Figure 5F) at 4 weeks after injury. These scores were maintained for the
following weeks until the 8-week endpoint. Hindlimb sensorimotor function as assessed
on the horizontal ladder was similar among all experimental groups at 4 and 8 weeks after
injury (Figure 5G).

4. Discussion

The repair potential of MSC-NHC was evaluated in a model of spinal cord contusion.
A contusion is the prevalent mechanism of SCI in the clinic. We found that the early in-
flammatory response in the contused spinal cord of adult rats was substantially attenuated
by treatment with MSC-NHC or NHC only, but not with MSC-PBS. Macrophages are
necessary in the damaged spinal cord nervous tissue for clearance of cellular/tissue debris
and the restoration of homeostasis [33]. During the process, macrophages secrete cytotoxic
molecules that may contribute to the propagation of nervous tissue damage in the spinal
cord [34,35]. Attenuation of the number of macrophages early after SCI is considered to
support nervous tissue repair [36], and this notion was substantiated in previous studies
(e.g., [33,34]). The observation that treatment with NHC resulted in a reduction in the
macrophage number in the contusion site was consistent with previous findings [22]. We
anticipated that treatment with MSC-PBS would not cause a decrease in the number of
macrophages in the injury site. While studies have reported anti-inflammatory effects of an
MSC transplant [15–18], this particular MSC-mediated effect has not been associated so far
with fewer total macrophages in the injured spinal cord.

The absence of a reduction in the macrophage number in the contusion site with MSC-
PBS treatment combined with the decrease in the macrophage number with MSC-NHC
and NHC only treatment, points at NHC as the chief mediator of the observed decline in
macrophages elicited by MSC-NHC treatment. This proposition would also explain the
similar reduction in macrophage numbers by MSC-NHC and NHC only. The ability of
NHC to lower the presence of macrophages in an injury site in the spinal cord supports its
use as a matrix for cell transplants. Moreover, this finding warrants further investigation of
possible mechanisms that underlie the anti-inflammatory effects of NHC.

The inflammatory response in the contused spinal cord of adult rats shifted from
a pro-inflammatory-dominant response (low CD206+/CD86+ ratio) towards an anti-
inflammatory, pro-regenerative-dominant response (high CD206+/CD86+ ratio) by treat-
ment with MSC-NHC or NHC only, but not with MSC-PBS. A shift in macrophage polar-
ization in the injury site changes their secretome, and thus the molecular environment,
in support of tissue remodeling and repair [34,36]. In the injured spinal cord, the chronic
pro-inflammatory environment is considered a key contributing factor to continuing ner-
vous tissue damage [33,36]. Our earlier published report on NHC effects on spinal cord
repair following SCI supports the finding that NHC modulated macrophages towards a
pro-regenerative phenotype [22]. The mechanisms of NHC-mediated macrophage modula-
tion are unknown, but the specific structural design of NHC, including its stiffness and the
presence of electrospun fibers, has been proposed to be involved in its immunomodulatory
effects [22]. The absent immunomodulatory effect in the contusion site with MSC-PBS
treatment was unexpected because previous studies reported that a transplant of MSC
exerts such an effect among macrophages present in damaged nervous tissue [7,15–17]. It
has been suggested that transplanted MSC mediate a change in macrophages towards a pro-
regenerative phenotype through paracrine signaling by molecules, such as indoleamine [37]
and interleukin-10 [38]. The absence of this effect in our study may be related to factors,
such as the severity of the injury or the dose of MSC. In addition, because of the dynamic
nature of the inflammatory response, the time of treatment may also play a role in the
degree of MSC-mediated modulation of the immune response in the injury site.

The macrophage polarizing effect was greater with MSC-NHC than with MSC-PBS. It
is possible that MSC within NHC is less susceptible to injury-derived factors that would
decrease their production of molecules directing a macrophage phenotype shift, or alterna-
tively, are more susceptible to factors that would support the secretion of molecules that
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promote a macrophage phenotype shift. Another possibility is that immunomodulation
of the macrophages is promoted by mechanical/physical cues from the NHC besides the
soluble factors [39,40]. We can rule out the possibility that MSC survival was improved—
which could also result in more molecules that lead to macrophage polarization—because
we found similar degrees of survival of MSC in NHC or PBS. The observed interaction
between MSC and NHC to trigger the crucial macrophage phenotype shift is a compelling
advantage for their combined use for SCI treatment. The critical role of inflammation in
SCI [33,41] warrants a future study of mechanisms underlying NHC-mediated modulation
of the inflammatory response.

Secondary loss of nervous tissue in the contused spinal cord segment was limited
by treatment with MSC-NHC, NHC only, and MSC-PBS. Loss of nervous tissue after the
primary damage is a hallmark of SCI. Mechanistically, the primary insult triggers a series
of molecular and cellular cytotoxic events that, in concert, cause further nervous tissue
damage and degeneration [1,2]. Protecting nervous tissue from secondary damage is an
important early line of defense to limit the devastating consequences of SCI [42]. We found
that MSC and NHC both have neuroprotective effects that limit injury expansion in the
spinal cord. An MSC transplant may exert neuroprotective effects through the secretion
of neuroprotective molecules, including neurotrophins (e.g., [12,13,43]. The finding that
NHC has neuroprotective effects is in agreement with earlier published observations [22].
The mechanisms of NHC-mediated neuroprotection are under investigation. It is possible
that the anti-inflammatory effects of NHC indirectly contribute to its neuroprotective
effects [9,34,44].

Neuroprotection in the contused spinal cord by NHC alone and MSC-PBS treatment
was similar, while neuroprotection by MSC-NHC treatment was significantly stronger
than by MSC-PBS treatment. It is possible that the presence of NHC provided a more
favorable environment for the MSC to secrete neuroprotective molecules. There was no
significant difference in MSC survival in NHC or PBS, which rules out the possibility
that neuroprotective molecules were secreted for a prolonged time due to an extended
MSC presence. The significance of neuroprotection in SCI is a compelling argument to
use NHC as a transplant matrix for MSC. Future studies will need to focus on elucidating
mechanisms underlying the MSC-NHC interactions that support nervous tissue repair.

The presence of axons and astrocytes in the injury site was increased with MSC-
NHC. Providing an environment in the injury site that supports the presence of astrocytes
and axons is important for the overall repair after spinal cord damage because they may
contribute to re-establishing neural tissue and neural connections. Astrocytes and axons are
often found closely associated with an injury site in the spinal cord [22]; such a relationship
was also observed in the present study. Interestingly, our data suggest that the combined use
of MSC and NHC facilitated the establishment of an environment beneficial for astrocytes
and axons. Several studies demonstrated that a transplant of MSC supports axon presence
in an injury site in the spinal cord [19,20]. The presence of NHC in a spinal cord contusion
was shown to result in an increased axon presence [22]. We now show that the MSC and
NHC combination resulted in more axons and astrocytes in the injury site compared with
either of the single treatments.

Our results showed that an MSC-NHC transplant resulted in an attenuated immune
response, macrophage polarization, reduced injury size, and increased axons and astrocytes
in the injury site compared with MSC-PBS. These changes did not translate into improved
hindlimb function recovery in the used model of contusive SCI, as was shown using the
BBB scale and the horizontal ladder walking test. The combinatorial MSC-NHC treatment
was investigated for its hypothesized ability to elicit nervous tissue repair in the contused
spinal cord. Improved morphological outcomes do not necessarily guarantee improve-
ments in functional outcomes. In this study, the benefit of the observed improvements in
morphological outcomes may lie in an increased likelihood and/or efficacy of additional
interventions that aim to recover function.
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We found that the volume of the injury site was significantly smaller in rats with
MSC-PBS compared with PBS, which is in agreement with previous reports [5,6,8,9]. On
the other hand, we did not find significant differences in macrophage number, macrophage
polarization towards a pro-regenerative phenotype, and astrocyte and axon presence in
the injury site between rats with MSC-PBS compared with PBS, which is in discord with
prior publications [7,18–20]. The absence of these latter repair-supporting effects in rats
with MSC-PBS relative to rats with PBS only could be due to the use of MSC derived from
bone marrow, which, relative to, for instance, adipose-derived MSC, are characterized by
lower in vivo survival and less axon protection in the injured spinal cord [45,46]. Another
possibility is that the number of MSC transplanted into the injury may have been too small,
compared with previous studies [6,9]. Moreso, the day of transplantation may have affected
the outcomes. We injected MSC three days after injury, which is when the inflammatory
response reaches its peak [33,34,36].

Our results show that MSC-NHC treatment elicits greater immunomodulation and
neuroprotection compared to MSC-PBS or NHC alone. It is possible that the larger effect of
MSC-NHC on nervous tissue protection is, at least in part, due to the stronger modulation of
the immune response towards a pro-regenerative phenotype. Importantly, our data showed
the strongest shift in the immune response and largest neuroprotection with MSC-NHC
than with MSC-PBS. These effects were not the result of improved survival of MSC within
the NHC matrix. Future studies will need to investigate mechanisms of the relationship
between MSC and NHC and explore if other types of repair-mediating cells would also
benefit from NHC as their transplant matrix. The observed interactions between MSC and
NHC provide an exciting advantage for their combined use for SCI treatment.
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Abstract: Background: Malignant Pleural Mesothelioma (MPM) is an aggressive tumor that has a
significant incidence related to asbestos exposure with no effective therapy and poor prognosis. The
role of mesenchymal stromal cells (MSCs) in cancer is controversial due to their opposite effects on
tumor growth and in particular, only a few data are reported on MSCs and MPM. Methods: We
investigated the in vitro efficacy of adipose tissue-derived MSCs, their lysates and secretome against
different MPM cell lines. After large-scale production of MSCs in a bioreactor, their efficacy was also
evaluated on a human MPM xenograft in mice. Results: MSCs, their lysate and secretome inhibited
MPM cell proliferation in vitro with S or G0/G1 arrest of the cell cycle, respectively. MSC lysate
induced cell death by apoptosis. The efficacy of MSC was confirmed in vivo by a significant inhibition
of tumor growth, similar to that produced by systemic administration of paclitaxel. Interestingly,
no tumor progression was observed after the last MSC treatment, while tumors started to grow
again after stopping chemotherapeutic treatment. Conclusions: These data demonstrated for the
first time that MSCs, both through paracrine and cell-to-cell interaction mechanisms, induced a
significant inhibition of human mesothelioma growth. Since the prognosis for MPM patients is poor
and the options of care are limited to chemotherapy, MSCs could provide a potential new therapeutic
approach for this malignancy.

Keywords: mesenchymal stromal cells; mesothelioma; malignant pleural mesothelioma (MPM);
cell therapy
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1. Introduction

Malignant Pleural Mesothelioma (MPM) is an aggressive tumor that has a significant
incidence related to widespread asbestos exposure [1]. There is still no effective therapy for
MPM patients, the prognosis is poor and, furthermore, conventional chemotherapy entails
remarkable toxic side effects without a clear clinical benefit [2–5].

As discussed in many reviews, the relationships between cancer and mesenchymal
stromal cells (MSCs) are a controversial matter because MSCs can exert opposite effects on
tumor growth. A tumor-promoting capacity of MSCs has been described as the result of
paracrine activity of growth factors, exosomes and anti-apoptotic molecules secreted by
MSCs [6,7]. Furthermore, the ability of MSCs to differentiate into tumor-associated fibrob-
lasts has been suggested to be a mechanism able to stimulate tumor growth, metastasis
formation and increase drug-resistance [8].

On the other hand, many reports suggest that MSCs and/or MSCs-derived secretome
can exert antitumor activity against many different types of cancers such as leukemia,
prostate carcinoma, colon carcinoma, and breast cancer, both in vitro and in vivo mod-
els [9–12]. To explain these anticancer effects, different mechanisms have been investigated
such as apoptosis induction due to Tumor Necrosis Factor-Related Apoptosis-Inducing
Ligand (TRAIL) up-regulation, cell cycle arrest, over-expression of tumor suppressor genes,
and/or cytokine-mediated process [13]. By homing to the tumor site, MSCs can integrate
into the tumor mass and exert suppression of growth, as reported for SKMES1 and A549
lung adenocarcinoma cells via the production of some soluble factors [14] or other mecha-
nisms [15]. In addition to the abovementioned mechanisms, MSCs can impact on tumor
growth and progression by modulating the innate and adaptive immune response [16].
All the controversial different roles of MSCs have been discussed in many reviews [17,18]
and some authors consider that the discrepancies in the ability of MSCs to promote or
suppress cancer could be attributable to many factors such as: the remarkable differences
among tumor models, the MSCs tissue source, the amount of MSCs used or the mode of
cell administration, and sometimes, the different criteria to select the experimental controls.

In the literature, there are only a few reports regarding the role of MSCs in MPM.
A significant tumor-inhibiting effect in vitro on MPM cell lines exerted by conditioned
medium from human lung MSCs was reported [19] and a reduction in tumor growth in
an in vivo MPM model after intravenous delivery of TRAIL-expressing MSCs has been
described [20,21]. In this context, the aim of this study was to investigate the in vitro
efficacy of human adipose tissue-derived MSCs (AT-MSCs), their cell lysates and secretome
on the proliferation of three human mesothelioma cell lines. A further large-scale bioreactor
production of MSCs has been set up for treating the human mesothelioma mouse xenograft
model. Our in vitro results demonstrated that MSCs, lysates and conditioned media (CM)
from AT-MSCs inhibited the proliferation of the mesothelioma cells. The in vivo study
confirmed that a loco-regional treatment of a well-established mesothelioma xenograft with
AT-MSCs resulted in a substantial inhibition of tumor growth that was comparable with
that produced by the chemotherapeutic drug Paclitaxel (PTX), given through a systemic
administration.

