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Human mesenchymal stem or stromal cells (hMSCs) are known for their potential in
regenerative medicine due to their differentiation abilities, secretion of trophic factors, and
regulation of immune responses in damaged tissues. Due to the limited quantity of hMSCs
typically isolated from bone marrow, other tissue sources, such as adipose tissue-derived
mesenchymal stem cells (hASCs), are considered a promising afternative. However,
differences have been observed for hASCs in the context of metabolic characteristics and
response to in vitro culture stress compared to bone marrow derived hMSCs (BM-hMSCs). In
particular, the relationship between metabolic homeostasis and stem cell functions, especially
the immune phenotype and immunomodulation of hASCs, remains unknown. This study
thoroughly assessed the changes in metabolism, redox cycles, and immune phenotype of
hASCs during in vitro expansion. In contrast to BM-hMSCs, hASCs did not respond to culture
stress significantly during expansion as limited cellular senescence was observed. Notably,
hASCs exhibited the increased secretion of pro-inflammatory cytokines and the decreased
secretion of anti-inflammatory cytokines after extended culture expansion. The NAD+/NADH
redox cycle and other metabolic characteristics associated with aging were relatively stable,
indicating that hASC functional decline may be regulated through an altemative mechanism
rather than NAD+/Sirtuin aging pathways as observed in BM-hMSCs. Furthermore,
transcriptome analysis by mRNA-sequencing revealed the upregulation of genes for pro-
inflammatory cytokines/chemokines and the downregulation of genes for anti-inflammatory
cytokines for hASCs at high passage. Proteomics analysis indicated key pathways (e.g., tRNA
charging, EIF2 signaling, protein ubiquitination pathway) that may be associated with the
immune phenotype shift of hASCs. Together, this study advances our understanding of the
metabolism and senescence of hASCs and may offer vital insights for the biomanufacturing of
hASCs for clinical use.

Keywords: adipose-derived mesenchymal stem cells, replicative senescence, NAD redox cycle, immune
phenotype, transcriptomics, proteomics
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INTRODUCTION

Human mesenchymal stromal or stem cells (hMSCs) are
multipotent cells found in neardy all postnatal tissues and are
located in or near perivascular niches (1, 2). Despite their
presence in nearly all adult tissues, bone marrow-derived
hMSCs (BM-hMSCs) are the most commonly studied and
widely applied in clinical trials for various diseases (3, 4).
Beyond multipotency, hMSCs are known for the induction of
endogenous repair through immunomodulation via direct cell-
cell contact and secretome (5-7). However, a significant barrier
for hMSC biomanufacturing for clinical use is to provide
sufficient cell numbers for use in patients either vig in vivo
isolation or in vitro expansion. Though as the most widely
acknowledged source, human bone marrow contains low
amount of hMSCs (~0.001-0.01%) (8), and it is impractical
to directly apply hMSCs from bone marrow without in vitro
culture expansion. Moreover, the extensive passaging of BM-
hMSCs results in significant alterations on cellular behavior
termed as replicative senescence, which compromises hMSCs’
therapeutic potentials (5, 9-12). For example, 1-year survival
rates in graft vs host disease were found to drop from 75% (in
patients who received BM-hMSCs from passages 1-2) to 21%
(in patients who received passages 34 cells) (13). Due to the
expansion limitation, hMSCs from other sources, such as
adipose tissue-derived (hASCs) and dental pulp hMSCs, have
attracted increasing scientific attention as alternatives for
hMSC-based therapy. hASCs are highly abundant in adult
human tissues and can be isolated using minimally invasive
strategies (14, 15). Studies have demonstrated that adipose
tissue could yield roughly 500-fold more hMSCs than bone
marrow based on fibroblastoid-like colony selection (16).
Based on minimal criteria established by the International
Society for Cell & Gene Therapy (ISCT), hASCs in most
studies exhibit similar morphology, multipotency and surface
markers compared to BM-hMSCs (16, 17), and have been
applied to preclinical studies as an alternative tissue source
(18, 19).

Although hASCs share similar characteristics with bone
marrow-derived hMSCs, some meaningful biological
differences have been reported (17, 20, 21). For instance,
hASCs exhibit higher adipogenic differentiation ability and
immunomodulatory capacity indicated by higher secretion of
some cytokines such as IL-6 and TGF-$1 (22). Moreover, hASCs
exhibit significantly higher proliferative capacity and less
senescent behaviors within the same time-frame under similar
culture conditions compared to BM-hMSCs (17, 23). Thus,
hASCs have the potential to be expanded through more
passages to generate sufficient cell numbers. However, studies
have found that the therapeutic efficacy of hASCs is inconsistent,
especially for immune-regulatory properties. For instance,
hASCs from diabetic donors exhibited impaired anti-
inflammatory potential and upregulated production of pro-
inflammatory factors (24). Meanwhile, some studies claimed
the immediate loss of T cell regulation when hASCs were
isolated and cultured in vitro (25). These studies indicate that

isolation and in vitro culture of hASCs may impact their cellular
behavior and immune phenotype although proliferation capacity
of hASCs is sufficient. Therefore, it is critical to define quality
assurance criteria to ensure therapeutic potential of expanded
hASCs. Besides cellular phenotype and differentiation potential,
immune phenotype and senescence markers should all be
thoroughly investigated (26, 27).

Previous studies have revealed that the increase of
heterogeneity, metabolic reconfiguration, and loss of cellular
homeostasis could be potential reasons for BM-hMSC
senescence during culture expansion (6, 11, 28-31). BM-
hMSCs exhibit metabolic plasticity that can adapt themselves
to artificial environments in order to maintain stem cell
functions, specifically by reconfiguring energy production from
glycolysis towards oxidative phosphorylation (OXPHOS), which
contributes to the loss of mitochondrial fitness and replicative
senescence {5, 11, 29, 30). Moreover, metabolism and stem cell
fate are inherently intertwined to regulate immunomodulation in
BM-hMSCs (5, 30, 32). For instance, BM-hMSCs establish
glycolytic phenotype for immunosuppression via the
indoleamine 2,3-dioxygenase (IDO)-prostaglandin E2 (PGE2)
pathways after polarization by interferon (IFN)-y. Pre-
conditioning of BM-hMSCs in aggregation culture can
reconfigure the metabolism and improve the production of
anti-inflammatory factors (29, 33, 34). In addition, hMSC
senescence is associated with the metabolic state in an artificial
environment: the glycolytic phenotype facilitates the quiescence
of BM-hMSCs and thus maintains their multipotency in vivo,
while re-coupling with tricarboxylic acid cycle under in vitro
culture conditions induces senescence (5, 28). Recently, the
NAD+/NADH redox cycle and corresponding enzyme Sirtuins
have been proposed to connect aging/senescence to cellular
homeostasis (35-39). Our previous study revealed that the
culture-induced alterations of NAD*/NADH redox balance
contribute to metabolic alteration, mitochondrial dysfunction,
loss of autophagy, and impaired stem cell functions in BM-
hMSCs with replicative senescence (11). Other studies have
documented similar findings for the role of NAD+ biosynthesis
and metabolisms in age-related functional decline of stem cells
(40, 41). However, the NAD+/NADH redox cycle, metabolic
profiles, mitochondrial fitness, and corresponding metabolism
have not been well investigated in hASCs during in
vitro expansion.

in this study, the cellular behaviors of hASCs during in vitro
culture expansion were fully characterized. The senescence, as
well as senescence-associated metabolism and the NAD*/NADH
redox cycle differed between hASCs and BM-hMSCs under
similar culture conditions. Moreover, characterizations of
hASCs at different passages indicated significant alterations of
the cells’ immune phenotype from anti-inflammatory to pro-
inflammatory after long-term culture, as well as the altered
ability of inducing macrophage polarization. Transcriptomics
and proteomics analysis of hASCs at different passages revealed
changes in the cytokine/chemokine profiles during in vitro aging
and potential pathways that regulate the shift in hASC
immunophenotype. Our study provides novel information on
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the characteristics of hASCs during in vitro expansion and may
offer guidance for large-scale production of hASCs in
biomanufacturing and clinical applications.

MATERIALS AND METHODS

hASC Cultures

Frozen hASCs at passage 1 were acquired from the Tulane
Center for Stem Cell Research and Regenerative Medicine. The
hASCs were isolated from the subcutaneous abdominal adipose
tissue from three de-identified healthy donors that were younger
than 45 years old with a body mass index lower than 25
(Supplementary Table S1) (31, 42). The isolated cells were
characterized for their MSC properties through colony-forming
unit (CFU) assays as well as tri-lineage differentiation potential
(osteogenic, adipogenic, and chondrogenic differentiation) in
vitro. The hASCs (1 x 10° cells/ml/vial) were frozen in media
containing o.-MEM, 2 mM L-glutamine, 30% fetal bovine serum
(FBS), and 10% dimethyl sulfoxide and were thawed and
cultured following the method described in our previous
publications (30, 43). Briefly, hASCs were seeded at a density
of 1,500 cells/cm” in 150 mm diameter Petri Dishes (Corning,
Corning, NY, USA) in a standard 5% CQ, incubator. Cells were
cultured in complete culture medium (CCM) containing ¢ MEM
(Life Technologies, Carlsbad, CA, USA) with 10% FBS (Atlanta
Biologicals, Lawrenceville, GA, USA), sodium bicarbonate (1X,
ThermoFisher Scientific), and 1% Penicillin/Streptomycin
(ThermoFisher Scientific) undergoing media changes every 2-3
days. Cells were grown to 80% confluence and then harvested by
incubation with 0.25% trypsin/ethylenediaminetetraacetic acid
(EDTA) (Invitrogen, Grand Island, NY, USA) for no greater than
7 min. Harvested cells were sub-cultured up to passage 15 for
characterizations. For low passage of hASCs, P4-P5 cells were
used. For high passage of hASCs, P12-P14 cells were used in
the experiments.

Cell Number, CFU-F, SA-B-Gal Activity,
and Glucose/Lactate Measurements

Cell number was determined by Quant-iT"™ PicoGreen kit
(Invitrogen, Grand Island, NY, USA). Briefly, cells were
harvested, lysed over-night using proteinase K (VWR, Radnor,
PA, USA}, and stained with Picogreen to allow quantitation of
cellular DNA. Fluorescence signals were read using a Fluror
Count (PerkinElmer, Boston, MA, USA). The population
doubling time (mean PD time) was determined through
culture in each passage:

MeanPDtime = !
log, n

where ¢ is culture time, n is the cell number fold increase during
culture time t.

