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Background aims: Mesenchymal stem/stromal cell (MSC)-based therapies have gained attention as
potential alternatives for multiple musculoskeletal indications based on their trophic and immuno-
modulatory properties. The infrapatellar fat pad (IFP) serves as a reservoir of MSCs, which play crucial
roles modulating inflammatory and fibrotic events at the IFP and its neighboring tissue, the synovium.
In an effort to comply with the existing regulatory framework regarding cell-based product
manufacturing, we interrogated the in vitro immunomodulatory capacity of human-derived IFP-MSCs
processed under different conditions, including a regulatory-compliant protocol, in addition to their
response to the inflammatory and fibrotic environments often present in joint disease.
Methods: Immunophenotype, telomere length, transcriptional and secretory immunomodulatory pro-
files and functional immunopotency assay were assessed in IFP-MSCs expanded in regular fetal bovine
serum (FBS)-supplemented medium and side-by-side compared with same-donor cells processed with
two media alternatives (i.e., regulatory-compliant pooled human platelet lysate [hPL] and a chemically
reinforced/serum-reduced [Ch-R] formulation). Finally, to assess the effects of such formulations on
the ability of the cells to respond to pro-inflammatory and pro-fibrotic conditions, all three groups
were stimulated ex vivo (i.e., cell priming) with a cocktail containing TNFa, IFNg and connective tissue
growth factor (tumor-initiating cells) and compared with non-induced cohorts assessing the same
outcomes.
Results: Non-induced and primed IFP-MSCs expanded in either hPL or Ch-R showed distinct morphology
in vitro, similar telomere dynamics and distinct phenotypical and molecular profiles when compared
with cohorts grown in FBS. Gene expression of IL-8, CD10 and granulocyte colony-stimulating factor
was highly enriched in similarly processed IFP-MSCs. Cell surface markers related to the immunomod-
ulatory capacity, including CD146 and CD10, were highly expressed, and secretion of immunomodula-
tory and pro-angiogenic factors was significantly enhanced with both hPL and Ch-R formulations. Upon
priming, the immunomodulatory phenotype was enhanced, resulting in further increase in CD146 and
CD10, significant CXCR4 presence and reduction in TLR3. Similarly, transcriptional and secretory pro-
files were enriched and more pronounced in IFP-MSCs expanded in either hPL or Ch-R, suggesting a
synergistic effect between these formulations and inflammatory/fibrotic priming conditions. Collec-
tively, increased indoleamine-2,3-dioxygenase activity and prostaglandin E2 secretion for hPL- and
Ch-R-expanded IFP-MSCs were functionally reflected by their robust T-cell proliferation suppression
capacity in vitro compared with IFP-MSCs expanded in FBS, even after priming.
Conclusions: Compared with processing using an FBS-supplemented medium, processing IFP-MSCs with
either hPL or Ch-R similarly enhances their immunomodulatory properties, which are further increased
after exposure to an inflammatory/fibrotic priming environment. This evidence supports the adoption
of regulatory-compliant practices during the manufacturing of a cell-based product based on IFP-MSCs
and anticipates a further enhanced response once the cells face the pathological environment after
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intra-articular administration. Mechanistically, the resulting functionally enhanced cell-based product
has potential utilization as a novel, minimally invasive cell therapy for joint disease through modula-
tion of local immune and inflammatory events.

© 2020 International Society for Cell and Gene Therapy. Published by Elsevier Inc. All rights reserved.
Introduction

The infrapatellar fat pad (IFP) is an intracapsular/extrasynovial tis-
sue with reported biomechanical functions inside the knee [1,2] and
has recently gained attention as a key player in joint homeostasis.
The IFP and the neighboring synovium constitute a functional ana-
tomical unit [3], playing crucial roles in the establishment and pro-
gression of joint disease, including osteoarthritis (OA), where
inflammatory and fibrotic microenvironments are present [4�8].
Mesenchymal stem/stromal cells (MSCs) possess immunomodulatory
and trophic effects involving anti-inflammatory, angiogenic and anti-
fibrotic activities [9]. The IFP constitutes a promising alternative
source of MSCs [10�14] given the ease of harvest during knee
arthroscopy [15], relative higher cell yield compared with bone mar-
row, higher expansive and in vitro differentiation profiles of IFP-MSC
compared with other MSC types [16,17] and the fact that they natu-
rally reside within the joint environment. We have previously
reported that IFP-MSCs expanded in “regular” fetal bovine serum
(FBS)-containing media control key local pathological mediators,
including Substance P degradation, both in vitro and in vivo, while
suppressing the proliferation of peripheral blood mononuclear cells
(PBMCs) in a dose-dependent manner [18]. These effects are
enhanced with prior ex vivo exposure of the cells (i.e., cell priming) to
TNFa/IFNg/connective tissue growth factor (tumor-initiating cells
[TICs]), a cocktail that molecularly mimics a synovitis and IFP fibrosis
environment, inducing IFP-MSCs to be effectively suppressive of
PBMCs, even at significantly reduced numbers [18].

To date, FBS supplementation of MSC growth media constitutes
the standard of care worldwide, with almost 80% of clinical trials
using MSCs exposed to animal derivatives. However, numerous stud-
ies have raised safety concerns regarding the use of FBS-containing
media during MSC manufacturing for clinical applications [19�21].
Furthermore, large-scale manufacturing under such conditions may
result in modifications to various cell characteristics and attributes,
including phenotypic and functional alterations. In addition to inher-
ent donor variability, these alterations may negatively affect the stan-
dardization and reproducibility of therapeutic outcomes, which may
explain the variable efficacy seen in various clinical trials. In light of
these issues, various studies have highlighted the importance of MSC
“fitness” [22,23] in yielding improved MSC functionalities for better
therapeutics in vivo.

In response to the growing need to replace FBS during MSC-based
product manufacturing for regenerative medicine purposes, especially
in large-scale manufacturing, the use of human platelet derivatives such
as platelet lysate has been proposed. In a pioneering study, Doucet et al.
[24] proposed human platelet lysate (hPL) as a potent source of bioac-
tive molecules stored in platelets’ a-granules for the ex vivo expansion
of MSCs. Among the bioactive molecules are those within the families of
mitogenic growth factors, including platelet-derived growth factor
(PDGF), epidermal growth factor (EGF), insulinlike growth factor, trans-
forming growth factor (TGF) and fibroblast growth factor 2 [25,26]. Dif-
ferent positive outcomes have been assessed in MSCs obtained from
various sources and processed with hPL when compared with expan-
sion with FBS, including proliferation as colony-forming unit fibroblasts,
differentiation potential, senescence, chromosomal stability and angio-
genesis [27�35]. Furthermore, pilot clinical trials investigating the
immunosuppressive effects of MSCs expanded in hPL to treat acute and
chronic graft-versus-host disease observed no early or late adverse
effects at a median follow-up of 8 months, including patients receiving
up to five cell infusions [36,37]. More importantly, in a recent survey by
Phinney and Galipeau [38] aimed at defining Good Manufacturing Prac-
tices in US academic centers, it was found that most centers expand
MSCs in media supplemented with pooled hPL. Notwithstanding this
evidence, the authors also mentioned that the effects of hPL on MSCs
are still subject to scrutiny given contrasting results reported in the liter-
ature. For instance, some groups have reported differences in differenti-
ation and immunomodulatory potentials in bone marrow- and adipose-
derived MSCs processed in either hPL or FBS [39], while others have not
[30,40]. Therefore, the authors suggest that resolving these discrepan-
cies becomes paramount during the manufacturing of cell-based prod-
ucts that have consistent potencies and are intended for specific clinical
indications. In parallel, efforts have recently been made to develop syn-
thetic serum-reduced and serum-free replacements for MSC
manufacturing [41,42]. These synthetic media contain a mixture of
recombinant bioactive molecules, such as proteins, hormones, cytokines
and/or growth factors, that supplement the culture media, “compensat-
ing” for the reduction or lack of serum. Here we use an optimized low-
serum formulation (2% FBS) supplemented with a cocktail of defined
compounds (final composition undisclosed because of the manufac-
turer’s proprietary restrictions) that falls into that category, correspond-
ing to a chemically reinforced/serum-reduced (Ch-R) medium, to have
another formulation for comparison.