2. Materials and Methods

2.1. Tumor Cell Lines

The human MPM cell lines MSTO-211H (biphasic histotype), NCI-H2452 (epithelioid
histotype) and NCI-H2052 (sarcomatoid histotype) were obtained from ATCC (Manassas,
VA, USA), which authenticates the phenotypes of these cell lines on a regular basis. Cells
were cultured in RPMI-1640 supplemented with 10% Fetal Bovine Serum (FBS, Euroclone,
Milan, Italy) and maintained at 37 ◦C in a water-saturated atmosphere of 5% CO2 in air.
The cell lines were routinely tested for mycoplasma contamination.
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2.2. Mesenchymal Stromal Cells (MSCs) Expansion and Characterization

Adipose tissue lipoaspirates were collected, under general anesthesia, from healthy
volunteer donors undergoing plastic surgery for aesthetic purposes (age ranged from 18 to
66 years). Samples were collected after signed informed consent of no objection for the use
for research of surgical tissues (otherwise eliminated) in accordance with the Declaration of
Helsinki. Informed consent was obtained prior to tissue collection; the Institutional Review
Board of the IRCCS Neurological Institute C. Besta Foundation approved the design of the
study.

MSC starting batches (MSCs expanded in flasks up to passage 3) were characterized
analyzing: (a) the typical spindle-shaped MSC morphology and the adhesion capacity to
the plastic support assessed at every culture passage of each MSC line; (b) MSCs’ viability
assessed at every culture passage of each MSC line (cut-off value ≥ 75%); (c) the percentage
of expression of typical MSC markers CD90, CD105 and CD73 (cut-off value ≥ 80%) and
the absence of the hematopoietic/endothelial markers CD34, CD45 and CD31 (cut-off
value ≤ 15%) by flow cytometry analysis on each culture at passage 3; (d) population
doubling time at every culture passage of each line. The osteogenic, adipogenic and
chondrogenic differentiation capacities of MSCs were evaluated as previously reported [22].
After expansion in the bioreactor, MSCs were counted and frozen. An aliquot of cells was
dedicated to the following controls: (a) viability; (b) flow cytometry analysis (same markers
and cut-off as the MSCs starting batch).

2.3. MSCs for In Vitro Studies

For in vitro studies, adipose tissue-derived mesenchymal stromal cells (AT-MSCs)
were expanded in 25 cm2 flasks at a density of 1.2 × 104 cells/cm2 in 5mL of DMEM
low glucose medium (Euroclone) supplemented with 5% platelet lysate Stemulate (Cook
Regentec, Indianapolis, IN, USA) and 2 mM L-glutamine (Euroclone) and incubated at
37 ◦C, 5% CO2. To study the MSCs’ secretome, the conditioned medium of the cells (MSCs
CM) obtained from three different donors was collected after 6 days of culture and stored
in 1 mL aliquots at −80 ◦C. To study the cell lysate (MSCs LYS), the cell monolayers were
detached with trypsin-EDTA (Euroclone) and after counting, the cells were suspended in
3 mL of complete medium and lysed through a sonication procedure (Labsonic UBraun,
Reichertshausen, Germany). The procedure was performed by three cycles of 0.4 s pulse
at 30% amplitude each; then, the sample was centrifuged 10 min at 2500× g to eliminate
debris and the supernatant (MSCs LYS) was stored at −80 ◦C until use.

2.4. Large Scale Expansion of MSCs

Starting from the lipoaspirate of a donor, the AT-MSCs were expanded in flasks until
a number of at least 20 × 106 cells was reached for each passage, not exceeding P3. In
order to produce a high amount of cells for in vivo experiments, the MSCs were expanded
using the bioreactor Quantum Cell Expansion System (Terumo BCT Inc., Lakewood, CO,
USA) and GMP-compliant reagents, as previously described [23]. Briefly, after priming of
the disposable expansion set (the bioreactor was coated overnight with 5 mg of human
fibronectin (Corning Incorporated, Deeside, UK)) to promote cell adhesion, a 4 L media
bag was then attached to the appropriate inlet line on the Quantum disposable expansion
set. The expanded MSCs were analyzed for the expression of the typical MSCs markers
(CD90, CD73, CD105) by using monoclonal antibodies (Becton Dickinson, Franklin Lake,
NJ, USA), as previously described [22].

2.5. Analysis of Cell Proliferation, Cell Death and Cell Cycle

Both MSCs LYS and MSCs CM were tested in vitro for their anti-proliferative activ-
ity on MSTO-211H, NCI-H2452 and NCI-H2052 cells in 96 multi-well plates (Sarstedt,
Nümbrecht, Germany), as previously described [23,24]. Briefly, 1:2 serial dilutions MSCs
LYS and MSCs CM were performed in 100 µL of culture medium/well, and then, 103

tumor cells were added to each well. Cell growth was evaluated after 7 days of culture
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by measuring the optical density at 550 nm in an MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2-H-tetrazoliumbromide) assay [25]. Cell death was assessed by Hoechst 33342
and propidium iodide dual staining and by using the Apoptosis/Necrosis Detection Kit
(Abcam, Cambridge, UK). Caspase-3 activity was measured by the Caspase-3 Assay Kit
(Abcam) following the supplier’s protocols. The distribution of the cells in the cell cycle
(determined by PI staining and flow cytometry analysis) was determined as described
elsewhere [26].

2.6. Transwell Assay

The effect of MSCs on MSTO-211H, NCI-H2452 and NCI-H2052 cell proliferation
was analyzed using transwell inserts. Aliquots (2 × 104; 4 × 104; 8 × 104) of MSCs were
seeded in a 24-well plate (diameter 1.9 cm2), while 1 × 103 MSTO-211H or NCI-H2452 or
NCI-H2052 cells were seeded (ratio 1:6; 1:13; 1:26) onto the insert (0.4 µm pore size; Becton
Dickinson). After 5 days of incubation (37 ◦C, 5% CO2), the cells in the insert were stained
with 0.25% crystal violet (Sigma Aldrich, St. Louis, MO, USA) for 10 min, washed with
PBS buffer and eluted with 0.3 mL of 33% glacial acetic acid. The absorbance of the eluted
dye was measured at 550 nm.

2.7. Cytokines Measure in MSCs Secretome

The conditioned media of standardized cultures of MSCs (1.2 × 104 cells/cm2 at 6 days
of culture) were analyzed for cytokine content. The qualitative/quantitative analysis was
performed by using “multiplex bead-based xMAP technology” (Bio-Plex Human Cytokine
27-Plex Panel, Bio-Plex Human Group II Cytokine 21-Plex Panel, Bio-Rad Laboratories
(Hercules, CA, USA)).

2.8. Direct Tumor MSCs Cells Interaction

To study the direct interaction between mesothelioma and mesenchymal stromal cells,
MSTO-211H cells were co-cultured with fluorescent MSCs (hASCs-TS/GFP+) that were
previously established in our laboratory [27–29]. The study was performed by using a
cyto-inclusion technique and the relationship between MSCs and tumor was analyzed
under a confocal microscope [30]. Briefly, MSTO-211H cells (5 × 106) were co-cultured
with hASCs-TS/GFP+ (at ratio 5:1 tumor/MSCs) and after 72 h of incubation, the mixed
cell cultures were detached by trypsin and centrifuged. The final pellets were then gently
resuspended in 40 µL of Matrigel (Corning, NY, USA) and, after gelification for one hour at
37 ◦C, were fixed in paraformaldehyde 4% for 15 min at room temperature. Cyto-included
were placed onto slides permeabilized with 0.2% TritonX-100 for 5 min at room temperature,
washed once in PBS and stained with 1 ug/mL DAPI (PBS) for 3 min to be observed under
a confocal microscope. To confirm the direct activity of hASCs-TS/GFP+ against MSTO-
211H, specific co-cultures were set up by seeding 5 × 103/cm2 of MSTO-211H cells in
24 well plates in the presence of a different ratio (1:1 and 1:2) of hASCs-TS/GFP+. The
co-cultures were incubated for 48 h under standard culture conditions, then the cells were
detached (0.25% trypsin in 0.2 mM EDTA) and counted under fluorescence microscopy.

2.9. In Vivo Experiments

A total of 106 human MPM MSTO-211H cells were suspended in 200 µL of Matrigel
(Corning) and PBS (1:1) and were subcutaneously injected in the right flank of 6-week-old
Balb/c-Nude female mice (Charles River Laboratories, Calco, Italy). The animals were
housed in a protected unit for immunodeficient animals with 12 h light–dark cycles and
provided with sterilized food and water ad libitum. When tumor volume reached an
average size of 100 mm3, the animals were randomized into three groups: control (CTRL,
n = 7), paclitaxel (PTX, n = 8) and mesenchymal cells (MSCs, n = 7). Once a week, paclitaxel
(20mg/kg) or vehicle alone (control group) was administered intraperitoneally and a total
of 5 × 106 of MSCs in 200 µL of Matrigel and PBS (1:1) were subcutaneously injected very
close to the tumor. The treatments were repeated four times, at day 0, 7, 14 and 21 and
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then, suspended for a further two weeks, to evaluate tumor mass growth after stopping
treatments. Tumor xenografts were measured three times per week using a digital caliper
and tumor volume was determined using the formula: (length × width2)/2 as previously
described [31]. At the same time, animal body weight, posture and gait were monitored. At
day 35, mice were euthanized by cervical dislocation and the tumor nodules were collected
for further analyses. All experiments involving animals and their care were performed
with the approval of the Local Ethical Committee of University of Parma (Organismo per
la Protezione e il Benessere degli Animali, OPBA) and of the Italian Ministry of Health, in
accordance with the institutional guidelines that are in compliance with national (D.Lgs.
26/2014) and international (Directive 2010/63/EU) laws and policies.

2.10. Histological and Morphometric Analysis of Tumor Xenografts

Subcutaneous nodules were excised, formalin fixed, paraffin embedded and processed
for histochemical analysis. The morphometric evaluation of xenograft composition was
performed on Masson’s trichrome-stained sections. In detail, the number of points overly-
ing neoplastic tissue, fibrosis or necrosis was counted and expressed as percentage of the
total number of points explored to define the volume fractions of each tissue component.
All these morphometric measurements were obtained with the aid of a grid, defining
a tissue area of 0.22 mm2 and containing 42 sampling points, each covering an area of
0.0052 mm2. These evaluations were performed on the entire section of each tumor sample
using an optical microscope (200× final magnification) [32]. To test angiogenesis in the tu-
mor xenografts, some histological sections were processed for immunohistochemistry after
antigen retrieval pretreatment (Proteinase K Working Solution, 20 µg/mL for 10–20 min at
37 ◦C in humidified chamber). Detection of CD31 antigen was performed using primary
anti-CD31 antibody (CD31/PECAM-1 (H-3): sc-376764 Santa Cruz, Dallas TX) and IHC
Select® Immunoperoxidase Secondary Detection System (Millipore, Burlington, MA, USA)
following the manufacturer’s procedures.

2.11. Statistical Analysis

Data are expressed as the mean ± standard error (SEM). For statistics, one-way analy-
sis of variance (ANOVA), linear regression analysis and Student’s t-test were performed
by using GraphPad Prism 6.0 (GraphPad Software, La Jolla, CA, USA). For in vivo stud-
ies, comparison among groups was made using two-way repeated measures ANOVA
followed by Bonferroni’s post hoc test (to adjust for multiple comparisons) and/or Student–
Newman–Keuls Multiple Comparisons Test. p values of less than 0.05 were considered
statistically significant.

3. Results

3.1. Effects of MSCs Lysate and Secretome on Proliferation of Mesothelioma Cell Lines

The lysates (MSCs LYS) and the conditioned medium (MSCs CM) of MSCs obtained
from three different donors have been tested concerning the proliferation of MSTO-211H,
NCI-H2452 and NCI-H2052 mesothelioma cell lines. Both the lysates and the conditioned
medium produced a significant inhibition of the proliferation of mesothelioma cell lines
(Figure 1A,B). The dose–response kinetics showed a significant slope (p < 0.05) of linear
regression with high correlation coefficients (R2 ranged from 0.77 to 0.97). These results
demonstrated the paracrine action of MSCs acting without cell-to-cell contact and were also
confirmed in a co-culture transwell system. Indeed, as shown in Figure 1C, MCSs produced
factors which inhibited mesothelioma cells proliferation and this effect was correlated
with the amount of MSCs seeded. The picture of Figure 1D shows representative images
of the monolayer of control MSTO-211H in comparison to MSTO-211H cells co-cultured
in transwell with 8 × 104 MSCs. We then performed cell cycle analysis and a deeper
evaluation of cell viability and cell death in MSTO-211H cells. After 24 h of exposure
to MSCs LYS, a block in the S phase of the cell cycle was observed, while the exposure
to MSCs CM induced a G0/G1 arrest after 48 h (Figure 1E). Cell death was present in
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both conditions (Figure 1F); however, apoptosis was documented only with MSCs LYS, as
confirmed by morphological analysis (Figure 1G) and caspase 3 activation (Figure 1H).

