
1

Vol.:(0123456789)

Scientific Reports |        (2024) 14:17844  | https://doi.org/10.1038/s41598-024-68104-4

www.nature.com/scientificreports

Modulation of naïve 
mesenchymal stromal cells 
by extracellular vesicles derived 
from insulin‑producing cells: 
an in vitro study
Mahmoud M. Gabr 1, Sawsan M. El‑Halawani 1, Ayman F. Refaie 2, Sherry M. Khater 3, 
Amani M. Ismail 4, Mary S. Karras 4, Raghda W. Magar 4, Shorouk El Sayed 5, 
Malgorzata Kloc 6,7,8, Ahmed Uosef 6,7, Omaima M. Sabek 6,7 & Mohamed A. Ghoneim  9*

This study was to determine whether extracellular vesicles (EVs) derived from insulin-producing 
cells (IPCs) can modulate naïve mesenchymal stromal cells (MSCs) to become insulin-secreting. 
MSCs were isolated from human adipose tissue. The cells were then differentiated to generate 
IPCs by achemical-based induction protocol. EVs were retrieved from the conditioned media of 
undifferentiated (naïve) MSCs (uneducated EVs) and from that of MSC-derived IPCs (educated EVs) by 
sequential ultracentrifugation. The obtained EVs were co-cultured with naïve MSCs.The cocultured 
cells were evaluated by immunofluorescence, flow cytometry, C-peptide nanogold silver-enhanced 
immunostaining, relative gene expression and their response to a glucose challenge.Immunostaining 
for naïve MSCs cocultured with educated EVs was positive for insulin, C-peptide, and GAD65. By flow 
cytometry, the median percentages of insulin-andC-peptide-positive cells were 16.1% and 14.2% 
respectively. C-peptide nanogoldimmunostaining providedevidence for the intrinsic synthesis of 
C-peptide. These cells released increasing amounts of insulin and C-peptide in response to increasing 
glucose concentrations. Gene expression of relevant pancreatic endocrine genes, except for insulin, 
was modest. In contrast, the results of naïve MSCs co-cultured with uneducated exosomes were 
negative for insulin, C-peptide, and GAD65. These findings suggest that this approach may overcome 
the limitations of cell therapy.
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Diabetes mellitus (DM) is a metabolic disorder that is a major health concern. Globally,more than 400 million 
people suffered from DM in 2014 compared to 108 million in 19801. If this trend continues, the number of 
patients with diabetes is projected to increase to more than 600 million by 20452. DM results from deficient insu-
lin production as in type1 DM (T1DM) or an inability to utilize this hormone as occurs in type 2 DM (T2DM). 
The pathogenesis of T1DM involves the autoimmune-mediated destruction of insulin-producing β-cells in the 
pancreatic islets. Administration of exogenous insulin is the main treatment for T1DM patients. Maintenance 
of appropriate glycemic control can be achieved with insulin therapy for life. However, inaccurate insulin deliv-
ery results in lack of glycemic control and/or episodes of hypoglycemia. Furthermore, insulin therapy fails 
to prevent microvascular complications in many individuals. Transplantation of pancreatic islets or an intact 
pancreas is an ideal alternative to lifelong treatment with insulin3. However, the shortage of cadaveric organs 
and the need for lifelong immunosuppression are limiting factors. T2DM accounts for the majority of cases of 
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diabetes. This disease can be initially treated by dietary modification and oral medications. Eventually 27% of 
patientswith diabetes become insulin-dependent. Of these patients, less than half achieve the recommended 
glycosylated hemoglobin levels (HbA1c), since exogenous insulin cannot provide the tight glycemic control 
exerted by pancreatic-derived insulin4.

Progress in the field of regenerative therapies provides the potential for the generation of insulin-producing 
cells (IPCs) from a variety of stem cells. To this end, the use of embryonic, neonatal, induced pluripotent and mes-
enchymal/stromal cells (MSCs) has been reported. MSCs are the most studied and commonly used cells in the 
field of regenerative medicine for experimental and/or clinical applications. Initially,it was believed that in vivo 
administration of MSCs would repair damaged tissue viaengraftment and subsequent differentiation. However, 
many studies have demonstrated that despite of their therapeutic benefits, MSCs are not easily engrafted into 
target tissue and most of the transplanted cells become trapped in the lungs and eventually die or are destroyed5. 
It was demonstrated that culture medium conditioned by MSCs produced therapeutic effects similar to those 
of the parent cells in rodent models of acute myocardial infarction6 and lung injury7. As a result, the paradigm 
of MSC-mediated function has shifted from cell engraftment to secretome-based signaling. In 2009, Bruno and 
associates demonstrated that MSCs secrete microvesicles that protect against acute tubular injury8. One year 
later, Lai et al. showed that MSCs released a specific class of vesicles that reduced infarct size in a mouse model9.

EventuallyIt is now known that MSCs exert their therapeutic effects by the release of various membrane-
surrounded vesicles collectively referred to as extracellular vesicles (EVs) into the extracellular milieu10. EVs 
are lipid bilayer vesicles and have 3 main types:exosomes, microvesicles and apoptotic bodiesdepending on 
their size and biogenesis11. These vesicles are characterized by their morphology using transmission electron 
microscopy(TEM), their size by dynamic light scanning and their protein content by Western blotting12. The 
first and best- studied category is exosomes. These exosomes are derived by invagination of the endosomal mem-
brane to form multivesicular bodies (MVBs) which enclose numerous intraluminal vesicles. MVBs are released 
as exosomes upon fusion with the plasma membrane and have a size of 50–150 nm depending on the method 
used for analysis. The second major type of vesicles is microvesicles (MVs) which are larger than exosomes and 
have a size of 100–1000 nm. EVs are released by direct outward budding and fission of the plasma membrane. 
The third class of EVs are apoptotic bodies formed from cells that undergo programmed cell death and become 
fragmented. These vesicles are larger ranging from 500 nm to several micronsin size13.