In an effort to move toward the direction of generating a clinical-
grade product based on IFP-MSCs, we have also reported that com-
pared with FBS-containing media, IFP-MSCs processed in either hPL
or Ch-R formulations show enhanced proliferation and multi-differ-
entiation potential [43]. Furthermore, they induce and maintain an
intrinsic CD10-rich cellular phenotype, similar to the effect generated
with ex vivo pro-inflammatory and pro-fibrotic cell priming [18], and
are responsible for the efficient Substance P degradation both in vitro
and in vivo. The resulting cell-based product was able to efficiently
reverse induced synovitis and IFP fibrosis in a rat model, even at sig-
nificantly reduced cell numbers [43]. Therefore, manufacturing an
IFP-MSC-based cell product with hPL and Ch-R can obviate the use of
ex vivo cell priming to induce specific phenotypic and functional
attributes on the cells.

By contrast, and as mentioned above, we have reported that prim-
ing IFP-MSCs with TICs in FBS-containing media significantly enhan-
ces their immunomodulatory capacity [18]. Based on this collective
information, this study further explored the effects of regulatory-
compliant manufacturing conditions (side-by-side comparison with
same-donor cells), assessing their phenotypic, molecular and secre-
tory profiles and functionality, with emphasis on the immunomodu-
latory capacity of IFP-MSCs. We also investigated the response of IFP-
MSCs to inflammatory and fibrotic environments when manufac-
tured in different conditions and whether hPL and Ch-R formulations
could induce immunomodulatory effects that obviate ex vivo cell
priming. We found that IFP-MSC expansion in either hPL or Ch-R
media results in a significantly increased IFP-MSC immunomodula-
tory profile compared with FBS-cultured cohorts. These features are
indeed further enhanced in all three conditions with concomitant
inflammatory and fibrotic priming.

The current comprehensive in vitro interrogation improves our under-
standing of IFP-MSC responses to inflammatory/fibrotic cell priming and
whether these intrinsic responses can be induced and/or enhanced by fol-
lowing regulatory-compliant cell-based productmanufacturing protocols.
The resulting evidence could be harnessed to serve as a foundation for
the design of novel and/or to modify existing clinical protocols with IFP-
MSC for joint disease including OA based on cell therapy, with potentially
more reproducible clinical outcomes.
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Methods

Isolation, culture and expansion of IFP-MSCs and bone marrow-derived
MSCs

Human IFP-MSCs were isolated from IFP tissue acquired from de-
identified, non-arthritic, age- and sex-matched patients (n = 5, two
males and three females, 38.2 § 12 years old) undergoing elective
knee arthroscopy at the Lennar Foundation Medical Center at the
University of Miami after obtaining written informed consent. All
procedures were carried out in accordance with relevant guidelines
and regulations following “not as human research” approval (based
on the nature of the samples as discarded tissue) by the University of
Miami Institutional Review Board. IFP tissue (5�10 mL) was mechan-
ically dissected and washed repeatedly with Dulbecco’s Phosphate-
Buffered Saline (DPBS; Sigma Aldrich, St Louis, MO, USA), followed by
enzymatic digestion with agitation using 235-U/mL collagenase I
(Worthington Industries, Columbus, OH, USA) diluted in DPBS and 1%
bovine serum albumin (Sigma Aldrich) for 2 hours at 37°C. Enzymatic
digestion was inactivated using complete media with Dulbecco’s
Modified Eagle’s Medium (DMEM) low-glucose GlutaMAX (Thermo-
Fisher Scientific, Waltham, MA, USA) containing 10% FBS (VWR, Rad-
nor, PA, USA), washed and seeded at a density of 1 £ 106 cells/175
cm2

flask in three different complete media: (i) DMEM + 10% FBS, (ii)
pooled hPL and (iii) Ch-R. Complete hPL medium was prepared by
supplementing DMEM low-glucose GlutaMAX with hPL solution and
0.024 mg/mL xeno-free heparin (PL Bioscience, Aachen, Germany) to
obtain a 10% hPL final concentration. Complete Ch-R medium was
prepared by mixing low-serum (2% FBS) mesenchymal stem cell
growth medium 2 with the provided SupplementMix of defined com-
pounds according to the manufacturer’s instructions (PromoCell, Hei-
delberg, Germany). Forty-eight hours post-seeding, non-adherent
cells were removed by gently rinsing with DPBS, and media were
replenished accordingly.

All MSCs were cultured at 37°C 5% (v/v) CO2 until 80% confluent as
passage 0 (P0), then passaged at a 1:5 ratio until P3, detaching them
with TrypLE select enzyme 1X (Gibco, ThermoFisher Scientific) and
assessing cell viability with 0.4% (w/v) Trypan Blue (Invitrogen, Thermo-
Fisher Scientific). All experiments were performed using cells obtained
from three independent donors (n = 3) unless otherwise specified.

TIC priming

P3 IFP-MSCs expanded in all three culturing conditions were sub-
sequently primed with a TIC inflammatory/fibrotic cocktail (15 ng/
mL TNFa, 10 ng/mL IFNg , 10 ng/mL connective tissue growth factor)
for 72 h. Naive and TIC-induced cohorts were evaluated for telomeric,
phenotypic, secretory, transcriptional and functional profiles.

Telomere length measurement

A QIAamp DNAmini kit (Qiagen) was used for gDNA extraction from
P3 IFP-MSCs expanded in all three culturing conditions. Samples were
run in triplicate using 50 ng gDNA for expanded cells. Telomere length
measurement by SYBR Green quantitative polymerase chain reaction
(qPCR) (#4309155, Invitrogen) involved determining the relative ratio
of telomere repeat copy number (T) to a single copy gene (36B4) copy
number (S) (T/S ratio) as previously described [44�46].