 
Figure 1. Inhibitory effect of MSCs LYS and MSCs CM on mesothelioma proliferation and co-culture
assay. The activity on cell proliferation of MSCs LYS (A) and MSCs CM (B), expressed as µL/well
from 3 donors of adipose tissue-derived MSCs, were evaluated after 7 days in MSTO-211H, NCI-
H2452 and NCI-H2052 cell lines by an MTT assay. Each point represents the mean ± standard error
(SEM) of three replicates. Linear regression was reported (dashed lines). (C) MSTO-211H, NCI-H2452
and NCI-H2052 cells were co-cultured with MSCs and after 5 days, cell proliferation was evaluated
by a crystal violet assay. Data are means ± SEM of six independent replicates. Linear regression was
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reported (dashed line). (D) Representative images of transwell inserts with MSTO-211H cells co-
cultured alone or in the presence of 8 × 104 MSCs after staining with crystal violet (400×). (E)
MSTO-211H cells were treated with MSCs LYS (1:4) and MSCs CM (1:2). After 24 and 48 h, cells
were stained with propidium iodide and analyzed by flow cytometry for cell cycle phase distribution.
Percentage values ± SEM of two independent experiments are reported in the table (* p < 0.05,
** p < 0.01 vs. control). (F) MSTO-211H cells were treated with MSCs LYS (1:4) and MSCs CM (1:2).
After 72 h, cell death was quantified by fluorescence microscopy analysis on Hoechst 33342 and
propidium iodide-stained cells. Data are expressed as percentage values ± SEM of three independent
experiments (** p < 0.01, **** p < 0.0001 vs. control). (G) Representative confocal images of control
cells (A,C) and cells treated for 48 h with MSCs LYS 1:2 (B,D). Healthy viable cells were stained with
CytoCalcein Violet 450 (blue), necrotic cells with 7-aminoactinomycin D (red), and apoptotic cells
with phosphatidylserine (green). (A,B): adherent cells; (C,D): detached cells. (Objective 100×). (H)
Caspase-3 activity measurement after 48 h of treatment. The histogram represents absorbance (abs)
at 405 nm. Data are expressed as means ± SEM of three replicates. * p<0.05 vs. control.

3.2. Direct Effect of MSCs on Proliferation of Mesothelioma Cells

The cell-to-cell interference/interaction between MSCs and tumor cells was studied by
mixing fluorescent MSCs (hASCs-TS/GFP+) with MSTO-211H cells and further analyzing
the cyto-inclusion under a confocal microscope (Figure 2A). Both MSTO-211H and hASCs-
TS/GFP+ cells are present in the cell mass according to the initial seeding ratio and hASCs-
TS/GFP+ cells do not appear to be affected by the interaction with cancer cells.

Specific co-culture experiments showed that the proliferation of MSTO-211H, NCI-
H2452 and NCI-H2052 cells was significantly impaired by the interaction with hASCs-
TS/GFP+ cells, and this anti-proliferative effect was more pronounced in the presence of
the higher ratio of hASCs-TS/GFP+: cancer cells (Figure 2B–D).

3.3. Cytokines Analysis of Secretome

The secretome analysis of the MSCs derived from nine different donors was per-
formed on the conditioned/culture medium, by a qualitative/quantitative measure of 38
cytokines. Based on the quantitative analysis of cytokines/growth factors secreted, only
eight molecules were produced over 2000 pg/mL. As shown in Figure 3, even if an individ-
ual variability was detected, a statistically significant difference in cytokines/growth factors
production (p < 0.02) was found, with the lowest level for IL12p70 (1925.04 ± 298 pg/mL,
2% of the total amount) and the highest release for SCGFb (27.419 ± 10.073 pg/mL, 34% of
the total amount).

3.4. Large-Scale Expansion

The MSCs were expanded in a closed bioreactor, and after 6 days, we obtained
480 × 106 MSCs with a viability of 94%. All the cultured cells obtained displayed the
typical MSCs spindle-shaped morphology and a high adhesion capacity to the plastic
support (Figure 4A). The MSCs obtained after the expansion also displayed differentiation
ability into adipogenic, osteogenic and chondrogenic elements, as reported in Figure 4B–D,
respectively. The amount of cumulative population doubling is shown in Figure 4E and
it was similar to that of original MSCs. Population doubling time values were of 35.34 ±

9.07 h at P2 and 38.51 ± 11.82 h at P3. Flow cytometry analysis confirmed that MSCs after
bioreactor expansion displayed a pattern of CD expression typical of MSCs being CD90+,
CD105+ and CD73+ and negative for CD31, CD34 and CD45. In addition, the profile
of cytokine production was in the range of the above-described production (Figure 4F).
Aliquots of cells, frozen to be used in in vivo experiments, showed a good performance with
a high recovery and viability confirmed after 6 months of storing in liquid nitrogen [23].
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Figure 2. Interaction of MSCs with MSTO-211H cells in vitro. (A) The cell-to-cell interference/interaction between MSCs
and tumor cells was evaluated by mixing fluorescent MSCs (hASCs-TS/GFP+) with MSTO-211H cells and further analyzing
the cyto-inclusion under a confocal microscope. (B) MSTO-211H, NCI-H2452 and NCI-H2052 cells were co-cultured in
absence (ctrl) or in presence of hASCs-TS/GFP+ cells in the ratio of 1:1 or 1:2. After 2 days for MSTO-211H and after 4 days
for NCI-H2452 and NCI-H2052, the cells were detached and counted under a fluorescence microscopy. Data are the means
± SEM of 3 replicates. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. control.

Figure 3. MSCs secretome analysis. (A) The histogram reports eight cytokines/growth factors mea-
sured in MSC-conditioned media (expressed in pg/mL). Each point represents the mean ± standard
error (SEM) of the determinations performed on nine different MSCs donors. (B) Cytokines/growth
factors expressed as percentage calculated on the total amount of the eight molecules.
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Figure 4. MSC characterization. (A): Spindle-shaped MSCs morphology (magnification 5×). (B):
Adipogenic differentiation evaluated by Oil Red staining (presence of red cytoplasmic inclusions);
(C): Osteogenic differentiation evaluated by Alizarin Red S staining; (D): Chondrogenic differenti-
ation evaluated by micro-mass methods. (All at 200× magnification). (E): Number of cumulative
population doubling with respect to cellular passage. Each point represents the mean ± SEM of
14 replicates. (F): Phenotypic characterization by FACS of a representative sample of MSCs.

3.5. In Vivo Efficacy of MSCs

The efficacy of mesenchymal stromal cells on tumor growth was investigated on
MSTO-211H xenograft models. MSTO-211H cells were subcutaneously inoculated into
Balb/c-Nude female mice and after tumors had reached an average size of about 100 mm3,
the animals were randomized into three different groups: control (CTRL), paclitaxel i.p.
(PTX) and MSCs. Tumor growth was monitored for 35 days and during this period, the
mice showed no signs of toxicity and regularly gained body weight (Figure 5A); no animal
death was observed. As illustrated in Figure 5B, the systemic treatment with PTX produced
a reduction in tumor growth kinetics, and 14 days after the last treatment (on day 35), the
mean tumor volume was of 817 ± 228 mm3, which was significantly lower if compared
with the mean tumor volume of untreated mice (1893 ± 93 mm3; p < 0.0001). Moreover,
the local administration of MSCs showed a significant reduction in tumor volume which
was similar to that of mice receiving the systemic administration of PTX. By comparing
the mean tumor volumes at day 22 (Figure 5C), it seems that systemic chemotherapy
exerted more efficacy than MSCs in controlling the tumor growth (325 ± 78 mm3 versus
898 ± 90 mm3; p < 0.001). However, after stopping the therapy, in mice treated with PTX
the tumors restarted to growth with a significant increase in the mean tumor volume (from
325 ± 78 mm3 to 817± 228 mm3; p < 0.05) underlined also by the significant R2 (0.94). By
contrast, no relapses were observed in mice treated with MSCs (Figure 5C).
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Figure 5. Effects of MSCs in MSTO-211H xenograft model. (A) MSTO-211H cells were subcutaneously
inoculated into BALB/C nude mice, and after tumors had reached an average size of approximately
100 mm3, the animals were treated once a week (at days 0, 7, 14 and 21) with vehicle alone (CTRL),
paclitaxel (20 mg/kg) or MSCs (5 × 106). (A) Mice body weight was monitored for the entire duration
of the treatment. (B) Tumor volumes were measured twice per week and data are expressed as means
of ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 vs. CTRL. Representative images of
dissected xenograft tumors are shown. (C) The graph shows the tumor growth during the 14 days
after stopping treatments (from 22 to 35 days). Data are expressed as means ± SEM and for each
group, the linear regression (dashed line) with R2 value is reported.

3.6. Histology and Morphometric Analysis of Xenograft

The morphometric evaluation allowed to quantify the percentage of tissue occupied
by the neoplastic, fibrotic and necrotic component (Figure 6A–C) on Masson’s Trichrome-
stained sections of subcutaneous MSTO-211H tumor nodules from each experi-mental
group. As shown in Figure 6D, the volume of each component was calculated on the
whole masses explanted at day 35 and the volume referred to the neoplastic tissue in
untreated mice was compared to that of mice treated with PTX or MSCs. Data analysis by
the Student–Newman–Keuls Multiple Comparisons Test indicated a significant decrease
(p < 0.02) in the fraction of tissue occupied by tumor cells, following administration of
PTX i.p. or MSCs. On the contrary, there were no relevant variations in the percentage
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of necrotic or fibrotic tissues that represent the main tissue component. To test whether
angiogenesis in the tumor was affected by MSCs, we evaluated the expression of CD31 in
the explanted tumors nodules and we observed that the staining pattern in MSTO-211H
treated with MSCs was similar to that of the untreated MSTO-211H (Figures S1 and S2).

 

Figure 6. Morphometric analysis of tumor xenografts. Selected sections from MSTO-211H xenografts untreated (CTRL, A),
treated with paclitaxel (PTX) (B) or with MSCs (C) stained by Masson’s Trichrome to distinguish the fibrotic tissue (greenish)
from neoplastic cells (purple). Black arrows in B and C point to necrotic areas, some of which show pigmented (reddish)
debris. Red asterisks in A and C indicate skin and adnexa. Scale bars = 100 µm. (D) Bar graph showing the quantitative
evaluation of tissue composition (neoplastic tissue, fibrosis and necrosis) in tumor xenografts. Data are expressed as means
± SEM. * p < 0.05, ** p < 0.02 vs. control group.

4. Discussion

The role of MSCs in neoplastic growth is controversial due to their pleiotropic activity
and a recent systematic review summarized the application of MSCs of human origin
in experimental anticancer therapies [33]. Few data have been reported in the literature
on MSCs’ role in mesothelioma and these observations regard in vitro studies on the an-
ticancer activity of the secretome of lung-derived human MSCs [19]. Our preliminary
experiments investigated if even the secretome from MSCs expanded from human adipose
tissue (easier to isolate respect to MSCs from lung tissue) had some inhibitory activity
against three MPM cell lines (MSTO-211H, NCI-H2452 and NCI-H2052). We found that
both the cell lysates and the MSC-conditioned medium produced a significant inhibition of
MPM cell proliferation with cell cycle arrest. In addition, MSC lysate induced apoptosis.
The analysis of 38 molecules detected in the secretome of MSCs from nine different donors
indicated a strong difference in their relative amount as also previously reported by other
authors [34–36]. Even by only considering the molecules produced over 2000 pg/mL, our
results did not allow us to reach a clear-cut conclusion to attribute the observed inhibition
of mesothelioma cell growth to recognized anticancer molecules secreted by MSCs. In
fact, the panel of the factors secreted at the highest level contains molecules that have
been described as capable of expressing different and sometimes contradictory/discrepant
activities. In this context, even the production of TRAIL (which has been reported as a
possible anticancer molecule) was detectable only in two out of nine donor samples at
a level (569.3 ± 325 pg/mL) that does not seem sufficient to demonstrate a significant
anticancer activity. Regarding interleukin 6 (IL6), it has been reported that this cytokine
is present in high concentration in the sera of patients with different cancers including
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mesothelioma. However, in mesothelioma, the high serum level of IL6 has been indicated
as a poor prognostic factor [37]. Many other inflammatory mediators such as chemokines
or growth factors produced by MSCs may exert different actions inside the tumor microen-
vironment involving both antitumor and pro-tumor activity [38]. The conditioned medium
of MSCs contains an enormous quantity of molecules (cytokines, chemokines, hormones
and many other factors) with different biological activity that can also work together with
exosomes/microvesicles produced by MSCs [39,40]. As reported by Mirabdollahi et al. [41],
the secretome of umbilical cord-derived mesenchymal cells can have an anticancer effect on
MCF-7 tumor cells by inducing apoptosis in a dose-dependent manner. Therefore, although
our preliminary study confirmed the anti-proliferative activity of MSCs secretome, it did
not help to identify one or more molecules with recognized antitumor activity, suggesting
that the observed anticancer activity could be the result of more factors acting together.
Moreover, the secretome may change over time when MSCs interact with cancer cells and
the secretome of naïve MSCs may be different after co-culturing MSCs with mesothelioma
cancer cells. Of course, it is also important to take into account the limitation of in vitro
studies performed with MSC secretome because MSCs are physiologically well integrated
into very different tissues and their functions are strongly related to the type of tissue
in which they are working and to cell-to-cell interaction [42]. In our in vivo model, the
cytokines/growth factors could exert their anticancer ability in synergy with the cell-to-
cell-interaction, as demonstrated by the close cell interference/interaction observed in the
in vitro co-culture model (Figure 2).