For CFU-F assay, hASCs were harvested and re-plated at the
density of 15 cells/cm” on 60 cm® culture dish and cultured for
another 14 days in CCM. Cells were then stained with 20%

crystal violet solution in methanol for 15 min at room
temperature (RT) and gently washed with phosphate-buffered
saline (PBS) three times. The number of individual colonies were
counted manually. Cellular senescence was evaluated by SA-3-
Gal activity assay kit (Sigma, St. Louis, MO, USA) as described in
manufacturer’s instructions. The intensity was normalized to cell
number. Fresh and spent CCM were collected to determine
glucose consumption and lactate production by YSI 2950
Biochemistry Select Analyzer (Yellow Spring, OH, USA).

Intracellular NAD* and NADH
Quantification and ATP Measurements
Intracellular NAD" and NADH were measured with NAD*/
NADH Quantification Colorimetric Kit (BioVision, Milpitas,
CA, USA) according to manufacturer’s instructions with some
modifications. Briefly, approximate 0.8 million cells were
collected and directly lysed in 200 pl lysis buffer from the assay
kit. The volume of reagents in each step was scaling down by 50%
and the results were calculated by the freshly prepared standard
curve (NADH standards provided by the assay kit). Final NAD"*
and NADH concentrations were then normalized to the total cell
number in each group.

ATP measurements: hASCs were centrifuged, re-suspended
in deionized water, and heated immediately in boiling water for
15 min. The mixture was centrifuged, and ATP-containing
supernatant was collected. Upon measurement, 10 ul of ATP
solution was mixed with 100 pl of the luciferin-luciferase reagent
{Sigma-Aldrich), and the bioluminescent signal was measured
using an Orion Microplate Luminometer (Bad Wildbad,
Deutschland). To determine the glycolytic ATP ratio, cells
were cultured with or without glycolysis inhibitor 2-Deoxy-D-
glucose (2-DG, 5 mM) for 48 h and then the ATP was measured.
The ratio of glycolytic ATP was calculated by the delta value of
total ATP and 2-DG treated ATP normalized to total ATP.

Measurement of IDO Activity

For IDO enzymatic activity, including both IDO1 and ID0O2
(both convert Tryptophan to Kynurenine) was assessed by
measuring Kynurenine level in cell culture supernatant. A 400
plof supernatant from hASC culture (either stimulated by IFN-y
at 40 ng/mi or left unstimulated for 48 h until sample collection)
was clarified by mixing with trichloroacetic acid (200 pl, 30% by
weight; Sigma Aldrich, St. Louis, MO, USA) by vortes, followed
by centrifugation at 8,000xg for 5 min. An equal volume of
Ehrlich reagent (2% p-dimethylaminobenzaldehyde in glacial
acetic acid) was added to the clarified supernatant, and optical
density at 490 nm was measured. Rapamycin (Rapa, 100 nM) or
mitoquinone (MitoQ, 1 pM) were used to treat cells together
with [FN-y stimulation.

Real-Time Reverse Transcriptase-
Polymerase Chain Reactions (RT-PCR)
Total RNA was isolated using the RNeasy Plus kit (Qiagen)
following vendor’s instructions. Reverse transcription was
carried out using 2 pg of total RNA, anchored oligo-dT
primers (Operon), and Superscript III (Invitrogen). Primers for
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specific target genes were designed using the software Oligo
Explorer 1.2 (Genelink) (Supplementary Table S$2). B-actin was
used as an endogenous control for normalization. RT-PCR
reactions were performed on an ABI7500 instrument (Applied
Biosystems), using SYBR Green PCR Master Mix. The
amplification reactions were performed and the quality and
primer specificity were verified. Fold variations in gene
expressions were quantified using the comparative Ct method:
2 A(CATreatment -CiContrel) which is based on the comparison of the
target gene (normalized to B-actin) among different conditions.

Flow Cytometry for Immune-Phenotype,
Cell Cycle, and Autophagy

Cells were harvested with 0.25% trypsin-EDTA solution, washed
in PBS, and then fixed in 4% paraformaldehyde (PFA) at RT for
15 min. Cells were then permeabilized in 0.2% triton X-100 for
10 min at RT. Non-specific binding sites were blocked with 1%
bovine serum albumin and 10% FBS in PBS for 15 min at RT.
After washing, cells were incubated with specific primary
antibodies for human Sirt-1, Sirt-3, NAMPT, CD38, and CD73
(Santa Cruz Biotechnology, Dallas, TX, USA) at RT for 2 h,
followed by incubation with FITC-conjugated secondary
antibody (Molecular Probe). Labeled samples were acquired
using BD FACSCanto II flow cytometer (Becton Dickinson)
along with isotype control. The results were analyzed using
Flowjo software.

For cell cycle analysis, suspended cells were fixed with 70%
cold ethanol for 30 min at 4°C and then washed with PBS. RNase
A (100 pg/ml, VWR, Radnor, PA, USA) was added to cell
suspension and incubated at 35°C for 15 min. Then the
samples were incubated with 400 pl 50 pg/ml of propidium
iodide (VWR) solution at RT in the dark for 1 h. Cell cycle was
then determined by flow cytometry.

For autophagy measurements, cell suspension was incubated with
20 uM Cyto-ID Green (Enzo Life Sciences, Farmingdale, NY, USA), a
fluorescent dye that selectively labels accumulated autophagic
vacuoles, at 37°C for 30 min, and analyzed by flow cytometry and
calculated according to the manufacturer’s instructions.

Mitochondrial Mass and Membrane
Potential (MMP), and Reactive Oxygen
Species (ROS)

For mitochondrial mass and MMP measurement, trypsinized
hMSCs were washed in warm Hank’s Balanced Salt Solution
(HBSS). The cell suspension was incubated with MitoTracker
green FM or tetramethylrhodamine, methyl ester (Molecular
Probe, Eugene, OR, USA) at 37°C for mass and MMP staining,
respectively. Cells were then washed with HBSS, and analyzed by
flow cytometry (BD Biosciences, San Jose, CA, USA).

For ROS measurement, cell suspension was incubated with 25
uM carboxy-H2DCFDA (Molecular Probe) at 37°C for 30 min
and total ROS was determined using flow cytometry. For
mitochondrial ROS measurement, cell suspension was
incubated with 5 pM MitoSOX Red (Molecular Probe) at 37°C
for 10 min and analyzed using flow cytometry.

Western Blot Assay

Cells were lysed in radio-immunoprecipitation assay (RIPA)
buffer (150 mM sodium chloride, 1.0% Trition X-100, 0.5%
sodium deoxycholate, 0.1% sodium dodecyl sulfate, 50 mM
Tris, pH 8, 2 pg/ml Aprotinin, 5 pg/m! Leupeptin, 5 pg/ml
Antipain, 1 mM PMSF protease inhibitor), and homogenized by
sonification using a Sonic Dismembrator 100 {Fisher Scientific,
Hampton, NJ, USA). Samples were then digested for 20 min on
ice, and spun down at 14,000 rpm for 20 min. The supernatant
was collected and a Bradford assay was carried out to determine
the protein concentration. Protein lysate concentration was
normalized, and 20 pg of each sample was denatured at 95°C
in 2x Laemmli Sample buffer. Proteins were separated by 15%
BIS-Tris-SDS gels and transferred onto a nitrocellulose
membrane (Bio-rad, Hercules, CA, USA). For the detection of
non-phosphorylated proteins, the membranes were blocked for
30 min in 3% skim milk (w/v) in Tris-buffered saline (10 mM
Tris-HCl, pH 7.5, and 150 mM NaCl) with 0.1% Tween 20 (v/v)
{TBST), or in 3% bovine serum albumin in TBST. Membranes
were incubated overnight in the presence of the primary
antibody diluted in the corresponding blocking buffer at 4°C.
Afterward, the membranes were washed four times for 10 min
each with TBST and then incubated with an IR secondary (Li-
COR, Lincoln, NE, USA) at 1:10,000 for 180 min at room
temperature. Blots were washed another four times for 10 min
each with TBST and processed using the LI-COR Odyssey (LI-
COR). Images were analyzed using Image] software for band
density, and the band density of proteins of interest was
normalized to the band density of endogenous control a-tubulin.

Characterization of Inmunomodulatory
Properties of hASCs
{1) Macrophage differentiation in coculture with hASCs: THP-
1 cells were obtained from the American Type Culture Collection
{ATTC) and cultured in ATCC-formulated RPMI-1640 until
confluency. THP-1 cells were passaged into six-well plates at a
concentration of 1 million cells/well. THP-1 cells were then
differentiated into macrophages (M0) by a 48-h treatment of
phorbol 12-myristate 13-acetate (PMA, 20 nM, Sigma) in
ATCC-formulated RPMI-1640. MO macrophages were then
polarized into the M1 phenotype with 24-h treatment of
lipopolysaccharide (LPS) (100 ng/ml, Sigma) and IEN-y (50
ng/ml, Peprotech) in ATCC-formulated RPMI-1640 or the M2
phenotype with a 24-h treatment of IL-4 (10 ng/ml, Peprotech)
in ATCC-formulated RPMI-1640. Co-culture was performed by
allowing hASCs (hASC : THP-1 is at 1:10 ratio) to stabilize on
the transwell insert for 6 h (in CCM) and then the insert was
moved to the six-well plate containing polarized macrophages
for another 48 h with either M1 stimulation or M2 stimulation.
(2) The enzyme-linked immunosorbent assay (ELISA):
Secreted cytokines, i.e, CXCL10, IL-1B, IL-6, PGE2, IL-10, and
hepatocyte growth factor (HGF), in cell culture supernatants was
quantified using an ELISA Parameter Assay Kit (R&D Systems,
Minneapolis, MN, USA) according to manufacturer’s
instructions. The secreted cytokines were determined by
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subtracting cytokine concentrations in culture media controls
and normalized to cell number.

