
 
 

 
 

 
Biology 2023, 12, 1063. https://doi.org/10.3390/biology12081063 www.mdpi.com/journal/biology 

Article 

3D Culture and Interferon-γ Priming Modulates Characteristics 
of Mesenchymal Stromal/Stem Cells by Modifying the  
Expression of Both Intracellular and Exosomal microRNAs 
Matteo Bulati 1, Alessia Gallo 1, Giovanni Zito 1, Rosalia Busà 1, Gioacchin Iannolo 1, Nicola Cuscino 1,  
Salvatore Castelbuono 1, Claudia Carcione 2, Claudio Centi 1, Gennaro Martucci 3, Alessandro Bertani 4,  
Maria Pia Baiamonte 1, Cinzia Maria Chinnici 2, Pier Giulio Conaldi 1 and Vitale Miceli 1,* 

1 Research Department, IRCCS-ISMETT (Istituto Mediterraneo per i Trapianti e Terapie ad alta 
specializzazione), 90127 Palermo, Italy; mbulati@ismett.edu (M.B.); agallo@ismett.edu (A.G.);  
gzito@ismett.edu (G.Z.); rbusa@ismett.edu (R.B.); giannolo@ismett.edu (G.I.); ncuscino@ismett.edu (N.C.); 
scastelbuono@ismett.edu (S.C.); ccenti@ismett.edu (C.C.); baiamontemariapia@gmail.com (M.P.B.); 
pgconaldi@ismett.edu (P.G.C.) 

2 Fondazione Ri.MED, 90128 Palermo, Italy; ccarcione@fondazionerimed.com (C.C.); 
cchinnici@fondazionerimed.com (C.M.C.) 

3 Department of Anesthesia and Intensive Care, Istituto Mediterraneo per i Trapianti e Terapie ad alta 
specializzazione (IRCCS ISMETT), 90127 Palermo, Italy; gmartucci@ismett.edu 

4 Thoracic Surgery and Lung Transplantation Unit, Istituto Mediterraneo per i Trapianti e Terapie ad alta 
specializzazione, 90127 Palermo, Italy; abertani@ismett.edu 

* Correspondence: vmiceli@ismett.edu; Tel.: +39-091-21-92-496 

Simple Summary: With the aim of improving the therapeutic potential of mesenchymal stro-
mal/stem cells (MSCs), we analyzed miRNA expression to investigate the effects of priming on in-
tracellular and exosome (EXO)-derived miRNAs of MSCs. We primed MSCs with 3D culture (3D 
MSCs) or IFN-γ treatment (γ-MSCs), and EXOs were isolated from the conditioned medium. The 
miRNA analysis revealed similar expression patterns in intracellular miRNAs among biological 
replicates, while we observed noticeable variability in EXO miRNAs released even with the same 
priming condition. Although the MSCs and their EXOs exhibited distinct miRNA profiles following 
each priming treatment, we found deregulated miRNAs in common between the two sample types. 
The gene ontology of the deregulated miRNAs obtained after priming showed that MSC and EXO-
derived miRNAs were functionally associated with tissue repair/regeneration. Specifically, γ-MSCs, 
3D MSC EXOs, and γ-MSC EXOs contained more enriched miRNAs related to immunomodulation 
compared with 3D MSCs. Moreover, compared with IFN-γ treatment, both cells and EXOs derived 
from the 3D culture had more enriched miRNAs targeting genes involved in angiogenesis. Our 
study demonstrates that both 3D culture and IFN-γ treatment are able to modify intracellular and 
exosomal miRNAs, and our findings might contribute to a better understanding of the molecular 
mechanisms underlying the miRNA-mediated beneficial effects of MSCs. 

Abstract: Mesenchymal stromal/stem cells (MSCs) have emerged as a therapeutic tool in regenera-
tive medicine. Recent studies have shown that exosome (EXO)-derived microRNAs (miRNAs) play 
a crucial role in mediating MSC functions. Additionally, intracellular miRNAs have been found to 
regulate MSC therapeutic capacities. However, the molecular mechanisms underlying miRNA-me-
diated MSC effects are not fully understood. We used 3D culture and IFN-γ to prime/enhance the 
MSC therapeutic effects in terms of functional miRNAs. After priming, our analysis revealed stable 
variations in intracellular miRNA among the MSC biological replicates. Conversely, a significant 
variability of miRNA was observed among EXOs released from biological replicates of the priming 
treatment. For each priming, we observed distinct miRNA expression profiles between the MSCs 
and their EXOs. Moreover, in both types of priming, gene ontology (GO) analysis of deregulated 
miRNAs highlighted their involvement in tissue repair/regeneration pathways. In particular, the 
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3D culture enhanced angiogenic properties in both MSCs and EXOs, while IFN-γ treatment en-
riched miRNAs associated with immunomodulatory pathways. These findings suggest that 3D cul-
ture and IFN-γ treatment are promising strategies for enhancing the therapeutic potential of MSCs 
by modulating miRNA expression. Additionally, the identified miRNAs may contribute to under-
standing the molecular mechanisms underlying the miRNA-mediated therapeutic effects of MSCs. 

Keywords: mesenchymal stromal/stem cells; microRNAs; MSC priming; IFN-γ priming; MSC sphe-
roids; exosomes; MSC therapeutic properties; regenerative medicine 
 

1. Introduction 
Cell therapies based on the use of mesenchymal stromal/stem cells (MSCs) have 

shown promising results in the field of regenerative medicine [1–3]. These therapies rely 
primarily on the paracrine action of soluble factors, including proteins and extracellular 
vesicles (EVs) such as exosomes (EXOs) [4,5]. EXOs enclose a plethora of functional mole-
cules, such as growth factors, cytokines, chemokines, and microRNAs (miRNAs), with the 
latter considered key epigenetic modulators affecting the protein expression of target 
mRNAs [6–8]. Indeed, it has been shown that circulating miRNAs play a central role in 
the cellular communication regulating the phenotype of the target cells and represent a 
useful tool as biomarkers in various clinical conditions [9–11]. Interestingly, intracellular 
miRNAs have also been found to be crucial for the regulation of MSC phenotype and 
consequent behavior as a therapeutic tool [12,13]. Therefore, miRNAs are considered key 
mediators of some MSC effects, including immunomodulation, angiogenesis, and tissue 
regeneration [6,14–16]. The intricate regulation of these pathways suggests the potential 
involvement of both intracellular miRNAs, which have the capacity to modulate MSC 
phenotype, and EXO miRNAs, which may play a role in mediating the paracrine actions 
of MSCs. However, the molecular mechanisms underlying the miRNA-mediated thera-
peutic effects of MSCs are still not fully understood. There is a need for a deeper under-
standing of the role of both intracellular and exosomal miRNAs in order to understand 
the mechanisms underlying MSC-mediated therapeutic effects and their potential appli-
cation in diverse regenerative processes. 

Increasing evidence supports the hypothesis that the MSC therapeutic potential can 
be modulated by preconditioning (MSC priming) through various strategies, including 
cytokine treatments, as well as growing MSCs under specific three-dimensional (3D) cul-
ture conditions [5,17,18]. In these cases, the production of MSC factors can be redirected 
toward increased therapeutic efficacy [5,19]. Studies have shown that EXOs derived from 
primed MSCs are functionally more effective in the regulation of both immunomodula-
tion and angiogenesis [5,20,21]. 

In this study, we aimed to identify the most promising priming strategies that lead 
to the enrichment of functional miRNAs in MSCs. To this end, we investigated whether 
specific priming methods may be able to modify both intracellular and EXO miRNAs, 
ultimately improving their therapeutic effects. We analyzed miRNA expression patterns 
in both human amnion-derived MSCs (hAMSCs) primed through 3D culture (3D hAM-
SCs) or IFN-γ treatment (γ-hAMSCs) and their EXOs isolated from the conditioned me-
dium. Our comparative study identified the 3D culture as well as the treatment of hAM-
SCs with IFN-γ as promising priming strategies to improve the MSC therapeutic potential 
in terms of functional miRNAs. In particular, following priming, hAMSCs and their EXOs 
showed different miRNA profiles related to the specific treatment/condition under which 
the cells and their EXOs were produced. These results might help to understand the mo-
lecular mechanism underlying the miRNA-mediated therapeutic effects of MSCs and 
might provide functional miRNA biomarkers of both hAMSCs and EXOs for the devel-
opment of appropriate therapies to treat specific pathological conditions.  
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2. Materials and Methods 
2.1. Isolation of Mesenchymal Stromal/Stem Cells from Human Amniotic Membrane 