Immunophenotype

Flow cytometric analysis was performed on P3 non-induced and
TIC-primed (n = 3) IFP-MSCs expanded in all three culturing condi-
tions. Briefly, 2.0 £ 105 cells were stained with monoclonal antibod-
ies specific for CD146 (Miltenyi Biotec, Auburn, CA, USA), CD10
(Biolegend, San Diego, CA, USA), human leukocyte antigen (HLA)-DR
(BD Biosciences, San Jose, CA), CD283 (TLR3), CD284 (TLR4), CXCR4
(Invitrogen) and the corresponding isotype controls. These markers
confirm and complement a previous full panel of surface markers
reported in the study by Kouroupis et al.[43]. All samples included a
Ghost Red 780 Viability Dye (Tonbo Biosciences, San Diego, CA, USA).
Data (20 000 events collected) were acquired using a Cytoflex S
(Beckman Coulter, Brea, CA, USA) and analyzed using Kaluza analysis
software (Beckman Coulter).

Real-time qPCR

RNA extraction was performed using the RNeasy mini kit (Qiagen,
Frederick, MD, USA) according to the manufacturer’s instructions.
Total RNA (1 mg) was used for reverse transcription using the Super-
Script VILO cDNA synthesis kit (Invitrogen).

A qPCR was then performed using a QuantiFast SYBR Green qPCR kit
(Qiagen) and a StepOne real-time thermocycler (Applied Biosystems,
ThermoFisher Scientific). For each target, human transcript primers
were selected using PrimerQuest (Integrated DNA Technologies, San
Jose, CA, USA) (see supplementary Table 1). All samples (n = 3) were
analyzed in triplicate. Gene expression levels were calculated using the
DDCt method and represented as the relative fold change of the primed
cohort to the non-induced ( = 1).

A pre-designed 28-gene TaqMan low-density cytokine array
(Applied Biosystems) (see supplementary Table 2) was performed
(n = 3) using 1000 ng cDNA per IFP-MSC sample and processed using
a StepOne real-time thermocycler (Applied Biosystems). Data analy-
sis was performed using DataAssist software v2.0 (Applied Biosys-
tems). Expression levels were calculated using the DDCt method, and
values were represented in a heat map of transcript expression levels
(with a 34-cycle cutoff point) using the Pearson correlation distance
method and complete linkage clustering method between the differ-
ent samples. Values were also represented in a separate fold change
heat map and table as the fold change of the hPL and Ch-R media
(sample), both relative to the FBS medium (reference), following
2�DCt = X sample/X reference.

Secretome analysis

Protein arrays of 20 cytokines and 20 angiogenesis-related mole-
cules (RayBio C-series, RayBiotech, Peachtree Corners, GA, USA) were
used to determine secreted levels obtained from IFP-MSCs expanded
in all three culturing conditions with and without priming. Media
alone were also tested in parallel to assess baseline presence of fac-
tors to avoid over-quantification. For each population, 1 mL of condi-
tioned media obtained from two donors (105 IFP-MSCs/well, 12
wells, n = 2 per culturing condition) was prepared and used for each
assay following the manufacturer’s instructions. Data shown repre-
sent 40-second exposure in the FluorChem E chemiluminescence
imaging system (ProteinSimple, San Jose, CA, USA). Results were gen-
erated by quantifying the mean spot pixel density of each array using
a protein array analyzer plugin and ImageJ software (https://imagej.
net/Citing). The signal intensities from the average of two spots per
protein were normalized with the background signal (including
media alone) and quantified by densitometry analysis.

Pathway analysis

Putative interactomes were generated using the Search Tool for
the Retrieval of Interacting Genes/Proteins 11.0 (available from:
http://string-db.org) [47] database using interaction data from
experiments, databases, genome neighborhood, gene fusions, co-
occurrence across genomes, co-expression and text-mining. An inter-
action confidence score of 0.4 was imposed to ensure high interaction
probability. The K-means clustering algorithm was used to organize
proteins into three separate clusters per condition tested,

https://imagej.net/Citing
https://imagej.net/Citing
http://string-db.org


ARTICLE IN PRESS

4 D. Kouroupis et al. / Cytotherapy 00 (2020) 1�13
discriminated by colors. Venn diagrams were used to demonstrate all
possible relations between non-induced and TIC-primed IFP-MSCs
cultured in all three conditions for the significantly (P < 0.05) altered
proteins. Functional enrichments related to biological process, Kyoto
Encyclopedia of Genes and Genomes pathways and reactome path-
ways were presented in radar graphs for all conditions tested.

Indoleamine-2,3-dioxygenase metabolic activity in vitro

Indoleamine-2,3-dioxygenase (IDO) activity immunoassay (Abcam,
MA, USA) was used to quantify the secreted levels (pg/mL) in expanded
IFP-MSCs under all three culture conditions with and without priming
(105 IFP-MSCs/well, 12 wells) following the manufacturer’s instructions.
The IDO activity kit provides a fluorogenic developer that selectively
reacts with N-formylkynurenine to produce a highly fluorescent prod-
uct. IDO activity was quantified in centrifuged (1500 rpm, 5 minutes)
conditioned media (run in duplicates within the membrane) obtained
from IFP-MSC cultures in all conditions. Levels were determined by
measuring the fluorescence (Ex/Em = 402/488 nm) of individual wells
in endpointmode (SpectraMaxM5 spectrophotometer; Molecular Devi-
ces, San Jose, CA, USA). IDO metabolic activity (in pmole/min/mg) was
obtained by applying the fluorescent values from individual wells to the
N-formylkynurenine standard curve run with the assay to obtain the
pmole of L-tryptophanmetabolized by IDO.

Prostaglandin E2 in vitro assay

The Parameter prostaglandin E2 (PGE2) competitive immunoassay
(R&D Systems, MN, USA) was used to quantify the secreted levels (pg/
mL) in expanded IFP-MSCs under all three culture conditions with and
without priming (105 IFP-MSCs/well, 12 wells) following the manufac-
turer’s instructions. PGE2 was quantified in conditioned media (run in
duplicates within the membrane) obtained from IFP-MSC cultures in all
conditions. Levels were determined by subtractingmeasured optical den-
sities of individual wells at 450 nm and 540 nm in endpoint mode (Spec-
traMax M5 spectrophotometer; Molecular Devices) and converting into
concentrations using the reference standard curve runwith the assay.

Immunopotency assay

Culture-expanded IFP-MSCs were designated as non-induced or TIC-
primed cohorts. After 72 h in complete culture (non-induced) or TIC
priming (primed) media, IFP-MSC cultures were washed once with
DPBS, and media were changed to an immunopotency assay medium
containing RPMI (Gibco) with 15% human AB serum (Corning, Corning,
NY, USA), 1% L-glutamine (Gibco), 1% non-essential amino acids (Gibco),
1% sodium pyruvate, 1% N-2-hydroxyethylpiperazine-N-2-ethane sul-
fonic acid (Gibco) and 1% 100X vitamins (Gibco). Human pan T cells
(STEMCELL Technologies, Vancouver, Canada) were stained using the
CellTrace carboxyfluorescein succinimidyl ester (CFSE) cell proliferation
kit (Invitrogen) according to the manufacturer’s instructions and resus-
pended in immunopotency assay media. Next, CFSE-stained T cells
were added to non-induced or TIC-primed IFP-MSCs at a 2:1 ratio. Cell
stimulation cocktail 500x (Invitrogen) containing phorbol 12-myristate
13-acetate and ionomycin was then added to the wells designated for
T-cell stimulation. After 72 hours, CFSE-stained cells were collected,
stained with Ghost Red 780 Viability Dye (Tonbo Biosciences), and
acquisition of 10,000 events was performed using a CytoFLEX S cytome-
ter with CytExpert software (Beckman Coulter). T cells were gated by
scatter, viability and CFSE positivity, and T-cell proliferation was repre-
sented as CFSEdim/total CFSE£ 100.

