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Introduction

Abstract

Introduction: Multiple sclerosis (MS) is a — P,

chronic autoimmune disease of the central |PeM® = Mave — ifregs

nervous system (CNS). CD4*CD25*" Tregs, / \3:::,;1' transduction
which normally suppress immune responses,

exhibit impaired function in MS. Treg- T oM mockdown

derived extracellular vesicles (EVs) carry
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immunoregulatory proteins and miRNAs '

Artificial vesicles

that modulate T-cell activity. However, / Co-cultivation with PBMCs of
EVs from MS patients show reduced healthy donor/patients with M3
suppressive  capacity, suggesting their Characterization:  Functional assay: i o

NTA, SEM, FC, WB ELISA, FC pact:

dysfunction contributes to MS pathogenesis.
This highlights EVs' potential role in MS
development and therapy.

Methods: Tregs were differentiated from naive T cells isolated from peripheral blood mononuclear
cells (PBMCs) of healthy donor, then transduced with B2M-shRNA lentivirus to generate
HLA class I-knockdown Tregs. Extracellular vesicles—including natural vesicles, cytochalasin
B-induced artificial vesicles, and ultrasound-induced artificial vesicles—were isolated from Tregs
and characterized by scanning electron microscopy (SEM), nanoparticle tracking analysis (NTA),
flow cytometry, and Western blot. Their effects on healthy donor and MS patient PBMCs were
evaluated via flow cytometry and ELISA (IL-6, IL-10, IEN-y).

Results: Ultrasonication yielded a higher number of vesicles enriched with key immunosuppressive
proteins, including PD-1 and Tim-3, compared to cytochalasin B. Functional assays demonstrated
the ability of ultrasonication-induced AVs to suppress inflammatory markers, such as IFNy, and
modulate the cytokine profile in both healthy and MS-derived PBMCs.

Conclusion: Developing effective MS therapies remains challenging. While cellular therapies
face limitations like Treg dysfunction and CNS delivery issues, allogeneic EVs offer a promising
alternative due to their scalability, low immunogenicity, and blood-brain barrier penetration. We
developed Treg-derived artificial vesicles (TrAVs) that maintain immunosuppressive properties
and modulate PBMC responses, suggesting therapeutic potential for MS. Further research is
needed to optimize production and validate efficacy in disease models.

against myelin antigens of the central nervous system

Multiple sclerosis (MS) is a progressive neurological
disease, affecting 2.8 million people worldwide in 2020.
This number has increased by 20% compared to 2013
data provided by the Multiple Sclerosis International
Federation.'

MS is a cell-mediated autoimmune disease directed

(CNS),? involving different types of immune cells in the
pathogenesis. Despite many studies and the autoimmune
nature of the disease, the initiating autoantigen in MS is
unknown. This is explained by the fact that in diagnosed
multiple sclerosis there is no single autoantigen that
could be targeted, since reactivity spreads to other organ-
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specific antigens as inflammation progresses.’

In MS, circulating regulatory CD4*Foxp3*Tregs
exhibit abnormally reduced immunoregulatory capacity.
One possible mechanism for the functional deficiency
of Tregs associated with MS is their excessive propensity
to acquire a Thl phenotype (Thl-Treg); this phenotype
is less regulatory than standard Tregs. In addition, IL-6
secreted by proinflammatory cells leads to a decrease in
their regulatory function.*

Thus, the role of CD4*CD25" Tregs in the pathogenesis
of MS, expressed in the partial loss of their normal
immunosuppressive function, is generally recognized.®

Chwojnicki et al clinically demonstrated the promise
of using ex vivo expanded autologous Tregs, while
emphasizing the importance of ensuring their entry into
the central nervous system to provide a therapeutic effect.®
One approach in this regard may be the use of vesicles
obtained from Tregs. EVs are actively studied as cell-free
biosimilars and drug delivery vehicles. In parallel with
this, many methods of inducing EVs formation are being
studied - both natural (passive secretion, cell activation)
and stress (hunger, hypoxia, mechanical action, chemical
agents etc.) to increase the efficiency of their release
from precursor cells.”® Moreover, the ability of EVs to
penetrate the blood-brain barrier is actively studied by
many scientists in various areas.’!!

Tregs play a crucial role in MS pathogenesis. These
cells produce EVs enriched with proteins and RNA
molecules capable of modulating T-cell proliferation
and survival. Importantly, research has shown that
the immunosuppressive capacity of Treg-derived EVs
is significantly diminished in MS patients, suggesting
their involvement in disease mechanisms.”> While the
exact nature of this EV dysfunction remains unknown,
therapeutic administration of healthy donor-derived
allogeneic Treg EVs could potentially compensate for this
regulatory deficiency in MS patients.

