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Abstract: Multipotent mesenchymal stromal cells (MSCs) have emerged as potent therapeutic 
agents for multiple indications. However, recent evidence indicates that MSC function is 
compromised in the physiological post-injury milieu. In this study, bone marrow (BM)- and 
adipose-derived (AD)-MSCs were preconditioned in hypoxia with or without inflammatory 
mediators to potentiate their immunotherapeutic function in preparation for in vivo delivery. 
Human MSCs were cultured for 48 hours in either normoxia (21% O2) or hypoxia (2% O2) with or 
without the addition of Cytomix, thus creating 4 groups: 1) normoxia (21%); 2) Cytomix-normoxia 
(+21%); 3) hypoxia (2%); and 4) Cytomix-hypoxia (+2%). The 4 MSC groups were subjected to 
comprehensive evaluation of their characteristics and function. Preconditioning did not alter 
common MSC surface markers; nonetheless, Cytomix treatment triggered an increase in tissue 
factor (TF) expression. Moreover, the BM-MSCs and AD-MSCs from the +2% group were not able 
to differentiate to chondrocytes and osteoblasts, respectively. Following Cytomix preconditioning, 
the metabolism of MSCs was significantly increased while viability was decreased in AD-MSCs, but 
not in BM-MSCs. MSCs from both tissues showed a significant upregulation of key anti-
inflammatory genes, increased secretion of IL-1 receptor antagonist (RA), and enhanced 
suppression of T-cell proliferation following the Cytomix treatment. Similarly, following a 
lipopolysaccharide challenge, the Cytomix-treated MSCs suppressed TNF-α secretion, while 
promoting the production of IL-10 and IL-1RA. These preconditioning approaches facilitate the 
production of MSCs with robust anti-inflammatory properties. AD-MSCs preconditioned with 
Cytomix under normoxia appear to be the most promising therapeutic candidates; however, safety 
concerns, such as thrombogenic disposition of cells due to TF expression, should be carefully 
considered prior to clinical translation. 

Keywords: adipose tissue; bone marrow; mesenchymal stromal cells (MSCs); hypoxia; Cytomix; 
immunomodulation; anti-inflammatory 

 

1. Introduction 

Multipotent mesenchymal stromal cells (MSCs) have become a popular tool for treating a 
myriad of immune- and inflammatory-mediated conditions, such as multiple sclerosis, osteoarthritis, 
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inflammatory bowel disease, and acute respiratory distress syndrome (ARDS), due to their 
immunomodulatory, anti-inflammatory, antimicrobial, and anti-apoptotic effects [1,2]. MSCs can be 
isolated from various tissues, but are most frequently isolated from bone marrow (BM) [3]. However, 
BM aspiration is a painful and invasive procedure. In contrast, adipose-derived (AD) MSCs (AD-
MSCs) can be easily and non-invasively harvested from subcutaneous adipose tissue. AD-MSCs have 
been described to have similar characteristics to BM-MSCs, with respect to plastic adherence, 
fibroblast-like morphology, and therapeutic properties [4–6]. 

In clinical applications, cell therapies involve a large number of cells (1–10 × 106 cells/kg) in order 
to elicit a therapeutic effect [7–9]. Therefore, in vitro MSC production must be done under optimal 
culture conditions to maximize cell yield without compromising cell quality. In vitro expansion is 
typically done under atmospheric, non-physiological oxygen tension (normoxia; 21% O2), which has 
been shown to impair cell function [10]. Interestingly, both BM-MSCs and AD-MSCs reside in low 
oxygen environments in the body. In the BM, oxygen levels range from 1.5% to 4.2% [11], while in 
adipose tissue, oxygen levels vary from 4.7% to 8.9% [12]. Indeed, BM-MSCs and AD-MSCs have 
been shown to have increased ‘stemness’ when cultured under hypoxic conditions in vitro [10,13–
16]. 

In patients with pulmonary diseases, such as ARDS, systemic oxygen levels are intrinsically 
hypoxic due to impaired alveolar gas exchange [17]. Additionally, the exacerbated inflammatory 
systemic response, characteristic of ARDS patients, is manifested, in part, by elevated levels of 
inflammatory mediators, such as interleukin (IL)-1β, tumor necrosis factor (TNF)-α, and interferon 
(IFN)-γ [18]. For MSC therapy, these physiological insults potentially jeopardize cell engraftment, 
viability, and overall therapeutic response [1]. One approach that has been investigated as a potential 
technique for preparing cells for these physiological insults is in vitro preconditioning. 
Preconditioning may prepare the cells for the harsh, injurious environment they will experience upon 
in vivo administration. Additionally, preconditioning approaches have been successfully used to 
augment the therapeutic function of MSCs [19–21]. Notably, both hypoxia and inflammatory 
cytokines have been explored for preconditioning cells [22–24]. 

While preconditioning has been shown to successfully augment cell characteristics and function, 
it is not without safety concerns. Preconditioning may negatively alter cell function and potentially 
cause, among other things, over-expression of tissue factor (TF). TF is a cell surface protein that is 
important in the initiation of blood coagulation. Studies have shown that under certain conditions 
MSCs express TF, which may increase the risk of thrombosis following administration [25–29]. 

In this study, a combination of hypoxia and inflammatory mediators was used to precondition 
MSCs. The rationale was that these conditions are physiologically relevant and may therefore 
augment their therapeutic potency for in vivo administration. To the authors’ knowledge, this is the 
first study to use the combination of pro-inflammatory cytokines and hypoxia to precondition BM-
MSCs and AD-MSCs. Our analysis included a comprehensive evaluation of the characteristics, safety 
(i.e., TF expression), and therapeutic function of MSCs derived from both BM and adipose tissues 
(Figure 1A). Our aim was to identify the optimal preconditioning approach using the best MSC 
candidate (BM or AD) for immune- and/or inflammatory-mediated diseases.  

2. Materials and Methods 

2.1. Isolation of BM-MSCs and AD-MSCs 

Human BM-MSCs were isolated from commercially available mononuclear cells (MNCs) 
(AllCells LLC; Emeryville, CA, USA), as previously described [30]. 

Human AD-MSCs were isolated from consenting patients undergoing abdominoplasty surgery 
in accordance with protocols reviewed and approved by the U.S. Army Medical Research and 
Materiel Command Institutional Review Board (H-11-020/M-10128). Briefly, surgically extracted 
adipose tissue was removed from any connecting tissue and placed in α-MEM media containing 1% 
antibiotics/antimycotics and 1% fetal bovine serum (FBS) and left in a cell culture hood overnight for 
next day processing. The adipose tissue was homogenized and washed by centrifugation with Hank’s 
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buffered saline solution (Thermo Fisher Scientific, Waltham, MA). For every 2 mL of displaced fat, 
25 mg of Collagenase II (Gibco) was dissolved in HBSS to achieve a concentration of 10 mg/mL. The 
collagenase/HBSS mixture was purified by filtration (0.22 μm), and 1% FBS and 1% 
antibiotic/antimycotics were added. The adipose was treated with the collagenase solution for 60 min 
at 37 °C at 150 rpm using an orbital shaker incubator. After digestion, the digested layer was filtered 
through 100 μm and 70 μm filters. After filtration, the digested solution was centrifuged at 1900 rpm 
for 10 min. The resulting cell pellet was re-suspended with α-MEM media and counted. Standard cell 
culture flasks were seeded at 3 × 104 cells/cm2. After overnight culture, the flask was gently tapped, 
and the media was changed to remove any unwanted cells and/or debris. 

2.2. Culture Conditions 

Passage 2 MSCs (11–15 cumulative population doublings) were cultured for 48 hours in either 
standard oxygen tension (i.e., normoxia; 5% CO2/95% air; 37 °C) or hypoxia (2% O2/5% CO2/93% N2; 
37 °C) using a dedicated hypoxia station (HypOxystation H35, HypOxygen, Frederick, MD, USA). 
MSCs in normoxia or hypoxia were cultured with or without the addition of Cytomix, a mixture 
containing TNF-α, INF-γ, and IL-1β, all at 5 ng/mL (Thermo Fisher Scientific, Waltham, MA, USA), 
to create 4 experimental groups: 1) normoxia (21%); 2) Cytomix-normoxia (+21%); 3) hypoxia (2%); 
and 4) Cytomix-hypoxia (+2%). 

Unless otherwise noted, all biological assays were run in triplicates from one donor per cell type 
(either BM-MSCs or AD-MSCs). In the inflammatory assay, three donors per cell type (for a total of 6 
donors) were run in triplicates to examine donor-dependent differences and validate results. 

2.3. BM-MSC and AD-MSC Surface Markers 

MSCs were examined by flow cytometry for the expression of common MSC markers. Human 
MSC Analysis Kit (BD, Biosciences, San Jose, CA, USA) was used for assessing BM-MSCs and AD-
MSCs. The MSCs were pooled by cell type and treatment condition (i.e., one sample per cell type per 
treatment group). Cells were then stained with pre-conjugated antibodies according to 
manufacturer’s instruction. Briefly, cells were incubated with staining buffer containing 1% bovine 
serum albumin (BSA) and Fc blocker (BioLegend, San Diego, CA, USA) for 10 min at a cell 
concentration of 1 × 106/mL in order to reduce non-specific binding. Then, the antibody cocktail for 
MSC-positive markers (CD90-FITC, CD105-PerCP-Cy5.5, and CD73-APC), and negative markers 
(CD45-PE, CD34-PE, CD11b-PE, CD19-PE, and HLA-DR-PE) were added to the cells. In separate 
tubes, the antibody cocktail for MSC-positive markers and PE-conjugated mouse monoclonal CD142-
PE antibody (TF and BD, Biosciences, San Jose, CA, USA) and CD44-PE were added to the cells. After 
20 min of incubation in the dark, at 22 °C, cells were washed to remove excess antibodies. Acquisition 
was carried out on a BD FACSCanto II or on a BD FACSCelesta using the BDFACS Diva version 
8.0.1.1 software. Analysis was completed using FlowJo version 10 analysis software. 

2.4. Multi-Lineage Differentiation 

Multi-differentiation assay was used to evaluate the capacity of MSCs to give rise to osteoblasts, 
adipocytes, and chondrocytes using a commercially available differentiation medium (StemPro 
Differentiation Kits, Thermo Fisher Scientific), as previously described [31]. For this purpose, the 
MSCs from the different groups were cultured in 8-well chamber slides for histological evaluation. 