Statistical analysis

Normal distribution of values was assessed by the Kolmogorov-
Smirnov normality test. Statistical analysis was performed using
paired and unpaired Student’s t-test for normally distributed data
and Wilcoxon (for paired data) or Mann-Whitney (for unpaired data)
test in the presence of a non-normal distribution; one-way ANOVA
was used for multiple comparisons. All tests were performed with
GraphPad Prism 7.03 (GraphPad Software, San Diego, CA, USA). Sta-
tistical significance was set at P < 0.05. Data used for the statistical
analyses are indicated in the figure legends, corresponding overall to
three independent experiments from IFP-MSC donors (n = 3) unless
otherwise specified.

Results

Cell characterization of IFP-MSCs expanded in all three formulations

Morphologic differences of IFP-MSCs were observed when cultured
in the three culture conditions. IFP-MSCs expanded in either FBS or Ch-
R showed a fibroblast-like morphology, while in hPL they exhibited
more elongated, spindle-shaped morphology. Consistent with our pre-
vious study [43], despite the addition of heparin to the hPL formulation,
a thin, fibrin-rich layer formed underneath the cells, potentially affect-
ing their initial adhesive capacity in vitro. Nevertheless, they all exhib-
ited comparable sizes and no changes before or after TIC priming
(Figure 1A). Full growth kinetics, stemness and differentiation potential
of the cells were assessed and reported in the study by Kouroupis et al.
[43]. Telomere length capacity, as measured by qPCR, showed almost
identical T/S ratio for all non-induced and TIC-primed cohorts. The aver-
age T/S ratio in non-induced cultures was 1.91, while the average was
1.93 in primed conditions (Figure 1B).

A complete immunophenotypification of IFP-MSCs expanded with
the three formulations was recently reported in the study by Kourou-
pis et al. [43]. Here we confirm key markers under priming conditions
and further expand the panel with additional ones, including the
immune response markers TLR3 and TLR4 (Figure 1C). We confirmed
the higher expression of CD146 and CD10 in non-induced IFP-MSCs
expanded in either hPL or Ch-R media compared with FBS and their
further increase with priming (especially with Ch-R). Of note, CD146
increase with hPL expansion has been previously reported for bone
marrow-derived MSCs [48]. Similarly, we confirmed both the absence
and significant presence of HLA-DR in non-induced and primed cells,
respectively. CXCR4 experienced a similar trend, though this was less
pronounced than that seen with HLA-DR, with minimal expression in
non-induced IFP-MSCs and an increase after priming. TLR3 was sig-
nificantly enriched in all non-induced cultures, especially in the hPL
and FBS groups (91.2% § 2.2% and 82.6% § 28.0%, respectively),
whereas TLR4 demonstrated low levels of expression in all non-
induced cultures. Interestingly, upon priming, both TLR3 and TLR4
were reduced, though this was more dramatic in TLR3.

IFP-MSCs expanded in either hPL or Ch-R have a distinguishable
transcriptional profile compared with FBS

A basic transcriptional profile of non-induced IFP-MSCs expanded
in either hPL or Ch-R relative to FBS cultures showed similar expres-
sion trends for all transcripts tested (Figure 1D). For non-induced IFP-
MSCs expanded in hPL, IL-8, CD10 and granulocyte colony-stimulat-
ing factor (G-CSF) gene expression was 4.5-, 4.2- and 14.5-fold higher
(P < 0.05), respectively, than that seen with FBS cultures. For non-
induced IFP-MSCs expanded in Ch-R, the same genes were expressed
5.2-, 4.3- and 134.3-fold higher (P < 0.05), respectively, than that
seen with FBS cultures. All the other transcripts, including IL-6, had
lower gene expression in non-induced IFP-MSCs expanded in either
hPL or Ch-R compared with FBS cultures, which, when combined
with high IL-8 expression, is associated with a significantly low IL-6/
IL-8 ratio, suggesting a less pro-inflammatory effect [18,43,49]. Upon
priming, all transcripts showed similar overall trends in IFP-MSCs
expanded in either hPL or Ch-R relative to FBS cultures (Figure 1D).



Fig. 1. IFP-MSC characterization. (A) IFP-MSCs showed different morphology when expanded in the three different media. Cells expanded in FBS and Ch-R had the characteristic
fibroblast-like morphology (the latter smaller in size), while cells expanded in hPL were more spindle-shaped. Of note, despite the addition of heparin to the hPL formulation, a thin
fibrin-rich layer formed underneath the expanding IFP-MSC cultures. Magnification 10X. (B) Telomere length, calculated using the ratio of telomere repeats (T) to a single-copy
gene 36B4 (S), was similar in the three cultures before and after TIC priming. The average T/S ratio was 1.91 in non-induced cultures and 1.93 in primed cultures. (C) Immunopheno-
typification showed non-induced IFP-MSCs expanded in either hPL or Ch-R enhanced CD146, CD10 and TLR3 expression. TIC priming further increased CD146 and CD10 and
resulted in a sharp increase in HLA-DR in all cultures, while it reduced TLR3 and TLR4 in all cultures. (D) IFP-MSCs expanded in either hPL or Ch-R showed enhanced transcriptional
profile with enriched expression of IL-8, CD10 and G-CSF genes compared with cohorts expanded in FBS. (E) All immunomodulation-related genes tested showed higher expression
levels in the three cultures upon TIC priming compared with non-induced cultures. Of note, HLA-G, G-CSF and IDO showed stronger upregulation in TIC-primed, hPL-expanded IFP-
MSCs. All experiments were performed independently (n = 3). Data are presented as scatter plots with mean values and bar plots for transcripts with mean § SD values. Significant
gene expression (P < 0.05) differences are marked with an asterisk. Avg, average; SD, standard deviation.
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IL-8 and CD10 gene expression was reduced in primed cells com-
pared with non-induced counterparts but remained significantly
higher compared with primed IFP-MSCs expanded in FBS. By con-
trast, G-CSF gene expression was significantly upregulated after
priming (P < 0.05). For primed IFP-MSCs expanded in hPL, IL-8, CD10
and G-CSF gene expression was 1.5-, 2.2- and 399.6-fold higher (P <

0.05), respectively, than that seen with IFP-MSCs expanded in FBS.
For primed IFP-MSCs expanded in Ch-R, IL-8, CD10 and G-CSF gene
expression was 2.8-, 1.9- and 808-fold higher (P < 0.05), respectively,
than that seen with IFP-MSCs expanded in FBS. IL-6/IL-8 ratio
remained low in primed IFP-MSCs expanded in either hPL or Ch-R
compared with FBS.