EVs carry a cargo of proteins, lipids, and different types of RNA that can be transferred from donor cells to 
recipient cells14,15.EV-mediated cell-to-cell communication involves 3 main mechanisms16,17. Proteins within the 
EV membrane can serve as ligands for receptors on the surface of recipient cells. The ligand-receptor interactions 
activate signaling pathways. Fusion of the EV-membrane with the recipient cell membrane results in the releaseof 
EV-contents and theinitiation of different downstream pathways. EVs can also be internalized by endocytosis 
but this process may lead to the degradation of macromolecules. The delivery of EV cargo into the recipient cells 
results in epigenetic changes and the modulation of cell function18–23. The potential application of MSC-derived 
EVs in the management of various pathological conditionshas been exploredbecause these vesicles possess 
almost all the properties of the parent cells in terms of paracrine effects and immunomodulatory functions24,25.

In the present study,the potential of modulatingundifferentiated (naïve) MSCs withEVs derived from human 
IPCs was explored. In this manuscript, the term "extracellular vesicles" is used as recommended by the Inter-
national Society for Extracellular Vesicles26. The term (s) used by the authors of the referenced publicationsare 
kept unchanged.

Materials and methods
Retrieval, expansion, and differentiation of human adipose tissue mesenchymal stem cells 
(hAT‑MSCs)
The required approval for this study was obtained from the Ethical Committee of the University of Mansoura 
(IRB: R. 23.02. 2068). We confirm that all methods were performed in accordance with the relevant guide-
lines and regulations. Liposuction aspirates were obtained from 3 consenting healthy subjects during elec-
tive cosmetic surgeries. The aspirates were digested with 0.075% collagenase type I (Sigma-Aldrich, St. Louis, 
USA) for 30 min at 37 °C with gentle stirring. Collagenase was inactivated with an equal volume of complete 
low-glucose-Dulbecco’s modified Eagle’s medium(DMEM-LG, Sigma-Aldrich) supplemented with 10% fetal 
bovine serum (FBS),and the aspirates were centrifuged for 10 min at 300×g. The cell pellet was resuspended in 
complete DMEM-LG supplemented with 10% FBSand filtered through a 100 µm mesh filter to remove debris. 
The resuspended cells were plated at a density of 1 × 105 cells/cm2 in 75 cm2 culture flasks and incubated at 37 °C 
in a 5% CO2 incubator. Three days later, the nonadherent cells were discarded. The adherent cells were cultured 
to 80% confluence before they were passaged with a trypsin–EDTA solution (Gibco, NY, USA). The cells were 
re-cultured in complete DMEM-LG, replated at a ratio of 1:2 and cultured to 80% confluence. This step was 
repeated for three passages. At this point, the cells were spindle-shaped and displayed a fibroblast-like appear-
ance. Their phenotype was determined by flow cytometry and their ability to undergo trilineage differentiation 
into chondrocytes, adipocytes and osteocytes was tested.

At passages 3–5, cultured cells were rinsed with 1 × Dulbecco’s phosphate-buffer saline (DPBS) without Mg2+ 
and Ca2+ (Invitrogen, Waltham, Massachusetts, USA) followed by incubation with trypsin–EDTA solution for 
3 min, at 37 °C. The detached single cells were rinsed with low-glucose (1 g glucose/L) xeno-free human MSC-
medium (R & D Systems, MU, USA) and centrifuged at 300×g for 5 min. The resulting cell pellet was resuspended 
in the same medium, seeded in laminin 521-coated flasks at 1 × 105 cells/cm2 and cultured for 48 h (Biolamina, 
Stockholm, Sweden). Subsequently, the cells were cultured in serum-free DMEM-LG supplemented with 100 
ng/ml activin-A (R & D Systems), 3 µM CHIR99021 (Sigma-Aldrich), 100 nM wortmannin (ENZO Life Sci-
ences Inc., NY, USA) and 1% B-27 minus insulin (Life Technologies Corporation, NY, USA) for two days. The 
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cells were then cultured in DMEM-LG supplemented with 100 ng/ml activin-A, 3 µM CHIR99021 and 1% B-27 
minus insulin for two days and then cultured overnight in a serum-free DMEM-LG supplemented with 55 nM 
trichostatin-A (Sigma-Aldrich). For the next 12 days, the cells were cultured in high-glucose (4.5 g glucose/l) 
human MSC-medium supplemented with10 mM nicotinamide (Sigma-Aldrich), 10 nM glucagon-like peptide-1 
(Sigma-Aldrich), 10 µg/l PRDX6 protein (BioVision, CA, USA) and 0.1 nM exendin-4 (Sigma-Aldrich). The 
media were replaced every three days. Finally, the cell suspension was seeded in ultralow adherent flasks for 3 
days to enhance differentiation and to form islet-like clusters. These cell clusters were stained for insulin and 
C-peptide. For flow cytometry, some of these cell clusters were dissociated by trypsin. A few of these dissociated 
cells were cultured as a monolayer on chamber slides (Nunc, International, USA)for 24 h and then stained for 
GAD-65.

