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Comparison of EV-free fraction,
EVs, and total secretome of
amniotic mesenchymal
stromal cells for their
immunomodulatory potential:
a translational perspective
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Elsa Vertua4, Pietro Romele4, Alice Masserdotti4,
Carlotta Perucca Orfei3, Patrizia Bonassi Signoroni4,
Marta Magatti4, Antonietta R. Silini4, Laura De Girolamo3

and Ornella Parolini 1,2*

1Department of Life Science and Public Health, Università Cattolica del Sacro Cuore, Rome, Italy,
2Fondazione Policlinico Universitario “Agostino Gemelli” Istituto di Ricovero e Cura a Carattere
Scientifico, IRCCS, Rome, Italy, 3Istituto di Ricovero e Cura a Carattere Scientifico, IRCCS Istituto
Ortopedico Galeazzi, Laboratorio di Biotecnologie Applicate all’Ortopedia, Milan, Italy, 4Centro di
Ricerca E. Menni, Fondazione Poliambulanza Istituto Ospedaliero, Brescia, Italy
Amniot ic mesenchyma l s t roma l ce l l s (hAMSCs ) have un ique

immunomodulatory properties demonstrated in vitro and in vivo in various

diseases in which the dysregulated immune system plays a major role. The

immunomodulatory and pro-regenerative effects of MSCs, among which

hAMSCs lie in the bioactive factors they secrete and in their paracrine

activity, is well known. The mix of these factors (i.e., secretome) can be

either freely secreted or conveyed by extracellular vesicles (EV), thus

identifying two components in the cell secretome: EV-free and EV fractions.

This study aimed to discern the relative impact of the individual components on

the immunomodulatory action of the hAMSC secretome in order to obtain

useful information for implementing future therapeutic approaches using

immunomodulatory therapies based on the MSC secretome. To this aim, we

isolated EVs from the hAMSC secretome (hAMSC-CM) by ultracentrifugation

and validated the vesicular product according to the International Society for

Extracellular Vesicles (ISEV) criteria. EVs were re-diluted in serum-free medium

to maintain the EV concentration initially present in the original CM. We

compared the effects of the EV-free and EV fractions with those exerted by

hAMSC-CM in toto on the activation and differentiation of immune cell

subpopulations belonging to both the innate and adaptive immune systems.

We observed that the EV-free fraction, similar to hAMSC-CM in toto, a)

decreases the proliferation of activated peripheral blood mononuclear cells

(PBMC), b) reduces the polarization of T cells toward inflammatory Th subsets,

and induces the induction of regulatory T cells; c) affects monocyte
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polarization to antigen-presenting cells fostering the acquisition of anti-

inflammatory macrophage (M2) markers; and d) reduces the activation of B

lymphocytes and their maturation to plasma cells. We observed instead that all

investigated EV fractions, when used in the original concentrations, failed to

exert any immunomodulatory effect, even though we show that EVs are

internalized by various immune cells within PBMC. These findings suggest

that the active component able to induce immune regulation, tested at original

concentrations, of the hAMSC secretome resides in factors not conveyed in

EVs. However, EVs isolated from hAMSC could exert actions on other cell types,

as reported by others.
KEYWORDS

amnion, secretome/conditioned medium, extracellular vesicles, mesenchymal stem/
stromal cells, immune modulation
Introduction

Human amniotic mesenchymal stromal cells (hAMSCs)

h a v e a t t r a c t e d g r e a t a t t e n t i on t h ank s t o t h e i r

immunomodulatory properties (1, 2) that determine

significant advantages for their application in the treatment of

inflammatory or immune-mediated diseases (3). Indeed,

h AM S C s e x e r t s t r o n g a n t i p r o l i f e r a t i v e a n d

immunomodulatory actions on different immune cells. Several

in vitro studies demonstrated that hAMSCs and their secretome

inhibit the proliferation of T cells when activated through TCR

stimulation. As a matter of fact, we previously reported that

hAMSCs and their secretome prevent/reduce the development

of cytotoxic T cells and the polarization toward inflammatory T

helper subsets and enhance instead the polarization toward

regulatory T cells (4, 5). Furthermore, they suppress the in

vitro differentiation of monocytes toward inflammatory

antigen-presenting cells, triggering instead the acquisition of

phenotypical and functional features typical of M2 anti-

inflammatory macrophages (5–8). We have also recently
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demonstrated that hAMSCs and their secretome are able to

suppress the proliferation and differentiation of B lymphocytes

to plasma cells (9).

The immunomodulatory properties of hAMSCs and their

secretome have been shown to contribute to their ability to foster

tissue regeneration and induce therapeutic effects in preclinical

disease models. As a matter of fact, hAMSCs and their secretome

have been successfully used to treat different inflammatory-

related diseases including lung (10, 11) and liver fibrosis (12),

wound healing (7, 13), collagen-induced arthritis (14), tendon-

to-bone healing (15), bone defects (16), multiple sclerosis (14),

inflammatory bowel disease (14), colitis (14, 17), sepsis (14),

traumatic brain injury (18), and Huntington’s disease (19). All

these studies strongly indicate that hAMSCs provide

immunoregulatory actions through paracrine signaling

triggered by factors present in their secretome, which include

both freely secreted factors and factors conveyed by extracellular

vesicles (EVs).

EVs are a heterogeneous family of bilayer membrane vesicles

that, according to their size and biogenesis, are classified into

exosomes (40–200 nm; generated within the endosomal system)

and microvesicles (50–1,000 nm; produced by outward budding

of the plasma membrane). EVs carry molecules such as proteins,

lipids, and coding and non-coding RNAs, which can contribute

to the function of the cells of origin from which they are released

(20, 21). Some studies suggest that EVs released fromMSCs may

have a therapeutic action comparable to that of parental cells and

their derived secretomes, thus representing an enormous

therapeutic potential for applications in regenerative medicine

due to their easier management/storage and higher safety (i.e.,

lack of tumorigenicity) compared to cell-based therapy (22). Our

previous studies evidence that the hAMSC secretome

(hereinafter defined as hAMSC-conditioned medium: hAMSC-

CM) contains free, soluble molecules and EV-conveyed miRNAs
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with regulatory functions on different types of inflammatory

cells (23). It is now crucial to define whether the EV fraction can

exert biological activities comparable to those of the CM in toto.

To this end, we compared the immunomodulatory potential of

the different hAMSC secretome fractions. Indeed, no study has

yet to specifically address the contribution that EVs and the

free ly secre ted fract ion have to the mult i f ace ted

immunomodulatory effects of hAMSC-CM. As a matter of

fact, in this comparative study we aimed to discern the relative

impact of the individual components of the hAMSC secretome,

maintaining for each secretome fraction (EV-free and EV) the

quantitative proportions in which they are represented in the

secretome of origin.

