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Extracellular vesicles (EVs) hold great promise as regenerative therapeutics due to their roles in
intercellular communication and tissue repair. This study aimed to assess the safety of EVs derived
from human mesenchymal stem cells (MSCs) obtained from both umbilical cord (UC-MSC-EVs)

and adipose tissue (AD-MSC-EVs) sources, which were manufactured under xeno- and serum-free
conditions and primed with 5% O,. EVs from neither source caused vascular or muscular stimulation in
New Zealand rabbits. Systemic hypersensitivity tests revealed that neither UC-MSC-EVs nor AD-MSC-
EVs triggered significant changes in allergic and immune responses or hematological parameters in the
animals, highlighting their biocompatibility and safety when administered systemically. Furthermore,
acute toxicity test using Swiss mice showed all mice survived without any signs of acute toxicity after
intravenous injection of both types of EVs at very high doses (up to 10,000 pg/kg of body weight). In
addition, subchronic toxicity examination in Wistar rats revealed that repeated injections of neither
UC-MSC-EVs nor AD-MSC-EVs (50-150 pg/animal) affected hematological indices or the functions of
the liver, kidney, or spleen. Collectively, our findings provide strong evidence that both UC-MSC-EVs
and AD-MSC-EVs manufactured under xeno- and serum-free conditions and primed with 5% O, are safe
for potential therapeutic use. These results contribute to the growing body of evidence supporting the
safety of physoxic MSC-derived EVs as therapeutic drugs, confirming their potential for applications in
regenerative medicine.
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Abbreviations

EVs Extracellular vesicles
MSCs Mesenchymal stem cells
MSC-EVs MSCs-derived EVs

AD-MSC-EVs  MSC-EVs from adipose tissue
UC-MSC-EVs  MSC-EVs from both umbilical cord

NTA Nanoparticle tracking analysis
TEM Transmission electron microscopy
PDT Population doubling time

P Passages

BCA Bicinchoninic acid

HE Hematoxylin and eosin
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RBCs Red blood cells

WBCs White blood cells

IL Interleukin

TNF Tumor necrosis factor

ELISA Enzyme-linked immunosorbent assay
LD, Median lethal dose

AST Aspartate aminotransferase

ALT Alanine aminotransferase

SEMs Standard errors of the means

Extracellular vesicles (EVs) are lipid bilayer structures that are secreted by cells into the extracellular space
ranging in size from 30 to 5000 nm"2. These nanosized structures are recognized as essential messengers that play
pivotal roles in intercellular communication!. EVs carry bioactive molecules such as proteins, lipids, nucleic
acids, and metabolites and are capable of transporting these cargos to other cells, often at distant locations,
influencing various cellular processes*>.

Mesenchymal stem cells (MSCs) are stromal cells that can be isolated from various tissues, with the most
common sources including bone marrow, adipose tissue, and the umbilical cord®. MSCs are characterized by
their multipotent differentiation potential enabling them to give rise to a variety of cell types, such as those
representative of bone, cartilage, fat, and muscle cells’. In addition, MSC can modulate the immune response,
reducing inflammation and promoting tissue healing through their immunomodulatory effects®. These unique
qualities make MSCs a valuable resource for tissue regeneration and repair, and they have become a subject
of extensive research and clinical interest. Although MSC therapy offers promising therapeutic benefits, there
are several challenges that must be addressed before it can be widely adopted for clinical use. These challenges
include concerns about cell rejection, the undesired differentiation of MSCs, the accumulation of MSCs
in unintended locations, and the risk of tumorigenesis9. Therefore, cell-free therapeutic tools with similar
regenerative properties might be attractive alternatives for the treatment of diseases.

Various data obtained in experimental animals have shown that MSC-derived EVs (MSC-EVs) and MSCs
have comparable therapeutic effects in terms of immunomodulation, tissue regeneration, and angiogenesis'’.
In addition, MSC-EVs overcome many of the challenges of MSC-based therapy, as they lack immunogenicity'!,
do not undergo unplanned differentiation'?, and presenting the opportunity for production and use as an off-
the-shelf drug in a lyophilized form®!3-1%. For these reasons, there is an urgent need to explore the potential of
MSC-EVs in experimental and clinical settings.

Although MSC-EVs are valuable biological agents, the scale-up of their manufacturing for clinical use
remains challenging, as they are present in limited numbers under normal MSC culture conditions. Hypoxia, or
physoxia preconditioning can optimize the performance of MSCs better reflecting the physiological conditions
of the cells within many tissues in the body!®~!%. MSCs cultured under physoxia have been shown to release more
EVs, which have a distinct protein profile?®?! and are enriched in survival and angiogenic factors?2. However,
while these studies have focused on the in vitro biological properties of EVs under physoxic conditions, in vivo
evaluations of physoxic EV's in animals remain lacking. Further, EVs from MSC cultures in medium containing
serum or/and animal-derived components are unsuitable for clinical applications due to their unknown and
undefined compositions*?*. Therefore, it is crucial to elucidate MSC-EVs changes in reaction to physoxia and
xeno-free and serum-free culture conditions and their in vivo behaviors.

To address this research gap, this study aimed to evaluate the impact of physoxia and xeno- and serum-
free conditions on the biological properties of EVs isolated from umbilical cord- and adipose tissue-derived
MSCs (UC-MSC-EVs and AD-MSC-EVs, respectively) in vitro and assess their safety profiles (local stimulation,
systemic hypersensitivity, acute toxicity, and subchronic toxicity) in vivo using animals (New Zealand white
rabbits, Swiss mice, and Wistar white rats) (Fig. 1). The outcomes of this study are expected to provide an
important insight into the potential of physoxic MSC-EVs for clinical translation in therapeutic applications.

Methods

Animals

The work has been reported in line with the ARRIVE guidelines 2.0. Animals, including New Zealand white
rabbits (1.8-2.3 kg, 4-4.5 months old), Wistar rats (200-300 g, 12-14 weeks old), and Swiss mice (20-30 g,
6-8 weeks old), were obtained from Le Thi Mo’s business household and housed in separate cages in a climate
controlled environment room with a 12-hour light/dark cycle and no restriction food and water (Vietnam
Military Medical University). Animal handling and the experimental procedures were reviewed and approved by
the Institutional Review Board (IRB) of Dinh Tien Hoang Institute of Medicine and were performed according to
the Guidelines for Animal Experiments of the IRB (No. IRB-A-2201). Before sacrifice, animals were anesthetized
using isoflurane (Baxter, USA). Animals were initially anesthetized with 5% isoflurane in oxygen at a flow rate of
1 L/min to induce loss of consciousness. While fully anesthetized, an intraperitoneal injection of pentobarbital
sodium (100 mg/kg) was administered to induce irreversible cessation of vital functions. Death was confirmed
by the absence of heartbeat and respiration prior to proceeding with subsequent experimental procedures.