We isolated MSCs from human placenta of healthy donors within 6 h of birth. All 
procedures were approved by IRCCS ISMETT’s Institutional Research Review Board 
(IRRB, project identification code: IRRB/39/20). Before obtaining the placenta, the donor 
signed a written informed consent. To isolate hAMSCs, the amnion membrane was cut 
into small parts, and each fragment was decontaminated under sterile conditions in three 
different solutions: phosphate buffered saline (PBS) solution 1 (supplemented with 2.5% 
Esojod, Esoform, Rovigo, Italy) for 2–3 s; PBS solution 2 (supplemented with 500 U/mL 
penicillin, 500 mg/mL streptomycin and 12.5 mg/mL amphotericin B, Thermo Fisher Sci-
entific, Waltham, MA, USA, and 1.87 mg/mL cefamezin, Pfizer, Milan, Italy) for 3 min; 
and PBS solution 3 (supplemented with 100 U/mL penicillin and 100 mg/mL streptomy-
cin, Thermo Fisher Scientific) for 5 min. The decontaminated fragments were first digested 
for 9 min at 37 °C in Hanks’ balanced salt solution (HBSS, Basel, Switzerland) containing 
2.5 U/mL dispase (Corning, Corning, NY, USA) and then digested in a solution containing 
0.94 mg/mL collagenase A (Roche, Mannheim, Germany) and 20 mg/mL DNase (Roche, 
Mannheim, Germany) for 2.5 h at 37 °C. The obtained cells were filtered with both 100 µm 
and 70 µm cell strainers (BD Falcon, Franklin Lakes, NJ, USA) and then pelleted and re-
suspended in Roswell Park Memorial Institute (RPMI) 1640 medium supplemented with 
10% fetal bovine serum (FBS) for cell counting. The isolated cells were cultured in poly-
styrene culture dishes (Corning) at 37 °C, 5% CO2 in Chang Medium (Irvine Scientific, 
Santa Ana, CA, USA). hAMSCs were phenotypically characterized with cytofluorimetric 
analysis for positive markers (CD90, CD73, and CD13) and negative markers (CD45 and 
HLA-DR) (BD Falcon) using a 16-color FACS Celesta SORP flow cytometer (BD Falcon). 

2.2. Priming of hAMSCs with IFN-γ Treatment or by Growing as Spheroids and Conditioned 
Medium Preparation 

To prime hAMSCs with IFN-γ, the cells were cultured with serum-free Dulbecco’s 
modified eagle medium (DMEM) in a monolayer (2D) for 48 h in the presence of 200 
IU/mL of IFN-γ (Human IFN-γ1b premium grade, Miltenyi Biotec, Bergisch Gladbach, 
Germany). To obtain spheroids, hAMSCs were cultured in DMEM serum-free medium at 
5% CO2 and 37 °C. In this case, hAMSCs were seeded in 6-well ultralow attachment plates 
(Corning) in a suspended state to allow for the formation of three-dimensional spheroids 
(3D). To collect the conditioned medium (CM), the media derived from the 2D cultures 
(with or without IFN-γ) or 3D cultures were collected after 48 h, centrifuged to remove 
the cell debris, and frozen at −80 °C until use. 

2.3. Isolation and Characterization of Exosomes (EXOs) 
The serum-free CM was used to collect EXOs. In particular, the CM obtained from 

each condition was centrifuged at 300 × g for 10 min to remove the debris. Then, to further 
remove both cells and cell debris, the medium was centrifuged for 20 min at 16500 × g and 
finally ultracentrifuged at 120000 × g for 90 min at 4 °C to pellet the EXOs. The total protein 
content of the EXO samples was determined using the Micro BCA Protein Assay Reagent 
Kit (Thermo Scientific) following the manufacturer’s instructions and using BSA as a 
standard. To characterize the EXOs, both the size distribution and concentration were de-
termined with nanoparticle tracking analysis (NTA) in a NanoSight NS3000 (Malvern In-
struments Ltd., Malvern, UK). The samples were diluted 1:500 with PBS to reach an opti-
mal concentration for instrument linearity. Readings were taken on quintuplicate of 60 s 
at 25 frames per second at a camera level set to 16 and with manual monitoring of tem-
perature. The data were then analyzed with NTA software version 3.1. (Build 3.1.54, Anali-
tik LTD, Cambridge, UK). 

2.4. Real-Time PCR Analysis of miRNAs with TaqMan Low Density Arrays 
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The expression of both intracellular and exosomal miRNAs was analyzed using a 
TaqMan array specific for human microRNA amplification according to the manufac-
turer’s instructions (Thermo Fisher Scientific). We isolated total RNA from both the hAM-
SCs and their EXOs, and the purity and quantification were determined using a 
NanoDrop spectrophotometer (Thermo Fisher Scientific). Afterwards, we used 300 ng of 
RNA to produce single-stranded cDNA using the high-capacity RNA-to-cDNA kit proto-
col (Thermo Fisher Scientific). Finally, the amplification of 754 human miRNAs was per-
formed with a real-time PCR system (Thermo Fisher Scientific), and the obtained data 
were analyzed in SDS software v2.4. We utilized the equation 2-DDCT and used the U6 as 
housekeeping to determine the expression level for each miRNA. Clustering was per-
formed using ΔΔCt values. The relative expression values were z score transformed and 
used for the evaluation of differences among the primed and unprimed cells (2D cells 
without treatment, control). Hierarchical clustering of the miRNA fold change was per-
formed using Euclidean distance algorithms in the Cluster 3.0 program, and a heat map 
was generated using the Java TreeView software 3.0. 

2.5. Target Gene Prediction and Gene Ontology (GO) Analysis 
The online database miRNA Enrichment Analysis and Annotation Tool 2.0 (miEAA 

2.0) (https://ccb-compute2.cs.uni-saarland.de/mieaa/, accessed on 10/01/2023) [22] was 
used to examine functional enrichments in the biological process GO terms of the differ-
entially expressed miRNAs. MiEAA integrates data from different sources, including 
Gene Ontology, miRBase, and miRTarBase, as well as other datasets, and is based on Gen-
eTrail [23]. 

2.6. Statistical Analysis 
All miRNA data are expressed as mean ± SD. The data from different treatments were 

compared using computerized statistical software with the ANOVA test. The data were 
further analyzed with a two-tailed Student’s t-test. The obtained p-values were adjusted 
for false discovery rate due to multiple testing correction [24]. Differences were considered 
statistically significant at p < 0.05. GraphPad Prism software package (version 6.0, La Jolla, 
CA, USA) was used for all analyses. 

3. Results 
3.1. Culture, Characterization, Spheroid Formation of hAMSCs, and EXO Isolation 

The hAMSCs were phenotypically characterized with flow cytometry for both posi-
tive markers (CD90, 98.4%; CD73, 90.8%; CD13, 89.80%) and negative markers (CD45, 
0.1%; HLA-DR, 0.1%) (Figure 1a). The cells at passage two were grown in parallel in 2D 
culture without (2D hAMSCs) (Figure 1b) or with IFN-γ (γ-hAMSCs) (Figure 1c) and in a 
three-dimensional (3D) culture (3D hAMSCs) to allow for spontaneous aggregation into 
multicellular spheroids (Figure 1d). After priming, no differences in mortality were found 
between the treatments. After cultivating both 2D hAMSCs and primed cells (3D hAMSCs 
and γ-hAMSCs), we efficiently isolated the EXOs from each CM. In particular, we ob-
tained EXOs with a diameter of 144 nm (average) and having a similar concentration for 
2D hAMSC EXOs (2.29 × 1011 ± 3.28 × 107 particles/mL) and γ-hAMSC EXOs (2.34 × 1011 ± 
2.85 × 107 particles/mL), while a higher concentration was obtained for 3D hAMSC EXOs 
(3.8 × 1011 ± 4.37 × 107 particles/mL) (Figure 1e–g). Interestingly, the EXO concentration 
data were also confirmed with the analysis of the EXO protein amount, which was similar 
in 2D hAMSC EXOs and γ-hAMSC EXOs (8.409 µg/mL and 8.636 µg/mL, respectively) 
and higher in 3D hAMSC EXOs (13.953 µg/mL). 
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Figure 1. Human amnion-derived mesenchymal stem cells (hAMSCs) cultured as both a monolayer 
(2D culture) and spheroids (3D cultures). (a) Cytofluorimetric results of the positive and negative 
surface markers of hAMSCs. (b) Representative differential interference contrast (DIC) images of 
hAMSCs grown in a monolayer (2D cultures). (c) Representative DIC images of hAMSCs grown in 
a monolayer and treated with IFN-γ. (d) Representative DIC images of hAMSCs grown as spheroids 
(3D cultures). (e) Size and concentration (dilution 1:500) of exosomes isolated from the hAMSC 2D 
cultures. (f) Size and concentration (dilution 1:500) of exosomes isolated from the hAMSC 2D cul-
tures treated with IFN-γ. (g) Size and concentration (dilution 1:500) of exosomes isolated from the 
hAMSC 3D cultures. The red lines in (e), (f) and (g) describes the relationship between particle num-
ber distribution (left y-axis) and particle size (x-axis). 