On the other hand, the in vivo treatment of tumors with MSCs that secrete VEGF
should promote angiogenesis in the xenograft and induce tumor growth. However, as
reported by Otsu et al. [43], MSCs, locally injected into tumor tissue, are cytotoxic to newly
forming vessels. Therefore, in our model, we tested whether angiogenesis was affected
by MSCs by evaluating the expression of vascular marker CD31 in the explanted tumor
nodules. The immunohistochemical analysis did not indicate changes in CD31 expression,
suggesting that VEGF was not important in inhibiting or stimulating angiogenesis into the
tumor mass. Therefore, our findings indicated that tumor regression does not seem to be
related to the effects on tumor vascularity.

According to Sage et al. [21], MSCs migrate to pleural mesothelioma tumors in vivo
when delivered both intravenously and intrapleurally, but a significant reduction in tumor
growth was observed only with intravenous treatment due to the higher number of MSCs
capable of tumor engraftment.

As the aim of our study was to evaluate the in vivo effect of MSCs on MPM, we
preliminary verified in vitro the ability of MSCs to integrate and interact with mesothelioma
cells in a context of cell-to-cell interaction by co-culturing mesothelioma cancer cells with
engineered MSCs expressing Green fluorescent protein (GFP). The results confirmed that
MSCs were well integrated with cancer cells and that also, in the condition of cell-to-cell
contact, MSCs exert a significant inhibitory action on MPM cell proliferation. Based on
these data, we evaluated the therapeutic efficacy of MSCs in a model of subcutaneous
xenograft of a human MPM in nude mice by a treatment in situ with MSCs that were able
to incorporate into tumors. A significant inhibition of tumor growth was observed by
MSCs treatment at a level comparable with that observed after systemic treatment with
paclitaxel. To better analyze tumor nodule composition, Masson’s Trichrome staining of
sections was employed to evaluate the percentage of tissue occupied by the neoplastic,
fibrotic and necrotic component; the morphometric analysis clearly confirmed that the
neoplastic tissue was significantly reduced in mice treated with MSCs. Most relevant, the
reduction in tumor growth was comparable among MSCs and paclitaxel-treated animals.

Taken together, our data support the hypothesis that in the MPM environment, the
MSCs could have an important role in controlling tumor growth and this could open
the way to consider MSCs as a possible therapeutic tool. In this regard, since MSCs
have been shown to incorporate and then release different types of anticancer drugs (e.g.,
paclitaxel, gemcitabine, doxorubicin) [44,45], we suppose that MSCs could improve their
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basal anticancer efficacy once loaded with chemotherapy molecules. Whether this cell
therapy approach could represent a new adjuvant therapy (also associated with the surgery)
for human MPM remains to be investigated. However, the demonstration, for the first time,
that MSCs per se can act as an “anti-tumor drug” against human MPM has a significant
translational value that supports the possibility of future clinical trials with large-scale
production in bioreactors, according to the GMP requested by the regulatory agencies.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cells10061427/s1, Figure S1: Immunostaining of the MSTO-211H tumor xenograft sections with
anti-mouse CD31 antibody, Figure S2: Immunostaining of the MSTO-211H-MSC tumor xenograft
sections with anti-mouse CD31 antibody.
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Abstract: Human adipose-derived stem cells (hASCs) are potent modulators of inflammation and
promising candidates for the treatment of inflammatory and autoimmune diseases. Strategies to
improve hASC survival and immunoregulation are active areas of investigation. Autophagy, a home-
ostatic and stress-induced degradative pathway, plays a crucial role in hASC paracrine signaling—a
primary mechanism of therapeutic action. Therefore, induction of autophagy with rapamycin
(Rapa), or inhibition with 3-methyladenine (3-MA), was examined as a preconditioning strategy
to enhance therapeutic efficacy. Following preconditioning, both Rapa and 3-MA-treated hASCs
demonstrated preservation of stemness, as well as upregulated transcription of cyclooxygenase-2
(COX2) and interleukin-6 (IL-6). Rapa-ASCs further upregulated TNFα-stimulated gene-6 (TSG-6)
and interleukin-1 beta (IL-1β), indicating additional enhancement of immunomodulatory poten-
tial. Preconditioned cells were then stimulated with the inflammatory cytokine interferon-gamma
(IFNγ) and assessed for immunomodulatory factor production. Rapa-pretreated cells, but not 3-MA-
pretreated cells, further amplified COX2 and IL-6 transcripts following IFNγ exposure, and both
groups upregulated secretion of prostaglandin-E2 (PGE2), the enzymatic product of COX2. These
findings suggest that a 4-h Rapa preconditioning strategy may bestow the greatest improvement
to hASC expression of cytokines known to promote tissue repair and regeneration and may hold
promise for augmenting the therapeutic potential of hASCs for inflammation-driven pathological
conditions.

Keywords: adipose tissue-derived stem cells (ASCs); autophagy; rapamycin; 3-methyladenine;
immunosuppression; inflammation

1. Introduction

Adipose-derived mesenchymal stem cells (ASCs) have emerged as a promising cell-
based therapeutic agent in regenerative medicine and tissue engineering. They possess
significant advantages over their bone marrow-derived (BMSC) counterparts due to their
ease of harvest, higher stem cell yield, enhanced secretion of immunomodulatory factors
and reduced immunogenicity [1–3]. As reviewed by Ceccarelli and colleagues, ASCs’ ability
to regulate the immune microenvironment gives them immense translational potential in
autoimmune, inflammatory, ischemic, and neurodegenerative disease states [4]. However,
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the lack of standardized cellular processing, donor-to-donor variability, and low ASC sur-
vival in the transplant environment remain major obstacles to translational success. ASCs
exert their therapeutic benefit predominantly via the production and secretion of immune-
modifying proteins and extracellular vesicles (EVs) [3,5–7]. In vitro and in vivo studies
demonstrated that ASCs amplify their secretory activity following exposure to hypoxic
and inflammatory conditions, which are biomimetic of many disease states. Specifically,
these conditions serve to enhance ASC production of molecules like transforming growth
factor-beta (TGF-β), indoleamine-pyrrole 2,3-dioxygenase (IDO), prostaglandin E2 (PGE2),
and interleukin-10 (IL-10) which suppress T cell proliferation and shift macrophages from
pro-inflammatory to anti-inflammatory/pro-regenerative phenotypes [5,8–13]. Of par-
ticular interest is the eicosanoid PGE2, which is synthesized from arachidonic acid by
cyclooxygenase-2 (COX2), and can modify T cell and macrophage populations in several
inflammatory [14,15] and autoimmune [16–21] diseases. Although preclinical research
supports the efficacy of ASC-based therapeutics, the transition from preclinical to clinical
testing has had limited success. The focus has therefore shifted toward optimizing strate-
gies that enhance ASC post-transplant survival and immunosuppression with hopes of
bridging this gap [22,23].

Autophagy, derived from the Greek words for “self-eating”, is a multifunctional
pathway with key roles in stem cell development, homeostatic maintenance, metabolism,
secretory pathways, and stress response [24,25]. Under basal conditions, autophagy serves
a housekeeping function by degrading damaged organelles and long-lived proteins via
trafficking to the lysosome for enzymatic breakdown. However, stress conditions such
as nutrient deprivation, hypoxia, and inflammation trigger signaling cascades that acti-
vate autophagic flux to maintain protein synthesis and promote survival [26]. Numer-
ous pharmacological agents can be used to manipulate the autophagy pathway. Two of
the most common are rapamycin (Rapa), an immunosuppressive drug that induces au-
tophagy by silencing its negative regulator, mammalian target of rapamycin (mTOR); and
3-methyladenine (3-MA), which inhibits the initiation of autophagy through its blockade
of vacuolar protein sorting 34 (VPS34) [27,28]. To date, few investigations have explored
the correlation between human ASCs (hASCs) autophagy and immunomodulatory ca-
pacity [29–31]. In hASCs, Li and colleagues demonstrated that autophagy induction with
short-term Rapa exposure suppressed activation of caspase 3 and enhanced overall survival
in response to oxygen–glucose deprivation (OGD). In contrast, the inhibition of autophagy
proteins with an shRNA approach exacerbated cell death [31]. The authors suggested that
Rapa may protect hASCs by enhancing their survival rate after therapeutic administration
into hypoxic tissue niches. Another study conducted by Kim and collaborators showed
that Rapa preconditioning of hASCs increased both mRNA and protein expression of the
immunosuppressive cytokines IDO, IL-10, and TGF-β, suppressed T helper 17 (Th17) cells
thereby promoting T regulatory cells (Tregs), and prolonged survival in a mouse model
of graft-versus-host-disease (GVHD) [29]. Conversely, Javorka et al. demonstrated that
Rapa did not enhance the expression of anti-inflammatory markers like TSG-6, IDO, and
COX2 in hASCs either at rest or following interferon gamma (IFNγ) stimulation [30]. These
contradictory findings suggest that autophagy may play a complicated role in regulating
hASC immunomodulatory capacity and may be dependent on undefined variables which
must be investigated prior to clinical applications.

In this study, the impact of pharmacological induction and inhibition of autophagy
on hASC stemness and immunomodulatory behavior was investigated by using Rapa
and 3-MA, respectively. The effects of short-term (4 h) versus long-term (24 h) autophagy
preconditioning were also compared to determine the optimal strategy for enhancing
production of immune-modifying factors. The data demonstrate that hASCs maintained
their stemness regardless of pharmacological agent or duration of exposure. However,
expression of pro- and anti-inflammatory mediators differed between autophagy-induced
and autophagy-inhibited cells, and also between exposure times, showing that transient
versus prolonged manipulation of autophagy has different impacts on hASC physiology.
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Interestingly, both Rapa and 3-MA-preconditioned hASCs exhibited a time-dependent in-
crease of COX2 gene expression and secretion of PGE2. Overall, our findings demonstrate
that short-term preconditioning of hASCs with Rapa represents a novel strategy for en-
hancement of their immunomodulatory potential. This may prove beneficial in enhancing
the translation of ASC-based therapies from animal models to human patients.

2. Materials and Methods

2.1. Cells and Cell Culture

Primary human ASCs (hASCs) were purchased from LaCell LLC (New Orleans, LA,
USA). Each hASC cell line underwent full characterization individually prior to being
pooled together [32–36]. Pooled hASCs from 5 healthy donors were thawed at passage
3 and maintained in complete culture medium (CCM) consisting of minimum essential
medium alpha (Cat #: 12561; Gibco, Grand Island, NY, USA) supplemented with 10%
heat-inactivated fetal bovine serum (FBS, Cat #: SH30396.03; Thermo Fisher, Waltham, MA,
USA), and 1% penicillin-streptomycin (Cat #: 15140122; 10,000 U/mL, Thermo Fisher) in
a humidified 5% CO2 incubator. Media was changed every 2–3 days until cells achieved
80% confluence then harvested with 0.25% trypsin/1 mM EDTA (Cat #: 25200056; Thermo
Fisher) and passaged. For all experiments in this study, cells were used at passage 5.
Complete donor information is listed in Table 1.

Table 1. Donor Demographics.

Donor Age BMI

1 34 20.34
2 40 21.18
3 39 23.4
4 25 22.0
5 40 21.19

Average ± SD 36.5 ± 2.87 21.62 ± 0.52

2.2. Western Blot Analysis

hASCs were seeded at a density of 4 × 103 cells/cm2. After 72 h, cells were precondi-
tioned with either Rapa (500 nM in DMSO, Cat #: 553211; Millipore Sigma, Burlington, MA,
USA), or 3-methyladenine (3-MA; 5 mM in CCM, Cat #: M9281; Millipore Sigma) for 1, 4,
12, 24, and 48 h. After autophagy preconditioning, hASCs were washed once with ice-cold
1X phosphate-buffered saline (PBS) and lysed with RIPA lysis buffer (Cat #: 89900; Thermo
Fisher) supplemented with 1X protease inhibitor (Cat #: 1862209; Thermo Fisher) and 1X
phosphatase inhibitor (Cat #: 1862495; Thermo Fisher). Protein samples were quantified by
using the bicinchoninic acid assay (BCA, Cat #: 23225; Thermo Fisher), and 10 µg of protein
lysate was resolved with SDS-PAGE on 4–12% Bis-Tris gels (Cat #: NW04122BOX; Thermo
Fisher) in NuPAGE LDS sample buffer (Cat #: NP0007; Thermo Fisher) by using the XCell
SureLock Mini-Cell Electrophoresis system (Thermo Fisher). Separated proteins were then
transferred onto a PVDF membrane (Cat #: IB401032; Thermo Fisher) by using the iBLOT
semi-dry transfer system (Thermo Fisher). The membrane was immediately blocked with
5% non-fat milk in TBS-T (150 mM NaCl, 0.1% Tween 20, 25 mM Tris-HCl, pH 7.6) for 1 h
at room temperature (RT). The membrane was then probed with primary antibodies for
LC3 (1:1000; Cat #: 27755; Cell Signaling Technologies, Danvers, MA, USA), p62/SQSTM1
(1:2000; Cat #: ab56416; Abcam, Cambridge, UK) and β-actin (1:2000; Cat #: 8457S; Cell
Signaling Technologies) according to the manufacturer’s protocol. After incubating with
HRP-conjugated goat anti-mouse or goat anti-rabbit secondary antibodies (Cat #: 7076P2
or 70745; Cell Signaling Technologies), the membrane was incubated with Clarity Western
ECL substrate (Cat #: 1705061; Biorad, Hercules, CA, USA) for 5 min and immediately
imaged by using the ImageQuant 4000 Imaging System (GE Healthare, Chicago, IL, USA).
Captured images were analyzed by using the ImageJ software (U. S. National Institutes of
Health, Bethesda, MD, USA). Expression levels of all proteins were normalized to β-actin.
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2.3. Flow Cytometry

For phenotypic analysis of hASC surface marker expression, cells were blocked with
1% CD16/CD32 in 1X PBS supplemented with 1% bovine serum albumin (BSA) and stained
with the following fluorochrome-conjugated primary antibodies at 4 ◦C for 15 min: CD3
(Cat #: 562406, BD Biosciences, San Jose, CA, USA), CD14 (Cat #: IM2640U, Beckman-
Coulter, Brea, CA, USA), CD31 (Cat #: 563651, BD Biosciences), CD45 (Cat #: A71117,
Beckman-Coulter), CD73 (Cat #: 550257, BD Biosciences), CD90 (Cat #: 11-0909-42, Thermo
Fisher, Waltham, MA, USA), and CD105 (Cat #: 17-1057-42, Thermo Fisher). Stained cells
were then fixed with 1% paraformaldehyde (PFA) for 5 min at RT and at least 5000 events
were captured by using a Gallios flow cytometer (Beckman Coulter) and analyzed by using
Kaluza Analysis 2.1 software (Beckman Coulter).