The main physical methods for inducing vesicle
formation include mechanical action (vibrational stress),
high-frequency ultrasound, and radiation.”* Among these
methods, ultrasound treatment is of particular interest, as
itisa widely used tool for producing microvesicles (MV)*.
Numerous studies have demonstrated that ultrasound
exposure of cell cultures leads to a significant increase
in microvesicle secretion.”>® This effect is explained
by the ability of ultrasound waves to cause temporary
destabilization of the cell membrane, which stimulates
the vesicle budding process. In addition, this method
allows for the production of vesicles with specified
characteristics, which is especially important for their
subsequent therapeutic use. However, further research is
required to optimize ultrasonic processing protocols and
standardize the resulting products.

Thus, the development and study of a vesicular drug
based on Treg for the treatment of multiple sclerosis is

a relevant area in cell therapy of autoimmune diseases.
However, the cornerstone of the use of such therapy is
its quantity, which can be overcome by using various
methods of chemical or physical induction of the release
of extracellular vesicles, which is also envisaged within the
framework of this work.

In this study, we present a novel strategy for developing
artificial vesicles (AVs) derived from in vitro differentiated
Tregs. The approach integrates three key components:
(1) differentiation of naive CD4*T cells from healthy
donors into functional iTregs, (2) knockdown of 2-
microglobulin (B2M) to reduce immunogenicity and
improve allogeneic compatibility, and (3) induction of
AVs using chemical and physical methods. The generated
AVs were thoroughly characterized for their structural,
molecular, and functional properties and assessed for
their potential to modulate immune responses in vitro
using peripheral blood mononuclear cells (PBMCs)
from both healthy donors and MS patients. Important
criteria for evaluating such AVs are parameters such as
the efficiency of B2M knockdown, which is important for
reducing immunogenicity. Also important is the transfer
of key suppressor molecules by these vesicles, such as
LAG-3, Tim-3, CTLA-4, and PD-1, since these are the
main molecules through which Tregs exert a suppressor
effect on other immune cells. In addition, it is necessary
to confirm the non-apoptotic nature of the vesicles,
since apoptotic bodies have a size similar to some vesicle
fractions and can be immunogenic.

This work highlights the potential of Treg-derived AV's
as a scalable, biosafe, and effective therapeutic modality
for autoimmune diseases, addressing critical barriers
associated with cell-based therapies.

Materials and Methods

Naive T cells separation and iTregs differentiation
PBMCs were obtained from whole blood of healthy
donors by centrifugation on Ficoll gradient with a density
of 1.077 g/mL (Paneco, Russia) at 800 g for 30 minutes.
The bufty coat was collected and washed twice with
Dulbecco's phosphate-buffered saline (DPBS). Then the
cells were counted in a Neubauer chamber with trypan
blue staining (Thermo Fisher, USA). MojoSort™ Human
CD4 Naive T Cell Isolation Kit (Biolegend, USA) was
used for naive CD4 + T cells negative magnetic separation.
Then cells were seeded in RPMI-1640 nutrient medium
with L-glutamine, penicillin-streptomycin (Paneco,
Russia) and the addition of 10% fetal bovine serum (FBS)
(Biosera, France), IL-2 at 300 IU /mL (Prospec, Israel) and
10 ng /mL TGF-b (BioLegend, USA). To activate naive T
cells, they were seeded at a concentration of 2x 10° cells/
mL and T-cell TransAct (Miltenyi, USA) according to
the manufacturer's protocol was added for 48 hours. For
iTreg differentiation TGFpP at concentration 10 ug /mL
was used during the whole cultivation period. T cells were
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then counted every two days and fresh medium with IL-2
and TGFp was added to maintain a cell density of about
1x10° cells /mL.

Generation of allogeneic iTregs with B2M knockdown

Knockdown was carried out using shRNA to B2M
delivered by lentiviral transduction. Lentivirus of 2nd
generation was obtained in HEK293T culture using
PEI MAX transfection and concentrated using Amicon
15-Ultra 100kDA (Merck, USA). Then lentivirus was
used for iTreg transduction at MOI 10 with addition of
protamine sulfate at 25 pug /mL and spinoculation at 1500
g, 32 °C, 2 h. After 16 h transduction media was replaced.

Artificial vesicles induction and separation

To obtain naturally secreted EV's as a control, iTreg cells
were harvested on day 8 of expansion, washed twice with
DPBS, and plated in serum-free AIM-V medium (Thermo
Fisher, USA) containing 300 IU /mL IL-2 at a density of
1x 109 cells /mL. After 48 h of incubation, the conditioned
media were collected by centrifugation for subsequent
separation of EVs.

To obtain artificial vesicles (AVs), cells were washed
twice with DPBS and resuspended in serum-free medium.
Then, AVs were induced using either cytochalasin B or
ultrasound. For induction with cytochalasin B (Sigma-
Aldrich, USA), it was added at a concentration of 10 pg
/mL and the cells were incubated in a CO, incubator for
30 minutes. The cells were then thoroughly vortexed
for 30 seconds. For ultrasound induction, the cells were
sonicated using a Qsonica Q125 homogenizer (Qsonica,
USA) at 30% power, 1 sec action, 1 sec pause, 1 minute on
ice. After induction both AVs groups were purified by the
sequential centrifugation: 300 g 10 min, 2000 g 10 min,
20000 g 20 min. Methodology was optimized in previous
work."