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

The colony-forming unit fibroblast (CFU-F) assay was used as an indicator of progenitor cells. 
Preconditioned MSCs were plated at 100 and 200 cells per well in a six-well plate. Media were 
changed 3–4 days and the cells were allowed to grow for 7–10 days. Cells were then washed with 
PBS and fixed with chilled methanol for 10 min at room temperature. The plates were allowed to air-
dry and then stained with Giemsa to visualize the colonies. Colonies larger than 50 cells were counted 
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and reported as CFUs/well. Cells were measured in order to provide a semi-quantitative record of 
morphology changes. 

2.6. Cell Apoptosis/Viability and Morphology 

Cells apoptosis was measured by flow cytometry using Annexin V kit (BioRad, Hercules, CA, 
USA) per the manufacturer’s instructions. MSCs were collected, washed in PBS containing 1% BSA, 
and subsequently re-suspended in annexin binding buffer at a cell concentration of 1.5 × 106/mL. 
MSCs were then incubated for 10 min with annexin V-FITC in dark. Propidium iodide (PI) was added 
to BM-MSCs to be immediately analyzed by FACSCelesta (BD Biosciences, San Jose, CA, USA) using 
the BDFACS Diva and FLowJo software. Cell fragments were removed by morphological gating. 
Cells negative for annexin V-FITC and PI were considered viable; annexin V-FITC-positive and PI-
negative cells were considered apoptotic; and annexin V-FITC-positive and PI-positive cells were 
considered late apoptotic/necrotic. 

For a semi-quantitative assessment of cell morphology (i.e., cell length), the MSCs were stained 
with a fluorescent Live/Dead Cell Viability Kit (Life Technologies, Grand Island, NY, USA) and a 
Hoechst 33342 nucleic acid stain (Life Technologies), as previously described [23,32]. Cells from each 
treatment group were measured for their length across five distinct areas using the length measure 
function in NIS-Elements AR (Nikon, Tokyo, Japan). Measurements were averaged and compared 
between the 4 groups. 

2.7. Metabolic and Proliferation Assays 

MSCs were evaluated for their metabolic activity using the Vybrant assay (Thermo Fisher 
Scientific, Waltham, MA, USA), as previously described [30]. DNA concentration was measured 
using the Quant-iT PicoGreen assay (Invitrogen, Carlsbad, CA, USA) to evaluate cell proliferation, as 
previously described [23]. Metabolic data were normalized to DNA concentration and are presented 
as a relative quantity (RQ). 

2.8. Gene Expression 

To determine gene expression via quantitative real-time polymerase chain reaction (qRT-PCR), 
total RNA was extracted from MSCs using Trizol (Thermo Fisher Scientific) and reverse-transcribed 
using a High-Capacity cDNA Archive Kit (Applied Biosystems, Foster City, CA, USA), as previously 
described [30]. The following transcripts were investigated: vascular endothelial growth factor A 
(VEGF-A), factor 3 (F3, encodes for TF), prostaglandin-endoperoxide synthase 2 (PTGS-2), high-
mobility group box 1 (HMGB-1), B-cell lymphoma 2 (BCL-2), cytochrome c (CYCS), BCL-2 associated 
protein (BAX), caspase 3 (CASP3), catalase (CAT), heme-oxygenase (HMOX1), toll-like receptor 4 
(TLR-4), tumor necrosis factor-inducible gene 6 (TNFAIP6), and stannioclacin-1 (STC-1). All assays 
were done in duplicates and gene expression is expressed as an RQ calculated from ΔΔCt of the 
sample of interest, where CT is the threshold cycle. 𝚫𝑪𝑻 𝑮𝒆𝒏𝒆 𝒐𝒇 𝑰𝒏𝒕𝒆𝒓𝒆𝒔𝒕 =  𝑪𝑻 𝑯𝒐𝒖𝒔𝒆𝒌𝒆𝒆𝒑𝒊𝒏𝒈  − 𝑪𝑻 𝑮𝒆𝒏𝒆 𝒐𝒇 𝑰𝒏𝒕𝒆𝒓𝒆𝒔𝒕  𝚫𝚫𝑪𝑻 𝑮𝒆𝒏𝒆 𝒐𝒇 𝑰𝒏𝒕𝒆𝒓𝒆𝒔𝒕 =   𝚫𝑪𝑻  𝑮𝒆𝒏𝒆 𝒐𝒇 𝑰𝒏𝒕𝒆𝒓𝒆𝒔𝒕 − 𝚫𝑪𝑻 𝑹𝒆𝒇𝒆𝒓𝒆𝒏𝒄𝒆   𝑹𝑸 =  𝟐 𝚫𝚫𝑪𝑻 𝑮𝒆𝒏𝒆 𝒐𝒇 𝑰𝒏𝒕𝒆𝒓𝒆𝒔𝒕   

2.9. Secretion Profile 

The secretory profiles of the BM-MSCs and AD-MSCs were assessed following preconditioning 
using the cytokine-chemokine multiplex kit (detection range of 0–10,000 pg/mL, Millipore, Billerica, 
MA) to evaluate INF-γ, monocyte chemoattractant protein (MCP)-1, interleukin-1 alpha (IL-1α), IL-
1β, IL-1 receptor antagonist (RA), IL-4, IL-6, IL-8, IL-10, IL-12, and VEGF-A. To accomplish this, 
samples’ supernatants were spun down to remove any remaining cells and placed in −80 °C until 
simultaneous analysis. Samples were concentrated using an Amicon ultra-2 centrifugal filter unit 
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(MilliporeSigma, Burlington, MA, USA) for 30 min at 4000× g. Samples were then run on a BioPlex 
200 system (Bio-Rad, Hercules, CA, USA), following the manufacturer’s instructions, as previously 
described [31]. Data were standardized to the total amount of protein using the PierceTM 660 nm 
protein assay (Thermo Scientific, Waltham, MA, USA) and reported as picogram per gram of total 
protein (pg/g). 

2.10. Inflammatory Assay 

To examine whether the preconditioning approaches were donor-dependent, BM-MSCs and 
AD-MSCs were investigated from 6 unique donors (three donors per cell type). In this assay, the cells 
were seeded at 5 × 104 cells per well, in quadruplicates, in a 24-well plate and placed in standard 
culture conditions for 2 hours to allow for cell attachment. MNCs were prepared at a concentration 
of 0.5 × 106 cells/mL in MNC media. Prior to addition of lipopolysaccharide (LPS), MNC control cells 
were set aside. Next, LPS was added to the MNCs at a concentration of 50 ng/mL and 0.5 × 106 of the 
stimulated MNCs were added to the MSCs. Following 18 hours incubation, the co-cultures 
supernatant was collected, cell debris was removed via centrifugation, and the resulting conditioned 
media (CM) were analyzed for levels of IFN-γ, TNF-α, IL-1RA, IL-1β, and IL-10 using a Milliplex kit. 

2.11. Mixed Lymphocyte Reaction 

BM-MSCs and AD-MSCs were plated at 5 × 104 cells per well, in triplicates, in a 24-well plate. 
MSCs were incubated for at least 2 hours to allow for cell adhesion before adding MNCs to the well. 
Prior to staining, 0.5 × 106 MNCs were set aside as an unstained control. In the dark, MNCs were 
brought to a concentration of 10 × 106 cells/ml in PBS. Carboxyfluorescein succinimidyl ester (CFSE; 
Sigma Aldrich, St. Louis, MO, USA) was used to fluorescently label the MNCs at a concentration of 
5 μM per milliliter. The MNCs were mixed well and incubated for five min in the dark. After 
incubation, the MNCs were washed twice and re-suspended in MNC media (RPMI 1640 medium 
supplemented with 10% FBS, 1% antibiotics-antimycotics, and 1% L-glutamine) at a concentration of 
0.5 × 106 cells/mL. Then, 1 mL of cell suspension was designated as an unstimulated control. The 
remaining MNCs were stimulated with Phytohaemagglutinin (PHA) at a concentration of 5 μg/mL. 
Next, 1 mL of stained and stimulated MNCs were added to MSCs and incubated for 96 hours. In 
addition, MNCs were plated in the absence of MSCs as a positive control. After 96 hours, the floating 
MNCs and conditioned media (CM) were collected for further analysis. The collected MNCs were 
centrifuged and resuspended in filtered PBS containing 1% BSA and FC Block (BioLegend, San Diego, 
CA, USA). MNCs were incubated for 10 min in dark and subsequently labeled with pre-conjugated 
CD3-APC antibody (BD Pharminogen, San Jose, CA, USA) for another 15 min. After washing, 7AAD 
viability dye (BD Pharminogen, San Jose, CA, USA) was added and the cells incubated for 5 min. 
Proliferation rate of the live CD3-positive T-cells was acquired by FACSCelesta or FACSCanto II (BD 
Biosciences, San Jose, CA, USA) using the BDFACS Diva and FlowJo software. The CM were analyzed 
with a Milliplex kit for the following cytokine/chemokines: IL-1α, IL-1β, IL-1RA, IL-4, IL-6, IL-8, IL-
10, IL-12, MCP-1, and IFN-γ. 

2.12. Statistical Analysis 

Results are presented as means ± standard errors of the mean. Unless otherwise stated, all assays 
were run in triplicates from one donor per cell type. All statistical tests were performed with the aid 
of GraphPad Prism version 7.01. Experimental data were analyzed with a two-way analysis of 
variance (ANOVA) followed by Tukey’s multiple comparison post-test. Evaluation and exclusion of 
outliers was performed using the ROUT method; a probability (p) value less than 0.05 was considered 
statistically significant. 
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3. Results 

3.1. Surface Marker Expression and Differentiation 

To assess whether any of the preconditioning approaches altered cell phenotype, the MSCs were 
subjected to flow cytometry and multi-differentiation assays. In BM-MSCs, positive markers 
remained above 97% for all treatment groups. TF (CD142) expression was minimal under normoxia 
(2.0%) and hypoxia (1.2%). However, following exposure to Cytomix, TF expression dramatically 
increased under both normoxia (7.8%) and hypoxia (6.6%) (Figure 1B). In AD-MSCs, positive marker 
expression remained above 93% in all groups. Basal expression of TF was high under normoxia 
(9.28% for normoxia) and further increased in the Cytomix-hypoxia group (14.8%) (Figure1B). 

