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Background: Synovitis and infrapatellar fat pad (IFP) fibrosis participate in various conditions of the knee. Substance P (SP),

a neurotransmitter secreted within those structures and historically associated with nociception, also modulates local neurogenic

inflammatory and fibrotic responses. Exposure of IFP mesenchymal stem cells (IFP-MSCs) to a proinflammatory/profibrotic envi-

ronment (ex vivo priming with TNFa, IFNg, and CTGF) induces their expression of CD10/neprilysin, effectively degrading SP in

vitro and in vivo.

Purpose/Hypothesis: The purpose was to test the therapeutic effects of IFP-MSCs processed under regulatory-compliant pro-

tocols, comparing them side-by-side with standard fetal bovine serum (FBS)–grown cells. The hypothesis was that when pro-

cessed under such protocols, IFP-MSCs do not require ex vivo priming to acquire a CD10-rich phenotype efficiently

degrading SP and reversing synovitis and IFP fibrosis.

Study Design: Controlled laboratory study.

Methods: Human IFP-MSCs were processed in FBS or either of 2 alternative conditions—regulatory-compliant pooled human

platelet lysate (hPL) and chemically reinforced medium (Ch-R)—and then subjected to proinflammatory/profibrotic priming with

TNFa, IFNg, and CTGF. Cells were assessed for in vitro proliferation, stemness, immunophenotype, differentiation potential, tran-

scriptional and secretory profiles, and SP degradation. Based on a rat model of acute synovitis and IFP fibrosis, the in vivo effi-

cacy of cells degrading SP plus reversing structural signs of inflammation and fibrosis was assessed.

Results: When compared with FBS, IFP-MSCs processed with either hPL or Ch-R exhibited a CD10High phenotype and showed

enhanced proliferation, differentiation, and immunomodulatory transcriptional and secretory profiles (amplified by priming). Both

methods recapitulated and augmented the secretion of growth factors seen with FBS plus priming, with some differences

between them. Functionally, in vitro SP degradation was more efficient in hPL and Ch-R, confirmed upon intra-articular injection

in vivo where CD10-rich IFP-MSCs also dramatically reversed signs of synovitis and IFP fibrosis even without priming or at sig-

nificantly lower cell doses.

Conclusion: hPL and Ch-R formulations can effectively replace FBS plus priming to induce specific therapeutic attributes in IFP-

MSCs. The resulting fine-tuned, regulatory-compliant, cell-based product has potential future utilization as a novel minimally inva-

sive cell therapy for the treatment of synovitis and IFP fibrosis.

Clinical Relevance: The therapeutic enhancement of IFP-MSCs manufactured under regulatory-compliant conditions suggests

that such a strategy could accelerate the time from preclinical to clinical phases. The therapeutic efficacy obtained at lower MSC

numbers than currently needed and the avoidance of cell priming for efficient results could have a significant effect on the design

of clinical protocols to potentially treat conditions involving synovitis and IFP fibrosis.
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Synovium and intracapsular/extrasynovial infrapatellar

fat pad (IFP), as a single anatomic and functional unit,36

play crucial roles in various chronic conditions of the
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knee, including early-stage and progressive osteo-

arthritis2,16,18,33,40,44,45,47 and arthrofibrotic lesions mani-

festing in anterior knee pain.15 Both tissues serve as

sites for immune cell infiltration with subsequent inflam-

mation and fibrosis and as a source of proinflammatory

molecules and joint destructive mediators, such as matrix

metalloproteinases. These events are facilitated by the

proinflammatory activities of mediators such as substance

P (SP), which, in addition to its established roles in noci-

ception, mediates neurogenic inflammation resulting

from vasodilation and extravasation of immune cells

within the IFP.4

Treating synovial and IFP inflammation and fibrosis at

early stages could have an effect on the progression of such

chronic conditions26 by limiting the secretion of proinflam-

matory and catabolic molecules.2,16,18,33,36,40,45,47 Mesen-

chymal stem cell (MSC)–based therapy has gained

attention as a potential therapeutic alternative for inflam-

matory conditions, given their immunomodulatory and tro-

phic effects involving anti-inflammatory and anti-fibrotic

actions.9 On this basis, we have shown that IFP-MSCs

grown in ‘‘traditional’’ medium supplemented with fetal

bovine serum (FBS) and exposed to a proinflammatory/

profibrotic environment (ie, ex vivo priming with TNFa,

IFNg, and CTGF) enhanced their immunomodulatory

effects.29 In parallel, ex vivo priming significantly induced

a CD10-enriched IFP-MSC phenotype that effectively

degraded SP in vitro and in vivo in a rat model of acute

synovitis and IFP fibrosis. These findings invite the possibil-

ity of designing novel therapeutic strategies for patients

with chronic conditions of the knee involving inflammation

and fibrosis based on the control of SP presence and activity.

CD10, also known as neprilysin, is a surface neutral

endopeptidase37 expressed in multiple cells, including

MSCs6,7,42 and specifically IFP-MSCs.29 The anti-

inflammatory effects of CD10 have long been recognized

in other systems,46,48 while its presence in IFP-MSCs

seems to be critical for efficient SP degradation, both in

vitro and in vivo.29 Therefore, phenotypic stability of the

cells becomes a desired trait during the cell-based product

manufacturing process. In the present study, we first com-

pared phenotypic, molecular, and secretory profiles and the

in vitro SP degradation potential of IFP-MSCs processed

now under regulatory-compliant practices (human pooled

platelet lysate [hPL]) and chemically reinforced medium

(Ch-R) formulations. Second, we confirmed in vivo the SP

degradation while assessing the therapeutic efficacy of

the cells reversing synovitis and IFP fibrosis. The results

following regulatory-compliant practices are side-by-side

contrasted with cells grown in standard FBS-containing

media in an effort to provide strategies that could reduce

the time between preclinical and clinical phases.