3.2. Differentially Expressed miRNAs (DEMs) in Primed hAMSCs 
The expression of 768 miRNAs was determined with real-time PCR analysis in both 

the hAMSCs and their EXOs. Multiple biological replicates were used, and the results re-
vealed that, compared with the conventional 2D culture of hAMSCs, both priming treat-
ments with IFN-γ and the 3D culture induced a stable gene expression variation among 
the replicates. On the other hand, an evident variability of the EXO miRNA expression 
was induced by both types of priming among the biological replicates (Figure 2a). Our 
statistical analysis, which employed a fold change threshold of greater than 1.5 and a p-
value cutoff of less than 0.05, identified significant changes in miRNA expression in the 
different conditions. Specifically, in the 3D hAMSCs, 14 intracellular miRNAs were sig-
nificantly up-regulated, while 368 intracellular miRNAs were significantly down-regu-
lated (Figure 2b). In the γ-hAMSCs, 125 intracellular miRNAs were significantly up-reg-
ulated, and 130 intracellular miRNAs were significantly down-regulated (Figure 2c). Re-
garding the expression of EXO miRNAs, 57 miRNAs were found to be significantly up-
regulated in the 3D hAMSC EXOs, while 107 miRNAs were significantly down-regulated 
(Figure 2d). In the γ-hAMSC EXOs, 146 miRNAs were significantly up-regulated, and 99 
miRNAs were significantly down-regulated (Figure 2e). 
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Figure 2. Cluster analysis to compare the fold changes (FC) in miRNA expression in primed hAM-
SCs and their EXOs. (a) Hierarchical clustering of z score transformed FC of miRNA in each treat-
ment group compared to 2D untreated samples (control). (b) Volcano plot analysis (fold change > 
1.5 and p < 0.05) of miRNA expression in the 3D culture of hAMSCs vs. control (2D culture). (c) 
Volcano plot analysis (fold change > 1.5 and p < 0.05) of miRNA expression in hAMSCs treated with 
IFN-γ vs. control (2D). (d) Volcano plot analysis (fold change > 1.5 and p < 0.05) of miRNA expres-
sion in EXOs derived from the 3D hAMSCs vs. control (2D). (e) Volcano plot analysis (fold change 
> 1.5 and p < 0.05) of miRNA expression in EXOs derived from hAMSCs treated with IFN-γ vs. 
control (2D). For all the volcano plots in the figure, red dots represent the up-regulated miRNAs in 
the experimental samples, while the blu dots represent the miRNAs up-regulated in the experi-
mental controls. 

Interestingly, among the intracellular DEMs, five miRNAs, miR-146b-5p, miR-212-
3p, miR-1247-5p, miR-132-3p, and miR-194-5p, were up-regulated in both the 3D hAMSCs 
and γ-hAMSCs, while 91 down-regulated intracellular miRNAs were found in common 
in the same treatments (Figure 3a). In the EXOs, two miRNAs (miR-342-5p and miR-586) 
were up-regulated, and nine miRNAs were down-regulated commonly between the 3D 
hAMSC and γ-hAMSC EXOs (Figure 3b). 

 
Figure 3. Venn diagram showing differentially expressed miRNAs between (a) 3D hAMSCs and 
hAMSCs treated with IFN-γ (γ-hAMSCs); (b) 3D hAMSC EXOs and γ-hAMSC EXOs; (c) 3D hAM-
SCs and 3D hAMSC EXOs; (d) γ-hAMSCs and γ-hAMSC EXOs. 

Up-regulated miRNAs

9 5 120

Down-regulated miRNAs

277 91 39

INTRACELLULAR miRNAs
Up-regulated miRNAs

56 2 144

Down-regulated miRNAs

98 9 90

EXO miRNAs

Up-regulated miRNAs

2

Down-regulated miRNAs

3370

Down-regulated miRNAs

4

Up-regulated miRNAs

12 57 298 37 121 144 97 66

3D hAMSCs γ-hAMSCs

(a) (b)

(c) (d)
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Moreover, for each priming treatment, the hAMSCs and EXOs had different miRNA 
expression profiles with the exception of a small number of up-regulated miRNAs in both 
the 3D hAMSCs (miR-212-3p and miR-132-3p) and IFN-γ-treated hAMSCs (miR-492, miR-
133b, miR-188-3p, and miR-139-5p) (Figure 3c,d). Differently, a high number of miRNAs 
were significantly down-regulated in both the cells and EXOs in hAMSCs cultured in the 
3D condition and IFN-γ treated hAMSCs (70 and 33, respectively) (Figure 3c, d). 

3.3. Pathway Analysis of miRNA Targets (GO Biological Process) 
GO analysis was utilized to examine the target pathways of the top 100 significantly 

deregulated miRNAs. The results indicated distinct enrichment patterns for intracellular 
miRNAs in the 3D hAMSCs and IFN-γ treated hAMSCs as well as for miRNAs present in 
the hAMSC-derived EXOs. In particular, in the 3D hAMSCs, the DEMs were found to be 
significantly enriched in pathways related to cellular responses to hypoxia, growth fac-
tors, cytokines, angiogenesis, and apoptosis (top five ranked GO terms based on their p-
values, Figure 4a). Conversely, in the IFN-γ treated hAMSCs, the DEMs were predomi-
nantly associated with immunomodulation and apoptosis processes (top five terms, Fig-
ure 4b). In the 3D hAMSC EXOs, the DEMs exhibited enrichment in terms related to an-
giogenesis processes, apoptosis, and hepatic immune responses (top five terms, Figure 
4c). On the other hand, in the γ-hAMSC EXOs, the DEMs were enriched in several terms, 
including the “apoptotic signaling pathway”, “morphogenesis of a branching epithe-
lium”, “chronic inflammatory response”, “positive regulation of response to oxidative 
stress”, and “epithelial to mesenchymal transition” (top five terms, Figure 4d). 

 
Figure 4. GO analysis of deregulated miRNAs (DEMs) in (a) hAMSCs grown as 3D spheroids (3D 
hAMSCs); (b) hAMSCs treated with IFN-γ (γ-hAMSCs); (c) exosomes (EXOs) derived from the 3D 
culture of hAMSCs; (d) EXOs derived from IFN-γ treated hAMSCs. Partial list of biological process 
enrichment analysis. 
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We also detailed our GO analysis by analyzing the common DEMs across treat-
ments/samples. In particular, among the five intracellular miRNAs up-regulated in both 
the 3D hAMSCs and γ-hAMSCs, GO analysis revealed that miR-212-3p, miR-132-3p, and 
miR-194-5p were enriched in numerous GO terms related to tissue regeneration/wound 
healing, such as “response to hypoxia”, “response to growth factor”, “cellular response to 
cytokine stimulus”, “apoptosis”, “cell cycle”, “tissue regeneration”, and “angiogenesis” 
(Table 1). In the hAMSCs primed with the 3D culture, hsa-miR-212-3p and hsa-miR-132-
3p were also up-regulated in the EXOs. In the IFN-γ treated hAMSCs, regarding the four 
up-regulated miRNAs (miR-492, miR-133b, miR-188-3p, miR-139-5p) in common between 
the cells and EXOs, GO analysis revealed that those were enriched for “regulation of apop-
tosis”, “cell cycle regulation”, “tissue regeneration”, “angiogenesis”, and “regulation of 
immune system” terms (Table 1). 

Table 1. Functional Enrichment Analysis of the DEMs. 

3D MSCs 3D MSC EXOs γ-MSCs γ-MSCs EXOs 
GO Terms miRNAs GO Terms miRNAs GO Terms miRNAs GO Terms miRNAs 

response to 
hypoxia 

miR-100-5p; 
miR-101-3p; 
miR-132-3p; 
miR-144-3p; 

miR-148a-3p; 
miR-181c-5p; 
miR-186-5p; 

miR-199a-5p; 
miR-212-3p; 
miR-23b-3p; 
miR-296-3p; 

miR-429 

blood vessel 
development 

let-7a-5p; let-
7c-5p; miR-

132-3p; miR-
200c-3p; miR-
212-3p; miR-
214-3p; miR-
21-5p; miR-
22-3p; miR-

34a-5p 

immune 
system 
process 

miR-492 
apoptotic sig-
naling path-

way 

miR-133b; miR-135a-
5p; miR-141-3p; miR-
486-3p; miR-139-5p; 

miR-182-5p; miR-133a-
3p; miR-429; miR-448; 
miR-205-5p; miR-198; 

let-7b-5p; miR-125b-5p 

response to growth 
factor 

miR-101-3p; 
miR-124-3p; 
miR-132-3p; 

miR-1-3p; miR-
144-3p; miR-

148a-3p; miR-
181c-5p; miR-
183-5p; miR-
186-5p; miR-
194-5p; miR-

199a-5p; miR-
23b-3p; miR-

429; miR-497-5p 

hepatic 
Immune 
response 

let-7a-5p; let-
7c-5p 

positive regu-
lation of 

programmed 
cell death 

miR-133b 

morphogene-
sis of a 

branching ep-
ithelium 

miR-33b-5p; miR-133b; 
miR-429; miR-448; 

miR-205-5p; miR-198; 
miR-125b-5p 

cellular response to 
cytokine stimulus 

miR-101-3p; 
miR-124-3p; 
miR-132-3p; 

miR-1-3p; miR-
144-3p; miR-

148a-3p; miR-
183-5p; miR-
186-5p; miR-
194-5p; miR-

199a-5p; miR-
212-3p; miR-

429; miR-892b 

tube morpho-
genesis 

let-7a-5p; 
miR-130b-3p; 
miR-132-3p; 
miR-200c-3p; 
miR-212-3p; 
miR-21-5p; 
miR-22-3p; 

miR-33b-5p; 
miR-34a-5p 

intrinsic 
apoptotic 
signaling 
pathway 

miR-188-3p 
chronic in-
flammatory 

response 

miR-452-5p; miR-125b-
5p 
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sprouting 
angiogenesis 

miR-101-3p; 
miR-124-3p; 
miR-132-3p; 
miR-144-3p 

vasculature 
development 

let-7a-5p; let-
7c-5p; miR-

200c-3p; miR-
212-3p; miR-
214-3p; miR-
21-5p; miR-
22-3p; miR-

34a-5p 

lymphocyte 
activation 

miR-139-5p 

positive regu-
lation of re-

sponse to oxi-
dative stress 

miR-452-5p; miR-125b-
5p 

apoptotic process 

miR-100-5p; 
miR-101-3p; 
miR-124-3p; 