2.4. Colony Forming Unit-Fibroblast (CFU-F) Assay

hASCs were seeded at a density of 250 cells per 10 cm2 and allowed to adhere for 24 h.
Cells were autophagy preconditioned for 4 h, washed, then cultured for 14 days to allow
for colony formation. The medium was changed on day 7 and on day 14 the cells were
washed twice with 1X PBS and stained with 3% crystal violet (MilliporeSigma, St. Louis,
MO, USA) in methanol for 30 min at RT. The plates were then washed with deionized
water until clear and the number of colonies larger than 2 mm in diameter were manually
recorded.

2.5. RNA Isolation and Quantitative Reverse-Transcription PCR (qRT-PCR)

Total RNA was collected from lysed hASCs, and RNA extraction was performed by
using the Qiagen RNeasy Plus mini kit (Cat #: 74136, Qiagen, Germantown, MD, USA). A
total of 1 µg of mRNA was then used for cDNA synthesis by using the Applied Bioscience
High-Capacity cDNA Reverse Transcription kit (Cat #: 4368814, Thermo Fisher). qRT-
PCR was performed by using the SsoAdvanced Universal SYBR Green Supermix (Cat
#: 1725271, Bio-Rad, Hercules, CA, USA). Exon-spanning human-specific primers were
designed by using the Primer-BLAST online tool. Primer sequences used for qRT-PCR are
listed in Table 2. All reactions were performed in duplicate. Analysis was performed by
using the 2−∆∆Ct method to calculate the relative fold-change in transcript expression after
normalization to the reference gene, β-actin.

Table 2. Primer Sequences.

Gene Forward (5′-3′) Reverse (5′-3′)

Beta-actin ACGTTGCTATCCAGGCTGTGCTAT TTAATGTCACGCACGATTTCCCGC
ATG7 ATGATCCCTGTAACTTAGCCCA CACGGAAGCAAACAACTTCAAC
LC3B AAGGCGCTTACAGCTCAATG CTGGGAGGCATAGACCATGT
P62 GCACCCCAATGTGATCTGC CGCTACACAAGTCGTAGTCTGG

TGF-β CAGTCACCATAGCAACACTC CCTGGCCTGAACTACTATCT
IDO TCTCATTTCGTGATGGAGACTGC GTGTCCCGTTCTTGCATTTGC

TSG-6 AGAATTTGTGAGCAGCCCCT GGCTGCTCGTTCAAGCCATA
IL-1β CATGGGATAACGAGGCTTATG CCACTTGTTGCTCCATATCC
IL-6 CCTTCCAAAGATGGCTGAAA TGGCTTGTTCCTCACTACT

COX2 TTGCTGGCAGGGTTGCTGGTGGTA CATCTGCCTGCTCTGGTCAATCGAA

2.6. Enzyme-Linked Immunosorbent Assay (ELISA)

To determine the concentration of secreted PGE2, hASCs were preconditioned with
either control, Rapa, or 3-MA-containing media for 4 or 24 h. Following a wash to remove
residual autophagy compounds, cells were exposed to human IFNγ (hIFNγ) (5 ng/mL in
sterile water; Cat #: PHC4031; Thermo Fisher). After 24 h, the conditioned medium (CM)
was collected, centrifuged to remove cellular debris, and stored at −80◦C until use. Levels
of PGE2 were then measured by using the Prostaglandin E2 Parameter Assay Kit (Cat #:
KGE004B; R&D Systems, Minneapolis, MN, USA) according to the manufacturer’s protocol.
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Briefly, CM was thawed at RT and equal volumes from three independent experiments were
pooled together, diluted three-fold, then incubated in the wells of a 96-well pre-coated plate
at room temperature. Wells were incubated with a capture antibody, an HRP-conjugated
PGE2 competitor, a substrate solution, and finally a stop solution. Absorbance was then
read at 450 nm on a Synergy HTX plate reader (BioTek, Winooski, VT, USA). Each sample
was standardized to the appropriate negative controls, and the PGE2 concentration was
extrapolated from the standard curve.

2.7. Statistical Analysis

All data are presented as mean ±SEM of at least three independent experiments and
GraphPad PRISM 8 was used to perform all statistical analyses. Results were compared
by using one-way analysis of variance (ANOVA) followed by a Tukey’s post-hoc test to
analyze the differences between multiple groups. Asterisks (*) denote statistical significance:
* p< 0.05; ** p < 0.01; and *** p < 0.001.

3. Results

3.1. The mTOR Inhibitor Rapamycin Induces, While the PI3K Inhibitor 3-MA Suppresses,
Autophagy in hASCs

In this study, hASCs were treated with rapamycin (Rapa-ASCs) for 1, 4, 12, 24 and 48 h,
then examined for the expression of key autophagy genes and proteins. Transcriptional
analysis of Rapa-ASCs demonstrated significant upregulation of the autophagy genes
ATG7 and LC3B following prolonged, but not short-term exposure to Rapa (Supplementary
Figure S1C), suggesting induction of autophagy. A Western blot analysis revealed increased
protein levels of LC3-II/β-Actin and decreased protein levels of p62/β-Actin, however
this failed to reach significance (Supplementary Figure S1A,B). To examine inhibition
of autophagy, hASCs were treated with 3-MA (3MA-ASCs) for 1, 4, 12, and 24 h and
then probed for changes in autophagy gene and protein levels. Due to previous reports
of autophagy induction with prolonged exposure to 3-MA [37], the longest timepoint
(48 h) was not included for this group. The 3MA-ASCs exhibited no change to LC3-II
or p62 transcript or protein levels, indicating no induction of autophagosome formation
(Supplementary Figure S2A,B).

3.2. Autophagy Preconditioning Does Not Alter hASCs Stem Cell Properties

To characterize the impact of autophagy preconditioning on stem cell characteristics,
RapaASCs and 3MA-ASCs were examined for morphology, clonogenicity, and surface
marker expression after either short-term (4 h) or long-term (24 h) treatment. Results
demonstrated that hASCs maintained their spindle-like morphology with both short-term
and long-term exposure to either Rapa or 3-MA (Figure 1A). Autophagy precondition-
ing did not significantly alter hASCs immunophenotype as measured by flow cytometric
analysis of surface proteins (Figure 1B,C). In both Rapa-ASCs and 3MA-ASCs, positive
expression of canonical MSC markers CD90 and CD105 ranged from 90–100% across all
time points, and expression of CD73 ranged from 29.63% to 45.02% with no significant
difference between groups (Figure 1B). Immunophenotype of hASCs was further con-
firmed by the absence of negative MSC markers including the pan T-cell marker CD3, the
monocyte/macrophage marker CD14, the endothelial cell marker CD31, and the broad
lymphohematopoietic lineage marker CD45. In both 3MA-ASCs and Rapa-ASCs, expres-
sion of these negative markers remained low and was not significantly different from
untreated hASCs. Additionally, self-renewal ability of treated ASCs was measured by
performing a colony-forming unit-fibroblast assay. Analysis of colony-forming units (CFUs)
demonstrated no alteration in self-renewal capacity of Rapa-ASCs (Figure 1D). However,
the 3MA-ASCs showed significantly reduced self-renewal capacity (Figure 1E).
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Figure 1. Autophagy preconditioning in hASCs does not alter self-renewal capacity or surface
expression of MSC markers. (A) Representative images of hASCs morphology in culture after
both short= and long-term exposure to autophagy preconditioning agents. Scale bar = 300 µm.
Immunophenotype of Rapa-ASCs (B) and 3MA-ASCs (C) by flow cytometric analysis of surface
proteins. Data are presented as mean ± SEM of 3 independent experiments. Quantifaction and
images of colony-forming units by Rapa-ASCs (D) and 3MA-ASCs (E). Data are presented as mean
± SEM of 4 independent experiments. All data comparing 3 groups are analyzed by using one-way
analysis of variance (ANOVA) with Tukey’s post-hoc multiple comparisons, and CFU-F data are
analyzed with unpaired student’s t-test. Abbreviations: Rapa, Rapamycin; 3-MA, 3-methyladenine;
CFU-F, colony forming units-fibroblasts. ** p < 0.01.

3.3. Autophagy Preconditioning of hASCs Alters Expression of Both Anti-Inflammatory and
Pro-Inflammatory Mediators

To determine whether pharmacologically targeting the autophagy pathway alters
the immune-modifying abilities of hASCs, cells were treated for either 4 or 24 h with
Rapa or 3-MA and then analyzed with RT-qPCR for expression of common immune
mediators. In Rapa-ASCs, 4 h, but not 24 h, treatment produced robust enhancement
of TSG-6 mRNA (Figure 2A). The opposite result was seen in 3MA-ASCs, with only the
24-h group demonstrating enhanced expression of TGF-β and, to a lesser extent, TSG-6
(p = 0.073). Further analysis revealed similar time-dependent differences in expression of
pro-inflammatory mediators (Figure 2B). In both Rapa-ASCs and 3MA-ASCs, IL-6 was
upregulated after 4 h, but not 24 h. Moreover, Rapa-ASCs, but not 3MA-ASCs, upregulated
IL-1β after 4-h treatment. Interestingly, both 4-h Rapa-ASCs and 3MA-ASCs robustly
upregulate COX2 transcription relative to control cells. This effect was not mirrored in
secreted protein, as ELISA analysis of conditioned medium revealed elevation of the COX2
metabolite, PGE2, in 24-h treated 3MA-ASCs only (Figure 2C).
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Figure 2. Autophagy preconditioning in hASCs alters expression of both anti-inflammatory and
pro-inflammatory mediators. Rapa-ASCs (left) and 3MA-ASCs (right) were treated for 4 or 24 h, then
relative expression levels of anti-inflammatory (A) and pro-inflammatory (B) genes were measured
via RT-qPCR by using the ∆∆Ct method. Data are presented as mean relative fold-change ± SEM of
4 independent experiments. (C) Secreted PGE2 levels were measured via ELISA in 24 h CM from
control and autophagy preconditioned hASCs. Data are presented as means ± SEM of 3 independent
experiments. Statistical analysis was performed by using one-way analysis of variance (ANOVA), and
differences between the means are indicated with * p < 0.05, ** p < 0.01, *** p < 0.001. Abbreviations:
TGF-β, transforming growth factor-beta; IDO, indoleamine 2,3-dioxygenase; TSG-6, TNF Alpha
Induced Protein 6, COX2, cyclooxygenase 2; IL-6, interleukin-6; IL-1β, interleukin-1 beta; PGE2,
prostaglandin E2.
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3.4. Autophagy Preconditioning of hASCs Alters Response to Pro-Inflammatory Stimulation
with hIFNγ

To investigate the effects of autophagy preconditioning on hASC immunomodulatory
response to signals they may encounter following administration into an inflammatory mi-
croenvironment, cells were pre-treated for either 4 or 24 h followed by 24 h stimulation with
the classic pro-inflammatory cytokine hIFNγ. Our findings demonstrate that, in compari-
son to unstimulated and non-pretreated control ASCs, 4 h Rapa-preconditioning resulted in
significant elevation of TGF-β, COX2, and IL-6, whereas 24 h Rapa-preconditioning resulted
in upregulation of TGF-β, IDO, TSG-6, and COX2, as well as the inflammatory cytokines
IL-6 and IL-1β. We also found that 4 h 3MA-preconditioning resulted in upregulation of
IDO, COX2, IL-6, and IL-1β, whereas24 h 3MA-preconditioning only increased expression
of COX2 transcripts (Figure 3A,B). This contrasted with our non-preconditioned control
ASCs, which in response to hIFNγ stimulation only displayed significant upregulation
of IDO and COX2 transcripts when compared to non- IFNγ-stimulated ASCs. Perhaps
most interesting, we demonstrated that secretion of PGE2 was upregulated by both 4 h
Rapa and 4 h 3MA, which was significantly higher than both unstimulated control and
IFNγ-stimulated control cells, as well as both 24 h preconditioned groups (Figure 3C).
Taken together, these findings show that although transcriptional activity is altered based
on unique temporal and compound-dependent patterns, the robust upregulation of PGE2
release in both acute Rapa and 3-MA preconditioning strategies suggest the involvement
of an autophagy-independent mechanism that is currently unknown.