EV harvesting and characterization
EVs were collected from the culture media of undifferentiated (uneducated) and differentiated (educated)hAT-
MSCs. The cells were then incubated for 48 h in the same medium supplemented with EV-depleted FBS.The elim-
ination of EVs from FBS was carried out by overnight ultracentrifugation at 100.000×g. EVs were then obtained 
by sequential centrifugation of the supernatant at 4°C. Initially, cell debris and large vesicles were removed by 
centrifugation at 300×g for 10 min, 2000×g for 20 min and 10.000×g for 30 min. Subsequently, ultracentrifu-
gation of the supernatant was carried out at 100.000×g for 2 h. The resulting EV pellet was then washed with 
PBS. The EVswere diluted with PBS to obtain harvested EVs from the media of 4 X107 hAT-MSCsin 1 ml. Their 
protein concentration was measured with a BCA protein assay kit (Millipore, Darmstadt, Germany). Finally, 
the specimens were aliquoted and stored at − 80 °C. EVs were characterized by TEM (Supplementary file : Data 
S1),dynamic light scanning for particle distribution analysis (Supplementary file : Data S2),flow cytometry for 
expression of specific proteins: (Supplementary file : Data S3),and Western blotting (Supplementary file : Data S4).

Labeling of EVs and uptake by hAT‑MSCs
MSC-derived EVs were stained with Exoria (Exopharm Ltd, Melbourne, Australia)as described by Tertel et al.27. 
Briefly, 1 mg of Exoria was dissolved in 1 ml of PBS. The solution was centrifuged at 17.000×g for 10 min to 
reduce background noise. Then 25 μl of the EV preparation was incubated for 1 h at 37 °C with 25 μl of Exoria 
solution. One milliliter of 0.5% serum bovine albumin was then added to bind the unbound dye. The labeledEVs 
were washed with PBS by ultracentrifugation at 100.000×g for 70 min. MSCs (1 × 105) were cultured on Lab-Tek 
ll chamber slides (Nunc International, NY, USA) for 24 h at 37 °C. Ten microliter of the labeledEVs were added 
to the cultured cells and incubated for 24 h at 37 °C. The culture medium was then discarded, and the cells were 
washed 3 times with PBS. The red fluorescence signal among the hMSCs was detected by confocal microscopy 
to determine whether internalization of EVs into the cells had occurred.

Cell and EV coculture
The optimal MSC/EV ratio and the duration of coculture were initially titrated to determine the optimal experi-
mental conditions. Accordingly, a total of 1X105 MSCs were treated with 80 μg of EVs/ml for 24 h at 37 °C. (Sup-
plementary file: Data S5).The cells were then washed twice with PBS and cultured in fresh high-glucose DMEM 
supplemented with 10% FBS. The medium was changed every 3 days for a period of 20 days.

Evaluation of the cell preparations
Immunocytochemistry The primary antibodies used were mouse monoclonal anti-insulin (Cat #8138, Cell Signal-
ing Technology, Danvers, MA, USA), rabbit monoclonal anti-glucagon (Cat # 8233, Cell Signaling Technology), 
rabbit polyclonal anti-c-peptide (Cat # 4593, Cell Signaling Technology), rabbit polyclonal anti-human soma-
tostatin (Cat # GTX39061, Gene Tex, Alton Pkwy Irvine, CA, USA) and rabbit monoclonal anti-GAD65 (Cat # 
5843,Cell Signaling Technology). The secondary antibodies used were (H + L Alexa Flour 488 conjugate) anti-
mouse IgG heavy and light (Cat # 4408, Cell Signaling Technology), and Alexa Flour 555 conjugate anti-rabbit 
IgG (H + L) (Cat # 4413, Cell Signaling Technology). The nuclei were counterstained with DAPI (Cat # 4083, 
Cell Signaling Technology). The cells were plated on chamber slides, and fixed with 4% paraformaldehyde for 10 
min at room temperature (RT). The cells were then permeabilized with 100% chilled ethanol for 10 min, blocked 
with 5% normal goat serum for 60 min and incubated overnight with the primary antibodies. Subsequently, the 
cells were washed with PBS and incubated with the secondary antibodies for 2 h at RT.Negative controls were 
prepared by omitting the primary antibody and by staining undifferentiated cells. Confocal images were captured 
using a Leica TCS SP8 microscope (Leica Microsystems, Mannheim, Germany).

Flowcytometry:quantification of insulin and C‑peptide‑positive cells
Primary monoclonal antibodies against insulin (Cat # 565688, BD, San Jose, CA, USA), and C-peptide (Cat 
# 565830, BD) and for secondary antibody anti mouse IgG Fab2 Alexa Flour 488 (Cat # 8878 Cell Signaling 
Technology) were used. The protocols used for cell preparation and labeling are detailed in Supplementary File: 
Data S6. Labeled cells were identified using a red laser at a wavelength of 488 nm by a FACS Aria III cell sorter 
(BD). A total of 20,000 events were obtained. Stained and unstained undifferentiated cells and differentiated 
cells processed without the primary antibody served as negative controls. The data were analyzed by Flow Jo 
software (Becton, Dickinson).