Flow cytometry

For flow cytometry, 3x10° cells or an aliquot of vesicles
were collected and washed twice with DPBS. The cells
were stained with antibodies for 20 min and washed twice
with DPBS. Vesicle samples were dissolved in DPBS,
stained with the lipophilic dye DiD for 15 min, centrifuged
to replace the buffer, and stained with the antibodies in
the same manner as described for cells. Flow cytometry
was performed on a BD FACS Aria III instrument (BD
Biosciences, USA).

List of antibodies:

1. Mix: anti-CD3(PerCP-Cy5.5), anti-CD4(FITC), anti-
CD25(PE) (Cat# 648956, BD Biosciences)
anti-Lag3(PE) (Cat# 565616, BD OptiBuild)
anti-Tim-3(BV421) (Cat# 565563, BD Horizon)
anti-CTLA-4(PE) (Cat# 555853, BD Biosciences)
anti-PD-1(BV510) (Cat# 563076, BD Horizon)
anti-HLA-ABC(FITC) (Cat# 555552, BD Pharmingen).

AN el

Western blotting

For immunoblotting, samples were subjected to SDS-
PAGE electrophoresis in 12% TGX FastCast gel (Bio-Rad,
USA) at 70 V and 180 V. 0,8 ug of total protein per well
was loaded. A Western C ruler (Bio-Rad, USA) was used
for size estimation. Proteins were transferred from the
gels to 0.45 um PVDF membranes (Bio-Rad, USA) using
a Mini Trans-Blot Cell (Bio-Rad, USA) at a constant
voltage of 17V for 30 min using Turbo Transfer Buffer
(Bio-Rad, USA). Free reactive sites were blocked with
5% nonfat dry milk in PBS-Tween solution for 1.5 h at
room temperature. The membranes were then washed
with PBS-Tween for 4 x 15 min. The primary antibody to
the protein of interest was used overnight at 4 °C at the
recommended dilution with slow agitation. The next day,
the membranes were washed with PBS-Tween for 4% 15
min. HRP-conjugated secondary antibodies were then
added at the recommended dilution in 5% milk-PBS-
Tween and incubated for 1 hour at room temperature,
followed by washing with PBS-Tween for 4x15 min.
1200 mL of Pierce ECL Western Blotting Substrate (Bio-
Rad) were then added and the membranes were incubated
for 2-5 min. Membrane images were acquired using
the ChemiDoc XRS+ System (Bio-Rad, USA). Images
were processed densitometrically in Image ] software to
estimate the relative amount of protein content.

List of used antibodies: B-actin (A00730, Genscript,
USA), CD3 (ab699, Abcam, USA), Calnexin
(MAA280Hu22, Cloud clone, China), HSP70 (AF5466,
Affinity, China), Caspase 3 (14220S, Cell Signaling
Technology, USA).

Scanning electron microscopy

For SEM, vesicle samples were washed twice and
resuspended in 0.1 M sodium phosphate buffer (pH
7.4). They were then deposited on defatted glass slides by
centrifugation in a 6-well plate at 700 g for 1 h. Then, the
samples were fixed with 10% glutaraldehyde, washed with
MQ water and dehydrated according to the following
scheme: ethyl alcohol 30%-50%-70%-80%-96% twice for
15 min each. Finally, the slides were dried in the open
air. The samples fixed on the holder were placed in the
chamber of a Q 150T ES vacuum installation (Quorum
Technologies, UK). The conductive layer was applied
by cathodic sputtering with an Au/Pd alloy in a ratio
of 80/20. The thickness of the applied layer was 15 nm.
The measurements were performed on a Merlin high-
resolution field emission scanning electron microscope
(Carl Zeiss, Germany). The surface morphology was
recorded at a primary electron accelerating voltage of 5
kV and a probe current of 300 pA for minimal impact on
the object of study.

Nanoparticle tracking analysis
NTA was performed usinga NanoSight LM 10 nanoparticle

Biolmpacts. 2025;15:30880 I3



Ganeeva et al

size and content analyzer (Malvern Instruments, UK). The
detector was a C11440-50B CMOS camera with an FL-
280 image capture sensor (Hamamatsu Photonics, Japan).
The measurement method was selected in a pre-cuvette
for aqueous solutions equipped with a 405 nm laser (CD
version, serial number 2990491) and a Kalrez sealing
ring. Temperature was recorded for all measurements
using an OMEGA HHB804 contact thermometer (Omega
Engineering, Taiwan). Samples for analysis were collected
and introduced into the measurement cell using a 1 mL
two-piece glass syringe through a luer adapter (Hamilton
Company, USA). To increase the statistical dose, the
sample was pumped through the measurement chamber
using a piezoelectric dispenser. Each sample was imaged
sequentially six times; the data acquisition time was
sequential and continuous for 60 s. The NanoSight LM10
analyzer images were processed using NTA 2.3 software
(build 0033). The hydrodynamic diameter was calculated
using the two-dimensional Einstein-Stokes equation.