Differentiation potential of BM-MSCs into adipocytes and chondrocytes was not affected by any 
of the treatments; however, the combination of hypoxia and Cytomix inhibited their ability to 
differentiate down the osteogenic lineage (Figure 1C). AD-MSCs were able to differentiate into 
osteocytes under all conditions, although mineralization capacity was not as robust as their BM 
counterparts. Adipocytes were only present in cells exposed to normoxia, whereas hypoxia inhibited 
their differentiation potential. Chondrogenesis occurred under all conditions except for the Cytomix-
hypoxia combination group (Figure 1D). 
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Figure 1. Experimental design, surface marker expression, and tri-lineage differentiation of 
preconditioned bone marrow (BM) and adipose (AD) derived mesenchymal stromal cells (MSCs). (A) 
MSCs were acclimated for 18 hours after thawing and then incubated under normoxia or hypoxia 
with or without the addition of Cytomix. Following 48-hour incubation, endpoint analyses were 
conducted. (B) Tissue factor (TF) surface expression was increased in BM-MSCs after Cytomix 
treatment and in Cytomix-hypoxia-treated AD-MSCs. (C) BM-MSCs from the Cytomix-hypoxia 
group were unable to differentiate down the osteogenic pathway. (D) AD-MSCs were unable to 
differentiate into adipocytes under hypoxia or chondrocytes following the Cytomix-hypoxia 
treatment. Osteogenesis evaluation was done by alizarin red staining; adipogenesis was performed 
by oil red O staining; and chondrogenesis was conducted by alcian blue staining. 
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3.2. Cell Metabolism, Proliferation, Clonogenicity, Viability, and Morphology 

Viability and functional cell characteristics were also assessed under the different 
preconditioning approaches. The metabolic activity of BM-MSCs was significantly (p < 0.05) increased 
under hypoxic conditions (hypoxia and Cytomix-hypoxia), whereas the metabolic activity of AD-
MSCs was not affected by any of the preconditioning approaches (Figure 2A). Similarly, the 
proliferative capacity for BM-MSCS was significantly (p < 0.05) diminished under hypoxic conditions 
(hypoxia and Cytomix-hypoxia), whereas AD-MSC proliferation was unaffected by any of the 
treatment conditions (Figure 2B). Compared to hypoxia preconditioning, the clonogenic capacity of 
BM-MSCs was significantly decreased (p < 0.01) following Cytomix-hypoxia treatment, while in AD-
MSCs it was significantly increased (p < 0.01; Figure 2C,D). 

In BM-MSCs, viability was similar under normoxic (94.75%) and hypoxic (95.3%) conditions. 
Cytomix treatment slightly decreased MSC viability with concomitant increase in cell apoptosis and 
necrosis. Similar trends were seen in AD-MSCs, although viability was more significantly affected. 
Following Cytomix treatment, viability dropped from 95.5% (normoxia) and 94.7% (hypoxia) to 
92.4% Cytomix-normoxia) and 87.3% (Cytomix-hypoxia), respectively (Figure 2E). Fluorescent 
Live/Dead and Hoechst staining demonstrated similar morphological changes in BM-MSCs and AD-
MSCs. Most notably, the Cytomix treatment caused cells to become increasingly elongated, compared 
to the normoxia- and hypoxia-treated cells (Figure 2F,G). Following the addition of Cytomix, BM-
MSCs increased in length from 87.3 ± 9.2 μm to 145.1 ±14.8 μm (p = 0.08) under normoxia and from 
101.4 ± 15.9 μm to 184.4 ± 21.5 μm (p < 0.05) under hypoxia. Similarly, following Cytomix treatment, 
the length of AD-MSCs increased from 91.8 ± 6.7 μm to 161.5 ± 7.5 μm (p << 0.001) under normoxic 
conditions and from 81.0 ± 4.3 μm to 165.9 ± 16.5 μm (p < 0.0001) under hypoxia (Figure 2H). 
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Figure 2. Functional characteristics of preconditioned MSCs. (A) Metabolic activity of BM-MSCs 
significantly increased under hypoxia, while AD-MSCs had no change. (B) Proliferative capacity of 
BM-MSCs was decreased under hypoxia, while AD-MSCs remained unchanged. (C) BM-MSCs 
exhibited increased clonogenic capacity under Cytomix-hypoxia treatment (p < 0.05), while the 
clonogenic capacity of AD-MSCs were unchanged. (D) Representative images of colony forming unit 
assay for each experimental grouped stained with Giemsa. (E) Viability was decreased in 
preconditioned AD-MSCs compared to that in their BM counterparts. (F, G) Cytomix treatment 
induced morphological changes in both BM-MSCs and AD-MSCs, including representative images of 
length measurements. MSCs treated with Cytomix-normoxia and Cytomix-hypoxia appeared more 
elongated compared to normoxia and hypoxia groups. (H) Cell length measurements from 
fluorescence imaging. The addition of Cytomix made MSCs become more elongated and spindle-like. 
* p < 0.05, ** p < 0.01, *** p<0.001, **** p < 0.0001. All scale bars represent 250 μM. Viable cells were 
stained with calcein AM; dead cells were stained with ethidium homodimer-1; and nuclei of all cells 
were stained with Hoechst. 

3.3. Gene Expression 

Genes related to apoptosis, angiogenesis, injury response, and anti-inflammatory/oxidant 
properties were evaluated in MSCs following preconditioning and compared to those related to 
normoxia (21%). In BM-MSCs, the apoptosis-related genes BCL-2 and CASP3 were significantly (p < 
0.01 and p < 0.001, respectively) upregulated in response to Cytomix treatment alone, while CYCS 
was downregulated (p < 0.001) in the Cytomix-hypoxia group. TF gene expression was significantly 
upregulated (p < 0.05) in the Cytomix-hypoxia cells. Expression of TLR4 was significantly 
upregulated in all preconditioning groups (p < 0.05). HMOX1 expression was upregulated with 
Cytomix (p < 0.01) and hypoxia (p < 0.05). PTGS-2, TNFAIP6, and STC-1 expression was significantly 
upregulated in response to Cytomix (Figure 3A). 

AD-MSCs were also affected by the various preconditioning methods, when compared to 
normoxia. BAX expression was downregulated in the +2% group (p < 0.01), whereas BCL-2 was 
significantly upregulated following all preconditioning approaches, but most prominently in the 
Cytomix-hypoxia group (p < 0.0001). CYCS was significantly downregulated (p < 0.05) in the Cytomix 
group only. Similar to BM-MSCs, AD-MSCs exhibited significant upregulation in the angiogenic-
related genes VEGF-A and F3 under hypoxia. Unlike in BM-MSCs, HMGB-1 was significantly 
upregulated in AD-MSCs in response to hypoxia while TLR4 was upregulated in response to Cytomix 
treatment. HMOX1 and CAT were significantly downregulated following Cytomix treatment. PTGS, 
TNFAIP6, and STC-1 were significantly upregulated under all preconditioning methods, but most 
were dramatically upregulated in the Cytomix-hypoxia group (p < 0.0001). (Figure 3B). 
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Figure 3. Gene expression of preconditioned MSCs. (A) In BM-MSCs, Cytomix-normoxia treatment 
significantly upregulated gene expression of BCL-2, CASP-3, CYCS, TLR-4, HMOX1, PTGS-2, and 
TNFAIP6. Hypoxia preconditioning increased TLR-4 and HMOX1 gene expression, while Cytomix-
hypoxia combination significantly upregulated TLR-4, PTGS-2, TNFAIP6, and STC-1 and 
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downregulated CYCS. (B) In AD-MSCs, Cytomix-normoxia treatment significantly upregulated gene 
expression of BCL-2, TLR-4, and TNFAIP6. Hypoxia preconditioning increased BCL-2, VEGF-A, 
HMGB-1, CAT, STC-1, and HMOX1 gene expression, while Cytomix-hypoxia treatment significantly 
upregulated BCL-2, VEGF-A, TF, HMGB-1, TLR-4, PTGS-2, TNFAIP6, and STC-1 and downregulated 
HMOX1. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 

3.4. Secretion Profile 

Since paracrine activity is a key mechanism of action of MSCs, secretion of bioactive factors was 
evaluated in response to preconditioning and compared to normoxia. In BM-MSCs, secretion of the 
anti-inflammatory cytokines IL-1RA (p < 0.01), IL-4 (p < 0.05), and IL-10 (p < 0.05), as well as the pro-
inflammatory cytokines IL-1α (p < 0.001), IL-12 (p < 0.05), and IL-8 (saturated level), was significantly 
increased in the Cytomix-hypoxia group (Figure 4A). IL-1RA secretion also significantly increased in 
the Cytomix-normoxia group (p < 0.01).  

Similar to that by BM-MSCs, secretion of IL-1RA, IL-6, and IL-8 by AD-MSCs was increased 
following Cytomix treatment, whereas secretion of IL-4 was increased (although not statistically 
significant) following hypoxia and Cytomix-hypoxia preconditioning (Figure 4B). 
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Figure 4. Secretion profile of preconditioned MSCs. (A) In BM-MSCs, IL-1RA and IL-8 were increased 
in Cytomix-treated cells. (B) In AD-MSCs, similar to in BM-MSCs, increases were seen in levels of IL-
1RA and IL-8 following Cytomix treatment, as well as an increase in MCP-1 secretion. In addition, 
Cytomix-hypoxia preconditioning yielded further increases in levels of IL-1α, IL-4, IL-10, and IL-12. 
* p < 0.05, ** p < 0.01, *** p < 0.001. 

3.5. Inflammatory Assay 

To validate that our findings were due to the preconditioning approaches and not donor-
dependent, the anti-inflammatory function of MSCs from different donors (3 BM donors, 3 AD 
donors, n = 6 in total) was evaluated in a co-culture system of MSCs and MNCs stimulated with LPS. 

In BM-MSCs, the secretion of the anti-inflammatory cytokine IL-10 was significantly increased 
in the Cytomix-normoxia (p < 0.01) and Cytomix-hypoxia (p < 0.01)-treated groups in donor 2. Donor 
1 had high basal secretion of IL-10 and preconditioning did not further increase the secretion capacity. 
Although failing to meet significance, donor 3 showed a similar response to preconditioning 
compared to donor 2 (Figure 5A). IL-1RA secretion was significantly affected by preconditioning. 
Donor 1 showed increased secretion in all groups (p < 0.001) while revealing Cytomix-hypoxia futher 
increased IL-1RA compared to hypoxia (p < 0.01). Donor 2 showed an increased in secretion in the 
Cytomix-hypoxia group (p < 0.05). Donor 3 showed IL-1RA secretion increased in all the groups (p < 
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0.0001); however, Cytomix-treated groups had higher secretion than their counterparts (p < 0.001) 
(Figure 5B). TNF-α was significantly suppressed in all groups in donor 1. Donor 2 saw a decrease in 
the normoxia group while donor 3 showed suppression in hypoxia and Cytomix-hypoxia groups 
(Figure 5C). INF-γ production followed a similar trend in all donors. Secretion was increased in 
Cytomix-normoxia (p < 0.01) and Cytomix-hypoxia (p < 0.01) (Figure 5D). Similarly, IL-1B secretion 
was largely unaffected by preconditioning (Figure 5E). 