miR-1-3p; miR-
148a-3p; miR-
149-5p; miR-
181c-5p; miR-
183-5p; miR-

193b-3p; miR-
199a-5p; miR-
212-3p; miR-
23b-3p; miR-
296-3p; miR-
429; miR-497-

5p; miR-518c-3p 

apoptotic 
signaling 
pathway 

let-7b-5p; 
miR-106b-5p; 
miR-15b-5p; 
miR-200c-3p; 
miR-212-3p; 
miR-214-3p; 
miR-21-5p; 
miR-22-3p; 
miR-34a-5p; 
miR-744-5p 

cell 
differentiation 

miR-1249-3p; 
miR-125a-5p; 
miR-125b-5p; 
miR-133a-3p; 

miR-133b; 
miR-135b-5p; 
miR-145-5p; 
miR-19a-3p; 
miR-204-5p; 
miR-20a-5p; 
miR-210-3p; 
miR-224-5p; 
miR-27b-3p; 
miR-331-3p; 
miR-335-5p; 
miR-33a-5p; 

miR-378a-3p; 
miR-495-3p; 
miR-518c-3p; 

miR-9-5p 

epithelial to 
mesenchymal 

transition 

miR-182-5p; miR-429; 
miR-205-5p; miR-452-

5p 

negative regulation 
of cell cycle 

miR-101-3p; 
miR-124-3p; 
miR-144-3p; 

miR-148a-3p; 
miR-149-5p; 
miR-183-5p; 
miR-186-5p; 

miR-193b-3p; 
miR-212-3p; 

miR-219a-5p; 
miR-23b-3p; 

miR-429; miR-
615-3p 

tube develop-
ment 

miR-130b-3p; 
miR-132-3p; 
miR-200c-3p; 
miR-212-3p; 
miR-21-5p; 
miR-22-3p; 

miR-33b-5p; 
miR-34a-5p 

regulation of 
phosphatidyl-
inositol 3-ki-

nase signaling 

miR-125a-5p; 
miR-125b-5p; 

miR-133b; 
miR-145-5p 

activation of 
MAPK activ-

ity 

miR-205-5p; miR-125b-
5p 

activation of 
NF-kappaB-induc-
ing kinase activity 

miR-875-5p; 
miR-892b 

positive regu-
lation of im-
mune system 

process 

miR-132-3p; 
miR-200c-3p; 
miR-214-3p; 
miR-21-5p; 
miR-22-3p; 

miR-33b-5p; 
miR-34a-5p; 
miR-34b-5p 

cellular 
response to 

growth factor 
stimulus 

miR-125a-5p; 
miR-125b-5p; 
miR-133a-3p; 

miR-133b; 
miR-135b-5p; 
miR-145-5p; 
miR-15a-5p; 
miR-194-5p; 
miR-195-5p; 
miR-19a-3p; 
miR-204-5p; 
miR-23b-3p; 
miR-25-3p; 

miR-27b-3p; 
miR-378a-3p; 
miR-424-5p; 

T-helper cell 
differentiation 

miR-33b-5p; miR-9-5p 



Biology 2023, 12, 1063 10 of 18 
 

 

miR-495-3p; 
miR-9-5p 

positive regulation 
of T cell cytokine 

production 

miR-875-5p; 
miR-892b 

regulation of 
fibroblast pro-

liferation 

miR-130b-3p; 
miR-132-3p; 
miR-200c-3p; 
miR-212-3p; 
miR-21-5p; 
miR-22-3p; 
miR-34a-5p; 
miR-34b-5p 

positive regu-
lation of cell 

growth 

miR-125a-5p; 
miR-125b-5p; 
miR-133a-3p; 

miR-133b; 
miR-145-5p; 
miR-224-5p 

T cell differ-
entiation in-

volved in im-
mune re-
sponse 

miR-33b-5p; miR-9-5p 

tube development 

miR-101-3p; 
miR-124-3p; 
miR-132-3p; 

miR-1-3p; miR-
144-3p; miR-

148a-3p; miR-
199a-5p; miR-
212-3p; miR-

219a-5p; miR-
335-5p; miR-429 

activation of 
immune re-

sponse 

miR-132-3p; 
miR-15b-5p; 
miR-200c-3p; 

miR-21-5p 

response to 
wounding 

miR-125a-5p; 
miR-133a-3p; 

miR-133b; 
miR-145-5p; 
miR-194-5p; 
miR-195-5p; 
miR-19a-3p; 
miR-204-5p; 
miR-224-5p; 
miR-494-3p; 

miR-9-5p 

coronary vas-
culature de-
velopment 

miR-9-5p; miR-503-5p; 
let-7c-5p 

regulation of cell 
migration involved 
in sprouting angio-

genesis 

miR-101-3p; 
miR-124-3p; 
miR-132-3p; 

miR-1-3p; miR-
144-3p; miR-

497-5p 

activation of 
innate im-
mune re-
sponse 

miR-130b-3p; 
miR-132-3p; 
miR-200c-3p; 

miR-21-5p 

anatomical 
structure 

morphogene-
sis 

miR-125a-5p; 
miR-125b-5p; 
miR-133a-3p; 

miR-133b; 
miR-135b-5p; 
miR-145-5p; 
miR-195-5p; 
miR-19a-3p; 
miR-204-5p; 
miR-210-3p; 
miR-224-5p; 
miR-27b-3p; 
miR-331-3p; 
miR-335-5p; 
miR-33a-5p; 
miR-424-5p; 
miR-452-5p; 
miR-518c-3p; 

miR-9-5p 

anatomical 
structure 

morphogene-
sis 

miR-33b-5p; miR-9-5p; 
miR-1-3p; miR-133b; 

miR-135a-5p; miR-141-
3p; miR-582-5p; miR-
182-5p; miR-183-5p; 

miR-133a-3p; miR-429; 
miR-448; miR-205-5p; 

miR-452-5p; miR-125b-
5p 

programmed cell 
death 

miR-100-5p; 
miR-101-3p; 
miR-124-3p; 

miR-1-3p; miR-
148a-3p; miR-
149-5p; miR-
181c-5p; miR-
183-5p; miR-

193b-3p; miR-
199a-5p; miR-
212-3p; miR-
296-3p; miR-
429; miR-497-

5p; miR-518c-3p 

innate im-
mune re-

sponse-acti-
vating signal 
transduction 

miR-130b-3p; 
miR-132-3p; 
miR-200c-3p; 

miR-21-5p 

tube 
morphogene-

sis 

miR-125a-5p; 
miR-125b-5p; 
miR-133a-3p; 

miR-133b; 
miR-135b-5p; 
miR-145-5p; 
miR-19a-3p; 
miR-204-5p; 
miR-210-3p; 
miR-224-5p; 
miR-27b-3p; 
miR-335-5p; 
miR-452-5p; 

miR-9-5p 

cytokine-me-
diated signal-
ing pathway 

miR-9-5p; miR-1-3p; 
miR-98-5p; miR-133b; 

miR-135a-5p; miR-139-
5p; miR-183-5p; miR-

133a-3p; miR-429; miR-
448; miR-205-5p; miR-
452-5p; miR-125b-5p 
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tissue 
morphogenesis 

miR-101-3p; 
miR-124-3p; 

miR-1-3p; miR-
144-3p; miR-

148a-3p; miR-
186-5p; miR-

199a-5p; miR-
219a-5p; miR-

410-3p; miR-429 

regulation of 
innate im-
mune re-
sponse 

miR-130b-3p; 
miR-132-3p; 
miR-200c-3p; 

miR-21-5p 

cell activation 
involved in 
immune re-

sponse 

miR-125b-5p; 
miR-133a-3p; 

miR-133b 

B cell homeo-
stasis miR-429; miR-125b-5p 

negative regulation 
of cell motility 

miR-101-3p; 
miR-124-3p; 

miR-1-3p; miR-
144-3p; miR-

148a-3p; miR-
429 

response to 
growth factor 

let-7c-5p; 
miR-130b-3p; 
miR-132-3p; 
miR-15b-5p; 
miR-200c-3p; 
miR-214-3p; 
miR-21-5p; 
miR-22-3p; 

miR-33b-5p; 
miR-34a-5p; 
miR-34b-5p; 
miR-424-5p; 
miR-744-5p 

cell differenti-
ation in-

volved in em-
bryonic pla-
centa devel-

opment 

miR-125a-5p; 
miR-125b-5p; 

miR-133b 

lymphocyte 
homeostasis 

miR-429; miR-125b-5p 

negative regulation 
of cellular compo-

nent movement 

miR-101-3p; 
miR-124-3p; 

miR-1-3p; miR-
144-3p; miR-

148a-3p; miR-
429 

response to 
cytokine 

miR-132-3p; 
miR-15b-5p; 
miR-200c-3p; 
miR-212-3p; 
miR-214-3p; 
miR-21-5p; 
miR-22-3p; 

miR-33b-5p; 
miR-34a-5p; 
miR-34b-5p; 
miR-744-5p 

leukocyte ac-
tivation in-

volved in im-
mune re-
sponse 

miR-125b-5p; 
miR-133a-3p; 