Nanogoldimmunostaining The cells were fixed in 2% formalin and 0.5% glutaraldehyde (both EM grade from 
Ted Pella) in phosphate-buffered saline (PBS) overnight at 4°C. After washing 3 × 15 min with phosphate-buffered 
saline (PBS) containing 0.05% Tween 20 (Bio-Rad Laboratories, Hercules, CA, USA), they were blocked for 6 
h in casein blocking buffer (BioRad) with 0.05% Tween 20 at room temperature. Subsequently samples were 
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incubated with anti-C-peptide antibody (Cat# 05-1109, MilliporeSigma, Burlington, MA, USA) at 1:50 dilution in 
blocking buffer, overnight at 4 °C. The next day, samples were washed for several hours with PBS-0.05% Tween 20 
and incubated overnight at 4 °C with anti-mouse antibody conjugated with 1.4 nm gold Cat #2001; Nanoprobes, 
Yaphank, NY, USA) diluted at 1:50 with blocking buffer. The next day, samples were washed 3 × 15 min with 
PBS-0.05% Tween 20, post-fixed for 20 min in 1% glutaraldehyde in PBS-0.05% Tween 20, washed 3 × 15 min 
in water, silver enhanced with the silver enhancement kit (Cat #2013, Nanoprobes) and processed for electron 
microscopy without the osmium tetroxide treatment, as described previously28,29. Thin (70 nm) sections were 
examined and photographed in JEOL 1200 transmission electron microscope. Undifferentiated MSCs as well as 
human islet were similarly labeled to serve as negative and positive controls respectively.

Gene expression by real‑time PCR
Total RNA was extracted from undifferentiated cells, cells at the end of in vitro differentiation and cells following 
coculture with EVs using a Direct-Zol™ RNA Miniprep kit (Zymo Research, California, USA). The RNA concen-
tration was measured with a spectrophotometer (Nanodrop 2000, Thermo Fisher Scientific, Massachusetts, USA). 
Thereafter, three micrograms of total RNA were converted into cDNA using an RT2 First Strand Kit (Qiagen 
Sciences, Germantown, MD, USA). Primers were designed using the website of the National Centre for Bio-
technology Information.In this study, the expression of relevant pancreatic endocrine genes was evaluated. The 
expression of the following genes was determined: the pancreatic endocrine hormones insulin (INS), glucagon 
(GCG), and somatostatin (SST); the relevant transcription factors pancreatic and duodenal homeobox 1 (PDX1), 
neurogenin3 (NGN3), regulatory factor X6 (RFX6), neurogenic differentiation factor 1 (NEUROD1), V-Maf 
musculoaponeurotic fibrosarcoma oncogene A and B (MAFA & MAFB) and paired box 4 (PAX4); the pancreatic 
enzymes: glucokinase (GCK); the glucose transporter solute carrier family member 2 (GLUT-2); the endocrine 
precursor marker nestin (NES); and the nuclear hormone receptor superfamily member estrogen-related receptor 
gamma (ESRRɣ). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was included as an internal control for 
normalization. Amplification was performed for each sample in a 20 µl reaction consisting of 10 µl of 2X Maxima 
SYBR Green Master Mix (Thermo Fisher Scientific), 2 µl of primers (5 pmol), 1 µl of cDNA template (100 nmol), 
and 7 µl of nuclease-free water. The reactions were carried out in a 96-well plate inserted into a real-time thermal 
cycler (CFX96 Real-Time System, Bio—Rad, Hercules, CA, USA). The cycling parameters for PCR amplification 
were as follows: initial denaturation at 95 °C for 3 min, followed by 40 cycles of denaturation at 95 °C for 15 s, 
annealing at 60 °C for 30 s and extension at 72 °C for 30 s. The procedure was performed in triplicate for each 
sample. In this study, the data are expressed relative to those obtained for undifferentiated MSCs.

Determination of in  vitro insulin and C‑peptide release in response to increasing glucose 
concentrations
Six samples, 1 million cells each, were obtained from each of the 3 cell types: MSCs differentiated by the conven-
tional protocol (IPCs),naïveMSCs cocultured with educated EVs, and naïve MSCs cocultured with uneducated 
EVs. The cells were initially incubated for 3 h in glucose-free Krebs–Ringer bicarbonate buffer (KRB). This step 
was followed by incubation for 1 h in 3.0 ml of KRB containing 5.5, 12 or 25 mM glucose. The supernatant was 
collected at the end of each incubation period. The collected samples were frozen at − 70 °C until assayed using an 
ELIZA Kit for human insulin (DRG Diagnostic, Germany) and for human C-peptide (Abcam, Cambridge, UK).

Statistical analysis
Data analysis was carried out using IBM SPSS statistics 16.0 software (IBM Corp., Armonk, NY, USA). According 
to their category, the data are expressed as median values or as the mean ± standard error. Since the data were 
nonparametric and unmatched, significant differences between 2 groups were analyzed by the Mann–Whitney 
test. For more than 2 groups, Kruskal–Wallis 1-way analysis of variance was used. A p value of < 0.05 was con-
sidered significant.

Ethics approval and consent to participate
The required approval for this study (Modulation of naïve mesenchymal stromal / stem cells by extracellular 
vesicles derived from insulin-producing cells: an in vitro study) was obtained from the Institutional Research 
Board of the University of Mansoura (IRB: R. 32.02.2068 / date 26-2-2023). The human adipose donors gave 
written informed consent for the use of their samples in this study (without a financial compensation).