MSC isolation and culture

Umbilical cord and adipose tissue samples were obtained from women after obtaining consent forms from
the participants and approval from the Ethics Council of Vinmec International Hospital (No.03/2022/Qb-
VNC). Birth was by cesarean section, and samples were immediately placed in 0.9% sodium chloride (Bidiphar,
Vietnam). MSCs were isolated using enzymatic digestion as described previously?. Briefly, the tissues were
cut into small fragments and incubated in 500 U/ml collagenase type I (Sigma, Germany) for 150 min, 37 °C,
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Fig. 1. MSC-EV characterization. (A) Yield of EVs (total amount of EVs per liter of culture medium, mg/L).
(B) TEM image of the isolated EVs. (C, D) Flow cytometry analysis of MSC-EV surface markers, including
CD63 and CD9. “Dim” and “bright” CD9/CD63 populations were gated based on fluorescence intensity with
“dim” indicating low and “bright” indicating high marker expression. (E) Analysis of the profiles of growth
factors released from AD-MSC-EVs and UC-MSC-EVs by Luminex assay. (F) Stability of EVs after multiple
freeze-thaw cycles. The data are presented as mean + SEM. Significant differences between groups in Figure E
and F were analyzed by t-test and ANOVA//Bonferroni, respectively.
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300 rpm using an GentleMACS Dissociator. The isolated cells were counted by Trypan blue staining and were
then plated at 3,200 cells/cm? in culture flasks coated with CTS™ CELLstartTM substrate (Gibco, USA). Primary
cells were cultured in StemMACS™ MSC Expansion Medium (Miltenyi Biotec, Germany) at 37 °C with 5% CO,
under ambient oxygen (21% oxygen). MSCs were harvested when the cells reached 80% confluence. For long-
term storage, MSCs were cryopreserved at passages (P) 1 and 3 in serum-free, xeno-free medium containing
defined reagents (CryoStorR CS10 (Stemcell Technologies, Singapore)) in the vapor phase of liquid nitrogen.
The temperature of the cells was monitored and maintained at -196 °C.

For subsequent analysis, a cryopreserved stock of AD-MSCs and UC-MSCs at P3 was thawed and cultured
in StemMACS™ MSC Expansion Medium (Miltenyi Biotec, Germany) at 37 °C with 5% CO, and 21% O,. Cells
were harvested using TrypLE Select CTS enzyme (Gibco, USA) and passaged at a concentration of 3,200 cells/
cm? At the last passage, the cells were grown under 21% O, conditions for 3 days, followed by a switch to
physoxic conditions of 5% O, for 2 days.

MSC characterization

The population doubling time (PDT) was calculated as described previously®. Briefly, MSCs were seeded at a
concentration of 5000 cells/cm? in triplicate using CTS™ CELLstartTM substrate-coated flasks (Thermo Fisher
Scientific, USA) until the culture reached 80% confluence. The cells were harvested, stained with Trypan blue
and dye-excluding cells counted using a Neubauer improved C-chip disposable hematocytometer (INCYTO,
Germany). The PDT was calculated based on the numbers of cells seeded and harvested.

To further assess cell viability, the harvested cells were stained with DAPI. To analyze MSC identity, the
harvested cells were immunolabelled stained with CD90 FITC, CD105 PerCP-Cy5.5, CD73 APC and a negative
marker cocktail (CD45/CD34/CD11b/CD19/HLA-DR PE) using a BD Stemflow™ Human MSC Analysis Kit
(Beckman Dickson, USA) according to the manufacturer’s instructions. The stained cells were acquired with a
MACSQuant Analyzer 10 flow cytometer and analyzed using FlowJo software.

EV isolation

To isolate EVs, a cryopreserved stock of AD-MSCs and UC-MSCs at P3 were cultured independently in T225
culture flasks under air oxygen (21%) until P5. The cells were then subcultured in HYPERFlasks under air 21%
oxygen for 3 days and then switched to 5% oxygen for 2 days. The conditioned medium was then harvested and
filtered through a microfiltration membrane (Prefilter PreFlow™ UB) with a pore size of 0.45 um to remove dead
cells and cell debris. Subsequently, the post- microfiltered media was concentrated using a tangential filtration
system (Minimate TFF capsule OMEGA) with a 100 kDa hollow-fiber membrane. The concentrated medium
was then subjected to ultracentrifugation at 100,000 x g for 75 min at 4 °C. The pellet was finally resuspended
in PBS and stored at -80 °C for further experiments. For injection, both UC-MSC-EVs and AD-MSC- EVs
were thawed at 4 °C and diluted in Ringer Lactate to the appropriate protein concentration for each test. Final
injection volumes were 1 mL (rabbit vascular/muscular stimulation and hypersensitivity tests), 0.2 mL (mouse
acute toxicity), and 0.5 mL (rat subchronic toxicity). The injections were performed using sterile syringes and
needles. Prior to administration, the injection site was cleaned with 70% ethanol.

EV characterization

Total protein quantification was carried out using a Pierce BCA Protein Assay Kit (Thermo Scientific™, USA)
according to the manufacturer’s instructions. Briefly, a standard curve was generated by diluting BSA to
concentrations ranging from 20 to 1,000 pug/mL. Subsequently, 10-20 pL of MSC-EV's were mixed with 80-160
uL of the BCA working reagent and incubated for 30 min at 37 °C. The protein content was then measured at
562 nm using a plate reader.

EV morphology was evaluated by transmission electron microscopy (TEM). Briefly, EV samples were
prepared at a concentration of at least 1 mg/mL in PBS. The samples were then positioned on copper grids with a
400-mesh size (Electron Microscopy Services, USA). These grids were rinsed with deionized water and subjected
to negative staining using a 2% solution of uranyl acetate (Ted Pella, USA). TEM images were captured using a
JEM1011 electron microscope (JEOL Ltd., Japan) operating at an accelerating voltage of 100 kV.

Sterility of EV products were confirmed by microbiological and mycoplasma testing. Bacterial and fungal
testing was conducted using the BacT/Alert three-dimensional microbial detection system (Biomerieux, USA).
Mycoplasma testing was performed using a MycoAlert PLUS Mycoplasma detection kit (Lonza, Switzerland),
and the results were measured using a Lucetta luminometer (Lonza, Switzerland) following the manufacturer’s
instructions.