mRNA Extraction and mRNA-Seq cDNA
Library Preparation

RNA was extracted from hASCs at passages 4, 8, and 12 (four
biological replicates for each group) using the miRNeasy minikit
(Qiagen). mRNA was isolated from the total RNA using an
NEBNext Poly(A) mRNA Magnetic Isolation Module (New
England Biolabs). ¢cDNA libraries were generated from the
isolated mRNA using an NEBNext Ultra RNA library prep kit
for Itlumina (New England Biolabs) and a unique six nucleotide
index primer (NEBNext multiplex oligos for Hlumina) was
incorporated into each sample. The library construction was
done according to the NEB manuals, modified for use with a
Beckman Biomek 4000 at the Florida State University Biological
Sciences core lab. The unique index (barcode} was added to each
library to multiplex the six libraries in one lane of the sequencing
run. The multiplexed sample was quantified with gPCR (Kapa
Biosystems) specific for Illumina sequencing primers and the
average fragment size was determined with a Bioanalyzer high
sensitivity DNA chip {Agilent Technologies). Then 12 pM of the
pooled sample was sequenced, with single end, 100 base reads on
an [lumina HiSeq 2500 located in the Translational Science
Laboratory at the College of Medicine, Florida State University.
The pooled data were demultiplexed into individual sample data
and adapter primer sequences were removed (44).

mRNA-Sequencing Data Analysis

Initial quality control analysis of each sequenced library was
performed using fastQC software (http//www.bioinformatics.
babraham.ac.uk/projects/fastqc). The sequencing reads were
further analyzed using RNA-Seq Alignment version 1.1.1
(Hlumina BaseSpace application). The reads were aligned with
Tophat 2 (45} to the human genome (genome release GRCh38)
using default parameters and counts for each gene were
generated. This workflow uses Cufflinks to generate FPKM
(fragments per kilobase per million reads) normalized values
(46). These normalized values account for differences in
sequencing depth and the length of the gene. FPKM values
were used to generate the heatmaps using Morpheus (Broad
Institute; https://clue.io/morpheus). DESeq2 was used to
determine statistically significant differentially expressed genes
(a False Discovery Rate, FDR, of <0.05 was used) {47). The genes
that were upregulated and downregulated among passage 4,
passage 8, and passage 12 groups were further assessed for GO,
KEGG pathway, and phenotype pathway analysis using
Webgestalt (48, 49). The set of genes considered expressed in
our dataset was used as the reference set to obtain significantly
enriched pathways. Significant enrichment was determined in
Webgestalt using the hypergeometric test and the Benjamini-
Hochberg FDR method (50) for multiple testing adjustment.

Proteomics Analysis

Cells were harvested at 80% confluency and hMSC pellets were
resuspended in protein extracting buffer containing protease
inhibitor. The samples were ultra-sonicated for 2 min on ice

and the extracted protein concentration was determined by
Bradford assay (Bio-Rad, Hercules, CA, USA). The proteins
were then digested by modified Filter Aided Sample Prep
(FASP) method 1. Briefly, 100 pg protein was vacuum-dried
and resuspended in 8 M urea solution to a final volume of 200 gl
then 10 mM dithiothreitol (DTT) and 50 mM iodoacetamide
(IAA) were added for reduction and alkylation respectively.
Samples were transferred to a 10 kDa filter and centrifuged
with 14,000 g for 30 min. After washing with 200 pl of 8 M urea
and 200 @ of ammonium bicarbonate, the extracts were
centrifuged at 14,000 g for 30 min. Then 2 pg trypsin was
added for digestion at 37°C overnight. After that, peptides
were collected and vacuum-dried.

An externally calibrated Thermo Q Exactive HF (high-
resolution electrospray tandem mass spectrometer, MS,
Thermo Scientific) was used in conjunction with Dionex
UltiMate3000 RSLCnano System. The solution of 1 ug peptides
in 0.1% formic acid was injected into a 50 pl loop and loaded
onto the trap column (Thermo p-Precolumn 5 mm, with
nanoViper tubing 30 pm id. x 10 cm). The flow rate was set
to 300 nl/min for separation on the analytical column (Acclaim
pepmap RSLC 75 uM x 15 cm nanoviper). Mobile phase A was
composed of 99.9% H,0 (EMD Omni Solvent) with 0.1% formic
acid and mobile phase B was composed of 99.9% acetonitrile
with 0.1% formic acid. A 120 min-stepped gradient from 3 to
45% of phase B was performed. The LC eluent was directly nano-
sprayed into Q Exactive HF MS. During the chromatographic
separation, the Q Exactive HF was operated in a data-dependent
mode and under direct control of the Thermo Excalibur 3.1.66
(Thermo Scientific). The MS data were acquired at 20 data-
dependent collisional-induced -dissociation (CID) MS/MS scans
per full scan (350 to 1700 m/z). The spray voltage for Thermo
Scientific™ LTQ was 2.0 kV and the capiliary temperature was
set at 200°C. A survey full scan (m/z = 350-1,700) and the five
most intense ions were selected for a zoom scan to determine the
charge state, after which MS/MS was triggered in Pulsed-Q
Dissociation mode (PQD) with minimum signal required
{1,000), isolation width 2.0, normalized collision energy 27.0.
All measurements were performed at room temperature. Raw
files were analyzed by Maxquant 1.6 followed protein
identification and relative comparison in Scaffold 4.4. Gene
ontology (GO) annotation was carried out by WebGestait
while canonical pathway, diseases, and functions analysis was
performed by Ingenuity Pathway Analysis (IPA) (Qiagen).

Lineage-Specific Differentiations
Osteogenic differentiation: hMSCs were grown to confluence
before OCM was switched to osteogenic differentiation medium
containing high glucose DMEM (Gibco, Grand Island, NY,
USA), 10% FBS, 1% penicillin/streptomycin, 100 mM
dexamethasone, 10 mM sodium-$-glycerophosphate, and 0.05
mM ascorbic acid-2-phosphate. The media were changed every 2
days and the differentiation was maintained for 14 days. Cells
were then collected for RT-PCR. The differentiation can be
visualized by Von Kossa staining under microscope.
Adipogenic differentiation: hMSCs were grown to
confluence before CCM was switched to adipogenic
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differentiation medium containing high gluicose DMEM, 10%
EBS, 1% penicillin/streptomycin, 0.2 mM indomethacin, 0.5 mM
isobutyl-1-methy! xanthine, 1 pM dexamethasone, 10 pg/ml
insulin, and 44 mM sodium bicarbonate. Medium was changed
every 2 days and the differentiation was maintained for 14 days.
Cells were then collected for RT-PCR. The differentiation can be
visualized by Oil Red O staining under microscope.

Statistical Analysis

Unless otherwise noted, all experiments were performed at least
three times with triplicate biological samples (n = 3). The data
from the representative experiments are reported. For mRNA-
sequencing, four biological samples for each group were used
(total 12 libraries) to ensure the statistical significance. For
comparison of low and high passage cells, the cells from the
same donor were compared to eliminate the donor variations.
Experimental results are expressed as means + standard
deviation (SD) of the samples. Statistical comparisons were
performed by one-way ANOVA and Tukey’s post hoc test for
multiple comparisons, and significance was accepted at p < 0.05.

RESULTS

Stem Cell Phenotype of hASCs During

In Vitro Culture Expansion

hASCs underwent limited cellular senescence following in vitro
expansion from passages 4-5 {(P4-P5) up to P12-P14 and
exhibited morphological changes and alterations to specific
functional properties. hASCs at early passage maintain a
spindle-shaped morphology. However, throughout extended
culture, hASC morphology flattens and the cells become

elongated, losing their spindle shape (Figure 1A). hASCs
subjected to extended in vitro culture had moderately increased
population doubling times (aithough there was no statistical
significance), maintaining a ratio of a population doubling
roughly every 3 days (Figure 1B). However, the accumulative
cell doublings for hASCs of aged donors in our previous
publication revealed the prolonged doubling time (42).
Similarly, mRNA levels encoding for p53 and cyclin-dependent
kinase inhibitor proteins (p15 and p21) responsible for regulating
cell cycle and cellular senescence show no difference between P4
and P12 cells (Figure 1C and Supplementary Figure S1).
mRNA levels for genes that regulate stemness (OCT4, Nanog,
and SOX2) showed no statistically significant differences between
the two groups {Figure 1D). Following osteogenic differentiation
of hASCs for 2 weeks, mRNA levels of osteogenic markers ALP,
BMP2, Osteocalcin, and Osteopontin all showed no change in
expression between P5 and P12 cells, However, Runx2, which is
one of the most important transcription factors in early
osteogenic differentiation was downregulated in P12 cells,
indicating a loss in differentiation potential at the early stage of
differentiation (Figure 1E). On the other hand, adipogenic
differentiation of P12 hASCs all showed decreased mRNA
ievels for genes responsible for early differentiation regulation
and late-stage maturation of adipocytes (C/EBPa, FABP4, LPL,
and PPARY) compared to the P5 group (Figure 1F). The
representative images of hASC differentiation into adipocytes
and osteoblasts were shown by Oil Red O staining and Von
Kossa staining respectively (Supplementary Figure §2) and in
our previous publication (42). hASCs' functionality at high
passages was also tested for CFU-F, which showed colony-
forming ability decreased from about 35 colonies for P5 cells
to less than 20 colonies for P12 cells (Figure 1G). The increased

MRNA lovet

| FIGURE 1 | Stern cell properties of hASCs during in vitro culture expansion. (A} Representative images of hASC morphology during culfure expansion. Scale bar:
| 950 pm. {B} The population doubling time of hASCs at different passages. {C) mRNA levals of cell cycle markers of hASCs at differant passages. mRNA kvels of

| {D) stemness ganes and genes for {E) ostecgenic differentiation and {F} adipogenic difierertiation of hASCs at different passages. {G) Colony-forming abiity (CFU)
and {H) B-gal activity of hASCs at PS and P12, *indicates p < 0.05; *p < 0.01; **p < 0.001.
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SA-B-Gal activity indicates the increased levels of senescence in
the P12 group compared to the P5 group (Figure 1H). Taken
together, hASCs exhibited limited hallmarks of cellular
senescence and maintained their proliferation rate under
passage 15 during in vitro expansion. Thus, further
characterizations (e.g, metabolism and immune phenotype)
need to be considered for hASCs.