Results
Characteristics of the MSCs
At the end of expansion, the MSCs adhered to the plastic of the culture plates, exhibited a spindle-shaped mor-
phology, and were positive for their specific cell markers and negative for the hematopoietic stem cell markers 
(rawdata, Supplementary file: S7). In addition, their abilityfor trilineage differentiationinto adipocytes, chon-
drocytes and osteocytes was verified (Supplementary file: S8).

Characteristics of the isolated EVs (Fig. 1)
The spherical cup-shaped morphology of MSC-derived EVs was confirmed by TEM (Fig. 1A). Particle distribu-
tion analysis by intensity showed that the largest EV-aggregate (97.0%) had an average diameter of 123.8nm 
(Fig. 1B). A second and much smaller cluster of apoptotic bodies with an average diameter of > 1000 nm was also 
noted. The expression of the specific associated proteins CD9, and CD63 was verified by flowcytometry (Fig. 1C), 
and that of CD9, CD63, CD81, TSG-101 and syntenin was verified by Western blotting (Fig. 1D).
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Internalization of the isolated EVs into MSCs
Coculture of Exoria-labeledEVswith MSCs confirmed the internalization of the EVs (Fig. 2).

Immunocytochemistry for insulin and C‑peptide (Fig. 3)
Insulin and C-peptide were co-expressed in human islets (Fig. 3A), MSC-differentiated IPCs (Fig. 3C) and naïve 
MSCs cocultured with educated EVs (Fig. 3D). In contrast, naive MSCs (Fig. 3B) and naïve MSCs cocultured 
with uneducated EVs (Fig. 3E) did not express insulin or C-peptide.

Figure 1.   Characterization of the isolated EVs: (A) TEMshows multiple spherical vesicular EVs. (B) Particle 
size distribution by intensityanalysis showed that the largest aggregate of EVs (97%) had an average diameter of 
123.8 nm. (C) Flowcytometry confirmed that the isolated EVs expressed CD9 and CD63. (D) Western blotting 
confirmed that the isolated EVsexpressed CD81, CD9, CD63, syntenin and TSG-101 and did not express GRP94 
or calnexin. The expression of CD105 confirmed the MSC-origin of these EVs. Uncropped gel blots are included 
in supplementsry file: S12.

Figure 2.   EVs (educated and uneducated) were incubated with red Exoria dye. The red-labeled EVs were 
then incubated with MSCs. Internationalization of EVs wasconfirmed when the cells acquired a red stain. (A) 
MSCswere incubated with Exoria-labeled educated EVs. Red staining indicates that educated exosomes were 
internalized into MSCs. (B) MSCswere incubated with Exoria-labeled uneducated EVs. Red staining indicated 
that uneducated exosomes were internalized intoMSCs. (C) The internalization of unlabeled exosomes served as 
a negative control. The cells lack the red color, and their nuclei are stained blue with DAPI.
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Immunocytochemistry for GAD65 (Fig. 4)
GAD65 was expressed in human islets (Fig. 4A), MSC-differentiated IPCs (Fig. 4C) and naïve MSCs cocultured 
with educated EVs (Fig. 4D). naïve MSCs (Fig. 4B) and MSCs cocultured with uneducated EVs (Fig. 4E) did 
not express GAD65.

Quantification of the hormone‑positive cells by flow cytometry (Fig. 5)
The median percentages of insulin-and C-peptide-positive cells among the differentiated IPCs (donor cells) were 
21.2% and 18.2% respectively. The median percentages of insulin-and C-peptide-positive cells among the MSCs 
cocultured with educated EVs (recipient cells) were 16.15% and 14.25% respectively. In contrast the median 
percentages of insulin-and C-peptide-positive cells among MSCs cocultured with uneducated EVs were 2.05% 
and 0.77% respectively. (raw data, Supplementary file: S9). These data represent the median of 6 experiments. 
Figure 5 and its legend represent an example case.

C‑peptide nanogold, silver‑enhanced, immunostaining (Fig. 6)
Pancreatic islet cells contained labeled C-peptide (arrows) in the cytoplasm. Undifferentiated MSCs were negative 
for C-peptide while differentiated IPCs containedlabeled C-peptide in the cytoplasm. Undifferentiated MSCs 
cocultured with uneducated EVs were negative for C-peptide. In contrast undifferentiated MSCs cocultured with 
educated EVs showed labeled C-peptide (arrows) in the cytoplasm. To visualize the silver enhanced nanogold 
particles, TEM samples were not contrasted with osmium, thus the ultrastructural features of cells were not 
well visible.

Gene expression by RT‑PCR (Fig. 7)
All the relevant pancreatic endocrine genes were expressed by thedifferentiated IPCs. The expression levels 
were greater than those of MSCs cocultured with educated or uneducated EVs. Differences in the expression of 
INS, GCG, SST, PDX-1 and NEUROD-1were significant. Gene expression values among MSCs cocultured with 
educated or uneducated EVs were comparable. A significant difference was only noted for the expression of 
insulin(raw data, Supplementary file: S10).

Insulin and C‑peptide release in response to increasing glucose concentrations (Fig. 8)
There was a stepwise increase in the amount of insulin and C-peptide released from differentiated IPCs and naïve 
MSCs cocultured with educated EVs. There was a statistically significant increase in the secretion of human 
insulin and C-peptide in response to the glucose challenge at each concentration (raw data, supplementary file 
1: S11). The release of insulin and/or C-peptide by MSCs cocultured with uneducated EVs in response to glucose 
challenge was negligible. (raw data, Supplementary file: S11).