To determine the size distribution of the AD- and UC-MSC-derived EVs by nanoparticle tracking analysis
(NTA), the EVs were resuspended in PBS, and 500 pL of the resuspension was loaded into the sample chamber
of ZetaView software using a 1 mL syringe. Images of the particles were captured using a ZetaView PMX-230-S
device (Particle Metrix, Meerbusch, Germany) with the following settings: 488 nm laser; sensitivity, 80; and
shutter, 100. A size distribution histogram was generated using ZetaView PMX software.

For the analysis of exosome biomarkers, at least 2.5 x 10° particles were incubated with a mixture of magnetic
beads coated with CD9 or CD63 at a 1:1:1 ratio (Abcam, UK) to capture EVs. EVs were then stained with human
anti-CD9 FITC and anti-CD63 PE REAfinity™ antibodies (Miltenyi Biotec, Germany) and analyzed using a
MACSQuant” Analyzer 10 flow cytometer (Miltenyi Biotec, Germany) and FlowJo software (Beckman Dickson,
USA).

To quantify the concentrations of growth factors, Growth Factor 11-Plex Human ProcartaPlex™ Panel kits
(Thermo Fisher Scientific, USA) were used following the manufacturer’s instructions. Briefly, the EV samples
were lysed using RIPA buffer (Thermo Scientific™, USA) prior to the assay and incubated with beads targeting 11
different growth factors: brain-derived neurotrophic factor (BDNF), epidermal growth factor (EGF), fibroblast
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growth factor 2 (FGF-2), hepatocyte growth factor (HGF), leukemia inhibitory factor (LIF), nerve growth factor
beta (NGF-b), platelet-derived growth factor BB (PDGF-BB), placental growth factor 1 (PIGF-1), stem cell
factor (SCF), vascular endothelial growth factor-A (VEGF-A), and VEGF-D. The beads were incubated with a
biotin detection antibody followed by staining with a streptavidin-RPE antibody and measured with a Luminex™
Instrument (Thermo Fisher Scientific, USA).

To evaluate the stability of extracellular vesicles (EVs), the particle concentrations of freshly prepared EV
samples and after each of three freeze-thaw cycles (with a one-day interval between each cycle) were measured
by using an ZetaView PMX. EV integrity after 6 months of storage at —80 °C was also assessed by evaluating
particle concentration, size distribution, protein content, and expression of surface markers CD9 and CD63.

To minimize batch-to-batch variation, all EV batches used in the experiments were required to meet the
following acceptance criteria: (1) protein concentration of 15 mg/mL+20%, (2) expression of EV markers
CD9 and CD63 confirmed by flow cytometry, (3) negative results for bacterial, fungal, and mycoplasma
contamination, and (4) endotoxin levels below 0.5 EU/mL.

In vivo vascular and muscle stimulation tests

New Zealand white rabbits (1,8 —2,3 kg, 4-4.5 month old, total 21 animals) were randomly distributed into 3
groups (n=7). The rabbits were subjected to vascular stimulation test, which refers to the local response of blood
vessels at the injection site and muscle stimulation refers to tissue reactivity following intramuscular injection.
For the vascular stimulation test, the rabbits were intravenously injected with 50 ug of AD-MSC-EVs, 50 pg
of UC-MSC-EVs, or Ringer Lactate as a control via the marginal ear vein. For the muscle stimulation test, the
rabbits were intramuscularly injected with the same amount of Ringer Lactate, AD-MSC-EVs, or UC-MSC-EV's
via the right quadriceps muscle. The temperature at the site of injection was measured daily. Four days after
the treatment, the rabbits were sacrificed. The injection sites were collected and fixed in 4% paraformaldehyde,
embedded in paraffin and cut into serial 5-um sections, which were then subjected to hematoxylin and eosin
(HE) staining. The degree of vascular stimulation and muscle stimulation was assessed via macroscopic
observation and histopathological examination. A positive response was defined as a>1.5 °C temperature
increase or evidence of local inflammation. Images were captured using a microscope (Olympus, Japan).

In vivo systemic hypersensitivity test

New Zealand white rabbits (1.8-2.3 kg, 4-4.5 month old, total 48 animals) were randomly distributed into 8
groups (n=6). The rabbits were repeatedly injected with UC-MSC-EVs and AD-MSC-EVs via the marginal
ear vein at a low (12.5 pg/animal), medium (50 pg/animal), or high (250 pg/animal) dose on days 0, 2, and
4. On day 14, a double dose was injected into the respective groups. Rabbits injected with Ringer Lactate and
untreated rabbits were used as controls. The body weight and temperature of the rabbits were monitored for 14
days after the first injection. Blood was collected 30 min before each injection and 30 min after the 4th injection.
Hematological parameters, including the number of red blood cells (RBCs) and white blood cells (WBCs) and
platelet and hemoglobin levels, were investigated. Cytokines related to allergies, such as histamine and IgE, and
systemic proinflammatory cytokines, such as interleukin (IL)-6, IL-1B, and tumor necrosis factor (ITNF)-a, in
the plasma were measured by Enzyme-linked Immunosorbent assay (ELISA) according to the manufacturer’s
instructions.

In vivo acute toxicity test

Swiss mice (20-30 g, 8-10 week old, total 54 animals) were randomly distributed into 9 groups (n=6). The mice
were intravenously injected with different doses (500, 2,000, 5,000, or 10,000 pg/kg of body weight) of UC-MSC-
EVs or AD-MSC-EVs or with Ringer Lactate via the tail vein. The survival rate and body weight of the mice were
monitored daily for 14 days to determine the median lethal dose (LD).

Subchronic toxicity test

Wistar white rats (200-300 g, 8-10 week old, total 36 animals) were randomly distributed into 6 groups (n=6).
The rats were intravenously injected with UC-MSC-EV's or AD-MSC-EVs, with either 50 pig/animal (low dose)
or 150 pg/animal (high dose), three times at 10-day intervals via the tail vein. A group of rats injected with Ringer
Lactate and another group that did not receive injections were used as controls. Exercise status, the amount of
food consumed, convulsions, diarrhea, and death were monitored throughout the experiment. Blood cell counts
were conducted before injection and on day 10 after each injection to determine the WBC, RBC, and platelet
counts and hemoglobin levels. Liver and kidney damage was examined by measuring the serum concentrations
of aspartate aminotransferase (AST), alanine aminotransferase (ALT), urea, and creatinine before injection and
on day 10 after each injection. Histology of the liver, kidney, and spleen was examined using HE staining on day
10 after the final injection.