In AD-MSCs, IL-10 was increased by preconditioning. In all three donors, Cytomix-normoxia 
and Cytomix-hypoxia treatment caused a significant increase in secretion (p < 0.05 and p < 0.01, 
respectively, Figure 5A). IL-1RA was also significantly affected by preconditioning. All donors 
showed a similar response, significantly increasing secretion after Cytomix-normoxia and Cytomix-
hypoxia (Figure 5B). TNF-α secretion varied between donors. Donor 1 showed all groups suppressed 
TNF-α secretion. Donors 2 and 3 showed increases in TNF-α compared to controls but the level of 
secretion was comparable to that in donor 1 (Figure 5C). Similar to their BM counterparts, AD-MSCs 
from all donors showed significant increases in IFN-γ secretion after Cytomix-normoxia and 
Cytomix-hypoxia treatment (p < 0.001 and p < 0.001, respectively; Figure 5D). IL-1B was not affected 
by preconditioning.  
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Figure 5. An inflammatory response to a lipopolysaccharide (LPS) challenge in a co-culture system of 
MSCs and MNCs. Preconditioning significantly augmented the anti-inflammatory response of BM-
MSCs and AD-MSCs by increasing IL-10 (A) and IL-1RA (B) levels while significantly suppressing 
the secretion of TNF-α (C). Cytomix treatment elicited the most potent response with significantly 
increased production of IFN-γ (D), whereas no significant differences were observed in levels of IL-
1β (E). * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 

3.6. Mixed Lymphocyte Reaction 

The immunosuppressive capacity of the different MSCs was evaluated using an MLR assay. 
Analysis of T-cell proliferation revealed that all groups were able to significantly suppress T-cell 
proliferation (p < 0.0001) compared to controls; however, preconditioning significantly enhanced the 
immunosuppressive effects of BM-MSCs compared to normoxia, with Cytomix treatment being the 
most effective (p < 0.0001) (Figure 6A). 

Similar to BM-MSCs, AD-MSCs were able to significantly suppress T-cell proliferation 
regardless of preconditioning, as compared to controls (p < 0.0001). Similar to BM-MSCs, 
preconditioning with Cytomix further enhanced the immunosuppressive capacity of AD-MSCs when 
compared to non-Cytomix-treated (normoxia and hypoxia) groups (p < 0.0001). (Figure 6B). 

To examine their immunomodulatory activity, cytokine secretion was also examined in the MLR 
co-culture system. In BM-MSCs, the secretion of IL-1RA was significantly increased under all 
conditions as compared to controls (p < 0.01). IFN-γ and IL-6 production were significantly decreased 
in all groups as compared to controls (p < 0.0001), with significantly enhanced IL-6 suppression 
following Cytomix-normoxia and hypoxia preconditioning, as compared to normoxia (p < 0.05). 
Conversely, secretion of IL-1β was significantly enhanced compared to controls (p < 0.01). IL-8 
secretion was significantly suppressed (p < 0.001) following preconditioning as compared to controls. 
(Figure 6C). 

Similar to that in BM-MSCs, secretion of IL-1RA was significantly increased in AD-MSCs co-
cultures as compared to in controls. All groups significantly suppressed the secretion of IFN-γ as 
compared to controls (p < 0.0001). Similarly, IL-4 levels were significantly decreased under all 
conditions, but more significantly decreased (p < 0.001) following Cytomix treatment (Figure 6D). 
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Figure 6. Immunomodulatory function of preconditioned MSCs demonstrated via an MLR assay. (A) 
Preconditioning significantly augmented the immunosuppressive function of BM-MSCs, with 
Cytomix-treated cells performing best. (B) Similar to that of their BM counterparts, 
immunosuppressive function of AD-MSC was augmented by all preconditioning treatments; 
however, compared to other groups, the normoxia-treated cells were significantly more potent. (C) 
BM-MSC co-cultures resulted in increased levels of IL-1RA and IL-1β, while the secretion of the pro-
inflammatory cytokines IL-6, IL-8, and IFN-γ was inhibited. (D) AD-MSC co-cultures resulted in 
increased levels of IL-1RA, while IL-4 and IFN-γ secretion was suppressed. * p < 0.05, ** p < 0.01, *** p 
< 0.001, **** p < 0.0001. 
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Table 1. Semi-quantitative summary of results. ↑ and ↓ denote increases and decreases, respectively. 
Additional arrows mean a larger magnitude of change (i.e., ↑ < ↑↑ < ↑↑↑ < ↑↑↑↑ and ↓ < ↓↓ < ↓↓↓ < ↓↓↓↓). 

 21% +21% 2% +2% 
 BM AD BM AD BM AD BM AD 

Gene Expression         
TF (F3) - - - ↓↓ - ↑↑↑↑ ↑↑ ↑↑↑ 

VEGF-A - - - - - ↑↑↑↑ - ↑↑↑↑ 
BCL-2 - - ↑↑ ↑ - ↑↑ - ↑↑↑↑ 

HMOX1 - - ↑↑ ↓↓ ↑ - - ↓ 
TNFAIP6 - - ↑↑↑ ↑↑↑ - ↑↑ ↑ - 

MSC Secretion         
IL-1RA - - ↑↑ ↑ - - ↑↑ ↑↑ 

IL-8 - - ↑↑↑↑ ↑↑↑↑ - - ↑↑↑↑ ↑↑↑↑ 
Immunosuppression (MLR Assay) ↑ ↑ ↑↑ ↑↑↑↑ ↑ ↑ ↑↑ ↑↑↑ 
Immunomodulation (MLR Assay)          

IFN-γ ↓↓↓↓ ↓↓↓↓ ↓↓↓↓ ↓↓↓↓ ↓↓↓↓ ↓↓↓↓ ↓↓↓↓ ↓↓↓↓ 
IL-1β ↑↑ - ↑↑ - ↑ - ↑↑ - 
IL-6 ↓ - ↓↓ - ↓↓ - ↓ - 
IL-8 ↑↑↑↑ - ↓↓↓ - ↓↓↓ - ↓↓↓ - 

IL-1RA ↑↑ ↑↑ ↑↑ ↑↑ ↑↑ ↑↑ ↑↑ ↑↑ 

4. Discussion 

MSCs are attractive candidates for cell-based therapies. MSCs can be isolated from various 
sources. However, in more than half of the clinical trials to date, BM has been used as the source for 
MSCs, followed by umbilical-cord blood and adipose tissue [33]. At present, it is still unclear which 
source provides MSCs with superior functionality, but it has been shown that MSCs from different 
sources share some similar characteristics [2,34]. As the field advances, it is expected that the source 
of MSCs will likely be determined by the target indication and not by the availability or ease of 
isolation. For example, adipose-derived MSCs are reported to exhibit higher angiogenic and 
immunomodulatory capacity than BM-derived MSCs [5,35,36].  

Aside from source, the therapeutic properties of MSCs can be affected by post-injury 
physiological factors, such as hypoxia and inflammation. It has been shown that exposing cells to 
these environments in vitro can augment their therapeutic capacity and potentially prepare or 
precondition them for in vivo use [30]. Przybyt et al. preconditioned AD-MSCs using a combination 
of hypoxia and IL-1β. They reported that CM from the preconditioned AD-MSCs enhance 
cardiomyocyte proliferation in vitro. To the author’s knowledge, the present study is the first to 
compare preconditioning methods in both BM-MSCs and AD-MSCs using a combination of hypoxia 
and Cytomix followed by a comprehensive assessment of MSC characteristics and therapeutic 
potency. Herein, we demonstrate that these preconditioning approaches are highly effective in 
augmenting the immunotherapeutic function of MSCs (Table 1). 

To mimic an injurious inflammatory milieu, we utilized Cytomix, which contains IL-1β, IFN-γ, 
and TNF-α. Both IFN-γ and TNF-α have been shown to augment the immunomodulatory function 
of BM-MSCs and AD-MSCs [37,38]. To mimic hypoxia, we used a dedicated oxygen chamber and 
incubated the MSCs at 2% oxygen for 48 hours, as we have previously found that these oxygen 
conditions are optimal for MSC function.  

In terms of cell phenotype, the preconditioned BM-MSCs and AD-MSCs retained high levels of 
positive MSC markers (above 97% and 93%, respectively); however, TF expression was elevated 
following exposure to Cytomix. Hypoxia treatment significantly increased the metabolic activity of 
BM-MSCs. This response to hypoxia has been well documented in the literature [39–41] and our 
results are in agreement with our previous study [30]. Furthermore, the increase in metabolic activity 
is in agreement with a recent report correlating increased metabolism with higher 
immunosuppressive capacity of BM-MSCs [42]. Morphological changes were observed after 
preconditioning cells with Cytomix. The MSCs became elongated, exhibiting a more spindle-like 
appearance. Notably, Klinker et al. recently reported that the morphology of MSCs can predict their 
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overall immunosuppressive capacity [43]. In that study, they showed that thin elongated MSCs have 
a better immunosuppressive capacity than rounder MSCs, an observation that is consistent with our 
findings. Importantly, apoptosis has also been correlated with the immunosuppressive potency of 
MSCs. Galleu and colleagues reported that MSCs undergo apoptosis by recipient cytotoxic cells, a 
process that is essential for MSC-induced immunosuppression. They propose that apoptotic MSCs 
can be infused into patients to cause immunosuppression [44]. In this study, apoptosis was increased 
by the addition of Cytomix. In agreement with the aforementioned studies, the Cytomix-treated 
MSCs were also the most potent in effecting immunosuppression. Furthermore, the higher rate of 
apoptosis seen in the AD-MSCs correlated with higher immunosuppressive capacity, as compared to 
that of BM-MSCs (~20% vs. ~40% T-cell proliferation, respectively; Figure 6A,B).  