Discussion
Although MSC-based therapies are considered safe30, their systemic administration carries some inherent risks. 
Cells are trapped in the lungs and can lead to the occlusion of the microvasculature. The ability of MSCs to 
differentiate into chondrocytes and osteocytes has raised concernsabout undesirable ectopic calcification or 
ossification in tissues31. Transplantation of living dividing cells carries a risk of teratogenesis. Cell necrosis and/
or the induction of allogenic immune responses are additional challenges. In contrast, because of their nanosize, 
EVs can be safely infused without being trapped in the lungs or occlusion of the microvasculature.EVs do not 
replicate, and the potential for teratogenesis is eliminated32. The production of EVs is scalable, and these vesicles 
can be stored and used as off-the-shelf therapeutic tool and can then be delivered on a timely basis33,34. The donor 
cell can be colonially selected and immortalized to ensure reproducible production35. Since MSC-derived EVs 
exert the same functions as their parent cells, their use is safer and more economical than cell-based therapeutics. 
As a result, the use of EVs for the treatment of several disease entities has been increasingly reported24,25,36–38.

The main objective of our in vitro study is to determinewhether IPC-derived EVs can modulate naïve MSCs 
into IPCs. To this end, hAT-MSCs were isolated, expanded and characterized by their morphology, phenotype 
and ability to undergo trilineage differentiation. The cells were then differentiated into IPCs by our conventional 
protocol39. Uneducated EVs were retrieved from the conditioned medium of naïve MSCs, and educated EVs from 
that of IPCs. Harvesting was carried out by differential centrifugation without preliminary steps; an approach 
that has long been considered the most efficient and popular method to isolate EVs from cell cultures40.To date, 
there are no standardized protocols for eliminating EVs from FBS. Overnight ultracentrifugation at 100,000×g 
was used and adopted in our protocol41.EVs were then fully characterized according to the recommendation 
of the International Society for Extracellular Vesicles26. A spherical cup-shaped morphology was observed by 
TEM. The particle-size analysis was performed by dynamic light scattering with an emphasis on measurement by 
intensity. The different types of distributions can often produce substantially different results. The intensity data 
are closest to what is actually measured since they indicate how much light is scattered by particles in different 
size bins42. In our study, EVs with an average diameter of 124 nm were obtained. The presence of specific protein-
sin the retrieved EVs was confirmed by flow cytometry and Western blotting. The presence of CD105 reflected 
their MSC-origin. EV internalization was confirmed by coculture of Exoria-labeled EVs with MSCs. According 
to Tertel et al. Exoria was the only dye that specifically labeledEVs in MSC-EV preparations27. Uneducated and 
educated EVs were cocultured with naïve MSCs. An immunofluorescence study demonstrated that insulin- and 
C-peptide-positive cells were only obtained from IPCs and naïve MSCs cocultured with educated EVs. Unexpect-
edly, IPCs and naïve MSCs cocultured with educated EVs stained positive for GAD65, while cells cocultured with 
uneducated EVs did not. This finding suggests that the IPCs and/or the modulated cells can be the subject of 
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Figure 3.   Immunocytochemical staining for pancreatic hormones: (A) Positive control. Immunostaining of 
a human pancreatic islet. Positive staining for insulin (green), and C-peptide (red). A merged image of insulin 
and C-peptide (yellow) indicates co-expression of the two molecules within the same cells. (B) Negative control. 
Immunostaining of naïve MSCs. The cells were negative for insulin and C-peptide. Only blue nuclei stained 
with DAPI are visible. (C) Differentiated IPCs. The cells were positive for insulin (green) andC-peptide (red). A 
merged image of insulin and C-peptide (yellow),indicates that insulin and C-peptide are expressed within the 
same cells. (D) Naïve MSCs were cocultured with educated EVs. Cells are positivefor insulin (green) andC-
peptide (red). A merged image of insulin and C-peptide cells (yellow), indicates the coexpression of these two 
molecules within the same cells. (E) Naïve MSCs were cocultured with uneducated EVs. The cells were negative 
for insulin and C-peptide. Only blue DAPI stained nuclei were visible.
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destruction by autologous antibodies responsible for T1DM. Can their immunomodulatory function overcome 
this problem? A question that needs further investigations in a T1DM animal model. Hormone-positive cells 
werequantified by flow cytometry. We relied on C-peptide values since they are more accurate than insulin-based 
measurements. Insulin present in the culture media can be absorbed and sequestered in the cells resulting in false 
higher readings43. The median percentages of C-peptide- positive cells were 18.2% and 14.2% among IPCs and 
naïve MSCs cocultured with educated EVs respectively. These levels are sufficient to provide functional benefits 
since cell transplantation is followed by further differentiation in vivo44. Again, immunogold labeling revealed 
C-peptide-positivegranules within IPCs and naïve MSCs cocultured with educated EVs. A stepwise increase was 
observed in the amount of insulin and C-peptide released in response to glucose challenge amongIPCs and naïve 
MSCs cocultured with educated EVs. This finding indicates that cells from both categories are glucose-sensitive 
and insulin-responsive. The responses of cells cocultured with uneducated EVswere negligible. Overall, evidence 
for the intrinsic synthesis of insulin and C-peptide by naïve MSCs cocultured with educated EVs was provided 
and their modulation into IPCs was established.