Safety concerns have been raised regarding the use of

FBS-containing media during the manufacturing of MSC

preparations for clinical applications, most of them related

to prion exposure risk, toxicological risk, and immunological

risk.19,41 However, serial MSC expansion under these condi-

tions to obtain clinically relevant therapeutic cell numbers

may result in detrimental effects on cell performance

(eg, compromised proliferation and/or accelerated senes-

cence) or even untoward consequences to specific cell

attributes (eg, phenotypic display and functional outcomes).

These variable responses to processing steps, combined

with the inherent interdonor variability, negatively affect

the standardization and reproducibility of their therapeutic

potential.

In the past decade, xeno-free formulations for MSC pro-

cessing have become more popular as promising replace-

ments for FBS. hPL and Ch-R are examples of such

formulations. In a pioneering study, Doucet et al14 pro-

posed hPL as a potent source of bioactive molecules stored

in platelet a-granules for the ex vivo expansion of MSCs.

Among the bioactive molecules are growth factors (GFs),

including platelet-derived GF (PDGF), epidermal GF

(EGF), insulin-like GF (IGF), transforming GF (TGF),

and fibroblast GF 2.17,25 Pilot clinical studies investigating

the immunosuppressive effects of hPL-expanded MSCs in

acute and chronic graft-versus-host disease observed no

acute or late adverse effects at a median follow-up of 8

months, including patients receiving up to 5 MSC infu-

sions.5,34 Most important, Centeno et al10 showed the

applicability of autologous hPL-expanded MSC injections

in the regeneration of meniscal lesions.

Herein, we describe how regulatory-compliant hPL and

Ch-R enhanced proliferative responses, differentiation

potential, and secretory and functional profiles and induced

phenotypic adaptations in IFP-MSCs (ie, CD10 enrichment)

directly related to consistently efficient SP degradation in

vitro and in vivo. Furthermore, CD10 presence in IFP-

MSCs resulted as being determinant to efficiently reverse

synovitis and IFP fibrosis in vivo, even without previous

ex vivo priming and at significantly lower cell doses. The

incorporation of those manufacturing practices during the

generation of IFP-MSC–based products could significantly

affect the musculoskeletal cell therapy field in general, par-

ticularly conditions involving chronic inflammation and

fibrosis, where targeted mechanistic therapies for early dis-

ease and its progression remain elusive.
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METHODS

All materials and methods are thoroughly described in the

Appendix Materials and Methods (available in the online

version of the article).

Isolation, Culture, and Expansion of IFP-MSCs

Following informed consent, IFP-MSCs were isolated from

IFP tissue obtained from deidentified nonarthritic patients

(n = 8; 2 male [16 and 26 years old] and 6 female [22, 26, 31,

44, 46, and 53 years old]) undergoing elective knee arthros-

copy at the Lennar Foundation Medical Center, University

of Miami. All procedures were carried out in accordance with

relevant guidelines and regulations and following a protocol

determined by the University of Miami Institutional Review

Board not as human research (based on the nature of the

samples as discarded tissue). Isolated IFP-MSCs were seeded

in vitro and cultured in 3 complete media: hPL, Ch-R, and

Dulbecco’s modified Eagle medium (DMEM)–10% FBS.

Clonogenic Assay

Passage 3 IFP-MSCs (n = 5) were seeded in 100-mm cul-

ture plates in duplicate at a density of 103 cells per plate

in all 3 culturing conditions. On day 10, colony-forming

unit fibroblasts (CFU-Fs) were manually enumerated after

cytochemical staining with 0.01% crystal violet (Sigma).

Cell Growth Kinetics Measurement

Passage 3 IFP-MSCs (n = 5) were seeded in 6-well plates at

a density of 104 cells per well in all 3 culturing conditions.

Growth curves were generated from bright-field images

obtained with the IncuCyte Live Cell Analysis System

with IncuCyte ZOOM software (Essen Bioscience) to quan-

tify cell confluence as a percentage for a 10-day period.

Proinflammatory/Profibrotic Priming

With TNFa, IFNg, and CTGF

Passage 3 IFP-MSCs (n = 3) expanded in all 3 culturing con-

ditions were subsequently primed with a proinflammatory/

profibrotic cocktail (15 ng/mL, TNFa; 10 ng/mL, IFNg; 10

ng/mL CTGF; collectively called TIC) for 72 hours. Nonin-

duced and TIC-induced cultures were evaluated for their

phenotypic profiles by flow cytometric analysis.

Immunophenotyping

Flow cytometric analysis was performed on passage 3–

naı̈ve and TIC-primed IFP-MSCs (n = 3) expanded in all

3 culturing conditions.

Molecular Characterization

All samples (n = 3) were analyzed via selected human tran-

script primers (Appendix Table A1, available online) by

quantitative polymerase chain reaction with QuantiFast

SYBR Green and a predesigned 28-gene TaqMan low-

density cytokine array.

Trilineage Differentiation

Osteogenic, chondrogenic, and adipogenic differentiation

potential was evaluated in IFP-MSCs (n = 5) expanded in

all 3 culturing conditions similar to previously published

protocols.30

Secretome Analysis

A protein array of 41 GFs was used to determine secreted

levels obtained from IFP-MSCs (n = 2) expanded in all 3

culturing conditions with and without priming, and puta-

tive interactomes were generated by the STRING database

(Search Tool for Retrieval of Interacting Genes/Proteins,

v 11.0; http://string-db.org). Based on protein-protein inter-

actions, the biological processes analyzed were related

with regulation of (1) cell population proliferation

(GO:0008284), (2) response to stimulus (GO:0048584), (3)

cell migration (GO:0030335), (4) signal transduction

(GO:0009966), (5) signaling receptor activity (GO:

0010469), and (6) protein phosphorylation (GO:0006468).