β

Figure 3. Cont.

170



Cells 2022, 11, 1376

β

Figure 3. Autophagy preconditioning in hASCs alters their transcriptional and secretory response
to pro-inflammatory stimulation with hIFNγ. Rapa-ASCs (left) and 3MA-ASCs (right) were pre-
conditioned for 4 or 24 h with their respective autophagy compounds, then stimulated with hIFNγ

(5 ng/mL) for 24 h. Following stimulation, anti-inflammatory (A) and pro-inflammatory (B) genes
were measured by using RT-qPCR. Data are presented as means ± SEM of 4 independent exper-
iments and normalized to controls that were not treated with hIFNγ. (C) Secreted PGE2 levels
were measured in 24 h CM from autophagy-preconditioned and hIFNγ-stimulated hASCs. Data are
presented as means ± SEM of 3 independent experiments. All statistical significance is determined
by using one-way analysis of variance (ANOVA). Statistical differences between the means are indi-
cated with * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Abbreviations: TGF-β, transforming
growth factor-beta; IDO, indoleamine 2,3-dioxygenase; TSG-6, TNF Alpha Induced Protein 6, COX2,
cyclooxygenase 2; IL-6, IL-1β, interleukin-6; interleukin-1 beta; PGE2, prostaglandin E2.

4. Discussion

ASCs have shown substantial preclinical promise as therapeutic tools in inflammatory,
autoimmune, and neurodegenerative diseases [38]. However, the successful application
of ASCs in human clinical trials has faced many challenges, including variable clinical
efficacy outcomes, low post-transplant viability, and immunosuppressive potency [39].
Preconditioning strategies to improve immunomodulatory potency of MSCs for various
anti-inflammatory and regenerative medicine applications is an active focus of the stem
cell research field. Rapamycin has emerged as a promising candidate compound, and
Rapa-treated MSCs from adipose [29,40], bone marrow [41], and umbilical cord [42] have
been examined in preclinical models. In a 2016 report by Kim and colleagues, hASCs were
treated with Rapa for 48 h prior to administration in a GvHD mouse model. Authors
demonstrate elevated expression of IL-10, IDO, and TGF-β, and correlated this with en-
hanced production of anti-inflammatory cytokines, modulation of the T cell repertoire, and
prevention of GvHD development [29]. However, recent reports have revealed temporally
distinct actions of Rapa on mTORC1 and mTORC2 [43], and this has been correlated to
dynamic effects on MSC immunomodulatory capacity. Indeed, a wide range of dosage and
exposure time has yielded varying success and highlights the importance of defining the
unique immunoregulatory consequences of these novel preconditioning strategies depend-
ing on experimental conditions (i.e., dose and exposure time), cell type, and therapeutic
application. For example, short-term (2 h) treatment of rat BMSCs improved survival
and repair of damaged myocardium following transplant into an ischemia/reperfusion
model [41]. However, in an animal model of multiple sclerosis, short-term (4 h) precondi-
tioning of human ASCs did not yield any therapeutic benefit and was in fact correlated with
worsened disease measures [40]. Thus, to improve translational potential, it is critically
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important to define the dynamic immunomodulatory response of MSCs and fine-tune these
strategies to each pathological situation.

In the present study, the impacts of compounds known to either induce or inhibit
autophagy on hASC immunomodulatory potential was assessed. Our data showed that 24 h
Rapa treatment increased the expression of the autophagy genes ATG7 and LC3B, whereas
the expression of LC3-II protein was upregulated, albeit slightly, suggestive of autophagic
induction. Conversely, 3-MA, a class I and class III PI3K inhibitor, obstructed autophagy
initiation in hASCs. 3MA-ASCs displayed no significant change to autophagy transcripts or
protein levels. Both Rapa-ASCs and 3MA-ASCs maintain characteristic stem cell properties,
including plastic adherence, fibroblast-like morphology, and immunophenotypic profile,
as determined by flow cytometry. However, because the immunomodulatory strength of
ASCs is due to their paracrine activity rather than proliferation and engraftment, this likely
has little impact on therapeutic potential. These results denote the retention of basic MSC
identifiers in autophagy preconditioned hASCs.

To determine the role of autophagy preconditioning in hASC immunosuppressive
potential, both the transcription and secretion of known ASC-derived pro- and anti-
inflammatory mediators was examined. Among these, the pleiotropic signaling molecule
PGE2 was of particular interest due to its established role in MSC-based therapies for
inflammatory and autoimmune diseases including MS [18,19], sepsis [14], inflammatory
bowel disease (IBD) [20,21], ischemia-reperfusion injury [15], and arthritis [16,17]. hASC-
derived PGE2 exerts its immunomodulatory functions through the inhibition of T cell
activation, proliferation and production of pro-inflammatory cytokines [17,44–47], the
generation of IL-10-producing T regulatory cells (Tregs) [17], and the promotion of M2
macrophage polarization [21,48]. PGE2 is synthesized from arachidonic acid by the enzyme
COX2 and has been proposed as an important mechanism contributing to the immunoreg-
ulatory actions of MSCs. In a mouse model of sepsis, concurrent IV administration of
BMSCs pre-stimulated with LPS resulted in prolonged survival, which was correlated with
elevated PGE2 secretion and modulation of host macrophage populations [14]. PGE2 has
also been shown to be critical for MSCs’ ability to inhibit the proliferation of natural killer
(NK) cells [49], the maturation of dendritic cells (DC) from monocytes [45,50], and the
proliferation of PHA-stimulated T cells [45].

In this study, 4 h preconditioned Rapa-ASCs and 3MA-ASCs both exhibited robust
upregulation of COX2 gene expression. This induction was not seen in secreted PGE2, the
protein substrate of COX2, with autophagy preconditioning alone in either 4 h treatment
group; however, PEG2 was significantly increased in ASCs treated with 3-MA for 24 h.
Following exposure to hIFNγ, elevated COX2 transcription and PGE2 secretion was seen
in both Rapa-ASCs and 3MA-ASCs with 4 h, but not 24 h, preconditioning. This indicates
that short-term autophagy preconditioning may “prime” hASCs to respond more rapidly
and more robustly to an environment mimicking the inflammatory state of autoimmune or
neurodegenerative diseases [51–54].

These unique temporal dynamics of COX2 and PGE2 have previously been shown in
BMSCs, and have been suggested to result from activation of the Akt/glycogen synthase
kinase 3 Beta (GSK-3β) pathway rather than autophagy [55,56]. mTOR, a serine/threonine
kinase which forms the catalytic subunit of the two distinct complexes mTORC1 and
mTORC2, regulates a spectrum of cellular processes including cell growth, autophagy,
cytoskeletal remodeling, proteostasis, and metabolism (elegantly reviewed here [57]).
Rapamycin, an FDA-approved immunosuppressant, rapidly inhibits mTORC1 activity
through interaction with the FRB (FKBP12/rapamycin-binding) domain [58]. Under physi-
ological conditions mTORC1 substrates negatively regulate mTORC2 kinase activity [59].
With Rapa inhibition of mTORC1, mTORC2 kinase activity is disinhibited, leading to phos-
phorylation of Akt at Ser473 and subsequently disrupting the glycogen synthase kinase
3 beta (GSK3B)-dependent blockade of the COX2 promotor region, thereby activating
COX2 transcription [37,55,60]. With prolonged Rapa exposure mTORC2 is also inhibited,
possibly explaining the rapid yet transient COX2 upregulation [43]. The temporally defined
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actions of 3-MA may also explain the observed transcriptional changes. 3-MA persistently
inhibits class I PI3K whereas its inhibition of the class III PI3K, VPS34, is transient [37].
This was correlated with transient inhibition of autophagy and upregulated COX2 levels in
human BMSCs with short-term exposure, but induction of autophagy and suppression of
COX2 with long-term treatment. Thus, it may be that the selective inhibition of mTORC1
kinase activity, independent of the effects on autophagy, is responsible for the altered
immunophenotype of ASCs.

Wang and colleagues demonstrated that short-term, but not long-term, inhibition of
mTORC1 with Rapa resulted in elevated COX2 gene expression, PGE2 secretion, and inhi-
bition of proliferation in PBMCs. However, ASCs represent a more abundant and readily
available source of stem cells compared to BMSCs, and possess higher immunomodulatory
potential [3]. Thus, the present study investigated whether ASCs demonstrate a similar
temporally distinct response to Rapa treatment to determine if this therapeutic strategy
may be extended to a novel cell type. Due to the observation that both Rapa and 3-MA
elicited some shared immunoregulatory responses in hASCs, it may be that the effects of
these preconditioning strategies are independent of autophagy, which was suggested by
Chinnadurai and collaborators in 2015 [61]. However, in this study hBMSC were treated
with 3-MA for more than 48 h, and based on the temporal dynamics of class I versus
class III PI3K inhibition it is possible that the inhibitory effect of 3-MA had weakened or
stopped. Our results, consistent with observations in BMSCs, highlight the importance
of fully understanding the temporal aspects of autophagy preconditioning to optimize
therapeutic potential.

Evidence from two studies indicates that PGE2 is only partially responsible for the
immunosuppressive actions of hASC function as inhibition of PGE2 or its receptors does
not fully abolish immunosuppressive capacity [46,62]. Other anti-inflammatory media-
tors, including IDO, TSG-6, and TGF-β1, significantly contribute to hASCs’ suppression
of innate and adaptive immune cells. IDO, an enzyme that breaks down the essential
amino acid tryptophan, promotes polarization of M2b/c macrophages, induces prolif-
eration and IL-10 production of Tregs, inhibits proliferation of Th cells, and suppresses
the cytolytic activity of natural killer (NK) cells [1,5,8,62–64]. TSG-6 plays a pivotal role
in M2 macrophage polarization and reduction of inflammation in both colitis and acute
pancreatitis mouse models [65,66]. Moreover, TSG-6 has displayed autocrine activity which
maintains stemness and downregulates IL-6 production in mouse BMSCs [67]. TGF-β1 is
necessary for the suppression of dendritic cell maturation and subsequent promotion of
FOXP3+ Tregs [68,69]. Additionally, Rapa-treated hBMSCs showed upregulation of TGF-β1,
which was indispensable for the inhibition of CD4+ T cell proliferation [70]. The present
study showed that IDO was expressed at low levels in resting hASCs and was unaffected
by autophagy preconditioning itself. Upon hIFNγ stimulation, both 4 h 3MA-ASCs and
24 h Rapa-ASCs amplified IDO expression compared to control stimulated cells. TSG-6
expression was not significantly changed in resting or hIFNγ-stimulated 3MA-ASCs but
was highly upregulated in 4 h preconditioned Rapa-ASCs. Further upregulation of tran-
scription was seen in 24 h preconditioned, hIFNγ-stimulated Rapa-ASCs. Finally, only
24 h preconditioned 3MA-ASCs exhibited upregulation of TGF-β1 transcripts. After hIFNγ

stimulation, both 4 h and 24 h Rapa-ASCs elevated TGF-β1 gene expression. Overall,
Rapa-ASCs demonstrate more upregulation of anti-inflammatory genes than 3MA-ASCs,
suggesting Rapa preconditioning may be a more promising strategy for augmentation of
hASC immunomodulatory ability.

The pleiotropic cytokine IL-6 can act as a pro-inflammatory or pro-regenerative agent
dependent on its actions on its soluble and membrane-bound receptors, respectively [71,72].
In the context of hASCs, IL-6 production has been linked to repression of Th17 cells,
induction of IL-10-producing Tregs, and enhanced recruitment and anti-inflammatory
polarization of macrophages [73–76]. In our study, both 4 h Rapa-ASCs and 3MA-ASCs
showed a significant increase in IL-6 transcript levels. Following pro-inflammatory activa-
tion with hIFNγ, both 4- and 24 h Rapa-ASCs, and 4 h 3MA-ASCs showed enhanced IL-6
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transcription. Finally, we assessed the expression of IL-1β, the potent pro-inflammatory
cytokine which negatively correlates with hASCs’ ability to suppress CD4+ T helper, CD8+

T effector, and NK cell proliferation [77]. In our study, 24 h Rapa preconditioning and 4 h
3-MA preconditioning followed by stimulation with hIFNγ resulted in additional upregu-
lation of IL-1β. Taken together, the upregulated IL-6 and unaltered IL-1β expression levels
suggest that 4 h Rapa-ASCs may be the most effective autophagy preconditioning strategy.