Thus, herein for the first time we compared the

immunomodulatory properties of the hAMSC secretome in

toto with those of the different fractions (EV-free and EV

fractions) to draw upon useful information for implementing

future therapeutic approaches using immunomodulatory

therapies (EV vs. secretome in toto) based on the

MSC secretome.
Material and methods

Ethics statements

The collection of human peripheral blood mononuclear cells

(PBMCs) for research purposes was approved by the Regional

Departments of Transfusion Medicine (Rif. 523, July 7, 2016).

PBMCs were obtained from healthy adult donors after informed

consent and provided by the Center of Immune Transfusion of

Spedali Civili of Brescia, Italy.

Human term placentae were collected from healthy women

after vaginal delivery or caesarean section at term, after

obtaining informed written consent, according to the

guidelines set by the local ethical committee “Comitato Etico

Provinciale di Brescia,” Italy (number NP 2243, 19

January 2016).
Isolation of mesenchymal stromal cells
from human amniotic membrane and
CM preparation

Cells were isolated as previously described (24). The

amniotic membrane was cut in fragments and digested at 37°C

for 9 min with 2.5 U/ml dispase (VWR, Radnor, PA, USA). The

digestion was then blocked by washing the amniotic fragments

in RPMI complete medium composed of RPMI 1640 medium

supplemented with 10% heat-inactivated fetal bovine serum

(FBS), 1% penicillin/streptomycin (P/S), and 1% L-glutamine

(all from Sigma-Aldrich, St. Louis, MO, USA). Enzymatic
Frontiers in Immunology 03
digestion continued with fragment incubation in the presence

of 0.94 mg/ml collagenase and DNase I (both from Roche, Basel,

Switzerland) for approximately 2.5–3 h at 37°C. The cell

suspension obtained was centrifuged at low g, and the

supernatant was filtered (100-mm cell strainer) (BD Falcon,

Bedford, MA, USA), and the cells were collected by

centri fugat ion. After isolat ion, hAMSCs (p0) were

phenotypically characterized as previously reported (24). Cells

with >80% expression of mesenchymal markers CD13 and

CD90 and <10% expression of the hematopoietic marker

CD45 and of the epithelial marker CD324 were used in

this study.

Freshly isolated cells were expanded until passage 1 (p1) by

plating at a density of 104 cells/cm2 in Chang Medium C (Irvine

Scientific, Santa Ana, CA, USA) supplemented with 2 mM L-

glutamine at 37°C in the incubator at 5% CO2. To produce

conditioned medium (CM), hAMSC p1 cells were seeded for 5

days in 24-well plates (Corning, NY, USA) at a density of 5 × 105

cells/well in 0.5 ml of DMEM-F12 medium (Sigma-Aldrich)

without serum, supplemented with 2 mM L-glutamine (Sigma-

Aldrich) and 1% P/S as described (25).

At the end of the 5-day culture, CM was collected,

centrifuged at 300×g, and filtered through a 0.2-mm sterile

filter (Sartorius Stedim, Florence, Italy). An aliquot of 5 ml

was kept frozen at − 80°C until use (CM in toto for comparison

with other fractions), while the remaining CM volume (15–20

ml) was used for EV isolation. After EV isolation, the EV-free

fraction was maintained for comparison studies. Six placentas

were used to obtain six different hAMSC-CM preparations. The

number of CMs used for each experiment is indicated in the

figure legends.
CM fractionation by ultracentrifugation

CM was centrifuged at 100,000 × g for 1, 3, 9, or 24 h at 4°C

in a 70.1 Ti rotor (Beckman Coulter, Fullerton, CA, USA). To

ensure optimal EV recovery, tubes were filled up to half nominal

volume. After centrifugation, supernatants (EV-free fraction)

were recovered and pellets (EV fraction) were suspended in a

small volume of PBS or in a volume equivalent to the starting

volume of CM used to isolate EVs (for example, EVs isolated

from 12 ml of CM were resuspended in 12 ml of fresh medium

without serum). Both EV-free and EV fractions were stored at 4°

C and utilized within 24 h from isolation.
EV detection by nanoparticle tracking
analysis

EVs in the CM in toto, EV-free fractions, or EV fractions

were visualized by the NanoSight NS300 system (NanoSight
frontiersin.org
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Ltd., Amesbury, UK). Dilutions with PBS were performed to

ensure sample readings between 20 and 120 particles per frame.

Pump flow was set to 30. Three to five recordings of 60 s were

executed for each sample. Collected data were analyzed by the

Nanoparticle Tracking Analysis (NTA) software, providing

concentration measurements and high-resolution particle size

distribution profiles.
EV characterization by flow cytometry

For analysis of EV integrity, an identical number of EVs in

both CM in toto and EV fraction samples calculated from NTA

data were supplemented with carboxyfluorescein succinimidyl

ester (CFSE; Sigma-Aldrich, St Louis, MO, USA) (10 mM final)

and incubated in the dark at 37°C for 30 min. CFSE-positive

events were detected and counted using the FITC channel up to

a maximum value of 10,000 events per second with a 10-ml/min

flow rate using a CytoFLEX flow cytometer (Beckman Coulter).

Unstained CM in toto and EV fraction samples were used as

negative controls to set CFSE positivity. Integrity was calculated

as the ratio of FITC+ events between the EV fraction and CM in

toto. Before analysis, flow cytometer performance in the

nanometer range was set with reference Megamix-Plus SSC

beads (Biocytex, Marseille, France) composed of FITC

fluorescent spheres (160, 200, 240, and 500 nm).

For EV marker detection, CM in toto and EV fraction

samples were stained with CFSE as previously described.

Afterward, one-seventh of the labeled samples were stored at

4°C, whereas the rest was divided into six aliquots and each

stained for 30 min at 4°C in the dark with 1 ml of the following
APC-conjugated Ab: anti-CD9 (312107, BioLegend, San Diego,

CA, USA), CD63 (353007, BioLegend), CD81 (349509,

BioLegend), CD44 (338805, BioLegend), CD73 (344005,

BioLegend), and CD90 (328113, BioLegend). Antibodies were

used singularly. A maximum value of 10,000 events per second

were acquired with a 10-ml/min flow rate using a CytoFLEX flow

cytometer, and APC-positive events were detected after FITC

gating as previously described. Unstained samples were used as

negative controls to set APC positivity.
EV characterization by transmission
electron microscopy

EV fraction samples were suspended in PBS (100 ml per
initial 5-ml volume). Five microliters was absorbed for 10 min at