Metabolism, NAD+/NADH Redox Cycle,
and Sirt Activity During In Vitro Expansion
Metabolic activity and mitochondrial fitness in senescent BM-
hMSCs exhibited distinct characteristics and thus were evaluated
for low passage and high passage hASCs during in vitro
expansion. The mole ratio of consumed glucose and produced
lactate was around 1.6-1.7 for both groups, indicating that
hASCs are not exhibiting a shift in metabolic phenotype
(Figure 2A). This is further confirmed by the comparable total
ATP and glycolytic ATP ratios between the two groups (Figures
2B, C). The mRNA levels corresponding to critical enzymes in
glycolysis and the pentose phosphate pathway (PPP) were not
affected as well (Figure 2D). For the P5 and P12 hASCs, total
ROS, mitochondrial mass, and membrane potential (i.c, MMP)
remained consistent. Interestingly, mitochondrial ROS (mtROS)

decreased in the P12 group compared to the P5 group (Figure 2E).
Similarly, ETC-1 activity and mRNA levels of genes responsible for
the regulation of mitochondrial fusion (MFNI and MFN2) and
fission (FISI and DNMIL) showed no statistically significant change
{Figures 2F, G). hASCs through in vitro expansion also retain tight
control over the degradation of damaged intemal components, as
shown by similar mRNA expression for genes related to lysosomal
biogenesis and the regulation of autophagy (i.e., TFEB, BECNI, and
LAMPI) (Figure 2H). The autophagic flux of hASCs at P4 and P12
determined via flow cytometry also showed comparable expression
(Figure 2I).

The NAD*/NADH redox cycle was investigated through
extended in vitro culture of hASCs. Total moles of NAD* and
NADH normalized to cell numbers were similar between P4 and
P12 groups, as was the ratio of NAD*/NADH between the low
passage and high passage groups (Figures 3A, B). However, the
mRNA levels of main enzymes responsible for NAD+ depletion
(CD38, CD73, Sirtl, and Sirt3), as well as the rate-limiting
enzyme in the NAD" salvage pathway (NAMPT), show a sharp
decline in expression in the P12 hASCs compared to P4 cells
(Figure 3C). Interestingly, the decreased mRNA expression does
not correspond to the decreased levels of protein expression. The
levels of protein expression of CD38, CD73, Sirtl, Sirt3, and
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FIGURE 2 | Metabolic characteristics of hASCs during in vitro culturs expansion. Metabolic activity and mitochondrial fitness is relatively stable during in vitro culture
expansion of hASCs. (A) Glucase consunption and lactate production is stable during culture expansion of hASCs. {B) Total ATP and {C} the ratio of glycaivtic ATP ‘
to total ATP is well maintained during culture expansion of hASCs. The ratio of glvcolvtic ATP was caloulated by the delta value of total ATP and 2-DG treated ATP |
nommalized to total ATP. {D) Gene expression of critical enzymes nvolved in glycolysis and pentose phosphate pathway (PPP) of hASCs at difierent passages.

{E} Mitochondrial fitness detemmined by fow cytomatry: mass, Mitochondrial Membrane Potential (MMP), total reactive axygen species (ROS), and mitochondrial ROS
for PS5 and P12 celis. {F) Bectron transport compiex-l £TC-1) activity of hASCs at P4 and P12. {G) mRNA levels of genas involved in mitochondrial fusion and fission
| dynamics. {H) mRNA levels of ganes related to aitophagy. {1} Autophagic lux of hRASCs at P5 and P12 via flow cytomalry. Statistical analysis was performed and no
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| FIGURE 3 | NAD+/NADH redox cycle and Sit-1 activity in hASCs during i vitro culture espansion. (A) The levels of NAD+ and NADH, {B) the ratio of NAD+/NADH,
- and {C} mRNA expression of COS8, CD73, NAMPT, Sirt-1, and Sirt-3 for P4 and P12 hASCs. {B) Flow cytomstry histograms depicting little change in protein

| expression of Sirt1, Sin3, CD38, CO73, and NAMPT. {E} Wastem Blot images and quantiications for the Sirt-1 and Sint-3 enzymes nomalized to o-tubuin. Data are
| shown in mean and standard deviation. *indicates p < 0.05; **p < 0.01; **p < 0.001.

NAMPT remained similar between P5 and P12 cells analyzed via
flow cytometry (Figure 3D). Similar Sirtl and Sirt3 protein
expression was also confirmed via Western Blot (Figure 3E).
Together, energy metabolism and NAD-Sirt pathways that
associated with cellular senescence remained stable in hASCs
during in vitro expansion.

Immunomodulation Abilities of hASCs
During In Vitro Expansion

Although the metabolic phenotype of hASCs was shown to be
stable through extended culture, stem cell functions with clinical
relevance could be altered during in vitro expansion and this
study focuses on the properties of hASCs that regulate
macrophage phenotype and the IDO-PGE2 pathways that can
modulate T cell responses (Figure 4). Prior to co-culture with
hASCs, the M1/M2 macrophages were compared with MO
macrophages for mRNA expression of M1/M2 markers. The
results indicate that the polarization is successful
(Supplementary Figure 83). As the secretome of hASCs and
macrophages cannot be separated in co-culture system, the
mRNA levels of pro-inflammatory and anti-inflammatory
cytokines of macrophages were determined. The P5 hASCs
were shown to have minimal effect on the mRNA levels of M1
macrophages for pro-inflammatory cytokines, TNF-¢, IL-6, and
IL-12 (exception for IL-1f8) when compared to the no co-
culture control (Figure 4A). However, P12 hASCs increased
the mRNA levels of TNF-o and IL-18 to a more pronounced
degree than the P5 cells. By contrast, the P5 hASCs were shown
to enhance mRNA levels of M2 macrophages for anti-
inflammatory cytokines, IL-10, and TGF-f, while not affecting
the expression of CD163 (Figure 4B). Antithetically, P12 hASCs
diminished the mRNA level for IZ-10 and had no effect on TGF-

B and CD163. This indicates that the potential of hASCs to
inhibit innate immune response is diminished by using P12 cells.
Furthermore, the ratio of IDO activity for hASCs licensed
with IFN-y over the control decreased by two-fold for the P12
hASCs compared to the P5 group (Figure 4Ci). Furthermore,
inhibition of mTOR via Rapamycin or depletion of mtROS via
MitoQ in P5 hASCs significantly decreased the response to IFN-y
stimulation, though the influence on P12 hASCs is minimal
(Figure 4Cii).

Analysis of spent media revealed that pro-inflammatory
cytokines CXCL10 and IL-6 were secreted at a higher level for
the P12 group before and after licensing with IFN-y (IL-1B
showed a non-statistically significant increase in the IFN-y
treated group) (Figure 4D). Contrarily, anti-inflammatory
cytokines PGE2 (51) and HGF (52, 53) were secreted at higher
levels for the P5 group when treated with IFN-y (except for the
IL-10) (Figure 4E). Fold change in cytokine secretion in
response to IFN-y was calculated to reveal immunomodulation
potential of hASCs through extended culture (Supplementary
Figure $4). Pro-inflammatory cytokines CXCL10 and IL-6
showed increase in fold change in P12 cells compared to P5 cells.
Fold changes in anti-inflammatory cytokines gave mixed resuits
with IL-10 decreasing, PGE2 comparable, and HGF increasing,

Relative mRNA expression of cell signaling genes (PIK3CA,
AKT, PTEN, mTOR, and NFKB) for P12 vs. P4 hASCs were
determined (Supplementary Figure 85), Except for AKT, the
analyzed genes were higher in P4 cells compared to P12 cells,
which may indicate that the signaling events related to
phosphoinositide 3-kinases (PIK3), the mammalian target of
rapamycin {(mTOR}, and nuclear factor-xB (NF-kB) pathways
correlate to the increased pro-inflammatory phenotype in high
passage (P12) hASCs.
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| FIGURE 4 | Immunomodulation ability of hASCs during in vitro culture expansion. Immunomoduatory potentials of hASCs was significantly changad during culture |
| expansion. (A) mRNA levels for the genes involved in M1 macrophage polarization and (B} M2 macrophage polarization of macrophage co-cultired with hASCs from
| difierent passages. {C} {) Indoleamine 2,3-dioxygenase {IDO) activity from basal level and interferon-gamma (IFN-) priming of hASCs at £4 and P12, i} IDO activity

| with reactiva oxygen species (ROS) depietion. Rapamydin (Rapa, 100 nMj or mitoquinone (MitoQ, 1 yM) were used to treat hASCs together with IEN-y stimulation.

| Secretion of (D} Pro-nflammatory cytokines {CXCL10, IL-1P, and IL-8); and (E) anti-inflammatory cytokines (PGEZ, IL-10, and HGF} of hASCs at different passages

| {determined by ELISA assay normaized to cef number). “indicates p < 0.05; **p < 0.01; *p < 0.001.

Global Alterations to the Transcriptome of  identified only for P4 vs. P12. Principle component analysis
hASCs During In Vitro Expansion (PCA) showed a significant separation among P4, P8, and P12
Transcriptome analysis of P4, P8, and P12 hASCs was performed ~ conditions, and the four replicates exhibit a tight cluster for each
using next-generation sequencing of mRNA-Seq. The Venn  group (Supplementary Figure S6A, Supplementary Tables S1
diagram shows differentially expressed genes (DEGs) for P4 vs.  and $2). Transcriptome analysis reveals that Interleukins are
P8, P4 vs. P12, and P8 vs. P12 comparisons (Figure 5A). For ~ mainly upregulated in high passage P12 hASCs, and the top five
example, for P4 vs. P12 DEGs, among the total of 11,878 DEGs,  candidates (IL1- f8, IL-36 j3, IL-24, IL-6, and IL-26) are linked to a
6,569 (45.9%) DEGs are commonly shared with P4 vs. P§and P8  pro-inflammatory response (Figure 5B). Similarly, chemokines
vs. P12; 2,896 DEGs (20.2%) are shared with P4 vs. P8 groups;  upregulated in P12 hASCs are mainly associated with a pro-
1,792 DEGs are shared with P8 vs, P12, and 621 DEGs (4.3%) are  inflammatory response (e.g., CCL3, CCL5, CCL26, CXCL2,
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FIGURE 5 | Global alterations of transcriptome in hASCs during in vitro culture expansion. (A) Venn diagram depicting variation and overlap of diisrentially
| expressed genes (DEGs) in P4, P8, and P12 mvmmwmkmmmm.Mhmmammmmmchams)brmz
vs. P4 hASCs, showing upregulation at F12. {C) Chemokine mRNA expression {shown in fold change) for P12 vs. P4 hASCs, showing upregulation at P12.

(D) Growih tactor mRNA expression (TGF, PDGF, and VEGF) for P12 vs. P4 hASCs. (E) Integrin and matrix metalioprotainase (MMP) mRNA expression for P12 vs.
P4 MSCs.T?wnmberswemeLongakmofm‘eoeowaceﬁsloNWAWWM&MMWWW in Higher amounts in the P4
group, whie positive values indicate that the genes are present in higher amounts in the P12 group. The number 1 indicates two-fold increase.