miR-133b 

monocyte dif-
ferentiation 

miR-429; miR-205-5p 

positive regulation 
of epithelial 

cell migration 

miR-101-3p; 
miR-124-3p; 
miR-132-3p; 

miR-1-3p; miR-
144-3p; miR-
149-5p; miR-

199a-5p; miR-
429 

insulin recep-
tor signaling 

pathway 

miR-15b-5p; 
miR-200c-3p; 
miR-21-5p; 
miR-22-3p 

leukocyte me-
diated im-

munity 

miR-10a-5p; 
miR-133a-3p; 

miR-133b 

chemokine C-
C motif lig-
and 2 secre-

tion 

miR-9-5p; miR-1-3p 

positive regulation 
of cell migration in-
volved in sprouting 

angiogenesis 

miR-101-3p; 
miR-124-3p; 
miR-132-3p; 
miR-144-3p; 
miR-199a-5p 

regulation of 
endothelial 

cell migration 

miR-132-3p; 
miR-200c-3p; 
miR-21-5p; 
miR-22-3p 

cytokine-me-
diated signal-
ing pathway 

miR-125a-5p; 
miR-125b-5p; 
miR-133a-3p; 

miR-133b; 
miR-135b-5p; 
miR-145-5p; 
miR-15a-5p; 
miR-204-5p; 
miR-224-5p; 
miR-23b-3p; 
miR-378a-3p; 
miR-452-5p; 

miR-9-5p 

coronary vas-
culature mor-

phogenesis 
miR-9-5p; miR-1-3p 

cellular response to 
fibroblast growth 

factor stimulus 

miR-124-3p; 
miR-132-3p; 

miR-1-3p 

negative reg-
ulation of 

let-7a-5p; let-
7c-5p; miR-

15b-5p; miR-

regulation of 
apoptotic pro-

cess 

miR-106b-5p; 
miR-125a-5p; 
miR-125b-5p; 

developmen-
tal cell growth 

miR-9-5p; miR-1-3p 
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apoptotic pro-
cess 

200c-3p; miR-
212-3p; miR-
214-3p; miR-
21-5p; miR-
22-3p; miR-
30e-3p; miR-
33b-5p; miR-
34a-5p; miR-
543; miR-744-

5p 

miR-133a-3p; 
miR-133b; 

miR-145-5p; 
miR-15a-5p; 
miR-195-5p; 
miR-19a-3p; 
miR-204-5p; 
miR-20a-5p; 
miR-210-3p; 
miR-27b-3p; 
miR-331-3p; 
miR-33a-5p; 

miR-378a-3p; 
miR-424-5p; 
miR-495-3p; 
miR-518c-3p; 

miR-9-5p 

anatomical struc-
ture formation in-
volved in morpho-

genesis 

miR-101-3p; 
miR-124-3p; 

miR-1-3p; miR-
144-3p; miR-

148a-3p; miR-
199a-5p; miR-
29b-1-5p; miR-

335-5p; miR-429 

cellular re-
sponse to cy-
tokine stimu-

lus 

miR-132-3p; 
miR-15b-5p; 
miR-200c-3p; 
miR-212-3p; 
miR-214-3p; 
miR-21-5p; 
miR-22-3p; 

miR-33b-5p; 
miR-34a-5p; 
miR-744-5p 

positive regu-
lation of cell 

differentiation 

miR-125a-5p; 
miR-125b-5p; 

miR-133b; 
miR-135b-5p; 
miR-145-5p; 
miR-19a-3p; 
miR-204-5p; 
miR-224-5p; 
miR-23b-3p; 
miR-329-3p; 
miR-518c-3p; 

miR-9-5p 

fibroblast mi-
gration 

miR-33b-5p; miR-1-3p 

mesenchyme de-
velopment 

miR-101-3p; 
miR-124-3p; 
miR-144-3p; 

miR-148a-3p; 
miR-199a-5p; 
miR-219a-5p; 
miR-29b-1-5p; 
miR-410-3p; 

miR-429 

cellular 
response to 

oxygen levels 

miR-106b-5p; 
miR-132-3p; 
miR-200c-3p; 
miR-212-3p; 
miR-214-3p; 
miR-21-5p; 
miR-22-3p; 

miR-33b-5p; 
miR-34a-5p; 

miR-543 

positive regu-
lation of en-
dothelial cell 
proliferation 

miR-125a-5p; 
miR-133b; 

miR-145-5p 

positive regu-
lation of MAP 
kinase activ-

ity 

miR-503-5p; miR-429; 
miR-205-5p; miR-125b-

5p 

fibroblast migra-
tion 

miR-101-3p; 
miR-1-3p; miR-

144-3p 

lymphocyte 
activation 

miR-15b-5p; 
miR-200c-3p; 
miR-214-3p; 
miR-21-5p; 
miR-22-3p; 
miR-34a-5p; 
miR-34b-5p 

positive regu-
lation of vas-
cular endo-
thelial cell 

proliferation 

miR-125a-5p; 
miR-133b; 

miR-145-5p 

leukocyte dif-
ferentiation 

miR-9-5p; miR-133b; 
miR-182-5p; miR-133a-
3p; miR-429; miR-205-

5p; miR-125b-5p 

4. Discussion 
MSCs possess strong immunoregulatory and angiogenic properties [25,26] and, 

therefore, have been widely tested in the field of regenerative medicine to treat numerous 
diseases [2,3,5,18,27–29]. In recent years, scientific evidence has revealed that MSC-de-
rived products such as EXOs may contribute, at least in part, to MSC therapeutic effects 
[6,30–33]. Moreover, non-coding RNAs such as miRNAs have been considered the most 
functional factors that mediate some therapeutic functions of both MSCs and their EXOs 
[34–37]. Interestingly, it has been shown that different priming strategies are capable of 
improving the therapeutic properties of both MSCs and their products [5,17,38–40]. 
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In our study, we investigated whether distinct priming strategies were able to modify 
both intracellular and exosomal miRNA expression, thus impacting MSC functions. To 
this end, we used MSCs derived from human amniotic placenta (hAMSCs) to analyze the 
expression of 768 miRNAs in both cells and their respective EXOs after priming with ei-
ther 3D culture or IFN-γ treatment. 

In the hAMSCs subjected to both priming treatments, we observed a stable variation 
in intracellular miRNA expression across biological replicates. However, notable variabil-
ity in miRNA expression was observed in the EXO samples among the biological repli-
cates (Figure 2a). This finding emphasizes the challenge of standardizing EXO production, 
which is a critical aspect for the development of cell-free, MSC-based therapies and high-
lights the need for standardization in the production of EXOs, as they are increasingly 
recognized as important mediators in MSC therapy. 

As for the different priming approaches used, we observed that five intracellular 
miRNAs were up-regulated commonly between the two types of priming (Figure 3a). In 
particular, we found that miR-146b-5p, miR-212-3p, miR-1247-5p, miR-132-3p, and miR-
194-5p were intracellularly overexpressed in both the 3D hAMSCs and γ-hAMSCs. Im-
portantly, these miRNAs have been implicated in regulating the phenotype and therapeu-
tic properties of MSCs. For example, miR-132-3p has been found to modulate the func-
tional phenotype of MSCs by directly targeting the expression of ADAMTS-5. This inter-
action leads to an increase in the expression of SOX9, COL2A1, and ACAN, thereby pro-
moting the chondrogenic differentiation of MSCs [41]. Furthermore, miR-146b-5p, miR-
194-5p, and miR-212-3p have been associated with the therapeutic effects of MSCs [40,42–
44]. Katakowski et al. showed that EXOs derived from miR-146b-transfected MSCs signif-
icantly reduced glioma growth in a rat model of brain tumor [42]. Sun et al. found that 
MSCs overexpressing miR-194-5p produced EXOs capable of delaying intervertebral disc 
degeneration in vitro [43]. Moreover, it has been shown that EXOs derived from MSCs 
overexpressing miR-212 were found to target ELF3 and suppress chondrocyte degenera-
tion and inflammation in primary cells derived from patients with osteoarthritis [40]. 

Regarding miRNA expression in hAMSC-derived EXOs, we found two overex-
pressed miRNAs (miR-342-5p and miR-586) in common among the 3D and IFN-γ treated 
hAMSCs (Figure 3b). In these two miRNAs, miR-342-5p was found to be responsible for 
the therapeutic effects of MSCs, as demonstrated in different in vitro and in vivo models 
of distinct diseases. Xing et al. found that EXOs derived from MSCs exhibited protective 
effects on endothelial cells in an in vitro model of atherosclerosis, and this protective effect 
was mediated by the action of miR-342-5p, which targeted PPP1R12B [45]. Moreover, Liu 
and colleagues nicely proved that exosomal miR-342-5p derived from MSCs had the abil-
ity to mitigate acute kidney injury by inhibiting TLR9 in a sepsis mouse model [46]. 