Upon TIC priming, all transcripts showed similar overall trends in
IFP-MSCs expanded in either hPL or Ch-R or FBS relative to their non-
induced cultures (Figure 1E). Importantly, HLA-G and IDO gene
expression showed stronger upregulation in hPL or FBS compared
with Ch-R TIC-primed IFP-MSC cultures. Also, G-CSF gene expression
was upregulated more significantly (P < 0.05) in TIC-primed hPL or
Ch-R, whereas CD10 was increased more significantly (P < 0.05) in
TIC-primed, FBS-expanded IFP-MSCs.

To complement the above profile, a pre-designed cytokine multi-
plex array was used to investigate the overall inflammation-related
molecular signature of IFP-MSCs processed in all three conditions
and subjected to TIC priming. Overall, TaqMan low-density cytokine
array analysis results showed that TIC-primed IFP-MSCs expanded in
either hPL and Ch-R have low to negative expression levels (marked
blue or white on the heat map) for most inflammation-related cyto-
kines tested (Figure 2A). Only four molecules showed significantly (�
2-fold, P < 0.05) higher expression levels in hPL-expanded IFP-
MSCs—IFN-a-1, IFN-a-8, IL-1-a and IL-1-b—compared with the FBS
reference sample, with 2.4-fold, 2.1-fold, 4.8-fold and 2.2-fold
expression levels, respectively. Ch-R-expanded IFP-MSCs had signifi-
cantly (� 2-fold, P < 0.05) higher expression of six transcripts—IFN-
a-1, IFN-a-8, IL-1-a, IL-1-b, IL-8 and TNFa—compared with the FBS
reference sample, with 7.7-fold, 4.7-fold, 30.4-fold, 351.8-fold, 9.0-
fold and 10.3-fold expression levels, respectively. Importantly, two
genes (IL-12A coding for IL-12-a and IL-18) showed commonly
reduced expression levels in IFP-MSCs expanded in either hPL or Ch-
R compared with cohorts expanded in FBS (Figure 2B).
IFP-MSCs expanded in either hPL or Ch-R exhibit a robust secretion of
cytokines and angiogenesis-related factors with and without priming

Non-induced IFP-MSCs expanded in either hPL or Ch-R showed
overall higher secretion of cytokines and angiogenesis-related factors
compared with cohorts expanded in FBS (Figure 3A). Among 40
secreted proteins tested, 21 were secreted in significantly (P < 0.05)
higher amounts in hPL-expanded IFP-MSCs. Among the highly
secreted proteins in primed IFP-MSCs expanded in hPL are eotaxin-1,
eotaxin-2, G-CSF, IL-6, IL-7, IL-8, IL-10, angiogenin, EGF, CXCL5, bFGF,
GRO, IFN-g , leptin, MCP-1, PDGF-BB, PLGF, CCL5, TGF-b1, THPO and
vascular endothelial growth factor (VEGF)-A. Non-induced IFP-MSCs
expanded in Ch-R had significantly (P< 0.05) higher secretion of 14
proteins, with only three molecules (insulinlike growth factor 1, IL-6,
VEGF-D) showing lower secretion levels compared with FBS-
expanded IFP-MSCs (Figure 3A).

TIC priming resulted in increased secretion of various proteins for
IFP-MSCs expanded in either hPL or Ch-R (Figure 3B). In IFP-MSCs
expanded in hPL, 15 proteins had higher secretion levels compared
with cohorts expanded in FBS. Among the highly secreted proteins in
primed IFP-MSCs expanded in hPL are IL-2, IL-7, IL-8, IL-10, IL-11, I-
309, EGF, CXCL5, GRO, IFN-g , MCP-1, PDGF-BB, PLGF, TIMP-1 and
VEGF-A. In IFP-MSCs expanded in Ch-R, 19 proteins had higher and
three (IFN-g , PLGF, TGF-b1) had lower secretion levels compared
with cohorts expanded in FBS (Figure 3B).
Highly secreted cytokines and angiogenesis-related factors in IFP-MSCs
expanded in either hPL or Ch-R show strong protein-protein interaction
enrichment

To assess the relationship among proteins for statistically signifi-
cant differences (P < 0.05) between all three conditions in non-
induced and TIC-primed cells, protein association network analysis
was performed using the Search Tool for the Retrieval of Interacting
Genes/Proteins 11.0 software. In general, all secreted proteins
appeared interconnected, at least through one association, and
according to the K-means clustering algorithm could be clustered
into three groups, each one representing highly interactive proteins
(Figure 3B). All K-means clustering networks demonstrated elevated
protein-protein interaction enrichment (P < 1.0e-16) and an average
local clustering coefficient > 0.7, indicating that the proteins used
were at least partially biologically connected. Venn diagram analysis
was used to compare the secretion profiles between non-induced
and TIC-primed IFP-MSCs expanded in either hPL or Ch-R (Figure 3C).
In non-induced IFP-MSCs, out of 21 proteins for hPL- and 14 for Ch-
R-expanded cells that were significantly (P< 0.05) different from the
FBS cohorts, the majority (13 proteins, 62%) were common. Those
shared proteins were eotaxin-2, G-CSF, angiogenin, CCL5, IFN-g, IL-8,
IL-10, CXCL1, CXCL5, MCP-1, bFGF, leptin and THPO. This difference
in secretory profile of IFP-MSCs expanded in either hPL or Ch-R
indicates that hPL medium significantly enhances the secretion
behavior of non-induced IFP-MSCs. TIC priming resulted in an
increase in the shared proteins (12 proteins, approximately
63�80%) between TIC-primed IFP-MSCs expanded in either hPL
or Ch-R. Those shared proteins were IL-2, IL-7, IL-8, IL-10, IL-11,
EGF, PDGF-BB, VEGF-A, CXCL1, CXCL5, MCP-1 and TIMP-1. Addi-
tionally, TIC priming increased the secreted quantity of proteins
present only in moderate levels in non-induced IFP-MSCs
expanded in either FBS or Ch-R (Figure 3C,D).