CXCL8) (Figure 5C). In particular, mRNA-sequencing data for
genes encoding pro-inflammatory cytokines (CXCL10, IL-1B,
and IL-6) showed upregulation for the cells of high passage
numbers while anti-inflammatory cytokine (PGE2, IL-10, and
HGF) genes all showed downregulation (Table 1). Importantly,
pl6ink4a is a checking point in senescence (54) and encoded by
gene CDKNZ2A (55). The DEG value of CDKN24 is 1.100
(upregulated in P12 group) for P12 ys. P4, and 0.676
(upregulated in P8 group) for P8 vs. P4, from mRNA-
sequencing data Supplementary Table 1 and 2). For CDKN2B
(encoding p15), the DEG value is 0.856 and 1.554 respectively.

TABLE 1 | mRNA-sequencing data for genes encoding pro-inflammatory
cytokinas (CXCL10, IL-1B, and IL-6) and anti-inflammatory oytokines (PGE2,
IL-10, and HGF) of hASCs. {coresponding to Figures 4D, E),

Pro-inflammatory Log (P12/P4) Log (P8/P4)
L8 4952 4.783
e 4011 3.788
CXCL10 2135 1.202
Anti-inflammatory Log (P12/P4) Log (P8/P4)
PTGER2 -0.550 -2.485
iL1o -2.197 -2.253
HGF -1.732 -1.012

The numbers are the Log? values of ratios of P12 or P8 cells to P4 cells. Negative valkses
indicate that the genes are present in higher amounts in the P4 group, while positive values
indcate that the genes are present in higher amounts in the P12 or P8 group. The number
1 indicatas two-old increase.

Since the target applications of the in vitro expanded hASCs is
the treatment of neurological disorders such as stroke,
Alzheimer’s disease, or multiple sclerosis, the genes related to
brain pericytes, astrocytes, and microglia phenotype were
examined (Supplementary Figures $6B-E) (44, 56, 57). The
more primitive phenotype for brain pericytes and astrocytes was
shown in P4 cells compared to P12 cells, and the microglia
phenotype was more activated (i.e, pro-inflammatory) in P12
cells. Transforming growth factors (TGF), platelet-derived
growth factors (PDGF), and vascular endothelial growth
factors (VEGF) show differential responses with respect to
extended in vitro culture (Figure 5D); in particular, VEGF-A
was upregulated in the P12 group. Similarly, integrins and matrix
metallopeptidases (MMPs) show a differential response with
respect to in vitro culture expansion (Figure 5E). The genes
for laminins, fibronectin, vitronectin, and chondroitin sulfate
proteoglycans (CSPGs) were differentially expressed
(Supplementary Figure S$6F). Together, these changes may
correspond to more pro-inflammatory phenotype of high
passage hASCs. The genes related to CDKs were shown in
Supplementary Figure $7. The CDK! and CDK2 were
upregulated in the P4 groups.

The genes related to the human leukocyte antigens (HLAs)
and insulin-like growth factors (IGFs) were predominantly
upregulated in P12 groups (Supplementary Figures S8A, B).
The genes related to the bone morphogenetic protein (BMP)
family and TNF family were differentially expressed
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(Supplementary Figures $8C, D). The genes in the Sirt family
were similar for P4 and P12 cells (Supplementary Figure SSE).
The genes for the HOXB family were differentially expressed
(Supplementary Figure S8F), as well as different types of
collagens (Supplementary Figure $9A). The genes related to
metabolism were similar for P4 and P12 cells (Supplementary
Figure §9B), which have been shown differently for 2D and 3D
culture systems (58). Distinct CD markers upregulated in P4 cells
or P12 cells were also identified for potential surface
characterization of the cells (Supplementary Figures $9C, D).
A similar analysis was performed for P4 vs. P8 hASCs, and in
general, the aging trends were similar compared to P4 vs. P12 cell
analysis (Supplementary Figures $10-12). The distinct DEGs
for P4 vs. P8 and for P4 vs. P12 were shown in the heatmaps
(Supplementary Figures S13, S14). Taken together, the data on
the immunomodulatory properties of hASCs demonstrates a
shift away from an anti-inflammatory phenotype to a pro-
inflammatory phenotype during in vitro expansion, and the
shift can be observed at P8 vs. P4 and persists in P12 cells.

Global Alterations to the Proteome of
hASCs During In Vitro Expansion

Proteomics analysis was performed for hASCs at P4, P8, and P12
following the workflow established in our lab (Supplementary
Figure S15) (11, 31, 59). A total of 1,467, 1,505, and 1,310
different proteins were identified for P4, P8, and P12 groups,
respectively. A total of 1,130 proteins (75.1%} overlapped among
P4, P8, and P12 groups (Figure 6A). Next, the Benjamini-
Hochberg procedure was utilized to define the cutoff
components in principle component analysis (PCA), which in
turn showed a significant separation among P4, P8, and P12
groups (Figure 6B). The triplicate samples were clustered
together. Volcano plots of the proteomics data revealed the
proteins with more than a 10-fold change for P8 vs. P4 and
P12 vs. P4 cells (Figure 6C).

A total of 90 proteins were found differentially expressed
between P8 and P4 groups, including 44 differentially expressed
proteins (DEPs) that were upregulated and 46 DEPs that were
downregulated (Supplementary Figure $16 and Supplementary
Table $3}. GO annotation analysis demonstrated that metabolic
process in the biological process categories, protein binding in
molecular component categories, and protein binding in
molecular function categories were the top categories
correlating to the most DEPs. The pathway enrichment
analysis illustrated that the Sirtuin signaling pathway, epithelial
adherens junction signaling, fatty acid B-oxidation III, hepatic
fibrosis/hepatic stellate cell activation, and interferon signaling
were the top five pathways (Supplementary Figure S17 and
Supplementary Table S4). Molecular function analysis by IPA
showed the DEPs that were associated with enriched functions:
cellular development, cellular growth and proliferation, cell
morphology, cellular assembly and organization, cell death and
survival are the top five categories. The upstream analysis
showed the upstream regulator of these DEPs.

A total of 318 proteins were found differentially expressed
between P12 and P4 groups, including 86 DEPs that were

upregulated and 232 DEPs that were downregulated
(Supplementary Tables $5, $6). GO annotation analysis
demonstrated that biological regulation in biological process
categories, membrane in molecular component categories, and
protein binding in molecular function categories were the top
categories that most DEPs were correlated to {Figure 6D). The
pathway enrichment analysis illustrates that tRNA charging,
Eukaryotic Initiation Factor 2 (EIF2) signaling (31}, protein
ubiquitination pathway, regulation of eIF4 and p7056K
signaling, and Caveolar-mediated endocytosis signaling were
the top five identified pathways (Figure 6E).

Twenty-eight DEPs were overlapped with P8/P4 and P12/P4
comparisons, and 19 DEPs have the same changing trend
between P8/P4 and P12/P4 comparisons (Supplementary
Table §7). GO annotation illustrated that metabolic process,
membrane and protein binding were the top one item that most
DEPs were correlated to (Supplementary Figure S18). The
pathway enrichment analysis showed that epithelial adherens
junction signaling, actin cytoskeleton signaling, xanthine and
xanthosine salvage, guanine and guanosine salvage I, and
adenine and adenosine salvage I were the top five pathways.
Function analysis by IPA demonstrates that the DEPs were
associated with the key functions for cell morphology, cellular
assembly and organization, carbohydrate metabolism, small
molecule biochemistry, and post-translational modification.

DISCUSSION

Immunomodulation ability of hMSCs has been proposed as the
major mechanism for endogenous tissue repair and regulation of
immune response by coordinating the host immune system in
disease progression. Recent studies have addressed the dual
polarization of hMSCs via metabolic reconfigurations similar
to T-cell polarization and the promising immunosuppressive
effects of hMSCs in pre-clinical disease models (5, 30, 60, 61).
hASCs are a promising candidate to replace BM-hMSCs for
clinical usage as high cell yields can be obtained from adipose
tissue with less-invasive liposuction procedures (62). hASCs also
exhibit attractive therapeutic properties, such as multipotency
and immunomodulation (3, 17, 20), and can be expanded for
additional passages compared to BM-hMSCs (17, 63).
Nonetheless, the therapeutic potentials of hASCs at high
passage are in debate as no universal culture standards have
been adapted, which could account for the inconsistent
outcomes in different disease models (4, 5). In particular, the
cellular characteristics of hASCs, such as metabolism,
proteostasis, as well as functional changes during in vitro
culture, have not been thoroughly investigated. This study
revealed that hASCs exhibited limited hallmarks of senescence
and maintained metabolic and redox stability during in vitro
expansion while their immune phenotype shifts toward pro-
inflammatory after rapid replication.

In vitro culture expansion increases hMSC’s heterogeneity
and results in cellular senescence and the decline in primitive
phenotype (28, 64). Indeed, the in vivo niches provide low
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| FIGURE 6 | Global aiterations of proteome in hASCs during in vitro culture expansion. (A} Venn diagram depicting variation and overlap of differentially expressed

| proteins (DEPs) in P4, PB, and P12 hASCs from protsomics analysis. {8) Principle component analysis (PCA) showing P4, P8, and P12 protein expression as three

| distinet groups. {C) Volcano plots depicting greater variation in protein fold change between the P4 vs. P12 group than the P4 vs. P8 group. {D) Gene ontology (GO
[ analysis for DEPs between P4 and P12 hASCs for biological processes, cellular components, and molecuar functions. {E} Ingenuity Pathway Analysis {(IPA} depicts

| signafing pathways with most significant evidence for atterations by i vitro passaging.

oxygen to support the glycolytic phenotype and maintain
stemness of hMSCs (65). Upon in vitro culture, BM-hMSCs
reconfigure central energy metabolism and switch their
metabolism towards OXPHOS to promote proliferation in the

oxygen and nutrient-enriched environment. Generally, extensive
OXPHOS leads to the exhaustion of mitochondria and
accumulation of ROS, which can account for the replicative
senescence {66, 67). BM-hMSCs have been shown to acquire
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culture-induced senescence with decreased proliferation rate,
altered metabolism, and impaired mitochondrial functions (9,
11, 12). However, hASCs only exhibit certain characteristics of
cellular senescence under the similar time-frame and culture
conditions to BM-MSCs, as shown in this study. Our results
showed that morphology, doubling times, expression of cell
cycle, and stemness genes remained comparable for P4 and
P12 hASCs. But the hASCs exhibited the declined CFU
activity, the increased P-gal activity, and the upregulation of
pl6ink46a encoding gene (54). The active proliferation of hASCs
at high passages may falsely lead to application of the cells in
preclinical/clinical studies and compromise the therapeutic
potentials as stem cell functions may be altered.