Evaluation of the differentiation capacity of the preconditioned MSCs revealed that the 
combination of hypoxia and Cytomix impairs their multipotent characteristics. Specifically, the BM-
MSCs were unable to differentiate down the osteogenic pathway, while the AD-MSCs lacked 
chondrogenic and adipogenic potential. Similar findings were reported by both Wang et al. and 
Sullivan et al. In their studies, murine BM-MSCs treated with inflammatory mediators demonstrated 
reduced ability to differentiate down the osteogenic and adipogenic pathways [45,46].  

MSC response to preconditioning was also measured via gene expression. BCL-2, BAX, CYCS, 
and CASP3 genes encode proteins that are important factors in the apoptosis pathway. In this study, 
we observed an upregulation in CASP3 expression in the Cytomix-hypoxia BM-MSCs, which is 
consistent with the high percentage of MSCs undergoing late apoptosis as shown by flow cytometry 
(Figure 2D). In AD-MSCs, we observed higher rates of apoptosis, particularly in the Cytomix-hypoxia 
group. Gene expression shows an inverse relationship between BAX and BCL-2, suggesting an anti-
apoptotic signature. This may suggest that the cells are attempting to protect themselves from the 
harmful inflammatory (Cytomix-hypoxia) milieu. This observation is consistent with other studies 
demonstrating that BAX/BCL-2 ratio is important in the regulation of apoptosis [47,48].  

The VEGF-A protein is central to the formation of new networks of blood vessels [49]. Increased 
VEGF-A expression/secretion due to hypoxia (and hypoxia-inducible factor activation) is a known 
molecular pathway that has been extensively reported in the literature [40,41,50,51] and is also 
consistent with our previous findings [30]. In this study, AD-MSCs showed a much more significant 
upregulation of VEGF-A under hypoxia (Figure 3B). This could be due to inherent angiogenic 
disposition seeing that they were retrieved from the stromal vascular fraction. The results from the 
BM-MSCs reveal that VEGF-A protein secretion may increase following preconditioning, especially 
after exposure to both hypoxia and Cytomix (Figure 3A). 

The F3 gene encodes for TF, a cell surface glycoprotein that signals cells to initiate the blood 
coagulation cascade. Systemic administration of cells with increased TF expression may present a 
safety concern, such as pulmonary embolism. Since various groups have reported the expression of 
TF by MSCs under certain conditions [25,28,30,52], we wanted to assess its expression following 
preconditioning in both BM-MSCs and AD-MSCs. Flow cytometry data indicated no increase in TF 
expression due to hypoxia in human BM-MSCs, which is consistent with our previous work [30]. In 
contrast, TF expression increased dramatically when BM-MSCs were treated with Cytomix. Gene 
expression data support these findings with a significant upregulation in F3 in the +2% BM-MSCs (p 
= 0.018). In contrast to in BM-MSCs, in AD-MSCs, TF surface expression measured via flow cytometry 
was increased under hypoxia and Cytomix treatment. These findings are further corroborated by 
significant upregulation of the TF gene under hypoxia and Cytomix as compared to that under 
normoxia (p < 0.0001). Finally, a direct correlation exists between the angiogenic genes VEGF-A and 
TF with a concomitant increase in both BM-MSCs and AD-MSCs [53,54]. 

Following preconditioning, we also observed an upregulation in HMGB-1 and its receptor, TLR-
4. This effect was more significant in AD-MSCs, which indicates that preconditioning promotes MSC 
activation, as TLR4 has been shown to play a key role in MSC response to injury [31], as well as MSC 
modulation of cytokine production [55]. Previous studies have shown that pro-inflammatory 
cytokines [56,57] and hypoxia [58–61] upregulate HMOX1 expression, which was shown to play a 
key role in the immunosuppressive function of MSCs [62]. The anti-inflammatory function of 
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HMOX1 is also correlated with IL-1RA secretion [63]. In this study, HMOX1 was upregulated in BM-
MSCs following preconditioning with a concomitant increase in the secretion of IL-1RA, both in 
single and co-cultures (Figures 4A, 5A, and 6C). This relationship was not observed in AD-MSCs as 
HMOX1 was downregulated following Cytomix treatment, irrespective of hypoxia. Since both 
HMOX1 and CAT play pivotal roles in protecting cells from reactive oxygen species [64,65], their 
expression is correspondingly regulated and coupled following preconditioning in both BM-MSCs 
and AD-MSCs (Figure 3). TNFAIP6 is implicated in mediating the anti-inflammatory and tissue 
protective functions of MSCs [66]. TSG-6 is a protein encoded by TNFAIP6 that plays a vital role in 
MSC’s therapeutic capacity for resolving lung injury [67,68] and sterile inflammation [69]. In this 
study, TNFAIP6 expression was significantly upregulated following Cytomix treatment in both BM-
MSCs and AD-MSCs. Similarly, STC-1 and PTGS-2 were upregulated in both BM-MSCs and AD-
MSCs following Cytomix treatment. The therapeutic effects of STC-1 include reduction of oxidative 
stress, resolution of lung fibrosis, as well as attenuation of inflammatory response by monocyte and 
macrophage [70,71]. PTGS-2 encodes for the cox-2 enzyme, which is responsible for the production 
of prostaglandin E2 (PGE2). PGE2 plays a key role in the immunosuppressive effects of MSCs [72,73]. 
Therefore, upregulation of PTGS-2 following preconditioning is most likely correlated with the 
augmented MSC immunosuppression seen in this study (Figure 6A,B). 

Since paracrine activity has been identified as a key function of MSCs, the secretion profile of 
MSCs was investigated in response to preconditioning. In single cultures, we observed robust 
secretion of IL-1RA, and to a lesser extent IL-10 following Cytomix treatment (Figure 4). Elevated 
levels of the anti-inflammatory cytokines IL-1RA and IL-10 are paramount for the resolution of ARDS 
[74,75]. 

Secretion profile was also assessed in an MSC–MNC co-culture following an LPS challenge in 
order to examine their inflammatory response as well as assessing donor variation (Figure 5). To 
perform this, we tested a total of 6 different donors (3 donors from each tissue). In both MSC types, 
significantly high levels of the anti-inflammatory cytokines, IL-1RA and IL-10, were evident 
following an inflammatory challenge with a more robust response following the Cytomix treatment. 
TNF-α has been implicated as an inflammatory mediator of ARDS/ALI [76,77]. Both types of MSCs 
were able to significantly inhibit the secretion of TNF-α but varied by donor. While the Cytomix 
treatment triggered higher levels of anti-inflammatory cytokines, it also significantly increased the 
secretion of the pro-inflammatory IFN-γ in both BM-MSCs and AD-MSCs, which is a key mediator 
for regulating the immunomodulatory function of MSCs [38,43]. In general, the MSCs responded to 
preconditioning similarly, regardless of the inherent donor variation. 

An MLR assay was used to evaluate the immunomodulatory capabilities of the preconditioned 
BM-MSCs and AD-MSCs. In this assay, the MNCs are stimulated with a mitogen (PHA) to trigger T-
cell proliferation. Both MSC types were able to significantly suppress T-cell proliferation; however, 
the Cytomix-treated groups were the most effective, with the +21% AD-MSCs eliciting the most 
potent response. Our results add to the existing body of literature illustrating the immunosuppressive 
effects of both BM-MSCs and AD-MSCs [78–80]. Evaluation of secreted factors demonstrated robust 
secretion of IL-1RA from both cell types, thereby validating once again that IL-1RA is central to the 
therapeutic action of MSCs. 

Taken together, Cytomix treatment in combination with hypoxia culture resulted in MSCs with 
augmented therapeutic capacity, evident via enhanced functional characteristics as well as 
immunosuppressive and immunomodulatory functions. However, the combinatory treatment 
appeared too harsh/injurious for the cells, evident from the decrease in their multipotent potential, 
reduced clonogenic capacity, and increased TF expression. In contrast, Cytomix-treated MSCs 
cultured under normoxia showed a similar response in augmentation of function while 
concomitantly retaining their multipotent and self-renewal properties. It is important to note that the 
combinatory treatment may still prove useful under different conditions (e.g., different cytokine 
exposures, hypoxia tensions, and treatment windows). However, under these settings, we show that 
a single preconditioning approach, namely Cytomix treatment under normoxia, is ideal.  
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The authors acknowledge that there are limitations in this study. Importantly, most assays were 
performed using a single donor per cell type and therefore these results could possibly arise from 
donor-dependent variations. However, in the anti-inflammatory assay, it was demonstrated that, 
using three different donors per cell type, the MSCs responded similarly to preconditioning, thereby 
suggesting minimal donor-dependent variation with preconditioning. This preconditioning method 
can be valuable for producing MSCs for anti-inflammatory indications, such as ARDS treatment. It is 
expected that these cells will exhibit superior function under harsh in vivo inflammatory conditions, 
which still needs to be proven. Clinical application of this approach can simply involve a short 
exposure time of AD-MSCs prior to cell infusion. However, it is important to note that in the case of 
AD-MSCs, thromboemboli could be of significant clinical consequence (as demonstrated by increased 
TF expression); therefore, for systemic cell administration BM-MSCs appear safer. 

5. Conclusion 

In this study, we evaluated various preconditioning methods, including the novel combination 
of hypoxia and Cytomix (TNF-α, INF-γ, and IL-1β) to determine their potential for augmenting the 
therapeutic function of MSCs in preparation for the harsh in vivo environment. Our data suggest that 
these preconditioning approaches can facilitate the production of MSCs with robust 
immunomodulatory and anti-inflammatory properties. In these settings, both BM-MSCs and AD-
MSCs appear as promising candidates for the treatment of inflammatory conditions. BM-MSCs 
exhibit robust secretion capacity, while AD-MSCs elicit a potent immunosuppressive response. 
Taken together, Cytomix-treated AD-MSCs cultured under normoxia appear to be the ideal 
candidate for treating inflammatory conditions due to their retention of multi-differentiation 
potential and self-renewal capacity, robust anti-inflammatory properties, and potent 
immunosuppressive function. Nonetheless, safety concerns, such as thrombogenic disposition due 
to TF expression, should be carefully considered prior to clinical application. 

Author Contributions: Individual contributions are as follows: conceptualization, L.R. and B.A.; methodology, 
L.R. and B.A.; formal analysis, L.R.; investigation, L.R., A.M., R.K. A.A., L.A., and B.A.; writing of original draft 
preparation, L.R.; writing of review and editing, L.R. and B.A.; visualization, L.R., A.M. and R.K.; supervision, 
L.C. and B.A.; funding acquisition, L.C and B.A. 