The results of and the acquired benefits from administration of uneducated MSC-derived EVs in diabetic 
animal models were the subject of previous reports. In all these experimental studies areduction in fasting glu-
cose levels was reported, but euglycemia was not achieved. This therapeutic benefit was attributed to a variety 
of factors. EV immunomodulatory functions45,46, promotion of autophagy47, and increased expression of genes 
associated with regeneration48, have been suggested. Sun et al. proposed that treatment with exosomes restored 
the phosphorylation of insulin receptor 1, promoted the expression of glucose transporter 4 and increased gly-
cogen storage in muscles49. The transfer of an insulinotropic factor enclosed within the EV-cargo to recipient 
cells was proposed by Kulaj et al.50. Alternatively, the use of educated exosomes derived from the conditioned 
medium of β cells has also been reported. Sun et al. harvested EVs from an insulinoma cell line (MIN6). Diabetes 
was chemically induced in male C57BL/6J mice. EVs were transplanted into the pancreas. The authors observed 
that the treated animals had a longer median survival time than the controls. Improved glucose tolerance and 
increased insulin content with preservation of islet architecture were detected. The expression of CD31, a marker 
of endothelial cells, was also enhanced51. Guo et al., cocultured exosomes derived from the MIN6 cell line with 
human induced pluripotent stem cells (iPSCs). Compared with the controls, the treated iPSCs showed greater 
expression of the relevant pancreatic endocrine genes and were positively stained for insulin and glucagon by 
immunofluorescence. The expression of these pancreatic markers was significantly reduced in the iPSCs cocul-
tured with EVs derived from MIN6 cells pretreated with silenced Agonaute2 (siAgo2). The EV-induced iPSCs 
were transplanted under the renal capsule of STZ-diabetic mice. Glucose tolerance was improved and a 50% 

Figure 4.   Immunostaining for GAD65: (A) Positive control: human islets. Cells are positive for insulin (green) 
and GAD65 (red). (B) Naïve MSCs: The cells did not express insulin or GAD65. Only blue DAPI-stained nuclei 
were visible. (C) Differentiated MSCs (IPCs): The differentiated IPCs are positive for insulin (green) and GAD65 
(red). (D) Naïve MSCs were cocultured with educated EVs: Cells expressed insulin (green) and GAD65 (red). 
(E) Naïve MSCs cocultured with uneducated EVs: The cells were negative for insulin and GAD65. Only blue-
DAPI stained nuclei are visible.
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decrease in blood glucose levels was noted. Dynamic changes in the expression of 4 miRNAs:miR-706, miR-709, 
miR 466c-5p and miR-423-5p were detected in the treated iPSCs. Based on this finding, the authors maintained 
that βcell-derived EVs induce the differentiation of iPSCs into IPCs via miRNA-dependent mechanisms52. Bai 
and associates used a 4-stage procedure for chemical differentiation of human iPSCs. EVs derived from human 
β cells were added in stage IV53.The resulting induced β cells (i-β cells) secreted insulin in response to a glucose 
challenge. Transplantation of these i-β cells under the renal capsule of STZ-induced diabetic mice resulted in a 
significant reduction in their blood glucose levels. Functional analysis of these EVs revealed that 5 miRNAs were 
involved in the development of i-β cells from iPSCs. The authors demonstrated that miR-212/132 are the most 
relevant since the insulin-positive cell population was significantly decreased after inhibitors of these molecules 
were added. EV-miR-212/213 serve to stabilize NGN3 expression which promotes the differentiation of endocrine 
cells from iPSCs. Mandal and colleagues used a 3-stagechemical-based protocol for the differentiation of mouse 
embryonic fibroblasts into β-like cells54. Exosomes derived from the MIN6 cell line were added to the cell culture 
in stage I. The differentiated cells overexpressed the endocrine genes Pdx1 and Ngn3 and released C-peptide after 
challenge with a high glucose concentration. Furthermore, the authors identified the miRNA profile of MIN6-
derived EVs. These researchers observed that miR-486, miR-127, miR-196, miR-494 and miR-709 were highly 

Figure 5.   Quantification of hormone-positive cells by flow cytometryin an example study: (A) MSCs 
differentiated into IPCs. The percentage of insulin-positive cells was 23% and that for C-peptide-positive cells 
was 21.7%. (B) Naïve MSCs were cocultured with educated EVs. The percentage of insulin-positive cells was 
18.2% and that for C-peptide positive cells was 16.3%. (C) Naïve MSCs were cocultured with uneducated EVs. 
The percentage of insulin-positive cells was 0.89% and that for C-peptide positive cells was 0.43%.
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enriched in these EVs. Individual transfection to identify the miRNAs that induced the highest levels of Pdx1 
in the recipient cells was carried out. The authors reported that miR-127 and miR-709 induced the highest Pdx1 
expression.Notably, the utilized methods and the involved mechanisms were not uniform. In some reports, EVs 
were retrieved from an insulinoma cell line that is biologically different from human β cells55,56. The recipient 