RT on formvar carbon-coated grids and drops blotted with filter

paper. Two percent of uranyl acetate aqueous suspension was

used to perform negative staining for 10 min, and excess was

removed by filter paper. The grid was dried at RT. Samples were

examined with a TALOS L120C transmission electron
Frontiers in Immunology 04
microscope (Thermo Fisher Scientific, Waltham, MA, USA) at

120 kV.
Protein quantification in purified EVs

After centrifugation, samples from EV fractions were

analyzed with a NanoDrop ND-1000 spectrophotometer

(Thermo Fisher Scientific, Waltham, MA, USA) with the

Protein A280 protocol. The concentration was related with

NTA data to obtain the number of EVs/µg protein value.
Analysis of T-cell proliferation

T-cell proliferation was induced by stimulating peripheral

blood mononuclear cells (PBMCs) with an anti-CD3

monoclonal antibody. Human PBMCs were obtained from

heparinized whole blood samples using density gradient

centrifugation (Histopaque-1077, Sigma-Aldrich, St. Louis,

MO, USA). PBMCs (1 × 105/well in a 96-well-plate) were

activated with 125 ng/ml (final concentration) anti-CD3

(Orthoclone OKT3, Janssen-Cilag, Cologno Monzese, Italy).

Activated PBMCs (PBMC + anti-CD3) were cultured in the

presence of different volumes of CM or of its fractions (EV-

free or EVs) (10, 25, 50, or 100 ml/well of CM 5%, 12.5%, 25%, or

50%, respectively, of the final volume), for 3 days. The final

volume of each well was 200 ml. In all experiments, activated

PBMCs cultured alone were used as controls. All conditions

were performed in triplicate in RPMI 1640 medium (Cambrex,

Verviers, Belgium) supplemented with 10% heat-inactivated

FBS, 2 mM L-glutamine, and P/S.

T-cell proliferation was assessed by 5-ethynyl-2′-
deoxyuridine (EdU) incorporation as previously described

(26). Briefly, 10 µM EdU (Life Technologies, Carlsbad, CA,

USA) was added to PBMCs at day 3 post-stimulation. After

16–18 h, cells were harvested and EdU incorporation was

evaluated by adding 2.5 mM 3-azido-7-hydroxycoumarin (Jena

Biosciences, Jena, Germany) in buffer solution (100 mM Tris–

HCl pH 8.0, 10 mM L-ascorbic acid, 2 mM CuSO4) at RT for

30 min. Cells were acquired using a FACSymphony A3 (BD

Biosciences), and the percentage of proliferating EdU-positive

cells was analyzed with FlowJo V10 (BD Biosciences). Cells were

also stained with eFluor 780 (Thermo Fisher) for the exclusion of

dead cells.
Analysis of CD4+ T helper subsets and
Treg subset polarization

Phenotypes were assessed by flow cytometry analysis of the

expression of specific cell surface markers and transcription factors
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to identify T helper subsets (Th1, Th2, and Th17) and Treg. After 5

days of coculture in the presence of CM, PBMCs stimulated with

anti-CD3 were collected and centrifuged at 300g for 5 min. Cells

were stained with eFluor 780 for the exclusion of dead cells. The

staining was performed using antibodies for CD3 (clone UCHT1),

CD4 (clone VIT-4), CD45RA (clone HI100), CD196 (clone 11A9),

CD183 (clone 1C6/CXCR3), CD25 (clone M-A25), and FoxP3

(clone 259D/C7) which all came from BD Biosciences and CD194

(clone REA279) fromMiltenyi. Intracellular staining for FoxP3 was

performed after fixation and permeabilization using BD Cytofix/

Cytoperm (BD Biosciences), followed by staining with anti-FoxP3

antibody. Samples were acquired using a FACSymphony A3 and

analyzed with FlowJo V10. T-cell subsets were identified by a

sequential gating strategy. T effector cells were first identified by

gating CD4-positive and CD45RA-negative cell populations

(CD4+CD45RA− cells), and different T helper (Th) subsets were

identified as follows: Th1 as CD196−CD183+, Th17/Th1 as CD196

+CD183+, and Th2 as CD196−CD183−CD194+ (27). Furthermore,

to investigate the ability of hAMSC-CM and its fraction to induce

Treg polarization, we performed a mixed lymphocyte reaction

(MLR-T) by coculturing T lymphocytes (1 × 105), previously

isolated from PBMCs using the Pan T cell Isolation Kit (Miltenyi

Biotech), with 1 × 105 gamma-irradiated allogeneic PBMCs.

Activated T lymphocytes (MLR-T) were cultured in the presence

of different volumes of CM or of its fractions (EV-free or EVs) (10,

25, 50, or 100 ml/well of CM (5%, 12.5%, 25%, or 50%, respectively,

of the final volume), for 6 days. Tregs were evaluated as previously

reported in the aforementioned gating strategy, and the % of Treg

cells was evaluated as CD25 High and FoxP3-positive cells.
Analysis of monocyte differentiation
toward antigen-presenting cells

Monocyte-derived M1 macrophages were differentiated

starting from 5 × 105 PBMCs cultured or not (control

condition) in the presence of CM or its fractions, in 24-well

plates (Corning) for 4 days in the presence of 5 ng/ml GM-CSF

(Miltenyi Biotec) in 0.5 ml RPMI 1640 complete medium. Cells

were activated by adding 20 ng/ml interferon gamma (IFN-g)
(Miltenyi Biotec) for 1 h after which 0.1 mg/ml LPS (Sigma-

Aldrich) was added and left for 2 days. For dendritic cell (DC)

differentiation, 2.5 × 105 PBMCs were cultured in 48-well plates

(Corning) for 4 days in the presence of 50 ng/ml recombinant

human IL-4 (R&D Systems, Minneapolis, MN, USA) and 50 ng/

ml GM-CSF in 0.5 ml RPMI 1640 complete medium. Complete

maturation was reached by adding 0.1 mg/ml LPS for 2 days.

M1 macrophages, as well as DC, were collected after 6 days

of differentiation in the absence or presence of 10, 25, 50, or 100

ml/well of CM or its fractions (EV-free or EVs) (2%, 5%, 10%, or

20%, respectively, of the final volume). Different CM products

were added at day 0, concomitantly with the start of the
Frontiers in Immunology 05
differentiation protocol. Phenotype was investigated by flow

cytometry. Prior to surface marker staining, cells were stained

with eFluor 780 for the exclusion of dead cells. Cells stained with

CD3 were excluded; CD11b (clone ICRF44)-positive cells were

analyzed for the expression of CD163 (clone GHI/61), CD197

(clone 3D12), CD86 (clone 2331 (FUN-1)), and CD14 (clone

MFP9) to distinguish M1/M2 macrophage polarization. For

mDC differentiation, the same protocol aforementioned for the

macrophages was used and staining was performed for CD197

(clone 3D12), CD209 (clone DCN46), CD14 (clone MFP9),

CD83 (clone HB15e), and CD1a (clone HI149). All antibodies

were purchased from BD Biosciences.
Analysis of B-cell proliferation and
differentiation

To evaluate B lymphocyte proliferation, PBMCs were labeled

with CFSE to monitor cell division (9). Stained PBMCs (1 × 105

cells) were seeded in 96-well tissue culture plates in 50% RPMI

complete medium and 50% UltraCULTURE™ serum-free

culture medium (Lonza, Basel , Switzerland). B-cell

proliferation was induced by stimulating cells for 6 days with

2.5 mg/ml CpG-ODN 2006 (Aurogene s.r.l., Rome, Italy).