Statistical analysis

The data are presented as the means + standard errors of the means (SEMs). Significant differences between two
groups were assessed using two-tailed Student’s ¢ tests, and differences among multiple groups were assessed using
two-way ANOVA followed by Bonferroni correction (ANOVA/Bonferroni). P values <0.05 were considered to
indicate statistical significance. All analyses were performed using GraphPad PRISM software (GraphPad).

Results

MSC characterization

To characterize AD-MSCs and UC-MSCs exposed to hypoxic conditions (5% oxygen), the morphology of the
cells was first examined. Under microscopy, both AD-MSCs and UC-MSCs adhered to the vessel surfaces and
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exhibited a spindle-shaped or elongated fibroblast-like shape (Fig. S1A). The PDTs of AD-MSCs and UC-MSCs
were 40.3 £4.6 h and 35.0+ 4.4 h, respectively. There was no significant difference in PDT between AD-MSCs and
UC-MSC:s (Fig. S1B). The viability of the cells was also confirmed; the viability of the AD-MSCs was 92.0 +4.7%,
and that of the UC-MSCs was 95.5+2.5% (Fig. S1C). In addition, flow cytometry analysis revealed that the cells
expressed positive MSC markers, including CD90 (98.8+0.8% for AD-MSCs and 99.0+1.0% for UC-MSCs),
CD73 (98.6+0.9% for AD-MSCs and 98.7 +1.3% for UC-MSCs), and CD105 (97.1+1.7% for AD-MSCs and
96.1+1.1% for UC-MSCs), and both expressed low levels of the negative MSC markers CD45, CD34, CD11b,
CD19, and HLA-DR (0.24+0.1% for AD-MSCs and 0.3 £0.2% for UC-MSCs) (Fig. S1D). Taken together, these
results indicate that AD-MSCs and UC-MSCs exposed to hypoxic conditions possess the necessary biological
properties to be suitable for subsequent experiments.

Characterization of MSC-derived EVs

To calculate the yield of EVs, total EV protein per liter of culture medium was determined using a BCA assay.
An average of 2.27£0.72 mg/L AD-MSC-EVs and 2.05+0.45 mg/L UC-MSC-EVs was isolated (Fig. 1A and
Table 1). To characterize AD-MSC-EVs and UC-MSC-EVs, the morphology of the EVs was first investigated
by TEM. EVs appeared relatively homogeneous as spherical structures with lipid bilayer membranes. The size
of the EVs was confirmed by NTA: AD-MSC-EVs was 186+ 131 nm and UC-MSC-EVs was 111 +76 nm in size
(Fig. 1B and Table 1). The samples were negative for mycoplasma, bacteria, and fungi (Table 1). Flow cytometry
analysis confirmed the expression of the transmembrane proteins CD63 and CD9 in EVs (Fig. 1C and D). AD-
MSC-EVs displayed two population of each of CD63 (31.5+9.8% CD634™ and 67.1 +8.9% CD638") and CD9
(56.5+8.9% CD9U™ and 34.2 +5.4% CD9"8h); while there UC-MSC-EVs also showed two populations of CD63
(30.5+2.7% CD63%™ and 68.9 + 2.7% CD63""8™), and a single positive CD9 population (97 +2.2%) (Fig. 1C and
D, and Table 1).

Growth factors, including BDNE, EGE, FGF-2, HGE, LIF, NGF beta, PDGF-BB, PIGF-1, SCE, VEGF-A and
VEGEF-D, associated with AD-MSC-EVs and UC-MSC-EV's were evaluated by the Luminex assay. BDNF, NGF
beta, PIGF-1, SCE and VEGF-D were present at very low concentrations (<5 pg/mg total protein) in both AD-
MSC-EVs and UC-MSC-EVs. Although the concentrations of FGF-2, HGFE, and LIF in the AD-MSC-EVs were
comparable to those in the UC-MSC-EVs, the levels of EGF and VEGF-A in the AD-MSC-EVs were 1.9-fold
and 54.5-fold greater, respectively, than those in the UC-MSC-EVs (Fig. 1E and Table 1). PDGF-BB expression
was 17-fold greater in the AD-MSCs than in the UC-MSCs, but the difference was not statistically significant.
These findings collectively indicate that both types of EVs exhibit biological characteristics in terms of yield, size
and morphology consistent with existing nomenclature. Differences were however apparent in that AD-MSC-
EVs revealed 2 populations of CD9 (CD94™ and CD9"e), while UC-MSC-EV's had only a CD94™ population,
and AD-MSC-EVs had higher levels of PDGF-BB and VEGE-A.

The particle concentrations of EV samples were assessed both in freshly prepared and after each three
freeze-thaw cycle. The data revealed that a single freeze-thaw cycle did not decrease the particle concentration
of either type of EV. However, after two or three freeze-thaw cycles, there was a significant reduction of
approximately 40% in the particle concentration for both types of EVs (Fig. 1F). This suggests that repeated
freezing and thawing cycles negatively affect the particle concentration of EVs.

EV integrity after 6 months of storage at —80 °C was also assessed by evaluating particle concentration, size
distribution, protein content, and expression of surface markers CD9 and CD63. Both AD-MSC-EVs and UC-
MSC-EVs showed good stability with only minor differences. UC-MSC-EVs retained particle concentration
at 99.2+0.7%, while AD-MSC-EVs retained 94.5+0.7%. A slight increase in particle diameter was observed
(108.2 +£4.5% for UC-MSC-EVs and 113.2 +3.8% for AD-MSC-EVs). Protein concentration remained stable in

Characteristics AD-MSC-EVs UC-MSC-EVs
Yield (mg/L) 2.27+0.72 2.05+0.45
Concentration (particles/pg of 6.7%107 1x10°
EVs)
Size (nm) 186+ 131 11176
Dim 31.5+9.8 30.5+£2.7
CD63 expression (%)
Bright 67.1+£8.9 68.9+2.7
Dim 56.5+8.9
CD?9 expression (%) 97+2.2
Bright 342+54
Mycoplasma Negative Negative
Bacteria and fungi Negative Negative
EGF 15.69+3.15* 8.24+1.57
FGEF-2 122.30+23.59 44.43+10.93
Growth factors HGF 300.42+73.19 | 191.91+24.84
(mean + SEM)
(pg/mg) LIF 19.99+5.25 15.79£3.49
PDGEF-BB | 82.88+61.01 4.84+1.69
VEGEF-A 508.17£93.10** | 9.33+1.78

Table 1. Characterization of human UC-MSC-EVs and AD-MSC-EVs. *p <0.05; ***p <0.001; Student’s t test.
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both. Surface marker expression was well preserved: AD-MSC-EV's showed 94.8+1.2% (CD9) and 99.8+0.1%
(CD63), while UC-MSC-EVs showed 98.6 +£0.8% and 99.9 £ 0.1%, respectively (Fig. S2).