Figure 6.   TEM. Silver enhanced C-peptide nanogold immunostaining: (A) Pancreatic islet cell contains labeled 
c-peptide (black spots,arrows) in the cytoplasm. (B) Naïve MSC negative for C-peptide. (C) Differentiated 
MSC contains labeled C-peptide (blackspots,arrows) in the cytoplasm. (D) Naïve MSC cocultured with 
uneducatedEVs is negative for C-peptide. (E) Naïve MSC cocultured with educated EVsshows labeled 
C-peptidein the cytoplasm (black spots,arrows). Mitochondria (mito), rough endoplasmic reticulum (RER). To 
visualize the silver enhanced nanogold particles the TEM samples were not contrasted with osmium, thus the 
ultrastructural features of cells are not well visible.
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cells were also different; pancreatic cells, human iPSCs and mouse fibroblasts were used. After transplantation, 
the resulting cells improved glucose tolerance and reduced blood glucose levels, but euglycemia was not achieved. 
However, the essential aim is to assess the outcome following systemic administration of EVs and not after 
transplantation of EV-cocultured cells. In our experiments, EVs were obtained from the conditioned medium 
of hAT-MSC-derived IPCs. Furthermore, these EVs were cocultured with MSCs. The utilization of EVs of MSC-
origin and their coculture with MSCs can provide a distinct advantage. This method would exploit the benefits 
of the immunomodulation and pro-angiogenesis functions of these cells.

Due to their complex composition, EVs can deliver different bioactive molecules to recipient cells that can 
modify their function and phenotype21. Various mechanisms have been proposed to explain their mode of action. 
Early pioneering studies by Ratajczak and Valedi showed that the functional mRNA transferred to recipient cells 
can be translated to protein18,19. This hypothesis was supported by several investigators8,57–59. EVs can also transfer 
miRNAs to target cells60,61. Collino et al., reported that microvesicles released from human MSCs contain miRNAs 

Figure 7.   Relative gene expression determined by RT-PCR. (median values of 8 studies): All pancreatic 
endocrine genes were expressed by differentiated IPCs and the naïve MSCs cocultured with educated EVs. The 
expression of INS, GCG, SST, PDx-1 and NEUROD-1 were significantly greater in IPCs. Gene expression in 
naïve MSCs cocultured with uneducated EVs was marginal.

Figure 8.   Insulin and C-peptide release in response to increasing glucose concentrations: There was a stepwise 
increase in the amount of insulin and C-peptide released from differentiated IPCs and naïve MSCs cocultured 
with educated EVs. The values of the released insulin and C-peptide were significantly greaterfor the IPCs. The 
responses of MSCs cocultured with uneducated EVs were negligible.



12

Vol:.(1234567890)

Scientific Reports |        (2024) 14:17844  | https://doi.org/10.1038/s41598-024-68104-4

www.nature.com/scientificreports/

that are more abundant than in the cell of origin suggesting specific and selective compartmentalization62. EV-
mediated transfer of miRNAs regulate protein translation and modulate the expression of gene products in 
recipient cells63. The transfer of genetic information was questioned by Toh and associates64. They argued that 
EV-RNAs are too short to carry protein coding information. The miRNA-induced biological effects of MSC-EVs 
can be exerted only by either pre-miRNA or RNA-induced silencing complex (RISC)-loaded mature miRNA. 
These authors challenged the role of miRNA because the RISC components are not generally present in EVs. 
Furthermore, pre-miRNAs are not found in sufficient quantities to elicit a relevant biological response. A protein-
based mode of action was proposed. More than a thousand proteins have been identified in the EV-contents. 
These proteins are involved in many key biological activities that are essential for cellular communication and 
the modulation of cell functions65. It was suggested that proteins in typical MSC-derived EVs are present at suf-
ficient functional levels to elicit biological responses. In our study,despite the evidence for the intrinsic synthesis 
of C-peptide and insulin, gene expression was modest. We hypothesized that this functional result is due to 
mechanisms other than the upregulation of relevant genes.

Although experimental studies reporting the use of EVs for the treatment of DM in rodents are plentiful, 
clinical trials are scarce and thus far non-informative. Treatment of DM with EVs can involve 2 approaches. 
Uneducated EVs can be used for cases with early-onset T1DM to exploit their immunomodulatory functions. 
For patients without a meal-stimulated C-peptide response, the use of educated EVs can also be explored. In 
any event, before embarking on a clinical trial, several challenges have to be addressed. The best source for 
MSC-derived EVs has yet to be identified. The method for their isolation must be optimized and standardized. 
Increases in the yield of EVs from the conditioned medium of MSCs and their disease-specific potential are 
needed. The optimal dose for systemic administration, the frequency of repeat treatments, and the duration of 
a possible therapeutic benefit have to be determined. The organ distribution of the administrated EVs and the 
type of cells in which they are localized have also to be identified.The side effects of EV treatments particularly 
in the long term should also be noted. To address all these issues. Rigorous in vivo studies in a diabetic animal 
model have to be carried out.

If these experiments provide an answer for all these issues and systemic administration of educated EVs can 
achieve euglycemia in a diabetic animal model, the efficiency of this modality has to be compared with pluripo-
tent stem cell-derived islets or neonatal pig islet transplantation. In addition, the results should be comparaple 
to or better than those of the newly approved anti-diabetic medications or the ever-improving closed-loop 
insulin pumps.

Conclusions
EVs derived from insulin producing cells can modulate naïve MSCs to become insulin secreting. As yet, the 
mechanisms involved have not been precisely identified. The real test for the efficiency of these EVs is the ability 
to treat diabetes in a rodent model following their systemic administration. The required dose and frequency of 
their administration have to be determined. Any side effects have also to be noted. To this end, experiments in 
our research laboratory are underway.

Data availability
All data generated or analysed during this study are included in this published article and its supplementary 
information files.
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