Funding: This work was supported by USAMRMC Combat Casualty Care RAD administered via the Multi-
Organ Support Technology (MOST) Task Area (grant number: X_018_2018; principal investigator: Ben Antebi). 

Acknowledgments: We would like to acknowledge the kind assistance of Dr. Rodney Chan and Ms. Victoria 
Hatem for facilitating the collection of adipose tissue via protocol #H-11-020/M-10128. 

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

Disclaimer: The opinions or assertions contained herein are the private views of the authors and are not to be 
construed as official or as reflecting the views of the Department of the Army or the Department of Defense. 

References 

1. Antebi, B.; Mohammadipoor, A.; Batchinsky, A.I.; Cancio, L.C. The promise of mesenchymal stem cell 
therapy for acute respiratory distress syndrome. J. Trauma Acute Care Surg. 2018, 84, 183–191, 
doi:10.1097/ta.0000000000001713. 

2. Wang, L.T.; Ting, C.H.; Yen, M.L.; Liu, K.J.; Sytwu, H.K.; Wu, K.K.; Yen, B.L. Human mesenchymal stem 
cells (MSCs) for treatment towards immune- and inflammation-mediated diseases: Review of current 
clinical trials. J. Biomed. Sci. 2016, 23, 76, doi:10.1186/s12929-016-0289-5. 

3. Baghaei, K.; Hashemi, S.M.; Tokhanbigli, S.; Asadi Rad, A.; Assadzadeh-Aghdaei, H.; Sharifian, A.; Zali, 
M.R. Isolation, differentiation, and characterization of mesenchymal stem cells from human bone marrow. 
Gastroenterol. Hepatol. Bed Bench 2017, 10, 208–213. 

4. Leto Barone, A.A.; Khalifian, S.; Lee, W.P.; Brandacher, G. Immunomodulatory effects of adipose-derived 
stem cells: Fact or fiction? BioMed Res. Int. 2013, 2013, 383685, doi:10.1155/2013/383685. 



Cells 2019, 8, 462 27 of 31 

 

5. Melief, S.M.; Zwaginga, J.J.; Fibbe, W.E.; Roelofs, H. Adipose tissue-derived multipotent stromal cells have 
a higher immunomodulatory capacity than their bone marrow-derived counterparts. Stem Cells Transl. 
Med. 2013, 2, 455–463, doi:10.5966/sctm.2012-0184. 

6. Li, C.Y.; Wu, X.Y.; Tong, J.B.; Yang, X.X.; Zhao, J.L.; Zheng, Q.F.; Zhao, G.B.; Ma, Z.J. Comparative analysis 
of human mesenchymal stem cells from bone marrow and adipose tissue under xeno-free conditions for 
cell therapy. Stem Cell Res. Ther. 2015, 6, 55, doi:10.1186/s13287-015-0066-5. 

7. Horwitz, E.M.; Gordon, P.L.; Koo, W.K.; Marx, J.C.; Neel, M.D.; McNall, R.Y.; Muul, L.; Hofmann, T. 
Isolated allogeneic bone marrow-derived mesenchymal cells engraft and stimulate growth in children with 
osteogenesis imperfecta: Implications for cell therapy of bone. Proc. Natl. Acad. Sci. USA 2002, 99, 8932–
8937, doi:10.1073/pnas.132252399. 

8. Le Blanc, K.; Rasmusson, I.; Sundberg, B.; Gotherstrom, C.; Hassan, M.; Uzunel, M.; Ringden, O. Treatment 
of severe acute graft-versus-host disease with third party haploidentical mesenchymal stem cells. Lancet 
2004, 363, 1439–1441, doi:10.1016/S0140-6736(04)16104-7. 

9. Duijvestein, M.; Vos, A.C.; Roelofs, H.; Wildenberg, M.E.; Wendrich, B.B.; Verspaget, H.W.; Kooy-
Winkelaar, E.M.; Koning, F.; Zwaginga, J.J.; Fidder, H.H.; et al. Autologous bone marrow-derived 
mesenchymal stromal cell treatment for refractory luminal Crohn's disease: Results of a phase I study. Gut 
2010, 59, 1662–1669, doi:10.1136/gut.2010.215152. 

10. Boregowda, S.V.; Krishnappa, V.; Chambers, J.W.; Lograsso, P.V.; Lai, W.T.; Ortiz, L.A.; Phinney, D.G. 
Atmospheric oxygen inhibits growth and differentiation of marrow-derived mouse mesenchymal stem 
cells via a p53-dependent mechanism: Implications for long-term culture expansion. Stem Cells 2012, 30, 
975–987, doi:10.1002/stem.1069. 

11. Spencer, J.A.; Ferraro, F.; Roussakis, E.; Klein, A.; Wu, J.; Runnels, J.M.; Zaher, W.; Mortensen, L.J.; Alt, C.; 
Turcotte, R.; et al. Direct measurement of local oxygen concentration in the bone marrow of live animals. 
Nature 2014, 508, 269–273, doi:10.1038/nature13034. 

12. Hodson, L. Adipose tissue oxygenation: Effects on metabolic function. Adipocyte 2014, 3, 75–80, 
doi:10.4161/adip.27114. 

13. Berniakovich, I.; Giorgio, M. Low oxygen tension maintains multipotency, whereas normoxia increases 
differentiation of mouse bone marrow stromal cells. Int. J. Mol. Sci. 2013, 14, 2119–2134, 
doi:10.3390/ijms14012119. 

14. Fotia, C.; Massa, A.; Boriani, F.; Baldini, N.; Granchi, D. Hypoxia enhances proliferation and stemness of 
human adipose-derived mesenchymal stem cells. Cytotechnology 2015, 67, 1073–1084, doi:10.1007/s10616-
014-9731-2. 

15. Kakudo, N.; Morimoto, N.; Ogawa, T.; Taketani, S.; Kusumoto, K. Hypoxia Enhances Proliferation of 
Human Adipose-Derived Stem Cells via HIF-1a Activation. PLoS ONE 2015, 10, e0139890, 
doi:10.1371/journal.pone.0139890. 

16. Dos Santos, F.; Andrade, P.Z.; Boura, J.S.; Abecasis, M.M.; da Silva, C.L.; Cabral, J.M. Ex vivo expansion of 
human mesenchymal stem cells: A more effective cell proliferation kinetics and metabolism under hypoxia. 
J. Cell. Physiol. 2010, 223, 27–35, doi:10.1002/jcp.21987. 

17. Matthay, M.A.; Ware, L.B.; Zimmerman, G.A. The acute respiratory distress syndrome. J. Clin. Investig. 
2012, 122, 2731–2740, doi:10.1172/JCI60331. 

18. Mukhopadhyay, S.; Hoidal, J.R.; Mukherjee, T.K. Role of TNFalpha in pulmonary pathophysiology. Respir. 
Res. 2006, 7, 125, doi:10.1186/1465-9921-7-125. 

19. Potier, E.; Ferreira, E.; Andriamanalijaona, R.; Pujol, J.P.; Oudina, K.; Logeart-Avramoglou, D.; Petite, H. 
Hypoxia affects mesenchymal stromal cell osteogenic differentiation and angiogenic factor expression. 
Bone 2007, 40, 1078–1087, doi:10.1016/j.bone.2006.11.024. 

20. Hung, S.C.; Pochampally, R.R.; Chen, S.C.; Hsu, S.C.; Prockop, D.J. Angiogenic effects of human 
multipotent stromal cell conditioned medium activate the PI3K-Akt pathway in hypoxic endothelial cells 
to inhibit apoptosis, increase survival, and stimulate angiogenesis. Stem Cells 2007, 25, 2363–2370, 
doi:10.1634/stemcells.2006-0686. 

21. Przybyt, E.; Krenning, G.; Brinker, M.G.; Harmsen, M.C. Adipose stromal cells primed with hypoxia and 
inflammation enhance cardiomyocyte proliferation rate in vitro through STAT3 and Erk1/2. J. Transl. Med. 
2013, 11, 39, doi:10.1186/1479-5876-11-39. 

22. Redondo-Castro, E.; Cunningham, C.; Miller, J.; Martuscelli, L.; Aoulad-Ali, S.; Rothwell, N.J.; Kielty, C.M.; 
Allan, S.M.; Pinteaux, E. Interleukin-1 primes human mesenchymal stem cells towards an anti-



Cells 2019, 8, 462 28 of 31 

 

inflammatory and pro-trophic phenotype in vitro. Stem Cell Res. Ther. 2017, 8, 79, doi:10.1186/s13287-017-
0531-4. 

23. Antebi, B.; Zhang, Z.; Wang, Y.; Lu, Z.; Chen, X.D.; Ling, J. Stromal-cell-derived extracellular matrix 
promotes the proliferation and retains the osteogenic differentiation capacity of mesenchymal stem cells 
on three-dimensional scaffolds. Tissue Eng. Part C Methods 2015, 21, 171–181, doi:10.1089/ten.TEC.2014.0092. 

24. Broekman, W.; Amatngalim, G.D.; de Mooij-Eijk, Y.; Oostendorp, J.; Roelofs, H.; Taube, C.; Stolk, J.; 
Hiemstra, P.S. TNF-alpha and IL-1beta-activated human mesenchymal stromal cells increase airway 
epithelial wound healing in vitro via activation of the epidermal growth factor receptor. Respir. Res. 2016, 
17, 3, doi:10.1186/s12931-015-0316-1. 

25. Tatsumi, K.; Ohashi, K.; Matsubara, Y.; Kohori, A.; Ohno, T.; Kakidachi, H.; Horii, A.; Kanegae, K.; Utoh, 
R.; Iwata, T.; et al. Tissue factor triggers procoagulation in transplanted mesenchymal stem cells leading to 
thromboembolism. Biochem. Biophys. Res. Commun. 2013, 431, 203–209, doi:10.1016/j.bbrc.2012.12.134. 

26. Lim, R.; Malhotra, A.; Tan, J.; Chan, S.T.; Lau, S.; Zhu, D.; Mockler, J.C.; Wallace, E.M. First-In-Human 
Administration of Allogeneic Amnion Cells in Premature Infants With Bronchopulmonary Dysplasia: A 
Safety Study. Stem Cells Transl. Med. 2018, 7, 628–635, doi:10.1002/sctm.18-0079. 

27. Ozdemir, E.; Kansu, E. Deep Vein Thrombosis Following Non-myeloablative Allogeneic Stem Cell 
Transplantation: Presentation of Three Cases and Literature Review. Turkish J. Haematol. Off. J. Turkish Soc. 
Haematol. 2013, 30, 188–190, doi:10.4274/Tjh.92499. 