The KEGG interactome pathways analyzed were

cytokine–cytokine receptor interaction (hsa04060), MAPK

(hsa04010), PI3K-Akt (hsa04151), Ras (hsa04014), Jak-

STAT (hsa04630), and Rap1 (hsa04015).

SP In Vitro Assay

Parameter SP competitive immunoassay (R&D Systems)

was used to quantify the levels (pg/mL) of endogenous

and exogenously added SP to culture-expanded IFP-

MSCs in all 3 culturing conditions (105 per well, 12 wells,

n = 2 per culturing condition; ‘‘cells group’’) and their

derived supernatant without cells (‘‘supernatant group’’),

following the manufacturer’s instructions.

CD10 Immunolocalization

IFP-MSC groups were fixed, washed with phosphate-

buffered saline, incubated with anti-human CD10 poly-

clonal antibody (R&D Systems), and visualized with a Leica

DMi8 microscope and Leica X software.

CD10 Immunomagnetic Separation

Crude IFP-MSC preparations were immunomagnetically

separated on the basis of CD10 expression through the

Invitrogen CELLection Dynabeads Biotin Binder Kit

(Thermo Fisher Scientific), according to manufacturer’s

instructions, resulting in CD101 and CD10– cohorts.

Monoiodoacetate Model of Acute Synovitis

and IFP Fibrosis

The animal protocol was approved by the institutional ani-

mal care and use committee of the University of Miami (16-
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008-ad03) and conducted in accordance to the ARRIVE

(Animal Research: Reporting of In Vivo Experiments)

guidelines.27 Sixteen 10-week-old Sprague-Dawley rats

were used (8 males and 8 females; mean weight: 250 g

and 200 g, respectively). The animals were housed to accli-

mate for 1 week before the experiment initiation. One

rat was housed per cage in a sanitary ventilated room

with controlled temperature and humidity and under

a 12-/12-hour light/dark cycle with food and water provided

ad libitum. Acute synovitis and IFP fibrosis were gener-

ated by intra-articular injection of 1 mg of monoiodoacetate

in 50 mL of saline in the right knee. Three days later, a sin-

gle intra-articular injection of 500,000 or 50,000 cells in

50 mL of Euro-Collins solution (MediaTech) was performed.

To evaluate the therapeutic efficacy of IFP-MSCs with

respect to their CD10 levels, different groups were used

according to their positivity (Appendix Figure A1, avail-

able online):

Lowest: noninduced cells grown in FBS

Intermediate: immunomagnetically selected CD10–;

re-expanded for 1 week in regulatory-compliant medium

Highest: immunomagnetically selected CD101 ; nonin-

duced, primed, and grown in regulatory-compliant medium

Animals were sacrificed 4 days after IFP-MSC injection

(7 days total) for tissue harvesting and analysis.

Histology

Rat knee joints were harvested by cutting the femur and

tibia/fibula 1 cm above and below the joint line; muscles

were removed; and joints were fixed with 10% neutral buff-

ered formalin (Sigma-Aldrich) for 14 days at room temper-

ature. Knee joints were decalcified, cut in half at the

sagittal plane, and embedded in paraffin, and serial 4-mm

sections were obtained. Hematoxylin and eosin and Mas-

son trichrome stainings were performed to evaluate the

general morphology and degree of fibrosis of the synovium

and IFP, respectively. The latter stain identifies collagen

fiber–rich fibrotic areas (blue) and cells (pink cytoplasm

and brown nucleus).

SP Immunolocalization

Rat knee joints were harvested, fixed, and cut in half at the

sagittal plane. Sections were incubated with anti-rat SP

polyclonal antibody (Millipore) and visualized with a Leica

DMi8 microscope and Leica X software.

Statistical Analysis

Statistical analysis was performed with paired and

unpaired Student t tests for normally distributed data

and the Wilcoxon test (for paired data) or Mann-Whitney

test (for unpaired data) in the presence of a nonnormal dis-

tribution; 1-way analysis of variance was used for multiple

comparisons. All tests were performed with GraphPad

Prism (v 7.03; GraphPad Software). Level of significance

was set at P\ .05.

Data Availability

All data generated or analyzed during this study are

included in this published article (and Appendix, available

online).

RESULTS

IFP-MSCs Show Superior Growth Kinetics

When Expanded in Either hPL or Ch-R vs FBS

We first assessed the growth kinetics and clonogenic poten-

tial of IFP-MSCs expanded in either hPL or Ch-R and com-

pared them with FBS alone. All 3 culture conditions

demonstrated variable growth kinetics for 8 days. In detail,

hPL-expanded IFP-MSCs showed an increased growth

rate, reaching 85% confluency as compared with the FBS

cultures, which had only 62% confluency on day 8. Ch-R

medium showed the most potent growth rate versus the

other 2 culturing conditions, entering confluency (.85%)

only 4 days after seeding in vitro (Figure 1, A and B). How-

ever, clonogenic capacity showed a higher trend in FBS-

expanded IFP-MSCs (mean 6 SD, 296 6 77 CFU-Fs) as

compared with hPL and Ch-R (252 6 43 and 233 6 45

CFU-Fs, respectively) (Figure 1C).