Enzyme-linked immunosorbent assay

ELISA of collected supernatants was performed according
to the manufacturer's instructions using the following
kits: IL-6 ELISA kit (VectorBEST, Russia), IL-10 ELISA
kit (VectorBEST, Russia), IFNy ELISA kit (VectorBEST,
Russia).

Co-cultivation of mononuclear cells with induced
T-regulatory cells

For co-cultivation peripheral blood mononuclear cells
were collected from one healthy donor and 3 multiple
sclerosis patients' blood. Obtained cells were labelled by
DiO vybrant dye for further co-cultivation with induced
T regulatory cells (iTregs) or iTregs-induced artificial
vesicles (TrAVs). For co-cultivation with PBMC all type
of cells (PBMCs from healthy donor, PBMCs from MS

cD3* CD3*CD4*

CD3*CD4*CD25*

patient, iTregs, allo-iTregs) was seeded in the amount of
1x10° cells per well, TrAVs were added in amounts of 10
pg /mL and 5 ug /mL phytohemagglutinin (PHA) for cell
activation.

Statistical analysis

One-way non parametric ANOVA with Tukey test was
used for ELISA with healthy donor and with MS patients.
Data analysis was performed using GraphPad Prism 5. In
the graphs, P value <0.05 is marked *, P<0.01 is marked
**, and P<0.001 is marked ***.

Results
Characterization of iTregs
On the 10th day after isolation of naive CD4 + T cells from
the peripheral blood of a healthy donor, obtained iTreg
cells were analysed by flow cytometry to confirm cell
differentiation. Tregs CD3*CD4*CD25*phenotype was
shown in 86% of the cells of the population, and a high
percentage of cells in the population carrying suppressor
molecules CTLA-4 (88%) and PD-1 (44%) was also shown
(Fig. 1).

Further differentiated iTreg cells were used to obtain
EVs and AVs induced by cytochalasin B (ChB TrAVs) or
ultrasonication (US TrAVs).

Morphological characterization of TrAVs obtained by
cytochalasin B or ultrasonication induction methods
Scanning electron microscopy was performed for three
types of samples: extracellular naturally secreted vesicles
as comparison control (Fig. 2C), ChB TrAVs (Fig. 2A) and
US TrAVs (Fig. 2B). Vesicles obtained by three induction
methods are visualised on SEM as spherical structures of
various sizes from 10 nm to 500 nm.

According to NTA, the average particle size was found
to have close meanings for all samples: EVs have 205+3.1
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Fig. 1. Phenotypic analysis iTregs by flow cytometry. Naive CD4*T cells were isolated from PBMCs and assessed before (top row) and after 10 days of in
vitro differentiation (bottom row). The progression of differentiation was evaluated using the CD3*CD4*CD25*staining panel, indicative of Treg phenotype.
Additional markers of immunosuppressive activity, CTLA-4 and PD-1, were analyzed to confirm the acquisition of functional Treg characteristics. The

percentage of cells expressing each marker is indicated in the respective gates.
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Fig. 2. SEM images, NTA and particle yield comparison of vesicles derived from iTregs. A-C Representative SEM images show three types of vesicles:
(A) ChB TrAVs, (B) US TrAVs, and (C) EVs. Vesicles exhibit a spherical morphology with a size range of 10-500 nm, with scale bars indicating either 200
nm or 1 um, as specified. D-E The images demonstrate differences in vesicle size and uniformity between induction methods and natural secretion. Size
distribution profiles of vesicles obtained by different methods: (D) - EVs, (E) - US TrAVs, and (F) - ChB TrAVs. Vesicle size was measured in nanometers,
and particle concentration is presented as particles/mL (x 10°). G - Quantitative comparison of particle yield per parent cell across the three methods.
Ultrasonication produced the highest yield of vesicles (178 particles/cell), followed by EVs (101 particles/cell), while cytochalasin B yielded the fewest

vesicles (38 particles/cell). Error bars represent standard deviations.

nm mean size, ChB TrAVs - 175+3.9 nm and US TrAVs -
207 5.6 nm. Also, the yield of vesicles per parent cell was
calculated for each sample based on source cell number
and sample volume (Fig. 2G). The quantitative yield of
vesicles (pcs./cell) was: for EVs - 101.45+2.9, for vesicles
obtained by cytochalasin B - 37.6+10.9, for vesicles
obtained by ultrasonication - 178.14+49.1. Regarding
particles polydispersity (Fig. 2D, 2E, 2F), EVs and US
TrAVs demonstrate quite similar size distribution while
cytochalasin B allows to obtain more uniform vesicles.