28. Christy, B.A.; Herzig, M.C.; Montgomery, R.K.; Delavan, C.; Bynum, J.A.; Reddoch, K.M.; Cap, A.P. 
Procoagulant activity of human mesenchymal stem cells. J. Trauma Acute Care Surg. 2017, 83, S164–S169, 
doi:10.1097/TA.0000000000001485. 

29. Stephenne, X.; Vosters, O.; Najimi, M.; Beuneu, C.; Dung, K.N.; Wijns, W.; Goldman, M.; Sokal, E.M. Tissue 
factor-dependent procoagulant activity of isolated human hepatocytes: Relevance to liver cell 
transplantation. Liver Transplant. Off. Publ. Am. Assoc. Study of Liver Dis. Int. Liver Transplant. Soc. 2007, 13, 
599–606, doi:10.1002/lt.21128. 

30. Antebi, B.; Rodriguez, L.A., 2nd; Walker, K.P., 3rd; Asher, A.M.; Kamucheka, R.M.; Alvarado, L.; 
Mohammadipoor, A.; Cancio, L.C. Short-term physiological hypoxia potentiates the therapeutic function 
of mesenchymal stem cells. Stem Cell Res. Ther. 2018, 9, 265, doi:10.1186/s13287-018-1007-x. 

31. Antebi, B.; Walker, K.P., 3rd; Mohammadipoor, A.; Rodriguez, L.A.; Montgomery, R.K.; Batchinsky, A.I.; 
Cancio, L.C. The effect of acute respiratory distress syndrome on bone marrow-derived mesenchymal stem 
cells. Stem Cell Res. Ther. 2018, 9, 251, doi:10.1186/s13287-018-0981-3. 

32. Antebi, B.; Cheng, X.; Harris, J.N.; Gower, L.B.; Chen, X.D.; Ling, J. Biomimetic collagen-hydroxyapatite 
composite fabricated via a novel perfusion-flow mineralization technique. Tissue Eng. Part C Methods 2013, 
19, 487–496, doi:10.1089/ten.TEC.2012.0452. 

33. Sharma, R.R.; Pollock, K.; Hubel, A.; McKenna, D. Mesenchymal stem or stromal cells: A review of clinical 
applications and manufacturing practices. Transfusion 2014, 54, 1418–1437, doi:10.1111/trf.12421. 

34. Strioga, M.; Viswanathan, S.; Darinskas, A.; Slaby, O.; Michalek, J. Same or not the same? Comparison of 
adipose tissue-derived versus bone marrow-derived mesenchymal stem and stromal cells. Stem Cells Dev. 
2012, 21, 2724–2752, doi:10.1089/scd.2011.0722. 

35. Kim, Y.; Kim, H.; Cho, H.; Bae, Y.; Suh, K.; Jung, J. Direct comparison of human mesenchymal stem cells 
derived from adipose tissues and bone marrow in mediating neovascularization in response to vascular 
ischemia. Cell Physiol. Biochem. 2007, 20, 867–876, doi:10.1159/000110447. 

36. Ivanova-Todorova, E.; Bochev, I.; Mourdjeva, M.; Dimitrov, R.; Bukarev, D.; Kyurkchiev, S.; Tivchev, P.; 
Altunkova, I.; Kyurkchiev, D.S. Adipose tissue-derived mesenchymal stem cells are more potent 
suppressors of dendritic cells differentiation compared to bone marrow-derived mesenchymal stem cells. 
Immunol. Lett. 2009, 126, 37–42, doi:10.1016/j.imlet.2009.07.010. 

37. Ryan, J.M.; Barry, F.; Murphy, J.M.; Mahon, B.P. Interferon-gamma does not break, but promotes the 
immunosuppressive capacity of adult human mesenchymal stem cells. Clin. Exp. Immunol. 2007, 149, 353–
363, doi:10.1111/j.1365-2249.2007.03422.x. 

38. English, K.; Barry, F.P.; Field-Corbett, C.P.; Mahon, B.P. IFN-gamma and TNF-alpha differentially regulate 
immunomodulation by murine mesenchymal stem cells. Immunol. Lett. 2007, 110, 91–100, 
doi:10.1016/j.imlet.2007.04.001. 

39. Lavrentieva, A.; Majore, I.; Kasper, C.; Hass, R. Effects of hypoxic culture conditions on umbilical cord-
derived human mesenchymal stem cells. Cell Commun. Signal. 2010, 8, 18, doi:10.1186/1478-811X-8-18. 



Cells 2019, 8, 462 29 of 31 

 

40. Ejtehadifar, M.; Shamsasenjan, K.; Movassaghpour, A.; Akbarzadehlaleh, P.; Dehdilani, N.; Abbasi, P.; 
Molaeipour, Z.; Saleh, M. The Effect of Hypoxia on Mesenchymal Stem Cell Biology. Adv. Pharm. Bull. 2015, 
5, 141–149, doi:10.15171/apb.2015.021. 

41. Michiels, C. Physiological and pathological responses to hypoxia. Am. J. Pathol. 2004, 164, 1875–1882, 
doi:10.1016/S0002-9440(10)63747-9. 

42. Killer, M.C.; Nold, P.; Henkenius, K.; Fritz, L.; Riedlinger, T.; Barckhausen, C.; Frech, M.; Hackstein, H.; 
Neubauer, A.; Brendel, C. Immunosuppressive capacity of mesenchymal stem cells correlates with 
metabolic activity and can be enhanced by valproic acid. Stem Cell Res. Ther. 2017, 8, 100, doi:10.1186/s13287-
017-0553-y. 

43. Klinker, M.W.; Marklein, R.A.; Lo Surdo, J.L.; Wei, C.H.; Bauer, S.R. Morphological features of IFN-gamma-
stimulated mesenchymal stromal cells predict overall immunosuppressive capacity. Proc. Natl. Acad. Sci. 
USA 2017, 114, E2598–E2607, doi:10.1073/pnas.1617933114. 

44. Galleu, A.; Riffo-Vasquez, Y.; Trento, C.; Lomas, C.; Dolcetti, L.; Cheung, T.S.; von Bonin, M.; Barbieri, L.; 
Halai, K.; Ward, S.; et al. Apoptosis in mesenchymal stromal cells induces in vivo recipient-mediated 
immunomodulation. Sci. Transl. Med. 2017, 9, doi:10.1126/scitranslmed.aam7828. 

45. Wang, L.; Zhao, Y.; Liu, Y.; Akiyama, K.; Chen, C.; Qu, C.; Jin, Y.; Shi, S. IFN-gamma and TNF-alpha 
synergistically induce mesenchymal stem cell impairment and tumorigenesis via NFkappaB signaling. 
Stem Cells 2013, 31, 1383–1395, doi:10.1002/stem.1388. 

46. Sullivan, C.B.; Porter, R.M.; Evans, C.H.; Ritter, T.; Shaw, G.; Barry, F.; Murphy, J.M. TNFalpha and IL-
1beta influence the differentiation and migration of murine MSCs independently of the NF-kappaB 
pathway. Stem Cell Res. Ther. 2014, 5, 104, doi:10.1186/scrt492. 

47. Perlman, H.; Zhang, X.; Chen, M.W.; Walsh, K.; Buttyan, R. An elevated bax/bcl-2 ratio corresponds with 
the onset of prostate epithelial cell apoptosis. Cell Death Differ. 1999, 6, 48–54, doi:10.1038/sj.cdd.4400453. 

48. Salakou, S.; Kardamakis, D.; Tsamandas, A.C.; Zolota, V.; Apostolakis, E.; Tzelepi, V.; Papathanasopoulos, 
P.; Bonikos, D.S.; Papapetropoulos, T.; Petsas, T.; et al. Increased Bax/Bcl-2 ratio up-regulates caspase-3 and 
increases apoptosis in the thymus of patients with myasthenia gravis. In Vivo 2007, 21, 123–132. 

49. Matsumoto, K.; Ema, M. Roles of VEGF-A signalling in development, regeneration, and tumours. J. 
Biochem. 2014, 156, 1–10, doi:10.1093/jb/mvu031. 

50. Han, K.H.; Kim, A.K.; Kim, M.H.; Kim, D.H.; Go, H.N.; Kang, D.; Chang, J.W.; Choi, S.W.; Kang, K.S.; Kim, 
D.I. Protein profiling and angiogenic effect of hypoxia-cultured human umbilical cord blood-derived 
mesenchymal stem cells in hindlimb ischemia. Tissue Cell 2017, 49, 680–690, doi:10.1016/j.tice.2017.09.006. 

51. Liu, J.; Hao, H.; Xia, L.; Ti, D.; Huang, H.; Dong, L.; Tong, C.; Hou, Q.; Zhao, Y.; Liu, H.; et al. Hypoxia 
pretreatment of bone marrow mesenchymal stem cells facilitates angiogenesis by improving the function 
of endothelial cells in diabetic rats with lower ischemia. PLoS ONE 2015, 10, e0126715, 
doi:10.1371/journal.pone.0126715. 

52. Gleeson, B.M.; Martin, K.; Ali, M.T.; Kumar, A.H.; Pillai, M.G.; Kumar, S.P.; O'Sullivan, J.F.; Whelan, D.; 
Stocca, A.; Khider, W.; et al. Bone Marrow-Derived Mesenchymal Stem Cells Have Innate Procoagulant 
Activity and Cause Microvascular Obstruction Following Intracoronary Delivery: Amelioration by 
Antithrombin Therapy. Stem Cells 2015, 33, 2726–2737, doi:10.1002/stem.2050. 

53. Abe, K.; Shoji, M.; Chen, J.; Bierhaus, A.; Danave, I.; Micko, C.; Casper, K.; Dillehay, D.L.; Nawroth, P.P.; 
Rickles, F.R. Regulation of vascular endothelial growth factor production and angiogenesis by the 
cytoplasmic tail of tissue factor. Proc. Natl. Acad. Sci. USA 1999, 96, 8663–8668. 

54. Nakasaki, T.; Wada, H.; Shigemori, C.; Miki, C.; Gabazza, E.C.; Nobori, T.; Nakamura, S.; Shiku, H. 
Expression of tissue factor and vascular endothelial growth factor is associated with angiogenesis in 
colorectal cancer. Am. J. Hematol. 2002, 69, 247–254. 