Simultaneous Venn diagram representation of all four different
secretory profiles—namely, non-induced/TIC-primed hPL and non-
induced/TIC-primed Ch-R media—revealed a “core” of five proteins
(IL-8, IL-10, CXCL1, CXCL5, MCP-1) common between them
(Figure 3C). Six biological processes were evaluated; namely, regula-
tion of cell proliferation (GO:0042127), positive regulation of
response to stimulus (GO:0048584), positive regulation of cell migra-
tion (GO:0030335), positive regulation of protein phosphorylation
(GO:0001934), positive regulation of vasculature development
(GO:1904018) and regulation of signaling receptor activity
(GO:0010469) (Figure 3E, upper radar graph). In non-induced IFP-
MSCs, expansion in either hPL or Ch-R media revealed similar biologi-
cal processes, except for positive regulation of cell migration and vas-
culature development processes, which showed significantly lower
involvement or outright absence in IFP-MSCs expanded in Ch-R.
Interestingly, TIC priming significantly increased (from 0% to 31.5%)
positive regulation of the vasculature development process in IFP-
MSCs expanded in Ch-R, whereas in IFP-MSCs expanded in hPL,
reduced positive regulation of cell migration, protein phosphoryla-
tion and vasculature development were noted. Additionally, eight
Kyoto Encyclopedia of Genes and Genomes and reactome pathways
were evaluated: cytokine-cytokine receptor interaction (hsa:04060),
MAPK signaling (hsa:04010), PI3K-Akt signaling (hsa:04151), Ras sig-
naling (hsa:04014), Jak-STAT signaling (has:04630), Rap1 signaling
(has:04015), signaling by interleukins (HSA: 449147) and interleu-
kin-10 signaling (HSA: 6783783) (Figure 3E, bottom radar graph).
Overall, in the non-induced state, IFP-MSCs expanded in hPL showed
protein involvement in all of the above-mentioned pathways,
whereas in Ch-R protein involvement in four out of eight pathways
was totally absent. Interestingly, TIC priming resulted in a similar
number of proteins involved in the eight pathways tested for IFP-
MSCs expanded in either hPL or Ch-R (Figure 3E, bottom radar
graph).



Fig. 2. Effect of TIC priming on IFP-MSC inflammation-related transcriptome. (A) Pre-designed cytokine multiplex array showing that IFP-MSCs expanded in either hPL or Ch-R had
a comparable transcriptional profile upon TIC priming. TIC-primed hPL- and Ch-R-expanded IFP-MSCs had low to negative expression levels (marked blue or white on the heat
map) for most inflammation-related cytokines tested. Only four molecules for hPL- and six for Ch-R-expanded IFP-MSCs showed significantly (� 2-fold, P < 0.05) higher expression
levels compared with the FBS reference sample. Two molecules (IL-12-a and IL-18) showed commonly reduced expression levels in hPL- and Ch-R-expanded IFP-MSCs compared
with FBS. (B) Table shows the fold change difference in transcript expression between hPL or Ch-R and the FBS reference sample. All experiments were performed independently
(n = 2). Data are presented as volcano plots and scatter plots with mean values.
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IFP-MSCs expanded in either hPL or Ch-R show increased
immunomodulatory function in vitro

Non-induced IFP-MSCs expanded in either hPL or Ch-R showed
significantly (P < 0.05) higher IDO activity compared with FBS
cultures (1.5-fold and 1.6-fold, respectively) (Figure 4A). As
expected, upon TIC priming, IDO activity was similarly increased
in all three cultures, resulting in comparable high levels (average
1000 mU/mg). Interestingly, PGE2 showed significantly higher
secreted levels in non-induced IFP-MSCs expanded in hPL (318.4
§ 95 pg/mL, P < 0.05) compared with IFP-MSCs expanded in
either Ch-R FBS or Ch-R (6-fold and 14-fold, respectively).
Similarly, TIC priming resulted in higher secreted levels of PGE2
for all three cultures (Figure 4B).

IFP-MSCs expanded in either hPL or Ch-R showed increased
immunomodulatory capacity in IFP-MSC/T-cell immunopotency co-
cultures. Exposure of non-induced IFP-MSCs to activated T cells
resulted in an increased spindle-shaped morphology for all three cul-
tures, which was more pronounced when cultures were TIC-primed
and co-cultured with non-induced or activated T cells (Figure 5A).
Importantly, only non-induced IFP-MSCs expanded in either hPL or
Ch-R attenuated activated T-cell proliferation (5% and 24%, respec-
tively, P < 0.05) when compared with IFP-MSCs expanded in FBS. TIC
priming resulted in increased reduction of activated T-cell



Fig. 3. Secretory profiling of non-induced and TIC-primed IFP-MSC cultures. (A) Secretory profile heat maps of non-induced and TIC-primed IFP-MSCs and indicated immunomodulatory/pro-
angiogenic factor secretion for IFP-MSCs expanded in either hPL or Ch-R. Heatmap colors are assigned according to amolecule concentration relative scale, from 0 to 10000. (B) STRING analy-
sis of the proteins with statistical differences between either hPL or Ch-R groups and FBS for both non-induced and TIC priming conditions (total of 40) was performed using all available inter-
action sources and 0.4 as a confidence interaction score. K-means algorithm revealed high PPI enrichment (P < 1.0e-16), with all proteins clustered into three groups, indicated by different
colors. (C) Venn diagram showing shared proteins among all groups (statistically significant difference from FBS/non-induced or FBS/priming). Except the “core” of the immunomodulatory/
angiogenic proteins present in non-induced cultures (IL-8, IL-10, CXCL1, CXCL5, MCP-1), TIC-primed IFP-MSCs expanded in either hPL or Ch-R additionally showed common secretion of seven
other proteins (IL-2, IL-7, IL-11, TIMP-1, EGF, PDGF-BB, VEGF-A). (D) Table shows the number of proteins shared by different groups and conditions. (E) Six biological processes and eight KEGG/
reactome pathways were evaluated. In non-induced IFP-MSCs, hPL and Ch-R media showed similar biological processes, except positive regulation of cell migration and vasculature develop-
ment processes, which were significantly less involved or absent in IFP-MSCs expanded in Ch-R. Non-induced IFP-MSCs expanded in hPL showed protein involvement in all KEGG/reactome
pathways, whereas non-induced IFP-MSCs expanded in Ch-R showed totally absent protein involvement in four out of eight pathways. All experiments were performed independently
(n = 2). KEGG, Kyoto Encyclopedia of Genes and Genomes; PPI, protein-protein interaction; STRING, Search Tool for the Retrieval of Interacting Genes/Proteins.
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Fig. 4. IDO activity and PGE2 secretion levels in non-induced and TIC-primed IFP-MSCs. (A) Non-induced IFP-MSCs expanded in either hPL or Ch-R showed significantly (P < 0.05)
higher IDO activity compared with cohorts expanded in FBS. (B) PGE2 showed significantly (P < 0.05) higher secreted levels in non-induced cells expanded in hPL (318.4 § 95 pg/
mL) compared with both FBS and Ch-R groups. (A and B) Upon TIC priming, IDO activity and PGE2 secretion were increased in all three IFP-MSC cultures, especially hPL for PGE2.
All experiments were performed independently (n = 3). Data are presented as bar plots with mean § SD values. SD, standard deviation.
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proliferation for all three cultures (on average, 19% for FBS, 28% for
hPL and 37% for Ch-R; P < 0.05) (Figure 5B).
Discussion

In our previous studies, we demonstrated that IFP-MSCs cultured
in FBS-containing media are capable of degrading Substance P both
in vitro and in vivo via CD10 enrichment while showing an intrinsic
immunomodulatory effect suppressing the proliferation of activated
PBMCs, all of whose capacities are particularly enhanced with prior
inflammatory/fibrotic (i.e., TIC) cell priming [18]. Moreover, we dem-
onstrated [43] that manufacturing an IFP-MSC cell product incorpo-
rating regulatory-compliant practices (i.e., replacing FBS media
supplementation with hPL) or reducing FBS and adding recombinant
proteins (i.e., Ch-R) obviates the need for cell priming to induce an
effective CD10-rich phenotype still capable of efficiently degrading
Substance P in vitro and in vivo. Based on this consistent evidence, we
investigated the immunomodulatory profile and functional capacity
of IFP-MSCs processed under similar manufacturing conditions. We
also tested their response to inflammatory/fibrotic pathological envi-
ronments, such as the ones present in a diseased joint, helping to
anticipate their functional changes after intra-articular administra-
tion. Our findings contribute relevant information on the benefits of
manufacturing IFP-MSCs with either hPL or Ch-R compared with tra-
ditional FBS-supplemented media. The collective findings provide
evidence of such manufacturing conditions resulting in phenotypic,
transcriptional and secretory profiles that translate into superior
immunomodulatory effects. We show an enhanced response in cells
processed in all three manufacturing conditions when exposed to
inflammatory/fibrotic conditions, though, again, this is more pro-
nounced in cells expanded with either hPL or Ch-R.