Vascular and muscular stimulation of UC-MSC-EVs and AD-MSC-EVs

To evaluate whether UC-MSC-EVs and AD-MSC-EVs might induce vascular and muscular stimulation, New
Zealand white rabbits were injected with 50 pg of EVs from UC-MSC-EVs or AD-MSC-EVs. Over the next 4
days no rabbits in any group experienced diarrhea, bleeding, edema, purple discoloration, or necrosis. Vascular
and muscle stimulation were assessed via HE staining of the injected ears and injected muscles, respectively.

Vascular stimulation test revealed that only one of seven rabbits in the UC-MSC-EV group exhibited
mild bruising in the injected ear, which disappeared 96 h post-injection. The temperature of the injected ears
measured before and after injection showed no significantly difference across all groups (Fig. 2A). Of note,
both the Ringer Lactate and AD-MSC-EV animal groups showed a decrease in ear temperature after injection.
The change in ear temperature was not therefore related to AD-MSC-EV injection specifically. HE staining of
injected ear tissues collected on day 4 post-injection indicated that there was a similar number of blood vessels
across all groups (Fig. 2B and G). Blood vessel diameter and area in the injected ear tissues groups injected with
either UC-MSC-EVs or AD-MSC-EVs tended to increase when compared animals injected with Ringer Lactate.
However, no significant differences in either diameter or area were observed (Fig. 2C,D,G). White blood cells
per mm? slightly increased in the ear tissues of the animals injected with UC-MSC-EV's and was greater in the
ear tissues of animals injected with AD-MSC-EVs than in those in the Ringer Lactate group (p=0.09) (Fig. 2E).
The percentage of lesion area was greater, non-significantly, in the group of rabbits injected with AD-MSC-EVs
(p=0.17) and similar between the Ringer Lactate group and the UC-MSC-EVs group (Fig. 2F and G).

The muscular stimulation test revealed that the temperature of the injected muscles was similar before
and after infusion with Ringer Lactate, UC-MSC-EVs or AD-MSC-EVs, with no difference between the three
analyzed groups (Fig. 2H). HE staining of injected muscles collected on day 4 post-injection indicated that
the blood vessel diameters in all groups were similar (Fig. 2I). Rabbits injected with Ringer Lactate and UC-
MSC-EVs showed similar percentages of blood vessel areas. Rabbits injected with AD-MSC-EV's tended to show
higher level of blood vessel area of injected muscles, but no significant differences among the three groups
were observed (Fig. 2]). Collectively, our data indicated that neither UC-MSC-EVs nor AD-MSC-EVs caused
vascular or muscular stimulation.

Systemic hypersensitivity testing of UC-MSC-EVs and AD-MSC-EVs

To investigate whether EVs induce systemic hypersensitivity, New Zealand white rabbits were injected with
UC-MSC-EVs or AD-MSC-EVs with doses of either 12.5, 50, or 250 ug on days 0, 2, and 4, and the amount of
EVs was doubled on day 14. Groups of rabbits injected with Ringer Lactate or untreated were used as controls
(Fig. 3A). During the 14 days of the experiment, the body weight of the injected rabbits gradually increased,
and there was no significant difference across analyzed groups (Fig. 3B). A slight decrease in the temperature
of the rabbits in all the groups after injection was noted while the temperature remained in the normal range,
and no significant difference between the groups was observed (Fig. 3C). No rabbits in any group showed
diarrhea, bleeding, edema, purple discoloration, or necrosis. Hematological parameters, including RBC counts,
WBC counts, platelet counts, and hemoglobin in the peripheral blood, were investigated before and after each
injection. Although the RBC count and hemoglobin level decreased and the platelet number increased after
injection, there were no significant differences between the analyzed groups or within groups before and after
injection (Fig. 3D-G). These data indicated that neither UC-MSC-EVs nor AD-MSC-EVs significantly changed
the hematological indices of the injected rabbits.

Next, the levels of cytokines and factors related to allergies, including histamine and IgE, and the
proinflammatory cytokines IL-6, IL1B, and TNF-a in plasma obtained from blood collected before and after each
injection were measured (Fig. 4). It is found that the level of histamine transiently increased after injection of
both medium and high doses of UC-MSC-EVs and AD-MSC-EVs, although the difference was not statistically
significant. The Ringer Lactate-injected groups also showed a slight increase in histamine levels after the three
first injections and a return to the starting level after the 4th injection. Histamine levels following high dose
injection of UC-MSC-EVs and AD-MSC-EVs increased after the 1st injection, peaked after the 2nd injection
and gradually decreased after the 3rd and 4th injections (Fig. 4A). The IgE levels were similar between the groups
before and after injection (Fig. 4B). Most of the injected animals did not show induction of the proinflammatory
cytokines IL-6, IL-1p, Iand TNF-a (Fig. 4C-E).

Acute toxicity testing of UC-MSC-EVs and AD-MSC-EVs

To examine whether EVs cause acute toxicity, Swiss mice (n=6) were intravenously injected with UC-MSC-EV's
or AD-MSC-EVs at different doses (500, 2000, 5000, or 10000 pg/kg of body weight). A group of mice (1=6)
intravenously injected with Ringer Lactate was used as a control. The acute toxicity of the EVs was determined
by monitoring body weight and survival for 14 days after injection (Fig. 5A). The body weight of the injected
mice gradually increased after injection (Fig. 5B and D). With 100% of the mice survival across all the analyzed
groups, the LD, could not be calculated (Fig. 5C and E). These results suggested that even the highest dose of
10,000 pg/kg of body weight (equivalent to a dose of 8.4 x 10'° particles for UC-MSC-EVs or 5.8 x 10*° particles
for AD-MSC-EVs per kg of body weight in humans) was not lethal to mice.