Activated PBMCs were cultured in the presence of CM-

hAMSC or its fractions, EV-free, or EVs (10, 25, 50, or 100 ml/
well of CM 5%, 12.5%, 25%, or 50%, respectively, of the

final volume).

Cells were stained with eFluor 780 for the exclusion of dead

cells. The staining was performed using antibodies for CD3

(clone UCHT1), CD19 (clone SJ25C1), CD14 (clone MFP9),

CD27 (clone M-T271), CD24 (clone ML5), CD38 (clone HB7),

and IgM (clone G20-127) which all came from BD Biosciences

and CD138 (clone 44F9) from Miltenyi. Samples were acquired

using a FACSymphony A3 and analyzed with FlowJo V10. B-cell

subsets were identified by a sequential gating strategy.

Plasmablasts were identified as CD19+CD27hiCD38hiCD138-

cells; plasma cells (PC) were identified by the co-expression of

the CD138 marker (CD19+CD27hiCD38hiCD138+).
Quantification of hAMSC-EV uptake by
PBMC

The spontaneous uptake of EVs by PBMC was analyzed by

culturing unstimulated PBMC for 18 h with 5 × 109 vesicles

stained with CFSE, as previously reported in the section entitled

“EV characterization by flow cytometry”. After incubation, the

PBMCs were collected, extensively washed, and analyzed by flow

cytometry for uptake. To evaluate the uptake ability of the

different immune cell subsets, we stained the PBMCs with the

following antibodies: CD3 (clone UCHT1), CD19 (clone
frontiersin.org
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SJ25C1), and CD14 (clone MFP9). The amount of immune cells

positive for the expression of CFSE and indicative of the EV

uptake was assessed with FACSymphony A3 and analyzed with

FlowJo V10. The comparison was performed using untreated

PBMC as baseline for basal autofluorescence.
Statistical analysis

The data are shown as violin-truncated plots with Tukey

variations. The parameters were compared using one-way and

two-way analyses of variance (ANOVA). Data are representative

of at least three independent experiments. Statistical analysis was

performed using Prism 8 (GraphPad Software, La Jolla, CA,

USA). A p value lower than 0.05 was considered

statistically significant.
Results

hAMSC-CM fractionation

In order to efficiently isolate EVs from the hAMSC-CM and

obtain the EV-depleted counterpart, a tailored protocol was fine-

tuned relying on a centrifugal force of 100,000 × g, as widely

reported in the ISEV guidelines as an efficient method for EV

isolation from CM (28). This was followed by several quality

controls (Figure 1A). On a pilot hAMSC-CM lot (15.3 × 109 ±

0.4 EVs/ml), different centrifugation times were scored to identify

via NTA technology the experimental condition coupling the

highest EV removal and recovery with the most reduced

operative time to avoid EV damage by long-lasting g-force

(Figure 1B). The combination of 100,000 × g and 3-h

centrifugation resulted in the best protocol with EV recovery up

to 77.9% ± 4.2 (Figure 1C). Notably, increasing the centrifugation

times did not allow for higher recovery (80.4% ± 0.8 and 72.6% ±

2.8, 9 and 24 h, respectively), whereas a shorter time (1 h) did not

lead to efficient separation of particles from the supernatant that

resulted to be contaminated (44.0% ± 4.0 of the initial EVs input

with 46.6% ± 7.9 recovery). Moreover, the selected 3-h protocol led

to the isolation of particles of comparable size with respect to EVs in

the CM (133 nm± 8 vs. 127 nm± 7, CM vs. EVs, no significant (p <

0.05) difference) (Figure 1D), as scored by NTA data, while 1-h

centrifugation resulted in particles of smaller size (96 nm ± 5),

possibly due to the selection of a subpopulation as clearly evidenced

in NTA plots where larger particles are mainly detected in the

supernatant. NTA graphs also showed the absence of larger (>300

nm) events both before and after EV isolation, emphasizing that the

procedure does not lead to particle aggregates or clumps, even after

24 h of centrifugation. Size was substantiated by transmission

electron microscopy (TEM) analysis of isolated EVs, showing

their typical cup-shaped morphology, with the majority of

particles below 200 nm and few large ones (>250 nm) as reported
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by NTA (Figure 1E). The isolation of particles with dimensional

parameters similar to those in the CM suggests the conservation of

EV integrity after processing, a crucial step in order to subsequently

attribute a biological effect. By flow cytometry analysis of CFSE-

stained particles, compared to those in the unpurified CM, and by

direct comparison with fluorescent nanobeads of predetermined

size (160, 200, 240, and 500 nm), the dimensional range previously

obtained with NTA technology was further confirmed to be around

150 nm (Figure 1F) both before and after purification of another

parameter that confirmed the absence of major particle disruption

or aggregation. Finally, we reported that EV integrity after

centrifugation showed 76.4% ± 2.0 (Figure 1G). Flow cytometry

also showed the low and high presence of CD9 and CD63/CD81 EV

markers, respectively, as well as both the abundance of CD73/90

and the whole population shift of CD44 hAMSC markers

(Supplementary Figure 1), as previously published by our group

(23). Comparable data before and after centrifugation were a further

support of absence of detrimental effects or isolation of

subpopulation given by the isolation procedure. As a final quality

control, the purity of isolated EVs was calculated and resulted to be

0.468 × 109 ± 0.095 EVs/mg protein, a value falling within the range

(108 to 1010) reported for EV preparations from cell culture

supernatants (29).
Characterization of EVs from hAMSC-CM

To try to discriminate the impact of the different

components of the secretome, we compared the results

obtained from the secretome in toto (hAMSC-CM) with those

of the same secretome depleted from EVs (EV-free) and with the

EV fraction resuspended in an equivalent volume of fresh

medium. Specifically, in order to evaluate the effect due to EVs

alone and discern it from that of soluble bioactive molecules

contained in the EV-depleted secretome, we suspended EVs in

the equivalent volume of fresh medium (DMEM-F12) (for

example, EVs isolated from 12 ml of CM were resuspended in

12 ml of fresh medium). The products obtained were

subsequently characterized as previously described (Table 1).