IFP-MSCs Expanded in Either hPL or Ch-R Have

Privileged Immunophenotypic and Molecular Profiles

In all 3 culture conditions without TIC priming (ie, nonin-

duced), the common MSC-defining markers (CD44, CD73,

CD90, CD105, CD166) showed a similar expression pattern

(.90% positivity), while LepR and CD56 were absent, and

CD271 and CD200 had low to negative expression. NG2

showed high expression (approximately 90%) only in Ch-R

(Figure 2A). Most important, markers related to MSC func-

tionality toward an immunomodulatory and antifibrotic

phenotype were significantly increased in noninduced IFP-

MSCs by solely culturing in either hPL or Ch-R. In hPL-

expanded IFP-MSCs, the mean expression of CD146

(44.1% 6 18.7%), CD10 (88.1% 6 6.2%), and CXCR4

(57.7% 6 17.01%) was 8-, 7-, and 5-fold enriched as

compared with FBS medium cultures. Proinflammatory/

profibrotic ex vivo priming with TIC for 72 hours resulted

in CD146 and CD10 expression enrichment in all 3 cultur-

ing conditions (Figure 2B). IFP-MSCs expanded in hPL

with TIC priming increased CD10 and CD146 expression

by 1- and 1.6-fold, respectively. Even though CD10 expres-

sion increased by 1.8-fold in cultures with FBS plus TIC

priming, these levels were still lower than in IFP-MSCs

expanded in hPL without TIC priming (74.8 6 3.6% vs 88.9

6 4.1%). CD90 had stable expression (.90%) whereas, as

expected and previously reported,11,21 HLA-DR expression

was sharply increased in all cultures with TIC priming.
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IFP-MSCs Expanded in Either hPL or Ch-R

Can Effectively Differentiate Toward Bone, Fat,

and Cartilage In Vitro

The tripotential capacity of IFP-MSCs to undergo osteo-

genic, chondrogenic, or adipogenic differentiation was com-

parable in FBS, hPL, and Ch-R. However, qualitative

assessments showed that hPL- and Ch-R–expanded IFP-

MSCs deposited higher levels of minerals on the monolayer

surface in osteogenesis, had higher lipid vacuole accumula-

tion within the cytoplasm in adipogenesis, and displayed

stronger cartilage-specific metachromasia for glycosamino-

glycans produced in chondrogenesis as compared with

FBS-expanded IFP-MSCs (Figure 3A). Quantitatively at

the molecular level, hPL- and Ch-R–expanded IFP-MSCs

showed significantly (P \ .05) higher expression levels for

the osteogenic geneOMD, adipogenic gene FABP4, and chon-

drogenic genes ACAN and COMP as compared with FBS-

expanded IFP-MSCs (Figure 3B), indicating their increased

maturity during the different differentiation schemes.

IFP-MSCs Expanded in Either hPL or Ch-R

Have a Reduced Baseline Inflammatory

Transcriptome vs FBS

To establish a baseline inflammation-related molecular

signature for IFP-MSCs expanded in either hPL or Ch-R

Figure 1. IFP-MSCs show high growth kinetics and clonogenicity when expanded in either hPL or Ch-R. (A, B) IFP-MSCs expanded

in either hPL or Ch-R show a higher growth rate until confluency as compared with FBS alone. (C) Clonogenic capacity of FBS-

expanded IFP-MSCs (colony-forming unit fibroblasts [CFU-Fs] per 103 MSCs seeded) showed a higher trend versus the other con-

ditions. All experiments (n = 5) were performed independently, and data are presented as scatter plots with mean. Ch-R, chemically

reinforced medium; FBS, fetal bovine serum; hPL, human platelet lysate; IFP, infrapatellar fat pad; MSC, mesenchymal stem cell.
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(noninduced), a multiplex transcriptional assessment was per-

formed. IFP-MSCs grown in all 3 conditions showed an overall

low-to-negative expression level for most inflammation-related

cytokines tested (Figure 4A). Furthermore, when compared

with FBS-grown cells, hPL- and Ch-R–expanded cells had

reduced expression of most cytokines, with IL-18 significantly

downregulated in both versus IL-1b and IL-12a in only Ch-R

(Figure 4B; Appendix Figure A2, available online). IL-8 was

the only cytokine with significantly (P\ .05) higher expres-

sion levels in hPL- and Ch-R–expanded IFP-MSCs as com-

pared with the FBS reference sample, with 6.8- and 8.6-fold

expression levels, respectively. Other molecules, such as IL-

6, TNF-a, and IL-1a, showed divergent changes with hPL

and Ch-R.

IFP-MSCs Expanded in Either hPL or Ch-R Strongly

Secrete Reparative Factors Without Priming

Noninduced hPL-expanded IFP-MSCs showed overall

higher secretion of GFs when compared with FBS medium

(Figure 4B). Of the 41 GFs analyzed, 29 and 24 GFs were

Figure 2. IFP-MSCs expanded in either hPL or Ch-R have enhanced immunophenotypic profile. (A) Surface markers assessed in

noninduced IFP-MSCs show MSC-defining markers highly expressed in all culture conditions, whereas CD10 and CD146 (immuno-

modulatory) and CXCR4 (migratory) showed increased expression only in hPL and Ch-R. (B) Proinflammatory/profibrotic ex vivo prim-

ing with TNFa, IFNg, and CTGF (TIC) resulted in boosted expression of CD10 and CD146, while HLA-DR expression was induced as

expected. All experiments (n = 3) were performed independently, and data are presented as scatter plots with mean. Individual donors

in each MSC type are presented with distinctive shapes and color tones to allow intradonor comparisons. Ch-R, chemically reinforced

medium; FBS, fetal bovine serum; hPL, human platelet lysate; IFP, infrapatellar fat pad; MSC, mesenchymal stem cell.
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secreted at significantly (P\ .05) higher levels in IFP-MSCs

expanded in hPL and Ch-R without priming, respectively, as

compared with FBS. Upon TIC priming, hPL- and Ch-R–

expanded IFP-MSCs showed increased secretion of various

proteins. However, the overall number of proteins secreted

was reduced, as TIC priming also affected the secretion of

FBS-expanded IFP-MSCs. After TIC priming, 16 and 18

GFs were significantly (P \ .05) secreted higher in hPL-

and Ch-R–expanded IFP-MSCs, respectively. Simultaneous

Venn diagram representation of all 4 secretory profiles

Figure 3. Osteogenic, chondrogenic, and adipogenic differentiation potential of IFP-MSC expanded in either hPL or Ch-R. (A) As

compared with FBS-grown cells, hPL- and Ch-R–expanded IFP-MSCs showed superior qualitative differentiation capacity upon

induction in vitro for bone (mineral deposition assessed by alizarin red staining), fat (lipid accumulation assessed by oil red stain-

ing), and cartilage (glycosaminoglycan production assessed by toluidine blue staining). (B) Quantitative molecular profiling

showed that differentiation-related markers in cultures expanded in hPL and Ch-R were increased versus those expanded in