Characterization of protein composition of TrAVs
obtained by cytochalasin B or ultrasonication induction
methods
At the next step Western blot analysis was used for
vesicular protein composition characterisation according
to MISEV 2023 recommendations.

Western blot analysis showed the absence of caspase-3
in all three vesicle samples, which refutes the apoptotic

nature of the vesicles (Fig. 3D). In addition, the sample
obtained by ultrasound induction showed a significantly
higher content of calnexin (Fig. 3B), a marker of the
endoplasmic reticulum, while ChB TrAVs contained
only trace amounts of this protein. The content of the
cytoplasmic component marker HSP70 in all three
samples was quite low (Fig. 3C). At the same time, the
presence of the membrane functionally important protein
CD3 was observed in all three samples (Fig. 3A), but for
artificial vesicles, especially cytochalasin B-induced, at a
significantly lower level.

Assessment of functionally important immunosuppressive
proteins on the vesicles surface was performed with flow
cytometry.

For vesicle detection and gate setting, due to their
small size, vesicles stained with the membrane vibrant
dye DiD were used as a negative control. In addition,
staining with antibodies to LAG3, Tim-3, CTLA-4 and
PD-1 was performed in each group (Fig. 4). In addition, a
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Fig. 3. Western blot analysis of protein markers in vesicles derived
from iTreg cells. Protein expression levels were evaluated in EVs, US
TrAVs, and ChB TrAVs. Expression levels were normalized to B-actin.
(A) CD3: A T cell marker present in all vesicle types but significantly
lower in ChB TrAVs. (B) Calnexin: An endoplasmic reticulum marker
observed predominantly in US TrAVs, with minimal detection in other
vesicle types. (C) HSP70: A cytosolic protein detected at low levels in all
vesicle types. (D) Caspase 3: An apoptotic marker absent in all vesicle
types, confirming non-apoptotic origin. Error bars represent standard
deviations, and bands correspond to representative blots.

cellular control of parent iTreg cells was used. In induced
T-regulatory cells, the following cells were positively
stained: LAG3 - 9.9%, Tim-3 - 85.6%, CTLA-4 — 88.8%,
PD-1 - 24%. In EVs, the following vesicles were positively
stained: LAG3 - 0.3%, Tim-3 - 12.4%, CTLA-4 - 0.3%,
PD-1 - 4.5%. In the vesicles obtained by ultrasonication,
the positively stained vesicles amount was quite similar:
LAG3 - 0.2%, Tim-3 - 11.2%, CTLA-4 - 0.4%, PD-1 -
7.1%. In the vesicles obtained by cytochalasin B, the
positively stained vesicles were found at lower levels:
LAG3-0.1%, Tim-3 - 2.6%, CTLA-4 - 0.1%, PD-1 - 3.0%.
It was shown that the transfer of functionally important
molecules from the surface of induced T-regulatory cells
occurs in all three stimulation methods, but cytochalasin
B induction is associated with lower efficiency of the
transfer of essential suppressor molecules.

For further experiments to evaluate the effect of
iTreg vesicles on cells from MS patients, the ultrasound
induction mechanism was chosen due to its higher
yield and functional correspondence in the presence of
suppressor receptors.

Obtaining of allo-iTreg with B2M shRNA knockdown
Knockdown of B2M was preceded with lentiviral
transduction of shRNA and confirmed by flow cytometry
48hrs after transduction (Fig. 5). For modified iTregs
(allo iTregs) efficacy of knockdown was determined by
a decrease in the signal of HLA I positive cells and was
81,7% in allo iTregs (decrease from 96% in non-modified
iTregs control to 14%).

Obtained allo iTregs were used for induction of artificial
vesicles by ultrasonication for its further functional
testing.

Effect of artificial iTreg vesicles on activation of healthy
donor’s PBMCs

To estimate impact of US TrAVs on PHA-induced
activation of autologous healthy donor’s PBMCs it
was in vitro co-cultured with further flow cytometry to
assess changes in activation marker CD69 expression
on cell surface; ELISA of supernatants was proceeded to
assess changes in cytokines secretion (Fig. 6). The same
design was implemented to estimate impact of non-
modified iTregs and allo iTregs as well as obtained from
its ultrasound-induced artificial vesicles (TrAVs and
allo TrAVs, respectively) on PHA-induced activation of
allogeneic healthy donor’s PBMCs (Fig. 7).

Co-cultivation with autologous healthy donor cells
showed a slight decrease in the amount of activated
CD69 + PBMCs under the influence of autologous Tregs,
but more significant for cells co-cultured with US TrAVs
(Fig. 6A). Similarly, co-cultivation with non-autologous
healthy donor PBMCs showed a decrease in activation
with the addition of US TrAVs and allo TrAVs but not its
parent cells (Fig. 7A).