To further understand the mechanism behind the cellular
senescence of hASCs, this study analyzed central metabolism,
mitochondrial fitness, and the NAD+/NADH redox cycle
associated with senescence demonstrated in our previous study
for BM-hMSCs (11). As speculated, hASCs differ from BM-
hMSCs by maintaining a similar metabolic phenotype at high
passages in terms of glycolysisfOXPHOS status as well as
mitochondrial fitness when compared to cells of low passages.
Autophagy/mitophagy that control cellular homeostasis is also
relatively active in hASCs after extensive expansion. Our
previous study has identified that the NAD redox cycle-Sirt
axis plays an essential role in regulating senescence/aging-
associated functional decline in BM-hMSCs, indicated by the
decreased NAD+ level and Sirt1/3 expression in high passage
cells (11). However, for hASCs, the NAD/NADH redox cycle and
the corresponding enzyme Sirt-1 remain unchanged after in vitro
culture. Studies have tied the NAD redox cyce and Sirtuin
enzyme family to in vive aging and stem cell homeostasis (35—
39). For hASCs, it is postulated that the cells hold more potential
to maintain metabolic and redox homeostasis, thus are more
resistant to cuiture stress compared to BM-hMSCs. The apparent
proliferation ability may provide a “false hope” for the feasibility
of clinical usage after large scale expansion of hASCs. However,
the lack of metabolic reconfiguration in terms of glycolysis and
mitochondrial fitness, together with stable proliferation and
stemness, suggest an alternative mechanism modulating
replicative senescence of hASCs during culture expansion.

As one of the essential characteristics of hMSCs in disease recovery
and tissue engineering applications, the immunomodulatory potential
and immune phenotype of culture-expanded cells should be evaluated
prior to dinical application. Similar to T cells, the activation of BM-
hMSC immunomodulation is attributed to the reconfiguration of
central energy metabolism between glycolysis and OXPHOS to
satisfy the high demand for biosynthesis of the immune-associated
secretome (68). Although major carbon-associated metabolism
pathways (glycolysis/OXPHQOS, NAD+/NADH, autophagy/
mitophagy, etc.) were maintained, the immune phenotype of hASCs
significantly shifts from anti-inflammatory to pro-inflammatory after
culture expansion. Furthermore, our results suggest
immunomodulation abilities may be altered as high passage hASCs
exhibit decreased fold secretion of IL-10 and increased fold secretion of
CXCL10 and IL-6 when induced with IFN-y to mimic an
inflammatory environment. Comparison of RT-PCR results (e.g,

Sirt, glycolytic genes) and the ELISA results (eg, IL-10, HGF) with
transcriptome analysis shows consistent trends in general. This overall
shift in immune phenotype and potential impairment of
immunomodulation indicates that further consideration is required
for using in vitro expanded hASCs as therapeutic products, and the
mechanism that regulates the immune phenotype may contribute to
the cellular senescence of hASCs after prolonged in vitro expansion.

Besides metabolism regulation, hASCs’ immunomodulation
could be controlled by other cellular components or signaling
pathways. For instance, previous studies have demonstrated the
regulatory role of mtROS in the activation of BM-hMSCs under
IFN-y priming (30). Our study utilized MitoQ to neutralize
mitochondrial ROS which led to a reduction in IDO activity
{69). mtROS is critical for AMSC immunomodulation via IDO-
PGE2 pathway, which plays a critical role in glucose
transportation (30). Though glycolysissfOXPHOS remains
unchanged in hASCs during culture expansion, the
immunomodulation/immune phenotype could be potentially
regulated by mtROS, as P12 hASCs contained low mtROS as
shown in this study. In addition, treatment with Rapamycin to
inhibit mTOR signaling showed a similar effect corresponding to
reductions in IDO activity in high passage hASCs.
Correspondingly, our results showed a dramatic decrease in
mtROS while no difference in total ROS at P12 hASCs
compared to P5 cells. As mTOR activity leads to the
downstream production of mtROS (70-72), our postulation is
that the mTOR signaling pathway may still modulate the loss of
immunomodulation potential observed at high passages
of hASCs.

Moreover, global transcriptome and proteome analyses reveal
several potential growth factor-regulated pathways (eg., BMP,
PDGFA, VEGFA, and EIF2) that regulate the immune
phenotype in hASCs during culture expansion. In particular,
our transcriptome data strongly supports the immune phenotype
shift of hASCs during culture expansion, with the similar trends
for P12 and P8 cells in comparison to P4 transcriptome,
revealing insights into the growth factor regulations. These
growth factors (ie., BMPs, PDGFA, and VEGFA) have been
reported to promote the proliferation and survival of multi-
potential hMSCs (73). In addition, our previous study reveals
that the EIF2 pathway regulation is common for BM-hMSCs and
hASCs but not for somatic dermal fibroblasts (31). Moreover,
differential expression of matrix proteins (collagens, laminins,
fibronectin, and vitronectin), matrix remodeling proteins
{MMPs), and integrins was also observed, indicating that
additional functional analysis is required to reveal if the
observed changes are causative or correlative.

There is evidence that other amino acid metabolic pathways
and intermediate metabolites could regulate the phenotype of
immune cells. For instance, succinate was found to accumulate in
M1 polarized macrophages (74). Glutaminolysis is vital for both
macrophage and T cell function besides aerobic glycolysis (75,
76). Re-routing of citrate and isocitrate into fatty acid plays an
important role in dendritic cell activation (77). Similarly, rather
than glycolysis and mitochondrial activity, other metabolism/
metabolites could contribute to the altered immune phenotype of
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hASCs during in vitro expansion, as the metabolic process
pathways stand out as the top altered biological processes from
our proteomics analysis. However, further investigations are
required to draw any conclusion.

Ultimately, the in vitro expansion system should be designed
to slow down or reverse the cellular senescence process of hASCs.
Our previous studies reveal that various methods can maintain
the primitive phenotype of hMSCs and slow down the replicative
senescence, including hypoxia (65, 78), 3D aggregate culture (6,
31, 34, 79), metabolic supplements (11, 29), and low-density
culture (28). Together, the mechanism underpinning hASC
immunomodulation under in vifro culture expansion should be
further investigated to provide vital information for
biomanufacturing of hASC-based therapeutic products.

CONCLUSIONS

This study indicates that human adipose-derived MSCs exhibit
limited senescence under in vitro expansion compared to human
bone marrow MSCs. Moreover, metabolic reconfiguration and
the NAD+-8irt pathway are well maintained, supporting the
limited replicative senescence in hASCs through extended in
vitro expansion. However, the immune phenotype is significantly
altered, indicated by the decreased secretion of anti-
inflammatory cytokines and the increased secretion of pro-
inflammatory cytokines during in vitro expansion. High
passage hASCs also upregulate M1 macrophage polarization
and inhibit M2 polarization. Transcriptome analysis also
reveals the upregulation of pro-inflammatory genes and the
shifts toward the pro-inflammatory phenotype after long-term
expansion. This study suggests the importance of priming hASCs
during biomanufacturing to maintain the desired therapeutic
quality in hMSC-based therapy.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the artide/Supplementary Material

REFERENCES

L. Baer PC, Geiger H. Adipose-derived mesenchymal stromal/stem cells: tissue
localization, characterization, and heterogeneity, Stem Cells Int (2012)
2012:812693-3. doi: 10.1155/2012/812693

2. Yin JQ, Zhu }, Ankrum JA, Manufacturing of primed mesenchymal stromal
cells for therapy. Nat BioMed Eng (2019) 3(2):90-104. doi: 10.1038/s41551-
018-0325-8

3. Hass R, Kasper C, Bohm §, Jacobs R. Different populations and sources of
human mesenchymal stem cells (MSC): A comparison of adult and neonatal
tissue-derived MSC. Cell Commun Signal (2011) 9:12. doi: 10,1186/ 1478-
811X-9-12

4. Levy O, Kuai R, Siren EMY, Bhere D, Milton Y, Nissar N, et al. Shattering
barriers toward clinically ingful MSC therapies. Sd Adv (2020) 6(30):
eaba6884. doi: 10.1126/sciadv.aba6884

AUTHOR CONTRIBUTIONS

RJ, XY, and YL conceived the experiments and wrote the
manuscript. R} and XY conducted the majority of the
experiments. QF performed sample preparation and data
analysis for proteomics results. TL and BB helped experimental
design and reviewed the manuscript. RJ, XY, and YL analyzed
results. All authors contributed to the article and approved the
submitted version.

FUNDING

This work was supported by National Science Foundation Award
{CBET #1743426) and partially supported by the National
Institutes of Health (NIH; ROINS102395). The content is solely
the responsibility of the authors and does not necessarily
represent the official views of the NIH.

ACKNOWLEDGMENTS

In fond memory, the authors acknowledge guidance provided by
Professor Teng Ma. The authors also would like to thank Ms.
Ruth Didier of FSU Department of Biomedical Sciences for her
help in flow cytometry and Dr. Brian Washburn and Kristina
Poduch of FSU Department of Biomedical Sciences for
performing RT-PCR. In addition, the authors would like to
thank Dr. Amber N. Brown for preparing the RNA libraries
for transcriptome analysis, the Translational Science Laboratory
at Florida State University for help in proteomics and mRNA-
sequencing experiments, and Dr. Cynthia Vied for preliminary
data analysis of mRNA-sequencing data.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this artide can be found online at:
https://www frontiersin.org/articles/10.3389/fimmu.2021.621744/
full#supplementary-material

5. Yuan X, Logan TM, Ma T. Metabolism in Human Mesenchymal Stromal
Cells: A Missing Link Between hMSC Biomanufacturing and Therapy? Front
Immunol (2019} 10:977. doi: 10.3389/fimmu.2019.00977

6. Sart §, Tsai A-C, 1i'Y, Ma T. Three-dimensional aggregates of mesenchymal
stem cells: cellular mechanisms, biological properties, and applications. Tissue
Eng Part B Rev (2014) 20(5):365-80. doi: 10.1089/ten.teb.2013.0537

7. Sart S, Agathos SN, Li ¥, Ma T, Regulation of mesenchymal stem cell 3D
microenvironment: From macro to microfluidic bioreactors, Biotechnol |
{2016} 11(1):43-57. doi: 10.1002/biot. 201500191

8. Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R, Mosca 1D, et al.
Multilineage potential of adult human mesenchymal stem cells. Science (1999)
284{5411):143-7. doi: 10.1126/science.284.5411.143

9. Wagner W, Horn P, Castoldi M, Dichtmann A, Bork S, Seffrich R, et al.
Replicative senescence of mesenchymal stem cells: a continuous and organized
process. Pl One (2008) 3(5%2213. doi: 10.1371/journal pone 0002213

Frontiers inimmunclogy | wwwirortiersinorg

March 2021 | Volume 12 | Aricle 821744



Jesks ot al.

frrrouns Phenotype of ASCs

10,

1L

12,

13.