FBS, indicating their mature status. All experiments (n = 5) were performed independently with noninduced cells, and data are

presented as scatter plots with mean6 SD. *P\ .05. Ch-R, chemically reinforced medium; FBS, fetal bovine serum; H&E, hema-

toxylin and eosin; hPL, human platelet lysate; IFP, infrapatellar fat pad; MSC, mesenchymal stem cell.
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Figure 4. IFP-MSCs expanded in either hPL or Ch-R have a reduced inflammatory baseline signature while strongly secreting

reparative growth factors. (A) Transcriptional profiling of IFP-MSCs expanded in all 3 formulations showed overall low-to-negative

expression levels for most inflammation-related cytokines tested (top panel). This correlates with high delta Ct values in real-time

quantitative polymerase chain reaction, representing the arithmetic subtraction of the Ct value of each gene minus the Ct value of

the normalizing housekeeping gene and marked white to blue in the heat map. Lower panel shows the relative fold change

expression (positive = darker, negative = lighter), calculated with the FBS-grown data as reference (set up as 1). For actual

fold changes, see Appendix Figure A2 (available online). (B) Secretory profile heat maps of noninduced and TIC-primed IFP-

MSCs indicated high growth factor secretion for hPL- and Ch-R–expanded IFP-MSCs (top panel). Heat maps colors are assigned

according to a molecule concentration relative scale from 0 to 10,000. Venn diagram shows shared proteins among all groups

(significantly different from FBS alone or FBS plus priming; middle panel). The table shows the number of proteins shared by dif-

ferent groups and conditions (lower panel). All experiments were performed independently (n = 3). Ch-R, chemically reinforced

medium; FBS, fetal bovine serum; hPL, human platelet lysate; IFP, infrapatellar fat pad; MSC, mesenchymal stem cell; TIC,

TNFa, IFNg, and CTGF.
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(noninduced and primed hPL and noninduced and primed

Ch-R), when compared with their FBS counterparts (nonin-

duced and primed), revealed a core of 7 GFs (EGF R, HGF,

IGFBP-2, M-CSF R, PDGF-AA, SCF R, VEGF) that are com-

monly increased in those 4 groups. Interestingly, after prim-

ing, 13 of 16 for hPL and 14 of 18 for Ch-R were shared with

the secretory profiles in their noninduced state.

In protein association network analysis, GFs appeared

interconnected at least through 1 association, whileK-means

clustering networks showed high protein-protein interaction

enrichment (P\ .0000000000000001) and an average local

clustering coefficient .0.7, indicating that the proteins

used were at least partially biologically connected (Appendix

Figure A3A, available online). In noninduced IFP-MSCs,

hPL and Ch-R secretory profiles showed similar biological

process involvement. Priming boosted the 5 of 6 biological

processes of Ch-R–expanded IFP-MSCs versus only 3 of 6

in hPL-expanded IFP-MSCs (Appendix Figure A4A, left

radar chart). The involvement in those biological processes

was reflected in specific signaling pathways presented in

the KEGG reactome (Appendix Figure A4A, right radar

chart). In noninduced IFP-MSCs, hPL IFP-MSCs showed

higher enrichment of the cytokine–cytokine receptor interac-

tion and Jak-STAT (2 of 6) pathways, whereas Ch-R IFP-

MSCs showed higher enrichment of the MAPK, PI3K-Akt,

Ras, and Rap1 (4 of 6) pathways (Appendix Figure A4B).

According to the KEGG database, the Jak-STAT pathway,

which is highly enriched in hPL IFP-MSCs, is a principal

downstream mechanism for an array of cytokines and GFs

and is directly involved in cytokine–cytokine receptor inter-

action signaling (hsa:04060). Interestingly, in Ch-R IFP-

MSCs—except the MAPK, PI3K-Akt, and Ras pathways,

which are involved in downstream signaling upon cytokine

and GF activation—the Rap1 pathway, which is involved

in cell adhesion, cell-cell junction formation, and cell polar-

ity, is also highly enriched. Most important, priming

resulted in further-boosted protein involvement in all

signaling pathways for both hPL- and Ch-R–primed

IFP-MSCs.

IFP-MSCs Expanded in Either hPL or Ch-R

Secrete More Factors vs FBS Plus Priming

To assess the molecular similarities between the

regulatory-compliant formulations and FBS plus priming,

direct molecular comparisons were made between these

groups. Secretory profile analysis revealed that nonin-

duced hPL- and Ch-R–expanded IFP-MSCs shared with

FBS plus priming 17 and 31 proteins, respectively. Impor-

tantly, except the common proteins shared, noninduced

hPL IFP-MSCs showed a boosted secretory profile with

22 additional GFs highly secreted. In total, 14 proteins

(AR, FGF-4, G-CSF, GDNF, GM-CSF, HB-EGF, IGFBP-

4, IGF-I SR, IGF-II, NT-4, PDGFRb, SCF, TGF-a, TGF-

b3) were commonly and highly expressed in IFP-MSCs

expanded in hPL and Ch-R (Figure 5). Overall, biological

processes and interactome pathways analysis of the 3

groups compared (common noninduced hPL vs FBS plus

priming, common noninduced Ch-R vs FBS plus priming,

common noninduced hPL vs noninduced Ch-R) showed

similar protein involvement except few differences (Appen-

dix Figure A4B, available online). Interestingly, group 1

showed a higher number of proteins involved in the ‘‘regu-

lation of signaling receptor activity’’ process, whereas

group 2 had a higher number of proteins involved in the

‘‘positive regulation of cell migration’’ process (Appendix

Figure A4B, left radar chart). However, when compared

with group 1, group 2 showed higher protein involvement

in almost all KEGG reactome pathways tested except

PI3K-Akt and Jak-STAT pathways (Appendix Figure

A4B, right radar chart).