Subchronic toxicity testing of UC-MSC-EVs and AD-MSC-EVs

To examine whether UC-MSC-EVs and AD-MSC-EVs induce subchronic toxicity, Wistar rats (n=6) were
intravenously injected 3 times at 10-day intervals with low (50 pg) or high (150 pg) doses of UC-MSC-EVs
or AD-MSC-EVs (Fig. 6A). The body weight of the injected rats was maintained throughout the experiment,

Scientific Reports |

(2025) 15:36267 | https://doi.org/10.1038/s41598-025-20121-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

A B 15 C ns
~ 40 N ns _ 800 —
3 E s =
@ 381 52 & » 600
£ 361 E 3107 g3
[ 238 s 3
@ < 8 S £ 400
2 a4 w 2 T D
£ 82 S g5a o =
g <+ Control 4 S § = 200
= 321 + UC-MSC-EVs B 3 °
w + AD-MSC-EVs o 2
30 T T T T 1 0 T T T 0 T T T
- 0 24 48 72 96 N " .5 \ o ©
S & p & ]
Post injection (h) o 50?"“\50(" oo soe “\sot
\)0' PS) \)G' PS)'
2.0+ ns 600- ns 12— ns
§ o —_—
£ £ —
E, [ 1.5- g g 2 ;
g3 2 © 400- 50 8-
c 3 b=} [ ]
5 5 1.0 29 £
@ E s 0 ]
g = g 52
< %5 05 g £ 2007 B £ 4
g ° o €% 3%
@ 2
0.0 T T T 0 T T T 0 T T I
\Y ) C) C) N
O NF NS O NP N O N N8
A oo o0 (o oo oo \3\60‘?'
G oo PQ' WO p®” o P~°'
Control UC-MSC-EVs AD-MSC-EVs
g o —A -
Z |
fore @ E:_‘r\ = &
. QD e B

-~ 40 1.5
%) . 40—
o £ So =
> 38 3., So
5 8% a0 [ S8 o
© © '
32,5 is
- - "

£ 3 2 08
8 347 e~ control 23 > 8 05+ €L
2 4, UC-MSC-EVs 2 F 404 3
b *  AD-MSC-EVs 85 S<
= K- o °
= 30— T T T T 1 o 0 T T T 0.0 1 T T

- 0 24 48 72 9 0\ \‘6 \\‘-' o\ q% Q%

< \y
Post injection (h) 00“‘ 50'6 “\50'?' o %0.('« %c"e
\)G' PS)’ \)G' VO'

Fig. 2. Vascular and muscular stimulation of UC-MSC-EVs and AD-MSC-EVs. New Zealand rabbits were
injected with either Ringer Lactate (control), 50 ug of UC-MSC-EVs, or 50 ug of AD-MSC-EVs. (A) The
temperatures of the injected ears were measured at the indicated time points. (B—-G) HE staining of injected
ears on day 4 post-injection to evaluate vascular stimulation, including the number of blood vessels per mm?
(B), blood vessel diameter (C), blood vessel area (D), number of WBCs (E), percentage of lesion area (F), and
representative HE staining of injected ears (G). (H) The temperatures of the injected muscles were measured at
the indicated time points. (I-J) HE staining analysis of injected muscle on day 4 post-injection to measure the
blood vessel diameter (I) and percentage of lesion area (J). The data are presented as mean + SEM. Significant
differences between groups were analyzed by ANOVA//Bonferroni. Ns indicate not significant.
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Fig. 3. Systemic hypersensitivity effects of UC-MSC-EVs and AD-MSC-EVs. New Zealand rabbits (n=6)
were injected with either Ringer Lactate, UC-MSC-EVs or AD-MSC-EVs at low (12.5 pg), medium (50 pg), or
high (250 pg) doses on days 0, 2, and 4. On day 14, the injected doses were doubled in the respective groups.
Groups injected with Ringer Lactate or untreated were used as controls. (A) The experimental scheme. The
body weight (B) and temperature (C) of the injected animals were monitored for 14 days. RBC counts (D),
hemoglobin (E), WBC counts (F), and platelet counts (G) in the peripheral blood were determined before and
after each injection. The data are presented as mean + SEM.
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Fig. 4. UC-MSC-EVs and AD-MSC-EVs did not induce allergy- or systemic inflammation-related reactions
after injection. New Zealand rabbits (n =6) were injected with either Ringer Lactate, UC-MSC-EVs or AD-
MSC-EVs at low, medium or high doses on days 0, 2, 4, and 14. No treatment was used as a control. Blood was
collected before the 1st injection, 2 days after the 1st and 2nd injections, 10 days after the 3rd injection, and

30 min after the 4th injection. Plasma levels of histamine (A), IgE (B), IL-6 (C), IL-1B (D), and TNF-a (E) were
measured by ELISA. The data are presented as mean + SEM.
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Fig. 5. Acute toxicity of UC-MSC-EVs and AD-MSC-EVs. Swiss mice (1 =6) were injected with UC-
MSC-EVs or AD-MSC-EVs at different doses and compared to those injected with Ringer Lactate. (A) The

experimental scheme. (B-E) Body weight (B and D) and the survival rate (C and E) were monitored for 14
days. The data are presented as mean + SEM.

suggesting that the injection of UC-MSC-EVs or AD-MSC-EVs did not affect the body weight of the animals
(Fig. 6B). The blood cell counts before and after 10 days of each injection indicated that neither UC-MSC-EV's
nor AD-MSC-EVs changed the hematological indices, including the number of WBCs (Fig. 6C), the number
of RBCs (Fig. 6D), hemoglobin levels (Fig. 6E), and the number of platelets (Fig. 6F), of the injected rats. The
levels of AST and ALT (Fig. 7A) and urea and creatinine (Fig. 7B) in the blood of rats were similar before and
after injection in all analyzed groups. Histological examination of the liver, kidney, and spleen of injected rats
(n=3) on day 30 after the first injection revealed no macroscopic pathological changes. Microscopic observation
indicated that there were no significant differences in the microscopic structures of the liver, kidney or spleen
before and after treatment or between groups (Fig. 7C). Taken together, these data indicate that neither UC-
MSC-EVs nor AD-MSC-EVs led to subchronic toxicity in rat.