Turinetto V, Vitale E, Giachino C. Senescence in Human Mesenchymal Stem
Cells: Functional Changes and Implications in Stem Cell-Based Therapy, Int J
Mol Sci (2016} 17(7):1164. doi: 10.3390/ijms 17071 164

Yuan X, Liu Y, Bijonowski B, Tsai AC, Fu Q, Logan TM, et al NAD+/NADH
Redeox Alterations Reconfigure Metabolism and Rejuvenate Senescent Human
Mesenchymal Stem Céls In Vitro. Commun Biol (20203 3774, doi: 10,1038/
542003-020-01514-y

Fernandez-Rebollo E, Franzen §, Goetzke R, Hollmann |, Ostrowska A,
Oliverio M, et al. Senescence-Associated Metabolomic Phenotype in
Primary and iPSC-Derived Mesenchymal Stromal Cells. Stem Cell Rep
(2020) 14:201-9. doi: 10.1016/j.stemcr.2019.12,012

von Bahr L, Sundberg B, Lonnies L, Sander B, Karbach H, Hagglund H, et al.
Long-term complications, immunologic effects, and role of passage for
outcome in mesenchymal stromal cell therapy. Biol Blood Marrow
Transplant (2012} 18{4):557-64. doi: 10.1016/{bbmt.2011.07.023

Palumbo P, Lombardi ¥, Siragusa G, Cifone MG, Cinque B, Giuliani M,
Methods of Isolation, Characterization and Expansion of Human Adipose-
Derived Stem Cells (ASCs): An Overview. Int | Mol Sci (2018) 19(7):1897.
doi: 10.3390/ijms 19071897

. Raposio E, Bertozzi N. Isolation of Ready-to-Use Adipose-Derived Stem Cell

(ASC) Pellet for Clinical Applications and a Comparative Overview of
Alternate Methods for ASC lIsolation. Curr Protoc Stem Cell Biol (2017)
4L1IF 17 1-1F 17 12, doi: 10.1002/cpsc.29

16. Fraser JK, Wulur 1, Alfonso Z, Hedrick MH. Fat tissue: an underappreciated

19,

20,

2L

23,

24,

5

28.

27.

source of stem cells for biotechnology. Trends Biotechnol (2006) 24(4):150-4,
doi: 10.1016/j.tibtech 2006.01.010

. Mohamed-Ahmed §, Fristad 1, Lie $A, Suliman S, Mustafa K, Vindenes H,

et al. Adipose-derived and bone marrow mesenchymal stem cells: a donor-
matched comparison. Stem Cell Res Ther (2018) 9(1%:168. doi: 10.1186/
s13287-018-0914-1

. Bijnen M, Josefs T, Cuijpers I, Maalsen CJ, van de Gaar J, Vroomen M, et al.

Adipose tissue macrophages induce hepatic neutrophil recruitment and
macrophage accumulation in mice. Gut (2017} 67(7):1317-27. doi: 10.1136/
gugnl-2016-313654

Cho R}, Kim Y8, Kim JY, Oh YM. Human adipose-derived mesenchymal
stem cell spheroids improve recovery in 3 mouse model of elastase-induced
emphysema. BMB Rep (2017) 50(2):79-84. doi: 10.5483/bmbrep.
2017.50.2.101

Woo DH, Hwang HS, Shim JH. Comparison of adult stem cells derived from
muitiple stem cell niches. Biotechnol Lett (2016} 38(5)751-9. doi: 10.1007/
s10529-016-2050-2

Isobe ¥, Koyama N, Nakso K, Osawa K, fkeno M, Yamanaka S, ot al.
Comparison of human mesenchymal stem cells derived from bone marrow,
synovial fluid, adult dental pulp, and exfoliated deciduous tooth pulp. Int J
Oral Maxillofac Surg (2016) 45(1):124-31. doi: 10.1016/jjom.2015.06.022

. Melief SM, Zwaginga JJ, Fibbe WE, Roelofs H. Adipose tissue-derived

multipotent stromal cells have a higher immunomodulatory capacity than
their bone marrow-derived counterparts. Stem Cells Trans Med (2013) 2
(6):455-63. doi: 10.5966/sctm.2012-0184

Kern §, Eichler H, Stoeve §, Kluter H, Bieback K. Comparative analysis of
mesenchymal stem cells from bone marrow, umbsilical cord blood, or adipose
tissue. Stem Cells (2006} 24(5):1294-301. doi: 10.1634/stemcells 2005-0342
Aliakbari $, Mohammadi M, Rezaee MA, Amini AA, Fakhari §, Rahmani
MR. Impaired immunomodulatory ability of type 2 diabetic adipose-
derived mesenchymal stem cells in regulation of inflammatory condition
in mixed leukocyte reaction. EXCLI J (2019) 18:852-65. doi: 10.17179/
excli2019-1575

Mcintosh K, Zvonic §, Garrett $, Mitchell 1B, Floyd ZE, Hammill 1, et al. The
immunogenicity of human adipose-derived cells: temporal changes in vitro.
Stemn Cells (2006) 24(5):1246-53. doi: 10.1634/stemcells. 2005-0235

Galipean |, Krampera M, Barrett J, Dazz F, Deans RJ, DeBruijn J, o al,
International Society for Cellular Therapy perspective on immune functional
assays for mesenchymal stromal cells as potency release criterion for advanced
phase clinical trials. Cytotherapy (2016) 18(2):151-9. doi: 10.1016/
j.jcyt2015.11.008

Debnath T, Chelluri LK. Standardization and quality assessment for clinical
grade mesenchymal stem cells from human adipose tissue. Hematol Transfus
Cell Ther (2019) 41(1%:7-16. doi: 10.1016/{.htct.2018.05.001

28.

23,

30.

3L

32.

35.

36.

37.

38

39

41

42,

43,

44.

45,

47.

48.

49,

. Bartosh T}, Ylostalo fH, Moh

Liu ¥, Munoz N, Bunnell BA, Logan TM, Ma T. Density-Dependent
Metabolic Heterogeneity in Human Mesenchymal Stem Cells. Stem Cells
{2015) 33(11):3368-81. doi: 10.1002/stem. 2097

Liu Y, Munoz N, Tsai AC, Logan TM, Ma T. Metabolic Reconfiguration
Supports Reacquisition of Primitive Phenotype in Human Mesenchymal Stem
Cell Aggregates. Stem Cells (2017) 35(2):398-410. doi: 10.1002/stem 2510
Liu Y, Yuan X, Munoz N, Logan TM, Ma T. Commitment to Aerobic
Glycolysis Sustains Immunosuppression of Human Mesenchymal Stem
Cells. Stem Cells Transl Med {2019) 8(1):93-106. doi: 10.1002/sctm. 18-0070
Bijonowski BM, Fu Q, Yuan X, Irianto J, LiY, Grant 5C, et al. Aggregation-
induced Integrated Stress Resp Rejuvenates St of Culture-
Expanded Human Mesenchymal Stem Cells. Biotechnol Bioengineering
{2020} 117:3136-49. doi: 10.1002/bit.27474

Shyh-Chang N, Daley GQ, Cantley LC. Stem cell metabolism in tissue
development and aging. Dev (Cambridge England) (2013) 140{12):2535-47.
doi: 10.1242/dev.091777

dipoor A, Bazhanov N, Coble K, Claypoal K,
et al. Aggregation of human mesenchymal stromal cells (MSCs) into 3D sphercids
enhances their antiinflammatory properties. Proc Natl Acad S USA (2010) 167
(31):13724-9. doi: 10.1073/pnas. 1008117107

. Yuan X, Rosenberg JT, Lin Y, Grant SC, Ma T. Aggregation of human

mesenchymal stem cells enhances survival and efficacy in stroke treatment.
Cytotherapy (2019) 21(10):1033-48, doi: 10.1016/]jcyt.2019.04.055

Zhang H, Ryu D, Wu Y, Gariani K, Wang X, Luan P, ¢t al. NAD(+) repletion
improves mitochondrial and stem cell function and enhances life span in
mice. Science (2016} 352(6292):1436-43. doi: 10.1126/science.aaf2693

Lees JG, Gardner DX, Harvey AJ. NAD({+) induces a bivalent metabolism and
maintains pluripotency in human embryonic stem cdls. Stem Cells (2020)
38:624-38. doi: 10.1002/stem.3152

fmai 511, Guarente L It takes two to tango: NAD{+) and sirtuins in aging/longevity
control. NEJ Aging Mech Dis (2016) 2:16017. doi: 10.1038/npjamd.2016.17
Rajman L, Chwalek K, Sinchir DA. Therapeutic Potential of NAD-Boosting
Molecules: The In Vivo Evidence. Cell Metab (2018) 27(3):529-47.
doi: 10.1016/j.cmet.2018.02.011

Xiao W, Wang RS, Handy DE, Loscalzo J. NAD(H) and NADP(H} Redox
Couples and Cellular Energy Metabolism. Antioxid Redox Signal (2018) 28
{3):251-72. doi: 10.108%ars.2017 7216

. Camacho-Pereira |, Tarragd MG, Chini CCS, Nin V, Escande C, Warner GM,

et al. CD38 Dictates Age-Related NAD Dedline and Mitochondrial
Dysfunction through an SIRT3-Dependent Mechanism. Cell Metab (2016)
23(6):1127-39. doi: 10.1016/j.cmet. 2016 05.006

McReynolds MR, Chellappa K, Baur JA. Age-related NAD+ decline. Exp
Gerontology (2020) 134:110888. doi: 10.10 16/j.exger.2020.110888

Bijonowski BM, Yuan X, feske R, Li Y, Grant 5C. Cycling aggregation extends
in vitro expansion potential of human mesenchymal stem cells. 84 Rep (2020}
10:20448. doi: 10.1038/541598-020-77288-4

Song 1, Yuan X, Jones Z, Griffin K, Zhou Y, Ma 7, et al. Assembly of human
stem cell-derived cortical spheroids and vascular spheroids to model 3-D
brain-like tissues. Sci Rep (2019) 9:5977. doi: 10.1038/541598-019-42439-9
Song L, Yuan X, Jones Z, Vied C, Migo Y, Marzano M, ¢t al. Functionalization
of Brain Region-specific Spheroids with Isogenic Microglia-like Cells. Sei Rep
{2019} 9:11055-72. doi: 10.1038/541598-019-47444-6

Trapnell C, Pachter L, Salzberg SL. TopHat: discovering splice junctions with
RNA-Seq. Bioinformatics (2009) 25(9)%1105-11. doi: 10.1093/bioinformatics/
btp120

. Trapnell C, Williams BA, Pertea G, Mortazavi A, Kwan G, van Baren MJ, et al.