IFP-MSCs Expanded in Either hPL or Ch-R

Show Increased Functionality In Vitro

Upon exogenous addition of SP (834 pg/mL) in culture, the

overall SP levels were significantly (P\ .05) decreased by

the cell group and the supernatant group in all 3 conditions

tested (Figure 6A). As compared with FBS, hPL and more

so Ch-R induced a reduction of SP, statistically significant

in the cells group but not in the supernatant group (for Ch-

R). CD10 immunolocalization was detected in IFP-MSCs as

a concentrated punctate signal around cells (Figure 6B),

highly present in hPL- and Ch-R–expanded IFP-MSCs

directly related to the SP degradation pattern observed

after exogenous addition of SP in cultures. Importantly,

3-dimensional reconstruction of fibrinogen matrix formed

in hPL cultures revealed that CD101 vesicles released

from IFP-MSCs were immobilized within the 3-dimen-

sional matrix (Figure 6C). This effect can be correlated

with the limited capacity of hPL supernatants to degrade

SP: an effect that was strongly induced by hPL-expanded

IFP-MSCs.

IFP-MSCs Expanded in Either hPL or Ch-R

Effectively Reverse Synovitis and IFP Fibrosis

and Degrade SP In Vivo

A rat model of induced acute synovitis and IFP fibrosis was

used to confirm in vivo the degradation of SP and to test

the capacity of IFP-MSCs with different levels of CD10

positivity to reverse synovial and IFP inflammation and fibro-

sis. In addition to signs of synovitis and early fibrotic changes

of the IFP, we confirmed the hyperinnervation by SP-positive

sensory fibers 7 days after the intra-articular injection of

monoiodoacetate, as compared with healthy knees without

inflammatory induction (Figure 7).

When compared with untreated animals, all animals

that received IFP-MSCs showed a significant reduction

in synovitis and IFP fibrosis 4 days after their administra-

tion (Figure 7, marked with arrows and asterisks, respec-

tively). However, differences can be appreciated in the

degree of inflammation and fibrosis reversal and SP degra-

dation among animals that received IFP-MSCs with vary-

ing CD10 positivity, underscoring its relevance for an

efficient therapeutic effect. Of note, and as support of the

inductive CD10 enrichment with hPL and Ch-R, these
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formulations rapidly (1 week) turned the low CD10 positiv-

ity of immunomagnetically sorted CD10– IFP-MSCs (13 6

14.8) into intermediate/high levels (74.6 6 7.67) (Appendix

Figure 1, available online). In our previous report, we

clearly demonstrated the transient engraftment of injected

IFP-MSCs in areas of active synovitis and IFP fibrosis.29 In

the present study, SP presence was also significantly

diminished in rats after 4 days of single intra-articular

injection of IFP-MSCs, being more pronounced in periph-

eral areas of the IFP (close to the synovium), whereas

inner parts (IFP body) showed some remaining SP-positive

fibers (Figure 7). This SP degradation was uniform across

animals that received IFP-MSCs with high levels of CD10,

while the ones that received IFP-MSCs with lower CD10

positivity (IFP-MSCs expanded in FBS) clearly showed

suboptimal SP degradation. Of note, CD101 -selected

IFP-MSCs showed the strongest reduction of synovitis

and IFP fibrosis and SP degradation, while a reduction

in the cell dose in 1 of 10 (total of 50,000 cells) still effec-

tively generated therapeutic efficacy, as they were high

in CD10 owing to the priming stimulation.

DISCUSSION

Synovitis and fibrosis of the IFP constitute early structural

changes preceding the onset of osteoarthritis12,22-24,36

while actively participating in other chronic conditions of

the knee, including anterior knee pain15 and even patellar

tendinopathy, as suggested in animal models.28 Inside

synovium and IFP, the neuropeptide SP stands out for

its multiple roles in the disease. In addition to established

roles in nociception,32,52 it participates in the modulation of

local neurogenic inflammatory and immune responses.38,51

SP activity is regulated in part by the cell membrane–

bound neutral endopeptidase CD10/neprilysin (reviewed

by Maguer-Satta et al37), expressed in multiple cells,

including MSCs6,7,42 and specifically IFP-MSCs as we

recently reported.29 In that study, we also demonstrated

that IFP-MSCs cultured in FBS-containing medium

and stimulated (ie, primed) with proinflammatory/

profibrotic molecules (TIC) resulted in increased CD10

expression inducing the degradation of SP both in vitro and

in vivo while showing strong immunomodulatory effects.29

Figure 5. IFP-MSCs expanded in either hPL or Ch-R show high growth factor secretion when compared with FBS plus priming.