The average EV concentration per ml resulted to be 12.0 × 109 ±

7.6 in CM, 2.0 × 109 ± 2.9 in EV-free, and 9.9 × 109 ± 5.5 in

EV fractions.

Overall, the recovery rate was similar to the values previously

observed during protocol optimization resulting to be 85.8% ±

12.8. Mean EV size was calculated in 149 nm ± 21 and 147 nm ±

17 for CM and EV samples, respectively, with no significant (p <

0.05) difference between conditions. On three random EV

samples, we monitored the presence of EV and hAMSC

markers obtaining results almost identical to those previously

observed with a very weak presence of CD9 (5% ± 1), abundant

signal for CD63 (88% ± 1), CD81 (87% ± 2), CD73 (90% ± 2),

and CD90 (81% ± 1), and weaker staining albeit with a whole
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population shift for CD44 (40% ± 9). Also, purity on four

samples resulted to be 0.178 × 109 ± 0.060 EVs/mg protein.

Analysis on a single sample showed 78% EV integrity. Given the

reliability of the procedure, in all experimental conditions

discussed in the following paragraphs, with exception when

indicated, we compared the effect of a range of comparable

doses of hAMSC-CM and EV-free and EV fractions (100, 50, 25,

and 10 µl).
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Ability of hAMSC-CM and EV-free and EV
fractions to modulate T-cell proliferation

First, we evaluated and compared the effects of different doses

of hAMSC-CM in toto and fractions obtained thereof (EV-free

and EV fractions) on the proliferation of T lymphocytes

stimulated with anti-CD3. The results obtained confirmed that

CM in toto was able to inhibit the proliferation of T lymphocytes
B

C D

E F G

A

FIGURE 1

Definition of hAMSC-CM fractionation protocol and EV characterization. (A) Workflow of the protocol used to identify and validate the most
efficient centrifugation procedure to obtain EV-depleted and EV-enriched fractions from hAMSC-CM. (B) Particle size and concentration profiles
from NTA data for both fractions (EV free and EVs) after centrifugation for the indicated times (1, 3, 9, and 24 h). CM and PBS were used as
starting condition and background, respectively (N = 3, values indicated as mean ± SD). (C) EV recovery or contamination in the EV-free fraction
for the tested centrifugation times (1, 3, 9, and 24 h) calculated from the NTA data with respect to EVs in the CM set as 100% (N = 3, mean ±
SD). (D) Size analysis from NTA data for the EVs identified in the CM, EVs, or EV-free fractions obtained after centrifugation for the indicated
times (1, 3, 9, and 24 h) (N = 3, mean ± SD). (E) Transmission electron micrographs of EVs in the 3-h centrifugation pellets showing
characteristic cup-shaped morphology and size compatible with NTA data. Black arrows indicate the EVs. (F) Visualization of EVs (in the
unprocessed CM or in EV-fraction) after a 3-h centrifugation), after CFSE staining and comparison with nanometric FITC-fluorescent beads of
indicated sizes. A representative cytogram is presented. (G) % of EVs recovery after 3 h of centrifugation.
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in a dose-dependent manner (from 59.4 ± 6.6% to 15.2 ± 8.3% of

proliferating T cells in control and in activated PBMCs treated

with 100 µl of CM, respectively; p < 0.001) and that only at the

lowest dose (10 µl) was this effect partially lost (Figure 2). A

similar trend was appreciable for the EV-free fraction (15.9 ± 7.5%

proliferating cells in activated PBMCs treated with 100 µl of EV-

free fraction, p < 0.001) (Figure 1), whereas no appreciable effect

was observed for EVs at any dose used (52.1 ± 13.1% proliferating

cells in activated PBMCs treated with 100 µl of EVs, p=ns).
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Ability of hAMSC-CM and EV-free and EV
fractions to modulate Th subsets and
Treg polarization

Given that EVs are carriers of miRNAs and given the

importance that miRNAs have on modulating the cell

differentiation process (30), we investigated the impact of

hAMSC-CM and its fractions on the differentiation of effector T

cells toward various Th subsets. This study was performed, as done
FIGURE 2

Effects of hAMSC-CM and its fractions (EV-free and EVs) on PBMC proliferation. Allogeneic PBMC (1 × 105) were stimulated with anti-CD3
antibody in the presence of 100, 50, 25, or 10 µl of hAMSC-CM in toto or with the same volume of the EV-free or EV fractions. Results are
expressed as percentage of EdU+ cells representative of the proliferating cells. PBMCs stimulated with anti-CD3 mAb constitute the positive
control. Results are displayed as violin plots showing median (thick line) and 25th and 75th quartiles (***p < 0.001 versus control (PBMC+ anti-
CD3), N ≥ 3.
TABLE 1 Summary table for concentration, recovery, size, and marker expression of EVs isolated from hAMSC-CM.

EV/ml (×108) (N = 6)

MEAN SD
CM-hAMSC 12.0 7.6

EV-free 2.0 2.9

Evs 9.9 5.5

Recovery (%) (N = 6)

MEAN SD

EV-free 12.9 10.9

Evs 85.8 12.8

Size (nm) (N = 6)

MEAN SD

CM-hAMSC 149 21

EV-free 153 17

Evs 147 17

Markers (%) (N = 3)

EV-CD9 5 1

EV-CD83 88 1

EV-CD81 87 2

EV-CD44 40 9

EV-CD73 90 2

EV-CD90 81 1

Purity (EV × 108/µg) (N = 4)

MEAN SD

EVs 0.178 0.06
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for T-cell proliferation analysis, by stimulating PBMCs with anti-

CD3 monoclonal antibody in the presence of hAMSC-CM in toto

or of its two fractions (EV-free or EVs). The commitment toward

the different Th subsets was evaluated by flow cytometry, and the

results were expressed as % of CD4-positive cells expressing specific

markers identifying Th1, Th2, or Th1/Th17 subsets. As shown in

Figure 3, hAMSC-CM decreased the median percentage of Th1 in

PBMC stimulated with anti-CD3 with respect to control without

CM treatment (40.0 ± 12.3% vs. 66.5 ± 5.7% in activated PBMC

treated with 100 µl CM and in control activated PBMCs,

respectively; p < 0.05). A similar trend was observed for the EV-

free fraction (39.3 ± 6.3% in activated PBMCs treated with 100 µl of

EV-free fraction, p < 0.05). When anti-CD3 stimulated PBMCs

were cocultured in the presence of the EV fraction, we observed a
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slight reduction in Th1 median percentage (58.6 ± 6.6% in activated

PBMCs treated with 100 µl EV fraction, p=ns), but this reduction

was not statistically significant.