We further analyzed miRNAs overexpressed in cells that are also packed into EXOs 
(Figure 3c,d). Our results showed that, in each priming treatment, miRNA expression was 
dissimilar in hAMSCs and their respective EXOs, as few miRNAs were overexpressed in 
common between the two types of samples (Figure 3c,d). In particular, in the 3D hAMSCs, 
we found that only two miRNAs (miR-212-3p and miR-132-3p) were overexpressed both 
in the cells and their EXOs (Figure 3c). As mentioned above, miR-212-3p has been shown 
to mediate some therapeutic effects of MSCs [40,44]. Moreover, it has been revealed that 
miR-132-3p delivered by MSC-derived EXOs was able to promote angiogenesis in myo-
cardial infarction [47], alleviate synaptic dysfunction and cognitive decline in vascular de-
mentia [48], and promote wound healing and skin reconstruction in an animal model of 
diabetic mouse [49]. In our investigation of γ-hAMSCs, we observed the overexpression 
of four specific miRNAs (miR-492, miR-133b, miR-188-3p, miR-139-5p) within the EXOs 
derived from these cells (Figure 3d). Previous studies provided evidence that EXOs de-
rived from MSCs overexpressing miR-133b possess the capability to mitigate side effects 
in a rat model of intracerebral hemorrhage. These effects are attributed to the anti-apop-
totic properties exhibited by miR-133b [50]. Li et al. demonstrated that EXOs overexpress-
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ing miR-188-3p effectively suppressed pyroptosis and offered protection in mice with in-
duced Parkinson’s disease [51]. Furthermore, MSC-derived EXOs carrying miR-139-5p 
were shown to exert a tumor-suppressive role in bladder cancer [52]. 

Overall, GO analyses revealed that the priming of hAMSCs with either 3D culture or 
IFN-γ treatment induces, in both cells and EXOs, an up-regulation of functional miRNAs 
affecting numerous GO terms related to tissue repair/regeneration processes (Figure 5). 
Interestingly, compared to the treatment with IFN-γ, the 3D priming appears to be more 
effective in both cells and EXOs in inducing an up-regulation of functional miRNAs, 
which regulate angiogenic pathways (Figures 4a,b and 5). Moreover, the EXOs derived 
from both types of primed hAMSCs compared with the parental cells were mainly related 
to GO terms linked to regulation of the immune system (Figures 4c,d and 5). These data 
indicate that diverse priming strategies may have a dissimilar impact on the therapeutic 
functions of MSCs, and the effect might be, in part, mediated by miRNAs. Thus, compared 
to MSCs, EXOs derived from both types of priming might be more useful as a therapeutic 
tool in specific immune-related diseases, while 3D priming might mainly enable pro-an-
giogenic functions in MSCs. 

 
Figure 5. Bubble plot visualizing categories for GO-enriched terms of the DEMs in hAMSCs and 
their EXOs primed with either 3D culture or IFN-γ. Partial list of the 20 more significant enriched 
terms. 

Another important aspect we highlighted in this study was the different expression 
patterns of miRNAs for the same priming strategy between the cells and the secreted 
EXOs. Indeed, though we found that both 3D culture and IFN-γ treatment induce an over-
expression of functional miRNAs in EXOs, we observed different miRNA expression pat-
terns in the cells compared with their EXOs. This phenomenon might be due to the fact 
that the production/maturation phases of miRNAs are likely regulated through an inde-
pendent mechanism [53] not affected by some priming strategies. 

It has been shown that miRNA expression may serve as a signature of cell identity 
through the expression of distinctive miRNA profiles [54]. However, this would appear 
to be difficult to apply principally to exosomal miRNAs. Our study found that priming 
has the potential to improve the therapeutic phenotype of both MSCs and their respective 
EXOs in terms of functional miRNAs, and distinct priming strategies might enhance dif-
ferent therapeutic properties of MSCs. However, further studies on the regulation of both 
intracellular and exosomal miRNAs are needed. 
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5. Conclusions 
The primary objective of this study was to explore the influence of cell priming on 

the modulation of MSC miRNA expression, leading to improvements in their therapeutic 
effects. We demonstrated that the priming of hAMSCs through 3D culture or IFN-γ treat-
ment resulted in significant alterations in both the intracellular and exosomal miRNA pro-
files. Furthermore, our GO analysis indicated that priming might enhance the therapeutic 
properties of hAMSCs and their extracellular vesicles (EXOs) in a priming-dependent 
manner. 

Though no correlation was found between intracellular and exosomal miRNA ex-
pression, we observed enhanced immunoregulatory and angiogenic effects in both cells 
and EXOs, indicating improved therapeutic properties. These findings hold the potential 
for the application of MSC-based products in the field of regenerative medicine. The in-
sights gained from our study may contribute to advancing MSC-based therapies for future 
clinical treatments. Further investigations are needed to explore the effects of different 
priming approaches on MSCs that might also arise from alternative sources. This new 
information might be useful for fine-tuning MSC properties in a priming-dependent man-
ner, offering new possibilities to enhance the therapeutic effectiveness of MSCs and guide 
their therapeutic effects towards targeted pathologies, particularly in terms of functional 
miRNA production. 

Author Contributions: Conceptualization, V.M.; methodology, V.M., M.B., A.G., G.Z., G.I., C.C. 
(Claudia Carcione), C.C. (Claudio Centi), and M.P.B.; formal analysis, V.M., R.B., N.C., S.C., and 
C.M.C.; data curation, V.M. and C.C. (Claudia Carcione); writing—original draft preparation, V.M.; 
writing—review and editing, V.M., M.B., A.G., G.Z., R.B., G.I., G.M., A.B., C.M.C., and P.G.C.; su-
pervision, V.M. and P.G.C.; project administration, V.M. and P.G.C.; funding acquisition, P.G.C. All 
authors have read and agreed to the published version of the manuscript. 

Funding: This research was funded by the Italian Ministry of Health, Ricerca Corrente. 

Institutional Review Board Statement: The study was conducted in accordance with the Declara-
tion of Helsinki, and the protocol was approved by IRCCS ISMETT’s Institutional Research Review 
Board (Project identification code: IRRB/39/20). 

Informed Consent Statement: Informed consent was obtained from all subjects involved in the 
study. 

Data Availability Statement: The raw data supporting the conclusions of this article will be made 
available by the authors without undue reservation to any qualified researcher on reasonable re-
quest. 

Acknowledgments: The authors would like to thank Warren Blumberg of ISMETT’s Language Ser-
vices Department for his language editing of the manuscript.. 

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the 
design of the study; in the collection, analysis, and interpretation of data; in the writing of the man-
uscript; or in the decision to publish the results. 

References 
1. Han, Y.; Li, X.; Zhang, Y.; Han, Y.; Chang, F.; Ding, J. Mesenchymal Stem Cells for Regenerative Medicine. Cells 2019, 8, 886. 

https://doi.org/10.3390/cells8080886. 
2. Margiana, R.; Markov, A.; Zekiy, A.O.; Hamza, M.U.; Al-Dabbagh, K.A.; Al-Zubaidi, S.H.; Hameed, N.M.; Ahmad, I.; 

Sivaraman, R.; Kzar, H.H.; et al. Clinical application of mesenchymal stem cell in regenerative medicine: A narrative review. 
Stem Cell Res. Ther. 2022, 13, 366. https://doi.org/10.1186/s13287-022-03054-0. 

3. Miceli, V.; Bulati, M.; Gallo, A.; Iannolo, G.; Busa, R.; Conaldi, P.G.; Zito, G. Role of Mesenchymal Stem/Stromal Cells in 
Modulating Ischemia/Reperfusion Injury: Current State of the Art and Future Perspectives. Biomedicines 2023, 11, 689. 
https://doi.org/10.3390/biomedicines11030689. 

4. Chang, C.; Yan, J.; Yao, Z.; Zhang, C.; Li, X.; Mao, H.Q. Effects of Mesenchymal Stem Cell-Derived Paracrine Signals and Their 
Delivery Strategies. Adv. Healthc. Mater. 2021, 10, e2001689. https://doi.org/10.1002/adhm.202001689. 



Biology 2023, 12, 1063 16 of 18 
 

 

5. Miceli, V.; Zito, G.; Bulati, M.; Gallo, A.; Busa, R.; Iannolo, G.; Conaldi, P.G. Different priming strategies improve distinct 
therapeutic capabilities of mesenchymal stromal/stem cells: Potential implications for their clinical use. World J. Stem Cells 2023, 
15, 400–420. https://doi.org/10.4252/wjsc.v15.i5.400. 

6. Nikfarjam, S.; Rezaie, J.; Zolbanin, N.M.; Jafari, R. Mesenchymal stem cell derived-exosomes: A modern approach in 
translational medicine. J. Transl. Med. 2020, 18, 449. https://doi.org/10.1186/s12967-020-02622-3. 

7. Sohrabi, B.; Dayeri, B.; Zahedi, E.; Khoshbakht, S.; Nezamabadi Pour, N.; Ranjbar, H.; Davari Nejad, A.; Noureddini, M.; Alani, 
B. Mesenchymal stem cell (MSC)-derived exosomes as novel vehicles for delivery of miRNAs in cancer therapy. Cancer Gene 
Ther. 2022, 29, 1105–1116. https://doi.org/10.1038/s41417-022-00427-8. 

8. Yao, Q.; Chen, Y.; Zhou, X. The roles of microRNAs in epigenetic regulation. Curr. Opin. Chem. Biol. 2019, 51, 11–17. 
https://doi.org/10.1016/j.cbpa.2019.01.024. 

9. Gupta, S.K.; Bang, C.; Thum, T. Circulating microRNAs as biomarkers and potential paracrine mediators of cardiovascular 
disease. Circ. Cardiovasc. Genet. 2010, 3, 484–488. https://doi.org/10.1161/CIRCGENETICS.110.958363. 