Venn diagram analysis revealed shared proteins among the groups (significantly different from FBS plus priming), with 14 growth

factors common and highly expressed in IFP-MSCs expanded in hPL and Ch-R. All experiments were performed independently

(n = 2). Ch-R, chemically reinforced medium; FBS, fetal bovine serum; hPL, human platelet lysate; IFP, infrapatellar fat pad; MSC,

mesenchymal stem cell.
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Figure 6. IFP-MSCs expanded in either hPL or Ch-R effectively degrade substance P (SP) in vitro. (A) Endogenous levels of

SP (quantified at ~250 pg/mL and shown as dotted colored lines) and exogenously added recombinant SP (quantified at

~1100 pg/mL and shown as a gray dotted line) are used for reference (as bottom and top boundaries, respectively) to quantify

SP degradation activity by the cells and their supernatant in the different media formulations. When compared with FBS-grown

cells, hPL- and Ch-R–expanded IFP-MSCs (cell group) strongly degraded SP, an effect also present with their supernatant (less

pronounced, though). A diagram on the top of each group represents the source of the samples obtained for the measurements.

CM, conditioned media; Exo SP, exogenously added SP; [SP] = SP concentration. (B) CD10 immunolocalization was detected in

IFP-MSCs as a concentrated punctate signal (red) around cells and highly present in hPL- and Ch-R–expanded IFP-MSCs (blue

nuclei). (C) Fibrinogen matrix (green) formed within hPL cultures immobilized CD101 vesicles (red) released from IFP-MSCs (blue

nuclei). All experiments were performed independently (n = 2), and data are presented as scatter plots with mean6 SD. *P\ .05.

Ch-R, chemically reinforced medium; FBS, fetal bovine serum; hPL, human platelet lysate; IFP, infrapatellar fat pad; MSC, mes-

enchymal stem cell.
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To build on our previous results, the present study

aimed at investigating the therapeutic potential of IFP-

MSCs in acute synovitis and IFP fibrosis, contrasting cell

products manufactured with either regulatory-compliant

or FBS-containing (DMEM–10% FBS) media, and with

and without ex vivo inflammatory priming. Overall, we

found that processing IFP-MSCs in either hPL or Ch-R

results in enhanced proliferative response, differentiation

potential, transcriptional and secretory profiles, and a sig-

nificant intrinsic enrichment in CD10 and other key

markers (CD146 and CXCR4). Functionally, these formu-

lations induced IFP-MSCs to more efficiently degrade SP

in vitro and in vivo and to efficiently reverse signs of

synovitis and IFP fibrosis even at lower cell doses, as

explained by more robust and consistent CD10 expression.

Molecularly, they recapitulated and enhanced the secre-

tory panel of GFs and cytokines observed with FBS plus

priming, thus replacing ‘‘traditional’’ FBS as a medium

supplement and obviating the need of ex vivo priming to

generate such enhanced therapeutic effects.

IFP-MSCs grown in FBS-containing medium exhibited

a phenotype comparable with our previous findings.29 In

that report, we highlighted the importance of CD10 and

CD146 expression levels as part of an immunomodulatory

MSC functionality. Herein, we demonstrated that hPL and

Ch-R formulations result in a significant (P \ .05)

Figure 7. IFP-MSCs expanded in either hPL or Ch-R effectively reduce synovitis and IFP fibrosis in vivo. Hematoxylin and eosin

(H&E) staining (top 2 panels), Masson trichrome staining (middle panel), and substance P immunolocalization (lower 2 panels) in

sagitally sectioned knees of representative rats for healthy control and those injected with only MIA or both MIA and IFP-MSCs

with different degrees of CD10 positivity. When compared with the MIA-only group, which showed significant synovitis and IFP

fibrosis with cellular infiltrates, a striking correlation was found between magnitude of CD10 presence in IFP-MSCs and the effect

of reducing those structural changes after 4 days of a single intra-articular IFP-MSC injection. Despite an overall significant reduc-

tion in synovitis and IFP fibrosis with all treatments, the immunoselected CD101 group expanded in regulatory-compliant

medium showed the strongest therapeutic effect, whereas the CD10– re-expanded and noninduced FBS group had the poorest

outcomes. The other groups (noninduced and primed IFP-MSCs expanded in regulatory-compliant medium) were effective, even

at a lower dose (1/10th). SP1 fibers in areas of active inflammation and fibrosis showed dramatic reduction for the synovium and

the body of the IFP in groups similarly correlated with the degree of CD10 positivity. Of note, almost no signal was detected in

healthy control rats, supporting the high specificity of the SP signal. Arrows in the top panel indicate areas of synovitis. Ch-R,

chemically reinforced medium; FBS, fetal bovine serum; hPL, human platelet lysate; IFP, infrapatellar fat pad; IHC, immunohis-

tochemistry; MIA, monoiodoacetate; MSC, mesenchymal stem cell; SP, substance P.
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enrichment in both markers (8- and 7-fold, respectively),

comparable with the levels obtained with primed cells in

FBS, suggesting that the ‘‘desired’’ phenotype can be

achieved without external inflammatory stimulation as

long as they are processed in such xeno-free formulations.

Upon exposure to TIC priming stimulation, which mimics

inflammatory and fibrotic microenvironments,44,47 CD146

expression increased under all 3 conditions. Priming also

increased CD10 presence only in FBS-grown cells, indicat-

ing that the high levels induced by hPL and Ch-R formula-

tions before priming had already reached maximum

expression (close to 90%-95%). However, and relevant for

clinical protocols, HLA-DR remained negative in IFP-

MSCs grown in hPL and Ch-R, evidencing their immuno-

evasive phenotype. This was complemented by investiga-

tion of the inflammatory signature of the cells at the

transcriptional level. For almost all inflammation-related

cytokines tested, hPL- and Ch-R–expanded IFP-MSCs

showed absent or very low gene expression levels. Despite

comparable IL-6 expression levels across formulations, IL-

8 was greater in regulatory-compliant media, making the

IL-6/IL-8 ratio, previously identified as beneficial when

low,1,29 significantly lower in those conditions.