No significant differences were observed for Th2

polarization or the generation of Th1/Th17 subsets, for either

hAMSC-CM in toto or the different fractions tested.

In addition, we investigated the effects of the hAMSC-CM in

toto or its fractions (EV-free or EVs) on Treg subset polarization

(Figure 3 lower panel). As previously reported, we confirmed

that CM-hAMSC triggers the induction of Treg cells at the

highest concentration (1.08 ± 0.46% vs. 3.34 ± 1.04%,

respectively). Similar results were also obtained by the EV-free

fraction at the intermediate and lowest concentrations (50 and

10 µl: 3.046 ± 1.03% and 3.094 ± 1.14%, respectively). Also in
FIGURE 3

Effects of hAMSC-CM and its fractions (EV-free and EVs) on the differentiation of T lymphocytes toward Th1, Th2, Th1/Th17, and Treg subtypes.
Allogeneic PBMCs were incubated with anti-CD3 mAb in the presence of 100, 50, 25, or 10 µl of hAMSC-CM in toto or with the same volumes
of the EV-free or EV fractions. Samples were collected after 5 days of culture. Results are expressed as percentage of the different Th subsets
investigated: Th1 (CD183+CD196−), Th2 (CD183-CD196-CD194+), Th1/Th17 (CD183+CD196+), and Treg (CD4+CD25hiFoxP3+). Results are
displayed as violin plots showing median (thick line) and 25th and 75th quartiles (*p < 0.05, **p < 0.01, N ≥ 3 individual experiments).
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this case, the EV fraction seems to be able to induce only a slight

increase in the Treg subset polarization at the highest

concentration used (2.14 ± 1.20%).
Ability of hAMSC-CM and EV-free and EV
fractions to modulate monocyte
differentiation to antigen-presenting
cells

Our group previously demonstrated that hAMSC-CM

hampers monocyte (Mo) differentiation toward M1-type

macrophages and instead triggers the acquisition of anti-

inflammatory M2 macrophage features (6). Here we wanted to

clarify the impact that the EV-free fraction and EVs have onMo-

M1 differentiation comparing the results with those obtained

with hAMSC-CM in toto.

Both hAMSC-CM as well as the EV-free fraction reduced

monocyte differentiation toward M1 macrophages, both by
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maintaining the expression of the undifferentiated monocytic

marker CD14 (11.2 ± 7.2% control Mo-M1 macrophages vs. 87.8

± 8.85% hAMSC-CM 100 µl and 90.9 ± 3.34% EV-free fraction 100

µl) (Figure 4A) and by reducing the expression of markers

associated with M1 differentiation, such as CD197 (chemokine

receptor CCR7) (70.8 ± 18.2% control Mo-M1 macrophages vs.

43.7 ± 4.30% hAMSC-CM 100 µl and 41.6 ± 20.5% EV-free fraction

100 µl) and the co-stimulatory molecule CD86 (MFI 384.8 ± 122.8

control Mo-M1 macrophages vs. 133.7 ± 80.2 hAMSC-CM 100 µl

and 171.4 ± 78.5% EV-free fraction 100 µl) (Figure 4A). In parallel,

they promoted monocyte skewing toward alternatively activated

(M2) macrophages, as indicated by the significant increase in the

percentage of macrophages expressing the M2 marker CD163 (all

the results refer to the 100-µl concentration: 2.29 ± 2.64% control

Mo-M1 macrophages vs. 75.3 ± 15.4% hAMSC-CM and 73.8 ±

13.4% EV-free fraction). On the other hand, the EV fraction did not

affect monocyte differentiation towardM1macrophages. Indeed, no

differences vs. control Mo-M1macrophages were observed with the

administration of EVs regardless of the concentration used (all the
BA

FIGURE 4

Effects of hAMSC-CM and its fractions (EV-free and EVs) on monocyte differentiation toward antigen-presenting cells (A) M1 macrophages were
obtained by incubating PBMCs with GM-CSF for 4 days, followed by IFN-g+ LPS for other 2 days. At the end of the culture period, the
expression of CD197 and of the co-stimulatory molecule CD86, together with the pro-monocytic marker CD14, was evaluated by flow
cytometry for M1 macrophages. The M2 polarization was assessed by analyzing the expression of the CD163 marker. (B) mDC differentiation
was carried out by incubating PBMCs with GM-CSF + IL-4 for 4 days followed by 2 days of LPS treatment. At the end of the culture period,
expressions of CD1a, CD197, CD209, CD14, and the co-stimulatory molecule CD83 were evaluated by flow cytometry for mDC differentiation.
Results are presented as a percentage of expression or mean fluorescence intensity (MFI) ratio (between MFI control and MFI treated samples)
and are shown as violin plots with median (thick line) and 25th and 75th quartiles (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 versus
control M1 (A) or mDC (B), N ≥ 3 individual experiments.
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results refer to the 100-µl concentration: CD14 (16.76 ± 7.21%),

CD197 (72.2 ± 12.65%), CD86 (MFI 341.97 ± 131.4), and CD163

(9.6 ± 7.14%) (Figure 4A).

In parallel, we investigated the ability of CM-hAMSC in toto

and the two fractions to impact monocyte differentiation toward

myeloid dendritic cells (mDC) (Figure 4B), while both the CM in

toto and the EV-free fraction were able to impact monocyte-

derived mDC (Mo-mDC) differentiation by lowering the

expression of the maturation marker CD1a (56.5 ± 18.01%

control Mo-mDC vs. 11.8 ± 8.45% hAMSC-CM 100 µl and

10.9 ± 8.3% EV-free fraction 100 µl) and of the costimulatory

molecule CD83 (MFI 18.8 ± 4.14 control Mo-mDC vs. 6.5 ± 2.67

hAMSC-CM 100 µl and 7.2 ± 3.77 EV-free fraction 100 µl), with

a slight effect on CD197 expression (86.4 ± 6.6% control Mo-

mDC vs. 76.5 ± 18.3% hAMSC-CM 100 µl and 84.87 ± 12.14%

EV-free fraction 100 µl). No differences were observed in the

expression of the dendritic marker CD209 (76.6 ± 6.87% control

Mo-mDC vs. 90.12 ± 12.5% hAMSC-CM 100 µl and 88.75 ±

14.25% EV-free fraction 100 µl). Furthermore, we confirmed the

ability of CM-hAMSC to impair the monocyte differentiation

fostering instead the maintenance of the promonocytic marker

CD14 (20.5 ± 15.9% control Mo-mDC vs. 82.8 ± 14.76%

hAMSC-CM 100 µl and 84.3 ± 13.02% EV-free fraction 100

µl). On the other hand, also for this subset no differences were

attributable to the exogenous administration of the EVs

regardless of the concentration used (all the results refer to the

100-µl concentration: CD1a (58.5 ± 25.7%), CD83 (MFI 15.03 ±

3.07), CD197 (91.6 ± 7.82%), CD209 (9.6 ± 7.14%), and CD14

(31.17 ± 11.76%) Figure 4B.
Ability of hAMSC-CM and EV-free and EV
fractions to modulate B lymphocyte
proliferation and differentiation toward
antibody-secreting cells

In order to provide a comprehensive analysis of the

immunomodulatory properties of hAMSC-CM and its

fractions, we also evaluated their effects on B lymphocyte

proliferation induced by PBMC stimulation with CpG.