The IL-6 concentration in the medium after 24 hours
of co-cultivation did not change upon interaction of
autologous PBMCs with iTregs and with TrAVs (Fig. 6C).
At the same time, when allogeneic PBMCs were used (Fig.
7C), concentration decreased twofold upon co-cultivation
with allo iTregs, but not with nonmodified iTregs, and by
25% upon co-cultivation with TrAVs.

IFNy was detected only in supernatant samples
collected after culturing PBMCs with PHA, PBMCs of a
healthy donor with non-modified allogeneic iTreg cells,
as well as after co-cultivation of PBMCs of a healthy
donor with B2M-knockouted allogeneic iTregs, but none
of the TrAVs samples (Fig. 6D, 7D).

The concentration of IL-10 decreased in the following
order: healthy donor PBMCs - healthy donor PBMCs plus
autologous iTregs, healthy donor PBMCs plus TrAVs (Fig.
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6B). Also, during co-cultivation of healthy donor allogeneic
PBMCs with non-modified TrAVs or allo TrAVs, the
concentration of IL-10 was almost twice lower than during
co-cultivation with its parent cell source (Fig. 7B).

Effect of healthy donor’s artificial iTreg vesicles on
activation of multiple sclerosis patient’s PBMCs
On the last stage we estimated influence of healthy donor’s
non-modified iTregs and allo iTregs as well as obtained
from allo TrAVs on PHA-induced activation of PBMCs,
obtained from multiple sclerosis patients (Fig. 8).

Nosignificanteffect on the proportionof CD69 + PBMCs
derived from MS patients was observed after co-cultivation
with iTregs, allo iTregs and allo TrAVs (Fig. 8A). It also
should be noted that the amount of CD69 +activated
PBMSs was about twice lower in comparison with healthy
donor from the previous section.

However, after co-cultivation of patients’ PBMCs with
iTregs, the concentration of IL-10 significantly increased,
while a comparable slight increase was also observed after
co-cultivation MS patients’ PBMCs with allo iTregs and
allo TrAVs (Fig. 8B).

A significant increase in IFNy concentration was
observed after co-cultivation of patient cells with iTregs
and allo iTregs (Fig. 8D), while artificial vesicles did not

have such an effect, and the increase in IFNy concentration
in the medium was insignificant.

The concentration of IL-6 increased with co-cultivation
of patients’ PBMCs with iTregs, allo iTregs and allo
TrAVs, while the degree of effect was different for each
patient, and the maximum increase in IL-6 concentration
was observed with co-cultivation of patient PBMCs with
allo TrAVs (Fig. 8C).

Discussion

As we previously reported, ultrasonication and
cytochalasin B both allow to generate artificial vesicles
from T-cells carrying main functional proteins.”” In this
research we focused on artificial vesicles in the context
of Tregs therapy of autoimmune diseases, in particular
multiple sclerosis.

Multiple sclerosis is strongly associated with Treg cells
dysfunction,'® therefore the most promising approach
seems to be allogeneic type of Tregs therapy with cells
obtained from healthy donors. One more general obstacle
for adoptive cell therapy by Tregs is the relative low
amount of such a cell type in peripheral blood (about
5-7% of CD4 + T cells). Regarding these facts, we proposed
a strategy of using in-vitro induced and expanded allo
iTregs and allo US TrAVs as potential therapeutic agent

Biolmpacts. 2025;15:30880 |7



Ganeeva et al

A iTregs iTregs iTregs
07 O’ O’
o o (=]
— O — O — O
=] =e] c o
3 3 ] 3 0]
To T o T o
Q9 [o 1] (o=
88 8g 8g
&3 &3 &3
£ & 8 &1 f=ipes
£g] ¢ 88 cp25
QO QO QO
h-R=] =R E-R=]
0 &l 0 gl 0 &l
o~ o o~
] A 1 1 98,8%
10° 100 10° 100 10° 10° 10° 100 10° 100 10° 10° 10° 100 10° 100 10° 10°
CD3-PerCP-Cy5.5 CD4-FITC CD25-PE
B iTregs Allo iTregs
O— O‘
o Qo
T g T8l
=3 =R-3
T o T g
3 o % &
@ gl 23]
£3 £3
£ &84 E= et
8 % 3¢
[ =] [Is]
E-R=] -R=]
n &} o 3]
N_ N_
10° it A2 4R Ant An° 10° 100 102 10° 10° 10°
HLA-FITC HLA-FITC

Fig. 5. Flow cytometry analysis of iTregs and B2M-knockdowned allo iTregs. (A) Validation of successful iTreg differentiation. Cells were stained with CD3,
CD4, and CD25 to confirm the Treg phenotype. Gating shows a high proportion of CD3*CD4*CD25*cells, indicative of effective in vitro differentiation.
(B) Assessment of B2M knockdown efficacy in allo iTregs. HLA-FITC staining was used to evaluate the expression of HLA class | molecules. Allo iTregs
exhibited significantly reduced HLA expression compared to unmodified iTregs, confirming the successful knockdown of B2M.