10. Martucci, G.; Arcadipane, A.; Tuzzolino, F.; Occhipinti, G.; Panarello, G.; Carcione, C.; Bonicolini, E.; Vitiello, C.; Lorusso, R.; 
Conaldi, P.G.; et al. Identification of a Circulating miRNA Signature to Stratify Acute Respiratory Distress Syndrome Patients. 
J. Pers. Med. 2020, 11, 15. https://doi.org/10.3390/jpm11010015. 

11. Sugimachi, K.; Matsumura, T.; Hirata, H.; Uchi, R.; Ueda, M.; Ueo, H.; Shinden, Y.; Iguchi, T.; Eguchi, H.; Shirabe, K.; et al. 
Identification of a bona fide microRNA biomarker in serum exosomes that predicts hepatocellular carcinoma recurrence after 
liver transplantation. Br. J. Cancer 2015, 112, 532–538. https://doi.org/10.1038/bjc.2014.621. 

12. Bilinska, A.; Pszczola, M.; Stachowiak, M.; Stachecka, J.; Garbacz, F.; Aksoy, M.O.; Szczerbal, I. Droplet Digital PCR 
Quantification of Selected Intracellular and Extracellular microRNAs Reveals Changes in Their Expression Pattern during 
Porcine In Vitro Adipogenesis. Genes 2023, 14, 683. https://doi.org/10.3390/genes14030683. 

13. Zou, X.Y.; Yu, Y.; Lin, S.; Zhong, L.; Sun, J.; Zhang, G.; Zhu, Y. Comprehensive miRNA Analysis of Human Umbilical Cord-
Derived Mesenchymal Stromal Cells and Extracellular Vesicles. Kidney Blood Press. Res. 2018, 43, 152–161. 
https://doi.org/10.1159/000487369. 

14. Tavasolian, F.; Hosseini, A.Z.; Soudi, S.; Naderi, M. miRNA-146a Improves Immunomodulatory Effects of MSC-derived 
Exosomes in Rheumatoid Arthritis. Curr. Gene Ther. 2020, 20, 297–312. https://doi.org/10.2174/1566523220666200916120708. 

15. Xu, H.K.; Chen, L.J.; Zhou, S.N.; Li, Y.F.; Xiang, C. Multifunctional role of microRNAs in mesenchymal stem cell-derived 
exosomes in treatment of diseases. World J. Stem Cells 2020, 12, 1276–1294. https://doi.org/10.4252/wjsc.v12.i11.1276. 

16. Xue, C.; Li, X.; Ba, L.; Zhang, M.; Yang, Y.; Gao, Y.; Sun, Z.; Han, Q.; Zhao, R.C. MSC-Derived Exosomes can Enhance the 
Angiogenesis of Human Brain MECs and Show Therapeutic Potential in a Mouse Model of Parkinson’s Disease. Aging Dis. 
2021, 12, 1211–1222. https://doi.org/10.14336/AD.2020.1221. 

17. Gallo, A.; Cuscino, N.; Contino, F.; Bulati, M.; Pampalone, M.; Amico, G.; Zito, G.; Carcione, C.; Centi, C.; Bertani, A.; et al. 
Changes in the Transcriptome Profiles of Human Amnion-Derived Mesenchymal Stromal/Stem Cells Induced by Three-
Dimensional Culture: A Potential Priming Strategy to Improve Their Properties. Int. J. Mol. Sci. 2022, 23, 863. 
https://doi.org/10.3390/ijms23020863. 

18. Zito, G.; Miceli, V.; Carcione, C.; Busa, R.; Bulati, M.; Gallo, A.; Iannolo, G.; Pagano, D.; Conaldi, P.G. Human Amnion-Derived 
Mesenchymal Stromal/Stem Cells Pre-Conditioning Inhibits Inflammation and Apoptosis of Immune and Parenchymal Cells in 
an In Vitro Model of Liver Ischemia/Reperfusion. Cells 2022, 11, 709. https://doi.org/10.3390/cells11040709. 

19. Lo Nigro, A.; Gallo, A.; Bulati, M.; Vitale, G.; Paini, D.S.; Pampalone, M.; Galvagno, D.; Conaldi, P.G.; Miceli, V. Amnion-Derived 
Mesenchymal Stromal/Stem Cell Paracrine Signals Potentiate Human Liver Organoid Differentiation: Translational 
Implications for Liver Regeneration. Front. Med. 2021, 8, 746298. https://doi.org/10.3389/fmed.2021.746298. 

20. Forsberg, M.H.; Kink, J.A.; Thickens, A.S.; Lewis, B.M.; Childs, C.J.; Hematti, P.; Capitini, C.M. Exosomes from primed MSCs 
can educate monocytes as a cellular therapy for hematopoietic acute radiation syndrome. Stem Cell Res. Ther. 2021, 12, 459. 
https://doi.org/10.1186/s13287-021-02491-7. 

21. Heo, J.S.; Kim, S. Human adipose mesenchymal stem cells modulate inflammation and angiogenesis through exosomes. Sci. 
Rep. 2022, 12, 2776. https://doi.org/10.1038/s41598-022-06824-1. 

22. Kern, F.; Fehlmann, T.; Solomon, J.; Schwed, L.; Grammes, N.; Backes, C.; Van Keuren-Jensen, K.; Craig, D.W.; Meese, E.; Keller, 
A. miEAA 2.0: Integrating multi-species microRNA enrichment analysis and workflow management systems. Nucleic Acids Res. 
2020, 48, W521–W528. https://doi.org/10.1093/nar/gkaa309. 

23. Backes, C.; Keller, A.; Kuentzer, J.; Kneissl, B.; Comtesse, N.; Elnakady, Y.A.; Muller, R.; Meese, E.; Lenhof, H.P. GeneTrail—
Advanced gene set enrichment analysis. Nucleic Acids Res. 2007, 35, W186–W192. https://doi.org/10.1093/nar/gkm323. 

24. Benjamini, Y.; Drai, D.; Elmer, G.; Kafkafi, N.; Golani, I. Controlling the false discovery rate in behavior genetics research. Behav. 
Brain Res. 2001, 125, 279–284. https://doi.org/10.1016/s0166-4328(01)00297-2. 

25. Song, N.; Scholtemeijer, M.; Shah, K. Mesenchymal Stem Cell Immunomodulation: Mechanisms and Therapeutic Potential. 
Trends Pharmacol. Sci. 2020, 41, 653–664. https://doi.org/10.1016/j.tips.2020.06.009. 

26. Tao, H.; Han, Z.; Han, Z.C.; Li, Z. Proangiogenic Features of Mesenchymal Stem Cells and Their Therapeutic Applications. Stem 
Cells Int. 2016, 2016, 1314709. https://doi.org/10.1155/2016/1314709. 

27. Merimi, M.; El-Majzoub, R.; Lagneaux, L.; Moussa Agha, D.; Bouhtit, F.; Meuleman, N.; Fahmi, H.; Lewalle, P.; Fayyad-Kazan, 
M.; Najar, M. The Therapeutic Potential of Mesenchymal Stromal Cells for Regenerative Medicine: Current Knowledge and 
Future Understandings. Front. Cell Dev. Biol. 2021, 9, 661532. https://doi.org/10.3389/fcell.2021.661532. 



Biology 2023, 12, 1063 17 of 18 
 

 

28. Miceli, V.; Bertani, A. Mesenchymal Stromal/Stem Cells and Their Products as a Therapeutic Tool to Advance Lung 
Transplantation. Cells 2022, 11, 826. https://doi.org/10.3390/cells11050826. 

29. Schmelzer, E.; Miceli, V.; Chinnici, C.M.; Bertani, A.; Gerlach, J.C. Effects of Mesenchymal Stem Cell Coculture on Human Lung 
Small Airway Epithelial Cells. BioMed Res. Int. 2020, 2020, 9847579. https://doi.org/10.1155/2020/9847579. 

30. Fuloria, S.; Subramaniyan, V.; Dahiya, R.; Dahiya, S.; Sudhakar, K.; Kumari, U.; Sathasivam, K.; Meenakshi, D.U.; Wu, Y.S.; 
Sekar, M.; et al. Mesenchymal Stem Cell-Derived Extracellular Vesicles: Regenerative Potential and Challenges. Biology 2021, 10, 
172. https://doi.org/10.3390/biology10030172. 

31. Kim, G.B.; Shon, O.J.; Seo, M.S.; Choi, Y.; Park, W.T.; Lee, G.W. Mesenchymal Stem Cell-Derived Exosomes and Their 
Therapeutic Potential for Osteoarthritis. Biology 2021, 10, 285. https://doi.org/10.3390/biology10040285. 

32. Lee, B.C.; Kang, I.; Yu, K.R. Therapeutic Features and Updated Clinical Trials of Mesenchymal Stem Cell (MSC)-Derived 
Exosomes. J. Clin. Med. 2021, 10, 711. https://doi.org/10.3390/jcm10040711. 

33. Re, F.; Gabusi, E.; Manferdini, C.; Russo, D.; Lisignoli, G. Bone Regeneration Improves with Mesenchymal Stem Cell Derived 
Extracellular Vesicles (EVs) Combined with Scaffolds: A Systematic Review. Biology 2021, 10, 579. 
https://doi.org/10.3390/biology10070579. 