B-cell proliferation and differentiation were evaluated by flow

cytometry, and specifically by the percentage of CD19

+-proliferating cells, and the expression of markers specific for B-

cell differentiation toward antibody-secreting cells and specifically

plasmablasts (CD19+CD27HighCD38HighCD138− cells) and

plasmacells (CD19+CD27HighCD38High CD138+ cells).

As shown in Figure 5, upper panel, the percentage of

proliferating CD19+ cells in the control condition represented by

untreated PBMC activated with CpG (PBMC+CpG) was strongly

reduced in the presence of hAMSC-CM (100 µl) (66.8 ± 10.74% to

38.6 ± 20.36%, respectively).When we analyzed the effect of the EV-

free fraction, we observed results similar to those obtained with

hAMSC-CM. The EV-free fraction (100 µl) indeed decreased the
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percentage of CD19+-proliferating cells to 39.4 ± 19.9%. Finally,

EVs induced a slight reduction of CD19+-proliferating cells in

comparison to hAMSC-CM and the EV-free fraction (62.2 ± 8.9%).

Moreover, we observed a higher percentage of plasmablasts

(Figure 5, middle panel) in the presence of hAMSC-CM (and

consequently a lower percentage of plasma cells), with respect to

that observed in the control PBMCs stimulated in the absence of

hAMSC-CM (48.4 ± 1.27% vs. 75.75 ± 1.06%, respectively). We

obtained comparable results when stimulated PBMCs were

exposed to the EV-free fraction (75.45 ± 0.2%), while no

differences were observed when we performed the test in the

presence of EVs.

Conversely, we observed that the percentage of plasma cells

was strongly increased in the control condition with respect to

the PBMCs activated in the presence of hAMSC-CM and the

EV-free fraction (51.9 ± 0.8% to 24.2 ± 1.06% and 24.5 ± 0.2%,

respectively), while only small differences were appreciable in the

presence of EVs (42.3 ± 4.94%) (Figure 5 lower panel).
Uptake of hAMSC-EVs by immune cells

In an effort to exclude the lack of uptake by PBMCs as a

possible mechanism responsible for the negligible

immunomodulatory effect of EVs, we performed an uptake

experiment by labeling EVs with CFSE. The CFSE-labeled

vesicles were added to the unstimulated PBMC. We chose to

evaluate fluorescence-labeled exosome uptake under a condition

that could be considered similar for all immune PBMC cell

types, and thus we considered the quiescent condition since

activation conditions can vary between different types of

immune cells. After 18 h, whole PBMC and major immune

populations were analyzed by flow-cytometry to evaluate CFSE-

positive cells. We observed that PBMCs were 99.8% positive for

CFSE staining (Figure 6), indicating that EVs were taken up by

immune cells. Furthermore, we observed that among the

different immune populations, CD14+ cells, representative of

the monocyte compartment, were highly positive for CFSE

expression in comparison to the lymphocyte compartment,

considering both T and the B lymphocytes ((CD3-CD19+

cells), respectively).
Discussion

Ou r p r e v i o u s s t u d i e s e v i d e n c e d t h e s t r o n g

immunomodulatory activities of mesenchymal stromal cells

derived from amniotic membrane (hAMSC) and the essential

role of the secreted bioactive factors in mediating these activities.

Given that these factors can be directly secreted as free

molecules or conveyed in EVs, in this study we explored the

contribution of all these components to the immunomodulatory

activity of the hAMSC secretome. To this end, we compared the
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FIGURE 5

Effects of hAMSC-CM and its fractions (EV-free and EVs) on B lymphocyte proliferation and maturation. Allogeneic PBMCs (1 × 105) were
stimulated with CpG in the presence of 100, 50, 25, or 10 µl of hAMSC-CM or with the same volume of the EV-free or EV fractions. B-cell
proliferation was measured by the analysis of CFSE dilution and calculated as percentage of CD19+-proliferating cells. The impact that hAMSC-
CM and its fractions have on B lymphocyte differentiation was evaluated analyzing the total amount of plasmablasts
(CD19+CD27hiCD38hiCD138-) and plasma cells (CD19+CD27hiCD38hiCD138+) obtained from the different culture conditions and compared with
the control condition. Results are presented as a percentage of expression and are shown as violin plots with median (thick line) and 25th and
75th quartiles versus control PBMC+CpG, N ≥ 2 individual experiments.
A

B

FIGURE 6

Flow cytometry analysis of hAMSC EV uptake by PBMC (A) PBMC were cultured without stimulation in presence or absence of 5 × 109 EVs
loaded with CFSE to evaluate uptake. A staining for the different immune subsets was performed to evaluate differences in the uptake capability.
(B) Mean fluorescence analysis of the different immune subpopulations normalized on the negative fraction.
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ability of the secretome in toto versus EV-free and EV fractions

to affect immune cell subsets in vitro.

Our study deeply investigated the effects of the hAMSC

secretome and its fractions on immune cells and was not limited

to selected immune populations (31, 32) but included immune

cells belonging to both innate and adaptive immune systems.

For the first time, EV and EV-free fractions were compared

with the secretome in toto by maintaining the quantitative

proportions as the secretome of origin. These study conditions

allowed us to depict a reliable representation of the relative

immunomodulatory potency of each secretome component.

Our data evidenced that the ability of the hAMSC secretome

to modulate the immune cell response is mainly mediated by

factors non-conveyed by EVs. In fact, the EV-free fraction,

comparable to the secretome in toto, inhibited T-cell

proliferation, reduced T-cell polarization toward the Th1 subset,

and promoted the induction of Treg. In addition, the EV-free

fraction, similar to the secretome in toto, maintained the ability to

shift monocyte differentiation toward M2 instead of M1

macrophages, to reduce the maturation of dendritic cells and to

reduce the CpG-induced B-cell proliferation and differentiation

toward plasmablasts and plasmacells. The EV fraction instead did

not affect any of these immune parameters despite that hAMSC

EVs are taken up by all types of immune cells investigated.

Our results are in line with those published by Lange-

Consiglio and colleagues (33) that showed that EVs derived

from equine amniotic MSCs were not able to affect PBMC

proliferation. However, no other study except ours has

investigated the effects of EVs from hAMSC on a wide

spectrum of immune cells.