In summary, these data demonstrate that preconditioning with both the autophagy-
inducer Rapa and the autophagy-inhibitor 3-MA had distinct effects on the expression of
immunomodulatory factors in hASCs based on the duration of treatment and presence
or absence of pro-inflammatory stimuli. The results suggest that the conflicting data in
the autophagy literature may be due, at least in part, to varied treatment times, doses,
and the unique inflammatory milieu. We also demonstrated that both compounds had
similar impact on secretory activity of ASCs in response to inflammatory activation, which
strongly suggests a shared molecular mechanism that is independent of their actions on
autophagy. Based on our findings, we propose that a short-term preconditioning with
Rapa may bestow the most robust enrichment of hASC immunomodulatory potential due
to the preservation of stemness qualities, the enhancement of the COX2/PGE2 pathway,
and the increase of the anti-inflammatory cytokines TGF-β and IL-6 without concomi-
tant elevation of pro-inflammatory IL-1β. This is consistent with previous investigations
which suggest that short-term Rapa treatment in MSCs elicits greater improvement of
immunomodulatory function, possibly resulting from its differential inhibition of MTORC1
and MTORC2 [41,55,78]. On the other hand, 3MA-ASCs and Rapa-ASCs both upregulate
PGE2 secretion when activated with hIFNγ, indicating that autophagy inhibition with
3-MA may also have therapeutic benefit in certain disease contexts, as was proposed by
Dang and colleagues in the experimental autoimmune encephalomyelitis (EAE) mouse
model [19]. Future investigations involving co-cultures with innate and adaptive immune
cells and administration to preclinical disease models will be needed to determine the
influence of these novel preconditioning strategies on the immunosuppressive function of
hASCs. These approaches may reveal whether our in vitro findings translate to enhanced
immunomodulatory function and therapeutic efficacy in autoimmune, inflammatory, and
neurodegenerative diseases in vivo.

5. Conclusions

Adipose-derived stem cells (ASCs) secrete a variety of anti-inflammatory molecules
that shift immune cell activity away from driving inflammation and toward tissue re-
generation and repair, showing immense therapeutic promise in several inflammatory,
autoimmune, and neurodegenerative diseases. However, their efficacy is limited by poor
survival and secretory activity after administration, representing a significant hurdle to
success in clinical trials. To overcome these hurdles, a novel preconditioning strategy is
proposed that targets a cellular pathway involved in stress response, survival, and secretory
activity. Drawing on evidence from bone marrow-derived stem cells (BMSCs), we find
that compounds commonly used to modify the autophagy pathway result in “primed”
ASCs capable of producing higher levels of immunomodulatory genes and proteins. We
demonstrate that PGE2, a key contributing factor to stem cell therapeutic efficacy in mul-
tiple sclerosis (MS), sepsis, inflammatory bowel disease (IBD), and arthritis, was highly
upregulated in ASCs preconditioned with either short-term Rapa or 3-MA, indicating that
the immunomodulatory ffects of these compounds may, in fact, derive from mechanisms
of action beyond their impact on autophagy. We propose that this represents a promising
strategy for enhancing the therapeutic potential and possibly the translational success
of ASCs for inflammation-driven disease states that warrants further investigation and
delineation of mechanisms involved.
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Abstract: Transplantation of mesenchymal stem cells (MSCs) in the setting of cardiovascular disease,
such as heart failure, cardiomyopathy and ischemic heart disease, has been associated with good
clinical outcomes in several trials. A reduction in left ventricular remodeling, myocardial fibrosis
and scar size, an improvement in endothelial dysfunction and prolonged cardiomyocytes survival
were reported. The regenerative capacity, in addition to the pro-angiogenic, anti-apoptotic and
anti-inflammatory effects represent the main target properties of these cells. Herein, we review the
different preconditioning methods of MSCs (hypoxia, chemical and pharmacological agents) and
the novel approaches (genetically modified MSCs, MSC-derived exosomes and engineered cardiac
patches) suggested to optimize the efficacy of MSC therapy.

Keywords: mesenchymal stem cells; preconditioning; exosome; engineered cardiac patches

1. Introduction

Several clinical trials have established the safety of mesenchymal stem cell (MSC)
therapy and have shown promising results in the setting of cardiovascular disease over
the past decades [1,2]. In ischemic heart disease, the role of existing conventional therapy,
including percutaneous coronary intervention, coronary artery bypass graft and medical
treatment, is limited to prevent future ischemic events and further expansion of myocardial
damage [3]. Unlike MSC transplantation, there are no effects on myocardial repair, lost
myocardial tissue and cardiomyocytes regeneration. Data from the literature showed a
reduction in scar burden, myocardial fibrosis and infarct size, a reversion of left ventricular
remodeling and an improvement in cardiac function after MSC therapy [1,4,5].

MSCs are undifferentiated, multipotent and self-renewable cells recognized for their
potential of differentiation [6,7] and paracrine activity [2,8–10]. MSCs secrete diverse
biological active cytokines, growth factors, chemokines and miRNA, resulting in anti-
fibrotic, anti-inflammatory, regenerative, proliferative, immunomodulatory and angiogenic
effects [11–14]. Neovascularization, angiogenesis, cardiomyocytes apoptosis inhibition, my-
ocardial repair enhancement and dead cardiomyocytes replacement are the major targets of
MSC therapy within the context of myocardial infarction [2]. MSCs are present in different
human organs, but usually isolated from the following three main sources: umbilical cord,
adipose tissue and bone marrow [2]. The latter is commonly used, despite the fact that
it provides a mixture of non-purified miscellaneous cells [15]. After injection, MSCs are
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able to home, accumulate and engraft with the adjacent cellular components of the injured
tissue and, subsequently, recruit additional progenitor cells [15,16]. However, hypoxia
and increased free radical concentration in the context of myocardial infarction generate a
detrimental microenvironment for transplanted MSCs [17]. Thus, preconditioning of MSCs
with hypoxia or pharmacological or chemical agents in addition to novel strategies, such
as exosome-mediated MSCs, genetically modified MSCs and engineered cardiac patches,
were performed for improving the overall efficacy of MSC transplantation (Figure 1). All
these techniques promote MSC survival and their capacity to form a regenerative and
proliferative environment. Herein, we review the different preconditioning methods and
novel approaches with MSCs in the setting of ischemic cardiac disease.

 

α α

α
α

Figure 1. Figure illustrating mesenchymal stem cell (MSC) preconditioning methods, novel ap-
proaches and their main impacts.

2. Preconditioning Methods

2.1. Hypoxia-Preconditioned MSCs

The purpose of hypoxic preconditioning is to prolong the short survival time of
grafted MSCs in the ischemic area, a major limitation of the therapeutic potential of stem
cell therapy [18–20]. Indeed, hypoxic preconditioning increases the expression of protective
factors against future hypoxic insult (hypoxia inducible factor-1 α (HIF-1α)), angiogenic
factors (vascular epithelial growth factor, angiopoietin-1 and erythropoietin), pro-survival
proteins (P65, P50 and P105) and anti-apoptotic proteins (Bcl-xl et Bcl-2) [21]. Previous
study results showed that 24 h hypoxia exposure could dramatically amplify MSC prolifer-
ation and reduce their apoptosis by mainly activating the HIF-1α/Apelin/APJ axis [22].
First, HIF-1α modulates oxygen homeostasis and promotes cell function and tolerance in a
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hypoxic microenvironment [23]. It plays a crucial role in cardiomyocytes protection against
ischemia-reperfusion injury by regulating mitochondrial reactive oxygen species [24] and
heme oxgenase-1 [25]. Then, the inhibition of inflammatory reaction and apoptosis, up-
regulation of collagen matrix and glycolysis, stimulation of angiogenesis and improvement
of oxygen delivery are mediated by HIF-1α [26]. Second, the stimulation of Apelin/APJ
enhances MSC survival and differentiation [27]. Moreover, hypoxia preconditioning acti-
vates other pathways, such as SDF-1α/CXCR4 axis implicated in MSC migration, detention
and homing [28,29], PI3K/Akt signaling pathway that blocks cell death [30] and GRP78
that interferes in angiogenic cytokine secretion and cell migration [31]. A recent study
revealed that extracellular vesicles from hypoxia-preconditioned MSCs may partly alleviate
myocardial injury by targeting the thioredoxin-interacting protein-mediated HIF-1α path-
way [32]. The evidence suggests that transplantation of hypoxia-preconditioned MSCs in
the setting of myocardial infarction results in better cardiovascular outcomes by enhancing
MSC engraftment, proliferation, differentiation, survival and paracrine activity [33,34].
Furthermore, it has shown that hypoxic preconditioning enhances survival and proan-
giogenic capacity of human first trimester chorionic villus-derived MSCs for fetal tissue
engineering [35]. Lastly, we spotlight that different percentages of hypoxia have different
outcomes. For example, 1% hypoxia extends MSC lifespan and maintains their proliferation
rate [36,37]. In addition, 2% and 5 % hypoxia increased MSC number and viability [34].
Upregulation of stemness-related genes was observed with 3% hypoxia [38,39]. In other
words, severe hypoxia (<1%) activates glycolytic metabolism and induces MSC quiescence,
whereas moderate hypoxia (3–5%) stimulates MSC proliferation [40–42]. Although, short
duration exposure to hypoxia (24 h) yields a better result than that of longer duration (72 h).

2.2. Preconditioning with Pharmacological and Chemical Agents

Numerous growth factors, drugs and pharmacological and chemical substances have
been used for MSC preconditioning (Table 1). For example, the treatment of MSCs with
IGF-1 showed a positive impact on survival, detrimental infarct consequences (infarct size,
ventricular remodeling and fibrosis) and pro-inflammatory cytokines [43]. HGF promotes
MSC differentiation into cardiomyocytes, whereas the effect of IGF-1 on MSC potential
of differentiation remains uncertain [44,45]. On the other hand, pretreatment with bFGF
improves stem cells’ homing ability to the infarct zone and angiogenesis [46]. The pretreat-
ment of MSCs with growth factor combinations (FGF-2, IGF-1 and BMP-2) leads to stronger
engraftment, better viability in hypoxic situations, enhanced cell to cell communication
and greater cytoprotective effects [47]. The results of a recent study showed superior
cardiac function recovery and vasculogenesis in the infarcted myocardium 6 weeks after an
injection of treated MSCs with SDF-1α in a rat model [48]. Beyond growth factors, variant
biological active substances have been tested to improve the therapeutic efficacy of MSC
therapy. Indeed, MSC pretreatment with angiotensin II potentiates the paracrine activity,
angiogenesis, gap junction formation and global clinical outcome, by up-regulating the ex-
pression of VEGF, Cx43 with no effects on the differentiation mechanisms [49]. In addition,
the left ventricular cardiac function and cardiomyogenic transdifferentiation have been
significantly improved after transplantation of pioglitazone pretreated MSCs [50]. Thus,
it seems a promising preconditioning method to predict cardiomyogenesis. Furthermore,
pretreatment of MSCs with atorvastatin significantly improved cardiac function, reduced
infarct size, decreased serum marker level of inflammation and fibrosis, inhibited apoptosis
and enhanced survival of implanted MSCs, via activating the subtype eNOS of nitric oxide
synthase [51]. Atorvastatin also improved the migration capacity of MSCs by increasing the
expression of CXCR4 [52]. Benefits on MSC survival and differentiation have been observed
with simvastatin pretreated MSCs [53]. Statin pretreatment positive outcomes have been
also observed after transplantation of sevoflurane-preconditioned MSCs, which increase
the expression of HIF-1α, HIF-2α, VEGF and p/Akt/Akt [54]. Transplantation of LPS-
(lipopolysaccharide) preconditioned MSCs in the setting of myocardial infarction improves
their biological and functional characteristics by up-regulating VEGF, phosphorylated Akt
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and TLR4 pathway [55]. Thereby, longer survival of transplanted cells, intense neovascular-
ization and greater amelioration of left ventricular ejection fraction have been reported [55].
Vitamine E decreases oxidative stress and H2O2-related senescence by up-regulating the
expression of VEGF, TGF-β and LDH [56]. The proliferation ability of MSCs has been pro-
moted with astragaloside IV by inhibiting the translocation of NF-kBp65 [57], apple ethanol
extract by inducing the phosphorylation of eIF4E, p44, p70S6K, MAPK, eIF48, p44/42,
mTOR and S6RP [58], oxytocin by activating the Akt/ERK1/2 axis [59], LL-37 by activating
the MAPK pathway [60] and migration inhibitory factor by releasing VEGF, BFGF, HGF
and IGF [61]. Although, the migration and homing abilities of MSCs have been improved
with deferoxamine by expressing HIF-1α, CXCR4, CCR2, MMP-2 and MMP-9 [62], IL-1β
by producing different cytokines, chemokines and adhesions molecules [63] and TGF-β1 by
triggering the canonical SMADs [64]. In addition, the improvement of cardiovascular stem
cell therapeutic outcomes has been associated with transplantation of 2,4-dinitrophenol [65],
oxytocin [66] and dimethyloxalyglycine [67] pretreated MSCs. Finally, our group has shown
that melatonin (pineal hormone to protect tissue from oxidative damage) pretreated MSCs
modulate survival, differentiation and antifibrotic activity of cardiac fibroblasts [68]. Our
results showed that MSCs significantly improved morphological and functional cardiac
parameters two weeks after injection. However, the partial recovery of ventricular ejection
fraction was maintained up to two months only when MSC survival was increased by mela-
tonin treatment. These data indicate that the increased number of viable cells is critical for
the amplification of the beneficial effects of MSCs on injured myocardium and ventricular
function recovery. These properties of MSCs opened new perspective for understanding
the mechanisms of action of MSCs and anticipated their potential therapeutic effects.