34. Asgarpour, K.; Shojaei, Z.; Amiri, F.; Ai, J.; Mahjoubin-Tehran, M.; Ghasemi, F.; ArefNezhad, R.; Hamblin, M.R.; Mirzaei, H. 
Exosomal microRNAs derived from mesenchymal stem cells: Cell-to-cell messages. Cell Commun. Signal. CCS 2020, 18, 149. 
https://doi.org/10.1186/s12964-020-00650-6. 

35. Foo, J.B.; Looi, Q.H.; How, C.W.; Lee, S.H.; Al-Masawa, M.E.; Chong, P.P.; Law, J.X. Mesenchymal Stem Cell-Derived Exosomes 
and MicroRNAs in Cartilage Regeneration: Biogenesis, Efficacy, miRNA Enrichment and Delivery. Pharmaceuticals 2021, 14, 
1093. https://doi.org/10.3390/ph14111093. 

36. Nasirishargh, A.; Kumar, P.; Ramasubramanian, L.; Clark, K.; Hao, D.; Lazar, S.V.; Wang, A. Exosomal microRNAs from 
mesenchymal stem/stromal cells: Biology and applications in neuroprotection. World J. Stem Cells 2021, 13, 776–794. 
https://doi.org/10.4252/wjsc.v13.i7.776. 

37. Oveili, E.; Vafaei, S.; Bazavar, H.; Eslami, Y.; Mamaghanizadeh, E.; Yasamineh, S.; Gholizadeh, O. The potential use of 
mesenchymal stem cells-derived exosomes as microRNAs delivery systems in different diseases. Cell Commun. Signal. CCS 2023, 
21, 20. https://doi.org/10.1186/s12964-022-01017-9. 

38. Jaukovic, A.; Kukolj, T.; Obradovic, H.; Okic-Dordevic, I.; Mojsilovic, S.; Bugarski, D. Inflammatory niche: Mesenchymal stromal 
cell priming by soluble mediators. World J. Stem Cells 2020, 12, 922–937. https://doi.org/10.4252/wjsc.v12.i9.922. 

39. Noronha, N.C.; Mizukami, A.; Caliari-Oliveira, C.; Cominal, J.G.; Rocha, J.L.M.; Covas, D.T.; Swiech, K.; Malmegrim, K.C.R. 
Correction to: Priming approaches to improve the efficacy of mesenchymal stromal cell-based therapies. Stem Cell Res. Ther. 
2019, 10, 132. https://doi.org/10.1186/s13287-019-1259-0. 

40. Zheng, T.; Li, Y.; Zhang, X.; Xu, J.; Luo, M. Exosomes Derived From miR-212-5p Overexpressed Human Synovial Mesenchymal 
Stem Cells Suppress Chondrocyte Degeneration and Inflammation by Targeting ELF3. Front. Bioeng. Biotechnol. 2022, 10, 816209. 
https://doi.org/10.3389/fbioe.2022.816209. 

41. Zhou, X.; Luo, D.; Sun, H.; Qi, Y.; Xu, W.; Jin, X.; Li, C.; Lin, Z.; Li, G. MiR-132-3p regulates ADAMTS-5 expression and promotes 
chondrogenic differentiation of rat mesenchymal stem cells. J. Cell. Biochem. 2018, 119, 2579–2587. 
https://doi.org/10.1002/jcb.26421. 

42. Katakowski, M.; Buller, B.; Zheng, X.; Lu, Y.; Rogers, T.; Osobamiro, O.; Shu, W.; Jiang, F.; Chopp, M. Exosomes from marrow 
stromal cells expressing miR-146b inhibit glioma growth. Cancer Lett. 2013, 335, 201–204. 
https://doi.org/10.1016/j.canlet.2013.02.019. 

43. Sun, Z.; Tang, X.; Li, Q.; Wang, H.; Sun, H.; Tian, J. Mesenchymal stem cell extracellular vesicles-derived microRNA-194-5p 
delays the development of intervertebral disc degeneration by targeting TRAF6. Regen. Ther. 2022, 19, 88–96. 
https://doi.org/10.1016/j.reth.2021.12.001. 

44. Wu, Y.; Peng, W.; Fang, M.; Wu, M.; Wu, M. MSCs-Derived Extracellular Vesicles Carrying miR-212-5p Alleviate Myocardial 
Infarction-Induced Cardiac Fibrosis via NLRC5/VEGF/TGF-beta1/SMAD Axis. J. Cardiovasc. Transl. Res. 2022, 15, 302–316. 
https://doi.org/10.1007/s12265-021-10156-2. 

45. Xing, X.; Li, Z.; Yang, X.; Li, M.; Liu, C.; Pang, Y.; Zhang, L.; Li, X.; Liu, G.; Xiao, Y. Adipose-derived mesenchymal stem cells-
derived exosome-mediated microRNA-342-5p protects endothelial cells against atherosclerosis. Aging 2020, 12, 3880–3898. 
https://doi.org/10.18632/aging.102857. 

46. Liu, W.; Hu, C.; Zhang, B.; Li, M.; Deng, F.; Zhao, S. Exosomal microRNA-342-5p secreted from adipose-derived mesenchymal 
stem cells mitigates acute kidney injury in sepsis mice by inhibiting TLR9. Biol. Proced. Online 2023, 25, 10. 
https://doi.org/10.1186/s12575-023-00198-y. 

47. Ma, T.; Chen, Y.; Chen, Y.; Meng, Q.; Sun, J.; Shao, L.; Yu, Y.; Huang, H.; Hu, Y.; Yang, Z.; et al. MicroRNA-132, Delivered by 
Mesenchymal Stem Cell-Derived Exosomes, Promote Angiogenesis in Myocardial Infarction. Stem Cells Int. 2018, 2018, 3290372. 
https://doi.org/10.1155/2018/3290372. 

48. Ma, X.; Wang, Y.; Shi, Y.; Li, S.; Liu, J.; Li, X.; Zhong, W.; Pan, Q. Exosomal miR-132-3p from mesenchymal stromal cells improves 
synaptic dysfunction and cognitive decline in vascular dementia. Stem Cell Res. Ther. 2022, 13, 315. 
https://doi.org/10.1186/s13287-022-02995-w. 



Biology 2023, 12, 1063 18 of 18 
 

 

49. Ge, L.; Wang, K.; Lin, H.; Tao, E.; Xia, W.; Wang, F.; Mao, C.; Feng, Y. Engineered exosomes derived from miR-132-
overexpresssing adipose stem cells promoted diabetic wound healing and skin reconstruction. Front. Bioeng. Biotechnol. 2023, 
11, 1129538. https://doi.org/10.3389/fbioe.2023.1129538. 

50. Shen, H.; Yao, X.; Li, H.; Li, X.; Zhang, T.; Sun, Q.; Ji, C.; Chen, G. Role of Exosomes Derived from miR-133b Modified MSCs in 
an Experimental Rat Model of Intracerebral Hemorrhage. J. Mol. Neurosci. MN 2018, 64, 421–430. https://doi.org/10.1007/s12031-
018-1041-2. 

51. Li, Q.; Wang, Z.; Xing, H.; Wang, Y.; Guo, Y. Exosomes derived from miR-188-3p-modified adipose-derived mesenchymal stem 
cells protect Parkinson’s disease. Mol. Ther. Nucleic Acids 2021, 23, 1334–1344. https://doi.org/10.1016/j.omtn.2021.01.022. 

52. Xiang, Y.; Lv, D.; Song, T.; Niu, C.; Wang, Y. Tumor suppressive role of microRNA-139-5p in bone marrow mesenchymal stem 
cells-derived extracellular vesicles in bladder cancer through regulation of the KIF3A/p21 axis. Cell Death Dis. 2022, 13, 599. 
https://doi.org/10.1038/s41419-022-04936-0. 

53. Hong, P.; Yu, M.; Tian, W. Diverse RNAs in adipose-derived extracellular vesicles and their therapeutic potential. Mol. Ther. 
Nucleic Acids 2021, 26, 665–677. https://doi.org/10.1016/j.omtn.2021.08.028. 

54. Mori, M.A.; Ludwig, R.G.; Garcia-Martin, R.; Brandao, B.B.; Kahn, C.R. Extracellular miRNAs: From Biomarkers to Mediators 
of Physiology and Disease. Cell Metab. 2019, 30, 656–673. https://doi.org/10.1016/j.cmet.2019.07.011. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 
people or property resulting from any ideas, methods, instructions or products referred to in the content. 


	1. Introduction
	2. Materials and Methods
	2.1. Isolation of Mesenchymal Stromal/Stem Cells from Human Amniotic Membrane
	2.2. Priming of hAMSCs with IFN-γ Treatment or by Growing as Spheroids and Conditioned Medium Preparation
	2.3. Isolation and Characterization of Exosomes (EXOs)
	2.4. Real-Time PCR Analysis of miRNAs with TaqMan Low Density Arrays
	2.5. Target Gene Prediction and Gene Ontology (GO) Analysis
	2.6. Statistical Analysis

	3. Results
	3.1. Culture, Characterization, Spheroid Formation of hAMSCs, and EXO Isolation
	3.2. Differentially Expressed miRNAs (DEMs) in Primed hAMSCs
	3.3. Pathway Analysis of miRNA Targets (GO Biological Process)

	4. Discussion
	5. Conclusions
	References