Transcript assembly and quantification by RNA-Seq reveals unannotated
wranscripts and isoform switching during cell differentiation. Nat Biotechnol
(2010) 28(5):511-5. doi: 10.1038/nbt.1621

Love MII, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol (2014) 15(12):550.
doi: 10.1186/513059-014-0550-8

Wang J, Duncan D, Shi Z, Zhang B. WEB-based GEne SeT Analysis Toolkit
(WebGestalt): update 2013. Nucleic Acids Res (2013) 41(Web Server issue):
‘W77-83. doi: 10.1093/narfgkt439

Zhang B, Kirov S, Snoddy J. WebGestalt: an integrated system for exploring
gene sets in various biclogical contexts. Nucleic Acids Res (2005) 33(Web
Server issue):W741-8. doi: 10.1093/nar/gkid75

Frontiars in nrmunokbgy | www irontiersinarg

March 2021 | Volume 12 | Article 821744



Jeske st gl

e Bhenotype of ABCs

50.

5L

-~

52,

54.

55

56.

57

58.

59,

60.

6L

62.

63,

65.

66.

Benjamini ¥, Hochberg Y. Controlling the False Discovery Rate: A Practical
and Powerful Approach to Multiple Testing. J R Stat Soc Ser B (1995) 57:289-
300. doi: 10.111141.2517-6161. 19951602031 x
Kalinski P. Regulation of i TSP byp
(2012) 188(1):21-8. doi: 10.4049/jimmunol 1101029
Coudriet GM, He ], Trucco M, Mars WM, Piganelli JD. Hepatocyte growth
factor modulates interleukin-6 production in bone marrow derived
macrophages: implications for infl y mediated di Plo§ One
(2010} 5{11}:¢15384. doi: 10.1371/joumal.pone 0015384

3 EZ.}' 7

o

. Kusunoki H, Taniyama Y, Otsu R, Rakugi H, Morishita R. Anti-inflammatory

effects of hepatocyte growth factor on the vicious cyde of macrophages and
adipocytes. Hypertens Res (2014) 37{6):500-6. doi: 10.1038/hr.2014.41

Uyar B, Palmer D, Kowald A, Murua Escobar H, Barrantes I, Moller §, et al.
Single-cell analyses of aging, inflammation and senescence. Ageing Res Rev
(2020) 64:101156. doi: 10.1016/j.arr.2020.101156

LaPak KM, Burd CE. The molecular balancing act of p16(INK4a) in cancer
and aging. Mol Cancer Res (2014) 12(2):167-83. doi: 10.1158/1541-
7786.MCR-13-0350

Jeske R, Albo J, Marzano M, Bejoy J, Li Y. Engineering brain-specific pericytes
from human pluripotent stem cells. Tissue Eng Part B Rev (2020) 26:367-82.
doi: 10.1089/ten.teb.2020.0091

Griffin K, Bejoy ], Song [, Hua T, Marzano M, Jeske R, et al. Human stem cell-
derived multicellular aggregates of forebrain astroglia respond to amyloid beta
oligomers. Tissue Eng Part A (2020) 26(9-10):527-42. doi: 10.1089/
tentea 20190227

Bejoy J, Yuan X, Song L, Hua T, Jeske R, Sang QX, et al. Genomics analysis of
metabolic pathways of human stem cell-derived microglia-like cells and the
integrated cortical spheroids. Stem Cells Int (2019) 2019:2382534. doi:
10.1155/2019/2382534

Yan Y, Martin L, Bosco D, Bundy J, Nowakowski R, Sang QX, et al,
Differential effects of acellular embryonic matrices on pluripotent ster cell
expansion and neural differentiation. Biomaterials (2015) 73:231-42. doi:
10.1016/j biomaterials 2015.09.020

Li W, Ren G, Huang Y, Su J, Han Y, 1i J, et al. Mesenchymal stem cells: a
double-edged sword in regulating immune responses. Cell Death Differ (2012)
19(9):1505-13. dois 10.1038/cdd. 201226

Wang Y, Chen X, Cao W, Shi Y. Plasticity of mesenchymal stem cells in
immunomodulation: pathological and therapeutic implications. Nat Immunol
(2014) 15(11):1009-16. doi: 10,1038/ni.3002

Schreml §, Babilas P, Fruth §, Orso E, Schmitz G, Mueller MB, et al. Harvesting

67.

68.

69,

70.

71

72,

73.

74

75.

76.

77

78.

Kwon SM, Hong SM, Lee YK, Min §, Yoon G. Metabolic features and
regulation in cell senescence. BMB Rep (2019) 52(1):5-12. doi: 105483/
BMBRep.2019.52.1.291

Pearce EL, Pearce EJ. Metabolic pathways in immune cell activation
and quiescence. Immunity (2013} 38(4):633-43. doi: 10.1016/jimmuni.
201304005

James AM, Sharpley MS, Manas AR, Frerman FE, Hirst ], Smith RA, et al.
Interaction of the mitochondria-targeted antioxidant MiteQ with
phospholipid bilayers and ubiquinone oxidoreductases. J Biol Chem (2007)
282(20):14708-18. doi: 10.1074/jbc.M61 1463200

Darzynkiewicz Z, Zhao H, Halicka HD, 1i ], Lee Y8, Hsich TC, et al. In search
of antiaging modalities: evaluation of mTOR- and ROS/DNA damage-
signaling by cytometry. Cylometry A (2014) 85(3)%386-99. doi: 10.1002/
cyto.a22452

Nacarelli T, Azar A, Sell C. Inhibition of mTOR Prevents ROS Production
Initiated by Ethidium Bromide-Induced Mitochondrial DNA Depletion,
Front Endocrinel (Lausanne} (2014) 5:122. doi: 10.3389/fendo.2014.00122
Zhac Y, Hu X, Lin Y, Dong §, Wen Z, He W, et al. ROS signaling under
metabolic stress: cross-talk between AMPK and AKT pathway. Mol Cancer
2017} 16{1):79. doi: 10,1186/512943-017-0648-1

Rodrigues M, Griffith LG, Wells A. Growth factor regulation of proliferation
and survival of multipotential stromal cells. Stem Cell Res Ther (2010) 1(4):32,
doi: 10.1186/scrt32

Selak MA, Armour SM, MacKenzie ED, Boulahbd H, Watson DG, Mansfield
KD, et al. Succinate Jinks TCA cycle dysfunction to oncogenesis by inhibiting
HIF-alpha prolyl hydroxylase. Cancer Cell (2005) 7(1):77-85. doi: 10.1016/
jcr2004.11.022

Araujo L, Khim P, Mkhikian H, Mortales CL., Demetriou M. Glycolysis and
glutaminalysis cooperatively control T cell function by limiting metabolite
supply to N-glycosylation, Elife (2017) 6:¢21330. doi: 10.7554/cLife.21330
Liu PS, Wang H, Li X, Chao T, Teav T, Christen §, et al. alpha-
ketoglutarate orchestrates macrophage activation through metabolic and
epigenetic reprogramming. Nat Immunol (2017) 18{9):985-94.
doi: 10.1038/ni.3796

Everts B, Amiel E, Huang SC, Smith AM, Chang CH, Lam WY, et al. TLR-
driven eady glycolytic reprogramming via the kinases TBK1-IKKvarepsilon
supports the anabolic demands of dendritic cell activation. Nat Immunol
(2014} 15(4):323-32. doi: 10.1038/ni.2833

Grayson WL, Zhao ¥, Bunnell B, Ma T. Hypoxia enhances proliferation and
tissue formation of human mesenchymal stem cells. Biochem Biophys Res
Co {2007) 358(3):948-53. doi: 10.1016/j.bbrc.2007.05 054

human adipose tissue-derived adult stem cells: resection versus lip
Cytotherapy (2009} 11(7):947-57. doi: 10.3109/14653240903204322
Danisovic L, Oravcova L, Krajciova L, Varchulova Novakova Z, Bohac M,
Varga 1, etal. Effect of long-term culture on the biological and morphological
characteristics of human adipose tissue-derived stem Cells. J Physiol
Pharmacol (2017) 68(1):149-58. doi: 10.5176/2345-7821_ACMRI13.08

. Huang ¥, LiQ, Zhang K, HuM, Wang ¥, DuL, etal. Single cell transcriptomic

analysis of human mesenchymal stem cells reveals limited heterogeneity. Cell
Death Dis (2019) 10(5):368. doi: 10.1038/541419-019-1583-4

Ma T, Grayson W1, Frohlich M, Vanjak-Novakovic G. Hypoxia and stem
cell-based engineering of mesenchymal tissues. Biotechnol Prog (2009} 25
(1}:32-42, doi: 10.1002/btpr,128

Vasileiou PVS, Evangelou K, Vlasis K, Fildisis G, Panayiotidis MII,
Chronopoulos E, et al. Mitochondrial Homeostasis and Cellular Senescence.
Cells (2019) 8(7):686. doi: 10.3390/cells8070686

7.

Tsai AC, Liu Y, Yuan X, Ma T. Compaction, fusion, and functional activation
of three-di I h chymal stem cell aggregate. Tissue
engineering Part A (2015) 21(9-10):1705-19. dei: 10.1089/ten. TEA 2014.0314

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commerdial or financial relationships that could be construed asa
potential conflict of interest,

Copyright © 2021 Jeske, Yuan, Fu, Bunnell, Logan and Li. This is an open-acess
article distributed under the terms of the Creative Commons Attribution License
{CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordanice with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in inmunclgy | wew.irontiesinorg

18

March 2021 | Volume 12 | Articls 821744