Discussion

EVs have attracted significant attention in the field of regenerative medicine due to their diversity of potential
applications. These nanoscale, membrane-bound vesicles are secreted by a wide range of cell types, including
MSCs, and have demonstrated potential in promotion of tissue repair and regeneration. Hypoxia preconditioning
has been considered a strategy to improve the function of MSC-derived EVs. In this study, EVs were isolated
from AD-MSCs and UC-MSCs that were cultured for 3 days under 21% oxygen and then primed them with
5% oxygen for 2 days. Our isolated EVs exhibited the size and morphology, consistent with a previous study
showing that physiological oxygen levels (5%) did not change the size of EVs secreted by AD-MSCs compared
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Fig. 6. Effects of UC-MSC-EVs and AD-MSC-EVs on hematological indices of rats. Wistar rats were injected
with either Ringer Lactate, UC-MSC-EVs or AD-MSC-EVs at low (50 ug) or high doses (150 pg) on days 0, 10,
and 20. Groups of rats injected with Ringer Lactate or untreated were used as controls. (A) The experimental
scheme. (B) The body weights of the injected animals were monitored for 29 days. (C-F) The number of WBCs
(C), number of RBCs (D), hemoglobin levels (E), and number of platelets (F) in blood collected before and 10
days after each injection were determined. The data are presented as mean + SEM.
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Fig. 7. UC-MSC-EVs and AD-MSC-EVs administration does not damage the liver, kidney, or spleen. Wistar
rats were injected with either Ringer Lactate, UC-MSC-EVs or AD-MSC-EVs at low (50 pg) (UC-MSC-EVs-L
and AD-MSC-EVs-L, respectively) or high (150 pg) (UC-MSC-EVs-H and AD-MSC-EVs-H, respectively)
doses on days 0, 10, and 20. The levels of AST and ALT (A) and urea and creatinine (B) in blood collected
before and 10 days after each injection were measured. On day 30 post-injection, the liver, kidney, and spleen
were collected for macroscopic and microscopic observation via H&E staining (C). The data are presented as
mean + SEM.
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to those secreted by EVs cultured in ambient oxygen?®. The classical tetraspanins CD9 and CD63, which are
commonly present in EVs?, were also highly expressed on both AD-MSC-EVs and UC-MSC-EVs. Notably,
AD-MSC-EVs had two populations with different CD9 expression, CD94™ and CD9"right, while UC-MSC-EVs
expressed only one CD9* population. These findings suggest that MSC-derived EVs are heterogeneous and
include several subsets with different phenotypes. However, the characteristics and clinical potential of each
subset remain unclear.

Importantly, the isolated EV's released high levels of growth factors, including EGF, FGF-2, HGFE, LIE, PDGF-
BB, and VEGF-A, which are related to angiogenesis and regenerative capacity. Previous data consistent with our
ours demonstrated that EV's secreted by hypoxia-primed MSCs released higher VEGF than those from MSCs
cultured under normoxic air oxygen?>%. Interestingly, EVs from AD-MSCs produced EGF, FGF-2, PDGF-BB,
and VEGF-A at higher levels than EVs from UC-MSCs under hypoxic conditions. This is consistent with a
previous study showing that EVs from AD-MSCs had higher levels of FGF-2, HGF, and VEGF-A than those
from UC-MSCs?. Our data also indicated that more than two freeze-thaw cycles led to a reduction in particle
concentration for both types of EVs. This finding is consistent with previous reports showing that repeated
freeze-thawing can decrease EV concentration and bioactivity, while increasing particle size and aggregation®.
Future studies should evaluate the stability of additional EV cargo, such as growth factors, following multiple
freeze—thaw cycles to better characterize the functional consistency and therapeutic potential of EV preparations.
The stability of both AD-MSC-EVs and UC-MSC-EVs was assessed after 6 and 10 months of storage at — 80 °C,
respectively. The EVs retained particle concentration and surface marker expression (CD9 and CD63) with
only minor changes. A slight increase in particle diameter was observed, while protein concentration remained
stable. These findings are consistent with previous reports showing that EVs stored at —80 °C generally retain
size, concentration, surface markers, and bioactivity for months, and stabilizers like trehalose or sucrose can help
preserve their integrity during storage?. Collectively, our results are consistent with previous studies showing
that EVs secreted by hypoxia-primed MSCs exhibit typical characteristics of EVs in terms of morphology,
size, marker expression and growth factor profiles. In addition, the differential features of EVs from AD- and
UC-MSCs was also highlighted. Further investigation is needed to determine whether these differences may
influence the therapeutic potential of these cells. Importantly, while several studies have demonstrated the
benefits of EVs derived from MSCs cultured under hypoxic conditions in vitro, in vivo data are still lacking.
Therefore, it is necessary to address this gap by comprehensively investigating the safety profile of EVs derived
from hypoxia-primed AD-MSCs and UC-MSCs in animal models before considering their implementation in
human research.

Safety evaluation using small animals, such as mice and rabbits, plays a crucial role in the drug development
process“’”. Herein, the safety profile of our isolated EVs, including local (vascular or muscular) stimulation,
systemic hypersensitivity, acute toxicity, and subchronic toxicity, was rigorously tested at varying protein-based
doses, a practical and commonly used approach in preclinical models. However, due to variability in particle-
to-protein ratios between EV sources, particle numbers were also considered and discussed for future dosing
standardization. Our vascular and muscular stimulation test in rabbits revealed that, similar to the control
animal group, injection of EVs at a dose of 50 pg per animal (approximately 5 x 10° particles for UC-MSC-EVs
and 3.5 % 10° particles for AD-MSC-EVs) had no effect on the temperature of the injection sites, whether in the
ears or muscles. During the experiments, there were no adverse events, including bleeding, redness, swelling, or
necrosis at the injected sites, except for one rat of UC-MSC-EV's group with temporary mild bruising (commonly
reported after intravenous administration) in the injected ears, which disappeared at 96 h post-injection.
Although minor changes in the diameter and area of blood vessels were observed following the administration
of EVs, the number of blood vessels was similar in all the tested groups. The number of infiltrating WBCs in the
injection area was the greatest in the AD-MSC-EV group, followed by the UC-MSC-EV group, and the lowest
in the Ringer Lactate injected group. Correspondingly, animals injected with AD-MSC-EVs showed a slight
increase in lesion area. However, there was no significant difference in the analyzed parameters among the
groups. This result suggested that the injection of EVs from AD-MSCs and UC-MSCs might induce mild local
immune responses, especially in the former group. Overall, our data demonstrated that EV's from both hypoxia-
primed AD-MSCs and UC-MSCs can be applied through vascular and muscular routes without significant
vascular or muscular stimulation in the tested animals. This finding is consistent with a study by Sun et al. that
showed that there was no vascular or muscular stimulation following the administration of exosomes derived
from human MSCs in rabbits®!.