IFP-MSCs constitute an interesting cellular alternative for cell-based
therapy for joint disease [10�14] given their intrinsic and scalable prop-
erties. These include high cell yields per volume of tissue (as with other
adipose-derivedMSCs), higher proliferative and differentiation potential
compared with other MSC types (e.g., bone marrow-derived) [16,17],
immunomodulatory capacity and degradative activities over local key
molecules in joint disease [18,43]. On the other hand, their intra-articu-
lar origin may not only support the view that they are “homologous”
from a regulatory perspective (when intended for a similar intra-articu-
lar therapy) butmay also equip themwith innate features and attributes
as part of the IFP/synovium complex [3] and thus as active participants
in joint homeostasis and the potential establishment and progression of
joint disease, including OA [4�8].

Successful and reproducible clinical outcomes in cell-based ther-
apy largely depend on reducing the variability of the manufactured
cellular product under regulatory-compliant practices. Based on this,
efforts have been centered around the generation of clinically rele-
vant cell numbers under specific conditions that support MSC prolif-
eration without compromising viability while also preserving and/or
enhancing their functional attributes. FBS-containing media have
been widely used in MSC production for clinical trials, yet research
has shown that exposure to FBS significantly increases the risk of
viral transmission and immune reaction complications upon trans-
plantation in vivo. Specifically, antigens present in animal serum can
be internalized by cultured-expanded MSCs in the range of 7�30 mg
of protein with a standard preparation of 100 million human MSCs
[50]. As a potential solution, serum-reduced and serum-free, chemi-
cally reinforced media formulations have been developed and are



Fig. 5. IFP-MSCs expanded in either hPL or Ch-R showed increased immunomodulatory functionality in immunopotency assay. (A) Exposure of non-induced IFP-MSCs to PMA/IO-
activated T cells resulted in an increased spindle-shaped morphology for all three cultures that was more pronounced when cultures were TIC-primed and co-cultured with non-
induced or PMA/IO-activated T cells. Magnification 10X. Pictures taken at the end of the 72-h co-stimulation. (B) Unlike IFP-MSCs expanded in FBS, non-induced cells expanded in
either hPL or Ch-R abrogated PMA/IO-activated T-cell proliferation. This effect was further enhanced with TIC priming in all three cultures. All experiments were performed inde-
pendently (n = 3). Data are presented as bar plots with mean § SD values and flow cytometry histograms, with gated (rectangle) T-cell progenies generated in cultures upon PMA/
IO activation. Significant T-cell proliferation (P < 0.05) differences are marked with an asterisk. IO, ionomycin; PMA, phorbol 12-myristate 13-acetate; SD, standard deviation; Stim,
stimulated.
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currently commercially available. Despite promising results, their use
in MSC culturing still yields variable outcomes in terms of prolifer-
ative responses and functionality in vitro [51,52], largely dependent
on the final composition of the medium, which is often undisclosed
by the manufacturer. By contrast, hPL has grown as a viable regula-
tory-compliant alternative for the supplementation of MSC expan-
sion. Beyond the established effects on cell growth, previous studies
have shown that hPL contains a series of bioactive molecules, which
include growth factors, chemokines and adhesion molecules
(reviewed by Burnouf et al. [53]), that can “prime”MSCs to acquire an
immunomodulatory phenotype, as we demonstrate here for IFP-
MSCs. However, regulatory agencies are becoming more stringent in
terms of hPL composition, origin, characteristics and quality controls.
Consequently, to ensure the quality and safety of hPL supplements,
minimal requirements have been delineated related to the source of
platelet concentrates, donor variability, number of donors in pooled
preparations, manufacturing processes and pathogen-free safety
measures (reviewed by Schallmoser et al. [54]).

IFP-MSC cultures showed significant differences in shape and size
for all three conditions. However, these morphological differences
were not reflected in alterations in telomere dynamics, a reported
outcome of “in vitro MSC aging” [44�46], as in all non-induced and
TIC-primed cells the T/S ratios were comparable. Importantly, short-
term exposure to inflammatory/fibrotic (i.e., TIC) conditions had no
detrimental effect on telomere lengths in any conditions. Specifically,
the average telomere length of IFP-MSCs (passage 3) in both non-
induced and TIC-primed cultures was 7.8 kb, which is comparable to
previously reported telomere measurements from cultured syno-
vium-derived MSCs (7.08 kb) [55]. This finding is important, as it
indicates that MSCs isolated from anatomical neighboring tissues (i.
e., IFP and synovium) show comparable telomere dynamics in vitro
irrespective of the expansion conditions.

Both hPL and Ch-R formulations induced a baseline phenotype in
non-induced IFP-MSC and further enriched in primed cohorts, with
specific markers (e.g., CD146 and CD10) previously associated with
different functionalities in adipose-derived MSC and IFP-MSC includ-
ing chondrogenic differentiation and immunomodulation
[18,56�59]. These findings support previous reports with other types
of MSCs (bone marrow-derived), in which CD146 expression
increases specifically with hPL expansion [48]. Additionally, TLR3
was significantly enriched, whereas TLR4 showed low levels of
expression in all non-induced cultures and priming uniformly
reduced their expression across all formulations, suggesting negative
feedbacks intended to regulate their “sensitivity” to injury/inflamma-
tion-related factors.