55. Diaz de la Guardia, R.; Lopez-Millan, B.; Lavoie, J.R.; Bueno, C.; Castano, J.; Gomez-Casares, M.; Vives, S.; 
Palomo, L.; Juan, M.; Delgado, J.; et al. Detailed Characterization of Mesenchymal Stem/Stromal Cells from 
a Large Cohort of AML Patients Demonstrates a Definitive Link to Treatment Outcomes. Stem Cell Rep. 
2017, 8, 1573–1586, doi:10.1016/j.stemcr.2017.04.019. 

56. Rizzardini, M.; Zappone, M.; Villa, P.; Gnocchi, P.; Sironi, M.; Diomede, L.; Meazza, C.; Monshouwer, M.; 
Cantoni, L. Kupffer cell depletion partially prevents hepatic heme oxygenase 1 messenger RNA 
accumulation in systemic inflammation in mice: Role of interleukin 1beta. Hepatology 1998, 27, 703–710, 
doi:10.1002/hep.510270311. 



Cells 2019, 8, 462 30 of 31 

 

57. Terry, C.M.; Clikeman, J.A.; Hoidal, J.R.; Callahan, K.S. Effect of tumor necrosis factor-alpha and 
interleukin-1 alpha on heme oxygenase-1 expression in human endothelial cells. Am. J. Physiol. 1998, 274, 
H883–H891. 

58. Carraway, M.S.; Ghio, A.J.; Carter, J.D.; Piantadosi, C.A. Expression of heme oxygenase-1 in the lung in 
chronic hypoxia. Am. J. Physiol. Lung Cell. Mol. Physiol. 2000, 278, L806–L812, 
doi:10.1152/ajplung.2000.278.4.L806. 

59. Lee, P.J.; Jiang, B.H.; Chin, B.Y.; Iyer, N.V.; Alam, J.; Semenza, G.L.; Choi, A.M. Hypoxia-inducible factor-1 
mediates transcriptional activation of the heme oxygenase-1 gene in response to hypoxia. J. Biol. Chem. 
1997, 272, 5375–5381. 

60. Panchenko, M.V.; Farber, H.W.; Korn, J.H. Induction of heme oxygenase-1 by hypoxia and free radicals in 
human dermal fibroblasts. Am. J. Physiol. Cell Physiol. 2000, 278, C92–C101, 
doi:10.1152/ajpcell.2000.278.1.C92. 

61. Motterlini, R.; Foresti, R.; Bassi, R.; Calabrese, V.; Clark, J.E.; Green, C.J. Endothelial heme oxygenase-1 
induction by hypoxia. Modulation by inducible nitric-oxide synthase and S-nitrosothiols. J. Biol. Chem. 
2000, 275, 13613–13620. 

62. Chabannes, D.; Hill, M.; Merieau, E.; Rossignol, J.; Brion, R.; Soulillou, J.P.; Anegon, I.; Cuturi, M.C. A role 
for heme oxygenase-1 in the immunosuppressive effect of adult rat and human mesenchymal stem cells. 
Blood 2007, 110, 3691–3694, doi:10.1182/blood-2007-02-075481. 

63. Piantadosi, C.A.; Withers, C.M.; Bartz, R.R.; MacGarvey, N.C.; Fu, P.; Sweeney, T.E.; Welty-Wolf, K.E.; 
Suliman, H.B. Heme oxygenase-1 couples activation of mitochondrial biogenesis to anti-inflammatory 
cytokine expression. J. Biol. Chem. 2011, 286, 16374–16385, doi:10.1074/jbc.M110.207738. 

64. Loboda, A.; Damulewicz, M.; Pyza, E.; Jozkowicz, A.; Dulak, J. Role of Nrf2/HO-1 system in development, 
oxidative stress response and diseases: An evolutionarily conserved mechanism. CMLS 2016, 73, 3221–
3247, doi:10.1007/s00018-016-2223-0. 

65. Zhang, Z.H.; Zhu, W.; Ren, H.Z.; Zhao, X.; Wang, S.; Ma, H.C.; Shi, X.L. Mesenchymal stem cells increase 
expression of heme oxygenase-1 leading to anti-inflammatory activity in treatment of acute liver failure. 
Stem Cell Res. Ther. 2017, 8, 70, doi:10.1186/s13287-017-0524-3. 

66. Day, A.J.; Milner, C.M. TSG-6: A multifunctional protein with anti-inflammatory and tissue-protective 
properties. J. Int. Soc. Matrix Biol. 2018, doi:10.1016/j.matbio.2018.01.011. 

67. Foskett, A.M.; Bazhanov, N.; Ti, X.; Tiblow, A.; Bartosh, T.J.; Prockop, D.J. Phase-directed therapy: TSG-6 
targeted to early inflammation improves bleomycin-injured lungs. Am. J. Physiol. Lung Cell. Mol. Physiol. 
2014, 306, L120–131, doi:10.1152/ajplung.00240.2013. 

68. Mittal, M.; Tiruppathi, C.; Nepal, S.; Zhao, Y.-Y.; Grzych, D.; Soni, D.; Prockop, D.J.; Malik, A.B. TNF a -
stimulated gene-6 (TSG6) activates macrophage phenotype transition to prevent inflammatory lung injury. 
Proc. Natl. Acad. Sci. USA 2016, 113, E8151–E8158, doi:10.1073/pnas.1614935113. 

69. Lee, R.H.; Yu, J.M.; Foskett, A.M.; Peltier, G.; Reneau, J.C.; Bazhanov, N.; Oh, J.Y.; Prockop, D.J. TSG-6 as a 
biomarker to predict efficacy of human mesenchymal stem/progenitor cells (hMSCs) in modulating sterile 
inflammation in vivo. Proc. Natl. Acad. Sci. USA 2014, 111, 16766–16771, doi:10.1073/pnas.1416121111. 

70. Mohammadipoor, A.; Lee, R.H.; Prockop, D.J.; Bartosh, T.J. Stanniocalcin-1 attenuates ischemic cardiac 
injury and response of differentiating monocytes/macrophages to inflammatory stimuli. Transl. Res. J. Lab. 
Clin. Med. 2016, 177, 127–142, doi:10.1016/j.trsl.2016.06.011. 

71. Ono, M.; Ohkouchi, S.; Kanehira, M.; Tode, N.; Kobayashi, M.; Ebina, M.; Nukiwa, T.; Irokawa, T.; Ogawa, 
H.; Akaike, T.; et al. Mesenchymal stem cells correct inappropriate epithelial-mesenchyme relation in 
pulmonary fibrosis using stanniocalcin-1. Mol. Ther. J. Am. Soc. Gene Ther. 2015, 23, 549–560, 
doi:10.1038/mt.2014.217. 

72. Qiu, G.; Zheng, G.; Ge, M.; Huang, L.; Tong, H.; Chen, P.; Lai, D.; Hu, Y.; Cheng, B.; Shu, Q.; et al. Adipose-
derived mesenchymal stem cells modulate CD14(++)CD16(+) expression on monocytes from sepsis patients 
in vitro via prostaglandin E2. Stem Cell Res. Ther. 2017, 8, 97, doi:10.1186/s13287-017-0546-x. 

73. Dang, S.; Xu, H.; Xu, C.; Cai, W.; Li, Q.; Cheng, Y.; Jin, M.; Wang, R.X.; Peng, Y.; Zhang, Y.; et al. Autophagy 
regulates the therapeutic potential of mesenchymal stem cells in experimental autoimmune 
encephalomyelitis. Autophagy 2014, 10, 1301–1315, doi:10.4161/auto.28771. 

74. Wang, C.; Lv, D.; Zhang, X.; Ni, Z.A.; Sun, X.; Zhu, C. Interleukin-10-Overexpressing Mesenchymal Stromal 
Cells Induce a Series of Regulatory Effects in the Inflammatory System and Promote the Survival of 



Cells 2019, 8, 462 31 of 31 

 

Endotoxin-Induced Acute Lung Injury in Mice Model. DNA Cell Biol. 2018, 37, 53–61, 
doi:10.1089/dna.2017.3735. 

75. Bustos, M.L.; Huleihel, L.; Meyer, E.M.; Donnenberg, A.D.; Donnenberg, V.S.; Sciurba, J.D.; Mroz, L.; 
McVerry, B.J.; Ellis, B.M.; Kaminski, N.; et al. Activation of human mesenchymal stem cells impacts their 
therapeutic abilities in lung injury by increasing interleukin (IL)-10 and IL-1RN levels. Stem Cells Transl. 
Med. 2013, 2, 884–895, doi:10.5966/sctm.2013-0033. 

76. Leeper-Woodford, S.K.; Carey, P.D.; Byrne, K.; Jenkins, J.K.; Fisher, B.J.; Blocher, C.; Sugerman, H.J.; 
Fowler, A.A., 3rd. Tumor necrosis factor. Alpha and beta subtypes appear in circulation during onset of 
sepsis-induced lung injury. Am. Rev. Respir. Dis. 1991, 143, 1076–1082, doi:10.1164/ajrccm/143.5_Pt_1.1076. 

77. Sheridan, B.C.; McIntyre, R.C.; Meldrum, D.R.; Fullerton, D.A. Pentoxifylline treatment attenuates 
pulmonary vasomotor dysfunction in acute lung injury. J. Surg. Res. 1997, 71, 150–154, 
doi:10.1006/jsre.1997.5144. 

78. Cui, L.; Yin, S.; Liu, W.; Li, N.; Zhang, W.; Cao, Y. Expanded adipose-derived stem cells suppress mixed 
lymphocyte reaction by secretion of prostaglandin E2. Tissue Eng. 2007, 13, 1185–1195, 
doi:10.1089/ten.2006.0315. 

79. Gonzalez-Rey, E.; Gonzalez, M.A.; Varela, N.; O'Valle, F.; Hernandez-Cortes, P.; Rico, L.; Buscher, D.; 
Delgado, M. Human adipose-derived mesenchymal stem cells reduce inflammatory and T cell responses 
and induce regulatory T cells in vitro in rheumatoid arthritis. Ann. Rheum. Dis. 2010, 69, 241–248, 
doi:10.1136/ard.2008.101881. 

80. Tse, W.T.; Pendleton, J.D.; Beyer, W.M.; Egalka, M.C.; Guinan, E.C. Suppression of allogeneic T-cell 
proliferation by human marrow stromal cells: Implications in transplantation. Transplantation 2003, 75, 389–
397, doi:10.1097/01.TP.0000045055.63901.A9. 

 

 

© 2019 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/). 

 