In addition to local stimulation testing, the potential of EV's to induce systemic anaphylaxis was examined
through repeated injections in rabbits at doses of 12.5, 50, and 250 pg per animal -corresponding to approximately
1.25% 10% 5x 10%, and 2.5 x 10'° particles for UC-MSC-EVs, and 8.63 x 108, 3.5x 10, and 1.7 x 10'° particles for
AD-MSC-EVs, respectively. Injections were administered three times at 2-day intervals, followed by a double-
dose challenge one week after the third injection. No adverse events, including bleeding, redness, edema, purple
discoloration, or necrosis, occurred after the injections, except for 3 rabbits that showed diarrhea after the
injections which recovered after 2-4 days of treatment with biseptol. It was observed that rabbits were highly
sensitive to quarantine conditions and often experienced diarrhea. Notably, five rabbits in the experimental set
had diarrhea before the experimental initiation. Therefore, the observed diarrhea was attributed to the model
conditions rather than the administered treatment. While the body weight of the injected animals gradually
increased post-injection, the temperature of the animals varied at baseline and was comparable between the
analyzed groups at later time points. The number of RBCs and hemoglobin levels tended to decrease after the
first and second treatments in all groups but subsequently normalized. Injection of EVs has been reported to
decrease RBC and hemoglobin levels in a pig model of spinal cord injury*2. A similar tendency was observed
in both the Ringer Lactate and untreated groups in this study, suggesting that the change reflects a normal
physiological response in the studied animals. While the WBC number was maintained during the experiment,
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the platelet number slightly increased in some EV groups, similar to that in untreated animals. Histamine and
IgE are important markers related to allergic reactions. MSCs have been demonstrated to reduce the blood
level of histamine in rats with allergic rhinitis*. In this study, the 1st and 2nd injections of high-dose EVs into
healthy rabbits induced a transient increase in serum histamine levels, but the serum histamine levels returned
to the normal baseline despite of the injection of two additional doses. Notably, Ringer Lactate injection also
had a similar effect. Furthermore, IgE levels remained stable at all analyzed time points in all groups. Repeated
administration of EVs did not elicit significant changes in the levels of proinflammatory cytokines, including
IL-6, IL1P, and TNF-a. Taken together, these findings show that repeated injections of up to 250 pug of AD-MSC-
EVs or UC-MSC-EVs did not trigger allergic reactions in healthy rabbits.

Although acute toxicity studies are commonly conducted to determine the short-term adverse effects of
a drug, to our knowledge, no published studies have reported this type of evaluation for EVs. Therefore, in
the present study, acute toxicity testing was assessed through single intravenous infusion in mice, with various
doses of EVs (500, 2000, 5000, and 10,000 pg/kg body weight, corresponding to approximately 5 x 1019, 2 x 1011,
5x 10!, and 1x 10'2 particles for UC-MSC-EVs, and 3.5x 10!, 1.4 x 10", 3.5x 10!}, and 6.9 x 10'! particles for
AD-MSC-EVs). The body weight of the injected animals increased slightly, while no changes in behavior were
noted. Additionally, EV treatment at doses up to 10,000 pg/kg body weight had no short-term effects on the
survival of the tested mice. A previous study showed that the median EV dose used for mice, based on 50
different preclinical studies, was 7,500 pg/kg of body weight, while the EV dose for humans to treat several
diseases ranged from 2 x 108 to 2 x 10'° particles*. Herein, our established safe dose was more than 10,000 pg/
kg of body weight for mice, equivalent to a human dose of 8.4 x 10! particles for UC-MSC-EVs or 5.8 x 10
particles for AD-MSC-EVs per kg of body weight (the human dose was calculated by multiplying the mouse
dose by 0.081, as described previously*. Our results might provide an important reference for safe EV doses for
other preclinical and clinical investigations.

Finally, a subchronic toxicity test was conducted to assess whether EV's induce long-term toxicity in animals.
In agreement with previously published data®”, our results showed that intravenous injection of 50-150 pg of
EVs (equal to 5x 10° or 1.5 x 10'° particles for UC-MSC-EVs and 3.45 x 10° or 1.04 x 10! particles for AD-MSC-
EVs) three times with a 10-day interval did not induce long-term toxicity in rats. There were no adverse events,
bleeding, redness, edema, purple discoloration, or necrosis after injection. The complete blood count results
indicated that there were no significant differences in the WBC, RBC, and platelet counts or hemoglobin levels,
suggesting that there were no significant effects on hematological parameters after EV injection. Administration
of AD-MSCs and UC-MSCs did not affect the serum levels of liver (AST and ALT) or kidney (urea and creatinine)
functional markers or lead to histopathological changes in the liver, kidney, or spleen of the injected animals.
Previously reported data showed that intravenous injection of Expi293F-derived EVs (5x 10'° EV particles per
animal) into mice did not result in any histopathological changes or increases in liver transaminase levels*. In
addition, Rodrigues et al. showed that administration of repeated doses of UC-MSC-EVs to rats for 6 weeks or
12 weeks, for a total of 1x 10*! EV particles, did not affect blood cell counts or kidney or liver toxicity”’. Injection
of 400-800 pg of UC-MSC-EVs did not significantly change liver function indices, including AST, ALT, alkaline
phosphatase (ALP), total cholesterol (TCH), total protein (TP), albumin (ALB), and renal function indices,
such as blood urea nitrogen and creatinine, in Sprague-Dawley rats®!. Overall, our long-term investigation of
EV administration suggested that EVs had no significant side effects on important organs and tissues, such as
the liver, kidney, and spleen, in rats. One limitation of this study is the absence of organ weight measurements,
which could have provided additional insights into subtle organ-specific toxicities. Further analysis of additional
organs, such as the heart and lungs, may also help to establish a more comprehensive safety profile in future
studies.

Collectively, our data indicated that our EVs, which were isolated from UC-MSCs and AD-MSCs, cultured
in xeno- and serum-free medium and primed with 5% oxygen, did not cause local (vascular or muscular)
stimulation, systemic hypersensitivity, or short- or long-term toxicity in the tested animals. While the data
suggest that EV's are safe in healthy small animals, several questions remain regarding the safe dose of EVs in
larger animals, the safety of EVs in experimental disease models, and the in vivo kinetics and biodistribution of
EVs. Addressing these questions will further elucidate the safety of MSC-derived EVss for clinical use, paving the
way for successful translation to human studies.

Conclusion

In this study, we sucessfully isolated EVs from UC-MSCs and AD-MSCs cultured in xeno- and serum-free
media and primed with 5% oxygen. Our study is the first to evaluate the safety of the EVs using animals. Overall,
our results confirm the safety of both UC-MSCs and AD-MSCs in rabbits and rodents (Fig. 8). Additionally, we
believe that the comprehensive approach employed in our study will provide other researchers with a framework
to assess the immunogenicity and toxicity of their EVs, facilitating the development of therapeutic EVs for
various disease models and human studies.
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Fig. 8. Schematic overview of the EV safety evaluation workflow. MSCs from human umbilical cord and
adipose tissue were expanded in xeno-/serum-free media and primed under hypoxic conditions. EVs were
isolated and characterized by assessing protein content, size, markers, growth factors, sterility, and stability.
Safety of UC-MSC-EVs and AD-MSC-EVs was assessed through: (1) local stimulation in rabbits; (2) systemic
hypersensitivity in rabbits; (3) acute toxicity in mice and (4) subchronic toxicity in rats.
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The authors confirm that the data supporting the findings of this study are available within the article and its
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