EVs from other types of MSCs, including MSCs from the

bone marrow (BM), umbilical cord (UC), and adipose tissue

(AT), were investigated for their ability to control the

proliferation of different immune cells among which are T

cells, B cells, and NK cells, but with controversial results (31,

32, 34–37). For example, some studies have shown an

immunosuppressive action of EVs on T cells (34, 38); other

studies instead found lower effects of EVs in relation to parental

MSC (31, 32, 36), while some demonstrated no effect at all of

EVs (35, 39). Controversial results were also obtained by studies

focusing on the effect of MSC-derived EVs on B cells (31, 37, 40).

These different findings can potentially derive from some

methodological limitations that make the various studies

incomparable. For example, different methods of EV

quantification were applied, such as protein concentration or EV

absolute counts by NanoSight, making it difficult to identify the

possible effective dose. To this regard, we explored the effects of

three increasing doses of EVs (10, 50, and 100 µl) corresponding to

a wide range of EV absolute number (from 1.8 × 108 to 2.0 × 109

vesicles). This range covers and even exceeds the EV doses used in

most of the reported studies: 5–100 × 106 EVs (33), 3 × 106 EVs/104

immune cells (31), and 0.75 and 3 × 109 particles/ml (41) and 109
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particles (34). Furthermore, to exclude the possibility that the lack of

effect observed for hAMSC-EVs was due to a low concentration of

EVs, we repeated the immunomodulatory tests using twice the

concentration of EVs used in the tests (i.e., 200 µl instead of 100 µl);

however, we still did not observe any effect on the different immune

populations tested (data not shown). Although the EV-free fraction

contained a residual amount of EVs, which represents an

unavoidable compromise to obtain the highest EV removal

avoiding EV damage, it is very unlikely that the residual EV

amount can be responsible for the immunomodulatory activities

observed for the EV-free fraction; otherwise, we would have

observed some of these activities also for the EV fraction.

Another important factor that could heavily impact

functions of MSC-derived EVs is the MSC culture conditions

used to produce CM from which EVs are isolated. The

extracellular microenvironment indeed affects the composition

of EVs and the consequent biological activities (42). Likewise,

different methodologies have been used to isolate EVs with

different impact on EV biological functions (43, 44). For

example, it has been recently reported (45) that contaminating

soluble factors can increase the apparent bioactivity of EV even if

the specific role on immunomodulatory properties has not

been elucidated.

Moreover, it is to be considered that a given type of cell (i.e.,

MSC) may secrete heterogenous types of EVs characterized by

differential exosome content and different subsets of exosomes

with distinct proteomic profiles suggesting distinct biological

functions (46–48). Thus, a specific function cannot be

generalized to all MSCs and to all EVs/exosomes secreted

from these cells.

Although we found that hAMSC EVs play a negligible role in

determining the immunomodulatory properties of the hAMSC

secretome, others have demonstrated that they exert in vivo

beneficial effects on animal models of inflammation-driven

diseases such as chronic endometritis (49), liver fibrosis, non-

alcoholic steatohepatitis (50), and osteoarthritis (51).

Furthermore, in vitro studies demonstrated that hAMSC EVs

are able to reduce injury/activation in endometrial cells (52), in

hepatic stellate cells (50), and in tenocytes (33). These findings,

together with our recent unpublished results, that demonstrate

the ability of hAMSC EVs to promote the expansion and the

differentiation of dystrophic progenitor muscle cells suggest that

hAMSC EVs might preferentially target injured organ/tissue

specific cells by directly promoting their integrity and survival

and differentiation.
Conclusion

Our study demonstrates that EVs are not responsible for the

immunomodulatory activity of the hAMSC secretome. For the
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first time, we compare EV-enriched and EV-depleted fractions

obtained from the hAMSC secretome and demonstrate that the

immunomodulatory effect is exerted by secreted factors not

conveyed by EVs (Figure 7). Many factors have been reported

to contribute to the immunomodulatory properties of MSC,

such as the TNF-a-induced gene/protein 6 (TSG-6) (53), IL-10

(54), indoleamine 2,3-dioxygenase (IDO) (55), and inducible

nitric-oxide (NO)-synthase (iNOS) (56). Also, hepatocyte

growth factor (HGF) (57, 58), transforming growth factor b
(TGF-b) (59, 60), and prostaglandin E2 (PGE2) (25, 61) are

some of the most studied. However, the secretome represents a

repertoire of cytokines, chemokines, and growth factors that

combined together can act synergistically to contribute to the

immunomodulatory activity of MSC not only in vitro but also in

vivo. Indeed, many studies report the ability of MSC to

contribute to regenerative processes in inflammatory-mediated

diseases by modulating the immune response (62). Furthermore,

MSCs are now being used in numerous clinical trials to treat

diseases where a dysregulated immune system plays a major role

in pathogenesis (63).

Finally, our findings suggest the utilization of the hAMSC

secretome in toto when a modulation of immune response is

desired. In addition, these data open a new possible scenario for

the clinical application of the hAMSC secretome in toto that

indeed contains two fractions that target either inflammatory

immune cells or also other cell types involved in tissue

regeneration, a combination of potentially synergistic effects

that are highly desirable for an effective regenerative medicine

strategy. A further not secondary advantage of hAMSC

secretome in toto is the use of a less manipulated product

which could contain costs and variability
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40. Carreras-Planella L, Monguió-Tortajada M, Borràs FE, Franquesa M.
Immunomodulatory effect of MSC on b cells is independent of secreted
extracellular vesicles. Front Immunol (2019) 10:1288. doi: 10.3389/
fimmu.2019.01288

41. Kim H, Lee MJ, Bae EH, Ryu JS, Kaur G, Kim HJ, et al. Comprehensive
molecular profiles of functionally effective MSC-derived extracellular vesicles in
immunomodulation. Mol therapy: J Am Soc Gene Ther (2020) 28(7):1628–44. doi:
10.1016/j.ymthe.2020.04.020
Frontiers in Immunology 16
42. Burrello J, Monticone S, Gai C, Gomez Y, Kholia S, Camussi G. Stem cell-
derived extracellular vesicles and immune-modulation. Front Cell Dev Biol (2016)
4:83. doi: 10.3389/fcell.2016.00083

43. Witwer KW, Buzás EI, Bemis LT, Bora A, Lässer C, Lötvall J, et al.
Standardization of sample collection, isolation and analysis methods in
extracellular vesicle research. J Extracellular Vesicles (2013) 2:1–25. doi: 10.3402/
jev.v2i0.20360

44. Gardiner C, Di Vizio D, Sahoo S, Théry C, Witwer KW, Wauben M, et al.
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