Even though MSCs traditionally show high inherent variability
upon expansion in vitro, the transcriptional profiling of non-induced
IFP-MSC cultures revealed at least 4-fold higher IL-8, CD10 and G-CSF
expression for both hPL- and Ch-R-expanded IFP-MSCs compared
with FBS cultures. Their significantly higher expression levels indi-
cate that both hPL- and Ch-R-expanded IFP-MSCs possess enhanced
immunomodulatory capacity. The overall secretory response upon
expansion in non-induced hPL and Ch-R cultures when compared
with FBS cultures involves an enhanced secretion of a wide spectrum
of immunomodulatory and angiogenic proteins, including eotaxin-2,
G-CSF, CCL5, IFN-g , IL-8, IL-10, CXCL1, CXCL5, MCP-1, angiogenin,
bFGF, leptin and THPO. Physiologically, all of these molecules are
actively released in the in vivomicroenvironment upon inflammatory
stimulation and orchestrate the tissue regeneration process by inhib-
iting leukocyte transmigration, enhancing angiogenesis and increas-
ing progenitor cell migration and differentiation [60]. Specifically,
CXCL1, CXCL5 and IL-8 chemokines are potent ligands for
CXCR1 and/or CXCR2 receptors present within immune cells (includ-
ing neutrophils and monocytes) and endothelial cells, which, via the
CXCLs/CXCR2 axis, induce the migration of immune cells and parallel
angiogenesis [61]. Additionally, when highly secreted, IL-10 and G-
CSF anti-inflammatory cytokines can induce macrophage polarization
toward an M2 anti-inflammatory and immunomodulatory state,
which in turn, via elevated secretion of IL-10 and TGF-b, suppresses
inflammation and contributes to tissue repair and remodeling, vascu-
logenesis and restoration of homeostasis [62�64]. A recent study
indicated that IL-8, MCP-1, angiogenin and VEGF are highly secreted
MSC pro-angiogenic factors involved in migration and tube formation
of endothelial cells both in vitro and in vivo [65]. Interestingly, in our
study, three out of these four factors showed enhanced secretion in
non-induced hPL and Ch-R cultures compared with FBS cultures. Ele-
vated THPO and leptin secretion observed in non-induced hPL and
Ch-R cultures has also been associated with increased angiogenesis.
Specifically, THPO secretion stimulates endothelial cell motility and
angiogenesis via a platelet-activating factor-dependent mechanism
[66], whereas leptin increases endothelial cell proliferation and
matrix metalloproteinase production [67].

IFP-MSC exposure to inflammatory/fibrotic conditions resulted in
increased secretion of proteins associated with both the inflamma-
tory controlling cascade and angiogenic response in all three culture
conditions. Interestingly, with the exception of the “core” of the
immunomodulatory/angiogenic proteins present in non-induced cul-
tures (IL-8, IL-10, CXCL1, CXCL5 and MCP-1), TIC-primed IFP-MSCs
expanded in either hPL or Ch-R demonstrated common homoge-
neous secretion between MSC donors of seven additional proteins
(IL-2, IL-7, IL-11, TIMP-1, EGF, PDGF-BB and VEGF-A). These factors
play key roles during injury and repair. Interleukins, and especially
the highly secreted IL-2 and IL-7, are also involved in immunomodu-
lation, as IL-2 regulates the generation and functionality of both T
effectors and T regulators, whereas IL-7 affects the generation of
naive T cells and the maintenance of memory cells [68]. Pro-angio-
genic factors, including EGF, PDGF-BB and VEGF-A [69,70], were
highly secreted in TIC-primed IFP-MSCs expanded in either hPL or
Ch-R, which can be putatively counterbalanced by the anti-angio-
genic activity of secreted TIMPs [71]. Therefore, TIC priming further
increased the immunomodulatory and angiogenic functionality in all
IFP-MSC cultures. In terms of resulting affected biological processes,
various categories were observed to be affected by IFP-MSCs
expanded in either hPL or Ch-R, including cell proliferation, response
to stimulus, cell migration, protein phosphorylation, vasculogenesis
and signaling receptor activity. Combined, the positive effects show
how IFP-MSCs respond to inflammation/injury: by increasing their
population, migrating to active sites of damage and altering key cas-
cades known to affect local immune responses and vascular remodel-
ing. Interestingly, hPL formulation had a more pronounced effect on
both phenomena (even in a non-induced state), while Ch-R had an
effect on only the former, mainly due to the low secretion of EGF,
PDGF-BB and VEGF-A pro-angiogenic factors.

Previous studies have shown that upon exposure to inflammatory
cues such as IFNg , TNFa and IL-1b, MSCs readily increase their secretion
of major immunomodulatory mediators, such as the tryptophan-catab-
olizing enzyme IDO and the soluble factor PGE2 [72,73]. In our study,
non-induced IFP-MSCs expanded in either hPL or Ch-R demonstrated
significantly higher intrinsic IDO activity compared with FBS. By con-
trast, only hPL was associated with high PGE2 secretion in non-induced
cells (further significantly amplified with TIC priming), suggesting that
PGE2-inducing factors are present exclusively in hPL and absent in FBS.
These results underline the innate and efficient “priming” effect exerted
by hPL on IFP-MSCs, supporting the avoidance of non-compliant ex vivo
cell priming in acquiring a strong immunomodulatory phenotype in
IFP-MSCs. The significance of enhanced IDO activity and high PGE2 lev-
els to induce an immunomodulatory function is consistent with numer-
ous studies in both innate and adaptive immunity. For instance, it has
been shown that MSCs can direct monocyte differentiation toward an
alternative activation, resulting in an IL-10-producing M2 macrophage
phenotype as well as modulation and activation of lymphocyte subsets
through IDO activity and the secretion of PGE2 and IL-6 [74�77]. In
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addition, MSCs suppress recruited T cells by IDO release within short
distances [78], whereas they inhibit CD4+ T-cell differentiation to effec-
tor Th17 subtype via a PGE2-dependent cell-cell contact manner [79].
By contrast, the increased levels of secreted IDO and PGE2 molecules in
non-induced hPL- and Ch-R-expanded IFP-MSCs were directly related
to their immunomodulatory capacity in IFP-MSC/T-cell immunopotency
co-cultures. Moreover, only non-induced hPL- and Ch-R-expanded IFP-
MSCs could abrogate activated T-cell proliferation in vitro, indicating
their strong intrinsic anti-inflammatory phenotype. Exposure of all IFP-
MSC cultures to synovitis-mimicking priming resulted, as expected, in
enhanced abrogation of T-cell proliferation. However, even though
MSC/T-cell immunopotency co-culture assay has been widely used to
evaluate MSC immunosuppressive potential in vitro, it cannot solely
predict in vivo MSC immunomodulatory capacity, which has to be fur-
ther validated in relevant pre-clinical animal models.

Collectively, the data suggest to us that the use of a regulatory-com-
pliant media supplement such as hPL and formulations involving serum
reduction and addition of recombinant proteins (i.e., Ch-R) obviates the
inflammatory cell priming that was once thought to be required to
induce a potent immunomodulatory state in MSCs. Given the untoward
effects of such priming protocols in terms of HLA-DR expression, poten-
tially inducing alloreactive responses in allogeneic schemes, these find-
ings help alleviate these concerns while permitting the design of
effective clinical protocols for the use of IFP-MSC products for joint dis-
ease, including OA. The comparable effects observed with hPL and Ch-R
in various (not all) outcomes underscore the role of recombinant pro-
teins in the latter, yet the presence of FBS, even in reduced quantities,
remains a challenge for translational purposes.

In summary, IFP-MSCs expanded in either hPL or Ch-R result in a
cell-based product that possesses MSC-related immunomodulatory
phenotypic and transcriptional profiles, enhanced immunomodula-
tory/pro-angiogenic factor secretion capacity and an enhanced
immunomodulatory functional cell signature. Based on this, the
enhancement of IFP-MSC therapeutic properties, when manufactured
under regulatory-compliant conditions such as hPL, facilitates the
translation of proof-of-concept data into potential clinical protocols.
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