A Proportion of B

50 activated cells 4x10% IL-10
E

) 40 S 3x10°
B == 30 g -
) T 2%10° r !
o T 20 E N
: :

104 g %107+

Q | |
0 T T T 0 T T T
PBIMICs +HTregs +Us PBMCs +Tregs +US
TrAVs TrAVs
c xd 0% IL-8 D __ 2000+ IFNy

E E
E & 1500
= ax104 e
c = 2 ——
% 1 = 1000
£ —= E
g 2x10*+ E 5004
c
8 S N/D N/D

o . . : 0 T T T

PBMCs HTregs +Us PBMCs +iTregs +US
TrAVs TrAVs

Fig. 6. Impact of iTregs and ultrasonication-induced artificial vesicles (US TrAVs) on the activation of autologous PBMCs from a healthy donor. (A)
Flow cytometry analysis of CD69 +activated PBMCs. Co-cultivation with iTregs and US TrAVs significantly reduced the percentage of activated PBMCs
compared to PHA-activated controls. (B) IL-10 concentrations in supernatants, as measured by ELISA. US TrAVs showed a significant reduction in IL-10
levels compared to iTregs. (C) IL-6 concentrations in supernatants. No significant changes were observed between groups. (D) IFNy concentrations in
supernatants. IFNy was detected in the PHA-activated control but not in the co-cultivation groups (N/D, not detected). PBMCs were activated with 5 ug/mL
PHA. DiO staining was used to distinguish PBMCs from iTregs during flow cytometry. Error bars represent standard deviations. Statistical significance is
denoted as ***P<0.001.

8 | Biolmpacts. 2025;15:30880



Ganeeva et al

A Proportion of
50- activated cells

+iTregs +U +allo  +allo US
TrAVs iTregs TrAVs

O

IL-6
6104 "
-1

E -
2 —
o 4x104
2
E .
§ %104 |_|
=
H ‘ \ 1
o

0= T T T T

+iTregs +US +allo +alloUS
TrAVs iTregs TrAVs

4%103 -

ek ok

3=10%4 1 T 1

2%10°4

1%10%

Concentration, pg/ml

0 T T T

+iTregs +US +allo +alloUS
TrAVs iTregs TrAVs

D IFNy

2000 .
= —_—

[

B 1500

5 T

% 10004 |

t

@

2 5004

=]

© NID N/D

+iTregs +US +allo +alloUs
TrAVs iTregs TrAVs

Fig. 7. Impact of iTregs, B2M-knockdowned iTregs (allo iTregs), and ultrasonication-induced artificial vesicles (US TrAVs and allo US TrAVs) on the activation
of allogeneic PBMCs from a healthy donor. (A) Flow cytometry analysis of CD69 + activated PBMCs. Co-cultivation with iTregs, allo iTregs, US TrAVs, and allo
US TrAVs resulted in varying levels of PBMC activation, with US TrAVs and allo US TrAVs showing the most significant suppression of CD69 +expression. (B)
IL-10 concentrations in supernatants, as measured by ELISA. US TrAVs significantly reduced IL-10 secretion compared to iTregs, while allo iTregs and allo
US TrAVs exhibited intermediate effects. (C) IL-6 concentrations in supernatants. IL-6 levels were modulated differently by the treatments, with a significant
reduction observed in certain groups. (D) IFNy concentrations in supernatants. IFNy was detected in co-cultures with allo iTregs, whereas no detectable levels
(N/D) were observed with US TrAVs or allo US TrAVs. PBMCs were activated with 5 pg/mL PHA. DiO staining was used to distinguish PBMCs from iTregs
during flow cytometry. Error bars represent standard deviations, and statistical significance is denoted as *P<0.05, ** P<0.01, *** P<0.001.

for patients with MS.

At the first stage we characterised and compared ChB
TrAVs and US TrAVs. Scanning electron microscopy
and nanoparticle tracking assay confirmed performance
of both induction methods in point of iTregs, while NTA
displays ultrasonication superiority over cytochalasin
B and natural secretion in terms of induction of
higher number of particles. As western-blot analysis
demonstrates, obtained ChB TrAVs and US TrAVs don’t
belong to apoptotic bodies due to absence of marker
caspase 3, contain small amount of cytosolic marker
HSP70 and only US TrAVs carry endoplasmic reticulum.
The presence of calnexin in US TrAVs can be explained
by their production methodology: ultrasound stimulation
causes micro-ruptures in cell membranes, leading to
vesicle formation that incorporates surrounding cellular
components. This mechanism accounts for the presence
of the endoplasmic reticulum marker (calnexin) in vesicles
generated through ultrasonic stimulation. Moreover, US
TrAVs are more effective in transfer of one of the main
T cell receptor CD3 than cytochalasin B induced TrAVs.
All these characteristic data are consistent with previously
obtained data for general T cells."”