In terms of differentiation potential, IFP-MSCs pro-

cessed in hPL and Ch-R enhanced differentiation toward

the 3 MSC-related lineages proposed by the International

Society for Cellular Therapy,13 most notably in chondro-

genesis. This complements our previous findings in which

IFP-MSCs exhibit a stronger chondrogenic differentiation

than bone marrow–derived MSCs.29 Furthermore, a previ-

ous study showed that IFP-MSCs can not only effectively

differentiate toward chondrocytes but also possess the

capacity to secrete the superficial zone protein lubricin,

which plays a crucial role in articular cartilage lubrication

and normal function.31

The overall secretory response upon expansion in hPL

or Ch-R involves the boosted secretion of a wide spectrum

of immunomodulatory/reparatory GFs, including EGF,

FGF, PDGF, HGF, TGF, SCF, VEGF, IGF-1, M-CSF, and

AR. Physiologically, all these molecules are actively

released in the in vivo microenvironment upon inflamma-

tory stimulation and orchestrate the tissue regeneration

process by inhibiting leukocyte transmigration, enhancing

angiogenesis, increasing progenitor cell migration and dif-

ferentiation, and modulating local macrophage

responses.35 In terms of biological processes, various cate-

gories were reinforced in hPL- or Ch-R–expanded IFP-

MSCs, including cell proliferation, response to stimulus,

cell migration, protein phosphorylation, signal transduc-

tion, and signaling receptor activity. Combined, these

effects empower the cells to respond to inflammation and

injury by increasing their numbers and migratory behavior

to active sites of injury, while altering key cascades known

to affect local immune responses.

CD10-mediated SP degradation in vitro was evident in

all 3 culturing conditions, with differences in the efficiency

that reflect the CD10 levels in the cells. Accordingly, high

CD10 expression in hPL- and Ch-R–grown cells correlate

with an observed increased SP degradation. Consistent

with our previous report, supernatants obtained from the

same IFP-MSC cultures mimic (with varying degrees) the

SP-degrading activities observed with their parental cells,

suggesting that the mechanism used by IFP-MSCs to

degrade SP is not necessarily cell bound but also released.

A special case is the ‘‘suboptimal’’ results with hPL super-

natant as compared with the other formulations, as

explained by the active entrapment of the CD101 IFP-

MSCs (and released CD10) within the fibrinogen-rich

extracellular matrix of the hPL.

A striking correlation was found in our in vivo rat model

studies between CD10 expression magnitude in IFP-MSCs

and the reduction or even absence of SP1 fibers in areas of

active inflammation and fibrosis for the synovium and the

body of the IFP. Similarly, they generated varying degrees

of synovitis and IFP fibrosis reversal, having significant

therapeutic implications. Based on the correlation between

CD10 positivity and therapeutic outcome, levels around

�30% have reduced effects, while levels ~70% or more

‘‘guarantee’’ an effective therapeutic outcome. The latter

is based on the fact that all groups with CD10 levels

beyond ~70% positivity exhibited comparable outcomes.

Additional experimentation would be required to assess

levels between 30% and 70% to establish a definitive

threshold. Furthermore, the results obtained with the sig-

nificantly reduced cell dose (1/10th of the injected cells)

reinforce the concept of CD10 positivity rather than the

number of cells injected as the pivotal factor for the gener-

ation of efficient therapeutic outcomes. Translated into

a potential clinical protocol, this would reduce the required

number of IFP-MSCs injected into numbers that can be

generated in vitro in a shorter period. Based on the current

standard of ~20 to 50 3 106 MSCs39,43,49 for an intra-

articular injection, the resulting protocol would require

only ~2 to 5 3 106. These effects are of utmost importance,

as they suggest not only the possibility of reducing the

manufacturing processing time to obtain clinically relevant

cell numbers but also the elimination of the ex vivo inflam-

matory cell priming, which involves potential in vivo

untoward consequences (eg, immunogenicity11,21). Taken

together, these in vivo results suggest that IFP-MSCs

exhibiting specific attributes at a certain level (CD10High)

result in an attractive alternative to effectively treat syno-

vitis and IFP fibrosis.

Clinical translation of cell-based therapies requires

regulatory-compliant practices during the fabrication of

the cellular product. On this basis, efforts are concentrated

on defining protocols with minimal manipulation for the

generation of clinically relevant cell numbers. To date,

FBS-containing media have been widely used during MSC

production for clinical trials, despite the reported risks

and potential complications.50 Consequently, cellular prod-

uct manufacturing is migrating toward the use of xeno-

free and chemically reinforced formulations (eg, hPL and

Ch-R) to support MSC viability and proliferation and to pre-

serve or even boost specific characteristics (eg, phenotype)

and functional attributes.3,20 In that respect, previous stud-

ies have shown that hPL contains a series of bioactive mol-

ecules (reviewed by Burnouf et al8) that can induce MSCs to

acquire an immunomodulatory phenotype, potentially obvi-

ating the use of ex vivo cell priming. Our high-content in
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vitro and in vivo data support these findings, specifically in

the context of SP degradation and reversal of signs of syno-

vitis and IFP fibrosis.

In conclusion, the use of hPL and Ch-R results in a fine-

tuned, regulatory-compliant IFP-MSC cell-based product

with enhanced growth kinetics, differentiation capacity,

and an immunomodulatory secretory and phenotypic pro-

file, with strong CD10-mediated SP degradation. From

a therapeutic perspective, the local activities of injected

IFP-MSCs relate with the control of (1) local inflammation

and fibrosis of the synovium and IFP and (2) pain-related

signaling via SP degradation. The retention and enhance-

ment of IFP-MSC therapeutic properties, when manufac-

tured under regulatory-compliant conditions, suggest

that such an enhanced strategy could accelerate the time

between preclinical and clinical research steps. This would

facilitate the translation of proof-of-concept data into clin-

ical protocols to treat synovitis and IFP fibrosis and poten-

tially mitigate the progression of chronic conditions in

which these processes participate.
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