Table 1. MSC preconditioning with pharmacological and chemical agents.

Agents Effects on References

IGF-1 survival, infarct consequences, pro-inflammatory cytokines [43]

HGF differentiation into cardiomyocytes [44,45]

bFGF stem cells homing and angiogenesis [46]

FGF-2, IGF-1 and BMP-2 combination engraftment, viability, cell to cell communication,
cytoprotective effect [47]

SDF-1α cardiac function recovery and vasculogenesis [48]

Angiotensin II paracrine activity, angiogenesis and gap junction formation [49]

Pioglitazone cardiac function and cardiomyogenic trans differentiation [50]

Atorvastatin
cardiac function, infarct size, serum markers level of

inflammation and fibrosis, apoptosis, migration capacity
and survival of implanted MSCs

[51,52]

Simvastatin MSC survival and differentiation [53]

Sevoflurane homing, survival and differentiation [54]

LPS (lipopolysaccharide) biological and functional characteristics of MSCs [55]

Vitamine E decreases oxidative stress and H2O2-related senescence [56]

Astragaloside proliferation ability of MSCs [57]

Apple ethanol proliferation ability of MSCs [58]

Oxytocin proliferation ability of MSCs [59]

LL-37 proliferation ability of MSCs [60]

Deferoxamine migration and homing abilities of MSC [62]
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Table 1. Cont.

Agents Effects on References

IL-1β migration and homing abilities of MSCs [63]

TGF-β1 migration and homing abilities of MSCs [64]

2,4-dinitrophenol cardiovascular stem cell therapeutic outcomes [65]

Oxytocin cardiovascular stem cell therapeutic outcomes [66]

Dimethyloxalyglycine cardiovascular stem cell therapeutic outcomes [67]

Melatonin survival, differentiation and antifibrotic activity [68]

3. Novel Approaches

3.1. Genetic Modification of MSCs

Genetic modification of MSCs up-regulates the expression of specific genes implicated
in MSC migration, adhesion, survival and premature senescence (Table 2). To begin, the
migratory ability of MSCs has been promoted by overexpressing nuclear receptors (Nur1,
Nur77) [69,70], integrin subunit-α4 [71], aquaporin-1 [72] and CXCR4/CXCR7 that serve
as receptors for major cellular migratory process chemokine (SDF-1) [73,74]. Then, the
overexpression of α(1,3)fucosyltransferase [75], focal adhesion kinase [76], integrin-linked
kinase [77] and miR-9-5p [78] have been linked to stronger MSC adhesion and engraft-
ment. However prolonged survival of transplanted MSCs has been demonstrated with
overexpression of integrin-linked kinase that activates AKT, mTOR, JAK2/STAT3 signaling
pathways [79,80], protein kinase Cε [81], Trkβ [82] and Gremlin1 [83]. The up-regulation
of Sox2 and Oct4 genes accelerates cell transition from phase G1 into phase S, enhancing
MSC proliferation, differentiation and anti-inflammatory effect [84,85]. EphB2 overex-
pression reduced premature senescence by suppressing mitochondrial reactive oxygen
species accumulation, which triggers MSC senescence [86]. Transplantation of Kallikrein-1
genetically modified MSCs attenuates cardiac inflammation, cardiomyocytes apoptosis
and myocardial fibrosis via VEGF, GSK-3β and NO signaling pathways activation [87–91].
Thus, pleiotropic, angiogenic proteolytic and cardioprotective effects have been attributed
to Kallikrein-1 [91]. In the context of acute myocardial infarction, several clinical trials have
demonstrated the therapeutic benefits of transplantation of genetically modified MSCs in
animal models. For example, the target outcomes of MSC therapy were maintained for
longer durations with transplanted Akt or angiopoietin1-MSCs [92]. Although, an injection
of Bcl-2 or SDF-1α-or TNFR gene modified MSCs or miR-377 depleted MSCs potentiates
the required efficacy of vascular density, cardiac function, infarct size and myocardial fibro-
sis [93–98]. Genetic modification of MSCs is applied using viral vectors, such as adenoviral,
lentiviral and retroviral vectors for nucleic acid delivery [99], non-viral delivery systems,
such as plasmid DNA, polymers, nanoplasmids, liposomes and DNA minicircles [100–102]
and the novel gene-editing technology, clustered regularly interspaced short palindromic
repeats (CRISPR/Cas9) [103]. This last technique allows one to insert a new sequence in
the genome via homology-directed repair, which could rectify an acquired gene mutation
or provoke a knock-in or knock-out mutation or suppress a specific gene expression [103].
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Table 2. Outcomes of genetic modifications of MSCs.

Function Up-Regulating Genes References

Improved MSC migration

Nur1, Nur7 [69,70]

Integrin subunit- α4 [71]

Aquaporin-1 [72]

CXCR4/VXCR7 [73,74]

Improved MSC adhesion and engraftment

α(1,3)fucosyltransferase [75]

Focal adhesin kinase 76]

Integrin-linked kinase [77]

miR-9-5-p [78]

Prolonged MSC survival

Integrin-linked kinase [79,80]

Protein kinase Cε [81]

Trkβ [82]

Gremlin 1 [83]

Enhanced MSC proliferation and
differentiation Sox2 and Oct4 [84,85]

Reduced premature senescence EphB2 [86]

Sustained therapeutic efficacy AktAngiopoietin 1 [92]

Better outcomes in setting of acute
myocardial infarction

Bcl-2 [93]

SDF-1α [95]

TNFR [97]

miR-377 [98]

3.2. MSCs Derived-Exosomes

Exosomes are classified as extracellular vesicles that are continuously produced and
released by various hematopoietic and non-hematopoietic cells [104–106]. Exosomes in-
terfere in variant cell to cell interaction pathways that are implicated in different physi-
ological and pathological patterns [107]. Endocytosis, membrane fusion and membrane
receptors represent the three exosomal mechanisms to regulate cell to cell communica-
tion [108]. Exosomes are mainly isolated for therapeutic application, either by ultrafiltration
or ultracentrifugation-based methods [107]. Preclinical experimental animal models have
demonstrated the therapeutic benefits of MSC-derived exosomes in the setting of myocar-
dial infarction. An injection of MSC- derived miRNA-enriched exosomes have showed
remarkable outcomes, such as reduction in infarct size and myocardial fibrosis with miR-22
via acting on MECP2 [109], enhancement of anti-apoptotic and cardioprotective effects
with miR-221 by inhibiting PUMA expression [110], promotion of cardiac function recovery
with miR-19a by suppressing PTEN and activating ERK pathways, respectively [111], and
improvement in angiogenesis with miR-210 [112]. Overall, the transplantation of exosomes-
derived MSCs leads to stronger cardioprotective effects [113] and reduction in the risk of
tumorigenicity [114] than MSC-based therapies.

3.3. Engineered Cardiac Patches

Cell sheets and cell containing scaffolds represent the two forms of engineered cardiac
patches [115]. Multiple cell types, such as endothelial cells, cardiac fibroblasts, pluripotent
stem cells, cardiomyocytes, progenitor cells and smooth muscle cells have been incorpo-
rated into engineered cardiac patches [116–119]. Consequently, the replacement of damaged
cardiomyocytes with functional cardiac cells is the ultimate target of engineered cardiac
tissue transplantation. Promising results with evidence of remuscularization of the fibrotic
myocardium have been demonstrated in numerous pre-clinical studies [120–125]. Indeed,
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cardiac function recovery has been observed in rats and minipigs after 4 weeks of trans-
plantation of cell-free patches in the setting of acute anterior myocardial infarction [126].
Furthermore, the implantation of a bioengineered cardiac patch has shown superior thera-
peutic efficacy compared to that of decellularized placenta and human-induced pluripotent
stem cells for myocardial repair, mediated by growth and pro-angiogenic factors that pro-
mote engraftment, neovascularization and paracrine function [127]. However, the need
for a huge quantity of exogenous cardiac cells to refill the injured myocardium and sta-
ble electromechanical coupling between the transplanted cardiac patches and host tissue
for long-term engraftment are the main challenges for this novel cardiac approach [128].
Thereby, larger and thicker vascularized cardiac patches that are synchronized with the cir-
culatory and electromechanical systems of the native myocardium are required to overcome
these limitations. The safety concern of cardiac patch therapy was limited to arrhythmias,
which were generally transient and non-fatal [129–131]. It is noteworthy that a recently
published study has revealed the efficacy of upscaled engineered heart tissue to improve
left ventricular function and reduce the infarct size in the context of ischemic myocardial
disease without documenting a significant difference in arrhythmogenicity, compared to a
cell-free patch group in a rabbit model [132].

Overall, the therapeutic benefits of MSCs have been demonstrated in the treatment
of ischemic cardiomyopathies [133]; however, the limited engraftment and poor survival
of MSCs injected into an ischemic heart hindered the efficacy of the treatment. The use of
scaffolds and polymeric supports to provide transplanted cells anchorage, a straightforward
approach to circumvent this limitation, has already been tested [134]. Indeed, a robust
therapeutic benefit of ADSCs when transplanted with a collagen scaffold in a preclinical
porcine model of myocardial infarction, compared with cells without a collagen scaffold,
has been successfully demonstrated. The functional improvement in cardiac function
and myocardial remodeling after ADSC-collagen scaffold transplantation was associated
with increased cell engraftment [135]. The positive preclinical results obtained using
different biomaterials and cell types invited researchers to test whether these experimental
procedures could be translated into the clinical setting. Thus, the phase I MAGNUM
clinical trial was designed with the purpose of comparing the effects exerted by bone-
marrow mononucleated cells-seeded cellularized collagen matrices with those exerted by
cells alone, in patients presenting left ventricular post-ischemic myocardial scars. The
results were promising because no treatment-related serious adverse events were reported
during the follow-up period and heart functionality and mechanical parameters improved
significantly in patients who received the cellularized patches. In other words, clinically,
this procedure seems to be safe, feasible, and effective [136]. We mention that one of the first
clinical trials on engineered heart muscle in patients with terminal heart failure is ongoing,
BioVAT-HF (ClinicalTrials.gov: NCT04396899). However, a recent report of in-human
transplantation of an allogenic-induced pluripotent stem cell-derived cardiomyocytes
patch into the epicardium of the anterior and lateral walls via the fourth intercostal space
in a patient with ischemic cardiomyopathy has been currently published [137]. This report
signals the safety and efficacy of these patches on NYHA class, left ventricular end systolic
volume and Vo2 peak at the 1-year follow-up after transplantation [137]. Moreover, the
ESCORT trial on six patients referred to cardiac surgery has also demonstrated the technical
feasibility of producing clinical-grade human embryonic stem cell-derived cardiovascular
progenitors delivered in a fibrin epicardial patch, and supported their short- and medium-
term safety, thereby, setting the grounds for adequately powered efficacy studies [138].
Finally, the translation of preclinical findings to the first clinical results requires the creation
of cardiac scaffolds following all the GMP regulatory and quality requirements in order
to test their safety as potential therapeutic products. The CARDIOPATCH Interreg Sudoe
program aims to create a 2.0 version patch (v2.0) with growth factors and genetically
improved mesenchymal cells and iPS-derived cardiac cells that improve cell survival of both
the implanted cells and the ischemic cardiac tissue, as well as their pro-angiogenic capacity.
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4. MSCs Perspectives

As is known for most new therapies, the progression of MSC therapy has been hard,
slow and punctuated by difficulties. The available evidence proves the safety of MSC
transplantation, which represents a new, hopeful strategy for the management of cardio-
vascular disease, particularly ischemic and non-ischemic heart failure [139–141]. Up to
date, numerous Phase I and Phase II trials have demonstrated promising results with
regenerative medicine in the setting of heart failure and myocardial infarction [2]. The
findings from these trials are divergent. However, several important points have not yet
been defined, such as the preferred cell source, preparation method, appropriate dose
and recommended manner of administration. Defining these parameters constitutes an
important step towards establishing a standard approach with MSC therapy and ensuring
result reproducibility. The results from pivotal phase III trials are required to support the
clinical application of MSC therapy in the cardiovascular field. Recently, stem cell therapy
was approved for the management of complex perianal fistulas in Crohn’s disease [142].
We emphasize that pre-conditioning methods have contributed to overcome numerous
hurdles, such as injected cell migration, engraftment, proliferation, differentiation and
survival, resulting in stronger efficacy and better outcomes. Furthermore, recent studies
have proved the benefits of mechanical stimulation on MSCs and the surrounding microen-
vironment and showed the interest of its application for bone regeneration therapy [143].
Lastly, engineered cardiac patch technology represents a revolution in stem cell therapy for
cardiovascular disease, but manufacturing larger and thicker constructs that are suitably
vascularized and incorporated with the electromechanical and circulatory systems of the
vernacular myocardium is necessary for the clinical translation step.

5. Conclusions

To conclude, transplantation of pre-conditioned MSCs results in better therapeutic
efficacy in the setting of cardiovascular disease, especially with moderate hypoxia pre-
conditioning. In parallel, the available novel techniques are able to overcome the limitations
(MSCs homing ability, engraftment and survival) of this regenerative medicine, promoting
stronger cardiovascular outcomes. Starting translational engineered cardiac patch prac-
tice from pre-clinical trials in animal models to in-human trials may change our future
management of heart failure.
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