Functional activity of TrAVs presumably strongly
correlates with presence of functional important proteins
characteristic for Tregs. For example, well-known PD-1
restrict self-antigen reaction' and CTLA-4 inhibits
activity of T cells through competition with CD28,%

while newly investigated Tim-3 and LAG3 also play an
important role in maintaining immune tolerance.” Flow
cytometry performed for estimation of such functional
proteins on TrAVs surface demonstrates that TrAVs
induced by ultrasonication are enriched with Tim-3 and
PD-1 in comparison with ChB-TrAVs. There is diverse
evidence that the break of PD-1/PDIL axis participates
in pathogenesis of multiple sclerosis? the same as Tim-3-
ligand axis.” This observation was an additional point to
give preference to ultrasonication for further functional
investigation of TrAVs as a more effective method of
artificial vesicles induction.

The next stage of research was to obtain allo TrAVs and
evaluate its functional activity. The method of knockdown
of B2M subunit of HLA I with shRNA reported to be
an effective way for development of allogeneic cellular
therapies which in combination with lentiviral delivery
allow to achieve stable gene silencing” and seems to be
quite suitable for our aims which were confirmed by us as
high knockdown efficacy was reached.

CD69 is a marker of T cells activation involved in a
pathway of a range of autoimmune diseases.”> When co-
cultured with PBMCs of healthy donor, autologous iTregs
demonstrates slight decrease in number of CD69* positive
cells, while autologous TrAVs are much more effective
from this point of view. This proportion is preserved
during the transition to allo iTregs and TrAVs, but
becomes less expressed and is not influenced by B2M
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knockdown.

At the same time, cytokines secretion also demonstrates
correlated effects of iTregs and TrAVs on autologous
PBMC:s of healthy donor activation through IFNy and IL-
10 downregulation which could be an evidence of usage
of some common mechanism of immunomodulation
for TrAVs and its parent cells. Moving to allogeneic
co-cultivation such a downregulation also remained
for TrAVs, but not iTreg cells, which probably means
that TrAVs has lower immunogenicity than parent cells
without correlation with B2M status.

Moving towards evaluation of healthy donor’s TrAVs
influence on activation of PBMCs of patients with
MS, only TrAVs, but not iTregs, demonstrate strong
downregulation of IFNy secretion. Despite the fact that the
role of IFNy in MS progression is still under discussion,
classically IFNy production is considered as a driver of
inflammation and autoimmunity, including MS.*® This
observation also supports the potential of TrAVs as
immunoregulation agents. Balance of IL-6 and IL-10 is a
more complex question in the context of autoimmunity.
TrAVs demonstrate the same impact on IL-10 levels as
parentiTregs, butrelative upregulation of IL-6. Mechanism
of such influence seems to be unclear, especially taking

into account the fact that MS patients have deficient IL-6/
IL-10 axis. From a practical point of view regarding IL-
10 TrAVs efficiency is comparable with iTregs which can
be estimated as a good mark for its therapeutic potential,
while IL-6 raise is rather a disadvantage.” It is interesting
to note that the shape of IL-6 dynamics between samples
correlates with CD69 + expression for patients’ PBMC but
is absolutely controversial for healthy donor, which can
be caused by immunosuppressive therapy pressure and
highlights the differences in immune cells functioning
between these groups. This effect appears biologically
significant, warranting further investigation. Future
studies elucidating the mechanisms underlying IL-6
elevation will facilitate better understanding of associated
therapeutic risks and potential mitigation strategies.

Conclusion

The development of effective therapies for autoimmune
diseases, including MS, remains a significant challenge
in modern immunology. While cellular therapies have
demonstrated success in oncology and regenerative
medicine, their application in MS is hindered by several
obstacles, including the dysfunction of Tregs and the
difficulty of ensuring their delivery to the CNS. A
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promising alternative is the use of allogeneic EVs, which
offer a cell-free therapeutic modality with potential
advantages such as scalability, reduced immunogenicity,
and the ability to cross the blood-brain barrier.

In this study, we developed a novel approach for the
efficient production of allogenic TrAVs derived from
in iTregs and performed a preliminary assessment of
their functional properties. Our results demonstrate that
TrAVs not only retain key immunosuppressive features
of their parent cells but also exhibit a significant capacity
to modulate immune responses, particularly in the
context of PBMCs activation. These findings highlight the
potential of TrAVs as a scalable and biosafe therapeutic
alternative for MS and other autoimmune diseases.

However, while these initial results are encouraging,
further research is needed to elucidate the mechanisms
underlying ~ TrAV-mediated = immunomodulation,
optimize their production process, and evaluate their
therapeutic efficacy in preclinical and clinical models. The
promising outcomes of this study pave the way for future
investigations into the broader application of artificial
vesicles in the treatment of autoimmune diseases.
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